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ABSTRACT

Sorghum (Sorghum bicolor L. Moench) is an important member of the Poaceae family.
It is a highly resilient crop that is drought and cold tolerant, and capable of surviving in the
areas that would otherwise not support other cereal crops like maize. One of the major
challenges in sorghum production is anthracnose leaf blight caused by Colletotrichum
sublineolum. Understanding the mechanisms by which sorghum combat anthracnose is key to
breeding for resistant cultivars.
Plants combat disease infection through several ways: Passive defense mechanisms are
thickening of cell wall, growth of waxy layers, epidermal outgrowth etc. Active defense
mechanisms leading to hypersensitive response, which appears as localized cell death, synthesis
of phytoalexins and antibiotic compounds. Sorghum is unique in the Poaceae family in its
ability to synthesize 3-deoxyanthocyanidins (3-DAs), a sub-class of flavonoids. These
compounds have been shown to act as phytoalexins that accumulate as brick red pigments at the
primary site of attempted penetration by the fungus. Because of their anti-fungal properties, 3DA phytoalexins can limit fungal progression. Sorghum phytoalexins include luteolinidin,
apigeninidin and their methoxylated derivatives. We are interested in investigating detailed
biosynthetic pathways of 3-DAs in sorghum as well as signal transduction events that lead to
the resistance responses imparted via the 3-DAs.

Following are my thesis objectives:
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1. Interaction of sorghum Y1 transcription factor with maize flavonoid structural genes
during pathogen defense response.
Based on the structural similarities of 3-DAs and flavan-4-ols (see Figure 1 in Chapter
1), it has been hypothesized that 3-DAs are also synthesized via the flavonoid pathway branch
which leads to the production of phlobaphenes in sorghum. An R2R3 MYB transcription factor
encoded by yellow seed1 (y1) has been shown to be required for the biosynthesis of flavan-4-ols
and phlobaphenes in the pericarp and leaf tissues. Using a transposon insertion mutant in y1, our
lab has shown that the y1 gene is also required for the accumulation of 3-DAs in Colletotrichum
sublineolum challenged sorghum leaves. Further, transformation of sorghum y1 gene into maize
showed induced disease resistance response to Colletotrichum graminicola, establishing that the
y1 gene can induce maize structural genes to accumulate 3-DAs in maize. In addition, that study
indicated the y1 promoter contains cis- regulatory elements that are possibly involved in
regulation of y1 during fungal challenges. Despite the above-mentioned results, we do not
exactly know the flavonoid branch and the structural genes that are required for the biosynthesis
of 3-DAs. It is also possible that 3-DAs either originate from a separate branch from naringenin,
or these are simply derived from flavan-4-ols as a precursor.
To identify the flavonoid branch leading to 3-DAs, we first transferred sorghum y1 to
maize and then used maize mutants of flavonoid structural genes because of the non-availability
of such mutants in sorghum. Our results showed that y1 transgene can regulate the expression of
all the maize flavonoid genes tested. We also found that this induced expression was correlated
with the observed disease resistance phenotype. This study indicates that the anthocyanidin
synthase encoded by a2 in maize also have novel influence on flavan-4-ols and 3-DAs
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accumulation. Furthermore, through the accumulation of total phenolics, we have found that the
y1-driven flavonoid pathway as a whole promoted the total phenolic accumulation.

2. Expression of phytohormones salicylic acid and jasmonic acid genes during the 3-DA

biosynthesis in sorghum and maize.
Currently, the upstream regulation of y1 remains relatively unclear. We attempted to
understand signal transduction events upstream of y1 by measuring phytohormones that may
have a role in early signaling events. Two phytohormones particularly important in plant
defense are jasmonic acid (JA) and salicylic acid (SA). Previous studies focusing on the effect
of exogenous phytohormones on 3-DA pathway have yielded conflicting results. In this work,
sorghum mesocotyls and transgenic y1 maize lines were inoculated to study the internal
interactions between the transcription of key genes in the SA and JA phytohormonal pathways
and the accumulation of 3-DAs. Our results indicate a dual mode of 3-DAs regulation: JA is
involved in disease triggered 3-DAs accumulation, and SA is involved in wounding triggered 3DAs accumulation.

3. Cell wall component profiling for biomass improvement in sorghum using FourierTransform Near-infrared Spectroscopy.
Cell wall composition plays a major role in the plant immune system, both as a source
of primary, and secondary defenses. It is also the basis for lignocellulose biomass. This
objective of my thesis was to explore biomass diversity cell wall composition in sorghum. My
goal is to correlate this information with anthracnose resistance in sorghum. Currently, we have
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a collection of over 800 sorghum lines, representing a wide variety of grain, forage, bioenergy,
and sweet sorghum in diversity. To fully exploit these lines and to understand the genetic
variation contributing to sorghum lignocellulosic biomass accumulation, we developed and
tested a high throughput method. In collaboration with Dr. Seong Kim’s Laboratory, Fouriertransform Near Infrared (FT-NIR) Spectroscopy was used to characterize the cell wall
composition in sorghum. Cell wall content assayed by FT-NIR showed high fidelity compared
to that produced by wet chemistry laboratory while reducing both analysis time and sample size
needed by order of magnitudes. Our results show FT-NIR is a useful method to fully exploit the
large number of germplasm lines available in our collection.

In conclusion, by understanding the regulatory role of y1 transcription factor in
phytoalexins biosynthesis, and the role of phytohormones synthesized during 3-DAs
accumulation, we will gain a clearer picture of the active defense responses in sorghum. By
quantifying cell wall component in a vast library of available germplasm, we can gain a better
understanding of passive defense mechanisms. Breeding for increased defense against plant
pathogens should be a holistic approach that combines both passive and active defense
mechanisms.
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Chapter 1
Introduction

Plant Defense Mechanisms

Plants are continuously interacting with a complex and continuously changing
environment. To protect themselves and retain fitness, plants have thus evolved a suite of
passive and active defense mechanisms. Passive defense mechanisms include thick cuticles and
cell wall, waxy layers to prevent water loss and mechanical damage, as well as penetration by
pathogen; dense epidermal outgrowths, such as trichomes, to fend off herbivores (KotrteKamp
et al., 1999; Chassot et al., 2005). In addition, plants also synthesize defense chemicals called
phytoanticipins, a group of pre-formed compounds that serve as a passive deterrent to potential
pathogens (VanEtten et al., 1994; Osborne 1996). Passive defense mechanisms provide the
plant with a weak but broad-spectrum resistance to pathogens. On the other hand, when
pathogens bypass this line of defense, the host plant would activate the active defense responses.
These can be triggered by all classes of plant pathogens, including viruses, bacteria, fungi, and
nematodes (Jackson et al., 1996). Active defense response includes hypersensitive response that
triggers rapid host cell death, active cell wall reinforcement, biosynthesis of antimicrobial
proteins such as defensins, antimicrobial enzymes such as chitinases, and the biosynthesis of
secondary metabolites such as phytoalexins (Lamb et al., 1989; Dixon and Lamb, 1990;
Nicholson and Hammerschmidt, 1992; Dixon, 2001).
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Phytoalexins

Phytoalexins are defined as antimicrobial compounds of low molecular weight,
produced from remote precursors through de novo biosynthesis during the plant defense
response (This is different from phytoanticipins, are preformed and present in the plant with or
without infection). Pisatin, a phytoalexin from pea (Pisum sativum) was the first such
compound characterized (Cruickshank & Perrin, 1960). Today, phytoalexins are found in more
than 75 plant species including economically important crops such as cruciferous vegetables,
grapes, potatoes, and cereals. Biosynthesis of various secondary metabolites that act as
phytoalexins takes place through the shikimate (phenylpropanoid), isoprenoid (terpenoid) and
alkaloid pathways (Iriti et al., 2009). In recent years, increase in human population as well as
food safety awareness calls for development of crops with effective natural defenses against
pathogens. This trend coincides with evolving research identifying phytoalexins not only as
plant defense compounds, but also as compounds promoting human health (Shih et al., 2007;
Boue et al., 2009; Holland et al., 2010; Jahangir et al., 2009), generating the motivation to better
understand the biosynthesis of plant phytoalexins.

Sorghum bicolor

Sorghum (Sorghum bicolor L. Moench) is a prominent member of the Poaceae family.
It is the fifth most important cereal crop in the world after wheat, rice, maize and barley. It is
grown not only as a staple food crop in many parts of the world, but is also emerging as a
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promising feedstock for biofuel production (Zheng et al., 2011). Sorghum requires far less water
than many other cereals grown for food, and its ability to produce grain under adverse
conditions such as drought, saline-alkaline soils, and waterlogging. It has thus earned the title of
“the camel among crops” (FAO, 2002b) serving as an essential pillar of food security in the
poorer semi-arid regions of Africa and Asia (Ng’uni et al., 2011). In addition, sorghum has a
wider genetic diversity than other domesticated cereals, such as maize, due to the fact that it has
been bread for multiple uses -- such as syrup production (sweet sorghum), biomass
accumulation (bioenergy sorghum, forage sorghum), and seed production (grain sorghum)
(Muraya, 2014). Coupled with its relatively small genome size of 730MB (Patterson et al.,
2009), sorghum is the ideal model for molecular and genetics research.
Sorghum is also becoming a major contender as a feedstock for biofuel production.
Among its advantages are tolerance to heat, drought, as well as a relatively high biomass yield
per unit land. It has higher water use efficiency compared to maize (Ejeta et al., 2007) while
producing biomass comparable to that of perennials like Miscanthus, ranging from 11-33 dry
Mg ha-1 per year on low quality soil with minimal fertilization (Propheter et al., 2010).
Additionally, as an annual crop, it is more appealing to farmers than Miscanthus as it can be
easily inserted into a corn-soybean annual rotation but with a lower production cost (Dweikat et
al., 2012). Sorghum also has the advantage of having a wider range of genetic diversity. Subpopulations of sorghum are bred for either grain production or biomass accumulation as
opposed to maize which is purely bread for grain, making it a powerful model for studying
QTLs (Quantitative Trait Loci) contributing to biomass accumulation. Potentially, we can breed
sorghum for both ethanol production (from the stalks) while compromising little grain
production (Rooney et al., 2007).
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Subsistence and commercial growth of sorghum, especially in developing nations, is
hindered by various environmental and non-environmental factors. Reports have shown that in
developing nations, up to 80% potential yield is not reached as a result of limited access to
fertilizer and pesticides (Ngugi et al., 2000). Therefore, genetically superior cultivars that are
more tolerant to low fertile soil and biological stress should be developed to ensure higher
yields.

