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Abstract

To introduce new genetic diversity into the bread wheat gene pool from its progenitor, Aegi-

lops tauschii (Coss.) Schmalh, 33 primary synthetic hexaploid wheat genotypes (SYN) were

crossed to 20 spring bread wheat (BW) cultivars at the International Wheat and Maize

Improvement Center. Modified single seed descent was used to develop 97 populations with

50 individuals per population using first back-cross, biparental, and three-way crosses. Indi-

viduals from each cross were selected for short stature, early heading, flowering and matu-

rity, minimal lodging, and free threshing. Yield trials were conducted under irrigated, drought,

and heat-stress conditions from 2011 to 2014 in Ciudad Obregon, Mexico. Genomic esti-

mated breeding values (GEBVs) of parents and synthetic derived lines (SDLs) were esti-

mated using a genomic best linear unbiased prediction (GBLUP) model with markers in each

trial. In each environment, there were SDLs that had higher GEBVs than their recurrent BW

parent for yield. The GEBVs of BW parents for yield ranged from -0.32 in heat to 1.40 in irri-

gated trials. The range of the SYN parent GEBVs for yield was from -2.69 in the irrigated to

0.26 in the heat trials and were mostly negative across environments. The contribution of the

SYN parents to improved grain yield of the SDLs was highest under heat stress, with an aver-

age GEBV for the top 10% of the SDLs of 0.55 while the weighted average GEBV of their cor-

responding recurrent BW parents was 0.26. Using the pedigree-based model, the accuracy

of genomic prediction for yield was 0.42, 0.43, and 0.49 in the drought, heat and irrigated tri-

als, respectively, while for the marker-based model these values were 0.43, 0.44, and 0.55.

The SYN parents introduced novel diversity into the wheat gene pool. Higher GEBVs of prog-

enies were due to introgression and retention of some positive alleles from SYN parents.

Introduction

Domestication and breeding of wheat for many years has increased yield, but recently this

increase has slowed down, in part, due to the reduction of genetic variation in the cultivated

wheat gene pool [1]. Bread wheat (Triticum aestivum L.) originated by natural hybridization
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between durumwheat (Triticum. turgidum L. subsp. durum) and Aegilops tauschii (Coss.)

Schmalh, but this probably only happened one or a few times and involved only a few progeni-

tors. Consequently, potential genetic diversity in durum and Ae. tauschii was not represented

in bread wheat germplasm [1,2]. One approach to introducing new genetic diversity into the

cultivated bread wheat gene pool from wheat progenitors is to develop and use synthetic hexa-

ploid wheat (SYN) in breeding [3]. The SYNs are amphiploids resulting from interspecific

crosses between a diploid Ae. tauschii, donor of the D genome and a modern durum or emmer

wheat (Triticum turgidum L. subsp. dicoccum) wheat donor of the A and B genomes. About

1200 winter and spring habit SYN lines have been developed at the International Maize and

Wheat Improvement Center (CIMMYT) since the 1980s [4]. Using SYNs, considerable genetic

diversity has been captured from the progenitors of bread wheat [3,5]. The practical value of

this diversity can be seen in the resistance to a range of biotic stresses such as Karnal bunt (Til-

letia indica Mitra) [6], stripe rust (Puccinia striiformis f. sp. xtritici) [7], Septoria tritici blotch

(Mycosphaerella graminicola (Fückel.) J. Schröt in Cohn) [8], cereal cyst nematode (Heterodera

avenae Wollenweber) [9] and stem rust (Puccinia graminis Pers.:Pers. f. sp. tritici Eriks. E.

Henn.) [10]. Also, SYNs are a valuable genetic resource for abiotic stress such as drought [11].

Lopes and Reynolds [11] reported that synthetic derived wheat lines (SDLs) increased drought

tolerance which was attributed to traits such as earlier flowering, greater root mass at depth,

greater water extraction capacity, and increasedwater use efficiency at anthesis to produce an

average of 26% higher grain yield than the cultivated wheat parents under terminal drought.

Hence, crossing SYNs to modernwheat cultivars could result in more productive cultivars for

such stress environments. Furthermore, studying yield potential of synthetic backcross-derived

lines (SBLs) in the diverse rain-fed environments of Australia showed that SBLs out-yielded

the best local checks by 8 to 30% [12]. Cooper et al.[13] backcrossed ten elite primary synthet-

ics to two Texas winter wheat cultivars, TAM111 and TAM112, and evaluated SBLs for yield

and yield components. They reported that improved yield in the SBLs was due to an increased

number of heads per unit area and grains per head.

In China, SYN lines have been used in breeding programs and four synthetic derived culti-

vars, Chuanmai 38, Chuanmai 42, Chuanmai 43 and Chuanmai 47 were released and are

widely grown by farmers. Of these, Chuanmai 42 had large kernels, resistance to stripe rust,

and its grain yield was 16.4 to 22.7% higher than the commercial check, Chuanmai 107 [14,15].

Molecular markers can be used to evaluate the diversity within and among germplasms and

to monitor genetic diversity over time [16–18]. Also, molecularmarkers allowmore accurate

prediction of breeding values of genotypes through improved estimates of relatedness and esti-

mation of marker effects[19]. These values can be used in genomic selection (GS) [20] or

marker-assisted recurrent selection (MARS) [21]. Li et al. [15] used simple sequence repeat

(SSR) markers to transfer a quantitative trait locus (QTL) on chromosome 4D from a synthetic

parent, Syn769 to Chuanmai-42. The QTL increased tiller number per plant, number of effec-

tive spikes, grains per square meter, harvest index, and grain yield. The authors reported that

the average increased grain yield due to this QTL was 8.90%. Additionally, Zhang et al. [5]

studied the genetic variation of SYNs and SBLs using SSR markers and concluded that the

novel alleles from SYNs were stably inherited in SBL families and introduced the genetic diver-

sity from Ae. tauschii and durum parents to SBLs. They argued that SYNs and SBLs are valu-

able genetic resources for broadening genetic diversity of wheat breeding germplasm.

The objectives of this study were i) to determine the capability of SYN lines to increase the

genetic diversity of cultivated parents ii) to estimate breeding values of SYN lines and bread

wheat parents under fully irrigated, heat and drought stress environments, and iii) to evaluate

the performance and estimate breeding values of SDLs in fully irrigated, heat and drought

stress environments.
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Materials and Methods

Population development

The populations of SDLs were developed by crossing 20 CIMMYT spring bread wheat (BW)

cultivars to 33 primary SYN lines (S1 Table) using a direct cross (biparental), a first backcross

(BC1) and a three-way cross (TC) in 2008. Plants in the segregating populations were selected

in a shuttle-breeding program alternating betweenYaqui Valley, Ciudad Obregon, north-west-

ernMexico (elevation 38 m, 27°250 N, 109°540 W, 320 mm rainfall) and El Batán in the semi-

arid, subtropical highlands of central Mexico (elevation 2240 m and 19.32°N, 98.51°W, 625

mm rainfall). In the F1 generation, individuals of some crosses were selected to create biparen-

tal families and some of them were crossed to a recurrent BW parent to create BC1 families as

part of routine pre-breeding activities to introgress novel genetic diversity into adapted bread

wheat backgrounds. Others were crossed to another BW parent to develop TC families. The

breeding scheme thereafter was a modified single seed descent in which 50 individual plants

(spikes) per cross were selected in the F2 generation to plant in F3 rows (spike to row). In the F3

generation, a single spike per row was selected for the next generation (50 spikes from 50

rows). In the F4 and BC1F3 generations, rows were bulk harvested separately for the next year.

F4:5 and BC1F3:4 bulks were planted in 3m long by 80cm wide raised beds and irrigated to

increase seed (bed–channel system) and each family had 50 rows. In the early generations,

plants were selected that had semi-dwarf plant height and phenology similar to the adapted

parents and in the later generations (F4:5 and BC1F3:4), lines were selected for lodging resistance

and free threshing. The overall population comprised 97 families with 50 derived F4:5 and

BC1F3:4 lines. The number of lines per family was reduced in the F4:6 and BC1F3:5 due to selec-

tion for basic agronomic type and uniformity and family sizes ranged from 1 to 48 and the

total number of lines was 2080 in the first year yield trials. In the second and third years the

number of families was reduced due to selection for easy threshing, early maturity, plant height,

and lodging resulting in 80 families consisting of 13 BW parents and 30 SYN parents. The SYN

parents were genotyped but were not planted in the field because of the poor agronomic char-

acteristics and lack of threshability.

