Yoshikay-Benitez et al. Journal of Wood Science
Journal of Wood Science (2023) 69:12

https://doi.org/10.1186/510086-023-02086-1

L ®
The Populus alba cationic cell-wall-bound ey

peroxidase (CWPO-C) regulates plant growth,
lignin content and composition in poplar

Diego Alonso Yoshikay-Benitez', Kaori Ohira', Kasturi Banerjee', Koki Fujita?, Jun Shigeto®® ® and
Yuji Tsutsumi?”

Abstract

Cationic cell-wall-bound peroxidase (CWPO-C) from Populus alba is the only Class lll peroxidase that has been shown
to be able to oxidize high molecular weight lignin polymers from sinapyl alcohol and previously, has been believed
to be a lignin polymerization-specific peroxidase. However, using an Arabidopsis heterologous expression system,
we showed recently that CWPO-C contributes to differentiation or early growth and is involved in auxin catabolism.
In this study, to clarify the function of CWPO-C in poplar, we analyzed CWPO-C gene expression and phenotypic
changes with CWPO-C overexpression and suppression. Real-time PCR and monitoring promoter activity of CWPO-C
using B-glucuronidase (GUS) assay revealed that CWPO-C was strongly expressed in immature tissues, such as the
upper stem, axillary buds, and young leaves, in addition to expression in developing xylem. In transgenic poplars in
which the expression of CWPO-C was upregulated or suppressed, changes in stem growth, gravitropism bending
time, lignin content and syringyl/guaiacyl (S/G) composition were observed. Overexpressing CWPO-C enhanced stem
growth and gravitropic response (shorter bending time). With suppressed CWPO-C expression, the lignin content was
reduced approximately 45% and the S/G ratio decreased by half. These results strongly suggest that CWPO-C plays a
role in differentiation and early growth, as well as in lignin polymerization.

Keywords Populus alba, CWPO-C, Plant peroxidase, Overexpression, Suppression, Plant growth, Gravitropism, Lignin,
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Introduction

Class III plant peroxidases are encoded by a large gene
family, and poplar (Populus trichocarpa) contains 93
genes [1]. The peroxidases differ in their individual sub-
strate oxidation activities and physiological roles [2].
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requires the oxidization of the phenolic groups in lignin
to continue the polymer growth [11]. So far, only CWPO-
C peroxidase has been demonstrated to have oxidation
activity toward large-size phenolic substrates, such as
S-oligo (polymerized oligomeric sinapyl alcohol) [12,
13]. The oxidation of phenolic substrates occurs at the
amino acid residues, Tyr74 and Tyr177, avoiding steric
hindrance of the substrates and proximity with the heme
pocket [14, 15]. This oxidation capability makes CWPO-
C a unique peroxidase, and because of its unique oxidiz-
ing abilities, previously CWPO-C has been believed to be
a lignin polymerization-specific peroxidase.

Previously, CWPO-C promoter analysis in Arabi-
dopsis using p-glucuronidase (GUS) as a reporter gene
revealed that it was strongly expressed in immature tis-
sues, regardless of the organ [16]. We also reported that
transgenic Arabidopsis plants overexpressing CWPO-
C exhibited suppression of stem elongation and seed
development with an unexpected phenotype: stem tip
curled in overexpressing plants was about 60% of that
in the wild type [16]. These results, using a heterologous
CWPO-C expression system, suggested that CWPO-C
is involved in plant organ development or early growth.
Other reports using heterologous peroxidase expression
suggested that peroxidases are involved in plant develop-
ment and growth. Overexpression of peroxidase CpPrx01
in Arabidopsis thaliana enhanced stem growth [5]. Over-
expressed HRP-Cla in Nicotiana tabacum and hybrid
poplar resulted in faster growth and longer stems [17,
18]. Plant growth and organ development are regulated
via extremely complex networks involving molecules,
such as phytohormones.

Heterologous expression using Arabidopsis has the
advantage that it can be analyzed throughout one genera-
tion in approximately 3 months; however, there are some
cases, where its expression pattern differs from poplar,
which might be because of differences in the properties of
the transcription regulating factors, and so on. A further
limitation is that a reverse genetic strategy for the sup-
pression of the targeting CWPO-C gene is not available
in the heterologous expression system. In this study, we
prepared and analyzed transgenic poplar plants to con-
firm the expression pattern of CWPO-C and to investi-
gate the role of CWPO-C in poplar development, growth
and lignification using overexpression and suppression of
CWPO-C.

Materials and methods

Generation of transgenic plants

Preparation and construction of plasmids for GUS assays
and CWPO-C-overexpression were as described by
Yoshikay-Benitez et al. [16]. Both, the CWPO-C overex-
pression and suppression (RNAi) constructs were driven
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by the Cauliflower Mosaic Virus 35S promoter (CaMV
35S). For construction of the RNAI silencing vector, a
hairpin-type gene cassette including a 432-bp fragment
of CWPO-C open reading frame from nucleotides 633
to 1064 (relative to the ATG start codon) was connected
between BamHI and Sacl sites of pBF2.

