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Abstract

Phosphorus (P) is one of the most vital nutrient elements in crop output and quality formation. In this study, four biomass,
four P uptake efficiency (PupE), and three P-utilization efficiency (PutE) traits were investigated using a set of recombinant
inbred lines (RILs) derived from a cross of “SN0431x LM21”, under hydroponic culture trials at low P (LP) and normal P
(NP) levels in two different seasons, respectively. A total of 85 QTL were identified on 18 chromosomes except for 1D, 2A,
and 3D. Among them, 36 and 42 QTL were detected under LP and NP, respectively, and seven QTL were simultaneously
detected under LP and NP. Seventeen relatively high-frequency QTL (RHF-QTL) were detected. The average contributions
of 13 major RHF-QTL were over 10.00%. Five important QTL clusters were detected on chromosomes 4D, 5A, and 5B.
Among them, positive linkages were observed between PutE and biomass traits at four QTL clusters, C1, C2, C3, and C6,
showing these loci may be hot spots for genetic control of both phosphorus utilization and biomass accumulation in wheat
seedlings. In addition, correlation analysis indicated that three biomass traits (SDW, RDW, and TDW) should be used as
primary selection indexes for PE at the seedling stage.

Keywords Wheat - Phosphorus efficiency (PE) - Morphological trait - Quantitative trait loci (QTL) - Recombinant inbred
line (RIL)

Abbreviations TDW Total dry weight per plant

QTL Quantitative trait loci RSDW Ratio of root and shoot dry weight

RIL Recombinant inbred line SPC Shoot P-content per plant

RHF-QTL Relatively high-frequency QTL RPC Root P-content per plant

PE Phosphorus efficiency TPC Total P-content per plant

PupE Phosphorus uptake efficiency RSPC Ratio of root and shoot P-content

PutE Phosphorus utilization efficiency SPutE Shoot P-utilization efficiency

SDW Shoot dry weight per plant RPutE Root P-utilization efficiency

RDW Root dry weight per plant TPutE Total P-utilization efficiency
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the past three decades in the North China Plain, where it pro-
duces almost 60-80% of China’s wheat (Triticum aestivum L.)
(Xin et al. 2017). In addition, the P fertilizer use efficiency of
wheat is only approximately 10.7%, which is lower than that
of rice (13.1%) and maize (11.0%) (Ma et al. 2011). High P
inputs and low use efficiency have led to P resource exhaustion
and environmental pollution (Bayuelo-Jiménez et al. 2011;
Dawson and Hilton 2011). Hence, it is necessary and signifi-
cant to excavate the genetic potential of phosphorus efficiency
(PE) in wheat for saving phosphorus resources and protecting
ecological environment (Baker et al. 2015; Vandamme et al.
2016).

PE relates to the ability of wheat to recover P from fertilizer
and soil, which can be attributed to two factors: P uptake effi-
ciency (PupE) and P-utilization efficiency (PutE) (Meng et al.
2014; Siddiqi and Glass 1981). The volume of publications on
the genotypic variation of PE has been widely documented in
wheat (Liao et al. 2008; Malhi et al. 2015; Nisar et al. 2016),
which provide a rich material basis for studying the genetic
basis of PE. Furthermore, PE and associated traits are complex
quantitative traits controlled by multiple genes (Wang et al.
2018). Quantitative trait loci (QTL) mapping is an effective
tool commonly used in studies on the inheritance of quantita-
tive traits. With recent advances in molecular marker technol-
ogy and high-throughput genotyping systems (Gunderson et al.
2005; Syvinen 2005), a number of QTL for PE and related
traits have been published in recent decades (Su et al. 2006;
Ryan et al. 2015), including some relatively high-frequency
QTL (RHF-QTL) and QTL clusters in the same chromosome
regions (Guo et al. 2012; Zhang and Wang 2015). However,
only a few papers have concerned and detected important QTL
clusters containing one or more RHF-QTL and QTL loci that
control both PE and biomass traits (Su et al. 2009; Yuan et al.
2017). Important QTL clusters including stable QTL in several
environments and knowledge regarding the relationship among
PE and biomass traits at QTL level will be crucial to further
understand the effects of P on growth in wheat.

