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Abstract Greenbug is a major damaging insect to

sorghum production in the United States. Among

various virulent greenbug biotypes, biotype I is the

most predominant and severe for sorghum. To combat

with the damaging pest, greenbug resistant sources were

obtained from screening sorghum germplasm collec-

tion. This experiment was conducted to identify the

genomic regions contributing resistance to greenbug

biotype I in a sorghum accession, PI 607900. An F2

mapping population consisting of 371 individuals

developed from a cross of the resistant line with an elite

cultivar, BTx623 (susceptible) were tested and scored

for their response to greenbug feeding in the greenhouse.

Significant differences in resistance were observed

between the two parental lines and among their F2

progeny in response to greenbug feeding at 7, 10, 14 and

21 days after infestation. A linkage map spanning a total

length of 729.5 cM across the genome was constructed

with 102 polymorphic SSR markers (69 genomic and 33

EST SSRs). Of those microsatellite markers, 48 were

newly developed during this study, which are a useful

addition for sorghum genotyping and genome mapping.

Single marker analysis revealed 29 markers to be

significantly associated with the plant response to

greenbug feeding damage. The results from interval

mapping, composite interval mapping and multiple

interval mapping analyses identified four major QTLs

for greenbug resistance on chromosome 9. These QTLs

collectively accounted for 34–82 % of the phenotypic

variance in greenbug resistance. Minor QTLs located on

chromosome 3 explained 1 % of the phenotypic vari-

ance in greenbug resistance. The major allele for

greenbug resistance was on chromosome 9 close to

receptor-like kinase Xa21-binding protein 3. These

markers are useful to screen more resistant genotypes.

Furthermore, the markers tagged to QTL regions can be

used to enhance the sorghum breeding program for

greenbug resistance through marker-assisted selection

and map-based cloning.
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Introduction

Sorghum is the fifth most important cereal crop

worldwide with its multifaceted uses such as food,

fiber and biofuel. The crop also has large commercial
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value in cattle, poultry and dairy industries as it is

mainly used as feed for animals in the United States.

Insect attack is one major factor limiting sorghum

production. Sorghum is attacked by more than 150

insect pests, of which aphids are the most prominent

(Young and Teetes 1977; Sharma 1993). Greenbug,

Schizaphis graminum (Rondani), a sap-sucking aphid,

is one of the most devastating to sorghum productivity

(Teetes 1980). Greenbugs feed on the leaves of grasses

and cereals, absorbing nutrients present in the sieve

elements while incorporating phytotoxins resulting in

visible symptoms in the plants, including chlorosis and

red necrotic spots (Van-Emden and Harrington 2007).

The loss of sorghum crop incurred due to greenbug

damage was estimated for $274 million annually

(Eddleman et al. 1999). To date, different biotypes of

greenbug were discovered chronologically on sor-

ghum, among them biotype I, identified and desig-

nated in 1990, is of economic importance because it

causes huge losses in sorghum yield (Harvey et al.

1991; Kofoid et al. 1991; Teetes and Pendleton 2000).

Host plant resistance is perceived as an eco-

friendly, socially acceptable and effective component

of integrated pest management in deploying resistant

cultivars against insect damage (Bramel-Cox et al.

1986; Andrews et al. 1993; Sharma 1993; Sharma and

Ortiz 2002; Smith 2004). Therefore, host plant resis-

tance is of prime importance in the arsenal of aphid-

plant interaction. Different transcriptomic studies with

microarray profiling have focused on the greenbug-

sorghum interaction and emphasized the role of

signaling compounds and defense-activated genes

(Huang 2007). Suppression subtractive hybridization

revealed the down-regulation of cysteine proteinase

inhibitors and the up-regulation of genes such as Xa1,

antimicrobial proteins and other signaling compounds

in response to greenbug damage on sorghum plants

(Park et al. 2006). Another transcriptomic study also

identified the differential expression of 82 greenbug

responsive genes, including a LRR-containing glyco-

protein sequence and other defense related proteins in

plants infested with greenbug (Zhu-Salzman et al.

2004). These studies have shown the prominent role of

plant R genes in defense response to greenbug attack

through signal transduction pathway.

Molecular markers have diverse utility in dissecting

genes for greenbug resistance and in better under-

standing the genetic basis and mechanism of resis-

tance (Yencho et al. 2000). Recent progress in

sorghum genomics has availed the genome sequence

to the public to aid in the development of several

different types of molecular markers, including gene-

based markers. Furthermore, post-genomic progress

has accelerated linkage mapping experiments for all

economically important traits including greenbug

resistance (Paterson 2008; Paterson et al. 2009).

In the past decade, the use of molecular markers has

helped to identify suitable greenbug resistant sor-

ghum, which has fostered marker-assisted breeding

programs for greenbug resistant crops. To date, five

independent QTL mapping experiments have been

conducted in sorghum to identify greenbug resistance

to four different greenbug biotypes (Agrama et al.

2002; Katsar et al. 2002; Nagaraj et al. 2005; Wu et al.

2007; Wu and Huang 2008). In these studies, seven

disparate genetic sources of resistance were used,

which revealed multiple genomic regions accounting

for resistance to greenbug biotypes C, E, I, and K.

