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Abstract

Wenjing Ouyang, 2021. Anatomical, morphological and physiological differences between
different types of rice and wheat under water deficit conditions. PhD thesis, Wageningen

University & Research, Wageningen, The Netherlands. 206 pp.

Rice (Oryza sativa) is one of the most important cereal crops with high economic and social
values. Natural diversity in water-deficit tolerance has allowed rice genotypes to adapt to
different edaphic conditions. While genotypes adapted to the irrigated lowland system are most
productive, the growing scarcity of freshwater resources for agriculture calls for developing rice
genotypes that can be gown like dryland cereals. This dissertation aims to understand why so
far rice cannot perform well under drier conditions via studying the basic anatomical,
morphological and physiological mechanisms that determine the comparative adaptability of

rice and wheat (Triticum aestivum) to water deficit.

First, leaf anatomical and morphological attributes that affect leaf photosynthesis (4,) and
transpiration efficiency (TE) were investigated, using six representative rice genotypes and two
wheat genotypes grown under long-term water deficit. Variations in 4, and TE were well
explained by the CO; diffusion components, i.e. stomatal conductance (gs) and mesophyll
conductance (gm). Genotypic variation in gs among rice genotypes resulted from the differences
in stomal density and size. Compared with wheat, the lower gm in rice was associated with its

less optimized leaf mesophyll structures and anatomical properties.

Secondly, anatomical traits that affect the acquisition and transport of water in root and shoot
were examined at two developmental stages of three rice and two wheat genotypes. Rice roots
possess extensive aerenchym but much smaller xylem vessels than wheat roots, while the xylem
area in stem and leaf was higher in rice than in wheat. Compared with wheat, water deficit
clearly induced the apoplastic barriers for radial water flow in rice roots and strongly limited
the root growth and lateral root proliferation in rice, whereas the shoot growth in rice was less
affected by treatments. As a result, there was an imbalance between water acquisition and

transpiration demand in rice plant when grown under water deficit.

Rice genotypes adapted to different edaphic conditions display diverse canopy architectures.
To investigate how rice water-deficit adaptability is associated with canopy physiological and

morphological characteristics, one irrigated-lowland (cv. IR64) and one aerobic (cv. Apo) rice



genotypes were selected from the six rice genotypes based on their similar growth durations but
contrasting above-ground architectures. Compared with cv. IR64, cv. Apo allocated less leaf
area and less nitrogen to strongly shaded leaves and its leaf angles were less responsive to the
long-term water deficit, allowing the vertical nitrogen distribution to better acclimate to light
distribution within its canopy. The favourable above-ground architecture and canopy nitrogen
profile relative to the light profile contributed greatly to the higher biomass gain and yield in

cv. Apo under water deficit.

Findings in this dissertation for the anatomy, morphology and physiology of rice at organ, plant
and canopy level suggest that several anatomical and morphological attributes need to be

modified if rice is to grow like dryland cereals.

Keywords: Canopy light distribution; canopy nitrogen distribution; canopy structure; leaf
anatomy; mesophyll conductance; rice; root anatomy; root morphology; stem anatomys;

stomatal conductance; transpiration efficiency; water deficit; wheat
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General introduction



Chapter 1

1.1 General background

Rice is a semi-aquatic Gramineae plant. It encompasses approximately twenty-two species of
the genus Oryza, of which O. sativa (known as Asian rice) and O. glaberrima (known as
African rice) are the most important cultivated species, grown for human consumption. These
two species provide the primary food for over half of the world’s population (Muthayya et al.,
2014). Rice is considered among the most important caloric and nutritional sources and
provides approximately 25% of all global calories. The demand for rice is continuously
increasing due to the population growth in Asian countries as well as the steadily growing
consumption of rice in sub-Saharan Africa and Latin America (IRRI, 2013). Therefore,

increasing rice yield is crucial for solving the food shortage problem and ensuring food security.

1.1.1 Rice cultivation systems

Of the two most widely cultivated rice species, O. sativa is more widely grown and mostly
cultivated in Asian countries, while the cultivation of O. glaberrima is confined to Africa.
Thousands of O. sativa varieties are grown in more than 100 countries, and they are cultivated
in diverse growing conditions: floating (deep-water) rice, irrigated rice, rice in mangrove
swamps, rice in rain-fed lowlands and rice in upland environments (Khush, 1997). Of these rice
production systems, irrigated lowland, rain-fed lowland and upland rice accounted for more
than 90% of the global rice production area. Rice cultivated in irrigated lowland systems is
grown in bunded fields that are continuously with a standing water layer of 5-10 cm from crop
establishment to close to harvest. It is estimated that irrigated lowland rice accounts for
approximately 55% of the total rice area and contributes nearly 75% of the global rice
production (Maclean ef al., 2013). Irrigated lowland rice consumes up to about 40% of the total
world’s freshwater resources used for irrigation (Barker et al., 2000; Bouman et al., 2007b).
Rain-fed lowland is the second most important rice ecosystem. Rice in rain-fed lowland is
grown in bunded fields with non-continuous flooding of variable depth and duration, depending
on the frequency and quantity of rainfall available. Nearly 25% of the global rice area is
occupied by rain-fed lowland system; but rain-fed lowland rice comprises less than one-fifth of
the global rice produced (Portmann et al., 2010). Upland rice is grown in rain-fed, not bunded
fields with naturally well drained soils, without surface water accumulation, and normally
without extra water supply. Upland rice represents about 12% of total rice production area and
is generally the lowest-yielding ecosystem. Upland rice is mostly produced by smallholder

farmers and produces 4% of the world’s total rice production (Bernier et al., 2008). The other
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rice ecosystems make up the remaining area and production, both in Africa and Asia.

The African indigenous rice, O. glaberrima, has evolved parallel to the Asian cultivated O.
sativa species (Wang et al., 2014). Due to its low yield potential, O. glaberrima was being
largely replaced by the higher yielding O. sativa varieties (Linares, 2002). Nevertheless,
African rice embodies important cultural values and is continuously cultivated in West Africa
(Teeken et al., 2012). Compared with O. sativa, O. glaberrima has the ability to grow in a wider
range of difficult ecosystems, such as rain-fed upland as well as deep-water systems. Efforts to
utilize O. glaberrima genes to improve O. sativa rice cultivars have intensified to develop
NERICA (New Rice for Africa) genotypes that are expected to be high-yielding, and drought-
and pest-resistant (Sarla and Swamy, 2005; Shaibu et al., 2018). Farmers have also
spontaneously selected interspecific hybrids from their fields (Nuijten et al., 2009), which show
greater robustness than O. sativa types under stressful West African conditions with poor, dry

or eroded soils (Mokuwa et al., 2013).

1.1.2 Global water shortage and impact on rice production

Global climatic variables and water availabilities are continuously changing. Increase in global
average temperature has been documented since 1950s (IPCC, 2007). An even more rapid rate
of increase in global average temperature is expected over the next decades, likely in particular
for cultivated land areas (Lobell et al., 2011). Global warming increases evaporation and leads
to an increase in the frequency of droughts (Sheffield and Wood, 2008; Allan et al., 2010; Li et
al., 2011; Chou et al., 2013). In addition, extreme high temperature during both day and night
time will likely become more frequent and more intensive in the future (Mika, 2013; Stocker,
2014), especially in the tropical and subtropical areas of South and Southeast Asia. Climate
models predict that the frequency and concurrence of weather and climate extremes will
increase the severity and frequency of water shortage for agriculture (Dai, 2011; Smirnov et al.,

2016; Madadgar et al., 2017; Prabnakorn et al., 2018).

Although the cultivation of rice extends from wetland to dryland, most of the annual rice
production comes from the Asian irrigated lowland systems (Maclean et al., 2013). Irrigated
lowland rice production requires ample water supply and, thus, is more vulnerable to the
increasing agricultural water scarcity than other rice cropping systems (O’ Toole, 2004; Peng et
al., 2009). It has been estimated that 15-20 million hectares of irrigated rice will experience
some degree of water scarcity by 2025 (Bouman et al., 2007a). Furthermore, rice grown in rain-

fed lowland and upland conditions does not receive irrigation, relying entirely on rainfall or
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drainage from higher lands in a watershed. Drought, caused by insufficient rainfall, is of
common occurrence in rain-fed fields under present climatic conditions, and is likely to be more
intense and more frequent in the future (Wassmann et al., 2009). It has been shown that the
production of rice has declined in many parts of Asia in the past few decades, due to increasing
water deficit stress, arising from increasing temperatures and decreases in the number of rainy
days (Fukai ef al., 1998; Tsubo et al., 2009; Sarker ef al., 2012). Therefore, using less water to
maintain or preferably even increase rice yield becomes a major challenge for global food

security.

1.1.3 Approaches to cultivate rice with less water

While rice has been grown in flooded fields for thousands of years, the rice plant itself is not
an aquatic species. The adaptation of rice genotypes to a wide range of edaphic conditions
indicates the possibility of growing rice in the same way as dryland cereal crops such as wheat
(Triticum aestivum). Actually, when grown under flooded conditions, modern rice varieties
have similar water productivity (i.e. grain yield per unit of water input) as wheat with respect
to transpiration (on average 2.0 g grain kg™! water) and to evapotranspiration (on average 1.1 g
grain kg™ water) (Bouman and Tuong, 2001; Zwart and Bastiaanssen, 2004; Tuong et al., 2005;
Singh et al., 2006). Yet, the water productivity of rice with respect to total water input (irrigation
plus rainfall) is only about half that of wheat (Bouman and Tuong, 2001; Tuong et al., 2005).
It has been estimated that irrigated rice requires about 3000 — 5000 L water to produce 1 kg
grain (IRRI 2001). Exploring alternative solutions to reduce water use for lowland rice
production is therefore of great strategic value for sustainable crop production for the world

facing water scarcity.

To reduce water use in irrigated lowland rice while maintaining its high yield level, various
water-saving practices have been introduced, such as the System of Rice Intensification (Stoop
et al.,2002; Zhao et al., 2011), alternate wetting and drying (Carrijo et al., 2017; Menge et al.,
2020), and controlled soil drying during grain filling (Yang et al., 2003; Yang and Zhang,
2006). Under accurate management, some of these practices can reduce water use without
heavily compromising grain yield. Yet, these practices are not adopted by farmers as they incur
too high risks, and different levels of yield penalties are unavoidable. More recently, genotypes
that can grow under aerobic environments, i.e. aerobic rice (Bouman et al., 2005; Singh et al.,
2008), have been developed. The aerobic rice system is a new cultivation system in which rice

is grown under non-puddled, non-flooded and non-saturated soil conditions. Water input in



General introduction

aerobic conditions is less than 50% of that in flooding conditions (Peng et al., 2006).
Nevertheless, aerobic rice cannot replace lowland rice in most of the rice growing areas because
of its lower grain yield and undesirable taste, and can only be an option for farmers in rain-fed
lowlands with limited or erratic rainfall (Atlin et al., 2006). To sum up, these practices are
largely management measures to reduce water use for rice production but do not solve the

problem of the intrinsically high-water requirement by rice.

Obviously, there is a strong need for developing rice genotypes that can be grown like wheat
under drier field conditions. In virtue of their relatively small water requirements, O. glaberrima
and upland rice varieties have been applied as genetic resources for breeding for genotypes
having better drought adaptation (Sarla and Swamy, 2005; Lyu et al., 2014; Shaibu et al., 2018;
Luo et al., 2020). Choosing drought tolerant donors was normally based on direct selection for
grain yield in stress environments (Venuprasad et al., 2007; Yuan ef al., 2011; Raman et al.,
2012). There is a lack of information on characteristics of rice varieties that are required for

superior performance under water saving crop management.
1.2 Literature review on water deficit tolerant determinants

To develop new rice genotypes that can perform well under water-deficit conditions, it is
important to understand why irrigated lowland rice needs more water to maintain yield while
traditional upland and newly developed aerobic rice can grow in relatively drier (upland or
aerobic) conditions (though with yield penalty). Moreover, it is also important to understand
why in general rice production has higher water requirement than wheat, although the water
productivity per unit of transpiration and per unit of evapotranspiration is similar between these
two species. Breeding for drought tolerant crops has mainly focused on using genetic
approaches to identify the functional genes that favourably influence water deficit tolerance

(see review by Hu and Xiong, 2014).

Water deficit is a multidimensional stress and affects different plant organs over time and space.
Plants have evolved multiple strategies to respond to water deficit and have evolved to adapt or
acclimate to water deficit via anatomical, morphological and physiological changes. This means
that in addition to the functional genes for crop performance, the importance of the intermediate
physiological, morphological and anatomical characteristics in determining water uptake, water
transport and thus water deficit tolerance cannot be overlooked. In the next part of this general

introduction, I will describe several candidate mechanisms that merit specific attention at
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different scales, from leaf to canopy, and from plant to crop levels.

1.2.1 Determinants at leaf level

Water flow across a plant can be simplified as: water uptake by roots, long-distance transport
in vascular systems in root and stem, and release back in the atmosphere from leaves. In
terrestrial plants, about 90% of the root-absorbed water from soil is lost into the atmosphere by
transpiration through stomata, the small pores distributed on the surfaces of leaves
(Hetherington and Woodward, 2003; Sinha, 2004). Regulating stomatal transpiration to prevent
unrestricted water loss plays a critical role in plant development especially when soil water

availability is limited.

Leaf water loss is controlled by stomatal aperture (Chaves, 1991; Cornic and Massacci, 1996)
and anatomical development (i.e. size and density of stomata) (Doheny-Adams et al., 2012;
Franks et al., 2015; Li et al., 2020). When water escapes through stomata, CO: enters the leaf
simultaneously. Therefore, reducing transpiration under water shortage also means a decrease
in the CO; uptake from the atmosphere to the interior of the leaf for photosynthesis, i.e. the
lower the stomatal conductance (gs), the lower is photosynthesis (Chaves et al., 2002; Flexas et
al., 2004). As stomata exert major controls on both water and CO> exchange, the stomata-
related environmental acclimation would affect the instantaneous transpiration efficiency (TE),
i.e. the ratio of net photosynthesis rate (4n) to transpiration rate (Condon et al., 2004; Gu et al.,
2012; Antunes ef al., 2017). TE, known as leaf-level water use efficiency (WUE), has been
proposed to be an attractive target to improve the water productivity of both irrigated and rain-
fed crop production (Fischer, 1981; Richards et al., 2002; Condon et al., 2004). Thus, a better
understanding of the determinants affecting TE under water deficit may help elucidate how this

trait could be used most effectively to develop tolerant rice genotypes.

After CO, diffuses into the interior leaf, it has to enter the mesophyll cells and move across
several subcellular barriers before it reaches the site of carboxylation in the chloroplasts.
Mesophyll conductance (gm) is viewed as leaf internal diffusion conductance of CO» from sub-
stomatal cavities to the sites of carboxylation in the chloroplasts (Flexas et al., 2008). Increasing
evidences indicate that gm is sufficiently small to significantly decrease the CO2 concentration
in the chloroplasts relative to that in the sub-stomatal cavities, therefore limiting photosynthesis
(for a review, see Flexas et al., 2008). Therefore, the importance of gm in affecting
photosynthesis and TE under water deficit should not be underestimated. Factors affecting gm

comprise anatomical and biochemical components (Flexas et al., 2008). In particular, leaf
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anatomical characteristics play important roles in determining the variation in gm between and
within species with different leaf forms and growth habits (Oguchi et al., 2005; Niinemets et
al.,2009; Terashima et al., 2011; Tosens et al., 2012). In addition, plants may modify their leaf
anatomy during their development under water-deficient conditions. Therefore, investigation
on the structural basis of variation in gm among the contrasting rice genotypes as well between
rice and wheat, and how those structures underpin genotypic differences in the response of gm

under water deficit are needed.
1.2.2 Determinants of water transport

Apart from regulation of water loss from transpiration, the supply side of the water balance of
a plant, i.e. the acquisition of water from the soil, is worthy of attention when plants are facing
water-limited conditions. Roots are the first point of contact with the soil in a plant. Because of
the primary role in water uptake, root traits are of great interest for geneticists and breeders to
explore avenues for increasing crop productivity under water deficit. Genetic variation in water
uptake in water-deficit-stressed rice has previously been described (Lilley and Fukai, 1994;
Henry et al., 2012), which is thought to be due in part to root architecture (reviewed by Gowda
et al.,2011) and root function (water uptake per length of root and root hydraulic conductivity;
Miyamoto et al., 2001). The composition of the root system depends greatly on soil texture,
soil compaction and soil water status, and plays an important role in environmental adaptations
(Pierret et al. 2005; Watt et al. 2008; reviewed by Gowda et al., 2011). As different rice types
are adapted to various edaphic conditions, their root systems might respond differently to water
deficit. Furthermore, due to its ability to grow under inundated conditions, rice develops several
specific root characteristics compared with dryland species, such as aerenchyma. Although the
difference is obvious, the direct comparison of the root traits in response to water deficit
between rice and wheat will help to identify the general traits that responsible for the low

tolerance to water deficit in rice.

There are two types of conductance that determine the uptake of soil water by roots: radial
conductance, the conductance of water passing from root surface to the xylems in the stele; and
axial conductance, the conductance of water passing from the root to the shoot through the
xylems (Wasson et al., 2012). Given the complex, composite anatomical structure of roots, the
radial water transport requires composite pathways: parallel apoplastic and cell-to-cell
(symplastic and transcellular) pathways (Steudle and Peterson 1998). Experimental data

indicated a predominantly higher contribution of apoplastic water transport to the overall
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hydraulic conductivity than that of cell-to-cell pathways in rice roots (Ranathunge et al., 2004).
Generally, the radial path of water movement faces a series of barriers within the root cylinder:
epidermis, exodermis, central cortex, endodermis, pericycle stele parenchyma, and tracheary
elements. During water deficit stress, the anatomy and chemical compositions of those
apoplastic barriers will change (Schreiber et al., 1999; Zimmermann et al., 2000; Henry et al.,
2012). How those modifications influence the water uptake in different rice types is rarely
studied. Unlike other cereal crops, rice roots in well-watered conditions feature some specific
structures such as a sclerenchyma layer at the outer part of roots to form a barrier that reduces
radial oxygen loss (Colmer ef al., 1998); and an extensive intercellular space (i.e. acrenchyma)
in the root cortex to provide a low internal resistance for gas movement within the roots
(McDonald et al., 2002; Suralta and Yamauchi 2008). However, the roles of those features in

water deficit response of rice are not clear.

In vascular plants, xylem vessels act as ducts which collect the water taken up radially in roots
and rapidly distribute it throughout the plant (Kim et al., 2014). Under well-watered conditions,
water moves passively through the xylem vessels in each organ in response to a water potential
gradient set up by transpiration (Steudle 2000). It is clear that the resistance of the water flow
in the axial path (xylem) is much smaller than that of the radial pathway across the root cylinder
(Rowse and Goodman, 1981; Steudle 2000). However, the hydraulic resistance of xylem may
become important under water deficit stress, when transpiration is low. In its most simplified
representation, the hydraulic conductivity of xylem is proportional to the number of conduits
in parallel and their diameters raised to the fourth power (Tyree and Ewers, 1991). The
development (number and size) of xylem vessels can be different along the root axis and may
change under water-limited conditions (Henry et al., 2012; Steinemann et al., 2015). Xylem
vessels in stem and leaf were expected to influence the plant water status and could be modified
according to the growth environment (Yatapanage and So, 2001; Sibounheuang ef al., 2006;
Ennajeh et al., 2010). Thus, xylem parameters along root, stem and leaf would play important

roles in adjusting water balance in water deficit-stressed rice plants.

1.2.3 Determinants at canopy level

Plant architecture has major agronomic roles in determining the adaptation capability of plant
to cultivation practices. One of the big successes of the Green Revolution in increasing the yield
potential of rice was breeding for modified plant architecture (Khush, 2001). Rice varieties with

shorter, stiff stems responded better to fertilizer than traditional varieties, and turned out to
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perform very well with good irrigation systems or reliable rainfall (Evenson and Gollin, 2003).
However, it is uncertain if those characters are suitable for growing under water limited

conditions.

In general, lowland rice varieties have many tillers, dwarf stature and narrow leaves with wide
leaf angle while aerobic and upland rice varieties have fewer tillers, longer stems and broader
leaves with erect orientation (Peng et al., 2000; Lafitte et al., 2002; Venuprasad et al., 2009;
Matsuo et al., 2010). Plant architecture is determined by the genetic background but is also
influenced by environmental factors such as light, temperature, plant density, nutrient
availability and water regimes (Ross, 1981; Sperry et al., 1998; Ariyaratna et al., 2011). Farooq
et al. (2010) reported rice cultivars maintaining broader leaves performed better than those with
narrow and short leaves under water deficit. Nevertheless, limited information is available on
the differences in the effects of water deficit on above-ground architecture between contrasting

rice genotypes.

In a given environment, plants exhibit various growth strategies to maximize resource-use
efficiency. In particular, nitrogen is important as it is involved in both meristematic and
photosynthetic activities. Besides the total amount of nitrogen absorbed by the crop, the
distribution of nitrogen in the canopy plays a key role in determining crop productivity (Evans,
1989). A vertical gradient of specific leaf nitrogen (SLN; leaf N/leaf area) within a canopy,
with more nitrogen allocated to upper leaves and less nitrogen to shaded lower leaves, is
classically considered as an adaptative strategy to the local light environment that would tend
to maximize canopy photosynthesis and nitrogen utilization efficiency (Field, 1983; Goudriaan,
1995; Hasegawa, 1999; Tominaga et al., 2015). However, within a dense canopy, the actual
vertical nitrogen gradient is not fully acclimated with the light gradient (Yin et al., 2003;
Archontoulis et al., 2011; Hikosaka et al., 2016). Differences in light-leaf nitrogen relationship
have been reported to be related to the differences in plant architecture (Anten et al., 1995;
Létscher et al., 2003). Therefore, rice cultivars with contrasting plant architecture may exhibit
different light-leaf nitrogen relationships. Furthermore, a number of canopy structural
characteristics that are associated with the variations in light-leaf nitrogen relationship could be
modified in water-limited conditions (Archontoulis et al., 2011; Okami et al., 2016). So far,
limited studies have investigated the variability of the light-leaf nitrogen relationship under
water deficit stress between contrasting rice genotypes. Moreover, the impact of canopy

architecture on biomass and yield differences under water deficit between different rice types



Chapter 1

is also limited. Hence, a study on the canopy architectural difference between contrasting rice
types can provide a better view on how architectural alteration can contribute to water deficit

tolerance.
1.3 Research objectives

The general hypotheses of the current study are that rice and wheat have developed specific
anatomical, morphological and physiological adaptations to cope with their growth
environments. Rice genotypes adapted in different water regimes have optimized their
anatomical, morphological and physiological characters to thrive best in their growth
environment. The differences in drought tolerance among various rice genotypes, as well as
between rice and wheat are determined by those anatomical, morphological and physiological
characters. The overall objective of this study, as a component of the “Growing Rice Like
Wheat” (GRLW) programme, is to investigate the morphological and anatomical traits and
related physiological characteristics that could explain the differences in growth and yield
performance between rice and wheat and among various types of rice under water deficit. To

achieve this objective, experimental research was designed that allows:

1) Analysis of leaf anatomy in relation to water use efficiency in rice and wheat,

2) Characterization of root system and root anatomical characteristics in different types of
rice and wheat,

3) Characterization of shoot anatomical characteristics and its relationship with leaf water
status in different types of rice and wheat,

4) Study on rice above-ground architectural traits,

5) Study on the crop physiological and agronomic performance of rice and wheat in
response to different water regimes as determined by the above morphological and

anatomical characteristics.
1.4 Outline of the thesis

This thesis consists of six chapters, including this chapter as general introduction that identifies
the research objectives based on research questions of the GRLW programme and the literature
information (Chapter 1). Following this chapter, there are four research chapters (Chapter 2 to
Chapter 5) and a general discussion (Chapter 6). The structure of this thesis is illustrated in Fig.
1.1.
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Fig. 1.1 Outline of the dissertation. Rice plant image is obtained and modified from the image collection
of the International Rice Research Institute (IRRI).

Chapter 2 aims to unravel the mechanisms for improving leaf-level water use efficiency (TE)
in rice. Anatomical drivers of variation in stomatal and mesophyll conductances are evaluated
in two cultivars from each of lowland, aerobic, and upland groups of O. sativa, one cultivar of
O. glaberrima, and two cultivars from wheat, under three water regimes. The importance of
stomatal and mesophyll conductances in determine the variation in photosynthetic capacity and

TE are discussed.

In Chapter 3 and Chapter 4, the morphological and anatomical traits that affect water acquisition
and transport in root and shoot will be determined. In order to do so, root morphology and root
cross-sectional structures will be compared between three rice cultivars and two wheat cultivars
under three regimes in Chapter 3. Those rice cultivars are selected based on their performance
in Chapter 2 and the two wheat cultivars are the same as those used in Chapter 2. Water deficit
effect on anatomical and histochemical properties of each root tissues will also be tested. In
Chapter 4, the same genotypes are used, but to understand how shoot anatomy responds to water
deficit stress, and its relationship with leaf water status (indicated by leaf water potential). The
importance of morphological and anatomical adaptations of root and shoot in determining the

degree of water deficit tolerance in rice and wheat is discussed.

From the above studies, it was noticed that the above-ground architectural characters vary
between different types of rice. Based on the observations from experiments conducted for the
previous chapters, one cultivar from lowland and one from aerobic rice are selected due to their

similar growth durations and contrasting above-ground architectures. Canopy morphological
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characters (i.e., leaf angles and leaf area allocation) and physiological characters (i.c., light and
nitrogen distribution parameters) under three water regimes, and their relations are investigated
in Chapter 5. Furthermore, the contribution of canopy physiological characters on biomass gain

and yield response to water deficit of the two rice cultivars is emphasized.

Chapter 6 summarizes the main findings of this thesis, discusses the sensitivity of rice plant to
water deficit and the importance of fundamental morphological and anatomical characteristics
in determining water deficit tolerance. In this chapter, information from leaf to canopy are
integrated from a broad perspective to get better understanding why rice plant cannot grow in
drier conditions as wheat. The potential targets for improving rice tolerance to water deficit are

discussed.
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Chapter 2

Abstract

Increasing leaf transpiration efficiency (TE) may provide leads for growing rice like dryland cereals
such as wheat (Triticum aestivum). To explore avenues for improving TE in rice, variations in stomatal
conductance (g;) and mesophyll conductance (gm) and their anatomical determinants were evaluated in
two cultivars from each of lowland, aerobic, and upland groups of Oryza sativa, one cultivar of
O. glaberrima, and two cultivars of T. aestivum, under three water regimes. The TE of upland rice,
O. glaberrima, and wheat was more responsive to the gm/gs ratio than that of lowland and aerobic rice.
Overall, the explanatory power of the particular anatomical trait varied among species. Low stomatal
density mostly explained the low gs in drought-tolerant rice, whereas rice genotypes with smaller
stomata generally responded more strongly to drought. Compared with rice, wheat had a higher gm,
which was associated with thicker mesophyll tissue, mesophyll and chloroplasts more exposed to
intercellular spaces, and thinner cell walls. Upland rice, O. glaberrima, and wheat cultivars minimized
the decrease in g, under drought by maintaining high ratios of chloroplasts to exposed mesophyll cell

walls. Rice TE could be improved by increasing the gn/gs ratio via modifying anatomical traits.

Keywords: Drought, leaf anatomy, mesophyll conductance, rice, stomatal conductance,

transpiration efficiency, wheat
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Transpiration efficiency in relation to leaf anatomy

2.1 Introduction

Rice (Oryza sativa L.) is a major staple crop that adapts strongly to fully inundated conditions.
Compared with other cereal crops, such as wheat (Triticum aestivum L.) grown on dry uplands,
rice cultivation requires massive amounts of fresh water for irrigation. To minimise the total
water requirement for rice cultivation, several water-saving regimes have already been
introduced, such as alternate wetting and drying irrigation (Bouman and Tuong, 2001; Zhang
et al., 2008) and controlled soil drying during grain filling (Yang ef al., 2003; Yang and Zhang,
2006). However, these regimes are largely management measures to reduce water use for rice
production. Solving the problem of the intrinsically high water requirement of rice would need
breeding or genetic engineering approaches to develop new drought-tolerant rice genotypes

with increased water use efficiency (WUE).

Genetic diversity in drought tolerance has long been explored to develop cultivars of O. sativa
for diverse growing conditions: irrigated lowland, rain-fed lowland, and upland environments.
More recently, genotypes suitable for aerobic environments (moderately dry conditions, not
inundated lowland or dry upland conditions), i.e. aerobic rice (Bouman et al., 2005; Singh et
al., 2008), have been developed. However, aerobic rice cannot replace lowland (‘paddy’) rice
in most of the rice-growing areas because of its lower grain yield and is an option only for
farmers in rain-fed lowlands with limited or erratic rainfall (Atlin et al., 2006). In addition,
African rice (Oryza glaberrima Steud.) has evolved as a cultivated species in parallel with O.
sativa, and is more drought-resistant (Sarla and Swamy, 2005). Natural interspecific hybrids
between O. sativa and O. glaberrima are cultivated in West Africa (Nuijten et al., 2009). The
adaptation of rice genotypes to a wider range of edaphic conditions indicates the possibility of
growing rice in the same way as other dryland cereal crops such as wheat. Also belonging to
the Cs-crop type, wheat has a relatively higher WUE than rice (Kemanian et al., 2005; Haefele
et al., 2009). Compared with rice, wheat shows higher plasticity in root morphological and
anatomical adaptation to water-deficit conditions (Kadam et al., 2015). Further comparative
analysis of the physiology and anatomy of rice and wheat in response to drought will facilitate
the identification of the general traits and mechanisms required for breeding drought-tolerant

yet high-yielding rice varieties (Praba et al., 2009).

Photosynthesis is the key process of primary metabolism, and its capacity can influence plant
performance and productivity (Lawlor and Tezara, 2009; Pinheiro and Chaves, 2011).
Photosynthesis under drought, despite being affected by Rubisco velocity, is often limited by
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the CO; concentration at carboxylation sites (Cc) inside the chloroplast, which is determined by
CO; diffusion components, i.e. stomatal conductance (gs) and mesophyll conductance (gm)
(Evans et al., 2009). Stomata regulate CO: diffusion into, and water diffusion out of, plant
leaves (Chaves et al., 2002). Under water-deficit conditions, plants close stomata to prevent
major water loss; this, consequently, reduces photosynthesis via decreased influx of CO»
(Pinheiro and Chaves, 2011). In the long-term response to water deficit, gs can be influenced
by leaf anatomical traits such as stomatal density and size, which can vary to acclimate to the
environment (Xu and Zhou, 2008; Franks and Beerling, 2009). As the inevitable consequence
of CO; entry through leaf stomata is water loss through transpiration, the stomata-related
environmental adaptation may also affect plant instantaneous transpiration efficiency (TE), i.e.
the ratio of net photosynthesis rate (4n) to transpiration rate. In general, higher gs results in a

lower TE (Flexas et al., 2008; Gu et al., 2012).

Mesophyll conductance (gm) has been viewed as the diffusion of CO> from sub-stomatal
cavities to the sites of carboxylation in the chloroplasts (Flexas et al., 2008). In contrast to gs,
increasing gm increases An at no costs of increased transpiration, because the CO; diffusion
pathway involving gm is not shared with the diffusion pathway of transpired H>O. Therefore,
increasing gm not only increases A, but also increases TE (Barbour ef al., 2010; Flexas et al.,
2013). However, long-term drought stress reduces gm (Scartazza et al., 1998; Gu et al., 2012;
Han et al., 2016). Along the CO> diffusion pathway inside leaves, the conductance through the
liquid phase (gliq) is the most limiting factor for CO; diffusion in the mesophyll in many species
(Gorton et al., 2003; Flexas et al., 2008; Flexas et al., 2012). Growing evidence indicates that
(i) genotypic differences in gm exist within a given species (Evans and Vellen, 1996; Gu et al.,
2012; Jahan et al., 2014), and (ii) leaf mesophyll structure and anatomical properties are
important determinants of gm. Mesophyll thickness (7w), surface area of chloroplasts exposed
to the intercellular airspace (Sc), and mesophyll cell wall thickness (7) are suggested to be the
most important structural components determining gm (Evans et al., 1994; Evans et al., 2009;
Scafaro et al., 2011; Tosens et al., 2012b; Tomas et al., 2013), as these parameters determine
pathways for CO: permeation into chloroplasts (Terashima et al., 2011). Therefore,
investigating relationships between leaf anatomy and photosynthetic features could improve

understanding of leaf structural features required to enhance drought tolerance in rice.

