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Summary

e Variation in temperature (T) is usually accompanied by changes in leaf water potential
(W\ear), which may influence mesophyll conductance (g,,). However, the effects of Wiear 0N gy
have not yet been considered in models of the g, response to temperature.

e Temperature responses of g, and W\cas and the response of g, to W\car were studied in rice
(Oryza sativa) and wheat (Triticum aestivum), and then an empirical model of ¥e.s was incor-
porated into an existing g,—T model.

e In wheat, W..r was dramatically decreased with increasing T, whereas in rice W .o was less
sensitive or insensitive to T. Without taking Y. into account, g., for wheat showed no
response to T. However, at a given Wieas, gm Was significantly higher at high temperature com-
pared with low. After incorporating the function of We.¢ into the g..—T model, we suggest that
the g—T relationship can be influenced by the activation and deactivation energy for mem-
brane permeability, We.s gradient between temperatures, and the sensitivity of g, to Wieat,
below a threshold (W\eat0)-

e The data presented here suggest that W\e,¢ plays an important role in the g,,—T relationship
and should be considered in future studies related to the temperature response of g, and pho-

tosynthesis.

Introduction

The CO, diffusion capacity from the atmosphere to the carboxy-
lation sites of Rubisco inside chloroplasts is one of the major lim-
itations to photosynthesis. After diffusing from the atmosphere
to intercellular air spaces through the boundary layer and stom-
ata, CO, dissolves in the water-filled pores of the cell wall and
then further diffuses in series across the cell wall, plasma mem-
brane, cytosol, chloroplast envelopes, and stroma (Flexas ez 4/,
2008; Evans er al, 2009). The CO, partial pressure at the
Rubisco carboxylation sites (C,) is dramatically lower than that
in the atmosphere (Flexas e al., 2008; Li et al, 2009; Flexas
et al., 2012), due to a high diffusion resistance and the fixation of
CO,; by Rubisco. According to Fick’s law, mesophyll conduc-
tance (g,), the inverse of mesophyll resistance (7,,), is defined as
the ratio of the photosynthetic rate (4) to G — C, the drawdown
of CO, partial pressure from intercellular air spaces to the car-
boxylation sites.

Evidence is accumulating that g, can vary over both short and
long timescales in response to a suite of environmental variables,
including light intensity, drought, salinity, temperature (77), and
CO, concentration (Flexas er al., 2008; Loreto et al, 2009; Li
et al., 2012; Xiong er al., 2015; Nadal and Flexas, 2018). Under-
standing the temperature response of g, is important in

photosynthesis models and in the prediction of crop production,
especially in the context of global climate change. The tempera-
ture response of g, has been experimentally examined in a num-
ber of studies, using both of the most widely applied g,
measurement techniques; namely, the Chl fluorescence method
and the AC method (Bernacchi ef al, 2002; Yamori et al.,
20006; Evans & von Caemmerer, 2013; von Caemmerer & Evans,
2015; Huang et al., 2017; Shrestha ez al., 2019). Thus far, three
different types of g,,—7 relationships have been documented: (1)
gm gradually increases with increasing temperature; (2) g, is
insensitive to temperature; (3) g, initially increases with increas-
ing temperature and then declines at supra-optimal temperature
(Bernacchi ez al., 2002; von Caemmerer & Evans, 2015).

To date, there have been two main approaches to modeling
the g,—7 response (Bernacchi er al., 2002; Evans & von Caem-
merer, 2013). The first, developed by Bernacchi ez 4l (2002),
hypothesizes that the response of g, to temperature is caused by
temperature-dependent CO, permeability through proteins, such
as aquaporins (AQPs), and lipid bilayers. However, this hypothe-
sis does not seem compatible with the diverse range of observed
gm— 1 relationships, and is particularly problematic for species
with limited or no response, as it is inconsistent with well-estab-
lished properties of proteins (Lee et al., 2012; Groszmann et al.,
2017).
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1 | INTRODUCTION
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Guanjun Huang | ShaobingPeng | YongLi

Abstract

Studies on the temperature (T) responses of photosynthesis and leaf hydraulic con-
ductance (Kieaf) are important to plant gas exchange. In this study, the temperature
responses of photosynthesis and K.+ were studied in Shanyou 63 (Oryza sativa) and
Yannong 19 (Triticum aestivum). Leaf water potential (Wiess) Was insensitive to T in
Shanyou 63, while it significantly decreased with T in Yannong 19. The differential
Y.t — T relationship partially accounted for the differing g,—T relationships, where
gm Was less sensitive to T in Yannong 19 than in Shanyou 63. With different g,,-T
and W..¢-T relationships, the temperature responses of photosynthetic limitations
were surprisingly similar between the two lines, and the photosynthetic rate was
highly correlated with g.,. With the increasing T, Kie.¢ increased in Shanyou 63 while
it decreased in Yannong 19. The different Ko5+—T relationships were related to differ-
ent ¥..s—T relationships. When excluding the effects of water viscosity and ¥\cas,
Kiear Was insensitive to T in both lines. g, and Ki..s were generally not coordinated
across different temperatures. This study highlights the importance of ¥..s on leaf
carbon and water exchanges, and the mechanisms for the g,,—T and Kic.s-T relation-

ships were discussed.