Transformation of poplar was performed as described
by Takata and Eriksson [19], Song et al. [20] and Nana-
sato et al. [21] with some modifications. Briefly, stems
from wild-type Populus alba were excised (1 cm length),
and Agrobacterium tumefaciens strain LBA4404 carrying
the binary vector as above was used to transfect explants.
Explants were transfected in Murashige—Skoog (MS)
medium, pH 5.6, 1x MS vitamins, 3% (w/v) sucrose, A.
tumefaciens at ODg,,=0.4-0.9, 20 uM acetosyringone
and 0.015% Silwet L-77 for 1 h with shaking at 60 rpm.
Co-cultivation of explants was performed in the dark for
3 days in MS medium, pH 5.6, 0.3% Gelrite and three lay-
ers of filter paper No. 2 pre-wetted with 5 uM acetosy-
ringone in liquid MS medium. After co-cultivation, the
explants were washed twice with sterile water and once
with MS medium, pH 5.6, with 1x MS vitamins, 3%
sucrose and 50 mg/L meropenem. Finally, explants were
blotted on filter paper and transferred to MS medium,
pH 5.6, 1x MS vitamins, 3% (w/v) sucrose, 0.3% Gelrite,
0.2 mg/L 6-benzyl amino purine (BAP), 0.1 mg/L indole-
3-butyric acid (IBA), 0.01 mg/L thidiazuron (TDZ),
50 mg/L kanamycin and 50 mg/L meropenem. The cul-
ture medium was renewed every 3 weeks. Callus for-
mation was observed after 3—6 weeks. For induction of
multiple shoots, callus was transferred onto 0.3% Gelrite-
solidified MS medium, pH 5.6, with 1x MS vitamins, 3%
(w/v) sucrose, 0.2 mg/L BAP and 0.01 mg/L TDZ, and
was cultured in a growth chamber (CLE-303; TOMY
SEIKO Co., Ltd., Tokyo, Japan) at 25+1 °C under 16 h
light (65 pmol photons m™ s™* from cool-white fluores-
cent tubes) and 8 h dark.

Plant materials and growth conditions

Populus alba wild type and transgenic plants were cul-
tured on 0.3% Gelrite-solidified MS medium, pH 5.6,
with 1x MS vitamins and 3% (w/v) sucrose, 50 mg/L kan-
amycin (only for transgenic plants) in plant boxes. They
were incubated in the growth chamber, as above.

Preparation of stem cryosections

For cryostat sectioning, stem pieces 5 mm in length
were vacuum-incubated with 30% sucrose for 10 min,
immersed in the mixture of Cryomatrix (Thermo sci-
entific, USA) and 30% sucrose (1:1) for 10 min, then
incubated in Cryomatrix for 10 min. Finally, Cryomatrix-
embedded sections were mounted in a plastic cryomold
(Tissue-Tek, The Netherlands), snap-frozen in liquid
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nitrogen, and stored at — 80 °C. Sections of the stem were
cut with a cryostat (Thermo Scientific HM 525 Cryostat,
VWR International, PA, USA) at — 15 °C, and mounted
on glass slides for histochemical staining or on PEN-
membrane 2.0 um glass slides (Leica, Germany) for RNA
extraction. Prior to laser micro-dissection, the 25 pm
sections were fixed in cold RNase-free 99.5% ethanol at
— 20 °C for 10 s, washed of Cryomatrix compound with
RNase-free water for 2 min, and refixed in cold RNase-
free 99.5% ethanol at — 20 °C for 1 min. All instruments
and reagents were treated to make RNase-free to avoid
RNA degradation.

Laser micro-dissection of stem cryosections

Sections mounted on PEN glass slides were air-dried and
micro-dissected with a laser micro-dissection (LMD)
microscope (LMD7, Leica Microsystems CMS GmbH,
Wetzlar, Germany) at room temperature. The LMD tech-
nique was combined with RNA isolation and transcript
analysis by real-time quantitative PCR (RT-qPCR). LMD
was performed as described by Abbott et al. [22] with
adaptations for the cell and tissue types used. For optimal
dissection we used the maximum laser intensity and the
slowest cutting speed. Different micro-dissected tissues
were collected individually into the cap of nuclease-free
0.5 mL PCR tubes (Axygen, Union City, CA, USA) con-
taining 60 pL lysis buffer supplied with the RNAqueous-
Micro RNA Kit (Ambion, Inc., Austin, TX, USA). The
collected dissection samples were kept in liquid nitrogen
until they were subjected to RNA extraction.

RNA extraction and real-time PCR

Total RNA from micro-dissected tissues was isolated
using the RNAqueous-Micro-RNA Kit (Ambion, Inc.,
Austin, TX, USA). The RNA was treated with DNase I
inactivation reagent supplied with the kit. First-strand
cDNA was synthesized using ReverTra Ace® (Toyobo
Co., Japan). The cDNA solution was used as template for
PCR. The primer sequences for the CWPO-C gene were:
CWPO-C-left (GCTCGTGATTCTGTTGTTTTGACA
AAG), CWPO-C-right (GCTGCAAACTTCTGTTTC
TGCAC) and for the reference gene UBQ (BU879229):
UBQ-left (TTCACTTGGTGCTGCGTCTC), UBQ-right
(TCTGAGCTCTCGACCTCCAG). The copy numbers
of the fragments for each target gene were estimated as
described by Takeuchi et al. [23] with adaptations for
the tissue types used. The relative quantity of the target
mRNA was normalized using UBQ gene as an internal
standard.

