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Abstract
Main conclusion PtrGH9A7, a poplar β-type endo-1,4-β-glucanase gene induced by auxin, promotes both plant growth
and lateral root development by enhancing cell expansion.
Endo-1,4-β-glucanase (EGase) family genes function in multiple aspects of plant growth and development. Our previous
study found that PtrCel9A6, a poplar EGase gene of the β subfamily, is specifically expressed in xylem tissue and is involved
in the cellulose biosynthesis required for secondary cell wall formation (Yu et al. in Mol Plant 6:1904–1917, 2013). To
further explore the functions and regulatory mechanism of β-subfamily EGases, we cloned and characterized another poplar β-type EGase gene PtrGH9A7, a close homolog of PtrCel9A6. In contrast to PtrCel9A6, PtrGH9A7 is predominantly
expressed in parenchyma tissues of the above-ground part; in roots, PtrGH9A7 expression is specifically restricted to lateral
root primordia at all stages from initiation to emergence and is strongly induced by auxin application. Heterologous overexpression of PtrGH9A7 promotes plant growth by enhancing cell expansion, suggesting a conserved role for β-type EGases
in 1,4-β-glucan chains remodeling, which is required for cell wall loosening. Moreover, the overexpression of PtrGH9A7
significantly increases lateral root number, which might result from improved lateral root primordium development due to
enhanced cell expansion. Taken together, these results demonstrate that this β-type EGase induced by auxin signaling has a
novel role in promoting lateral root formation as well as in enhancing plant growth.
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Introduction
Lateral roots (LRs) shape the root architecture and are the
major factor in water and nutrient uptake as well as in plant
anchorage. LR formation has been extensively studied, especially in the model species Arabidopsis. It is known that in
Arabidopsis, lateral root primordia (LRPs) initiate from the
pairs of pericycle founder cells adjacent to the two xylem
poles (Casimiro et al. 2001). According to Malamy and
Benfey (1997), LRP development can be divided into seven
stages prior to emergence from the parent root. At stage I,
pericycle founder cells undergo several rounds of anticlinal
divisions, creating a file of 8–10 cells, which then expand
in the radial direction. Subsequently, these cells divide periclinally, forming a two-layer LRP (stage II). As the cells in
stage II expand radially, a dome-shaped LRP appears. From
stage III to VII, LRP gradually enlarges due to constant and
highly organized cell divisions in both anticlinal and periclinal directions, accompanied by cell expansion. After the
LRP completes development in the parent root, it penetrates
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the root, a process that is primarily driven by cell expansion
rather than cell proliferation. After emergence, the apical
meristem of the LRP is functionally activated and contributes LR elongation (Malamy and Benfey 1997).
The phytohormone auxin is a crucial signaling molecule
regulating LR formation at various developmental stages
(Celenza et al. 1995; Peret et al. 2009). For example, exogenous application and endogenous overproduction of auxin
both strikingly promote the formation of the LR (Boerjan
et al. 1995; Laskowski et al. 1995; Himanen et al. 2002).
Prior to LR initiation, auxin signaling reaches its peak in
protoxylem cells which primes the overlaying pericycle
cells to differentiate into founder cells (De Smet et al. 2007).
These pericycle founder cells then accumulate high levels of
the hormone through polar auxin transport (Vilches-Barro
and Maizel 2015), which is necessary for the first formative
division for LR initiation (Casimiro et al. 2001). Further
investigation by Himanen et al. (2002) demonstrated that
during early lateral root initiation, auxin activates the cell
cycle at the G1-to-S transition by down-regulating expression of KRP2, a pericycle-expressed cyclin-dependent
kinase inhibitor. Auxin signaling is also required for LRP
penetration through overlaying tissues during development.
Indeed, it is reported that auxin originating from LRPs functions as a local signal to induce expression of a set of cell
wall-remodeling enzymes in overlaying endodermal, cortical
and epidermal cells, resulting in the separation of these cells
and facilitation of LRP outward growth (Swarup et al. 2008;
Vilches-Barro and Maizel 2015). Nevertheless, to date, little
is known about the mechanism of regulation of LRP development by auxin at post-initiation stages, during which an
LRP undergoes coordinated cell division and expansion.
Endo-1,4-β-glucanases (EGases, EC 3.2.1.4), which in
plants are encoded by a multigene family, play important
roles during plant growth and development. According to
phylogenetic relationships, EGase family members can be
grouped into α, β, and γ subfamilies (Libertini et al. 2004).
The α-subfamily contains the majority of EGases, and it
has been well characterized functionally. These α-type
EGases are typically secreted into the apoplast (Libertini
et al. 2004), where they hydrolyze 1,4-β-d-glucan chains of
matrix polysaccharides, resulting in cell wall disassembly
and loosening (Ohmiya et al. 2000; Park et al. 2003). Activities of α-type EGases have been found to be involved in several physiological processes including fruit ripening, organ
abscission and cell expansion (del Campillo 1999; Rose and
Bennett 1999; Cosgrove 2005). Two poplar α-type EGase
genes, PopCel1 and PopCel2, are reported to be required
for leaf growth, and overexpression of these two genes promotes growth by enhancing cell expansion (Ohmiya et al.
2003; Park et al. 2003). The γ-subfamily EGases, commonly referred to as KORRIGAN (KOR) proteins, harbor
an N-terminal membrane-spanning domain and are localized

