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Abstract

acquisition and utilization.

Background: Barley is a low phosphorus (P) demand cereal crop. Tibetan wild barley, as a progenitor of cultivated
barley, has revealed outstanding ability of tolerance to low-P stress. However, the underlying mechanisms of low-P
adaption and the relevant genetic controlling are still unclear.

Results: We identified low-P tolerant barley lines in a doubled-haploid (DH) population derived from an elite
Tibetan wild barley accession and a high-yield cultivar. The tolerant lines revealed greater root plasticity in the
terms of lateral root length, compared to low-P sensitive lines, in response to low-P stress. By integrating the QTLs
associated with root length and root transcriptomic profiling, candidate genes encoding isoflavone reductase,
nitrate reductase, nitrate transporter and transcriptional factor MYB were identified. The differentially expressed
genes (DEGs) involved the growth of lateral root, Pi transport within cells as well as from roots to shoots
contributed to the differences between low-P tolerant line L138 and low-P sensitive lines L73 in their ability of P

Conclusions: The plasticity of root system is an important trait for barley to tolerate low-P stress. The low-P
tolerance in the elite DH line derived from a cross of Tibetan wild barley and cultivated barley is characterized by
enhanced growth of lateral root and Pi recycling within plants under low-P stress.
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Background

Phosphorus (P) is one of the major essential macronutri-
ents for plant growth and development. The roots of
plant acquire P exclusively in the form of inorganic
phosphate (Pi) [1]. Despite the fact that total P in soils is
relatively abundant, Pi availability is a severe limiting
factor for crop productivity due to its low diffusion rate
and rapid conversion into organic and inorganic forms,
which are not readily available for plant uptake [2]. It is
estimated that 43% of the arable land worldwide is
deficient in plant-available P [3]. To achieve the optimal
yield, considerable amount of P fertilizer should be
applied to the soils. However, as P is easily fixed with
iron, aluminum and calcium, only 10-25% of the applied
P could be used by crops [4]. The P-pool in soils might
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be the source of diffused pollution, resulting in accumu-
lation of heavy metals and water eutrophication [5]. On
the other hand, rock phosphate (phosphorite) used as cru-
cial resource for P fertilizer production is non-renewable
and being exhausted rapidly. Thus, understanding the
mechanisms of Pi-uptake/utilization and screening P-effi-
cient crop genotypes are quite imperative for developing
the cultivars with high P use efficiency.

In plants, the concentration of P ranges from 0.05 to
0.50% on the base of dry weight, and Pi is approximately
5 to 20 mM [6]. P functions as a component of macro-
molecules, such as nucleic acids, proteins and phospho-
lipids, and plays a fundamental role in numerous biological
processes, such as energy transfer and metabolism, photo-
synthesis, respiration, enzyme catalysis and nitrogen fix-
ation [7, 8]. In soils, the concentration of soluble P seldom
exceeds 10 uM and is much lower in the rhizosphere [9].
Toward to poor Pi availability in soils, plants have evolved
well-regulated systems for Pi acquisition and recycling,
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including the high- and low-affinity Pi transporters and the
ability to induce root architectural changes to forage P
[10]. The adjustments of numerous cellular processes are
triggered by P starvation and regulated by various factors,
including transcriptional factors, microRNAs, phytohor-
mone and sucrose.

Root active transport systems with high-affinity are
required for Pi uptake, which is mediated by Pi/H* sym-
porters belonging to the PHT1 (Phosphate transporter
1) family [9]. PHT1, located to plasma membrane, is
mainly expressed in roots and functions in Pi uptake
and mobilization within plants [11]. Knock-down of
PHT1 genes significantly decreased the Pi uptake from
soils and the long-distance transport of Pi from roots to
shoots [12]. The members of PHT1 were identified in
many species, for instance, 9 in Arabidopsis, 13 in rice,
11 in barley and 6 in maize. Different from PHTI,
PHT2/3/4 are mainly localized to plastids, mitochondria
and other organelles, controlling Pi transport activities
and being crucial for maintaining Pi homeostasis [13—15].

After taken up by roots, most P would be transported
into shoots. PHO1 (Phosphatel), one endomembrane
transporter of SPX-EXS(SYG1/PHO81/XPR1-ERD1/XPR1/
SYG1) subfamily, is responsible for Pi efflux out of cells into
xylem vessel and thereby involved in Pi transport from
roots to shoots [16, 17]. The membrane-spanning EXS do-
main of At{PHOI is required for Pi export and proper
localization to the Golgi and trans-Golgi network (TGN)
[18]. Moreover, SPX-MFS (Major Facilitator Superfamily) is
mainly localized to the tonoplast. Three rice proteins of
SPX-MFS are predicted to facilitate the transport of Pi
across tonoplast and responsible for Pi homeostasis in
vacuole [19, 20]. OsSPX-MFS1 and OsSPX-MFS2 are the
targets of low-P induced miR827 and suppressed by Pi star-
vation [19, 21]. In Pi-depleted tissues, miR399 as a systemic
signal moving from shoots to roots, is specifically and
highly induced [22, 23]. Like a bridge, PHO?2 is suppressed
by miR399 post-transcriptionally and regulates PHT1
abundance post-translationally [24, 25]. In addition, PHF1
(Phosphate transporter traffic facilitatorl) can also mediate
PHT1 protein by controlling its proper trafficking and
targeting to plasma membranes [26]. Besides, transcripts of
PHT]1 are positively regulated by PHR1, WRKY and sugars,
and negatively mediated by cytokinin, abscisic acid,
MYB62, ZAT6, SPX3, and ARP6/H2A.Z [27]. Although the
relevant genes involved in Pi- starvation response have been
reported in model plants, the underlying precise regulatory
mechanisms for low-P tolerance in crops remain elusive.

To develop P-efficient crop cultivars and to under-
stand the underlying mechanisms, numerous QTLs as-
sociated with P efficiency have been identified in many
crops, including maize, wheat and oilseed rape [28-30].
However, few causal genes have been identified up to
date, because of the fact that P efficiency in plants is a
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quantitative trait controlled by minor multiple genes and
interacted strongly with the environments. On the other
hand, the poor mobility and temporal heterogeneity of
plant-available P in soils highlight the importance of root
traits for Pi acquisition. Therefore, plant ideotype of
crops, i.e. genotypes with reduced metabolic cost of soil
exploration, were proposed for improving Pi acquisition
[31]. Indeed, the crops with more biomass allocation to
roots could increase P capture from low P soil and sus-
tain optimal shoot growth. Thus, the adaption of roots
to low-P stress should be given priority in consideration
of selective parameters related to P efficiency. On the
other hand, the construction of multi-genetic popula-
tions and mapping are costly and time-consuming.
Therefore, integrating QTL mapping and transcriptomic
analyses might be an efficient approach for identifying
candidate genes.