Western blot analysis
Western blot was done as described by Yoshikay-Ben-
itez et al. [16] using an anti-CWPO-C antibody and the
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anti-rabbit IgG secondary antibody conjugated with
horseradish peroxidase (Proteintech Group Inc., Japan)
at a dilution of 1:250 (v/v) and 1:500 (v/v) in 1x PBS (pH
7.4), respectively. Briefly, a 15 pg protein sample was
separated by 10% (w/v) SDS—polyacrylamide gel electro-
phoresis and then electroblotted onto a PVDF membrane
(Merck Millipore Ltd., Tullagreen, Ireland). PVDF mem-
branes were blocked overnight using 5% (w/v) skimmed
milk dissolved in 1x PBS buffer. Membranes were blot-
ted with the antibody then washed twice in 1x PBS and
probed with a goat anti-rabbit IgG horseradish peroxi-
dase conjugate (Proteintech Group Inc., Japan). After
washing the membrane twice in 1x PBS, the immunopo-
sitive bands were visualized using WSE-7140 EzZWestBlue
W (ATTO). Other 15 pg protein samples were separated
by electrophoresis and stained with Coomassie Brilliant
Blue (CBB) to detect Rubisco.

GUS staining

GUS staining of transgenic poplar bearing Pcwpo-c:GUS
was done as described by Vitha et al. [24]. Briefly, trans-
genic poplar organs were incubated with 0.5% paraform-
aldehyde for 45 min at — 0.07 MPa vacuum to infiltrate
the fixation agent. Then, after washing twice in 100 mM
phosphate buffer (pH 7), the samples were transferred
to GUS staining solution containing 100 mM NaPO,,
0.5 mg/mL x-gluc (5-bromo-4-chloro-3-indolyl-p-D-
glucuronide), 0.2 mM K;Fe(CN)g, 0.2 mM K, Fe(CN),, pH
7, and incubated overnight. Subsequently, samples were
post-fixed in 60% ethanol, 5% acetic acid, 3.7% formalde-
hyde solution for 2 h. Finally, samples were dehydrated
with an ethanol concentration gradient (70%, 80%, 90%,
100%) for 1 h each and chloral hydrate/water/glycerol
(25:9:3, w/w) solution overnight to clear the tissues.

Determination of acetyl bromide-soluble lignin (ABSL)

Stem samples were harvested from 6-week-old wild-
type plants and each transgenic line. They were ground
to a powder in liquid nitrogen and then extracted with
three washes of methanol. The extractive-free sample
was freeze dried (CS-110 Scanvac, Lynge, Denmark)
and used for further lignin analysis. The acetyl bromide
lignin assay was performed as described by Barnes and
Anderson [25]. The extractive-free, freeze-dried sam-
ple (ca. 5 mg) was digested with 1 mL of 25% acetyl bro-
mide at 70 °C for 1 h in a glass vial, immediately cooled
in ice, then 5 mL glacial acetic acid was added to com-
plete the reaction. Later, 450 uL of the diluted sample
was mixed with 1200 pL of 1.5 N NaOH and 900 pL of
0.5 M hydroxylamine hydrochloride, and the volume
was adjusted to 3 mL with acetic acid. The absorbance
at 280 nm of the mixture was recorded using a spectro-
photometer (Shimadzu UV-1850, Japan). A blank sample
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was run as a control. The content percentage of lignin=
100-V-(Agmple ~ Aplank)/E-D-L [where V=volume of the
final solution (L); A=absorbance; €=molar extinction
coefficient (g7!-L-cm™); D =dry weight of the sample (g);
L =cell thickness (cm)]. A molar extinction coefficient of
22.5 g ".L-cm™ was used for the calculation of percent-
age ABSL content.

Derivatization followed by reductive cleavage (DFRC)

The DFRC method was performed as described by Lu
and Ralph [26]. Briefly, 10 mg of extractive-free sample
in 3 mL acetyl bromide reagent (acetyl bromide/acetic
acid, 20:80, v/v) was shaken at 90 rpm at 50 °C for 3 h.
The solvent was removed by rotary evaporation below
50 °C. The evaporation residue was resuspended in 3 mL
acidic reduction solvent (dioxane/acetic acid/water, 5:4:1,
v/v/v). Following the addition of 50 mg zinc dust, the
mixture was transferred into a separating funnel with
10 mL dichloromethane and saturated ammonium chlo-
ride. The internal standard, 0.1 mg of tetracosane, was
added, and the aqueous phase was adjusted to between
pH 2 and 3 using 3% HCl. After vigorous mixing, the
organic layer was collected, and the extraction was
repeated twice with 5 mL dichloromethane. The organic
layer was dehydrated in magnesium sulfate, redissolved
in 1.5 mL dichloromethane, and acetylated overnight
with 0.2 mL acetic anhydride and 0.2 mL pyridine. Once
acetylation reagents were removed, the samples were
dissolved in dichloromethane and subjected to gas chro-
matography with a flame ionization detector (GC-FID).
GC-FID analysis was performed using a Shimadzu
GC-2014 (Shimadzu Co., Ltd., Kyoto, Japan) equipped
with a InertCap column (0.25 mm x 30 m; GL Sciences
Inc., Tokyo, Japan). The temperature was programmed at
a rate of 3 °C min™" from 140 to 240 °C and at 30 °C min™*
from 240 to 310 °C. The final temperature (310 °C) was
held for 12 min. The amounts of coniferyl alcohol and
sinapyl alcohol were determined using calibration curves
derived from acetylated pure standards.

