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CHAPTER 2

Abstract:

To satisfy the future demand for bread wheat in China, it is paramount to study what
traits may contribute to higher yield potential among genotypes. This experiment aims
to test the traits responsible for the increase in yield potential of winter wheat released
in Henan province, China. Seven established cultivars released in the last 20 years and
3 advanced lines were assayed. The results showed that grain yield was positively
correlated with HI, kernel number per square meter, and aboveground biomass. In
addition, the HI and above ground biomass showed a an increasing trend with the year
of release. Positive correlations between grain yield and the §C of the flag leaf,
spike and kernel were observed. Therefore we can conclude that bread wheat breeding
advances during recent decades in Henan, China, have been achieved through an
increase in HI, kernel number per square meter and aboveground biomass. A higher
8"3C seems also to be involved in these advances, which suggests a progressive
improvement in constitutive water use efficiency not associated with a trend towards
lower stomatal conductance in the most recent genotypes. However, genetic advance
does not appear related to changes in photosynthesis rates on area basis when
measured in the flag leaf or the spike, but only to a higher, whole-spike
photosynthesis. Results also indirectly support the concept that under potential yield

conditions, the spike contributed more than the flag leaf to kernel formation.

Keywords: yield potential, grain yield, net carbon exchange, carbon isotopes, nitrogen

content
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1. Introduction

As the most populous country, answers to the question “Who will feed China?” have
been sought by scientist and politicians since the 1990s. The rising Chinese
population and the rapid growth of the Chinese economy have resulted in an
increasing demand for wheat (Triticum aestivum L.) supplies, and this trend will
continue for the following decades. The planting area in China is shrinking, because
the spring wheat cultivated region is being reduced due to the economic competition
with other crops and by the inherent low yield of spring wheat caused by its short
growth cycle. Moreover, in spite the high yields achieved in the winter wheat
cultivated region, which comprises approximately 94% of China's total wheat
production, winter wheat has suffered a slight decrease in planting area (USDA, 2012).
Henan province, located in the eastern of Yellow and Huai Valleys Winter-Wheat
Zone (YHVWW?2), is the primary winter wheat producer of China. It produces up to
25% of the national production with a planting area of around 5.3 million ha, and a

production of = 30.8 million tons (NBS, 2010).

The total wheat production and grain yield per unit area in Henan Province have
increased 8.8 and 7.1 times respectively from 1949 to 2007 (Ye et al. 2007). This
enhancement in total production and yield of Chinese winter wheat is mainly due to
the development of new crop management techniques such as new fertilizers or
pesticides, and due to the breeding of new wheat cultivars that have continuously
increased the yield potential of wheat (genetic gain) from 1960 to 2010 (Zheng et al.
2011; Xiao et al. 2012).

Worldwide, different breeding strategies have been proposed to speed genetic gains in
the next decades. In that context, proper phenotyping is paramount both for
conventional breeding as well as to take full advantage of the powerful molecular
techniques developed in recent times (Araus et al. 2008; Cabrera-Bosquet et al. 2012).

Thus, different phenotyping traits and tools have been proposed, including: (I) plant

-55-



CHAPTER 2

agronomic traits associated with the past increase in grain yield (Xiao et al. 2012); (1)
high photosynthetic capacity and/or efficiency (Reynolds et al. 2009; Parry et al.
2011), including that of the ear (Araus et al. 1993a); (111) higher efficiency in the use
of resources such as water through the stable isotope abundances in plant tissues; and
(IV) the optimization of source-sink balance to allow an enhancement of yield
potential (P&ez et al. 1989; Schnyder 1993; Zangh et al. 2010, 2012; Aranjuelo et al.
2013).

In the traditional breeding strategy, grain yield components such as kernel number per
unit area and/or average individual grain weight have been selected among different
genotypes to reach a high yield (Slafer et al. 1996). Meanwhile, some authors have
shown that there are other yield components largely associated with the enhancement
of yield, such as harvest index (HI), shoot biomass, and kernel number per spike
(Yoshida et al. 1972; Rebetzke et al. 2002; Zhou et al. 2007a). High HI was not only
the immediate result of the introgression of dwarf Rht genes in the middle of the 20th
century (Reynolds et al. 2009), it was also due to the continued selection of genotypes
with reduced height and increased grain number per unit area in the post-Green
Revolution period (Sharma et al. 1985; Zheng et al. 2011). However, Reynolds et al.
(2005) showed that the genetic progress of HI in bread wheat has stalled since the
mid-1980s. According to Parry et al. (2011) the selection of genotypes with increased
biomass and photosynthetic efficiency will go beyond the HI limitation to achieve an
increasing harvestable grain number and high yield rates. At the same time, it has
been reported for Henan province that breeding since 1970 to the present has not only
reduced plant height and increased harvest index but has resulted in increases in spike
number per unit area and shoot biomass (Zheng et al. 2011). However, changes in
other traits such as the rate of photosynthesis are unclear (Hawkesford et al. 2013).
Moreover, breeding changes have not necessarily been uniform across these four
decades (Parry and Hawkesford 2010; Zheng et al. 2011; Reynolds et al. 2012; Xiao
et al. 2012).

Photosynthesis is one of the most highly integrated and regulated metabolic process to
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maximize the use of available light, optimizing the use of limited carbon and nitrogen
resources (Paul and Foyer 2001). There is evidence that photosynthesis improvement,
simultaneously with well-balanced grain sink strength, was associated with an
improvement in yield potential (Fischer et al. 1998; Reynolds et al. 2011). The
photosynthetic capacity and efficiency of shoot organs (flag leaf and spike) could be
considered as the most important factors among total crop photosynthesis. It has been
proposed that increasing leaf net photosynthesis leads to an increase in shoot biomass
and hence grain yields (Parry et al. 2011). In particular, under slight stress conditions,
a number of authors have reported the positive correlations between grain yield and
flag leaf photosynthesis in bread wheat (Shimshi and Ephrat 1975; Richards 2000). In
recent years, many studies have revealed that the contribution of spike photosynthesis
to grain filling (Araus et al. 1993a; Tambussi et al. 2007) should be considered
parallel or even more relevant than the contribution of the flag leaf during the post
anthesis period. In that sense, spike traits that contribute to grain filling and ways to
increase grain yield need to be further studied by plant biologists and breeders.
However, a lack of correlation between photosynthesis and plant yield has been
frequently reported among bread wheat genotypes (Makino 2011; Xiao et al. 2012),
probably due to the fact that modern cultivars have been bred for photosynthesis. One
trait that could be selected to improve the photosynthetic response and then increase
yield is the ribulose-1, 5-bisphosphate carboxylase oxygenase (Rubisco) content
and/or activity (Parry et al. 2011). During plant growth, especially under stomatal
closure, Rubisco abundance and Kkinetics would be the key limitation to

photosynthetic CO; assimilation (Parry et al. 2011, 2013).

