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ABSTRACT 

While sorghum (Sorghum bicolor L. Moench.) is the fifth most important 

cereal grown worldwide, johnsongrass (Sorghum halepense L. Pers.) is a creeping 

perennial weed that interferes with crop productivity. Due to genetic similarity to 

sorghum, johnsongrass is considered to have potential as an alternate source of 

pathogen resistance genes for sorghum. In order to test this hypothesis, three 

isolates of Colletotrichum sublineola P. Henn., which causes sorghum anthracnose, 

were inoculated onto twenty-six johnsongrass cultivars collected from across the 

southern U.S. by using an excised leaf method. Each C. sublineola isolate caused 

various degrees of infection when inoculated onto different johnsongrass cultivars. 

Moreover, three different C. sublineola isolates caused different responses on the 

same johnsongrass cultivar. Expression of early defense response related genes, 

including β-1,3-glucanase, chalcone synthase 8 (CHS8), pathogen induced 

chitinase, flavonoid-3’-hydroxylase, pathogenesis related protein-10 (PR-10), and 

thaumatin-like protein, were measured 24 hrs and 48 hrs post inoculation in selected 

johnsongrass cultivars by Real-Time qRT-PCR. The results revealed that levels of 

defense responses varied among cultivars but were not sufficient to establish a basis 

for resistance. When the same johnsongrass cultivars were inoculated in a 

greenhouse study with conidia of C. sublineola isolate FSP53 from sorghum, some 

showed evidence of a hypersensitive response. However, successful reproduction 

of the pathogen as detected by formation of acervuli and setae was seen only on 

SH1116 and on only one leaf of this cultivar. In addition, C. sublineola isolates were 
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inoculated on leaf blades and midribs of the johnsongrass cultivars along with two 

sorghum cultivars, BTx623 and SC748-5 by using an excised leaf method. Some 

johnsongrass cultivars and BTx623 showed different responses between the two 

tissues. Based on the results from Real-time qRT-PCR, host resistance gene 

expression in leaf blades and midribs showed three different patterns in BTx623 

inoculated with FSP53 isolate of C. sublineola. 

Finally, a sorghum mini core collection was scored over several years for 

response to Colletotrichum sublineola, Peronosclerospora sorghi, and Sporisorium 

reilianum, the causal agents of anthracnose, downy mildew, and head smut, 

respectively. The screening results were combined with over 290,000 Single 

nucleotides polymorphic (SNP) loci from an updated version of a publicly available 

genotype by sequencing (GBS) dataset available for the mini core collection. GAPIT 

(Genome Association and Prediction Integrated Tool) R package was used to 

identify chromosomal locations that differ in disease response. When the top scoring 

SNPs were mapped to the most recent version of the published sorghum genome, 

in each case, a nearby and most often the closest annotated gene has precedence 

for a role in host defense. 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

Sorghum (Sorghum bicolor (L.) Moench.) is known as the fifth most important 

cereal grown in the world (Doggett 1988). It has been hypothesized that the first truly 

domestic sorghum came from the durras of India (Frederiksen and Odvody 2000). 

Sorghum is used for various purposes such as food, feed, building material, biofuel, 

and fiber. Sorghum grows relatively well under extreme heat and drought conditions 

(Tack et al. 2017); under a changing climate regime sorghum would assume 

renewed importance as a food and industrial crop, and therefore concerted focus is 

necessary on such currently marginalized crops to ensure food and nutritional 

security in a sustainable manner in the years to come.  

Unlike sorghum grown for grain, johnsongrass (Sorghum halepense L. Pers.) 

is considered one of the most problematic weeds in the U.S. and world agriculture 

(Holm, Plucknett, Pancho, and Herberger 1977; Howard 2004). The genomic 

relationship between cultivated sorghum [Sorghum bicolor (L.) Moench, race bicolor, 

De Wet, 2n=20] and johnsongrass [S. halepense (L.) Pers., 2n=40] has been a 

subject of extensive studies (Hoang-Tang and Liang 1988). Recently, hybridization 

between cultivated sorghum with johnsongrass showed that several desirable traits 

from johnsongrass, including resistance to greenbug and chinch bug and 

adaptability to cold temperatures, were expressed in the resulting 

This dissertation follows the style of Theoretical and Applied Genetics. 



 2 

progenies (Dweikat 2005). 

Colletotrichum sublineola Henn. Ex Sacc. & Trotter is a pathogen causing 

anthracnose in sorghum. Since it was first reported in 1902 from Toga, West Africa, 

it has been observed to be widely prevalent under hot, humid conditions in most 

tropical and subtropical regions of the world (Frederiksen and Odvody 2000). Leaf 

anthracnose significantly reduced sorghum yields in the susceptible genotypes 

(Cota et al. 2017). The most economical and environmentally friendly control of 

anthracnose is the use of resistant cultivars (Frederiksen and Odvody 2000). 

This dissertation interpolates material from Ahn et al. (2018) for chapter 2, 

Ahn et al. (2019b) for chapter 3, and Ahn et al. (2019a) for chapter 4. 

Due to genetic similarity to sorghum, it is speculated that johnsongrass is an 

alternate way to acquire genes for sorghum that can be effective against sorghum 

diseases such as C. sublineola (Ahn et al. 2018). As the first step in testing this 

hypothesis, in chapter II, I will discuss the response of johnsongrass to C. sublineola 

with three hypotheses:  

I. Johnsongrass is an alternate host of C. sublineola.

II. Different johnsongrass cultivars will show phenotypically different

degree of infection upon C. sublineola inoculation.

III. Different johnsongrass cultivars will show different level of expression

of defense-related genes upon C. sublineola inoculation.

To better evaluate these hypotheses, the host defense responses of twenty-

six johnsongrass cultivars were tested for response to C. sublineola by using an 
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excised leaf method (Prom et al. 2016). Expression of commonly expressed host 

defense-related genes, β-(1,3)-glucanase, chalcone synthase 8 (CHS8), pathogen 

induced chitinase, flavonoid-3’-hydroxylase, pathogenesis related protein-10 (PR-

10), and thaumatin-like protein, in selected johnsongrass cultivars at 24- and 48-

hours post C. sublineola inoculation were measured with Real-Time qRT-PCR. 

β-(1,3)-glucanase belongs to the class of PR-2 proteins (Katile 2007), and 

plant β-(1,3)-glucanase hydrolyzes the structural (1,3)- β-glucanase present in the 

fungal cell wall (Selitrennik off 2001; Katile 2007). Likewise, chitinase, a member of 

PR-3 proteins, catalyze the hydrolysis of β-1, 4-N-acetylglucosamine linkages 

present in chitin and chitodextrins fungal cell walls (Krishnaveni et al. 1999; Little 

and Magill 2003; Katile 2007). Chalcone synthase and flavonoid hydroxylase are 

involved in phytoalexin and pigment production associated with hypersensitive 

responses (Lo et al.1999; Boddu et al. 2004). PR10 is a small acidic protein with 

potential nuclease activity that is activated in host defense of many species (Jain 

and Khurana 2018). Thaumatin-like proteins (TLPs), members of PR-5 proteins, are 

antifungal proteins responsive to biotic and abiotic stress in plants (Petre et al. 2011). 

Leaf midrib has an important structural role in aerial parts of 

monocotyledonous plants. In maize, for example, it provides the primary support for 

the blade and is largely associated with leaf angle (Wang et al. 2015). Leaf 

architecture directly influences canopy structure, consequentially affecting yield 

(Strable et al. 2017). In many plants, genes are expressed differently between leaf 

blade and midrib. As an example, in Brassica rapa, the gene BrLSH2, which contains 
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auxin- and cytokinin-responsive elements as well as leaf development-related 

elements, is specifically expressed in the midrib of Chinese cabbage (Dong et al. 

2014). They also found that transcript levels of most LIGHT-

SENSITIVEHYPOCOTYLS (LSH) genes were very high in the midrib but low in the 

leaf blade in various Brassica species (Dong et al. 2014). In tobacco, tpoxN1, a 

peroxidase gene, is quickly induced by wounding in leaves, preferentially in stems 

and petioles in 1 hr. but was negligible in leaf blade even 8 hours after wounding 

(Sasaki et al. 2002). These differential gene expressions are expected. Genes 

involved in the differentiation and development of tissues and organs are temporally 

and spatially regulated in plant development: the drooping leaf (DL) genes in rice 

promote midrib formation in the leaf and carpel specification in the flower (Ohmori et 

al. 2011). DL is initially expressed in the central region of the leaf primordia, midrib, 

and in the carpel primordia in the meristem (Ohmori et al. 2011). Since leaf blade 

and midrib develop differently in many plants including both monocots and dicots, it 

would be reasonable to think that many genes are expressed in different ways 

between them. In addition to midrib influences on physical formation of crops, 

differential gene expression between leaf blade and midrib could be a key to 

understand possible differences in disease severity in response to pathogen 

inoculation and help improve crop yields. It is hypothesized that johnsongrass and 

sorghum cultivars inoculated with C. sublineola conidia would have different levels 

of infection between cultivars and also on the leaf blade compared to midrib. It is 

further hypothesized that there are different levels of host defense related gene 
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response activities between leaf blade and midrib tissues in some johnsongrass and 

sorghum cultivars. In chapter III, to test these hypotheses, host defense responses 

in both leaf blade and midrib was measured by using three isolates of C. sublineola 

in an excised-leaf spot inoculation method on twenty-six cultivars of johnsongrass 

and two of sorghum (Ahn et al 2019b). Finally, Real-Time qRT-PCR was used to 

measure expression products of six defense-related genes in both leaf blade and 

midrib, including β-1,3-glucanase, chalcone synthase 8 (CHS8), pathogen induced 

chitinase, flavonoid-3’-hydroxylase, pathogenesis related protein-10 (PR-10), and 

thaumatin-like protein. 

Among over 37,000 accessions of sorghum germplasm collection at the 

International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) gene 

bank, a maxi core collection of 2247 accessions was developed in 2001, but this 

core maxi collection was considered to be too large for many studies. Hence, a 

sorghum mini core (10% accessions of the core or 1% of the entire collection) was 

developed from the existing maxi core collection (Upadhyaya et al. 2009). In order 

to maximize genetic diversity, the mini core was developed by including accessions 

of all races of sorghum collected from around the globe. The mini core collection was 

included in a genotyping by sequencing (GPS) project that revealed locations of 

265,487 Single Nucleotide Polymorphisms (SNPs) (Morris et al. 2013). The data 

revealed 14,739 SNPs markers scattered across the genome that could be used to 

genotype the complete sorghum mini core collection and for genome wide 

association studies (GWAS). SNPs markers were first used with the mini core 
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collection to identify prospective genes underlying the traits plant height and maturity 

(Upadhyaya et al. 2013). The same set of SNPs were used to identify 8 alleles in the 

mini core collection that are associated with resistance to natural isolates of C. 

sublineola collected from infected plants at ICRISAT in Pantancheru, India. A GWAS 

analysis of the mini core collection was also conducted for drought tolerance traits 

(Lasky et al. 2015). 

Anthracnose caused by the fungal pathogen Colletotrichum sublineola is 

one of the most devastating diseases in sorghum (Li et al. 2013). Whether measured 

by DNA–based tests or ability to infect different host cultivars, Colletotrichum is 

highly variable. In testing virulence of isolates collected from 6 populations from India 

using 15 host differentials, Thakur et al. (Thakur et al. 1998) found differences in all 

six, as was also true for Random Amplified Polymorphic DNA (RAPD) Polymerase 

Chain Reaction (PCR) product electrophoretic patterns. Moore et al. (Moore et al. 

2008) defined 13 pathotypes among 87 anthracnose isolates from Arkansas, 

including 11 when testing pathogenicity using 8 host differentials. Prom et al, found 

17 different pathotypes on 10 host differentials from 235 U.S. isolates that also 

differed in Amplified Fragment Length Polymorphism (AFLP) patterns (Prom et al. 

2012). The latter reference also pointed out that two lines resistant to all isolates had 

shown differential responses in an earlier study in Brazil. 

Sorghum downy mildew, caused by Peronosclerospora sorghi [(Weston & Uppal) 

Shaw], can create severe epidemics, resulting in heavy yield loss (Perumal et al. 

2008). Since P. sorghi causes downy mildew in maize as well, it has been subdivided 
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into 'sorghum/maize' and 'maize' infecting strains (Perumal et al. 2008). As for 

anthracnose, there are different pathotypes as defined by ability to infect host plants 

with different resistance genes, but in this case much less variation has been 

reported. Race 6 was detected in Texas in 2005 based on its occurrence on 

previously resistant commercial sorghum varieties (Isakiet and Jaster 2005) and was 

used exclusively in this study.   

Head smut, caused by the soil-borne facultative biotrophic basidiomycete 

Sporisorium reilianum (Kühn) Langdon & Fullerton [syns. Sphacelotheca reiliana 

(Kühn) G.P. Clinton and Sorosporium reilianum (Kühn) McAlpine], is an important 

sorghum disease that has been reported from all parts of the world where sorghum 

is grown (Prom et al. 2011). It grows through the plant as a dikaryotic hypha formed 

between compatible mating types and is not generally detected until the time of 

heading when the fungal sorus replaces the sorghum inflorescence. At present 6 

races have been defined in the US, but because of the use of different host 

differentials, it is not known if races defined elsewhere are unique. 