13

Planta (2018) 247:1149–1161

at the plasma membrane (Mølhøj et al. 2002). It is reported
that KORs participate in cellulose biosynthesis and deposition for cell wall formation in both herbaceous and woody
plants (Sato et al. 2001; Szyjanowicz et al. 2004; Maloney
and Mansfield 2010). Our recent work revealed that the five
PtrKOR genes in poplar exhibit distinct expression profiles
and that PtrKOR1 is specifically required for secondary cell
wall cellulose biosynthesis (Yu et al. 2014).
In contrast, roles for β-subfamily EGases have rarely
been reported though we reported the functional characterization of a β-type EGase gene, PtrCel9A6, in poplar (Yu
et al. 2013). PtrCel9A6 was found to be a transmembrane
protein, with its catalytic domain facing the cell wall. Enzymatic assays showed that PtrCel9A6 preferentially hydrolyzes amorphous cellulose in vitro. PtrCel9A6 is specifically expressed in developing xylem cells during secondary
growth, and knock down of PtrCel9A6 expression causes
secondary cell wall defects and xylem cellulose content
reduction, indicating a pivotal function for PtrCel9A6 in secondary cell wall biosynthesis (Yu et al. 2013). Furthermore,
heterologous overexpression of PtrCel9A6 in Arabidopsis
promoted cell growth and induced male sterility due to cell
wall defects in endothecium development, further confirming the role of PtrCel9A6 in remodeling 1,4-β-glucan chains
in cell wall development (Yu et al. 2013). Despite these findings, many facets of β-type EGases remain to be explored.
For instance, given its strong expression in LRPs (Yu et al.
2013), it is unclear whether PtrCel9A6 functions during
LR formation. Several EGase genes in the α-subfamily
are induced by auxin (Wu et al. 1996; Catala et al. 1997;
Ohmiya et al. 2000) or ethylene (Lashbrook et al. 1994; Ferrarese et al. 1995; Koehler et al. 1996), raising the question
of whether β-type EGases are regulated by hormones.
In this study, we cloned and functionally characterized
PtrGH9A7, a close homolog of PtrCel9A6 in the poplar
β-subfamily. Our findings reveal that PtrGH9A7 is specifically expressed in LRPs in roots and induced by auxin
treatment. Heterologous overexpression of PtrGH9A7 promoted LR formation as well as plant growth by enhancing
cell expansion.

Materials and methods
Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana, Col-0 ecotype) seeds
(originally obtained from the Arabidopsis Biological
Resource Center, Columbus, OH, USA) were surface
sterilized for 15 min in 3% (v/v) sodium hypochlorite solution containing 0.2% Tween-20 and then rinsed more than
5 times with sterile water. After stratification at 4 °C for
2 d, the seeds were germinated and grown on Murashige
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and Skoog (MS) medium (Duchefa, http://www.phytotechl
ab.com) containing 1% (w/v) sucrose and 0.7% (w/v) agar.
For root and hypocotyl observation, the MS plates with
seeds were placed in a vertical position. All seedlings and
plants were grown in a chamber at 23 °C with a light/dark
cycle of 16/8 h; an exception is that etiolated seedlings
grown in the dark. Root and hypocotyl lengths and leaf size
were measured using Image J software (National Institute of
Health, Bethesda, MD, USA).