KEYWORDS
leaf hydraulic conductance, leaf water potential, mesophyll conductance, photosynthetic

limitations, temperature

There are many researches in this field (Slot & Winter, 2017; Yamori,
Noguchi, Hanba, & Terashima, 2006), but studies in rice and wheat, the

Photosynthesis in C5 plants is sensitive to a suite of environmental varia-
tions. Researches on the temperature (T) acclimation of photosynthesis
and the related physiological and biochemical processes are of great impor-
tance to plant growth, especially in the context of global warming. In Cs
plants, photosynthesis is limited by stomatal conductance (gs), mesophyll
conductance (g,) and leaf biochemical capacities, namely the maximum
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) carboxylation
rate (Vgmax) and the maximum electron transport rate (Joa,) (Flexas et al,,
2012; Tosens, Niinemets, Westoby, & Wright, 2012; von Caemmerer &
Farquhar, 1981). Quantifying the partial limitations of these factors and
studying the determinant factors to photosynthesis at different tempera-

tures are critical to improve the temperature acclimation of photosynthesis.

# 2

two most important cereal crops for global food production, are rare.
Moreover, the temperature response of g, differs between the two crops.
3 in rice plants generally increases with temperature, while it is insensitive
to temperature in wheat (Li, Song, Li, Salter, & Barbour, 2020; von
Caemmerer & Evans, 2015). The different g, T relationships between the
two crops may have some influence on the photosynthetic limitations.
Thus, the first objective of this study was to quantify the photosynthetic
limitations at different temperatures in rice and wheat.

Leaf transpiration rate (E) dramatically increases with temperature,
because, with the increasing temperature, the leaf-to-air vapour pressure
deficit (VPd) increases exponentially (Li et al., 2020) while the water viscos-

ity decreases exponentially (Cochard, Martin, Gross, & Bogeat-Triboulot,

1471
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Abstract

The rapid response of stomatal conductance (g) to fluctuating irradiance is of great importance to maximize carbon
assimilation while minimizing water loss. Smaller stomata have been proven to have a faster response rate than larger
ones, but most of these studies have been conducted with forest trees. In the present study, the effects of stomatal
anatomy on the kinetics of g, and photosynthesis were investigated in 16 Oryza genotypes. Light-induced stomatal
opening includes an initial time lag (M) followed by an exponential increase. Smaller stomata had a larger maximum
stomatal conductance increase rate (Sl,,,,) during the exponential increase phase, but showed a longer time lag and a
lower initial stomatal conductance (g ntia) at low light. Stomatal size was, surprisingly, negatively correlated with the
time required to reach 50% of maximum g, and photosynthesis (T;5..qs and Tsg0,4), Wwhich was shown to be positively
correlated with A and negatively correlated with g ;niia- With a lower g ;i and a larger A, small stomata showed a
faster decrease of intercellular CO, concentration (C;) during the induction process, which may have led to a slower
apparent Rubisco activation rate. Therefore, smaller stomata do not always benefit photosynthesis as reported be-
fore; the influence of stomatal size on dynamic photosynthesis is also correlated with A and g ijtal-

Keywords: Apparent Rubisco activation rate, flecked irradiance, Oryza genus, photosynthesis, stomatal response rate,
stomatal size.

Introduction

Light intensity in a plant canopy inherently varies temporarily
in magnitude (1-2000 umol m ™2 s™') and time (subseconds
to minutes or longer) (Pearcy et al., 1990; Barradas et al.,
1998; Leakey et al., 2003; Smith and Berry, 2013). Leaves in
the understory of a canopy obtain 10-90% of energy from
these transient sunflecks (Pearcy et al., 1990; Leakey et al.,
2003; Lawson et al., 2012; Pearcy and Way, 2012), depending
on forest type and plant age. The ability to utilize this energy
varies significantly between species (Kaiser ef al., 2015, 2018),
and improving the energy utilization efficiency of sunflecks is

an attractive approach to increase canopy photosynthesis and
food production. Simulation analysis showed that leat cumula-
tive CO, assimilation of wheat could potentially be improved
by 21% by increasing the response rate of photosynthetic rate
(A, see Table 1 for a list of abbreviations) to sunflecks (Taylor
and Long, 2017). Plant biomass of transgenetic tobacco with an
improved recovery rate of PSII under fluctuating light is 15%
higher than that of the wild type (Kromdijk et al., 2016).

The response rate of A to a step increase of irradiance is pre-
dominantly determined by the stomatal opening rate and the

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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Leaf density explains variation in leaf mass per area in rice between cultivars
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e Background and Aims Leaf mass per area (LMA) is an important leaf trait; however, correlations between LMA
and leaf anatomical features and photosynthesis have not been fully investigated, especially in cereal crops. The ob-
jectives of this study were (@) to investigate the correlations between LMA and leaf anatomical traits; and (b) to
clarify the response of LMA to nitrogen supply and its effect on photosynthetic nitrogen use efficiency (PNUE).

e Methods In the present study, 11 rice varieties were pot grown under sufficient nitrogen (SN) conditions, and
four selected rice cultivars were grown under low nitrogen (LN) conditions. Leaf anatomical traits, gas exchange

and leaf N content were measured.

o Key Results There was large variation in LMA across selected rice varieties. Regression analysis showed that the
variation in LMA was more closely related to leaf density (LD) than to leaf thickness (LT). LMA was positively
related to the percentage of mesophyll tissue area (%mesophyll), negatively related to the percentage of epidermis
tissue area (%epidermis) and unrelated to the percentage of vascular tissue area (%vascular). The response of LMA
to N supplementation was dependent on the variety and was also mainly determined by the response of LD to N.
Compared with SN, photosynthesis was significantly decreased under LN, while PNUE was increased. The increase
in PNUE was more critical in rice cultivars with a higher LMA under SN supply.

e Conclusions Leaf density is the major cause of the variation in LMA across rice varieties and N treatments, and
an increase in LMA under high N conditions would aggravate the decrease in PNUE.

Key words: Leaf density, leaf mass per area, leaf photosynthesis, leaf thickness, photosynthetic N use efficiency,

rice.