Modern crop breeding programs have dramatically
narrowed the genetic diversity in cultivated plants and
minimized their tolerance to environmental stresses
[32]. Barely (Hordeum vulgare) is one of the most
important cereal crops worldwide, displaying a wide
adaption to extreme environments. Tibetan wild barley
(Hordeum spontaneum), as a progenitor of cultivated
barley, has been thought as a unique genetic pool
containing many rare elite alleles [33]. The wild barley
accessions have been reported with outstanding abilities
of tolerance to various abiotic stresses, including
drought, salinity, aluminum toxicity and nitrogen defi-
ciency [34-37]. Low-P tolerant accessions were identi-
fied in the previous study [38], however, the molecular
mechanisms and the relevant genes are not clarified.

In the present study, a DH population from a cross of
X26 (low-P tolerant wild barley) and ZD9 (high-yield
barley cultivar) was used to investigate the change of
root growth in response to low-P stress, and to identify
QTLs related to low-P response. The DH population
lines were further screened with aims at revealing the
mechanisms of low-P tolerance and identifying the rele-
vant candidate genes by integrating QTL mapping and
transcriptomic analyses.

Results

Phenotypic variation among the lines of X26/ZD9 DH
population

The shoot dry weight (SDW), root dry weight (RDW)
and root length (RL) were evaluated on the plants ex-
posed to low-P treatment and control at seedling stage.
Compared to the control, the SDW (RDW) of X26 and
ZD9 under low-P condition decreased by 23.9% (6.99%)
and 31.3% (8.33%) (Fig. la, b), respectively. In contrast,
the RL of X26 and ZD9 increased by 16.1 and 8.9%
under low-P, respectively (Fig. 1c). Among the DH lines,
a great variation in the relative SDW, RDW and RL was
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Fig. 1 Frequency distribution of the traits of ZD9/X26 DH population grown in low-P condition for three weeks. a Shoot dry weight (SDW),
b root dry weight (RDW) and (c) root length (RL) of the 103 DH lines with four to five replicates for each trait

observed (Fig. 1). In comparison with control plants,
SDW and RDW in the low-P treated plants ranged from
-16.8 to 53.9% and -43.3 to 105.8%, with a mean of
24.8 and 12.8%, respectively. Relative RL ranged from -
16.04 to 71.09% with a mean of 22.5%.

Growth response of DH lines to low-P stress

In order to screen the lines with the extreme response to
low P, shoot and root biomass was used as the selective par-
ameter. Under low-P stress, approximately 70% of the DH
population lines showed an increase of root growth, com-
pared with the control, and about 30% of the lines showed
the reduction of shoot and root biomass. Accordingly, four
most tolerant and four most sensitive lines in response to
low P were selected (Fig. 2). Lines 118, 138, 130 and 20
were thought as low-P tolerant, as no significant difference
was found in their SDW between low-P treatment and
control. Whereas, lines 21, 73, 133, 145 were thought as
low-P sensitive, as they showed a dramatic reduction of
SDW under low-P treatment. Interestingly, root growth
was enhanced in the tolerant lines and reduced in the sensi-
tive lines under low-P stress in comparison with control.

Furthermore, L138 and L73 were used as the lines
with extreme low-P response for further physiological
and transcriptomic analyses. After 7 days under low-P
treatment, tissue P concentration was greatly reduced in
both lines, but there was no significant difference in
shoot biomass between low-P treatment and control
(Table 1). Moreover, the tolerant line L138 was increased
in root biomass, whereas the sensitive line L73 had little
change under low-P stress (Table 1, Fig. 3a). At 14 day
after low-P treatment, the two lines showed the signifi-
cant reduction in shoot biomass and increase in root
biomass (Table 1, Fig. 3a). SDW of L138 and L73 re-
duced by 13.5 and 31.8%, respectively. While the RDW
of L138 increased by 96.8%, being much more than that
of L73 (28.2%). Moreover, there was no significant differ-
ence in shoot and root biomass between the two lines
when grown under control condition.

In view of the great difference between L138 and L73
in root growth under low-P stress, root morphology was
further analyzed (Fig. 3b). Exposed to shorter P defi-
ciency (7 days), the total length of roots increased signifi-
cantly in L138, whereas had no significant change in
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Fig. 2 Contrastive response of shoot biomass and root biomass to low-P stress in DH lines. a Shoot and (b) root biomass of representative lines
selected from DH population under low-P stress. ¢ Correlation of shoot and root in response to low-P stress in DH population

L73. Similarly, the length of seminal and lateral roots
also increased in L138 but not in L73 (Fig. 3c). As the
seminal root plays the crucial role in P uptake at seed-
ling stage, the enhancement of its growth under low-P
stress is obviously beneficial for L138 to get more P.
Although there was no significant difference in P dis-
tribution of the two lines between low-P treatment and
control at 7 day after treatment, P distribution into root
increased by about 100% for L138 and 24% for L73

under low-P in comparison with control at 14 day after
treatment. In addition, L138 and L73 showed no signifi-
cant difference in shoot P concentration but significant
difference in shoot biomass under low-P stress.

Transcriptomes of the two DH lines under low-P
condition

To obtain the transcriptomic profiling of the two extreme
lines responding to low-P stress, 24 ¢cDNA libraries were

Table 1 Biomass, P concentration and accumulation of barley L1138 (low-P-tolerant) and L73 (low-P-sensitive) under low P and

control conditions after 7 and 14 days

Treatment Genotype Biomass (g DW plant™ ")

P concentration P accumulation Ratio of P in

(mg P g ' DW) (mg P organ™ ") root to total
Root Shoot RS Root Shoot Root Shoot %)
7d
Control 1138 0.040+0.001b  0.119+0006a 0351+0028b 9.06+0.14b 1146+0.18a 072+004a 121+0.10a 0.38+0.03a
L73 0.039+0.003b 0.099+0.005ab 0397+0.045ab 10.08 +£0.21a 1063+052a 0.78+0.12a 1.23+0.17a 039+001a
Llow P L1138 0.053+0.001a 0.113+0.005a 0466+ 0.043ab 2.20+ 0.05¢ 2.72+027b 023+0.00b 033+001b 042+001a
L73 0.046 +0.003ab 0.079+0.006b 0551 +0041a 1.79+0.01c 231+0.20b 0.17+001b  021+003b 044 +0.05a
14d
Control 1138 0.063+0.003c 0258+0011a 0251+0012b 9.39+0.04b 10.78+0.21a 1.19+0.09% 3.01+£0.14a 0.28+001c
L73 0071+£0.002c  0.245+0.009ab 0292+0021b 10.81+0.18a 9.76+0.14b 1.53+0.06a 223+0.19b 0.41+0.03b
LlowP L138 0.124+0.007a 0.223+0.008b 0568+0.040a 1.50+ 0.05c 1.31+0.07c 039+0.04c 0.28+005c 0.59+0.04a
L73 0.091+0.002b 0.167 +£0.004c  0536+0.018a 1.36+0.03c 139+£001c 024+001c 023+0.00c 0.51+001ab

