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Abstract: Pre-harvest sprouting (PHS) constrains wheat production worldwide by reducing both
wheat grain yield and end-use quality. TaPHS1 on wheat chromosome 3AS and TaMKK3-A on
chromosome 4AL are two cloned genes with major effects on PHS resistance and they are independent
from grain color (GC). In this study, we used marker-assisted backcrossing (MAB) to introgress
TuPHS1 and TaMKK3-A from two PHS resistant sources— Tutoumai A’ and ‘AUS1408'—into a
sprouting-susceptible white wheat line, NW975186. Progeny were tested in four environments to
investigate individual and combined effects of those two genes. TaPHS1 significantly reduced PHS
and its effect on PHS varied with environments and gene sources. In contrast, the TaMKK3-A gene
also significantly reduced PHS but its effectiveness was influenced by environments. The two genes
had additive effects on PHS resistance, indicating pyramiding those two quantitative trait lici (QTLs)
could increase PHS resistance. The additive effects were greater in a mild environment, such as a
greenhouse, than in a dry and hot environment during maturation.
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1. Introduction

Pre-harvest sprouting (PHS), the germination of physiologically matured grains before harvesting,
has been a major problem that causes significant reduction in grain yield and end-use quality in
wheat (Triticum aestivum L.) [1-3]. PHS resistance is a complex trait controlled by several major
quantitative trait loci (QTLs) and many minor QTLs. QTLs for PHS resistance have been reported
on almost all wheat chromosomes, among which causal genes for the non-grain color (GC) related
QTLs on chromosome 3AS (QPhs.ocs-3A.1) and 4AL (Phsl) have been cloned and designated as
TaPHS1 [4,5] and TaMKK3-A [6], respectively. TaPHS1, annotated as a MOTHER OF FLOWERING
TIME (TaMFT)-like gene, is the causal gene of a major PHS resistance QTL identified in hard white
wheat cultivar Rio Blanco [5,7] and positively regulates wheat PHS resistance. Three single nucleotide
polymorphisms (SNPs) have been associated with its PHS resistance. One SNP in the promoter region
(—222) increases seed dormancy at low temperatures during seed development [4]. Two other SNPs in
the gene-coding region (+646, +666) decrease seed dormancy by generating a mis-splicing site and a
premature stop codon, respectively, to form a truncated nonfunctional transcript and thus increase PHS
susceptibility [5]. Further, these mutations in TaPHS1 might be involved in wheat domestication [8]
to meet the need of prompt and uniform germination in wheat production. Another major gene
TaMKK3-A [6], previously designated as Phsl, on chromosome arm 4AL for both PHS resistance and
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seed dormancy was reported in both white and red wheat [2,9-16]. A mitogen-activated protein kinase
kinase 3 (MKKS3) has been cloned as the candidate gene [6]. A single SNP that causes a nonsynonymous
amino acid substitution in the kinase domain was reported to be the functional SNP in the gene [6].
To avoid confusion between TaPHS1 and Phs1, we use TaPHS1 for the gene on 3AS and TaMKK3-A for
the gene on 4AS hereafter. Although several other QTLs have been reported to be associated with PHS
resistance [17-19], only TaPHS1 and TaMKK3-A have been cloned and validated to show major effects
in multiple backgrounds [4-6,15].

MFT has been considered a negative regulator of ABA sensitivity for seed germination in
Arabidopsis [20] and TaPHS1 is proposed as a messenger that coordinates performance between
tissues in seed germination [4]. Similarly, protein kinases play critical roles in signal transduction
pathways and MKK genes are important in protein phosphorylation in ABA signaling [6]. However,
the mechanisms by which TaPHS1 and TaMKK3-A interact to regulate seed dormancy and PHS
resistance is still unknown. The objective of the current study was to investigate the individual and
combined genetic effects of the two genes by transferring TaPHS1 and TuMKK3-A individually or
together into a white PHS-susceptible wheat line using marker-assisted backcross (MAB) and testing
the progeny in different environments.

