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ABSTRACT
Green bacteria are a subset of chlorophototrophic bacteria that use a specialized lightharvesting structure, the chlorosome, which enables them to grow under low-light
conditions. Green bacteria, which consist of members of three phyla, Chlorobi,
Chloroflexi, and Acidobacteria, are widely spread and ecologically important. Green
bacteria are physiologically diverse as a group, but their members from the phylum
Chlorobi, known as green sulfur bacteria (GSB), are strikingly uniform in their
physiology—nearly all are anaerobic photoautotrophs that oxidize sulfide. This work
takes advantage of DNA sequencing technologies that have experienced dramatic
advances recently to investigate different aspects of physiology and metabolism, on
multiple levels from genes to single organisms and beyond to bacterial communities.
Genome data for fifteen GSB strains revealed the genomic basis of the physiological
congruence among them. Comparisons among genomes of different strains also provided
information on the phylogeny, genome structure, and genes specific to each lineage.
Sequence data suggested dramatically different physiologies for two members of the
Chlorobi, Ignavibacterium album (I. album) and “Candidatus Thermochlorobacter
aerophilum” (“Ca. T. aerophilum”). The complete genome sequence of I. album
indicated that it is a versatile, facultative anaerobic organoheterotroph. A combination of
metagenomic and metatranscriptomic studies suggested that the uncultured “Ca. T.
aerophilum” is an aerobic photoheterotroph that cannot oxidize sulfide. These data
suggested that there is much more physiological diversity within the phylum Chlorobi
than generally assumed. Comparisons of these two organisms with GSB implied that
ancestors of the phylum Chlorobi might be very different from extant GSB.
Metatranscriptomic analyses of the photosynthetic microbial community that harbors
“Ca. T. aerophilum” showed that the community included seven populations of
chlorophototrophs with very different life styles, which exhibit patterns of expression of
their photosynthesis genes. Complete genome sequences of the two partners of the
phototrophic consortium “Chlorochromatium aggregatum,” one of which is a GSB,
provided insights into the physiological and metabolic basis for the symbiotic
relationship between the two. These data suggested that the two organisms have
iii

specialized roles in the consortium: the GSB partner is the primary producer and provider
of nutrients while the betaproteobacterial partner is responsible for sensing the
environment and motility of the consortium. Schemes for potential interspecies electron
transfer were proposed. Last but not least, one of the many hypotheses generated from
sequence analyses was tested and verified by experimental studies. A gene involved in
the biosynthesis of bacteriochlorphylls c, d, and e, which are main components of the
chlorosome, was identified by comparative genomics and characterized by genetic and
biochemical approaches. Results showed that the gene is essential for the first committed
step in the biosynthetic pathway leading from chlorophyllide a to the three
bacteriochlorophylls. Overall, this work offered answers to several high-interest research
questions concerning green bacteria and provided invaluable resources for future
research.
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CHAPTER 1
Introduction
1.1 Green Bacteria
The term “Green Bacteria” or green chlorophototrophic bacteria, refers to a distinctive
group of chlorophototrophic bacteria that rely on (bacterio)chlorophyll ((B)Chl)-based
photosynthesis as their main energy source. Chlorophototrophs can be found in six
bacterial phyla: Acidobacteria, Chlorobi, Chloroflexi, Cyanobacteria, Firmicutes, and
Proteobacteria (Bryant and Frigaard, 2006; Bryant et al., 2007). Differences in their
photosynthetic apparatuses and light-harvesting antenna complexes are summarized in
Figure 1.1. Chlorophotorophs of the phylum Chlorobi, also known as green sulfur
bacteria (GSB), Heliobacteria of the phylum Firmincutes, and the recently discovered
“Candidatus Chloracidobacterium thermophilum” (“Ca. C. thermophilum”) of the
phylum Acidobacteria, have type-1 RCs, which characteristically use [4Fe-4S] clusters as
terminal electron acceptors (Bryant and Frigaard, 2006; Bryant et al., 2007). Purple
bacteria of the phylum Proteobacteria and filamentous anoxygenic phototrophs (FAPs)
of the phylum Chloroflexi have type-2 RCs that instead use quinones as terminal electron
acceptors (Bryant and Frigaard, 2006). Both types of RCs are found in most members of
the phylum Cyanobacteria. Several different types of antenna complexes, such as
phycobilisomes, chlorosomes, and various light-harvesting (LH) complexes, exist among
chlorophototrophic bacteria. The distribution of different types of antenna complexes
among the six phyla has limited correlation to that of RCs. For example, chlorosomes are
found in organisms with both type-1 and type-2 RCs. Those chlorophototrophs that have
chlorosomes, including all GSB, green FAPs, and “Ca. C. thermophilum”, are
collectively called Green Bacteria (Bryant et al., 2011). Research topics involving green
bacteria from all three phyla will be discussed in this study, with the main focus falling
on GSB and related organisms.
1.2 Chlorosome and (Bacterio)Chlorophylls
Chlorosomes are a feature shared by all green bacteria, and they are the largest lightharvesting antenna complexes found in nature. Chlorosomes are membrane-bound
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organelles and are tightly appressed to the inner surface of the cytoplasmic membranes in
those cells that can produce them (Figure 1.2). Chlorosomes contain enormous amounts,
up to ~250,000 bacteriochlorophyll molecules per chlorosome, of BChl c, d, or e, which
are chlorophylls found exclusively in chlorosomes (Montaño et al., 2003; Frigaard and
Bryant, 2006). Special chemical properties of these three BChls (see Chapter 7) allow
them to become tightly packed through interactions between the BChl molecules within
the chlorosome. The amount and strong interactions of BChls make the chlorosome the
most efficient antenna known. Such light-harvesting efficiencies confer a huge
competitive advantage on green bacteria over other phototrophs under low light
intensities. Green bacteria often thrive under such conditions and some have been found
in extremely low light conditions that are inhabitable for chlorosome-less organisms
(Manske et al., 2005; Beatty et al., 2005). Besides BChl c, d, or e, chlorosomes also
contain relatively smaller amounts of proteins, BChl a, and carotenoids (Frigaard et al.,
2004; Frigaard and Bryant, 2006; Psencík et al., 2009; Garcia Costas et al., 2011). GSB
additionally synthesize Chl a (Kobayashi et al., 2000; Hauska et al., 2001), while “Ca. C.
thermophilum” additionally synthesizes Chl a and Zn-BChl a, in their respective RCs
(Tsukatani et al., 2012).
1.3 Green Sulfur Bacteria
1.3.1 Ecology of Green Sulfur Bacteria
The first GSB, Chlorobium limicola, was discovered over a century ago (Nadson, 1906).
Since then, GSB have been found in many environments, including waters below the
chemocline in stratified lakes (Vila et al., 2002; Gregersen et al., 2009; Ng et al., 2010;
Meyer et al., 2011), in anoxic aquatic sediments (Gibson et al., 1984; Massé et al., 2002;
Anil Kumar et al., 2009), and in sulfidic springs (Wahlund et al., 1991) around the world.
They have also been found in deep-sea environments, such as 100 m below the surface of
the Black Sea (Manske et al., 2005) and around a hydrothermal vent 2200 m deep in the
Pacific Ocean (Beatty et al., 2005). Temperature and pH vary significantly among the
habitats of GSB, as they have been found in lakes in Antarctica (Ng et al., 2010) and in
hot springs (Wahlund et al., 1991) and in environments with pH values from 2.5 to 7.8
(Ramsing et al., 2000; Donachie et al., 2002). Despite these differences and their global
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distribution, habitats of GSB are almost exclusively anoxic environments with a steady
supply of sulfide and low light intensities. GSB are ecologically important primary
producers, as they often dominate suitable habitats and can account for up to 83% of the
total annual productivity in some environments (Overmann, 1997). Because nearly all
GSB are nitrogen fixers as well as obligate photoautotrophs, they contribute significantly
to the global carbon, nitrogen, and sulfur cycles.
1.3.2 Physiology of Green Sulfur Bacteria
GSB are a group of physiologically coherent bacteria. Consistent with the conditions in
their habitats and reflected in their common name, almost all GSB are obligate
photoautotrophs that oxidize sulfide (Overmann, 2008; Frigaard and Dahl, 2009;
Gregersen et al., 2011). The only reported exception is Chlorobium ferroxidans, which
oxidizes Fe2+ (Heising et al. 1999). Some GSB can also oxidize other reduced sulfur
compounds, such as thiosulfate or elemental sulfur (Verté et al., 2002). GSB have a
homodimeric type-1 RC that contains four structural proteins: PscA, PscB, PscC, and
PscD (Hauska et al., 2001). The BChl a-binding Fenna-Matthews-Olson (FMO) protein,
which transfers energy from the chlorosome to the RCs, was first discovered in GSB and
is only found in GSB and “Ca. C. thermophilum” (Matthews et al. 1979; Blankenship
and Matsuura, 2003, Tsukatani et al., 2010). All GSB are strict anaerobes, though some
can endure low concentration of O2 in the dark (Li et al., 2009). All GSB fix CO2 via the
reverse TCA cycle, in which the carbon flow in the TCA cycle is reversed to produce
acetyl-CoA from CO2 using electrons derived from reduced ferredoxin and NAD(P)H
(Buchanan and Arnon, 1990; Wahlund and Tabita, 1997; Yoon et al., 2001). Although
GSB are obligate photoautotrophs, most of them can photoassimilate some small organic
molecules (e.g., acetate). GSB acquire their nitrogen by fixing N2 using nitrogenase
(Wahlund and Madigan, 1993), and their sulfur source is characteristically sulfide with
only a few known exceptions (Heising et al., 1999; Frigaard and Bryant, 2008). No GSB
has flagella and swimming motility, although gliding motility and gas vesicles were
reported in some GSB (Gibson et al., 1984; Imhoff, 1995; Overmann, 2001).
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1.3.3 Phylogeny of Green Sulfur Bacteria and the Phylum Chlorobi
The phylum Chlorobi, which includes all GSB, shares a common ancestor with
Bacteroidetes (Ludwig and Klenk, 2001; Ciccarelli et al. 2006). GSB are
phylogenetically very closely related to one another. 16S rRNA sequences of GSB form a
monophyletic group that appears to have diverged only recently. In fact, in current
taxonomy, all GSB belong to only one family, Chlorobiaceae, of the class Chlorobea.
Analyses of environmental samples assigned to the phylum Chlorobi showed that at least
five different class-level lineages outside Chlorobea exist in the phylum Chlorobi (Iino et
al., 2010; Figure 1.3).
According to analyses based on 16S rRNA and fmoA gene sequences (Alexander
et al., 2002; Imhoff, 2003; Imhoff and Viel, 2010), GSB can be assigned to only four
genera. In the current taxonomic system, these four groups represent the four genera
Chloroherpeton, Chlorobium, Chlorobaculum, and Prosthecochloris (Figure 1.4).
Among these, Chloroherpeton is clearly earlier diverging than the other three, and it is
proposed in this and other studies based on both 16S rRNA and genome sequences that it
should be designated as a new family rather than a genus (Bryant et al., 2011; see
Chapter 2 and 4).
1.3.4 The Model Organism Chlorobaculum tepidum
Chlorobaculum tepidum (C. tepidum; Figure 1.2A), once known as Chlorobium tepidum
in older nomenclature, is the type strain of the genus Chlorobaculum (Imhoff, 2003), and
it is the model organism for studies of the physiology and metabolism of GSB. C.
tepidum grows relatively rapidly with an optimal doubling time of ~ 2.5h in the lab under
optimal conditions (Frigaard et al., 2002). More importantly, the genome of C. tepidum
has been sequenced (Eisen et al., 2002) and a protocol for genetic manipulation in C.
tepidum through natural transformation and homologous recombination was established
more than ten years ago (Frigaard and Bryant, 2001). Before the genome data became
available, progress in identification of photosynthesis genes in GSB was slow compared
to studies in other phototrophic bacteria, because those genes are not as clustered as
occurs in other organisms, such as members of the purple bacteria (Frigaard et al., 2003;
Frigaard et al., 2006). The genome data of C. tepidum, and the ability to make mutants,
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have been instrumental in understanding important aspects of the metabolism and
physiology of GSB, such as (B)Chl biosynthesis (Frigaard et al., 2006), chlorosome
biogenesis (Frigaard et al., 2004), sulfide oxidation (Gregersen et al., 2011) and oxygen
protection (Li et al., 2009), just to name a few.
1.3.5 Chlorobi Organisms Related to Green Sulfur Bacteria
Until very recently, all isolated organisms of the phylum Chlorobi had the characteristics
of GSB. Therefore it was naturally assumed that the general description of GSB would
apply to all members of the phylum Chlorobi, including uncharacterized ones. The terms,
Chlorobi and GSB, were often considered to be synonymous. In 2010, a nonphototrophic organism that belongs to the phylum Chlorobi, Ignavibacterium album (I.
album; Figure 1.5) was isolated from microbial mats near a sulfidic hot spring in Japan
(Iino et al., 2010). Chlorosomes were not observed, and several photosynthesis genes,
which are conserved in all known GSB, were not detected by PCR in I. album. Initial
characterization suggested that I. album grew only fermentatively, and like its GSB
relatives, was non-motile and strictly anaerobic (Iino et al., 2010). I. album was the first
organism to be described that was, physiologically speaking, significantly different from
other members of the Chlorobi. Its discovery raised questions regarding previous
assumptions that the phylum Chlorobi consists of only GSB or GSB-like organisms.
Limited information concerning uncultured GSB-like populations in the microbial
mats of Octopus and Mushroom springs of Yellowstone National Park (Figure 1.6) also
suggested the existence of atypical GSB-like organisms in these environments. The
bacterial populations, whose 16S rRNA sequences were clearly related to those of GSB,
lived in close proximity to two Cyanobacteria populations, which are oxygenic
phototrophs (Ferris et al., 1996; Ramsing et al., 2000). Thus, these microbial mats
experience super-oxic conditions during the daylight illumination period. No known GSB
is known to survive exposure to high oxygen concentrations in the presence of light (Li et
al. 2009). Physiological properties of these GSB-like organisms, tentatively named “OS
GSB” were almost completely unknown, because there are still no cultures of these
organisms. However, it is known that they have a photosynthetic apparatus that is similar
to that of GSB, as indicated by the presence of GSB-related photosynthesis genes pscA
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and fmoA in the mat (Bryant et al., 2007). Obviously, considering the conditions in their
habitats, these Chlorobi-like organisms could potentially be physiologically very
different from GSB.
1.3.6 Phototrophic consortia
Phototrophic consortia are symbiotic bacterial life forms that have GSB as one of their
two component organisms. Most phototrophic consortia consist of one GSB-like
organism and a heterotrophic bacterium in close association. They are often found in
environments where GSB thrive, such as below the chemoclines of stratified lakes
(Overmann et al., 1998; Glaeser and Overmann, 2004). They are often dominant over
free-living GSB in their natural habitats and can account for up to two thirds of the total
bacterial biomass (Gasol et al., 1995).
“Chlorochromatium aggregatum” (“C. aggregatum”; Fröstl and Overmann, 1998;
Figure 1.7), which has been grown in the form of enrichment culture in the lab, is the
model system for studying phototrophic consortia. Its GSB component, known as the
epibiont, Chlorobium chlorochromatii, which is not obligately symbiotic, has been
isolated in pure culture (Vogl et al., 2006). “C. aggregatum” has been studied extensively
during the past 15 years through different approaches (Müller and Overmann, 2011, see
Chapter 6), which has offered many valuable insights into the physiology and metabolism
of the partners. However, the exact nature of the symbiotic relationship of “C.
aggregatum” remains largely unclear, because its heterotrophic partner, often called the
central bacterium, “Candidatus Symbiobacter mobilis” (“Ca. S. mobilis”) has not yet
been cultivated and is difficult to characterize biochemically because of the inability to
obtain pure cell populations for analysis.
1.4 Green Filamentous Anoxygenic Phototrophs
Filamentous anoxygenic phototrophs, once known as green non-sulfur bacteria, belong to
the phylum Chloroflexi. Unlike in GSB, which are phototrophs with chlorosomes, FAPs
can be divided to two groups, green FAPs that have chlorosomes and synthesize BChl c,
and red FAPs that have neither. Green FAPs include organisms of the genera
Chloroflexus, Chlorothrix, Oscillochloris, and Chloronema, and red FAPs include those
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from genera Roseiflexus, and Heliothrix (Bryant et al., 2011). Genes synthesizing BChl c
and chlorosomes were either never acquired, or were lost by the red FAPs; it is unclear
which possibility is correct.
Other than the fact they both produce chlorosomes, the physiology of the green
FAPs and GSB are very different. All phototrophic FAPs have heterodimeric type-2 RCs,
and BChl a rather than Chl a is the primary electron acceptor in these RCs (Pierson et al.,
1983). Green FAPs do not have the FMO protein. The model organism, Chloroflexus
aurantiacus (Pierson and Castenholz, 1973), is much more physiologically versatile than
GSB. Under anoxic conditions, it grows photoautotrophically by fixing CO2 via the 3hydroxypropionate pathway (Strauss and Fuchs, 1993; Zarzycki et al., 2009). Under
aerobic conditions, the synthesis of BChl a and its photosynthetic apparatus is inhibited
(Foster et al., 1986), and it grows heterotrophically instead. There also appears to be
some diversity among different green FAPs, as Oscillochloris trichoides appears to fix
CO2 by Calvin cycle rather than the 3-hydroxypropionate pathway (Turova et al., 2006;
Kuznetsov et al., 2011).
1.5 “Candidatus Chloracidobacterium thermophilum”
“Candidatus Chloroacidobacterium thermophilum”, the first and only phototrophic
member of the phylum Acidobacteria, was discovered in the microbial mats from
Octopus and Mushroom springs of the Yellowstone National Park (Figure 1.6; Bryant et
al., 2007). The phylum Acidobacteria is very distantly related to the phylum Chlorobi,
but the photosynthetic apparatus of “Ca. C. thermophilum” is surprisingly similar to
those found in members of the GSB. “Ca. C. thermophilum” has a homodimeric type-1
RC, synthesizes BChl c in its chlorosomes, and has FMO protein, which was once
thought to be uniquely found in members of the GSB (Bryant et al., 2007; Tsukatani et
al., 2010; Wen et al., 2011; Garcia Costas et al., 2012b). Main differences between the
RCs of the two are that “Ca. C. thermophilum” lacks the PscC and PscD subunits that are
present in GSB and has Zn-BChl a′ in its RCs (Tsukatani et al., 2012). Although they
have similar photosynthetic apparatuses, the physiologies of “Ca. C. thermophilum” and
GSB have little similarity. “Ca. C. thermophilum” is an aerobe, and its RC is the first
known type-1 RC active under aerobic conditions (Tsukatani et al., 2012). “Ca. C.
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thermophilum” is a photoheterotroph that does not fix CO2 autotrophically and cannot
synthesize some essential metabolites. It does not oxidize sulfide like all GSB can
(Garcia Costas et al., 2012a).
1.6 Aims and Scopes of Dissertation Research
When the genome of C. tepidum was sequenced in 2002 (Eisen et al., 2002), it was only
the second chlorophototrophic bacterium whose genome had been sequenced. Since then,
the pyrosequencing approach was invented and commercialized (Ronaghi et al., 1998;
Shendure et al., 2005). Today, sequencing a bacterial genome is not the complex and
expensive project it once was, but a genome sequence still delivers an unmatched amount
of information for a single experiment. As a result, the number of genomes sequenced for
chlorophototrophic bacteria has rapidly increased, and there are now are more than 200
genome sequences available or in progress, including many those for many green bacteria
(Bryant et al., 2011).
When this dissertation research began, genome sequencing of several GSB had
been completed, and that of many others had been initiated. These carefully selected
organisms represent GSB of different phylogenetic associations as well as organisms
from various geographic locations and ecological niches (see Chapter 2). One of the main
goals of this dissertation was to finish the genome sequencing efforts of these selected
GSB and additional new ones to establish a catalog of GSB genomes that could serve as
the foundation for future studies. By comparing these GSB genomes, a general
assessment of diversity, or lack of, in gene contents could also be made. Genome
comparisons should also provide an alternative perspective of the phylogeny of GSB
other than that derived from 16S rRNA sequences. Genes exclusively associated with
each phylogenetic group could be identified, and these should suggest unique
physiological traits of organisms from each genera, if there are any.
The conservation in physiology among GSB contrasts with the diversity in other
green bacteria including green FAPs and “Ca. C. thermophilum” (see above). Whether
such conservation is a unique feature of the phylum Chlorobi, as has been assumed by
researchers for decades, or only limited to the phylogenetically closely related GSB, is a
major question that this dissertation intends to answer. The “OS GSB” organism(s) and I.
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album are two excellent independent targets for such an investigation. Comparing these
two unrelated organisms with GSB might also have implications on the evolution of other
organisms in the phylum Chlorobi. Obtaining the genome sequence of I. album should be
straightforward, because it is available in pure culture, but a different approach was
needed for “OS GSB” because it has never been cultivated.
The microbial mats in Octopus and Mushroom springs of the Lower Geyser Basin
of Yellowstone National Park are model system for studying microbial communities
(Brock, 1978; Ward et al., 1998; 2002; 2006; 2008), and these mats seem to be a hotspot
for interesting chlorophototrophs. Both “OS GSB” and “Ca. C. thermophilum” were
discovered

there.

Other

chlorophotorophs

including

FAPs

(Chloroflexi)

and

Cyanobacteria could also be found in the mats (Ramsing et al., 2000). While there is a
specific interest in “OS GSB”, better overall understanding of the chlorophototrophic
microbial mats in many facets, including the composition of the community, the
ecophysiology of each chlorophotroph, interactions and competition among them, and so
on, is a greater goal of studies reported here. This would have been a very daunting task
just several years ago. However, thanks to advances in sequencing technology,
metagenomics and metatranscriptomics have emerged as powerful tools to study
microbial communities (Venter et al., 2004; Frias-Lopez et al., 2008). A combination of
both approaches should provide novel and comprehensive perspectives to our views of
these microbial mat communities and their members.
It is obvious that genome data of the phototrophic consortium “C. aggregatum”
would greatly boost and inspire our understanding of this interesting bacterial symbiotic
system, especially because very little is known about the central bacterium. The genome
of the epibiont was sequenced using DNA obtained from its pure culture, but it was
nearly impossible to sequence the genome of the central bacterium due to its low cell
abundance in the enrichment culture. Advances in sequencing technology and the recent
development of a protocol to separate partially the genomic DNAs of the consortium
(Kanzler et al., 2005) made it possible to obtain genome data of the “Ca. S. mobilis”
without cultivation. These data should provide answers to questions that scientists have
been asking for years, such as the roots of the competitive advantages chlorophototrophic
consortia have over the closely related (or identical) free-living organisms.
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A lot of interesting inferences are expected to be made from these –omics studies,
which should amount to billions of base pairs worth of information. However, it would be
more convincing and remarkable if some aspects could be verified through experimental
studies and become discoveries rather than hypotheses. Additionally, mature genetics and
biochemical protocols have been established in GSB (see section 1.3.4). Therefore, part
of the dissertation research will focus on experimental validation of a hypothesis resulting
from comparative genomics analyses, that involves the last unidentified gene in (B)Chl
c/d/e biosynthesis pathway in all green bacteria.
In summary, this dissertation research plans to take advantage of cutting-edge
DNA sequencing technologies to illuminate many aspects, including ecology,
physiology, and metabolism of green bacteria, with large amounts of sequence
information. Not only should this provide novel insights on many different levels from
single genes, to single organisms, and to bacterial communities, but also provide
invaluable resources for future research on green bacteria.
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Figure 1.1 Distribution of different types of photosynthetic reaction centers and
light-harvesting antenna complexes or proteins among chlorophototrophic bacteria
from six phyla. Color in RCs indicate whether the RC is a homodime or heterodimer.
Fe-S indicates [4Fe-4S] clusters and Q indicates quinones. LH, LH1, and LH2 are BChl
a-binding antenna complexes. CP43 and CP47 are subunits of photosystem II that has
light-harvesting functions. Pcb is a light harvesting protein related to CP43. From Bryant
and Frigaard, 2006, Trends. Microbiol. 14, 488-496.
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Figure 1.2 Micrographs of chlorosomes of Chlorobaculum tepidum (A) and
“Candidatus Chloracidobacterium thermophilum” (B). Chlorosomes are marked by
arrows. Bars represent 100 nm in panel A and 500nm in panel B. From Frigaard et al.,
2002, J. Bacteriol. 184, 3368-3376 and Garcia Costas et al., 2011, J. Bacteriol. 193,
6701-6711.
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Figure 1.3 Phylogenetic tree of 16S rRNA sequences of Chlorobi organisms
representing class-level lineages. Tree was generated using neighbor-joining method.
White circles indicate nodes supported by >95% of bootstrap samples, black circles
indicate those supported by >85% of samples. Bar indicates 0.02 changes per nucleotide
site. From Iino et al., Int. J. Syst. Evol. Microbiol. 60, 1376-1382.
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Figure 1.4 Phylogenetic tree of GSB based on 16S rRNA sequences. Tree based on
fmoA gene sequences was similar. Calculations were made using maximum-likelihood
algorithm. Bar denotes 0.01 changes per nucleotide site. From Imhoff, 2003, Int. J. Syst.
Evol. Microbiol. 53, 941-951.
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Figure 1.5 Micrograph of Ignavibacterium album. Bars represent 500 nm in panel (A)
and 100 nm in panel (B). From Iino et al., Int. J. Syst. Evol. Microbiol. 60, 1376-1382.
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Figure 1.6 The microbial mats of Mushroom spring at the Yellowstone National
Park. (A), Mushroom spring and its effluent channels. Circle indicate sampling site. (B),
cross section of a sample microbial mat taken at the site. Top 2mm of the mat is the
photosynthetic microbial community of interest. Photographs courtesy of Dr. David M.
Ward.
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Figure 1. 7 Transmission electron micrograph (A) and scanning electron
micrograph (B) of the phototrophic consortium “Chlorochromatium aggregatum”.
EB, the epibiont, CR, the central bacterium. From Bryant and Frigaard, 2006, Trends.
Microbiol. 14, 488-496 and Wanner et al., 2008, J. Bacteriol., 190, 3721-3730.
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CHAPTER 2
Comparative Analyses of Green Sulfur Bacteria Genomes
Publication: Bryant, D. A., Liu, Z., Li, T., Zhao, F., Garcia Costas, A. M., Klatt, C. G.,
Ward, D. M., Frigaard, N. U., and Overmann, J. (2011) Comparative and functional
genomics of anoxygenic green bacteria from the taxa Chlorobi, Chloroflexi, and
Acidobacteria. In: Advances in Photosynthesis and Respiration, Vol. 33, Functional
Genomics and Evolution of Photosynthetic Systems, (Burnap, R. L. and Vermaas, W.,
eds.), pp. 47-102, Springer, Dordrecht, The Netherlands.
2.1 Abstract
In addition to Chlorobaculum tepdim, genomes of 14 green sulfur bacterial strains that
were carefully selected to represent geographical, phylogenetic, and physiological
diversity of green sulfur bacteria were sequenced. Comparison of these genomes revealed
that green sulfur bacteria shared a large number of core genes and generally possessed a
small number of unique genes. Phylogenetic analyses of the core proteins showed that
green sulfur bacteria consist of four phylogenetic groups, Chloroherpeton, Chlorobium,
Chlorobaculum, and Prosthecochloris, which was consistent with previous results.
Genome comparison based on these groups revealed small numbers of lineage-specific
genes, some of which might have significant physiological impacts. Chloroherpeton was
most different from other strains, in terms of both phylogeny and gene content.
Comparison of gene orders found some pairs of highly syntenic genomes.
2.2 Introduction
Chlorobaculum tepidum (formerly Chlorobium tepidum) was the first GSB species whose
genome was sequenced (Eisen et al., 2002), and the importance of the genome data for
this organism in the rapid advancement of the understanding of GSB (Frigaard et al.,
2003; Frigaard and Bryant, 2004; Bryant and Frigaard, 2006; Bryant et al., 2011) in
recent years cannot be overstated. However, one cannot define all GSB using just one
species as an example. Additionally, C. tepidum is a somewhat atypical GSB in that it
prefers higher temperature than most GSB, it grows faster than most GSB, and it can
utilize thiosulfate as electron source (Wahlund et al., 1991). To conduct a thorough and
comprehensive genomic investigation on all currently known GSB, fourteen additional
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organisms were carefully selected for genome sequencing. Those fourteen species, along
with C. tepidum, listed in Table 2.1, represent GSB organisms with a wide variety of
ecophysiological traits. They included species from different global locations from
America to Europe to Oceania. Species from habitats with low and high temperature,
from fresh water ponds, meromictic lakes, and marine sediments, were also selected
(Nadson et al., 1906; Pfennig, 1968; Gorlenko, 1970; Overmann and Pfennig, 1989;
Wahlund et al., 1991; Heising et al., 1999; Overmann, 2001), and importantly, neary all
selected organisms are type strains for described species. Organisms that synthesize BChl
c, d, or e are all represented (Overmann and Pfennig, 1989; Overmann, 2001; Maresca et
al., 2004), and a few organisms that provoke special interest were also included in the list.
These included two species, Chlorobium phaeobacteroides strain BS-1 and Chlorobium
bathyomarinum strain GSB1 “TY Vent”, both isolated from extremely low light (nearly
dark) environments (Overmann et al., 1992; Beatty et al., 2005; Manske et al., 2005),
Chlorobium ferrooxidans, the only GSB organism that can not oxidize sulfide (Heising et
al., 1999), and C. chlorochromatii, the symbiotic GSB in the phototrophic consortium “C.
aggregatum” (Vogl et al., 2006) were also selected. Finally, organisms from all four
described genera, including the very early diverging organism, Chloroherpeton
thalassium, (C. thalassium; Gibson et al., 1984) were included.
2.3 Methods and Materials
2.3.1 Genome Sequencing and Assembly
Of the 14 genomes sequenced, 10 of them (Table 2.1) were sequenced using the
traditional whole-genome, shotgun approach. Clone libraries, including large numbers of
plasmids with small (~3 kb) and medium (~8 kb) inserts and smaller numbers of fosmids
with larger inserts (~36 kb) were produced and sequenced at the Joint Genome Institute.
Assembly and further finishing of the genome sequences were carried out using
Phred/Phrap/Consed software package (Ewin et al., 1998; Gordon et al., 1998). Read
depths in those assemblies were around 10X. Most gaps were closed by sequencing of
PCR amplicons, the primers for which were designed on the basis of the predicted contig
arrangement from paired-end sequences. A small number of gaps without scaffolding
information were closed using a combinatorial PCR approach.

26

Four additional genomes were sequenced using pyrosequencing (GS-20 FLX,
Roche) techonology. For those genomes, scaffolding information mainly came from
alignments to completed GSB genomes and apparently split genes/operons at the ends of
contigs. To facilitate closing efforts in these projects with limited scaffolding
information, multiplex PCR and TAIL-PCR (Liu and Huang, 1998) were additionally
employed to obtain PCR amplicons bridging gaps.
2.3.2 Genome Annotation and Comparison
Eleven finished genome sequences were annotated using pipelines at the Joint
Genome Institute and deposited in Genbank (Accession numbers in Table 2.1). The other
three have either just been completed or are still incomplete have not yet been finally
annotated, but nevertheless, sets of open reading frames have predicted (ORFs) for the
contigs.
Orthologous genes between each pair of completes genomes were calculated
based on reciprocal BLASTP (Altschul et al., 1990) best hits. When two proteins from
two different organisms were the best hits of each other in respective genomes, and were
aligned with at least 30% amino acid sequence identity over more than 50% of the entire
lengths of the two proteins with an e-value less than 1 × e-5, they were considered
orthologs. These arbitrary parameters were determined after careful visual investigation
of general alignment quality of known and apparent GSB orthologs. Other reasonable
parameters were also tested and resulted in less than 5% changes in numbers of orthologs
identified. Such small changes should have limited impact on whole genome
phylogenetic analyses. Unique genes of species or genera identified by this approach
were manually inspected to eliminate false positives caused by the parameter selection
and cutoffs selected.
Phylogenetic trees were calculated using the PhyML (Guindon and Gascuel,
2003) program based on alignments generated by MUSCLE (Edgar, 2004). Visualization
of whole genome alignments was accomplished using the Artemis Comparison Tool
(Carver et al., 2005).

27

2.4 Results and Discussions
2.4.1 General Observation of Green Sulfur Bacteria Genomes
Table 2.1 summarizes some general information about the 15 GSB genomes that have
been sequenced so far. The sizes of the genomes vary from slightly less than 2.0 Mb to
about 3.3 Mb. Mol% G+C values are centered around 50%, with the lowest being 44%
and highest 57%. Only one of the strains, Prosthecochloris aestruarii, has a plasmid,
which appeared to include genes for conjugative transfer and was 66,772 bp in length.
Except for Chlorobium clathratiforme, which has three rRNA operons, all other GSB
strains had only one or two copies of rRNA operons, which is consistent with their
generally slow growth rate in their natural environments (Lee et al., 2009). Differences in
the number of tRNAs among the GSB genomes are small. The gene contents of largest
and smallest genomes differed by about 1,000 ORFs. The smallest genome, that of
Chlorobium phaeovibrioides, has only 1,753 ORFs, which is one of the smallest genomes
to date among chlorophtotrophic bacteria (Prochlorococcus marinus MED4 has 1,716
ORFs; Rocap et al., 2003). As in Prochlorococcus spp., Chlorobium phaeovibrioides
probably has close to the minimal sets of genes required for the metabolism required to
be a free-living GSB. The differences in genome sizes among GSB are smaller than those
observed in chlorophototrophs from other phyla; for example, in Cyanobacteria, the
largest and smallest genomes differ by more than 10 Mb. This can probably help explain
the apparently limited physiological diversity among GSB. C. thalassium is obviously the
most different GSB among the group in terms of gene content. It had more than 1,100
genes that are not present in any other GSB. This difference probably reflects the distant
relationship between C. thalassium and other GSB as suggested by phylogenetic studies
(Imhoff, 2003; see below). Except for C. thalassium, small percentages (6-25%) of the
genomes encode genes unique to each GSB. In some organisms, just over 100 unique
genes were observed. The small inventories of these genes, which possibly carry speciesspecific functions, further explain the extreme physiological similarities among GSB.
Interestingly, the two strains with the largest numbers of unique genes other than C.
thalassium, Chlorobium clathratiforme and Chlorobium phaeobacteroides, also have the
largest genomes and the most insertion sequences; the latter probably suggest their role in
genome expansion in GSB.

28

2.4.2 Phylogeny of Core Orthologous Proteins
Whole genome phylogenetic analyses were performed to provide a different perspective
on the phylogeny of GSB other than previous 16S rRNA or single gene analyses
(Alexander et al., 2002; Imhoff, 2003; Imhoff and Viel, 2010). Genome comparisons
identified 819 orthologous proteins that are shared by 13 GSB whose genomes are
complete or almost complete (excluding Pelodictyon phaeum and Chlorobaculum
limnaeum in Table 2.1). That is almost half of the genes in the smallest genome (that of
Chlorobium phaeovibrioides), even though possibly hundreds of other core proteins that
are present in most but not all GSB were not counted. As shown in the phylogenetic tree
in Figure 2.1, the 13 GSB analyzed here were distributed into four clades,
Chloroherpeton, Chlorobium, Chlorobaculum, and Prosthecochloris, which is consistent
with previous results based on 16S rRNA sequences (Alexander et al., 2002; Imhoff,
2003). Every node in the tree had 100% statistical support and almost identical trees were
obtained using different algorithms or when the ortholog pool was randomly sampled to
infer phylogeny (data not shown). These results showed high congruency in the
phylogeny of these core proteins, and and this observation suggested that these genes are
rarely laterally transferred. To reflect clade associations shown in the phylogenetic tree,
changes in species names are clearly necessary for two species, Chlorobium
phaeobacteroides and Chlorobium bathyomarinum, both of which should be reassigned
to the genus Prosthecochloris, in addition to those previously proposed by Imhoff (2003)
and already adopted in this study. The distances between C. thalassium and any other
GSB were clearly larger than those between GSB from other three groups, further
indicating the divergence of C. thalassium from the rest of the GSB.
There is little association between phylogeny and physiology among these GSB.
For example, both BChl c or e synthesizing strains are present in Chlorobium,
Chlorobaculum, and Prosthecochloris. Two common characteristics were observed
among two phylogenetic groups, but were not at all exclusive. All Chlorobaculum strains
can oxidize thiosulfate, but so can several Chlorobium and Prosthecochloris strains
(Gregersen et al., 2011). All three Prosthecochloris spp. were isolated from environments
with medium to high salt concentrations (Gorlenko, 1970; Beatty et al., 2005; Manske et
al., 2005). This is consistent with a previous environmental survey that showed that the
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majority of GSB species in these environments were Prosthecochloris (Alexander and
Imhoff, 2006). However, tolerance or requirements for salt are not limited to
Prosthecochloris spp., because multiple Chlorobium and Chlorobaculum spp. strains also
require at least 1% sodium chloride in their growth media (Imhoff, 2003).
2.4.3 Comparison of Gene Contents by Groups
2.4.3.1 Chloroherpeton
Genome comparisons based on the phylogenetic groups were also carried out to identify
unique or missing genes within each group. Results are summarized as the Venn diagram
in Figure 2.2. 142 proteins that are conserved in all Chlorobium, Chlorobaculum, and
Prosthecochloris strains were not detected in C. thalassium. This number was lower than
50 for any other strains in the same comparison. This is yet another evidence showing the
large differences in gene contents between Chloroherpeton and the other three groups.
Combining these observations, i.e., the larger number of unique genes, and the elevated
sequence divergence in C. thalassium mentioned above, the genus Chloroherpeton and
the other three genera should be divided as two families within the class Chlorobea, order
Chlorobiales.
The conserved proteins missing in C. thalassium are involved in a wide variety of
functions (Table 2.2), including three that are related to photosynthesis. Two chlorosome
envelope proteins, CsmB and CsmE, that are not essential, are not present in C.
thalassium (Frigaard et al., 2004). Interestingly, C. thalassium only has one copy of the
two paralogous C-31 hydratases, BchF and BchV, that are involved in bacteriochlorophyll
(BChl) biosynthesis. These two hydratases hydrate substrates with different degrees of
methylation in C. tepidum (Gomez Maqueo Chew et al., 2004; Gomez Maqueo Chew,
2007). The homolog in C. thalassium is slightly more similar in sequence to BchV.
Mechanisms for hydration of C-31 position of BChls in C. thalassium must be different
from those in other GSB. In fact, the single hydratase in C. thalassium is in accordance
with other green bacteria (Liu and Bryant, 2011), suggesting that the hydratases arose
from a gene duplication event after the divergence of C. thalassium.
Also missing from C. thalassium are five genes involved in biotin biosynthesis.
However, several proteins that putatively require biotin as a cofactor, such as acetyl-CoA

30

carboxylase are found in the genome. This suggests that either unknown pathways exist
for biotin synthesis, or it or its precursors are acquired in C. thalassium. One of the
rubredoxin proteins and rubredoxin:oxygen oxidoredutase are also absent, implying that
C. thalassium might have lower oxygen tolerance compared to other GSB (Li et al.,
2009). In multiple places in important metabolic pathways, C. thalassium employs
enzymes that are different from those of other GSB. For example, C. thalassium has a
class I fructose-bisphosphate aldolase while other GSB have class II ones. These results
revealed subtle physiological differences between C. thalassium and other GSB, which
could be experimentally verified in future studies.
2.4.3.2 The Genus Chlorobium
95 proteins were found in at least four out of the seven Chlorobium spp. strains, but not
in any of the other GSB strains, among these, only one was found in all seven strains. The
functions of most of the 95 proteins were unclear, and they are probably not essential
because they are only found in some of the strains. It is worth noting that five
Chlorobium spp. strains (excluding Chlorobium chlorochromatii and Chlorobium
limicola) have a plant type ferredoxin-NAD(P)+ reductase in addition to the thioredoxin
type that is conserved in all GSB (Muraki et al., 2008). Also worth noting was that a 21gene cluster is largely conserved in 4 Chlorobium strains but not found in others. The
gene cluster includes genes involved in regulatory functions and cell envelope
biosynthesis, but the exact functions of these gene produces are unclear (Table 2.3).
2.4.3.3 The Genus Chlorobaculum
There were 51 proteins that were found exclusively in the two Chlorobaculum strains.
However, their functions were large unknown. The SqrE-type sulfide-quinone reductase
was found in addition to several other types of the key sulfide oxidation enzyme
(Gregerson et al., 2011). This extra paralog may support growth at low sulfide
concentrations or have a different function from sulfide oxidation (Chan et al., 2008).
The two Chlorobaculum spp. strains have an extra rubredoxin not found in other GSB,
which might contribute to higher oxygen tolerance or function as electron acceptor for
pyruvate ferredoxin oxidoreductase (Yoon et al., 1999). An additional homolog of the
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molybdenum binding protein of molybdenum transporter might provide higher affinity
molybdenum binding capability to the two Chlorobaculum spp. strains which have this
gene (Table 2.3).
2.4.3.4 The Genus Prosthecochloris
Many of the 79 genes that were exclusively found in Prosthecochloris spp. strains
appeared to part of the adaption to life in high-salt environments. The six subunit Na+
translocating NADH:quinone oxidoreductase found in these strains is a well documented
electron transfer complex that is typically found in halophiles (Unemoto and Hayashi,
1993; Hayashi et al. 2001). This complex ought to provide an advantage to these marine
bacteria from the elevated Na+ concentrations in their habitats. The three
Prosthecochloris spp. genomes also have many more cation transport proteins than other
GSB, consistent with the conditions of their habitats (Table 2.3). Although there are GSB
strains from other genera that also require higher salt concentrations, they do not have
these genes. Either they do not encounter such high salt concentrations as
Prosthecochloris strains do, or they have employed different adaptation strategies. It
seems that these above-mentioned proteins were acquired after the divergence of
Prosthecochloris and then retained by most strains, because most if not all
Prosthecochloris strains are found in moderate- to high-salt environments.
2.4.4 Comparisons between Individual Strains
Whole genome phylogenetic analyses have identified several pairs of strains that are
more closely related than others (Figure 2.1). Comparisons were carried out to investigate
genome synteny between those strains. Regional genome synteny was observed in most
of those genomes, i.e., large blocks of genes were in a similar order in most of the
genomes. However, the level of whole genome synteny varied significantly among
different pairs of strains. Chlorobium luteolum and Chlorobium phaeovibrioides had the
highest synteny among any GSB genomes. In fact, it appeared that only two or three
major inversion or recombination events had occurred after these two species diverged
from their ancestor (Figure 2.3A). The synteny between the chromosomes of
Chlorobaculum tepidum and Chlorobaculum parvum was obviously lower (Figure 2.3B),
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despite having same level of, if not higher, sequence identity than the previous pair.
Interestingly, the three strains of Prosthecochloris had very high whole-genome synteny
that was similar to that between Chlorobium luteolum and Chlorobium phaeovibrioides,
even though they were more divergent in sequence value, as indicated by larger distances
in the phylogenetic tree (Figure 2.1) and a lower density of aligned blocks on the
chromosomes (Figure 2.3C). These results suggest that the rate of genome recombination
and rearrangement are not the same among different GSB lineages. One of the main
causes of such rearrangements is replication-directed translocation (Tiller and Collins,
2000). Two of the Prosthecochloris strains were found in nearly dark environments that
should severely limit the in situ growth rate. In fact, the doubling time of these organisms
could be years (Beatty et al., 2005; Manske et al., 2005). It is possible that they have
experienced much fewer replications, which led to less recombination than other GSB.
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Table 2.1 Properties of the genomes of sequenced green sulfur bacteria strains.
Strain

Genbank
Accession
Number

Genome
size (bp)a

Mol-% GC
content

ORFs

Chlorobium phaeovibrioides
CP000607
1,966,858
52.99
1,753
DSM 265
Chlorobaculum tepidum
AE006470
2,154,946
56.53
2,245
ATCC 49652
Chlorobaculum parvum
CP001099
2,289,249
55.81
2,043
NCBI 8327
Chlorobium luteolum
CP000096
2,364,842
57.33
2,083
DSM 273
Chlorobium ferrooxidans
AASE00000
~2,558,373b
50.11
2,349
DSM 13031
000
Chlorobium
CP000108
2,572,079
44.28
2,002
chlorochromatii CaD3
Prosthecochloris aestuarii
CP001108 &
50.05
2,327
2,579,695c
DSM 271
CP001109
Chlorobium phaeobacteroides
CP001101
2,736,403
48.92
2,469
BS-1
Chlorobium limicola
CP001097
2,763,181
51.33
2,434
DSM 245
Chlorobium clathratiforme
CP001110
3,018,238
48.05
2,707
DSM 5477
Chlorobium phaeobacteroides
CP000492
3,133,902
48.35
2,650
DSM 266
Chloroherpeton thalassium
CP001100
3,293,448
45.06
2,710
ATCC 35110g
Chlorobium bathyomarinum
N.A.
2,468,479
55.97
2,386e
GSB1, “TY Vent”g
Pelodictyon phaeum
N.A.
~2,385,000d
51.9
~2,200
CIB2401g
Chlorobaculum limnaeum
N.A.
~2,700,000d
56.3
~2,400
DSM 1677g
a
All genomes are circular, double-stranded DNA molecules.
b
The Chl. ferrooxidans genome is complete except for one gap that is believed to
contain a long, inverted repeat that could not be amplified by PCR. Consistent with
this interpretation, the genes on either side of this gap in this genome are syntenous
with those in other GSB genomes.
c
These values include those for circular plasmid pPaes01, which is 66,772 bp.
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rRNA
operons

tRNAs

ORFs
in COGs

ORFs
not in
COGs

Insertion
sequences

Unique
ORFsf

1

45

1,501

252

22

119

2

50

1,607

638

19

140

2

49

1,678

365

2

216

2

48

1,733

350

8

214

2

44

1,645

328

5

328

1

45

1,586

416

25

307

1

47

1,845

482

43

303

2

46

1,886

645

45

371

2

48

1,794

523

56

349

3

49

2,062

528

48

528

2

47

2,033

617

88

643

1

45

2,126

584

10

1,139

2

~45

N.D.

N.D.

N.D.

N.D.

2

~45

N.D.

N.D.

N.D.

N.D.

2

~45

N.D.

N.D.

N.D.

N.D.

d

Only a draft genome from pyrosequencing is currently available.
Preliminary ORF predictions only.
f
Genes not found in other GSB genomes.
g
These genomes were sequenced using pyrosequencing technology.
N.A. not available.
N.D. not determined.
e

Table 2.2 Notable genes absent in Chloroherpeton thalassium but present in other
green sulfur bacteria genomes.
Locus tag
Annotation
CT0047
adenosylmethionine-8-amino-7-oxononanoate aminotransferase
CT0048
dethiobiotin synthase
CT0049
biotin synthesis protein, putative
CT0051
8-amino-7-oxononanoate synthase
CT0052
biotin synthetase
a
CT0192
tryptophan synthase, beta subunit
CT0369
NADH dehydrogenase, type II
b
CT0543
aconitate hydratase
CT0834b
oxaloacetate decarboxylase, alpha subunit
CT0948
cobalamin 5'-phosphate synthase
b
CT1053
fructose-bisphosphate aldolase, class II
CT1242b
aspartate aminotransferase
a
CT1421
2-vinyl bacteriochlorophyllide hydratase, bchF
CT2024a
rubredoxin
CT2054
chlorosome envelope protein B
CT2062
chlorosome envelope protein E
CT2285
rubredoxin:oxygen oxidoreductase
a
Paralog(s) of the absent genes are present in C. chloroherpeton.
b
Unrelated genes that putatively have the same functions of the missing genes are
detected in C. chloroherpeton.
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Table 2.3 Notable genes that are specific to Chlorobium, Chlorobaculum, and
Prosthecochloris.
Locus tag
Annotation
Chlorobium
Cpha266_1463
ferredoxin-NAD(P)+ reductase, putative
Clim_1832
putative PAS/PAC sensor protein
Clim_1833
sigma54 specific transcriptional regulator, Fis family
Clim_1835
Undecaprenyl-phosphate galactose phosphotransferase
Clim_1836
anti-sigma-factor antagonist
Clim_1837
nucleoside-diphosphate-sugar pyrophosphorylase
Clim_1838
anti-sigma-factor antagonist
Clim_1839
putative anti-sigma regulatory factor, serine/threonine protein kinase
Clim_1842
polysaccharide export protein
Clim_1844
uncharacterized protein involved in exopolysaccharide biosynthesis
Clim_1845
serine acetyltransferase-like protein
Clim_1847
conserved hypothetical protein
Clim_1848
conserved hypothetical protein
Clim_1850
glycosyl transferase family 2
Clim_1851
glycosyl transferase family 1
Clim_1852
glycosyl transferase family 2
Chlorobaculum
CT0876
sulfide-quinone reductase, SqrEa
CT1101
rubredoxina
molybdenum ABC transporter, periplasmic molybdenum-binding
CT1544
proteina
Prosthecochloris
Paes_0107
Trk-type potassium transport systems protein
Paes_0108
potassium transporter peripheral membrane protein TrkA
glutathione-regulated potassium-efflux system ancillary protein
Paes_0110
KefG, putative
Paes_0111
potassium efflux system protein
Paes_0669
Kef-type potassium transport system protein
Paes_1346
cobalt transport system permease protein
Paes_1348
cobalt ABC transporter, inner membrane subunit
Paes_1616
Rieske (2Fe-2S) domain protein
+
Paes_2133
Na -transloacting NADH:quinone oxidoreductase, subunit F
Paes_2134
Na+-transloacting NADH:quinone oxidoreductase, subunit E
Paes_2135
Na+-transloacting NADH:quinone oxidoreductase, subunit D
Paes_2136
Na+-transloacting NADH:quinone oxidoreductase, subunit C
Paes_2137
Na+-transloacting NADH:quinone oxidoreductase, subunit B
Paes_2138
Na+-transloacting NADH:quinone oxidoreductase, subunit A
a
In addition to paralogous gene(s) that are conserved in GSB.
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Figure 2.1 Whole genome phylogeny of 13 green sulfur bacteria. Maximum
Likelihood tree was generated using concatenated protein sequences of 819 orthologous
core proteins (see Methods and Materials for details). Bootstrap support vaules were
calculated out of 100 random samplings. Bar denotes 0.05 changes per amino acid site.
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Figure 2.2 Differential gene distribution among different green sulfur bacterial
groups.
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Figure 2.3 Whole genome synteny of selected pairs of green sulfur bacterial
chromosome. Figure generated from whole gonome BLASTN results. Score cutoff for
display was 100.
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CHAPTER 3
Metatranscriptomic Analyses of Chlorophototrophs of a Hot-spring Microbial Mat
Publication: Liu, Z., Klatt, C. G., Wood, J. M., Rusch, D. B., Wittekindt, N., Tomsho, L.
P., Schuster, S. C., Ward, D. M., and Bryant, D. A. (2011) Metatranscriptomic analysis of
chlorophototrophs of a hot-spring microbial mat. ISME. J. 5, 1279-1290.
3.1 Abstract
The phototrophic microbial mat community of Mushroom Spring, an alkaline siliceous
hot spring in Yellowstone National Park, was studied by metatranscriptomic methods.
RNA was extracted from mat specimens collected at four timepoints during light-to-dark
and dark-to-light transitions in one diel cycle, and these RNA samples were analyzed by
both pyrosequencing and SOLiDTM technologies. Pyrosequencing was used to assess the
community composition, which showed that ~84% of the rRNA was derived from
members of four phyla Cyanobacteria, Chloroflexi, Chlorobi, and Acidobacteria.
Transcription

of

photosynthesis-related

genes

conclusively

demonstrated

the

phototrophic nature of two newly discovered populations; these organisms, which were
discovered through metagenomics, are currently uncultured and previously undescribed
members of Chloroflexi and Chlorobi. Datasets produced by SOLiDTM sequencing of
cDNA provided >100-fold greater sequence coverage. The much greater sequencing
depth allowed transcripts to be detected from approximately 15,000 genes and could be
used to demonstrate statistically significant differential transcription of thousands of
genes. Temporal differences for in situ transcription patterns of photosynthesis-related
genes indicated that the six different types of chlorophototrophs in the mats employ
different strategies for maximizing their solar energy capture, utilization, and growth.
Based on both temporal pattern and transcript abundance, intra-guild gene expression
differences were also detected for two populations of the oxygenic photosynthesis guild.
This study showed that, when community-relevant genomes and metagenomes are
available, SOLiDTM sequencing technology can be employed for metatranscriptomic
analyses, and the results provided new insights into resource utilization patterns in this
model microbial community.
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3.2 Introduction
The chlorophototrophic microbial mats of alkaline siliceous hot springs in Yellowstone
National Park have served for decades as model systems for understanding the
composition, structure and function of microbial communities (Brock, 1978; Ward et al.,
1998; 2002; 2006; 2010; Ward & Castenholz, 2000; Klatt et al., 2011; Figure 1.6).
Members of the phyla Cyanobacteria (mostly Synechococcus spp.) and Chloroflexi
(family Chloroflexales; filamentous anoxygenic phototrophs (FAPs), mostly Roseiflexus
and Chloroflexus spp. (Pierson and Castenholz, 1974; van der Meer et al., 2010; Ward et
al., 2010) are the dominant organisms in these mat communities (see Table 3.1).
Cultivation and DNA sequencing methods have produced complete or nearly complete
consensus genome sequences for several chlorophototrophic organisms that occur in
these mats, including Synechococcus spp. strains A and B’, which are close relatives of
indigenous populations that co-occur in the 60°C mat (Ferris & Ward, 1997; Allewalt et
al., 2006; Bhaya et al., 2007); Roseiflexus sp. strain RS-1 (van der Meer et al., 2010;
Bryant et al., 2011); and Chloroflexus aurantiacus strains Y-400-fl and 396-1 (Madigan
& Brock, 1977; Bryant et al., 2011). The application of metagenomic methods, in
combination with traditional microbial cultivation methods, recently led to the
identification

of

a

previously

unknown

chlorophototroph,

“Candidatus

Chloracidobacterium thermophilum” (“Ca. C. thermophilum”), from the phylum
Acidobacteria as an additional member of these mats (Bryant et al., 2007). The genome
of this organism has also recently been completed (Bryant et al., 2011; Garcia Costas et
al., 2012). As documented in a parallel study (Klatt et al., 2011) and in previous studies
(Bryant et al., 2007), metagenomics analyses additionally suggested the existence of
other chlorophototrophic members of this community, which were previously
undescribed and are currently uncultivated organisms from the phyla Chloroflexi and
Chlorobi (Table 3.1). Collectively, the availability of these genomes was instrumental in
analyzing metagenomes from these mat communities (Klatt et al., 2011).
Understanding transcription and its regulation in natural microbial communities
has been an intriguing, albeit technically challenging goal, mainly because of the broad
biodiversity of most such communities and the inherent difficulties in working with
RNA. Microarrays (Parro et al., 2007) and cloning of randomly amplified cDNAs