Histochemical assay and imaging

Cell walls were stained in stem sections of wild type
(WT) and transgenic plants using toluidine blue; lignins
were detected using Wiesner staining. Plants were col-
lected at 6 weeks, and 20 pum cross sections were cut
from the first 0.5 cm of the basal parts of stems. Stems
were embedded in Cryomatrix compound, then sections
were prepared at — 20 °C. Cryomatrix was removed from
the sections with water. Sections were then stained with
0.02% toluidine blue for 5 min [27]. Wiesner staining was
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performed as described by Euring et al. [28], soaking sec-
tions in 1% (w/v) phloroglucinol for 3 min. Mounted sec-
tions were examined with a Keyence VHX-6000 optical
microscope.

A time lapse camera TLC200 (Brinno, Taiwan) was
used for gravitropic experiments. Poplar plants at
6 weeks were positioned horizontally and imaged every
minute for 24 h. The time the stem took to recover the
90° vertical position was recorded.

Results

CWPO-C is expressed in meristematic and developing
tissues

Transgenic poplar with the construct expressing the
GUS gene under the control of the CWPO-C promoter
(Pcwpo-c::GUS) was analyzed. GUS assays showed that
Pcwpo-c::GUS transgene was expressed in stem, leaves
and roots (Fig. la). The upper and middle stem had
potent GUS activity (Fig. 1a). The whole of young leaves
at the upper stem were GUS stained, and the staining
in the leaves tended to fade when the leaf turned older
(Fig. 1a). Arabidopsis bearing Pcwpo-c:GUS also showed
strong expression in young leaves [16]. Interestingly,
Pcwpo-c::GUS was expressed in shoot tips (Fig. 1b1) and
the base of axillary buds (Fig. 1c1), although our previous
studies suggested that CWPO-C protein expression was
related to lignin polymerization. Microscopic observa-
tion revealed that CWPO-C was preferentially expressed
in meristematic tissues, the shoot apex and axillary mer-
istems (Fig. 1b2, c2). In addition, Fig. 1d1, 2 shows GUS
staining in the developing xylem of the middle stem. To
complement the visual expression patterns of Pcwpo-
¢:GUS, we applied RT-qPCR analysis to plant organs,
where GUS activity was observed: we found CWPO-C
was more highly expressed in the middle stem than in the
shoot tip and other stem parts (Fig. 2).

The CWPO-C promoter was preferentially expressed
in the shoot tip (Fig. 1b1, 2). The transcript abundance
of CWPO-C in the shoot tip was further examined by
RT-qPCR analysis combined with LMD. As shown in
Fig. 3, CWPO-C was strongly expressed in the shoot apex
(Fig. 3d). In contrast, CWPO-C showed lower expres-
sion in the stem cambium (Fig. 3d). Results showing high
CWPO-C expression as determined by RT-qPCR were
consistent with the GUS staining observations (Fig. 3b,
¢). The meristems are responsible for the growth and
development of tissues, and the specific expression of
CWPO-C in meristematic tissues, such as shoot apex and
axillary meristems, indicates that CWPO-C might exert
a substantive biological function in plant growth and
development.



Yoshikay-Benitez et al. Journal of Wood Science (2023) 69:12

e —

Page 5 of 13

4cm

200 pm

Fig. 1 CWPO-C promoter analyses in poplar using GUS reporter gene. a Whole 6-week-old plant. b1 Longitudinal section of shoot tip, b2
Longitudinal section of shoot apex. €1 Cross section of axillary bud, €2 Cross section of axillary meristem. d1 and d2 Cross section of developing

xylem in the middle stem

Considering these results, and also our previous report
using heterologous expression system in Arabidopsis
showing that CWPO-C promoter activity was observed
in any immature organs including leaf, stem, root, flower
and fruit, it can be assumed that CWPO-C is involved in
development or differentiation or early growth of each
organ [16]. If that were the case, CWPO-C would be
expected to express strongly in newly generating axillary
branches. The presence of the shoot apex inhibits axillary
bud outgrowth in the phenomenon called apical domi-
nance. Decapitation of the shoot tip releases the axillary
buds from growth inhibition. As expected, in transgenic
poplar bearing Pcwpo-c::GUS, when the tip of the main
stem was cut, staining for GUS activity beneath the stem
tip disappeared, and strong staining was observed in the
newly developed axillary branches (Fig. 4a). In other
experiments, using callus in which multiple adventi-
tious buds were induced, similarly, strong GUS staining
was observed in the adventitious buds derived from the
callus (Fig. 4b). These observations strongly support the

hypothesis that CWPO-C participates in plant growth
and development, and specifically organogenesis at the
shoot apex and axillary buds.

