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ABSTRACT
Endogenous small RNAs (20 - 24 nt) engage in complex regulation of gene
expression and thus shape and direct plant development, defense, stress
response and the epigenome. Based on their biogenesis and functions,
endogenous small RNAs can be divided into many categories and subcategories.
MicroRNAs (miRNAs) represent the most well-annotated type of small RNAs that
regulate gene expression via transcript cleavage or translational repression.
However, MIRNAs only contribute to a minor fraction of all the expressed small
RNAs in plants. Small RNA genes other than MIRNAs remain poorly annotated,
which limits complete elucidation of their regulatory roles. Furthermore,
inconsistent MIRNA discovery methodologies in published studies have resulted
in widespread discrepancies among existing annotations. To address these
issues, and to improve current understanding of small RNA gene functions, we
developed robust methodologies for de novo annotation of plant small RNA
genes. Our comprehensive small RNA loci discovery based on deep sequencing
data and small RNA biogenesis patterns provided refinement of existing MIRNA
annotations and their functions in the basal land plant Physcomitrella patens. We
also identified numerous P. patens siRNA loci producing almost equal mixture of
23-24 nt small RNAs, confirming that the heterochromatic siRNA pathway is
present in the bryophyte lineage. Our de novo annotation of small RNA genes in
Amborella trichopoda, the basal-most lineage of flowering plants, revealed a
striking predominance of lineage-specific, intronic 23-24 nt MIRNAs and hairpin
RNAs that has not been reported in any plants so far. Most of these noncanonical MIRNAs lacked easily identifiable targets in the transcriptome,
suggesting these may have functions other than sequence-dependent targeting.
In the monocot rice, 24 nt long intronic miRNAs function in RNA dependent DNA
methylation. It is possible that A. trichopoda 23-24 nt MIRNAs function in a
similar way, and such non-canonical miRNA pathways may have been retained
in specific lineages of flowering plants. At least 19 A. trichopoda miRNA families
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were broadly conserved across land plants, and most of these also had
conserved targets. These findings confirmed the presence of all major small RNA
gene classes in the basal lineage of flowering plants, as well as the existence of
species-specific diversities in small RNA populations expressed in non-model
plants. Finally, we explored the potential exchange of endogenous small RNAs
between parasitic plants and their hosts. Parasitic plants intimately connect to
their hosts through a specialized feeding organ called haustoria. Bidirectional
exchange of thousands of mRNAs between the stem parasite C. campestris and
its hosts have been previously reported. Host-induced gene silencing has also
been shown in several parasitic species including Cuscuta and Triphysaria
versicolor (root parasite). De novo annotation of small RNA genes from C.
campestris - A. thaliana associations revealed an unprecedented abundance of
22 nt parasite miRNAs in the haustorial interface. Several of these interfaceinduced C. campestris miRNAs directed slicing of six host mRNAs and triggered
secondary siRNA production specifically in interface. Among these targets,
Botrytis Induced Kinase 1 (BIK1) encodes a receptor-like cytoplasmic kinase and
functions in in plant immunity. Another target, Sieve-Element-Occlusion-Related
1 (SEOR1) encodes a protein thought to be involved in sealing phloem sieve
elements after wounding. Additionally, mRNAs encoding three auxin receptors,
TIR1, AFB2, and AFB3 were targeted by a C. campestris miRNA and showed a
unique pattern of secondary siRNA production in parasite-host interface. Such
secondary siRNA production depended on host machinery for RNA interference.
Growth of C. campestris on seor1 mutant significantly increased parasite
biomass accumulation compared to wild type. Furthermore, interface-induced
parasite miRNA-directed cleavage of host TIR1/AFB was also detected in C.
campestris -N. benthamiana. Our findings thus confirm conserved trans-species
targeting by C. campestris miRNAs across the haustorial interface, and the
potential roles of these miRNAs as virulence factors in plant parasitism.
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Chapter 1

Discovery and annotation of endogenous small RNAs in plants

1.1

Regulatory small RNAs in plants

Endogenous plant small RNAs are 20-24 nucleotides long single stranded
non-coding RNAs that regulate a myriad of developmental, reproductive and
stress response pathways (Chen, 2009; Sunkar et al., 2007; Khraiwesh et al.,
2012). Although plant small RNAs can be classified into many categories
depending on their biogenesis and function, all of them are generated from Dicer
endonuclease-based processing of longer precursor transcripts (Axtell, 2013a;
Borges and Martienssen, 2015). In plants, specific classes of Dicer-like proteins
process distinct precursors to produce small RNA duplexes with 2 nucleotidelong 3’ overhangs at both ends. These small RNA duplexes are loaded onto
Argonaute (AGO) effector protein (Vaucheret, 2008; Fang and Qi, 2016), which
keeps one strand of the duplexes (‘guide strand’) while discarding the other
(‘passenger strand’). AGO-loaded guide strands then direct these complexes to
target coding or non-coding RNAs that are recognized based on sequence
complementarity. Based on the type of small RNAs, target binding eventually
leads to post-transcriptional inhibition of gene expression or transcriptional
silencing via RNA dependent DNA methylation (RdDM) of targeted genomic
regions (Axtell, 2013a; Borges and Martienssen, 2015).
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1.1.1 miRNAs and siRNAs are the major products of endogenous small
RNA biogenesis pathways

In Arabidopsis, there are four Dicer-Like endonucleases. Among these,
DCL1 (Dicer-like 1) process RNA polymerase II -derived imperfect hairpin
precursors to produce microRNAs or miRNAs (Figure 1.1). Canonical miRNAs
carry out transcriptional inhibition of gene expression via slicing and/or
translational repression of their targets (Reinhart et al., 2002; Li et al., 2013).
DCL1 -processed small RNAs are predominantly 21 nucleotides (nt) in length,
and most canonical miRNAs belongs to this size class (Figure 1.1). In a rare,
non-canonical biogenesis pathway, longer miRNAs (23 -24 nt) can be also
generated via DCL3 processing that can function in the RdDM pathway (Vazquez
et al., 2008; Wu et al., 2010).
In contrast to miRNAs, short interfering RNAs (siRNAs) have perfect/nearperfect long double-stranded precursors synthesized by RNA dependent RNA
polymerases (RDR). Arabidopsis DCL2, DCL3 and DCL4 are involved in
producing 22 nt-, 24 nt- and 21 nt-long siRNA duplexes, respectively (Reinhart et
al., 2002; Xie et al., 2004; Nagano et al., 2013). Plant siRNAs can be further
classified into secondary siRNAs, natural antisense transcript siRNAs (NATsiRNAs) and heterochromatic siRNAs (Axtell, 2013a; Borges and Martienssen,
2015).
Secondary siRNAs are predominantly 21-22 nt small RNAs whose
expression is triggered by one or more upstream small RNAs. Biogenesis of
secondary siRNAs involves RDR6-DCL4/DCL2 dependent processing of
transcript fragments (Figure 1.1). These transcript fragments can originate from
miRNA cleavage or aberrant processing of cellular RNAs. Generally, only a
fraction of miRNA targets that are sliced enter the secondary siRNA biogenesis
pathway. Target slicing by a single 22 nt miRNA has been shown to be specially
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Figure 1.1: Biogenesis and function of endogenous plant small RNAs.
The predominant sizes (20 - 24 nt) of different classes of small RNAs are
indicated by bigger fonts in grey. Pol: DNA-dependent RNA polymerase. DCL:
Dicer-Like. AGO: Argonaute. RDR: RNA-dependent RNA polymerase. DRM:
Domains-rearranged DNA methyltransferase. Figure courtesy: Dr. Michael Axtell.
effective in triggering secondary siRNA biogenesis (Cuperus et al., 2010; Chen et
al., 2010). In some cases, targeting by multiple miRNAs can also trigger this
pathway (Axtell et al., 2006). A subset of secondary siRNAs is processed in a
head-to-tail manner from their precursor (phasing). This means that their first
nucleotide occurs every 21/22 nucleotides away from the initial cleavage site
within their precursor. Double-stranded precursors with blunt ends usually
produce such phased siRNAs or phasiRNAs (Axtell, 2013a; Fei et al., 2013; Li et
al., 2016). phasiRNAs triggered by miR428/2118-directed cleavage of NBS-LRR
(nucleotide-binding site leucine rich repeat) genes have been extensively studied
in multiple plant species. These phasiRNAs play important role in disease
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resistance (Fei et al., 2016). Secondary siRNAs such as tasiRNAs can also show
phased processing, but these siRNAs are distinguished by their ability to act in
trans. tasiRNAs further target mRNAs different from their precursor RNA and
trigger silencing. tasiRNAs in Arabidopsis are encoded by eight noncoding loci
belonging to four families of TAS genes. Among these, TAS3 is highly conserved
across land plants (Williams et al., 2005; Axtell et al., 2006; Heisel et al., 2008).
Heterochromatic siRNAs participate in cytosine methylation of genomic
DNA and formation of heterochromatin through the RdDM pathway. These
represent the most abundant category of small RNAs among all expressed small
RNAs (Axtell, 2013a). Heterochromatic siRNA genes are usually located in
intergenic and transposable element/repeat-associated regions of genome.
Double-stranded precursors of heterochromatic siRNA precursors are generated
in a Pol IV-RDR2 dependent manner. DCL3 processes these precursors to
generate mainly 24 nt siRNAs, which are loaded onto AGO4/6/9, and taken to
targeted loci in genome, where they bind Pol V-transcribed chromatin-associated
nascent RNAs (Figure 1.1). This leads to recruitment of Domains-rearranged
DNA methyltransferase 2 (DRM2), which then catalyzes de novo cytosine
methylation in all sequence contexts (CH, CHG and CHH, where H is A/C/T) at
the targeted loci (Matzke et al., 2015; Wendte and Pikaard, 2017). The RdDM
pathway is essential for genome defense via transposon silencing. It also
functions in transgenerational epigenetic inheritance triggered by environmental
stress or hybridization events (Bond and Baulcombe, 2013).
It is important to note that viral RNAs and transgenic RNAs can be also
processed by the plant small RNA biogenesis pathways to generate siRNAs that
can induce target gene silencing (Szittya and Burgyán, 2013; Chan et al., 2004),
but in general these are not considered as part of the endogenous small RNAs
expressed by plants. Silencing of virus-derived RNAs is an important part of plant
antiviral immunity (Szittya and Burgyán, 2013). Such silencing is triggered by
DCL2/3/4-dependent generation of 21-24 nt viral siRNAs (vsiRNAs) from double-
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stranded or folded single-stranded longer virus RNAs. AGO1 and AGO2 are
predominantly associated with loading of vsiRNAs, although AGO5, AGO7 and
AGO10 have also been shown to play a minor role (Carbonell and Carrington,
2015). AGO-bound vsiRNAs can then slice or translationally repress targeted
viral RNAs (Szittya and Burgyán, 2013). vsiRNAs loaded onto AGO4 can also
mediate RNA dependent methylation of viral DNA (Raja et al., 2014).

1.1.2 The 5' terminal nucleotides of small RNAs determine their loading
onto distinct AGOs

Similar to Dicer proteins, different AGO proteins load distinct small RNAs
and engage in diverse small RNA mediated functional pathways. Small RNAs are
sorted into different AGO proteins depending on their 5’ terminal nucleotide
(Czech and Hannon, 2011). In Arabidopsis, the majority of the miRNAs are
loaded onto AGO1 proteins, which prefers small RNAs with 5'-uridine (Mi et al.,
2008). AGO10 also prefers small RNAs with 5'-uridine and only interacts with
miR165/166 to function in developmental pathway (Zhu et al., 2011). AGO7 has
a preference for 5'-adenine, but it is also selective for only one miRNA - miR390
(Endo et al., 2013). AGO2, AGO5 load virus-derived siRNAs and show a bias
toward small RNAs with 5'-adenine and 5'-cytosine, respectively (Takeda et al.,
2008; Harvey et al., 2011; Brosseau and Moffett, 2015). siRNAs involved in the
RdDM pathway are bound by AGO4, AGO6 and AGO9, all of which
predominantly load small RNAs with 5'-adenine (Havecker et al., 2010).

1.1.3 Small RNA size distribution patterns across the plant kingdom

The diversity of DCL, AGO and RDR genes and their tissue-specific
expression patterns in different plants determine the complexity observed in their
small RNA repertoire. In the eudicot model plant Arabidopsis, the expression
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pattern and pathway specificity of DCL genes manifest in 21 nt (mostly miRNAs)
and 24 nt (mostly heterochromatic siRNAs) as being the most abundant sizes
among all expressed small RNAs. This trend can be extended in general to all
flowering plants, but several variations are observed in non-flowering plants. In
the non-flowering seed plant Gingko biloba, 21 nt represents the most abundant
size class of expressed small RNAs, followed by a smaller second peak of 24 nt
size class (Montes et al., 2014). In general, 24 nt small RNAs are much less
abundant compared to 21 nt size class in several conifer species (Montes et al.,
2014). In the conifer Picea abies, 24 nt siRNAs can be detected only in
reproductive tissues (Nystedt et al., 2013). The green algae Chlamydomonas
reinhardti mostly expresses 20-22 nt small RNAs, among which 21 nt is the most
abundant size class (Montes et al., 2014). In the moss lineage of land plants,
early studies in Physcomitrella patens (Arazi et al., 2005) and Sellaginella
moellendorffii reported a lack of 24 nt small RNAs in the sampled tissues, even
though the genome of the latter species encodes the required biogenesis genes
(Banks et al., 2011). It’s possible that 24 nt small RNAs are only expressed in
these species in a tissue-specific manner, similar to like P. abies.

1.1.4 Intercellular and trans-species mobility of small RNAs

Regulatory small RNAs not only act locally at their initiation site, but also
as a mobile signal across neighboring cells or over a longer distance (Chitwood
and Timmermans, 2010; Sarkies and Miska, 2014). Systemic spread of small
RNA between distant plant organs was first reported in transgenic tobacco plants
expressing GFP (Voinnet and Baulcombe, 1997), and later in grafting systems
(Palauqui et al., 1997). Long distance movement of small RNAs usually occurs in
a direction similar to the that of photosynthates from leaves (source) to root (sink)
via phloem (Tournier et al., 2006). Additionally, multiple miRNAs and siRNAs can
be detected in phloem sap, but xylem sap is devoid of any kind of RNA (Yoo et

7
al., 2004; Buhtz et al., 2008). This evidence suggests that phloem, and not
xylem, is involved in the long distance movement of small RNAs. Short distance,
cell-to-cell movement of small RNAs is mediated by plasmodesmata, which
symplastically connects neighboring cells through the endoplasmic reticulum
system (Kobayashi and Zambryski, 2007; Vatén et al., 2011; Brunkard and
Zambryski, 2017). Long distance, root-to-shoot movement of transgenic siRNAs
can also occur through vascular and cortical plasmodesmata. Silencing through
this route spreads at a slower rate compared to the phloem-dependent shoot-toroot movement of small RNAs (Liang et al., 2012).
In Arabidopsis, the mobility of specific populations of endogenous miRNAs
is important for developmental patterning of leaves and roots (Benkovics and
Timmermans, 2014). Using grafting systems, shoot-to-root movement of both
transgenic and endogenous siRNAs and mobile 24 nt siRNA-directed DNA
methylation in recipient root cells have been reported (Molnar et al., 2010;
Melnyk et al., 2011a; Lewsey et al., 2016). Mobile siRNAs derived from TE have
been implicated in epigenetic reprogramming in germline cells (Slotkin et al.,
2009; Olmedo-Monfil et al., 2010; Martínez et al., 2016) and in genomic
imprinting in developing seeds (Calarco et al., 2012). There is also growing
evidence of small RNA movement across species, and such movement may
occur as an immunity response against invading species (Weiberg et al., 2015).
In case of Botrytis cinerea, the pathogen responsible for gray mold disease in
plants, mobile fungal small RNAs have been shown to utilize host RNAi (RNA
interference) machinery to suppress host defense-related genes (Weiberg et al.,
2013; Wang et al., 2017). In contrast, movement of Cotton miR166 across the
hyphae of the fungal pathogen Verticillium dahliae resulted in silencing of fungal
genes critical for virulence (Zhang et al., 2016). Movement of transgenic siRNAs
have been also reported in parasitic plant-host systems (Tomilov et al., 2008;
Bandaranayake and Yoder, 2013; Alakonya et al., 2012; Aly et al., 2009).
Furthermore, in the root parasite Triphysaria versicolor, such movement was
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bidirectional (Tomilov et al., 2008). Mobility of endogenous small RNAs in the
parasitic plants has not been explored yet. It is quite possible that similar to fungiplant parasitism, mobile endogenous small RNAs may be also implicated in
immunity response in parasitic plants systems.

1.2

Discovery methods for plant small RNA genes

Due to the well-known structural and processing determinants of MIRNAs
and the conservation of many mature miRNA sequences in diverse plant species
(Cuperus et al., 2011), numerous studies have been directed at miRNA
identification and characterization. Initial efforts in plant miRNA identification
involved cloning and sequencing small RNAs, which led to the discovery of
mainly highly expressed miRNAs (Reinhart et al., 2002; Jones-Rhoades and
Bartel, 2004; Arazi et al., 2005). Many studies also reported putative miRNA
genes based on mature sequence conservation and hairpin prediction by
searching EST (expressed sequence tags) and genomic sequences (JonesRhoades and Bartel, 2004; Adai et al., 2005; Dezulian et al., 2005; Zhang et al.,
2006; Qiu et al., 2007; Sunkar and Jagadeeswaran, 2008). High throughput
sequencing efforts have generated a rich resource of small RNA expression data
in various plant species over the years and enabled detection of many nonconserved, species-specific or lineage-specific MIRNAs. Availability of such data,
combined with the detailed knowledge of miRNA biogenesis pathway, have
resulted in community-accepted guidelines for plant miRNA annotation (Meyers
et al., 2008). Most of the annotated miRNAs can be obtained via miRBase
(Kozomara and Griffiths-Jones, 2014), which serves as the centralized repository
for miRNAs. The current release of miRBase (release 21) has miRNA
annotations from 73 plant species (http://www.mirbase.org/).
Discovery of small RNA genes based on high throughput sequencing data
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involves mapping reads to a reference genome (Shahid and Axtell, 2014). Based
on the read mappings and the known biogenesis pattern of different classes of
small RNAs, it is possible to trace their origin in genome. For instance, miRNAs
are generated in a precise biogenesis and processing pathway that involves
production of a highly abundant mature miRNA and lowly expressed miRNA*
from a single stranded hairpin forming transcript (Figure 1.2A). Small RNAs that
are generated from non-MIRNA hairpins are processed in a less precise manner
(Figure 1.2B). On the other hand, siRNAs are generated from dicing of doublestranded RNA precursors and hence can be mapped to both strands of genome
(Figure 1.2C, 1.2D). Thus mapping of expressed small RNAs against the
reference genome of a species can be used as footprints for identifying distinct
classes of small RNA producing loci.

A

B

microRNAs

C

Other hpRNAs

D

siRNAs

Phased siRNAs

Figure 1.2 :Expression pattern for different categories of small RNA genes.

A) The most abundant sequence (mature miRNA) in a MIRNA locus is denoted
by red, while the less abundant miRNA-star is denoted by blue color. B) NonMIRNA hairpin RNA (hpRNA) locus typically produces a dispersed mixture of
small RNAs (grey color) instead of a predominant small RNA species. C) siRNA
locus produces multiple small RNA duplexes from both strands of double
stranded precursors (denoted by black lines), all of which could be functional
(indicated by red color). D) Phased siRNA locus produces short duplexes of
small RNAs (indicated by grey color) in a head to tail manner from double
stranded precursors (indicated by black lines).
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1.3

Annotation challenges

1.3.1 A vast majority of the plant small RNAome remains poorly annotated

A major challenge in small RNA annotation is that there is a large gap in
annotation completion of the plant small RNA-seq data compared to that of RNAseq data (Figure 1.3). miRNAs, which are the best-annotated among all small
RNA gene types, represent only a small fraction of the diverse small RNAs
expressed in plants (Coruh et al., 2014). There is no centralized database for any
other plant small RNA genes besides MIRNAs, which necessitates creation of
redundant annotations each time for a new small-RNA-seq experiment, and poor
correlation among different sets of small RNA annotations generated for the
same species.

1.3.2 Limited sampling makes detection of tissue/condition specific small
RNAs challenging

Most of the early studies on plant small RNAs sampled inflorescence and
leaf tissue for sequencing, which indicated 21 nt miRNAs and 24 nt siRNAs as
the most abundant small RNAs in those tissues. Several recent studies showed
that exceptions to this pattern could be often observed when small RNAs from
different tissues are analyzed. For instance, in soybean, small RNA size classes
varied from seed (immature coat and cotyledon, mostly >24 nts) to non-seed
tissues (stem, leaf and germinating cotyledon, mostly 21 nts) (Zabala et al.,
2012). Another study with deep sequencing of maize and rice anthers revealed
that these tissues express a novel class of small RNA genes similar to animal
Piwi-like RNAs (Zhai et al., 2015). Analysis of small RNAs in Arabidopsis pollen
Chapter 1.3 includes a published paper from Current opinion in plant biology (Coruh, Shahid and
Axtell, 2014) and is reproduced here with modifications.