In this study, the photosynthetic diffusion components (gs and gm) and possibly related leaf

anatomical properties were examined in three species, O. sativa, O. glaberrima and T. aestivum.
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gs was measured from gas exchange, and combined gas exchange and chlorophyll fluorescence
measurements were used to estimate gm. Leaf anatomical properties were examined through
light and transmission electron microscopy. The objectives of this study were: (i) to evaluate
the variation in photosynthetic capacity among the contrasting types of rice species as well as
between rice and wheat in response to a long-term drought; and (ii) to assess the leaf anatomical
determinants of gs and gm and how those determinants underpin genotypic differences in the

response of gs, gm, and TE under drought.

2.2 Materials and methods

2.2.1 Plant materials and treatments

Six cultivars from O. sativa, one cultivar from O. glaberrima, and two cultivars from T.
aestivum were used for the study of photosynthetic and leaf anatomical properties. The O. sativa
cultivars represented rice types bred for lowland, aerobic or upland cultivation systems,
respectively, whereas wheat cultivars were selected based on their drought tolerance (Table
2.1). The tolerance and susceptibility classifications were based on previous reports (Thanh et
al., 1999; George et al., 2002; Sarla and Swamy, 2005; Atlin et al., 2006; Liu et al., 2006; Praba
et al., 2009). Seeds of rice and wheat cultivars were obtained from the International Rice
Research Institute (IRRI) and from the International Maize and Wheat Improvement Center

(CIMMYT), respectively.

Pot experiments were conducted at Yangzhou University, Jiangsu Province, China (32°30' N,
119°25" E). Rice seeds were sown in saturated soil after pre-germination, and wheat seeds were
sown directly in moist soil. The pots were placed in an open field sheltered from rain by a
mobile transparent polyethylene shelter. Each pot (30 cm in height, 25 cm in diameter,
14.72 liters in volume) contained 20 kg of sandy loam soil from the Yangzhou University
rice/wheat rotated experimental field. One day before sowing, 1.1 g CO(NH2); (urea) and 0.5 g
KH2PO4 were pre-mixed through the soil per pot. Extra nitrogen (2.5 g urea for rice and 1.5 g

urea for wheat per pot) were split-applied during different plant growth stages.

We imposed three levels of soil moisture, i.e. control (CT), mild drought stress (MD), and more
severe drought stress (SD). Across all species and treatments, three replications were
maintained and pots were placed in a randomized design. Soil water potential was monitored
by inserting a tension meter (Institute of Soil Sciences, Chinese Academy of Sciences, Nanjing,

China) at 15 cm soil depth throughout the experiments. Because rice and wheat have different
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growth duration and are naturally adapted to different moisture environments during
domestication histories (Praba et al., 2009), different timings and intensity of stress impositions
were applied (Table 2.2). When tension-meter readings reached the lower limit in each stress
level, tap water was added until the upper limit of the target stress was reached. Once stress was
imposed, the target stress levels were maintained to ensure that leaves for measurements (see

below) were initiated and developed under stress, until all the measurements were completed.
2.2.2 Gas exchange and chlorophyll fluorescence measurements

An open gas exchange system integrated with a fluorescence chamber head (Li-Cor 6400XT;
Li-Cor Inc., Lincoln, NE, USA) was used to simultaneously measure gas exchange (GE) and
chlorophyll fluorescence (CF) parameters. During flowering, the penultimate leaf on the main
shoot from each replication per treatment was used for measurements. To avoid the effect of
fluctuation in outdoor environment on GE measurement, all measurements were taken in a
climate chamber with air temperature at 28°C (23°C for wheat), 65% relative humidity and a
photosynthetic photon flux density at the leaf surface of 1200 umol m™ s! (artificial light
source). All measurements were made at a leaf temperature of 25°C and the leaf-to-air vapour
pressure difference (VPD) was kept between 1.0 and 1.6 kPa. Light and CO; response curves
were measured under both ambient (21%) and low (2%) O conditions. The low O> condition
was created by using a gas mixture of 2% Oz and 98% N>, and the infrared gas analyser
calibration was adjusted for O2 composition of the gas mixture according to the manufacturer’s

instructions.

For the CO» response curve, under both O> conditions, the leaf was consecutively exposed to
an incident irradiance (finc) of 1000 pmol m™ s™! with different levels of COa: 50, 90, 150, 250,
400, 700, 1000 and 1500 pmol mol™'. For the light response curve, under the 21% Ox condition,
the CO2 was kept constant at 400 pmol mol! and finc was increased in the order of 30, 50, 80,
120, 200, 500, 1000, and 1600 pmol m? s'. Under 2% O, in order to ensure non-
photorespiratory conditions, the CO2 was kept constant at 1000 pmol mol™ with fine levels 30,
50, 80, 120, and 200 pmol m s™!. The measurement flow rate was 400 pmol s'. CO» exchange
rates were corrected for CO» leakage into and out of the leaf cuvette, based on measurements
using the same flow rate on boiled leaves across a range of CO> levels, and intercellular CO»

levels (Ci) were then recalculated (Flexas et al., 2007).

The steady-state fluorescence Fs was measured at each light or COz step. Then a multiphase
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flash method (Loriaux ef al., 2013) was applied to determine F'n (the maximum fluorescence
during the saturating light pulse). The apparent Photosystem II electron (e°) transport efficiency
for each irradiance or CO: step was calculated as @>= (F'm—Fs)/F’'m (Genty et al., 1989).

2.2.3 Estimation of diffusion components

Total conductance to CO2 (gtwt) was calculated based on stomatal and mesophyll conductance
according to 1/gwt = 1/gs + 1/gm. For the analysis, stomatal conductance for CO; (gs) was
obtained as stomatal conductance for water vapour divided by 1.6, from the data points
measured under ambient condition (400 pmol mol™! CO», 1000-1500 pmol m™? s™! irradiance,

and 25 °C) of the light response curve under 21% O.

In order to compare gm across species, genotypes, and treatments, the value of gm assumed as

constant was estimated using the NRH-A variant method (Yin and Struik, 2009):

/4 = Ra + gm(C; + 2I)]* —

4gml(C.— 1) /4 - Ro(Ci + 211 [

A, =05 ]/4_Rd+gm(ci+2[:«)_\/

where I is the CO2 compensation point in the absence of day respiration (Rq) and J is the linear
electron transport rate used for CO; fixation and photorespiration. Equation (1) provides a
model to estimate gm by a curve fitting that minimises the difference between measured and
estimated 4, (Yin and Struik, 2009). In the model, 7 is calculated from the Rubisco specificity
factor (Scio) as = 0.50/Sc0, where O is O3 partial pressure (mbar). Sc/o at a given temperature
is expected to be constant for a specific species; however, the value at 25°C did not differ much
between rice and wheat (Makino et al., 1988; Yin et al., 2009; Gu et al., 2012), so a single value
for Se/o at 25°C (3.13 mbar pbar™') was adopted from Makino et al. (1988) and Yin et al. (2009).
Data obtained from low finc levels of the light response curve and high C, levels of the CO»
response curve measured at 21% O; were used for the curve fitting. Model inputs (J and Rq)
were estimated as described by Yin et al. (2009). In brief, using data of light-limited range
under non-photorespiratory conditions (i.e. the light response curve under 2% O: with 1000
umol mol™! CO; plus points from > 500 umol mol! C, levels of CO, response curve under 2%
02), a linear regression can be performed for the observed A, against [inc@2/4. The day
respiration (Rq) is the intercept of the linear regression, and the slope of the regression yields
the estimated lumped parameter s (Yin et al., 2009). Then J at each C; can be calculated using

J = SIinc@Z.

30



Transpiration efficiency in relation to leaf anatomy

2.2.4 Light and transmission electron microscopy

Stomatal density and size were determined using the silicon rubber impression technique
(Smith et al., 1989). Stomatal features from this method did not differ from those based on
glancing sections cut from fresh leaf sample. The method and impression material are described
by Giday et al. (2013). Imprints were taken from both adaxial and abaxial surfaces of the area
where GE and CF were measured, and were later on smeared with nail polish in the mid-area
between the central vein and the leaf edge, for approximately 20 min. The thin film was
carefully peeled off the imprint with no stretching and mounted on a glass slide with a drop of
water to improve contrast. Stomatal density (D) was determined by counting the maximum
numbers of stomata from ten randomly selected non-overlapping rectangular fields of view per
leaf under the light microscope (Axio Imager D2, Carl Zeiss, Germany). Stomatal size (S) was
calculated by multiplying guard cell length (L) by width (). All parameters were determined
as the average of both sides of the leaf. Specific stomatal conductance (sgs) was determined by
dividing gs by D (Ohsumi et al., 2007). An integrative parameter stomatal area index (SAI) was
calculated by multiplying density by size and expressed in mm? stomata mm leaf. Another
integrative parameter, so-called maximum stomatal diffusive conductance (gsmax), was also

calculated, according to Franks and Beerling (2009):

d-D-a,,

1.6v(1+z1/amax/7zj

gsmax = (2)

where d is the diffusivity of water vapour in air, v is the molar volume of air, amax is the
maximum area of the open stomatal pore, and / is the stomatal pore depth for fully open stomata.
The values for standard gas constants d and v at 25 °C are 2.82 x 10 m?s™! and 24.5 m® mol!,
respectively. amax Was calculated as m(p/2)?, where p is the stomatal pore length. p was
calculated as L/2 according to Franks and Beerling (2009). / was taken as equal to W/2,

assuming guard cells inflate to circular cross section.

For the anatomical measurement of mesophyll cells, leaflet samples were collected from the
leaves where GE and CF were measured. Half of the leaves were fixed and further used for
anatomical study. Tissue fixation and preparation for light and transmission electron
microscopy (TEM) studies followed the method of Scafaro et al. (2011) with small

modification. Small leaf samples (4x1.5 mm?) from each cultivar x water treatment
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combination were cut parallel to the main vein avoiding large veins. The samples were
infiltrated in a solution of 3% glutaraldehyde, 2% paraformaldehyde, and 0.1 M phosphate
buffer (pH 7.2) for at least 48 hours. Samples were further post-fixed in 1% osmium tetroxide
for 2 h, followed by dehydration in an ethanol series (30, 50, 70, 80, 90, 95, and 100%). Ethanol
was replaced by 1, 2-epoxypropane, and the samples were further embedded with Spurr’s resin
(London Resin Company, London, UK) and cured in an oven at 70 °C for 12 h. Transverse
sections for light and TEM studies were cut using an ultra-microtome (Ultra-cut R, Leica,
Germany). Leaf cross sections 1 um thick were cut for the light microscopy study, and sections
70 nm thick were cut for the TEM study. Light sections were stained with safranin (1%) for
20 s and followed with methyl purple (1%) for 20 s, then viewed and photographed under a
light microscope (Axio Imager D2, Carl Zeiss, Germany). Electron sections were doubly
stained with uranyl acetate for 30 min and lead citrate for 15 min, and then photographed under

a transmission electron microscope (Tecnai 12, Philips, The Netherlands).

Analyses of images were performed using Imagel software (National Institutes of Health,
Bethesda, MD, USA) (Abramoff et al., 2004). All mesophyll anatomical characteristics were
determined in multiple sections, with 12 to 30 complete mesophyll cells per replication per
treatment depending on the image quality. The analysis protocol followed the method of
Evans ef al. (1994). Mesophyll thickness (7m) was measured as the length between the two
epidermises of the leaf from light microscopy images. The surface area of mesophyll cells
exposed to the intercellular airspace per leaf area (Sm) was calculated from light microscopy

images as:

S =tmp 3)

where w is the width of the section measured, Li is the length of mesophyll exposed to the
intercellular airspace, and F is the curvature correction factor (Thain, 1983; Evans et al., 1994).
Although the mesophyll size differed between rice and wheat, mesophyll cells in both species
are presented as lobed spheroids with a different orientation of the long axes to the veins
(Chonan, 1970, 1972; Sage and Sage, 2009), and thus a difference of curvature correction
factors between species was not taken into account in this study, and we adopted the value 1.55
from a previous rice study (Scafaro et al., 2011). Uncertainties were also analysed given that

Barbour et al. (2016) recently assumed a value of 1.25 for wheat.
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The chloroplast surface areca exposed to the intercellular airspace per leaf area (Sc) was

calculated as:

S, =<8, @

where L’c is the length of chloroplast exposed to the intercellular airspace and L'n is the
corresponding length of mesophyll exposed to the intercellular airspace. L'c and L'm were
determined from TEM images based on average values measured for 12-30 mesophyll cells
(parameters obtained from TEM are marked by a prime (") to distinguish them from Lm
measured from light microscopy images). The ratio of the exposed surface area of chloroplast
to the exposed surface area of mesophyll cell walls (S¢/Sm) was set equal to L'c/L 'm (Tosens et

al., 2012a,b).

In addition, thickness of the mesophyll cell wall (7w) was also determined from TEM images.
Of the thickness values measured for different sections of each mesophyll cell, only the lower
half of the values were averaged as the Ty of that cell to minimise the artefact of inaccurate
orientation of ultra-microtome sectioning. The average value of Ty, from all mesophyll cells in

each cultivar and treatment was used for further analysis.

2.2.5 N content measurements

The other half of the collected leaflets after GE and CF measurements were used to measure
the leaf area and then oven dried at 70 °C to constant weight. Leaflets were weighed to
determine leaf mass per unit area (LMA), and then ground to fine powder. Samples were
analysed for N content by using an elementary analyser (Vario Macro cube, Elementar,
Germany). Leaf nitrogen per unit area (V) was calculated from these data as a measure of leaf

physiological status.
2.2.6 Statistical analyses

A one-way analysis of variance (ANOVA) was used to reveal the differences between cultivars
in the studied characteristics. A two-way ANOVA was used to study the effect of genotypes,
drought treatment, and their interaction on photosynthetic and anatomical parameters. Linear
regression analyses were also conducted. These analysis were performed using the R
programming language (http://www.R-project.org/). Non-linear fitting for Eq. (1) was carried
out using the GAUSS method in PROC NLIN of SAS (SAS Institute Inc, Cary, NC, USA).
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2.3 Results
2.3.1 Variation in photosynthesis

The net photosynthesis rate (4,) varied almost threefold among species, with 7. aestivum having
a significantly higher 4, than O. sativa and O. glaberrima (cv. CG14) (Fig. 2.1A). Under the
CT condition, 4, varied between 6.9 umol m? s for CG14 and 22.7 umol m2 s for S82.
Overall, drought decreased A, strongly with no significant interaction between cultivars and
water treatments (Table S2.1). However, for CG14, drought increased A, (Fig. 2.1A), and this
was probably associated with an increase in N, by drought in this cultivar (Fig. S2.1A). Across
all cultivars and treatments, A, was positively correlated with N, among wheat cultivars, but

not among cultivars of O. sativa (Fig. S2.1B).
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Fig. 2.1 Photosynthetic parameters obtained and estimated from GE and CF data under three treatments:
control (CT); mild drought (MD); more severe drought (SD). Values of (A) net photosynthetic rate (4s),
(B) stomatal conductance (gs), and (D) transpiration efficiency (TE) were obtained under the condition
of 400 umol mol! CO,, 1000-1500 umol m™ s™! irradiance, and 25°C. (C) Mesophyll conductance (gm)
was calculated based on the NRH-A method (Yin and Struik, 2009). Bars represent standard errors of
the mean for 4, g, and TE, and standard error of the estimate for gm.
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2.3.2 Variation in gs and gm

Significant variation in stomatal conductance (gs) was observed both among species and within
O. sativa (Table S2.1). Notably, lowland rice and wheat cultivars had a much higher gs than
other cultivars (Fig. 2.1B). gs decreased under drought in all cultivars, with mild interaction
between cultivars and water treatments (0.05<P<0.1). The decrease in gs was stronger in IR64,
Sal, CG14, and S82 than in other cultivars (Fig. 2.1B). Mesophyll conductance (gm) varied
significantly among species, with wheat having a higher gm than O. sativa, and CG14 having
the lowest value (Fig. 2.1C). In wheat, the drought effect on gm was only significant in We4
under SD condition (28% reduction). The differences in gm among O. sativa cultivars increased
with an increase in stress level (P>0.05 under CT, P<0.05 under MD, and P<0.01 under SD).
Only lowland rice cultivars had significant decreases in gm under the MD condition. Compared
with gm in CT, a significant decrease in gm by SD was observed in lowland rice and aerobic rice
cv. Apo, but not in other cultivars. The lowest decrease in gm was observed in Sal and CG14

(ca. 14%), and the highest decrease was recorded in IR64 (59%).
2.3.3 Influences of gs and gm on An and transpiration efficiency

Significant positive correlations between A, and total conductance (giwt) were observed among
species and within each group (Fig. 2.2A), indicating the presence of major diffusion limitations
to CO; assimilation. Different individual effects of gs and gm on A, were observed (Fig. 2.2B,C).
The correlation between A, and gs was highly significant in lowland rice, in the wheat group,
and for all data combined (P<0.001), and weaker in aerobic and upland rice (P<0.05) and in O.
glaberrima (P>0.05) (Fig. 2.2B). On the other hand, the correlation between 4, and gm was
highly significant for all data combined as well as in most of the subgroups (Fig. 2.2C). Multiple
regression analysis indicated that gs contributed more to the variation in 4, in lowland rice
cultivars, whereas gm contributed more to the variation in 4, in aerobic rice, upland rice, and

wheat cultivars (Table S2.2).

Aerobic rice, upland rice, and wheat cultivars had higher TE than lowland rice cultivars (Fig.
2.1D). Under the CT condition, TE varied between 2.09 umol CO> (mmol H,0)™! for IR64 and
4.02 pmol CO, (mmol H,0)™! for Sal. TE increased under drought, and the highest increase in
TE was recorded for CG14 under the SD condition, with a 70% increase over the CT condition.
A weak negative correlation between TE and gs was observed within each genotype group (Fig.

S2.2A), but the correlation between TE and gm was not significant in most groups (Fig. S2.2B).
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Fig. 2.2 The relationships (A) between photosynthetic rate (4,) and total leaf conductance (gir), (B)
between A4, and stomatal conductance (gs), (C) between A4, and mesophyll conductance (gm), and (D)
between transpiration efficiency (TE) and the ratio of mesophyll conductance over stomatal conductance
(gm/gs). An, gs, and TE were obtained under 400 pmol mol' CO,, 1000-1500 pmol m s™! Tight intensity,
and 25°C. g, was calculated based on the NRH-A method (Yin and Struik, 2009). LR: lowland rice;
AR: aerobic rice; UR: upland rice; CG14: O. glaberrima; W: wheat. Linear regressions were fitted for
overall data and for each genotype group. The significance of each correlation is shown as: *, P<0.05;
** P<0.01; *** P<0.001.

However, TE was well explained by combined gs and gm (Table S2.3) and was actually highly
correlated to the gm/gs ratio (Fig. 2.2D), especially in upland rice, CG14, and wheat cultivars,
although this relationship was less clear in lowland and aerobic rice cultivars. Both the gm/gs
and the TE of aerobic rice, upland rice, and wheat cultivars were higher than those of lowland

rice cultivars.
2.3.4 Anatomical determinants of gs

Wheat cultivars had significantly lower density and larger stomata than rice cultivars (Fig. 2.3
and Table 2.3). Stomatal density (D) varied significantly among rice cultivars, with lowland
rice having higher D than aerobic and upland rice, and CG14 having the lowest value. In rice,

D on the adaxial side (Dadaxial) Was lower than that on the abaxial side (Dabaxial), and Dadaxial
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varied significantly among cultivars, whereas less variation was observed for Dapaxial
(Table 2.3). Interestingly, the drought effect was significant only for Dadaxial but not for Dapaial
in both rice and wheat (Table S2.1). Drought increased Dadaxial in most cultivars (Fig. S2.3A).

Aecrobic rice cultivars had clearly larger stomatal size (S) than other rice cultivars (Table 2.3).
This high S resulted more from wider stomatal width (/) than from stomatal length (L) (data
not shown). Drought decreased S, and the effect was similar on both leaf surfaces in all cultivars
(Fig. S2.3C, D). Cultivars CG14 and S82 had the strongest decrease in S in rice and wheat,

respectively.

Fig. 2.3 Light micrographs illustrating leaf surfaces of rice (IR64; A, C) and wheat (S82; B, D) used to
calculate stomatal density (A, B) and size (C, D). Arrows indicate stomata.
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Fig. 2.4 Response of (A) the summed stomatal area index on both sides of the leaf surface (SAls) and
(B) specific stomatal conductance (sgs) of rice and wheat cultivars to water treatments: control (CT),
mild drought (MD), and more severe drought (SD).
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The sum of the stomatal area index on both sides of the leaf (SAIs) differed among the three
species, with CG14 having the lowest SAIs and lowland, aerobic rice having higher SAIs than
the other cultivars. The variation in SAls within rice species was more associated with D
(R?=0.58) than with S (R?>=0.33). SAIs decreased under drought in most cultivars, except in
148, CG14 and We4 (Fig. 2.4A). Specific stomatal conductance (sgs) was much higher in wheat
than in rice cultivars, and higher in lowland rice than in other rice cultivars under the CT
condition (Fig. 2.4B). Drought decreased sgs in all cultivars, with IR64, CG14, and S82 showing

the highest decrease among rice and wheat cultivars, respectively.

The variation in stomatal properties can partially explain the variation in gs among species and
within species. gs was partially correlated with S or D, depending on genotype groups
(Fig. S2.4). A significant positive correlation was found between gs and SAIs for lowland and
upland O. sativa as well as for wheat genotypes (Fig. 2.5A). The theoretical maximum stomatal
conductance (gsmax) Was higher than the measured g in all cultivars and treatments, and was
higher in rice than in wheat (Fig. 2.5B). The correlation between gs and gsmax Was significant

only for O. sativa, and not in wheat and each genotype group (Fig. 2.5B).
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Fig. 2.5 The relationships (A) between stomatal conductance (gs) and the summed stomatal area index
(SAls); (B) between g5 and the maximum stomatal diffusive conductance (gsmax). Values of g5 were
obtained and calculated under 400 pmol mol! CO,, 1000-1500 pmol m™? s™! Iight intensity, and 25°C.
LR: lowland rice; AR: aerobic rice; UR: upland rice; CGl14: O. glaberrima; W: wheat. Linear
regressions were fitted for overall data and for each genotype group. The significance of each correlation
is shown as: *, P<0.05; ** P<0.01; *** P<0.001.

2.3.5 Anatomical determinants of gm

Estimation of the transverse sections of leaves by light microscopy revealed a similar general
leaf structure among the three species (Fig. 2.6 left panels). Significant variations in some

anatomical traits were observed among species and among cultivars within the O. sativa species
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(Table 2.3). Wheat mesophyll tissue was about twice as thick as that of O. sativa cultivars and
almost three times as thick as that of CG14 (Fig. 2.6). No strong drought effect was observed
on the mesophyll thickness (7w) (Table S2.1). The variation observed in the surface area of
mesophyll cells exposed to the intercellular airspace per leaf area (Sm) was mainly between rice
and wheat (Table 2.3), with wheat having a higher Si than all rice cultivars even when the
curvature factor 1.25 was used for wheat (Fig. S2.5B). Sm was significantly increased in wheat
cultivars under drought (P<0.05), whereas no clear trend was observed in rice cultivars

(Fig. S2.5B).

In both rice and wheat, more than 60% of the exposed mesophyll cell surface area was covered
by chloroplasts (Sc) (Table 2.3). Wheat cultivars and upland rice cultivar Sal had the highest
S¢/Sm ratio, and CG14 had the lowest. A significant decrease in S¢/Sm was observed in IR64 and
aerobic rice cultivars, whereas an increase was recorded in CG14 under the SD condition
(Fig. S2.5C). No strong negative effect on S¢/Sm was observed in upland rice and wheat cultivars
under either drought condition (Fig. S2.5C). S. varied significantly among species and among
rice cultivars, with Sal having a higher S value than other rice cultivars (Table 2.3). Wheat
cultivars showed a clear increase in Sc under drought, whereas no clear Sc response was
observed in rice cultivars (Fig. S2.5D). A thinner mesophyll cell wall was observed in wheat
cultivars than in all rice cultivars (Fig. 2.6), and drought increased the mesophyll cell wall
thickness (7w), with the most significant effect observed in IR64, Sal and We4 under the SD
condition (Fig. S2.5E). T, was also observed to be the only anatomical parameter to correlate

with N,, a parameter related to leaf physiological maturity (Fig. S2.6).

Contributions of leaf anatomical properties to the variation in gm were different in wheat and
rice. A higher gn in wheat was associated with a thicker 7m, a higher Sm, a higher S¢ and a
thinner 7w compared to rice cultivars, and these associations were little altered by using a
different curvature factor for calculating Sm in wheat (Fig. S2.7). However, no clear relationship
was observed between gm and T, or between gm and Sm within O. sativa or within most genotype
groups (Fig. S2.7A, B). gm was positively correlated with S; (Fig. S2.7C; R?=0.14, P<0.01) and
with So/Sm (Fig. 2.7A; R?>=0.33, P<0.001) among rice cultivars. gm and T, were negatively
correlated among wheat cultivars (Fig. 2.7B), and this correlation only applied among rice
cultivars if upland rice was excluded (R?=0.37, P<0.001). These correlations were also
confirmed by multiple regression analysis, which indicated that S¢/Sm contributed mostly to the
variation in gm within O. sativa, whereas Ty, was the main determinant of gm in wheat

(Table S2.4).
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Transpiration efficiency in relation to leaf anatomy

Fig. 2.6 Light (left panels) and electron (middle and right panels) micrographs of leaf structure and
anatomy for O. sativa cultivars (A-C, IR64; D-F, II; G-I, Apo; J-L, 148; M-O, UPL7; P-R, Sal),
O. glaberrima (S-U, CG14), and T. aestivum cultivars (V-X, S82; Y-AA, We4). The left panels show
the overall leaf transverse sections; the middle panels show mesophyll cell shape, chloroplast
distribution, and lobe development; and the right panels show mesophyll cell walls. Arrows mark
stromules. BF: bulliform cell; BS: outer bundle-sheath cell; C: chloroplast; CW: mesophyll cell wall;
E: epidermis; IC: intercellular airspace; M: mesophyll cell; MI:, mitochondria; N: nucleus; S: stoma;
SC: sclerenchyma strand; VB: vascular bundle; V: vacuole.
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Fig. 2.7 The relationships (A) between mesophyll conductance (gm) and the ratio of the exposed
chloroplast surface area to the exposed surface area of mesophyll cell walls (S¢/Sm); and (B) between gm
and the thickness of the mesophyll cell wall (7). LR: lowland rice; AR: aerobic rice; UR: upland rice;
CG14: O. glaberrima; W: wheat. Linear regressions were fitted for each genotype group.
The significance of each correlation is shown as: *, P<0.05; **, P<0.01; ***  P<0.001.

2.4 Discussion
2.4.1 Importance of gs and gm in determining 4n and TE

The photosynthetic capacity of leaves is closely related to their nitrogen content (Evans, 1989).
In our study, the large variations in 4, cannot be explained by the small difference in leaf Na
among and within species (Fig. S2.1B). The close correlation between A, and total leaf
conductance (gwt) among species as well as within each group (Fig. 2.2A) suggests that the
variation in CO; diffusion limitation could explain the genetic variation in 4. Further, 4, was
correlated with CO» diffusional conductance (Fig. 2.2B, C), especially with gm, in agreement
with previous reports (Flexas et al., 2008; Warren, 2008). It is of note that aerobic rice, upland

rice, and wheat showed higher dependences of 4, on gm than lowland rice (Table S2.2).

TE was influenced mostly by gs within each group (Table S2.3); and this is not surprising given
that gs directly controls the transpirational water flow from leaf to the ambient air. However,
gm can influence 4, with no direct impact on transpiration and therefore can influence TE
(Barbour ef al., 2010; Jahan et al., 2014). For this reason, it has previously been suggested that
the gm/gs ratio is a potential target for improving TE under drought in several crops (Flexas et
al., 2010; Galmés et al., 2011; Gu et al., 2012; Flexas et al., 2013) and that the ideal plants for
arid environment have a high gw/gs ratio (Condon et al., 2004; Giuliani et al., 2013). The
observed relationship between TE and gm/gs supports this (Fig. 2.2D). In the literature, a

relationship between an intrinsic TE (4n/gs) and gm/gs has often been shown to exclude any
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influence of VPD on the relationship, especially when data are collected from a wide range of
sources (Flexas et al., 2013). Mathematically, this is equivalent to the relationship between Ay
and gm (Fig. 2.2C). The somewhat more scattered relation in Fig. 2.2D than in Fig. 2.2C may
reflect the influence of VPD, which varied between 1.0 and 1.6 kPa during our measurements.
However, we found no systematic effect of such a small range of VPD on transpiration and TE
(results not shown), and therefore we preferred to use TE for our illustration instead of intrinsic
TE, which has a different biological unit and is more difficult to interpret in agronomic terms.
In our case, a higher gm/gs ratio in aerobic rice, upland rice, and wheat was found to be
associated with higher TE, whereas lowland rice cultivars had a low gm/gs ratio and low TE
(Fig. 2.2D). Furthermore, there was a higher slope for the linear relationship in TE versus the
gm/gs ratio in upland rice, O. glaberrima, and wheat (Fig. 2.2D), indicating that the sensitivity
of TE in response to the gm/gs ratio was higher in drought-tolerant genotypes than in drought-

susceptible genotypes.

Although gm is expected to have little instantaneous impact on transpiration, our data showed
that like gs, gm decreased simultaneously under drought in all cultivars (Fig. 2.1B, C). This
indicates that long-term drought during growth affected gm in our experiment, in line with
reports for several species (Miyazawa et al., 2008; Flexas et al., 2009), including rice ( Gu et
al.,2012). When gs and gm had a rather parallel decrease, such as in lowland rice and We4 under
the MD and the SD condition, or when g showed a stronger decrease than gs, such as in aerobic
rice and UPL7 under the SD condition, no benefit for TE was observed. Only cultivars with a
small decrease in gm combined with a strong decrease in gs under drought showed strong
increases in TE (e.g. Sal, O. glaberrima, and S82). Therefore, a strong response of gs combined
with a small response of gm would be beneficial for water conservation and increasing TE under

long-term drought.

2.4.2 Anatomical determinants of gs

Stomatal conductance (gs) is influenced by the structural traits and the opening of stomata
(Xu and Zhou, 2008; Franks and Beerling, 2009; Galmés ef al., 2013). In our study, D or S
alone could not explain the variation in gs (Fig. S2.4). S and D together determine the total pore
area (stomatal area index, SAI) and the maximum stomatal conductance gsmax (Franks and
Beerling, 2009; Galmés et al., 2013). Our results confirmed this with marginally significant
correlations (P<0.05) when gs was plotted versus SAls (Fig. 2.5A) or versus gsmax (Fig. 2.5B).

The variation in SAls or in gsmax Within rice species was more associated with D than with S.
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Drought-tolerant types of aerobic rice, upland rice, and O. glaberrima had lower D than lowland
rice (Table 2.3), in line with reports that mutants with reduced leaf stomatal density had
enhanced the drought tolerance and WUE of plants (Yu et al., 2008; Franks et al., 2015).
Furthermore, the difference in D was larger on the adaxial leaf surface than on the abaxial leaf
surface, indicating that rice plants adapted to drier environments have developed fewer stomata

on the upper surface to avoid direct water loss.

An increase in D under drought has been reported in several species (Martinez et al., 2007;
Hamanishi et al., 2012), but this response has not been widely observed in other species
(Xu and Zhou, 2008; Galmés ef al., 2013). On the other hand, a decrease in S in response to
drought was consistent in those studies. In our study, cultivars with a smaller S under drought
were accompanied by a greater reduction in gs and sgs (e.g. IR64, Sal, CG14, and S82). This is
in line with the idea that smaller stomata are capable of a faster response to drought, compared

with larger stomata (Franks and Beerling, 2009).

The stomatal properties examined in our study concerned only the anatomical features.
However, biochemical components such as abscisic acid also influence gs, especially under
drought (Franks and Farquhar, 2007). Such biochemical components influence the opening of

stomata and may be responsible for part of the variability observed in gs.