Sorghum phytoalexins

One of the major sorghum active defense mechanism is through the biosynthesis of 3deoxyanthocyanidins (3-DAs) that act as phytoalexins which include apigeninidin (2-(4hydroxyphenyl) benzopyrilium chloride) and luteolinidin (2-(3,4-dihydroxyphenyl)
chromenylium-5,6-diol) along with their derivatives such as methoxylated apigeninidin and
luteolinidin.
The accumulation of 3-DAs at the site fungal appresorium penetration results in
disruption, dehydration and death of the fungal hyphae (Snyder and Nicholson, 1990; Aguero et
al., 2002). A close examination showed both apigeninidin and luteolinidin are active in
disrupting fungal spore germinating and germ tube elongation in vitro (Nicholson et al., 1989).
Indeed, fungi such as Sporisorium reilianum will actively suppress 3-DAs accumulation in
order to survive in the host (Zuther et al., 2012).
Upon infection by the fungal pathogens, 3-DAs are rapidly synthesized and stored in
initially transparent inclusions that migrate to infection zones. The inclusion bodies then, fuse

5

together and release 3-DAs at the primary site of infection. Significant amount of 3-DAs has
been detected near infection areas by 36 hpi (hours post inoculation). By 48 hpi, distorted
fungal hyphae have been observed, and fungal infection progress completely restricted by 72
hpi (Nicholson et al., 1987; Snyder et al., 1990; Lo et al., 1996). Interestingly, BTx-623, a
susceptible cultivar to anthracnose also synthesizes one of the 3-DAs (apigeninidin) only, albeit
in a delayed manner. Although both apigeninidin and luteolinidin alone are capable of inhibiting
germ-tubes in vitro (Nicholson et al., 1987), infected BTx-623 still showed typical anthracnose
disease symptom, indicating that the speed of 3-DAs accumulation is very important in disease
control.
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3-Deoxyanthocyanidins biosynthesis

The 3-DAs are flavonoid compounds with structural similarities to flavan-4-ols (see
Figure 1). Based on their structural similarities it has been hypothesized that 3-DAs are
synthesized via the same pathway that leads to the synthesis of flavanols. This flavonoid
biosynthetic pathway also shares precursors with luteolin and apigenin belonging to the subclass
of flavones, and leucoanthocyanidins and anthocyanins. The biosynthesis begins with the
shikimate pathway starting with phenylalanine catalyzed by phenylalanine ammonia lyase (PAL)
to synthesize cinnamic acid. Cinnamic acid is then catalyzed by cinnamate 4 hydroxylase (C4H)
to produce 4-Coumaroyl-CoA. The activation of chalcone synthase (CHS) then catalyzes the
condensation reaction of courmaryl CoA and three molecules of malonyl-CoAs to form
chalcone. Chalcone is then converted by Chalcone isomerase (CHI) to form narigenin, the
common precursor for all flavonoid pigments, including 3-hydroxyflavonoids, 3deoxyflavonoids and 3-deoxyanthocyanidins. Narigenin is either hydroxylated at the 3-position
by the flavanone 3-hydroxylase (F3H) to dihydroflavanol, which is then used to synthesize
anthocyanidin, or reduced by dihydroflavanol reductase (DFR) to form flavan-4-ols (apiferol
and luteoferol). Flavan-4-ols are the hypothesized precursors of 3-DAs due to the structural
similarities and concomitant presence of both flavan-4-ols and 3-DAs in sorghum (Bate-Smith,
1969; Watterson and Butler, 1983). Because of shared precursor, plants have to suppress the
activity of F3H which directs the flavonoid pathway into anthocyanin biosynthesis. Indeed, F3H,
DFR, and ANS (anthocyanidin synthase) enzymes required for the synthesis of anthocyanin
have all been reduced during 3-DAs accumulation in sorghum (Lo and Nicholson, 1998).
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Unlike the anthocyanin accumulation, the 3-deoxyanthocyanidin biosynthesis is light
independent (Weiergang et al., 1996).

Pinpointing precise enzymes responsible for each step of 3-DA biosynthesis is difficult
due to the degree of redundancy in the sorghum genome. For example, there are 8 genes
potentially encoding for chalcone synthase and out of these 8, SbCHS1-SbCHS7 are highly
conserved while SbCHS8 shows only 82% amino acid similarity (Lo et al., 2002). When
challenged with Colletotrichum sublineolum, SbChs8 was shown to be dramatically upregulated,
suggesting its involvement in 3-DA biosynthesis. However, SbChs8, renamed as SbSts1 was
later shown to actually encode a stilbene synthase (STS), and are not involved in 3-DAs
production (Yu et al., 2005).

Transcriptional regulation of 3-Deoxyanthocyanidin biosynthesis

Transcription factors are master regulators of cellular processes through the regulation
of various functional genes under specific circumstances such as stress and development. In
plants several major groups of transcription factors have been identified such as MYB,
CBF/DREB1, HSF, TGA6, BOS1, bZIP, AP2.EREBP (Ambawat et al., 2013). The MYB
family of transcription factor is large, and functionally diverse. They are identified by a
conserved MYB domain repeats which bind to DNA. In plants, the MYB transcription factors
regulate a wide array of functions from spanning developmental control such as embryogenesis,
flower color and cell shape, to stress related responses such as drought tolerance and insect
herbivore defense (reviewed in Ambawat et al., 2013).
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Our lab has identified a MYB-like transcription factor y1 (yellow seed1). A functional
y1 is required for the accumulation of red phlobaphenes pigments in the pericarp and glume.
When describing sorghum y1 allele, (and maize p1 alleles), these are named based on their
pattern of pericarp and glume pigmentation. For instance, Y1-rr indicates red pericarp, red
glume, while y1-ww indicates white pericarp, white glume; similarly, P1-wr would indicate
white pericarp, red cob glume in maize. Null mutants of y1 fail to accumulate 3-DAs, indicating
a regulatory role in 3-DA biosynthesis. Furthermore, the transcripts of structural genes such as
chs, chi, and f3’h are also absent in y1 null mutants y1-ww1 (Ibraheem et al., 2010). In contrast,
an RNA-seq based transcriptome wide analysis of sorghum-Bipolaris sorghicola interaction
using y1 null line BTx-623 showed that Chs, Chi, and F3’h were differentially expressed,
possibly due to a redundant y2 which may be functional in BTx-623 (Mizuno et al., 2012).
Another probe based transcriptome wide study using resistant cultivar DK18 has also identified
differential expression of genes involved in the regulation of flavonoid biosynthesis. However
due to the limited number of probes used, we cannot identify genes sharing similar expression
pattern between the two studies (Mizuno et al., 2012; Li et al., 2013). In both studies, genes
involved in the flavonoid pathway pal (phenylalanine ammonia lyase), c4h, 4cl (4-coumarate:
CoA ligase), chs, and chi are significantly upregulated. In addition to flavonoid pathway genes,
genes for signaling cascades such as leucine rich repeats receptors, calmodulins, MAPK cascade
genes, WRKY transcription factors, and various ROS related genes such as peroxidases are also
shown to be upregulated by the presence of fungal inoculation. (Mizuno et al., 2012; Li et al.,
2013).
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Figure 1. Flavonoid biosynthesis pathway in sorghum. Where known, enzyme classes are indicated. In
many cases the specific enzyme has not been identified yet. ANS, anthocyanidin synthase; C4H, cinnamate-4hydroxylase; CCL, courmaryl-CoA ligase; CHI, chalcone isomerase; F3'H, flavanone-3'-hydroxylase; F3H,
flavanone-3-hydroxylase; CHS, Chalcone synthase; PAL, phenylalanine ammonia lyase; SbDFR1, dihydroflavanol
4-reductase 1; SbDFR3, dihydroflavanol 4-reductase 3; SbFNS2, flavone synthase 2. Pathway adapted from Poloni
et al., 2014.

10

REFERENCES
1.Ambawat S, Sharma P, Yadav NR, Yadav RC (2013). MYB transcription factor genes as
regulators for plant responses: an overview. Physiol. Mol. Biol. Plants, 19(3):307-321.
2. Aguero M, Gevens A, Nicholson R. (2002). Interaction of Cochliobolus heterostrophus with
phytoalexin inclusions in Sorghum bicolor. PMPP, 61(5):267-271.
3. Bate-Smith E. (1969). Luteoforol (3', 4, 4’, 5, 7-pentahydroxyflavan) in Sorghum vulgare L.
Phytochemistry, 8: 1803-1810.
4. Boue S, Cleveland T, Carter-Wientjes C, Shih B, Bhatnagar D, McLachlan J. Burow M,
(2009). Phytoalexin-enriched functional foods. Journal of Agricultural and Food
Chemistry, 57: 2614–2622.
5. Chassot C, Metraux J (2005). The cuticle as a source of signal for plant defense. Plant
Biosystems, 139:28-31.
6. Cruickshank I and Perrin D (1960). Isolation of a phytoalexin from Pisum sativum. Nature,
187:799-800.
7. Dixon R (2001). Natural products and plant disease resistance. Nature, 411:843-367.
8. Dixon and Lamb (1990). Molecular communication in interactions between plants and
microbial pathogens. Annu Rev Plant Physiol Plant Mol Biol., 41:339-367.
9. Dweikat I, Weil C, Moose S, Kochian L, Mosier N, Ileleji K, Brown P, Peer W, Murphy A,
Taheripour F, McCann M, Carpita N (2012). Envisioning the transition to a nextgeneration biofuels industry in the US Midwest. Biofuels, Bioproducts and Biorefining,
6 (4):376-386.

11

10. Ejeta G and Knoll J (2007). Marker-assisted selection in sorghum, in Genomic-Assisted
Crop Improvement: Vol. 2: Genomics Applications in Crops, ed by Varshney RK and
Tuberosa R. Springer, The Netherlands, 187–205.
11. FAO (2002b). Sweet sorghum in China. Spotlight, Agriculture and Consumer Protection
Department. Rome: FAO.
12. Holland K and O'Keefe S (2010). Recent applications of peanut phytoalexins. Recent
Patents on Food, Nutrition & Agriculture, 2:221–232.
13. Ibraheem F, Gaffoor I & Chopra S (2010). Flavonoid Phytoalexin-Dependent Resistance to
Anthracnose Leaf Blight Requires a Functional yellow seed1 in Sorghum bicolor.
Genetics, 184(4):915-926.
14. Iriti M and Faoro F (2009). Chemical diversity and defense metabolism: How plants cope
with pathogens and ozone pollution. International Journal of Molecular Sciences, 10:
3371–3399.
15. Jackson A, Taylor C (1996). Plant-microbe interactions: life and death at the interface. Plant
Cell, 8:1651-68.
16. Jahangir M, Kim H, Choi Y, and Verpoorte R (2009). Health-affecting compounds in
Brassicaceae. Comprehensive Reviews in Food Science and Food Safety, 8, 31–43.
17. KotreKamp A, Zybrain E (1999). Leaf Hairs as a Basic Protective Barrier against Downy
Mildew of Grape. J. Phytopathology, 47:553-559.
18. Lamb C, Lawton M, Dron M, Dixon R (1989). Signals and transduction mechanisms for
activation of plant defenses against microbial attack. Cell, 56:215-224.

12

19. Li L, Zhu F, Liu H, Chu A, Lo C (2013). Isolation and expression analysis of defenserelated genes in sorghum-Colletotrichum sublineolum interaction. Physiol. Mol. Plant
Pathology, 84:123-130.
20. Lo C, Coolbaugh R, Nicholson R (2002). Molecular characterization and in silico
expression analysis of a chalcone synthase gene family in Sorghum bicolor. Physiol.
Mol. Plant Pathol., 61:179–188.
21. Lo C, Nicolson R (1998). Reduction of light-induced anthocyanin accumulation in
inoculated sorghum mesocotyls. Implications for a compensatory role in the defense
response. Plant Physiol, 116:979-989.
22. Lo C, Weiergana I, Bonham C, Hipskind J, Wood K (1996). Phytoalexin accumulation in
sorghum: Identification of a methyl ether of luteolinidin. Physiol. Mol. Plant Pathol.,
49:21-31.
23. Mizuno H, Kawahigashi H, Kawahara Y, Kanamori H, Ogata J, Minami H, Itoh T,
Matsumoto T (2012). Global transcriptome analysis reveals distinct expression among
duplicated genes during sorghum-interaction. BMC Plant Biol., 12:121.
24. Muraya M. (2014). Sorghum Genetic Diversity. In Y. Wang, H. D. Upadhyaya, C. Kole
(eds.). Genetics, Genomics and Breeding of Sorghum. (pp114-140) CRC Press.
25. Ngugi H, Julian A, King S, and Peacocke B (2000). Epidemiology of sorghum anthracnose
(Colletotrichum sublineolum) and leaf blight (Exserohilum turcicum) in Kenya. Plant
Pathology (Oxford), 49(1):129-140.
26. Ng’uni D, Geleta M, Bryngelsson T (2011). Genetic diversity in sorghum (Sorghum bicolor
(L.) Moench) accessions of Zambia as revealed by simple sequence repeats (SSR).
Hereditas, 148 (2):52-62.

