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KORRIGAN (KOR), encoding an endo-1,4-β-glucanase, plays a critical role in the cellulose synthesis of plant cell wall formation. KOR sequence orthologs are duplicated in the Populus genome relative to Arabidopsis. This study reports an expression
analysis of the KOR genes in Populus. The five PtrKOR genes displayed different expression patterns, suggesting that they
play roles in different developmental processes. Through RNAi suppression, results demonstrated that PtrKOR1 is required
for secondary cell wall cellulose formation in Populus. Together, the results suggest that the PtrKOR genes may play distinct
roles in association with cell wall formation in different tissues.
Keywords: cellulose synthesis, gene duplication, KORRIGAN.

Introduction
Cellulose, a 1,4-β-linked glucan, is a fundamental component of
both primary and secondary cell walls in plants. Cellulose biosynthesis directly influences cell expansion and division, plant
mechanical strength, resistance against pathogens and many
other aspects of plant growth and development. In addition
to the cellulose synthase (CesA) genes involved in cellulose
biosynthesis, genetic studies have identified a number of other
genes affecting cellulose formation (Somerville 2006, Endler
and Persson 2011). Among them, KORRIGAN (KOR) was generally believed to affect cellulose biosynthesis and/or deposition in plant cell walls (Mølhøj et al. 2002). KOR-like genes are
predicted to encode endo-1,4-β-glucanases (EC 3.2.1.4), which
belong to glycosyl hydrolase gene family 9 (GH9) in plants
(Henrissat 1991). The plant GH9 family can be grouped into
three subclasses (GH9A, B and C) according to the sequence
domain structure. KOR belongs to the GH9A subclass, which
contains an N-terminal cytosolic tail, a transmembrane domain
and a catalytic domain facing the cell wall (Urbanowicz et al.

2007). Thus, KORs are typical Type II membrane-anchored
proteins, and are believed to be localized at the plasma membrane and/or intracellular membrane (Brummell et al. 1997,
Nicol et al. 1998, Zuo et al. 2000, Zhang et al. 2012). Another
conserved feature of known KORs is the polarized targeting
signals (LL and YXXΦ motifs, with X referring to any amino
acid residues and Φ referring to hydrophobic residues) in their
cytosolic tail (Zuo et al. 2000, Maloney et al. 2012). The polarized targeting of KOR is believed to play a role in cell plate formation during cytokinesis (Zuo et al. 2000). To date, a number
of KOR genes in various species have been studied, including KOR1 in Arabidopsis (Nicol et al. 1998), Cel3 in tomato
(Brummell et al. 1997), PttCel9A1 in aspen (Takahashi et al.
2009), OsGLU1 and OsGLU3 in rice (Zhou et al. 2006, Zhang
et al. 2012), and PgKOR in white spruce (Maloney et al. 2012).
Arabidopsis KOR1 plays a pivotal role during cellulose formation (Mølhøj et al. 2002) and is ubiquitously expressed at all
developmental stages (Nicol et al. 1998, Takahashi et al. 2009).
Arabidopsis kor1-1, a leaky T-DNA-insertional mutant, exhibited
an extreme dwarf phenotype with structural alterations in the
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PtrKOR1 is required for secondary cell wall cellulose
biosynthesis in Populus
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Materials and methods
Plant material and sample preparation
The experimental Populus trees were grown in a greenhouse
(Shanghai, China: 31°11′N, 121°29′E) with a light and dark
cycle of 16 h and 8 h at 25 °C. For further phenotype observation, the trees were transplanted into a field after a 3-month
growth in a greenhouse. Populus trichocarpa was used for gene
expression analysis, and Populus euramericana cv. ‘Nanlin895’
was used for genetic transformation.
For PtrKORs expression profile analysis, various P. trichocarpa
tissues were sampled. Stems of actively growing 2-year-old
Populus trees were used to separate the bark from the xylem by
peeling. Expanding xylem tissues (succulent developing xylem)
were collected by gently scraping the xylem side once with a
razor blade, and thickening xylem tissues were further scraped
twice. Phloem tissues were collected by gently scraping the
inner surface of the bark, and the remaining part was used as
the outer bark (epidermis, cortex and phloem fibers). Leaf blade
(with veins removed), leaf vein and petiole preparations were
harvested from young leaves. Shoot apical buds (~5 mm in
length) were collected as shoot tip tissues. Young roots, emerging from the cut branches submerged in water for 2 weeks,
were used as root preparation. All samples were immediately
frozen in liquid nitrogen and stored at −80 °C until use.

