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ABSTRACT 

The control of stomatal properties in rice (Oryza sativa L.) and their 

influence on photosynthetic performance 

M.N. Yaapar 

The earliest stages of leaf development in rice occur without direct exposure to 

the prevailing light environment, yet the mature leaf shows a number of 

morphological and physiological adaptations to light. Systemic signals 

generated in mature leaves are thought to play an important role in controlling 

the response of the young leaf primordia, but the precise developmental window 

during which this response can occur requires further characterisation. Stomatal 

size, density and distribution are likely to be key elements of this response since 

they play an important role in controlling gas exchange in the mature leaf, yet 

the cell division processes that control stomata formation are limited to relatively 

early stages of leaf development. 

The work reported here describes the process of stomata formation during rice 

leaf development and, in particular, identifies the stages up to and including the 

P3 stage as the phase during which the stomatal differentiation and patterning 

system is responsive to a shift of the plant from high to low irradiance. Careful 

staging of the transfer revealed that various aspects of stomatal size could be 

altered during this early phase of rice leaf development. Variable guard cell width 

(linked to variation in epidermal cell file width in the rice leaf) was identified as a 

key variable in this morphological response. Physiological analysis of mature 

leaves with altered stomatal properties revealed the extent to which 

biochemical/physiology adaptations could compensate for altered potential 

parameters of gas exchange. Finally, a whole-mount in situ hybridisation (WISH) 

procedure was optimized and proven to work in a reliable fashion using probes 

for various genes, thus providing a new tool for the visualisation of gene 

expression in rice leaves. This paves the way for the analysis of gene expression 

during the very early stages of leaf development when stomatal differentiation 

occurs. 
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The work advances our understanding of the control of stomatal formation in 

rice and its potential influence on leaf photosynthetic performance. The method 

developed for the analysis of gene expression will enable future work to 

characterise the genetic mechanism underlying the environmental control of 

stomatal properties. 

 

Portions of this thesis have been published in a peer-reviewed journal. The 
reference for the publications is as follows: 

Julia van Campen, Muhammad N Yaapar, Supatthra Narawatthana, 
 Christoph Lehmeier, Samart Wanchana, Vivek Thakur, Caspar 
 Chater, Steven Kelly, Stephen A Rolfe, W Paul Quick, and Andrew J.
 Fleming. Combined Chlorophyll Fluorescence and Transcriptomic 
 Analysis Identifies the P3/P4 Transition as a Key stage in Rice Leaf 
 Photosynthetic Development. Plant Physiology 2016: pp.15.01624v1-
 pp.01624.2015. 
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The electron transport (Jmax, E) rates also have similar trend to 

assimilation and the capacity is explained by the ratio of 

chlorophyll a/b (F). All means are extracted from Fig. 4.6iv. One 

way ANOVA followed by a post hoc Tukey’s HSD test where 

n=3 with groups sharing different letters are significantly 

different (p< 0.05) and error bars represent standard error of 

mean. 
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Figure 

4.8 

gs-Ci curves in mature rice leaves for the transfer experiment 

from HL to LL. Rows (i), (ii) and (iii) represent individual curves 

(total n=3) for the corresponding treatment labelled at the top 

of each column. Row (iv) represents mean gs-Ci curve for the 
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particular treatment where the horizontal-vertical bars 

represent standard error of mean. Each gs-Ci curve is marked 

with Ca=400ppm to approximately show assimilation rate at the 

current ambient CO2 level while the experiment took place.  

Figure 

4.9 

Mean stomatal conductance (gs) rates measured at 400ppm 

CO2 (ambient level, gs400) (A) and maximum gs (gsmax) rate (B) 

achievable for the HL to LL transfer experiment. The means for 

both gs conditions were extracted from Fig. 4.10iv.  One way 

ANOVA followed by a post hoc Tukey’s HSD test where n=3 

with groups sharing different letters are significantly different 

(p< 0.05) and error bars represent standard error of mean. 
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Figure 

4.10 

gs-Ci curves in mature rice leaves for the transfer experiment 

from LL to HL. Rows (i), (ii) and (iii) represent individual curves 

(total n=3) for the corresponding treatment labelled at the top 

of each column. Row (iv) represents mean gs-Ci curve for the 

particular treatment where the horizontal-vertical bars 

represent standard error of mean. Each gs-Ci curve is marked 

with Ca=400ppm to approximately show assimilation rate at the 

current ambient CO2 level while the experiment took place.  
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Figure 

4.11 

Mean stomatal conductance (gs) rates measured at 400ppm 

CO2 (ambient level, gs400) (A) and maximum gs (gsmax) rate (B) 

achievable for the LL to HL transfer experiment. The means for 

both gs conditions were extracted from Fig. 4.12iv.  One way 

ANOVA followed by a post hoc Tukey’s HSD test where n=3 

with groups sharing different letters are significantly different 

(p< 0.05) and error bars represent standard error of mean. 
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Figure 

4.12 

Mean intrinsic water use efficiency (iWUE) rates measured at 

400ppm CO2 (ambient level, iWUE400) for the HL-LL (A) and 

LL-HL (C) transfer experiments. The maximum iWUE (iwuemax)  

for the HL-LL (B) and LL-HL (D) transfer experiments are also 

calculated. iWUE is the ratio between CO2 assimilation and 

stomatal conductance (A/gs).  Carbon isotope ratio (δ13C) is 

presented as per mill (‰) basis in (E) for HL-LL and (F) for LL-

HL transfer experiments to validate the iWUE analyses. One 

way ANOVA followed by a post hoc Tukey’s HSD test where 

n=3 with groups sharing different letters are significantly 

different (p< 0.05) and error bars represent standard error of 

mean.  
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Figure 

4.13 

Contour plot of intrinsic water use efficiency at ambient CO2 

level (iWUE400) as a function of guard cells width (GCW) and 

stomatal density (SD). Note that individual data point for high 

light (HL) grown leaves are clearly marked. The unit for the 

colour scale on the top right is µmol CO2 mol H2O-1.  
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Figure 

5.1 

Overview of steps for in situ hybridization method. Tissue is 

treated to preserve cell structure with enhanced permeability to 
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allow hybridization with the targeted mRNA in the cytoplasm 

(A). DIG-labelled riboprobe binds to the complementary mRNA 

(B) and allowed to react with an anti-DIG antibody that carries 

the alkaline phosphatase enzyme. Addition of the substrate 5-

bromo-4-chloro-3-indolyl-phosphate results in a localized blue-

purple precipitation (C).  (D) An example of a localized 

detection of blue-purple precipitate in a developing P4 leaf. 

Figure 

5.2 

eEF1A mRNA expression pattern in rice using the unmodified 
WISH protocol for Arabidopsis. Strong antisense signal (dark 
purple staining following 36 h staining time) are visible in the 
young P3 (A) and P4 (B) leaf primordia. In general there is no 
signal detected for the sense probe (C) except in some 
interveinal gap (IG) areas (circled) and x-shaped silica bodies 
located on the veins (arrowheads). For any given IG area there 
is a vein (V), mesophyll cells (M) and bulliform cells (B) 
underneath the epidermis.  
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Figure 

5.3 

Staining pattern in P4 leaf tissue using the unmodified WISH 
protocol except by incorporating either eEF1A-sense probe or 
antibody only. The presence of antibody alone causes positive 
purple staining in some leaf regions (A) and when magnified 
(B) reveals staining in some interveinal gap areas and x-
shaped silica bodies (arrowheads). When no antibody was 
added to the hybridized eEF1A-sense probe, no signal was 
obtained (C). V indicates vein.  
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Figure 

5.4 

Background staining pattern in P4 leaf tissue following the 
introduction of different mixtures of antibody blocking reagents 
in specific WISH steps. Bovine serum albumin (BSA) solution 
only prevents x-shaped silica bodies staining on the veins (v) 
but not in interveinal gap regions (A).  Incubation of antibody in 
acetone powder (Ace-Pow) substantially reduce background 
staining (B, circled) and the combination of both BSA and Ace-
Pow further refines the result (C, circled). The coupling of 
sheep serum and BSA together with Ace-Pow synergistically 
prevents background staining, thus producing a completely 
clear tissue (D).  
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Figure 

5.5 

mRNA expression pattern of the rice Histone-4 gene in P3 leaf 

primordia. WISH was performed on the P3 tissue was 

dissected out. SEM micrograph (A) shows the whole structure 

of P3. The sense probe yielded no signals (B) and looks clear 

under magnification. The antisense probe produced signals (C) 

concentrated near the bottom of primordium and when 

magnified reveals dotted/speckled staining pattern. 
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Figure 

5.6 

Longitudinal section of a typical rice culm at the base (A), 
exposing leaf layers of different plastochron (P) stages and 
shoot apical meristem (SAM). Dashed line indicates a typical 
cutting level (about 1cm from the culm base) used for the whole 
mount in-situ to reveal the most number of leaf layers when 
being viewed from the top. The magnified image is the resultant 
stub cut (Image by Ahmad Nazrin Zakaria). When the stub is 
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viewed from the top (B), it always shows leaf no. 3 (L3) as the 
outermost and oldest leaf layer. 

Figure 

5.7 

mRNA expression pattern of rice Histone-4 gene in a 
transversely cut culm containing a cluster of leaf layers.  The 
outermost and oldest layer is leaf no. 3 (L3) and the leaf layers 
gets progressively smaller and younger towards the cluster 
centre.  (A) shows positive expression pattern (dotted purple 
stain) for antisense probe in relatively younger leaf layers (L5-
7) and the inset image is the magnified centre region of the 
cluster. No signal is detected anywhere for the sense probe in 
(B). Axillary leaf cluster (AX) that will give rise to a new tiller 
are also present. Artefact staining (non-purple) is present in 
lignified dermal layers (arrowheads).  
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Figure 

5.8 

mRNA expression pattern of rice Cyclin-dependent kinase B2-

1 (CDKb2) gene. The outermost and oldest layer is leaf no. 3 

(L3) and the leaf layer gets progressively smaller and younger 

towards the cluster centre.  (A) shows positive expression 

pattern (dotted purplish-crimson stain) for antisense probe in 

the youngest leaf layers (L6 and 7) and in the axillary leaf 

clusters (AX). Expression also localized within vascular bundle 

regions (circled). No equivalent staining is detected anywhere 

for the sense probe in (B). Artefact staining (non-purple) is 

present in lignified dermal layers (arrowheads). 
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Figure 

5.9 

mRNA expression pattern of rice Drooping Leaf (DL) gene.  
The outermost and oldest layer is leaf no. 3 (L3) and the leaf 
layer gets progressively smaller and younger towards the 
cluster centre.  (A) shows positive expression pattern (dark 
vertical bands) for antisense probe in the youngest leaf layers 
(L6 and 7) which localized within presumptive midrib regions. 
No equivalent staining is detected anywhere for the sense 
probe in (B). Axillary leaf cluster (AX) that will give rise to a new 
tiller are also present. Artefact staining (non-purple) is present 
in lignified dermal layers (arrowheads). 
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Figure 

5.10 

mRNA expression pattern of rice MONOPTEROS (MON4) 
gene. The outermost and oldest layer is leaf no. 3 (L3) and the 
leaf layer gets progressively smaller and younger towards the 
cluster centre.  (A) shows positive expression localization for 
antisense probe in the three youngest leaf layers (L5 - 7)  within 
vascular bundle regions (circled) and in axillary leaf cluster 
(AX). No equivalent staining is detected anywhere for the 
sense probe in (B). Artefact staining (non-purple) is present in 
lignified dermal layers (arrowheads).  
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Figure 

5.11 

mRNA expression pattern of rice CONTINUOUS VASCULAR 
RING (COV1) gene. The outermost and oldest layer is leaf no. 
3 (L3) and the leaf layers gets progressively smaller and 
younger towards the cluster centre.  (A) shows high positive 
expression (purple stain) for antisense probe in the youngest 
leaf sheath layer (L4) and also localized in the septum regions 
between lacuna (circled) in the older sheath layer (L3). No 
equivalent staining is detected anywhere for the sense probe 
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in (B). Artefact staining (non-purple) is present in lignified 
dermal layers (arrowheads).  

Figure 

5.12 

mRNA expression pattern of rice DELTA-7-STEROL-C5 
(DWF7) gene. The outermost and oldest layer is leaf no. 3 (L3) 
and the leaf layers get progressively smaller and younger 
towards the cluster centre. (A) shows high positive expression 
(purple stain) for antisense probe in the youngest leaf sheath 
layer (L4) especially at the edge of lacuna (circled in L4) and 
also localized in the septum regions between lacuna in the 
older sheath layer (circled in L3). No equivalent staining is 
detected anywhere for the sense probe in (B). (AX) is the 
axillary leaf cluster and non-purple artefact staining is present 
in lignified dermal layers (arrowheads).  
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Figure 

5.13 

mRNA expression pattern of rice CHLOROPHYLL A-B  (CAB) 
gene. The outermost and oldest layer is leaf no. 3 (L3) and the 
leaf layer gets progressively smaller and younger towards the 
cluster centre. (A) shows high positive expression (purple 
stain) for antisense probe in the mesophyll areas of developing 
leaf layers (L5 and L6). Expression is much paler in the 
presumptive lacuna (circled) and vascular bundle (VB) areas, 
and this is true for axillary cluster (AX) region as well. No 
equivalent staining is detected in the youngest L7, the more 
mature leaf sheath layers (L3 and L4) that contained fully 
formed lacuna and VB and also for the sense probe in (B). 
Non-purple artefact staining is present in lignified dermal layers 
(arrowheads).  
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Figure 

5.14 

mRNA expression pattern of rice CULLIN-1 (CUL1) gene. The 
outermost and oldest layer is leaf no. 3 (L3) and the leaf layer 
gets progressively smaller and younger towards the cluster 
centre. (A) shows positive expression (slight dark stain) for 
antisense probe in the youngest leaf sheath layer (L4) 
especially at the edge of lacuna (circled) . No equivalent 
staining is detected anywhere for the sense probe in (B). (AX) 
is the axillary leaf cluster and non-purple artefact staining is 
present in lignified dermal layers (arrowheads).  
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Figure 

5.15 

False-positive mRNA expression pattern of rice THYLAKOID 
FORMATION FACTOR (THF1) gene. The outermost and 
oldest layer is leaf no. 3 (L3) and the leaf layer gets 
progressively smaller and younger towards the cluster centre. 
(A) shows positive staining (purple) for antisense especially in 
the youngest leaves (L6 and L7) . Similar purple staining is 
detected in L5 and L6 for the sense probe in (B). (AX) is the 
axillary leaf cluster and non-purple artefact staining is present 
in lignified dermal layers (arrowheads).  
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Figure 

5.16 

False-positive mRNA expression pattern of rice DELTA-14-
STEROL REDUCTASE (FACKEL) gene. The outermost and 
oldest layer is leaf no. 3 (L3) and the leaf layer gets 
progressively smaller and younger towards the cluster centre. 
(A) shows positive staining (purple) for antisense especially in 
the youngest leaves (L5-L7) . Similar purple staining pattern is 
detected in L5-L7 for the sense probe in (B). (AX) is the axillary 
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leaf cluster and non-purple artefact staining is present in 
lignified dermal layers (arrowheads).  

Figure 

6.1 

Relative positions of stomatal files (S) with respect to midvein 

(MV), small vein (SV) or leaf margin (M). There are usually 

more than four stomatal files in the interveinal gap (IG) next to 

a MV (A). In IGs in the middle of the leaf width (B), stomatal 

files always follow the ‘maximum four rule’ The last IG next to 

margin (C) usually has only one stomatal file and a high in 

stomatal density. 
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Schematic illustration of potential systemic signaling relay 

system via vascular system perceived by older leaves that 

influence leaf acclimatization in developing and concealed leaf 
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INTRODUCTION
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1.0 Overview

In the first part of the introduction details of global rice production and the need

to increase its production will be discussed before summarising what is known

about the environmental regulation of leaf development, with specific emphasis

on rice and the differentiation of stomata (small pores on the leaf surface with

a key role in gas exchange). Primary food for human consumption comes from

a limited number of cultivated grasses (rice, wheat, barley) of which rice is

globally the most important. However, as global population increases and

pressure on agricultural land and resources increases, there is an urgent need

to improve grain yield while at the same time using available resources more

efficiently, most notably land and water.

The source of all food is the carbon fixed from the atmosphere via

photosynthesis. There is an extensive literature on the process of

photosynthesis and numerous investigations have explored the possibility of

improving the efficiency of this biochemical process and thus theoretically

increasing yield (Andrews and Whitney, 2003; Whitney et al., 2011). However,

to date this approach has met with little success. An alternative approach to

improving the efficiency of photosynthesis is to consider the multicellular organ

which has evolved to perform this process- the leaf. A leaf is an organ whose

overall form and constituent cells enable the uptake of CO2 and water and the

absorption of light energy so that photosynthesis occurs. The leaf must also

facilitate the transport of the products of photosynthesis to other parts of the

plant for growth and storage (Evans, 1975; Yoshida, 1972).

A significant body of evidence indicates that the overall form of a leaf and the

differentiation of the constituent cells are subject to both an endogenous

developmental regulation and influence by external environmental factors. In

particular, light quality and intensity are known to influence leaf development

with a direct outcome on the photosynthetic capability of the leaf (Pallardy,

2008). Most notably, stomata form and frequency have been identified as

potential parameters for optimization which might be exploited to improve crop

yield (Schluter et al., 2003; Franks and Beerling, 2009).
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1.1 Rice and people

Rice (Oryza sativa L.) is touted as being fundamental to life owing to its

prominent roles in shaping histories, cultures, diets and economics for half of

humanity (Gomez, 2001). Today, rice feeds more than three billion people and

more than one billion depend on rice cultivation for their livelihood (Skinner,

2012). Furthermore, it has supported a greater number of people for a very

long period of time compared to any other crop since it was domesticated

between 8,000 to 10,000 years ago (Greenland, 1997). Unlike maize or wheat,

less than five percent of total rice production is traded on world markets,

mainly within Asia and from Asia to Africa and Europe. For many Asian

countries, rice self-sufficiency and political stability are interdependent issues

(Fairhurst and Dobermann, 2002). In Asia two rice sub-species are widely

cultivated namely indica and japonica and they have clear variation in the

sequences of genome, physical and physiological properties such as

hardiness and yield potential (Oka, 1958; Garris et al., 2005; Huang, X. et al.,

2010)

1.1.1 Insufficient rice production

Together with wheat and maize, rice is regarded as one of the ‘Big Three

Crops’ that feed the world. In fact, as a cereal grain, rice is grown on 6

continents and in more than 100 countries. Therefore, it is the staple food for

more than half of the world population (more than 3 billion people globally,

(IRRRI, 2015)). In terms of human consumption, especially in supplying

calories, rice is by far the most important (Fig. 1.1A). Despite this, rice

production is not the highest globally among the three crops mentioned (Fig.

1.1B). This worrying fact is indeed a problem as world population is increasing

exponentially and over the next 40 years in Asia alone the population will

increase by about 1.5 billion, more than a third of the present population

(DESA, 2004).
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Figure 1.1:
World calories supply and production of the big three crops namely rice, wheat
and maize in 2009. Summarized data for (A) obtained at: FAO, Accessed 16
November 2012. http://faostat.fao.org/site/609/default.aspx#ancor
Summarized data for (B) obtained at: FAO, Accessed 16 November 2012.
http://faostat.fao.org/site/567/DesktopDefault.aspx?PageID=567#ancor

Despite the modern age that we are living in now, about 854 million people are

hungry and each day about 25,000 people die from hunger-related causes.

Sixty percent of the world’s population lives in Asia, where each hectare of

land used for rice production currently provides food for 27 people, but by 2050

that land will have to support at least 43 people (Sheehy et al., 2008). Looking

at a global picture, world population is expected to grow by over a third, or 2.3

billion people, between 2009 and 2050. Nearly all of this growth is forecast to

take place in the developing countries. Meanwhile, urbanization is expected to

progress at an accelerating rate with urban areas to account for 70 % of world

population in 2050 (49 % increment from present time) and rural population,

after peaking sometime in the next decade, is actually declining (FAO, 2009).

