Chapter 6
Genetic Analysis of Main Physiological
and Morphological Traits

Abstract Wheat physiological and morphological traits are the most important
traits for wheat (Triticum aestivum L.) yield. In this chapter, quantitative trait loci
(QTL) mapping for physiological traits including photosynthetic Characters,
microdissection characteristics of Stem, heading date and cell membrane perme-
ability of leaf, and for morphological traits of containing root-related traits and
leaf-related traits were analyzed in different environments using the DH population,
RIL population or natural population. Photosynthesis related traits of wheat were
mapped under field and phytotron environments, respectively. Eight additive QTLs
and three pairs of epistatic QTLs for chlorophyll were detected in field environ-
ments and 17 additive QTLs for conferring photosynthesis and its related traits were
identified in phytotron environments. Furthermore, 18 additive loci for dry matter
production (DMA) and Fv/Fm were detected. For microdissection characteristics of
wheat stem, a total of 12 QTLs controlling anatomical traits of second basal
internode on chromosomes 1B, 4D, 5B, 5D, 6A and 7D, and 20 additive QTLs for
anatomical traits of the uppermost internode on chromosomes 1A, 1B, 2A, 2D, 3D,
4D, 5D, 6A, 6D and 7D were detected based on DH population. Two additive
QTLs on chromosomes 1B and 5D in DH population, five additive QTLs on
chromosomes 3B, 5B, 6A, 6B and 7D in RIL population derived from the cross of
Nuomai 1 X Gaocheng 8901 and 12 additive QTLs on chromosomes 1A, 1B, 4B,
6A and 6B based on a RIL population derived from the cross of Shannong 01-35 X
Gaocheng 9411 were identified for heading date. For cell membrane permeability of
leaf, a total of 21 additive QTLs were detected on chromosomes 1B, 2A, 3A, 3B,
5B, 6A, 6B, 6D, 7B and 7D, respectively in three different environments based on a
DH population. Seven additive QTLs and 12 pairs of epistatic QTLs for root-related
traits were mapped on chromosomes 1A, 1D, 2A, 2B, 2D, 3A, 3B, 5D, 6D and 7D
using IF, population derived from Huapei 3 x Yumai 57.31 additive QTLs and 22
pairs of epistatic QTLs conferring leaf morphology were detected based on a DH
population. Finally, by genome-wide association analysis with a natural population
derived from the founder parent Aimengniu and its progenies, 61 marker-trait
associations (MTAs) involving 46 DArT markers distributed on 14 chromosomes
(1B, 1D, 2A, 2B, 2D, 3A, 3B, 4A, 5B, 6A, 6B, 6D, 7A and 7B) for leaf-related
traits were identified and the R* ranges from 0.1 to 16.4 %. These results provide a
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better understanding of the genetic factors for wheat physiological and morpho-
logical traits and facilitate marker-assisted selection strategy in wheat breeding.

Keywords Physiological traits -+ Morphological traits - Photosynthetic characters -
Dry matter production - Microdissection characteristics - Heading date - Cell
membrane permeability - Root traits - Leaf-related traits -+ QTL mapping

Wheat physiological and morphological traits are closely related to yield. From a
physiological point of view, yield potential is the general performance for assim-
ilates from unit photosynthesis furthest transfer to harvest organs. Final yield is
formed by comprehensive coordination of source—sink translocation, that is to say
the coordination among the accumulating rate of photosynthate, the distributing
ability to grain, duration of distribution, and the turnover capacity of assimilates
which stored in stem, leaf, and sheath. The production and transport of photo-
synthate product has direct relationships with aboveground plant type a leaf type
and underground root. Therefore, for the improvement of wheat physiological trait,
root, overground plant morphology, and plant anatomy features are considered in
the first place, meanwhile several traits are related to photosynthetic characteristics,
i.e., canopy structure, light-intercepting capability, photosynthetic capacity, and the
storage and turnover capacity of carbohydrate. Hence, this chapter will connect
physiological traits with morphological traits of wheat to discuss.

Most of the physiological traits are quantitative characters, which are controlled by
multiple genes and easily affected by environmental conditions. So, genetic analyses of
wheat physiological traits are started from QTL mapping and then discussed the number
of genes, gene effect, and interaction effect. For example, for wheat root, researchers
always focus on QTL analysis under abiotic stress; for photosynthetic characteristics,
researchers always focus on QTL analysis of photoelectric energy conversion system,
chlorophyll, fluorescence parameter, photosynthetic rate, stomatal conductance, flag
leaf senescence, etc. Although QTL analysis of physiological traits has made good
progress, but these results are difficult to be used for genetic improvement of wheat,
because phenotypic determination of physiological traits has more difficulty in multi-
year and multisite trails; moreover, mechanism of QTLs and those interaction effects are
further complications when comparing to yield trait. These QTLs results have few direct
applications in wheat genetic improvement. Hence, genetic analysis of physiological
traits is needed to be deeper researched, in order to obtain molecular markers
for improving wheat physiological traits, and then speed up the genetic improvement
of physiological character and enhance yield and quality of wheat.

6.1 QTL Mapping of Photosynthetic Characters in Wheat

Photosynthesis is closely related to crop yield. The purpose of agricultural
production is to enhance photosynthesis of crop, accumulate more organics,
and then increase yield, according to various agricultural technical measures.
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Hence, photosynthesis is the basis of enhancing crop yield, while breeding varieties
with high photosynthetic efficiency is an important approach to improve crop yield.
Researches related to QTLs analysis of physiological traits in rice (Nagata et al.
2002); soybean, sorghum (Ritter et al. 2008); barley (Guo et al. 2008); maize (Hund
et al. 2005; Leipner et al. 2008; Pelleschi et al. 2006); cotton, and sunflower, etc.,
were conducted. However, similar researches for wheat (Triticum aestivum L.) are
relatively few. The recent development of molecular markers and measuring
technology related to photosynthesis, QTL analysis of wheat has started. However,
it is difficult to precisely determine phenotype of photosynthetic property, espe-
cially photosynthetic property for population, because physiological traits are
greatly influenced by environment and mechanism of photosynthesis is complex.
Meanwhile, the determining methods have limitations. So far, most of the resear-
ches referenced QTL analyses of physiological traits were focused on chlorophyll
content at seedling stage, dry matter accumulation, leaf photosynthetic rate,
stomatal conductance, transpiration rate, inter-cellular CO, concentration, and leaf
fluorescence parameters, etc. Further, QTL analysis of photosynthetic characters of
population in field was few. Therefore, in this study, a set of double-haploid lines
(DHLs) derived from a cross of two elite Chinese wheat cultivars were used to map
QTLs for photosynthesis-related traits. And the purposes of this study were to
obtain closely linked molecular markers that could be used for marker-assisted
selection in wheat breeding programs.

6.1.1 QTL Mapping of Photosynthesis Characters of Wheat
in Field

6.1.1.1 Materials and Methods

6.1.1.1.1 Materials

One hundred and sixty-eight DH lines derived from the cross of Huapei 3 (HP3)/
Yumai 57 (YM57) were used as materials.

6.1.1.1.2 Planting and Processing in Field Trails

The field trials were conducted on the experimental farm at Shandong Agricultural
University (Tai’an, China, 36° 57'N, 116° 36'E) in 2005-2006 and 2006—-2007, and
in Suzhou Academy of Agricultural Sciences, (Anhui province) in 20062007,
providing data for three environments. The experimental field consisted of a ran-
domized block with two replications. In the autumn of 2005, all DH lines and
parents were grown in a plot with three rows in 2-m length and 25 cm between
rows. In the autumn of 2006, the lines were grown in a plot with four 2-m rows
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spaced 25 cm apart. Crop management was carried out following the local practice.
The soil was brown earth, in which the available N, P, and K contents in the top
20 cm were 40.2, 51.3, and 70.8 mg/kg, respectively. Before planting,
37,500 kg/hectare (ha) of farmyard manure or barnyard manure (nitrogen content,
0.05-0.1 %), 375 kg/ha of urea, 300 kg/ha of phosphorus diamine fertilizer,
225 kg/ha of potassium chloride, 15 kg/ha of zinc sulfate were added as fertilizers.
Plots were irrigated in winter (December 1, 2006), and at jointing (April 3, 2007),
anthesis (May 4, 2007), and grain filling (May 15, 2007). Topdressings of 300 and
75 g/ha urea were applied with the irrigation water at jointing and anthesis,
respectively. In 2007-2008, all DH lines and parents were grown in a plot with five
rows in 2-m length and 25 cm between rows. And two environments were set
including environment I (2008 (+N)) and environment II (2008 (—N)). Moreover,
base fertilizer, additional fertilizer, and irrigation in environment I were the same as
2006-2007, while there was no additional fertilizer in environment II, but base
fertilizer and irrigation were the same as 2006-2007. Crop management was carried
out following the local yield comparison trial.

6.1.1.1.3 Determining Methods

6.1.1.1.3.1 Determination of Wheat Chlorophyll Content at Grain Filling
Stage in Field

For leaf chlorophyll content analyses, flag leaves were taken from five plants per
plot at the grain filling stage (around 12 May) and saved in —80 °C
ultra-low-temperature freezer. Samples of approximately 0.2 g of leaf tissue (taken
from the middle of the leaves) were placed to 20 mL tubes and 10 mL 80 % acetone
were added. All tubes were placed in dark at 4 °C for 24 h, and oscillated regularly
till leaf tissue turned pale. And then OD was measured at 662 nm and 645 nm with
a spectrophotometer UV-4802 (Unico instrument Co., Ltd, Shanghai, China).
Chlorophyll a and b contents were estimated, adapting the procedure described by
Porra et al. (1989).

6.1.1.1.3.2 Determination of Wheat Chlorophyll Fluorescence Parameters
in Field

At jointing, anthesis, and grain filling stages, five uppermost leaves (fully expan-
ded) of each line and the parents were sampled. And chlorophyll fluorescence was
measured on the leaf using a portable fluorometer (Handy PEA; Hansatech
Instruments, King’s Lynn, UK) at ambient temperature after 20-min adaptation of
leaves to dark conditions on the day of sampling. The fast chlorophyll a fluores-
cence transient (OJIP) was induced by pulsed light with 3000 wmol m~2 s~ ', and
changes in fluorescence were registered during irradiation of 10 ps to 1 s with the
initial rate of 105 data per second. The meaning and formula of each parameter for
OJIP was as follows:



6.1 QTL Mapping of Photosynthetic Characters in Wheat 355

Fo, initial fluorescence, fluorescence level when plastoquinone electron acceptor
pool (Qa) is fully oxidized;

Fm, maximum fluorescence, fluorescence level when Qa is transiently fully
reduced;

Fv, variable fluorescence, Fv = Fm—Fo, maximum variable fluorescence, reflecting
the reduction of Qa; and

Fv/Fm, maximum quantum efficiency of PSII, reflecting the maximum efficiency of
PSII reaction center converting luminous energy.

6.1.1.2 Result and Analysis
6.1.1.2.1 QTL Mapping of Chlorophyll Content

6.1.1.2.1.1 Variation of Chlorophyll Content

Mean values of chlorophyll contents for the parents Huapei 3 and Yumai 57, as well
as the 168 DH lines under three different environments are shown in Table 6.1. Male
parent Yumai 57 had larger values than Huapei 3 for chlorophyll a and b contents,
and the differences were visible. The distribution of chlorophyll a and b contents was
continuous in the DH lines, showing their quantitative nature. Meanwhile, a trans-
gressive separation was found from the DH lines (Figs. 6.1 and 6.2). Therefore, the
distributive character of phenotypic data was suitable for QTL analysis. Correlation
analysis showed that there was a highly positive correction between chlorophyll a
and chlorophyll b, and the coefficient of correlation was 0.823%%*.

6.1.1.2.1.2 QTL Mapping and Effect Analysis for Chlorophyll Content

For chlorophyll, eight additive QTLs and three pairs of epistatic QTLs were
detected (Tables 6.2 and 6.3). Among them, four additive QTLs and one pair of
epistatic QTL had QTL x environment interaction effects.

Table 6.1 Phenotypic data of leaf chlorophyll content (mg g~ ' FW)

Trait Parent DH population
Huapei 3 ‘ Yumai 57 | Mean ‘ Maximum | Minimum | SD | Skewness | Kurtosis

chlorophyll a content (mg g71 FW)

Suzhou 2006 25.42 31.01 27.94 |32.16 21.44 2.24 | —0.55 0.41
Tai’an 2006 24.33 32.56 2520 |34.84 17.42 2.79 0.20 0.36
Tai’an 2005 22.69 27.51 23.86 |28.17 18.76 2.03 | —0.05 —0.44
chlorophyll b content (mg g~' FW)

Suzhou 2006 9.59 10.24 10.21 | 11.76 7.84 0.82 | —0.54 0.46
Tai’an 2006 7.98 10.96 922 | 12.74 6.37 1.02 0.18 0.35
Tai’an 2005 7.24 10.43 895 | 11.73 4.67 1.23 | -0.27 0.65

SD Standard deviation
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Fig. 6.2 Frequency distribution of chlorophyll b content

6.1.1.2.1.2.1 QTL Mapping and Effect Analysis for Chlorophyll a Content

Four additive QTLs controlled chlorophyll a content were detected on chromo-
somes 1B, 4A, 5D, and 7A, respectively. And the variance of chlorophyll a content
explained by the QTLs ranged from 0.84 to 12.95 %. Among them, gChla5D had
the highest phenotypic contribution, which could explain 12.95 % of total pheno-
typic variation, and its positive allele originated from Yumai 57. Environmental
interaction effect was detected in gChla5D, explaining 21.27 % of total variation.

Three pairs of epistatic QTLs associated with chlorophyll a content were iden-
tified on chromosomes 2A-2B and 2A-3B(2), respectively. The pair of QTL
(qChla2Abl/qChla3B) involved in environmental interaction and explained 1.62 %
of total phenotypic variation.

6.1.1.2.1.2.2 QTL and Effect Analysis for Chlorophyll b Content

Four additive QTLs controlled chlorophyll a content were on chromosomes 2D, 4A,
5A, and 5D, respectively. And the variance of chlorophyll b content explained by the
QTLs ranged from 1.37 to 23.29 %. Among them, gChlb5D had the highest pheno-
typic contribution, which could explain 23.29 % of total phenotypic variation, and its
positive allele originated from Yumai 57. Further, gChlb2D, qChlb4A, and qChlb5A
involved in environmental interaction, which explained 5.81 % of total variation. No
pair of epistatic QTL for chlorophyll b content was detected in this study.
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6.1.1.2.2 QTL of Chlorophyll Fluorescence Parameters

6.1.1.2.2.1 Phenotypic Variations of Chlorophyll Fluorescence Parameters

Differences were found for chlorophyll fluorescence parameters between Huapei 3
and Yumai 57 (Table 6.4). The phenotypic value of PSII Fv/Fm for Huapei 3 was
higher than Yumai 57 in all environments. In the environment of 2008 (—N), Fv/Fm
for the two parents was higher than that in 2007 (+N) and 2008 (+N). The values of
Chla/b were inconsistent in 2007 (+N) and 2008 (+N). No difference was found for
Fo in nitrogen-deficiency environment and normal environment. The distribution of
all parameters was continuous in the DH lines, and in accordance with normal
distribution. Meanwhile, a transgressive separation was found from the DH lines.

6.1.1.2.2.2 QTL and Effect Analysis of Chlorophyll Fluorescence
Parameters

A total of fourteen additive QTLs and five pairs of epistatic QTLs were identified
for chlorophyll and fluorescence parameter, distributing on chromosomes 2A, 3A,
4A, 5A, 6A, 1B, 3B, 4B, 7B, 2D, 3D, 5B, 5D, and 6D, respectively (Table 6.5 and
Fig. 6.3).

Five additive QTLs associated with Chl a, Chl b, and Chla/b were mapped on
chromosomes 4A, 2D, and 5D, respectively. Among them, two major QTLs

Table 6.4 Phenotypic performance of chlorophyll content and chlorophyll a fluorescence of DH
population in field test

Treatment | Trait Parent DH population
Ym57 | Hp3 Mean |Max | Min SD Skewness | Kurtosis | CV
(%)
2007 Chla |[27.51 [22.69 |27.94 |32.16 |21.44 |224 |-055 041 | 0.08
+N) Chlb [1043 [7.24 1021 |11.76 |7.84 |0.82 |-0.54 046 | 0.08
Chla/b |2.64 [3.13 273 |276 |2.71 |0.01 0.5 0.77 | 001
Fo 500 |508 520 502|451 |255 |-0.14 036 | 0.05
Fm 3103|2846 |2809 |3355 |2124 |233.0 |-0.01 -023 | 0.08
Fv 2603 |2338 | 2286 |2823 |1587 [229 |-0.15 -0.13 |0.1
Fv/Fm (082 |0.83 |0.82 |0.84 (075 [0.02 |-09 122|025
2008 Chla |[31.06 |24.99 |29.65 |34.32 [22.88 |2.38 |-0.43 036 | 0.08
+N) Chlb |1098 [9.06 |8.54 13 546 | 1.26 0.36 043 | 0.15
Chla/b |2.83 [276 |3.55 |487 [242 |05 0.19 -0.5 0.14
Fo 452|473 | 454 502|402 [17.34 |-0.12 052 004
Fm 2458|2894 |2710 |3235 [2378 |161.2 | 0.16 -0.12 | 0.06
Fv 2006 |2421 (2257 |2747 |1921 |152.7 | 0.12 -0.16 | 0.07
Fv/Fm |0.816 [0.837 |0.83 | 0.849 |0.801 |0.01 |-0.82 095 001
2008 Fo 452 | 448 | 453 503 315 [44.1 |-0.88 -0.55 | 0.01
=N) Fm 2382|2565 (2552 |3175 |1761 |296.3 |-0.26 -049 | 347
Fv 1930|2117 |2007.3 | 2698 |1414 [263.1 |—0.14 -044  [0.13
Fv/Fm [0.81 [0.825 |0.83 |0.85 |0.78 |0.01 |[-058 057 |00l

Chl a chlorophyll a content; Chl b chlorophyll b content; Chla/b chlorophyll a/chlorophyll b; Fo initial
fluorescence; Frm maximum fluorescence; Fv variable fluorescence; Fv/Fm maximum quantum efficiency of PSII
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Table 6.5 Estimated additive (A) QTLs for wheat chlorophyll content and chlorophyll
fluorescence of DH population in field test

Trait QTL Flanking marker Site (cM) A? H (A, %)b
Chl a qChla4A Xwmc718-Xwmc262 1.0 —-0.70 8.24
qChla5D Xwmc215-Xbarc345 74.4 -0.97 16.12
24.36
Chl b qChlb2D Xcfd53-Xwmcel8 1.7 —0.44 11.59
qChlb5D Xbarc320-Xwmc215 67.3 —-0.69 28.49
40.08
Chl a/b qChla/b5D Xbarc320-Xwmc215 66.3 0.08 434
Fo qFo2A Xwmc455-XgmwS515 102.7 —9.00 11.08
qFo5D Xwmc215-Xbarc345 82.4 8.31 9.54
20.62
Fm qFm3B Xgwm389-Xgwm533 15.6 —59.17 6.25
qFm4B Xwmc47-Xwmce413 42 48.78 4.25
10.5
Fv qFv3B Xgmw389-Xgwm533 15.6 =57.77 6.18
qFv4B Xwmed7-Xwmc413 4.2 48.06 4.28
10.46
Fv/Fm qgFv/Fm5A Xgwml186-Xcfe223 58.8 0.0035 3.85
qFv/Fm6A Xcfel79.2-Xctel79.1 84.1 —0.0031 4.23
qFv/Fm6D Xgwm55-Xgwm133.2 90.9 0.0047 9.38
16.16

Note: *Additive effects, a positive value indicates that allele from Hp3 increases the trait, a
negative value indicates that allele from YMS57 increases the trait
°Contribution explained by additive QTL

(gChla5D and qChlb5D) flanked by Xwmc215 could explain 16.12 and 28.49 % of
total variation, respectively. Other three additive QTLs (qChla4A, qChlb2D, and
qChla/b5D) explained 8.24, 11.59, and 4.34 % of total variation, respectively.