Based on a good understanding of the physiological and biochemical constraints to
yield performance, utilization of key tools that associate wheat physiology traits can
provide important information to wheat breeding and agronomy. Carbon stable
isotope composition (8*3C) has been proposed as an indirect selection criterion for
transpiration efficiency and grain yield in wheat (Araus et al. 2002). The use of °C
affords an easy way of screening for grain yield, dry matter, water status and even
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photosynthesis (Condon et al. 1990; Araus et al. 1993a). The relationship between
83C and grain yield varies from strongly positive (Condon et al. 2002) to strongly
negative (Araus et al. 1998) under drought conditions. In many regions such as the
Mediterranean Basin, Australia, and China, it was found that 5*3C of the flag leaf and
mature kernels correlated negatively with grain yield across genotypes under rain-fed
conditions (Araus et al. 1993a, 2002; Rebetzke et al. 2002; Xu et al. 2007). However,
other studies have illustrated that the correlation between 3*3C and grain yield is low,
in optimal conditions (Fischer et al. 1998; Araus et al. 2003; Monneveux et al. 2005;

Serret et al. 2008).

The study of yield potential under field conditions is usually difficult because of
natural biotic and abiotic stresses such as drought, plagues etc. that limit the plant
yield potential. In order to avoid interference from this stress on yield potential, it is
more reasonable to estimate the yield potential of wheat under controlled and
favorable conditions. The objective of this study was to study the agronomic and
physiological traits responsible for increasing yield potential of winter wheat that
have been released in Henan province of China during the last two decades, and to

that end, cultivars and advanced lines were included.

2. Material and Methods

2.1 Plant material and experimental design

Ten bread wheat genotypes, including 7 milestone cultivars widely cultivated in
Henan Province during the past two decades, along with 3 advanced lines bred for
high yield potential at Henan, were assayed (Table 1). The selected milestone
cultivars had proved their high yield performance in the Yellow and Huai Valleys
Winter-Wheat Zone (YHVWWS2Z), and represent the advancement in wheat breeding
in Henan Province from 1995 to 2010. The three advanced lines were selected by
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Tianmin Henan Seed Company among ten thousands genotypes for their high yield in
a preliminary field assay in Henan province during the 2010/2011 cropping season

(www.seedinfo.cn; http://en.tian-min.com).

The experiment was conducted outdoors in the Experimental Field Facilities of the
Faculty of Biology, University of Barcelona (Barcelona, Spain), from December 10™,
2011 to June 14™, 2012. Seeds of the ten genotypes were germinated in Petri dishes
under 5 € over 15 days. After that, 20 seeds of each genotype were planted in
polyvinyl chloride bags filled with an artificial substrate (20 L per bag) following
agronomic practices of 400 seeds m™. The substrate was a mix of gravel (1:5), sand
(2:5), and peat (2:5) (v/v) and a slow release fertilizer was added before planting (40
mg of NPK fertilizer for each bag). The experiment was carried out in a randomized
complete block design with 3 blocks. Each genotype was assayed with 5 bags (5
replicates) to end up with 150 bags in total (3 blocks x 10 genotypes x 5 replicates =
150 bags). The plants were irrigated with a half-strength Hoagland nutrient solution
by drip irrigation to reach the optimum level of nutrition and irrigation. A fungicide
(Bupirimate, NIMROD, BRAVOAG, Mexico) was applied, at the flag leaf emergence,

spike emergence and the milky stage, to prevent powdery mildew and yellow rust.

2.2 Analysis of total nitrogen content and carbon isotope composition

One week after anthesis, 3 spikes and 3 flag leaves from each plot were randomly
collected, and at physiological maturity another 3 spikes were sampled for kernel
analysis. All samples were dried at 60€ and the kernels were separated from the
spike in order to obtain the samples for the kernel analysis after that all the samples
were grounded into a fine powder for the ratio of C**/C*2 and total N content analyses.
For each analysis approximately 1 mg samples of kernels and spikes, and 0.7 mg flag
leaves were packed into tin capsules. Measurements were conducted at the Scientific

Service Facilities of the University of Barcelona. Total nitrogen concentration was
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measured by an elemental gas analyzer (Flash 1112 EA; ThermoFinnigan, Breman,
Germany). The same EA coupled with an Isotope Ratio Mass Spectrometer (Delta C
IRMS, ThermoFinnigan, Bremen, Germany) operating in continuous flow mode was
used to determine the stable carbon (**C/*2C) . The *C/**C ratios were expressed in &

notation, which was determined according to Farquhar et al. (1989):

13 Rsample
88C(%o)=[( ———— )-1] x 1000

Rstandard

Where: sample referred to plant material and standard to the Pee Dee Belemnite
calcium carbonate standard. International isotope secondary standards of known
3¢c/C ratios (IAEA CH; polyethylene foil, IAEA CHg sucrose and USGS 40

L-glutamic acid) were used for calibration with a precision of 0.1%e.

2.3 Gas exchange

Gas exchange parameters were measured on sunny days about one week after anthesis
in the central segment of flag leaf blades and the entire spike using a LI-COR 6400
portable photosynthesis system (LICOR biosciences, Lincoln, Nebraska, USA). For
each plot the flag leaves and spikes of the main shoots of three plants were measured
from 10:00-15:00 (solar time). Net carbon exchange (NCE) was evaluated in ambient
CO, conditions (approximately 400 pmol mol™ CO,) with the gas exchange chamber
maintained at 25<€ and 50% relative humidity (RH). In the case of the flag leaves the
standard gas-exchange chamber was used for measuring photosynthesis at light
saturation conditions (1800 pmol m™ s PPFD), whereas the spikes were placed in a
conifer chamber (LICOR biosciences, Lincoln, Nebraska, USA) for measuring
photosynthesis under natural light conditions (approximately 1700 pmol m? s*
PPFD). Following this, dark respiration was assessed by covering the gas exchange

chamber with a piece of heavy black cloth until stabilization. Gross Carbon Exchange

(GCE) was calculated adding the dark respiration to the net photosynthesis rate . GCE
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values were expressed per square meter (pmol CO, m™? s™), per whole organ (nmol
CO, st organ®) or per kernel (nmol CO, kernel* s?). After gas exchange
measurement, the measured flag leaf, was cut and immediately scanned (Canon
PIXMA/MP140 scanner, New York, USA) to calculate the area using a commercial
software, Digimizer 3.7 (MedCalc Software, Belgium, 2009). Spike area was
calculated by measuring the length and width of the four faces of each spike with a

millimeter ruler.

2.4 Rubisco activity

Three flag leaf blades and three spikes per plot were harvested one week after anthesis
and stored at -80 €. Aliquots of 0.5 g of frozen leaves and glumes were ground in a
cold mortar using an extraction buffer with 100 mM Bicine-NaOH (pH 7.8), 10 mM
MgCl,, 10 mM B-mercaptoethanol and 2% PVPP (w/v). The extract was clarified by
centrifugation at 26,850 g for 10 min at 4 €. Enzyme activity was determined by
measuring the absorbance at 340 nm with a Cecil CE 7200 spectrophotometer (Cecil
Instruments Limited, Cambridge, UK) as described previously by Lilley and Walker
(1974).