Barley plants were grown in hydroponics under low P and control conditions for 7 and 14 days. Data are mean values + SE (n = 3-6), different letters show
significant differences (p < 0.05). Bold numbers indicate significant differences between two lines under control or low-P conditions
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constructed with three biological replicates for each sam-
ple and thereby sequenced using Illumina HiSeq platform.
A total of 10,933,411 clean reads were detected in all ex-
amined samples and approximately 70% of the clean reads
were mapped to barley genome, yielding 25,559 expressing
genes on an average for each sample. The transcriptional
levels were normalized by employing FPKM (fragments
per kilo-base of exon per million fragments mapped reads)
method. Differentially expressed genes (DEGs) were iden-
tified according to the fold change and P value [39]. The

threshold was set as fold change >2 at least in one sample
and P <0.05 for DEGs. Consequently, 1761 DEGs in L138
and 2493 DEGs in L73 were identified using pairwise
comparison between low-P and control, with 789 DEGs
being shared by the two lines (Fig. 4). Under low-P stress,
415 genes were up-regulated, and 321 genes were down-
regulated in both L138 and L73. At 7 and 14 days after
low-P treatment, the number of DEGs was 805 and 1187
for L138, while for L73, the corresponding value was 1780
and 1190, respectively.
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To validate the RNA-Seq data, five responsive genes
were selected for real-time qPCR analyses, including
PHO1-3 (HORVU7Hr1G047210), ARF2 (HORVU3Hr1G
096510), SPX-MFS1 (HORVU2Hr1G094690), SPX-MFS2
(HORVU6Hr1G065710) and sugar transporter7 (HORVU
2Hr1G079720). The results were consistent with those
from RNA-Seq analyses (Additional file 1: Figure S1).
Totally 766 DEGs were specially addressed because of
their great difference (more than four folds) between 1138
and L73 (Additional file 2: Figure S2a). The analyses of
their functional categories revealed that more than 50%
DEGs were involved in the processes of RNA, protein,
transport, stress, signaling and hormone metabolism
(Additional file 2: Figure S2b).

In the present study, the identified DEGs responding
to low-P stress could be categorized into phosphate
transporters, transcriptional factors, sugar transport re-
lated and hormone signaling. The proteins of PHT1
family, localized to the plasma membranes, are well
known for their roles in Pi uptake from soil. Under
shorter exposure to P deficiency, more genes in PHTI
family were up-regulated in L73 than in L138 (Fig. 5a),
while at later stage fewer PHT1 genes were up-regulated
in L73 than L138. Furthermore, the proteins of PHO1
involved in Pi loading into xylem and Pi transport from
roots to shoots were up-regulated under low-P stress in

both lines, but the changed folds of these proteins were
higher in L138 than in L73. Besides, more genes related to
inner Pi transport including SPX-MFESs and PstBlwere
up-regulated in L138 compared with L73.

Totally, 126 DEGs encoding transcriptional factors
(TF) were identified in response to low-P stress, and
they belonged to five families, including MYB (43),
WRKY(26), bHLH(30), Zinc finger(14) and Scarecrow-
like (3) families (Fig. 5b). Most of these TFs were up-reg-
ulated in L138, and more than 60% of TFs were down-
regulated in L73, indicating the different expression and
regulation pattern between the two lines responding to
P starvation. On the other hand, the role of sucrose
transport in phloem has been well known in integrating
root response to low-P stress, and sugar transport was
considered vital for long-distance signaling and main-
taining Pi homeostasis. In total, we detected 31 DEGs in-
volved in sucrose/sugar transport and synthase in the
two lines (Fig. 5¢). Among them, 13 DEGs were com-
monly found in both lines, and other DEGs were exclu-
sively detected in one line. Nine of them were down-
regulated and only expressed in L73. Similarly, among
the 30 DEGs involved in auxin/abscisic acid response, 14
DEGs in L73 were down-regulated and 15 DEGs in L138
were up-regulated (Fig. 5d). It has been reported that
auxin is involved in the response of lateral roots to P
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Fig. 5 Hierarchical cluster analyses of phosphate starvation response genes identified in differentially expressed genes (DEGs). a Phosphate
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starvation [40]. The different expression of sugar/auxin- DEGs (12), 10 DEGs were down-regulated, and 4 of 5
related DEGs between the two lines could account for  L138-specific DEGs were up-regulated under low-P
their difference in root length. stress. In view of great effect of nitrate on lateral root

In addition, a cluster with 25 DEGs encoding the growth, it may be suggested that the different expression
proteins of NRT1/ PTR (NPF) family was identified of NRT1/ PTR family in the two lines contributes to
(Additional file 3: Figure S3). Among the L73-specific  their difference of root length.
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Co-localization of DEGs in QTL region

One QTL located on chromosome 6H was associated
with the RL change in response to low-P and could ac-
count for 9.0% of the phenotypic variance. Although the
QTLs associated with root diameter, root volume and
grain yield under P treatment were reported in chromo-
some 6H [41, 42], all of them are located in the different
regions as the one we found in the present study.

To obtain the candidate genes associated with the
identified QTLs, low P-responsive genes with difference
of expression (fold change >2) between two genotypes
were screened in the target region. Consequently, 22
candidate genes in roots were identified in the QTL
region (Fig. 6). The proteins encoded by these genes
included sugar transporter, isoflavone reductase, nitrate
reductase, expansin B, MYB domain protein and a cluster
of high affinity nitrate transporters. Specially, one of the
four high affinity nitrate transporters was only expressed
in L138 and up-regulated under shorter exposure to P
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starvation (7 days), while the other three were down-regu-
lated. In addition, HORVU6Hr1G007010 encoding MYB
domain protein was only expressed in L73 and down-reg-
ulated in response to low P stress.

Discussion

P is indispensable for plant growth and development, and
its deficiency will cause severe reduction of crop yield.
The cultivars with high-P use efficiency or low-P tolerance
are required to ensure the stable yield under low-P condi-
tion or to reduce P fertilizer application. Tibetan wild bar-
ley has been proved to be rich in the elite genotypes
adapting well to the harsh environments. In the present
study, a DH population from a cross of Tibetan wild
barley X26 (low-P tolerant) and cultivated barley ZD9
(high yield) was used for investigating the response to low
P stress (P starvation) and QTL mapping. The two lines
showing the significant difference in the response to low-
P were further used for transcriptomic profiling.

Cc™M
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a
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L138 7d L73 7d L138 14d L73 14d

of genes, respectively, in L138 and L73 in response to low-P stress

0 20 40 60 80 100 120 140 160 180

4
HORVU6Hr1G000070 Rhodanese-like domain-containing protein 17
HORVUG6Hr1G000090 Sulfurtransferase protein 16
HORVU6Hr1G000130 Rhodanese-like domain-containing protein 17
HORVUG6Hr1G000440 Bidirectional sugar transporter N3
HORVUG6Hr1G000520 Wali2 protein
HORVU6Hr1G001960 F-box family
HORVUG6Hr1G001990 PATATIN-like protein 5
HORVUG6Hr1G002410 Isoflavone reductase homolog P3
HORVUG6Hr1G003300 Nitrate reductase 1
HORVUG6Hr1G004000 Acid beta-fructofuranosidase
HORVUG6Hr1G004010 Acid beta-fructofuranosidase
HORVUG6Hr1G005250 Allene oxide synthase
HORVUG6Hr1G005580 High affinity nitrate transporter 2.6
HORVUG6Hr1G005590 High affinity nitrate transporter 2.6
HORVUG6Hr1G005600 High affinity nitrate transporter 2.6
HORVUG6Hr1G005720 High affinity nitrate transporter 2.6
HORVU6Hr1G005810 Expansin B2
HORVUG6Hr1G005900 Alpha/beta-Hydrolases superfamily
HORVUG6Hr1G006310 Thioredoxin superfamily
HORVUG6Hr1G007010 Myb domain protein 86
HORVUG6Hr1G008640 Catalase 1
HORVUG6Hr1G008670 Transmembrane protein 97