By looking at the rice production graph in Fig. 1.2 A, in the last 50 years until

recently (2013), rice production has steadily kept pace with the population

growth rate, mainly due to the gains from the technologies of the green

revolution era such as semi-dwarf and fertilizer responsive varieties, as well as

other associated agronomic technologies.



5

Figure 1.2:
Trends in rice production in Asia and globally (A) and regional population
growth and projection (B). Both figures are adapted from Elert (2014).

However about a decade ago, rice yield growth had not increased

tremendously compared to what had been obtained before the new

millennium. In contrast, the same trend is not seen in the population growth

(Fig. 1.2 B). World population constantly grows and is expected to further

increase by over a third, or about 2.3 billion people, between 2009 and 2050.

This imbalance between food supply and population growth has triggered

concern globally and many endeavours are being attempted, such as precision

farming and international trade in order to prevent havoc in the future.

Therefore, increasing and improving rice production is indeed one of the

important efforts that must be worked on for the sake of human sustenance.

1.2 Improved photosynthesis: An approach to enhance rice yield

Photosynthesis is the fundamental process in which plants synthesize

carbohydrate and generate oxygen from carbon dioxide (CO2) and water by

using light energy. Carbohydrate acts as a store of energy that serves as a

resource to power cellular processes for all forms of life and to provide the

carbon skeletons for a vast array of cellular products. However, photosynthesis

is not a perfect process. It is the product of an evolutionary path which has set
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various constraints on its efficiency. Moreover, although people use plants as a

source of food and energy (mainly via the investment of the products of

photosynthesis into seed development), plant development is not primarily

evolved toward a theoretical maximum to enhance seed yield (Gust et al.,

2008). Due to these various constraints, reflecting both basic biochemical

inefficiency in the process of CO2 fixation and the conflicting source and sink

relationships within a plant, the efficiency of solar energy conversion into

biomass for most crops typically does not exceed 1% (Zhu et al., 2010;

Walker, 2009). As a consequence, improving the efficiency of photosynthesis

has been identified as a reasonable aim to improve crop yield.

Being the basic organ of photosynthesis, the leaf is constructed in such a way

that its orientation and anatomy have a major role in controlling the absorption

of light for photosynthesis (Figure 1.3 A). Thus, anatomically, the leaf is highly

specialized for light absorption (Terashima and Hikosaka, 1995). For example

the epidermis is typically transparent to visible light with convex epidermal cells

that act as lenses to focus and intensify the ambient light that reaches the

chloroplasts in the lower mesophyll cells. The mesophyll cells themselves are

organized to optimize both the capture of light and to enable the influx and

efflux of the substrates and products of photosynthesis.

Chloroplasts contain grana are which made up of layers thylakoid membranes

(Fig. 1.3 B) that are the sites of light capture by a group of light-harvesting

complexes associated with photosystem (PS) II and I. The excitation of special

chlorophyll molecules in PSII initiates a series of electron transfers through a

number of electron acceptors including plastoquinone, cytochrome b6f

complex, plastocyanin and finally to the next PSI (Sacksteder et al., 2000). PSI
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Figure 1.3:
A typical internal structure of a C3 leaf and a summary of light dependent and
independent reactions. (A) shows a typical diffusion path for CO2 and the
association between the light reactions, carbon reduction, and photorespiratory
cycles (C, Chloroplast; M, mitochondrion; P, peroxisome). (B) depicts the two
important processes that take place in the chloroplast. Light-dependent
reactions are the energy-capturing reactions in which chlorophyll within
thylakoid membranes absorbs solar energy and energizes electrons. The
energized electrons move down the electron transport system and are used for
ATP and NADPH production. Both ATP and NADPH are used in the light-
independent reactions (or simply Calvin Cycle) which take place in the stroma.
These are synthesis reactions that use the products of light dependent
reactions to fix CO2 into carbohydrate (sugar). Figure (A) is adapted from von
Caemmerer and Evans (2010) and (B) from Figure 10.5 of Campbell, Neil A.,
& Jane B. Reece. Biology. 7th ed. San Francisco: Pearson/Benjamin
Cummings, 2005, p. 185).
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reduces NADP+ to NADPH through the action of ferredoxin and the

flavoprotein ferredoxin-NADP reductase. PSII contributes to the

electrochemical proton gradient that results in the generation of ATPs by the

action of ATP synthase enzyme. Both products of these light-dependent

reactions namely ATP and NADPH will be used in the Calvin-Benson (CB)

cycle to reduce CO2.

The CB cycle is a light-independent process located in the stroma of the

chloroplast and in general comprises three stages namely, carboxylation,

reduction and regeneration (Bassham et al., 1950). CO2 diffuses through the

stomata and makes its journey all the way to the stroma of chloroplast in order

to react with ribulose 1,5-bisphosphate (RuBP) which is catalyzed by Rubisco

to generate the 3-carbon intermediate 3-phosphoglycerate. This intermediate

will be reduced to 3-carbon triose phosphates by enzymatic reactions driven

by the photochemically generated ATP and NADPH from the light-dependent

reactions. Finally the cycle regenerates RuBP molecules to start the

carboxylation process all over again. Since Rubisco can have both

carboxylase and oxygenase activities (Farquhar et al., 1980), it is crucial to

maintain a high CO2 concentration around it to promote carboxylation and this

is generally achieved through stomata aperture control (Casson and

Hetherington, 2010) and mesophyll conductance (Evans et al., 2009).

Otherwise the oxygenase reaction of Rubisco will initiate the undesirable (in

terms of crop production) photorespiratory pathway involving two other

organelles namely peroxisomes and mitochondria (Fig. 1.3 A).

Photosynthesis occurs at the cellular level and involves a number of

biochemical processes. However, despite developing an increasingly detailed

picture of photosynthetic mechanisms, research has so far failed to deliver any

real gains via improving the basic machinery that have given increased crop

yields (Fereres and Connor, 2004). One of the most obvious targets to

enhance photosynthesis is by engineering Rubisco, the key photosynthetic

enzyme responsible for CO2 fixation. The photosynthetic rate of many C3 crops

(such as rice) is limited by the activity of Rubisco which also has an affinity to

oxygen that initiates the apparently wasteful photorespiration process

(Sharkey, 1988). Various attempts to improve photosynthetic efficiency through
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Rubisco optimization have shown little progress so far (Andrews and Whitney,

2003; Whitney et al., 2011).

Undoubtedly photosynthesis is influenced by a range of environmental factors

such as light, ambient CO2 concentrations and temperature, as well as indirect

influences (mediated through stomatal control) to other environmental factors

such as humidity and soil moisture (Taiz and Zeiger, 2010a). The dependence

of photosynthesis on environmental factors is very significant to farmers and

agronomists because crop yield depends strongly on prevailing photosynthetic

rates in an ever changing environment. On the other hand, the efficiency of

photosynthesis in response to the environment is strongly influenced by leaf

physical components such as stomata and the constituent cellular architecture,

which are themselves responsive to these same environmental factors.

1.2.1 The role of stomata and improvements in photosynthesis

The major focus of this study is stomata, microscopic pores on the aerial part

of terrestrial plant surfaces. The movement of stomata (opening and closing)

regulates the exchange of external CO2 for internal O2 and water evaporation

(transpiration). Fundamentally, a stoma comprises two guard cells, a pore and

underlying airspace (sub-stomatal chamber). The morphology of guard cells

are used to classify stomata into two broad classes (Evert, 2006) namely

dumbbell-shaped stomata (typical of grasses such as rice, Fig. 1.4 A) and

kidney-shaped stomata (in other C3 species, Fig. 1.4 B). Stomata have a very

important role in leaf physiology in balancing the need for photosynthetic CO2

uptake against the need to control water loss through transpiration.

Evaporation of water from stomata promotes leaf cooling thus transpiration is

thought to be important in maintaining leaf temperature within an optimal range

(Mahan and Upchurch, 1988) This is important for photosynthesis to take

place efficiently because this greatly affects the enzymatically catalysed

reactions, as well as membrane processes in photosynthesis (Lambers et al.,

2008). Particularly in C3 plant species such as rice, high temperature has a

significant effect on the kinetic properties of Rubisco whereby the affinity for

CO2 decreases more rapidly than that for O2 (Atkin et al., 2006). Furthermore,
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Figure 1.4:
Stomatal shape comparison between dumbbell-shaped rice stoma (A- typical
of grass) and kidney-shaped stomata in Aglaonema sp. (B- typical in other C3
plant species). Scale bars equal 30µm. (Yaapar, unpublished).

at high temperature the solubility of CO2 declines more strongly than does that

of O2 (Warren 2007).

The combined elevated temperature effects on CO2 solubility and Rubisco

affinity lead to the increase in photorespiration, a process that reduces the

efficiency of photosynthesis in C3 plants such as rice. Even so,

photorespiration at the same time protects the photosynthetic apparatus under

stress conditions. Reactive oxygen species (ROS) molecules are generated to

regulate acclimation response to stress (Apel & Hirt 2004). Photorespiration

helps minimise ROS production by directly or indirectly using ATP and

NADPH. CO2 limitation in the CB cycle (to use excess ATP) and lack of NADP+

or other acceptors in photosystem I (PSI) will lead to generation and

accumulation of ROS that must be discarded (Spinola et al., 2008).

In addition, net photosynthesis has been conventionally analysed in terms of

stomatal and non-stomatal limitations (Jones, 1985; Ni and Pallardy, 1992).

Stomatal limitation results from the resistance to CO2 diffusion into intercellular

spaces while the non-stomatal limitation is often assumed as a metabolic

constraint. Farquhar and Sharkey (1982) proposed an analysis of the response

between the net CO2 assimilation rate and internal CO2 concentration (Ci) in

order to study these two limitations separately. In this concept, stomatal

conductance (gs) is a useful parameter in studying C3 plant photosynthesis. gs
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(the inverse of stomatal resistance) is a measurement of the flux of H2O and

CO2 through the stomata, in and out of the leaf (Farquhar and Sharkey, 1982).

Since CO2 and water share the same stomatal entry pathway, this presents the

plant with a functional dilemma, optimizing CO2 uptake while minimizing

substantial water loss. After diffusing through the boundary layer on the leaf

surface, the stomatal pore is the main port of entry for CO2 into the leaf’s

interior. At this point, stomatal conductance/resistance will determine the

amount of CO2 that diffuses into the leaf. The relationship between stomatal

size and density can be expressed in terms of gs. and can be mathematically

obtained (for maximum possible gs) from a model by Franks and Farquhar

(2001):

Equation 1.1

Where gs is stomatal conductance to water vapour (minus boundary layer),

Sdensity = stomatal density (m-2), D = diffusivity of water in air (m2s-1), Spore=

stomatal pore area, V= molar air volume (m3 mol-1), Sdepth= stomatal pore

depth (m) and π = 3.142. From this, Franks and Beerling (2009) further proved

using fossil samples that high densities of small stomata were the only way to

attain the highest gsmax values required in order to counter two major drops in

ancient atmospheric CO2 concentrations (from about 3000ppm to 1000ppm)

which occurred during Permo-Carboniferous (300-350 million years ago) and

Cenozoic glaciations (100 million years ago). This is possible because

stomatal diffusivity is inversely proportional to the distance a gas has to travel

through the Spore. This value increases with guard cells pair length as they

inflate forming an approximately circular aperture.

Interestingly, it has been shown in rice that stomatal conductance is strongly

correlated with leaf photosynthesis (Hirasawa et al., 1988). For instance, the

indica rice variety Takanari is known for its higher grain yield and dry matter
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accumulation (Xu et al., 1997). Taylaran et al. (2011) reported that the high-

yielding capacity possessed by Takanari was linked to a higher stomatal

conductance that was responsible for a high leaf photosynthetic performance.

However, it is still unclear whether stomatal conductance alone is the dominant

factor that limits photosynthetic rate since other forms of conductance such as

boundary layer, intercellular air space and mesophyll are also present (Kusumi

et al., 2012).

It is worth noting that getting CO2 into the leaf via improved conductances

(stomata, mesophyll etc.) only partially influences photosynthesis since other

factors such as leaf nitrogen and Rubisco enzyme content are more

dominating (Makino, 2003; Makino 2011) thus gs can be thought of as a co-

dominating factor that correlates to photosynthesis. In fact Rubisco specific

activity is significantly different between rice and wheat. In wheat, Rubisco Kcat

is greater than rice (about 50% higher Vmax for carboxylation) but rice has

lower Km (about 20% lower Km for CO2) (Makino et al., 1988). Moreover the

specific activity of Rubisco in rice is significantly lower than many other higher

plants as well (Table 1 in Makino, 2003). However Rubisco kinetic properties

cannot be a target for classic breeding among rice cultivars because no

variability has been found among old and modern rice cultivars (Makino et al.,

1987).

1.3 Understanding the rice leaf

1.3.1 General Morphology

In rice, the phytomer concept is used to describe repeating units of vegetative

growth. A phytomer comprises a leaf subtended by an internode. A tiller bud is

present at the lower end of the internode and a root band is present at both the

upper and lower end of the internode (Fig. 1.5). A rice node includes the nodal

plate as well as the base of the internode above it that bears the next higher

leaf.
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Figure 1.5:

A rice phytomer units comprises one internode, a node, emerged leaf, tiller
bud and root primordia. (Based on a drawing by Hoshikawa, 1989).

On a rice stem or culm, rice leaves are borne alternately on opposite sides.

Each leaf consists of two parts, a lower leaf sheath and an upper lamina (leaf

blade) (Fig. 1.6 A). These regions are connected by a joint known as the collar.

The collar bears a pair of auricles (ears) and a ligule (tongue), protrusions from

the leaf surface (Fig. 1.6 B). These structures at the joint are commonly used

to distinguish between rice varieties and other grasses (Moldenhauer and

Gibbons, 2003). For example, the ligule of O. sativa is long and soft but it is

short and tough in O. glaberrima (OECD, 2006).

The leaf sheath is attached to the nodal plate. It wraps around the culm and

has a slight swelling just above the node referred to as the sheath pulvinus

(Fig. 1.6 C).The sheath is photosynthetically active and encloses both the

developing new leaves and the panicle (the terminal shoot of a rice plant that

produces grain). During vegetative growth the sheath provides support to the

plant and acts as a storage site for starch and sugar (Moldenhauer and

Gibbons, 2003). During the reproductive stage of development it mechanically

supports the stem by contributing 30-60% toward shoot breaking strength

(Chang, 1964).
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Figure 1.6:
Rice leaf and its component structures. (A) Culm and leaf sheath; (B) Collar, a
pair of auricles and ligule; (C) Sheath pulvinus.

The lamina in general is flat and lanceolate in shape and provides the main

area for light absorption and photosynthesis. Many parallel veins run along the

upper surface of the blade with a prominent midrib on the underside of the leaf.

Different rice varieties vary in terms of blade length, width, thickness, area,

color, angle and pubescence (the presence of cover with fine, soft and short

hairs). Some of these characters have been selected by the breeders to ease

work in rice fields. Genetically, there is variation for leaf length and width

among cultivars (Jennings et al., 1979). The length of the entire leaf (sheath

and lamina) also increases with successively higher position on the main culm

(Hoshikawa, 1989).

1.3.2 Leaf anatomy

The rice leaf has a classic arrangement of a monocot leaf in which a regular

array of parallel veins occurs. A transverse section of a rice leaf shows that it

has both small (SV) and large vascular bundles (LV), with the latter occurring

approximately once for every six smaller bundles. Each vein is enclosed in a

well-defined bundle sheath (BS) that is linked to both the upper and lower

epidermis by fibrous bundle cells (Evans and Caemmerer, 2000).

The rice leaf possesses a specialized type of epidermal cell called bulliform or

motor cells (BC). Located between the vascular bundles on the adaxial

epidermis, they function to control the rolling of the lamina (Fig. 1.7). Under
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conditions of water deficit they lose turgor and constrict, causing the lamina to

fold or roll inward (Dickison, 2000). They have large vacuoles and little or no

chlorophyll (Mishra, 2009). Stomatal files in rice are located next to the veins

on the leaf surface. In addition, the rice leaf has two kinds of trichomes,

namely micro and macro hairs. Micro hairs are located along the stomatal files

or besides bulliform cells while macro hairs are located on silica cells over a

thin vascular bundle (Kobayashi et al., 1997).

The rice leaf is generally thinner (about 75µm for IR64 when grown under high-

light condition, Narawatthana, 2013) compared to Arabidopsis (about 210µm

for Col-0 when grown under high-light conditions, Wuyts et al., 2012). There is

no mesophyll cell differentiation into palisade and spongy parenchyma, thus

there is no remarkable distinction between the adaxial and abaxial sides

(Lafitte and Bennett, 2002). In dicots the internal mesophyll cells are polarized

in which the closely packed palisade cells are below the adaxial epidermis and

loosely packed spongy cells border the abaxial epidermis (McConnell and

Barton, 1998). In rice and some grasses like maize, there is a uniform

configuration without polarization, which is termed isobilateral mesophyll

(Fahn, 1990).

Figure 1.7:
Transverse section of a rice leaf. (LV) large vascular bundle; (SV) small
vascular bundle; (BS) bundle sheath cell; (BC) bulliform cell; (TRC) trichome;
(STO); substomatal chamber.
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1.3.3 Leaf development in rice

The staging of rice leaf development is mainly described by Itoh et al. (2005)

and this is summarized below. In defining leaf development it is common to

use the plastochron as a unit of developmental time. A plastochron is defined

as the interval between two successive leaf initiation events at the shoot apical

meristem (SAM). This allows leaves to be allocated a plastochron number (P i)

which defines a specific developmental stage. Table 1 summarizes the staging

of adult leaf development in rice.

Table 1.1:
Staging of adult leaf development in rice. I1, Incipient primordium; P1-P6,
Plastochron 1-6; (Table is adapted from: http://www.shigen.nig.ac.jp/rice/
oryzabase/development/search.jsp)

Stage Name Events and Descriptions Figures

I1 Formation
of leaf
founder
cells

Recruitment of leaf founder cells
to become leaf primordium but
not distinguishable
morphologically from other cells
in the SAM. Can be detected
with the expression of gene
OsPNH1
(OryzasativaHOMEOBOX1)
(Nishimura et al. 2002).
Leaf founder cells are distributed
in a half-ring fashion around the
SAM.

Blue region (left) and
arrowhead (right) indicate
a group of founder cells.

P1 Formation
of leaf
primordium

Protrusion of primordium on the
flank of the SAM or crescent-
shaped primordium.
Elongation of leaf margin around
SAM.

Crescent-shaped
primordium (left) and P1
is marked with a blue.

P2 Hood-
shaped
primordium

Hood-like shape.
Overlapping of two margins.
Differentiation of vascular
bundle.

P2 is marked with blue
(left). SA, shoot apical
meristem.
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P3 Formation
of ligule
primordium

Formation of ligule primordia and
(mainly) leaf blade/sheath
boundary.
The leaf margins overlap and
completely enclose the SAM.
Differentiation of
sclerenchymatous cells.
Initiation of epidermal specific
cells and small vascular bundle
formation occur basipetally. Arrow indicates blade

sheath boundary
P4 Rapid

elongation
of leaf
blade

Differentiation of epidermal
speCific cells (bulliform cells,
silica cells, cork cells and
stomata).
Elongation of leaf blade due to
the high activity of intercalary
meristem at the base of lamina
(Kaufman, 1959).

P5 Rapid
elongation
of leaf
sheath

Elongation of leaf sheath.
Emergence of leaf blade from the
sheath of proceeding leaf.
Formation of lacunae and the
maturation of leaf epidermal cells Cross

section around shoot
apex; asterisk, lacuna.

P6 Maturation Bending of leaf blade at the
lamina joint (collar) signifies leaf
maturity and complete growth.

Mature leaf (left); Cross-
section of a leaf (right);
LB, leaf blade; LG, ligule;
AU, auricle; LJ, lamina
joint; LS, leaf sheath; LV,
large vascular bundle; SV,
small vascular bundle;
SC,sclerenchymatous
cell; phloem; XY, xylem;
BS, bundle sheath cell;
BC, bulliform cell;
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1.3.4 Stomatal development

As mentioned in Fig. 1.4, stomata occur in two classes namely dumbbell (as in

rice) and kidney-shaped (as in Arabidopsis). Each form follows a unique

developmental series and distribution pattern. Despite this, in general both

systems involve asymmetric and symmetric cell divisions of specialized

epidermal cells. In both types the process is initiated by the asymmetric

division of a protodermal cell (Fig. 1.8B), that gives rise to a meristemoid,

which is a transient cell state of the stomatal lineage. A meristemoid then

proceeds to differentiate into a guard mother cell (GMC) that eventually

undergoes a single symmetric division to produce a pair of guard cells (GCs).

