
209W. W. Adams III, I. Terashima (eds.), The Leaf: A Platform for Performing Photosynthesis, Advances in 
Photosynthesis and Respiration 44, https://doi.org/10.1007/978-3-319-93594-2_8,
© Springer International Publishing AG, part of Springer Nature 2018

Chapter 8

Molecular Mechanisms Affecting Cell Wall  
Properties and Leaf Architecture

Sarathi M. Weraduwage 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA 

Plant Resilience Institute, Michigan State University,  
East Lansing, MI, USA 

Marcelo L. Campos 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA

Departamento de Botânica, Instituto de Ciências Biológicas, Universidade de 
Brasília, Brasília, Distrito Federal, Brazil

Yuki Yoshida 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA

Graduate School of Science, The University of Tokyo, Tokyo, Japan 

Ian T. Major and Yong-Sig Kim 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA 

Sang-Jin Kim and Luciana Renna 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA

DOE Great Lakes Bioenergy Research Center, Michigan State University,  
East Lansing, MI, USA 

Fransisca C. Anozie 
Department of Biochemistry and Molecular Biology, Michigan State University, 

East Lansing, MI, USA 

*Author for correspondence, e-mail: tsharkey@msu.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93594-2_8&domain=pdf
https://doi.org/10.1007/978-3-319-93594-2_8
mailto:tsharkey@msu.edu


210

Federica Brandizzi 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA 

Department of Plant Biology, Michigan State University,  
East Lansing, MI, USA 

Department of Plant, Soil and Microbial Sciences, Michigan State University,  
East Lansing, MI, USA 

Department of Microbiology and Molecular Genetics, Michigan State University, 
East Lansing, MI, USA 

Michael F. Thomashow 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA 

Department of Plant, Soil and Microbial Sciences, Michigan State University,  
East Lansing, MI, USA 

Department of Microbiology and Molecular Genetics, Michigan State University, 
East Lansing, MI, USA 

Plant Resilience Institute, Michigan State University,  
East Lansing, MI, USA 

Gregg A. Howe 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA 

Department of Biochemistry and Molecular Biology, Michigan State University, 
East Lansing, MI, USA 

Plant Resilience Institute, Michigan State University,  
East Lansing, MI, USA 

and

Thomas D. Sharkey* 
MSU-DOE Plant Research Laboratory, Michigan State University,  

East Lansing, MI, USA 

DOE Great Lakes Bioenergy Research Center, Michigan State University,  
East Lansing, MI, USA 

Department of Biochemistry and Molecular Biology, Michigan State University, 
East Lansing, MI, USA 

Plant Resilience Institute, Michigan State University,  
East Lansing, MI, USA

S. M. Weraduwage et al.



211

Summary

Leaf architecture is determined by cell shape, size, and density. As plant cells are enclosed 
by a rigid cell wall, changes to leaf architecture have to occur through downstream genetic 
systems that induce alterations in (1) cell wall composition, (2) synthesis, assembly, and 
orientation of cytoskeletal elements and/or (3) the degree of cross-linkage between wall 
components in response to upstream developmental and environmental cues. This chapter 
reviews how leaf architecture is influenced by molecular mechanisms that modulate the 
above wall modification processes. Upstream signaling systems such as salicylic (SA), jas-
monic (JA), and gibberellic (GA) acid have significant effects on leaf architecture. GA pro-
motes and JA and SA suppress growth. Leaf architectural changes are brought about by these 
upstream systems in concert or in an interactive manner, and the associated downstream 
molecular systems that are involved in executing changes to cell wall properties will be dis-
cussed. Evidence will be provided to show that xyloglucan endotransglucosylase/hydrolase 
and pectin methyltransferase/pectin methylesterase/pectin methylesterase inhibitor systems 
are key downstream execution points of leaf architectural changes common to different 
upstream molecular systems. Optimization of leaf architecture maximizes light interception, 
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I.  �Introduction

A.  �Leaf Growth and Architecture

In general, a leaf is composed of upper and 
lower epidermes and layers of mesophyll 
cells usually organized into palisade and 
spongy tissue (Graham et al. 2006; Lambers 
et  al. 2008). Traversing through the leaf 
mesophyll is a network of vasculature com-
posed of two groups of specialized cells: 
xylem and phloem (Graham et  al. 2006). 
Leaf growth occurs in three phases: (1) leaf 
initiation through leaf primordia formation 
in the apical meristem, (2) establishment of 
polar axes of the leaf (leaf-length, leaf-width, 
and leaf-depth directions), and (3) leaf 
expansion (Sinha 1999; Bowman et al. 2002; 
Kim and Cho 2006). Leaf architecture is 
determined by a large number of characteris-
tics such as the size, shape, symmetry, vena-
tion, organization, and petiole characteristics 
(Ellis et al. 2009) that define leaf morphol-
ogy as well as anatomical features such as 
cell types and their size, shape, density, and 
the size and distribution of intercellular air 
spaces. Leaf morphology and leaf cell anat-
omy can have large influences on photosyn-
thetic rate per unit area and, even more, on 
whole-plant photosynthetic rate. In this 
chapter we will focus on genes and associ-
ated molecular mechanisms that affect leaf 
size/area, shape, and epidermal cell and 
mesophyll characteristics, with special refer-
ence to how these affect photosynthesis.

As plant cells are encircled by a rigid cell 
wall, cell wall biosynthesis and modification 
is required in order for the proper execution 
of all three growth phases and to establish 

specific leaf architecture (Sinha 1999; 
Buchanan et  al. 2000; Kim et  al. 2002; 
Baskin 2005; Cosgrove 2005; Caffall and 
Mohnen 2009; Guerriero et al. 2014; Ochoa-
Villarreal et al. 2012; Tenhaken 2015). These 
modifications include: (1) alteration in cell 
wall composition, (2) alterations in the syn-
thesis, assembly, and orientation of cytoskel-
etal elements such as microtubules and actin 
filaments, and/or (3) alterations in the degree 
of cross-linking within and between cell wall 
components. For example, initiation of leaf 
primordia has been shown to depend on cell 
wall composition while establishment of the 
polar axes of the leaf requires synthesis and 
proper arrangement of the cortical cytoskel-
eton (Sinha 1999; Buchanan et  al. 2000; 
Bowman et al. 2002; Kim et al. 2002; Baskin 
2005; Cosgrove 2005; Kim and Cho 2006; 
Caffall and Mohnen 2009; Ochoa-Villarreal 
et al. 2012; Guerriero et al. 2014; Tenhaken 
2015). The extent to which cells can expand 
depends on both turgor pressure and the 
physical properties of the cell wall (Kim 
et  al. 2002; Baskin 2005; Guerriero et  al. 
2014). During growth of a cell, the cell wall 
has to be sufficiently ductile to submit to the 
internal force of turgor and to allow expan-
sion (Kim et al. 2002; Baskin 2005; Guerriero 
et al. 2014). It also has to synthesize new cell 
wall material to effectively encapsulate and 
reinforce the growing cell surface (Buchanan 
et al. 2000; Graham et al. 2006). Therefore, 
constant synthesis and modification of cell 
wall material, arrangement of cytoskeletons 
and the formation, disruption, and reforma-
tion of cross-linkages need to take place and 
these processes are under strict genetic regu-
lation. Changes in cell wall architecture can 

gas exchange properties, and photosynthesis. In addition, plant growth has been shown to be 
more sensitive to leaf area than to area-based photosynthesis rate. Therefore, understanding 
genes and molecular mechanisms that affect cell wall properties and leaf architecture has 
broader implications in terms of crop improvement, and candidate genes that can be manipu-
lated to optimize leaf architecture in order to maximize net carbon assimilation and plant 
growth will be proposed.
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occur in response to both external and inter-
nal signals. Developmental cues such as 
altered rates of cell division in leaf primordia 
have been shown to affect the extent to which 
cells can expand in a process known as 
“compensated cell enlargement” (Fujikura 
et al. 2007). In general, upstream signals per-
ceived from developmental and environmen-
tal cues will need to affect downstream 
targets that are directly involved in modulat-
ing cell wall properties to direct changes in 
leaf architecture.

A large number of genes that code for 
enzymes and transcription factors involved 
in directly modulating cell wall properties 
have been characterized through genetic 
manipulations. This chapter will summarize 
how altered expression of some of these 
genes affects leaf architecture. Some of the 
key genes and molecular mechanisms spe-
cifically involved in modulating the three 
cell wall modification processes mentioned 
above will also be discussed.

B.  �Alterations in Leaf Growth 
and Architecture Mediated 
by CAMTA/SA, PHYB/GA/
PIF, and JAZ/JA Upstream 
Molecular Signaling Pathways

Three key upstream molecular systems 
namely the salicylic (SA), jasmonic (JA), 
and gibberellic (GA) acid signalling path-
ways and their influence on cell wall proper-
ties and leaf architecture will also be 
discussed in this chapter. We will look closely 
at the roles of CALMODULIN BINDING 
TRANSCRIPTION ACTIVATOR (CAMTA), 
PHYTOCHROME-B (PHYB), and 
JASMONATE ZIM-domain (JAZ) repressor 
proteins and their associated mechanisms in 
regulating leaf architecture; these genes are 
associated with SA, GA, and JA signalling 
pathways, respectively. CAMTA, PHYB, and 
JAZ genes were specifically selected owing 
to the significant alterations in leaf growth 
observed in the corresponding mutant plants 
(Figs. 8.1, 8.2 and 8.3). Some evidence for 
altered leaf growth upon altering expression 

of PHYB, JAZ, and CAMTA genes has been 
presented (Reed et  al. 1993; Tsukaya et  al. 
2002; Foo et al. 2006; Finlayson et al. 2007; 
Doherty et al. 2009; Karve et al. 2012; Yang 
et al. 2012; Kim et al. 2013; Campos et al. 
2016). Here we will look at how mesophyll 
architecture is altered in these mutant lines, 
and will discuss in the following sections the 
downstream molecular systems involved in 
altering cell wall properties in response to 
the above upstream systems.

Recently, CAMTA1, 2, and 3 genes were 
shown to suppress genes of the isochoris-
mate synthase (ICS1) pathway of SA biosyn-
thesis under warm temperature (Fig.  8.1) 
(Kim et al. 2013). SA biosynthesis is upregu-
lated in the camta2/3 while the sid2–1 mutant 
line contains a loss-of function allele of ICS1 
and is incapable of producing SA (Kim et al. 
2013). Leaf growth in terms of both pro-
jected and total leaf area was significantly 
reduced in the camta2/3 double mutant com-
pared to wild-type, while it was partially res-
cued in camta2/3sid2–1 (Fig.  8.2a) 
(unpublished data by Y-S.K., S.M.W., T.D.S., 
and M.F.T.). Downregulation of CAMTA 
expression caused marked changes in the 
mesophyll architecture that included the pro-
duction of thin leaves carrying a large num-
ber of small, densely packed mesophyll cells 
and a reduction of intercellular air spaces 
(Fig.  8.2b–c) (unpublished data by Y-S.K., 
S.M.W., T.D.S., and M.F.T.). These data show 
that changes in leaf architecture in camta2/3 
occurs in an SA dependent manner.

Under shade or a lower red to far red (FR) 
light ratio, PHYB is converted to its inactive 
form (Pr) which promotes the degradation of 
DELLA proteins (negative regulators of PIF) 
(Fig.  8.1) (Kozuka et  al. 2005; Jaillais and 
Chory 2010; Colebrook et al. 2014; Mazzella 
et al. 2014; Havko et al. 2016). The degrada-
tion of DELLA proteins relieves inhibition 
of PIF transcription factors leading to growth 
(Kozuka et al. 2005; Jaillais and Chory 2010; 
Colebrook et al. 2014; Mazzella et al. 2014; 
Campos et  al. 2016; Havko et  al. 2016). 
Under unshaded light or higher red to FR 
light, PHYB remains in its active form (Pfr) 
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Fig. 8.1.  Modulation of growth by CAMTA/SA, PHYB/GA/PIF, and JAZ/JA upstream molecular signal-
ling pathways and their interactions. A schematic diagram is presented summarizing the interactions between 
SA, GA and JA signalling pathways which result in growth-defense trade-offs in plants. GA promotes shoot 
cell elongation and growth (Jaillais and Chory 2010; Chapman et al. 2012; Karve et al. 2012; Gommers et al. 
2013; Leduc et al. 2014; Mazzella et al. 2014; Behringer and Schwechheimer 2015; Chaiwanon et al. 2016). 
Under light, a decrease in GA occurs as a result of both a reduction in the transcription of genes involved in 
GA biosynthesis, and an increase in gibberellin-2-oxidase which increases GA catabolism (Folta et al. 2003; 
Hisamatsu et al. 2005; Foo et al. 2006; Achard et al. 2007; Weller et al. 2009; Pierik et al. 2011; Hirose et al. 
2012; Colebrook et al. 2014; Mazzella et al. 2014). Genes involved in GA biosynthesis may be downregulated 
by PHYB (Hisamatsu et al. 2005; Pierik et al. 2011; Hirose et al. 2012; Colebrook et al. 2014). Under shade or 
a lower red to far red (low R:FR) light ratio, PHYB is converted to its inactive form (Pr) which promotes the 
degradation of DELLA proteins (negative regulators of phytochrome-interacting factors, PIF). CAMTA mediated 
SA signalling under warm temperature induces SA-mediated defense responses (Kim et al. 2013). Activation of 
the CRT/DRE binding factor (CBF) pathway in low temperature by CAMTA genes, improves freezing tolerance 
in plants (Doherty et al. 2009; Kim et al. 2013) (Fig. 8.1). Rapid cold induction of CBF genes triggers the tran-
scription of a large number of transcription factors that induce transcription of genes involved in freezing toler-
ance (Lee and Thomashow 2012). Herbivory-triggered jasmonic acid (JA) synthesis leads to the degradation of 
JAZ proteins, relieving the inhibition of several transcription factors, including group IIIe bHLHs (e.g., MYC2), 
and enhancing defence related processes (Hou et al. 2010; Havko et al. 2016; Campos et al. 2016). Antagonistic 
interactions between JAZ and DELLA proteins play a part in regulating the growth-defense trade-off mediated 
by GA and JA (Hou et al. 2010; Yang et al. 2012; Havko et al. 2016; Campos et al. 2016). Both CAMTA and JAZ 
can influence GA through CBF proteins. (Lee and Thomashow 2012) (Colour figure online)

