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Abstract: D-type cyclins (CYCDs) are a special class of cyclins and play extremely important roles in
plant growth and development. In the plant kingdom, most of the existing studies on CYCDs have
been done on herbaceous plants, with few on perennial woody plants. Here, we identified a Populus
D-type cyclin gene, PsnCYCD1;1, which is mainly transcribed in leaf buds and stems. The promoter
of PsnCYCD1;1 activated GUS gene expression and transgenic Arabidopsis lines were strongly GUS
stained in whole seedlings and mature anthers. Moreover, subcellular localization analysis showed
the fluorescence signal of PsnCYCD1;1-GFP fusion protein is present in the nucleus. Furthermore,
overexpression of the PsnCYCD1;1 gene in Arabidopsis can promote cell division and lead to small
cell generation and cytokinin response, resulting in curved leaves and twisted inflorescence stems.
Moreover, the transcriptional levels of endogenous genes, such as ASs, KNATs, EXP10, and PHB,
were upregulated by PsnCYCD1;1. Together, our results indicated that PsnCYCD1;1 participates in
cell division by cytokinin response, providing new information on controlling plant architecture in
woody plants.

Keywords: Populus; PsnCYCD1;1; regulation of cyclin; small cell; curved leaf

1. Introduction

Flexible and precise control of cell division and proliferation is the key factor in organ
evolution of higher plants. In order to understand the growth pattern of plants, it is
necessary to reveal the relationship between cell cycle and growth regulation. The G1/S
boundary is the key switch of the cell cycle process, which is functionally conserved between
animals and plants and characterized as the D-type cyclin (CYCD)/retinoblastoma (Rb)
pathway [1,2]. CYCDs are the rate-limiting components through the G1 phase [1]. In plants,
the G1 phase of the cell division process was strongly affected by the expression level and
activity of CYCDs under the coordinated regulation of sucrose and phytohormones [3–5].

Since three Arabidopsis thaliana CYCDs were first identified by complementation of a
yeast G1 phase defective mutant strain [6], more CYCDs have been identified from various
species [7–9]. However, most of them were characterized from herbaceous species like
Arabidopsis, rice, and tobacco [10–12] Thus far, a total of ten AtCYCDs have been identified
and divided into seven subfamilies (CYCD1-CYCD7) in A. thaliana [13]. Overexpression
of CYCD genes promoted G1/S phase transition in Arabidopsis and there were strong
interactions between most CYCDs and CDKA;1, verified by in vivo and in vitro experi-
ments [14–16], indicating that the CDKA–CYCDs complex can regulate the cell division
process. As for plant CYCDs, studies have been focused on genes in Arabidopsis and
CYCD2 and CYCD3 have been researched the most. In fact, compared to wild type, the
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overexpression of the AtCYCD2;1 gene in tobacco cannot change the size of each organ,
but increases the growth rate of bud tips [17]. Furthermore, some CYCD genes have been
verified with tissue-specific expression, two CYCD3 genes in Antirrhinum majus showed
different tissue expression specificity and AmCYCD3b appears to be expressed in all di-
viding cells, whereas AmCYCD3a is not expressed in stem tip meristem but is expressed
primarily in the primordia that forms the lateral organ [18].

In perennial woody plants, 22 poplar PtrCYCD genes were identified by searching the
Populus trichocarpa genome based on Arabidopsis CYCD proteins [19]. Woody plants have a
much larger CYCD family than previously described in other species [20]. A rippled leaf
poplar mutant was used for gene expression and microscopic analysis, and the CYCLIN D1
gene was found to be responsible for this phenotype [21]. After being co-expressed in the
vascular cambium of Arabidopsis roots, Aintegumenta (ANT) and CYCD3;1 were essential
for root secondary thickening in response to cytokinins [22]. PtoCYCD3;3 transgenic poplar
showed enlarged and wrinkled leaves and thickened and elongated stems, resulting in the
abnormal differentiation of cambium and stem [23]. During the adventitious root develop-
ment phase, PeCYCD6;1 promoted the periclinal division and separated endodermis and
cortex cell layers by association with the Short root (SHR)/Scarecrow (SCR) network [24].

In plants, most of the existing studies on CYCDs have been done on annual herbaceous
plants, with few on perennial woody plants. In order to reveal the biological functions of
CYCDs in woody plants, a novel CYCD gene (PsnCYCD1;1) of D-Type cyclins from Populus
simonii × P. nigra was identified and performed a new function in transgenic A. thaliana.

2. Results
2.1. Isolation and Characteristic Analysis of PsnCYCD1;1

A D-type cyclin gene was successfully cloned by PCR using the total cDNA extracted
from stems of double haploid poplar, which was named PsnCYCD1;1 according to the
homologous gene in A. thaliana and P. trichocarpa. As shown in Supplementary Figure S1,
PsnCYCD1;1 of P. simonii × P. nigra and PtrCYCD1;1 of P. trichocarpa had exactly the same
length, which were both 987 bp with 20 base mutations at the nucleotide level and 6 aa
substitutions at the amino acid level. PsnCYCD1;1 encoded a predicted protein of 328 aa
with a molecular weight (MW) of 36.71 kDa and pI of 4.84.