Field trials

The selected populations were planted in three parallel trials under the fully irrigated,

drought and heat stress conditions at the Norman E. Borlaug Research station (CENEB) in

the Yaqui Valley, Ciudad Obregon, northernMexico (elevation 38 m, 27°250 N, 109°540 W)

in the year 2011–12. This station is located in an arid region with average precipitation of 320

mm, a mean annual temperature of 24°C, and its soil was a Hyposodic Vertisol (Calcaric,

Chromic)[22].

The experimental design, for all trials, was a partially replicated design in which 20 percent

of genotypes had two replicates and the remainder was unreplicated. The number of unique

genotypes including SDLs, BW parents, and checks in irrigated, drought and heat trials was

2052, 1493, and 1463, respectively, and Vorobey and Quaiu were checks in all trials. The pro-

portions of BC and TC SDLs were 92 and 8%, respectively, for drought and heat trials while for

the irrigated trial the BC, biparental, and TC were 68, 27, and 5%, respectively.

The sowing system was bed-channel for the irrigated and heat trials in which each bed

(plot) was 3 m long and had two rows 40cm apart with 40cm between beds. Two beds were

used for each genotype in the irrigated trial while in the heat trial there was one bed per line.

These two trials were fully irrigated. The irrigated trial was planted on December 5th, 2011

while the heat trial was planted on March 23rd, 2012 to coincide with high temperature stress.

Breeding Value of Synthetic Wheat for Grain Yield
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The drought trial was planted on December 8th, 2011 on a flat plot area without beds and irri-

gated twice with a drip irrigation system, once at sowing, and again about 45 days later to

impose post anthesis drought stress. Plots in the drought trial were wider than the bed system

to reduce the relative contribution of plants growing on plot edges and to have a canopy more

like in a farmer’s field in a drought stressed growing region. Each plot was 1.6 m wide, 3 m long

and had 6 rows.

For the second year, 2012–13, the number of lines was decreased based on grain yield in the

irrigated, heat, and drought trials, easy threshing, early maturity, plant height, and lodging.

Consequently, the number of unique genotypes including SDLs, BW parents, and checks were

1057, 1054, and 1045 in the irrigated, drought, and heat trials, respectively. These were planted

in three parallel trials; fully irrigated, drought, and heat stress, respectively. The sizes of beds

and plots were the same as in 2011–12 except for the irrigated trial in which one bed was used

per line. Planting dates of the irrigated and heat trials were November 25th, 2012 and March

8th, 2013. The irrigated and heat trials were irrigated five and six times through gravity flood-

irrigation, respectively. The drought trial was irrigated twice.

In the year 2013–14, the irrigated, drought and heat trials were planted on December 6th,

2013, December 20, 2013, and February 27th, 2014, respectively. The irrigation system and

number of irrigations of trials were the same as the second year. Also, the unique number of

lines in the irrigated, heat and drought trials was 1056, 1056, and 1054, respectively.

Field experimental design for heat and irrigated trials in the years 2012–13 and 2013–14

was alpha lattice with two replicates while for drought trials it was augmented design. The cul-

tivars Vorobey, Navojoa, Roelfs, Reedling and Quaiu were checks in all trials. The BC and bipa-

rental SDLs made up the main part of the population with proportions of 74% and 20%,

respectively, followed by 6% TC populations.

Phenotyping

Each year, plant height (PLH), days to heading (DHE), days to flowering (DFL), days to matu-

rity (DMA), and grain yield (YLD t/ha) were measured in all trials according to Pask et al. [23].

Thousand kernel weight (TKW) and grain filling duration (GFD) were only measured for the

irrigated trial in the year 2011–12 [23].

Phenotypic data analysis. The experimental designs were different for each year and trial

complicating combined analysis of all trials. To correct for within field heterogeneities spatial

analysis was used for each trait/trial combination separately based on row and column orders.

The Genstat software [24] was used for analysis of the general linear mixedmodel by the fol-

lowing equation;

Y¼XβþZRuRþZCuCþε

where Y is the response vector, X is a designmatrix for fixed effects such as overall mean and

genotype effects.ZR is a designmatrix for row effects,ZC is a designmatrix for column effects,

β is a vector for fixed effects,uR and uC are vectors for random row and column effects with

uR e Nð0; s2

R IÞ; and uC e Nð0; s2

C IÞ correspondingly and ε is a residual vector with

ε e Nð0; s2

RRÞ; where R is given by R ¼ Zε½AR1ðrRÞ 
 AR1ðrCÞ�Z
0
ε. AR1(ρR) is an auto-regres-

sive order one correlation matrix for row effects,AR1(ρC) is an auto-regressive order one corre-

lation matrix for column effects and Zε is a designmatrix for row and column combinations.

Consequently, row and column effects were removed in each trial and best linear unbiased esti-

mates (BLUEs) of genotypes were generated for subsequent analysis.

Pearson correlation was used to estimate the phenotype correlation coefficients among envi-

ronments for all traits.
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Genotyping

Genomic DNA was extracted from dried leaves collected from a single plant for each line using

a modifiedCTAB (cetyltrimethylammoniumbromide) method[25]modified as shown in

CIMMYT laboratory protocols [26] and quantified using NanoDrop 8000 spectrophotometer

V 2.1.0. The genotyping of the samples was accomplished using a genotyping-by-sequencing

technique called DArTseq™ developed by DArT Pty. Ltd., Yarralumla, Australia. The detailed

protocol is described in Sehgal et al.[27]. A total of 20,468 genotyping–by–sequencing (GBS)

markers were used for genotyping of 1991 lines. Marker data were filtered for missing data

(< 50%) and minor allele frequency (MAF) (< 1%) for a final number of 10,262 GBSmarkers

selected for subsequent analysis.

Kinship matrices. The genomic relationship matrix,Gmatrix, was generated using 10,262

GBSmarkers. The rrBLUP package in R [28] was used to impute the missing data based on

expectationmaximization (EM) imputation algorithm and generate theGmatrix.

The numerator relationship matrix,Amatrix, was created based on pedigree information

for populations that included 1986 individuals.More specifically, to generate theAmatrix, we

compared the relatedness of parents and different crosses; biparental, BC and TC for SDLs. For

relatedness of SYN lines, f = 0.66 if they had the same durum parents but a different Ae. squar-

rosa parent and f = 0.33 if they had the same Ae. squarrosa parent but a different durum parent.

For some SYN lines f = 1 if they had the same durum and diploid parents. For BW parents,

most of them were unrelated except for two pairs that were identical and f = 1 was used for

them.

The heat map of theGmatrix indicated that there could be some individuals with inconsis-

tencies between the familial relationships given by theAmatrix and the relationships indicated

by theGmatrix. These individuals were designated as outlier individuals and removed from

further study. More specifically, to identify the potential outlier individuals in each family, a

distance matrix was created using imputed marker data. Individuals with a distance larger than

Q3+1.5(IQR), where Inter-Quartile Range (IQR) = Q3−Q1, Q1 is the 25th percentile and Q3 is

the 75th percentile, within each family were considered outliers. Consequently, 144 individuals

belonging to 72 families (from 1 to 7 individuals) were removed from further study. This

resulted in the correlation coefficient between off diagonal elements of A and Gmatrices

increasing from 0.65 to 0.75. Therefore, 1846 genotyped individuals were used for subsequent

analyses.

TheHmatrix is a pedigree-marker relationship matrix that modifies the genetic relation-

ship matrix to combine pedigree-basedrelationship information [29–31]. In this study, theH

matrix was used to combine the pedigree information of 1986 lines with the marker informa-

tion of 1846 lines. The following covariance matrix was used to create theHmatrix;

H¼
A

11
þA

12
A�1

22
ðGw�A

22
ÞA�1

22
A

21
A

12
A�1

22
Gw

GwA
�1

22
A

21
Gw

" #

where the pedigree-basedrelationship matricesA11 and A22 are sub-matrices of Amatrix for

genotyped and non-genotyped individuals, respectively, and A12 or A21 is the covariance

matrix between genotyped and non-genotyped individuals.Gw is the weightedGmatrix,

Gw = w�G + (1-w)�A22,G is the genomic relationship matrix and w is the weight for contribu-

tion ratio of Amatrix or portion of genetic variance that was not explained by markers. The

ranges of w were from 0 to 1 by 0.1 interval,w = 1 represents theGmatrix and w = 0 indicates

Amatrix. In this study different values of w were used to create theHmatrix and w = 0.1 gave

the best overall results in terms of prediction accuracies in the validation data. Hence, w = 0.1
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was used to create theHmatrix, which included 1986 genotyped and non-genotyped

individuals.