INTRODUCTION

The leaf is the primary organ for photosynthesis and mediates
resources and energy fluxes in the ecosphere. Leaf mass per
area (LMA) is an important leaf trait that is strongly correlated
with leaf functional, biochemical and structural traits. Recent
work has demonstrated that LMA together with other traits,
such as vein length per leaf area (VLA), mass-based leaf nitro-
gen (N) content (Np.), leaf photosynthetic rate (A) and leaf
hydraulic conductance (Kje,s), scale with each other (Wright
et al., 2004; Sack et al., 2013). A well-known generalization is
that fast-growing species tend to have a lower LMA, a higher
mass-based leaf photosynthesis (A,.s) and a higher N, but
a shorter leaf life span relative to slow-growing species (Wright
et al., 2004).

Leaf mass per area can be considered as the product of two
physical properties: leaf density (LD) and leaf thickness (LT).
The LT ranges between 100 and 700 um, and LD ranges be-
tween 0-1 and 0-6gcm™ across a range of species (Poorter
et al., 2009). However, it is not known what the dominant fac-
tor that drives the variation in LMA across species and/or

genotypes is. An early study proposed that variation in LMA
among species is mainly driven by variation in LT (Vile et al.,
2005). In contrast, Poorter et al. (2009) claimed that LD and
LT explained 80 and 20 % of the differences in LMA, respect-
ively, across a wide range of plant species, and they also found
that LMA did not correlate with LT, but was closely related to
LD within grasses, herbaceous dicots, deciduous or evergreen
woody species groups. More details are needed to reveal the
contribution of LT and LD to LMA.

Variation in LMA among species and genotypes can also be
obtained by considering LMA as the sum of the dry mass per
unit area of different leaf tissues (Roderick et al., 1999). The
leaf vein is an important type of anatomical feature; leaves
from different cultivars and species exhibit enormous diversity
in VLA (Sack et al., 2012). There are two contradictory opin-
ions on the contribution of VLA to LMA. Castro-Diez et al.
(2000) reported a tight correlation between LMA and the pro-
portion of leaf vein tissue among 52 European woody species.
Furthermore, Blonder ez al. (2011) recently showed that a high
VLA can result in a high LMA, and proposed that VLA was
the ‘origin’ of LMA. In contrast, Sack et al. (2013) re-analysed

© The Author 2016. Publighed by fxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For Permissions, please email: journals.permissions@oup.com
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The inhibition of photosynthesis under water deficit
conditions is more severe in flecked than uniform
irradiance in rice (Oryza sativa) plants
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Abstract. Water deficit is considered the major environmental factor limiting leaf photosynthesis, and the physiological
basis for decreased photosynthesis under water deficit has been intensively studied with steady irradiance. Leaves within
a canopy experience a highly variable light environment in magnitude and time, but the effect of water deficit on
photosynthesis in fluctuating irradiance is not well understood. Two rice cultivars with different drought tolerance,
Champa and Yangliangyou 6 (YLY6), were hydroponically grown under well-watered, 15% (m/v) and 20% PEG
(polyethylene glycol, 6000 Da) induced water deficit conditions. The inhibition of steady-state photosynthesis in
Champa is more severe than YLY6. The maximum Rubisco carboxylation capacity (Vemax) and maximum electron
transport capacity (Jmax) Were decreased under 20% PEG treatment in Champa, whereas less or no effect was observed in
YLY6. The induction state (IS%, which indicates photosynthesis capacity after exposure of low-light period) of both
leaf photosynthetic rate (4) and stomatal conductance (g;) was highly correlated, and was significantly decreased under
water deficit conditions in both cultivars. Water deficit had no significant effect on the time required to reach 50 or 90% of
the maximum photosynthetic rate (7590, 4 and Toge, o) after exposure to high-light level, but significantly led to a greater
decrease in photosynthetic rate in the low-light period under flecked irradiance (4min-feck) relative to photosynthetic rate in
the same light intensity of continuously low-light period (4initia1)- The lower 1S% of 4 and more severe decrease in A min-fieck
relative to 4in;ia Will lead to a more severe decrease in integrated CO, fixation under water deficit in flecked compared with
uniform irradiance.

Additional keywords: dynamicphotosynthesis, induction state, simulated sunflecks, steady-state photosynthesis, stomatal

conductance, water deficit.

Received 16 April 2016, accepted 22 December 2016, published online 3 February 2017

Introduction

Studies of photosynthesis are mostly conducted under steady-
state conditions. However, steady-state conditions are rare
in nature, and growth environments, especially irradiance, are
inherently heterogeneous in time and space within canopies
(Pearcy et al. 1990; Lawson et al. 2012). At any given level
in the canopy, gaps between the leaves in the layer above
produce sunflecks that may change rapidly in size and
photosynthetic photon flux density (PPFD) because of the
wind (Pearcy et al. 1990; Timm et al. 2002; Lawson et al.
2012). Involving many subprocesses, photosynthesis cannot
respond linearly to changing irradiance. Therefore, in order to
understand photosynthesis in natural conditions, it is important
to investigate in conditions of fluctuating irradiance, namely,
dynamic photosynthesis.

Journal compilation © CSIRO 2017

5/ 141

Previous studies on dynamic photosynthesis have focussed
on the influences of changing irradiance on photosynthetic
subprocesses, including electron and proton transport, non-
photochemical quenching, RuBP regeneration, activation of
Calvin cycle enzymes, and stomatal opening (Lawson et al.
2012; Kaiser et al. 2015). The effect of environmental factors
on dynamic photosynthesis is less well known; only a handful
of studies have focussed on the influence of elevated CO,
concentration, leaf temperature, and air humidity on dynamic
photosynthesis (Leakey et al. 2002, 2003; Cui et al. 2009). The
lack of knowledge in this area will restrict the understanding
of photosynthesis in natural conditions, because plants are
usually grown under suboptimal conditions.

