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Abstract
The cell wall in wood is mainly composed of three components: cellulose, hemicellulose and lignin. According to electron microscopy observations of the innermost
surface of cell walls in the tracheids of Cryptomeria japonica, cellulose microfibrils
are deposited during the day and a matrix containing hemicellulose is deposited at
night. This indicates that the deposition of cell wall components exhibits diurnal periodicity. To gain new insights into the diurnal periodicity of lignin deposition not
revealed by microscopic observations, we examined diurnal fluctuations in the expression of genes involved in monolignol biosynthesis in C. japonica saplings grown
in the field and in growth chambers under a 12 h light/dark cycle. In the field experiment, two gene expression peaks were observed daily, at dusk and dawn. In the
growth chamber experiment, two daily peaks were observed 0 h and 6 - 9 h after the
light switched on.
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1. Introduction
Cell walls in wood are mainly composed of three components: cellulose, hemicellulose,
and lignin. Cellulose is a linear polymer composed of glucose residues. Its molecular
chain is elongated by cellulose-synthesizing complexes embedded in the plasma membrane [1]. Synthesized cellulose chains are bundled to form fibers called cellulose microfibrils, which are deposited appositionally along the innermost surface of cell walls
[2]. Hemicellulose is a branched polysaccharide composed of sugars such as glucose,
xylose, and mannose, and it is synthesized in the Golgi apparatus. Newly synthesized
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hemicellulose is transported to the plasma membrane by Golgi vesicles, secreted to the
innermost surface of the cell walls via vesicle integration into the plasma membrane,
and deposited in the walls [3]. Lignin is a net-like polymer composed of phenylpropane
units called monolignols, which are synthesized in the cytoplasm and transported to the
cell wall, where they are polymerized by peroxidase and laccase [4] [5].
After cell wall components are synthesized in the cytoplasm, they are transported out
of the plasma membrane and deposited; hence, cell walls are basically formed from the
outer side, inward. Therefore, when making a longitudinal section of differentiating
xylem and observing the innermost surface of the cell wall by microscopy, the component that has been synthesized and deposited most recently should be visible. Observations of the innermost surfaces of cell walls have been observed with electron microscopy in Populusnigra, Cryptomeria japonica, and others [6] [7]. For instance, when
the innermost surfaces of tracheids during the thickening stage of the middle layer of
the secondary cell walls (S2 layer) were observed in C. japonica grown in the field or in
a growth chamber, cellulose microfibrils were evident during the day or the light period, and a matrix covering the microfibrils was evident at night or during the dark period. These observations led to the conclusion that the deposition of cell wall components has diurnal periodicity [8] [9].
Immunostaining with antibodies that specifically label hemicellulose has been used
to determine the composition of the matrix that deposits at night. In experiments on C.

japonica saplings, the matrix observed at night contained glucomannan and xylan,
which are the main components of hemicellulose in conifers [7] [10]. Bobák and
Nečesaný [6] observed that the matrix in the innermost surfaces of cell walls was composed of lignin. However, during thickening of the S2 layer, lignin is deposited in the
primary walls and the outer layer of the secondary walls, both of which exist outside
this layer [11] [12]; therefore, it is unlikely that lignin exists in the innermost surfaces of
the S2 layer. Because lignin deposits intussusceptively from the outer towards the inner
side of cell walls, it is difficult to determine the periodicity of lignin deposition using
only observations of the innermost surface of the wall via electron microscopy.
Several studies have examined the diurnal periodicity of the expression of genes involved in the synthesis of cell wall components. For instance, Harmer et al. [13] grew

Arabidopsis thaliana under constant light and examined the fluctuations of gene expression related to the phenylpropanoid biosynthetic pathway, and found that expression peaked before the subjective dawn. Solomon et al. [14] examined fluctuations in
the expression of genes involved in lignin biosynthesis in Eucalyptus grandis × E. ca-

maldulensis and E. grandis × E. urophylla grown in the field, and reported that expression peaked twice daily, once during the day and once before dawn.
We selected C. japonica as the experimental model for this study as it had been previously studied for cell wall component deposition in the innermost layer. We examined it for diurnal fluctuations in the expression of genes involved in the synthesis of
cell wall components. Based on our results, we discussed the relationship between the
diurnal periodicity of cellulose microfibril/matrix deposition in the innermost surface
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of the cell wall that was previously observed with microscopy, and the diurnal fluctuations in the expression of genes involved in the synthesis of cellulose and hemicellulose.
In addition, we examined diurnal fluctuations of the expression of genes involved in
monolignol biosynthesis to gain new insights into the diurnal periodicity of lignin deposition not previously revealed via microscopy.