13

27. Nicholson and Hammerschmidt (1992). Phenolic compounds and their role in disease
resistance. Ann. Rev. Phtopthol., 30:369-389.
28. Nicholson R, Kollipara S, Vincent J, Lyons P, Cadena-Gomez G (1987). Phytoalexin
synthesis by the sorghum mesocotyl in response to infection by pathogenic and
nonpathogenic fungi. Proc. Natl. Acad. Sci. USA., 84:5520-24.
29. Osborne A. (1996). Preformed antimicrobial compounds and plant defense against fungal
attack. Plant Cell, 8:1821-31.
30. Propheter J, Staggenborg S, Wu X and Wang D (2010). Performance of annual and
perennial biofuel crops: Yield during the first two years. Agron. J., 102:806–810.
31. Rooney W, Blumenthal J, Bean B, and Mullet J (2007). Designing sorghum as a dedicated
bioenergy feedstock. Biofuels, Bioprod., Biorefin., 1:147-157.
32. Shih H, Siu S, Ng R, Wong E, Chiu L, Chu I, Lo C (2007). Quantitative analysis of
anticancer 3-deoxyanthocyanidins in infected sorghum seedlings. J. Agric. Food Chem,
55: 254–259.
33. Snyder B, Nicholson R (1990). Synthesis of phytoalexins in sorghum as a site-specific
response to fungal ingress. Science, 248:1637-39.
34. VanEtten H, Mansfield J, Bailey J and Farmer E (1994). Two Classes of Plant Antibiotics:
Phytoalexins versus “Phytoanticipins”. Plant Cell, 6(9):1191-1192.
35. Weiergang I. Hipskind J, Nicholson R (1996). Synthesis of 3-deoxyanthocyanidin
phytoalexins in sorghum occurs independent of light. Physiol. Mol. Plant Pathol. 49:
377–388.

14

36. Yu C, Springob K, Schmidt J, Nicholson R, Chu I, Yip W, Lo C (2005). Stilbene synthase
gene (SbSTS1) is involved in host and nonhost defense responses in sorghum. Plant
Physiol. 138: 393–401.
37. Zheng Y, Guo X. S, He B, Sun L, Peng Y, Dong S, Liu T, Jiang S, Ramchandran S, Liu C
and Jing H (2011). Genome –wide patterns of genetic variation in sweet and grain
sorghum (Sorghum bicolor). Genome Biology, 12: R114.
38. Zuther K, Kahnt J, Utermark J, Imkampe J, Uhse S, Schirawski J (2012). Host specificity of
Sporisorium reilianum is tightly linked to generation of the phytoalexin luteolinidin by
Sorghum bicolor. Mol. Plant Microbe Interact. 25: 1230–1237.

15

Chapter 2

Interaction of sorghum Y1 transcription factor with maize flavonoid structural
genes during pathogen defense response

2.1. INTRODUCTION

In maize, the flavonoid pathway produces many compounds such as flavan-4-ols,
flavan-3, 4-diols, flavones and C-glycosyl flavones. Flavan-4-ols are the precursor to the brick
red phlobaphenes pigments in mature pericarp and cob glumes (Styles et al., 1989). The Cglycosyl flavone maysin is synthesized in maize silks and acts as an insecticidal compound
against corn ear worm (Waiss et al., 1979). The maize R2R3 MYB transcription factor encoded
by pericarp color1 (P1) is responsible for the regulation of flavan-4-ols and phlobaphenes
(Grotewold et al., 1994). P1 has been shown to activate the transcription of key genes in the
flavonoid pathway-- chalcone synthase (Chs), chalcone isomerase (Chi), and dihydroflavanol
reductase (Dfr). These genes are responsible for the synthesis of common precursors for both
phlobaphenes as well as maysin. In sorghum the p1 orthologue of yellow seed1 (Y1). Y1 has
also been shown to be induced during sorghum-anthracnose interactions (Ibraheem et al., 2010).
The coding region of Y1 and P1 show high degree of similarity (92%), but the non-coding
regions are highly divergent (Boddu et al., 2006). Using null mutants of y1, our lab has
previously shown that the transcription of sorghum flavonoid pathway genes Chs, Chi, Dfr, and
F3’h is Y1 dependent (Ibraheem et al., 2010). Furthermore, we have shown that Y1 acts in a
similar manner as P1 by transformation of Y1 gene into a HiII maize line harboring a
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nonfunctional p1. In these transgenic lines, Y1 induced accumulation of flavan-4-ols and
phlobaphenes in pericarp, cob glumes, as well as floral tissue similar to the expression pattern
induced by P1 in maize. Y1 is also able to induce the accumulation of flavan-4-ols in the maize
leaf which is most obvious in the midrib (Figure 1). These leaf pigmentation patterns are not
obvious in either wildtype maize with P1 alleles or maize transformed with P1 gene constructs
(Chopra et al., 1996; Cocciolone et al., 2005).

Figure 1. Phenotypes of transgenic maize lines carrying a sorghum Y1 gene construct. Two types of Y1 transgene
events, Y1-rr (red pericarp, red cob glumes) and Y1-pr (patterned pericarp, red cob glumes) induce accumulation
of flavan-4-ols in the pericarp, and cob glumes similar to that observed in wild type P1-rr (red pericarp and red
cob glumes) lines. Additionally, Y1-transgenic lines are also able to induce accumulation of flavan-4-ols in the leaf
of Y1 transgenic plants, a phenotype usually observed in sorghum and not maize leaves. NS is a negative
segregant that lacks the transgene and thus is a near isogenic control for the transgenic lines (Figure from
Ibraheem et al., 2015).

This indicates that Y1 is not only able to function in maize, but also functions in a
sorghum-like expression pattern. Interestingly, Y1 is able to induce stronger polyphenol
accumulation in the silk as observed after cutting the silks as well as dramatically increased
maysin biosynthesis in both the silk and leaf, indicating the possible involvement of Y1 in
maysin biosynthesis (Ibraheem, 2008 Penn State Thesis). As P1 has already been shown to be
capable of regulating maysin biosynthesis (Byrne et al., 1996; Grotewold et al., 1998) this
indicates that Y1, through direct interaction or indirect feedback mechanism, may also have a
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wider range of targets beyond simple flavonoid pathway regulation, a view strengthened by the
fact that Y1-maize transgenic lines also showed increased accumulation of other
phenylpropanoids that are not directly associated with the flavonoid pathway (Ibraheem et al.,
2015). Due to the poor genetic resources of sorghum mutant lines harboring loss of function
flavonoid biosynthesis genes, there has been no direct evidence of Y1 regulation of the
flavonoid genes in sorghum. Our lab thus crossed transgenic Y1-maize lines (two independent
transgenic events; Y1-rr, Y1-pr (Figure 1) with maize mutants of key biosynthesis genes in the
flavonoid pathway. These mutants are in chalcone synthase (c2), dihydroflavanol reductase
(a1), anthocyanidin synthase (a2), and flavonoid 3’-hydroxylase (pr1). With the exception of
the anthocyanidin synthase, these genes are all known to be involved not only in phlobaphenes
(3-deoxyflavonoids) biosynthesis, but are also shared with anthocyanin (3-hydroxyflavonoids)
biosynthesis.
Our genetic material thus consisted of following genotypes in which each genotype
represents homozygous genes under study (Table 1). These are: Y1-rr;C2, Y1-rr;c2, Y1-pr;C2,
Y1-pr;c2 -;C2, -;c2, Y1-rr;A1, Y1-rr;a1, Y1-pr;A1, Y1-pr;a1, -;A1, -;a1, Y1-rr;A2, Y1-rr;a2,
Y1-pr;A2, Y1-pr;a2, -;A2, -;a2, Y1-rr;Pr1, Y1-rr;pr1, Y1-pr;Pr1, Y1-pr;pr1 -;Pr1, -:pr1, Y1-rr;-,
Y1-pr;A dominant gene will be functional, while a recessive gene indicates loss of function
introgressed with the Y1-transgene. For example, a Y1-rr;c2 indicates mutation of chalcone
synthase gene introgressed with Y1-rr transgenic line. Since all the combinations of the
transgenic event and flavonoid pathway mutant gene were selected from the segregants of the
same cross, these genic combinations of each mutant are near isogenic.
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With these mutants, we produced straight-forward phenotypic data for Y1 regulation on
various genes involved in the biosynthesis of 3-deoxyflavonoids, as well as studied interaction
and the extent of Y1’s influence on the regulation of the entire flavonoid pathway during fungal
defense.

Table.1 Y1-maize transgenic lines introgressed with selected mutants of genes
in the flavonoid pathway
Y1 transgenic

Flavonoid Gene

Gene Name/Description

Y1-rr or Y1-pr

C2 or c2

Chalcone Synthase

Y1-rr or Y1-pr

A1 or a1

Dihydroflavanol Reductase

Y1-rr or Y1-pr

A2 or a2

Anthocyanidin Synthase

Y1-rr orY1-pr

Pr1 or pr1

Flavonoid 3’-Hydroxylase

-

c2mum2

c2 null mutant

-

c1mum1

c1 null mutant

-

a2-mum1

a2 null mutant

-

pr1

pr1 null mutant

event
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2.2 MATERIALS AND METHODS

2.2.1. Development of genetic stocks

Maize p1 null line HiII was transformed with a pY1:Y1 transgene and a Bar (BASTA
resistance) gene (Ibraheem et al., 2015). Initial transformant events and their subsequent
progenies were separated by phenotypes into Y1-rr (red pericarp/red cob glumes) and Y1-pr
(patterned pericarp/red cob glumes) lines. The cause of these different pericarp patterns is not
known but these may be due to an epigenetic modification. To develop the introgression lines
with mutant structural gene, the Y1-rr and Y1-pr F7 progeny plants (Y1-rr/Y1-rr or Y1-pr/Y1-pr)
were crossed with homozygous plants of the recessive mutation in chalcone synthase (chs),
dihydroflavanol reductase (a1), anthocyanidin synthase (ans) and flavonoid 3’-hydroxylase (pr1)
(see Table 1). The resulting F1 generation was selfed followed by several rounds of selection for
homozygotes using aleurones (for anthocyanins) and pericarp (for phlobaphenes) pigment as
indicators. Confirmation of genes was done by performing PCR with gene specific primers.
All transgenic genetic stocks were grown in isolation plots at Penn State Agronomy
farm, Rocksprings, PA. Isolation plots were grown according to the guidelines from APHISBIOTECH and per proper permitting and notification. According to these permit guidelines a
maize isolation plot carrying any regulated transgenic event can be grown 660 ft. away from
any other maize field. Two sets of experimental field trials were conducted: first in summer
2014 (3-reps of 12 plants/row), and the second during summer 2015 (6-reps of 12 plants/row).
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2.2.2. Fungal strains & detached leaf assay

Detached leaf assays were performed as described in Coca et al., 2004. For inoculations,
Colletotrichum graminicola [(Ces.) Wils (perfect state = Glomerella graminicola Politis)] and
Cochliobolus heterostrophus [Nisikado and Miyake] Shoemaker) fungal strains were grown on
potato dextrose agar (PDA) under continuous light at room temperature for ten days. For each
genotype, second leaf above the primary ear was collected from three 2 months old sibling
plants. Each leaf was then divided into four 7x7 cm discs from the radial end. Detached leaves
were prepared with adaxial surface facing upwards on agar (1% w/v) supplemented with 2
mg·L-1 kinetin. A non-treated leaf sample was frozen right away in liquid nitrogen as a 0 time
control. For fungal inoculations, leaf discs were treated with a 100 µL spore suspension of
either C. heterostrophus (104 spores·mL−1), C. graminicola (106 spores·mL−1) or 0.001% Tween
20 for the control (mechanical damage). Plates with leaf discs were incubated under fluorescent
illumination (16 h day, 8 h night) at 26 oC. Tissues were photographed and harvested for
chemical analysis 72 hpi (hours post inoculation).
Pictures of leaf discs were recorded using a dissection microscope (Nikon SMZ1000)
connected to a Nikon digital camera (DXM1200F).
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2.2.3. Determination of total phenolics

Leaf discs (72 hpi) were collected and frozen in liquid nitrogen and freeze-dried using a
VirTis Lyophilizer freeze drier (Warminster, NJ). Samples were then ground to fine powder
using Spex Genogrinder (Metuchen, NJ). Thirty milligrams of ground tissue were treated with 1
mL 70% acetone supplemented with 1 mM ascorbic acid. Compounds were extracted 3 times
by sonication. The supernatant was collected after centrifugation and the acetone evaporated
using a Savant SVC100H speed vacuum drier (Farmingdale, NY) until total volume reached
0.75 mL. For total phenolics, 0.075 mL of Folin-Ciocalteu reagent was added to 0.074 mL of
the plant extract followed by incubation for 6 min at room temperature. A 0.075 mL 2N Sodium
carbonate reagent was added to the mixture and incubated at room temperature for 1 hour.
Absorbance at 760 nm was recorded using Spectra MAX 190 plate reader (Molecular Devices
Crop., Sunnyvale, CA). Total phenolics content were expressed as mg gallic acid equivalent g-1
dry weight (Appel et al., 2001; Wolfe et al., 2003).