Fig. 6 Potential gene candidates detected by RNA-seq underlying QTL regions. The red and green indicate increased and decreased expression
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Root plasticity and low-P tolerance

It has been well-documented that plants could alter the
distribution of assimilates in response to shorter P-
deprivation and thereby lead to an increase in root
exploratory capacity [31]. Under longer exposure to low-
P stress, plant photosynthesis was greatly inhibited,
causing reduced shoot and root biomass [8]. In this
study, almost all the DH population lines showed the re-
duction of SDW under low-P stress. While about two
thirds of the DH lines were increased in root growth
under low-P stress, indicating the distinct difference in
response of root growth to low-P stress among the DH
population lines. Among the lines with increased root
growth under low-P stress, the differences in shoot bio-
mass change were also observed, and the reduction of
SDW was significantly correlated with the change of
RDW (Fig. 2c). Furthermore, we found the low-P toler-
ant L138 had faster and more increase in root length,
mainly caused by lateral root growth, in comparison
with low-P sensitive L73 under low-P stress. It may be
suggested that the plasticity of root system contribute to
the differences among barley genotypes in their toler-
ance to low-P stress.

The previous studies on Arabidopsis, rice, maize and
oilseed rape highlighted an important role of root archi-
tectural plasticity in P acquisition [43-46]. However, a
few causal genes have been identified by using QTL
mapping. In rice, a cluster of QTLs controlling root
growth were detected to be related with P-efficiency
[47]. A major QTL was subsequently named as Pupl
[48]. By narrowing the Pupl candidate region and utiliz-
ing unique molecular markers, a protein kinase gene
OsPupK46-2 was identified [49-51]. Finally, OsPupK46—
2 was confirmed by analyzing the expression pattern of
five candidate genes and named as phosphorus-starva-
tion tolerance 1 (PSTOLI) [49, 52]. In the present study,
we integrated QTL mapping and trancriptomic profiling to
identify candidate genes associated with root length
responding to low-P stress. As a result, a QTL associated
with root length was identified on chromosome 6H (Fig. 6).
Previously, QTLs associated with grain yield and thousand
grain weight under P treatments were reported on the same
chromosome, but in the different regions in barley [42], in-
dicating the QTL is a novel one associated with root length
under low-P stress. In the identified region, 22 candidate
genes were detected responding to low-P stress, in-
cluding sugar transporter, isoflavone reductase, nitrate
reductase, expansin B, MYB domain protein and a
cluster of high affinity nitrate transporters (Fig. 6).
Interestingly, the gene HORVUG6Hr1G002410, encod-
ing an isoflavone reductase (IFR), was up-regulated by
the folds of 6.9 in L138 and 2.3 in L73 under low-P
stress. In contrast, HORVU6Hr1G003300 encoding a
nitrate reductase 1 (NIA) was down-regulated by 2.8
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folds in L138 and 7.8 folds in L73 when exposed to
low-P stress.

IFRs are the enzymes unique to plant kingdom, in-
volved in the biosynthetic pathway of isoflavonoid
phytoalexin and have a crucial role in plant response to
various biotic and abiotic stresses [53]. In kidney bean,
the decrease of IFR expression level could affect the
elongation of lateral root and the number of nodules
[54]. In rice, IFR-like protein (IRL) may behave as an
antioxidant in response to reactive oxygen species (ROS)
during root development [55]. Thus, the identification of
IFR as a candidate gene associated with root length indi-
cates its potential role in plastic response to low-P stress
in barley.

Nitrate reductase is well known for its role in nitrate
reduction, which is critical for N uptake and utilization
in the most plants. It was reported that phosphate appli-
cation could increase the nitrate reductase activity [56],
indicating more nitrogen was stored in the form of ni-
trate rather than nitrite under low-P condition. Some
studies demonstrated that plants could be stimulated by
localized application of nutrients. For instance, localized
application of phosphates plus ammonium could en-
hance P uptake through stimulating root proliferation
and rhizosphere acidification in a calcareous soil [57];
local applications of nitrate stimulates the growth of lat-
eral root via reducing shoot-to-root auxin transport and
decreasing auxin concentration in roots to a suitable
level [58]. Thus, the identified nitrate reductase might
contribute to local nitrate accumulation and further
stimulate lateral growth for low-P tolerance. In this as-
pect, numerous DEGs encoding auxin responsive factors
and auxin efflux carriers from transcriptomic profiling
could provide the evidence for the assumed pathway
(Fig. 5). In addition to NIA, a cluster of high affinity
nitrate transporters were identified in the QTL region
under low-P stress. On the other hand, nitrate-stimu-
lated degradation of SPX4 activates a coordinated release
of PHR and NLP which are TFs involved in phosphate
and nitrate signalling pathways, respectively [59]. In the
present study, we found three SPX genes were continu-
ously induced by P-starvation, and numerous genes en-
coding NRT1 were responsive as well. Therefore, it may
be suggested that nitrate signal might be involved in the
response of lateral growth to low-P stress via regulating
auxin and down-stream ARFs in barley (Additional file 4:
Figure S4).

Pi transport and P efficiency

P efficiency refers to the ability of plants to produce
biomass or yield under certain available P conditions,
and includes the aspects of P uptake efficiency and P
utilization efficiency [60, 61]. In addition to root plasti-
city, improving the ability of Pi recycling within plants is
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also a strategy for improving P efficiency. In a Pi-de-
pleted medium, the vacuole of plants acts as a storage
pool and 85-95% of the total P in cell is located in vacu-
oles in the form of Pi [8]. Under P deficiency, a mass of
Pi is transferred into the cytosol and chloroplasts in
leaves, and plants may replace phospholipids by galacto-
lipids or sulpholipids [62, 63]. Thus, the translocation of
Pi to photosynthetic tissues is also considered to be an
adaption of plants to low-P stress. In this study, a low-P
tolerant barley line L138 had little change in biomass
when shoot P concentration decreased from 10.8 into
1.3 mg P/g DW, but biomass of a sensitive line L73 was
reduced by about 20% when shoot P concentration de-
creased from 9.8 to 1.4 mg P/g DW (Table 1). L73 and
L138 had the similar shoot P concentration under low-P
stress, but differed greatly in SDW, indicating that L73
had lower P-use efficiency than L138. Simultaneously,
most DEGs encoding transporters involved in Pi trans-
port within plants were induced by low-P stress, with
L138 having higher change folds than L73 (Fig. 5a). The
difference between L138 and L73 in the expression levels
of three PHOI genes, encoding the endomembrane
transporters responsible for Pi transport from root to
shoot were more than 2 folds under low-P stress. In
addition, the difference in expression levels of SPX-MFS
family members were observed between the two barley
lines, indicating that the active Pi efflux from vacuoles to
cytoplasm might contribute to the low-P tolerance in
L138 (Additional file 4: Figure S4).

