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DWF4 and CPD are key brassinosteroids (BRs) biosynthesis enzyme genes. To explore the function of Populus
euphratica DWF4 (PeDWF4) and CPD (PeCPD), Arabidopsis thaliana transgenic lines (TLs) expressing PeDWF4,
PeCPD or PeDWF4 plus PeCPD, namely PeDWF4-TL, PeCPD-TL and PeCP/DW-TL, were characterized. Compared with wild type (WT), the changes of both PeDWF4-TL and PeCPD-TL in plant heights, silique and hypocotyls
lengths and seed yields were similar, but in bolting time and stem diameters, they were opposite. PeCP/DW-TL was
more in plant heights and the lengths of primary root, silique, and fruit stalk, but less in silique numbers and seed
yields than either PeDWF4-TL or PeCPD-TL. PeDWF4 and PeCPD specially expressed in PeDWF4-TL or PeCPDTL, and the transcription level of PeDWF4 was higher than that of PeCPD. In PeCP/DW-TL, their expressions were
all relatively reduced. Additionally, the expression of PeDWF4 and PeCPD differentially made the expression levels
of AtDWF4, AtCPD, AtBR6OX2, AtFLC, AtTCP1 and AtGA5 change in the TLs. The total BRs contents were
PeDWF4-TL > PeCP/DW-TL > WT > PeCPD-TL. These results imply that PeDWF4 is functionally not exactly the
same as PeCPD and there may be a synergistic and antagonistic effects in physiology between both of them in the
regulation of plant growth and development.
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1.

Introduction

Brassinosteroids (BRs) are a new group of plant growth
regulators found relatively late (Grove et al. 1979). In the
past decade, many genes functioning in BR biosynthesis,
such as AtCPD (Szekeres et al. 1996), AtDWF4 (Choe
et al. 1998), AtROT3 (Kim et al. 1998), AtCYP90D1 (Kim
et al. 2005a), AtBR6OX1 (Shimada et al. 2001), AtBR6OX2
(Kim et al. 2005b), OsCPD1 and OsCPD2 (Sakamoto and
Matsuoka 2006), OsDWF4, OsD2 and OsD3 (Hong et al.
2003), OsD11 (Tanabe et al. 2005), have been cloned and
characterized. These studies have provided insight into molecular mechanisms of BR action. Nowadays it is known that
the brassinolide (BL), the most active BR, was synthesized
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from campesterol (CR) through so-called the early and late
C-6 oxidation pathways (Chung and Choe, 2013), the early
C-22 oxidation branch (Fujioka et al. 2002; Ohnishi et al.
2012) and the C-23 hydroxylation shortcuts (Ohnishi et al.
2006). The late C-6 oxidation pathway has been accepted to
be the predominant BR biosynthesis branch (Nomura et al.
2001), and the early C-22 oxidation branch, which parallels
with CR to campestanol (CN) route located in the upstream
of the early and late C-6 oxidation pathways, was suggested
to be the dominant upstream BR biosynthesis pathway
(Fujioka et al. 2002; Ohnishi et al. 2012). However, these
studies were mostly focused on annual herbaceous plants,
especially Arabidopsis, and few studies have been performed
in the perennial woody plants, particularly in trees. It is well
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known that trees are dramatically distinct from herbaceous
plants in morphology, physiology, anatomy, lifespan and
tolerance to extreme environments, and have important economic and ecological interests. However, it is yet to be
explored whether the pathway and molecular mechanism of
BRs biosynthesis are the same between in trees and grasses.
It has been said that the genes encoding BRs biosynthetic
enzymes appear conserved across plant species, but it
remains to be determined whether their functionality is conserved across species (Shi et al. 2015). For example, while
the Arabidopsis and rice DIM/DWF1 catalyse similar steps
in the sterol biosynthetic pathway, the severity of their
respective knockout mutant phenotypes is different from
each other (Hong et al. 2005). The Arabidopsis dim/dwf1
knockout mutant shows a severe dwarf phenotype, whereas
the rice brd2 mutant displays only a moderate semi-dwarf
phenotype (Takahashi et al. 1995; Hong et al. 2005). Moreover, the end-products of BR biosynthesis also shows notable differences among herbs. For example, Arabidopsis and
tomato (Lycopersicon esculentum) produce both castasterone (CS) and BL, with BL being the more active of the two
(Bishop et al. 2006), and rice only produces CS (Yamamuro
et al. 2000; Hong et al. 2005; Nakamura et al. 2006). There
are so many difference across herbs, greater distinctions
possibly exist between herb and trees.
In addition, the vast majority of these BRs biosynthetic
enzymes genes encode a cytochrome P450 monooxygenases
of the CYP85 or CYP90 families (Fujioka and Yokota
2003). Relaxed substrate specificities of these P450 enzymes
allow conversions along parallel routes (Fujioka et al. 2002;
Shimada et al. 2003). These enzymes (or genes) are believed
to play a role in the different steps of BRs biosynthesis
pathway, but it remains unclear whether their roles are the
same and whether there is an interplay among them in the
regulation of plant growth and development. To study these
issues is of great importance for getting insights into the
pathway and molecular genetic mechanism of BRs biosynthesis in trees.
For the reasons above, previously we cloned the homologs of Arabidopsis DWF4 (AtDWF4) and CPD (AtCPD)
from Populus euphratica, a tree species with very strong
tolerances to extreme temperature, drought and salt stress
(Wu 2012), named PeDWF4 (Genebank Accession: HQ
452827) and PeCPD (Genebank Accession: GU326353),
respectively. AtDWF4 and AtCPD are two important BR
biosynthesis genes. They were identified from Arabidopsis
dwf4 (dwarf 4) and cpd (constitutive photomorphogenic
dwarf) mutant and deduced to encode a C-22 hydroxylase
(CYP90B1) (Choe et al. 1998) and C-23 hydroxylase
(CYP90A1) (Szekeres et al. 1996), respectively. CYP90B1
was initially thought to act in late C-22 hydroxylation
(CN→6-deoxoCT) (Choe et al. 1998; Choe et al. 2001),
but recently it was found to function in multiple of early
J. Biosci. 41(4), December 2016