Gene cloning, constructs and genetic
transformation
For an overexpression assay, the PtrGH9A7 CDS sequence
was amplified by PCR from a pool of cDNA reverse transcribed from Populus trichocarpa leaf RNA with the forward
primer 5′-GCTC TCGAGATGAGAGTGA AAC CAAGT
TC-3′ and reverse primer 5′-GCTGGATCCTTAGGTGAA
AGATGGAACTGC-3′(underlining indicates restriction
enzyme sites). The CDS fragments were then cloned into the
intermediate vector pA7 downstream of the enhanced cauliflower mosaic virus (CaMV) 35S promoter. The resulting
35S:PtrGH9A7 cassette was ligated into the binary vector
pCambia 2300. For PtrGH9A7p:GUS construction, the 2.5kb region upstream of the start codon of PtrGH9A7 (i.e., the
promoter) was PCR-amplified from P. trichocarpa genomic
DNA using the forward primer 5′-GGCATCGATCACTAA
GATCCACGAGCATCG-3′ and reverse primer 5′-GGC
GGATCCTTTAGCAAAACTAAATCACTC-3′. The construct was completed by replacing the 35S promoter with
the PtrGH9A7 promoter in the pBI121 binary vector. The
above two constructs were transformed into Arabidopsis by
Agrobacterium-mediated transformation via the floral dip
method (Clough and Bent 1998).

β‑Glucuronidase (GUS) staining and activity
measurement
PtrGH9A7p:GUS transgenic seedlings or mature plants
were first incubated in 90% acetone (v/v) for 10 min, rinsed
twice with sterile water, and stained with GUS staining
solution (100 mM sodium phosphate (pH 7.0), 10 mM
EDTA, 0.5 mM ferricyanide, 0.5 mM ferrocyanide, 0.1%
TritonX-100, 20% methanol, and 2 mM X-Gluc) at 37 °C
for 3 h. The GUS-stained samples were incubated in 75%
ethanol for chlorophyll clearance. For the quantification of
GUS activity, roots of 14-day-old PtrGH9A7p:GUS seedlings, with or without IAA treatment, were ground into
fine powder in liquid nitrogen, from which GUS activity
was measured using the p-nitrophenyl beta-d-glucuronide
(PNPG) method described previously (Jefferson 1987).
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Quantitative RT‑PCR and Western blotting assays
To assess the expression pattern and transcript levels of
PtrGH9A7 in overexpressing lines, total RNA was isolated
from various tissues of P. trichocarpa and transgenic Arabidopsis leaves using an RNAprep pure Plant kit (Tiangen,
http://www.tiange n.com) following the manufacturer’s
instructions. One microgram total RNA of each sample
was reverse transcribed using the PrimeScript RT reagent
kit (Perfect RealTime) (TaKaRa, http://www.takara-bio.
com). The resulting first-strand cDNA was used for the
analysis of PtrGH9A7 transcript levels by qRT-PCR with
the gene-specific forward primer 5′-ACAT
 TGG
 CAT
 TGG
 TT
TATGA-3′ and reverse primer 5′-GTTACTATATCCCAA
CTCG-3′. Quantitative RT-PCR was performed using Hieff
qPCR SYBR Green Master Mix (Yeasen, http://www.yease
n.com) and an iQ5 Real-Time PCR Detection System (BioRad, http://www.bio-rad.com). The PCR procedure and data
analysis were performed according to a previous report (Yu
et al. 2014).
To examine PtrGH9A7 protein expression, young leaves
of PtrGH9A7-overexpressing Arabidopsis plants were
ground to a fine powder in liquid nitrogen and then dissolved
in an equal volume of 2 × loading buffer [0.1 M Tris–HCl
(pH 6.8), 4% SDS, 0.2% bromophenol blue, 20% glycerol].
The protein samples were separated by SDS-PAGE, transferred onto a PVDF membrane, and immunoblotted using
monoclonal antibodies against the His-tag (Abmart, http://
www.ab-mart.com). Actin detected by monoclonal antibodies (Abmart) was used as a loading control.