Sequence analysis of KOR genes
Five Populus KOR (PtrGH9A subfamily) gene sequences were
extracted from the P. trichocarpa genome v3.0 database (DOEJGI, www.phytozome.net/poplar). Gene locus names of PtrKOR1-5
are Potri.003G151700, Potri.001G078900, Potri.008G079500,
Potri.010G177300 and Potri.005G188500, respectively. PtrKOR
genes, together with the three Arabidopsis KOR genes (Urbanowicz
et al. 2007), were analyzed using the ClustalW method (www.
ebi.ac.uk/Tools/msa/clustalw2). A phylogenetic tree of these KOR
genes was constructed by MEGA version 4 (Tamura et al. 2007)
using the neighbor-joining method. Bootstrap values were calculated from 1000 trials. Transmembrane domains of the PtrKORs
were analyzed using the TMHMM Server v. 2.0 program (www.
cbs.dtu.dk/services/TMHMM).

PtrKOR1-RNAi construct and plant transformation
A 519-bp fragment of PtrKOR1 sequence was PCR-amplified
from Populus ‘Nanlin895’ xylem complementary DNA (cDNA)
with the restriction sites of 5′ Xba I and 3′ BamHI for sense
orientation and 5′ SpeI and 3′ SacI for antisense orientation
(for cloning primers, see Table S1 available as Supplementary
Data at Tree Physiology Online). The sense and antisense fragments were digested with the respective restriction enzymes
and ligated to an RNAi intermediate vector. The hairpin cassette was then subcloned into a binary pBI121 vector under
the drive of the CaMV 35S promoter.
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primary cell wall (Nicol et al. 1998) and a severely collapsed
xylem phenotype in the inflorescence stem (Szyjanowicz et al.
2004, Takahashi et al. 2009). A stronger allele, kor1-2, was
found to cause the formation of aberrant cell plates, incomplete
cell walls, which led to severely abnormal plant morphology
(Zuo et al. 2000). The temperature-
sensitive, elongation-
deficient KOR1 mutants (acw1, rsw2) showed a severe reduction in the cellulose content of the primary cell wall (Lane et al.
2001, Sato et al. 2001). Another allele, irx2, carrying an amino
acid alteration in KOR1, showed specific secondary cell wall
developmental defects and reduced cellulose content in the
stem (Szyjanowicz et al. 2004). These genetic and chemical
data indicate that KOR1 is required for cellulose biosynthesis in
both primary and secondary cell wall formation in Arabidopsis.
Unlike KOR1’s ubiquitous expression pattern, two additional
Arabidopsis KOR genes, KOR2 and KOR3, are expressed in
specific cell types. KOR2 is expressed in developing root hairs,
the proximal parts of leaves and floral organs, and in trichomes.
KOR3 is active in trichome support cells and bundle sheath
cells within the leaf mesophyll tissue (Mølhøj et al. 2001).
Despite its importance, KOR’s role in cellulose formation is
still not completely understood, particularly in tree species, the
major resource of cellulose fiber production. In Populus, the
model tree species, a few KOR genes were reported. PtrKOR
in Populus tremuloides (Bhandari et al. 2006), PttCel9A1
in P. tremula × tremuloides (Master et al. 2004, Takahashi
et al. 2009) and PaxgKOR in Populus alba × grandidentata
(Maloney and Mansfield 2010) share the highest degree of
sequence identity and may be orthologs in the three species.
Recombinant expression of the catalytic domain of PttCel9A1
and subsequent enzymatic analysis showed that PttCel9A1
uses long, low-substituted, soluble cellulosic polymers as
its preferred substrates (Master et al. 2004). PttCel9A1 was
able to complement Arabidopsis kor1-1 mutants, and overexpression of PttCel9A1 reduced cellulose crystallinity in
Arabidopsis stems (Takahashi et al. 2009). Suppression of
PaxgKOR expression caused a weak irregular-xylem phenotype, a decreased quantity of higher crystalline cellulose and
an inhibited growth in the transgenic Populus trees (Maloney
and Mansfield 2010).
In Populus trichocarpa (Torr. & Gray), five putative GH9A
genes, PtrGH9A1-5 (i.e., PtrKOR1-5), are found homologous to Arabidopsis KORs according to phylogenetic analysis
(Takahashi et al. 2009, Yu et al. 2013). It is unclear how these
PtrKOR genes function in Populus. In this study, we carried out
gene expression profiles of the five PtrKORs in various tissues.
The five Populus KOR genes displayed different expression
patterns, suggesting their roles in different developmental processes. Results of RNAi suppression suggested that PtrKOR1
is required for secondary cell wall cellulose formation, while
PtrKOR1 and PtrKOR2 may have redundant functions in
primary cell wall cellulose formation in Populus.