C-22 hydroxylations (Fujita et al. 2006). CYP90A1 was
firstly thought to act in late C-23 hydroxylation (Szekeres
et al. 1996), but a recent study indicated that it, as a C-3
oxidase, functions in the early conversion of (22S)-22hydroxycampesterol (22-OHCR) to (22S, 24R)-22-hydroxyergost-4-en-3-one (Ohnishi et al. 2012). The mutation of
AtDWF4 and AtCPD all lead to abnormal phenotypes, such
as short, round, dark green leaves, lower fertility and deetiolation (Azpiroz et al. 1998; Choe et al. 1998; Mathur
et al. 1998; Szekeres et al. 1996). In addition, AtDWF4 and
AtCPD were believed to be the genes encoding rate-limited
reaction enzymes (Shi et al. 2015), and their transcriptions
were feedback regulated by BRs (Bancos et al. 2002; Tanaka
et al. 2005; Kim et al. 2006).
After the PeCPD was introduced into Arabidopsis cpd
mutant, we found that the obtained transgenic lines (TLs)
displayed obvious restoration in phenotype compared to the
cpd mutant, but was still different from wild type (WT) in
leaf shape and fertility (Wu et al. 2014), suggesting that
PeCPD also functions in the regulation of plant growth and
development through modulating BRs biosynthesis, but it
may be not completely same as AtCPD in function. In order
to explore the function of PeDWF4, and its functional difference with PeCPD in the regulation of growth and development of plant, here we introduced PeDWF4 and PeCPD
into Arabidopsis WT, respectively, resulting in two TLs,
named PeDWF4-TL and PeCPD-TL. Subsequently, their
morphological, anatomical, physiological and molecular biological characteristic were analysed and compared with WT
under the completely same conditions. In addition, to understand if there is an interplay in physiology between PeDWF4
and PeCPD, we introduced both of them into the genome of
Arabidopsis WT, resulting a TL that expressed both
PeDWF4 and PeCPD, named PeCP/DW-TL, and made a
comparison of PeCP/DW-TL with PeDWF4-TL and
PeCPD-TL.
This study reports the changes of PeDWF4-TL, PeCPDTL and PeCP/DW-TL in the aspects of morphology, anatomy, physiology, gene expression and endogenous BRs content relative to their WT and the differences among them,
demonstrating that PeDWF4 and PeCPD do not have the
same function, and between both of them there is a complicated synergistic and antagonistic effect.

2.

Materials and methods
2.1

Materials

Arabidopsis thaliana Columbia ecotype (Col-0) was conserved by our lab. Its seeds were vernalized at 4°C for 2
days and then germinated in soil. Plants were grown in a
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greenhouse that was controlled at 22°C, 120 μmol m−2s−1
illumination and 16 h light/8 h dark per day.
Both PeCPD (Genebank Accession: GU326353) and
PeDWF4 (Genebank Accession: HQ 452827) genes were
isolated by Dr Hai Jun WU and integrated in pMDC43
expression vector carrying hygromycin resistant gene under
the control of cauliflower mosaic virus 35S promoter
(CMV35S), expressed as pMDC35S::PeCPD and
pMDC35S::PeDWF4, respectively.
2.2

yields for each plant were counted or weighed. To analyse
hypocotyls and primary root growth, their seeds were inoculated on half-strength MS (Murashige and Skoog, 1962)
agar medium and allowed to germinate and grow in the light
and dark, respectively. Seven days later, they were photographed and measured with ImageJ 1.41 software. At least
twenty plants were used for each item and transgenic line.
All the data obtained were subjected to statistical analysis
based on Origin 8.0 software.
2.4

Generation of transgenic lines

PeDWF4-TL and PeCPD-TL were generated through general Agrobacterium-mediated inflorescence dip method. First,
pMDC35S::PeCPD and pMDC35S::PeDWF4 were introduced to Agrobacterium tumefaciens GV3101, respectively,
and then used to transform the WT of Arabidopsis (Col-0).
The obtained T1 seeds (seedlings) were selected on the
medium with 40 mg L−1 hygromycin, and then identified
through polymerase chain reaction (PCR).
PeCP/DW-TL was produced through traditional hybridization approach, we firstly crossed PeCPD-TL, as a female
parent, with PeDWF4-TL, as a male parent, to result in F1
seeds, and then planted the F1 seeds in soil for getting F2
generations. Later, some plants that were different from
parent in morphology and physiology were selected and
subjected to PCR identification. Obtained PeCPD-TL,
PeDWF4-TL and PeCP/DW-TL were grown and propagated
under the condition that was completely same as above.
For PCR analysis, their genome DNAs were isolated from
leaf using the CTAB (hexadecyl trimethyl ammonium bromide) method, and then amplified with 2 × EasyTaq PCR
SuperMix (+dye) (Transgen Biotech, China) and Primer 1 or
2 in table 1. The PCR conditions for PeDWF4 identification
were 4 mins at 94°C followed by 30 cycles of denaturation
for 40 s at 94°C, annealing for 40 s at 56°C and extension for
40 s at 72°C, and the PCR conditions for PeCPD were
completely the same as that for PeDWF4 except for different
extension time (90 s).
2.3

Morphological analysis

At the 30th day after germination (DAG), their fifth rosette
leaf (from top to bottom) was excised and photographed with
digital cameras, and petiole lengths and blade lengths,
widths and areas were measured using Image Processing
and Analysis in Java 1.41 (ImageJ 1.41) software. At the
50th DAG, the heights and diameters of inflorescence stems
were measured with ruler and micrometer. Siliques were
photographed and their lengths were measured also using
ImageJ 1.41 software. The numbers of siliques and inflorescence stems, including primary and secondary, and the seed

Observation of inflorescence stems
microscopic structure

At the 50th DAG, the base portion of inflorescence stem, about
1 cm high above the ground, was fixed in FAA fixative (50.0%
ethanol, 5.0% acetic acid, 3.7% formaldehyde) for 2–3 days, and
embedded in paraffin. The samples were cut into sections 8 μm
thick, and then stained in fast green followed by safranin. The
sections stained were observed and pictured under OLYMPUS
BX51(Japan) microscope equipped with digital cameras. The
xylem, phloem and pith cell size and number were measured on
the pictures using the same method as above. At least three
plants for each TL and four sections per plant were treated. All
the data were statistically analysed using Origin 8.0 software.
2.5