Two additive QTLs controlling Fo were detected on chromosomes 2A and 5D,
accounting for 20.62 % of total phenotypic variation. Further, the positive alleles of
qFo2A and gFo5D came from Huapei 3 and Yumai 57, respectively, and which
explained 9.54 and 11.08 % of phenotypic variation, respectively.

For Fm, two additive QTLs (gFm3B and qFm4B) were detected, whose positive
alleles originated from Yumai 57, and could explain 7.86 and 7.38 % of phenotypic
variation, respectively.

For Fv, two additive QTLs (¢Fv3B and gFv4B) were identified, jointly explaining
10.46 % of the total variation, whose location on chromosomes were as same as the
two QTLs controlling Fm. However, their positive alleles came from Huapei 3.

Three additive QTLs (qgFv/Fm5A, qFv/Fm6A, and qFv/Fm6D) associated with
PSII Fv/Fm were detected, jointly explaining 16.16 % of phenotypic variation, and
the positive alleles came from Huapei 3.
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Fig. 6.3 The position of
additive QTLs and epistatic
QTLs conferring chlorophyll
content and chlorophyll
fluorescence of DH
population in field test
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Five pairs of epistatic QTLs controlling Fo, Fv/Fm, and chl a/b were detected,
distributing on chromosomes 1B-7B, 2D-3A, and 3D-5B, respectively (Table 6.6
and Fig. 6.3). And they could explain 12.1, 4.63, and 3.54 % of the phenotypic
variation.

6.1.2 QTL Mapping of Photosynthesis of Wheat Seedlings
in Phytotron

6.1.2.1 Planting and Determining Methods in Phytotron
6.1.2.1.1 Planting Trails

Two environment conditions including environment I (from September to October
2007) and environment II (from February to April 2008) were set in net room and
phytotron in Shandong Agricultural University. A total of 168 lines and parents
were planted in cultivate bowls (diameter for 10 cm and height for 8 cm) with
homogeneous and fertile soils. Furthermore, each line and parent was planted for
three bowls, and five plants were cultivated in a bowl. Under environment I,
materials were sowed on September 5, 2007, while materials were sowed on
February 28, 2008, under environment II. Materials management was carried out
following the conventional potting trial and transforming the location of cultivate
bowl once a week to reduce the difference in growing environment among lines and
parents. After one month, all the materials were transferred to a phytotron (ACC-1,
Hangzhou), and the upper two full extended leaves were sampled to determine the
photosynthesis parameters after 7 days for adaptation. In phytotron, the day/might
temperature was controlled in 24/18 °C, photon flux density 400 umol m 2 s™',
photoperiod 12 h/12 h, and relative humidity 60 %. In order to avoid the effect of
circadian rhythms on determining of parameters, preliminary work was conducted,
and multipoint photosynthesis and fluorescence parameters were determined on 5,
7, and 9 days after wheat in phytotron. It was found that photosynthesis and
fluorescence parameters of leaf were basically stable in one day after 7 days.

6.1.2.1.2 Determining Methods

6.1.2.1.2.1 Determination of Leaf Gas Exchange Parameters
at Seedling Stage

Net photosynthetic rate (Pn), stomatal conductance (Gs), inter-cellular CO, con-
centration (Ci) of the lines and parents were determined using portable photosyn-
thesis system (CIRAS-2, PP Systems, UK) after 7 days stored in phytotron.
Concentration of CO, was controlled in 380 umol mol™" by the system, and illu-
mination intensity was controlled in 1000 pmol m ™2 s~ ! by LED red-white source.
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6.1.2.1.2.2 Determination of Chlorophyll Fluorescence Parameters
of Wheat Seedlings

After gas exchange parameters were determined, the same position of leaves were
put in clip holders for a 20-min period of darkness adaptation and measuring the
fast chlorophyll a fluorescence transient (OJIP) by using a Handy PEA (Hansatech
instruments, Norfolk, UK) instrument, and the determination method was the same
as that described above.

6.1.2.1.2.3 Determination of Chlorophyll Content of Wheat Seedlings

After determining photosynthetic character and fluorescence parameters, the sam-
ples of all lines and parents were taken according to the method described above.
OD was measured at 662, 645, and 470 nm with a spectrophotometer UV-4802
(Unico instrument Co., Ltd, Shanghai, China). And then chlorophyll a, chlorophyll
b, and carotenoid contents were estimated.

6.1.2.2 QTL Mapping and Effects Analysis of Photosynthetic
Characters in Wheat Seedlings

QTL analyses were performed using QTL Network 2.0 software based on the
mixed linear model approach. When P < 0.005, 17 additive QTLs and 20 pairs of
epistatic QTLs conferring photosynthesis and its related traits were identified;
furthermore, all additive QTLs and 16 pairs of epistatic QTLs involved in envi-
ronmental interaction (Tables 6.7 and 6.8, Fig. 6.4).

Two additive QTLs (QPnr4D-11 and QPn5D-11) conferring Pn distributing on
chromosomes 4D and 5D were detected, whose positive alleles came from Yumai
57 and Huapei 3, respectively, and could explain 2.47 and 7.15 % of phenotypic
variation. Moreover, both the two additive QTLs involved in environmental
interaction. Meanwhile, four pairs of epistatic QTLs, distributed on chromosomes
1B-3A, 1B-3A, 1B-3D, and 1D-5B, were also detected and could explain 2.17,
1.58, 1.09, and 3.22 % of phenotypic variation, respectively.

For Tr, one QTL (QE4D-11) accounting for 3.81 % of phenotypic variation was
detected and involved in environmental interaction. Three pairs of epistatic QTLs,
distributed on chromosomes 3A-4A, 3B-4D, and 3B-6D, were detected and could
explain 2.59, 4.17, and 1.18 % of phenotypic variation. Moreover, all the three pairs
of epistatic QTLs involved in environmental interaction, jointly accounting for 8.66
and 9.75 % of phenotypic variation in the two environments, respectively.

For Ci/Cr, two additive QTLs (QGs4D-11 and QGs5D-13) were identified,
accounting for 4.17 and 2.64 % of phenotypic variation. And both the two QTLs
involved in environmental interaction. The phenotypic variations of QGs4D-11
were larger in the two environments, which were 3.48 and 3.45 %, respectively.
Five pairs of epistatic QTLs associated with Ci/Cr were also detected, distributing
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Fig. 6.4 Chromosome positions of additive QTLs for photosynthesis and related traits in 168
double-haploid lines derived from the cross of Huapei 3 x Yumai 57 at seedling stage of wheat

on chromosomes 1A-2B, 1D-5B, 2D-7D, 4B-5B, and 4B-5B, and explained 4.06,
0.81, 6.33, 2.25, and 2.33 % of phenotypic variation, respectively. In addition to
0Gs4B-3/QGs5B-2, other four pairs of QTLs involved in environmental interac-
tion. Furthermore, QGs2D-13/QGs7D-12 had the highest phenotypic contribution,
accounting for 8.21 and 8.42 %, respectively, in the two environments.

Two additive QTLs conferring Ci, distributing on chromosomes 5B and 5D,
were detected and explained 1.22 and 0.28 % of phenotypic variation. Among
them, QCi5B-5 had higher environmental interaction effect, accounting for 28.94
and 27.7 % of phenotypic variation in the two environments, respectively. In
environment I, the parental effect was greater than recombinant effect, but that was
opposite in environment II. No pair of epistatic QTL conferring Ci was detected.

Three additive QTLs for Ci/Cr (QTL-QCi/Cr4A-3, QCi/Cr5B-5, and QCi/Cr5D-9)
were identified, accounting for 0.58, 1.37, and 5.07 %, respectively. The total
variation of additive effect and environmental interaction effect were 14.69 and
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14.21 %, respectively. No pair of epistatic QTL conferring Ci/Cr was detected
(Tables 6.7 and 6.8, Fig. 6.4).

For chlorophyll a content, two additive QTLs (QCa5B-5 and QCa5D-10) were
detected, accounting for 1.2 and 18.23 % of phenotypic variation. And one pair of
epistatic QTL on chromosome 3B-5D for chlorophyll a content involved in envi-
ronmental interaction (Tables 6.7 and 6.8, Fig. 6.4).

Two additive QTLs (QCb5B-5 and QCb5D-10) conferring chlorophyll b content
were detected, accounting for 1.78 and 10.4 % of phenotypic variation, and their
positive alleles came from Huapei 3, which was in accordance with Huapei 3
having the higher content of chlorophyll b. Both the two QTLs involved in envi-
ronmental interaction, and QCb5D-10 had the higher phenotypic contribution,
explaining 14.12 and 13.9 % of phenotypic variation in two environments,
respectively. One pair of epistatic QTL for chlorophyll b was detected, distributing
on chromosomes 3B-5D, which involved in environmental interaction.

For carotenoid contents, only one additive QTL (QCx5D-10) was identified,
accounting for 27.25 % of phenotypic variation, and whose positive alleles came
from Huapei 3. Meanwhile, QE interaction could explain 6.3 and 6.12 % of phe-
notypic variation in the two environments, respectively. Two pairs of epistatic
QTLs were also detected on chromosomes 1B-4D, accounting for 2.02 and 0.75 %
of phenotypic variation; however, they did not involved in QE interaction
(Tables 6.7 and 6.8, Fig. 6.4).

For Fm, two additive QTLs (QFmIA-I and QFmlIA-17) were detected,
accounting for 1.43 and 1.15 % of phenotypic variation, respectively. And both the
two additive QTLs involved in QE interaction, but the contributions to phenotypic
variation were small. Four pairs of epistatic QTLs on chromosomes 1B-2B, 3B-7B,
1B-1B, and 5B-5D, respectively, were detected, explaining 1.04, 1.02, 2.04, and
1.08 % of phenotypic variation, respectively. In addition to the pair of epistatic
QTLs linked by Xcwem6.1-Xwmc128 and Xgwm582—Xcfe026.2 locating on
chromosome 1B, other three pairs of epistatic QTLs all involved in QE interaction
(Tables 6.7 and 6.8, Fig. 6.4).

6.1.3 QTL Mapping of Dry Matter Production
(DMA) and Fv/Fm at Jointing and Anthesis Stage
in Field

6.1.3.1 Materials and Methods

6.1.3.1.1 Planting Materials

Materials and Planting were same as one of the Sect. 6.1.1.1.1 in this chapter.
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6.1.3.1.2 Determining Methods

6.1.3.1.2.1 Determining DMA at Jointing and Flowering Stage
of Wheat in Field

Each genotype was tagged at jointing (first internode about 2 cm above the soil) and
at flowering (anthers burst on more than 50 % of panicles). Five stems from each
DHL were cut at the soil surface and then put in ice from both growth stages.
Samples were treated at 105 °C for 30 min and further dried at 65 °C until reaching
constant dry weight. The leaves were separated from the stem and the weights of
each stem with the sheath and corresponding leaf were separately measured using a
JA3003A electronic balance (Jingtian Instruments, Shanghai, China). The DM
weight of each plant was the sum of the values of the stem and the leaf. The DMA
of leaves, stems, and plants was calculated according to the difference in weight
between the jointing and anthesis stages. The means of five replications from each
plot were used for statistical analysis.

6.1.3.1.2.2 Determination of Fv/Fm at Jointing and Flowering Stage
of Wheat in Field

The upper unfolded leaves at the jointing and anthesis stages were used to measure
the maximum quantum efficiency (Fv/Fm), and the determining method as described
above. Mean values of five replications per plot were taken for data analysis.

6.1.3.2 Result and Analysis
6.1.3.2.1 Phenotypic Variation Among DHLs

The phenotypic variation of DHLs and the parents for DMA of culms, leaves, total
plants, and Fv/Fm at the jointing stage and anthesis stage in 2007 and 2008 are
summarized in Table 6.9. HP3 and YMS57 differed significantly in the measured
traits and phenotypic values of HP3 for the majority of traits at both growth stages
were much higher than those of YMS57. However, the DMA of leaves for YM57
was higher than that of HP3 at the jointing stage. The mean values of DHLs were
intermediate between the parents for most of the traits. Some lines had more
extreme values than the parents, showing substantial transgress segregation. In
addition, all target traits showed considerable phenotypic variation and continuous
distributions, indicating their quantitative nature. The skewness and kurtosis of
DMA were less than 1.0, implying polygenic inheritance and suitability of the data
for QTL analysis, whereas the Fv/Fm values were often a little higher than 1.0,
indicating the distribution of Fv/Fm was skewed to some extent.
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Table 6.9 Phenotypic data for DMA and Fv/Fm in two developmental stages in the 2007 and
2008 crop seasons

Season Trait Parent DH population
growth stage HP3 | YM57 |[Mean |Max |Min SD | Skew |Kurt
2007 Jointing | Culm 0.51 0.16 0.46 1 0.06 |0.2 0.41 | —0.27
(g-culm-1)
Leaves 0.11 0.14 0.07 |04 -0.15 |0.1 0.29 0.37
(g-culm-1)
Plant 0.62 0.30 0.54 | 1.34 0.1 0.23 0.73 0.64
(g-culm-1)
Fv/Fm 0.835 0.815 0.809 | 0.84 0.74 ]0.02 [-1.1 2.26
2007 Culms 1.84 0.84 0.74 334 |-1.53 [0.79 0.45 091
Anthesis (g-culm-1)
Leaves 0.08 |-0.06 |-0.02 |0.17 |-023 |0.09 |—0.1 -0.52
(g-culm-1)
Plant 1.92 0.78 0.87 346 |—0.82 [0.78 0.59 0.85
(g-culm-1)
Fv/Fm 0.82 0.82 0.82 |0.84 0.75 ]0.02 [-0.9 1.22
2008 Jointing | Culms 0.39 0.37 0.28 |0.73 0.01 |0.14 0.74 0.46
(g-culm-1)
Leaves 0.14 0.25 0.13 |0.31 -0.08 |[0.07 |—0.11 0.25
(g-culms-1)
Plants 0.53 0.62 0.4 0.87 |—0.02 |0.18 0.32 | -0.14
(g-culm-1)
Fv/Fm 0.84 0.84 0.84 |0.85 0.81 |0.01 |[-1.15 2.6
2008 Culms 1.1 0.65 0.54 |196 |—-09 0.49 | -0.08 0.56
Anthesis (g-culm-1)
Leaves 0.01 -0.07 |[-0.04 |0.17 |-022 |0.08 |-0.06 |—-0.3
(g-culm-1)
Plants 1.11 0.58 0.51 204 |-1.09 |0.55 0.04 0.43
(g-culm-1)
Fv/Fm 0.837 0.816 0.83 | 0.849 0.801 |0.01 |-0.82 0.95

Culms DMAs of culms; Leaves DMAs of leaves; Plants DMAs of plants; Fv/Fm maximum quantum
efficiency of PSII; the same as below

6.1.3.2.2 Correlation Analysis for Identified Traits

Correlations among all the identified traits at the two growth stages in both years are
given in Table 6.10. The correlations between DMA in culms and leaves at anthesis
were much higher than those at the jointing stage in both years, with the exception
of the highly significant correlations rAl12 = 0.648%*, rA22 = 0.737**, and
rJ12 =0.163, 1J22 = 0.378** (1, 2 represent the years 2007 and 2008, respectively).
However, the DMAs of plants showed high positive correlations with those of both
culms and leaves. In addition, the correlation coefficients between plants and culms
(rG12 = 0.523**, rG22 = 0.996**, 1J12 = 0.943**, and rJ22 = 0.925%*) were much
higher than those between plants and leaves (rG12 = 0.344%*%*, 1G22 = 0.789%%*,
rJ12 = 0.456%%, and rJ22 = 0.699%*) at the two growth stages in both years.
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This suggested that DMA in culms plays an important role in plant development.
Fv/Fm was poorly correlated with the parameters for DMA.

6.1.3.2.3 QTL Mapping and Effect Analysis of DMA and Fv/Fm in Field

6.1.3.2.3.1 Additive QTLs and Additive QTL x Environment Interactions

A total of 18 additive loci affecting the measured traits were detected. Map loca-
tions and additive effects of the QTL and interaction effects between additive QTLs
and environments are summarized in Table 6.11 and Fig. 6.5, respectively. It is
interesting that all QTLs showing interacting effects with environments were
identified at the jointing stage.

The three loci showing significant associations with DMA in culms explained
from 7.02 to 14.02 % of the phenotypic variation. All loci derived their additive
effects from favorable alleles of HP3. A major QTL, Qculm5D-10, was detected at
the jointing stages, accounting for 14.02 % of the phenotype variation. The other
two QTLs QculmID-2 and Qculm3B-21, involved at the anthesis stage, explained
7.02 and 9.93 % of the phenotypic variation, respectively.