Fig. 8.2.  (continued) at rubisco calculated using the δ13CVPDB values (right panel), are presented for A. thaliana 
Col-0 wild-type, and sid2–1, camta2/3, and camta2/3sid2–1 mutant lines (unpublished data by Y-S.K., S.M.W., 
T.D.S., M.F.T.). The δ13CVPDB value is a measure of discrimination against 13CO2 by a leaf. A smaller negative 
δ13CVPDB value indicates lower discrimination against 13CO2 and lower CO2 partial pressure at rubisco. Plants were 
grown hydroponically in 1/2-strength Hoagland’s solution under a light intensity of 120 μmol m−2 s−1, an 8-h pho-
toperiod, day- and night-time temperatures of 22 °C and 20 °C, respectively, and 60% relative humidity. In (a), 
rosettes were photographed 41 days after seeding. In (b), leaf thickness is denoted by red double arrows. In (b-d), 
data are from 44-day old leaves. In (c) and (d) n = 3–4 plants per line. In (c) values represent the mean ± SE. In (d) 
box plots display the full range of variation and the line that divides the box in half marks the median. The mean 
is denoted by the small box in the middle of each box plot. The upper and lower whiskers represent scores outside 
the middle 50%. Statistical differences at α = 0.05 are marked with lower case letters (Colour figure online)
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Fig. 8.2.  The effect of altered CAMTA2 and CAMTA3 gene expression on leaf architecture and CO2 diffu-
sion through the leaf mesophyll. (a) Photographs comparing rosettes sizes, (b) representative micrographs of 
leaf cross sections, (c) total number of cells, and (d) the δ13CVPDB value calculated as the ratio of 13C to 12C isotopes 
in leaf tissue relative to a Vienna-Pee-Dee Belemnite standard (VPDB) (left panel) and the CO2 partial pressure  

8  Leaf Architecture
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which leads to suppression of PIF mediated 
growth promotion (Jaillais and Chory 2010; 
Karve et  al. 2012; Colebrook et  al. 2014; 
Mazzella et  al. 2014; Havko et  al. 2016). 
Herbivory-triggered JA synthesis leads to 
the degradation of JAZ proteins, relieving 
the inhibition of several transcription factors, 
including group IIIe bHLHs (e.g., MYC2), 
and enhancing defence related processes 
(Fig.  8.1) (Hou et  al. 2010; Campos et  al. 
2016; Havko et al. 2016). Antagonistic inter-
actions between JAZ and DELLA proteins 
play a part in regulating the growth-defense 
trade-off mediated by GA and JA (Hou et al. 
2010; Yang et al. 2012; Campos et al. 2016; 
Havko et al. 2016). Leaf growth in the phyB 
mutant line has been examined (Tsukaya 
et al. 2002; Kozuka et al. 2005; Jaillais and 
Chory 2010; Colebrook et al. 2014; Mazzella 
et al. 2014; Campos et al. 2016; Havko et al. 
2016). However, new data from jazQ and 
jazQphyB mutant lines reveal leaf area to be 
smaller in jazQ (Fig.  8.3a) (Campos et  al. 
2016). In contrast, a significant increase in 
both petiole length and projected and total 
leaf area, as well as flattened leaves were 
seen in phyB; these leaf characteristics were 
also evident in jazQphyB (Fig.  8.3a). 
Examination of the leaf cross sections 
revealed wider and shorter palisade tissue 
cells in the transverse sections, a reduced 
number of cell layers, a slight reduction in 
intercellular air spaces, and thinner leaves in 
both phyB and jazQphyB; such changes were 
not observed in jazQ (Fig.  8.3b) (Campos 
et al. 2016). In summary, the above studies 
provide evidence that CAMTA/SA, JAZ/JA, 
and PHYB/GA/PIF effects on leaf growth are 
accompanied by significant effects on meso-
phyll architecture as well as a role of under-
lying downstream molecular systems that 
modulate cell wall properties.

Use of a variety of different techniques 
such as microscopy, leaf gas exchange mea-
surements, 13C discrimination analyses, and 
growth modeling enables greater under-
standing of the impact of leaf architecture on 
photosynthesis and plant growth. In addi-

tion, combination of physiological measure-
ments gathered from the above techniques 
with gene expression data from RNA 
sequencing (RNA-seq) can help unravel 
molecular mechanisms affecting cell wall 
properties and leaf architecture. This chapter 
discusses downstream genetic mechanisms 
through which upstream molecular systems 
execute their effects on leaf architecture. In 
addition, key common downstream genes 
and molecular mechanisms that alter cell 
wall properties and consequently leaf archi-
tecture in response to SA, GA, and JA 
upstream signaling systems and the resulting 
effects on photosynthesis and overall plant 
growth are also reviewed. Candidate genes 
that may help to optimize leaf architecture in 
order to maximize net C assimilation and 
plant growth will also be presented.

II.  �Regulation of Cell Wall 
Composition

The development of the cell wall includes 
the formation of a middle lamella and the 
primary wall during initial growth, which in 
some cells is followed by formation of a sec-
ondary wall for further strength (Buchanan 
et al. 2000; Caffall and Mohnen 2009). The 
major constituents of the plant cell wall are 
cellulose (30%), hemicelluloses (30%), and 
pectins (35%) (Buchanan et  al. 2000; 
Cosgrove 2005; Caffall and Mohnen 2009; 
Ochoa-Villarreal et  al. 2012; Tenhaken 
2015). A large gene superfamily, 
CELLULOSE SYNTHASE (CESA)/
CELLULOSE SYNTHASE LIKE (CSL), 
includes genes that share significant sequence 
similarity. These genes code for enzymes 
catalyzing cellulose and hemicellulose syn-
thesis, respectively (Cosgrove 2005; Burton 
et  al. 2006; Suzuki et  al. 2006; Held et  al. 
2008; Doblin et  al. 2009; Dwivany et  al. 
2009; Yoshikawa et al. 2013).

Cellulose is synthesized by isoforms of 
the CESA family of cellulose synthase 
enzymes. Based on studies on A. thaliana, 

S. M. Weraduwage et al.
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Fig. 8.3.  The effect of altered PHYB and JAZ gene expression on leaf architecture and CO2 diffusion 
through the leaf mesophyll. (a) Photographs comparing rosettes sizes, (b) representative micrographs of leaf 
cross sections, and (c) the δ13CVPDB value calculated as the ratio of 13C to 12C isotopes in leaf tissue relative to 
a Vienna-Pee-Dee Belemnite standard (VPDB) (left panel), and the CO2 partial pressure at rubisco calculated 
using the δ13CVPDB values (right panel), are presented for A. thaliana Col-0 wild-type and phyb, jazQ, and jazQ-
phyB mutant lines. δ13CVPDB is described in the Fig. 8.2 legend. Plants were grown hydroponically in 1/2-strength 
Hoagland’s solution under a light intensity of 120 μmol m−2 s−1, 8-h photoperiod, day- and night-time tempera-
tures of 22 °C and 20 °C, respectively, and 60% relative humidity. In (a), rosettes were photographed 55 days 
after seeding. In (b), leaf thickness is denoted by red double arrows. In (b–c), data are from 22-day old leaves. 
In (c) box plots display the full range of variation and the line that divides the box in half marks the median. The 
mean is denoted by the small box in the middle of each box plot. The upper and lower whiskers represent scores 
outside the middle 50%; n = 6 plants per line. Statistical differences at α = 0.05 are marked with lower case letters. 
(a–b – Campos et al. 2016; c – unpublished data by M.L.C., Y.Y., I.T.M., S.M.W., T.D.S., and G.A.H.) (Colour 
figure online)
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Nicotiana benthamiana, Gossypium hirsu-
tum, Hordeum vulgare, Oryza sativa, 
Sorghum bicolor, and Zea mays, 8–12 CESA 
genes have been found to exist in plants (Pear 
et al. 1996; Burton et al. 2000, 2004; Robert 
et al. 2004; Tan et al. 2015). These cellulose 
synthase proteins interact to form a hexa-
meric complex (Burton et  al. 2004; Robert 
et al. 2004; Cosgrove 2005). The constituent 
CESA in the cellulose synthase complex dif-
fers based on whether the complex is associ-
ated with the primary or secondary cell wall 
(Burton et  al. 2004; Robert et  al. 2004; 
Cosgrove 2005). CESA3 and CESA5 in Z. 
mays and CESA4 in A. thaliana have been 
shown to be highly expressed in leaf blades 
(Holland et al. 2000; Burton et al. 2004).

A major portion of hemicellulose is made 
of xyloglucans followed by xylans, mannans, 
and other types of polymers such as mixed 
linkage glucan. The type and abundance of 
hemicellulose varies depending on the plant 
species. For example, dicot cell walls contain 
xyloglucans, xylans, mannans, and gluco-
mannans while β -(1,3;1,4)-glucans are only 
found in Poales and other monocot groups. 
Arabinoxylans are the most prominent hemi-
celluose in graminae. CSLA  – CSLJ genes 
are responsible for hemicellulose synthesis 
as follows: CSLA  – β-mannan and gluco-
mannan synthases, CSLC – β-glucan syn-
thases, and CSLF and CSLH – mixed linkage 
glucan synthases (Cosgrove 2005; Burton 
et  al. 2006; Suzuki et  al. 2006; Held et  al. 
2008; Doblin et  al. 2009; Dwivany et  al. 
2009; Chou et  al. 2012; Yoshikawa et  al. 
2013). Recent studies show that xyloglucan 
synthesis is catalyzed by a multiprotein com-
plex of CSLC4 and xylosyltransferases 
(XXT) (Chou et al. 2012).

Pectin is a complex heteropolysaccharide 
rich in galacturonic acid. It is the most abun-
dant group of polymers in the primary cell 
wall. While pectin comprises 35% of pri-
mary cell wall in diocts and non-
graminaceous monocots, it is about 2–10% 
in grasses (Ochoa-Villarreal et  al. 2012). 
Pectin has various structural types, primarily 

homogalacturonan, rhamnogalacturonan I, 
and rhamnogalacturonan II (Buchanan et al. 
2000; Caffall and Mohnen 2009; Ochoa-
Villarreal et  al. 2012; Xiao and Anderson 
2013; Tenhaken 2015). Pectin is also highly 
substituted by side-chain modifications, such 
as methylesterification of the carboxyl 
groups of the galacturonic acid (Mouille 
et al. 2007; Caffall and Mohnen 2009; Wolf 
et  al. 2009; Ochoa-Villarreal et  al. 2012; 
Xiao and Anderson 2013; Kim et al. 2015; 
Tenhaken 2015). Homogalacturonan is syn-
thesized in the Golgi apparatus and secreted 
as a highly methylesterified polymer. 
Methylesterification is catalysed by pectin 
methyltransferases (PMT) in the Golgi 
lumen. Pectin methylesterases (PMEs) pres-
ent in the cell wall then de-methylesterify 
homogalacturonan. The interplay of PME-
inhibitors (PMEI) and PMEs defines the lev-
els of methylesterification in the cell wall, 
which is critical for cell expansion and over-
all plant growth and development. This 
review addresses the molecular mechanisms 
that affect leaf architecture by regulating cel-
lulose, hemicellulose, and pectin synthesis.

A.  �Alterations in Cellulose 
Synthase Gene Expression

Naturally occurring small interfering RNA 
(siRNA) in developing leaves can suppress 
CESA expression (Held et  al. 2008). In H. 
vulgare, a significant negative correlation 
was found between the expression levels of 
CESA in primary cell walls and antisense 
siRNA for CESA and leaf length, whereas a 
significant positive relationship was seen 
between leaf length and antisense siRNA 
expression levels for CESA (Held et  al. 
2008). The decrease in CESA transcript lev-
els corresponded with a decrease in the rate 
of cellulose synthesis. Virus-induced gene 
silencing (VIGS) specifically targeting 
CESA1 resulted in the suppression of CESA 
as well as CSLA, CSLF, and GLYCOSYL 
TRANSFERASE8 (GT8) genes, which are 
glycosyl transferases. Consequently, an over-
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all reduction in cellulose synthesis and incor-
poration of mixed linkage glucans were 
observed in developing leaves. siRNA for 
CESA and CSL genes have also been found 
in A. thaliana and O. sativa (Held et  al. 
2008). These data indicate that antisense 
siRNA can regulate CESA/CSL and GT8 
gene expression and alter both cellulose and 
hemicellulose biosynthesis during early 
stages of leaf growth. It is also thought that 
difficulty in overexpressing CESA1 may be 
because of the effects of siRNA (Held et al. 
2008). Arabidopsis thaliana mutant lines 
that are defective in CESA1 expression 
showed reduced cellulose content accompa-
nied by a significant decrease in leaf and 
cotyledon areas (Arioli et  al. 1998; 
Williamson et  al. 2001; Beeckman et  al. 
2002). However, leaf shape was not affected 
indicating that altered cellulose content does 
not affect direction of expansion (Williamson 
et al. 2001; Beeckman et al. 2002) although 
arrangement of cellulose microfibrils would.