Measurement of photosynthetic parameters

At the 50th DAG, optimal/maximal photochemical efficiency of PSII (ΦPSΠ), photosynthetic quantum yield (PQY) and
photosynthetic electron transport rate (ETR) were detected
with portable Pulse-Amplitude Modulation fluorometer
(PAM2100) connected with Pam-win software on the fifth
leaves from the top of the plants after dark-adapted for 30
min. Each TL was set three repeats and at least three plants
were used for each repeat. In addition, their chlorophylls
were prepared with 80% acetone extraction method and
detected using spectrophotometer (unico, UV-2000) at
645 nm and 663 nm wavelength of light, respectively. The
contents of chlorophyll were determined following the formula chlorophyll a (Chl a) (μg/mL) = 12.7 × OD663 − 2.69 ×
OD645 and chlorophyll b (Chl b) (μg/mL) = 22.9 × OD645 −
4.68 × OD663, respectively (Lichtenthaler and Wellburn,
1983), with three biological and technological replicates.
2.6

Reverse transcription PCR and
real-time qPCR analysis

For RT-PCR analysis of the genes expression pattern in the
TLs, their primary roots, rosette leaves, inflorescence stems
and siliques were detected. Primary roots were from the seedlings that had grown for 7 days at 22°C, 120 μmol m−2s−1
illumination and 16 h light/8 h dark on half-strength MS
J. Biosci. 41(4), December 2016
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Table 1. The primer sequences used in the study
No.

Sequence (5′→3′, forward/reverse)

Genes

References

1

TGAGGCTGGTCAAAGACAGTA/CTTAATTTTCCTGGAACACCG

PeDWF4

Designed by author

2

GCTCTAGAAACAATGGCGGTAATTTCTCTT/TAGGTACCCATGGCCTGGACACGATCT

PeCPD

Wu et al. 2014

3

AAAAGCCTTGAAGTCTCGATC/CAGCAAAGAGCAAGCTTAATA

PeDWF4

Designed by author

4

GCCTCTGCCACCTTAGTCCTA/GGAGGAGGCCAAGAAGATTAC

PeCPD

Wu et al. 2014

5

CATAAAGCTCTTCAGTCACGA/CGTCTGTTCTTTGTTTCCTAA

AtDWF4

Wu et al. 2014

6

GGCTAGGGTTGCACTCTCTGT/ACAGAAGCTAAGGCTTTATA

AtCPD

Choe et al. 2001

7

GGGATGATCTTGAGACAGTTG/CTCCACTGCGGTAATTCGTT

AtBR6OX2

Wu et al. 2014

8

AAGGCCTTTGTGGTCAATATCGGC/TAGATGGGTTTGGTGAGCCAA

AtGA5

Domagalska et al. 2010

9

GCAAGCTTGTGGGATCAAATGTC/AGCTTCAACATGAGTTCGGTCTTC

AtFLC

Designed by author

10

GGTACGGTGAAGAAGAAGTGG/CTAGGAGCCAAAGCTAGAGGA

AtTCP1

Guo et al. 2010

11

AGGTATCGCTGACCGTATGA/GCTGAGGGAAGCAAGAATG

AtACTIN2

Wu et al. 2014

medium with agar, and about 150 seedlings were used every
time for each plant. Rosette leaves, inflorescence stems and
siliques were from the 40-day-old plants growing in soil under
the same condition as the above, and one plant was used every
time for each plant. Selecting the seedlings and plants of the
7th or 40th DAG stage is because their growth is the most
vigorously at these stages, with a better representation. Their
total RNAs were isolated with total RNA isolation Kit (Tiangen Biotech, China). First-strand cDNA was synthesized with
TransScriptTM RT Master Mix (Takara, China), and then amplified on PCR instrument (Takara, China) with 2 × EasyTaq
PCR SuperMix (+dye) (Transgen Biotech, China) using the
primers 3–11 in table 1, respectively. The conditions for RTPCR were for 4 min at 94°C, followed by 29 cycles of
denaturation for 40 s at 94°C, annealing for 40 s at 54°C and
extension for 40 s at 72°C.
For real-time qPCR analysis, whole seedlings, 7 days old
too, were collected, and 50 seedlings, about 0.1 gram weight,
were used every time for each plant. The protocols for total
RNA isolation and the first-strand cDNA synthesis were as
above. Real-time qRT-PCR was performed using SYBR
Green Super Mix (Takara, China) and real-time PCR detection
system (Bio-Rad CFX96) in a 20 μL reaction volume. Arabidopsis ACTIN2 (AtACTIN2) was used as an internal reference.
The transcription levels of target genes were calculated according to formula 2−ΔΔCt (Livak and Schmittgen 2001). Most of
the primers were synthesized based on previous reports and a
few primers were designed by ourselves according to sequence
HQ452827 and AT5G10140 (NCBI). Three biological and
technological replicates were used for each studied gene in
both RT-PCR and real-time qPCR.

2.7

Detection of endogenous BL content

Determination of the endogenous BL content was carried by
Yu Ping biotechnology Co. Ltd (Shanghai, China) using the
J. Biosci. 41(4), December 2016

enzyme-linked immunosorbent assays (ELISA) kit. After
vernalization at 4°C for 2 days, the seeds of PeDWF4-TL,
PeCPD-TL, PeCP/DW-TL and WT were cultured on halfstrength MS medium with agar and 1% sucrose at 22°C in
the light (120 μmol m−2s−1, 16 h light/8 h dark) for germination. Seven days later the seedlings were transferred to
half-strength MS liquid medium with 1% sucrose, and continually cultured for 9 days at the same conditions with
shaking (110 rpm). One gram of seedlings was homogenized
in 5 ml of phosphate buffer (10 mM, pH 7.4). The homogenates were mixed with 1 mL of 70% methanol, and centrifuged at 2500 rpm for 5 min. The supernatant was added to
the ELISA plates pre-coated with antibody against BL (50
μL per hole). After incubated at 37°C for 30 min, the plates
were washed with washing buffer, added with the second
antibody linked with horseradish peroxidase, and incubated
for 30 min at 37°C again. Later the plates were added with
tetra-methyl benzamine (TMB) solution, and incubated for
15 min at 37°C in the dark. Finally, the optical density (OD)
was determined at 450 nm wavelength on a microplate
reader (BIO-RAD, USA). Three biological repeats were
performed for each sample. The contents of endogenous
BL were determined based on the OD values and a standard
curve prepared in advance. The used antibody against BL
was from rabbit and the second antibody was goat anti-rabbit
IgG, which were all prepared by the company above.

