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Using BSA strategy together with RNA-seq and DNA 
markers, we identified an N-dependent LM gene (Ndhrl1) 
and mapped it to the short arm of chromosome 2B using an 
F5 recombinant inbred population developed from the cross 
of P7001 × P216. The putative gene was delimited into an 
interval of 8.1 cM flanked by the CAPS/dCAPS markers 
7hrC9 and 7hr2dc14, and co-segregated with the dCAPS 
marker 7hrdc2. This gene is most likely a novel gene for 
LM in wheat based on its chromosomal location. Further 
analysis of RNA-seq data showed that plant–pathogen 
interaction, nitrogen metabolism, zeatin biosynthesis and 
plant hormone signal transduction pathways were signifi-
cantly differentially expressed between LM and non-LM 
lines.

Introduction

Wheat is one of the most widely grown crops in the world 
with an annual global production of more than 716 million 
tons across over 200 million hectares. However, the wheat 
yield needs to increase at least 1.9 times by 2050 to meet 
the future food demands (http://faostat3.fao.org). To meet 
this challenge, development of crops with broad-spec-
trum and durable resistance is economically important for 
improving eco-adaptability and yield stability of the crops 
in diverse eco-regions (Johnson 1981; Wang and Bayles 
2013). Plant hypersensitive reaction (HR) occurs in an 
incompatible host–parasite relationship in defense against 
pathogens. A lesion mimic (LM) trait in a leaf tissue with-
out presence of plant pathogens, which is also called hyper-
sensitive reaction-like (HRL) trait, may confer enhanced 
plant resistance to a wide range of pathogens (Bruggeman 
et al. 2015). Many studies have shown LM mutants that 
constitutively express defense response genes are essential 
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for the revealing of defense signaling pathways (Anders-
son et al. 2008; Lorrain et al. 2003; Moeder and Yoshioka 
2008).

LM-triggered disease resistance has been reported in 
several plant species such as Arabidopsis (Li et al. 2013; 
Yamaguchi et al. 2012), rice (Fekih et al. 2015; Yama-
mura et al. 2015), maize (Gray et al. 2002; Penning et al. 
2004), and barley (McGrann et al. 2015). It has been 
shown that LM is associated with porphyrins- and phe-
nolics-mediated chloroplast collapse (Hu et al. 1998) and 
with cell death that are mediated by membrane-associ-
ated proteins (Lorrain et al. 2004), ion channel proteins 
(Balagué et al. 2003; Borghi et al. 2011), cytochrome 
P450 monooxygenase (Fujiwara et al. 2010), ubiquitin/
proteasome (Shirsekar et al. 2014; Wang et al. 2015), 
and by nitric oxide (Chen et al. 2014; Ling et al. 2012) 
or by reactive oxygen species (Brosché et al. 2014). 
These studies suggest that LM may spontaneously acti-
vate expression of defense genes. Some LM mutants 
spontaneously display cell death and constitutive defense 
responses, and have been used to decipher cell death sig-
nal pathways.

In wheat, some studies reported that LM could be 
induced by either a mutagen (Boyd and Minchin 2001; 
Boyd et al. 2002; Kamlofski et al. 2007; Sugie et al. 2007) 
or a transgenic approach (Anand et al. 2003, 2004). Wheat 
variety Ning7840 shows an LM phenotype at heading 
stage and adult plant resistance to leaf rust and powdery 
mildew diseases, and a recessive gene (lm) responsible for 
the LM trait was located near the proximal region of chro-
mosome 1BL (Li and Bai 2009; Li et al. 2012). Yao et al. 
(2009) reported segregation of an LM trait in a wheat seg-
regating population of Yanzhan1/Zaosui30 although both 
parents do not have LM phenotypes, and assumed that 
the LM phenotype is due to the interaction of two reces-
sive genes lm1 (lesion mimic 1) on 3BS and lm2 (lesion 
mimic 2) on 4BL. Although a lot of LM mutants (Boyd 
and Minchin 2001; Boyd et al. 2002; Kamlofski et al. 
2007; Sugie et al. 2007) and LM-related genes have been 
reported, only a few LM-related genes have been mapped 
in wheat.

Advances in next-generation sequencing technology 
provide great conveniences in genetic studies especially in 
development of molecular markers for the species without 
reference sequences. In this study, bulk segregant analy-
sis (BSA) strategy was used together with DNA marker 
and RNA-seq to map a novel gene Ndhrl1 underlying 
nitrogen-dependent LM trait in the wheat line P7001. 
The results would be useful for elucidating the relation-
ships among application of nitrogen (N), LM and disease 
resistance.