Among these studies, Katsar et al. (2002) identified at

least three loci present on chromosome SBI05, SBI06

and SBI07 conferring resistance to greenbug biotype I.

Agrama et al. (2002) quantified chlorophyll loss

caused by greenbug injury and detected nine genomic

regions affecting both biotype-specific and biotype

non-specific resistance and tolerance to Biotype I and

K. Of the seven QTLs detected by Agrama et al.

(2002) that were associated with biotype-specific

resistance and tolerance to greenbug damage, three

markers present on chromosomes SBI02, SBI05 and

SBI09 were linked with biotype I-specific resistance

and tolerance. A similar study by Nagaraj et al. (2005)

using chlorophyll loss as an indicator to greenbug

damage identified three QTLs present on the sorghum

chromosome SBI01 and SBI04 for biotype I resistance

and tolerance. The recent study conducted by Wu and

Huang (2008) have shown a major QTL located on

sorghum chromosome SBI09 conditioning resistance

to biotype I. It is obvious from these studies that

resistance and tolerance to greenbug damage origi-

nates from multiple regions of the genome depending

on the resistance source contributed by various

genotypes and that some of the alleles are biotype-

specific, and others are biotype non-specific.

Despite the economic importance of continuous

breeding efforts to develop resistant sorghum culti-

vars, progress has been slow in identification of

greenbug biotype I resistance sources for incorpora-

tion into existing greenbug resistance management
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practices. The resistance to aphid attack is governed

by very few resistance loci and alleles, considering the

meager sources of resistance (Dogimont et al. 2010).

Previous work indicated that sorghum line PI 607900

contained strong resistance to biotype I and was

genetically distinct from other known major resistant

genotypes (Tuinstra et al. 2001; Wu et al. 2006).

Tuinstra et al. (2001) reported PI 607900 (KS 97) had

superior general combining ability of greenbug bio-

type I resistance compared to PI 550610, which carried

one major and one minor QTL on SBI09 resistant to

greenbug biotype I (Wu and Huang 2008). A world-

wide collection of 40,000 sorghum germplasm acces-

sions was evaluated for greenbug resistance, which

resulted in identifying 21 resistant sources. Among

these 21 lines, PI 607900 outperformed other lines

with a damage rating of 1.1 (Huang 2011). Therefore,

new resistant sources are always sought for their

natural variation for resistance towards insects (Bro-

ekgaarden et al. 2011).

Our objective in the present research was to identify

genomic regions associated with greenbug biotype I

resistance in sorghum accession, PI 607900 using SSR

markers. Microsatellite markers, diagnostic to biotype

I resistance, developed in this study will be a useful

tool for identifying resistant genotypes from the

sorghum germplasm pool and facilitating greenbug

resistance improvement in sorghum through marker-

assisted selection.

Materials and methods

Selection of resistant source for development

of the mapping population

The parental lines of sorghum for our QTL study were

BTx623 (susceptible parent) and PI 607900 (resistant

parent). BTx623 is the cultivar utilized in the sorghum

genome sequencing project (Kresovich et al. 2005)

and is susceptible to greenbug biotype I. PI 607900,

also known as KS 97, is highly resistant to greenbug

biotype I (Tuinstra et al. 2001). PI 607900 was

developed by Dr. Gerald Wilde at Kansas State

University using IS 2388 as a heterogenous seed

source from South Africa (Wilde and Tuinstra 2000).

In our preliminary screening for greenbug biotype I

resistance, involving three major resistant sources (PI

550607, PI 550610, PI 607900) and two susceptible

checks, we confirmed the PI 607900 accession as an

outstanding greenbug biotype I-resistant line among

currently available sorghum lines (Wu and Huang

2006 unpublished data). We used 371 F2 individuals

for genotyping and their F2:3 families for phenotyping

experiment.

Marker development and genotyping analysis

All the markers utilized in this study were microsat-

ellite markers. The information of nuclear SSR

primers was obtained from publically available sor-

ghum linkage maps (Brown et al. 1996; Taramino

et al. 1997; Dean et al. 1999; Bhattramakki et al. 2000;

Kong et al. 2000; Cordeiro et al. 2001; Schloss et al.

2002). In addition, we developed additional nuclear

SSRs and genic SSRs in the present investigation.

Genic microsatellites were developed either in silico

(gene-based SSR) using the sequence data base from

the Phytozome website (http://www.phytozome.net/

sorghum) or using collective sequence information

from various EST databases (EST SSR). SSRIT, a

SSR identification tool (http://www.gramene.org/db/

markers/ssrtool) (Temnykh et al. 2001) was used to

search the presence of microsatellites among these

sequences. The search criteria to mine the core repeat

motif was set to identify the maximum repeat motif

length group with the five repeats as the minimum

threshold repeats in the sequence. These sequences

containing the SSR were further utilized in designing

primers to amplify the repeat motifs with flanking

sequences. Primer 3.0 software, v 0.4.0 was used with

default parameters to obtain both forward and reverse

flanking primer sequences (Rozen and Skaletsky

2000). The expected PCR product size was set to

100–300 bp, 40–60 % GC content with optimum of

50 %, and an annealing temperature of 55–58 �C. The

forward primer was extended with the M13 primer

sequence (50-CACGACGTTGTAAAACGACG-30)
before the 50 end of the sequence. The standard naming

system for the newly developed marker was followed

as proposed by De Vicente et al. (2004).