3.
3.1

Results

Morphological and physiological features of
transgenic plants

As compared with WT plants, morphologically the rosette
leaves of PeDWF4-TL exhibited an extended petiole as
well as narrow and long blades with a curl, and those of
PeCPD-TL did not show significant change in shape, but
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the leaf areas had a significant increase. The leaves of
PeCP/DW-TL appeared basically similar to those of
PeDWF4-TL, but the extent of blade curling was more
serious than PeDWF4-TL (figure 1a–b, table 2). The inflorescence stem of PeDWF4-TL obviously became thin and that of
PeCPD-TL was significantly thickened. The stem of
PeCP/DW-TL appeared similar to that of WT plant, without
significant change in stem thickness (table 2). The heights of
all the TLs all significantly increased relative to that of WT, but
the degrees of increase were different from each other:
PeCP/DW-TL was significantly greater than either PeCPDTL or PeDWF4-TL, and PeCPD-TL was more than PeDWF4TL (figure 1c, table 2). The numbers of inflorescence stems of
all the TLs, including primary and secondary ones, exhibited
no significant changes, but the silique numbers and seed yields
per plant significantly reduced relative to WT. PeCP/DW-TL
was the most significant followed by PeDWF4-TL, and then
PeCPD-TL. Consistent with the reduced silique numbers and
seed yields, there were many siliques deformed and abortive in
both PeCP/DW-TL and PeDWF4-TL. The deformed siliques
were very thin and short, with varying degrees of bending and
very few seeds, and the abortive siliques looked like a small dot
and did not bear seeds completely (figure 1d, table 2). The
lengths of all the TLs siliques significantly increased, but the
numbers of seeds per silique exhibited no significant change
relative to WT. The siliques of PeCP/DW-TL were significantly
longer than those of PeDWF4-TL or PeCPD-TL, and the siliques of PeCPD-TL were longer than those of PeDWF4-TL. The
lengths of fruit stalks of each TL also showed a significant
increase relative to WT. In the degree of increase, PeCP/DWTL was significantly greater than PeDWF4-TL and PeCPD-TL,
and PeDWF4-TL was more than PeCPD-TL (table 2).
Physiologically, the bolting time of PeDWF4-TLwas advanced for 5 days, and that of PeCPD-TL delayed for 5 days.
The growth terminal stage of PeDWF4-TL, expressed as the
time of inflorescence stems stopping to elongate, was advanced for 5 days, and that of PeCPD-TL was delayed for 10
days, compared with WT. For PeCP/DW-TL, its bolting time
was similar to that of WT, but growth terminal stage was
delayed for 5 days. As seen in figure 2, moreover, PeCPD-TL
began to bolt at the 35th DAG, and its stem continuously
elongated after 60 DAG. Both PeCP/DW-TL and WT bolted
at the 30th DAG. However, the stem of WT stopped to elongate
at the 50th DAG, and that of PeCP/DW-TL did not stop
growing until 60 DAG. PeDWF4-TL began to bolt at the
25th DAG, and stopped growing at the 45th DAG. The growth
rates (GRs) of PeDWF4-TL, PeCPD-TL, PeCP/DW-TL and
WT inflorescence stems were 1.32, 1.31, 1.21 and 1.09 cm
day−1, respectively. It can be seen that GRs of all the TLs stem
were obviously increased compared to WT, and the GR of
PeDWF4-TL was higher than that of PeCP/DW-TL, but close
to that of PeCPD-TL.

3.2

Microstructure of inflorescence stems

Microscopic observation combined with statistical analysis
revealed that the numbers of stems vascular bundles (VBs)
of all the TLs showed no significant change relative to that of
WT. However, the size (mm2) of stem cross sections of
PeDWF4-TL significantly reduced, of PeCPD-TL significantly increased, and of PeCP/DW-TL did not show significant change, compared with that of WT (figure 3, table 3).
Further study showed that the sizes (μm2) of xylem and
phloem of PeDWF4-TL stem VBs exhibited no significant
changes compared with that of WT. However, the number of
xylem cells increased, and size reduced. In contrast, the number
of phloem cells decreased and sizes increased (figure 3, table 3).
The size (mm2) of PeDWF4-TL stem pith significantly decreased, accompanied by reduced cell number and unchanged
cell size, compared with WT. In PeCPD-TL, the size (μm2/mm2)
of xylem, phloem and pith all significantly increased relative to
that of WT. However, the number of xylem cells increased and
the size was unchanged; the cells size and number of phloem all
showed an increase; and the cell size of pith was increased and
cell number was unchanged (figure 3, table 3). And in
PeCP/DW-TL, xylem size (μm2) increased, with decreased cell
size and increased number; phloem size (μm2) increased, accompanied by increased cell size and decreased number. The size
(μm2) and cell number of its pith decreased, but cell size was
unchanged. In all of the TLs, the layer, size and number of stem
cortical cells exhibited no significant variation relative to WT.
Observations of stem longitudinal sections showed that
the xylem and phloem cells of PeCPD-TL became significantly longer, and those of both PeDWF4-TL and
PeCP/DW-TL shorter than that of WT. However, the lengths
of pith cells in all the TLs did not show significant difference
(table 3). Cortical cells of all the TLs were significantly
increased in length compared with WT.

3.3

Response of various TLs to light

To get insight into the response of the above TLs to light,
their seeds were cultured on half-strength MS agar plate and
grown in the dark and light, respectively. Seven days later,
the hypocotyls of all the TLs significantly lengthened relative to that of WT whether in the dark or light conditions.
The hypocotyls of PeCP/DW-TL grew the fastest, followed
by PeDWF4-TL, and then PeCPD-TL. For primary roots,
their GRs had no significant differences in the dark. In the
light, however, the GRs of primary roots of all the TLs were
significantly increased relative to that of WT, while the GR
of PeCPD-TL was significantly higher than that of
PeDWF4-TL, and the GR of PeCP/DW-TL was close to that
of PeCPD-TL (figure 4).
J. Biosci. 41(4), December 2016
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Figure 1. Phenotypes of various Arabidopsis TLs and WT plants. (a) The plants grown for 20, 30, 40 and 50 days (the stems of the 40 and
50 days old plants had been cut off before being photographed). (b) The rosette leaves of the plants grown for 30 days. (c) The plants grown
for 50 days. (d) Inflorescence stem of maturity with a lot of siliques deformed (arrow) and abortive (*) in both PeDWF4-TL and PeCP/DWTL.