Materials and methods

Plant materials and evaluation of the LM phenotype

The wheat lines P7001 and P216 were planted in plas-
tic pots filled with 3 kg of soil collected from the wheat 
field in Yangzhou University, China. All plants were ver-
nalized at 4 °C in a growth chamber for four weeks and 
transplanted into plastic pots on a greenhouse bench at 
17 ± 2 °C (night) and 22 ± 5 °C (day) with supplemen-
tal light for 12 h in Yangzhou University, Yangzhou, 
Jiangsu province, China. The experiment was arranged 
in a randomized-complete-block design with four rep-
licates (pots), with eight plants per replicate. Plants were 
treated with four levels (0, 2, 4 and 6 g per pot) of N fer-
tilizer (carbamide), where 1 g carbamide per pot roughly 
equal to 350 kg per hectare. The nitrogen availability in 
soil was determined by the distillation method (Bremner 
1965). A mixture of Blumeria graminis f. sp. tritici (Bgt) 
isolates collected from eastern China was applied to inoc-
ulate the wheat line P7001 after heading stage when LM 
trait appears. Severities of powdery mildew disease on flag 
leaves were scored as the percentage of infected leaf area 
(PIA) (immune: PIA = 0; resistant: 0 < PIA ≤ 25 %; mod-
erately resistant: 25 < PIA ≤ 50 %; moderately susceptible: 
50 < PIA ≤ 75 %; susceptible: 75 < PIA ≤ 100 %).

A total of 329 recombinant inbred lines derived from the 
population of P7001 × P216 by single seed descent were 
planted in the field of Yangzhou University. No nitrogen 
fertilizer was applied in the field plots in the entire growing 
season. Phenotype was scored as presence (1) or absence 
(0) of LM symptoms on the flag leaf at heading stage.

Mapping of Ndhrl1

Genomic DNA was extracted following the CTAB method 
(Porebski et al. 1997). A set of 2133 SSR markers was 
screened for polymorphism between the two parents 
including 1109 from public database (http://wheat.pw.usda.
gov/GG3), and 1024 new markers developed in our lab 
(unpublished results). Equal amounts of DNA from 15 
homozygous F5 LM+ lines and 15 homozygous LM− lines 
were bulked separately to generate LM+ pool and LM− 
pool, respectively. Polymorphic SSR markers between the 
two parents were subsequently used to screen the two DNA 
pools to identify polymorphic markers between the pools.

BSA RNA‑seq (BSR‑Seq)

The same lines used for DNA bulks were used to form 
two RNA pools. Two biological replicates were prepared 

http://wheat.pw.usda.gov/GG3
http://wheat.pw.usda.gov/GG3


2077Theor Appl Genet (2016) 129:2075–2084 

1 3

from different plants of the same lines. Total RNA was 
extracted from the flag leaves collected at heading stage 
using the TRIzol reagent (Invitrogen, USA). DNA was 
removed using DNase (Invitrogen) and then cleaned using 
the RNAeasy Mini Kit (Qiagen). The RIN (RNA integrity 
number) values of RNA samples were assessed using an 
Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). The 
equal amounts of RNA with RIN >7.0 from 15 F5 lines 
of each bulk were pooled for cDNA libraries construction 
and sequencing in the Beijing Genomics Institute (BGI, 
China).

De novo transcriptome assembly and SNP calling

After removing low-quality reads, the clean reads were 
then de novo assembled using the Trinity platform with 
the parameters set at ‘K-mer = 25 and group pairs dis-
tance = 300’ (Grabherr et al. 2011). For each library, 
short reads were first assembled into longer contigs based 
on overlapping sequences. Then different contigs from 
another transcript and their distance were further recog-
nized by mapping the clean reads back to corresponding 
contigs based on their paired-end information, and thus 
the sequences of the transcripts were produced. Finally, 
the potential transcript sequences were clustered using the 
TGI clustering tool to obtain uni-transcripts (Pertea et al. 
2003). Single-nucleotide polymorphism (SNP) was identi-
fied using SOAP2 (Li et al. 2009) based on the assembled 
transcript sequences.

