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A Single-Tube, Functional Marker-Based Multiplex PCR Assay
for Simultaneous Detection of Major Bacterial Blight
Resistance Genes Xa21, xa13 and xa5 in Rice
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Abstract: In marker-assisted breeding for bacterial blight (BB) resistance in rice, three major resistance
genes, viz., Xa21, xa13 and xa5, are routinely deployed either singly or in combinations. As efficient and
functional markers are yet to be developed for xa13 and xa5, we have developed simple PCR-based
functional markers for both the genes. For xa13, we designed a functional PCR-based marker,
xa13-prom targeting the InDel polymorphism in the promoter of candidate gene Os8N3 located on
chromosome 8 of rice. With respect to xa5, a multiplex-PCR based functional marker system, named
xa5FM, consisting of two sets of primer pairs targeting the 2-bp functional nucleotide polymorphism in
the exon Il of the gene TFIIAr5 (candidate for xa5), has been developed. Both xa13-prom and xa5FM
can differentiate the resistant and susceptible alleles for xa13 and xa5, respectively, in a co-dominant
fashion. Using these two functional markers along with the already reported functional PCR-based
marker for Xa21 (pTA248), we designed a single-tube multiplex PCR based assay for simultaneous
detection of all the three major resistance genes and demonstrated the utility of the multiplex marker

system in a segregating population.
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Rice is one of the most important food crops growing
in various agro-climatic conditions throughout the
world. Among the biotic stress affecting rice, bacterial
blight (BB) caused by Xanthomonas oryzae pv. oryzae
(Xo0) is a major devastating disease that limit rice
yields significantly across the world (Ou, 1985; Mew
et al, 1993) and limits rice production up to 81% in
countries like India (Kumar et al, 2012). Enhancement
of host plant resistance is only a method available for
management of BB and pyramiding of multiple
disease resistance genes into elite varieties can
provide durable and broad-spectrum resistance. Forty
different resistance genes conferring host resistance to
bacterial blight have been identified in rice so far
(Kim et al, 2015).
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Among the BB resistance genes identified so far,
Xa2l, originally introgressed from an accession of
wild rice, Oryza longistaminata (Ronald et al, 1992;
Song et al, 1995) and mapped on chromosome 11, is a
major one conferring broad spectrum of resistance
against many virulent isolates of the pathogen (like
PX061, PXO86, PXO79 and DX020) collected from
several countries including India (Wang et al, 1996;
Sundaram et al, 2008). As a tightly linked, functional
marker named pTA248 (Ronald et al, 1992) is
available for Xa2l, the gene has been successfully
introgressed into several elite rice varieties and hybrid
rice parental lines (Chen et al, 2001; Cao et al, 2003;
Basavaraj et al, 2010; Hari et al, 2011, 2013; Shaik et al,
2014; Balachiranjeevi et al, 2015) either singly or in
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combination with other major resistance genes like
Xa4, xa5 and xal3 (Huang et al, 1997; Singh et al,
2001; Joseph et al, 2004; Sundaram et al, 2008, 2009;
Perumalsamy et al, 2010; Pandey et al, 2013).

In addition to Xa21, another major resistance gene,
xal3, discovered from rice variety BJ1 and mapped on
the long arm of rice chromosome 8 (Ogawa et al, 1986;
Khush and Angeles, 1999; Sanchez et al, 1999) has
been previously and widely deployed in grouping
along with Xa21 (Huang et al, 1997; Singh et al, 2001;
Sundaram et al, 2008, 2009; Rajpurohit et al, 2011).
After fine-mapping (Sanchez et al, 1999), xal3 has
been cloned and a series of insertions and deletions
(InDels) in the promoter region of the candidate gene
Os8N3 have been characterized to be responsible for
functionality of the gene (Chu et al, 2006a). The
expression of the dominant allele of the gene, i.e.
Xal3, which encodes a sugar transporter, named
Os8N3, is normally induced by compatible strains of
Xoo, carrying the transcription activator-like (TAL)
effector, pthXol, which bind to the promoter of
Os8N3 to induce its expression (Chu et al, 2006b;
Yuan et al, 2009). In rice genotypes carrying the
recessive allele of the gene, i.e. xal3, pthXol cannot
bind to the promoter of Os8N3 due to the InDels and
hence cannot induce the rice sugar transporter to
establish infection (Antony et al, 2010). A cleaved
amplified polymorphic site (CAPS) marker, named
RG136, located at a genetic distance of 3.8 ¢cM has
been widely deployed for marker-assisted selection of
xal3 (Huang et al, 1997; Singh et al, 2001; Joseph et al,
2004; Sundaram et al, 2008, 2009). However, routine
utilization of the marker in marker-assisted breeding
programs is cumbersome as it involves an additional
step of restriction digestion in addition to PCR
amplification. As xal3 has been cloned and functional
nucleotide polymorphism specific for the gene has
been clearly identified, we developed four sets of
primer pairs which target the InDels in the promoter
of Os8N3 as functional markers for xal3 in this study.