For DMA in leaves, seven additive QTLs, 4 at jointing and 3 at anthesis, were
located on chromosomes 2A, 3A, 3B, 4A, 5A, 5B, and 5D. Five of these were
conferred by favorable alleles from HP3. All QTLs with A-QEIs were identified at
the jointing stage, explaining from 1.25 to 3.84 % of the phenotypic variation. No
major loci were involved.

Five QTLs controlling DMA in plants were located on chromosomes 1D, 3B,
4B, 5D, and 6A, accounting for 0.37 to 9.34 % of the phenotypic variation. The
favorable allele of Qplant4B-7 came from YMS57, and the other four favorable
alleles were from HP3. Three QTLs with A-QEIs were identified at the jointing
stage, explaining from 0.34 to 1.74 % of the phenotypic variation. No major loci
were involved.

Three regions on chromosomes 5A, 6A, and 6D, associated with Fv/Fm, were
detected at the anthesis stage. These loci accounted for 3.19-7.26 % of the phe-
notypic variation. Two of the favorable alleles were from HP3, and the other was
from YMS57. No loci were involved in additive and environmental interactions.

6.1.3.2.3.2 Epistatic QTL and Epistatic QTL % Environment Interactions

The 12 pairs of epistatic QTLs for DMA (Table 6.12 and Fig. 6.5) explained
phenotypic variation ranging from 0.18 to 13.11 %. Among them, five pairs not
only had epistatic effects, but also had E-QEI effects at jointing.

Three pairs of epistatic QTLs were detected for DMA in culms; one pair showed
both epistatic effects and also E-QEI effects. Two epistatic pairs involved at the
jointing stage had negative effects, which meant that recombinant types had higher
effects than the parents. The single pair detected at anthesis showed positive effects,
that is, parental effects were larger than recombinant effects.
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Fig. 6.5 The position of additive QTLs and epistatic QTLs conferring dry matter production and
Fv/Fm at two developmental stages in 2007 and 2008
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Two pairs of epistatic QTLs affected DMA in leaves were detected (one at each
growth stage). The Qleaves4A-10/Qleaves6B-7 pair, with positive effects, explained
13.11 % of the phenotypic variation.

Seven pairs of epistatic QTLs affected DMA in plants. These included four pairs
only for epistatic effects, and three pairs involved in both epistatic and E-QEI effects
at jointing. Two pairs of epistatic QTL with positive effects explaining variation of
8.88 and 9.27 % were identified in the anthesis stage. No major loci were involved.

6.1.3.2.3.3 Distribution of the Additive and Epistatic QTLs

Overall, 16 chromosomes carried 18 additive QTLs for the four traits (Table 6.11,
Fig. 6.5). An interesting feature was the highly concentrated distribution of additive
QTLs in a few chromosomal regions, and the existence of QTL hot spots, namely
chromosomal regions shared by multiple QTLs. For example, the additive QTLs
involved in DMA in culms and plants, Qculmi1D-2 and Qplantl1D-2, Qculm3B-21
and Qplant3B-2, and Qculm5D-10 and Qplant5D-10, were identified within the
same chromosomal intervals, viz. XWMC222-XGDM60, XWMC307-
XGWMS566, and XBARC320-XWMC215, respectively. Some QTL clustering
occurred in neighboring marker intervals, e.g., flanking markers XCFDI101 to
XWMC215 were shared by QTLs for DMA in culms, leaves, and plants on
chromosome 5D. Similarly, clustered groups were also found for loci associated
with the 12 pairs of epistatic QTLs (Table 6.12, Fig. 6.5), further increasing the
locus densities in clustered regions.

6.1.4 Research Progress of Photosynthetic Characters QTL
Mapping and Comparison of the Results with Previous
Studies

6.1.4.1 Research Progress of Wheat Photosynthesis QTL Mapping

Cao et al. (2004) detected 16 QTLs for chlorophyll content under nitrogen
(N) sufficient environment and N deficient environment. Yang et al. (2007) ana-
lyzed the QTL for chlorophyll fluorescence and related traits under conditions of
rainfed and well-watered and reported that a total of 18 additive QTLs, including 11
QTLs detected under rainfed condition and seven QTLs detected under
well-watered condition were located on eight chromosomes 1A, 5A, 6A, 7A, 1B,
3B, 4D, and 7D. The variance explained by the QTLs ranging from 7.27 to 72.72 %
depended on the traits. Four QTLs controlling Chlorophyll b under two water
regimes were located on chromosomes 1A, 5A, and 7A. Only one QTL for Fo was
detected under rainfed condition and was located on chromosome 1B. One QTL of
each water regime involved in Fm were identified and located separately on
chromosomes 7A and 1B. Two QTLs for Fv under rainfed condition were detected
and located on chromosomes 7A and 7D, respectively. No epistatic QTL was
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identified for Chlorophyll b under two water regimes, for Fm under rainfed con-
dition, as well as for Fo and Fv/Fo under the well-watered condition. In this
research, there was no QTL controlling one given trait to be mapped on the same
marker interval under two water regimes. Therefore, the results imply that there
were different QTL expression patterns under different water conditions. More
QTLs were revealed in stress conditions than in non-stressed conditions, suggesting
that environmental stress can induce the expression of genes originally keeping
silent under non-stressed conditions to alleviate plant damages from environmental
stress. Cao et al. (2004), Li et al. (2013), Czyczylo-Mysza et al. (2013),
Vijayalakshmi et al. (2010) and Ali et al. (2013) analyzed QTLs for some traits, i.e.,
chlorophyll, fluorescence, PS parameters, carotenoid, flag leaf senescence in wheat.

So far, scholars at home and abroad have studied wheat photosynthesis and
related traits at different growth stages and that under different environments using
RIL, DH, and other populations. QTL for about 11 traits related to photosynthesis
and physiology were analyzed, and 224 QTLs were obtained conferring different
traits. Among them, 101 QTLs whose effect is greater than 10 % were detected,
furthermore, the highest contribution to phenotypic variation was 49.59 %
(Table 6.13). Those QTLs referred to 21 chromosomes, especially 24 QTLs were
found on chromosome 6B, which had the largest number of QTLs, followed by
chromosome 5B (23 QTLs were detected) and chromosome 2D (19 QTLs). It can
be seen, chromosomes 2D, 5B, and 6B were very important to traits related to
photosynthesis and physiology of wheat.

6.1.4.2 Comparison of the Results with Previous Studies

QTL conferring Fm distributed on chromosome 1A, which were detected in this
study, was nearby QRaw.ipk-1A, which also controlled Fm, detected by Borne et al.
(2002). The QTL controlling Ci/Cr on chromosome 4A was near by the QTL
associated with cereal protein content (Cao et al. 2004). The QTLs (¢CHO-5B and
gCHN-5B) conferring chlorophyll content detected in this study, which nearby
QTgwg.cgb-5B controlling thousand seeds weight at grain filling stage. Meanwhile,
QTLs for thousand seeds weight, yield, and protein content were also detected on
the similar loci (Groos et al. 2003). QPn4D-11, QE4D-11, and QGs4D-11 detected
on chromosome 4D were adjacent to the QTL for Fv/Fo (Yang et al. 2007). Su et al.
(2006) mapped major QTLs controlling grain yield on chromosome 3B in winter
wheat, and in this study, QCulmc.sau-3B, QLeavesc.sau-3B and QPlantc.sau-3B,
were detected on the same chromosome. In addition, the loci QLeavesc.sau-2A,
QPlantc.sau-4B, and QFv/fimc.sau-5A coincided with loci for grain weight per ear
and post-anthesis DMA per culm (Su et al. 2006; Huang et al. 2003; Quarrie et al.
2005). These indicate that most of the QTLs associated with photosynthesis and
related traits were in accordance with the previous results. Meanwhile, many QTLs
for some traits, which were not determined before, and QTLs, which were not
identified, were also detected in this study (see the previous paper and Table 6.13).
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6.2 QTL Conferring Microdissection Characteristics
of Wheat Stem

The structure of stem was closely related to lodging resistance of wheat and consists
of epidermis, mechanical tissue, elementary tissue, vascular bundle, and pith.
Furthermore, the vascular bundle plays an important role in transportation of
photosynthetic products, mineral nutrients, and water. The number, size, and
capacity of the vascular bundle influence the transportation ability, especially for
photosynthetic products. The number and area of the vascular bundles are the basis
of large sink and free flow. The growth of vascular bundle is affected by both
variety and growing environment, and very complex. In wheat breeding practice
with high yield, the relationship between structure of vascular bundle in stem, and
size, and plumpness of grain becomes one of the important tissues for research. The
capacity of the vascular bundle system transporting assimilates from the source to
the sink may be one of the limiting factors for crop yield. Therefore, there is
important significance for improving lodging resistance and yield in wheat by
studying the structure of vascular bundle in stem.

6.2.1 QTL Mapping for Anatomical Traits of Second Basal
Internode

6.2.1.1 Materials and Methods
6.2.1.1.1 Materials

Materials and Planting were same as one of the Sect. 6.1.1.1.1 in this chapter.

6.2.1.1.2 Field Trails

The field trials were conducted on the experimental farm at Shandong Agricultural
University (Tai’an, China, 36°9'N, 117°9'E) and Jiyuan Agricultural Science
Institute (Jiyuan, Henan province, 35°5'N, 112°38'E) in 2008-2009 and 2009-—
2010. And nine different environmental conditions were set, as follows:

2008-2009, one normal environmental condition was set in Jiyuan, and four
environmental conditions (normal, rainfed, well-watered, and late-sowing) were set
in Tai’an. While, in 2009-2010, one normal environmental condition was also set
in Jiyuan, and three environmental conditions (normal, rainfed, and well-watered)
were set in Tai’an.

In the autumn of 2008, the test materials were sowed on October 68 in the
normal, rainfed, and well-watered conditions, and they were sowed on November
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22 in the late-sowing condition. While in the autumn of 2009, the sowing date was
October 4-7 in the normal, rainfed, and well-watered conditions.

All DH lines and parents were grown in a plot with four rows in 2-m length,
26.7 cm between rows and 2.2 cm between plants. And the basic seedling number
was about 120,000.

For normal condition, crop management was carried out following the local
practice. At jointing and anthesis stages, 225 and 75 kg/ha of urea were added,
respectively. Meanwhile, plots were irrigated before winter and at jointing and
anthesis. For rainfed condition, crop management was carried out following the
normal practice. At jointing and anthesis, 225 and 75 kg/ha of urea were added,
respectively. However, there was no irrigation during the whole growth period. For
well-watered condition, crop management was also carried out following the nor-
mal practice. And plots were irrigated before winter and at jointing and anthesis.
However, no fertilizer was applied at jointing and anthesis. For late-sowing con-
dition, crop management was also carried out following the local practice, but the
sowing date was delayed.

6.2.1.1.3 Determining Methods

6.2.1.1.3.1 Hanging Tag

At the beginning of May, main stems (flowered on the same day) in the center of
every plot were marked.

6.2.1.1.3.2 Sampling

The transverse hand section was made for 2 cm in the middle of the second basal
internode at milk-spike stage.

6.2.1.1.3.3 Fixing and Saving

The materials were put into carnoy’s fluid, immediately and were extracted until no
air bubbles were appeared. Then, carnoy’s fluid was changed and air was extracted.
After that, the materials were stored at 0—4 °C for use.

6.2.1.1.3.4 Section

Settled segment of stem was sectioned to slices with about 20 um thickness (less
than two layers of cells) by using thin razor.

6.2.1.1.3.5 Microscopy

Better sections were selected under the microscope and then dyed.
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6.2.1.1.3.6 Dyeing

The selected sections were stained for 3 min using safranin, rinsed for 1 min, and
again stained for 15 s using Fast Green, and then rinsed.

6.2.1.1.3.7 Microscopy

A drop of distilled water was taken on the glass slide, and the dyed sections were
put on the glass slide and then observed using low power lens (Nikon YS100).
Finally, the poorly dyed sections were rejected.

6.2.1.1.3.8 Photographing

Cover glass was put on the selected sections and photographed in DP71 high
resolution by using microscope (Olympus BX51).

6.2.1.1.3.9 Statistics

The stem diameter (SD) for basal internode was measured, and matching parameter
was set, and then the stem anatomical structure-related traits such as the number of
large and small vascular bundle (LVB, SVB), culm wall thickness (CWT), and the
pith diameter (PD) were measured by using the graphic program Image-pro Plus
6.0.

6.2.1.2 Result and Analysis
6.2.1.2.1 Variation of Phenotype

Five traits for anatomical structure of the second basal internode including the
number of LVB, the number of SVB, SD, CWT, and PD were analyzed by using
the DH population. The variations of phenotypic data of five traits related to the
second basal internode in four environments for two years were summarized in
Table 6.14.

Huapei 3 had the higher values of anatomical traits than Yumai 57 in Jiyuan and
Tai’an (late-sowing condition) in 2008-2009, and in Tai’an (normal condition) in
2009-2010. However, Yumai 57 had the higher values in Tai’an (normal condition)
in 2008-2009. The ranges of variation of the test traits were large, which was in
accordance with normal distribution and the distribution was continuous.
Meanwhile, a transgressive separation was found from the DH lines. Therefore, the
phenotypic data were suitable for QTL analysis.
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Table 6.14 Phenotypic values of the anatomical traits in the DH population

Env. | Trait Parent DH population
HP3 YMS57 | Min Max | Average |SD Skew Kurt
El LVB 4475 | 425 343 47 40.4 2.59 0.2 —0.04
SVB 21 25 12.3 31.8 |20.79 3.94 0.37 | —-0.07
E2 LVB 4125 |40.25 30 48 39.78 3.03 0.13 0.69
SVB 22.5 19.25 11.75 |33 20.81 3.99 0.38 | —0.09
E5 LVB 33 35.75 26 41 329 2.94 0.04 |-0.1
SVB 16 25.25 13 26 18.25 2.6 0.17 |-0.11
E7 LVB 37 39.57 31 45 37.27 2.59 0.06 0.05
SVB 18.86 |22.29 13 30 20.82 3.57 0.17 |—-0.38
El SD 4.79 5.06 3.52 5.71 4.63 0.39 0.31 0.26
CWT |0.54 0.57 0.37 0.66 0.5 0.05 0.5 0.22
PD 3.72 3.92 2.71 4.44 3.62 0.35 0.05 |-0.29
E2 SD 4.56 4.36 3.52 5 4.12 0.3 042 |—-0.18
CWT |04l 0.41 0.34 0.52 0.4 0.03 0.77 0.61

PD 3.75 3.55 2.73 4.16 3.32 0.28 035 |-0.13
E5 SD 3.68 3.75 2.99 4.26 3.63 0.25 0.12 |-0.17
CWT |0.39 0.41 0.33 0.56 0.43 0.05 029 |-0.14

PD 291 2.92 2.21 3.37 2.77 0.22 0.3 0.22
E6 SD 4.31 4.11 3.36 4.94 4.15 0.27 0.03 0.33
CWT |0.8 0.63 0.39 1.3 0.63 0.14 1.19 3.26

PD 271 2.85 1.82 3.79 2.88 038 |—-0.19 0.2

E7 SD 3.75 4.49 3.39 5.11 4.17 0.31 0.4 0.09
CWT |0.86 0.67 0.52 1.46 0.83 0.17 0.81 0.78
PD 2.03 3.16 1.18 4 2.51 0.48 0.04 0.01
E8 SD 4.06 4.01 3.26 4.59 3.88 0.28 035 |—-0.32
CWT | 0.66 0.49 0.34 1.02 0.54 0.09 1.3 4.25
PD 2.75 3.04 1.44 3.72 2.79 035 |—-0.26 1.19

LVB large vascular bundles; SVB small vascular bundles; SD stem diameter; CWT culm wall
thickness; PD pith diameter; El, Jiyuan, Henan province in 2008-2009 under normal
environment; E2-E5, Tai’an, Shandong province in 2008-2009 under normal, rainfed,
irrigation, late-sowing environment, respectively; E6, Jiyuan, Henan province in 2009-2010
under normal environment; E7-E9, Tai’an, Shandong province, in 2009—2010 under normal,
rainfed, irrigation environment, respectively. The same as below

6.2.1.2.2 QTL Mapping and Effect Analysis of Anatomical Structure of the
Second Basal Internode

A total of five QTLs conferring LVB on chromosomes 5D and 4D were detected in
two years in four different environmental conditions (Table 6.15). Among them, the
QTL on chromosome 5D detected in Jiyuan in 2008-2009 had the highest contri-
bution, accounting for 13.69 % of phenotypic variation. A total of seven QTLs for
SVB on chromosomes 1B, 5B, 6A, and 7D were identified, and the QTL detected in
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Table 6.15 The additive effects for vascular bundle number of the second basal internode

Env. | Trait | Chromosome | Flanking marker Site Range A P value | hX(a) %
El LVB | 5D-11 Xwmc215-Xbarc345 713 | 63.2-84.3 —1.1724 | 0.0000 | 13.69
SVB | 1B-6 Xbarc119-Xgwm18 33.8 | 27.7-34.5 —1.6968 |0.0000 |17.12
6A-4 Xbarc1077-Xbarc1165 41.2 | 35.5-42.2 —0.8242 | 0.0019 3.48
E2 LVB | 4D-8 Xbarc190-Xbarc1009 165.5 | 156.7-172.4 | —0.9156 | 0.0000 8.27
5D-10 Xbarc320-Xwmc215 66.2 | 60.5-84.3 —1.1546 | 0.0000 | 11.37
SVB | 5B2-1 Xbarc36—Xbarc140 14.0 | 6.0-20.1 —1.5074 | 0.0000 | 10.87
E5 LVB |5D-2 Xcfd40-Xbarc1097 2.4 10.0-6.4 —0.8399 | 0.0000 | 10.39
SVB | 1B-7 Xgwml18-Xwmc57 345 | 25.7-349 —0.6899 | 0.0000 8.54
1B-25 Xswes158—Xswes650 126.1 | 110.4-130.6 | —0.7139 | 0.0001 7.80
6A-8 Xbarc1055-Xwmc553 50.7 | 43.7-63.2 —0.9192 | 0.0000 9.28
E6 LVB |4D-10 Xbarc237-Xcfe254 1694 | 164.3-177.4 | —0.8101 |0.0001 8.25
SVB | 7D-5 Xgwm676-Xgwm437 117.9 | 104.3-124.9 1.3033 | 0.0000 |10.58

From El to E6 as the same as Table 6.14

Jiyuan condition in 2008-2009 had the highest contribution, accounting for 17.12 %
of phenotypic variation. Meanwhile, the locus had the highest value of additive
effect, which could increase the number of SVB by 1.69. In addition to the QTL
controlling SVB on chromosome 7D, the positive alleles all came from Yumai 57.