PtrKOR1 required for secondary cell wall cellulose biosynthesis in Populus 3
The PtrKOR1–RNAi construct was transferred into
Agrobacterium tumefaciens strain GV3101 using the freeze–
thaw method. Populus transformation was performed according to the leaf disc inoculation technique established in our
laboratory (Li et al. 2003).

Quantitative RT-PCR analysis

Microscopic analysis
Populus stems (15th internode) were cut into 5-mm length
and fixed in formaldehyde-acetic acid solution overnight, dehydrated in graded ethanol series and embedded into paraffin.
Samples were sectioned at 10 µm thickness using a Leica
RM2235 rotary microtome (Leica, www.leica-microsystems.
com). After the removal of paraffin, the sections were stained
with 0.05% toluidine blue or 0.5% phloroglucinol (in 12% HCl),
and then examined under a bright-field microscope (OLYMPUS
BX51, www.olympus-global.com). The free-hand cross-sections
of fresh Populus stems (15th internode) were stained with 0.5%
phloroglucinol–HCl for lignin observation. To observe cell wall
ultrastructure, Populus stems (10th internode) were cut into
1-mm length for ultrathin sectioning and observed under a
transmission electron microscope according to a described protocol (Song et al. 2010). The cell wall thickness was measured
using the Image J software (version 1.44, Wayne Rasband,
National Institutes of Health, Bethesda, MD, USA).

Analysis of cell wall composition
Basal stems (for wood and bark samples) and leaves of
6-month-old Populus trees grown in the greenhouse were
collected for cell wall composition analysis. The holocellulose
and α-cellulose analysis was followed by a slightly modified

Wood bending test
Stems of 1-year-old Populus trees in a greenhouse were prepared for a mechanical test in bending mode. Since bark tissues possess different mechanical properties from wood, the
stem was de-barked. After being oven-dried at 50 °C to constant mass, basal segments of wood stem with an average
diameter of 6 mm were used for the bending test according
to the previously described method for young trees with small
diameter (3–10 mm) (Kasal et al. 2007). The test was performed using a mechanical testing machine (HY-0580, www.
hengyiyiqi.com) equipped with a data acquisition system at
room temperature (~20 °C). Samples were prepared at a span/
diameter ratio of 15 and then placed in fixtures. The loading
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Total RNA was isolated from various tissues using the Trizol
reagent (Invitrogen, zh.invitrogen.com) and treated with DNase
I to remove the remaining DNA. One microgram of total RNA
was used for first-strand cDNA synthesis using the iScript cDNA
Synthesis kit (Bio-Rad, www.bio-rad.com) at 42 °C for 30 min.
The resultant cDNA was then used for quantitative real-time
polymerase chain reaction (qRT-PCR) experiments. Genespecific primers used for qRT-PCR are listed in Table S1 available
as Supplementary Data at Tree Physiology Online. Quantitative
RT-PCR was performed using an SYBR Green Realtime PCR
Master Mix (TOYOBO, www.toyobo-global.com) and an iQ5 RealTime PCR Detection System (Bio-Rad). The PCRs were performed
as follows: 95 °C for 10 min, 42 cycles of 95 °C for 15 s, 55 °C
for 15 s and 72 °C for 15 s. Dissociation curves were analyzed
to confirm the generation of a single and specific product in each
reaction. Relative gene transcript abundance was determined by
a ΔCt method (Valasek and Repa 2005) with the expression of
the housekeeping gene PtrActin2 as an internal control. All reactions were performed on three biological replicates with three
technical replicates for each sample and primer pair.

