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Abstract
Bacterial blight (BB), caused by Xanthomonas citri pv. malvacearum (Xcm), is a destructive disease to cotton production in 
many countries. In the U.S., Xcm race 18 is the most virulent and widespread race and can cause serious yield losses. Planting 
BB-resistant cotton cultivars is the most effective method of controlling this disease. In this study, 335 U.S. Upland cotton 
accessions were evaluated for resistance to race 18 using artificial inoculations by scratching cotyledons on an individual 
plant basis in a greenhouse. The analysis of variance detected significant genotypic variation in disease incidence, and 50 
accessions were resistant including 38 lines with no symptoms on either cotyledons or true leaves. Many of the resistant lines 
were developed in the MAR (multi-adversity resistance) breeding program at Texas A&M University, whereas others were 
developed before race 18 was first reported in the U.S. in 1973, suggesting a broad base of resistance to race 18. A genome-
wide association study (GWAS) based on 26,301 single nucleotide polymorphic (SNP) markers detected 11 quantitative 
trait loci (QTL) anchored by 79 SNPs, including three QTL on each of the three chromosomes A01, A05 and D02, and one 
QTL on each of D08 and D10. This study has identified a set of obsolete Upland germplasm with resistance to race 18 and 
specific chromosomal regions delineated by SNPs for resistance. The results will assist in breeding cotton for BB resistance 
and facilitate further genomic studies in fine mapping resistance genes to enhance the understanding of the genetic basis of 
BB resistance in cotton.
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Introduction

Cotton (Gossypium spp.) is grown in over 84 countries for 
the textile industry. Most of the cotton crop is harvested 
from tetraploid Upland cotton (G. hirsutum, 2n = 4x = 52), 
which originated from merging of two diploid A and D 
genomes (Wendel et al. 1992; Wendel and Cronn 2003). 
There are many limiting factors in cotton production includ-
ing biotic stresses such as bacterial blight (BB). BB is caused 
by the gram-negative bacterium Xanthomonas citri pv. mal-
vacearum (Xcm). Xcm infects the aerial part of plants at all 
stages and generates water-soaking lesions on leaves, stems, 
and bolls of susceptible plants, followed by premature leaf 
senescence and reduced lint yield and fiber quality. Using 11 
differential cotton cultivars, 22 physiological races of Xcm 
have been described worldwide (Hunter et al. 1968; Brink-
erhoff 1970; Verma and Singh 1974; Hillocks 1992; Delan-
noy et al. 2005; Jalloul et al. 2015; Phillips et al. 2017). At 
present, race 18 is the most frequently encountered and most 
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virulent race in the U.S. (El-Zik and Thaxton 1994; Zhang 
et al. 2020a).

The effective management of the disease in cotton in 
the 1970s until recently was achieved by planting of acid-
delinted seeds and growing of resistant cultivars in the US. 
The replacement of BB resistant cultivars with susceptible 
transgenic Bollgard II (with two Bt genes) cultivars led to 
the spread of Xcm race 18 and significant economic losses 
to cotton farmers in the southern U.S. Cotton Belt includ-
ing Arkansas and Mississippi (Phillips et al. 2017; Wheeler 
2018; Zhang et al. 2020a). Therefore, routinely screening 
commercial cultivars for resistance to Xcm race 18 by arti-
ficial inoculation in field plots or greenhouses is important 
(Wheeler et al. 2007; Wheeler and Dever 2020; Allen 2020; 
Elassbli et al. 2021).

Currently, more than 22 major BB resistance B genes have 
been reported in cotton (Zhang et al. 2020a). Most of them 
are major genes including B1 to B12. The B12 gene was first 
identified in an African Upland cotton germplasm “S295”, 
and it confers resistance to all the Xcm races, including race 
18 (Follin et al. 1988; Wallace and El-Zik 1989). Using 
restricted fragment length polymorphic (RFLP) markers and 
quantitative trait locus (QTL) mapping, B12 was mapped to 
chromosome c14 (D2) first by Wright et al. (1998) and later 
confirmed by Rungis et al. (2002) using amplified fragment 
length polymorphic (AFLP) and simple sequence repeat 
(SSR) markers. Xiao et al. (2010) further fine mapped B12 
on D2 within a 3.4-cM region flanked by 4 SSR markers 
and 4 single nucleotide polymorphic (SNP) markers. In the 
quantitative trait locus (QTL) mapping study, Wright et al 
(1998) mapped six other QTL for resistance to races 2 and 
4, including two QTL on c20 (i.e., D10, corresponding to 
B2 and B3) and four QTL (on c05/A05, c14/D02, c20/D10, 
and LGD02,) corresponding to b6. Interestingly, QTL cor-
responding to B3 and b6 also explained 53–56% of the phe-
notypic variation in reaction to a race 7 and 18 mixture. 
Therefore, BB resistance genes other than B12 may confer 
partial resistance to Xcm race 18. No linkage analysis of BB 
resistance genes has been reported in cotton since 2010 (Said 
et al. 2013, 2015a, b).