Microscopic analysis
GUS-stained seedlings were observed under a stereomicroscope (Zeiss Stemi 508), and GUS signals in LRs were
examined under a bright-field microscope (Zeiss Axio Scope
A1). For the observation of LRPs at each developmental
stage, 11-day-old Arabidopsis seedlings grown on vertical
MS-agar plates were mounted in clearing solution (66.7 g
chloral hydrate, 8.3 g glycerol, and 25 g H
 2O) for 0.5 h and
the roots were examined for LRP distribution under the
bright-field microscope (Zeiss Axio Scope A1) in a DIC
mode. For the comparison of cell size between overexpressing and wild-type plants, the 3–4th true leaves of 20-day-old
Arabidopsis were observed under a scanning electron microscope (Jeol JSM-5610LV, http://www.jeol.com/) according
to a previously described procedure (Yu et al. 2016). To
investigate the effect of PtrGH9A7 on cell expansion and
division, 5-day-old Arabidopsis seedlings were stained in
50 μg/ml propidium iodide (PI) solution for 1 min and rinsed
three times in sterile water, the root mature zones and meristematic zones were then examined for cortical cell elongation and cell division, respectively, under a confocal laser
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scanning microscope (Zeiss LSM510). Root cell length and
leaf cell area were measured using the Image J software.

Results
In our previous study, a pair of duplicated EGase
genes, PtrCel9A6 (Potri.005G237700) and PtrGH9A7
(Potri.002G023900), were analyzed for sequence features
and classified into the β-subfamily (Yu et al. 2013). The
CDS of PtrGH9A7 consists of 1572 base pairs, with 91%
identity to that of PtrCel9A6, and encodes a protein of 523
amino acids.

Expression pattern of PtrGH9A7
Quantitative RT-PCR was used to examine the expression
pattern of PtrGH9A7 in various tissues of P. trichocarpa.
The results showed that PtrGH9A7 was ubiquitously
expressed in shoot tips, young (expanding) leaves, stems
and roots, with the highest expression in young leaves. In
stems, PtrGH9A7 transcript levels decreased in the order of
cork to phloem to xylem; in roots, PtrGH9A7 was expressed
in LRPs and young LRs but levels were almost undetectable in primary root segments lacking LRs (Fig. 1a). To
confirm the expression pattern, a promoter sequence
of ~ 2.5-kb upstream of the PtrGH9A7 start codon was
cloned and placed before the GUS reporter gene, generating
a PtrGH9A7p:GUS construct that was subsequently transformed into Arabidopsis, a good model system due to its
high transformation efficiency and short generation time.
Histochemical GUS staining revealed a consistent expression pattern for PtrGH9A7 in all transgenic lines. In the
aerial part of PtrGH9A7p:GUS seedlings, GUS signals were
detected in shoot tips, young leaves, and petioles of cotyledons, whereas in roots, the PtrGH9A7 promoter was specifically active in LRPs and the basal part of LRs (Fig. 1b). In
a 20-day-old plant, GUS signals were detected in shoot tips,
young leaves, and petioles and leaf veins of mature leaves
(Fig. 1c), resembling the expression pattern observed in the
seedling. PtrGH9A7 was also expressed at a relatively high
level in the inflorescence stem (Fig. 1d). Transverse sections
of the GUS-stained inflorescence stem showed PtrGH9A7 to
be expressed in the cortex and phloem but not in the xylem
or pith (Fig. 1e), unlike the specific expression of PtrCel9A6
in developing xylem tissue (Yu et al. 2013). In reproductive
organs, GUS activity was detected in filaments and at the top
of a pistil in a flower (Fig. 1f) as well as in the carpopodium
of a silique (Fig. 1 g).
The PtrGH9A7 promoter is specifically active in LRPs
and LRs, indicating a potential role of PtrGH9A7 in LR
formation. To facilitate characterization of PtrGH9A7′s
involvement in LR formation, we investigated PtrGH9A7
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expression from LRP initiation to emergence, and to LR
maturation. At LRP developmental stage I, GUS activity
was exclusively detected in pericycle founder cells, which
were undergoing anticlinal cell division and cell expansion
(Fig. 2a). The PtrGH9A7 promoter was strongly activated
at stage II, during which a dome-shaped LRP appeared
resulting from radial expansion of the newly divided cells
(Fig. 2b). From this stage to LRP emergence, GUS activity was consistently detected at high levels. At stage V, the
PtrGH9A7 promoter was most active at the core of the LRP,
where cells were undergoing expansion and elongation to
form the future vascular elements (Fig. 2c). During emergence from the parent root, a process that is mainly driven by
the expansion of preexisting cells, strong GUS activity was
observed in the LRP (Fig. 2d). However, once the LRP successfully emerged and grew with a newly formed meristem,
GUS staining faded from the tip, and only a relatively weak
signal was retained at the basal part of the LR (Fig. 2e),
where the vasculature was developing. This weak promoter
activity continued for some time at the base of the mature
LR (Fig. 2f).