11
tissue showed that a shift in the size of transposable element-derived siRNAs (24
to 21 nt) occurs in these tissues (Slotkin et al., 2009). Thus, detailed, genomewide analysis of small RNA sequencing data from various tissue /conditions
could contribute to improvement of existing small RNA annotations, identification
of non-canonical small RNA biogenesis pathways and better assessment of
small RNA conservation among different plant species.
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Figure 1.3 : The annotation gap between Arabidopsis small RNAs and
mRNAs.
Small RNA-seq (NCBI GEO GSM738731 and GSM738727) and polyA+ RNAseq (NCBI GEO GSM946222 and GSM946223) datasets in Arabidopsis were
analyzed to compare expression data to annotations. A) Area-proportional Venn
diagram showing the extent (number of nts) of significant (defined as a coverage
of 0.1 read per million) polyA+ RNA (RNA-seq) and small RNA-seq expression in
the Arabidopsis genome. B) Area-proportional Venn diagrams illustrating the
overlap between areas of significant small RNA-seq or RNA-seq expression and
annotated regions in Arabidopsis (left: small RNA-seq versus miRBase, right:
RNA-seq versus TAIR10 genes including introns). C) Pie charts illustrating the
proportion of aligned small RNA-seq reads overlapping MIRNA annotation (left),
or the proportion of RNA-seq reads overlapping TAIR10 gene annotations
including introns (right) for Arabidopsis. Figure reproduced from Coruh et al.,
2014.
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1.3.3 Existing MIRNA annotations harbor many discrepancies

Despite existence of numerous studies that describe MIRNA genes in
diverse plants, there are still gaps in current knowledge of MIRNA gene
identification and annotation, which requires further attention. One issue is the
proper annotation of mature miRNA variants produced from a MIRNA locus. The
current miRbase annotation standard of one mature miRNA per locus does not
provide a complete picture of the processing variants that naturally occur in
plants. Our assessment of miRBase 20 miRNA annotations based on small RNAseq datasets showed that miRBase-annotated mature miRNA was not the most
abundant RNA in majority of the MIRNA loci (Figure 1.4A-1.4D). Since only
AGO-bound small RNAs are functionally relevant, we compared the miRBaseannotated miRNAs with AGO1-immunoprecipitated small RNAs (Coruh et al.,
2014). This slightly increased the number of MIRNA loci where miRBaseannotated mature miRNA was also the most abundant small RNAs (Figure 1.4E1.4G). But more than 50% of the miRBase-annotations still showed high degree
of discrepancy with the small RNAs expressed in that locus. Another
comprehensive study that examined large-scale small RNA-seq data from
Arabidopsis also observed many sequence, length and positional variants of the
miRBase-annotated miRNAs in most of the MIRNA loci (Jeong et al., 2013).
Such unannotated small RNAs represented 25 to 75% of the total small RNA
abundance in a locus, and cannot be ignored as rare variants (Jeong et al.,
2013). In order to gain further insight about the potential functional significance of
such processing heterogeneity, it’s necessary that a more comprehensive
resource based on analysis of available high throughput small RNA-seq data is
developed which provides full annotation of the abundantly expressed mature
miRNAs and variants in multiple plant species.
Another issue in existing miRNA annotations is the wide discrepancy
among annotation qualities from different studies due to variations in the miRNA
discovery processes utilized by the authors. An extensive analysis of over six

14
thousand MIRNA genes in miRBase 20 revealed that one-third of these loci do
not fulfill the community-accepted guidelines of expression and structure criteria
(Taylor et al., 2014). miRbase 21 now offers high confidence annotations based
on small RNA sequencing data and structural features in the miRNA-miRNA star
duplex (Kozomara and Griffiths-Jones, 2014). However, the small RNA-seq data
utilized for these annotations are often limited in tissue sampling and sequencing
depth, and are not always sufficient for conclusive assessment of annotation
quality.
Other areas in miRNA annotation improvement include identification of
paralogous MIRNAs and closely related miRNA families across different species.
Such annotations are important for identifying the evolution of miRNAs in
different plant lineages. Current annotation standard of miRNA families is based
on similarity of mature miRNA sequences. However, miRNAs from different
plants often show conserved function even though they lack sequence similarity
(Xia et al., 2013). This suggests that orthologous MIRNA genes from different
species may share other features beyond mature miRNA conservation. Deep
sequencing and sampling of miRNAs from different taxa across plant kingdom
and consistent annotation practices can clarify the current understanding of
conserved as well as species- and lineage-specific plant miRNA families and
their evolutionary history.
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1.3.4 Annotation standards for non-MIRNA loci are largely unexplored

Another highly important area of improvement in small RNA annotation is
the development of standard guidelines for improved annotation of non-MIRNA
loci such as siRNAs and hairpin RNAs. Multiple studies on AGO-association,
DNA methylation and mutants in small RNA pathways have revealed important
information regarding the function and biogenesis of heterochromatic siRNAs.
Data from such studies have not been fully utilized to develop a better annotation
standard for this class of small RNAs. Additionally, since heterochromatic siRNAs
are associated with intergenic/repetitive regions in the genome, annotation of
these loci is highly affected by the methodology applied for placement of multimapping reads during annotation (Johnson et al., 2016b; Bousios et al., 2017).
Placing multi-mapping reads to all possible locations results in an overestimation
of the heterochromatic siRNA loci encoded by the genome. On the other hand,
discarding all multi-mapping reads greatly reduces the scope of discovering
functionally relevant siRNAs. Confident placement of short multi-mapping reads
is still highly challenging due to limitations in existing algorithms. Additional
complexity in read mapping loci identification arises due to presence of nontemplated nucleotides in siRNAs (Wang et al., 2016a). Despite such limitations,
developing a consistent methodology that incorporates the current knowledge of
siRNA expression can provide a much better reference loci set which can be
improved upon manual annotation.
The processing pattern of phased secondary siRNAs has been utilized by
several studies to develop methodologies for identifying such loci (Kasschau et
al., 2007; Chen et al., 2007; Axtell, 2010). Recent deep-sequencing efforts have
identified phaisRNAs in a wide range of plant taxa (Johnson et al., 2009; Arikit et
al., 2014; Zhai et al., 2015; Xia et al., 2015). However, variations in miRNA
annotation criteria, prediction of miRNA target site in phasiRNA loci, and
computational methodologies for identifying sliced targets from degradome
sequencing – all of these can affect annotation quality for phasiRNAs. Genome-
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wide Identification of NAT-siRNAs (naturally antisense transcript-derived siRNAs)
have been reported in multiple plant species (Zhou et al., 2009; Zhang et al.,
2012; Lu et al., 2008). A dedicated database for plant NAT-siRNAs is also
available (Chen et al., 2012). However, even though thousands of putative NATsiRNA loci can be detected, only a small fraction of these produce significant
amount of small RNAs (Zhang et al., 2013), and the structural determinants for
NAT-siRNA loci remains poorly characterized (Axtell, 2013a). In case of nonMIRNA hairpin loci, only a few have been studied in isolation (Slotkin et al., 2005;
Vazquez et al., 2008). Little is known about the processing or function of these
less well-annotated types of hairpin RNA genes. Genome-wide discovery of all
expressed small RNA genes and analysis of common sequence/genomic
features of such loci could provide more insight into the biogenesis and function
of small RNAs from these less-annotated loci.

1.3.5 Annotation challenges for trans-species mobile small RNAs

Despite several documented cases of interspecies mobility of small RNAs
(Tomilov et al., 2008; Weiberg et al., 2013; Zhang et al., 2016), the mechanism
and implications of such movement has not been explored to the fullest. Due to
the mixed tissue samples in interspecies interactions, the biggest challenge is
determining the source of mobile small RNAs. Studies that have explored this
topic often used autografts or heterografts (Molnar et al., 2010; Melnyk et al.,
2011a; Lewsey et al., 2016), which is only possible between closely related
species, thereby limiting the analysis only to small RNAs that has distinct SNPs
(single nucleotide polymorphisms) between two species.
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1.4

ShortStack – a pipeline for comprehensive small RNA discovery and

annotation

Methodologies described for small RNA discovery in plants often do not
provide a global view for different classes of small RNA genes and are mostly
focused on miRNA identification (Coruh et al., 2014). With the advances in high
throughput sequencing, there is an emerging need for software that will allow
such detailed discovery and annotation of small RNA producing genes. For
enabling such in-depth analysis of the small RNAome, a perl-based pipeline
called ShortStack was developed (Axtell, 2013b). Based on a user-defined
threshold of read depth, ShortStack defines small RNA producing “clusters” for
the user provided genome (Figure 1.5). Depending on the size of the dominant
small RNA species (≥ 80%) produced by a cluster, each cluster is categorized
into a specific dicer size class (21/22/23/24 nts) or non-dicer size class (“N”, <20
and >24nt). Besides dicer size class determination, ShortStack annotates small
RNA producing loci for features such as strandedness, repetitiveness, hairpin
structure prediction and phasing analysis. ShortStack evaluates these features
for each of the clusters for final annotation of that locus as one of the following
classes of small RNA producing genes- MIRNAs, other hairpin RNAs or nonhairpin RNAs (Axtell, 2013b; Shahid and Axtell, 2014).
For MIRNA gene annotation, ShortStack utilizes the standard criteria
described for such genes in plants (Meyers et al., 2008) and as such its MIRNA
discovery method is quite stringent (Axtell, 2013b). ShortStack also provides a
phasing score for assessing the phasing potential of de novo annotated siRNA
loci. In a typical de novo ShortStack analysis in plants, the abundance of different
classes of small RNA loci follows a pattern with non-hairpin/siRNA loci being the
most abundant (typically many thousands of loci), hairpin loci as relatively less
abundant (typically hundreds) and MIRNA loci the least abundant. In case of any
deviation from the usual loci abundance patterns, it may be useful to analyze the
Chapter 1.4 includes a published paper from Methods (Shahid et al. 2014), which is reproduced
here with minor modifications.
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genomic distribution of mapped reads to discern any bias in the small RNA-seq
data. For example, if a significant portion of reads is derived from ribosomal RNA
fragments, the discovery of small RNA loci will be limited due to insufficient
coverage of the regulatory small RNAs of interests. Additionally, systemic biases
due to specimen quality, variation in library preparation techniques and
sequencing platforms can affect the small RNA gene identification process
(Toedling et al., 2012; McCormick et al., 2011). For this reason, combining
libraries made with different technologies should be avoided. Also, replicates for
each condition or tissue type should be prepared with identical methodologies.
Even though the ShortStack-based protocol described above provides
comprehensive annotations, identification of certain classes of small RNAproducing loci may not be possible due to limitations in current methodologies.
Further improvement of detection sensitivity depends on development of better
algorithms for RNA secondary structure prediction and placement of multimapping reads, advancement of sequencing technology, and more knowledge
about the processing and biogenesis of different categories of non-coding RNA
genes.

Chapter 1.4 includes a published paper from Methods (Shahid et al. 2014), which is reproduced
here with minor modifications.
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Figure 1.5 : Overview of ShortStack (version 1.1.0) pipeline.
A) Cluster discovery method in ShortStack (version 1.1.0). B) Major phases in
the ShortStack based discovery and annotation of small RNAs. C) Schematic
showing possible inputs and outputs of a ShortStack analysis. Letters in colored
circles indicate different types of files or data. Optional inputs include inverted
repeat information for increased sensitivity in hairpin detection and flag file for
checking known loci overlaps. Figure adapted from (Axtell, 2013b; Shahid and
Axtell, 2014) .
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1.5

Objectives

The primary objectives of this dissertation are the following:
1. Development of a robust methodology based on the known features of
small RNAs that allows comprehensive annotation of different classes of
small RNA genes in different plant species. In Chapters 2 & 3, I describe
the development and application of this method for generating reference
annotations in the basal land plant P. patens and the basal flowering
plant A. trichopoda.
2. Examining whether higher sequencing depth can improve quality of
existing small RNA annotations in model plant species. In Chapter 2, this
was addressed by resequencing of P. patens small RNAs from wild type
as well as mutants in small RNA biogenesis pathways, which allowed
refinement of Physcomitrella miRNA annotations and their function.
3. Discovery and annotation of small RNAs that could function in transspecies targeting in parasitic plant-host systems. This objective is
addressed in Chapter 4. In this chapter, I discuss two different strategies
for annotating endogenous small RNAs in the parasitic plants Cuscuta
campestris and Triphysaria versicolor that lack genome assembly. Based
on these reference annotations, I identified mobile C. campestris small
RNAs that directed cleavage of six A. thaliana transcripts involved in
development, defense signaling and plant immunity. Growing C.
campestris on the seor1 null mutant led to increased biomass
accumulation of the parasite. These findings indicate that the C.
campestris miRNAs may act as virulence factors in plant parasitism.
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Chapter 2

Assessing and improving MIRNA annotations in the basal land
plant Physcomitrella patens

2.1

Introduction

In plants, endogenous small RNA biogenesis pathways produce a
complex population of 20-24 nt single stranded regulatory RNAs. These small
RNAs can be divided into multiple categories based on their biogenesis and
function. MicroRNAs (miRNAs) represent the most well characterized category of
small RNAs that act in diverse stress response and developmental pathways.
Mature miRNAs, in association with Argonaute (AGO) proteins, inhibit gene
expression through target slicing and/or translational repression. A second major
category of small RNAs are known as heterochromatic short interfering RNAs
(siRNAs) that carry out RNA dependent DNA methylation (RdDM) of
heterochromatin-associated DNA. Sometimes, targeting by miRNAs or aberrant
processing of cellular RNA can give rise to secondary siRNAs such as transacting siRNAs (tasiRNAs) and phased siRNAs. In Arabidopsis, biogenesis of
both heterochromatic siRNAs and secondary siRNAs depend on different
members of RNA dependent DNA polymerase (RDRs) gene family (Axtell,
2013a; Fei et al., 2013; Borges and Martienssen, 2015).
The moss Physcomitrella patens holds a key position in the phylogeny of
land plant evolution –it is a member of the basal-most lineage of land plants
(Nickrent et al., 2000). The growth pattern of P. patens is simple, alternating
between a predominant haploid gametophyte stage and a diploid sporophyte
stage. In the haploid stage, germination of haploid spores produces filamentous
Chapter 2 includes a published paper from The Plant Cell (Coruh, Cho, Shahid et al. 2015), which
is reproduced here with modifications. Specifically, I contributed to annotation of P. patens
miRNA families, comparison of de novo annotated miRNAs to miRBase annotations, and curation
of experimentally validated P. patens miRNA targets (Figure 2.5A - 2.5D).
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protonemata, some of which later develop into leafy shoots called gametophores.
Fertilization of gametes initiates diploid sporophyte stage. Unlike most flowering
plants studied to date, P. patens has an efficient homologous recombination
system, which allows rapid generation of genetic mutants (Cove, 2005; Cove et
al., 2009). Sequencing efforts over the years have resulted in the availability of a
high quality reference genome assembly and transcriptome annotations for this
species (Rensing et al., 2008; Zimmer et al., 2013). All of these resources make
Physcomitrella an excellent model system for studying genetics and development
of early land plants.
The evidence of small RNA pathway in P. patens first came from the
observation of transgene-induced silencing of Green Fluorescence Protein:betaglucuronidase fusion reporter mRNA (Bezanilla et al., 2003). Availability of P.
patens draft genome enabled identification of orthologs of most of the major
Arabidopsis genes involved in small RNA biogenesis, i.e. DCL, RDR, AGO gene
families as well as genes encoding Pol IV and Pol V subunits (Arif et al., 2013;
Huang et al., 2015). Several studies have previously analyzed small RNA
populations in P. patens, which resulted in the identification of predominantly 21
nt miRNAs and 21-24 nt siRNAs (Arazi et al., 2005; Axtell et al., 2006; Cho et al.,
2008; Arif et al., 2012). Sequencing of small RNAs from PpDCL4, PpRDR6, and
PpDCL3 mutants confirmed the presence of DCL4- and DCl4/RDR6-dependent
tasiRNA as well as DCL3-dependent siRNA pathways in P. patens (Cho et al.,
2008; Arif et al., 2012).
All of the early small RNA annotations in P. patens were based on smallscale cloning or low coverage sequencing (<0.5 million mapped leads per library)
(Arazi et al., 2005; Axtell et al., 2006; Cho et al., 2008; Arif et al., 2012).
Additionally, these annotations were generated based on ESTs or low quality
genome assembly, which can affect both annotation quality and sensitivity and
often lead to spurious detection of small RNA loci. In this study, we utilized the
current high-throughput sequencing technology for developing a more
comprehensive reference annotation for P. patens small RNA genes based on

24
improved genome assembly (Zimmer et al., 2013). Our de novo annotations
based on ~100 million mapped reads revealed numerous P. patens siRNA loci
that express a unique mixture of 23-24 nt small RNAs. We also annotated 18
new MIRNA loci that were previously undetected. Comparison of our de novo
annotations with existing miRBase 21 annotations of P. patens MIRNAs showed
that most of the latter couldn’t be classified as true MIRNA loci. Lastly, we
confirmed that P. patens miRNA targets do not commonly produce secondary
siRNAs, and are not associated with densely methylated regions in the genome.
This contradicts a previously proposed function of P. patens miRNAs (Khraiwesh
et al., 2010), and proves that at least in wild-type protonemata, P. patens
miRNAs regulate gene expression in a similar way as observed for canonical
miRNAs of flowering plants.

2.2

Results

2.2.1 Physcomitrella produces an abundant class of DCL-derived 23-24 nt
siRNAs

Our deep sequencing of 10 wild-type protonemata libraries (6 biological
replicates, and 4 libraries were run twice) resulted in ~100 million mapped reads.
Most of these reads originated from P. patens nuclear genome, and the
remaining mapped to plastid genome. In order to build a high-quality reference,
we first annotated small RNA-producing clusters independently in each of the
sequenced libraries, using ShortStack version 1.1.0 (Shahid and Axtell, 2013;
Axtell, 2013b). These annotations were further refined based on two stringent
criteria. Firstly, small RNA loci whose expressions were supported in at least 4 or
more libraries were discarded. This filtering resulted in a set of 1,462 small RNA
loci. Secondly, loci that do not produce small RNAs in the plant DCL size range,
i.e. 20-24 nt, were removed. Small RNAs of non-DCL size classes (i.e. <20 nt or
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>24 nt) are most likely to be derived from cellular RNA degradation and hence
were not utilized for subsequent analysis. Thus, our final annotation defined
1,445 small RNA loci in P. patens (Figure 2.1A). These loci along with all
subsequent annotations can be further explored at our plant small RNA
annotation database (http://plantsmallrnagenes.science.psu.edu/pptb3.0/index.php). Based on expression pattern and hairpin formation ability, our
final reference loci set was divided into two categories: MIRNAs and siRNAs.
Most of the expressed small RNAs were contributed by MIRNA loci, whereas
most of the annotated loci belonged to siRNA category (Figure 2.1A and 2.1B).
Overall, based on the combined expressed profile of both MIRNA and siRNA loci,
21 nt small RNAs were the most abundant size class, followed by a much less
abundant size class of 23-24 nt small RNAs (Figure 2.1B).

Figure 2.1: Size class and abundance of annotated P. patens small RNA
loci.
A) Classification of DCL-derived small RNA loci, counted either by number of
loci, or B) by total abundance of small RNAs. C) Small RNA size distributions
within each DCL size class at MIRNA loci, D) 20-22nt siRNA loci and E) 23-24 nt
siRNA loci. Figure reproduced from Coruh et al., 2015.
The majority of the annotated P. patens MIRNA loci predominantly
expressed 21 nt small RNAs (Figure 2.1A-2.1C). A small subset of siRNAs
predominantly expressed 20, 21 or 22 nt small RNAs (referred to as 20-22 nt
siRNA loci in Figure 2.1D). More than two-thirds of the annotated siRNA loci
predominantly expressed 23 nt and 24 nt small RNAs (referred to as 23-24 nt
siRNA loci in Figure 2.1A). Unlike the MIRNA or 20-22 nt siRNA loci, these 23-24
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nt siRNA loci were enriched in intergenic and repeat-associated regions, and
depleted in genic regions (Figure 2.2A and 2.2C). 23-24 nt siRNA loci also
showed enriched overlap with regions harboring densely 5-methylated cytosines
(5-mC), in contrast to 20-22 nt siRNA or MIRNA loci (Figure 2.2B and 2.2D).

Figure 2.2: Genomic features of Physcomitrella small RNA-producing loci.
A) Percentages of small RNA-producing loci that overlap various genomic
features (% Overlap = (# small RNA loci overlapping with one or more of the
indicated genomic feature / # total small RNA loci) * 100). B) Percentages of
regions of dense DNA methylation (5-mC) in three different contexts (CG, CHG,
and CHH) relative to different genomic features. C) Heatmap showing log2
(observed overlapped bases / expected overlapped bases) for each of the pairwise comparisons shown. Small RNA loci vs. various genomic features are
indicated. Cell values are shown in bold text. D) Heatmap showing log2 (observed
overlapped bases / expected overlapped bases) for each of the pair-wise
comparisons shown. Regions of dense DNA methylation (5-mC) in three different
contexts (CG, CHG, and CHH) vs. various genomic features are indicated. Cell
values are shown in bold text. Repeat-masked: Repeats of various types as
annotated by the JGI genome annotation. Figure reproduced from Coruh et al.,
2015.
Intriguingly, small RNAs produced from P. patens 23-24 nt siRNA loci
composed of almost equal proportions of 23 nt and 24 nt RNAs (Figure 2.1B and
2.1E). Usually, 24 nt is the most abundantly expressed size class associated with
siRNAs in flowering plants. We speculated that the unique mixture of 23-24 nt
siRNAs could be caused by expression and/or functional heterogeneity of P.
patens DCL genes. To explore this possibility, we revisited the annotation of
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PpDCL genes. Our analysis revealed a previously unannotated minimal Dicer
Like gene (mDCL) in P. patens (Coruh et al., 2015). Unlike typical Plant DCLs,
this mDCL protein contained only PAZ and RNAase III domains. Similar minimal
Dicer has been observed in a protozoan parasite Giardia intestinalis (MacRae et
al., 2006). In case of plants, truncated DCLs can be also identified in the
monocot Oryza sativa (OsDCL2b), and in the lycophyte moss Selaginella
moellendorffii (gene ID: 429802), as shown in Figure 2.3. We hypothesized that
mDCL3 may contribute to some extent in the production of small RNAs from 2324 nt siRNA loci. We tested this hypothesis by generating mutants of P. patens
mDCL and other small RNA biogenesis genes and sequencing small RNAs
expressed in these mutants. Analysis of small RNA-seq data showed that mDCL
is indeed responsible for the unusual expression pattern of 23-24 nt siRNA loci
(Figure 2.4). In absence of mDCL, 23 nt small RNAs are depleted in 23-24 nt
siRNA loci, with increased expression of 24 nt variants. Small RNA expression
from these loci is greatly diminished in Ppnrpd1 (largest subunit of RNA Pol IV)
mutants. In Ppdcl3 mutant, expression of small RNAs of all size classes except
for 21 nt is greatly reduced in 23-24 siRNA loci. This supports our previous
observation of PpDCL3-independent small RNA population in P. patens (Cho et
al., 2008). In general, none of the mutants affect small RNA production in 20-22
nt siRNA loci, except for Pp nrpe1b (largest subunit of RNA Pol V), in which
increased expression of 21 nt small RNAs in these loci is observed (Figure 2.4).
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Figure 2.3: Phylogenetic analysis of DCL proteins.
At: Arabidopsis thaliana, Os: Oryza sativa, Sm: Selaginella moellendorfii, Pp:
Physcomitrella patens, Dm: Drosophila melanogaster, Hs: Homo sapiens.
Numbers are bootstrap percentages from 1,000 replicates. Scale bar indicates
substitutions per site. Sidebar shows example domain structures of mDCL and
two other proteins with a similar minimal domain structure, and Pp DCL1a,
included as an example of a full-length DCL protein. Figure reproduced from
Coruh et al., 2015.
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Figure 2.4: P. patens minimal Dicer (mDCL) promotes 23 nt RNA
accumulation and represses 24 nt RNA accumulation at P. patens 23-24 nt
siRNA loci.
A) Overall RNA abundance (reads per million mapped to DCL loci) at MIRNA, B)
20-22 nt siRNA loci, and C) 23-24 nt siRNA loci. The number of solid dots (also
shown in parentheses) represents the number of biological replicates for that
genotype. D) RNA abundance by size within MIRNA loci, E) 20-22 nt siRNA loci,
and F) 23-24nt siRNA loci for the indicated genotypes. Solid lines indicate the
median values for all biological replicate libraries. Shaded regions indicate the
maximum and minimum values across all replicate libraries. Figure reproduced
from Coruh et al., 2015.
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2.2.2 Refinement of Physcomitrella MIRNA annotations

Our de novo annotation identified 130 MIRNA loci, of which 112
overlapped with previously reported MIRNA loci in miRBase 21 (Figure 2.5A).
Among the 18 new MIRNA loci, 3 loci were new paralogs of known miRNA
families (Pp-miR1027c, Pp-miR1049b and Pp-miR1034bb). The remaining 15
new loci did not share any homology with known plant miRNAs in miRBase 21,
and were defined as new P. patens miRNA families (Figure 2.5A). Similar to
Arabidopsis miRNAs (Mi et al., 2008), most of these de novo identified MIRNA
loci produced mature miRNAs with a 5’-uridine (Figure 2.6).
miRBase 21 lists 229 MIRNA loci in P. patens that have been reported by
previous studies. We were unable to align 3 out of the above 229 loci to the P.
patens v3.0 genome, and compared the remaining 226 loci for annotation quality.
Among these 226 loci, 96 loci are classified as high-confidence loci in miRBase
21, based on a low coverage small RNA-seq dataset previously reported
(Kozomara and Griffiths-Jones, 2014). Our deep sequencing data supported 149
out of the 226 loci as small RNA producing loci (Figure 2.5B). However, only 114
out of 226 loci fulfilled the stringent expression and structure criteria implemented
in our methodology. Furthermore, 43 out of the 96 miRBase 21 ‘high confidence’
loci did not qualify as MIRNA loci in our annotation. This disparity could be due to
the higher sequencing depth of our data, which allowed finer resolution of
expression pattern at these loci.