Water deficit is considered the major environmental factor
limiting plant growth and productivity, because it decreases leaf

www.publish.csiro.au/journals/fpb
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Intraspecific variation in photosynthetic nitrogen-use efficiency is positively
related to photosynthetic rate in rice (Oryza sativa L.) plants
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Abstract

To explore the natural variation in leaf photosynthesis and investigate its relations with leaf nitrogen (N) status, 121 rice
cultivars were pot-grown and their leaf photosynthetic rate (Px) and N content were measured on the flag leaves at heading
stage before anthesis. The results showed that there were substantial natural variations in Py, leaf N content based on leaf
area and leaf mass, and photosynthetic N-use efficiency (PNUE). Py ranged between 15.4 and 32.6 umol m? s™!; Py and
PNUE of four widely grown cultivars in China were significantly lower than Py and PNUE of the cultivar Nancay PA,
which possessed the highest values for Py and PNUE. Moreover, PNUE was positively related to Py across cultivars, the
high PNUE was related to high stomatal conductance, high transpiration, and low leaf mass per area. We concluded that

intraspecific variation in PNUE is positively related to Py in rice plants.

Additional key words: CO, diffusion conductance; leaf anatomy; leaf hydraulic conductance.

Introduction

Improvements in crop management and genetic gain in
harvest index lead to a dramatic increase in crop yields,
which have more than doubled since 1960 (Long et al.
2015). Although the yields continue to increase in most
growing areas on a global scale, the yield improvements
are stagnating or even moving in reverse at about 24-39%
of the growing areas for maize, rice, wheat, and soybean
crops (Ray et al. 2012, Long 2014). Ray et al. (2013)
found that the global yields of these four major crops are
now increasing at a rate of 1.6, 1.0, 0.9, and 1.3% per
year, respectively, which is far less than the rate of 2.4%
per year required to double global production by 2050.
Therefore, a second Green Revolution is needed to boost
crop production and to meet the rising demand.

Over the past 50 years, intercepted radiation and
the harvest index have been largely improved, but the
conversion efficiency of visible solar energy, which is
related to photosynthesis and respiratory loss, has not
been improved (Long et al. 2015). Thus, increasing
energy conversion efficiency can promote the yield.

Received 23 November 2017, accepted 14 June 2018.
*Corresponding author; e-mail: liyong@mail.hzau.edu.cn

Abbreviations: E — leaf transpiration rate; EFM — evaporative flux method; fi,s — fraction of intercellular air space; gm —

Many researches have aimed to select genotypes for high
photosynthesis and were successful in identifying such
cultivars (Moss and Musgrave 1971, Austin et al. 1982,
Shibles et al. 1987), but most of these cultivars could not
reach the higher crop yield (Moss and Musgrave 1971,
Ford et al. 1983). The main reason is the complexity of
relations between instantaneous assimilation rate of a
single leaf and the biomass/yield at the level of a crop
canopy. The yield formation is a complex process, the
relationship between yield and photosynthesis of a single
leaf may be influenced by many factors, such as respiration
rate, transportation, efc. In addition, Sinclair ez al. (2004)
illustrated that the impact of factors that underlie crop
yield can be diminished when scaling up to a higher level,
e.g., a 50% increase in mRNA synthesis for Rubisco
carboxylase finally increases (or even decreases) yield by
up to 6% depending on the level of nitrogen accumulation.
Therefore, though many previous researches showed
weak relations between the yield and net photosynthetic
rate (Py), improving Py and ascertaining its mechanism is
necessary for future breeding work.

mesophyll

conductance to CO,; g, — stomatal conductance to H,O; HPFM — high pressure flowmeter method; K..r — leaf hydraulic conductance;
Ko — out-of-xylem hydraulic conductance; Ky — leaf hydraulic conductance inside xylem; LES — leaf economic spectrum; LMA — leaf
mass per area; N, — leaf nitrogen content based on leaf area; N.s — leaf nitrogen content based on leaf mass; Py — net photosynthetic
rate; PNUE — photosynthetic nitrogen-use efficiency; RKM — rehydration kinetics method; S. — surface area of chloroplasts exposed to
intercellular airspaces per leaf area; S, — mesophyll cell wall surface area exposed to intercellular airspace per leaf area; SSNM — site-
specific nitrogen management; VPM — vacuum pump method.
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High leaf mass per area Oryza genotypes invest more
leaf mass to cell wall and show a low mesophyll
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Abstract

The intraspecific variations of leaf structure and anatomy in rice leaves and their impacts on gas diffusion are still
unknown. Researches about the tradeoff between structural compositions and intracellular chemical components within
rice leaves are still lacking. The objectives of the present study were to investigate the varietal differences in leaf structure
and leaf chemical compositions, and the tradeoff between leaf structural tissues and intracellular chemical components

in rice leaves. Leaf structure, leaf anatomy, leaf chemical composition concentrations and gas exchange parameters were
measured on eight Oryza sativa L. genotypes to investigate the intraspecific variations in leaf structure and leaf anatomy
and their impacts on gas exchange parameters, and to study the tradeoff between leaf structural compositions (cell wall
compounds) and intracellular chemical components (non-structural carbohydrates, nitrogen, chlorophyll). Leaf thickness
increased with leaf mass per area (LMA), while leaf density did not correlate with LMA. Mesophyll cell surface area exposed
to intercellular airspace (IAS) per leaf area, the surface area of chloroplasts exposed to IAS and cell wall thickness increased
with LMA. Cell wall compounds accounted for 71.5 % of leaf dry mass, while mass-based nitrogen and chlorophyll
concentrations decreased with LMA. Mesophyll conductance was negatively correlated with LMA and cell wall thickness.
High LMA rice genotypes invest more leaf mass to cell wall and possess a low mesophyll conductance.