DNA was extracted from 1.5-month-old seedlings

of F2 plants grown in the greenhouse using a modified

CTAB (cetyl-trimethyl-ammonium bromide) proce-

dure as described by Murray and Thompson (1980)

except that we used a different method for grinding

tissue samples (drill with a blunt 1 ml tip). The final

concentration of DNA was diluted to 10 ng/ll as a
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working stock of PCR DNA template. We first

screened all 401 available SSR markers with DNA

from the parents, which resulted in identification of

107 polymorphic markers for the genotyping exper-

iment. The PCR reaction volume and amplification

procedure were followed as described by Wu and

Huang (2008). We conducted the PCR reactions for

genotyping all 371 F2 individuals along with the

parental lines in a PTC-220 Dyad Thermal Cycler (MJ

Research Inc, MA, USA) and 2720 thermal cycler

(Applied Biosystems, CA, USA). The PCR reactions

were performed with an initial denaturation step of

94 �C for 5 min proceeded by 13 cycles of denatur-

ation at 94 �C for 20 s, primer annealing at 58 �C for

1 min, primer extension at 72 �C for 30 s, followed by

27 cycles of denaturation at 94 �C for 20 s, annealing

at 55 �C for 1 min, extension at 72 �C for 30 s, and a

final primer extension at 72 �C for 10 min. The PCR

products were separated in 6.5 % polyacrylamide gels

mounted using a LI-COR 4300 DNA Analyzer (LI-

COR Biosciences, Lincoln, NE, USA). The electro-

phoretic conditions were as follows: 1,500 V, 40 mA,

40 W, and 45 �C for 2.00 h. The two parents were

added as controls either in the beginning of the 700 dye

gel or at the end wells in the 800 dye gel. The DNA

banding pattern in the gel was scored manually. For

each marker, we recorded whether the individual was

homozygous for the BTx623 or PI 607900 allele,

heterozygous (both BTx623 and PI 607900 allele

present), or was missing the marker amplification.

Phenotyping and data analysis

Phenotyping for greenbug resistance was conducted

with the F2-derived F3 sorghum families. Two pheno-

typing experiments were performed, each arranged in

a randomized complete block design consisting of

three blocks. Within a block, each of the 371 F2-

derived F3 families (F2–3) was represented with two

seedlings along with two parental lines. Two F2–3

seeds from a single genetic family were planted

together in a cell present in a growing tray of 1200 X 2000

X 1.7500 size filled with Redi-Earth soil. The two

experiments were conducted in different section of the

greenhouse with a gap of 3 days in sowing time.

Greenbug biotype I cultures were reared on barley

(cultivar ‘Schuyler’) seedlings in the greenhouse of

USDA-ARS, Stillwater until ready for use. For infes-

tation, barley seedlings co-cultivated with greenbugs

were cut and placed immediately between the rows of

12-day-old sorghum seedlings, equally and effectively

infesting all the sorghum seedlings. F2-derived F3

families (F2–3) were phenotyped for greenbug feeding

response at 7, 10, 14, and 21 days post-infestation.

There were 12 plants across two experiments assayed

for greenbug resistance which represented one F2

family. Evaluation of the response of sorghum seed-

lings to greenbug feeding was conducted using a visual

estimation to class damage to seedling foliage with a

discrete scale that ranged from 1 to 6, where 0 = no

damage, 1 = \ 20 % damage, 2 = 20–40 % damage,

3 = 40–60 % damage, 4 = 60–80 % damage, 5 = [
80 % damage, and 6 = dead (Starks and Burton 1977).

The greenhouse conditions were maintained with

constant temperature (28 ± 2 �C) and constant pho-

toperiod (14 L:10 D) throughout the experiment (Wu

et al. 2007; Wu and Huang 2008).

SAS software version 9.2 (SAS Institute 2008) was

used to estimate heritability and variance components.

The means and standard errors for parental lines and

F2-derived F3 families were calculated using PROC

MEANS. For all analyses, we calculated the mean of

greenbug response of the two seedlings within an F2-

derived F3 family raised within a single growing cell.

To determine whether the F2-derived F3 families

differed in greenbug resistance, we performed analysis

of variance (ANOVA) with family and block as

random factors (PROC MIXED). Similarly, to deter-

mine whether the two parental lines differed in

greenbug resistance at the 4 time points, we performed

an ANOVA with family as a fixed factor (PROC

GLM). REML estimates of variance components were

obtained using SAS/MIXED. We calculated the

heritability of greenbug resistance at 7, 10, 14, and

21 days post-infection on a plot (block) basis and

family mean basis following the REML univariate

mixed-model analysis described by Holland et al.

(2003). The phenotypic correlations among greenbug

resistance at the four time points were estimated using

multivariate REML module.