Recent studies indicate that effects on cell 
expansion brought about by changes in cel-

lulose content are likely due in part to altered 
methylation status of pectin and that the syn-
thesis of cellulose is tightly coupled with the 
synthesis of pectin and the degree of pectin 
methylesterification and vice versa. For 
example, VIGS of CESA1 and CESA2 in N. 
benthamiana resulted in a significant reduc-
tion in CESA1 and a decrease in cellulose 
that was compensated for by an increase in 
pectin (Burton et al. 2000). Interestingly, the 
degree of pectin methylesterification also 
showed a marked decrease with a subsequent 
increase in Ca2+ mediated cross linkages that 
helped strengthen the cell wall weakened by 
the lack of cellulose. Plants with suppressed 
CESA1 showed a significant reduction in leaf 
area and alterations in mesophyll architec-
ture (Fig. 8.4a–f), which were similar to that 
seen in mutants with altered PMT gene 
expression (see Section IVB). The study by 
Burton et al. (2000) indicates that expression 
of CESA can regulate expression of PMEI 
and/or PME; demethylesterification requires 
enhanced activity of PME and decreased 
expression or activity of its inhibitor, PMEI. 

Fig. 8.4.  Effect of altered cellulose synthase gene expression on leaf architecture. CESA was suppressed in 
N. benthamiana (Nt) via virus-induced gene silencing via a potato virus X vector (PVX) containing a putative 
CESA cDNA (PVX–NtCESA-1b) (Burton et al. 2000) (a–f). Scanning electron micrographs of (a) the adaxial side 
of PVX control leaf with a smooth epidermal surface, and trichomes, and mesophyll with adequate air spaces, (b) 
abaxial surface of PVX–NtCESA-1b with surface distortions, thinner leaf mesophyll with significantly reduced 
air spaces, (c) and (d) abaxial surface views of PVX control and PVX–NtCESA-1b leaves, respectively, (e) and 
(f) higher magnification views of PVX control and PVX–NtCESA-1b leaves, respectively, are shown. Bars in (a) 
and (b) = 200 μm; bars in (c) and (d) = 1 mm; bars in (e) and (f) = 100 μm. (Reproduced from Burton et al. 2000)
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Held et al. (2008) did not measure PME or 
PMEI transcripts. Recent studies provide 
compelling evidence that altered expression 
of PMTs, which catalyze methylesterifica-
tion of pectin in the Golgi, can cause changes 
in cellulose content (Kim et  al. 2015; 
Weraduwage et al. 2016). Interestingly, over-
expression of a PMT COTTON GOLGI-
RELATED 2 (CGR2) led to an enhancement 
in pectin, methylated pectin as well as the 
crystalline cellulose content; conversely, 
suppression PMTs (CGR2 and CGR3) led to 

a decrease in these components (Fig.  8.5) 
(Kim et al. 2015; Weraduwage et al. 2016). 
The above data show that not only does 
CESA regulate PME and PMEI expression, 
but also that the expression of PMTs can 
control the degree of pectin methylesterifica-
tion and cellulose synthesis.

In summary, we see that CESA and 
PMT/PME/PMEI molecular systems work 
in coordination to support cell wall synthesis 
and modification during cell expansion and 
have significant effects on leaf architecture. 
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Fig. 8.5.  The effect of altered expression of pectin methyltransferase (CGR) on cell wall composition. (a) 
Quantification of crystalline cellulose, (b) neutral sugar, (c) uronic acids, and (d) the degree of methylesterifica-
tion, from the alcohol insoluble residue (AIR) of leaf tissue of A. thaliana transgenic lines showing suppressed 
(cgr2–1 cgr3–1, cgr2–1, cgr3–1), and enhanced (CGR2OX, CGR3OX) CGR2 or CGR3 gene expression. In 
(b), AIR from leaf tissue was analyzed for quantification of neutral sugars using alditol acetate derivatives. 
In (c), uronic acids from AIR were measured using a colorimetric method (Filisetti-Cozzi and Carpita 1991). 
D-galacturonic acid was used as a standard to calculate concentration. In (d), release of methanol from methyl 
esters in AIR was measured after saponification (Wood and Siddiqui, 1971). Methanol was used as a standard to 
calculate concentration. Values are means + SD (n = 3 for each genotype). Values indicated by letters are statisti-
cally significantly different from the wild type (a, P < 0.01,and b, P < 0.05) by Student’s t test. (Reproduced from 
Kim et al. 2015)
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High PMT expression supports cell expan-
sion and growth, enhanced CESA expres-
sion, and cellulose production to support cell 
wall building. A decrease in CESA can trig-
ger cell wall hardening mediated by PME.

B.  �Potential PIF Mediated Effects 
on CESA and CESL Expression

Evidence for enhanced cellulose synthesis in 
response to enhanced leaf growth was seen 
in phyB and jazQphyB mutant lines where 
CESA4 expression was enhanced (Fig. 8.6) 
(Campos et al. 2016). In addition, expression 
of a number of CSL genes was also enhanced 
in these lines (Fig. 8.6). Overall, we see that 
cellulose synthesis responds to alterations in 
the upstream PHYB/GA/PIF molecular sys-
tems while closely interacting with down-
stream molecular systems such as 
PMT/PME/PMEI in order to produce suffi-
cient amounts of cellulose to meet the 
demand for new cell wall material.

III.  �Regulation of Cortical 
Microtubule and Microfilament 
Organization

Anisotropic (polarity-dependent) expansion 
of the cell wall is a key factor that determines 
cell shape. The balance between isotropic 
(polarity-independent) and anisotropic 
expansion processes determines the shape of 
an organ such as the leaf (Kim et al. 2002; 
Baskin 2005; Guerriero et  al. 2014). Both 
turgor pressure and the physical properties of 
the cell wall determine the extent to which a 
cell can expand. Although the internal force 
exerted by turgor pressure on the cell wall is 
isotropic, because of the localized differ-
ences in the physical properties of the cell 
wall, the net expansion of the cell can be 
anisotropic, which subsequently determines 
cell shape and the architecture of the leaf. 
Anisotropic expansion rates per unit area of 
cell wall have two components: direction and 
angle (Baskin 2005).

Fig. 8.6.  PIF mediated effects on genes associated with cellulose and hemicellulose synthesis. Expression 
levels of Cellulose synthase (CESA) and Cellulose synthase like (CSL, involved in hemicellulose synthesis) 
genes are presented for A. thaliana Col-0 wild-type, and jazQ, phyB, and jazQphyB mutant lines as determined 
by leaf messenger RNA sequencing (Campos et al. 2016). Values represent the mean ± SE and n = 3 plants per 
line. Statistically different expression levels in comparisons to Col-0 found according to the DESeq algorithm 
(P < 0.1, using a Benjamini-Hochberg adjusted for multiple testing) are marked with asterisks
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The primary reason for anisotropic expan-
sion of leaf cell and other cell walls is the 
arrangement of the cellular cytoskeleton, 
which is formed by the cortical microtubules 
and actin microfilaments (F-actin). The cor-
tical microtubules located just beneath the 
plasma membrane mediate the directionality 
of the cellulose microfibril alignment 
(Buchanan et  al. 2000; Kim et  al. 2002; 
Baskin 2005; Guerriero et  al. 2014). 
Arrangement of cellulose microfibrils per-
pendicular to the axis of elongation allows 
the primary cell wall to maintain strength 
and extensibility and facilitates anisotropic 
growth (Baskin 2005; Tenhaken 2015). 
While the alignment between microfibrils in 
primary cell walls is somewhat parallel, a 
stricter organization is seen in secondary cell 
walls where they exist in parallel arrays. 
These parallel microfibrils have been shown 
to arrange in different angles within each 
layer of secondary wall, thus limiting cells’ 
ability to expand and grow (Baskin 2005; 
Tenhaken 2015). However, the effect of 
F-actin on anisotropic cell expansion is 
rather indirect and does not depend on the 
directionality of F-actin alignment in the 
cortex. A network of fine F-actin facilitates 
the transport of Golgi vesicles containing 
building material for growth, including cell 
wall growth (Buchanan et al. 2000; Mathur 
and Hülskamp 2002; Mathur 2006; Guerriero 
et  al. 2014). In addition, the movement of 
mitochondria and peroxisomes also takes 
place along F-actin. Studies have shown the 
abundance of fine/diffuse F-actin networks 
to enhance at cell bulges/lobes/protrusions 
or locations of anisotropic growth; thus vesi-
cle trafficking to the growing area is enhanced 
(Mathur and Hülskamp 2002; Mathur 2006; 
Guerriero et  al. 2014). On the other hand, 
dense F-actin networks have been shown to 
block the movement of vesicles and thereby 
lead to growth retardation (Mathur and 
Hülskamp 2002; Mathur 2006; Guerriero 
et al. 2014). Thus, the resistance of the cell 
wall to the internal turgor force during aniso-
tropic growth depends on the net effect of 

microtubule arrangement and microfilament 
type and abundance.

A large number of genes have been found 
to regulate synthesis and arrangement of 
cortical microtubules and F-actin. This sec-
tion will summarize these molecular mecha-
nisms, identify points of interaction, and 
present how these molecular mechanisms 
determine leaf architecture.

A.  �Genes That Regulate 
Microtubule Alignment

The lining of cellulose microfibrils mirrors the 
array of microtubules in the cell cortex because 
the movement of cellulose synthase and depo-
sition of cellulose is directed by microtubules 
(Buchanan et al. 2000; Chan 2012). Therefore, 
genetic regulation of the direction and angle of 
cortical microtubule alignment can have a 
drastic effect on anisotropic cell growth and 
leaf architecture. As mentioned earlier, leaf cell 
expansion can occur in three directions: length, 
width and depth, which ultimately affects over-
all leaf architecture. The direction of leaf cell 
expansion seems to be regulated by three major 
genes: ANGUSTIFOLIA (AN), ROTUNDI-
FOLIA (ROT3) and LONGIFOLIA (LNG1, 
LNG2) (Tsuge et  al. 1996; Tsukaya 1998, 
2002; Kim et al. 2002; Kalve et al. 2014).

Interestingly, AN has been shown to facili-
tate anisotropic growth in leaf-width direc-
tion and inhibit expansion in the depth 
direction, whereas ROT3 enhances growth in 
leaf-length direction and inhibits expansion 
in the depth direction (Fig. 8.7). LNG1 and 
LNG2 have been shown to promote cell 
expansion in the leaf length direction. AN 
codes for a carboxy terminal binding protein 
and an mutant lines have narrow and thick 
leaves with significantly altered mesophyll 
architecture (Fig. 8.7). (Kim et al. 2002). The 
authors showed that restricted growth in the 
width direction and enhanced growth in the 
depth direction in an mutant lines was due 
to: (1) the more regular arrangement of corti-
cal microtubules parallel to the leaf width 
direction and (2) a reduction in the angle 
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between cortical microtubules and the plane 
parallel to the epidermal plane in the trans-
verse section (Kim et  al. 2002; Tsukaya 
2002). Upregulation of XTH24, a xyloglucan 

endotransglucosylase/hydrolase in an an 
mutant line suggest interactions between AN 
and XTH resulting in the above cell wall 
modifications (Kim et al. 2002).

Fig. 8.7.  The effect of suppressed AN and ROT3 gene expression on leaf architecture. (a) The morphology 
of leaves of A. thaliana wild-type (wt), the an mutant, and the rot3 mutant are presented. In (a), from the left, 
are the two cotyledons, eight rosette leaves and three cauline leaves. Leaf cross sections of the fifth leaves of the 
wild type, an, and the rot3 mutant showing cell development in the (b) leaf width direction and (c) leaf length 
direction. (d) Transverse and longitudinal sections of leaves of the an rot3 double mutant. In (a–d), leaves were 
collected when fully expanded. In (b–d), the transverse sections reveal a region between the midrib and the leaf 
margin; longitudinal sections reveal a region in the center of the lamina. The leaf cross sections in horizontal 
rows are from leaves at the same stage of growth: stage I – leaf length = 1.0 mm, stage II – 5.0 mm; stage III – 
10.0 mm, and stage IV – 15.0 mm. Bars = 100 μm. (Reproduced from Tsuge et al. 1996) (Colour figure online)
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ROT3 has been shown to encode a cyto-
chrome P-450 family steroid hydrolase, 
CYP90C1 (Tsuge et  al. 1996; Kim et  al. 
2002; Tsukaya 2002). CYP90C1 was shown 
to catalyze the conversion of typhasterol to 
castasterone, one of the last steps of brassi-
nosteroid (BR) biosynthesis (Kim et  al. 
1998, 2005, 2015; Ohnishi et  al. 2006). 
However, while rot3 mutant lines showed a 
significant reduction in growth in length and 
an increase in breadth (Fig. 8.7), changes in 
microtubule organization was not observed. 
BRs have been shown to positively  
regulate MICROTUBULE DESTABILIZING 
PROTEIN40 (MDP40) gene expression; 
MDP40 is highly expressed in hypocotyls 
and cotyledons (Wang et al. 2012). MDP40 
has also been shown to co-localize with cor-
tical microtubules and regulate their arrange-
ment to promote hypocotyl cell elongation 
(Wang et  al. 2012). Interestingly, although 
the rot3 small leaf phenotype is similar to 
mutant lines deficient in BRs (korrigan1, 
dwarf1, deetiolated2), in contrast to rot3 
both cell expansion and cell number is 
affected in these mutant lines (Fujioka et al. 
1997; Choe et al. 2000; Nakaya et al. 2002; 
Tsukaya 2002). Therefore, ROT3 mediated 
cell elongation occurs via mechanisms other 
than microtubule alignment.

In contrast to AN and ROT3 genes, LNG1 
and LNG2 have been shown to promote cell 
expansion in the leaf-length direction inde-
pendent of ROT3 expression (Lee et  al. 
2006). Cold shock proteins characterized as 
nucleic acid binding proteins were recently 
found to regulate LNG1 expression in A. 

thaliana (Yang and Karlson 2012). However, 
detailed molecular mechanisms through 
which LNG exerts its effects on leaf architec-
ture remain to be found. New data on the role 
of PHYB/GA/PIF mediated regulation of 
ROT3, LNG1, and LNG2, and potential 
ROT3-regulated genes, are presented in 
Section IIIB.

