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ABSTRACT Cambial activity is a prerequisite for secondary
growth in plants; however, regulatory factors controlling the

o activity of the secondary meristem in radial growth remain

elusive. Here, we identified INCREASED CAMBIAL ACTIVITY (ICA),
a gene encoding a putative pectin methyltransferase, which
could function as a modulator for the meristematic activity of
fascicular and interfascicular cambium in Arabidopsis. An
overexpressing transgenic line, 35S::ICA, showed accelerated
stem elongation and radial thickening, resulting in increased
accumulation of biomass, and increased levels of cytokinins
(CKs) and gibberellins (GAs). Expression of genes encoding
pectin methylesterases involved in pectin modification together
with pectin methyltransferases was highly induced in 35S::ICA,
which might contribute to anincrease of methanol emissionas a
byproduct in 35S:ICA. Methanol treatment induced the

expression of GA- or CK-responsive genes and stimulated plant
growth. Overall, we propose that ectopic expression of ICA
increases cambial activity by regulating CK and GA homeostasis,
and methanol emission, eventually leading to stem elongation
and radial growth in the inflorescence stem.
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INTRODUCTION

Vascular tissues of higher plants are important not only for
transporting water, minerals, photoassimilates, and signaling
molecules but also for physically supporting the plant body
(Scarpella and Meijer 2004). In the inflorescence stem, the
vasculature includes vascular bundles, consisting of procam-
bium, phloem, and xylem, during primary growth. Fascicular
cambium, originating from procambium, is bidirectionally
differentiated into xylem and phloem. After the development
of primary xylem and phloem tissues, interfascicular cambium
is established following asymmetric periclinal cell divisions
and eventually fused with fascicular cambium to form a
circular cambial structure called vascular cambium that
provides a means of radial thickening for secondary growth.
This growth is of an economically important biological process
as it results in the production of biomass, is a renewable and
sustainable source of energy. Thus, the regulation of cambial
activity could be one of the best strategies for maximizing
cellulose biomass yield.

The development of vascular tissues is tightly regulated
during the plant life cycle (Baucher et al. 2007; Cano-Delgado
et al. 2010), and phytohormones are important regulatory
factors of vascular cambial activity (Elo et al. 2009; Nieminen
et al. 2012; Miyashima et al. 2013). Auxin predominantly
distributed in the cambial zone regulates both cambial activity
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and secondary growth (Uggla et al. 1996; Uggla et al. 1998;
Ko et al. 2004; Nilsson et al. 2008; llegems et al. 2010;
Etchells et al. 2015). Polar auxin transport regulates several
regulators in vascular development. PHLOEM INTERCALATED
WITH XYLEM (PXY)/TRACHEARY ELEMENT DIFFERENTIATION
INHIBITORY FACTOR (TDIF) RECEPTOR (TDR) and TDIF
function as a receptor-ligand pair to induce WUSCHEL-
RELATED HOMEOBOX4 (WOX4) and WOX14 for promoting
cambial activity in an auxin-dependent manner (Fisher and
Turner 2007; Hirakawa et al. 2008; Hirakawa et al. 2010;
Suer et al. 2011; Etchells et al. 2013). Cytokinin (CK) is another
important regulator of cambial cell proliferation. CK level is
highly correlated with cambial activities of both root and
shoot (Matsumoto-Kitano et al. 2008; Nieminen et al. 2008),
and perturbation of CK signaling impaired the maintenance of
cambial cells (Mahonen et al. 2000; Yokoyama et al. 2007;
Hejatko et al. 2009). Consistently, genes involved in CK
biosynthesis, translocation, and signal transduction are
abundantly expressed in the cambial zone (Miyawaki et al.
2004; Hirose et al. 2005; Zhao et al. 2005; Nieminen et al. 2008;
Ko et al. 2014; Zhang et al. 2014). Gibberellin (GA) modulates
cambial activity to differentiate into xylem tissues, thus
influencing the number or length of xylem fibers (Eriksson
et al. 2000; Funada et al. 2008; Dayan et al. 2012), an
observation consistent with high level of bioactive GAs in
xylem initial cells (Israelsson et al. 2005). GA also functions as a
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leaf-derived mobile signal in xylem expansion (Ragni et al.
2011). Interestingly, GA biosynthesis in poplar was transiently
induced at the early stage of cambial reactivation during
spring, suggesting that GA is involved in season- or age-
dependent regulation of cambial growth in tree species
(Druart et al. 2007).

Cell wall mostly contributes to plant biomass production
and its modification is also related to plant growth.
Homogalacturonan (HG), the most abundant pectic polysac-
charide, is a critical element of the primary cell wall in plants.
For example, HG modification by disrupting genes encoding
putative pectin methyltransferases, such as tumorous shoot
development2 (tsd2)/quasimodo2 (qua2) and cotton golgi-
related 2, 3 (cgr2 cgr3) mutants, conferred growth retardation
and overexpression of CGR2 or CGR3 increased size and fresh
weight of rosette leaves (Krupkova et al. 2007; Held et al. 2011;
Kim et al. 2015).

In this study, we showed that ICA, a putative pectin
methyltransferase, could alter the levels of several hormones
including CKs and GAs in Arabidopsis, leading to increased
cambial activity and plant growth.

RESULTS

Isolation of 35S::ICA with increased cambial activity and
biomass production of the shoot

To identify regulators of cambial activity, we screened an
Arabidopsis FOX line collection generated by a novel gain-of-
function system using full-length cDNAs, as previously
described (Ichikawa et al. 2006). The bases of inflorescence
stems from 4,500 transgenic plants were sectioned at the
stage of first silique development, and transgenic lines with
altered vascular development were selected using the light
microscope. One of the lines showed prominently increased
layers of cambial cells and was named “355::ICA”.