In this study, we used a set of RILs to investigate four
biomass, three PupE, and three PutE traits under low and
normal P concentrations in hydroponic culture across two
continuous growing seasons. The objectives were to detect
QTL with significant contributions to PE and biomass traits,
to find RHF-QTL and important QTL clusters, and to iden-
tify QTL locus controlling both PE and biomass traits at the
seedling stage.

Materials and methods
Plant materials

A total of 176 lines were selected from a set of RILs
derived from a cross “Shannong 0431 (SN0431) X Lumai
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21 (LM21)” (SL-RILs, F,in 2013) by single-seed descent
(SSD). SN0431 is a germplasm developed by our group
using an F’; cross of “Grtpi85504//MI176-77-S29/ALD” from
the International Winter X Spring Wheat Screening Nurs-
ery (IWSWSN), 1994, Cornell University, USA. LM21 is
derived from a cross of “Yanzhong 144/Baofeng 7228 and
released by the Yantai Academy of Agricultural Science of
China in 1996. LM21 has been planted on more than 30
million hectares in the Huang-huai Winter Wheat Region
and the Northern Winter Wheat Region of China. The two
parents have distinct differences in PE and biomass traits at
seedling stage. Specifically, SN0431 is obviously better than
LM21 in four biomass traits, including RDW, SDW, TDW,
and RSDW, four PupE traits, involving SPC, RPC, TPC and
RSPC, and three PutE traits, containing SPutE, RPutE and
TPutE under low and normal P conditions in two different
trials (Table S1).

Experimental design

Two hydroponic culture trials were conducted from Novem-
ber 25 to December 31 in 2013 (Trial 1) and from March
2 to April 6 in 2014 (Trial 2) in the greenhouse at Shan-
dong Agricultural University. The 176 RILs and their par-
ents were grown under LP and NP concentrations in each
trial. Thus, four treatments, LP1, NP1, LP2, and NP2, were
designed (Table 1). Four replications were set up for each
treatment, with two uniform seedlings for each RI line.
A random complete block design was used in the experi-
ments with four replications for each treatment. Modified
nutrient solution (Guo et al. 2012) was used to optimize
wheat growth (Table S2) using Hoagland nutrient solution
(Hoagland and Arnon 1950). The detailed culture methods
were as described in our previous study (Kong et al. 2013).

To obtain more robust seedlings, a 9-h photoperiod was
employed. The temperature, relative humidity and light
intensity information was collected and recorded every
10 min by the ZDR Data Loggers (Zhejiang University
Electric Equipment Factory, China). In Trial 1, the tempera-
ture, relative humidity and light intensity varied from 8.1 to

Table 1 P treatments for the hydroponic culture trials

Years Trials Names Treatments Times P concen-
trations
(mM)
2013 1 NP NP1 1xP 0.2
LP LP1 1/10xP  0.02
2014 2 NP NP2 1xP 0.2
LP LP2 1/10xP  0.02

LP low phosphorus, NP normal phosphorus, NP/ and NP2 normal
phosphorus treatment in trial 1 and trial 2 respectively, LPI and LP2
low phosphorus treatment in trial 1and trial 2 respectively
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30.7 °C, 11.9 to 69.7% and 0.0 to 47.8 klux, respectively,
and the average values were 16.0 °C, 49.4%, and 4.1 klux,
respectively. In Trial 2, the temperature, relative humidity
and light intensity changed from 8.0 °C to 36.8 °C, 5.0 to
82.9% and 0.0 to 50.4 klux, respectively, and the mean val-
ues were 19.8 °C, 33.4%, and 6.3 klux, respectively. Sam-
ples have been taken when the seedlings have grown to four
leaves and one heart, corresponding to 14 and 20 for BBCH.
Because of the huge quantity of work for the measurement
of P concentrations, all the individual plants of each line for
the four replications in the same P concentration treatment
were harvested together as one mixed sample and separated
into two parts: root and shoot. Then, all the samples were
oven-dried at 60 °C for 72 h to constant mass.