procedure of Yokoyama et al. (2002). In brief, samples were
ground into fine powder and extracted in acetone. Approximately
300 mg of each extractive-free sample was suspended in 2 ml
of water and preheated at 90 °C. After adding sodium chlorite
solution (200 mg of sodium chlorite dissolved in 2 ml of water
and 0.2 ml of acetic acid), the reaction was held at 90 °C for
1 h. After cooling, the reaction mixture was filtered through a
crucible. The isolated holocellulose was washed, dried and then
determined gravimetrically. For α-cellulose analysis, 100 mg of
the oven-dried holocellulose was extracted with 5 ml of 17.5%
sodium hydroxide for 30 min at room temperature, and reacted
for another 30 min with addition of 5 ml of water. The residue
was filtered, dried and weighed as α-cellulose content.
For cell wall matrix polysaccharide composition analysis,
the alcohol extractive-free samples were firstly treated with
amylase and pullulanase (Sigma, www.sigmaaldrich.com) in
sodium acetate buffer (pH 5.0) overnight to remove starch.
The de-starched material (alcohol insoluble residues, AIR) was
then hydrolyzed with 2 M trifluoroacetic acid (TFA) at 121 °C
for 90 min. The released sugars were reduced to corresponding alditols by adding 20 mg ml−1 freshly prepared sodium
borohydride solution (in dimethyl sulfoxide) at 40 °C for
90 min. After neutralization with acetic acid, the alditols were
incubated with acetic anhydride and 1-methylimidazole for
acetylation. The resultant alditol acetates were finally dissolved
in ethyl acetate and run on the GC-MS system (6890N GC
system and 5975 Mass detector, Agilent Technologies, www.
agilent.com/chem) equipped with a SP-2380 capillary column
(Supelco, Sigma-Aldrich, www.sigmaaldrich.com). For crystalline cellulose content determination, the TFA-insoluble cell wall
pellet was treated with a Updegraff reagent (Updegraff 1969)
at 100 °C for 30 min. The remaining pellet (crystalline cellulose) was washed, hydrolyzed with 72% sulfuric acid at room
temperature for 1 h and then determined using the anthrone
assay with glucose as the standard (Foster et al. 2010a).
To determine the lignin content of wood, cell wall material (AIR) was analyzed following the acetyl bromide method
described previously (Foster et al. 2010b).
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head moved at a speed of 2 mm min−1 in the three-point bending mode and the maximum force leading to wood failure was
recorded. To describe the brittleness of wood, modulus of
rupture (MOR) in bending was calculated following a method
described by Kern et al. (2005).

Results
Expression profile of PtrKOR genes in P. trichocarpa

Figure 1. Putative KORs (GH9A members) in Populus and Arabidopsis. (a) Phylogenetic tree of the Populous and Arabidopsis KOR members.
(b) Alignment of PtrKOR amino acid sequences. The polarized targeting signals (PTS) and transmembrane domain are boxed. PtrKOR1 sequence
corresponding to designing the RNAi construct is over-lined.
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Five putative KOR (PtrKOR1-5/PtrGH9A1-5) genes were identified in the P. trichocarpa genome (http://www.phytozome.

net/poplar) (Yu et al. 2013) relative to three KOR (KOR1-3/
AtGH9A1-3) genes (Urbanowicz et al. 2007) in Arabidopsis.
Phylogenetic analysis revealed that PtrKOR1/PtrCel9A1 and
PtrKOR2/PtrGH9A2 form a duplicated pair (93% identity at
the amino acid level), while PtrKOR3/PtrGH9A3 and PtrKOR4/
PtrGH9A4 form a separate duplicated pair (Figure 1a). The
five PtrKOR protein sequences share a conserved GH9 catalytic domain and a single transmembrane domain near the
N-terminus (Figure 1b). PtrKOR1-4 have a similar number of
amino acids (~620 aa) and possess polarized targeting signals
(LL and YXXΦ motifs) except PtrKOR3, which lacks the YXXΦ
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Effects of PtrKOR1 on secondary cell wall formation
in Populus vascular development
Expression of PtrKOR1 was knocked down through RNAi suppression to analyze its genetic function. A fragment of 519 bp
in the middle of the PtrKOR1 CDS region (Figure 1b) was

constructed to form a hairpin structure under the control of
the CaMV 35S promoter (Figure 3a). The construct was transformed into Populus and 15 independent transgenic lines were
generated. Expression of PtrKOR1 was significantly down-
regulated in most of the transgenic lines. Lines 4 and 5, which
had the lowest PtrKOR1 transcript levels (only 5% remained,
Figure 3b), were selected for additional analysis. Given the high
sequence similarity between PtrKOR1 and PtrKOR2, the transcript level of PtrKOR2 was examined as well. Results showed
that PtrKOR2 was also down-regulated 30–50% (Figure 3c),
a lesser extent than PtrKOR1. This indicates that the RNAi construct worked more effectively on PtrKOR1 than on PtrKOR2
expression.
Down-regulation of PtrKOR1 in transgenic Populus plants
did not cause obvious phenotypic alterations (Figure 3d). No
significant differences in stem height and diameter (Figure
3d, g and h), leaf blade length and width (Figure 3e and i),
and root growth (Figure 3f) were observed between transgenic and wild-type plants. However, the RNAi transgenic
stems felt very brittle and much easier to break than the wildtype (Figure 4a). A wood bending test further showed that
MOR, reflecting wood brittleness, was > 50% smaller in RNAi
trees compared with wild-type, demonstrating a significant
decrease in the stem mechanical strength caused by PtrKOR1
RNAi suppression (Figure 4b). When stem cross-sections
were examined, a severe irregular-xylem phenotype (collapsed vessel elements) was observed in the xylem tissues of
the RNAi transgenic plants (Figure 4c and d). Both fiber and
vessel cells in the RNAi transgenic xylem showed significantly
thinner secondary walls than that in the wild-type xylem