In Col-o plants, the vascular system was organized in
ordered and discrete bundles separated by the interfascicular
region in the inflorescence stem (Figure 1A). Fascicular
cambium was located between the phloem and xylem in
each bundle, but the interfascicular cambium between
vascular bundles was not distinctly developed at the stage
of first silique development (Figure 1A). In 35S:ICA, the
ordered vascular patterning was not changed, but it had a
thick, fasciated inflorescence stem, and the interfascicular
cambium was already visible between vascular bundles
(Figure 1A). Secondary xylems and phloems were also
observed in 35S:ICA interfascicular regions (Figure 1A). In
comparison with Col-0, the number of xylem and phloem cells
was markedly increased (by >20%) and that of cambial cells
was significantly increased (by 3.4-fold) in 35S::ICA (Figure 1B).
Cell size was not changed in the phloem and cambium but
slightly increased in the xylem of 35S:ICA (Figure 1C). The
number of vascular bundles was 7.4 £ 0.3 (mean £ SE) in Col-0
but 9.2 £ 0.3 in 35S::ICA (Figure 1D). The stem diameter of 35S::
ICA was particularly increased by 30% at the stage of the first
silique development, and remained larger than that of Col-0
throughout the life cycle (Figure 1E, F).

We then further analyzed the growth phenotypes of 35S::
ICA with respect to biomass production. The total length of
the vegetative stem internode was significantly longer in 35S::
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ICA than in Col-o plants (Figure 2A), and the number of
vegetative internodes in the main inflorescence stem was
significantly increased in 35S::ICA (Figure 2B), indicating that
the capacity for lateral shoot branching along the primary
shoot axis is highly increased in 35S:ICA. In addition, a
significant increase in stem height at the first and sixth silique
stages (Figure 2C) clearly correlated with the increased
number and overall length of vegetative internodes, and the
final height of 35S::ICA was significantly greater than that of
Col-o by 8% (Figure S1A). The fresh and dry weight of the
inflorescence stem in 35S:ICA were significantly increased
compared with those in Col-0 at the first and sixth silique
stages (Figure S1B, C), owing mainly to the increased fresh and
dry weight of vegetative internodes and axillary stems in 35S::
ICA as measured at the sixth silique stage (Figures 2D, S1D).
Moreover, fresh weight of rosette leaves more expanded in
35S:ICA than Col-o was significantly increased in 35S:ICA
(Figures 2E, F, S1E, F). Consistently, both the fresh and dry
weight of 35S5:ICA shoot were also significantly increased
compared with those of Col-0 shoot at the first and sixth
silique stages (Figures 2G, S1G, H). We then examined the root
growth in 6-day-old 355::ICA seedlings; not only the length and
cell number of meristemic zone but also the length and
diameter of primary roots in 35S::ICA were similar to those in
Col-o (Figure S2).

Endogenous CK levels are highly increased in 355::ICA during
the shoot development

To understand how 35S:ICA affects the cambial activity, we
first analyzed levels of endogenous plant hormones in various
tissues at different vegetative stages and six siliques stage and
found that active CKs were particularly increased in all
developmental stages measured in 35S:ICA (Table S1). In
vegetative stages, only CKs, especially CK nucleobases and CK
ribosides, were markedly increased in 35S::ICA compared with
Col-o (Figure 3A, B). CK nucleobases were increased in
internodes, axillary buds, and cauline leaves at the sixth silique
stage of 35S::ICA (Figure 3C). In addition, CK ribosides were
accumulated abundantly in all measured tissues (Figure 3D).
Interestingly, both tZ- and cZ-type CKs were increased in 35S::
ICA inflorescence stems, but iP-type CKs were slightly
decreased in inflorescence internodes, axillary stems, and
leaves, although the total amount of CKs was higher in 35S::
ICA than in Col-o (Figure S3). In agreement with the elevated
CKlevels in 35S::ICA, the CK-responsive genes ARR5, ARR6, and
ARR7 were upregulated in 35S::ICA (Figure 3E). The microarray
analysis also revealed that many CK-inducible genes (Bhargava
et al. 2013) were upregulated in 35S::ICA (Figure S4). Overall,
these results suggest that the modulation of CK levels could
be a major physiological factor in growth phenotype change in
35S::1CA.

We also profiled endogenous GAs, precursor (GASB, GA44
GAsg, GAso, GA,,, and GA,), bioactive (GA,, GA;, and GA,), and
deactivated (GAg) GAs, in Col-0 and 35S::ICA (Table S2). The GA
level was not altered in 35S::ICA in vegetative stages; however,
at the sixth silique stage, most precursor GAs were markedly
increased in 35S:ICA plants compared with Col-0 plants
(Table S2). The total amount of GAs were markedly increased
in all tissues of 35S::ICA, except for axillary stems (Figure 4A).
The level of GA,, the critical bioactive form in the
early reproductive stage in Arabidopsis (Sponsel et al. 1997;
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Figure 1. 35S:ICA increases cambial activity biomass production

(A) 35S:ICA (right) shows the increased number of cambial cells and layers compared with Col-0 control plants (left).
Microscope images of transverse sections are shown at the first silique stage. Lower images show magnified images of the
individual vascular bundles marked in upper images, respectively. p: phloem, pc: procambium, mx: metaxylem, px:
protoxylem. Bars =100 um. (B, C) The number of cambial cells in 35S::ICA is significantly increased compared with that in
Col-o plants (B), but the cell size is not (C). Cell size in each vascular tissue was measured using light microscopy and Image)J
software. Asterisk denotes statistically significant differences from Col-o analyzed using a Student’s t test (**P < 0.01). Error
bars indicate SE (n > 9). (D) The number of vascular bundles are increased in 35S::ICA compared with Col-0. Asterisk denotes
statistically significant differences from Col-o analyzed using a Student’s t-test (**P < 0.01). Error bars indicate SE (n>9).
(E, F) 35S::ICA shows increased stem diameter compared with Col-o throughout the whole plant life cycle (F), with a 30%
increase at the first silique stage (E). Asterisks denote statistically significant differences from Col-o analyzed using a
Student’s t-test (***P < 0.001). Error bars indicate SE (n>9). All experiments were performed at least three times using
biologically independent samples.