Trait measurement

Four biomass traits (SDW, RDW, TDW, and RSDW),
four PupE traits (SPC, RPC, TPC, and RSPC) and three
PutE traits (SPutE, RPutE, and TPutE) were investigated.
The mixed samples of the same P treatment were used to
measure the shoot dry weight per plant (SDW) and root dry
weight per plant (RDW). After that, we milled all the plant
samples. Dried tissue samples were digested using concen-
trated H,SO, and H,0O, until the mixture was clear. The
P-contents for the shoots or roots of each plant (SPC and
RPC) were measured using a UV/VIS spectrometer (Perki-
nElmer Lambda 25, USA), and the colorimetric wavelength
was 450 nm. A summary of the trait measurement and cal-
culation (Guo et al. 2012; Siddiqi and Glass 1981) for all 11
traits is listed in Table 2.

Data analysis

SPSS 18.0 software (SPSS Inc., Chicago, IL, USA) was
employed to conduct analyses of variance (ANOVA), the

least significant difference (LSD) test, and Spearman’s corre-
lation coefficients () between different traits. In a no-repeat
trial design, a two-factor model was adequate for ANOVA.
All factors, including RILs (n— 1) degrees of freedom,
treatments (¢ — 1), and random error [(n—1) (t—1)], were
considered sources of random effects. Multiple comparison
tests for the traits between “treatments” were calculated by
considering all the RILs as replicates and using the mean
value of the same P condition for each trait. The variance of
P conditions was excluded when the broad-sense heritability
(h3) was estimated according to the formula /3= 0’28/(0'§+ o),
where O’; was the genotypic variance and af was the total
error variance.

A high-density genetic map based on SL-RILs (Gao
2014, Table S3, Fig. S1) was employed in the QTL analy-
sis. The map was constructed with 5916 loci covering all
21 chromosomes. Of these loci, 4530 were unique, and the
other 1386 showed cosegregation with other markers. The
final map spanned a total length of 2929.96 cM across 42
linkage groups, with a marker density of 0.65 cM. Windows
QTL Cartographer 2.5 software (http://statgen.ncsu.edu/
qtlcart/ WQTLCart.htm) was used to perform the QTL map-
ping, and composite-interval mapping (CIM) was selected
to search for QTL of each trait separately for each of two
different environments (LP1, NP1, LP2, and NP2) and for
the average value of the same P level in Trail 1 and Trial 2
(LPAV and NPAV). The CIM analysis was completed using
the standard model (Model 6) with a walk speed of 0.5 cM.
“Forward and backward regression” was used to control
the genetic background. The control marker number and
the blocked window size were 5 and 10 cM. The empirical
LOD thresholds were estimated using 1000 permutations at
p <0.05 (Churchill and Doerge 1994), and the LOD thresh-
old value of different trait—treatment combinations varied
from 3.20 to 4.03. Considering the effects of phosphorus
stress, we defined a RHF-QTL or stable QTL when it was

Table2 Summary of investigated traits and their measurement methods under hydroponic culture trials

Traits Units Methods of measurement

SDW Shoot dry weight per plant mg plant™! Oven-dried and weighted using 1/10000 balances

RDW Root dry weight per plant mg plant™! Oven-dried and weighted using 1/10000 balances

TDW Total dry weight per plant mg plant™! RDW +SDW

RSDW Ratio of root and shoot dry weight - RDW/SDW

SPC Shoot P-content per plant mg plant™! Using a UV/VIS spectrometer (PerkinElmer Lambda