2. Materials and Methods
2.1. Plant Growth Conditions
The experiments were conducted in two environments, in the field and in growth
chambers. The field experiment was conducted from April to July 2015 in a field owned
by Nagoya University, Japan. Sixteen 3-year-old C. japonica saplings (~110 cm in height, ~15 mm in basal diameter) were planted in plastic pots filled with a mixture of red
soil and compost. To maintain vertical stem growth, saplings were fixed loosely to
stakes with wire. The growth chamber experiment was conducted from April to June
2014. Sixteen 2-year-old C. japonica saplings (~64 cm in height, ~13 mm in basal diameter) were planted in pots and fixed to stakes with wire. The saplings were grown in
the field from April to May and moved to the growth chambers (MLR-350H, Sanyo,
Japan) with the pots 1 week before sample collection. The temperature of the growth
chambers was set to 25˚C, and the lighting was set to a 12 h light/dark cycle. In both the
field and growth chamber experiments, meteorological equipment (TR-74Ui, T & D
Corporation, Nagano, Japan) was placed beside the saplings to measure temperature,
illumination intensity, and ultraviolet intensity.

2.2. Sampling Schedule
In the field experiment, samples were taken from 29 June to 1 July 2015. Plants were
sampled every 3 h (10:00, 13:00, 16:00, 19:00, 22:00, 01:00, 04:00, and 07:00). The eight
obtained samples were compiled as one set, and totally two sets of xylem samples were
collected in the field experiment. In the growth chamber experiment, samples were
taken twice, on 30 May and 6 June. Plants were sampled 0, 3, 6, 9, 12, 15, 18, and 21 h
after the light switched on. The eight obtained samples were compiled as one set, and
totally two sets of xylem samples were collected in the growth chamber experiment.

2.3. Collection of Differentiating Xylem and Quantification of Gene
Expression
After removing the bark, differentiating xylem tissue was scraped from the stems. The
collected tissues were frozen immediately in liquid nitrogen and stored at −80˚C until
further use. Total RNA was extracted from the tissues using an RNeasy Plant Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. The RNA samples were treated with DNase I (Takara Bio, Kusatsu, Japan) to digest contaminating
genomic DNA. Conversion into cDNA was performed using Prime Script RT Master
Mix (Takara Bio). The quantitative reactions were performed on a Step One Plus Real
Time PCR System (Life Technologies, Carlsbad, CA, USA) using the POWER SYBR
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Green PCR Master Mix (Life Technologies). The reaction mixture (20 μL) contained 2
× POWER SYBR Master Mix (Life Technologies), 0.2 μM each of the forward and reverse primers, and 5 ng of template cDNA. PCR was performed under the following
conditions: 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 s and 58˚C for 60 s.
Dissociation curve analyses and electrophoresis were performed after the PCR runs to
confirm product specificity and to check for primer dimer production. Gene expression
was normalized to cyclophilin as an internal reference gene. Relative gene expression
was calculated using the 2−∆∆Ct method [15]. All of the reactions were performed in triplicate.

2.4. Genes Examined and Primer Synthesis
To assess genes involved in cellulose synthesis, we quantified the transcript abundance
of two genes: cellulose synthase A (CesA) and sucrose synthase (SUS). To assess the
genes involved in lignin synthesis, we quantified the transcript abundance of eight
genes: phenylalanine ammonium lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate coenzyme A ligase (4CL), p-hydroxycinnamoyl-CoA: quinate/shikimate-hydroxy cinnamoyltransferase (HCT), p-coumarate 3-hydroxylase (C3H), caffeoyl-CoA
O-methyltransferase (CCoAOMT), cinnamoyl-CoA reductase (CCR), and cinnamyl
alcohol dehydrogenase (CAD). We followed the protocol used by Mishima et al. [16] to
generate the primer sequences for these genes. To assess genes involved in hemicellulose synthesis, we quantified the transcript abundances of two genes required for glucomannan and xylan synthesis. From the expressed sequence tag database of C. japoni-