PtrGH9A7 expression is induced by auxin
The 2.5 kb promoter of PtrGH9A7 was also analyzed for
cis-acting elements. Typical auxin response elements
(AuxREs) (Boer et al. 2014) with the sequence TGTCTC
(four copies at positions − 90, − 614, − 1591, and − 1621)
and TGTC GG (one copy at the position − 96) were
found in the promoter. Among the TGTC TC AuxREs,
the last two are oriented as a palindromic repeat, which
is reported to be sufficient to confer auxin responsiveness (Ulmasov et al. 1997) (Fig. 3a). To determine the
responsiveness of the PtrGH9A7 promoter to auxin, we
treated PtrGH9A7p:GUS plants with IAA or the synthetic
auxin analog 2, 4-D. According to the results, PtrGH9A7
expression was markedly induced in the roots of auxintreated plants, and a weak induction was also observed
in the auxin-treated leaves compared with control plants
(Fig. 3b, e; Suppl. Fig. S1 a, b). Detailed comparison of
roots revealed that IAA-induced GUS activity throughout the entire root system, including the primary and lateral roots (Fig. 3f, g), whereas untreated roots exhibited
normal GUS activities restricted to LRPs and the basal
part of LRs (Fig. 3c, d). Quantitative analysis of GUS
activities revealed that PtrGH9A7 expression increased
to approximately threefold upon IAA treatment (Fig. 3h).
We further investigated the endogenous PtrGH9A7 expression in poplar leaves, and the results showed that the
gene was remarkably up-regulated with IAA treatment
(Fig. 3i). To investigate the effect of other phytohormones
on PtrGH9A7 expression, we treated PtrGH9A7:GUS
seedlings with GA 3, 6-benzyladenine (6-BA), ABA, or
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Fig. 1  Expression profile of
PtrGH9A7. a Quantitative
RT-PCR analysis of PtrGH9A7
expression in various Populus
trichocarpa tissues. ST shoot
tip, Le young leaf, Xy xylem, Ph
phloem, Co cork, LR lateral root
primordium and young lateral
root, PR primary root. PtrActin2
was used as a reference for
normalization. Histochemical
analyses of PtrGH9A7p:GUS
transgenic Arabidopsis. b
GUS staining of a 7-day-old
Arabidopsis plants grown on a
MS-agar plate. Arrows indicate
the GUS signal in LRPs and
the basal part of LRs, and the
asterisk indicates the tip of the
primary root. c GUS staining
of a 20-day-old plant. d-g GUS
staining of the inflorescence
stem (d, e), flower (f), and
silique (g) of a 45-day-old
Arabidopsis plant. e Cross-section of the stem comparable to
that shown in d. Bars = 2 mm
(b, d, g), 1 cm (c), 0.5 mm (e),
1 mm (f)

1-aminocyclopropane-1-carboxylic acid (ACC). In contrast to auxin, application of these hormones did not
influence PtrGH9A7 expression (Suppl. Fig. S1 a, c-f).
These results demonstrate that auxin induces expression
of PtrGH9A7, especially in the root system.

Overexpression of PtrGH9A7 promotes Arabidopsis
growth by enhancing cell expansion
To investigate the role of PtrGH9A7 in planta, we cloned
the PtrGH9A7 CDS sequence from a cDNA pool isolated
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Fig. 2  Expression of PtrGH9A7 during LR formation. a-d PtrGH9A7p:GUS expression in LRPs at development stages I (a), II (b), V (c), and
the emergence stage (d). GUS staining of elongating (e) and mature (f) LRs