Multi-sequence alignment analysis results showed that PsnCYCD1;1 shared the highest
homology with P. trichocarpa (98%) and Passiflora morifolia (90%). The results of prediction
on the Pfam and Expasy websites showed that these genes contained conserved regions of
Cyclin-N/Cyclin-C domains and an LxCxE motif at the N-terminus, where Cyclin-box was
the interaction region of the cyclin gene and cyclin-dependent kinase gene and the LxCxE
motif functioned after being bound to the retinoblastoma gene (Supplementary Figure S1).

2.2. Spatiotemporal Expression Patterns of PsnCYCD1;1 Gene

In order to investigate the expression pattern of PsnCYCD1;1, total RNAs were ex-
tracted from male and female flowers, leaf buds, shoots, young stems, differentiating
xylems, young leaves, and roots. The results of qRT-PCR showed that the PsnCYCD1;1
gene was expressed in eight different tissues, specifically, it was highly expressed in leaf
buds, shoots, and stems, while exhibiting relatively high expression levels in differentiat-
ing xylem, young leaves, and roots (Figure 1A). For cross validation, the tissue-specific
expression regions of PsnCYCD1;1, a 2.0 kb promoter fragment of PsnCYCD1;1, was cloned
and constructed into a pBI121 vector with a GUS fusion gene and transferred into A.
thaliana to generate transgenic seedlings. Finally, more than 15 transgenic lines harboring
the GUS gene were obtained in total by PCR detection and GUS staining (Figure 1B–D).
Promoter activity was strong in young seedlings, growing points, and young leaves. In the
inflorescence, only the mature anthers were dyed blue. The above results indicated that
the PsnCYCD1;1 gene could be highly expressed in vigorous tissues, suggesting that the
PsnCYCD1;1 gene might be involved in cell division and growth.
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showed that fluorescence signals of the control vector (GFP) were evenly distributed in 
the nuclei, cytoplasm, and cell membrane (Figure 2A–D), whereas fluorescence signals of 
PsnCYCD1;1-GFP could be observed only in the nucleus and overlapped with the DAPI 
signal, suggesting that PsnCYCD1;1 was a functional protein located in the nuclei (Figure 
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Figure 1. Spatiotemporal expression patterns of PsnCYCD1;1 gene. (A) The relative expression level of PsnCYCD1;1
gene in different tissues of P. simonii × P. nigra. MF: male flowers; FF: female flowers; LB: leaf buds; Sh: shoots; S:
stems; DX: differentiating xylems; YL: young leaves; R: roots. Histochemical analysis of the GUS activity during different
developmental stages of the ProPsnCYCD1;1::GUS transgenic Arabidopsis. GUS staining was observed in the 7-day old
seedlings (B), three-weeks old seedlings (C), and the mature anthers in flowers (D).

2.3. Subcellular Localization of PsnCYCD1;1

Subcellular localization is crucial for the proper function of most proteins, and the
constructed vector pUC-PsnCYCD1;1-GFP and control vector pUC-GFP were transiently
transformed into onion epidermal cells by a gene gun. Confocal microscopy imaging showed
that fluorescence signals of the control vector (GFP) were evenly distributed in the nuclei,
cytoplasm, and cell membrane (Figure 2A–D), whereas fluorescence signals of PsnCYCD1;1-
GFP could be observed only in the nucleus and overlapped with the DAPI signal, suggesting
that PsnCYCD1;1 was a functional protein located in the nuclei (Figure 2E–G).
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Figure 2. Subcellular localization of PsnCYCD1;1. The 35S::PsnCYCD1;1-GFP fusion vectors were transiently expressed in
onion epidermal cells with 35S::GFP vectors as control. The photographs were taken in dark field for green fluorescence
(A,E), with DAPI signal (B,F), in bright light to examine cellular morphology (C,G), and in combination (D,H). The cells
transiently expressed the GFP control (A–D) and PsnCYCD1;1-GFP fusion protein (E–H).
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2.4. PsnCYCD1;1 Transgenic Arabidopsis Generate Curved Leaves and Twisted Inflorescence Stems

In order to investigate the functions of the PsnCYCD1;1 gene in plants, the recombinant
vector was transformed into Arabidopsis with a floral dip by an Agrobacterium-mediated
method. Thirteen resistant seedlings were detected by PCR with genomic DNA extracted
from young leaves (Supplementary Figure S2). After germination on MS medium of T2
seeds for 8 days, there were significant differences between transgenic Arabidopsis and
wild-type seedlings (Supplementary Figure S3). The transgenic seedlings developed faster
than the wild-type seedlings, the hypocotyl became longer (Supplementary Figure S3),
and the cotyledon and hypocotyl became curved. Moreover, positive lines were further
confirmed by qRT-PCR (Figure 3A), which showed that the expression levels in different
transgenic lines were different, which could be roughly divided into three types: (1) less
than 10 times (L3, L4, L8), the transgenic lines could not be distinguish by the naked eye,
which were tentatively named CK type; (2) more than 10 times and less than 50 times (L5,
L6, L7, L10, L12), the transgenic lines had slightly curved leaves compared with wild-type
seedlings, which were tentatively named Type I; (3) more than 50 times (L1, L2, L9, L11),
the transgenic lines varied significantly from the wild-type seedlings, exhibiting completely
curved leaves and twisted inflorescence stems, which were named Type II.
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The root length of Type I was only 40% of that of the wild type, while that of Type II was 
only 25% of that of the wild type (Supplementary Figure S4). 