2.5 Phosphoenol Pyruvate Carboxylase (PEPC) activity

The extraction of PEPC was carried out according to the method of Sayre and
Kennedy (1979) with slight modifications. Aliquots of 0.5 g of frozen leaves and
glumes collected for the rubisco activity analysis were ground in a cold mortar using
an extraction buffer with 100mM Bicine-NaOH (pH 7.8), 10mMMgCl,, 10mM
B-mercaptoethanol and 2% PVPP (w/v). The extract was clarified by centrifugation at
26,850 g for 10 min at 4 <. Phosphoenol Pyruvate Carboxylase activity was
estimated spectrophotometrically (using a Cecil CE 7200 spectrophotometer, Cecil
Instruments Limited, Cambridge, UK) coupling the reaction with the oxidation of
NADH by malate dehydrogenase (MDH) according to Blanke and Ebert (1992). One
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hundred microliters of enzyme extract supernatant were added to a 1ml final reaction
solution that contained 50 mmol 1™ Tris-HCI (pH7.8), 10 mmol I"* MgCl,, 0.25 mmol
It EDTA,5.0 mmol I NaHCO3,4U of MDH, 0.1 mmol I NADH, and 2.0 mmol of

phosphoenol pyruvate (PEP).

2.6 Grain yield and yield components

All the plants were harvested at maturity from the three middle bags for measuring the
agronomic traits. Before the harvest, plant heights were measured from the soil
surface to the tip of the spikes excluding awns. Then the plants were harvested and
dried for 48 h at 60<C to obtain aboveground biomass and grain yield. For estimating
other yield components, 5 samples of representative spikes per bag were collected
randomly to calculate HI, thousand kernel weight (TKW), kernel number per square

meter, spike length, and kernel weight per spike.

2.7 Statistical analysis

The hypothesis of zero difference between means was tested with ANOVA, performed
using the general linear model (GLM) procedure to calculate the effect of the different
studied genotypes on the measured parameters. Mean separation of genotypes for the
measured parameters was done by a Tukey-b multiple comparison test (P <0.05). In
order to test the association between grain yield and physiological traits, linear
stepwise models across genotypes were constructed, with P = 0.05 as the criterion for
variables to be either included or removed from the model. A series matrix of simple
coefficient correlations was analyzed based on the yield performance, agronomic and
physiological traits of the different genotypes. All the data were analyzed using the
SPSS v.16 statistical package (SPSS Inc., Chicago, IL, USA). Figures were created
using SigmaPlot 12.0 for Windows (Sysat Software Inc., Point Richmond, CA, USA).
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3. Results

The individual traits influencing yield in the set of 10 Chinese bread wheat genotypes
from Henan province included in this study were analyzed (Table 1). The analysis of
variance (ANOVA) showed that most of the traits were significantly affected by

genotype differences (Table 2 and Table 3).

Cultivars/Advanced lines  Year of release Pedigree

Yumai 35 1995 Mianyang84-27/Neixiang 82C6//Yumail7
Lankao Aizao 6 1998 Lankao(84)184// Wenmai 6

Yumai 66 2000 Yumai 2//Lankao (84)184/Lankao(90)
Zhoumai 18 2004 Neixiang 185/Zhoumai 9

Zhoumai 22 2007 Zhoumai 12/ Wenmai 6//Zhoumai 13
Lankao 198 2009 R81/Bainong 64//Yanzhan 4110

Lankao 298 2010 Lankao Aizao 8// Zhoumai 18

Lankao 0347 20128 Zhengzhou 9023/Yumai 20

Lankao 223 20128 Lankao Aizao 8/Lankao(84)184 // Zhoumai 18
Lankao 282 20128 Hebei 94014//90(6)21-4

& under trial seed testing.
Resource: www.seedinfo.cn; http://en.tian-min.com.

Table 1. Name, year of release and pedigree of 10 Chinese winter wheat genotypes
from the Henan province of China assayed at the Experimental Fields of the
University of Barcelona.

3.1 Grain yield and yield components

Grain yield of different genotypes varied significantly, ranging from 5.55 Mg ha™ for
Yumai 35 released in 1995 to 14.84 Mg ha™ for the advanced line Lankao 282. The
mean grain yield of all genotypes was 9.12 Mg ha™ (Table 2). Yield was positively
correlated with the year of release (r? = 0.60, P < 0.01), with the three advanced lines
showing higher grain yield than the varieties already released (Fig. 1A). The HI
showed a highly significant difference between genotypes, while aboveground
biomass showed a slight, albeit significant increase (Table 2). In fact, the year of
release was significantly and positively correlated with grain yield, biomass and HI

(Fig. 1A, B, C) as well as with kernel number per square meter (r = 0.79, p < 0.001)
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(data not shown). Spike weight, kernel weight per spike, and thousand kernel weight
(TKW) also revealed clear differences between genotypes (Table 2), but they did not
show a clear improvement trend according to the year of release (data not shown).
Plant height of commercial genotypes showed a decreasing trend from the oldest to
the newest genotypes, except for the dwarf genotype Lankao Aizao 6 (Table 2).
However, the advanced lines showed a significantly greater height than the
commercial genotypes, showing also higher yield as a consequence of a general

increase in plant biomass (Table 2).

In order to test which yield components were better related to grain yield, a regression
test between grain yield and yield components was performed (Table 4). The highest
significant correlation was observed between grain yield and HI (r = 0.90, P <0.001),
followed by kernel number per square meter, aboveground biomass, and kernel
number per spike (r = 0.80, P < 0.001; r = 0.78, P < 0.001; r = 0.71, P < 0.001,
respectively). The linear relationships of spike length and spike weight with grain
yield were also significant, but lower (r = 0.62, P < 0.001; r = 0.50, P < 0.01,
respectively). Plant height affected grain yield weakly (r = 0.44, P < 0.05), while
TKW did not influence it significantly (Table 4).
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G_rain Biomass Spike Spi'ke Awn Spike Kernel Kernel Plgnt TKW
Genotype yield K} HI length weight length number number number height