from young leaves of P. trichocarpa. During the PCR-based
cloning, a tag of six tandem repeats of codons for His (his6)
was fused to the 3′ end of the PtrGH9A7 CDS for protein
detection. The resulting PtrGH9A7-his6 sequence was
constructed under the control of the enhanced CaMV 35S
promoter and subsequently transformed into Arabidopsis
via Agrobacterium-mediated transformation. More than 20
independent transgenic lines were generated. Quantitative
RT-PCR showed that PtrGH9A7 was successfully expressed
in the transgenic lines, among which, lines 5, 7, and 8 exhibited relatively high transcript levels (Fig. 4a). Western blotting further confirmed that the PtrGH9A7 protein was highly
expressed in these lines (Fig. 4b). Therefore, these overexpression lines were used for further analysis.
For phenotypic observation, homozygous PtrGH9A7-overexpressing (PtrGH9A7-OX) lines and wild-type Arabidopsis
were grown on vertical MS-agar plates in the dark. At 9 days
of age, roots and hypocotyls of PtrGH9A7-OX seedlings were
significantly longer than those of wild type (Fig. 5a, b). When
grown in soil for 20 days, the leaf size of PtrGH9A7-OX
plants increased by 32–50% compared to that of wild type
(Fig. 5c, d). To explore the cellular basis underlying the growth
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promotion triggered by PtrGH9A7 overexpression, scanning
electron microscopy was employed to examine the lower epidermis of rosette leaves. A remarkable increase in cell size was
found to be induced in PtrGH9A7-OX lines compared to wild
type (Fig. 5e, f). It is known that plant growth is promoted by
cell division and expansion. To investigate whether PtrGH9A7
also affects cell division as well as cell expansion, Arabidopsis
root development was examined. As shown in Fig. 6, in the
mature zones of roots, cortical cells of PtrGH9A7-OX lines
were significant longer than those of wild type (Fig. 6a, b),
whereas the numbers of the meristematic cortical cells, which
reflect the division activity of root tips, were not significantly
influenced by PtrGH9A7 overexpression (Fig. 6c, d). These
results demonstrate that the overexpression of PtrGH9A7 promotes plant growth by enhancing cell expansion.

Overexpression of PtrGH9A7 promotes LR formation
in Arabidopsis
Given the specific expression of PtrGH9A7 in LRPs, we
examined the effect of PtrGH9A7 on LR formation in
transgenic Arabidopsis lines. PtrGH9A7-OX lines grown
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Fig. 3  PtrGH9A7 expression is
induced by auxin. a Schematic diagram of the genomic
structure of PtrGH9A7. Black
boxes represent exons, bended
lines introns, gray boxes 5′
and 3′ UTRs, and the white
box the promoter. The auxin
response elements TGTCTC
(including its reverse oriented
form GAGACA) and TGT
CGGare indicated in the
promoter. b–d GUS staining of
a 13-day-old PtrGH9A7p:GUS
transgenic Arabidopsis plant
without IAA treatment. c, d
Close-up images of the LRP
and LR, respectively, shown
in b. e–g GUS staining of a
13-day-old PtrGH9A7p:GUS
transgenic Arabidopsis plant
treated with 100 nM IAA for
24 h. f, g Close-up images of
the LRP and LR, respectively,
shown in e. Bars = 2 mm
(b, e), 100 μm (c, d, f, g). h
Quantification of GUS activity
in PtrGH9A7p:GUS transgenic Arabidopsis roots with
or without IAA treatment. i
Quantitative RT-PCR analysis of PtrGH9A7 expression
level in poplar leaf induced by
100 nM IAA for 24 h. The values in h and i are means ± SD.
Significance as determined by
Student’s t test. **P < 0.01

on vertical MS-agar plates for 10 days produced significantly more LRs (Fig. 7a, c) as well as longer primary roots
(Fig. 7b) than wild type. Furthermore, to differentiate the
influence of longer primary roots on LR formation, we
calculated the LR frequency for primary roots. The results
showed that the LR number per centimeter of primary root
of PtrGH9A7-OX lines 5, 7, and 8 increased by 46, 78, and

98%, respectively, compared to that of wild type (Fig. 7d).
To further analyze the effect of PtrGH9A7 on LR formation, we examined LRP development at each stage. In our
condition, LRPs from developmental stage II to emergence
could be easily identified (typical images are shown in Fig.
S2) but LRPs at stage I with only the first round of anticlinal
divisions of the pericycle founder cell were not clearly seen,
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and phloem, which consist of parenchyma cells. Based on
this complementary expression feature, at least in leaves and
stems, it is reasonable to presume that PtrGH9A7 functions
as a regulator for primary cell wall formation in poplar and
that PtrCel9A6 is involved in secondary cell wall biosynthesis (Yu et al. 2013). Interestingly, distinct from the observed
expression in the above-ground part, the two genes exhibit
partial overlapping expression patterns in the below-ground
part, i.e., PtrGH9A7 expression is confined to LRPs and the
basal part of LRs, whereas PtrCel9A6 is expressed in LRPs
as well as in the stele (Yu et al. 2013). The high expression levels of this pair of genes in LRPs strongly indicate a
potential function for β-type EGases during LR formation.