Keywords: Cell wall; leaf anatomy; leaf chemical compositions; leaf mass per area; Oryza sativa L.; tradeoff.

Introduction the substomatal cavities to the carboxylation sites is called
Under current ambient conditions (around 400 pmol CO, mol mesophyll resistance (r,), and the reciprocal of r, is mesophyll
! air), CO, diffusion conductance from the air to the sites of conductance (g,). g,, is determined by both anatomical and
carboxylation is regarded as one of the most important limiting biochemical components (e.g. aquaporins and carbonic
factors for photosynthesis in C, plants (Evans et al. 2009; Li et al. anhydrase etc) (Nakhoul et al. 1998; Uehlein 2003, Evans
2009; Yamori et al. 2011; Flexas et al. 2012; Adachi et al. 2013). et al. 2009). There are many anatomical properties relating to

After reaching substomatal cavities, CO, needs to further mesophyll conductance, including the fraction of intercellular
diffuse through the mesophyll cell to reach the carboxylation airspace (f,,), the mesophyll cell wall surface area exposed
sites (Terashima et al. 2011). The CO, diffusion resistance from to intercellular airspace per leaf area (S), the surface area of
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Nitrogen Can Alleviate the Inhibition
of Photosynthesis Caused by High
Temperature Stress under Both
Steady-State and Flecked Irradiance

Guanjun Huang, Qiangqiang Zhang, Xinghai Wei, Shaobing Peng and Yong Li*

Ministry of Agriculture Key Laboratory of Crop Ecophysiology and Farming System in the Middle Reaches of the Yangtze
River, College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, China

Nitrogen is one of the most important elements for plants and is closely related to
photosynthesis. High temperature stress significantly inhibits photosynthesis under both
steady-state and flecked irradiance. However, it is not known whether nitrogen can
affect the decrease in photosynthesis caused by high temperature, especially under
flecked irradiance. In the present study, a pot experiment was conducted under two
nitrogen (N) supplies with rice plants, and the steady-state and dynamic photosynthesis
rates were measured under 28 and 40°C. High temperature significantly increased leaf
hydraulic conductance (K|eas) under high N supply (HN) but not under low N supply (LN).
The increased Kiegf Maintained a constant leaf water potential (Wieof) and steady-state
stomatal conductance (gs sat) under HN, while the Wieqr and gs sat Significantly decreased
under high temperature in LN conditions. This resulted in a more severe decrease in
steady-state photosynthesis (Asat) under high temperature in the LN conditions. After
shifting from low to high light, high temperature significantly delayed the recovery of
photosynthesis, which resulted in more carbon loss under flecked irradiance. These
effects were obtained under HN to a lesser extent than under LN supply. Therefore, it
is concluded that nitrogen can alleviate the inhibition of photosynthesis caused by high
temperature stress under both steady-state and flecked irradiance.

Keywords: dynamic photosynthesis, high temperature, leaf hydraulic conductance, nitrogen, steady-state
photosynthesis

INTRODUCTION

Global warming is threatening crop yields. Lobell and Asner (2003) estimated that each 1°C
increase in growing season temperature can result in up to 17% decrease in corn and soybean
yield. Experimental data in rice production showed that rice yield decreases by 10% for each 1°C
increase in the minimum temperature of the growing-season (Peng et al., 2004). Photosynthesis is
important for crop growth and production, and it is very sensitive to temperature. Photosynthesis
usually peaks at ~30°C in rice plants, with a significant decrease in CO; assimilation for additional
increases in temperature (Yamori et al., 2011).

The intrinsic mechanisms for reduced photosynthesis under high temperature stress have been
intensively studied. First, ribulose-bisphosphate carboxylase/oxygenase (Rubisco) is a bifunctional
enzyme, and Rubisco activity can be substantially restrained under supra-optimal temperature
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Rice (Oryza sativa L.) hydraulic conductivity links to leaf venation
architecture under well-watered condition rather

than PEG-induced water deficit
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Abstract Higher plant hydraulic conductivity (Kpjan) is
vital for plant growth, especially under PEG-induced water
deficit stress (PEG-IWDS). Leaf venation architecture is a
key determinant of leaf hydraulic conductivity (Kje,r) and
Kicqf is a major component of K.y across different plant
species. However, there is little information about (1)
varietal difference in leaf vein development in cereal crops,
such as rice plants; (2) the effects of PEG-IWDS on leaf
vein development; (3) the coordination between leaf
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venation architecture and Kjaq as well as Kjeor under PEG-
IWDS. In the present study, widely cultivated eight rice
cultivars were grown hydroponically under well-watered
condition (WWC) and PEG-IWDS, simulated by adding
15 % (w/v) PEG6000. Leaf venation architecture, includ-
ing total longitudinal leaf vein number, leaf vein numbers
per unit width (LVNW), vein thickness and leaf mass per
area, as well as Kpjane and Kieor Were measured to address
above-mentioned questions. The results showed that leaf
venation architecture exhibited significant varietal differ-
ences and PEG-IWDS significantly increased LVNW while
decreased vein thickness. PEG-IWDS suppressed both
Kpjane and Kjeo¢ but the decrease was much higher in Kjan
than Kj.,;. There was a significant and positive correla-
tion observed between LVNW and K., under both WWC
and PEG-IWDS but the correlation between LVNW and
Kpjane Was only significant under WWC. Ki.,r was signifi-
cantly and positively correlated with Kjaq under WWC but
not under PEG-IWDS. It is concluded that K.,r is a major
determinant for K., under WWC but not under PEG-
IWDS; therefore, breeding or selecting rice cultivars with
high LVNW can improve shoot water supplement under
WWC but not under PEG-IWDS condition.