RPC Root P-content per plant mg pl ant™! 25, USA).and the colorimetric wavelength was
450 nm

TPC Total P-content per plant mg plant™! RPC+SPC

RSPC Ratio of root and shoot P-content - RPC/SPC

SPutE Shoot P-utilization efficiency mg (pg mg~")~! SDW/[(SPC x 1000)/SDW]

RPutE Root P-utilization efficiency mg (pg mg™")~! RDW/[(RPC x 1000)/RDW]

TPutE Total P-utilization efficiency mg (ug mg~H~! TDW/[(TPC x 1000)/TDW]
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detected in two or more treatments (1/3 of all six treatments)
for the hydroponic culture trials. We defined a QTL cluster
as three or more traits with significant QTL having overlap-
ping confidence intervals (Gong et al. 2015). We confirmed
the confidence intervals for an RHF-QTL or a QTL clus-
ter by meta-QTL analysis using Biomercator 2.0 software
and used AIC =4 (model 4) in the step Meta-analysis 2/2
(http://www.genoplante.com).

Results

Phenotypic variation and the effects of low P input
on seedling traits

The female parent of the RILs, SN 0431, was obviously
superior to the male parent LM21 in all 11 investigated
traits in different treatments (Table S1). For the RIL pop-
ulation, transgressive segregation was observed for all 44
trait—treatment combinations. The coefficients of varia-
tion (CVs; CV =SD/Average X 100%) ranged from 11.93
(RSDW in LP1) to 71.29% (TPutE in LP1). All 11 traits
in each trait—treatment combination exhibited a continuous
distribution.

The results of ANOVA showed that the variance for either
genotype or treatment effects on all tested traits was sig-
nificant at p <0.001 (Table S4), indicating that the genetic
background and different P treatments were both important
in explaining the overall phenotypic variations. The 43 for
the targeted traits changed from 58.21 (RSDW in Trial 2) to
90.43% (TDW in Trial 1) (Table S4).

According to the results of the LSD test, the average
values of the 11 seedling traits were in most cases signifi-
cantly different between the LP and NP treatments, except
for RDW in Trial 2 (Table S1). Specifically, there was a
significant trend with the reduction of P concentration in the
nutrient solution going with lower SDW, TDW, SPC, RPC,
and TPC. Nevertheless, as the P concentration decreased,
RSDW, RSPC, RPutE, SPutE, and TPutE increased signifi-
cantly. These results demonstrated that low P input could
intensely inhibit the accumulation of biomass and P element
but enhance the ratio of root and shoot dry weight and the
P-utilization efficiency at the seedling stage.

Correlations between tested traits

Using the average values of four P treatments for each
trait, the Spearman correlation coefficients (r) among the
11 targeted traits were almost all significant (p <0.05) or
extremely significant (p <0.01), except for the r between
RSPC and SDW/TDW, SPutE and RSDW/SPC/TPC, TPutE
and TPC (Table S5). An extremely significant positive cor-
relation was found between three biomass traits (SDW,
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RDW, and TDW) and six PE traits (SPC, RPC, TPC, SPutE,
RPutE, and TPutE), suggesting that seedling biomass traits
can reflect the capacity of phosphorus absorption and utiliza-
tion in wheat to some extent.

Located QTL

A total of 85 additive QTL for the 11 traits investigated
(108 QTL for trait—treatment combinations) were detected
on 18 chromosomes except for 1D, 2A, and 3D (Table S6,
Fig. S1). A number of 36 and 42 QTL were detected only
under LP and NP conditions, respectively, and seven QTL
were simultaneously found under LP and NP conditions. For
the biomass traits (RDW, SDW, RSDW and TDW), PupE
traits (RPC, SPC, RSPC, and TPC), and PutE traits (RPutE,
SPutE, and TPutE), 34, 30, and 21 QTL were identified,
respectively. An individual QTL explained 6.41% (QSpc-7A
in NP1 treatment) to 19.55% (QRspc-6D in NPAV treatment)
of the phenotypic variation, and the highest LOD value for
single QTL was 10.36 for QSpute-5B.1 in the NPAV treat-
ment. There were 28 QTL that showed positive additive
effects with SN0431 increasing the effects of QTL, whereas
57 QTL had negative additive effects with LM21 increasing
the QTL effects.