2.2.3 P. patens miRNA targets are not associated with secondary siRNA
production or cytosine methylation

A previous study proposed that P. patens miRNAs can trigger epigenetic
silencing of its target gene DNA under conditions that induce miRNA: target
duplex accumulation (Khraiwesh et al., 2010). Epigenetic silencing via de novo
RNA dependent DNA methylation pathway results in cytosine methylation in all
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sequence contexts (i.e. CG, CH, CHH, where H =A/T/C). Based on previously
reported bisulfite sequencing data (Zemach et al., 2010), we annotated dense 5methyl cytosine (5-mC) regions in the P. patens genome. We then compared the
overlap of these regions with a set of 42 previously validated targets of P. patens
miRNAs (Addo-Quaye et al., 2009). None of the miRNA targets showed
enrichment in methylated cytosine in any sequence context (Figure 2.5C and
2.5D). This suggests that either the previously proposed function for P. patens
miRNAs is incorrect, or the conditions of our study (10-day old wild type
protonemata) do not promote any such epigenetic silencing.
Khraiwesh et al (2010) also proposed that slicing of P. patens miRNA
targets often leads to production of many secondary ‘transitive’ siRNAs. Even
though 52% of our annotated 20-22 siRNA loci overlapped gene regions (Figure
2.2A), only 1 out of the above 42 validated miRNA targets showed any overlap
(Figure 2.5C and 2.5D). This overlap corresponded to the PpTAS3 locus, which
has well-known and highly conserved function in producing secondary siRNAs in
P. patens and other land plants (Axtell et al., 2006; Fei et al., 2013). We next
looked at the possible secondary siRNA production at targets of two highly
abundant, conserved miRNAs (Pp-miR155 and Pp-miR166) using RNA blots.
Our experiments confirmed absence of any secondary siRNAs associated with
these targets (Figure 2.5E and 2.5F). We therefore conclude that target slicing by
P. patens miRNAs do not commonly trigger secondary siRNA biogenesis.
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Figure 2.5: Refinement of P. patens MIRNA annotations and functions.
A) Classification of MIRNA loci confidently identified in this study. B) Euler
diagram comparing our de novo MIRNA annotations with previously annotated P.
patens MIRNA loci from miRBase 21. C) Percentage overlaps of regions of
dense DNA methylation with miRNA targets and P. patens genes. D)
Enrichment/depletion analysis of methylated regions of genome with miRNA
targets and P. patens genes. E) RNA gel blot of small RNAs surrounding miR156
target site in Pp SBP3. Filled rectangles on the gene schematic indicate probe
positions. Up, upstream of target site; down, downstream of target site. F) RNA
gel blot of small RNAs surrounding miR166 target site in HD-ZIPIII. Filled
rectangles on the gene schematic indicate probe positions. Numbers indicate
distances (nucleotides) between target sites and probed regions. Up, upstream
of target site; down, downstream of target site. Figure reproduced from Coruh et
al., 2015.
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Figure 2.6: Nucleotide frequency of P. patens expressed small RNAs.
Only distinct small RNA sequences were considered in this analysis.
Frequency of each nucleotide for each position in A) most abundant miRNAs at
MIRNA loci, B) small RNAs mapped to 20-22 nt siRNA loci, and C) 23-24 nt
siRNA loci. Figure reproduced from Coruh et al. 2015.
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2.3

Discussion

In order to resolve current annotation discrepancies in P. patens MIRNA
loci in miRBase 21, and also to further explore potential unannotated small RNA
genes in P. patens, we generated 10 wild type protonemata libraries with a much
higher sequencing depth (>100 million mapped reads). Our comprehensive, de
novo annotation based on these libraries identified 130 MIRNA loci in P. patens
genome. Almost all of the de novo annotated MIRNAs produced 21 nt small
RNAs, similar to the trend observed in Arabidopsis and other flowering plants
(Axtell, 2013a; Montes et al., 2014). Only 114 out of 296 miRBase 21- annotated
P. patens MIRNA loci were also qualified as MIRNA loci based on our stringent
annotation standard. This suggested that many of the previous miRNA
annotations may be spurious. Surprisingly, our de novo annotation did not
recover all of miRBase 21-annotated high confidence P. patens MIRNA loci,
possibly due to the greater sequencing depth of our expression data. Altogether,
we were able to improve the current annotations of P. patens MIRNA loci, and
also identify 18 new MIRNA loci in this species.
Previously, Khraiwesh et al. (2010) proposed that target slicing by P.
patens miRNAs triggered production of large amounts of secondary siRNAs.
Furthermore, the authors reported that high accumulation of miRNA-target
duplex in PpDCL3 mutant can induce cytosine methylation of the target gene,
and phytohormone abscisic acid (ABA)-dependent accumulation of miR1026 was
associated with transcriptional silencing of its target gene. These led the authors
to propose that abundantly expressed P. patens miRNAs can induce methylation
of their target genes (Khraiwesh et al., 2010). However, our genome-wide
analysis of 42 known targets of P. patens miRNAs did not detect any association
of secondary siRNAs or dense 5m-C regions with these genes. We suggest that
at least in our sequenced wild type protonemata tissues, P. patens miRNAs
function similarly as observed for canonical miRNAs in flowering plants.
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Several studies sampling small RNAs in conifers reported sporadic
occurrence of 24 nt small RNAs in the non-flowering lineages of land plants
(Dolgosheina et al., 2008; Nystedt et al., 2013; Montes et al., 2014). In
Selaginella, which belongs to the lycophyte clade of moss, 24 nt small RNAs
were not detected in the sampled tissue, despite the presence of Arabidopsis
DCL3 and RDR2 homologs in its genome (Banks et al., 2011). This evidence
suggests that the 24 nt small RNA biogenesis pathway may not be universally
conserved outside the flowering plant lineages, or may be only expressed in a
tissue specific manner. Our de novo reference annotation based on ~100 million
mapped reads confirmed the presence of numerous 23-24 nt siRNA loci in P.
patens. Similar to heterochromatic siRNAs of flowering plants, these 23-24 nt
siRNA loci were associated with intergenic/repeat regions, and dense 5mC
regions of the genome. This indicates that loss of heterochromatic siRNA
pathway is not a universal feature of all plant lineages basal to flowering plants.
Heterochromatic siRNA loci of flowering plants are known to
predominantly express 24 nt siRNAs (Axtell, 2013a). In contrast, a nearly equal
mixture of 23- and 24 nt small RNAs are produced by P. patens heterochromatic
siRNA loci. Identification of a minimal Dicer Like protein in P. patens genome,
followed by sequencing of small RNAs from mdcl mutant confirmed that the latter
is required for the atypical production of 23 nt small RNAs by the P. patens 23-24
nt siRNA loci. We propose that mDCL and PpDCL3 work together for
heterochromatic siRNA biogenesis in P. patens.
Our genome-wide, comprehensive reference annotations provide a rich
resource for further characterization of small RNA gene functions in the basal
land plant P. patens. Additionally, our assessment of existing small RNA gene
annotations reemphasizes the need for consistent annotation standard for plant
MIRNA gene discovery, and the scope of potential novel classes of small RNA
genes in different lineages of land plants.
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2.4

Methods

2.4.1 Reference annotation of wild-type P. patens small RNA genes

Small RNA sequencing data from 10-day-old wild type Physcomitrella
patens protonemata (GSE44900) (Coruh et al., 2015) was pre-processed to
remove 3’ adapters, and then mapped to the reference genome (version 3.0
nuclear assembly from Phytozome v10.1; Physcomitrella patens v3.0, DOE- JGI,
http://phytozome.jgi.doe.gov/) combined with the plastid and mitochondrial
genomes) using default butter version 0.0.3 settings with –adapter TGGAATTC.
The alignments were then run with ShortStack version 2.0.0 (Axtell, 2013b) using
mindepth 4 to find abundance of small RNAs at the de novo ShortStackidentified small RNA loci. Bedtools (Quinlan and Hall, 2010) was used to find
shared clusters in six different wild-type libraries and then the output was filtered
so that only regions that were present in at least 4 (out of 6) libraries were used
to serve as the final reference small RNA locus boundaries. ShortStack-count
mode under default settings was then used to find relative small RNA abundance
on this reference list of de novo-identified small RNA loci for each wild type and
mutant library. All processed reads, alignments and the annotations are available
at http://plantsmallrnagenes.science.psu.edu/ppt-b3.0/index.php.

2.4.2. Analysis of genomic feature and 5-mC enrichment

Protonematal bisulfite-seq data from NCBI GEO accession GSM497264
(Zemach et al., 2010) was used for annotating 5-m C regions in P. patens
genome. Regions of dense 5-mC occupancy in the CG, CHG, and CHH contexts
were calculated in 50-nucleotide intervals following previously described methods
(Coruh et al., 2015). Repeat-masked regions were obtained from version 3.0 of
the nuclear assembly from Phytozome v10.1 (Physcomitrella patens v3.0, DOE-

37
JGI, http://phytozome.jgi. doe.gov/). Intergenic, genic, exonic, intronic, gene
upstream, and gene downstream locations were calculated based on version 3.0
of the transcriptome assembly gff3 file obtained from Phytozome 10.1. rRNA
gene locations were based on regions of significant similarity (BLASTn e-value of
# 1E-10) to the rRNA consensus sequences. tRNA gene lo- cations were based
on genome-wide analysis with tRNAscan-SE version 1.3.1 under default
parameters (Lowe and Eddy, 1997). Raw data for all of these annotations can be
accessed at http://plantsmallrnagenes.science.psu.edu/ppt-b3.0/index.php.
For each pairwise comparison of feature types, the expected number of
overlapping nucleotides for each feature comparison was calculated using
formula previously described (Coruh et al., 2015). Enrichment/depletion was
calculated based on the ratio of the observed to the expected number of nonredundant overlapping nucleotides for each feature type comparison.

2.4.3 miRNA and miRNA target analyses

P. patens MIRNA loci identified in our de novo annotation effort were
compared to miRBase 21-annotated loci. The new 18 loci annotated in this study
were submitted to miRBase. A set of 42 high-confidence miRNA targets was
curated from Addo-Quaye et al. (2009) and compared to processed 5-mC data
from Zemach et al. (2010). Processing of 5-mC data was performed as described
above (2.4.2) (Coruh et al., 2015).

2.4.4 Gel blots

Small RNA gel blots were performed as described (Cho et al., 2012) with
modification. Total RNAs from 10-day-old samples were extracted using TriReagent (Sigma-Aldrich), and small RNAs were fractionated as described (Pall
and Hamilton, 2008). Twenty micrograms of total RNAs was separated on 20%
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PAGE gel, transblotted onto the Hybond X membrane (GE Healthcare), and
cross-linked using 1-ethyl-3-(3-dimethylamonipropyl) carbodiimide (Pall and
Hamilton, 2008). Probes were independently labeled with T4 polynucleotide
kinase (New England Biolabs) and mixed before hybridization. Hybridization,
washing, and detection were performed as described (Cho et al., 2012).

2.4.5 Analysis of small RNA sequencing data from P. patens mutants

Small RNA-seq samples from the various mutants (GSE51419) (Coruh et
al., 2015) were trimmed (–adapter TGGAATTC), aligned to the version 3.0
genome (including plastid and mitochondrial genomes), and analyzed using
ShortStack version 2.0.0 in count mode using the wild-type de novo small RNA
gene annotations as the –count file. Counts from separate sequencing runs of
the same libraries were combined, and used to analyzed the abundance of
different size classes of small RNAs.
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Chapter 3

The basal angiosperm Amborella expresses a unique set of nonconserved 23-24 nt long miRNAs

3.1

Introduction

The origin of flowering plants (angiosperms) can be traced back to
approximately 160-199 million years ago. Within this timespan, flowering plants
have undergone substantial diversification to generate more than 350,000 living
species (Soltis et al., 2008; Bell et al., 2010). Comparing basal lineages to the
more recent eudicot and monocot lineages can provide important insight into the
key regulatory processes that led to such remarkable diversification and
adaptation.
Multiple phylogenetic studies have identified the evergreen shrub
Amborella trichopoda, as the basalmost lineage in the flowering plants (Jansen et
al., 2007; Burleigh et al., 2010; Moore et al., 2011; Soltis et al., 2011). Endemic
to the island of New Caledonia in South Pacific Ocean (Figure 3.1), A. trichopoda
represents the only living species in the Amborellaceae family. Several
morphological traits characteristic of ancestral plants has been reported in this
species. For instance, A. trichopoda is dioecious, with individual plants producing
either male or female flowers (Endress and Igersheim, 2000; Thien et al., 2003).
Instead of xylem vessels that are observed in modern flowering plants, A.
trichopoda have primitive tracheary elements similar to gymnosperms (Feild et
al., 2000). All these traits along with the key position of A. trichopoda in the
phylogeny of land plants make it an important species for studying the evolution
of flowering plants.
Chapter 3 includes a published paper from Science (Amborella Genome Project, 2013) and is
reproduced here with modifications.
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Figure 3.1: Amborella represents the basal lineage of flowering plants.
The red star indicates the common ancestor of flowering plants (angiosperms),
and the evolutionary timing of an ancient whole genome duplication event. Figure
reproduced from Amborella Genome project, 2013.
Endogenous small RNAs (20 - 24 nt) engage in complex regulation of
gene expression and thus shape and direct plant development, defense, stress
response and epigenome (Fei et al., 2013; Borges and Martienssen, 2015; Fei et
al., 2016). Based on the function and biogenesis pathways, endogenous small
RNAs can be divided into many categories (Axtell, 2013a). In the last two
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decades, availability of genomes and high-throughput small RNA sequencing
data from different clades of land plants has revealed widespread sequence,
expression and functional divergence in all categories of small RNA genes from
different species (Fahlgren et al., 2007; Ma et al., 2010; Fahlgren et al., 2010;
Montes et al., 2014). MicroRNAs (miRNAs) represent the most well studied small
RNAs that function in post-transcriptional inhibition of gene expression (JonesRhoades et al., 2006; Iwakawa and Tomari, 2015). Even though thousands of
miRNAs have been annotated in many species (Kozomara and Griffiths-Jones,
2014), only ~21 miRNA families are deeply conserved across flowering plants.
An even smaller set of these miRNA families can be identified in early land plants
such as mosses, fern, and gymnosperms (Axtell and Bowman, 2008; Cuperus et
al., 2011; Montes et al., 2014). Even between two closely related species in the
Arabidopsis lineage, at least 13 % of the expressed MIRNA genes were found to
be species-specific (Ma et al., 2010; Fahlgren et al., 2010). These observations
led to the theory that MIRNA genes are gained or lost very frequently across
plant species, resulting in numerous non-conserved, species-specific, and
lineage-specific miRNAs (Cuperus et al., 2011).
miRNAs contribute to only a small fraction of the endogenous small RNAs
that are expressed by plants. Most of the expressed small RNAs belong to the
siRNA (short interfering RNA) category, which is generated from long double
stranded RNA precursor molecules. Compared to MIRNAs, the biogenesis and
processing of siRNAs is much less precise (Axtell, 2013a; Borges and
Martienssen, 2015). As a result, the sequence and expression divergence is
much higher for siRNAs. Among different classes of siRNAs, conservation of
secondary siRNAs such as phased siRNAs and trans-acting siRNAs (tasiRNAs)
have been extensively studied in several land plants. Biogenesis of these types
of secondary siRNAs is generally triggered by miRNA-directed cleavage of
protein-coding or noncoding transcript (Fei et al., 2013). In A. thaliana, tasiRNAs
are produced from miRNA-directed cleavage of noncoding transcripts belonging
to four TAS gene families. Among these, TAS1 and TAS2 families are present in
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multiple species in the eudicot lineage of flowering plants. TAS4 seems to be
Arabidopsis-specific, while TAS3 (targeted by miR390) is present in a wide range
of land plants including mosses, gymnosperms, eudicots, and monocots (Fei et
al., 2013).
Heterochromatic siRNAs represent the most abundant class of siRNAs in
higher plants. These function in RNA dependent DNA methylation of
transposon/repeat-rich genomic regions, and are mostly 24 nt in size (Axtell,
2013a). Much of the current knowledge about the heterochromatic siRNA
pathways in plants is based on genetic studies in the eudicot A. thaliana (Matzke
et al., 2015). However even between closely related species such as A. thaliana
and A. lyrata, syntenic regions do not show deep conservation of
heterochromatic siRNA-producing loci (Ma et al., 2010). Recent studies have
showed that heterochromatic siRNA populations are even more complex in
monocots such as rice and maize (Nobuta et al., 2007, 2008; Barber et al.,
2012). In contrast to higher plants, only modest and/or tissue specific expression
of heterochromatic 24 nt siRNAs have been detected in a few species from nonflowering and basal land plant lineages (Cho et al., 2008; Nystedt et al., 2013;
Montes et al., 2014). Whether early flowering plants have robust expression of
heterochromatic siRNAs similar to modern eudicots and monocots is an
interesting question that can help to elucidate the evolution of this class of small
RNAs in land plants.
Small RNA profiling in the basal flowering plant lineages has been
minimal, and previous annotation efforts only focused on miRNAs (Montes et al.,
2014). We took the advantage of deep sequencing technologies and the
availability of a draft A. trichopoda genome assembly (Chamala et al., 2013) for
comprehensive discovery of small RNA genes in this basalmost angiosperm
species. Our de novo annotation revealed 27 miRNA families that were likely
present in the ancestral angiosperm. Most of these families also had degradomevalidated targets that are conserved in other flowering plants. Interestingly, we
found many lineage- specific miRNA families that produced 23-24 nt small RNAs
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instead of the canonical 20-22 nt size of plant miRNAs. These 23-24 nt MIRNAs
also showed unusual significant enrichment for intronic regions in the genome,
compared to that observed for 20-22 nt MIRNAs. Finally, numerous 24 nt
heterochromatic siRNA loci as well as several phased siRNA loci were detected
in A. trichopoda, confirming the presence of major classes of regulatory small
RNAs in the basal lineage of flowering plants.

3.2

Results

3.2.1 23-24 nt siRNAs represent the most abundant category of small RNA
producing loci in Amborella

In order to trace the evolution of small RNA pathways in the flowering
plants, we generated deep sequencing libraries from A. trichopoda leaves and
female flowers (one library per sample). For comprehensive de novo annotation
of small RNA genes, we also included a previously published deep-seq library
from Amborella leaves (GSM712477). Altogether, these three libraries
contributed to more than 171 million mapped reads in the draft A. trichopoda
genome. Based on these mapped reads, we initially annotated a total of 71,722
small RNA-producing loci using ShortStack (Axtell, 2013b; Shahid and Axtell,
2013). Table 3.1 shows the distribution of these loci with respect to their
predominant small RNA size (‘DicerCall’). Loci where more than 85% of the
expressed small RNAs belong to the plant Dicer size range (20 -24 nt) were
considered as Dicer-derived (~56,000 loci). Loci that did not fulfill this criterion
were labeled as non-Dicer type (DicerCall: N, where N is <20 nt or >24 nt).
Nearly 80% of the mapped small RNAs corresponded to the non-Dicer loci
(Table 3.1). However, we consider the latter category to be associated with
degraded fragments of abundant cellular RNAs such as tRNA, rRNA and mRNA.
We further categorized all de novo annotated loci as MicroRNAs (MIRNAs), non-
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MIRNA hairpins (hpRNAs) and short interfering RNAs (siRNAs) based on their
expression pattern and hairpin-forming ability. All of the small RNA gene
annotations and relevant alignment data can be further explored via an
interactive genome browser at http://plantsmallrnagenes.science.psu.edu/atrb1/index.php.
Among the Dicer-derived loci, 23-24 nt siRNAs were the most abundant
category of small RNA genes both in terms of expression and loci frequency
(Table 3.1). Also, 21 nt was the most abundantly expressed size class
associated with MIRNAs. Both of these trends are similar to that generally
observed in higher flowering plants (Axtell, 2013a).
Table 3.1: Summary of Amborella small RNA loci

a

Gene Frequencies
Gene Percentages
Total Abundance
Abundance Percentages
Dicer nonnonnonMIR
HP
MIR
non-HP/MIR HP
MIR
HP
MIR
b
c HP
Call
HP/MIR
HP/MIR
HP/MIR
N
14,020 1,370 8
19.55% 1.91% 0.01% 26,629,193
2,433,925 4,897
72.57%
6.63% 0.01%
20
48
7
8
0.07%
0.01% 0.01% 41,019
20,355
14,461 0.11%
0.06% 0.04%
21
3,426
520
42
4.78%
0.73% 0.06% 1,190,927
169,245
722,966 3.25%
0.46% 1.97%
22
1,251
183
4
1.74%
0.26% 0.01% 279,615
252,887
72,392 0.76%
0.69% 0.20%
23
371
126
1
0.52%
0.18% 0.00% 99,481
21,787
1,080
0.27%
0.06% 0.00%
24
45,106 5,173 58
62.89% 7.21% 0.08% 3,123,660
1,551,535 65,879 8.51%
4.23% 0.18%
a
In units of repeat-normalized raw reads; from the merged data set
b
DicerCall represents the most abundantly observed size of small RNA within the cluster
c
HP: Hairpin-associated loci that are not microRNAs. MIR : MIRNA loci
Non-Dicer Clusters
20-22 nt siRNAs
20-22 nt hpRNAs
20-22 nt MIRNAs
23-24 nt siRNAs
23-24 nt hpRNAs
23-24 nt MIRNAs
N MIRNAs: seven of these were grouped with the 23-24-nt MIRNAs, while one was grouped with the 20-22-nt MIRNAs,
based on the sizes of the annotated mature miRNA sequence.

3.2.2 An unusually high number of 23-24 nt MIRNAs in Amborella

Our stringent annotation methodology identified 121 MIRNA loci
(belonging to 88 distinct families) in A. trichopoda. Among these, 62 loci
predominantly expressed 23-24 nt small RNAs (Table 3.1). Additionally, 4
MIRNA loci produced 20-22 nt mature miRNAs, but had an overall expression
profile dominated by 23-24 nt small RNAs. Such discrepancy was due to miRNA*
sequences and processing heterogeneity. Thus, we identified a total of 66
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MIRNA loci in A. trichopoda that mainly generated 23-24 nt small RNAs.
Compared to the canonically sized 20-22 nt MIRNAs, 23-24 nt MIRNAs had
modest expression (Table 3.1). However, the high frequency of 23-24 nt MIRNA
loci in Amborella is not commonly observed among miRBase-annotated miRNAs
from other land plants (Kozomara and Griffiths-Jones, 2011). We next examined
whether artifacts in our annotation procedure could cause such high prevalence
of 23-24 nt MIRNAs. We extracted three A. thaliana deep-seq libraries (two from
leaves, one from inflorescences, from NCBI GEO accessions GSM738727 and
GSM738731, data were randomly sampled) that match the sizes of the relevant
A. trichopoda libraries. De novo annotation based on these libraries (using similar
methodology as in A. trichopoda) resulted in 118 MIRNA loci, of which only 4
produced 23-24 nt mature miRNAs. This confirmed that the high frequency of 2324 nt MIRNAs in A. trichopoda is not due to any methodological issues.
Close inspection of the A. trichopoda 23-24 nt MIRNAs revealed several
distinct features. These loci had significantly less processing precision (Student's
t test p=1.244e-11) compared to that of 20-22 nt MIRNAs (Figure 3.2). Except for
2 loci, none of the 23-24 nt MIRNAs shared homology to known plant miRNA
families annotated in miRBase 19. In contrast, 41 out of the 55 A. trichopoda 2022 nt MIRNAs were members of known plant miRNA families. These findings
suggest that A. trichopoda 23-24 nt MIRNAs are qualitatively different from
canonical 20-22 nt MIRNAs.
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Figure 3.2: Amborella 23-24 nt MIRNAs show more processing
heterogeneity than 20-22 nt MIRNA loci.
Precision is defined as the fraction of total reads from a MIRNA locus that
corresponds to ShortStack annotated mature miRNA and miRNA* sequences.
Figure adapted from Amborella Genome project, 2013.
3.2.3 A. trichopoda 23-24 nt MIRNA genes are enriched in the intronic
region

We next analyzed the overlap of annotated small RNA loci with other
genome-wide features. Four categories of feature annotations were considered.
Among these exons, introns, and intergenic regions are mutually exclusive
features. The fourth category, transposable element-related sequences (TErelated), can overlap with any of the other three. We found that 23-24 nt siRNAs
were highly enriched in the TE-related regions of the genome, and depleted in
genic or intergenic regions (Figure 3.3). This provides further evidence that A.
trichopoda 23-24 nt siRNAs are similar to typical plant heterochromatic siRNAs
(Law and Jacobsen, 2010). 20-22 nt siRNAs were only slightly enriched in exons,
and generally depleted in other regions.
Intriguingly, 23-24 nt MIRNAs were strongly enriched in intronic regions of
A. trichopoda genome, unlike the canonical 20-22 nt MIRNAs (Figure 3.3).
Indeed, 29 out of the 66 23-24 nt MIRNA loci overlapped an intron. A similar
trend was observed for 23-24 nt hpRNAs. This suggested that non-MIRNA
hairpins that produce 23-24nt small RNAs also originate from intronic regions in
Amborella. Such high prevalence of intron-derived 23-24 nt MIRNA and hpRNA
loci has not been reported previously in any other plant species.
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Figure 3.3: Analysis of overlaps between small RNA loci and other genomic
features.
Heatmap showing the log2 (observed overlapped bases / expected overlapped
bases) for each of the pairwise comparisons shown. Cell values are shown in
white text. Figure reproduced from Amborella Genome project, 2013.
3.2.4 Most of the non-conserved A. trichopoda 23-24 nt MIRNAs lack
predicted or validated targets

To explore the possible functions of A. trichopoda miRNAs, we predicted
their targets in the transcriptome and also performed degradome sequencing
(Addo-Quaye et al., 2008; German et al., 2008) to identify miRNA-directed
cleavage of potential targets. Degradome experiments identified 61 targets for 29
miRNA families, and 28 of these were shared with target predictions made using
a stringent miRNA-target alignment score cutoff of 3 (Figure 3.4, Table 3.2). Both
target prediction and degradome validation showed a bias towards conserved
miRNA families (Table 3.2). Targets of deeply conserved A. trichopoda miRNA
families were clear homologs of known targets in other flowering plants (Table

48
3.2), which is typical of ancient miRNA-target pairs (Axtell and Bowman, 2008).
Most of the non-conserved miRNA families (55 out of 68 families) lacked any
degradome validated targets. We could not also predict high confidence targets
for 64 out of 68 non-conserved miRNA families using score cutoff of 3. This lack
of easily identifiable targets for non-conserved miRNA families has been also
reported in other flowering plants (Fahlgren et al., 2007; Ma et al., 2010). It is
possible that the non-conserved Amborella MIRNAs have functions other than
the sequence-dependent target slicing observed for canonical plant miRNAs.