Linkage analysis and QTL mapping

The genetic map was constructed using MAP-

MAKER/EXP 3.0 (Lander et al. 1987) with a loga-

rithm of odds score (LOD) of 3.0 and maximum

linkage threshold of 40 cM. First, a few known

markers were used as anchoring markers to ascertain
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the number of linkage groups that were formed in the

present mapping population using the ‘Group’ com-

mand. Assignment of linkage group to a specific

chromosome was defined based on the previous map

information and the current number of linkage groups

obtained in this experiment. The linkage groups were

assembled, ordered and named based on the nomen-

clature given by Kim et al. (2005). The best order

among the markers was chosen after using the

‘Compare’ command. The rest of the markers were

added using the ‘Try’ command. Finally, the ‘Ripple’

command was executed to confirm the best possible

order for constructing the framework map with log-

likelihood threshold value of 2.0. The relative map

distances between the markers were estimated by

translating the recombination fractions into genetic

mapping distances using the Kosambi mapping func-

tion (Kosambi 1944).

The output files were fed into QTL Cartographer

version 2.5 (Wang et al. 2010) for QTL analysis. The

mean value of all twelve plant’s greenbug resistance

scores associated with each trait was used in QTL

analysis. The empirical LOD threshold significant

values for declaring QTLs associated with each trait

was determined by conducting a 1000 permutation test

(Churchill and Doerge 1994). Single Marker Analysis,

Simple Interval Mapping and Composite Interval

Mapping were performed prior to multiple interval

mapping (MIM) analyses to have a glimpse of the

significant associated markers and the variation

explained by these markers. We selected a new model

in the MIM module by selecting QTLs that had high

LOD values in Composite Interval Mapping, Interval

Mapping and Single Marker Analysis. The optimum

position of QTLs and significant QTLs were tested in

an iterative manner. The P value chosen for declaring

a significant QTL was 0.05 with LOD values obtained

from 1,000 permutation tests.

Results

Resistance source and phenotypic analysis

Based on the phenotyping data, plant response to

greenbug feeding varied significantly in resistance

between the two parents, BTx623 and PI 607900 as

well as among the F2-derived F3 families (Table 1).

Heritability values were high, ranging from 71 to 83 %

for all four greenbug resistance traits which are

derived on a family mean basis of plant responses.

These values are reported along with various compo-

nents of variation (Table 2). All four greenbug

resistance traits were positively correlated, with

coefficients from 0.89 to 0.97 (Table 3).

Genotyping and QTL detection

Of the 401 SSR markers, 33 % of nuclear SSRs and

20–25 % of ESTs and gene-based SSRs were poly-

morphic. We obtained 107 polymorphic markers for

genotyping among F2 individuals, which consisted of

73 genomic SSRs, 30 EST-based SSRs, and 4 gene-

based SSRs. In this research, we developed and used

48 novel SSR markers that represent additional tools

for sorghum genomic studies. These newly developed

markers include 34 genic markers and 14 nuclear

SSRs (Table 4). There were 18 markers that deviated

from the expected segregation ratio in this mapping

experiment. Of these, 13 markers belong to

Table 1 Means ± SE for four greenbug resistance traits for two parental lines and F2-derived F3 families

Greenbug damage

response trait

Differences between parental lines Differences among F2-derived F3

families

Mean ± SE BTx623 Mean ± SE PI 607900 F ratio P value Mean ± SE Z value P value

GDR07 5.23 ± 0 .30 1.55 ± 0.09 313.13 \0.0001 2.77 ± 0.02 11.04 \0.0001

GDR10 5.93 ± 0.06 2.11 ± 0.12 369.94 \0.0001 3.46 ± 0.03 12.00 \0.0001

GDR14 6.00 ± 0.00 2.19 ± 0.06 1332.48 \0.0001 3.99 ± 0.03 12.38 \0.0001

GDR21 6.00 ± 0.00 2.66 ± 0.09 480.39 \0.0001 4.48 ± 0.02 12.17 \0.0001

Resistance traits include greenbug damage response 7 days (GDR07), 10 days (GDR10), 14 days (GDR14), and 21 days (GDR21)

post-infestation. The degrees of freedom for family effect in ANOVA testing for variation between parental families was 1, 49
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chromosome 2, which deviated towards PI 607900.

The linkage map included 13 groups with 102

markers, which spanned a total length of 729.5 cM

(Fig. 1). The linkage map covered nine chromosomes,

except chromosome SBI05. Five markers (sb6_036-

SBI03, Xtxp303, Xtxp299-SBI05, Xtxp224-SBI07,

and Starssbem94-SBI09) were unlinked and two of

these markers were assigned to chromosome 5 in

previous sorghum maps. The marker order and map

distances were in consensus with previously published

maps (Wu and Huang 2006; Mace et al. 2009).

Single marker analysis identified 29 markers link-

ing to four greenbug resistance traits with R2 (%)

values explaining from 1 to 72 % of the phenotypic

variation within these traits. All the markers present on

chromosome 9 were significantly associated with the

greenbug resistance traits measured. Interval mapping

and composite interval mapping results were corrob-

orative in identification of the major interval influ-

encing greenbug resistance, Starssbnm 78–Starssbnm

102.