Genomic estimated breeding values. The genomic best linear unbiased prediction

(GBLUP) model was used to estimate both variance components and genomic estimated

breeding values (GEBVs). All analyses were executed with the EMMREML package in R soft-

ware [32]. BLUPs were computed using the following univariate mixed model:

y¼XβþZuþ�

where y is a vector of spatially corrected observations of genotyped individuals for the traits of

interest, X is a known designmatrix for fixed effects which comprisedmanagement (Irrigated,

heat, and drought environments) and year, Z is a known designmatrix for random effects

(individuals), β is a vector for non-genetic fixed effects,u is a vector for genetic random effects

or breeding values with u e Nð0; s2

uGÞ; G is the genomic relationship matrix and � is a residual

vector with � e Nð0; s2

e InÞ [33]. Breeding values were then estimated by solving the mixed

model equations. The same model was also fitted by replacing theGmatrix withA andH

matrices.

Cross Validation and Genomic prediction. The 5-fold cross validation was used to quan-

tify the fidelity of genomic prediction of traits for each trial and all trials together [34]. The

accuracy of estimates was based on the correlation between y − Xβ and GEBVs. The marker,

pedigree and pedigree–markermodels were used in the training set based on the GBLUP

method as described above. Also, mean heritability of traits was estimated using s
2
u

s
2
uþ

s
2
e
r

� � in

which s2

u and s
2

e are genetic and error variances, respectively, and r is the number of replicates

for each individual.

Genetic diversity. To measure genetic diversity of BWs, SYNs, SDLs, Nei’s gene diversity,

Hs, was used [35]. There were 8,612 out of 10,262 SNPs, that had chromosome information,

and those were filtered for missing data (NA < 10%) within each group of BWs, SYNs and

SDL populations.

The hierarchical cluster analysis with theWard method and Euclidean distance [36] was

used to classify the BW and SYN parents based on whole genomemarker information, 10,262

SNPs.

Results

Phenotypic analysis

The summary information for traits from each trial and year is presented in Table 1. Means of

the traits in the irrigated trials were similar across the years while means of traits varied widely

in the heat and drought trials. For example, DRO.Y13.14 had the lowest mean value, especially

for YLD (1.054 t/h), HEAT.Y11.12 had the lowest mean values for PLH and YLD and differed

greatly from those in the other two heat trials. This was caused by late planting resulting in

very low yield with some genotypes not producing any grain. For this year, YLD ranged from 0

to 2.40 t/h and PLH ranged from 20 to 70 cm. Thus, it was considered to be an outlier environ-

ment and the data were not used in subsequent analyses (Table 1).

All phenotypic correlation coefficients among environments for PLH and YLDwere signifi-

cant (Table 2). For YLD, correlations within treatments (irrigated, heat or drought) across the

three years ranged from 0.54 to 0.60 for irrigated trials, 0.42 to 0.61 for heat trials, and 0.42 to

0.49 for drought trials while, correlations between different treatments ranged from 0.13 to

0.59. Over all the trials, correlation coefficients for YLD ranged from 0.13 to 0.61 for HEAT.

Y11.12 with IRRI.Y12.13 and HEAT.Y11.12 with HEAT.Y13.14, respectively (Table 2 below
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diagonal). For PLH, correlations within treatments across the three years ranged from 0.68 to

0.78 for irrigated trials, 0.38 to 0.50 for heat trials, and 0.52 for drought trials while, correlations

between different treatments ranged from 0.33 to 0.65. Among treatments, correlations for

PLH ranged from 0.33 to 0.65 for HEAT.Y11.12 with DRO.Y13-14 and IRRI.Y11.12with

DRO.Y12.13, respectively (Table 2 above diagonal).

Phenotypic correlations for DFL (Table 3 below diagonal), DMA (Table 3 above diagonal),

and DHE (Table 4) were significant and ranged from 0.26 to 0.84. For these traits, correlations

between and within trials for the three years were medium to high except for some low correla-

tions observed for DMA betweenHEAT.Y12.13 with IRRI.Y11.12 and HEAT.Y12.13 with

DRO.Y11.12 (Table 3 above diagonal).

The range for TKW for the IRRI.Y11.12 trial was from 40 to 65 gr for SDL populations

while for 13 BW parents the range was from 41 to 54 gr and for the top 10% of the populations

(the top 10% was based on YLD) it was 41 to 58 gr (S2 Table). Sixty seven percent of SDLs had

higher TKW than their corresponding recurrent BW parents. Furthermore, among 26 biparen-

tal families, the TKW mean decreased by -2 to -3.92% for four populations, while it increased

Table 1. Mean and range of traits in different trials in years 2011–14 in Ciudad Obregon, CIMMYT, Mexico.

Trial\Trait DHE DFL DMA PLH (cm) YLD (t/h)

IRRI.Y11.12 - 81a (61–95)b 128 (119–36) 114 (87–150) 6.34 (2.90–8.50)

IRRI.Y12.13 73 (58–93) 78 (63–97) 126 (117–36) 102(82–121) 5.95 (2.78–8.94)

IRRI.Y13.14 75 (65–88) 79 (69–92) 121 (107–33) 102 (86–121) 5.55 (3.18–7.59)

DRO.Y11.12 - 81 (72–99) 117 (104–30) 84 (58–120) 2.42 (1.09–3.56)

DRO.Y12.13 75 (65–87) 78 (66–92) - - 2.30 (1.55–2.95)

DRO.Y13.14 67 (58–79) 69 (60–80) 100 (91–109) 70 (50–96) 1.05 (0.49–1.40)

HEAT.Y11.12 - - - 42 (20–70) 0.57 (0.00–2.40)

HEAT.Y12.13 50 (45–59) - 81 (78–89) 61 (45–75) 1.96 (0.29–3.18)

HEAT.Y13.14 56 (50–66) 59 (54–69) 87 (82–96) 59 (41–89) 2.07 (0.33–3.26)

DHE: Days to heading, DFL: Days to flowering, DMA: Days to maturity, PLH: Plant height, and YLD: Grain Yield t/h. IRRI: Irrigated, DRO: Drought, HEAT:

Heat trials, Y11.12: Year 2011–12, Y12.13: Year 2012–13, and Y13.14: Year 2013–14 (e.g. IRRI.Y11.12: irrigated trial in the year 2011–12).
a; Mean of the trait,
b; Range of the trait.

doi:10.1371/journal.pone.0162860.t001

Table 2. Phenotypic correlations for PLH (above diagonal) and YLD (below diagonal) within and among environments.

Trial/Trait PLH

IRRI.Y11.12 1 0.78* 0.69 0.65 - 0.47 0.43 0.44 0.58

IRRI.Y12.13 0.54 1 0.68 0.55 - 0.41 0.41 0.44 0.56

IRRI.Y13.14 0.60 0.54 1 0.58 - 0.43 0.36 0.39 0.56

DRO.Y11.12 0.36 0.14 0.22 1 - 0.52 0.35 0.39 0.51

DRO.Y12.13 0.39 0.34 0.42 0.48 1 - - - -

DRO.Y13.14 0.27 0.17 0.26 0.42 0.49 1 0.33 0.36 0.51

HEAT.Y11.12 0.35 0.13 0.20 0.33 0.33 0.26 1 0.38 0.45

HEAT.Y12.13 0.45 0.41 0.45 0.38 0.59 0.40 0.42 1 0.50

HEAT.Y13.14 0.38 0.28 0.35 0.31 0.52 0.44 0.61 0.59 1

YLD IRRI. Y11.12 IRRI. Y12.13 IRRI. Y13.14 DRO. Y11.12 DRO. Y12.13 DRO. Y13.14 HEAT. Y11.12 HEAT. Y12.13 HEAT Y13.14

IRRI: Irrigated, DRO: Drought, HEAT: Heat trials, Y11.12: Year 2011–12, Y12.13: Year 2012–13, and Y13.14: Year 2013–14.

*: All correlation coefficients were significant.

doi:10.1371/journal.pone.0162860.t002
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from 0.67 to 24.39% for 22 populations compared to the TKW mean of the BW parents. The

same comparison for 38 BC populations showed that TKW of six populations decreased by–

0.44 to -5.40% while TKW for 32 of them increased from 3.3 to 16.1%. Among the four TC

populations, one had the highest reduction for TKW (-17.9%) but TKW for the other three

populations increased from 6.83 to 12.68% (S2 Table).

The range of GFD was from 48 to 62 days over all genotypes in the IRRI.Y11.12 trial. For

the 13 BW parents it ranged from 49 to 60 days and for the top 10% of the SDL populations it

ranged from 48 to 61 days (S2 Table).

Relationships between TKW and GFD were significantly positive over the all populations

(y = 0.21x + 44; P< 0.001, R2 = 0.17) and for the top 10% of the SDL populations (y = 0.15x

+ 46; P< 0.001, R2 = 0.05) in the IRRI.Y11.12 trial.