In the highly regulated system in response to P starva-
tion, sugar and numerous transcriptional factors such as
WRKY, MYB and SPX3 families were involved in Pi
translocation and homeostasis [27]. In the present study,
we found a cluster of DEGs encoding sugar transporters
were suppressed by low-P stress in L73 (Fig. 5c).
Furthermore, most of the TFs DEGs in L138 were up-
regulated, whereas, more than 60% of TFs DEGs were
down-regulated in L73, indicating the different expres-
sion and regulation patterns between the two lines
responding to P starvation. However, the proteins re-
sponsible for Pi transport within cells and the underlying
molecular regulatory mechanisms in barley remain
elusive. Currently it may be concluded that barley used
the two strategies of root plasticity and Pi transport to
develop the low-P tolerance.

Conclusion

We identified a QTL associated with root length change
in response to low-P stress and proposed candidate
genes contributing to P efficiency in barley by integrat-
ing QTL mapping and transcriptomic profiling. The re-
sults demonstrated that the plasticity of root system
contributes to the differences between barley genotypes
in tolerance to low-P availability. L138, a DH line with
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high low-P tolerance is characterized by enhanced
growth of lateral root and increased root-shoot transport
of Pi under low-P condition. The candidate genes associ-
ated with low-P tolerance, encoding isoflavone reduc-
tase, nitrate reductase for lateral growth and the DEGs
encoding PHO1, SPX-MFS for P mobility within plants
were identified for their contribution to the low-P toler-
ance in L138 which is derived from a cross of Tibetan
wild and cultivated barley.

Methods

Plant materials and growth condition

A barley double haploid (DH) population with 103 lines
derived from a cross between Tibetan wild barley X26
and ZD9 was used for mapping and QTL analyses. The
DH population was developed through microspore
(anther) culture, and 2485 SNPs markers had been ob-
tained. X26, a Tibetan wild barley accession showed
higher adaption to abiotic stresses [64], and ZD9 is a
cultivar planted locally. The seeds of X26 and ZD9 were
obtained from Huazhong Agricultural University and
Zhejiang University, China, respectively.

The seeds of all the DH lines were sterilized with
3%H,0, for 30 min and rinsed with running water three
times, thereafter transferred into sand bed. After
germination, 7-day seedlings were transplanted into a
hydroponic solution prepared in distilled water containing
200 uM  KpSO4, 300 M MgSO,7H,0, 100puM  Nadl,
300 uM Mg(NO3),-6H,0, 900 pM Ca(NO3),4H,0, 600 pM
KNO3, 50 uM Fe(II)-EDTA-Na, 0.8 uM Na,MoO,42H,0,
0.7uM ZnCl2, 0.8 uM CuSO45H,0, 2uM H,BO; with
pH 6.0. In the first week, the plants were grown in the solu-
tion containing 50 uM KH,PO,. In the following three
weeks, plants were split into two regimes, 5 uM KH,PO,
for low-P treatment and 50 pM KH,POy, for control. In an
experiment of screening the two extreme lines, low-P
starvation was conducted for 7 days (shorter duration) and
for 14 days (longer duration). Plants were grown in a
greenhouse with natural light, and a temperature of 20/
15 °C day/night at Zijingang Campus, Zhejiang University,
Hangzhou, China.

Root and nutrient analyses

The fresh roots were collected and separated into sem-
inal roots and crown roots. Seminal roots emerge from
scutellar node and crown roots emerge from coleoptilar
or tillering nodes. Thus mesocotyl was used to separate
seminal roots and crown roots. All roots consist of axile
roots and lateral roots, which are initiated from the
division of pericycle and endodermis cells. All the roots
were scanned by EPSON (v.700), and thereby analyzed
using WinRHIZO (version 5.0). The length of total roots
was calculated from the photos obtained by a scanner,
and the length of axile rootswas measured by ruler.



Long et al. BMC Plant Biology (2019) 19:341

Additionally, the harvested plants were rinsed with
distilled water and separated into roots and shoots for
dry weight and nutrient analyses. After being dried in an
oven at 75°C for 48 h, the samples were digested in a
mixture of concentrated nitric and perchloric acids. P
concentration in the diluted solution was determined
using an inductively coupled plasma-optical emission
spectrometer (ICP-OES) (iCAP 6000 series, Thermo
Fisher scientific, USA) according to the equipment oper-
ation manual.

RNA isolation, library construction, sequencing and data
processing

The roots of the two DH lines L138 and L73, which
showed the significant difference in low-P tolerance was
sampled at 7 days and 14 days after low-P treatment for
transcriptomic profiling with three biological replicates
for each sample. Total RNA was isolated according to
the manual of miRNeasy mini kit (QIAGEN, Germany).
RNA abundances and purity was determined by Agilent
2100 Bioanalyzer (Agilent Tecnologies, Santa Clara, CA,
USA) and NanoDrop to meet the requirements. Mag-
netic beads with Oligo (dT) were used to isolate mRNA
from total RNA. After fragmentation, cDNA was synthe-
sized using the mRNA fragments as templates. Short
fragments were purified and resolved for end reparation
and single nucleotide adenine addition. Connected with
adapters, DNA fragments were selectively amplified and
enriched. During the quality control steps, Agilent 2100
Bioanaylzer (Agilent Technologies, Santa Clara CA,
USA) and Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) were used in quantification and
qualification of the 24 sample libraries. Afterwards, PCR
products were loaded into Illumina HiSeq™ 2000
(Ilumina) for sequencing. The raw reads were trimmed
by removing empty reads, adaptor sequences and low
quality bases at the 3" end to obtain the clean data. All
the qualified reads were mapped to the barley reference
genome and the reference gene set (IPK, 160517_Hv_
IBSC_PGSB_r1_CDS_HighConf REPR_annotation.fasta).

Identification of the differentially expression genes and
quantitative RT-PCR analyses

Gene expression levels were calculated using FPKM
(fragments per kilo-base of exon per million fragments
mapped reads) method [65]. The difference in expres-
sion between control and treatment was analyzed by the
DESeq R package (1.10.1) [66]. Differentially expressed
genes (DEGs) were required to have >2-fold change and
p <0.05. The isolated RNA for transcriptomic profiling
was used for quantitative RT- PCR assays to confirm the
reliability for RNA-seq data. Total RNA was used as a
template for reverse transcription after being treated
with DNase. First strand ¢cDNA was synthesized with
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oligo dT and Random 6 mers in a 20 pl reaction. Quanti-
tative RT- PCR was performed on a CFX96 system ma-
chine (Bio-Rad, USA) as described by Zeng et al. (2014).
The relative expression was calculated according to the
comparative CT method [67] (Schmittgen and Livak,
2008). To normalize the gene expression, the amplification
of HVACTIN sequence was used as housekeeping reference.
The gene specific primers were designed using primer-blast
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). All the
primers were listed in Additional file 5: Table S1.