The traditional linkage mapping, based on bi-parental 
crosses to create genetic variation in a segregating popula-
tion, is limited by genetic differences between two parental 
lines. An alternative approach to overcome this drawback 
is the genome-wide association study (GWAS). GWAS 
depends on linkage disequilibrium (LD) and uses a sam-
ple of lines from a broad breeding population, unrelated by 
any specific crossing design (Zhu et al. 2008). GWAS can 
efficiently associate genotypes with phenotypes in natural 
populations and jointly detect natural allelic variations and 
candidate genes in one study. GWAS is a powerful tool to 
detect the locations of genetic factors responsible for com-
plex traits because of its high resolution with an acceptable 

cost and without the need for pedigree information (Flint-
Garcia et al. 2005). GWAS has been used in genetic studies 
of many important crops including cotton. In cotton, GWAS 
has been employed to identify QTL related to important 
agronomic traits, including fiber quality and yield traits 
(e.g., Islam et al. 2016; Fang et al. 2017; Wang et al. 2017; 
Du et al. 2018; Ma et al. 2018; Naoumkina et al. 2019; Nie 
et al. 2020), seed oil content (Ma et al. 2019), early maturity 
traits (e.g., Su et al. 2018), resistance to verticillium wilt 
and fusarium wilt (e.g., Li et al. 2017; Zhang et al. 2020b; 
Abdelraheem et al. 2020a), and tolerance to drought and 
salt (e.g., Sun et al. 2019; Abdelraheem et al. 2020b; Li 
et al. 2020).

The objectives of this study were to evaluate an associa-
tion mapping (AM) panel of 335 elite U.S. Upland cotton 
accessions for resistance to Xcm race 18, and to identify 
QTL for BB resistance through GWAS using a total of 
26,301 polymorphic SNPs from the CottonSNP63K array 
(Hulse-Kemp et al. 2015).

Materials and methods

Plant materials

The association mapping (AM) panel used in this study con-
sisted of 335 U.S. Upland cotton accessions and was pre-
viously genotyped using SSR markers (Tyagi et al. 2014). 
The AM panel contained cotton cultivars and breeding 
lines developed or grown in 14 U.S. cotton states between 
the early 1900s and 2005. The seed source was from the 
National Cotton Germplasm Collection, USDA-ARS, Col-
lege Station, Texas, USA. The genotypes in the AM panel 
were arranged in a randomized complete block design with 
two replications. Ten seed for each genotype was sown in a 
10-cm pot as a replication on July 4, 2016 in the greenhouse 
at New Mexico State University, Las Cruces, NM. The five 
commercial Upland cultivars, namely FM 2334GLT, FM 
9058F, FM 2484B2F, PHY 375 WRF, and FM 1830GLT, 
were used as resistant checks, while four Pima genotypes 
(G. barbadense), namely PHY 805 RF, PHY 811 RF, PHY 
841 RF, and NMSI E2032, were used as susceptible checks 
(Elassbli et al. 2021).

Bacterial culture, inoculation, and evaluation 
of bacterial blight resistance

The Xcm culture was identified as race 18 (Wheeler et al. 
2007; Wheeler 2018). Bacteria were maintained and cul-
tured on the ATCC medium: 1829 carrot potato dextrose 
agar at 30 ˚C for 3–5 days until a uniform culture covered 
the petri dishes. The seedlings were inoculated 3 week post-
planting using the toothpick scratching method (Bird 1982). 



721Molecular Genetics and Genomics (2021) 296:719–729 

1 3

Briefly, a toothpick was dipped in a bacterial slime, and then 
the lower surface of a cotyledon was scratched. After inocu-
lation, seedlings were placed in a sealed container contain-
ing water at the bottom to maintain 99% relative humidity at 
23–25 °C for 48 h. The inoculated plants were then returned 
to the greenhouse and not watered for 1 day to increase the 
intensity of symptoms. The temperature of the greenhouse 
was maintained at an average 30–35 °C. Cotyledons were 
screened at 13 and 19 day post-inoculation (dpi), and true 
leaves were screened at 43 dpi on Aug 2nd, Aug 8th, and Sep 
17th, respectively. Plant responses to Xcm infections were 
evaluated on an individual plant basis, as follows: 0 was 
recorded for resistance (R) with no water-soaking symptoms 
and 1 for susceptibility (S) with water-soaking symptoms. 
Disease incidence (DI, %) was then calculated on a plot 
basis, using the following formulae:

Statistical analysis

The DI for each line on a replication basis was used to per-
form an analysis of variance (ANOVA) using SAS software 
version 9.4 PROC GLM (2012 SAS Institute Inc., Cary, NC, 
USA). Genotypes and replications were considered random 
in the analysis.

GWAS analysis

The AM panel accessions were previously genotyped using 
the CottonSNP63K array (Hulse-Kemp et al. 2015). The 
same CottonSNP63K array was also used in other studies 
(Hinze et al. 2017; Abdelraheem et al. 2020a). The popula-
tion structure and linkage disequilibrium were previously 
estimated based on 26,301 SNPs by Abdelraheem et al. 
(2020a), using the Bayesian clustering algorithm in the pro-
gram STRU CTU RE (Pritchard et al. 2000). The GWAS was 
performed using a mixed linear model (MLM) with TAS-
SEL software (Bradbury et al. 2007), to identify associations 
between SNP markers and BB resistance. A false discovery 
rate (FDR) adjusted P-value threshold was calculated for 
BB resistance by dividing the P value at 0.05 with the total 
number of SNPs. The SNPs above the threshold were con-
sidered significant. A QTL was declared when four signifi-
cant SNPs were detected within a 10 Mb region (Said et al. 
2013). To identify predicted genes within a QTL region, 
the TM-1 genome sequence (ZJU-improved_v2-1_a1) was 
used (www. cotto ngen. com).). To estimate the interval for 
each QTL, a drop-off method to a nearest left and a nearest 
right significant marker from an apparent peak SNP marker 
was used.