CWPO-C overexpression modifies growth rates

To assess the functional role of CWPO-C during poplar
growth and development, we generated three independ-
ent CWPO-C overexpression (OE) lines and two inde-
pendent RNA| lines. Six-week-old plants were analyzed
for gene expression by RT-qPCR (Fig. 5a, b) and pro-
tein expression by western blot using an anti-CWPO-C
antibody (Fig. 5¢, d). Compared with WT, the expres-
sion of CWPO-C transcripts were quantified as 17-,
19- and 12-fold higher in OE1, OE2 and OE4, respec-
tively (Fig. 5a). The two RNAI lines, RNAil and RNAi2,
showed approximately 85% and 99% lower CWPO-C
expression, respectively, compared with WT (Fig. 5b).
Expressed CWPO-C protein were clearly higher in all
OE lines (Fig. 5¢c). CWPO-C protein was not detectable
in the RNAI lines, nor in WT (Fig. 5c, d). Considering
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Fig. 2 Relative expression of CWPO-C gene in different parts of the
stem in 6-week-old WT poplar. Analyses were conducted with three
biological replicates (mean = standard deviation). Data are presented
as relative transcript abundance normalized to UBQ expression

both transcript and protein analyses, CWPO-C was evi-
dently up-regulated in the three OE lines and was well-
suppressed in the two RNAI lines.

The stem growth rate of CWPO-C overexpression lines
OEl, OE2, OE4 was higher compared with WT (Addi-
tional file 1: Fig. S1b). In contrast, the growth rates of
CWPO-C RNAil and RNAi2 were not significantly dif-
ferent from WT (Additional file 1: Fig. S1a).

The impact of CWPO-C overexpression or suppres-
sion on vascular development in the stem was observed
in basal stem cross sections (Fig. 6al-3; Additional
file 1: Fig. S2al—-4). In contrast to stem elongation, stem
cross-sectional area significantly increased in RNAil
and RNAi2 (Fig. 6a2, c2; Additional file 1: Fig. S2a2, c2;
Fig. 7a). This increase was mainly the result of enlarge-
ment of the cortical area (Fig. 6a, b, ¢, d; Additional file 1:
Fig. S2a—d), and consequently the proportion of xylem in
the cross section decreased (Fig. 7b). The enhancement of
the cortical area in the stem seems to be a positive effect
of the plant in response to the decreased proportion
of xylem in the cross section (Figs. 6, 7). The decrease
of xylem area is a negative effect of the CWPO-C sup-
pression in RNAI lines. The mechanism of xylem area
affected by the lower presence of CWPO-C is unknown.
These results suggest that CWPO-C promoted vertical
growth and differentiation of xylem, while not affecting
horizontal growth.
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Alteration of lignin content and composition

As shown in Fig. 1d1, 2, CWPO-C was expressed in
xylem, and the protein has been shown to produce
high molecular weight lignin in vitro [12]. In addition,
knock-out of CWPO-C ortholog peroxidases, AtPrx2,
AtPrx25 and AtPrx71 affected the lignin content and
chemical structures in Arabidopsis [29]. Therefore,
we investigated whether overexpression or suppres-
sion of CWPO-C in poplar might affect lignin content
and composition. Transgenic lines OE1 and RNAil
at 6 weeks were subjected to lignin analyses. Table 1
shows the lignin content determined by the acetyl bro-
mide method and the arylglycerol-pB-aryl (B-O-4) ether
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Fig.4 Pcwpo-c:GUS expression during axillary bud outgrowth and adventitious bud induction. al-a4 Axillary bud outgrowth induction. a1 Before
stem tip decapitation (dotted line indicates decapitation position). a2—-a4 Sequence of axillary bud outgrowth (7, 14 and 21 days after decapitation,
respectively). Black arrows indicate newly generated buds in the stem. b1 Callus. b2 Adventitious bud outgrowth on callus
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Fig.5 Expression of CWPO-C and CWPO-C protein in transgenic poplar lines. a, b CWPO-C expression levels in 6-week-old overexpression (OE)

and suppression (RNAI) transgenic poplar lines. a CWPO-C expression in WT and three OE lines. b CWPO-C expression in WT and two RNAi lines.
Relative expression levels (mean =+ standard deviation) measured by RT-gPCR were calculated from three biological replicates. Data are presented as
relative transcript abundance normalized to UBQ expression. ¢, d Western blot analysis of CWPO-C protein in transgenic lines using an anti-CWPO-C
antibody. ¢ WT and three OE lines. d WT and two RNAi lines. Upper panels: recombinant CWPO-C protein as a standard marker (fCWPO-C, arrow).
Lower panels: proteins stained with Coomassie brilliant blue; arrow indicates Rubisco. L: molecular weight markers

lignin composition, as determined by DFRC method. in that the free guaiacyl monomer, coniferyl alco-
Lignin content in RNAil was significantly lower (45%  hol, was significantly higher than in WT (Table 1).
decrease) than in the WT, while OE1 showed no dif- Changes in lignin in RNAil were also observed using
ference from the WT (Table 1). A notable difference  Wiesner staining of stem cross sections. The fuchsia-
was found for the f-O-4 linkage in the lignin of RNAil, color staining, related to lignified cell walls, seen in the
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Fig. 6 Cross sections of basal stem of CWPO-C transgenic poplar lines. a, ¢ Toluidine blue staining. b, d Wiesner staining. a1, b1, c1,d1 WT. a2,
b2, c2, d2 RNAi suppression line RNAI1. a3, b3, €3, d3 Overexpression line OE1. Sections (20 um thick) were prepared from the basal stem of

6-week-old plants. Bar 100 um

stem cross section was much reduced compared to the
WT, and the distribution of lignified cells in the xylem
was less-uniform (Fig. 6d2-1, d2-2). These chemical
analyses and microscopic observations indicated that
suppression of CWPO-C resulted in decreased lignin
content and lower syringyl/guaiacyl (S/G) ratio in
poplar.