In previous studies, the sorghum mini core collection was scored over 

several years for response to C. sublineola, P. sorghi, and S. reilianum (Radwan et 

al. 2011). The screening results of these three common sorghum diseases were 

combined with over 290,000 Single Nucleotide Polymorphic (SNP) loci from a 

recently updated version of a publicly available genotype by sequencing dataset 

available for the mini core collection (Morris et al. 2013) in order to search potential 

candidate defense related genes against each of the three pathogens. In chapter IV, 
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top candidate sorghum defense related genes against the three pathogens are 

discussed. 
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CHAPTER II 

UNDERSTANDING HOST DEFENSE RESPONSES OF JOHNSONGRASS 

AGAINST COLLETOTRICHUM SUBLINEOLAolletotrichum sublineola 

INTRODUCTION 

Johnsongrass is a creeping perennial weed that interferes with crop 

productivity. Due to genetic similarity to sorghum, johnsongrass is considered to 

have potential as an alternate source of pathogen resistance genes for sorghum. In 

order to test this hypothesis, three isolates of Colletotrichum sublineola, which cause 

anthracnose in sorghum, were inoculated onto twenty-six johnsongrass cultivars 

collected from across the southern U.S. by using an excised leaf method. Different 

johnsongrass cultivars showed different degrees of resistance against C. sublineola. 

Moreover, three C. sublineola isolates caused different responses on the same 

johnsongrass cultivar. Expression of early defense response related genes, 

including β-1,3-glucanase, chalcone synthase 8 (CHS8), pathogen induced 

chitinase, flavonoid-3’-hydroxylase, pathogenesis related protein-10 (PR-10), and 

thaumatin-like protein, were measured 24 hrs and 48 hrs post inoculation in selected 

johnsongrass cultivars by Real-Time qRT-PCR. The results revealed that levels of 

defense responses varied among cultivars but were not sufficient to establish a basis 

for resistance. When the same johnsongrass cultivars were inoculated in a  

*Reprinted with permission from “Responses of johnsongrass against sorghum
anthracnose isolates” by Ahn E, Prom LK, Odvody G, Magill C, 2018. Journal of
plant pathology and microbiology, 9: 7, 1-6, free of all copyright, and may be freely
reproduced, distributed, transmitted, modified, built upon, or otherwise used by
anyone for any lawful purpose.
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greenhouse study with conidia of C. sublineola isolate FSP53 from sorghum, some 

showed evidence of a hypersensitive response. However, successful reproduction 

of the pathogen as detected by formation of acervuli and setae was seen only on 

SH1116 and on only one leaf of this cultivar.  

MATERIALS AND METHODS 

Plant material preparation 

Twenty-six cultivars (Table 1) were provided by Jacob Barney (Virginia Tech 

University) in the form of rhizomes that were transplanted into plastic round pots 

filled with SungroⓇ  professional growing mix soil materials for growth in a 

greenhouse. Water and additional nutritional supplements were provided regularly.  

Screening varieties of Johnsongrass against sorghum anthracnose using an 

excised leaf assay 

For the 26-cultivar set grown from rhizomes, an excised leaf assay was first 

used. Virulent strains of C. sublineola [(FSP2, FSP35, and FSP53) obtained from Dr. 

L. K. Prom’s collection – Plains Area, SPARC, CGRU, College Station, TX] isolated

from sorghum were inoculated to each johnsongrass cultivar by using Prom’s 

excised leaf assay with slight modifications (Prom et al.  2016). In brief, C. 

sublineola was grown on half strength PDA plate and stored in an incubator for 10-

14 days. A small amount of sterile water was added on the plate, and C. sublineola 

on the plate was scraped with a spatula. The suspension was filtered through four 

layers of cheesecloth to remove mycelium, followed by dilution to the final conidia 

concentration of ~106 conidia/ml. For the excised leaf assay, leaf pieces of each 
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cultivar that had been grown in pots in a greenhouse for approximately one month 

were placed on a half strength PDA plate, adaxial side up, and 5 μl of the spore 

suspension was inoculated onto each side of a leaf piece. Detached leaves were 

observed under an Olympus BX60 microscope at 24 hrs, 48 hrs, 72 hrs, and 96 hrs 

post-inoculation. After 96 hrs post inoculation, susceptibility was scored in 1-5 scale 

and percentage of infected leaves. Figure 1 provides visual documentation of the 

scoring system used.  
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Table 1: Additional information on johnsongrass cultivars. 

Accession Population State Latitude Longitude Elevation Home Habitat 

SH1002 VA-1 VA 

SH1030 VA-3 VA 37.169875 -80.429565 608 disturbed 

SH1048 TX-1 TX 31.06 -97.3422 200 agricultural 

SH1094 TX-2 TX 30.0264 -94.3343 11 agricultural 

SH1104 TX-3 TX 33.2797 -96.8927 171 agricultural 

SH1126 TX-3 TX 

SH1116 TX-3 TX 33.2797 -96.8927 171 agricultural 

SH1136 NM-4 NM 32.1852 -106.7097 1168 roadside 

SH1152 GA-14 GA 33.8829 -83.1546 235 undisturbed 

SH1154 GA-14 GA 33.8829 -83.1546 235 undisturbed 

SH1165 GA-15 GA 33.96 -83.37 195 roadside 

SH1201 TX-4 TX 34.330872 -102.97623 1240 undisturbed 

SH1229 TX-5 TX 34.315554 -102.77363 1196 roadside 

SH1233 TX-5 TX 34.315554 -102.77363 1196 roadside 

SH1247 KS-1 KS 38.883333 -97.734444 408 disturbed 

SH1281 KS-4 KS 38.706111 -97.427778 378 agricultural 

SH1325 CA-1 CA 36.199022 -119.25191 92 agricultural 

SH1337 CA-1 CA 36.199022 -119.25191 92 agricultural 

SH1350 CA-2 CA 36.308806 -119.38064 92 roadside 

SH1409 AZ-2 AZ 

SH1426 AZ-2 AZ 32.251061 -111.00645 703 roadside 

SH1450 AZ-3 AZ 

SH1457 AZ-3 AZ 33.103267 -111.97425 353 disturbed 

SH1484 AZ-4 AZ 

SH1490 AZ-4 AZ 

SH1493 AZ-4 AZ 32.99968 -112.08694 375 agricultural 
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Susceptibility check of johnsongrass cultivars against sorghum anthracnose 

by greenhouse spray inoculation 

All johnsongrass cultivars were grown from rhizomes in a greenhouse until 

they reached the 8-leaf-stage. FSP53 isolate was grown on half strength PDA plate 

for 10-14 days. Each plate was flooded with water and the conidia loosened with a 

spatula were collected in sterile water. The spores were diluted to a concentration of 

106 conidia/mL with distilled water and a few drops of TWEEN 20®. The johnsongrass 

cultivars were inoculated by spraying in a greenhouse located in College Station, TX. 

The inoculated plants were immediately covered with plastic bags for one week in 

order to prevent desiccation of inoculum. Inoculated leaves showing any potential 

signs of lesions were collected and brought to the laboratory from week 3 to week 5 

post inoculation. Leaves were observed under an Olympus BX60 microscope to 

confirm any acervulus formation. 

RNA extraction and Real-Time Quantitative Reverse Transcription PCR 

analysis 

SH1136 (M-S), SH1152 (R-M), SH1247 (R), and SH1450 (S) were selected 

for evaluating defense gene expression following inoculation with FSP53.  Plants 

were transferred from the greenhouse to a Conviron® CMP3244 growth chamber to 

minimize environmental interference. Four to eight individual plants from each 

cultivar were used. C. sublineola (FSP53) spores were diluted into distilled water to 
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a b 

  c d 

  e 

Fig.1 a-e. Rating scale for Table 1 corresponding to ratings 1 to 5.  a. No 
germination, b. Fungal germ tube formed, c. Some acervuli starting to form (fungal 
bed formed) d. Rare acervuli formed with clear setae. Many acervuli formed. The 
same scale was used for leaf blade and midrib. Photographs were taken at 10x 
magnification and are cropped to provide clear images.  



 15 

a concentration of 106 conidia/ml, with a few drops of Tween 20. The conidia dilution 

was pipetted onto a pre-marked leaf surface and spread using a brush or cotton 

swabs. The labeled inoculated leaves were detached at ‘0 time’ for controls and 1 

dpi and 2 dpi. Immediately after detachment, the protocol from QIAGENⓇ RNeasy 

mini handbook (2001) was used in RNA extraction from collected leaf samples. After 

RNA isolation, a NanoDrop ND-1000 instrument was used to measure RNA 

concentrations, and RNA isolates were diluted to 10ng/μl with sterile RNAase free 

dH2O. For Real-Time qRT-PCR analysis, a one-step SYBRⓇ PrimeScript ™ RT-

PCR kit II from TaKaRa Clontech was used as the manual suggests. Each reaction 

(10 μl of TaKaRa 2x One Step SYBR RT-PCR Buffer, 0.8 μl of PrimeScript 1 step 

Enzyme Mix2, 5.6 μl of sterile dH2O, 0.8 μl of forward primer, 0.8 μl of reverse primer, 

and 2 μl of diluted RNA template) was added into a sterile Cepheid SmartCyclerⓇ 

25 μl tube. The tube was placed into Cepheid SmartCycler®, and exposed to 42 ºC 

for 5 min and 95ºC for 10 sec, followed by 40 cycles of 95ºC for 5 sec and 50-55ºC 

(dependent on primer pairs) for 20 sec, followed by melt curve starting at 65ºC and 

ending at 95ºC. Expression levels of previously determined defense response genes, 

including flavonoid-3’-hydroxylase, β-1,3-glucanase, chitinase, chalcone synthase 

(CHS), thaumatin-like protein, and PR-10, were measured. The primers used are 

shown in Table 2. Expression of actin mRNA amplified using intron spanning primers 

was measured as a background check, and the ∆∆Ct method was used to compare 
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levels of each mRNA. Finally, 2^∆∆Cts were computed to Log2 (Expression Fold 

Change) transformation and statistically analyzed by using each paired t-test with 

JMP version 14. In all cases, fold values are expressed relative to zero-time control 

samples. 

Table 2: Primer information 

Primer Name Forward Primer 
Sequence (5’ to 3’) 

Reverse Primer 
Sequence (5’ to 3’) 

Actin (Intron spanning) GGT CGT ACC ACA 
GGT ATC G 

ATG AGG TAG TCG 
GTG AGG TC 

Flavonoid 3’ Hydoxylase 
(Intron spanning)  

AGC ACT CCT CCT 
CAA CCT C 

CTT CAG CAC GTC 
CGG GTG 

PR10 (Intron spanning) CAC CTC ATT CAT 
GCC GTT C 

CTC GAC GAG CGT 
GTT CTT G 

Endo β-glucanase ATC CCA ACA GCG 
GTG C 

CGA TTC CCT TGG 
ACT GGT AG 

Pathogen Induced 
Chitinase  

CGA ACT ACC CCG 
GCG GCA AG 

TGT TCT GCC GCT 
GCA GCT CC 

Chalcone Synthase-8 
Intron 

AAG AGG ATA TGC 
CAC AAG TCG 

TCT AGG GAT GGT 
GCC CAG TA 

Thaumatin-like-protein CCG CAG GAT TAC 
TAC GAC ATC TC 

CGC ATC AGG GCA 
TTT GG 
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RESULTS AND DISCUSSION 

Susceptibility check of johnsongrass cultivars against sorghum anthracnose 

by excised-leaf spot inoculation assay  

    The excised-leaf spot inoculation method was conducted using twenty-

six cultivars with three isolates of C. sublineola: FSP2, FSP35, and FSP53. 

Fungal infections were observed under a microscope at 96 hrs post inoculation, 

and the degrees of infection were graded between 1 and 5. Disease evaluation 

data are summarized in Table 3. 

Table 3. Disease ratings for three C. sublineola Isolates. 
(0/0) = (# of leaves formed acervuli/ # of total leaves). 

Cultivar FSP2 FSP35 FSP53 

Sorghum 
bicolor 

(+)BTx 623 

Average score 4.67 3.67 5 

Range 2-5 3-4 5 

Score >3 8/9 6/6 5/5 

sorghum 
bicolor 

(-)SC 748-5 

Average score 1 4.14 1.44 

Range 1 3-5 1-5

Score >3 0/9 7/7 1/9 

SH 1002 Average score 2.2 4.5 1.71 

Range 1-4 4-5 1-4

Score >3 5/10 6/6 1/7 

SH 1030 Average score 1.7 3.63 1 

Range 1-4 1-4 1 

Score >3 2/10 7/8 0/6 
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Table 3 Continued 

Cultivar FSP2 FSP35 FSP53 

SH 1048 Average score 1.83 4 1.17 

Range 1-3 3-5 1-2

Score >3 2/6 5/5 0/6 

SH 1094 Average score 1.73 3.88 1.67 

Range 1-3 3-4 1-2

Score >3 2/12 8/8 0/8 

SH 1104 Average score 1.3 4 1.43 

Range 1-3 4 1-3

Score >3 1/10 6/6 1/7 

SH 1116 Average score 1.73 4 1.63 

Range 1-4 4 1-5

Score >3 3/11 6/6 1/8 

SH 1126 Average score 2.5 4 2.7 

Range 1-4 4 1-5

Score >3 5/10 5/5 7/10 

SH 1136 Average score 2.45 4 2.33 

Range 1-5 4 1-4

Score >3 5/11 6/6 4/6 

SH 1152 Average score 2.1 4 1.75 

Range 1-5 4 1-4

Score >3 3/10 6/6 2/8 
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Table 3 Continued 

Cultivar FSP2 FSP35 FSP53 

SH 1154 Average score 1.64 4 1.75 

Range 1-3 4 1-3

Score >3 3/11 6/6 3/8 

SH 1165 Average score 1.29 3.86 1.75 

Range 1-3 3-5 1-5

Score >3 1/7 7/7 2/8 

SH 1201 Average score 1.91 4 1 

Range 1-4 4 1 

Score >3 4/11 5/5 0/6 

SH 1229 Average score 2.45 4 1.88 

Range 1-4 4 1-3

Score >3 6/11 6/6 2/8 

SH 1233 Average score 1.13 3.63 1.4 

Range 1-2 3-4 1-3

Score >3 0/8 8/8 2/10 

SH 1247 Average score 1.57 3.8 1 

Range 1-3 3-4 1 

Score >3 1/7 5/5 0/6 

SH 1281 Average score 1.86 3.4 1.75 

Range 1-4 3-4 1-3

Score >3 2/7 5/5 2/8 
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Table 3 Continued 