B.  �Regulation of F-Actin Formation 
and Abundance

The interplay between microtubule arrange-
ment, microfilament type, and abundance 
generates the interdigitated appearance of 
leaf epidermal pavement cells (normal epi-
dermal cells) and the genes involved in this 
process have been studied extensively. It has 
been shown that anisotropic growth resulting 
in lobe formation is initiated soon after cell 
division is completed and is clearly seen 
after the cell expands several-fold (Frank 
and Smith 2002). A general pattern has been 
established for the cortical fine F-actin and 
microtubule distribution in epidermal pave-
ment cells at various growth stages in the 
wild-type A. thaliana leaves (Fig. 8.8a) (Fu 
et al. 2002, 2005). During growth of epider-
mal pavement cells, fine F-actin is abundant 
and microtubules are scarce in protruding 
lobe areas (Fig. 8.8a); in contrast, microtu-
bules and dense F-actin is abundant in inden-
tation areas (Mathur and Hülskamp 2002; 
Mathur 2006). It is known that such coordi-
nated changes in the cytoskeletal material in 
the cell cortex is regulated mainly through 
interactions between RhoGTPases (ROPs), 

Fig. 8.8.  (continued) arranged cortical microtubules confined to the invaginated areas and lobe shoulders (x – 
region of active ROP2; y  – region of active ROP6). Stage III  – mature cells with completed lobe extension 
having only randomly arranged cortical microtubules (Fu et  al. 2002, 2005). When the leaf transitions from 
early to late growth stages, the arrangement of cortical microtubules was shown to change from random to 
transverse, which is important for expansion along long axis but prevents expansion in the lobe necks (Fu et al. 
2002). (b–d) Scanning electron microscopy images of leaf trichomes (Bar = 200 μm), (e–g) leaf cross-sections 
(Bar = 250 μm), (h–j) scanning electron microscopy images of leaf pavement cells (Bar = 20 μm), and (k–m) 
pavement cells in bleached leaves (Bar = 40 μm) are presented for A. thaliana wild-type (images at left), and 
mutant lines with enhanced (images in the middle) and suppressed (images in the right) ROP2 expression. (a is 
reproduced from Fu et al. 2005; b–m are reproduced from Fu et al. 2002) (Colour figure online)
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Fig. 8.8.  ROP GTPase modulation of cytoskeleton and morphogenesis of leaf cells. (a) A schematic illustra-
tion of A. thaliana leaf pavement cell development and associated fine actin filaments (red patches = MFs) and 
cortical microtubules (green lines = MTs) is presented. ROP-independent actin bundles are not shown. Arrows 
indicate directions of expansion. Stage I – includes young developing cells at the leaf base prior to lobe formation 
having only isotropic expansion, with a network of fine F-actin in the cell cortex with greater abundance in the 
lobe initiation sites, and randomly oriented cortical microtubules. Stage II – expanded cells with developing lobes 
located between the leaf base and tip area having a network of fine F-actin only in the lobe tips, with transversely  
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ROP-INTERACTIVE CRIB MOTIF 
PROTEIN (RIC), SUPPRESSOR OF 
CYCLIC AMP RECEPTOR PROTEIN 
(SCAR), WISKOTT–ALDRICH SYNDROME 
PROTEIN-FAMILY VERPROLIN HOM
OLOGOUS PROTEIN (WAVE), ACTIN 
RELATED PROTEIN (ARP2/3) and actin 
binding and stabilizing proteins (Fig.  8.9). 
The center point of this molecular mecha-
nism is held by RHO-RELATED GTPase 
FROM PLANT (ROP), constituting a family 
of 11 genes in the A. thaliana genome with 
most of them showing expression in leaves 
(Fu et  al. 2002, 2005; Qian et  al. 2009; 
Craddock et  al. 2012) (Fig.  8.9). Fu et  al. 
(2002, 2005, 2009) showed that changes in 
ROP2, 4, and 6 expression leads to signifi-
cant changes in leaf architecture in a devel-
opment stage dependent manner 
(Fig. 8.8b–m). Genetic manipulation studies 
of ROP genes revealed that ROP2 and ROP6 
determine epidermal architecture through 
regulation of the formation and orientation 
of fine F-actin whereas ROP6 affects bun-
dling and organization of cortical microtu-
bules (Fig. 8.9) (Fu et al. 2002, 2005, 2009).

Fu et al. (2005) further characterized the 
ROP mediated molecular mechanism for 
polar cell expansion in epidermal cells and 
showed that indentations and lobe formation 
by pavement cells is regulated by the interac-
tions between ROP-INTERACTIVE CRIB 
MOTIF PROTEINS (RIC) RIC1 and RIC4. 
RIC1 was found to co-localize with cortical 
microtubules and loss of ROP2 and ROP4 
enhanced this association (Fig. 8.9) (Fu et al. 
2005). In contrast, ROP6 was found to 
directly associate with RIC1 and enhance its 

interaction with cortical microtubules (Fu 
et al. 2002, 2005, 2009). RIC4 co-localized 
with cortical fine F-actin in the growing lobe 
regions (Fu et al. 2005, 2009). In summary, 
these studies showed that RIC1 and RIC4 are 
associated with promoting microtubule and 
F-actin assembly, respectively (Fig. 8.9). The 
abundance and assembly of these cytoskele-
tal components are further regulated via 
feedback effects on ROP2-RIC4 interaction 
executed by MICROTUBULE ORGANI-
ZATION (MOR1) proteins (Fig.  8.9) 
(Whittington et al. 2001).

ROP proteins are activated by Rho gua-
nine nucleotide exchange factors (RhoGEFs) 
in plants and a single RhoGEF (SPIKE1 or 
SPK1) is present in A. thaliana (Qiu et  al. 
2002; Basu et al. 2008). Studies showed that 
SPK1 associates with many ROP proteins 
including ROP2, 3, 4, and 6 and that it is also 
capable of interacting with WAVE complex 
proteins such as SRA1 and NAP1 (Fig. 8.9) 
(Basu et  al. 2008). Activation of SRA1 
occurs primarily via ROP activation through 
SPIKE (Basu et al. 2008). Enhanced expres-
sion of SRA1 and NAP1 WAVE complex 
genes also affected leaf morphology through 
activation of an ACTIN RELATED 
PROTEIN complex (ARP2/3) (Li et al. 2004; 
Basu et  al. 2005). The ARP2/3 complex, 
composed of seven ARP subunits, activates 
the polymerization of branched F-actin and 
leads to the assembly of branched F-actin 
networks (Li et al. 2003; Qian et al. 2009). 
The ARP2/3 complex is activated by proteins 
coded by the SCAR/WAVE gene family 
(Fig. 8.9) (Frank and Smith 2002; Djakovic 
et al. 2006; Qian et al. 2009). BRK1 proteins 

Fig. 8.9.  (continued) interacting factors (PIF) in promoting ROP activity through: 1. upregulation of Pin-formed 
auxin efflux carrier gene family protein (PIN) expression and 2. through suppression of the negative regulator 
of RhoGTPase (RhoGAP) gene expression; PIF also suppressed Microtubule associated protein18 (MAP18) 
gene expression required for microtubule bundle formation. Upregulation or downregulation of gene expres-
sion is denoted by pointed and blunt ended arrows, respectively. Other abbreviations: ABP1 – Putative auxin 
receptor auxin binding protein 1, TMK – Transmembrane kinase subfamily of receptor-like kinases, RhoGEF – 
Rho-Guanine nucleotide exchange factors (GEFs), SPIKE – a RhoGEF or DOCK180-type guanine nucleotide 
exchange factor, SRA1 – Rac1-associated protein-1, NAP1 – Nck-associated protein, BRICK1 – SCAR/WAVE 
Actin-Nucleating Complex Subunit
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Fig. 8.9.  A summary of gene interactions in the ROP mediated molecular system regulating leaf archi-
tecture through the assembly and orientation of cytoskeletal elements. Corresponding genes encoding key 
proteins: Rho-related GTPase from plant (ROPs), Rop-interactive crib motif proteins (RIC), Suppressor of cyclic 
AMP receptor (SCAR), Wiskott–Aldrich syndrome protein-family verprolin-homologous protein (WAVE), and 
Actin related protein (ARP2/3), regulate fine F-actin network formation and microtubule assembly and orienta-
tion. Two pathways, one that operates through ROP2/ROP4 and RIC4, and the other that operates through ROP2/
ROP4, SCAR/WAVE and ARP2/3 complex promote fine F-actin network formation. Another system operating 
via ROP6 and RIC1 promotes assembly of microtubule bundles and their orientation. While regions with fine 
F-actin promotes growth (protrusions), microtubule bundling creates resistance to growth (invaginations). This 
interaction leads to anisotropic growth, as seen specifically in pavement cell interdigitation. RIC4 and Mirotubule 
organization (MOR1) proteins help in feedback regulation between fine F-actin network formation and microtu-
bule bundle assembly. Auxin has been found to suppress Rho guanine nucleotide exchange factors (RhoGEFs) 
gene expression; RhoGEFs activate ROP. New evidence (Campos et al. 2016) supports a role for Phytochrome  
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have been shown to co-localize with WAVE 
proteins and to associate with SCAR pro-
teins stabilizing and promoting the accumu-
lation of SCAR proteins (Frank and Smith 
2002; Djakovic et al. 2006; Qian et al. 2009). 
Alterations in ARP subunit and BRK1 
expression led to marked changes in F-actin 
polymerization and distribution with subse-
quent effects on the pavement cell 
architecture.

It is likely that similar mechanisms exist 
to regulate anisotropic growth of mesophyll 
cells. However, only a few studies looked at 
how ROP mediated changes in pavement cell 
architecture affected other aspects of leaf 
architecture, including leaf and cotyledon 
size and mesophyll architecture (Frank and 
Smith 2002; Fu et al. 2002; Qiu et al. 2002; 
Djakovic et  al. 2006; Basu et  al. 2008). In 
these studies, a reduction in pavement cell 
expansion and lobe formation correlated 
with a reduction in the size of mesophyll 
cells and consequently leaf size (Frank and 
Smith 2002; Fu et al. 2002; Qiu et al. 2002; 
Djakovic et  al. 2006; Basu et  al. 2008). In 
addition, there is evidence to suggest that the 
rate of cell division and expansion of the epi-
dermis can affect the same processes in the 
inner layers of tissue, but results seem to 
vary depending on the species examined 
(Savaldi-Goldstein and Chory 2008; 
Marcotrigiano 2010). For example, geneti-
cally different epidermal layers on either side 
of the midrib of graft leaf chimeras between 
Nicotiana glauca and Nicotiana tabacum 
were used to show that the rate of cell divi-
sion in the epidermal cell layer can deter-
mine the rate of cell division in the inner 
layers of the leaf (Marcotrigiano 2010). In 
addition, expression of BR synthesizing 
enzymes in an epidermal cell specific man-
ner in brassinosteroid deficient mutant lines 
enhanced expansion of epidermal cells and 
subsequently that of mesophyll cells 
(Savaldi-Goldstein and Chory 2008; 
Marcotrigiano 2010). These results show 
that hormonal signaling from the epidermis 
to the inner layers can coordinate growth in 

different cell layers in a leaf (Savaldi-
Goldstein and Chory 2008; Marcotrigiano 
2010). In addition, Kawade et  al. (2013) 
showed that epidermal cell proliferation is 
dependent on the movement of AN3 protein 
to the epidermal cells from mesophyll cells 
where it is synthesized. The detection of 
reduced cell proliferation in both mesophyll 
and epidermal cells in an3 mutants revealed 
that normal leaf growth is also dependent on 
signals that travel from the inner mesophyll 
to the outer epidermal cell layer (Kawade 
et  al. 2013). Thus, inter-cell-layer controls 
can occur in either direction to coordinate 
leaf growth. In addition, physical properties 
of the epidermal cell wall may also deter-
mine its capability to bear the force exerted 
by internal tissues and hence regulate the 
growth capability of internal tissues (Savaldi-
Goldstein and Chory 2008; Marcotrigiano 
2010).