Keywords Rice - PEG-induced water deficit stress - Leaf
vein numbers per unit width - Plant hydraulic conductivity -
Leaf hydraulic conductivity - Leaf thickness

Introduction
Leaves are the primary loci for plants to convert sun energy
and carbon resources into photosynthates. Many leaf

morphological and functional traits, such as leaf mass per
area (LMA), leaf photosynthesis, leaf nitrogen content, and

@ Springer

9/ 141


http://crossmark.crossref.org/dialog/?doi=10.1007/s11738-016-2109-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11738-016-2109-7&amp;domain=pdf

Journal of Integrative Agriculture 2016, 15(9): 2002—-2011

Available online at www.sciencedirect.com

ScienceDirect

ELSEVIER

RESEARCH ARTICLE

Varietal difference in the correlation between leaf nitrogen content
and photosynthesis in rice (Oryza sativa L.) plants is related to
specific leaf weight
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Abstract

Increasing leaf photosynthesis per area (A) is of great importance to achieve yield further improvement. The aim of this
study was to exploit varietal difference in A and its correlation with specific leaf weight (SLW). Twelve rice cultivars, in-
cluding 6 indica and 6 japonica varieties, were pot-grown under two N treatments, low N (LN) and sufficient N (SN). Leaf
photosynthesis and related parameters were measured at tillering stage. Compared with LN treatment, A, stomatal con-
ductance (g,), mesophyll conductance (g, ), leaf N content (N, ), and chlorophyll content were significantly improved under
SN treatment, while SLW and photosynthetic N use efficiency (PNUE) were generally decreased. Varietal difference in A
was positively related to both g_and g_, but not related to N___. This resulted in a low PNUE in high N_ __ leaves. Varietal
difference in PNUE was generally negatively related to SLW. Response of PNUE to N supply varied among different rice
cultivars, and interestingly, the decrease in PNUE under SN was negatively related to the decrease in SLW. With a higher
N..... Japonica rice cultivars did not show a higher A than indica rice cultivars because of possession of high-SLW leaves.
Therefore, varietal difference in A was not related to N___, and SLW can substantially interfere with the correlation between
Aand N, _. These findings may provide useful information for rice breeders to maximize A and PNUE, rather than over
reliance on N__as an indicator of photosynthetic performance.

area

Keywords: specific leaf weight, leaf nitrogen content, leaf photosynthesis, mesophyll conductance, photosynthetic nitrogen
use efficiency, stomatal conductance

1. Introduction

Rice (Oryza sativa L.) is one of the most important food
crops in the world, and is a staple food source for more
than a third of the world’s population (Khush 1997). More
Received 15 September, 2015 Accepted 17 December, 2015 than 90% of the world’s rice is planted in Asia, where about

LIU Xi, Tel: +86-27-87288188, E-mail: liuxi2008529@qq.com; . -
Correspondence LI Yong, Tel: +86-27-87288188, E-mail: liyong 35-60% of the calories consumed by three billion people are

@mail.hzau.edu.cn taken from rice. Rice is also the staple food for more than
© 2016, CAAS. All rights reserved. Published by Elsevier Ltd. 65% of the population of China (Peng et al. 2009). With a
doi: 10.1016/S2095-3119(15)61262-X rapidly growing population, improving rice productivity within
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Nitrogen can improve the rapid
_response of photosynthesis
‘to changingirradiance inrice

Received: 24 December 2015

e (Oryza sativa L.) plants

Published: 10 August 2016 Jiali Sun®, MiaoYe", Shaobing Peng & Yong Li*

. Toidentify the effect of nitrogen (N) nutrition on the dynamic photosynthesis of rice plants, a pot

. experiment was conducted under two N conditions. The leaf N and chlorophyll levels, as well as steady-

. state photosynthesis, were significantly increased under high N. After the transition from saturating

. tolow light levels, decreases in the induction state (/S%) of leaf photosynthesis (A) and stomatal

. conductance (g,) were more severe under low than under high N supply. After the transition from low

. toflecked irradiance, the times to 90% of maximum A (Tegs,4) Were significantly longer under low than

. under high N supply. Under flecked irradiance, the maximum A under saturating light (A, fec) and

. the steady-state A under low light (A, ;in_aec) Were both lower than those under uniform irradiance (A.,;

© and A;,iia)- Under high N supply, A .« fec Was 14.12% lower than A, while it was 22.80% lower under
low N supply. The higher IS%, shorter Tggy,4, and the lower depression of A, from A, under high N
supply led to a less carbon loss compared with under a low N supply. Therefore, we concluded that N can
improve the rapid response of photosynthesis to changing irradiance.