DI =
(number of resistance plants × 0) + (number of susceptible plants × 1)

(number of resistance plants + number of susceptible plants)
.

Results

Analysis of variance

The artificial inoculation was highly successful in that, 
all the individual plants from the resistant Upland cotton 
controls- FM 2334GLT, FM 9058F, FM 2484B2F, PHY 
375 WRF, and FM 1830GLT, displayed resistant responses 
with no water-soaked symptoms, while all the plants from 
four Pima genotypes- PHY 805 RF, PHY 811 RF, PHY 
841 RF, and NMSI E2032, were susceptible. An analysis 
of variance detected a significant (P < 0.0001) genotypic 
variation in average DI among the 335 Upland cotton 
accessions in all the three screening periods (13, 19 and 
43 dpi; Table 1). Therefore, significant genetic variation in 
BB resistance existed which provided the statistical basis 

for further GWAS.
The mean genotypic DI among the three evaluated dpi 

was significantly correlated with coefficients of correla-
tion ranging from 0.899 to 0.934 (P < 0.0001). The result 
indicated that screenings at 13 and 19 dpi on inoculated 
cotyledons were highly consistent. The cotyledon screen-
ings were also highly congruent with the screening of true 
leaves, suggesting that Xcm infections spread from cotyle-
dons to true leaves as seedlings grew. Therefore, it is valid 
to inoculate cotyledons by scratching and then evaluate 
cotton responses to Xcm infections on inoculated cotyle-
dons or non-inoculated true leaves, or both.

Table 1  Analysis of variance for disease incidence (DI) to bacterial 
blight caused by Xanthomonas citri  pv.  malvacearum race 18 in an 
association mapping panel of 335 Upland cotton accessions at 13, 19, 
and 43 day post-inoculation (dpi), Las Cruces, NM, US

Screening date Source df MS F value P value

13 dpi Replication 1 0.0004
Genotype 334 0.22 10.34  < .0001
Error 330 0.02

19 dpi Replication 1 0.0084
Genotype 334 0.23 21.4  < .0001
Error 330 0.011

43 dpi Replication 1 0.44
Genotype 334 0.22 11.5  < .0001
Error 288 0.019

http://www.cottongen.com
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Resistant germplasm lines against Xcm race 18

The mean DI for each accession is shown in Supplemen-
tary Table 1. Using an accepted method of classifying 
cotton for BB resistance into different categories (Elassbli 
et al. 2021) based on DI evaluated across the three dpi, 
42 accessions were highly resistant (HR, with DI < 5%), 
including 40 lines with no symptomatic plants observed in 
all three dpi. In addition, 7 lines fell into the moderately 
resistant category (MR, with DI = 5–30%), including four 
lines with zero DI on cotyledons and two lines showing no 
symptoms on true leaves. One line was partially resistant 
(PR, with DI = 30–50%). A total of 131 accessions were 
highly susceptible (HS, with DI > 95%), including 56 
lines with 100% DI at all three screenings; 136 lines were 
moderately susceptible (MS, with DI = 80–95%); and 19 
lines were partially susceptible (PS, with DI = 50–80%). 
Therefore, most of the accessions evaluated in this study 
were susceptible to Xcm race 18. However, variation in 
responses to BB was commonly observed as small but 
various proportions of resistant plants were detected in 
many overall susceptible lines; and the reverse was true 
for some resistant lines. Therefore, segregation for BB 
resistance within obsolete Upland cotton germplasm is 
common, due likely to residual genetic variation when the 
lines were developed and outcrossing when seeds were 
increased before and after seeds were maintained by the 
National Germplasm Collection.

The results for the 50 resistant lines (HR, MR and PR) 
are listed in Table 2. Although these resistant obsolete 
accessions were developed by different breeding pro-
grams, 26 (53% of the resistant accessions) lines or culti-
vars were bred by the multi-adversity resistance (MAR) 
program at Texas A&M University which had a long his-
tory of breeding Upland cotton for resistance to Xcm from 
the 1950s to late 1990s. Some of the resistant MAR lines 
released from this program were also used by other breed-
ing programs, such as the University of Arkansas and 
FiberMax. Surprisingly, for most of the other resistant 
lines that were developed by different breeding programs, 
resistance to Xcm 18 was not a target trait for selection, 
because the disease was not an issue at the time, and no 
lines with known resistance from Texas A&M University 
were used.

To ensure the accuracy of the results, all the 50 resist-
ant lines, together with 17 susceptible accessions, were 
selected and retested using the same procedure under the 
same conditions. The results for both replicated tests were 
consistent (Supplementary Table 2), and the coefficient of 
correlation was highly significant between the two tests 
(0.906, P < 0.0001).