ca (Forest GEN, http://forestgen.ffpri.affrc.go.jp/ja/index.html), we searched for a C.
japonica homolog of the cellulose synthase-like A (CslA) gene involved in the elongation of glucomannan main chains using a Pinustaeda homolog (PtaCslA1) [17] as the
query. Similarly, we searched for a C. japonica homolog of the glycosyltransferase (GT)
gene involved in xylan main chain elongation using IRX10 from A. thaliana [18] [19] as
the query. Based on the results (Cluster ID: CJC19320, CJC03090), primer sequences
were designed as follows: CslA-F: 5’-CGTATGCCTTCTTCGGCTTC-3’, CslA-R: 5’TTGTGCGGTCTTTCCAACC-3’, GT-F: 5’-TGAACCCAGAGGAGGCTGAC-3’, GTR: 5’-GGTGATTTGAAGGGCAATGG-3’. For cyclophilin, which was used as an internal reference gene, we searched for a C. japonica homolog using cyclophilin from Cha-

maecyparis obtusa (Accession number: AB505627) as the query. Based on the results
(Cluster ID: CJC00214), the following primer sequences were designed: F: 5’-CGGTGAGTCCATTTACGGTTC-3’, R: 5’-TGGTGTTCTTCCCAGCGTTAG-3’. All of the
primers were designed using Primer3Plus [20] and synthesized commercially.

3. Results
3.1. Sapling Growth Conditions
In this study, saplings were grown in either the field or in growth chambers. In both
experiments, meteorological equipment was placed beside the saplings to measure
temperature, illumination intensity, and ultraviolet intensity (Figure 1). In the field
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(a)

(b)

(c)

Figure 1. Growth conditions of C. japonica saplings: (a) temperature; (b) illumination intensity;
and (c) ultraviolet intensity in the field and growth chamber. On the horizontal axis, the upper
line indicates the time in the field experiment and the numbers in parentheses on the lower line
indicate hours after the light in the growth chamber switched on. Solid line indicates the field and
dashed line indicates the growth chamber.

experiment, temperature was the highest at 13:00 and the lowest at 01:00 (Figure 1(a)).
Illumination intensity started to increase around 07:00, peaked at 10:00, and descended
to 405 lx at 19:00 (Figure 1(b)). Ultraviolet intensity showed almost the same trend as
illumination intensity; however, the peak occurred at 13:00 (Figure 1(c)). In the growth
chamber experiment, the temperature was maintained at 25˚C (Figure 1(a)). Illumination intensity during the light period (0 - 12 h) was ~11000 lx, equivalent to that observed at 10:00 and 13:00 in the field (Figure 1(b)). During the light period, weak ultraviolet intensity was observed, comparable to that observed at dawn (07:00) and dusk
(19:00) in the field (Figure 1(c)).

3.2. Diurnal Periodicity of Gene Expression in the Field
According to electron microscopy observations of the innermost surface of tracheids,
cellulose microfibrils deposit during the day and hemicellulose deposits at night [7]
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[10]. In this study, we selected CesA and SUS as representative genes involved in cellulose synthesis and CslA and GT as representative genes involved in hemicellulose synthesis, and examined the diurnal fluctuations of their transcript abundances (Figure 2).
The transcript abundance of CesA was greatest at dawn (04:00 - 07:00) and lowest during the day (~13:00) (Figure 2(a)). No diurnal periodicity was observed for SUS (Figure 2(b)). The transcript abundance of CslA, involved in glucomannan synthesis, was
high from the evening until the morning (16:00 - 07:00) and was lowest around noon
(10:00 - 13:00) (Figure 2(c)). The transcript abundance of GT, involved in xylan synthesis, showed almost the same pattern as CslA; however, it fluctuated less than CslA
(Figure 2(d)).
Next, we examined diurnal fluctuations in the transcript abundance of genes involved in lignin synthesis, which have not been previously revealed by microscopy. We
chose eight genes (PAL, C4H, 4CL, HCT, C3H, CCoAOMT, CCR, and CAD) in the
phenylpropanoid biosynthetic pathway (Figure 3) and examined their diurnal fluctuations in transcript abundance (Figure 4). The transcript abundance of PAL, which acts
at the starting point of the phenylpropanoid pathway, showed the highest peaks at dusk
(16:00 - 19:00) (Figure 4(a), solid line). By adjusting the longitudinal axis of the graph
to more easily observe peaks, we noticed small peaks at dawn (04:00 - 07:00) (Figure
4(a), dashed line). C4H peaked at dusk (16:00 - 19:00) and dawn (04:00) with comparable peak heights, while its transcript abundance was lowest at ~10:00 (Figure 4(b)).
Two types of peaks were observed for 4CL, a sharp peak at dusk (16:00 - 19:00) and a
moderate peak at dawn (04:00 - 07:00), while its transcript abundance was lowest at