This is only a simplified explanation for both stomatal developmental systems,

with each having its own elaborate characteristics for every transitional state

until maturity (reviewed by Bergmann and Sack, 2007 and described below).

Even though both systems share a basic common ground in stomatal

development, the leaf in Arabidopsis is not clearly zoned. The more mature

stomata are located within the tip region but this is not absolute since sister

cells of a stomata precursor can undergo division later in time. This

intercalates newly formed stomata among stomata that have been previously

formed. In rice, the leaf is strongly zoned so that the base is the youngest and

in this cell proliferation zone the epidermal files that can later form stomata are

established (Liu et al., 2009).

Much of our understanding about stomatal development comes from the

studies using the model dicot plant Arabidopsis thaliana. In this plant, the

stomatal lineage begins with a subset of protodermal cells becoming a

meristemoid mother cell (MMC – Fig. 1.8B- light blue). The MMC undergoes

an asymmetric division, producing a small meristemoid (Fig. 1.8B- yellow oval)

within a large sister cell (irregular white shapes) called a stomatal-lineage

sister cell. The meristemoid undergoes a cell-state transition to produce a

GMC and it divides once symmetrically to produce a pair of GCs. Specialized

GCs work in concert to control stomatal opening and they cease division.  Liu

et al. (2009) also proposed the sites of action of three important regulators that

direct sequential stomatal development steps seen in Arabidopsis (Fig. 1.9A).
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Figure 1.8:
Key differences in morphological and developmental pattern between
Arabidopsis thaliana (dicot) and Oryza sativa or rice (monocot) stomata. (A)
Kidney-shaped stoma of Arabidopsis and dumbbell-shaped stoma of rice. (B)
Stomata distribution and developmental pattern in Arabidopsis (top) and rice.
GMC (orange oval in Arabidopsis, yellow block in rice); SC (small dark blue
block in rice); GC (red kidney in Arabidopsis, red dumbbell in rice). Figure
adapted from Liu et al. (2009).

Figure 1.9:
Schematics of comparison between stomatal development in Arabidopsis (A)
and rice (B) with proposed sites of expression of three closely related bHLH
transcription factors SPCH, MUTE and FAMA. In rice, it is proposed that the
action of SPCH would occur before the stomatal cell row stage. Figure
adapted from Liu et al. (2009).
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These three positive regulators are the closely related basic helix-loop-helix

(bHLH) domain transcription factors namely SPCH (SPEECHLESS), MUTE

and FAMA (MacAlister et al., 2007). SPCH controls the initial asymmetric

division of protodermal cells, giving rise to the stomatal lineage namely

meristemoid. Later, MUTE is required to set GMC fate from the meristemoid

stem cell. Eventually, FAMA controls the symmetric division of the GMC into a

pair of guard cells (Ohashi-Ito and Bergmann, 2006).

In rice, stomatal development occurs in a more fixed manner (specific

epidermal files) compared to the scattered patterning seen in Arabidopsis.

Generally, stomatal development in rice can be divided into five stages

(Stebbins, 1960) and the stomata in rice start as a row of cells, known as a

stomatal cell row (Fig. 1.8B- light blue shading). These rows can be adjacent

but are normally separated by non-stomatal epidermal cell rows. This stomatal

cell row undergoes cell division to produce stomatal precursors, which undergo

asymmetric division to produce GMCs (Fig. 1.8B- yellow blocks). GMCs induce

the neighboring cells to produce subsidiary cells (SCs) (Fig. 1.8B- small dark

blue blocks). Later GMCs divide symmetrically to produce a pair of GCs that

undergo extensive elongation and morphogenetic changes as they mature

(Fig. 1.8B, small red dumbbells). Each stomatal complex (Fig. 1.10) comprises

two GCs that are narrow with thickened walls and two subsidiary cells flanking

the guard cells.

Even though morphology and ontogeny between Arabidopsis and rice stomata

are reasonably different, the protein sequences of the switches (SPCH, MUTE

and FAMA) that control major cell fate transition during stomatal development

are highly conserved between these two angiosperms groups. However, their

functions, especially for MUTE, SPCH1 and SPCH2, are somewhat divergent

(Liu et al., 2009). In Arabidopsis, the functions of SPCH and MUTE are largely

tied to the initiation and termination of the stem cell-like division in

meristemoids but in grasses it is hypothesized that the activity of OsMUTE
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Figure 1.10:
SEM micrograph of a mature stomatal complex cross section in rice and its
associated microstructures (Yaapar, unpublished)

could be a hybrid between that of Arabidopsis SPCH and MUTE (Fig 1.9B).

There is evidence that OsMUTE is expressed during early stages in which

stomatal files are forming (MUTE in Arabidopsis is expressed in later stages

where meristemoids have formed). On the other hand, FAMA function is

conserved between dicots and monocots despite their different stomatal

morphologies.

Despite the progress made in elucidating the molecular control of stomatal

differentiation, there are still many blanks to be filled in, especially involving

rice, the C3 model as well as Setaria sp. the C4 model for monocot plants. For

example, it is still unknown when SPCH is expressed in rice, although it has

been proposed by Liu et al. (2009) that the action of SPCH would occur before

the stomatal cell row stage (Fig. 1.9). Furthermore, research in Arabidopsis

has confirmed the presence of integrators SCREAM (SCRM) and SCRM2, two

bHLH proteins that work along with SPCH, MUTE and FAMA by promoting all

three cell-state transitions (Hunt and Gray, 2009). The current model suggests
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that the heterodimerization of SCRM/SPCH enhances activation of stomatal

lineage entry but the specific mechanism underlying heterodimer stabilization

still remains unclear, even in Arabidopsis (Kanaoka et al, 2008). This shows

that much more extensive work is required to also elucidate the stomatal three-

cell state transitions in grasses.

1.4 Environmental signals affect leaf and stomatal development

Many of the key developmental events of a plant’s life cycle such as

germination and leaf formation, are regulated by environmental signals such

as temperature and light. Undoubtedly genetic control plays the most important

role in determining leaf size, structure and shape but these parameters are

flexible to a certain degree. This is because leaves are able to tailor their

growth based on environmental conditions (Tsukaya, 2006).

1.4.1 Light as a stimulus

Light is one of the most important environmental factors that regulates the

development of the photosynthetic apparatus in vascular plants. In a high light

or low light environment, plants develop sun or shade leaves, respectively

(Boardman, 1977). The extent to which a particular species can alter it’s

phenotype in response to growth in different environments, or respond to a

change in environment is known as phenotypic plasticity and the processes by

which this occurs is known as acclimation. Generally, high-light responses

occur to maximize light-saturated rate of photosynthesis whilst low-light

responses occur to optimize photon capture. This is reflected in the general

fact that sun leaves are thicker, smaller, with more developed palisade tissue

and higher stomatal density on both adaxial and abaxial surfaces when

compared with shade leaves (Anderson and Osmond, 1987; Murchie and

Horton, 1997). (A more detailed discussion of the characteristics of sun and

shade leaves is provided in Chapter 3.)

In addition, irradiance levels also affect stomatal density.  It has been shown in

Arabidopsis that a high light environment received by the older leaves will
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result in greater stomatal density on both adaxial and abaxial sides of a newly

formed leaf (Coupe et al., 2006). This phenomenon shows that stomatal

density is one of the contributing factors that explains why high-light grown

leaves possess higher photosynthetic capacity. In a recent experiment,

Tanaka et al. (2013) demonstrated that increased stomatal density in

STOMAGEN-overexpressing Arabidopsis, enhanced the photosynthetic rate

by 30%. The STOMAGEN gene encodes a small peptide with a putative

secretory signal sequence at its N-terminus and is expressed preferentially in

mesophyll cells and is a positive regulator of stomatal development in

Arabidopsis. Even though higher photosynthesis generally results from higher

gs, this is not translated into efficient water use because STOMAGEN

overexpression did not increase whole plant biomass, although it’s silencing

did cause a reduction in biomass.  In their work, Tanaka et al. (2013) showed

that improved photosynthetic capacity, through higher stomatal density, can be

achieved by modulating the gas diffusion process in the leaf. This is regarded

as a potential trait for plant engineering in order to improve photosynthesis.

Despite these promising findings, the relationship between stomatal

characteristics, photosynthesis and yield for rice has yet to be established

(Kundu and Tigerstedt, 1999; Miskin et al., 1972). Low stomatal density in rice

has been shown to be attainable only when low irradiance level is coupled with

elevated CO2 but low-irradiance conditions alone, is adequate to produce small

stomata (Hubbart et al., 2003). Moreover, the effect is more prominent on the

adaxial surface thus validating a previous publication (Zhang et al. 2009) and

such specific abaxial-adaxial-stomatal response has been shown in

Arabidopsis (Lake et al., 2002) and common bean (Wentworth et al., 2006) as

well. Since high and low light-grown rice leaves will produce sun and shade

leaves respectively, it is hypothesized that stomatal distribution and size

should vary accordingly to photosynthetic capacity. These stomatal characters

are believed to be set during development by the irradiance level received by

older leaves, although the exact developmental stages at which these

characters are determined is still unknown. Nevertheless it is worthwhile

mentioning that developmental and dynamic acclimation are distinct processes

(Athanasiou et al., 2009). Dynamic acclimation is especially important in

determining the fitness of plants growing in changing environments, for
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example, their ability to change the photosynthetic capacity of developed

leaves. Developmental acclimation involves changes in leaf morphology and

composition (for example stomata which are the focus in this study) being

optimized for the conditions (for example low or high light) experienced by

plants. Thus measurements made reflect conditions experienced as the leaves

develop.

1.4.2 Systemic signalling and stomatal development

Ferjani et al. (2008) summarized in their review, that leaf differentiation into

sun or shade types is regulated remotely by mature leaves via long-distance

signaling. They also highlighted that light quantity is the major stimulus,

triggering a systemic signal that controls leaf development. They suggest that

the known photoreceptors such as phytochromes, cytochromes and

phototropins are probably not involved in the signal perception leading to sun

and shades leaves. The exact light sensory mechanism is still unknown but

several candidate signals have been considered (Karpinski, 1999; Koch, 2000,

2004). The work by Murchie et al. (2005), using the fifth leaf in rice as a model

system, showed that rice grown in a low irradiance (200 µmol m-2 s-1)

environment and a high irradiance (1000 µmol m-2 s-1) environment would

produce sun/shade leaves respectively whereby sun-type rice leaves had

thicker leaves, higher light-saturated rates of photosynthesis (Pmax), higher

amounts of Rubisco protein, and a lower chlorophyll a/b ratio. However,

photosynthetic acclimation is limited by leaf age. For instance transfer from low

to high light during full leaf extension only altered chlorophyll a/b but not

Rubisco protein content.

The development of stomata relies on many exogenous and endogenous

signals including light, CO2, temperature, water availability, abscisic acid

content and the activities of cellular regulatory proteins and RNAs (Bergmann

and Sack, 2007; Kwak et al., 2008;).  However, much of the work done has

used Arabidopsis as the model plant, thus detailed information in rice or grass

for that matter is still lacking. For example, a stomatal density study by Coupe

et al. (2006) demonstrated that when mature Arabidopsis leaves were given
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high or low light treatment, the young, developing leaves that were not

receiving the treatment grew with stomatal density as if they were exposed to

the treatment. They found that mature leaves that received high light treatment

resulted in a newly formed leaf with higher stomatal density on both adaxial

and abaxial surfaces. Arabidopsis leaf stomatal density is lower on the adaxial

surface but in rice the stomatal density is believed to be about the same on

both sides of the leaf since the leaf grows in an erect position. Moreover it has

been shown in rice that the alteration of stomatal properties (size and density)

is one of the strategies in acquiring photoacclimation through systematic

signalling generated in mature leaves (Hubbart et al., 2013). Interestingly, both

irradiance levels and CO2 concentrations affect stomata differently in rice

where low-light condition produces smaller stomata than high-light condition

but when coupled with higher CO2 environment this effect is attenuated.

Similarly for stomatal density where under low-light condition it is lower than

high condition only when higher CO2 environment is introduced.  This suggests

that there is a complex interactions at play to confer the most beneficial

stomatal morphology in rice acclimation.

1.5 Research project outline

1.5.1 Aims

1. Characterise the pattern of stomatal differentiation in rice leaves

grown under different levels of irradiance.

2. Investigate the outcome of irradiance-induced altered stomatal

patterning on rice leaf photosynthetic performance.

3. Identify the stages of rice leaf development during which altered

irradiance can influence stomatal patterning.

4. Investigate the outcome of developmental-stage specific altered

stomatal patterning on rice leaf photosynthetic performance

5. Develop a whole mount in situ hybridisation method for the

analysis of gene expression in rice leaves with the ultimate aim of
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characterising stomatal gene expression during early rice leaf

development.

1.5.2 Overarching hypotheses

1. There is a specific phase in development when a rice leaf can

respond to altered irradiance by altering stomatal patterning,

leading to altered stomatal density and size in the mature leaf.

2. Altered stomatal properties in in the mature rice leaf alters leaf

photosynthetic performance.

3. Whole-mount in situ hybridisation can be used as a rapid and

reliable method to study stomatal gene expression.

Chapter 3 Aims

1. Characterise the pattern of stomatal differentiation in rice leaves

grown under different levels of irradiance.

2. Investigate the outcome of irradiance-induced altered stomatal

patterning on rice leaf photosynthetic performance.

Chapter 4 Aims

1. Identify the stages of rice leaf development during which altered

irradiance can influence stomatal patterning.

2. Investigate the outcome of developmental-stage specific altered

stomatal patterning on rice leaf photosynthetic performance

Chapter 5 Aims

1. Develop a whole mount in situ hybridisation method for the

analysis of gene expression in rice leaves with the ultimate aim of

characterising stomatal gene expression during early rice leaf

development.
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2.0 Materials and Methods 

The basic methods used throughout this thesis are described below.  The 

experimental design (replication, randomization variation in conditions and 

statistical analysis) of individual experiments is given in each chapter. 

 

2.1  Plant materials and growth conditions 

Seeds of Oryza sativa L spp indica variety IR64 were grown in either a high 

irradiance (HL, 750 µmol m-2 s-1) or a low irradiance (LL, 250 µmol m-2 s-1) 

environment in a growth cabinet (Conviron Ltd, Winnipeg Manitoba, Canada, 

model BDR 16) with a 12 h photoperiod. Irradiance was provided by 48 

fluorescent bulbs (Master TL5 HO SUPER 80 39W/840 SLV) and 12 tungsten 

incandescent bulbs (Standard 60W A55 FR 2CT). The relative humidity (RH) 

and temperature were kept constant at 55% and 28˚C respectively with 

ambient CO2 (~ 400 ppm). The rice variety IR64 was chosen as part of the 

work in this thesis was based on that of Narawatthana (2013).  

Rice seeds were sown in plastic dishes lined with water-soaked paper towel 

and sealed with perforated parafilm. After 5 days the seedlings were 

transferred to a hydroponics system (Figure 2.1).  Each seedling was inserted 

into an eppendorf tube (where the bottom had been removed) to contain and 

support the rice seedling. The eppendorf tubes were then suspended around 

the edges of 3 L hydroponic tanks and the centre of which was covered with 

black plastic sheeting.  The hydroponic tanks were filled with nutrient solution 

following the recipe of Narawatthana (2013) (Table 2.1). The nutrient solution 

was made up using deionized water and was adjusted to pH 5.9 using 10% 

KOH. The nutrient solution was topped up every one or two days and 

completely changed every seven days to maintain the optimum pH 

environment in the system.  
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Figure 2.1:  
Image of the rice hydroponic system (A) Eppendorf tubes with the base 
removed and (B) rice seedlings suspended around the edge of the 
hydroponic container. 
 

Table 2.1: Composition of the nutrient solution used in the hydroponic system 
(Narawatthana, 2013). Solutions 1, 2 and 3 were prepared separately before 
being mixed and diluted with water to the final concentration to prevent 
precipitation. Each mineral solution was prepared from stock solutions kept at 
room temperature and each preparation for hydroponic solution usage was 
made fresh and never kept for more than one week. BDH (BDH Merck Ltd.); 
Fisher (Fisher Scientific UK Ltd.); Fisons (Fisons Plc.); Fluka (Fluka-Sigma-
Aldrich Co. LLC). 

Solution No. Source Chemical 
Formula 

Main 
Elements 

Molecular 
Mass 

Final 
concentration 

(mM) 

1 1 BDH NH4NO3 N 80.04 1.4 

2 Fisher NaH2PO4•
2H2O 

P 156.01 0.6 

3 Fluka K2SO4 K 174.27 0.5 

4 Fisher MgSO4•7H2

O 
Mg, S 246.98 0.8 

5 BDH MnCl24H2O Mn 197.9 0.009 

6 Fisons (NH4)6Mo7

O24•4H2O 
Mo, N 1235.86 0.0001 

7 Fisons H3BO3 B 61.83 0.09366 

8 Fluka CuSO4•5H2

O 
Cu, S 249.7 0.003675 

9 Fluka ZnSO4•7H2

O 
Zn, S 287.56 0.00075 

2 10 Fluka CaCl2•2H2O Ca 147.02 0.322 

3 11 Fluka Fe-EDTA Fe 367.1 0.02 
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2.2  Approximation of leaf developmental stage 

Leaf number 5 (L5) was used as the model leaf for all the experiments 

conducted in this study. Since the shoot apical meristem and early plastochron 

stages (P1 to P4) of the rice leaf are concealed in the leaf sheaths, leaf 

number 3 (L3) was used as a proxy in order to make an approximation of L5 

developmental stages (before P5) inside the sheaths. This approximation was 

based on the work and findings of Narawatthana (2013) detailed in Table 2.2. 

Table 2.2:  

The approximation of L5 plastochron stages based on the length of L3 blades 
under high and low light conditions.  

High Light (750 µmol m-2 s-1)  Low Light (250 µmol m-2 s-1) 

Leaf 5 Stage Leaf 3 Length 
(mm) 

 Leaf 5 Stage Leaf 3 Length 
(mm) 

P1 4-20  P1 10-30 

P2 25-70  P2 35-75 

P3 75-110  P3 80-160 

P4 120-140  P4 170-190 

 

L5 was harvested for measurement and analysis when it had fully expanded 

(about 21 days after sowing (DAS) for HL and 30 DAS for LL) and the leaf 

collar (a joint between leaf sheath and leaf blade) was visible and bendable. 

Length was measured from the cut point of the leaf collar to the blade apex 

using a ruler. The leaf blade was scanned and area was determined from the 

scanned image using ImageJ version 1.48 software. 
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2.3 Biochemical and physiological analyses 

2.3.1 Measurements of photosynthesis and stomatal conductance  

Measurements of photosynthesis and stomatal conductance were made using 

a portable photosynthesis system (LI-6400XT from LI-COR Inc.). Irradiance 

was provided by an LED RGB (Red Green Blue) light source (LI-6400-02B, Li-

Cor Inc.) that allows irradiance levels to be changed as required. In all 

experiments the irradiance was composed of 10% blue light (to promote 

stomatal opening) with the rest red light. The block temperature within the 

chamber was maintained at 28°C with ambient humidity (55% relative 

humidity) where the flow was set at 400 μmol s-1. CO2 was provided by a CO2 

cartridge (Umarex®). A CO2 injection system allowed the CO2 to be varied by 

delivering a precisely controlled stream of pure CO2 into CO2-free air.  

In all experiments and treatments, at least three replicates of leaf no. 5 were 

randomly selected and measurements were made on the middle portion of the 

leaf blade. All measurements were made 1 hour after the light came on in the 

growth chamber at 8.00 am.  The clamped leaf was first left to acclimatize 

using the settings above at an irradiance of 2000 µmol m-2 s-1, for at least 15 

min, or until the stomatal conductance readings became stable, before starting 

the experiments.        