2.2.4. Determination of flavan-4-ols

Flavan-4-ols content was determined using acid-butanol test (Boddu et al., 2005).
Samples were ground in liquid nitrogen, and freeze dried. Thirty mg dry powder was washed
thrice with 100% ether to remove chlorophyll and wax, then suspended in 1 mL of HCl:butanol
(3:7) mixture and incubated for 1 hour at 37°C followed by centrifugation at 14,000 rpm for 20
minutes. Supernatant was screened over a wavelength of 450-650 nm using UV mini-1240
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spectrophotometer (Shimadzu Scientific Instruments, Inc. Columbia, MD). For quantification,
concentrations of flavan-4-ols were effectively expressed as equivalent flavylium ion
concentration absorption at λ550/mg tissue of dry weight (Grotewold et al., 1998).

2.2.5. HPLC analysis of leaf 3-deoxyanthocyanidins

One hundred milligrams of freeze-dried leaf tissue were extracted in 1 mL 2N HCl at
90°C for 1 hr. The resulting mixture was centrifuged and supernatant was extracted with 750 µL
isoamyl alcohol two times. The isoamyl alcohol extract was evaporated and the residue resuspended in 250 µL methanol supplemented with 0.1% HCl. These extracts were then filtered
through 0.45-µm Acrodisc LC 13-mm syringe filters (Gelman Laboratory, Ann Arbor, MI), and
analyzed using HPLC (Shimadzu. Columbia, MD) for peaks at 480nm. The program of analysis
included 0.2% formic acid/methanol linear gradient from 20% to 80% methanol for 35 min with
a flow rate of 0.8 mL min-1 using AscentisTM RP-Amide 5 µm column (Sigma-Aldrich, St.
Louis, MO). The accumulation of luteolinidin in samples were confirmed through spiking
samples with 40nM luteolinidin standards.
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2.3. RESULTS

2.3.1 Y1-maize with flavonoid gene mutations showed distinct pericarp pigmentation
patterns

Transgenic maize lines expressing a Y1 gene and introgressed recessive flavonoid genes
exhibited distinct patterns of pericarp and cob glume pigmentation. Ear pigmentation patterns
from independent, representative transformation events are shown for representative near
isogenic lines for c2 and a1 (Figure 2). Plants without a functional Y1 gene and a flavonoid gene
accumulated no pigments in the cob or pericarp. Plants carrying a functional flavonoid gene
accumulated anthocyanin in the aleurones only. Plants carrying a functional Y1 gene but not the
flavonoid structural gene were able to produce dark brown pericarp and cob phenotype due to
the accumulation of precursors of the flavonoid pathway. Only plants carrying both functional
Y1 gene and flavonoid gene showed a red pericarp and red cob glume phenotype.
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Figure 2. Y1 transgenic maize with C2 and A1 show distinct phenotype of red pericarp and cob glumes
pigmentation (see Y1;C2 and Y1;A1 ear phenotypes). Lines that lack both Y1 and functional flavonoid genes do
not accumulate this pigmentation. Lines that lacked functional flavonoid genes but have Y1 transgene
accumulated dark brown pigments due to the accumulation of precursors in the flavonoid pathway such as
shown by Y1;c2 line.
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2.3.2. Maize C2 and A1 genes are required for resistance

To test the response of Y1-maize to fungal challenges, plants were infected with either C.
heterostrophus or C. graminicola. The inoculated leaves of Y1-maize plants with functional
flavonoid genes noticeably produced less disease symptoms as compared to the other genotypes
(Figure 3). This is shown through decreased fungal infection spots, more robust color in the
Y1;C2 lines compared with the others. Disease phenotype obtained indicates that both the
functional flavonoid pathway gene and a functional Y1 gene contributed to the disease resistant
phenotype.

Figure 3. Disease response transgenic Y1-maize 72 hours post inoculation. Each row represents a different
transgenic maize line differing in the presence or absence of a Y1 transgene and a functional or nonfunctional
chalcone synthase (c2) gene. Leaf discs are treated with either W (water) Ch (Cochliobolus heterostrophus) or Cg
(Colletotrichum graminicola). Transgenic lines with both functional Y1 gene and a functional c2 gene showed less
disease symptoms as compared with the near isogenic lines that lacked these genes. This pattern was also
observed in A1, A2 and Pr1 lines (data not shown)
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2.3.3. Y1-maize lines show infection induced flavan-4-ol accumulation in C2, A1, A2 and
Pr1 lines

In sorghum, Y1 has been shown to be required for the biosynthesis of flavan-4-ols or 3deoxyflavonoid compounds that are precursors to the phlobaphenes and 3-DAs phytoalexins
(Ibraheem et al., 2010). To investigate the effect of Y1 on the flavonoid pathway in maize
during disease response, we assayed flavan-4-ols accumulation in infected leaves. Results
obtained from spectral analyses indicated the presence of flavan-4-ols with an absorption
maximum at  564 nm. Accumulation of flavan-4-ols at 0 hour indicated that in the presence of
Y1 transgene and a functional flavonoid structural gene, all except Y1-pr;Pr1 showed increased
accumulation of flavan-4-ols (Figure 5, P<0.01). This observation is particularly noticeable in
the C2 and A1 lines (Figure 4 A and B). This indicates that all four genes studied have a Y1
induced effect on flavan-4-ol accumulation.
Flavan-4-ol accumulation showed immediate increase upon treatment with water
(wounding) or fungus as compared to 0 hour controls (Figure 5). This increase in flavan-4-ols
accumulation is observed in all genotypes regardless of the presence or absence of Y1 transgene
or functionality of the flavonoid genes tested. However, in Y1;C2, Y1;A1, Y1;C2 and Y1;Pr1
lines, the total wounding and inoculation induced flavan-4-ol accumulation is much more
pronounced. The Y1;C2, and Y1;A1 lines especially conformed to this pattern with lowest
accumulation in 0 hour control group and increased expression in water treatment (wounding)
group and highest in the fungal inoculated groups (Figure 5A and B). Surprisingly, Y1-rr;A2
line also showed a wounding response (Figure 5C). This is unexpected because A2 is thought to
be part of the anthocyanin pathway and does not contributes to flavan-4-ols accumulation. As a
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gene in the later stage of the flavonoid pathway, pr1 has no noticeable effect on flavan-4-ol
accumulation. Except for one line, pr1 showed elevated accumulation of flavan-4-ols in the
presence of Y1 gene alone (Figure 5D). The exception: -; Pr1 (in Y1-rr background) line is
likely due to the presence of a residual p1 allele.

A

B

C

D

Figure 4. Flavan-4-ols accumulation in 0 hour control transgenic maize samples. The Y1 transgene is able to induce
an intrinsic elevation of flavan-4-ol accumulation in A). C2, B) A1, C) A2 and D) Pr1 line
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A

Figure 5. Total phenolics
accumulation in transgenic Y1
lines:
A. Chalcone Synthase (C2)
B. Dihydroflavanol reductase (A1)
C. Anthocyanidin Synthase (A2)
D. Flavonoid 3’-hydroxylase (Pr1).

B

C

D

Samples include
0: no treatment control;
w: water treatment;
Ch: fungus Cochliobolus
heterostrophus;
Cg: fungus Colletotrichum
graminicola.
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2.3.4. Induction of 3-DAs in resistant transgenic maize lines

In sorghum, resistance to foliar pathogens is in part due to the induced biosynthesis of 3deoxyanthocyanidins which act as phytoalexins. Results show that 3-DA in the form of
luteolinidin (Figure 8) was induced in Y1;C2 (data not shown), Y1;A1, Y1;A2, Y1;pr1, and
Y1;Pr1 lines (figure 6,9,10) but not in any other lines, indicating the necessity of the Y1 gene for
the proper function of the C2, A1, Pr1 and A2 genes. Furthermore, the accumulation of 3-DAs
in these samples shows correlation depending on treatment with 0 hour controls having the least
accumulation (caused by field stress) followed by water (wounding) control and most
accumulation after fungal inoculation (Figure 7,10). As stated in the previous section, Pr1
functions to convert apiferol and apigeninidin to luteoferol and luteolinidin. This is also
reflected in HPLC as Y1;pr1 lines shows two peak of 3-DAs accumulation, while the peak for
apigeninidin disappears in Y1;Pr1 line, indicating the role of Pr1 conversion (Figure 11).
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Figure 6. HPLC at 480nm shows accumulation of luteolinidin in A1 lines inoculated with Cochliobolus
heterostrophus. Peak of luteolinidin (18.9 min) is detected only in Y1;A1 samples, indicating Y1 being required for
A1 to function and accumulate 3-DAs in transgenic maize lines. Standards are represented at the bottom right
corner L: Luteolinidin 18.9 min A: Apigeninidin 19.5min.
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Figure 7. HPLC of Y1:A1 at 480nm shows accumulation of luteolinidin shows increase after treatment represented
by area of 18.9 min elution peak (numbers below elution peak). 0: 0 hour control shows the least amount of 3-DA
accumulation followed by W: water/wounding treatment, with the most accumulation after fungi treatment (Ch:
Cochliobolus heterostrophus Cg: Colletotrichum graminicola). Standards are represented at the bottom right
corner L: Luteolinidin 18.9 min A: Apigeninidin 19.5 min.
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Figure 8. Sample showing 3-DA peak at 18.9min (left) was spiked with 40nM luteonlindin (right)
to confirm the identity of 18.9 min elution peak to be luteolinidin.
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Figure 9. HPLC at 480nm shows accumulation of luteolinidin in A2 lines inoculated with Cochliobolus
heterostrophus. Peak of luteolinidin (18.9 min) is detected only in Y1; A2 samples, indicating Y1 being required for
A2 to function and accumulate 3-DAs in transgenic maize lines. Standards are represented at the bottom right
corner L: Luteolinidin 18.9 min A: Apigeninidin 19.5 min.
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Figure 10. HPLC profile of Y1:A2 samples at 480nm shows accumulation of luteolinidin shows increase after
treatment represented by area of 18.9 min elution peak (represented by number under the elution peaks). 0: 0 hour
control shows the least amount of 3-DA accumulation followed by W: water/wounding treatment, with the most
accumulation after fungi treatment (Ch: Cochliobolus heterostrophus Cg: Colletotrichum graminicola). Standards
are represented at the bottom right corner L: Luteolinidin 18.9 min A: Apigeninidin 19.5 min.
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Figure 11. HPLC at 480nm for Pr1 lines shows accumulation of 3-DAs in Y1;pr1 and Y1;Pr1 lines. In Y1;pr1
samples both apigeninidin (elution peak time 19.3 min) and luteolinidin (elution peak time 18.9 min) were detected.
However in Y1;Pr1 lines, apigeninidin peak disapears indicating the conversion of apigeninidin to luteolinidin
under the action of a functional Pr1 gene. Standards are represented at the bottom as L: Luteolinidin 18.9 min A:
Apigeninidin 19.5 min

36

2.3.5. Y1-maize lines show infection induced total phenolic accumulation in C2, A1, A2 and
Pr1 lines

To further identify compounds regulated by the Y1 gene in transgenic maize, we
surveyed the leaves of Y1-maize lines for their total phenolics content. Y1-maize lines with a
functional flavonoid gene showed elevated background expression of total phenolic compounds
(0 hour Figure 12). Lines without a Y1 transgene showed decreased accumulation of total
phenolics. After inoculation with fungi, mutants also showed a decreased accumulation of
phenolics as compared to genotypes with a functional Y1 gene. This result is especially
pronounced in C2 lines. However, Pr1 which is further down in the flavonoid pathway (Figure
12D), and A2 (Figure 12C) which is part of the anthocyanin pathway also showed this pattern.
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A

Figure 12. Total phenolics
accumulation in transgenic Y1 maize
lines:
A. Chalcone Synthase (C2)
B. Dihydroflavanol reductase (A1)
C. Anthocyanidin Synthase (A2) and
D. Flavonoid 3’-hydroxylase (Pr1).