Eriksson et al. 2006), was significantly higher in 35S:ICA,
particularly vegetative internodes and cauline leaves, than in
Col-o (Figure 4B). Consistently, GA-inducible genes, such as
EXP1 (Yamauchi et al. 2004), GASA4, and GASA6 (Roxrud et al.
2007; Lin et al. 2011) were upregulated in 35S::ICA (Figure 4C).
To investigate the effect of increased GA levels in 35S::ICA on
inflorescence stem development, plants were treated with
paclobutrazol (PAC), a GA biosynthesis inhibitor. The lengths
of vegetative internodes and the inflorescence stem were
decreased in both 35S::ICA and Col-0 on PAC treatment, but
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35S::ICA still showed the increased traits compared to Col-0
regardless of PAC application (Figure 4D, E). Whereas, the
diameters of stems were not affected (Figure 4F). These
results suggest that elevated GAs in 35S:ICA contribute to
stem elongation but not to radial thickening in the inflores-
cence stem. Interestingly, active indole acetic acid (IAA) levels
were declined in rosette and cauline leaves of 35S:ICA but
increased in the main stem, especially in vegetative internodes
(Table S2). JA levels were also increased in all tissues of 35S::
ICA except the axillary stem (Table S2).
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Figure 2. 35S:ICA increases biomass production

(A) The vegetative internodes of 35S::ICA are longer than those of Col-o plants. The total length was measured from the ground
to the first uppermost vegetative node. Asterisk denotes statistically significant differences from Col-o analyzed using a
Student’s t-test (***P < 0.001). Error bars indicate SE (n=11). (B) 35S::ICA shows increased vegetative internodes. Asterisk
denotes statistically significant differences from Col-o analyzed using a Student’s t-test (***P < 0.001). Error bars indicate SE
(n > 30). (€) 35S::ICA shows an increase in stem height. Stem height was measured at the first or sixth silique stages. Asterisks
denote statistically significant differences from Col-0 analyzed using a Student’s t-test (**P < 0.01, ***P < 0.001). Error bars
indicate SE (n > 7). (D) 355::ICA shows enhanced growth of vegetative internodes and axillary stems. AS, axillary stem; CL, cauline
leaves; II, inflorescence internode; VI, vegetative internode. (E) The fresh weight of 355::ICA rosette leaves is increased compared
to Col-0 at the sixth silique stage. (F) Leaves of 35S5::ICA are larger than those of Col-0. Representative leaves when the bolt was
approximately 1cm high are shown. Bar =2 cm. (G) 355::ICA shows the increased biomass of shoot. (D, E, G) Fresh weight was
measured at the sixth silique stage. Asterisks denote statistically significant differences from Col-o analyzed using a Student’s t
test (***P < 0.001). Error bars indicate SE (n=9). All experiments were performed at least three times using biologically
independent samples.

35S::ICA highly expresses AT5G40830, which encodes a
putative methyltransferase

As FOX lines carry full-length cDNAs under the control of the
35S promoter in the pBIG2113SF expression vector, we
identified that 35S::ICA harbored overexpressed At5G40830
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by using vector-specific primers and confirmed that the
expression of AT5G40830 was highly and significantly
increased in 355:ICA compared with Col-o (Figure 5A).
Therefore, AT5G40830 is henceforth referred to as ICA. It
was revealed that T-DNA of pBIG2113SF expression vector
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Figure 3. Cytokinin levels, especially those of CK nucleobases and ribosides, are significantly increased in 35S::ICA

(A-D) 35S:ICA increases the amounts of endogenous CK bases (A, €) and CK ribosides (B, D). CK levels were measured in leaf
tissues at different developmental stages (A, B), and in various tissues at the sixth silique stage (C, D). CK nucleobases are trans-
zeatin (tZ), N®-(A*isopentenyl) adenine (iP), cis-zeatin (cZ), and dihydrozeatin (DZ), CK ribosides are tZR, iPR, cZR, and DZR.
Endogenous levels of each CK species are shown in Table S1. U1, the uppermost 1cm tissue of the vegetative internode; VI, the
other vegetative internodes except U1; Il, inflorescence internode; AS, axillary stem; CL, cauline leaves; RL, rosette leaves.
Asterisks denote statistically significant differences from Col-o using a Student’s t-test (*P < 0.05, **P < 0.01, *** P < 0.001). Error
bars indicate SE (n > 3). (E) The expression of CK-responsive markers including ARR5, ARR6, and ARR7 is increased in 35S::ICA.
Total RNA was isolated from the inflorescence stem at the sixth silique stage. UBQ1 was used for normalization. The expression
levels of each gene correspond to fold change from 35S::ICA and Col-0 plants. Also, expression levels of each gene in Col-0 are set
to 1. Asterisks denote statistically significant differences from Col-o using a Student’s t test (*P < 0.05, ** P < 0.01). Error bars

indicate SE (n > 3). The experiment was performed at least three times using biologically independent samples.

containing ICA cDNA was inserted into an intergenic region
between AT3G52670 and AT3G52680 in chromosome 3 as
confirmed by the analysis of thermal asymmetric interlaced
PCR (TAIL-PCR) (Figure 5B). ICA encodes an SAM-dependent
methyltransferase superfamily protein that has an N-terminal
transmembrane domain and a putative methyltransferase
domain, DUF248 (Figure 5B). To investigate spatial and
temporal expression patterns of ICA, we generated a set of
transgenic plants expressing GUS under the control of a
approximately 2 kb ICA promoter. Strong GUS expression was
observed in the entire plant vasculature of cotyledons and
mature leaves (Figure 5C-E). GUS activity was also detected in
the primary root cap and vascular parenchyma cells, as well as
in the steles of roots (Figure 5F, G). In the inflorescence stem,
GUS expression was restricted to procambial cells and
interfascicular zones (Figure 5H, ). The abundant expression
of ICA in the vascular tissue suggests that ICA plays a role in
vascular development.

To determine the physiological function of ICA, we obtained
a T-DNA insertion line (SALK 057412) of AT5G40830, ica
(Figure S5A). The T-DNA was inserted in the 3’ of the exon,
and ICA transcript was significantly reduced in ica as confirmed
by qRT-PCR (Figure S5B). In ica, compared to Col-0, the stem
diameter and height were slightly decreased at the first silique

November 2016 | Volume 58 | Issue 11 | 874-889

stage, but the total length and number of vegetative internode
were significantly reduced (Figure S5C-E).