Figure 3. Curved leaf morphological feature of PsnCYCD1;1 transgenic Arabidopsis seedlings. (A) qRT-PCR detection of
transgenic Arabidopsis. L1-13, thirteen different transgenic lines. (B) One-month-old transgenic seedlings under short-day
condition. (C) Two-month-old transgenic seedlings after transferring to long-day condition. (D) Sixty-day-old flowering
wild type Arabidopsis and 95-day-old flowering transgenic plants. WT, wild type; Type II, Type II transgenic seedlings; L1-3,
three independent transgenic lines.

In order to observe the growth process of transgenic Arabidopsis, the seedlings were
transplanted into the soil medium. The rosette leaves of wild-type plants were fully
expanded, while the transgenic plants’ leaves were highly curled. Although the number
of rosette leaves was not different from that of wild-type plants, the plant growth was
weak (Figure 3B). After 1.5 months, the wild-type plants began to grow inflorescence
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meristems, while the transgenic plants were still in a vegetative growth state (Figure 3C).
After continuous cultivation in long-day conditions for about 2 weeks, the inflorescences
began to appear and the flowering time of each transgenic seedling was different. Moreover,
the inflorescences were bent and they could not grow upright without artificial assistance
(Figure 3D). The transgenic plants could also blossom and produce seeds normally, but the
seed setting rate was very low.

In order to observe the difference of root growth and development between wild-
type and transgenic Arabidopsis, 8-day-old seedlings were placed on solid MS medium
and grew vertically. Two weeks later, the results showed that the roots of Type I and
Type II transgenic Arabidopsis seedlings grew more slowly than those of the wild type
(Supplementary Figure S4). Although the lateral root development was not affected, the
root elongation was very slow, and Type II was more severely affected than Type I. The
root length of Type I was only 40% of that of the wild type, while that of Type II was only
25% of that of the wild type (Supplementary Figure S4).

2.5. PsnCYCD1;1 Transgenic Arabidopsis Response to 6-BA

In order to investigate whether the transgenic Arabidopsis seedlings responded to plant
hormones, eight-day-old wild-type and transgenic seedlings were transferred to medium con-
taining 6-BA and NAA. The results showed that the hypocotyls of transgenic seedlings
could be differentiated into callus on the medium containing only 6-BA and two hor-
mones (Figure 4A,B), while the wild-type seedlings had no change in the same medium
(Figure 4C,D).
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and then seedlings were inserted into the MS medium containing different concentra-
tions of auxin and cytokinin, with the medium without hormone as the control. After two 
weeks of treatment, wild-type and transgenic seedlings grew new roots at the base of the 
hypocotyl on medium without any hormone (Figure 4E). On the medium containing only 
6-BA, there was a significant difference between transgenic and wild-type seedlings. The 
hypocotyl of transgenic seedlings differentiated into callus, while the wild-type seedlings 
did not differentiate (Figure 4F). On the medium only containing NAA, the roots of the 
transgenic seedlings were shorter and curved more than those of the wild type (Figure 
4G). On the medium containing NAA and 6-BA, the phenotype of transgenic and 
wild-type seedlings was similar to that on the medium containing only 6-BA, but the 
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Figure 4. Response of transgenic seedlings to different hormones. (A,B) Enlarged view of wild-type and transgenic lines on
MS medium containing 0.5 mg/L 6-BA. (C,D) Enlarged view of wild-type and transgenic lines on MS medium containing
0.05 mg/L NAA and 0.5 mg/L 6-BA. (E) MS medium without hormones. (F) MS medium containing 0.5 mg/L 6-BA. (G)
MS medium containing 0.05 mg/L NAA. (H) MS medium containing 0.05 mg/L NAA and 0.5 mg/L 6-BA. WT, wild-type
Arabidopsis seedlings; L1/9/11, three individual transgenic seedlings.

In order to test whether having roots is a necessary condition for response to hormones,
the roots of eight-day-old wild-type and the transgenic seedlings were cut off, and then
seedlings were inserted into the MS medium containing different concentrations of auxin
and cytokinin, with the medium without hormone as the control. After two weeks of
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treatment, wild-type and transgenic seedlings grew new roots at the base of the hypocotyl
on medium without any hormone (Figure 4E). On the medium containing only 6-BA, there
was a significant difference between transgenic and wild-type seedlings. The hypocotyl
of transgenic seedlings differentiated into callus, while the wild-type seedlings did not
differentiate (Figure 4F). On the medium only containing NAA, the roots of the transgenic
seedlings were shorter and curved more than those of the wild type (Figure 4G). On the
medium containing NAA and 6-BA, the phenotype of transgenic and wild-type seedlings
was similar to that on the medium containing only 6-BA, but the wild-type seedlings grew
a few roots (Figure 4H).