B

C

D

Samples are treated with
0: no treatment control;
w: water treatment;
Ch: fungus Cochliobolus heterostrophus;
Cg: fungus Colletotrichum graminicola.
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2.4. DISCUSSION

The ultimate goal of this study was to assess the regulatory role of sorghum Y1
transgene in the synthesis of 3-DAs, other flavonoids, and phenolics during disease challenge,
and how it can be used to increase disease resistance in maize. To this end, we selected three
marker genes in the 3-deoxyflavonoid pathway, which are: C2, A1, and Pr1 as well as one gene
in the anthocyanin pathway which is A2 to test for disease triggered accumulation of above
mentioned compounds.

Transgenic Y1 maize showed increased disease resistance

To test whether Y1 transcription factor would increase disease resistance in transgenic
maize lines, we introduced Y1 into four lines with nonfunctional flavonoid biosynthesis
pathway mutant genes (C2, A1, Pr1 and A2). Field grown leaves from these lines were brushed
with water or with spores of the hemi-necrotrophic fungus Colletotrichum graminicola or the
necrotrophic fungus Cochliobolus heterostrophus. Our results established that in the presence
of the Y1 transgene, disease symptoms were greatly reduced in the transgenic lines as compared
with either wild type without a Y1 transgene or nonfunctional mutants with Y1 transgene where
more lesions were observed (Figure 3).
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Transgenic Y1 induces the synthesis of 3-DAs in response to wounding and disease
The initial interest in the transcription factor Y1 is its ability to induce the biosynthesis
of the phytoalexin 3-deoxyanthocyanindins in sorghum that are induced during a disease
response. The 3-DAs are absent from vegetative tissues of wild type maize plants. The increase
in disease resistance in Y1 transgenic lines triggered our interest to see if 3-DAs are present,
and if they play a role in the observed disease resistance. HPLC data indicates that 3-DAs are
present in our Y1 transgenic maize lines that also have a functional flavonoid gene (Figure6-11).
Furthermore, luteolinidin concentration is increased after wounding, and increased further with
the inoculation of C. graminicola. Both apigeninidin and luteolinidin was shown to be
accumulated in Y1;pr1 samples (Figure 11) this is due to the function of Pr1 which converts
apiferol and apigeninidin to luteoferol and luteolinidin, respectively (Sharma et al., 2012) which
becomes evident when the apigeninidin peak present in Y1;pr1 disappears in Y1;Pr1 lines.
Taken together, our results indicate that Y1 gene is required for the production and
accumulation of 3-DAs through the regulation of C2, A1, and A2 lines.
The influence of A2 in the Y1 transgenic maize lines has been debated previously, as
anthocyanidin synthase is believed to not serve a function in 3-DAs biosynthesis. Maize has a
single A2 gene that has been shown previously to be part of the anthocyanin pathway (Bruce et
al., 2000). However, A2 gene has also a role to play in the flavone biosynthesis (see Figure 1,
Chapter 1). Our results now indicate that this gene also has a role in the flavan-4-ols and 3-DAs
biosynthesis. This thus indicates a previously unknown function of A2, or an interaction
between the two pathways that triggered increased accumulation of flavan-4-ols. Indeed, a
recent genome wide association study using 381 sorghum lines and 404,628 SNP markers
identified a gene homologous to both A2 and a F3H and linked to increased 3-DAs production
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(Rhodes et al., 2014). Another genome wide association study linked A2 with naringenin, a
major compound in the flavonoid pathway and association with several modified forms of
flavones. (Wen et al., 2016). The C1, a MYB transcription factor similar to P1 (80% amino acid
identity) and Y1 (74% amino acid identity) in the R2-R3 MYB domain, has been shown to
regulate genes involved in the anthocyanin pathway, including A2 (Grotewold et al., 1998). It is
thus possible that Y1 is able to regulate A2 activity. Our results provide functional evidence that
A2 indeed can have a function in 3-DAs biosynthesis in maize in the presence of Y1 gene.

Fungal infection induces flavan-4-ols in transgenic Y1 maize with functional C2, A1, A2
and Pr1 lines
Compared with our transgenic Y1 lines, plants without both a Y1 transgene and a
functional flavonoid gene showed significant reduction in intrinsic flavan-4-ols concentration as
represented in untreated “0 hour” leaf samples (Figure 4). This background accumulation is
likely due to unavoidable minor mechanical wounding that is prevalent in field grown crops.
When treated with wounding stress, almost all lines regardless of the presence of Y1 or
functional flavonoid genes showed an increase in flavan-4-ol accumulation compared with 0
hour treatment samples (Figure 5). Under fungal challenge, C2, A1 and A2 transgenic lines
showed an increase of flavan-4-ols accumulation as compared to the wild type plants without Y1
transgene. For the Pr1 line, biosynthesis of flavan-4-ols increased, no matter if pr1 is functional
or non-functional. This is within our expectation as pr1 is required for the synthesis of apiferol
while presence of large Pr1 lead to the synthesis of luteoferol from apiferol (Sharma et al.,
2012).
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Taken together these results further confirm that Y1 is required for the disease-triggered
induction of defense compounds in C2 and A1 in maize.
Transgenic Y1 maize induces phenolics in C2, A1, A2 and Pr1 lines
We next tested to see if the disease resistance observed in Y1 transgenic plants could be
the results of up regulation of phenylpropanoids. To this end, we tested total phenolic content in
the inoculated lines (Figure 12). Of the lines tested, C2 and A1 carrying transgenic lines showed
lower phenolics compound when Y1 transgene is absent, or when either c2 or a1 is
nonfunctional. Following inoculation with fungus, total phenolic content for these two lines
increased as compared with water treated samples. Pr1 and A2 lines also showed similar
patterns. Previous studies have shown that in the presence of a functional P1 gene phenolics
content showed an increase (Grotewold et al., l998; Bruce et al., 2000) as well as increase in the
expression of genes involved in phenolics biosynthesis such as phenylalanine ammonia lyase1
(PAL1). However, it is unknown if P1 interacts directly with these genes, or through other
interactions. In current study, C2, A1, A2, and Pr1 does not belong to the pathways that
synthesize phenolics, yet we can see up to a two-fold increase in total phenolic content in lines
that contain both a Y1 transgene and an active flavonoid gene compared to lines that have only a
Y1 transgene, or lines that have a functional flavonoid pathway but no Y1 transgene (Figure 12).
These results seem to indicate that the accumulation of phenolics through Y1 transgene and
overexpression of P1 gene is the result of a feedback produced by the over activation of the
flavonoid pathway rather than the direct action of Y1 or P1 on phenolic biosynthesis.

Finally, most of the lines studied in this research did not show differences in 3-DAs or
flavan-4-ols accumulation when challenged with C. heterostrophus and C. graminicola in the
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resistant lines. This is unexpected, as it has been previously shown that the two fungi triggered
very different patterns of defense in sorghum (Lo et al., 1999). However, in maize C.
heterostrophus as a necrotroph must kill plant cells and feed on dead tissues, while C.
graminicola, as a heminecrotroph, must interact more subtly against the host cell as part of their
life cycle (Laluk and Mengiste, 2010). The lack of distinction between the two fungi treated
samples is likely due to the time of sample collection (72 hpi). The flavonoid pathway is rapidly
triggered by perceived infection. A shorter time frame can be adopted for the future to study the
difference in the pathway regulation between necrotroph induced, and heminecrotroph induced
responses.
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Chapter 3

Expression of phytohormones salicylic acid and Jasmonic acid genes during the 3DA biosynthesis in sorghum and maize

3.1. INTRODUCTION

The sorghum 3-deoxyanthocyanidin phytoalexins, mainly in the form of luteolinidin and
apigeninidin are synthesized in response to anthracnose fungus infection (Snyder and
Nicholson., 1990; Nicholson et al., 1987). In sorghum, a MYB transcription factor Y1 is shown
to regulate the biosynthesis of 3-DAs (Ibraheem et al., 2010). Null y1 mutants fail to accumulate
3-DAs after infection with the pathogenic fungus Colletotrichum sublineolum. Furthermore,
genes encoding enzyme predicted to be involved in 3-DA biosynthesis such as chalcone
synthase (chs), chalcone isomerase (chi) and flavonoid 3’hydroxylase (f3’h) are shown to be y1
dependent (Ibraheem et al., 2010). However, the upstream regulation of y1 involving signaling
events remains relatively unclear. Major attempts to understand the upstream regulation of y1 is
to measure phytohormones that may be involved in early signaling events. Previously, our lab
has performed analyses of phytohormones that accumulate during 3-DA biosynthesis after
inoculation with the non-pathogenic necrotrophic fungus Cochliobolus heterostrophus (Figure 1.
Ibraheem, 2008). Notably, the biosynthesis of phytoalexins in sorghum is preceded by transient
accumulation of endogenous jasmonic acid (JA) (Figure 1A.) Interestingly, inoculation of
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sorghum plants with C. heterostrophus did not induce significant changes in salicylic acid (SA),
an important inducer of plant immune response (see Figure 1B). Small fluctuations in SA
concentration seem to be duo to antagonism between SA and JA pathways (Figure 1). These
results correlate well with another recent study by Liu et al., 2010, where exogenous root
application of Methyl JA (MeJA) promoted 3-DAs accumulation in sorghum mesocotyl, while
the application of SA antagonized this accumulation. On the other hand, a microarray study
identified many phytoalexins biosynthesis genes that are induced by external application of both
JA and SA (Salzman et al., 2005). These genes include members involved in 3-DAs
biosynthesis such as: phenylalanine ammonia lyase, cinnamate 4-hydroxylase, cinnamoyl
alcohol dehydrogenase, cinnamoyl-CoA reductase, chalcone synthase, chalcone-flavanone
isomerase, flavanone 3-hydroxylase, dihydroflavonal-4-reductase, isoflavone reductase, and
leucoathocyanidin dioxygenase. Additionally, Pr-10 (Pathogen related protein-10) in sorghum
has previously been shown to express similarly to the flavonoid biosynthesis gene SbCHS
(Chalcone Synthase) (Lo et al., 1999), which is also upregulated by both salicylic acid and
jasmonic acid. These findings and contradictions indicate more than a simple regulatory
pathway contributing to 3-DAs biosynthesis.
To our knowledge, no one has studied the expressional correlation between endogenous
phytohormones and 3-DAs accumulation. Identifying temporal relationship between
phytohormones and y1 induced phytoalexins will help to further elucidate upstream factors that
are required for regulation of y1 in fungal challenged tissue. To tackle this challenge, we used
both sorghum seedling and field grown transgenic Y1-maize lines to identify the upstream
phytohormone genes that could be associated with disease triggered production of 3-DAs.
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B
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Figure 1. Correlation between JA and SA levels with phytoalexin induction in sorghum mesocotyl inoculated with
Chocliobolus heterostrophus. A) After innoculation, total jasmonic acid content steadily increased until 24 hpi
followed by a slight decrease at 36 hpi and further increase at 72 hpi. The peak of of JA accumulation at 24 hpi
most likely caused an increase in SA content (B) Due to feedback between the two related pathway. It is also the
likely cause of the peak of 3-DAs phytoalexin accumulation at 36 hpi, since there is a staggered effect with
phytohoromones signalling and the final downstream product (data obtained from Ibraheem 2008).
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3.2. MATERIALS AND METHODS

3.2.1. Plant material

Sorghum seedlings of Y1-rr3 (Red pericarp, red glume) genotype were used in this study.
This line was derived from a candystripe progenitor line [CS8110419] that carries a mutable Y1cs30 (candystripe) allele (Chopra et al., 1999). Y1-rr3 seedlings were grown in cigar paper
towel roles in an incubator at 25 C in dark for 1 week. Etiolated mesocotyls were used.
Transgenic Y1-maize lines were produced as follows: Maize p1 null line HiII was
transformed with a pY1:Y1 transgene and a Bar (BASTA resistance) gene. Initial transformant
events and their subsequent progenies were separated by phenotypes into Y1-rr and Y1-pr lines
possibly due to epigenetic modifications in the first generation but these epigenetic
modifications were not investigated further. These original Y1-maize lines have been described
previously (Ibraheem et al., 2015). Transgenic maize lines were grown in isolation plots at Penn
State Agronomy farm, Rocksprings, PA. Isolation plots were grown according to the guidelines
from APHIS-BIOTECH and per proper permitting and notification. According to these permit
guidelines a maize isolation plot carrying any regulated transgenic event can be grown 660 ft.
away from any other maize field. Second leaf closest to the flag leaf was collected at flowering
time.
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3.2.2 Fungal stock

Cochliobolus heterostrophus [Nisikado and Miyake] Shoemaker) fungal strain was
grown on potato dextrose agar (PDA) under continuous light at room temperature for ten days.
Conidial suspensions were prepared 0.001% Tween 20. Conidial suspensions were filtered
through cheese cloth and diluted to get a concentration of 104 spores·mL−1.