44

(Poretsky et al., 2005) have been successfully applied to metatranscriptomic studies.
Because of recent developments in sequencing technologies, metatranscriptomic analyses
by intensive RNA sequencing have recently emerged as a much more powerful approach
to the study of gene transcription in microbial communities. Moreover, there is no
prerequisite to obtain genome sequences as required for microarray analyses, and such
approaches can rapidly generate enormous amounts of information. Several pioneering
studies using pyrosequencing technology on marine and soil microbial communities (e.
g., Friaz-Lopez et al., 2008, Urich et al., 2008, Gilbert et al., 2008) have not only
demonstrated the feasibility of such an approach but have also demonstrated its
advantages in defining community structure (Urich et al., 2008) and its power in
identifying mRNAs of known or novel genes (Gilbert et al., 2008). Several studies
(Gilbert et al., 2008, Poretsky et al., 2009, Hewson et al., 2009) compared
metatranscriptomes obtained under different environmental conditions, and these studies
were able to detect differential gene expression. However, compared to the number of
genes occurring in a microbial community (at least tens of thousands if not millions), the
number of mRNA sequences generated in the above-mentioned pyrosequencing studies
(from ~5,000 to ~160,000) were insufficient to provide satisfactory coverage or to infer
statistically meaningful transcription patterns under different conditions for most genes
occurring in the members of a complex community. For this reason previous studies have
mainly focused on the most dominant members of a given microbial community, and
comparisons of transcriptional behaviors of different phylogenetic and physiological
groups within the same community have not yet been described. Therefore, one of the
main objectives of this study was to test the feasibility of using so-called NextGeneration (NextGen) sequencing methodologies in metatranscriptomic studies.
Two different approaches to transcription profiling of the chlorophototrophic
microbial mat community of Mushroom Spring were compared. In the first approach,
pyrosequencing (Roche GS FLX, Branford, CT) of cDNAs produced from RNA samples
from mat samples collected at 60°C for four different time points in a diel cycle was
performed. Samples were collected from light-to-dark and dark-to-light transition
periods, because these have been shown to be important times for changes in mat
physiology and metabolism, such as changes in anoxygenic photosynthesis (van der Meer
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et al., 2005) and nitrogen fixation (Steunou et al., 2006; 2008). The ~225-bp sequences
obtained by this approach primarily provided information on the composition of the
community based on stable (i. e., rRNA) sequences. In a second approach, and as a pilot
study to determine the feasibility of using NextGen sequencing to conduct a full hourly
diel-cycle metatranscriptomic analysis, extensive SOLiD™-3 sequencing was performed
using cDNAs produced from the same four RNA samples used in the pyrosequencing
analysis. After in silico filtering to remove stable rRNA sequences, this approach
provided 50-bp sequences derived from expressed sequences (i. e., mRNAs) that
provided detailed information about the global patterns of transcription for predominant
members of the mat community. The combination of these two approaches validated and
refined conclusions about the mat composition derived from metagenomic analyses (Klatt
et al., 2011) and accurately reproduced previous observations concerning the expression
of Synechococcus spp. genes for photosynthesis and nitrogen fixation (Steunou et al.,
2006; 2008). This study further showed that, if suitable reference genome sequences or
extensive metagenomic data are available, NextGen sequencing can be employed to
obtain unprecedented insights into the in situ physiological properties of community
members as inferred from transcription profiles.
3.3 Methods and Materials
3.3.1 Sample Collection
Samples of microbial mats were collected from Mushroom Spring in the Yellowstone
National Park on 10-11 July 2008 at a temperature of 61 to 64°C. All samples were
collected from the same, localized region of the mat, but the ambient temperature was
slightly lower at sunset (21:00) and slightly higher in the morning because of wind and
flow conditions. Mat core samples (~0.5 cm2 area, #4 cores) were collected at 21:00 (at
sunset), 05:15 (just before sunrise), 06:40 (indirect sunlight on the mat), and 08:40 (direct
sunlight on the mat) at the same site. The light intensities at these four sampling times
were approximately 15, 0.05, 46, and 960 µmol photons m-2 s-1, respectively. The top ~2
mm-thick layer containing most mat chlorophototrophs (Bauld & Brock, 1973; RuffRoberts et al., 1994) was removed with a razor blade, placed in a 2.0 ml screw-cap tube
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containing 0.5 g of sterile glass beads (~100-200 µm diameter), and immediately
immersed in liquid nitrogen. Samples were kept frozen until used for RNA extraction.
3.2.2 RNA Extraction
Diethyl pyrocarbonate (DEPC) -treated 10 mM sodium acetate, pH 4.5, (250 µl) and 500
mM Na2-EDTA, pH 8.0, (37.5 µl) were added to tubes containing mat core samples, and
the samples were homogenized by bead-beating with a velocity of 6.5 m s-1 for 10 s
(Fastprep FP120, Savant Instruments Inc., Farmingdale, NY). DEPC-treated lysis buffer
(375 µl) containing 10 mM sodium acetate and 10% (w/v) sodium dodecyl sulfate (pH
4.5) was added to the cells, which were lysed during incubation at 65 °C for 3 min.
Acidic phenol equilibrated with DEPC-treated H2O (700 µl) was added, and the samples
were incubated at 65 °C for an additional 3 min. Two subsequent extractions with equal
parts of Tris-HCl-equilibrated phenol (pH 8) and chloroform (1:1) were performed.
Nucleic acids were precipitated by adding 0.1 volume of 10 M LiCl2 and 2.5 volumes of
absolute ethanol; after a 30-min incubation at -20 °C, the solutions were centrifuged at
17,000 × g for 30 min at 0 °C. The resulting pellets were resuspended in DEPC-treated
H2O (88 µl), and two successive DNase treatments were performed using Ambion Turbo
DNAseTM (Applied Biosystems, Foster City, CA) according to the manufacturer's
instructions. A final extraction with chloroform:isoamyl alcohol (24:1, v/v) was
performed on the DNAse-treated solution to remove protein and residual phenol, and
RNA was precipitated from the aqueous phase with 10 M LiCl2 and absolute ethanol as
described above. The RNA was pelleted by centrifugation, washed, and resuspended in
DEPC-treated H2O (60 µl). RNA concentrations and purity were estimated by absorbance
spectrophotometry at 260 nm and 280 nm with a NanoDrop Spectrophotometer ND-1000
(Thermo Fisher Scientific, Wilmington DE), and RNA integrity was verified by
analyzing aliquots on an RNA NanoChip with the Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). Samples with RNA integrity numbers of at least ~7 (range
6.9 to 7.5) were considered to be acceptable for further analyses (Schroeder et al., 2006).
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3.3.3 cDNA Preparation and Sequencing
Small RNA molecules were removed from the total RNA samples using
MEGAclearTM (Ambion, Foster City, CA), and the resulting RNA samples were
dissolved in doubly distilled H2O. The RNA concentration was determined using a
NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington DE). For
pyrosequencing, cDNA was prepared from 5.0 µg of template RNA using the Just cDNA
Double-Stranded cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA). Libraries
were constructed from these cDNA samples, and pyrosequencing was performed in the
laboratory of Stephan C. Schuster at The Pennsylvania State University on a Roche GS
FLX system (454 Life Science, Branford, CT). Construction of cDNA libraries and
SOLiDTM-3 sequencing was performed in the Genomics Core Facility at The
Pennsylvania State University (University Park, PA). The cDNA libraries were
constructed from 0.5 µg RNA samples according to the “Whole Transcriptome Library
Preparation for SOLiD Sequencing” protocol (Applied Biosystems, Foster City, CA), and
samples were barcoded using multiplexing barcode set B (Applied Biosystems, Foster
City, CA). The SOLiD ePCR and SOLiD Bead Enrichment Kits (Applied Biosystems,
Foster City, CA) were used for processing the samples for sequencing, and the SOLiDTM3 System (Applied Biosystems, Foster City, CA) was used for sequencing. The sequences
collected in this study have been deposited under accession number SRA018112.1 in the
NCBI Sequence Read Archive.
3.3.4 Databases Used in Data Analyses
The strategy here was to associate metatranscriptomic sequences with each of the major
phylogenetic groups that, as suggested by Klatt et al. (2011), might also represent
physiological groups (i. e., guilds). Two Synechococcus spp. strains A and B′ were very
closely related in both sequence and physiology, and thus cDNA sequences aligned to the
reference genomes/metagenomes of these two strains have been grouped in the analyses
presented here unless otherwise specified (e. g., Table 3.7).
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3.3.4.1 rRNA Database
A curated rRNA database (Urich et al., 2008), which includes a small subunit (16S
rRNA, SSU) database (SSUrdb) and a large subunit (23S rRNA, LSU) database
(LSUrdb), was downloaded from http://www.bioinfo.no/services/community-profiling.
The SSUrdb was updated with bacterial sequences from RDP-II release 10.10 (Cole et
al., 2007), and only SSU sequences for which the taxonomic affiliations (NCBI
taxonomy) were clear to at least the class level were included. The LSUrdb was updated
in similar manner with bacterial LSU sequences longer than 1900 bp from the SILVA
project release 98 (Pruesse et al., 2007). The two updated databases were aligned against
each other using BLASTN, and those sequence regions that aligned to any sequences
from the other database with a bit score of 71 or higher were cropped to ensure that there
was no overlap between the two reference databases. For in-depth analyses of the 16S
rRNA sequences of the four major taxa containing chlorophototrophs (i. e.,
Cyanobacteria, Acidobacteria, Chloroflexi, and Chlorobi), sequences in these phyla from
RDP-II release 10.10, for which the taxonomic affiliation was clear at least to the genus
level were retrieved and used as databases for higher phylogenetic resolution. Complete
or partial 16S rRNA sequences of unclassified members of the Chlorobi and Chloroflexi,
respectively, were extracted from the mat metagenome sequences (Klatt et al. 2011) and
used as additional references in both the overview and the in-depth rRNA analyses.
3.3.4.2 Database for Analyses of mRNA Sequences
Nucleotide sequences of all assembled metagenome scaffolds (Klatt et al., 2011) were
used as the reference database for this analysis. In addition to scaffolds clustered and
assigned to different taxa in the metagenome study, all unclustered scaffolds were
manually inspected, and some of these scaffolds were then assigned to the major taxa in
the community based on the similarity of their gene contents and sequences to complete
reference genome sequences. Scaffolds 2kb or larger were assigned to Roseiflexus sp.,
Synechococcus spp., “Ca. C. thermophilum” and Chloroflexus sp. when >90% of their
sequences could be aligned to the complete Roseiflexus sp. RS-1, Synechococcus sp.
Strain A and B’, “Ca. C. thermophilum” and draft Chloroflexus sp. 396-1 genomes with
>80% sequence identity. Eleven additional scaffolds originating from Chloroflexus sp.
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were identified that contained genes putatively involved in photosynthesis and
bacteriochlorophyll biosynthesis and that also had >80% nucleotide identity with the
Chloroflexus sp. 396-1 draft genome. A scaffold that contained pufLM genes, which
encode the subunits of a type-2 photochemical reaction center and which were highly
divergent from the known FAP sequences in phylogenetic analysis, was included with the
scaffolds originating from the uncultivated organisms belonging to the phlum Chloroflexi
(Klatt et al., 2011). This uncultivated Chloroflexi cluster, related to Anaerolinea-like
organisms, contained genes putatively involved in bacteriochlorophyll biosynthesis; and
thus provided evidence that these scaffolds originate from a currently undescribed and
uncultured chlorophototroph. A list of best BLASTP hits in the nr database was also
inspected for each putative gene for scaffolds that were 5 kb or larger. Scaffolds were
assigned to Chlorobiales when more than half of the genes in the scaffold had best hits to
genes in any Chlorobiales genome, which in most cases was that of Chp. thalassium. In
total, 209, 181, 57, 493, 29 and 80 scaffolds were assigned or clustered to Roseiflexus sp.,
Chloroflexus sp., uncultivated Chloroflexi, Synechococcus spp., “Ca. C. thermophilum”,
and Chlorobiales sp., respectively.
3.3.5 Analyses of Pyrosequencing Datasets
Sequences generated by pyrosequencing were processed through a pipeline similar to one
that was employed in a previous metatranscriptome analysis (Urich et al., 2008). This
pipeline was designed to identify and remove rRNA sequences first, followed by mRNA
sequences of the several phototrophs that are the major components of the microbial
community (see Klatt et al., 2011), and then other possible mRNA sequences.
3.3.5.1 Analyses of rRNA Sequences
All sequences were aligned to SSUrdb and LSUrdb using BLASTN. Alignments were
analyzed using MEGAN (Huson et al., 2007) to infer community structure. The absolute
minimum alignment score cutoff was set to 71 and the relative cutoff was set to within
10% of the top score. These settings were chosen because they were tested and found to
assign mRNA sequences with similar lengths accurately to the phylum level (Urich et al.,
2008). Changing the absolute cutoff to 80 or the relative cutoff to 5% or 20% did not
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significantly alter the perception of community structure at the phylum level. Because
previous studies (e. g., Urich et al., 2008) and initial analyses showed that there was no
significant difference between the compositional information deduced for the 16S and
23S rRNAs, the data for both were summed and reported here. For an in-depth survey of
the taxonomic composition of the four major phyla, (specifically, Chloroflexi,
Cyanobacteria, Chlorobi and Acidobacteria), SSU rRNA sequences assigned to these
four taxa were extracted and aligned to their respective high resolution databases using
BLASTN. Alignments were analyzed in MEGAN in a similar manner except that the
relative cutoff was set to 0%, which means that only the top-scoring alignments were
taken into consideration. This analysis provided a general picture of the taxonomic
composition of the major phyla within the mat community.
3.3.5.2 Analyses of mRNA Sequences
Sequences that did not have an alignment score of 71 or higher in the previous step were
aligned to the metagenome with BLASTN. A table of all putative genes was obtained
from the annotation of the assembled metagenome scaffolds and the metagenomic
sequence content of these scaffolds in comparison to isolate genomes (Klatt et al., 2011).
A sequence was assigned to a gene when the gene was its best hit and its alignment had at
least 90% nucleic acid sequence identity. For each gene in the database, the number of
mRNA sequences assigned to it was counted for each time-point RNA sample. All
unassigned sequences were aligned to peptide sequences from the NCBI nr database
downloaded in April 2009 using BLASTX. Sequences with a bit score of 40 or higher
were considered as potential mRNA sequences from other sources. All remaining
sequences were assigned as “unidentified.” Based upon a manual inspection of the data, a
bit score of 40 equaled an e-value of ~1 × 10-4 in the search and should be a reasonable
cutoff for potential mRNA sequences, given that some may represent novel genes
without good references in current databases. Increasing the cutoff to 50 or 60 had almost
no effect on the counts of assigned mRNA sequences, because these sequences were
usually aligned to a reference with very high scores anyway.
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3.3.6 Analyses of SOLiD™ Datasets
Sequencing results were first converted into fastq format using the PERL script supplied
in the bwa software package (Li and Durbin, 2009). Sequences in fastq were aligned to
databases in color space using bwa with options “-c -n 5” allowing a maximum of 5
mismatches per read (90% nucleotide sequence identity) (see section 3.3.7 for validation
of these alignment criteria). Sequences were first aligned to the above-mentioned rRNA
database (LSUrdb+SSUrdb) to remove rRNA sequences. rRNA sequences were not
analyzed because the much shorter SOLiD sequences have much less phylogenetic
resolution than those provided from the pyrosequencing results due to their shorter length
(~50 bp compared to ~225 bp). The remaining sequences were aligned to the
metagenome database. A sequence was assigned to a specific gene if at least half of the
sequence was aligned to the coding region of the gene. For each gene, the cDNA
sequences uniquely mapped to it, as well as those with multiple best hits that had been
randomly assigned to it according to the bwa algorithm parameters, were then counted for
each sample separately. Only the counts for uniquely mapped cDNA sequences were
used to infer gene regulation patterns for most genes. For genes that were expressed at
moderate to high levels, manual inspection of randomly selected genes revealed that the
inclusion of the uncertain fraction of mRNA sequences (those that did not uniquely map
to one gene) did not affect inferences concerning regulation patterns significantly because
there were already large numbers of uniquely mapped cDNA sequences for these genes.
3.3.7 Simulation of SOLiD™ Sequence Alignments
In order to find the best alignment criteria for SOLiD™ datasets and in particular to
determine the optimal number of mismatches allowed per sequence, a simulation was
performed. Using the above-mentioned metagenome scaffolds as the data source, one
million 50-bp sequences were generated using MetaSim (Richter et al., 2008). The
composition of the test database was adjusted to reflect the relative proportions of
sequences generated from Chloroflexi, Cyanobacteria, Chlorobi, Acidobacteria based
upon the average rRNA sequence abundance (See Figure 3.1). A 50-bp empirical
sequencing error model was adapted from a 62-bp error model downloaded from
MetaSim webpage. The generated sequences were sequentially aligned to the
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metagenome scaffolds six times using bwa allowing 0, 1, 2, 3, 4 and 5 mismatches,
respectively (more than five mismatches was too costly computationally). The alignment
results were compared to determine both the organismal origin and actual sequence
position of the generated test sequences. The number of sequences aligned incorrectly as
unique best hits did not increase significantly as the number of mismatches allowed
increased and were negligible (0.007%) compared to the number of sequences aligned
correctly (Table 3.2). The percentage of incorrectly mapped sequences is an upper limit,
because the rRNA and repeat sequences were not removed prior to generating the test
sequence dataset. These results clearly suggested that increasing the number of
mismatches allowed to as many as 5 would not undermine the accuracy of the
alignments. The simulations also showed that the number of sequences aligned began to
saturate at 3 mismatches. However, the sequences in the actual datasets are derived from
populations whose sequences can differ slightly from the consensus, which would cause a
greater number of mismatches in their alignments to the consensus. Taking this small
difference into account, 5 mismatches per sequences seemed to represent a reasonable
choice for the analyses, ensuring alignment accuracy, a high level of correctly mapped
sequences, a low error rate, and a reasonable computation time.
3.3.8 Statistical Analyses
For each gene in both datasets, and for every possible pair-wise comparison of the four
samples, a Fisher’s exact test was conducted to determine the probability that the gene
was differentially expressed in a statistically significant manner. In the 2X2 Fisher’s
exact test, the two columns were two different RNA samples (different timepoints); one
row was the number of mRNA sequences assigned to the gene, and the other was the
proportion of the total number of sequences (mapped sequences in SOLiD™ datasets).
Ideally, the proportionality factor should be the percentage of cells of the species to
which the gene belongs in the sample. However, because we did not have this
information, the data were instead compared to the percentage of rRNA sequences
assigned to the phylum, to which the genome or scaffold that harbors any given gene
belonged or was assigned. Percentages of rRNA sequences at the phylum level should be
proportional to the number of ribosomes in a given group of organisms and thus to the
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number of metabolically active cells; these values were the best data available to estimate
with confidence the percentage of cells of different phyla in the community. No
corrections for cell number, cell volume, and cellular physiological status were
introduced. Use of this factor helped to offset the differences in cell abundances that
could have originated during the sampling, and which might be significant in some cases.
For each gene, the smallest p-value out of the six possible pairs was retained.
3.3.9 Normalization of Expression Levels
For each gene that was differentially expressed in a statistically significant manner
between at least a pair of samples (p < 0.001), a set of normalized expression levels were
calculated for straightforward comparison purposes. Expression values E were first
calculated for each sample using the following formula.
Ei = ni / (Ni * pi)
In the formula above, n denotes the number of mRNA sequences assigned to a gene in
sample i; N denotes the number of total sequences (454 datasets) or total mapped
sequences (SOLiD™ datasets), and p denotes the percentage of rRNA sequences of the
phylum to which the genome or scaffold that harbors the gene belong or assigned. Gene
length, which certainly contributes to the total number of mRNA sequences mapped for a
given gene, was not considered, because this is not a factor when only comparing the
expression of a given gene under different conditions. These four expression values were
then normalized by the mean of the four values for the purpose of comparing expression
patterns of genes with different transcription levels.
3.4 Results and Discussions
3.4.1 Pyrosequencing and Composition Analyses of the Microbial Mat Samples
Table 3.3 summarizes the data obtained by pyrosequencing of cDNAs derived
from the phototrophic microbial mat samples collected at four different times in a single
diel cycle from Mushroom Spring. The total number of sequences ranged from 59,283 for
the sample collected at sunset (21:00 h) to 128,208 for the sample collected in the lowlight morning period (06:40 h) before the mat was exposed to full sunlight. As expected,
most sequences were derived from ribosomal RNAs, which accounted for 88.9 to 94.4%
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of the total sequences. The percentage of sequences assignable as mRNAs differed for the
four samples. The percentage of mRNA sequences was lowest (2.4%) just prior to sunrise
(05:15 h) and was highest (8.1%) when the mat was fully illuminated (08:40 h). The
percentage of sequences that were not identified as ribosomal RNA or messenger RNA
was essentially constant in the four samples at 2.4 to 3.0%.
Figure 3.1 summarizes the phylum-level composition of the sequences that were
identified as ribosomal RNAs (both large subunit and small subunit). These data show
that ~84% of the ribosomal RNA sequences were derived from members of only four
phyla: Chloroflexi (~40%), Cyanobacteria (~27%), Chlorobi (~11%), and Acidobacteria
(~6%). The remaining sequences (~16%) assigned as ribosomal RNAs were widely
distributed across the domain Bacteria (Figure 3.2). No sequences obtained from the
upper mat layer could definitively be assigned to members of the domain Archaea. In
agreement with Klatt et al. (2011), the next most abundant sequences were assigned to
the phyla Firmicutes and Bacteriodetes, which represented less than 2% of the rRNA
sequences. Overall, the best matches to these remaining sequences were distributed
across hundreds of different bacterial sequence entries. As can be seen in Figure 3.1, only
small differences in the percentage composition values were observed for the samples
collected at four different times during the light-to-dark and dark-to-light transition
periods. Although mat Synechococcus spp. exhibit phototaxis (Ramsing et al., 1997) and
members of Chloroflexi have exhibited the most dramatic evidence of vertical mobility in
field studies (Boomer et al. 2000), the movements of such organisms are relatively slow.
It took 24 hours of shading the mat to observe “puffs” of filaments migrating to the
surface in Octopus Spring (Boomer et al., 2000). The small differences in sequence
composition are unlikely to arise because of the movements of organisms up or down
between the upper 2 mm and deeper mat layers (not sampled) during the diel cycle.
However, it is possible that some of these differences reflect minor variations in the
rRNA content of the cells as a function of the time of day. Assuming that the cells of all
samples were lysed with equal efficiency in all samples, it is more likely that these
differences merely reflect the slight compositional variation of the mat at the nearby but
obviously slightly different sampling locations. Whatever the case, the composition of the
rRNA sequences recovered from the mat at the phylum level was essentially constant
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across the diel cycle within the narrow temperature range (61 to 64°C) and localized
region of the mat that was sampled. These observations allow the samples to be
compared in order to analyze changes in transcripts as a function of the diel cycle.
The conclusion that the upper photic layer of the mat is mostly comprised of
organisms from four phyla agrees with results from metagenomic analyses (Klatt et al.,
2011). Based upon recruitment of sequences to relevant reference genomes, metagenomic
analyses of high and low temperatures metagenomes of Mushroom Springs suggested
that Cyanobacteria, Chloroflexi, Acidobacteria, and Chlorobi accounted for about 41.7%,
32.1%, 7.6%, and 3.4% of the sequences, respectively (Klatt et al., 2011). Several factors
might be responsible for the observed abundance differences inferred from the
metagenomic versus the metatranscriptomic data. Firstly, these methods are not
quantitative, and very little is known about the relative cellular contents of DNA, RNA,
and proteins of the organisms comprising the mat. Secondly, the samples were not
collected from the same mat location, and moreover, the samples were collected at
different times of the year (mid-summer versus late fall). These differences could have
influenced the percentage of metabolically active cells, which would in turn affect the
yields of DNA and rRNA. Finally, although the Synechococcus spp. cells are much larger
in volume than those of the members of the Chloroflexi in the mat, the exact effects of
these differences on DNA and ribosome content per cell are unknown. For all of these
reasons, the precise composition of the mat cannot accurately be determined by either
method.
Because of the diversity exhibited by the members of the four major phyla,
especially Chloroflexi and Acidobacteria, which include phototrophs and nonphototrophs (Bryant et al., 2011; Ward et al., 2009), in-depth analyses of the 16S rRNA
sequences of these phyla were necessary. These analyses were carried out using reference
sequences with clearer taxonomic affiliations and with higher resolving power to
discriminate among similar sequence alignments (See Supplementary Information for
details). Figure 3.3 shows the results of one such analysis for the phylum Chloroflexi for
the sequences derived from the sample collected at sunset (21:00). The majority (83.5%)
of the sequences in this analysis were assigned as Roseiflexus spp. and 6.3% of the
sequences were assigned to Chloroflexus spp. Roseiflexus sp. RS-1 and Chloroflexus sp.
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396-1 were the closest sequenced representatives from these two genera, respectively.
Sequences

derived

from

close

relatives

of

the

aerobic

chemoorganotroph,

Thermomicrobium roseum, which was reported to be present in similar mat systems in
Yellowstone (Wu et al., 2009; Klatt et al., 2011), were also detected, although at a very
low level (0.3%). As shown in Figure 2A, about 10% of the remaining sequences were
assigned to three different families, mainly Anaerolinaceae. To probe the phylogenetic
affiliation of these remaining sequences in greater detail, the 16S rRNA sequence of a
novel, unclassified member of the Chloroflexi from the mat metagenome was used as
additional reference. Figure 3.3B shows that almost all of the remaining sequences not
assigned as Roseiflexus spp. or Chloroflexus spp. were assigned to this added sequence
derived from the metagenome (Klatt et al., 2011). Thus, this unclassified member of the
Chloroflexi and its close relatives probably accounted for ~10% of Chloroflexi or ~4% of
the total rRNA sequences. Based on analyses of the metagenome of Mushroom and
Octopus Springs, Klatt et al. (2011) have found strong evidence that this high-abundance,
unclassified and uncultivated Chloroflexi population (most closely, but still distantly
related to members of the family Anaerolinaceae) is highly likely to be a previously
unrecognized chlorophototroph. This is consistent with the observation that all other
high-abundance populations in this mat community are also chlorophototrophs.
As shown in Figure 3.4 and as judged by the sequence similarity distribution of
the 16S rRNA sequences derived from the sunset sample, members of the genus
Synechococcus spp. accounted for 99.3% of the ribosomal RNA sequences assigned to
the phylum Cyanobacteria (Figure 3.4A), and not surprisingly, the previously
characterized, mat-derived Synechococcus sp. strain A and Synechococcus sp. strain B′
best represented those sequences (Bhaya et al., 2007). Because no mat representative
from the phylum Chlorobi has yet been cultured or had its genome completely
sequenced, the situation for this taxon was more complex. Among well-characterized
Chlorobiales strains, the closest relative of the Chlorobiales-like mat population is Chp.
thalassium (Gibson et al., 1984). Approximately 45% of the ribosomal RNA sequences
were assigned to this genus, and the remaining sequences assigned to the Chlorobiales
were widely distributed across the other three genera included in the analysis (Figure
3.4B). However, when the 16S rRNA sequences of the Chlorobiales population was
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recovered from the mat metagenome and used in a similar analysis, all of the
Chlorobiales-like rRNA sequences were assigned to this single sequence type (Figure
3.4C). “Ca. C. thermophilum” accounted for 99.8% of the sequences assigned to the
phylum Acidobacteria (Figure 3.4D). The same in-depth analysis was carried out on all
samples, and the results for all four samples were similar (data not shown for the other
three samples). Collectively, the rRNA sequence data suggested that the organisms
belonging to the phylum Chloroflexi are significantly more phylogenetically
heterogeneous than those that are affiliated with the Cyanobacteria, Chlorobi, and
Acidobacteria. More importantly, the organisms affiliated with these four phyla, which
collectively accounted for ~84% of the rRNA sequences detected from the mat
community, are known to be, or are highly likely to be, chlorophototrophs.
3.4.2 Pyrosequencing and mRNA Analyses of the Microbial Mat Samples
Figure 3.5A shows a compositional analysis of the mRNAs sequences derived from
pyrosequencing. These data have been compared to the average percentage composition
value for each major taxon based on rRNA, which were derived from the data in Figure
3.1. For each of the major phyla, the highest percentage of mRNA sequences assigned by
comparison to the reference metagenome for the four samples was comparable to their
average percent composition based on the rRNA sequences. The percentage of sequences
identified as mRNAs but assigned to the “Others” category was consistently higher than
the average rRNA content. The main reason behind this observation was the incomplete
identification of sequences of the seven major chlorophototrophic populations in the
reference metagenome. Small scaffolds in the metagenome were assigned as “Others”
because it is very difficult to assign them to a phylogentic group with high confidence.
Many of these small scaffolds probably belong to the seven major populations. For
example, some of these scaffolds contain fragments of highly expressed genes, such as
photosynthetic reaction centers and nitrogenase genes. Another observation was that the
percentages of Chloroflexi mRNA sequences were higher than the average rRNA
percentage for this phyla, while the opposite was true for the Cyanobacteria. This is
expected because the Chloroflexi populations have larger genomes (more than 4000
genes each) than the Synechococcus spp. (~2800 genes each). (Table 3.4) Although the
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relationship between mRNA sequence abundances and genome sizes is probably not
linear, it is likely that cells with larger genomes will have more mRNA sequences than
cells with smaller genomes when both are compared under similar metabolic activity
levels.
After careful consideration of the factors described above, large changes in the
mRNA percentages among different timepoints were nevertheless observed for two of the
four phyla. The mRNAs assigned to Cyanobacteria were significantly less abundant than
their average rRNA content at sunset and pre-dawn, but the mRNA levels for the
Cyanobacteria increased dramatically when the mat was fully illuminated in the morning.
The sequences, which were identified as mRNAs from the Acidobacteria, were highest at
sunset and in high-intensity light in the morning but were significantly lower in the other
two samples. The percentages of mRNA sequences were often dictated by expression
patterns for the most highly expressed genes. The gene with the most mRNA sequences
usually accounted for 5~10% of the mRNA sequences assigned to a particular taxon, and
sometimes accounted for up to 25% of the mRNA sequences in a single sample. For all
of the chlorophototrophs in the community, genes related to photosynthesis, especially
genes encoding reaction center polypeptides, were consistently at or near the top of the
lists of genes with most mRNA sequences (Table 3.5). Thus, the change in the
percentages of mRNA sequences of Cyanobacteria and Acidobacteria reflected how their
photosynthesis-related genes are regulated and expressed (see further discussion below).
The total numbers of sequences assigned to specific coding sequences (i. e., as
derived from mRNAs) in the pyrosequencing approach were rather low (~3000 to 9000;
see Table 3.4), especially in relationship to the number of genes collectively encoded in
the reference genomes of the seven major taxa (>20,000; see Table 3.4). Although the
coverage and resolution power of the data obtained through this approach was obviously
limited, it was still possible to identify statistically meaningful changes in gene
expression across the four time points and to draw meaningful conclusions from a few
highly expressed genes. For example, it was previously shown that the nifH and nifD
genes, encoding nitrogenase in Synechococcus spp. populations in this mat system,
exhibited maximal transcription levels at sunset and a secondary rise in transcription
levels in the low-light early morning period (Steunou et al., 2008). This was clearly
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evident in the pattern of expression of the Synechococcus spp. nifH and nifD genes
detected in this analysis (Figure 3.6). The mRNA abundances for the nif genes was
highest in the sunset sample, were equivalently low in the pre-dawn and morning highlight samples, and showed a smaller but nevertheless significant increase in the morning
low-light sample. Although these data helped to validate the cDNA sequencing approach
to transcription profiling, the low number of total mRNA sequences led us to explore
NextGen sequencing of cDNAs by using SOLiD™-3 methodology to determine whether
this method could be used to assess global transcription patterns in the members of the
mat community.
3.4.3 SOLiD™-3 Sequencing and Transcription of Photosynthesis Genes
Table 3.6 summarizes the data obtained from the sequencing of cDNA samples prepared
from the same four RNA samples described above but by using the SOLiD™-3
methodology. Overall, about 10 to 12 million sequences were obtained for each of the
four cDNA samples. Obviously, because of the large amount of sequence information,
the BLAST-based approach employed for the data generated from pyrosequencing
became computationally untenable, and instead the bwa rapid alignment tool was used
(Li and Durbin, 2009).
Although the sequences in SOLiD™ datasets were different in length from the
ones in pyrosequencing datasets and were aligned using different softwares, the results
were generally very similar in multiple ways. 2.9 to 10.0% of the cDNA sequences (i. e.,
318,205 to 1,057,433 total cDNA sequences) could be mapped to coding sequences in the
reference metagenomes. For a few sequences, it was not possible to map these sequences
uniquely to a single gene (e. g., for some transcripts encoding members of the psbA
multi-gene family found in Synechococcus spp.). Relatively few instances of this type
were encountered, and in general these few cases did not interfere with the global
interpretation of the results. Similar to the results obtained by pyrosequencing (Table
3.3), the sequences that were assigned as mRNAs were lowest in abundance in the predawn sample and were highest in abundance in the morning sample obtained after the
mat received full sunlight. Figure 3.5B shows the compositions of mRNA sequences
among four phyla. When compared with the pyrosequencing results in Figure 3.5A, it
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was very obvious that the pattern of changes of mRNA sequences of each phylum across
the four timepoints was almost identical, although some differences in the actual
percentages were observed. For example, the percentage of Chlorobi and Acidobacteria
mRNA sequences were consistently higher in SOLiD™ datasets than that in
pyrosequencing datasets. These differences might have arisen from different biases in
sequence amplification procedures, because the libraries were prepared using different
kits as prescribed by the manufacturers of the two platforms. However, these biases
would not affect gene expression patterns among four timepoints inferred from those two
datasets because the biases should be consistently present within each platform among
the four different timepoint samples. The expression patterns of genes derived from the
two datasets were indeed very similar. As shown in Figure 3.6, the SOLiD™-3 and
pyrosequencing methods produced essentially identical expression patterns for nifH and
nifD, and as mentioned above, this pattern matches that obtained by RT-PCR as well
(Steunou et al., 2008). For 55 genes that were detected as significantly regulated genes in
the pyrosequencing datasets (Table 3.4), the normalized expression patterns for the two
datasets were compared to determine how well the two datasets were correlated. The
correlation coefficients for 49 of the 55 genes were 0.8 or greater for the two expression
profiles. These observations established the consistency and the credibility of both
datasets and validated the analytical approaches employed.
It was also obvious that the SOLiD™-3 datasets were superior in providing
insights into gene regulation. As a result of the much greater sequencing depth at a
similar cost (>100-fold greater sequencing depth), the SOLiD™-3 data allowed
transcripts to be detected for more than 90% of the >20,000 genes in the reference
dataset. Furthermore, the resolution power resulting from the large numbers of mRNA
sequences for each gene allowed statistically meaningful comparisons to be made for a
much larger number of genes. The SOLiD™-3 sequencing approach detected transcripts
for 19,192 genes, of which nearly half (9107, 47%) were differentially expressed in a
statistically meaningful manner (Table 3.4).
Because the mat community members showing highest abundances were
chlorophototrophs, photosynthesis genes were analyzed first. Photosynthetic reaction
center genes, which have tentatively been assigned by phylogenetic analyses to the
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unclassified and uncultured Anaerolineae-like members of the Chloroflexi (see
Supplementary Information), were among the top genes with most abundant mRNA
sequences (Table 3.5). This suggests that these genes play an important role in the
biological processes of this population, and thus provides further very strong support for
the hypothesis that this population represents a previously unidentified and uncultured
chlorophototroph. This is also the case for the novel Chlorobiales spp. Although it was
previously expected to be a chlorophototroph because all other known Chlorobiales spp.
are photolithoautotrophs (Bryant et al., 2011), the recent discovery of a non-phototrophic
member of the Chlorobi, Ignavibacterium album (Iino et al. 2010), made this assumption
questionable. These findings about its photosynthesis genes being highly transcribed
strongly suggest that Chlorobiales spp. in the mat are chlorophototrophs.
Figure 3.7 shows the expression patterns for the genes encoding the subunits of
the type-1 or type-2 photochemical reaction centers of six major chlorophototrophs (see
Table 3.1) in the mat community. Consistent with the chlorophototrophic lifestyles of the
organisms belonging to these four phyla, in each case the genes encoding reaction centers
were either the most highly expressed, or among the group of most highly expressed,
genes (see Table 3.5). For the Synechococcus spp., the mRNA levels for psaA, which
encodes one of the two large core subunits of the Photosystem I reaction center
(Grotjohann and Fromme, 2005), were lowest in the predawn sample but rose very
steeply as the light intensity increased in the morning. Overall, the transcript abundance
for psaA increased more than 50-fold in the morning, and similar increases were observed
for other psa genes as well as the psb genes encoding subunits of Photosystem II (data
not shown; see Steunou et al., 2008). In contrast, the transcript abundance for
photosynthetic reaction center genes of all the anoxygenic phototrophs decreased when
light significantly increased late in the morning. The transcription patterns for the pscA
genes, which encode subunits of type-1 reaction centers of “Ca. C. thermophilum” and
the Chlorobiales-like populations in the mat (Bryant et al., 2007), were very similar. For
these two types of organisms, the pscA transcripts were most abundant at sunset and were
least abundant when the mat reached full illumination in the morning. Transcription
patterns of the type-2 reaction center genes pufM, pufL and pufC of three different
Chloroflexi populations were not very consistent except the decrease from low light
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condition to high light condition in the morning. Because the changes of transcript
abundance among three conditions (sunset, sunrise and low light morning) were very
small (within two fold), it is unclear now whether this observation reflects real
differences among the populations or noise (Figure 3.7).
With the obvious caveat that patterns of transcription obviously do not necessarily
correlate with protein levels and enzyme activity patterns, these differences in
transcription patterns for reaction center proteins nevertheless strongly imply that the
organisms belonging to the major taxa in the mats likely employ different strategies for
light capture and utilization (Table 3.1). Because it is unlikely that the specific absorption
properties of individual cells in the mat change much during the diel cycle, the observed
differences in transcription of the various chlorophototrophs suggest that it is the removal
of inhibitory factors (e. g., oxygen) or the availability of required limiting nutrients for
photoheterotrophs (e. g., organic acids or amino acids) that ultimately controls when
transcription of a given population will be maximal. Thus, for each type of organism the
specific light-harvesting strategy must be to supply an adequate energy supply when the
light intensity is not necessarily maximal. This could explain why chlorosomes, with their
very large numbers of chromophores and low energy costs for production (Frigaard and
Bryant, 2006), are the preferred antenna complexes for most of the anoxygenic
phototrophs in the mats.
The biogenesis of the photosynthetic apparatus requires cells to synthesize
chlorophylls and/or bacteriochlorophylls in addition to the proteins that bind these
prosthetic groups. Figure 3.8 summarizes the sequence results for (bacterio-)chlorophyll
biosynthesis genes whose expression patterns were statistically meaningful in the four
major taxa. The pattern of expression of the chlorophyll biosynthesis genes for
Synechococcus spp. was very similar to the pattern of expression for psaA (Figure 3.7)
and other psa and psb genes. Transcript levels increased very sharply as the light
intensity increased in the morning. However, for Roseiflexus spp. the expression of genes
for bacteriochlorophyll a biosynthesis was highest at sunset and lowest in the morning
when the mat received full sunlight. This pattern was consistent with transcripts involved
in bacteriochlorophyll biosynthesis from Chloroflexus spp. and the novel Anaerolinealike population as well, and was generally similar to that for expression of the reaction
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center gene pufM except that pufM transcription was lower at sunset (compare Figures
3.7 and 3.8). This pattern is consistent with the known physiology of characterized
Chloroflexi strains, which are facultatively phototrophic. The biosynthesis of
bacteriochlorophyll of components of the photosynthetic apparatus is strongly suppressed
in the presence of oxygen (Bryant et al., 2011). The transcription patterns for the
(bacterio-)chlorophyll biosynthesis genes for the populations of “Ca. C. thermophilum”
and the mat Chlorobiales spp. were essentially identical (Figure 3.8). Transcripts were
high at sunset, declined overnight, and rose sharply again in the morning and were at the
highest levels when the mat received full sunlight (Figure 3.8). The changes in the late
morning were in the opposite direction from what was observed for the photosynthetic
reaction center genes. Interestingly, both of these types of organisms produce
chlorosomes as light-harvesting antenna structures (Bryant and Frigaard, 2006; Bryant et
al., 2007), and it is possible that the synthesis of reaction centers (dependent upon
bacteriochlorophyll a and chlorophyll a, and maximal at sunset) and chlorosomes, which
are dependent upon bacteriochlorophyll c biosynthesis (Bryant and Frigaard, 2006;
Gomez Maqueo Chew and Bryant, 2007), may occur at different times of the day.
To study intra-guild gene expression for A-like and B’-like Synechococcus spp.
transcripts, we first identified pairs of orthologous genes, (blastp, reciprocal best hit) for
which transcripts were both detectable and clearly assignable to one or the other genome
type. The data were then examined to identify examples in which transcript levels for the
two populations (i) differed in abundance in a statistically significant manner (t-test,
p<0.05); or (ii) had different expression patterns (correlation coefficient < 0). Examples
of both types can be seen in Table 3.7. For example, transcripts for genes encoding
several chaperones were much lower in abundance in A-like than in B’-like populations.
Moreover, transcripts of several genes for quinone biosynthesis and those for a glycolate
oxidase subunit and glycerate kinase were more abundant in B’-like than in A-like
populations. The temporal pattern of transcription of several of these genes also differed
(Table 3.7, e. g., sensor histidine kinase and the Fe/S subunit of glycolate oxidase).
Differences in the both the abundance and temporal expression pattern were also
observed for sensory kinases and response regulators, which suggested that entire
regulons might be differentially expressed within members of these two populations.
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These examples illustrate that substantial transcriptional differences, which presumably
reflect metabolic and physiological differences, occur with the A-like and B’-like
Synechococcus populations within the guild of oxygenic phototrophs.
3.5 Concluding Remarks
The data presented here showed that pyrosequencing and SOLiD™-3 sequencing of
cDNA samples provided complementary information concerning the composition and
physiology/metabolism of the phototrophic microbial mats of alkaline siliceous hot
springs. The longer sequences derived from pyrosequencing (~225 bp) provided detailed
information concerning the composition of the microbial mat community. These data
showed clearly that the phototrophic mat community is principally comprised of
chlorophototrophic organisms derived from four phyla: Chloroflexi, Cyanobacteria,
Chlorobi, and Acidobacteria. The analysis of rRNA sequences provided more evidence
for the presence of a previously unknown, unclassified, and uncultured, and deeply
branching chlorophototrophic member of the Chloroflexi in the mat. Within-guild
differences in expression patterns were observed for the oxygenic photosynthesis guild,
suggesting that, with the current approach, the ability to distinguish the origin of
transcripts is at a higher level of phylogenetic resolution than cluster analysis of
metagenomic assemblies (see Klatt et al., 2011). The analysis of mRNA sequences
further demonstrated the feasibility and accuracy of metatranscriptomics by SOLiD™
NextGen sequencing for the first time. Although only four timepoints were analyzed
here, this study clearly established that the different phototrophic populations in the mat
exhibit temporal differences in their transcriptional patterns. Because of the ability to
achieve dramatically greater sequencing depth at a reasonable cost, SOLiD™-3
sequencing can provide unprecedented details concerning the global, diel patterns of
transcription that occur for the organisms of this microbial mat community.
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Table 3.1 Relationship between predominant phototrophic phylogenetic groups and functional guilds.
Reaction
Carbon
Phylogenetic
Chl gene
Functional
center gene
Chlorophylls
metabolism
group
expressiona
guild
a
expression
Oxygenic
Synechococcus sp.
Chl a
Autotrophy
Day
Day
phototrophs
strain A
(600-700 nm)
Oxygenic
Synechococcus sp.
Chl a
Autotrophy
Day
Day
phototrophs
strain B’
(600-750 nm)
Morning
850-950 nm
Roseiflexus sp.
BChl a
Mixotrophy
Evening
low light
mixotrophs
Anaerolinaceae-like
BChl
a/near-IR
BChl ab
Unknown
Evening
Evening
mixotrophs
Chloroflexi
Major: BChl c,
Morning
700-750 nm
Chloroflexus sp.
Mixotrophy
Evening
Minor: BChl a
low light
mixotrophs
“Ca. C.
Major: BChl c,
700-750 nm
Heterotrophy
Evening
Day
thermophilum”
Minor: BChl a, Chl a
heterotrophs
700-750 nm
Major: BChl dc,
Mixotrophy
Evening
Day
Chlorobiales
Minor: BChl a, Chl a
mixotrophs
a
Period of maximal gene expression among times sampled to date.
b
Insufficient evidence currently exists to determine whether this organism can synthesize other chlorophylls.
c
Further analyses of the metagenome and metatranscriptome of this population suggest the synthesis of BChl d. See Chapter 4 for
details.
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Table 3.2 Simulation of 1 million 50-bp sequence alignments allowing different
numbers of mismatches per sequencea.
Correctly aligned
with unique best hit

Incorrectly aligned
with unique best hitb

Aligned with
multiple best hitsc

Not
aligned

0 Mismatches

383,274

28 (0.007%)

11,818 (3.08%)

604,880

1 Mismatches

683,232

44 (0.006%)

21,292 (3.12%)

295,432

2 Mismatches

798,149

62 (0.008%)

24,862 (2.11%)

176,927

3 Mismatches

827,133

62 (0.007%)

25,775 (3.12%)

147,030

4 Mismatches

832,652

63 (0.007%)

25,970 (3.12%)

141,315

5 Mismatches

833,675

64 (0.007%)

26,013 (3.12%)

140,248d

a

The simulations were performed using MetaSim software (Richter et al., 2008) and
using the metagenomic sequence database as the source of the sequences. The proportion
of sequences for each phylum (Chloroflexi, Chlorobi, Cyanobacteria, and Acidobacteria)
was adjusted to reflect the average composition of the mats as inferred from the
percentage of rRNA (see Figure 3.1).
b
Percentage values in parentheses represent the alignment error rate among sequences
aligned with unique best hits.
c
Sequences with multiple best hits were not counted and were likely to result from
repeated sequences and rRNAs, which were removed prior to alignment for the actual
experiments.
d
Most of the remaining unaligned sequences (99.8%) were deemed to be “unalignable”
because they contained 6 or more Ns. These Ns were included in the metagenome
scaffolds as spacers between contigs and scaffolds.
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Table 3.3 Summary of cDNA sequences using pyrosequencing.
Morning,
Sunset
Pre-dawn
low light
21:00 h
05:15 h
06:40 h
Total cDNA
59,283
108,948
128,208
sequences
54,660
102,829
119,654
Ribosomal RNAs
(92.2%)
(94.4%)
(93.3%)
3,006
3,154
5,536
Messenger RNAs
(5.1%)
(2.4%)
(4.3%)
1,617
2,965
3,018
Unidentified RNAs
(2.7%)
(2.7%)
(2.4%)
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Morning,
high light
08:40 h
113,128
100,566
(88.9%)
9,167
(8.1%)
3,395
(3.0%)

Table 3.4 Comparison of cDNA sequences assigned to major reference genomes using two sequencing methods.
Number of genes
Number of
Number of
Number of genes
Number of mRNA
significantly
Phylogenetic
genes in
genes in a
coveredd
sequences assignedc
regulatede
groupsa
reference
comparable
metagenome

genomeb

454

SOLiD

454

SOLiD

454

SOLiD

Rosei
4733
4517
6446
784685
1879
4575
28
2123
Chlor
2003
4044
210
36549
126
1736
0
265
Anaer
2614
Not Available
778
77958
358
2326
2
535
5433
5622
2908
356910
1204
5226
13
2695
SyneA+SyneB′
Cab
2847
3285
1025
193815
465
2776
5
1781
GSB
2775
Not Available
1560
274210
513
2553
7
1708
Sum of above
20405
Not Available
12927
1724127
4545
19192
55
9107
a
Abbreviations: Rosei, Roseiflexus sp.; Chlor, Chloroflexus sp.; Anaer, novel Anaerolinaeceae-like Chloroflexi population; SyneA,
Synechococcus sp. strain A; SyneB′, Synechococcus sp. strain B′; Cab, “Candidatus Chloracidobacterium thermophilum”; GSB, a
Chlorobiales population.
b
Genomes of strains isolated in the same or similar microbial communities: Roseiflexus sp. RS-1 (complete); Synechococcus sp. strain
A (complete); Synechococcus sp. strain B′ (complete); “Candidatus Chloracidobacterium thermophilum” (complete); Chloroflexus sp.
396-1 (draft).
c
Total of uniquely assigned cDNA sequences in the four samples.
d
Genes with at least one assigned cDNA sequence in the four samples.
e
Genes whose expression levels are statistically different (p<0.001) between at least one pair of samples.
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Table 3.5 Rank of selected photosynthesis-related genes among the top 20 genes with
most mRNA sequences in both datasets.
Pyrosequencing
Gene

No. of
sequencesa

Rankb

No. of
sequencesa

Rankb

Roseiflexus spp. pufLM

102

2

8,258

3

Uncultivated Chloroflexi spp. pufC

14

5

4,091

2

Uncultivated Chloroflexi spp. pufL

16

4

1,315

6

Uncultivated Chloroflexi spp. pucC

3

>20

609

19

Chloroflexus spp. bchH

2

18

930

6

Synechococcus spp. psaA

183

1

3,232

3

Synechococcus spp. psaB

78

2

5,576

1

Chlorobiales spp. pscA

150

1

22,152

1

Chlorobiales spp. fmoA

141

2

16,993

2

Chlorobiales spp. csmA

21

7

3,781

6

“Ca. C. thermophilum” pscA

84

1

14,216

1

“Ca. C. thermophilum” pscB

19

6

1,925

12

c

c
c

SOLiD™

a

Sum of mRNA sequences for all four samples.
Rank among genes with most mRNA sequences in corresponding phylogenetic groups.
c
See Klatt et al. (2011) for additional information.
b
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Table 3.6 Summary of cDNA sequences using SOLiD™ technology.
Sunset
21:00 h

Pre-dawn
05:15 h

Morning, low
light 06:40 h

Morning, high
light 08:40 h

Total mapped
sequences

12,520,192

10,840,071

9,974,349

10,574,300

Sequences
mapped to CDS

743,902
(5.9%)

318,205
(2.9%)

477,362
(4.8%)

1,057,433
(10.0%)

Sequences
uniquely mapped
to CDS

623,239
(5.0%)

261,838
(2.4%)

393,655
(3.9%)

883,799
(8.4%)
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Table 3.7 Selected examples of differentially transcribed orthologous genes of Synechococcus sp. strain A and strain B’a.

Annotation

No. of sequences aligned to gene in strain A
(Normalized relative expression level)
Low light
High light
Sunset
Sunrise
morning
morning

No. of sequences aligned to gene in strain B’
(Normalized relative expression level)
Low light
High light
Sunset
Sunrise
morning
morning

universal stress protein
family
universal stress protein
family

14 (0.79)

5 (0.32)

13 (0.84)

36 (2.1)

461 (1.5)

201 (0.75)

281 (1.1)

201 (0.67)

5 (Not
siginificant)

8

18

19

70 (1.6)

22 (0.56)

42 (1.1)

35 (0.80)

chaperonin, 10 kDa

7 (0.25)

18 (0.73)

40 (1.6)

38 (1.4)

58 (0.11)

289 (0.62)

910 (2.0)

666 (1.3)

Response regulator

43 (1.2)

5 (0.16)

31 (0.98)

59 (1.7)

2

5

15

Response regulator

23 (1.0)

11 (0.53)

15 (0.74)

39 (1.7)

3

5

4

Sensor histidine kinase

0 (0)

0 (0)

1 (0.3)

14 (3.7)

158 (0.61)

281 (1.2)

314 (1.4)

195 (0.77)

1 (Not
significant)

1

0

4

49 (0.81)

30 (0.56)

78 (1.5)

69 (1.2)

6 (0.37)

7 (0.48)

24 (1.7)

24 (1.5)

70 (0.40)

117 (0.74)

284 (1.8)

181 (1.0)

0 (Not
significant)

0

5

6

22 (0.43)

22 (0.48)

62 (1.4)

87 (1.7)

7 (0.46)

6 (0.44)

14 (1.0)

31 (2.1)

76 (0.47)

265 (1.9)

188 (1.3)

53 (0.33)

0 (0)

2 (0.27)

8 (1.1)

22 (2.6)

14 (0.11)

121 (1.1)

247 (2.3)

55 (0.46)

ubiquinone/menaquinone
biosynthesis
methyltransferase (MenG)
4-hydroxybenzoate
polyprenyl transferase
(UbiA)
O-succinylbenzoate--CoA
ligase (MenE)
putative glycolate oxidase,
iron-sulfur subunit
glycerate kinase
a

2 (Not
significant)
1 (Not
significant)

Based on total mRNA sequences for the two strains, the ratio of Synechococcus sp. strain A to strain B’ is approximately 1:2.
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Figure 3.1 Phylum-level composition of the mat community based on rRNA
sequences. Only RNA sequences generated by pyrosequencing were analyzed. Data
shown here are the sum of the aligned sequences for the large subunit and small subunit
rRNA sequences.
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Figure 3.2 Composition of ribosomal RNA sequences (sunset sample) by phylum.
Only RNA sequences generated by pyrosequencing were analyzed. The numbers and the
sizes of the circles next to the taxon names are proportional to the relative abundance of
the rRNA sequences of that taxon. These figures were generated by MEGAN. (absolute
score cutoff = 71, relative cutoff = 10% of best hit)
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Figure 3.3 In-depth composition analyses of Chloroflexi 16S rRNA sequences.
Analyses based on the high-resolution Chloroflexi 16S rRNA database (A) and after
addition of partial 16S rRNA sequence of the putatively phototrophic, currently
uncultivated Chloroflexi population/cluster/scaffolds from Mushroom Spring (B) in one
sample (sunset). Only RNA sequences generated by pyrosequencing were analyzed. The
sizes of the circles are proportional to the relative abundances of rRNA sequences
assigned to a particular taxon. Figure generated by MEGAN. (absolute score cutoff=71,
relative cutoff=0% of best hit)

80

Figure 3.4 Composition of ribosomal RNA sequences of Cyanobacteria (A), Chlorobi
(B & C) and Acidobacteria (D) in one sample (sunset). The analysis in Panel B was
generated using the Chlorobi “zoom-in” 16S rRNA database while the analysis in Panel
C was generated based on the same database with the addition of the 16S rRNA sequence
recovered from the metagenome of an unclassified Chlorobiales-like organism from
Mushroom Spring. Programs and parameters were the same as those in Figure 3.3.
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Figure 3.5 Composition of mRNA sequences at the phylum level (major organisms
only) in both datasets, pyrosequencing (A) and SOLiD-3 (B) compared to respective
average rRNA sequence percentages. Mean ± standard deviation is shown for rRNA
sequence percentages for all four samples. mRNA sequences of seven predominant
phototrophic phylogenetic groups and functional guilds are counted. Percentages were
calculated based on total mRNA sequences aligned to reference metagenome.
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Figure 3.6 Relative transcript abundances of two Synechococcus spp. nitrogenase
genes in two different datasets. Number of mRNA sequences assigned to
Synechococcus sp. strain A-like and Synechococcus sp. strain B′-like nifH and nifD genes
or partial genes were summed, normalized and compared.
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Figure 3.7 Relative transcript abundances of photosynthetic reaction center genes of
six different phototrophs. The relative transcript abundances of the indicated
photosynthetic reaction center genes with most assigned mRNA sequences (SOLiD™
dataset only) are plotted for six different phototrophs. Syne, Synechococcus sp. strain A
and B’; Cab, “Candidatus Chloracidobacterium thermophilum”; GSB, a Chlorobiales
population; Rosei, Roseiflexus sp.; Chlor, Chloroflexus sp.; Anaer, novel
Anaerolinaeceae-like Chloroflexi population.
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Figure 3.8 Relative transcript abundances for (bacterio)chlorophyll synthesis genes
of six different phototrophs. Mean ± SEM (standard error of mean) are shown here for
all (bacterio)chlorophyll synthesis genes of six different phototrophs whose expression
levels are statistically different (p<0.001) between at least a pair of samples. Syne,
Synechococcus sp. strain A and B’; Cab, “Candidatus Chloracidobacterium
thermophilum”; GSB, a Chlorobiales population; Rosei, Roseiflexus sp.; Chlor,
Chloroflexus sp.; Anaer, novel Anaerolineaceae-like Chloroflexi population.
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CHAPTER 4
“Candidatus Thermochlorobacter aerophilum”: an Aerobic Photoheterotrophic
Member of the Phylum Chlorobi Defined by Metagenomics and
Metatranscriptomics
Publication: Liu, Z., Klatt, C. G., Ludwig, M., Rusch, D. B., Jensen, S. I., Kühl, M.,
Ward, D. M., and Bryant, D. A. (2012) Candidatus Thermochlorobacter aerophilum: an
aerobic chlorophotoheterotrophic member of the phylum Chlorobi defined by
metagenomics and metratranscriptomics. ISME. J. in revision.
4.1 Abstract
An uncultured member of the phylum Chlorobi, provisionally named “Candidatus
Thermochlorobacter aerophilum”, occurs in the microbial mats of alkaline siliceous hot
springs at the Yellowstone National Park. “Ca. T. aerophilum” was investigated through
metagenomic and metatranscriptomic approaches. “Ca. T. aerophilum” is a member of a
novel, family-level lineage of Chlorobi, is a chlorophototroph that synthesizes type-1
reaction centers and chlorosomes like cultivated relatives among the green sulfur
bacteria, but is otherwise very different physiologically. “Ca. T. aerophilum” is proposed
to be an aerobic photoheterotroph that cannot oxidize sulfur compounds, cannot fix N2,
and does not fix CO2 autotrophically. Metagenomic analyses suggest that “Ca. T.
aerophilum” depends on other mat organisms for fixed carbon and nitrogen, several
amino acids, and other important nutrients. The failure to detect bchU suggests that “Ca.
T. aerophilum” synthesizes bacteriochlorophyll d, and thus it occupies a different
ecological niche than other chlorosome-containing chlorophototrophs in the mat.
Transcription profiling throughout a diel cycle revealed distinctive gene expression
patterns. Although “Ca. T. aerophilum” probably photoassimilates organic carbon
sources and synthesizes most of its cell materials during the day, it mainly transcribes
genes for bacteriochlorophyll synthesis during late afternoon and early morning; and it
synthesizes and assembles its photosynthetic apparatus during the night.
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4.2 Introduction
Until the recent discovery of Ignavibacterium album (Iino et al., 2010), which was
initially described as a non-chlorophototrophic, obligately anaerobic, fermentative
organism, cultivated representatives from the phylum Chlorobi were a group of
physiologically similar and phylogenetically coherent anoxygenic chlorophototrophs.
These organisms included all bacteria commonly known as green sulfur bacteria (GSB;
Chlorobiaceae) (Overmann, 2001; Bryant and Frigaard, 2006; Bryant et al. 2011).
Cultivated members of the GSB lack swimming motility and are strict anaerobes and
obligate chlorophotoautotrophs. With the exception of Chlorobium ferrooxidans (Heising
et al. 1999), all characterized GSB can use sulfide, and most can use other reduced sulfur
compounds, as an electron donor for CO2 fixation (Overmann, 2008; Frigaard and Dahl,
2009; Gregersen et al., 2011). Other universally distributed and characteristic properties
of GSB include their ability to reduce dinitrogen via molybdenum-containing nitrogenase
(Wahlund and Madigan, 1993), and that they all fix CO2 via the reverse TCA cycle
(Buchanan and Arnon, 1990; Wahlund and Tabita, 1997; Tang et al,. 2011).
Analyses of 16S rRNA sequences of cultured organisms and environmental
samples have suggested that cultured representatives of the Chlorobiaceae represent
essentially one monophyletic and late-diverging clade of the phylum Chlorobi (Iino et al.,
2010). However, the discovery of I. album (Iino et al., 2010), whose genome indicates
that it is in fact an aerobic, flagellated, heterotroph (Liu, Z., Frigaard, N. U., Iino, T.,
Ohkuma, M., Overmann, J., and Bryant, D. A., manuscript in preparation), has raised
many questions about the physiological diversity of members of the Chlorobi that are
distantly related to cultivated GSB strains.
This chapter describes the properties of a population of organisms discovered in
microbial mats associated with Mushroom and Octopus Springs, alkaline siliceous hot
springs within the Lower Geyser Basin of Yellowstone National Park, WY (Klatt et al.
2011; Liu et al., 2011). In addition to abundant chlorophototrophic members of the
genera Synechococcus and Roseiflexus (Weller et al., 1992), analyses of 16S rRNA
sequences revealed the presence of organisms tentatively assigned to GSB (Ferris et al.,
1996; Ferris and Ward, 1997). The distribution of 16S rRNA sequences with depth
revealed that the these organisms were most abundant at a depth of 300-600 μm, where
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the mats become highly oxygenated under strong illumination because Synechococcus
spp. populations also thrive throughout the upper 0.5-1.0 mm thick photic zone of the mat
(Ramsing et al., 2000). These observations are clearly inconsistent with the general
perception that GSB are strict anaerobes, which are highly sensitive to oxygen in the light
(Li et al. 2009), and they precluded any definitive conclusions about the true identity of
the organisms contributing these 16S rRNA sequences. The traditional method to
investigate the physiological properties of such organisms would be through cultivation
studies with axenic cultures. However, past and ongoing cultivation efforts to isolate such
organism(s) have unfortunately been unsuccessful so far.
Rapidly developing DNA and RNA sequencing technologies provided new
approaches to study these organisms. Analyses of metagenomic data from Mushroom and
Octopus Springs identified sequences encoding the unusual homodimeric type-1
photosynthetic reaction centers. One of the pscA genes belonged to a previously unknown
chlorophototroph,

“Candidatus

Chloracidobacterium

thermophilum”

(“Ca.