2. Materials and Methods

2.1. Plant Materials and PHS Evaluation

‘Tutoumai A’ is a Chinese landrace [12] and ‘AUS1408’ is a spring wheat accession from South
Africa. Both are white-grained wheat and have been used as PHS-resistant parents to map the PHS
resistance QTL (TaMKK3-A) on chromosome 4A [12]. Although the 3A QTL was not detected in those
studies, both accessions carried the TaPHS1 resistance allele when they were assayed with the TaPHS1
gene marker [8]. Therefore, Tutoumai A and AUS1408 were used as the donors for both TaPHS1 and
TaMKK3-A. NW975186, a PHS-susceptible hard white winter wheat breeding line developed by the
USA Department of Agriculture-Agricultural Research Service at the Lincoln, NE, USA was used as
the common recurrent parent. The backcross procedure is described in Figure S1. In brief, Tutoumai
A and AUS1408 were crossed to NW975186, respectively, to obtain (Tutoumai A x NW975186) F1
and (AUS1408 x NW975186) F1. Their F1 plants were backcrossed to NW975186 twice to develop
BC2F1 plants. The double heterozygous plants for both genes in the BC1F1 plants and BC2F1 plants
were selected using two gene markers in the TaPHS1 coding region [8] and one SNP tightly linked
to TiMKK3-A [21] (Table S2). The selected plants were used for further backcrossing or generation
advancement. At least 10 heterozygous plants at both gene loci were identified among the BC2F1's
in each cross. The selected BC2F1 plants were selfed to generate the double homozygous BC2F2 and
BC2F3 lines (Figure S1), which were used to evaluate germination rate. The TaMKK3-A gene marker
was used to confirm the genotype carrying the 4A QTL for PHS evaluation [6] (Table S2).

2.2. Pre-Harvest Sprouting Evaluation

In the greenhouse experiments, five plants from each selected BC2F2 and BC2F3 family and
their parental lines were grown in a 13 by 13 cm Dura-pot (Hummert Inc., Topeka, KS, USA)
under the growth conditions listed in Table S1 after vernalization for seven weeks at 6 °C in a cold
chamber. PHS was accessed in the greenhouse experiments of fall August-December 2015 and spring
January-May 2016 in Kansas State University, Manhattan, KS, USA.

The selected BC2F2 and BC2F3 lines and their parental lines were also planted for evaluation of
PHS resistance at the Kansas State University Rocky Ford Wheat Research Farm, Manhattan, KS, USA
and the Agricultural Research Center-Hays, Hays, KS, USA respectively, in summer 2016. Thirty seeds
per line were planted in a 1.22-m-long single-row plot with three replications.

When wheat plants reached physiological maturity (Zadoks scale 91) [22], spikes that lost
green color [23] were harvested from both greenhouse and field experiments and evaluated for
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PHS in the laboratory. Five spikes per accession were air-dried for 5 days in a greenhouse and then
stored at —20 °C to maintain dormancy for PHS evaluation. After all accessions had been collected,
the greenhouse-harvested spikes were air-dried 9 days and field-harvested spikes for 5 days at room
temperature, which were determined based on preliminary test to maximize phenotypic differences
among genotypes. After the dried spikes had been immersed in de-ionized water for 12 h, they were
enclosed in a moist chamber at 22 £+ 1 °C with an attached humidifier that ran twice daily for 2 h
each time to maintain high moisture in the chamber. After 7 days of incubation, the spikes were
hand-threshed and germinated and non-germinated kernels were counted separately to calculate the
percentage of germinated kernels for each accession [7].

2.3. Statistical Analysis

Four-way analysis of variance (ANOVA) was conducted using PROC GLM procedure in SAS
9.3 (SAS institute Inc., Cary, NC, USA) with environment, gene source and genotypes of TaPHS1 and
TauMKK3-A as fixed effects. Environments referred to the four experiments and gene sources referred to
the two donors, Tutoumai A and AUS1408. Only homozygous genotypes of the TaPHS1 and TaMKK3-A
genes were phenotyped, with lower-case letters for PHS-susceptible alleles and upper-case letters
for PHS-resistant alleles. Least-squared means were compared using the F-protected least significant
difference at a level of 0.05.

3. Results

3.1. Description of Selected Backcrossing Progenies

Among the 42 double homozygous BC2F2 lines from the cross of NW975186 x Tutoumai A
(N/T), seven were the AABB genotype, where ‘A’ represents the PHS-resistance allele of TaPHS1 and
‘B’ represents the PHS-resistance allele of TaMKK3-A, 11 lines were AAbb genotype, 15 lines were
aaBB genotype and nine lines were aabb genotype, where ‘a’ represents the PHS-susceptibility allele
of TaPHS1 and ‘b’ represents the PHS-susceptibility allele of TaMKK3-A. Among the 44 BC2F2 lines
from the cross of NW975186 x AUS1408 (N/A), 18 lines were AABB genotype, nine lines were AAbb
genotype, 11 lines were aaBB genotype and six lines were aabb genotype.