Cultivar FSP2 FSP35 FSP53 

SH 1325 Average score 2.18 3.67 1.88 

Range 1-5 3-4 1-5

Score >3 4/11 6/6 2/8 

SH 1337 Average score 2 3.25 1.88 

Range 1-4 1-4 1-3

Score >3 3/9 6/8 3/8 

SH 1350 Average score 1.75 3.17 2.45 

Range 1-4 3-4 1-5

Score >3 3/12 6/6 6/11 

SH 1409 Average score 2.5 4 3.33 

Range 1-4 4 1-5

Score >3 4/8 6/6 4/6 

SH 1426 Average score 1.75 3.86 3 

Range 1-4 1-5 1-5

Score >3 4/9 6/6 6/9 

SH 1450 Average score 2.75 4.17 3.18 

Range 1-4 4-5 1-5

Score >3 8/12 6/6 8/11 

SH 1457 Average score 1.55 4 1.57 

Range 1-3 4 1-4

Score >3 2/11 6/6 1/7 
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Table 3 Continued 

Cultivar FSP2 FSP35 FSP53 

SH 1484 Average score 1.89 4.17 1.57 

Range 1-4 4-5 1-3

Score >3 3/9 6/6 2/7 

SH 1490 Average score 1 4 1.29 

Range 1 4 1-2

Score >3 0/11 6/6 0/7 

SH 1493 Average score 2.36 3.8 1.29 

Range 1-4 3-4 1-3

Score >3 6/11 5/5 1/7 

Overall ave 
score JG CVs 

1.89 3.80 1.77 

The spot inoculation method was repeated three times, and several leaves 

from each plant were inoculated in each trial. Upon inoculation with spores from 

three different C. sublineola isolates, johnsongrass cultivars showed different 

responses. Interestingly, FSP35 isolate was successfully able to cause infection in 

all johnsongrass cultivars tested. Moreover, the presumed resistant sorghum check 

(SC748-5) was also infected, and acervuli formation was observed. It has been 

reported that FSP35 does not lead to formation of acervuli on SC748-5, which was 

also identified as resistant to all races tested in whole plant greenhouse inoculations. 

Potential explanations for the difference seen here could involve the high-density 

inoculation in the spot test or perhaps age of the plants from which the leaf samples 
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were excised. The sorghum plants were inoculated during growth stages 3-4, versus 

the 8-leaf stage in the earlier experiments and sorghum age has been identified as 

a factor for successful resistance against sorghum anthracnose (Ferreira and 

Warren 1982). One other hypothesis is that excised-leaf-assay could accelerate 

progress of C. sublineola infection. Though not included in the dissertation, SC 748-

5 was spray inoculated in a greenhouse with FSP35 with the result that only germ 

tube formation was seen. The responses of johnsongrass upon inoculation of FSP2 

and FSP53 were similar to each other. The average score on the majority of cultivars 

was below 3, meaning failure of the C. sublineola to propagate, a common definition 

of resistance.  However, there was often a range of responses when comparing 

observations on different leaves from the same cultivar, leading for example to 

cultivars SH1409 and SH1450 being considered moderately susceptible, especially 

to isolate FSP53. Isolate FSP35 was clearly more virulent on johnsongrass than the 

other two with an overall average rating of 3.8 versus 1.89 and 1.77. However, even 

for this isolate, only 5 cultivars included ratings that ranged up to 5, indicative that 

many perfectly formed acervuli were observed. Student’s t-test in pairing each 

cultivar shows that SH1030, SH1201, and SH1247 are the most resistant cultivars 

(Mean score=1), while SH1350, SH1450, and SH1467 are the opposites against 

FSP35 (Mean score=2.91, 3.18, and 3.33 respectively with P-value≤0.001 for the 

pairs). Based on home habitat where johnsongrasses were collected, I conducted t-

tests pairing each group. Johnsongrasses collected from roadside had mean 

susceptibility score 2 which was significantly different from johnsongrasses collected 



 23 

from disturbed habitat with mean susceptibility score 1.21 (P-value=0.0068) and 

johnsongrasses collected from agricultural habitat with mean susceptibility score 

1.55 (P-value=0.0271). In addition, based on home state, t-tests in each paired 

group revealed that johnsongrasses collected from CA (Mean susceptibility 

score=2.30) is grouped differently from johnsongrasses collected from TX, KS, and 

VA (Mean susceptibility score=1.62, 1.43, and 1.38).  

Against FSP2, SH1490, SH1233, and SH1165 are the most resistant cultivars (Mean 

score=1, 1.125, and 1.286 respectively), while SH1450 and SH1126 are the most 

susceptible cultivars (Mean score=2.75 and 2.50 respectively with P-value≤0.001). 

There was no statistical difference detected based on habitat and home state with 

FSP 2 inoculation. As opposed to FSP53, johnsongrasses collected from roadside 

had mean susceptibility score 3.20 which was significantly resistant compared to 

johnsongrasses collected from other three habitat types (Roadside vs undisturbed 

P-values=0.0011, roadside vs disturbed P-value=0.0207, and roadside vs

agricultural P-value=0.0025). In sum, results suggest that environmental, spatial, 

and biological factors sculpt host defense system in johnsongrass. 

Susceptibility check of johnsongrass cultivars against sorghum anthracnose 

by greenhouse spray inoculation 

The leaves of twenty-six johnsongrass cultivars sprayed with sorghum 

isolates FSP35 and FSP53 (highly virulent on anthracnose susceptible sorghum 

cultivar BTx623) showed mild to moderate wilt and discoloration into brown starting 



 24 

soon after inoculation. These symptoms are assumed to initiate from host 

recognition of the potential pathogen and induction of hypersensitive type (HR) 

defense responses. Characteristic anthracnose lesions were found on some leaves 

including SH1116. Leaves from the twenty-six cultivars tested were collected and 

brought to the laboratory. Microscopic observation confirmed no acervuli were 

formed except on SH1116 upon FSP53 inoculation. C. sublineola was successfully 

subcultured from a leaf of SH1116. Ungerminated conidia were easily found under a 

microscope on leaves of most cultivars. Among all cultivars, three cultivars, including 

SH1094, SH1337, and SH1350, had higher levels of pigmentation changes typically 

associated with active defense responses (Lo et al. 1999) than others at 3 wpi. Even 

though acervuli were formed in SH1116, as a whole plant, it appeared reasonably 

healthy since lesions were found on only one leaf. This observation is in accord with 

the detached leaf assay in that the same isolate gave disease ratings ranging from 

1-5 when used to inoculate this cultivar. Still, SH1116 shows that cross infection of

C. sublineola can occur between johnsongrass and sorghum even though the overall

response to the 3 races as defined on sorghum host differentials were not highly 

virulent to these johnsongrass cultivars.  

Real-Time Quantitative Reverse Transcription PCR analysis 

SH1136, SH1152, SH1247, and SH1450 were selected for evaluating gene 

expressions based on different responses to FSP53 inoculation in the detached leaf 

assay. SH1136 (M-S), which is considered a moderately susceptible cultivar, had 

67% chance of acervuli formation. SH1152 (M-R), which is considered a moderately 
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resistant cultivar, had 25% chance of acervuli formation. SH1247 (R) was resistant 

with 0%, while SH1450 (S) had 72.7% chance of acervuli formation. Since SH1152 

and SH1247 showed a higher level of resistance against FSP53, see earlier or 

higher upregulation of host defense related genes were expected compared to the 

other two cultivars. Each of the genes evaluated has previously been demonstrated 

to be activated as part of a variety of defense responses in sorghum. Examples 

include the enzymes chalcone synthase and flavonoid hydroxylase that are involved 

in phytoalexin and pigment production associated with hypersensitive responses 

(Boddu et al. 2004; Lo, De Verdier, and Nicholson 1999). Here, expression of CHS 

8 was around 4.6-fold upregulated in SH1152 48 hpi which was statistically different 

from SH1247 and SH1450. SH1136 followed the same pattern of SH1152 with 

slightly lower upregulation (Fig. 2a). Flavonoid 3’ hydroxylase expression had exactly 

the same pattern of CHS 8 with 5.52-fold upregulation in SH 1152 48hpi which is 

statistically different from others except SH 1136 48hpi (Fig. 2b). Thus, both genes 

coding enzymes in the flavonoid phytoalexin pathway were significantly induced, but 

in only two cultivars and not in SH 1247 as had been predicted. Levels of mRNA for 

PR10, a small acidic protein with potential nuclease activity that is activated in host 

defense of many species (Jain and Khurana 2018) followed the same pattern as the 

aforementioned genes. The amount of mRNA present in SH 1136 and SH 1152 both 

increased significantly between 24 and 48 hpi. As with the flavonoid pathway genes 

levels for SH1247 and SH1450 were slightly higher that the control zero-time values, 

but did not show significant changes between 24 and 48 hours. 
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  a 

b 

Figure 2 a-d. Expression of host defense related genes.a. CHS8 b. Flavonoid-3’-
hydroxylase, c. PR10, and d. thaumatin-like protein at 24 and 48 hours post 
inoculation. 
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Figure 2 Continued 

c 

d 



          Only the SH 1136 samples extracted 48 hpi measured a dramatic increase in 

mRNA levels of thaumatin-like protein. Thaumatin is a protein with antifungal 

properties (Waniska et al. 2001) whose mRNA appears many times in cDNA 

libraries made from a sorghum resistant to anthracnose (Zamora et al. 2009).   

No significant differential induction was found for the β-1,3-glucanase or 

chitinase genes tested. These genes that encode enzymes capable of degrading 

fungal cell walls are typically expressed at high levels in sorghum following 

inoculation with fungal pathogens (Krishnaveni et al. 1999; Little and Magill 2003). A 

possible explanation for the failure to detect altered expression in some genes lies 

with the primers used. All were designed for, and have worked well with targeted 

members of their respective gene families with S. bicolor. Although S. bicolor is one 

of the species that is a part of the S. halapense tetraploid genome, there is good 

evidence that polyploid formation can alter expression of equivalent genes from the 

donor parents (Chen 2007). Thus, it is possible that other chitinase or glucanase 

family members are induced but not detected in S. halepense with the primers used 

in this study.   
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CONCLUSION 

As a conclusion, it is clear that SH1152, a moderately resistant cultivar, 

greatly upregulates chalcone synthase 8 (CHS8), flavonoid-3’-hydroxylase, 

pathogenesis related protein-10 (PR-10), and thaumatin-like protein 48hpi. 

Pathogen induced chitinase was highly expressed in SH1152 along with SH1136, 

which is a moderately susceptible cultivar. Interestingly, SH1247, a highly defensive 

cultivar, and SH1450, one of the most vulnerable cultivars, were always grouped 

together in statistical analysis with nearly no upregulation. This could mean that 

SH1247 did not have to upregulate the specific host defense related genes tested in 

order to protect itself against C. sublineola and could be a novel source of resistance 

for sorghum. However, the average score of 1 in the detached leaf assay suggests 

at least some degree of hypersensitive response was initiated. Alternatively, SH1450 

could be prone to infection by at least FSP53 isolate because of low or delayed host 

defense related gene expression.  
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CHAPTER III 

DEFENSE RESPONSES AGAINST THE SORGHUM ANTHRACNOSE 

PATHOGEN IN LEAF BLADE AND MIDRIB TISSUE OF JOHNSONGRASS AND 

SORGHUM  

INTRODUCTION 

Three isolates of Colletotrichum sublineola P. Henn. ex Sacc. & Trotter were 

inoculated on leaf blades and midribs of twenty-six johnsongrass cultivars with two 

sorghum cultivars, BTx623 and SC748-5 by using an excised leaf method. 

Phenotypic host responses from no response to severe infection, were observed. 

Some johnsongrass cultivars and BTx623 showed different responses between the 

two tissues. Expression of six defense response related genes were measured using 

Real-time qRT-PCR. Leaf blade and midrib showed different patterns in BTx623 

inoculated with C. sublineola; high expression of CHS8 and TLP were measured in 

midrib at 24 and 48 hpi respectively. 

MATERIALS AND METHODS 

Plant material preparation 

Twenty-six cultivars of johnsongrass (Table 1) were provided by Jacob Barney 

(Virginia Tech University) in the form of rhizomes that were transplanted into plastic 

*Reprinted with permission from “Defense responses against the sorghum
anthracnose pathogen in leaf blade and midrib tissue of johnsongrass and 
sorghum” by Ahn E, Prom LK, Odvody G, Magill C, 2019. Physiological and 
molecular plant pathology, 106, 81-86, Copyright [2019] by Elsevier Ltd. 
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round pots filled with Sungro professional growing mix soil materials in a greenhouse 

in College Station, TX, USA. Water and additional nutritional supplements were 

provided regularly. Six to seven-week-old plants at the 8-leaf stage were used for 

further steps.  

Screening cultivars of johnsongrass against C. sublineola by excised-leaf spot 

inoculation 

For the 26-cultivar set grown from rhizomes, an excised leaf assay developed 

for screening disease response was used (Prom et al. 2016). In a previous study, 

virulent strains of C. sublineola (FSP2, FSP35, and FSP53) isolates elicited various 

host defense responses on leaf blade of johnsongrass and sorghum cultivars based 

on the same protocol (Ahn et al. 2018). Here the same cultivars from that study were 

tested using the same virulent strains of C. sublineola. Here also, rather than just 

scoring resistance versus susceptibility, a 1-5 scale as described below was used to 

evaluate disease progress.  

C. sublineola was inoculated onto half strength PDA plates and grown in an

incubator for 10-14 days. A small amount of sterile water was added to the plate, and 

a sterile spatula was used to scrape and remove colony growth, which includes both 

mycelia and conidia from the plate. This suspension mixture was filtered through four 

layers of cheesecloth to remove mycelium and concentrate conidia which were 

diluted to a final conidial concentration of ~106 conidia/mL. 