Figure 2. Quantitative RT-PCR analysis of the PtrKOR gene expression profile in various Populus tissues. Populus Actin2 was used as a reference
for normalization. EX, expanding xylem; TX, thickening xylem; Ph, phloem; OB, outer bark; Le, leaf; LV, leaf vein; Pe, petiole; ST, shoot tip; Ro, root.
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motif (Figure 1b). PtrKOR5, which is an outlier in the phylogenetic tree, is much shorter than the other paralogous genes
and has no polarized targeting signal motifs (Figure 1b).
To examine the expression profile of PtrKOR genes, qRTPCR was carried out using nine P. trichocarpa tissues, including expanding xylem, thickening xylem, phloem, outer bark
(epidermis, cortex and phloem fibers), leaf blade (main veins
removed), leaf vein, petiole, shoot tip and root. Results showed
that PtrKOR1 was ubiquitously expressed in all tissues examined, with the highest expression in the wall-thickening xylem
and a moderate expression in outer bark, leaf vein, petiole and
root, which contain secondary wall cells (Figure 2). PtrKOR2
was moderately expressed throughout the entire plant, with a
higher expression in parenchyma tissues like leaf than in sclerenchyma tissues like thickening xylem (Figure 2). PtrKOR3
exhibited a root-specific expression pattern (Figure 2). Both
PtrKOR4 and PtrKOR5 were expressed at rather low levels in all
tissues, and PtrKOR5 in particular was almost undetected due
to its low transcript abundance (Figure 2). The qRT-PCR results
were consistent with the microarray analysis on PlaNet (see
Figure S1 available as Supplementary Data at Tree Physiology
Online) (Mutwil et al. 2011). Different expression of PtrKORs in
various tissues suggests that they play roles in different developmental processes in Populus.
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(Figure 4c–e). Chemical analysis of the cell wall composition
revealed that the crystalline cellulose content significantly
decreased in the RNAi transgenic xylem, while the lignin content had a slight but not significant increase (Table 1). To
investigate the effect of PtrKOR1 suppression on matrix polysaccharide synthesis, TFA-solubilized cell wall sugars were
analyzed. Results showed the content of glucose, mainly
derived from amorphous cellulose and hemicelluose xyloglucan (little in wood), significantly decreased in the RNAi lines
(Table 2). The major hemicelluose sugars, such as mannose,
galactose, arabinose, rhamnose and fucose, had unchanged
content with the exception of xylose, which exhibited a significant increase in content (Table 2). These results strongly
indicate that PtrKOR1 specifically affects cellulose biosynthesis during cell wall formation.

Tree Physiology Volume 00, 2014

Like fibers in the xylem tissue, phloem fiber cells in the
RNAi transgenic stem also showed delayed secondary wall
thickening compared with the wild-type (Figure 4f–h). On the
other hand, the cell sizes of the vessel elements and fiber cells
in the RNAi transgenic stem did not appear to be different
compared with the wild-type (Figure 4c–h), suggesting a normal primary wall deposition and expansion during the growth
of these cells. Transmission electron microscopy was applied
to further examine the cell wall ultrastructure of cells in the
stem. Results revealed that secondary wall thickness of the
RNAi transgenic xylem and phloem fiber cells was decreased
by >50% (Figure 5a–f, j and k). However, no d
 ifference in
primary wall thickness between transgenic and wild-type
cortex parenchyma cells was detected (Figure 5g–i and l).
Like in the stem, cells in the petiole had normal primary cell
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Figure 3. Effects of PtrKOR1 down-regulation on Populus growth. (a) Schematic representation of the PtrKOR1-RNAi construct. PtrKOR1 (b) and
PtrKOR2 (c) transcript levels in the stem of two PtrKOR1-RNAi transgenic lines (RNAi 4 and RNAi 5). The values are means ± SE of three plants of
each line. (d) Morphology of RNAi 4 (left), RNAi 5 (middle) and wild-type (WT, right) trees of 2-month-old grown in a greenhouse. (e) The largest
leaf (the seventh from top) of the trees in (d). (f) Two-week growth of roots from water-submerged stem cuttings. Bars = 10 cm in (d), 5 cm in
(e), 3 cm in (f). (g–i) The stem height (g), stem diameter (h) and leaf blade size (i) of RNAi and WT plants of 2-month old. The values are
means ± SE, n = 20 replicates for each line.
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Table 1. Crystalline cellulose and lignin content in Populus wood. Both
crystalline cellulose (Updegraff cellulose) and lignin (acetyl bromide
soluble lignin) contents were analyzed from five independent plants of
each line. The values represent percentages based on the weight of
the cell wall material (AIR), and are shown as means ± SE. Significance
was determined by Student’s t-test.