2.4.3 Anatomical determinants of gm

Leaf mesophyll thickness (7m) and Sm are the critical structural components that impact upon
gm (Evans et al., 1994; Evans et al., 2009; Terashima et al., 2011; Giuliani ef al., 2013). In our
study, wheat cultivars had a thicker 7w, a higher Sm, and a higher gm than rice cultivars.
However, the difference in Tm or Sm was not associated with gm variation within each species
(Fig. S2.7A, B). Drought had a stronger effect on Sim in wheat than in rice cultivars. This higher
increase in Sm in wheat cultivars might contribute to the smaller decline in gm under drought

conditions (Galmés et al., 2013).

It has been suggested that mesophyll cell walls account for more than 25% of total mesophyll
resistance (Evans et al., 2009; Terashima et al., 2011; Tholen and Zhu, 2011). Han et al. (2016)
reported that the decreasing gm in cotton leaf under drought was associated with increased 7.
Variation in gm between O. sativa and wild rice species was suggested to be attributed to the
thicker 7w in wild rice species (Scafaro et al., 2011). In our study, wheat cultivars had a thinner

Tw than all rice cultivars. However, Tw varied significantly among rice cultivars and the
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difference was not associated with observed differences in gm (Fig. 2.7B). Increased 7w under
drought was observed in our study, but this did not lead to a decreased gm, particularly in
cultivars Sal and CG14. This suggests that 7y might not be the most dominant limiting factor
for gm under drought in rice. On the other hand, it has generally been proposed that thick
mesophyll cell walls are beneficial for plant drought tolerance (Scafaro et al., 2011; Giuliani et
al., 2013). The thicker 7w found in drought-tolerant cultivars (e.g. upland rice and

O. glaberrima) than in drought-sensitive cultivars might support this idea.

S¢ affects gm in many species (Tholen et al., 2008; Scafaro et al., 2011; Terashima et al., 2011;
Tosens et al., 2012a; Tomas et al., 2013). Barbour ef al. (2016) showed that the decrease in gm
in aged wheat and maize leaves was accompanied by a decline in S¢/Sm. In our study, the
difference in gm was explained somewhat more by S¢/Sm (Fig. 2.7A) than by S¢ (Fig. S2.7D),
particularly in rice cultivars. In response to drought, gm decreased more in cultivars with clear
decreased Sc/Sm (e.g. lowland and aerobic rice) and decreased less in cultivars with a relatively
constant S¢/Sm ratio (e.g. upland rice and wheat) across water treatments. The increase in S¢/Sm
observed in O. glaberrima (Fig. S2.5C) might be a compensating strategy for the increase in
Tw under drought (Tosens et al., 2012a), which resulted in a small decrease in gm. The high
correlation between gm and S¢/Sm within rice (Fig. 2.7A) indicates that S¢/Sm might be very

important in determining gn in rice.

It has been suggested that certain biochemical components such as aquaporins and carbonic
anhydrase are gm-related (Miyazawa et al., 2008; Flexas et al., 2012). These characteristics
were not investigated in our study. They might explain the part of the variability observed in

2m that was not explained by anatomical features.
2.5 Conclusions

Stomatal conductance and mesophyll conductance explained most of the variability in A
among species and within the species O. sativa. The higher gm/gs ratio in aerobic rice, upland
rice, and wheat cultivars was associated with higher TE, compared to lowland rice cultivars and
O. glaberrima. Our study revealed the genotypic variation in the TE versus gm/gs relationship
among species and within the species O. sativa. There was a higher TE sensitivity in response
to gm/gs in drought-tolerant groups (O. glaberrima, upland rice, and wheat) than in lowland and
aerobic rice. In particular, upland rice, O. glaberrima, and wheat cultivars minimised the

decrease in gm; this can simultaneously sustain photosynthesis and increase TE under drought.
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Stomatal development was responsible for the variation in gs among contrasting rice types and
between rice and wheat. SAIs and gsmax Were correlated with the genetic variation of gs among
three species. More specifically, stomatal density (one component affecting SAls and gsmax)
was more related to the genetic variation in gs among rice cultivars, suggesting that drought-
tolerant rice cultivars might have developed a mechanism of stomatal acclimation to drier
edaphic environments. Moreover, cultivars with smaller stomata had a stronger decrease in gs,

and thus a higher increase in TE, under drought stress.

Previous studies indicated that thick 7, high Sm, high Sc, and thin 7\, were associated with high
gm. These correlations were observed between wheat and rice but not among rice cultivars in
our study. More importantly, for rice cultivars, the adverse impact of thick T\, can be neutralized
by other anatomical factors such as a high S¢/Sm ratio. In particular, under drought, the
maintained or increased Sc/Sm ratio in upland rice, O. glaberrima, and wheat cultivars resulted

in a smaller decrease in gm in them than in lowland and aerobic rice cultivars.

In short, our results suggest that rice TE might be improved by modulating stomatal and

mesophyll structural traits via breeding selection and/or genetic engineering.
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Transpiration efficiency in relation to leaf anatomy

Table S2.2 Multiple regression analysis of light-saturated photosynthesis (4,) as a function of g and gm

(An=bo + b1gs + brgm), based on data of three treatments.

Intercept
Genotype

Regression coefficient

0

b by

R? No. of data points

Lowland rice  4.79
Aerobic rice  6.58
Upland rice 4.67
O. glaberrima 7.40
O. sativa 5.55
Wheat 5.31
Rice + Wheat 3.43

20.91** 23.83
16.13 25.30*
19.26%  59.76***
-19.69  50.02
9.10%*  52.80%**
13.41 65.13%**
9.58%* 7. 76%**

0.85 18
042 18
0.79 18
052 9

0.59 54
0.79 18
0.90 81

* ¥k F** significant at the 0.05, 0.01 and 0.001 probability levels, respectively.

Table S2.3 Multiple regression analysis of TE as a function of gs and g (TE = bo + b1gs + b2gm), based

on data of three treatments.

Intercept Regression coefficient
Genotype
bo by by R?>  No. of data points
Lowland rice  3.41 -4.19* -0.48 0.69 18
Aerobic rice  5.46 -18.45% 8.03 034 18
Upland rice 4.78 -16.95%** 19.01*** 0.74 18
O. glaberrima 5.47 -27.06%*  13.60 0.82 9
O. sativa 4.13 S12.11%%* 1533%%*%  0.72 54
Wheat 5.46 -10.38*** 512 0.63 18
Rice + Wheat  4.07 -12.21%**  1533%%*F  0.69 81

* ek HE significant at the 0.05, 0.01 and 0.001 probability levels, respectively.
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Table S2.4 Multiple regression analysis of mesophyll conductance (gm) as a function of 7y, So/Sm and
Na (gm = bo + b1Tw+ b2Sc/Sm + b3N,), based on combined data of all three water treatments.

Intercept Regression coefficient
Genotype
0 by by bs R? No. of data points

Lowland rice  -0.11 -0.03 0.33* -0.04 043 18

Aerobic rice  -0.15 -0.18 0.42**  -0.02 0.60 18

Upland rice -0.15 0.13 0.15 0.11 0.44 18

O. glaberrima -0.06 0.37 0.24* -0.17%* 0.86 9

O. sativa 0.08 -0.67%*%  0.24***  -0.06** 0.40 54

Wheat 0.36 -4.04%*%* 0.29 0.04 074 18

Rice + Wheat 0.04 SLISHRR Q.36%**  -0.05%* 0.78 8l

* kx *xE significant at the 0.05, 0.01 and 0.001 probability levels, respectively.
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Fig. S2.1 (A) Response of leaf nitrogen per unit area (N,) of rice and wheat cultivars to water stress
treatments: control (CT); mild drought (MD); more severe drought (SD). (B) Relationship between
photosynthetic rate (4s) (400 pmol mol! CO,, 1000-1500 umol m? s irradiance, and 25°C) and N,; (C)
Relationship between mesophyll conductance (gm) and N,. LR: lowland rice; AR: aerobic rice; UR:
upland rice; CG14: O. glaberrima; W: wheat. Linear regressions were fitted for overall data and for
each genotype group. The significance of each correlation is shown as: **, P<0.01; *** P<0.001.
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Fig. S2.2 Relationship between transpiration efficiency (TE) and stomatal conductance (gs), and
between TE and mesophyll conductance (gm). Values of TE and g; were obtained and calculated under
400 pmol mol!' CO,, 1000-1500 umol m? s”! irradiance, and 25 °C. g was calculated based on the non-
rectangular hyperbolic method (Yin and Struik, 2009). LR: lowland rice; AR: aerobic rice; UR: upland
rice; CG14: O. glaberrima; W: wheat. Linear regressions were fitted for overall data and for each
genotype group. The significance of each correlation is shown as: *, P<0.05; **, P<0.01; ***  P<0.001.
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Fig. S2.3 Stomatal density (D) and size (S) from adaxial side (A, C) and abaxial side (B, D) of rice and
wheat cultivars under three treatments: control (CT); mild drought (MD); and more severe drought (SD).
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Fig. S2.4 The relationship between stomatal conductance (gs) and stomatal density (D), and between g
and stomatal size (S); Values of g; were obtained and calculated under 400 pmol mol! CO,, 1000-1500
pumol m? s irradiance, and 25°C. S and D have been calculated as the average between both sides of
the leaf. LR: lowland rice; AR: aerobic rice; UR: upland rice; CG14: O. glaberrima; W: wheat. Linear
regressions were fitted for overall data and for each genotype group. The significance of each correlation
is shown as: *, P<0.05; *** P<0.001.
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Fig. S2.5 Mesophyll cell properties of wheat and rice leaves obtained from light and electron microscope
images under three treatments: control (CT); mild drought (MD); and more severe drought (SD). (A)
mesophyll thickness (7m); (B) the surface area of mesophyll cells exposed to the intercellular airspaces
per leaf area (Sn); (C) ratio of the exposed surface area of chloroplast to the exposed surface area of
mesophyll cell walls (S¢/Sm); (D) the surface area of chloroplasts exposed to intercellular airspace per
leaf area (Sc); and (E) thickness of the mesophyll cell wall (7). For wheat cultivars marked by
superscript * in B and D, we used the alternative value 1.25 as the curvature correction factor (F) for
calculating Sy, and S..
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Fig. S2.6 Relationship between (A) mesophyll thickness (7m) and N,; (B) the surface area of mesophyll
cells exposed to the intercellular airspaces per leaf area (Sm) and N,; (C) ratio of the exposed surface
area of chloroplast to the exposed surface area of mesophyll cell walls (S¢/Swm) and Na; (D) the surface
area of chloroplasts exposed to intercellular airspace per leaf area (Sc) and N,; (E) thickness of the
mesophyll cell wall (7)) and N,. LR: lowland rice; AR: aerobic rice; UR: upland rice;
CG14: O. glaberrima; W: wheat. Linear regressions were fitted for each genotype group. The
significance of each correlation is shown as: *, P<0.05; **, P<0.01; *** P<0.001.

60



B 025

0.20

0.15

0.10

& (mol m2s?bar?)

0.05

0.00

0.20

0.15

& (mol m2 s bar?)

0.05

0.00

Transpiration efficiency in relation to leaf anatomy

A 025
o O
0.20
%
: %6
E-1
30415 o
0
E 00
°
£ 010 4
£
&
DR R2=001
005 4 — — O AR R'=017
=-+= A UR R?*=0.34*
— - A CG14R?=007
----- ow R=003
0.00 . . -
0 50 100 150 200
T, (m)
c 025
o ©
Gq o o 0.20
g % -
5B--. T
(o) =~ 8
[e] T oi1s
.,.
) £
g 010
5
O IR R?=0.3 DR R?=013
— —0 AR R2=015 0.05 — — 0 AR R?=0.15
--= AW R=002 --= A W R=002
— -- A CGl14 R?=0.17 — .- A CG14 R?=0.17
----- ow R=011 -----0 W R2=011
. 0.00 . . "
18 22 10 14 18 22
Sp(mm?)
E 025
0.20
o o
©° T @ °
o~ 5 o° T
o 2 o1s
o <
o o £ o
2 010
N
o LR R?=0.07 o LR R?=0.07
— — O AR R? = 0.50** 0.05 —_— O AR R?=0.50**
—-+=- A UR R2=0.22% - =+ A UR RZ=0.22*%
— .. A CG14 R2=0.18 — .- A CG14 R2=0.18
----- OW R2=004 ————— OW R2=0.04
T T 0.00 T T
12 16 20 8 12 16

S.(mm?)

S.(mm?2)

Fig. S2.7 The relationship between mesophyll conductance (gn) (NRH-A method) and (A) mesophyll
thickness (7w); (B,C) the surface area of mesophyll cells exposed to the intercellular airspaces per leaf

area (Sm); and (D,E) the surface area of chloroplasts exposed to intercellular airspace per leaf area (S¢).

In B and D we used the value 1.55 as curvature correction factor (F) for calculating S and S. in both

rice and wheat cultivars; in C and E we used the value 1.55 as F for calculating Sm and S; in rice and
1.25 for wheat cultivars. LR: lowland rice; AR: aerobic rice; UR: upland rice; CG14: O. glaberrima;

W: wheat. Linear regressions were fitted for each genotype group. The significance of each correlation
is shown as: *, P<0.05; **, P<0.01.
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Chapter 3

Abstract

To face the challenge of decreasing freshwater availability for agriculture, it is important to explore
avenues for developing rice genotypes that can be grown like dryland cereals. Roots play a key role in
plant adaptation to dry environments. We examined anatomical and histochemical root traits that affect
water acquisition in rice (Oryza sativa) and wheat (Triticum aestivum). These traits and root growth
were measured at two developmental stages for three rice and two wheat cultivars that were grown in
pots under three water regimes. Wheat roots had larger xylem sizes than rice roots, which potentially
led to a higher axial conductance, especially under water-deficit conditions. Suberization, lignification
and thickening of the endodermis in rice roots increased with increasing water deficit, resulting in
stronger radial barriers for water flow in rice than in wheat, especially near the root apex. In addition,
water deficit strongly impeded root growth and lateral root proliferation in rice, but only slightly in
wheat, and cultivars within a species differed little in these responses. The stress sensitivity of rice
attributes was slightly more prominent at vegetative than at flowering stages. Rice root characteristics,
which are essential for growth under inundated conditions, are not conducive to growth under water
deficit. Although rice roots show considerable plasticity under different watering regimes, improving

root xylem size and reducing the radial barriers would be required if rice is to grow like dryland cereals.

Keywords: Lignin; rice; root anatomy; root morphology; suberin; water deficit; wheat
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3.1 Introduction

Climate change as well as the decreasing availability of freshwater resources for agriculture
will increase the frequency and severity of water limitation for crop production (Madadgar et
al., 2017). Rice (Oryza sativa L.), one of the major staple food crops, is very sensitive to even
mild water-deficit (Pantuwan et al., 2002; Centritto et al., 2009), because of its (semi-)aquatic
growth nature. Developing rice genotypes that maintain high productivity under water-deficit

conditions is a major challenge for breeders and synthetic biologists.

Rice is mostly grown under irrigated lowland conditions (i.e. in inundated paddy fields).
However, natural diversity in water-deficit adaptation has allowed to develop rice cultivars for
other types of production systems: aerobic (moderately dry soil without flooding) and dry
upland (dry soils without irrigation) environments (Bouman et al., 2005; Peng et al., 2006).
Irrigated lowland rice is high yielding, but its production requires large amounts of water and
will be particularly constrained by the increasing freshwater scarcity (Peng et al., 2009).
Aerobic and upland rice grow under drier conditions but at the cost of different levels of yield
penalties (Bouman et al., 2005). Nevertheless, the adaptation of rice ecotypes to these ranges
of edaphic conditions indicates that rice has the potential to grow like dryland cereals, such as
wheat (Triticum aestivum L.). Roots are the first organs to sense the dehydration of soil and
thus play an important role in plant adaptation to water-deficit conditions (Zingaretti et al.,
2013). Comparative studies on differences of root traits in response to water deficit among rice
ecotypes and between different species will possibly identify the mechanisms required for

developing water-deficit tolerant, yet high-yielding, rice varieties.

Rice and wheat root systems are mainly composed of nodal roots and extensively branched
lateral roots (O'Brien, 1979; O'Toole and Bland, 1987). Nodal roots are important for anchoring
plants in the soil (Krauss et al., 2003), acquiring water and nutrients, as well as transporting
water and nutrients to the aerial parts (Steffens and Rasmussen, 2016), while lateral roots
contribute to the adhesion of the nodal root to the rhizosphere and regulate nutrients (Ma et al.,
2001) and water (Zhan et al., 2015) acquisition from the soil. Genetic variation in root biomass
and root morphology under the exposure to water deficit across diverse rice germplasms is well
documented (Kato et al., 2006; Henry et al., 2011; Kadam ef al., 2015). But the key root traits
that are involved in plant adaptation to soil water deficit for different species are not fully

understood.
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The water uptake by roots involves first radial water transport from soil solution into root stele,
and then axial water flow up into the shoot by through xylem vessels (Steudle and Peterson,
1998). Apoplastic transport and symplastic transport are the two main radial pathways for water
movement into the root (Steudle and Peterson, 1998). Plasmodesmata facilitate symplastic
paths and permit solutes to move between cells nonspecifically (Rutschow et al., 2011).
Evidence suggests that the relative contribution of the apoplastic path to the overall hydraulic
conductivity is higher than that of symplastic path in rice roots (Ranathunge et al., 2004). The
hydraulic conductance of the apoplastic path is strongly affected by root anatomy (Steudle and
Peterson, 1998; Zimmermann ef al., 2000). Like those of many other wetland species, rice nodal
roots are characterized by an extensive intercellular space (i.e. aerenchyma) in the root cortex
(McDonald et al., 2002). Such anatomical features are considered to provide a low internal
resistance for gas movement within the roots, thereby enhancing rice root aeration (Drew et al.,
2000; Colmer, 2002; Suralta and Yamauchi, 2008). However, this system may be developed at

the cost of reducing the space for the vascular transport system.

Xylem vessels act as a duct which collects and transports water and minerals within the root
and from the root to the shoot, thus directly affecting root axial hydraulic conductance (Steudle
and Peterson, 1998; Kim et al., 2014). The root axial conductance differences between species
were related to differences in cross-sectional area of matured xylem (Bramley et al., 2009).
Genetic variation for xylem vessel diameter and number has also been shown in rice (Henry et
al.,2012; Uga et al., 2013; Hazman and Brown, 2018) and in wheat (Richards and Passioura,
1981; Wasson ef al., 2012). Xylem vessel diameter and number can be affected by water deficit
(Henry et al., 2012). It should be noted that while mature late metaxylem vessels in the basal
parts transfer water and nutrients to the shoot, protoxylem and early metaxylem vessels function
in the apical part of the roots, in land plants (Baluska et al., 1995). However, the existing
literature on root responses to water-deficit stresses mostly focuses on late metaxylem, whereas
the contribution of protoxylem and early metaxylem vessels has largely been overlooked

(Henry et al., 2011; Kadam et al., 2015).

The exodermis and endodermis are the outermost and innermost layers of the root cortex
(Peterson and Cholewa, 1998; Steudle and Peterson, 1998). Previous studies have documented
that structural features on root exodermis and endodermis, i.e. Casparian bands, suberin
lamellae, lignin deposition and tertiary walls, are finely tuned in response to water deficit
(Enstone et al., 2002; Henry et al., 2012; Geldner, 2013; Tylova et al., 2017). A clear response

is increased amounts of suberin and lignin, which form important components of endodermal
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cell walls (Henry ef al., 2012; Lee et al., 2016; Ranathunge et al., 2017; Tylova et al., 2017,
Kreszies et al., 2018). Suberization and lignification of root cell layers can restrict the
movement of water into and within the root, mainly by reducing apoplastic transport (Ma and
Peterson, 2003; Lynch et al., 2014). However, differences in cell wall modifications between
rice and wheat and the genetic variation within those species when exposed to different levels

of water deficit are still not known.

Like our previous study (Kadam et al., 2015), studies focusing on root traits in response to
water deficit were commonly carried out for one single growth stage and/or a specific position
of the root (Kashiwagi et al., 2006; Kano et al., 2011; Zhan et al., 2015; Prince et al., 2017).
However, the sensitivity of rice plants to water-deficit might differ among developmental stages
(Pantuwan et al., 2002; Centritto et al., 2009). Furthermore, root anatomical and histochemical
properties are variable along spatially different root zones (Bramley ef al., 2009; Kreszies et
al.,2018). An extended understanding of the functional role of root plasticity for rice and wheat

plant adapting to water deficit stress would require a detailed study.

Our main hypothesis was that the requirement extensive aerenchyma in rice as a (semi-)aquatic
plant may have pushed for a reduced vascular transport system, thereby impeding the axial
water flow transport in the root cylinder. We further hypothesized that suberization and
lignification of root cell layers and other anatomical features that influence the ability of radial
water transport differ between rice and dryland cereals in response to water deficit. Both axial
and radial transport capability, if reduced, would contribute to the reduced tolerance of rice
when grown under water-deficit conditions. Hence, in this study, we evaluated differences in
root growth, aerenchyma, xylem vessel development, and histochemical features (i.e. lignin and
suberin), between three rice genotypes and two wheat genotypes grown under water-deficit

treatments, at both vegetative and flowering stages.
3.2 Materials and methods
3.2.1 Plant materials and treatments

Three rice (O. sativa L., subsp. indica) cultivars and two wheat (7. aestivum L.) cultivars were
selected based on their tolerance to water deficit. Among the three rice cultivars, the high-
yielding lowland cv. IR 64-21 (IR64) is highly sensitive to water deficit (Venuprasad et al.,
2008), the improved aerobic cv. NSIC Rc9 (Apo) is moderately tolerant to water deficit
(Venuprasad et al., 2007), and the improved upland cv. UPL Ri7 (UPL7) is tolerant to drought
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(Atlin ef al., 2006). Wheat cultivar SeriM82 (S82) is moderately susceptible (Pfeiffer 1988) to
tolerant (Villareal et al., 1995), while wheat cv. Weebill4 (We4) is highly tolerant (Praba et al.,
2009), to water deficit. Seeds of rice and wheat were obtained from the International Rice
Research Institute (IRRI) and from the International Maize and Wheat Improvement Center

(CIMMYT), respectively.

Pot experiments were carried out in an open field, which was sheltered from rain by a mobile
transparent polyethylene shelter, at Yangzhou University, China (32°30'N, 119°25’E). Each pot
(30 cm in height and 25 cm in diameter) was filled with sandy loam soil from a local rice/wheat
rotated field. Rice and wheat seeds were sown in their natural growth season (Table 3.1). Plants
were managed as described by Ouyang et al. (2017). Three levels of soil moisture were imposed
after seedling establishment, i.e. control (CT), mild drought (MD), and more severe drought
(SD). Across species and treatments, three replications were maintained and placed in a
completely randomized design. Because rice and wheat are naturally adapted to different
moisture environments (Praba et al., 2009), different intensities of stress were imposed (Table
3.1). Soil water potential was monitored with a tensiometer (Institute of Soil Sciences, Chinese
Academy of Sciences, Nanjing, China) installed in each pot at a depth of 15 cm. We checked
the tensiometer twice a day, and water was added to bring soil moisture back to the upper limit
of the target stress when tensiometer readings reached the lower limit. Once stress was imposed,
the target levels were maintained until all measurements were completed. Leaf water potential
at midday (13:00-15:00 h) was measured at vegetative and flowering stages to monitor the stress
level the plants were actually experiencing (Table S3.1). Three topmost fully expanded leaves
of the main stems were chosen, and three to four discs (about 6 mm in diameter) from the
middle part of the leaves were cut and sealed in the C-52 thermocouple psychrometer (Wescor
PSYPRO, Inc., Logan, UT, USA). The readings were recorded by a water potential data logger
in the psychrometric mode, and the average value from the same plant was considered to

represent leaf water potential.
3.2.2 Root sample preparation

Roots were sampled at vegetative and flowering stages. Because rice and wheat have different
growth durations, rice samples for the vegetative stage were taken after 30 days, while wheat
roots were taken after 20 days, of stress imposition. The root systems were washed from soil
over a 1-mm sieve to minimise the loss of fine roots. Except for a few nodal roots used for

cross-section samples (see below), all whole-plant root samples were stored in 70% alcohol at
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4 °C to analyze root morphology by scanning image analyses.

To make a meaningful comparison between rice and wheat, nodal roots were used for
anatomical and histochemical measurements. Three to five healthy nodal roots (30-35 cm long
for wheat, and 35-40 cm long for rice) per replicate per treatment were selected and excised at
the root-shoot junction and stored in 25% (v/v) alcohol. Three segments (each ~10 mm long)
were obtained from three different positions along the excised nodal root: (1) 10-20 mm below
the root-shoot junction; (2) three-quarters (3/4) of the root between the root-shoot junction and
root apex; and (3) 30-40 mm above the root apex (Fig. 3.1A). Excised segments were embedded
in 5% low melting point agarose. Cross-sections were prepared by cutting those agarose blocks
using a vibrating microtome (ZQP-86, Zhisun, Shanghai, China). Multiple transverse sections
per segment were stored in 50% (v/v) alcohol and washed several times with deionized water

before being used for anatomical and histochemical analysis.

Samples for scanning were cut to fit the scanner tray and meticulously separated in water to
avoid overlapping. An 8-bit grayscale image acquired at a resolution of 600 dots per inch with
a flat image scanner (Epson Expression 1680 Scanner, Seiko Epson Corp., Tokyo, Japan) was
analyzed for root length by using the WinRHIZO Root Analyzer System (Regent Instruments
Inc., Quebec, Canada). Roots were classified by WinRHIZO according to their diameters. A
diameter of 0.2 mm was designated as the threshold used to distinguish between thick and fine
roots (Henry et al., 2011; Kato and Okami, 2011). The fine to thick root length ratio then could
be determined. Scanned root samples were oven-dried at 70 °C to constant weight and root dry

mass was determined.
3.2.3 Root anatomy

Cross-sectional images were analyzed by using ImagelJ software (Bethesda, Maryland, USA)
(Abramoff et al., 2004). All anatomical properties such as cross sectional area, stele area,
aerenchyma area, thickness of the inner tangential wall of endodermal cell, number and total
cross sectional area of early metaxylem, and number and total cross sectional area of late
metaxylem were determined in three to five sections per root segment. Note that water and
minerals are absorbed into protoxylem vessels and then are transported upwards through early
and late metaxylem (Kim et al., 2014). It was difficult to identify the protoxylem in our light
microscopy images, and thus we investigated the properties of early metaxylem and late

metaxylem. Stele area and aerenchyma area in proportion to cross sectional area, as well as
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Root-shoot junction (RSJ)
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Fig. 3.1 Illustrations of (A) three sectioning positions along the root, and (B) root anatomical properties
of rice and wheat with different cross-section structures. Sections stained with phloroglucinol-HCI and

viewed under white light.

averaged area of early metaxylem and late metaxylem were calculated from these data. A

schematic sketch of measured anatomical properties is provided in Fig. 3.1B.
3.2.4 Histochemical detection of suberin and lignin

Suberin lamellae in root tissues were detected by staining cross-sections at 70 °C for 10 minutes
with a saturated solution of Sudan III (Merck, Darmstadt, Germany) dissolved in ethanol/water
(1:1; v/v), according to Gerlach (1984). Suberin lamellaec were recognized by orange colour
under bright-field illumination (Axio Imager D2, Carl Zeiss, Germany). Lignin deposition in
cross-sections was detected by staining for several minutes with phloroglucinol/HCI at room
temperature (Jensen, 1962). Transverse sections were mounted in a mixture with 10% (v/v)
H2S04 in 75% (v/v) glycerol to prevent colour fading. Lignified tissues were viewed as bright
red/pink under bright-field illumination (Axio Imager D2, Carl Zeiss, Germany). Suberization
and lignification of exodermis and endodermis were assessed for 3-5 roots per replicate. A
scoring system similar to the one described by Enstone and Peterson (2005) was used to
characterize suberin and lignin deposition in exodermis and endodermis: “0” represented no

suberin or lignin staining (no detectable suberin lamella and lignin deposition); “1” to “3”
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represented slight to moderate suberin or lignin staining; and “4” to “5” represented strong to

very strong suberin or lignin staining.

3.2.5 Theoretically calculated axial conductance

Theoretical axial conductance (kn; mg m MPa™! s™) was calculated with the modified Hagen-
Poisseuille’s law described by Tyree and Ewers (1991):

= (Z2) T, (dh) (1)

1287

where d; is the diameter of the ith xylem vessel in meters, p is the fluid density (assumed to be

1 x 10° mg m™) and 7 is the viscosity (assumed to be 1 x 10 MPa-s).

3.2.6 Statistical analyses

To test the significance for the effects of cultivar, treatment, stage and their interactions on each
parameter, data was statistically analyzed using a general linear model (GLM) with the R
programming language (http://www.R-project.org/). Root position was included as an
additional factor in the analysis of root anatomical and histochemical parameters. For these

parameters, values of 3-5 nodal roots per replicate were averaged for the GLM analysis.
3.3 Results

Midday leaf water potential (Wiear) varied largely between rice and wheat, with wheat having a
significantly higher Wiear than rice (Table S3.1). Across stages, both species had a lower Wiear
under water deficit treatments, although the MD treatment imposed to wheat was comparable
to the SD treatment imposed to rice (Table S3.1). These data indicated the actual level of stress
experienced by plants, with which we investigated root anatomical, histochemical and

morphological traits.

3.3.1 Root cross-section structures

Root transversal structures were similar among cultivars within each species but differed
between species (Fig. 3.2 and Fig. S3.1). In rice, the outer cell layers of all root cross-sections
contained exodermis and a tightly packed sclerenchyma layer cells between the exodermal and
cortex cells (Figs. 3.1 and 3.2; Figs. S3.1, S3.2 and S3.3). In wheat, exodermis and
sclerenchymatous cells (two or three layers) were only detected in the cross-sections near the

root-shoot junction but not at the two lower positions (Figs. 3.1 and 3.2; Figs. S3.1, S3.2 and
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d Fig. 3.2 Light microscopy images of nodal roots for the representative genotypes, cv. IR 64 for rice
and cv. We4 for wheat, grown under control (CT), mild drought (MD), and more severe drought (SD)
conditions. Root segments were sampled at 10 to 20 mm below root-shoot junction, 3/4 of the root
between root-shoot junction and root apex, and 30 to 40 mm above root apex, at (A) vegetative and (B)
flowering stages. Cross-section, suberin and lignin deposition pattern in the inner part of the root were
presented. ae, aerenchyma; co, cortical cells; en, endodermis; mxy, late metaxylem; exy, early
metaxylem. Each scale bar represents 100 um for wheat cross-section images at 3/4 of the root between
root-shoot junction and root apex and 30 to 40 mm above root apex, and 200 um for other cross-section
images. Each scale bar represents 20 um for suberin and lignin deposition images. Images for all
genotypes are shown in Supplementary Fig. S3.1.
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S3.3). The cortex of rice root contained a large proportion of intercellular spaces (aerenchyma),
even under water-deficit treatments (Fig. 3.3 and Fig. S3.1). However, there was virtually no
acrenchyma area in any root sections of wheat. At the vegetative stage, a negative effect of
water-deficit stress on the formation of aerenchyma was detected in rice cultivars across all
three positions (Fig. 3.3 and Fig. S3.4). At the flowering stage, the formation of acrenchyma at
the position near the root-shoot junction in all rice cultivars was significantly reduced under
both water-deficit treatments (P<0.001 for MD and SD; Fig. 3.3A). However, the formation of
aerenchyma at the two lower sectioning positions was affected by SD (£<0.001) but not by MD
(P>0.05) (Fig. 3.3B, C).

Rice had significantly larger (P<0.001) root cross sectional area than wheat, regardless of
cultivar, position and stage (Fig. 3.4A-C and Fig. S3.1). Compared with the vegetative stage,
the cross sectional area at the flowering stage was lower in all rice cultivars at all three positions
but was relatively consistent (S82) or increased (We4) in wheat (Fig. 3.4A-C). The cross
sectional area in rice was reduced by water-deficit treatments (P<0.001), and the reduction was
less at 10-20 mm below root-shoot junction (up to 18% decrease under the SD condition) than
at the other two positions (up to 55% decrease under the SD condition) (Fig. 3.4A-C).
Furthermore, the treatment effect on cross sectional area in rice was stronger at the vegetative
than at the flowering stage (Fig. 3.4A-C). Conversely, water-deficit treatments significantly
increased the cross sectional area at 10-20 mm below the root-shoot junction in both wheat
cultivars at the vegetative stage, as well as in S82 at the flowering stage (Fig. 3.4A). Water-
deficit treatments did not significantly affect cross sectional area at the other positions in wheat

at both stages (Fig. 3.4B, C).