Statistical analyses

The significance of difference between the barley geno-
types or treatments in physiological traits was examined
using SPSS software, followed by the Tukey test. The dif-
ference at P <0.05 and 0.01 is thought as significant and
highly significant, respectively. For the target trait, the
average phenotypic of six replicates for each line was
calculated for further QTL mapping. The genetic linkage
map of X26/ZD9 DH population was constructed using
2485 SNP markers by software JoinMap 4 and QTLs
were analyzed using software MapQTL 6.0. Interval
mapping (IM) was performed firstly, and then the closest
marker with highest Logarithm of the odds (LOD) score
was set as a cofactor to test the multiple QTL model
(MQM). A threshold LOD>2 was used to confirm the
presence of a QTL in the IM and MQM analyses [68].

Additional files

Additional file 1: Figure S1. Quantitative real-time PCR validation of 5
differentially expressed genes (DEGs) detected in L138 and L73 with low-P
stress. Transcript levels of (a) PHO1-3, (b) ARF2, (c) SPX-MFST, (d) SPX-MFS2,
(e) sugar transporter 7 and the corresponding expression data of RNA-Seq
are displayed by the columns and lines, respectively. (f) Comparison
between the relative expressions (fold changes) obtained from RNA-Seq
data and gPCR. (PPTX 399 kb)

Additional file 2: Figure S2. Hierarchical cluster (a) and gene functional
categories analyses (b) of low-P tolerance related DEGs. (PPTX 54 kb)

Additional file 3: Figure S3. Hierarchical cluster analyses of nitrate
transcporter1/peptide transporter (NRT1/PTR) identified in differentially
expressed genes (DEGs). (PPTX 491 kb)

Additional file 4: Figure S4. The hypothetic pathways underlying low-P
tolerant mechanisms in L138. ABA, Abscisic Acid; ARF, Auxin
Responsefactor; LPR, Low Phosphate Root; PDR, Phosphate Deficiency
Response; PHF, Phosphate Transporter Traffic Facilitator; PHO, Phosphate;
PHR, Phosphate Starvation Response; PHT, Phosphate Transporter; PstB,
Phosphate Import ATP-Binding Protein; SCR, Scarecrow; SPX, SYG1/
PHO81/XPR1; SPX-MFS, SYG1/PHO81/XPR1-Major Facilitator Superfamily;
TIR, Transport Inhibitor Response (PPTX 25 kb)

Additional file 5: Table S1. Primes used in quantitative Real-time PCR.
(PPTX 22 kb)

Abbreviations

ARF2: Auxin response factor 2; ARP6: Actin-related protein 6; bHLH: Basic
helix-loop-helix protein; DEG: Differentially expressed genes; EXS: ERD1/XPR1/
SYGT; FPKM: Fragments per kilo-base of exon per million fragments mapped
reads; IFR: Isoflavone reductase; MFS: Major facilitator superfamily;

MYB: Myeloblastosis; NIA: Nitrate reductase 1; NLP: NIN-like protein; NRT1/


http://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://doi.org/10.1186/s12870-019-1949-x
https://doi.org/10.1186/s12870-019-1949-x
https://doi.org/10.1186/s12870-019-1949-x
https://doi.org/10.1186/s12870-019-1949-x
https://doi.org/10.1186/s12870-019-1949-x

Long et al. BMC Plant Biology (2019) 19:341

PTR (NPF): Nitrate or di/tri-peptide transporters; PHF1: Phosphate transporter
traffic facilitator1; PHO1: Phosphate; PHR1: Phosphate starvation response 1;
PHT: Phosphate transporter; PSTOL1: Phosphorus-starvation tolerance 1;
Pup1: Phosphorus uptake 1; RDW: Root dry weight; RL: Root length;

SDW: Shoot dry weight; SPX: SYG1/Pho81/XPR1; ZAT: Zinc finger of
Arabidopsis

Acknowledgements

We are grateful to Dr. Dezhi Wu for his valuable suggestion when
conceiving the study. We also thank Prof. Dongfa Sun (Huazhong Agricultral
University, China) for providing seeds of Tibetan wild barley and Dr. Jiming
Xu for elemental analyses.

Authors’ contributions

LL and GZ conceived and designed the research. LL, XM, LY, JZ and GC
performed the experiments and data analyses. LL wrote the article and GZ
revised the manuscript. All authors read and approved the manuscript.

Funding

We deeply thank Natural Science Foundation of China (31801366,
31620103912), China Agriculture Research System (CARS-05) and Jiangsu
Collaborative Innovation Center for Modern Crop Production (JCIC-MCP) for
their financial supports to this research, including experimental
implementation, sampling and data analysis.

Availability of data and materials

The datasets generated and analyzed during the current study, and the plant
materials used in the presenting study are available from the corresponding
author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 4 May 2019 Accepted: 29 July 2019
Published online: 05 August 2019

References

1. Wu P, Shou H, Xu G, Lian X. Improvement of phosphorus efficiency in rice
on the basis of understanding phosphate signaling and homeostasis. Curr
Opin Plant Biol. 2013;16:205-12.

2. Carlos CV, Fulgencio AC, June SW, Luis HE. Maize under phosphate limitation.
Handbook of Maize: Its Biology. New York: Springer; 2009. p. 381-404.

3. RenP, Meng VY, LiB MaX SiE Lai Y, Wang J, Yao L, Yang K, Shang X, Wang
H. Molecular mechanisms of acclimatization to phosphorus starvation and
recovery underlying full-length transcriptome profiling in barley (Hordeurn
vulgare L) front. Plant Sci. 2018;9:500.

4. Yamaji N, Takemoto Y, Miyaji T, Mitani-Ueno N, Yoshida KT, Ma JF. Reducing
phosphorus accumulation in rice grains with an impaired transporter in the
node. Nature. 2016;541:92-5.

5. Syers JK, Johnston AE, Curtin D. Efficiency of soil and fertilizer phosphorus
use. FAO Fertilizer Plant Nutr Bull. 2008;18:1-4.

6. Vance CP, Uhde-Stone C, Allan DL. Phosphorus acquisition and use:critical
adaptations by plants for securing a nonrenewable resource. New Phytol.
2003;157:423-47.

7. Bisson C, Adams NB, Stevenson B, Brindley AA, Polyviou D, Bibby TS, Baker
PJ, Hunter CN, Hitchcock A. The molecular basis of phosphite and
hypophosphite recognition by ABC-transporters. Nat Commun. 2017;8:1746.

8. Hawkesford M, Horst W, Kichey T, Lambers H, Schjoerring J,
SkrumsagerMeller |, White P. Chapter 6: functions of macronutrients. In:
Marschner P, editor. Marschner's mineral nutrition of higher plants. 3rd ed.
London: Academic Press; 2012. p. 135-89.

9. Shen J, Yuan L, Zhang J, Li H, Bai Z, Chen X, Zhang W, Zhang F. Phosphorus
dynamics: from soil to plant. Plant Physiol. 2011;156:997-1005.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

Page 12 of 13

Heuer S, Gaxiola R, Schilling R, Herrera-Estrella L, Lopez-Arredondo D,
Wissuwa M, Delhaize E, Rouached H. Improving phosphorus use efficiency:
a complex trait with emerging opportunities. Plant J. 2017,90(5):868-85.

Gu M, Chen A, Sun S, Xu G. Complex regulation of plant phosphate
transporters and the gap between molecular mechanisms and practical
application: what is missing? Mol Plant. 2016,9:396-416.