2.6. PsnCYCD1;1 Transgenic Arabidopsis Reduced Cell Size

In order to observe whether PsnCYCD1;1 affected the cell size of the transgenic
seedlings, the rosette leaves of one-month-old seedlings were collected and the epidermal
cells were torn off for microscopic observation (Figure 5). Compared with the wild type,
the size of epidermal cells of Type II transgenic plants was less than half of that of the wild
type, and the cell shape was more uniform (Figure 5C). However, there was no significant
difference in the size of epidermal cells between Type I and wild-type plants (Figure 5A,B).
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Figure 5. Observation of epidermal cells in transgenic Arabidopsis. Epidermal cells of wild type (A), Type I (B), and Type II
(C) leaves. (D). Statistical analysis of the relative epidermal cell size between wild-type, Type I, and Type II leaves. SEM
observation of cell size of wild type (E), Type I (F), and Type II (G) seeds. (H). Statistical analysis of the length of wild-type,
Type I, and Type II seeds. SEM observation of epidermal cell size of wild-type (I), Type I (J), and Type II (K) seeds. (L).
Statistical analysis of the epidermal surface area between wild-type, Type I, and Type II seeds. WT, wild-type seeds; Type I,
Type I transgenic seeds; Type II, Type II transgenic seeds. ** P ≤ 0.01 with t-test.

For further observe the microstructure of the cells on the surface of the seeds, the
surface of the seeds was observed with a scanning electron microscope. The results showed
there are some differences in the length of wild-type and transgenic seeds (Figure 5E–G).



Int. J. Mol. Sci. 2021, 22, 5837 7 of 14

The statistics show that the Type I and Type II transgenic seeds are significantly longer than
those of wild-type plants (Figure 5H). Electron microscopic observation showed that the
cell density of transgenic seeds was higher than that of the wild type (Figure 5I–K). The
statistical analysis showed that the surface area of Type I was not significantly different
from that of wild-type plants, while the surface area of Type II was significantly different
from that of wild-type plants (Figure 5L).

2.7. Induction Transcriptional Level of Morphogenesis of Leaf- and Stem-Related Genes

To detect the variations in transcription levels of cyclin-mediated downstream division
genes and morphogenesis of leaf- and stem-related genes in transgenic Arabidopsis, total
RNA of three-week-old seedlings from WT, Type I, and Type II plants were extracted
and detected by qRT-PCR. Compared with the wild type, ten division-related genes were
upregulated in all transgenic seedlings (Figure 6A). AtE2F1, AtE2F2, AtE2F3, AtELP1,
AtELP2, AtRb, and AtH4 genes were upregulated more than two times in Type I and Type
II seedlings and, in particular, the highest expression of AtELP1 was increased more than
10.5 times. However, AtELP3, AtDPA, and AtDPB genes were upregulated more than two
times in Type II and 1.5 times in Type I.
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Compared with the WT, AtAS2 was upregulated more than two-fold in both Type I
and Type II, and the highest expression level was up to five-fold. AtKNAT1, AtKNAT2,
AtAS1, AtANT, AtPHB, and AtPHV were upregulated more than two times in Type II, but
only 1.5 times in Type I. AtEXP10 gene was upregulated more than two times in only one
Type II transgenic line and 1.5–2.0 times in other samples. In addition, the expression level
of AtSTM showed no significant difference in all the tested samples (Figure 6B).

3. Discussion

The cell cycle is the entire process from the completion of cell division to the comple-
tion of the next division, which can be subdivided into interphase (including G1 phase,
S phase, and G2 phase) and mitotic phase. Flexible and precise control of cell division
and proliferation is the key factor in organ evolution of higher plants. Thus far, a total of
32 cyclins have been discovered and can be divided into A, B, D, and H types, including
10, 11, 10, and 1 cyclin, respectively [1]. In the whole life cycle, each cyclin has its own
spatiotemporal expression profile. In general, A-type cyclins (CYCAs) control the S-M
phase process by itself, and then co-regulate the G2/M phase transformation and M phase
process by forming complexes with B-type cyclins (CYCBs) [25–27]. G1/S transition of the
cell division and cell proliferation processes were severely affected by the expression level
and activity of CYCDs under the coordinated regulation of carbon sources and phytohor-
mones [17,28]. In A. thaliana, 10 AtCYCDs were identified at the genome-wide level and can
be divided into seven subtypes (AtCYCD1–AtCYCD7) [13]. In poplar, 26 PtrCYCD genes in
P. trichocarpa were identified and divided into seven subtypes: five PtrCYCD1 subgroups,
two PtrCYCD2 subgroups, six PtrCYCD3 subgroups, four PtrCYCD4 subgroups, three
PtrCYCD5 subgroups, five PtrCYCD6 subgroups, and one PtrCYCD7 subgroup [19]. In
this study, the first D-type cyclin gene of P. simonii × P. nigra, was analyzed and named
PsnCYCD1;1. According to homologous analysis at nucleic acid and amino acid levels,
PsnCYCD1;1 and PtrCYCD1;1 are highly homologous (98%) with only a few amino acid
differences (Supplementary Figure S1). In higher plants and mammals, CYCDs generally
contain an LxCxE domain at the N-terminus for activating G1/S transition of cell division
by binding to Rb and phosphorylating Rb to release E2Fs [17,29]. In addition, CYCDs
also contain a conserved Cyclin-box domain, which is used for forming a CDK-Cyclin
complex with CDK [30]. Depending on the presence of PEST sequences, some CYCDs can
be rapidly degraded through the ubiquitin protein degradation pathway [31]. In our study,
PsnCYCD1;1 contained Cyclin-box, LxCxE, and PEST domains (Supplementary Figure S1).
Since the PEST sequence is involved in the proteolytic pathway, it is speculated that the
presence or absence of PEST may affect the proteolytic activity. Protein localization can
provide a reference for understanding the biological function of genes. PsnCYCD1;1 pro-
tein was located in the nucleus as a nucleoprotein, which is consistent with the localization
of AtCYCD1;1, AtCYCD2;1, and AtCYCD3;1 in Arabidopsis, which are all localized in the
nucleus [12,32].