Another major recessive resistance gene, xa5 has
also been used extensively in marker-assisted breeding
programs, targeted towards improvement of BB
resistance in previous varieties (Huang et al, 1997,
Singh et al, 2001; Sundaram et al, 2008; Rajpurohit
et al, 2011). The gene, originally identified from
DZ192, provides a high degree of resistance to a wide
range of Xoo races (Suh et al, 2013). xa5 has been
fine-mapped on chromosome 5 (Blair et al, 2003),
cloned and characterized (Iyer and McCouch, 2004) to
encode a small subunit of transcription factor 1Ay

(TFIIAy), possessing four exons. The resistant allele
(i.e. xa5) has a 2-bp substitution in the second exon
leading to a single amino acid change (valine to
glutamiate) at position 39, thus disrupting the function
of the transcription factor, culminating if resistance
against Xoo in the rice varieties possessing xa5 in
homozygous condition. Even though a CAPS marker
RG556, which is very close to the gene (Huang et al,
1997), has been widely used for marker-assisted transfer
of xa5 (Singh et al, 2001; Sundaram et al, 2008, 2009;
Rajpurohit et al, 2011), it is based on restriction
digestion and hence they are cumbersome to use and
of limited utility for routine marker-assisted breeding
programs. Recently, Ramkumar et al (2015) developed
a PCR-based SNP marker for xa5, but it does not
target the functional nucleotide polymorphism (i.e.
2-bp polymorphism in the exon II) of the candidate
gene TFIIAy. In the present study, we developed some
multiplex-PCR based markers, which can differentiate
resistant and susceptible allelic states unambiguously.
In addition, we also developed a single tube, functional
marker-based multiplex PCR assay for simultaneous
detection of Xa21l, xal3 and xa5 and demonstrated its
utility in unambiguous detection of allelic status with
respect to all the three major BB resistance genes
either singly or in combination.

MATERIALS AND METHODS

Rice materials

Three separate mapping populations were developed
and utilized in the present study. For validating the
functional marker(s) specific for xal3 and xa5,
mapping populations consisting of 102 and 115
progeny tested F, plants derived from the crosses of
IRBB13 x Samba Mahsuri and IRBB5 X Samba
Mahsuri, respectively, were used. For validating the
multiplex PCR based marker system targeting Xa21,
xal3 and xa5, a mapping population consisting of 340
F, lines derived from the cross of Improved Samba
Mabhsuri (possessing Xa2l, xal3 and xa5) x IR64
(devoid of any BB resistance gene) was used. In
addition, TN1, Samba Mahsuri, Swarna, MTU1010
and IR64, were used as BB susceptible checks (as
they are devoid of any BB resistance gene), while
SS1113 (possessing Xa2l, xal3 and xa5), IRBB21
(possessing Xa21), IRBB13 (possessing xal3), IRBB5
(possessing xa5) along with Ajaya (possessing xaJ;
Sujatha et al, 2011) were used as resistant checks for
checking the amplification pattern of the multiplex
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Table 1. Sequences of the primers designed for xal3.
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Primer name Forward primer

Reverse primer

xal3FM1 TTGGAGACCCTCCACTTTTG
xal3FM2 ACGTGTCATATTGCCCCTCA
xal3FM3 GGAGACCCTCCACTTTTGGT
xal3-prom GGCCATGGCTCAGTGTTTAT

CCAAATGGCAACAGACACAC
GCTAGAGAGGAAGGCTTAAGTGC
TCTCCAAATGGCAACAGACA
GAGCTCCAGCTCTCCAAATG

marker system.
Screening for BB resistance

A virulent isolate of the BB pathogen, viz., DX022,
which is incompatible with rice genotypes carrying
Xa2l, xal3 and xa5 either singly or in combinations,
collected from the farm of Indian Institute of Rice
Research at Rajendranagar, Hyderabad of India, was
used for resistance screening following the leaf
clipping technique of Kauffman et al (1973) as
described in Laha et al (2009). Observations were
taken both by measuring the lesion length and
recording the disease score following the standard
evalution scale (Anonymous, 2002).

Functional markers for BB resistance genes

For Xa2l

The marker, pTA248, specific for the resistant allele
of Xa21 developed by Ronald et al (1992) was used as
the functional marker for the gene (Perumalsamy et al,
2010; Salgotra et al, 2012).