Evaluation of relevance to auxin by gravitropism

Previously, we showed that overexpression of CWPO-C
in Arabidopsis affected the phenotype strongly in way
related to auxin [16]. From the results in the current
study, it was clear that CWPO-C plays a role in organ
development or differentiation during early growth of
poplar, and it seemed possible that CWPO-C contrib-
utes to the catabolism of auxin. When a plant part is

moved from a vertical to horizontal position, gravit-
ropism occurs because of the altered distribution of
auxin in the upper and lower part. In this study, we
compared the time required to reach a 90° stem cur-
vature after being placed horizontally. Transgenic OE1
plants bent more quickly than the WT, taking about
half the time required by WT plants, at 8.2 h and
16.4 h, respectively (Fig. 8). Two other OE lines also
showed shorter bending times than the WT. This result
suggested the possibility that CWPO-C overexpres-
sion modulated the gravitropic response of the trans-
genic OE plants by affecting auxin accumulation. The
difference in bending time between RNAi suppression
lines and the WT was rather smaller but still significant
(Fig. 8).
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Fig. 7 Effect of CWPO-C expression on stem and xylem formation in
transgenic poplar. a Cross-sectional (Cr) area of whole basal stem. b
Ratio of xylem/whole cross-sectional (Xy/Cr) area. Data are presented
relative to the WT, which was set to 1. Mean =% standard deviation

of four biological replicates. *: significant difference (p ©0.05), **:
significant difference (p “ 0.01) compared with WT (Student’s t test).
OE1, OE2 and OE4: CWPO-C OE line 1, 2 and 4. RNAIi1 and RNAi2:
CWPO-C RNAi line 1 and 2

Table 1 Lignin content and monomer composition in WT and
CWPO-C transgenic poplar

Lignin (%) pmolS/g pmolG/g S/G pmol
lignin lignin (S+G)/g
lignin
WT 92408 61 20 428 & 40 0,14 + 003 489 4+ 60
RNAIT 51 +06° 51 & 14 717 + 81° 007 &+ 001* 768 + 93°
OE1 88409 45 4+ 14 381 &+ 74 0,124+ 003 426 + 84

Lignin content and monomer composition were measured by derivatization
followed by reductive cleavage (DFRC). Lignin contents are presented as
percentage of cell wall dry weight. Data presented as mean + standard deviation
from four independent biological replicates. Letters indicate significant
differences between transgenic line and WT control

G, S Guaiacyl and syringyl monomers, respectively

2p<0.05

b p<0.01, Student’s t test
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Another notable phenotype related to auxin modi-
fication was found in the leaves: transgenic line OE1
showed more rounded leaf shape with less pronounced
saw-tooth edges, while line RNAil had larger leaves
with light green color, compared to the WT (Additional
file 1: Fig. S3). Because the hydathodes, at the leaf edge,
where notches develop, coincided with the expression
site of CWPO-C (Additional file 1: Fig. S4), we hypoth-
esize that CWPO-C might function in an inhibitory
manner on saw-tooth leaf formation in OE lines, result-
ing in the more rounded leaves.

Discussion

Previously, CWPO-C has been considered to be specifi-
cally involved in the lignification process of cell walls,
since our previous research indicated that CWPO-C has
a unique oxidative activity toward monolignols and lignin
polymer [12, 13]. However, our recent findings showed
that CWPO-C was expressed in immature tissues, such
apical meristem, young upper stems, developing xylem
and young leaves in Arabidopsis thaliana transformed
with Pcwpo-c:GUS [16]. In the current study, our results
using poplar with the same Pcwpo-c::GUS construct indi-
cated similar characteristic expression sites of CWPO-C,
namely, the upper stem, developing stem xylem and cor-
tex, petiole, root and young leaves, including trichomes
and stomata (Fig. 1a, b1, d1; Additional file 1: Fig. S4b,
c). These locations were substantially consistent with our
previous report using heterologous promoter assays in
Arabidopsis (summarized in Table 2). Therefore, it can
be concluded that CWPO-C is expressed mainly in young
tissues after differentiation, rather than organs, such as
flowers and seeds, and is involved in the development or
differentiation of organs and early growth. Interestingly,
decapitation of poplar transformed with Pcwpo-c:GUS
led to CWPO-C expression in the axillary meristems
and in the newly generated branches. This result clearly
shows that CWPO-C is involved in plant growth and
development.