Increased methanol emission in 35S::ICA is associated with
increased plant growth

Interestingly, transcripts encoding pectin methylesterases
(PMEs) involved in cell wall modification were altered in 35S::
ICA depending on their protein sequence similarity based on
microarray analysis. In Arabidopsis, 66 genes have been
annotated as potentially encoding PMEs clustered in four
different groups based on a protein sequence (Louvet et al.
2006). In particular, PME genes in group 2 except for
AT5G49180, expressed especially in flower buds (Louvet et al.
2006), were largely downregulated in 35S:ICA, but those in
group 1 were mostly upregulated (Figure 6A). Among genes
in group 1, we confirmed that the expression of PME1, PME44,
and AT3G49220, which are expressed in aerial parts such as
leaves, SAM, and inflorescence stem, was highly enhanced in
35S:ICA plants (Figure 6B). Considering that PMEs are
enzymes that produce methanol via catalyzing the removal
of methyl groups from the carboxyl residue of homogalac-
turonan (HG) methyl ester methylated by pectin methyl-
transferases (Figure 6C), the highly increased expression of
genes encoding a putative pectin methyltransferase, ICA, and
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Figure 4. 35S:ICA shows an increased level of endogenous gibberellin (GA), resulting in increased stem elongation, but not
radial growth, of the inflorescence stem

(A, B) The total amount of GAs (A) and active GA, GA, (B), is markedly increased in 35S::ICA. GA levels were measured in various
tissues at the sixth silique stage. Concentrations of each GA species are shown in Table S2. U1, the uppermost 1cm tissue of
vegetative internode; VI, the other vegetative internodes except U1; Il, inflorescence internode; AS, axillary stem; CL, cauline
leaves; RL, rosette leaves. Asterisks denote statistically significant differences from Col-0 analyzed using a Student’s t-*test
(*P < 0.05,**P < 0.01, ***P < 0.001). Error bars indicate SE (n = 9). (C) GA-responsive genes are upregulated in 355::ICA. Total RNA
was isolated from the inflorescence stem at the sixth silique stage. UBQ1 was used for normalization. The expression levels of
each gene correspond to fold change from 35S::ICA and Col-0 plants. Also, expression levels of each gene in Col-0 are set to 1.
Asterisks denote statistically significant differences from Col-o analyzed using a Student’s t test (**P < 0.01, ***P < 0.001). Error
bars indicate SE (n > 8). (D, E) The length of 35S::ICA vegetative internodes (D) and the height of the inflorescence stem (E) are
decreased in Col-0 and 35S::ICA in the presence of PAC, a GA synthesis inhibitor. (F) The stem diameter of 35S::ICA is not affected
by PAC treatment. (D-F) These growth characteristics were measured after plants had stopped to develop a flower in the SAM.
Statistical differences were calculated using one-way ANOVA between groups (P < 0.05, n=5). Bars with letters at the top
indicate the significant difference in their phenotypes. All experiments were performed at least three times using biologically

independent samples.

PMEs, suggests increased production of methanol as well as
alteration of cell wall modification in 35S::ICA. We accordingly
measured the amount of methanol released through
transpiration using a purpald/alcohol oxidase assay. The
total emitted amount of methanol was significantly increased
in 355::ICA compared to Col-0 in both 16- and 19-day-old
seedlings even though methanol emission per leaf area was
similar to each other (Figure 7A, B). Methanol increases
growth and development in various plant species (Nonomura
and Benson 1992; Madhaiyan et al. 2006; Ramirez et al. 2006).
To determine whether or not growth phenotypic changes in
35S::ICA could be caused by increased emission of methanol,
we examined phenotypes and RNA expressions during the
application of methanol in an airtight container. Increased
cambial activity was observed under daily methanol treat-
ment compared with mock treatment as control at the
first silique stage (Figure 7C). In addition, daily methanol
treatment significantly enhanced not only stem height
but also diameter in comparison with mock treatment
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throughout the life cycle (Figure 7D, E) and induced the
expression of PMEs, CK-, and GA-responsive genes at the first
silique stage in the inflorescence stem (Figure 7F, G). These
data suggest that the increased methanol emission in 35S::ICA
could act to stimulate growth and development in the
inflorescence stem. We then tested the hypothesis that
methanol functioning as a volatile organic compound affects
the growth and development of neighboring plants. Col-0
plants in mixed culture with 35S:ICA showed slightly
increased stem elongation in comparison with Col-0 in
monoculture, and increased radial growth was evident in
Col-o plants in mixed culture (Figure 7H, I). Surprisingly, the
expression of the CK marker genes such as ARR5, ARR6, and
ARR7 was significantly increased in Col-0 plants in mixed
culture compared with those in monoculture (Figure 7J).
Taking all findings together, we propose that 35S:ICA
modulates the homeostasis of plant hormone levels,
especially CK and GA, by the action of increased methanol,
which leads to increased inflorescence stem growth.
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(A) The transcript levels of AT5G40830 are highly and specifically increased in 355::ICA compared with those in Col-o0. Total RNA
was isolated from the inflorescence stem at the sixth silique stage. UBQ1 was used for normalization. Asterisk denotes
statistically significant difference in expression (***P < 0.001 for Student’s t-tests). Error bars indicate SE (n > 9). The experiment
was performed at least three times using biologically independent samples. (B) ICA cDNA encoding a protein which contains a
transmembrane and DUF248 domain is inserted into an intergenic region between AT3G52670 and AT3G52680. pBIG2113SF binary
vector was used to generate the FOX lines. The black and white boxes indicate exons and UTR regions respectively in each gene.
The black and gray lines indicate introns and intergenic region respectively. The arrow indicates the direction of transcription. The
gray boxes within the single exon of ICA indicate a transmembrane domain (TMD) at the N terminus and a DUF248 domain at
the C terminus predicted to function as a S-adenosyl-L-methionine (SAM)-dependent methyltransferase. The numbers indicate
amino acid residues. (C-G) Strong GUS staining is observed in vascular tissues of the leaves, roots, and inflorescence stem of
prolCA::GUS transgenic plants. GUS expression is pronounced in veins of cotyledons (C, D), steles of roots (F, G) in 11-day-old
seedlings, and vascular tissues of leaves in 30-day-old plants (E). (H, I) Cross-section at the base of the inflorescence stem at the
first silique stage shows expression in the procambial cells and interfascicular zones in the vasculature. Bars: (C, E left) 2 cm;
(D, E right) 500 pm; (F-I) 100 um.

DISCUSSION

respectively. The SAM-dependent methyltransferase region of
DUF248 domain in ICA also shows 55.1% amino acid sequence

This study identified that a new putative pectin methyltransfer-
ase, ICA, can be involved in the regulation of methanol produc-
tion, hormone homeostasis, cambial activity, and plant growth.