(tha™) (tha™) (cm) (9) (cm) m spike™ m (cm) ©
Yumai 35 555¢ 225ab 0.23c 7.90f 1.86¢ 1.63f 363.3 bc 30.5d 10654 c 82.8 bc 55.15a
/';\?;‘::g 731bc  209ab  03l1bc  1036de  2.89bc  334de  3356c  52.2b 14289bc 7244 47.04 ab
Yumai 66 5.37c 158b 0.28 bc 1149 ¢ 2.30 bc 3.38 bed 284.4c 51.3b 10742 c 89.6 ab 40.21ab
Zhoumai 18 8.35 bc 26.0 ab 0.32 bc 9.39e 1.89¢ 2.88¢e 573.3abc  51.0b 19553 bc  75.6cd 40.91 ab
Zhoumai 22 9.45 abc 29.1ab 0.35 abc 9.50e 2.47 bc 3.02e 506.7abc  36.6 cd 17536 bc  83.3bc 59.87 a
Lankao 198 7.19 be 28.3ab 0.30 bc 9.43¢e 1.72¢ 4.09 be 753.3a 44.1 bc 27617ab  75.7 cd 30.42b
Lankao 298 7.63 bc 27.0ab 0.30 bc 9.88 de 1.87c 3.57cd 650.0 ab 35.5¢cd 15567 bc  73.5cd 52.11a
Lankao 0347 1251 ab 36.8a 0.38 ab 10.60 cd 3.58 ab 417D 508.9abc  53.2Db 24824ab  87.0ab 53.50 a
Laokao 223 12.96 ab 335a 0.37 ab 1420 a 491a 5.60 a 513.3abc 76.1a 24448 ab 95.4a 52.42 a
Lankao282 1484 a 3l4ab 0.46 a 12.87b 2.27 be 3.94 be 346.7c 70.6a 35032 a 92.2ab 47.08 ab
Mean 9.12 27.1 0.33 10.56 2.58 3.39 353.6 50.1 20026 82.8 47.87
Replicate 0.94 11.7 0.01 0.52 1.25 0.04 4065 39.1 372 10° 134.4 71.9
Genotype 287.24%**  1042* 0.17%*= 92.50***  26.73***  28.60** 6.1 10°***  5783*** 1.7 10%**  1828*** 2040***
Error 81.40 603.7 0.02 2.60 6.00 0.82 1.9 10° 485.4 4.310° 244.7 841.8

Table 2. Mean values and sum of squares type 11l combined with analysis of variance for grain yield and agronomic yield components of
7 winter wheat cultivars and 3 advanced lines from Henan province, China. Abbreviations used: aboveground biomass (Biomass), harvest
index (HI), and thousand kernel weight (TKW). The values are the means for each genotype of 3 replicates per block from a total of three
blocks. Means followed by the same letter were not significantly different at P = 0.05 by the Tukey-b’s test (*, P < 0.05; **, P <0.01 and
***% P <0.001).
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Spikes Flag leaves Kernels
Mean Range SE Genotype Mean Range SE Genotype Mean Range SE Genotype

Dry weight (g) 0.75 0.33-1.19 004  1.21%%* 0.24 0.13-0.40 001  0.13*** 252 1.01-4.21 0.15 12.28%*
N content (mg g%) 1522  6.47-23.26 085  426.08** 11.94  6.79-18.08 057  220.8%** 60.48  2585-10391  3.91 11241%**
313C (%) 2792 -2869--27.00 008  3.69** 2898 -29.87--27.93 008  3.96** 2848  -2955--27.62  0.08 3.38%*
N concentration (%) 2.04 1.75-2.33 002  0.20%* 4.96 424 -5.82 006  2.41%** 2.54 2.00-2.97 0.04 0.42
gs (mmol m2s?) 89.62 56.2 - 129.6 3.65 7208%** 461.9 319.0 - 652.7 13.37 51442
GCE m?(pmol m?2s™) 7.68 471-10.35 0.24 30.53** 34.25 26.34 - 40.38 0.52 109.38
GCE organ’* 348  145-558 16 1173 1257  743-2264 609  18236%*
(nmol min™ organ™) : : ‘ ’ : i : :

-1
GCE kemel” 72 43-109 032 63.11%%* 261  157-428 123 1185%
(nmol min™ kernel™)
Rubisco activity 429 1.06 - 13.24 051  200.1%%* 23.00  13.42-41.10 113 749.0%*
(nmol s™g™)
PEPC activity 2091  8.08-34.43 132 1329.4%** 3354  16.69 - 55.97 228 3457%%*

(nmol min* g™

Table 3: Mean value, range, standard error, and sum of squares of different physiological parameters of 7 winter wheat cultivars and 3
advanced lines from Henan province, China. Abbreviations used: carbon isotope composition (5*°C), , stomatal conductance (gs), gross
carbon exchange per square meter (GCE m™), gross carbon exchange per whole organ (GCE organ™), gross carbon exchange per kernel
(GCE kernel™). (*, P < 0.05; ** P <0.01 and ***, P <0.001).
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s Siomss W1 e S M b KT
m spike
Biomass 0.78***
HI 0.90%*** 0.52**
Spike length 0.62*** 0.32 0.57***
Spike weight 0.50** 0.46* 0.32 0.66***
Awn length 0.59** 0.31 0.71%** 0.66*** 0.18
Spike number m 0.23 0.53** 0.20 -0.27 -0.39* 0.22
Kernel number spike™  0.71%** 0.35 0.67*** 0.89*** 0.63*** 0.60*** -0.22
Kernel number m™ 0.80*** 0.73*** 0.72%** 0.46** 0.15 0.66*** 0.57*** 0.58***
Plant height 0.44* 0.19 0.38* 0.64*** 0.45* 0.38* -0.34 0.55** 0.29
TKW 0.31 0.19 0.24 -0.02 0.36* -0.20 -0.28 -0.08 -0.22 0.12

Table 4: Pearson correlation coefficients among grain yield and several agronomic yield components across the set of 10 Chinese winter
** P <0.01 and ***, P <0.001).

wheat genotypes. Abbreviations used as in Table 2. (*, P <0.05;
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3.2 Grain yield and physiology traits among organs
3.2.1 Organ dry weight and nitrogen content

At anthesis there were significant differences across genotypes for spike and flag leaf
dry weight, and total N content and N concentration (Table 3). Total N content of
spikes (15.22 mg) was about 30% higher than that of the flag leaf (11.94 mg) in spite
of the much lower N percentage in the spike (2.04%) compared with the flag leaf
(4.96%). Grain yield was negatively correlated with spike N concentration (r = -0.40,
P <0.05) (Table 5). However, grain yield was not correlated with the dry weight and
N concentration of the flag leaf (Table 6). The kernel N content per spike was highly
and positively correlated with the spike N content; however, flag leaf N content was

not correlated with kernel or spike N content (Table 5; Table 6).
3.2.2 Carbon isotopes composition

For the set of genotypes assayed, 5'°C values varied significantly among genotypes
and organs (Table 3, Supplementary Table 1 and Supplementary Table 2). Significant
differences among plant parts were observed for §'3C, with values increasing from the
older genotypes to the advanced lines (Table 3, Supplementary Table 1 and
Supplementary Table 2). In fact, grain yield was significantly and positively linearly
associated with the 8*3C of kernels (r = 0.56, P < 0.001), spikes (r = 0.52, P < 0.01)
and flag leaves (r = 0.50, P < 0.01) (Table 5, 6). Moreover, the 8*3C of spikes showed
a highly significant and positive correlation with spike dry weight (r = 0.69 P < 0.001)
(Table 5). In addition, kernel dry weight was positively correlated with 5'*C of kernels
(r = 0.54, P < 0.01) (Table 6). Moreover, kernel 5"°C increased linearly with the year
of release (r* = 0.55, P < 0.05) (Figure 1 D). However, flag leaf and spike 5'*C did not
show a linear relationship with the year of release (data not shown).
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Kernel