Wheat had a much higher stele area than rice, especially at 10-20 mm below root- shoot junction
(Fig. 3.4D-F). In each species, cultivars with larger root cross sectional area under control and
water-deficit conditions also showed larger stele areas. This trend was confirmed by the
significant positive correlation between root cross sectional area and stele area under each
treatment at all positions (data not shown). Furthermore, an increasing trend in stele area under
water-deficit conditions across positions and stages was observed in both species, although the

trend was more clear in wheat roots (Fig. 3.4D-F ).

Across positions, stages and treatments, the stele area to root cross sectional area ratio was
significantly higher in wheat than in rice (Fig. 3.4G-I). In both species, water-deficit treatments

had a significant, positive effect on the ratio across all three positions, with a higher increase of

76



RCA (%)

SA

Stele area (mm?)

Root cross sectional area (mm?)

Rice and wheat root anatomy and histochemistry

e — 2
2 -
—— e 23
N N Nka
P T T T T EA
e g
S :L
o
5 %
H
2 =
Z =
——
[
(o= S—
<
>3
=
N
I B &
—_
5 ¢
2 2z
5 %
g
229
<2 >
=
2
7
—
< o < o~ o © ©o < o~ (=}
& 2 3 3 3
Q -
<
1 3
=z
N
52
£ £
5 3
H
sz 2
g— =
—
[ )
[ = m—
- —————
[perrrrrrrrrrrrrssi-
f——
——————— . S
a
A
Z
= %
2.8
289
28
*z2”
3z
3
&
T T T T | T T T T 1 T T T
o © ~ o < o < o ~ o o un < o o~
B = - IS} o S o o o o o S o Q IS o
o (=] (=} o (=} o o (=} (=} (=} (=} o o o o (=]
a = =5
3
a
= o
C2a z
o m o M
G|
= %
z £
-]
83
2
o ez 2
[ — -
— —
[rrrrrrrrrrr i
[ = S— [ E——
=== oz
-1
g
2
— —
ez I R
[ o— [ — 2
— —— 5 2
= £
[aa == —
5 3
— —— s3 &
a2 -
e W 22
3z
@ 3
E
e e B e T T T T T 1 T T T T T T }
© ¥ N 9 ©® © ¥ N 9N © ® © ¥ N O N © uw ¥ @m & o O
- — — — o o o (=] o — (=} (=} (=} o o o o o o (=} o (=] o
uondun( j0oys-joox xade jooa pue uondun( jooys-joox xade j00a
« MO[dq Wt OZ-0 @ UIIMII( J001 AY) JO §/€ 13} JA0qE WW Op-f

RCA) along nodal roots of

Fig. 3.4 Response of (A-C) root cross sectional area, (D-F) stele area and (G-I) stele area to root cross sectional area ratio (SA

ken at (A, D, G) 10 to

d root apex, (C, F, I) 30 to 40 mm above root apex, at vegetative

-sections were tal

control (CT), mild drought (MD), and more severe drought (SD). Root cross

d wheat to water treatments

TrIce an

10n an

, (B, E, H) 3/4 of the root between root-shoot junct

and flowering stages. Bars represent standard errors of the mean for three replicates.

junction

20mm below root-shoot

-
-3



Chapter 3

the ratio under water-deficit treatments in rice (up to 119%) than in wheat (up to 31%) (Fig.
3.4G-I). Additionally, the increase in the ratio at the two lower positions was stronger than that

near the root-shoot junction in all cultivars of both species at both stages (Fig. 3.4G-I).
3.3.2 Modifications of the endodermis

Endodermis is the connection between root cortical cells and stele (Fig. 3.1B). Three
consecutive developmental stages of endodermis can be distinguished: (i) primary stage during
which endodermal cell walls are impregnated with Casparian bands; (ii) secondary stage
characterized by the uniform deposition of a thin suberin lamella to the inner surface of radial
and tangential walls of the endodermal cells; and (iii) the tertiary stage with heavy U-shaped
cell wall deposition on the inner tangential cell walls of the endodermal cells (Schreiber et al.,
1999). Under the CT condition, the endodermis at 10-20 mm below the root-shoot junction in
both species was in the tertiary stage whereas the endodermis at the two lower positions was in
the secondary stage (Fig. 3.2, Figs. S3.2 and S3.3). Wheat showed a significantly thicker inner
tangential wall of the endodermis than rice (P<0.001) under the CT condition, especially at the
root-shoot junction (Fig. 3.5, Figs. S3.2 and S3.3). Under water-deficit conditions, a
transformation of the endodermis from secondary to tertiary stage at the two lower positions
was observed in rice but not in wheat (Fig. 3.2 and Fig. S3.2). Water deficit significantly
thickened the inner tangential wall of the endodermis in all root positions in all rice cultivars,
but the thickening was less marked in UPL7 (Fig. 3.5). Higher degree of thickening at the two
lower positions (up to 183% increase under the SD condition) than at the root-shoot junction
(up to 80% increase under the SD condition) was observed in rice. Furthermore, a greater
treatment-induced thickening of the inner tangential wall in rice was observed at flowering (up
to 183% increase under the SD condition) than that at the vegetative stage (up to 139% increase
under the SD condition) (Fig. 3.5). On the other hand, water-deficit treatments did not induce
remarkable changes on the thickness of the inner tangential wall at any position of wheat root
(P>0.05; Fig. 3.5, Figs. S3.2 and S3.3). It is noteworthy that, wheat maintained a thinner inner
tangential wall than rice at the two lower root positions under both water-deficit treatments

(Fig. 3.5, Figs. S3.2 and S3.3).
3.3.3 Early metaxylem and late metaxylem

The early and late metaxylem vessels were well lignified in rice at all positions and both stages,

even under the CT condition (Fig. S3.3). At 30-40 mm above the apex of wheat roots, the early
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Fig. 3.5 Response of the thickness of the inner
tangential wall of the endodermis along nodal
roots of rice and wheat to water treatments:
control (CT), mild drought (MD), and more
severe drought (SD). Root cross-sections were
taken at (A) 10 to 20 mm below root-shoot
junction, (B) 3/4 of the root between root-shoot
junction and root apex, (C) 30 to 40 mm above
root apex, at vegetative and flowering stages.
Bars represent standard errors of the mean for
three replicates.

metaxylem was well lignified but the central
late metaxylem was not, indicating the
immaturity of the late metaxylem vessels

(Fig. S3.3).

The early metaxylem number was not
strongly variable among species (Fig. S3.5A-
C). Across positions and stages, water-deficit
treatments did not induce a clear effect on the
early metaxylem number in both species
(Fig. S3.5A-C). The total early metaxylem
area was two to four times larger in wheat
than in rice, regardless of sectioning
positions, stages and treatments (Fig. 3.6A-

C). Water deficit increased the total early
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metaxylem area in both species (Fig. 3.6A-C). Averaged area per early metaxylem, an indicator

of the size of individual early metaxylem, was calculated as the total area by the number of

early metaxylem vessels. Under all growing conditions, wheat had a significantly higher

averaged area per early metaxylem than rice, and the difference was larger at the two lower

positions (Fig. S3.5D-F). In both species, water deficit increased the averaged area per early

metaxylem across positions and stages (Fig. S3.5D-F). As expected, the calculated axial

conductance of early metaxylem (Fig. S3.6A-C) followed a similar pattern as the total early

metaxylem area (Fig. 3.6A-C). Water deficit treatments increased the axial conductance of early

metaxylem in both species, with a higher increase at the two lower positions (up to 177% under
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the SD condition) than that at 10-20 mm below the root-shoot junction in wheat (up to 87%

under the SD condition) but not in rice (Fig. S3.6A-C).

The late metaxylem number was significantly higher at the 10-20 mm below root-shoot junction

in wheat, but much lower at the two lower positions than in rice (Fig. S3.5G-I). Water-deficit
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Fig. 3.6 Response of (A-C) early metaxylem area, and (D-F) late metaxylem area along nodal roots of

rice and wheat to water treatments: control (CT), mild drought (MD), and more severe drought (SD).

Root cross-sections were taken at (A, D) 10 to 20 mm below root-shoot junction, (B, E) 3/4 of the root

between root-shoot junction and root apex, and (C, F) 30 to 40 mm above root apex, at vegetative and

flowering stages. Bars represent standard errors of the mean for three replicates.
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treatments did not induce a clear pattern of late metaxylem number across positions in both
species, except for an increase in the late metaxylem number at the 10-20 mm below root-shoot
junction in wheat (Fig. S3.5G-I). In general, the total late metaxylem area was higher in wheat
than in rice at all three positions, and the difference was much larger at the 10-20 mm below
root-shoot junction (Fig. 3.6D-F). Across stages, water-deficit treatments induced a clear
increase in the total late metaxylem area at the 10-20 mm below root-shoot junction in rice and
at all three positions in wheat (Fig. 3.6D-F). The averaged area per late metaxylem, as a measure
of the individual late metaxylem size, was obtained from total late metaxylem area and number.
Compared to rice, wheat had a significantly higher averaged area per late metaxylem (P<0.001)
at all positions (Fig. S3.5J-L). No clear pattern of the averaged area per late metaxylem was
observed with water-deficit exposure in both species (Fig. S3.5J-L). Across positions and
stages, wheat had a significantly higher calculated axial conductance of late metaxylem than
rice (Fig. S3.6D-F). Water-deficit treatments increased the axial conductance of late metaxylem
at the two upper positions in most cultivars (Fig. S3.6D, E). However, a clear pattern was not

observed at 30 to 40 mm above root apex (Fig. S3.6F).
3.3.4 Suberin and lignin deposition

In the outer cell layers, suberin and lignin deposition was mainly observed in the sclerenchyma
layer in all rice cross sections, and in the sclerenchyma layers and exodermal cells in wheat at
10-20 mm below the root-shoot junction (Figs. S3.2 and S3.3). In both species, the suberin and
lignin deposition in endodermal cells varied significantly with cultivar and position along the
root (Table S3.2, Figs. S3.2 and S3.3). Under the CT condition, the degree of suberization and
lignification in the endodermis at 10-20 mm below the root-shoot junction was higher than that
at the two lower positions in both species (Figs. 3.2 and 3.7, Figs. S3.2 and S3.3), with wheat
showing a greater difference. A significant species X treatment effect (P<0.001) was observed
for the degree of suberization. In rice, water-deficit stress significantly increased the
suberization of endodermis (P<0.001), with significant interaction between treatment and
position (P<0.001), between cultivar and treatment (P<0.001), but no significant interaction
between treatment and stage (P>0.05) (Fig. S3.2 and Table S3.2). Particularly, the increase in
the suberization under water-deficit treatments was much larger at the two lower positions than
at the root-shoot junction (Figs. 3.2 and 3.7A-C, Fig. S3.2). Furthermore, water-deficit induced
changes on the degree of lignification of endodermal cells in rice was similar as that on the

degree of suberization of endodermal cells (Figs. 3.2 and 3.7D-F, Fig. S3.3). Also, a
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Lignification rating: endodermis

is

endoderm

Suberization rating

significantly lower increase of suberization and lignification was observed in UPL7, compared
to other rice cultivars (Fig. 3.7, Figs. S3.2 and S3.3). However, the water-deficit treatment effect

on suberization and lignification of endodermis was not prominent in wheat at both stages (Figs.

3.2 and 3.7, Figs. S3.2 and S3.3).
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nodal roots of rice and wheat to water treatments: control (CT), mild drought (MD), and more severe

Fig. 3.7 Response of (A-C) suberin and (D-F) lignin deposition rating value of root endodermis along
drought (SD). Root cross-sections were taken at (A, D) 10 to 20 mm below root-shoot junction, (B, E)
3/4 of the root between root-shoot junction and root apex, and (C, F) 30 to 40 mm above root apex, at

vegetative and flowering stages. Bars represent standard errors of the mean for three replicates.
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3.3.5 Root morphology

Significant variation in root biomass and in total root length per plant was observed among
species (P<0.001), and rice had much higher root biomass and root length than wheat at both
stages (Fig. 3.8A, B). A significant species X treatment effect (P<0.001) was observed for root
biomass and root length (Table S3.3). Water deficit significantly decreased root biomass and
length in all rice cultivars, with a reduction of up to 60%/48% (vegetative/flowering) of root
biomass and up to 78%/68% (vegetative/flowering) of root length by the SD condition (Fig.
3.8A, B). Lower biomass and shorter length were observed under water-deficit conditions in
lowland rice cultivar IR64, compared with the other two cultivars. The highest reduction of root

biomass in wheat was 34%, recorded in

A 60
We4 under the SD condition at the ocr
50 4 HEMD
flowering stage. Furthermore, water T msD
S 40
deficit only had a small effect 2
(0.05<P<0.1) on root length for wheat é 30
o
cultivars, except for We4 under the SD & 29
[=]
condition (32% reduction) at the & 10
flowering stage. 0.0
B 25

Fine-to-thick root length ratio is a proxy
for the lateral to nodal root length ratio.
The fine-to-thick root length ratio varied
significantly among species, with rice

having a significantly higher ratio than

Rootlength (km plant?)

wheat (Fig. 3.8C). A significant species x

treatment % stage effect (P<0.01) on this

@)}

ratio was observed. Across all rice

Fig. 3.8 Response of root morphological
parameters of rice and wheat cultivars to
water treatments: control (CT), mild drought
(MD), and more severe drought (SD). (A)
Root biomass, (B) root length, and (C) fine-
to-thick root length ratio, at vegetative stage

Fine-to-thick rootlength ratio

and flowering stage. Bars represent standard

errors of the mean for three replicates.

Vegetative stage Floweringstage
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cultivars, water-deficit stress significantly decreased this ratio (P<0.001), with a larger
reduction at the vegetative stage (up to 54%) than that at the flowering stage (up to 36%) (Fig.
3.8C). However, the ratio in wheat was not significantly affected by water-deficit treatments

(P>0.05; Table S3.3).

3.4 Discussion

3.4.1 The attributes of rice root may have pushed for a reduced axial transport capacity

Root aerenchyma is commonly formed in wetland species (Drew et al., 2000; Vysotskaya et
al., 2004; Abiko et al., 2012; Argus et al., 2015), to enable an efficient supply of oxygen to
roots when plants grow under hypoxic conditions (Suralta and Yamauchi, 2008). This was
confirmed by our data for the large cortex area with a high proportion of aerenchyma in rice
root (Figs. 3.2 and 3.3; Figs. S3.1 and S3.4). A reduced but yet high proportion of aerenchyma
has been observed in water-limited rice roots (Fig. 3.3), confirming the result of Suralta and

Yamauchi (2008).

The root cross sectional area depends on the area of its cortex as well as the size of the stele.
However, compared to wheat roots, the larger root cross sectional area in rice was only linked
to the larger cortex area which was composed of a high proportion of aerenchyma, since rice
roots had a much lower stele area at all positions than wheat roots (Figs. 3.3 and 3.4; Fig. S3.1).
Such differences between rice and wheat support our first hypothesis that rice as a
(semi-)aquatic plant requiring extensive aecrenchyma may have pushed for a reduced vascular

transport system.

Individual and total areas of early as well as late metaxylem were much smaller in rice than in
wheat, regardless of position and stage (Fig. 3.6 and Fig. S3.5). Smaller xylem vessels have
lower potential for water flow (Bramley et al., 2009), since the hydraulic conductance varies
with the fourth power of the vessel radius (Calkin et al., 1986; Eq. 1). Hence, rice cultivars
would have a much lower axial water transport than wheat cultivars because of the lower xylem
areas. This was confirmed with the calculated axial conductance, which indicated the maximum
overall axial hydraulic conductance (Fig. S3.6). Furthermore, under water-deficit conditions,
the early and late xylem area in wheat roots showed a more prominent response to water-deficit
than rice roots (Fig. 3.6), which would result in a higher axial water transport in wheat than in

rice under water-limited conditions (Fig. S3.6).

We also observed more specific differences in xylem development between rice and wheat.
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Lignification of xylem vessels indicates the maturity of xylem (Brundrett et al., 1988). A
previous study using fluorescence images revealed that the early metaxylem was lignified far
closer to the root tip than the central late metaxylem vessel in wheat roots (Bramley et al.,
2009). Our histochemical staining of lignin in the xylem vessel confirmed this (Fig. S3.3). The
immaturity of the late metaxylem at the lowest sectioning position in wheat (Fig. S3.3) indicated
that the central vessel in wheat may become functional at greater distances from the root tip
(Bramley et al., 2009). Furthermore, our result revealed that the axial conductance of early
metaxylem near root tips in wheat responded more prominently than that of late metaxylem
when exposed to water-deficit treatments (Fig. S3.6). However, such phenomena were not
observed in rice. We therefore surmise that the water axial transport close to the root tip in
wheat roots mainly depends on the early metaxylem, regardless whether they grow in well-
watered or drought-stressed conditions. On the other hand, matured early and late metaxylem
were observed in all rice cross-sections (Fig. S3.3). If all mature metaxylem vessels function
for water transport, this might be beneficial for plants with a high demand of transpiration under
inundation but might cause a risk of xylem embolism when water uptake is limited in stressed

plants (Cochard, 2002).

3.4.2 Anatomical and histochemical changes suggest a lower radial transport capacity in

rice than wheat under water-deficit conditions

Water needs to pass through several layers of cortical cells to reach the endodermis. Rice had
greater root cross sectional area, smaller stele area, and the resultant smaller stele to root cross
sectional area ratio than wheat (Fig. 3.4), similar to commonly observed differences between
wetland species and dryland species (McDonald et al., 2002). This suggests a longer radial
distance for water transport in rice roots than in wheat. An increase in the stele to cross sectional
area ratio along the root axis in response to water deficit was observed in both species (Fig.
3.4G-1), which would shorten the radial path across the cortical cells, thus helping improve the
radial conductance for water flow (Chimungu et al., 2014; Lynch et al., 2014). The increase of
the stele to cross sectional area ratio under water-deficit treatments in rice (Fig. 3.4G-I) was
mainly due to the reduction of the cross sectional area (Fig. 3.4A-C). On the other hand, in
wheat, the stress-induced increase in stele to cross sectional area ratio (especially at the two
lower positions) was only due to the increase in stele area (Fig. 3.4D-F), since the root cross
sectional area in wheat was not influenced by the treatments (Fig. 3.4A-C). Although both

strategies helped reduce the radial path for water flow, it was at the expense of reducing the
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absorptive surface root area in rice, which would impede water acquisition under water-deficit

conditions (Comas et al., 2013).

The suberized exodermis and lignified sclerenchyma layer in the outer part of the rice root was
suggested to act as apoplastic barrier to prevent oxygen loss from aerenchyma to soil under
oxygen-deficient conditions (Colmer, 2002; Kotula et al., 2009), but may impede water and
nutrient uptake of wetland species (Koncalova, 1990). However, we did not observe any regular
suberin or lignin staining in the outer part of the roots (i.e. exodermal cells and sclerenchyma
layers) in both species (data not shown). This was not caused by the staining procedure, as the
endodermal cells were well stained in the same sections (Figs. S3.2 and S3.3). This led us to
speculate that the outer part of rice root might act as an additional apoplastic barrier and not be
responsive to water-deficit. On the other hand, the presence of exodermis and highly
suberized/lignified sclerenchymatous cells in wheat roots was only observed near the root-shoot
junction (Figs. S3.2 and S3.3). The absence of exodermis at the two lower positions in wheat
root was similar to what has been reported for some dryland cereals such as maize (Abiko et

al., 2012) and barley (Ranathunge et al., 2017).

The endodermis is regarded as the main apoplastic transport barrier for passive uptake of water
from dry soil (Schreiber et al., 1999; Geldner, 2013; Miyamoto et al., 2001; Enstone et al.,
2002; Ranathunge et al., 2017). Water-deficit stress generally leads to larger parts of the root
developing secondary and tertiary developmental stage of the endodermis (North and Nobel,
1995; Schreiber et al. 1999). Thickened tertiary endodermal cell walls contained significantly
higher amounts of lignin and suberin, compared to endodermal cell walls in their primary state
of development (Zeier and Schreiber, 1998). Our anatomical and histochemical observations in
rice roots confirmed this by showing an increased suberization, lignification and thickening of
the inner wall of the endodermis under water-deficit conditions (Figs. 3.5 and 3.7, Figs. S3.2

and S3.3). Yet, we did not observe such modification in wheat root sections.

Because of the hydrophobic nature of suberin, suberized cell walls in the root endodermis form
transport barriers to water and solutes (Peterson et al., 1993; Peterson and Cholewa, 1998;
Steudle and Peterson, 1998). In our study, across positions, the suberization in endodermis
increased with water-deficit intensity in all rice cultivars (Fig. 3.7A-C and Fig. S3.2), which
would restrict the apoplastic water flow in water-deficit roots, and eventually lead to the
reduction of overall root hydraulic conductance under water deficit (Schreiber et al., 1999;

Vandeleur et al., 2009; Kreszies et al., 2018). In wheat, the endodermis appeared heavily
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suberized at the sections near the root-shoot-junction but weakly suberized at the sections closer
to the root apex, and the suberization responded little to water-deficit treatments (Fig. 3.7A-C
and Fig. S3.2). Such developmental differences along a root were accompanied by differences
in hydraulic conductance in a highly and successfully drought-adapted plant, Agave deserti
(North and Nobel, 2000). It is an advantage for plants to increase suberization in the older basal
part of the roots under water deficit to minimise the backflow of water to the drying soil (Steudle
and Peterson, 1998; Steudle, 2000). At the same time, the apical part of the roots continuously
grows into deeper wet soil layers acquiring water. Kreszies et al. (2018) observed an increased
suberization at different root zones but not in the youngest zone near the root apex in barley
plants under water-deficit conditions. This suggests that, at least from the histochemical point
of view, roots of dryland cereals are better programmed to adapt to water-deficit conditions
than rice roots. It is possible that rice roots adapt to drying soil by preventing water from leaking
out of the stele (Henry et al., 2012), thereby also impeding the radial water transport into the
stele. Wheat roots minimise water loss in the root zone near the root-shoot junction while
maintaining water absorption in the apical portions where water availability is higher than the
upper soil. All these support our second hypothesis that suberization of root endodermal cell
layers and other anatomical features allowed dryland cereals having a better radial water
transport ability than rice under water deficit. Our observation that the suberization under water
deficit was increased to a lower extent in upland than in lowland and aerobic rice genotypes but
still more than in wheat (Fig. 3.7A-C), suggests that rice adaptation to upland environments for

a higher radial transport capability was only a small adjustment.
3.4.3 Consequences of anatomical and histochemical changes on root growth

Perhaps as consequences of different stress responses in water transport capabilities, wheat had
higher abilities than rice in maintaining root growth (root biomass, total root length) and fine-
to-thick root ratio under water-deficit treatments, at both stages (Fig. 3.8). Although some
genetic variation within a species was observed, morphological differences were most apparent

between species and between treatments.

Although our plants were grown in relatively restricted pots, the observed root morphological
changes in rice and wheat are consistent with those previously reported (Reynolds ef al., 2006;
Henry et al., 2012). Even without any sign of water stress (leaf rolling and drying), rice and
wheat plants experienced water shortage - having decreased leaf water potential at both stages

(Table S3.1). More specifically, the root growth of rice plants was impeded by both treatments
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with varying degrees (Fig. 3.8). The highest water deficit treatment we imposed to rice in this
study (SD condition with soil potential between -20 kPa to -40 kPa) was similar to the aerobic
culture used by Kato and Okami (2011). It appears that rice roots respond to acrobic conditions
as they were under water-deficit stress (Kato and Okami, 2011; Henry et al., 2012). On the
other hand, increase in absolute root mass in response to water deficit has been shown
previously in wheat (Reynolds et al., 2006). In our study, the root growth of wheat cultivars

was not very sensitive to water deficit treatments (Fig. 3.8).

In our study, the severe reduction of biomass and total root length under water deficit in rice
(Fig. 3.8) was associated with the strong lignification along the root (Fig. 3.7D-F and Fig. S3.3).
In contrast, root growth and lignification were least affected by water deficit treatments in wheat
roots (Figs. 3.7D-F and 3.8; Fig. S3.3). Lignification is an energy-consuming process. The
increase in lignin deposition in roots was accompanied by decreased root growth in several
water-deficit-stressed plants (Steudle, 2000; Fan ef al., 2006; Yang et al., 2006; Kovac et al.,
2018). In maize, the inhibition of root growth under water deficit was shown to be associated
with the increased expression of genes involved in the biosynthesis of lignin and with the
deposition of lignin in the elongating zone of the root (Fan et al., 2006). Similar results were
obtained in rice roots, when plant encountered water deficit after 48 to 72 hours (Yang et al.,
2006). Moreover, the advanced lignification in rice root under water deficit conditions might
be a trade-off mechanism for preventing xylem embolism, as the stem xylem embolism
resistance in herbaceous requires up-regulation of the lignin pathway (Lens ef al., 2016; Déria

etal., 2018).

Rice plants promote the emergence of nodal root in inundated environments to alleviate hypoxia
stress (Mergemann and Sauter, 2000; Steffens and Rasmussen, 2016). The severe decline of
rice root biomass and total root length under water deficit (Fig. 3.8A, B) might be associated
with the down-regulated nodal root number as previously shown in rice plants grown in dry soil
(Suralta and Yamauchi, 2008; Kato and Okami, 2011; Hazman and Brown, 2018). Furthermore,
the significantly decreased lateral root length per nodal root length (fine-to-thick root length
ratio) under water deficit in rice (Fig. 3.8C) should also be responsible for the severe reduction
of root biomass and total root length, as lateral roots account for a large proportion of the total

root system in terms of root length and number (Henry et al., 2012).

Lateral root plasticity is a variable trait in plant adaptation to water-deficit conditions (Niones

et al., 2012; Zhan et al., 2015). Water deficit decreased lateral root formation in shallow soil
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layers and increased lateral root branching density and length in at deeper soil layers when rice
plants grown in mesocosms (Hazman and Brown, 2018). However, this might differ in field
conditions. Unlike dryland cereals, rice plants are generally having a shallow rooting system
with decreased lateral root branching when grown in aerobic and dry fields (Kato and Okami,
2011; Uga et al., 2013). We observed a large reduction of lateral root formation in rice
genotypes under water-deficit conditions (Fig. 3.8C). On the contrary, wheat maintained or
even increased lateral root branching under stress treatments (Fig. 3.8C). This would in turn
allow for a better water acquisition from water-limited soil, as lateral roots provide the greatest
surface area with the least investments in biomass (Waisel and Eshel, 2002; Wasson et al.,

2012; Postma et al., 2014; Tylova et al., 2017).

In our study, we only examined the root anatomical and histochemical properties, which might
influence the water transport under water-deficit conditions. We observed large differences on
the anatomical barrier between rice and wheat root. Although there is lack of physiological
measurements on the axial and radial conductivities in our study, the barrier formation in rice
root under water deficit is evident. However, although it is not covered by this study, the
modification of other cell wall structures such as Casparian bands should not be neglected. The
presence and number of Casparian bands would also affect the apoplastic water transport
between root cells (Tylova et al., 2017). In addition, the symplastic connections with
plasmodesmata across endodermis create intercellular passages for passive movement of
nutrients and water (Rutschow et al., 2011), and thus, could be important for water transport
under water-limited condition. Furthermore, the role of certain biochemical components such
as aquaporins cannot be excluded. Research on barley roots indicated that osmotic stress
impeded the hydraulic conductance of the apoplastic pathway by altering histochemical and
anatomical features, but had little influence on aquaporin expression, thus did not alter the
hydraulic conductance of the cell-to-cell pathway (Kreszies ef al., 2018). Further studies would
be needed to obtain insights into possible roles of aquaporins and plasmodesmata for rice
adaptation in drier soil conditions. Moreover, it is also necessary to examine how shoot

morphology and anatomy respond to water-deficit stress in various rice and wheat genotypes.
3.5 Conclusions

Rice and wheat cultivars showed distinct root morphological, anatomical and histochemical
responses at both developmental stages to long-term water-deficit treatments. The larger

proportion of aerenchyma, smaller stele and xylem in rice, compared to wheat, would lead to a
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lower axial conductance. The highly suberized, lignified and thickened endodermal cell walls
at the region close to the root apex in rice roots formed strong barriers for radial water transport
into the stele. As a result, water-deficit stress limited root growth and lateral root proliferation,
resulting in a significant decrease in root biomass and total root length in rice, at both vegetative
and flowering stages. Our comprehensive comparison of two species demonstrated the
difference of the root structures in adaptation to water-deficit stress. Our results suggest that
rice could grow like dryland cereals after a genetic modification of its root anatomical and

histochemical traits in a way that increases radial and axial water transport.
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Supplementary materials in Chapter 3

Table S3.1 Midday leaf water potential (mean + standard error of the mean of three replicated plants)
of rice and wheat cultivars under different water treatments.

Leaf water potential (MPa)

Species Cultivar ~ Vegetative stage Flowering stage
CT MD SD CT MD SD
O. sativa IR64 -1.37+£0.05 -1.86+0.07 -1.91+0.03 -1.21+£0.02  -1.34+£0.02 -1.89+0.03
Apo -1.37+£0.02  -2.00£0.03 -2.06+0.03 -1.54 £0.07 -1.63+£0.05 -1.90+0.02
UPL7 -1.29+£0.06 -1.45+0.06 -1.59+0.12 -1.26 £0.07 -1.58+0.07 -1.69+0.03
T. aestivum  S82 -0.43+0.01 -044+0.01 -0.52+0.02 -0.40+£0.01 -0.44+0.01 -0.53+0.02
We4 -0.31£0.01 -0.37+0.01 -0.44+0.02 -0.32+£0.01 -0.34+0.01 -0.39+0.01
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Table S3.2 Analysis of variance results for nodal root anatomical traits in rice and wheat.

Species RCA SA SA:RCA CWT EXA EXN MXA MXN ENS ENL
Cultivar (C) skeskk sfeskeosk sfeskesk skeskosk skeskosk skeskeosk sfeskesk skeskosk skeskosk skeskeosk
Treatment (T) kskk sk seskeosk seskosk eskk sk sk seskk eskk seskosk
Position (P) kkk skkk kkk sk kksk sk sk skkk kksk kksk sk
S[age (S) kKK kkock k3 ksksk k3kk ksksk kkock kKK kskk ksksk
Cultivar x Treatment sk ns ok sk sk ns ok sk sokk kokok
Cultivar x Position *kx *k * Hokk dokk *x Hekk ns % sk
Treatment x Position skskok sfeskeosk sfeskeosk k3k sksksk k3k sfeskeosk * kskok k3k
Rice Cultivar x Stage Hkk ok ok ns *ok ns woAE ns Hok *
Treatment x Stage N *¥*¥% ns ns ns * ns ns
Position x Stage ns ns * Hk ns *k ok Hkk ns *
CxTxP * ns ns * ns * * * ns ns
CxTxS ns * HoAE ns hE O RkX O pg ns * ns
CxPxS§ ns ns ** ns ns ns * * ns ns
TxPxS ns ns ns ns ns ns ns ns wkk ok
CxTxPxS skskok * sokok ns ns k3 sk * ns ns
Cultivar (C) ns ns sk ok Kok ok sk Kok ok ns * ok ok ek ok
Treatment (T) kK skeskosk seskosk ns seskk seskosk seskosk skskk 3k sk
Position (P) kkk skkk sk sk kksk sk sk skkk kksk kksk sk sk
Stage (S) sk * sk ok * * ns sesesk sokk skokok
Cultivar x Treatment Hok ns * ns ns ns *k ns *ok ns
Cultivar x Position ns ns ko k Kok ok ok ok ok ok ok ok ok ok ns *
Treatment x Position Fokok dkk dokok * ns sk ok *okk * sk
Wheat Cultivar x Stage dkok sk kekok ko ok ekok kokk kkok * skokok
Treatment x Stage ns ns ¥ ns ns ns ns **E g *x
Position x Stage ns ns ns ns ns ns ool Hk Hk *
CxTxP Hk *¥*%  ns ns ns ns HAK HEH ns ns
CxT xS ns ns ns okl ns ns ns ns sokk kol
CxPxS * ns skeskosk * k3K * Kk * ns ns
TxPxS * ns ns ns ns ns ns Rk ok ns
CxTxPxS *k *k ns sk seksk Hkok * ns ns ns
Species Hkkk skesksk sk kokok kekk dskok skkk dkkk dkkk sdskok
Treatment (T) KKk kkock kskosk kkok k3kk ksksk kskock k3kk k3kk kksk
Position (P) skskk sfeskeosk sfeskesk skskosk skskosk sk sfeskesk skeskosk skeskk sk
Stage (S) ¥k ng ns Rk g ns otk ok k PP
Species x Treatment Hokk Kk ok kkk seskok sokok * ko skokok skokok ek
SpCCiCS X Position Kok ok kkck kskosk kksk k3kk ksksk kskock k3kk k3kok kkok
. Treatment x Position Hk wokk ok ns ns wok *okk * * ns
Rice + Species x Stage sekek *%k%  pg * sk sk *kk sk ns *
Wheat Treatment x Stage * ns ns ns ns ns ns *k ns ns
Position x Stage ns ns o ns ns ns ns skk po ns
Species x T x P ns Hk ns ns ns ns *okk sk sokk kok
Species x T x § * ns ns ns ns ns ns ns ns ns
Species x P x S ns ns ns ns ns ns Hokok * * ns
TxPxS§ ns ns ns ns ns ns ns ns Hok ns
Species x T x P x § ns ns ns ns ns ns ns *ok ns ns

RCA = root cross sectional area, SA = stele area, SA:RCA = stele area in proportion to root cross
sectional area, CWT = thickness of the inner wall of endodermis, EXA = total early metaxylem area,
EXN = early metaxylem number, MXA = total late metaxylem area, MXN = late metaxylem number,
ENS = suberization rating on endodermis, ENL = lignification rating on endodermis. The significance
of each factor or interaction was shown as: ns, not significant; *, P<0.05; **, P<0.01; ***  P<0.001.
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Table S3.3 Analysis of variance to assess the significance of the effects of cultivar, water treatment,

stage and of their interactions on measured and calculated morphological features of rice and wheat.