Figure 3.4: Comparison between predicted (high confidence) and
degradome-validated Amborella miRNA targets.
Figure reproduced from Amborella Genome project, 2013.
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Table 3.2: Summary of predicted (alignment score cutoff 3) and validated
Amborella miRNA target genes
No. of
predicted
unique
a
targets

Arabidopsis best
BLASTp
b
hit description

No. of
c
validated
unique
targets

Arabidopsis best BLASTp hit
b
description

156

5

Squamosa
promoter-binding
protein-like (SBP
domain)

5

Squamosa promoter-binding
protein-like (SBP domain)

159

0

2

myb domain protein

3

Auxin response factor

2

NAC (No Apical Meristem) domain
containing protein

3

Homeobox-leucine zipper family
protein / lipid-binding START
domain-containing protein

Amborella
MIRNA
Family

Auxin response
factor
NAC (No Apical
Meristem) domain
containing protein
Homeobox-leucine
zipper family
protein / lipidbinding START
domain-containing
protein
SWITCH1

160

2

164

2

166

5

167

0

1

168

0

1

169

1

171

2

172

4

319

1

390

1

393

394

Stigma-specific
Stig1 family protein
GRAS family
transcription factor
Protein kinase
superfamily protein
with
octicosapeptide/Ph
ox/Bem1p domain
Related to AP2.7

Auxin response factor
Stabilizer of iron transporter SufD /
Polynucleotidyl transferase

0
2

GRAS family transcription factor

2

Integrase-type DNA-binding
superfamily protein
Related to AP2.7

myb domain
protein

3

TCP family transcription factor
Unknown protein
myb domain protein

Leucine-rich repeat
protein kinase
family protein

0

1

Auxin signaling Fbox

3

auxin signaling F-box
Glycosyltransferase family protein
phenylalanyl-tRNA synthetase,
putative / phenylalanine--tRNA
ligase, putative

2

Galactose
oxidase/kelch
repeat superfamily
protein

1

Cytochrome P450, family 94,
subfamily B, polypeptide 3

50

396

397

398

10

Growth-regulating
factor
Galactose-binding
protein

10

Growth-regulating factor
Galactose-binding protein
31-kDa RNA binding protein
chloroplast 30S ribosomal protein
S20, putative

9

Laccase/Diphenol
oxidase family
protein
ARM repeat
superfamily protein
tubby like protein 8

2

Laccase

5

6,7-dimethyl-8-ribityllumazine
synthase / DMRL synthase /
lumazine synthase / riboflavin
synthase
GroES-like zinc-binding alcohol
dehydrogenase family protein
copper chaperone for SOD1
proteasome inhibitor-related
copper/zinc superoxide dismutase
2

0

Galactose
oxidase/kelch
repeat superfamily
protein
Cytochrome P450
family
ARM repeat
superfamily protein

2111

4

8553

0

1

8558

0

2

8560

0

1

8562
8565

0
0

1
2

Tubulin beta 8
Disease resistance protein (CCNBS-LRR class) family
Plant invertase/pectin
methylesterase inhibitor
superfamily protein
TRICHOME BIREFRINGENCELIKE 13
Heat shock factor binding protein
-

8568

1

1

-

8573

0

1

Respiratory burst oxidase protein F

8578

3

8584

0

Disease resistance
protein (TIR-NBSLRR class) family
Enoyl-CoA
hydratase/isomeras
eD
RNA processing
factor 2
Pentatricopeptide
repeat (PPR)
superfamily protein

0

0

2

DNAJ-like 20
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Monodehydroascorbate reductase
1
POZ/BTB containin
G-protein 1
Pentatricopeptide
repeat (PPR)
superfamily protein

8586

2

8587
8595

0
0

1
1

8600

0

1

8601

0

8603

3

8610

2

8613

0

POZ/BTB
containing Gprotein 1
RNA-binding KH
domain-containing
protein
ABC-2 type
transporter family
protein

0

1

Hercules receptor kinase 1
Purine permease 5
Pentatricopeptide (PPR) repeatcontaining protein
Glycine-rich protein family

2

POZ/BTB containing G-protein 2

0
1

RNA-binding KH domain-containing
protein

Total
unique
60
61
targets
a
Targets predicted by TargetFinder 1.6 with alignment score cutoff of 3
b
Simplified TAIR 10 annotation of the best Arabidopsis BLASTp hit (E-value threshold 1e-5) for
corresponding Amborella miRNA target gene
c
Targets validated by Cleaveland version 3 with p value cutoff of 0.05. Cleaveland pipeline was run
with degradome tags mappings against EVM27 annotated Amborella coding sequences and
TargetFInder 1.6 predicted miRNA-target alignments (score cutoff of 7) as input data sets.
Targets not identified
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3.2.5 Evidence of conserved miRNA triggered phased siRNA production in
Amborella

We next analyzed potential phased siRNA producing loci using a
previously described method (De Paoli et al., 2009). We identified phased siRNA
production from 10 protein-coding genes and 9 intergenic regions (IGRs) in A.
trichopoda (Figure 3.5 and 3.6). Based on small RNA-seq data and degradome
evidence, miRNA triggers for 7 out of 10 protein-coding phasiRNA loci were
validated. Only 1 out of 9 non-coding phased siRNA loci had a validated miRNA
trigger (miR8558a). Detection of phased siRNA triggers also revealed three new
miRNAs that were not previously determined as MIRNA loci in our initial stringent
de novo annotation. These included a paralog of the miR8558 locus called
miR8558b, miR2950, and a novel family miR8615. Among these, miR8558b
triggered phased RNA synthesis from several NBS-LRR (nucleotide-binding site
leucine-rich repeat) disease-resistance genes. In plants, diverse members of the
miRNA superfamily miR482/2118 trigger phased siRNA production from NBSLRR genes (Zhai et al., 2011; Li et al., 2012; Shivaprasad et al., 2012). Close
inspection of the mature sequences from Amborella MIR8558 families showed
considerable homology to some known members of miR482/2118 superfamily
with 3-4 mismatches. These findings suggest that the Amborella miR85581/b
could be also members of miR482/2118 superfamily.
The MIR8558a and MIR8558b loci are clustered together on scaffold 17 of
the A. trichopoda draft genome assembly. Two other small RNA loci
(Cluster_15097 and Cluster_15098, Figure 3.7) are also positioned between
these two MIRNA loci. Both Cluster_15097 and Cluster_15098 predominantly
express 22 nt small RNAs with high sequence homology to the mature
miR8558a/b miRNAs (Figure 3.7). Although both of these clusters lack putative
hairpin structures, all four produce similar 22 nt RNAs with sequence similarity to
the miR482/2118 superfamily. We therefore conclude that phased siRNA
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production from NBS-LRR genes was likely present in the basal-most lineage of
angiosperms.
Other notable protein-coding phasiRNA loci included a LRR kinase
triggered by miR390. Since miR390 is a highly conserved trigger for the phased
tasiRNA generating TAS3 gene families in Arabidopsis and other land plants, it is
possible that the phased siRNA locus encoding LRR-kinase could be a TAS3
homolog in A. trichopoda.
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Figure 3.5: Annotated, protein-coding genes generate phased small RNAs
in Amborella.
Each panel shows a gene in the Amborella genome found to generate phased,
secondary small RNAs (“PHAS” loci). Below each gene identifier (and predicted
protein type) is a screenshot from the Meyers Lab website (http://mpss.udel.edu)
showing the small RNA data aligned with the genomic region encoding the gene.
Blue dots, the most significant class of phased secondary siRNAs, are 21-nt
small RNAs, dark green dots are 22-nt small RNAs, and other colors indicate
other small RNAs as indicated by the legend in the upper right corner of each
image. Abundances are indicated in transcripts per million (TPM) and marked on
the Y-axis. Blue or red boxes are annotated exons interrupted by introns (white
boxes). Purple lines indicate the repetitiveness of the genome based on a simple
k-mer frequency; yellow, pink, or orange shading indicates DNA transposons,
retrotransposons, or inverted repeats (identified by RepeatMasker); the red arrow
indicates the position of the highest phasing score. The locations corresponding
to 22-nt miRNA triggers are also indicated by the brown line with a miRNA trigger
name; PHAS loci lacking the trigger names had no miRNA triggers identified by
the analysis pipeline. Figure reproduced from Amborella Genome project, 2013.

55

Figure 3.6: Non-coding PHAS loci in the Amborella genome.
These panels show loci in the Amborella genome generating phased, secondary
siRNAs at which no protein-coding genes were annotated. Thus, these are
candidate non-coding precursors. In most cases, no miRNA triggers were
identified. The data in each panel are as described in the legend. Figure
reproduced from Amborella Genome project, 2013.
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UUUCCGAAUCCGCCUAUACCUG
UUUCCGAUCCCGCCCAUGCCGU
UUCCCGAUUCCGCCCAUGCCAU
UUUCCGAUUCCCCCCAUGCCAU
UUCCCGAUGCCUCCUAUUCCUA
UUUCCAAUUCCACCCAUUCCUA
UUACCGAUUCCACCCAUUCCUA

--------

atr-miR8558a
atr-miR8558b
atr-Cluster_15097 (dominant sequence)
atr-Cluster_15098 (dominant sequence)
osa-miR2118c
sly-miR482
mtr-miR2118

Figure 3.7: Amborella members of the sequence-diverse miR482/miR2118
superfamily.
Alignments of the indicated mature miRNAs / small RNAs (5'-3'). Nucleotides in
red differ from the consensus at that position. atr: A. trichopoda. osa: O. sativa
(rice). sly: S. lycopersicum (tomato). mtr: M. truncatula (barrelclover). Figure
reproduced from Amborella Genome project, 2013.
3.2.6 Conservation of Amborella miRNA families across land plants

We next analyzed the conservation of 90 A. trichopoda miRNA families
(88 from de novo annotation and 2 from PHAS loci analysis) in different lineages
of land plants based on previously published small RNA seq datasets (NCBI
GEO accession: GSE28755). We found that 19 of the 90 Amborella miRNA
families were robustly expressed in nearly all flowering plants as well as in most
gymnosperms (Figure 3.8, top section). All of these families have previously
been annotated in other plant species available in miRBase version 19
(Kozomara and Griffiths-Jones, 2011). An additional 8 families were detected in
some plant lineages other than Amborella, but lacked expression evidence for
many species (Figure 8, middle section). These include three miRNA families
previously annotated in other plants (miR477, miR828, and miR2950) and five
new families described in this study. One possible explanation is that all of these
families were present in the ancestral angiosperm (and gymnosperm lineages,
with the possible exception of miR477), and then lost later in angiosperm
diversification. However, some of these apparent losses could be also due to
lack of expression in the sampled tissues/conditions.
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Altogether, we conclude that at least 27 miRNA families were present in
the ancestral angiosperm. The other 63 families have sparse evidence of
expression in other plants (Figure 3.8, bottom section) and do not have putative
homologs in miRBase 19, based on sequence similarity. We thus conclude these
63 families are Amborella- specific. The high number of apparently speciesspecific miRNAs in Amborella is typical for most plant species (Axtell, 2008).
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Figure 3.8: Conservation patterns of 90 Amborella miRNA families across
major representatives of land plants.
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Heatmap indicating miRNA abundance for the 90 Amborella miRNA families (in
units of reads per million) across a diverse panel of plants. (NCBI GEO
GSE28755). Families are presented in three groupings based on conservation
pattern: Widespread (top group), some conservation but not universal (middle
group), and Amborella-specific (bottom group). Plant name abbreviations: MQU
Marsilea quadrifolia, CRU Cycas rumphii, GBI Ginkgo biloba, PAB Picea abies,
AFI Aristolochia fimbriata, ATR Amborella trichopoda, NAD Nuphar advena, PAM
Persea americana, CAN Capsicum annum, NTA Nicotiana tabacum, PHY
Petunia hybrida, SLY Solanum lycopersicum, STU Solanum tuberosum, LSA
Lactuca sativa, MGU Mimulus guttatus, CMA Cucurbita maxima, PTR Populus
trichocarpa, CPA Carica papaya, CSI Citrus sinensis, GAR Gossypium
arboreum, SLA Silene latifolia, VVI Vitis vinifera, HVU Hordeum vulgare, TAE
Triticum aestivum, MGI Miscanthus x gigantus, SBI Sorghum bicolor, ZMA Zea
mays, PVI Panicum virgatum, SIT Setaria italica, MAC Musa acuminata, ZMR
Zostera marina. Figure reproduced from Amborella Genome project, 2013.

3.3.

Discussion

Our de novo annotation of small RNA genes expressed in the basal
flowering plant A. trichopoda identified over 56,000 loci producing potentially
regulatory small RNAs (20-24 nts). Most of these loci had features characteristic
of heterochromatic siRNA loci in other flowering plants, confirming the presence
of this class of small RNAs in the ancestral flowering plants. We also identified
conserved A. trichopoda members of miR482/2118 superfamily that triggered
phased siRNA production from NBS-LRR disease resistance genes, indicating
this pathway was also likely present in the basal lineage of flowering plants.
Our survey of conservation of Amborella miRNA families across the land
plants revealed that 27 out of 90 families were likely present in the ancestral
angiosperm. Most of these (19 out of 27 families) were broadly conserved across
many other flowering plants, and 8 families were probably lost or underwent
drastic sequence changes during the diversification of flowering plants. Deeply
conserved A. trichopoda miRNAs also had validated targets that are clear
homologs of known targets in other plants, indicating these miRNA-target
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pairings were present in the ancestral angiosperm. The remaining 63 miRNA
families appear to be lineage-specific, and only 14 of these had experimentally
validated targets.
The high prevalence of 23-24 nt MIRNAs in A. trichopoda (51.2% of all
annotated MIRNA loci) has not been reported in any other plant species so far.
For example, only 11 of the 338 (3.3%) A. thaliana mature miRNAs in miRBase
19 (Kozomara and Griffiths-Jones, 2011) are 23-24 nt long. Compared to
canonical 20-22 nt MIRNAs, A. trichopoda 23-24 nt MIRNAs had modest
expression in leaves and female floral tissues. Interestingly, these 23-24-nt
MIRNA loci showed unusual significant enrichment for intronic regions compared
to other small RNA producing loci in the A. trichopoda genome. Almost all of the
23-24 nt MIRNAs (64 out of 66 loci) belonged to non-conserved Amborellaspecific mIRNA families The apparent lack of predicted and degradome validated
targets for most of these non-conserved 23-24 nt miRNAs suggest that these
may be involved in other non-canonical functions. In rice, 23 -24 nt long miRNAs
have been associated with RNA dependent DNA methylation of their targeted
loci (Wu et al., 2010; Tong et al., 2013) . Moreover, some of these long miRNAs
were reported to direct methylation at their own loci, which resulted in
transcriptional silencing of the associated gene. The majority of these long
miRNAs were found to be located within introns of genes (Wu et al., 2010; Tong
et al., 2013). Additionally, two non-MIRNA hpRNA loci were identified in rice that
were derived from introns and expressed mainly 24 nt small RNAs, similar to the
23-24 nt intronic hpRNAs in A. trichopoda identified in our annotation. It is
possible that A. trichopoda 23-24 nt miRNAs also function in DNA methylation
pathway similar to these long miRNAs in the monocot rice. The apparent lack of
such 23-24 nt MIRNAs in the model eudicot Arabidopsis suggests that loss of
such MIRNAs may have occurred in eudicot lineages, whereas monocots may
have retained these genes for non-canonical functions in methylation pathway.
Comprehensive analysis of A. trichopoda 23-24 nt MIRNAs combined with
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genome-wide methylation data as well as flexible target prediction in both coding,
non-coding genes and intergenic transcripts may provide important insight about
their roles in the ancestral angiosperm.
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3.4.

Methods

3.4.1 Small RNA-seq data processing

Small RNA-seq from three separate libraries (two from leaves, one from
female floral tissues) was performed. For the 'ATR1' leaf library, processed data
with adapter sequences already removed were obtained from GEO accession
GSM712477. For the other two libraries, the 3' adapter sequences were trimmed
using 'trim_illumina_sRNA_fastq.pl' version 0.3 (http://axtell-labpsu.weebly.com/tools.html) with settings -e 1 -q Y -a TGGAATTC. The resulting
trimmed reads ranged between 15-28 nts in length. The small RNAs were then
aligned to a reference genome containing the version 1.0 nuclear genome
assembly as well as the mitochondrial and plastid genome assemblies using
Bowtie 0.12.7 (Langmead et al., 2009) with parameters -f -v1 --best --strata -k 50
-S. The results were processed using 'Prep_bam.pl' version 0.1.1 from the
ShortStack package (Axtell, 2013b) to produce a sorted and indexed BAM
formatted small RNA alignment file containing NH:i: tags, indicating the number
of alignments for each read. Table 3.3 lists the numbers of aligned reads, total
alignments, and NCBI GEO accession numbers for these data sets.
Table 3.3: Summary of Amborella small RNA libraries
GEO accession Tissue
Number of aligned reads
GSM712477
Leaves
3,764,154
GSM1024602
Leaves
15,994,122
GSM1024601
Female flowers 22,052,074
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3.4.2 De novo annotation of small RNA genes

The three separate small RNA-seq BAM alignments were merged using
the SAMtools (Li et al., 2009) 'merge' command. The merged data were then
analyzed with ShortStack version 0.2.1 (Axtell, 2013b), with default settings
except --mindepth 60. A file of inverted repeats found by einverted (Rice et al.,
2000) analysis of the genome assembly with a maximum repeat size of 10,000
nts was input into the ShortStack run. This analysis resulted in the annotation of
71,722 small RNA-producing loci.

3.4.3 MIRNA annotation methods

The initial ShortStack annotations were filtered to ensure high-quality
annotation of Amborella MIRNA loci, as well as to ensure that homologs of
miRNA families known in other species were not unduly discarded. The following
filtering steps were performed:
1. Loci initially called as MIRNAs were filtered based on the presence of the
mature miRNA sequence in at least two of the three libraries. Those that
failed this step were demoted to 'HP' status (e.g. a non-MIRNA hairpin).
2. Remaining MIRNA loci whose DicerCall was "N" (indicating that < 85% of
all mapped small RNAs were within 20-24 nt in size) were filtered to retain
only those whose annotated mature miRNA sequence was between 20-24
nt in size. Those that failed were demoted to 'HP' status.
3. The subset of loci demoted to 'HP' in step 1 that had a DicerCall other
than "N" were examined with respect to existing miRBase 19 (Kozomara
and Griffiths-Jones, 2014) annotations. Loci with zero or one mismatch to
any known mature miRNA sequences from another species were rescued
and re-promoted to MIRNA status.
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4. Loci initially annotated as 'HP' (e.g., a non-MIRNA hairpin) that had a
DicerCall other than "N", and that possessed all MIRNA-like features
except for the sequencing of the predicted miRNA* were examined for
similarity to known mature miRNAs from miRBase 19. Loci with zero or
one mismatch to any known mature miRNA sequences from another
species were promoted to MIRNA status.
Finally, paralogs among novel MIRNA loci (80 loci) were identified based
on similarity of mature miRNAs (≤3 nt mismatches) and/or stem-loop sequences.
Several novel MIRNA loci had ≥4 mismatches in mature miRNA region but
showed high sequence similarity along the entire stem-loops. Hence these were
also annotated as paralogous loci (miR8552, 8553 and miR8565 families). Thus
121 MIRNA loci, from 88 distinct families, were annotated as a result of this
process.

3.4.4 Prediction of miRNA targets

A non-redundant set of 104 mature Amborella miRNAs was used for
identifying targets in the EVM-annotated Amborella coding sequences (version
27 third release). TargetFinder 1.6 (Fahlgren and Carrington, 2010)
(http://carringtonlab.org/resources/targetfinder) was used to predict targets using
an alignment score cutoff of 3. Best Arabidopsis BLASTp hits for the predicted
Amborella targets were determined (using a maximum E-value of 1e-5). The
TAIR10 annotations of the Arabidopsis best hits were utilized for identification of
putative target gene function. Many of these initial predictions were later
experimentally validated (see below).
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3.4.5 Validation of miRNA targets with degradome sequencing

Degradome (also known as PARE: Parallel analysis of RNA ends)
sequencing identifies the 5' ends of uncapped mRNAs and can be used to
experimentally determine miRNA targets in plants (Addo-Quaye et al., 2008;
German et al., 2008). To assist in identification of Amborella miRNA targets, two
degradome libraries (one from leaves and one from female flowers) were
produced, using previously described method (German et al., 2008). After
removal of adapter sequences, the reads were mapped to the Amborella coding
sequences (EVM annotation, version 27 third release) using Bowtie 0.12.7
(parameters: -f --norc -v 2 -a --best –strata). The GEO accession, processed
read counts, and mapping percentages are summarized in Table 3.4. The
mappings were filtered to ensure that the first six nucleotides of the reads aligned
perfectly to the coding sequences. Filtered mappings were then analyzed via the
Cleaveland version 3 pipeline (http://axtell-lab- psu.weebly.com/cleaveland.html)
to identify sliced miRNA targets at a p-value cutoff of 0.05. A total of 7,102
TargetFinder1.6 alignments (alignment score cutoff 7) was provided as an
exhaustive source of possible miRNA-target alignments for Cleaveland analysis.
Table 3.4: Summary of Amborella degradome libraries and alignments
Number of
Total no. of
GEO
Library
Tissue
aligned
alignments
accession
reads
after filtering
AmLd2-2223 Leaves GSM1024603 5,656,768
6,325,898
Female
AmFF-2224
GSM1024604 4,754,704
5,169,645
flowers
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3.4.6 Feature enrichment analysis

Both the absolute numbers of overlapping loci and the total of nonredundant overlapping nucleotides were calculated for each pairwise comparison
of feature types. Enrichment or depletion was then calculated based on the ratio
of the observed to the expected number of overlapping nucleotides. The
expected number of overlapping nucleotides for any pairwise comparison is
given by the formula
! = ("/#) ∗ ($/g) ∗ g
where E is the expected number of overlapping nucleotides under the null
hypothesis of random location, x is the total number of non-redundant
nucleotides of feature type 1, y is the total number of non-redundant nucleotides
of feature type 2, and g is the total genome size.

3.4.7 Identification of tasiRNA-like phasiRNA loci (PHAS) in Amborella

Phasing analysis was performed as described previously (De Paoli et al., 2009).
All loci with a phasing score ≥12.5 in any one library are considered as PHAS loci
and were subjected to manual inspection.

3.4.8 Conservation of miRNA families across land plants

We used small RNA sequencing data from a wide range of plants (NCBI GEO
accession: GSE28755), in combination with miRBase version 19 annotations, to
track the conservation patterns of the 90 Amborella miRNA families (88 families
from automated ShortStack discovery and 2 families from PHAS loci analysis).
All 20-24-nt small RNA reads from the plant small RNA-seq data set that were
represented by at least two reads in a library were aligned to the mature miRNA
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sequences from the 94 Amborella miRNA families, allowing three mismatches
and up to 2 nt of overhanging nucleotides at either the 5’ or 3’ end, or both.
Alignments were performed using SeqMap (Jiang and Wong, 2008) followed by
output filtering and reformatting by custom-written Perl scripts. For each miRNA
family, total abundance of all the identified variants in each library was
calculated.