Auxin induces expression of PtrGH9A7

Fig. 4  Heterologous overexpression of the PtrGH9A7 gene in Arabidopsis. a Quantitative RT-PCR analysis of PtrGH9A7 transcript levels in transgenic lines. Values are the mean ± SE of three independent biological replicates normalized to the reference gene AtActin2. b
Western-blotting analysis of PtrGH9A7-his6 fusion protein levels in
transgenic lines. The PtrGH9A7-his6 fusion protein was detected by
antibodies against the 6 × histidine tag, and antibodies against actin
were used as a loading control

and thus not included in the data. The results showed that
LRPs at stage V and emergence were significant more in
PtrGH9A7-OX lines than wild type, while LRP development
at the other stages were not significantly affected (Fig. 7e),
suggesting a specific role of PtrGH9A7 on these two stages
of LRP development. These results demonstrate that overexpression of PtrGH9A7 promotes LR formation by regulating
LRP development.

Discussion
PtrGH9A7 is expressed in parenchyma tissues
and LRPs
As a pair of duplicated genes in the EGase β-subfamily,
PtrGH9A7 and PtrCel9A6 share high identity in CDS
sequence; however, their promoter sequences are rather different, indicating possible distinct spatio-temporal expression profiles for these two genes. Our research has shown
that PtrGH9A7 is mainly expressed in the mesophyll tissues
of young expanding leaves, whereas PtrCel9A6 is specifically expressed in the vasculature (Yu et al. 2013). In contrast to the exclusive expression of PtrCel9A6 in xylem cells
undergoing secondary cell wall thickening (Yu et al. 2013),
in stems, PtrGH9A7 is dominantly expressed in the cortex
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In a survey of cis-acting elements in the PtrGH9A7 promoter, we detected five auxin response elements (AuxREs),
two of which form a close palindromic repeat that is reported
to be actively responsive to auxin (Ulmasov et al. 1997).
Consistent with these findings, exogenous application of
auxins up-regulated endogenous PtrGH9A7 expression in
poplar and strikingly induced PtrGH9A7p:GUS expression
throughout the entire root system in Arabidopsis, though
other phytohormones exhibited no such effects. On the basis
of the well-described auxin signaling pathway (Lau et al.
2008), we hypothesize that auxin triggers degradation of
Aux/IAA repressors mediated by SCFTIR1, thereby relieving repression of auxin response factors (ARFs), which
subsequently activate PtrGH9A7 expression via binding to
AuxREs in the gene’s promoter (Fig. 8).

PtrGH9A7 promotes cell expansion
Heterologous overexpression of PtrGH9A7 remarkably promoted cell expansion or elongation, but not cell division, in
Arabidopsis leaves, roots, and hypocotyls, a phenotype that
was also observed for PtrCel9A6-overexpressing plants (Yu
et al. 2013). PtrCel9A6 is reported to specifically hydrolyze amorphous cellulose, supporting its role in relaxing
cellulose-xyloglucan crosslinks and, therefore, loosening
the cell wall which is required for cell expansion (Yu et al.
2013). Given the high sequence identity between PtrGH9A7
and PtrCel9A6, it is reasonable to presume that PtrGH9A7
functions through a similar mechanism as PtrCel9A6 does
in promoting cell expansion.
Auxin is known as an important growth hormone
required for plant cell expansion (Perrot-Rechenmann
2010). Our studies support the idea that auxin signaling
up-regulates expression of β-type EGases, which eventually promotes cell expansion or elongation, and thus
enhances plant growth (Fig. 8). Interestingly, previous
studies have revealed that several α-type EGase genes
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Fig. 5  O verexpression of PtrGH9A7 in Arabidopsis enhanced
growth by promoting cell expansion. a Col-0 and PtrGH9A7-OX
transgenic etiolated seedlings grown on vertical MS-agar plates in the
dark for 9 days. b The lengths of hypocotyls and roots shown in a. c
20-day-old Arabidopsis grown in soil. d Areas of leaves shown in c.