C.

thermophilum”), while the other belonged to a GSB-like organism, which was tentatively
named “OS GSB” (Bryant et al., 2007). Recently, a more complete study of the
metagenome showed that seven chlorophototrophic populations, including “OS GSB”,
Synechococcus Types A and B´, “Candidatus Chloracidobacterium thermophilum”, and
three different Chloroflexi populations (Roseiflexus, Chloroflexus, and Anaerolineae-like
spp.) dominate the chlorophototrophic microbial communities (Klatt et al., 2011).
Sequences derived from the different populations were separated into clusters using kmeans clustering algorithm based on frequency patterns of tri-, tetra-, penta- and hexanucleotide patterns among scaffolds bigger than 20kb (Teeling et al., 2004; Klatt et al.,
2011). Phylogenetic marker genes and photosynthesis genes from “OS GSB” sequences
clearly established a relationship between “OS GSB” and currently cultivated GSB,
especially C. thalassium, with nucleotide sequence identity values of ~63% between “OS
GSB” and C. thalassium (Klatt et al., 2011). A metatranscriptomics study of the mat
community in Mushroom Spring confirmed the findings of the metagenome study and
demonstrated the potential of applying next-generation sequencing technology to studies
of global transcription of the major populations in the microbial communities (Liu et al.,
2011). The data obtained from the metagenomic and metatranscriptomic studies are
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highly complementary. For example, incomplete coverage is a major drawback when
metagenomic data are used to infer the physiology of organisms. However, transcripts of
physiologically important genes can often be detected in a metatranscriptome, even if the
corresponding genes are missing from the metagenome. Furthermore, transcription
patterns of genes provide information about the cellular functions of gene products that
cannot be inferred from analyzing sequences alone.
This study describes the results of detailed analyses of the metagenome of “OS
GSB” and inferences about the physiology of these organisms derived from analyses of
the diel expression patterns of the corresponding metatranscriptome. These data suggest
that the “OS GSB” organisms are dramatically different from currently described GSB. It
is suggested that they belong to a new family within the phylum Chlorobi,
Thermochlorobacteriaceae, whose members include aerobic, photoheterotrophs that are
unable to use sulfide as an electron donor. A model of the cellular physiology of these
previously undescribed, moderately thermophilic microorganisms over a diel cycle is
proposed, and possible interactions with other chlorophototrophic populations in the mats
are discussed.
4.3 Methods and Materials
4.3.1 Metagenome of “OS GSB”
The sequencing and assembly of the metagenome scaffolds of the Mushroom and
Octopus Springs chlorophototrophic mat communities and the clustering of scaffolds
associated with various bacterial populations were described previously (Klatt et al.,
2011). The “OS GSB” metagenome comprises one of the eight clusters of scaffolds (>20
kb), which contained phylogenetic genes characteristic of members of the phylum
Chlorobi, especially the family Chlorobiaceae, such as 16S rRNA and ribosomal
proteins. The metagenome additionally contained other scaffolds (5 kb to 20 kb) that
contained sequences with similarity to genes found in the genomes of other members of
the Chlorobi. The criteria for the identification of these scaffolds were previously
described (Liu et al. 2011; section 3.3.4.2).
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4.3.2 Collection, Preparation, and Sequencing of Metatranscriptome Samples
Twenty-four samples of the microbial mat growing at 60-61°C were collected on
September 11-12, 2009 at the start of each hour at Mushroom Spring, Yellowstone
National Park, WY as described (Liu et al., 2011; section 3.3.1). For each time point,
RNA was isolated and pooled from the top ~2-mm layer from two independent #4 core
mat samples (~1 cm2). The irradiance during the collection period was recorded as the
downwelling quantum irradiance (400-700 nm; µmol photons m-2 s-1) using a datalogger
LI-1400 light meter (LiCor, Lincoln, NE) equipped with a LI-192 irradiance sensor
(LiCor, Lincoln, NE). Oxygen concentrations were measured in situ using
microelectrodes as described previously (Jensen et al., 2011).
The storage of retrieved microbial mat samples, extraction of RNA, preparation of
cDNA and sequencing protocols were the same as described (Liu et al., 2011; sections
3.3.2 and 3.3.3), except that cDNA was only sequenced using SOLiDTM technology.
Because of a sample processing error, no data are available for the 11:00 AM time point.
4.3.3 Alignment and Statistical Analyses of cDNA Sequences
The 50-bp cDNA sequences were aligned to all metagenome scaffolds as described
previously (Liu et al., 2011, sections 3.3.4.2 and section 3.3.6). Statistical analyses of the
alignments were also performed in the same manner as in Liu et al. (2011; sections 3.3.8
and 3.3.9) except that mRNA sequences counts for genes in each population were
normalized to the total number of mRNA sequences of that population. It should be noted
that this normalization method not only accounts for differences in cell abundances in the
biological samples but also accounts for differences in the overall transcript abundances
among the different samples. Therefore, the normalized expression levels of a gene are
not absolute but are reported relative to the overall transcript counts of the population to
which a given gene has been assigned. Only genes from the “OS GSB” population (“Ca.
T. aerophilum”) and a few genes from other populations (mainly Synechococcus spp.) are
discussed in this study. Details of the diel transcription profiles for other populations in
the microbial mat are not the subject of this dissertation research.
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4.3.4 Clustering of Genes and Visualization of Clusters
Genes were clustered by their temporal transcription patterns using Cluster (Eisen et al.,
1998). Normalized expression levels of genes were imported into Cluster, adjusted by a
log transformation, centered by mean, and then clustered using the k-means algorithm
with k=10, runs=1000, and other standard parameters. The resulting clusters and
transcription patterns of genes in each cluster were visualized using Java Treeview
(Saldanha, 2004).
4.3.5 Searches for Transcripts Derived from Genes Potentially Missing in the “OS
GSB” Metagenome
The sequences of cDNAs in color space were transformed into nucleotide space using a
PERL script supplied in the bwa-software package (Li et al., 2009). These sequences
were then searched using the BLASTX algorithm (Altschul et al., 1990) against a group
of C. thalassium proteins representing physiologically important genes that are
potentially missing from the “OS GSB” genome. Those cDNA sequences that aligned to
target proteins were subsequently aligned to the NCBI nr-database to determine whether
they were likely to originate from the “OS GSB” genome by manually investigating their
closest relatives in the Genbank NR database.
4.4 Results and Discussions
4.4.1 Taxonomy of “OS GSB”
A previous analysis of assembled metagenomic data as well as preliminary
metatranscriptomic analyses provided evidence for the existence of organisms distantly
related to the GSB Chloroherpeton thalassium in the mats of Octopus and Mushroom
Springs (Klatt et al., 2011; Liu et al., 2011). The 16S rRNA sequence recovered from the
metagenome scaffolds of “OS GSB” is most similar to sequences of members of
Chlorobea (87.7% identity to C. thalassium) among the six class-level lineages of
Chlorobi described by Iino et al. (2010). Figure 4.1 shows an analysis of 16S rRNA
sequences that mainly focuses on the class Chlorobea. “OS GSB” and some other
uncultured organisms form a clade that is well separated from the clade that contains the
four best-studied genera of GSB: Chlorobium, Chlorobaculum, Prosthecochloris, and
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Chloroherpeton (Imhoff, 2003; Imhoff and Thiel, 2010; Bryant et al., 2011). Four of the
five GSB-like 16S rRNA sequence types (E, E′, E′′, III-9) previously detected in Octopus
spring (Ward et al., 1998) were very similar to “OS GSB” (95-100% identical). Because
all sequences in this new clade were obtained from hot spring environments (Fouke et al.,
2003; Lau et al., 2009; Fouke, 2011), we propose to name this novel clade
“Thermochlorobacteriaceae.” The phylogenetic distances between members of the
Thermochlorobacteriaceae

and

the

genera

Chlorobium,

Chlorobaculum,

and

Prosthecochloris, are much longer than those among the latter three genera, but are
obviously shorter than the distances between Thermochlorobacteriaceae and other
classes such as Ignavibacteria. Therefore, it seems appropriate to designate the clade
“Thermochlorobacteriaceae” as a novel family within the class Chlorobea, order
Chlorobiales. These data also suggest that “Chloroherpeton” is actually on the same
phylogenetic level as Thermochlorobacteriaceae, and it should therefore be regarded as a
family (Chloroherpetonaceae) instead of a genus within the Chlorobiaceae. Similar
observations and suggestions were made recently on the basis of preliminary genome
sequence comparisons (Bryant et al., 2011, Chapter 2).
4.4.2 Overview of the Metagenome of “OS GSB”
The metagenome of “OS GSB” consisted of 80 scaffolds larger than 5 kb, which summed
to 3.18 Mb, with a mol G+C% content of 47.5%. This metagenome encoded 2775
predicted protein coding sequences (CDS). Among these CDS, 147 pairs of genes were
potentially redundant copies (genes that were more than 95% identical to one another in
nucleotide sequence). When the redundant genes were removed, the metagenome size
and the number of CDS decreased to 3.04 Mb and 2628 CDS, respectively. Both numbers
are larger than typical genome sizes among GSB, but they are similar to those of C.
thalassium (3.29 Mb and 2710 CDS) (Bryant et al., 2011, Table 2.1). Thus, these data
suggested that the metagenome of “OS GSB” was nearly complete. The data also
suggested that sequences derived from members of this population were mostly
assembled into a single consensus sequence, which implied that the individual sequences
were very similar. In comparison, sequences of the two main Synechococcus spp.
populations in the same community, types A and B′, which are ~86% identical in
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nucleotide sequence to each other, were separately assembled into two sets of scaffolds in
the same metagenome, which contained the majority of the genes found in two
corresponding isolate genomes (Bhaya et al., 2007; Liu et al., 2011). This comparison
indicates that “OS GSB” comprises a relatively uniform population and that sequence
differences within the population are smaller than those between the Synechococcus spp.
type A and B′ genomes. This observation is consistent with previous analyses showing
that the single 16S rRNA sequence type for “OS GSB” recruited 100% of the 16S rRNA
sequences recovered by pyrosequencing of cDNA (Liu et al., 2011, Figure 3.4C), most of
which were >99% identical to “OS GSB” 16S rRNA sequences from the mat (Figure
4.2). Similar results were observed with a set of PCR-amplified, Sanger-sequenced, 16S
rRNA sequences from the same mat, which were assigned to the phylum Chlorobi
(Figure 4.2). Therefore, based upon these observations, this population has provisionally
been named “Candidatus Thermochlorobacter aerophilum” (“Ca. T. aerophilum”; for a
discussion of the species epithet, see below).
Figure 4.3 shows the phylogenetic distribution of the best hits of predicted “Ca. T.
aerophilum” proteins in the NCBI nr database. Proteins from GSB, mainly those of C.
thalassium, accounted for 59% of the best hits. These data clearly demonstrate the close
relationship between “Ca. T. aerophilum” and other GSB. A substantial percentage
(11.5%) of the proteins were most similar to proteins found in members of the
Bacteriodetes, organisms that share a common ancestry with Chlorobi (Ludwig and
Klenk, 2001; Ciccarelli et al., 2006). Interestingly, 1.6% of “Ca. T. aerophilum” proteins
were most similar to proteins of “Ca. C. thermophilum”, a newly discovered
chlorophototrophic member of the phylum Acidobacteria from the same mat community
(Bryant et al., 2007; Garcia Costas et al., 2012). This suggests possible horizontal gene
transfers may have occurred between “Ca. T. aerophilum” and “Ca. C. thermophilum”
(see examples below).
Among a set of 813 orthologous genes from the core genome deduced from 12
individual GSB genomes (Bryant et al., 2011), homologs of 125 genes were not found in
“Ca. T. aerophilum” metagenome (Table 4.1), some of which probably resulted from the
incompleteness of the metagenome. As discussed above, transcripts for physiologically
important genes should be relatively abundant in the metatranscriptome. Therefore, the
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metatranscriptome was searched in attempts to identify transcripts for some of the most
important but potentially missing genes. Because C. thalassium proteins are most similar
in sequence to those of “Ca. T. aerophilum” (Figure 4.3), whenever possible they were
used as queries in the searches. Because of the short length (50 bp) of the cDNA
sequences obtained from SOLiDTM technology, detection of transcripts requires very high
sequence conservation. Thus, negative results were only considered to be conclusive
when homologous proteins in GSB were extremely conserved or transcripts of
homologous genes of other, even more distantly related organisms, were detected during
the same search. The results of these searches are compiled in Table 4.2, and the
implications of these results are discussed below.
4.4.3 Overview of the Metatranscriptome of “Ca. T. aerophilum”
The metatranscriptome of “Ca. T. aerophilum” included from 50,000 to >300,000
mRNA sequences for each timepoint during the diel sampling (Table 4.3). 2545 genes
(96.8%) had at least one aligned sequence, and among these genes, 1818 genes (71%)
exhibited a statistically significant difference for at least one pair of time points. These
numbers are comparable to those previously observed in a preliminary metatranscription
study of this mat community (Liu et al., 2011, Table 3.4). When normalized by the total
numbers of cDNA sequences for each sample, the numbers of “Ca. T. aerophilum”
mRNA sequences were significantly higher during the light period than the dark period
(Table 4.3). These data suggested that the transcriptional activities of this population
were highest under strong solar irradiance, i.e., during the day, which also coincided with
the highest O2 levels (see Figure 4.4).
Patterns of transcript abundance for genes were clustered into three major
patterns: a “day pattern,” for which transcript level increased and decreased in the same
manner as solar irradiance; a “night pattern,” for which the exact opposite of the “day
pattern” was observed; and an “afternoon pattern,” for which transcript abundance was
generally higher during the day but was obviously highest in the late afternoon (Figure
4.4). Genes with the same patterns could be further separated into clusters because of
different degrees of variation (e.g., “stronger” or “weaker” day pattern; Figure 4.4).
Reflecting the overall trend described above, most genes were assigned to the “day
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pattern” cluster. However, in the other two smaller clusters (1.9% and 3.6% of all
clustered genes for “night pattern” and “late afternoon pattern”, respectively), genes
involved in several specific cellular functions were highly enriched and predominant
(details follow below). These patterns of transcript abundance during a diel cycle provide
insights for when some important metabolic processes might occur in “Ca. T.
aerophilum”, and some examples will be discussed in detail below. However, because
transcription obviously might not reflect translation, and translation might not reflect
actual enzymatic activities, these patterns provide suggestions but do not allow one to
reach definitive conclusions about the timing of metabolic activities in most cases.
4.4.4 Photosynthesis
The metagenome of “Ca. T. aerophilum” encodes the photosynthetic reaction center
proteins PscA, PsaB, PsaC, and PsaD; the BChl a-binding FMO protein (FmoA); and the
BChl a-binding, chlorosome baseplate protein, CsmA. All of these proteins occur
universally in GSB (Bryant et al., 2011). Transcript levels for these genes were up to
100-fold higher at night compared to daytime levels (Figure 4.5b, red line), which
strongly suggests that the synthesis of reaction centers and chlorosomes mostly occurs at
night. The most likely reason for this is the decrease in O2 levels beginning in late
afternoon, when Synechococcus spp. switch from oxygenic photosynthesis to respiration
and then fermentation (Nold and Ward, 1996; Steunou et al., 2006, Jensen et al., 2011,
Figure 4.5a, d). Other genes in the “night pattern” cluster included csmC, encoding
another GSB-specific chlorosome envelope protein (Frigaard et al., 2004); pucC, whose
product plays various roles in photosynthesis (Tichy et al., 1991; Steunou et al., 2004;
Jaschke et al., 2008); and genes neighboring csmA and csmC, whose probable
functioning in photosynthesis is suggested by these and other data (Cao et al., 2011;
Garcia Costas et al., 2011; Figure 4.6).
Assuming that translation continues in “Ca. T. aerophilum” cells during the night,
it probably predominantly synthesizes and assembles reaction centers and chlorosomes at
that time. However, phototrophic energy production is still likely to be highest during the
day, simply because of the disparity in irradiance levels between these two periods (Fig.
4.5). However, the possession of chlorosomes as light-harvesting antennae provides “Ca.
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T. aerophilum” with the ability to harvest light efficiently at dawn and dusk, when
irradiance levels are only a fraction of the maximal values (see Figure 4.5a). Furthermore,
it is worth noting that, at least during nights with clear skies, minimal fog from the source
pool, and substantial moonlight, the potential exists for these organisms to continue some
phototrophic energy production at night. The nighttime downwelling quantum irradiance
(400-700 nm) measured during the same expedition on September 12-13, 2009 was up to
0.25 µmol photons m-2 s-1. For comparison, GSB living at the chemocline of the Black
Sea experience in situ irradiances that are more than 100-fold lower: 0.00075 to 0.0022
µmol photons m-2 s-1. When tested under laboratory conditions, the carbon dioxide
fixation rate for these organisms was saturated for light at an irradiance value of 1 µmol
photons m-2 s-1 (Manske et al., 2005).
4.4.5 Bacteriochlorophyll Biosynthesis
The “Ca. T. aerophilum” metagenome contained all of the genes for (B)Chl biosynthesis
found in GSB except bchE, bchM, and bchU. Suggesting its presence in “Ca. T.
aerophilum”, transcripts for bchE were detected in the metatranscriptome (Table 4.2).
Search results for bchM in the metatrancriptome were inconclusive (Table 4.2), but
because every other Chl-producing organism possesses either bchM or chlM (Gomez
Maqueo Chew and Bryant, 2007), chances are obviously high that this gene also occurs
in “Ca. T. aerophilum”. No transcripts for a bchU gene similar in sequence to those of
GSB were detected; however, bchU transcripts for other organisms producing BChl c
(e.g., Chloroflexus spp. and “Ca. C. thermophilum”) were detected using the C.
thalassium BchU sequence as the query (Table 4.2). Thus, “Ca. T. aerophilum” probably
does not have bchU, and therefore it should synthesize BChl d instead of BChl c as its
major BChl for chlorosome assembly (Maresca et al., 2004). This deduction is very
strongly supported by the detection of BChl d in pigment analyses of mat samples (Bauld
and Brock, 1973, Pagel, M., Ward, D. M., and Bryant, D. A., unpublished results).
Furthermore, in situ transmitted light spectra show an absorption band at 730 nm
characteristic of aggregated BChl d within the upper 1 mm of the mat (Ward et al. 2006;
Kühl, M., Jensen, S. I., Ward, D. M. et al., unpublished results). Because the other two
chlorosome-synthesizing organisms in the mat, “Ca. C. thermophilum” and Chloroflexus
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spp., are known to synthesize BChl c (Bryant et al., 2007; Bryant et al., 2011; Klatt et al.,
2011), “Ca. T. aerophilum” is the most likely source of BChl d. Compared to
chlorosomes containing BChl c, chlorosomes containing BChl d absorb light of shorter
wavelength and are less effective at light harvesting at very low irradiance values
(Maresca et al., 2004). This might explain why “Ca. T. aerophilum” is found closer to the
mat surface while BChl c-synthesizing Chloroflexus spp. occur deeper in the mat
(Ramsing et al., 2000, Klatt et al., 2011). This difference in the major antenna BChl
should allow “Ca. T. aerophilum” to occupy a different ecological niche than other
chlorophototrophic populations, which synthesize Chl a, BChl c, or BChl a as major
light-harvesting pigments (Klatt et al., 2011).
The “Ca. T. aerophilum” metagenome also contained a gene, hemF, for heme and
BChl biosynthesis, which has not previously been observed in any GSB genome. HemF
is an O2-dependent coproporphyrinogen III oxidase (Xu and Elliott, 1993), and the
presence of the hemF gene suggests that “Ca. T. aerophilum” not only tolerates O2, but
that it utilizes O2 as a substrate in one of its most important pathways. The presence of
hemF strongly supports the conclusion that “Ca. T. aerophilum” is an aerobe.
The patterns of transcript abundance for the bch and bci genes, which are
responsible for the transformation of protoporphyrin IX to BChls, are shown in Figure
4.5b (green line). Transcripts for these genes were highest in the late afternoon and
exhibited a secondary maximum in the early morning. These data suggested that more
BChl biosynthesis enzymes are probably synthesized during these two light and O2
transition periods, which presumably reflects an increased demand for (B)Chls at these
(and later) times.
4.4.6 Central Carbon Metabolism
One of the most striking differences between “Ca. T. aerophilum” and GSB was the
absence of genes encoding ATP-dependent citrate lyase, which thus causes the reverse
TCA cycle to be incomplete. The genes encoding the two subunits of this enzyme were
not found in the metagenome, and even though these genes are extremely well conserved
among GSB (Table 4.2), no transcripts were detected. Genes for alternative enzymes
catalyzing this same reaction, namely citryl-CoA synthetase and citryl-CoA lyase
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(Aoshima et al. 2004a; 2004b), and the postulated type-II ATP citrate lyase (Hügler and
Sievert, 2011), were also absent. Key enzymes of other CO2 fixing pathways such as
Calvin-Benson-Bassham, 3-hydroxypropionate and Wood-Ljungdahl pathways were
similarly not identified in the metagenome of “Ca. T. aerophilum”. Therefore, “Ca. T.
aerophilum” is unlikely to be an autotroph.
The “Ca. T. aerophilum” metagenome includes genes required for the
assimilation of acetate and propionate, which are principal fermentation products of
Synechococcus spp. in the mat (Anderson et al., 1987; Nold and Ward, 1996). After
activation of acetate by acetyl-CoA synthetase, acetyl-CoA could be carboxylated by
pyruvate:ferredoxin oxidoreductase (NifJ) to form pyruvate, or it could enter the
oxidative TCA cycle. After similar activation of propionate, propionyl-CoA could be
assimilated through the 2-methylcitrate cycle, which converts propionyl-CoA to pyruvate
(Horswill et al., 1999), or it could be transformed into succinyl-CoA. “Ca. T. aerophilum”
encodes complete sets of genes for glycolysis and gluconeogenesis. It also encodes
glycogen synthase and phosphorylase, which suggests that “Ca. T. aerophilum” produces
glycogen for carbon storage.
Two major transcript patterns were observed for the genes associated with core
carbon metabolism, and the results are summarized in Figure 4.7. Transcripts for all
genes associated with propionate assimilation were most abundant during the day, which
suggested that “Ca. T. aerophilum” likely photoassimilates propionate during the day.
Transcripts of some other genes belonging to these core carbon metabolism pathways
also exhibited increased transcript levels in the afternoon (i. e., an “afternoon pattern”).
Transcripts for glycogen phosphorylase, and two glycolysis enzymes, increased in
abundance in late afternoon, which suggested that glycogen is likely converted to
phosphoenolpyruvate (PEP) at that time. Transcripts for several genes, whose products
catalyze the transformation of acetate into oxaloacetate, also increased in the late
afternoon. These trends strongly implied that an increase in carbon flux from assimilated
acetate towards oxaloacetate occurs at that time during the diel cycle. The increased
transcript abundance for several TCA cycle genes implied that oxaloacetate is probably
transformed into other compounds in the TCA cycle. Because most of the enzymes in the
cycle catalyze reversible reactions, it is difficult to pinpoint the end product from
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transcription data alone. However, it seems reasonable to hypothesize that 2-oxoglutarate
is the major end product, because in the C-5 pathway it is the precursor metabolite
required for BChl biosynthesis, which represents the major carbon sink in GSB (up to 30%
of cell carbon in Chlorobaculum tepidum (C. tepidum)) (Gomez Maqueo Chew and
Bryant, 2007; Montaño et al., 2003; Frigaard and Bryant, 2006; Saga et al., 2007; Liu
and Bryant, 2011). Consistent with this hypothesis, transcript levels for genes encoding
enzymes of BChl biosynthesis increased at the same time (Figure 4.5b, blue and green
lines).
Oxaloacetate can be converted to 2-oxoglutarate by either or both of two routes:
the incomplete reductive TCA cycle, which is supported by increased transcript levels for
succinate dehydrogenase and 2-oxoglutarate:ferredoxin oxidoreducatase genes; or the
oxidative branch of the TCA cycle, which is supported by increased transcript levels for
citrate synthase and isocitrate dehydrogenase genes. Simultaneous carbon flux through
both the oxidative and reductive TCA branches catalyzed by the same enzymes discussed
here has been demonstrated in C. tepidum during mixotrophic growth with acetate (Tang
and Blankenship, 2010; Tang et al., 2011). The conversion of acetate into 2-oxoglutarate
includes several anaplerotic CO2 fixation reactions, which requires an ample supply of
CO2. Suggesting an increased demand for CO2 in the late afternoon, transcript levels for
carbonic anhydrase increased at that time. The overall increase in transcript levels for
some genes of central carbon metabolism in “Ca. T. aerophilum” implies that increased
carbon flux towards 2-oxoglutarate occurs in this organism during late afternoon. It
should be noted that transcripts for citrate synthase remained relatively high from late
afternoon into the night. This observation suggested that oxidation of acetyl-CoA by the
TCA cycle likely extends into the night.
4.4.7 Electron Transport Complexes
The electron transport chains of “Ca. T. aerophilum” and “Ca. C. thermophilum” are
strikingly similar (Garcia Costas et al., 2012) and both include type-1 NADH
dehydrogenase (complex I), two cytochrome b-Rieske complexes (PetAB), alternative
complex III (ACIII), and caa3-type cytochrome c oxidase (complex IV). Furthermore,
transcript abundance patterns for the genes encoding the subunits of these complexes in
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“Ca. T. aerophilum” were almost identical to those of “Ca. C. thermophilum” (the results
for “Ca. C. thermophilum” are not shown here). These observations clearly imply that
these organisms have similar physiology. Because “Ca. C. thermophilum” is an aerobe,
“Ca. T. aerophilum” is also likely to be an aerobe.
As in “Ca. C. thermophilum”, two copies of most of type-1 NADH
dehydrogenase genes were found in the metagenome. Both copies of these genes are
closely related to those of other GSB. Whether the two sets of genes have different
functions is unclear, but the transcript patterns were similar for both sets of genes. The
average increase in transcript levels (>20-fold higher than night levels) for these genes
was among the largest increases observed during the day (Figure 4.5c, red line).
One of the two cytochrome b-Rieske complexes, PetAI-PetBI, was similar to those
of

GSB;

in

these

organisms

this

complex

is

thought

to

function

as

a

menaquinol:cytochrome c oxidoreductase (Bryant et al., 2011). The other complex was
encoded by petAII-petBII and an immediate downstream gene related to cydA, all of which
had similar transcription patterns. Compared to the CydA subunit of cytochrome bd
quinol oxidases, this CydA-like protein had an extra, C-terminal, monoheme cytochrome
c-like domain. PetA and PetB proteins of both “Ca. T. aerophilum” complexes and
PetAIIBII-CydA of “Ca. C. thermophilum” were most similar to homologs in GSB
(Suppl. Figure 3a). The CydA-like protein was also similar to related proteins in “Ca. C.
thermophilum” and Deltaproteobacteria (Figure 4.8b). It seems possible that a lateral
gene transfer of the petAII, petBII, and cydA-like genes may have occurred between “Ca.
T. aerophilum” and “Ca. C. thermophilum”. The function of the putative PetAII-PetBIICydA complex is unknown, but the different transcription patterns for the petAII-petBIIcydA and petAI-petBI operons strongly suggest that these two complexes have different
roles in electron transport. Transcript levels for the petAI-petBI genes were among those
showing the highest increase during daytime and exhibited changes of more than 100fold compared to transcript levels at night. Transcript levels for the petAII-petBII-cydA
genes were highest during the late afternoon (Figure 4.5c, orange and green lines).
As in “Ca. C. thermophilum” (Garcia Costas et al., 2012), the genes encoding
ACIII and caa3-type cytochrome c oxidase are clustered on the chromosome, and this
suggests that ACIII functions in respiration. ACIII has been shown to be functionally
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identical to the cytochrome bc1 complex (i.e., it acts as a quinol:cytochrome c
oxidoreductase), and its coupling with cytochrome c oxidase has also been reported
(Yanyushin et al., 2005; Gao et al., 2009). The transcript levels for the genes of these two
complexes were similar and were highest in the afternoon (Figure 4.5c, blue lines), which
suggests that increased respiration may be required at that time. Similar to observations
made in Synechococcus spp. (Steunou et al., 2006, 2008), increased respiration could
quickly decrease O2 concentration and protect oxygen-sensitive processes that require
light energy.
4.4.8 Nitrogen metabolism
The “Ca. T. aerophilum” metagenome did not include any nif genes, encoding MoFenitrogenase and its assembly proteins, which are highly conserved and universally present
in GSB. No transcripts for the nifHDK genes derived from Chlorobiales were detected,
even though the nif genes derived from other mat populations were readily detected using
C. thalassium nitrogenase sequences as queries (Table 4.2). Because MoFe-nitrogenase
and accessory protein sequences of GSB are very highly conserved, it is therefore highly
unlikely that “Ca. T. aerophilum” has nif genes. Consistent with this suggestion, the ABC
transporter for molybdate, which is found in all GSB, was also missing in the
metagenome of “Ca. T. aerophilum” (Table 4.1). The metagenome lacked assimilatory
nitrate and nitrite reductases but included an ammonium transporter. These data
suggested that “Ca. T. aerophilum” obtains nitrogen either from the hot spring water,
which contains ~4 µM ammonium (Papke et al., 2003, Holloway et al., 2011), or from
one or more organisms in the mat community, or both. Although Roseiflexus spp. have
genes related to nitrogenase and may potentially fix N2, Synechococcus spp. are currently
the only confirmed N2-fixing chlorophototrophic organisms in the mat (Steunou et al.,
2006, 2008).
4.4.9 Sulfide Oxidation
Although all GSB have the ability to oxidize sulfide, the enzymes involved in oxidative
sulfur metabolism and the genes that encode these mostly multi-subunit enzymes are
quite diverse (Gregersen et al. 2011). However, none of the genes encoding more than a
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dozen different enzymes for sulfur oxidation, which are almost universally found in GSB,
were present in the metagenome of “Ca. T. aerophilum” (Table 4.2). Furthermore, a
search for transcripts of some of the most highly conserved genes also failed to identify
any genes for sulfide oxidation. These results strongly suggested that “Ca. T.
aerophilum” cannot oxidize sulfide or other reduced sulfur species. Nevertheless,
Octopus and Mushroom Springs do have low sulfate levels (~200 µM; Papke et al., 2003,
Holloway et al., 2011) that support sulfide production by sulfate-reducing bacteria, which
have been detected in these mats (Dillon et al., 2007). Furthermore, “Ca. T. aerophilum”
lives at a depth, i. e., the upper 1 mm of the mat, where O2 production by Synechococcus
spp. leads to strong daytime supersaturation (Ramsing et al., 2000; Jensen et al., 2011;
Figure 4.5a). Thus, except in low-light periods, sulfide concentrations are very low in the
mat environment in the layers of the mat where “Ca. T. aerophilum” lives. The “Ca. T.
aerophilum” metagenome also appeared to be missing genes for the use of H2, CO, Fe2+,
nitrite, or arsenite as electron donors for CO2 fixation. These data provide further
evidence that “Ca. T. aerophilum” is a photoheterotroph, although anaplerotic CO2
fixation probably occurs through the incomplete reverse TCA cycle pathway as discussed
above.
4.4.10 Amino Acids Biosynthesis
Several genes encoding enzymes for amino acid biosynthesis that are highly
conserved in all other GSB were missing in the “Ca. T. aerophilum” metagenome. Except
for the transaminases and amino-acyl tRNA synthetases, all of the genes encoding
enzymes involved in the biosynthesis of branched-chain amino acids were missing from
the metagenome and metatranscriptome. Given the number of missing genes in one
pathway, and the detection of transcripts of homologous genes in other populations
(Table 4.2), it is safe to assume that “Ca. T. aerophilum” lacks most or all of these genes,
and thus it lacks the ability to synthesize valine, leucine, and isoleucine by the pathways
employed by the majority of bacteria. These same genes were similarly missing in “Ca.
C. thermophilum” genome (Garcia Costas et al., 2012), and interestingly, both organisms
apparently have a complete set of genes for the degradation of branched chain amino
acids. The convergent absence of genes for the traditional pathway for branched-chain
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amino acid biosynthesis in two phylogenetically distant organisms from the same
community suggests that other organisms in the mat provide these amino acids or
precursors that can be converted into them. Garcia Costas et al. (2011) hypothesized that
“Ca. C. thermophilum” may synthesize branched amino acids by an alternative route
using the enzymes normally employed for the degradation of branched amino acids, and
the same could be true for “Ca. T. aerophilum”. No matter which scenario is correct,
these observations provide additional strong support for the conclusion that “Ca. T.
aerophilum” is a photoheterotroph.
Several other genes, including aspC, cysE, glyA, serB, and tyrA, were also
missing in the metagenome. Transcripts of two highly conserved genes, aspC and glyA,
were detected, but the searches for transcripts for the other three genes were inconclusive
(Table 4.2). Whether cysE, serB, and tyrA are truly absent from the “Ca. T. aerophilum”
genome remains to be rigorously tested, and it seems premature to conclude that “Ca. T.
aerophilum” is unable to synthesize cysteine, serine, or tyrosine. Like most GSB, “Ca. T.
aerophilum” lacks genes for assimilatory sulfate reduction and thus cannot produce
sulfide for the synthesis of cysteine and methionine by this mechanism. It is presently
unclear how “Ca. T. aerophilum” obtains sulfide for the synthesis of cysteine and
methionine.
4.4.11 Quinone and Vitamin B12 Biosynthesis
“Ca. T. aerophilum” lacked genes involved in the biosynthesis of two important
compounds normally synthesized by GSB. Except for menA and menG, most of the men
genes for menaquinone biosynthesis were missing from the metagenome, and none of the
genes encoding enzymes of the alternative menaquinone biosynthesis pathway (Hiratsuka
et al., 2008) were present. Surprisingly, three genes encoding enzymes of ubiquinone
biosynthesis, ubiA, ubiE, and ubiG, were present in the metagenome, but these genes
obviously do not constitute a complete pathway for ubiquinone biosynthesis. Given that
“Ca. T. aerophilum” has three different quinol oxidoreductases, it is highly unlikely that
“Ca. T. aerophilum” is unable to synthesize at least one type of quinone. However, based
upon the metagenome, it is currently uncertain whether that quinone is menaquinone,
ubiquinone, both, or some other chemically distinct quinone.
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The “Ca. T. aerophilum” metagenome was missing three conserved genes
(cobDPQ) required for the synthesis of vitamin B12. Similarly, five genes, cbiD, cbiJ,
cbiGF, cbiCH, and cbiET, encoding enzymes, three of which are bifunctional, of vitamin
B12 biosynthesis in C. thalassium were also missing. Therefore, it is highly unlikely that
Ca. T. aerophilum can synthesize vitamin B12. Vitamin B12 can probably be obtained
from other organisms in the mat, including Synechococcus (Bhaya et al. 2007) and
Roseiflexus spp. (genome data on Genbank), which have the genes necessary to produce
this compound.
The observations that “Ca. T. aerophilum” cannot synthesize several essential
nutrients provide additional strong support for the conclusion that “Ca. T. aerophilum” is
a photoheterotroph.
4.4.12 Potential Glycolate Metabolism
Other than acetate and propionate, glycolate is another potential carbon and electron
source for “Ca. T. aerophilum”. At high irradiance levels, cyanobacteria photorespire and
generate glycolate (Eisenhut et al., 2008). It has been shown that Synechococcus spp. in
the microbial mats of Mushroom Spring excrete glycolate when the mats become
supersaturated with O2 during midday (Bateson and Ward 1988). The “Ca. T.
aerophilum” metagenome encodes both glycolate oxidase and formate oxidase, but
glyoxylate oxidase and oxalate decarboxylase were missing or could not identified. It
remains to be determined whether “Ca. T. aerophilum” can oxidize glycolate completely.
4.4.13 Cellular Overview and Potential Interactions with Other Organisms
Figure 4.9 summarizes the dramatically different physiological properties distinguishing
“Ca. T. aerophilum” from previously characterized GSB—foremost that it is almost
certainly an aerobic photoheterotroph. The overall similarity of electron transport
complexes in “Ca. T. aerophilum” to those of the aerobic acidobacterium, “Ca. C.
thermophilum”, especially the presence of complexes associated with aerobic respiration
and the presence of O2-utilizing HemF, strongly suggest that “Ca. T. aerophilum” also is
an aerobe. To emphasize this important distinction, we suggest that its species epithet be
“aerophilum.” Moreover, because it has an incomplete reductive TCA cycle and cannot
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oxidize common inorganic electron donors including sulfide, “Ca. T. aerophilum” lacks
the ability to fix CO2 autotrophically. It also lacks the ability to fix N2. Thus, “Ca. T.
aerophilum” must depend on other organisms in the mat for some essential nutrients,
including amino acids, vitamin B12, and possibly reduced nitrogen source. While further
evidence to confirm these tentative conclusions concerning the physiology of “Ca. T.
aerophilum” are necessary from cultivation and biochemical studies, these deductions
will greatly aid attempts to isolate this organism. Without this information and only based
on 16S rRNA data, one would probably select the standard, anoxic enrichment conditions
with sulfide used for the cultivation of GSB, yet these conditions would be highly
unfavorable for the growth of “Ca. T. aerophilum”. The physiological and metabolic
insights gained for this phylogenetically distinctive but yet uncultured population are an
excellent example of how culture-independent methods, employing high-throughput
sequencing approaches, can quickly change our perception of a group of seemingly welldefined bacteria. This study also underscores the importance of continuing efforts to
determine the properties of organisms detected by 16S rRNA sequences but belonging to
divergent groups in unconventional environments.
Figure 4.10 summarizes a conceptual model summarizing when and how
interactions between “Ca. T. aerophilum” and other organisms in the mat might occur
according to the metatranscriptomic data. It is most likely that the synthesis of
chlorosomes and reaction centers occurs during night, because the very high levels of
transcripts for genes encoding reaction centers, FMO, and chlorosomes have no value
unless they are converted into protein products. Other than this, it is difficult to predict
what “Ca. T. aerophilum” is doing metabolically at night from the transcription data.
Fermentation products released by Synechococcus spp. could be taken up and respired
(provided that a small amount of O2 (below detection limit) penetrates into the upper few
hundred microns of the mat). We also hypothesize that moonlight, when available, could
contribute some energy for maintenance metabolism on clear nights (Figure 4.10a).
Assembly of the photosynthetic apparatus at night would require a substantial
supply of (B)Chls to exist at this time. These molecules are probably synthesized mainly
during late afternoon, and secondarily in the early morning (Figure 4.10b). The energy
level at night might not be sufficient to support the synthesis of numerous antenna BChl
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molecules, and O2-sensitive (B)Chls might be degraded during the day unless they are
assembled into complexes. In comparison, during late afternoon and early morning, the
solar irradiance is still sufficiently high to saturate phototrophic energy production in a
chlorosome-containing organism such as “Ca. T. aerophilum” while O2 concentrations
are moderate (Figure 4.5a). Furthermore, new carbon and nitrogen sources from
Synechococcus fermentation and N2 fixation are also available during those times (Figure
4.5d; Steunou et al., 2006; 2008). Transcription patterns of genes involved in (B)Chl
synthesis and related carbon metabolism support this possibility.
Transcript levels for most genes and total mRNA production were highest for
“Ca. T. aerophilum” during the day. The synthesis of most cellular materials presumably
also occurs at the same time, likely using photoassimilated acetate and propionate as the
carbon source. Glycolate from photorespiration by Synechococcus spp. (Bateson and
Ward 1988) is also a possible carbon and electron source. Transcript levels for glycogen
synthase were also highest during the day; this suggests that sufficient carbon is available
during the day to support its storage as glycogen (Figure 4.5c).
4.5 Concluding Remarks
The physiological inferences and the metabolic model derived from the metagenome and
metatranscriptomic data (Figures 4.9 and 4.10) will require confirmation from a variety
of additional experimental approaches, including proteomics, metabolomics, enzyme
activity assays, and in situ stable-isotope labeling. The information gained in the present
analyses will also enhance efforts to cultivate “Ca. T. aerophilum” in the laboratory. The
model presented here provides an initial framework for testing the complex metabolic
and physiological dynamics that occur in this hot-spring microbial mat community. This
study serves as an excellent example of the potential inherent in the metatranscriptomic
method for validating as well as inferring the functions of uncultured members of
complex communities.
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Table 4.1 Occurrence and tentative absence of conserved GSB genes in the
metagenome or metatranscriptome of “Ca. T. aerophilum”.
Gene name or
Minimum identity
Detection of
Detection of
description
among GSBa
GSB transcriptsb
other transcriptsb
(Bacterio)chlorophyll biosynthesis
73%
+
ND
bchE
52%
bchM
54%
+
bchU
Reverse TCA cycle
ATP citrate lyase,
77%
-c
α and β subunits
Nitrogenase
68%
+
nifBDHKNV
d
Sulfide oxidation
fccAB, soyYZ,
42%
sqrCDF, pSRLC3
Biosynthesis of valine, leucine, and isoleucine
leuABCD, ilvBCDN
67%
±
Biosynthesis of other amino acids
65%
+
ND
aspC
55%
cysE
74%
+
ND
glyA
61%
serB
42%
tyrA
Vitamin B12 biosynthesis
35%
±
cobDPQe
Menaquinone biosynthesis
35%
menBCDEFH
+ Transcripts detected.
- Transcripts not detected.
± Transcripts detected for some of the listed genes.
ND. Not determined because GSB transcripts were detected.
a
Amino acid sequence identity among orthologous genes.
b
Both using C. thalassium proteins as references.
c
Other major populations in the mat community are not expected to have these genes.
d
Sulfide oxidation genes are very diversified among GSB (Gregersen et al., 2011), but
none of those were found in the “Ca. T. aerophilum” metagenome. Search in ther
metatranscriptome was only performed for genes found in C. thalassium.
e
Other vitamin B12 biosynthesis gene that occur in C. thalassium, are not conserved
among all 12 GSB, and are missing in “Ca. T. aerophilum”.
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Table 4.2 List of 125 conserved genes among 12 GSB genomes that are missing in
“Ca. T. aerophilum” metagenome. Locus tags and annotations in C. tepidum were used
to represent each gene.
CT0005 conserved hypothetical protein
CT0075 cytochrome c-555
CT0084 prephenate dehydrogenase
CT0091 phosphohistidine phosphatase SixA
CT0117 sulfide-quinone reductase, putative
CT0122 conserved hypothetical protein
CT0173 phosphoserine phosphatase
CT0189 conserved hypothetical protein
CT0190 hypothetical protein CT0190
CT0230 NAD-dependent epimerase/dehydratase family protein
CT0254 outer membrane protein OmpH
CT0258 conserved hypothetical protein
CT0272 hypothetical protein CT0272
CT0339 conserved hypothetical protein
CT0351 isocitrate dehydrogenase, NADP-dependent, monomeric type
CT0361 membrane protein, putative
CT0370 conserved hypothetical protein
CT0398 conserved hypothetical protein
CT0402 glutamate synthase, small subunit
CT0403 conserved hypothetical protein
CT0450 molybdenum ABC transporter, ATP-binding protein
CT0451 molybdenum ABC transporter, permease protein
CT0453 molybdenum transport system protein ModD
CT0455 ABC transporter, ATP-binding protein
CT0464 membrane fusion protein, putative
CT0512 glutamine amidotransferase, class I
CT0545 S-adenosylmethionine:tRNA ribosyltransferase-isomerase
CT0578 ribonucleotide reductase family protein
CT0612 2-isopropylmalate synthase
CT0613 3-isopropylmalate dehydratase, small subunit, putative
CT0614 3-isopropylmalate dehydratase, large subunit, putative
CT0615 3-isopropylmalate dehydrogenase
CT0616 ketol-acid reductoisomerase
CT0617 acetolactate synthase, small subunit
CT0618 acetolactate synthase, large subunit
CT0619 dihydroxy-acid dehydratase
CT0704 zinc protease, putative
CT0709 hypothetical protein CT0709
CT0718 N-(5'-phosphoribosyl)-anthranilate isomerase
CT0754 thiol peroxidase
CT0757 ATPase, AAA family
CT0796 band 7 family protein
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CT0829 heat shock protein HtpG
CT0889 phosphoglycolate phosphatase
CT0938 cobyric acid synthase
CT0939 aminotransferase, class II
CT0940 cobalamin biosynthesis protein CbiB
CT0945 cobalamin biosynthesis protein CobP
CT0949 hypothetical protein CT0949
CT0966 aspartate aminotransferase, putative
CT0968 conserved hypothetical protein
CT0981 phospho-2-dehydro-3-deoxyheptonate aldolase
CT0982 conserved hypothetical protein
CT0996 8-oxoguanine DNA glycosylase, putative
CT1051 hypothetical protein CT1051
CT1077 hypothetical protein CT1077
CT1088 citrate lyase, subunit2
CT1089 citrate lyase, subunit1
CT1090 prolipoprotein diacylglyceryl transferase
CT1196 conserved hypothetical protein
CT1219 conserved hypothetical protein
CT1286 multidrug resistance protein, FusA/NodT family
CT1288 multidrug resistance protein, AcrA/AcrE family
CT1303 ABC transporter, ATP-binding protein
CT1318 comA2 protein
CT1328 conserved hypothetical protein
CT1391 chloride channel, putative
CT1418 deoxyuridine 5'-triphosphate nucleotidohydrolase
CT1436 serine acetyltransferase
CT1437 6-pyruvoyl tetrahydrobiopterin synthase, putative
CT1442 thiamine biosynthesis protein ThiC
CT1457 glutamate 5-kinase
CT1473 gamma-glutamyl phosphate reductase
CT1479 UDP-N-acetylmuramate:L-alanyl-γ-D-glutamyl-meso-diaminopimelate ligase
CT1493 xanthine/uracil permease family protein
CT1509 CAAX prenyl protease 1, putative
CT1528 homocitrate synthase
CT1533 nitrogenase iron protein
CT1534 nitrogen regulatory protein, P-II family
CT1535 nitrogen regulatory protein, P-II family
CT1536 nitrogenase molybdenum-iron protein, alpha subunit
CT1537 nitrogenase molybdenum-iron protein, beta subunit
CT1539 nitrogenase iron-molybdenum cofactor biosynthesis protein NifN, putative
CT1540 NifB protein
CT1541 ferredoxin, 2Fe-2S
CT1576 ribosomal protein L31
CT1590 serine hydroxymethyltransferase
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CT1611 ribosomal protein L28
CT1624 dihydrodipicolinate synthase
CT1699 prismane family protein
CT1726 membrane protein, putative
CT1727 glutaredoxin family protein
CT1772 ribulose bisphosphate carboxylase, large subunit
CT1832 conserved hypothetical protein
CT1838 menaquinone-specific isochorismate synthase
CT1839 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase
CT1845 thioesterase, menaquinone synthesis gene
CT1846 naphthoate synthase
CT1847 O-succinylbenzoate-CoA synthase
CT1848 O-succinylbenzoic acid--CoA ligase
CT1856 serine esterase
CT1890 collagenase
CT1898 protoporphyrinogen oxidase, putative
CT1901 ABC transporter, ATP-binding protein
CT1958 magnesium protoporphyrin O-methyltransferase (BchM)
CT1959 magnesium-protoporphyrin IX monomethyl ester oxidative cyclase (BchE)
CT1983 prokaryotic and mitochondrial release factors family protein
CT1987 glycosyl transferase
CT2013 hypothetical protein CT2013
CT2040 succinate/fumarate oxidoreductase, putative
CT2044 CBS domain protein
CT2046 hypothetical protein CT2046
CT2047 AcrB/AcrD/AcrF family protein
CT2049 LipD protein, putative
CT2056 mannose-1-phosphate guanylyltransferase, putative
CT2102 CrcB protein
CT2111 conserved hypothetical protein
CT2113 fatty acid/phospholipid synthesis protein PlsX
CT2128 ribosomal protein L35
CT2133 ribosomal protein S18
CT2176 ribosomal protein S14
CT2214 exodeoxyribonuclease, small subunit
CT2220 conserved hypothetical protein
CT2224 chorismate mutase, putative
CT2229 conserved hypothetical protein
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Table 4.3 Summary of the metatranscriptome of “Ca. T. aerophilum”.
Time
Midnight
1:00AM
2:00AM
3:00AM
4:00AM
a
Irradiance
0
0
0
0
0
mRNAb
58592
76705
69528
105929
48153
% of totalc
0.31
0.34
0.36
0.31
0.21
Time
6:00AM
7:00AM
8:00AM
9:00AM
10:00AM
Irradiance
0
5
142
195
1156
mRNA
64124
50575
116732
119802
183892
% of total
0.26
0.38
0.81
0.94
1.2
Time
Noon
1:00PM
2:00PM
3:00PM
4:00PM
Irradiance
1622
1710
1680
1538
1280
mRNA
153603
156739
158206
261246
150833
% of total
1.1
0.76
1.3
1.1
1.4
Time
6:00PM
7:00PM
8:00PM
9:00PM
10:00PM
Irradiance
465
157
116
0
0
mRNA
232319
190073
81123
63436
73619
% of total
1.0
0.90
0.36
0.29
0.33
ND. Not determined.
a
Irradiance (400-700 nm μmol photons m-2 s-1).
b
Total number of mRNA sequences of “Ca. T. aerophilum”.
c
Percentage of total cDNA sequences.
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5:00AM
0
48675
0.21
11:00AM
ND
5:00PM
921
322551
1.5
11:00PM
0
85887
0.38

Table 4.4 List of groups of genes whose patterns of transcript levels are summarized
in Figure 4.5. Only genes included in the original annotation of the metagenome (Klatt et
al., 2011) and those whose transcript abundance data are of any statistical significance
are shown here. In a few cases, the previous annotation entries have been corrected or
refined here.
Gene name

Annotated function
“Ca. T. aerophilum” photosynthesisa
photosystem P840 reaction center, large subunit
pscA
reaction center cytochrome c-551
pscC
photosystem P840 reaction center protein PscD
pscD
bacteriochlorophyll a-binding FMO protein
fmoA
bacteriochlorophyll a-binding protein (CsmA)
csmA
chlorosome envelope protein C (CsmC)
csmC
“Ca. T. aerophilum” bacteriochlorophyll biosynthesis
b
bchS or bchT
magnesium chelatase, bacteriochlorophyll c-specific subunit
magnesium chelatase subunit I
bchI
magnesium chelatase subunit D
bchD
3,8-divinyl protochlorophyllide a 8-vinyl reductase
bciB
light-independent protochlorophyllide a reductase N subunit
bchN
light-independent protochlorophyllide a reductase B subunit
bchB
chlorophyllide a reductase, X subunit
bchX
chlorophyllide a reductase, Ysubunit
bchY
chlorophyllide a reductase, Z subunit
bchZ
2-desacetyl-2-hydroxyethyl bacteriochlorophyllide a dehydrogenase
bchC
geranylgeranyl reductase
bchP
bacteriochlorophyll a synthase
bchG
bacteriochlorophyll c 82-methyltransferase
bchQ
bacteriochlorophyll c synthase
bchK
“Ca. T. aerophilum” central carbon metabolismc
“Ca. T. aerophilum” complex I (type 1 NADH deydrogenase)
b
nuoA
NADH dehydrogenase I, A subunit
nuoBb
NADH dehydrogenase I, B subunit
nuoCb
NADH dehydrogenase I, C subunit
nuoDb
NADH dehydrogenase I, D subunit
NADH dehydrogenase I, E subunit
nuoE
nuoHb
NADH dehydrogenase I, H subunit
NADH dehydrogenase I, I subunit
nuoIb
nuoJb
NADH dehydrogenase I, J subunit
nuoKb
NADH dehydrogenase I, K subunit
nuoLb
NADH dehydrogenase I, L subunit
b
NADH dehydrogenase I, M subunit
nuoM
nuoNb
NADH dehydrogenase I, N subunit
“Ca. T. aerophilum” PetAB complex
Rieske [2Fe-2S] subunit of cytochrome b-Rieske complex
petAI
cytochrome b subunit of cytochrome b-Rieske complex
petBI
“Ca. T. aerophilum” PetAB-CydA complex
Rieske [2Fe-2S] subunit of cytochrome b-Rieske complex
petAII
cytochrome b subunit of cytochrome b-Rieske complex
petBII
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cydA like

cytochrome bd-quinol oxidase subunit I-like
“Ca. T. aerophilum” ACIII (alternative complex III)
[4Fe-4S] containing molybdopterin oxidoreductase
quinol:cytochrome c oxidoreductase quinone-binding subunit 1
quinol:cytochrome c oxidoreductase membrane protein 1
quinol:cytochrome c oxidoreductase membrane protein 2
quinol:cytochrome c oxidoreductase pentaheme cytochrome
quinol:cytochrome c oxidoreductase monoheme cytochrome
alternative complex III-associated cytoplasmic protein
“Ca. T. aerophilum” complex IV (cytochrome c oxidase)
cytochrome c oxidase, subunit I
coxA
cytochrome c oxidase, subunit II
coxB
cytochrome c oxidase, subunit III
coxC
cytochrome c oxidase, subunit IV
coxD
Synechococcus spp. photosynthesis
photosystem I core protein PsaA
psaA
psaB
photosystem I core protein PsaB
photosystem I reaction center subunit II
psaD
psaE
photosystem I reaction center subunit IV
psaF
photosystem I reaction center subunit III
psaI
photosystem I reaction center subunit VIII
psaJ
photosystem I reaction center subunit IX
psaL-1
photosystem I reaction center subunit XI
photosystem II P680 chlorophyll A apoprotein
psbB
photosystem II 44 kDa subunit reaction center protein
psbC
photosystem II protein D2
psbD-1
psbD-2
photosystem II protein D2
psbH
photosystem II reaction center protein PsbH
photosystem II reaction center protein J
psbJ
psbT
photosystem II reaction center protein T
Synechococcus spp. nitrogen fixation
nitrogenase cofactor biosynthesis protein NifB
nifB
nitrogenase molybdenum-iron protein alpha chain
nifD
nitrogenase MoFe cofactor biosynthesis protein NifE
nifE
nitrogenase iron protein
nifH
nitrogenase molybdenum-iron protein beta chain
nifK
nitrogenase molybdenum-iron cofactor biosynthesis protein
nifN
nitrogenase stabilizing/protective protein NifW
nifW
Synechococcus spp. fermentation
formate acetyltransferase
pflB
bifunctional acetaldehyde-CoA/alcohol dehydrogenase
adhE
a
The pscB gene is present in both the metagenome and metatranscriptome but was not previously
annotated.
b
Two different copies of this gene are included here.
c
Genes in this category are listed in detail in Figure 4.7.
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Figure 4.1 16S rRNA phylogenetic tree of the order Chlorobiales, class Chlorobea.
Neighbor joining tree of 16S rRNA tree of selected Chlorobi sequences. Sequences were
obtained from the RDP database (Cole et al., 2009). The tree was generated using MEGA
(Tamura et al., 2007) with Jukes-Cantor correction. Very similar or identical sequences
were removed to simplify the tree but this did not alter the tree topology. Bootstrap
support values based on 1000 bootstrap samplings were shown for each node. Bar
denotes 0.02 changes per nucleotide site.
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Figure 4.2 Sequence identity between Chlorobi 16S rRNA sequences from the
Mushroom Spring microbial mat and “Ca. T. aerophilum” 16S rRNA sequence. 446
sequences averaging 816 bp were amplified by PCR using bacterial 16S rRNA primers
37F and 1392R from mat samples processed as described previously (Klatt et al. 2011),
sequenced by Sanger sequencing and assigned to Chlorobi using RDP classifier (Wang et
al., 2007) with at least 50% confidence. 1566 sequences averaging 213 bp generated by
pyrosequencing of cDNA, and assigned to Chlorobi in a previous study (Liu et al., 2011).
Those sequences were aligned to “Ca. T. aerophilum” 16S rRNA sequence using
BLASTN.
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Figure 4.3 Phylogenetic distribution of best hits of “Ca. T. aerophilum” proteins.
Data were obtained based on a BLASTP search of “Ca. T. aerophilum” proteins against
the nr database and the complete genome of “Candidatus Chloracidobacterium
thermophilum” (Garcia Costas et al. 2012) with an e-value cutoff of 0.001.
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Figure 4.4 Examples of clusters of genes based on their in situ diel patterns of
relative transcript levels in the microbial mat of Mushroom Spring. The upper panel
shows in situ downwelling irradiance (black line) and O2 concentraion at the microbial
mat surface (red line) and 0.6 mm below the surface (green line). Each column in the
heat-map style graph represents normalized transcription levels of genes at a time point.
Data for 11:00AM were missing (see text). Each row represents a gene. Red indicates
increase in transcript levels comparing to mean while green indicates decrease in
transcript levels. Degrees of variations are reflected in color intensities.
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Figure 4.5 Light and O2 conditions (a) and patterns of transcript levels for selected
groups of genes of “Ca. T. aerophilum” (b & c) in the Mushroom Spring microbial
mat. Mean ± SEM (standard error of mean) were calculated and shown for each groups
of genes. Genes of each group are listed in Table 4.4. Patterns of transcript levels of a few
Synechococcus genes (d) were also shown for comparison purposes and not the focus of
this study. Boxes indicate the early morning and late afternoon time periods discussed in
the main text. Complex I, NADH dehydrogenase; ACIII, alternative complex III;
Complex IV, cytochrome c oxidase.
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Figure 4.6 A “Ca. T. aerophilum” gene neighborhood with putative
photosynthesis/chlorosome-related functions. Transcript levels for all genes in this
neighborhood increased during the night. Genes conserved among chlorosome-containing
organisms are labeled.
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Figure 4.7 In situ patterns of transcript levels of genes involved in core carbon
metabolism of “Ca. T. aerophilum”. Transcript levels for genes marked by red arrows
increased during late afternoon (average pattern shown in Figure 4.5b, blue line). Those
marked by blue arrows showed highest transcript levels during the day (“Day pattern” in
Figure 4.4). Those marked by black indicate unidentified genes. Most of the reactions are
reversible but are thought to favor the directions shown in this figure (see text for details).
acs, acetyl-CoA synthetase; bch, bci, bacteriochlorophyll biosynthesis genes; can,
carbonic anhydrase; dhnA, fructose-1,6-bisphosphate aldolase; gapA, glyceraldehyde-3phosphate dehydrogenase; glgP, glycogen phosphorylase; gltA, citrate synthase; icd,
isocitrate dehydrogenase, korAB, 2-oxoglutarate ferredoxin oxidoreductase; nifJ,
pyruvate ferredoxin oxidoreductase; pck, PEP carboxykinase; ppsA, pyruvate phosphate
dikinase; sdh, succinate dehydrogenase.

127

Figure 4.8 Phylogenetic trees of concatenated PetA and PetB (A) and CydA-like (B)
proteins of “Ca. T. aerophilum”, “Ca. C. thermophilum”, and some closely related
proteins. Trees were generated using MEGA program with neighbor-joining algorithm
with 100 bootstrap samplings. Bar denotes 0.1 changes per amino acid site.
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Figure 4.9 Cellular overview of the putative metabolic capability of “Ca. T.
aerophilum” emphasizing metabolisms common in GSB, but not present in “Ca. T.
aerophilum”. Only pathways, enzymes or transporters of interest are shown here.
Enzymes/pathways that are conserved in GSB but missing in “Ca. T. aerophilum” are
marked by red X’s. Blue arrows mark the flow of electrons.
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Figure 4.10 Hypothetical model of “Ca. T. aerophilum” metabolism and interactions
with Synechococcus spp. in the Mushroom Spring microbial mat during a diel cycle.
Cellular processes shown here are proposed major metabolic pathways. Blue arrows mark
flow of electrons.