Ai P, Sun S, Zhao J, Fan X, Xin W, Guo Q, Yu L, Shen Q, Wu P, Miller AJ, Xu
G. Two rice phosphate transporters, OsPht1;2 and OsPht1;6, have different
functions and kinetic properties in uptake and translocation. Plant J. 2009;
57:798-809.

Guo B, Jin Y, Wussler C, Blancaflor E.B, Motes CM,, Versaw WK. Functional
analysis of the Arabidopsis PHT4 family of intracellular phosphate
transporters. New Phytol 2008;177:889-898.

Versaw WK, Harrison MJ. A chloroplast phosphate transporter, PHT2;1,
influences allocation of phosphate within the plant and phosphate-
starvation responses. Plant Cell. 2002;14:1751-66.

Zhao LM, Versaw WK, Liu JY, Harrison MJ. A phosphate transporter from
Medicago truncatula is expressed in the photosynthetic tissues of the plant
and located in the chloroplast envelop. New Phytol. 2003;157:291-302.
Arpat AB, Magliano P, Wege S, Rouached H, Stefanovic A, Poirier Y.
Functional expression of PHO1 to the Golgi and trans-Golgi network and its
role in export of inorganic phosphate. Plant J. 2012;71:479-91.

Stefanovic A, Arpat AB, Bligny R, Gout E, Vidoudez C, Bensimon M, Poirier Y.
Over-expression of PHOT in Arabidopsis leaves reveals its role in mediating
phosphate efflux. Plant J. 2011,66:689-99.

Wege S, Khan GA, Jung JY, Vogiatzaki E, Pradervand S, Aller |, Meyer AJ, Poirier Y.
The EXS domain of PHOT1 participates in the response of shoots to phosphate
deficiency via a root-to-shoot signal. Plant Physiol. 2015;170:385-400.

Wang C, Huang W, Ying Y, Li S, Secco D, Tyerman S, Whelan J, Shou H.
Functional characterization of the rice SPX-MFS family reveals a key role of
OsSPX-MFST in controlling phosphate homeostasis in leaves. New Phytol.
2012;196:139-48.

Wang C, Yue W, Ying Y, Wang S, Secco D, Liu Y, Whelan J, Tyerman SD,
Shou H. Rice SPX-major facility superfamily3, a vacuolar phosphate efflux
transporter, is involved in maintaining phosphate homeostasis in rice. Plant
Physiol. 2015;169:2822-31.

Lin SI, Santi C, Jobet E, Lacut E, El Kholti N, Karlowski WM, Verdeil JL, Breitler
JC, Périn C, Ko SS, Guiderdoni E, Chiou TJ, Echeverria M. Complex regulation
of two target genes encoding SPX-MFS proteins by rice miR827 in response
to phosphate starvation. Plant Cell Physiol. 2010;,51:2119-31.

Chiou TJ, Aung K, Lin SI, Wu CC, Chiang SF, Su CL. Regulation of phosphate
homeostasis by microRNA in Arabidopsis. Plant Cell. 2006;18:412-21.

Fujii H, Chiou TJ, Lin SI, Aung K, Zhu JK. A miRNA involved in phosphate-
starvation response in Arabidopsis. Curr Biol. 2005;15:2038-43.

Lin SI, Chiang SF, Lin WY, Chen JW, Tseng CY, Wu PC, Chiou TJ. Regulatory
network of microRNA399 and PHO2 by systemic signaling. Plant Physiol.
2008;147:732-46.

Bari R, Pant BD, Stitt M, Scheible WR. PHO2, microRNA399, and PHR1 define
a phosphate-signaling pathway in plants. Plant Physiol. 2006;141:988-99.
Gonzdlez E, Solano R, Rubio V, Leyva A, Paz-Ares J. PHOSPHATE TRAN
SPORTER TRAFFIC FACILITATORT is a plantspecific SEC12-related protein that
enables the endoplasmic reticulum exit of a high-affinity phosphate
transporter in Arabidopsis. Plant Cell. 2005;17:3500-12.

Chiou TJ, Lin SI. Signaling network in sensing phosphate availability in
plants. Annu Rev Plant Biol. 2011;3:21-34.

Shi T, Li R, Zhao Z, Ding G, Long Y, Meng J, Xu F, Shi L. QTL for yield traits
and their association with functional genes in response to phosphorus
deficiency in Brassica napus. PLoS One. 2013;8:254559.

Zhang G, Wang X, Wang B, Tian Y, Li M, Nie Y, Peng Q, Wang Z. Fine
mapping a major QTL for kernel number per row under different
phosphorus regimes in maize (Zea mays L.). Theor Appl Genet. 2013;126:
1545-53.

Zhang K, Wang J, Zhang L, Rong C, Zhao F, Peng T, Li H, Cheng D, Liu X,
Qin H, Zhang A, Tong Y, Wang D. Association analysis of genomic loci
important for grain weight control in elite common wheat varieties
cultivated with variable water and fertiliser supply. PLoS One. 2013;8:
e57853.

Lynch JP. Root phenes that reduce the metabolic costs of soil exploration:
opportunities for 21st century agriculture. Plant Cell Environ. 2015;38:1775-84.
Nevo E, Chen G. Drought and salt tolerances in wild relatives for wheat and
barley improvement. Plant Cell Environ. 2010;33:670-85.



Long et al. BMC Plant Biology

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

(2019) 19:341

Dai F, Nevo E, Wu DZ, Comadran J, Zhou MX, Qiu L, Chen ZH, Beiles A,
Chen GX, Zhang GP. Tibet is one of the centers of domestication of
cultivated barley. Proc Natl Acad Sci U S A. 2012;109:16969-73.

Cai S, Wu D, Jabeen Z, Huang Y, Huang Y, Zhang G. Genome-wide
association analysis of aluminum tolerance in cultivated and Tibetan wild
barley. PLoS One. 2013;8:e69776.

Quan X, Zeng J, Ye L, Chen G, Han Z, Shah JM, Zhang G. Transcriptome
profiling analysis for two Tibetan wild barley genotypes in responses to low
nitrogen. BMC Plant Biol. 2016;16:30.

Wu DZ, Shen QF, Cai SG, Chen ZH, Dai F, Zhang GP. lonomic responses and
correlations between elements and metabolites under salt stress in wild
and cultivated barley. Plant Cell Physiol. 2013;54:1976-88.

Zhao J, Sun H, Dai HX, Zhang GP, Wu FB. Difference in response to drought
stress among Tibet wild barley genotypes. Euphytica. 2010;172:395-403.
Nadira UA, Ahmed IM, Zeng J, Wu F, Zhang G. Identification of the
differentially accumulated proteins associated with low phosphorus
tolerance in a Tibetan wild barley accession. J Plant Physiol. 2016;198:10-22.
Zeng J, He X, Wu D, Zhu B, Cai S, Nadira UA, Jabeen Z, Zhang G.
Comparative transcriptome profiling of two Tibetan wild barley genotypes
in responses to low potassium. PLoS One. 2014;9:2100567.