The QTLs conferring LVB on chromosomes 5D and 4D and the QTLs con-
ferring SVB on chromosomes 6A and 1B were detected twice in the four envi-
ronmental conditions, accounting for 10.39-11.36, 8.25-8.27, 3.48-9.28, and 8.54—
17.12 % of phenotypic variation, respectively. Other QTLs for the number of
vascular bundle detected in this study were only one time and had poor
reproducibility.

A total of seven QTLs controlling SD of the second basal internode on chro-
mosomes 1A, 1B, 2D, 4B, and 5D were detected; furthermore, the QTL on chro-
mosome 5D, which was detected in Jiyuan condition in 2008-2009, had the highest
contribution, accounting for 15.49 % of phenotypic variation, and its additive effect
was also the highest, which could increase SD by 0.19 mm (Table 6.16). In addition
to the QTL conferring SD on chromosome 1A, the positive alleles of other QTLs all
came from Yumai 57.

For CWT, seven QTLs on chromosomes 1B, 3D, 5B, and 6A were detected, and
the QTL on chromosome 1B, detected in Jiyuan condition in 2008-2009, had the
highest contribution, accounting for 13.41 % of phenotypic variation. Except for the
QTL on chromosome 6A, positive alleles of other QTLs all originated from Yumai 57.

For PD, eight QTLs on chromosomes 1B, 2A, 2D, 3D, 4D, and 5D were
detected, and the QTL detected in Jiyuan condition in 2008-2009 had the highest
contribution, explaining 20.95 % of phenotypic variation. Except for the QTLs
conferring PD on chromosomes 1B, 2D, and 5D, the positive alleles of other QTLs
all came from Huapei 3.

The QTLs for SD and SWT on chromosome 1B stably express in all conditions
in 2008-2009, but were not identified in all conditions in 2009-2010.
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Table 6.16 Estimated the additive effect for SD, CWT, and PD in the DH population

Env. | Trait | Chromosome | Flanking marker Site | Range A P value | K (a) %
El SD 1B-6 Xbarc119-Xgwm18 33.8 | 33.0-34.5 |—-0.1167 | 0.0000 4.95
2D-4 Xcfd53-Xwmcel8 16.6 | 0.9-29.6 —0.1505 | 0.0000 8.12
5D-10 Xbarc320-Xwmc215 64.2 | 58.5-69.2 | —0.1910 |0.0000 | 15.49
CWT | 1B-13 Xbarc372-Xwmc412.2 | 36.1 |35.2-36.1 | —0.0200 | 0.0000 | 13.41
PD 2D-4 Xcfd53-Xwmcel8 18.6 | 0.9-31.6 —0.1300 | 0.0000 6.91
3D-11 Xwmc631-Xbarc071 86.0 |77.3-93.9 0.0914 | 0.0002 11.33
5D-10 Xbarc320-Xwmc215 66.2 | 62.2-76.3 | —0.1655 |0.0000 | 20.95
E2 SD 1B-2 Xwmc406-Xbarc156 28.7 |24.0-33.0 | —0.1111 | 0.0000 11.08
CWT | 1B-12 Xcfe023.1-Xbarc372 36.1 |36.1-37.0 | —0.0104 | 0.0000 9.65
PD 1B-2 Xwmc406-Xbarc156 27.7 |9.0-33.0 —0.0711 | 0.0006 9.48
2D-3 Xwmcl12-Xcfd53 0.9 |0.0-22.6 —0.0714 | 0.0002 8.62
E5 SD 1B-9 Xcwem6.1-Xwmc128 349 |33.8-35.2 | —0.0852 | 0.0000 11.37
CWT | 1B-4 Xwme31-Xwmc626 33.0 |30.7-34.9 | —0.0129 | 0.0000 6.79
5B1-5 Xgwm213-Xswes861.2 | 68.1 |53.1-68.1 |—0.0144 | 0.0000 8.21
6A-9 Xwmc553-Xgwm732 70.2 | 59.2-83.4 0.0166 | 0.0000 9.20
PD TA-4 Xbarc070—Xbarc250 235 | 18.8-36.5 0.0632 | 0.0001 8.08
E6 SD 1A-5 Xwmc550—Xbarc269 443 |29.4-53.6 0.1109 | 0.0000 13.47
E7 SD 4B-7 Xwmc48—Xbarc1096 18.4 | 14.7-18.4 | —0.0863 | 0.0002 7.92
CWT | 6A-8 Xbarc1055-Xwmc553 46.7 | 40.5-54.2 0.0152 | 0.0000 9.62
E8 CWT | 3D-10 Xbarc323-Xwmc631 82.0 |75.3-88.0 | —0.0333 | 0.0000 12.84
PD 2A-17 Xgwm448-Xwmc455 74.6 | 71.7-79.6 0.1035 | 0.0001 9.71
4D-1 Xwmc473-Xbarc334 0.0 | 0.0-9.0 0.0881 | 0.0004 7.99

From EI to E6 as the same as Table 6.14

For the QTLs conferring PD detected in 2009-2010, only the QTL on chro-
mosome 2D was detected in the two environments, while other QTLs were detected
only one time in different environmental condition.

6.2.2 QTL Mapping for Anatomical Traits of the Uppermost

Internode

6.2.2.1

6.2.2.1.1 Materials

Materials and Methods

The test materials were the same as the previous paper for the second basal

internode.

6.2.2.1.2 Field Trails

Field trials were conducted in 2006-2007 and 2007-2008 in Tai’an, Shandong
province, China. The experimental field design consisted of a randomized block
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design with two replications. One environment (environment I) was conducted in
2006. All lines and parents were grown in 2-m-long four-row plots (25 cm apart).
Crop management was carried out following the local practices, which were irri-
gation in wintering, jointing, anthesis, and grain filling stages. An additional 225
and 75 kg/ha of urea were top-dressed at jointing and anthesis, with irrigation,
respectively. The total water (millimeter) (rainfall 122.0 mm; irrigation 270.0 mm)
and accumulated temperature days were 2605.1 °C day during the whole life of the
wheat. Three environments (environment I[I-IV) were conducted in 2007 in the
same soil conditions. The total water (mm) (rainfall 172.5 mm; irrigation
180.0 mm) and accumulated temperature days were 2362.5 °C day during the
whole life of the wheat. The management of ground fertilizers, irrigation, and
top-dressed fertilizers of environment II was the same as that of environment I; the
management of ground fertilizers and irrigation of environment III was the same as
that of environment I, but there was no top-dressed urea applied at the jointing and
anthesis stages; the management of ground fertilizers and top-dressed urea of
environment IV was the same as that of environment I, but there was no irrigation
during the wheat’s entire growing season.

6.2.2.1.3 Determining Methods

At anthesis stage, three main stems (flowered on the same day) in the center of
every plot were selected. The lengths of uppermost internodes and the diameters at
2 cm below the neck of the spike were determining by using ruler and vernier
caliper, respectively. Furthermore, 2 cm of uppermost internodes were put in sta-
tionary liquid (absolute ethyl alcohol/glacial acetic acid = 3/1) for 4-10 h, and then
put in 70 % ethanol in the refrigerator. The numbers of large vascular bundles
(LVB) located in the inner parenchyma of the stem (with diameters equal to or
greater than 10 pm) were recorded, and the numbers of total vascular bundles
(TVB) were counted with a Nikon YS100 (Nikon Co. Ltd, Nanjing, China)
microscope (magnified 100x). According to TVB = LVB + SVB, the numbers of
small vascular bundles (SVB) and the ratios of large to small vascular bundles (L/S)
were calculated (Fig. 6.6). Mean values were used for the data analysis.

6.2.2.2 QTL Mapping for Anatomical Traits of the Uppermost
Internode

6.2.2.2.1 Variation of Phenotypic Data of Uppermost Internode-Related
Traits

Huapei 3 is a weak spring and precocity variety, while Yumai 57 is a
semi-winterness and medium maturing variety. All lines and parents were planted
in October 2006 and 2007 on experimental farm in Shandong Agricultural
University. And four environmental conditions including environment I (normal
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Fig. 6.6 The diagram and microscope structure of the internode in wheat a transverse section
structure of wheat internode; b magnified structure of uppermost internode in wheat (magnified
200). LVB large vascular bundles; SVB small vascular bundles

irrigated and top-dressed urea in 2007), environment II (normal irrigated and
top-dressed urea in 2008), environment III (normal irrigated but no top-dressed urea
in 2008), and environment IV (no irrigated but top-dressed urea in 2008) were set.
There were obvious differences in uppermost internode length (UIL), the number of
total vascular bundles (TVB) and the number of small vascular bundles
(SVB) between the parents. And the frequency distributions for eight traits (UIL,
UID, CWT, CWA, TVB, LVB, SVB, and L/S) examined in the DH population of
wheat exhibited continuous variations and more or less normal distributions with
transgressive segregation, indicating that all the eight traits are quantitative traits
controlled by polygenes (Table 6.17 and Fig. 6.7), and their quantitative nature
which is suitable for QTL mapping.

6.2.2.2.2 QTL Mapping and Effect Analysis of Uppermost
Internode-Related Traits

QTL conferring eight traits associated with morphological anatomy of uppermost
internode were performed by using the software QTL Network 2.0 based on a
mixed linear model. A total of 20 additive QTLs and one pair of epistatic QTL on
chromosomes 1A, 1B, 2A, 2D, 3D, 4D, 5D, 6A, 6D, and 7D were detected
(Table 6.18 and Fig. 6.7).

6.2.2.2.2.1 QTL Mapping for UIL

Three additive QTLs for UIL, located on chromosomes 1B, 4D, and 7D (Table 6.18
and Fig. 6.7) were detected and expressed differently in the four environments. In
environment I, two QTLs on chromosomes 4D and 7D were detected; in environment
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Table 6.17 Phenotypic performance of vascular bundle system under four environments

Trait Env. Hupei | Yumai |DH population
3 57 Mean | Max | Min SD Skewness | Kurtosis
UIL (cm) EIL 30.17 | 25.77 24.35 |35.15 | 12.50 | 5.16 |-0.11 —-0.60
EIl 28.77 | 25.93 25.28 |36.53 | 13.97 | 5.28 | —0.00 -0.91
E 1II 26.37 | 24.87 25.26 |38.10 | 12.30 | 5.01 |-0.14 —-0.62
EIV 2797 |25.30 23.96 |33.83 | 12.50 | 4.88 0.00 -0.76
UID (mm) EI 2.73 2.33 2.56 |3.28 1.71 0.32 | -0.07 -0.37
EIl 2.68 2.55 2.55 |3.17 |2.00 0.21 0.16 0.28
E I 2.40 2.36 2.42 |3.35 1.85 0.25 0.60 0.90
EIV 242 2.32 2.24 |3.18 1.67 0.23 0. 87 1.81
CWT (pm) EI 390.0 |368.3 406.8 | 560.0 |290.0 |50.05 0.27 -0.18
EIl 377.8 | 3558 354.8 |438.3 |283.3 |29.21 | —0.00 -0.35
E I 399.2 | 356.7 412.3 | 505.0 |310.0 |37.48 0.20 -0.31
EIV 393.8 | 384.6 366.8 | 468.3 |296.7 |32.78 0.12 -0.15
CWA (mm? |EI 3.36 2.26 276 |426 |1.29 0.54 0.25 —-0.06
EIl 2.74 2.45 244 336 |1.57 0.33 0.15 -0.14
E III 2.50 2.24 2.60 |4.17 1.70 0.38 0.55 1.27
EIV 2.50 2.00 2.16 | 3.45 1.41 0.32 0.71 1.33
TVB EI 56 63 54 76 40 7.11 0.56 0.33
EI 52 64 53 72 41 5.40 0.25 -0.04
EIII 46 61 51 70 38 5.69 0.44 0.20
EIV 46 60 53 73 38 5.74 0.68 0.75
LVB EI 12 13 14 22 5 3.19 0.24 —-0.05
Ell 12 14 13 20 6 2.49 0.35 0.50
E III 11 12 12 18 7 2.28 0.30 0.08
EIV 11 13 13 20 8 2.54 0.22 -0.20
SVB EI 44 50 40 59 27 6.28 0.49 -0.03
EIl 40 50 41 59 29 4.90 0.23 0.28
E III 35 49 39 57 26 5.50 0.49 0.24
EIV 35 47 39 54 29 5.01 0.48 0.49
L/S EI 0.27 0.26 0.36 |0.67 |0.11 0.10 0.50 0.12
EI 0.30 0.28 0.31 0.53 |0.16 0.07 0.50 0.19
E III 0.31 0.24 0.31 0.59 |0.13 0.08 0.54 0.40
EIV 0.31 0.28 0.34 |0.62 |0.17 0.08 0.52 0.52

UIL uppermost internode length; UID uppermost internode diameter; CWT culm wall thickness; CWA culm
wall area; TVB the number of total vascular bundles; LVB the number of large vascular bundles; SVB the
number of small vascular bundles; L/S the ratio of large and small vascular bundles; ET normal irrigated and
top-dressed urea in 2007; EII normal irrigated and top-dressed urea in 2008; EZII normal irrigated but no
top-dressed urea in 2008; EIV no irrigated but top-dressed urea in 2008

11, three QTLs on chromosomes 1B, 4D and 7D were detected; in environment I1I, two
QTLs on chromosomes 4D and 7D were detected; and in environment IV, the QTLs
were detected on chromosomes 1B and 7D. The QTLs on chromosomes 4D and 7B
were contributed by Huapei 3, and the contributions were 9.54 ~ 22.04 %; while the
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Fig. 6.7 Distribution of vascular bundle system and correlative traits of uppermost internode in
DH population (environment and traits see Table 6.17)
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Table 6.18 Main-effect QTL affecting TVB, LVB, SVB, and L/S in four environments

QTL Loci Flanking marker Position A? H* (A, %)°
QTL detected Environment I

qUIL-4D XBARC334-XWMC331 2.1 221 17.19
qUIL-7D XGWM676-XGWM437 120.9 1.84 11.97
qUID-5D XWMC215-XBARC345 71.4 0.16 22.67
qCWA-5D XWMC215-XBARC345 75.4 0.29 25.61
qTVB-5D XWMC215-XBARC345 69.4 2.03 8.11
qLVB-5D XWMC215-XBARC345 73.4 1.57 22.95
gSVB-5D-1 XCFD40-XBARC1097 24 -1.79 8.11
qL/S-5D XWMC215-XBARC345 77.4 0.04 12.45
QTL detected Environment II

qUIL-1B XWMC31-XWMC626 33.0 -1.43 7.08
qUIL-4D XBARC334-XWMC331 5.1 1.66 9.54
qUIL-7D XGWM676-XGWM437 118.9 2.05 14.49
qTVB-2D-1 XCFD53-XWMCI18 1.7 -1.49 7.61
qTVB-7D XGWM676-XGWM437 114.9 1.70 9.88
qSVB-7D XGWM676-XGWM437 117.9 1.80 13.11
QTL detected Environment 111

qUIL-4D XBARC334-XWMC331 6.1 1.72 10.74
qUIL-7D XGWM676-XGWM437 118.9 2.47 22.04
qCWT-3D XWMC631-XBARCO071 82.1 -10.97 8.52
qTVB-2D-2 XWMC112-XCFD53 1.0 -1.87 10.49
qSVB-2D XWMCI112-XCFD53 1.0 -1.52 8.96
qSVB-6A XBARC1077-XBARC1165 41.2 -1.42 7.80
qSVB-7D XGWM676-XGWM437 119.9 1.73 11.58
QTL detected Environment IV

qUIL-1B XWMC31-XWMC626 33.0 -1.49 9.00
qUIL-7D XGWM676-XGWM437 118.9 1.87 14.16
qTVB-1A XWMC333-XBARC148 57.8 -2.04 12.76
qSVB-1A XWMC333-XBARC148 57.8 -1.92 12.05
qSVB-5D-2 XBARC320-XWMC215 66.3 1.70 9.53
gSVB-7D XGWM676-XGWM437 116.9 1.78 10.44
qL/S-7D XGWM295-XGWM676 101.3 —-0.03 15.17

Note: *Additive effects, a positive value indicates that allele from Hp3 increases the trait, a
negative value indicates that allele from YMS57 increases the trait

Contribution explained by additive QTL

Environment I normal irrigated and top-dressed urea in 2007; Environment II normal irrigated and
top-dressed urea in 2008; Environment III normal irrigated but no top-dressed urea in 2008;
Environment 1V no irrigated but top-dressed urea in 2008
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QTLs on chromosome 1B were contributed by Yumai 57, the contributions were
7.08 ~ 9.00 %. The QTL located within XGWM676—XGWM437 on chromosome
7D had the most significant effect, explaining 22.04 % of phenotypic variation, and
expressed stably in the four environments.

6.2.2.2.2.2 QTL Mapping for UID

Only one additive QTL conferring UID on chromosome 5D was detected in
environment I, explaining 22.67 % of phenotypic variation. And its positive allele
came from Huapei 3, increasing UID by 0.16 mm.

6.2.2.2.2.3 QTL Mapping for CWT

Only one additive QTL conferring CWT on chromosome 3D was detected in
environment III, while its contribution to phenotypic variation was small. And its
positive allele came from Yumai 57, increasing CWT by 10.97 um.

6.2.2.2.2.4 QTL Mapping for CWA

Only one additive QTL for CWA on chromosome 5D was identified in environment
I, explaining 25.61 % of phenotypic variation, and its additive effect was con-
tributed by Huapei 3 alleles, increasing CWA by 0.29 mm?.

6.2.2.2.2.5 QTL Mapping for TVB

A total of five additive QTLs for TVB were detected on chromosomes 1A, 2D (two
regions), 5D, and 7D under four different environments (Table 6.18 and Fig. 6.8).
Under environment I, one QTL on chromosome 5D was detected; under environ-
ment II, two QTLs on chromosome 2D and 7D were detected; under environment
III, one QTL on chromosome 2D was detected; under environment IV, one QTL
was detected on chromosome 1A. The additive effects of gTVB-5D and qTVB-7D
were contributed by Huapei 3 alleles, and the rest were contributed by Yumai 57
alleles. The QTL detected under environment IIl and IV (¢TVB-1A and qTVB-2D-2)
had the most significant effects, explaining 12.76 and 10.49 % of the phenotypic
variance, respectively.