In each backcross population, the germination rate of the parents was similar to the extreme
germination rates in the selected progenies (Table 1), indicating the lack of transgressive segregation
and that Tutoumai A or AUS1408 contributed all the PHS resistance alleles in those crosses. In each
experiment, the mean germination rates were similar between the two backcrossing populations.
The highest mean germination rates of 68.7% and 58.1% were observed in the N/T and N/A
populations, respectively, in the spring greenhouse experiment, while the lowest mean germination
rates of 34.2% and 34.8% were observed in the N/T and N/A populations, respectively, in the
Manhattan field experiment. In general, the greenhouse experiments had larger standard deviation
in germination rates than the field experiments, indicating that the growing environments greatly
influence the expression of those PHS resistance genes (Table 1).
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Table 1. Summary of germination rates of NW975186, Tutoumai A, AUS1408 and their selected
backcross progenies in the 2015 fall and 2016 spring greenhouse experiments (GH_Fall and GH_Spring)
and in the 2016 Manhattan and Hays, KS, field experiments.

Population Statistics/Parents GH_Fall GH_Spring Field_ MH Field_Hays

Mean 0.44 0.69 0.34 0.51
Selected BCoF Standard Deviation 0.21 0.23 0.17 0.16

*;Ie\? /eT 2 Range 0.07-0.92 0.24-0.99 0.08-0.82 0.23-0.81
° cross NW975186 0.82 0.98 0.67 0.91
Tutoumai A 0.03 0.15 0.21 0.10
Mean 0.43 0.58 0.35 0.50
Standard Deviation 0.19 0.20 0.15 0.17

S?f\?;e: BCFy Range 0.08-0.80 0.29-0.96 0.05-0.69 0.10-0.77
0 cross NW975186 0.74 0.86 0.67 0.66
AUS1408 0.10 0.17 0.00 0.07

t Selected double homozygous BC,F, were used to evaluate germination rate in the 2015 fall greenhouse experiment
(GH_Fall), BC,F; in the 2016 spring greenhouse experiment (GH_Spring) and BC,F, in the 2016 Manhattan (MH)
and Hays field experiments. N/T and N/A represent crosses of NW975186 x Tutoumai A and NW975186 x
AUS1408, respectively.

3.2. Effects of TaPHS1 and TaMKK3-A Genes on PHS Resistance in the Greenhouse and Field Experiments

Overall ANOVA revealed that environments, gene sources and genotypes (TaPHS1 and
TaMKK3-A) could explain 56.4% of the phenotypic variance for PHS resistance. Environment and
genotype main effects, as well as environment by TaPHS1, environment by TaMKK3-A and environment
by gene source by TaPHS]1 interactions had significant effects on PHS resistance (Table 2). Therefore,
the main effect of TaPHS1 from each donor need to be investigated under different environments,
whereas the effect of TaMKK3-A could be estimated in the four environments without considering the
sources of the donors.

Table 2. Overall analysis of variance (ANOVA) of germination rates of the selected backcross progenies
of NW975186/Tutoumai A and NW975186/AUS1408 in the 2015 fall and 2016 spring greenhouse
experiments and in the 2016 Manhattan and Hays, KS, field experiments.

Source * Degree of Type Il Sum Mean square F-Value Pr>F
Freedom Square

Env 3 0.972 0.972 52.72 <0001 *

GeneS 1 0.021 0.021 0.94 0.3324

Env * GeneS 3 0.017 0.017 0.94 0.4224

TaPHS1 1 1.839 1.839 84.01 <0001 *

Env * TaPHS1 3 0.238 0.238 6.40 0.0003 *

GeneS * TaPHS1 1 0.006 0.006 0.27 0.6039

Env * GeneS * TaPHS1 3 0.252 0.252 4.99 0.0021 *

TaMKK3-A 1 1.591 1.591 72.66 <0001 *

Env * TaiMKK3-A 3 0.315 0.315 5.19 0.0016 *
GeneS * TiMKK3-A 1 0.072 0.072 3.31 0.0699

Env * GeneS * TaMKK3-A 3 0.000 0.000 0.02 0.9953
TaPHS1 * TaMKK3-A 1 0.079 0.079 3.63 0.0578
Env * TaPHS1 * TaMKK3-A 3 0.002 0.002 0.56 0.644
GeneS * TaPHS1 * TaMKK3-A 1 0.011 0.011 0.51 0.476
Env * GeneS * TaPHS1 * TaMKK3-A 3 0.107 0.036 1.63 0.182

Error 312 6.83 0.02 - -

 Env = environment, GeneS = gene source. " Significant effects at the level of 0.05.