ICA has a putative SAM-dependent methyltransferase
region within DUF248 domain which shares 68.4% and 61.2%
amino acid sequence similarity to those of QUA2 and QUA3,

November 2016 | Volume 58 | Issue 11 | 874-889

similarity to those in CGR2 and CGR3. QUA3, CGR2, and CGR3
biochemically mediate HG methylesterification (Held et al.
2011; Miao et al. 2011; Kim et al. 2015) and QUA2 is known to
be involved in HG biosynthesis (Krupkova et al. 2007;
Mouille et al. 2007); therefore, with high sequence similarity
of the pectin methyltransferase domain, it is possible that ICA
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also contributes to HG modification. In addition, similar to
phenotypes of 35S:ICA, ectopic expression of CGR2 or CGR3
increased leaf size, petiole length, and fresh weight in rosette
leaves (Held et al. 2011; Kim et al. 2015) and QUA2 and its
closest homologs, QUASIMODO?2 LIKE1 (QUL1) and QUL2, were
involved in the vascular development of the inflorescence
stem (Fuentes et al. 2010).

Highly methylated HG, which could be also affected by a
putative methyltransferase ICA in pectin modification, is
known to increase the activity of PMEs (Guénin et al. 2011).
Methanol is mainly produced by demethylation of pectin such
as HG in the cell wall through the action of PMEs (Pelloux et al.
2007; Jolie et al. 2010). Therefore, it is possible that increased
expression of ICA may enhance the degree of HG methylation,
which leads to increased PME activity, and eventually
methanol emission. Considering that foliar treatment with
methanol promotes stem elongation and biomass accumula-
tion in Arabidopsis (Ramirez et al. 2006), and the repeated
application of low quantity of methanol increases plant
growth similar to a single apllication of high dosage of
methanol (Nonomura and Benson 1992), the increase of total
amount in methanol emission could be related to plant
growth and development in 35S:ICA. We also found that
exogenous methanol enhanced radial growth as well as stem
elongation in the inflorescence stem and accelerated vascular
development as that observed in phenotypes of 35S::ICA with
increased levels of emitted methanol (Figure 7). Methanol is
known to induce the expression of certain PMEs (Ramirez
et al. 2006) as observed in this study (Figure 7). As the
upregulated expression of PMEs could be linked to increase
methanol emission (Dorokhov et al. 2012; Dixit et al. 2013),
we hypothesize that this positive feedback regulation can
contribute to maintain high PME expression and methanol
emission in 35S:ICA. Interestingly, we observed increased
stem elongation and radial thickening of inflorescence stems
in Col-0 co-cultured with 35S::ICA compared with monocul-
tured Col-o (Figure 7). Because methanol is emitted through
the stomata on the leaf as a volatile organic compound (VOC)
(Nemecek-Marshall et al. 1995; Hiive et al. 2007), it is possible
that methanol affects neighboring plants as well as the
methanol-producing plant itself. High PME activity induced by
pathogen challenge releases more methanol, leading to
increased pathogen resistance in the plant being attacked
and eventually in neighboring plants (Penuelas et al. 2005;
Korner et al. 2009; Dorokhov et al. 2012; Dixit et al. 2013). It is
also plausible that methanol can act as a signaling molecule
for the detection of growing plants nearby as methanol

emission is closely dependent on the growth rate of leaves
(MacDonald and Fall 1993; Hiive et al. 2007). In any case, it is
likely that methanol is not only a byproduct of pectin
modification but also has a distinct role in plant growth and
development.

Methanol itself also can be metabolized into CO, (Cossins
1964), and high CO, concentration can increase the accumu-
lation of glucose as well as that of sucrose and starch,
promoting plant growth (Hachiya et al. 2014). Glucose induces
the expression of genes involved in CK biosynthesis,
metabolism, and signaling (Kushwah and Laxmi 2014).
Considering that CKs, especially CK nucleobases and CK
ribosides, were highly retained in 35S::ICA during all measured
developmental stages, they could be a major regulator of 35S::
ICA development mediated by methanol (Figure 3; Table S1). It
is known that CK nucleobases are active forms which directly
bind to AHK?2, 3, and 4 receptors (Hothorn et al. 2011; Lomin
et al. 2015), and CK ribosides also activates pARR5:GUS
reporter expression but relatively lower than tZ (Spichal et al.
2004). Endogenous levels of CK nucleobases in 35S::ICA were
not significantly increased at vegetative stages, but their high
binding affinity could affect the vegetative growth of 35S::ICA.
Furthermore, the CK receptor and ARABIDOPSIS HISTIDINE-
CONTAINING PHOSPHOTRANSMITTER (AHP) function in
vegetative growth by regulating leaf expansion (Riefler
et al. 2006; Deng et al. 2010) and Col-0 co-cultured
with 35S:ICA, similar to 35S:ICA, showed upregulation of
CK-responsive genes (Figure 7). Therefore, the increased CK
levels are also likely to affect shoot growth in 35S::ICA during
the vegetative stage. Considering that CK also regulates
cambial activity and vascular development (Matsumoto-
Kitano et al. 2008; Nieminen et al. 2008; Hejatko et al.
20009), it is therefore possible that increased CK concentration
in 35S:ICA shoots is related to the proliferation and/or
maintenance of vascular cambial cells in 355::ICA (McKenzie
et al. 1998; Nishimura et al. 2004; Matsumoto-Kitano et al.
2008; Bartrina et al. 2011; Kiba et al. 2013). High levels of
tZ-type CK predominantly regulate shoot growth and develop-
ment (Kiba et al. 2013), which was similarly observed in 35S::
ICA. The increased levels of total CK in 35S::ICA plants may be
attributed to both biosynthesis and translocation of CK types.
Taking these findings together, we propose that methanol
could indirectly modulate CK homeostasis via its transition
into photoassimilates during the early vegetative stage.