3.4.9 Data availability

De novo small RNA gene annotations and relevant alignment data can be
browsed online via an interactive genome browser at
http://plantsmallrnagenes.science.psu.edu/atr-b1/index.php. Data relevant to the
A. trichopoda small RNA gene annotations and miRNA targets can be also
accessed online from the following link: http://science.sciencemag.org.
/content/suppl/2013/12/18/342.6165.1241089.DC1.
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Chapter 4

Annotating endogenous mobile small RNAs in parasitic plants

4.1

Parasitic plants

Parasitic plants invade the living tissues of host plants to obtain water and
nutrients. Among the flowering plants, approximately 4,500 species belonging to
28 different families are known as parasitic plants (Heide-Jørgensen, 2013).
Some of the highly invasive agricultural weeds such as Striga (witchweed),
Cuscuta (dodder) and Orobanche (broomrape) belong to this group of plants.
Depending on their photosynthetic ability, parasitic plants can be free-living
(facultative parasites) or fully dependent on hosts for completing their life cycle
(obligate parasites). The host ranges of parasitic plants can vary greatly. Obligate
parasites usually have specialized host range, as their survival is completely
dependent on finding a susceptible host. For instance, Striga mainly attacks
monocots, while Orobanche and Cuscuta prefer eudicots as hosts (Parker et al.,
1993; Dawson et al., 1994). In contrast, Triphysaria, a facultative parasite, has
less specific host range and invades both monocots and eudicots belonging to 27
families (Thurman, 1966; Yoder, 1997).

Chapter 4 includes a manuscript (Shahid et al., 2017, bioRxiv, p.180497) that has been
reproduced here with modifications. Author’s contributions for the manuscript: Saima Shahid and
Michael Axtell performed most bioinformatics analysis, 5'-RLM-RACE and qRT-PCR. Gunjune
Kim and James Westwood cultivated and harvested plant specimens used for initial small RNAseq experiments. Nathan Johnson, Saima Shahid and Michael Axtell cultivated and harvested
plant specimens for other experiments. Eric Wafula, Gunjune Kim, Claude dePamphilis, and
James Westwood performed whole-genome shotgun DNA sequencing. Feng Wang, Saima
Shahid, and Nathan Johnson performed RNA blots. Ceyda Coruh constructed small RNA-seq
libraries. Nathan Johnson and Vivian Bernal-Galeano performed growth assays.
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All parasitic plants have the unique ability to develop haustorium, a
specialized multicellular feeding organ, that acts as a physiological bridge
between these plants and their hosts (Yoshida et al., 2016; Heide-Jørgensen,
2008). Based on the location of haustorial attachment, parasitic plants can be
further classified as root- or stem parasites. Haustoria enable the parasitic plants
to siphon water, nutrient and other resources from their hosts (Smith et al.,
2013). Thus, haustorium development is essential for parasitism, and disruption
of this process can be effective in controlling growth of parasitic plants (Yoder
and Scholes, 2010; Alakonya et al., 2012).
Plant parasitism has independently evolved in multiple lineages, which is
reflected in the wide diversity of haustorial morphology and anatomical structures
across different parasitic species (Westwood et al., 2010; Heide-Jørgensen,
2008). However, haustoria of all parasitic plants share a common feature – i.e.
direct xylem connection between the parasite and host (Heide-Jørgensen, 2013).
Phloem connections have been also reported in some species. For instance,
haustoria of Cuscuta spp. (family – Convolvulaceae), an obligate stem parasite,
provide both phloem and xylem continuity with its hosts (Dawson et al., 1994;
Vaughn, 2003). In case of Triphysaria spp. (family – Orobanchaceae), a
facultative root parasite, only direct xylem continuity has been clearly observed
(Heide-Jørgensen, 2008).

4.1.1 Macromolecule trafficking across the parasitic plant haustoria

In addition to water and nutrients, haustoria allow movement of viruses,
phytoplasmas, proteins, DNA as well as messenger RNA (mRNA) (Bennett,
1944; Macrone et al., 1999; Haupt et al., 2001; Mower et al., 2004; Kim and
Westwood, 2015). mRNA exchange through haustoria has been extensively
studied in Cuscuta (David-Schwartz et al., 2008; Leblanc et al., 2012; Kim et al.,
2014). Thousands of mRNAs move bidirectionally between Cuscuta and its
hosts, even though the percent and composition of mobile transcripts vary from
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host-to-host (Kim et al., 2014).The implications of such mRNA movement is not
clear. However, DNA exchange can sometimes result in stable integration of
host-derived genes in parasitic plants via horizontal gene transfer (HGT). The
rate of HGT is much higher in parasitic plants compared to non-parasitic
flowering plants, and transcripts derived from horizontally-acquired genes are
often specifically induced in haustoria (Yang et al., 2016). This suggests that
parasites may utilize this mechanism for acquiring genes important in parasitism.

4.1.2 Mobility of small RNAs across haustoria and their role in transspecies RNA interference

Multiple cases of transgenic host-induced silencing of genes in attached
parasitic plants clearly indicate that transgenic siRNAs can move across
haustoria (Tomilov et al., 2008; Yoder et al., 2009; Aly et al., 2009; Alakonya et
al., 2012; Bandaranayake and Yoder, 2013). Evidence of such movement was
first reported in Triphysaria versicolor (Tomilov et al., 2008). In this experiment,
GUS (beta-glucuronidase) expressing T. versicolor was used to parasitize lettuce
plants that expressed a GUS-specific RNA hairpin. Successful parasitization
resulted in reduced expression of GUS gene in T. versicolor, confirming
movement of silencing signal from host to parasite. This GUS-specific silencing
signal from the targeted parasite could also travel to another GUS-expressing
host (that lacks the hairpin) through shared haustoria and trigger RNAi in the
latter. This key experiment proved that RNAi-mediated silencing signal can
move bi-directionally between T. versicolor and its hosts (Tomilov et al., 2008).
Similar to parasitic plants, fungal pathogens also utilize haustoria for
invading their host plants. However, a fungal haustorium is composed of a single
cell, while the parasitic plant haustorium is a multicellular organ (Yoshida et al.,
2016). Transfer of endogenous small RNAs across fungal haustoria and their role
in cross-kingdom gene silencing has been reported in two different fungi-plant
systems (Weiberg et al., 2013; Wang et al., 2016b, 2017; Zhang et al., 2016).
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Botrytis cinerea, the causal agent of gray mold disease, has been shown to
deliver small RNAs to its host plants, where they can be loaded into host
Argonaute proteins. Overexpression of B. cinerea siRNAs in Arabidopsis resulted
in silencing of host genes involved in defense response (Weiberg et al., 2013;
Wang et al., 2017). Host plants can also deliver small RNAs to fungal pathogen
as a defense mechanism. Upon infection by Verticillium dahliae (causal agent of
wilt disease), cotton plant delivers miR159 and miR166 to the fungal hyphae,
which direct cleavage of two fungal genes essential for virulence (Zhang et al.,
2016). Transgenic host-induced silencing of DCL genes in B. cinerea as well as
V. dahliae led to reduced fungal growth after infection (Wang et al., 2016b).
These findings clearly indicate bi-directional mobility of small RNAs between
fungal pathogens and their hosts and their role in virulence. Whether parasitic
plants and their hosts also exchange endogenous small RNAs and if so, whether
such exchange leads to trans-species targeting – these are still unresolved
questions. Discovery and annotation of endogenous small RNAs in parasitic
plants will provide an important resource to address these questions and also
provide new insight into engineering resistant hosts.

4.1.3 Parasitic plant as an important model system for studying
interspecies mobility of small RNAs

Cross-species movement of endogenous plant small RNAs has been
studied so far mainly using grafting systems (Molnar et al., 2010; Melnyk et al.,
2011b; Lewsey et al., 2016). In such systems the donor and recipient plants are
usually closely related, so it is difficult to identify mobile small RNAs unless they
can be easily distinguished based on SNPs. However, this issue can be
overcome to some extent by studying parasitic plant systems as these usually
have hosts that are phylogenetically more distant. Parasitic plants such as
Cuscuta and Triphysaria can be easily grown on Arabidopsis thaliana and
Medicago truncatula, respectively (Birschwilks et al., 2007; Goldwasser et al.,
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2002; Honaas et al., 2013). Both of these hosts have ample genomic and
transcriptomic resources, making separation of host-derived RNAs from non-host
RNAs relatively easier. Even though parasitic plants lack reference genome
assemblies, transcriptome datasets for several parasitic species including
Cuscuta pentagona and Triphysaria versicolor are available (Ranjan et al., 2014;
Honaas et al., 2013). Parasitic plant-host systems thus provide excellent models
for studying mobile small RNAs that are biologically relevant.

4.2

The obligate stem parasite Cuscuta invades a wide range of eudicots

Cuscuta, commonly known as dodder, represent one of the most widely
spread parasitic plants worldwide. Around 200 species belongs to the Cuscuta
genus (family: Convolvulaceae), all of which are vine-like stem parasites that lack
roots and have scales as a form of reduced leafs (Costea et al., 2015b). Even
though the photosynthetic ability of different Cuscuta species varies, most of
them have little or no chlorophyll and are completely dependent on host to
complete their life cycle, making them obligate parasites (Yoshida et al., 2016;
Costea and Tardif, 2006; Dawson et al., 1994).
Although species in the Cuscuta genus can have narrow or broad host
ranges, they usually prefer eudicots as hosts (Ashton and Santana, 1880;
Gaertner, 1950; Dawson, 1987; Dawson et al., 1994; Lanini and Kogan, 2005). In
case of successful parasitism, a Cuscuta vine coils around a host stem,
penetrates the host stem with its haustoria, and grows rapidly to completely
cover the host with intertwined webs of parasite stems. Besides direct xylem
continuity through xylem bridges with host xylem, Cuscuta haustoria provide
direct contact with host phloem (Dawson et al., 1994; Yoshida et al., 2016;
Heide-Jørgensen, 2008). As a result, Cuscuta is able to siphon more host
resources and grow faster compared to other parasitic plants which have only
xylem connections, such as Triphysaria. Furthermore, a single parasitic plant can
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simultaneously invade more than one host belonging to same or different
species, and multiple Cuscuta species can parasitize one host plant (Costea and
Tardif, 2006; Kaiser et al., 2015). Cuscuta seeds are protected by hard shells
and can remain viable for many years. As a result, parasite seedlings can reemerge if crops are grown in the same field that had a prior infestation (Dawson
et al., 1994). Because of such highly invasive nature and growth-pattern,
effective control of Cuscuta spp. is very difficult, leading to severe damage and
loss of affected crops. C. campestris (field dodder) is the most common and
aggressive species in the Cuscuta genus, affecting at least 25 economically
important crops that include alfalfa, clover, sugar beet, carrot, onions, tomato and
citrus as well as several ornamental plants (Dawson et al., 1994; Lanini and
Kogan, 2005; Costea et al., 2015a). In California, infestation of tomato fields by
C. campestris is common, which could lead to 50 -75% yield loss (Lanini, 2004).
It’s estimated that a 25% yield loss in affected tomato cause a loss of 4 millions
dollars/year (Heide-Jørgensen, 2008). It is important to note that C. campestris is
often confused as C. pentagona in the literature, however these two are distinct
species (Costea et al., 2015b, 2015a).

4.2.1 Biology of Cuscuta parasitism

Under favorable moisture and temperature conditions, Cuscuta seed
germinates and the young seedling starts rotating counter-clockwise and wraps
around a host stem as soon as it finds one (Figure 4.1). Cuscuta stems can also
twine around any non-host plants or even inanimate objects such as metal wires
and acryl rods (Dawson et al., 1994; Costea and Tardif, 2006; Furuhashi et al.,
2011; Kaiser et al., 2015). However, the parasite seedling or stem will survive
only on a host where it can establish a haustorial connection. In all other cases,
the parasite seedling will die in a few days due to lack of water and nutrients. In
the presence of multiple host species, Cuscuta can change its orientation
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towards the more suitable host guided by light cues (Dawson et al., 1994; Costea
and Tardif, 2006) and host chemoattractants (Runyon et al., 2006).
After twining around the host, pre-haustorium development is initiated,
which leads to development of teeth-like pegs from the parasite stem at the
attachment site. Pre-haustorium can be observed even when Cuscuta wraps
around inanimate objects or resistant hosts. However, mature haustoria
development is dependent on chemo-attractants released by host, tactile stimuli
and hormonal gradients in the attachment site (Kaiser et al., 2015; Yoshida et al.,
2016). Light spectral qualities also influence haustorial development, with a high
far-red light to red light ratio favoring haustoria induction in C. campestris
(Johnson et al., 2016a). The next stage in parasitism is the development of
mature haustoria. At this stage, the peg-like feeding structures penetrate and
connect parasite and host vascular systems. After successful attachment,
Cuscuta grows rapidly and spreads to any nearby host, and finally produces
flowers and seed capsules, thus completing its life cycle (Figure 4.1).
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Figure 4.1: The life cycle of Cuscuta.
Illustration based on (Johnson et al., 2016a; Agrios, 2005; Dawson et al., 1994).
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4.2.2 The nature of vascular connection in Cuscuta haustoria

The growing tips of Cuscuta haustoria contain elongated specialized cells
called searching hyphae, which penetrate host vasculature and become xylem
elements when they contact host xylem cells. Anatomical studies showed clear
evidence of direct xylem continuity between Cuscuta and host (Vaughn, 2003;
Birschwilks et al., 2006). When the searching hyphae of Cuscuta haustoria
contacts host phloem, they become absorbing hyphae, which contain P-proteins
like typical sieve elements (Dawson et al., 1994). However, previous studies did
not observe any plasmodesmata or sieve pores shared between these
specialized parasite sieve element-like cells and the host sieve element cells
(Dörr, 1990; Vaughn, 2003). Still, phloem continuity is indicated by multiple
experiments based on symplastically mobile fluorescent dye, virus (Birschwilks et
al., 2006) and phloem-specific expression of GFP (Haupt et al., 2001; Birschwilks
et al., 2007). The searching hyphae of Cuscuta haustoria can develop
plasmodesmatal connection with host cortical parenchyma cells, which can
indirectly provide access to host phloem (Dawson et al., 1994). It has been
suggested that these parenchyma cells may play a role in transfer of phloemassociated macromolecules. However, the exact mechanism of macromolecule
trafficking between Cuscuta and its host remains to be elucidated.

4.2.3 Evidence for transgenic siRNA movement from Cuscuta to its host

Host-induced silencing of a SHOOT MERISTEMLESS- like gene (STM) in
C. pentagona has been previously reported (Alakonya et al., 2012). Expression
of STM, a homeobox transcription factor, is induced during haustorium
development. Growth of C. pentagona on transgenic host N. tabacum (tobacco)
expressing a STM-specific hairpin in vascular tissue resulted in silencing of the
STM gene in the former. STM silencing led to impaired haustorium development,
reduced growth and early flowering in the parasite. Transgenic siRNAs specific
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for STM were identified in parasite stem above the haustoria, confirming that
small RNAs can move from host to parasite (Alakonya et al., 2012). The authors
also observed that two highly conserved microRNAs (miR159 and miR172) are
differentially expressed in haustoria of C. pentagona grown on wild type tobacco
compared to that of transgenic tobacco. The authors suggested that these
miRNAs could play a role in haustoria development (Alakonya et al., 2012).
However, this study did not characterize any other endogenous small RNAs in C.
pentagona.
We hypothesized that similar to fungi-plant systems, endogenous small
RNAs are also exchanged between parasitic plants and their hosts, and function
in trans-species regulation. To test this hypothesis, we generated deep
sequencing data from C. campestris grown on A. thaliana. Our analysis showed
that many novel 22 nt miRNAs are strongly induced in C. campestris - A. thaliana
interface, and several of these direct cleavage of host transcripts. The targeted
host transcripts have well-known roles in development and defense response
pathways. Growth of C. campestris on the Arabidopsis seor1 mutant, one of the
host targets, clearly increased accumulation of parasite biomass. These findings
suggest that interface-induced C. campestris miRNAs may act as virulence
factors in plant parasitism. Furthermore, our preliminary survey of haustorial
small RNAs in the facultative root parasite T. versicolor showed similar higher
abundance of 22 nt small RNAs in the latter. This suggests that production of 22
nt small RNAs may be a common adaptation for parasitic plants. Also, parasitic
plant lineages may have evolved independently to express small RNAs specific
for their preferred host species.
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4.3

Results

4.3.1 C. campestris small RNAs are specifically induced in haustoria

In order to examine small RNA trafficking across haustoria, we deeply
sequenced three distinct tissue samples from C. campestris - A. thaliana
associations. Two biological replicates were obtained for each tissue sample,
resulting in six small RNA libraries. The sampled tissues included the following:
a) interface (I), containing C. campestris stem and haustoria wrapped around
host stem, b) host stem (HS) above the interface region and c) parasite stem
(PS) above the interface region (Figure 4.2). We identified host- and parasitederived small RNAs in the sequenced libraries based on mapping reads to A.
thaliana reference genome and expression pattern of reads in HS and PS
libraries. For the host-derived small RNAs, we used ShortStack (Johnson et al.,
2016b) for de novo annotation of 36,198 small RNA-producing loci in the
reference Arabidopsis genome. Since C. campestris lacks a sequenced genome,
we further annotated parasite-derived 20-24 nt small RNAs into clusters based
on sequence similarity. This resulted in a total of 29,988 parasite-derived small
RNA clusters.

Figure 4.2: Diagram showing the locations of tissue samples harvested
from C. campestris (yellow vine) - Arabidopsis thaliana (green stem)
associations.
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We next analyzed the expression profile of the parasite-derived small RNA
clusters across HS, I and PS libraries. We found that 151 C. campestris small
RNA loci were differentially expressed by more than 2-fold between I and PS
libraries (False Discovery Rate 0.05). Among these, 136 were up-regulated in I
compared to PS (Figure 4.3A). Northern blot experiments confirmed the
interface-induced expression of several C. campestris small RNAs (Figure 4.3B).
None of these small RNAs were detected in control unparasitized A. thaliana
stem (CS), confirming that these are indeed derived from the parasite (Figure
4.3B). Many of the interface-induced C. campestris small RNAs were also
detected in HS libraries, albeit to a lesser extent compared to the I libraries
(Figure 4.3A and 4.3B).

4.3.2 Most of the interface-induced C. campestris small RNAs are 22 nt
novel miRNAs

Size distribution of the interface-induced C. campestris small RNAs
revealed a predominance of 22 nt, followed by 21 nt (Figure 4.3C). Since 21 nt
small RNAs are mostly miRNAs in plants (Axtell, 2013a), we speculated that
these interface-induced small RNAs may be derived from MIRNA precursors. To
test this hypothesis, we mapped the 136 interface-induced small RNAs to short,
local assemblies of C. campestris shotgun genome sequencing reads. We found
that 112 out of 136 interface-induced C. campestris small RNAs were actually
derived from hairpin-forming precursors characteristic of MIRNA genes (Figure
4.3C and 4.3D). The high abundance of 22 nt miRNAs in C. campestris is quite
extraordinary, as this size category is rarely observed among annotated plant
MIRNAs (Figure 4.4). Comparison of the mature sequences from 112 C.
campestris MIRNAs against plant miRNAs from miRBase 21 (Kozomara and
Griffiths-Jones, 2014) showed that only 4 loci belonged to known miRNA
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families. We conclude that C. campestris specifically expresses many novel 22 nt
miRNAs in the interface.

Figure 4.3: C. campestris small RNAs induced at the host-parasite
interface.
A) Heatmap showing abundance of 136 C. campestris small RNAs that are
upregulated in I relative to PS (>2-fold change in expression with 0.05 FDR). B)
RNA blot confirming upregulation of C. campestris small RNAs in interface. A.
thaliana gene names in parentheses are targets of the probed small RNAs.
Arabidopsis U6 was used as a loading control. C) The sizes and types of 136
interface-induced C. campestris small RNAs. D) Predicted hairpin structures of
C. campestris 22 nt MIRNAs. Bases in the hairpin are color-coded based on
small RNA read coverage. CS: Control Arabidopsis stems (unparasitized plants),
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HS: Host Arabidopsis stems, above haustorial attachment sites, I: Interface, PS:
Parasite stem above haustorial attachment sites. rpm: reads per million.
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Figure 4.4: 22 nt miRNAs are rare in most plants.
We analyzed the size distribution of 7,989 mature sequences from miRBase 21annotated MIRNA loci in 35 plant species in (Kozomara and Griffiths-Jones,
2014). Only plant species with more than 50 mature sequence annotations in
miRBase 21 were utilized for this analysis. cre: Chlamydomonas reinhardtii, ppt:
Physcomitrella patens, smo: Selaginella moellendorffii, atr: Amborella trichopoda,
cca: Cynara cardunculus, ath: Arabidopsis thaliana, aly: Arabidopsis lyrata, bna:
Brassica napus, bra: Brassica rapa, cpa: Carica papaya, cme: Cucumis melo,
mes: Manihot esculenta, rco: Ricinus communis, gma: Glycine max, lja: Lotus
japonicas, mtr: Medicago truncatula, lus: Linum usitatissimum, ghr: Gossypium
hirsutum, gra: Gossypium raimondii, tca: Theobroma cacao, mdo: Malus
domestica, ppe: Prunus persica, ptc: Populus trichocarpa, csi: Citrus sinensis,
nta: Nicotiana tabacum, sly: Solanum lycopersicum, stu: Solanum tuberosum,
vvi: Vitis vinifera, ata: Aegilops tauschii, bdi: Brachypodium distachyon, hvu:
Hordeum vulgare, osa: Oryza sativa, sbi: Sorghum bicolor, tae: Triticum
aestivum, zma: Zea mays.
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4.3.3 Six Arabidopsis transcripts show high accumulation of secondary
siRNAs only in interface tissue

We next analyzed the expression pattern of host small RNA loci across
PS, HS and I libraries. Six A. thaliana loci showed high accumulation of small
RNAs only in I relative to HS libraries. All of these loci overlapped mRNA coding
regions in A. thaliana genome. Among these, BOTRYTIS INDUCED KINASE 1
(BIK1) encodes a receptor-like cytoplasmic kinase that positively regulates plant
immunity and negatively regulates brassinosteriod signaling (Lin et al., 2013).
HEAT SHOCK TRANSCRIPTION FACTOR B / SCHIZORIZA (HSFB4/ SCZ) is a
nuclear factor involved in asymmetric division of stem cells and regulates tissue
complexity (Pernas et al., 2010; Colette et al., 2010). SIEVE ELEMENT
OCCLUSION RELATED 1 (SEOR1) is a structural phloem protein (P-protein)
that functions in sieve tube sealing (Anstead et al., 2012; Jekat et al., 2013).
TRANSPORT INHIBITOR 1 (TIR1), AUXIN SIGNALING F-BOX2 (AFB2) and
AUXIN SIGNALING F-BOX3 (AFB3) are well-known auxin receptors (Navarro et
al., 2006; Si-Ammour et al., 2011). Analysis of the small RNAs associated with
each of these loci showed that these were mainly 21 nt in size (Figure 4.5A), and
mapped to both antisense and sense strands (Figure 4.5B). Additionally, these
small RNAs were produced in a phased manner, even though the degree of
phasing varied among the six loci (Figure 4.5C). All of these properties are
characteristic of secondary siRNAs (Fei et al., 2013). We conclude that C.
campestris parasitization induces secondary siRNA production from these A.
thaliana mRNAs at the haustorial interface.
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Figure 4.5: Properties of secondary siRNAs produced from cleavage of
targeted Arabidopsis mRNAs.
A) Size distributions, B) strandedness, and C) phasing scores of the siRNAs
mapped to Arabidopsis mRNAs. Dotted line in B represents 0.5, colored dotted
lines in C denote the indicated percentiles of phasing scores.
4.3.4 Interface-induced 22 nt C. campestris miRNAs guide cleavage of
host transcripts and trigger secondary siRNA production

In plants, 22 nt miRNAs have a unique ability of triggering secondary
siRNA biogenesis from their targeted transcripts (Chen et al., 2010; Cuperus et
al., 2010). We hypothesized that interface-specific accumulation of secondary
siRNAs from the 6 Arabidopsis transcripts is triggered by C. campestris 22 nt
miRNAs. To test this hypothesis, we used interface-induced C. campestris small
RNAs as queries to predict complementary sites among the above six
Arabidopsis transcripts. We found that all of the Arabidopsis transcripts had at
least one predicted target site for C. campestris interface-induced 22 nt miRNAs
(Figure 4.6B-4.6D). TIR1, AFB2 and AFB3 – each of these harbor an additional
well-known target site for a conserved microRNA miR393 (Navarro et al., 2006;
Si-Ammour et al., 2011, 393) (Figure 4.6E-4.6G). Only the C. campestris miRNA
target site in these transcripts showed interface-specific strong accumulation of
secondary siRNAs. In contrast, the miR393-targeted site in TIR1/AFB2/AFB3
was associated with a modest amount of secondary siRNAs in the host stem,
with little or no reads in I or PS (Figure 4.6E-4.6G). We next performed 5' –RLM-
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RACE (5'-RNA ligase mediated - rapid amplification of cDNA ends) to investigate
whether the predicted C. campestris miRNA target sites on these 6 mRNAs are
actually cleaved. We found evidence of 5¢ ends of uncapped transcript fragments
corresponding to the expected cleavage sites for all of the six A. thaliana
transcripts in interface tissue but not in control A. thaliana stem (Figure 4.6). Our
results thus confirm that interface-induced C. campestris miRNA guide cleavage
of host transcripts and subsequently trigger secondary siRNA production.