After overexpression of the PsnCYCD1;1 gene in Arabidopsis, transgenic plants were
phenotypically differentiated. Specifically, the leaf edge curled inward and eventually
formed a sack-like structure which completely covered the lower epidermis of the leaf
(Figure 5A,B); the inflorescence twisted so that it could not stand upright (Figure 5C).
These morphological phenotypes were somewhat similar to those of previous studies
which indicated that the silencing of the PtrHB7 gene in poplar resulted in leaf and stem
curving [33]. Overexpression of the CYCD3 gene in Arabidopsis increased the number of
epidermal cells in transgenic plants and they formed curled leaves towards the medial
axis. The results showed that transgenic plants had much smaller cells and a lower
cell differentiation level compared with wild-type cells [34]. In the present study, the
observation of leaf epidermal cells of transgenic leaves showed that transgenic lines had
smaller and more cells than wild-type lines (Figure 5), suggesting that the PsnCYCD1;1 gene
accelerated the process of mitosis in transgenic plants. Overexpression of AtCYCD2;1 also
reduced the size of epidermal cells and inhibited the endocycle in transgenic seedlings [35],
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which serves as evidence to prove that cell enlargement is a necessary condition for
endocycle entry. Constitutively expressed CYCD3 in Arabidopsis promoted callus growth
and propagation from leaf explants on MS medium without cytokinins [36], however, under
normal conditions, both auxins and cytokinins are required. This phenomenon is consistent
with the findings of Houssa et al., who reported that the application of cytokinins led to
the activation of potential DNA replication origins, suggesting that CYCD3 is involved
in the activation of DNA replication [37]. In our study, transgenic lines were treated
with auxins and cytokinins. The results showed that there were significant differences
between transgenic seedlings and wild-type seedlings on MS medium just containing
6-BA. The hypocotyl of transgenic seedlings was expanded into a callus, whereas the
base of wild-type seedlings was not induced substantially. Moreover, there was a slightly
significant difference between transgenic lines and wild-type lines on medium containing
NAA, suggesting that the PsnCYCD1;1 gene might also be involved in the initiation of
cytokinin-activated DNA replication.

Plant growth and development may be controlled by the root apical meristem (RAM)
and shoot apical meristem (SAM). The most active cell division occurs in the meristem.
The E2F transcription factor is involved in the regulation of G1/S transition in animals and
plants and is activated by regulating the cell cycle and transcription of many genes required
for DNA replication [27]. E2F and dimerization partner (DP) protein form heterodimers
that bind to the promoter of target genes of E2F [38,39], which are regulated by the negative
regulator Rb [40]. Rb proteins could also bind to CYCDs and are phosphorylated by
CYCD–CDKA complexes [41,42]. Mutants with knockout or downregulation of the Rb
gene may exhibit excessive cell proliferation in the development of female gametes, root
tips, and shoot tips and defects in cell differentiation [43,44]. Histone H4 is only expressed
in S phase cells and is highly expressed in cells at the exponential growth phase [5].
The quantitative results showed that ten cyclin-mediated downstream division-related
genes were upregulated in all the transgenic plants examined (Figure 6). These results
indicate that the regulation of the plant cell cycle requires mutual cooperation of a large
number of cyclin kinases, cyclins, and kinase inhibitors in transcriptional regulation,
protein degradation, and the E2F–Rb pathway to maintain the balance of cell division and
differentiation.