Initial MIM results indicated a consistent QTL for

the four different time points of the study in the

intervals of Starssbnm 78–Starssbnm 81, Starssbnm

81–Starssbnm 102, and one minor QTL near

Starssbnm 47–Strassbnm 64. Additional microsatellite

markers were developed within these regions for

candidate genes of insect resistance using the infor-

mation from the phytozome sorghum database. At

least three markers were polymorphic for the homo-

logue similar to the receptor-like kinase Xa21-binding

protein 3 gene, but one of them was not consistent and

failed to produce sufficient information, hence only

two markers were used in the mapping experiment. In

addition, we developed one marker each for the

chitinase gene and the jasmonate precursor, OPDA

(12-oxo-phytodienoic acid) gene.

The identified QTLs with their corresponding

genetic effects are summarized in Table 5. A major

QTL for greenbug resistance response from plants for

all time points was evident between the interval

Starssbnm 81–Starssbnm 102 located on chromosome

9 after incorporating gene-based markers (Fig. 2). The

locus associated with the interval Starssbnm 93–

Starssbem 296 was consistent across all traits, but

explained different phenotypic variation. Nine signif-

icant QTLs were detected for all traits together with

LOD values from 2.5 to 138.3 and some of these

overlapped for different traits. Of the nine QTLs, two

minor QTLs were located on chromosome 3b,

between Starssbem 162 and Starssbem 265, and

between Xtxp16 and Starssbem 162, which explained

1.3 and 1.0 % of greenbug resistance at day 14 and 21,

respectively. These minor QTLs are reported here

owing to the high LOD values associated with them.

The markers Starssbnm 93 and Starssbem 296 were

tagged to greenbug resistance across three time points

post-infestation, and hence a major QTL resides at this

Table 2 Variance components and heritability associated with greenbug resistance trait among F2:F3 families

Greenbug damage response trait r2
g r2

ge r2
e

h2 ± SE (plot basis) h2 ± SE (family mean basis)

GDR07 33.42 7.57 56.91 0.34 ± 0.02 0.71 ± 0.02

GDR10 45.87 4.99 50.28 0.45 ± 0.02 0.80 ± 0.01

GDR14 47.71 4.13 44.46 0.49 ± 0.02 0.83 ± 0.01

GDR21 44.99 2.25 51.14 0.45 ± 0.02 0.82 ± 0.01

Variance components expressed in percentage

r2
g variance associated with genotypes

r2
ge variance associated with genotype 9 environment

r2
e residual variance

h2 on plot basis where one experimental unit is considered as plot

h2 on family mean basis using means of F2:F3 families

Table 3 Phenotypic correlations (r) among four different

greenbug resistance traits at P \ 0.0001

Trait GDR10 GDR14 GDR21

GDR07 0.93754 0.91663 0.89239

GDR10 0.96254 0.93588

GDR14 0.97254

196 Euphytica (2013) 191:191–203

123



Table 4 List of novel microsatellite markers used in construction of linkage map for BTx623 9 PI 607900