Two types of gas exchange measurements experiments were carried out.  The 

first was a light response curve (assimilation versus PAR) (chapter 3) in which 

the CO2 was set to 1000 ppm (saturating CO2) while irradiance (PAR, in µmol 

m-2 s-1) was progressively decreased from 2000 to 0 irradiance as follow: 2000; 

1750; 1500; 1250; 1000; 750; 500; 350; 200; 150; 100; 50; 25; 0. Once the leaf 

had reached steady state photosynthesis the experiment was started.  The 

minimum wait time (the time after each irradiance level change that the system 

will wait, before checking stability to see if it can log the rate of photosynthesis 

and stomatal conductance) was set at 180s.  

The second experiment was an assimilation versus intercellular CO2 response 

curve (A-Ci curve) (chapters 3 and 4). Irradiance was set at 2000 µmol m-2 s-1 

while the CO2 concentrations (Ca) were increased from 50 to 1600 ppm in a 

series as follows: 50; 100; 150; 200; 250; 300; 400; 500; 600; 800; 1000; 1300; 
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and 1600.  Again, the minimum wait time after each CO2 concentration change 

that the system will wait before logging photosynthesis and stomatal 

conductance was set at 180s.  

Once measurements were complete for either the light response or A-Ci 

curves, data were analysed to derive a number of different parameters. Curves 

were fitted to the data for each replicate leaf using software from Landflux.org. 

The Photosynthetic Light Response Curve Fitting software (version 1.0) was 

used to analyse the light response curves where parameter estimates were 

based on fitting a non-rectangular hyperbola following Marshall and Biscoe 

(1980) and Thornley and Johnson (1990). The A/Ci Curve Fitting software 

v10.0 (that provides parameter estimates based on both infinite and optimized 

mesophyll conductance, the later following Ethier and Livingston (2004)), was 

used to analyse the A-Ci curves. 

The following parametres were measured or derived from the light saturation 

or A-Ci response curves: 

1. Apparent quantum yield of photosynthesis (moles of CO2 fixed per mole 

of quanta (photons) absorbed.   

2. Maximum net assimilation rate (Amax) 

3. Light compensation point (LCP) (the point at which the rate of Rubisco 

carboxylation equals the rate of respiration + photorespiratory CO2 

release).  

4. Jmax, maximum light- and CO2-saturated electron transport rate  

5. Vcmax maximum Rubisco carboxylation rate 

6. gs:  stomatal conductance 

7. Ci: intercellular CO2 

8. Rd: dark respiration 

9. iWUE: Water Use Efficiency (Rate of photosynthesis/stomatal 

conductance) 

10. Relative stomatal limitation (ls in %) was calculated based on Farquhar 

and Sharkey (1982) 

𝒍𝒔 = 𝟏 −
𝐀𝟒𝟎𝟎

𝑨𝑪𝒊𝟒𝟎𝟎
x 100 
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Where A400 is the assimilation at Ca= 400ppm while ACi400 is the 

assimilation when Ci = 400ppm and these values were obtained from 

the A-Ci curve. 

 

2.3.2 Pigment quantification 

Chlorophyll and total carotenoids were extracted and quantified using a 

Lambda 40 UV-VIS spectrometer (PerkinElmer Instruments Inc.) A leaf disc 

(disk area = 12.57 mm2) was taken from the middle region of each leaf (L5) 

using a using a 4.0 mm revolving punch plier supported with a paper towel 

underneath to prevent leaf breakage. One disk per leaf was used for each 

extraction. For each treatment five leaves were used (n = 5). Each leaf disk 

was placed in an Eppendorf tube and pigments extracted by incubating in 333 

μl of 80% ethanol for 15 min at 70 °C. This treatment was repeated three 

times. The 3 ethanol aliquots containing extracted pigments were then 

combined (total = 1000 μl) in a 10 x 10 x 45 mm disposable cuvette (VWR®, 

Germany). In order to quantify the pigments, absorption was measured at the 

wavelengths of 665, 649 and 470nm. Quantification of individual pigments was 

determined using the following equations from Lichtenthaler and Wellburn 

(1983). The amount of pigments in the leaf was calculated as μg m-2 of leaf. 

ca = 13.95 A665 – 6.88A649 

cb = 24.96A649 – 7.32A665 

cx+c =(1000A470 – 2.05ca – 114.8cb)/245 

* ca (chlorophyll-a); cb (chlorophyll-b);cx+c (total carotenoids xanthophylls + carotenes) 

2.3.3 Carbon isotope analysis 

Carbon isotope analysis of leaf tissue was carried out to evaluate water use 

efficiency in rice leaves. For each treatment at least five randomly selected leaf 

no. 5 were used. Leaves were cut into small pieces and dried in the oven at 

37°C for at least a weak. Approximately 1 mg of dry leaf was obtained and 

loaded into a standard weight tin capsule (6x4mm from Sercon Ltd., Cheshire, 
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UK). Sample and capsule were rolled together and turned into small balls then 

dropped into a furnace at 1000°C whilst in an oxygen atmosphere. Complete 

combustion was guaranteed by passing the combustion products through a 

bed of chromium oxide at 1000°C using a helium carrier gas. The combustion 

was completed and any remaining sulfur was removed by a 15 cm layer of 

copper oxide followed by a layer of silver wool. The products were then passed 

through a second furnace containing copper at 600 0C in which excess oxygen 

was absorbed and nitrogen oxide was reduced to elemental nitrogen. Water in 

the system was removed by a trap containing anhydrous magnesium 

perchlorate. The gas stream was then passed into a gas chromatograph (GC) 

in which the components of interest were separated (i.e. N2 from CO2) and 

passed into a mass spectrometer where the isotopic species (i.e. 12CO2 and 

13CO2) were ionized and separated by mass using a magnetic field. The 

isotopes were detected separately and from the ratio the level of 13C was 

calculated using ANCA GSL 20-20 Mass Spectrometer (Sercon Ltd., Cheshire, 

UK). 

The results were reported in delta values which are a difference between 

sample reading and internationally used standard (delta = 0) namely Pee Dee 

Belemnite (PDB from Sercon Ltd., Cheshire, UK) which comes from a 

cretaceous marine fossil, Belemnitella americana obtained from the Peedee 

Formation in South Carolina, USA. This material has a higher 13C/12C ratio 

than nearly all other natural carbon-based substances; for convenience it is 

assigned a delta13C (δ13C) value of zero, giving almost all other naturally-

occurring samples negative delta values. δ13C was calculated as follow: 

δ13C (‰) =  (13C/12C of sample) – (13C/12C of standard) x 1000

    13C/12C of standard     

Equation 2.1 

2.4  Imaging of leaf primordia using scanning electron microscopy 

In order to explore the different developmental stages of rice leaves that were 

hidden inside the leaf sheaths (especially stage P1 - P4), five primordia were 

dissected using a single edge razor blade and microlance needles (size: 25G 
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and 30G). Rice leaf primordia were placed in glass vials in a fixative solution 

containing 4% v/v paraformaldehyde (Thermo Fisher Scientific Inc.), 2.5% 

glutaraldehyde v/v (Agar Scientific Ltd), 0.5% v/v Tween-20 (Sigma-Aldrich 

Co.) and 0.2M Phosphate Buffered Saline (PBS) pH 7.4 (Sigma-Aldrich Co.) 

for 6 hours at room temperature. The glass vials were placed on an orbital 

shaker (set at 2 RPM). After this the fixative was replaced with two changes of 

PBS for 30 minutes each. Samples were then dehydrated in an acetone 

(Fisher Scientific UK Ltd.) series of 5%, 10%, 25%, 40%, 55%, 70%, 85%, 

95% and 2 times 100% for 1 hour each at room temperature. Samples were 

dried using a Polaron critical point dryer (Agar Scientific, U.K). Liquid CO2 was 

let into the chamber and flushed several times to replace the acetone. 

Samples were left to soak in the liquid CO2 inside the chamber while 

maintaining the pressure at 800 psi and left for about 30 minutes. The 

chamber was heated up using circulating warm water and once the chamber’s 

pressure temperature exceeded 1072 psi and 31°C respectively, CO2 was 

immediately drained from the chamber as gas, leaving dry samples without 

causing the physical destruction.  Samples were then mounted onto aluminum 

stubs using black carbon stickers (Agar Scientific, U.K) and sputter coated with 

gold (Edwards S150B gold sputter coater) in an argon gas atmosphere. 

Images were obtained using a SEM (Philips XL-20) at an accelerating voltage 

of 20 kV and processed with embedded XL-20 software.   

 

2.5  Hand sectioning of leaves for measurements of leaf anatomy 

Transverse sections of rice leaves were prepared in order to study aspects of 

leaf anatomy such as thickness, number of mesophyll cells and the size of the 

vascular system. A 1 cm in length of the middle portion of the leaf blade was 

fixed in Carnoy’s fixative (ethanol: acetic acid (7:1 v/v), Fisher Scientific UK 

Ltd.) overnight at 37°C. The solution was replaced with fresh Carnoy’s fixative 

and vacuum infiltrated using a water vacuum pump model MZ 2C NT+AK+EK 

(Vacuubrand, Germany) for 20 minutes.    

Styrofoam blocks were used to sandwich the leaf sample to assist even leaf 

sectioning using single edge razor blade (Fig. 2.5). Single staining using 
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Toluidine Blue-O (PBS: 0.1M and pH 7.0, Sigma-Aldrich; 0.1% w/v Toluidine 

dye salt, Gurr, BDH Ltd.) for 15 seconds was employed for thickness and 

vascular system observations. For mesophyll and bulliform cell observations, 

leaf sections were further counterstained with Neutral-red (1% w/v, Sigma 

Aldrich; 50 mL UHP water; one drop of acetic acid glacial, Fisher) for three 

minutes at room temperature. The leaf section was then rinsed with water and 

mounted on a glass slide in a transverse manner. Observations of leaf 

anatomy were made using a Leica epifluorescence-stereo microscope (LEICA-

MZFLIII) and photomicrographs were taken with SPOT RT KE slider camera 

(Model 7.4) attached to HRD100-NIK 1.0x high-resolution digital camera 

adapter (Diagnostic Instruments Inc.). Images were captured and processed 

with SPOT Basic software Version 4.1.   

 

Figure 2.2:  

Leaf sample is sandwiched in between a Styrofoam blocks that has been 
partially slit.  The whole sandwich was always moistened with water while 
pressing it with index finger. Fine sections are made with sawing motions using 
razor blade at almost a right angle 

 

2.6  Stomatal and leaf epidermal characteristics 

2.6.1 Preparation of leaf tissues 

One cm from the middle portion of each fully expanded leaf blade (leaf no. 5) 

was cut and used in all studies. Samples were placed in 24 well microtiter 

plates containing Carnoy’s fixative (ethanol: acetic acid (7:1 v/v)) for 2-3 days 
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at room temperature and then bleached (25% economic bleach, Ottimo 

Supplies Ltd.) for another 1 day. Samples were cleared using 2-3 drops of 

chloral hydrate solution (10gm. chloral hydrate, Riedel-de Haen®; 2.5 mL UHP 

water; and 1.0 gm glycerol, Sigma-Aldrich Co.) for one hour at room 

temperature. Leaf sections were then placed on glass slides and mounted in 1 

to 2 drops of modified Hoyer’s Solution (10gm. chloral hydrate; 1.0 gm 

glycerol; and 3.0 gm 20% Arabic gum solution, Minerals-Water Ltd.). Leaves 

were covered with square cover slips (18mm). The epidermal surface of the 

leaves was observed under an Olympus BX51 light microscope using 

Nomarski differential interference contrast (DIC) mode.  

Photomicrographs were taken with an Olympus camera DP71 (12.5 

megapixels) using an Olympus a U-TVO.63XC camera adapter, both mounted 

on the microscope. Images were captured and processed using CELL-B 

Version 2.7. Physical measurements of a stomatal complex and its 

components (Figure 2.3) were made by tracing their outline on the images 

using a Bamboo® Pen Tablet from Wacom Co., Ltd. ImageJ Version 1.48 

software was used to quantify the leaf stomatal and epidermal characteristics 

described below.  

 

2.6.2  Measurement of stomatal and leaf epidermal characteristics 

Stomatal Complex Area (SCA) width (SCW) and length (SCL): A stomatal 

complex in rice consists of four specialized epidermal cells, a pair of guard 

cells being sandwiched by two subsidiary cells as indicated by the blue dotted 

lines (Fig. 2.3). SCA was calculated based on measured values of stomatal 

complex width (SCW) and length (SCL) (Fig 2.3).  

Guard Cell Width (GCW): Guard cell width was measured by drawing lines at 

the top and bottom of the guard cell and measuring the width (Figure 2.3). 

Approximation of Stomatal Pore Area (SPA): Since aperture (pore) area is a 

likely structure that determines the amount of CO2 that gets in to the leaf, it is 

essential to measure pore area to quantify stomatal performance. However 

with the clearing technique used (in 2.6.1), the aperture is always closed. 
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Therefore a method was developed to approximate stomatal pore area (SPA) 

using a simple trigonometric calculation. In a number of stomatal studies, it has 

been shown that an open stomatal pore (turgid guard cells) in grass species 

has an elongated hexagon (e-Hex) shape (Willmer and Fricker, 1996 and 

Taylor et al., 2012). This is also true for rice (Fig. 2.4).  

 

 
Figure 2.3:  

A typical structure of a stomatal complex in rice leaves. Each unit comprises 
four cells where a pair of dumbbell shaped guard cells is sandwiched by two 
subsidiary cells (SCs). SCA (stomatal complex area is indicated by the blue 
dotted line); SCL (stomatal complex length); SCW (stomatal complex width) 
SPA (stomatal pore area) GCW (guard cell width). Scale bar = 5µm  
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Figure 2.4:  

SEM micrograph of a partially open stomatal aperture (yellow area) within a 
stomatal complex on a rice leaf (bar = 10 µm). The red dotted line shows an 
approximately elongated-hexagon shaped pore area if the aperture were to 
open maximally.   A stomatal complex comprises a pair of guard cells (GC) 
being sandwiched by two subsidiary cells (SC). (Yaapar, unpublished). 

 

Since two parameters namely aperture length and guard cells width were 

measurable, these were used to make an approximation of the maximum 

stomatal pore area opening in rice. The assumptions are when the stomatal 

pore is fully open it would occupy the guard cell width and has a perfect e-Hex 

shape. The e-Hex formula was derived as follows (Thanks to mathematician 

Yusuf Harun for the advice): 

The elongated hexagon (Fig. 2.5A) was split into two identical shapes namely 

trapezoid. Trapezoid area was determined using the standard formula: 

Areatrapezoid= [(½ height i.e. : ½ (½ aw)] x [sum of bases i.e. : (Bs+Al)] 

Equation 2.2 
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Figure 2.5:  

Description of an elongated hexagon (e-Hex) which is supposed to be the 
shape of a fully open stomatal pore. Two parameters are measurable (A) for 
any given aperture namely aperture length (Al) and width (Aw). The formula for 
an e-Hex area can be derived by first splitting the shape into two producing 
two equal trapezoids (B). Each trapezoid in turn contains two right-angled 
triangle whose unknown adjacent lengths can be found using Tangent function 
(Tan θ = opposite length/adjacent length) in trigonometry.   

 

Each trapezoid has two right-angled triangles (Fig. 2.5 B). This means the two 

angles in each right-angled triangle must be 45° each because the right angle 

value is always 90° (Fig. 2.6). 

 

Figure 2.6: 

Description of angles for a right-angled triangle in either side of a trapezoid. 
Since the total angle must be 180° for any triangle, the two unknown theta (θ) 
values must be 45° each. 
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To determine the short base (Bs) length, only one of the right-angled triangles 

in the trapezoid had to be dealt with. From here, the unknown adjacent length 

of the right-angled triangle (Tadj) was calculated using a tangent function in 

trigonometry: 

Tan θ = Opposite length/Adjacent length 

Since θ = 45° then Tan 45° = 1 

Therefore, ½ Aw = Tadj 

Thus, Bs = Al – Aw 

Then the new derivation of the trapezoid area is: 

Areatrapezoid=½ (½ Aw) x ((Al-Aw) + Al) 

= ¼ Aw x (2Al - Aw) 

= (2AlAw - Aw
2)/4  

As this was just for one trapezoid (half e-Hex) it was multiplied by 2 to obtain 

the area of the whole elongated hexagon i.e. the maximum area of fully open 

stomatal pore is: 

Stomatal Pore Areamax =  2AlAw – Aw
2    

           2  

Equation 2.3 

Where Al is the stomatal aperture length while Aw is the aperture width 

In general people define maximum the stomatal pore area as an ellipse with 

major axis equal to the pore length and minor axis equal to half the pore 

length. This assumption has been widely accepted and employed especially 

when using diffusive stomatal conductance model (Franks and Farquhar 

(2001), Eq. 1.1).  Thus for rice which has dumbbell guard cells pair that lead to 
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an e-Hex aperture shape, the ellipsoid definition commonly used for pore area 

might be incorrect. The approximation method proposed here can be validated 

by conducting a similar experiment as the one described by Dow et al. (2013) 

who deliberately subjected Arabidopsis to conditions that promoted maximal 

stomatal opening for maximum operational (measured) stomatal conductance. 

They then compared this value with maximum diffusive (theoretical) 

conductance obtained by using Eq. 1.1. However the confirmative work was 

not done in this study.  

 

Stomatal density (SD): In order to calculate stomatal density the number of 

stomatal complexes was counted in between two interveinal gap areas (Figure 

2.6) at 400 X magnification using an Olympus BX51 light microscope. This 

allowed values to be normalized to express the stomatal density per mm-2 of 

leaf.  

 

Leaf epidermal characteristics: 

Figure 2.6 shows the epidermal features and stomatal patterning of a typical 

interveinal gap (IG). The percentage of files (rows of cells) containing stomata 

(a cell file row containing at least one stoma) to the total no. of cell files was 

calculated. Cell file number was obtained by manually counting all cell files in 

between two parallel veins (Figure. 2.6). Average file cell width was then 

calculated by dividing the interveinal distance by the cell file number.  
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Figure 2.6: 

Epidermal features and stomatal patterning of a typical interveinal gap (IG).  
DIC image of an Interveinal Gap (IG) bound by a small vein and a large vein. 
Each IG comprises a number of cell files where some are pure long epidermal 
cells (E) and some contain stomata (SF, stomatal file).  
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3.1 Introduction 

Many comparative studies have demonstrated that leaf development involves 

responses of plants to environmental cues such as light (Vogelmann and 

Martin 1993; Strauss-Debenedetti and Berlyn 1994). This developmental 

plasticity (an ability to adjust to the environment by means of morphological 

and/or physiological responses) is distinctive to plants  (Sultan, 1995). Thus 

although, for example, photosynthetic responses to changes in light intensity 

can include short term changes, such as increasing electron transport rate 

(Bailey et al., 2001), it can also involve more long term changes involving 

biochemical and morphological acclimation. For example, in high light (HL) 

conditions many plants generate “sun leaves”, generally characterised by 

being smaller and thicker than leaves generated under low light (LL) conditions 

(“shade leaves”). The cellular basis of these changes have been investigated 

in some plants. For example, Kubinova (1991) showed that barley plants 

grown in a HL environment produced sun-type leaves which were thicker due 

to an increase in the number of mesophyll cells and an overall increase in 

mesophyll volume. However, not all plants show such extreme differences in 

sun/shade leaf acclimation response. In those that do, the responses are 

proposed to allow the plant to maintain photosynthesis and minimise stress in 

a changing environment (Takahashi & Badger, 2011).  