For the excised leaf assay, leaf pieces (approximately 4 cm x 2.5 cm) of each 
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cultivar were placed, adaxial side up, on a half strength PDA plate, and 5 μl of the 

spore suspension was inoculated on each side of the leaf blade and one spot on the 

midrib.  

Excised leaves were observed under an Olympus BX60 microscope with 10x 

magnification at 24, 48, 72, and 96 hrs post-inoculation. At 96 hrs post inoculation, 

susceptibility was scored using a 1-5 scale: 1 fully resistant without visible fungal 

infection, 2. fungal germ tube formed, 3. Some acervuli imperfectly formed (fungal 

bed formed) 4. Some acervuli perfectly formed, and 5. the most susceptible with 

visible countless acervuli present (Figure 1). The experiment was repeated three 

times with a different set of plants. In each repeat experiment, three to four leaf 

segments were evaluated for each cultivar. Scores of leaf blade and midrib were 

separately recorded and averaged.  

Statistical analysis 

A parametric two tailed pooled t-test was done with JMP Pro 14 for 

comparing leaf and midrib results. Although de Winter and Dodou (2010) showed 

through simulations that t-tests can be used in nearly every case for five-point Likert 

scale data, the acceptability for using t-tests was verified by showing that using the 

non-parametric Wilcoxon test resulted in the same results with respect to 

significance. 
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RNA extraction and Real-Time Quantitative Reverse Transcription PCR 

analysis 

Of the original group of cultivars, two johnsongrass (SH1136, SH1350) and 

two sorghum (BTx623, SC748-5) cultivars were selected for evaluating potential 

differences in gene expression of leaf blade and midrib tissues in response to 

inoculation with isolate FSP53 inoculation which caused various responses on the 

cultivars as opposed to FSP35, a strongly infectious isolate on all cultivars. Eight-

leaf stage plants were transferred from the greenhouse to a ConvironⓇ CMP3244 

growth chamber to minimize environmental interference and four to seven individual 

plants were used from each cultivar. An aqueous conidial suspension of C. 

sublineola (FSP53) was diluted to a concentration of ~106 conidia/ml with an addition 

of 2-3 drops of Tween 20. The conidial inoculum was pipetted onto a pre-marked leaf 

surface area and spread using a brush or cotton swabs. The labeled inoculated 

leaves were detached from the whole plants 1 dpi(=24hpi) and 2 dpi(=48hpi). 

Immediately after detachment, the protocol from QIAGENⓇ RNeasy mini handbook 

(2001) was used in RNA extraction from collected leaf samples. After RNA isolation, 

a NanoDrop ND-1000 spectrometer was used to measure RNA concentrations, and 

RNA isolates were diluted to 10ng/μl with sterile RNAase free dH2O. For Real-Time 

qRT-PCR analysis, one step SYBRⓇ PrimeScript ™ RT-PCR kit II from TaKaRa 

Clontech was used, and as the manual suggests, 10 μl of TaKaRa 2x One Step 



SYBR RT-PCR Buffer, 0.8 μl of PrimeScript 1 step Enzyme Mix 2, 5.6 μl of sterile 

dH2O, 0.8 μl of forward primer, 0.8 μl of reverse primer (Table 4), and 2 μl of diluted 

RNA template was added into a sterile Cepheid SmartCyclerⓇ 25 μl tube. The tube 

was placed into Cepheid SmartCyclerⓇ, and exposed to 42 ºC for 5 min and 95ºC 

for 10 sec, followed by 40 cycles of 95ºC for 5 sec and 50-55ºC (depends on primer 

pairs and primers listed in SI Appendix, Table 2) for 20 sec, followed by melt curve 

starting at 65ºC and ending at 95ºC.  

Expression was measured for previously determined defense response 

genes (Ahn et al. 2018), including flavonoid-3’-hydroxylase, β-1,3-Glucanase, 

chitinase, chalcone synthase (CHS), thaumatin-like protein, and PR-10. Expression 

of actin mRNA amplified using intron spanning primers was measured as a 

background check, and the ∆∆Ct method was used to compare levels of each mRNA. 

Finally, 2^∆∆Cts were computed to Log2(Expression Fold Change) transformation 

and statistically analyzed by using two tailed pooled t-test with JMP Pro 14. In all 

cases, fold values are expressed relative to zero-time control samples. 

RESULTS AND DISCUSSION 

Leaf blade and midrib disease response to three isolates of C. sublineola using 

the excised-leaf spot inoculation assay  

    Nearly identical degrees of infection between leaf blade and midrib were 

observed upon FSP35 inoculation of the johnsongrass cultivars. Disease evaluation 

data are summarized in Table 4. Table 4 also shows the results based on use of t-
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test analysis (parametric). Winter and Dodou (2010) have verified that the t-test is 

valid for 5-point Likert scales and provide a more straightforward representation of 

the results as compared to non-parametric tests. This was confirmed for the results 

reported here by comparison to analysis using the non-parametric Wilcoxon test.  

    The degrees of infection for FSP2 or FSP53 were comparably mild. A 

few johnsongrass cultivars showed fairly different degrees of susceptibility upon 

inoculation of the two isolates. As an example, the average susceptibility scores of 

SH1350 were 1.75 and 2.45 in leaf blade and were 1 and 1.45 in midrib upon FSP 2 

and FSP 53 inoculation, respectively. In SH1450, the scores were 2.75 and 3.18 in leaf 

blade and were 2.08 and 1.82 respectively, upon FSP2 and FSP53 inoculation. 

   The sorghum cultivars, BTx623, a susceptible cultivar, and SC748-5, a 

resistant cultivar, were also tested to survey any possible phenotypic difference 

between leaf blade and midrib upon inoculation of the three isolates of C. 

sublineola. SC748-5, like most of the johnsongrass cultivars, showed similar 

degrees of infection in leaf blade and midrib after inoculation. In contrast, BTx 

623 had a large difference in infection severity between the leaf blade and midrib 

in response to inoculation with isolates FSP2 and FSP53 (Figure 3). 
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Table 4. Degree of infection on leaf blade and midrib day-4(=96 hrs) post-inoculation 

based on detached-leaf-spot assay. Mean±SEM was recorded. 

Cultivar FSP2 FSP35 FSP53 

Leaf blade Midrib Leaf blade Midrib Leaf blade Midrib 

(+)BTx623 

(sorghum) 

4.67±0.33 2±0.47 3.67±0.21 3±0.45 5±0 1.8±0.8 

(-)SC748-5 

(sorghum) 

1±0 1±0 4.14±0.26 3±0.53 1.44±0.44 1.56±0.24 

SH1002 2.2±0.42 1.2±0.13 4.17±0.17 4.17±0.17 1.71±0.42 1±0 

SH1030 1.7±0.34 1.3±0.21 3.5±0.38 3.5±0.38 1±0 1±0 

SH1048 1.83±0.40 1.67±0.49 4±0.32 3.4±0.24 1.17±0.17 1±0 

SH1094 1.73±0.23 1.27±0.20 3.88±0.13 3.14±0.55 1.67±0.16 2±0.42 

SH1104 1.3±0.21 1.2±0.13 4±0 3.67±0.33 1.43±0.30 1.29±0.29 

SH1116 1.73±0.31 1.36±0.24 4±0 4.17±0.17 1.63±0.50 1±0 

SH1126 2.5±0.45 2±0.45 4±0 4±0 2.7±0.42 2.7±0.42 

SH1136 2.45±0.47 2.45±0.47 4±0 4±0 2.33±0.49 2.67±0.56 

SH1152 2.1±0.46 1.4±0.27 4±0 4±0 1.75±0.41 1.5±0.33 

SH1154 1.64±0.28 1.18±0.12 4±0 4±0 1.75±0.37 1.25±0.25 

SH1165 1.29±0.29 1.44±0.24 3.86±0.26 3.57±0.20 1.75±0.53 1.67±0.33 

SH1201 1.91±0.39 1.27±0.20 4±0 4±0 1±0 1.67±0.42 

SH1229 2.4±0.38 1.17±0.11 4±0 3.83±0.17 1.88±0.30 1.38±0.18 

SH1233 1.13±0.13 1.13±0.13 3.63±0.18 3.88±0.13 1.4±0.27 1.4±0.22 

SH1247 1.57±0.30 1±0 3.8±0.2 3.14±0.34 1±0 1±0 

SH1281 1.86±0.46 2.43±0.53 3.4±0.24 3±0.32 1.75±0.31 1.88±0.48 
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Table 4 Continued 

Cultivar FSP2 FSP35 FSP53 

Leaf blade Midrib Leaf blade Midrib Leaf blade Midrib 

SH1325 2.18±0.42 1.36±0.28 3.67±0.21 3.83±0.17 1.88±0.52 1±0 

SH1337 2±0.42 1.11±0.11 3.25±0.49 2.5±0.57 1.88±0.35 1.13±0.13 

SH1350 1.75±0.30 1±0 3.17±0.17 3.17±0.17 2.45±0.55 1.45±0.25 

SH1409 2.5±0.5 1.9±0.35 4±0 4±0 3.33±0.76 3.14±0.55 

SH1426 1.75±0.33 1.0±0 3.86±0.34 4.29±0.18 3±0.55 1.3±0.3 

SH1450 2.75±0.39 2.08±0.31 4.17±0.2 3.67±0.21 3.18±0.42 1.82±0.36 

SH1457 1.55±0.25 1.09±0.09 4±0 4±0 1.57±0.43 1.71±0.36 

SH1484 1.89±0.39 1.67±0.24 4.17±0.17 3.83±0.17 1.57±0.37 1.57±0.37 

SH1490 1±0 1.3±0.21 4±0 3.83±0.17 1.29±0.18 1.29±0.29 

SH1493 2.36±0.31 2±0.30 3.8±0.2 4±0 1.29±0.29 1.14±0.14 

Total 1.96±0.08 1.46±0.05 3.85±0.05 3.46±0.05 1.94±0.08 1.55±0.08 
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  a    b 

c    d 

   e    f 

Figure 3. BTx623 and SH1350 midrib and leaf blade day-4 (=96hpi) based on 
detached-leaf-spot assay. a. BTx623 Midrib/FSP 2, b. BTx623 leaf blade/FSP2, c. 
BTx623 Midrib/FSP53, d. BTx623 leaf blade/FSP53. c and d are from the same 
excised leaf piece. Acervuli formation started from the boundary of midrib and leaf 
blade, e. SH1350 Midrib/FSP53, f. SH1350 leaf blade/FSP53. Difference of infection 
rate between midrib and leaf blade is present, but not as great as with BTx623. 
Photographs were taken at 10x magnification and are cropped to provide clear 
images. 



   For isolate FSP2, the average infection score was 4.67 for leaf blade 

compared to 2.0 for midrib. Similarly, for isolate FSP53, the average score was 

5.0 for leaf blade compared to 1.8 for midrib. 

    Student’s t-test analysis revealed different host responses between leaf 

blade and midrib in BTx623, SH1002, SH1229, SH1325, SH1337, SH1426, and 

SH1450 (P-values≤0.05, Mean scores are available in Table 4). For isolate FSP 35 

inoculation, only SC-748-5, SH1337, and SH1426 showed statistically different 

responses between leaf blade and midrib. Similarly, for FSP53 inoculation, only 

differed in a few but different cultivars; BTx623, SH1350, and SH1450 had 

statistically meaningful response differences between the two tissues. The results 

clearly indicate different isolates of C. sublineola elicited different responses of leaf 

blade and midrib across different cultivars. Overall, leaf blade was more susceptible 

than midrib. The results from the Wilcoxon test, a non-parametric analysis, followed 

the parametric t-test with the same results so far as significance. 

   Wharton et al. (2001) have shown that C. sublineola appressoria 

penetrate directly through the cuticle and epidermal cell wall of host cells rather 

than entering via stomata, thus, so differences in stomata frequency in leaf 

blade and midrib cannot explain the difference.  

     Student’s t-test analysis for overall average scores for johnsongrass isolates 

revealed significantly different host responses between leaf blade and midrib upon 

FSP2 inoculation (Mean leaf blade score and midrib score= 1.96 and 1.46 

respectively with p-value≤0.0001). Similar results were found following FSP35 
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inoculation (Mean leaf blade score and midrib score= 3.85 and 3.46 respectively 

with p-value≤0.0076). Leaf blade and midrib response to FSP53 inoculation 

followed a similar pattern (mean leaf blade score and midrib score= 1.94 and 1.55 

respectively with p-value≤0.0005

         The results from Wilcoxon tests followed the parametric t-test; p-values based 

on comparisons between leaf blade and midrib are≤0.0001 upon FSP 2 inoculation, 

0.0275 upon FSP 35 inoculation, and 0.0017 upon FSP 53 inoculation. 

Real-Time Quantitative Reverse Transcription PCR analysis 

Two johnsongrass cultivars, SH1136 and SH1350, and two sorghum cultivars, 

BTx623 and SC748-5, were selected for evaluating gene expression based on 

different phenotypic responses between leaf blade and midrib to FSP 53 inoculation. 

The average susceptibility scores of SH1136 were 2.33 and 2.67 in leaf blade and 

midrib respectively. SH1350 was scored 2.45 in leaf blade, while it was scored 1.45 

in midrib. Like SH1136, SC748-5 had nearly identical average scores between leaf 

blade and midrib with 1.44 and 1.56 respectively. BTx623 was extremely susceptible 

in leaf blade with average score 5. In contrast, midrib was quite resistant with 

average score 1.8. Because nearly identical average scores for leaf blade and midrib 

were seen in SH1136 and SC748-5, gene expression levels were also expected to 

be similar. Conversely, different levels of host defense related gene expression in 

leaf blade and midrib were expected in SH1350 and BTx623.  