QTL identification of resistance to Xcm race 18

Through GWAS for the AM panel using 26,301 polymor-
phic SNPs from the CottonSNP63K array, a total of 11 
QTL anchored by 79 SNPs on five chromosomes (A01, 
A05, D02, D08, and D10) were identified to confer resist-
ance to Xcm race 18 (Table 3; Fig. 1). A01, A05 and D02 
each carried three QTL. The three QTL on A01 were iden-
tified at the regions of 15.5–24.6 Mb with 215 predicted 
genes (GH_A01G0924–GH_A01G1139), 39.9–53.4 Mb 
with 95 predicted genes (GH_A01G1283–GH_
A01G1378), and 77.1–94.6 Mb with 131 predicted genes 
(GH_A01G1550–GH_A01G1681), each explaining an 
average of 25.7, 19.7, and 18.5% of the phenotypic vari-
ation (PV) in BB resistance, respectively. On A05, the 
three QTL were identified at the intervals of 34.2–40.5 Mb 
with 177 predicted genes (GH_A05G2903–GH_
A05G3080), 51.2–57.1 Mb with 37 predicted genes (GH_
A05G3236–GH_A05G3273), and 86.6–90.6 Mb with 22 
predicted genes (GH_A05G3602–GH_A05G3624), each 
explaining an average of 22.8, 19.0, and 29.0% of the 
PV, respectively. The three QTL on D02 were located at 
the intervals of 24.0–28.9 Mb with 91 predicted genes 
(GH_D02G1045–GH_D02G1136), 37.6–44.3 Mb with 
130 predicted genes (GH_D02G12356–GH_D02G1384), 
and 51.2–63.0  Mb with 320 predicted genes (GH_
D02G1541–GH_D20G1861), each explaining 33.0, 32.0, 
and 33.9% of the PV, respectively. The three QTL on D02 
explained the highest proportion of the PV among all the 
QTL detected. A QTL was identified on D08 within a 
2 Mb region at the interval of 2.96–4.91 Mb with 155 
predicted genes (GH_D08G0333–GH_D08G0488), which 
explained an average of 18.3% of the PV. Interestingly, on 
D10, the QTL was identified within a narrow chromosomal 
region (63.32–63.36 Mb), which explained 22.5% of the 
PV for BB resistance. Within this region, there were only 
two predicted genes- GH_D10G2525 and GH_D10G2526, 
encoding for an uncharacterized but possible cytochrome 
P450 protein and a hypothetic protein, respectively. 

To reduce the number of predicted genes, a drop-off 
method from the peak of LOD score within each QTL 
region was used. As a result, the total number of pre-
dicted genes for the 11 QTL was reduced from 1315 to 
361 (Table 4). Except two regions- the qBB-A01-3 QTL 
with no apparent peak containing 131 genes and the qBB-
D02-3 QTL with 70 genes, the number of predicted genes 
was reduced to 40 or below for each QTL with an aver-
age of 18 genes per QTL. Six of the QTL regions con-
tained genes between 2 and 15. However, candidate genes 
were not identified in this study due to the lack of further 
experiments.
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Table 2  Mean disease incidence of bacterial blight caused by Xanthomonas citri pv. malvacearum race 18 at 13 and 19 day post-inoculation 
(dpi) on cotyledons and 43 dpi on true leaves, Las Cruces, NM, US