The basic concept is that shade leaves acclimate to maximize the light 

captured while sun leaves need to dissipate excess adsorbed energy to 

prevent irreversible damage to the photosynthetic machinery. A number of 

these changes occur at the molecular level, for example modulating PSI and 

PSII antenna size (Anderson et al., 1995), whereas others alter plant 

morphology, such as leaf area and thickness (Murchie & Horton 1997). The 

process thus involves changes at various scales and Figure 3.1 summarizes 

the functional key differences between sun and shade plants at these various 

cellular, leaf and plant levels. The study reported in this chapter was performed 

to highlight/characterise the major differences between sun and shade leaves 

in rice in our growth conditions, setting the foundations for the experiments 

reported in Chapter 4 where I investigate how the sensitivity of the response is 

dependent on leaf developmental stage. 
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Figure 3.1:  
Physical and physiological differences between sun and shade plants. Primary 
characteristics are highlighted at whole plants, leaves and cells levels.          
Figure adapted from: Plants In Action, 
http://plantsinaction.science.uq.edu.au/edition1/?q=content/12-1-1-light-
interception-and-utilisation 
  

Cells 
Large cells 
Small chloroplasts 
Low chlorophyll/Rubisco ratio 
High chlorophyll a/b ratio 
High N content 
High xanthophyll cycle 
pigments 

Leaves 
Small thick leaves 
High stomatal density 
High rate of transpiration 
High chlorophyll a/b ratio 
Low specific leaf area (area per unit 
mass) 
High N content 
High xanthophyll cycle pigments 

Plants 
Vertical leaf orientation 
Leaf area index higher 
More canopy layers 
Short leaf lifespan, high turnover 
High photosynthetic capacity 

Sun plant 
Cells 
Small cells 
Large chloroplasts 
High chlorophyll/Rubisco ratio 
Low chlorophyll a/b ratio 
Low N content 
Low xanthophyll cycle pigments 

Leaves 
Large thin leaves 
Low stomatal density 
Low rate of transpiration 
Low chlorophyll a/b ratio 
High specific leaf area (area per unit 
mass) 
Low N content 
Low xanthophyll cycle pigments 

Shade plant 

Plants 
Horizontal leaf orientation 
Leaf area index lower 
Fewer canopy layers 
Long leaf lifespan, low 
turnover 
Low photosynthetic capacity 
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A specific aspect of the leaf epidermis of particular relevance to photosynthetic 

performance, which shows responses to altered light environment, is the 

stomata. Most of this work has been done on stomata in dicots. For example, 

Arabidopsis stomatal density varies significantly according to the light 

environment and Fu et al. (2010) reported that stomatal density and index 

(percentage stomata out of the total number of epidermal cells plus stomata) 

for HL grown Capsicum increased, leading to higher values compared to the 

LL grown plants. However, although such changes may lead to altered gas 

exchange, the relationship can be complicated. For example, Bussis et al. 

(2006) showed that increased stomatal density was compensated by reduced 

stomatal aperture, leading to a constant ratio of internal CO2 concentration in 

the leaf relative to the ambient CO2 concentration. Understanding the control of 

these changes in stomatal properties is complicated by the observation that 

site of light signal perception and the site of altered stomatal differentiation 

may be physically remote. Thus, Coupe et al. (2006) showed that Arabidopsis 

leaves acquired sun or shade stomatal density via a systemic signalling 

system, with mature leaves sensing the irradiance level and transmitting (via 

an as yet unidentified mechanism) the signal to developing leaves. This 

plasticity of the leaf in changing stomatal characteristics is believed to be an 

adaptation to improve gas exchange capacity of the leaf in response to altered 

environmental conditions. Since stomata differentiation generally occurs during 

relatively early stages of leaf development, systemic signalling allows plants to 

sense the prevailing environmental conditions and to adjust developing leaves 

in preparation for the environment they are likely to be exposed to. 

Studies on stomatal response in monocot grasses to altered environmental 

conditions are fewer in number (e.g., Miranda et al., 1981; Weyers and 

Lawson, 1997; Hubbart et al., 2013). One challenge in comparative studies of 

stomatal characteristics in grasses is the extent to which sampling stomata 

from one area of a leaf provides an accurate representation of stomatal 

properties for the whole leaf. In Arabidopsis the stomata are scattered across 

the leaf and not clearly zoned while in plants such as rice (used in this study) 

stomata occur orderly in specific cell rows on both leaf surfaces. This non-

random distribution raises a number of questions, such as whether stomata at 

different position relative to the midrib show different properties. Previous 
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studies of rice stomata have often revealed relatively high variation in 

parameters of size and density (Miranda et al., 1981; Weyers and Lawson, 

1997) and the question arises of the extent to which this reflects real, 

endogenous variation or variation introduced due to the sampling procedure 

used (since it is virtually impossible to count all the stomata on one rice leaf). A 

major aim of the data presented in this chapter was to provide a 

comprehensive analysis of stomatal characteristics across the entire width of 

rice leaves at comparable developmental stages. In addition, the variable of 

HL or LL was introduced to investigate whether any observed response in 

terms of stomata size or density depended on the position across the leaf 

surface at which measurements were taken. These results provide the 

foundation for the experiments reported in Chapter 4 designed to investigate 

the link between stomatal structural response to altered light regime and the 

developmental stage of the leaf in which the response is occurring.  

As indicated above, an alteration in stomatal size/density is expected to 

influence photosynthetic performance. Therefore, in addition to the analysis of 

stomatal patterning, the analysis of gas exchange in HL and LL leaves are 

reported in the second part of work reported in this chapter. The 

photosynthetic rate of sun leaves has been shown to be higher compared to 

shade leaves, for instance in the work on Alocasia macrorhiza by Sims and 

Pearcy (1992). Thicker sun leaves that possess more mesophyll cells increase 

the mesophyll surfaces occupied by chloroplasts, thus securing the area for 

CO2 dissolution and transport. In terms of photosynthetic machinery, sun 

leaves have been shown to regularly have higher electron transport rate 

(Yamori et al., 2010) and larger amounts of Calvin-cycle enzymes, especially 

Rubisco, compared with shade leaves (Timm et al., 2012). In contrast, shade 

leaves generally have higher levels of chlorophyll a/b-binding light harvesting 

complexes that are essential for them to thrive in low light conditions (Leong 

and Anderson, 1984). With respect to stomata, various plants, including 

Arabidopsis (Masle et al., 2005) and Leymus chinensis, a perennial grass (Xu 

and Zhou, 2008) show a positive correlation between stomatal density and 

conductance, thus providing a potential link of altered irradiance response (via 

stomatal density) and gas exchange. 
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Sun and shade leaves display distinct photosynthetic properties. These 

differences are best revealed by the analysis of light response curves (Fig. 3.2) 

which provides exemplar curves for sun and shade leaves. These curves 

reveal information on two important limitations at particular irradiance levels, 

namely the light and carboxylation-limited phases The light-limited region of 

the curve provides information on the light compensation point and the 

quantum yield (light compensation point is the irradiance point when CO2 

uptake (from assimilation) equals CO2 evolution (from respiration) while the 

maximum quantum yield is obtained from the slope of the linear portion of the 

curve). The second phase of the curve, which is relatively flat, reflects the 

saturating light concentration at which photosynthesis is limited by the 

carboxylation rate.  

 
Figure 3.2:  
Typical response of photosynthesis to different light concentrations for C3 
plant. Dotted lines are extrapolations of initial linear slopes in the light-limited 
phase of the curve, which also indicates quantum yield (moles of O2 evolved 
per mole quanta absorbed).  The light-compensation point is the irradiance 
level required to offset respiration so that net exchange of CO2 is zero. The 
Pmax (light-saturated photosynthesis) of sun leaves is higher than shade leaves 
in the same species. Pmax is found in the plateau region of the curve, which 
reflects carboxylation limitation. Figure obtained at: Plants In Action,  
http://plantsinaction.science.uq.edu.au/edition1/?q=content/12-1-1-light-
interception-and-utilisation 



50 
 

Being a C3 plant, rice photosynthesis under a light saturating intensity is 

essentially limited by one or the combination of three parameters, namely (i) 

the maximum carboxylation rate by Rubisco (Vcmax); (ii) the regeneration of 

RuBP via the maximum rate of electron transport (Jmax) and (iii) RuBP 

regeneration via triose phosphate utilization (TPU) (Farquhar et al., 1980 and 

Bernachi et al., 2009) (Fig. 3.2). These three conditions can be predicted using 

the C3 photosynthesis model developed by Farquhar et al. (1980) and that has 

been updated by Sharkey et al. (2007).  

In the study reported here, modelling of rice photosynthesis was performed 

using an assimilation versus intercellular CO2 (A-Ci) curve fitting tool from 

Landflux.org which employs equations from Ethier and Livingston (2003) for 

theoretical (Vcmax) and (Jmax) estimation.  The initial phase or slope of the A-Ci 

curve provides a measure of the activity of Rubisco in the leaf, as influenced 

by the amount present (Ac) (Fig. 3.3). Furthermore the curve also provides a 

means to distinguish between the mesophyll and stomatal limitation of the 

observed photosynthesis. The second phase of the curve reflects the 

limitations imposed by RuBP regeneration, which is connected to electron 

transport rate and ATP synthesis (Aj). The levelling off or decline in 

assimilation rate at higher CO2 concentrations can be attributable to the third 

phase of the A-Ci curve (which is not included in the curve fitting tool from 

Landflux.org), namely triose phosphate utilization limitation (TPU) (Fig.3.3). 

TPU happens when triose phosphates accumulate due to the increase in 

photosynthesis, causing chloroplasts to be starved of phosphates (Sharkey et 

al. 1986). TPU in fact is a collection of events, including the drop in phosphate 

level, decline in ATP level and, eventually, deactivation of Rubisco (Sharkey 

1989, 1990). The A-Ci curves obtained in this study serve as a useful and non-

destructive tool to quantify these biochemical components, as well as allowing 

a separation between stomatal and non-stomatal effects on CO2 assimilation in 

rice constantly growing in either HL or LL conditions.  
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Figure 3.3:  
Modelled rate of net CO2 assimilation (A) in as a function of chloroplastic CO2 
partial pressure (CC).  

 

 

In general the limitations of photosynthesis in well-watered sun and shade 

leaves are known, thus this part of the study was performed to establish the 

techniques to enable the characterisation of the role of stomatal development 

in limiting rice photosynthesis in HL and LL conditions. The overall aim was to 

set the foundations for the experiments reported in the next chapter aimed at 

characterising the effect on final leaf physiology when plants were transferred 

between HL and LL at specific stages of leaf 5 development, i.e., if transfer 

between different irradiances at different stages of leaf development leads to 

different stomatal patterns, what is the outcome on the photosynthetic 

performance of the mature leaves? 

Coupled with the above experiments, biochemical analysis of pigments was 

also performed to investigate the relationship of photon capture efficiency and 

the observed assimilation rates. Chlorophyll a/b ratio is an indicator of the light 
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harvesting capacity of the photosynthetic apparatus and shade leaves 

generally possess much higher amounts of LHC-II (light-harvesting pigment 

protein of PSII) than sun leaves and, consequently, their a/b ratios are lower 

than in sun leaves (Lichtenthaler et al., 1982). Finally, the analysis of isotopic 

composition (13C/12C ratio) relative to the standard PeeDee Belemnite is 

used to compare the photosynthetic discrimination of the heavier carbon 

isotope 13C in HL and LL grown leaves. Generally, as CO2 assimilation 

increases or stomatal conductance decreases, intercellular CO2 decreases, 

resulting in decreased discrimination against 13C (Farquhar et al., 1989). 

These biochemical and isotope discrimination methods facilitate an 

understanding of the mechanism underpinning any measured change in 

photosynthetic performance. 

 

3.2 Aims 

1.  Characterise the pattern of stomatal differentiation in rice leaves 

grown under different levels of irradiance. 

2.  Investigate the outcome of irradiance-induced altered stomatal 

patterning on rice leaf photosynthetic performance. 
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3.3 Brief methodology 

All rice plants were grown hydroponically using growth chamber settings and 

nutrients solution as described in section 2.1. Plants were grown at HL or LL 

(section 2.1) until leaf no. 5 was fully expanded. For the HL condition, this was 

achieved between 21 - 23 days after sowing while for LL-grown plants it was 

achieved between 25 - 28 days after sowing. Rice was grown at the edge of a 

hydroponic container (Fig. 2.1) to minimize shading effect among plants. The 

middle portion of leaf no. 5 blade was used for all measurements. 

 

3.3.1 Stomatal and epidermal measurements 

Rice leaves were prepared and photomicrographs obtained using the methods 

described in sections 2.4, 2.5 and 2.6.1 as required. Measurements of SD, 

SCA and SPA and IG area were made following the methods described in 

section 2.6.2. For each parameter five measurements per leaf were taken and 

averaged to obtain one data point.  Eleven replicate leaves were used in total. 

 

3.3.2 Gas exchange measurements and biochemical analyses 

Physiological and biochemical measurements were made on the middle 

section of 3 replicate fully expanded leaf no 5. Gas exchange measurements 

were carried out to obtain light response curves for both HL and LL-grown rice 

as described in section 2.3.1. Apparent quantum yield, maximum light 

saturated rate of photosynthesis and the light compensation point were 

measured as described in section 2.3.1. Gas exchange measurements were 

carried out to obtain A-Ci curves as described in section 2.3.1. PAR was 

maintained at 2000 µmol m–2s–1 with 10% blue light and 90% red light. 

Stomatal conductance versus intercellular CO2 concentration curves (gs-Ci), 

were also obtained. Intrinsic water use efficiency (iWUE) was computed by 

taking the ratio between assimilation and stomatal conductance at ambient 

(400 ppm) CO2 (Ca) as well as when iWUE was at its maximum (iWUEmax), 

which was always at the last point of A-Ci and gs-Ci curves. Pigment 
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quantification and isotopic carbon discrimination determination were performed 

as described in sections 2.3.2 and 2.3.3 respectively using five replicate leaves 

for each analysis. 

 

3.3.3 Statistical analysis 

In order to compare means two-tailed pair wise t-tests, two sample t-tests or 

one-way ANOVA followed by Tukey’s HSD post-hoc test was carried out as 

appropriate. Pearson’s Correlation Analyses were performed on various HL 

and LL parameters.  Statistical tests used are indicated in each figure legend. 

All calculations, statistical analyses and graphs were performed and prepared 

using Microsoft Excel 2016, Minitab 17 and GraphPad Prism 6. All Diagrams 

were prepared using Microsoft Power Point 2016. 
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3.4 Results 

3.4.1 Comparison of stomatal size and density  

The DIC image of a typical interveinal gap of a mature 5th rice leaf (abaxial 

surface) is presented in Fig. 3.4 A. Rice veins come in three orders where the 

midvein is central while the large (LV) and small veins (SV) lie parallel along 

the proximodistal axis of the leaf (Scarpella et al., 2003). Since LV is physically 

larger than SV (Smillie et al., 2012) it was easy to differentiate from the 

transverse section but from the aerial view (DIC images), LV could either have 

two strips of x-shaped silica bodies on it or a single but relatively wider x-

shaped silica bodies strip (Fig 3.4 A). 

Each IG comprises epidermal cells aligned in parallel to the veins to form a cell 

file. Some of these files contained only epidermal cells whereas others had at 

least one stoma. To further understand the top view from the DIC image, 2D 

transverse hand-section (Fig. 3.4 B) and 3D SEM images (Fig. 3.4 C) were 

obtained. Each IG from five leaves was analysed for stomatal counts and 

measurement after two treatments- plants grown under HL or low irradiance 

LL. It is worth to note that due to natural vein number variations, certain IG had 

n ≠ 5 for comparison and this is clearly seen in Fig. 3.5.   

Note that all graphs in Fig. 3.5 lack comparison for IG17 and IG18 between the 

HL and LL treatments because HL leaves always produced fewer small veins 

than low light leaves, thus decreasing the total number of IGs. The number of 

large veins was similar between the two treatments (three) but HL leaves in 

general had fewer small veins (about sixteen) while LL leaves had eighteen 

IGs (Fig. 3.4 D). At the midpoint of the laminar leaf width for HL and LL leaves 

was approximately the same (HL = 0.5 ± 0.03 cm; LL = 0.47 ± 0.03 cm), and 

were not significantly different. 

Figure 3.5 shows the variation in stomatal characteristics (SCA, SPA and SD) 

between the HL and LL treatments in each IG, starting from the mid-vein 

towards the leaf margin. Pair-wise comparison between HL and LL values for  
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Figure 3.4: 
Vein number and position in a rice leaf. (A) is a DIC image of an interveinal 
gap (IG) between a large vein (LV) and a small vein (SV) of a control HL leaf 
where some of the cell files contain at least one stoma (S) or none (E), as 
indicated on the left hand side of the figure (Scale bar = 50µm). A transverse 
hand-section (B) shows relative position of the veins, S, E and bulliform cells 
(BULL). An SEM micrograph (C) further shows a leaf transverse section with 
the same labelled structures (D) Provides a schematic diagram to show the 
relative numbers and positions of veins and IGs for a HL leaf (13 SVs, upper 
diagram) and LL leaf (15 SVs, lower diagram).   
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Figure 3.5: 
Variation of stomatal properties in each interveinal gap (IG) on the abaxial 
surface for high light (HL) and low light (LL) grown leaves. The graph shows 
the mean of (A) stomatal complex area (B) pore area and (C) density for each 
IG from HL leaves (green lines) and LL leaves (blue lines). Error bars 
represent standard deviation. Two-tailed pair-wise t-tests between HL and LL 
in each IG have been performed with significant differences between 
comparisons being indicated as:  *p<0.05, **p<0.01 and ***p<0.001 (n=5 for 
each comparison except where stated on the x-axis). 
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each stomatal measurement was made for each IG. Considering the HL and 

LL treatments, it is clear that for both SCA (Fig. 3.5 A) and SPA (Fig. 3.5 B) the 

LL treatment led to significantly smaller stomata at most IG positions across 

the leaf as illustrated in Fig. 3.6.   

 
Figure 3.6:  
Selected DIC images of stomatal complexes of a high light (HL) grown leaf at 
IG1 and low light (LL) grown leaf at IG10. Scale bar equals 10µm. 
 

However there was a tendency for the mean SCA, SPA and SD values to be 

slightly higher (or more variable) in IG1 and IGs 14 -17 i.e. at the leaf margins 

compared to the middle IGs where values were more consistent for both HL 

and LL leaves. For example, mean SPA values in LL grown leaves were 

highest in IG1 (about 63µm2) with the lowest value being observed in the last 

IG18 (about 39µm2). In HL grown leaves SPA had an extremely low value 

(about 64µm2) in IG12 while SPA was highest (about 80µm2) in the last three 

IGs (IG 14-16). Thus the middle IGs were least variable part of the leaf.  

Comparison of SD between HL and LL leaves (Fig. 3.5 C) did not yield any 

significant differences between the IGs tested except in IG16 (the last IG for 

HL) where HL leaves had a significantly higher value of stomatal density 

compared to other IGs in HL leaves. A relatively higher SD was also observed 

in the last IG in LL leaves although not as high as in HL leaves. IG areas 
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became progressively smaller towards the leaf margin, yet stomata number 

per IG did not greatly decrease, resulting in higher frequency per given area.    

Table 3.1 shows Pearson’s correlation coefficients that were computed to 

assess the relationship between stomatal properties in HL and LL leaves. 

Overall, there was a significant positive relationship between stomatal complex 

and pore areas in all IGs. Increases in SCA were positively correlated with 

increases in SPA. Stomatal density showed moderate negative correlation (r= -

0.45) between HL and LL leaves.  

Table 3.1:  
Pearson’s correlation coefficients (r) between the mean values of stomatal 
properties from Fig. 3.6 up to IG16. Single asterisks (*) indicate correlations 
which are significant at the p<0.05 confidence limit. HL (high light); LL (low 
light); SCA (stomatal complex area); SPA (stomatal pore area); SD (stomatal 
density).  

Stomatal 

properties 

HL-SCA LL-SCA HL-SPA LL-SPA HL-SD 

LL-SCA *0.59         

HL-SPA *0.58 0.25    

LL-SPA 0.43 *0.80 0.30   

HL-SD 0.09 0.16 0.37 0.30  

LL-SD 0.33 0.14 0.01 0.21 *-0.45 

 

Even though LV number was always three (at least for leaf 5 in this study), SV 

number (and hence IG number) varied even for the same treatment. This 

complicates comparison between leaves under different treatments. Thus an 

alternative approach was taken in order to standardize comparison between 

the leaves and to see whether fewer sample points could be taken for future 

leaf comparisons without compromising the analysis, thus decreasing the 

workload/time required for the analysis of stomatal properties after transfer of 

leaves from one light environment to another at different stages of leaf 

development.  
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In this approach, the IGs starting from MV to the margin were divided into 7 

sections as shown in Fig 3.7: (i) MV- IG immediately next to the midvein; (ii) 

SV1- Middle IG in between MV and first LV; (iii) LV1ab- The average of two 

IGs bordering with the first LV; (iv) SV2- Middle IG in between the first and 

second LV; (v) LV2ab- The average of 2 IGs bordering with the second LV; (v) 

SV3- Middle IG in between the second and third LV and (vii) LV3ab- the 

average of two IGs bordering with the third LV (Fig. 3.7 A). When the number 

of IGs did not halve evenly when divided for the middle IG in between MV and 

LV or LV and LV, the approximate middle IG taken was always the one closer 

to the MV (Fig. 3.7 B). 