Kernel

om0 SN O e N swen S5 dE G R md
spike™ spike™ weight m k activity  activity
Biomass 0.78***
Kernel dry weight spike®  0.71***  0.41*
Kernel N content spike®  0.77***  0.42* 0.83%**
Kernel §°C 0.56***  0.44* 0.54**  0.47**
Kernel N concentration -0.09 -0.06 -0.23 0.13 0.00
Spike dry weight 0.56***  0.36 0.48**  0.63*** 0.56*** 0.12
Spike N content 0.46** 0.3 0.41* 0.57***  0.49** 0.13 0.98***
Spike 3**C 0.52** 0.37* 0.56***  0.63***  0.45* -0.08 0.69***  0.66***
Spike N concentration -0.40* -0.24 -0.36 -0.33 -0.40* -0.03 -0.32 -0.11 -0.24
Spike gs 0.17 0.11 -0.04 0.09 0.09 0.24 0.01 0.04 -0.10 0.15
GCE spike™ 0.40* 0.23 0.41* 0.39* 0.38* 0.08 0.41* 0.41* 0.41* -0.10 0.48**
Spike GCE m™ 0.21 0.20 0.04 0.10 0.10 0.13 0.05 0.06 0.05 0.09 0.79%**  0.62***
Spike GCE k* -0.29 -0.05 -0.33 -0.47**  -0.20 0.07 -0.41* -0.33 -0.29  0.46** 0.56***  0.36 0.64***
Glume Rubisco activity 0.11 0.20 -0.02 -0.16 0.15 -0.18 -0.10 -0.02 0.11 0.47** 0.28 0.10 0.21 0.39*
Glume PEPC activity -0.03 0.18 0.08 -0.18 0.15 -0.34 -0.39* -0.40* -0.10  0.07 -0.13 -0.19 -0.19 0.14 0.23
0.25 -0.09 0.34 0.61***  0.38* 0.24 0.51** 0.50** 0.32 -0.18 0.04 0.25 -0.11 -0.45*  -0.31 -0.36*

Flag N content

Table 5: Pearson correlation coefficients among grain yield, aboveground biomass and physiological parameters.

Table 3. (*, P <0.05; **, P <0.01 and ***, P < 0.001).

Abbreviations used as in
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) Kernel Kernel Flag Flag Flag
;sil;e:zjn Biomass \c/ivre):/ight ?ontent éﬁgg] ° <I:<cfr:2:rl1t’:lati0n \'/:vl:%ﬁtry chl)z:ge’:t ;I?g (':(I;%:e!\rlltration Flag g, ﬁanEl GEE GS’E Ru_bi_sco
spike™ spike™ m K activity
Biomass 0.78***
Kernel dry weight spike®  0.71***  0.41*
Kernel N content spike™ ~ 0.77***  0.42* 0.83*%**
Kernel §°C 0.56***  0.44* 0.54** 0.47**
Kernel N concentration -0.09 -0.06 -0.23 0.13 0.00
Flag dry weight 0.29 -0.10 0.36* 0.61***  0.43* 0.24
Flag N content 0.25 -0.10 0.34 0.61*** 0.38* 0.24 0.98***
Flag 8°C 0.50** 0.34 0.63*** 0.61***  0.43* -0.16 0.33 0.32
Flag N concentration -0.24 0.09 -0.26 -0.37* -0.45*  -0.19 -0.65***  -0.49**  -0.18
Flag gs -0.25 -0.38* -0.16 -0.12 -0.04 0.32 0.19 0.09 -0.04 -0.41*
GCE flag™ 0.01 0.23 0.18 0.37* 0.16 0.25 0.84***  0.80*** 0.14 -0.63%** 0.47**
Flag GCE m? -0.34 -0.33 -0.28 -0.24 0.01 0.29 0.08 0.02 -0.07 -0.26 0.58*** (.33
Flag GCE kernel™ -0.59***  -0.49**  -0.36* -0.48**  -0.45* -0.02 -0.19 -0.20 -0.52**  0.06 0.34 0.23 0.55**
Flag Rubisco activity -0.20 -0.32 0.02 0.06 -0.23 -0.13 0.21 0.32 0.04 0.30 -0.18 0.19 -0.15 0.02
Flag PEPc activity -0.28 -0.08 -0.20 -0.35 -0.16 -0.11 -0.52** -0.46* -0.26 0.51** -0.15 -0.47**  0.22 0.30 0.27

Table 6: Pearson correlation coefficients among grain yield, aboveground biomass and physiological parameters. Abbreviations used as in
Table 3. (*, P <0.05; **, P <0.01 and ***, P <0.001).
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Figure 1. Linear regression on year of release for grain yield (A), harvest index (HI)
(B), aboveground biomass (C), kernel isotope composition (D), gross carbon
exchange per whole organ (GCE/organ) of spikes and flag leaves (E), and gross
carbon exchange per kernel of flag leaves and spikes (F) for the set of 10 Chinese
wheat genotypes from Henan province, China, released from 1995 to 2012. The
genotypes released in 2012 correspond to advanced lines. Determination coefficient
(r?) and probabilities are given. (ns, no significant; *, P < 0.05; **, P < 0.01).
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3.2.3 Net carbon exchange and stomatal conductance

The stomatal conductance (gs) of the spike showed a significant difference among
genotypes, whereas flag leaf gs did not. Moreover, gross carbon exchange per unit
area (GCE m™) of the flag leaf did not change among genotypes while spike GCE m™
did (Table 3, Supplementary Table 2). Although the spike and flag leaf gs did not
display a linear tendency with grain yield, positive linear correlations between GCE
m and gs in both organs were found (r = 0.58, P < 0.001 for the flag and r = 0.79, P
< 0.001, for the spike) (Table 5 and Table 6). Meanwhile, gross carbon exchange per
whole organ (GCE organ™) when measured in the flag leaf showed significant
differences between genotypes and did not correlate with grain yield (Table 3 and
Table 6). In contrast, GCE per whole spike was positively correlated with grain yield
in spite of no significant difference among genotypes (r = 0.40, P < 0.05) (Table 3,
Table 5). Flag GCE per kernel unit was negatively correlated with grain yield (r = -
0.59, P < 0.001), while spike GCE per kernel unit was not (Table 5). Spike and flag
GCE per kernel unit correlated negatively with kernel N content per spike (r = -0.47,
P <0.01;r=-0.48, P <0.01, respectively).