Germplasm line Developer Year of release 14 dpi 19 dpi 43 dpi Mean Response

ACALA 8 Introduction from Acala, Mexico 1914 0 0 0 0.00 HR
ACALA 1064 New Mexico State University 1935 0 0 0 0.00 HR
COKER’S WILDS #4 Coker Pedigreed Seed Co 1928 0 0 0.17 0.06 MR
CLEVEWILT 6 Coker Pedigreed Seed Co 1931 0 0 0 0.00 HR
COKER 201 Coker Pedigreed Seed Co 1970 0 0 0.11 0.04 HR
CASCOT L-7 Custom Ag Services, Loraine, TX 1977 0 0 0 0.00 HR
FM 966 FiberMax 2000 0 0 0 0.00 HR
GP 1005 G&P Seed Co., Inc., Aquilla, TX 1983 0 0 0 0.00 HR
GP 3755 G&P Seed Co., Inc., Aquilla, TX 1976 0 0 0 0.00 HR
GP 5479 G&P Seed Co., Inc., Aquilla, TX 1989 0 0 0 0.00 HR
GSC 27 Gro-agri Seed Co., Lubbock, TX 1989 0 0 0 0.00 HR
GSC 30 Gro-agri Seed Co., Lubbock, TX 1989 0.30 0.50 0 0.27 MR
LANKART 57 Lankart Seed Farms,Waco, TX 1935 0 0 0 0.00 HR
LANKART 511 Lankart Seed Farms,Waco, TX 1984 0 0 0 0.00 HR
PAYMASTER HS200 Paymaster Technologies, Inc 1986 0 0 0 0.00 HR
SG 747 Sure-Grow Seed, Inc 1999 0 0 0 0.00 HR
TAMCOT SP-21 Texas A&M University 1976 0 0 0.14 0.05 MR
TAMCOT SP-23 Texas A&M University 1976 0 0 0 0.00 HR
TAMCOT SP-37 Texas A&M University 1976 0 0 0 0.00 HR
TAMCOT CAMD-E Texas A&M University 1979 0 0 0 0.00 HR
TAMCOT CAB-CS Texas A&M University 1986 0 0 0 0.00 HR
TAMCOT CD3H Texas A&M University 1988 0 0 0 0.00 HR
TAMCOT SPHINX Texas A&M University 1997 0 0 0 0.00 HR
TAMCOT PYRAMID Texas A&M University 2004 0 0 0 0.00 HR
C5HUG2BES-2–87 Texas A&M University 1997 0 0 0 0.00 HR
CABCSV506S-1–94 Texas A&M University 1997 0 0 0 0.00 HR
CABD3CABCH-1–89 Texas A&M University 1998 0 0 0 0.00 HR
CABD3SHP3S-1–90 Texas A&M University 1998 0 0 0 0.00 HR
CAHUGLBBCS-1–88 Texas A&M University 1998 0 0 0 0.00 HR
CD3HCABCUH-1–89 Texas A&M University 1998 0 0 0 0.00 HR
CD3HCAHUGH-2–88 Texas A&M University 1998 0 0 0 0.00 HR
CD3HHARCIH-1–88 Texas A&M University 1998 0 0 0 0.00 HR
HGPICG14QH-1–94 Texas A&M University 1997 0 0 0 0.00 HR
LBBCABCHUS-1–87 Texas A&M University 1998 0 0 0 0.00 HR
LBBCDBOAKH-1–90 Texas A&M University 1998 0 0 0 0.00 HR
SPNXHQBPIS-1–94 Texas A&M University 1997 0 0 0 0.00 HR
SPNXCHGLBH-1–94 Texas A&M University 1997 0 0 0.50 0.17 MR
BLCABPD86S-1–90 Texas A&M University 1998 0.11 0.50 0 0.20 MR
TAM 86E-8 Texas A&M University 1986 0 0 0 0.00 HR
TAM 87 N-5 Texas A&M University 1987 0.10 0.20 0.70 0.33 PR
H1330 University of Arkansas 1996 0 0 0 0.00 HR
ARKOT 8102 University of Arkansas 1997 0 0 0.07 0.02 HR
ARKOT 8606 University of Arkansas 2002 0 0 0 0.00 HR
PD 1 USDA-ARS, SC 1985 0 0 0 0.00 HR
BJAGL NECT Unknown na 0.20 0.35 0.25 0.27 MR
LAMBRIGHT 2020A Unknown na 0 0 0 0.00 HR
GREEN LINT Unknown na 0 0 0 0.00 HR
M4 Unknown na 0 0 0 0.00 HR
SA 2424 Unknown na 0 0 0 0.00 HR
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Discussion

Obsolete germplasm is an essential source for increasing 
genetic variability of Upland cotton. In this study, an AM 
panel consisted of 339 obsolete U.S. Upland accessions 
released between the early 1900s and 2005 were used for 
GWAS of resistance to BB caused by Xcm race 18 using 
26,301 polymorphic SNP markers. As a result, 11 QTL were 
identified to confer resistance to BB. This study represented 
the first investigation on screening a large set of obsolete 
U.S. Upland cotton germplasm for Xcm race 18 resistance 
and GWAS on BB resistance in cotton.

In this greenhouse evaluation using a scratching method 
on the lower surface of cotyledons, 50 accessions were found 
to be resistant, while many other lines also had low observed 
percentages of resistant seedlings. Although a few plants that 
escaped from infections may not be completely ruled out, the 
results were highly consistent between two screening dpi on 
cotyledons and between the inoculated cotyledons and non-
inoculated true leaves. Furthermore, a retest using the 50 
resistant and 17 susceptible accessions confirmed the results. 
Some of these accessions were previously reported to be 
resistant to BB. For example, H1330, Arkot 8102 and Arkot 
8606 were resistant to races 1, 2, 7, and 18 (Bourland 1996; 
Bourland et al. 1997; Bourland and Benson 2002). Using a 
mixture of races 1, 2, 7, and 10 or a mixture 1, 2 and 18, Bay-
les and Verhalen (2007) reported that Cascot L-7, GP 1005, 
GP 3755, Lankart 511, Paymaster HS 200, and several MAR 
cultivars (Tamcot CAB-CS, Tamcot CAMD-E, Tamcot 
CD3H, Tamcot SP-21 and Tamcot SP-37H) were resistant. 
Many lines developed from the MAR program were highly 
resistant to Xcm race 18. These lines included CABC-
SV506S-1–94, CABD3CABCH-1–89, CABD3HP3S-1–90, 
and CAHUGLBBCS-1–88. HGPICG14QH-1–94 was a 
line developed from the MAR-7B germplasm pool and was 
resistant to all U.S. Xcm races (Thaxton and El-Zik 2004). 
The MAR program maintained high resistance levels in 
its germplasm to the U.S. Xcm races (Thaxton and El-Zik 
1998). Many of resistant Tamcot cultivars observed in this 
study were reported to be resistant to all Xcm races (1–18) 
in the U.S., including Tamcot CAB-CS, Tamcot CAMD-
E, Tamcot CD3H, Tamcot Pyramid, Tamcot SP-21, Tam-
cot SP-23, Tamcot SP-37, and Tamcot SP-37H (Bayles and 
Verhalen 2007; Bird 1976, 1979; Zhang et al. 2020a).