In SH1136, SH1350, and SC748-5, no statistically meaningful differences 

were detected in any of the 6 tested defense response genes: the expression of the 
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genes upon FSP53 inoculations were nearly identical 1-day (=24hrs) and 2-

day (=48hrs) post inoculation. Importantly, three different expression patterns 

between leaf blade and midrib were observed in BTx623 in response to 

inoculation with isolate FSP53 of C. sublineola. CHS8, which is involved in 

phytoalexin synthesis (Lo et al. 1999), was highly upregulated in midrib day-1 post 

inoculation. Midrib CHS8 expression was 23.28-fold upregulated, while leaf blade 

was 4.11-fold upregulated with P-value=0.0237 based on a two tailed pooled t-test 

(Figure 4 & Table 5).  

The P-value comparing the 2 tissues is 0.00237 based on two tailed pooled t 

test. At day-2 post inoculation, midrib CHS8 was 34.58-fold upregulated but not 

statistically significant, while leaf blade CHS8 was 5.40-fold upregulated with P-

value=0.1228. Meanwhile, chitinase was slightly upregulated in leaf blade (2.20 

mean fold change) but was downregulated in midrib (0.50 mean fold change) at a P-

value of 0.0082 based on two tailed pooled t test. Thaumatin-like protein (TLP) at 

day-2 post inoculation with isolate FSP53 was slightly upregulated (2.61 mean fold 

change) in midrib but downregulated in leaf blade (0.687 mean fold change) with p-

value = 0.0485 based on two tailed pooled t-test. Overall, the aforementioned three 

genes had statistically significantly different expressions between leaf blade and 

midrib. 

     A different pattern was observed for chitinase, which can enhance 

resistance to fungal pathogens in sorghum (Sharma et al. 2014), as it was slightly 

upregulated in leaf blade, whereas it was downregulated in midrib day-1 post inoculation.  
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Figure 4. Expression of chalcone synthase 8 (CHS8), chitinase, and thaumatin-
like-protein (TLP) in BTx 623 at day-1 (CHS8 & chitinase) and day-2 (TLP) post 
inoculation with FSP 53. (L = leaf, M = midrib, D1= day-1 post inoculation, D2= 
day-2 post inoculation). 

Table 5. Significantly different host defense related gene expressions between leaf 
blade and midrib. 

Pairs Gene Average fold change P-value

Leaf blade Midrib 

BTx 623  
Leaf blade D1 vs midrib D1 

CHS8 4.11±1.89 23.28±6.08 0.0237 

BTx 623  
Leaf blade D1 vs midrib D1 

Chitinase 2.20±0.43 0.50±0.06 0.0082 

BTx 623  
Leaf blade D2 vs midrib D2 

TLP 0.69±0.12 2.61±0.77 0.0485 

Mean fold changes ±SEM are shown. 
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At day-2 post inoculation with isolate FSP53, thaumatin-like protein (TLP) 

was slightly upregulated (2.61 mean fold change) in the midrib but downregulated in 

the leaf blade (0.687 mean fold change) with p-value = 0.0485 based on two tailed 

pooled t test. TLP is known to be produced in response to pathogen infection 

(Breiteneder 2004). 

CONCLUSION 

Overall, twenty-six johnsongrass and two sorghum cultivars inoculated with three 

selected isolates of C. sublineola produced phenotypic differences in disease 

severity between midrib and leaf blade on the same excised leaf tissue. More 

significantly, the differences in rates of expression of host resistance genes CHS8, 

chitinase, and TLP between midrib and leaf blade tissues occurred on BTx623 on 

day-1 and day-2 post inoculation with isolate FSP53 of C. sublineola. Based on the 

magnitude of difference between the two leaf parts, CHS8 might have an important 

role for midrib protection against C. sublineola. TLP might also be a contributor to 

the observed susceptibility differences between midrib and leaf blade tissues 

although not as significant as CHS8. Though it is unclear, leaf blade versus midrib 

expression of chitinase at day-2 post inoculation could be a good indication that leaf 

blade and midrib variously express host defense related genes with possible 

temporal difference.  

One other important fact is that midrib versus blade differences in expression 

of tested genes were only observed in BTx623. The gap between leaf blade and 



 44 

midrib average score was 3.2 in BTx623 whereas it was much lower in all other 

comparisons. While the small difference may simply result from equivalent 

responses, it is also possible that physical characteristics such as thickness of cuticle 

and wax on midrib compared to leaf blade may differ among cultivars and contribute 

to differences in response. In addition, there are many other host defense related 

genes I must further explore. 
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CHAPTER IV 

GENOME WIDE ASSOCIATION ANALYSIS OF SORGHUM MINI CORE LINES 

REGARDING ANTHRACNOSE, DOWNY MILDEW, AND HEAD SMUT 

INTRODUCTION 

The mini core collection was included in a genotyping by sequencing (GBS) project 

that revealed locations of 265,487 Single Nucleotide Polymorphisms (SNPs) (Morris 

et al. 2013). The data revealed 14,739 SNPs markers scattered across the genome 

that could be used to genotype the complete sorghum mini core collection and for 

genome wide association studies (GWAS). In previous studies, the sorghum mini 

core collection was scored over several years for response to C. sublineola, P. 

sorghi, and S. reilianum (Radwan et al. 2011), and the screening results of these 

three common sorghum diseases were combined with over 290,000 Single 

Nucleotide Polymorphic (SNP) loci from a recently updated version of a publicly 

available genotype by sequencing dataset available for the mini core collection 

(Morris et al. 2013) in order to search potential candidate defense related genes 

against each of the three pathogens. Top candidate defense related genes are 

discussed here. 

*Reprinted with permission from “Genome wide association analysis of sorghum mini
core lines regarding anthracnose, downy mildew, and head smut.” by Ahn E, Hu Z,
Perumal R, Prom LK, Odvody G, Upadhyaya HD, Magill C, 2019. PLoS One,
14:e0216671, 1-13, free of all copyright, and may be freely reproduced, distributed,
transmitted, modified, built upon, or otherwise used by anyone for any lawful
purpose.
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MATERIALS AND METHODS 

Disease screening and ratings 

For anthracnose, each of the 245 mini core accessions were evaluated two 

times consecutively in September 2007 and January 2008 in the USDA-ARS green 

house, College Station, Texas as described in (Prom et al. 2009). BTx635 (resistant) 

and B1?  (BTx643) and BTx623 (susceptible) were included as checks in each 

experiment. The experiments were conducted under randomized block design 

replicated four times. A mixture of five anthracnose isolates which are aggressively 

virulent and commonly present in Texas was used as inoculum. The isolates are 

maintained at the USDA-ARS, Southern Plains Agricultural Research Center, 

College Station, Texas, USA. An effective spray inoculation technique and disease 

assessment method was used as previously described by Erpelding and Prom 

(2004) and Prom et al. (2009). Briefly, inoculum for C. sublineola from each isolate 

was pooled following growth on ½ strength PDA plates. The spray inoculation was 

used at the 8-10 leaf stage (approx. 30 days after planting) to deposit approx. 3-5 ml 

conidial suspension (106 conidia/mL) onto the leaves of each plant. Tween 20 

(wetting agent) was added to the inoculum (0.5 ml/L). Immediately after spraying, 

plants were misted for 30 sec at 30-45 min intervals over a 10 hr/d period for one 

month. Disease assessments were conducted 30 days post-inoculation and 

thereafter, on a weekly basis for four weeks. Ratings were based on a scale of 1 to 

5 (Erpelding and Prom 2004), where 1 = no symptoms or chlorotic flecks on leaves; 

2 = hypersensitive reaction (reddening or red spots) on inoculated leaves but no 
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acervuli formation and no lesion development on other leaves; 3 = lesions on 

inoculated and bottom leaves with acervuli in the center; 4 = necrotic lesions with 

acervuli on inoculated leaves and infection spreading to bottom and middle leaves; 

and 5 = most leaves dead with abundant acervuli on the flag leaf. Accessions were 

considered resistant if plants in the row were rated as 1 or 2 and susceptible if rated 

as 3, 4, or 5. Thus the difference between a resistant and susceptible response as 

used here was the presence of acervuli on the leaves, which indicates successful 

reproduction of the pathogen.  

For downy mildew, inoculation of germinating seeds of 242 mini core 

accessions and subsequent scoring for downy mildew was detailed in Radwan et al. 

(2011). Each experiment was replicated three times using a randomized block 

design. In each replication, 16-17 inoculated seedlings were transplanted to a half-

gallon pot, and allowed to grow in the greenhouse at 25° ± 1°C for 14 days.  Each 

week, 15 to 20 accessions were tested at a time along with susceptible (Pioneer 

hybrid 84G62) and resistant (Pioneer hybrid 83P67) as checks. The sandwich 

inoculation technique was used as detailed by Thakur et al. (2007) for downy mildew 

resistance screening in the greenhouse. Spores were collected from plants 

systemically infected with virulent pathotype 6 being maintained year-round in the 

greenhouse on infected susceptible plants (Pioneer hybrid 84G62) and served as 

the source inoculum. As the conidia production was found to be very difficult during 

the winter months, the greenhouse inoculation experiments were initiated in June 

2009 and completed in May 2010 by skipping five months between October 2009 
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and February 2010. Susceptibility to downy mildew was evaluated two weeks after 

transplanting. Plants showing systemic and or local lesions were counted as infected. 

Disease incidence was determined from the percentage of infected plants in each 

replication and evaluated for disease symptoms. Accessions with 10% or less downy 

mildew incidence were considered resistant (Prom et al. 2010).   

For head smut, all 245 minicore accessions along with BTx7078 

(susceptible) and BTx635 (resistant) as checks were used for head smut resistance 

screening in the greenhouse. A set of fifty accessions along with two checks were 

planted in five-gallon pots starting April 2018 and at 15-day intervals the next 50 

accessions and two checks were planted. Each experiment was conducted in a 

randomized block design with three replications. A five-gallon pot with five plants was 

maintained for inoculation in each replication. A reliable syringe inoculation 

technique as detailed by Perumal et al. (2007) was used for green house evaluation. 

Briefly, sporida were grown from teliospores that had been collected from infected 

sorghum plants in south and central Texas. Cultures were grown on a rotator in liquid 

culture (PDB) at 26° for 3 days and mixed for hypodermic inoculation. In susceptible 

interactions, the inflorescence is replaced with sori visible at the time of flowering, 

the time at which scoring was done. To verify resistance, all apparently healthy 

inflorescences were cut back to verify that tillers were not infected as occurs with 

systemic head smut infections. Since 37 photoperiod-sensitive lines did not flower, 

their main tillers were cut and the plants maintained until day length reduction 
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induced flowering (mid-November). Lines with less than 10% infected plants (0 most 

often) were scored as resistant.  

GWAS and SNPs Mapping 

The SNPs data was extracted from an integrated sorghum SNPs dataset 

and originally genotyped using GBS (Elshire et al. 2011) (Morris et al. 2013) (Lasky 

et al. 2015). The missing data were imputed using Beagle 4.1 (Browning and 

Browning 2016). GWAS was run using a linear mixed model in GAPIT with 

Model.selection=T, SNP.MAF=0.01 (J. Yu et al. 2005) (Lipka et al. 2012). The 

Manhattan plots were made using qqman package (Turner 2014). SNPs with high 

probability of contribution to each of the three diseases responses were tracked to 

the specific chromosome location based on the sorghum genome sequence, version 

3.1.1 available at the JGI Phytozome 12 web site, updated in 2018 (McCormick et 

al. 2018). 

RESULTS AND DISCUSSION 

As part of a study supported by the Global Crop Diversity Foundation, the 

sorghum mini core lines were examined for response to Colletotrichum sublineola 

with a mix of spores from isolates causing disease in Texas. They were also 

specifically examined for response to race 6 of P. sorghi and to a mix of S. reilianum 

isolates collected from several locations in Texas. For anthracnose, 123 of the 245 

lines that could be scored were resistant, for downy mildew 52 of the 240 mini core 

lines tested were resistant and for head smut, 102 of 229 lines were classed as 
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resistant. All together 459,304 SNPs went through filtering process and generated 

299,204 SNPs for anthracnose, 306,615 for downy mildew, and 290,299 for head 

smut. Because of the very high number of comparisons possible a very high cutoff 

score is generally employed, However, since there is also a possibility that 

differential responses to races of the pathogens and that single resistance genes 

may not be detected if not present in enough accessions of the extremely diverse 

mini core collection to be detected, I opted to examine the highest scoring SNPs for 

each pathogen in order to determine if they identified genes known to be involved 

with host defense responses or had been identified in other disease association 

studies (Figure 5-7, Table 6-8). The tables also show the distance in base pairs to 

the nearest genes or physically nearby genes with defined functions. 
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Figure 5. Genome-wide associations with anthracnose in Manhattan plot. 
The line is a cut-off for top candidate genes listed in table 6. 

Figure 6. Genome-wide associations with downy mildew in Manhattan plot. 
The line is a cut-off for top candidate genes listed in table 7. 
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Figure 7. Genome-wide associations with head smut in Manhattan plot. 
The line is a cut-off for top candidate genes listed in table 8. 
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Table 6. Top SNPs associated with anthracnose. Top SNPs associated with 

anthracnose are listed. The tables also show the distance in base pairs to the nearest 

genes with functions. 

Chr. Location Nearest gene and function Base pairs 
away 

P value 

8 1802680 
Sobic.008G020700 
Similar to Zinc finger homeodomain (ZF-HD) 
protein dimerisation region containing protein 

2605 
1.70E-05 

2 69955660 
Sobic.002G330900 
F-box domain.

5134 
2.01E-05 

4 61746687 

Sobic.004G273600 
Similar to H0215F08.15 protein. RNA 
recognition motif. (a.k.a. RRM, RBD, or RNP 
domain). Exodeoxyribonuclease VII. 

