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Abstract Melanaphis sacchari causes serious dam-

age to sorghum (Sorghum bicolor (L.) Moench)

growth, development and productivity in many coun-

tries. A dominant gene (RMES1) conferring resistance

to M. sacchari has been found in the grain sorghum

variety Henong 16 (HN16), but fine mapping of the

RMES1 locus remains to be reported. In this study,

genetic populations segregating for RMES1 were

prepared with HN16 and BTx623 as parental lines.

The latter had been used for sorghum genome

sequencing but was found to be susceptible to

M. sacchari in this work. A total of 11 molecular

markers were mapped to the short arm of chromosome

6 harboring RMES1. The closest markers flanking the

RMES1 locus were Sb6m2650 and Sb6rj2776, which

delimited a chromosomal region of about 126 kb

containing five predicted genes. The utility of the

newly identified DNA markers for tagging RMES1 in

molecular breeding of M. sacchari resistance, and

further efforts in cloning RMES1, are discussed.
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Introduction

Among the major cereal crops cultivated worldwide,

sorghum (Sorghum bicolor (L.) Moench) is unique in

being used efficiently for food, fuel, feed and fibre

production (Paterson et al. 2009). These multiple

usages, together with its highly efficient C4 photo-

synthesis system, strong tolerance to abiotic stresses

and high yield potential, make sorghum an increas-

ingly important crop for many countries in dealing

with shortages of natural resources and climate

changes (Palmer 1992; Jackson et al. 2008; Paterson

et al. 2009). Consequently, more and more genetics

and genomics studies are being conducted on sor-

ghum, with an aim of further improving the produc-

tivity of this crop through molecular breeding (Carpita
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and McCann 2008; Li et al. 2009; Mace et al. 2009;

Paterson et al. 2009; Dugas et al. 2011; Vermerris

2011; Zheng et al. 2011; Bouchet et al. 2012; Zou et al.

2012).

One of the most potent threats to further raising

sorghum yield potential is insect damage, as more than

150 insect species have been found to negatively affect

worldwide sorghum production (Young and Teetes

1977; Sharma 1993). The major insect pests of

sorghum include three aphid species, Melanaphis

sacchari, Schizaphis graminum and Rhopalosiphum

maidis. While M. sacchari causes serious damage to

sorghum and sugarcane (van den Berg 2002; Singh

et al. 2004), Schizaphis graminum is destructive of

both wheat and sorghum production (Teetes 1980;

Eddleman et al. 1999; Blackman and Eastop 2000;

Kindler et al. 2002; Punnuri et al. 2012). In order to

control the damage from M. sacchari, a number of

investigations have been conducted to identify sor-

ghum genes conferring resistance to this pest (Lu and

Dahlberg 2001; Singh et al. 2004; Chang et al. 2006,

2012). A dominant resistance gene against M. sac-

chari, designated as RMES1 (Resistance to Melana-

phis sacchari) hereafter, was found in the Chinese

grain sorghum variety Henong 16 (HN16) (Chang

et al. 2006). Using the segregating populations derived

from HN16 and another grain sorghum variety Qian-

shan that was susceptible to M. sacchari infestation,

RMES1 was genetically mapped to chromosome 6

(Chang et al. 2006, 2012). However, the genetic

distance values of the mapped microsatellite and

amplified fragment length polymorphism markers to

RMES1 were generally quite large (C6 cM), and their

efficiencies in selecting aphid resistant progenies in

segregating sorghum populations were generally less

than 90 % (Chang et al. 2012).

For more effective use of RMES1 in molecular

breeding, it is necessary to identify additional

markers with closer genetic distances to RMES1,

and to finally isolate the gene through map-based

cloning. Thus, the major objective of this study was

to fine-map RMES1 by developing new DNA

markers. Considering that the genome in the sor-

ghum line BTx623 has been sequenced (Paterson

et al. 2009), we tested whether this line could be

employed for efficiently mapping RMES1. Towards

this end, the response of BTx623 to M. sacchari

infestation was investigated, and the inheritance

character of RMES1 in the BTx623 9 HN16 cross

and derivative populations was investigated. New

DNA markers were developed, which permitted the

mapping of RMES1 to a region of about 126 kb on

chromosome 6. Finally, the efficiencies of two

mapped markers (Sb6m2650 and Sb6rj2776) for

selecting RMES1 and aphid resistance in BC2F2

progenies were investigated.