Cellulose (%)
Lignin (%)

Wild-type

RNAi 4

RNAi 5

47.50 ± 3.94
20.49 ± 1.41

35.91 ± 2.27*
21.50 ± 1.31

34.66 ± 2.75**
22.80 ± 2.34

*P < 0.05, **P < 0.01.

walls in the RNAi plants, but the sclerenchyma cells, including
xylem vessel and fiber cells and phloem fiber cells, exhibited
delayed secondary wall thickening (see Figure S2 available as
Supplementary Data at Tree Physiology Online). Considering
the specific role of PtrKOR1 in cellulose biosynthesis, the

Table 2. Monosaccharide composition of cell walls in Populus wood.
Content of the TFA-solubilized sugars is presented as mol%. The values
are means ± SE, n = 5 biological replicates for each line. Significance
was determined by Student’s t-test.

Glucose
Xylose
Mannose
Galactose
Arabinose
Rhamnose
Fucose

Wild-type

RNAi 4

RNAi 5

17.27 ± 0.74
68.80 ± 0.44
5.10 ± 0.56
4.10 ± 0.28
2.57 ± 0.26
1.88 ± 0.31
0.27 ± 0.03

14.69 ± 1.51*
71.58 ± 1.83*
5.07 ± 0.44
3.97 ± 0.55
2.61 ± 0.23
1.85 ± 0.17
0.31 ± 0.05

15.08 ± 1.29*
71.53 ± 0.90**
4.95 ± 0.58
3.91 ± 0.39
2.53 ± 0.22
1.80 ± 0.18
0.26 ± 0.03

*P < 0.05, **P < 0.01.

cellulose content was analyzed in the wood, bark (including phloem fibers) and leaf (major veins were removed).
Both holocellulose and α-cellulose content were reduced in
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Figure 4. Effects of PtrKOR1 down-regulation on Populus stem development. (a) Breaking effects on Populus stem of 10-week-old trees grown in
a greenhouse. The arrows indicate that the RNAi transgenic stems were much easier to break when compared with the wild-type (WT) stem. (b)
Wood bending test. The brittleness of wood is described by MOR. The values are means ± SE of 15 independent plants of each line. Significance
was determined by Student’s t-test, ***P < 0.001. (c–h) Stem cross-sections stained with phloroglucinol–HCl, showing xylem tissue (c–e) and
phloem fiber cells (f–h). Vessel and fiber cell walls in RNAi 4 (c) and RNAi 5 (d) xylem were much thinner than WT (e) walls. Arrows indicate
the collapsed vessel elements due to delayed secondary wall thickening in RNAi lines. Phloem fiber cells in RNAi 4 (f) and RNAi 5 (g) stem also
showed delayed secondary wall thickening when compared with WT (h). Bars = 3 cm in (a), 100 µm in (c–e), 50 µm in (f–h).
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PtrKOR1-suppressed wood and bark. The level of α-cellulose
in particular was significantly reduced by 26.7–34.0% in
wood and 26.9–40.2% in bark (Table 3). However, leaf
cellulose content was not changed in RNAi trees (Table 3).
These results suggest that PtrKOR1 plays an essential role

Tree Physiology Volume 00, 2014

in cellulose biosynthesis during the formation of the secondary, but not the primary, wall. The redundant expression of
PtrKOR1 and PtrKOR2 in parenchyma tissues may contribute
to unaffected primary wall cellulose biosynthesis in PtrKOR1suppressed plants.
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Figure 5. Suppression of PtrKOR1 specifically affected secondary wall thickening in stem. Transmission electron micrographs show the ultrastructure of cell walls in the developing xylem (a–c), phloem fibers (d–f) and cortex parenchyma cells (g–i). (a, d, g) RNAi 4, (b, e, h) RNAi 5, (c, f, i)
wild-type (WT). Xf, xylem fiber cell; V, vessel cell; R, ray cell; PCW, primary cell wall; ML, middle lamella. Bars = 20 µm in (a–f), 2 µm in (g–i). (j–l)
Measurement of the secondary cell wall (SCW) thickness of xylem fiber cells, SCW thickness of phloem fiber cells and primary cell wall thickness
of cortex cells, respectively. The values are means ± SE of 100 independent cells from three plants of each line. Significance was determined by
Student’s t-test. ***P < 0.001.
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Table 3. Holocellulose and α-cellulose content in Populus wood, bark
and leaf. The values represent percentages based on the dry weight
of the cell wall material. The values are means ± SE, n = 5 biological
replicates for each line. Significance was determined by Student’s
t-test.