3.4

Fluorescence parameters and chlorophyll content of
various transgenic lines

Under the condition of 218 μmol m−2s−1 photosynthetically
available radiation (PAR), we found that the ETR, ΦPSII and
PQY of PeDWF4-TL were significantly decreased, but in
J. Biosci. 41(4), December 2016

PeCPD-TL, the ΦPSII and PQY were significantly decreased,
and ETR were not changed, compared with WT. In
PeCP/DW-TL, its ETR was decreased, and both ΦPSII and
PQY were similar to that of WT. In addition, the phenotype
of leaf epidemic cells of all the TLs, including the shape, size
and density of stomata, appeared similar to that of WT (data
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Table 2. Statistic analysis of phenotype parameters of various TLs
Col-0
Ratio of leaf length to width
Leaf area (cm2)
Length of petiole (cm)
Height of plant (cm)1
Diameter of stem (mm)1
Stem number/plant1
Silique length (cm)
Length of fruit stalk (cm)
Silique number/plant2
Seeds yield/plant (mg)
Deformed silique (%)
Abortive silique (%)

2.07±0.06a
1.77±0.07ab
0.90±0.051a
26.04±0.79a
0.98±0.052a
5.30±0.30a
0.98±0.03a
0.53±0.019a
85.88±3.01a
30.00±0. 20a
0a
0a

PeDWF4-TL
3.27±0.19b↑
1.34±0.11a
1.76±0.10b↑
32.25±1.42b↑
0.82±0.03b↓
5.80± 0. 40a
1.09±0.04b↑
0.69±0.028b↑
44.66±2.19c↓
24.00±0.10b↓
8.70±1.10b↑
14.60±2.60 b↑

PeCPD-TL

PeCP/DW-TL

2.18±0.06a
2.15±0.11b↑
1.01±0.04a
36.10±1.43bc↑
1.30±0.01c↑
6.40±0.70a
1.22±0.03c↑
0.60±0.012ab
57.00±1.72b↓
28.00±0.12ab
0a
0a

3.41±0.22b↑
0.93±0.08c↓
1.46±0.07c↑
39.49±0.89 c↑
0.92±0.03a
5.70±0.40a
1.78±0.04d↑
1.04±0.04c↑
31.15±2.04d↓
8.00±0.6c↓
11.60±0.90c↑
14.50±1.40 b↑

The different letters mean significant difference (p<0.05, n=11–14). ↑ and ↓ means a significant increase and decrease relative to WT,
respectively (hereinafter the same). 1 Measured at 60 DAGs. 2 The number of normal siliques.

not shown), but the contents of chlorophyll a (Chl a) and b
(Chl b) showed some changes: Chl a and Chl b of PeDWF4TL decreased; the Chl a of PeCPD-TL increased but Chl b
unchanged; and the Chl a and Chl b of PeCP/DW-TL were
similar to those of PeDWF4-TL, relative to WT (table 4).

3.5

Expression profiles of PeCPD, PeDWF4 and other
Arabidopsis BRs-related genes

To evaluate the roles and action mechanism of PeDWF4 and
PeCPD in the regulation of growth and development of

Figure 2. Growth curves of inflorescence stems of various Arabidopsis TLs and WT (p<0.01, n=16).

plants, the expression patterns and levels of PeCPD,
PeDWF4 and other Arabidopsis BRs-related genes, including AtDWF4, AtCPD, AtBR6OX2, AtTCP1, AtFLC and
AtGA5, were analysed. RT-PCR analysis showed that both
PeDWF4 and PeCPD completely did not express in WT, and
all expressed in PeCP/DW-TL. In PeDWF4-TL and PeCPDTL, only PeDWF4 or PeCPD expressed (figure 5b).
AtDWF4 and AtCPD, the homologs of PeDWF4 and
PeCPD, expressed in all the TLs and WT. All of PeDWF4,
PeCPD, AtDWF4 and AtCPD expressed in all the organs or
tissues examined, including root, stem, leaf and silique
(figure 5b).
Real-time qPCR analysis revealed that the transcription
levels of PeDWF4 in PeDWF4-TL was about 1.3 times
higher than that of PeCPD in PeCPD-TL under the completely same conditions (figure 6a). In PeCP/DW-TL, the
transcription levels of both PeDWF4 and PeCPD were decreased relative to theirs in PeDWF4-TL or PeCPD-TL, but
the transcription level of PeDWF4 was as before significantly (5.3 times) higher than that of PeCPD (figure 6a).
In addition, it was found that the expression of AtCPD was
up-regulated in PeCPD-TL, and down-regulated in PeDWF4TL as compared with that of WT. The expression of AtCPD in
PeCP/DW-TL was similar to that in PeDWF4-TL (figure 6c).
It seems that the expression of PeCPD and PeDWF4 has a
completely opposite influence on the expression of AtCPD,
and when they both coexisted, PeDWF4 plays a dominant role.
The expression of AtDWF4 was down-regulated in all the TLs
relative to that in WT, but its expression was lower in
PeDWF4-TL than that in PeCPD-TL. The expression of
AtDWF4 in PeCP/DW-TL was similar to that in PeDWF4TL (figure 6b). It seems that the expression of PeCPD or
PeDWF4 negatively regulated the expression of AtDWF4,
and the effect of PeDWF4 was greater than that of PeCPD.
J. Biosci. 41(4), December 2016

734

Jianping Si et al.

Figure 3. Anatomical characteristics of inflorescence stem transverse and longitudinal sections of various TLs (paraffin section). Xy:
xylem, Ph: phloem, Pi: pith cell. (a-d) Cross-section of stem (bars = 200 μm). (e-h) An enlarged VB (bars = 50 μm). (i-l) Partly enlarged
longitudinal sections (bars = 50 μm).