Primer name Forward sequence (50–30) Reverse sequence (50–30) SSR

motif

Tm

value

Expected

size

Starssbem279 CACCTTCCTTCCTTCCTTCC ATGTCAGCTTCGAGCACCTT (gga)6 60 180–200

Starssbem69 GGCAATTTGGCAAGCAAT CTCTTCTCCTTTCCACGCTG (cagg)5 64 145–175

Starssbem169 ATAACCAACCCCGGAAACTC AATCTGAAGCGCACCAAAAC (agat)7 64 200–250

Starssbem111 CGTCCTGGAGCAAAGGTTAC TTTCCACTCGGCTCTTGTCT (tg)11 63.9 250–300

Starssbem197 GTATCCATCCATCCCACCAC AGCACCACGAAGGAAGTCAC (gagc)7 64.3 250–300

Starssbem04 CAGCACCACAACTGATCCAT TATTGACACGCAGGTAACGC (ta)9 63.6 145–175

Starssbem99 TCGCTTTCTCCCCTCTACAA GAAGTCGGCGTTCATCTCTC (ga)9 63.9 175–200

Starssbem70 GACATCTACTTCTTCGCGCC TGATGCGTCACAAACTCACA (tgta)5 64.2 145–175

Starssbem126 CAGAGCATACCTCCCCTGAA TTGAATCGGTTGCATGGATA (agc)15 63.8 200–250

Starssbem208 ATAGGGACACGGCAGCACTA ACCCAGGTGAAGATGATCCA (ag)10 60.3 145–175

Starssbem16 TCACCTCCTTTTTCTCCCCT AGAGCTCGTACGCCTTCTTG (tg)13 63.5 250–300

Starssbem44 AGCTCTGCTGATCTGACGGT AGCTTGCTCGTGTGTGATTG (acc)7 64.1 145–175

Starssbem187 AATGCAGATCCGACTGGC CAGATAAAAGCAGCGTGCAA (gagg)5 63.9 200–220

Starssbem204 CATTTCAAATCGCCACTAGC GTGTTGCGGTTTCCTTGTTT (ga)9 60 100–145

Starssbem12 CGAGCTCAACATACAGGCAA CCAAGGCTGAGGTCAAGAAG (ac)9 63.8 220–250

Starssbem82 CCACAGGGCTTATCCAAGAA TTTACATGTGCCAGAACACA (ta)11 60.2 145–175

Starssbem215 TCTTCCTTCCTTTTTCGGGT CATTGTCCCTCACTCCTGGT (tc)25 60 200–220

Starssbem136 TGCTTCCCACTAGACCATCC GAACGATGGAAGCCATGAAC (cac)6 64.4 100–145

Starssbem23 CGGGTCTTCATCTCCCTCTC GGTCAACACATTTTTGCCCT (gcc)6 63.6 145–175

Starssbem162 ATTGGTTTTGTTCCCAATCG GCAAGACCAATAACCCCATC (atgt)6 63 100–145

Starssbem265 AATGCATCAGCATCAACTCG AGTGAGCAACACACACGTCA (cgta)5 58.9 100–120

Starssbem170 CGGAGAGCATGAGGATTGAT CGCAGCTGATACTGATTGGA (atgt)5 63.9 250–300

Starssbem280 ACCAACCTGCCTACCATCAG CCTCGGCCATTACCTTACCT (gctc)5 60.3 200–225

Starssbem266 CCGTGAGAAGGAAAGTTAAATCAG AGGGAGGAGGACCTTATGGA (attc)5 59.9 100–145

Starssbem95 TTCTTAACCTCCATGCCTGC AATTGAACTCGAATTGGGGG (ct)10 64.7 100–145

Starssbem151 GAGAGCTACGGCTGGGAGAT TCATCACATCCTCCTCCCTC (gca)8 64.1 230–250

Starssbem18 CAGCTAACACCACCCTCGTT CCAGATCCAGCAGGAAGAAG (tc)10 63.8 250–300

Starssbem78 CTCAGTTCAGCAGCAGCAGT CCATCGATCGAGCTCTCTGT (ag)11 64.5 100–120

Starssbem77 CACGAGGCAAAGACACAGC GCATCGCCATCTCTCTCTTC (ga)14 64.0 100–120

Starssbem94 TCATATGGGGTGTGATGTGG AAGGCAATGTCCACAAAAGG (gt)10 63.7 100–120

Starssbem274 TGAAACTCGGACTGACGATG GTTGCGGCAAGTAAAAGGAGG (cgga)6 59.8 175–200

Starssbem286 GGTGGCCACTGTCTTCTTGT CAGCAGCATCTGGTTGAAGA (gcg)5 60.1 200–250

Starssbem296 GATGTTCGACTCCCTGCAC CCGTTCTCCAGCAGCACCT (gtc)3 61 220–250

Starssbem298 TGCCTCCTCTTCCTCTTCCT AGGACCATGGACAGCACCT (tctgc)8 57.8 145–175

Starssbnm07 GCAGCTTAAGGGCAAAAGAA AATTGGTCGACAATGGGAAG (at)9 59.61 145–175

Starssbnm42 CGACGACGCTACTACTGCTG GCAAAGCAAATAAGGCAAGG (gtc)6 59.8 175–200

Starssbnm60 CTCGTAAGGGGTCAGCAGAG TAAATGGCCCACCTTCAGTC (tgag)5 60 175–200

Starssbnm47 GGAGGCCAACAACCAACTAA TGGGTGGGAAAAAGAAAAGA (aat)7 59.9 220–250

Starssbnm64 AAACAGCACAGGAGGGAGTG GATGTCCGTCAGAGGAGGAG (cagctc)5 59.7 175–200

Starssbnm73 TGGTGAGGTACTCCCTCCAG CAAGATTTTGAGGCCAGCAT (at)7 60.0 175–200

Starssbnm21 GGGAATGCAAAAAGGAGTGA AGGAAGACGGAAGAGGAAGC (ct)7 59.9 200–230

Starssbnm35 TTGTGCCCCATACTCCTCTC GGCCAACTAGACGCAAATGT (ag)10 60 175–200

Starssbnm37 GTTGCACGCTATCACTCTGC GTGGTTCAGGAGCAATGGTT (at)8 59.6 175–200

Starssbnm78 AGGTGATGACAGGGATGGAG CGGGTATGTAGGCCAGAATC (ttc)15 59.9 230–250
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region, which we designated Qstsgr-sbi09i (Q-QTL,

st-Stillwater-ARS, sgr-Schizaphis graminum resis-

tance, sbi09i- sorghum bicolor chromosome 9 first

QTL). This region involving Starssbnm93 and Stars-

sbem 296 was responsible for 82.4 % of phenotypic

variation at day 21 post-infestation. Two more QTLs

were designated as Qstsgr-sbi09ii and Qstsgr-sbi09iii

in the intervals Starssbem 286–Starssbnm 93 and

Starssbem 298–Starssbnm 102, which together

accounted for 74.5 % of phenotypic variation for the

Table 4 continued

Primer name Forward sequence (50–30) Reverse sequence (50–30) SSR

motif

Tm

value

Expected

size

Starssbnm81 CCATGCTTGCTCAGTTCCTT CGGCGACACAAACTCTATGA (aat)41 59.8 220–250

Starssbnm93 GATCGGCGTGAAAACAAAAT TTTGGTGTCAATCCCAGTGA (cag)8 59.9 175–200

Starssbnm102 TGCATTGCTGAAAGCCTAAA CCTGTGCTGTGACTGCATCT (ccat)11 59.5 220–250

Starssbnm104 GGGAGGGAGAGAGGAGTGTC AGCGTCGCTAAGGGTTCATA (tc)7 59.8 200–230

Starssbnm stands for Stillwater-ARS (Stars) Sorghum bicolor (sb) nuclear microsatellite (nm)