8004 

2.70E-05 

7 37557648 
Sobic.007G105400 
Similar to Ubiquitin carrier protein. 
Ubiquitin-conjugating enzyme (E2) 

28912 
3.74E-05 

3 61650258 

Sobic.003G281500 
Similar to Pleiotropic drug resistance protein 
15. 
ABC transporter domain, ABC-2 type 
transporter domain, Plant PDR ABC 
transporter associated protein domain, and 
ABC-transporter extracellular N-terminal 
domain containing 

5220 

4.30E-05 

5 2211068 

Sobic.005G024400 
Ribosome Assembly protein 
WD domain, G-beta repeat, Histone-binding 
protein RBBP4 or subunit C of CAF1 complex. 

0 

4.90E-05 

6 
19369682 

& 
19369687 

Sobic.006G040101 
Plant transposase (Ptta/En/Spm family) 

54956 
6.02E-05 

1 7499623 

Sobic.001G097400 
Similar to Phosphatidylinositol-3-and 4-kinase 
family protein, expressed. 
WD domain, G-beta repeat containing 

268 

6.39E-05 

3 65141341 

Sobic.003G325100 
Similar to Blight resistance protein RGA3-like. 
NB-ARC domain and leucine rich repeat 
containing 

7468 

6.61E-05 

9 11921711 
Sobic.009G082200 
Similar to Putative serine/threonine kinase 
protein. 

26295 
7.09E-05 
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Table 7. Top SNPs associated with downy mildew. Top SNPs associated with downy 

mildew are listed. The tables also show the distance in base pairs to the nearest or 

nearby genes (*) with functions. 

Chr. Location Nearest/nearby genes and function Base pairs 
away 

P value 

1 62708122 

Sobic.001G339100 
Similar to Glucose-6-phosphate 1-
dehydrogenase, pentose phosphate pathway 
(oxidative branch) 

254 

3.32E-06 

3 49693492 
Sobic.003G185000 
PF05266 - Protein of unknown function (DUF724) 
(DUF724), Agenet domain containing protein. 

15551 
2.21E-05 

3 

1603221 

& 

1608048 

& 

1608046 

Sobic.003G018300 
Similar to Os01g0213000 protein Ring finger 
domain containing protein 

22460* 

17633 

17635 

7.04E-05 

2 63642528 
Sobic.002G249000 
Similar to AT-hook motif nuclear localized protein 
2. 

7612* 
8.70E-05 

10 15963823 

Sobic.010G126500 
Aspartyl proteases 
Xylanase inhibitor N-terminal and C-terminal 
containing protein 

54532 

9.54E-05 

3 1636714 
Sobic.003G018600 
Similar to Small nuclear ribonucleoprotein 
homolog 

0 
9.84E-05 

1 8688112 
Sobic.001G111300 
Uncharacterized protein 
Protein tyrosine kinase. 

4318* 
0.000144 

4 63086639 

Sobic.004G289700 
Predicted Ca2+-dependent phospholipid-binding 
protein 
C2 domain containing protein 

11853* 

0.000144 

2 61590648 
Sobic.002G224300 
Predicted protein 
No apical meristem (NAM) protein containing. 

0 
0.000175 

1 8131244 

Sobic.001G105900 
Similar to Acc synthase 
ethylene biosynthesis I pathway 
Aminotransferase class I and II. 

10046 

0.000182 
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Table 8. Top SNPs associated with head smut. Top SNPs associated with head smut 

are listed. The tables also show the distance in base pairs to the nearest genes with 

functions. 

Chr. Location Nearest gene and function Base pairs away P value 

1 

73516778 
and 
7 more 
within 2000 
bp 

Sobic.001G459500 
Similar to Leucine Rich Repeat family 
protein, expressed. 

271 

1.58E-05 

3 53833202 
Sobic.003G207500 
Minor histocompatibility antigen H13 
Signal peptide peptidase 

25606 
5.44E-05 

5 4712627 
Sobic.005G049600 
Weakly similar to H0607F01.6 protein 
Protein tyrosine kinase 

0 
5.86E-05 

10 38702488 
Sobic.010G143900 
Similar to Os06g0470000 protein 
Glycosyltransferase 

85520 
6.55E-05 

2 23750579 
Sobic.002G142900 
Similar to Putative uncharacterized protein, 
Tetratricopeptide repeat-containing protein 

5417 
9.44E-05 

5 9400668 

Sobic.005G076301 
Coiled-coil domain containing protein lobo 
homolog 
Leucine-rich repeat containing protein 

0 

0.000103 

2 1751971 
Sobic.002G019000 
Similar to Putative uncharacterized protein, 
Xyloglucan fucosyltransferase containing. 

10608 
0.000108 

5 52227160 
Sobic.005G120201 
Glutathione S-transferase 

1426 
0.000117 

1 73523579 
Sobic.001G459600 
Leucine Rich Repeat containing protein 

0 
0.00014 

6 51844045 

Sobic.006G160500 
Similar to OSIGBa0159I10.13 protein,  
Aspartyl proteases 
Xylanase inhibitor N-terminal containing 

0 

0.000145 

2 734336 
Sobic.002G007800 
Zinc finger containing protein 

0 
0.000151 
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Anthracnose 

The highest probability for a SNP associated with resistance/susceptibility to 

anthracnose is associated with a Zinc-finger-homeodomain protein encoded by a 

gene on chromosome 8. (ZF-HD) proteins have known functions in plant defense 

through activation of calmodulin isoform 4 (GmCaM4) gene expression in soybean 

(Park et al. 2007). Next is SNP S02_69955660 on chromosome 2, that is 5134 bases 

from an F-box domain coding region. F-box proteins are involved in cell death and 

defense responses in tobacco, tomato (van den Burg et al. 2008), and Arabidopsis 

(Kim and Delaney 2002). Cuevas et al. also reported that an F-box protein is one of 

the top candidate genes related to sorghum defense response against C. sublineola 

in a GWAS using a different set of sorghum cultivars (Cuevas et al. 2018). 

A number of plant RNA-binding proteins (RBPs) have known roles in plant 

immune response regulation (Woloshen et al. 2011). The nearest gene coding 

region of SNP S04_61746687 on chromosome 4 includes an RNA recognition motif. 

Moreover, a peroxidase related gene coding region is only 23,915 bps away from 

the same SNP. Among the proteins induced during host plant defense, class III plant 

peroxidases are well known (Almagro et al. 2009). 

According to Zhou et al., ubiquitin-conjugating enzymes as detected by the 

SNP on chromosome 7 play an essential role in both positive and negative plant 

responses to pathogens (Zhou et al. 2017). ABC transporters such as the gene 

nearest this SNP have been shown to be required for organ growth, plant nutrition, 

plant development, response to abiotic stresses, and pathogen resistance (Kang et 
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al. 2011). 

Plant ribosomal proteins are known to play a role in non-host disease 

resistance against bacterial pathogens in Nicotiana benthamiana (Nagaraj et al. 

2015). In addition, a WD40 repeat is reported to be involved in cell wall formation in 

plants (Guerriero et al. 2015). The SNP S05_2211068 on chromosome 5 is within 

the coding region of a gene that may serve either or both of these functions. Also, 

this SNP is also only 6148 bps away from a leucine-rich-repeat protein coding region 

which is a common feature of known resistance genes. 

Transposable elements (TEs) are known to be able to affect plant gene 

expression and reduce host defense mechanisms (Sahebi et al. 2018). The nearest 

annotated coding region of the two SNPs S06_19369682 and S06_19369687 on 

chromosome 6 is relatively near a region with a transposase signature.  

Salicylic acid (SA) has a central role in defense against pathogen attack, and 

phosphatidylinositol 4-kinase activation is an early response to SA in Arabidopsis 

(Krinke et al. 2007). The SNP S01_7499623 on chromosome 1 is 268 bps to the 

right from a coding region which contains a member of the phosphatidylinositol-3-

and 4-kinase family and a WD domain.  

The majority of disease resistance genes in plants encode nucleotide-

binding site leucine-rich repeat (NBS-LRR) proteins (McHale et al. 2006). The SNP 

S03_65141341 on chromosome 3 is located close to the coding region similar to 

resistance gene analog RGA3, a member of the nucleotide-binding site (NBS)-

leucine-rich repeat (LRR) gene (Yu et al. 2017). The SNP on chromosome 9 is 
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comparably close to a coding region of putative serine/threonine kinase, enzymes 

that are key to signal transduction. Receptor-like kinases (RLKs) are involved in a 

diverse array of plant responses including development, growth, hormone 

perception and the response to pathogens (Goff and Ramonell 2007).  

Downy mildew 
Glucose-6-phosphate dehydrogenase (G6PDH) plays a role in response to 

abiotic stresses and pathogenesis (Y. Yang et al. 2014). On chromosome 1, the SNP 

S01_62708122, is statistically the most distinguishable with the lowest p-value.  

The Arabidopsis thaliana gene enhanced downy mildew 2 (EDM2) encodes 

a nuclear protein required for RPP7-mediated race-specific disease resistance 

against Hyaloperonospora arabidopsidis, proper floral transition and additional 

developmental processes (Tsuchiya and Eulgem 2011). By yeast two-hybrid 

screening for EDM2-interacting proteins, Tsuchiya & Eulgem identified AtEML1, a 

member of a small group of four Arabidopsis proteins containing an EMSY N-

terminal domain, a central Agenet domain, and a C-terminal coiled-coil motif 

(Tsuchiya and Eulgem, 2011). This suggests the Agenet domain containing protein 

on chromosome 3 could play a similar role in sorghum 

RING finger proteins comprise a large family and play important roles in 

regulation of growth and development, hormone signaling, and responses to biotic 

and abiotic stresses in plants (Y. Yu et al. 2011). Among the list of top candidates, 3 

SNPs on chromosome 3 are all closest to a RING finger domain protein. 

It is reported that AHL20, an AT-hook containing DNA-binding protein, 
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negatively regulates pathogen triggered immunity (PTI) (Lu et al. 2010) in 

Arabidopsis, and the SNP S02_63642528 on chromosome 2 is close to a nuclear 

localized, AT-hook-motif containing protein.  

The SNP S10_15963823 on chromosome 10 is near a coding region that 

contains both aspartyl protease and xylanase inhibitor activity in the N- and C-termini. 

Aspartyl protease-mediated cleavage of Bcl-2-associated anti-apoptosis gene 

product of (BAG)6 is necessary for autophagy and fungal resistance in plants (Li et 

al. 2016). Further, xylanase inhibitor proteins (XIP) are potential defense molecules, 

which could act to prevent plant cell wall degradation by fungal hydrolytic enzymes 

(Vasconcelos et al. 2011).  

Alternative splicing (AS) functions in a range of physiological processes, 

including plant disease resistance (S. Yang et al. 2014). The SNP S03_1636714 on 

chromosome 3 is located on the coding region of a protein similar to small nuclear 

ribonucleoprotein which is highly involved in AS. Moreover, the SNP is only 5607bp 

away from a ring-finger domain protein.  

Plant receptor protein kinases (RPKs) represent the main plasma membrane 

pattern recognition receptors (PRRs) that can detect diverse microbe-associated 

molecular patterns (MAMPs) (Tena et al. 2011).  

In a GWAS study with another sorghum collection, Cuevas et al reported a 

tyrosine-kinase as one of top candidate resistance genes for sorghum against C. 

sublineola (Cuevas et al. 2018). The SNP S01_8688112 on chromosome 1 is only 

4318bp away from a tyrosine-kinase coding region.  
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In Arabidopsis, the C2 domain protein BAP1 negatively regulates defense 

responses (H. Yang et al. 2006). Similarly, on chromosome 4, I found the SNP 

S04_63086639 near the coding region of a C2 domain.  

NAC (NAM, ATAF1&2, and CUC2) genes play roles in plant growth and 

development ranging from the formation of shoot apical meristem, floral organ 

development, reproduction, lateral shoot development, and defense to responses to 

biotic and abiotic stresses (Solomon and Sang-Keun 2017). The SNP 

S02_61590648 on chromosome 2 is in the coding region of a ‘No Apical mannose 

binding lectin coding region. Plant mannose-binding lectins (MBLs) are crucial for 

plant defense signaling during pathogen attack by recognizing specific 

carbohydrates on pathogen surfaces (Hwang and Hwang 2011).  

One of the earliest detectable events during plant-pathogen interaction is a 

rapid increase in ethylene biosynthesis (Ecker and Davis 1987). It is also known that 

aminotransferases confer enzymatic resistance to downy mildew in melon (Eckardt 

2004). The SNP S01_8131244 on chromosome 1 is nearby a coding region similar 

to ACC synthase, which is related to ethylene biosynthesis I pathway, and 

aminotransferase class I and II domains. 

Head smut 
As previously mentioned most plant and animal immune receptors have a 

leucine-rich repeat (LRR) domain (Padmanabhan et al. 2009), and LRR proteins are 

known to take a significant role in plant defenses (Jones and Jones 1997). Three 

SNP Manhattan plot peaks were associated with LRR protein encoding genes, two 
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on chromosome 1 and one on chromosome 5 In sorghum NB-LRR resistance genes 

are found in clusters on several chromosomes, including chromosomes 1 and 5 

(Yang and Wang 2016).  

Signal peptide peptidase (SPP) plays a crucial role in life processes 

including immunological response in vertebrates, and SPPs are found in plants 

(Tamura et al. 2008). On chromosome 3, SNP S03_53833202 is located near a 

signal peptide peptidase gene. Since these genes are critical for secreting or 

delivering proteins to correct membrane locations, a role in defense is logical, though 

not proven.   

Plant receptor protein kinases (RPKs) represent the main plasma membrane 

pattern recognition receptors, perceiving (PRRs) diverse microbe-associated 

molecular patterns (MAMPs) (Tena et al. 2011). As for downy mildew, but on a 

different chromosome a SNP was detected in a tyrosine-kinase gene on 

chromosome 5. 