(a)

(b)

(c)

(d)

Figure 2. Diurnal fluctuations in the expression of genes involved in cellulose and hemicellulose
synthesis in the field: (a) CesA; (b) SUS; (c) CslA; and (d) GT. Samples showing the lowest
expression for each gene were used as a reference for relative quantification. The gray background color indicates that the illumination intensity was <500 lx.
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Figure 3. Simplified phenylpropanoid pathway. Bold typed compounds indicate that they are
used in both monolignol and flavonoid synthesis. Enzymes working in the pathway are indicated
by the boxes.

around noon (10:00 - 13:00) (Figure 4(c)). For HCT, C3H, and CCoAOMT, peaks of
similar size were observed at dusk (16:00 - 19:00) and dawn (04:00), while their transcript abundances were lowest at around noon (10:00 - 13:00) (Figure 4(d)-(f)).
Among these three genes, the diurnal fluctuations were clearest for HCT, which is located in the upstream portion of the phenylpropanoid pathway (Figure 3), while the
periodicity of CCoAOMT, which is located downstream, was the most disturbed. For

CCR and CAD, we observed slight increases in transcript abundance around dusk
(16:00 - 19:00) and decreases during the day (13:00); however, the extent of their fluctuations was smaller than that of the other genes, and diurnal periodicity was not observed (Figure 4(g), Figure 4(h)).

3.3. Diurnal Periodicity of Gene Expression in the Growth Chambers
Similar to the field experiments, we examined the diurnal fluctuations of eight genes
involved in monolignol biosynthesis in saplings grown in growth chambers under a 12
h light/dark cycle (Figure 5). We collected samples twice, on 30 May and 6 June. Overall, the extent of the diurnal fluctuations on 6 June was larger than that on 30 May, and
the periodicity was easier to recognize. We observed no common patterns between the
two sampling days in the diurnal fluctuations of PAL, which acts at the starting point of
the phenylpropanoid pathway (Figure 5(a)). For C4H and 4CL, two peaks were observed daily; the first peak was observed 6 - 9 h after the light switched on and the
second peak was observed at the end of the dark period (~0 h) on both days. In addition, its transcript abundance was lowest during the first half of the dark period (12 - 18
h) (Figure 5(b), Figure 5(c)). For the five remaining genes (HCT, C3H, CCoAOMT,

CCR, and CAD), two peaks were observed on both days; the first one 6 - 9 h after the
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(g)

(h)

Figure 4. Diurnal fluctuations in the expression of genes involved in monolignol synthesis in the
field: (a) PAL; (b) C4H; (c) 4CL; (d) HCT; (e) C3H, (f) CCoAOMT; (g) CCR; and (h) CAD.
Samples showing the lowest expression for each gene were used as a reference for relative
quantification. The gray background color indicates that the illumination intensity was <500 lx.
To easily recognize peaks, a second axis, which was adjusted longitudinally, was added to the
PAL graph (dashed line).

light switched on and the second one at the end of the dark period (~0 h). In addition,
their transcript abundances were lowest during the first half of the dark period (12 - 18
h) (Figure 5(d)-(h)).

4. Discussion
We first examined the diurnal fluctuations in gene expression related to cellulose and
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(a)

(b)

(c)

(d)
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(g)

(h)

Figure 5. Diurnal fluctuations in the expression of genes involved in monolignol synthesis in the
growth chambers: (a) PAL; (b) C4H; (c) 4CL; (d) HCT; (e) C3H; (f) CCoAOMT; (g) CCR; and
(h) CAD. The samples were collected in twice: 30 May (left column) and 6 June (right column).
The horizontal axis indicates hours after the light in the growth chamber switched on. Samples
showing the lowest expression for each gene were used as a reference for relative quantification.
The gray background color indicates the dark period.