3.2.3. Inoculation

For sorghum, C. heterostrophus spores were sprayed onto etiolated seedlings followed
by incubation in the dark in a growth chamber at 26 ˚C and with 100% relative humidity. For
controls, etiolated seedlings were sprayed with tween/water mixture only. Triplicate bulk
samples were collected at 0, 12, 24, 36 and 48 hours post inoculation (hpi). At the time of tissue
collection, seedlings were excised 5 mm above the point of attachment to the seed and the upper
parts of the seedlings were collected. The collected samples were immediately flash frozen in
liquid nitrogen, and ground into powder to be stored at -80 ˚C.
For transgenic maize, field grown plant leaves were cut into four 7x7 cm square discs
from the radial end. Detached leaves were prepared with adaxial surface facing upwards on
plates with water agar (1% w/v) solid media supplemented with 2 mg·L-1 kinetin. Leaf discs
were treated with a 100 µl spore suspension of either or 0.001% Tween 20 for the mechanical
damage and non-treated discs were frozen right away in liquid nitrogen for 0 time control.
Plates were incubated under fluorescent illumination (16 h day, 8 h night) at 26 oC. Tissue were
photographed and harvested for chemical analysis 72 hpi.
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3.2.4 HPLC profiling for 3-DAs

The 3-DA accumulation in sorghum mesocotyl was confirmed using HPLC. Three hundred
micrograms of freeze-dried leaf tissue were extracted in 1 mL 2N HCl at 90°C for 1 hr. The
resulting mixture was centrifuged and supernatant was extracted with 750 µL isoamyl alcohol
two times. The isoamyl alcohol extract was evaporated and the residue re-suspended in 250 µL
methanol supplemented with 0.1% HCl. These extracts were then filtered through 0.45-µm
Acrodisc LC 13-mm syringe filters (Gelman Laboratory, Ann Arbor, MI), and analyzed using
HPLC (Shimadzu. Columbia, MD). The program of analysis included 0.2% formic
acid/methanol linear gradient from 20% to 80% methanol for 35 min with a flow rate of 0.8 mL
min-1 using AscentisTM RP-Amide 5 µm column (Sigma-Aldrich, St. Louis, MO).

3.2.5 RNA extraction

Total RNA was extracted using MRCgene RNAzol RT kit (Cincinnati OH). Briefly, 1
mL of RNAzol reagent was added to 100 mg of ground tissue. DEPC treated water (400 µL)
was added to the mixture and incubated at room temperature for 15 min. Samples were then
centrifuged at 12,000 x g for 15 min for the precipitation of protein and DNA. The supernatant
was then added to equal volume of cold isopropyl alcohol and centrifuged for RNA
precipitation. The resulting RNA pellet was then washed 3 times with 70% ethanol, and
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resuspended in ddH2O. First strand cDNA was obtained using Thermofisher High Capacity
cDNA Kit (Grand Island NY).

3.2.6. RT-PCR expression assay:

Based on previous studies (Zhu-Salzman et al., 2004, Salzman et al., 2005, Yuan et al.,
2009, Morris et al., 1998, Yan et al., 2012). Genes that are directly upstream or downstream of
salicylic acid and jasmonic acid biosynthesis were selected (Table 1). Primers were designed
using Oligo7 (Molecular Biology Insights, Inc.). All primers used in qRT-PCR had a Tm of
approximately 60 oC, formed minimal secondary structures, and produced amplicons between
50 and 150 bp. Simplex qRT-PCR assays were performed on an Applied Biosystems 7500 Fast
Real-Time PCR Instrument operated in normal mode and using amplicon detection with
SYBR®Green. Reactions for each cDNA sample had a final volume of 10μl using 2μl of cDNA
diluted 1:10, 500 nM forward and reverse primers, and 1× Fast SYBR® Green Master Mix
(Applied Biosystems). Each target gene PCR was accompanied in the same plate by an
endogenous, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) reference PCR. All sample
and control reactions were run in triplicate under the following manufacturer's recommended
conditions; 95°C for 20 s, and 40 cycles of 95°C for 3s and 60°C for 30s. Single peaks and
smoothly shaped graphs of the negative first derivative of the melting-curve were always
obtained. Relative expression of target genes was calculated using the comparative CT method
where amount of target, normalized to the endogenous reference and relative to a calibrator
(Tween-water treated sample) is given as the fold expression difference, or 2−ΔΔCT (Livak and
Schmittgen, 2001).
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Table1. Primer sequences for specific sorghum genes used in qRT-PCR analysis.
Gene Name

Accession

(Metabolite)

Primer

Primer sequence

Length

Organism

Name

Isochorismate synthase

XM_002460

SbICS 1f

CCTACAAACAGCCATAGTAAGTC

23

Sorghum

ICS (SA)

066.1

SbICS 1r

CTTGCCAGTACAACCTTTACC

21

bicolor

SbICS 2f

CGCAATCAAGAGATTTCTTCCA

22

SbICS2r

AGTAGAATGATCCATAGTCCTCC

23

SbAOS 1f

TGGACAAGGTGGAGAAGAAGG

21

AOS (JA)

SbAOS 1r

GAGGAGGGAGAAGAGCATCTG

21

(Salzman et al., 2005)

SbAOS 2f

CAGATGCTCTTCTCCCTCCTC

21

SbAOS 2r

GTTGAGCTTGTTGAAGTCGG

20

ZmPr5 F

TGCATCATGGGCTAGTGAT

19

ZmPr5 R

CGCACACAAATCCAGCTACG

20

NM_001112

ZmOPR8 F

GCCCATGGCTACCTAATCGA

20

363.1

ZmOPR8 R

TCGTCAGCCCTGTCGTTGA

19

Allene oxide synthase

Pathogen related protein 5

BG559771

U82201

Pr5 (SA) (Morris et al., 1998)
OPR8 (JA) (Yan et al., 2012

Zea mays
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3.3 RESULTS

3.3.1. Sorghum etiolated seedlings showed rapid accumulation of 3-DAs phytoalexins

Etiolated sorghum seedlings samples were collected and assayed for 3-DAs content at 0,
12, 24, 36, 48 hours post treatment with water (as a control for fungus treatment and to control
the wounding) or with Cochliobolus heterostrophus (Figure 2). This nonpathogenic fungus was
used because it is able to trigger rapid 3-DAs accumulation in sorghum (Lo et al., 1999). Upon
inoculation, 3-DAs phytoalexin accumulated drastically in fungus treated samples. Total 3-DAs
phytoalexin content accumulated rapidly from 12 hpi, peaking at 24 hpi. In contrast, wounding
also induced accumulation of 3-DAs, but the accumulation was slow, showing a peak at 36hpi.

3.3.2. Infection triggered expression shows distinct correlation between jasmonic acid
pathway, salicylic acid pathway and 3-DAs accumulation

AOS catalyzes the dehydration of 13-hydroperoxy-octadecatrienoic acid to an unstable
epoxide, an intermediate product in JA biosynthesis (Turner et al., 2002). AOS showed
maximum expression at 12 hpi, followed by a decrease at 24 hpi, then an increase again at
36hpi. This is also reflected in 3-DAs accumulation at 24 hpi, 36 hpi, and 48 hpi respectively
(Figure 2 A and C). Such a pattern was not present in either uninoculated samples, or with the
salicylic acid pathway gene ICS (Figure 2 B and C).
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Fgure 2. Expression of AOS and ICS and correlative accumulation of 3-DAs phytoalexin in etiolated sorghum
seedling. One week old etiolated seedlings were treated with W: water (wounding), and Ch: Cochliobolus
heterostrophus spores. Samples were collected at 12, 24, 36, and 48 hpi. Disease triggered 3-DAs accumulation
correlates with AOS (JA) accumulation in a coordinated manner, showing similar peak between 12 hpi-36 hpi (AOS)
and 24 hpi-48 hpi (3-DAs) respectively. Wounding triggered 3-DAs accumulation showed correlation with ICS (SA)
in a non-delayed manner, showing similar peak from 12 hpi-48 hpi.
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On the other hand, wounding triggered 3-DAs accumulation showed corresponding
pattern with ICS expression (Figure 2 B and C). Isochorismate synthase catalyzes the
conversion of chorismate to isochorismate, the direct precursor to SA (Chen et al., 2009). 3DAs have been known to accumulate under non-pathogen related stress, such as mechanical
damage (B. Liu, I. Gaffoor, S. Chopra, unpublished results). Previous finding (Lo et al., 2010),
showed 3-DAs accumulation to be correlated with exogenous application of JA and not SA.
However, this contradicted by the work of Salzman 2005 showing that SbPr-10, which showed
similar patterns with SbCHS (Lo et al., 1999), is regulated by SA and not JA. Our result
resolves this contradiction, suggesting at least a dual mode of regulation of 3-DAs accumulation
with JA regulating 3-DAs under fungal stress, and SA regulating 3-DAs under mechanical
stress. Additionally, from the previous chapter, we have observed differential accumulation of
flavan-4-ols in transgenic Y1-maize under water, necrotroph and hemi-necrotroph, suggesting
an even more complex regulatory signaling pathway.

3.3.3 RT-PCR in transgenic maize line showed correlation between JA and SA pathway
and 3-DAs accumulation

To confirm JA and SA accumulation pattern, one line of transgenic Y1-maize line (Y1-rr)
was used. JA pathway expression is represented by ZmOpr8 (oxo-phytodienoate reductase) and
SA pathway expression by ZmPr5 (Pathogen related protein 5). Only two time points 24 hpi and
36 hpi were taken for this study. Expression of these two time points correlated well with
expression patterns found in sorghum mesocotyls: Disease triggered 24 hpi and 36 hpi OPR8
expression increase corresponded to 36 hpi and 48 hpi accumulation of 3-DAs (Figure 2 and 3),
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while wounding triggered decrease in SA gene Pr5 from 36 hpi to 48 hpi which corresponded to
decrease in 3-DAs accumulation.

Figure 3. OPR8 and PR5 gene expression in transgenic Y1-maize line.
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Taken together, these results indicate that as previously hypothesized, JA has a role in
disease related activation of 3-DAs accumulation. This could possibly be due to the presence of
least one JA responsive element in the Y1 promoter, as predicted by in silico data (Ibraheem
2008). Additionally, SA pathway also seems to play an important role in wounding related 3DAs accumulation. It should be noted, however, that the relationship between SA pathway gene
expression and 3-DAs accumulation is not coordinated. This relationship could therefore be the
byproduct of some other processes, such as the accumulation of phenylalanine, the common
precursor for flavonoids and salicylic acid. 3-DAs accumulation is a rapid response, and the
current resolution of 12 hour increments may not be enough to establish a direct relationship.