Quantitative traits should be evaluated in multi-
ple environments due to environmental factors and 

genotype × environment interactions. However, this require-
ment did not apply to this current study, because cotton 
responses to Xcm infections were evaluated qualitatively 
(with or without the typical water-soaking symptom) not 
quantitatively, and approximately 20 plants for each germ-
plasm accession were artificially screened. The accuracy in 
screening the association mapping panel for BB resistance 
was assessed three times on cotyledons and true leaves dur-
ing different growth stages, followed by consistent results 
from reevaluation of selected resistant and susceptible 
accessions. Because of segregation or contamination for BB 
resistance in many accessions, we did not observe 0 or 100% 
DI, as expected for true breeding lines. As such, DI was used 
to treat BB resistance as a quantitative trait, not a Mendelian 
trait. This phenomenon of heterogeneous status within germ-
plasm accessions has been observed in many other crops 
such as soybean (Mihelich et al. 2020). Therefore, phenotyp-
ing in this study was the most reliable for any quantitative 
trait or qualitative trait (20 plants  genotype−1). The QTL 
detected in this study should be stable across environments.

The African Upland cotton germplasm S295 was initially 
thought to be the major resistance source to Xcm race 18. 
Surprisingly, however, our present study demonstrated that 
sources of resistance to race 18 were much broader within 
the U.S. Upland germplasm pool. Of the 50 resistant acces-
sions, many were developed before the detection of race 18 
was first reported in 1973 (Phillips et al. 2017). In fact, some 
of them were developed prior to the MAR breeding or any 
BB resistance breeding program. For example, Acala 8 was a 
direct selection in 1917 from an introduced germplasm from 
Acala, Mexico, and Acala 1064 was developed at New Mex-
ico State University in 1935 (Zhang et al. 2019). Clevewilt 6 
was selected in 1937 and found to be moderately resistant to 
root-knot nematodes in Louisiana (Jones et al. 1958). Coker 
Wild #4 and Coker 201 were developed in South Carolina in 
1928 and the early 1970s, respectively. PD-1 was a public 
release in 1985 from USDA-ARS, Pee Dee, SC (Culp et al. 
1985); Paymaster HS 200 (Texas) and SG 747 (Mississippi) 
were developed by Delta and Pine Land Co. It is under-
standable that many of the resistant lines were from Texas, 
including Lankart 57 and Lankart 511 released in 1935 and 
1984, respectively; and GP 1005, GP 3755, and GP 5479 
developed in the 1970s and early 1980s. Of course, many 
resistant lines and cultivars were developed from Texas 
A&M University, such as Tamcot SP-21 and Tamcot SP-23 
released in 1976. Screening more germplasm should provide 

Highly resistant (HR), DI < 0.05; Moderately resistant (MR), DI = 0.05–0.30; Partially Resistant (PR), DI = 0.30–0.50

Table 2  (continued)

Germplasm line Developer Year of release 14 dpi 19 dpi 43 dpi Mean Response

SA 2327 Unknown na 0 0 0.23 0.08 MR
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Table 3  QTL associated with 
resistance to bacterial blight 
caused by Xanthomonas 
citri pv. malvacearum race 18 in 
an AM panel 335 obsolete US 
Upland cotton accessions

QTL Marker Allele Chr Position (bp)  − log10(p) R2 (%) MAF

qBB-A01-1 SNP471 G/T A1 15,591,336 7.85E–08 0.32 0.19
SNP505 G/T A1 16,548,175 7.85E–08 0.22 0.42
SNP553 G/A A1 19,567,281 9.48E–08 0.19 0.16
SNP567 G/A A1 19,810,151 7.85E–13 0.35 0.16
SNP599 T/C A1 20,314,677 7.85E–08 0.25 0.39
SNP646 G/A A1 22,108,484 7.85E–08 0.35 0.28
SNP695 G/A A1 24,615,707 9.48E–08 0.12 0.29

qBB-A01-2 SNP846 G/A A1 39,857,976 7.85E–08 0.20 0.19
SNP911 T/C A1 41,430,421 7.85E–08 0.30 0.38
SNP956 G/A A1 53,356,232 9.48E–08 0.09 0.29

qBB-A01-3 SNP1099 G/T A1 77,125,604 7.85E–08 0.34 0.30
SNP1217 T/C A1 79,493,913 9.48E–08 0.19 0.28
SNP1269 G/T A1 80,941,045 7.85E–08 0.20 0.29
SNP1302 T/C A1 81,524,570 7.85E–08 0.20 0.26
SNP1324 G/A A1 82,019,748 9.48E–08 0.19 0.25
SNP1388 G/A A1 83,059,334 7.85E–08 0.20 0.28
SNP1462 G/T A1 84,119,753 7.85E–08 0.14 0.25
SNP1511 T/C A1 85,011,924 7.85E–08 0.20 0.29
SNP1615 G/A A1 86,680,265 7.85E–08 0.14 0.17
SNP1627 G/A A1 87,266,434 7.85E–08 0.14 0.18
SNP1694 T/C A1 92,543,230 7.85E–08 0.14 0.38
SNP1732 G/T A1 94,583,142 7.85E–08 0.14 0.39