3.2.4 Phosphoenolpyruvate carboxylase (PEPC) and Rubisco activity

The PEPC activity per unit dry matter of glumes and the flag leaf showed substantial
differences among genotypes (Table 3). For almost all genotypes, the flag leaf PEPC
activity per dry matter was higher than that in the glumes (Supplementary Table 1 and
Supplementary Table 2). In addition PEPC activities of the flag leaf and glumes were
negatively correlated with the dry weight of those organs (r = -0.52, P < 0.01 for the
flag; r = -0.39, P < 0.05, for the spike). In the flag leaf, the PEPC activity was
positively influenced by the N concentration (r = 0.51, P < 0.05); however, this trend
was not observed in the spike (Table 5, Table 6). On another aspect, the genotypic
effect was significant for Rubisco activity on a dry weight basis of the flag leaf and
glumes (Table 3). Rubisco activity per dry matter in glumes showed far lower values
than the flag leaves. However, the Rubisco activity of glumes was positively
correlated with spike N concentration (r = 0.47, P < 0.01), while flag leaf Rubisco

activity was not correlated with flag leaf N concentration (Table 5 and Table 6).
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3.3 Overall genotypic difference

A stepwise regression was performed to study which physiological traits influenced
grain yield as independent variables for the 10 genotypes. Thus, the independent
variables analyzed were §C, N concentration, gs, GCE organ™, GCE m™, Rubisco
activity per unit dry matter of the flag leaf and the spike, PEPC activity per unit dry
matter of the flag leaf and spike (Table 7). The first trait selected was kernel 8"°C,
while flag GCE m™ was ranked next. The §'°C of the spike was selected as the last

parameter, while flag leaf 5*C was not chosen.

_ Sign
Variable Final stepwise model r? ifica
chosen

nce
— 13

Gy g(lgg]d GY =136.23 +4.46 6°C ernel 0.31 Kkk
Kernel  Flag GY = 15192 +4.49 8°°C erei ~ 0.43GCE M? fg () 4o s
58C,  GCEm? '

Kernel  Flag Spike GY = 195.13 + 3.24 8"C \emet — 0.44 GCE m™ 053  *r*

3%C, GCEm?  8%C  fag+2.81 8"°C gite

Table 7: Stepwise analysis for grain yield for the whole set of 10 genotypes of
Chinese wheat, the grain yield (GY) as the dependent variable and the independent
variables as follows: 3*3C and N concentration of the spike, flag leaf and kernels, gs,
GCE organ™, GCE m™, Rubisco activity of the flag leaf leaf and the glumes, PEPC
activity, of the flag leaf and glumes as independent variables (***, P <0.001).

4. Discussion

Due to an increasing human population and decreasing cropping area, improvement of
grain yield is the ongoing primary objective of the Chinese wheat breeding program
(Zheng et al. 2011; Xiao et al. 2012). The present study, which focused on recent
breeding advances on grain yield of wheats from Henan, showed a generally
increasing trend of grain yield with the year of release (Fig. 1A). A genetic advance in
yield during the past decades has been reported for different regions of China (Zheng
et al. 2011; Xiao et al. 2012) In addition, a positive relationship between grain yield
and year of release has been also found in Australia, UK and USA for different cereals
(Araus et al. 2008). In our result, the advanced lines developed during the year 2012

showed a remarkably higher grain yield than the older genotypes (Fig. 1A, Table 2),
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revealing that the yield potential could be further enhanced by breeding strategies.

The present result indicated that the increase in grain yield depended mainly on HI,
kernel number per square meter, and aboveground biomass (Table 4), which agrees
with previous reports for wheat in China (Zhou et al. 2007; Xiao et al. 2012). In
addition, the HI and aboveground biomass showed an increasing trend with the year
of release (Fig. 1B, C). Contrary to this, Zheng et al. (2011) found that grain yield was
directly attributed to an increase in thousand kernel weight (TKW), which also
contributed to the significant increase in HI. These results were different from ours,
which showed that grain yield was closely related to kernel number per square meter
but was not related to TKW (Table 4). Such differences observed in traits that had an
influence on yield potential could be due to the different strategies related to
agronomic and physiological advances employed during the last decades (Hawkesford
et al. 2013). However, Foulkes et al. (2011) suggested in a review analyzing the main
targets for improving yield potential that the main objectives for breeders should be
enhancement of HI through an increase in grain/kernel number per unit area. In the
current work, HI showed the highest correlation coefficient with grain vyield,
reflecting that HI could be the first trait responsible for genetic advances in yield
potential. At the same time, kernel number per square meter was the second trait in
importance for influencing grain yield (Table 2, Table 4) and it could be the cause of
the enhancement of the HI and grain yield, as had been pointed out by a humber of
authors (Fischer et al. 1998, 2008; Foulkes et al. 2011). Aboveground biomass was the
third parameter best correlated with grain yield (Table 3) and showed a significant
positive correlation between aboveground biomass and the year of release (Fig. 1C).
Therefore, it could be an important aim for future breeding to increase the biomass
production while maintaining or even increasing the HI (Foulkes et al. 2007).
Although the Chinese breeders have reached a great achievement in their breeding
strategy to increase HI (Zhou et al. 2007), the advanced lines assayed in the present
study showed higher HI than current cultivars, suggesting that a further increase in
plant partitioning towards grain yield might be possible (Table 2, Table 4). In fact, the
theoretical maximum HI of 0.62 (Austin, 1980) is still far above the experimental

values achieved.
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Positive correlations between grain yield and the §°C of the flag leaf, spike and
kernel were observed (Table 5; Table 6). These correlations indicated that genotypes
with higher grain yield (the newest ones) showed an enhancement of **C isotope
content. This result differed from those obtained in other field studies where grain
yield was negatively correlated with the 8*3C of upper (penultimate and flag) leaves
and kernels (Fischer et al. 1998; Araus et al. 1998; Merah et al. 2001). However,
Craufurd et al. (1991) obtained similar results as in this experiment, showing a
positive correlation between 8*3C and grain yield in barley grown under well-watered
field conditions. According to previous reports, the increase in 8¢ may be due to
stomatal closure (low stomatal conductance, and consequently less CO, diffusion) due
to drought and/or a higher photosynthetic capacity (Farquhar and Sharkey 1982;
Ehdaie et al. 1991). In fact, most of the negative relationships between 8*3C and grain
yield reported in the literature refer to field studies where the plants suffer some
degree of water stress, even if under irrigation, and they grow directly in the soil
allowing different genotypes to explore water resources in the soil in a different
manner (Condon et al. 1987). In other words, negative relationship between 8*3C and
grain yield is probably sustained by genotypic differences in water use instead of
water use efficiency (Blum 2009). Nevertheless, as described in the material and
methods section, the plants were fully irrigated depending on their needs. Moreover,
the estimated yields as well as the values of analyzed §*3C were well in the range of
reports for well-watered genotypes (Craufurd et al. 1991; Zheng et al. 2011; Xiao et al.
2012). In addition, the gs of the flag leaves (Table 3) ranged similar to that reported
in a previous study with Chinese wheat under well watered conditions (Lu et al. 1998).
Therefore, the increase in 8'°C of more recent genotypes was not due to the
emergence of drought stress. In the same sense the lack of a relationship of the "3C of
flag leaves and spikes with their g, revealed that genotypic variability in §**C was
due to intrinsic differences in photosynthetic capacity (Farquhar and Richards 1984).
In that sense, newer genotypes should exhibit higher intrinsic photosynthetic capacity.
This was despite the fact that the newer genotypes exhibited lower N concentration in
the photosynthetic organs, which might eventually result in decreasing &-C
(Shangguan et al. 2000). However, no differences in Rubisco activity were found
among genotypes in spite of the lower N concentration of most recent genotypes. In