Overall effects of TaPHS1 from Tutoumai A were significant on PHS resistance in the spring
and fall greenhouse experiments with 29.4% and 22.5% reduction in germination rates, respectively
(Figure 1). However, the effects of TaPHS1 from AUS1408 were significant in the spring greenhouse
experiment and both Manhattan and Hays field experiments had 26.5%, 14.4% and 18.7% reduction
in germination rates, respectively (Figure 1). When the phenotypic data were compared between
the genotypes with the contrasting alleles at TaPHS1 (AAbb and aabb), Tutoumai A reduced 23.4,
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26.5 and 8.3% germination rates in the fall and spring greenhouse and Manhattan field experiments,
respectively. The significant reduction for TaPHS1 from AUS1408 was 29.0, 8.7 and 15.4% in the spring
greenhouse and Manhattan and Hays field experiments, respectively. TaMKK3-A from Tutoumai A
showed significant overall effects on PHS resistance in the spring (21.4%) and fall greenhouse (26.7%)
experiments and Manhattan (12.5%) and Hays (9.3%) field experiments and TaMKK3-A from AUS1408
showed significant reduction in germination rate in the spring (16.2%) and fall greenhouse (19.1%) and
Manhattan field (6.7%) experiments (Figure 2). When the phenotypic data were compared between the
genotypes with the contrasting alleles at TaPHS1 (aaBB and aabb), the resistance allele from Tutoumai
A reduced 27.6, 18.5 and 14.0% germination rates in the fall and spring greenhouse and Manhattan
field experiments, respectively, whereas the significant reduction for TaPHS1 from AUS1408 was 7.8
and 18.7% for the fall and spring greenhouse experiments, respectively (Table 3).

B TaPHS1_AA(AUS)

B TaPHS1_aa(AUS)
0.9 NTaPHS1_AA(TTM)
08 - 9 @ TaPHS1_aa(TTM)
0.7 -
0.6
0.5 -
0.4
0.3
0.2
0.1

LS means of germination rate

GH_Fall GH_Spring Manhattan
Experiments

Figure 1. Effects of TaPHS1 gene from AUS1408 and Tutoumai A on germination rates evaluated
in the 2015 fall and 2016 spring greenhouse experiments (GH_Fall and GH_Spring) and in the 2016
Manhattan and Hays, KS, field experiments. * Significant differences between least square means of
germination rate at p < 0.05.

@ TaMKK_BB(AUS)
s TaMKK_BB(TTM)
BTaMKK_bb(AUS)
@ TaMKK_bb(TTM)

0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

LS means of germination rate

GH_Fall GH_Spring Manhattan Hays
Environment

Figure 2. Effects of TaMKK3-A gene on germination rates evaluated in the 2015 fall and 2016
spring greenhouse experiments (GH_Fall and GH_Spring) and in the 2016 Manhattan and Hays,
KS, field experiments. * Significant differences between least square means of germination rate between
combined groups (indicated by black horizontal lines above the bars) at p < 0.05.
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Table 3. Combined genetic effects of TaPHS1 and TaMKK3-A genes from Tutoumai A and AUS1408 in
both greenhouse and field experiments in Manhattan (MH) and Hays, KS.

Population Genotype GH_Fall GH_Spring 2016 MH 2016 Hays

AABB 0.192 att 0.399 2 0.2532 04212

Selected BC,Fn AADbDb 0.450 b 0.642b 0.3632 0.5892
of N/T cross t aaBB 0.408 P 0.722b 0.306 @ 0.494 2
aabb 0.684 ¢ 0.907 ¢ 0.4462 05112

AABB 0.2882 0.4352 0.2432 0.404 2

Selected BC,Fn AADbDb 0.591° 0.5712b 0.367 @ 0.472 ab
of N/A cross * aaBB 0.460 b 0.674b 0.444 b 0.623b
aabb 0.538b 0.861b 0.454 b 0.626 P

t Selected homozygous BCoF, were used to evaluate germination rate in the 2015 fall greenhouse experiment
(GH_Fall), BC,F3 in the 2016 spring greenhouse experiment (GH_Spring) and BC,F; in the 2016 Manhattan
(2016MH) and Hays (2016Hays), KS, field experiments. 't Comparisons were made between genotypes within each
gene source and each experiment and different letters indicate statistical difference at the significant level of 0.05.