Interestingly, CK regulates genes involved in the biosyn-
thesis of GA and IAA, affecting their levels (Ding et al. 2013).
Consistently, transcriptome analysis revealed that GA200x1,

<

Figure 6. The expression of genes encoding pectin methylesterase (PME) is altered in 35S::ICA depending on their protein
sequence similarity

(A) Genes encoding PMEs in group 1 are mostly upregulated but those in group 2 are downregulated in 35S::ICA based on
microarray analysis. Values (fold change) correspond to the log, ratio of expression from 35S::ICA (M) and Col-o (C) Arabidopsis
plants. (B) The expression of PMEs predominantly expressed in the shoot in group 1 is increased in 355::ICA, as confirmed using
gRT-PCR. Total RNA was isolated from the inflorescence stem at the sixth silique stage. UBQ1 was used for normalization. The
expression levels of each gene correspond to fold change from 35S::ICA and Col-0 plants. Also, expression levels of each gene in
Col-o are set to 1. Asterisks denote statistically significant differences from Col-0 using a Student’s t test (**P < 0.01, *** P <
0.001). Error bars indicate SE (n = 3). The experiment was performed at least three times using biologically independent samples.
(€) Methanol is released by methyl and demethyl-esterification of homogalacturonan by pectin methyltransferases (e.g. ICA) and
pectin methylesterases (PMEs).
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which is involved in GA biosynthesis and expressed especially
in the inflorescence stem (Rieu et al. 2008), was highly
upregulated in 35S5::ICA. Methanol treatment also induced the
expression of CK- and GA-responsive genes, similarly to its
effect in 35S::ICA (Figure 7), suggesting that growth stimula-
tion by methanol produced in 35S::ICA might depend on the
accumulation of CKs and GAs. Interestingly, regardless of
relatively low increase of bioactive GA, level in 35S:ICA,
GA-responsive gene expression was highly induced (Figure 4).
This might be another case of nonlinear correlation between
hormone content and gene expression observed in other
hormone studies (Ogawa et al. 2003; Werner et al. 2003). Our
study also showed that treatment of a GA synthesis inhibitor
still remained longer vegetative internodes and main stem in
35S::ICA than Col-0, which were similar to those of Col-0
without the inhibitor (Figure 4). Moreover, the expression of
certain genes can be affected by several hormones simulta-
neously such as EXP1induced by both CK and GA (Ogawa et al.
2003; Bhargava et al. 2013). Therefore, we postulate that the
mild increase of GA, could significantly affect GA responses in
35S::ICA in which the induction of hormone-responsive genes
is critical to the relative increase of hormone levels. We also
found that not only CKs and GAs but also IAA and JA levels
were increased in the inflorescence stem of 35S:ICA
(Table S2), probably owing to the regulation of genes involved
in IAA polar transport and JA biosynthesis, as shown by the
microarray analysis. IAA and JA are involved in the develop-
ment of interfascicular cambium (Sehr et al. 2010; Agusti et al.
2011). The increased activity of vascular cambium in 35S:ICA
could be related to the systemic regulation of various
hormones, leading to the increased biomass of the inflores-
cence, although it is still unclear how methanol regulates
phytohormone homeostasis. The hormone homeostasis,
including CK, GA, IAA, and JA, can be affected by methanol,
suggesting that methanol may play distinct roles in the
perception of extrinsic cues, such as the growth rate of
neighboring plants, and their integration into the develop-
mental program.

MATERIALS AND METHODS

Plant material and growth conditions

Arabidopsis thaliana ecotype Col-0 served as the wild type. The
FOX line collection in Arabidopsis (Ichikawa et al. 2006) was
used for the screening of novel regulators of vasculature. The
transgene in the selected FOX line was identified by PCR of
genomic DNA using a primer pair (GS4, 5'-ACATTCTACAACTA-
CATCTAGAGG-3/, and GS6, 5'-CGGCCGCCCCGGGGATC-3') and
sequencing. The insertion site of the pBIG2113SF expression
vector in FOX lines was identified by TAIL-PCR of genomic DNA
as previously described (Liu et al. 1995). Three vector specific
primers (LB1, 5'- CTGAATGGCGCCCGCTCC-3/, LB2, 5'-TGGTTCAC
GTAGTGGGCCATCG-3, and LB3, 5-ATTTTGCCGATTTCGGAAC-
3') and eight arbitrary degenerate (AD) primers (AD1, 5'-NTC
AGSTWTSGWGWT-3/, AD2, 5'-WTGCCWNNCCCC-3/, AD3, 5'-GW
SIDRAMSCTGCTC-3/, AD4, 5'-WGTGNAGWANCANAGA-3/, AD5,
5'-TTGIAGNACIANAGG-3/, AD6, 5'-AGWGNAGWANCANAGA-3/,
AD7, 5'-WGCNAGTNAGWANAA-3', AD8, 5'-AWGCANGNCWGA
NATA-3') were used to perform TAIL-PCR. Seeds were
germinated on 1/2 B5 medium containing 1% sucrose and
0.8% w/v agar under fluorescent light (16-h light/8-h dark) at
23°C. Young seedlings were then transferred to soil and grown
until the experiment. Seedlings grown in mixed culture using a
two-compartment Petri plate (I-plate) in the media were
transferred to the soil in a checked pattern. The ica
(SALK_057412) was obtained from Arabidopsis Biological
Resource Center.

Histological analysis of vasculature development

Histological analysis in the inflorescence stem was performed
as previously described (Hejatko et al. 2009), with slight
modifications. Inflorescence stem sections were cut from the
base up to 5 mm at the stage of the first silique development.
The cut samples were fixed for 3 h in 0.1 M phosphate buffer
(pH 7.2) with 3% glutaraldehyde and then washed twice with
the buffer alone. The fixed samples were dehydrated in
graded acetone. Prepared samples were embedded in Spurr’s