130

CHAPTER 5
Complete Genome Sequence of Ignavibacterium album, a Metabolically Versatile,
Flagellated, Facultative Anaerobe from the Phylum Chlorobi

5.1 Abstract
Prior to the recent discovery of Ignavibacterium album (I. album), the anaerobic
photoautotrophic green sulfur bacteria (GSB) were the only cultivated members of the
bacterial phylum Chlorobi. However, the sequence analysis of the 3.7 Mbp genome of I.
album presented here shows that this new member of the Chlorobi, in stark contrast to
GSB, is a chemotroph with a versatile physiology. In sharp contrast to its GSB relatives, I.
album does not have any photosynthesis genes and most of the sulfide oxidation genes,
but have a full set of flagella and chemotaxis genes. Multiple electron transfer complexes
suggest that I. album is capable of organoheterotrophy under both oxic and anoxic
conditions. CO2-fixing and many other enzymes of the reductive TCA cycle are present,
which indicate that mixotrophy is possible under certain conditions. Known biosynthetic
pathways of several amino acids are incomplete, which could suggest a dependency on
exogenous sources, or the presence of novel biosynthetic pathways. Comparisons of I.
album and other Chlorobi organisms suggest that the common ancestor of the phylum
Chlorobi might have been physiologically different from GSB.
5.2 Introduction
Ignavibacterium album (I. album), currently the earliest diverging member of the phylum
Chlorobi (Iino et al., 2010), was recently isolated from microbial mats associated with
the sulfide-rich waters of Yumata Hot Spring in Japan (Figure 5.1). Its discovery
dramatically changed the current perceptions of this phylum, which until this discovery
was essentially synonymous with green sulfur bacteria (GSB) (Frigaard and Bryant, 2004,
Bryant and Frigaard, 2006). Prior to the discovery of I. album, all cultivated members of
the phylum Chlorobi were physiologically similar, and the name “GSB” accurately
portrayed their shared physiological characteristics. All characterized GSB are strictly
anaerobic, non-flagellated, obligate photoautotrophs that produce chlorosomes as their
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light harvesting complexes. Their photosynthetic apparatus also includes the BChl abinding Fenna-Matthews-Olson (FMO) protein and homodimeric, type-1 reaction centers
(Bryant and Frigaard, 2006; Bryant et al., 2011). Other common metabolic features of
GSB include the ability to fix CO2 through the reactions of the reverse TCA cycle
(Buchanan and Arnon, 1990; Wahlund and Tabita, 1997; Tang et al., 2011), the ability to
fix N2 (Wahlund and Madigan, 1993), and the ability to oxidize sulfide and other reduced
sulfur compounds, with Chlorobium ferrooxidans being the only known exception
(Heising et al., 1999; Overmann, 2008; Frigaard and Dahl, 2009; Gregersen et al., 2011).
I. album, however, cannot grow phototrophically, initially appeared to be nonpigmented, and does not synthesize (bacterio)chlorophylls, chlorosomes, FMO, or
photosynthetic reaction centers. Several key photosynthesis genes could not be detected
in I. album by PCR (Iino et al., 2010). Therefore, I. album was the first, and currently
remains the only, cultivated non-phototrophic member of the phylum Chlorobi. I. album
is not a GSB and is only distantly related to other cultivated members of the Chlorobi; its
16S rRNA sequence is only 77-83% identical to those of GSB. A phylum-wide 16S
rRNA analysis showed that I. album and some other uncultured organisms represent one
of five early-diverging, class-level lineages outside the class Chlorobea (Iino et al., 2010),
which includes all other cultivated Chlorobi that can still be called GSB (see Figure 5.2).
On the basis of initial cultivation studies, I. album was suggested to be non-motile and
strictly anaerobic, and it grew fermentatively on glucose and yeast extract (Iino et al.,
2010).
Shortly after the discovery of I. album and based on findings from both
metagenomics and metatranscriptomics, another unconventional member of the phylum
Chlorobi, “Candidatus Thermochlorobacter aerophilum” (“Candidatus T. aerophilum”),
was described (Liu et al., unpublished results, Chapter 4). This still uncultured organism
is predicted to be a photoheterotroph that cannot oxidize sulfide, cannot fix nitrogen, and
lacks a complete reverse TCA cycle. In addition, “Candidatus T. aerophilum” and I.
album (see below) are predicted to be capable of aerobic growth, unlike GSB.
This chapter presents the complete genome sequence of I. album and describes
the physiological and metabolic capabilities of this organism that could be inferred from
its genome. In contrast to initial conclusions from cultivation studies with I. album,
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genome analyses indicate that it is a highly versatile organism that is capable of
organoheterotrophy under both oxic and anoxic conditions. The organism also has CO2fixing enzymes and appears to be capable of mixotrophy under certain conditions. A
surprising finding was a nearly complete set of genes for assembly of flagella and
chemotaxis genes in the genome. Comparisons with other organisms belonging to the
phylum Chlorobi are discussed, and the implications of these findings on the evolution of
photosynthesis and of the phylum Chlorobi are also presented.
5.3 Methods and Materials
5.3.1 Bacterial Strains and DNA Preparation
Ignavibacterium album JCM 16511T was cultivated at 45ºC for 10 days in GS medium as
described previously (Iino et al., 2010). Genomic DNA was extracted from
approximately 7 g of the cells collected from 5 L of the culture.
5.3.2 Genome Sequencing, Assembly, and Annotation
Purified DNA was sequenced in a 454 pyrosequencer (GS FLX, Roche) at the Genomics
Core Facility at The Pennsylvania State University. A total of 554,976 paired-end reads
were generated and assembled by Newbler assembler (Roche) into one large scaffold
comprising 88 contigs and 34 stand-alone contigs of 500 bp or larger with an average
read depth of 40X. Further assembly and gap closing was managed using the
phred/phrap/consed package (Ewing et al., 1998; Gordon et al., 1998). PCR products
covering gaps between contigs were obtained by following suggestions from paired-end
reads or by combinatorial PCR and were sequenced. Potential frameshifts were predicted
using Genetack (Antonov and Borodovsky, 2010) and either confirmed or corrected after
carefully re-examining the original assembly. The genome was annotated using pipelines
developed at Dr. Niels-Ulrik Frigaard’s laboratory and will be deposited into Genbank.
5.4 Results and Discussions
5.4.1 Genome overview
I. album has a single circular chromosome of 3,658,997 bp with a G+C content of 34%
(Figure 5.3). The genome includes one rRNA operon, 45 tRNA genes, and 3,206
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predicted protein coding sequences (ORFs, open reading frames). These ORFs were
compared to the proteins of the GenBank non-redundant protein database using blastP,
and Figure 5.4 shows the distribution by phylum of the best hits from this analysis. Only
~15% of the most similar homologs (top BLASTP hits) in the GenBank database were
proteins derived from other Chlorobi, often coming from Chloroherpeton thalassium, and
~26% of the most similar homologs were proteins from members of the Bacteroidetes,
which share a common ancestor with members of the Chlorobi (Ludwig and Klenk, 2001;
Ciccarelli et al. 2006). The remaining proteins, accounting for nearly 60% of the proteins
in the genome, were either most similar to proteins of very distantly related organisms,
including members of the Proteobacteria (16.2%), Firmicutes (9.0%) or “Others”
(21.4%), or had no hits in database (12.4%). The data in Figure 5.4 demonstrate the
relative uniqueness of I. album within the broader context of current knowledge of the
comparative genomics of other members of the Chlorobi. This distribution of most
similar homologs will probably change when the genomes of additional early diverging
members of the Chlorobi are characterized, especially those belonging to organisms other
than GSB. It should be noted that the absence of well-characterized close relatives of I.
album inevitably increases the uncertainty of inferences about physiology.
Consistent with the distant relationship between I. album and GSB, 273 of 813
orthologous core proteins shared by 12 GSB were absent in I. album genome (Bryant et
al., 2011). Among the missing genes were all genes related to photosynthesis, such as
those encoding subunits of the photosynthetic reaction center (pscA, pscB, pscC, pscD),
fmoA, (bacterio)chlorophyll biosynthesis, and genes encoding chlorosome envelope
proteins (csmA, csmB, csmC, etc.). These observations confirmed results from cultivation
studies showing that I. album is non-phototrophic (Iino et al., 2010).
5.4.2 Central Carbon Metabolism
The I. album genome encodes a complete set of genes for glycolysis and gluconeogenesis,
an observation that is consistent with fact that it can grow with glucose and other
oligosaccharides as sole carbon source (Iino et al., 2010). The genome also includes
genes for glycogen synthase and glycogen phosphorylase suggesting that glycogen is its
major storage compound. Polyhydroxyalkanoate synthesis is not present. A complete
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TCA cycle is also present. When growing fermentatively, I. album would probably
produce acetate and lactate as the main products, while common pathways for
fermentative production of propionate (via methylmalonyl-CoA carboxyltransferase),
ethanol (via alcohol dehydrogenase), and formate (via pyruvate formate lyase) are
apparently incomplete or missing altogether.
I. album posses the two CO2-fixing enzymes pyruvate:ferredoxin oxidoreductase
(PFOR; Igna_2949) and α-ketoglutarate:ferredoxin oxidoreductase (KFOR; Igna_1501,
Igna_1502) that are essential for the autotrophic CO2 fixation in GSB (Feng et al., 2010).
Because the glyoxylate cycle is not present, PFOR is probably essential for the
assimilation of acetate by carboxylation of acetyl-CoA to pyruvate. Unlike its GSB
relatives, the I. album genome does not encode ATP citrate lyase, which is a key enzyme
required for autotrophic CO2 fixation by the reverse TCA cycle in GSB (Wahlund and
Tabita, 1997). The genes for alternative enzymes found in other organisms with reverse
TCA cycle activity, namely citryl-CoA synthetase and citryl-CoA lyase (Aoshima et al.,
2004a, 2004b), and the postulated type II ATP citrate lyase (Hügler and Sievert, 2011),
were also absent. However, the I. album genome does include genes (Igna_1146,
Igna_1147) that encode ATP-independent citrate lyase (Bott and Dimroth, 1994).
Igna_1146 encodes the α subunit, CitF, while Igna_1147 encodes a fusion of the β and γ
subunits, CitE and CitD. This enzyme catalyzes the cleavage of citrate to acetate and
oxaloacetate, and it is involved in citrate fermentation in some organisms (Meyer et al.,
2001). It is possible that this enzyme performs the same function in I. album. In support
of this possibility, a putative citrate transporter gene (Igna_1014) occurs in the genome.
Although this role has not yet been proposed for this enzyme, an interesting possibility
that must be considered is that the ATP-independent citrate lyase could also function in
reverse TCA cycle in I. album. If so, this organism has a complete reverse TCA cycle.
The operation of reverse TCA cycle would also depend upon the availability of electron
sources to produce reduced ferredoxin. The genome of I. album includes genes necessary
to take advantage of such sources and for the production of reduced ferredoxin from them
(see below). In conclusion, the gene content of the I. album genome shows that the
organism can grow mixotrophically. In addition, it might have a complete but
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unconventional reverse TCA cycle (Figure 5.5), which obviously will have to be tested
experimentally.
5.4.3 Electron carriers
I. album has a complete set of men genes for the synthesis of menaquinone and HPLC
analyses show that I. album produces menaquinone-7 like GSB (Iino et al. 2010; data not
shown). Ubiquinone biosynthesis genes are not present. I. album has at least nine
ferredoxins, including both 2Fe-2S and 4Fe-4S types, which have different sensitivities to
O2 (Jagannathan and Golbeck, 2008) and thus might function under different O2
conditions. Rubredoxins are not present.
5.4.4 Electron Transfer Complexes
The I. album genome encodes a variety of electron transfer complexes, including the
RNF (Na+-translocating ferredoxin:NAD+ oxidoreductase) complex (Biegel et al., 2011),
two type-1 NADH dehydrogenase complexes, and alternative complex III. Multiple
terminal electron transfer complexes, including those for growth under oxic and anoxic
conditions, were also present in the genome (see Figure 5.6 and below). The presence of
such a wide spectrum of different complexes likely reflects an ability of I. album to cope
with the different electron carriers used by various redox enzymes and varying terminal
electron acceptors that might be available in situ.
An eight-gene cluster (Igna_0246 to 0253) includes the rnfCDGEAB genes, which
encode the RNF complex, as well as two other genes whose functions are unclear. The
RNF complex creates a Na+ gradient across the cytoplasmic membrane that can be used
to produce ATP when reduced ferredoxins are oxidized by NAD+. This complex could
also operate in reverse to produce reduced ferredoxins that are the required reductants for
important anabolic reactions, such as the ones catalyzed by KFOR and PFOR mentioned
above. Unlike its GSB relatives, I. album does not have a photosynthetic apparatus to
produce the reduced ferredoxins required for carbon fixation. Therefore, the RNF
complex, which might provide a major route for the production of such reductants, would
probably play an important role in metabolism. Although all GSB produce reduced
ferredoxin using their type-1 homodimeric reaction centers, several GSB genomes,
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including those of Chlorobium limicola, Prosthecochloris aestuarii, Chlorobium
phaeovibrioides, and Chlorobium luteolum, possess homologs of the rnf genes found in I.
album. Other than KFOR and PFOR, the I. album genome includes genes for two other 2oxo-acid:ferredoxin oxidoreductases, 2-oxo-isovalerate oxidoreductase (VOR) and
indole-pyruvate oxidoreductase (IOR). VOR and IOR have been shown to function in
amino acid fermentation and/or synthesis (Tersteegen et al., 1997).
The I. album genome includes two sets of genes encoding type-1 NADH
dehydrogenase (NDH-1). One of them is in an apparent operon (Igna_1622 to 1632) and
is missing three genes, nuoEFG, compared to Escherichia coli NDH-1 (Figure 5.7A).
This gene cluster is conserved in all sequenced GSB genomes. Only Chloroherpeton
thalassium (C. thalassium) (a full set of 14 nuo genes), and “Candidatus T. aerophilum”
(a set of 12 nuo genes) have additional NDH-1 genes. Without the diaphorase subunits,
this complex should not function as an NADH:quinone oxidoreductase. It has been
suggested that such NDH complexes may couple with hydrogenase or ferredoxin:quinone
oxidoreductase, or receive electrons from reduced ferredoxin(s), to complete their
functioning in electron transport (Eisen et al., 2002; Battchikova et al., 2011). The other
set of genes for type-1 NADH dehydrogenase is divided into three gene clusters, which
includes homologs of all 14 subunits of NDH-1 of E. coli (Figure 5.7A). Although the
genes fall into different gene neighborhood groupings, C. thalassium is the only GSB that
has this extra set of NDH-1 genes. The products of these genes are expected to form a
complex functioning as NADH:quinone oxidoreductase. Phylogenetic analyses of these
two sets of genes indicate that they are relatively distantly related, and that they did not
arise from a recent gene duplication. The subunits of both NDH-1 complexes are similar
to proteins that occur in different members of the Bacteroidetes, and thus these genes
may have been present in the ancestors of extant members of the Chlorobi (Figure 5.8A).
It is interesting that the three earliest diverging members among Chlorobi whose
genomes have been sequenced, I. album, “Candidatus T. aerophilum,” and C. thalassium,
each have two copies of NDH-1 genes. Therefore, it seems likely that early members of
the Chlorobi had both copies and that the genes for one of them (the 14-gene set) was lost
in the lineage leading to the ancestor of most extant GSB strains.
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Unlike its GSB relatives, all of which have cytochrome b-Rieske-type complexes,
i. e., quinol:electron acceptor oxidoreductases, I. album has alternative complex III
(ACIII), which is an unrelated complex carrying out the same function (Pereira et al.,
2007; Gao et al., 2009). The gene cluster (Igna_1386 to 1391) encoding ACIII was very
similar to the gene clusters that have been characterized in Rhodothermus marinus and
Chloroflexus aurantiacus. An exception is that Igna_1390 codes for a fusion protein of
ActD and ActE (Figure 5.7B), which are normally produced as separate gene products in
other organisms. The genes for ACIII are often clustered with those for cytochrome c
oxidases (Refojo et al., 2010a), and the coupling between these two complexes has been
demonstrated (Refojo et al., 2010b). The clustering of these genes is also observed in I.
album genome (Figure 5.7B) and suggests that they are probably involved in respiration
under oxic conditions. Together with some additional evidences (see below), these
observations suggest that I. album is not a strict anaerobe as previously reported on the
basis of cultivation studies (Iino et al., 2010). ACIII is much more widely distributed than
the cytochrome b-Rieske complex among members of the Bacteroidetes (Refojo et al.,
2010a). “Candidatus T. aerophilum” has both ACIII as well as two different cytochrome
b-Rieske complexes (Liu et al., unpublished results, see Chapter 4). These data suggest
that ACIII was probably present in the ancestor of the Chlorobi and that cytochrome bRieske type complexes were obtained and ACIII was then lost during evolution to
produce extant GSB.
I. album has four different terminal oxidases, including caa3-type (Igna_1394 to
1397) and cbb3-type (Igna_0721 and 0723) heme-copper cytochrome c oxidases and two
different cytochrome bd quinol oxidases (Figure 5.6). The quinol oxidase complexes are
only distantly related; one (Igna_0420 and 0421) is more similar to homologs found in
most GSB, and the other (Igna_1098 and 1099) is more similar to homologs that occur in
C. thalassium and members of the Bacteroidetes (Figure 5.8B). The potential functional
difference between these two complexes is unclear from these sequence analyses alone.
However, the data seem to imply that ancestors of Chlorobi might have had two quinol
oxidases like I. album, and C. thalassium and other GSB subsequently inherited different
ones. All three types of terminal oxidases could participate in aerobic respiration and/or
protection against reactive oxygen species (Garcia-Horsman et al., 1994; Li et al., 2009;
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Hassani et al., 2010). The cbb3 cytochrome oxidase and bd quinol oxidase typically have
much higher affinity for O2 than the caa3 cytochrome oxidase (van der Oost et al., 1994;
D’mello et al., 1996; Preisig et al., 1996), and because of this they are frequently
involved in protecting cells from reactive oxygen species in anaerobes. The distribution
of these complexes in members of the Chlorobi is consistent with this general trend.
Strictly anaerobic GSB only have one or both of the high-affinity terminal oxidases (Li et
al., 2009), while the aerobe, “Candidatus T. aerophilum,” only has the cytochrome caa3
oxidase (see Chapter 4). The presence of all three types of complexes in I. album strongly
suggests that I. album experiences varying O2 concentrations in situ. The presence of
these different terminal oxidases confers I. album the ability not only to respire under
oxic conditions but also to protect oxygen-sensitive enzymes such as hydrogenase under
other conditions (see below).
5.4.5 Aerobic Metabolism
Additional evidences in the genome support the deduction that I. album could grow under
oxic conditions. I. album has both catalase (Igna_0054) and superoxide dismutase
(Igna_1637), which protect organisms exposed to O2 from reactive oxygen species. I.
album also has an oxygen-dependent protoporphyrinogen oxidase (HemY, Igna_0230)
(Dailey and Dailey, 1996) for heme biosynthesis. It also has several putative
dioxygenases that are not found in any of the GSB genomes. In its central metabolism, I.
album has the catabolic enzymes pyruvate dehydrogenase and 2-oxoglutarate
dehydrogenase that are typically found in, but not limited to, aerobes. The presence of
these genes implies that I. album frequently is in contact with oxygen and even utilizes
oxygen as a substrate in some of its key metabolic pathways. Although I. album was
initially grown under strictly anoxic conditions (Iino et al., 2010), more recent cultivation
studies have confirmed that I. album can grow under 2% (v/v) O2 (data not shown).
Further tests of growth under higher O2 concentrations are in progress. In all, I. album is
at least a facultative anaerobe, but could potentially be an aerobe or microaerophille
depending on the results of further growth analyses.
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5.4.6 Anaerobic Respiration
In addition to ACIII, I. album possesses two additional molybdopterin-containing
oxidoreductases. A phylogenetic analysis of the other two complexes and other related
enzymes was conducted to predict their substrate specificity. One of them (Igna_1661 to
1663) is closely related to polysulfide and thiosulfate reductases (Hinsley and Berks,
2002) and the other (Igna_2813 to 2815) is most similar to tetrathionate reductases
(Hensel et al. 1999) (Figure 5.8C). Such predictions are obviously provisional and
require further experimental test. No matter the specificity, these membrane-bound
complexes could potentially function in anaerobic respiration.
I. album also has respiratory nitrite reductase and nitrous oxide reductase (Figure
5.6). The former is a membrane bound complex consisting of two proteins, NfrA
(Igna_0860) and NfrH (Igna_0861). It catalyzes ammonification of nitrite using
menaquinol as the electron donor (Simon, 2002). Nitrous oxide reductase is a soluble,
periplasmic enzyme that catalyzes the reduction of N2O to N2 using cytochrome c as the
electron donor (Zumft and Körner, 2007). Genes encoding the enzyme (NosZ)
(Igna_0848) and its accessory proteins (NosLDFY) (Igna_0851 to 0854) are co-localized
in an operon and are nearby the nfr genes. Interestingly, I. album does not appear to have
the other denitrification/ammonification enzymes (nitrate reductase, nitrite reductase, and
NO reductase). This observation suggests that there might be other denitrifying
organisms living together with I. album in situ that produce NO2- and N2O.
5.4.7 Inorganic Electron Donors
I. album has two three-gene clusters (Igna_0255 to 0257 and Igna_0529 to 0531), which
encode two different Fe-only hydrogenases. Assembly proteins HydEFG (Vignais and
Billoud, 2007) are encoded by genes just upstream from one of these gene clusters
(Igna_0525, 0526, and 0528). The apparent heterotrimeric hydrogenases are similar in
sequence and subunit composition to the bifurcating hydrogenase, which is both NADH
and ferredoxin-dependent, and which has been characterized in Thermotoga maritima (T.
marita) (Verhagen et al., 1999; Shut and Adams, 2009). However, the HydA subunits of
both hydrogenases lack the extra C-terminal [2Fe-2S] domain that occurs on T. maritima
HydA. Instead, these HydA subunits are more similar to that of the NADH-dependent,
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tetrameric hydrogenase of Thermoanaerobacter tengcongensis (T. tengcongensis) (Soboh
et al., 2004). Additionally, the HydB subunits of the two hydrogenases are different;
Igna_0530 has an N-terminal [2Fe-2S] and two C-terminal [4Fe-4S] clusters other than
the NuoF-like FMN and NAD(P)(H) binding domain like HydB of T. maritima and T.
tengcongensis hydrogenases, but Igna_0256 does not have these extra Fe-S clusters
(Figure 5.9). The exact enzymatic activities of these two hydrogenases are therefore
unclear, but it seems safe to assume they use NAD(P)(H) as one, if not the only electron
donor/acceptor. Fe-only hydrogenases are often used to evolve H2 (Vignais and Billoud,
2007), and this was also the case in vivo for T. maritima and T. tengcongensis when their
related hydrogenases were characterized. Therefore, it appears likely that I. album could
use these enzymes to provide redox balancing during fermentation (i. e., removal of
excess electrons by proton reduction). However, production of H2 (E0’ = -420mV) using
NADH electrons (E0’ = -320mV) is energetically unfavorable. The T. tengcongensis
hydrogenase catalyzes H2 oxidation at greater rates than H2 production in vitro (Soboh et
al., 2004). Thus, it seems likely that under a high partial pressure of H2 and/or low
NADH/NAD+ ratio, one or both of these enzymes could operate in the H2 oxidation mode
allowing I. album to use H2 as an electron donor. Detailed sequence analyses revealed a
cysteine to serine substitution in the L1 H-cluster binding motif of Igna_0257, similar to
T. tengcongensis HydA. This substitution is hypothesized to bias the redox potential of
this Fe-S cluster towards H2 oxidation (Posewitz et al., 2008). The difference in the
HydB subunits of the two hydrogenases could also indicate possible differences in
substrate specificity, i. e., whether or not ferredoxin is involved, or the direction of the
favored reaction. These differences remain to be tested experimentally and, if correct,
suggest that I. album exhibits considerable versatility in its ability to utilize H2 and
protons as electron donor and acceptor.
I. album has two genes encoding sulfide-quinone oxidoreductase in its genome.
Phylogenetic analyses indicated that Igna_1101 belongs to the SqrD family and
Igna_0172 belongs to the SqrE family (Gregersen et al., 2011). However, the presence of
these two genes does not necessarily mean I. album could use sulfide as electron donor,
because Chlorobium ferrooxidans, which does not grow on sulfide (Heising et al., 1999),
also has two sulfide-quinone oxidoreductases, SqrD and SqrF (Gregersen et al., 2011).
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These enzymes could be used simply for sulfide removal as a means of detoxification. I.
album

does

not

have

any

other

of

the

dozens

of

genes

involved

in

sulfide/thiosulfate/sulfur/sulfite oxidation that are found in GSB genomes. Although I.
album was isolated in medium containing high concentration of sulfide (Iino et al., 2010),
its sulfur oxidation activity has not been tested.
Although I. album has two genes (Igna_2573 and 2574) that are very similar to
the large and small subunits of aerobic CO dehydrogenase, it lacks the conserved medium
subunit (King and Weber, 2007). Therefore, the products of these two genes are probably
not CO dehydrogenase but may be more closely similar to other members of the
molybdopterin hydroxylase family, such as xanthine dehydrogenase and aldehyde
oxidoreductase (Dobbek et al. 1999). The I. album genome does not encode known
enzymes that use other inorganic electron donors such as Fe2+, NH4+, NO2- or arsenite.
5.4.8 Carotenoid Biosynthesis
One unexpected result was that the genome included one gene clusters for enzymes of
carotenogenesis. Homologs of crtB, crtI, crtD, crtY, cruF, cruC, cruD, and crtW were
found in the genome. HPLC analyses and absorption spectra of carotenoids extracted
from I. album suggested that two chromophores were produced, 1-OH-torulene and
deoxyflexixanthin (data not shown), which is derived from γ–carotene. These
chromophores are consistent with predictions based upon the genes identified (Maresca et
al., 2008; Garcia Costas et al., 2012b). The complexity of the elution profile for the
carotenoids probably arises from the attachment of different glycosyl groups to the ψ–
end of these molecules and to differences in the attached fatty acyl groups in the case of
carotenoid glycosyl-fatty acyl esters. Similar complexity has observed for the carotenoids
produced by other members of hot spring microbial mats, including Thermomicrobium
roseum and “Candidatus C. thermophilum” (Maresca et al., 2008; Wu et al., 2009;
Garcia Costas et al., 2012b).
5.4.9 Amino Acid Biosynthesis
The I. album genome is missing key genes involved in the biosynthetic pathways for
several amino acids (Figure 5.6). For example, only the aminotransferases for the
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corresponding 2-oxo-acid precursors of valine, leucine, and isoleucine biosynthesis were
found in I. album genome. Interestingly, these missing genes are similarly absent in
“Candidatus C. thermophilum” (Garcia Costas et al. 2012a) and “Candidatus T.
aerophilum” (see Chapter 4). Similar to what was suggested for these two organisms, I.
album either has a novel biosynthetic pathway for branched chain amino acids, or it takes
up them or some biosynthetic precursors, such as the corresponding 2-oxo-acids, from its
environment. Unlike the other two organisms mentioned above, I. album has a putative 2oxo-isovalerate:ferredoxin oxidoreductase, which could produce 2-oxo-acids by
carboxylation of slightly simpler substrates. It seems highly unlikely that three distantly
related organisms, all found in hot spring microbial mats, would have independently
gained novel enzymes to synthesize these amino acids. Therefore, it seems more
parsimonious to suggest that these organisms obtain these amino acids, or some
biosynthetic precursor(s), from their environment through other members of the
microbial mat communities.

Unfortunately, information is currently very limited

concerning the other organisms of the microbial mats from which I. album was isolated.
Other missing amino acid biosynthesis genes include thrA, lysC, asd, and
dapABD of lysine biosynthesis; argGH for arginine biosynthesis; and proC of proline
biosynthesis, all of which are highly conserved in all GSB. No known complete,
alternative pathways for the synthesis of these amino acids exist in the I. album genome.
Therefore, it is highly questionable whether I. album can synthesize these amino acids de
novo. The serB gene for serine biosynthesis is also missing. However, other GSB also
have an incomplete serine biosynthesis pathway but are autotrophic, which demonstrates
that these organisms have an alternative pathway for serine biosynthesis (Eisen et al.,
2002). It would be premature to conclude that I. album cannot synthesize serine, and the
related amino acids glycine and cysteine, from genome sequence data alone. In summary,
it appears that several biosynthetic pathways for the synthesis of amino acids by I. album
are incomplete. Consistent with all of these deductions, I. album cannot grow without
yeast extract (Iino et al., 2010), which is rich in amino acids and oligopeptides. Finally,
the I. album genome includes an oligopeptide transporter, a putative amino acid
transporter, and several putative Na+/proline symporters.
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5.4.10 Nitrogen and Sulfur Metabolism
The I. album genome does not include any nif genes for nitrogenase or its assembly,
which are highly conserved among GSB, or any proteins that enable it to use NO3-, NO2-,
or urea as a nitrogen source. Additionally, an NH4+ transporter that is conserved among
GSB is absent, and no other NH4+ transporter could be identified in the genome. These
observations indicate that I. album probably depends on amino acids or peptides as its
nitrogen source.
Assimilatory sulfate reduction genes are also not present. Considering that I.
album may be dependent on certain exogenous amino acids these compounds may satisfy
a large portion of the cellular nitrogen and sulfur needs. Alternatively, sulfide may be
intracellularly assimilated via cysteine synthase. Sulfide transport is poorly understood,
and thus it is unclear whether a sulfide transporter is present in I. album.
5.4.11 Flagella and Chemotaxis
C. thalassium, which exhibits flexing and gliding motility (Gibson et al., 1984), is
currently the only member of the phylum Chlorobi that has been shown to be motile. As
isolated, I. album was non-motile by phase-contrast microscopy, and flagella were not
observed by electron microscopy (Iino et al., 2010). However, the I. album genome
contains a nearly complete set of genes for flagella in a 71-gene cluster (Igna_2496 to
2566) (Figure 5.3) along with genes for chemotaxis and signal transduction. All flagella
structural genes, as well as all genes of the flagella basal body secretion system were
present. The only missing genes encode the chaperone proteins FlgN, FliT, and FliS, and
regulatory proteins FlhC and FlhD, which are not always essential for cell motility
(Fraser et al., 1999, Minamino et al., 2000). Considering the (near) completeness of the
gene cluster, I. album must have had flagella until very recently, and it is possible that
this ability was lost during cultivation efforts. Loss of flagella is common among
cultivated bacterial strains, which are grown under continuous conditions that have little
or no selective pressure for retention of flagella genes (Sellek et al., 2002). A recent I.
album culture, which was grown for a shorter period of time in the lab, exhibited
vibrating motility under phase-contrast microscopy. This finding confirms the deduction
of I. album flagella made from the genome data.
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Genes encoding the proteins CheA, CheB, CheR, CheW, CheY, CheZ, and a
methyl-accepting chemotaxis protein (MCP), which are responsible for methylationdependent chemotaxis, are also found in the 71-gene cluster. However, the specificity of
the MCP for attractant(s) or repellent(s) is uncertain from sequence analysis, and this is
the only MCP in the I. album genome. Although the chemotactic properties of I. album
remain unclear, the presence of these genes suggests that I. album was chemotactic until
very recently. Interestingly, even though they no longer have any of the flagellar genes,
some of these chemotaxis genes are also found in in the C. thalassium genome (cheBRW
and mcp) and “Candidatus T. aerophilum” metagenome (cheW and mcp). These genes
appear to be relics reflecting the loss of chemotaxis and possibly genes for flagellar
biogenesis during evolution. If this interpretation is correct, it would imply that these
genes were present in the ancestors of extant members of the phylum Chlorobi.
5.4.12 Gene Regulation
I. album genome has 31 pairs of sensor histidine kinases and response regulators, some of
which are fused into single proteins. Sixteen genes encoding sigma factors for RNA
polymerase were also found. These numbers are significantly larger than the eight (pairs
of) two-component system proteins and five genes for sigma factors found in a typical
GSB, C. tepidum (Eisen et al., 2002), even when the numbers are normalized to reflect
the difference in genome sizes (3.66 Mb vs. 2.15 Mb). These observations strongly
suggest that I. album has a much greater capacity to sense changes in its physicochemical
environment, and regulate its gene expression accordingly in response to these changes,
than GSB, which often lives under relatively constant conditions with a uniform, strictly
anaerobic, photolithoautotrophic lifestyle. These observations are also consistent with the
predicted ability of I. album to perform swimming motility, to respire under oxic and
anoxic conditions, and to utilize various electron acceptors and donors.
5.5 Concluding Remarks
Genome analysis for I. album has revealed a versatile, motile, non-phototrophic organism
that thrives under both oxic and anoxic conditions using a variety of electron acceptors.
The organism is certainly more complex than had been revealed in initial cultivation
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studies (Iino et al., 2010), probably because of limitations of the culture medium. I.
album appears to be capable of mixotrophy by fixing CO2 using PFOR and certain steps
of the reverse TCA cycle, possibly using H2 as electron donor. However, it would still be
a heterotroph because of its limited ability to synthesize amino acids, and thus it is
dependent upon exogenous amino acids not just for protein synthesis but also as sources
of nitrogen and sulfur source as well (Figure 5.6). These inferences will have to be tested
further by cultivation studies; in the case of O2 and motility, both have already been
confirmed by additional culture studies.
This description of I. album is completely different from that of GSB, and of the
phylum Chlorobi prior to the discovery of I. album, but interestingly, shares a number of
similarities with “Candidatus T. aerophilum,” including O2 preference/tolerance and the
inability to synthesize certain amino acids (see Chapter 4). The genomic data suggest that
these two organisms are probably not exceptions from the physiological congruence of
the GSB organisms but rather examples of the diversity of physiological capabilities
inherent among organisms of the phylum Chlorobi. The previous perception of
apparently limited diversity for members of the Chlorobi was true because organisms that
were cultivated and studied only represented a small and relatively closely-related group
of the phylum, mostly obtained by applying a specific set of enrichment conditions (Iino
et al., 2010). It is conceivable that those culture conditions (anoxic conditions with high
sulfide concentrations in the light) significantly favor the isolation of organisms (i.e.,
GSB) with very similar physiological capabilities. Such conditions were actually
unfavorable for I. album, which probably uses little sulfide and could produce more
energy if oxygen were present. Fortunately, in spite of the unfavorable growth conditions,
I. album still grew and was isolated in axenic culture. However, other potential members
of the Chlorobi might not survive such cultivation conditions. That is why cultureindependent approaches, which have become more accessible with advances of
sequencing technology and reduction in costs, will play an important role in revealing the
greater diversity that probably exists among members of the phylum Chlorobi. In fact,
“Candidatus T. aerophilum” was investigated in this way (see Chapter 4). It is hoped that
more and more interesting organisms will continue to emerge.
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As discussed throughout this chapter, comparisons of the genome sequences of I.
album and other members of the phylum Chlorobi, including the GSB, could have
important implications for the evolution trajectory leading from ancestral members to
extant members of the phylum. Table 5.1 summarizes some of the differences in genome
size and distribution of selected proteins among I. album, “Candidatus T. aerophilum,” C.
thalassium, and members of the Chlorobiaceae. The latter include three wellcharacterized GSB genera, and “Candidatus T. aerophilum” and C. thalassium represent
family-level lineages of the class Chlorobea that are earlier diverging than Chlorobiaceae
(Bryant et al., 2011; see Figure 5.2). These comparisons imply that many genes that
contribute to the ability to acclimate to various environments, including electron transfer
complexes and motility genes, were lost during the evolution transition from ancestral
Chlorobi to current GSB-type organisms, as they settled into relatively constant
environments. This is consistent with a general trend towards genome size reduction.
Some functions apparently were acquired to allow a better acclimation and eventually
adaptation to specific environments. For example, the acquisition of dsr genes (and a few
other genes) in some GSB allows complete oxidation of sulfur to sulfite, which provides
better energy conservation and more electrons for CO2 fixation per sulfide consumed than
the incomplete oxidation to elemental sulfur allowed by sqr genes alone; thus possession
of dsr genes is significantly advantageous to GSB under sulfide-limiting conditions
(Holkenbrink et al., 2011). It is important to remember that the available genomes
represent only a very small sampling from the organismal history that represents a long
and complex evolutionary process for the members of the phylum Chlorobi. As more and
more organisms will be uncovered in the future, the hypotheses proposed here will be
confirmed or challenged to reveal a phylum that is far more colorful than imaginable just
a few years ago.
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Table 5.1 Summary of distribution of proteins involved in selected metabolic
processes among organisms belonging to the phylum Chlorobi.

3.66

“Ca. T.
aerophilum”a
3.18

No

Yes

Yes

Yes

Oxic or anoxic

Oxic

Anoxic

Anoxic

Incompleteb
Yes
Yes
Two copies
(14 and 11 SU)c

Incomplete
Yes
No
Two copies
(12 and 11 SU)c
Both ACIIId
and Cyt bRieske

Yes
Yes
No
Two copies
(14 and 11 SU)c

Yes
Yes
Some
One copy
(11 SU)c

Cyt b-Rieske

Cyt b-Rieske

caa3

bd(2)

I. album
Genome size (Mb)
Photosynthetic
apparatus
Relationship with
O2
Reverse TCA cycle
PFOR and KFOR
RNF complex
Type-1 NADH
dehydrogenase
Complex III

ACIIId

Terminal oxidases

caa3, cbb3,
bd(1), bd(2)e
Yes
Yes

C. thalassium

Chlorobiaceae

3.29

1.97 - 3.13

cbb3 and/or
bd(1)
No
No

Flagella genes
No
No
Chemotaxis genes
Partial
Partial
Sulfide oxidation
Yes
No
Yes
Yes
to polysulfide
Sulfur oxidation
No
No
No
Mostf
to sulfite
Nitrogen fixation
No
No
Yes
Yes
a
Inferences made from metagenome and metatranscriptome data (Chapter 4). Additional genes
could be present in the organism.
b
I. album lacks ATP citrate lyase to have a complete reverse TCA cycle. It is possible that (ATPindependent) citrate lyase enables an unconventional reverse TCA cycle under certain growth
conditions.
c
SU, subunits
d
ACIII, alternative complex III
e
Two different cytochrome bd-quinol oxidases exist among Chlorobi. See Figure 5.6B for details.
f
Most organisms belonging to the Chlorobiaceae have genes involved in oxidation of sulfide to
sulfite or sulfate, with a few exceptions (see Gregersen et al., 2011).
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Figure 5.1 The microbial mat where I. album was isolated. Photograph courtesy of Dr.
Takao Iino.
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Figure 5.2 Circular map of I. album genome. Circles from outside in: genes on the
forward strand; genes on the reverse strand; G+C% plot; and GC skew plot. Baseline on
the G+C% plot represents the average value of 34%. Gene colors indicate the COG
categories to which they belong.
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Figure 5.3 Phylogenetic tree of 16S rRNA sequences of I. album and related
Chlorobi species. The tree was generated using neighbor-joining algorithm with JukesCantor correction. Sequences of three Bacteroidetes species were used as outgroups.
Bootstrap support values based on 1000 bootstrap samplings were shown for each node.
Bar denotes 0.02 changes per nucleotide site.
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Figure 5.4 Phylogenetic distribution of BLASTP best hits of I. album proteins
compared to proteins in the NCBI nr database. An e-value cut-off of 0.001 was used.
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Figure 5.5 Proposed unconventional reverse TCA cycle in I. album.
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Figure 5.6 Cellular overview of I. album metabolism deduced from its genome
sequence. Only selected pathways and enzymes discussed in this chapter are shown. Blue
arrows indicate pathways of electron flow. NDH-1, type-1 NADH dehydrogenase; Fd,
ferredoxin; MK, menaquinone; cyt, cytochrome; Mo complex, complexes containing a
molybdopterin-guanine dinucleotide cofactor; ACIII, alternative complex III.
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Figure 5.7 Gene clusters of type-1 NADH dehydrogenase genes (A) and alternative
complex III and caa3-type cytochrome oxidase genes (B) of I. album.
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Figure 5.8 Phylogenetic trees type-1 NADH dehydrogenase proteins (A), cytochrome
bd-quinol oxidases (B), and molybdopterin-containing complexes (C) from I. album
and other organisms. Concatenated NuoABCDHIJKLMN protein sequences were used
for panel A; concatenated CydAB protein sequences were used for panel B;
molybdopterin-guanine dinucleotide-containing subunit sequences were used for panel C.
Trees were created using the neighbor-joining algorithm from 100 bootstrap samplings.
Bootstrap support values over 50% are shown. Scale bars denote X changes per amino
acid where X is the number above bars. SU, subunits. Panel C was adapted from
Yanyushin et al. (2005) and was recreated by including I. album proteins.
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Figure 5.9 Schematic representation of the cluster compositions of two sets of I.
album hydrogenase genes compared to two related and experimentally
characterized
hydrogenase
genes
from
Thermotoga
maritima
and
Thermoanaerobacter tengcongensis. H, H cluster; 2Fe, [2Fe-2S] cluster; 4Fe, [4Fe-4S]
cluster; NuoF, FMN and NAD(P)(H) binding domain.
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CHAPTER 6
Interactions within Phototrophic Consortium “Chlorochromatium aggregatum”
Revealed by Complete Genome Sequences

6.1 Abstract
Complete genome sequences of the phototrophic consortium, Chlorochromatium
aggregatum, provided an overview of the two symbiotic organisms of the consortium and
their roles in the symbiosis. The central bacterium, “Candidatus Symbiobacter mobilis”
(“Ca. S. mobilis”), has experienced considerable alteration of its genome in size and gene
content to fit its symbiotic lifestyle, while the epibiont, Chlorobium chlorochromatii (C.
chlorochromatii), appears to have taken on only minimal adaptations. C. chlorochromatii
is as expected the main producer of the consortium, and metabolic coupling in several
aspects allow transfer of nutrients to “Ca. S. mobilis”. The main role of the “Ca. S.
mobilis” is sensing the environment and moving the consortium towards resources. A
surprising discovery was made when genome and experimental data suggested that light
sensing associated with scotophobic taxis is probably carried out by the central
bacterium. Genome data also implied that two different models of potential interspecies
electron transfer might exist in the consortium. One is an unconventional sulfur cycle and
the other involves electron cycling mediated by transferred quinones between the two
symbiotic partners.
6.2 Introduction
Symbiotic relationships between prokaryotic organisms are very intriguing subjects for
research because of their significant implications on the physiology, ecology, and
evolution of these organisms. However, they are relatively poorly understood compared
to well-studied partnerships between prokaryotes and eukaryotes (Overmann and
Schubert, 2002). Phototrophic consortia are a prime example of, and model system for,
prokaryotic symbiosis. Phototrophic consortia are composed of two types of organisms: a
phototrophic partner that is always a green sulfur bacterium (GSB), and a non-pigmented,
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heterotrophic partner. Many different consortia have been discovered worldwide since
they were first described more than a century ago (Lauterborn, 1906). Most consortia
include only one organism of each of the two cell types; the phototrophic partner, the
epibiont, surrounds the non-pigmented, heterotrophic partner, called the central bacterium
(Fröstl and Overmann, 2000). The ratio between epibiont cells and central bacterium
varies from 12:1 to over 40:1 among consortia with different morphologies (Overmann et
al., 1998; Müller and Overmann, 2011). The central bacterium usually has a flagellum
(Glaeser and Overmann, 2003) and confers motility to the consortium (Fröstl and
Overmann, 2000; Müller and Overmann, 2011). Consortia with different cell
arrangements (Dubinina and Kuznetsov, 1976), with two different epibiont organisms
(Gorlenko and Kusnezow, 1972), and with immotile central bacteria (Dubinina and
Kuznetsov, 1976) have also been observed (Müller and Overmann, 2011).
Phototrophic consortia are often found in environments where GSB thrive, such
as the chemoclines of stratified lakes (Overmann et al., 1998; Glaeser and Overmann,
2004). The conditions in these environments, such as low oxygen concentration and
availability of sulfide (Overmann et al., 1998), are perfect for the growth of GSB.
Because GSB have chlorosomes, the largest light harvesting antenna structures in nature,
(Blankenship et al., 1995; Frigaard and Bryant, 2006), they are very well adapted to low
light intensities (Manske et al., 2005; Beatty et al., 2005). Phototrophic consortia are
often dominant in their natural habitats and can account for up to two thirds of the total
bacterial biomass (Gasol et al., 1995). However, the epibiont GSB of consortia, at least
one of which is capable of living independently (Vogl et al., 2006), have never been
detected in the free-living state in their natural environments (Glaeser and Overmann,
2004). This suggests that there must be tremendous advantages for the symbiotic state
between epibionts and central bacteria over the free-living state. In situ studies of
consortia have also revealed strong interactions within the consortia, such as coordinated
cell division (Overmann et al., 1998) and impacts of one partner’s metabolic state on the
metabolism of the other (Glaeser and Overmann, 2003).
An enrichment culture of a model consortium, “Chlorochromatium aggregatum”
(“C. aggregatum”), has been obtained and grown in the laboratory (Fröstl and Overmann,
1998), and the availability of this enrichment has enabled extensive studies on the
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physiological

characteristics

of

this

consortium.

“C.

aggregatum”

exhibits

scotophobotaxis and will accumulate in a light spot at a wavelength of ~740nm, which
matches the absorption maximum of bacteriochlorophyll (BChl) c aggregates in
chlorosomes of the epibiont. “C. aggregatum” also exhibits chemotactic responses to
several compounds such as sulfide and 2-oxoglutarate (Fröstl and Overmann, 1998). The
consortia have been examined in great detail for their subcellular ultrastructural features,
such as the close cohesion of the two partners, lack of chlorosomes in epibionts at contact
surfaces (Vogl et al., 2006), formation of periplasmic tubules and probably shared
periplasmic space between epibiont and central bacterium, and other symbiosis-specific
ultrastructural features (Wanner et al., 2008). Although the cells are tightly packed,
dissolved compounds could still penetrate the outer epibionts and reach the central
bacterium (Müller and Overmann, 2011). The epibiont of “C. aggregatum,” Chlorobium
chlorochromatii (C. chlorochromatii), is not obligately symbiotic and has been isolated
in pure culture (Vogl et al., 2006). C. chlorochromatii does not appear to differ
physiologically from its free-living relatives. Through comparative transcriptome and
proteome analyses, candidate genes or proteins of the epibiont possibly involved in
symbiosis were identified (Vogl et al., 2008; Wenter et al., 2010). The central bacterium,
tentatively denoted as “Candidatus Symbiobacter mobilis” (“Ca. S. mobilis”), has not
been isolated despite numerous attempts, raising the question whether it is still capable of
growing independently. However, its rRNA sequence has been obtained, and this data
suggests that the central bacterium represents an isolated lineage within the family
Comamonadaceae of Betaproteobacteria (Kanzler et al., 2005; Pfannes et al., 2007).
To facilitate further research and understanding of the model consortium “C.
aggregatum,” the genomes of the two partners were completely sequenced and analyzed
in this study. These data led to the surprising discovery that the central bacterium is
probably responsible for sensing light, a consortium function that was previously thought
to be performed by the epibiont cells, which then transferred a signal(s) to the central
bacterium. Metabolic coupling between the two partners seems to be an important part of
the symbiotic relationship, because the central bacterium depends on the epibiont for
several nutrients. Possible electron cycling pathways will be discussed. These include a
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novel scheme that proposes a shared quinone pool and periplasmic space between the two
partner organisms.
6.3 Methods and Materials
6.3.1 Culture and DNA Preparation
Genomic DNA samples of the epibiont were extracted from the axenic culture of C.
chlorochromatii strain CaD3. The central bacterium has not yet been grown axenically.
Consortia were grown under conditions that produced a biofilm on a glass surface, which
could be recovered and which reduced contamination from other bacteria in the
enrichment culture. Total genomic DNA of the cells of “C. aggregatum” was extracted
and separated by a CsCl-bis-benzimidazole density gradient centrifugation as described
previously (Kanzler et al., 2005). A fraction highly enriched in DNA from the central
bacterium was obtained and was used for genome sequencing of “Ca. S. mobilis”.
6.3.2 Sequencing and Assembly
The genome of C. chlorochromatii was sequenced using whole genome shotgun
sequencing approach and the assembly and finishing process has been described
elsewhere (Wenter et al., 2010).
The enriched genomic DNA sample was sequenced using pyrosequencing
technology (GS-20 FLX; Roche) in the laboratory of Dr. Stephen C. Schuster at The
Pennsylvania State University. A total of 1,064,718 sequences, averaging 362 bp per
sequence, were generated. Sequences with at least 98% nucleotide sequence identity to C.
chlorochromatii, defined by alignment to its genome, were removed before the remaining
sequences were assembled using Newbler program (Roche). About 23% of the total
sequences were removed in this filtering process. A different approach, in which C.
chlorochromatii contigs were removed after all sequences were assembled, resulted in
very similar assemblies. The average read depths of the former assembly, which
contained 3,508 contigs, was examined. 121 contigs had read depths around 83X, while
the remainder had much lower read depths. Because genes associated with these 121
contigs appeared to be closely related to those of Betaproteobacteria, these contigs were
were assigned to the central bacterium. The other contigs probably arose from other
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organisms in the enrichment culture. These 121 contigs, which were assembled from
668,485 sequences or 63% of original sequence pool, were used for further assembly and
finishing.
Sequences derived from Sanger sequencing of clone libraries with inserts of 3 and
8 kb made from total genomic DNA from “C. aggregatum” in a previous experiment
carried out with the DOE Joint Genome Institute were used to assist the finishing efforts.
A total of 9,798 paired-end sequences with at least 95% nucleotide sequence identity to
the 121 initial contigs were extracted and added to the assembly to predict contig
arrangements into scaffolds. Based on predictions from these analyses, PCR amplicons
were generated and sequenced to close many of the 121 gaps in the scaffolds. PCR
amplicons for other gaps were obtained using multiplex PCR, TAIL-PCR or
combinatorial PCR (Liu and Huang, 1998). The finishing and polishing process was
carried out using Phred/Phrap/Consed software package (Ewin et al., 1998; Gordon et al.,
1998).
The genome of C. chlorochromatii was deposited in GenBank under the accession
number NC_007514. The genome of “Ca. S. mobilis” was annotated using programs
developed in the laboratory of Dr. Niels-Ulrik Frigaard and will be deposited in
GenBank.
6.3.3 Identification of Genomic Islands
The genomic islands were first predicted using the program Alien_hunter (Vernikos and
Parkhill, 2006). A score cutoff of 25 and a size cutoff of 10kb were used. Predicted
islands were then manually inspected to eliminate falsely identified regions such as rRNA
and extremely conserved proteins (ribosomal proteins) because of their naturally biased
sequence composition. Boundaries of remaining islands were then carefully optimized by
inspecting BLASTX hits of genes in the islands to NCBI nr database. Genes on the ends
of islands were removed if they are closely related to proteins of relative organisms, or
added if the opposite is true.
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6.3.4 Expression and Characterization of Light Sensing Protein
The putative bacteriophytochrome gene (CR2651) was PCR amplified from the central
rod DNA using primers: CRBP1F (5’-gagcaccctcatatgaccgacatgatcctgatc-3’) and
CRBP1R (5’-tggtttgaattctcatagccagcgtagaaggtt-3’). The resulting product was then
digested with NdeI and EcoRI and ligated into similarly digested pBS405v (Tooley et al.,
2001). This construct provides for the expression of the potential bacteriophytochrome
with a 6X His tag. The resulting plasmid was then co-transformed in to E. coli BL21
(DE3) with either pHO1, pPcyA, or pHY2 which catalyze the formation of biliverdin,
phycocyanobilin, or phytochromobilin, respectively (Alvey et al., 2011).
Absorbance spectroscopy and photochemistry were carried out using a Cary 50
spectrophotometer and a 75 W Xe lamp as previously described (Rockwell et al., 2009).
Illumination was restricted to 700±20 nm or 650±20 nm with interference bandpass
filters (CVI Melles Griot). All measurements were taken at 25°C.
6.4 Results and Discussions
6.4.1 Genome Overview
The genome of C. chlorochromatii contains 2,572,079 bp with mol% G+C of 44.3%. The
circular chromosome encodes 1,999 proteins (2,002 in a previous version of annotation in
GenBank, see accession number CP000108), one rRNA operon, and 45 tRNAs (Figure
6.1A). Compared to the genomes of other GSB in terms of size and gene content, it is a
typical GSB genome. Only 307 coding sequences (~15%) have no homologs in other
GSB genomes (Bryant et al., 2011). Genes for common features of the metabolism of
GSB, such as those for the photosynthetic apparatus, bacteriochlorophyll (BChl)
biosynthesis, sulfide oxidation, CO2 fixation via reverse TCA cycle, and nitrogen fixation
(Frigaard and Bryant, 2004; Bryant and Frigaard, 2006) are all encoded by C.
chlorochromatii genome. These results are consistent with the fact that C.
chlorochromatii is not obligately symbiotic and is capable of photoautotrophic growth
(Vogl et al., 2006). The changes it might have adopted to allow its symbiotic lifestyle
appear to be rather minor in terms of gene content.
On the other hand, the genome of the central bacterium, “Ca. S. mobilis,” differs
significantly from those of known close relatives. The “Ca. S. mobilis” genome contains
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2,991,845 bp with mol% G+C of 59.1%, and it encodes 2,727 proteins, 2 rRNA operons,
and 44 tRNAs (Figure 6.1B). The unusual, tandemly repeated rRNA operons reported in
a previous study (Pfannes et al., 2007) were confirmed in this study. The closest relatives
of central bacterium from the Comamonadaceae all had genomes of much larger size,
ranging from 4.6 to 6.8 Mbp. Furthermore, the “Ca. S. mobilis” genome has a different
gene composition compared to its free-living relatives in terms of functional categories
(Figure 6.2). For example, genes involved in signal transduction, cell envelope
biogenesis, and cell motility are over-represented in the central bacterium, while
generally those involved in metabolism are generally lower in abundance compared to
other Comamonadaceae genomes. These differences probably reflect how “Ca. S.
mobilis” has evolved to fit its symbiotic life style and probably reflect the role(s) it plays
in the symbiotic relationship. “Ca. S. mobilis” probably experienced significant selective
gene loss during its evolution, especially among genes involved in biosynthetic pathways.
This phenomenon, which appears to be common in exclusively symbiotic organisms
(Nikoh et al. 2011, McCutcheon and Moran, 2011), supports the notion that the central
bacterium is no longer capable of independent growth. This also suggests that “Ca. S.
mobilis” depends on the photoautotrophic epibiont for nutrients. However, “Ca. S.
mobilis” might have retained, or even acquired, genes related to signal transduction and
cell motility, suggesting its major role in the consortium is to sense the environment and
move towards resources better suited for growth of the epibiont. The enrichment in genes
encoding enzymes of cell wall/envelope biosynthesis probably reflects the importance of
previously observed cell surface contacts and specialized structures in the consortia
(Wanner et al. 2008).
6.4.2 Horizontal Gene Transfer
The genomes of the central bacterium and epibiont were compared to search examples of
potential horizontal gene transfers between the two partners that are in close contact.
However, few examples of such exchanges were found. Only 14 pairs of genes were
more similar to each other than to most if not all proteins in databases, and functions of
most were unclear. Significant gene sharing does not appear to be an essential element of
the symbiosis.
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The two genomes were also examined for genomic islands (GIs), which often
harbor recently acquired or slowly evolving genes. The identified GIs are marked in
Figure 6.1, and their properties are summarized in Table 6.1. Four genomic islands were
found in C. chlorochromatii, three of which contain unusually large proteins. One of
these proteins is encoded by gene of ~106 kb, and the other by a gene of more than 62 kb.
These former protein is among the largest proteins known, and predicts a protein of more
than 4 MDa. These proteins are similar to haemagglutinins and calcium-dependent outer
membrane adhesin proteins, and they contain numerous internal repeats. Two of these
genes, Cag_0614 and Cag_0616, in EP_GI1 were identified as candidate symbiosis genes
in a previous study and were proposed to play a role in stabilizing the cell contact
between the central bacterium and epibiont (Vogl et al. 2008). It is possible that other
related proteins, including the Cag_0738 in EP_GI3 and Cag_1242 in EP_GI4 may play
similar roles. EP_GI2 has extremely low mol% G+C compared to genome average and
includes two genes encoding a transposase or integrase, suggesting that the genes of this
island were laterally acquired from other organisms. Interestingly, five genes in this
cluster have very high sequence identities with homologs in the genome of “Ca. S.
mobilis,” and several others are closely related to genes from Proteobacteria (Figure
6.3A). This suggests that a gene transfer between the two partners may have occurred.
However, those genes are unlikely to occur natively in either the epibiont or the central
bacterium because of the low mol% G+C observed for this group of genes. It seems
plausible that at least some of these genes were acquired by one of the two organisms and
then transferred to the other partner. The majority of genes in EP_GI2 and CB_GI1,
which harbors three of the five highly conserved genes between the two partners, are
involved in cell envelope biosynthesis. These results suggest that these two GIs
potentially contain genes essential for establishing close cell contact and synthesizing
symbiosis-specific structures within the consortium.
Eight GIs were found in the genome of “Ca. S. mobilis” (Figure 6.1B). Many of
these contain mobile genetic elements, such as transposases and integrases, suggesting
past horizontal gene transfer events are related to these GIs. Genes found in epibiont GIs,
such

as

those

involved

in

cell

envelope

biosynthesis

and

encoding

haemagglutinin/adhesin like proteins, were similarly found in CB_GI1, CB_GI2,
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CB_GI3, and CB_GI7. CB_GI4 includes mainly CRISPR-associated proteins and
hypothetical proteins, while CB_GI6 and CB_GI8 contain mainly genes of unknown
functions. CB_GI4 consists of chemotaxis genes and regulatory genes (Table 6.1).
Interestingly, this gene cluster is highly similar to ones from several purple sulfur bacteria
such as Allochromatium vinosum both in gene order and sequence (Figure 6.3B). Purple
sulfur bacteria are often found in the same lakes in which the phototrophic consortia live
(Madigan and Jung, 2009). Therefore, “Ca. S. mobilis” may have acquired genes from
them. It is not clear from sequence analysis what attractant or repellent this group of
genes might be associated with, but purple sulfur bacteria are known to respond to sulfide
(Gest et al., 1995; Thar and Kühl, 2001), which could be a strong possibility here.
Because “Ca. S. mobilis” lacks genes for sulfur oxidation/reduction, any ability to this
compound would probably have to have been obtained horizontally. If this is true, it
could help explain the chemotaxis of “C. aggregatum” towards sulfide (Fröstl and
Overmann, 1998).
6.4.3 Metabolic Coupling
Genome data of the central bacterium suggest that it has very limited metabolic capacities.
Firstly, the central bacterium is a heterotroph, as it has no genes encoding known
pathways for autotrophic CO2 fixation, and thus it must rely upon outside sources for
organic carbon. Secondly, “Ca. S. mobilis” depends on aerobic respiration or
fermentation of organic carbon for its energy production. “Ca. S. mobilis” has only one
terminal oxidase, a cytochrome bd-type quinol oxidase (CR0317 and CR0318), which is
suitable for respiration under the low O2 concentrations (2.9 μM) observed in situ
(Overmann et al., 1998). The central bacterium has no identifiable enzymes for anaerobic
respiration and cannot oxidize inorganic electron donors. It does have a type-1 NADH
dehydrogenase (CR1699 to 1713) but lacks genes for alternative complex III and
ubiquinol:cytochrome c oxidoreductase. When growing fermentatively, it seems unlikely
that organic molecules would be used as the electron acceptor, because the genome
encodes no lactate dehydrogenase, aldehyde/alcohol dehydrogenase, or pyruvate-formate
lyase. Thus, only H+ could serve as an electron acceptor other than O2 (but see discussion
below concerning sulfur cycling). The central bacterium has three different hydrogenases:
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a cytoplasmic bi-directional NiFe hydrogenase (CR0975 to 0978), a periplasmic
membrane hydrogenase related to Hyf hydrogenase in Escherichia coli (Andrews et al.,
1997; Bagramyan et al., 2002; CR_1916 to 1921), and a cytoplasmic archaeal type
hydrogenase Mvh (CR2153, CR2154, and CR2157).
The epibiont is probably the main source of organic carbon for the central
bacterium. When growing independently in lab cultures, C. chlorochromatii excretes
large amounts of sugars, mainly glucose, and amino acids, mainly glutamate and
aspartate, into the growth medium (Pfannes, 2007). On the other hand, the central
bacterium encodes several sugar and amino acid transporters and binding proteins. It has
been shown that labeled carbon can be transferred from the C. chlorochromatii to the
“Ca. S. mobilis” and that such exchange is inhibited by addition of exogenous amino
acids to the growth medium (Müller, J., and Overmann, J., unpublished results). These
results suggest that the epibiont transfers carbon to the central bacterium in the forms of
sugars and amino acids.
It is known that addition of 2-oxoglutarate into the medium stimulates the growth
of “C. aggregatum” (Fröstl and Overmann, 1998), and another phototrophic consortium,
“Pelochromatium roseum,” incorporates 2-oxoglutarate in situ (Glaeser and Overmann,
2003). However, 2-oxoglutarate has no effect on the growth of C. chlorochromatii (Vogl
et al., 2006), which suggests that “Ca. S. mobilis” assimilates 2-oxoglutarate. Consistent
with this idea, the central bacterium encodes a dicarboxylate transporter (CR1184 and
CR2387). However, it is unclear whether this small molecule would come from the
epibiont or other organisms in the habitats of phototrophic consortia. Excretion of 2oxoglutarate by the epibiont has not been detected, and considering the large amounts
(3.8 to 19.7 μM) of glutamate, which is synthesized from 2-oxoglutarate, excreted by the
epibiont (Pfannes, 2007), it seems unlikely that considerable amounts of 2-oxoglutarate
are also excreted. If exogenous 2-oxoglutarate were available, it would create a
competitive advantage not only for “Ca. S. mobilis” but also for C. chlorochromatii.
While the epibiont probably cannot take up 2-oxoglutarate directly, its fermentation
product by the central rod, which is probably mainly acetate because of inability to
synthesize others (see above), can be photoassimilated by the epibiont and enhance its
growth (Vogl et al., 2006). More information and experiments are needed to pinpoint the
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source of 2-oxoglutarate, but the dual advantages it might provide to the consortium are
an interesting possibility.
The exchange of amino acids from the epibiont to the central rod not only
provides a carbon source but also nitrogen source. The central rod has no ability to fix N2,
while the epibiont has a full complement of nitrogenase genes. The central rod also
cannot assimilate nitrogen by reducing nitrate or nitrite, but it has an ammonium
permease (CR1220). Therefore, nitrogen fixed by C. chlorochromatii can be transferred
to “Ca. S. mobilis” in the forms of ammonia and amino acids. Although “Ca. S. mobilis”
probably takes up amino acids from C. chlorochromatii, it has not abandoned its own
capabilities to synthesize them. There are fewer amino acid biosynthesis genes compared
to its free-living close relatives (Figure 6.2), but this mostly arises from streamlining
rather than broken pathways. For example, instead of using two enzymes, a protein
(CR2054) similar to both aminotransferases AspC and TyrB probably carries out both
activities. Only one necessary enzyme for amino acid biosynthesis, 3-phosphoglycerate
dehydrogenase (SerA) is missing. Given that serine biosynthesis genes are sometimes
missing in organisms that can clearly synthesize serine, e.g., serB is missing in GSB
(Eisen et al., 2002), it might be premature to conclude the central rod cannot synthesize
serine and related amino acids glycine and cysteine.
In addition to carbon and nitrogen sources, “Ca. S. mobilis” also depends on C.
chlorochromatii for essential cofactors. “Ca. S. mobilis” does not have the genes for
synthesizing vitamin B12, but it has vitamin B12-requiring enzymes such as methionine
synthase (MetH, CR2377). It also has a putative cobalamin transporter (CR0183), which
suggests that it is likely obtaining its vitamin B12 from C. chlorochromatii, which has the
genes to synthesize this compound. It is quite possible that the central bacterium obtains
its quinones from C. chlorochromatii as well (see details below).
In summary, as in many other symbiosis models (Moran, 2006), metabolic
dependence, mainly that of the central bacterium on the epibiont (Figure 6.4), is a major
part of the symbiotic relationship between these two organisms.