Relationships between YLD and GFD were significantly negative over all populations

(y = −0.032x + 8.40; P< 0.001, R2 = 0.02) while it was not significant for the top 10% of the

SDL populations (y = −0.022x + 8.40, R2 = 0.009). Also, significant a negative relationship was

observedbetweenYLD and TKW overall and for the top 10% of the SDL populations

(y = −0.017x + 7.50; P<0.001, R2 = 0.02) and (y = −0.017x + 8; P< 0.05, R2 = 0.08),

respectively.

Clustering of bread wheat and synthetic parents

As expected, the dendrogram of the hierarchal cluster analysis revealed that SYN lines were

more genetically diverse than BW parents (Fig 1). For instance, using an arbitrarily cut off, BW

parents made one group, cluster 1, while SYN lines grouped into five different clusters.

Table 3. Phenotypic correlation for DMA (above diagonal) and DFL (below diagonal) within and among environments.

Trial/Trait DMA

IRRI.Y11.12 1 0.56* 0.56 0.54 - 0.58 0.26 0.40

IRRI.Y12.13 0.70 1 0.58 0.50 - 0.71 0.36 0.59

IRRI.Y13.14 0.73 0.82 1 0.48 - 0.62 0.35 0.41

DRO.Y11.12 0.61 0.51 0.56 1 - 0.62 0.28 0.38

DRO.Y12.13 0.51 0.50 0.52 0.44 1 - - -

DRO.Y13.14 0.75 0.84 0.81 0.57 0.55 1 0.40 0.58

HEAT.Y12.13 - - - - - - 1 0.46

HEAT.Y13.14 0.54 0.72 0.62 0.39 0.36 0.68 - 1

DFL IRRI. Y11.12 IRRI. Y12.13 IRRI.Y13.14 DRO. Y11.12 DRO. Y12.13 DRO. Y13.14 HEAT. Y12.13 HEAT. Y13.14

*: All correlation coefficients were significant.

doi:10.1371/journal.pone.0162860.t003

Table 4. Phenotypic correlation for DHEwithin and among environments.

Trial/Trait DHE

IRRI.Y12.13 1

IRRI.Y13.14 0.82* 1

DRO.Y12.13 0.54 0.59 1

DRO.Y13.14 0.84 0.82 0.62 1

HEAT.Y12.13 0.44 0.42 0.31 0.48 1

HEAT.Y13.14 0.73 0.63 0.41 0.68 0.54 1

*: All correlation coefficients were significant.

doi:10.1371/journal.pone.0162860.t004
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Marker information for A+B and D genomes were used to investigate the genetic diversity

of durum (Fig 2A) and Ae. squarrosa parents (Fig 2B) that were used to develop SYN parents.

Seventeen durum parents were grouped into four clusters. Cluster 1 comprised five unrelated

durum parents. Cluster 2 had only two durum parents CETA and SHAG_22 crossed to AE.

SQUARROSA 239, however the durum parent named SHAG_22 was likely to be CETA.

Fig 1. Dendrogram of the classification of BW parents (Blue color) and SYN lines using theWardmethod
based on polymorphic SNPmarkers.

doi:10.1371/journal.pone.0162860.g001

Fig 2. Heat map for SYN and BWparents based on genome-specific marker information. (A) Clustering of SYN parents using A+B
genomes and (B) D genome, (C) Clustering of BW parents based on whole genome.

doi:10.1371/journal.pone.0162860.g002
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Cluster 3 had two durum parents DOY1 and CETA crossed to AE.SQUARROSA 1187, how-

ever the durum parent named CETA was likely to be DOY1. Cluster 4 comprised 11 unrelated

durum parents (Fig 2A).

Based on D genomemarkers, 28 AE.SQUARROSA parents were grouped into three clus-

ters. Cluster 1 included seven AE.SQUARROSA that were closely related (Fig 2B). Cluster 2

comprised four unrelated AE.SQUARROSA parents. Cluster 3 included 22 AE.SQUARROSA

parents in which some of them were highly related or identical.

Based on whole genomemarker information, most of the BW parents of this study were not

closely related except for two pairs of lines (Fig 2C). For KIRITATI and KIRITATI//PRL/

2�PASTOR BW parents, this could have resulted from being sister lines or from selfed proge-

nies of KIRITATI. For MILAN/S87230//BAV92 with BW line 3570, an error in labeling or

seed packaging is more likely. Errors in pedigreeswill affect predictions when using the pedi-

gree based relationship Amatrix orHmatrix. However, we corrected these errors when gener-

ating theAmatrix.

Genome distribution of the markers and Nei’s genetic diversity (Hs) for each genome for

BW, SYN parents, and SDLs are shown in Table 5. SNP markers were not evenly distributed in

the three genomes. The D genome with 3691 had the most markers and the A genome with

2333 had the lowest. For SYNs, Hs for A, B, and D genomes were 0.35, 0.38, and 0.40, respec-

tively, and they were greater than those for the BW parents, which were 0.27, 0.26, 0.06

(Table 5). For SDLs,Hs was 0.36 for A and B genomes and 0.19 for the D genome, all greater

than those for BW parents. The mean genetic diversity was 0.19 for BWs, 0.38 for SYNs and

0.28 for SDLs (Table 5).

Estimating genomic breeding value of parents

Cultivated wheat parents. Most of the BW parents had positive GEBVs for grain yield

across all environments and their values ranged from -0.16 to 1.40 under irrigated, -0.15 to

0.43 under drought, and -0.33 to 0.65 under heat environments (Fig 3A and S3 Table). Among

BW parents, MILAN/S87230//BAV92 and BW line 3570 were the best parents and had the

highest GEBVs across three environments whileMUU, SUNCO/2�PASTOR and MILAN/

AMSEL were the poorest parents with very small positive values in one environment and nega-

tive values in the other environments. Parents reflected genotype by environment interaction

(GEI) and they usually had the highest GEBVs in the irrigated trials except for KIRITATI/

2�TRCH, SUNCO/2�PASTOR, and MUU that had negative values. Generally, GEBVs of

parents decreased in stress conditions except for PBW502 and GONDO that had almost the

same positive value in irrigated and heat environments. However, SUNCO/2�PASTOR and

KIRITATI/2�TRCH had negative yield GEBVs in the irrigated trials and positive values in the

heat and drought stress trials.

For DHE, almost all the BW parents had positive GEBVs across environments except KIRI-

TATI/2 �TRCH, CACUKE, KRL19. The GEBVs ranged from -7.88 to 9.88 for irrigated, from

Table 5. Distribution of markers and diversity index (Hs) in each genome for BWs, SYNs and SDLs.

No. marker after filtering for NA < 10% Hs

Genome No. marker BWs SYNs SDLs BWs SYNs SDLs

A 2333 1443 404 1595 0.27 0.35 0.36

B 2587 1584 468 1747 0.28 0.38 0.36

D 3691 2073 929 2630 0.06 0.40 0.19

Total/Mean 8612 5100 1801 5972 0.19 0.38 0.28

doi:10.1371/journal.pone.0162860.t005
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-3.89 to 5.61 for drought, and from -2.33 to 5.05 for heat environments. SW89.5181/KAUZ

had the highest positive GEBVs across all environments while KIRITATI/2�TRCH had the

highest negative GEBVs under irrigated and drought conditions. For this trait, GEI was

observed and HS420 had very low GEI across environments (Fig 3B and S3 Table).

For DMA, the trend for GEBVs of BW parents was similar to those for DHE but the values

decreased for all parents except for HS420 which increased in drought and irrigated conditions

(Fig 3C and S3 Table). Also, MILAN/S87230//BAV92 and BW line 3570 showed less GEI for

DMA than for DHE.

The PLH GEBVs were nearly all negative for BW parents except for CACUKE that had pos-

itive values in all environments and four other parents that had at least one positive value in

one environment (Fig 3D and S3 Table).

The GEBV values of synthetic lines. All of the SYN lines had negative GEBVs for grain

yield across all environments except SYNP12, SYNP26, SYNP27, and SYNP36 that had small

positive values under the heat stress. Predominantly, they had the lowest GEBVs in irrigated

condition (-0.25 to -2.69) while their value ranged from -0.10 to -1.02 for drought and from

0.26 to -1.74 for heat stress (Fig 4A and S4 Table). However, these results were expected,

because SYN lines have very low grain yield.

For DHE, GEBVs of all SYN lines were negative and decreasedDHE except for six SYN

parents that had positive values in all or at least one environment (Fig 4B and S4 Table).