For xal3

Based on InDel polymorphism in the promoter region
of Os8N3, the candidate gene for xal/3 (Chu et al,
2006a), four sets of primer pairs (Table 1) were

designed as candidate gene specific markers for the
gene.

For xa5

A 2-bp polymorphism in the second exon of a gene
encoding transcription factor 2A (TFIIA) was earlier
characterized to be responsible for xa5 conferred
resistance (Iyer and McCouch, 2004). Targeting the
2-bp polymorphism, a set of four primers (one primer
pair targeting both the resistant and susceptible alleles,
another primer specific for the resistant allele and the
other primer specific for the susceptible allele), as
illustrated in Fig. 1, was designed and used.

Amplification of target genes through uniplex and
multiplex PCR

PCR protocol for amplification of pTA248 as
described in Sundaram et al (2008) was adopted. As
regards to the newly designed functional markers for
xal3 and xa5, PCR was performed using 1 U of Taq
DNA polymerase (Bangalore Genei, India), 50 ng
template DNA, 5 pmol of each primer, 0.05 mmol/L
dNTPs, and 1 x PCR buffer (Bangalore Genei, India)
in 25 pL reaction with a thermal profile of 94 °C for 5
min (initial denaturation), followed by 30 cycles of
denaturation at 94 °C for 30 s, annealing at 55 °C for
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Fig. 1. Strategy for designing a functional PCR-based marker for xa5.

Targeting a 2-bp functional nucleotide polymorphism in exon II of the candidate gene encoding transcription factor IIA, a set of four primers
were designed. F1 and R1 target a 424-bp region which is common to both resistant and susceptible alleles. The 3’ end of the primer F2 target the
resistant allele (i.e. GAG) and the amplicon devided from F2 and R1 (amplified only in genotypes possessing the resistant allele, whether
homozygous or heterozygous) is 134-bp long, while the 3’ end of the primer R2 targets the susceptible allele (i.e. GTC) and the amplicon devided
from F2 and R1 (amplified only in genotypes possessing the susceptible allele, whether homozygous or heterozygous) is 313-bp long. Homozygous
resistant genotypes amplify 424-bp and 134-bp fragments, homozygous susceptible genotypes amplify 424-bp and 313-bp fragments, while

heterozygous individuals amplify all the three fragments.
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Table 2. Functional primer sequences for Xa21, xal3 and xa5.

Gene Primer name

Xa2l PTA248 F AGACGCGGAAGGGTGGTTCCCGGA
PTA248 R AGACGCGGTAATCGAAAGATGAAA
xal3 xal3-prom F GGCCATGGCTCAGTGTTTAT
xal3-prom R GAGCTCCAGCTCTCCAAATG
xa5 xa5FM-SF  GTCTGGAATTTGCTCGCGTTCG

Primer sequence

xaSFM-SR TGGTAAAGTAGATACCTTATCAAACTGGA
xaSFM-RF  AGCTCGCCATTCAAGTTCTTGAG
xaSFM-RR  TGACTTGGTTCTCCAAGGCTT

30 s, extension at 72 °C for 1 min and a final
extension of 7 min at 72 °C. The amplified products
were electrophoretically resolved on 1.5% Seakem LE
agarose gels (Lonza, USA), stained with ethidium
bromide and visualized in a gel documentation system
(Alpha Innotech, USA). However, with respect to the
multiplex PCR assay for simultaneous detection of
Xa2l, xal3 and xa5, the protocol was essentially same
as described above, except that annealing was done at
57 °C and the amplified products were resolved in 2%
agarose gels. The functional primer sequences for the
three resistance genes are given in Table 2.

RESULTS

Functional marker for xal3

Among the four primer pairs designed based on InDel
polymorphism in the promoter region of Os8N3
(Table 1), three primer pairs did not show consistent
amplification among resistant and susceptible
genotypes and hence were not considered for further
analysis. The fourth primer pair, xal3-prom showed
good, robust polymorphism between the resistant and
susceptible genotypes with an amplicon size of 450-bp
in the resistant genotypes and a 220-bp amplicon in

400 bp
300 bp
200 bp

Fig. 2. Amplification pattern of polymorphic marker xal3-prom.

the susceptible genotypes, while heterozygous
individuals amplified both the two fragments (Fig. 2).
The polymorphic primer pair (xal3-prom) was then
validated in the mapping population derived from the
cross of IRBB13 x Samba Mahsuri. No recombination
was observed among the F, population (data not
shown). Thus, xal3-prom primer pair can be considered
as an ideal functional marker for xal3 gene and can be
used in breeding programs.