fact, a positive effect on photosynthesis of a larger sink had been reported (Kaschuck
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et al. 2010; Aranjuelo et al. 2013) and as the dry weight and size of the spike could be
considered as an index of sink strength (Schnyder et al. 2003); therefore, the
genotypes with bigger spikes had higher sink strength, displaying a increased
photosynthesis that was shown by the positive relationship of GCE per spike with

grain yield and spike dry weight (Table 5).

The 8"3C also showed different values among plant organs; spikes had a higher §°C
than the flag leaves, possibly due to the lower gs of spikes in comparison to flag
leaves. Moreover, glumes can re-fix carbon released from respiration of kernels
(Araus et al. 1993a). In fact, for each plot the value of kernel 5*3C was in between the
83C of the spike and flag leaf, but usually closer to the value of one of the two
organs (Table 3) indicating which photosynthetic organ contributed more to grain
filling. However, in an experiment conducted by Aranjuelo et al. (2011) using **C
labeling, it was shown that during the beginning of post-anthesis the C fixed by the
flag leaf was stored as structural C compounds, starch, and soluble sugars and then
respired. Only a small amount of those soluble sugars arrived to the spike. On the

other hand, the C synthesized in the spike was directed towards grain development.

In agreement with previous results (Austin 1994; Fischer et al. 1998; Xiao et al. 2012),
flag leaf GCE per unit area did not change significantly among genotypes (Table 3;
Supplemental Table 1). However, spike GCE per unit area showed differences
between cultivars (Table 4; Supplemental Table 2) possibly due to differences in
respiration (data not shown). Moreover, flag leaf and spike GCE per organ changed
among genotypes due to the variable leaf area and spike size among different cultivars
(Table 2, Supplementary Tables 1 and 2). In this study, GCE per whole organ when
measured in the flag leaf was not correlated with grain yield (Table 6; Fig. 1E),
suggesting that the GCE of this organ has a minor role in grain filling (Aranjuelo et al.
2011). Nevertheless, the GCE per organ when measured in the spike showed a
positive correlation with grain yield, possibly due to the fact that grain yield per spike
was largely associated with the size of the spike (Table 3; Table 5; Figure 1E). A
larger spike may exhibit not only a higher sink size but also an increased
photosynthetic capacity. Thus, spike photosynthesis has an important contribution to
grain filling, with the awns being the main photosynthetic organ (Tambussi et al.

2007). As has been explained, grain yield depends on the spike size and/or number of
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kernels per spike (sink) and the availability of assimilates fixed by photosynthetic
organs (source) to fill these grains (Zhang et al. 2010). Thus, GCE of the flag leaf and
of the spike expressed per unit kernel (Flag leaf GCE kernel™ or Spike GCE kernel™)
may represent the balance between source (photosynthesis or GCE) and sink strength
(kernel). Flag leaf GCE kernel™ decreased in the newest cultivars and was negatively
correlated with grain yield and year of release. However, the spike GCE kernel™ did
not show any linear relationship with grain yield or year of release (Table 6, Fig. 1F).
This could mean that, in spite of their higher yield, newer genotypes showed a
balanced source-sink relationship in terms of spike photosynthesis, while the
contribution of the flag leaf assimilates to the kernels had further decreased in more
recent genotypes. Beside the above considerations, the increase in grain yield caused
by an enhanced sink capacity could be the reason for the decrease in the N
concentration in both the spikes and the flag leaves of the newer genotypes, whereas
no differences occurred in the N concentration of kernels (Table 3, Supplementary
Tables 1 and 2).

In recent years, Zhang et al. (2008, 2012) had shown that PEPC may be involved in
protein biosynthesis during grain development and that it could have an important role
in regulating C and N metabolism in the spike of wheat. This enzyme synthesizes
oxaloacetate by the carboxylation of phosphoenol pyruvate and it is also a key step in
the synthesis of aspartate, and malate, used for N accumulation and transport by
anaplerotic CO, fixation in crops (Smith et al. 1989; Araus et al. 1993b). Therefore,
PEPC may have a particular role in the spike, contributing to glume re-fixation of the
COg,respired by growing grains (Araus et al. 1993b) as well as N partitioning from the
spike tissues into the kernels (Mi et al. 2000). In our results, the PEPC activity was
significantly and negatively correlated with dry weight of flag leaves and spikes, and
positively correlated with N concentration of the flag leaves but not with that of the
glumes (Table 5; Table 6). Moreover, in our study the newest genotypes, which had
larger spikes and grain yield, did not exhibit higher PEPC activity, possibly due to a
dilution phenomenon as had been observed for the N concentration (Table 5).
Although the activities of PEPC and Rubisco enzymes showed significant variations
between genotypes in different parts of plants, they were, however, unsuitable for

assessing genotypic yield performance due to the lack of correlation with grain yield
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(Table 5 and Table 6). Moreover, there were no relationships between year of release
and activity of either of these enzymes. In the same sense, there were no genotypic
differences in the gross carbon exchange rates of the flag leaf on an area basis. By
contrast, the carbon stable isotope compositions were more appropriate for genotype
differentiation and for higher grain yield prediction. This statement was confirmed by
the stepwise analysis of grain yield as dependent of the physiological traits. In this
analysis kernel 8"°C and spike 5'°C were the best traits explaining the genotypic
differences in grain yield (Table 7). The GCE per square meter when measured in the
flag leaf was also included but with a negative sign, meaning that those genotypes
with higher yield exhibited lower photosynthetic rates per unit leaf area. In fact, a
tendency to lower photosynthetic rates per unit leaf area in the modern cultivars has
been reported (Austin RB et al. 1989; Del Blanco et al. 2000). Similar to our study,
these studies showed a trend associated with a lower N concentration in

photosynthetic tissues due to a dilution effect.