In addition, when PeCPD and PeDWF4 coexisted,
PeDWF4 also played a dominant role. The expression
pattern of both AtBR6OX2 and AtFLC appeared similar
to that of AtDWF4 (figure 6d,e), seeming that the expression of PeCPD and PeDWF4 also had a certain inhibitory
role for the expression of AtBR6OX2 and AtFLC, and the
effect on AtFLC was greater than on AtBR6OX2. The
expression pattern of AtGA5 was similar to that of AtCPD:
the expression of AtGA5 increased in PeCPD-TL, decreased in PeDWF4-TL, and was close to that of WT in
PeCP/DW-TL (figure 6g), appearing that there is an antagonistic role between PeDWF4 and PeCPD in the regulation of AtGA5 expression. The expression of AtTCP1 in
PeCPD-TL was close to that in WT, and the expression in
PeDWF4-TL was lower than that in WT. The expression
of AtTCP1 in PeCP/DW-TL was similar to that in
PeDWF4-TL (figure 6f).
J. Biosci. 41(4), December 2016

3.6

Comparison of endogenous BL levels among TLS

ELISA analysis revealed that the contents of endogenous BL
in PeDWF4-TL and PeCPD-TL were 2.567 and 1.323 μg g−1 FW,
respectively, the former being 94.0% higher than the
latter. Curiously BL content was significantly increased in
PeDWF4-TL and significantly decreased in PeCPD-TL as compared with that in WT (1.937 μg g−1 FW) (figure 7). The content
of endogenous BL in PeCP/DW-TL, 2.1731 μg g-1FW, was
lower than that in PeDWF4-TL, but higher than that in PeCPDTL and WT significantly.
4.

Discussion

Both DWF4 and CPD are important BRs biosynthetic genes.
Currently, both of them have been accepted to play
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Table 3. Analysis of vascular bundle structures of inflorescence stems of various transgenic lines

Area of cross section (mm2)1
Area of xylem per VB(μm2)1
Cell size of xylem (μm2)1
Cell number of xylem1
Area of phloem per VB (μm2)1
Cell size of phloem (μm2)1
Cell number of phloem1
Area of pith (mm2)1
Cell size of pith (μm2)1
Cell number of pith1
Xylem cell length (μm)2
Phloem cell length (μm)2
Pith cell length (μm)2
Cortex cell length (μm)2
1

Col-0

PeDWF4-TL

PeCPD-TL

PeCP/DW-TL

0.37±0.04a
3129.67±450.79a
236.43±6.66a
20.00±0.95a
2438.64±318.50a
14.88±0.65a
166.91±4.44a
0.188±0.03a
1265.13±106.03a
132.70±8.80a
222.44±17.35a
226.00±43.99a
162.92±6.17a
75.52±4.80a

0.31±0.04b ↓
3367.97±534.55a
170.02±7.37b ↓
24.25±2.30b ↑
2652.42±323.60a
20.22±2.44b ↑
130.77±7.51b ↓
0.134±0.01b ↓
1094.72±207.18a
94.50±3.50b ↓
129.31±11.02b↓
102.90±6.77b↓
157.78±12.11a
116.32±8.34b↑

0.67±0.05c ↑
9046.54±1565.86c↑
233.93±8.16a
69.5±7.50d ↑
5271.52±299.71c ↑
21.82±1.03b ↑
244.28±8.85c ↑
0.318±0.03c ↑
2170.82±188.85b ↑
131.00±8.30a
279.66±35.99c↑
287.10±54.63c↑
165.83±5.59a
109.07±9.86b↑

0.36±0.01a
5006.14±1286.98b ↑
167.52±9.16b ↓
41.00±5.04c ↑
3130.79±374.62b↑
30.92±1.54c ↑
130.15±8.67b ↓
0.152±0.02b ↓
1366.5±212.06a
123.30±1.50c ↓
163.39±12.77d↓
179.10±14.48d↓
178.40±9.53a
113.85±10.64b↑

Transverse section. 2 Longitudinal sections. Different letters mean significant difference (p<0.05, n=8–40).

Figure 4. The response of various TLs to light. (a) 7-day-old seedlings in the dark and light. (b and c) Statistical analysis of GRs of
hypocotyls and primary roots. Different letters mean statistical significance (p<0.01, n=45–60).
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Table 4. Fluorescence parameters and chlorophyll content of various TLs and WT

ΦPSΠ
ETR
PQY
Chl a (ug/g)
Chl b (ug/g)

Col-0

PeDWF4-TL

PeCPD-TL

PeCP/DW-TL

0.80±0.01a
40.43±3.49a
0.44±0.04a
1525.18±27.71a
583.10±33.68a

0.78±0.02b ↓
29.20±2.31b↓
0.32±0.03b↓
1331.46±13.84b↓
470.67±15.18b↓

0.83±0.01c↑
45.80±3.07a
0.50±0.03c↑
1601.82±43.86c ↑
543.79±24.73a

0.82±0.01a
31.83±3.30b↓
0.35±0.04a
1313.28±27.67b↓
486.24±14.16b↓

The different letters mean significant difference (p<0.01n=9).

important roles in BRs biosynthesis. However, it remains
unclear whether their roles are completely the same in the
regulation of plant growth and development so far. About
this issue no people have given a dedicated research in our
knowledge. In addition, it is also largely unknown whether
there is a cooperation or co-suppression between both, and
whether the DWF4/CPD in trees are functionally the same as
the DWF4/CPD in grasses in the regulation of plant growth
and development. Here we observed that the three

Arabidopsis TLs we generated, PeDWF4-TL, PeCPD-TL
and PeCP/DW-TL, all exhibited significant changes in morphology, physiology and anatomy, as compared with WT,
but their changes were obviously different from plant to
plant. In morphology, for example, both PeDWF4-TL and
PeCPD-TL exhibited a significant increase in the lengths of
primary root and silique and plant heights, and PeCPD-TL
was more significant than PeDWF4-TL. The silique numbers
and seed yields of both them showed a significant decrease,

Figure 5. PCR (a) and RT-PCR (b) analysis of PeCPD, PeDWF4 and other Arabidopsis BR-related genes.