Functional marker for xa5

Based on a 2-bp polymorphism in the second exon of
a gene encoding transcription factor 2A (TFIIA)
which is the candidate gene for xa5 conferred
resistance, four primers were designed as illustrated in
Fig. 1. When the primer pairs were multiplex and
amplified, the resistant genotypes were observed to
amplify 424-bp (common fragment) and 134-bp
(resistance specific fragment) fragments, while the
susceptible genotypes amplified both 424-bp and
313-bp (susceptibility specific fragment) fragments,
while heterozygous individuals amplified all the three
fragments in a co-dominant fashion (Fig. 3). Further,
the newly designed functional marker system was also
able to clearly identify resistant, susceptible and
heterozygous individuals in the mapping population
derived from the cross of IRBB5 x Samba Mahsuri
(data now shown). Thus, the functional marker system
(xaSFM), based on multiplex-PCR can be considered
as an ideal functional marker for xa5.

Multiplex-PCR based marker system for
simultaneous detection of Xa21, xal3 and xa5

Combining the functional markers specific for Xa2/
(pTA248), xa5 (xa5FM) and xal3 (xal3-prom), a
multiplex PCR assay was developed. The marker

L, 100-bp ladder marker; Lane 1, IRBB13; Lane 2, Improved Samba Mahsuri; Lanes 5 to 7, F; plants in which the gene is in heterozygous

condition (lane 4) and those which do not have the resistant allele of the gene.

Individuals homozygous for the resistant allele amplify a 450-bp fragment, while those which are homozygous susceptible for the gene amplify a
220-bp fragment and heterozygous individuals amplify both the two fragments in a co-dominant fashion.



148 Rice Science, Vol. 23, No. 3, 2016

Fig. 3. Amplification pattern of polymorphic marker xaSFM.

The functional marker was analyzed in a set of rice genotypes which possess xa5 (lanes 1 to 3). F; plants in which the gene is in heterozygous
condition (lane 4) and those which do not have the resistant allele of the gene (lanes 5 to 7). Individuals homozygous for the resistant allele amplify
424-bp and 134-bp fragments, while those which are homozygous susceptible for the gene amplify 424-bp and 313-bp fragments and heterozygous
individuals amplify all the three fragments in a co-dominant fashion. L, 100-bp ladder marker; Lane 1, IRBBS; Lane 2, Improved Samba Mahsuri;
Lane 3, SS1113; Lane 4, F, of Improved Samba Mahsuri/IR64; Lane 5, IR64; Lane 6, TN1; Lane 7, Samba Mahsuri.

system was able to clearly distinguish resistant and
susceptible parents carrying one or more of the three
resistance genes (Fig. 4). Further, when the multiplex
marker system was analyzed in the mapping

DISCUSSION

Biotic stress poses a major threat to crop productivity

population derived from the cross of Improved Samba
Mahsuri x IR64, perfect co-segregation was observed
between trait-phenotype and marker-genotype with
respect to all the three resistance genes. Further, the
marker system was able to clearly distinguish plants
carrying homozygous alleles for each of the three
resistance genes from those carrying heterozygous
alleles (data not shown). Thus the multiplex-PCR
based marker system for simultaneous detection of
Xa2l, xal3 and xa5 can be used in the breeding
programs aimed at targeted introgression of either
Xa2l + xal3, Xa2l + xa5, xal3 + xa5 or Xa2l +
xal3 + xa5.

in all rice growing countries of the world. Bacterial
blight, caused by Xanthomonas oryzae pv. oryzae
(Xo00), is one of the most devastating diseases that
leads to severe yield and economic loss to farmers
across the globe (Mew et al, 1993). In India, the extent
of yield loss is upto 81% (Rao and Kauffman, 1971;
Kumar et al, 2012). BB is particularly severe in the
irrigated and rainfed lowland ecosystems (Mew, 1987),
where high yielding wvarieties and hybrids are
cultivated. As chemical control for BB is not effective
(Devadath et al, 1989), deployment of host plant
resistance is most effective, economical and
environmentally safe option for management of BB

Fig. 4. Amplification pattern of PCR based multiplex marker system for simultaneous detection of Xa21,xal3 and xa5.

L, 50-bp ladder marker separated on agarose gel to correlate the amplicon size; Lane 1, IRBB21 (possessing only Xa21); Lane 2, IRBB5
(possessing only xa5); Lane 3, IRBB13 (possessing only xa/3); Lane 4, Improved Samba Mahsuri (possessing Xa2/, xal3 and xa5); Lane 5, SS1113
(possessing Xa21, xal3 and xa5); Lane 6, F, plant of Improved Samba Mahsuri/Vandana (heterozygous for all the three genes); Lane 7, IR64; Lane 8,
TN1; Lane 9, Samba Mabhsur.