<

Figure 7. The amount of methanol is increased in 355::ICA, leading to stimulation of the growth of the inflorescence stem
(A, B) 35S::ICA increases total released amount of methanol (A) but not methanol emission per leaf area (B) compared with Col-o.
The emitted amount of methanol was quantified using the water released mainly by transpiration from the surface of leaves. Leaf
area was measured using imageJ software. Asterisks denote statistically significant differences from Col-o using a Student’s t-test
(*P < 0.05). Error bars indicate SE (n = 5). (C) Methanol treatment (right) increases vascular tissues, especially cambial cell layers
compared with mock treatment (left). Microscope images of transverse sections are shown at the first silique stage. Lower images
show magpnified images of the individual vascular bundles marked in upper images, respectively. Bars =100 pm. (D, E) Methanol
treatment increases the stem height (D) as well as the stem diameter (E). Stem height and diameter were measured daily
throughout the whole life of Col-o and 35S::ICA plants treated with o (mock control), 10, and 30 wL of 100% methanol. Asterisks
denote statistically significant differences from Col-0 using a Student’s t test (*P < 0.05, ** P < 0.01, *** P < 0.001). Error bars
indicate SE (n = 8). (F, G) Methanol induces the expression of PMEs (F) and CK- or GA-responsive genes (G). Total RNA was isolated
frominflorescence stems at the first silique stage after daily methanol treatment. UBQ1 was used for normalization. The expression
levels of each gene correspond to fold change from mock and methanol treatment. Also, expression levels of each gene in mock
treatment are set to 1. Error bars indicate SE (n>6). (H, 1) Col-o co-cultured with 35S::ICA [Col-0 (X); mixed culture] displays
increased stem elongation (H) and radial growth (1) of the inflorescence stem compared with Col-o plants grown with themselves
(monoculture). Stem height and diameter were measured at the sixth silique stage. Error bars indicate SE (n > 5). (J) The CK marker
genes ARR5, ARR6, and ARR7 are upregulated in Col-o co-cultured with 35S::ICA [Col-o (X); mixed-culture]. Total RNA was isolated
from 8-day-old seedlings. UBQ1 was used for normalization. Error bars indicate SE (n > 5). (F-J) Statistical differences were
calculated using one-way ANOVA between groups (P < 0.05). Bars with letters at the top indicate significant differences in their
expressions or phenotypes. All experiments were performed at least three times using biologically independent samples.
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resin for 48 h at 65 °C. Sectioned specimens (2 wm) were cut
using a fully automated rotary microtome (Leica, http://www.
leicabiosystems.com/), stained in 0.05% toluidine blue, and
then monitored and recorded vasculature development using
a Zeiss Axioplan2 microscope. Stem diameter was measured
by microscopy at the stage of the first silique development
and using a caliper during the whole plant life cycle. Image)
was used for determining cell number and size in the vascular
tissue.

Analysis of RAM activity and primary root growth

Plants were grown vertically in the Petri dish to measure the
length of primary roots. To determine the size of meristemic
zone in the root, whole-mount preparation was performed as
previously described (Malamy and Benfey 1997). Length and
cell number of meristemic zones, diameter, and length of
6-day-old roots were analyzed by using a Zeiss Axioplan2
microscope equipped with differential interferential contrast
optics.

Exogenous methanol and paclobutrazol (PAC) treatment
Starting with 10-day-old seedlings, plants were treated with
different amount of methanol for 12h daily in an airtight
container made of acrylic panel. For methanol treatment, a
1.5 mL e-tube which contains 10 or 30 pL of 100% methanol was
surrounded by eight plants grown in the same container. The
lid of methanol loaded e-tube was opened and tightly covered
with 3 M Micropore tape (TM1530-1, http://www.3m.com/3M/
en_US/company-us/) for slow volatilization during 12 h treat-
ment daily. Final concentration of methanol within the air of
container was about 0.1 and 0.3 ppm, respectively. Col-0 and
35S::ICA plants were sprayed with 0, 1, and 5 wM PAC from 14 d
after sowing at intervals of 5 d. Lengths of vegetative
internodes, stem height, and diameter were recorded after
plants had stopped developing flowers in the SAM.

Histochemical GUS analysis

Approximately 2.0kb upstream sequence from the start
codon of ICA was amplified by PCR and cloned into the
pCAMBIA1303 expression vector to observe ICA expression
pattern in planta. Transgenic plants expressing prolCA::GUS
reporter construct were generated using floral dip method
mediated by Agrobacterium tumefaciens as described (Clough
and Bent 1998; Logemann et al. 2006). T3 homozygous plants
at various developmental stages were stained using X-Gluc
(GOLD BIOTECHNOLOGY, http://www.goldbio.com/). For the
detection of GUS staining in vascular tissues of the
inflorescence stem, segments were cut using a razor blade
from the bases of inflorescence stems at the stage of the first
silique development. Segments were mounted in 50% glycerol
and monitored and recorded using a Zeiss Axioplan2
microscope.

Microarray analysis

For microarray experiments, total RNA was isolated from the
inflorescence stem at the stage of the sixth silique develop-
ment in Col-0 and 35S:ICA using TRIZOL reagent (Thermo
Fisher scientific, http://www.thermofisher.com/) according to
the manufacturer’s instructions. RNA samples were freed of
DNA contamination using DNAfree (Ambion, http://www.
invitorgen.com/ambion). ¢cDNA was synthesized using the

www.jipb.net

ImProm-Il reverse transcription system (Promega, http://
www.promega.com/). Two biological replicates were pre-
pared under the same growth conditions. The integrity of RNA
was checked using bioanalyzer (Agilent Technologies, http://
www.agilent.com/). Subsequent steps of the microarray
experiment followed Agilent protocols. The microarray data
performed in this paper have been deposited in the National
Center for Biotechnology Information Gene Expression
Omnibus database (GSE78134).

Quantitative RT-PCR analysis

Total RNA was isolated from the inflorescence stem at the
stage of the first or sixth silique development and from
mature leaves (aerial parts of 21-day-old seedlings) using
TRIZOL reagent (Thermo Fisher scientific) according to the
manufacturer’s instructions. Quantitative real-time PCR was
performed using SYBR Premix EX taq (Takara, http://www.
takara-bio.com/) in a LightCycler 2.0 (Roche, http://www.
roche.com/) using gene-specific primers. The expression levels
of UBQ1 were used as an internal control. Significant
differences in transcript levels measured using qRT-PCR
were identified with Student’s t-test and ANOVA at a
significance level of P < 0.05.

Quantification of methanol emission

Emitted amounts of methanol were measured as previously
described (Dixit et al. 2013) with minor modifications. Plants
(16- or 19-day-old) were individually incubated in hermeti-
cally sealed glass jars for 5h under fluorescent light. Water
on the wall was collected using a cell scraper. It was used to
quantify methanol by indirect detection assay (purpald/
alcohol oxidase method) as previously described (Anthon
and Barrett 2004). The experiment was performed using at
least three biological replicates; representative data are
shown.