J. Biosci. 41(4), December 2016
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Figure 6. Real-time qPCR analysis of relative transcription levels of PeCPD, PeDWF4 and other Arabidopsis BR-related genes in various
TLs and WT plants. (a) The transcription level of PeCPD in PeCPD-TL was set to 1, and (b-g) the transcription level in WT was set to 1.
Different letters mean significant difference (p<0.05).
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Figure 7. The contents of endogenous BL determined by ELISA
in PeDWF4-TL, PeCPD-TL, PeCP/DW-TL and WT plants. Different letters mean significant difference (p<0.05).

and conversely PeDWF4-TL was more significant than
PeCPD-TL, and had lots of deformed or abortive siliques.
The inflorescence stem of PeDWF4-TL became thin and
showed reduced pith areas, but the stem of PeCPD-TL
thickened and had extended xylem, phloem and pith. In
physiology, the blotting time and the growth terminate stage
of PeDWF4-TL were all advanced, and those of PeCPD-TL
were conversely all delayed. The ΦPSII, PQY and ETR were
all declined in PeDWF4-TL, while in PeCPD-TL, its ΦPSII
and PQY were enhanced and ETR remained unchanged. The
rosette leaves of PeDWF4-TL were markedly elongated and
cured, and that of PeCPD-TL still appeared similar to that of
WT. All of these results indicate that both PeDWF4 and
PeCPD also play critical roles in the regulation of growth
and development, but their roles are not completely the
same. Moreover, we found that the PeDWF4 and PeCPD
specially expressed in PeDWF4-TL or PeCPD-TL, and the
transcription level of PeDWF4 was significantly higher than
that of PeCPD. In addition, the transcription levels of other
BRs related genes, AtDWF4, AtCPD, AtBR6OX2, AtTCP1,
AtFLC and AtGA5 in PeDWF4-TL were remarkably different from theirs in PeCPD-TL. In PeDWF4-TL, for example,
the expression of PeDWF4 made the expressions of
AtDWF4, AtCPD, AtBR6OX2, AtTCP1, AtFLC and AtGA5
down-regulate, while in PeCPD-TL, the expression of
PeCPD made the expressions of AtDWF4, AtBR6OX2 and
AtFLC down-regulate, but made the expressions of AtCPD
and AtGA5 up-regulate. Moreover, ELISA analysis showed
that the BL level in PeCPD-TL was lower than that in
PeDWF4-TL. The expression levels of these genes were
significantly lower in PeDWF4-TL than theirs in PeCPDJ. Biosci. 41(4), December 2016

TL. The different expression patterns of these genes between
PeCPD-TL and PeDWF4-TL further demonstrate that
PeDWF4 possibly plays the same role as PeCPD in the
regulation of growth and development. In addition, it is
suggested that the action mechanism of PeDWF4 is probably
different from that of PeCPD.
It has been accepted that BRs homeostasis is tightly
controlled by the transcription of BRs biosynthetic genes,
including CPD and DWF4, and their transcriptions are
feedback-regulated by BRs level (Bancos et al. 2002). When
cellular BRs level is elevated, their transcriptions are
inhibited by de-phosphorylated BZR1 protein. When cellular
BRs level is declined, their transcriptions are activated by rephosphorylated BZR1. It has been well known that AtDWF4,
AtCPD and AtBR6OX2 all are the genes directly participating in BRs biosynthesis. AtTCP1 positively regulates the
transcription of AtDWF4, and its expression is regulated by
BRs level (Guo et al. 2010). AtFLC represses the transition
to flowering of plant (Aukerman and Sakai 2003; Gaudin
et al. 2001; Hartmann et al. 2000; Michaels and Amasino
1999; Sheldon et al. 1999), and BRs can enhance the transition to flowering through suppressing the expression of
AtFLC (Domagalska et al. 2007). AtGA5 functions in GAs
biosynthesis (Talon et al. 1990), and the pathway of GAs
biosynthesis is linked with BRs signaling pathway via BZR1
and DELLA (Li et al. 2012). In addition, early studies
reported that BRs induced the expression of GAs synthesis
genes (Bouquin et al. 2001). A recent study showed that
lower levels of BRs up-regulated the expression of GAs
synthesis genes, while high levels of BRs down-regulated
the expression of GAs synthesis genes. The response of
AtGA5 to BRs depends on different plants, development
stages, tissues and hormone levels (Tong et al. 2014). The
behaviors of AtBR6OX2, AtDWF4, AtCPD, AtTCP1, AtFLC
and AtGA5 observed here in PeDWF4-TL are well consistent
with these findings above. These findings imply that the
increased BRs level due to the expression of heterologous
PeDWF4 may be the main reason leading to both the declined transcription levels of the above genes and the differences of PeDWF4-TL from PeCPD-TL and WT in
morphology, physiology and anatomy. As for the reason that
endogenous expression of Arabidopsis AtDWF4 was downregulated, we speculate it may be related to the promoter
used, CMV35S, a constitutive promoter, in the TLs. Because
the PeDWF4 controlled by CMV35S promoter could express
in any organs (tissue) and development stages, while the
promoter of internal AtDWF4, belonging to issue or organspecific promoters, expressed only in certain organs (tissue)
or development stages, the expression level of PeDWF4 is
possibly higher than that of AtDWF4. Therefore, because the
expression of additional PeDWF4 made the endogenous BR
level elevate, the expression of AtDWF4 was feedback
inhibited.