qBB-A05-1 SNP15437 G/T A5 34,169,884 9.48E–08 0.19 0.29
SNP15515 G/T A5 39,840,575 9.48E–08 0.12 0.28
SNP15535 G/A A5 40,162,997 7.79E–16 0.36 0.38
SNP15548 G/A A5 40,388,067 7.85E–08 0.24 0.18
SNP15553 T/C A5 40,542,614 7.85E–08 0.23 0.19

qBB-A05-2 SNP15666 T/C A5 51,215,439 9.48E–08 0.12 0.30
SNP15699 G/T A5 55,087,992 9.48E–08 0.12 0.26
SNP15724 G/A A5 57,097,260 7.85E–08 0.33 0.29

qBB-A05-3 SNP16230 G/T A5 86,551,197 7.79E–16 0.35 0.39
SNP16280 G/A A5 89,479,470 7.85E–08 0.13 0.19
SNP16311 G/A A5 90,552,338 7.85E–13 0.39 0.29

qBB-D02-1 SNP39465 G/A D2 24,001,791 9.70E–11 0.38 0.29
SNP39466 G/A D2 24,003,036 7.35E–11 0.38 0.30
SNP39473 G/A D2 24,373,557 9.70E–11 0.38 0.26
SNP39527 T/C D2 28,852,504 9.48E–08 0.18 0.33

qBB-D02-2 SNP39648 G/A D2 37,619,461 7.85E–08 0.39 0.29
SNP39787 G/T D2 44,206,214 2.79E–10 0.38 0.25
SNP39790 G/T D2 44,277,857 7.91E–08 0.13 0.19
SNP39797 T/C D2 44,317,655 1.47E–10 0.38 0.28

qBB-D02-3 SNP40019 G/A D2 51,219,204 7.85E–08 0.33 0.39
SNP40196 G/A D2 55,200,773 7.85E–08 0.33 0.19
SNP40271 G/A D2 56,504,353 7.85E–08 0.23 0.19
SNP40272 G/A D2 56,506,124 7.85E–08 0.33 0.16
SNP40296 G/A D2 56,734,593 2.65E–12 0.38 0.33
SNP40323 T/C D2 57,040,107 6.48E–08 0.31 0.29
SNP40413 G/A D2 59,175,080 7.85E–08 0.33 0.33
SNP40422 G/A D2 59,345,226 7.85E–08 0.23 0.29
SNP40439 G/T D2 59,493,346 1.44E–09 0.38 0.29
SNP40554 G/T D2 61,301,272 3.88E–18 0.40 0.19
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more resistant lines or sources for breeding cotton resistant 
to Xcm 18.

The resistance reactions observed in resistant accessions 
are due to the presence of B genes on cotton chromosomes. 
Most of the BB resistance genes were identified using the 
traditional Mendelian genetic studies on biparental crosses 
(Zhang et al. 2020a). These B genes are resistant to different 

Xcm races. B12 was identified as a resistance gene to all 
the races including race 18 in African Upland S295 (Follin 
et al. 1988; Wallace and El-Zik, 1989; Wright et al. 1998; 
Xiao et al. 2010). Another surprising finding of our study 
is that some of the resistant accessions were previously 
found to carry resistant B genes other than B12. For exam-
ple, Lankart 57 and Lankart 511 were documented to carry 

Table 3  (continued) QTL Marker Allele Chr Position (bp)  − log10(p) R2 (%) MAF

SNP40555 G/T D2 61,301,350 3.88E–18 0.40 0.18
SNP40572 G/A D2 61,463,319 4.19E–13 0.35 0.19
SNP40583 G/A D2 61,686,335 2.65E–12 0.38 0.29
SNP40585 G/A D2 61,686,727 5.16E–12 0.38 0.28
SNP40595 G/A D2 61,786,666 8.22E–14 0.35 0.19
SNP40697 T/C D2 63,047,499 7.85E–08 0.32 0.28

qBB-D08-1 SNP55009 G/A D8 2,959,304 1.07E–06 0.19 0.39
SNP55012 G/A D8 2,996,576 1.07E–06 0.12 0.29
SNP55016 T/C D8 3,034,240 5.31E–06 0.12 0.18
SNP55017 T/C D8 3,035,094 5.31E–06 0.12 0.19
SNP55019 G/T D8 3,042,403 5.31E–06 0.28 0.38
SNP55055 G/T D8 3,521,015 5.87E–08 0.26 0.19
SNP55067 T/C D8 3,740,892 5.87E–08 0.22 0.38
SNP55068 G/A D8 3,748,068 5.87E–08 0.26 0.39
SNP55075 G/A D8 3,888,077 5.87E–08 0.22 0.19
SNP55076 G/A D8 3,895,342 5.87E–08 0.16 0.19
SNP55079 T/C D8 3,925,453 5.87E–08 0.15 0.42
SNP55084 T/C D8 3,967,421 5.87E–08 0.21 0.39
SNP55095 T/C D8 4,194,961 5.03E–07 0.12 0.18
SNP55107 T/C D8 4,365,883 5.03E–07 0.19 0.19
SNP55139 G/T D8 4,905,264 1.16E–06 0.12 0.29
SNP55140 G/T D8 4,905,820 1.16E–06 0.18 0.28

qBB-D10-1 SNP30518 G/A D10 63,322,750 5.87E–08 0.18 0.28
SNP30520 G/A D10 63,323,636 5.87E–08 0.23 0.48
SNP30521 G/A D10 63,326,303 5.87E–08 0.23 0.26
SNP30522 G/A D10 63,326,449 5.87E–08 0.23 0.26
SNP30523 G/A D10 63,328,686 5.87E–08 0.33 0.29
SNP30528 G/A D10 63,357,008 5.87E–08 0.33 0.27