173

6.4.4 Chemotaxis, Phototaxis, and Signal Transduction
The metabolic coupling is obviously critical for “Ca. S. mobilis”; however, the
autotrophic epibiont does not appear to gain much from this dependency. On the other
hand, the motility of the consortium is a huge advantage for the epibiont over its freeliving relatives. Flagella have not been found in any GSB, and GSB can only rely on
gliding motility or gas vesicles to reposition themselves, which are usually very slow
processes (Overmann et al., 1991). Flagella-powered, rapid swimming towards light and
sulfide, which are the main energy and electron sources of GSB, would allow the
consortia to acclimate to fluctuating conditions such as light and oxygen during a diel
cycle in their habitats much more rapidly (Overmann et al., 1998). This is often regarded
as one of the major advantages that help phototrophic consortia outcompete free-living
GSB (Müller and Overmann, 2011).
While it has been observed that “Ca. S. mobilis” synthesizes flagella and confers
motility to the consortium, it was unclear which partner actually sensed light and
chemical stimulants. Because light and sulfide, the two strongest attractants, are essential
for C. chlorochromatii but have little or no value to “Ca. S. mobilis” (Fröstl and
Overmann, 1998), it was proposed that the epibiont was responsible for this sensing and
conveyed signals to “Ca. S. mobilis”. The genome data strongly suggest that this model
is incorrect.
The “Ca. S. mobilis” genome includes five genes encoding putative
bacteriophytochromes (CR0644, CR1155, CR1751, CR2125, CR2651) and a heme
oxygenase (CR2652) that is required to synthesize the linear tetrapyrrole, biliverdin
(BV). One of the bacteriophytochrome genes (CR2651) was expressed in an E. coli
system permitting co-expression of the enzymes required for synthesis of BV and other
chromophores such as phycocyanobilin and phycochromobilin and purified using as
described previously (Alvey et al., 2011). Purified protein from these three coexpressions was characterized by absorbance spectroscopy, and all three samples
exhibited ground-state Pr spectra with similar peak wavelengths (~710nm) consistent
with BV chromophores rather than the other two (Shang et al., 2010). Upon illumination
of the long-wavelength band with 700 nm light, depletion of the Pr absorbance could be
detected, with formation of only a very small amount of Pfr at ~750nm, which rapidly

174

reverts to Pr in dark (Figure 6.5). These results showed that CR2651 has the
photochemical properties compatible with those of a bona fide photosensor. CR2651 uses
BV as chromophore even in the presence of other chromophores suggesting its high
affinity for BV, similar to the bacteriophytochrome found in Calothrix PCC 7601 (Quest
and Gärtner, 2004). The heme oxygenase (CR2652) was also expressed heterologously in
the same E. coli system and was shown that it can functionally replace the original heme
oxygenase in the system (data not shown). These results suggest that “Ca. S. mobilis” is
able to sense light signals, at least at ~710nm, which was close to the wavelengths that
“C. aggregatum” was scotophobically attracted to and the maximal absorption
wavelengths of the epibiont (Fröstl and Overmann, 1998).
Light sensing by nonphototrophic bacteria has been described in multiple
organisms before, such sensing is mostly associated with protection from reactive oxygen
species generated by light and photoactive molecules (Davis et al. 1999; Elías-Arnanz et
al., 2011). Taxis towards light is extremely rare, if not unprecedented, among
nonphototrophic bacteria. It was previously proposed that light was sensed by
chlorosomes of C. chlorochromatii, and signals were transferred to “Ca. S. mobilis”
(Fröstl and Overmann, 1998). Although such possibility cannot be eliminated by this
study, however, the bacteriophytochrome-mediated light sensing is expected to have
more rapid and direct effects on the swimming behavior of “Ca. S. mobilis”. In other
words, light sensing by “Ca. S. mobilis” and intracellular responses triggered by that
sensing is likely to be the main, if not the only mechanism, by which phototaxis of the
consortium is achieved.
“Ca. S. mobilis” also appears to be sensing many chemical signals (Figure 6.4).
As mentioned above, the “Ca. S. mobilis” genome is enriched in chemotaxis genes, in
which most gene typess have multiple copies, including 33 copies of methyl-accepting
chemotaxis proteins (MCP). It is unclear what the attractants or repellents are for most of
the MCPs in “Ca. S. mobilis”. Some MCP genes are clustered with genes encoding
periplasmic solute binding proteins, suggesting these MCPs function only as signal
transducers. Proteins putatively binding phosphate (CR1484), amino acids (CR0096), and
oligopeptides (CR0130) were found clustered with MCPs, which strongly suggests that
chemotaxis towards or away from these compounds is possible. Other binding proteins,

175

including one binding dicarboxylates (CR1184), might also interact with an MCP, which
would help to explain the chemotaxis of “C. aggregatum” towards 2-oxoglutarate. It is
unclear whether chemotaxis towards sulfide is achieved through the same mechanism,
because no sulfide-binding proteins were found in the genome, partly due to the poor
knowledge of such proteins, but it remains a strong possibility as discussed above.
Putative chemotaxis towards compounds excreted by C. chlorochromatii, like amino
acids, could also contribute to the taxis towards light and sulfide indirectly because the
excretion of amino acids by the epibiont probably depends on availability of light and
sulfide. Although such chains of responses are probably much slower than any
intracellular mechanisms in “Ca. S. mobilis,” such responses would establish a strong
positive feedback loop that would allow the consortia to locate optimal conditions for
growth.
Similar to its role in chemotaxis, periplasmic solute binding proteins might also
relay signals from C. chlorochromatii to gene regulation systems in “Ca. S. mobilis”.
Genes encoding these proteins are often clustered with genes encoding membrane-bound
signal transduction proteins, such as two-component system proteins or diguanylate
cyclase/phosphodiesterase domain-containing proteins, which might imply close
interaction between them. Binding proteins found in those gene clusters include those
putative binding phosphate, amino acids, sugars, iron and nitrogen compounds.
Therefore, signals of the metabolic state of the epibiont could be transferred to the central
bacterium through this mechanism.
6.4.5 Potential Interspecies Electron Transfer
Besides metabolic coupling and motility, there is another type of symbiotic interaction
that would be immensely advantageous to the consortium: interspecies electron transfer.
The epibiont, which is the primary producer of consortium, relies on a constant supply of
sulfide for growth. Any type of interaction that increases the availability of sulfide would
lead to enhanced growth of the consortium. It was once thought that a sulfur cycle, in
which oxidized sulfur compounds are reduced to sulfide by the central bacterium, might
exist within the phototrophic consortium (Pfennig, 1980). This would be similar to the
syntrophic coculture of Chlorobium vibrioforme and Desulfuromonas acetoxidans
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(Warthmann et al., 1992). An in situ study of “Pelochromatium roseum” seemed to
support this hypothesis. It concluded that the growth of epibionts could not be based only
on oxidation of the sulfide reaching the chemocline from below (Overmann et al., 1998).
However, because the central bacterium is a member of the Betaproteobacteria and all
known sulfate-reducing eubacteria are members of the Deltaproteobacteria, this
hypothesis seems unlikely to be true. The genome data are consistent with the predictions
made from phylogenetic associations. “Ca. S. mobilis” does not have genes encoding
enzymes for the reduction of sulfate, sulfite or sulfur. Nevertheless, interspecies electron
transfer is still potentially an important part of the symbiosis relationship and was
targeted in the investigation of genome data.
“Ca. S. mobilis” has three genes in an apparent operon structure that encode two
subunits of an archaeal-type NiFe hydrogenase, MvhA (CR2153) and MvhG (CR2154),
and a heterodisulfide reductase-like protein, HdrA (CR2156). Interestingly, these genes
are most closely related to homologs found in many sulfate/sulfur reducers. Their
function has not been characterized but was proposed to be reduction of disulfide and
polysulfide compounds to sulfide using H2 electrons (Mander et al., 2004, Strittmatter et
al., 2009). These cytoplasmic proteins are closely related to Mvh hydrogenases and
heterodisulfide redutases in methanogens, in which they reduce the disulfide bond
between coenzyme M and coenzyme B (Thauer et al., 2008). If the proposed function is
correct, and if these sulfur compounds could be transported across membranes of the
central bacterium, this enzyme complex could be a component in an unconventional
sulfur cycle between C. chlorochromatii and “Ca. S. mobilis”. On one hand, disulfide
and polysulfide compounds are produced during sulfide oxidation by GSB (Gregersen et
al., 2011). On the other hand, H2 is a main fermentation product of the central bacterium
(see above). In summary, the electrons from oxidation of organic carbon in the central
bacterium would be used to produce more sulfide for the epibiont (Figure 6.6A).
Another hypothetical model suggests transfer of quinones between the two
organisms. Firstly, it is unlikely that “Ca. S. mobilis” can synthesize quinones. It lacks
genes of both known pathways for menaquinone biosynthesis (Hiratsuka et al., 2008),
and it has an incomplete set of genes for the biosynthesis of ubiquinone. Two genes that
are conserved in all Comamonadaceae organisms, ubiH and coq7 are clearly absent
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(Figure 6.7). Interestingly, both of these genes encode oxygen-dependent enzymes.
Therefore, either completely unknown genes were acquired or evolved by the central
bacterium to replace the activity of these two missing enzymes or it simply cannot
synthesize any quinones. The former scenario seems unlikely, because ubiquinone was
not detected in either consortia or a fraction enriched in “Ca. S. mobilis” (data not
shown).
Secondly, genome data nevertheless suggest the presence of quinones in the
central bacterium. Intact sets of genes encoding several protein complexes that require a
quinone as cofactor, such as type-1 NADH dehydrogenase, succinate dehydrogenase, and
cytochrome bd-quinol oxidase, suggest that quinones must be available in “Ca. S.
mobilis”, because otherwise these genes should have been partially if not completely lost
from the genome. Additionally, it would be a tremendous energetic advantage for the
central bacterium to have quinones, because these above mentioned protein complexes
would create protonmotive force upon electron transfer involving the quinone pool.
These data imply that some type of quinone is acquired by “Ca. S. mobilis”, most likely
from C. chlorochromatii, which synthesizes mainly menaquinone-7 (data not shown).
Extracellular transfer of quinones has been previously described from wild-type
Shewanella putrefaciens to a mutant that was unable to synthesize menaquinone
(Newman and Kolter, 2000). It was also reported that Lactobacillus lactis, which mainly
produces menaquinones-8 to -10, also produces and cross-feeds menaquinone- and
demethyl-menaquinone-3 to group B Streptococcus, whose aerobic respiration is
activated by such transfer (Rezaïki et al., 2008). Similarly, a small soluble quinone
synthesized by the epibiont or menaquinone-7 bound to a shuttle protein might be
excreted and taken up by the central bacterium.
Thirdly, a symbiosis-specific structure might facilitate quinone transfer. The
periplasmic tubules observed in the consortium (Wanner et al. 2008) are morphologically
similar to the bacterial nanowires found in many organisms (Figure 6.8), such as
Geobacter sulfurreducens and Shewanella oneidensis and between organisms in
syntrophic cocultures of Pelotomaculum thermopropionicum and Methanothermobacter
thermoautotropicus. The nanowires in those organisms were found to be electrically
conductive and were proposed to be vehicles for extracellular or interspecies electron

178

transfers (Reguera et al., 2005, Gorby et al., 2006). The periplasmic tubules might have
similar functions. The electron carriers appeared to be cytochromes in some of those
organisms, but could be other molecules in organisms devoid of cytochromes (Reguera et
al., 2005, El-Naggar et al., 2010). In this case, quinone molecules, whether soluble or
shuttled by proteins, could potentially transfer between the cells of “Ca. S. mobilis” and
C. chlorochromatii.
Last but not least, if the transfer of quinones is bi-directional, this scheme is
beneficial to both symbiotic partners. The transfer of quinones to “Ca. S. mobilis” not
only would activate energetically more favorable electron transfer complexes, but would
also serves as an electron acceptor in the quinone form. Electrons carried by quinols,
when transferred back to the epibiont, could directly enter the photosynthetic electron
transfer chain. Although this model does not involve sulfide, it would have the same
effect as a sulfur cycle because sulfide electrons are first transferred to quinones by
sulfide quinone reductases in the epibiont (Figure 6.6B).
The two models of interspecies electron transfer proposed here will obviously
have to be tested experimentally in the future. Nevertheless, they provide an additional
perspective of the symbiotic relationship in these phototrophic consortia. If either or both
are correct, they would be just as important, if not more so, than metabolic coupling,
chemotaxis, and phototaxis in creating a competitive advantage for the organisms in the
consortia as compared to their free-living relatives.
6.5 Concluding remarks
Genome data of the model phototrophic consortium “C. aggregatum” suggests a very
sophisticated symbiotic relationship between the central bacterium and the epibiont. It
includes at least two, and possibly three, types of collaboration between the two partners.
Metabolic coupling, which is common in many other symbiotic organisms, occurs in the
consortium, but the wide variety of exchanged metabolites including carbon, nitrogen
sources and coenzymes, is uncommon (Moran, 2006). That the central bacterium senses
light signals that could only benefit the epibiont directly is a surprising and novel
observation. The central bacterium is also responsible for sensing other nutrients and
possibly the metabolic status of the epibiont. Speaking figuratively, the central bacterium
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is not only the motor but also the driver while the epibiont is the solar panel of this
bacterial machine. The degree of specialization of the two organisms is similar to that
observed in multicellular organisms. Although these consortia are comprised of two
different organisms, studying phototrophic consortia might offer clues concerning the
evolution of multicellular organisms from single-celled organisms. The potential electron
cycles, especially the one mediated by quinones, are additional exciting possibilities in
explaining the symbiotic relationship. While this study has revealed many novel insights
of this model symbiotic system, it will also provide benchmarks and blueprints for
understanding other phototrophic consortia, bacterial symbiosis, and the origins of
multicellularism.
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Table 6.1 Genomic islands in the genomes of the epibiont and the central bacterium.
Genomic islands

Size (kb)

No. of genes

Transposase/integrase

Putative gene function

EP_GI1

175

3

No

Cell adhesion

EP_GI2

34

36

Yes

Cell envelope biogenesis

EP_GI3

36

8

No

Cell adhesion

EP_GI4

49

4

No

Cell adhesion

CB_GI1

12

13

Yes

Cell envelope biogenesis

CB_GI2

37

4

No

Cell adhesion

CB_GI3

11

11

No

CB_GI4

48

47

Yes

CB_GI5

18

19

No

CB_GI6

44

34

Yes

CB_GI7

22

15

No

CB_GI8

34

32

Yes
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Mainly Cell envelope
biogenesis
CRISPR-associated and
hypothetical proteins
Chemotaxis and regulation
Mainly poorly defined
genes
Cell envelope biosynthesis
Mainly poorly defined
genes

Figure 6.1 Circular maps and genomic islands of the genomes of the C.
chlorochromatii (A) and “Ca. S. mobilis” (B). From outside in, the circles represent
open reading frames (ORFs) on the forward strand, ORFs on the reverse strand, BLASTP
scores of ORFs against reference genomes, mol% G+C, and GC skew. Colors of ORFs
represent COGs (clusters of orthologous groups of proteins) categories. Mol% G+C is
plotted using genome averages as baselines, which are 44.3% and 59.1% for the epibiont
and the central bacterium, respectively. Genomic islands are marked by red boxes (see
Methods and Materials for identification of genomic islands). The reference genomes
used in this study are: Chlorobaculum parvum, Chlorobaculum tepidum, Chlorobium
ferrooxidans, Chlorobium limicola, Chlorobium phaeobacteroides BS1, Chlorobium
phaeobacteroides DSM 266, Chlorobium phaeovibrioides, Chlorobium clathratiforme,
Chlorobium luteolum, Prosthecochloris aestuarii, and Chloroherpeton thalassium for C.
chlorochromatii; Acidovorax avenae citrulli, Rhodoferax ferrireducens, Alicycliphilus
denitrificans, Comamonas testosteroni CNB-2, Delftia acidovorans, Leptothrix
cholodnii, Methylibium petroleiphilum, Polaromonas naphthalenivorans, Variovorax
paradoxus EPS, and Verminephrobacter eiseniae for “Ca. S. mobilis”.
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Figure 6.2 Comparison of gene contents of “Ca. S. mobilis” and its relatives based
on functional categories. Percentages of genes of each COGs categories in the genomes
are calculated for “Ca. S. mobilis”and its relatives based on COGs assignment of genes
provided by Integrated Microbial Genomes (http://img.jgi.doe.gov/cgi-bin/w/main.cgi).
Averages and standard deviations of those percentages for the 10 Comamonadaceae
organisms listed in the legend for Figure 1 are shown. Categories that have the largest
differences between “Ca. S. mobilis” and its relatives are marked for convenience. The
categories are, from left to right: in the first group, Translation, ribosomal structure and
biogenesis; Transcription; Replication, recombination and repair; in the second group,
Cell cycle control, cell division, chromosome partitioning; Defense mechanisms; Signal
transduction mechanisms; Cell wall/membrane/envelope biogenesis; Cell motility;
Intracellular trafficking, secretion, and vesicular transport; Posttranslational modification,
protein turnover, chaperones; in the third group, Energy production and conversion;
Carbohydrate transport and metabolism; Amino acid transport and metabolism;
Nucleotide transport and metabolism; Coenzyme transport and metabolism; Lipid
transport and metabolism; Inorganic ion transport and metabolism; Secondary
metabolites biosynthesis, transport and catabolism.
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Figure 6.3 Genes in selected genomic islands of C. chlorochromatii and “Ca. S.
mobilis”. A, two genomic islands, one from each organism, containing mainly genes
encoding enzymes involved in cell envelope biosynthesis and other highly similar genes
in those regions. B, a genomic island containing mainly chemotaxis and regulatory genes
is very similar to gene clusters in purple sulfur bacteria. See text for additional
discussion.
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Figure 6.4 Cellular overview of central metabolism of the C. chlorochromatii and of
“Ca. S. mobilis”. Only selected pathways and functions are shown to focus on metabolic
coupling and the chemotaxis, and phototaxis of the consortium. Blue arrows mark the
flow of electrons. Abbreviations: APS, adenosine 5’-phosphosulfate redutase; Bph,
bacteriophytochrome; BV, biliverdin; cyt, cytochrome; DSR, dissimilatory sulfite
redutase; HDR, heterodisulfide reductase; MK, menaquinone; NDH-1, type 1 NADH
dehydrogenase; PSR, polysulfide reductase; Q, quinone; RC, photosynthetic reaction
center; SQR, sulfide quinone reductase; VB12, vitamin B12.
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Figure 6.5 Photochemical difference spectra of CR2651. CR2651 was co-expressed
with enzymes sufficient for synthesis of biliverdin (BV, top), phycocyanobilin (PCB,
middle), or phycochromobilin (PΦΒ, bottom). Purified CR2651 was illuminated with
700±20 nm light, and photochemical difference spectra were calculated as Pr - Pfr. This
experiment was carried out and figure was generated by Dr. Richard M. Alvey.
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Figure 6.6 Hypothetical models of potential interspecies electron transfer within the
phototrophic consortium. A, sulfide-disulfide/polysulfide cycle. B, interspecies transfer
of quinones. Blue arrows mark flow of electrons. See text for further discussions.
Abbreviations used here are the same as in Figure 6.4.
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Figure 6.7 Ubiquinone biosynthesis pathway of “Ca. S. mobilis”. This pathway is
compared with ubiquinone biosynthesis pathways found in 17 members of the
Comamonadaceae, including the ten listed in the legend for Figure 6.1 and 3 additional
Acidovorax spp., 2 additional Comamonas spp., one additional Polaromonas sp. and one
additional Variovorax sp. The ubiC gene was only identified in one of the 17 genomes,
possibly because of its extremely low sequence similarity and conservation across
species. The ubiH and coq7 genes are highly conserved and were identified in each of the
17 reference genomes but had no homologs in “Ca. S. mobilis”.
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Figure 6.8 Periplasmic tubules of “Chlorochromatium aggregatum” (A and B) and
bacterial nanowires of Synechocystis sp. PCC 6803 (C) and coculture of
Pelotomaculum thermopropionicum and Methanothermobacter thermoautotropicus
(D). From Wanner et al., J. Bacteriol. 190, 3721-3730 and Gorby et al., Proc. Natl. Acd.
Sci. U. S. A. 103, 11358-11363.
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CHAPTER 7
Identification of a Gene Involved in the First Committed Step of the Biosynthesis of
Bacteriochlorophyll c, d, and e
Publication: Liu, Z., and Bryant, D. A. (2011) Identification of a gene essential for the
first committed step in the synthesis of bacteriochlorophyll c. J. Biol. Chem. 286, 2239322402.
7.1 Abstract
Bacteriochlorophylls ((B)Chl) c, d and e are the major chlorophylls in chlorosomes,
which are the largest and one of the most efficient antennae produced by
chlorophototrophic organisms. In the biosynthesis of these three BChls, a C-132methylcarboxyl group found in all other Chls must be removed. This reaction is
postulated to be the first committed step in the synthesis of these BChls. Analyses of gene
neighborhoods of (B)Chl biosynthesis genes, and distribution patterns in organisms
producing chlorosomes, helped to identify a gene (bciC) that appeared to be a good
candidate to produce the enzyme involved in this biochemical reaction. To confirm that
this was the case, a deletion mutant of an open reading frame orthologous to bciC,
CT1077, was constructed in Chlorobaculum tepidum, a genetically tractible green sulfur
bacterium. The CT1077 deletion mutant was unable to synthesize BChl c but still
synthesized BChl a and Chl a. The deletion mutant accumulated large amounts of various
(bacterio)pheophorbides, all of which still had C-132-methylcarboxyl groups. A
Chlorobaculum tepidum strain in which CT1077 was replaced by an orthologous gene,
Cabther_B0081 from “Candidatus Chloracidobacterium thermophilum” was constructed.
Although the product of Cabther_B0081 was only 28% identical to the product of
CT1077, this strain synthesized BChl c, BChl a, and Chl a in amounts similar to wildtype C. tepidum cells. To indicate their roles in the first committed step of BChl c, d and
e biosynthesis, open reading frames CT1077 and Cabther_B0081 have been redesignated bciC. The potential mechanism by which BciC removes the C-132methylcarboxyl moiety of chlorophyllide a is discussed.
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7.2 Introduction
Chlorophototrophs are organisms that rely on chlorophyll-based phototrophy as their
principal energy source. Six bacterial phyla are currently known to include
chlorophototrophs: Cyanobacteria, Proteobacteria, Chlorobi, Chloroflexi, Firmicutes
and Acidobacteria (Bryant and Frigaard, 2006; Bryant et al., 2007). These organisms
synthesize a wide variety of chlorophylls (Chls) and bacteriochlorophylls (BChls)
(Gomez Maqueo Chew and Bryant, 2007a), which are always used as the primary
electron donors in photosynthetic reaction centers and which also function in lightharvesting antennae (Bryant and Frigaard, 2006). Three families of photochemical
reaction centers are known. Homodimeric and heterodimeric type-1 reaction centers
produce weak oxidants and strong reductants, and heterodimeric type-2 reaction centers
produce strong oxidants and weak reductants (Golbeck, 1993; Sadekar et al., 2006).
These three families of reaction centers can be combined with various, independently
evolved,

light-harvesting

structures,

which

allow

microorganisms

to

perform

chlorophototrophy optimally as a function of the chemical and light environment (Bryant
and Frigaard, 2006).
Chlorosomes are highly efficient light-harvesting structures that are found in all
chlorophototrophic members of Chlorobi, in some members of the Chloroflexi, and in a
recently discovered organism, “Candidatus Chloracidobacterium thermophilum” (“Ca. C.
thermophilum”), which is currently the only known chlorophototrophic member of the
Acidobacteria (Bryant and Frigaard, 2006; Bryant et al., 2007). Chlorosomes can contain
up to 250,000 BChl c, d or e molecules (Bryant et al., 2002; Montaño et al., 2003; Bryant
and Frigaard, 2006), and these types of BChls uniquely occur in chlorosomes.
Chlorosomes are the largest light-harvesting complexes found in nature; their size and
efficiency permit chlorosome-containing organisms to grow under extremely low light
intensities, which are unable to support the growth of organisms with smaller antenna
complexes (Beatty et al., 2005; Manske et al., 2005).
In chlorosomes, the BChl c, d, or e molecules self-aggregate and form large,
protein-independent suprastructures. By combining results from systems biology, cryoelectron microscopy, solid-state NMR, and molecular modeling, it was recently shown
that these BChls form concentric nanotubes (Oostergetel et al., 2007; Ganapathy et al.,
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2009, see Appendix D). The self-assembly of BChl c, d, and e molecules into such
structures is directly related to two distinctive features of these molecules (Blankenship et
al., 1995; Steensgaard et al., 2000):

the presence of C-31-hydroxyl group, which

provides a ligand to an adjacent BChl molecule; and the absence of C-132methylcarboxyl group, which reduces steric hindrance that would otherwise interfere
with self-aggregation (Katz and Scheer, 1975). BChl c, d, and e are also methylated at the
C-82 and C-121 positions in some but not all organisms; these additional methyl groups
influence the stereochemistry of the C-31 chiral center (Gomez Maqueo Chew and
Bryant, 2004). BChl c and e, but not BChl d, also are methylated at the C-20 position,
and BChl e has a formyl group instead of a methyl group at C-7 (Gomez Maqueo Chew
and Bryant, 2007a). These modifications cause important adjustments to the absorption
maxima of the BChl aggregates, to the absorption bandwidth of the BChl aggregates, and
to the amount of BChl produced per cell (Saga and Tamiaki, 2004; Maresca et al., 2007;
Gomez Maqueo Chew et al., 2007). Thus, the addition of the methyl groups to the BChl
molecules helps organisms to achieve optimal light absorption under diverse, lightlimiting growth conditions.
Using Chlorobaculum tepidum (C. tepidum) as a genetically tractable model
organism, the biosynthetic pathway for the synthesis of BChl cF (BChl c esterified with
farnesol), BChl aP (BChl a esterified with phytol), and Chl aPD (Chl a esterified with
Δ2,6-phytadienol) has been well characterized in green sulfur bacteria. Following the
recent discovery of two types of 8-vinyl reductases in various GSB strains (Gomez
Maqueo Chew, 2007b; Ito et al., 2008; Liu and Bryant, 2011), only two steps in the
biosynthesis of BChl c/d/e are currently uncharacterized (see Appendix D). The first is
the removal of C-132-methylcarboxyl group from chlorophyllide (Chlide) a to produce
pyrochlorophyllide a (PyroChlide a), and the second is the conversion of BChlide c to
BChlide e. Mutational analyses of genes encoding all other steps in the BChl c
biosynthetic pathway had strongly suggested that the reaction illustrated in Figure 7.1 is
the first committed step in the biosynthesis of BChl c, d, and e. The biosynthetic pathway
leading from the “hub” intermediate, Chlide a, to BChl c/d/e has previously been
summarized (Gomez Maqueo Chew and Bryant, 2007a; Bryant et al., 2011). As
mentioned above, the removal of the C-132-methylcarboxyl group is essential for the self-
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aggregation of BChl c, d, and e molecules into the concentric nanotubes found in
chlorosomes. Thus, the identification of the gene(s) involved in this reaction are very
important for a complete understanding the biosynthesis of BChl c, d, and e, and are
additionally important for understanding how chlorosome-producing organisms evolved
the capacity to synthesize these distinctive BChls.
The removal of C-132-methylcarboxyl group from Chlide a is a reaction that is
very similar to the conversion of pheophorbide a (Pheide a) to PyroPheide a during the
Chl a degradation in plants, algae and some cyanobacteria (Suzuki et al., 2002; Tanaka
and Tanaka, 2007; Hörtensteiner and Kräutler, 2011). Two enzymes have been identified
that catalyze this reaction by apparently different mechanisms. Pheophorbidase is a
methyl esterase that belongs to the alpha/beta hydrolase (esterase/lipase) protein
superfamily, and it hydrolyses the C-132-methylcarboxyl group to produce C-132carboxyl-PyroPheide a (Suzuki et al., 2002; 2006). Following the removal of the methyl
group, spontaneous decarboxylation occurs to produce PyroPheide a. Alternatively,
pheophorbide demethoxycarbonylase removes the C-132-methylcarboxyl group of Pheide
a in a concerted manner with no carboxylate intermediate (Suzuki et al., 2002).
Pyropheophytin production was also reported in Euglena gracilis (Schoch et al., 1981),
although neither the enzyme involved nor the reaction mechanism is known. No
homologs of pheophorbidase occur in the sequenced genomes of BChl c, d, or esynthesizing organisms, and the gene product responsible for pheophorbide
demethoxycarbonylase has not yet been identified. Thus, a presently unknown gene
product(s) must catalyze the removal of C-132-methylcarboxyl group in bacteria that
produce chlorosomes.
This chapter describes the identification of a gene, denoted bciC (ORF CT1077 in
C. tepidum), which encodes a product that is essential for the synthesis of BChl c. The
bciC gene was initially identified by examining gene neighborhoods and by performing
phylogenetic profiling analyses. To verify that BciC played a role in BChl c biosynthesis,
a C. tepidum null mutant was constructed by deleting the bciC gene. This mutant was
unable to synthesize BChl c and accumulated a variety of Bpheides. By characterizing
these compounds in detail, we show that BciC is essential for the removal of the C-132-
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methylcarboxyl group of Chlide a. The biochemical and physiological properties of the

ΔbciC mutant are described, and the potential enzymatic function of BciC is discussed.
7.3 Methods and Materials
7.3.1 Bioinformatics Analysis
A phylogenetic profiling analysis similar to the one used by Ito et al. (2008) was used to
identify genes likely to be involved in BChl c, d or e biosynthesis. The genomes of
Chlorobi and Chloroflexi strains (listed in Figure 7.2) were downloaded from Integrated
Microbial Genomes website and Genbank and that of “Ca. C. thermophilum” strain B
was recently determined in our laboratory (Garcia Costas et al., 2012a). This selection
included the available genomes of all organisms that synthesize BChl c, d, or e as well as
closely related chlorophototrophs that do not. An all-against-all BLASTP search of
translated genes of all these genomes was performed using an e-value cutoff of 10-5.
Phylogenetic profiles of all translated genes were created by collecting the e-values of
their reciprocal best hits in each genome. A value of 1 was assigned to those without
reciprocal best hits. A PERL script was used to search the output scores for genes with
phylogenetic profiles matching the theoretical best model. The theoretical model
consisted of a score of 0 for each BChl c, d, or e-synthesizing strain and a score of 1 from
each strain unable to synthesize BChl c, d, or e.
7.3.2 Cells and Growth Conditions
The wild-type strain of Chlorobaculum tepidum, growth media and standard growth
conditions used in this study have previously been described in detail (Frigaard and
Bryant, 2001). The light intensity was ~90 μmol m-2 s-1 for growth of C. tepidum cells
prior to transformation and throughout the transformation and segregation processes. The
light intensity was increased to ~300 μmol m-2 s-1 for the ΔbciC deletion mutant after
complete segregation to promote more rapid growth. Cells of the wild type and a strain in
which the C. tepidum bciC gene was replaced with that of Ca. C. thermophilium were
grown under identical light intensity (~300 μmol m-2 s-1) and temperature (42 °C) to
facilitate comparisons of their pigment contents.
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7.3.3 Construction of Mutants
Open reading frame CT1077 (bciC) was inactivated by transformation by using a
construction in which the coding sequence was replaced by the aadA gene, which confers
resistance to streptomycin and spectinomycin. Two DNA fragments, one directly
upstream (~750 bp) and one directly downstream of CT1077 (~750 bp) were amplified
from genomic DNA by PCR using primers 1077Upfor and 1077Uprev and 1077Dnfor
and 1077Dnrev (see Table 7.1 for sequences of all primers used in this study). These
resulting amplicons were digested with the appropriate restriction enzymes and were
sequentially cloned into plasmid pUC19 using PstI/KpnI and KpnI/EcoRI restriction
sites, respectively. The aadA resistance cassette was excised from pSRA2 plasmid
(Frigaard et al., 2002) and inserted into the introduced KpnI site between the upstream
and downstream fragments. PCR screening was used to identify clones in which the aadA
cassette was in the same transcriptional orientation as CT1077 (see Figure 7.3A). This
construction was transformed into C. tepidum cells as previously described (Frigaard et
al., 2002).
C. tepidum ORF CT1077 was replaced with the orthologous gene from “Ca. C.
thermophilum” by using a similar approach. Upstream and downstream fragments were
amplified using primers 1077Upfor and 1077UprevNcoI and 1077Dnfor and 1077Dnrev,
which introduced an NcoI site at the position equivalent to the start codon of CT1077.
These fragments were assembled in pUC19 using the same restriction sites as above.
Cabther_B0081 was amplified from genomic DNA by PCR using primers B0081for and
B0081rev. This amplicon was inserted into the resulting plasmid from the previous step
between the NcoI and KpnI sites, and the aadA gene was then inserted as described
above. In the resulting construction, ORF CT1077 was completely replaced from its start
to stop codons and the construct had the aadA marker downstream as a selectable marker
for transformation (Figure 7.3B). The resulting plasmids were linearized by digestion
with AhdI and used to transform wild type C. tepidum as described (Frigaard and Bryant,
2001; Frigaard et al., 2002). Segregation of the mutants was confirmed by PCR by using
primers upstream and downstream of CT1077 (Figure 7.3) and the resulting amplicons
were sequenced to verify that no unwanted mutations had occurred during PCR
amplification.
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7.3.4 Pigment Analysis
Cell cultures were grown to late exponential phase (OD600 nm = 1.6-1.8) and collected by
centrifugation. Cells in 1.0 mL of culture were resuspended in aqueous buffer (10 mM
KH2PO4, 50 mM NaCl, pH = 7.0), and whole-cell absorption spectra from 350 nm to 950
nm were recorded using a Genesys spectrophotometer (ThermoSpectronic, Rochester,
NY). Pigments were extracted by brief sonication of cells after resuspension in methanol,
and cell debris and precipitated protein was removed by centrifugation. The absorption
spectra of the total pigment extracts in methanol were recorded in the same manner. For
HPLC and HPLC-MS analyses, pigments were similarly extracted in acetone:methanol
(7:2, v/v). The extracted pigments were analyzed by reversed-phase HPLC on an Agilent
1100 series HPLC system (Agilent Technologies, Santa Clara, CA) using an analytical
Discovery C18 column (4.6 mm × 25 cm) (Supelco, Sigma-Aldrich, St. Louis, MO). The
solvents and gradient protocols used have previously been described (Gomez Maqueo
Chew and Bryant, 2007b). Solvent A was 62.5% water, 21% methanol, 16.5%
acetonitrile containing 10 mM ammonium acetate while solvent B was 50% methanol,
20% acetonitrile and 30% ethyl acetate. The elution program starts at 20% B at 0.75 mL
min-1, increases to 70% B at 1 mL min-1 gradually in 10 min. It then increases to 100% B,
1 mL min-1 over 30 min followed by 100% B, 1 mL min-1 for another 10 min. It then
gradually changes to starting solvent conditions and flow rate over 10 min. ChemStation
Rev. B.02.01 software (Agilent Technologies) was used to analyze the chromatograms
and absorption spectra of eluates. (B)Chl concentrations were calculated from absorbance
using molar extinction coefficients of 86 L g-1 cm-1 at 667nm for BChl c, 79.2 L g-1 cm-1
at 665 nm for Chl a and 60 L g-1 cm-1 at 770nm for BChl a (Frigaard et al., 2002). Protein
concentrations were determined using the Invitrogen Quant-iT Protein Assay kit
(Carlsbad, CA).
7.3.5 Mass Spectrometry
Samples for HPLC-MS and MS/MS were only prepared from the bciC deletion mutant.
Pigments were extracted similarly as described above in ~15 mL acetone/methanol
mixture from the cells harvested from 500-mL culture, and after the resulting extract was
concentrated under a nitrogen stream down to ~1 mL, the pigment solution was loaded on
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a larger (10 mm × 25 cm) Discovery C18 purification column (Supelco, Sigma-Aldrich).
The same HPLC system and procedure described above, but with 3-fold higher flow rate,
were used to separate the Pheides from other molecules. The eluted Pheides were
collected and dried under flow of nitrogen. The dried pigments were dissolved in
methanol (1 mL) and used for HPLC-MS and MS/MS analyses. HPLC-MS analyses were
carried out using the analytical HPLC column and solvent program described above on
an Agilent 1100 series HPLC system (Agilent Technologies) connected to an LCT
Premier mass spectrometer (Waters, Milford, MA). To increase ionization efficiency,
formic acid (98%) was introduced post-column into the eluent stream at a rate of 5 μL
min-1 with a syringe pump (Airs and Keeley, 2000). MS/MS analyses for ions of selected
masses were carried out on a 3200QTRAP mass spectrometer (Applied Biosystems,
Foster City, CA).
7.3.6 Synthesis of Pheophytins
Pigments were extracted from the cells of a 2-L culture of the bciC deletion mutant,
concentrated, and purified by preparative HPLC as mentioned above. Two fractions,
containing ~1 mg purified BChl aP and ~0.1 mg of purified Chl aPD, respectively, were
collected separately and dried under nitrogen. Pheophytin (Pheo) aPD was synthesized by
demetallation of Chl aPD by adding 10 mL HCl (2%, v/v) to Chl aPD dissolved in 10 mL
methanol. Pheo aPD was extracted from the mixture using ethyl ether. The ether phase
was washed sequentially with 4% (w/v) NaHCO3 and water, and the resulting pigment
extract was dried. Bacteriopheophytin (Bpheo) aP, 3-acetyl-Pheo aP and 3-(1hydroxyethyl)-Pheo aP were synthesized from BChl aP by procedures similar to those
described by Kunieda et al. (2004). Briefly, Bpheo aP was synthesized by demetallation
of BChl aP as described above for Pheo aPD. Oxidation of the B-ring of Bpheo aP was
performed by incubation with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) in
acetone. After extraction and washing, the product was 3-acetyl-Pheo aP. 3-(1hydroxyethyl)-Pheo aP was synthesized by incubating Bpheo aP with NaBH4 in
isopropanol to reduce 3-acetyl group followed by subsequent reduction of the B-ring
using DDQ.
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7.4 Results
7.4.1 Identification of a Potential BChl c, d, and e biosynthesis gene
Figure 7.2A shows a region of the recently completed genome of “Ca. C. thermophilum”,
which produces chlorosomes and synthesizes BChl c (Bryant et al., 2007; Garcia Costas,
et al., 2012b). All of the genes in this cluster, which are probably co-transcribed as an
operon, are predicted to play a role in the synthesis of protoporphyrin IX (hemA) or
BChls (bchH, bchL, bciB, bchF, bchQ, and bchR) except for one open reading frame
(Cabther_B0081) with unknown function. Thus, it seemed reasonable to hypothesize that
Cabther_B0081 was also involved in (B)Chl biosynthesis. Because the genes encoding all
but one enzyme required for the synthesis of of BChl a, Bchl c and Chl a were already
known and identified in “Ca. C. thermophilum” genome (Garcia Costas et al., 2012a), it
seemed highly likely that Cabther_B0081 encoded the remaining enzyme. The
unidentified gene should encode an enzyme for the removal of C-132-methylcarboxyl
group, which was thought to be the first committed step in the synthesis of BChl c, BChl
d, and BChl e from Chlide a.
A phylogenetic profiling analysis was performed to obtain further support for this
hypothesis. Assuming that all organisms that can synthesize BChl c, d, or e use the same
gene product(s) to catalyze the removal of C-132-methylcarboxyl group, the gene(s) of
interest should be found in all of these organisms and should be absent from organisms
that are unable to synthesize BChl c, d, or e. Figure 7.2B shows the results of a
phylogenetic profiling analysis based on this reasoning, which was used to identify genes
whose phylogenetic profiles best fit the anticipated distribution pattern. Homologs of
Cabther_B0081 matched the predicted pattern perfectly (Figure 7.2B). It was fully
understood that this analysis was based on an assumption that might be incorrect.
Furthermore, even if it the assumption was correct, genes identified by this type of
analysis could be involved in functions other than the specific enzymatic reaction (e. g.,
the gene product could regulate some aspect of BChl c, d, and e biosynthesis). In spite of
these reservations, the gene neighborhood and phylogenetic profiling analyses provided
strong and complementary evidence that Cabther_B0081 and its orthologs were
candidates to encode a protein required for the first committed step in BChl c, d, and e
biosynthesis.
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7.4.2 (B)Chls Contents of the ΔCT1077 Deletion Mutant
To investigate the function of the gene family that includes Cabther_B0081, a deletion
mutant of the orthologous gene in C. tepidum (CT1077) was constructed (Figure 7.3A,
C). PCR analysis showed that this deletion mutant segregated completely (Figure 7.3A,
C, compare lanes 1 and 2). Unlike the dark green wild-type cells of C. tepidum, the

ΔCT1077 mutant cells were orange-colored. This color phenotype is characteristic of
cells that are deficient in, if not completely devoid of, BChl c. For example, the mutant
cells were similar in appearance to those of a previously characterized bchK null mutant,
which was also unable to synthesize BChl c (Frigaard et al., 2002). Figure 7.4A compares
the absorption spectrum of whole cells of the wild-type (solid line) and the mutant
(dashed line). The absorption peaks at 460 and 747 nm due to BChl c were completely
missing. Only very weak and broad absorbance bands around 800 nm and in the region
from 400 to 500 nm were observed. Similar results were observed by Frigaard et al.
(2002). The absorption band near 800 nm was derived from a combination of BChl abinding proteins, including CsmA, Fenna-Matthews-Olson protein, and the reaction
centers (Hauska et al., 2001; Frigaard et al., 2002; Pederson et al., 2008).
Figure 7.4B shows the absorption spectra of pigments extracted from wild-type
cells (solid line) and the ΔCT1077 mutant (dashed line). The spectrum for the methanol
extract of the mutant cells lacked the strong absorption peaks at 435 and 667 nm that are
characteristic of BChl c. The absorption peaks at 750 nm and 665 nm suggested that
molecules related to BChl a and Chl a, respectively, were still produced in the mutant.
Chlorobactene, which absorbs at ~490 nm (Maresca and Bryant, 2006), was present in
both extracts as expected. These absorption spectra showed that the ΔCT1077 deletion
mutant was completely unable to synthesize BChl c and chlorosomes. However, the
mutant could still normally synthesize other pigments (BChl a, Chl a and carotenoids).
HPLC analyses of pigments extracted from the ΔCT1077 deletion mutant and
wild-type cells confirmed the conclusions derived from the absorption spectra. As shown
in Figure 7.5A, BChl cF was not detected in the mutant strain, BChl c esterified by other,
more hydrophobic alcohols, and Bchlide c was likewise not detected in the HPLC
analyses of pigment extract from the mutant cells. However, BChl aP and Chl aPD were
detected at similar levels (Figure 7.5, Table 7.2). These results clearly showed that
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deletion of ORF CT1077 led to an inability to synthesize BChl c, and only this (B)Chl, in
C. tepidum. Thus, it was tentatively concluded that the product of ORF CT1077 was
probably involved exclusively in the biosynthetic pathway leading from Chlide a to BChl
c. However, it was not yet clear whether this product was essential for the removal of C132-methylcarboxyl group.
As shown in Figure 7.5A (peaks 1-5), the CT1077 deletion mutant accumulated
large amounts of pigments that eluted very early from the reversed-phase column, which
indicated that these molecules were much more hydrophilic than BChl cF. As will be
shown below, these molecules were (B)Pheides. Similar amounts of (B)Pheides also
accumulated in a bchK mutant (Frigaard et al., 2002). These (B)Pheides seemed likely to
be derived from accumulated (B)Chlide intermediates resulting from the loss of a
particular enzymatic function in BChl c biosynthesis. Thus, the identification of these
molecules could provide essential evidence to identify which enzyme function was
missing in the ΔCT1077 mutant.
7.4.3 Identification of (B)Pheides in the ΔCT1077 Deletion Mutant
The structures of the (B)Pheides in peaks 1-5, Figure 7.5A were deduced on the basis of
their absorption spectra (Figure 7.6), their elution times, comparisons to chemically
prepared standard compounds, and their molecular masses obtained from HPLC-MS
analysis (Table 7.3). Peaks 4 and 5 had identical absorption spectra (e. g., Figure 7.6C,
solid line for peak 4), which was nearly identical to that of Pheo a (Figure 7.6C broken
line; Scheer, 2006). The molecular mass of the compound in peak 4 (592 Da) was same
as that of Pheide a, but the mass of the compound in peak 5 had a molecular mass of 606
Da. The increased elution time indicated that the compound in peak 5 was more
hydrophobic, and it was surmised that this compound was a methylated form of Pheide a.
There are three methyltransferases in C. tepidum that could modify Chlide a: BchU
(methylation at C-20), BchQ (methylation at C-82), and BchR (methylation at C-121).
Because the absorption spectra of the compounds in peaks 4 and 5 were identical to Pheo
a, the methylation must have occurred at either C-121 or C-82 but not directly on the
tetrapyrrole ring at C-20 (Maresca et al., 2004; Harada et al., 2005; Wada et al., 2006;
Gomez Maqueo Chew et al., 2007). Based on previous studies that showed that
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methylation by BchR at C-121 is nearly complete while methylation at C-82 is less
probable in C. tepidum, it was concluded that peak 5 probably contained [12-Et]-Pheide a
(for further details, see Discussions).
The 682 and 750 nm peaks in the absorption spectra of the compounds eluted in
peaks 2 and 3 (Figure 7.6B) seemed to represent the Qy peaks of the mixture of two
different compounds, a chlorin and a bacteriochlorin, rather than a Qy peak and secondary
peak of a single compound. HPLC-MS analyses confirmed this deduction. The molecular
masses of the two major molecular ions in peak 2 differed by two mass units (608 and
610 Da), the expected difference between a double bond and a single bond. These two
compounds eluted together, which indicated that these compounds had very similar
hydrophobicity. Therefore, the reduced double bond was expected to be a C=C bond
rather than a C=O bond; if the B-ring of a chlorin were reduced, a bacteriochlorin would
be the expected product. Moreover, these compounds eluted earlier than Pheide a, which
suggested that they should include an additional polar group compared to Pheide a (e. g.,
a keto or hydroxyl group). The 750 nm Qy peak and a shoulder around 525 nm in the
absorption spectrum (Fig. 6B) matched Bpheo a (32). Additionally, the molecular mass
of Bpheide a (610 Da) was identical to that of one of the compounds detected in peak 2.
Thus, it was concluded that one of the compounds in peak 2 was Bpheide a. The other
compound, a chlorin with mass 608 Da and with the same side chains as Bpheide a,
would thus be 3-acetyl-Pheide a. Its absorption spectrum, with a Qy peak at 682 nm, was
very similar to that reported for 3-acetyl-Pheo a (Meyer and Scheer, 1995). As previously
described for peaks 4 and 5, the two compounds in peak 3 were 14 mass units heavier
than those in peak 2. For the same reasons as described above, it was concluded that the
two compounds in peak 3 were [12-Et]-Bpheide a and [3-acetyl, 12-Et]-Pheide a.
Except for small shifts in the positions of the Soret and Qy peaks, the absorption
spectrum of the compound in peak 1 was very similar to that of Pheide a. Its molecular
mass (610 Da) was 18 Da more than that of Pheide a. Considering this compound eluted
first, and was thus the most hydrophilic, it seemed likely that this compound would be a
hydration product derived from Pheide a. C. tepidum has two hydratases, BchF and
BchV, which could add water to the C-3 vinyl group of Pheide a to form a hydroxyethyl
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side chain on Chlide a in C. tepidum (Gomez Maqueo Chew and Bryant. 2007a). It was
thus tentatively concluded that peak 1 contained 3-(1-hydroxyethyl)-Pheide a.
To confirm these tentative identifications, (B)Pheos with the same head groups as
each of the primary (B)Pheides (i.e., not the methylated derivatives) were synthesized
and absorption spectra of these (B)Pheos were compared with those of the (B)Pheides.
Pheo a was synthesized from Chl a and its absorption spectrum was essentially identical
to those of the compounds in peaks 4 and 5 (Figure 7.6C), which were thus identified as
Pheide a and [12-Et]-Pheide a. A similar result was observed for 3-(1-hydroxyethyl)Pheo a, which was synthesized from BChl a, and the compound in peak 1 was thus
confirmed to be 3-(1-hydroxyethyl)-Pheide a (Figure 7.6A). Bpheo a and 3-acetyl Pheo a
were synthesized from BChl a and their absorption spectra were compared with those of
the compounds in peaks 2 and 3 (Figure 7.6B). The Qy absorption peaks of Bpheo a and
3-acetyl Pheo a matched those of the two peaks of the compounds in these peaks with
absorption maxima at 750 nm and 682 nm, respectively. Soret peaks at 358 and 410 nm
and secondary peaks at around 525nm of the two (B)Pheos were also observed in the
spectra corresponding to peaks 2 and 3; The composite absorption spectrum of the two
(B)Pheos was calculated, and this spectrum was very similar to the in-line absorption
spectrum of a mixture of eluates. Small differences in the absorption spectra of
(B)Pheides and the synthesized (B)Pheos probably were the result of solvent differences,
which are known to affect the absorption properties of (B)Chls (Scheer, 2006). In
summary, the close agreement between the absorption spectra of the tentatively identified
(B)Pheides and the chemically synthesized standards, together with the mass spectral
data, confirm the structural assignments shown in Figure 7.6.
The important and common feature of all of the various (B)Pheides accumulated
in the mutant was the presence of the C-132-methylcarboxyl group. To confirm the
presence of this key side group, MS/MS analyses were performed on three selected ions
of different compound classes (corresponding to the four types of (B)Pheides with
different structures (see Figure 7.6)). The primary fragment ions M+ of all three
protonated positive ions [M + H]+ lost a mass of 60, which equals the mass of a
methylcarboxyl group and a proton (Table 7.4). These results were consistent with
previous fragmentation studies of tetrapyrroles with methylcarboxyl groups (Keeley and
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Maxwell, 1990). These data strongly supported the conclusion that the product of ORF
CT1077 was essential for the removal of the C-132-methylcarboxyl group of Chlide a in
C. tepidum.
7.4.4 Other Characteristics of the ΔbciC Deletion Mutant
Previous studies have shown that mutants unable to synthesize BChl c grow much more
slowly than wild-type cells at low light intensity (Frigaard et al., 2002; Maresca et al.,
2004; Gomez Maqueo Chew et al., 2007). However, wild-type cells exhibit light
saturation and grow more slowly at super-saturating light intensities, possibly because of
photoinhibition due of exciton quenching in chlorosomes (Frigaard et al., 2002). The
growth rate of the ΔbciC mutant was compared to that of the wild type at light intensities
between 93 and 307 µmol photons m-2 s-1. As shown in Table 7.5, the growth rate of the
wild type was maximal at about ~200 µmol photons m-2 s-1 and decreased at higher
intensities. However, the growth rate of the ΔbciC mutant increased 4-fold over the same
light intensity range (Table 7.5). The ΔbciC mutant grew about 10-fold slower than the
wild type at the lowest light intensity, but only grew 2-fold slower at the highest light
intensity. It is possible that the growth rate of the ΔbciC mutant would have continued to
increase at higher light intensities, but this was not tested. Very similar growth behavior
as a function of light intensity was observed for a bchK mutant (Frigaard et al., 2002).
Interestingly, the content of (B)Chls and (B)Pheides in the ΔbciC mutant changed
with time as the culture was subcultured. Immediately after complete segregation of the
mutant had occurred, the ΔbciC mutant synthesized much more Chl a than the wild type.
Moreover, most of the Chl a produced had phytol as the esterifying alcohol rather than
Δ2,6-phytadienol as found in the wild type (Figure 7.7A). The mutant initially
synthesized mainly Chl aP instead of Chl aPD which was the usual Chl a in wild type. The
Chl a:BChl a ratio in the mutant in this initial growth stage was 1:2, compared to 1:10 in
the wild type. These changes in Chl a disappeared after 3 to 5 serial subculturings, and
the (B)Chls a contents returned to the same levels as found in wild-type cells. The
(B)Chls a contents remained stable after the initial 3 to 5 serial subculturings but
(B)Pheides accumulation did not. Although the types of (B)Pheides accumulated seemed
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to be the same , the mutant accumulated much less (<3%) (B)Pheides after more than 20
serial subculturings (Figure 7.7B).
7.4.5 CT1077 Replacement Mutant
A strain in which ORF CT1077 was replaced by its ortholog, Cabther_B0081, from “Ca.
C. thermophilum” and an aadA cassette for selection, was constructed (see Figure 7.3B).
After transformation and restreaking, the strain was verified by analytical PCR and DNA
sequence analysis of the resulting amplicon. The (B)Chl content (Table 7.2) and the
absorption spectra of whole cells (Figure 7.4A) and extracted pigments (Figure 7.4B) of
the complemented strain in which CT1077 was replaced by Cabther_B0081-aadA were
nearly identical to those of the wild type. These data showed that the phenotype of the