One pair of epistatic QTL for TVB was detected on chromosome 2A and 6D
(Fig. 6.9), accounting for 10.81 % of phenotypic variation and increasing by two
TVBs. The epistatic QTL had no additive effect, was sensitive to environment, and
only expressed in environment III.
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Fig. 6.8 QTL for the vascular bundle system and correlative traits of uppermost internode in SSR
linkage map

6.2.2.2.2.6 QTL Mapping for LVB

Only one qLVB-5D for LVB was detected on chromosome 5D, contributed by
Huapei 3 alleles. The gLVB-5D had a significant effect, accounting for 22.95 % of
the phenotypic variance, and increased by two LVBs.

6.2.2.2.2.7 QTL Mapping for SVB

A total of six additive QTLs conferring SVB were detected on chromosomes 1A,
2D, 5D (2 regions), 6A, and 7D (Table 6.18 and Fig. 6.8). Under environment I,
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Fig. 6.9 3D visualization for the test statistics of genome scan for epistatic QTL associated with
total vascular bundle under environment III (normal irrigated but no top-dressed urea in 2008)
between 2A and 6D (F value is taken as height); AA: 1.9; H: 10.81 %

one QTL on chromosome 5D was detected; under environment II, one QTL on
chromosome 7D were detected; under environment III, the QTLs on chromosome
2D, 6A, and 7D were detected; under environment IV, the QTLs on chromosomes
1A, 5D, and 7D were detected. Among them, the QTLs on chromosomes 1A, 2D,
and 7D were main-effect QTLs.

6.2.2.2.2.8 QTL Mapping for L/S

Two QTLs affecting L/S were identified in environments I and IV and contributed
by Huapei 3 and Yumai 57, explaining 12.45 and 15.17 % phenotypic variance,
respectively.

In a word, after analyzing anatomical characteristics of the basal internode and
uppermost internode, it was found that there were main-effect QTLs on chromo-
somes 5D and 7D, declaring that important gene and region confer the traits on
these chromosomes. Meanwhile, some important genes were also found on chro-
mosomes 1B, 4D, and 2D.
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6.2.3 Research Progress of Anatomical Traits of Culm QTL
Mapping and Comparison of the Results with Previous
Studies

6.2.3.1 Research Progress of QTL Conferring Anatomical Traits
of Culm and the Comparative Analysis with This Study

6.2.3.1.1 Research Progress of QTL Conferring Anatomical Traits of Culm

Because stem strength was closely related to lodging resistance of wheat, it will be
of great significance for enhancing the lodging resistance of wheat by studying QTL
for stem strength-related traits. Marza et al. (2006), Huang et al. (2006), and Zhang
et al. (2008) conducted QTL analysis of lodging resistance of wheat by using DH
population or RIL population. And a total of 16 QTLs, including four main-effect
QTLs, were detected on chromosomes 1B, 1D, 2B, 4A, 4B, 4D, 5A, 6D, and 7D,
and the highest contribution was 23 % of phenotypic variation.

Few researches related to QTL for anatomical traits of stem were conducted.
Only Keller et al. (1999) in abroad and Guo et al. (2002) in domestic studied UIL,
UID, CWT, culm wall strength, the length, and diameter of other internode;
however, few studies associated with TVB, LVB, SVB, and L/S were conducted
(Table 6.19).

Table 6.19 Summary of QTL of wheat stem microdissection traits (PVE > 10 %)

Trait QTL Flanking marker PVE (%) | Population | Reference
Stem trait Xpsr949-Xgwm18 12 RIL Keller et al.
(1999)

Xpsr958—Xpsr566¢ 15
Xpsr933b—Xglk529a | 15
Xpsr598—Xpsr570 21
Xgwm397-Xglk315 23
Xpsr918b—Xpsr1201a | 31
Xpsr370-Xpsr580b 20

Stem strength | 0Ss-3A | Xwmc527-Xwmc21 10.61 DH Hai et al. (2005)
0S8s-3B | Xgwm108-Xwmc291 | 16.6
PD QPd-1A | Xgwml135-Xwmc84 | 10.72
QPd-2D | Xgwm311-Xgwm301 | 18.7
LVB 5A xgwml86-xgwm415 18 DH Guo (2002)
4B xgwm368—xgwm?276 | 38
SVB 2A xgwm?294—xgwm356 | 14
5B xgwm99—xgwml64 11

Abbreviations are the same as in Table 6.14
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6.2.3.2 Comparison of this Study with Previous Researchers

We researched QTL for anatomical traits of the second basal internode and the
uppermost internode for the first time. A total of 62 QTLs, including 31 major
QTLs (contribution is greater than 10 %), were detected on chromosomes 1B, 2D,
4D, 5D, and 7D, and the most significant QTL could explain 25.61 % of phenotypic
variation. Further, some loci controlled multiple traits. In addition, it was found that
LVB and SVB were controlled by different genes, and the locus (QIvb.sdau-5D) on
chromosome 5D, controlling LVB, was detected in several environments.
Comparing with the results of spike yield, leaf morphology, and related traits
studied by Zhang et al. (2008) using the same DH population, the QTLs for LVB
and spike and leaf traits were on the same or near regions and tended to be
co-located within the genome, which can be used as marker to polymerize multiple
excellent traits in breeding program.

The main-effect QTLs conferring UID, CWA, TVB, LVB, and L/S were all
located within the interval XBARC320-XWMC215-XBARC345 on chromosome
5D, and nearby the main-effect interval controlling grain yield and spike-correlated
traits (kernels for spike, the total number of spikelets, density of spikelet) (Zhang
et al. 2009). In addition, the QTLs conferring UIL, LVB, and SVB located within
the interval of XGWM676-XGWM437 on chromosome 7D had high contribution
and stably expressed in four different environments, which can be used in
marker-assisted selection (MAS) to polymerize several traits and improve multiple
traits simultaneously in wheat breeding.

In a word, the QTL conferring stem-correlated traits distributed on chromosomes
1B, 2A, 2D, 3D, 4D, 5D, 6A, 7A, and 7D. Comparing with previous researches,
more loci were detected on genome D in this study; furthermore, QTL cluster
controlling important physiology and yield-correlated traits was located on chro-
mosome 5D.

6.3 QTL Mapping and Effect Analysis of Heading Date

Heading date is an important trait that is a major determinant of the regional and
seasonal adaptation of wheat varieties. Appropriate heading date and anthesis are
important target traits for breeding, which not only correlate with growth period,
but also directly or indirectly affect some important agronomic traits such as yield,
disease resistance, and stress resistance. According to the different signal response
to the environment, there are three categories of genes influence heading date
including the following: (1) vernalization response (Vrn), controlling winter wheat
took on low temperature treatment for a certain time before ear differentiation;
(2) photoperiod response (Ppd), decides the response to the length of sunlight; and
(3) earliness per se (Eps), when vernalization and photoperiod are satisfied, the
number of days for wheat to heading date is determined by Eps, which control
developmental rate independently of the other two genes. Vrn-Al, Vrn-Bl, and
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Vrn-D1 were located on long arms of chromosomes 5A, 5B, and 5D, and Vin-Al
had the highest effect, showing the vernalization insensitivity. Now, Vrn-Al and
Vr-B1 have been successfully cloned (Yan et al. 2004). The genes Ppd-Al,
Ppd-B1, and Ppd-D1 were located on chromosomes 2A, 2B, and 2D, respectively,
and Ppd-D1 had the highest effect, followed by Ppd-B1. Furthermore, these genes
were all insensitive to photoperiod. However, few research for Eps was conducted.
While, Eps was located on chromosomes 2B, 3A, 4A, 4B, 6B, 6D, and 7B by using
aneuploid of Chinese spring and chromosome substitution. Song et al. (2006)
identified nine QTLs for wheat heading date on chromosomes 2D, 3B (2 regions),
3D, 4A, 5B, 6B, 6D, and 7D, explaining 3.97-22.91 % of phenotypic variation, by
using two mapping populations (Hanxuan 10 x Lumai 14 and Wenmai
6 x Shanhongmai) in field and greenhouse. Since some researches regarding QTL
analysis for wheat growth period were conducted, few could be used in MAS.
Therefore, in this study, several populations were used to analyze the QTL for
wheat growth period, in order to find reliable and stable markers that can be used in
MAS in wheat breeding programs.

Heading date was recorded as the number of days from sowing to 50 % of spikes
fully emerging in a plot. And heading was noted when 1/3 of spikes emerged from
the flag leaves.

6.3.1 QTL Analysis of Heading Date Based on a DH
Population Derived from the Cross of Huapei
3 x Yumai 57

6.3.1.1 Phenotypic Variation of Heading Date

The heading date for the DH population and the parents in three environments were
described in Fig. 6.10. Huapei 3 headed significantly earlier than Yumai 57 in all
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Fig. 6.10 Frequency distribution of heading date
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three environments. Transgressive segregants were observed for heading date
among DH lines in the three environments. The heading date of the DH population
segregated continuously and followed a normal distribution, indicating its poly-
genic inheritance and suitability of the data for QTL analysis.

6.3.1.2 QTLs with Additive Effects and Additive x Environment
(AE) Interactions

Two additive QTLs were detected for heading date on chromosomes 1B and 5D
(Table 6.20). A highly significant QTL, designated as Qhd5D, was observed within
the Xbarc320-Xwmc215 interval on the chromosome 5DL, accounting for 53.19 %
of the phenotypic variance. The second QTL, QhdIB, could explain 3.49 % of the
phenotypic variance. The Huapei 3 alleles at the Qhd5D reduced days-to-heading
by 2.77 days due to additive effects, but increased days-to-heading by 0.71 days at
the Qhd1B. This suggested that alleles for reducing the heading date were dispersed
within the two parents. This result was in accordance with the presence of a wide
range of variation and transgressive segregations of wheat heading date in the DH
population. The total additive QTLs for heading date accounted for 56.68 % of the
phenotypic variance. The Qhd5D showed AE interactions in two environments,
accounting for 3.81 and 1.51 % of the phenotypic variance, respectively. The
general contribution of the two AE effects on wheat heading date was 5.32 %.

6.3.1.3 Epistasis and Epistasis x Environment (AAE) Interactions

Two pairs of digenic epistatic interactions were identified for heading date, located
on chromosomes 2B—6D and 7A-7D (Table 6.21), explaining phenotypic variance
from 2.45 to 3.44 %, respectively. The general contribution of digenic epistatic
interactions to heading date was 5.90 %. The Qhd2B/Qhd6D was involved in AAE
interactions in two environments, which explain 0.65 and 0.73 % of the phenotypic
variance, respectively. The total contribution of AAE interactions was 1.38 %.

6.3.2 QTL Analysis of Heading Date Based
on a RIL Population Derived from the Cross
of Nuomai 1 *x Gaocheng 8901

6.3.2.1 Phenotypic Variation of Heading Date

The heading date of the RIL population and the parents in three environments were
described in Table 6.22 and Fig. 6.11. Nuomai 1 headed significantly earlier than
Gaocheng 8901 in all three environments. Transgressive segregants were observed
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Fig. 6.11 The heading time distribution of the RIL population in three different environments

for heading date among RIL lines in the three environments. The heading date of
the RIL population segregated continuously and followed a normal distribution, and
both absolute values of skewness and kurtosis were less than 1.0, indicating its
polygenic inheritance.

6.3.2.2 QTLs with Additive Effects and Additive x Environment
(AE) Interactions

A total of five additive QTLs conferring heading date on chromosomes 3B, 5B, 6A,
6B, and 7D were identified (Table 6.23). Qhs-6A and Qhs-6B were detected four
times in the three different environments and mixed environment and contributed
by Gaocheng 8901, accounting for 16.16 ~ 25.64 % and 5.75 ~ 9.88 % of

Table 6.23 QTL with significant additive effects for heading stage detected in different
environments

Trait Env. QTL Chr. Site (cM) Interval marker A H* (A, %)
Heading date El Qhs-3B 3B 58.00 wPt-9510-wPt-664393 0.53 5.65
Qhs-6A 6A 41.00 xgpw-4085-wPt-667562 —-0.89 16.16
Qhs-6B 6B 17.00 xgpw-3241-wPt-0315 -0.55 5.75
E2 Qhs-6A 6A 39.00 xgpw-4085-wPt-667562 -0.91 25.64
Qhs-6B 6B 14.00 xgpw-3241-wPt-0315 —-0.49 7.19
E3 Qhs-3B 3B 57.00 wPt-9510-wPt-664393 0.44 6.55
Qhs-6A 6A 44.00 xgpw-4085-wPt-667562 —-0.87 25.44
Qhs-6B 6B 12.00 xgpw-3241-wPt-0315 —-0.53 9.22
PD Qhs-3B 3B 58.00 wPt-9510-wPt-664393 0.40 5.12
Qhs-5B 5B 112.00 wPt-9454-wPt-3457 —-0.38 4.57
Qhs-6A 6A 43.00 xgpw-4085-wPt-667562 -0.75 18.03
Qhs-6B 6B 15.00 xgpw-3241-wPt-0315 -0.57 9.88
Qhs-7D 7D 90.00 wPt-730876-wPt-8343 0.85 22.67

El: Tai’an, 2008; E2: Tai’an, 2011; E3: Suzhou, 2011; PD Pool data; Positive values indicate that Nuomai 1 alleles
increase corresponding trait value; Negative values indicate that Gaocheng 8901 alleles increase corresponding trait
value
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phenotypic variation, respectively. And the contributions of Qhs-6A were all greater
than 10 % in each environment. Qhs-3B was detected in E1, E3, and pool data
(PD) three times and contributed by Nuomai 1, explaining 5.65, 6.55, and 9.22 % of
phenotypic variation. In PD, Qhs-7D with a LOD value 15.49, located on chro-
mosome 7D, accounted for 22.67 % of phenotypic variation. Qhs-5B was only
detected on PD.

6.3.3 QTL Analysis of Heading Date Based on a RIL
Population Derived from the Cross of Shannong 01-
35 x Gaocheng 9411

6.3.3.1 Phenotypic Variation of Heading Date

There were smaller differences between two parents and bigger differences among
lines in heading date and anthesis under the three environments. Furthermore,
heading date varied from 194 to 206 in E1 and anthesis varied from 204 to 213. The
heading time and flowering time of the RIL population segregated continuously and
followed a normal distribution, and both absolute values of skewness and kurtosis
were less than 1.0 (Table 6.24).

6.3.3.2 QTLs with Additive Effects and Additive X Environment
(AE) Interactions

A total of 12 additive QTLs for heading time and four additive QTLs for flowing
time were identified on chromosomes 1A, 1B, 4B, 6A, and 6B, respectively, using
phenotypic data from E1, E2, and E3 and the mean value of the three environments
(Table 6.25). The QTLs distributing on chromosomes 1A, 4B, and 6B were con-
tributed by Gaocheng 8901, the rest were contributed by Shannong 01-35.

Four major QTLs for heading time, QHtIA.1-54 (PD), QHt1A.2-132 (E2, PD),
QHt1B.1-87 (E1, PD), and QHtIB.2-44 (E2, E3) were detected, accounting for
10.75 ~ 30.32 % of phenotypic variation. Furthermore, QHt1A.2-132, QHt1B.1-87,
and QHt1B.2-44 were detected by using both individual environment and average
environment, which were stably major QTLs. In addition, QHtIA.2-133 and
QHt1A.2-132 detected in E1 were located within the same interval.

The QTL for flowering time, designated as QFt/B.1-87 (E2) and QFtIB.1-105
(E3), were major QTLs, explaining 13.23 and 15.77 % of phenotypic variation,
respectively. Meanwhile, QFtIB.1-87 and QHtIB.1-87, controlling heading time,
were located on the same locus; and QFt6B.3-5 and QHt6B.3-0 were within the
same interval.
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Table 6.25 Additive QTL for heading time and flowering time in different environments

Trait Environment | QTL Left marker | Right marker | A LOD | PVE (%)
Heading time El QHt1A.2-133 | wPt-672089 | wPt-730213 —0.60 5.03 9.32
QHt1B.1-87 | wPt-5562 wPt-8971 0.86 9.31 | 17.08
E2 QHtIA.2-132 | wPt-672089 | wPt-730213 —0.51 5.52 9.46
QHt1B.1-86 | wPt-5562 wPt-8971 0.98 |17.56 |30.32
E3 QHt1B.1-104 | wPt-5363 wPt-1363 0.70 8.45 | 10.75
QHt1B.2-44 wPt-4497 CFE026 0.56 7.45 9.54
QH4B.1-60 xcfd54-4D Xgpw2172 —0.44 | 4.28 5.79
QH16A.1-61 wPt-5652 CFE041 0.48 5.67 6.95
PD QHtIA.1-54 wPt-6005 wPt-730172 —-0.62 4.79 | 14.40
QHtIA.2-132 | wPt-672089 | wPt-730213 —0.54 6.96 |11.07
QHtIB.1-87 | wPt-5562 wPt-8971 090 |17.24 |26.58
QHt1B.2-44 wPt-4497 CFE026 0.50 6.87 9.43
QHt4B.1-66 Xgpw2172 | wPt-1505 -0.47 4.96 8.09
QH1t6B.1-14 wPt-0259 wPt-2095 0.41 4.73 6.27
QH1t6B.3-0 wPt-1325 wPt-669607 -0.43 5.27 6.62
Flowering time | E2 QFt1B.1-87 wPt-5562 wPt-8971 0.51 6.18 | 13.23
E3 QFtIB.1-105 | wPt-1781 wPt-0974 0.71 9.35 | 15.77
QFt6B.3-5 wPt-1325 wPt-669607 -0.49 5.11 9.92
PD QFtIB.1-104 | wPt-5363 wPt-1363 0.36 | 4.73 6.71

Positive and negative values of additive effect (EstAdd) indicate that alleles to increase thousand-grain weight are
inherited from Shannong 01-35 and Gaocheng 9411, respectively

6.3.4 Research Progress of Growth Period QTL
Mapping and Comparison of the Results
with Previous Studies

6.3.4.1 Research Progress of QTL Mapping for Growth Period
of Wheat

Heading date is a quantitative trait controlled by multiple genes. The QTL
expressed differently in different environment, because of the interaction between
genotype and environment. Many researches regarding QTL for growth period of
wheat have been conducted, and there were loci detected on each chromosome.
However, there were differences in detected loci by using different test materials,
linkage map, and environment. Song et al. (2005, 2006), Yao et al. (2010), Xu
(2005), and Hanocq et al. (2004) analyzed QTL conferring heading date of wheat
by using different DH and RIL population and identified 21 QTLs, including seven
major QTLs, with the highest effect of 22.91 % (Table 6.26). Summary analysis
showed that most of the researchers found QTLs for heading date on chromosomes
7B, 2D, and 3B.
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Table 6.26 Summary of QTL of wheat heading date (PVE > 10 %)

Trait QTL Flanking marker (PVE)/% Population | Reference
Heading | QDH.CAAS-5D Vrn-D1-WMS212 24.40/49.80 | RIL Yao et al.
date (2010)
ODH.CAAS-7B.2 | wPt4230-wPt4660 19.53
3B WMS299-M539.1 16.36 DH Song
(2005)
5B WMS371-WMS335 | 2291
6B A1142.1-A8166.1 11.09
4B WMS265-WMC161 | 10.38
3B A2478.1-WMC505.1 | 12.53
7D WMS295-WMC346 | 12.68
5B WMS371-WMS335 RIL Hanocget
et al.
(2004)
Ht-2D1 xgwm261-xgwm349 | 20.77 RIL Xu (2005)
gHd 5D Xbarc320-Xwmc215 | 53.19 DH Zhang
(2008)

6.3.4.2 Comparsion of the Results with One of the Previous Studies

The major QTL (¢gHd5D) for heading time detected in this DH population were
located within Xbarc320-Xwmc215 interval on chromosome 5DL, explaining
53.19 % of phenotypic variation, and closely linked with Vrn-D1. And it was
contributed by precocious parent Huapei 3. In addition, gHd5D was closely linked
with Xwmc215, with the genetic distance of 2.1 cm. Therefore, it was more likely
used in MAS and polymerizing breeding programs. Another additive QTL (¢HdIB)
located within the interval Xwmc406—Xbarc156 on chromosome 1BS explained
3.49 % of phenotypic variation and was not found in the previous studies. It may be
allelic loci of Ppd-H2 on chromosome 1B and that needed further research to prove.