Therefore we can conclude that bread wheat breeding advances during recent decades
in Henan, China, have been achieved through an increase in HI, kernel number per
square meter and aboveground biomass. A higher §*3C seems also to be involved in
these advances, which suggests a progressive improvement in constitutive water use
efficiency not associated with a trend towards lower stomatal conductance in the most
recent genotypes. However, genetic advance does not appear related to changes in
photosynthesis rates on an area basis when measured in the flag leaf or the spike, but
only to a higher, whole-spike photosynthesis. In the same sense, Rubisco and PEPC
activities on a dry matter basis did not change with breeding advances. Results also
indirectly support the concept that under potential yield conditions the spike

contributed more than the flag leaf to kernel formation.
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Kernel dry Kernel N Flag dry Flag N Flag 8%°C Flag N Flag gs Flag GCE Flag GCE GCE flag™ Flag Rubisco Flag PEPc
weight content weight content (%o) concentrati  (mmol m?s™?) m2 kernel™ (nmol s* activity activity
spike™ spike™ (@) (mggh on (%) (pmol m2s™) (nmol s flag?) (nmol s* (nmol min*

@ (mgg™) kernel™) g’'DM) g* DM)
Yumai 35 2.22 bc 41.3 de 0.17b 8.57b -29.57¢c 4.94 bc 494.7 36.03 41.77a 124.15 abc 17.97b 40.15ab
Lankao Aizao6  2.50 bc 64.2 bed 0.29a 14.43a -29.22 b 4.98 bc 430.1 33.76 29.09 b 155.00 ab 33.02a 29.91 bed
Yumai 66 2.06 be 54.2 cde 0.33a 1555a -28.81 abc 4.72cs 552.9 38.67 30.13b 166.58 a 26.63 ab 35.39cd
Zhoumai 18 2.13bc 53.8 cde 0.18b 9.22b -28.65 ab 5.04 bc 497.7 33.26 21.23 cd 108.14 abc 20.44 Db 25.61 bed
Zhoumai 22 2.19bc 53.2 cde 0.20b 11.07 ab -29.22 be 5.58 a 432.6 32.57 27.48 bc 101.17 bc 26.77 ab 41.36 ab
Lankao 198 176 ¢ 333e 0.18b 9.29b -29.37 be 5.08 be 4341 32.98 23.56 bed 100.95 bc 18.05b 27.19 bed
Lankao 298 2.19bc 44.1 de 017b 8.88b -28.89 abc 511b 4335 35.39 25.66 bed 93.49c 24.73 ab 55.02a
Lankao 0347 2.87 abc 80.5 abc 0.25ab 12.44 ab -29.07 abc 5.04 bc 409.7 34,57 21.55cd 114.74 abc 23.00 ab 41.84 ab
Lankao 223 3.9 a 9.1a 0.32a 1499 a -28.26a 4.72cd 454.8 3175 18.98d 144.79 abc 24.18 ab 20.69 cd
Lankao282 3.33ab 84.0 ab 0.33a 14.93 a -28.80 abc 4.46 d 478.8 33,55 21.56 cd 148.10 abc 15.19 b 18.29d
Mean 2.52 60.48 0.24 11.94 -28.99 4.97 461.88 34.65 26.1 125.71 23.00 33.54
Genotypes 12.39** 11241%** 0.13*** 220.8*** 3.96** 2.41%** 51442 109.38 1185*** 18236** 749.03** 3457.90***

Supplemental table 1: Mean values and sum of squares type Il combined with analysis of variance of different physiological

parameters of 7 winter wheat cultivars and 3 advanced lines from Henan province, China. Abbreviations used as in Table 3. All the

parameters are the means of 3 replicates of each genotype. Means followed by the same letter were not significantly different at p = 0.05

by the Turkey-b’s test. (**, P <0.01 and ***, P <0.001).
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Kernel §*C (}:(oer:(r:]eerlwt’?lati Spike dry Spike N Spike SpikeN  — Spikeg, _ épcill(iem'2 Spike GCE ;?Ii'l gi:ltl;\r/ri]fyRUblsco SIIEle:’n(:eactivity
(%o0) on \(I;;”ght z:r?qrétegrlt) ?%OC): gcr)]n(%zr;tratl gT)mOI m (gzngl I((:;‘gll ¢ (nr_no_lls'l (hmol st g? (r_11mol min’
(%) m™s™) kernel) spike™) DM) g~ DM)

Yumai 35 -28.96 ¢ 2.46 0.41d 8.35¢ -28.47D 2.03 abc 75.0 bc 6.41bc 7.27b 21.89 1.49d 31.83a
LankaoAizao6 -28.66 abc 2.61 0.85 abc 17.54 ab -28.14b 2.08 abc 104.9 ab 8.31abc 7.92 ab 38.65 2.09 cd 10.48d
Yumai 66 -28.51 abc 2.64 0.86 abc 18.20 ab -27.71 ab 2.10 abc 68.4c 5.88c 5.74b 30.77 3.31 bed 15.43 cd
Zhoumai 18 -28.83 bc 2.62 0.82 abc 15.77 abc -27.78 ab 1.94 be 77.2bc 8.36abc 6.75b 34.62 273 cd 13.16 d
Zhoumai 22 -28.81 bc 2.42 0.46 cd 9.78 bc -28.15b 2.15ab 79.4 abc 7.02abc 7.09b 26.51 6.15b 23.26 bed
Lankao 198 -28.43 abc 2.46 0.65 abc 12.68 abc -28.30b 1.95 bc 92.3 abc 7.52abc 8.20 ab 35.06 3.94 bed 24.19 abc
Lankao 298 -28.43 abc 2.45 0.62 bed 13.80 abc -27.82 ab 2.23a 1108 a 9.22a 10.50a 38.28 10.95a 26.80 ab
Lankao 0347 -28.36 abc 2.81 0.87 abc 17.89 ab -27.88 ab 2.08 abc 1104 a 8.88ab 7.80 ab 40.99 3.92 bed 17.56 cde
Laokao 223 -27.87 a 242 1.06 a 20.64a -27.15a 1.95 be 75.5 bc 7.29abc 5.49b 42.37 3.04 bed 28.34 ab
Lankao282 -28.00 ab 2.53 0.94 ab 17.58 ab -27.82 ab 187c 102.1 ab 7.86abc 5.46 b 38.87 5.31bc 18.14 cde
Mean -28.49 2.54 0.75 15.22 -27.92 2.04 89.6 7.68 7.22 34.8 4.29 20.92
Genotypes 3.38** 0.42 1.21%** 426.08** 3.69** 0.29** 7208*** 30.53** 63.11*** 1173 200.06*** 1329.45%**

Supplemental table 2: Mean values and sum of squares type Il combined with analysis of variance of different physiological

parameters of 7 winter wheat cultivars and 3 advanced lines from Henan province, China. Abbreviations used as in Table 3. All the

parameters are the means of 3 replicates of each genotype. Means followed by the same letter were not significantly different at p = 0.05

by the Turkey-b’s test. (*, P <0.05;

** P <0.01 and ***, P <0.001).
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