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Abstract

Key message SNPs identify prospective genes related to response to Colletotrichum sublineola (anthracnose) in the

sorghum association panel lines.

Abstract Sorghum association panel (SAP) lines were scored over several years for response to Colletotrichum sublineola,
the causal agent of the disease anthracnose. Known resistant and susceptible lines were included each year to verify success-
ful inoculation. Over 79,000 single-nucleotide polymorphic (SNP) loci from a publicly available genotype by sequencing
dataset available for the SAP lines were used with TASSEL association mapping software to identify chromosomal locations
associated with differences in disease response. When the top-scoring SNPs were mapped to the published sorghum genome,
in each case, the nearest annotated gene has precedence for a role in host defense.

Introduction

The disease anthracnose is considered to be a global problem
in sorghum production. It can infect leaves, stalks, panicles
and seeds while exhibiting extreme variability in terms of
pathogenicity to host cultivars (Tesso et al. 2012). Although
many sorghum cultivars have shown resistance to one or
more isolates, that resistance is often fleeting due to variabil-
ity in the pathogen, Colletotrichum sublineola (also often
written C. sublineolum). Sutton first proposed (Sutton 1968)
that appressorium shape for anthracnose isolates from sor-
ghum justified designation as a separate species (C. subline-
ola) from that in maize (Colletotrichum graminicola), but it
was not until ribosomal ITS DNA sequence data (Sherriff
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et al. 1995) became available that the separate species des-
ignations were generally accepted. As would be expected,
the two genomes are overall quite similar, but significant
differences have been revealed (Buiate et al. 2017).
Because PCR amplification identified portions of both
MAT1 and MAT?2 sequences in some C. sublineola iso-
lates (neither was found in others) (Zanette et al. 2009), it
can be assumed that there is an ascomycetous perfect stage
(Glomerella sp.) as is the case for other anthracnose-causing
pathogens, including C. graminicola (Politis 1975). How-
ever, as is also the case of the maize pathogen, no reports
of crosses leading to ascospore production in natural situ-
ations appear in the literature. Even so, there is a consider-
able variation found among isolates as can be detected based
on the use of host differentials that are susceptible to some
pathotypes but resistant to others. Examples include identi-
fication of eight different response patterns among 12 iso-
lates from Texas, Georgia and Puerto Rico using eight host
cultivars (Cardwell 1989), 13 pathotypes among 87 isolates
from Arkansas using the same eight cultivars (Moore et al.
2008), while Prom et al. (2012) recorded nine pathotypes
among isolates from the USA and Puerto Rico using the
same eight cultivars, but adding six additional hosts showed
that all 18 isolates differed in pathogenicity factors (Prom
et al. 2012). A study from Brazil, with 10 hosts, including
the same eight used in prior studies revealed 22 races among
37 isolates (Valerio et al. 2005). A later study identified 68
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unique pathotypes among 480 isolates, with greater variation
in virulence detected from isolates taken from plots where
three-way hybrids were grown than from plots with pure
lines (Costa et al. 2015). DNA sequence variation is also
readily detected, as has been documented with increasingly
sophisticated technology. Examples include the use of PCR
with single RAPD primers (Guthrie et al. 1992; Valeério et al.
2005), RFLPs (Rosewich et al. 1998) and AFLPs (Chala
et al. 2011; Prom et al. 2012).

The sorghum association panel was developed as a com-
munity resource by including 277 lines converted for short
stature and day-neutral flowering while retaining 90% of
the genome of the original exotic cultivar along with 149
other breeding lines. Lines included were selected to include
diversity with respect to geographic origin, morphological
and genotypic/phenotypic characters that have proven use-
ful in breeding (Casa et al. 2008). A further resource was
created when the SAP lines were included in a genotyp-
ing by sequencing project that revealed locations of more
than 260,000 single-nucleotide polymorphisms that are well
spread throughout all ten chromosomes of sorghum (Morris
et al. 2013a). The panel is being widely used for genome-
wide association studies in order to locate tags for traits use-
ful in breeding. Traits examined using the SAP SNP data
for a genome-wide association study (GWAS) include traits
such as plant height and inflorescence branch length (Morris
et al. 2013b), flavonoid pigment traits (Morris et al. 2013b),
grain polyphenol concentrations (Rhodes et al. 2014), seed
size (Zhang et al. 2015), stalk rots (Adeyanju et al. 2015)
and thermal stress in seedlings (Chopra et al. 2017). A
GWAS study based on the 242 lines in the sorghum mini-
core collection identified eight genes potentially related to
anthracnose resistance in the vicinity of SNP alleles (Upad-
hyaya et al. 2013). Most recently, another GWAS study also
examined anthracnose resistance as measured in Puerto Rico
in the SAP accessions using a different analysis procedure.
That study was able to identify three candidate resistance
genes and showed that resistant accessions came from all
four major races of sorghum (Cuevas et al. 2018). Because
differences were found in the disease response of a num-
ber of the same cultivars when tested in Texas, another
GWAS analysis was made using TASSEL (Bradbury et al.
2007). Here, we report finding additional genes that appear
to be associated with relative resistance or susceptibility to
anthracnose as it occurs in Texas.