To investigate the reason for inflorescence curving in transgenic Arabidopsis, genes
related to inflorescence growth were identified, including EXP10, STM, KNAT, AS1, ANT,
PHB, and PHV3. Specifically, EXP10 is a protein that promotes cell wall extension in
plants [45]. There are two other KNOX genes in Arabidopsis (KNAT1 and KNAT2), which
are highly expressed in SAM but cannot be expressed in leaf primordium [46]. The
ASYMMETIC LEAVES2 (AS2) gene plays an important role in leaf development. It forms a
protein complex with the protein product of AS1, which participates in the establishment
of leaf polarity and maintains the closure of the KNOX gene in leaves [47]. The role of STM
in maintaining SAM development is inhibited by the AS1 gene. An AS1 function-deficient
mutant (as1) can form deeply cleaved leaves and sometimes develop stems on the leaves.
In contrast, wild-type embryos can only express AS1 in the cotyledon primordia, but stm
mutant embryos can express AS1 at the predicted SAM site, indicating that STM can inhibit
AS1 expression [48]. In summary, due to antagonistic relationship between STM and AS1,
SAM and leaf development processes proceed separately. The mutation of phb and phv
can lead to the transformation from abaxial leaf to adaxial leaf, which plays a key role
in the establishment of leaf polarity [49]. In this study, the expression levels of KNAT1,
KNAT2, AS1, and AS2 were significantly increased in transgenic Arabidopsis, while the STM
gene was inhibited by ectopic expression of AS genes. Meanwhile, the expression levels of
AtPHB and AtPHV were significantly upregulated, suggesting that overexpression of the
PsnCYCD1;1 gene promoted cell division and affected the development of leaf polarity.

In this study, the heterologous expression in A. thaliana may not always reflect the
actual biology in native species. The main task in the future is to obtain a transgenic poplar
to verify the phenotypic changes in leaves and stems. Furthermore, the regulatory network
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of the PsnCYCD1;1 gene will be found by combining chip-seq technology with genomic
prediction of expression profiles between transgenic and wild-type poplar.

In conclusion, this study characterized a Populus D-type cyclin gene, PsnCYCD1;1.
Overexpression of the PsnCYCD1;1 gene in Arabidopsis can result in curved leaves and in-
florescence stem morphological changes and affect the transcriptional level of endogenous
genes, providing new information on the control of plant architecture in woody plants.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Poplar tissue culture seedlings used for gene cloning were double haploid plants in-
duced by pollen from a twenty-year-old P. simonii× P. nigra tree in Harbin, China. Different
poplar tissues (flowers, leaf buds, stems, leaves, and roots) were collected for subsequent
RNA extraction. Wild-type A. thaliana (Col-0) were grown in pots containing a mixture
of turf peat, vermiculite, and pearlite (3:1:1 v/v) in an artificial climate chamber with an
average temperature of 22 ± 2 ◦C, 16 h of light and 8 h of darkness, 200 µmol m−2 s−1

photons, and 60–75% relative humidity.

4.2. Isolation of Populus PsnCYCD1;1 and Sequence Analysis

Based on the PtrCYCD1;1 gene sequence of P. trichocarpa from the NCBI database,
the coding sequence of PsnCYCD1;1 was cloned from a cDNA library constructed from
young stems of P. simonii × P. nigra double haploid seedlings using RT-PCR with ExTaqHS

polymerase (TaKaRa, Dalian, China). The primers used to amplify PsnCYCD1;1 are listed
in Supplementary Table S1. Using a bioinformatics analysis platform based on Expasy tools
(http://www.expasy.org/tools, accessed on 28 May 2021) to speculate on the function of
the deduced PsnCYCD1;1 protein. Sequence alignments and the creation of a neighbor-
joining (NJ) phylogenetic tree were performed using Bioedit (v7.0.4.1) [50] and MEGA7
(v7.0) [51] with 1000 bootstrap replicates.

4.3. Gene Constructs and Genetic Transformation

A 2 kb 5′-upstream promoter region of PsnCYCD1;1 was cloned from P. simonii ×
P. nigra with ExTaqHS polymerase (TaKaRa) according to the manufacturer’s instructions.
After confirmation by sequencing, the promoter sequence was inserted into vector pBI121
to replace the CaMV 35S promoter sequence to obtain a GUS binary vector.

To express the PsnCYCD1;1 gene in plants, the coding sequence of PsnCYCD1;1 was
inserted into the Xba I and Sac I sites of the binary vector pROKII, which contains a CaMV
35S promoter, NOS terminator, and a kanamycin resistance gene. Primers used for the
construction of the plant expression vector are shown in Supplementary Table S1.

The resulting plant binary vectors were transferred into Agrobacterium tumefaciens
strain GV3101 by the freeze-thaw transformation method [52] and transformed into A.
thaliana with the floral-dip method [53].

4.4. Subcellular Localization Analysis of PsnCYCD1;1

The full-length PsnCYCD1;1 coding region (without stop codon) was amplified from
pMD18-T-PsnCYCD1;1 by PCR, digested with Sal I and Nco I, collected the target fragments,
and directionally ligated into vector pUC18 to construct the CaMV 35S::PsnCYCD1;1-GFP
fusion gene. The primers used to amplify PsnCYCD1;1 are listed in Supplementary Table S1.
The PsnCYCD1;1-GFP recombinants and empty vectors were transiently transformed into
onion epidermal cells by the gene gun method (Bio-Rad PDS-1000/He System, USA).
The green fluorescent signal of the PsnCYCD1;1-GFP fusion proteins was observed and
photographed using laser confocal microscopy (model LSM410, Zeiss, Jena, Germany).

4.5. GUS Staining and Analysis

Arabidopsis seedlings were collected and incubated in GUS staining solution after
proper vacuum filtration, and the dye solution consisted of 0.5 mM ferricyanide, 0.5 mM

http://www.expasy.org/tools
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ferrocyanide, 10 mM EDTA, 20% methanol, 0.1% tritonX-100, 2 mM X-Gluc, and 100 mM
sodium phosphate (pH 7.0). The GUS staining analysis process was as described by
Jefferson et al. [54].