Starssbem stands for Stillwater-ARS (Stars) Sorghum bicolor (sb) est microsatellite (em)

Fig. 1 Linkage map for BTx623 9 PI 607900 cross in F2 population
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trait day 7. There were two more QTLs consistently

found in the region flanked by GSR 78–GSR 81

explaining 17.6 and 17.3 % of the greenbug resistance

for the trait day 10 and 14, respectively. Hence, we

designated QTL found in this region as Qstsgr-

sbi09iv. Although the QTL Qstsgr sbi09iv is associ-

ated with LOD values less than 3.0, it is reported here

as it was responsible for high phenotypic variation. In

total, we identified four major QTLs on chromosome 9

of which region flanked by GSR 93–GSR 296

explained highest phenotypic variation. Hence, the

major allele responsible for greenbug resistance was

closer to receptor-like kinase Xa21-binding protein 3.

The final model at day 14 post-infestation explained

the highest phenotypic variation among all traits and

this model consisted of alleles present on chromo-

somes 9 and 3b accounting for 85.3 % phenotypic

variation. Additive and partial dominance effects were

associated with all of the QTLs identified in this study.

The negative sign associated with additive effects

indicated that increasing allelic effect was derived

from the resistant source (PI 607900) for all the

identified loci. However, we also observed a few more

putative QTLs on sorghum chromosome SBI 3b

(Xtxp285-Xtxp34), SBI 6b (Xtxp57-Xcup37) and

SBI 10 (Xtxp320-ESR78), which explained either

less phenotypic variation (less than 1 %) or were

associated with low LOD values. QTLs with an

increased effect from the susceptible parent (BTx623)

were also observed to be associated with the chitinase

gene, but were not reported here due to a lack of

consistency and low LOD values. No significant QTLs

were associated with the marker Starssbem 274

developed for the OPDA (12-oxo-phytodienoic acid)

gene, a precursor for jasmonate synthesis. Hence,

among the newly developed markers, genic markers

developed for sequences similar to receptor-like

kinase Xa21-binding protein 3 and chitinase were

useful in detecting significant QTLs.

Discussion

Since the outset of extensive sorghum greenbug attack

in 1968, varieties resistant to various biotypes had

been developed but were frequently overtaken by

newly emerging greenbug biotypes. Screening efforts

to identify new sources of resistance have been a vital

component of sustainable practices for greenbug

management. Genomics-assisted techniques have has-

tened sorghum breeding efforts by facilitating marker-

assisted selection for developing greenbug resistant

varieties. The availability of the sorghum genome

sequence has aided in developing novel markers for

Table 5 Estimates of greenbug resistance QTLs with their genetic effects

Traits Chromosome/marker interval/QTL QTL

position

LOD Genetic effects R2 value (% effect)

Additive Dominance

GDR07 SBI09 Starssbem286–Starssbnm93/Qstsgr-sbi09ii 22.57 3.9 -0.6180 -0.1746 39.8

SBI09 Starssbem298–Starssbnm102/Qstsgr-

sbi09iii

25.57 3.1 -0.5470 -0.2043 34.7

74.5 R2
F

GDR10 SBI09 Starssbnm93–Starssbem296/Qstsgr-sbi09i 23.57 26.9 -1.2139 -0.2814 64.7

SBI09 Starssbnm78–Starssbnm81/Qstsgr-sbi09iv 16.28 2.5 -0.3442 -0.2575 17.6

82.3 R2
F

GDR14 SBI09 Starssbnm93–Starssbem296/Qstsgr-sbi09i 23.57 27.31 -1.3369 -0.2050 67.0

SBI09 Starssbnm78–Starssbnm81/Qstsgr-sbi09iv 16.28 2.5 -0.3645 -0.1425 17.3

SBI03B Xtxp16–Starssbem162 24.50 3.7 -0.1641 -0.1487 1.0

85.3 R2
F

GDR21 SBI09 Starssbnm93–Starssbem296/Qstsgr-sbi09i 23.57 138.3 -1.3945 -0.1091 82.4

SBI03B Starssbem162–Starssbem265 30.22 4.5 -0.1547 -0.1022 1.3

83.7 R2
F

GDR07, GDR10, GDR14, and GDR21, represents greenbug damage response scored at 7, 10, 14, and 21 days after infestation

R2
F Total phenotypic variation explained by final model

– sign associated with resistant parent PI 607900
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use in the current study. To our understanding, this is

the first published map to tag genic SSRs for greenbug

resistance in sorghum, which has further relevance to

gene expression in response to aphid feeding because

the genic microsatellites developed from expressed

sequences have some advantages over genomic SSRs

(Varshney et al. 2005; Yonemaru et al. 2009).