C.  �Potential PIF Mediated Effects 
on Fine F-Actin Network 
and Microtubule Bundle Formation

Previous studies have shown that epidermal 
pavement cell interdigitation is promoted by 
auxin, PUTATIVE AUXIN RECEPTOR 
AUXIN BINDING PROTEIN (ABP1), 
TRANSMEMBRANE KINASE SUBFAMILY 
OF RECEPTOR-LIKE KINASES (TMK), 
RhoGEF, ROP, and PIN-FORMED AUXIN 
EFFLUX CARRIER GENE FAMILY 
PROTEIN (PIN1) mediated feedback effects 
(Xu et  al. 2010; Craddock et  al. 2012) 
(Fig.  8.9). RNA-seq data from phyB and 
jazQphyB provide supporting evidence for 
the hypothesis that PIF may promote growth 
by positively affecting fine F-actin network 
formation and negatively affecting microtu-
bule bundle formation (Figs.  8.9 and 8.10) 
(Campos et  al. 2016). MICROTUBULE 
ASSOCIATED PROTEIN18 (MAP18) gene 
expression, which negatively regulates for-
mation of well-organized microtubule bun-
dles, was suppressed in a phyB mutant line 
(Figs. 8.9 and 8.10a). Well-organized micro-
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tubule bundles restrict growth. In addition, 
the negative regulator of ROP (RhoGAP) 
expression was also suppressed (Figs.  8.9 
and 8.10a). While Rho guanine nucleotide 
exchange factors (RhoGEFs) activate ROP, 
RhoGAP inactivates ROP (Moon and Zheng 
2003; Xu et al. 2010; Craddock et al. 2012). 
Only nine RhoGAP genes have been found 
in A. thaliana and data on molecular mecha-

nisms regulating RhoGAP expression are 
rare (Kost 2010). Data obtained from phyB 
mutant lines show that PIF negatively affects 
RhoGAP expression (Fig. 8.9). The expres-
sion of both PIN3 and PIN7 auxin transport-
ers was elevated in phyB (Figs.  8.9 and 
8.10b) (Campos et al. 2016). Upregulation of 
PIN and downregulation of RhoGAP may 
activate ROP, specifically ROP2, which 

Fig. 8.10.  PIF mediated upregulation of genes associated with cytoskeleton assembly and orientation. 
Expression levels of (a) Microtubule-associated Protein18 (MAP18) and RhoGAP (AT5G12150, which cata-
lyzes RhoGTPase inactivation), (b) PIN3 and PIN7 of the Pin-formed (PIN) auxin efflux carrier gene family, (c) 
genes of cytochrome P450 proteins (Rotundifolia3 (ROT3, CYP90C1) and brassinosteroid-6-oxidase (BRGOX1, 
CYP85A1), and (d) Longifolia genes (LNG1, LNG2) are presented for A. thaliana Col-0 wild-type, and jazQ, 
phyB, and jazQphyB mutant lines determined by leaf messenger RNA sequencing (Campos et al. 2016). Values 
represent the mean ± SE and n = 3 plants per line. Statistically different expression levels in comparisons to Col-0 
found according to the DESeq algorithm (P < 0.05, using a Benjamini-Hochberg adjusted for multiple testing) 
are marked with asterisks
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induces fine F-actin network formation and 
promotes growth (Fig.  8.9). Therefore, it 
seems that growth enhancement by PIF 
(Fig. 8.3) may be mediated, at least in part, 
by downregulation of well-organized micro-
tubule bundle formation and through promo-
tion of F-actin network formation.

The ability of PIF to alter gene expression 
of ROT3 shows that another pathway through 
which PIF can influence changes in leaf 
architecture may be through BR synthesis to 
enhance MDP40 gene expression that leads 
to microtubule destabilization. In fact, the 
expression of ROT3 (CYP90C1) and brassi-
nosteroid-6-oxidase (CYP85A1), important 
cytochrome P450 proteins catalyzing the last 
steps of BR synthesis, was upregulated in the 
phyB mutant line (Fig. 8.10c). Furthermore, 
expression of both LNG alleles was enhanced 
in phyB (Fig. 8.10d).

In summary, AN, ROT3, and LNG1 and 
LNG2 are three major genes that regulate 
microtubule alignment in mesophyll cells 
and subsequently the direction of leaf cell 
expansion. There are also two key molecular 
systems that tightly regulate anisotropic cell 
expansion to determine the interdigitating 
architecture of pavement cells. One system 
operates through (i) ROP2/ROP4 and RIC4 
and (ii) ROP2/ROP4, SCAR/WAVE, and 
ARP2/3 complexes to promote fine F-actin 
formation and assembly (Fig. 8.9). The sec-
ond system acts through ROP6 and RIC1 to 
promote microtubule assembly and orienta-
tion. There is clear evidence for coordinated 
antagonistic regulation of F-actin and corti-
cal microtubule distribution in the protrud-
ing lobe and invaginated neck regions of 
pavement cells (Fig. 8.9). In addition, regula-
tion of epidermal cell expansion by the above 
two systems also seems to have significant 
effects on mesophyll architecture and overall 
leaf growth in a direct or indirect manner. 
Upstream, the PHYB/GA/PIF molecular sys-
tem seems to enhance growth at least in part 
via downregulation of well-organized micro-
tubule bundle formation and through promo-
tion of F-actin network formation.

IV.  �Cross-Linkages 
Between Different Cell Wall 
Constituents

In addition to composition, and the orienta-
tion of cellulose microfibrils and F-actin for-
mation and abundance, cross-linkages 
between cell wall constituents also assert 
strength, and therefore, resistance to cell 
expansion and growth. Xyloglucans, which 
form a major portion of hemicelluloses, are 
cross linked with cellulose microfibrils and 
pectin, thereby adding rigidity and mechani-
cal strength to the cell wall (Cosgrove 2005; 
Ochoa-Villarreal et al. 2012; Tenhaken 2015). 
This interaction between xyloglucan hemi-
cellulosic polymers and cellulose fibers is 
modulated by expansin and xyloglucan endo-
transglucosylase/hydrolase (XTH) enzymes 
(Cosgrove 2005; Ochoa-Villarreal et  al. 
2012; Tenhaken 2015). Expansins are primar-
ily involved in wall loosening whereas XTHs 
are more versatile in function. XTH catalyzes 
the endolytic cleavage of existing xyloglu-
can-xyloglucan or xyloglucan-other polymer 
chains, after which reformation of cross-link-
ages with different xyloglucans or polymers 
(xyloglucan endotransglucosylase, XET) or 
with water (xyloglucan endohydrolase, XEH) 
occurs. XTH’s ability to recruit new xyloglu-
can or other polymer chains to the existing 
cell wall likely leads to wall strengthening 
whereas hydrolysis of cross-linkages may 
lead to wall loosening (Rose et  al. 2002; 
Becnel et al. 2006). Therefore, XTH can reg-
ulate plasticity of the cell wall and subse-
quently cell size and leaf architecture 
(Nishitani and Tominaga 1992; Rose et  al. 
2002; Jan et al. 2004; Becnel et al. 2006).

Pectin is synthesized in the Golgi appara-
tus and secreted to the cell wall and is con-
sidered to be a critical element that controls 
cell wall elasticity and expansion. As men-
tioned earlier, the degree of pectin methyles-
terification depends on the action of PMT, 
PME, and PMEI. A higher degree of demeth-
ylation frees carboxyl groups of galacturonic 
acids to form Ca2+ and Mg2+ intermolecular 
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linkages that lead to hardening of pectin and 
reduce extensibility of the cell wall (Heldt 
and Piechulla 2010; Kim et  al. 2015). The 
middle lamella, which is responsible for 
adhesion between adjacent cells, is com-
posed mostly of pectin with a low degree of 
methylesterification (Caffall and Mohnen 
2009; Wolf et  al. 2009; Neumetzler et  al. 
2012). Therefore, as with XTHs, alterations 
in genes encoding PMT, PME, and PMEI 
can have a significant effect on cell size and 
leaf architecture. This section will look at 
how alterations in XTH, PME, and PMEI 
gene expression and that of PMTs affect leaf 
architecture. Expansins will not be discussed 
in this review.

A.  �Xyloglucan Endotransglucosylase/
Hydrolase

The XTH gene family has 33 genes in A. 
thaliana and 29 in O. sativa encoding xylo-
glucan endotransglucosylase/hydrolase 
(Yokoyama and Nishitani 2001; Yokoyama 
et al. 2004). Developmental stage and organ-
based expression patterns of XTH has been 
extensively studied and the following genes 
have been shown to be highly expressed in 
young to mature rosette leaves of A. thali-
ana: XTH4, 6–9, 16, 22–24, 27, 28, and 31, 
32. Interestingly, not all XTHs positively 
affect cell expansion. For example, overex-
pression of XTH3, XTH17, and XTH24 
resulted in the development of smaller leaves 
as a result of the production of a large num-
ber of small cells in the mesophyll or as a 
result of a reduction in cell number (Verica 
and Medford 1997; Matsui et al. 2005; Cho 
et  al. 2006; Han et  al. 2013). These results 
point to effects on cell proliferation. On the 
other hand, many XTH genes, when overex-
pressed, enhance cell expansion and leaf size 
indicating that these are involved in cell wall 
loosening (Ogawa et  al. 1996; Itoh et  al. 
2002; Jan et al. 2004; Shin et al. 2006; Liu 
et al. 2007; Miura and Hasegawa 2010; Hara 
et  al. 2014). Some XTHs, namely XTH27, 
seem to specifically and positively regulate 

growth of tracheids with no role in leaf 
expansion (Matsui et al. 2005). Many studies 
have shown XTH to be involved in stress 
responses to salinity. For example, salt stress 
induces XTH17 and XTH3 gene expression 
that results in alterations in cell wall proper-
ties, remodelling of stomata, and alterations 
in mesophyll architecture; the modified leaf 
architecture increases water retention and 
survival (Yokoyama and Nishitani 2001; Cho 
et  al. 2006; Chan et  al. 2011; Keuskamp 
et al. 2011; Han et al. 2013). Regulation of 
XTH expression by many growth regulators 
including SA, JA, and GA is also evident 
(Yokoyama and Nishitani 2001; Jan et  al. 
2004; Keuskamp et al., 2011; Campos et al. 
2016; unpublished data by Y-S.K., S.M.W., 
T.D.S., and M.F.T.).

There is evidence to support that not only 
is CESA expression coordinated with pectin 
methylesterification and demethylesterifca-
tion, it is also coordinated with cell wall 
loosening by XTH expression, specifically 
with XTH21 expression (Liu et  al. 2007). 
Suppression of XTH21 led to a reduction in 
CESA2 and 4 expression in A. thaliana (Liu 
et  al. 2007). Leaf architecture reported for 
XTH21 suppressed A. thaliana lines are sim-
ilar to the leaf characteristics reported for 
CGR2 and CGR3 suppressed lines (Kim 
et  al. 2015; Weraduwage et  al. 2016) or 
CESA1 silenced N. benthamina lines (Burton 
et al. 2000). The fact that XTH24 is upregu-
lated in an mutants (Tsuge et al. 1996; Kim 
et al. 2002), and that XTHs are regulated in 
response to stress and growth regulators, 
show that XTHs form a key molecular sys-
tem that modifies cell wall properties and 
leaf architecture in response to external stim-
uli; while doing so, it is capable of altering 
the action of CESA to support cell wall mod-
ifications and growth.

ERECTA (ER) is another gene family that 
has been found to affect leaf architecture. 
These are leucine-rich repeat receptor-like 
kinases known to control a variety of devel-
opmental processes including leaf initiation, 
stem elongation, and leaf elongation in the 
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length direction (Shpak et  al. 2004; Masle 
et al. 2005; Sánchez-Rodríguez et al. 2009; 
Villagarcia et  al. 2012). Three ER family 
genes have been found in A. thaliana and 
suppression of these genes caused significant 
changes in leaf shape, size, and mesophyll 
anatomy (Shpak et  al. 2004; Masle et  al. 
2005; Sánchez-Rodríguez et  al. 2009; 
Villagarcia et al. 2012). In addition, genes of 
the ER family, through their effects on epi-
dermal cell expansion, have been shown to 
reduce stomatal density and improve transpi-
ration efficiency (Masle et  al. 2005; 
Villagarcia et al. 2012). Interestingly, altera-
tions in expression of ER genes have been 
found to alter cell wall composition while 
the degree of pectin methylesterification was 
unaffected (Sánchez-Rodríguez et al. 2009). 
Thus, it is hypothesized that ER regulates 
leaf architecture by its effects on cell prolif-
eration (Shpak et al. 2004; Masle et al. 2005; 
Villagarcia et  al. 2012). er mutants were 
shown to have fewer, loosely arranged large 
mesophyll cells in the spongy tissue (Masle 
et al. 2005; Ferjani et al. 2007). Analyses of 
cell proliferation and cell expansion rates 
revealed that the cell enlargement in er 
mutants was “compensated cell enlarge-
ment” triggered by reduced rates of cell pro-
liferation (Ferjani et al. 2007). The molecular 
mechanisms involved in cell-to-cell commu-
nication that link cell proliferation and cell 
enlargement in determinate organs such as 
leaves is not clear (Ferjani et al. 2007). The 
exact mechanism through which ER genes 
affect cell wall properties also remains to be 
found. The effects on cell proliferation sug-
gest a possible involvement of XTH, e.g. 
XTH24. Furthermore, ER modulation of epi-
dermal cell expansion indicates potential 
impacts on genes involved in regulating epi-
dermal cell interdigitation (Fig. 8.6).

In summary, there is strong evidence for 
the participation XTH genes in regulating 
cell expansion, cell proliferation, and meso-
phyll and leaf architecture. Coordinated 
expression of these genes in relation to other 

molecular systems will be discussed in the 
following section.

1.  �XTH as a Key Downstream Point 
of Execution of Leaf Architectural 
Changes, and Its Modulation 
by CAMTA/SA, JAZ/JA and PHYB/GA/
PIF

As discussed previously, some XTH genes 
regulate wall loosening. Interestingly, 
expression of AN and PIF have opposite 
effects on XTH24 expression (Figs.  8.11a 
and 8.12) (Campos et al. 2016). An increase 
in XTH24 expression in an mutant lines led 
to narrow and thick leaves. Therefore, wider 
and shorter cells in the palisade tissue seen 
in phyB are unlikely a result of increased 
XTH24, but may occur through the action of 
different XTHs and other mechanisms such 
as enhanced PMT activity as described 
below or through alterations in LNG and 
ROT3 expression (Fig. 8.10c–d). LNG leads 
to formation of longer leaves and ROT3 leads 
to longer, thinner leaves as a result of shorter 
cells in palisade tissue. We hypothesize that 
ROT3 acts on anisotropic cell expansion 
through XTH4, 8, 9, 17, 23 because BRs 
have been shown to induce their expression 
(Yokoyama and Nishitani 2001) and because 
ROT3, BR2OX, and XTH4 are all induced in 
phyB (Fig. 8.10c) (Campos et al. 2016).