Materials and methods
Disease evaluations

In this study, 359 lines from the sorghum association panel
(SAP) with SC748 as resistant check and BTx623, RTx430,
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Tx2911, TAM428, ATx623, Sureno, Dorado as susceptible
checks were evaluated for resistance against C. sublineola.
Seed from the SAP lines were obtained from the USDA-
ARS, Plant Genetic Resources Conservation Unit, Griffin,
Georgia. The anthracnose evaluations were conducted dur-
ing the 2010, 2013, 2014 and 2015 growing seasons at the
Texas AgriLife Experiment Station, near College Station,
Texas. Each line was included in at least two evaluation
periods. In the trials, lines were planted in a randomized
complete block design, with each line replicated three times.
Seeds were planted in 6 m rows at 0.31 m spacing between
rows. Standard field preparation which included fall plow-
ing and incorporation of the compound fertilizer NPK was
employed during the evaluation years. To control weeds and
seedling insects, a pre-emergent insecticide and herbicide
were applied before planting and supplemented with hand
weeding during the growing season.

The inoculation technique and disease assessment
method used were previously described (Prom et al. 2009).
Briefly, inoculum was prepared by inoculating autoclaved
sorghum grain with a spore suspension from one of eight
local isolates of C. sublineola (FSP2, FSP5, FSP7, FSP35
and FSP36, from Sorghum line BTx635, FSP46 and FSP50
from RTx 2536, and FSP53 from BSBC) that were har-
vested after growth on half-strength potato dextrose agar.
Each isolate was grown separately on the autoclaved seeds
in large, open plastic bags, with daily mixing to facilitate
complete colonization. After 3—4 days of incubation, the iso-
lates were mixed to give a uniform inoculum for the plants.
Sorghum plants were inoculated 30 days after planting by
placing 8-10 C. sublineola-colonized grains into the leaf
whorls. Disease assessments were conducted 30 days after
inoculating the plants and thereafter on a weekly basis for
3 weeks. Plants were rated on a scale of 1-5, where 1 =no
symptoms or chlorotic flecks on leaves; 2 =hypersensitive
reaction (reddening or red spots) on inoculated leaves, but no
acervuli formation and symptoms observed on other leaves;
3 =lesions on inoculated and bottom leaves with acervuli
in the center; 4 = necrotic lesions with acervuli observed on
inoculated and bottom leaves with infection spreading to
middle leaves; and 5 =most leaves are dead due to infection
with infection on the flag leaf containing abundant acervuli.
The symptom types were then categorized into two reaction
classes, resistant =rated as 1 or 2 and susceptible =rated as
3,4 o0r5.

GWAS and SNP mapping

TASSEL (Bradbury et al. 2007) version 5.2.48 was used to
conduct a mixed linear model (MLM) association analysis
based on mean scores for disease ratings. The 2018 updated
version of genome-wide SNP data for the SAP originally
made available for public use (Morris et al. 2013a) (link



Theoretical and Applied Genetics (2019) 132:1389-1396

1391

https://www.morrislab.org/data) was used in this analysis.
In order to reduce potential false associations, SNPs with
greater than 20% unknown alleles were removed as were
those with minor allele frequency (MAF) below 5%. Princi-
pal component analysis was used to calculate the population
structure which was followed by calculation of kinship data
based on the TASSEL ‘centered IBS’ method. Optimum
compression level and P3D variance component estimation
were used as MLM options. SNPs with high probability of
contribution to anthracnose scores were tracked to the spe-
cific chromosome location based on the sorghum genome
sequence, version 3.1.1 available at the JGI Phytozome
12.5.1 web site, updated in 2018 (McCormick et al. 2018).
For each of the prospective genes included in Table 1, the
mean disease rating score for all SAP lines with either of the
two prevalent bases was determined and verified to differ
significantly (P <0.05) using JMP statistical software from
SAS®, version 14.