GEBVs for DHE ranged from -8.04 to 1.55 under irrigated, -6.61 to 1.48 under drought and

-4.31 to 1.21 under heat conditions (S4 Table). Most of the SYN lines had less strongly negative

GEBVs under heat stress indicating that they strongly influenced them to head earlier. For

DFL, most of the SYN lines showed similar trends across all environments (S4 Table).

Fig 3. GEBVs of BW parents for traits in three contrasting environments. Irrigated (IRRI.), Drought (DRO.), and
Heat (HEAT): (A) grain yield (YLD) GEBVs, (B) days to heading (DHE) GEBVs, (C) days to maturity (DMA) GEBVs
and (D) plant height (PLH) GEBVs across three environments.

doi:10.1371/journal.pone.0162860.g003
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For DMA, breeding values of SYN parents were more variable than those for DHE and

many parents had positive GEBVs in one or more environments (Fig 4C and S4 Table). Also,

SYN parents had overall lower negative GEBVs for DMA than DHE and increasedDMA.

Under irrigated environments, the range of GEBVs was -3.50 to 3.04, -3.46 to 1.87 for drought

and -2.5 to 1.33 for heat stress trials. GEI for DMA was greater than that for DHE.

All SYN lines contributed to increased PLH in all environments except SYNP44, which had

negative GEBVs. Their GEBVs were higher in irrigated trials and ranged from -6.53 to 20.51

Fig 4. GEBVs of SYN parents for traits in three contrasting environments. Irrigated (IRRI.), Drought
(DRO.), and Heat: (A) grain yield (YLD) GEBVs, (B) days to heading (DHE) GEBVs, (C) days to maturity
(DMA) GEBVs and (D) plant height (PLH) GEBVs across three environments.

doi:10.1371/journal.pone.0162860.g004
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while they had lower values in heat stress trials ranging from -0.55 to 5.84 (Fig 4D and S4

Table).

Correlation of parent GEBV values across environments. All GEBV correlation coeffi-

cients among environments for BW parents were significant (Table 6 above diagonal). The cor-

relations betweenGEBVs for drought stress and those for irrigated environments were lower

than those between irrigated and heat, and drought and heat environments. For SYN lines, cor-

relations between different environments were significant (Table 6, below diagonal) and they

showed lower GEI than BW parents.

Performance of synthetic-derived lines in different environments

Crossing SYN lines to BW parents extended their genetic diversity for measured traits. The var-

iation for grain yield GEBVs was greatest under irrigation and ranged from –2.02 to 1.69 for

SDLs, while it ranged from -0.16 to 1.34 for BWs (Fig 5A1). Variation in yield GEBVs was least

under drought stress ranging from -0.91 to 0.54 for SDLs and from -0.15 to 0.43 for BWs (Fig

5C1). Under heat stress, GEBV variation ranged from -1.28 to 0.88 for SDLs and -0.326 to

0.649 for BWs (Fig 5B1).

To determine how many SYN parents were able to improve the YLD of BW parents in dif-

ferent environments, the top 10% of SDLs was selected and the average GEBV values for each

cross or family was compared to their corresponding recurrent BW parent’s GEBV values (Fig

5). This top 10% included progenies of 13 BW and 23 SYN parents in whichMILAN/S87230//

BAV92, SUNCO/2�PASTOR, PANDORA, SYNP4, SYNP5, SYNP17, SYNP20, SYNP21,

SYNP23, SYNP27, SYNP39, and SYNP43 had major contributions across all environments

(S5–S7 Tables).

Heat stress. The top 10% SDLs in heat stress comprised 175 SDLs and the average GEBVs

of SDLs in each cross was higher than those of their corresponding recurrent BW parents

except for SDLs in crosses with MILAN/S87230//BAV92, PBW502, and BW line 3570 (S5

Table). The increasedGEBVs for SDLs compared to their BW parents ranged from 2 to 427%

and includedmainly BC progenies. However, there was also one TC and six biparental crosses

in which the progenies had higher GEBVs than the BW parent (S5 Table). Under heat stress

the average yield GEBVs of the top 10% of SDLs was 0.55 while the weighted average GEBV of

their recurrent BW parents was 0.26 (Fig 5B1).

Irrigated environment. In the irrigated trials, the average yield GEBVs of the top 10% of

SDLs ranged from 0.69 to 1.09 while these values ranged from -0.16 to 1.40 for BW parents (S6

Table). The average GEBVs of SDLs of crosses with BW line 3570, HS420, MILAN/S87230//

BAV92, KIRITATI, PANDORA (in 3 crosses), and SW89.5181/KAUZ (in 1 cross) decreased

by -2 to -49% while GEBVs of SDLs of crosses with other BW parents increased by 8 to 111%.

In the irrigated trials, BC progenies had generally higher GEBVs but there was one TC and

Table 6. Pearson correlation coefficients of parent GEBVs across environments for yield.

BW parents

Environments IRRI. DRO. HEAT

IRRI. 1 0.47 0.62

DRO. 0.73 1 0.68

HEAT 0.70 0.72 1

SYN parents

IRRI.: Irrigated, DRO.: Drought and HEAT: Heat.

doi:10.1371/journal.pone.0162860.t006
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three biparental crosses whose progenies had higher GEBVs (S6 Table). The average GEBV of

the top 10% of SDLs was 0.94 while the weighted average GEBV was 0.90 for their recurrent

BW parents (Fig 5A1).

Drought stress. The top 10% of the SDLs of populations grown under drought stress

involved 179 SDLs for which the average GEBVs of crosses ranged from 0.26 to 0.44 while the

range for BW parents was -0.11 to 0.44. The increasedGEBVs for SDLs compared to the corre-

sponding recurrent BW parents ranged from 12 to 422% (S7 Table). However, the cross of

SYN parents to MILAN/S87230//BAV92 did not improve the GEBVs of its SDLs. Also, the

average yield GEBV of the top 10% of SDLs was 0.34 while the weighted average GEBV was

0.30 for their corresponding recurrent BW parents (Fig 5C1).

Across all environments, it was observed that the SYN lines most significantly increased

grain yield of low yielding BW parents in both stress and normal conditions (S5–S7 Tables).

For example, SUNCO/2�PASTOR was a low-yielding BW parent across all environments. In

crosses with SYNs it contributed 59 progenies in the top 10% of SDLs and all of them outper-

formed the BW parent. Their yield GEBVs ranged from 0.27 to 1.20 under drought stress and

irrigated conditions, respectively, while the range of yield GEBVs for SUNCO/2�PASTOR was

Fig 5. Distribution of GEBVs for the SDLs, SYN and BW parents in different trials. Figure 5 compares the top 10% of SDLs (yellow
tail) to BW and SYN parents that are constant in each trial for three traits (YLD, DMA and PLH): (A1) distribution of YLD GEBVs in irrigated
trials, (A2) distribution of DMA GEBVs in irrigated trials in which, GEBVs of the top 10% SDLs are in the same range of the parents, (A3)
distribution of PLH’s GEBVs in irrigated trials in which PLH of the top 10% SDLs were skewed toward the BW parents, (B1) distribution of
YLD GEBVs in heat trials, (B2) DMAGEBVs in heat trials where GEBVs of the top 10% SDLs were placed within the range of GEBVs of the
parents. (B3) distribution of PLHGEBVs in heat trials. GEBVs of the top 10% SDLs were skewed toward the SYN parents, (C1), (C2) and
(C3) are for drought trials.

doi:10.1371/journal.pone.0162860.g005
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from -0.16 to 0.12 under irrigated and drought environments, respectively. The high-yielding

BW parents, MILAN/S87230//BAV92, had 173 progenies among the top 10% of the SDLs, but

only 25 of them had higher GEBVs than the BW parent. Their GEBVs for yield ranged from

0.44 to 1.69 under drought and irrigated conditions, respectively. This pattern is similar for the

other low- and high-yielding BW parents.

In order to determine if the high yield of SDLs is related to the phenological traits, the corre-

lation coefficients betweenGEBVs of YLD and those for other traits was calculated. Squared

correlations of YLD with DMA were 0.08, 0.06, and 0.04 in drought, heat and irrigated, respec-

tively, and these values for PLH were 0.01, 0.05, and 0.06 in drought, heat and irrigated, respec-

tively which indicated that DMA and PLH did not affect the yield.

Genomic Prediction

The univariate, random five-fold cross validation was used for genomic prediction of traits for

each trial and for all trials together. As was previously mentioned, the heat trial in year 2011–

12 experienced extreme temperatures and when using the phenotypic observations from this

trial in genomic predictionmodels, both heritability and prediction accuracy of the traits

decreased across environments. Consequently, this trial was excluded from cross validation.