ΔCT1077 deletion mutant did not result from polarity effects of the aadA insertion on the
adjacent upstream or downstream genes (see Figure 7.3A, B). These results also indicated
that the Cabther_B0081 product was functional in C. tepidum. A second strain, in which
CT1077 was replaced with the orthologous gene from Chloroherpton thalassium, the
earliest diverging member of the Chlorobiaceae (Bryant et al., 2011), had the same
characteristics (data not shown).
7.5 Discussions
The ΔCT1077 deletion mutant of C. tepidum completely lacked BChl c and exclusively
accumulated (B)Pheides with C-132-methylcarboxyl groups. These results clearly
demonstrated that the CT1077 gene product is essential for the removal of the C-132methylcarboxyl moiety from Chlide a, which is expected to be the first committed step in
BChl c biosynthesis (Gomez Maqueo Chew and Bryant, 2007a). Moreover, the
complementation studies with CT1077 orthologs from “Ca. C. thermophilum” and C.
thalassium, whose sequences are highly divergent from that of CT1077 (Figure 7.8),
suggested that these gene products are probably sufficient for the removal of this moiety
from Chlide a. Thus, to acknowledge the role of the CT1077 product in BChl c
biosynthesis, ORF CT1077 was renamed bciC.
In spite of repeated attempts using several different genes, all attempts to express
bciC genes heterologously in E. coli and Synechococcus sp. PCC 7002 were
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unsuccessful. Therefore, the specific enzymatic activity of BciC, i. e., whether it is a
pheophorbidase (methyl esterase) or a demethoxycarbonylase, could not be demonstrated
directly. It is unclear why attempts to overexpress bciC failed, but the fact that BciC is
predicted to be an integral membrane protein with five predicted trans-membrane αhelices (predicted by TMHMM 2.0 at http://www.cbs.dtu.dk/services/TMHMM/) might
be a major contributing factor. However, the BciC ortholog from “Ca. C. thermophilum”
was able to replace the function of BciC in C. tepidum very effectively. The sequences of
the BciC proteins from these two very distantly related organisms were only 28%
identical (“Ca. C. thermophilum” BciC). Furthermore, BciC from C. thalassium was only
48% identical to BciC of C. tepidum. Therefore, it seemed highly unlikely that BciC from
“Ca. C. thermophilum” could efficiently replace C. tepidum BciC, if BciC were to be a
component of a multi-subunit enzyme complex. Therefore, it seems likely that BciC
alone is sufficient to catalyze the removal of the C-132-methylcarboxyl group of Chlide a.
It is also unlikely that BciC plays a regulatory role in BChl c biosynthesis. The mutants
were not leaky nor did the bciC mutant exhibit phenotypic reversion in spite of very
strong back-selection pressure from maintaining cells at low light intensity for more than
two years.
As discussed above, reactions similar to that shown in Figure 7.1 occur during
Chl degradation in plants and algae, and it is known that two mechanisms exist. In the
first, a two-step process is initiated by a pheophorbidase, which demethylates the C-132methylcarboxyl group of Chlide a and thereby produces an intermediate that can
spontaneously lose the C-132-carboxyl group. In the second mechanism, a concerted
reaction occurs, in which the C-132-methylcarboxyl group of Chlide a is lost without the
formation of a carboxylate intermediate. The reaction mechanism putatively catalyzed by
BciC in the biosynthesis of BChl c is not known, and arguments for either mechanism
can be made. Methylesterases are often members of recognizable protein superfamilies,
and the observation that BciC has no homologs in the databases and that BciC protein
family has no conserved serine or cysteine residues (Figure 7.8) might indicate that it is a
pheophorbide demethoxycarbonylase. On the other hand, the fact that BciC has no
homologs in the genome of Chlamydomonas reinhardtii, in which pheophorbide
demethoxycarbonylase activity has been reported (Suzuki et al., 2002), might indicate
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otherwise. Methylesterases often have rather simple catalytic requirements, but BciC
could represent a completely novel family of such enzymes. Other than in bacteria that
can synthesize BChl c, d, or e, a BciC homolog can currently be found in only one
organism, the diatom Phaeodactylum tricornutum CCAP 1055/1, and interestingly, no
plant-type pheophorbidase homolog exists in its genome. This suggests that BciC might
replace the activity of a pheophorbidase in that organism. Because we have shown that
BciC can be heterologously expressed in C. tepidum, further studies of the enzyme
expressed in this organism will be required to determine the mechanism employed by
BciC.
The C. tepidum ΔbciC mutant accumulated a variety of (B)Pheides. The identities
of these (B)Pheides revealed information about the effects of C-132-methylcarboxyl
group on the substrate specificities of other BChl c biosynthesis enzymes. No (B)Chls or
(B)Pheos esterified with farnesol were detected; this result shows that BchK, the BChl c
synthase, can only esterify substrates that lack a C-132-methylcarboxyl group. Because
none of the detected (B)Pheides were methylated at the C-20 position, BchU is likewise
unable to methylate substrates that have a C-132-methylcarboxyl group. Interestingly,
BchK and BchU are thought to catalyze the last two steps in the synthesis of BChl c
(Gomez Maqueo Chew and Bryant, 2007a). (B)Pheides methylated at the C-82 or C-121
positions were detected, but these methylated species were much less abundant than the
unmethylated homologs, and the (B)Pheides generally carried only a single methyl group.
This is very different from the situation for BChl c synthesis in wild-type cells, in which
nearly all BChl c homologs are singly methylated at C-121 and most molecules also are
singly or doubly methylated at C-82 (Gomez Maqueo Chew et al., 2007). Thus, the C132-methylcarboxyl group in the substrates apparently lowered the activities of BchQ and
BchR. From the analyses performed, it was not clear whether the (B)Pheides were
predominantly methylated by BchQ, BchR, or both. However, because nearly all BChl c
in wild-type cells is methylated at the C-121 position, but BChl c is not as extensively
methylated at the C-82 position, it seems reasonable to assume the methylated (B)Pheides
were mostly methylated at the C-121 position by BchR. Because they do not function
exclusively in the BChl c biosynthesis pathway, it was not surprising that the C-132-
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methylcarboxyl group had little or no effect on BchF and BchV (both are 3-vinyl-Bchlide
hydratases).
The (B)Chl and (B)Pheide contents of the ΔbciC mutant changed as the strain was
maintained in the laboratory. Initially, the mutant synthesized much more Chl a than the
wild type, and most of the Chl a was esterified with phytol rather than Δ2,6-phytadienol.
The increased level of Chl a was anticipated, because a direct effect of eliminating BciC
activity should be the accumulation of its substrate, Chlide a, which is also the substrate
for the synthesis of Chl a by ChlG. The reduction of geranylgeranyl-PPi to form the
esterifying alcohols of BChl a (i.e., phytol) and Chl a (i.e., Δ2,6-phytadienol) are only
catalyzed by one enzyme, BchP, in C. tepidum (Gomez Maqueo Chew et al., 2008;
Harada et al., 2008). Previous studies had suggested that such selective esterification
might be achieved by strict substrate specificity of BchP or the (B)Chl synthases, BchG
for BChl a and ChlG for Chl a. However, the observation that the ΔbciC mutant initially
synthesized Chl a esterified with phytol strongly suggests that this hypothesis is
incorrect. It remains unclear how wild-type C. tepidum and other related organisms
manage to synthesize exclusively Chl aPD and BChl aP. For example, Harada et al. (2008)
suggested that another tail-modifying enzyme exists that would re-introduce a double
bond into phytol. The concurrence of increased Chl a content, which was ~5-fold higher
than the level in wild-type cells, with the change in esterifying alcohol might indicate that
the kinetics of the involved enzyme(s) and the availability of the substrate(s) could be the
major contributing factor. Chl aPD levels could exceed those required for the assembly of
reaction centers, which would cause Chl aPD to be available as a substrate for BchP for a
much longer period of time. This could result in the reduction of Δ2,6-phytadienol to
phytol. Together with previous results showing that BChG lacks substrate specificity for
esterifying alcohols (Gomez Maqueo Chew et al., 2008; Harada et al., 2008), the
presence of elevated levels of Chl aP in the ΔbciC mutant strongly suggests that the
multi-step reduction of geranylgeranyl-PPi by BchP happens after, or both before and
after, its esterification to (B)Chlide a by BchG or ChlG.
However, the mutant quickly adjusted to the ΔbciC mutation, probably because of
rapidly selected secondary mutations, and could again synthesize (B)Chl a like the wild
type after only a few serial subculturings. This suggested that C. tepidum significantly
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favors Chl aPD over Chl aP in its reaction center. The ΔbciC mutant cultures no longer
accumulated (B)Pheides after more than 20 serial subculturings. (B)Pheides are useless
byproducts of tetrapyrroles that would naturally have been used to produce BChl c, and
thus they represent a large waste of resources for the mutant cells. It was interesting that
the ΔbciC mutant was able to eliminate this wasteful metabolism in a relatively short
period of time.
All organisms that can synthesize BChl c, d, or e, and whose genomes are
available, have a homolog of bciC. Because the product of the bciC gene from the earliest
diverging green sulfur bacterium, C. thalassium, was active in complementing the C.
tepidum ΔbciC mutant, it is reasonable to assume that the products of bciC genes from all
chlorophototrophic Chlorobi strains have the same activity. Furthermore, because BciC
from a member of the phylum Acidobacteria had the same activity as C. tepidum BciC, it
is likely that homologs in members of the Chloroflexi are also functionally orthologous.
If this reasoning is correct, then all organisms that employ chlorosomes as lightharvesting antennae apparently use the same gene for the essential, first committed step
in the synthesis of BChl c, d, and e from Chlide a. BciC sequences from the Chloroflexi
and Acidobacteria were the sequences that were most distantly related to BciC of
members of the Chlorobi (<30% identity between sequences from different phyla). Thus,
the phylogenetic relationships among BciC sequences are consistent with the
relationships of the organisms and their phyla (Figure 7.9), and it therefore seems
unlikely that any of these genes were obtained horizontal gene transfer. Supporting this
assessment, gene neighborhoods surrounding bciC, which were conserved within a
phylum, were completely different across members of the three relevant phyla. Notably,
only in the genome of “Ca. C. thermophilum” was bciC co-localized with other genes for
(B)Chl biosynthesis. In fifteen other organisms, including C. tepidum, the bciC gene was
co-localized with genes completely unrelated to (B)Chl biosynthesis. This was one reason
that CT1077 was not considered to be a probable candidate to encode the missing activity
in previous attempts to identify this gene by phylogenetic profiling.
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7.6 Concluding Remarks
Similar to the recent identification of a variant 8-vinyl protochlorophyllide
reductase (Ito et al., 2008), the recent and rapid increase in the availability of genomes of
chlorophototrophs played a crucial role in the identification of bciC, the identification of
which apparently completes the biosynthetic pathway for BChls c and d. By applying a
combination of bioinformatic, genetic and biochemical approaches, the bciC gene
product was shown to be essential for the first committed step in conversion of Chlide a
into BChls c, d, and e. As more and more genomes of chlorophototrophic bacteria are
sequenced, approaches similar to those described here should soon make it possible to
answer the other outstanding questions concerning the biosynthesis of (B)Chls (e.g., how
the C-7 formyl group is introduced into BChl e and how BChl b is synthesized).
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Table 7.1 Sequences of primers used in this study. Restriction sites are underlined.
Name
Sequence
1077Upfor
CGCGACTGCAGAAGTGAACCCCGGCGTGAGT
1077Uprev
GGCGCCGGTACCGTGTGCATGTCAGGTCAGGTTTT
1077UprevNcoI
GGCGCCGGTACCGTGTCCATGGCAGGTCAGGTTTT
1077Dnfor
TCGATGGGTACCTGAACCCTAAAGAGCTGATCTGATG
1077Dnrev
CCGGGAATTCGAATGGTGTAGCGGAATCCAGC
B0081for
GCGAAGCCATGGGCGTGCTCTACTGGTTGGGG
B0081rev
CCCAAGGGTACCTCATACCAGCTTCAACGGA
segfor
TGCCTGGAGTCTCCGGACAA
segrev
GGATTCCGGCACGTTCAGTC

Table 7.2 BChl c, BChl a, and Chl a contents (μg per mg protein) in cells of C.
tepidum wild type, bciC deletion mutant and bciC replacement strain ΔbciC::bciCCabaadA.
Cells
BChl c
BChl a
Chl a
wild-type
124 ± 8
3.7 ± 0.5
0.42 ± 0.03
0
4.3 ± 0.3
0.37 ± 0.05
ΔbciC mutant
110 ± 12
3.8 ± 0.2
0.41 ± 0.03
ΔbciC::bciCCAB-aadA strain

Table 7.3 Molecular masses of pheophorbides in each elution peak of a HPLC
analysis of pigments in C. tepidum ΔbciC mutant (Figure 7.5A).
Peak #
Elution time (min)
Molecular mass(es) (m/z)
1
10.0
610
2
11.6
608, 610
3
12.4
622, 624
4
14.0
592
5
14.9
606
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Table 7.4 MS/MS fragmentation results of protonated positive ions [M + H]+ of
selected pheophorbides accumulated in C. tepidum ΔbciC mutant.
Molecular mass of [M + H]+ (m/z)
Molecular mass of primary fragment (m/z)
593
533
609
549
611
551
Table 7.5 Growth rates of C. tepidum wild type and ΔbciC mutant at different light
intensities.
Growth rate (h-1)
-1
-2
Light intensities (μmol s m )
wild type
ΔbciC mutant
93
0.27
0.025
155
0.28
0.055
241
0.26
0.071
307
0.20
0.10
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Figure 7.1 Removal of C-132-methylcarboxyl moiety from chlorophyllide a. The first
committed step in the biosynthesis of BChl c, d and e. The position of C-132methylcarboxyl group is indicated by a circle on the chlorophyllide a molecule.
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Figure 7.2 Gene neighborhood and phylogenetic profile indicate bciC and homologs
are possibly involved in the biosynthesis of BChl c, d and e. A. Gene neighborhood
containing bciC homolog in “Ca. C. thermophilum” genome. The white arrow arrow
denotes the bciC homolog (Cabther_B0081). bchH encodes the large subunit of
magnesium chelatase; hemA encodes glutamyl-tRNA reductase; bchL encodes a subunit
of protochlorophyllide reductase; bciB denotes the homolog of a cyanobacterial-type 8vinyl protochlorophyllide reductase gene identified by Ito et al. (2008); bchF encodes C3 vinyl hydratase; bchQ and bchR encode C-82 and C-121 methyltransferases (Gomez
Maqueo Chew and Bryant, 2007), respectively. B. BLASTP results of BciC of “Ca. C.
thermophilum” against proteins of chlorophototrophic members of the phyla Chlorobi,
Chloroflexi and Acidobacteria. Strains used in this search are, for Acidobacteria,
“Candidatus Chloracidobacterium thermophilum” strain B; for Chloroflexi, from left to
right, Oscillochloris trichoides DG6, Chloroflexus aurantiacus Y-400-fl, Chloroflexus
aurantiacus J-10-fl, Chloroflexus aggregans DSM 9485, Roseiflexus sp. RS-1,
Roseiflexus castenholzii DSM 13941; for Chlorobi, from left to right, Chloroherpeton
thalassium ATCC 35110, Chlorobium phaeovibrioides DSM 265, Chlorobium luteolum
DSM 273, Chlorobium clathratiforme DSMZ 5477, Chlorobium phaeobacteroides BS1,
Prosthecochloris aestuarii DSM 271, Chlorobium chlorochromatii CaD3, Chlorobium
ferrooxidans DSM 13031, Chlorobium phaeobacteroides DSM 266, Chlorobium
limicola DSM 245, Chlorobaculum parvum NCIB 8327, Chlorobaculum tepidum TLS,
Chlorobaculum limnaeum DSMZ 1677.
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Figure 7.3 Physical maps and gel electrophoresis of PCR products showing
construction and segregation of deletion and replacement mutants of bciC in C.
tepidum. Scheme showing the construction of the bciC deletion (A) and replacement (B)
mutants in C. tepidum. C. Agarose gel electrophoresis of PCR products of ORF CT1077
locus of C. tepidum wild type (lane 1), ΔbciC mutant (lane 2), and bciC replacement
strain ΔbciC::bciCCAB-aadA (lane 3) using primers (small arrows labeled “segfor” and
“segrev” in panels A and B) upstream and downstream of ORF CT1077.
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Figure 7.4 Absorption spectra of whole cells and extracted pigments from C.
tepidum wild type (solid line), ΔbciC mutant (broken line) and the bciC replacement
strain ΔbciC::bciCCab-aadA (dotted line). A. absorption spectra of whole cells in
aqueous buffer (see Methods and Materials for detail). B. absorption spectra of extracted
pigments in methanol. Spectra were normalized at 600 nm.
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Figure 7.5 HPLC elution profiles of extracted pigments from C. tepidum ΔbciC
mutant (A) and wild type (B) at 667 nm. See detailed elution times, molecular weights,
absorption spectra and probable structures of eluates in peaks 1 to 5 (A) in Figure 7.6 and
Table 7.3.

Figure 7.6 Absorption spectra of pheophorbides accumulated in C. tepidum ΔbciC
mutant (peaks 1-5 in Figure 7.5A) and corresponding pheophytins. A. deduced
structure of eluates in peak 1, 3-(1-hydroxyethyl)- Pheide a, and comparison of its
absorption spectra (solid line) and that of Pheo a (broken line). B. deduced structure of
eluates in peaks 2 and 3, 3-acetyl-Pheide a, Bpheide a and their C-12 methylated
derivatives, and comparison of the absorption spectra of eluates in peak 2 and 3 (thick
solid line), that of 3-acetyl-Pheo a (broken line) and Bpheo a (dotted line), and calculated
composite absorption spectrum of the two (B)Pheos (thin solid line). C. deduced structure
of eluates in peaks 4 and 5, Pheide a and its C-12 methylated derivative, and comparison
of the absorption spectra of eluates in peaks 4 and 5 (solid line) and that of Pheo a
(broken line). Absorption spectra were normalized to the same values for Qy peaks in
panels A and C. Absorption spectra of the two (B)Pheos were normalized so that the
sums of absorption at 682 and 750nm were the same as those of the eluates. The
absorbance of the two (B)Pheos were added to generate a calculated, composite spectrum
of the mixture of the two (B)Pheos.
226

227

Figure 7.7 Comparisons of pigment contents in C. tepidum ΔbciC mutant after
different numbers of serial subculturings. A. comparison of partial HPLC profiles
showing BChl a and Chl a contents in ΔbciC mutant cells immediately after complete
segregation (broken line) and those after 3-5 subculturings (solid line) which was very
similar to wild-type (Table 7.2). Pheides accumulated in both type of cells were nearly
identical (not shown). B. comparison of partial HPLC profiles showing Pheides
accumulated in the mutant cells after 3-5 subculturings (solid line) and those after more
than 20 subculturings (dotted line). BChl a and Chl a contents in both type of cells were
identical (not shown). HPLC profiles in both panels were normalized to equivalent BChl
a contents. ΔbciC mutant cells used in all other analyses were those subcultured 3-5 times
after complete segregation.
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Figure 7.8 Alignments of all BciC homologs in current databases. Alignments were
generated using CLUSTALW program using standard settings. Organism abbreviations
used in this figure are: Ctep, Chlorobaculum tepidum TLS; Cpar, Chlorobaculum parvum
NCIB 8327; Cbalim, Chlorobaculum limnaeum DSMZ 1677; Cchl, Chlorobium
chlorochromatii CaD3; Ccla: Chlorobium clathratiforme DSMZ 5477; Cpha266,
Chlorobium phaeobacteroides DSM 266; Paes, Prosthecochloris aestuarii DSM 271;
Cpha265, Chlorobium phaeovibrioides DSM 265; Clut, Chlorobium luteolum DSM 273;
Clim, Chlorobium limicola DSM 245; CphaBS1, Chlorobium phaeobacteroides BS1;
Cfer_partial, Chlorobium ferrooxidans DSM 13031; Cher, Chloroherpeton thalassium
ATCC 35110; Otri, Oscillochloris trichoides DG6; Cfx400, Chloroflexus sp. Y-400-fl;
Cfxj10fl, Chloroflexus aurantiacus J-10-fl; Cfxagg, Chloroflexus aggregans DSM 9485;
Cabther, “Candidatus Chloracidobacterium thermophilum” strain B; Ptri, Phaeodactylum
tricornutum CCAP 1055/1.
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Figure 7.9 Phylogenetic tree of all BciC homologs currently in databases. Genome
abbreviations are the same as those in Figure 7.8. Tree was generated using CLUSTALW
based on alignments shown in Figure 7.8. Scale bar denotes 0.1 changes per amino acid
site.
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P., Schuster, S. C., Ward, D. M., and Bryant, D. A. (2011) Metatranscriptomic analysis of
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The phototrophic microbial mat community of Mushroom Spring, an alkaline siliceous hot spring in
Yellowstone National Park, was studied by metatranscriptomic methods. RNA was extracted from
mat specimens collected at four timepoints during light-to-dark and dark-to-light transitions in one
diel cycle, and these RNA samples were analyzed by both pyrosequencing and SOLiD technologies.
Pyrosequencing was used to assess the community composition, which showed that B84% of the
rRNA was derived from members of four kingdoms Cyanobacteria, Chloroflexi, Chlorobi and
Acidobacteria. Transcription of photosynthesis-related genes conclusively demonstrated the
phototrophic nature of two newly discovered populations; these organisms, which were discovered
through metagenomics, are currently uncultured and previously undescribed members of
Chloroflexi and Chlorobi. Data sets produced by SOLiD sequencing of complementary DNA
provided 4100-fold greater sequence coverage. The much greater sequencing depth allowed
transcripts to be detected from B15 000 genes and could be used to demonstrate statistically
significant differential transcription of thousands of genes. Temporal differences for in situ
transcription patterns of photosynthesis-related genes suggested that the six types of chlorophototrophs in the mats may use different strategies for maximizing their solar-energy capture,
usage and growth. On the basis of both temporal pattern and transcript abundance, intra-guild gene
expression differences were also detected for two populations of the oxygenic photosynthesis
guild. This study showed that, when community-relevant genomes and metagenomes are available,
SOLiD sequencing technology can be used for metatranscriptomic analyses, and the results
suggested that this method can potentially reveal new insights into the ecophysiology of this model
microbial community.
The ISME Journal advance online publication, 23 June 2011; doi:10.1038/ismej.2011.37
Subject Category: integrated genomics and post-genomics approaches in microbial ecology
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Introduction
The chlorophototrophic microbial mats of alkaline
siliceous hot springs in Yellowstone National Park
have served for decades as model systems for
understanding the composition, structure and function of microbial communities (Brock, 1978; Ward
et al., 1998, 2002, 2006, 2011; Ward and Castenholz,
2000; Klatt et al., 2011). Members of the kingdoms
Cyanobacteria (mostly Synechococcus spp.) and
Chloroflexi (family Chloroflexales; filamentous
anoxygenic phototrophs (FAPs), mostly Roseiflexus
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and Chloroflexus spp.) (Pierson and Castenholz,
1974; van der Meer et al., 2010; Ward et al., 2011) are
the dominant organisms in these mat communities
(Table 1). Cultivation and DNA sequencing
methods have produced complete or nearly complete consensus genome sequences for several
chlorophototrophic organisms that occur in these
mats, including Synechococcus spp. strains A and B0 ,
which are close relatives of indigenous populations
that co-occur in the 60 1C mat (Ferris and Ward,
1997; Allewalt et al., 2006; Bhaya et al., 2007);
Roseiflexus sp. strain RS-1 (van der Meer et al.,
2010; Bryant et al., 2011); and Chloroflexus
aurantiacus strains Y-400-fl and 396-1 (Madigan
and Brock, 1977; Bryant et al., 2011). The application of metagenomic methods, in combination with
traditional microbial cultivation methods, recently
led to the identification of a previously unknown
chlorophototroph, Candidatus Chloracidobacterium
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Table 1 Relationship between predominant phototrophic phylogenetic groups and functional guilds
Phylogenetic group

Chlorophylls

Carbon
metabolism

Reaction center
gene expressiona

Chl gene
expressiona

Synechococcus spp. A-like

Chl a

Autotrophy

Day

Day

Oxygenic phototrophs
(600–700 nm)

Synechococcus spp. B0 -like

Chl a

Autotrophy

Day

Day

Oxygenic phototrophs
(600–750 nm)

Roseiflexus spp.

BChl a

Mixotrophy

Morning low light

Evening

850–950 nm mixotrophs

b

Functional guild

Anaerolineae-like Chloroflexi

BChl a

Unknown

Evening

Evening

BChl a/near-IR mixotrophs

Chloroflexus spp.

Major: BChl c,
Minor: BChl a

Mixotrophy

Morning low light

Evening

700–750 nm mixotrophs

C. thermophilum

Major: BChl c,
Minor: BChl a,
Chl a

Heterotrophy

Evening

Day

700–750 nm heterotrophs

Chlorobiales

Major: BChl c,
Minor: BChl a,
Chl a

Mixotrophy

Evening

Day

700–750 nm mixotrophs

a

Period of maximal gene expression among times sampled to date.
Insufficient evidence currently exists to determine whether this organism can synthesize other chlorophylls.

b

thermophilum, from the kingdom Acidobacteria as
an additional member of these mats (Bryant et al.,
2007). The genome of this organism has also
recently been completed (Bryant et al., 2011; AM
Garcia Costas, Z Liu, LP Tomsho, SC Schuster, DM
Ward, and DA Bryant, in preparation). As documented in the accompanying paper (Klatt et al.,
2011) and in previous studies (Bryant et al., 2007),
metagenomics analyses additionally suggested the
existence of other chlorophototrophic members of
this community, which were previously undescribed and are currently uncultivated organisms
from the kingdoms Chloroflexi and Chlorobi
(Table 1). Collectively, the availability of these
genomes was instrumental in analyzing metagenomes
from these mat communities (Klatt et al., 2011).
Understanding transcription and its regulation in
natural microbial communities has been an intriguing, although technically challenging goal, mainly
because of the broad biodiversity of most such
communities and the inherent difficulties in working with RNA. Microarrays (Parro et al., 2007) and
cloning of randomly amplified complementary
DNAs (cDNAs) (Poretsky et al., 2005) have been
successfully applied to metatranscriptomic studies.
Because of recent developments in sequencing
technologies, metatranscriptomic analyses by intensive RNA sequencing have recently emerged as a
much more powerful approach to the study of gene
transcription in microbial communities. Moreover,
there is no prerequisite to obtain genome sequences
as required for microarray analyses, and such
approaches can rapidly generate enormous amounts
of information. Several pioneering studies using
pyrosequencing technology on marine and soil
microbial communities (Frias-Lopez et al., 2008;
Urich et al., 2008; Gilbert et al., 2008) have not only
The ISME Journal

demonstrated the feasibility of such an approach,
but have also demonstrated its advantages in
defining community structure (Urich et al., 2008)
and its power in identifying mRNAs of known or
novel genes (Gilbert et al., 2008). Several studies
(Gilbert et al., 2008; Hewson et al., 2009; Poretsky
et al., 2009) compared metatranscriptomes obtained
under different environmental conditions, and these
studies were able to detect differential gene expression. However, compared with the number of genes
occurring in a microbial community (at least tens of
thousands, if not millions), the number of mRNA
sequences generated in the above-mentioned
pyrosequencing studies (from B5000 to B160 000)
were insufficient to provide satisfactory coverage or
to infer statistically meaningful transcription patterns under different conditions for most genes
occurring in the members of a complex community.
For this reason previous studies have mainly
focused on the most dominant members of a given
microbial community, and comparisons of transcriptional behaviors of different phylogenetic and
physiological groups within the same community
have not yet been described. Therefore, one of the
main objectives of this study was to test the
feasibility of using so-called Next-Generation
(NextGen) sequencing methodologies in metatranscriptomic studies.
In a complementary study to that of Klatt et al.
(2011), two different approaches to transcription
profiling of the chlorophototrophic microbial mat
community of Mushroom Spring were compared. In
the first approach, pyrosequencing (Roche GS FLX,
454 Life Sciences, Branford, CT, USA) of cDNAs
produced from RNA extracted from mat samples
collected at 60 1C for four different time points in a
diel cycle was carried out. Samples were collected
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from light-to-dark and dark-to-light transition periods, because these have been shown to be important
times for changes in mat physiology and metabolism, such as changes in anoxygenic photosynthesis
(van der Meer et al., 2005) and nitrogen fixation (Steunou et al., 2006, 2008). The B225-bp
sequences obtained by this approach primarily
provided information on the composition of the
community based on stable (that is, rRNA)
sequences. In a second approach, and as a pilot
study to determine the feasibility of using NextGen
sequencing to conduct a full hourly diel-cycle
metatranscriptomic analysis, extensive SOLiD-3
(Applied Biosystems, Carlsbad, CA, USA) sequencing was carried out using cDNAs produced from
the same four RNA samples used in the pyrosequencing analysis. After in silico filtering to remove
stable rRNA sequences, this approach provided
50-bp sequences derived from expressed sequences
(that is, mRNAs) that provided detailed information
about the global patterns of transcription for predominant members of the mat community. The
combination of these two approaches validated
and refined conclusions about the mat composition
derived from metagenomic analyses (Klatt et al.,
2011), and accurately reproduced previous observations concerning the expression of Synechococcus
spp. genes for photosynthesis and nitrogen fixation
(Steunou et al., 2006, 2008). This study further
showed that, if suitable reference genome sequences
or extensive metagenomic data are available,
NextGen sequencing can be used to obtain unprecedented insights into the in situ physiological
properties of community members as inferred from
transcription profiles.

Materials and methods
Sample collection

Samples of microbial mats were collected from
Mushroom Spring in the Yellowstone National Park
on 10–11 July 2008 at a temperature of 61 to 64 1C.
All samples were collected from the same, localized
region of the mat, but the ambient temperature was
slightly lower at sunset (2100 hours) and slightly
higher in the morning because of wind and flow
conditions. Mat core samples (B0.5 cm2 area, #4
cores) were collected at 2100 hours (at sunset), 0515
hours (just before sunrise), 0640 hours (indirect

sunlight on the mat) and 0840 hours (direct sunlight
on the mat) at the same site. The light intensities at
these four sampling times were B15, 0.05, 46 and
960 mmol photons m2s1, respectively. The top
B2-mm thick layer containing most mat chlorophototrophs (Bauld and Brock, 1973; Ruff-Roberts
et al., 1994) was removed with a razor blade, placed
in a 2.0 ml screw-cap tube containing 0.5 g of sterile
glass beads (B100–200 mm diameter), and immediately immersed in liquid nitrogen. Samples were
kept frozen until used for RNA extraction.
Methods for the extraction of total RNA, synthesis
of cDNA, preparation of cDNA libraries, construction of rRNA and gene, and protein databases,
analytical methods for the pyrosequencing and
SOLiD databases, mapping validation and other
statistical analyses are described in detail in the
Supplementary Material. The sequences collected in
this study have been deposited under accession
number SRA018112 in the NCBI Sequence Read
Archive.

Results and discussion
Pyrosequencing and composition analysis of the
microbial mat samples

Table 2 summarizes the data obtained by pyrosequencing of cDNAs derived from the phototrophic
microbial mat samples collected at four different
times in a single diel cycle from Mushroom Spring.
The total number of sequences ranged from 59 283
for the sample collected at sunset (2100 hours) to
128 208 for the sample collected in the low-light
morning period (0640 hours) before the mat was
exposed to full sunlight. As expected, most
sequences were derived from rRNAs, which accounted for 88.9–94.4% of the total sequences. The
percentage of sequences assignable as mRNAs
differed for the four samples. The percentage of
mRNA sequences was lowest (2.4%) just before
sunrise (0515 hours) and was highest (8.1%) when
the mat was fully illuminated (0840 hours). The
percentage of sequences that were not identified as
rRNA or mRNA was essentially constant in the four
samples at 2.4–3.0%.
Figure 1 summarizes the kingdom-level composition of the sequences that were identified as rRNAs
(both large subunit and small subunit). These data
show that B84% of the rRNA sequences were

Table 2 Summary of cDNA sequences using pyrosequencing

Total cDNA sequences
Ribosomal RNAs
Messenger RNAs
Unidentified RNAs

Sunset
2100 hours

Pre-dawn
0515 hours

Morning, low
light 0640 hours

Morning, high
light 0840 hours

59 283
54 660 (92.2%)
3006 (5.1%)
1617 (2.7%)

108 948
102 829 (94.4%)
3154 (2.4%)
2965 (2.7%)

128 208
119 654 (93.3%)
5536 (4.3%)
3018 (2.4%)

113 128
100 566 (88.9%)
9167 (8.1%)
3395 (3.0%)
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Figure 1 Kingdom-level composition of the mat community
based on rRNA sequences. Only RNA sequences generated by
pyrosequencing were analyzed. Data shown here are the sum of
the aligned sequences for the large subunit and small subunit
rRNA sequences.

derived from members of only four kingdoms:
Chloroflexi (B40%), Cyanobacteria (B27%),
Chlorobi (B11%) and Acidobacteria (B6%). The
remaining sequences (B16%) assigned as rRNAs
were widely distributed across the domain Bacteria
(Supplementary Figure S1). No sequences obtained
from the upper mat layer could definitively be
assigned to members of the domain Archaea. In
agreement with Klatt et al. (2011), the next most
abundant sequences were assigned to the kingdoms
Firmicutes and Bacteriodetes, which represented
less than 2% of the rRNA sequences. Overall, the
best matches to these remaining sequences were
distributed across hundreds of different bacterial
sequence entries. As can be seen in Figure 1, only
small differences in the percentage composition
values were observed for the samples collected at
four different times during the light-to-dark and
dark-to-light transition periods. Although mat
Synechococcus spp. exhibit phototaxis (Ramsing
et al., 1997) and members of Chloroflexi have
exhibited the most dramatic evidence of vertical
mobility in field studies (Boomer et al., 2000), the
movements of such organisms are relatively slow. It
took 24 h of shading the mat to observe ‘puffs’ of
filaments migrating to the surface in Octopus Spring
(Boomer et al., 2000). The small differences in
sequence composition are unlikely to arise because
of the movements of organisms up or down between
the upper 2 mm and deeper mat layers (not sampled)
during the diel cycle. However, it is possible that
some of these differences reflect minor variations in
the rRNA content of the cells as a function of the
time of day. Assuming that the cells of all samples
were lysed with equal efficiency in all samples, it is
more likely that these differences merely reflect the
slight compositional variation of the mat at the
nearby but obviously slightly different sampling
locations. Whatever the case, the composition of
the rRNA sequences recovered from the mat at the
kingdom level was essentially constant across the
The ISME Journal

diel cycle within the narrow temperature range
(61–64 1C) and localized region of the mat that was
sampled. These observations allow the samples to
be compared in order to analyze changes in
transcripts as a function of the diel cycle.
The conclusion that the upper photic layer of the
mat is mostly comprised of organisms from four
kingdoms agrees with results from metagenomic
analyses (Klatt et al., 2011). On the basis of
recruitment of sequences to relevant reference
genomes, metagenomic analyses of high- and
low-temperature metagenomes of Mushroom
Springs suggested that Cyanobacteria, Chloroflexi,
Acidobacteria and Chlorobi accounted for about
41.7, 32.1, 7.6 and 3.4% of the sequences, respectively (Klatt et al., 2011). Several factors might be
responsible for the observed abundance differences
inferred from the metagenomic versus the metatranscriptomic data. First, these methods are not
quantitative and very little is known about the
relative cellular contents of DNA, RNA and proteins
of the organisms comprising the mat. Second, the
samples were not collected from the same mat
location, and moreover, the samples were collected
at different times of the year (mid-summer versus
late fall). These differences could have influenced
the percentage of metabolically active cells, which
would in turn affect the yields of DNA and rRNA.
Finally, although the Synechococcus spp. cells are
much larger in volume than those of the members of
the Chloroflexi in the mat, the exact effects of these
differences on DNA and ribosome content per cell
are unknown. For all of these reasons, the precise
composition of the mat cannot accurately be
determined by either method.
Because of the diversity exhibited by the members
of the four major kingdoms, especially Chloroflexi
and Acidobacteria, which include phototrophs and
non-phototrophs (Ward et al., 2009; Bryant et al.,
2011), in-depth analyses of the 16S rRNA sequences
of these kingdoms were necessary. These analyses
were carried out using reference sequences with
clearer taxonomic affiliations and with higher
resolving power to discriminate among similar
sequence alignments (see Supplementary Information for details). Figure 2 shows the results of one
such analysis for the kingdom Chloroflexi for the
sequences derived from the sample collected at
sunset (2100 hours). The majority (83.5%) of the
sequences in this analysis were assigned as Roseiflexus spp. and 6.3% of the sequences were assigned
to Chloroflexus spp. Roseiflexus sp. RS-1 and
Chloroflexus sp. 396–1 were the closest sequenced
representatives from these two genera, respectively. Sequences derived from close relatives of
the aerobic chemo-organotroph, Thermomicrobium
roseum, which was reported to be present in similar
mat systems in Yellowstone (Wu et al., 2009; Klatt
et al., 2011), were also detected, although at a very
low level (0.3%). As shown in Figure 2a, about 10%
of the remaining sequences were assigned to three
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Figure 2 In-depth composition analyses of Chloroflexi 16S rRNA sequences based on the high-resolution Chloroflexi 16S rRNA
database (a) and after addition of partial 16S rRNA sequence of the putatively phototrophic, currently uncultivated Chloroflexi
population/cluster/scaffolds from Mushroom Spring (b) in one sample (sunset). Only RNA sequences generated by pyrosequencing were
analyzed. The sizes of the circles are proportional to the relative abundances of rRNA sequences assigned to a particular taxon. Figure
generated by MEGAN (Huson et al., 2007) (absolute score cutoff ¼ 71, relative cutoff ¼ 0% of best hit).

different families, mainly Anaerolineaceae. To
probe the phylogenetic affiliation of these remaining
sequences in greater detail, the 16S rRNA sequence
of a novel, unclassified member of the Chloroflexi
from the mat metagenome was used as additional
reference. Figure 2b shows that almost all of the
remaining sequences not assigned as Roseiflexus
spp. or Chloroflexus spp. were assigned to this
added sequence derived from the metagenome (Klatt
et al., 2011). Thus, this unclassified member of the
Chloroflexi and its close relatives probably
accounted for B10% of Chloroflexi or B4% of the
total rRNA sequences. On the basis of analyses of
the metagenome of Mushroom and Octopus Springs,
Klatt et al. (2011) have found strong evidence that

this high-abundance, unclassified and uncultivated
Chloroflexi population (most closely, but still
distantly related to members of the class Anaerolineae) is highly likely to be a previously unrecognized chlorophototroph. This is consistent with
the observation that all other high-abundance
populations in this mat community are also
chlorophototrophs.
As shown in Supplementary Figure S2 and as
judged by the sequence similarity distribution of the
16S rRNA sequences derived from the sunset
sample, members of the genus Synechococcus spp.
accounted for 99.3% of the rRNA sequences
assigned to the kingdom Cyanobacteria (Supplementary Figure S2A), and not surprisingly, the
The ISME Journal
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Pyrosequencing and mRNA analysis of the microbial
mat samples

Figure 3a shows a compositional analysis of the
mRNA sequences derived from pyrosequencing.
These data have been compared with the average
percentage composition value for each major taxon
based on rRNA, which were derived from the data in
Figure 1. For each of the major kingdoms, the
highest percentage of mRNA sequences assigned
by comparison with the reference metagenome for
the four samples was comparable to their average
percent composition based on the rRNA sequences.
The percentage of sequences identified as mRNAs
but assigned to the ‘Others’ category was consistently higher than the average rRNA content. The
main reason behind this observation was the
incomplete identification of sequences of the seven
major chlorophototrophic populations in the reference metagenome. Small scaffolds in the metagenome were assigned as ‘Others’ (see Supplementary
Materials for more Supplementary Information)
because it is very difficult to assign them to a
phylogentic group with high confidence. Many of
these small scaffolds probably belong to the seven
The ISME Journal

a

55
Sunset
50

Sunrise
Low light Morning

45

High light Morning

Percentage

40

rRNA average

35
30
25
20
15
10
5
0

b

Chlorobi

Chloroflexi Cyanobacteria Acidobacteria

Other

Chlorobi

Chloroflexi Cyanobacteria Acidobacteria

Other

55
50
45
40

Percentage

previously characterized, mat-derived Synechococcus
sp. strain A and Synechococcus sp. strain B0 best
represented those sequences (Bhaya et al., 2007).
Because no mat representative from the kingdom
Chlorobi has yet been cultured or had its genome
completely sequenced, the situation for this taxon
was more complex. Among well-characterized
Chlorobiales strains, the closest relative of the
Chlorobiales-like mat population is Chp. thalassium
(Gibson et al., 1984). Approximately 45% of the
rRNA sequences were assigned to this genus, and
the remaining sequences assigned to the Chlorobiales were widely distributed across the other three
genera included in the analysis (Supplementary
Figure S2B). However, when the 16S rRNA
sequences of the Chlorobiales population was recovered from the mat metagenome and used in a similar
analysis, all of the Chlorobiales-like rRNA sequences
were assigned to this single sequence type (Supplementary Figure S2C). Candidatus C. thermophilum
accounted for 99.8% of the sequences assigned to the
kingdom Acidobacteria (Supplementary Figure S2D).
The same in-depth analysis was carried out on all
samples, and the results for all four samples were
similar (data not shown for the other three samples).
Collectively, the rRNA sequence data suggested that
the organisms belonging to the kingdom Chloroflexi
are significantly more phylogenetically heterogeneous than those that are affiliated with the
Cyanobacteria, Chlorobi and Acidobacteria. More
importantly, the organisms affiliated with these four
kingdoms, which collectively accounted for B84%
of the rRNA sequences detected from the mat
community, are known to be, or are highly likely to
be, chlorophototrophs.
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Figure 3 Composition of mRNA sequences at the kingdom level
(major organisms only) in both data sets, pyrosequencing (a) and
SOLiD-3 (b) compared with respective average rRNA sequence
percentages. Mean±s.d. is shown for rRNA sequence percentages
for all four samples. mRNA sequences of seven predominant
phototrophic phylogenetic groups and functional guilds are
counted. Percentages were calculated based on total mRNA
sequences aligned to reference metagenome.

major populations. For example, some of these
scaffolds contain fragments of highly expressed
genes, such as photosynthetic reaction centers and
nitrogenase genes. Another observation was that the
percentages of Chloroflexi mRNA sequences were
higher than the average rRNA percentage for this
kingdom, whereas the opposite was true for the
Cyanobacteria. This is expected because the Chloroflexi populations have larger genomes (more than
4000 genes each) than the Synechococcus spp.
(B2800 genes each). (Table 3) Although the relationship between mRNA sequence abundances and
genome sizes is probably not linear, it is likely that
cells with larger genomes will have more mRNA
sequences than cells with smaller genomes when both
are compared under similar metabolic activity levels.
After careful consideration of the factors described above, large changes in the mRNA percentages among different timepoints were nevertheless
observed for two of the four kingdoms. The mRNAs
assigned to Cyanobacteria were significantly less
abundant than their average rRNA content at sunset
and pre-dawn, but the mRNA levels for the
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Table 3 Comparison of cDNA sequences assigned to major reference genomes using two sequencing methods
Phylogenetic
groupsa

Rosei
Chlor
Anaer
SyneA + SyneB0
Cab
GSB
Sum of above

Number of genes in
Number of genes in
reference metagenome a comparable genomeb

4733
2003
2614
5433
2847
2775
20 405

4517
4044
Not Available
5622
3285
Not Available
Not Available

Number of mRNA
sequences assignedc

Number of genes
coveredd

Number of genes
significantly regulatede

454

SOLiD

454

SOLiD

454

SOLiD

6446
210
778
2908
1025
1560
12 927

784 685
36 549
77 958
356 910
193 815
274210
1 724 127

1879
126
358
1204
465
513
4545

4575
1736
2326
5226
2776
2553
19 192

28
0
2
13
5
7
55

2123
265
535
2695
1781
1708
9107

a
Rosei, Roseiflexus sp.; Chlor, Chloroflexus sp.; Anaer, novel Anaerolineae-like Chloroflexi population; SyneA, Synechococcus sp. strain A;
SyneB0 , Synechococcus sp. strain B0 ; Cab, Candidatus Chloracidobacterium thermophilum; GSB, a Chlorobiales population.
b
Genomes of strains isolated in the same or similar microbial communities: Roseiflexus sp. RS-1 (complete); Synechococcus sp. strain A
(complete); Synechococcus sp. strain B0 (complete); Candidatus Chloracidobacterium thermophilum (complete); Chloroflexus sp. 396–1 (draft).
c
Total of uniquely assigned cDNA sequences in the four samples.
d
Genes with at least one assigned cDNA sequence in the four samples.
e
Genes, expression levels of which are statistically different (Po0.001) between at least one pair of samples.

4

Normalized relative Expression Level

Cyanobacteria increased dramatically when the mat
was fully illuminated in the morning. The sequences identified as mRNAs from the Acidobacteria were highest at sunset and in high-intensity light
in the morning but were significantly lower in the
other two samples. The percentages of mRNA
sequences were often dictated by expression
patterns for the most highly expressed genes. The
gene with the most mRNA sequences usually
accounted for 5–10% of the mRNA sequences
assigned to a particular taxon, and sometimes
accounted for up to 25% of the mRNA sequences
in a single sample. For all of the chlorophototrophs
in the community, genes related to photosynthesis,
especially genes encoding reaction center polypeptides, were consistently at or near the top of the lists
of genes with most mRNA sequences (Supplementary Table 1). Thus, the change in the percentages of
mRNA sequences of Cyanobacteria and Acidobacteria reflected how their photosynthesis-related
genes are regulated and expressed (see further
discussion below).
The total numbers of sequences assigned to
specific coding sequences (that is, as derived from
mRNAs) in the pyrosequencing approach were
rather low (B3000–9000; Table 2), especially in
relationship to the number of genes collectively
encoded in the reference genomes of the seven major
taxa (420 000; Table 3). Although the coverage and
resolution power of the data obtained through this
approach were obviously limited, it was still
possible to identify statistically meaningful changes
in gene expression across the four time points and to
draw meaningful conclusions from a few highly
expressed genes. For example, it was previously
shown that the nifH and nifD genes, encoding
nitrogenase in Synechococcus spp. populations
in this mat system, exhibited maximal transcription
levels at sunset and a secondary rise in transcription
levels in the low-light early morning period (Steunou
et al., 2008). This was clearly evident in the pattern

Synechococcus nifH (SOLiD)
Synechococcus nifD (SOLiD)
Synechococcus nifH (454)
Synechococcus nifD (454)

3

2

1

0
Sunset

Sunrise

Low light Morning High light Morning

Figure 4 Relative transcript abundances of two Synechococcus
spp. nitrogenase genes in two different data sets. Number of
mRNA sequences assigned to Synechococcus sp. strain A-like and
Synechococcus sp. strain B0 -like nifH and nifD genes or partial
genes were summed, normalized and compared.

of expression of the Synechococcus spp. nifH and
nifD genes detected in this analysis (Figure 4). The
mRNA abundances for the nif genes was highest in
the sunset sample, were equivalently low in the predawn and morning high-light samples, and showed
a smaller but nevertheless significant increase in the
morning low-light sample. Although these data
helped to validate the cDNA sequencing approach
to transcription profiling, the low number of total
mRNA sequences led us to explore NextGen sequencing of cDNAs by using SOLiD-3 methodology to
determine whether this method could be used to
assess global transcription patterns in the members
of the mat community.
SOLiD-3 sequencing and transcription of
photosynthesis genes

Table 4 summarizes the data obtained from the
sequencing of cDNA samples prepared from the
The ISME Journal
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Table 4 Summary of cDNA sequences using SOLiD technology

Total mapped sequences
Sequences mapped to CDS
Sequences uniquely mapped to CDS

Sunset 2100 hours

Pre-dawn
0515 hours

Morning, low light
0640 hours

Morning, high
light 0840 hours

12 520 192
743 902 (5.9%)
623 239 (5.0%)

10 840 071
318 205 (2.9%)
261 838 (2.4%)

9 974 349
477 362 (4.8%)
393 655 (3.9%)

10 574 300
1 057 433 (10.0%)
883 799 (8.4%)

same four RNA samples described above, but by
using the SOLiD-3 methodology. Overall, about
10–12 million sequences were obtained for each of
the four cDNA samples. Obviously, because of the
large amount of sequence information, the BLASTbased approach used for the data generated from
pyrosequencing became computationally untenable,
and instead the BWA rapid alignment tool was used
(Li and Durbin, 2009). The 50-bp sequences mapped
to rRNA databases were undoubtedly much less
informative phylogenetically than their B225-bp
counterparts generated by pyrosequencing. Thus,
the rRNA sequences obtained from the SOLiD-3 data
were not analyzed further and will not be discussed
further here. Simulations performed by the method
of Richter et al. (2008) showed that the upper limit
for unique mapping errors, when allowing three
to five mismatches for 50-bp sequences, was
B0.007 and 3.12% for non-uniquely mapped sequences (Supplementary Material and Supplementary
Table S3). These are estimated upper limits because
the simulated data includes rRNA sequences and
other repeat sequences (for example, insertion sequences, transposases and other repeated sequences)
that were actually removed (or were not counted) by
the transcript mapping procedure used in this study.
Although the sequences in SOLiD data sets were
different in length from the ones in pyrosequencing
data sets and were aligned using different softwares,
the results were generally very similar in multiple
ways. In all, 2.9–10.0% of the cDNA sequences (that
is, 318 205 to 1 057 433 total cDNA sequences) could
be mapped to coding sequences in the reference
metagenomes. For a few sequences, it was not
possible to map these sequences uniquely to a
single gene (for example, for some transcripts
encoding members of the psbA multigene family
found in Synechococcus spp.). Relatively few
instances of this type were encountered, and in
general these few cases did not interfere with the
global interpretation of the results. Similar to the
results obtained by pyrosequencing (Table 2), the
sequences that were assigned as mRNAs were
lowest in abundance in the pre-dawn sample and
were highest in abundance in the morning sample
obtained after the mat received full sunlight.
Figure 3b shows the compositions of mRNA
sequences among four kingdoms. When compared
with the pyrosequencing results in Figure 3a, it was
very obvious that the pattern of changes of mRNA
sequences of each kingdom across the four timeThe ISME Journal

points was almost identical, although some differences in the actual percentages were observed. For
example, the percentage of Chlorobi and Acidobacteria mRNA sequences were consistently higher in
SOLiD data sets than that in pyrosequencing data
sets. These differences might have arisen from
different biases in sequence amplification procedures, because the libraries were prepared using
different kits as prescribed by the manufacturers of
the two platforms. However, these biases would not
affect gene expression patterns among four timepoints inferred from those two data sets because the
biases should be consistently present within each
platform among the four different timepoint samples. The expression patterns of genes derived from
the two data sets were indeed very similar. As
shown in Figure 4, the SOLiD-3 and pyrosequencing
methods produced essentially identical expression
patterns for nifH and nifD, and as mentioned above,
this pattern also matches that obtained by reverse
transcription-PCR (Steunou et al., 2008). For 55
genes that were detected as significantly regulated
genes in the pyrosequencing data sets (Table 3), the
normalized expression patterns for the two data sets
were compared to determine how well the two data
sets were correlated. The correlation coefficients for
49 of the 55 genes were 0.8 or greater for the two
expression profiles. These observations established
the consistency and the credibility of both data sets
and validated the analytical approaches used.
It was also obvious that the SOLiD-3 data sets
were superior in providing insights into gene
regulation. As a result of the much greater sequencing depth at a similar cost (4100-fold greater
sequencing depth), the SOLiD-3 data allowed
transcripts to be detected for more than 90% of the
420 000 genes in the reference data set. Furthermore, the resolution power resulting from the large
numbers of mRNA sequences for each gene allowed
statistically meaningful comparisons to be made for
a much larger number of genes. The SOLiD-3
sequencing approach detected transcripts for
19 192 genes, of which nearly half (9107, 47%) were
differentially expressed in a statistically meaningful
manner (Table 3).
Because the mat community members showing
highest abundances were chlorophototrophs, photosynthesis genes were analyzed first. Photosynthetic
reaction center genes, which have tentatively been
assigned by phylogenetic analyses to the unclassified and uncultured Anaerolineae-like members of
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Figure 5 Relative transcript abundances of photosynthetic
reaction center genes of six different phototrophs. The relative
transcript abundances of the indicated photosynthetic reaction
center genes with most assigned mRNA sequences (SOLiD data
set only) are plotted for six different phototrophs. Syne,
Synechococcus sp. strain A and B0 ; Cab, Candidatus Chloracidobacterium thermophilum; GSB, a Chlorobiales population;
Rosei, Roseiflexus sp.; Chlor, Chloroflexus sp.; Anaer, novel
Anaerolineae-like Chloroflexi population.

Figure 6 Relative transcript abundances for bacteriochlorophyll
synthesis genes of six different phototrophs. Mean±s.e.m. are
shown here for all bacteriochlorophyll synthesis genes of six
different phototrophs, expression levels of which are statistically
different (Po0.001) between at least a pair of samples. Syne,
Synechococcus sp. strain A and B0 ; Cab, Candidatus Chloracidobacterium thermophilum; GSB, a Chlorobiales population;
Rosei, Roseiflexus sp.; Chlor, Chloroflexus sp.; Anaer, novel
Anaerolineae-like Chloroflexi population.

the Chloroflexi (Supplementary Information), were
among the top genes with most abundant mRNA
sequences (Supplementary Table S1). This suggests
that these genes have an important role in the
biological processes of this population, and thus
provides further very strong support for the hypothesis that this population represents a previously
unidentified and uncultured chlorophototroph.
This is also the case for the novel Chlorobiales
spp. Although it was previously expected to be
a chlorophototroph because all other known Chlorobiales spp. are photolithoautotrophs (Bryant et al.,
2011), the recent discovery of a non-phototrophic
member of the Chlorobi, Ignavibacterium album
(Iino et al., 2009), made this assumption questionable. These findings about its photosynthesis genes
being highly transcribed strongly suggest that
Chlorobiales spp. in the mat are chlorophototrophs.
Figure 5 shows the expression patterns for the
genes encoding the subunits of the type-1 or type-2
photochemical reaction centers of six major chlorophototrophs (Table 1) in the mat community (for this
analysis we did not differentiate here between
A-like and B0 -like Synechococcus spp. sequences;
Table 1). Consistent with the chlorophototrophic
lifestyles of the organisms belonging to these four
kingdoms, in each case the genes encoding reaction
centers were either the most highly expressed, or
among the group of most highly expressed, genes
(Supplementary Table S1). For the Synechococcus spp., the mRNA levels for psaA, which encodes
one of the two large core subunits of the photosystem I reaction center (Grotjohann and Fromme,
2005), were lowest in the pre-dawn sample but rose
very steeply as the light intensity increased in the
morning. Overall, the transcript abundance for psaA
increased more than 50-fold in the morning, and

similar increases were observed for other psa genes,
as well as the psb genes encoding subunits of
photosystem II (data not shown; Steunou et al.,
2008). In contrast, the transcript abundance for
photosynthetic reaction center genes of all anoxygenic phototrophs decreased when the mat was fully
illuminated. The transcription patterns for the pscA
genes, which encode subunits of type-1 reaction
centers of Candidatus C. thermophilum and the
Chlorobiales-like populations in the mat (Bryant
et al., 2007), were very similar. For these two
organisms, the pscA transcripts were most abundant
at sunset and were least abundant when the mat was
fully illuminated in the morning. Transcription
patterns for the pufM, pufL and pufC genes,
associated with the type-2 reaction centers of three
different Chloroflexi populations, were inconsistent,
but transcript levels for these genes seemed to
decrease as the light intensity increased in the
morning. Because the changes in the transcript
levels for these genes in the Chloroflexi were small
(Btwo-fold changes) for the time points sampled,
we are currently unsure whether these differences
reflect real changes in transcript levels or merely
statistical variation (Figure 5).
With the obvious caveat that patterns of transcription obviously do not necessarily correlate with
protein levels and enzyme activity patterns, these
differences in transcription patterns for reaction
center proteins nevertheless strongly imply that the
organisms belonging to the major taxa in the mats
likely use different strategies for light capture and
usage (Table 1). Because it is unlikely that the
specific absorption properties of individual cells in
the mat change much during the diel cycle, the
observed differences in transcription of the various
chlorophototrophs suggest that it is the removal of
The ISME Journal
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inhibitory factors (for example, oxygen) or the
availability of required limiting nutrients for photoheterotrophs (for example, organic acids or amino
acids) that ultimately controls when transcription of
a given population will be maximal. Thus, for each
type of organism the specific light-harvesting strategy must be to supply an adequate energy supply
when the light intensity is not necessarily maximal.
This could explain why chlorosomes, with their
very large numbers of chromophores and low energy
costs for production (Bryant and Frigaard, 2006), are
the preferred antenna complexes for most of the
anoxygenic phototrophs in the mats.
The biogenesis of the photosynthetic apparatus
requires cells to synthesize chlorophylls and/or
bacteriochlorophylls in addition to the proteins that
bind these prosthetic groups. Figure 6 summarizes
the sequence results for bacteriochlorophyll
biosynthesis genes, expression patterns of which
were statistically meaningful in the four major taxa.
The pattern of expression of the chlorophyll biosynthesis genes for Synechococcus spp. was very
similar to the pattern of expression for psaA
(Figure 5) and other psa and psb genes. Transcript
levels increased very sharply as the light intensity
increased in the morning. However, for Roseiflexus
spp. the expression of genes for bacteriochlorophyll
a biosynthesis was highest at sunset and lowest in
the morning when the mat received full sunlight.
This pattern was consistent with transcripts involved in bacteriochlorophyll biosynthesis from
Chloroflexus spp. and the novel Anaerolineae-like
population as well, and was generally similar to that
for expression of the reaction center gene pufM
except that pufM transcription was lower at sunset
(compare Figures 5 and 6). This pattern is consistent
with the known physiology of characterized Chloroflexi strains, which are facultatively phototrophic.
The biosynthesis of bacteriochlorophyll and components of the photosynthetic apparatus is strongly
suppressed by oxygen in Chloroflexus aurantiacus
(Bryant et al., 2011). The transcription patterns for
the bacteriochlorophyll biosynthesis genes for the
populations of Candidatus C. thermophilum and the
mat Chlorobiales spp. were essentially identical
(Figure 6). Transcripts were high at sunset, declined
overnight and rose sharply again in the morning and
were at the highest levels when the mat received full
sunlight (Figure 6). For the organisms belonging to
these two populations, transcript levels for genes
encoding enzymes of bacteriochlorophyll biosynthesis increased when the mat was fully illuminated,
whereas transcript levels for reaction centers decreased. Interestingly, both of these types of organisms produce chlorosomes as light-harvesting
antenna structures (Bryant and Frigaard, 2006;
Bryant et al., 2007), and it is possible that the
synthesis of reaction centers (dependent on bacteriochlorophyll a and chlorophyll a, and maximal at
sunset) and chlorosomes, which are dependent on
bacteriochlorophyll c biosynthesis (Bryant and
The ISME Journal

Frigaard, 2006; Gomez Maqueo Chew and Bryant,
2007), may occur at different times of the day.
To study intra-guild gene expression for A-like
and B0 -like Synechococcus spp. transcripts, we first
identified pairs of orthologous genes (blastp, reciprocal best hit), for which transcripts were both
detectable and clearly assignable to one or the other
genome type. The data were then examined to
identify examples in that transcript levels for the
two populations (i) differed in abundance in a
statistically significant manner (t-test, Po0.05); or
(ii) had different expression patterns (correlation
coefficient o0). Examples of both types can be seen
in Supplementary Table S2. For example, transcripts
for genes encoding several chaperones were much
lower in abundance in A-like than in B0 -like
populations. Moreover, transcripts of several genes
for quinone biosynthesis and those for a glycolate
oxidase subunit and glycerate kinase were more
abundant in B0 -like than in A-like populations.
The temporal pattern of transcription of several of
these genes also differed (Supplementary Table S2,
for example, sensor histidine kinase and the Fe/S
subunit of glycolate oxidase). Differences in both the
abundance and temporal expression pattern were
also observed for sensory kinases and response
regulators, which suggested that entire regulons
might be differentially expressed within members
of these two populations. These examples illustrate
that substantial transcriptional differences, which
presumably reflect metabolic and physiological
differences, occur with the A-like and B0 -like
Synechococcus populations within the guild of
oxygenic phototrophs.