3.4. DISCUSSION

Sorghum is able to synthesize 3-DAs as phytoalexins under stress. As with all plant
defense mechanisms, a built-in regulatory mechanism is present so 3-DAs are synthesized only
when needed. The rapid biosynthesis of sorghum 3-DA phytoalexins indicates the presence of a
complex regulatory network. Although much work has been done to characterize the flavonoid
pathway, not much is known about the upstream signals that precede the biosynthesis of these
compounds. Jasmonic acid and salicylic acid are two major phytohormones involved in plant
defense signaling pathway. JA is known to uniquely regulate the expression of many plant
antimicrobial compounds such as the plant defensing through the expression of PDF1.2 and
thionin (Thi2.1) genes (Reymond and Farmer, 1998) while SA is well known to regulate both
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local and systemic resistance to many pathogens (Ryals et al., 1996; Durner et al., 1997).
Additionally, JA and SA are known to be involved in an antagonistic relationship with JA
predominantly mediating plant defense against insects and necrotrophic pathogens, while SA
predominantly mediating defense against biotrophic fungi, bacteria and viruses (Thomma et al.,
2001; Murphy and Carr, 2002). In the current study, we quantified the expression of JA and SA
genes and their relationship to 3-DAs accumulation during the necrotrophic fungus
Cochliobolus heterostrophus and wounding (water) treatments. Previously, two major studies
characterizing sorghum response to external application to phytohormones yielded conflicting
results in 3-DAs accumulation (Lo et al., 2010; Salzman et al., 2005); one study showing the
induction of 3-DAs with MeJA (methyl jasmonate), but not with SA treated sorghum seedling
roots, and the other study showing the induction of PR-10, a gene that has similar expression
pattern with chalcone synthase (the first committed enzyme in the flavonoid pathway) under
both hemi-necrotrophic and necrotrophic fungi (Lo et al., 1999), is induced by SA . Our
phytohormone expression analysis indicated that under fungal challenge, the expression of JA
genes preceded the accumulation of 3-DAs by 12 hours. This correlation is likely due to the
presence of JA responsive elements in upstream of SbY1 promoter (Ibraheem 2008). However,
JA accumulation and its gene expression is not able to show adequate correlation between 3DAs accumulation in water (wounding) treatment. Interestingly, although not shown under
fungal challenged tissue, in water treated samples, there is a correlation between SA gene
expression and 3-DAs accumulation. These results confirm the complex regulatory mechanism
involved in 3-DAs biosynthesis, suggesting a signaling crosstalk that regulates 3-DAs
accumulation under fungal challenge (JA) and mechanical wounding (SA). Additionally, from
the previous chapter, we have observed differential accumulation of flavan-4-ols in transgenic
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Y1-maize under water, necrotrophic and hemi-necrotrophic treatments, suggesting an even more
complex regulatory signaling pathway.
In conclusion, the observations reported here suggest that, JA and SA interact in the
regulation of sorghum 3-DAs phytoalexin accumulation. However, availability and use of
sorghum mutants in the biosynthesis of JA and SA will be able to draw a definitive conclusion
obtained in the current study.
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Chapter 4

Cell wall content profiling for biomass improvement in sorghum using FourierTransform Near-infrared Spectroscopy

4.1. INTRODUCTION

Sorghum is becoming a major crop as a source of biomass feedstock for biofuel. It uses
less water and nitrogen as compared to major biofuel crops such as maize (Ejeta et al., 2007).
Sorghum also has the additional advantage of being an annual crop, which is more appealing to
farmers than Miscanthus or switchgrass and can be easily included in a yearly crop rotation
(Dweikat et al., 2012). More importantly, sorghum is genetically diverse, multiple traits are
selectively bred over the generations to produce lines that have higher grain yield, accumulate
more biomass, or have higher sugar content. In contrast, maize shows less diversity as it is
typically bred purely for grain yield improvements. Thus, by fully exploiting the available germ
plasm, we can potentially breed sorghum for ethanol production (from the stalks) while
compromising little on the grain production (Rooney et al., 2007).

Cell wall components are important to both biofuel production as well as for the plant
defense mechanisms. Lignocellulose bio-mass based biofuel technology relies on the
identification and, later on, breeding and engineering of factors that contribute to the
accumulation of easily extractable cell wall sugar content. In plant defense, cell wall forms the
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first barrier of defense against potential pathogens, all prospective microbial pathogens must
interact with the lignocellulosic cell wall in some manner. Thus, the cell wall also forms an
integral part of the active defense mechanism. Participating as the first to the last steps of active
response: from the perception of attempted infection with embedded receptors to the
participation in cell death via changes in cell wall composition (Underwood et al., 2012).
Understanding cell wall component is key to understanding how the cell wall participates in
plant defense, identifying resistant trait and cultivars, and breeding for plants with higher
biomass for agriculture or bioenergy.
Currently, we have a collection of over 800 unique sorghum lines, representing a wide
variety of grain sorghum, forage sorghum, bioenergy and sweet sorghum. Our goal is to fully
exploit these lines and to understand the genetic variation contributing to sorghum
lignocellulosic biomass accumulation. An efficient and high throughput method is needed to
screen factors such as chemical composition, enzymatic hydrolysis sugar release, and the ratio
of syringyl (S)-to-guaiacyl (G) lignin moieties.
Quantification of cell wall compounds/composition requires a well-constructed high
throughput process. Wet lab chemistry methods such as nitrobenzene oxidation or thioacidolysis,
instrumental methods of gas chromatography/mass spectroscopy (GC/MS) can be expensive,
time consuming, as well as labor intensive. Recently, various infrared spectroscopy techniques
have been developed and used. Among these Fourier-Transform Infrared (FT-IR) Spectroscopy
stands out as a possible method for high throughput analysis. Unlike methods such as FourierTransform Mid-Infrared (FT-MIR) spectroscopy, FT-IR does not rely on single peak analysis,
but rather it excites harmonic overtones of methyl, aromatic CH-OH, with minor features in
methoxy and carbonyl CH bonds (Workman, 1996). With the help of multivariate analysis,
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these data can be regressed to successfully and rapidly quantify and identify numerously known
components in a complex mixture. Thus operation of FT-IR does not require the tedious sample
handling, requires minimal sample preparation (grinding the dry sample into powder), and can
be performed with very little sample size while producing the results within seconds. Setting up
such a methodology, however, does require an initial investment of a wet lab data to be used as
a training set in order to develop a standardized equation to be used for new samples.

4.2 MATERIALS AND METHODS

4.2.1. Plant materials

A set of 72 lines was selected to be tested in this study. These lines were selected to
represent sorghum diversity for grain, forage, bioenergy and sweet sorghums. Two trials were
grown: 22 lines in the summer of 2014, and 50 lines in the summer of 2015. Two biological
replicates of each genotype were field grown with 10 plants per replication at the Penn State
agronomy farm, Rocksprings, PA. At the soft dough stage, stalk samples were collected from
the second node below the flag leaf and samples were then dried at 37 oC. Samples were then
ground using a tissue grinder (Thomas Wiley No.4 mill, PA) and passed through a 1 mm sieve
filter.
The Initial 22 sorghum lines were used in this study to establish a regression model.
They are divided into these following categories (Table 1):
Grain: PI152719, PI533962, PI533785, PI656083, IS473, IS2389, IS14384C, IS2397, IS877T,
IS13919, IS16151, IS27912
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Forage: IS8777, IS20743
Bioenergy: IS7310, IS7989M IS29091
Sweet: IS13294, IS23216
Dual (Forage and Grain): IS8348, IS20740, IS28849
Additional 50 lines used in 2015 can be summarized in Table S1.

Table 1. Sorghum lines used to establish regression model.
NDF(%)1

HemiC(%)1

Cellulose(%)1

Lignin(%)1

RFV1

25

49.5

24.5

22.9

2.1

131

24.8

48.2

23.4

22.7

2.1

134

23.8

47.4

23.6

22.9

0.9

138

22.5

45.3

22.8

21.6

0.9

147

Grain

22.3

45.3

23

21.2

1.1

147

IS437

Grain

24.5

51.4

26.9

23.2

1.3

127

IS2389

Grain

25

52.1

27.1

23.7

1.3

124

14s:390

IS2397

Grain

24

47.9

23.9

22.9

1.1

136

14s:419

IS7310

Energy

28.7

56.1

27.4

27.8

0.9

110

14s:422

IS7987

Energy

27.9

54.4

26.5

26.8

1.1

115

14s:423

IS8348

Dual2

28.4

53.9

25.5

26.9

1.5

115

14s:424

IS8774

Grain

24.4

49.6

25.2

23.3

1.1

131

14s:425

IS8777

Forage

28.5

57.9

29.4

27.2

1.3

107

14s:449

IS13294

Sweet

30.1

58.3

28.2

28.2

1.9

104

14s:453

IS13919

Grain

25.9

51.1

25.2

24.4

1.5

125

14s:466

IS16151

Dual

26.2

52.2

26

25.3

0.9

122

14s:488

IS20740

Dual

22.5

47.5

25

21.6

0.9

140

14s:489

IS20743

Forage

24.1

50.4

26.3

23.2

0.9

129

14s:503

IS23216

Sweet

24.4

50.6

26.2

23.5

0.9

129

14s:545

IS27912

Grain

28.6

56

27.4

26.5

2.1

111

14s:553

IS28849

Dual

28.1

56.6

28.5

26.4

1.7

110

14s:554

IS29091

Bioenergy

32.3

53.7

21.4

29

3.3

110

Field/Row#

Genotype

Type

14s:21

PI152719

Grain

14s:22

PI533962

Grain

14s:60

PI533785

Grain

14s:221

IS14384C

Grain

14s:223

PI656083

14s:378
14s:389

ADF (%)1

1: Cell wall content determined from wet chemistry analysis. ADF: Acid Detergent Fiber; NDF: Neutral Detergent
Fiber; HemiC: Hemicellulose=NDF-ADF; Cellulose=ADF-Lignin; RFV = Relative Feed Value
2: Dual: Sorghum lines bred for both forage (biomass accumulation) and grain (grain yield)
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4.2.2 NIR Spectrum and Regression Model

Dry sorghum powder (~0.5 g) were placed in the sample cup, which was then placed in
the near infrared reflectance accessory (Model No. 0030-013, Spectra Tech). Diffuse
reflectance spectra were collected using a Bruker IFS 66/S spectrometer equipped with CaF2
beam splitter and recorded with a MCT detector chilled with liquid nitrogen. Each aliquot of
sample was packed in the sample cup in the similar manner. The spectra were baseline corrected
using 3 points between 7500 -1000 cm-1 and the final spectrum for each sample were averaged
from spectra of 3 sample aliquots and normalized to peak at 4000 cm-1.
For sample validation, the same set of lines (20 grams per sample) were also sent to an
outside company (DairyOne, NY) to measure ADF (Acid detergent fiber), NDF (Neutral
detergent fiber) lignin and relative feed value (RFV) using the procedure by Goering and Van
Soest (1970). Hemicellulose was determined by subtracting ADF from NDF and cellulose
content was calculated by subtracting lignin content from ADF (Table 1). The chemometric
analysis and modelling procedures were carried out using the multivariate analysis software The
Unscrambler® X (Version 10.3, CAMO Software Inc., Woodbridge, NJ, USA). A set of spectra
(22 samples) with known polymeric composition were used to create the model that relates the
predicted amount (from the whole spectra) with the measured amount using the partial least
square (PLS) regression analysis. The predicted vs measured model was evaluated using root
mean square error of calibration for each of cellulose, hemicellulose and lignin components
(Figure 3). This predicted vs. measured model was then used to predict the polymeric
composition of cellulose, hemicellulose and lignin from the NIR spectra of unknown sets.
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Figure 1. Flow chart for FT-NIR quantification of lignin. 19 samples were used in the initial calibration between FTNIR spectra and corresponding cell wall component. After PLS regression model is established, high throughput
quantification can be accurately performed on unknown samples.
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Table 2. FT-NIR waveband used in establishing NIR signature of cell wall component adapted
from Chen et al., 2014
Wavenumber (s)
4295
4398,4403-4405

Type
CH Stretch/CH deformation
combination
OH stretch/CO stretch
combination

Features
Polysaccharides

Ref

Polysaccharides

Shenk et al., 2001, Rambla
et al., 1997

Rambla et al., 1997

OH combination

Sucrose/glucose/fru
ctose
Polysaccharides

OH stretch/ OH bend

Sucrose/glucose/fru
ctose
Polysaccharides

4710-4717
4785
5186
5208
5924
4295,4405,4813,5
208,6300-6317
6807
6930-6944
6978
6960-7200

CH combination/ CH 1st
overtone

Glucose
Polysaccharides

Shenk et al., 2001

Shenk et al., 2001

Giangiacomo et al., 2006

Shenk et al., 2001

Giangiacomo et al., 1981
Rambla et al., 1997 Ghos et
al., 1988

Fructose

Giangiacomo et al., 1981

OH stretch 1st overtone

Crystalline sucrose

Davies et al., 1998

OH stretch 1st overtone

Sucrose
Polysaccharides

5128,5154,5155,6
896,6897,830084
03,4274

Water

4435,4651,4796,5
258,5780,628965
79,7220,8368

Glucose

Giangiacomo et al., 1981
Rambla et al., 1997
Tsuchikawa et al., 2003
Krongtaew et al., 2010

Liu et al., 2006, Rambla et
al., 199

Ghos et al., 1988

4.3. RESULTS AND DISCUSSION
In this study we used 72 sorghum lines to develop a correlation between NIR
spectroscopy from field grown sorghum with their cell wall polymeric content. Sorghum
samples tested had hemi cellulose content ranging from 21.4% to 28.2%, cellulose content from
21.2% to 29%, and lignin content from 0.9% to 3.3%. By comparing samples with the most and
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least hemi cellulose, cellulose, and lignin content respectively, distinct spectral peaks related to
the three compounds studied were used from to perform partial least square (PLS) (Figure 2)
with 7 factors (2014) and 12-15 factors (2015). The number of factors used in model
establishment depends on the lowest covariance structure between the predictor and response
variables. These spectra signature included CH/CO stretch combination, CH stretch/CH
deformation combination, OH stretch/CO stretch combination, OH stretch/OH bend, CH
combination/CH 1st overtone, and 2 OH stretch 1st overtone combination (Table 2, Figure 2).
While the structures of polysaccharides show similarity in absorption peaks, they can still be
differentiated with a combination of peak position and magnitude (Rambla et al., 1997).