Materials and methods

Plant materials and M. sacchari culture

HN16 possessing RMES1 has been described previ-

ously (Chang et al. 2006, 2012). BTx623 is the line

used for international sorghum genome sequencing

(Paterson et al. 2009). By crossing BTx623 with HN16

and selfing F1 and F2 progenies, 312 F3 families were

obtained in October, 2010. The F3 families, together

with 571 F4 seedlings derived from five F3 plants

(F3-92, 131, 147, 183, 211) heterozygous for RMES1,

provided the main materials for mapping RMES1.

M. sacchari was cultured on the seedlings of the

susceptible variety Qianshan in a growth chamber at

30 �C with a 16-h light/8-h dark photoperiod.

Inoculation of M. sacchari and phenotyping

For investigating the response of BTx623 to

M. sacchari, the seeds of BTx623 and HN16 were

germinated and grown in vermiculite in a greenhouse

with the temperature set at 30 �C with a 16-h light/8-h

dark photoperiod. At 7 days after sowing, 30 uniform

seedlings (at two-leaf stage) were selected from each

variety. Each seedling was then inoculated with 10

apterous adult aphids. The number of aphids on each

inoculated seedling was recorded daily for 7 days.

To verify the dominance of RMES1, 30 uniform

seedlings were raised for each of the two parental lines

(BTx623 and HN16) and the F1, followed by mass

inoculation with 300–400 nymphs and apterous

adults. These aphids came from 3 to 5 detached

leaves of Qianshan seedlings that had been co-

cultivated with M. sacchari. The responses of the

three genotypes to aphid infestation were recorded at

10 days post-inoculation (DPI). For evaluating the

responses of individual F3 families to M. sacchari,

30–35 uniform seedlings were raised for each family,

and were inoculated with 300–400 nymphs and
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apterous adults as described above. The responses to

aphid infestation were recorded at 10 DPI. Using the

same method, the 571 F4 seedlings were also tested

for their responses to M. sacchari. Prior to the test,

leaf samples were collected from each of the 571 F4

seedlings for subsequent DNA extraction and map-

ping experiments.

Extraction of genomic DNA samples and PCR

conditions

Genomic DNA samples were extracted from the

relevant sorghum materials as described previously

(Saghai-Maroof et al. 1984). PCR was conducted as

described by Chang et al. (2012). The main cycling

conditions included a pre-denaturation step at 94 �C

for 5 min, 30 cycles of denaturation (94 �C for 45 s),

primer annealing, and extension (72 �C for 1 min),

and a final extension at 72 �C for 10 min. The

temperature for primer annealing was adjusted for

individual markers.

Marker development and evaluation

Previous study suggested that the microsatellite marker

Xtxp006 was located 8.7 cM away from RMES1 on the

short arm of chromosome 6 (Chang et al. 2006). Thus,

the chromosomal region containing Xtxp006 (from

1.90 to 4.90 Mb) was downloaded from the sorghum

genomic database (www.phytozome.net/sorghum),

and was searched for microsatellites using the SSRIT

program (www.gramene.org/gramene/searches/ssrtool).

The primer pairs flanking each microsatellite motif

were designed with the program Primer Premier 5.0

(Premier Biosoft International, CA, USA). Aided by

the program RJPrimers (http://probes.pw.usda.gov/RJ

Primers/; You et al. 2010), a series of repeat junction

(RJ) markers were also developed using the down-

loaded sequence. All primer pairs were first screened

with the two parental lines (BTx623 and HN16). The

polymorphic and co-dominant markers were selected

for the mapping experiment.

The sorghum genetic markers have been named in

different ways by different studies (Mace et al. 2009

and references therein). In this work, we designed an

alternative scheme for naming sorghum markers.

For example, Li et al. (2009) mapped five micro-

satellite markers (sam72772, sam71839, sam71307,

sam46174 and sam43054) in the chromosomal region

(1.90–4.90 Mb) harboring RMES1 on the short arm of

chromosome 6. In our scheme, the five markers

were renamed as Sb6m1954, Sb6m2600, Sb6m3291,

Sb6m4667 and Sb6m4892, respectively. The prefix

‘‘Sb6m’’ stands for Sorghum bicolor chromosome 6

microsatellite, whereas the suffix indicates the approx-

imate physical position of the marker on the specific

chromosome. For naming the RJ markers developed in

this study, the prefix was accordingly changed to

‘‘Sb6rj’’.