Conclusions
The data shown here showed that pyrosequencing
and SOLiD-3 sequencing of cDNA samples provided
complementary information concerning the composition and physiology/metabolism of the phototrophic microbial mats of alkaline siliceous hot
springs. The longer sequences derived from pyrosequencing (B225 bp) provided detailed information
concerning the composition of the microbial mat
community. These data showed clearly that the
phototrophic mat community is principally comprized of chlorophototrophic organisms derived
from four kingdoms: Chloroflexi, Cyanobacteria,
Chlorobi and Acidobacteria. The analysis of rRNA
sequences provided more evidence for the presence
of a previously unknown, unclassified and uncultured, and deeply branching chlorophototrophic
member of the Chloroflexi in the mat. Within-guild
differences in expression patterns were observed for
the oxygenic photosynthesis guild, suggesting that
with the current approach, the ability to distinguish
the origin of transcripts is at a higher level of
phylogenetic resolution than cluster analysis of
metagenomic assemblies (Klatt et al., 2011). The
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analysis of mRNA sequences further demonstrated
the feasibility and accuracy of metatranscriptomics
by SOLiD NextGen sequencing for the first time.
Although only four timepoints were analyzed here,
this study suggested that the different phototrophic
populations in the mat exhibit temporal differences
in their transcriptional patterns (Table 1). Because of
the ability to achieve dramatically greater sequencing depth at a reasonable cost, SOLiD-3 sequencing
can provide unprecedented details concerning the
global, diel patterns of transcription that occur for
the organisms of this microbial mat community.
Samples have been collected and sequencing has
been completed for a complete, hour-by-hour analysis of the diel transcription pattern for this
chlorophototrophic mat community. The description of these global diel patterns of transcription,
which will provide novel insights into the in situ
physiology of this community, will be presented
elsewhere.
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Chlorophototrophs are organisms that rely on chlorophyllbased phototrophy as their principal energy source. Six bacterial phyla are currently known to include chlorophototrophs:
Cyanobacteria, Proteobacteria, Chlorobi, Chloroflexi, Firmicutes, and Acidobacteria (1, 2). These organisms synthesize a
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donors in photosynthetic reaction centers and which also function in light-harvesting antennae (1). Three families of photochemical reaction centers are known. Homodimeric and heterodimeric type-1 reaction centers produce weak oxidants and
strong reductants, and heterodimeric type-2 reaction centers
produce strong oxidants and weak reductants (4, 5). These
three families of reaction centers can be combined with various,
independently evolved light-harvesting structures, which allow
microorganisms to perform chlorophototrophy optimally as a
function of the chemical and light environment (1).
Chlorosomes are highly efficient light-harvesting structures
that are found in all chlorophototrophic members of Chlorobi,
in some members of the Chloroflexi, and in a recently discovered organism, “Candidatus Chloracidobacterium thermophilum” (Candidatus C. thermophilum), which is currently the
only known chlorophototrophic member of the Acidobacteria
(1, 2). Chlorosomes can contain up to 250,000 BChl c, d, or e
molecules (1, 6, 7), and these types of BChls uniquely occur in
chlorosomes. Chlorosomes are the largest light-harvesting
complexes found in nature; their size and efficiency permit
chlorosome-containing organisms to grow under extremely
low light intensities, which are unable to support the growth of
organisms with smaller antenna complexes (8, 9).
In chlorosomes, the BChl c, d, or e molecules self-aggregate
and form large, protein-independent suprastructures. By combining results from systems biology, cryo-electron microscopy,
solid-state NMR, and molecular modeling, it was recently
shown that these BChls form concentric nanotubes (10, 11).
The self-assembly of BChl c, d, and e molecules into such structures is directly related to two distinctive features of these molecules (12, 13): the presence of C-31-hydroxyl group, which
provides a ligand to an adjacent BChl molecule and the absence
of C-132-methylcarboxyl group, which reduces steric hindrance that would otherwise interfere with self-aggregation
(14). BChl c, d, and e are also methylated at the C-82 and C-121
positions in some but not all organisms; these additional methyl
groups influence the stereochemistry of the C-31 chiral center
(15). BChl c and e, but not BChl d, also are methylated at the
C-20 position, and BChl e has a formyl group instead of a
methyl group at C-7 (3). These modifications cause important
adjustments to the absorption maxima of the BChl aggregates,
to the absorption bandwidth of the BChl aggregates, and to the
amount of BChl produced per cell (16 –18). Thus, the addition
of the methyl groups to the BChl molecules helps organisms to
Bpheo, bacteriopheophytin; Pheide, pheophorbide; BPheide, bacteriopheophorbide; Et, ethyl; P, phytol; PD, ⌬2, 6-phytodienol; F, farnesol.
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Bacteriochlorophylls (BChls) c, d, and e are the major chlorophylls in chlorosomes, which are the largest and one of the most
efficient antennae produced by chlorophototrophic organisms.
In the biosynthesis of these three BChls, a C-132-methylcarboxyl group found in all other chlorophylls (Chls) must be
removed. This reaction is postulated to be the first committed
step in the synthesis of these BChls. Analyses of gene neighborhoods of (B)Chl biosynthesis genes and distribution patterns in
organisms producing chlorosomes helped to identify a gene
(bciC) that appeared to be a good candidate to produce the
enzyme involved in this biochemical reaction. To confirm that
this was the case, a deletion mutant of an open reading frame
orthologous to bciC, CT1077, was constructed in Chlorobaculum tepidum, a genetically tractible green sulfur bacterium. The
CT1077 deletion mutant was unable to synthesize BChl c but
still synthesized BChl a and Chl a. The deletion mutant accumulated large amounts of various (bacterio)pheophorbides, all
of which still had C-132-methylcarboxyl groups. A C. tepidum
strain in which CT1077 was replaced by an orthologous gene,
Cabther_B0031 from “Candidatus Chloracidobacterium thermophilum” was constructed. Although the product of Cabther_B0031 was only 28% identical to the product of CT1077,
this strain synthesized BChl c, BChl a, and Chl a in amounts
similar to wild-type C. tepidum cells. To indicate their roles in
the first committed step of BChl c, d, and e biosynthesis, open
reading frames CT1077 and Cabther_B0031 have been redesignated bciC. The potential mechanism by which BciC removes
the C-132-methylcarboxyl moiety of chlorophyllide a is
discussed.

An Essential Gene for Bacteriochlorophyll c Biosynthesis

FIGURE 1. Removal of C-132-methylcarboxyl moiety from chlorophyllide a. The first committed step in the biosynthesis of BChl c, d, and e. The
C-132-methylcarboxyl group is indicated by a circle on the chlorophyllide
a molecule.
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ophorbide demethoxycarbonylase removes the C-132-methylcarboxyl group of Pheide a in a concerted manner with no
carboxylate intermediate (22). Pyropheophytin production was
also reported in Euglena gracilis (26), although neither the
enzyme involved nor the reaction mechanism is known. No
homologs of pheophorbidase occur in the sequenced genomes
of BChl c, d, or e-synthesizing organisms, and the gene product
responsible for pheophorbide demethoxycarbonylase has not
yet been identified. Thus, a presently unknown gene product(s)
must catalyze the removal of C-132-methylcarboxyl group in
bacteria that produce chlorosomes.
In this study, we describe the identification of a gene denoted
bciC (ORF CT1077 in C. tepidum), which encodes a product
that is essential for the synthesis of BChl c. The bciC gene was
initially identified by examining gene neighborhoods and by
performing phylogenetic profiling analyses. To verify that BciC
played a role in BChl c biosynthesis, a C. tepidum null mutant
was constructed by deleting the bciC gene. This mutant was
unable to synthesize BChl c and accumulated a variety of
Bpheides. By characterizing these compounds in detail, we
show that BciC is essential for the removal of the C-132-methylcarboxyl group of Chlide a. The biochemical and physiological properties of the ⌬bciC mutant are described, and the
potential enzymatic function of BciC is discussed.

EXPERIMENTAL PROCEDURES
Bioinformatics Analysis—A phylogenetic profiling analysis
similar to the one used by Ito et al. (20) was used to identify
genes likely to be involved in BChl c, d, or e biosynthesis. The
VOLUME 286 • NUMBER 25 • JUNE 24, 2011
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achieve optimal light absorption under diverse, light-limiting
growth conditions.
Using C. tepidum as a genetically tractable model organism,
the biosynthetic pathway for the synthesis of BChl cF (BChl c
esterified with farnesol), BChl aP (BChl a esterified with phytol), and Chl aPD (Chl a esterified with ⌬2,6-phytadienol) has
been well characterized in green sulfur bacteria. Following the
recent discovery of two types of 8-vinyl reductases in various
green sulfur bacterial strains (19, 20),3 only two steps in the
biosynthesis of BChl c/d/e are currently uncharacterized. The
first is the removal of C-132-methylcarboxyl group from chlorophyllide (Chlide) a to produce 3-vinyl-bacteriochlorophyllide d, and the second is the conversion of Bchlide c to
Bchlide e. Mutational analyses of genes encoding all other
steps in the BChl c biosynthetic pathway had strongly suggested that the reaction illustrated in Fig. 1 is the first committed step in the biosynthesis of BChl c, d, and e. The biosynthetic pathway leading from the “hub” intermediate,
Chlide a, to BChl c, d, and e has previously been summarized
(3, 21). As mentioned above, the removal of the C-132-methylcarboxyl group is essential for the self-aggregation of BChl
c, d, and e molecules into the concentric nanotubes found in
chlorosomes. Thus, the identification of the gene(s) involved
in this reaction are very important for a complete understanding of the biosynthesis of BChl c, d, and e and are additionally important for understanding how chlorosome-producing organisms evolved the capacity to synthesize these
distinctive BChls.
The removal of the C-132-methylcarboxyl group from Chlide
a is a reaction that is very similar to the conversion of pheophorbide a (Pheide a) to PyroPheide a during the Chl a degradation in plants, algae, and some cyanobacteria (22–24). Two
enzymes have been identified that catalyze this reaction by
apparently different mechanisms. Pheophorbidase is a methylesterase that belongs to the ␣/␤-hydrolase (esterase/lipase)
protein superfamily, and it hydrolyzes the C-132-methylcarboxyl group to produce C-132-carboxyl-PyroPheide a (22, 25).
Following the removal of the methyl group, spontaneous decarboxylation occurs to produce PyroPheide a. Alternatively, phe-

FIGURE 2. Gene neighborhood and phylogenetic profile indicate bciC and
homologs are possibly involved in the biosynthesis of BChl c, d, and e.
A, gene neighborhood containing bciC homolog in Candidatus C. thermophilum genome. The white arrow denotes the bciC homolog (Cabther_B0031).
bchH encodes the large subunit of magnesium chelatase; hemA encodes glutamyl-tRNA reductase; bchL encodes a subunit of protochlorophyllide reductase; bciB denotes the homolog of a cyanobacterial-type 8-vinyl protochlorophyllide reductase gene identified by Ito et al. (20); bchF encodes C-3 vinyl
hydratase; bchQ and bchR encode C-82 and C-121 methyltransferases (3, 17),
respectively. B, BLASTP results of BciC of Candidatus C. thermophilum against
proteins of chlorophototrophic members of the phyla Chlorobi, Chloroflexi,
and Acidobacteria. Strains used in this search were as follows: for Acidobacteria, Candidatus C. thermophilum strain B; for Chloroflexi (from left to right):
Oscillochloris trichoides DG6, Chloroflexus aurantiacus Y-400-fl, Chloroflexus
aurantiacus J-10-fl, Chloroflexus aggregans DSM 9485, Roseiflexus sp. RS-1,
Roseiflexus castenholzii DSM 13941; for Chlorobi (from left to right): Chloroherpeton thalassium ATCC 35110, Chlorobium phaeovibrioides DSM 265, Chlorobium luteolum DSM 273, Chlorobium clathratiforme DSMZ 5477, Chlorobium
phaeobacteroides BS1, Prosthecochloris aestuarii DSM 271, Chlorobium chlorochromatii CaD3, Chlorobium ferrooxidans DSM 13031, Chlorobium phaeobacteroides DSM 266, Chlorobium limicola DSM 245, Chlorobaculum parvum NCIB
8327, and Chlorobaculum tepidum TLS, Chlorobaculum limnaeum DSMZ
1677T.
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FIGURE 3. Physical maps and gel electrophoresis of PCR products showing construction and segregation of deletion and replacement mutants
of bciC in C. tepidum. Scheme showing the construction of the bciC deletion
(A) and replacement (B) mutants in C. tepidum. C, agarose gel electrophoresis
of PCR products of ORF CT1077 locus of C. tepidum wild-type (lane 1), ⌬bciC
mutant (lane 2), and bciC replacement strain ⌬bciC::bciCCAB-aadA (lane 3)
using primers (small arrows labeled segfor and segrev in A and B) upstream
and downstream of ORF CT1077.

sites as above. Cabther_B0031 was amplified from genomic
DNA by PCR using primers B0031for and B0031rev. This
amplicon was inserted into the resulting plasmid from the previous step between the NcoI and KpnI sites, and the aadA gene
was then inserted as described above. In the resulting construction, ORF CT1077 was completely replaced from its start to
stop codons, and the construct had the aadA marker downstream as a selectable marker for transformation (Fig. 3B). The
resulting plasmids were linearized by digestion with AhdI and
used to transform wild-type C. tepidum as described (27, 28).
Segregation of the mutants was confirmed by PCR by using
primers upstream and downstream of CT1077 (Fig. 3), and the
resulting amplicons were sequenced to verify that no unwanted
mutations had occurred during PCR amplification.
Pigment Analysis—Cell cultures were grown to late exponential phase (OD600 nm ⫽ 1.6 –1.8) and collected by centrifugation. Cells in 1.0 ml of culture were resuspended in aqueous
buffer (10 mM KH2PO4, 50 mM NaCl, pH ⫽ 7.0), and whole-cell
absorption spectra from 350 to 950 nm were recorded using a
Genesys spectrophotometer (ThermoSpectronic, Rochester,
NY). Pigments were extracted by brief sonication of cells after
resuspension in methanol, and cell debris and precipitated protein was removed by centrifugation. The absorption spectra of
the total pigment extracts in methanol were recorded in the
same manner. For HPLC and HPLC-MS analyses, pigments
were similarly extracted in acetone:methanol (7:2, v/v). The
extracted pigments were analyzed by reversed-phase HPLC on
an Agilent 1100 series HPLC system (Agilent Technologies,
Santa Clara, CA) using an analytical Discovery C18 column (4.6
mm ⫻ 25 cm) (Supelco, Sigma-Aldrich). The solvents and gradient protocols used have been described previously (19). Solvent A was 62.5% water, 21% methanol, 16.5% acetonitrile containing 10 mM ammonium acetate, whereas solvent B was 50%
methanol, 20% acetonitrile, and 30% ethyl acetate. The elution
program starts at 20% solvent B at 0.75 ml min⫺1 and increases
to 70% solvent B at 1 ml min⫺1 gradually in 10 min. It then
increases to 100% solvent B, 1 ml min⫺1 over 30 min followed
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genomes of Chlorobi and Chloroflexi strains (listed in Fig. 2)
were downloaded from Integrated Microbial Genomes website
and GenbankTM and that of the Candidatus C. thermophilum
strain B was recently determined in our laboratory.4 This selection included the available genomes of all organisms that
synthesize BChl c, d, or e as well as closely related chlorophototrophs that do not. An all-against-all BLASTP search of translated genes of all these genomes was performed using an e-value
cutoff of 10⫺5. Phylogenetic profiles of all translated genes were
created by collecting the e-values of their reciprocal best hits in
each genome. A value of 1 was assigned to those without reciprocal best hits. A PERL script was used to search the output
scores for genes with phylogenetic profiles matching the theoretical best model. The theoretical model consisted of a score of
0 for each BChl c, d, or e-synthesizing strain and a score of 1
from each strain unable to synthesize BChl c, d, or e.
Materials and Growth Conditions—The wild-type strain of
C. tepidum, growth media, and standard growth conditions
used in this study have been described previously in detail (27).
The light intensity was ⬃90 mol m⫺2 s⫺1 for growth of
C. tepidum cells prior to transformation and throughout the
transformation and segregation processes. The light intensity
was increased to ⬃300 mol m⫺2 s⫺1 for the ⌬bciC deletion
mutant after complete segregation to promote more rapid
growth. Cells of the wild-type and a strain in which the C. tepidum bciC gene was replaced with that of Candidatus C. thermophilum were grown under identical light intensity (⬃300
mol m⫺2 s⫺1) and temperature (42 °C) to facilitate comparisons of their pigment contents.
Construction of Mutants—Open reading frame CT1077
(bciC) was inactivated by transformation by using a construction in which the coding sequence was replaced by the aadA
gene, which confers resistance to streptomycin and spectinomycin. Two DNA fragments, one directly upstream (⬃750 bp)
and one directly downstream of CT1077 (⬃750 bp), were
amplified from genomic DNA by PCR using primers 1077Upfor
and 1077Uprev and 1077Dnfor and 1077Dnrev (see supplemental Table 1 for sequences of all primers used in this study).
These resulting amplicons were digested with the appropriate
restriction enzymes and were sequentially cloned into plasmid
pUC19 using PstI/KpnI and KpnI/EcoRI restriction sites,
respectively. The aadA resistance cassette was excised from
pSRA2 plasmid (28) and inserted into the introduced KpnI site
between the upstream and downstream fragments. PCR
screening was used to identify clones in which the aadA cassette was in the same transcriptional orientation as CT1077
(Fig. 3A). This construction was transformed into C. tepidum
cells as described previously (28).
C. tepidum ORF CT1077 was replaced with the orthologous
gene from Candidatus C. thermophilum by using a similar
approach. Upstream and downstream fragments were amplified using primers 1077Upfor and 1077UprevNcoI and
1077Dnfor and 1077Dnrev, which introduced an NcoI site at
the position equivalent to the start codon of CT1077. These
fragments were assembled in pUC19 using the same restriction
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RESULTS
Identification of Potential BChl c, d, and e Biosynthesis Gene—
Fig. 2A shows a region of the recently completed genome of
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Candidatus C. thermophilum, which produces chlorosomes
and synthesizes BChl c (2).4 All of the genes in this cluster,
which are probably co-transcribed as an operon, are predicted to play a role in the synthesis of protoporphyrin IX
(hemA) or BChls (bchH, bchL, bciB, bchF, bchQ, and bchR)
except for one open reading frame (Cabther_B0031) with an
unknown function. Thus, it seemed reasonable to hypothesize that Cabther_B0031 was also involved in (B)Chl biosynthesis. Because the genes encoding all but one enzyme
required for the synthesis of BChl a, Bchl c, and Chl a were
already known and identified in the Candidatus C. thermophilum genome, it seemed highly likely that Cabther_B0031
encoded the remaining enzyme. The unidentified gene
should encode an enzyme for the removal of C-132-methylcarboxyl group, which was thought to be the first committed
step in the synthesis of BChl c, BChl d, and BChl e from
Chlide a.
A phylogenetic profiling analysis was performed to obtain
further support for this hypothesis. Assuming that all organisms that can synthesize BChl c, d, or e use the same gene product(s) to catalyze the removal of C-132-methylcarboxyl group,
the gene(s) of interest should be found in all of these organisms
and should be absent from organisms that are unable to synthesize BChl c, d, or e. Fig. 2B shows the results of a phylogenetic
profiling analysis based on this reasoning, which was used to
identify genes whose phylogenetic profiles best fit the anticipated distribution pattern (see “Experimental Procedures” for
details of the analysis). Homologs of Cabther_B0031 matched
the predicted pattern perfectly (Fig. 2B). It was fully understood
that this analysis was based on an assumption that might be
incorrect. Furthermore, even if it the assumption was correct,
genes identified by this type of analysis could be involved in
functions other than the specific enzymatic reaction (e.g. the
gene product could regulate some aspect of BChl c, d, and e
biosynthesis). Despite these reservations, the gene neighborhood and phylogenetic profiling analyses provided strong and
complementary evidence that Cabther_B0031 and its orthologs
were candidates to encode a protein required for the first committed step in BChl c, d, and e biosynthesis.
(B)Chl Contents of ⌬CT1077 Deletion Mutant—To investigate the function of the gene family that includes
Cabther_B0031, a deletion mutant of the orthologous gene in
C. tepidum (CT1077) was constructed (Fig. 3, A and C). PCR
analysis showed that this deletion mutant segregated completely (Fig. 3, A and C, compare lanes 1 and 2). Unlike the dark
green wild-type cells of C. tepidum, the ⌬CT1077 mutant cells
were orange-colored. This color phenotype is characteristic of
cells that are deficient in, if not completely devoid of, BChl c.
For example, the mutant cells were similar in appearance to
those of a previously characterized bchK null mutant, which
was also unable to synthesize BChl c (28). Fig. 4A compares the
absorption spectrum of whole cells of the wild-type (solid line)
and the mutant (dashed line). The absorption peaks at 460 and
747 nm due to BChl c were completely missing. Only very weak
and broad absorbance bands at ⬃800 nm and in the region from
400 to 500 nm were observed. Similar results were observed by
Frigaard et al. (28) for the bchK mutant. The absorption band
near 800 nm was derived from a combination of BChl a-binding
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by 100% solvent B, 1 ml min⫺1 for another 10 min. It then
gradually changes to starting solvent conditions and flow rate
over 10 min. ChemStation software (version B.02.01; Agilent
Technologies) was used to analyze the chromatograms and
absorption spectra of eluates. (B)Chl concentrations were calculated from absorbance using molar extinction coefficients of
86 liter g⫺1 cm⫺1 at 667 nm for BChl c, 79.2 liter g⫺1 cm⫺1 at
665 nm for Chl a and 60 liter g⫺1 cm⫺1 at 770 nm for BChl a
(28). Protein concentrations were determined using the Invitrogen Quant-iT Protein Assay kit.
Mass Spectrometry—Samples for HPLC-MS and MS/MS
were only prepared from the bciC deletion mutant. Pigments
were extracted similarly as described above in ⬃15 ml acetone/
methanol mixture from the cells harvested from 500-ml culture, and after the resulting extract was concentrated under a
nitrogen stream down to ⬃1 ml, the pigment solution was
loaded on a larger (10 mm ⫻ 25 cm) Discovery C18 purification
column (Supelco, Sigma-Aldrich). The same HPLC system and
procedure described above, but with 3-fold higher flow rate,
were used to separate the (B)Pheides from other molecules. The
eluted (B)Pheides were collected and dried under flow of nitrogen. The dried pigments were dissolved in methanol (1 ml) and
used for HPLC-MS and MS/MS analyses. HPLC-MS analyses
were carried out using the analytical HPLC column and solvent
program described above on an Agilent 1100 series HPLC system (Agilent Technologies) connected to an LCT Premier mass
spectrometer (Waters, Milford, MA). To increase ionization
efficiency, formic acid (98%) was introduced post-column into
the eluent stream at a rate of 5 l min⫺1 with a syringe pump
(29). MS/MS analyses for ions of selected masses were carried
out on a 3200QTRAP mass spectrometer (Applied Biosystems,
Foster City, CA).
Synthesis of (Bacterio)pheophytins—Pigments were extracted
from the cells of a 2-liter culture of the bciC deletion mutant, concentrated, and purified by preparative HPLC as mentioned above.
Two fractions, containing ⬃1 mg of purified BChl aP and ⬃0.1 mg
of purified Chl aPD, respectively, were collected separately and
dried under nitrogen. Pheophytin (Pheo) aPD was synthesized by
demetallation of Chl aPD by adding 10 ml of HCl (2%, v/v) to Chl
aPD dissolved in 10 ml of methanol. Pheo aPD was extracted from
the mixture using ethyl ether. The ether phase was washed
sequentially with 4% (w/v) NaHCO3 and water, and the resulting
pigment extract was dried. Bacteriopheophytin (Bpheo) aP,
3-acetyl-Pheo aP and 3-(1-hydroxyethyl)-Pheo aP were synthesized from BChl aP by procedures similar to those described by
Kunieda et al. (30). Briefly, Bpheo aP was synthesized by demetallation of BChl aP as described above for Pheo aPD. Oxidation of the
B-ring of Bpheo aP was performed by incubation with 2,3-dichloro-5,6-dicyano-p-benzoquinone in acetone. After extraction
and washing, the product was 3-acetyl-Pheo aP. 3-(1-hydroxyethyl)-Pheo aP was synthesized by incubating Bpheo aP with
NaBH4 in isopropanol to reduce 3-acetyl group followed by
subsequent oxidation of the B-ring using 2,3-dichloro-5,6dicyano-p-benzoquinone.
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proteins, including CsmA, Fenna-Matthews-Olson protein,
and the reaction centers (28, 31, 32).
Fig. 4B shows the absorption spectra of pigments extracted
from wild-type cells (solid line) and the ⌬CT1077 mutant
(dashed line). The spectrum for the methanol extract of the
mutant cells lacked the strong absorption peaks at 435 and 667
nm that are characteristic of BChl c. The absorption peaks at
750 and 665 nm suggested that molecules related to BChl a and
Chl a, respectively, were still produced in the mutant. Chlorobactene, which absorbs at ⬃490 nm (33), was present in both
extracts as expected. These absorption spectra showed that the
⌬CT1077 deletion mutant was completely unable to synthesize
BChl c and chlorosomes. However, the mutant could still normally synthesize other pigments (viz. BChl a, Chl a, and
carotenoids).
HPLC analyses of pigments extracted from the ⌬CT1077
deletion mutant and wild-type cells confirmed the conclusions
derived from the absorption spectra. As shown in Fig. 5A, BChl
cF was not detected in the mutant strain, BChl c esterified by
other, more hydrophobic alcohols, and Bchlide c were likewise
not detected in the HPLC analyses of pigment extract from the
mutant cells. However, BChl aP and Chl aPD were detected at
similar levels (Fig. 5 and Table 1). These results clearly showed
that deletion of ORF CT1077 led to an inability to synthesize
BChl c, and only this (B)Chl, in C. tepidum. Thus, it was tentatively concluded that the product of ORF CT1077 was probably
involved exclusively in the biosynthetic pathway leading from
Chlide a to BChl c. However, it was not yet clear whether this
product was essential for the removal of C-132-methylcarboxyl
group.
As shown in Fig. 5A (peaks 1–5), the CT1077 deletion
mutant accumulated large amounts of pigments that eluted
very early from the reversed-phase column, which indicated
that these molecules were much more hydrophilic than BChl cF.
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FIGURE 5. HPLC elution profiles of extracted pigments from C. tepidum
⌬bciC mutant (A) and wild-type (B) at 667 nm. See detailed elution times,
molecular weights, absorption spectra, and probable structures of eluates in
peaks 1 to 5 (A) in Fig. 6 and Table 2.

TABLE 1
BChl c, BChl a, and Chl a contents (g per mg protein) in cells of C. tepidum wild-type, bciC deletion mutant, and bciC replacement strain
⌬bciC::bciCCab-aadA
Cells

BChl c

BChl a

Chl a

Wild-type
⌬bciC mutant
⌬bciC::bciCCAB-aadA strain

124 ⫾ 8
0
110 ⫾ 12

3.7 ⫾ 0.5
4.3 ⫾ 0.3
3.8 ⫾ 0.2

0.42 ⫾ 0.03
0.37 ⫾ 0.05
0.41 ⫾ 0.03

As will be shown below, these molecules were (B)Pheides. Similar amounts of (B)Pheides also accumulated in a bchK mutant
(28). These (B)Pheides seemed likely to be derived from accumulated (B)Chlide intermediates resulting from the loss of a
particular enzymatic function in BChl c biosynthesis. Thus, the
identification of these molecules could provide essential evidence to identify which enzyme function was missing in the
⌬CT1077 mutant.
Identification of (B)Pheides in ⌬CT1077 Deletion Mutant—
The structures of the (B)Pheides in peaks 1–5, Fig. 5A were
deduced on the basis of their absorption spectra (Fig. 6), their
elution times, comparisons with chemically prepared standard
compounds, and their molecular masses obtained from
HPLC-MS analysis (Table 2). Peaks 4 and 5 had identical
absorption spectra (e.g. Fig. 6C, solid line for peak 4), which was
nearly identical to that of Pheo a (Fig. 6C, broken line; 34). The
molecular mass of the compound in peak 4 (592 Da) was same
as that of Pheide a, but the mass of the compound in peak 5 had
a molecular mass of 606 Da. The increased elution time indicated that the compound in peak 5 was more hydrophobic, and
it was surmised that this compound was a methylated form of
Pheide a. There are three methyltransferases in C. tepidum that
could modify Chlide a: BchU (methylation at C-20), BchQ
(methylation at C-82), and BchR (methylation at C-121).
Because the absorption spectra of the compounds in peaks 4
and 5 were identical to Pheo a, the methylation must have
occurred at either C-121 or C-82 but not directly on the tetrapyrrole ring at C-20 (16, 17, 35, 36). Based on previous studies
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FIGURE 4. Absorption spectra of whole cells and extracted pigments from
C. tepidum wild-type (solid line), ⌬bciC mutant (dashed line) and the bciC
replacement strain ⌬bciC::bciCCab-aadA (dotted line). A, absorption spectra of whole cells in aqueous buffer (see “Experimental Procedures” for detail).
B, absorption spectra of extracted pigments in methanol. Spectra were normalized at 600 nm.
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TABLE 2
Molecular masses of pheophorbides in each elution peak of a HPLC
analysis of pigments in C. tepidum ⌬bciC mutant (Fig. 5A)
Peak no.

Elution time

Molecular mass(es)

min

1
2
3
4
5

that showed that methylation by BchR at C-121 is nearly complete, whereas methylation at C-82 is less probable in C. tepidum, it was concluded that peak 5 probably contained [12-Et]Pheide a (for further details, see “Discussion”).
The 682 and 750 nm peaks in the absorption spectra of the
compounds eluted in peaks 2 and 3 (Fig. 6B) seemed to repre-
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m/z

610
608, 610
622, 624
592
606

sent the Qy peaks of the mixture of two different compounds, a
chlorin and a bacteriochlorin, rather than a Qy peak and secondary peak of a single compound. HPLC-MS analyses confirmed this deduction. The molecular masses of the two major
molecular ions in peak 2 differed by two mass units (608 and
610 Da), the expected difference between a double bond and a
single bond. These two compounds eluted together, which
indicated that these compounds had very similar hydrophobicity. Therefore, the reduced double bond was expected to be a
C⫽C bond rather than a C⫽O bond; if the B-ring of a chlorin
were reduced, a bacteriochlorin would be the expected product.
Moreover, these compounds eluted earlier than Pheide a,
which suggested that they should include an additional polar
group compared with Pheide a (e.g. a keto or hydroxyl group).
The 750 nm Qy peak and a shoulder around 525 nm in the
absorption spectrum (Fig. 6B) matched Bpheo a (32). Additionally, the molecular mass of Bpheide a (610 Da) was identical to
that of one of the compounds detected in peak 2. Thus, it was
concluded that one of the compounds in peak 2 was Bpheide a.
The other compound, a chlorin with a mass of 608 Da and with
the same side chains as Bpheide a, would thus be 3-acetylPheide a. Its absorption spectrum, with a Qy peak at 682 nm,
was very similar to that reported for 3-acetyl-Pheo a (37). As
described previously for peaks 4 and 5, the two compounds in
peak 3 were 14 mass units heavier than those in peak 2. For the
same reasons as described above, it was concluded that the two
compounds in peak 3 were [12-Et]-Bpheide a and [3-acetyl,
12-Et]-Pheide a.
Except for small shifts in the positions of the Soret and Qy
peaks, the absorption spectrum of the compound in peak 1 was
very similar to that of Pheide a. Its molecular mass (610 Da) was
18 Da more than that of Pheide a. Considering that this compound eluted first and was thus the most hydrophilic, it seemed
likely that this compound would be a hydration product derived
from Pheide a. C. tepidum has two hydratases, BchF and BchV,
which could add water to the C-3 vinyl group of Pheide a to
form a hydroxyethyl side chain on Chlide a in C. tepidum (3). It
was thus tentatively concluded that peak 1 contained 3-(1-hydroxyethyl)-Pheide a.
To confirm these tentative identifications, (B)Pheos with the
same head groups as each of the primary (B)Pheides (i.e. not the
methylated derivatives) were synthesized and absorption spectra of these (B)Pheos were compared with those of the
(B)Pheides. Pheo a was synthesized from Chl a, and its absorption spectrum was essentially identical to those of the compounds in peaks 4 and 5 (Fig. 6C), which were thus identified as
Pheide a and [12-Et]-Pheide a. A similar result was observed for
3-(1-hydroxyethyl)-Pheo a, which was synthesized from BChl
VOLUME 286 • NUMBER 25 • JUNE 24, 2011

Downloaded from www.jbc.org at PENN STATE UNIVERSITY, on January 29, 2012

FIGURE 6. Absorption spectra of pheophorbides accumulated in C. tepidum ⌬bciC mutant (peaks 1–5 in Fig. 5A) and corresponding pheophytins. A, deduced structure of eluates in peak 1, 3-(1-hydroxyethyl)-Pheide a,
and comparison of its absorption spectra (solid line) and that of Pheo a
(dashed line). B, deduced structure of eluates in peaks 2 and 3, 3-acetyl-Pheide
a, Bpheide a, and their C-12 methylated derivatives, and comparison of the
absorption spectra of eluates in peak 2 and 3 (thick solid line), that of 3-acetylPheo a (dashed line) and Bpheo a (dotted line), and calculated composite
absorption spectrum of the two (B)Pheos (thin solid line). C, deduced structure
of eluates in peaks 4 and 5, Pheide a, and its C-12 methylated derivative, and
comparison of the absorption spectra of eluates in peaks 4 and 5 (solid line)
and that of Pheo a (dashed line). Absorption spectra were normalized to the
same values for Qy peaks in A and C. Absorption spectra of the two (B)Pheos
were normalized so that the sums of absorption at 682 and 750 nm were the
same as those of the eluates. The absorbance of the two (B)Pheos were added
to generate a calculated, composite spectrum of the mixture of the two
(B)Pheos.

10.0
11.6
12.4
14.0
14.9
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TABLE 3
MS/MS fragmentation results of protonated positive ions 关M ⴙ H兴ⴙ of
selected pheophorbides accumulated in C. tepidum ⌬bciC mutant
Molecular mass
of 关M ⴙ H兴ⴙ (m/z)

Molecular mass of
primary fragment (m/z)

593
609
611

533
549
551
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ferent light intensities

Growth rate (hⴚ1)

Light intensities
(mol sⴚ1 mⴚ2)

Wild-type

⌬bciC mutant

93
155
241
307

0.27
0.28
0.26
0.20

0.025
0.055
0.071
0.10

FIGURE 7. Comparisons of pigment contents in C. tepidum ⌬bciC mutant
after different numbers of serial subcultures. A, comparison of partial
HPLC profiles showing BChl a and Chl a contents in ⌬bciC mutant cells immediately after complete segregation (dashed line) and those after three to five
subcultures (solid line), which was very similar to wild-type (Table 1). Pheides
accumulated in both type of cells were nearly identical (not shown). B, comparison of partial HPLC profiles showing Pheides accumulated in the mutant
cells after three to five subcultures (solid line) and those after ⬎20 subcultures
(dotted line). BChl a and Chl a contents in both type of cells were identical (not
shown). HPLC profiles in both panels were normalized to equivalent BChl a
contents. ⌬bciC mutant cells used in all other analyses were those subcultured three to five times after complete segregation.

tinued to increase at higher light intensities, but this was not
tested. Very similar growth behavior as a function of light intensity was observed for a bchK mutant (28).
Interestingly, the content of (B)Chls and (B)Pheides in the
⌬bciC mutant changed with time as the culture was subcultured. Immediately after complete segregation of the mutant
had occurred, the ⌬bciC mutant synthesized much more Chl a
than the wild-type. Moreover, most of the Chl a produced had
phytol as the esterifying alcohol rather than ⌬2,6-phytadienol
as found in the wild-type (Fig. 7A). The mutant initially synthesized mainly Chl aP instead of Chl aPD, which was the usual Chl
a in wild-type. The Chl a:BChl a ratio in the mutant in this
initial growth stage was 1:2, compared with 1:10 in the wildtype. These changes in Chl a disappeared after three to five
rounds of serial subculturing, and the (B)Chl a contents
returned to the same levels as found in wild-type cells. The
(B)Chl a contents remained stable after the initial three to five
serial subcultures, but (B)Pheides accumulation did not.
Although the types of (B)Pheides accumulated seemed to be the
same, the mutant accumulated much less (⬍3%) (B)Pheides
after ⬎20 serial subcultures (Fig. 7B).
JOURNAL OF BIOLOGICAL CHEMISTRY

22399

Downloaded from www.jbc.org at PENN STATE UNIVERSITY, on January 29, 2012

a, and the compound in peak 1 was thus confirmed to be 3-(1hydroxyethyl)-Pheide a (Fig. 6A). Bpheo a and 3-acetyl Pheo a
were synthesized from BChl a, and their absorption spectra
were compared with those of the compounds in peaks 2 and 3
(Fig. 6B). The Qy absorption peaks of Bpheo a and 3-acetyl Pheo
a matched those of the two peaks of the compounds in these
peaks with absorption maxima at 750 nm and 682 nm, respectively. Soret peaks at 358 and 410 nm and secondary peaks at
around 525 nm of the two (B)Pheos were also observed in the
spectra corresponding to peaks 2 and 3. The composite absorption spectrum of the two (B)Pheos was calculated, and this
spectrum was very similar to the in-line absorption spectrum of
a mixture of eluates. Small differences in the absorption spectra
of (B)Pheides and the synthesized (B)Pheos probably were the
result of solvent differences, which are known to affect the
absorption properties of (B)Chls (34). In summary, the close
agreement between the absorption spectra of the tentatively
identified (B)Pheides and the chemically synthesized standards,
together with the mass spectral data, confirm the structural
assignments shown in Fig. 6.
The important and common feature of all of the various
(B)Pheides accumulated in the mutant was the presence of the
C-132-methylcarboxyl group. To confirm the presence of this
key side group, MS/MS analyses were performed on three
selected ions of different compound classes (corresponding to
the four types of (B)Pheides with different structures (see Fig.
6)). The primary fragment ions M⫹. of all three protonated positive ions [M ⫹ H]⫹ lost a mass of 60, which equals the mass of
a methylcarboxyl group and a proton (Table 3). These results
were consistent with previous fragmentation studies of tetrapyrroles with methylcarboxyl groups (38). These data
strongly supported the conclusion that the product of ORF
CT1077 was essential for the removal of the C-132-methylcarboxyl group of Chlide a in C. tepidum.
Other Characteristics of ⌬bciC Deletion Mutant—Previous
studies have shown that mutants unable to synthesize BChl c
grow much more slowly than wild-type cells at low light intensity (16, 17, 28). However, wild-type cells exhibit light saturation and grow more slowly at supersaturating light intensities,
possibly because of photoinhibition due of exciton quenching
in chlorosomes (28). The growth rate of the ⌬bciC mutant was
compared with that of the wild-type at light intensities between
93 and 307 mol photons m⫺2 s⫺1. As shown in Table 4, the
growth rate of the wild-type was maximal at ⬃200 mol photons m⫺2 s⫺1 and decreased at higher intensities. However, the
growth rate of the ⌬bciC mutant increased 4-fold over the same
light intensity range (Table 4). The ⌬bciC mutant grew ⬃10fold slower than the wild-type at the lowest light intensity but
only grew 2-fold slower at the highest light intensity. It is possible that the growth rate of the ⌬bciC mutant would have con-

TABLE 4
Growth rates of C. tepidum wild-type and ⌬bciC mutant at dif-
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DISCUSSION
The ⌬CT1077 deletion mutant of C. tepidum completely
lacked BChl c and exclusively accumulated (B)Pheides with
C-132-methylcarboxyl groups. These results clearly demonstrated that the CT1077 gene product is essential for the
removal of the C-132-methylcarboxyl moiety from Chlide a,
which is expected to be the first committed step in BChl c biosynthesis (3). Moreover, the complementation studies with
CT1077 orthologs from Candidatus C. thermophilum and
C. thalassium, whose sequences are highly divergent from that
of CT1077 (supplemental Fig. 1), suggested that these gene
products are probably sufficient for the removal of this moiety
from Chlide a. Thus, to acknowledge the role of the CT1077
product in BChl c biosynthesis, ORF CT1077 was renamed
bciC.
Despite repeated attempts using several different genes, all
attempts to express bciC genes heterologously in Escherichia
coli and Synechococcus sp. PCC 7002 were unsuccessful. Therefore, the specific enzymatic activity of BciC, i.e. whether it is a
pheophorbidase (methylesterase) or a demethoxycarbonylase,
could not be demonstrated directly. It is unclear why attempts
to overexpress bciC failed, but the fact that BciC is predicted to
be an integral membrane protein with five predicted transmembrane ␣-helices (predicted by TMHMM version 2.0)
might be a major contributing factor. However, the BciC
ortholog from Candidatus C. thermophilum was able to
replace the function of BciC in C. tepidum very effectively. The
sequences of the BciC proteins from these two very distantly
related organisms were only 28% identical (Candidatus C. thermophilum BciC). Furthermore, BciC from C. thalassium was
only 48% identical to BciC of C. tepidum. Therefore, it seemed
highly unlikely that BciC from Candidatus C. thermophilum
could efficiently replace C. tepidum BciC, if BciC were to be a
component of a multisubunit enzyme complex. Therefore, it
seems likely that BciC alone is sufficient to catalyze the removal
of the C-132-methylcarboxyl group of Chlide a. It is also
unlikely that BciC plays a regulatory role in BChl c biosynthesis.
The ⌬bciC mutant strain was not leaky; moreover, the ⌬bciC
mutant never exhibit phenotypic reversion despite very strong
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back-selection pressure from maintaining cells at low light
intensity for more than two years. These and other observations
are consistent with BciC playing an essential role in catalysis.
As discussed above, reactions similar to that shown in Fig. 1
occur during Chl degradation in plants and algae, and it is
known that two mechanisms exist. In the first, a two-step process is initiated by a pheophorbidase, which demethylates the
C-132-methylcarboxyl group of Chlide a and thereby produces
an intermediate that can spontaneously lose the C-132-carboxyl group. In the second mechanism, a concerted reaction
occurs, in which the C-132-methylcarboxyl group of Chlide a is
lost without the formation of a carboxylate intermediate. The
reaction mechanism putatively catalyzed by BciC in the biosynthesis of BChl c is not known, and arguments for either mechanism can be made. Methylesterases are often members of recognizable protein superfamilies, and the observation that BciC
has no homologs in the databases and that BciC protein family
has no conserved serine or cysteine residues (supplemental Fig.
1) might indicate that it is a pheophorbide demethoxycarbonylase. On the other hand, the fact that BciC has no homologs in
the genome of Chlamydomonas reinhardtii, in which pheophorbide demethoxycarbonylase activity has been reported
(22), might indicate otherwise. Methylesterases often have
rather simple catalytic requirements, but BciC could represent
a completely novel family of such enzymes. Other than in bacteria that can synthesize BChl c, d, or e, a BciC homolog can
currently be found in only one organism, the diatom Phaeodactylum tricornutum CCAP 1055/1, and interestingly, no planttype pheophorbidase homolog exists in its genome. This suggests that BciC might replace the activity of a pheophorbidase
in that organism. Because we have shown that BciC can be
heterologously expressed in C. tepidum, further studies of the
enzyme expressed in this organism will be required to determine the mechanism employed by BciC.
The C. tepidum ⌬bciC mutant accumulated a variety of
(B)Pheides. The identities of these (B)Pheides revealed information about the effects of C-132-methylcarboxyl group on the
substrate specificities of other BChl c biosynthesis enzymes. No
(B)Chls or (B)Pheos esterified with farnesol were detected; this
result shows that BchK, the BChl c synthase, can only esterify
substrates that lack a C-132-methylcarboxyl group. Because
none of the detected (B)Pheides were methylated at the C-20
position, BchU is likewise unable to methylate substrates that
have a C-132-methylcarboxyl group. Interestingly, BchK and
BchU are thought to catalyze the last two steps in the synthesis
of BChl c (21). (B)Pheides methylated at the C-82 or C-121 positions were detected, but these methylated species were much
less abundant than the unmethylated homologs, and the
(B)Pheides generally carried only a single methyl group. This is
very different from the situation for BChl c synthesis in wildtype cells, in which nearly all BChl c homologs are singly methylated at C-121 and most molecules also are singly or doubly
methylated at C-82 (17). Thus, the C-132-methylcarboxyl group
in the substrates apparently lowered the activities of BchQ and
BchR. From the analyses performed, it was not clear whether
the (B)Pheides were predominantly methylated by BchQ, BchR,
or both. However, because nearly all BChl c in wild-type cells is
methylated at the C-121 position, but BChl c is not as extenVOLUME 286 • NUMBER 25 • JUNE 24, 2011
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CT1077 Replacement Mutant—A strain in which ORF
CT1077 was replaced by its ortholog, Cabther_B0031, from
Candidatus C. thermophilum and an aadA cassette for selection, was constructed (see Fig. 3B). After transformation and
restreaking, the strain was verified by analytical PCR and DNA
sequence analysis of the resulting amplicon. The (B)Chl content (Table 1) and the absorption spectra of whole cells (Fig. 4A)
and extracted pigments (Fig. 4B) of the complemented strain in
which CT1077 was replaced by Cabther_B0031—aadA were
nearly identical to those of the wild-type. These data showed
that the phenotype of the ⌬CT1077 deletion mutant did not
result from polarity effects of the aadA insertion on the adjacent upstream or downstream genes (see Fig. 3, A and B). These
results also indicated that the Cabther_B0031 product was
functional in C. tepidum. A second strain, in which CT1077 was
replaced with the orthologous gene from Chloroherpeton
thalassium, the earliest diverging member of the Chlorobiaceae
(21), had the same characteristics (data not shown).
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products of bciC genes from all chlorophototrophic Chlorobi
strains have the same activity. Furthermore, because BciC from
a member of the phylum Acidobacteria had the same activity as
C. tepidum BciC, it is likely that homologs in members of the
Chloroflexi are also functionally orthologous. If this reasoning
is correct, then all organisms that employ chlorosomes as lightharvesting antennae apparently use the same gene for the
essential, first committed step in the synthesis of BChl c, d, and
e from Chlide a. BciC sequences from Chloroflexi and Acidobacteria were the sequences that were most distantly related to
BciC of members of the Chlorobi (⬍30% identity between
sequences from different phyla). Thus, the phylogenetic relationships among BciC sequences are consistent with the relationships of the organisms and their phyla (supplemental Fig.
2), and it therefore seems unlikely that any of these genes were
obtained through recent horizontal gene transfer. Supporting
this assessment, gene neighborhoods surrounding bciC, which
were conserved within a phylum, were completely different
across members of the three relevant phyla. Notably, only in the
genome of Candidatus C. thermophilum was bciC co-localized
with other genes for (B)Chl biosynthesis. In 15 other organisms,
including C. tepidum, the bciC gene was co-localized with
genes completely unrelated to (B)Chl biosynthesis. This was
one reason that CT1077 was not considered to be a probable
candidate to encode the missing activity in previous attempts to
identify this gene by phylogenetic profiling.
Similar to the recent identification of a variant 8-vinyl protochlorophyllide reductase (20), the recent and rapid increase in
the availability of genomes of chlorophototrophs played a crucial role in the identification of bciC, the identification of which
apparently completes the biosynthetic pathway for BChls c and
d. By applying a combination of bioinformatic, genetic and biochemical approaches, the bciC gene product was shown to be
essential for the first committed step in conversion of Chlide a
into BChls c, d, and e. As more and more genomes of chlorophototrophic bacteria are sequenced, approaches similar to
those described here should soon make it possible to answer the
other outstanding questions concerning the biosynthesis of
(B)Chls (e.g. how the C-7 formyl group is introduced into BChl
e and how BChl b is synthesized).
Acknowledgment—We thank James R. Miller (Proteomics and Mass
Spectrometry Core Facility, The Huck Institutes of the Life Sciences,
Penn State University) for technical expertise for the mass spectrometry analyses.
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C. tepidum strain (⌬bciA::bciBCher-aadA) in which the native bciA
gene (CT1063) was replaced by bciB (Ctha_1208) from another
green sulfur bacterium (GSB), Chloroherpeton thalassium, together with a selectable aadA antibiotic resistance cartridge (5)
(Fig. 1A). A negative-control strain (⌬bciA::aadA), in which the
bciA gene was simply replaced with aadA, was also constructed
(Fig. 1B). These constructs were made in plasmid pUC19 as
described previously (11) and were designed so that bciA was
completely replaced from start to stop codons. The resulting plasmids were linearized with AhdI and used to transform C. tepidum
to spectinomycin/streptomycin resistance (3). Complete segregation of alleles was verified by PCR (Fig. 1C) and DNA sequencing
of PCR products. Pigments were extracted from cells using acetone-methanol (7:2, vol/vol) and analyzed by reversed-phase
high-pressure liquid chromatography (HPLC) as described previously (6).
Consistent with results obtained previously when bciA was
insertionally inactivated (6), the ⌬bciA::aadA mutant synthesized only two homologs of BChl cF (BChl c esterified with
farnesol), because the vinyl group at the C-82 position could no
longer be methylated by BchQ (8). The Soret absorption peak
of BChl cF of the ⌬bciA::aadA mutant was redshifted 10 nm to
445 nm compared to that of BChl cF of wild-type cells (Fig. 2A,
B, D, and E). Thus, replacement of bciA by aadA resulted in
the loss of 8-vinyl reductase activity and resulted in the synthesis of [8-vinyl]-BChl cF. However, the ⌬bciA::bciBCher-aadA
strain synthesized the same distribution of BChl cF homologs
as did the wild-type cells. The number of homologs, their
abundance, and their absorption spectra were identical to
those of wild-type cells (Fig. 2A, C, D, and F). These results
demonstrated that BciB functionally complemented the loss of
8-vinyl reductase activity caused by deletion of the bciA gene.
If BciB were a subunit of multisubunit enzyme complex, it
would be extremely unlikely that C. tepidum would possess
genes encoding (all) the other subunit(s) of that complex except BciB. Therefore, it is likely that BciB is sufficient to
produce 8-vinyl reductase activity (in the metabolic context of
a GSB cell). These experiments do not address the identity of
the electron donor to BciB, but they suggest that a donor,
perhaps the abundant [8Fe-8S] ferredoxins that are present in
these cells (21), is available and efficiently donates electrons to
BciB.

Chlorophototrophic bacteria, algae, and plants synthesize
chlorophylls (Chls) and/or bacteriochlorophylls (BChls) from
the common substrate protoporphyrin IX (1, 4, 7, 12, 20).
During the biosynthesis of most (B)Chls, the C-8 vinyl side
chain on the tetrapyrrole B ring is reduced to an ethyl group,
which may be further modified (7, 12). Exceptions include the
3,8-divinyl (DV) Chl a and b molecules that are synthesized by
some Cyanobacteria (18).
Until AT5G18660 of Arabidopsis thaliana was shown to encode 8-vinyl reductase (14, 15), BchJ was mistakenly believed
to be the enzyme responsible for the C-8 vinyl reduction in
bacteria (6, 17). A homolog of the A. thaliana 8-vinyl reductase, designated bciA, is encoded by open reading frame
(ORF) CT1063 in the green sulfur bacterium Chlorobaculum
tepidum, and its product was also shown to have 8-vinyl reductase activity (6). However, many organisms which are known to
synthesize monovinyl (MV) (B)Chls do not have BciA homologs (6); this means that another type of 8-vinyl reductase
must occur in these organisms. In the cyanobacterium Synechococystis sp. strain PCC 6803, ORF slr1923 encodes a product essential for C-8 vinyl reduction (9, 10). Homologs of
slr1923 are found in most but not all chlorophototrophic organisms without bciA homologs (10). However, heterologous
expression of slr1923 in Escherichia coli was unsuccessful (10).
Therefore, it was unclear whether the product of slr1923 was
sufficient to catalyze the 8-vinyl reductase activity, required
another protein(s) to form a multisubunit enzyme complex, or
played some regulatory role. To acknowledge its role in (B)Chl
biosynthesis, Bryant et al. designated slr1923 and its homologs
as bciB (2).
Heterologous expression of slr1923 in E. coli could have failed
to reveal the expected 8-vinyl reductase activity for many reasons,
including improper folding or conformation, inability to introduce
a cofactor, or absence of required electron donors. These factors
might be corrected by expressing appropriate genes from a different expression platform. This idea was tested by constructing a
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Dept. of Biochemistry and Molecular Biology, The Pennsylvania State
University, University Park, PA 16802. Phone: (814) 865-1992. Fax:
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Two 8-vinyl reductases, BciA and BciB, have been identified in chlorophototrophs. The bciA gene of Chlorobaculum tepidum was replaced with genes similar to bciB from other green sulfur bacteria. Pigment analyses of
the complemented strains showed that the bciB homologs encode 8-vinyl reductases similar to those of
cyanobacteria.
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TABLE 1. Distribution of bciA and bciB homologs in
some GSB genomes
No. of homologs of:
Organism
b

Chlorobium ferrooxidans DSM 13031
Chlorobium limicola DSM 245
Chlorobium phaeobacteroides DSM 266
Chlorobium clathratiforme DSM 5477
Prosthecochloris aestuarii DSM 271
Chloroherpeton thalassium ATCC 35110

BciAa

BciB

1
0
0
1
1
0

1
2
3
1
1
1

FIG. 1. (A and B) Physical maps and agarose gel electrophoresis of
PCR products showing construction and complete segregation of wildtype and mutant alleles for ⌬bciA::bciBCher-aadA (A) and ⌬bciA::aadA
(B) mutant strains of C. tepidum. (C) Agarose gel electrophoresis of
PCR products of bciA locus using primers “F” and “R” (as labeled in
panel A). Lane 1, DNA size markers (sizes in bp indicated for selected
markers); lane 2, amplicon produced using template DNA from C.
tepidum wild type; lane 3, amplicon produced using template DNA
from the ⌬bciA::aadA strain; lane 4, amplicon produced using template DNA from the ⌬bciA::bciBCher-aadA mutant.

A phylogenetic analysis of BciB homologs was performed
for all sequenced GSB genomes. Surprisingly, homologs of
both bciA and bciB were found in several GSB strains (Table 1;
Fig. 3). Additionally, some GSB strains possessed multiple

FIG. 2. HPLC elution profiles (A to C) and absorption spectra (D to
F) of extracted BChl cF of C. tepidum wild-type cells (A and D),
⌬bciA::aadA mutant (B and E), and ⌬bciA::bciBCher-aadA mutant (C and
F). BChl cF homologs in peaks 1 to 6 have been identified in previous
studies (6, 8). Compound 1 is [8-ethyl-12-methyl]-BChl cF, compound 2 is
[8-ethyl-12-ethyl]-BChl cF, compound 3 is [8-n-propyl-12-ethyl]-BChl cF,
compound 4 is [8-iso-butyl-12-ethyl]-BChl cF, compound 5 is [8-vinyl-12methyl]-BChl cF, and compound 6 is [8-vinyl-12-ethyl]-BChl cF. Absorption spectra are shown for the BChl cF homolog corresponding to the largest
peak (peaks 2, 6, and 2 in panels A, B, and C, respectively), although spectra
were identical for all BChl cF homologs from each cell type.

copies of BciB that could produce redundant protein activities
(Table 1). To determine if this was the case, three of the bciB
homologs, Clim_1791, Cpha266_0188, and Paes_0603, representing different branches of the phylogenetic tree (Fig. 3),
were tested for their ability to complement a bciA deletion
mutation as described above. All three strains synthesized
BChl c like the wild-type strain (data not shown). These results
suggested that all of the bciB homologs in GSBs probably
encode functional 8-vinyl reductases.
These observations raise two interesting questions: why do
some organisms retain genes for two different 8-vinyl reductases, and why do some organisms have multiple copies of what
appear to be functionally redundant genes? Similar observations have been made for bchE and acsF genes, whose products
catalyze the isocyclic ring formation in (B)Chl biosynthesis (1,
4, 7, 12, 20). Many organisms have both bchE and acsF genes
(16; A. M. Garcia Costas, Z. Liu, L. P. Tomsho, S. C. Schuster,
D. M. Ward, and D. A. Bryant, submitted for publication), and
some organisms have two copies of acsF (13). These gene
products function under different oxygen concentrations,
which allows organisms to synthesize (B)Chls under a range of

FIG. 3. Neighbor-joining phylogenetic tree of BciB homologs in
green sulfur bacteria. The tree was based on 1,000 bootstrap samplings, and bootstrap support values per 100 samples are shown for
each node. The slr1923 product of the cyanobacterium Synechocystis
sp. PCC 6803 was used as outgroup. The bar denotes 0.05 changes per
amino acid site. Homologs tested in C. tepidum in this study are
indicated in bold. Prefixes to locus tags used in this figure are as
follows: Clim for Chlorobium limicola DSM 245, Cpha266 for Chlorobium phaeobacteroides DSM 266, Ppha for Chlorobium clathratiforme
DSM 5477, Paes for Prosthecochloris aestuarii DSM 271, CferDRAFT
for Chlorobium ferrooxidans DSM 13031, and Ctha for Chloroherpeton
thalassium ATCC 35110.
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a
Only organisms with bciB homologs are listed here. Three GSBs have no
bciA gene; all GSBs lacking bciB homologs have only one bciA homolog.
b
Genome incomplete.
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environmental conditions (13, 16). It is possible that the BciA
and BciB homologs have a similar complementary relationship, such that each is optimally active under different conditions. However, it is not yet clear what these conditions might
be. BciA has no oxygen-sensitive redox cofactors and could be
expressed in an active form in E. coli (6), but BciB is predicted
to contain one or more Fe/S clusters, which might be oxygen
sensitive. It is possible that Fe could be limiting in some environments, and the ability to switch to a protein lacking metal
cofactors might be advantageous.
The occurrence of multiple divinyl reductases in some GSBs
may also underscore the importance of reduced C-8 side chains
for BChls in these organisms. In Cyanobacteria, mutant strains
with DV-Chl a grew much slower than wild-type cells under
high light (9, 10), because of rapid bleaching of DV-Chl a and
dissociation of reaction center complexes (19). Disruption of
bciA in C. tepidum caused significant differences in the suprastructure formed by BChl c in chlorosomes, which resulted in
a 31-nm blueshift of the absorption maximum of the BChl c in
chlorosomes (6). These changes resulted in less absorption per
BChl c molecule (see reference 6), less-efficient energy transfer
from BChl c to the BChl a associated with CsmA in the base
plates because of the energy gap, and much greater spectral
overlap with Chl a-containing organisms. All of these changes
would lead to lower light-harvesting efficiency and lower
growth rates. Although the ⌬bciA::aadA mutant grew only
slightly slower (13%) than the wild type under high-light conditions (⬃100 mol photons s⫺1 m⫺2), it grew at only 49% of
the rate of the wild type under low-light conditions (⬃20 mol
photons s⫺1 m⫺2; data not shown). Therefore, the ability to
reduce the C-8 vinyl group represents a significant advantage
for GSBs, which often live under low- and growth-limiting light
conditions.