4.6. Quantitative Real-Time PCR Analysis

To detect the spatiotemporal expression pattern of PsnCYCD1;1, total RNA was iso-
lated from different poplar tissues (including leaf buds, shoots, young stems, differentiating
xylems, young leaves, roots) of a one-year-old plant and flowers of different genders from a
plant more than ten years old with the MiniBEST Plant RNA Extraction Kit (TaKaRa). RNA
quality and concentration were detected by gel electrophoresis and a spectrophotometer
(Thermo Scientific, Wilmington, USA). The total RNAs were reverse transcribed into cDNA
and qRT-PCR detection was performed with SYBR Premix EX Taq II (TaKaRa) on the MJ
Opticon 2 System (Bio-Rad, Hercules, CA, USA). All the primers used for qRT-PCR are
shown in Supplementary Table S1. The expression level in each sample was normalized
using Psnactin as a housekeeping gene and calculated based on the cycle threshold with
the delta-delta CT method [55].

For transgenic plants, the total RNA was isolated from the young leaves (two weeks
old) using the MiniBEST Plant RNA Extraction Kit (TaKaRa), then qRT-PCR analysis was
performed with Atactin as a housekeeping gene. Each reaction was conducted in triplicate
from independent plants to ensure reproducibility of results.

4.7. Histological and Morphological Microscope Observations

For morphological observation of leaf epidermal cells, two-week-old leaves from
WT and transgenic Arabidopsis were collected and the epidermal cells were torn off with
tweezers and put into water. The epidermal cells were placed on a slide with a drop
of water, covered with a coverslip, and observed and photographed under a Zeiss light
microscope (Docuval, Carl Zeiss, Germany).

To observe the cell morphology of seed coats, the seeds were placed on a shelving
platform and mounted on a scanning electron microscope (FEI Quanta 200 FEG, The
Netherlands) for observation. For TEM observation of stems, sections (50–60 nm) were
cut and sprayed with a layer of gold powder. The scanning process was performed with
the following operating parameters: high voltage 12.5KV; pressure >7.5e-3 Torr; filament
current 2.34 A; emission current 97 µA.

4.8. Statistical Analyses

Statistical analyses were performed using SPSS 19.0 (SPSS, Chicago, Illinois, USA).
ANOVA was used for multiple-group comparisons, and statistical significance (p < 0.05)
was determined by a Student’s t-test.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22115837/s1.

Author Contributions: Conceptualization, T.Z. and G.-Z.Q.; Methodology, T.Z. and S.L.; Software,
Y.L. and Z.Z.; Validation, T.Z., L.D., and T.Z.; Formal Analysis, S.L.; Investigation, L.D. and Y.L.;
Resources, M.Z. and G.Z.-Q.; Data Curation, T.Z.; Writing—Original Draft Preparation, T.Z.; Writing—
Review and Editing, G.Z.-Q.; Visualization, T.Z.; Supervision, M.Z.; Project Administration, T.Z. and
G.Z.-Q; Funding Acquisition, M.Z. and G.Z.-Q. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Fundamental Research Funds for the Central Universities
(2572020DY24) and the National Natural Science Foundation of China (31700596).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms22115837/s1
https://www.mdpi.com/article/10.3390/ijms22115837/s1


Int. J. Mol. Sci. 2021, 22, 5837 12 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Menges, M.; de Jager, S.M.; Gruissem, W.; Murray, J.A. Global analysis of the core cell cycle regulators of Arabidopsis identifies

novel genes, reveals multiple and highly specific profiles of expression and provides a coherent model for plant cell cycle control.
Plant J. 2005, 41, 546–566. [CrossRef]

2. Sorrell, D.A.; Combettes, B.; Chaubet-Gigot, N.; Gigot, C.; James, A.H.M. Distinct cyclin D genes show mitotic accumulation or
constant levels of transcripts in tobacco bright yellow-2 cells. Plant Physiol. 1999, 119, 343–351. [CrossRef] [PubMed]

3. De Veylder, L. The discovery of plant D-type cyclins. Plant Cell 2019, 31, 1194–1195. [CrossRef] [PubMed]
4. Hu, Y.; Bao, F.; Li, J. Promotive effect of brassinosteroids on cell division involves a distinct CycD3-induction pathway in

Arabidopsis. Plant J. 2000, 24, 693–701. [CrossRef] [PubMed]
5. Riou-Khamlichi, C.; Menges, M.; Healy, J.S.; Murray, J.A. Sugar control of the plant cell cycle: Differential regulation of Arabidopsis