Photosynthesis is one of the most important biochemical processes in the world, and it is mostly studied under
. controlled and steady-state conditions. However, steady-state conditions are rare in nature, and growth environ-
: ments, especially irradiance, are intrinsically heterogeneous in time and space within canopies’. Leaves within a
© canopy experience a highly variable light environment in magnitude (1-2000 pmol m~2s7!) and time (seconds
© to minutes or longer) over the course of a day due to changes in the incoming solar irradiance, cloud cover, wind,
self-shading of the upper leaves®*. Sunflecks—relatively brief but high-intensity patches of light—have been rec-
ognised as an important energy source. It is reported that leaves, especially in the understory of the canopy, obtain
: 10-90% of the total photosynthetic photon flux density (PPFD) from sunflecks during 10% of the time in a day,
. which drives up to 65% of the total daily photosynthesis®~.
: Plants have the ability to acclimate their growth to their light environment, from whole-plant morphological
changes to the differences in stoichiometry of the photosynthetic apparatus observed in leaves grown under sun
. and shade conditions®®. However, this acclimation occurs over a timescale of days and weeks. In addition to
© this, the dynamic response of photosynthesis to rapidly changing irradiance is a quick response over a timescale
of seconds to minutes, but leaf photosynthesis responds non-linearly to changes in light levels. Several minutes
. of low light levels will down-regulate Calvin cycle enzyme activity, and stomatal aperture; photosynthesis will
© thus be limited before a full induction of these photosynthesis processes occurs during a transition from low to
* high light levels*”%, and non-photochemical quenching (NPQ), a photoprotective mechanism to photosynthesis
. organs, will be improved. As a consequence, carbon loss is evident in flecked irradiance compared with uniform
. conditions, especially under abiotic stresses, for example high-temperature stress>'°. Moreover, photoinhibition
. would be occur when protective processes are either saturated or themselves damaged.
: It is reported that daily carbon gain can be reduced by as much as 40% under flecked irradiance compared
: with uniform irradiance'®!". Similarly, plant biomass can be severely depressed under flecked irradiance'’,

National Key Laboratory of Crop Genetic Improvement, Ministry of Agriculture Key Laboratory of Crop Ecophysiology
: and Farming System in the Middle Reaches of the Yangtze River, College of Plant Science and Technology, Huazhong
* Agricultural University, Wuhan, Hubei, China. 'Present address: No. 1, Shizishan Street, Huazhong Agricultural
. University, Wuhan, Hubei 430070, China. “These authors contributed equally to this work. Correspondence and

requests for materials should be addressed toY.L. (email: liyong@mail.hzau.edu.cn)
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Influence of leaf vein density and
thickness on hydraulic conductance
-and photosynthesis in rice (Oryza
e sativa L.) during water stress

Published: 16 November2016 - \1;hammad Adnan Tabassum?, Guanglong Zhu?, Abdul Hafeez?, Muhammad Atif Wahid?,

Muhammad Shaban3 & Yong Lit

The leaf venation architecture is an ideal, highly structured and efficient irrigation system in plant
leaves. Leaf vein density (LVD) and vein thickness are the two major properties of this system. Leaf

: laminae carry out photosynthesis to harvest the maximum biological yield. It is still unknown whether

. the LVD and/or leaf vein thickness determines the plant hydraulic conductance (Kpiant) and leaf
photosynthetic rate (A). To investigate this topic, the current study was conducted with two varieties
under three PEG-induced water deficit stress (PEG-IWDS) levels. The results showed that PEG-IWDS
significantly decreased A, stomatal conductance (g;), and K, in both cultivars, though the IR-64 strain
showed more severe decreases than the Hanyou-3 strain. PEG-IWDS significantly decreased the major
vein thickness, while it had no significant effect on LVD. A, g, and K, were positively correlated with
each other, and they were negatively correlated with LVD. A, g, and K, were positively correlated
with the inter-vein distance and major vein thickness. Therefore, the decreased photosynthesis and
hydraulic conductance in rice plants under water deficit conditions are related to the decrease in the
major vein thickness.

Photosynthesis is an important physiological process that is very sensitive to abiotic stresses™?. Diffusive (stoma-
tal or mesophyll conductance) and biochemical impairments are considered two major responses that decrease
photosynthesis under drought conditions®*. Stomatal conductance (g,) is a fundamental process required for CO,
acquisition and is regulated by stomatal opening and closing>®. A decreasing leaf turgor pressure and an increas-
ing vapor pressure deficit (VPD) closes the stomata rapidly in response to water deficit condition’. Thus, stomatal
limitation is a key cause of the decrease in A that occurs under water-limited conditions”?.

The water transportation capacity of plants is known as the plant hydraulic conductance®!?, which is deter-
mined by the root, stem and leaf hydraulic conductance (Kj.,)"". The root contribution ranges from one-third
to one-half of the internal plant resistances'>'3. The transpiration rate (E) or stomatal conductance exhibit
significant and linear correlations with K, in a number of higher plants and rice plant'*'®, Therefore, the
capacity of water transport system controls the plant growth as it maintains the hydraulic link between the
roots and leaves'®.

The leaf hydraulic architecture is the key location for gas exchange between the plant and its environment?*%,
and extra-vascular resistance imposes one-quarter or higher resistance (>30%) in K.,#>*. A decrease in K.,
leads to stomatal closure, which reduces photosynthesis*#**. Therefore, a strong correlation has been observed
between g, and Kj,#>*>?°. The leaf venation architecture is a perfect illustration of a highly efficient irrigation
structure?”-?%, Veins are made up of phloem and xylem vessels implanted in parenchyma, rarely in sclerenchyma,
that are wrapped in bundle sheath cells. Leaf veins in monocots of the Poaceae family are divided into three
categories (major, minor and transverse veins) in addition to the leaf midrib, and are different in sizes and

IMinistry of Agriculture Key Laboratory of Crop Ecophysiology and Farming System in the Middle Reaches of the
Yangtze River, College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, Hubei, China.
2Cotton Physiology Lab for Efficient Production, College of Plant Science and Technology, Huazhong Agricultural
University, Wuhan, Hubei, China. 3National Key Laboratory of Crop Genetic Improvement, College of Plant Science
andTechnology, Huazhong Agricultural University, Wuhan, Hubei, China. Correspondence and requests for materials

should be addressed toY.L. (email: liyong@mail.hzau.edu.cn)
%12/ 147

SCIENTIFICREPORTS | 6:36894 | DOI: 10.1038/srep36894 1


mailto:liyong@mail.hzau.edu.cn

2020 5 4 A
% 14

HEHFWRIE
EDUCATION TEACHING FORUM No.14

Apr. 2020

RERRKTER(EYERER)HFEX HEIRHTIBFIH K

=B

Lk T

(el Kz, e R 430070)