APPENDIX D.
Publication: Liu, Z., and Bryant, D. A. (2012) Biosynthesis and assembly of
bacteriochlorophyll c in green bacteria: theme and variations. in: Handbook of Porphyrin
Science. (Kadish, K. M., Smith, K. M., and Guilard, R., eds.), Set IV-20, in press, Word
Scientific Publishing, Hackensack, NJ, USA
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I. Introduction
Green chlorophototrophic bacteria, also simply called green bacteria, are organisms that depend on chlorophyll (Chl)-based photosynthesis as their main energy
source and also synthesize chlorosomes as their light-harvesting antennae. This
group now consists of organisms from three phyla: the green sulfur bacteria (GSB;
Chlorobiales) from phylum Chlorobi; the green Filamentous Anoxygenic
Phototrophs (FAPs) from the phylum Chloroflexi; and Candidatus Chloracidobacterium thermophilum (Ca. C. thermophilum) from the phylum Acidobacteria.1,2
These distantly related bacteria differ significantly in many physiological and biochemical aspects, including their photosynthetic reaction centers and the (bacterio)
chlorophylls ((B)Chls) which they produce. The GSB and Ca. C. thermophilum
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have type-1 homodimeric reaction centers that bind BChl a and Chl a, while the
green FAPs have heterodimeric type-2 reaction centers that bind BChl a.2,3
However, all green bacteria synthesize BChl c, d or e as the main pigments of their
chlorosomes. Chlorosomes are very large, light-harvesting antenna structures and
can contain up to 250,000 BChl c, d, or e molecules per chlorosome, thereby
accounting for up to 97% of (B)Chls in the cells and about 30% of the cell
carbon.4–7 The very high cellular contents of antenna BChls and the resulting high
light-harvesting efficiency, enable some green bacteria to grow under extremely
low light intensities at which no other chlorophotorophs can grow.8,9
BChl c, d and e molecules occur exclusively in chlorosomes, in which they
form large self-aggregating suprastructures. The pigment-pigment interactions in
chlorosomes are unlike those found in all other antenna structures, in which the
pigments mainly interact with proteins.10 The pigment-pigment interactions are
directly related to two main structural differences of BChl c, d, and e that distinguish these BChls from all others. All three of these BChls all have a C-31hydroxyl group and lack the C-132-methylcarboxyl group.11 The former can
provide a ligand to the Mg of a nearby BChl molecule, resulting in pigmentpigment interactions, and the absence of the latter relieves the steric hindrance
that would otherwise arise from such pigment-pigment interactions.12,13 There are
also other structural variations that occur among these three BChls that are not
essential for self-aggregation but that make these BChls different from all others.
These include: the occurrence of both R and S chirality at the C-31 position;
methylation of BChl c and e at C-20; the presence of a formyl group instead of a
methyl group at C-7 of BChl e; BChl c, d, and e can be methylated up to three
times at the C-82 position and a single time at the C-121 position in some organisms; and BChls c, d, and e can have a wide variety of esterifying alcohols on the
carboxyl group C-17. Thus, the terms BChl c, d, and e do not generally refer to
unique compounds but to a family of homologs with considerable structural heterogeneity. These variations on the central structural theme provide important
mechanisms that allow organisms to adjust the absorption properties of their
chlorosomes to achieve optimal light harvesting in their natural environments
(see below for details).
In addition to BChl c, d, and e, all green bacteria also synthesize small
amounts of BChl a and green bacteria other than green FAPs additionally synthesize small amounts of Chl a. In Cba. tepidum, the ratio of the three BChl c : BChl
a : Chl a synthesized is approximately 97:3:0.3.14 Chl aPD (Chl a esterified with
∆2,6-phytadienol) is the primary electron acceptor in the reaction centers of GSB
and Ca. C. thermophilum.2,15 BChl a (mostly BChl aP, BChl a esterified with phytol) occurs in reaction centers16–18 and CsmA protein of the chlorosome envelope4,18–20
of all green bacteria. BChl aP is also found in the Fenna-Matthews-Olson (FMO)
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protein of GSB and Ca. C. thermophilum21–23 and in the B808–866 antenna protein
in green FAPs.24,25

II. Overview of the (Bacterio)chlorophyll Biosynthetic
Pathways in Green Bacteria
Until the genome of GSB Chlorobaculum tepidum (Cba. tepidum) was
sequenced,26 the biosynthesis of (B)Chls in green bacteria was very poorly understood in comparison to the state of knowledge concerning the synthesis of Chl a
and BChl a in other phototrophic organisms, such as higher plants and purple bacteria.27–30 Orthologs of genes that were known to be involved in Chl a and BChl a
biosynthesis, and paralogous genes that were potential genes for BChl biosynthesis, were identified in the Cba. tepidum genome.26 Thanks to the development of
a natural transformation protocol in Cba. tepidum,31 null mutants of many of these
genes were constructed, and the pigment contents of the resulting mutants were
investigated by biochemical approaches such as HPLC and mass spectrometry (for
reviews, see Refs. 32–34). These studies for the first time identified several genes
whose products were exclusively involved in the biosynthesis of BChl c, d, and
e.32 Heterologous expression of (B)Chl biosynthesis genes, and biochemical studies of various gene products, also provided important evidence in the identification of these genes (see below for details). As additional genomes of green bacteria
were subsequently sequenced, it became possible to study (B)Chl biosynthesis in
green bacteria other than the model organism (Cba. tepidum), mainly by comparative genomics.2–14,33,35 Genome sequences are currently available for 14 additional
GSB strains; six green FAPs including four Chlorofexus strains, Oscillochloris
trichoides DG6, and Candidatus Chlorothrix halophila; and Ca. C. thermophilum.2,35,36 The availability of these genome sequences played instrumental
roles in the identification of the genes encoding two enzymes required for BChl
synthesis (see Sections III.D and IV.A).
All (B)Chls in green bacteria are synthesized from a common tetrapyrrole precursor, protoporphyrin IX (Proto) (1; Figure 1). The biosynthetic pathway for the synthesis of Proto from glutamate has been previously described in detail and will not be
discussed here.33,37–39 As mentioned above, each green bacterium can synthesize
either two (green FAPs) or three (GSB and Ca. C. thermophilum) different (B)Chls.
The point(s) at which the trunk pathway bifurcates into sub-pathways for specific
(B)Chls was one of major unanswered questions in (B)Chl biosynthesis 10 years ago.
Several possible models with different branch points, including branching at the level
of Proto (1; Figure 1), Mg-Proto (2; Figure 1), and chlorophyllide (Chlide) a (3;
Figure 1) were initially proposed as possibilities.26,32,33 Both the first and the second
suggested models bypassed the methylation of C-132 carboxylate and proposed the
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Figure 1. Scheme summarizing the biosynthetic pathways producing Chlide a (3) from Proto
(1) in green chlorophototrophic bacteria. Numbering of carbons are shown for Proto. Ring
designations (A–E) are shown for Chlide a.

existence of early intermediates lacking the C-132 methylcarboxyl group. It is now
clear that the third model, in which Chlide a is the last common intermediate for all
(B)Chls,34 is most consistent with multiple lines of experimental evidence (see details
below). The current understanding of (B)Chl biosynthetic pathways in green bacteria
is summarized in Figures 1 and 2. The “hub” molecule, Chlide a, is synthesized from
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Figure 2. Scheme summarizing the biosynthetic pathways producing BChl c, BChl d, BChl e,
BChl aP (BChl a esterified with phytol) (5), and Chl aPD (Chl a esterified with ∆2,6-phytadienol)
(4) from Chlide a (3) in green chlorophototrophic bacteria. BChl c (6), d (7), e (8) esterfied with
farnesol are shown for all BChl c, d, e species, although other esterifying alcohols occur (see
text). R8 = ethyl, n-propyl, isobutyl, or neopentyl. R12 = methyl or ethyl. The star denotes the
chiral carbon C-31, which can have either R or S stereochemistry.
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Proto in five steps in all organisms. Although this part of the pathway is shared for
the biosynthesis of all (B)Chls in green bacteria, it is also that portion of the pathway
that is most diversified with respect to the use of different enzymes to accomplish the
same biochemical transformation in different organisms. For two of the five trunk
reactions, two entirely different enzymes (BchE/AcsF, BciA/BciB, see Sections III.C
and III.D) exist that can perform the same reaction. Different green bacteria utilize
one or the other, or even both, enzymes for these two reactions. Furthermore, different isoenzymes frequently exist for the first committed step of the trunk pathway, the
ATP-dependent protoporphyrin IX Mg-chelatase. In green bacteria, the reduction of
the B-ring is only known to occur by the dark-operative protochlorophyllide reductase (BchNBL; DPOR). However, like most plants, Cyanobacteria have an alternative enzyme as their main Pchlide reductase, the light- and NADPH-dependent
protochlorophyllide reductase (PorA), which has not yet been shown to occur in
green bacteria. Thus, the only reaction in the trunk pathway for which no variation is
known is the methylation of the C-132 carboxyl group by BchM/ChlM. From Chlide
a, the pathway diverges into three branches through which Chl a (4; Figure 2), BChl
a (5; Figure 2), and BChl c (6; Figure 2), d (7; Figure 2), or e (8; Figure 2) are synthesized. The enzymes responsible for the conversion of bacteriochlorophyllide
(Bchlide) c (9; Figure 2) to Bchlide e (10; Figure 2) are still unknown at this time,
and as discussed below, a few other questions remain to be answered.

III. Biosynthesis of Chlorophyllide a
A. Magnesium Chelation
The first committed step of (B)Chl biosynthesis, the insertion of Mg2+ into Proto
(1; Figure 1), is catalyzed by magnesium chelatase, an enzyme which has been
extensively studied in purple bacteria and Cyanobacteria. Mg chelatase consists
of three subunits: a large (140 kDa) BchH subunit and two smaller subunits, BchI
(∼40 kDa) and BchD (∼70 kDa).40–42 In the current model of magnesium chelatase,
both BchI and BchD form hexamers that interact with BchH, which binds Proto
and Mg2+.43–45 (However, ChlI of the cyanobacterium Synechocystis sp. PCC 6803
reportedly forms a heptamer.46 The insertion of Mg2+ is ATP-dependent, and the
synthesis of each Mg-Proto (2; Figure 1) requires the hydrolysis of ∼15 ATP molecules.47 Although both BchI and BchD subunits have AAA domains,44 the ATPase
activity of the enzyme is located on BchI subunit while BchD might play a role in
binding BchI.48–51
The Mg chelatases in green bacteria are very similar to those in purple bacteria and Cyanobacteria, except that green bacteria have more than one copy of
bchH. Cba. tepidum has three bchH paralogs, denoted as bchH, bchS, and bchT.26

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

b1243_Zhengfeng.qxd

6/17/2011

1st Reading

8

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

11:34 AM

b1243

Page 8

Handbook of Porphyrin Science Volumes 16–20

Liu and Bryant

Three single knockout mutants and two double mutants, bchS bchT and bchH bchT,
were constructed to study the possible roles of each gene.52 All of the mutants were
still able to synthesize all (B)Chls, but the bchS mutant only produced ∼10% of the
BChl c produced by wild-type cells. The inactivation of other two genes had much
smaller effect on the BChl contents of the cells. These results were consistent with
a hypothesis known as substrate channeling, which posits that BchH, BchS, BchT
do not release Mg-Proto but instead channel it into the synthesis of three different
BChls. This hypothesis is supported by several other studies. It has been shown that
Mg chelatase not only interacts directly with the enzyme catalyzing the reaction
immediately following the chelation, BchM,53,54 but also has an effect on its activity.55–57 Recombinant Mg chelatases, with each of the three different large subunits
of Cba. tepidum, were heterologously expressed in E. coli, and their activities were
investigated.58 The activities of the three enzyme complexes varied by a factor of
105, and the BchSDI complex had the highest activity among the three. This was
consistent with the mutational studies, which showed that inactivation of bchS had
the largest effect on the cellular BChl content.52 The three recombinant Mg
chelatases exhibited different effects on BchM activity as well.58 It was also shown
that Mg chelatase was the rate-limiting step of these first two steps of BChl synthesis.58 All of these results are consistent with the “substrate channeling” hypothesis, which may explain how green bacteria manage to synthesize very different
amounts of different amounts of three (B)Chls through the same core pathway.
Like Cba. tepidum, most green bacteria have multiple copies of the bchH gene
(Table 1). Similar to those of Cba. tepidum, nearly all GSB strains with sequenced
genomes have three copies (bchH, bchS, bchT); the only exception is Chlorobium
Chlorochromatii, which lacks bchH. Green FAPs also have three bchH paralogs,
but they have two bchH-like genes and a third gene that is more similar to bchS
and bchT. It has been suggested that one of the bchH gene products might be
employed for BChl a biosynthesis under micro-oxic conditions and the other for
anoxic conditions, because the former is clustered with acsF, an oxygen-dependent
oxidative ring cyclase (see Section III.C), in the genomes of Chloroflexus (Cfx.)
spp.33,52 The same gene organization is not found in the genome of the anaerobic
green FAP Oscillochloris trichoides DG6.36 Unlike its other green FAP relatives,
Candidatus Chlorothrix halophila apparently has only one bchH-like gene in addition to one bchS/T-like gene. Ca. C. thermophilum is the only known green bacterium that has only one bchH-like gene encoding copy the large subunit of Mg
chelatase.35 This observation suggests that the “substrate channeling” hypothesis
does not apply for Ca. C. thermophilum, which must have another mechanism to
produce the three (B)Chls required by these cells. Further studies of Mg chelatases
of green FAPs and Ca. C. thermophilum are required to understand the specific
functions associated with the different forms of the enzyme.
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Analyses were performed for the complete genomes of three Chloroflexus sp. strains and the incomplete draft genome of Chloroflexus sp. 396–1.
Genome not complete. Additional enzymes may be identified later.
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d
BchS/T denotes a protein equally similar to both BchS and BchT.
e
Exact function uncertain (see Section III.D).
f
Some organisms have two copies of BchK (see Section IV.F).
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B. Methylation of the C-13 Propionate
The next step in the biosynthesis of (B)Chls is the methylation of the C-13 propionate of Mg-Proto (2; Figure 1) to form Mg-protoporphyrin IX monomethyl ester
(11; Figure 1). The enzyme catalyzing this reaction, BchM, an S-adenosyl-Lmethionine (SAM)-dependent methyltransferase, was first identified in purple
bacteria.59,60 Similar to the bchM mutants of purple bacteria, chlM mutants of
Chlamydomonas reinhardtii accumulated Mg-Proto.61 All available genomes of
green bacteria contain a single bchM gene. It has been shown that the heterologously expressed BchM protein of Cba. tepidum methylates Mg-Proto no matter
which of the three Mg chelatases (BchHDI, BchSDI, BchTDI) catalyzed the Mg
chelation step.58 These observations suggest that the bifurcation of BChl biosynthesis pathways, which lead to different BChls in green bacteria, likely occurs
after the methylation of Mg-Proto. Johnson and Schmidt-Dannert58 also showed
that BchM of Cba. tepidum could use Proto as a substrate, although the product of
such a reaction, Proto-monomethyl ester, has never been detected in Cba. tepidum.
The implication of this observation is still unclear.
C. Isocyclic Ring Formation
Mg-Proto monomethyl ester (11; Figure 1) is next converted to 3,8-divinyl-protochlorophyllide (DV-Pchlide) a (12; Figure 1) via a multi-step oxidative cyclization reaction, which forms the isocyclic E ring of (B)Chl molecules. It was shown
that the C-131-oxo group is derived from H2O or O2 in different organisms, which
was the first indication that two different enzymes with different mechanisms
existed for this conversion.62 Two different oxidative cyclases, BchE and AcsF,
were later identified. BchE is an oxygen-sensitive, vitamin B12-requiring, radicalSAM enzyme,63 while AcsF is an oxygen-dependent, di-iron oxygenase.64
Consistent with their life style, GSB and Oscillochloris trichoides DG6 (draft
genome) that inhabit anoxic environments only have bchE in their genomes; facultatively anaerobic Chloroflexus spp. have both bchE and acsF genes; Ca. C.
thermophilum also has both bchE and acsF genes, presumably because it goes
through oxic-anoxic cycles on a diel basis in its natural habitat (Table 1).2,35,36
Regulation of these two genes seems to be different in different organisms.
Transcript abundances for bchE and acsF exhibited opposite patterns and oxygendependence in Ca. C. thermophilum in situ,65 while transcription of bchE and ascF
are oxygen-independent in the purple bacterium Rubrivivax gelatinosus and Cfx.
aurantiacus, respectively.66,67
There are seven genes encoding radical-SAM genes related to bchE in the
Cba. tepidum genome, and it was originally speculated that one of them might
encode an alternative oxidative cyclase that used Mg-Proto instead of Mg-Proto
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monomethyl ester as substrate, eventually leading to the synthesis of BChl c.26
However, two of the paralogs were later identified as the BchQ and BchR methyltransferases in the synthesis of BChl c, d, and e (see Section IV.B). The remaining
paralogs except CT1959 could also be inactivated, and none of the resulting
mutants had any obvious pigmentation phenotype.32,33 The essential ORF CT1959
is annotated as bchE and occurs in gene cluster with other genes encoding
enzymes of BChl biosynthesis. These observations suggest that Cba. tepidum only
has one bchE gene, namely CT1959, and its product catalyzes the isocyclic E ring
formation in the synthesis of all BChls. These observations again support the
hypothesis that the bifurcation point of biosynthetic pathways leading to different
BChls occurs after Chlide a is formed.
D. C-8 Vinyl Reduction
The C-8 vinyl group on DV-Pchlide a is reduced to an ethyl group in the biosynthesis of (B)Chls in all green bacteria, and the resulting ethyl side chain is later
methylated in the biosynthesis of BChl c, d, and e in some organisms. Like the
previous step in the pathway (Figure 1), the 8-vinyl reductase reaction, which produces protochlorophyllide (Pchlide) a (13; Figure 1), is catalyzed by two different
enzymes, or by both, in different green bacteria (Table 1), and the genes encoding
these two enzymes were not originally identified correctly. A bchJ disruption
mutant of Rhodobacter capsulatus accumulated and released large amounts of
DV-Pchlide a and Pchlide and therefore bchJ was initially suggested to be the 8vinyl reductase.68 Since that report, homologs of bchJ in green bacteria were designated to encode 8-vinyl reductase until the 8-vinyl reductase of Arabidopsis
thaliana was reported.69 The genome of Cba. tepidum contained homologs of bchJ
and the plant-type 8-vinyl reductase (CT1063). Both genes were inactivated, and
the properties of the resulting mutants were investigated.70 The bchJ mutant
excreted large amounts of DV-Pchlide a; however, the bchJ mutant was still able
to synthesize all three types of BChls like wild-type cells, although much less
BChl c was produced. On the other hand, the inactivation of CT1063, which later
was designated as bciA, produced a mutant in which all three BChls carried C-8
vinyl groups. The bciA gene was also expressed heterologously in Escherichia
coli, and it was shown that the resulting enzyme converted DV-Pchlide a to
Pchlide a in vitro using NADPH as the electron donor.70,71 These results clearly
demonstrated that bciA encodes an 8-vinyl reductase, while bchJ apparently
encodes a protein with a non-enzymatic function in (B)Chls biosynthesis. It has
been postulated that BchJ might play a similar role as Gun4, which is a porphyrin
carrier in Cyanobacteria and plants,72,73 because anoxygenic chlorophototrophs
have bchJ genes but no genes encoding Gun4.34 This hypothesis is supported by
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the fact that BchJ interacts with BchH and binds Mg-Proto as Gun4 does.54,74 The
large amounts of DV-Pchlide a accumulated, and the large reduction in BChl c
content in the bchJ mutant of Cba. tepidum, strongly indicates that DV-Pchlide a
is one of the common intermediates leading to the different (B)Chls. This observation is consistent with the model in which Chlide a is the last common intermediate of the trunk pathway in (B)Chl biosynthesis.
Only some green bacteria have BciA homologs, and there must be an alternative divinyl reductase that catalyzes the reduction of C-8 vinyl group in those that
do have BciA. Using comparative genomics of chlorophototrophic organisms
without BciA and Prochlorococcus spp. strains, which synthesize DV-Chls,75 several candidate genes were selected and inactivated in Synechocystis sp. PCC 6803.
One of the mutants, in which ORF slr1923 was inactivated, synthesized DV-Chl a
instead of Chl a.76,77 ORF slr1923 encodes a protein related to the β-subunit of
F420 reducing hydrogenase. The studies reported showed that the product of ORF
slr1923 was required for 8-vinyl reductase activity but did not establish that this
product was sufficient for this reaction. Both Ito et al.76 and Islam et al.77 found
that slr1923 knockout mutants grew much slower than wild-type cells under high
light conditions. The sensitivity to high light resulted from rapid bleaching of DVChl a and dissociation of the reaction center complexes.78
Cba. tepidum mutants were constructed, in which the bciA gene was replaced
by various slr1923 homologs that occur in GSB. When bciA was replaced by
Ctha_1208 of Chloroherpeton thalassium, Clim_1791 of Chlorobium limicola,
Cpha266_0188 of Chlorobium phaeobacteroides DSM 266, and Paes_0603 of
Prosthecochloris aestuarii, all strains synthesized BChl c like wild-type cells.79
These results strongly suggest slr1923 and its homologs encode a second type of
8-vinyl reductase. Therefore, it has been suggested that this gene family be designated bciB in order to acknowledge the role of these proteins in (B)Chl biosynthesis.2 Homologs of bciB are found in most organisms that have 8-vinyl reductase
activity but no homolog of bciA, including some GSB strains, green FAPs and
Ca. C. thermophilum (Table 1). Roseiflexus spp., which are FAPs that synthesize
BChl a but do not synthesize BChl c, d, or e, do not have homologs of either bciA
or bciB, which suggests that a third type of 8-vinyl reductase must occur in these
organisms.2
Interestingly, some GSB strains have homologs of both bciA and bciB genes,
and furthermore, some GSB strains have multiple copies of bciB.2 Selected bciBlike genes from these strains were shown to successfully complement a bciA mutation in Cba. Tepidum.79 Assuming that the bciA genes in those strains with both
types of genes are active, some GSB strains could thus use two different enzymes
to catalyze a single reaction in BChl biosynthesis. The reason behind this strategy
is unclear, but these observations of genetic redundancy suggest that C-8 vinyl
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reduction is an extremely important reaction in (B)Chl biosynthesis. However,
unlike the situation in Cyanobacteria,76–78 the loss of 8-vinyl reductase activity in
the bciA mutant of Cba. tepidum had relatively little effect on the total amount of
(B)Chl synthesized or the growth rate of the cells.70 The reason(s) for the apparent importance of C-8 vinyl reduction in green bacteria remains to be discovered.
E. D Ring Reduction
The final reaction in the synthesis of Chlide a (3; Figure 1), the last common intermediate of BChls, is the reduction of the C-17/C-18 double bond on the D ring of
Pchlide a (13; Figure 1). Two structurally unrelated enzymes also catalyze this
reaction: a light- and NADPH-dependent Pchlide reductase (POR) and a lightindependent (dark-operative) Pchlide reductase (DPOR) in different organisms.34,80 POR is found in Cyanobacteria, plants and algae, but green bacteria
studied to date only use DPOR for this reaction. DPOR consists of three subunits,
BchL, BchB, and BchN, the sequences of which are related to the NifH, NifD, and
NifK subunits of nitrogenase, respectively.81,82 DPOR consists of BchL homodimers and a BchB/BchN heterotetramer. The reduction of Pchlide a requires a
reduced, intersubunit [4Fe–4S] cluster that is harbored by the BchL homodimer.83
Through site-directed mutagenesis of Cba. tepidum BchL, it was shown that this
cluster is coordinated by two cysteine residues from each subunit.84 Reduction of
each Pchlide a also requires the hydrolysis of about four ATP molecules, which is
also catalyzed by the BchL homodimer.84 These results are strongly supported by
the crystal structure of the BchL homodimer with bound MgADP from
Rhodobacter sphaeroides.85 It has also suggested that conformational changes of
BchL might occur upon ATP binding, and these changes are likely to be important
for ternary complex formation and electron transport between subunits.86
The BchB/BchN heterotetramer harbors two [4Fe–4S] clusters. It was initially
reported that these clusters were coordinated by three cysteine residues from
BchN and one cysteine residue from BchB in the Cba. tepidum BchB/BchN
tetramer.84 However, the crystal structure of the protein from Rhodobacter capsulatus showed that it was an aspartate instead of cysteine from BchB that acted as
the fourth ligand to the Fe–S clusters.87,88 Each BchB/BchN dimer binds one
Pchlide a, and it was proposed that the C-17 propionate of Pchlide a and an aspartate from BchB donates a proton to the C-17/C-18 double bond.87 Substrates with
minor modifications on rings A, B, C, including C-8 vinyl derivatives, were recognized and tolerated by the enzyme,89 which is consistent with observations
made in previous studies of mutants lacking C-8 vinyl reductases.70,76 Although the
BchL dimer and the BchB/BchN tetramer resemble their nitrogenase homologs in
sequence, structure, and enzymatic mechanism,84,85,87 the surfaces where intersubunit
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contact occurs have evolved to be remarkably different, probably to prevent the
formation of chimeric enzymes in organisms like GSB, in which both enzymes are
synthesized.85 Consistent with this observation, the BchL dimer could not replace
the NifH dimer of nitrogenase,85 and the NifH dimer could not replace BchL in
DPOR.90

IV. Biosynthesis of Bacteriochlorophyll c, d, and e from
Chlorophyllide a
A. Removal of C-132-Methylcarboxyl Group
As mentioned above, one of the distinctive features of BChls c, d and e is the lack
of the C-132-methylcarboxyl group. If Chlide a is the last common intermediate of
(B)Chls biosynthesis, as is supported by a large body of evidence (see previous
sections), enzyme(s) must exist to remove the C-132-methylcarboxyl group to produce 3-vinyl-Bchlide d (14; Figure 2). This required reaction resembles one that
occurs in the degradation of Chl a in plants, algae and some cyanobacteria, in
which pheophorbide (Pheide) a is converted to pyropheophorbide a.75,91,92 Two
different enzymes can catalyze this reaction via different mechanisms.
Pheophorbidase catalyzes the hydrolysis of the C-132-carboxylate methyl ester,
the product of which undergoes spontaneous decarboxylation. Pheophorbide
demethoxycarbonylase apparently can remove the C-132-methylcarboxyl group in
a single step without the formation of a carboxylate intermediate.91 However,
homologs of the plant-type pheophorbidase93 do not occur in green bacteria, and
no protein with demethoxycarbonylase activity has yet been identified from any
source.
A gene essential for the removal of C-132-methylcarboxyl group of BChls in
green bacteria has been identified.94 The gene, denoted bciC, occurs in a (B)Chl
biosynthesis gene cluster in the genome of Ca. C. thermophilum, and orthologs
were found in all available genomes of green bacteria but were absent in related
chlorophototrophs (e.g., Roseiflexus spp.) that are unable to synthesize BChl c, d,
or e. When the bciC gene of Cba. tepidum was deleted, the resulting mutant strain
was completely devoid of BChl c but synthesized BChl a and Chl a normally.
Additionally, the mutant accumulated large amounts of Pheides and bacteriopheophorbides (Bpheides), all of which still retained the C-132-methylcarboxyl
group. These (B)Pheides were Pheide a and Bpheide a that had been modified by
enzymes involved in BChl a or c biosynthesis. The results obtained for the bciC
mutant strongly support the hypothesis that Chlide a is the last common intermediate in the (B)Chl biosynthesis pathway in green bacteria. Except for BchF which
is not exclusively involved in BChl c biosynthesis, the activity of other BChl c
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biosynthesis enzymes were impaired to different degrees by the C-132-methylcarboxyl group on the substrates. This observation is consistent with previous proposals that the removal of C-132-methylcarboxyl group would be the first
committed step in the BChl c, d, and e biosynthesis pathway.33,34 Although BciC
from Ca. C. thermophilum is only 28% identical in amino acid sequence to BciC
from Cba. tepidum, it was shown that the bciC gene from Ca. C. thermophilum
could successfully complement the bciC deletion mutant of Cba. tepidum.94
Although these results clearly demonstrate that BciC is involved in the removal of
C-132-methylcarboxyl group, additional experiments are needed to reveal the
mechanism employed by BciC.
B. C-82 and C-121 Methylation
BChl c, d, and e of GSB species are partially methylated at the C-82 and C-121
positions to form families of homologs.95–97 The C-8 ethyl moiety can be methylated once to form an n-propyl side chain, twice to form an isobutyl side chain, or
even three times to produce neopentyl groups. The C-12 methyl group can be
methylated once to produce an ethyl side chain.95,98 Labeling studies showed that
the added methyl groups were derived from SAM.99 It was later shown through
mutagenesis studies that two proteins belonging to the radical-SAM protein superfamily, BchQ and BchR, catalyze the methylations at C-82 and C-121, respectively.100 Single mutants of bchQ and bchR, a bchQR double mutant, and strains
combining these mutations with inactivation of bchU (see Section IV.D) were constructed and characterized in Cba. tepidum.100 The bchQ mutant only synthesized
[8-ethyl]-BChl c homologs; the bchR mutant only synthesized homologs with a
methyl group at C-12; and the bchQR double mutant produced only [8-Et, 12-M]BChl c, which was > 95% R-chirality at C-31. When bchU was additionally inactivated in the bchQR mutant, the resulting triple mutant cells produced [8-Et,
12-M]-BChl d that had > 95% R-chirality at C-31.100,101
The BchQ and BchR proteins, which are related in sequence to the oxygenindependent oxidative ring cyclase (BchE), each contain a [4Fe–4S] cluster that may
play a role in the transfer of a methyl group.100 There is no difference in the absorption spectra of differently methylated, monomeric BChl c homologs, but the Qy
peaks of chlorosomes in the mutant cells were narrower and/or were significantly
blue-shifted compared to wild-type cells,100 which was consistent with previous
comparisons between cells with differently methylated BChl c.98 For example, the
Qy absorption peak of chlorosomes from the bchQ mutant was blue-shifted by 16 to
18 nm, while the Qy absorption peak of chlorosomes from the bchR mutant was
blue-shifted by 4 to 5 nm. The half-bandwidth of the Qy peak of chlorosomes in the
wild type increased from about 48 nm to 58 nm when the light intensity decreased
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from 500 to 8 µmol photons m−2 s−1. In contrast, the half-bandwidths of the Qy peaks
of chlorosomes of the bchR and bchQR mutants were very narrow (∼37 nm) and did
not change as a function of light intensity, and those for the bchQ mutant increased
only slightly from 43 to 48 nm. The narrower bandwidths mean that the chlorosomes
have substantially lower absorption cross-sections, which in turn means that there is
a decreased probability of photon absorption in the mutants. The bchQ and bchR
mutants also had much significantly lower BChl c contents and grew more slowly,
especially at low light intensities, than wild-type cells. These results, along with previous observations that the distribution of differently methylated BChl homologs
changes as a function of light intensity,95,96,98,102 suggests that methylation at C-82 and
C-121 is an important strategy evolved by green bacteria to improve photosynthetic
light harvesting at low light intensities.100 Homologs of bchQ and bchR are found in
genomes of all GSB, Ca. C. thermophilum and Oscillochloris trichoides DG6 but
do not occur in the genomes of any of the Chloroflexus spp. strains (Table 1),2,35,36
which might indicate Chloroflexus spp. may not be as well adapted to low light
intensities as other green bacteria.
C. C-31 Hydration
Hydration of the C-3 vinyl group, including the introduction of a hydroxyl group at
carbon C-31, is essential for the self-aggregation of BChl c, d, and e (see Section I)
and produces a chiral center in these BChls. The ratio of R and S epimers are
related to the degree of methylation at C-82, and this important observation implies
that methylation precedes hydration of the C-3 vinyl group. R chirality is predominant (∼95%) in [8-Et, 12-Me]-BChl homologs, while S stereochemistry is
more pronounced in methylation at C-82 increases.99 Hydration of the C-3 vinyl
group also occurs in the synthesis of BChl a (see Section V.B). The gene encoding the enzyme responsible for that reaction, bchF, has been identified in purple
bacteria.81 Cba. tepidum has two paralogs encoding this enzyme, bchF and bchV.26
The former cannot be inactivated, which indicates that it catalyzes the essential 3vinyl hydration step in the synthesis of BChl a (BChl a is essential for Cba.
tepidum, which is an obligate chlorophotoautotroph.). The bchV gene has been
inactivated, and the mutant accumulated 3-vinyl-BChl c homologs which
accounted for ∼10 to 15% of total BChl c content. The 3-vinyl-BChl c homologs
had higher degrees of methylation at C-82 and C-121, while the total content of
highly methylated BChl c homologs decreased significantly compared to wildtype cells. These results strongly suggest that the BchV hydratase has enhanced
activity with highly methylated Bchlide substrates while BchF is more active with
less methylated substrates.103 However, hydration by BchV still results in molecules with both R and S chirality at C-31.104
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All GSB strains have both bchF and bchV genes.2 However, only bchF genes
occur in other green bacterial genomes (the genomes of Oscillochloris trichoides
DG6 and Ca. Chlorothrix halophila are still incomplete, so they could potentially
include bchV homologs) (Table 1).35,36 Chloroflexus spp. do not have methyltransferease bchQ and bchR (see above), and only produce non-methylated BChl c.
Therefore, they apparently only require BchF, which hydrates [8-Et, 12-Me]
homologs very efficiently. On the other hand, Ca. C. thermophilum has bchQ and
bchR (see Section IV.B). Like GSB, Ca. C. thermophilum produces highly alkylated BChl c species,105 so it is likely that BchF of Ca. C. thermophilum is capable of hydrating these highly alkylated substrates (or hydration precedes
methylation in this organism). Because both R and S epimers of BChl c are found
in Cfx. aurantiacus,106 which only has bchF, BchF should be capable of producing both R and S stereochemistry at C-31 and not specifically R as previously suggested.33 This is also consistent with the observation that BChl c molecules with
both R and S chirality were detected in Cba. tepidum bchV mutant.100,104
D. C-20 Methylation
After hydration of the C-3 vinyl group, the resulting Bchlide d (15; Figure 2) is
esterified to produce BChl d (7; Figure 2) in some green bacteria. However, a
methyl group must be added at the C-20 methine carbon in green bacteria that synthesize BChl c (6; Figure 2) and e (8; Figure 2). The gene encoding the methyltransferase catalyzing this reaction, bchU, was identified in Cba. tepidum.107
Homologs of bchU are found in genomes of all green bacteria that synthesize
BChl c and e. When bchU (CT0028) was inactivated, the resulting mutant strain
produced BChl d instead BChl c. It was also shown that Chlorobaculum parvum
strain 8327d (formerly Chlorobium vibrioforme), another GSB that synthesizes
BChl d, naturally has a frameshift mutation in its bchU gene, which causes an inframe stop codon and a truncated polypeptide to be produced. When strain 8327d
is grown under low intensity tungsten light, this naturally occurring mutant strain
can spontaneously regain the ability to synthesize BChl c by reversion of the
frameshift mutation in the bchU gene.107 These results provided a molecular explanation for the original observations made by Broch-Due and Ormerod;108 Huster
and Smith99 and Saga et al.109 subsequently made very similar observations.
Cba. tepidum BchU has been heterologously expressed and studied. In vitro
enzyme activity assays showed that BchU converts Zn-Bchlide d to Zn-Bchlide c
in the presence of SAM,110 which confirmed previous studies that showed that
SAM is the methyl group donor.99 The crystal structure of BchU with bound
S-adenosylhomocysteine has been solved.111 BchU forms a homodimer through
interactions between its N-terminal domains, the active site of the enzyme lies in
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the C-terminal domain, and the binding site for S-adenosylhomocysteine lies
between the two domains. Zn-Bchlide d could bind to BchU, and it was proposed
that the C-31 hydroxyl and C-17 propionate groups form hydrogen bonds with specific amino acid residues of BchU. Unlike initial proposals that C-20 methylation
occurs early in the BChl c biosynthetic pathway,32,33 the crystallographic studies
and enzymatic activity studies clearly show that methylation catalyzed by BchU
occurs after C-3 hydration and prior to esterification of the C-17 propionate.110,111
The absorption properties of monomeric BChl c and d differ only slightly: the
Qy absorption peak of BChl c is red-shifted by ∼10 nm compared to that of BChl
d.107,112 However, the differences in chlorosomes containing these two BChls are
much more significant. The Qy peak absorption peak of chlorosomes containing
BChl c is red-shifted by ∼20 nm and is much broader compared to the Qy peak
absorption peak of BChl d-containing chlorosomes. These differences should
result in more effective light harvesting in the 600–800 nm region for BChl csynthesizing strains, especially for wavelengths greater than 700 nm. These differences had no physiological consequences on cells when the two strains were
grown under high light intensities, and the two strains had identical growth rates.
However, the BChl c-containing strain grew two-fold faster than the BChl dcontaining strain when cells were grown under low light intensity.107 As noted
above, wild-type cells can increase their BChl c contents up to three-fold at low
light intensities, but the bchU mutant was unable to do this. Thus, the biophysical
and physiological effects of C-20 methylation on chlorosomes and cells are similar to the changes brought about by methylation at the C-82 and C-121 positions
(see Section IV.B), and and thus C-20 methylation is also an important component
of both adaptation and acclimation to low light conditions. It is also important to
note that red shifting of chlorosome absorption by methylation of BChls helps to
reduce spectral overlap and shading by the Chl a-containing organisms that occur
in oxic environments.
E. Synthesis of Bacteriochlorophyllide e
BChl e (8; Figure 2) differs from BChl c (6; Figure 2) by the presence of a formyl
group instead of a methyl group at C-7.112 Compared to BChl c, this chemical difference causes a large (∼35 nm) red-shift of the Soret peak and a smaller (∼12 nm)
blue-shift of, and reduced absorption from, the Qy absorption peak of BChl e.34 In
chlorosomes, aggregation of BChl e causes a large decrease in the Soret absorption, the creation of a strong absorption band at ∼525 nm, and red-shift and
absorption increase at ∼715 nm.113 It is hypothesized that BChl e is synthesized
from Bchlide c through transformation of the C-7 methyl group into a formyl
group followed by esterification (see Figure 2).33,34 Chemically speaking, the
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transformation at the C-7 position is identical to the reaction that converts Chlide
a into Chlide b during the synthesis of Chl b. However, that reaction is catalyzed
by an oxygen-dependent enzyme, chlorophyllide a oxygenase.34 Because all
known BChl e-synthesizing green bacteria are strict anaerobes, the transformation
at C-7 must take place in an oxygen-independent manner and thus must be catalyzed by a different enzyme(s). Comparative genomics of strains synthesizing
BChl e and BChl c have identified candidate genes that might encode the enzymes
required for the transformation of the methyl group into a formyl group.114 One of
these genes encodes a radical SAM enzyme and another encodes a third paralog
of BchF and BchV, which is found in all brown-colored green bacteria that synthesize BChl e. However, details of how these gene products might accomplish
this transformation are still unknown.
F. Esterification
Unlike BChl a and Chl a, which are almost always esterified with the same alcohol (phytol for BChl a and ∆2,6-phytadienol for Chl a) in green bacteria, BChl c,
d, and e are esterified with various alcohols in individual strains as well as in different green bacteria. For example, BChl cF (Bchl c with farnesol tail) (6; Figure 2)
is the dominant (∼95%) BChl c species in Cba. tepidum, and small amounts of
BChl c esterified with phytol and ∆2,6-phytadienol were also found.115 In Ca. C.
thermophilum, the major esterifying alcohol is stearol among others including farnesol, geranylgeraniol, hexadecanol and heptadecanol.105 Cba. tepidum and Cfx.
aurantiacus could also incorporate exogenously added alcohols into BChl c.116,117
Bacteriochlorophyll c synthase, BchK, was identified as the specific enzyme for
the esterification of Bchlide c in Cba. tepidum.115 BchK is related in sequence to
(B)Chl synthases, ChlG and BchG, which catalyze the esterification of Chlide a
and Bchlide a, respectively (see Section V.B). The bchK gene was inactivated, and
the resulting mutant no longer synthesized BChl c but retained the ability to synthesize BChl a and Chl a.115 The bchK mutant also accumulated large amounts of
(B)Pheides whose absorption spectra were similar to that of BChl c.115 These
results suggest that BchK catalyzes the esterification of Bchlide c regardless of the
esterifying alcohol attached and the presence or absence of methylation at C-82,
and C-121 positions. Additionally, because all green bacterial genomes encode
BchK, the differences among BChl c, d and e are probably not recognized by
BchK either. The presence of the hydroxyl group at C-31 and the absence of the
C-132-methylcarboxyl group probably play important roles in substrate recognition by BchK. None of the Pheide and Bpheide compounds produced in the bciC
mutant of Cba. tepidum, all of which had C-132-methylcarboxyl groups, were
esterified by BchK (see Section IV.A). Interestingly, some green bacteria
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(Chlorobium chlorochromatii CaD3, Chlorobium phaeobacteroides BS1, and
Pelodictyon luteolum DSM 273) have two copies of the bchK gene. One of the
possible explanations for this observation is that different BchK enzymes might
attach different alcohol groups to the same tetrapyrrole substrate in those organisms. Further studies will be required to reveal the reason(s) for this observation.

V. Biosynthesis of Bacteriochlorophyll a and Chlorophyll a
from Chlorophyllide a
A. Biosynthesis of bacteriochlorophyllide a
Bchlide a (16; Figure 2) appears to be synthesized from Chlide a (3; Figure 2) in
green bacteria in the same way as in purple bacteria (for reviews, see Refs. 28, 29,
34, 118–120). The first committed step in the synthesis of BChl a is the reduction
of the C-7/C-8 double bond on the B ring, which is catalyzed by the BchXYZ
enzyme complex, also known as chlorophyllide oxidoreductase (COR).
Heterologously expressed BchXYZ could reduce Chlide a to 3-vinyl-Bchlide a
(17; Figure 2) in vitro.121 BchX, BchY, and BchZ are paralogs of the nitrogenaselike DPOR subunits BchL, BchN, and BchB, respectively, and their complexes
catalyze two very similar and consecutive reactions, with only slight differences
in the substrates and the reaction sites on the substrates. COR is expected to be
very similar to DPOR in both structure and mechanism. Interactions between
BchY and BchZ are believed to be similar to those between BchN and BchB, and
a similar ATP dependency of the enzyme was reported.121 It has also been shown
that BchX of Cba. tepidum can replace BchL in the DPOR reaction. BchX interacted with the BchN/BchB tetramer to give an overall DPOR activity similar to
that obtained with BchL.90 Therefore, it is reasonable to assume that genes encoding COR and DPOR arose from an ancestral gene duplication event.121,122
3-Vinyl-Bchlide a is subsequently transformed by BchF into 3-(1-OH)-ethylBchlide a (18; Figure 2),28,81 which also hydrates the C-3 vinyl group in BChl c,
d, and e biosynthesis (see Section IV.C). Cba. tepidum bchF can complement a
bchF mutant of Rhodobacter capsulatus.123 As noted earlier in Section IV.C, some
green bacteria have BchV, but this paralog of BchF is apparently unable to catalyze the C-3 hydration of 3-vinyl Bchlide a. Conversely, a bchV knockout mutant
had no phenotype with respect to BChl a synthesis. Thus, BchV is believed to be
specific for highly methylated substrates (see Section IV.C) while BchF is active
with 3-vinyl-Bchlide a homologs with ethyl and methyl groups at C-82 and C-121,
respectively. The C-31 hydroxyl group is subsequently oxidized to keto group by
BchC, which is the 3-2-desacetyl-2-hydroxyethyl bacteriochlorophyllide a dehydrogenase124 and product after this transformation is Bchlide a (16; Figure 2).
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B. Alcohol Reduction and Esterification
Green bacteria employ the same (B)Chl synthases to catalyze the esterification of
BChl a (BchG) and Chl a (ChlG) as in other chlorophototrophic organisms.125,126
Homologs of bchG are found in every green bacterial genome, and homologs of
chlG are found in all genomes except those of the green FAPs, which do not synthesize Chl a (Table 1). The bchG gene of Cba. tepidum was able to complement
a bchG knockout mutant of Rhodobacter capsulatus.123 As in purple bacteria,
BChl a in green bacteria is mostly esterified with phytol (5; Figure 2).105,115,127 The
only known exception is BChl a esterified with ∆2,14-tetrahydrogeranylgeraniol
in Candidatus Chlorothrix halophila.128 However, Chl a in green bacteria is
esterified with ∆2,6-phytadienol (4; Figure 2)15,105 and not with phytol as in
Cyanobacteria and plants.112,129 The substrate for the tail group is geranylgeranyl
pyrophosphate, which has three more or two more double bonds than phytol and
∆2,6-phytadienol, respectively. BchP reduces these double bonds in a step-by-step
fashion.130–133 However, conflicting evidence exists for whether double bond
reduction or esterification occurs first. BchP apparently prefers geranylgeranyl
pyrophosphate over more saturated alcohols as its substrate, but BchP is also capable of reducing the double bonds of the geranylgeranyl moiety after its incorporation into BChl a.125,132 It is possible that the order of these reactions is not fixed
in cells.
Cba. tepidum genome encodes two paralogs of bchP,26 and it was proposed
that they might be involved in the reduction of tails of BChl a and Chl a.32
However, gene inactivation studies showed that the product of one of them is
responsible for producing phytol and ∆2,6-phytadienol tail groups of BChl aP and
Chl aPD, respectively, and the other is not involved in (B)Chl biosynthesis.134,135 At
present, it is not clear how the selective esterification of BChl aP and Chl aPD is
achieved in green bacteria.
Changes observed in Chl a in a bciC mutant of Cba. tepidum provided some
insights into both unanswered questions, i.e., the sequence of reduction and esterification, and mechanism of selective esterification. Immediately after deletion of
bciC gene, the bciC mutant transiently produced ∼5-fold more Chl a than wildtype cells, and most of the Chl a was esterified by phytol, and not ∆2,6phytadienol.94 The observation of Chl aP (Chl a esterified with phytol) and the
synthesis of BChl aGG (Bchl a esterified with geranylgenraniol) in a bchP
mutant,134,135 strongly suggest that there is no strict substrate specificity for esterifying alcohols recognized by the (B)Chl synthases BchG and ChlG. Therefore, the
reduction of double bonds in the esterifying alcohols must happen after, or both
before and after, the esterification to ensure that (B)Chls esterified with a specific
alcohol are synthesized. These observations also appear to exclude substrate
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specificity of BchG, ChlG or BchP as possible explanations for selective esterfication of (B)Chl a. The concurrence of increased Chl a level and changes in its esterifying alcohol indicates that the kinetics of the enzymes involved and the availability
of substrates also are likely to play important roles. Harada et al.135 suggested an
alternative possibility for the synthesis of Chl aPD: another enzyme may exist to
reintroduce a double bond into the phytol group of Chl aP to produce Chl aPD.

VI. Assembly of BChls c, d, and e in Chlorosomes
The unique BChls synthesized by green bacteria are localized and assembled into
the large suprastructures found in chlorosomes, unique light-harvesting organelles
best described as “sacs of BChl.” The chlorosomes, which are appressed to the
inner surface of the cytoplasmic membrane (Figure 3A), of Cba. tepidum and Cfx.
aurantiacus have been most extensively characterized.6,136 Chlorosomes are naturally heterogenous in size, with lengths ranging from about ∼100 to 200 nm,
widths of ∼40 to 60 nm and heights of 20 to 60 nm, and each can contain up to
∼250,000 BChl c molecules.6,20 Because Cba. tepidum can have up to ∼200 chlorosomes per cell, a Cba. tepidum cell can thus contain up to 50 million BChl c molecules. BChl c molecules would thus outnumber protein molecules by ∼20-fold
and can account for up to ∼30% of the cell carbon.6 In addition to BChl c and a
smaller amount (1–2%) of BChl a, chlorosomes contain proteins, lipids, and wax
esters in addition to substantial amounts of carotenoids and quinones.
Chlorosomes have a protein-stabilized, glycolipid-containing monolayer envelope, which may be better described as an asymmetric bilayer membrane in which
glycolipids and proteins form the outer leaflet and the tails of BChls form the inner
leaflet.
Ten different proteins belonging to four structure/homology families are
found in the chlorosome envelope of Cba. tepidum.137,138 Mutational studies show
that the envelope proteins can affect the shape of chlorosomes, possibly by altering the organization of the BChl suprastructure inside.139 CsmA accounts for about
half of the total protein in the chlorosome envelope, and it is the only essential
chlorosome protein.137 CsmA binds one BChl a molecule and one or two
carotenoids, and NMR structural studies suggest it is mostly α-helical.4,20,140–142
CsmA forms a paracrystalline array, the baseplate, which serves to attach the
chlorosome to the FMO protein and reaction centers.4,138 Wen et al.23 have suggested that this interaction may be stabilized through the interaction between the
tails BChl a molecules on the FMO trimer that are possibly inserted into the
chlorosome envelope.
Remarkable progress in structural studies on chlorosomes has been made in
the past 10 years, thanks mainly to the application of cryo-electron microscopy,
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Figure 3. Organization of BChls in chlorosomes. a. Thin-section transmission electron
micrograph of wild-type Cba. tepidum cell. Chlorosomes appear as the electron transparent
ovoids attached to the inner surface of the cytoplasmic membrane (adapted from Ref. 115). b.
Negatively stained chlorosome from the bchQRU mutant of Cba. tepidum.147 c. Cryo-electron
micrograph of a chlorosome from bchQRU mutant of Cba. tepidum.147 The 2.1-nm lamellar
repeats can be seen running parallel to the long axis of the chlorosome and the 0.83-nm
repeats from the stacks of BChls can be seen as strains running perpendicular to the long axis
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solid-state NMR, and diffraction methods. Cryo-electron microscopy143 has shown
that the chlorosomes of Cba. tepidum are not only heterogeneous in size, but that
the overall organization of BChl c suprastructure inside each chlorosome is also
unique. End-on views of chlorosomes embedded in vitreous ice revealed the presence of concentric, nanotubular structures interconnected by arched lamellae with
considerable internal heterogeneity,143 but side views of chlorosomes showed 2.1nm striations similar to those first reported as “undulating lamellae” by Pšenčík
and coworkers.144 The combination of these views clearly implied that the BChl c
suprastructure was largely comprised of concentric nano-cylindrical surfaces. This
view was strongly supported by cryo-electron microscopic images of chlorosomes
from a bchQ bchR bchU (bchQRU) triple mutant, which produced chlorosomes
assembled from a nearly homogenous population of BChl d molecules: > 95% R[8-Et, 12-Me]-BChl dF (Figures 3B, C, D).101,143 Fourier transforms of electron
micrographs of chlorosomes from the bchQRU mutant revealed a new distance
constraint: a 0.83-nm repeat along the long axis of the chlorosome as well as the
2.1-nm striations noted above (Figure 3E). This repeat occurred as a layer line that
implied that the BChl c molecules were arranged in helices in the suprastructure.
Solid-state NMR of chlorosomes from the bchQRU triple mutant showed that
the BChl d molecules were arranged in syn-anti monomer stacks,101 and the NMR
data obtained were not compatible with other possible structures. In this stacking
mode, the esterifying alcohols of adjacent molecules alternately point above and
below the stack of BChl d molecules. This structure allows strong hydrophobic
interactions to occur between the tails of adjacent layers of BChls, which establishes the 2.1-nm spacing of the layers. By model building, it was possible to
establish that the BChl d molecules form shallow helical stacks that are oriented
perpendicular to the long axis of the bchQRU chlorosomes (Figure 3F).
Differences in the distances obtained from Fourier transforms of cryo-electron
microscopic images showed that the BChl c molecules in wild-type Cba. tepidum

Figure 3. (Continued ) of the chlorosome. d. End-on view of a single chlorosome from the
bchQRU mutant of Cba. tepidum. The intra-lamellar repeat distance is 2.1 nm (adapted from
Ref. 143). e. Fourier transform of a section of an electron micrograph similar to that shown in
panel C (adapted from Ref. 101). The small arrows point to the spots arising from the 2.1-nm
lamellar repeats, while the larger arrows point to the layer lines at 0.83 nm arising from the
syn-anti monomer stacks of BChls. f. Scheme showing the syn-anti monomer stacking of
BChls in the chlorosomes of the bchQRU triple mutant. The stacks form shallow helices that
run perpendicular to the long axis of the chlorosome and have a spacing of 0.83 nm (adapted
from Ref. 101). g. Scheme showing the syn-anti monomer stacking of BChls in the chlorosomes of wild-type Cba. tepidum. The stacks form shallow helices that run parallel to the long
axis of the chlorosome; the BChls are separated by a spacing of 1.25 nm as shown (adapted
from Ref. 101).
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chlorosomes were also organized in syn-anti monomer stacks, but in this case the
stacks are oriented parallel to the long axis of the chlorosome (Figure 3G).101
The suprastructure formed by BChl c, d, or e molecules must be sufficiently
flexible to accommodate differences in chirality at C-31 as well as differences in
packing caused by methylation at C-20, C-82, and C-121. Structural studies on
other chlorosomes suggest that the syn-anti monomer stacking mode is not the
only stable suprastructure that can be formed by these molecules. Cryo-electron
microscopy of the chlorosomes of Ca. C. thermophilum, which produces [8-iBu,
12-Et]-BChl cS as the major BChl, show lamellar striations with a repeat distance
of ∼2.3-nm, but it is apparent that the underlying structure is not one in which concentric nanocylinders occur.145 The BChls in these chlorosomes appear to form
subdomains with irregular size and spacing, and the suprastructure seems to be
formed from parallel layers of arched lamellae. Furthermore, chlorosomes that
contain > 95% R-[8Et, 12-Me]-BChl cF from a bchQ bchU double mutant of Cba.
tepidum appear to be organized differently than described above for the bchQRU
mutant and wild type.146 Suggestive of somewhat looser overall packing, the
lamellar spacing in these chlorosomes is ∼2.4 nm, but there is a repeat spacing of
0.69 nm along the long axis.147 Cryo-electron microscopic images of these chlorosomes show that well-ordered, concentric cylindrical domains are present, but
these domains are randomly oriented inside the chlorosome and can even occur
perpendicular to one another. Solid-state NMR analyses suggest that the suprastructure in these chlorosomes may be formed from roughly equal amounts of
BChl c in highly ordered microdomains that are formed from syn-anti monomer
stacks and from parallel stacks of all-syn or all-anti coordinated monomers.146
Although cryo-electron microscopy results are not available, solid-state NMR
studies on chlorosomes of Chlorobium limicola were interpreted as showing that
the BChl c molecules in Chlorobium limicola are built from parallel layers formed
from piggy-back BChl c dimers.148,149 These results are contradicted by those of
Ganapathy et al.,101 which showed that piggy-back dimers are inconsistent with
the distance constraints obtained from solid-state NMR studies on mutant and
wild-type chlorosomes of Cba. tepidum. Finally, cryo-electron microscopy has
been performed with chlorosomes of Cfx. aurantiacus.150 These chlorosomes were
140 to 220 nm in length, 30 to 60 nm in width, but with heights of only 10 to 20
nm. The baseplate had a distinctive crystalline lattice with a spacing of 3.3 nm,
was only present on one surface of the chlorosomes, and was probably assembled
from CsmA dimers.150
All of these examples illustrate an important consequence of the chemical heterogeneity that exists for BChl homologs in green bacteria: a high degree of structural order is not positively correlated with improved light harvesting. In fact,
microheterogeneity probably leads to greater inhomogenous broadening of
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chlorosome absorption, which may actually increase the probability of photon
absorption. A high degree of structural order is probably not required for efficient
energy transfer because the distances between BChl molecules in chlorosomes are
so small and excitons are delocalized over hundreds of BChl molecules.151

VII. The Granick Hypothesis
Analyses of heme and (B)Chl biosynthesis pathways have played crucial roles in
testing the long-standing Granick hypothesis, which states that biosynthetic pathways recapitulate their evolution.152,153 Stated alternatively, products produced in
the early steps of multi-step pathways preceded the products of later steps evolutionarily. In the specific case of (B)Chl biosynthesis, it is now very clear that the
trunk pathway leading from Proto to Chlide a is shared not only by green bacteria
but by all organisms that synthesize BChls and/or Chls (see Figures 1 and 4 and
discussion above). Analogous to the position occupied by pyruvate in fermentation
pathways, Chlide a is the central “hub” compound from which all (B)Chl pathways
diverge to produce specialized, terminal end-products (Figure 4). In the specific
case of the pathway leading from Chlide a to BChls c, d, and e, only three enzymes
(BciC, BchF, and BchK) are required to convert Chlide a into a compound, [8-Et,
12-Me]-BChl dF, that can self-aggregate to form completely functional chlorosomes. This is precisely the molecule produced in the chlorosomes of the bchQ
bchR bchU triple mutant described by Gomez Maqueo Chew et al.100 and
Ganapathy et al.101 The BChl d molecules in the chlorosomes of this triple mutant
strain were more highly ordered than the BChl c molecules of wild-type chlorosomes, and this difference allowed the structure of the BChls in these chlorosomes
to be solved by a combination of cryo-electron microscopy, solid-state NMR, and
molecular modeling methods as described in the previous section (see Section VI
and Ref. 101). Furthermore, as discussed above in Sections IV.B and IV.D, each of
the methylation reactions performed by the enzymes BchQ, BchR, and BchU produces chlorosomes and strains with demonstrably better light-harvesting capabilities. Thus, in the branch of the pathway leading from Chlide a to BChls c, d, and e,
the Granick hypothesis certainly appears to be valid, and strains with stepwise
improvements in light harvesting clearly resulted from the extension of the biochemical pathway beyond BChlide d. It should also be noted again that this branch
of the (B)Chl pathway and chlorosomes are both found in three phyla (Chlorobi,
Chloroflexi and Acidobacteria) of the six that contain chlorophototrophs. Two of
these groups also produce homodimeric type-1 reaction centers, which are currently considered to be the likely ancestor of all reaction centers.154 Thus, it is clear
that these three groups of bacteria either arose divergently, or adopted this mechanism by horizontal gene transfer, as a strategy for improving light harvesting.
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Figure 4. Simplified scheme showing the likely pathways leading from Proto to 11 different
Chls and BChls found in bacteria. The central, “hub” compound Chlide a can be converted
through additional steps into these compounds. Although some have suggested that BChl a
might have been used in the earliest reaction centers,159,160 Bchlide a does not occupy a central position in the biosynthetic pathway and can only be converted into BChl a and BChl b.

If the Granick hypothesis is true for one of the branches leading from Chlide
a, there is no reason to believe that it is not true for all of the other pathways that
lead from Chlide a to the various BChls and Chls found in chlorophototrophs
(Figure 4). As discussed above, BChl a can be produced by a 4-step extension
(BchXYZ, BchF, BchC, BchG) of the trunk pathway beyond Chlide a. Because
BchF is common to both pathways and BchG and BchK are paralogous enzymes,
the extensions to produce BChl a and BChl c, d, or e mainly differ in only a few
ways: reduction of the B-ring by BchXYZ chlorophyllide reductase (which is
paralogous to BchLNB) and the oxidation of the hydroxyl group at C-31 by BchC
versus the removal of the C-132 methylcarboxyl group. Although these two pathway extensions produce molecules with dramatically different absorption and
assembly properties, they nevertheless share some common features and could
easily have arisen by gene duplication and divergence.
From the moment the first functional reaction centers appeared in a cell, the
competition for light energy began when that cell divided to produce a second cell,
because those two cells would have had identical absorption properties and would
have been in direct competition for light of the same wavelengths. Evolution
expanded the capabilities of chlorophototrophic organisms by evolving new
enzymes or modifying existing enzymes to produce (B)Chls absorbing light of
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different wavelengths. Because Chl a was already very effective in absorbing light
of nearly all visible wavelengths,155 it is perhaps not surprising that the majority of
the modifications made to Chlide a have enhanced its absorption in the nearinfrared wavelength range (9 of the 11 cases shown in Figure 4). In some cases
(e.g., Chl d and Chl f vs. BChl e and BChl d), variations on a theme have led to
similar spectroscopic changes that have been achieved by making different chemical modifications of Chlide a. The capacity to divide their most important niche
determinant, i.e., light, according to wavelengths absorbed by various antenna and
reaction center molecules, allows chlorophototrophs to coexist in complex but
ordered chlorophototrophic communities in stratified lakes (see discussion in Ref.
107), in the mats of hot springs in Yellowstone National Park156,157 or in hypersaline environments like those at Guerrero Negro, Baja California.158
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