Development and verification of dCAPS markers

Primers for dCAPS markers (Supplementary Table S1) 
were designed using dCAPS finder 2.0 (Neff et al. 1998, 
Neff et al. 2002) and Primer Premier 5 (http://www.pre-
mierbiosoft.com/primerdesign) based on the assembled 
transcript sequences. The transcript sequences were blasted 
to the reference sequences of bread wheat cv. Chinese 
Spring (CS) (Mayer et al. 2014). The genetic positions of 
the transcript sequences were projected to the linkage map 
of CS by Poland et al. (2012) (http://wheat-urgi.versailles.
inra.fr/Seq-Repository/Genes-annotations). P7001 and 
P216 were used for the verification of the associated SNPs 
from the RNA-seq data.

Construction of linkage map

A population of 329 F5 lines was used for linkage map con-
struction using JoinMap 4 (https://www.kyazma.nl/index.
php/mc.JoinMap) with an LOD value set at 3 for group-
ing. Only informative markers (8 SSR and 8 CAPS/dCAPS 
markers) were used to construct the map.

Analysis of transcripts in global pathways

To evaluate the sequencing depth, all usable reads were 
realigned to each uni-transcript using the SOAP aligner 
(http://soap.genomics.org.cn/soapaligner.html), then nor-
malized into FPKM (fragments per kb per million reads) 
values (Mortazavi et al. 2008). After that, differences in 
uni-transcript abundance between the samples were cal-
culated based on the ratio of the FPKM values, and the q 
value (Tarazona et al. 2011) was used to identify the thresh-
old in multiple tests to determine the significance of the dif-
ferences in transcript abundance between genotypes. Here, 
only uni-transcripts with a q value >0.8 were used for sub-
sequent analysis. Pathway-based analysis was conducted 
using the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) Pathway database (Qian and Wang 2014).

Results

A single dominant gene controls the nitrogen‑dependent 
LM phenotype

In the absence of any visible pathogen, small yellowish 
spots appeared randomly and dispersedly on all the leaves 
of P7001 at the heading stage in the treatment of 0 g car-
bamide per pot, whereas the spots were not observed in 
P7001 in the treatment of 2 g carbamide per pot. The yel-
lowish spots did not appear on leaves of P216 irrespective 
of N fertilizer dosage (Supplementary Figure S1). These 
results suggest that the LM phenotype in P7001 is N dos-
age dependent and high dosage of N suppresses the expres-
sion of LM trait. P7001 with the LM trait showed a high 
level of resistance to powdery mildew disease with a sever-
ity of 8.4 ± 1.7 % under the treatment of 0 g N. In contrast, 
it had a significantly higher severity (36.8 ± 4.3 %) under 
sufficient N fertilization when the LM symptoms were 
absent.

Considering that LM trait is N dosage dependent and 
N deficiency favors the expression of the LM trait, P7001, 
P216 and their recombinant inbred lines (F4 and F5) were 
planted in a field without supply of any N fertilizer in the 
entire wheat growing season. The field originally had about 
142 ± 2.3 mg/kg N content in the soil. In the F4 population, 
188 families were LM type and 141 families were non-LM 
type. The F5 progenies from the 141 F4 non-LM families 
showed homozygous non-LM phenotype; whereas among 
the 188 F4 LM families, 158 F5 lines showed homozygous 
LM phenotype, nine showed homozygous non-LM pheno-
type, and 21 showed segregation. A total of 212 plants from 
the 21 segregating F5 lines had a segregation ratio of 3 (147 
LM plants):1 (65 non-LM plants) (χ2 = 3.623 < 3.814). 

http://www.premierbiosoft.com/primerdesign
http://www.premierbiosoft.com/primerdesign
http://wheat-urgi.versailles.inra.fr/Seq-Repository/Genes-annotations
http://wheat-urgi.versailles.inra.fr/Seq-Repository/Genes-annotations
https://www.kyazma.nl/index.php/mc.JoinMap
https://www.kyazma.nl/index.php/mc.JoinMap
http://soap.genomics.org.cn/soapaligner.html
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Visual difference in LM symptoms was not observed 
between the LM homozygotes and heterozygotes in the 
segregating lines. These results suggest that LM in P7001 
is controlled by a single dominant gene (designated as 
Ndhrl1).