Results

Due to the size of the collection data for anthracnose
response of 359 of the 377 lines in the SAP collection, in
most cases, each line was tested in replicates for at least 2
years, with some cultivars included each year to serve as
controls. All of the cultivars showed evidence for active
defense soon after inoculation in the form of reddish pur-
ple pigment (3-deoxyanthocyanidin) typically made by sor-
ghum (Nicholson et al. 1987). Thus, all cultivars were scored
between 2 and 5 based on the subsequent level of disease
development. Year to year consistency on scoring of the
controls rendered further adjustments unnecessary. Conse-
quently, the average disease rating for each cultivar, calcu-
lated for between 2 (11 lines) and 14 replications, was used
directly for identification of potential QTLs. One cultivar
with only two replicates was not included based on extreme
differences in scoring of the plants in years, suggesting seg-
regation or seed contamination. Summary of anthracnose
scoring data is provided in Supplementary Table 1.
Although the genotyping data provided by Morris et al.
identified 267,487 SNPs across the association panel (Mor-
ris et al. 2013a), many of the sequencing reads include a
number of unidentified bases (N). Borrowing from the pro-
tocol described for stalk rots (Adeyanju et al. 2015), we
eliminated all cases where there were greater than or equal
to 20% ambiguous sites, leaving 79,034 SNP markers to use
for anthracnose response association analysis. Eliminating
minority alleles present in less than 5% of the SAP lines also
means that any single gene resistance locus present in the
SAP lines below that threshold would also be missed. The
Manhattan plot shown in Fig. 1 based on 358 members of
the SAP shows strong indication that quantitative trait loci

on eight chromosomes have a role related to resistance to
Colletotrichum sublineola.

A list of SNP markers that identify 18 chromosomal
locations associated with disease response starting with the
least likely one to represent chance association is shown in
Table 1. These correspond to the TASSEL-based Manhat-
tan plot values below 5.2 10~*. When mapped back to the
published genome, all 18 of these SNPs are nearest to genes
that have previously been implicated in various resistance
responses or identified in other disease association studies.
Table 1 also shows the distance in base pairs to the nearest
gene, the bases that create the SNP and the fraction of the
population with each SNP allele.

Discussion

With an overall genome size estimated at 732 Mb (Paterson
2008) and an overall length in terms of recombination of
around 1600 cM (Mace et al. 2009), detection of 79,304
SNPs among the SAP lines suggests an average of one SNP
per approximate 10 kb of sequence and 0.02 cM in map
distance. However, the use of the restriction endonuclease
ApeK]1 that has partial DNA methylation sensitivity in the
genotyping by sequencing technique helps to favor cuts
and sequencing from genic regions over transposon-related
repeat sequences (Elshire et al. 2011). SNP gene association
was made using the latest version (3.1.1) of the sorghum
genome available at the Phytozome Web site (v12.1.5) which
offers greatly improved gene annotation over prior versions.
The latest version took advantage of sequences now avail-
able from other cultivars and for transcriptome data from
an array of tissues and conditions (McCormick et al. 2018).

On tracking the location of the SNP variants showing sig-
nificant differences to the annotated genome, all of the genes
nearest to the point of the SNP variant have logical roles in
host defense. The highest probability of association was a
series of 4 SNPs on chromosome 3 between 72,520,274 and
72,520,325 which are near a gene for a pentatricopeptide
repeat (PPR). While members of this large gene family with
RNA binding capacity are usually associated with organelle
development, a PPR has been shown to be involved with
defense against necrotrophic fungi in Arabidopsis (Laluk
et al. 2011). Likewise, PPR protein-encoding sequences
have also been identified as candidate QTLs for resistance to
Fusarium graminearum in soybean (Cheng et al. 2017) and
to Puccinia triticina, the leaf rust pathogen in wheat (Juliana
et al. 2018). The top SNP tagged gene on chromosome 8 has
a leucine-rich repeat motif, a feature found in the vast major-
ity of known disease resistance genes (Sekhwal et al. 2015).
The gene identified by two SNPs separated by 41,396 base
pairs on chromosome 2 encodes 9-cis-epoxycarotenoid diox-
ygenase, an enzyme involved in ABA biosynthesis. While
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Table 1 Genes nearest to the most significant SNPs with allele disease score comparisons

Chr. Location Nearest gene and function Base pairs away SNP base % TASSEL P value Average score/SNP
3 72,520,274 and Sobic.003G420000 (PPR) Pentatricopep- 809 G: 74% 1.5353%x 1073 G:3.263

3 more within tide repeat A:26% A: 3.706

50 bp

8 644,157 Sobic.008G008400 7741 A:95% 1.3698x 1074 A:3.352
PF13516-leucine-rich repeat G: 5% G:2.709
(LRR6)