4.3.5 C. campestris miRNAs depend on host RNAi components for
generating secondary siRNAs from host targets

Five out of the six A. thaliana mRNAs targeted by C. campestris miRNAs
had significant reduction in expression (p < 0.05, Figure 4.7A) in interface
compared to control stem. This further supported that these mRNAs were
regulated in a manner similar to miRNA-mediated post-transcriptional inhibition of
gene expression. We next looked at the possible determinants of secondary
siRNA production from the targeted host mRNAs. In Arabidopsis, secondary
siRNA biogenesis is dependent on both RDR6 (RDR dependent RNA
polymerase 6) and DCL4 (Dicer like 4). The activity of the latter can be partially
complemented by DCL2 (Parent et al., 2015). We analyzed accumulation of the
most abundant secondary siRNA from TIR1 in tissue samples harvested from C.
campestris grown on Arabidopsis mutants sgs2-1 (allelic to RDR6) and dcl4-2t.
RNA blots showed that expression of TIR1-derived secondary siRNA is
completely abolished in sgs2, but still detectable in dcl4-2t mutant (Figure 4.7B
and 4.7C). Our results indicate that C. campestris utilize host RDR6/SGS2 and
DCL4 to generate secondary siRNAs from targeted host mRNAs in interface.
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Figure 4.6: Interface-induced C. campestris miRNAs direct cleavage of six
A. thaliana mRNAs.
A) Confirmation of host target slicing by interface-induced C. campestris
miRNAs. Ethidium-bromide stained gel of 5'-RLM-RACE products is shown, with
expected sizes (nts) of sliced remnants underneath the names of targeted
Arabidopsis mRNA. Arabidopsis ARF17, a known target of miR160, was used as
a positive control. First and last lanes show dsDNA size standards, as indicated
(nts). B-G) Browser snapshots of small RNA accumulation in each small RNAseq library along the indicated target mRNAs, with miRNA-target alignments
shown above. Red bases in target mRNAs indicate predicted 5'-ends of miRNAdirected slicing. Fractions show the frequencies of 5'-RLM-RACE products with
ends at the indicated positions. Blue bases in miRNAs show polymorphic sites
relative to the top-most aligned miRNA. I: Interface, CS: Control Arabidopsis
stems (unparasitized plants), HS: Host Arabidopsis stems, above haustorial
attachment sites, PS: Parasite stem above haustorial attachment sites.

86
4.3.6 Mutant of Arabidopsis SEOR1, one of the targeted mRNAs, affects
parasite biomass accumulation

We also measured biomass accumulation of C. campestris grown on the
above A. thaliana mutants as well as seor1 and tir1-1/afb2-3 double mutant. We
did not detect any significant difference in parasite growth for the mutants in
secondary siRNA biogenesis pathway or in the tir1-1/afb2-3 double mutant
(Figure 4.7C and 4.7D). However, parasite grown on Arabidopsis seor1 mutants
showed significant increase in biomass compared to wild type plants (Figure
4.7D). We conclude that the SEOR1- targeting C. campestris miRNA is a
potential virulence factor in parasitism.

Figure 4.7: Effects of C. campestris miRNAs and their targets.
A) Accumulation levels of C. campestris miRNA-targeted Arabidopsis mRNAs in
interface (I) relative to control stem (unparasitized Arabidopsis stem). mRNA
levels were measured using qRT-PCR. Data from 7 or 8 biological replicates are
plotted (dots), and boxplots indicate the median (horizontal lines), 1st-3rd quartile
range (boxes), and up to 1.5 x the interquartile range (whiskers). Numbers
indicate p-values comparing CS and I samples (Wilcoxon rank-sum test,
unpaired, one-tailed). TIP41-l is a control mRNA. B) RNA blots showing
secondary siRNA accumulation from targeted host mRNAs in C. campestris
parasitizing wild type Arabidopsis (Col-0) or specific mutants. I: Interface, CS:
Control Arabidopsis stems (unparasitized plants), HS: Host Arabidopsis stems,
above haustorial attachment sites, PS: Parasite stem above haustorial
attachment sites. C) C. campestris biomass accumulation on A. thaliana hosts of
the indicated genotypes 14 days post-attachment. P-values (Wilcoxon rank-sum
tests, unpaired, two-tailed) from comparison of mutant to wild type (Col-0) are
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shown. Boxplot conventions as in panel a. n=14, 14, and 12 for Col-0, sgs2-1,
and dcl4-2t, respectively. D) As in c, except for seor1 and tir1-1/afb2-3. n=10, 10,
and 9 for Col-0, seor1, and tir1-1/afb2-3, respectively.
4.3.7 Interface-induced 22 nt C. campestris miRNAs have predicted targets
in multiple eudicots

C. campestris has a wide range of eudicot hosts (Dawson et al., 1994;
Lanini, 2004; Kaiser et al., 2015). To evaluate the conservation of C. campestris
miRNA –mRNA target pairs, we identified probable orthologs of A. thaliana BIK1,
SEOR1, HSFB4, TIR1, AFB2 and AFB3 among the eudicot species available in
phytozome 11 (Goodstein et al., 2011). We used the six relevant C. campestris
miRNAs as queries to predict target sites in probable orthologs for all of the
above. As a negative control, we obtained orthologs for GYLCERALDEHYDE 3PHOSPHATE DEHYDROGENASE (GAPDH) from the above eudicot species
and predicted target sites using the same C. campestris miRNA queries. The
latter was used as a negative control. We also predicted targets of the ancient
microRNA miR166 in the probable orthologs of Arabidopsis PHV from the same
species set as a positive control. Many target sites were predicted for probable
orthologs of TIR/AFB, SEOR1 and BIK1, while only few of HSFB4 probable
orthologs had complementary target sites (Figure 4.8A). We predicted selftargets of the C. campestris miRNAs based on a previously reported
transcriptome (Ranjan et al., 2014). Unlike conserved C. campestris miRNAs,
many of the interface-induced miRNAs lacked predicted targets in its
transcriptome (Figure 4.8B). Among the probable Cuscuta orthologs for the six
host mRNAs, only the Cuscuta SEOR1 ortholog (Cpent_contig_99588) had a
predicted target site. Even though Cuscuta SEOR1 was highly expressed in
haustoria (Ranjan et al., 2014), it was not associated with any accumulation of
secondary siRNAs in the tissues sampled in our study. These observations
suggest that the interface-induced C. campestris miRNAs may have evolved to
function mainly in trans-species targeting of host mRNAs.
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Several of the key parasite miRNAs identified in C. campestris - A.
thaliana associations were also induced in the interface samples from parasite
infested N. benthamiana (Figure 4.8C). However, these miRNAs were not
detected in C. campestris pre-haustoria initiated after contact with a dead
bamboo stake (Figure 4.8C). This demonstrates that contact with living host is
necessary for expression of the C. campestris miRNAs that mediate transspecies RNAi. 5’-RLM-RACE experiments confirmed that the TIR1/AFB ortholog
in N. benthamiana was cleaved by a C. campestris miRNA (Figure 4.8D and
4.8E). These results prove that targeting of least one of the six host mRNA
orthologs is conserved in multiple species.

Figure 4.8: Interface-induced C. campestris miRNAs have predicted targets
in multiple eudicot species.
A) Predicted targets (targetfinder.pl score <= 4.5) for interface-induced C.
campestris miRNAs. Species with one or more predicted targets are shown in
blue. Probable orthologs of Arabidopsis BIK1, SEOR1, HSFBF4, TIR/AFB and
GAPDH were queried using C. campestris interface-induced miRNAs. Probable
orthologs of Arabidopsis PHV were queried with conserved miRNA. B) Predicted
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self-targets (FDR <= 0.25) of C. campestris miRNAs searched against the C.
pentagona transcriptome (Ranjan et al., 2014). The distributions of the number of
predicted targets per miRNA are shown. C) RNA blots of the indicated small
RNAs from interface (I) and control stem (CS) samples of C. campestris infested
N. benthamiana (N.b.) and A. thaliana (A.t.) hosts, as well as from C. campestris
pre-haustoria (PH) induced by seedlings twining on a dead bamboo stake. D) 5'RLM-RACE products from nested amplifications for the indicated N. benthamiana
cDNAs. Numbers below labels are predicted sizes of the products; last lane is a
DNA size standard. I: interface, CS: control stem. N.b. ARF, is an A.t. ARF17
ortholog with a target site for miR160, and serves as a positive control. E)
Alignment of C. campestris interface-induced miRNAs with a N. benthamiana
TIR/AFB ortholog. Fractions indicate termini of 5'-RLM-RACE products; the
position in red is that predicted by miRNA-directed slicing of the transcript.
4.3.8 Expression of 22 nt small RNAs may be a common feature in plant
parasitism

To examine whether interface-induced C. campestris miRNAs are
conserved in other parasitic plants, we profiled small RNA expression in
haustoria of T. versicolor, a facultative root parasitic plant in the Orobanchaceae
family. Six small RNA libraries were generated from three different tissues
samples (two biological replicates per library). The sampled tissues included
control roots from T. versicolor grown without a host (non-transplanted aka NT
libraries and transplanted aka TT libraries) and haustoria from T. versicolor
grown on the legume M. truncatula (Figure 4.9A). Preliminary mapping of the
sequenced small RNAs against different reference databases showed many
potential M. truncatula-derived reads (Figure 4.9B). We removed all reads with
perfect matches to the host M. truncatula genome from the HA to ensure
parasite-specific loci annotation (Figure 4.10). T. versicolor also lacks a reference
genome, similar to C. campestris. Hence we used two different datasets as
references to improve the scope of de novo discovery of parasite-specific small
RNA loci. We first annotated parasite-derived small RNA-producing loci based on
mapping reads from all libraries to T. versicolor unassembled genomic DNA
reads. In a separate run, we performed de novo small RNA loci annotation with
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the same parameters against T. versicolor transcriptome assembly (Honaas et
al., 2013). Most of the MIRNA loci identified based on T. versicolor unassembled
genomic DNA were 21-22 nt in size (16 out of 29 loci). We observed a slightly
higher frequency of 22 nt MIRNAs (6 out of 13 loci) for annotations based on the
de novo assembly of T. versicolor transcriptome (Figure 4.11). However, we did
not find any T. versicolor small RNAs that had high sequence homology to the
interface-induced 22 nt C. campestris miRNAs. Interestingly, a high abundance
of 22 nt small RNA-producing loci was identified in both T. versicolor
unassembled genomic DNA and transcriptome, most of which showed
strandedness typical of siRNA loci (Figure 4.11B, 4.11E, 4.11G, 4.11H).
Similar to C. campestris, T. versicolor expresses mainly novel MIRNAs in
roots and haustoria – only 9 out of 42 loci shared homology with known plant
miRNA families in miRBase 21 (Figure 4.12). Our analysis revealed high
expression of two miRNAs – miR159 and miR166, in T. versicolor control roots
and haustorial tissue (Figure 4.12B and 4.12 C). Both of these miRNAs and their
targets are deeply conserved among land plants (Jones-Rhoades et al., 2006;
Axtell and Bowman, 2008). miR159 targets the MYB and TCP families of
transcription factors, and functions in developmental as well as abiotic stress
response pathways (Achard et al., 2004; Palatnik et al., 2003; Martin et al.,
2010). miR166 targets the homeodomain leucine zipper III (HD-ZIP III) family of
transcription factors, which function in shoot meristem initiation, leaf polarity,
vascular bundle patterning, and root development (Prigge et al., 2005; Boualem
et al., 2008; Carlsbecker et al., 2010). We were unable to identify significantly
differentially expressed T. versicolor novel MIRNAs in haustoria relative to control
roots (data not shown), but this could be due to limitations in our reference
genome-free small RNA annotation and lack of expression profiling from other
relevant tissues, such as host- and unparasitized M. truncatula roots. Further
analysis of the spatiotemporal expression pattern of these conserved miRNAs in
T. versicolor haustoria is required to determine if these play any role in
parasitism.
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Figure 4.9: Properties of small RNAs sequenced from Triphysaria
versicolor roots.
A) Size distribution of all reads from each of the six small RNA-seq libraries from
three different tissue samples. These samples included control roots from T.
versicolor grown without a host. Control root samples were collected from nontransplanted (NT libraries) and transplanted T. versicolor seedlings (TV libraries).
The third tissue sample was haustoria from T. versicolor attached to host M.
truncatula (HA libraries). Two biological replicates were generated for each tissue
sample. B) Mapping statistics for sequenced reads against different reference
datasets show relatively higher amount of M. truncatula-derived small RNAs in
haustorial libraries (HA1 and HA2).

Figure 4.10: Size distribution of small RNAs in deep-seq libraries after
removal of M. truncatula genome-derived reads.
A) Size distribution of all small RNA reads and B) distinct small RNA reads in
haustoria libraries after removal of reads with exact matches to host M.
truncatula genome. cHA: Small RNAs from T. versicolor haustoria without any M.
truncatula genome-mapped reads.

93

Figure 4.11: T. versicolor small RNA loci annotations show a high
abundance of 22 nt small RNAs.
T. versicolor small RNA-producing loci were identified de novo based on A-C)
unassembled genomic DNA, and D-F) transcriptome. A-F) Size distribution of
reads mapped to Triphysaria MIRNA, non-MIRNA hairpin (HP) & siRNA loci in
contrast to loci predominantly producing non-DCL size RNAs (N). The
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strandedness of small RNA loci annotated based on T. versicolor G)
unassembled genomic DNA and H) transcriptome.
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Figure 4.12: Features and expression profile of de novo annotated T.
versicolor MIRNAs.
A) miRNA family distribution for 42 T. versicolor MIRNA loci identified based on
unassembled genomic DNA and transcriptome. miRNA family annotations were
based on similarity to mature plant miRNA sequences in miRBase 21.
Expression profile of T. versicolor MIRNAs identified in B) transcriptome and C)
in unassembled genomic DNA. In B) and C), names of MIRNA loci belonging to
same family are shaded with same color. D) Nucleotide frequencies across all
positions of the most abundant mature sequences from 42 Triphysaria MIRNA
genes. Most of the de novo identified miRNAs has uridine (U) as 5’ terminal
nucleotide, as expected. E) Distribution of 5¢-terminal nucleotides among the
most abundant mature sequences from 42 de novo identified T. versicolor
MIRNAs. cHA: Small RNAs from T. versicolor haustoria without any M. truncatula
genome-mapped reads. NT: control roots from non-transplanted T. versicolor
grown without any host. TV: control roots from transplanted T. versicolor grown
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without any host. cHA: haustoria after removal of reads with exact matches to
host M. truncatula genome.

4.4

Discussion

Previous studies of host-induced gene silencing in multiple parasite plant
species suggested that small RNA exchange can occur across haustoria (Yoder
et al., 2009; Yoshida et al., 2016). To explore this possibility, we sequenced
small RNA populations from C. campestris grown on A. thaliana. Our results
revealed a striking predominance of 22 nt miRNAs in C. campestris that are
strongly induced at the haustorial interface. Furthermore, we confirmed that
these interface-induced C. campestris miRNAs direct cleavage of six A. thaliana
mRNAs. Target slicing was also associated with interface-specific secondary
siRNA production from these transcripts. It is possible that triggering of
secondary siRNA biogenesis allows amplification of the silencing signal for long
distance regulation of host gene expression.
All of the C. campestris-targeted Arabidopsis mRNAs are involved in plant
immunity and/or development pathways. The role of BIK1 in pathogenassociated molecular pattern (PAMP)- triggered immunity has been extensively
studied (Li et al., 2014; Kadota et al., 2014). In BIK1-mediated immune response,
recognition of PAMP by cell surface receptors leads to recruitment of leucinerepeat rich kinase receptor, BAK1 (BRI1-associated kinase 1). BAK1 in turn
phosphorylates BIK1, triggering a signaling cascade that leads to various
defense responses including cell wall thickening and reactive oxygen species
production (Li et al., 2014; Kadota et al., 2014). BIK1 is often targeted by
bacterial pathogens for successful infection of the host plant. For instance, both
Pseudomonas syringae and Xanthomonas (causal agent of black rot disease)
secrete effectors to inhibit the BIK1 protein and as a result escape from PAMPtriggered immunity (Zhang et al., 2010; Feng et al., 2012). A cell-surface receptor
for C. reflexa-derived peptide fragment was recently detected in the naturally
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resistant host cultivated tomato (Hegenauer et al., 2016). These evidences
suggest that Cuscuta may similarly target BIK1 to escape the PAMP-associated
surveillance system in host plants.
TIR1/AFB are F-box proteins that function in auxin signaling pathway.
Auxin signaling has been implicated in both growth and defense response (Parry
et al., 2009; Huot et al., 2014). Upon auxin perception, TIR1/AFB receptors
promote proteasome-mediated degradation of AUX/IAA (AUXIN/ INDOLE-3ACETIC) family of transcriptional repressors. This lifts the repression of ARFs
(auxin response factors), which then initiate transcription of auxin-responsive
genes. Auxin perception thus promotes growth and suppresses defense
pathways. Suppression of TIR1/AFB members is partially mediated through posttranscriptional inhibition by the conserved miRNA miR393-5p. Cleavage of
TIR1/AFB2/AFB3 by miR393-5p can also sometimes trigger secondary transacting siRNA production, which regulate auxin-dependent leaf development (SiAmmour et al., 2011). In pathogen attack, increased accumulation of miR393
results in post-transcriptional inhibition of TIR1/AFB2/AFB3. As a result, auxinresponsive genes are repressed and pathogen-triggered immunity is activated
(Navarro et al., 2006). Our findings show that C. campestris-miRNA targeted
cleavage of TIR1/AFB2/AFB3 transcripts result in a unique pattern of secondary
siRNA accumulation in the haustorial interface for two different host species.
However, tri1-1/afb2-3 double mutant did not significantly affect parasite biomass
accumulation, possibility because these genes are required for many
developmental pathways in the host itself. Whether the TIR1/AFB-derived
interface-specific secondary siRNAs regulate additional downstream targets
remains to be established.
The P-protein SEOR1 functions in rapid sealing of sieve tubes in phloem
wounding to prevent loss of photosynthates (Jekat et al., 2013). We speculate
that C. campestris targets SEOR1 transcripts in interface tissue to prevent
sealing of host sieve tube as it penetrates host vascular tissue. Silencing of
SEOR1 would provide the parasite full access to the host photosynthates and

98
thus promote its growth. Our results confirmed that C. campestris infestation of
Arabidopsis seor1 mutant lead to significant increase in parasite biomass
compared to that of wild type Arabidopsis.
Despite lack of conservation of haustorial-specific miRNAs between C.
campestris and T. versicolor, our preliminary survey showed in general a
predominance of 22 nt small RNA-producing loci in the latter. We also analyzed
the abundant size class of miRNAs expressed in non-parasitic close relatives of
C. campestris and T. versicolor that has reference genomes - Mimulus guttatus
(monkeyflower) and Solanum lycopersicum (tomato), respectively. De novo
annotation of MIRNA loci in these two non-parasitic species based on previously
published small RNA-seq data did not show any similar predominance of 22 nt
MIRNAs (Figure 4.13). These findings suggest that production of 22 nt small
RNAs might be a common adaptation for parasitic plants. Also, different parasitic
plant lineages may have evolved independently to express small RNAs specific
for their preferred host species.
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Figure 4.13: Non-parasitic plants, unlike parasitic species, do not show a
high frequency of 22 nt MIRNAs.
We annotated MIRNA loci de novo based on available small RNA-seq data for
Mimulus guttatus (monkeyflower, mgu) and Solanum lycopersicum (tomato, sly),
the non-parasitic close relatives of Triphysaria and Cuscuta respectively.
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Because of technical issues during T. versicolor shotgun genome
sequencing, one of the paired-end libraries had a drastic drop in base quality in
the middle of the reads (data not shown). This in turn affected the quality of T.
versicolor local genomic DNA assemblies, and limited the scope of de novo
discovery of MIRNAs in this species. Another drawback was the lack of sampling
of host roots (distant from the haustorial attachment point) and unparasitized M.
truncatula roots. Deep sequencing of these samples would have allowed
confident identification of differentially expressed host small RNAs in the T.
versicolor haustoria. Despite the above limitations, our de novo annotations
identified a high fraction of 22 nt small RNA loci in both T. versicolor
unassembled genomic reads and transcriptome. It is possible that many of these
are actually unannotated miRNAs capable of triggering secondary siRNA
biogenesis from host transcripts, similar to C. campestris. Additionally, T.
versicolor control roots and haustoria show high abundance of the conserved
miRNAs miR159 and miR166. Intriguingly, these miRNAs are also upregulated in
cotton plants upon fungal infection, where they mediate cross-kingdom RNAi of
fungal virulence genes. However, further characterization of the siRNA producing
T. versicolor transcripts and validation of their miRNA triggers and/or
downstream targets are required to elucidate the functions of mobile small RNAs
in this parasitic species.
In conclusion, our data clearly demonstrate that C. campestris-derived
miRNAs target host mRNAs during parasitism, and targeting of TIR1/AFB is also
conserved in N. benthamiana. We propose that the C. campestris miRNAs act as
virulence factors during parasitism. Profiling of small RNAs from two different
parasitic species - C. campestris and T. versicolor, raises an intriguing possibility
that parasitic plants may have evolved to express many novel 22 nt miRNAs to
mediate trans-species RNAi. Our de novo annotations hence provide useful
resources for further exploration of trans-species regulation in parasitic plant–
host systems as well as elucidation of mechanisms underlying plant parasitism.
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4.5

Methods

4.5.1 Preparation of small RNA libraries

Arabidopsis thaliana (ecotype Columbia) were grown in a growth room at
~20°C with 12-h light per day. C. campestris seeds were scarified in
concentrated sulfuric acid for 45 min, followed by 5-6 rinses with distilled water.
Scarified parasite seeds were placed in potting medium at the base of four-weekold Arabidopsis seedlings and allowed to germinate and attach to hosts. The
parasite plants were allowed to grow and spread on host plants for an additional
three weeks to ensure a supply of uniform shoots for use in the experiment.
Sections of C. campestris shoot tip (~10 cm long) were placed on the floral stem
of a fresh set of Arabidopsis plants (with 4-8 cm stem growth) and exposed to
far-red LED lamps for 2 days to induce haustoria formation. Tissues from plants
that had established Cuscuta with at least two coils around healthy host stems
and clear parasite growth beyond the haustoria were used in these studies.
Control Arabidopsis plants were grown under the same conditions as parasitized
plants, but were not exposed to C. campestris.
For preparing small RNA libraries, three different tissues were harvested
from Arabidopsis-C. campestris associations: 1) Arabidopsis stem above
haustoria (referred to as host stem or HS), 2) Arabidopsis and C. campestris
stems in the haustorial region (referred to as the interface), 3) the parasite stem
apical to the haustorial region (PS). To remove any possible cross-contamination
between Arabidopsis and Cuscuta, each harvested tissue was immersed for 5
min in 70% ethanol, the ethanol was decanted and replaced, the process was
repeated three times and the stems were blotted dry with a Kim wipe after the
final rinse. All three sections of tissue were harvested at the same time and
material from 20 attachments were pooled for small RNA extraction. Small RNA
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was extracted from ~ 100 mg of each tissue using the mirPremier microRNA
Isolation Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
protocol. Small RNA was analyzed using an Agilent small RNA Kit on a 2100
Bioanalyzer platform.