The chromosomal location of Ndhrl1

A total of 2133 SSR primer pairs were screened between 
P7001 and P216, and 207 primers showed polymorphism 
between the two parents. However, only two newly devel-
oped SSR markers (Xyzu166898 and Xyzu176836) from 
2BS showed polymorphism between LM and non-LM 
DNA pools, and thus they were used to genotype 158 
homozygous LM F5 lines and 150 (141 + 9) homozygous 
non-LM F5 lines (Table 1). The single marker analysis 
showed a significant association between LM trait and 
two markers on short arm of chromosome 2B (Table 1), 
indicating that Ndhrl1 resides on the same chromosome 
arm.

A dCAPS marker 7hrdc2 co‑segregates with LM trait

Since only a few SSR markers were available for fine map-
ping of the gene of interest, the RNA-seq of the bulked F5 
lines was then employed to develop closely linked mark-
ers to the gene. After trimming the adaptor sequences, 
ambiguous reads and low-quality reads, the four libraries 
generated 48 Gb of clean data from 480 million reads. The 
average Q20 (the percentage of bases in the reads with a 
Phred quality equal or bigger than 20) of the clean reads 
was about 97.8 %, suggesting that the sequencing results 
were valid (Supplementary Table S2a). A total of 143,858 
transcripts were obtained using the sequence reads from the 
four assembled samples. The N50 (the length for which the 
sum of bases in the long contig of that length or longer is 
at least half the bases in the assembly) of transcripts was 
1651 nt (Supplementary Table S2b). The size distribution 
of these transcripts is shown in Supplementary Table S2c.

RNA-seq analysis found 11 polymorphic SNPs between 
the two RNA bulks. CAPS/dCAPS (cleaved amplified pol-
ymorphic sequence/derived CAPS) markers were designed 
to verify these polymorphic SNPs (Table 2). Three CAPS/
dCAPS markers were verified and assigned to 2BS by blast-
ing to the draft sequences of cv. CS. These markers were 
then used to genotype the 329 F5 lines. The dCAPS marker 
7hrdc2 developed from Unigene66718 co-segregated with 
the LM phenotype, and the other two markers (7hrdc5 and 
7hrC9) were also associated with the LM phenotype.

Additional 30 CAPS/dCAPS markers were devel-
oped based on the trait-associated SNPs identified from 
the RNA-seq and were verified (Table 3). Five of them 
(7hr2dc1, 7hr2dc8, 7hr2dc14, 7hr2dc27 and 7hr2dc28) and 

Table 1  The marker segregations in F5 population

p1 and  p2 represents the alleles from P7001 and P216, respectively

Marker No. of LM lines No. of non-LM lines Total χ2

166898p1 115 54 169 43.11

166898p2 43 96 139

Total 158 150 308

176836p1 108 58 166 27.82

176836p2 50 92 142

Total 158 150 308

Table 2  Verification of the 11 
co-segregating SNPs from BSR-
seq experiment

‘M’ means that two or more similar bands in size were produced after digestion with corresponding 
restricted enzyme; ‘F’ means failure of the PCR amplification; ‘×’ and ‘√’ are monomorphic and polymor-
phic between two parents, respectively

Transcript Pos LM+ LM− Contig Marker Enzyme Verification

SNP Reads SNP Reads

Unigene40878 109 C 30 T 8 2bs_5157821 7hrdc1 Apa I M

Unigene66718 205 T 10 C 8 2bs_5245581 7hrdc2 Fba I √
Unigene40192 322 C 2 T 12 3b_10492583 7hrdc3 Hae II ×
CL6188.Contig3 76 T 9 G 16 2bs_5187791 7hrC4 Msp I F

CL11764.Contig2 1067 C 80 T 13 2bs_5183502 7hrdc5 Pvu II √
CL19442.Contig1 183 A 13 G 3 1bs_3466629 7hrdc6 Sph I M

Unigene19995 128 T 9 A 14 2bl_8006610 7hrdc7 Stu I F

Unigene22214 435 T 17 G 26 2bs_5157821 7hrdc8 Stu I M

Unigene2681 497 C 10 T 24 2bs_5201145 7hrC9 Taq I √
Unigene8651 277 T 22 C 22 – 7hrdc10 Taq I F

CL14812.Contig3 163 A 21 G 74 2bs_3381362 7hrdc11 Xsp I F
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six newly developed SSR markers (yzu172962, yzu175773, 
yzu176060, yzu182917, yzu184614 and yzu186267) were 
used to genotype the F5 population to construct a linkage 
map of the target gene (Fig. 1). To fine map Ndhrl1, 16 
markers on 2BS were mapped and seven of them can sepa-
rate the recombinants into seven haplotypes (Table 4). First 
five types had 16 lines with the LM phenotype in the field, 
and carried P7001-allele at the marker 7hrdc2. Haplotypes 
6 and 7 showed non-LM trait and had eight lines carrying 
P216 alleles at markers 7hrdc5 and 7hrdc2. The results nar-
rowed down Ndhrl1 into an interval of 8.1 cM between the 
markers 7hrC9 and 7hr2dc14.