QTLs conferring heading date were located on chromosomes 3B, 6A, and 6B in
the RIL population derived from the cross of Nuomai 1 x Gaocheng 8901. And the
most significant QTL (Qhs-6A) was located on chromosome 6A, which was not
found in the previous studies, indicating that chromosome 6A was a main chro-
mosome for controlling heading date. Song et al. (2006) also identified QTLs
conferring heading date on chromosome 3B and 6B, but the loci were different with
those detected in this study, which may be correlated with Eps.

QTL conferring growth period was identified on chromosomes 1A, 1B, 4B, 6A,
and 6B in the RIL population derived from the cross of Shannong 01-35 x Gaocheng
9411. QTLs (QHt1A.2-132, QHt1B.1-87, and QHt1B.2-44) with stable expression
were the new-found main-effect QTLs and could be used in MAS. In addition,
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QTL identified on chromosome controlled heading time and flowering time simul-
taneously, that is QFt1B.1-87 (controlling flowering time) and QHtIB.I1-87 (con-
trolling heading time) was the same locus, which performed pleiotropic effects.

6.4 QTL Mapping of Cell Membrane Permeability
of Wheat Leaf Treated by Low Temperature

Chilling injury and frost damage occur frequently in the most of the winter wheat
growing areas. In northern winter wheat region of China, climate is cold, both frost
damage in winter and late spring cold in spring cause large loss of yield. Therefore,
chilling injury and frost damage is one of the highlights of researching stress
resistance in wheat. Some physiological and biochemical changes will happen
during cold resistance of wheat, and some physiological traits such as malondi-
aldehyde (MDA) content, soluble protein content, and cell membrane permeability
were all identification index for cold resistance. Too low temperature will damage
the structure of cell membrane, and result in wheat tissue injury or death. Hence,
cool tolerance of cell membrane closely correlated with cold resistance of wheat. Ju
et al. (2012) determined cell membrane permeability of cold wheat leaf by using
conductivity method, which was a relatively reliable method to determine cold
resistance in wheat. Brube et al. (1988) showed that cold resistance of wheat was a
quantitative trait, controlled by polygenes, and affected by environment easily.
Furthermore, the genes those controlled cold resistance of wheat were a kind of
modificator gene, which perform cold resistance only under low temperature and
short day. Waldman et al. (1975) and Limin et al. (1997) located the gene for cold
endurance of wheat on chromosomes 5A and 5D and deemed that wheat varieties
with the gene from group D perform stronger cold resistance than that from group
A. However, until now, no researches related to QTL for cold resistance of wheat
were conducted. Therefore, in this study, the DH population derived from two
parents with different cold resistance was used to analyze QTL for cold resistance
by determining cell membrane permeability of leaf treated by low temperature. And
the purpose was to identify molecular markers, closely linked with cold resistance,
which were used in cold resistance breeding of wheat, furthermore, and lay a
theoretical foundation for mining the genes controlling cold resistance in wheat.

6.4.1 QTL Mapping for Cell Membrane Permeability
of Wheat Leaf

6.4.1.1 Test Materials

Materials and Planting were same as one of the Sect. 6.1.1.1.1 in this chapter.
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6.4.1.2 Field Trails

All DH lines and parents were planted in Baoding (Hebei province, E1), Cangzhou
(Hebei province, E2), and Handan (Hebei province, E3) on October 4, 2010. The
experimental field consisted of a randomized block design with three replications.
All DH lines and parents were grown in a plot with three rows in 2 m length,
26.7 cm between rows and 2.2 cm between plants. Crop management was carried
out following the local practices.

6.4.1.3 Determining Method of Cell Membrane Permeability of Leaf

In late December 2010, five leaves (intermediate leaves of the plant) in the center of
every plot were selected and washed by tap water and deionized water for three
times successively, and then moisture was blotted on the surface of the leaves. Each
sample of 0.2 g was cut into about 1 cm of small pieces, and put into two tubes, and
then treated by room temperature (control) and low temperature (—18 °C),
respectively. Cell membrane permeability was determined by using conductivity
method.

A volume of 10 mL deionized water was added to each sample, including
control and treatment, and then vacuumized for 15 min. After gently shaking, the
tubes were put in room temperature for 10 min. Electrical conductivity of control
(C) and treatment (R) was determined by using conductometer (DDS-11A)
according to the method described by Shen et al. (modified slightly). And then, the
tubes of treatment were put into the boiling water bath for 5 min, and the electrical
conductivity (K) after cooling to room temperature was determined. The relative
transuding rate of electrolyte (A, %) was used to show cell membrane permeability,
whose value was calculated by using the formula: A = (R — C)/(K — C) x 100.

6.4.1.4 Data Analysis

Analysis of phenotypic data was carried out using the SPSS program (version 17.0,
SPSS, Chicago, USA). The inclusive composite interval mapping (ICIM) was
applied by means of the QTL IciMapping 2.2 to identify QTLs for cell membrane
permeability under three environments, based on the molecular genetic map con-
structed by Zhang et al. (2009). A logarithm of odds (LOD) of 2.5 and Sep of 1 cM
were set to declare QTL as significant. QTL effects were estimated as the proportion
of phenotypic variance (R?) explained by the QTL. QTL was named referring to the
method described by Mclntosh et al.
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Table 6.27 Variations of cell membrane permeability of leaf treated by low temperature (—18 °C)
in parents and DH population in three environments

Environment | Parent DH population

Huapei 3 | Yumai 57 | Mean = SD | Range CV (%) | Skewness | Kurtosis
El 36.22 32.32% 30.11 £5.39 | 15.84-48.92 | 17.9 0.322 0.855
E2 29.45 20.34* 28.29 £4.07 |18.04-40.60 |14.4 0.106 —0.249
E3 33.73 31.09%* 31.34 £4.37 |20.42-42.48 |13.9 0.092 —0.486

El: Baoding site; E2: Cangzhou site; E3: Handan site
*Indicates significant difference between parents (P < 0.05) according to #-test

6.4.1.5 Results and Analysis
6.4.1.5.1 Analysis of Phenotypic Variation

In three different environments, significant difference was found in cell membrane
permeability of leave treated by low temperature between parents and large range of
variation was observed among DH lines. And the coefficients of variations were
179 % (El), 144 % (E2), and 13.9 % (E3), respectively. The cell membrane
permeability of the DH population segregated continuously and followed a normal
distribution, and both absolute values of skewness and kurtosis were less than 1.0
(Table 6.27), indicating its polygenic inheritance and suitability of the data for QTL
analysis.

6.4.1.5.2 QTL Analysis of Cell Membrane Permeability of Leaf in Wheat

A total of 21 additive QTLs conferring cell membrane permeability of leaf were
detected on chromosomes 1B (three regions), 2A (two regions), 3A (three regions),
3B (three regions), 5B (five regions), 6A (one region), 6B (one region), 6D (one
region), 7B (one region), and 7D (one region), respectively, in three different
environments. Seven, nine, and five QTLs were found in El, E2, and E3, respec-
tively, and most of them were contributed by Huapei 3, which had stronger cold
resistance (Table 6.28).

The QTLs located on chromosome 5B, including gCMP-5B-1 (E1), gCMP-5B-2
(E2), and gCMP-5B-4 (E3), were located within the interval Xgwm213—
Xswes861.2, were away from Xswes861.2 for 0.0 cM, and were detected in the
three environments. The locus had most significant contribution in three environ-
ments, accounting for 17.5, 8.1, and 14.0 % of phenotypic variation.

In addition, gCMP-1B-1, gCMP-3B-2, gqCMP-5B-1, and qCMP-5B-4 were all
main-effect QTLs, whose contributions were all greater than 10 %, accounting for
18.4, 17.7, 17.5, and 14.0 % of phenotypic variation. Except for gCMP-3B-2, their
positive alleles were all came from Huapei 3. And other 17 additive QTLs were
minor genes, whose contributions smaller than 10 %.
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Table 6.28 Position, effect, and phenotypic contribution of additive QTL for cell membrane
permeability of leaf treated by low temperature (—18 °C) in three environments

QTL Site/cM | Marker interval |LOD | Additive effect | PVE (%)
Environment 1

qCMP-2A-1 42 Xgwm636—Xcfe67 2.796 | —-2.395 7.4
qCMP-2A-2 | 102 Xwmc455-Xgwm515 2.652 | 10.113 43
qCMP-3A-1 | 188 Xbarc51-Xbarc157.1 2.691 2.313 6.6
qCMP-3B-1 90 Xgwm566—Xcfe009 2.636 | —9.926 4.2
qCMP-5B-1 58 Xgwm?213-Xswes861.2 10.046 | 21.176 17.5
qCMP-6B 83 Xswes679.2-Xwmc658.2 4.036 | 17.207 7.6
qCMP-7B 48 Xgwm333-Xwmcl0 3484 | 13.845 7.3
Environment 2

qCMP-1B-1 23 Xcfel56-Xwmc406 8.073 2.846 18.4
qCMP-1B-2 39 Xbarc008—Xgwm?218 2.828 | —1.67 6.0
qCMP-3A-2 | 196 Xbarc157.1-Xbarc1177 2.828 | —1.583 5.7
qCMP-3B-2 86 Xgwm566—Xcfe009 6.697 | —3.450 17.7
qCMP-3B-3 50 Xgwm?285-Xgwm685 3.817 2.658 9.8
qCMP-5B-2 58 Xgwm?213-Xswes861.2 3.974 | —1.966 8.1
qCMP-5B-3 1 Xgwm133.1-Xwmc73 2.580 1.519 52
qgCMP-6A 19 Xgwm334—Xbarc023 2.726 1.834 7.6
qCMP-6D 118 Xubc808—Xswes679.1 2.651 |—3.303 6.5
Environment 3

qCMP-1B-3 22 Xcfel56-Xwmc406 3.420 |-1.787 7.9
qCMP-3A-3 97 Xbarc356—Xwmc489.2 2.829 1.681 7.1
qCMP-5B-4 58 Xgwm?213-Xswes861.2 6.452 2.4717 14.0
qCMP-5B-5 1 Xbarc36-Xbarc140 2700 |—1.663 7.0
qCMP-7D 211 Xwmel4—-Xwmce42 3.667 2.892 9.7

Positive and negative additive effects indicate that the positive alleles are from Huapei 3 and
Yumai 57, respectively. PVE phenotypic variation explained

6.4.2 Research Progress of Cell Membrane
Permeability QTL Mapping and Comparison
of the Results with Previous Studies

6.4.2.1 Research Progress of QTL Conferring Cold Resistance
of Wheat

Although Brube et al. (1988) and Waldman et al. (1975) found that genes related to
cold resistance were on chromosomes 4D, 5A, 5D, and 7A, etc., but the specific
locations were not clear. With the development of genetic map and QTL analysis,
Béga et al. (2007), Galiba et al. (1995), Vagujfalvi et al. (2003), Sutka et al. (2001),
Toth et al. (2003), and Liu et al. (2005) studied the cold resistance and relative
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Table 6.29 Summary of QTL of wheat resistance to cold (PVE > 10 %)

Trait Site | Flanking marker PVE (%) Population | Reference
Cold 1D | E37M60_(72); barc152_ | P =0.001 DH Béaga et al.
resistance (145) (2007)
1D | barc169_122 P = 0.0005
2A | gwm296_177 P =0.005
5A | wmc206_224; cfd2_326 | P =0.0001
6D | cfd76_153 P =0.005
S5A | Vil LOD >3 SCRL Galiba et al.
(1995)
Xpsrd26, LOD >3
Xwgb644 LOD >3
Xcdo504 LOD >3
Frl LOD >3
5A | Xbcd508 49 % RIL Vagujfalvi
et al. (2003)
CBF3 Transcription
factor
Vrn-A1/Xpsr426/Xwg644 Sutka (2001)
Frl
5D | Vm-D1
Fr2
5B | Vmn-Bl Toéth et al.
(2003)
Fr-B1
Xgwmo639
2A | Xgwm372-Xgwm249 10.45/15.61/17.14 | DH Liu et al.
(2005)
4B | Xwroe48-DuPw043 16.97
2A | BARC208-Xgwin95 19.8

DH double haploid; SCRL single chromosome recombinant lines; RIL recombinant inbred lines

transuding rate of electrolyte under low temperature using DH, RIL, and SCRL
(single chromosome recombinant lines) populations and identified 24 loci and their
linking molecular markers, among them 19 QTLs, were major QTLs, including one
transcription factor, three vernalization genes and two cold-resistant genes. Precious
results showed that important QTLs conferring cold resistance distributed on
chromosomes 2A, 5A, and 5D (Table 6.29).

6.4.2.2 Comparison of this Study with Previous Researchers

In this study, a total of 21 QTLs conferring cell membrane permeability of leaf
treated by low temperature (—18 °C) were detected, including four major QTLs
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(contribution greater than 10 %), which located on chromosomes 1B, 3B, and 5B,
respectively. Furthermore, gCMP-5B-1 (E1) and qCMP-5B-4 (E3) were located
within the interval Xgwm213—-Xswes861.2, and a locus was also detected within
this interval in environment 2, accounting for 8.1 % of phenotypic variation, and
was away from Xswes861.2 for 0.0 cM. Hence, Xswes861.2 could be used in MAS
in wheat breeding programs of cold resistance. In previous studies, QTLs confer-
ring cold resistance were mainly located on chromosomes 1D, 2A, 2B, 5A, 6D, 7B,
4B, 5D, and 5B, while this study showed that the chromosomes 2A, 6B, 7B, 3A,
6A, 6D, and 7D were also related to cold resistance, except the chromosomes 1B,
3B, and 5B. Comparing with the previous results, it was found that the related
QTLs on chromosomes 2A, 7B, 5A, 5B, and 5D were very important for cold
resistance in wheat.

6.5 QTL Mapping of Root Traits in Wheat

Root is an important organ absorbing water and minerals, whose development
directly affects the growth and development of overground parts and material
production, and is the foundation of the high and stable yield for crop (Liu et al.
2002; Moudal and Kour 2004; Partha et al. 2004). Development of root is not only
affected by environment and cultivating condition but also controlled by genes.
Caradus (1995) indicated that the traits correlated with root size such as root weight,
root volume, the number of root, root length, root surface area, and the ratio of root
dry weight to shoot dry weight had higher heritability; furthermore, the traits
correlated with root morphology such as root average diameter, root hair length,
adventitious root grade, branch grade, root density, and density of root length also
had higher heritability. These root traits were all quantitative traits. In addition, Jing
et al. (1997) researched the heritability of root morphology and its relationship with
drought resistance and showed that there was significant positive correlation
between drought resistance of wheat seedling and root dry weight.

Now, most of the researches related to root traits in wheat were focused on
mapping QTL under abiotic stress such as high temperature and drought, using
efficiency of NPK, salt stress, water stress, and heavy metal stress; in addition,
majority studied root traits at seedling stage. Zhang and Xu (2002) identified QTL
and interaction QTL conferring the number of root, root diameter, root dry weight,
the ratio of root dry weight to shoot dry weight, and growth rate of root using a RIL
population in wheat. Zhou et al. (2005) analyzed QTL and interaction QTL for the
number of root, maximum root length, root raw weight, root dry weight, the ratio of
root raw weight to shoot raw weight and the ratio of root dry weight and shoot dry
weight under two different environments including water stress and no stress
conditions, by using a DH population containing 150 progeny lines derived from a
cross between Hanxuan 10 and Lumai 14. Landjeva et al. (2010) identified QTL for
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vigor located on the wheat D genome at seedling stage. Ibrahim et al. (2012)
researched QTL conferring root morphology at wheat seedling stage under drought
environment. Bai et al. (2013) researched the QTL for root traits at seeding stage
and its relationship with plant height. Because wheat root is closely related to final
yield and that it is difficult to improve wheat root by using traditional breeding
method, we can use MAS to speed up the further improvement of wheat root.
Hence, in this study, immortalized F, (IF,) population of wheat derived from a DH
population was used to analyze QTL for root traits at seedling stage, in order to find
the markers, closely linking with root traits, to conduct molecular-assisted breeding.

6.5.1 QTL Mapping and Effects’ Analysis of Root Traits

6.5.1.1 Experiment Designing

A total of 30 seeds of 168 single crossed derived from a DH population (Huapei
3 x Yumai 57) and parents were sampled, and soaked with 1 % H,O, for 24 h.
After washing for 2 ~ 3 times by water, the samples were put in a light incubator
(nighttime temperature was set as 12 + 2 °C, while daytime temperature was
20 £ 4 °C) and cultured with deionized water until the first leaf emerged. Six
excellent plants of each cross were sampled and cultured on foamed plastic with
thickness of 0.5 cm (perforated with the diameter of 1 cm), and then fixed by
disinfected sponge. At last, wheat seedlings were cultured with Hoagland’s solution
(An et al. 2006) in cultivating basins (with height of 30 cm) for three replicates.
Furthermore, 1 L of Hoagland’s solution consisted of 1 mmol Ca(NO3)2-4H,0,
0.2 mmol KH,PO,, 0.5 mmol MgSO,-7H,0, 1.5 mmol KCI, 1.5 mmol CaCl,,
1 umol H3BO;3, 50 nmol (NH4)6Mo0,0,4-4H,0, 0.5 pmol CuSO4-5H,0, 1 pmol
ZnS0O4-7H,0, 1 pmol MnSO,4-H,0, and 0.1 mmol Fe’*-EDTA, and the pH of the
solution was 6.0. Meanwhile, cultivating basins were brushed by black paint to
supply dark environment for the growth of root. Replacement of the nutrient
solution was done every three days.