Several previous studies analyzed the functions of
peroxidases by a reverse genetic approach in which tar-
geted gene expression was suppressed or enhanced. In
tobacco, tobacco transformants with suppressed anionic
peroxidase (TOBPXDLF) showed an enhanced growth
rate [30]. Overexpression of HRP, encoded by prxCla, in
hybrid poplar resulted in higher growth rates [18]. These
findings suggest that peroxidases have multiple roles
during growth and development. In our current results,
CWPO-C OE poplar lines (OE1, OE2, OE4) showed
higher growth rates than the WT (Additional file 1: Fig.
S1b), yet there was no altered growth rate in CWPO-C
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Hours

RNAIi suppression lines. Auxin is known to activate cell
elongation by increasing cell wall extensibility [31]. Inter-
action has been reported between auxin and peroxidase,
and can be divided broadly into two types: induction by
auxin of peroxidases responsible for lignification, and
auxin catabolism by peroxidases. For example, the over-
expression of CpPrx01 from Cucurbita pepo in Arabi-
dopsis led to longer roots and hypocotyls, at the same
time reducing levels of the auxin indole-3-acetic acid
(IAA) [5]. PxB2 from Vitis vinifera was found to have oxi-
dative activity toward IAA, suggesting it played a role in
controlling the amount of IAA in developing roots [32].
There have been no conclusive report on the cellular level
localization, where peroxidases interact with auxin in our

Table 2 Expression sites of CWPO-C in WT poplar and Arabidopsis
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knowledge. It is known that IAA is transported between
cells through the apoplast, and IAA oxidase activ-
ity (catabolism) mainly occurs in the apoplast [33, 34].
Since CWPO-C was reported to be ionically bound cell
wall peroxidase [35], thus localized in the apoplast [36],
we could predict that IAA catabolism by CWPO-C may
occur in the apoplast. A gravitropism test is a traditional
and simple method to observe alterations of auxin con-
centration. Here, the poplar CWPO-C OE lines, showed
shorter recovery times for the stem to return to the verti-
cal position (Fig. 8), which suggested that auxin amounts
might be increased by the overexpression of CWPO-
C. However, observations in Arabidopsis with overex-
pressing CWPO-C showed differences compared with
the poplar OE lines [16]: the CWPO-C OE Arabidopsis
showed significantly longer recovery time (negative grav-
itropism) than the wild type. The negative gravitropism
was explained by a marked decrease of auxin content in
CWPO-C OE Arabidopsis [16]. In addition, in Arabi-
dopsis, CWPO-C OE caused severe suppression of stem
elongation, whereas in poplar CWPO-C OE caused
slightly enhanced stem elongation. One possible expla-
nation for this apparent discrepancy is that poplar has a
higher capability for maintenance of homeostasis against
changes in auxin conditions. Another explanation is that
such different phenotypes may be the result of different
physiological responses between poplar and Arabidopsis,
depending on the auxin concentration, as hypothesized
in the schematic diagram (Additional file 1: Fig. S5). In
our previous study, the stem tip of Arabidopsis possessed
approx. 2 ng/mg FW of IAA [16]. Teichmann et al. [37]
showed that 4-month-old stem tips in poplar contained
approx. 0.08 ng/mg FW of IAA. Sitbon et al. [38] showed

Organ/Plant P.alba 3-Day-old A. thaliana 3-Week-old A. thaliana 5-Week-old A. thaliana
Stem meristem Shoot apex Shoot apex Shoot apex Shoot apex
Upper stem Xylem na. nt. Xylem
Middle/lower stem  Xylem, cortex, petiole base n.a. nt Cortex around cauline leaf base
Petiole Entirely na. n.d. Entirely
Root Entirely except the tip Entirely except the tip Entirely except the tip n.t.
Flower na. na. nt Flower bud
Fruit na. na. na. Inmature siliques and seeds
Upper leaves Entirely na. Entirely, hydathodes nt.
Middle/lower leaves  Tip, hydathodes, trichome, na. Tip, hydathodes Tip, hydathodes
stomata
Axillary bud Entirely na. nt Entirely
Cotyledon n.a. Tip, trichome, stomata n.a. n.a.
Hypocotyl na. Around cotyledon and root base n.a. na.

Arabidopsis data in Yoshikay-Benitez et al. [16]
n.t. not tested, n.a. not applicable, n.d. not detected
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that tobacco shoot apex contained approx. 0.05 ng/mg
FW of IAA. These reports suggested that the response
and optimum concentrations of IAA are differed widely,
depending on the plant species. It is also known that the
reaction of plants to auxin differs, depending not only on
the plant species, but also on the organ [39-41]. In our
previous report, recombinant CWPO-C protein broke
down IAA in vitro, and IAA concentration in CWPO-
C OE Arabidopsis was considerably reduced. Thus, in
Arabidopsis we concluded that overexpressed CWPO-C
decreased endogenous IAA concentration. In our study,
the observed effects of the CWPO-C OE on growth rate
and bending time in poplar were directly opposite to
those in Arabidopsis. A possible explanation for the dif-
ferent phenotypes is shown in Additional file 1: Fig. S5,
where the endogenous IAA concentration decreased
toward the optimum in poplar, whereas it decreased
away from the optimum in Arabidopsis. Concerning the
bending time, the mechanisms affecting bending time
seems complicated. It seems difficult to explain relation
of bending time and IAA concentration. The observed
faster bending time of the CWPO-C OE poplar was
opposite to CWPO-C OE Arabidopsis which showed the
slower bending time. In addition, CWPO-C RNAi pop-
lar showed a slightly faster or similar bending time than
WT. In the case of poplar, it seems difficult to explain the
changes of bending time by only IAA, and there are some
other predominant factors for controlling the bending
speed in poplar.