Interestingly, our data revealed a general 
PIF mediated upregulation of XTH genes 
(and expansins) in the phyB mutant with 
wider and shorter palisade tissue cells and 
larger leaf area whereas XTH31 gene expres-
sion was suppressed in jazQ with smaller 
leaves (Figs.  8.11a, c and 8.12) (Campos 
et  al. 2016). Both XTH8 and XTH31 were 
downregulated in camta1/2/3 in an SA 
dependent manner; camta2/3 produced sig-
nificantly small cells and leaves (Figs. 8.11b 
and 8.12) (unpublished data by Y-S.K., 
S.M.W., T.D.S., and M.F.T.). These data show 
that PIF may affect XTH in a manner oppo-
site to that of JAZ and SA. In other words, 
PIF would mostly enhance the expression of 
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XTH, and transcription factors suppressed by 
JAZ (e.g., MYC) would downregulate the 
expression of XTH, to enhance and suppress 
leaf growth, respectively (Fig. 8.12). In con-
trast, transcription factors suppressed by 
JAZ and SA may act synergistically on XTH 
to suppress leaf growth by suppressing 
XTH31 that is common to both pathways and 
may play an important role in growth sup-
pression during defense or stress responses 

(Fig. 8.12). This also supports the hypothesis 
that changes to leaf architecture occurring in 
response to stress responses take place first 
at the genetic level at common action points 
such as changes to XTH. Overall, it is clear 
that XTH, which directly regulates cell wall 
loosening and the capability of cell expan-
sion, is a key downstream execution point of 
leaf architecture changes common to AN, 

Fig. 8.11.  Comparison of altered expression of genes coding for XTH and EXP in A. thaliana mutant lines 
showing altered leaf architecture. Expression levels of Xyloglucan endotransglucosylase/hydrolase (XTH) in 
A. thaliana Col-0 wild-type and (a) jazQ, phyB, and jazQphyB mutant lines (Campos et  al. 2016), and (b) 
camta1/2/3, and camta1/2/3sid2–1 mutant lines (unpublished data by Y-S.K., S.M.W., T.D.S., and M.F.T.), are 
shown. (c) Expression levels of Expansin (EXP) genes in A. thaliana Col-0 wild type and jazQ, phyB, and jazQ-
phyB mutant lines are presented. Expression levels were determined by leaf messenger RNA sequencing. In (a) 
and (c), values represent the mean ± SE and n = 3 plants per line and statistically different expression levels in 
comparisons to Col-0 found according to the DESeq algorithm (P < 0.05, using a Benjamini-Hochberg adjusted 
for multiple testing) are marked with asterisks. In (b), values presented are Log2 fold differences in expression 
(transgenic/Col-0) of XTH genes as determined by RNA-seq analysis of leaves and negative values indicate indi-
cated a lower level of expression relative to Col-0
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Fig. 8.12.  CAMTA/SA, JAZ/JA, and PHYB/GA/PIF-mediated effects on XTH gene expression. A sche-
matic diagram is presented summarizing the effects of salicylic acid (SA), JASMONATE ZIM-domain (JAZ) 
repressors, and phytochrome interacting transcription factor (PIF)-mediated effects on specific target xyloglucan 
endotransglucosylase/hydrolase (XTH) gene expression. Data was derived from messenger RNA sequencing 
obtained from null mutant lines of Phytochrome-B (PHYB) and/or JAZ gene expression (Campos et al. 2016), 
and from mutant lines having enhanced SA production as a result of suppressed Calmodulin binding transcrip-
tion activator (CAMTA) gene expression (unpublished data by Y-S.K., S.M.W., T.D.S., and M.F.T.). Upregulation 
and downregulation of gene expression is denoted by pointed and blunt ended arrows, respectively. Other abbre-
viations: DELLA – PIF transcription factor repressors, CBF- CRT/DRE Binding Factor, ICS1 – Isochorismate 
synthase, CBP60G and SARD1 – transcription factors with CAMTA DNA-binding motifs in promoter regions 
that positively regulate ICS1
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CAMTA/SA, JAZ/JA, and PHYB/GA/PIF 
mediated molecular mechanisms.

B.  �Regulation of Ca2+ Mediated 
Cross-Linking of Pectin

1.  �Pectin Methylesterase and Pectin 
Methylesterase Inhibitor

Pectin methylesterases (PME) catalyze 
removal of the methyl moiety from methyl-
ated galacturonic acid and release methanol 
(Pilling et al. 2004; Oikawa et al. 2011). This 
methanol is given off as a gas and methanol 
emissions from forests occur when leaves 
are developing (Hu et al. 2011). Pectin meth-
ylesterase is a large gene family constituting 
more than 67 genes in A. thaliana (Markovic 
and Janecek 2004; Lionetti et  al. 2007). A 
similarly large family of more than 69 genes 
encoding for PME inhibitor (PMEI) proteins 
has also been discovered in A. thaliana and 
other plants (Giovane et al. 1995; Jiang et al. 
2002; Raiola et al. 2004; Lionetti et al. 2007; 
Wolf et al. 2009; Volpi et al. 2011). While the 
action of PME promotes cell wall hardening 
as explained above, demethylesterified pec-
tin has been found susceptible to fungal 
endopolygalacturonases and pectin lyase (de 
Vries and Visser 2001; Lionetti et al. 2007). 
In fact, PME activity plays a significant role 
in mediating plant-pathogen interactions 
(Chen et  al. 2000; Wietholter et  al. 2003; 
Lionetti et al. 2007; Raiola et al. 2011). For 
example, overexpression of PMEI1 reduces 
PME activity while enhancing the degree of 
methylesterified pectin in cell walls and 
resistance to pectin degrading fungal 
enzymes; suppression of PMEI1 enhanced 
susceptibility (Lionetti et al. 2007; An et al. 
2008; Volpi et al. 2011).

Data on the effect of altered PME and 
PMEI expression and activity on leaf archi-
tecture are scarce. Only a few studies provide 
evidence to support the idea that enhanced 
PMEI and reduced PME activity promote 
cell wall extensibility and cell expansion in 
cotyledons and leaves leading to their 

increased size (Pilling et al. 2004; Neumetzler 
et  al. 2012; Peaucelle et  al. 2012; Müller 
et  al. 2013a, b; Levesque-Tremblay et  al. 
2015). However, enhanced PMEI and 
reduced PME activity has the opposite effect 
on growth and differentiation of the shoot 
meristem, stems, and hypocotyls (Peaucelle 
et al. 2008, 2012). Recently, a small Golgi-
localized protein, FRIABLE1, was found to 
be a negative regulator of PME expression in 
A. thaliana (Neumetzler et al. 2012). Overall, 
based on existing data, negative regulation of 
PME by PMEI promotes leaf cell expansion 
and leaf growth owing to reduced cell wall 
hardening. Although these studies did not 
observe PME mediated alterations of cell 
adhesion in leaf cells, enhanced PME expres-
sion was found to promote cell adhesion 
between cotyledon cells leading to a reduc-
tion in cotyledon size (Neumetzler et  al. 
2012). In addition, alterations in a 
SQUAMOSA PROMOTER BINDING 
PROTEIN–LIKE GENE (SBP-BOX) reduced 
pectin methylesterase activity, pectin-Ca2+ 
cross-linkages, and cell-to-cell adhesion 
resulting in large intercellular airspaces in 
the fruit pericarp in Solanum lycopersicon 
(Orfila et  al. 2001; Eriksson et  al. 2004; 
Manning et  al. 2006; Caffall and Mohnen 
2009). Therefore, it is likely that PME activ-
ity plays a role in leaf cell-to-cell adhesion. 
However, PMTs, such as CGR2 and CGR3, 
seem to have a stronger effect on cell-to-cell 
adhesion as discussed below.

2.  �Pectin Methyltransferase

Pectin methyltransferase (PMT) catalyzes 
methylesterification of pectin. Out of the 29 
putative PMT genes in A. thaliana, only the 
effects of QUASIMODO1, 2, and 3 (QUA1, 
QUA2, QUA3) (Mouille et  al. 2007; Miao 
et  al. 2011), TUMOROUS SHOOT 
DEVELOPMENT2 (TSD2) (Krupkova et al. 
2007), and COTTON GOLGI-RELATED 
(CGR2, 3) genes (Held et al. 2011; Kim et al. 
2015) on cell expansion have been investi-
gated. Interestingly, partial suppression of 
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QUA1, QUA2, or TSD2 did not enhance cell-
cell adhesion, but reduced it as evident by 
cell detachment in the hypocotyl (Bouton 
et  al. 2002; Krupkova et  al. 2007; Mouille 
et  al. 2007). Even though suppression of 
PMT expression is predicted to result in a 
decrease in pectin methylesterification and 
an enhancement of cell-to-cell adhesion, this 
was not seen during the above studies. 
Therefore, the function of the above genes as 
PMTs needs to be further characterized. It 
may also be that adhesive and expansion 
capabilities in leaf cells were reduced due to 
the suppression of the above genes causing 
the reduced leaf size in the corresponding 
mutant lines. However, a detailed anatomical 
study has to be conducted to test this 
possibility.

Recent studies provide compelling evi-
dence to support the role of CGR2 and CGR3 
in regulating mesophyll cell expansion and 
overall leaf architecture in A. thaliana (Kim 
et al. 2015; Weraduwage et al. 2016). Pectin 
content and pectin methylesterification in 
leaves were reduced in a double knockout 
mutant of CGR2 and CGR3 genes (cgr2/3) 
and the opposite effect was verified in lines 
overexpressing CGR2 (CGR2OX) (Held 
et  al. 2011; Kim et  al. 2015; Weraduwage 
et  al. 2016). cgr2/3 mutant lines produced 
thin but dense leaf mesophyll with enhanced 
cell number and reduced air spaces compared 
to the wild-type (Fig.  8.13a–c) (Kim et  al. 
2015; Weraduwage et  al. 2016). CGR2OX 
produced thinner leaves compared to the 
wild-type, but thicker than cgr2/3. Cells and 
intercellular air spaces in CGR2OX leaves 
were also larger than in the wild-type (Kim 
et  al. 2015; Weraduwage et  al. 2016). Both 
projected and total leaf area were markedly 
reduced in cgr2/3 and enhanced in CGR2OX 
(Fig. 8.13f) (Weraduwage et al. 2016). Above 
phenotypes in cgr2/3 were partially resored 
in cgr2com by CGR2 complementation. 
However, despite the changes in leaf expan-
sion, changes in overall leaf shape were not 
detected (Fig.  8.13f). These data show that 
CGR2 and CGR3 are involved in cell expan-
sion and thereby play a crucial role in deter-

mining leaf architecture. The authors 
hypothesized a reduction in expression of 
CGR2 and CGR3 causes cell wall hardening 
as a result of reduced pectin methylesterifica-
tion and a greater degree of Ca2+ mediated 
cross-linking of pectin (Kim et  al. 2015; 
Weraduwage et al. 2016). An increase in cell-
to-cell adhesion may have caused the increase 
in cell density and reduced intercellular air-
spaces in the cgr2/3 mutant while the promo-
tion of mesophyll cell expansion observed 
with CGR2 overexpression is probably due to 
a reduction in cell wall hardening and cell 
adhesion brought about by an increase in pec-
tin methylesterification. However, given that 
no change in leaf shape was apparent, expres-
sion of CGR2 and/or CGR3 does not seem to 
affect microtubule alignment, but rather have 
a role in general cell expansion independently 
from the cytoskeleton.

In summary, data presented above show 
that PMTs, PME, and PMEI form an effec-
tive molecular system to mediate the degree 
of pectin methylesterification in order to fine 
tune cell expansion and adhesion and, conse-
quently, mesophyll and overall leaf 
architecture. Based on the data available so 
far, PMTs such as CGR2 and CGR3 seem to 
cause more controllable alterations in cell 
expansion and leaf architecture compared to 
PMEI, PME, and other identified putative 
PMTs. The following section summarizes 
recent evidence showing how the 
PMT/PME/PMEI system can act as a key 
downstream molecular system common to 
different upstream signaling pathways target-
ing changes in leaf architecture.