Three individuals with consistent growth of each cross were sampled when the
fourth leaf emerged, washed with distilled water, and divided into stems and roots
using scissor. The traits including root total length (RTL), root surface area (RSA),
root average diameter (RAD), root volume (RV), root tip number (RT), and
maximum root length (MRL) were measured using the WinRHIZO root analysis
system. The fresh roots and shoots were killed out for 10 min under 105 °C and
then dried to balance weight under 80 °C. Furthermore, shoot dry weight
(SDW) and root dry weight (RDW) were weighed. Root—shoot ratio was the root
dry weight to shoot dry weight.



6.5 QTL Mapping of Root Traits in Wheat 415
6.5.1.2 Results and Analysis

6.5.1.2.1 Phenotypic Variation and Correlation of Root Traits in IF,
Population

Big differences were found in nine root-related traits between parents. And the nine
root traits of IF, population segregated continuously and followed a normal dis-
tribution, and both absolute values of skewness and kurtosis were less than 1.0,
except for RDW/SDW (Table 6.30), indicating its polygenic inheritance and suit-
ability of the data for QTL analysis.

In addition to RAD, RTL was significantly or extremely significantly positively
correlated with other seven traits, and the correlation between RTL and RSA was
the largest (r = 0.981, P < 0.01), while RAD was negatively correlated with RT and
RTL (r = 0.417, 0.314, respectively, P < 0.01), and they both reached significant
level (Table 6.31).

Table 6.30 Analysis of root traits at seedling stage in the IF, population derived from Huapei
3 x Yumai 57

Root trait Parent Immortalized F, population
Huapei 3 | Yumai 57 | Mean + SD Range Skewness | Kurtosis

RTL (cm) 96.12 165.01 151.56 + 4.47 | 35.19-365.00 0.65 1.86
RSA (cm?) |9.48 13.29 12.05 £ 0.33 | 3.01-26.50 0.38 0.96
RAD (um) |320.23 260.41 250.21 £ 0.00 |210.12-290.31 | 0.17 —0.55
RV (mm3) |70.38 90.47 76.13 £ 0.00 |20.31-0.15 0.14 0.26
RT 199 302 262.00 + 7.43 | 61.00-528.00 0.49 0.37
MRL (cm) |16.71 17.48 19.88 + 0.29 | 10.35-27.8 —0.36 0.14
SDW (mg) |19.77 24.60 18.13 £ 0.50 | 4.50-43.75 0.61 2.80
RDW (mg) |6.7 6.4 6.14 + 0.15 1.60-11.95 0.09 0.52
RDW/SDW | 0.34 0.26 0.34 + 0.00 0.13-0.82 3.23 22.25

RTL root total length; RSA root surface area; RAD root average diameter; RV root volume; RT root
tip number; MRL maximum root length; SDW shoot dry weight; RDW root dry weight

Table 6.31 Coefficients of pairwise correlations of mean values of root traits at seedling stage in
the IF, population derived from Huapei 3 x Yumai 57

Traits RTL RSA RAD RV RT MRL SDW RDW
RSA 0.981%*

RAD —0.314%* | —0.136

RV 0.916%* 0.977+* 0.067

RT 0.831%* 0.788%* | —0.417** | 0.708%**

MRL 0.846%* 0.829%* | —0.322%* | 0.773** | 0.774%*

SDW 0.750%* 0.786%* | —0.033 0.791%* | 0.652*%* | 0.683%*

RDW 0.870%* 0.915%* 0.015 0.924%* | 0.712%% | 0.768%* 0.779%*
RDW/SDW 0.093 0.091 0.032 0.084 0.058 0.012 —0.344* 0.216*

*Significant at 0.05 probability level
*+#Significant at 0.01 probability level. Abbreviations are the same as in Table 6.30
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6.5.1.2.2 QTL Mapping and Effect Analysis of Root Traits in the IF,
Population

A total of seven additive QTLs (Table 6.32 and Fig. 6.12) and 12 pairs of epistatic
QTLs (Table 6.33 and Fig. 6.13) for eight root traits were mapped on chromosomes
1A, 1D, 2A, 2B, 2D, 3A, 3B, 5D, 6D, and 7D. Additive (A), dominant (D) effects
were observed across these QTLs, and the interactions between additive and

Table 6.32 Intervals, effects, and contributions of QTL for root traits at seedling stage in the IF,
population derived from Huapei 3 X Yumai 57

Root | QTL Flanking Position | Additive Dominance Gene

trait marker (cM) A H (%) D H (%) action

RTL | QRi2D | XWMC41- 69.5 —15.04 |4.44 —19.07 | 8.88 OD
XBARC349.2

RSA | QSa2D XWMC170.2- | 65.4 -2.50 | 8.18
XGWM539

RAD | QAd2A XBARC380- | 1.6 6.67 |9.32
XGWMO636

RV ORv7D | XGWM295- 107.3 7.00 |0.03 —20.00 |11.91 OD
XGWMG676

MRL | OMri6D | XWMC412.1- |0 —-1.32 {998 1.18 | 3.01 PD
XCFD49

RDW | QRdw2D | XWMC41- 69.5 —0.63 |3.53 -L15 |11.1 OD
XBARC349.2

ORdw7D | XGWM295- 101.3 —-1.35 | 9.81

XGWM676

For additive effect, a positive value indicates that the allele from Huapei 3 increases plant height. For dominant
effect, a positive value indicates that the heterozygote has a higher phenotypic value than the homozygote. In
the column of “Gene action,” PD, D, and OD denote partial dominant (D/A < 1.00), dominant (D/A = 1.00), and
overdominant (D/A > 1.00), respectively. Other abbreviations are the same as in Table 6.30
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population derived from Huapei 3 X Yumai 57
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Fig. 6.13 Positions of epistatic QTL for root traits at seedling stage in the IF, population derived
from Huapei 3 x Yumai 57

additive (AA), additive and dominance (AD), dominance and additive (AD), as
well as dominance and dominance (DD) were also detected.

For RTL, one additive QTL and two pairs of epistatic QTLs were detected. The
additive QTL on chromosome 2D was contributed by Yumai 57, accounting for
4.44 % of phenotypic variation, and performed overdominant effect. The two pairs
of epistatic QTLs on chromosomes 2D-5D and 3B-5D explained phenotypic
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variation from 0.17 to 14.05 % and performed AA, DA, and DD interactions.
Meanwhile, the QTL designated as QRtI2D performed epistatic effect.

One additive QTL and two pairs of epistatic QTLs conferring RSA were iden-
tified. The additive QTL on chromosome 2D accounted for 8.18 % of phenotypic
effect and performed dominant effect. The two pairs of epistatic QTLs on chro-
mosomes 2D-5D and 3B-5D explained 14.05 and 6.38 % of phenotypic variation,
respectively. Further, the epistatic QTL of 2D-5D performed AD interaction, while
the epistatic QTL of 3B-5D performed DD interaction.

One additive QTL for RAD on chromosome 2A was detected, accounting for
9.32 % of phenotypic variation, and contributed by Huapei 3. No pair of epistatic
QTL was identified.

One additive QTL and five pairs of epistatic QTLs conferring RV were detected.
The additive QTL on chromosome 7D, explaining 0.03 % of phenotypic variation,
was contributed by Huapei 3 and showed overdominant effect. Five pairs of epi-
static QTLs were all mapped on chromosomes 1A and 2A and showed different
effects of AA, DA, and DD, explaining phenotypic variation from 0.04 to 5.46 %.

One additive QTL for MRL was identified on chromosome 6D, accounting for
9.98 % of phenotypic variation, and contributed by Yumai 57. And it performed
partial dominant effect.

One pair of epistatic QTL for RT was mapped on chromosomes 1D-2B, and
showed AD, DA, and AD effects, accounting for 0.20, 7.20, and 7.02 % of phe-
notypic variation, respectively. No QTL with additive effect and dominant effect
was identified.

One additive QTL, one dominant QTL, and two pairs of epistatic QTLs for
RDW were detected. Further, the additive QTL on chromosome 2D was contributed
by Yumai 57, accounting for 3.53 % of phenotypic variation, and showed over-
dominant effect. The dominant QTL explained 9.81 % of phenotypic variation. The
two pairs of epistatic QTLs were mapped on chromosomes 1D-2A and 2A-3A,
accounting for 8.49 and 8.68 % of phenotypic variation, respectively, and per-
formed AA interactions.

Among the seven additive QTLs for root traits detected in this study, some loci
only performed additive effects, and some loci only performed dominant effects,
while only a few loci showed additive and dominant effects simultaneously.
Furthermore, the loci with both additive and dominant effects gave priority to
dominant effects, and only one locus was detected in this study. There were dif-
ferences in effect size among different loci, and their directions were not consistent.
Twelve pairs of epistatic QTLs detected in this study gave priority to AA and DD
effects.
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6.5.2 Research Progress of Root Traits’ QTL Mapping
and Comparison of the Results with Previous Studies

6.5.2.1 Research Progress of QTL Mapping Conferring Root Traits

Growth and development of root directly affects acquiring nutrient substance, thus
affecting final yield of wheat because growth of wheat was affected by environment
condition such as drought, water, N, P, K, heavy metal, and salt. Therefore, in
recent years, researches regarding root traits were focused on QTL mapping for
related traits under abiotic stress. It was found that Wu et al. (2007), Landjeva et al.
(2010), Yang (2012), Xu et al. (2012), and Ren et al. (2012) detected QTL for
wheat root traits under salt stress using DH and RIL populations, and a total of 26
QTLs were identified. Most of these QTLs distributed on chromosomes 3A, 5A,
5B, and 2D, among which 16 QTLs were major QTLs with the highest R* of
36.06 % (Table 6.34). Ibrahim et al. (2012) detected QTL for root traits in wheat
using BC2F4-6 population under drought condition, and 32 QTLs were detected.
Furthermore, multiple QTLs conferring root traits were distributed on chromosomes
1D, 2A, 2D, and 7D. Liu et al. (2013) detected QTL for root traits under water
stress, and 46 QTLs including 20 major QTLs were detected with the highest effect
of 24.31 %. An et al. (2006) mapped five QTLs for RDW under condition with
different level of N fertilizer, and four major QTLs were found with the highest
effect of 19.6 %. Bail et al. (2013), Liu et al. (2011), Ren et al. (2012), Jiang (2012),
and Hamada et al. (2012) identified 69 QTLs conferring root-related traits of wheat
seedlings on chromosomes 2A, 2B, 5D, 2D, 3B, 4D, 3A, 6A, and 7D, using
different DH population and RIL population, and 29 of 69 QTLs were major QTLs
with the highest effect of 68 % (Ren et al. 2012). Sharma et al. (2011) identified 15
QTLs for root-related traits using 1RS-1BS map, and the highest effect of single
QTL was 56.0 %.

6.5.2.2 Comparsion of the Results with the Previous Studies

A total of seven QTLs for root-related traits of wheat seedlings were identified in
this study. Among them, three QTLs were contributed by Yumai 57, while two
QTLs were contributed by Huapei 3, and QR#2D, QRv7D, and QRdw2D showed
overdominant effects, indicating that the parents with strong advantage should be
selected to configured crosses. Among the 12 pairs of epistatic QTLs detected in
this study, some QTLs interacted with other two QTLs simultaneously. For
example, QRtI5D interacted with QR#2D and QRtl3B, controlling RTL; while the
QTL located within the interval Xgwmd448—-Xwmc455 interacted with both
ORdwlIA and QRv3A, indicating that epistasis was very important for heredity of
root-related traits in wheat seedlings, but the mechanism was very complicated
(Xing et al. 2002; Li et al. 2001; Mei et al. 2005), which needed further research.
Most of the additive QTLs for root traits, detected in this study, were mapped on
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chromosomes 2D and 7D, which were also found in the previous researches,
indicating that important QTLs or genes confer root traits in wheat distributed on D
genome.

6.6 QTL Mapping Conferring Leaf-Related Traits
in Wheat

Leaf is the main photosynthetic organ. Among them, flag leaf of wheat, with the
highest photosynthetic efficiency at late growth stage and the highest contribution to
formation of grain and yield, is the main source of carbohydrates in wheat grain and
can contribute to yield for one-third. At home and abroad, lots of researches related
to effects of wheat flag leaf on photosynthetic efficiency and yield were conducted,
but few researches focused on genetic loci conferring flag leaf. Keller et al. (1999)
identified eight QTLs for flag leaf width on chromosomes 1A, 1B, 2A, 3B, 5A, 5B,
and 6A, respectively, which could account for 59.5 % of phenotypic variation,
using a RIL population derived from Forno/spelt Oberkulmer including 226 lines.
Lohwasser et al. (2004) detected 23 QTLs for length and width of the three basal
leaves by using a RIL population including 114 lines under greenhouse conditions.
Identifying molecular markers closely linked with leaf morphology on the base of
previous studies is very important for improving photosynthetic efficiency and yield
at the molecular level.

6.6.1 QTL Mapping for Leaf Morphology of Wheat Based
on a DH Population

6.6.1.1 Materials and Methods

Five plants of each line were sampled on 10 days after heading to measure the
included angle between flag leaf of main stem and stem designed as flag leaf angle
(FLAN). While five main stems of each line were sampled at filling stage (20 days
after anthesis) to measure length and width of the upper three leaves (flag leaf,
second leaf, and third leaf). And leaf area was obtained by using the formula as
follows: leaf area = (leaf length x leaf width)/1.2.

6.6.1.2 QTL Mapping and Effect Analysis of Leaf-Related Traits

Leaf morphology included the traits such as FLAN, and the length, width, and area
of the upper three leaves. Furthermore, 31 additive QTLs and 22 pairs of epistatic
QTLs confer leaf morphology, and seven of the 31 additive QTLs involved in
QTL x environment interaction (Tables 6.35 and 6.36).
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6.6.1.2.1 QTL Mapping and Effect Analysis of Flag Leaf Angle (FLAN)

A total of four additive QTLs for FLAN were mapped on chromosomes 2B, 2D,
4D, and 5B, accounting for 5.15, 2.17, 14.47, and 5.48 % of phenotypic variation,
respectively (Table 6.35), among which qFLAn4D had the highest R? value,
explaining 14.47 % of phenotypic variation. Furthermore, in addition to gFLAn2D,
the other three additive loci were contributed by Yumai 57. And no AE was
detected.

Six pairs of epistatic QTLs for FLA distributed on chromosomes 1B-6D
(2 regions), 2A-5D, 2A-3D, 4D-7B, and 5B-7D, respectively, were identified,
accounting for phenotypic variation from 0.61 to 5.22 % (Table 6.36). However, no
interactions between epistasis and environment were detected.

6.6.1.2.2 QTL Mapping and Effect Analysis of Flag Leaf Length (FLL)

Three additive QTLs conferring FLL on chromosomes 3A, 5D, and 6D were
detected, accounting for 13.82, 6.87, and 5.28 % of phenotypic variation, respec-
tively (Table 6.35). Among them, the QTL named as gFLLe3Aa had the highest
contribution, explaining 13.82 % of phenotypic variation. In addition to gFLLe6D,
other two QTLs were contributed by Yumai 57. Meanwhile, gFLLe6D involved in
AE interactions and contributed 5.99 % of phenotypic variation.

Four pairs of epistatic QTLs for FLL on chromosomes 2B-3D, 2D-5A, 3A-4B,
and 5A-5B were detected, explaining 5.42, 7.43, 5.08, and 5.27 % of phenotypic
variation, respectively (Table 6.36), and no AAE was detected. The total contri-
bution of epistasis was 23.20 % of phenotypic variation.

6.6.1.2.3 QTL Mapping and Effect Analysis of Flag Leaf Width (FLW)

Four additive QTLs for FLW on chromosomes 3A, 4B, 4D, and 7D were detected,
accounting for 9.19, 7.26, 8.64, and 5.45 % of phenotypic variation, respectively
(Table 6.35). Among them, gFLWi3A had the highest contribution, explaining
9.19 % of phenotypic variation. In addition, the four loci were all contributed by
Huapei 3. No AE was detected.

Four pairs of epistatic QTLs conferring FLW on chromosomes 1D-6D, 2B-6B (2
regions), and 2B-4B were detected, accounting for 3.41, 2.04, 1.21, and 2.23 % of
phenotypic variation, respectively (Table 6.36). And, no AAE was detected.

6.6.1.2.4 QTL Mapping and Effect Analysis of Flag Leaf Area (FLAR)
A total of six QTLs for FLAR on chromosomes 2A, 3A (2 regions), 4B, 4D, and

7D were detected, accounting for phenotypic variation from 1.17 to 7.47 %
(Table 6.35), and the QTL (qFLAr3Ac) had the highest contribution, accounting for
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7.47 % of phenotypic variation. The three QTLs, gFLAr3Ac, qFLAr4D, and
gFLAr7D, were contributed by Huapei 3, while other QTLs were contributed by
Yumai 57. And, no AE was detected.

A total of five pairs of epistatic QTLs for FLAR on chromosomes 1B-4A, 2A-7B,
2A-3A, 5A-6A, and 7A-7A were detected, explaining 1.62, 5.51, 1.71, 4.50, and
7.98 % of phenotypic variation, respectively (Table 6.36). And, no AAE was detected.

6.6.1.2.5 QTL Mapping and Effect Analysis of Second Leaf Length (SLL)

For SLL, three additive QTLs on chromosomes 2A, 2D, and 5D were identified,
explaining 2.66, 13.74, and 13.28 % of phenotypic variation, respectively
(Table 6.35), and gSLLe2D had the highest contribution, explaining 13.74 % of
phenotypic variation. In addition to gSLLe2A, other QTLs were contributed by Yumai
57.The QTL (¢SLLe5D) involved in AE, explaining 11.49 % of phenotypic variation.