*P < 0.05, **P < 0.01.

RNAi 4

RNAi 5

77.42 ± 1.11
37.84 ± 1.08
57.94 ± 2.60
31.36 ± 0.83
52.94 ± 2.01
27.43 ± 2.21

70.37 ± 1.28**
27.73 ± 0.82**
53.23 ± 1.26**
22.92 ± 0.64**
52.63 ± 1.03
28.92 ± 1.32

69.54 ± 2.38**
24.96 ± 1.24**
54.38 ± 1.58*
18.75 ± 1.50**
52.23 ± 1.95
26.10 ± 0.74

To further investigate the effects of PtrKOR1 suppression on
Populus growth, PtrKOR1-RNAi transgenic plants were transplanted in an open field after a 3-month growing period in a
greenhouse. After 6 months of growth, cross-sections of the
stem (15th internode) showed that collapsed vessel elements
(irregular-xylem phenotype) were still largely visible in the
xylem tissues of the RNAi transgenic plants and the secondary walls of both xylem fiber and vessel cells were still noticeably thinner than the wild-type (Figure 6a–c). Thickening of
fiber cell walls in the phloem, which consists of sieve elements,

Figure 6. Ectopical deposition of secondary cell walls in the stem of RNAi transgenic Populus grown in a field. Stem cross-sections (10 µm in thickness) of RNAi 4 (a, d, g), RNAi 5 (b, e, h) and wild-type (WT, c, f, i) plants. Toluidine blue staining showed that in the developing xylem, an irregularxylem phenotype (indicated by arrows) was largely visible in RNAi lines (a, b versus c); and in the bark, secondary wall-like materials ectopically
deposited in the phloem and cortex areas normally appeared as parenchyma cells in the WT (d, e versus f). Phloroglucinol–HCl staining showed
that the ectopically deposited cell wall-like structure was heavily lignified (g, h versus i). In (d, e, g, h), cells that ectopically deposited secondary
cell wall are circled by dotted lines, and the insets show close-up images of the boxed areas. Xf, xylem fiber; Ve, vessel element; Pf, phloem fiber;
Ph, phloem; Co, cortex. Bars = 100 µm, and 20 µm in insets.
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Xylem Holocellulose
α-Cellulose
Bark Holocellulose
α-Cellulose
Leaf Holocellulose
α-Cellulose