Genetic mapping

The 64 F3 families homozygously susceptible to

M. sacchari, together with the 571 F4 seedlings

segregating for the response to M. sacchari, were

employed for fine mapping of RMES1. The mapping

data were analyzed using MAPMAKER/Exp version

3.0b (Lincoln et al. 1993). The map positions of the

markers were visualized using the software Mapchart

version 2.1 (Voorrips 2002).

Analysis of selection efficiency for RMES1

by the markers flanking RMES1

The efficiency of selecting RMES1 by the markers

flanking, and with the shortest genetic distances to, the

resistance gene locus was investigated using BC2F2

progenies. Briefly, a backcrossing program was con-

ducted using BTx623 as recurrent parent and HN16 as

pollen donor. Twenty BC2F1 plants were selfed to

produce the BC2F2 population. Two random samples

of BC2F2 seedlings were genotyped using the left and

right flanking markers, respectively. Subsequently, the

seedlings with HN16 marker allele (putatively con-

taining RMES1) were subject to inoculation with

M. sacchari as described above. The selection effi-

ciency for a given marker was calculated using the

following formula: (the number of BC2F2 seedlings

resistant to M. sacchari/the number of BC2F2 seed-

lings with HN16 marker allele) 9 100 %.

Statistical analysis

Statistical analysis of the data (mean ± SD) depicted

in Fig. 1 was conducted using PASW statistics 18

for Windows (SPSS Inc., Chicago, IL, USA). The

Chi squared goodness-of-fit test was conducted as

described previously (Chernoff and Lehmann 1954).
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Results

Response of BTx623 to M. sacchari infestation

In both BTx623 and HN16, the mean number of

nymphs and adults per plant increased for the first

5 days after M. sacchari inoculation, but declined on

days 6 and 7 (Fig. 1). However, the scale of the

increase was significantly larger in BTx623, and the

mean number of aphids per plant was consistently and

substantially higher in BTx623 than in HN16 from day

1 to day 7 (Fig. 1). By day 7, the mean number of

aphids per plant was approximately six times more

than the initial inoculum in BTx623, whereas the

number of aphids feeding on HN16 was only twice of

the initial inoculum (Fig. 1). Moreover, after 7 days of

M. sacchari infestation, BTx623 seedlings, but not

those of HN16, became wilted and later died. The

resistant response of HN16 seedlings to aphid inocu-

lation observed here agreed well with its strong

resistance to M. sacchari at adult stage in the field

(Chang et al. 2006, 2012). The experiment depicted in

Fig. 1 was repeated five times, obtaining very similar

results.

Inheritance of RMES1 in the BTx623 9 HN16

cross

Following the experiment above, F1 to F4 populations

were developed by crossing BTx623 with HN16.

After mass inoculation of M. sacchari, the F1 plants

behaved like HN16 in being resistant to aphid

infestation (Fig. 2). On the other hand, the inoculated

BTx623 seedlings all died after 7 DPI (Fig. 2).

Systematic screening of F3 families from self-polli-

nated F2 plants by mass inoculation of aphids

identified 82 families homozygously resistant, and

64 families homozygously susceptible, to M. sacchari,

with the remaining 166 families containing both aphid

resistant and susceptible progenies (Table 1). The

Chi squared test indicated that the responses to

M. sacchari of the F3 families fitted the segregation

ratio of 1:2:1, suggesting that RMES1 derived from

HN16 segregated as a single dominant nuclear gene.

Further to the above test, 571 F4 seedlings, germi-

nated from a randomly selected sample of the F4 seeds

of five self-pollinated heterozygous F3 plants, were

examined for responses to M. sacchari. Among the

571 F4 seedlings, 411 and 160 were found to be

resistant and susceptible to M. sacchari, respectively.

The Chi squared test showed that the segregation of

resistant and susceptible seedlings in this F4 popula-

tion occurred at a ratio of 3–1, again suggesting that

RMES1 behaved as a single dominant nuclear gene.