The significant pathways that were enriched in LM 
bulk

Comparative analysis of the transcriptome data revealed 
that 139,392 and 140,632 transcripts were found in LM 
bulk and non-LM bulk, respectively. A total of 136,166 
transcripts were commonly expressed in the both bulks 
(Supplementary Figure S2a), and many of them were quan-
titatively regulated. The average expression levels of the 
genes in LM and non-LM bulks were 5.42 and 5.29 FPKM 
(fragments per kb per million reads), respectively. A total 
of 20,910 differentially expressed genes (DEGs) were 

Table 3  Verification of SNPs with segregation distortion from the BSR-seq experiment

R1a and R2b represents the reads of allele 1 and allele 2, respectively. ‘M’ means that two or more similar bands in size were produced after 
digestion with corresponding restricted enzyme, ‘F’ means PCR amplification failure, ‘×’ and ‘√’ indicate the monomorphism and polymor-
phism between the two parents, respectively

Transcript Pos Contig SNP LM+ LM− Marker Enzyme Verification

Allele 1 Allele 2 R1a R2b R1a R2b

CL8195.Contig1 119 2BS_5229175 T C 18 7 – 36 7hr2dc1 Afl II √
CL11568.Contig6 229 2BS_5174232 G C 240 15 1 13 7hr2dc2 Afl II M

Unigene17576 169 2BS_5244123 G A 171 83 35 9 7hr2dc3 Apa I F

Unigene18704 578 2BS_5195976 T C 5 1 7 14 7hr2dc4 Bgl II M

Unigene18030 259 2BS_2839107 C T 14 4 6 12 7hr2dc5 BspT104 I F

Unigene18297 144 2BS_5181952 C T 20 5 8 6 7hr2dc6 Dra I ×
CL16178.Contig1 406 6DS_2125095 C T 15 – – 2 7hr2dc7 EcoR I F

Unigene17324 435 2BS_5162055 G C 15 6 1 6 7hr2dc8 EcoR I √
Unigene27182 196 2BS_5221705 A C 78 68 1 8 7hr2dc9 EcoR V F

CL6153.Contig1 85 2DS_2861301 G A 6 12 3 – 7hr2dc10 Fba I ×
Unigene61214 262 2BS_5210686 T C 14 2 – 11 7hr2dc11 Hae II M

Unigene16400 176 2BS_5157588 G A 14 14 13 7 7hr2dc12 Hae III ×
Unigene42013 768 2AS_5304944 G C 18 17 – 3 7hr2dc13 Kpn I M

Unigene61393 133 2BS_5229175 T C 20 – 1 11 7hr2dc14 Nde I √
Unigene37388 155 2BS_5177853 T A 13 9 – 6 7hr2dc15 Nde I M

Unigene44604 1059 2BS_5244988 C T 9 5 8 17 7hr2dc16 PmaC I F

Unigene1727 626 2BS_5221658 C G 15 1 7 10 7hr2dc17 PmaC I F

Unigene18297 133 2BS_5181952 G A 26 – 12 6 7hr2dc18 Pst I ×
Unigene16428 146 2BS_5178337 G A 8 1 5 10 7hr2dc19 Pst I M

CL6856.Contig2 524 2BS_2839107 T C 14 – 10 20 7hr2dc20 Pvu II M

Unigene17576 161 2BS_5244123 T C 171 84 33 8 7hr2dc21 Sac I ×
Unigene18704 267 2BS_5195976 C G 8 4 7 10 7hr2dc22 Sac I M

CL11568.Contig6 147 2BS_5174232 T C 102 10 – 4 7hr2dc23 Sal I ×
Unigene28684 431 2BS_5158921 G A 78 38 1 39 7hr2dc24 Sal I M