Species RB RL FRL:TRL
Cultivar Ak REE g
Treatment (T) Rk kR kxk
Stage sfeskeosk sfekeok *
Rice Cultivar x Treatment * ** s
Cultivar x Stage ns ns *¥
Treatment x Stage ns ns @ K¥*
Cultivar x T x Stage ns ns ns
Culﬁvar sfeskeosk etk ek
Treatment (T) *** ns  ns
Stage skk kwk g
Wheat Cultivar x Treatment ns  * ns
Cultivar x Stage ns  REE Rk
Treatment X Stage kK ns
Cultivar x T x Stage *** *** pg
Species skokok kskok kskok
Treatment (T) Rk kR kxk
Stage sfeskeosk sekeok *
Rice + Wheat Species x Treatment = #** ckdk ok
Species x Stage ¥k OkEE g
Treatment x Stage ns ns *¥
Species x T x Stage ns ns  **

RB = root biomass (g plant™), RL = root length (km plant™), FRL:TRL = fine root length to thick root
length ratio. The significance of each factor or interaction was shown as: ns, not significant; *, P<0.05;
** P<0.01; *** P<0.001.
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10-20 mm below
root-shoot junction

Vegetative stage

3/4 of the root between
root-shoot junction and root apex

root apex

30-40 mm above

SD

Fig. S3.1 Cross-sections of rice and wheat nodal roots grown under control (CT), mild drought (MD),
and more severe drought (SD) conditions. Root segments were sampled at 10 to 20 mm below root-
shoot junction, 3/4 of the root between root-shoot junction and root apex, and 30 to 40 mm above root
apex, at (A) vegetative and (B) flowering stages. Sectioning positions are displayed on the left side of
the figures. Sections stained with phloroglucinol-HCI and viewed under white light. Each scale bar
represents 100 pm for wheat cross-section images at 3/4 of the root between root-shoot junction and
root apex and 30 to 40 mm above root apex, and 200 pum for other cross-section images.
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Fig. S3.1 Continued

102



Rice and wheat root anatomy and histochemistry

A IR64 Apo UPL7 S82 We4
Outer Inner Outer Inner QOuter Inner Quter Inner Inner
T [ - Y7

cT

MD

10-20 mm below
root-shoot junction

SD

Vegetative stage
3/4 of the root between
root-shoot junction
and root apex
<
o

sD

cT

30-40 mm above
root apex
<
o

Fig. S3.2 Comparison of suberin deposition in the outer parts and inner parts of rice and wheat nodal
roots grown under control (CT), mild drought (MD), and more severe drought (SD) conditions. Root
segments sampled at 10 to 20 mm below root-shoot junction, 3/4 of the root between root-shoot junction
and root apex, and 30 to 40 mm above root apex, at vegetative (A) and flowering (B) stages. Sectioning
positions are displayed on the left side of the figures. Suberin in cell walls was detected by an orange
color staining with Sudan III. ae, aerenchyma; co, cortical cells; ep, epidermis; ex, exodermis;
en, endodermis; scl, sclerenchyma cells; mxy, late metaxylem; exy, early metaxylem. Arrows indicate
the inner walls of endodermis. Each scale bar represents 20 pm.
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Fig. S3.3 Comparison of lignin deposition in the outer parts and inner parts of rice and wheat nodal roots
grown under control (CT), mild drought (MD), and more severe drought (SD) conditions. Root segments
sampled at 10 to 20 mm below root-shoot junction, 3/4 of the root between root-shoot junction and root
apex, and 30 to 40 mm above root apex, at vegetative (A) and flowering (B) stages. Sectioning positions
are displayed on the left side of the figures. Lignin in cell walls was detected by a red pink staining with
phloroglucinol-HCI. ae, aerenchyma; co, cortical cells; ep, epidermis; ex, exodermis; en, endodermis;
scl, sclerenchyma cells; mxy, late metaxylem; exy, early metaxylem. Arrows indicate the inner walls
of endodermis. Each scale bar represents 20 um.
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Fig. S3.4 Response of aerenchyma area along nodal roots of rice and wheat to water treatments: control
(CT), mild drought (MD), and more severe drought (SD). Root cross-sections were taken at (A) 10 to
20 mm below root-shoot junction, (B) 3/4 of the root between root-shoot junction and root apex, (C) 30
to 40 mm above root apex, at vegetative and flowering stages. Bars represent standard errors of the mean
for three replicates. Due to the large differences of the aerenchyma area and in proportion to the root
cortex area between rice and wheat cultivars, data for wheat are shown in insets.
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Fig. S3.6 Response of theoretically calculated axial hydraulic conductance of (A-C) early and (D-F) late
metaxylem along nodal root of rice and wheat to water treatments: control (CT), mild drought (MD),
and more severe drought (SD). Root cross-sections were taken at (A, D) 10 to 20 mm below root-shoot
junction, (B, E) 3/4 of the root between root-shoot junction and root apex, and (C, F) 30 to 40 mm above
root apex, at vegetative and flowering stages. Bars represent standard errors of the mean for three
replicates.
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Chapter 4

Abstract

Increasing fresh water scarcity is a major constraint for rice (Oryza sativa) productivity under
future climatic conditions. It is important to understand why rice cannot perform like other dryland
cereals, when grown under drier soil conditions. The responses of plant growth, plant water status,
leaf and stem anatomical attributes to soil water deficit were examined at two developmental stages
of three rice and two wheat (Triticum aestivum) cultivars grown under three water regimes in a pot
experiment. Yield and yield components were determined at plant maturity. The stress sensitivity
of plant growth was slightly more prominent at vegetative than at flowering stages. Water deficit
limited root growth but had little impact on above-ground growth in rice plants. The xylem system
of the leaves was more developed in rice than in wheat, but the opposite was true for the root xylem
system. Compared with stem xylem attributes, leaf xylem attributes played a larger role in
modulating leaf water potential under water deficit. In addition, the variation in yield response to
water deficit between various types of rice, and between rice and wheat was closely associated
with the response of leaf water potential to water deficit. To grow rice in drier conditions, its xylem

system should be balanced by increasing root growth and modifying leaf anatomy.

Keywords: Leaf anatomy; leaf water potential; rice; stem anatomy; water deficit; wheat
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4.1 Introduction

Water deficit stress is considered to be one of the most important abiotic factors limiting plant
growth and yield in many areas (Kramer and Boyer, 1997). Climate change as well as the
decreasing fresh water availability for agriculture will increase the frequency and severity of
water limitation to crop production (Madadgar et al., 2017). Rice (Oryza sativa L.), an essential
crop for global food security, requires massive amounts of fresh water for irrigation. Various
water-saving practices have been designed, such as alternate wetting and drying (Bouman and
Tuong, 2001; Mishra and Salokhe, 2010; Carrijo et al., 2017; Menge et al., 2020), and
controlled soil drying during grain filling (Yang et al., 2003; Yang and Zhang, 2006). However,
yield penalties appear unavoidable. To face the challenge of increasing fresh water scarcity for
agriculture, it is important to further explore avenues for developing rice genotypes that can be

grown in drier conditions.

A large ecological diversity of rice germplasm has allowed to cultivate rice in various cropping
systems: lowland (inundated paddy fields), acrobic (moderately dry soil, irrigated, but without
standing water), and dry upland (dry soils without irrigation) systems (Bouman et al., 2005;
Peng et al., 2006; Venuprasad et al., 2008). Rice genotypes adapted to lowland systems are
very sensitive to even mild water deficit (Pantuwan ef al., 2002; Centritto et al., 2009), while
genotypes adapted to aerobic and upland systems can be grown under drier conditions but at
the cost of different levels of yield penalties (Garrity and O'Toole, 1994; Bouman ef al., 2005;
Venuprasad et al., 2007; Bernier et al., 2008). In order to develop rice genotypes with relatively
small yield declines under water-deficit conditions, it is important to understand why rice
cannot perform like other dryland cereals, such as wheat (7riticum aestivum L.), when grown
under relatively dry conditions. A comparison of rice with wheat would allow to decipher the
physiological basis of rice susceptibility to water deficit and to suggest avenues for improved

performance under water deficit.

Biomass accumulation and partitioning among different organs (i.e. green leaves, stems,
panicles and roots) vary at different growth stages, and could be influenced by different nutrient
and water supplies (Somaweera et al., 2016). Plants exposed to long-term water-limited
conditions tend to slow down their growth. Under water deficit, a decrease in dry matter
accumulation was reported in all plant organs (Wu et al., 2008; Kato and Okami, 2010; Farooq
et al., 2010; Liu ef al., 2011), but different organs might manifest varying degrees of such a
decrease (Rodrigues et al., 1995; Wu et al., 2008; Farooq et al., 2012). Roots, being the first

113



Chapter 4

organs to sense the dehydration of soil, have been suggested as the main organ in maintaining
plant water status under prolonged water-deficit conditions (Nguyen et al., 1997; Kato et al.,
2006; Kano et al., 2011). The response of the root system of rice to water deficit shows large
genetic variation (Kato et al., 2006; Praba et al., 2009; Henry et al., 2011). Many studies
investigated root growth, root hydraulic conductivity and structural changes in the rice root
system under water deficit (Kato et al., 2006; Kano et al., 2011; Kadam et al., 2015; Grondin
et al., 2016; Ouyang et al., 2020). As rice plants are highly adapted to inundated conditions,
their internal vascular network differs from that of dryland cereals. Rice has smaller stele and
xylem vessels in the roots and is less plastic in root anatomical adaptation to water deficit,
compared with wheat (Kadam et al., 2015; Ouyang et al., 2020). Comparatively little attention

has been paid to the shoot (i.e. stem and leaf) structural adaptation to water deficit.

Leaf water potential, as a reliable parameter for quantifying the plant water stress response
(Matin et al., 1989; Gutierrez et al., 2010), is one of the traits that are mostly investigated when
plants are subject to water deficit. Genotypic variation in leaf water potential was observed in
rice (Boonjung and Fukai, 1996; Jongdee et al., 2002) and in wheat (Gutierrez ef al., 2010).
The variation in grain yield of rice cultivars grown under water deficit conditions is associated
with the variation in leaf water potential at flowering and grain filling stages (Jongdee et al.,
2002; Pantuwan et al., 2002). In vascular plants, water is taken up from the soil by roots and
transported through the xylem network to the leaves (Kim et al., 2014). Therefore, the genotypic
variation in leaf water potential may be related to the differences in vascular anatomy in both
leaf and stem. Sibounheuang et al. (2006) reported that the genetic variation in leaf water
potential under short-term water-deficit conditions in rice cultivars could be linked to the
anatomical features of the stem. Yet, the leaf and stem structural characters could vary in
response to the variation in water availability (Deblonde and Ledent, 2001; Quero et al., 2006),

thereby strongly influencing the changes in whole-plant water transport.

Efforts to understand water-deficit responsive mechanisms in rice plants were commonly
carried out for a single growth stage, with a short-term stress imposition lasting from hours to
several days (Sibounheuang et al., 2006; Kumar et al., 2008; Parent ef al., 2010; Kadam et al.,
2015). However, growth and structural responses at different growth stages of rice to water
deficit have received less attention. Yield, as the end product of a crop, is the ultimate measure
of crop performance responding to various environmental stresses (Tardieu et al., 2018). The

sensitivity of yield varies with the timing of stress periods (Vijayaraghavareddy et al., 2020).
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Most crop species show high sensitivity to short-term water deficit around flowering time
(Parent et al., 2017, Praba et al., 2009). However, long-term water deficit could affect a larger
spectrum of plant functions such as shoot and root growth, and reproductive development
(Chaves et al., 2003; Tardieu et al., 2018). In order to understand why rice is highly sensitive
to water deficit, a study on the long-term consequences of water deficit on rice plant growth

and yield is needed.

Hence, we aim to investigate the responses of leaf water status, structural features of leaf and
stem, as well as shoot growth and grain yield in rice plants grown under prolonged water-deficit
conditions and compare those responses with the responses in wheat. Our main hypotheses were
that (i) the genetic variation in water-deficit sensitivity between various types of rice, and
between rice and wheat is associated with variation in leaf water status; and (ii) variation in leaf
water potential is caused by variation in structural parameters in leaf and stem. Therefore, we
analyzed the variation in leaf water potential, vascular and xylem development in leaf and stem,
plant growth and biomass partitioning, yield, and yield components among contrasting rice and
wheat genotypes in response to a long-term water deficit, at both vegetative and flowering

stages.
4.2 Materials and methods
4.2.1 Plant materials and treatments

Three cultivars of rice (O. sativa L., subsp. indica) and two cultivars of wheat (7. aestivum L.)
were chosen based on their sensitivity to water deficit. These were: (1) the lowland rice cultivar
IR 64-21 (IR64), considered as highly sensitive (Venuprasad et al., 2008); (2) the aerobic rice
cultivar NSIC Rc9 (Apo), generally considered as moderately tolerant (Venuprasad et al.,
2007); (3) the upland rice cultivar UPL Ri7 (UPL7), considered as tolerant (Atlin et al., 2006);
(4) the wheat cultivar SeriM82 (S82), considered as moderately susceptible (Pfeiffer, 1988) to
tolerant (Villareal et al., 1995); and (5) the wheat cultivar Weebill4 (We4), highly tolerant
(Praba et al., 2009). Seeds of rice and wheat were obtained from the International Rice Research
Institute (IRRI) and from the International Maize and Wheat Improvement Center (CIMMYT),

respectively.

Pot experiments were conducted in an open field, which was sheltered from rain by a mobile
transparent polyethylene shelter, at Yangzhou University, China (32°30'N, 119°25’E) in 2013

and 2014. Across two years, rice seeds were sown in saturated soil after pre-germination, and
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wheat seeds were sown directly in moist soil. Each pot (30 cm in height and 25 ¢cm in diameter)
was filled with sandy loam soil from a local rice/wheat rotated field. Rice and wheat plants
were grown in their respective natural growing season (Table 4.1). In both years, plants were
managed as described by Ouyang et al. (2017). Three levels of soil moisture were imposed after
seedling establishment, i.e. control (CT), mild drought (MD), and more severe drought (SD).
Because rice and wheat are naturally adapted to different moisture environments (Praba et al.,
2009), different intensities of stress were imposed (Table 4.1). Soil water potential was
monitored with a tensiometer (Institute of Soil Sciences, Chinese Academy of Sciences,
Nanjing, China) installed in each pot at a depth of 15 cm. We checked the tensiometer twice a
day, and water was added to bring soil moisture back to the upper limit of the target stress when
tensiometer readings reached the lower limit. Once stress was imposed, the target levels were
maintained until physiological maturity of the grains. Pots were arranged in a completely
randomized design. All measurements were done in three replicates (one pot as one replicate),

except for the measurement of grain yield and yield components.
4.2.2 Plant growth measurements

Whole rice plants were sampled at flowering stage in 2013, and at vegetative stage and
flowering stage in 2014. In 2013, plant shoots (including leaves, stems and panicles) were cut
and above-ground dry biomass was determined after oven drying at 70 °C for 3 days. The root
biomass was reported in our previous study (Ouyang et al., 2020). In 2014, plant water status,
stem and leaf anatomy were measured before the plant was used for destructive sampling.
Several plant growth traits were determined additionally in 2014. The number of tillers was
counted after shoots were cut off. Leaf area per pot was measured with an area meter (LI-3100;
LI-COR, Lincoln, Nebraska, USA). Leaf, stem and panicle (or spike) (flowering stage
sampling) were separately oven dried at 70 °C for 3 days prior to weighing. Biomass

partitioning was presented as root, stem, leaf and panicle to total weight ratios.
4.2.3 Yield and yield components

For both species and in both years, yield (weight of all filled grains) per pot was determined as
average from five pots per replicate. Yield components (number of panicles/spikes per pot,
number of spikelets per panicle or grains per spike, filled-grain percentage, and 1000 filled-
grain weight) were measured according to Praba et al. (2009), and were determined from plants

of three randomly chosen pots per replicate of each treatment. Filled and unfilled spikelets were

116



Rice and wheat shoot anatomy

counted for rice, and only filled grains were measured for wheat. The filled-grain percentage
was defined as the number of filled grains in proportion to total number of spikelets. The
number of spikelets per panicle or grains per spike was calculated as the total number of

spikelets/grains per pot by the number of panicles/spikes per pot.
4.2.4 Plant water status

In 2014, transpiration and leaf water potential (‘Wiear) were measured at vegetative and flowering
stages. Because rice and wheat have different growth durations, rice samples for vegetative
stage were taken after 30 days, while wheat samples were taken after 20 days, of stress
imposition. Sampling time for flowering stage is listed in Table 4.1. To prevent evaporation,
soil surfaces were covered tightly with aluminum foil and plastic wrap, after the plants were
watered to reach the upper-stress level. In order to avoid the effect of fluctuation in outdoor
environment, sealed pots were immediately moved into a growth chamber with setpoint air
temperature at 28 °C for rice and 23 °C for wheat, 65% relative humidity, and a photosynthetic
photon flux density at the leaf surface of 1200 pmol m s (artificial light source). The initial
pot weight was determined once pots were moved into the growth chamber. Total transpiration
rate was calculated based on differences in pot weight measured after two hours. Average
transpiration rate per unit of leaf area was determined by dividing total transpiration rate by

whole plant leaf area. All transpiration measurements were conducted between

Table 4.1 Description of cultivation and water regimes for rice and wheat cultivars

Species Oryza sativa Triticum aestivum
Cultivars IR64, Apo, UPL7 S82, Wed
Sowing time June 2013, 2014 November 2013, 2014
Density (seedlings per pot) 3 8
Soil pH 5.5-6.0 6.5-7.0
Initial soil moisture Saturated 0 to -5 kPa
Stress imposed time (leaves) * 5 4
. o Vegetative stage 30 20
Sampling time .
Flowering stage 77-86 45-51
2 to 5 cm water
Control (CT) . 0 to -5 kPa
Wat . . above soil surface
ater regimes
& Mild drought (MD) 0 to -5 kPa 220 to -40 kPa
More severe drought (SD)  -20 to -40 kPa -50 to -70 kPa

2 Leaf number on the main stem,;
b Presented as days after stress imposition for both species;

¢ Expressed in soil water potential.
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11:00 to 14:00 h. After that, Wicar was measured on the topmost fully expanded leaf (vegetative
stage) or penultimate leaf (flowering stage) of the main stem by using a thermocouple
psychrometer (Wescor PSYPRO, Inc., Logan, UT, USA). Three to four discs (about 6 mm in
diameter) from the middle part of the leaves were cut and sealed in the C-52 psychrometer
chamber. The readings were recorded by a water potential data logger in the psychrometric

mode, and the averaged value from the same leaf was considered to represent Wicar.
4.2.5 Stem and leaf anatomy

Leaflets close to the portion where leaf water potential was measured were collected to study
the leaf anatomy. The stems (internodes), to which the sampled leaves were attached, were
collected to study the stem anatomy. Cross sections of the leaf and stem were taken using sharp
blades and photographed using a light microscope (Axio Imager D2, Carl Zeiss, Germany).
Analyses of leaf and stem cross-sectional images were performed using Imagel] software
(Bethesda, Maryland, USA) (Abramoff et al., 2004). Leaf width was defined as leaf blade width
without midrib. Leaf cross-sectional tissue area (without epidermis, bulliform cells and midrib),
number and area of leaf vascular bundles (VBs), and area of leaf xylem vessels were
determined. Leaf xylem area to leaf tissue area ratio were calculated from these data. Similarly
for stems, the inner and outer cross-sectional areas of the stem, number and area of stem VBs,
and area of stem xylem vessels were measured. Stem tissue area and stem xylem area to stem
tissue area ratio were calculated from these data. A schematic sketch of measured anatomical
properties is provided in Fig. 4.1. Root xylem number and area were determined in a previous

study (Ouyang et al., 2020).

Leaf cross sectional tissue area

Stem xylem

Vascular bundle area

Leaf xylem area
50um 500um

Fig. 4.1 Light micrographs illustrating (A) leaf and (B) stem structures (Apo) used to calculate
anatomical parameters. Cross sections were taken from fresh leaves and stems and viewed under

fluorescent light with black and white colour.
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4.2.6 Statistical analyses

Data were analysed using a general linear model (GLM) to test the significance for the effects
of cultivar, treatment, stage and their interactions on each parameter, with the R programme
(http://www.R-project.org/). Linear regression analyses were also conducted to assess the
relationship between anatomical parameters and leaf water potential, and the relationship

between leaf water potential and yield.
4.3 Results

4.3.1 Plant growth and biomass partitions among each organ

Above-ground (shoot) and below-ground (root) dry biomass of three rice cultivars and two
wheat cultivars in response to water deficit treatments were first tested at flowering stage in
year 2013. Water deficit decreased the above-ground dry biomass in both species, with no
significant interaction between species and treatments (Fig. 4.2A; Table S4.1). However, a
significant species X treatment effect (P<0.05) was observed for root biomass: rice (up to 46%

reduction) had higher reduction of root biomass than wheat (up to 13% reduction) (Fig. 4.2B).
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Fig. 4.2 Response of (A) above-ground (shoot) dry biomass, and (B) below-ground (root) dry biomass
of rice and wheat cultivars to water treatments: control (CT), mild drought (MD), and more severe
drought (SD). Data collected at flowering stage in 2013 (left panels) and at vegetative and flowering
stages in 2014 (right panels). Bars represent standard errors of the mean for three replicates.
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The effects on above-ground and root dry biomass of water deficit treatments in year 2014
generally followed those in year 2013 (Fig. 4.2). Across years, stages and treatments, lowland
rice cultivar IR64 had the lowest root biomass, compared with the other two rice cultivars (Fig.
4.2B). To further confirm the observed variation in plant growth, we examined shoot and root
morphological variables in year 2014. Overall, water deficit treatments reduced the tested
growth traits in 2014 (Table S4.2). Stem (tiller) number per pot was lower under water deficit
treatments than in the control in rice for cultivar Apo and UPL7 at flowering stage, and in wheat
at both stages. Leaf area, leaf biomass and panicle/spike number per pot were lower under water
deficit than in the control in all cultivars, and those effects were not significantly different
between species or between stages (Table S4.1). The productive tiller percentage was

significantly decreased only in IR64, but not in other cultivars.

In general, both species had a lower biomass partitioning to roots than to stems, leaves and
panicles (at flowering stage) (Fig. 4.3). Root weight ratio varied only among rice cultivars
(P<0.001), with IR64 having the lowest root weight ratio across treatments and stages. Across
stages, root weight ratio was decreased by water deficit treatments only in rice cultivars
(P<0.001). Stem weight ratio increased under water-deficit treatments only in rice cultivars
(P<0.001), while the leaf weight ratio decreased only in wheat (P<0.01). These changes were
not significantly different between cultivars within each species or between stages (Table S4.1).
The panicle weight ratio at flowering stage was decreased by water deficit in all rice cultivars
(P<0.001), with UPL7 having a lower reduction of panicle weight ratio than the other two rice
cultivars (Fig. 4.3B). On the other hand, water deficit did not induce a significant change in

panicle weight ratio in wheat (P>0.05).
4.3.2 Yield and yield components

Grain yield of rice in 2013 was 11-20% higher than that in 2014, while grain yield of wheat in
2013 was 12-17% lower than that in 2014 (Table 4.2). Nevertheless, the yield in both
experimental years showed similar tendencies in response to water deficit, except wheat
cultivars had stronger yield decrease under SD conditions in 2014 compared with that in 2013.
A significant cultivar x treatment effect (P<0.01) was observed for yield per pot in rice. Across
years, the highest and lowest reduction recorded in lowland rice cultivar IR64 (by 27%/52%
under MD/SD conditions) and in upland rice cultivar UPL7 (by 7%/34% under MD/SD
conditions), respectively (Table 4.2). On the other hand, wheat cultivars recorded on average

95% and 70% of control yield under MD and SD conditions, respectively (Table 4.2). Overall,
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Fig. 4.3 Biomass partitioning to A os
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number of spikelets per panicle in
rice (P<0.001) but not the number of grains per spike in wheat (P>0.05). The number of
spikelets per panicle was clearly decreased by SD in all rice cultivars (P<0.001), but decreased
by MD only in IR64 (Table 4.2). A decreased filled grain% was observed in IR64 and Apo
under SD conditions (Table 4.2). In general, water deficit decreased 1000-grain weight in all
cultivars. The water deficit effect on 1000-grain weight in rice was stronger (P<0.001) in 2014
(up to 4% reduction) than in 2013 (up to 7% reduction).

4.3.3 Transpiration rate and leaf water potential

Water deficit decreased the average transpiration rate per unit of leaf area, with no significant
difference between species and treatments (Fig. 4.4A; Table S4.3). Across stages, the decrease
in average transpiration rate in rice was mild under MD conditions (P<0.05; up to 13%
decrease) and strong under SD conditions (P<0.001; up to 36% decrease) (Fig. 4.4A).
Furthermore, the decrease in average transpiration rate in wheat was higher (P<0.001) at
vegetative stage (up to 34% decrease under SD conditions) than at flowering stage (up to 11%

decrease under SD conditions).
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Table 4.2 Yield and yield components of rice and wheat under different water regimes.

Species Year Cultivar Treatment Y (gpot') PN (No.pot™)) SPP (No.) FG%* GW (g)

CT 52.0£1.0 30+0.3 77 £1 87.4+09 253+0.2
IR64 MD 373+1.2 27+0.7 68+5 854+1.1 23.7+04
SD 248+ 1.8 254+2.0 55+2 779+1.1 23.6+0.5
CT 645+1.7 21+0.3 149+ 6 91.3+1.2 223+£0.1
2013 Apo MD 53.7+1.5 20+0.3 136 +7 87.1+£09 22.0+0.1
SD 45.0+ 1.8 20+£0.3 126 + 4 824+12 214+03
CT 68.3+3.2 23+0.9 143+ 11 86.3+04 23.8+0.1
UPL7 MD 63.4+1.9 23+£0.3 139+7 85.5+09 23.5+0.1
Rice SD 495+ 1.5 22 +0.7 113+2 873+13 23.2+0.6
CT 463+ 1.1 25+0.6 T7+2 89.9+£0.7 268+03
IR64 MD 344+1.3 23+0.6 66+2 90.5+0.6 25.7+0.1
SD 223+0.7 20+ 0.7 56 +4 78.6+4.0 24.7+0.3
CT 51.6+04 15+0.3 160+ 4 91.1+£0.8 23.2+0.1
2014 Apo MD 457+ 1.1 14+0.7 163+£6 92.0+13 223+0.2
SD 269+ 3.1 14 +£0.3 115+13 79.8+4.6 20.0+0.1
CT 502+ 1.1 17+£0.3 131+2 84.1+0.7 27.0+0.1
UPL7 MD 46.4+0.6 15+09 127+7 91.7+0.7 25.8+0.1
SD 29.0+0.9 13+0.6 104+10 88.8+19 238+0.3
CT 59.8+2.0 36+ 1.0 42+ 1 - 40.0+0.7
S82 MD 56.7+1.6 35+1.5 42 +4 - 39.1+£1.1
2013 SD 455+2.0 32+1.0 38+1 - 37.7+0.4
CT 66.0+1.4 41 +0.7 36+1 - 456+ 0.8
We4 MD 62.8+0.3 39+0.7 36+1 - 446+13
Wheat SD 552+2.6 36+2.0 37+1 - 422+0.5
CT 66.8+0.8 33+0.9 43+2 - 42.1+0.3
S82 MD 63.3+1.3 32+0.3 44 + 1 - 422+1.0
2014 SD 40.8+ 1.6 24+ 0.6 41+4 - 41.8+0.5
CT 77.4+£1.0 40+0.3 38+2 - 48.7+0.2
We4 MD 74.5+1.8 36+ 1.5 40+2 - 48.6+0.2
SD 53.6+24 28 +0.7 38+3 - 46.8+0.3
Cultivar (C) ok k ok Hokok * ok
Treatment (T) ek ek ek ek sk
Year (Y) okok *kk ns * Hokk
Rice Cultivar x Treatment ** * * HoHk *
Cultivar x Year okk *x Ak ns HAE
Treatment x Year ns ns ns * Hokk
CxTxY ns ns *x ns *
Cultivar (C) ok sk e N o
Treatment (T) Hoxk FHE ns - **
Year (Y) ook deokok ok _ ek
Wheat Cultivar x Treatment ns ns ns - ns
Cultivar x Year * ns ns - ns
Treatment x Year Ak HAK ns - ns
CxTxY ns ns ns - ns
Species (S) Hokok ootk ootk _ ek
Treatment (T) Hoxk HoAk * - **
Year (Y) 3k seskosk ns - seskosk
Rice + Wheat Species x Treatment ns * ns - ns
Species x Year Hokk ns ns - *
Treatment % Year ns ns ns - ns
S X T X Y * ns sk - *

Y = yield per pot (g); PN = number of panicles or spikes per pot (No. pot™!); SPP = number of spikelets per panicle
in rice or number of grains per spike in wheat (No.); FG% = filled-grain%; GW = 1000-grain weight (g).
Significance level: *, P<0.05; **, P<0.01; ***  P<0.001; ns = non-significant.
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Midday leaf water potential (Wiar) varied largely between species, with rice having a
significantly lower Wiar than wheat (Fig. 4.4B). A significant species X treatment effect
(P<0.001) was observed for Wiear. Rice cultivars experienced a significantly more negative Wicar
under water deficit, with up to 33%/18% (vegetative/flowering) reduction by MD, and
41%/56% (vegetative/flowering) reduction by SD (Fig. 4.4B). Upland variety UPL7 and
lowland variety IR64 showed the lowest and highest reduction of Wiear under water-deficit
treatments, respectively. For wheat, MD decreased Wiear by on average 6% (at both stages),

while SD decreased it by up to 26%/33% (vegetative/flowering) (Fig. 4.4B).
4.3.4 Leaf anatomical parameters

Light microscopy of the leaf transverse sections revealed a similar general leaf structure in rice
and wheat (Fig. S4.1 left panels). Variations in some anatomical traits were observed between
species and among cultivars within each species (Table S4.3). Leaf blade width (midrib
excluded) significantly varied only within rice, with IR64 having the narrowest and UPL7
having the widest leaf blades (Fig. S4.2A). In each species, cultivars with wider leaf blades had
larger leaf tissue area, higher vascular bundle (VB) number and larger VB area (Fig. S4.2). This
trend was confirmed by the significant positive correlations of leaf blade width with leaf tissue
area (P<0.001, R?=0.87 in rice; P<0.001, R?>=0.58 in wheat), with leaf VB number (P<0.001,
R?=0.85 in rice; P<0.001, R?=0.58 in wheat), and with total leaf VB area (P<0.001, R?>=0.80 in
rice; P<0.001, R?=0.67 in wheat).
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Fig. 4.4 Response of (A) averaged transpiration rate per unit leaf area and (B) midday leaf water potential
(Wiear) of rice and wheat cultivars to water treatments: control (CT), mild drought (MD) and more severe
drought (SD), at vegetative and flowering stage. Bars represent standard errors of the mean for three
replicates.
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In each species, a cultivar with larger total leaf VB area under control and water deficit
conditions also showed larger total leaf xylem area (Fig. 4.5A and Fig. S4.2D). Across stages
and treatments, the total leaf xylem area was one and a half times higher (Fig. 4.5A), and the
leaf xylem area to leaf tissue area ratio was three times higher (Fig. 4.5B), in rice than in wheat.
Water deficit decreased the total leaf xylem area and the leaf xylem area to leaf tissue area ratio
in both species at both stages, with no significant interaction between species and treatments
(Table S4.3).