hemicellulose synthesis, which had previously been observed by electron microscopy to
exhibit periodicity in their deposition on the innermost surface of cell walls. We observed that CesA gene expression peaked at dawn (04:00 - 07:00) (Figure 2(a)). Considering that cellulose microfibrils have been observed in the innermost surface of cell
walls during the day [8] [9], increasing CesA gene expression at dawn probably occurs
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in preparation for cellulose synthesis during the day. In contrast, the expression of CslA
and GT genes, which are involved in the main chain syntheses of glucomannan and xylan, respectively, increased at night (16:00 - 07:00) (Figure 2(c), Figure 2(d)). Considering that matrix containing hemicellulose has been observed in the innermost surface
of cell walls at night [7] [10], increasing gene expression involved in the syntheses of
glucomannan and xylan at night probably aids in the deposition of hemicellulose at
night. Because the diurnal fluctuations in the expression of genes involved in cellulose
and hemicellulose synthesis were in agreement with the observations of the innermost
surfaces of cell walls by electron microscopy, we determined that quantification of gene
expression would be a useful tool for studying the diurnal periodicity of lignin deposition not previously revealed via microscopy.
Subsequently, we examined diurnal fluctuations in the expression of eight genes involved in monolignol synthesis using saplings grown in both the field and in growth
chambers (Figure 4, Figure 5). From this experiment, we observed four main trends,
discussed below. First, when the growth conditions were the same, the graphed wave
profiles of the eight genes tended to resemble each other. Genes of the monolignol synthesis pathway are coordinately regulated during transcription [13] [21]. For example,
the Myb transcriptional factor is a candidate as a regulator, and genes in the pathway
are probably regulated when the Myb transcriptional factor binds to AC elements
present in the promoter regions of genes involved in lignin synthesis [22].
Second, the expression of each gene peaked twice a day, at dusk (16:00 - 19:00) and
dawn (04:00 - 07:00) in the field experiment, and 6 - 9 and 0 h after the light switched
on in the growth chamber experiment. This can be discussed in terms of the illumination intensity data measured by the meteorological equipment (Figure 1(b)). The first
peak appeared in the field and growth chambers at 16:00 - 19:00 and 6 - 9 h after the
light switched on, respectively; both of these timings corresponded to 6 - 9 h after the
saplings had started to be exposed to intense light (>10,000 lx). In addition, the second
peak appeared in the field and growth chambers at 04:00 - 07:00 and 0 h after the light
switched on, respectively; both of these timings corresponded with switching from a
dark to light period. According to these observations, the timings of both peaks had a
commonality between the field and growth chambers. Similarly, Rogers et al. [23] and
Solomon et al. [14] observed two daily peaks in the diurnal fluctuations of gene expression involved in monolignol synthesis.
Third, in the field experiment, the peaks in PAL and 4CL expression were higher and
occurred more sharply at dusk than at dawn. Fourth, in the field experiment, the extent
of the diurnal fluctuations was larger for PAL, C4H, and 4CL, which act in the upstream portion of the phenylpropanoid pathway (Figure 3), than for CCR and CAD,
which function in the downstream portion of the pathway. Both of these phenomena
were only observed in the field experiment, and not in the growth chamber experiment.
Differences between the field and growth chamber conditions included temperature,
length of the light and dark periods, and ultraviolet intensity. The difference in ultraviolet intensity was particularly noticeable (Figure 1(c)). According to Hosoo et al. [9],
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diurnal periodicity in the deposition of cell wall components observed in the innermost
surface of the secondary walls was induced not by temperature or time but by light
conditions. In addition, from the perspective of the phenylpropanoid pathway (Figure
3), compounds synthesized by PAL, C4H, and 4CL can become either monolignols or
flavonoids, because these three enzymes are positioned upstream of the branching
point of monolignol and flavonoid synthesis [24]. Flavonoid concentrations increase
when plants are exposed to ultraviolet rays, and have a protective role against ultraviolet radiation [25]. Therefore, an increase in PAL and 4CL for flavonoid synthesis in response to ultraviolet radiation may partially explain the third and fourth observations.

5. Conclusion
We examined diurnal fluctuations in the expression of genes involved in cellulose and
hemicellulose synthesis that had previously been studied by electron microscopy to determine their deposition periodicities. Based on our results, we found similarities between previous electron microscopy observations of the innermost surface of cell walls
and the diurnal fluctuation in gene expression. To gain new insights into the diurnal
periodicity of lignin deposition, which have not been revealed by microscopic observations, we evaluated diurnal fluctuations in the expression of genes involved in monolignol biosynthesis and found that expression peaked twice daily, at dusk and dawn. In
this study, we focused on genes in the monolignol synthesis pathway as the genes related to lignin synthesis. However, lignin synthesis consists of three steps: monolignol
synthesis, transport, and polymerization [26]. Therefore, periodicity in the entire process of lignin deposition should be clarified in future studies by examining diurnal
fluctuations in the expression of genes involved in transport and polymerization.
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