Function of Populus euphratica DWF4 and CPD
PeCPD-TL obviously differed from PeDWF4-TL whether
in gene expression or in characteristics of phenotype, physiology, and anatomy. This is possibly because the level of
BRs biosynthesis in PeCPD-TL is not as high as in
PeDWF4-TL due to the different contributions of PeCPD
and PeDWF4 in BRs biosynthesis. It has been well-accepted
that AtDWF4 protein acts on multiple hydroxylation reactions (CR, 4-en-3-one, 3-one, CN, and 6-oxoCS). The reactions catalysed by AtCPD enzyme are relative less, and some
of its substrates, e.g. 22-OHCR, is the product of AtDWF4
action. Thus, the contribution of AtCPD to BRs synthesis
could be less than that of AtDWF4. In fact, a recent research
showed that the steady state conversion index (SSCI) for
DWF4, DET2, ROT3, CPD, CYP85A1 and CYP85A2 were
195.28, 39.2, 26.21, 0.06, 13.27, and 1.45 in the late C-6
oxidation pathways, and 51384, 0, 1.24, 0, 7.31 and 0 in the
early C-22 hydroxylation pathways, respectively, in Arabidopsis (Chung and Choe 2013), the SSCI of AtCPD being
far less than that of AtDWF4. To prove this speculation, we
detected the endogenous BL level in the TLs, finding that the
BL level in PeCPD-TL was significantly lower than that in
PeDWF4-TL, being just positively correlated with the transcription level of PeCPD and PeDWF4 in the TLs. This
result is well consistent with the speculation above. However, the BL contents detected here were so much that we
cannot exclude the possibility that they included not only
BL, but also other BRs due to potential cross-reaction between the used BL antibody and other BRs. There has been a
study, based on gas chromatography/mass spectrometry
(GC/MS) analysis, showing that the upstream BR synthesis
intermediates are dominated in total BRs (Fujioka et al.
2002). For example, In Arabidopsis, CR, CN and 4-en-3one were 16800, 355 and 210 ng g-1FW, respectively, and
other BRs ranged from zero to 10 ng g-1FW in Col-0
(Fujioka et al. 2002). In addition, we cannot explain why
the transcription level of PeCPD was lower than that of
PeDWF4 and why the BRs level in PeCPD-TL was lower
than that in WT. Theoretically, the BRs level in PeCPD-TL
should be higher than that in WT due to the expression of
PeCPD. According to existing data, we speculate it may be
related to different transcription regulation mechanism between CPD and DWF4. It has been reported that the expression of CPD is regulated not only by BRs feedback
regulation (Bancos et al. 2006), but also by diurnal rhythm,
and transcription factors BRX (BREVIS RADIX) (Mouchel
et al. 2006) and CES (CESTA) (Friedrichsen et al. 2002). In
addition, it cannot be excluded that PeCPD has other unknown function.
Also it has been found that PeCP/DW-TL was significantly more in plant heights and the lengths of primary root,
silique, and fruit stalk, but less in silique numbers and seed
yields, than either PeDWF4-TL or PeCPD-TL. In the leaf
and silique shapes, PeCP/DW-TL was much close to
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PeDWF4-TL, but in bolting time, ΦPSΠ, ETR and PQY
and stem thickness, it was more close to WT; In microstructure, the xylem, phloem and pith of PeCPD-TL all significantly increased in size; the xylem and phloem of PeDWF4TL did not change, but pith decreased in size; for PeCP/DWTL, however, its xylem and phloem of increased, but pith
decreased in size. In PeCP/DW-TL, the expressions of both
PeDWF4 and PeCPD were all down-regulated relative to
that in PeCPD-TL or PeDWF4-TL. The expressions of
AtDWF4, AtCPD, AtBR6OX2, AtFLC and AtTCP1 were
decreased relative to theirs in PeCPD-TL, but unchanged
relative to theirs in PeDWF4-TL. The expression of AtGA5
in PeCP/DW-TL was less than that in PeDWF4-TL, but
similar to that in PeCPD-TL. In addition, the BRs content
in PeCP/DW-TL was lower than that in PeDWF4-TL, but
higher than that in PeCPD-TL and WT. These phenomena
indicate that there may be complicated co-operation or antagonistic roles between PeDWF4 and PeCPD in different
organs (tissues) development periods, and PeDWF4 seemingly play a dominant role in PeCP/DW-TL.
In addition, the following phenomena have also been
noted:
First, in the TLs, the bolting time of PeDWF4-TL
was obviously advanced and that of PeCPD-TL obviously delayed, relative to WT; the expressions level of
AtFLC in PeDWF4-TL was lower than that in PeCPDTL, and the endogenous BR level in PeDWF4-TL was
higher than that in PeCPD-TL. These findings further
prove that BRs play a critical role in regulating plant
flowering, since it was mentioned above that BRs can
enhance the plant transition from vegetative growth to
reproductive growth through suppressing the expression
of AtFLC repressing the transition. For example, in BRsdeficient mutants det2 and dwf4, and BRs signal receptor mutant bri1, their flowering times all are delayed
(Azpiroz et al. 1998; Chory et al. 1991; Li and Chory
1997), and in the BRs inactivation mutant bas1, its
flowering is advanced (Turk et al. 2003; Turk et al.
2005) in Arabidopsis relative to WT. AtTCP1 also is a
gene involved in flowering, controlling late floral organs
symmetry (Cubas et al. 2001), and its expression was
reported to be regulated by BL (Guo et al. 2010). Here
we found that its expression pattern was very similar to
that of AtFLC, the transcription level in PeDWF4-TL
being higher than that in PeCPD-TL. This fact also
further proves the involvement of BRs and AtFLC in
regulating plant flowering. However, a previous study
indicated that AtTCP1 was passively regulated by BL
(Guo et al. 2010), while AtTCP1 was found to be
negatively regulated by BL. This deviation may be related to the source of BL, since what the former studied
is the exogenously applied BR and ours is the endogenous BRs.
J. Biosci. 41(4), December 2016
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Second, in the dark, the hypocotyl of all the TLs significantly were elongated, but primary root did not change relative
to WT. In the light, however, their hypocotyl and primary root
were elongated, but the elongation extent of primary root was
much greater than that of hypocotyl. This may be because the
site of BR biosynthesis and action is regulated by light. It is
well known that the biosynthesis of BRs had certain tissue or
organ specificity (Kim et al. 2006), that BR functions in the
site of BR biosynthesis (Shimada et al. 2003; MarkovicHousley et al. 2003; Symons and Reid 2004), and that BRs
biosynthesis is regulated by light in many species (Asahina
et al. 2014). The results above indicate that the site of BR
synthesis and action mainly is located in hypocotyl in the dark,
and in the light, mainly in primary root. This result is in
agreement with previous studies (Choe et al. 2001).
In addition, Choe et al. (2001) introduced AtDWF4 into
Arabidopsis of Wassilewskija-2 (Ws-2) ecotype, which
was also linked with CaMV 35S promoter. Detailed analysis revealed that the TL named AOD4 showed significant
increases in plant heights, stem number, seed yields, and
the lengths of hypocotyls, petioles and leaf blade relative
to WT, which are similar to PeDWF4-TL above, but in
stem numbers, silique numbers, seed yields and flowering
time, its changes are obviously different or completely
contrary from/with that of PeDWF4-TL. Compared with
WT, for example, AOD4 showed a significant increase,
but PeDWF4-TL no change in branch number. In silique
numbers and seed yields, AOD4 exhibited a significant
increase, while PeDWF4-TL a significant decrease and
was accompanied with lots of deformed or abortive siliques. In addition, the flowering time of PeDWF4-TL was
advanced and that of AOD4 was unchanged; the stem of
PeDWF4-TL became thinner, and that of AOD4 was similar to that of WT. The differences suggest that the roles of
PeDWF4 may not be exactly the same as that of AtDWF4
in the regulation of plant growth and development. However, it cannot be excluded whether the differences are
related to the ecotypes of Arabidopsis used in different
studies. This issue needs to be further studied.
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