Using this approach, it is clear in Fig. 3.7 C and 3.7 D that HL treated leaves 

had significantly bigger stomatal complex and pore areas (except for the pore 

area in MV) compared to LL leaves. When values for SCA and SPA were 

compared within each treatment (HL or LL), there was no significant difference 

for HL treated leaves with respect to position across the leaf. For LL treated 

leaves, comparison of SCA indicated some significant differences, with the MV 

and SV3 positions having higher and lower SCA, respectively. In addition, SPA 

also showed the same trend as SCA, with SV2 and SV3 positions having 

significantly SPA than the MV position.  

On the other hand when stomatal density data were analysed using this 

approach (Fig. 3.7 E), although there was a tendency for a higher stomatal 

density in the HL treated leaves, the large variation in values means that the 

two data sets cannot be distinguished.  
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Figure 3.7: 
Variation in stomatal properties across leaves from midvein towards margin in seven 
sections of selected IGs. (A) Schematic diagram of a leaf to show regions taken for 
average measurements. Green bands represent IGs and black band is the leaf 
margin. The middle IG is selected as the position between MV-LV or LV-LV and 
values from the two IGs bordering an LV are averaged and denoted as ‘ab’. When the 
number of IGs are odd (B), the middle IG taken is always the one closer to the MV. 
The graphs show the mean values for (C) stomatal complex area (D) pore area and 
(E) stomatal density, where green lines show values for HL while blue lines are for LL 
samples. Two-tailed pair-wise t-tests between HL and LL values in each section have 
been performed with significant differences between comparisons being indicated: 
*p<0.05, **p<0.01 and ***p<0.001 (n=5). Within each treatment, one-way ANOVA 
followed by Tukey-Kramer′s post-hoc test is performed. Means not sharing the same 
letter are significantly different (p<0.05). Error bars represent standard deviation. Key: 
IG, interveinal gap); LV, large vein; MV, midvein and SV, small vein.  
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3.4.2 Comparison of assimilation rate and stomatal conductance in HL 
and LL grown plants 

To investigate the extent to which HL and LL treatments altered the light-

saturated rate of photosynthesis, apparent quantum yield and light 

compensation point a light versus assimilation rate response curve was 

performed (Fig 3.8). 

 
Figure 3.8: 
Assimilation (A)-light (PAR) response curves of rice leaf no. 5 grown in either a 
high light (red line) or low light (blue line) environment in Error bars represent 
standard error of mean for the assimilation where n=3. 
 

Leaves grown in either HL or LL had a saturated assimilation rate from an 

irradiance of 1600 µmol m-2 s-1 (Fig. 3.8). Thus, for the all the subsequent A-Ci 

experiments PAR was set to 2000 µmol m-2 s-1. This was important to eliminate 

photosynthetic limitation caused by insufficient light quantity as well as to 

activate Rubisco while studying A-Ci response curves.  

The light (and CO2) saturated rate of photosynthesis was 52% higher in HL 

grown leaves (43.9 ± 2.4 µmol m-2 s-1) compared to LL leaves (28.8 ± 1.4 µmol 

m-2 s-1). LL-grown leaves had a slightly higher apparent quantum yield of 0.1 ± 

0.007 compared to HL leaves ( 0.07 ± 0.0002 ± mol/mol) but there was no 

difference in LCP. The later is unusual but may be due to the fact that 

saturating CO2 was used in this experiment.  
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Assimilation versus intercellular CO2 (A-Ci) response curves for HL and LL-

grown plants are shown in Fig 3.9 A and B respectively. In the first phase of 

the curve, the measured data fitted well with the predicted Ac model (blue 

dashed lines) for HL leaves (Fig. 3.10 A) but underestimated for LL grown 

leaves. For the second part of the curve the Aj model (green dashed lines) 

fitted HL measurements reasonably well but overestimated values for the data 

points  for LL grown leaves. The more parametre values (such as leaf 

absorptance, mesophyll conductance and day respiration) that could be 

altered to specifically suit rice, the better curve fitting and prediction for both Ac 

and Aj models could be.  

 

 
Figure 3.9:  
Assimilation versus intercellular CO2 (A-Ci) response curves for high light (HL, 
A) and low light (LL, B) grown leaves. Data are pooled from 3 plants for each 
treatment where each red dot is the average observation for the given A rate 
and Ci concentration with measurements made at the current CO2 
concentration (Ca= 400ppm) marked on the curves. Ac (dashed blue lines) are 
CO2 assimilation rate limited by the amount and activity of Rubisco (enzyme 
limited/RuBP saturated) while Aj (dashed brown lines) are CO2 assimilation 
rate limited by RuBP regeneration (light limited/RuBP limited). Error bars show 
standard error of mean.  
  

HL leaves had a significantly higher assimilation rate compared to LL leaves at 

both saturating (1600 ppm) and ambient (400 ppm) CO2 (Fig 3.9). At ambient 

CO2 HL grown leaves had an assimilation rate of 31 µmol CO2 m-2 s-1 which 

was 22% higher than that of LL grown leaves (Fig 3.10 A). This difference was 
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attributable to a significantly higher Vcmax and Jmax in HL grown leaves 

compared to LL grown leaves (Fig. 3.10 B and C respectively) suggesting that 

HL grown leaves had higher amounts of Rubisco for carboxylation.  

HL leaves had a significantly lower stomatal conductance (0.34 mol H₂O m-2 s-

1) than LL leaves (0.8 mol H₂O m-2 s-1) indicating that they were transpirating at 

a slower rate than LL leaves (Fig 3.10 D).  This is consistent with a higher 

water use efficiency in HL compared to LL leaves (Fig 3.11 A and B).  The leaf 

temperature of HL and LL leaves was not significantly different at ambient CO2 

but was slightly higher in HL leaves at saturating CO2 (Fig 3.10 E). The 

stomatal limitation to photosynthesis (ls) was also significantly higher in HL 

than LL leaves (Fig. 3.10 F). 

Pigment analysis revealed that HL grown leaves had higher chlorophyll a/b 

ratio compared to LL grown leaves (Fig. 3.10 G), indicating the presence of a 

larger number of PSII reaction centres and less light harvesting complexes 

consistent with the higher Jmax in HL leaves (Fig. 3.10 C). Discrimination 

against the heavier carbon isotope (13C) was also assessed to validate and 

understand the relatively higher A400 (also higher in iWUE) rate in HL leaves 

than LL leaves that could be due to stomatal pore (entry) or/and enzymatic 

preference (Rubisco). LL leaves clearly had a significantly more negative, thus 

lower, 13C/12C ratio (about -33.5‰) than HL leaves (-32.5‰) (Fig. 3.11 B), 

suggesting the effect of high stomatal conductance and/or increased Rubisco 

discrimination against 13C.  
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Figure 3.10: 
Photosynthetic features of high light (HL) and low light (LL) grown rice leaves 
at ambient CO2 (400 ppm) extracted or calculated from the A-Ci curves in Fig. 
3.10. (A) Assimilation rate (A400); (B) Rubisco carboxylation rate (Vcmax400); (C) 
electron transport rate (Jmax400); D stomatal conductance (gs400); (E) leaf 
temperature at 400 and 1600 ppm CO2; (F) percentage stomatal limitation (ls) 
to photosynthesis; and (G) chlorophyll a/b ratio. Two samples t-tests were 
performed to compare means with significant differences between 
comparisons indicated as: * p<0.05; **p< 0.01 and *** p<0.001 (n=3) with error 
bars to represent standard error of mean. 
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Figure 3.11:  
Water use efficiency  (A) and carbon isotope ratio (δ13C) is presented on a per 
mill (‰) basis (B). Two samples t-tests were performed to compare means. 
Significant differences between comparisons are indicated as ***p<0.001 
(n=3). Error bars indicate standard error of mean. 
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3.5 Discussion 

Results from the first section of this study showed that HL grown rice 

consistently produce leaf 5 with larger stomatal dimensions (complex and pore 

areas) across the entire leaf width (Fig. 3.5 A-D). This finding agrees with 

Hubbart et al. (2012) who also reported significantly bigger (longer) stomata on 

average on the abaxial surface of rice grown under HL conditions but a 

nonlinear change in stomatal size from the midrib outward. This is probably 

because they used a different method of sampling where stomata were chosen 

at four different distances from the midrib compared to the more detailed 

approach used here using individual IGs. The results from this study suggests 

that stomatal size measured in any IGs is in general not statistically different 

from any other, though care must be taken at both the extreme edges of the 

leaf and in the IGs immediately adjacent to the midvein.  

In a related plant, Muhlenbergia cuspidate, which is a perennial C4 grass 

(Steuter, 1987), individual stomatal characteristics that define size (such as 

pore length and width) did not necessarily change proportionately under HL or 

LL. Smith and Martin (1987) reported that when this grass was grown under 

HL or LL conditions abaxial stomatal length did not change but stomatal width 

did alter significantly. Meanwhile in C3 dicot plants, for example Eucalyptus 

globulus and tobacco (Nicotiana tabacum), high and low irradiance levels have 

a clear opposite effect. Thus James and Bell (2000) showed that HL conditions 

experienced by E. globulus resulted in longer stomatal pores compared to LL 

conditions, but in tobacco there was no significant difference in stomatal pore 

length between the two light conditions (Thomas et al., 2003). The varying 

results from different plant groups suggest that the effect of growth in high or 

low irradiance conditions on stomatal size is species-specific. Stomata, which 

are vital in photosynthetic gas exchange, are one of the components that 

plants can modify in order to adapt in a given light condition. Certain plants 

which lack the ability to alter stomatal size may employ other ways, such as 

modifying stomatal density and leaf thickness, so that leaf physiological 

performance can be optimized for the prevailing light conditions during leaf 

development. 
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In this study, stomatal density in rice generally did not vary between HL and LL 

conditions in any of the IG analysed (except in the last IG of HL leaves where 

stomatal density was significantly higher compared to the same IG position of 

LL (Fig. 3.5 C). This is one of the noticeable outcomes resulting from 

comparing stomata ‘IG to IG’ between different treatments since different light 

conditions result in different IG number (Fig. 3.4 D). For example, the last IG of 

HL (IG 16) corresponds to IG16 of the LL that actually is the 3rd last IG for the 

LL leaf. This partially equivalent IG comparison could be a source for 

discrepancies for data analysis. Therefore, a simpler system is proposed by 

basing the comparison on IG’s relative distance to the midvein or large vein 

(Fig. 3.7 A and 3.7 B). It is a more standardized way of picking IGs to be used 

for stomatal counting and measurement. This method still shows that there is a 

clear difference in stomatal dimensions between HL and LL (Fig. 3.7 C and 3.7 

D). On average, there is a tendency for HL leaves to have higher stomatal 

density in the selected IGs compared to LL across the leaf but this is 

statistically not significant (Fig. 3.7 E). IG gap width and epidermal cell file 

number (other than stomata) vary widely across the leaf and seem not to 

follow any particular pattern in response to the light conditions given.  

The system reported here for selection of the leaf region for comparative 

analysis of stomatal properties in rice could be useful in other grass species in 

order to study variation in stomatal characteristics since grass leaves are 

normally partitioned into IGs and orderly arranged in cell files. Additionally it 

might also work in other non-grass species, such as Commelina communis, 

which have parallel venation and heterogeneous stomatal characteristics of 

density and size across the leaf (Smith et al., 1989).  

When all stomatal characteristics in this study are taken together, only a few 

could be used as a proxy for another. For example, correlation analysis 

suggested that in the same HL or LL leaf stomatal complex area has a 

significant positive relationship with pore area (Table 3.1), thus measurement 

of one characteristic is just as good to predict the other. Bearing in mind the 

way in which stomata are structured in grasses, this is not surprising. Stomatal 

density did not correlate clearly with any size parameter, which is slightly 

surprising bearing in mind the proposed linkage of stomatal size and density 
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(Franks and Beerling, 2009), although this study examined stomatal size over 

a much larger range of species. 

The analysis shows that stomatal density in HL leaves is negatively correlated 

with stomatal density in LL leaves. This suggests when stomatal density 

values of either HL or LL leaf are pooled from all IGs and compared with each 

other, HL and LL leaves do have high and low stomatal density respectively. 

Thus, the results agree to some extent with those reported by Coupe et al. 

(2005) using Arabidopsis, but contrast with Hubbart et al. (2012) who also 

analysed rice. Clearly the sampling and analytical process chosen can 

influence the conclusions drawn from analysis of stomata.  

The plasticity of rice stomatal size in response to either HL or LL conditions 

raised a question regarding its effect on leaf gas exchange capacity. 

Measurement of stomatal conductance to water vapour under ambient CO2 

concentration (gs400) which is expressed in mol H2O m-2 s-1 was employed to 

answer this. It is clear from Figure 3.10 D that LL leaves, despite having 

relatively smaller stomata (Fig. 3.6), still have the ability to regulate aperture 

opening more than HL leaves thus resulting in higher gs values.  The results 

are surprising because many investigations using rice, as well as different 

plants, show that sun leaves have higher gs values than shade leaves or show 

no difference. Experiments using the same rice variety IR64 by Narawatthana 

(2013) showed that at ambient CO2, the gs of sun and shade leaves did not 

differ. In other plant species such as English oak tree (Quercus robur, Gross et 

al., 2008), Ligustrum vulgare (Guidi et al., 2008) and rice plants of different 

variety (Oryza sativa cv. F50, Restrepo and Garces, 2013), the sun leaves 

always had higher gs than shade leaves. Many factors could contribute to this, 

for instance Narawatthana (2013) during measurement used a light intensity of 

1000 µmol m-² and Restrepo and Garces (2013) used 800 µmol m-², but in this 

study it was 2000 µmol m-². In other species, like English oak and Ligustrum 

vulgare, direct comparison is fundamentally not equivalent because these two 

species are dicot plants that have morphologically different stomata. 

Therefore, the difference in gs values might be attributable to the mechanics of 

different stomatal type.  Nevertheless, high gs observed LL leaves is a 

common protective measure in many shade tolerant species to prevent 



70 
 

damaging temperature at the expense of water use efficiency (Chazdon and 

Pearcy, 1991; Schymanski et al., 2013). 

Equation 1.1 in Chapter 1 is useful to explain mechanistically how higher gs in 

a LL grown leaf can be achieved, which is through its smaller pore area and 

shallower pore depth that leading to a shorter diffusion path distance. This gs 

formula was not used in this study because it is only valid when the measuring 

conditions that promote maximal stomatal opening (high light, high relative 

humidity and very low CO2 concentration) are all in place. Small stomata also 

create more room for extra stomata (Franks and Beerling, 2009) allowing high 

gs to be attained, i.e., higher SD. Based on this formula, essentially three 

stomatal properties control gs, namely stomatal density, stomatal pore area 

and stomatal pore depth. By this definition, since stomatal density was not 

different between the two treatments, HL leaves should have higher gs than LL 

leaves simply because they had larger pore area. However the opposite was 

measured here where LL leaves had a much higher gs than HL leaves. To 

explain this, it is important to note that the stomatal pore area formula 

(Equation 2.1) in this study is the maximum area possible for the given 

aperture length and guard cells width. It may be that there is a mechanism that 

enables the stomatal aperture to open differentially, thus affecting the gs value 

even when stomatal density does not change.  

To put things into perspective, we can compare the theoretical gs values 

between the treatments using the equation 1.1. By pooling and averaging all 

the data from all IGs in each treatment, stomatal pore area for HL leaves is 76 

µm² and for LL leaves is 52 µm². Stomatal density for both treatments is 235 

mm-² and pore depth is assumed to be the same as guard cell width (taken 

after Dow et al., 2013), which is approximately 5 µm. By substituting these 

values into the Equation 1.1, the maximum theoretical values gs for HL and LL 

leaves are 4.0 and 3.0 mol H₂O m-²s-¹ respectively. From Fig. 3.10 D, the 

measured or operational gs values for HL and LL leaves under ambient oxygen 

and CO2 (Ca = 400ppm) conditions are about 0.3 and 0.8 mol H₂O m-² s-¹ 

respectively. This agrees with a number of authors (Williams et al., 2004; Dow 

et al., 2013) that predicted conductances are often much higher than 

observation. For HL leaves, the measured gs is only about 20% of the 
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calculated gs. This means, when stomatal density and pore depth are not 

variable, the pore area was only 8% open, thus accounting for the low 

measured gs. For LL leaves, the measured gs is about 27% of the calculated gs 

meaning the pore area was about 26% open, thus resulting in the higher 

measured gs than HL leaves. This differential stomatal opening makes it 

possible for leaves to have variable gs values even when other stomatal 

parameters stay the same. Another possible reason why LL leaves had high gs 

was due to the shorter distance to travel for water within the leaf as a result of 

altered vein number and spacing. The higher SV number in LL leaves (Fig. 3.4 

D) causes the individual IGs to become narrower. More veins and narrower 

IGs mean that the leaves have more ‘pipes’ that provide water and narrow IGs 

means a smaller tissue area that needs to be filled with water, potentially 

allowing a greater rate of flow of water to the substomatal chambers. 

But why would LL leaves need to transpire a lot of water relative to HL leaves? 

Since LL leaves have been shown to have relatively lower Vcmax and Jmax (Fig. 

3.10 B and C respectively), there is no pressing demand to have more CO2 

into the chloroplasts to satisfy high assimilation rate. Moreover, LL leaves also 

have relatively lower stomatal limitation (Fig. 3.10 F) thus there is no real need 

to open the stomata widely just to lose water unnecessarily. One possible 

explanation is that it is a mechanism employed by LL leaves to prevent 

damage to the leaves.  LL ‘shade’ grown leaves, have several distinctive 

characteristics such as thin leaves and low total carotenoid content 

(Narawatthana, 2013). Such an anatomy and physiology are unsuitable for 

high light conditions. However, when the gas exchange measurements were 

being made, the amount of light used throughout the experiment was 2000 

µmol m-²s-1. For LL plants (which were grown in 250 µmol m-²s-1 irradiance), 

this means the leaves were receiving an excess of light that might result in 

heat build-up in the leaves. If measuring photosynthesis carried out in the 

growth environment, the extremely high gs may not occur. 

The excess light condition was more intense in LL than HL leaves due to 

thinness of the leaves and the low level of total carotenoids (for 

photoprotection, Yang et al., 2002). The fate of electrons from the excited 

chlorophyll molecules in PSII can be used to drive photosynthesis, re-emitted 
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as fluorescence or re-emitted as heat (Murchie and Lawson, 2013), and since 

Jmax is relatively lower in LL leaves thus the other options left are fluorescence 

and heat re-emittances for excess energy dissipation not used for 

photochemistry.  

Biochemical analyses were also made to validate certain physiological 

parameters such as Vcmax, Jmax and iWUE. Since HL leaves must deal with 

higher irradiance level than LL leaves, it is expected for them to have a high 

chlorophyll a/b ratio (Kitajima and Hogan, 2003). It is often generalized that 

lower chlorophyll a/b ratio in LL grown leaves is due to higher chlorophyll-b 

content in the LHCII (McDonald, 2003; Lichtenthaler and Babani 2004). This 

shows that for LL acclimated rice larger investment is necessary into making 

bigger LHCII antenna size increases in to capture more photons to drive 

photochemistry in PSII.   Since relatively lower Vcmax is commonly correlated 

with lower Rubisco content (Adachi et al., 2014), this implies lower overall 

energy consumption needs for carboxylation thus reflected in relatively lower 

Jmax as well.  In terms of electron usage, LL leaves are more efficient than HL 

leaves since lower Jmax means greater CO2 fixation per electron can be 

achieved. The simple A/gs ratio to obtain iWUE has shown that HL leaves are 

more efficient than LL leaves (Fig. 3.11 A). This means CO2 at the site of 

carboxylation experience fractionation which should be high in HL leaves with 

relatively higher assimilation rate. This is validated through a more positive 

value of isotopic carbon discrimination (δ13C) in HL leaves compared to LL 

leaves. The abundance of intercellular CO2 (also means relatively higher Ci/Ca 

ratio) coupled with the nature of LL leaves that are known to have a relatively 

lower Rubisco content (Narawatthana, 2013), thus reduced carbon fixation 

which allows the Rubisco to discriminate more against the heavier 13C isotope. 