Lanes 7, 8 and 9 are the samples which are devoid of the resistant allele of all the three genes. Fragments a and b correspond to the resistant
(950-bp) and susceptible alleles (660-bp) of Xa21, ¢ and d correspond to resistant (450-bp) and susceptible alleles (220-bp) of xal3, while f and g
correspond to the resistant (134-bp) and susceptible alleles (313-bp) of xa5 with 424-bp common fragment to both resistant and susceptible
individuals. The multiplex marker system can clearly distinguish plants possessing Xa21, xal3 and xa5 from those do not possess the genes and also
those which possess the genes in heterozygous condition.
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(Khush et al, 1989). At least 40 genes conferring
resistance to BB have been identified in rice (Kumar
et al, 2012; Kim et al, 2015). Even though many
effective resistance genes have been identified against
BB, unfortunately, it has been observed that resistance
conferred by single resistance gene has broken down
in many places (Yoshimura et al, 1995; Huang et al,
1997) and hence pyramiding two or more genes
conferring resistance into a single genetic background
has been advocated (Sundaram et al, 2008). As
conventional breeding involving phenotype-based
selection is cumbersome and many times impossible
for pyramiding multiple BB resistance genes,
marker-assisted gene pyramiding has been widely
adopted (Huang et al, 1997; Singh et al, 2001; Joseph
et al, 2004; Sundaram et al, 2009; Dokku et al, 2013).
Among the resistance gene-combinations, which are
highly suitable for deployment in India, the
combination Xa2l + xal3 + xa5 has been widely
deployed previously as all the three genes have
different mechanism of resistance (Chen et al, 2006a;
Sundaram et al, 2008; Shaik et al, 2014) and
gene-pyramid lines possessing Xa2l + xal3 + xa5
have shown high levels of resistance against BB
across several locations in India (DRR Progress
Report, 2013, 2014; Sundaram et al, 2014).

Even though a simple PCR-based functional marker
specific for Xa2l, i.e. pTA248, which displays
amplicon length polymorphism (ALP) is available
(Ronald et al, 1992; Ramalingam et al, 2001; Salgotra
et al, 2011), similar functional markers displaying
ALP for xal3 and xa5 are not available so far. We
developed the functional ALP markers, which can
differentiate allelic states for both xal3 and xa5 in a
co-dominant fashion and validated their utility. Even
though a functional marker based on CAPS is
available for xa5 (Iyer and McCouch, 2007), the
analysis involves two steps, viz., PCR amplification
and restriction digestion using Dral, and hence it is
cumbersome to handle. Further the marker does not
target the functional nucleotide polymorphism (i.e. a
2-bp difference in the sequence in the exon II of the
candidate gene TFIIAy) and hence the marker
developed in this study will be of significant utility for
analysis of accurate allelic state with respect to xa5 in
segregating populations. It is worthwhile to mention
that adopting an similar approach, Ramkumar et al
(2015) have developed a functional marker for xa5.
However, the marker does not target the functional
nucleotide polymorphism specific for xa5 and hence

the marker developed in this study will be of
significant utility for analysis of accurate allelic state
with respect to xa5 in segregating populations.

It is pertinent to note that the gene-combination
Xa2l + xal3 + xa5 is widely deployed by many rice
breeding groups (Huang et al, 1997; Sanchez et al,
2000; Singh et al, 2001; Joseph et al, 2004). Hence, it
is worthwhile to deploy the functional markers
specific for all the three genes through a single-tube
multiplex PCR assay for simultaneous detection of
Xa2l, xal3 and xa5, so that the cost and time involved
in the assay can be significantly reduced. The
multiplex-PCR based assay developed in this study,
involving functional markers specific for Xa2l, xal3
and xa5 clearly and unambiguously, identified the
different allelic states for all the three resistance genes
(Fig. 1). The utility of the multiplex-marker system
was also wvalidated in a segregating mapping
population. We therefore assume that the marker
system will be of significant utility in those
gene-pyramiding programs targeting at simultaneous
introgression of Xa2l + xal3 + xa5, Xa2l + xal3,
Xa2l + xa5 or xal3 + xa$.

In conclusion, we developed functional markers for
the major BB resistance genes, xal3 and xa5 targeting
the functional nucleotide polymorphism in the
candidate genes, developed a multiplex-marker system
based on functional markers specific for Xa2l, xal3
and xa5 and demonstrated its utility in simultaneous
detection of the three major BB resistance genes.
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