3.  �PMT/PME/PMEI System as a Key 
Downstream Execution Point of Leaf 
Architectural Changes and Its 
Modulation by CAMTA/SA, JAZ/JA, 
and PHYB/GA/PIF

In general, PIF positively affects PMEI 
expression whereas CAMTA/SA has a sig-
nificant inhibitory effect (Figs.  8.14 and 
8.15) (unpublished data by Y-S.K., S.M.W., 
T.D.S., and M.F.T., and by M.L.C., Y.Y., 
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I.T.M., S.M.W., T.D.S., and G.A.H.). This 
may lead to an inactivation of PMEs in phyB 
and activation in camta1/2/3 with a corre-
sponding increase and decrease in pectin 

methylesterification, respectively (Fig. 8.15). 
This is further supported by the fact that the 
mesophyll architecture of cgr2/3 with 
reduced CGR2 and CGR3 expression and 

Fig. 8.13.  The effect of altered CGR2 and CGR3 gene expression on leaf architecture. (a) Representative 
micrographs of leaf cross sections, (b) leaf thickness, (c) the relationship between the number of mesophyll 
cells and size of the intercellular air spaces in the leaf mesophyll, (d) the surface area of mesophyll cells fac-
ing intercellular air spaces per unit leaf area (Smes), (e) the surface area of chloroplasts facing intercellular air 
spaces per unit leaf area (Sc), (f) size comparison of rosettes, and (g) the δ13CVPDB value calculated as the ratio 
of 13C to 12C isotopes in leaf tissue relative to a Vienna-Pee-Dee Belemnite standard (VPDB) (top panel), and 
the CO2 partial pressure at rubisco calculated using the δ13CVPDB values (bottom panel), are presented for A. 
thaliana wild-type Col-0 and mutant lines: cgr2/3 (loss of function double mutant line of CGR2 and CGR3), 
cgr2com (cgr2/3 complemented by CGR2), and CGR2OX (CGR2 overexpression line). δ13CVPDB is described 
in the Fig. 8.2 legend. In (a), leaf thickness is denoted by red double arrows. In (a–e), data were obtained from 
34-day old leaves. In (f), rosettes were photographed 45 days after seeding. In (b), (d), and (e) values represent 
the mean ± SE and n = 4 plants per line. In (c) n = 4 plants per line were used to obtain the mean values for the 
area of air spaces as a % of area of leaf cross section and the number of mesophyll cells per mm2 of leaf cross 
section. Differences between means were tested by carrying out a one-way ANOVA at a = 0.05, followed by a 
Fisher’s Least Significant Difference Test. Statistical differences at P < 0.05 are marked with lower case letters. 
(Reproduced from Weraduwage et al. 2016)
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reduced pectin methylesterifiation was simi-
lar to camta2/3 (Figs.  8.2 and 8.13). 
Significant changes in PMEI expression 
could not be detected in jazQ mutant lines 
(Fig.  8.14). This may be why jazQ did not 

show any drastic changes in mesophyll archi-
tecture despite having smaller leaves 
(Fig.  8.3). Thus, the PMT/PME/PMEI sys-
tem, which regulates the degree of methyla-
tion of pectin and subsequently cell wall 

Fig. 8.14.  Comparison of altered expression of genes coding for PMEI in Arabidopsis mutant lines 
showing altered leaf architecture. Expression levels of Pectin methylesterase inhibitor (PMEI) in A. thaliana 
Col-0 wild-type and (a) jazQ, phyB, and jazQphyB mutant lines (Campos et al. 2016), and (b) camta1/2/3 and 
camta1/2/3sid2–1 mutant lines (unpublished data by Y-S.K., S.M.W., T.D.S., and M.F.T.), are shown. Expression 
levels were determined by leaf messenger RNA sequencing. Values represent the mean ± SE and n = 3 plants per 
line. In (a), values represent the mean ± SE and n = 3 plants per line and statistically different expression levels 
in comparison to Col-0 found according to the DESeq algorithm (P < 0.05, using a Benjamini-Hochberg adjusted 
for multiple testing) are marked with asterisks. In (b), values presented are Log2 fold differences in expression 
(transgenic/Col-0) of PMEI genes as determined by RNA-seq analysis of leaves and positive and negative values 
indicate a higher or a lower level of expression relative to Col-0, respectively
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Fig. 8.15.  PHYB/GA/PIF and CAMTA/SA mediated effects on PMEI gene expression and pectin methyles-
terification. A schematic diagram is presented summarizing the effects of Phytochrome interacting transcription 
factor (PIF) and salicylic acid (SA) on specific target Pectin methylesterase inhibitor (PMEI) gene expression. 
Data were derived from messenger RNA sequencing data obtained from null mutant lines of Phytochrome-B 
(PHYB) gene expression (Campos et  al. 2016) and from mutant lines having enhanced SA production as a 
result of suppressed Calmodulin binding transcription activator (CAMTA) gene expression (unpublished data by 
Y-S.K., S.M.W., T.D.S., and M.F.T.). Different PMEI genes are denoted by their GenBank accession numbers. The 
degree of pectin methylation will depend upon: 1. the activity of pectin methylesterase (PME) that demethylates 
pectin, 2. the expression and activity of PMEI that inhibits PME, and 3. the expression and activity of pectin 
methyltransferase. A higher degree of methylesterification of pectin has been shown to reduce cell wall harden-
ing and promote cell expansion, while a lower degree of methylesterification promotes cell wall hardening and 
cell-to-cell adhesion. New evidence was also found to support upregulation of Longifolia (enhances cell expan-
sion in the leaf-length direction) and Rotundifolia3 (enhances cell expansion in the leaf length direction while 
limiting cell expansion in the leaf-depth direction) gene expression by PIF (Campos et al. 2016). Upregulation 
and down regulation of gene expression is denoted by pointed and blunt ended arrows, respectively. Other abbre-
viations: DELLA –PIF transcription factor repressors, CGR2 and CGR3 – Cotton Golgi-related 2 and 3, QUA2 
and QUA3 – Quasimodo 2 and 3
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extensibility and adhesive properties, is 
likely a key downstream execution point 
common to the PHYB/GA/PIF and 
CAMTA/SA genetic systems, which seem to 
have opposite effects on pectin methylesteri-
fication (Fig. 8.15). Changes to pectin meth-
ylesterification can have more drastic 
negative effects on leaf architecture than 
those observed by effects on XTH and expan-
sins alone. These data also emphasize 
PMT/PME/PMEI as a key downstream 
molecular system through which changes to 
leaf architectural changes are executed in 
response to stress (Fig. 8.15).

V.  �Broader Implications 
of Understanding Genes 
and Molecular Mechanisms That 
Affect Cell Wall Properties 
and Leaf Architecture

The architecture of the leaf is designed to 
ultimately produce an organ that is optimized 
to act as a solar collector as well as an effi-
cient gas exchanger to maximize photosyn-
thesis. Although a large number of mutations 
affecting leaf architecture have been studied 
during the past two decades (Sections II-IV), 
these mutations have not been studied in the 
context of positive or negative effects on 
photosynthesis. In fact, alterations in leaf 
architecture have profound effects not only 
on photosynthesis, but also on respiration 
and overall plant growth (Lambers et  al. 
2008; Weraduwage et al. 2015, 2016). In the 
preceding sections, leaf architecture of many 
mutants including that of phyB, jazQ, camta 
and cgr mutants and the potential molecular 
mechanisms involved in bringing about such 
architectural changes were discussed. Here, 
we will discuss the impact of such architec-
tural changes on photosynthesis, C partition-
ing, and plant growth and identify genetic 
candidates that can be used as tools for crop 
improvement.

A.  �Mesophyll Architecture and Its 
Impact on CO2 Availability at Rubisco 
and Area-Based Photosynthesis

CO2 diffusion into the chloroplast stroma 
through the cell wall, plasma membrane, and 
chloroplast envelope takes place along the 
route that poses the lowest resistance 
(Terashima et  al. 2006). The active area 
through which CO2 diffuses in to the chloro-
plast stroma is the chloroplast surface area 
facing intercellular air spaces per unit leaf 
area (Sc), and Sc and internal conductance are 
positively correlated (Terashima et al. 2006). 
Lower Sc leads to a reduction in CO2 concen-
tration at rubisco with subsequent reductions 
in carboxylation/oxygenation ratio 
(Terashima et al. 2006). camta2/3 (Fig. 8.2d), 
and cgr2/3 (Fig. 8.13g) with densely packed 
cells in the leaf mesophyll, and phyB and 
jazQphyB with thin leaves (Fig. 8.3c) showed 
a reduction in the degree of 13CO2 discrimina-
tion during CO2 assimilation and a decrease 
in average CO2 partial pressure at rubisco 
(Weraduwage et  al. 2016; unpublished data 
by Y-S.K., S.M.W., T.D.S., and M.F.T.; unpub-
lished data by M.L.C., Y.Y., I.T.M., S.M.W., 
T.D.S., and G.A.H). A decrease in average 
CO2 partial pressure at rubisco was also 
accompanied by a reduction in area-based 
photosynthesis rates in camta2/3 (unpub-
lished data by Y-S.K., S.M.W., T.D.S., and 
M.F.T), phyB and jazQphyB (Campos et  al. 
2016), and cgr2/3 (Weraduwage et al. 2016). 
The above effects on leaf gas exchange prop-
erties were greatest in camta2/3 and cgr2/3 
where the mesophyll cell density, and hence 
leaf dry mass per unit leaf area (LMA), was 
greatest. Further examination of the leaf 
mesophyll of cgr2/3 revealed a significant 
reduction in mesophyll cell surface area fac-
ing intercellular air spaces per unit leaf area 
(Smes) and Sc (Fig. 8.13d–e). Thus, the reduc-
tion in CO2 availability for photosynthesis in 
camta2/3 and cgr2/3 is likely a result of 
reduced Smes, Sc, and intercellular air spaces.

LMA has been shown to both positively 
and negatively affect mesophyll conductance 
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depending on the plant species (Flexas et al. 
2008; Soolanayakanahally et  al. 2009; 
Tosens et  al. 2012). Milla-Moreno et  al. 
(2016) showed that in P. balsamifera, even 
though an increase in the number of cell lay-
ers in palisade tissue can increase leaf thick-
ness and subsequently decrease internal CO2 
conductance, there was a greater positive 
effect on mesophyll conductance in terms of 
enhanced Smes and Sc. Thus, in P. balsamifera, 
LMA and mesophyll conductance was posi-
tively correlated (Milla-Moreno et al. 2016). 
However, in camta2/3 and cgr2/3 a negative 
correlation is likely between LMA and 
mesophyll conductance. A reduction in GA 
biosynthesis or sensitivity to this growth reg-
ulator increases LMA in A. thaliana and S. 
lycopersicon; GA supplementation lowers 
LMA (Dijkstra et al. 1990; Nagel et al. 2001; 
Poorter et al. 2009). Under light, a decrease 
in GA occurs as a result of both a reduction 
in the transcription of genes involved in GA 
biosynthesis and an increase in gibberellin-
2-oxidase that increases GA catabolism 
(Folta et al. 2003; Hisamatsu et al. 2005; Foo 
et al. 2006; Achard et al. 2007; Weller et al. 
2009; Pierik et al. 2011; Hirose et al. 2012; 
Colebrook et al. 2014; Mazzella et al. 2014). 
phyB and jazQphyB maintained fairly large 
intercellular air spaces, but with shorter and 
wider cells in the palisade tissue and reduced 
cell layers and subsequently thinner leaves, 
which resulted in lower LMA and area-based 
photosynthesis in these lines (Campos et al. 
2016). Reduced area-based photosynthesis 
rates were also reported in gigantea-2 (gi-2) 
mutant lines with thin leaves and lower LMA 
(Weraduwage et al. 2015), and in er mutants 
despite having larger intercellular airspaces 
in the leaf mesophyll (Masle et  al. 2005). 
These observations are attributed to the lack 
of photosynthetic machinery on a leaf area 
basis in thinner leaves (Masle et  al. 2005; 
Campos et al. 2016). One difference between 
sun and shade leaves is that the former pro-
duces thicker leaves (longer palisade cells or 

multiple cell layers, higher LMA) that 
enables the housing of more chloroplasts per 
unit leaf area and increased amounts of pho-
tosynthetic enzymes per unit leaf area, allow-
ing for the maintenance of higher area-based 
photosynthesis rates; the opposite is seen in 
shade leaves (Lambers et al. 2008).

The advantages of producing leaves with 
a larger surface area (lower LMA) and the 
disadvantages of producing leaves with 
higher LMA is discussed in the following 
sections. In summary, molecular mecha-
nisms affecting cell wall properties and leaf 
architecture play a significant role in modu-
lating area-based photosynthesis rates 
through CO2 diffusion into cells as well as 
concentrating resources required for photo-
synthesis per unit leaf area.

B.  �Mesophyll Architecture 
and Its Impact on Area-Based 
Respiration and Daily C Gain

An increase in leaf cell density enhances leaf 
mass density (LMD, dry mass of leaf per unit 
volume of leaf tissue) and both leaf thickness 
and LMD can affect LMA (Lambers et  al. 
2008; Poorter et al. 2009; Weraduwage et al. 
2016). For example, despite having thinner 
leaves, an increase in leaf cell density 
resulted in higher LMA in cgr2/3 
(Weraduwage et al. 2016). Analysis of ana-
tomical components that affect LMA has 
revealed palisade tissue cell properties to be 
the major contributor to variations in LMA 
in mature leaves of Populus balsamifera 
(Milla-Moreno et al. 2016).

As mentioned before, thicker leaves usu-
ally possess larger LMA as a result of a 
greater number of cell layers (Lambers et al. 
2008; Poorter et al. 2009; Villar et al. 2013; 
Weraduwage et  al. 2015). Changes in leaf 
architecture such as a larger number of 
smaller cells with thicker cell walls can also 
lead to (1) changes in chemical composition 
such as a higher proportion of lignin and 
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other cell wall polysaccharides per unit leaf 
area that can result in higher LMD and LMA 
and (2) cellular changes such as increased 
organelle numbers (Cunningham et al. 1999; 
Lambers et  al. 2008). For example, cgr2/3 
cells possess a large number of small chloro-
plasts per unit leaf area that could also lead 
to higher LMA; chloroplast thickness was 
not reported in this study. However, this only 
translated to higher area-based photosynthe-
sis rates during early growth stages of cgr2/3 
and at latter stages area-based photosynthe-
sis rates were significantly lower as a result 
of lower Sc (Weraduwage et al. 2016).

Leaves with larger LMA require more 
energy to maintain a greater number of cells 
and organelles per unit leaf area and hence 
incur higher maintenance respiratory costs 
(Lambers et al. 2008). This was observed in 
cgr2/3 in which higher leaf cell density and 
higher LMA positively correlated with 
enhanced area-based respiration 
(Weraduwage et  al. 2016). Consequently, 
photosynthesis to respiration ratios were 
lower, and coupled with smaller projected 
leaf area, a significant reduction in daily car-
bon gain, net assimilated C for growth and 
overall plant growth was seen in cgr2/3 
(Fig. 8.16). In contrast, in mutant lines such 
as gi-2 (Weraduwage et  al. 2015) and 
CGR2OX (Weraduwage et al. 2016), which 
produced larger, thinner leaves with smaller 
LMA, area-based respiration was smaller 
and photosynthesis to respiration ratios were 
larger and coupled with larger projected leaf 
area, a significant increase in daily carbon 
gain, net assimilated C for growth, and over-
all plant growth was seen (Fig.  8.16). It is 
also assumed that phyB and jazQphyB incur 
lower construction costs to build their thin-
ner leaves compared to that in jazQ (Campos 
et al. 2016). Overall, the above data indicate 
that molecular mechanisms affecting cell 
wall properties and leaf architecture can have 
a significant impact on area-based respira-
tion in leaves and daily C gain.