RHF-QTL and QTL clusters

A total of 17 RHF-QTL were detected for 9 traits (except
for RDW and RPutE) on chromosomes 1B, 4D, 5A, 5B,
5D, 6A, and 6B (Table 3, Fig.S1), accounting for 37.04%
(40/108 x 100%) of the QTL for trait—treatment combi-
nations. The average contributions ranged from 8.41 to
15.50%. Of these, the average contributions of 13 RHF-
QTL were over 10.00%, indicating that they were major
RHF-QTL. The additive effects of two QTL (QSpc-1B.1
and QRsdw-5D) were positive with increasing QTL effects
from SNO431, whereas the other 15 RHF-QTL were nega-
tive with increasing QTL effects from LM21. Seven RHF-
QTL, QSdw-5B.1, QSdw-5B.4, QTdw-5B.1, QTdw-5B.4,
OSpute-4D, QSpute-5A, and QTpute-4D, were expressed
in both the LP and NP treatments simultaneously, which
implied that these QTL were less affected by different phos-
phorus conditions.

A number of the seven QTL clusters (C1-C7) were
mapped on chromosomes 4D, 5A, and 5B (Table 4, Fig.
S1). These clusters were associated with ten out of 11 traits
investigated (without RSPC) and involved 44.44% of the
QTL (48/108 x 100%) for trait—environment combinations.
In particular, 12 RHF-QTL were detected in five QTL clus-
ters (C1, C2, C3, C6, and C7), which were considered to be
important QTL clusters.
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Table 3 Relatively high-frequency QTL (RHF-QTL) detected in two or more treatments under hydroponic culture trials
Traits QTL Treatments Marker interval Additive effects R* (%)
Max Min Average Max  Min Average
SDW QSdw-4D LP1, LP2, LPAV D-1124727-D-1108531 -3.16 —-44 -3.78 11.13 8.39 9.76
QSdw-5B.1 LPAV, NPAV §-2283173-D-3031624 -3.65 -46 —4.13 12.6 8.52 10.56
QSdw-5B.4 LPAV, NPAV D-100091085-D-100010859 —3.16 —3.7 —-343 8.41 8.41 8.41
RSDW  QRsdw-5D NP2, NPAV D-1218894-D-1243224 0.01 0.01 0.01 1143 11.01 11.22
TDW OTdw-5A NP2, NPAV D-1282770-D-1117080 -5.7 -6.54 -6.12 14.71 11.08 129
QTdw-5B.1 NP2, LPAV, NPAV D-3023523-D-3020625 -473 —-6.86 —5.62 17.7 6.76 11.73
QTdw-5B.4 LPAV, NPAV D-100091085-D-3033994 -398 —-434 -4.16 9.47 8.65 9.06
RPC ORpc-6A NP2, NPAV S-2310594-D-1859763 -0.01 -0.01 -0.01 10.01 7.87 8.94
SPC OSpc-1B.1 NP2, NPAV D-1258454-D-1110478 0.07 0.04 0.06 11.33 894 10.14
RSPC  QORspc-6D NP2, NPAV D-100003132-D-1676641 -0.01 -0.01 -0.01 19.55 1145 155
TPC QTpc-5B NP2, NPAV D-1065599-D-1107756 -0.05 -0.07 -0.06 11.65 1021 1093
SPutE  QSpute-4D LP1, NP2, LPAV,NPAV  D-1124727-D-1108531 -0.55 -0.71 -0.63 12.79 8.38 10.59
QOSpute-5A NP2, NP1, LPAV, NPAV  D-1282770-S-1127707 -0.56 -0.72 -0.63 15.49 8.5 11.77
QSpute-5B.1 NP2, NPAV S-2283173-D-100082275 -0.58 -0.75 -0.67 17.93 995 1394
TPwtE  QTpute-4D LP1, NP2 D-1124727-D-1108531 -0.64 -09 -0.77 15.1 8.58 11.84
QTpute-5A.2 NP1, NPAV D-100041125-S-1127707 -0.58 -0.66 —0.62 12.86 8.4 10.63
QTpute-5B.1 NP2, NPAV S-2283173-D-100082275 -065 -0.84 -0.75 16.99 9.56 13.28