Unigene31168 174 2BS_5229175 A T 216 12 15 139 7hr2dc25 Sca I ×
CL10254.Contig4 353 2BS_5140219 T C 40 5 5 29 7hr2dc26 Sma I ×
Unigene39937 473 2BS_5223240 T C 114 8 1 22 7hr2dc27 Sph I √
Unigene39937 828 2BS_5223240 A C 84 11 1 12 7hr2dc28 Stu I √
CL11764.Contig1 1023 2BS_5183502 C T 17 13 2 11 7hr2dc29 Xba I F

CL12365.Contig1 92 2DS_5326131 C A 207 48 42 213 7hr2dc30 Xho I M
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identified based on the normalized value of FPKM with 
15,876 up-regulated and 5034 down-regulated in the LM 
bulk comparing to the non-LM bulk (Supplementary Fig-
ure S2b). Using KOBAS (KEGG Orthology-Based Annota-
tion System), these DEGs were mapped to 127 pathways. 
Among them, 37 pathways showed significant differences 
at p < 0.05 based on the hypergeometric distribution (Sup-
plementary Table S3). The top five enriched pathways were 
plant–pathogen interaction, biosynthesis of secondary 
metabolites, biosynthesis of stilbenoid, diarylheptanoid and 
gingerol, plant hormone signal transduction, and flavonoid 
biosynthesis.

Discussion

LM in P7001 is N‑dependent

Many types of LM have been reported in previous stud-
ies. These published LM phenotypes are caused by light 
(Arase et al. 2000; Ueno et al. 2015; Yao et al. 2009), 
humidity and/or temperature (Noutoshi et al. 2003; Sohn 
et al. 2014), day-length (Ishikawa et al. 2001) or sponta-
neous LM (Li and Bai 2009; Li et al. 2012). In the current 
study, small yellowish spots appeared at heading stage 
and randomly distributed on the leaves of P7001 under the 

Fig. 1  The genetic map 
(P7001 × P216) of the regions 
surrounding Ndhrl1 (gray-
shaded region) on 2BS and the 
comparisons of genetic maps 
from P7001 × P216 with refer-
ence genome of Chinese Spring
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0 g N treatment, but the spots were not observed under the 
2 g N treatment, implying that N deficiency results in LM 
phenotype in P7001 and sufficient N supply can suppress 
the expression of the LM phenotype. Moreover, compara-
tive analyses of the transcriptome data between the two 
contrasting bulks revealed that N metabolic pathway is 
significantly enriched in LM bulk (Supplementary Table 
S3). In this pathway, ferredoxin-nitrite reductase (NiR) 
was significantly up-regulated in the LM bulk (Supple-
mentary Figure S3) with 7.8-fold of that in non-LM bulk. 
NiR is an enzyme that converts nitrite to ammonia, a toxic 
compound that can cause cell death. Therefore, we may 
assume that high level of NiR expression may result in a 
high level of ammonia accumulation when abundant N is 
supplied, and thus LM phenotype should be expected due 
to more cell death caused by ammonia. However, actu-
ally this assumption is contradictory with the observa-
tion that LM phenotype was suppressed when abundant N 
was available. Many studies demonstrated that the feed-
back regulation is involved in the nitrate reductase (NR) 
expression and NR activity (Fan et al. 2006; Soussana 
et al. 2002). However, only fewer studies reported the 
feedback regulation of NiR. Further studies are needed 
to understand if the feedback regulation of NiR exists 
in wheat and how N is involved in the formation of LM 
phenotype.

BSR‑seq is an effective approach to fine map Ndhrl1

To date, the genetic study of wheat has been lagging behind 
other plant species such as Arabidopsis, rice and maize 
due to its complex genome. In this study, 1109 SSR mark-
ers were used to map Ndhrl1, but we did not find signifi-
cantly linked markers to the gene, which might be due 

to the low marker density in the map used for gene map-
ping. Recently, we have developed a new set of SSR mark-
ers (unpublished data) based on reference sequence of CS 
and used a selected set of 1024 SSRs to genotype the two 
DNA bulks. Two of them were linked to Ndhrl1. We used 
RNA-seq coupled with BSA strategy and efficiently iden-
tified closely linked, even co-segregating, SNP markers to 
Ndhrl1. However, only a very low proportion of SNPs from 
BSR-seq could be confirmed after they were converted into 
CAPS or dCAPS markers. Among the 41 CAPS/dCAPS 
primers designed from RNA-seq, only 8 were polymor-
phic, 9 were monomorphic, 11 failed to produce a clear 
band, and 13 amplified more than one band (Tables 2, 3). 
PCR failure was possibly due to the difference in templates 
between RNA and DNA. One of the most important rea-
sons for the low conversion rate is that wheat has a high 
level of repeated sequences and sequence similarity among 
three wheat genomes can result in assembly error of short 
reads and thus a high proportion of false-positive SNPs 
between the bulks.