Broad-sense heritabilities of traits in different environments based on pedigree,marker and

pedigree-markermodels are shown in Table 7. Estimated heritabilities for all traits using the

corrected pedigreemodel were slightly higher in each environment except for DFL under the

heat stress environments (Table 7). The differences in heritabilities could be due to 1) the artifi-

cially high genetic variance assigned to unrelated parents that are actually related 2) the differ-

ences in the amount of estimated genetic variances usingA orGmatrices in the model [37].

We observed that estimated genetic variances using theGmatrix (gVarG) were smaller than

those using theAmatrix (gVarA) for all traits under drought stress. Under heat stress, gVarG

for all traits were smaller than gVarA except for DFL, and under the irrigated environment, the

trend was similar except for DFL and PLH. The genetic variances estimated using theGmatrix

explained 66 to 96% (gVarG/ gVarA) of those estimated using theAmatrix under drought

stress. This ratio ranged from 81 to 131% and from 76 to 118% for the heat and irrigated envi-

ronments, respectively 3) Sampling error due to finite markers can affect the estimation of the

Gmatrix as reported by Haile- Mariam et al. [38] and Powell et al [39]. 4) All the diagonal ele-

ments of theAmatrix were 2 while the average of the diagonal elements of the marker based

relationship matrix (Gmatrix) was 1.86 (0.25 to 9.99). However, scaling theGmatrix did not

change the results (data not shown).

The trait heritabilities were consistently higher in irrigated than drought and heat stress

environments using the three models. Heritabilities of DHE, DMA and DFL were higher under

irrigated and drought environments but lower under heat stress especially for DFL (Table 7).

This could be related to the lower number of observations for these traits. DHE and DMA had

Table 7. Mean heritability for traits in each trial.

Trials DRO. IRRI. HEAT

Model/Trait Pedigree Marker Pedigree-Marker Pedigree Marker Pedigree-Marker Pedigree Marker Pedigree-Marker

DHE 0.68 0.63 0.64 0.71 0.67 0.67 0.64 0.58 0.59

DFL 0.68 0.64 0.64 0.77 0.75 0.75 0.24 0.34 0.37

DMA 0.70 0.62 0.64 0.69 0.66 0.66 0.54 0.49 0.50

PLH 0.60 0.51 0.53 0.80 0.79 0.79 0.61 0.53 0.56

YLD 0.57 0.52 0.52 0.70 0.64 0.65 0.68 0.63 0.64

doi:10.1371/journal.pone.0162860.t007
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two years of data but DFL had only one year of data. PLH had the highest heritability under

irrigated environments (0.79–0.80) and decreased under drought and heat stress (0.51 to 0.61)

(Table 7). Also, the highest heritability for YLD was observedunder irrigated (0.64–0.70) fol-

lowed by heat (0.63–0.68) and drought stresses (0.52–0.57) (Table 7).

Predictability was assessed as the correlation betweenGEBVs and observedphenotypes and

were corrected for fixed effects by cross-validation. Our results showed that the marker model

gives higher genetic prediction accuracy than the pedigreemodel for all traits either in the sin-

gle environments (e.g. Irrigated, heat, and drought) (Table 8) or combined environments

(Table 9). Mean accuracy of the three models ranged from 0.30 to 0.64 across all environments.

The highest prediction accuracywas obtained in irrigated environments while lower accuracies

were mostly observed in heat stress environments. Increased prediction accuracy using the

marker model ranged from 2% for YLD to 5% for DHE under drought stress. This range was

5% for PLH to 9% for DFL under irrigation and 5% for YLD to 12% for PLH and DHE in heat

stress. Using the marker-pedigreemodel did not improve the prediction accuracy (Table 8).

Combining environments, the mean prediction accuracy of all traits was decreased in all

models except for PLH for which accuracywas almost equal or higher than that in drought

and heat stresses. The greatest reduction in accuracy occurred in the irrigated environment,

which on average was 0.13% (0.09 to 0.22%) while the lowest reduction was observedunder the

heat stress by on average 0.03% (0 to 0.08%) (Table 9).

Combining environments also decreased the heritability of DHE and DMA compared to

single environments in all models, while it increased the heritability of PLH. Furthermore, heri-

tability of DFL was increased compared to heat and drought stresses but it decreased compared

to irrigated environments. For YLD, heritability was lower for drought stress compared to irri-

gated and heat environments (Table 9).

Discussion

Results of this study revealed that SYN parents are more diverse than cultivated BW wheat cul-

tivars used in this study as shown in Fig 1. Also, based on Nei’s genetic diversity, SYN parents

Table 9. Mean heritability and accuracy of genomic prediction of traits across environments in cross validation.

Heritability Accuracy

Model/Trait Pedigree Marker Pedigree-Marker Pedigree Marker Pedigree-Marker

DHE 0.50 0.48 0.48 0.36 0.42 0.42

DFL 0.70 0.70 0.69 0.40 0.47 0.47

DMA 0.27 0.30 0.29 0.26 0.31 0.31

PLH 0.87 0.89 0.88 0.40 0.46 0.47

YLD 0.64 0.57 0.58 0.36 0.42 0.42

doi:10.1371/journal.pone.0162860.t009

Table 8. Mean genomic prediction accuracy of traits for each trial in cross validation.

Trials DRO. IRRI. HEAT

Model/Trait Pedigree Marker Pedigree-Marker Pedigree Marker Pedigree-Marker Pedigree Marker Pedigree-Marker

DHE 0.49 0.54 0.55 0.54 0.61 0.64 0.33 0.45 0.45

DFL 0.45 0.48 0.50 0.49 0.58 0.60 0.43 0.52 0.55

DMA 0.44 0.46 0.48 0.36 0.43 0.43 0.30 0.39 0.37

PLH 0.41 0.44 0.45 0.53 0.58 0.57 0.34 0.46 0.44

YLD 0.42 0.44 0.46 0.49 0.55 0.55 0.43 0.48 0.49

doi:10.1371/journal.pone.0162860.t008
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had higher genetic diversity than BW parents across all three genomes, specifically for D

genome (Hs = 0.40) (Table 5). This was because 28 different A. tauschii accessions and 17 dur-

ums were used to develop the SYNs. The Nei’s genetic diversity indicated that SDL populations

were more diverse than BW parents for A, B and D genomes in which D genome had the high-

est increased diversity (Hs = 0.19) (Table 5). Therefore, SYN lines are promising genetic

resources to introduce novel genetic variation into the cultivated wheat gene pool. Similarly,

Huang et al. [40] and Hoisington et al. [41] reported that SYN lines were used to improve qual-

ity, disease resistance, grain yield, and grain yield components of elite lines. One of the success-

ful synthetic derived cultivars was Chuanmai-42 which increased grain yield by 0.45 to 0.75 t

ha-1 in southwestern China compared to contemporary cultivars [2,14]. The SHW and SDLs

are now widely used to develop modernwheat cultivars in China [2].

Equally important is the question of whether SYN lines can contribute to increased grain

yield. The current study shows that the yield increases were predominantly in SDLs from BC1

derived lines (S5–S7 Tables). However, there were a few SDLs from biparental and TC crosses

whose yield was higher than their corresponding BW parents. The potential of SDLs from BC1

derived lines to improve yield in both stress and normal conditions was reported in previous

studies [12], [42,43] and [4]. However those studies did not have genotypes of the parents and

derived lines.

Our results show that while SYN parents mostly have negative GEBVs for grain yield, they

have less negative values under stress conditions and can increase grain yield of recurrent BW

parents especially under drought and heat stress conditions (Fig 4A and S4 Table). Yield

increases were more frequent under heat stress and the average yield GEBVs of the top 10%

SDLs was 0.55 while for their recurrent BW parents it was 0.26 (Fig 5C1). Consequently, these

results indicate that SYN lines are useful genetic resources for increasing grain yield in stress

environments. Similar results were observedby Gororo et al.[44] who evaluated SDLs in

drought and irrigated conditions and reported that SDLs exhibit higher yield potential over the

recurrent parents in drought stress. Also, Reddy et al [45] evaluated common wheat lines and

T. tauschii under drought stress and found that some T. tauschii lines represented were more

tolerant than drought tolerant wheat lines. Furthermore, Ogbonnaya et al. [12] investigated the

yield potential of SDLs (derived from BC1) in rainfed environments of Australia and reported

that many of them out-yielded both recurrent parents and commercial varieties from 8 to 30%

in different environments. They concluded that SDLs were able to improve yield in more

diverse and stressed environments. For heat tolerance, Sharma et al. [46] evaluated 24 SYN

lines under heat stress and identified three highly tolerant SYN lines. Using polymorphic inter-

simple sequence repeat (ISSR) markers, they found that the genetic basis of heat tolerance in

SYN lines is different and these new sources of genetic diversity could be used to improve heat

tolerance of cultivated wheats. Furthermore, Cossani and Reynolds [47] by comparing six

advanced synthetic derivative (ASD) lines with their BW and synthetic derivative (Syn-Der)

parents under normal, heat-stress and extreme heat-stress envirnomemts reported that the

ASD lines outperformed their best parent (Syn-Der) by on average 5, 15 and 13% for yield

under normal, heat and extreme heat stress, respectively.