NP1 and NP2 normal phosphorus treatment in trial 1 and trial 2 respectively, LP1 and LP2 low phosphorus treatment in trial 1and trial 2 respec-
tively, NPAV the average value of normal phosphorus level in trial 1 and trial 2, LPAV the average value of low phosphorus level in trail 1 and

trail 2

Discussion

Effects of LP and preliminary evaluation index of PE
at wheat seedling stage

In the present study, the LP treatment significantly
reduced SDW, TDW, SPC, RPC, and TPC but prominently
increased RSDW, RSPC, RPutE, SPutE, and TPutE com-
pared with the NP treatments. This result demonstrated
that the LP treatment can inhibit the growth of biomass
and the PupE, whereas it can promote more nutrient trans-
port in roots than in shoots and result in higher P efficient
utilization in wheat seedlings. It is in accordance with that
nutrient cycling between roots and shoots is significantly
regulated by nutrient supply levels (L6pez-Bucio et al.
2003; Schachtman et al. 1998).

In the present study, we found that the r values between
three biomass traits (SDW, RDW, and TDW) and six PE
traits (SPC, RPC, TPC, SPutE, RPutE, and TPutE) were
all significantly positive, indicating that the higher the
biomass, the higher the PupE and PutE at the seedling
stage. Thus, the three biomass traits (SDW, RDW, and
TDW) could be used as the primary morphological indexes
for the evaluation of PE at seedling stage avoiding testing
P-content of all germplasm, so as to improve the screening
efficiency of wheat phosphorus efficient germplasm.

QTL locations for PE and related traits

In recent decades, some studies of QTL location for wheat
morphological and PE-related traits have been detected and
mapped on all 21 chromosomes. Most of the QTL have been
identified under conditions of P deficiency and adequacy in
hydroponic culture trial (Guo et al. 2012; Zhang and Wang
2015), pot trials (Ryan et al. 2015; Su et al. 2006), and field
trials (Su et al. 2009).

In the present study, we found 85 additive QTL for 11
biomass- and PE-associated traits under low and normal
P conditions. Some similar QTL have been mapped in the
same or adjacent marker regions compared with previous
QTL mapping results. We located a QTL for RPC in the
marker interval wPt-672089-wPt-667155 on chromosome
1A, and a QTL for thousand-kernel weight using WY popu-
lations was co-located in the region (Cui et al. 2014). In this
study, a QTL for RSPC was detected in the marker inter-
val wPt-6156-S-1093076 on chromosome 7B, and a QTL
for grain number per spike (Yuan et al. 2017) and a QTL
for shoot potassium concentration (Guo et al. 2012) were
co-located in this region. However, because of the distinct
component markers and different genetic backgrounds, most
of the QTL in this study were linked with new markers.