4.3.5 Stem anatomical parameters

Rice and wheat cultivars had a similar general stem structure (Fig. S4.1 right panels). Across
treatments, cultivars with larger stem cross-sectional area had larger stem tissue area, higher
stem VB number, larger stem total VB area and larger stem total xylem area (Fig. 4.5C and Fig.
S4.3). The total xylem area in rice stem was not significantly influenced by the MD treatment
(P>0.05) but decreased by SD (P<0.05), without significant interaction between cultivar and
treatment (Fig. 4.5C). Nonetheless, upland cultivar UPL7 had the highest value of total xylem
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Fig. 4.5 Response of xylem characteristics of leaf and stem anatomical parameters of rice and wheat
cultivars to water treatments: control (CT), mild drought (MD), and more severe drought (SD). (A) total
leaf xylem area, (B) leaf xylem area to leaf tissue area ratio, (C) total stem xylem area, and (D) stem
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Stem sections were collected at flowering stage. Bars represent standard errors of the mean for three
replicates.
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area across treatments, while lowland cultivar IR64 had the lowest. In wheat stems, S82 had a
higher total xylem area than We4 under CT conditions. Water deficit treatments decreased the
total xylem area in S82 (P<0.001 and P<0.001) but did not significantly affect it in We4
(P>0.05 and P>0.05), resulting in larger total xylem area in We4 than in S82 under SD
conditions. Stem xylem area to tissue area ratio significantly varied within each species (Fig.
4.5D; Table S4.4). Under water deficit treatments, the ratio decreased in rice cultivars IR64 and

Apo, but increased in wheat.
4.3.6 Relations between anatomical traits, leaf water potential and yield

Significant correlations were observed between Wiar and most of the leaf anatomical
parameters, but Wier correlated more with leaf xylem characteristics than with the other leaf
parameters (Table S4.5). Positive correlations were observed between Wiear and leaf xylem area
to leaf tissue area ratio in each species (Fig. 4.6). Furthermore, the association between Wiear
and leaf xylem area to leaf tissue area ratio was strengthened by water deficit, from
non-significant under CT conditions to significant under MD and SD conditions. Noteworthily,
upland rice cultivar UPL7 had the highest value in leaf xylem area to leaf tissue area ratio but
the lowest reduction rate in Wiear under water deficit treatments. Wiear was positively correlated
with the total stem xylem area under SD conditions in rice (P<0.05, R?=0.36). However, no
direct relationships between Wiear and stem anatomical parameters were observed in rice when
data from all treatments were combined (Table S4.5). On the other hand, positive correlations
between Wiear and several stem parameters were observed in wheat, when data from all

treatments were combined.
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There was a positive correlation between the decrease in Wiear at flowering stage and the
decrease in yield by stress treatments when data from rice and wheat were combined (P<0.01,
R?=0.75; Fig. 4.7). A positive association between the decrease of Wiear at flowering stage and
the yield decrease was also observed in each species, but the relationship was only significant

in rice (P<0.05; R = 0.68), but was marginally significant in wheat (0.05<P<0.10).
4.4 Discussion

4.4.1 Effects of water deficit on plant growth and biomass partitioning

Our study aimed at understanding why rice plants cannot perform well like other dryland
cereals, such as wheat, when grown under relatively dry conditions. We did not intend to impose
severe drought to rice plants. The highest water deficit treatment imposed to rice in this study
was similar to, or slightly lower than, the deficit in aerobic culture (SD conditions with soil
potential between -20 to -40 kPa) (Kato and Okami, 2011). In order to produce stress symptoms
in wheat, a higher level of water deficit stress was applied to plants under the more severe
treatment (SD soil potential between -50 to -70 kPa). Even without any sign of drought stress
like leaf rolling and drying, the growth of rice and wheat plants was impeded by both treatments
in varying degrees (Fig. 4.2). Shoot growth, as indicated by traits including number of tillers,
leaf biomass, leaf area, stem biomass and panicle (or spike) biomass, was inhibited under water-
limited conditions (Table S4.2). The decreases in shoot growth reflect plant adaptation to water
deficit, aimed at ensuring plant survival by limiting water loss (Claeys and Inzé, 2013).

Although plants were grown in relatively restricted pots in our experiments, the observed
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morphological changes are consistent with those previously reported for rice and wheat under

field conditions (Reynolds et al., 2007; Henry et al., 2012).

By comparing plant growth under water deficit treatments with the control conditions in rice
and wheat, we revealed several features that are characteristic of rice plants. First, at both stages,
all rice plants developed roots poorly even under the MD conditions with a soil potential at 0
to -5 kPa (Fig. 4.2B). In addition, analysis of biomass partitioning suggested a restricted root
growth (decreased root weight ratio) in rice but not in wheat (Fig. 4.3). Promotion of biomass
partitioning to roots was suggested to be an adaptive response to water limitation (Price et al.,
2002; Yin and Schapendonk, 2004; Kato et al., 2006). However, an opposite effect would occur
if water stress was very severe (Asch ef al., 2005) or stress was imposed at the seedling stage
(Kato and Okami, 2010). The restricted root growth (in terms of biomass amount and biomass
partitioning) in MD and SD conditions indicates that rice roots were very sensitive to relatively
dry conditions as if they were under severe drought stress (Kato and Okami, 2010; Kato and
Okami, 2011). Furthermore, at both stages, changes in assimilate partitioning under water-
limited conditions tend to favour leaf and stem growth in rice (Fig. 4.3), in contrast to the
classical functional equilibrium paradigm (Brouwer, 1983; Yin and Schapendonk, 2004). On
the contrary, wheat plants slightly decreased the leaf weight partitioning but maintained the
level of panicle weight partitioning across treatments (Fig. 4.3). In addition, water limitation
suppressed panicle growth in rice while it maintained the level of spike weight partitioning in
wheat. Panicle weight under water deficit stress was suggested to be linked to the rooting ability
in rice plants (Kato et al., 2007). Limiting the water availability during early vegetative stage
(as imposed in this study) would highly impede root growth, thus be detrimental to panicle

growth in rice.
4.4.2 Yield traits responded differently to water deficit in rice and wheat

Stress occurring during the vegetative stage restricts plant growth and canopy establishment,
thus affects grain yield and yield components (Pantuwan et al., 2002; Vijayaraghavareddy et
al., 2020). In our study, water-deficit treatments were imposed at the early tillering stage until
plant maturity (Table 4.1), and influence of water deficit on yield and yield components was
investigated. Compared with other dryland cereals, rice yield is highly susceptible to soil water
deficit (Praba et al., 2009). In the present study, the MD treatment imposed to wheat was
comparable with the SD treatment imposed to rice (Table 4.1). If we compare the treatment

effects on the grain yield in rice and wheat at the same stress level, rice lost at least 42% of the
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control yield while wheat lost less than 10% of the control yield (Table 4.2).

Villegas et al. (2007) reported that the number of spikes per plant and the number of grains per
spike were the yield components that are mostly affected by water deficit in wheat. However,
only the number of spikes was significantly affected by water-deficit treatments in our tested
wheat cultivars (Table 4.2). The largely reduced spikes in wheat at maturity under water-deficit
conditions could be linked to the reduction of tillers at vegetative and flowering stages (Table
S4.2). In contrast, the tiller number in rice was least affected by water treatments (Table S4.2).
Instead, fewer panicles were produced, leading to a lower productive tiller percentage in all rice
cultivars under water deficit treatments (Table S4.2). Filled grain% was highly correlated with
grain yield under water-limitation conditions in rice, when short-term water-deficit stress was
imposed during the reproductive stage (Garrity and O'Toole, 1994). In our study, the decrease
in rice yield under mild water deficit was mainly related to fewer panicles and lower 1000-grain
weight. The SD treatment decreased nearly all yield components in the rice cultivars (Table
4.2). Those results suggest that prolonged water deficit influenced rice yield mainly by
controlling yield components while water deficit directly affected the yield of wheat by

reducing the number of tillers.

4.4.3 Variations in plant water relations and anatomical variables

Rice roots have a substantially lower hydraulic conductivity than other herbaceous roots, even
when grown in hydroponics (Miyamoto et al., 2001). However, rice transpires more, compared
to other cereals (Tanguilig et al., 1987). The low root conductivity, combined with the high
transpiration demand, carries the inherent danger of xylem cavitation (Stiller et al., 2003),
which could explain the relatively low Wiear found in the rice cultivars (Fig. 4.4B). Our studies
support this by comparing anatomical features between rice and wheat. Earlier, we observed a
much lower xylem area (both early and late metaxylem) in rice roots than in wheat roots, which
would lead to a potentially lower axial root conductance (Ouyang ef al., 2020). On the other
hand, rice leaves had a higher xylem area and xylem area to leaf tissue area ratio than wheat
leaves (Fig. 4.5A, B), indicating that rice leaves is equipped with a more advanced xylem
system to meet the demand of high transpiration. Perhaps compensating for this imbalanced
design of xylem structure, rice plant develop extensively branched rooting systems under
flooded culture (Ouyang et al., 2020). However, the root growth (root biomass and biomass
partitioning) was highly impeded in rice by water deficit while the growth of vegetative tissues

(stem and leaves) was less affected (Figs. 4.2 and 4.3), and these different effects on root and
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shoot growth must disturb the water balance in the rice plant. In contrast, wheat plants reduced
leaf growth (Fig. 4.3 and Table S4.2) but maintained root growth (Figs. 4.2B and 4.3), which

would favour the maintenance of the plant water status under water deficit conditions.

As leaf water potential (Wicar) indicates the plant water status under different levels of water
stress, the maintenance of a high leaf water potential under water deficit has long been
considered to be associated with water deficit tolerance (Tanguilig et al., 1987). Rice cultivars
showed differences in water-deficit tolerance under three levels of water treatments measured
as midday Wiear across stages (Fig. 4.4B). The differences of Wiear in response to water deficit
partly explained the differences in yield response to water deficit among all cultivars, as the

yield decrease was positively correlated with the decrease of Wiear at flowering stage (Fig. 4.7).

A prompt response of plants to water deficit is stomata closure, and thus transpiration declines
soon after soil moisture declines (Tanguilig er al., 1987; Stiller et al., 2003). It was
demonstrated that a range of -15 to -20 kPa at 20-cm depth is a threshold for maintaining
transpiration in aerobic soils (Kato and Okami, 2011). Similarly, across stages, we observed a
severe decrease in average transpiration rate per unit of leaf area under the SD conditions in all
rice cultivars, although this rate was only slightly decreased under the MD conditions (Fig.
4.4A). However, a clear decrease in Wiear under MD conditions was observed in all rice cultivars
at both stages (Fig. 4.4B). Thus, maintaining high transpiration rate per unit of leaf area of the
rice plant may have caused the rapid decline in Wiear under the MD conditions. To further
confirm the observed variation in Wiear, we investigated the relationship between Wier and the

anatomical variables in the leaf and in the stem of the plants where Wiear Wwas measured.

Leaf xylem characters were strongly correlated with Wiear under water deficit treatments in both
species (Fig. 4.6), suggesting significant effects of leaf anatomy on Wicar. In rice, the tolerant
cultivar (i.e. UPL7) had broader leaf blades, which linked to a higher proportion of leaf xylem
area, and maintained higher Wic.r under water deficit conditions, compared to the other two rice
cultivars (Figs. 4.4 and 4.5). The reduced leaf xylem development that we observed in both
species (Fig. 4.5A, B) could be an adaptive response to water deficit to reduce the water
demand, which in turn prevents higher degree of xylem cavitation in the whole plant. This might
explain the much less reduced value of Wicarin the present study than previous observations
where short-term water deficit treatments were mostly imposed (Bajji et al., 2001; Jongdee et
al., 2002; Stiller et al., 2003). Nevertheless, a large difference in Wiear in response to water

deficit was observed between rice and wheat, when plants were growing under comparable
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treatments (i.e. MD for wheat vs SD for rice) (Table 4.1; Fig. 4.4B). The contribution of root
ability to maintaining plant hydration status cannot be neglected. Recently, we found that water
deficit induced strong anatomical and histochemical barriers for water flow in rice roots but not
in wheat roots (Ouyang et al., 2020). Traits related to deep root growth were also suggested to
be correlated with maintenance of plant water status under water deficit (Lopes and Reynolds,

2010).

In general, the stem anatomical characteristics were less responsive to water deficit than the
leaf anatomical parameters, except for wheat cultivar S82 (Fig. 4.5 and Fig. S4.3).
Sibounheuang et al. (2006) reported that maintenance of high leaf water potential under water
deficit was associated with greater stem area and larger stem xylem diameter in rice cultivars.
We did not find an association between Wier and stem anatomical parameters in rice (Table
S4.5). Nevertheless, the stem xylem area was positively correlated with leaf xylem (data not
shown), and the Wiear was positively correlated with the total stem xylem area under the SD
conditions in both species. Those results suggest that genotypic variation in leaf water potential
under prolonged water deficit could be strongly associated with leaf xylem area in rice, but only

indirectly associated with the stem xylem area.
4.5 Concluding remarks

In our study, the observed variation in leaf water potential under water-deficit conditions
between various types of rice, and between rice and wheat was associated with differences in
leaf vascular and xylem properties. Stiller ef a/. (2003) and Kato and Okami (2011) showed the
importance of soil-leaf hydraulic conductance on maintaining plant water status under water-
deficit conditions, which was not covered in our study. Moreover, we only examined structural
properties of single leaves and stems. How canopy structure responds to water-deficit stress in
various types of rice needs further investigation. Nevertheless, our study demonstrated that
compared with wheat, rice had a more severe loss of yield and reduction of yield components
under water deficit. We revealed several features that were specific to the response of rice
plants to water deficit. Rice plants tended to limit root growth but to maintain above-ground
growth under relatively drier conditions. We showed that a sophisticated VB system was
developed in rice leaves, presumably to support the high demand of transpiration in rice plants.
However, root growth (i.e. root biomass and root biomass ratio) in rice was strongly restricted
by water-deficit treatments, while the transpiration requirement was still relatively high. Such

a situation in a rice plant could disturb the water balance of the plant. Nevertheless, the
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genotypic variation in yield response to water deficit among various types of rice, and between
rice and wheat was associated with the genotypic variation in leaf water potential. Our results
suggest that leaf structure, rather than stem structure, was directly responsible for the variation
in leaf water potential under water deficit. Therefore, to grow rice in a drier condition, it is
necessary not only to increase root growth (as proven in our previous study, Ouyang et al.,

2020), but also to modify leaf anatomy in rice as shown here.
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Table S4.3 Analysis of variance results for plant water status and leaf anatomical traits in rice and

wheat.
Species TRLA W LW LTA VBN VBA XA XA/LTA
Cultivar (C) kK kK kK kK sokk kK sk kokk
Treatment (T) kK kK sk K ns koK skk skdok
Stage (S) Kk % Kk ®kk ®kk sk ®kk sk kk
Rice Cultivar x Treatment ** w4k NS ns ns ns ns  ns
Cultivar x Stage ok %% NS % ns ns ns %
Treatment x Stage ns *k ns  ns ns ns ns ns
CxTxS ns ns ns ns ns ns ns ns
Cultivar (C) Fkk sk NS #%% NS ook sk kokok
Treatment (T) kkk skskok kk * ns k% skokk sk
Stage (S) ook x%% NS NS ns * * *
Wheat Cultivar x Treatment 1S ns ns DS ns ns ns  ns
Cultivar x Stage Aok * ns ns ns ns ns Sk
Treatment x Stage *k ns ns ns ns ns ns %
CxTxS ns ns ns * ns ns ns ns
Species * sk NS sk sk sk sk ko
Treatment (T) okl koK K * ns *ox sk Hk
Stage (S) ok ok wokk ok dok *okk sk PO
Rice + Wheat Species x Treatment 118 sk NS NS ns ns ns ns
Species x Stage Hkok sk * ns * ns ns ns
Treatment x Stage ns ns ns ns ns ns ns ns
ns ns ns ns ns ns ns ns

Species x T x S

TR.LA = averaged transpiration rate per unit leaf area; Wi..r = leaf water potential; LW = leaf blade width;

LTA = leaf tissue area; VBN= leaf vascular bundle number; VBA = total leaf vascular bundle area; XA = total

leaf xylem area; XA/LTA = leaf xylem area to leaf tissue area ratio. Significance level: *, P<0.05; **, P<0.01;

*** P<0.001; ns = non-significant.
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Table S4.4 Analysis of variance results for stem anatomical traits in rice and wheat.

Species SA STA SVBN SVBA SXA SXA/STA
Rice CultiVar sk sk sk k skkk skkk kkk
Treatment seskeosk * sk * ek skskk
Cultivar x Treatment ns  ns ns ns ns Hokx
Wheat Cultivar ns ns ns ns ns ns
Treatment kK kkosk ns kkck kskock *
Cultivar x Treatment ns *k ns o wokx ns
Rice + Wheat  Species ns  ns HoHk ns HEk Rk
Treatment *k *k ns ns * ns
Species x Treatment ns  ** ns ns ns **

SA = stem cross sectional area; STA = stem tissue area; SVBN = stem vascular bundle number; SVBA = total
stem vascular bundle area; SXA = total stem xylem area; SXA/STA = Stem xylem area to tissue area ratio.

Significance level: *, P<0.05; **, P<0.01; ***  P<0.001; ns = non-significant.

Table S4.5 Regression analysis of leaf water potential as a function of each leaf and stem anatomical
parameters, based on data of three treatments.

. Rice Wheat
Anatomical parameters
Significance® R?>  Significance R?

Leaf width HAk 0.23  *** 0.35
Leaf tissue area oAk 0.28 *** 0.36
Leaf vascular bundle number ok 0.20 ns 0.10
Leaf total vascular bundle area ok 0.40 *** 0.52
Leaf total xylem area ok 0.45 w** 0.57
Leaf xylem area to tissue area ratio  *** 0.43 w#* 0.46
Stem cross sectional area ns 0.08 *** 0.75
Stem tissue area ns 0.05 *** 0.76
Stem vascular bundle number ns 0.04 ns 0.05
Stem total vascular bundle area ns 0.04 ** 0.48
Stem total xylem area ns 0.04 *** 0.58

2 Significance level: **, P<0.01; ***, P<0.001; ns = non-significant.
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Leaf Stem

IR64

UPL7

$82

We4

Fig. S4.1 Light micrographs of leaf (left panels) and stem (right panels) structure for rice and wheat cultivars. The
left panels show the overall leaf transverse sections with vascular bundles; and the right panels show stem
transverse sections with vascular bundle on the tissue area and on the sclerenchyma near stem epidermis. Arrows
mark vascular bundles in leaf and stem. BF, bulliform cell; BS, outer bundle-sheath cell; E, epidermis on leaf;
M, mesophyll cell; P, phloem; SC, sclerenchyma strand in leaf; S, sclerenchyma in stem; VB, vascular bundle;
X, xylem. Each scale bar represents 50 um.
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Fig. S4.2 Response of leaf (A) blade width, (B) tissue area, (C) vascular bundle number, and (D) total

vascular bundle area of rice and wheat cultivars to water treatments: control (CT), mild drought (MD),

and more severe drought (SD). Leaflets were sampled at vegetative stage and flowering stage. Bars

represent standard errors of the mean for three replicates.
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Fig. S4.3 Response of stem (A) cross sectional area, (B) tissue area, (C) vascular bundle number, and
(D) total vascular bundle area of rice and wheat cultivars to water treatments: control (CT), mild drought
(MD), and more severe drought (SD). Stem sections were sampled at vegetative stage and flowering
stage. Bars represent standard errors of the mean for three replicates.
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Chapter 5

Abstract

In the wake of declining water availability for agricultural use that will severely disturb the cultivation
of irrigated lowland rice (Oryza sativa), aerobic genotypes have been developed allowing rice to grow
under drier conditions. However, canopy physiological and morphological characteristics associated
with adaptation of aerobic rice to water-limited conditions have so far been understudied. Canopy
architectural characters, light and nitrogen distribution parameters (i.e. the extinction coefficient for
light, K1; and for nitrogen, Kn; and their ratio Kx:Kr), plant growth and yield were examined in irrigated-
lowland (cv. IR64) vs aerobic (cv. Apo) rice genotypes grown under three water regimes. Compared
with cv. IR64, cv. Apo allocated less nitrogen to strongly shaded leaves, allowing the vertical nitrogen
distribution to better acclimate to light distribution within the canopy. The Kn:Ky ratio increased with
increasing water deficit, and cv. Apo (up to 49% increase) had a higher increase than cv. IR64 (up to
24% increase). This was attributed to the maintenance of erect leaves at the upper part of the canopy,
allocation of less leaf area and less nitrogen to the shaded leaves under water deficit in cv. Apo. The
observed differential response in the Kx:Ky ratio partly explained the difference in biomass gain and
yield in response to water deficit between the two rice cultivars. We concluded that favourable above-
ground architecture and canopy nitrogen profile relative to the light profile contributed greatly to the

better performance of cv. Apo than cv. IR64 under dry conditions.

Keywords: Canopy light distribution; canopy structure; nitrogen allocation; rice; water deficit
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Contribution of canopy architecture and nitrogen profile to water deficit tolerance

5.1 Introduction

Rice (Oryza sativa L.) is an important food crop that plays a central role in global food security.
More than 70% of the global rice production occurs in intensely managed irrigated lowland
systems (continuously inundated paddy fields) which requires large amounts of freshwater
(IRRI, 1998). Such cultivation practice is threatened by freshwater scarcity arising from global
climate change and increasing water demands by other sectors (Guerra et al., 1998). Various
water-saving technologies have been designed to reduce water use by rice, such as alternate
wetting and drying irrigation (Bouman and Tuong, 2001), controlled soil drying during grain
filling (Yang and Zhang, 2006, 2010), and aerobic cultivation, i.e. growing rice under
non-saturated (aerobic) soil without ponded water (Atlin ef al., 2006). Water input in aerobic
conditions is less than 50% of that in flooding conditions (Peng et al., 2006). However, rice
varieties adapted to irrigated lowland systems are very sensitive to even mild water deficit stress,
showing severe yield loss as soon as the soil water content drops below saturation (Bouman
and Tuong, 2001; Pantuwan et al., 2002; Centritto et al., 2009). Therefore, special rice varieties
suitable for aerobic cultivation, i.e. aerobic rice, have been developed (Bouman et al., 2005).
Aerobic rice varieties display a better yield performance under aerobic environment than

lowland rice (Bouman et al., 2005; Suralta and Yamauchi, 2008).

Land plants exhibit various growth strategies that allow for acclimatory responses to changing
environments. Canopy architecture is important as it determines the interception and
distribution of solar radiation, and, thus, has a major influence on the interaction of plants with
their environment (Schakel and Hall, 1979; Schittenhelm et al., 2006). Rice ecotypes adapted
to different edaphic conditions display diverse canopy architectures, and lowland cultivars are
generally shorter and have more tillers than aerobic cultivars (Peng et al., 2000; Lafitte et al.,
2002; Venuprasad et al., 2009; Matsuo et al., 2010). However, only limited information is
available on differences in effects of water deficit on shoot morphology between aerobic and

lowland rice varieties.

Carbon assimilation of a leaf is closely associated with its captured incident light density and
nitrogen content (Field, 1983; Evans, 1989; Yin and Struik, 2015). Leaves in canopy at different
positions experience very different light environments, i.e. leaves at the lower position are
shaded by the upper leaves that intercept most of the incoming solar radiation. Such differences
increase when leaf area index (LAI) of the canopy becomes high. Shaded leaves in a full canopy

account for more than 70% of the total leaf area but contribute less than 50% of the total canopy
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photosynthesis, due to the exposure to light-limited conditions (Song et al., 2013). Therefore,
it is important to explore avenues to optimize the vertical distribution of light in a crop canopy
for improving the whole canopy carbon gain and biomass production, and eventually for
improving yield (Yin and Struik, 2015). In fact, this concept has long been proposed as an area

to be explored for developing new plant types for rice (Dingkuhn et al., 1991; Virk et al., 2004).

Similar to the light gradient in the canopy, nitrogen distribution among leaf laminae is mostly
not uniform at different heights of a vegetative canopy, but declines gradually over its depth
(Field, 1983; Evans, 1993). Vertical light and nitrogen distributions in a canopy can be
described by an exponential function of the downward cumulative leaf area index with an
extinction coefficient for light (Kr) and for photosynthetically active leaf nitrogen (Kn). Leaf
photosynthetic capacity, depending on the level of photosynthetic enzymes, is highly correlated
to leaf nitrogen (Evans, 1989). Therefore, patterns of nitrogen distribution and its effect on
canopy carbon gain received much attention (Field, 1983; Anten et al., 1995). The nitrogen
distribution along canopy height has often been analyzed through the “optimization” theory
(Hirose and Werger, 1987), given that the light-saturated leaf photosynthetic capacity (4max) is
linearly correlated with leaf nitrogen in most cases (Gu et al., 2012; Yin and Struik, 2015; Tang
et al.,2017). This theory suggests that whole canopy photosynthesis would be maximized when
nitrogen distribution follows light distribution within a canopy, i.e. Kn = KL (Goudriaan, 1995).
However, the observed nitrogen extinction coefficients within vegetative canopies under
favourable growth conditions are generally lower than the optimization theory predicts,

i.e. Kn:KL <1 (e.g. Archontoulis et al., 2011).

Under water deficit stress, the light and nitrogen distributions over canopy depth are more
complicated than those under non-stressed conditions. A number of structural and physiological
characteristics of the canopy, such as leaf area index, leaf angle and canopy nitrogen content
are responsible for the variations in Kt and Kn (Hirose and Werger, 1987; Yin et al., 2003) and
could be modified by water deficit stress in both dicot (sunflower and kenaf; Archontoulis et
al.,2011) and monocot (rice; Okami ef al., 2016) crop species. Rice genotypes having different
canopy architectures may exhibit different responses of light and leaf nitrogen distribution to
water deficit. Little attention has so far been paid to understanding how canopy traits contribute

to yield differences between rice ecotypes grown under water-deficit conditions.

In this study, vertical distributions of light and nitrogen in canopies were quantified in relation

to canopy structural characteristics in two contrasting rice cultivars with different water-deficit
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tolerance, when grown under water-deficit conditions. The two genotypes, i.e. one lowland
cultivar (cv. IR64) and one aerobic cultivar (cv. Apo), were chosen based on our previous
extensive studies on their representativeness of the two rice ecotypes (Kadam ef al., 2015;
Ouyang et al., 2017; Vijayaraghavareddy et al., 2020). We specifically investigated: (1) the
effects of prolonged soil water-deficit on K1, Kn and the Kn:K1. ratio; and (2) how these effects
on canopy traits contribute to the genotypic differences in biomass and yield responses to water

deficit.
5.2 Materials and methods
5.2.1 Plant materials and treatments

Two experiments were conducted at the research farm of Yangzhou University, Jiangsu
Province, China (32°30'N, 119°25'E) during the rice growing season (May-October) of 2014.
In the first experiment, rice plants were grown as mini-canopy in cuboid cement tanks (8 m
long, 1.6 m wide, 0.3 m high), to test the water-deficit effect primarily on canopy architecture,
light and nitrogen distribution in rice genotypes. The second experiment was a field trial (in
puddled lowland field) to collect additional data for plant growth, yield and yield components
in response to water deficit. The tank experiment was carried out in an open field next to the
field trial and tanks were filled with sandy loam soil from the rice field. Both experiments were

sheltered from rain by a mobile transparent polyethylene shelter to control soil moisture.

Two cultivars of rice (O. sativa L., subsp. indica) with similar growth duration were chosen
based on their sensitivity to water deficit and their morphological traits (Kadam et al., 2015;
Ouyang et al., 2017; Vijayaraghavareddy et al., 2020). The lowland rice cultivar IR 64-21
(IR64), considered as highly sensitive to water deficit (Venuprasad et al., 2008), is a semi-dwarf
variety with average mature plant height of approximately 100 cm (Mackill and Khush, 2018).
The aerobic rice cultivar NSIC Rc9 (Apo), generally considered as moderately water-deficit
tolerant in the reproductive stage (Venuprasad et al., 2007), had an average mature plant height
of approximately 130 cm when grown under inundated condition (Venuprasad ef al., 2009).

Seeds of both cultivars were obtained from the International Rice Research Institute (IRRI).

Rice seeds were pre-germinated and sown in a seedbed. Twenty-day-old seedlings were
transplanted into nine tanks and a paddy field, at a hill spacing of 25 cm x 25 cm with one
seedling per hill. In both experiments, P (30 kg ha™' as single superphosphate) and K
(40 kg ha™! as KCI) were applied and incorporated 1 day before transplanting as basal fertilizer.
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Nitrogen (240 kg N ha™') in the form of urea was applied in portions of 40%, 20%, 20% and
20% as basal fertilizer, topdressing ~7 days after transplanting, at panicle initiation, and at
heading stage, respectively. In the tank experiment, three levels of soil moisture were imposed
15 days after transplanting, i.e. (1) control (CT), keeping 2-5 cm of standing water on soil
surface; (2) mild drought (MD), keeping soil water potential between 0 to -5 kPa; and (3) more
severe drought (SD), keeping soil water potential between -20 to -40 kPa. For stress treatments,
water was drained from the bottom of the tanks, and the required stress level was achieved two
and four days after stress imposition for MD and SD, respectively. Two levels of soil moisture
were imposed in the field experiment, i.e. CT and SD, and timing and intensity of imposing SD
were the same as in the tank experiment, but SD in the field was achieved six days after stress
imposition. Soil water potential in stress treatments was monitored with tensiometers (Institute
of Soil Sciences, Chinese Academy of Sciences, Nanjing, China) installed in each plot at a
depth of 15 cm. For the stress treatments, we checked the tensiometers twice a day, and water
was added to bring soil moisture back to the upper limit of the target stress when tensiometer
readings reached the lower limit. Once stress was imposed, the target levels were maintained
until physiological maturity of the grains. Both tank and field experiments were conducted in a
split-plot design, with the CT, MD and SD as the main plots and the cultivars as the split plots,
with three replications. The area of each split plot was 6.4 m? in the tank experiment and 12.5

m? in the field experiment.
5.2.2 Vertical light and nitrogen distributions in the canopy

In the tank experiment, destructive samplings were undertaken at stem-elongating stage (46-51
days after transplanting) and at early flowering stage (66-77 days after transplanting). Before
each sampling, the photosynthetically active radiation (PAR) penetrated through the canopy
was measured by placing a 1-m linear ceptometer (SunScan System SS1, Delta-T devices,
Cambridge, UK) diagonally across two rows. PAR measurements were taken every 20 cm from
the ground upwards and above the canopy, with three to four repeating measurements in each
position for each plot. All measurements were restricted to the time period from 11:00 to
13:00 h. Afterwards, leaf angles were measured relative to the vertical line (0°) using a
protractor. Measurements were taken on the top three fully-expanded leaves from 3 to 4
randomly selected stems of a plant, and repeated on five plants in a row within the PAR
measuring frame in each plot. Values of leaf angle at the same leaf position from the same plot
were averaged and treated as one replicate. Subsequently, these plants were cut from the shoot
base and brought to an indoor lab, where they were further cut from the base to the top every
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20 cm layer thickness to assess the green leaf area index (LAI) and leaf nitrogen per unit area,
or called “specific leaf nitrogen (SLN)”, of each layer. Leaf area was determined using an area
meter (Li-3100; Li-Cor, Lincoln, Nebraska, USA). Leaf dry weight of each layer was assessed
after the leaf blades were oven-dried at 70°C for at least 72 h. After that, leaf nitrogen
concentration (mg N g leaf) was analyzed using an elemental analyzer (Vario Macro cube,
Elementar, Germany). Leaf nitrogen per unit area (SLN) was calculated from these data. Then
total canopy nitrogen content (N.) and canopy-averaged nitrogen per leaf area (SLN¢) were

determined.
5.2.3 Estimation of light and nitrogen extinction coefficients

The attenuation of PAR through the canopy follows the Beer-Lambert law:
= I exp(-KLLAIL) )

where [; and Ip are PAR values on a horizontal level at depth i and above the canopy,
respectively; LAl is cumulative LAI at depth i counted from the top; K is the light extinction
coefficient. K1 was estimated by fitting Eq. (1) to measured /;, [o and LAIL.