Only one pair of epistatic QTL for SLL on chromosomes 6A-6B was identified
(Table 6.36), explaining 6.82 % of phenotypic variation, and no AAE was detected
in this study.

6.6.1.2.6 QTL Mapping and Effect Analysis of Second Leaf Width (SLW)

Only one additive QTL for SLW on chromosome 5D was mapped, explaining
5.29 % of phenotypic variation (Table 6.35), whose positive alleles originated from
Yumai 57. Furthermore, the QTL involved in AE, and the total contribution of
additive effect was 12.42 %.

One pair of epistatic QTL for SLW was also mapped on chromosomes 4B-7D
(Table 6.36), explaining 3.26 % of phenotypic variation, and showed AAE.

6.6.1.2.7 QTL Mapping and Effect Analysis of Second Leaf Area (SLAR)

For SLAR, a total of two additive QTLs on chromosomes 2D and 5D were detected
(Table 6.35), accounting for 2.24 and 12.31 % of phenotypic variation. Among them
gSLAr5D had the highest contribution, with the value of 12.31 %, and involved in
AE, explaining 17.78 % of phenotypic variation. The total contribution of additive
effect was 32.23 %. Furthermore, no epistatic QTL for SLAR was mapped.

6.6.1.2.8 QTL Mapping and Effect Analysis of Third Leaf Length (TLL)

A total of three additive QTLs on chromosomes 2D, 4A, and 5D were identified,
accounting for 3.55, 5.12, and 21.91 % of phenotypic variation (Table 6.35), and
gTLLe5D had the highest contribution, accounting for 21.91 % of phenotypic vari-
ation. All of the three QTLs were contributed by Yumai 57. And no AE was detected.
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Only one pair of epistatic QTL for TLL was detected on chromosome 2A-6A
(Table 6.36), explaining 2.39 % of phenotypic variation, and no AAE for TLL was
detected.

6.6.1.2.9 QTL Mapping and Effect Analysis of Third Leaf Width (TLW)

For TLW, two additive QTLs on chromosomes 2D, 4B, and 5D were detected,
accounting for 3.46 and 8.38 % of phenotypic variation, respectively (Table 6.35).
Meanwhile, gTLWi2D was contributed by Huapei 3, while gTLWi5D was con-
tributed by Yumai 57. Furthermore, gTLWi5D involved in AE, and the interactive
effect was 29.40 %.

No AAE was detected for TLW in this study.

6.6.1.2.10 QTL Mapping and Effect Analysis of Third Leaf Area (TLAR)

A total of three additive QTLs for TLAR were identified on chromosomes 2D and
5D, respectively. And the QTL (¢gTLAr5D) had the highest contribution, explaining
18.0 % of phenotypic variation, and whose positive alleles originated from Huapei
3. Meanwhile, both gTLAr4B and qTLAr5D involved in environmental interactions,
accounting for 22.92 % of phenotypic variation (Table 6.35). And no epistasis was
detected for TLAR.

6.6.2 Association Analysis for Leaf Morphology Based
on a Natural Population Derived from the Founder
Parent Aimengniu and Its Progenies

6.6.2.1 Materials and Methods
6.6.2.1.1 Materials

A total of 109 wheat accessions including sister lines, parents, and derived lines of
the founder parent Aimengniu. Among which, the three parents and seven sister
lines were provided by Tai’an subcenter of national wheat improvement, and the
others were provided by Institute of Crop Sciences, Chinese Academy of
Agricultural Sciences.

6.6.2.1.2 Field Trial and Determining Phenotypic Data

Field trial was conducted continuously for four years in 2007-2010 in farm of
Shandong Agricultural University (Tai’an, Shandong province). The experimental
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design followed a completely randomized block design with three replications in
each environment. In autumn, each year, all varieties were planted in 2-m-long
three-row plots (25 cm apart). Management was in accordance with local practices.
At filling stage (20 days after anthesis), five flag leaves of main stems of each line
were sampled to measure leaf length and width, and leaf area was calculated by the
formula as follows: Leaf area = Leaf length x Leaf width + 1.2. And the average
value of each trait was used to analysis.

6.6.2.1.3 Analysis of DArT Marker

DNA of the 109 wheat accessions was extracted from adult plant leaves of five
individuals using the cetyl trimethyl ammonium bromide (CTAB) method and then
genotyped by DArT markers at the Diversity Arrays Technology Pty Limited
(Canberra, Australia; http://www.triticarte.com.au). The concentration and purity of
DNA were determined using 0.8 % agarose (final concentration of EB was O.
5 pg mL™h.

A total of 7000 DArT markers, exploited on wheat, were used to scan all of the
DNA samples by Triticarte Pty. Ltd. (Canberra, Australia). The known map
including Cranbrook x Halberd (339 DArT markers) (Akbari et al. 2006),
Arina x NK93604 (189 DArT markers) (Semagn et al. 2006), Avocet x Saar (112
DArT markers) (Lillemo et al. 2008), Colosseo x Lloyd (392 DArT markers)
(Mantovani et al. 2008), the map consisted of 779 DArT markers (Wenzl et al.
2004), 3B physics map (Paux et al. 2008), and the information from nine popu-
lations were integrated by Triticarte Pty. Ltd. (http://www.triticarte.com.au/). Wheat
DArT marker genetic map was constructed using the software of Mapchart 2.1
(Voorrips et al. 2002).

6.6.2.1.4 Analysis of Population Structure

A total of 42 DArT markers (one marker was selected on long arm and short arm of
each chromosome) were used to analyze the population structure among wheat
accessions using the software Structure 2.0 (Pritchard et al. 2000) with the admixed
model. Five independent runs were performed setting the number of populations
(K) from 2 to 12, burn-in period 100,000, and iterations 100,000. The maximum
likelihood score corresponding to the setting K as target to select appropriate K
value as subgroup number was taken.

6.6.2.1.5 Analysis of Linkage Disequilibrium
LD between mapped DATrT loci was calculated by the squared allele frequency

correlation coefficient () implemented in TASSEL 2.0.1 (http://www.
maizegenetics.net). The pairwise significance was computed by 1000
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permutations after removal of loci with rare alleles (f < 0.10). LD was calculated
separately for unlinked loci and loci on the same chromosome.

6.6.2.1.6 Association Analysis

Significant marker—trait associations were identified using a mixed linear model
(MLM) in TASSEL 2.1 (http://www.maizegenetics.net/). The population structure
was inferred by program Structure 2.0 and kinship matrix was calculated by soft-
ware TASSEL 2.1. The significance of associations between a marker locus and a
trait was indicated by the p value. And it was considered that there were associa-
tions between them, when P < 0.001.

6.6.2.2 Analysis of Marker-Trait Associations
6.6.2.2.1 Phenotypic Data

The flag leaf length (FLL), flag leaf width (FLW), and flag leaf area (FLAR) of the
population under the four environments were summarized in Table 6.37. There
were significant differences in flag leaf traits among different individuals, while the
differences were smaller among different environments. The mean percentages of
phenotypic variation explained by population structure for FLL, FLW, and FLAR
were 25.43, 9.78, and 25.73 %, respectively. And broad-sense heritability for FLL,
FLW, and FLAR were 76.3, 80.1, and 72.8 %, respectively.

Table 6.37 Descriptive statistics and percentage of phenotypic variation explained by population
structure for flag leaf length, width, and area (FLL, FLW, FLAR)

Trait Environment Min Max Mean | SD R® (%) | H™ (%)
FLL El: Tai’an (2007) |14.83 3523 [21.15 [4.06 [30.9 76.3

E2: Tai’an (2008) | 10.55 [40.55 |1931 [4.60 |25.1
E3: Tai’an (2009) [1338 2996 |18.82 [3.13 [226
E4: Tai’an (2010) [11.58 2933 |18.13 (270 |23.1
FLW El: Tai’an (2007) | 1.33 2.40 1.72 021 |10.6 80.1
E2: Tai’an (2008) | 1.00 2.15 1.59 021 |98
E3: Tai’an (2009) | 1.33 224 1.68 017 |95
E4: Tai’an (2010) [ 1.10 1.97 1.52 017 |89
FLAR |El: Tai’an (2007) |18.07 [6927 |30.61 |847 |[31.2 72.8
E2: Tai’an (2008) | 11.94 [72.65 [2595 [8.65 |[189
E3: Tai’an (2009) [17.04 |47.44 |2641 |[586 [25.6
E4: Ta’an (2010) [1332 |46.44 |2297 |4.87 |[272

“Percentage of phenotypic variation explained by population structure
"Broad-sense heritability; abbreviations are the same as in Table 6.35
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6.6.2.2.2 Association Analysis

The associations between DArT markers and FLL, FLW, and FLAR were tested
through the mixed linear model. Percentage of phenotypic variation explained by
individual-associated marker and significance of association was summarized in
Table 6.38. Based on the critical p value less than 0.01, we identified 61
marker-trait associations (MTAs) involving 46 DArT markers distributed on 14
chromosomes (1B, 1D, 2A, 2B, 2D, 3A, 3B, 4A, 5B, 6A, 6B, 6D, 7A, and 7B) for
the three traits and the R” ranges from 0.1 to 16.4 % (Fig. 6.14).

A total of 13 significant MTAs for FLL were detected on chromosomes 1B, 2B,
3A, 3B, 4A, 5B, 6A, 6B, and 6D, explaining phenotypic variation from 0.1 to
14.49 %. And wPt-3109 (2B) had the highest R

Thirty eight significant MTAs involving 31 markers distributed on chromosomes
1D, 2A, 2B, 2D, 3A, 4A, 5B, 6A, 6B, 7A, and 7B for FLW were identified and the
R? ranged from 1.03 to 16.4 %. And wPt-9422 had the highest R* (3A, 49.3 cM).
Meanwhile, several MTAs were repeatedly detected in two environments, for
example, wPt-665037 (1D, 11.7 cM), wPt-664989 (1D, 12.1 cM), wPt-665204 (1D,
12.1 cM), wPt-6711 (2A), wPt-1902 (2D), wPt-3130 (6B, 39.6 cM), wPt-9990 (6B,
39.6 cM), which explained phenotypic variation 11.28, 13.21, 12.18, 10.88, 5.45,
8.77, and 7.77 %, respectively.

A total of 10 significant MTAs distributed on chromosomes 2D, 3B, 4A, 5B, 6A,
and 7B for FLAR were identified, and R* ranged from 1.1 to 13.97 %. Meanwhile,
wPt-6043 (3B) had the highest R%.

It is worth noting that some markers associated with several traits. For example,
wPt-3457 (5B, 92.3 cM) simultaneously associated with both FLL and FLW,
wPt-5836 (3B, 71.6 ¢ctM) and wPt-4270 (6A) associated with both FLL and FLAR,
while wPt-730744 (2D, 61.4 cM), wPt-667476 (2D, 62.3 cM), wPt-1902 (2D),
wPt-5737 (5B, 69.9 cM), and wPt-5737 (7B, 56.6 cM) associated with both FLW
and FLAR.

6.6.3 Research Progress of Leaf Morphology QTL Mapping
and Comparison of the Results with Previous Studies

6.6.3.1 Research Progress of Leaf Morphology QTL Mapping

Few researches related to QTL for physiological characteristic of leaf morphology
in wheat. Keller et al. (1999) identified eight QTLs for FLW on chromosomes 1A,
1B, 2A, 3B, 5A, 5B, and 6A, explaining up to 59.5 % of phenotypic variation, by
using a RIL population consisted of 226 lines derived from Forno/spelt
Oberkulmer. Lohwasser et al. (2004) detected 23 QTLs for length and width of
the third basal leaf by using a RIL population including 114 lines under greenhouse
conditions. Zhang et al. (2012) used a RIL population to identify QTLs for FLL,
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Table 6.38 The marker loci associated with flag leaf and corresponding explained phenotypic

variation
Chr. Marker Position R? (%)
FLL FLW FLAR
1B wPt-9605 - 7.2% (E2)
1D wPt-665037 11.7 9.85*% (E1)
12.7* (E2)
wPt-664989 12.1 11.45* (E1)
14.96** (E2)
wPt-665204 12.1 10.79%* (E1)
13.56%* (E2)
wPt-3855 - 10.69* (E2)
2A wPt-669355 281.9 10.69* (E1)
wPt-6711 - 9.16* (E1)
12.59* (E3)
wPt-0568 - 9.5% (E1)
2B wPt-2106 22.8 13.38** (E2)
wPt-3109 - 14.49%* (E3)
2D wPt-1554 7.6 10.19* (E1)
wPt-730744 61.4 11.43* (E1) 7.47* (E4)
wPt-667476 62.3 9.7* (El) 10.11* (E4)
wPt-668120 62.3 9.9% (E1)
wPt-731134 62.3 9.9* (E1)
wPt-1902 - 9.76* (E1) 6.58* (E4)
1.03* (E4)
wPt-3692 - 14.1* (E3)
wPt-6704 - 10.67* (E1)
3A wPt-9422 49.3 16.4* (E3)
wPt-0398 146.4 8.71* (El)
tPt-0519 - 9.91* (E2)
3B wPt-5836 71.6 6.49* (E1) 11.54* (E1)
wPt-10186 - 12.17* (E3)
wPt-2491 - 1.27#% (E1)
wPt-6043 - 13.97* (E3)
4A wPt-8091 180.1 9.16* (E2)
wPt-2985 - 1.11* (E1)
wPt-6900 - 14.00* (E3)
wPt-6757 - 8.83* (E2)
5B wPt-5737 69.9 10.06* (E1) 5.84* (E1)
wPt-3457 92.3 10.66* (E3) 11.86* (El)
wPt-0819 - 6.75* (E4)
wPt-1548 - 10.33* (El)

(continued)
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Table 6.38 (continued)

Chr. Marker Position R (%)
FLL FLW FLAR
6A wPt-666988 39.8 0.9% (E2)
wPt-667618 142.4 6.67* (E4)
wPt-4270 - 10.19%* (E2) 12.63%* (E2)
6B wPt-3130 39.6 8.89* (E1)
8.64* (E2)
wPt-9990 39.6 8.89* (El)
8.64* (E2)
wPt-0959 57.7 10.14* (E1)
wPt-8183 92.5 9.97* (E1)
wPt-2424 96.1 8.56* (E1)
wPt-0171 172.1 0.2%* (E3)
wPt-3581 - 0.1%* (E4)
6D wPt-664719 134.9 10.18* (E2)
7A tPt-1755 - 11.28* (E2)
7B wPt-5737 56.6 10.06* (E1) 5.84% (E1)

IR

Marker position indicates that this marker has no definite genetic distance. Markers with
significant marker—trait associations are listed (P < 0.001), and the phenotypic variation explained
(R2) is marked with single asterisk (*) or double asterisks (**) denotes the p value ranging from
0.0001 to 0.0010 or smaller than 0.0001, respectively. Abbreviations are the same as in Table 6.35

FLW, FLAR, SLL, SLW, SLAR, TLL, TLW, TLAR, and 29 QTLs were detected,
and none of 29 QTLs were major QTLs, with the highest effect of 13.87 %.
Meanwhile, several QTLs controlling leaf morphology were found on chromo-
somes 4B and 4D.

6.6.3.2 Comparsion of the Results with the Previous Studies

In this study, a total of 31 additive QTLs for leaf morphology-related traits were
identified, mainly distributing on chromosomes 2D, 4D, 5D, and 7D, and six of 31
QTLs were major QTLs with the highest effect of 21.91 %. Meanwhile, the QTLs
for leaf morphology were mainly mapped on chromosomes 2D, 4A, 4B, 4D, 5D,
and 7D based on association analysis, and within the linked marker intervals of leaf
morphology, some QTLs for yield-related traits, quality traits, and important
agronomic traits were also mapped. There were similar results between the partial
results of this paper and those of Keller et al. (1999) and Zhang et al. (2012),
indicating that important QTLs or genes controlling leaf morphology of wheat were
distributed on D genome. Moreover, some associations were repeatedly detected in
several environments, which could be considered to be relatively stable, and linked
molecular makers with higher contribution to phenotypic variation could be used in
MAS breeding programs. For example, several markers distributing on
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Fig. 6.14 Genetic linkage map for DArT markers significantly associated with flag leaf in bold,
markers significantly associated with more than three environments



438 6 Genetic Analysis of Main Physiological and Morphological Traits

4A 58
0.3
0.8
18
39
550 wPLZTEs 183~ WP 40
1857] [~wPreeas Be
182
2074
411~ LrwProem 2.7
412 [~ wPi8804 21
8254 | | rwPrEae FoL]
ear [Pt e
839 -é-.w,w FLIY FLAR g.:
a8 PLOS T a9\ Hy wht 1457
mhz— WPL1351 7.8y
778" whteea1s =0
3297] [Merroas 08
1158 wPt-730913 3 BT L FLW ::;
13281 | | poPreeer 924 ﬂ;ﬂ; iz
1487 WPt4550 40 ity o8
1514 WELL1981 Lasit X Aty @5
1808 WPt3l0E :15??— wPEE8 2 s
1828 PLEIE WPLB440 1837| |\wPram g
18434 [ wPrater 1238 AR WPz 03
185501k whr-8271 1202 J1-oPLEE% wP19103 ey
CES |nl R 12097 \wPiast e
741 WPt 13757 | | VwPiasT? &0
1746 {Rb wPt-4487 o e20
1788 [T P8I0 1598 — T wPH138 ot
1778 wP-E20 =e
180.1 yf gl wP1-8091 FLL L5
181.4 )\ wPt-0888 Lo
1523 —E- P18 - Lico
1828 4P whrins 18741 wPt22 78]
18334 LwPreem 1937 [ wPIsEs s
19487 ‘wPra08d D5~ WP g
6D 7B
00
84y
= [wP1-B88181
FLW -
%8 88 T lurreest=2
414
419
440 )
57.7 FLW
819
826
331 FLW FLAR
708
736
538
883 i
925 F
941 FLR
1010 1
017
1058
1083
10938 {)
1290
1721 FLL
1759
181.0
1346 ~_LwPt7 2044
1349 7] [MwPte84719 LW
139.1 WP180815

287

Fig. 6.14 (continued)



6.6 QTL Mapping Conferring Leaf-Related Traits in Wheat 439

chromosomes 1D and 6B were associated with FLW and had the higher contri-
butions to phenotypic variation.

The big ranges of variation of flag leaf in different varieties were in favor of
mapping more key intervals linked with flag leaf traits. For example, several
markers distributing on chromosomes 1D, 2D, and 6B were associated with some
traits, which may be enrichment regions of genes controlling flag leaf traits, and that
needs to be studied in further research.
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