2 53,144,307 Sobic.002G168700 26,951 and 14,445 C:87% 1.3817x107* C:3.499

53,102,911 9-cis-epoxycarotenoid dioxygenase A:13% A:2.550

2 53,383,079 Sobic.010G246700PF13947 0 C: 88% 2.1907x 1074 C:3.426

Calcium-binding EGF domain (EGF_CA)// T: 12% T: 2.536
Protein tyrosine kinase (Pkinase_Tyr)//
Wall-associated receptor kinase galacturo-
nan-binding (GUB_WAK_bind)

5 1,734,854 Sobic.005G019100 365 C: 94% 2.3012x 1074 C:3.345
Similar to TRAF-type zinc T: 6% T: 2.998
finger family protein

10 58,670,065 Sobic.010G246700 9087 G: 94% 2.6589x 1074 G: 3.305
Xyloglucan:xyloglucosyl transferase A: 6% A:4.194

8 635,089 Sobic.008G008200 2634 and 229 T: 95% 2.7336x 1074 T:3.341

629,950 Serine and Sphingolipid biosynthesis C: 5% C:2.730
protein

5 2,438,868 Sobic.005G027400 0 C: 54% 3.4974x 107 C:3.571

2,438,903 Similar to Os12g0136200 protein; G: 46% G:3.178
2,438,909 Heterogeneous nuclear

ribonucleoprotein R (RRM

superfamily)

6 54,145,482 Sobic.006G186300 2428 G: 58% 3.6124x 107 G: 3.225
PTHR32382:SF5-Fasciclin-like Arabinoga- A:42% A:3.495

lactan Protein

3 58,345,905 Sobic.003G244200 0 C: 64% 3.7465%x 107 C:3.136
Similar to vacuolar ATP synthase subunit E A:36% A:3.695
Diacylglycerol O-Acyltransferase,

The transport of protons against an electro-
chemical gradient

6 54,390,750 Sobic.006G189700 0 T: 90% 3.8711x 107 T: 3.238
Similar to OSINBa0064M23.12 protein, C:10% C: 4.020

RING-H2 finger protein ATL60
2 61,613,441 Sobic.002G224400 16,661 and 16,675 G: 81% 4.1787x1074 G:3.418
61,613,455 Similar to Putative uncharacterized protein, C: 19% C:3.023
protein kinase domain, p-mannose-bind-
ing lectin

2 60,288,158 Sobic.002G210100 1140 A: 87% 4.2892x1074 A:3.469

Similar to AAA ATPase, central region G: 13% G:2.587
(50.1 kD)-like protein

2 61,435,604 Sobic.002G222800 782 A: 82% 4.3563x107* A:3.449
Similar to Putative Avr9 elicitor response C: 18% C:3.051

protein

2 52,938,340 Sobic.002G168600 55,379 G: 87% 4.6379x 1074 G:3.511
Similar to Putative uncharacterized protein, A: 13% A:2.491

Xanthine/uracil/vitamin C permease
family

1 67,460,226 Sobic.001G387300 276 G: 79% 4.5839x107* G: 3.329
Similar to secondary cell wall-related gly- T:21% T: 3.594

cosyltransferase family 47

8 51,178,873 Sobic.008G110000 27,486 A:55% 5.065x 10~ A:3.081

Weakly similar to Putative dsSRNA-binding C: 45% C:3.589

protein ODB1
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Table 1 (continued)

Chr. Location Nearest gene and function Base pairs away SNP base % TASSEL P value Average score/SNP
7 10,842,226 Sobic.007G085600 12,270 C:75% 5.1907x107* C:3.492
Similar to putative xyloglucan endo-trans- G: 25% G:2.733
glycosylase

Glycosyl hydrolases family 16, Xyloglucan
endo-transglycosylase (XET) C-terminus

The top candidate locations of SNP-detected QTLs and nearby genes associated with response to anthracnose are elucidated
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Fig. 1 Manhattan plot showing locations of SNP-detected QTLs associated with response to anthracnose on the ten chromosomes of Sorghum
bicolor. All SNPs above —Log10 3.00 were examined for potential roles in disease response

known primarily for a role in abiotic stress responses, ABA
has been shown to increase the amount of disease for some
pathogens and to reduce disease in others (Ton et al. 2009;
Liao et al. 2018).