Different P input levels can greatly affect the expression
of the QTL for PE and biomass traits (Zhang and Wang
2015). Of all the 85 QTL under different P concentrations,

@ Springer



522

Cereal Research Communications (2020) 48:517-524

Table 4 QTL clusters for more than three traits at seedling stages

Codes Chromo- Marker intervals No. of QTL QTL Treatments Additive effects R* (%)
somes
Cl1 4D D-1124727-D-1108531 5 QSdw LP1, LP2, LPAV —3.78 9.76
QTdw LPAV —-4.11 9.91
ORsdw LPAV 0.01 9.74
QOSpute LP1,NP2,NPAV, LPAV -0.63 10.59
QTpute LP1,NP2 -0.77 11.84
Cc2 S5A D-1282770-5-985909 5 OSdw NPAV —4.383 13.80
QTdw NP2, NPAV —6.54 11.08
QOSpute NP1, NP2, LPAV, NPAV —-0.63 11.77
QTpute.l NP2 —-0.84 15.62
ORpute.2 NPAV -0.12 13.65
C3 5B-1 S§-2283173-D-100082275 5 OSdw.1 NPAYV, LPAV —4.60 12.60
QTdw.1 NP2, NPAV, LPAV —-5.27 6.76
ORpute.2 NPAV -0.17 11.22
QOSpute.1 NP2, NPAV —0.58 9.95
QTpute.l NP2, NPAV —-0.65 9.56
C4 5B-1 S-2259846-D-2322388 4 OSdw.2 NP1 —-5.96 15.63
QTdw.2 NP1 —-6.99 16.08
QOSpute.2 NP1 -0.92 16.18
QTpute.2 NP1 —-0.99 14.49
C5 5B-2 D-1078595-D-1249528 3 QTdw.3 LP2 —5.44 10.26
QOSpute.3 LP2 -1.01 10.32
QTpute.3 LP2 -1.31 12.26
C6 5B-2 D-100091085-D-3033994 5 QORdw.2 LPAV —0.56 7.39
QOSdw 4 NPAYV, LPAV —-5.96 15.63
QTdw.4 NPAV, LPAV —4.34 8.65
QOSpute.4 NPAV —-0.42 6.73
QTpute4 NPAV —-0.48 6.57
C7 5B-2 wPt-666268-S-1036667 3 ORpc.2 NP2 —0.01 8.10
OSpc.4 NPAV —-0.04 11.26
QTpc NP2, NPAV -0.07 10.21

36 (42.35%) and 42 (49.41%) QTL were detected specifi-
cally under LP and NP treatment(s), respectively. Among
them, one RHF-QTL, QSdw-4D,was expressed under all LP
treatments (LP1, LP2, and LPAV), and nine RHF-QTL were
identified under two NP treatments (Table 3 and Table S6).
Only seven RHF-QTL (QSdw-5B.1, QSdw-5B.4, QTdw-
5B.1, QTdw-5B.4, QSpute-4D, QSpute-5A, and QTpute-4D)
could function under both LP and NP conditions (Table 3
and Table S6), and their appearance was less affected by
different P supply levels. Similar results have been found in
previous studies as well (Gong et al. 2015; Guo et al. 2012;
Kong et al. 2013).

Important QTL cluster

Some QTL clusters for P-related traits have been mapped in
the same genomic regions of wheat seedlings. For instance,
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Su et al. (2006) found three QTL clusters for tiller num-
ber per plant, shoot dry weight, shoot P uptake, and shoot
P-utilization efficiency on chromosomes 4B, 5A, and 5D,
respectively. Guo et al. (2012) mapped 26 QTL clusters for
six morphological and 18 nutrient (N, P, K) efficiency traits
on 13 chromosomes. Zhang and Wang (2015) identified 18
QTL clusters for 12 seedling traits that were mapped on 12
chromosomes under P-normal and P-deficient conditions.
However, many QTL are only expressed in a given or a few
environments. In this study, we found seven QTL clusters.
Of these, C4 and C5 on chromosome 5B were only detected
in the NP1 and LP2 treatments, respectively; the other five
QTL clusters (C1, C2, C3, C6, and C7) included 12 RHF-
QTL, which were important QTL clusters (Table 4, Fig. S1).
They were discussed as follows.