Similarly, the vertical gradient of nitrogen in the canopy can be described as:
SLN;i = (SLNo - SLNb) exp(-ANLAIL) + SLNb 2)

where SLN; and SLNy are the SLN of the ith layer and at the top of the canopy (i.e. at
LAI; = 0), respectively; SLN is the base value of leaf nitrogen for photosynthesis, which can
be regarded as representing non-photosynthetic nitrogen content; a value of 0.3 g N m™ for
SLNy, was adopted for rice from Sinclair and Horie (1989) and Yin and van Laar (2005); K is
the extinction coefficient for the effective leaf nitrogen. Kn and SLNop were estimated by fitting

Eq. (2) to the measured data.

5.2.4 Plant growth measurements at stem-elongating and flowering stages

In the tank experiment, tillers of the sampled plants were counted for each sampling. Stem and
panicle (flowering stage) dry weights were determined after separately oven drying at 70 °C for
at least 72 h. The summed values of layers for leaf area and dry weight were used for further
analysis. In the field experiment, plant shoots of five randomly selected plants were collected
at stem-elongating (48-54 days after transplanting) and flowering (72-80 days after

transplanting) stages. Leaf area was measured with an area meter (Li-3100; Li-Cor, Lincoln,
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Nebraska, USA). Leaf, stem and panicle (flowering stage) were separately oven dried at 70 °C
for 72 h prior to weighing. Daily average biomass gain between stem-elongating and flowering
stages in the tank experiment was calculated as the difference in above-ground dry weight of
plants sampled at the two stages divided by the growth duration of each cultivar between the

two stages.
5.2.5 Yield and yield related traits at maturity

At maturity, yield, yield components, harvest index and total above-ground biomass were
determined in the tank and field experiments. The number of spikelets per panicle, filled-grain
percentage, and 1000-grain weight were determined from five plants in a central row. Plants
were separated into straw, filled grains and unfilled grains, following the procedures of Yoshida
et al. (1971). Dry weight of each part was determined after oven drying at 70 °C for 72 h. The
number of spikelets per panicle was calculated as total number of spikelets per replicate divided
by the number of panicles per replicate. The filled-grain percentage was defined as the number
of filled grains in proportion to total number of spikelets. Harvest index was calculated as the
ratio of filled grain weight to above-ground dry weight of the five plants. Grain yield was
determined from harvesting all plants from an intact area of 1 m? in each plot and adjusted to
the value at the 14% moisture. Total above-ground biomass was calculated as 0.86xyield

2

divided by the harvest index. The number of panicles per m” was calculated from yield and

other yield components.
5.2.6 Data analysis

Nonlinear fitting was carried out using the GAUSS method in PROC NLIN of SAS (SAS
Institute Inc., Cary, NC, USA) to estimate Ki and Kx in Egs. (1) and (2). Data were analysed
using a general linear model (GLM) to test the significance for the effects of cultivar, treatment,
stage and their interactions on each parameter, using the R programme (http://www.R-

project.org/).
5.3 Results
5.3.1 General plant growth traits

Under the control condition, growth duration from sowing to maturity was on average 127 and
134 days for cv. IR64 and cv. Apo, respectively. Mild drought (MD) did not induce any change
in the growth duration in both cultivars, while more severe drought (SD) increased the growth
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duration by 4 days in both cultivars. Overall, water deficit reduced the above-ground plant
growth in both cultivars (Table 5.1). Plant height, stem (tiller) number, stem dry weight, leaf
dry weight, leaf area index, number of panicles, and panicle dry weight were lower under water
deficit treatments than in the control in both cultivars, in both experiments. Nevertheless,
variations in response to water deficit of some growth parameters were observed between the
two cultivars (Table S5.1). In the tank experiment, only cv. IR64 showed clear decreases in
stem (P<0.05; up to 22% decrease), leaf (P<0.001; up to 31% decrease) dry weight and leaf
area index (LAI) (P<0.001; up to 33% reduction) under MD conditions. Furthermore, SD
decreased stem dry weight by up to 30% and leaf dry weight by up to 37% in cv. IR64, whereas
these percentages were 17% and 30% in cv. Apo. Across stages, water-deficit treatments
decreased the number of panicles (at flowering stage) in cv. IR64 (P<0.001), but did not induce
a clear change in cv. Apo (P>0.05), resulting in a clearly decreased productive tiller percentage
in cv. IR64, but not in cv. Apo. Similarly, decreases in growth parameters in cv. IR64 were

higher than those in cv. Apo under SD condition in the field experiment (Table 5.1).
5.3.2 Yield and yield related traits

Across experiments and treatments, the grain yield, harvest index and total above-ground
biomass at maturity were significantly higher in cv. Apo than in cv. IR64 (Table 5.2). Water-
deficit treatments negatively influenced yield and yield related traits in both cultivars (Table
5.2). In the tank experiment, cv. IR64 and cv. Apo recorded ca 76% and ca 86%, respectively,
of control yield under MD conditions. More severe drought (SD) had similar effects on yield
performance in both experiments, with cv. IR64 and cv. Apo having on average 50% and 64%,
respectively, of control yield under SD conditions. Under CT conditions, cv. IR64 produced
65% in the tank and 49% in the field experiment more panicles per m? than cv. Apo. Water-
deficit treatments reduced this difference, as the decrease of number of panicles in cv. Apo was
smaller than that in cv. IR64 under stress conditions. Water-deficit treatments decreased the
number of spikelets per panicle and 1000-grain weight in both cultivars in both experiments,
and it decreased filled grain% only in cv. IR64 under SD condition in the tank experiment. In
the tank experiment, MD significantly decreased the harvest index in cv. IR64 (P<0.05; 14%
decrease) but not in cv. Apo (P>0.05; 3% decrease). The decrease in harvest index under SD
was slightly higher (P<0.1) in cv. IR64 (25% decrease) than in cv. Apo (19% decrease) in the
tank experiment, but was clearly higher (P<0.05) in cv. IR64 (18% decrease) than in Apo (4%
decrease) in the field experiment. The water-deficit effect on total above-ground biomass was
significantly stronger (P<0.05) in cv. IR64 (up to 35% decrease) than in cv. Apo (up to 21%
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decrease) in the tank experiment, while water-deficit induced changes on total above-ground
was not significantly different (P>0.05) between cv. IR64 (40% decrease) and cv. Apo (34%

decrease) in the field experiment.

5.3.3 Canopy architecture

Plant height and stem (tiller) number significantly varied between the two cultivars, with cv.
IR64 being shorter and producing more stems than cv. Apo (Table 5.1). In general, the canopy
structures in terms of leaf area distribution along the plant canopy were similar for the two rice
cultivars, with the largest fraction of leaf area being located at the middle of the canopy (Fig.
5.1). Nevertheless, across treatments and stages, the proportion of leaf area located at the bottom
(20-40 cm from ground level) of the canopy was significantly higher (P<0.001) in cv. IR64
than in cv. Apo. Water-deficit treatments increased (P<0.05) the allocation of leaf area to the
bottom of the canopy in cv. IR64, but did not significantly affect it (P>0.05) in cv. Apo (Fig.
5.1).

Small leaf angles indicate more erect leaves. The leaf angles of the top three leaves were smaller
in cv. IR64 than in cv. Apo (P<0.001), and the cultivar difference was larger at flowering stage
than at stem-elongating stage (Fig. 5.2). At stem-elongating stage, the leaf angle of the
uppermost leaf in cv. IR64 was 19% and 28% larger under MD and SD conditions compared
with CT. The leaf angle of all three upper leaves was increased (P<0.001) under water-deficit
conditions in cv. IR64 at flowering stage, with an average increase of 10% and 30% by MD
and SD, respectively. On the other hand, water deficit did not induce a clear change (P<0.05)

on the leaf angle of the upper leaves in cv. Apo (Fig. 5.2).
5.3.4 Canopy nitrogen content

Across stages, total canopy nitrogen content (N¢) did not significantly (P>0.05) differ between
the two cultivars in the control conditions (Table 5.3). A significant cultivar x treatment
interaction (P<0.01) was observed for Nc. Across stages, MD severely decreased N¢ in cv. IR64
(P<0.001; up to 36% decrease), but only had a mild effect on N in cv. Apo (P>0.05; up to 10%
decrease). SD caused up to 42% and up to 25% decrease of N in cv. IR64 and in cv. Apo,

respectively.

Under control conditions, canopy-averaged nitrogen per leaf area (SLN¢) was on average 10%
higher for cv. IR64 compared with cv. Apo (P<0.001; Table 5.3). Across stages, water-deficit
treatments decreased the SLN. in cv. IR64 (P<0.001), with up to 7% decrease by SD, but did

156



Height from the ground (cm)

120
100
80
60
40

20

0
160
140
120
100

80
60
40
20

Contribution of canopy architecture and nitrogen profile to water deficit tolerance

Leaf area in proportion (%)

cT MD SD cT MD SD
0O 10 20 30 4 50 600 10 20 30 4 50 60 0 10 20 30 4 50 600 10 20 30 4 50 60 0 10 20 30 4 50 600 10 20 30 4 50 60
0 A 0 B 0 C 0 D 0 £ 0 E
it v
(=
]
, i 3
K I Pt
o
3
i Q
=]
| T+ 4 [ :
@
G H J K L
us)
E 1 2
] £
i S 1 | i s
@
: - | 2

+

IR64

Apo
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C,F,LL). Distribution of leaf area is presented as leaf area at each layer in proportion to total leaf area.
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not significantly affect the SLN. in cv. Apo (P>0.05) (Table 5.3). Furthermore, changes in N¢
and SLN. under water-deficit conditions did not significantly differ between stages in either
cultivar (Table S5.2).

5.3.5 Light and nitrogen distributions

Figure 5.3 presents the measured patterns of light distribution in the canopy. Canopy light
extinction coefficient (K1) estimated from these data significantly differed between the two rice
cultivars (P<0.001) (Table 5.3). Under CT conditions, K1 was on average 16% lower for cv.
IR64 than for cv. Apo. Water-deficit treatments increased K1, with a significant interaction
between treatment and cultivar (P<0.001) (Table 5.3; Table S5.2). Compared with CT, MD and
SD caused on average 17% and 33% increases in K in cv. IR64, while these percentages were
6% and 15% in cv. Apo. Furthermore, the water-deficit effect on Kr was slightly stronger
(P<0.05) at flowering stage (up to 35% decrease) than at stem-elongating stage (up to 31%
decrease). A positive correlation of K1 with the averaged leaf angles of the top three leaves

was observed across treatments in each cultivar and when all data were pooled (Fig. 5.4).

Across stages, the value of SLN at the top of the canopy (SLNy), estimated from the measured
patterns of light distribution in the canopy (Fig. 5.5), did not differ much between cv. IR64 and

1 o S-CT e F-CT
6 | e o S-MD = F-MD
A S-SD A F-SD

Fig. 5.3 Cumulative leaf area index PAR penetrated (I/1,)
(LAI) calculated from the top of the 0 00 0[2 0;4 0"6 0;8 10
canopy versus relative A ,%W
. . o 1 4 Ak R
photosynthetically active radiation P
P o
(PAR) penetrated for (A) IR64 and 2 1 A /;,fé, =
(B) Apo grown under three water 3 7z, ’:”QS’.O"”‘
treatments: control (CT; circles), 4 /f‘/p:,’;’.o
mild drought (MD; squares), and . '.Q‘)‘

more severe drought (SD; triangles).
Measurements were determined at
stem-elongating (S; open symbols)

and flowering (F; filled symbols)
stages. Curves are drawn from
Eq. (1) with Ky fitted for each
treatment of each cultivar, based on
data pooled from three replicates.
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and Apo (grey) grown under three water treatments: control (CT; circles), mild drought (MD; squares),

and more severe drought (SD; triangles). Values of leaf angle were averaged from the top three leaves

of each replicate. Data was obtained from stem-elongating (S; open symbols) and flowering (F; filled

symbols) stages. Linear regression lines were for each cultivar and overall data.

Fig. 5.5 Cumulative leaf area index
(LAI) calculated from the top of the
canopy versus the
content per unit area (SLN) for IR64
(A) and Apo (B) grown under three

leaf nitrogen

water treatments: control (CT;
circles), mild drought (MD; squares),
and more severe drought (SD;
triangles). ~ Measurements ~ were

determined at stem-elongating (S;
open symbols) and flowering (F; filled
symbols) stages. Curves are drawn
from Eq. (2) with SLNy and Ky fitted
for each treatment of each cultivar,
based on data pooled from three
replicates.
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cv. Apo (P>0.05) under CT conditions (Table 5.3). Water-deficit treatments decreased the
SLNyin cv. IR64 (P<0.001; up to 5% decrease) at both stages, but did not cause a clear change
in SLNo in cv. Apo (P>0.05) at stem-elongating stage and increased its value at flowering stage.
The estimated nitrogen extinction coefficient (Kx) significantly differed between the two rice
cultivars (P<0.001) (Table 5.3). Under CT conditions, Kx was on average 46% lower for cv.
IR64 than for cv. Apo. Nevertheless, water deficit increased K in both cultivars (Table 5.3).
The effects of water-deficit treatments on Kx were stronger (P<0.001) in cv. Apo (up to 70%
increase) than in cv. IR64 (up to 65% increase). No significant interaction between treatment
and stage was observed for Kn (Table S5.2). Positive correlations of K with K1 were observed

across treatments in each cultivar and when all data were pooled (Fig. 5.6).

Under CT conditions, the Kn:KL ratio in cv. Apo was 0.24 (stem-elongating stage) and 0.25
(flowering stage), while the ratios were lower in cv. IR64, being 0.14 and 0.19 (Table 5.3). A
significant treatment X cultivar interaction (P<0.001) was observed for the Kn:Ky ratio. In cv.
IR 64, this ratio was only increased by SD at the stem-elongating stage (P<0.05), with ca. 24%
increase compared with the ratio in CT. On the other hand, the Kx:KL ratio in cv. Apo was
significantly increased by water-deficit treatments at both stages, with up to 19% and 49%

increase by MD and SD, respectively (Table 5.3).
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Fig. 5.6 Relationship between canopy nitrogen extinction coefficient (Kn) and canopy light extinction
coefficient (Kr) in IR64 (circles) and Apo (triangles). Data was obtained from stem-elongating (open
symbols) and flowering (filled symbols) stages. Linear regression lines were for each cultivar and

overall data.
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5.3.6 Daily biomass gain in relation to canopy light and nitrogen distribution

Under CT conditions, the biomass gain between stem-elongating and flowering stage in cv.
Apo was almost two times as high as that in cv. IR64 (Table 5.4). The daily average biomass
gain during the two growth stages was also higher in cv. Apo than in cv. IR64, and the difference
became even higher under water-deficit treatments. Water deficit reduced the daily average
biomass gain in both cultivars (Table 5.4). Compared with CT, MD and SD caused ca. 25% and
52% decreases in daily average biomass gain in cv. IR64, while these percentages were 10%
and 37% in cv. Apo. The lower reduction in daily average biomass gain in cv. Apo appeared to
be associated with the greater Kn:Ki ratio, compared with cv. IR64. To confirm that, we
conducted a regression analysis, where the daily average biomass gain was regressed against
the Kn:K1 ratio with treatment categories (CT, MD, SD) and canopy nitrogen content (N.) as
covariates. Treatments were introduced as a covariate to account for the aforementioned effect
of stress levels on daily average biomass gain. Only N was introduced to account for the effect
of both canopy nitrogen and LAI on light interception (thus, on biomass gain), because LAI
was closely correlated with N¢ (Fig. 5.7) as theoretically expected (Yin et al., 2000). Regression
analysis showed that the variation in the Kn:Kr ratio contributed most significantly to the
variation in daily average biomass gain between the two rice cultivars, so did the effect of
treatment (Table 5.5). N¢ did not significantly contribute to the explanation of the observed

variance in daily average biomass gain.
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Fig. 5.7 Relationship between leaf area index and canopy nitrogen content for IR64 (black) and Apo
(grey) grown under three water treatments: control (CT; circles), mild drought (MD; squares), and more
severe drought (SD; triangles). Measurements were determined at stem-elongating (S; open symbols)
and flowering (F; filled symbols) stages.
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Table 5.4 The effects of water deficit on biomass gain and daily average biomass gain between stem-
elongating and flowering stages in two rice cultivars grown in the tank experiment

Above-ground biomass Daily average biomass gain ®

2 . s a
Cultivar Treatment (g DM m™ ground) BlOII_lzaSS gam
(g m™ ground) o) 0
Stem-elongating Flowerin, g m™* ground %6 of
gatng & day! control
IR64 CT 608.2 £31.6 846.9+20.6 238.7+17.3 11.9+£0.9
MD 452.7+17.2 632.0+27.8 179.3+18.9 9.0+£0.9 75.1
SD 415.5+14.1 553.6+10.4 138.0+14.7 5.8+0.6 48.2
Apo CT 530.5+14.4 992.0+26.9 461.5+30.3 17.1+1.1
MD 496.3 £23.2 909.6 +454 413.3+58.9 153+2.2 89.6
SD 432.6+13.3 764.8 £26.2 3322+273 10.7+£0.9 62.7

CT denotes control condition while MD and SD denote mild water stress treatment and more severe
water stress treatment, respectively.

* Biomass gain from the period between stem-elongating and flowering stages was calculated as the
above-ground dry matter (DM) (mean + standard error of three replicates) differences between the two
stages.

® Daily average biomass gain was calculated as the biomass gain from the period between stem-
elongating and flowering stages divided by the growth duration between the two stages.

Table 5.5 Multiple regression analysis of daily average biomass gain between stem-elongating and
flowering stages as a function of treatment (CT, MD, SD), N. and Kx:Ki. ratio (Daily average biomass
gain = by + biCT + byMD + b3SD + bsN. + bsKn:K1), based on data of two rice cultivars. Regressions
were made for stem-elongating and flowering stages.

Intercept Regression coefficient

Stage

bo bt b b3l bs bs R? No. of data points
Stem-elongating 13.7 0 -4.7%  -11.0*** -0.83 35.0%** (.85 18
Flowering 2.4 0 24 -8.6% 1.0 32.5% 0.84 18

$ Treatments (CT, MD and SD) as a category variable were quantified by introducing three dummy
variables, with the CT as the reference level; so, the regression coefficient b; was nil while values of b,
and b3 indicate the decrease of daily average biomass gain in MD and SD treatments, respectively,
relative to the CT treatment.

Significance level: *, P<0.05; *** P<0.001.
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5.4 Discussion

5.4.1 Growth and yield responded differently to water deficit in two rice cultivars

Compared with dry land cereals such as wheat and maize, rice is very sensitive to water deficit
(Pantuwan et al., 2002; Centritto et al., 2009; Praba et al., 2009). Nevertheless, rice genotypes
cultivated for aerobic condition had better adaptation to water-limited conditions than lowland
rice cultivars (Bouman et al., 2005; Suralta and Yamauchi, 2008). Our results confirmed this in
terms of a smaller decrease of above-ground dry weight, grain yield and harvest index by water
deficit in aerobic cultivar cv. Apo compared with lowland cultivar cv. IR64 (Tables 5.1 and
5.2). In general, our results were consistent between the tank and field experiments, although
the absolute values of each parameter differed between the two experiments (Tables 5.1 and

5.2).

In this study, we aimed to identify the above-ground morphological characteristics that
determine the differences in adaptation to aerobic conditions between the two rice cultivars.
Thus we did not intend to induce severe drought stress on the rice plants. The mild drought
stress (MD; 0 to -5 kPa) we imposed to the rice plants was similar to the control treatment used
for dryland cereals (Mian and Nafziger, 1994; Bahrun et al., 2002), which is considered to be
sufficient for plant growth. However, shoot growth traits in cv. IR64 were strongly inhibited by
MD, including decreased stem and leaf dry weight, leaf area and panicle dry weight (Table 5.1).
Our previous study suggested that the severely limited shoot growth in rice plants was related
to its largely restricted root growth when grown under relatively dry conditions (Ouyang et al.,
2021). Nevertheless, the shoot growth was only slightly inhibited by MD in cv. Apo (Table 5.1),
while the root growth was also heavily impeded by the same level of treatment (Ouyang ef al.,
2021). Those results indicated that below-ground tissue only partly accounted for the above-
ground biomass accumulation in response to water deficit. Inhibition of shoot growth in
response to low water availability is aimed at improving the water balance by limiting water
loss, but can lead to yield losses (Claeys and Inzé, 2013). Compared with cv. IR64, the shoot
growth in cv. Apo was less affected by water-deficit treatments (Table 5.1). This might be
attributed to the fewer tillers and less transpiring leaves in cv. Apo than in cv. IR64 (Table 5.1).
Our previous study showed that cv. Apo has fewer stomata, lower stomatal conductance, and
higher transpiration efficiency than cv. IR64 (Ouyang et al., 2017). Moreover, the harvest index
was also less sensitive to water deficit in cv. Apo than in cv. IR64 (Table 5.2). Therefore, the

yield advantage of cv. Apo under water-deficit conditions was attributed to multiple traits that
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enable to maintain biomass production and harvest index under stress.

5.4.2 Variations in canopy structure, vertical light and nitrogen distribution

Introducing the semi-dwarf plant type with erect leaves for lowland rice cultivation allows good
penetration of light into the lower parts of the canopy (Dingkuhn et al., 1991; Peng et al., 2000).
IR 64, as a modern lowland rice cultivar, was shorter, had more erect leaf (i.e. smaller leaf angles)
at the upper part of the canopy, and more leaf area located at the bottom of plant canopy than
cv. Apo (Table 5.1; Figs. 5.1 and 5.2). As a consequence, the vertical light distribution
throughout the canopy was relatively more uniform in cv. IR64 than in cv. Apo, as indicated
by a smaller K1 in cv. IR64, compared with cv. Apo (Table 5.3). The values of K1 we found
here for cv. IR64 and cv. Apo were similar to the values previously reported for other rice
cultivars (Okami et al., 2016; Gu et al., 2017). Both rice cultivars showed non-uniform nitrogen
distributions within the canopy (Kx > 0), particularly at the flowering stage (Table 5.3; Fig. 5.5).
The non-uniformity of nitrogen within the canopy has been reported for many crops (Bertheloot
et al., 2008; Archontoulis ef al., 2011; Gu ef al., 2017). The gradient of SLN is triggered by the
light environment within a canopy and leaf aging (Hirose and Werger, 1987; Okami et al.,
2016). Our results supported this by viewing a positive correlation between Kx and K (Fig.
5.6). Thus, the steeper SLN gradient in cv. Apo (i.e. a higher Kx) was associated with a more
attenuated light climate within the canopy (i.e. a higher Ki), compared with cv. IR64.
Furthermore, the variation in canopy nitrogen distribution between cv. IR64 and cv. Apo was
mainly resulted from the difference in the nitrogen content in the lower leaf layers (Fig. 5.5),
as SLN at the top of the canopy (SLNo) was not much different between the two cultivars under
control condition (Table 5.3). In addition, cv. Apo had low leaf area portioned to the lowest

canopy layer where there is low light intensity (Figs. 5.1 and 5.3).

5.4.3 Cultivars differed in light and nitrogen distributions within the canopy in response

to water deficit

Water-deficit stress occurring during canopy development will modify many of the canopy
characteristics in comparison with well-watered plants (Pantuwan et al., 2002; Archontoulis et
al., 2011). In our study, canopy structures in terms of plant height, leaf angle and leaf area
distribution were affected by water-deficit treatments (Figs. 5.1 and 5.2; Table 5.1). Among
those structural traits, leaf angle was reported to be most important in determining K. (Yin and
van Laar, 2005; Archontoulis et al., 2011). Reported effects of water deficit on leaf angle were

not consistent across species or even within species (Werner ef al., 1999; Lonbani and Arzani,

165



Chapter 5

2011). Lonbani and Arzani (2011) observed both increase and decrease in flag leaf angle under
water-deficit stress in different wheat cultivars. This different response may arise, depending
on whether leaf angle is adjusted to contribute to reduced levels of photoinhibition under stress.
This contribution did not seem to be relevant to our experiment because cv. Apo had larger leaf
angles (Fig. 5.2; thus presumably had stronger photoinhibition), yet had more biomass
accumulation than cv. IR64 (Table 5.5). Nevertheless, larger leaf angle on the upper part of the
canopy would intercept more light and create light deprivation of the lower leaves, therefore
resulting in higher K1 (Archontoulis ef al., 2011). Our results support this latter view given the
positive correlations between Ki and leaf angle (Fig. 5.4). The leaf angles of the three upper
leaves in cv. Apo were less affected by water deficit, therefore resulting in a smaller increase

of K. for cv. Apo than for cv. IR64 (Table 5.3; Fig. 5.2).

We observed an increased Kn under water-deficit treatments (Table 5.3). The lower SLN at the
lower part of the canopy under water deficit was not related to low nitrogen availability, as the
reduction of canopy nitrogen content under water-deficit treatments was mainly caused by the
heavily reduced leaf area, but not the canopy averaged nitrogen content (Table 5.3). Therefore,
the change in Kn could be triggered by the higher K1 within the canopy (Hirose and Werger,
1987; Okami et al., 2016) and faster ageing of the leaves at the lower part of the canopy
(Hikosaka et al., 1994) under water-deficit treatments. Still, water-deficit treatments increased
the difference in nitrogen distribution between cv. Apo and cv. IR64, resulting in a more
strongly increased value of Kn under water deficit in cv. Apo than in cv. IR64 (Fig. 5.5; Table
5.3). Our results indicate that there are genotypic variations in plant architecture and leaf

nitrogen distribution in response to water deficit between the two rice cultivars.
5.4.4 Associations of daily average biomass gain with canopy nitrogen vs light profiles

Theoretically, the nitrogen content in an specific leaf was positively correlated with its
photosynthetic rate, as it determines several photosynthetic capacity parameters (Harley ef al.,
1992; Yin et al., 2009; Gu et al., 2012). However, such relationship only applies when the leaf
is exposed to saturating light, as leaf nitrogen affects little the net photosynthesis under low
light conditions (such as in shaded leaves) (Field, 1983). According to an optimization theory,
within a dense canopy, the canopy photosynthesis can be maximized if the leaf N distribution
follows the light distribution, i.e. Kn:KL = 1 (Hirose and Werger, 1987; Anten et al., 1995;
Goudriaan, 1995; Sands, 1995). In our study, across stages, the averaged value for the Kn:KL

ratio in control conditions was 0.21 (Table 5.3), indicating the vertical distributions of nitrogen
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in the two rice cultivars were far from the optimized. Such phenomenon was also observed in
other rice cultivars (Gu et al., 2017), and in other monocots (Anten ef al., 1995). Nevertheless,
the nitrogen distribution in cv. Apo exhibited a better acclimation to light distribution by
showing a higher Kn:K1 ratio than cv. IR64 (Table 5.3). A higher Kn:K1 ratio indicated a more
efficient use of nitrogen at the whole plant level, in terms of the whole canopy photosynthetic
carbon assimilation (Field, 1983; Anten et al., 1995). Therefore, the possibility of enhancing
canopy photosynthesis and biomass production by increasing Kn:K1. ratio should be considered,
if no other factors are involved. Our study supported this idea in view of a higher daily average
biomass gain between stem-clongating and flowering stages in cv. Apo than in cv. IR64 in
control conditions (Table 5.4), even though the above-ground dry weight, canopy nitrogen
content and leaf area index at the stem-elongating stage was higher in cv. IR64 than in cv. Apo

(Tables 5.3 and 5.4).

Changes in the relationship between nitrogen and light have been related to leaf area index and
nitrogen status (Dreccer et al., 2000; Yin et al., 2003; Shiratsuchi et al., 2006; Gu et al., 2017).
Lotscher et al. (2003) reported that low internal nitrogen availability is the main factor that
increases the Kn:KL ratio. However, our results indicated that nitrogen availability was only
partly responsible to the response of the Kn:K1 ratio to water deficit. Increases in the Kn:K1
ratio under water-deficit treatments were observed in both cultivars, yet, average canopy
nitrogen content (SLN.) was affected by water-deficit treatments only in cv. IR64 but not in cv.
Apo (Table 5.3). The development of vertical nitrogen distributions in the canopy are viewed
as plastic responses that optimize nitrogen utilization with respect to canopy carbon assimilation
(Dreccer et al., 2000; Bertheloot et al., 2008). Thus, the increase of the Kn:K1 ratio indicates an
improvement of nitrogen distribution by water deficit in rice canopy. Furthermore, our results
indicated that the differential responses of daily average biomass gain to water-deficit
treatments in two rice cultivars was most significantly associated with the variable response in
the Kn:K1 ratio (Table 5.5). Cv. Apo exhibited a better adaptation to water deficit than cv. IR64
by showing a higher increased value of the Kn:K1 ratio under water deficit treatments (Table
5.3). Interestingly, yield under all treatments were higher in cv. Apo than in cv. IR64 (Table
5.2). As grain yield depends mainly on assimilate accumulation during the grain-filling phase,
higher yield in cv. Apo suggests that the higher Kn:K1 ratio favourable for canopy carbon

assimilation may have continued for a large part of the post-flowering phase.
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5.5 Conclusions

The aerobic and lowland rice cultivars displayed distinct canopy architecture, canopy nitrogen
and light profile parameters, i.e. the extinction coefficients for nitrogen (Kn) and for light (K1),
and their ratio (Kn:Kr). Differences in leaf angle were responsible for the variation in light
profile between the two cultivars. Under the control condition, differences in the Kn:K1 ratio
between the two rice cultivars appeared to be responsible for the differences in their daily
average biomass gain and yield although the aerobic cultivar (cv. Apo) had low number of
tillers and low biomass at the late vegetative stage. Associated with its partitioning of less
nitrogen to the shaded leaves, the Kn:K1 ratio of cv. Apo, compared with the lowland cultivar
(cv. IR64), was higher, resulting in a more efficient use of nitrogen at the canopy scale in the
aerobic cultivar. Under water deficit, cv. Apo maintained erect leaves at the upper part of the
canopy. “Apo” also allocated less nitrogen to the shaded leaves and this resulted in a higher
Kn:Ky ratio than under the control condition. Such adjustment allowed a better optimizing of
nitrogen utilization over the canopy and therefore minimized the impact of water-deficit stress
on biomass gain and yield in cv. Apo. Our results suggest that improving above-ground
architecture and nitrogen allocation pattern in the canopy are needed to improve biomass gain
and yield performance of rice under declining water availability. Further studies are needed to
verify the relationship between the canopy traits and biomass gain using more genotypes.
Nevertheless, our results suggest that besides the Ki-determining above-ground architecture
that has previously been attended to in rice ideotype breeding (Dingkuhn ef al. 1991; Peng et
al., 2000; Virk ef al. 2004), the nitrogen allocation pattern in the canopy (Kn) and the Kn:KL
ratio are also very important for improving biomass production and yield of rice, especially

under water-deficit conditions.
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Supplementary materials in Chapter 5

Table S5.1 Analysis of variance results for plant growth parameters in rice cultivars.

o Tank experiment Field experiment

Source of variation

PH SN SB LB LAI PN PT% PB PH SN SB LB LAI PN PT% PB
Cultivar(c) skeksk ckksk ok skekok ckeksk skekok ns kkok skeksk kkk ns * ns skekk ok skookok
Treatment(T) kekk ok seksk skeskek skeksk o skek sdskosk skskok skekosk keksk skesksk skekosk o skekk sksk * seskosk
Stage (S) dkdk g Rk ek kk . wkd po kEE R opg i} R
Cultivar x Treatment * ns ** * ng ¥*¥ #¥¥ g * ns ns ns ¥ * * ns
Cultivar x Stage K g REE REE Ok - - - *** ng ns ns ns - - -
Treatment x Stage  *** ns ns ns ns - - - *** ns ¥ ns ns - - -
CxTxS * ns ns * 0F - - - ns ns ns ns ns - - -

PH = plant height; SN = number of stems; SB = stem dry weight; LB = leaf dry weight; LAI = leaf area
index; PN = number of panicles; PT% = productive tiller percentage; PB = panicle dry weight.
Significance level: *, P<0.05; **, P<0.01; ***, P<0.001; ns = non-significant.