The higher yield of SDLs could be attributed to introgression of some positive alleles from

the SYN lines that increase grain yield. For instance, Li et al. [15] used 705 polymorphic SSR

markers and found four QTLs (Barc1183, Barc241, Xcfe25, and Xcfd223) from the SYN parent

in Chuanmai-42 that had significant positive effects on grain yield. Barc1183, which is located

on the long arm of chromosome 4D, increased grain yield by 7.00 to 11.30%. Similarly, Gororo

et al. [44] investigated yield performance of SDLs derived from direct hybridization of wheat

with T. tauschii and concluded that the increased yield in SDLs was caused by genes introduced

from T. tauschii. Also, Liu et al [38] using introgression lines (ILs), crossed a SYN line, Am3, to
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common wheat, Laizhou953. Using 205 SSR markers they detected two QTLs (Xgwm113 and

Xgwm159) of Am3 on chromosomes 4B and 5B of the ILs that increased spikes per plant (0.65

to 1.18) and thousand kernel weight (6.10 to 6.30 gr), respectively. These findings support the

introgression and retention of some positive yield QTLs from SYN lines in SDLs.

This study showed that the SYN lines contributed significantlymore to increased grain

yield of lower yielding BW parents in both stress and normal conditions. For example,

SUNCO/2�PASTOR is one of the lower-yielding BW parents across all environments but all of

its progenies that contributed to the top 10% of SDLs had higher GEBVs than the BW parents.

Also of the high-yielding BW parents, MILAN/S87230//BAV92, produced 173 progenies

among the top 10% SDLs, and 14% of them had higher GEBVs than the BW parent indicating

that the SYN parents contributed positive alleles in crosses to all of the BWs.

In this study, SYN parents extended genetic diversity of the populations for three related

traits, DHE, DFL and DMA, in the same direction across environments. As shown in Fig 5A2,

5B2 and 5C2, GEBVs of the top high-yielding SDLs for DMA are similar to the range of BW

parent GEBVs. While the GEBVs of the SDLs are more diverse than those of the BW parents,

the difference is small. This is because during segregating generations, populations were under

selection for maturity approximating that of the BW parents. Since late maturing progenies

were not included in the populations, these results did not represent the true diversity of the

populations for these three traits. However, these results are likely to be more relevant to a

wheat breeding program.

In this study there was a low correlation betweenGEBVs for yield and DMA, DFL and

DHE, suggesting that the higher GEBVs of SDLs compared to their corresponding recurrent

BW parents were not due to their phenology such as late or early maturity. This result differs

from other studies. For example, Cooper et al. [13] reported that almost all high-yielding SDLs

were earlier than their recurrent BW parents. In contrast to this study, they concluded that

SYN lines contributed to yield because of their earlier maturity.

For PLH, diversity of populations was increased across environments (Fig 5A3, 5B3 and

5C3), but because of selection, diversity introduced from SYN lines was reduced. The GEBVs

of top high-yielding SDLs for PLH were similar to those for BW parents in the heat stress (Fig

5B3), whereas most of them were taller than BW parents in irrigated and drought environ-

ments (Fig 5A3 and 5C3). Correlation coefficients of GEBVs of PLH and YLDwere low across

three environments (r = 0.04 to 0.29), suggesting that higher GEBVs of SDLs were not the

result of increased plant height.

Our analyses showed that GFD values for SDLs were within the range of those for BW

parents. However, this was due to selection of SDLs for maturity approximating that of the BW

parents. So, these values did not show the true diversity of SYN lines for this trait. Also, the

negative relationship betweenYLD and GFD indicated that there was no advantage of selecting

genotypes for longer GFD. Increased YLD of SDLs was not associated with variation in GFD.

Results of this study indicated that SYN lines contributed to increased TKW of SDLs and

increased the family mean from 0.67 to 24.39%. However, this contribution was not consistent

for all SYN parents used in this study, such that family mean TKW of 11 SDLs were lower than

the corresponding recurrent BW parents. Moreover, some SYN parents decreasedTKW of

SDLs in biparental populations while they increased TKW in the same BC populations. Our

analyses for these specific populations indicated that, although 67% of SDLs had higher TKW

than recurrent parents, the negative relationship and very low R2 values betweenTKW and

YLD, indicated that phenotypic variation of YLDwas not generally associated with TKW.

Therefore, increased yield of SDLs was not a result of increased seed weight. In contrast to our

finding, Cooper et al.[13] backcrossed ten elite primary synthetics to two Texas winter wheat

cultivars, TAM111 and TAM112, and reported that all SYN lines contributed to high yielding
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SDLs through an increase in seed weight. Also, Röder et al [48], using ILs from crossing a syn-

thetic line, W-7984, to a German winter wheat, ‘Prinz’, reported a QTL for grain weight,QTgw.

ipk-7D, which was associated with microsatellite marker, Xgwm1002-7D.They reported that

the ILs had 10% increased TKW compared to ‘Prinz’ and checks and 84.70% of the phenotypic

variance could be explained by the segregation of Xgwm1002-7D.

GEBV values of SYN lines and cultivated wheat

High-throughput genotyping technologies provide an opportunity to estimate breeding value

of genotypes more accurately using a genomic relationship matrix [49]. These tools can

improve the accuracy of parental selection in the breeding program. In this study, BW parents

showed positive GEBVs for yield across all environments. Nevertheless, they reflected higher

GEI in drought vs. irrigated, heat vs. irrigated, and drought vs. heat (Table 6). Some of the BW

parents such as MILAN/S87230//BAV92 and BW line 3570 had high GEBV values in all envi-

ronments (Fig 3A and S3 Table) and are good candidates to be used in breeding for diverse

environments. On the other hand, almost all of the SYN lines had negative GEBVs across all

environments for yield (Fig 4A and S4 Table). This was expected because SYN lines are exotic

lines that have a durum variety and a wild diploid accession as parents and they have not been

directly bred for yield. Only by evaluating populations of segregants from SYN crosses with

BWs can we identify their positive and novel yield alleles for improving the yield of BW

parents.

For PLH, most BW parents had negative GEBVs (Fig 3D and S3 Table) that can be attrib-

uted to dwarfing or semi-dwarfing genes in their genetic background. Generally, in irrigated

environments plants with short to average height are favored to avoid lodging. Thus, parents

with lower GEBVs for PLH are best suited for irrigated environments. Under stress conditions,

taller plants are more tolerant as observed in this study (Fig 5B3 and 5C3). They can store

more assimilates in their stems for remobilization during the grain filling stage. Thus, parents

with high positive GEBVs would be better for production in stress environments. Although

populations were under selection for PLH, all SYN lines had highly positive GEBV values for

PLH (Fig 4D and S4 Table). This was because SYN lines are very tall genotypes and have many

genes for PLH and selection did not remove all of them.

Our findings indicate that the majority of BW parents have positive GEBVs for DHE and

DMA (Fig 3B and 3C), while nearly all SYN parents have negative GEBVs for DHE and

decreased this trait (Fig 4B). For DMA, there are more SYN lines that have positive GEBVs in

one or more environments (Fig 4C). We expected their positive GEBV values for these traits

because SYN lines tend to be late maturing genotypes.

Genomic prediction. In traditional genetic evaluation, linear mixedmodels with the pedi-

gree relationship matrix have been used for genomic prediction and selection in breeding pro-

grams [31] and [33]. New genotyping technologies provided dense genome-widemolecular

markers that have been used to derive more accurate genomic relationships to increase selec-

tion accuracy in breeding programs [49–51] and [20]. Our results indicated that using marker

data improved genomic prediction accuracy over the pedigreemethod. Improvement rates var-

ied based on the different traits and environments and ranged from 2 to 12% (Table 8). The

greatest improvement in prediction accuracywas mainly observed in heat stress (5 to 12%) and

the lowest rate was observed in drought environments (2 to 5%) indicating that environments

affect the relative prediction accuracy of pedigree—vs.marker—based prediction (Table 8).