Fig. 1  Manhattan plot for QTL 
identified for resistance to bac-
terial blight race 18 in 335 US 
Upland cotton accessions based 
on MLM
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the B2B4b6 genes (Kappelman 1982). C5HUG2BES-2–87 
was a glanded, glabrous plant type with the B2B3B7 genes 
(El-Zik and Thaxton 1997). Tamcot Pyramid also possessed 
these three genes and it also expressed some levels of resist-
ance to race 18 (Brinkerhoff et al. 1984; Bayles and Johnson 
1985; Verma 1986; Wright et al. 1998). Based on Wright 
et  al. (1998), two QTL corresponding to B2 and B3 are 
located on the same chromosome- D10/c20, but not closely 
linked, and b6 was associated with several QTL on A05/c05, 
D02/c14, D10/c20 and LGD02; and the QTL correspond-
ing to these genes contributed to phenotypic variation for 
resistance to Xcm race 18. Our current study identified three 
QTL on each of the three chromosomes (A01/c01, A05, and 
D02) and one QTL each on D08/c24 and D10 for resistance 
to Xcm race 18. Therefore, in addition to B12 in S295 which 
confers resistance to all the U.S. Xcm races (Wallace et al. 
1989), some levels of resistance to race 18 may be provided 
by other major B genes. One of the QTL in D02 identified 
by this study may correspond to B12 and other QTL detected 
may correspond to other major B genes. However, it is cur-
rently unknown if the resistant germplasm lines identified 
in our study possess the B12 gene. A segregation analysis 
and B12-linked marker assay should be performed to address 
this question.

In this study, the number of predicted genes was identi-
fied within each of the 11 QTL regions, including 91 to 320 
genes within each of 8 QTL regions and 2–37 genes with 
each of three QTL regions. Although a drop-down method 
allowed further narrowing of the QTL regions, the number 
of genes within each QTL region did not permit selection of 
candidate genes for further experiments in this study. Seg-
regation for BB resistance within many accessions and the 
imbalance between resistant and susceptible genotypes fur-
ther compromised the resolution and accuracy in delineating 
the QTL regions to a small number of genes. Segregation of 
BB resistance within many current commercial cultivars and 
elite breeding lines was also frequently observed (Wheeler 

and Dever 2020; Elassbli et al. 2021). Therefore, candidate 
genes in this study were not predicted and studied, although 
some were associated with responses to diseases or abiotic 
stresses. In addition, because there were still many predicted 
genes within the QTL regions for BB resistance, the present 
study did not perform GO analysis and RNA-seq to identify 
candidate genes with differential expression and sequence 
variation for the QTL. However, it should be studied using 
near-isogenic lines after a large genetic population with no 
or minimal germplasm contamination for BB resistance is 
used to further narrow chromosomal regions for resistance 
genes or QTL. Nevertheless, this study showed that only five 
(A01, A05, D02, D08, and D10) of 26 chromosome pairs 
and 11 chromosomal regions were involved in BB resistance, 
providing important information for targeted marker devel-
opment and candidate gene analysis. For high resolution 
mapping of resistance genes or QTL for BB resistance, large 
segregating populations from bi-parental or multi-parental 
crosses between homozygous resistant and susceptible geno-
types should be developed.
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Table 4  Predicted genes 
within each QTL region for 
resistance to bacterial blight 
caused by Xanthomonas 
citri pv. malvacearum race 18 
in an AM panel of 335 obsolete 
US Upland cotton accessions

QTL Chr Left Right (bp) Interval (bp) No. genes Gene ID

qBB-A01-1 A01 19,567,281 20,314,677 747,396 27 A01G1033–A01G1059
qBB-A01-2 A01 39,857,976 41,430,421 1,572,445 14 A01G1283–A01G1296
qBB-A01-3 A01 77,125,604 94,583,142 17,457,538 131 A01G1550–A01G1681
qBB-A05-1 A05 39,840,575 40,388,067 547,492 12 A05G3074–A05G3085
qBB-A05-2 A05 51,215,439 57,097,260 5,881,821 37 A05G3236–A05G3273
qBB-A05-3 A05 86,551,197 90,552,338 4,001,141 15 A05G3607–A05G3624
qBB-D02-1 D02 24,001,791 24,373,557 371,766 8 D02G1046–D02G1053
qBB-D02-2 D02 44,206,214 44,317,655 111,441 4 D02G1381–D02G1384
qBB-D02-3 D02 59,493,346 61,786,666 2,293,320 71 D02G1791–D02G1861
qBB-D08-1 D08 3,521,015 3,967,421 446,406 40 D08G0380–D08G0419
qBB-D10-1 D10 63,322,750 63,357,008 34,258 2 D10G2525–D10G2526
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