The 3th and 4th true leaves of 30 plants were measured for each genotype. e Scanning electron micrographs of the lower epidermis of the
leaves shown in c. f Epidermal cell areas of Arabidopsis leaves shown
in e. In b, d, different letters indicate significantly different values,
ANOVA test, P < 0.01. Bars = 1 cm (a, c), 50 μm (e)

involved in cell expansion are induced by auxin (Wu
et al. 1996; Catala et al. 1997; Ohmiya et al. 2000), and
another cluster of EGase genes required in fruit ripening
and/or abscission are up-regulated by ethylene (Lashbrook

et al. 1994; Ferrarese et al. 1995; Koehler et al. 1996).
Considering the data presented here, we conclude that
a conserved mechanism underlies the regulation of cell
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Fig. 6  Overexpression of
PtrGH9A7 promotes cell
expansion rather than cell
division. a Root mature zones
of Col-0 and PtrGH9A7-OX
transgenic Arabidopsis at
5 days of age. Arrowheads
indicate the borders of adjacent
cortical cells. b Measurement
of the length of cortical cells
in root mature zones shown
in a. Different letters indicate
significantly different values,
ANOVA test, P < 0.01. c Root
tips of 5-day-old Arabidopsis
seedlings. Arrowheads indicate
the boundaries of meristematic
zones and elongation zones.
d Quantitative analysis of the
number of meristematic cortical
cells. Bars = 100 μm (a, c)

growth-associated EGases by auxin, regardless of their
α- or β-type features.

Auxin‑inducible PtrGH9A7 is involved in LR
formation
During root development, PtrGH9A7 is specifically
expressed in LRPs and the basal part of LRs. Detailed
observation of the process of LR formation revealed persistent and high expression of PtrGH9A7 in LPRs from initiation to emergence but weak expression in mature LRs.
The LRP undergoes coordinated cell division and expansion from a pair of pericycle founder cells to an organized
multicellular structure. Cell expansion, typically radial
expansion of new divided cells in stage I and II, elongation of core cells in stage V, and expansion during emergence, contributes significantly to LRP initiation, patterning, and emergence processes (Malamy and Benfey 1997).
However, the regulatory mechanism underlying the cell
expansion in LRP development remains unknown. Based
on the LRP-specific occurrence and promoting effect on
cell expansion, it is reasonable to presume that PtrGH9A7
functions as a positive regulator of cell expansion in LRP
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development, albeit more genetic evidence is needed. In
fact, heterologous overexpression of PtrGH9A7 significantly increased the development of LRPs at stages V
and emergence and eventually the LR number. Due to the
active cell expansion during LRP development at stages
V and emergence, we can conclude that the overexpressing PtrGH9A7 contributes to the accelerated LR growth
through positively regulating the cell expansion required
for LRP development.
Auxin is well known as a crucial regulator of LR formation. And accumulation of a high level of auxin in pericycle founder cells triggers the first formative division for LR
initiation (Casimiro et al. 2001). As the LRP progresses
in the parent root, local auxin signaling in overlaying tissues induces loosening of these tissues and facilitates LRP
growth (Swarup et al. 2008; Vilches-Barro and Maizel
2015). The present study showed that the PtrGH9A7 gene
responds to auxin in roots, indicating that auxin modulates cell expansion in LRP development by regulating
PtrGH9A7 expression in vivo (Fig. 8). These findings
demonstrate a potential use of the PtrGH9A7 gene for the
genetic improvement of plant growth and root architecture
in crop breeding.

Planta (2018) 247:1149–1161

Fig. 7  Overexpression of PtrGH9A7 in Arabidopsis promotes LR formation. a Col-0 and PtrGH9A7-OX transgenic seedlings grown on
vertical MS-agar plates for 10 d. Bars = 1 cm. b Primary root length
of vertically grown seedlings shown in a. c, d LR numbers of the
seedlings shown in a. The frequency of LR formation is demonstrated
in two forms: LR number per plant (c) and LR number per unit length

1159

(cm) of the primary root (d). In b–d, different letters indicate significantly different values, ANOVA test, P < 0.01. e Numbers of LRPs
at developmental stages II to emergence and LRs of 11-day-old vertically grown seedlings. The values are means ± SD. Significance as
determined by Student’s t test. *P < 0.05, **P < 0.01
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Fig. 8  Model of the functional mechanism of PtrGH9A7. Auxin signaling induces expression of PtrGH9A7, which enhances cell expansion by loosening cell walls, leading to LRP development as well as
leaf expansion and elongation of hypocotyls and roots
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