The more positive carbon isotope ratio in HL leaves is thus indicative of a 

higher water use efficiency (Franks et al., 2015) because a relatively small 

amount of water is transpired for the high assimilation rates measured 

compared to LL leaves.  

In this section I have shown that the size of stomata in rice leaves is 

responsive to the light environment. Stomatal plasticity in rice, particularly 

dimension, has been shown to respond to light where high and low irradiances 
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produce small and big stomata respectively. Stomatal density is not statistically 

different in either light condition. A detailed analysis of stomatal properties in 

each interveinal gap showed that they did not vary significantly, although care 

has to be taken when considering stomata measured in the interveinal gaps 

toward the leaf margin. An analysis based on this leaf area alone might lead to 

spurious conclusions.  

Due to the nature of HL and LL leaves that produce inconsistent numbers of 

interveinal gaps, a simplified method is proposed so that stomatal 

characteristics across a leaf width can be quantified in a standardized manner. 

This approach will be used in the subsequent studies of this thesis (Chapter 4) 

that require analysing stomatal characteristics. The differences in stomatal size 

in HL and LL leaves are translated into a clearly different gs and assimilation 

patterns at different CO2 concentrations. The relatively high stomatal limitation 

in HL leaves suggest that big stomata may co-limit assimilation with non-

stomatal properties (such as Rubisco and mesophyll conductance) thus can be 

a point to further improve general photosynthesis capacity without 

compromising water use efficiency. Predicted gs values are often much higher 

than the measured gs values, thus it is risky employ them unless under certain 

environmental conditions that promote maximum stomatal aperture opening. 

Small stomata in LL leaves have higher gs values than the larger stomata in 

HL leaves, suggesting a mechanism of differential stomatal opening to 

promote cooling through high transpiration in response to heat build-up in LL 

leaves which occurs to dissipate excess energy from the high intensity light in 

the measuring chamber.  
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4.1 Introduction 

In Chapter 3 it was shown that rice leaves continuously grown in HL conditions 

have characteristics typical of sun leaves, for example increased thickness. 

One of the observations made was that stomata (controllable pores on the leaf 

epidermis) showed distinct patterns of size depending on the irradiance 

condition the plant was grown under, with high irradiance leading to larger 

stomata. This raises the question of when during leaf development stomatal 

size parameters are set and whether there is a sensitivity window during which 

environmental conditions, such as irradiance, can influence these parameters. 

As outlined in Chapter 1, stomata are the result of patterned cell divisions in 

the epidermis of leaves. Cell division decreases during leaf development in a 

progressive manner so that processes dependent on cell division (such as 

stomatal formation) cease much earlier than growth of the leaf (i.e., mature 

leaves cannot adjust their number of stomata) (Fleming 2005). This situation is 

further complicated in grass leaves where their unique cellular organisation 

means that stomatal differentiation is restricted to particular files of cells. File 

formation is also controlled by cell division events and the width of stomata will 

be set by the width of the cell files formed. Stomata size (defined by length and 

width) will have a strong influence on maximal pore aperture, thus potentially 

limiting the maximum gas exchange that can occur (Franks and Beerling, 

2009). Thus, cell division events during early leaf differentiation will likely 

define the size and number of mature stomata, determining the limits of 

stomatal function in gas exchange in mature leaves. Exactly when the events 

of stomatal cell division terminate in rice, their responsiveness to irradiance 

level, and to what extent this influences the photosynthetic performance of 

mature leaves is the focus of this chapter. 

Previous work in this area has shown that the ability of plants to acclimate to 

light is species dependant. For example stomatal density in Arabidopsis was 

reported to be higher in HL than LL conditions (Coupe et al., 2006) but 

remained approximately the same in rice (Hubbart et al., 2013). It has been 

demonstrated that the setting of stomatal parameters in young, developing 

leaves depends on signals from more mature leaves (Lake et al., 2001) and 
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that this occurs in a range of plants (Coupe et al., 2005). With respect to rice, it 

has been demonstrated that the ability of a leaf to respond to altered irradiance 

with respect to photosynthetic acclimation becomes more limited after the leaf 

has emerged from the sheath of the surrounding, older leaf (Murchie et al., 

2005). Overall, published work suggests that stomatal size might be set at a 

relatively early stage of rice leaf development, but the temporal resolution of 

previous studies have not allowed a precise resolution of this developmental 

response window. 

Due to the regular generation of leaves by the shoot apical meristem, the time 

interval between the generation of successive leaves is highly predictable 

(under controlled growth conditions) and is termed the leaf plastochron 

(Erickson and Michelini, 1957). A convenient and robust way of defining the 

developmental stage of any leaf is to define its plastochron stage (P). During 

the initial events of development as the leaf primordium grows out of the 

meristem the leaf is defined as being at P1 stage. As soon as the subsequent 

leaf forms at the meristem, the leaf is defined as entering the P2 stage of 

development (with the younger leaf being at the P1 stage). Thus, for any plant 

defining a leaf by its order of formation (leaf 1, leaf 2, leaf 3, and so on) and its 

P stage (P1, P2, P3 and so on) provides a robust means of identifying and 

comparing developmentally equivalent leaves. Previous work in our group had 

already established such a plastochron staging system for rice (Van Campen 

et al., 2016). A particular advantage of this system in grasses, such as rice, is 

that it allows the prediction of the developmental stages of very young leaves 

hidden from view within the surrounding sheaths of older leaves, since (under 

controlled growth conditions) there is a strong predictive correlation of the P 

stage of older leaves with the P stage of younger leaves. In the experiments 

described in this chapter, this plastochron staging system was used to switch 

rice plants between LL and HL conditions so that leaves at early stages of 

development (P1, P2, P3, P4) differentiated under different irradiance levels 

during different phases of their development, allowing me to investigate the 

outcome on stomatal size and density in the mature leaves. This allowed me to 

investigate questions such as: if the early stage of a leaf’s development occurs 

in a plant under LL but the later stage under HL, are the stomatal parameters 

typical of leaves grown continuously under LL or HL (or intermediate)? At 
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which P stage does the leaf lose its ability to respond to altered external 

environment? 

As highlighted in previous chapters, stomata act as gas exchange regulators 

for the leaf. By modulating stomatal conductance (gs) in response to 

environmental stimuli, they can optimize carbon uptake for photosynthesis 

while minimizing excessive water loss from transpiration (Farquhar et al., 1980; 

Kim et al., 2010). Maximal stomatal conductance occurs when stomata are 

opened to their widest possible aperture and is determined by two physical 

properties of stomata, namely size (guard cell length multiplied by guard cell 

pair width) and density (stomata number per unit area) (Franks et al., 2009; 

Paul et al., 2012). Smaller stomata have the advantage of a faster response 

time to altered environment (Hetherington and Woodward, 2003; Franks and 

Farquhar, 2007), thus when coupled with high stomatal density may enable a 

leaf to achieve high stomatal conductance when plants are in favourable 

growth conditions and rapidly reduce conductance when conditions are 

unfavourable (Drake et al., 2013). However, Bussis et al. (2006) have shown 

that increased stomatal density can be compensated by reduced stomatal 

aperture, leading to the leaf maintaining a constant ratio of internal CO2 

concentration (Ci) to ambient CO2 concentration (Ca). Thus, changes in 

stomatal size and density do not necessarily lead to changes in photosynthesis 

since plants display a high degree of plasticity in their ability to compensate for 

altered environmental conditions. Moreover, these differences can be species 

specific. For example, transfer from LL to HL conditions significantly increased 

photosynthesis in Betula ermanii and Acer rufinerve but not in Fagus crenata 

and Alocasia maccrorhiza (Sims and Pearcy, 1991; Oguchi et al., 2005). 

Overall, the relationship between irradiance level and photosynthesis is 

complicated and stomatal properties represent only one parameter in this 

relationship. Thus, the extent to which stomatal properties in rice determine or 

limit photosynthetic performance remains an open question. 

The experiments described in this chapter aimed to define the developmental 

window for stomatal size response to altered irradiance, therefore we expected 

to generate rice leaves with a range of stomatal parameters. We therefore 

extended these experiments to include a series of gas exchange analyses on 
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the mature leaves to examine the outcome of any changes in stomatal 

properties on photosynthetic performance. To what extent do leaves possess 

mechanisms that might maintain photosynthetic performance despite variation 

in stomatal properties arising during leaf development as a result of variation in 

the environment? 

To summarise, in this chapter a series of experiments designed to investigate 

the influence of the light environment on stomata differentiation at different 

stages of rice leaf development are reported. Leaves were grown under one 

irradiance (high light, HL or low light, LL) then transferred to the alternative 

irradiance (HL to LL or HL to LL) at specific plastochron stages of leaf 

development (P1 to P5). The leaves were then allowed to grow to maturity and 

a series of measurements of stomatal size and leaf epidermal characteristics 

were made. Selected leaves were also analysed for various parameters of 

photosynthesis to investigate the outcome of any altered stomatal 

characteristics on these processes. 

It should be noted that a portion of this chapter has already been published 

(van Campen et al., 2016), establishing that the P3-P4 stage transition of the 

developing rice leaf is the latest phase of a developmental window during 

which the leaf can respond to altered plant irradiance with respect changes in 

stomatal properties. 

 

4.2 Aims  

1.  Identify the stages of rice leaf development during which altered

 irradiance can influence stomatal patterning. 

2.  Investigate the outcome of developmental-stage specific altered

 stomatal patterning on rice leaf photosynthetic performance 
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4.3 Brief Methodology 

All rice plants were grown hydroponically using the growth chamber settings 

and nutrient solution (described in section 2.1). The plants were grown in 

either HL or LL conditions (section 2.1) and when they had reached a 

particular plastochron stage (P1, P3 or P5) they were transferred to the 

opposite light condition. Since the developing leaf primordia were concealed in 

layers of leaf sheaths, the length of leaf no. 3 was used as a proxy to 

approximate leaf no. 5 P-stage (described in 2.2). For plants transferred from 

HL to LL, leaf 5 was sampled and measured 5 - 6 days after transfer 

(depending upon the plastochron stage when transfer took place), while for LL 

to HL transfer the sampling and measurements were made between 3 - 4 days 

after transfer.  Two identical transfer identical experiments were carried out, 

one to measure stomatal and leaf development characteristics and the other to 

measure physiological and biochemical leaf parameters.  

 

4.3.1 Stomatal and Epidermal Measurements 

Rice leaves were prepared using the methods described in sections 2.4, 2.5 

and 2.6.1. Measurements of SD, SCA and SPA, SCW, SCL, GCW, and the 

percentage of files containing stomata were made following the methods 

described in section 2.6.2. For each parameter five measurements per leaf 

were taken and averaged to obtain one data point.  Eleven replicate leaves 

were used. 

 

4.3.2 Physiological Measurements and Biochemical Analyses 

Physiological and biochemical measurements were again made on the middle 

section of the fully expanded leaf 5. Three replicate leaves were used. Gas 

exchange measurements were carried out to obtain A-Ci curves as described 

in section 2.3.1. PAR was maintained at 2000 µmol m–2s–1 with 10% blue light 

and 90% red light. Stomatal conductance versus intercellular CO2 

concentration curves (gs-Ci) were also obtained. Intrinsic water use efficiency 

(iWUE) was computed by taking the ratio between assimilation and stomatal 
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conductance at ambient (400 ppm) CO2 (Ca) as well as when iWUE was at its 

maximum (iWUEmax), which was always at the last point of A-Ci and gs-Ci 

curves.  

Pigment quantification and isotopic carbon discrimination determination were 

performed as described in sections 2.3.2 and 2.3.3 respectively using five 

replicate leaves for each analysis. 

 

4.3.3 Statistical Analysis  

For comparison of means, analysis of variance (ANOVA) was employed but 

when data were non-parametric (according to D'Agostino & Pearson omnibus 

normality test), Kruskal Wallis multiple comparisons test (add-on macro) was 

used instead. The relationship between variables was assessed using 

Pearson’s correlation analysis where non-normal data were transformed using 

the best rounded λ (lambda) values suggested by Box-Cox transformation in 

Minitab. An F-test was also performed when the variance between two 

samples needed to be compared for similarity. All statistical analyses, graphs 

and contour plot were prepared using Microsoft Excel 2016, GraphPad Prism 

version 6 and Minitab 17 software. 
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4.4 Results 

4.4.1 Effect of transfer of leaves from High Light to Low Light 

environment at different developmental stages on final stomatal 

parameters 

Considering first Stomatal Complex Area (SCA), the mean value under 

continuous LL (262 µm2) was significantly lower than observed in mature leaf 5 

maintained under continuous HL conditions (342 µm2) (Fig. 4.1A). On transfer 

from HL to LL at early stages in development (P1, P3) the final mean SCA was 

similar to those observed in leaves maintained continuously under LL. When 

plants were transferred at a later stage (P5), mean SCA was intermediate 

between HL and LL values.  

One interesting observation was that although the variances measured in the 

HL, LL and P5 treatments were relatively small (Coefficient of variation, cv of 

6.9%, 10.9% and 9.0% respectively), the values observed in the P3 and 

especially the P1 transfer experiments were much higher (cv of 13.5% and 

26.5% respectively). A two-tailed F-test (α=0.05) showed that there was a 

significant difference in variance (p=0.01) between P1 and LL treatments but 

there was no significantly different in variance between P3 and HL treatments 

(p=0.14).  

Measurements of SCA, SCW and SCL are shown in Fig. 4.1 A B and C 

respectively. Similar tendencies were observed for both SCW and SCL. 

Stomatal complexes under HL conditions were wider and longer than observed 

under LL conditions. After transfer at P1 and P3 stages SCW and SCL values 

were more similar to those measured in leaves kept continuously under LL. 

Once again, although the SCW variances measured for HL, LL and P5-transfer 

leaves were relatively small (cv of 7.3%, 5.2% and 5.7% respectively), for 

leaves transferred at P3 and especially P1 stage the variances measured were 

much higher (cv of 6.6% and 15.4% respectively). 
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Figure 4.1: 

Measurements of stomatal size (A-E), epidermal size (F and H) and stomatal 
patterning (G and I) in mature L5 grown in HL condition that were transferred 
to LL condition at different P-stages, as indicated. ANOVA followed by a post 
hoc Tukey’s HSD test (av) was performed on data showing a normal 
distribution while the non-parametric Kruskal-Wallis multiple comparison test 
(kw) was performed on data showing non-normal distribution. Each black dot 
represents a single measurement. Vertical error bars represent standard error 
of means while the dotted horizontal red lines are the means. Treatments that 
share same letter in a grouping cannot be statistically distinguished (P-value 
<0.05).  
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Again, the P1 data had a significantly different variance (p<0.01) compared to 

the LL control but this was not the case for the P3 treatment data. The same 

trend in variance was also observed for SCL variance analysis, i.e., P1 and P3 

transfer value showed a relatively high variance compared to the other data 

sets in the experiment. Correlation analysis also showed that both SCW and 

SCL showed a highly significant positive correlation with SCA (r= 0.72 and 

r=0.82 respectively, p< 0.01, Table 4.1).   

Table 4.1: 

Pearson’s correlation coefficients (r) among the pooled values of stomatal size, 
patterning and leaf epidermal properties from the transfer experiments (n=11 
for each parameter). Single asterisk * indicates correlations which are 
significant at p<0.05 confidence limit while double asterisks ** indicate 
correlations which are significant at p<0.01 confidence limit.  

Parameter SCA SCW SCL GCW SPA CFN SF% CFW SD 

SCA 
 

        

SCW 0.72**         

SCL 0.82** 0.60** 
 

      

GCW 0.45** 0.55** 0.34**       

SPA 0.81** 0.46** 0.73** 0.37** 
 

    

CFN -0.16 -0.24* 0.00 -0.23* -0.14     

SF% 0.26* 0.27* 0.21* 0.10 0.17 -0.16 
 

  

CFW 0.67** 0.70** 0.50** 0.51** 0.57** -0.54** 0.28**   

SD -0.58** -0.44** -0.51** -0.28** -0.52** 0.03 0.24* -0.57** 
 

 

Each stomatal complex contains a guard cell pair which forms the actual 

stomatal pore. To investigate the extent to which measurements of stomatal 

complex dimension acted as a proxy for guard cell dimension and pore size, 

these parameters were analysed. As shown in Fig. 4.1D and 4.1E the pattern 

of guard cell width (GCW) and stomatal pore area (SPA) in leaves after the 

different treatments was similar. Highest mean values of GCW and SPA were 

measured in leaves grown continuously under HL (5.2µm and 90.6µm2 

respectively) and the mean values for these parameters were lower in leaves 

grown continuously under LL (4.5µm and 63.0µm2 respectively). Leaves 
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transferred at stage P1 from HL to LL showed relatively low means of GCW 

and SPA whereas leaves transferred at stages P3 and P5 showed mean 

values either similar to LL samples (for GCW) or intermediate between HL and 

LL samples (for SPA). GCW and SPA values showed a positive correlation 

with SCA (r= 0.45 and r=0.81 respectively, p< 0.01, Table 4.1).  

Overall, the data shown in Fig. 4.1A-E suggested that leaves grown under LL 

had smaller stomatal complexes as well as other size related parameters than 

those grown under HL, and that transfer from HL to LL resulted in smaller 

stomatal complexes even when the transfer was performed relatively late in 

development (P5). For some parameters such as SCA, SCW and SCL, when 

the transfer was performed at relatively early stages of development (P3 

and/or P1) there was a marked variation in the measured values, with some 

extremely small values observed even when compared to the LL leaves. The 

correlation analysis in Table 4.1 shows that SCA parameter is a good proxy to 

estimate other stomatal size related parameters as they all had a highly 

significant positive correlation with SCA.  

To investigate what outcome these shifts in SCA had on stomatal density (SD), 

this parameter was measured in the same leaves samples analysed in Fig. 

4.1A-E. The results of this analysis (shown in Fig. 4.1I) indicated that for 

leaves maintained under continual LL or HL the differences in the mean SD 

values were minimal (261 and 269 stomata mm-2 respectively). Although mean 

SD values in leaves transferred from HL to LL at different developmental 

stages (P1, P3, P5) tended to be slightly higher than those observed in HL and 

LL, analysis of the data revealed that the transferred leaves were 

characterised by a massive spread of SD values, with P1 transferred leaves 

showing SD value as high as 624 stomata mm-2 compared with extreme SD 

values in HL leaves of 362 stomata mm-2 and in LL leaves of 373 stomata  

mm-2. A similar trend in other size parameters was also observed, with 

variances measured in the HL, LL and HL-LL P5 samples generally being 

relatively small but large variance being observed when transfer was 

performed at P1 and P3 stages. Since unequal variance violates the 

requirements for ANOVA, a non-parametric Kruskal-Wallis test was used to 

analyse SD. By this analysis the mean SD did not significantly differ between 
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any of the treatments, but this similarity in mean value obscured a difference in 

variance depending on leaf stage at transfer from HL to LL.   

SD in a rice leaf is likely to reflect both the size of stomatal complexes and the 

number/size of cell files within which stomata arise. To investigate the potential 

relationship of stomatal density and size to these parameters epidermal file 

number within interveinal gaps and the number of cell files within which 

stomata arose were also studied. As shown in Fig. 4.1F leaves kept under 

continuous LL had a slightly higher mean number of cell files than HL leaves 

(about 14 cell files), but the spread of these values was higher under HL than 

LL conditions (cv of 8.7% and 4.7% respectively). In the P1 and P3-transfer 

experiments, leaves showed higher mean values for CFN, with P3 transferred 

leaves having an extreme value of 18 cell files and a minimum of 14 whereas 

HL leaves had a maximum of 16 cell files and a minimum of 12. Leaves kept 

under continuous LL had a maximum CFN of 15 and a minimum of 13. CFN 

showed a significant negative correlation with cell file width (CFW, r = -0.54, p< 

0.01, Table 4.1) but when the number of cell files containing any stomata is 

considered (Fig. 4.3G) a very weak inverse relationship (r=-0.16) to CFN was 

observed. Thus for leaves maintained continuously under HL the percentage 

of stomata-containing cell files was significantly higher than for LL leaves and 

leaves transferred at P1 or P3 stage, suggesting that P3 is the last stage able 

to initiate additional rows of stomatal or epidermal files in response to altered 

irradiance. For any given interveinal gap sampled the maximum number of 

stomatal files was always four. 