4.5.2 Pre-processing of small RNA-seq data

Small RNA-seq libraries were constructed using the Illumina Tru-Seq
small RNA kit per the manufacturer's protocol and sequenced on an Illumina
HiSeq2500 instrument. Raw sRNA-seq reads were trimmed to remove 3'adapters, and filtered for quality and trimmed length >= 16 nts using cutadapt
version 1.9.1 (Martin, 2011) with settings "-a TGGAATTCTCGGGTGCCAAGG -discard-untrimmed -m 16 --max-n=0". Trimmed reads that aligned with zero or
one mismatch (using bowtie version 1.1.2 (Langmead et al., 2009), settings "-v
1") to the A. thaliana plastid genome, the C. gronovii plastid genome (C. gronovii
was the closest relative to C. campestris that had a publically available
completed plastid genome assembly available), A. thaliana rRNAs, tRNAs,
snRNAs, or snoRNAs were removed. The remaining 'clean' reads were then
aligned to the combined TAIR10 A. thaliana reference genome and TAIR10
reference cDNAs, demanding perfect matches, using bowtie version 1.1.2
(Langmead et al., 2009) with settings "-v 0". Sequences that matched were
initially designated as host-derived, while those that didn't were initially
designated as parasite-derived. Species of origin assignments were then
adjusted based on comparing expression levels in the host stem (HS) vs.
parasite stem (PS) samples. Let HSrpm indicate the summed reads-per-million
value in both HS samples, and HSraw indicate the summed number of raw reads
in both HS samples, and similarly for PSrpm and PSraw. For A. thaliana-matched
sequences, if HSrpm / (HSrpm + PSrpm) = 0 or if HSrpm / (HSrpm + PSrpm) £ 0.05 and
HSraw + PSraw ³ 5, the sequence was re-assigned to be in the parasite-derived
set. Similarly, for sequences not exactly matched to A. thaliana, if HSrpm / (HSrpm
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+ PSrpm) = 1 or if HSrpm / (HSrpm + PSrpm) ³ 0.95 and HSraw + PSraw ³ 5, the
sequence was re-assigned to the host-derived set. A. thaliana-matched RNAs
switched to the parasite-derived set likely include small RNAs conserved in both
species but primarily expressed by C. campestris. RNAs that don't match the A.
thaliana genome or transcriptome that were switched to the host-derived set
likely include RNAs with sequencing errors, or non-templated nucleotides, which
are frequent (Wang et al., 2016a). It should be noted that conserved small RNAs
expressed by both species will be generally assigned as host-derived by this
method.

4.5.3 Parasite-derived small RNA analysis

Parasite-derived 20- 24 nt small RNAs were clustered based on sequence
similarity, then sorted in descending order by total abundance across all libraries.
Then each of the sorted sequence was queried against all remaining others to
find less abundant sequences within a Levenshtein edit distance of one or two.
The most abundant sequence in each resulting cluster was termed the 'head',
while all other variants were termed 'isos'. For computational expediency, this
process was limited to 'heads' with a raw read count of 20 or more. Parasitederived sequences with total read counts of less than 20 that were not found as
'isos' were discarded. This resulted in a total of 29,988 parasite-derived small
RNA clusters. The 'head' sequences of each cluster were queried against all
mature miRNAs from plants from miRBase version 21 (Kozomara and GriffithsJones, 2014); hits within a Levenshtein edit distance of two were recorded.
The total abundance in each cluster was calculated as the sum of read
counts for the 'head' and all its 'iso' sequence variants. These sums were used
for differential expression analysis comparing I (Interface) vs. PS samples (null
hypothesis: True difference no more than 2-fold, Benjamini-Hochberg false
discovery rate = 0.05) using the R package DESeq2 (Love et al., 2014). The 136
small RNA clusters that were higher in I relative to PS were further analyzed to

103
search for evidence of miRNA-like biogenesis. Paired-end libraries (insert sizes
of 200 bp, 340 bp, and 480 bp) and mate-pair libraries (insert sizes of 3 kb and 5
kb) were constructed and sequenced on the Illumina HiSeq 2000 platform to
obtain paired-end libraries with 100 x 100 nt reads. Data were adapter-trimmed
and quality-filtered using cutadapt version 1.9.1 (Martin, 2011) with settings "-a
AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -A
AGATCGGAAGAGCGTCGTGTAGGGAAAG -m 40 -q 10 --max-n 1". The
resulting cleaned shotgun genomic reads were then queried to find those with
exact matches to the 136 parasite-derived small RNAs found to have higher
accumulation in I vs. PS. Genomic reads where the small RNA sequence match
was within 10 nts from either the 5' or 3' end of the genomic read were retained
and used to predict putative RNA secondary structures using RNAfold (Lorenz et
al., 2011). Genomic reads whose predicted RNA secondary structure resembled
MIRNA hairpins were retained and aligned against one another to determine
local genomic assemblies. The local assemblies were consolidated based on all
vs. all BLAST analysis to remove redundancy (in some cases multiple parasite
small RNAs align to the same local assembly) and annotate families of related
sequences. The parasite-derived small RNAs were aligned against the final set
of local genome assemblies housing putative MIRNA hairpins using ShortStack
version 3.4 (Johnson et al., 2016b) with settings "--nostitch --bowtie_cores 5 -sort_mem 4G --ranmax 20". Small RNA alignment patterns relative to predicted
secondary structures were visualized with strucVis
(https://github.com/MikeAxtell/srucVis/) version 0.2. All the alignments and
relevant secondary structures can be accessed from the supplementary dataset
section of the following biorxiv submission:
https://www.biorxiv.org/content/early/2017/08/25/180497.
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4.5.4 Host-derived small RNA analysis

The final set of host-derived reads were aligned to the TAIR10 A. thaliana
nuclear genome using ShortStack version 3.4 (Johnson et al., 2016b) with
settings "--bowtie_cores 5 --sort_mem 4G --nostitch --mincov 1rpm", resulting in
the definition of 36,918 small RNA-producing genomic intervals from A. thaliana.
Small RNA accumulation from these clusters was analyzed to find differentially
expressed clusters between I and HS samples (null hypothesis: True difference
no more than 2-fold, Benjamini-Hochberg false discovery rate = 0.05) using the R
package DESeq2 (Love et al., 2014). Because most differentially-expressed
clusters from this genome-wide analysis overlapped annotated transcripts
(mRNAs or pri-MIRNAs), the host-derived small RNA reads were re-analyzed by
alignment to the TAIR10 representative cDNA models using ShortStack version
3.4 with settings "--nohp --nostitch --bowtie_cores 5 --sort_mem 4G" and a "-locifile" specifying the full-length of each transcript as a pre-defined locus.
Differentially expressed loci between I and HS were identified as described
above. Detailed results for all of the differential expression analyses can be
accessed from the supplementary dataset section of the following biorxiv
submission:
https://www.biorxiv.org/content/early/2017/08/25/180497.

4.5.5 Small RNA gel blots

Small RNA gel blots were performed as previously described (Cho et al.,
2012) with modifications. Small RNAs (1.8 micrograms) from each sample were
separated on 15% TBE-Urea Precast gels (Bio-Rad), transblotted onto the
Hybond X membrane and cross-linked using 1-ethyl-3-(3-dimethylamonipropyl)
carbodiimide (Pall and Hamilton, 2008). Hybridization was carried out in 5×SSC,
2×Denhardt’s Solution, 20 mM sodium phosphate (pH 7.2), 7% SDS with 100
µg/ml salmon testes DNA (Sigma-Aldrich). Probe labeling, hybridization and
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washing were performed as described (Cho et al., 2012). Radioactive signals
were detected using Typhoon FLA 7000 (GE Healthcare). Membranes were
stripped in between hybridizations by washing with 1% SDS for 15 min at 80°C
and exposed for at least 24 h to verify complete removal of probe before rehybridization. Sequences of probes are listed in Table 4.1.
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Table 4.1: Oligonucleotide probes used for small RNA gel blots
Sequence (5' à 3')
Description
ATGGCTACGCCGCGCCTGAGTA Probe for cca-miR-NEW59_3p
CTAGTCTACGAATTTATGCAAA

Probe for cca-miR-NEW15_5p

CTCGTCTACAAATCATGGTACA

Probe for cca-miR-NEW21_5p

TACCTATACGGAGGAGAGGACA

Probe for cca-miR-NEW4_5p

TTGCGTGTCATCCTTGCGCAGG

Probe for U6 small nuclear RNA

4.5.6 Parasite miRNA target site prediction

Putative orthologs for Arabidopsis thaliana genes of interest were obtained
based on BLASTP searches against the 31 eudicot proteomes available on
Phytozome 11 (https://phytozome.jgi.doe.gov/pz/portal.html#). Transcript
sequences for the top 100 hits were retrieved. Two miRNA query sets were
prepared. The first contained mature miRNAs from interface-induced Cuscuta
MIRNA loci. For each locus in Table 4.2, the sequence with a higher total read
count was retained. Additionally, if the mature sequence from the other strand of
the hairpin had at least 100 reads and began with a 5' U, it was also placed into
the interface induced query set. A second query set consisting of conserved
miRNAs expressed by Cuscuta was curated by taking all small RNA 'head'
sequences (see above) that a) matched an annotated mature miRNA sequence
from a plant species in miRBase 21, and b) had a ratio of HS / (HS + PS) of <=
0.95. Targets were predicted from the probable 31-species with a maximum
score of 4.5 using targetfinder.pl (https://github.com/MikeAxtell/TargetFinder/)
version 0.1. The putative BIK1, SEOR1, TIR/AFB, HSFB4, and GAPDH orthologs
were searched against the interface induced queries, while the putative
PHB/PHV/REV orthologs were searched against the conserved miRNA queries.
Self-targets were predicted using the 'final' Cuscuta transcriptome assembly
(Ranjan et al., 2014) against both the interface-induced and conserved miRNA
query sets, using Shuffler.pl and targetfinder.pl version 0.1
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(https://github.com/MikeAxtell/TargetFinder/) with a false discovery rate of <=
0.25. Predicted self-targets of interface-induced miRNAs were cross-referenced
against the Cuscuta orthologs of BIK1, SEOR1, TIR/AFB, and HSFB4. These
orthologs were based on a previous annotation of the Cuscuta transcriptome
(Ranjan et al., 2014).
Table 4.2: Mature sequences of annotated C. campestris MIRNA loci
Locus

5p sequence

3p sequence

cca-MIR-NEW1

GCCAAGUAUUCUUGGGUCAGU

UGACUUGAGAAUACUUGGCCC

cca-MIR-NEW2a

CACGAAUAAAGAAAGGCGACUU

GUCGcCAUUCUUUAUUCGUGG

cca-MIR-NEW2b

ACGAAUAAAGAAAGGUGACUU

GUCGCCAUUCUUUAUUCGUGAC

cca-MIR-NEW3a

UGAACAUGUCAUAGUAUCCCA

UUUGGAUAUUAUGACAUGUUC

cca-MIR-NEW3b

CGAACGAGUCGUAGUAUCCUA

UUUGGAUACUAUGACUUGUU

cca-MIR-NEW3c

UGAAUGUGUCAUAAUAUCCUA

UUUGGAUAUUACGACACAUUC

cca-MIR-NEW4a

UGUCCUCUCCUCCGUAUAGGUA

CCUGUACUGAGGGGGGACAAC

cca-MIR-NEW4b

UGUCCUCUCCUCCGUAUAGGUA

CCUGUACGGAGGGaGGACAAC

cca-MIR-NEW4c

AGUCCUCUCCUCCGUAUAGACA

UCUGUGCGGAGGAGAGGACGGC

cca-MIR-NEW5

UGUACCAUGACUUGCACACUAA

AGUGUGCGAGUCAUGGAACAAC

cca-MIR-NEW6

AAAGGAUGGUGGGAAUUCCUUU

AGGAAUUGCCACCAUCCUUUUC

cca-MIR-NEW7

UUUAAUAACAAAGAUACAGCG

UGUAUCUCUGUUAUUAAAGCUU

cca-MIR-NEW8a

GAGGAAUUAUGGAAAGAAGGG

CUUCUUUCCGUACUUCCUCCGU

cca-MIR-NEW8b

GAGAAAGUAUGGCAAAAAGUU

CUUUUUGCCGUAUUUUCUCCG

cca-MIR-NEW9a

UUCUUACUAAUAUUAGGGACU

GCCCCUAAUAUUAGUAAGAUU

cca-MIR-NEW9b

UUCUUACUAAUAUUAGGGACU

GGACCUAAUAUUAGUAAGAgU

cca-MIR-NEW10

ACAUCGAUGAGAUGAUUCGGC

CGAAUCAUCUCAUCGAUUUCC

cca-MIR-NEW11

CACUUGUAUUGUCUUUUGCUU

GUAAAGGACAAUACAAGUGCU

cca-MIR-NEW12a

AAAUUGAAUGGAUGGAAAGCU

UCACGUAAAGCUUUCCAUCCAU

cca-MIR-NEW12b

GGAUGGAAAGCUUUACGUGAUU

UCACGUAAAGCUUUCCAUCCAU

cca-MIR-NEW13

CGAUGGAGGAGAUGAUACGCC

CGAAUCAUCUCCUCCAUCGGG

cca-MIR-NEW14a

UUAGGACAAACAUUUGAGAGA

CAAAUGAUUGUCCUAAAUAAAU

cca-MIR-NEW14b

UAGGACAAACAUUUGAGAGAC

CAAAUGAUUGUCCUAAAUAAAU

cca-MIR-NEW15

UUUGCAUAAAUUCGUAGACUAG

AGUUUAUGAAUUUAUGCAAAUA

cca-MIR-NEW16

UGGGCuUGUGUUUCAGAUGAGA

UCAUUUGAAACACAGGCCCAAG

cca-MIR-NEW17

GGAGCACAUGAAAGACUUAUA

UAAGUCGUUCAUGUGCUUCGC

cca-MIR-NEW18

AGGAUGGAUGGACUUUGUGAGu

CACAAAGUCUAUCCAUCCUUU

cca-MIR-NEW19

CAGGAGCUAUGUAUGCAGGGA

CCUGUAUACAUAGCUUCUCC

cca-MIR-NEW20

GUGAAACUUGGGGGUCUCGUG

CGAGACCCCUGAGUUUCCUCUU

Notes
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cca-MIR-NEW21

UGUACCAUGAUUUGUAGACGAG

CGUUUGCAAAUCAUGGUACAGC

cca-MIR-NEW22a

GAAAACUGUUCACUUGGACAGC

UGUCCCGGUGAACAGUUUUCUU

cca-MIR-NEW22b

GAGAUUGUACAAAGAGAUACUU

UAUCUCUGUGUACAAUCUUCCU

cca-MIR-NEW23a

UAGCAGCAAAUGUGACAGCAUG

UGCGGUCACAUUUGCUACUAGA

cca-MIR-NEW23b

CAGCAGCAAAUUUGACAGCAUG

UGCUGUCAUAUUUGCUACUGGG

cca-MIR-NEW24

UCCAUAUGUAUUGAGCUGUCUC

GACAACUCAAUACAUAUGGACA

cca-MIR-NEW25a

UGGCAAAAGUACGAAUCGCAAU

UGCAAUUCCUACUUUUGCCUU

cca-MIR-NEW25b

UGGCAGAAGUAGGAAUCGCAGU

UGCGAUUCCUGCUUCAGCUAUG

cca-MIR-NEW26a

AUAUGGAAGAUUGACUAGGUCC

ACUUAGUCAAUCUUCCAUAACUC

cca-MIR-NEW26b

AUAUGGAAGAUUGACUAGGUCC

ACUUAGUCAAUCUUCCAUAAC

cca-MIR-NEW27

GGGUAUUCUUGAUCUUGAGUGGU

CACUCCGGAUCAAGAUACCCU

cca-MIR-NEW28a

UAGUUUCACCCACCGUCUCUC

GAGAGAUuGUGGAUGAAUCUAC

cca-MIR-NEW28b

GGAAUCACCAACCAUCUCUCUU

GAGAGGUGGUUGGCGAUUCCCC

cca-MIR-NEW29a

UUUGGAAGUUCAGGUGUUGGU

CCGCACCUGAACUUCCAAAGA

cca-MIR-NEW29b

UUUGGAAGUUCAGGUGUUGGU

CCGCACCUGAACUUCCAAAGA

cca-MIR-NEW30

UCGAGCUUUUCCACUACUUCU

UAAGUGGUGGAAAAGCUCGAG

cca-MIR-NEW31

ACAGGAGAGAAUGAAAAUGGA

CAUUUUCAUUCUCUCCUAUGA

cca-MIR-NEW32a

CUCUGCAUCUUCAUUCCAUCUUA

UGAUGGAAUGAAGAUGCGGAGU

cca-MIR-NEW32b

CUCUGCAUCUUCAUUCCAUCUUA

UGAUGGAAUGAAGAUGCGGAGU

cca-MIR-NEW33

CUACUUCAAUCUCAACAUCUU

GAUGUUGAGAUUGAAGUGGUG

cca-MIR-NEW34

GCUCAGGGGCCGAGAUGCAUG

UGCAUCUCCGCCUCCUGAGCAC

cca-MIR-NEW35a

AAAUCGUAGUGGUGUUCUUUcGUU

AAUGAAAGAACACCACAACGUU

cca-MIR-NEW35b

CGUAGUGGUGUUCUUUCGUUUU

AAUGAAAGAACACCACAACGUU

cca-MIR-NEW36a

UGAAUUGUCCGUGAAGCUGAC

CAGCUUCACGGAUAAUUCACC

cca-MIR-NEW36b

UGAAUUGUCUCUGAAGCUGAC

CCAGCUUCACAGACAAUUCACC

cca-MIR-NEW37

AGGAAACAUAUUGUGGCUCGGC

CGAGUGACAAUAUGUUUUCCGU

cca-MIR-NEW38

GGGCAUGGGGGAAAAACUGAAAA

UCAGUUUCUCCCUCUUUGACCCUC

cca-MIR-NEW39

CUUACCUUUUAAUUUGAACCU

AGUUCAAAUUAAAAGGUAAGC

cca-MIR-NEW40

CCCGGACACUUUGCAAGGAAAA

UCCUAGCAAAGUGUCCUGGUAC

cca-MIR-NEW41

AAGGUCAGAUAGAAGAAAUGGA

CAUUUCUUCUAUCUGGUCAUGC

cca-MIR-NEW42

GGGCAAUCUUAGCAGUCUUGAC

UGAGACUGAAGAAGAUUGCCCCC

cca-MIR-NEW43

CUUUCAAUCACUCAUUCAGCC

UUGAAUGAGUGCUUGAAAGCC

cca-MIR-NEW44

CAAGGUCAUCCAAGUUUGUU

CAAACUUGGGUUUCCUUGGCA

cca-MIR-NEW45

GAAUGGAUGGAAAGAAGUGCG

CACUUCUUUCCAUCCAUUCAC

cca-MIR-NEW46

UAGCCAAGGAUGAuUUGCCGUU

CGCAAGUCUCCUUGGCUACC

cca-MIR-NEW47

CUAAAUGUAACAUGUUGUUCCC

x

cca-MIR-NEW48

AAAUACAGUACAUAGAGAGC

UCUCUGUGUACUGUAUUUCUU

cca-MIR-NEW49

GAGCCUUUAGACUCUCAUUGGU

CAAUGAGGAUUUGAAGGUUCC

miR169
family
member
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cca-MIR-NEW50

UUGGCAAGUAAUUUUGAGGAU

AGGUCCUUCAAAAUUACUUGCC

cca-MIR-NEW51

UGGUGAGACUACAGAGAUAAA

UUAUCUUUGUAGUCUUGCCAAG

cca-MIR-NEW52

UUCAGUUUCUUAACAGCAAUU

ACUGUUAAGAAACUGAAACC

cca-MIR-NEW53a

CAGCUUGAAAUGUAGUAUCCU

UUGCUACAUUUCAAGCUGGC

cca-MIR-NEW53b

CAGCUUGAAAUGUAGUAUCCU

AGUUGCUACAUUUCAAGCUGG

cca-MIR-NEW53c

CAGCUCGAAUCGUAGUAACCGA

AGUUAUUAUGAUUCGAGCAUGU

cca-MIR-NEW54

UACAUCUUUUUCCUACGAGCUU

GCUCGUAGGAAAAAGGCGUGC

cca-MIR-NEW55a

UGAAGCUGCCAGCAUGAUCUU

UCAGAUCAUGCUGGCAUCUUC

cca-MIR-NEW55b

UGAAGCUGCCAGCAUGAUCUU

GAUCAUGCUGGUAUCUUCACC

cca-MIR-NEW56

CUGCCUAAUACUUCAAUAGCCA

GCUAUUGAAGUAUUAGGCAGCU

cca-MIR-NEW57

CCGGUUCCAUUCUCAUGACGGU

CGUCAUUGGAAUGGGAUUGGA

cca-MIR-NEW58

UGACUGAGAAGUUGAGUGCUA

GCACUCAAUUUCUCAGUCAUCU

cca-MIR-NEW59a

GAUGGCUACGUUGCACUGAGUAUA

UACUCAGGCGCGGCGUAGCCAU

cca-MIR-NEW59b

GGCUACGUUGCACUGAuUAUA

UACUCAGGCGCGGCGUAGCCAU

cca-MIR-NEW60

AUAUGUAGCAAUUUUGAAGAAU

UCUUCAAAAUCGCUACAUCUC

cca-MIR-NEW61a

UCUUGGUGAUGUUUGGGACGAC

CGUCCCUACGUCACCAAGUG

cca-MIR-NEW61b

UCUUGCUGAUGUUUGGGACGAC

CGUCCGGACAUCAGCAAAUu

cca-MIR-NEW62

UCUGCAUGUAUUCAUAAACAA

UGUCUAUGAAUACAUGCAGAUA

cca-MIR-NEW63a

GGUUAAAUUGUCUACGCAGUG

CUGUGUAGGUAAUUUAACCCUC

cca-MIR-NEW63b

UGUACCAUGAUUUGCAUACCAA

GGUGUGCAAAUUGUGGUACAC

cca-MIR-NEW64

UGUAAAAGCAUUCUGGAUCUA

GAUCCAGAAUACUUUCACAUU

cca-MIR-NEW65

x

UAUUCUGGUGCAGCGUAACCCUG

cca-MIR-NEW66

UUGCUAGAAUAUGAAGAGGUU

CCUCUUCACAUUCCAGCAACA

cca-MIR-NEW67

UGAAGGACCAGAAaUUGUGUC

UUUGACAUAAUUUCUGGUCCU

cca-MIR-NEW68

GGAUGAUCCUUUCUGCUCUCA

UAGAGCGGAAAGGAUCGUCCAC

cca-MIR-NEW69

CCAUACACGCCACUUUUAACAU

GUUAAGAGUGUCGUUUGUGGA

miR167
family
member

4.5.7 Parasite miRNA target site validation with RNA ligase-mediated 5'rapid amplification of cDNA ends (5'-RLM-RACE)

PolyA+ RNA from interface and control stem samples were purified from
total RNA using the magnetic mRNA isolation kit (NEB), following previously
published protocol (Zhai et al., 2014). Purified PolyA+ RNA was then used as
input for 5'-RLM-RACE using the GeneRacer kit (ThermoFisher) per the
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manufacturer's instructions, except omitting the CIP and TAP treatments.
Arabidopsis mRNA 5' ends were amplified using the gene specific primers (Table
4.3), followed by TOPO-TA cloning, plasmid preparation, and Sanger DNA
sequencing.