The higher prediction accuracy using the genomic relationship matrix is attributed to: 1)

exploitingMendelian sampling variation during gamete formation and 2) including relation-

ship information from genotypes that the pedigree classified as unrelated genotypes 3) theG
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matrix provides better coverage of the genetic rearrangements that occur during SYN and SDL

development that are not covered by the pedigree. [49,50] and [52]. A simulation study con-

firmed that using genomic relationship instead of pedigree relationship to estimate GEBVs

increased selection accuracy [53]. Similar results were reported by Nejati-Javaremi [50] and

VanRaden [30]. However, despite the potential mistakes in the pedigrees, genomic prediction

accuracies from the pedigreemodel were reasonable and close to those of the marker model, in

part because of the relatively small family sizes that limit the Mendelian segregation. This was

becausemarker information was additionally used to identify incorrect pedigrees (removing

outlier genotypes). In this study our results showed that, using the pedigree-markermethod

called the single–step blending approach by Gao et al.[31], that uses information from both

genotyped and non-genotyped lines simultaneously to do genomic prediction did not improve

genomic prediction accuracies (Tables 8 and 9).

Cross validation using combined environments decreased prediction accuracies of traits in

all models (Table 9). However, the decreasing trend was not similar for all traits. The highest

average decrease was observed for DHE and DMA (0.11%) while the lowest average reduction

was for PLH (0.03%). These results were due to GEI interaction as shown in Tables 2,3 and 4

such that phenotypic correlations within treatments (irrigated, heat or drought) were overall

greater than those among treatments. However, this was not consistent for all traits and for

some of them among treatment correlations were greater than those for within treatments (e.g.

PLH). These results confirmed that GEI affects the genomic prediction accuracy and traits with

high GEI had lower prediction accuracy. Similarly, Zapata-Valenzuela et al. [52] argued that

the accuracy of GEBVs using eitherA orGmatrices would be lower in cases where there is

strong GEI. This could lead to predictionmodels developed in one environment that lose their

prediction power in other environments [52] and [54].

In this study estimated heritabilities using the pedigreemodel were consistently slightly

higher than those using marker models (Table 7). This differences could be due to the differ-

ences in the amount of estimated genetic variances usingA orGmatrices in the model [37] as

we observed in this study. Similarly, Loberg et al. [33] reported that the genetic variances esti-

mated using theAmatrix were greater than those estimated by theGmatrix. Hence, estimated

heritabilities using theAmatrix were greater. They reported that gVarG, explained 10–60% of

gVarA. Also, Powell et al [34] mentioned that incomplete linkage disequilibriumbetween the

markers and the causal variants can reduce the genetic variance using the marker model. They

concluded that the difference between the estimated gVarA and genetic variance explained by

SNPs estimated using theGmatrix was the missing heritability.

Conclusion

These findings confirm that synthetic hexaploid wheat germplasm is a valuable genetic

resource for improving grain yield and other traits. Synthetic hexaploid wheat lines have posi-

tive, novel alleles that can be easily introgressed into cultivated wheat to improve yield, espe-

cially in stress conditions. Therefore, SYN lines should be used in breeding programs to

expand the genetic diversity for agronomic traits but selection against undesirable phenology is

required to realize the benefit of the novel genetic variation.
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37. Loberg A, Dürr JW, FikseWF, Jorjani H, Crooks L. Estimates of genetic variance and variance of pre-
dicted genetic merits using pedigree or genomic relationship matrices in six Brown Swiss cattle popula-
tions for different traits. J Anim Breed Genet. 2015; 132: 376–385. doi: 10.1111/jbg.12142 PMID:
25727736

38. Haile-MariamM, Morton JM, Goddard ME. Estimates of genetic parameters for fertility traits of Austra-
lian Holstein-Friesian cattle. Anim Sci. 2003; 76: 35–42.

39. Powell JE, Visscher PM, Goddard ME. Reconciling the analysis of IBD and IBS in complex trait stud-
ies. Nat Rev Genet. Nature Publishing Group; 2010; 11: 800–805. doi: 10.1038/nrg2865

40. Huang XQ, Cloutier S, Lycar L, Radovanovic N, Humphreys DG, Noll JS, et al. Molecular detection of
QTLs for agronomic and quality traits in a doubled haploid population derived from two Canadian
wheats (Triticum aestivum L.). Theor Appl Genet. 2006; 113: 753–766. doi: 10.1007/s00122-006-
0346-7 PMID: 16838135

Breeding Value of Synthetic Wheat for Grain Yield

PLOSONE | DOI:10.1371/journal.pone.0162860 September 22, 2016 23 / 24

http://dx.doi.org/10.1023/A:1026040007166
http://dx.doi.org/10.1016/j.plantsci.2015.08.021
http://dx.doi.org/10.1016/j.plantsci.2015.08.021
http://www.ncbi.nlm.nih.gov/pubmed/11290733
http://dx.doi.org/10.2135/cropsci2007.04.0015IPBS
http://dx.doi.org/10.1016/j.fcr.2011.07.002
http://dx.doi.org/10.1073/pnas.81.24.8014
http://www.ncbi.nlm.nih.gov/pubmed/6096873
http://repository.cimmyt.org/xmlui/handle/10883/3221#
http://repository.cimmyt.org/xmlui/handle/10883/3221#
http://dx.doi.org/10.1371/journal.pone.0132112
http://dx.doi.org/10.1534/g3.112.004259
http://dx.doi.org/10.3168/jds.2009-2061
http://www.ncbi.nlm.nih.gov/pubmed/19700729
http://dx.doi.org/10.3168/jds.2007-0980
http://dx.doi.org/10.1186/1297-9686-44-8
http://www.ncbi.nlm.nih.gov/pubmed/22455934
http://dx.doi.org/10.1007/s10681-007-9449-8
http://dx.doi.org/10.1007/s00158-015-1234-z
http://dx.doi.org/10.1007/s00158-015-1234-z
http://dx.doi.org/10.1046/j.1365-3059.2003.00923.x
http://dx.doi.org/10.1111/jbg.12142
http://www.ncbi.nlm.nih.gov/pubmed/25727736
http://dx.doi.org/10.1038/nrg2865
http://dx.doi.org/10.1007/s00122-006-0346-7
http://dx.doi.org/10.1007/s00122-006-0346-7
http://www.ncbi.nlm.nih.gov/pubmed/16838135


41. Hoisington D, Khairallah M, Reeves T, Ribaut JM, Skovmand B, Taba S, et al. Plant genetic resources:
what can they contribute toward increased crop productivity? Proc Natl Acad Sci U S A. 1999; 96:
5937–5943. doi: 10.1073/pnas.96.11.5937 PMID: 10339521

42. Dreccer MF, Borgognone MG, Ogbonnaya FC, Trethowan RM,Winter B. CIMMYT-selected derived
synthetic bread wheats for rainfed environments: Yield evaluation in Mexico and Australia. F Crop
Res. 2007; 100: 218–228. doi: 10.1016/j.fcr.2006.07.005

43. Del Blanco IAA, Rajaram S, Kronstad WEE. Agronomic potential of synthetic hexaploid wheat-derived
populations. Crop Sci. 2001; 41: 670–676. doi: 10.2135/cropsci2001.413670x

44. Gororo NNN, Eagles HAA, Eastwood RFF, Nicolas MEE, Flood RGG. Use of Triticum tauschii to
improve yield of wheat in low-yielding environments. Euphytica. Kluwer Academic Publishers; 2002;
123: 241–254. doi: 10.1023/A:1014910000128

45. Reddy N, Halloran GM, Nicolas M E. Agronomic assessment of lines derived from a direct cross of
wheat with T. tauschii L. Proc 8th Assembly of Wheat Breed Soc of Australia. 1996. pp. 24–26.

46. Sharma P, Sareen S, Saini M, Verma A, Tyagi BS, Sharma I. Assessing genetic variation for heat toler-
ance in synthetic wheat lines using phenotypic data and molecular markers. 2014; 8: 515–522.

47. Cossani CM, Reynolds MP. Heat stress adaptation in elite lines derived from synthetic hexaploid
wheat. Crop Sci. 2015; 55: 2719–2735. doi: 10.2135/cropsci2015.02.0092

48. Roder MS, Huang XQ, Borner A. Fine mapping of the region on wheat chromosome 7D controlling
grain weight. Funct Integr Genomics. 2008; 8: 79–86. doi: 10.1007/s10142-007-0053-8 PMID:
17554574

49. Goddard ME, Hayes BJ. Genomic selection. J Anim Breed Genet. 2007; 124: 323–30. doi: 10.1111/j.
1439-0388.2007.00702.x PMID: 18076469

50. Nejati-Javaremi A. Effect of total allelic relationship on accuracy of evaluation and response to selec-
tion. J Anim Sci. 1997; 75: 1738–1745. Available: http://www.journalofanimalscience.org/content/75/7/
1738.short. PMID: 9222829
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