Several of the SNP-identified genes have obvious poten-
tial for involvement in disease defense, including genes
involved in cell wall synthesis and strengthening. Examples
include SNPs near a xyloglucan endo-transglycosylase on
chromosome 10 and another on chromosome 7. Levels of
mRNA encoding this protein fell in Arabidopsis following
inoculation with Pseudomonas syringae (Mohr and Cahill
2007). Other cell wall components, including a galacturon-
binding receptor kinase located on chromosome 2, the ara-
binogalactan protein on chromosome 6 and a glycosyl trans-
ferase on chromosome 1, have previously been implicated in
disease resistance in plants (Vorwerk et al. 2004; Krattinger
et al. 2009).

RING finger proteins such as that identified by a SNP
on chromosome 6 have been shown to be involved during
infection of rice by Magnaporthe oryzae (Li et al. 2014).

It would make sense that energy metabolism would have
an effect on host—pathogen interactions, and in fact, other
subunits of vacuolar ATP synthase have long been impli-
cated (Vera-Estrella et al. 1994) based on elicitor responses
in tomato. Thus, differences in the ATP synthase subu-
nit E identified on chromosome 3 may also affect disease
responses as seen here. Similarly, a gene nearest to another
SNP on chromosome 8 identifies a serine-domain gene
involved in sphingolipid synthesis that was also identified
as a cotton gene associated with Verticillium resistance (Li
et al. 2017). Plant mannose-binding lectins (MBLs) are
crucial for pepper plant defense signaling during pathogen
attack by recognizing specific carbohydrates on pathogen
surfaces (Hwang and Hwang 2011); two SNPs related to
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MBLs were found on chromosome 2. Also, a marker on
chromosome 2 identifies an AAA ATPase, an enzyme
known to be involved in immunity in both mammals and
plants, and also potentially involved in sorghum immunity
as well (Zhu et al. 2016). The first fungal Avr gene (Avr9
gene) was reported in 1991 (Shen et al. 2017); here, a SNP
was detected near an Avr9 elicitor response protein. Interest-
ingly, a member of the xanthine/uracil/vitamin C permease
family was spotted on chromosome 2 in this study. When C.
elegans was infected by S. aureus, xanthine/uracil/vitamin C
permease was 6.9-fold induced 8 h postinoculation (Irazoqui
et al. 2010). While C. elegans is not a plant, many similari-
ties in active disease defense in plants and animals have been
documented (Niirnberger et al. 2004).

RNA-binding proteins are known to take roles in plant
immune responses against microbial pathogens (Woloshen
et al. 2011), and on chromosome 8, a SNP near dsRNA-
binding protein was detected. Finally, RNA recognition
motif (RRM) gene expression has been shown to be highly
induced in rice by inoculation with Xanthomonas oryzae pv.
oryzicola (Zhou et al. 2010). In fact, a number of prospects
further down the list than those included in Table 1 such
as another leucine-rich repeat component on chromosome
8 and a peroxidase on chromosome 4 were also identified.
Peroxidases are universally recognized as an early response
in host defense (Hammerschmidt 1999).

Essentially, the same population was recently subjected
to GWAS analysis by Cuevas et al. (2018) based on response
to C. sublineola isolates from Puerto Rico. Because the C.
sublineola isolates differ in the two locations, as do the
climatic conditions (Prom et al. 2012), it was considered
useful to explore SNP linkage to disease response to local
isolates in the Texas environment. Cuevas et al. initially used
an enriched mixed linear model (ECMLM) procedure with
268,289 SNP sites, but found no SNPS highly associated
with resistance. A follow-up logistic regression analysis
that is limited to detecting major genes revealed 3 SNPS on
chromosome 5. However, when using TASSEL, we elected
to eliminate all SNPs in the database that were ambiguous
for 20% or more of the accessions and thus ended up with
only 79,034 useful SNPS (Cuevas et al. 2018). Even though
some or all of the high-scoring SNPs identified in this study
could have occurred by chance, we chose to determine
whether or not high-scoring SNPs in the Manhattan plot
are associated with genes related to host defense. As docu-
mented, that turned out to be the case. Even though we also
described two markers on chromosome 5, they were not at
the same location as those described by Cuevas et al. Most
of the genes described here would be expected to contrib-
ute to various aspects of host defense and thus not register
as major genes for resistance. Population structure can be
important in GWAS studies; however, in both studies, the
observation that resistant accessions were found in each of
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the five races of sorghum suggested that population structure
was not a factor.

We realize that other nearby genes may be even more
critical, than those listed here, but the fact that each of the
highest scoring SNPs can be associated with genes already
known to play a role in host defense strongly suggests their
potential importance for use in breeding, as well as for future
tests to verify a potential role for these genes in active host
defense.
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