4.5.8 Quantitative reverse-transcriptase PCR (qRT-PCR)

Total RNA used for qRT-PCR was first treated with DNAse I (RNase-free;
NEB) per the manufacturer's instructions, ethanol precipitated, and resuspended.
Two micrograms of treated total RNA was used for cDNA synthesis using the
High Capacity cDNA Synthesis Kit (Applied Biosystems) per the manufacturer's
instructions. PCR reactions used PerfeCTa SYBR Green FastMix (Quanta bio)
on an Applied Biosystems StepONE-Plus quantitative PCR system per the
manufacturer's instructions. Primers (Table 4.3) were designed to span the
miRNA target sites, to ensure that only uncleaved mRNAs were measured.
Three reference mRNAs were used: ACTIN, PP2A (PP2A sub-unit PDF2;
At1g13320), and TIP41-l (TIP41-like; At4g34270). Raw Ct values were used to
calculate relative normalized expression values to each reference mRNA
separately, and the final analysis took the median relative expression values
between the ACTIN- and TIP41-l normalized data.
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Table 4.3: Oligonucleotides used for 5'-RLM-RACE and qRT-PCR
Oligonucleotide sequence (5'à3')

Description

rCrGrArCrUrGrGrArGrCrArCrGrArGrGrArCrArC
rUrGrArCrArUrGrGrArCrUrGrArArGrGrArGrUrA

RNA oligo adapter for 5'-RLM-RACE

rGrArArA
CGACTGGAGCACGAGGACACTGA

5' PCR primer for 5'-RLM-RACE

GGACACTGACATGGACTGAAGGAGTA

Nested 5' PCR primer for 5'-RLM-RACE

GTTCGGCCCAGCTATGGCTCAGGTT
ATACGCCTGATCTGTTCCCTGTGGC
TGACGGGATCGCTGTGAAGAAAAGCA
CCCTTTGCTGCATCAAGCGCAACATT
ACTGCACCGCCACGCTTGCCATTCT
CTTGTGAGGTACGGTCGAGCCCAAT
TGCCGTTACTTGCGCCGCCGTGTCAAT
ATGGGAAGAAAGAACCGCCGGAGAAT
CACGAAGATGCCTGCAATTAGCGGCAAT
TCCGCTTCAACCTCAGCTCCTCAAG
CCCGAAGATGCCTGCAATTAGCGGCAAT
ACACGGCTTCTAGCCAAAGCCTCAAT
TTTCAGATTCCTGCAAGTGGCAGCGATA
AATCGTCGGTGACCACCATCCTCTT
CTTTGAAAGGGGGCCTCGGTTTCCAA
CAGGTCATTTCCAGAGGACAGATTAGTG

Gene-specific primer for 5'-RLM-RACE of A.t.
(Arabidopsis thaliana) SEOR1
Nested Gene-specific primer for 5'-RLM-RACE of A.t.
SEOR1
Gene-specific primer for 5'-RLM-RACE of the first
(5p-most) site of A.t. BIK1
Nested Gene-specific primer for 5'-RLM-RACE of the
first (5p-most) site of A.t. BIK1
Gene-specific primer for 5'-RLM-RACE of the second
(3p-most) site of A.t. BIK1
Nested Gene-specific primer for 5'-RLM-RACE of the
second (3p-most) site of A.t. BIK1
Gene-specific primer for 5'-RLM-RACE of A.t. HSFB4
Nested Gene-specific primer for 5'-RLM-RACE of A.t.
HSFB4
Gene-specific primer for 5'-RLM-RACE of A.t. AFB3
Nested Gene-specific primer for 5'-RLM-RACE of A.t.
AFB3
Gene-specific primer for 5'-RLM-RACE of A.t. AFB2
Nested Gene-specific primer for 5'-RLM-RACE of A.t.
AFB2
Gene-specific primer for 5'-RLM-RACE of A.t. TIR1
Nested Gene-specific primer for 5'-RLM-RACE of A.t.
TIR1
Gene-specific primer for 5'-RLM-RACE of A.t. ARF17
Nested Gene-specific primer for 5'-RLM-RACE of A.t.
ARF17

CTTGCACCAAGCAGCATGAA

Forward qRT-PCR primer for A.t. ACTIN

CCGATCCAGACACTGTACTTCCTT

Reverse qRT-PCR primer for A.t. ACTIN

TAACGTGGCCAAAATGATGC
GTTCTCCACAACCGCTTGGT

Forward qRT-PCR primer for A.t. PP2A-sub unit
PDF2
Reverse qRT-PCR primer for A.t. PP2A-sub unit
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PDF2
GTGAAAACTGTTGGAGAGAAGCAA

Forward qRT-PCR primer for A.t. TIP41-like

TCAACTGGATACCCTTTCGCA

Reverse qRT-PCR primer for A.t. TIP41-like

ACCGTGAATGGCTGACAGAG

Forward qRT-PCR primer for A.t. BIK1

CCCGTAGAAACCATGGGAGT

Reverse qRT-PCR primer for A.t. BIK1

CGGCATCGACTCTGTCATTT

Forward qRT-PCR primer for A.t. SEOR1

CTGATCTGTTCCCTGTGGCT

Reverse qRT-PCR primer for A.t. SEOR1

CTTCTCTAGCTTCGTTCGTCAG

Forward qRT-PCR primer for A.t. HSFB4

GGTGGTGTGACATGAACGGA

Reverse qRT-PCR primer for A.t. HSFB4

TATTTGGCCGCAATGCAGAA

Forward qRT-PCR primer for A.t. TIR1

AGACTTTCCTCCTGCACCAC

Reverse qRT-PCR primer for A.t. TIR1

GGAATCTTGCTGGTGAAGTTAGAG

Forward qRT-PCR primer for A.t. AFB2

CTCCGAAGCAACCTCTCTGG

Reverse qRT-PCR primer for A.t. AFB2

ATCTCACTGGACCACGAAGC

Forward qRT-PCR primer for A.t. AFB3

GCCATGATTTGCAGACCAGA

Reverse qRT-PCR primer for A.t. AFB3

AGGCCATGTCTTCGTCTTACA

RNA blot probe for TIR1-derived secondary siRNA

GGGGAATGAAGCCTGGTCCGA

RNA blot probe for miR166
Gene-specific primer for 5'-RLM-RACE of N.b.

AACCCTTCACAAGACACCAACACCAA

(Nicotiana benthamiana) TIR/AFB
(NbS00011315g0112.1)

TCATCACTGACAACCATTCGCTT
GAAACAGTATCTCCCGAGCAGCTAAG
GTTGCATGGCTTGCGAATCATTGG

Nested Gene-specific primer for 5'-RLM-RACE of
N.b. TIR/AFB (NbS00011315g0112.1)
Gene-specific primer for 5'-RLM-RACE of N.b. ARF
(NbS00059497g0003.1)
Nested Gene-specific primer for 5'-RLM-RACE of
N.b. ARF (NbS00059497g0003.1)

4.5.9 C. campestris growth assays

C. campestris seedlings were scarified, pre-germinated, and placed next
to hosts in 0.125ml water-filled tubes under cool-white fluorescent lighting
supplemented with far-red emitting LEDs (16hr day, 8hr night) at ~ 23C as
described above. After a single attachment formed (4 days), far-red light
supplementation was removed to prevent secondary attachments. After 14 more
days of growth, C. campestris vines were removed and weighed. Multiple
additional growth trials were performed specifically on the dcl4-2t and sgs2-1
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mutant hosts under varying conditions: Trial one using sgs2-1 used similar
conditions except that harvest was perform 11 days after removal of far-red light.
Trial two examined dcl4-2t and used 3cm seedlings in a 12-h per day light cycle,
illuminated (200 µmol m-2 s -1) with metal halide (400W, GE multi-vapor lamp)
and spotgro (65W, Sylvania) lamps, and measured biomass seven days after
attachment. Trials three and four were performed on dcl4-2t with the same
growth regime and seven-day timing, except using 6cm and 10cm C. campestris
shoot tips harvested from ~ 1 month old plants grown on beets (Beta vulgaris) as
the starting material.

4.5.10 Analysis of Triphysaria versicolor small RNAs

4.5.10.1 Preparation of small RNA sequencing libraries
Surface-sterilized T. versicolor and M. truncatula seeds were germinated
on separate petri dishes containing co-culture medium, as previously described
(Honaas et al., 2013). T. versicolor seedlings were grown on co-culture medium
for 14-17 days, and then transplanted to a fresh co-culture plate containing host
M. truncatula seedlings. Host roots were orientated to allow placement of T.
versicolor roots in close proximity and facilitate subsequent parasitization by T.
versicolor. Co-culture plates were grown under light and temperature conditions
previously described (Honaas et al., 2013). After 8-10 days of co-culture, T.
versicolor haustoria tissue were harvested by cutting host and parasite roots ~1-2
mm away from haustorium. Control root samples from harvested from T.
versicolor seedlings grown in absence of a host under similar conditions. Control
T. versicolor seedlings were either transplanted to a fresh petri dish after initial
14-17 days of growth (transplanted roots), or grown in the same plate for the
entire period (non-transplanted roots). These two different control root samples
were collected to see whether small RNA expression in roots was affected by
transplantation to a new culture plate.
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Six small RNA sequencing libraries were generated from the above 3
different tissues samples (haustoria, transplanted and non-transplanted T.
versicolor roots). Each sample had two biological replicates, and each library was
sequenced twice (Table 4.4). For subsequent analysis, sequencing data from
separate runs of each library were combined. Processing of small RNA data
involved removing 3’ adapter sequences using trim_illumina_sRNA_fastq.pl
(http://sites.psu.edu/axtell/software/misc-tools/) with parameters -e 1 -q Y -a
TGGAATTC.
Table 4.4: Summary of Triphysaria small RNA sequencing data
Small RNAseq libraries
NT libraries,
control
Triphysaria
roots
(Nontransplanted)
TV libraries,
control
Triphysaria
roots

Library ID

NT1_L001
NT1_L006
NT2_L001
NT2_L006
TV1_L001
TV1_L006
TV2_L001

(transplanted)

TV2_L006

HA libraries

HA1_L001

Triphysaria
haustorial
roots (with
Medicago
roots)

HA1_L006
HA2_L001
HA2_L006

Comments

Bio. replicate 1
Re-run of bio.
replicate 1
Bio. replicate 2
Re-run of bio.
replicate 2
Bio. replicate 1
Re-run of bio.
replicate 1
Bio.replicate 2
Re-run of bio.
replicate 2
Bio. replicate 1
Re-run of bio.
replicate 1
Bio. replicate 2
Re-run of bio.
replicate 2

Distinct

Adapter-

Adapter-

trimmed

trimmed

reads

reads (%)

16,452,652

11,134,433

67.68%

2,054,765

36,627,786

24,533,303

66.98%

4,351,116

14,537,147

10,380,189

71.41%

1,762,643

30,574,235

21,953,858

71.81%

3,893,184

12,192,851

6,249,270

51.25%

1,272,106

25,624,405

12,748,297

49.75%

2,586,159

9,046,634

5,470,165

60.47%

1,209,357

18,854,740

11,279,796

59.83%

2,431,212

16,799,366

12,420,913

73.94%

2,769,899

33,587,949

24,665,221

73.44%

5,598,222

12,588,485

10,061,994

79.93%

2,531,188

27,358,807

21,964,115

80.28%

5,456,599

Raw reads

adaptertrimmed
reads
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4.5.10.2 Processing of T. versicolor unassembled genomic DNA reads
Whole genome shotgun sequencing data for T. versicolor genomic DNA
(one library of 150 bp long paired-end reads, courtesy of Dr. Stephan Schuster)
was first processed to remove adapters with cutadapt version 1.4.2 (Martin,
2011). Only non-redundant adapter-trimmed reads =>15 nt were retained for
further analysis.
4.5.10.3 Mapping of small RNA-seq data to different reference datasets
We first mapped adapter-trimmed small RNA reads from each deep
sequencing libraries to various reference sequence databases to identify their
origin and properties. The reference datasets included T. versicolor unassembled
genomic reads and transcriptome (TrVeBC3,
http://ppgp.huck.psu.edu/download.php) , M. truncatula genome and
transcriptome (phytozome 11), all viridiplantae repeats from Repbase (release
19.07, http://www.girinst.org/downloads/) (Jurka et al., 2005) and TIGR repeat
annotations (Ouyang and Buell, 2004).
We also generated distinct 20-24 nt small RNA reads from merged small
RNAs in all 6 small RNA-seq libraries (~24 million reads) and mapped these to
the above T. versicolor unassembled genomic reads and transcriptome, M.
truncatula genome and transcriptome using bowtie 1.0.1 with 0 mismatch.
4.5.10.4 De novo discovery and annotation of T. versicolor small RNA loci
In order to identify Triphysaria-specific loci, we first removed any small
RNAs with perfect matches to M. truncatula genome from haustorial libraries.
Then small RNAs from the cleaned haustorial libraries (cHA) and the control root
libraries (NT and TV) were used for identifying small RNA loci in unassembled
Triphysaria genomic DNA reads. For improving computational efficiency,
individual genomic sequencing reads were joined together with 200 N’s inserted
between each read, and divided into 8 pseudo-contigs. Small RNAs were
mapped to these pseudo-contigs using butter (Axtell, 2014), a wrapper for bowtie
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1.0.1 (Langmead et al., 2009), with 0 mismatch. Small RNA alignment data from
all libraries were then merged together, and used for de novo annotation of small
RNA loci using ShortStack version 2.1.0 (with mindepth 5).
For transcriptome-based identification of small RNA loci, de novo
assembly of T. versicolor transcriptome (TrVeBC3) was downloaded from the
Parasitic Plant Genome Project database
(http://ppgp.huck.psu.edu/download.php). Small RNAs were mapped against the
transcriptome with butter (with 0 mismatch). Merged alignment data from all
libraries were used for de novo annotation with ShortStack version 2.1.0
(mindepth of 5). This identified 18,657 small RNA producing loci in the
transcriptome. Among these, 8.240 loci were considered as ‘DCl’ loci, based on
the predominant small RNA size class (20 -24 nt) associated with each locus.
These DCL loci were further annotated as MIRNAs and siRNAs based on their
expression pattern and hairpin forming ability. The remaining 10,417 loci
predominantly expressed small RNAs outside of plant Dicer size range (i.e. <20
nt or >24 nt), and were labeled as ‘non-DCl’ loci.
De novo annotated MIRNA loci from both genomic traces were compared
with existing annotations for miRNAs in other plant species as available in
miRBase to identify conserved and non-conserved miRNAs in T. versicolor.
Identification of T. versicolor MIRNA gene paralogs were based on aligning
MIRNA precursors and the mature miRNA sequences separately with clustalW
(Thompson et al., 2002). Targets of T. versicolor miRNAs were predicted using
TargetFinder (Fahlgren and Carrington, 2010), with a score cutoff of 3. Potential
repeat-associated and tRNA-derived transcripts among the DCL loci annotated in
T. versicolor transcriptome was identified using Repeatmasker (Tarailo-Graovac
and Chen, 2009) and tRNAscan_se (Lowe and Eddy, 1997) tools, respectively.
All alignments, ShortStack results and other annotations for T. versicolor
small RNA loci in unassembled genomic DNA and transcriptome can be
accessed from the following link:
https://www.dropbox.com/sh/locvmt51giyz5sd/AAApDX849sT139rkfIbWhj9fa?dl=0.
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Chapter 5

Future directions

5.1

Small RNA gene annotations in Physcomitrella patens and Amborella

trichopoda

Even though we identified numerous heterochromatic 23-24 nt siRNA loci
in P. patens, most of these were modestly expressed in protonemata (Chapter
2). It is possible that these heterochromatic siRNAs are induced in certain
stages, or show size shifting towards 24 nt instead of producing an equal mixture
of 23-24 nt small RNAs in specific tissues. Expression profiling of small RNAs as
well as their biogenesis/processing genes from different developmental stages of
P. patens would allow further resolution of the function and expression of the P.
patens siRNA genes.
Our annotation of P. patens small RNA genes was based on an earlier
version of ShortStack and v 3.0 genome assembly (Chapter 3). Since then, a
much more improved version of ShortStack has been released that handles
placement of multi-mapping reads based on location of unique reads (Johnson et
al., 2016b). Since heterochromatic siRNA loci are associated with repetitive
regions of the genome, these are most affected by misplacement of multimappings reads. Also, a highly improved assembly of P. patens (v3.3), with 47
scaffolds (>50 KB) representing about 99.4% of the genome has been released
in updated Phytozome 12.1 database (Goodstein et al., 2011). Revisiting the
small RNA gene annotations based on the improved multi-mapping strategy and
high quality genome would provide a better assessment of the heterochromatic
siRNA loci expressed in P. patens.
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The high prevalence of non-conserved 23-24 nt MIRNAs in Amborella
trichopoda raises several intriguing questions about their function in RNA
dependent DNA methylation and potential loss in certain flowering plant lineages
during evolution. Expression profiling of mutants in heterochromatic siRNA
pathway will be crucial for determining whether these 23-24 nt MIRNAs
contribute significantly to the Amborella epigenome or function only in conditionspecific regulation of selective genes.

5.2

Mobile small RNAs from parasitic plants

5.2.1 Scope of trans-specific targeting by Cuscuta campestris miRNAs

Our findings confirmed C. campestris miRNA-mediated trans-specific
targeting of six Arabidopsis mRNAs in the interface region, and conservation of
TIR/AFB targeting in Nicotiana benthamiana (Chapter 4). However more than
100 C. campestris miRNAs were strongly induced in interface, majority of which
lacked predicted self-targets. It is possible that the capacity of trans-species
targeting by 22 nt parasite miRNAs is much more beyond the six identified host
mRNAs. Degradome sequencing from C. campestris – A. thaliana interface and
unparasitized A. thaliana tissues can be used to examine whether the remaining
interface-induced miRNAs direct slicing of host and/or self-transcripts. Improving
annotation of parasite-derived small RNAs based on genome assemblies for C.
campestris and T. versicolor would also allow better assessment of the role of
these parasite-derived 22 nt miRNAs in trans-specific targeting and secondary
siRNA production in host.
The Cuscuta genus is comprised of ~200 species, among which C.
campestris has the widest host range (Dawson et al., 1994; Costea et al.,
2015a). Comparative transcriptomics of two Cuscuta species showed that more
than 60% of the transcripts expressed by C. reflexa shared sequence homology
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to those expressed by C. gronovii during haustorium development (Olsen et al.,
2015). It is also plausible that different Cuscuta species may express common
miRNAs that target host mRNAs during parasitization. An interesting question to
pursue would be whether the host preferences of different Cuscuta species
shape the interface-induced expression of parasite small RNAs. Our findings
showed that a living host is necessary for the induction of C. campestris miRNAs
at interface tissue, since pre-haustoria grown on a bamboo stake did not show
expression of these miRNAs (Chapter 4). Time series experiments with multiple
samples collected pre- and post-attachment of parasite to host plants will be
crucial to understand the dynamics of parasite miRNA activity in the haustoria.
Another possible direction for future research would be whether resistant
host plants deliver small RNAs to the parasite for trans-species targeting. Cotton
miRNAs miR159 and miR166 have been shown to be delivered to the fungal
parasite for silencing virulence genes in the latter (Zhang et al., 2016).
Interestingly, our preliminary survey of roots and haustoria from free-living and
host-associated T. versicolor respectively showed high abundance of these two
miRNAs. Examining potential trans-species targets of these miRNAs could
provide more information about their possible roles in plant parasitism.
We observed significant increase in parasite biomass accumulation when
C. campestris was grown on A. thaliana seor1 mutant (Chapter 4). No such effect
was visible in C. campestris attached to A. thaliana tir1-1/afb2-3 double mutant.
TIR1, AFB2, AFB3 are auxin receptors that are involved in plant development as
well as immunity pathways (Naseem et al., 2015). Increased auxin (IAA) levels
have been observed during haustorium development in Cuscuta reflexa
parasitism (Löffler et al., 1999). It is possible that tir1-1/afb2-3 double mutants
affect host developmental pathways that are also important for parasite growth.
Generating transgenic hosts with parasite miRNA-resistant targets will be useful
for further examination of the potential role of C. campestris miRNAs as virulence
factors in parasitism. Similarly, assaying parasite growth on hosts overexpressing
mimics that sequester parasite miRNAs can provide insight into the importance
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of these miRNAs in establishing parasitism. It is also important to note that the
simple measurement of parasite fresh weight after host-attachment may not be
enough to ascertain the functional consequences of the interface-induced C.
campestris miRNAs. A rigorous and comprehensive assessment of parasitic
plant performance could provide more information about the significance of host
mRNA targets in C. campestris parasitism. For example, assessing different
aspects of parasite biology such as efficiency of haustorium development on
target mutants, changes in haustorial cell composition and structure, effect on
flowering, and seed production may reveal potential pathways that are affected
by host mRNA targets.
None of the interface-induced C. campestris miRNAs shared any
sequence homology (i.e., less than 4 mismatches) with known plant mature
miRNAs deposited in miRBase database (release 21). Our limited sampling of
haustoria- and root-derived small RNAs from the root parasite T. versicolor did
not reveal any expressed RNAs that share high sequence homology with the C.
campestris miRNAs. However, it is quite possible that homologs of C. campestris
miRNAs are present in other parasitic plant genomes. Even though transcriptome
studies have been conducted for parasitic species belonging to different lineages
(Wickett et al., 2011; Xi et al., 2012; Honaas et al., 2013; Ranjan et al., 2014),
there is still no publically available genome assembly for any parasitic plants.
High throughput small RNA sequencing data for any other parasitic species is
also not publically available, except those reported in this study. Comparative
analysis of small RNA genes expressed in different Cuscuta species as well as in
other parasitic species from diverse lineages will be essential to determine
whether the C. campestris miRNAs are species-specific, or lineage-specific.
Probably even more intriguing questions are: how many other parasitic plant
species use small RNAs for trans-species regulation of host genes, and how
deeply the parasite miRNA - host mRNA target pairs are conserved across the
diverse parasitic plant lineages. Evidence of such phenomena will make parasite
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miRNAs promising tools for engineering broad-spectrum host resistance against
multiple parasitic plant species.

5.2.2 Long distance movement of small RNAs and role of secondary
siRNAs

Our findings show that interface-induced C. campestris small RNAs can
be detected in the host stem away from the parasite attachment region, but most
of the small RNAs had extremely low abundance (Chapter 4). It is not clear
whether interface-induced small RNAs travel long distance from parasite to host,
or whether these only move short distance to target host mRNAs near haustorial
cells. Sampling small RNAs from host stems that are further away from the
haustoria would be useful to see whether these parasite small RNAs can travel
long distance in the host plant. Also, C. campestris triggers secondary siRNA
production from host mRNAs specifically in the interface. In sgs2 mutant (allelic
to RDR6), the most abundant secondary siRNA produced by TIR1 was absent.
This indicated host machinery was required for secondary siRNA production.
However, we did not detect any significant change in parasite biomass
accumulation for Arabidopsis sgs2 and dcl4 mutant. It is possible that the
secondary siRNAs are produced for further amplification of silencing signal and
cis-targeting of the parental transcripts in the interface, and do not engage in
trans-targeting of downstream targets. Predicting targets of these secondary
siRNAs and measuring their expression profile in haustoria and unparasitized
stem could clarify whether these secondary siRNAs actually engage in miRNAlike targeting or not. Further research is required for determining whether
Cuscuta or host RNA interference machinery contributes to the generation of
interface-induced parasite miRNAs, or which form of the miRNAs are delivered
from parasite to host.
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5.2.3 Possible route for small RNA exchange across haustoria

The route for small RNA exchange between parasitic plants and its host is
not clear. In non-parasitic flowering plants, phloem-mobile small RNAs and
mRNAs have been identified, but xylem sap is devoid of any kind of RNA (Buhtz
et al., 2004, 2008; Ham and Lucas, 2017). In case of C. campestris, both nonphloem and phloem-associated mRNAs can be detected among the mobile
transcripts (Kim et al., 2014). Only xylem continuity, but not phloem continuity,
between T. versicolor and its host has been observed despite the clear evidence
of small RNA movement across haustoria (Tomilov et al., 2008). These
evidences suggest that other routes in addition to the symplastic pathway can
mediate RNA trafficking. One possible route of small RNA transfer can be
through exosomes or vesicles. Fungal haustoria that penetrate host plants lack
plasmodesmata connections, but still allow exchange of transgenic siRNAs
(Nowara et al., 2010; Weiberg et al., 2013). It is hypothesized that the highly
abundant exosomes in multivesicular bodies near the fungi-host junction (Meyer
et al., 2009) could be involved in transfer of such small RNAs. The searching
hyphae of Cuscuta haustoria that contact host cells also shows enrichment of
golgi-derived vesicles (Vaughn, 2003). It is quite possible that such vesicles may
be utilized for exchange of small RNAs as well mRNAs between parasitic plants
and their hosts. Isolation and sequencing of exosome-associated RNAs from
haustorial tissue can provide further insight into the possible route of crossspecies small RNA transfer in the parasitic plant systems.
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