We considered the function of CWPO-C in lignifi-
cation, because CWPO-C was expressed in the devel-
oping xylem during its progression to lignification,
and CWPO-C suppression might affect the lignin con-
tent and S/G composition. Previously, three CWPO-
C orthologs (AtPrx2, AtPrx25, and AtPrx7I) were
knocked out in Arabidopsis, and decreased lignin con-
tent was observed [29, 42]. Suppression of NtPrx60
and PrxA3a genes in tobacco and aspen, respectively,
also reduced the lignin content [43, 44]. Knockout of
orthologous genes (AtPrx4, AtPrx52 and AtPrx72) of
Zinnia elegans peroxidase, ZePrx, showed reduced
lignin content and altered lignin composition [45-47].
In our current study, lignin content was reduced by 45%
in the CWPO-C-suppressed poplar, and the S/G ratio
of lignin in RNAil (determined by DFRC analysis) was
half that of WT (Table 1). A noticeable increase in the
content of the guaiacyl monomer, coniferyl alcohol,
resulted in the decreased S/G ratio. The increase of
guaiacyl monomer might be explained by an increase in
B-O-4 linkage in guaiacyl lignin by the suppression of
CWPO-C. It seems unlikely that suppression of a single
peroxidase, an enzyme catalyzing the polymerization
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of monolignol, directly enhanced the biosynthesis of
coniferyl alcohol. An alternative explanation might be
that CWPO-C suppression changed the allocation of
S/G monolignol monomers at branch points in the bio-
synthetic pathway. The suppression of peroxidase activ-
ity might slow down the monolignol polymerization
rate in the cell wall, so that the proportion of f-O-4
linkages increased in lignin through slower end-polym-
erization. This effect would be more prominent in guai-
acyl lignin, because guaiacyl lignin was predominant in
the young poplar plants used in this study. Previously,
we observed a similar increase in the yield of DFRC
products in knockout mutants of AtPrx2, AtPrx25, and
AtPrx71 [29, 42]. These results confirmed that CWPO-
C and its Arabidopsis orthologs play a substantive role
in lignin polymerization in the cell wall.

Abbreviations

ABSL Acetyl bromide-soluble lignin

CWPO-C  Cationic cell-wall-bound peroxidase

DFRC Derivatization followed by reductive cleavage
GC-FID  Gas chromatography-flame ionization detector
GUS -Glucuronidase

LMD Laser micro-dissection

OE Overexpression

RNAi RNA interference

RT-gPCR  Real-time quantitative PCR

S/Gratio  Syringyl/guaiacyl ratio

TDZ Thidiazuron
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Additional file 1: Fig. S1 Effect of CWPO-C expression on stem growth in
CWPO-C transgenic lines. a RNAi suppression lines 1 and 2. b Overexpres-
sion lines OE1, 2 and 4. Different letters represent significant differences.
Lower-case letter: significant difference (p * 0.05), upper-case letter:
significant difference (p *0.01) compared with WT (Student’s ¢ test). Four
biological replicates were analyzed, and data are presented as the mean £
standard deviation. Fig. S2 Cross sections of basal stem of CWPO-C trans-
genic poplar lines. a, c Toluidine blue staining. b, d Wiesner staining. a1,
b1, c1,d1WT. a2, b2, c2, d2 RNAi suppression line RNAi2. a3, b3, ¢3, d3
Overexpression line OE2. a4, b4, c4, d4 Overexpression line OE4. Sections
(20 um thick) were prepared from the basal stem of 6-week-old plants.
Bar 100 um. Fig. S3 Leaf phenotype in CWPO-C transgenic poplar lines.

a Leaf color and border shape. Left to right: WT, OE1 and RNAi1. b Leaves
in 6-week-old poplar. Left to right: younger to older leaves. Upper row:
WT; middle row: OE1; lower row: RNAI1. Fig. S4 GUS expression driven by
CWPO-C promoter in poplar leaf. a Leaf. a1 Hydathode. b Trichome (black
arrows: base of trichome). ¢ Stomata (black arrow: stoma). Fig. S5 Sche-
matic representation of possible responses to altered CWPO-C expression
in Arabidopsis and poplar. Stem elongation is promoted or inhibited over
a range of auxin concentration, depending on the plant species and the
effect of CWPO-C expression on auxin catabolism. In both poplar and
Arabidopsis, overexpressed CWPO-C decreases IAA concentration via
catabolism. In Arabidopsis, decreased IAA concentration leads to reduced
elongation growth. In poplar, by contrast, overexpressed CWPO-C again
decreases IAA concentration, but leads to enhanced elongation. The dif-
ference in apparent effects is presumed to result from different responses
toward IAA concentration in the two plant species.
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