Figure 2. Seven peaks in the FTIR spectra as a signature for cell wall component. Only four
representative samples are shown

Very robust correlation was obtained between FT-NIR results and wet chemistry
quantification of cellulose (2014: R2=0.96, 2015: R2=0.91) and hemicellulose (2014: R2=0.79
2015: R2=0.93, see Figure 3). Due to low variations in lignin content in the samples, correlation
between our model and lignin was poor R2=0.50. It should be noted that 20 grams of dried
sample is required for wet chemistry lab analysis. For some sorghum lines, it is equivalent to
over 3 sorghum nodes. On the other hand, less than 0.5 grams of sample is required for NIR.
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The NIR data collection from all new 100 samples (50 lines x 2 biological replicates per sample)
took about one day; if the sample loading can be automated, it will significantly reduce the data
collection time. Once all data were imported into the multivariate analysis program, the PLS
regression took only a couple of seconds. Wet chemistry methods producing the same result
takes over 1 month. These results not only demonstrate the feasibility of a high-throughput
NIR-based analysis of cell wall compositions of sorghum germplasm, but also the reliability to
use in a practical, field based scenario where minimal destruction of the material is desired.
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Figure.3. Model correlation between cell wall content quantified by wet chemistry and NIR spectra. Cellulose,
hemicellulose showed robust correlation. The low correlation between lignin and our model is due to the limited
variation in the lignin content of leaf tissues used.
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Chapter 5

Summary and perspectives

Understanding plant defense mechanisms and breeding disease resistant crops is one of
the key goals to securing global food security. Phytoalexins play a major part in plant defense.
The biosynthetic pathways that give rise to these compounds are beginning to be known in
many model plant systems but very poorly understood in others. As one of the world’s major
food, feed and feedstock crop, sorghum is unique in its ability to synthesize 3deoxyanthocyanidins (3-DAs) that act as phytoalexins in response to fungal challenges. Apart
from their anti-fungal activities, 3-DAs have also been shown to have various health benefits.
The presence of 3-DAs in sorghum presents us with an interesting opportunity to produce crops
that have greater nutritional value as well as enhanced resistance to pathogens. The pathway
leading to pathogen-triggered 3-DAs accumulation has not been well-established. Due to their
structural similarity to flavonoids, connections have been drawn between the flavonoid pathway
in maize and 3-DAs biosynthesis, suggesting that these compounds may be synthesized through
a common or overlapping pathway (Nicholson et al., 1987; Hipskind et al., 1996). In maize, the
pericarp color1 (p1) is required for the biosynthesis of flavan-4-ols. A sorghum orthologue
yellow seed1 (y1) has been shown to be required for the biosynthesis of flavan-4-ols (Chopra et
al., 1999; Boddu et al., 2005; Boddu et al., 2006). Additionally, by the use of transgenic Y1
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maize lines, it was established that y1 transgene can restore and enhance flavan-4-ols
biosynthesis in p1 mutant lines (Ibraheem et al., 2015).
To gain a better understanding of the regulation of 3-DAs biosynthesis pathway my first
objective was to focus on how y1 in transgenic maize line would influence the flavonoid
pathway under fungal challenge. We used y1 transgenic plants that also contained one or the
other mutations in key genes in the flavonoid pathway: chalcone synthase (c2), dihydroflavanol
reductase (a1); flavonoid 3’-hydroxylase (pr1) and a gene in the anthocyanin pathway
anthocyanidin synthase (a2). We discovered that the presence of y1 is key to both flavan-4-ols
accumulation as well as 3-DAs accumulation in transgenic maize line. Additionally, y1 interacts
with c2, a1, pr1 as well as a2 in regulating flavan-4-ols accumulation, confirming the role of y1
in disease triggered response, as well as its targets. Additionally, a2 appears to be involved in
the accumulation of 3-DA and flavan-4-ol biosynthesis under fungal challenge. Another recent
association mapping study has shown a2 to be linked with 3-DAs biosynthesis in sorghum
(Rhodes et al., 2014).
Next, we looked at the upstream regulatory mechanism of y1 during fungal inoculation
in sorghum and transgenic Y- maize. Previously, through the analysis of y1 upstream promoter
elements, several possible regulatory domains have been identified including two cis
recognition sequences similar to those identified in jasmonic acid (JA)-responsive genes
(Ibraheem 2008). Here, we used two marker genes for JA and two genes for salicylic acid (SA)
to confirm the signaling role of JA and SA on 3-DAs accumulation. Our results indicate that the
internal disease triggered accumulation of JA has a stronger correlation with 3-DAs
accumulation in both etiolated sorghum seedlings and field grown Y1-maize lines, and
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accumulation of SA under mechanical wounding correlates with 3-DAs accumulations
indicating a dual signal transduction mechanism for 3-DAs regulation.
Finally, we established a high throughput method to characterize the cellulose and
hemicellulose component of sorghum cell wall. The establishment of such a technique has
several fold benefits. It could help to identify possible targets for y1-fungi interaction induced
phenolics accumulation in the cell wall. It could help us to increase our understanding of
sorghum-anthracnose interaction and identify resistant cultivars from many of the near isogenic
germplasm that are available but lack quantification in related characteristics. As an added
benefit, such a method would also help with the selection of crops with high lignocellulosic
content for biofuel production to maximize planting efficiency. With the establishment of a high
throughput method of cell wall quantification, we can fully take advantage of the range of
biodiversity in sorghum in locating quantitative trait loci that contribute to the fortification of
cell wall.
In summary, my work has established a high throughput method for the quantification
of lignocellulosic content in sorghum. My work has also shown the importance of sorghum
transcription factor Y1 in plant defense response, particularly in transgenic maize lines. It has a
clear disease triggered effect on at least 3 genes in the 3-deoxyflavonoids (phlobaphenes)
pathway and one gene in the 3-hydroxyflavonoids (anthocyanins) pathway. This immune
response is likely to be modulated through a dual phytohormone regulatory system shared
between the jasmonic acid pathway (fungal response) and salicylic acid pathway (wounding
response).
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APPENDIX
Supplementary Material
Table S1 Source and type of sorghum genotypes used in FTNIR
Type:

Predicted

Cellulose %

(NIR)
Genotype

Predicted (NIR)

Hemicellulose % Predicted (NIR)

Hemicellulose%

Lignin %

lignin %

Cellulose%

PI 61453 01 SD

Forage

31.1

31.1

PI 63923 03 SD

Forage

29.3

PI 88000 01 SD

Forage

30.85
32.4

1.75

29.3

30.85
32.4

2

1.75
2

28.7

28.7

33.9

33.9

2

2

PI 164380 02 SD Forage

30.05

30.05

30.75

30.75

2.4

2.4

PI 170781 02 SD Forage

33.45

33.45

35.05

35.05

1.95

1.95

PI 173115 01 SD Forage

27.2

27.2

30.4

30.4

1.15

1.15

PI 177553 03 SD Forage

30.5

30.5

30.8

30.8

1.65

1.65

PI 269976 02 SD Forage

30.55

30.55

31.5

31.5

2.3

2.3

PI 284975 02 SD Forage

31.05

31.05

32.7

32.7

1.75

1.75

PI 284975 02 SD Forage

28.8

28.8

32.1

32.1

1

PI 511825 03 SD Forage

30.25

30.25

30.2

30.2

0.8

0.8

PI 511826 03 SD Forage

30.3

30.3

30.55

30.55

1.5

1.5

PI 511830 03 SD Forage

30.65

30.65

32.2

32.2

2.45

2.45

28.25

28.25

29.35

29.35

25.8

25.8

27.9

27.9

27.55

27.55

30.4

30.4

25.95

25.95

27.8

27.8

27.75

27.75

30.35

30.35

27

27

28.05

28.05

1

Commercial

PI 653616

Sweet

2.15

2.15

Commercial

PI 566819

Sweet

1.4

1.4

Commercial
Collmerri

Sweet

1.05

1.05

Commercial
Umbrella

Sweet

1.5

1.5

Commercial
Atlas
Dym

Sweet
Commercial

1
1.25

1
1.25
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Sweet
Commercial
N100

Sweet

25.85

25.85

25.95

25.95

25.25

25.25

27.8

27.8

26.15

26.15

31.15

31.15

29.05

29.05

29.3

29.3

28.5

28.5

27.9

27.9

28.6

28.6

30.65

30.65

32.6

32.6

33.65

33.65

0.7

0.7

Commercial
Sumac

Sweet

0.75

0.75

Commercial
Simon

Sweet

1.1

1.1

Commercial
Sourless

Sweet

0.9

0.9

Commercial
Cowper

Sweet

2.35

2.35

Commercial
White Kefir
Standard Black
Whole Kefir

Sweet

2.2

2.2

Commercial
Sweet

1.3

1.3

Rtx430

Grain

28.75

28.75

28.95

28.95

1

SC1345

Grain

28.8

28.8

28.2

28.2

1.15

1.15

Ajabsido

Forage

25.25

25.25

26.05

26.05

1.45

1.45

SC1103

Grain

29.55

29.55

28.8

28.8

2.25

2.25

Seogalone

Grain

28.2

28.2

29.8

29.8

0.5

0.5

SC971

Grain

26.75

26.75

29.6

29.6

0.8

0.8

SC283

grain

29.7

29.7

30.6

30.6

1.55

1.55

SC265

grain

30.9

30.9

30.35

30.35

1.8

1.8

SC35

grain

23.7

23.7

25.9

25.9

1.8

1.8

P898012

grain

25.75

25.75

27.7

27.7

1.45

1.45

Marcia

grain

26.55

26.55

29.1

29.1

1.05

1.05

BTX623

grain

29.35

29.35

29.45

29.45

1.6

1.6

bmr6

grain

23.7

23.7

23.9

23.9

0.7

0.7

bmr12

grain

27.95

27.95

26

26

0.75

0.75

Kamas collier

Grain

26.95

26.95

27

27

1.55

1.55

1

83

PI 598951

Grain

34.5

34.5

30.4

30.4

1

IS 4698

Grain

27.6

27.6

28.8

28.8

1.6

1.6

IS 11026

Bioenergy

26.85

26.85

29.9

29.9

0.85

0.85

IS 11619

Bioenergy

23.7

23.7

27.9

27.9

1.5

1.5

IS 19676

Bioenergy

28.85

28.85

29.5

29.5

1.3

1.3

IS 20697

Bioenergy

25.1

25.1

27.75

27.75

1.25

1.25

Y1-rr3

Bioenergy

28.6

28.6

28.75

28.75

1.75

1.75

Y1-ww1

Bioenergy

29.4

29.4

28.8

28.8

1.5

1.5

Y1-ww4

Grain

27.95

27.95

29

29

1.2

1.2

Grain

26.6

26.6

27.8

27.8

1.45

1.45

Grain

26.1

26.1

25.65

25.65

1.15

1.15

Af7202
Af7401

1