Genetic mapping of RMES1

As a first step in the mapping experiment, we

investigated the polymorphisms of the molecular

markers that resided in the target chromosomal region

(chromosome 6, 1.90–4.90 Mb) between HN16 and

BTx623. Of the five microsatellite markers previously

mapped (Li et al. 2009), three were polymorphic and
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co-dominant (Table 2). Concomitantly, six new poly-

morphic and co-dominant microsatellite markers were

identified by this work (Table 2). Furthermore, two

polymorphic and co-dominant RJ markers were dis-

covered (Table 2). After screening the F3 and F4

populations with known phenotypes to M. sacchari

with the 11 markers, the genotype and phenotype data

were analyzed by the MAPMAKER program. The

results showed that the 11 markers covered a genetic

distance of 49 cM on the short arm of chromosome 6

(Fig. 3). Sb6m2650 and Sb6rj2776 were the two

closest markers flanking RMES1, and their genetic

distances to RMES1 were 2 and 1 cM, respectively

(Fig. 3).

According to the genomic sequence of chromo-

some 6 (Paterson et al. 2009; www. phytozome.net/

sorghum), the 11 mapped markers covered approxi-

mately 2,940 kb, with about 126 kb found between

Sb6m2650 and Sb6rj2776 (Fig. 4). Five genes,

namely Sb06g001620, Sb06g001630, Sb06g001640,

Sb06g001645 and Sb06g001650, had been predicted

between Sb6m2650 and Sb6rj2776 by the sorghum

genome sequencing project (Fig. 4).

Efficiencies of Sb6m2650 and Sb6rj2776

in tagging RMES1 in BC2F2 progenies

After genotyping 435 BC2F2 seedlings with the co-

dominant marker Sb6m2650, 320 were found to

contain the HN16 marker allele. Of the 320 seedlings,

317 survived after M. sacchari attack. Thus, the selec-

tion efficiency (accuracy) for RMES1 by Sb6m2650

was about 99.1 %. For the co-dominant marker

Sb6rj2776, a different sample of BC2F2 seedlings

Table 1 Chi squared test of the segregation ratio of F3

families

F3 family Observed

frequency

Expected

frequency

v2

Homozygously

resistant

82 78 3.36

Homozygously

susceptible

64 78

Heterozygous 166 156

v2 = 3.36 \ v0.05, 2
2 = 5.99

Table 2 List of 11 markers

mapped to the region

hosting RMES1

The markers sam72772,

sam71839 and sam43054
were from Li et al. (2009)

F, forward primer; R,

reverse primer

Marker Type Primer sequence (50–30)

Sb6m1954

(sam72772)

Published microsatellite marker F, GTAGAGAAGAGAATTGGGAGC

R, AATGTGGTGAAGTTTGCTCT

Sb6m2600

(sam71839)

F, TTTAAAAATATTGTATAACCCAA

R, ATTTTCTTATTCCTTCTAGAATTA

Sb6m4892

(sam43054)

F, CCAGCACCATAGTTCCAG

R, TCAGAATTCACACACATGCT

Sb6m2388 Newly developed microsatellite

marker

F, AAATCGTGTATTACGTTCCCTG

R, CCCAAGCCAACTCCCTCA

Sb6m2463 F, CAAGGCAATTTCCCATAGT

R, CATTAGCTCCGGCATCAAC

Sb6m2650 F, CACATCAAATCTTGCGGTAT

R, TTAAATTCGCCTTGTTCG

Sb6m3174 F, TAGCGGATTCAATGTTGC

R, TCCACATCATCTTCCACAA

Sb6m3500 F, TCGTGCTGCTTGCCTTCA

R, CCGAGCGTTGTTGTCTTCA

Sb6m3610 F, GAAAAGGTTGCTTCGTAA

R, GAACATCCGTCCCATAAA

Sb6rj2776 Newly developed RJ marker F, CAGCATGGTCGAACTGAAGA

R, TCGCAAATTACAGCCAACTG

Sb6rj2880 F, ATCGAGCCATCCATCTCAAC

R, TGGTCGAAATTTACGAGACAAA
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(440 in total) was genotyped, leading to the finding of

318 individuals with the HN16 marker allele. After

inoculating the 318 seedlings with M. sacchari, 316

individuals survived. Therefore, the efficiency (accu-

racy) for selecting RMES1 by Sb6rj2776 was approx-

imately 99.4 %.

Discussion

Previous studies suggest that RMES1 in HN16 is a

major dominant gene conferring effective resistance to

M. sacchari (Chang et al. 2006, 2012). In this study,

we confirmed previous findings using a different

genetic cross and derivative populations. More impor-

tantly, we succeeded in further mapping RMES1 to a

discrete region on chromosome 6. Genetically, the

region harboring RMES1 is now filled with 11

molecular markers, with the nearest flanking markers

(Sb6rj2776 and Sb6m2650) being 1 and 2 cM, respec-

tively, away from RMES1. Physically, it is now clear

that RMES1 resides in a chromosomal segment of

about 126 kb containing only five predicted genes.