Table S5.2 Analysis of variance results for canopy light and nitrogen distribution parameters in rice

cultivars.

Source of variation LAl SLN. N. K, SLN;, K, K@K,
Cultivar wkk kEE o kkE Rk kEE ok
Treatment kkk ko ok kRE g kkk  kokok
Stage sk sk ns seskosk ns sfeskeosk sk
Cultivar x Treatment * ns wk o kR ok Hokk ok
Cultivar x Stage **  ns R kRER Ek ns  ¥F*
Treatment x Stage ns ns ns * ns ns ns
Cultivar x Treatment x Stage * ns * ns ns ns ns

LAI = leaf area index; SLN. = canopy-averaged specific leaf nitrogen; N. = canopy nitrogen content;
K1 = canopy light extinction coefficient; SLNy = specific leaf nitrogen at the top of the canopy;
Kx = canopy nitrogen extinction coefficient. Significance level: *, P<0.05; ** P<0.01; *** P<0.001;
ns = non-significant.
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Chapter 6

The high water requirements for rice cultivation make rice much more prone to the predicted
increase in agricultural freshwater scarcity than dryland cereals. Due to the importance of rice
in global food security, reducing water use in rice cultivation while obtaining high yield remains
essential. The evolution of various rice cultivation systems (see Chapter 1) has triggered the
development of rice genotypes with different degrees of water deficit tolerance, which makes
the crop unique in terms of its inherent variability available for water deficit tolerance. Lowland
rice is much more sensitive to water deficit, while aerobic and upland rice have relatively higher
water deficit tolerance. Yet, our knowledge of the mechanisms underlying the variation in water
deficit tolerance between various rice types is poor. To support breeding strategies to produce
water deficit tolerant rice varieties, there is a need for better understanding why rice cannot
perform similar as dryland cereals (wheat in this dissertation) in terms of its high water deficit

sensitivity.

My main aim was to unravel and understand which anatomical, morphological, and
physiological characteristics are important for the evolutionary and adaptive patterns of rice
types and wheat to their growth environments. In order to achieve this aim, I firstly outlined
several candidate mechanisms at various scales in Chapter 1. Then, those candidate
mechanisms were tested in various types of rice and wheat, at leaf level (Chapter 2), at plant
level (Chapters 3 and 4), and at canopy and crop level (Chapter 5) under three water regimes.
This dissertation shows that during evolutionary adaptation to their growth environments, wet
and dry, respectively, rice and wheat have developed their specific strategies to cope with their

growth environments. Rice plants possess several constraints to grow under water deficit.

In this Chapter, main findings of each preceding chapter will be presented in Section 6.1 and
their implications will be addressed in Sections 6.2 and 6.3. Thereafter, the current state and
future prospects of improving rice water deficit tolerance will be discussed in Section 6.4.

Finally, this chapter will be completed by some concluding remarks (Section 6.5).
6.1 Research findings of this dissertation
6.1.1 Leaf anatomical traits are important for improving leaf water use efficiency in rice

Transpiration efficiency (TE) refers to the physiological definition of water use efficiency
(WUE) at the leaf level, which is the moles of carbon gained in photosynthesis (4,) in exchange
for water used in transpiration (7), i.e. 4n/T. Aerobic and upland O. sativa cultivars and

O. glaberrima genotypes can grow under drier soil conditions than lowland O. sativa cultivars,
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but very little effort has been devoted to investigating the difference in TE between those rice
types. In Chapter 2, I assessed the genotypic variability in TE among six rice cultivars (lowland,
aerobic, upland), one African rice genotype (O. glaberrima), and two wheat cultivars (Triticum
aestivum) under long-term water stress; [ evaluated the diffusion components that are
responsible for the variations in TE; and I investigated the anatomical determinants for those

components.

Combined gas exchange and chlorophyll fluorescence data were collected to assess the An, 7,
and the diffusive conductances (i.e. stomatal conductance gs and mesophyll conductance gm)
(Chapter 2). Lowland cultivars had lower TE than other rice types. Wheat cultivars did not
show superiority over the water deficit tolerant rice cultivars in terms of TE, because high A,
was accompanied by high 7' in wheat. Causal analysis indicated that variations in TE were well
explained by combined g5 and gm, the gs/gm ratio to be precise. Subsequently, Chapter 2 showed
that variations in gs resulted from the differences in stomatal development (stomatal density
and size), while variations in gm arose from different leaf mesophyll structure and anatomical
properties (cell wall thickness and proportion of mesophyll exposed to intercellular airspace

covered by chloroplasts).

6.1.2 Morphological and anatomical attributes have a strong impact on water transport

in rice

Before water reaches transpiring leaves, it must first pass through a series of cell layers into the
root xylem and then move up into the shoot. Water movement from the soil into the root stele
(where root xylem locates) can be treated as fluid flow through a complex structure: epidermis,
exodermis, central cortex, and endodermis (Steudle and Peterson, 1998). By comparing the root
morphology, root cross-sectional structures, stem and leaf anatomy between rice and wheat,

several features specific for rice were revealed in Chapter 3 and Chapter 4.

Chapter 3 revealed that the anatomical and histochemical attributes of root structures were
highly variable between rice and wheat, between water treatments, and even along the length
of an individual root. Visible changes in anatomical (endodermal tertiary thickened walls) and
histochemical (suberization and lignification of endodermis) properties revealed evident
apoplastic barrier formation in rice roots under water deficit (Chapter 3). Furthermore, rice roots
have an extensive aerenchym but a much smaller stele and much smaller xylem vessels than

wheat roots (Chapter 3), while the xylem area in stem and leaf was higher in rice than in wheat
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(Chapter 4). Different from wheat, rice cultivars tend to decrease their root system investments
under water deficit, as indicated by the heavily decreased root length and lateral root branching
(Chapter 3) and decreased root biomass partitioning (Chapter 4). Relatively, the shoot growth
in rice was less affected by treatments (Chapter 4). Those different effects on root and shoot
during water deficit therefore disturbed the whole-plant water balance in rice, and negatively
influenced plant water status, showing as a clear decrease in leaf water potential (Wicar). In
conclusion, root and shoot anatomical and morphological attributes play important roles in
response to water deficit in rice plant. To grow rice in a drier condition, it is necessary not only

to increase root growth, but also to modify leaf anatomy in rice.

6.1.3 Contribution of above-ground architectural characteristics to water deficit

tolerance

Plant canopies are spatially and temporally variable. Descriptions of canopy structure have long
been recognized as being essential to provide an understanding of plant processes in response
to a specific environment (Norman and Campbell, 1989). In Chapter 5, canopy architectural
characteristics, light and nitrogen distribution parameters (i.e. the extinction coefficient for
light, K1 ; and that for effective leaf nitrogen, Kn; and their ratio Kn:K1) were compared between
one irrigated-lowland (cv. IR64) and one aerobic (cv. Apo) rice genotype, which clearly
differed in above-ground morphological attributes. Furthermore, the effects of prolonged soil
water-deficit on those canopy traits and how these effects contributed to the genotypic

differences in biomass and yield responses of two cultivars to water deficit were presented.

Compared with cv. Apo, cv. IR64 exhibited a relatively more uniform vertical light distribution
throughout the canopy (indicated by a lower K1) but a less steep nitrogen gradient along canopy
height (indicated by a lower Kx). The variation in biomass gain was best explained by the
difference in the Kn:KL ratio. Results indicated that cv. Apo maintained a favourable above-
ground architecture and canopy nitrogen profile (the higher Kn:Kp ratio) under water deficit,
leading to a better performance in the biomass gain and yield than cv. IR64. Those results
indicated the importance of rice architectural characteristics and canopy nitrogen distribution

profile for water deficit adaptation.
6.2 The sensitivity of rice to water deficit

An important aim of this dissertation is to understand why rice cannot perform as well as other

dryland cereals when growing under relatively dry conditions. Therefore, water deficit stresses
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were imposed from seedling establishment (5 leaves in Chapters 2, 3 and 4; 15 days after
transplanting in Chapter 5) until flowering (Chapters 2 and 3) or physiological maturity of the
grains (Chapters 4 and 5); and the stress levels were not as severe as in many drought studies.
For rice, the target setting of mild stress (MD) was to keep the soil water potential between
0 to -5 kPa, where the soil state is viewed as the optimal condition for dryland plant growth;
and the highest stress level imposed to rice (SD; soil water potential between -20 and -40 kPa)

was similar to, or slightly stronger than, the one in aerobic cultivation (Kato and Okami, 2011).

Yield performance of two O. sativa cultivars (cv. IR64 and cv. Apo) in the field condition were
presented in Chapter 5 to verify the results obtained from the tank experiment. In the same field
trial, yield performance of other four O. sativa cultivars used in Chapter 2 (Table 2.1) were also
tested to assess the water deficit effect on grain yield in rice, and the data are given here in
Table 6.1. The experimental details for field trial were described in Chapter 5. Even for the
most tolerant cultivar (Sal), yield loss exceeded 20% under SD condition when compared with
those grown under inundated field. The most severe yield loss was observed in lowland
cultivars, with an average decrease of 47% under SD conditions compared with the control.
The varying degrees in the sensitivity of grain yield to water deficit among rice cultivars can
be linked with the variable responses to water deficit in total above-ground biomass (P<0.001);
panicle number (P<0.01); and harvest index (P<0.05). It has been demonstrated that the
determinant for grain yields under water deficit depends on the developmental phase, during
which the stress is imposed (Boyer and Westgate, 2004). The strong dependence of grain yield
on both total above-ground biomass and harvest index could be because water deficit treatments
were imposed from early tillering stage throughout the whole plant growth duration in this

dissertation.

In Chapters 3 and 4, the plant growth was examined in three rice cultivars (one cultivar from
each cultivation system) at two stages. Water deficit decreased the growth in all plant organs
with varying degrees. In particular, root development was more impeded by water deficit than
shoot organs were, as indicated by the changes in ratios of dry mass fractions (Chapter 4). The
hazard of decrease in root dry mass fraction in rice is aggravated by the changes in root
morphology and architecture. Water deficit strongly restrained the total root length and lateral
root branching in all rice cultivars (Chapter 3), and therefore would impede the water
acquisition capacity of root system in rice under water limited conditions (Courtois et al., 2009;

Smith and De Smet, 2012). Further analysis of root anatomical and histochemical properties
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revealed that the radial water transport would be impeded in rice plants grown under water
deficit due to the thickened cell walls and accelerated suberization and lignification of the
endodermis (Chapter 3). These changes are viewed as adaptations to increased soil dryness (for
a review, see Enstone et al., 2002), indicating that rice roots are very sensitive to very mild
water deficit and appear to respond to aerobic conditions. In the meantime, the photosynthetic
capacity in the rice leaf was weakened by water deficit (Chapter 2). The decrease in light-
saturated photosynthetic rate was found to be correlated with the declined CO; diffusion
conductances, i.e. gs and gm, which was associated with the structural adaptations of stomata
and leaf mesophyll to pro-longed water deficit. Modifications in stomatal density and size,
mesophyll cell wall thickness and the ratio of chloroplast to the exposed mesophyll cell walls
were detected (Chapter 2). Those structural rearrangements were viewed as adaptive strategy

for leaves grown under drought (Tosens ef al., 2012; Giuliani et al., 2013; Hughes et al., 2017).

6.3 The identified targets for improving rice water deficit tolerance

Because of its semi-aquatic origin, rice must have evolved unique physiological, morphological
and anatomical adaptations to cultivation in a flooded soil. However, whether those attributes
that facilitate growth under flooded conditions would become obstacles for rice growth under
dryland conditions is not clear. The comparison of morphological and anatomical properties
between rice and wheat made it possible to identify traits determining the differences in water
requirement between rice and wheat. Findings from this dissertation indicate that not single
traits but suites of morphological and anatomical features are responsible for the adaptive
capacity of rice plant to water deficit. Several constraints need to be overcome if rice is to grow

under drier conditions.

6.3.1 Increasing photosynthetic capacity

Photosynthesis is the basis of plant growth. It is not only important for biomass accumulation
during vegetative stage but also plays a major role in determining yield at post-flowering stages.
At the leaf level, mesophyll conductance for COz diffusion (gm) was considered to be even more
important than stomatal conductance (gs) in determining leaf photosynthesis due to the high
internal resistance to CO» transfer (Flexas et al., 2012). The internal diffusion of CO> depends
on leaf structural components such as leaf mesophyll thickness, fraction of mesophyll exposed
to internal airspace, exposed chloroplast surface area, and cell wall thickness (for a review, see

Evans, 2021). Although some genetic variation within rice has been observed, those structural
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attributes in rice leaves were less optimized when compared with those in wheat leaves (Chapter
2). The thin leaf mesophyll, low fraction of mesophyll exposed to internal airspace, low exposed
chloroplast surface area and thick mesophyll cell walls in rice leaf, leading to a low efficient
internal conductance for CO», presented as a low gm and ultimately led to low photosynthesis.
To increase the CO2 concentration inside the chloroplasts, plant must compensate this low
internal conductance for CO> by a high gs, but at the cost of a large amount of water loss through
transpiration. This would result a low TE, as shown in the lowland rice cultivars. The
combination of high gs and low gm would not be favourable for maintaining photosynthesis
under water shortage as the CO> concentration in the intercellular air spaces largely declined
due to decreased gs through stomatal adjustments. Nevertheless, alleviation of adverse impact
of water deficit in gm resulting from certain anatomical feature was observed in tolerant rice
cultivars and wheat, indicating the possibility of improving gm under water deficit through
modifying leaf anatomy. Therefore, the gm-related leaf anatomical structures in rice leaves need
to be modified to improve the internal diffusion of CO», leaf photosynthesis and TE under water

deficit. This is especially true for lowland cultivars.

At the canopy level, the canopy nitrogen profile, the light profile and their relationship are
important for canopy productivity (Yin and Struik, 2015; Gu et al., 2017). In a canopy, the
gradient of leaf nitrogen contributes to an efficient use of nitrogen at the whole-plant level, as
photosynthesis of a leaf increases with increasing nitrogen at high irradiance but is less
dependent at low irradiance (Field, 1983; Hikosaka and Terashima, 1995). Theoretical studies
have suggested that canopy photosynthesis would be maximized if a vertical nitrogen
distribution follows the light gradient within the canopy, i.e. Kn:KL = 1 (Field, 1983; Goudriaan
1995). However, the nitrogen gradients in actual canopies have been shown to be less steep
than the optimal gradients (Yin et al., 2003; Archontoulis ef al., 2011), and the Kx:K1 ratio was
found to be around 0.35 in Gramineae species (Hikosaka ef al., 2016). Variation in the Kn:K1
ratio has been observed among rice cultivars in previous studies (Okami et al., 2016; Gu et al.,
2017). Chapter 5 revealed an averaged value of 0.18 and 0.30 for Kn:K¢ ratio in a lowland (cv.
IR64) and an aerobic (cv. Apo) rice genotypes. The very low Kn:K7 ratio discovered in cv. IR64
was mainly due to the low Kn, which was attributed to the allocating of much nitrogen in shaded
leaves, indicating a low nitrogen use efficiency at the canopy level in cv. IR64. In addition, the
development of vertical light distributions in canopy of cv. IR64 became less optimal under
pro-longed water deficit, due to the increased leaf angles (relative to the vertical) at the upper

part of the canopy. Yet, the nitrogen content was evenly reduced within the canopy by water
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deficit in cv. IR64. On the contrary, the more tolerant cultivar, cv. Apo, showed a better
adjustment in canopy nitrogen usage by allocating less nitrogen to the shaded leaves under
water deficit. Those results suggest that there is a need to improve the nitrogen distribution

pattern in the lowland cultivar cv. IR64 under water deficit.

6.3.2 Enhancing the balance between water acquisition and transpiration demand

A large proportion of the cross-sectional area in rice roots was occupied by cortical aerenchyma
(Chapter 3), which is associated with oxygen transport to roots when a plant grows under
inundated conditions (McDonald ef al. 2002). Nonetheless, regardless of rice genotypes and
positions along different root zones, extensive aerenchyma formation has been observed in rice
roots under water deficit treatments, although to a lesser extent than under inundated conditions
(Chapter 3). This confirms aerenchyma formation is actually prevalent in rice roots (Suralta and
Yamauchi 2008). Such tissue is essential for rice growth under inundated conditions but
restricts radial water transport in rice root (Yang et al., 2012), therefore not favourable for rice
growing under water shortage. Furthermore, when rice plants are grown under water deficit,
there is considerable formation of apoplastic barriers, including thickened cell walls and
additional deposition of suberin and lignin (Chapter 3). These modifications can block the
hydraulic route, and therefore markedly and irreversibly decrease the cell wall permeability to
water. These modifications are considered as a protecting measure to restrict water loss to dry
soil yet readily permitting water uptake when soil moisture is restored (North and Nobel, 1992;
De Micco and Aronne, 2012). Different degrees of endodermal suberization along root length
were observed in drought-stressed barley (Kreszies et al., 2019) and in wheat (Chapter 3), with
highly suberized endodermis at the basal part of the root but not in the younger root zones near
the apex. In this way, the backflow of water to the drier environment is minimised near the soil
surface and meanwhile the radial water transport at the apical part of the roots is not restricted
to the deeper wet soil layers. However, such a phenomenon was not observed in rice root. In
water deficit stressed rice roots, modifications of endodermal cell wall have been detected at
all sectioning positions, and very remarkable near the root apex (Chapter 3). Hence, the radial
water transport capacity along the whole root would be largely restricted in rice by those
anatomical modifications since the apoplastic pathway is considered to play a major role for
water transport in rice roots (Ranathunge et al., 2004). Moreover, the adverse effect of the long-
term water deficit stress on water acquisition in rice is also reflected by the greatly decreased
root growth and lateral root formation (Chapter 3). Lateral roots make up a large part of total

root length, and are of major importance in regulating water acquisition from deeper soil
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(Pallant et al., 1993; Segal et al., 2008; Knipfer et al., 2011). Those results imply that the water

acquisition ability in rice root is impeded by water deficit.

In contrast to maintaining the massive aerenchyma in rice root, the space for the vascular
transport system has been pushed to a limited area, as the stele accounts only 6% of the cross-
sectional area in rice root, while this number reached 20% in wheat (Chapter 3). The much
smaller xylem in rice roots will lead to a much lower axial water transport ability in rice
compared with wheat, since the hydraulic conductance of xylem vessels varies with the fourth
power of the vessel diameter (Tyree and Ewers, 1991). On the other hand, rice had a high
proportion of vascular area to leaf mesophyll area (Chapter 4) and high density of stomata on
both surfaces of its leaves (Chapter 2). These attributes ensure a high transpiration demand
when rice plants grow under inundated conditions, but become burdens when the water
acquisition ability of root is highly impeded. Such unbalanced state was reflected as obvious
decrease in leaf water potential (Chapter 4) and in gs (Chapter 2), with the impact being most
apparent in lowland rice cultivars. Therefore, improvement of the balance in xylem system

between root and leaf would be required if rice is to grow under drier conditions.

6.4 Opportunities for future research

In this dissertation, I evaluated the effect of long-term water deficit stress on rice morphology
and anatomy at organ, plant and canopy level. It appears that rice plant experiences drought
stress when growing under aerobic cultivation. Several morphological and anatomical traits that
are responsible for the adaptive capacity of the rice plant to drier conditions have been identified
in this dissertation. Nevertheless, new questions have been raised from the findings of this study

and these remain to be addressed.

Water deficit evokes a multitude of cellular responses at different parts of the plant. Visible
modifications on structural properties in leaves (Chapter 2) and roots (Chapter 3) were observed
in the rice plant under water deficit. Results indicated that the water deficit induced anatomical
changes in the rice leaves impeded the internal CO; transport, resulting in a decrease in
mesophyll conductance (gm). However, the functions of certain biochemical components such
as aquaporins should not be discarded. Evidences implied that aquaporins in leaves could be
involved in gm for CO2 by acting at several points along the CO> path, and are most likely
responsible for the dynamic gm changes (Hanba et al., 2004; Flexas et al., 2006). Actually,

aquaporins are a group of channel-forming membrane proteins present in different plant tissues
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(Johansson et al., 2000). Root-specific aquaporins are located in the plasma membrane and in
the vacuolar membrane and facilitate the passive water transport in the cell-to-cell pathway. As
introduced in Chapter 1, the radial water transport in roots involves apoplastic and cell-to-cell
pathways. While the apoplastic pathways is impeded by the additionally formed physical

barriers (Chapter 3), the cell-to-cell pathway could be important under water limited conditions.

The total root length in rice was largely decreased by water deficit in Chapter 3, but the
maximum root length and the proportion of root mass in the soil depth was not examined. In
most cases, the topsoil dries stronger and faster than the subsoil. It has been proposed that the
susceptibility of rice to drought is attributed to its shallow root system, which has a limited
ability to extract water from deeper soil layers (Kondo et al., 2003; Gowda et al., 2011).
Nevertheless, evidences suggested that rice genotypes with deeper roots had higher biomass
productivity and grain yield under short-term water limitation than the shallow-rooting
genotypes (Lilley and Fukai, 1994; Venuprasad et al., 2002; Kato et al., 2007; Uga et al., 2013).
Therefore, investigation into the difference in rooting habit among various types of rice,
between rice and other dry land cereals, and how these differences affect the response of water

uptake under long-term water deficit could be interesting.

Lateral roots, which comprise a greater proportion of the root system in total length and number
(Yamauchi et al., 1987, Harada and Yamazaki, 1993), are responsible for the greatest amount
of water and nutrient absorption (Yoshida et al., 1982). Lateral root plasticity is a variable trait
in plant adaptation to water deficit. The decrease in lateral root formation was presented as the
decreased fine root length and lateral root length per nodal root length in Chapter 3. However,
the response of the number and branching patterns of lateral roots to water deficit was not
covered. Furthermore, root traits related to water transport across and along roots were only
examined in nodal roots. It is uncertain whether the structural changes found in nodal root under
water deficit can represent lateral root or not. Therefore, the morphology and anatomy of lateral

root under long-term water deficit are interesting to study.

Results from Chapter 4 indicated that stem anatomy did not have a direct contribution to the
plant water status. The stem provides support to the aerial parts of the plant and conducts the
exchange of water, nutrients, signalling molecules and carbohydrates between aerial organs and
underground organs (Dickison et al., 2000). Another important role of the stem for cereal crops
is to store the accumulated water-soluble carbohydrates (WSC) that are subsequently mobilized

to grain. Under stress conditions, the accumulation of WSC in the stem may be much less due
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to restrained photosynthesis (Johnson et al., 1981). When photosynthetic activity is depressed
by drought, grain filling becomes more dependent on mobilized stem reserves (Bell and Incoll,
1990; Davidson and Chevalier, 1992). Therefore, stem anatomy might play an important role

in nutrient mobilization during grain filling.

In Chapter 5, the canopy architectural characteristics, light and nitrogen distribution parameters
were only examined in two rice genotypes, one from lowland (cv. IR64) and one from aerobic
(cv. Apo) rice. Compared with cv. Apo, the leaf nitrogen content was found to be less efficiently
distributed along the canopy in cv. IR64. In general, the difference in above-ground architecture
between lowland rice and cultivars from other cultivation regimes is evident (Peng et al., 2000;
Lafitte et al., 2002; Venuprasad et al., 2009; Matsuo et al., 2010). However, it is not certain if
the light and nitrogen distribution patterns found in the two cultivars can represent the
genotypes from their own cultivation regimes. Therefore, the canopy characteristics, light and
nitrogen distribution of more cultivars from the same rice type should be investigated in future
studies. Furthermore, data was only collected at stem-elongating and flowering stages in
Chapter 5. As grain yield also depends on assimilate accumulation during the grain-filling
phase, it is necessary to assess the potential impact of water deficit on the architecture, light and

nitrogen profiles, and canopy photosynthesis at post-flowering stage.
6.5 Concluding remarks

Despite the above discussed further research needs, this dissertation already identified several
promising targets for improving rice performance under water deficit. With the aim of providing
leads for growing rice like dryland cereals, comprehensive studies have been conducted to
assess the anatomical, morphological, and physiological attributes that are responsible for
differences in adaptive abilities to water deficit among different rice types, and between rice
and wheat. Although some genetic variation within rice has been observed, those attributes

were mostly variable between rice and wheat. The results suggested:

(1) rice leaf photosynthesis and TE could be improved by increasing the internal diffusion of

CO> via modulating mesophyll structural traits;

(2) the balance between water acquisition and transpiration demand in a rice plant can be
enhanced by increasing root growth, improving the radial and axial water transport in roots, and

modifying leaf anatomy.
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Moreover, the results for canopy physiological and morphological characteristics in two rice
genotypes suggested that the biomass gain and yield in the susceptible rice genotype could be
improved through optimizing canopy architectural characters and nitrogen profile within the
canopy. These findings provide traits that are highly relevant for developing rice genotypes for

growing under dry conditions.
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Summary

Cultivated rice, derived from its semi-aquatic ancestor, is most productive when grown under
irrigated lowland conditions even though it can grow in rainfed or upland environments.
Irrigated lowland rice production requires massive amounts of fresh water, and, thus, is most
vulnerable to the increasing water scarcity. Moreover, increasing water deficit stress, arising
from climate changes, poses a serious threat to the sustainability of rice production in all
cultivation systems. Hence, it is important to explore avenues for developing rice genotypes
that can maintain high productivity under drier conditions. To better understand why rice cannot
perform well like dryland cereals, basic anatomical, morphological and related physiological

responses of rice to water deficit need to be explored.

The evolution of rice in adapting to various ecological habitats, from wetland to dryland, allows
the development of rice genotypes with different degrees of water deficit tolerance. Aerobic
and upland Oryza sativa cultivars are relatively more tolerant to water deficit than lowland O.
sativa cultivars, while Oryza glaberrima genotypes are moderately to highly tolerant.
Nevertheless, rice is highly susceptible to water deficit stress compared with dryland cereals
such as wheat (Triticum aestivum). On the basis of background and research questions presented
in Chapter 1, in this thesis, I compared the effect of long-term water deficit stress on the
morphological, anatomical and physiological characteristics in rice and wheat at leaf (Chapter
2) and plant (Chapters 3 and 4) level. In addition, water deficit effects on canopy physiological
and morphological characteristics were investigated in two contrasting rice cultivars (Chapter

5).

Photosynthesis plays a central role in plant performance under water deficit. Transpiration
efficiency (TE), the ratio of photosynthetic rate (4n) to transpiration, illustrates water use
efficiency at the leaf level. In Chapter 2, the genotypic variability in photosynthesis and TE
were evaluated among six O. sativa rice cultivars (lowland, aerobic, upland), one African rice
genotype (O. glaberrima), and two wheat cultivars under three water regimes. To explore
avenues for improving TE in rice, variations in CO; diffusion components (i.e. stomatal
conductance gs and mesophyll conductance gm) and their anatomical determinants were further
investigated. The variability in 4, among species and within O. sativa was closely associated
with the variation in gs and gm, while the genotypic variation in TE was highly related to the

gm/gs ratio. Water deficit tolerant groups, i.e. O. glaberrima, upland rice, and wheat, exhibited
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higher TE sensitivity in response to gm/gs ratio than lowland and aerobic rice. In particular, the
results indicated that simultaneously sustaining photosynthesis and increasing TE under water
deficit can be achieved by minimizing the decrease in gm. Moreover, the variations of gs and g
were strongly determined by certain leaf anatomical traits. By analysing the water deficit effect
on each of these leaf anatomical traits, I found that leaves with lower stomata density and
smaller stomata leading to lower gs were more suitable for dryer environments; high proportions
of chloroplasts covering the mesophyll cell walls that are exposed to the intercellular airspace
could be beneficial for maximization of gm, especially under water deficit conditions. These
findings demonstrated that the improvement of TE in rice plants can be achieved by increasing

the gm/gs ratio, which could be achieved through modifying anatomical traits.

Under water deficit conditions, maintaining plant water status is not only determined by
regulating stomatal conductance, but also by the water acquisition and transport capacity in root
and shoot. Therefore, 1 further evaluated the morphological and anatomical traits that affect
water acquisition and transport in root (Chapter 3) and shoot (Chapter 4) in three O. sativa rice
cultivars and two wheat cultivars. These three rice cultivars were selected as representatives of
the lowland, aerobic and upland rice groups based on their performance in Chapter 2, while the
two wheat cultivars were the same as those used in Chapter 2. In Chapter 3, I compared the
water-deficit effect on root morphology, root anatomical and histochemical attributes among
rice genotypes and between rice and wheat, while in Chapter 4, I analyzed the water-deficit
effect on biomass partitioning, leaf water potential, anatomical traits in leaf and stem in the
same genotypes. Although the data reflected a certain degree of phenotypic plasticity in
response to water deficit among rice genotypes, the general trends of each morphological,
anatomical and histochemical trait in response to water deficit were similar among rice
genotypes but differed greatly between rice and wheat. Compared with wheat roots, rice roots
formed an extensive aerenchyma but a much smaller stele and smaller xylem vessels; rice roots
thickened endodermal cell walls with additional deposition of suberin and lignin when grown
under water deficit. Those attributes of rice led to a potentially low axial conductance and
formed strong barriers for radial water transport into the stele. On the other hand, rice had a
higher demand of water usage in leaves (transpiration) as the total leaf xylem area and the
proportion of leaf xylem area to leaf mesophyll area were much higher in rice than in wheat
(Chapter 4). Furthermore, the root growth and lateral root formation in rice was strongly
impeded by water deficit, while the above-ground growth of rice was relatively less affected.

These results indicated an imbalance between water acquisition and transpiration demand in
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rice plant when grown under water deficit. As a result, compared with wheat, rice had a higher
reduction of leaf water potential and a more severe loss of yield under water deficit. Therefore,
in order to improve rice performance under drier conditions, it is necessary to modify the
anatomical and histochemical traits of rice root, improve root growth and modify leaf anatomy

of the rice plant.

Water deficit limits plant growth and development. To this end, my studies have been focused
on the important factors limiting rice growth at leaf and plant level in the previous chapters. On
the other hand, plant canopy structure plays major roles in determining the adaptative capability
of plant to different environments. Rice varieties adapted to different edaphic conditions were
found having diverse canopy architectures in previous reports and in those experiments
conducted for the previous chapters. In Chapter 5, one lowland cultivar (cv. IR64) and one
aerobic cultivar (cv. Apo) were selected from the six rice cultivars that were used in Chapter 2
to investigate how canopy physiological and morphological characteristics contribute to
differences in water-deficit adaptability between rice genotypes grown under water deficit.
Compared with cv. IR64, cv. Apo displayed a closer association between nitrogen distribution
and light distribution in the canopy, which was reflected in a higher ratio of the extinction
coefficients for nitrogen (Kn) to that for light (Kv): Kn:Kr. The higher Kn:K1 ratio of cv. Apo
was mainly associated with the lower partitioning of nitrogen to the shaded leaves of lower
canopy positions, indicating a more efficient use of nitrogen at the canopy scale than in cv. IR64.
Under water deficit conditions, cv. Apo maintained erect leaves at the upper part of the canopy
and allocated less nitrogen to the shaded leaves, resulting in a higher Kn:K1 ratio than under the
control condition. Those adjustments allowed a better optimizing of nitrogen utilization over
the canopy and therefore minimized the impact of water-deficit stress on biomass gain and yield
in cv. Apo. These results suggest that improving above-ground architecture and nitrogen
allocation pattern in the canopy are very important for improving biomass production and yield

of rice, especially under water-deficit conditions.

Chapter 6 responds to the research objectives (Chapter 1) and presents reflections on the
comprehensive insights of this dissertation. This chapter summarized and discussed the main
findings obtained in Chapters 2-5. In conclusion, comparative studies on anatomy, morphology
and physiology of rice and wheat, and of contrasting types within rice in response to water
deficit led to the identification of several traits that can be exploited for developing rice varieties

suitable for growing under dry conditions.
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