Glycosyltransferases of plant secondary metabolism transfer nucleotide-

diphosphate-activated sugars to low molecular weight substrates, and, additionally, 

it has been suggested that glycosyltransferases have an important role in plant 

defense and stress tolerance (Vogt and Jones 2000).  A SNP on chromosome 10 

was nearby to a glycosyltransferase coding region. 

It is known that one of the tetratricopeptide repeat (TPR) proteins known as 

SRFR1 (suppressor of rps4-RLD 1) functions negatively in resistance toward the 

effector molecule for AvrRps4 in Arabidopsis (Sharma and Pandey 2016). It seems 
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likely TPR also affects resistance in sorghum since a SNP nearby a TPR coding 

regions on chromosome 2 was detected. 

Cell walls are crucial for disease resistance in plants, and xyloglucan 

fucosyltransferase is a well-known enzyme involved in plant cell wall biosynthesis 

(Perrin et al. 1999). On chromosome 2, a SNP near a xyloglucan fucosyltransferase 

coding region was found.  

Glutathione (GSH) is a non-protein thiol compound which has been 

repeatedly reported to play an important role in plant responses during biotic 

stresses (Dubreuil-Maurizi and Poinssot 2012). I found a SNP near a glutathione S-

transferase.  

As described earlier, aspartyl protease-mediated cleavage of BAG6 is 

necessary for autophagy and fungal resistance in plants (Y. Li et al. 2016). Xylanase 

inhibitor proteins (XIP) are potential defense molecules, which could act to prevent 

plant cell wall degradation by fungal hydrolytic enzymes (Vasconcelos et al. 2011). 

The SNP detected within the coding region of aspartyl proteases and XIP N-terminal 

on chromosome 6 is congruent with previous studies.  

Cuevas et al. reported LRR, tyrosine-kinase, and zinc finger proteins are top 

candidate resistance genes for sorghum against C. sublineola (Cuevas et al. 2018). 

As mentioned previously, three SNPs were found that are near or within LRR 

tyrosine-kinases were found. Additionally, zinc finger protein, which plays essential 

roles in plant responses to biotic and abiotic stress, was directly tagged by a SNP 

on chromosome 2 (Shi et al. 2014). The results strongly suggest the fact that LRR, 
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tyrosine-kinase, and zing finger protein are truly involved in sorghum immunity 

against both facultative biotrophs C. sublineola, and S. reilianum, and possibly other 

pathogens as well. 

CONCLUSION 

In this research I took advantage of disease rating data for up to 245 

accessions from the mini core collection and the availability of a publicgenome 

sequencing project for those same accessions to identify SNPs that may be 

associated with resistance. A similar study was made earlier (Upadyhaya et al. 2013) 

using sequenced restriction fragments to identify SNPs associated with anthracnose 

resistance. In that study 14,739 SNPs identified 8 regions on chromosomes 1, 6, 8 

and 10 which could be associated with potential disease-related genes at a p value 

of 10-4 or lower. The genes identified ranged from being 23 bp to 49 kb from the 

identifying SNP.  Here, with the whole genome sequences available, over 290,000 

useful SNPS were available for association mapping with anthracnose, so only 

genes that are essentially adjacent to individual SNPs at a p value of 7 X10-5 or less 

were examined for possible roles in disease. Putative host defense genes were 

found on chromosomes 1, 6 and 8, but they did not appear to be the same genes 

identified in the earlier study.  Here, genes on chromosomes 3, 5, 7 and 9 were also 

detected. In all but one of the SNPs examined, nearby genes have previously been 

implicated in disease responses in sorghum or other plants. There are several 

factors that may explain the differences in the two studies. First, our analysis was 



made simply on the basis of resistance (no fungal reproduction, even when lesions are 

present) or susceptibility rather than the 1-9 scoring system used in the earlier study.  

In addition, C. sublineola is an extremely variable pathogen that typically is controlled 

by single gene resistance via recognition of pathogen avirulence factors that trigger 

host recognition involving NB-LRR proteins. As a consequence, the isolates 

collected from Texas may differ significantly from those in the India study. Also, a few 

substitutions have been made to replace lines included in the original mini core 

accessions for reasons such as low seed supply. Here, a more recent update of the 

annotated sorghum genome sequence was used, and while the update resulted in 

some re-numbering, generally those changes are not great and none would change 

chromosomal assignments.  Since all the genes identified in both studies have 

potential roles in host defense, all are deserving of additional analysis. 

     This is the first GWAS analysis of the mini core collection for downy mildew.  In this 

case, only a single, newly discovered race 6 of the pathogen was used to inoculate plants of 

each accession. Over 306,000 useable SNPs were detected in the 240 mini core accessions 

successfully screened, of which 52 were resistant.  As was the case with anthracnose the 10 

most likely candidates (p ≤ 1.8 X 10-4) were very near genes with functions predicting a 

potential role in host defense.   

    This is also the first case of using GWAS for head smut.  Since symptoms can 

be scored only after heading, many of the lines could only be scored months after 

planting and inoculation. Here, over 290,000 SNPs could be scored for the 229 

accessions scored of which 102 were resistant. Again, only R vs S responses were 
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recorded but now R meant less than 10 % of inoculated plants developed symptoms 

in the primary shoots or tillers.   

    Unless individual R genes providing race-specific resistance were present 

in a number of accessions it is unlikely they would be detected by this type of 

analysis. Especially in the case of anthracnose, where many races have evolved to 

overcome LRR type R genes, plants have also evolved a large family of such 

genes. The plasticity of NBS-LRR resistance genes in sorghum is driven by 

multiple evolutionary processes (Mace et al., 2014). In fact, defense response 

genes typically occur in families with numerous copies (Yang and Wang, 2016) so 

it is not surprising those identified differ in location.   

Overall, most of the genes identified are involved in aspects of host defense 

that would be typical of quantitative trait loci with minor effects rather than major 

genes. Those expected to be more directly involved in host defense, include SNPs 

nearby encoding regions of zinc finger and LRR related proteins.  Both were on the 

top list for anthracnose and head smut and near the top of the list for downy mildew. 

Tyrosine kinase related SNPs were on the top lists of downy mildew and head smut, 

but not on the top list of anthracnose. Overall, the top candidate host-defense related 

genes were diverse against three different pathogens. 
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CHAPTER V 

CONCLUSION 

Different C. sublineola isolates (FSP2, FSP35 and FSP53) elicited various 

responses in twenty-six johnsongrass cultivars. Through real-Time qRT-PCR, 

expression of five known host defense related genes: β-(1,3)-glucanase, chalcone 

synthase 8 (CHS8), pathogen induced chitinase, flavonoid-3’-hydroxylase, 

pathogenesis related protein-10 (PR-10), and thaumatin-like protein, were measured 

24hpi and 48hpi. As a result, SH1152, a moderately resistant cultivar, greatly 

upregulated chalcone synthase 8 (CHS8), flavonoid-3’-hydroxylase, pathogenesis 

related protein-10 (PR-10), and thaumatin-like protein 48hpi. Meanwhile, SH1247, a 

highly defensive cultivar, and SH 1450, one of the most vulnerable cultivars, were 

always grouped together in statistical analysis with nearly no upregulation. This 

could mean it is unnecessary to upregulate the specific host defense related genes 

tested in order to protect itself against C. sublineola in SH1247 which could be a 

novel source of resistance for sorghum.  

When the three C. sublineola isolates were inoculated to the twenty-six 

johnsongrass and two sorghum cultivars (BTx623 and SC748-5), disease severities 

between midrib and leaf blade on the same excised leaf tissue differed. The 

differences in rates of expression of host resistance genes CHS8, chitinase, and TLP 

between midrib and leaf blade tissues occurred on BTx623 on day-1 and day-2 post 

inoculation with isolate FSP53 of C. sublineola. CHS8 might have an important role 

for midrib protection against C. sublineola based on huge gene expression rate 
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difference. 

Finally, the results from pathogenicity tests of C. sublineola, P. sorghi, and 

S. reilianum (Radwan et al. 2011) in sorghum mini core collection were combined

with over 290,000 Single Nucleotide Polymorphic (SNP) loci from a recently updated 

version of a publicly available genotype by sequencing dataset available for the mini 

core collection (Morris et al. 2013). Based on the result of genome wide association 

studies (GWAS), potential candidate defense related genes against each of the three 

pathogens were detected. 



 68 

REFERENCES 

Ahn E, Hu Z, Perumal R, Prom LK, Odvody G, Upadhyaya HD, Magill C (2019) 
Genome wide association analysis of sorghum mini core lines regarding 
anthracnose, downy mildew, and head smut. PLoS One 14:e0216671 

Ahn E, Prom LK, Odvody G, Magill C (2018) Responses of johnsongrass against 
sorghum anthracnose isolates. J Plant Pathol Microbiol 9: 7 

Ahn E, Prom LK, Odvody G, Magill C (2019) Defense responses against 
the sorghum anthracnose pathogen in leaf blade and midrib tissue of  
johnsongrass and sorghum. Physiol Mol Plant P 106: 81-86 

Almagro L, Gómez Ros LV, Belchi-Navarro S, Bru R, Ros Barceló A, Pedreño 
MA (2009) Class III peroxidases in plant defense reactions. J Exp Bot 60: 377- 
390 

Boddu J, Svabek C, Sekhon R, Gevens A, Nicholson RL, Jones AD, Pedersen, 
JF, Gustine DL, Chopra Surinder (2004) Expression of a putative flavonoid 3′- 
hydroxylase in sorghum mesocotyl synthesizing 3-deoxyanthocyanidin  
phytoalexins. Physiol Mol Plant P 65: 101-113 

Breiteneder H (2004) Thaumatin‐like proteins – a new family of pollen and 

fruit allergens. Allergy 59: 479-481 

Browning BL, Browning SR (2016) Genotype imputation with millions of 
reference samples. Am J Hum Genet 98: 116-126 

Chen ZJ (2007) Genetic and epigenetic mechanisms for gene expression  
and phenotypic variation in plant polyploids. Annu Rev Plant Biol. 58: 377-406 

Costa LV, Souza AGC, Costa RV, Silva DD, Lanza FE, Aguiar FM, Figueiredo  
JEF (2017) Quantification of yield losses caused by leaf anthracnose on sorghum in 
Brazil. J Phytopathol 165: 479-485 

Cuevas HE, Prom LK, Cooper EA, Knoll JE, Ni X (2018) Genomewide association 
mapping of anthracnose (Colletotrichum sublineoloum) resistance in the US  
sorghum association panel. Plant Genome 11:1 

Doggett H (1988) Sorghum, 2nd ed. John Wiley and Sons Inc, New York 

Dong X, Lee J, Nou IS, Hur Y (2014) Expression characteristics of  
LSH genes in brassica suggest their applicability for modification of leaf 



 69 

morphology and the use of their promoter for transgenesis. Plant Breed Biotech 
2: 126-138 

Dubreuil-Maurizi C, Poinssot B (2012) Role of glutathione in plant signaling under 
biotic stress. Plant Signal Behav 7: 210-212 

Eckardt NA (2004) Aminotransferases confer “Enzymatic resistance” to 
downy mildew in melon. Plant Cell 16: 1-3 

Ecker JR, Davis RW (1987) Plant defense genes are regulated by ethylene. Proc 
Natl Acad Sci USA 84:5202-5206 

Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, Mitchell  
SE (2011) A robust, simple genotyping-by-sequencing (GBS) approach for high 
diversity species. PLoS ONE 6:e19379 

Erpelding JE, Prom LK (2004) Evaluation of malian sorghum germplasm for 
resistance against anthracnose. Plant Pathology J 3: 65-71 

Ferreira A, Warren H (1982) Resistance of sorghum to Colletotrichum 
graminicola. Plant Dis 66: 773-775 

Goff KE, Ramonell KM (2007) The role and regulation of receptor-Like 
kinases in plant defense. Gene Regul Syst Biol 1: 167-175 

Guerriero G, Hausman JF, Ezcurra I (2015) WD40-repeat proteins in  
plant cell wall formation: Current evidence and research prospects. Front Plant 
Sci 6: 1112 

Holm LG, Plucknett DL, Pancho JV, Herberger JP (1977) The world’s worst 
weeds. University Press, Honolulu, Hawaii 

Howard JL (2004) Sorghum halepense. In: U.S. Fire Sciences Laboratory, 
Department of Agriculture FS (ed) Fire effects information system, Rocky  
Mountain Research Station   

Hwang IS, Hwang BK (2011) The pepper mannose-binding lectin Gene CaMBL1 
is required to regulate cell death and defense responses to microbial pathogens. 
Plant Physiol 155(1):447–463  

Isakiet T, Jaster J (2005) Texas has a new pathotype of Peronsclerospora 
sorgi, the cause of sorghum downy mildew. Plant Dis 89: 529 

Jain D, Khurana JP (2018) Role of pathogenesis-related (PR) proteins in plant 



 70 

defense mechanism. In: Singh A, Singh S, (eds) Plant defense mechanism in:  
Molecular aspects of plant-pathogen interaction. Springer Singapore, Singapore, 
pp: 265-281 

Jones DA, Jones JDG (1997) The role of leucine-rich repeat proteins 
in plant defenses. ADV BOT RES 24: 89-167 

Kang J, Park J, Choi H, Burla B, Kretzschmar T, Lee Y, Martinoia E (2011) Plant 
ABC transporters. The Arabidopsis Book / American Society of Plant Biologists  
9: e0153 

Katile OS (2007) Expression of defense genes in sorghum grain mold and 
tagging and mapping a sorghum anthracnose resistance gene.  
Dissertation, Texas A&M University, College Station 

Kim HS, Delaney TP (2002) Arabidopsis SON1 Is an F-box protein that  
regulates a novel induced defense response independent of both salicylic acid 
and systemic acquired resistance. Plant Cell 14: 1469-1482 

Krinke O, Ruelland E, Valentová O, Vergnolle C, Renou JP, Taconnat  
L, Flemr M, Burketová L, Zachowski A (2007) Phosphatidylinositol 4-Kinase  
activation is an early response to salicylic acid in arabidopsis suspension cells. 
Plant Physiol 144: 1347-1359 

Krishnaveni S, Muthukrishnan S, Liang GH, Wilde G, Manickam A (1999)  
Induction of chitinases and β-1,3-glucanases in resistant and susceptible  
cultivars of sorghum in response to insect attack, fungal infection and wounding. 
Plant Sci 144: 9-16 

Lasky JR, Upadhyaya HD, Ramu P, Deshpande S, Hash CT, Bonnette J, Juenger 
T, Hyma K, Acharya C, Mitchell S, Buckler E, Brenton Z, Kresovich S, Morris GP  
(2015) Genome-environment associations in sorghum landraces predict adaptive  
traits. Sci Adv 1: e1400218 

Li L, Zhu F, Liu H, Chu A, Lo C (2013) Isolation and expression analysis of 
defense-related genes in sorghum–Colletotrichum sublineola interaction.  
Physiol Mol Plant P 84: 123-130 

Li Y, Kabbage M, Liu W, Dickman MB (2016) Aspartyl protease-mediated  
cleavage of BAG6 is necessary for autophagy and fungal resistance in plants. 
Plant Cell 28: 233-247 

Lipka AE, Tian F, Wang Q, Peiffer J, Li M, Bradbury PJ, Gore MA, Buckler ES, 
Zhang Z (2012) GAPIT: genome association and prediction integrated tool.  