Compared to previous studies (Chang et al. 2006,

2012), this work represents a significant advance on

understanding the genetic and physical features of the

RMES1 locus.

The major reason behind the efficient mapping of

RMES1 by this work is the use of BTx623 as a parent

line for developing the genetic populations. The

strong susceptibility of BTx623 to M. sacchari facili-

tated the identification of F3 and F4 progenies lacking

RMES1. The draft genome sequence of BTx623 aided

the finding of new molecular markers required for fine

mapping of RMES1. Both microsatellite and RJ

markers were useful for delineating the genetic

position of RMES1. The usefulness of microsatellite

markers in mapping sorghum genes has been well

documented (for example, Chang et al. 2006;

Magalhaes et al. 2007; Apotikar et al. 2011; Kawahigashi

et al. 2011; Lin et al. 2012). By contrast, the deployment

Sb6m1954

Sb6m2388

Sb6m2463

Sb6m2600

Sb6m2650

RMES1

Sb6rj2776

Sb6rj2880

Sb6m3174

Sb6m3500

Sb6m3610

Sb6m4892

14.0

1.0

3.0

1.0

2.0

1.0

2.0

6.0

3.0

2.0

14.0

cM Marker

Chr 6

Fig. 3 Linkage map

of the region harboring

RMES1 on sorghum

chromosome 6. The genetic

distances (cM) between

adjacent markers are shown

on the left, whereas the

names of mapped markers

are on the right. The genetic

position of RMES1 is

indicated by an arrow

10 kb3 kb

Fig. 4 A diagram illustrating the five predicted genes

(Sb06g001620, Sb06g001630, Sb06g001640, Sb06g001645
and Sb06g001650) present in the 126-kb genomic segment

bordered by Sb6m2650 and Sb6rj2776. The grey box represents

the open reading frame (ORF) of the gene. The approximate

physical positions of two flanking markers (Sb6m2650 and

Sb6rj2776) and the start codons in the ORFs of the five genes on

sorghum chromosome 6 are indicated. The products deduced for

Sb06g001620 and Sb06g001630 are WD domain-containing

and ribosome L18/L5e proteins, respectively. Those deduced

for Sb06g001640, Sb06g001645 and Sb06g001650 are leucine-

rich repeat proteins
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of RJ primers in plant genetic mapping studies has been

reported only recently (Paux et al. 2010; You et al. 2010),

and this work represents the first demonstration that RJ

markers can be used successfully for mapping target

genes in sorghum.

In previous mapping studies in sorghum, the genetic

markers were named in several different ways (reviewed

by Mace et al. 2009), none of which took into account

the physical position of the marker on the sorghum

chromosome sequence. To facilitate cross-comparisons

of future mapping data, we propose a new scheme for

naming sorghum genetic markers, which provides

information on the approximate physical location of

the marker on the specific chromosome. This scheme is

likely efficient for designating microsatellite, RJ and

indel markers after appropriate modifications.

The efficiencies for selecting M. sacchari-resistant

plants by Sb6m2650 and Sb6rj2776 were all above 99 %.

These high efficiencies are consistent with their close

genetic linkages with RMES1. Therefore, Sb6m2650 and

Sb6rj2776 are more efficient than previously reported

markers in tagging RMES1 (Chang et al. 2012), which

should accelerate the use of this important gene in

marker-assisted selection for breeding M. sacchari

resistance in sorghum.

Despite the availability of a draft genome sequence,

the understanding of the molecular genetic basis

underlying sorghum traits is currently lagging behind

that of other model plants (e.g., Arabidopsis and rice).

Map-based cloning, frequently and efficiently used for

investigating important genes in Arabidopsis and rice,

has been employed only recently for studying sorghum

genes controlling aluminum tolerance (Magalhaes

et al. 2007), resistance to the fungal pathogen Bipo-

laris sorghicola (Kawahigashi et al. 2011), or seed

shattering (Lin et al. 2012). Further to the work

reported here, we are now in the process of developing

more markers both within and among the five

predicted genes in the 126-kb region hosting RMES1,

which should finally lead to the isolation of RMES1 by

map-based cloning.
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