Quantification of endogenous hormone levels

Frozen tissues (approximately 100 mg fresh weight) of rosette
leavesin 7-, 14-, 21-, and 28-day-old plants or various aerial parts
at the sixth silique stage were ground to fine powder using a
Mixer Mill (MM301; Retsch, http://retsch.com) with a zirconia
bead and lyophilized. Extraction and determination of
hormone levels were performed using ultra-performance
liquid chromatography-tandem mass spectrometry as previ-
ously described (Kojima et al. 2009).
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in the
supporting information tab for this article: http://onlinelibrary.
wiley.com/doi/10.1111/jipb.12486/suppinfo

Figure S1. 355::ICA shows increased shoot biomass compared
with Col-0

(A) The final stem height is longer in 35S::ICA than in Col-0
plants (n=10). (B, C) The weight of inflorescence stem
significantly is increased in 35S::ICA compared with that in Col-
0. Fresh (B) and dry (C) weight were measured at the first
(n > 6) or sixth silique stage (n > 4). (D) 35S::ICA enhances the
growth of vegetative internode and axillary stems, largely
accounting for the increased dry weight of the inflorescence
stem. Dry weight was measured at the sixth silique stage
(n=09). (E, F) The weight of mature leaves is significantly
increased in 35S::ICA compared with that in Col-0. Fresh (E)
and dry (F) weight were measured at the first (n > 6) or sixth
silique stage (n>4). (G, H) Total weight of shoot is also
increased significantly in 35S::ICA compared with that in Col-o.
Fresh (G) and dry (H) weight were measured at the first (n > 6)
or sixth silique stage (n > 4). In all data, asterisks denote
statistically significant differences from Col-o using a Stu-
dent’s t-test (**P < 0.01, *** P < 0.001). Error bars indicate SE.
All experiments were performed at least three times using
biologically independent samples.

Figure S2. 355::ICA does not show distinct growth phenotypes
in the root

(A, B) No difference in the length (A) and cell number (B) of
meristemic zone in the root apical meristem (RAM) is shown in
35S:ICA compared to Col-0. RAM size was measured as the
distance and cell number between the quiescent center (QC)
and the first extending cortex cells in 6-day-old seedlings. (C, D)
The main root length (C) and diameter (D) are not affected in
35S::ICA. These traits were measured using the light microscope
in 6-day-old seedlings. Error bars indicate SE (n=5).

Figure S3. Endogenous cytokinin (CK) levels are altered in 355::
ICA

CK levels were measured at various tissues at the sixth silique
stage. iP-type CK is N®-(A>isopentenyl) adenine and its
conjugates, cZ-type CK is cis-zeatin and its conjugates, and
tZ-type CK is trans-zeatin and its conjugates. U1, the
uppermost 1cm of vegetative internode; VI, the other
vegetative internodes except U1; Il, inflorescence internode;
AS, axillary stem; CL, cauline leaves; RL, rosette leaves.
Asterisks denote statistically significant differences from Col-o
using a Student’s t-test (*P < 0.05, ** P < 0.01, *** P < 0.001).
Error bars indicate SE (n > 3).

Figure S4. Cytokinin-inducible genes are mostly upregulated in
35S::ICA based on microarray analysis
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Values (fold change) correspond to log, ratio of expression
from 35S::ICA (M) and Col-o (C) Arabidopsis plants.

Figure S5. ica, an ICA knockdown mutant, shows decreased
growth phenotypes in the inflorescence stem

(A) Schematic illustration of T-DNA insertion in the ica mutant.
The black and white boxes indicate exon and UTR regions. The
black line in 5" UTR region indicates intron. (B) Transcripts of
ICA are significantly decreased in the ica mutant. Total RNA
was isolated from inflorescence stems at the first silique stage.
UBQ1 was used for normalization. (C-F) Stem diameter (C) and
height (F) of ica are similar to those of Col-o at the first silique
stage, but the total length (D) and number (E) of vegetative
internodes are significantly reduced in ica compared to Col-o.
(D) The total length was measured from the ground to the first
uppermost vegetative node. (B-F) Asterisks denote statisti-
cally significant differences from Col-0 analyzed using a
Student’s t test (*P < 0.05, *** P < 0.001). Error bars indicate
SE (n > 7). All experiments were performed at least three
times using biologically independent samples.

Table S1. Endogenous levels of cytokinins in Col-0 and 35S::ICA
during shoot development

Phytohormone levels were measured in various tissues at
different vegetative stages and the sixth silique stage. Values
are represented as average +SE (n > 3), except where
labeled. Asterisks denote statistically significant differences
from Col-o0 using a Student’s t-test (*P < 0.05, **P < 0.01, ***P
< 0.001). *data only detected in one tissue from three and
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nine biological replicates, respectively. gFW, gram fresh
weight; dos, day-old seedling; U1, uppermost 1cm tissue of
vegetative internode; VI, other vegetative internodes except
U1; Il, inflorescence internode; AS, axillary stem; CL, cauline
leaves; RL, rosette leaves; tZ, trans-zeatin; tZR, tZ riboside;
tZRPs, tZ ribotides; cZ, cis-zeatin; cZR, cZ riboside; cZRPs, cZ
ribotides; DZ, dihydrozeatin; DZR, DZ riboside; DZRPs, DZ
ribotide; iP, NG—(Az-isopentenyI) adenine; iPR, iP riboside;
iPRPs, iP ribotides; tZ7G, tZ-7-N-glucoside; tZ9G, tZ-9-N-
glucoside; tZOG, tZ-O-glucoside; cZOG, cZ-O-glucoside; tZROG,
tZR-O-glucoside; cZROG, cZR-O-glucoside; DZ9G, DZ-9-N-
glucoside; iP7G, iP-7-N-glucoside; iP9G, iP-9-N-glucoside; N.
D., indicates not detected.

Table S2. Endogenous levels of gibberellins (GAs), auxins
(IAAs), and jasmonic acid (JA) in Col-0 and 35S::ICA at the sixth
silique stage

Phytohormone levels were measured in various tissues at the
sixth silique stage. Values are represented as averages + SE
(n=09), except where labeled. Asterisks denote statistically
significant differences from Col-o0 using a Student’s t-test (*P <
0.05, **P < 0.01, ***P < 0.001). ?data only detected in one
tissue from nine biological replicates. U1, uppermost 1cm
tissue of vegetative internode; VI, other vegetative internodes
except U1; Il, inflorescence internode; AS, axillary stem; CL,
cauline leaves; RL, rosette leaves. gFW, gram fresh weight; N.
D., not detected. IA-lle 4- 1A-Leu, IA-Phe, IA-Trp, GA,, GA;, and
GAg were also measured, but not detected.
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