The genotyping technologies based on next-generation 
sequencing bring great conveniences to genetic studies. 
However, marker data generated using these technolo-
gies are strongly recommended to be validated before they 
can be used for marker-assisted breeding, especially for 
crops such as wheat with huge and complicated genomes. 
In the current study, towards fine mapping of Ndhrl1 was 
benefited from using the RNA-seq coupled with BSA for 
marker development. A co-segregating marker with Ndhrl1 
was identified between the flanking markers at 8.1 cM 
apart on 2BS, which would facilitate map-based cloning of 
Ndhrl1. The first report of genes for LM trait on 2BS and 
N-dependent nature of the gene expression suggests that 
Ndhrl1 is more likely a novel gene for LM in wheat.

Table 4  Haplotype and lesion mimic phenotypes of the recombinants in the F5 recombinant inbred lines from a wheat population of 
P7001 × P216

Type lines 7hrdc5 7hrC9 7hrdc2 7hr2dc14 7hr2dc1 7hr2dc28 7hr2dc27 Phenotype

1 6 b b a d a a a LM

2 1 b d a d a a a LM

3 1 b d a d a h h LM

4 7 d d a b b b b LM

5 1 d d a b b b h LM

6 2 b b b b h h h Non-LM

7 6 b b b d a a a Non-LM

Markers 7hrdc5, 7hrdC9, and 7hr2dc14 are dominant markers, and the others are co-dominant markers. Letter “a” denotes P7001 allele; “b” 
denotes P216 allele; “d” denotes P7001 allele or heterozygote; “h” denotes heterozygote. Gray-shaded boxes denote P216 allele; unshaded 
boxes denote P7001 allele or heterozygote
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The putative pathways related to LM

Comparative analyses of the pathways between LM and 
non-LM bulks showed that the top one enriched pathway 
was plant–pathogen interaction with p = 2.79E−90. Many 
studies reported that the genes for LM were involved in 
defense signaling pathways with the constitutive expression 
of defense responses (Andersson et al. 2008; Lorrain et al. 
2003; Moeder and Yoshioka 2008). In the current RNA-seq 
experiment, 5336 transcripts were involved in plant–patho-
gen interaction pathway. Of them, up to 1508 transcripts 
showed significant differences in expressions between the 
two bulks. P7001 without LM trait showed a moderate 
resistance to powdery mildew under sufficient N fertilizer, 
but the resistance level increased greatly under 0 g N treat-
ment when LM showed up. These results imply that the 
LM phenotype mediates the resistance to powdery mildew 
disease. Cloning and functional characterization of Ndhrl1 
may provide insights into the molecular and biochemical 
mechanisms underlying the interactions between N and 
LM genes in regulating disease resistances in wheat.

The dCAPS marker 7hrdc2 of Unigene66718 co-seg-
regated with LM trait in the current mapping popula-
tion (Table 2). Unigene66718 encodes a cytokinin trans-
hydroxylase (CYP735A) belonging to cytochrome P450 
monooxygenase super family that catalyzes the biosyn-
thesis of trans-zeatin. Interestingly, the zeatin biosynthesis 
pathway (p = 3.86E − 09) and the downstream plant hor-
mone signal transduction pathway (p = 9.29E−33) showed 
significant differences between the two bulks. Although 
the marker 7hrdc2 co-segregated with LM trait and the 
pathway of Unigene66718 was relevant to the formation 
of LM trait, it is still too early to claim Unigene66718 as 
the candidate gene for LM trait in P7001 due to the limited 
population size of 329 lines. Establishing the association 
between LM and 7hrdc2 in a much larger mapping popula-
tion would reveal the candidateship of Unigene66718 for 
LM trait.

In conclusion, Ndhrl1 for LM trait in P7001 was mapped 
to the short arm of 2B chromosome. The different chromo-
somal location of Ndhrl1 from the published LM genes in 
wheat as well as the nature of the N-dependent LM trait 
in P7001 implied that Ndhrl1 is most likely a novel type 
of gene for LM in plants. Cloning and functional charac-
terization of Ndhrl1 may provide a new insight into the 
interactions between N and LM trait in disease resistance 
in plants.
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