Since in rice leaves stomata arise in epidermal cell files the width of these files 

(CFW) is likely to influence the size of the stomatal complexes. To test this 

idea, the cell file width (CFW) in the transferred and control plants was 

measured. As shown in Fig. 4.3H there was a similar pattern of CFW and the 

stomatal complex width (SCW) in Fig. 4.3C (r = 0.70, Table 4.1) and a 

significant inverse correlation with cell file number (Fig. 4.3F) (r = -0.24). Thus, 

mean CFW was significantly high in leaves grown under continuous HL 

(13.1µm) and those transferred at P5 from HL to LL (12.3 µm), whereas CFW 

was significantly smaller in LL (11.4µm) leaves and those transferred from HL 

to LL at early stages of P1 and P3 (10.9µm and 11.3µm respectively). Once 
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again, the P1 and P3 transferred leaves were characterised by relatively high 

variances for the parameter measured, with some extremely narrow cell files 

measured in the P1 transferred leaves (8.3µm).  

 

4.4.2 Effect of transfer of leaves from Low Light to High Light 

environment at different developmental stages on stomatal parameters 

The results described in the previous section described the outcome on 

stomatal parameters of transferring plants from HL to LL conditions at various 

stages of leaf development. I also investigated the outcome of the reverse 

situation where plants were transferred from LL to HL conditions. As shown in 

Fig. 4.2A, when leaves were transferred at very early stage of development 

namely P1, the mean value of SCA in the mature leaves was similar to that 

measured in plants grown continuously under HL. When the transfer occurred 

later in development (stage P3 and P5), mean SCA remained similar to that 

measured in plants grown under continuous LL. The variance in the values 

observed under transfer conditions especially P5 tended to be higher (cv of 

17.3%) than those values observed in P1 and P3 transfers and plants 

maintained under continual HL or LL (cv of 11.4%, 11.4%, 10.9% and 6.9% 

respectively). To investigate the contribution of change in stomatal complex 

width (SCW) and length (SCL) to the observed changes in SCA, I measured 

these parameters in the various treatments. As shown in Fig. 4.2B and 4.2C, 

similar patterns of change in values were observed in both SCW and SCL, 

although the absolute value of these differences were often quite small. Thus, 

after transfer at very early stage of leaf development (P1), there were slight 

increases both in mean SCW and SCL whereas in the P3 and P5 transferred 

leaves changes in SCW and SCL were minimal. Correlation analysis in Table 

4.1 has shown that there were significant positive relationships between SCA 

with SCW and SCL, thus showing these parameters are good predictors for 

each other.  
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Figure 4.2: 

Measurements of stomatal size (A-E), epidermal size (F and H) and stomatal 
patterning (G and I) in mature L5 grown in LL condition that were transferred to 
HL condition at different P-stages, as indicated. ANOVA followed by a post hoc 
Tukey’s HSD test (av) was performed on data showing a normal distribution 
while the non-parametric Kruskal-Wallis multiple comparison test (kw) was 
performed on data showing non-normal distribution. Each black dot represents 
a single measurement. Vertical error bars represent standard error of means 
while the dotted horizontal red lines are the means. Treatments that share 
same letter in a grouping cannot be statistically distinguished (P-value <0.05).  
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With respect to guard cell width (GCW) and stomatal pore area (SPA), 

generally mean GCW showed no increase in leaves transferred at any 

developmental stage, in fact it slightly decreased under P3 and P5 transfers, 

whereas for plants maintained under continuous HL GCW was significantly 

higher than in LL-maintained or transferred leaves (Fig. 4.2D). In contrast, 

estimates of SPA (Fig. 4.2E) indicated that mean values in early transfer (P1) 

leaves were higher than those measured in P3 and P5 transfer, which were 

similar to HL leaves. The high variance measured for all of these samples 

meant that overall there was no significant difference in SPA.  

In terms of altered stomatal density (SD), leaves grown under continuous HL 

and LL and under P1 and P5 transfers had similar SD (Fig. 4.2I). Surprisingly 

the transfer at P3 resulted in higher mean SD values than the rest of the 

treatments and this was mainly due to a few leaves in this transfer showing 

unusually very high densities above 400 stomata mm-2. To investigate whether 

the differences in SD observed in some transferred samples reflected 

differences in the number of cell files in the interveinal gap, values of cell file 

number (CFN), width (CFW) and the number of cell files containing stomata 

were also measured. With respect to CFN, although there were some 

differences in mean values for the different treatments, the mean CFN value 

(about 14) was comparable for all treatments (Fig. 4.2F), although it was 

noticeable that the P1 transferred samples had the most values of CFN 14 or 

greater. In terms of CFW, the P5 transferred samples were distinguished by 

having some extremely narrow cell files (8.4µm), leading to a significantly 

different CFW from leaves maintained under continual HL (Fig. 4.2H). CFN 

and CFW also showed a significant inverse correlation (r = -0.54, Table 4.1) 

thus can be used as a good predictor for one another. The percentage of cell 

files containing stomata in the P5 transferred leaves was similar to those 

maintained under continuous LL, whereas the P3 transferred leaves had mean 

values very similar to those measured in HL leaves (Fig. 4.2H). P1 transferred 

leaves however had intermediate values between HL and LL. There was, 

however, a high variation in percentage of files containing stomata in all 

treatments. Despite this, there was still a positive significant, although weak, 

relationship between files containing stomata and CFW (r = 0.28).  
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4.4.3 Summary of effect of transfer between high and low light 

environments at specific leaf developmental stages on stomatal pattern 

and size 

With respect to the transfer either from HL to LL or LL to HL, the former in 

general allows significant changes in almost all the parameters after P1 

transfer (Fig. 4.3A). Leaves transferred at the later P3 stage showed less 

ability in significantly changing as many parameters as the transfer at P1, 

whereas transfer at the later P5 stage did not lead to any significant change in 

any parameter.  The high variation of SCA values, especially in P1 and P3 

transfer treatments, implied developmental stages where stomatal phenotypes 

are highly plastic with respect to environmental signals such as the irradiance 

intensities used in this experiment. Differences in SCA measurements are 

determined by both length and width properties of the complex where SCL in 

general showed a higher degree of positive correlation with SCA. Due to the 

linear nature of stomatal arrangement in grass leaves, width of SCA is to some 

extent dependent on cell file width. CFW was most plastic at P1 and P3 stages 

but by P5 it becomes less responsive to altered irradiance. Similarly, the 

number of cell files formed (reflecting longitudinal cell divisions during leaf 

development) is flexible at P1 and P3 but much less flexible at P5 stage.  

In rice leaves, it appears that some cell files are stomata-forming while others 

are not (i.e., stomatal patterning is set by cell file interactions), as evident in 

Fig. 2.6). It is worth noting that most interveinal gaps in rice leaves contain a 

maximum of four stomata-containing files while the total number of cell files 

may vary considerably. This may be connected with stomata position as 

stomata are always formed over mesophyll cells but not over bulliform cells. 

Leaves transferred at P1 and P3 stage tend to have many, narrow files but 

only a small percentage of these form stomata. By P5, the number and width 

of cell files is set, as well the percentage of cell files containing stomata. 
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Figure 4.3: 
Summary of possible windows of sensitivity at different plastochron stages (P1 
to P5) for the transfer from HL to LL (A, based on Fig. 4.1) and LL to HL (B, 

based on Fig. 4.2) for various stomatal and epidermal properties. Each tick (✔) 

symbol under any P-stage denotes the possibility of altering the corresponding 
parameter compared to the initial light condition (shaded column on the left).       

 

The resultant stomatal patterning shows that there is little major difference 

between SD in HL and LL leaves but HL leaves have significantly more 

stomatal containing cell files than LL leaves. The other main difference is 

stomatal size (SCA), with HL leaves having larger stomata due to an increase 

in cell file width and the length of the cells formed within a file.  

The above points describe the transfer events for transfer from HL to LL. For 

LL to HL transfer, however, the same ability to significantly change the studied 

parameters after P1 and P3 transfer was not as clear. This direction of transfer 
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generally led to less significant alteration in the parameters measured (Fig. 

4.3B). Changes are more minor, less pronounced or intermediate. Even at the 

early P1 and P3 stages the parameters measured seem less plastic and 

responsive than plants switched from HL to LL conditions. Although the 

transfer at P3 could significantly alter the SPA, the spread of the data (in Fig. 

4.2E) were much larger compared to the transfer at P1 and P3.  Nevertheless, 

it is interesting to note that LL to HL transfer still led to a significantly change in 

guard cell width at each P stage analysed.     

 

4.4.4 Analysis of the outcome of altered stomatal pattern and size on leaf 

physiology 

The results of the analyses in Fig. 4.1 and Fig. 4.2 indicated that by switching 

rice leaves between different light environments at particular stages of leaf 

development it was possible to generate leaves with distinct stomatal densities 

and size. To investigate the outcome of these changes on leaf performance, I 

performed a series of physiological analyses on some of these leaves (n=3). 

These leaves described in each subsection below dealing with photosynthetic 

assimilation, stomatal conductance and intrinsic water use efficiency provided 

paired data with the measurement of stomatal structure reported in the 

previous section. This leads to the second hypothesis of this study; that some 

stomatal or epidermal properties in rice could be a good indicator of important 

leaf physiological characteristics, thus reflecting overall leaf performance and 

efficiency.  

 

4.4.5 Assimilation Rate 

A series of A-Ci curves was obtained for three plants, each either maintained 

under continuous HL or LL conditions or transferred from HL to LL at P1, P3 or 

P5 stage before assessment of physiology at maturity. Measurements were 

made immediately upon leaf no. 5 maturity (P6) which was marked by the 

appearance of the collar (joint in between leaf blade and the sheath). From the 

leaf emergence to this point, the leaf blade had been exposed to the new light 



 92 

condition (before measurements took place) about 3-4 and 5-6 days for HL 

and LL conditions, respectively.  Measurements were taken very close to full 

leaf extension, thus ameliorating any potential for reduction in photosynthesis 

as a consequence of ageing (Murchie et al., 2005). 

HL grown leaves in general (Fig. 4.4iv-HL) had higher maximum assimilation 

rate (Amax, about 46 mmol CO2 m-2 s-1) than LL grown leaves (about 33 mmol 

CO2 m-2 s-1). The first phase (Rubiso limited) of the A-Ci curve for HL grown 

leaves had a steeper slope than LL grown leaves (Fig. 4.4iv-LL) indicating 

rapid assimilation of CO2 suggesting an abundance of Rubisco in the HL 

leaves. The first phase also ended at lower Ci concentration (about 213 ppm) 

for HL grown leaves than LL leaves (about 243 ppm), thus a quicker shift to 

the next phase of the curve (RuBP regeneration limited), marked by a subtle 

decrease in the curve slope. HL grown leaves had some variance in both A 

and Ci values measured, especially in the second phase of the curve, whereas 

LL grown leaves had the same variance trend only for the A values but not Ci 

values, probably due the lower overall CO2 assimilation compared to HL grown 

leaves enabling stomata to more rapidly adjust to maintain a more consistent 

Ci environment.  

It is quite surprising to see that transfer at P1, P3 and P5 stage (Fig. 4.4iv-P1, 

P3, P5) on average produced similar A-Ci curves and that the Amax and Ci 

concentration at which the shift into the second phase of the curve occurred 

was similar to those leaves grown in continuous LL. Further investigation by 

deriving useful photosynthetic parameters support this claim; the rate for A400 

(Fig 4.5 A, about 20-25 mmol CO2 m-2 s-1) and Amax (Fig. 4.5 B, about 30 mmol 

CO2 m-2 s-1) for transfer at P1, P3 and P5 were similar to LL leaves. Such 

trends were tightly bound to the Vcmax (Fig. 4.5C) which also had the same 

trends as the assimilation rates, where LL leaves had Vcmax value of about 40-

50 mmol CO2 m-2s-1.  
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Figure 4.4 

A-Ci curves in mature rice leaves for the transfer experiment from HL to LL. Rows (i), (ii) 
and (iii) represent individual curves (total n=3) for the corresponding treatment labelled 
at the top of each column. Row (iv) represents mean A- Ci curve for the particular 
treatment where the horizontal-vertical bars represent standard error of mean. The blue 
dotted lines are best fit curves for CO2 assimilation rate limited by the amount and 
activity of Rubisco (enzyme limited/RuBP saturated) while the green dotted lines are 
best fit curves for CO2 assimilation rate limited by RuBP regeneration (light limited/RuBP 
limited). Each A-Ci curve is marked with Ca=400ppm to approximately show assimilation 
rate at the current ambient CO2 level while the experiment took place. 

 

The relative stomatal limitations (ls) for HL (about 20%) and LL (about 15%) leaves were 

similar to the Vcmax trend but the P5-transferred leaves showed exceptionally low ls 

(about 7%) thus partially explaining their relatively higher Vcmax values compared to P1 

and P3 transferred leaves (Fig. 4.5D).  Jmax for the transfer at P5 stage (Fig. 4.5E) had 

an intermediate value between HL (closer) and LL leaves (about 125 mmol e- m-2s-1). 

Pigments analysis for chlorophyll a/b ratio (Fig. 4.5 F) also showed that the P5-

transferred leaves had similar ratio (about 4) with HL leaves. thus further explaining their 

ability to have comparable A400 value with HL leaves.   Transfer under all stages 

produced minimum variation with regard to assimilation rate but on average transfer at 

P3 produced the largest variation in Ci values, which were similar to HL grown leaves. 

When the transfer was performed in the opposite direction from LL to HL condition, 

leaves transferred at P1 on average (Fig. 4.6iv-P1) had comparable A-Ci curve pattern 

to HL grown leaves. A400 analysis (Fig. 4.7A) showed that there was a tendency for HL 

and P1-transferred leaves to have higher A400 (both about 33 mmol CO2 m-2 s-1) values 

than LL leaves while transfer at later P3 and P5 stages resulted in similar A400 to LL 

leaves (about 18-25 mmol CO2 m-2 s-1). But the same trend was not evident in the Amax 

analysis (Fig. 4.7B) since transfer at any P-stages would result in comparable values to 

HL leaves (about 45 mmol CO2 m-2 s-1). 
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Figure 4.5 

Mean assimilation rates measured at 400ppm CO2 (ambient level, A400) (A) and 
maximum assimilation rates (Amax) (B) achievable for the HL to LL transfer experiment. 
The measured photosynthetic rates are explained by similar trend in maximum 
carboxylation (Vcmax, C) whose capacity depends on CO2 supply influenced by the 
relative stomatal limitation (ls in D). The electron transport (Jmax, E) rates also have 
similar trend to assimilation and the capacity is explained by the ratio of chlorophyll a/b 
(F). All means are extracted from Fig. 4.4iv. One way ANOVA followed by a post hoc 
Tukey’s HSD test where n=3 with groups sharing different letters are significantly 
different (p< 0.05) and error bars represent standard error of mean.
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Figure 4.6 

A-Ci curves in mature rice leaves for the transfer experiment from LL to HL. 
Rows (i), (ii) and (iii) represent individual curves (total n=3) for the 
corresponding treatment labelled at the top of each column. Row (iv) 
represents mean A-Ci curve for the particular treatment where the horizontal-
vertical bars represent standard error of mean. The blue dotted lines are best 
fit curves for CO2 assimilation rate limited by the amount and activity of 
Rubisco (enzyme limited/RuBP saturated) while the green dotted lines are best 
fit curves for CO2 assimilation rate limited by RuBP regeneration (light 
limited/RuBP limited). Each A-Ci curve is marked with Ca=400ppm to 
approximately show assimilation rate at the current ambient CO2 level while 
the experiment took place. 

 

Transfer at later P3 and P5 stages decreased the Amax value to around 40 

mmol CO2 m-2 s-1 but still much higher than those of LL grown leaves. 

Interestingly variations seen in P1 transferred leaves were also similar to those 

of HL grown leaves, while for transfer at P3 and P5 the variations were more 

pronounced in Ci values, especially in the second phase of the curve. These Ci 

variations could be explained by some odd individual curves (Fig.4.6iii-P3 and 

4.6i-P5) where they looked steep in the first phase of the curve with a short 

lived second phase, suggesting rapid CO2 influx regulation as well as high 

assimilation rate. Vcmax analysis (Fig. 4.7C) showed that transfer at any P-

stages would result in Vcmax value similar to HL leaves (80 mmol CO2 m-2s-1) 

where P1-transferred leaves had exceptionally high Vcmax value among all 

treatments of about 85 mmol CO2 m-2s-1. This indicates a comparable amount 

of Rubisco between HL and P1-transferred leaves as well as less obstructed 

CO2 diffusion, which was evident by a relatively lower (similar to LL leaves) 

stomatal limitation of about 15% (Fig. 4.7D). Jmax had the same trend as the 

Amax analysis earlier (Fig. 4.7 E) where HL leaves and the P-transferred leaves 

had comparable Jmax values around 200-250 mmol e- m-2s-1. Interestingly, all 

P-transferred leaves had similar chlorophyll a/b ratio (about 3.5, Fig. 4.7F) 

while LL grown leaves had the ratio of 3, indicating less investment in making 

chlorophyll-b for LHCII to capture more photons.  
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Figure 4.7 

Mean assimilation rates measured at 400ppm CO2 (ambient level, A400) (A) 
and maximum assimilation rates (Amax) (B) achievable for the LL to HL transfer 
experiment. The measured photosynthetic rates are explained by similar trend 
in maximum carboxylation (Vcmax, C) whose capacity depends on CO2 supply 
influenced by the relative stomatal limitation (ls in D). The electron transport 
(Jmax, E) rates also have similar trend to assimilation and the capacity is 
explained by the ratio of chlorophyll a/b (F). All means are extracted from Fig. 
4.4iv. One way ANOVA followed by a post hoc Tukey’s HSD test where n=3 
with groups sharing different letters are significantly different (p< 0.05) and 
error bars represent standard error of mean. 
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Overall high light grown leaves undoubtedly had higher assimilation rates than 

LL grown leaves either measured under ambient CO2 level (A400) (Fig. 4.5A 

and 4.7A) or Amax (Fig. 4.5B and 4.7B) in both HL-LL-HL transfer directions.  It 

is interesting to note that the rice leaf seems to have the ability to achieve Amax 

similar to the final light condition after transfer at any P-stage whereas A400 in 

general seems to follow the trend where transfer at P1 and/or P3 is the cut-off 

point to produce leaves with an assimilation rate similar to leaves continuously 

grown in the final light condition to which they are exposed. 

 

4.4.6 Stomatal Conductance (gs) 

A series of gs-Ci curves were also obtained from the three plants used in the 

previous subsection dealing with assimilation. There was a general trend for 

both HL and LL grown leaves (Fig. 4.8iv-HL and LL) where gs values increased 

steadily in low CO2 conditions before decreasing rapidly (HL leaves) or 

gradually (LL leaves) before reaching the lowest points. The key difference in 

overall curve shape was that HL grown leaves covered a wider range of gs with 

changing CO2 concentration, indicating a more rapid stomatal movement than 

LL grown leaves, which had steadier gs values and less variation. The transfer 

at P1 and P3 resulted in similar overall curve pattern to LL grown leaves but, 

surprisingly, P5 on average (Fig. 4.8iv-P5) had the highest gs values at any 

given Ci points. Fig. 4.9A shows mean gs values at 400ppm CO2 concentration 

(gs400) for the individual plants while Fig.4.8B shows the mean maximum gs 

values (gsmax) and for the same treatments. Interestingly in most cases gsmax 

values occurred before ambient CO2 level (marked as Ca=400ppm in Fig. 4.8).  

HL grown leaves on average had higher gs400 and gsmax than LL grown leaves 

but the leaves of P5 transfer unexpectedly had the highest overall gs values 

(Fig. 4.9A and 4.9B respectively).  
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