3.3. Combined Genetic Effects of TaPHS1 and TaMKK3-A

The combined effects of TuPHS1 and TaMKK3-A varied with different gene sources across
environments. In the N/T population, the combined effect was significant in the greenhouse
experiments but not in the field experiments. In the greenhouse experiments, adding either of the
resistance genes (AA or BB) significantly reduced germination rates given a certain genotype of another
gene and a more reduction in germination rate was observed when a wheat line carried both resistance
genes compared to a line with only a single gene (Table 3). In the N/A population, the combined
effect was significant in all the experiments. Adding the TaMKK3-A gene alone did not significantly
decrease germination rate in all the experiments and adding the TaPHS1 gene only significantly
decreased germination rate in the fall greenhouse experiment with the presence of resistance allele of
TaMKK3-A (Table 3). The effect of combining TaPHS1 with TaMKK3-A on PHS resistance was larger in
the greenhouse experiments than in the field experiments, suggesting that the greenhouse conditions
were more favorable to the expression of both genes in this study.

4. Discussion

PHS resistance is a complex trait that is not only controlled by seed dormancy (SD) [17,24] but
also affected by GC [1,25], spike morphology, as well as environmental factors such as temperature,
moisture and photoperiod after flowering [26,27]. In this study, we were able to study the combined
genetic effects and gene-by-environment interactions between TaPHS1 and TaMKK3-A from different
genetic backgrounds using gene markers, the results provided more comprehensive understanding
of those gene effects than previous studies [28,29]. In addition, we used all white-grained wheat
lines as experimental materials, which excluded GC effect on PHS resistance. We demonstrated
that both cloned genes, TaPHS1 and TaMKK3-A, for PHS resistance showed significant interactions
with the environments (Table 2). On average, larger individual and combined effects of the two
genes were detected in the greenhouse than in the field. This observation was possibly due to
the fact that the plants had an extended maturation period under greenhouse conditions where
temperature is less variable than in summer field experiments. In addition, TaMKK3-A showed a larger
effect in the fall greenhouse experiment than in other experiments (Figure 2), suggesting that lower
temperature might up-regulate the expression of 4A QTL [30]. However, TaPHS1 was more effective
on reducing germination rate for plants grown in the spring greenhouse where temperature for wheat
seed development was higher than the fall greenhouse (Figure 1), which was contradictory to the
previous result that low temperature during seed development increased TaPHS1 expression level [4].
Other environmental factors such as humidity, photoperiod or light quality might also contribute to
such a discrepancy, because the TaPHS1 gene is likely to respond to those environmental factors as
FT-like and TFL1-like genes did in other species [3,4,31,32]. TaPHS1 and TaMKK3-A demonstrated
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various effects on germination rates (Figures 1 and 2) in the two field experiments where they had
similar temperatures but different precipitations, indicating that humidity might also play an important
role in affecting those gene expressions. The epistatic effects between TaPHS1 and TaMKK3-A on PHS
resistance was only marginally significant (p = 0.058) across experiments. It remains to be determined
if the epistasis play important roles in the PHS resistance regulatory pathways.

Significant effects of environment-by-gene source of TaPHS1 was observed in this study. In the fall
greenhouse experiment, TaPHS1 from Tutoumai A significantly reduced germination rates, whereas
TaPHS1 from AUS1408 did not (Table 3) although they carry identical sequence. However, the result
was opposite in the two field experiments. Considering other minor QTLs might be present in the two
sources, it is likely that TaPHS1 might have interacted with other QTLs in both Tutoumai A background
and AUS1408 background.

TaPHS1 and TaMKK3-A are the two major genes cloned for PHS resistance. This study showed that
one gene may not provide adequate protection from PHS in some environments due to the significant
genotype-by-environment interactions. Although the total additive effect of the two genes also varied
with the environments, pyramiding both genes could significantly reduce germination rates in most
environments tested and could be more effective in protecting wheat plants from PHS in regions
with mild climate conditions during maturation (Table 3). Gene markers for TaPHS1 and TaMKK3-A
have been shown to be useful in MAB, thus they can be applied in breeding to select these two genes
to improve PHS resistance. However, in this study, the selected backcrossing progenies with both
resistance genes still showed higher average germination rates than their PHS-resistant donors in most
experiments (Tables 1 and 3), suggesting that other minor genes in both donor parents might also be
important for reducing PHS [33]. Identifying and accumulating natural mutations and the non-grain
color related resistance QTLs with TaPHS1 and TaMKK3-A could greatly enhance the PHS resistance in
white wheat [3,19].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/10/210/s1,
Figure S1: A workflow diagram of the backcrossing project to transfer quantitative trait loci (QTLs) on 3AS and
4AL from Tutoumai A and AUS1408 to NW975186, Table S1: Environmental statistics of 2015 fall and 2016 spring
greenhouse experiments (GH_Fall and GH_Spring) and field experiments conducted in Manhattan (2016MH) and
Hays (2016Hays), KS, USA in 2015-2016 growing season, Table S2: List of KASPar primers used for genotyping
and marker-assisted selection.
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