BERHZ(MDERZ)IHFRETTRABGR MDD EF L F LD ELAT EAETRZEL, X
FAAIRG A& P A MR ERRATT BRWIRT, P A AR F)RES M AR BAREAILE
GE T ik AR A ALK TAE R R — R A E et

KR (M AR F) BB, BAHF
FE S EKS :G642.0 X HERFRERD: A

CHEP A= 2 ) B A ) A A i sl AR S L S
ANRIREA EOCR s A an MG AR B — TR
AR U AR R AR A
A EEFEREE L AR IR . TG AR B2 ) BeEK
SEXT T 75 S e A AR B A2 A A R TR B R
R AP AE I A 77 2 FAE ) L Ml N A TN e Al Be A
Hee ST A FEA W, SR A A
AR A, MY S IMNRRER R X MARZ L
MU RN AE A R N R TR AR iR AR e
PRz &R Tk FATTARMERE 52 2% (R ) A 2
SERRAE T R M A R EL R Ok A R
T AR U ME S 23 B AR = O, ARMEIRAS: R AP0 2
ZERUR AB G BEF T SR UPPTIAR Jy 3 AP kil
R 2, R TR AR R AR TS 8 UL
MV T2, 2 AR ) i R v R — o sl 452
TR , A A2 2] B T AR P N B PR T
eFE oIS K

— RIRAE X FF = F08) 3

ZLI (Massive Open Online Course) J2& K HAE F il
TEURAE, = BRI 7 AR 4 2O i
1R G URFR 2 6 NBCR W A BRI, DR KRR L
T2 EA N, HBEE R AR Ll 12 A TR E 1Y
) R A s TR U . SSURELA TFORAE
LR A 2 5 NBON AR IR A PR . —
I IHSERIIEPRABCT LLss s T B34, [T 1
f s B, 2726 n] DAAE 4 [ 4 b B 22 T B L 0
KNSR H OISR IRFRHET T H 222, it
2 S HOIMHAT H Sy, FEURMHE) A R T2 A By
K AEHEE AT, D/ N IX R E A 22 5

DAFEURON HLAl e R R i) B G PR A, 2 LA e A

Kim HHE:2019-12-18

NERS:1674—9324(2020) 14—0315-02

Fe2f ) R NS S AEE N A O B B
IR 2A AR AT B 3B ZeR I, A 5 7%
AL, TERIRTT I o FEIRAE b, 200 2R YA 7 TG T
(ASTL , HLVR S 5 /NAHE e XA 1 2
ST R RN S A TR X R R . BRI R 2 2T 1)
TP A, 24 A e W22 2] AT 4 md i
22 RE—FhREIS IO A A 2R 2 A R

ER SRR m AL 2 h iz T P B Ar 7R AR 2 10)
REFIBRAR . (1) FEPREER 224 A FEA 5 BB
FHEE T, HLA R 45 22 IR AL R I 266 38 T
BIBENR, () FEREDR WA — /RN, 20
7E B v S 2R A A S e R BE A A w25 5 M A sk
FHFHAR SRR R A 0 . R Tk I B P 280 e
AR T WA, (R TR R A4
H AR R AR A — I FBE S LR N 2 2
WEAEHET FER R, VA% T8 5075 X — &R 24 1Y
PRXEFFUE TR A 4R . (3) HEidnT 22k 1 [ 4R 1 AN
A¥e I AR & EoR . fERRS i &%
K BAT B2 F TP SERR  (HF R B2 . (4)
SRR S AR R AT, RO A R A 4R
PRI 530 B, BT DA 2 ) 50— e 22, 4 A AR MRS
PR ) F AR

EEXE AR, R SEPR e P NOZE R LT L
R (D) FEIZS BRI~ > B, 28000 RT AR AEAH B i) TF
HCPERSH 51 S22 A | 2 LA 2 ) A B TRUR b
Fe2a 3] NI TH22 2] R A I ROR . (2) FE2E ) 4
Fe , Holin] IR — ek o M H | b2 [ AR
A e, Rl B AR RS EAOE H 2. (3) 7R
FEUATT, TEAR T ff 24 A 024 2RI, S48 22 A2 22 ST 1)
ME SR EE A HOF T A FO S AR R

MEBEEN:2EHE (1984-) 93RRI U0 ) OB ER VA ZRE IR

-315—
%13/ 1471



F%, F5, 735, Bk

(Ferpglr Ry AR ARARZBE, W14 :K0)

DOI: 10.16541/j.cnki.2095-8420.2020.21.038

il 2 RSB, MY R IR L BB — TR iR AU T AR S S — =i

PR, A B e A A ) G B AR A S T e

JCHEE . YA AR SRS Beviot

R TR RO A BT B

ARG 20, A%, KAt R o e T AR 5 % S I e B —— DR ROl R A AR I Ll

B, #HEFWALAL, 2020, 7(21): 97-99.

Teaching Design of Cell Signal Transduction in College Plant Physiology

Teaching

—Taking Plant Protection Major of Huazhong Agricultural University as an Example

LI Ping, LI Yong, YIN Chang-xi, DAI Cheng

(College of Plant Science & Technology Huazhong Agricultural University, Wuhan Hubei)

Abstract: Plant physiology is a required professional course for many majors in agricultural colleges and universities. In this

paper, in order to stimulate students’ interest in learning, improve students’ autonomous learning ability, and further improve the

teaching effect, the teaching design of cell signal transduction was introduced.
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