C.  �Leaf Architecture and Its Impact 
on Light Capture, Whole-Plant 
Photosynthesis, and Growth

Light capture is optimized by having a larger 
leaf area, and this is seen especially in plants 
grown under low light (Lambers et al. 2008). 
Shade plants often produce leaves with 
smaller LMA (Niinemets 2001; Lambers 
et al. 2008). This reduces area-based respira-
tion rates, maximizing daily C gain, and 
allows compensation for lower area-based 
photosynthesis rates (because of lower LMA 
as described in Section VA) under low light 
(Lambers et al. 2008). Although area-based 
photosynthesis rates were lower, whole plant 
photosynthesis was enhanced in A. thaliana 
mutants capable of producing large rosettes, 
e.g., gi-2 (Weraduwage et  al. 2015), phyB, 
and jazQphyB (Campos et  al. 2016) and 
CGR2OX (Fig.  8.16) (Weraduwage et  al. 
2016) as a result of larger projected leaf area. 
Projected leaf area represents the effective 
leaf surface area capable of intercepting light 
(Honda and Fisher 1978). Model based anal-
yses revealed that in CGR2OX more C is 
partitioned to leaf area growth (Fig.  8.16). 
Greater whole plant photosynthesis as a 
result of larger leaf area coupled with lower 
area-based respiration as a result of lower 
LMA led to an enhancement in C available 
for growth and consequently an increase in 
overall plant growth in CGR2OX (Fig. 8.16). 
This was also seen in jazQphyB (Campos 
et al. 2016).

LMA or 1/specific leaf area has been 
shown to be a key trait that determines varia-
tion in relative growth rates between plants 
growing in nutrient rich and nutrient poor 
conditions (Poorter and Remkes 1990; 
Garnier 1992; Lambers et  al. 2008). Also, 
LMA often increases under water stress as a 
result of an increase in cell wall thickness and 
a reduction in cell size (Cutler et  al. 1977; 
Utrillas and Alegre 1997; Van Volkenburgh 
and Boyer 1985; Fredeen et  al. 1991; 
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Fig. 8.16.  CGR2 and CGR3 mediated pectin methylesterification regulates the relationship between pho-
tosynthesis and plant growth. A schematic diagram outlining how (a) suppression or (b) over-expression of 
CGR2 and CGR3 gene expression affects the relationship between photosynthesis and plant growth in A. thali-
ana is presented. Suppression of CGR2 and CGR3 reduces the degree of pectin methylation, which leads to an 
increase in cell-to-cell adhesion, cation-mediated cross linking of galacturonic acid, and consequent hardening 
of cell walls. CGR2 over-expression increases the degree of pectin methylation, which allows cell expansion 
through reduced cell-to-cell adhesion and cation-mediated cross linking. It has been proposed that pectin methyl-
transferase enzyme, through its ability to directly alter cell expansion, determines the amount of C partitioned to 
leaf area growth versus growth in terms of LMA. For example, while more C is partitioned to growth in terms of 
LMA in the CGR2 and CGR3 double knockout mutant, in the CGR2 over-expression line more C is partitioned 
to leaf area growth. An increase in LMA leads to enhanced area-based respiration and a reduction in leaf area 
contribute to a reduction in whole plant photosynthesis. Collectively, this results in a reduction in C available for 
growth and consequently a decrease in overall plant growth; an opposite trend is seen in CGR2OX. Thus, CGR2 
and CGR3, through their ability to alter the degree of methylated pectin in the cell wall of the mesophyll cells, 
determine how photosynthate is utilized to grow the plant. In other words, CGR2 and CGR3 mediated pectin 
methylesterification affects the relationship between photosynthesis and plant growth by regulating the propor-
tions of C that are partitioned to leaf area growth and LMA. Final overall growth mainly depends on the expres-
sion patterns of CGR2 and CGR3 and how much C is partitioned to area growth and LMA and not on area-based 
photosynthesis. PME: pectin methylesterase; PMEI: PME inhibitor; PMT: pectin methyltransferase. CH3OH is 
methanol. (Reproduced from Weraduwage et al. 2016)
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Niinemets 2001; Lambers et al. 2008). Thus, 
under drought stress, enhanced LMA may in 
part contribute to growth reductions based on 
factors mentioned above (Niinemets 2001).

D.  �Genes Such as CGR2 and CGR3 
That Alter Cell Wall Properties 
Can Modulate the Relationship 
Between Photosynthesis and Growth

It has been shown that, while the correlation 
between area-based photosynthesis and plant 
growth is not clear, relative growth rate and 
leaf growth parameters such as leaf area per 
unit leaf dry mass (inverse of LMA), leaf 
area per unit plant dry mass, and investment 
of C in leaf growth are strongly and posi-
tively correlated (Shipley 2002; Lambers 
et  al. 2008; Poorter et  al. 2009). In dicots, 
there is a negative correlation between rela-
tive growth rate and the root:shoot ratio, 
highlighting the importance leaf expansion 
and overall growth (Garnier 1991; Lambers 
et al. 2008). Similarly, model based analyses 
of A. thaliana leaf growth revealed that while 
photosynthetic C is required for growth, the 
magnitude of plant growth depends on the 
proportions of C partitioned to leaf area 
growth and LMA (Weraduwage et al. 2015, 
2016).

The Arabidopsis leaf area growth model 
was developed to simulate the C flow from 
the beginning to end of the A. thaliana life 
cycle while also simulating the utilization of 
assimilated C in respiration and the partition-
ing of the remaining C to grow leaves in the 
form of area and LMA, root growth, and 
reproduction (Weraduwage et al. 2015). The 
model can be fitted with measured data to 
determine partitioning coefficients of C that 
give rise to the growth patterns of different 
plants (Weraduwage et  al. 2015). The 
responses of overall plant growth (plant dry 
weight) to varying magnitude of model 
inputs such as photosynthesis and partition-
ing coefficients can also be determined 
(Weraduwage et al. 2015). For example, the 
model revealed that enhanced leaf and plant 

growth in gi-2 (Weraduwage et al. 2015), and 
differences in leaf and plant growth and 
architecture in cgr2/3 and CGR2OX 
(Weraduwage et al. 2016), were not a result 
of differences in area-based photosynthesis 
rates, but mainly a result of altered C parti-
tioning to leaf area growth and growth in 
terms of LMA (Figs.  8.16 and 8.17) 
(Weraduwage et al. 2016). C partitioning to 
leaf area growth was greater in CGR2OX 
and gi-2 and significantly smaller in cgr2/3; 
the opposite trend was seen in terms of C 
partitioning to LMA (Figs.  8.16 and 8.17). 
These findings obtained using the Arabidopsis 
leaf area growth model agree with inferences 
derived from classical growth models devel-
oped by Monsi (1960), Poorter and Lambers 
(1991), and Tillman (1991) where enhance-
ments in growth rates were shown to posi-
tively correlate with biomass allocation to 
leaves. Therefore, “photosynthesis drives 
growth through alterations in carbon parti-
tioning to new leaf area growth and leaf mass 
per unit leaf area” (Weraduwage et al. 2016). 
It was found that CGR2 and CGR3 genes can 
directly affect the relationship between pho-
tosynthesis and growth by directly altering 
the capacity of cell expansion and cellular 
organization in the leaf mesophyll, thus cre-
ating varying carbon demands for leaf area 
growth and LMA that will in turn drive C 
partitioning for these processes (Fig. 8.16). It 
can be hypothesized that other genes such as 
XTH8, XTH21, and XTH31, which have a 
profound effect on leaf architecture 
(Fig.  8.12) (Ogawa et  al. 1996; Itoh et  al. 
2002; Jan et al. 2004; Liu et al. 2007), may 
also be able to affect C partitioning between 
leaf area growth and LMA.

In summary, alterations of leaf and meso-
phyll architecture through cell wall modifi-
cations can have a marked influence on net C 
assimilation as a result of effects on: 1. CO2 
availability at rubisco, 2. light interception, 
and 3. respiratory costs. Thus, cell wall plas-
ticity is a key factor influencing photosyn-
thetic processes in plants. Therefore, genes 
and molecular systems that modulate cell 

S. M. Weraduwage et al.



245

wall properties can be utilized to optimize 
leaf architecture to maximize photosynthe-
sis. Genes that code for PMTs, specifically 
CGR2 and CGR3, and XTH through their 
role in regulating cell wall plasticity and 
mesophyll architecture can direct C parti-
tioning between leaf area growth and LMA 

and thereby, directly affect the relationship 
between photosynthesis and plant growth. 
Thus, understanding genes and correspond-
ing molecular mechanisms that affect cell 
wall properties and leaf architecture is of 
utmost importance to select candidate genes 
for crop improvement.

Fig. 8.17.  Comparison of how changes in area-based photosynthesis and C partitioning to leaf growth 
affects plant growth in A. thaliana. The Arabidopsis Leaf Area Growth Model was used to test how changes 
in area-based photosynthesis and C partitioning to leaf growth affects plant growth. The model simulates plant 
growth based on the use of assimilated C in respiration and partitioning of the remaining C to leaf area growth 
and LMA, root growth, and reproduction. The model is capable of simulating plant growth (blue, black, and 
orange lines) based on the magnitude of a particular model input, e.g., area-based photosynthesis, C partition-
ing to different growth processes etc. Measured data from Col-0 wild-type, CGR2 overexpressed (CGR2OX) or 
CGR2, and CGR3 suppressed (cgr2/3) A. thaliana lines were used to test whether the enhancement in growth in 
CGR2OX was as a result of alterations in area-based photosynthesis or as a result of alterations in C partition-
ing to leaf area growth (with corresponding reductions of C partitioning to LMA); CGR2OX showed enhanced 
growth and cgr2/3 showed suppressed growth (Kim et al. 2015; Weraduwage et al. 2016). In order to do so, area-
based photosynthesis (a) or partitioning coefficients to leaf area growth (b) for Col-0 were replaced by that of 
CGR2OX (orange line) or cgr2/3 (black lines). In (a) and (b), blue lines represent modeled growth for Col-0 and 
red squares represent measured data points (mean ± SD) for Col-0 at 29, 49, 63, and 82 days after seeding. Black 
lines represent modeled data for Col-0 when its area-based photosynthesis rates (a) or C partitioning to leaf area 
growth (b) are replaced by that of cgr2/3. Orange lines represent modeled data for Col-0 when its area-based 
photosynthesis rates (a) or C partitioning to leaf area growth (b) are replaced by that of CGR2OX. Asterisks 
represent measured data for CGR2OX at 63 and 82 days after seeding and dotted lines indicates the upper limit 
of measured data for cgr2/3. (Reproduced from Weraduwage et al. 2016). Based on the model, the observed 
enhancement in growth in CGR2OX and reduced growth in cgr2/3 occurs as a result of small changes in C par-
titioning to leaf area growth and LMA (Weraduwage et al. 2016). For more information on the Arabidopsis Leaf 
Area Growth Model, please read Weraduwage et al. (2015, 2016) (Colour figure online)
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VI.  �Conclusions

Based on results from key studies carried out 
during the past two and a half decades, sev-
eral major molecular systems that interact to 
regulate cell wall composition (CESA/CSL, 
PMT/PME/PMEI, XTH), anisotropic cell 
expansion (ROP and associated genes, LNG, 
ROT3, AN, XTH), and isotropic cell expan-
sion (XTH, PMT/PME/PMEI) to cause pro-
found changes in leaf architecture were 
identified. Upstream signaling systems such 
as CAMTA/SA, JAZ/JA, and PHYB/GA/PIF 
can cause significant changes in leaf archi-
tecture by interacting with a large number of 
midstream and downstream molecular path-
ways. PHYB/GA/PIF can affect leaf architec-
ture by altering expression of genes 
belonging to a variety of molecular pathways 
including: ROPs, LNG and ROT3, CESA/CSL, 
XTH, EXP, and PMEI. AN interacted with 
PHYB/GA/PIF at downstream XTH genes. 
Recent evidence suggests that the effects of 
CAMTA/SA on leaf architecture may be 
occurring through XTH and PMEI and that 
of JAZ/JA through XTH and EXP. The major 
downstream execution points of leaf archi-
tecture changes common to CAMTA/SA, 
JAZ/JA, and PHYB/GA/PIF mediated signal-
ing pathways were the XTH and 
PMT/PME/PMEI systems. XTH expression 
is also affected by both ROT3 and AN. 
Overall, growth promotion by PHYB/GA/
PIF and growth suppression by JAZ/JA and 
CAMTA/SA seems to occur via modulation 
of XTH and PMEI of the PMT/PME/PMEI 
systems in opposite directions. It is also clear 
that changes in leaf architecture that occur in 
response to stress responses take place first 
at the genetic level at common action points 
such as XTH and PMT/PME/PMEI.

C for growth for most organisms on earth 
is supplied through photosynthesis and the 
leaf is the primary photosynthetic organ in 
plants. Alterations in leaf architecture have a 
profound impact on (1) CO2 availability at 
rubisco and area-based photosynthesis, (2) 
area-based respiration, and (3) light capture 

and whole-plant photosynthesis, with ulti-
mate effects on daily C gain growth. In addi-
tion, molecular systems such as the 
PMT/PME/PMEI, and specifically CGR2 
and CGR3 genes (PMTs) that alter cell wall 
properties, can modulate the relationship 
between photosynthesis and growth by 
directly altering the capacity of cell expan-
sion and cellular organization in the leaf 
mesophyll thereby creating differential car-
bon demands for leaf area growth and LMA 
that can in turn drive C partitioning for these 
processes. Therefore, our understanding of 
genes and molecular mechanisms that affect 
cell wall properties and leaf architecture will 
facilitate the identification of novel genetic 
model systems that can be utilized to improve 
photosynthesis and growth of crop plants.
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