Resistance to greenbug biotype I was governed by a

complimentary gene action between two major domi-

nant genes (Tuinstra et al. 2001). PI 607900 is a

genetically distinct source of resistance against green-

bug biotype I (Wu et al. 2006). Resistance is manifested

in the distinctive categories; antibiosis, antixenosis and

tolerance (Painter 1951). The resistance categories for

this source were classified as antibiosis and tolerance

(Wilde and Tuinstra 2000). However, later studies have

shown that resistance to greenbug biotype I is controlled

by polygenes (Agrama et al. 2002; Katsar et al. 2002;

Nagaraj et al. 2005; Wu and Huang 2008). Our main

objective was to use sorghum accession, PI 607900,

which proved to be distinct from several previous

studies and to identify QTL regions controlling green-

bug resistance. In this study several genomic regions

contribute to greenbug resistance in resistant sorghum

line PI 607900 and it contained several genes for insect

resistance which were identified in the major QTL

region. The identification of major QTLs for resistance

to greenbug biotype I on chromosome 9 corroborates

Fig. 2 The major QTLs identified in this study. The LOD score

peak profile using MIM analysis for four greenbug resistance

traits identified on chromosome 9. GDR07, GDR10, GDR14,

and GDR21, represents greenbug damage response scored at 7,

10, 14, and 21 days after infestation. The identified QTLs for

four traits are designated with symbols given in legend and

distances between markers is in centimorgan (cM), filled circle
GDR07, filled triangle GDR10, filled cresent GDR14, filled star
GDR21
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earlier mapping efforts for greenbug resistance (Wu and

Huang 2008). But, the location of QTL regions was

different compared to the early study conducted by Wu

and Huang (2008). Therefore, the present investigation

provided novel alleles for greenbug resistance using a

different resistant source. Moreover, sorghum chromo-

some SBI09 also harbored genes for resistance to

different greenbug biotypes, including C and E (Agrama

et al. 2002; Katsar et al. 2002; Wu et al. 2007).

Furthermore, the major QTL accounting for the highest

phenotypic variation was consistently observed in the

interval of Starssbnm 93–Starssbem 296 or near Stars-

sbnm 93 at all four post-infestation times. Equally

important, all the major QTLs are located in the interval

of Starssbnm 78–Starssbnm 102. The high phenotypic

variation can be attributed to a bigger mapping popu-

lation size, more closely spaced markers and a clear

phenotypic response. The selection of plants with a

combination of the above flanking markers for Qstsgr-

sbi09i would better assist in precise selection of a

greenbug resistant variety compared to using a single

marker alone. The region between Starssbnm 78–

Starssbnm 102, which roughly corresponds to

1.02 Mb of physical distance on sorghum chromosome

SBI09, contained several potential putative candidate

genes. Most genes prominent and relevant to disease and

insect resistance were the homologues similar to

receptor-like kinase Xa21-binding protein 3 (Song

et al. 1995), the chitinase gene, cysteine protease and

amino acid selective channel protein. Among all the

genic markers developed, the markers developed for

Xa21-binding protein 3 was tightly linked to greenbug

resistance traits measured in this study. The QTLs

identified for correlated traits for greenbug resistance

resided in the same region of the chromosome; similar

results were observed in the earlier mapping experi-

ments due to the phenomenon of pleiotropy of a single

gene or tight linkage of a few genes affecting the trait

(Aastveit and Aastveit 1993; Agrama 1996; Agrama

et al. 2002; Wu et al. 2007; Wu and Huang 2008; Satish

et al. 2009).

Genetic and molecular basis of aphid resistance has

been reviewed and deciphered more recently with an

emphasis on the involvement of R gene products in

aphid resistance among agriculturally important crops

(Thompson and Goggin 2006; Smith and Boyko 2007;

Howe and Jander 2008; Dogimont et al. 2010). The

genetic diversity of the sorghum gene pool from

various parts of the world was assessed to identify

resistance genes associated with greenbug attack from

different resistant donors (Radchenko and Zubov

2007). Resistance to greenbugs was often conferred

by either a few genes on a gene-for-gene basis or

controlled by polygenes (Puterka and Peters 1995;

Tuinstra et al. 2001; Dogimont et al. 2010). Aphid

resistant plants are characterized with specific

responses involving a gene-for-gene interaction and

resistance in such a case involves loci containing

NBS-LRR sequences (Smith and Boyko 2007; Dogi-

mont et al. 2010). In the present findings, alleles

accounting for a major proportion of variation were

more closely linked to a homologue similar to

receptor-like kinase Xa21-binding protein 3 than to a

chitinase gene found in the nearby interval. Moreover,

this project particularly suggests the involvement of

Xa21 gene in a defensive response mounted by the

plant. The up-regulation of Xa1 gene in greenbug-

infested sorghum plants supports our finding that

similar but slightly different genes are involved in

greenbug response (Park et al. 2006). However, it

remains to be determined whether the Xa21 plays a

direct or indirect role in modifying response of the

plant to greenbug damage.

In conclusion, this study identified major QTLs in

the marker interval Starssbnm 78–Starssbnm 102 on

SBI-09 for greenbug resistance in sorghum. The

resistant parent used in this study contains novel

alleles for greenbug resistance. This project aided in

the development of molecular markers and in the

identification of the location of these markers on the

chromosomes for future map-based cloning experi-

ments. The efforts to improve sorghum breeding

programs for greenbug resistance management can be

accelerated by using these tagged molecular markers.
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