Cluster C1 on chromosome 4D involved five QTL with
contributions ranging from 9.74% to 11.84%. Of these, three
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QTL (QSdw-4D, QSpute-4D, and QTpute-4D) were RHF-
QTL. Expect for QRsdw-4D, four QTL were negative with
increasing QTL effects that came from LM21, showing a
favorable relationship between biomass traits (SDW and
TDW) and PutE traits (SPutE and TPutE). This outcome
illuminated that the biomass traits and PutE can be improved
simultaneously at the seedling stage in wheat. The markers
in the region (D-1124727 and D-1108531) may be valuable
for further studies of the intrinsic regulatory mechanisms
that controlling both PutE and biomass traits.

Cluster C2 on chromosome 5A comprised five QTL with
contributions ranging from 11.08% (QTdw-5A) to 15.62%
(QTpute-5A.1), indicating that all five QTL were major
QTL. Among them, two QTL (QTdw-5A and QSpute-5A)
were RHF-QTL. The LM6 alleles increased all five QTL
effects, showing a favorable relationship between biomass
traits (SDW and TDW) and PutE traits (SPutE, RPutE,
and TPutE). In addition, the seven markers D-1282770,
§-985909, D-1117080, D-100041125, D-1011689, S-
2292335, and S-1127707 should be probably useful for
lucubrating the interaction mechanism between PutE and
biomass traits at the genomic level.

Three important clusters, C3, C6, and C7, were detected
on chromosome 5B. C3 included five QTL with contribu-
tions ranging from 6.76 (QTdw-5B.1) to 12.60% (QSdw-
5B.1). Four QTL (QSdw-5B.1, QTdw-5B.1, QSpute-5B.1 and
QTpute-5B.1) were RHF-QTL. LM21 alleles increased all
five QTL, showing a favorable relationship between biomass
traits (SDW and TDW) and PutE traits (RPutE, SPutE, and
TPutE). Cluster C6 also involved five QTL with R? values
different from 6.57 (QTpute.4) to 15.63% (QSdw-5B.4), and
two QTL were RHF-QTL (QSdw-5B.4 and QTdw-5B.4). The
LMG6 alleles also increased all five QTL effects, showing
a favorable relationship between the three biomass traits
(RDW, SDVW, and TDW) and two PutE traits (SPutE and
TPutE). The above outcomes indicated that five markers in
C3 (8-2283173, D-100082275, D-3031624, D-3023523,
and D-3020625) and three markers in C6 (D-100091085,
D-100010859, and D-3033994) provided reference infor-
mation for in-depth study of key locus controlling PutE and
biomass traits. Cluster C7 comprised three QTL for PupE
traits (RPC, SPC, and TPC) with contributions ranging from
8.10% (QRpc-5B.2) to 11.26% (QSpc-5B.4), and QTpc-5B
was RHF-QTL. The additive effect of all three QTL came
from LM6, demonstrating the positive relationship between
the three PupE traits.

The seedling stage is an important period of wheat
growth and development. In this study, detected 17 RHF-
QTL and five important QTL clusters controlling PE of
wheat seedlings. Of these, 13 RHF-QTL were the main QTL
with contributions over 10.00%, which probably contrib-
ute to improve PE by biotechnological means in the future.
Some RHF-QTL detected at seedling stage also could be

constitutively expressed loci throughout plant growth and
development. For example, we found five QTL clusters
simultaneously for seedling and maturity traits, and a clus-
ter on 4B (C5) including four RHF-QTLs with high con-
tributions of 13.96-41.06% in previous study (Yuan et al.
2017). Similarly, Kong et al. (2013) found 13 QTL clusters
simultaneously for potassium (K) efficiency traits at seed-
ling and maturity stage. On the other hand, we also have to
recognize that detecting the QTLs for PE at maturity stage
are more sense for efficient phosphorus breeding. There-
fore, it is necessary to further testing and finding out major
QTL regulating PE of mature period in wheat, and the key
QTL for controlling PE needs fine mapping and functional
verification, in order to provide effective marker-assisted
selection basis.
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