Niu YF, Chai RS, Jin GL, Wang H, Tang CX, Zhang YS. Responses of root
architecture development to low phosphorus availability: a review. Ann Bot.
2013;112:391-408.

Gong X, McDonald G. QTL mapping of root traits in phosphorus-deficient
soils reveals important genomic regions for improving NDVI and grain yield
in barley. Theor Appl Genet. 2017;130:1-18.

Gong X, Wheeler R, Bovill WD, McDonald GK. QTL mapping of grain yield
and phosphorus efficiency in barley in a Mediterranean-like environment.
Theor Appl Genet. 2016;129:1657-72.

Wang X, Chen Y, Thomas CL, Ding G, Xu P, Shi D, Grandke F, Jin K, Cai H,
Xu F, Yi B. BroadleyMR, Shi L. Genetic variants associated with the root
system architecture of oilseed rape (Brassica napus L) under contrasting
phosphate supply. DNA Res. 2017,24:407-17.

Sandhu N, Anitha Raman K, Torres RO, Audebert A, Dardou A, Kumar A,
Henry A. Rice root architectural plasticity traits and genetic regions for
adaptability to variable cultivation and stress conditions. Plant Physiol. 2016;
171:2562-76.

Gruber BD, Giehl RFH, Friedel S, von Wirén N. Plasticity of the Arabidopsis
root system under nutrient deficiencies. Plant Physiol. 2013;163:161-79.

Zhu J, Kaeppler SM, Lynch JP. Mapping of QTLs for lateral root branching
and length in maize (Zea mays L) under differential phosphorus supply.
Theor Appl Genet. 2005;111:688-95.

Wissuwa M, Yano M, Ae N. Mapping of QTLs for phosphorus-deficiency
tolerance in rice (Oryza sativa L.). Theor Appl Genet. 1998,97:777-83.
Wissuwa M, Wegner J, Ae N, Yano M. Substitution mapping of Pup!: a
major QTL increasing phosphorus uptake of rice from a phosphorus-
deficient soil. Theor Appl Genet. 2002;105:890-7.

Chin JH, Gamuyao R, Dalid C, Bustamam M, Prasetiyono J, Moeljopawiro

S, Wissuwa M, Heuer S. Developing rice with high yield under
phosphorus deficiency: Pup1 sequence to application. Plant Physiol.
2011;156:1202-16.

Chin JH, Lu X, Haefele SM, Gamuyao R, Ismail A, Wissuwa M, Heuer S.

Development and application of gene-based markers for the major rice QTL

Phosphorus uptake 1. Theor Appl Genet. 2010;120:1073-86.

Heuer S, Lu X, Chin JH, Tanaka JP, Kanamori H, Matsumoto T, De Leon T,
Ulat VJ, Ismail AM, Yano M, Wissuwa M. Comparative sequence analyses of
the major quantitative trait locus phosphorus uptake 1 (PupT) reveal a
complex genetic structure. Plant Biotechnol J. 2009;7:456-71.

Gamuyao R, Chin JH, Pariasca-Tanaka J, Pesaresi P, Catausan S, Dalid C,
Slamet-Loedin |, Tecson-Mendoza EM, Wissuwa M, Heuer S. The protein
kinase Pstol1 from traditional rice confers tolerance of phosphorus
deficiency. Nature. 2012;488:535-9.

Cheng Q, Li N, Dong L, Zhang D, Fan S, Jiang L, Wang X, Xu P, Zhang S.
Overexpression of soybean Isoflavone reductase (GmIFR) enhances
resistance to Phytophthora sojae in soybean. Front Plant Sci. 2015;6:1024.
Ripodas C, Via VD, Aguilar OD, Zanetti ME, Blanco FA. Knock-down of a
member of the isoflavone reductase gene family impairs plant growth and
nodulation in Phaseolus vulgaris. Plant Physiol Bioch. 2013,68:81-9.

Kim SG, Kim ST, Wang YM, Kim SK, Lee CH, Kim KK. Overexpression of rice
isoflavone reductase-like gene (OsIRL) confers tolerance to reactive oxygen
species. Physiol Plant. 2010;138:1-9.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 13 of 13

Naeem M, Khan MMA. Phosphorus ameliorates crop productivity,
photosynthesis, nitrate reductase activity and nutrient accumulation in
coffee senna (Senna occidentalis L) under phosphorus-deficient soil. J Plant
Interact. 2009;4:145-53.

Jing JY, Rui YK, Zhang FS, Rengel Z, Shen JB. Localized application of
phosphorus and ammonium improves growth of maize seedlings by
stimulating root proliferation and rhizosphere acidification. Field Crop Res.
2010;119:355-64.

Liu J, An X, Cheng L, Chen F, Bao J, Yuan L, Zhang F, Mi G. Auxin transport
in maize roots in response to localized nitrate supply. Ann Bot. 2010;106:
1019-26.

Hu B, Jiang Z, Wang W, Qiu Y, Zhang Z, Liu Y, Li A, Gao X, Liu L, Qian Y, et
al. Nitrate-NRT1.1B-SPX4 cascade integrates nitrogen and phosphorus
signalling networks in plants. Nat Plants. 2019;5(4):401.

Gu R, Chen F, Long L, Cai H, Liu Z, Yang J, Wang L, Li H, Li J, Liu W, Mi G,
Zhang F, Yuan L. Enhancing phosphorus uptake efficiency through QTL-
based selection for root system architecture in maize. J Genet Genomics.
2016;43:663-72.

Wissuwa M. How do plants achieve tolerance to phosphorus deficiency?
Small causes with big effects. Plant Physiol. 2003;133:1947-58.

Byrne SL, Foito A, Hedley PE, Morris JA, Stewart D, Barth S. Early response
mechanisms of perennial ryegrass (Lolium perenne) to phosphorus
deficiency. Ann Bot. 2011;107:243-54.

Gaude N, Nakamura Y, Scheible W-R, Ohta H, Dormann P. Phospholipase C5
(NPC5) is involved in galactolipid accumulation during phosphate limitation
in leaves of Arabidopsis. Plant J. 2008;56:28-39.

Shen Q, Yu J, Fu L, Wu L, Dai F, Jiang L, Wu D, Zhang G. lonomic,
metabolomic and proteomic analyses reveal molecular mechanisms of root
adaption to salt stress in Tibetan wild barley. Plant Physiol Biochem. 2018;
123:319-30.

Robinson MD, Oshlack A. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biol. 2010;11(3):R25.
Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26:139-40.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative
CT method. Nat Protoc. 2008;3:1101-8.

Ye L, Huang Y, Hu H, Dai F, Zhang G. Identification of QTLs associated with
haze active proteins in barley. Euphytica. 2015;205:799-807.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Phenotypic variation among the lines of X26/ZD9 DH population
	Growth response of DH lines to low-P stress
	Transcriptomes of the two DH lines under low-P condition
	Co-localization of DEGs in QTL region

	Discussion
	Root plasticity and low-P tolerance
	Pi transport and P efficiency

	Conclusion
	Methods
	Plant materials and growth condition
	Root and nutrient analyses
	RNA isolation, library construction, sequencing and data processing
	Identification of the differentially expression genes and quantitative RT-PCR analyses
	Statistical analyses

	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