 71 

Bioinformatics 28: 2397-2399 

Little CR, Magill CW (2003) Elicitation of defense response genes in  
sorghum floral tissues infected by Fusarium thapsinum and Curvularia lunata at 
anthesis. Physiol Mol Plant P 63: 271-279 

Lo C, De Verdier K, Nicholson RL (1999) Accumulation of 3-deoxyanthocyanidin 
phytoalexins and resistance to Colletotrichum sublineola in sorghum. Physiol  
Mol Plant P 55: 263-273 

Lu H, Zou Y, Feng N (2010) Overexpression of AHL20 negatively regulates 
defenses in arabidopsis. J Integr Plant Biol 52: 801-808 

Mace E, Tai S, Innes D, Godwin I, Hu W, Campbell B, Gilding E, Cruickshank A, 
Prentis P, Wang J, Jordan D (2014) The plasticity of NBS resistance genes in  
sorghum is driven by multiple evolutionary processes. BMC Plant Biol 14: 1-14  

McCormick RF, Truong SK, Sreedasyam A, Jenkins J, Shu S, Sims D, Kennedy 
M, Amirebrahimi M, Weers Brock D, McKinley B, Mattison A, Morishige Daryl T, 
Grimwood J, Schmutz J, Mullet JE (2018) The Sorghum bicolor reference  
genome: improved assembly, gene annotations, a transcriptome atlas, and  
signatures of genome organization. Plant J 93:338–354 

McHale L, Tan X, Koehl P, Michelmore RW (2006) Plant NBS-LRR proteins: 
adaptable guards. Genome Biol 7: 212 

Moore JW, Ditmore M, TeBeest DO (2008) Pathotypes of Colletotrichum 
sublineola in Arkansas. Plant Dis 92:1415–1420  

Morris GP, Ramu P, Deshpande SP, Hash CT, Shah T, Upadhyaya HD, Riera- 
Lizarazu O, Brown PJ, Acharya CB, Mitchell SE, Harriman J, Glaubitz JC, Buckler 
ES, Kresovich S (2013a) Population genomic and genome-wide association  
studies of agroclimatic traits in sorghum. Proc Natl Acad Sci USA 110:453–458 

Nagaraj S, Senthil-Kumar M, Ramu VS, Wang K, Mysore KS (2015) Plant  
ribosomal proteins, RPL12 and RPL19, play a role in nonhost disease resistance 
against bacterial pathogens. Front Plant Sci 6: 1192 

Ohmori Y, Toriba T, Nakamura H, Ichikawa H, Hirano HY (2011) Temporal and 
spatial regulation of DROOPING LEAF gene expression that promotes midrib  
formation in rice. Plant J 65: 77-86 

Padmanabhan M, Cournoyer P, Dinesh-Kumar SP (2009) The leucine- 
rich repeat domain in plant innate immunity: a wealth of possibilities. Cell 



 72 

Microbiol 11: 191-198 

Park HC, Kim ML, Lee SM, Bahk JD, Yun DJ, Lim CO, Hong JC, Lee SY, Cho 
MJ, Chung WS (2007) Pathogen-induced binding of the soybean zinc finger 
homeodomain proteins GmZF-HD1 and GmZF-HD2 to two repeats of ATTA 
homeodomain binding site in the calmodulin isoform 4 (GmCaM4) promoter. 
Nucleic Acids Res 35: 3612-3623 

Perrin RM, DeRocher AE et al (1999) Xyloglucan fucosyltransferase, an enzyme 
involved in plant cell wall biosynthesis. Sci 284: 1976-1979 

Perumal R, Frederiksen RA, Prom LK, Magill CW (2007) Head Smut.  
In: Screening techniques for sorghum diseases. International Crops Research 
Institute for the Semi-Arid Tropics (ICRISAT). Pantacheru, India, 58-63pp. 

Perumal R, Nimmakayala P et al (2008) Simple sequence repeat markers useful for 
sorghum downy mildew (Peronosclerospora sorghi) and related species. BMC  
Genet 9: 77 

Petre B, Major I, Rouhier N, Duplessis S (2011) Genome-wide analysis 
of eukaryote thaumatin-like proteins (TLPs) with an emphasis on poplar. BMC 
Plant Biol 11: 33 

Prom LK, Cuevas HE, Isakeit T, Droleskey R (2016) Excised leaf method for high 
volume evaluation of sorghum germplasm for resistance against Colletotrichum  
sublineola. Plant Pathol J 15: 11-16 

Prom LK, Montes-Garcia N, Erpelding JE, Perumal R, Medina-Ocegueda S  
(2010) Response of sorghum accessions from Chad and Uganda to natural  
infection by the downy mildew pathogen Peronosclerospora sorghi in Mexico and 
the USA. J Plant Dis Protec 117: 2-8 

Prom LK, Perumal R et al (2011) Virulence and molecular genotyping  
studies of Sporisorium reilianum Isolates in Sorghum. Plant Dis 95: 523- 
529 

Prom LK, Perumal R, Erpelding J, Isakeit T, Montes-Garcia N, Magill CW (2009) 
A pictorial technique for mass screening of sorghum germplasm for anthracnose 
(Colletotrichum sublineola) resistance. Open Agric J 3: 20-25 

Prom LK, Perumal R, Erattaimuthu SR, Little CR, No EG, Erpelding JE, Rooney 
WL, Odvody GN, Magill CW (2012) Genetic diversity and pathotype  
determination of Colletotrichum sublineola isolates causing anthracnose in  
sorghum. Eur J Plant Pathol 133:671–685 



 73 

Radwan G, Isakeit T, Magill C, Perumal R, Prom L, Little C (2011) Screening  
exotic sorghum germplasm, hybrids and elite lines for resistance to a new virulent 
pathotype (P6) of Peronoslcerospora sorghi causing downy mildew. Plant Health  
Prog doi:10.1094/PHP-2011-0323-01-RS 

Sahebi M, Hanafi MM et al (2018) Contribution of transposable elements in the 
plant's genome. Gene 665: 155-166 

Sasaki K, Hiraga S, Ito H, Seo S, Matsui H, Ohashi Y (2002) A wound-inducible 
tobacco peroxidase gene expresses preferentially in the vascular system. Plant 
Cell Physiol 43: 108-117 

Selitrennik CP (2001) Antifungal proteins. Appl Environ Microbiol 67: 2883-2894 

Sharma I, Kumari N, Sharma V (2014) Defense gene expression in Sorghum bicolor 
against Macrophomina phaseolina in leaves and roots of susceptible and resistant 
cultivars. J Plant Interact 9: 315-323 

Sharma M, Pandey GK (2016) Expansion and function of repeat domain 
proteins during stress and development in plants. Front Plant Sci 6:1218 

Shi H, Wang X et al (2014) The cysteine2/histidine2-Type Transcription Factor 
ZINC FINGER OF ARABIDOPSIS THALIANA6 modulates biotic and abiotic  
stress responses by activating salicylic acid-related genes and C-REPEAT- 
BINDING FACTOR genes in arabidopsis. Plant Physiol 165: 1367-1379 

Solomon T, Sang-Keun O (2017) Biological roles of NAC transcription factors in 
the regulation of biotic and abiotic stress responses in solanaceous crops.  
J Plant Biotechnol 44: 1-11 

Strable J, Wallace JG, Unger-Wallace E, Briggs S, Bradbury PJ, Buckler ES 
Vollbrecht E (2017) Maize YABBY genes drooping leaf1 and drooping leaf2 
regulate plant architecture. Plant Cell 29: 1622-1641  

Tack J, Lingenfelser J, Jagadish SVK (2017) Disaggregating sorghum yield 
reductions under warming scenarios exposes narrow genetic diversity in US 
breeding programs. Proc Natl Acad Sci USA 114: 9296-9301. 

Tamura T, Asakura T, Uemura T, Ueda T, Terauchi K, Misaka T, Abe K (2008)  
Signal peptide peptidase and its homologs in Arabidopsis thaliana-plant tissue- 
specific expression and distinct subcellular localization. FEBS J 275: 34-43 



 74 

Tena G, Boudsocq M, Sheen J (2011) Protein kinase signaling networks 
in plant innate immunity. Curr Opin Plant Biol 14: 519-529 

Thakur R, Mathur K et al (1998) Pathogenic and renetic characterization of six 
Indian populations of Colletotrichum sublineola, the causal agen of sorghum  
anthracnose. Indian Phytopath 51: 338-348 

Thakur RP, Rao VP, Sanjana Reddy P (2007) Downy mildew. In: Screening 
Techniques for Sorghum Diseases, International Crops Research Institute for the 
Semi-Arid Tropics (ICRISAT). Pantacheru, India, 31–39 pp 

Tsuchiya T, Eulgem T (2011) EMSY-like genes are required for full RPP7- 
mediated race-specific immunity and basal defense in arabidopsis. Mol Plant 
Microbe In 24: 1573-1581. 

Turner SD (2014) qqman: An R package for visualizing GWAS results using 
Q-Q and manhattan plots. bioRxiv doi:10.1101/005165

Upadhyaya HD, Pundir RPS, Dwivedi SL, Gowda CLL, Reddy VG, Singh S  
(2009) Developing a mini core collection of sorghum for diversified utilization of 
germplasm. Crop Sci 49: 1769-1780  

Upadhyaya HD, Wang Y, Sharma R, Sharma S (2013) Identification of genetic 
markers linked to anthracnose resistance in sorghum using association  
analysis. Theor Appl Genet 126:649–657 

van den Burg HA, Tsitsigiannis DI et al (2008) The F-Box protein ACRE189/ACIF1 
regulates cell death and defense responses activated during  
pathogen recognition in tobacco and tomato. Plant Cell 20: 697-719 

Vasconcelos EA, Santana CG (2011) A new chitinase-like xylanase  
inhibitor protein (XIP) from coffee (Coffea arabica) affects Soybean Asian rust 
(Phakopsora pachyrhizi) spore germination. BMC Biotechnol 11: 14 

Vogt T, Jones P (2000) Glycosyltransferases in plant natural product synthesis: 
characterization of a supergene family. Trends Plant Sci 5: 380-386 

Wang N, Cao D, Gong F, Ku L, Chen Y, Wang W (2015) Differences in  
properties and proteomes of the midribs contribute to the size of the leaf angle 
in two near-isogenic maize lines. J Proteomics 128: 113-122 

Waniska RD, Venkatesha RT el at (2001) Antifungal proteins and other  
mechanisms in the control of sorghum stalk rot and grain mold. J Agr Food 
Chem 49: 4732-4742 



 75 

Woloshen V, Huang S, Li X (2011) RNA-binding proteins in plant immunity. J 
Pathog 2011:278697 

Yang H, Li Y, Hua J (2006) The C2 domain protein BAP1 negatively regulates 
defense responses in Arabidopsis. Plant J 48: 238-248 

Yang S, Tang F, Zhu H (2014) Alternative splicing in plant immunity. Int J Mol 
15: 10424-10445 

Yang X, Wang J (2016) Genome-wide analysis of NBS-LRR genes in  
sorghum genome revealed several events contributing to NBS-LRR gene 
evolution in grass species. Evol Bioinform 12: 9-21 

Yang Y, Fu Z et al (2014) A cytosolic glucose-6-phosphate dehydrogenase  
gene, ScG6PDH, plays a positive role in response to various abiotic stresses in 
sugarcane. Sci Rep 4: 7090  

Yu J, Pressoir G (2005) A unified mixed-model method for association mapping 
that accounts for multiple levels of relatedness. Nat Genet 38: 203 

Yu LX, Chao S, Singh RP, Sorrells ME (2017) Identification and validation of 
single nucleotide polymorphic markers linked to Ug99 stem rust resistance in 
spring wheat. PLoS ONE 12: e0171963 

Yu Y, Xu W, Wang S, Xu Y, Li HE, Wang Y, Li S (2011) VpRFP1, a novel  
C4C4-type RING finger protein gene from Chinese wild Vitis pseudoreticulata, 
functions as a transcriptional activator in defense response of grapevine.  
J Exp Bot 62:5671-5682 

Zamora A, Sun Q, Hamblin MT, Aquadro CF, Kresovich S (2009) Positively  
selected disease response orthologous gene sets in the cereals identified using 
Sorghum bicolor L. Moench expression profiles and comparative genomics.  
Mol Biol Evol 26: 2015-2030  

Zhou B, Mural RV et al (2017) A subset of ubiquitin-conjugating enzymes is 
essential for plant immunity. Plant Physiol 173: 1371-1390 