Wild-type

Ectopic deposition of secondary wall in the phloem
parenchyma cells of PtrKOR1-RNAi transgenic Populus
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Discussion
Gene duplication was an important event in the evolution of
the Populus genome (Tuskan et al. 2006). Five putative members of the KOR (GH9A) family were identified in the Populus
genome relative to three KORs in Arabidopsis. In Arabidopsis,
only KOR1 is ubiquitously expressed and functions in cellulose biosynthesis throughout the plant, including in both parenchyma and sclerenchyma cells (Mølhøj et al. 2002). However,
in Populus, two of the five KOR genes, PtrKOR1 and PtrKOR2,
are highly expressed with different tissue patterns during
growth and development. PtrKOR1 and PtrKOR2, a duplicated
gene pair orthologous to KOR1, share high sequence similarity and possess all typical KOR-featured domains. PtrKOR1 is
most highly expressed in vascular cells undergoing secondary cell wall thickening, consistent with previous studies showing high accumulation of PtrKOR mRNA and proteins in the
xylem and phloem fibers in stem (Bhandari et al. 2006), while
PtrKOR2 is preferentially expressed in parenchyma cells. The
expression of PtrKOR1 in wall-thickening cells suggests its role
in secondary cell wall cellulose biosynthesis, and the expression of both PtrKOR1 and PtrKOR2 genes in parenchyma cells
suggests the possibility of their role in primary cell wall biosynthesis. PtrKOR3 is specifically expressed in roots, suggesting
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its specific role in root cellulose formation. Low expression of
PtrKOR4, which forms a duplicated pair with PtrKOR3, and of
PtrKOR5 suggest they may not be actively involved in Populus
cell wall formation.
The secondary wall thickening process in vascular sclerenchyma cells was severely inhibited when PtrKOR1 expression was suppressed. Collapsed xylem vessel elements with
extremely thin secondary walls were observed in PtrKOR1RNAi transgenic trees. In the transgenic wood, synthesis of
cellulose in both crystalline and amorphous forms was heavily
suppressed, while lignin and most hemicellulose sugar content
were not affected. However, xylose, mainly derived from xylan
in the secondary cell wall, was increased in the RNAi trees.
Similar phenomena of xylose content increase were also found
in the Arabidopsis KOR mutant irx2-2 (Takahashi et al. 2009)
and PaxgKOR-RNAi trees (Maloney and Mansfield 2010). This
may be due to a feedback mechanism for compensation of
cellulose reduction in the cell wall. As well as in the xylem,
the cellulose content was also significantly reduced in the
transgenic bark, which is enriched in phloem fibers. Therefore,
normal expression of PtrKOR1 is required for cellulose biosynthesis during secondary cell wall formation. However, despite
the brittle stem caused by deficient secondary wall thickening,
the RNAi transgenic trees did not show abnormal phenotypes
when grown in a greenhouse. The stems, leaves and roots of
the transgenic plants all grew normally, which suggests that
cell division and expansion were not influenced in the RNAi
transgenic plants. Transmission electron microscopy data further confirmed that primary wall formation was not influenced
in the cortex parenchyma cells. Furthermore, cellulose content
was not changed in the RNAi transgenic leaves, suggesting
that PtrKOR1 suppression did not affect primary cell wall cellulose biosynthesis in Populus. In contrast, the KOR1 mutant
in Arabidopsis, kor1-1, exhibits an extreme dwarf phenotype
with a severe collapsed xylem phenotype in the inflorescence
stem (Nicol et al. 1998, Takahashi et al. 2009), suggesting
that KOR1 is essential for cellulose biosynthesis in both primary and secondary cell wall formation. The contrast in results
suggests that additional KOR members are involved in primary
cell wall formation in Populus. PtrKOR2 is the most likely candidate given its preferred expression in parenchyma cells and
high transcript levels in PtrKOR1-suppressed plants. PtrKOR2
and PtrKOR1 may perform redundant functions during primary
cell wall formation in Populus.
In a previous study of PaxgKOR in hybrid poplar (Maloney
and Mansfield 2010), down-regulation of its expression caused
a weak irregular-xylem phenotype, accompanied by a reduction of cellulose content in wood. However, the PaxgKOR-RNAi
transgenic trees showed a suppressed growth with reduced
stem height and diameter, which appears inconsistent with
the intact growth of the PtrKOR1-RNAi trees in this study.
What caused the phenotypic difference may be an interesting
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parenchyma cells, fibers and sclereids, in the RNAi plants was
heavily impaired compared with the wild-type (Figure 6d–f).
Interestingly, ectopic deposition of the cell wall-like material occurred in the parenchyma cells of the RNAi transgenics
(Figure 6d–f). Phloroglucinol staining further revealed that the
ectopically thickened wall in phloem parenchyma cells was
heavily lignified (Figure 6g–i), suggesting that it is secondary
wall thickening. Quantitative RT-PCR analysis of a set of secondary wall-associated transcription factor and enzyme genes in
the RNAi transgenic bark ground tissue showed significant upregulation of their transcript levels. Populus transcription factor
genes that are master switches in the secondary cell wall biosynthesis regulatory network (Zhong et al. 2010a, b), including
WND1A, 1B, 2A, 5A and MYB20, and a lignin-specific MYB28
were significantly up-regulated (see Figure S3 available as
Supplementary Data at Tree Physiology Online). Meanwhile, the
expression of downstream enzymes involved in secondary cell
wall cellulose (including CesA7-A, 8-B, 1-A, 3-C and 6-F (Song
et al. 2010)) and lignin (C3H3, 4CL3, CCoAOMT1, CCR2 and
CAD1 (Shi et al. 2010)) biosynthesis was up-regulated in the
bark of PtrKOR1-suppressed plants (see Figure S3 available as
Supplementary Data at Tree Physiology Online). The results indicated that PtrKOR1 suppression triggered a regulating mechanism which initiated secondary cell wall thickening in the phloem
parenchyma cells. This ectopic deposition of secondary walls
may function to compensate for the defects in vascular support
cells under field conditions caused by PtrKOR1 suppression.
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