D-type cyclin gene expression. Mol. Cell Biol. 2000, 20, 4513–4521. [CrossRef] [PubMed]
6. Soni, R.U.O.C.; Carmichael, J.P.; Shah, Z.H.; Murray, J.A.H. A family of cyclin D homologs from plants differentially controlled by

growth regulators and containing the conserved retinoblastoma protein interaction motif. Plant Cell 1995, 7, 85–103. [PubMed]
7. Meng, J.; Peng, M.; Yang, J.; Zhao, Y.; Hu, J.; Zhu, Y.; He, H. Genome-wide analysis of the cyclin gene family and their expression

profile in Medicago truncatula. Int. J. Mol. Sci. 2020, 21, 9430. [CrossRef] [PubMed]
8. Wang, F.; Huo, S.N.; Guo, J.; Zhang, X.S. Wheat D-type cyclin Triae;CYCD2;1 regulate development of transgenic Arabidopsis

plants. Planta 2006, 224, 1129–1140. [CrossRef] [PubMed]
9. Reichheld, J.P.U.L.; Chaubet, N.; Shen, W.H.; Renaudin, J.P.; Gigot, C. Multiple A-type cyclins express sequentially during the cell

cycle in Nicotiana tabacum BY2 cells. PNAS 1996, 93, 13819–13824. [CrossRef]
10. Qu, G.; Wang, M. Analysis of the expression of a CycD3 gene isolated from Nicotiana tabacum. J. Plant Biochem. Biotechnol. 2007, 16,

97–100. [CrossRef]
11. Lee, H.; Auh, C.K.; Kim, D.; Lee, T.K.; Lee, S. Exogenous cytokinin treatment maintains cyclin homeostasis in rice seedlings that

show changes of cyclin expression when the photoperiod is rapidly changed. Plant Physiol. Biochem. 2006, 44, 248–252. [CrossRef]
12. Planchais, S.; Samland, A.K.; Murray, J.A.H. Differential stability of Arabidopsis D-type cyclins: CYCD3;1 is a highly unstable

protein degraded by a proteasome-dependent mechanism. Plant J. 2004, 38, 616–625. [CrossRef]
13. Vandepoele, K.; Raes, J.; Veylder, L.D.; Rouzé, P.; Rombauts, S.; Inzé, D. Genome-wide analysis of core cell cycle genes in

Arabidopsis. Plant Cell 2002, 14, 903–916. [CrossRef]
14. Mendez, A.; Pena, L.B.; Curto, L.M.; Sciorra, M.D.; Ulloa, R.M.; Garza, A.S.; Vazquez, R.J.; Gallego, S.M. Optimization of

recombinant maize CDKA;1 and CycD6;1 production in Escherichia coli by response surface methodology. Protein Expr. Purif.
2020, 165, 105483. [CrossRef] [PubMed]

15. Menges, M.; Samland, A.K.; Planchais, S.; James, A.H.M. The D-type cyclin CYCD3;1 is limiting for the G1-to-S-phase transition
in Arabidopsis. Plant Cell 2006, 18, 893–906. [CrossRef]

16. Masubelele, N.H.; Dewitte, W.; Menges, M.; Maughan, S.; Collins, C.; Huntley, R.; Nieuwland, J.; Scofield, S.; James, A.H.M.
D-type cyclins activate division in the root apex to promote seed germination in Arabidopsis. PNAS 2005, 102, 15694–15699.
[CrossRef] [PubMed]

17. Cockcroft, C.; Boer, B.; Healy, J.; Murray, J. Cyclin D control of growth rate in plants. Nature 2000, 405, 575–579. [CrossRef]
[PubMed]

18. Gaudin, V.; Lunness, P.A.; Fobert, P.R.; Towers, M.; Riou-Khamlichi, C.; Murray, J.A.; Coen, E.; Doonan, J.H. The expression of
D-cyclin genes defines distinct developmental zones in snapdragon apical meristems and is locally regulated by the Cycloidea
gene. Plant Physiol. 2000, 122, 1137–1148. [CrossRef]

19. Menges, M.; Pavesi, G.; Morandini, P.; Bögre, L.; James, A.H.M. Genomic organization and evolutionary conservation of plant
D-type cyclins. Plant Physiol. 2007, 145, 1558–1576. [CrossRef]

20. Tuskan, G.A.; DiFazio, S.; Jansson, S.; Grigoriev, I.; Hellsten, U.; Ralph, S.; Rombauts, S.; Salamov, A.; Schein, J.; Sterck, L.; et al.
The Genome of black cottonwood, Populus trichocarpa (Torr. & Gray). Science 2006, 313, 1596–1604.

21. Williams, M.; Lowndes, L.; Regan, S.; Beardmore, T. Overexpression of CYCD1;2 in activation-tagged Populus tremula x Populus
alba results in decreased cell size and altered leaf morphology. Tree Genet. Genomes 2015, 11, 1–12. [CrossRef]

22. Randall, R.S.; Miyashima, S.; Blomster, T.; Zhang, J.; Elo, A.; Karlberg, A.; Immanen, J.; Nieminen, K.; Lee, J.Y.; Kakimoto, T.; et al.
AINTEGUMENTA and the D-type cyclin CYCD3;1 regulate root secondary growth and respond to cytokinins. Biol. Open 2015, 4,
1229–1236. [CrossRef]

23. Guan, C.; Xue, Y.; Jiang, P.; He, C.; Zhuge, X.; Lan, T.; Yang, H. Overexpression of PtoCYCD3;3 promotes growth and causes leaf
wrinkle and branch appearance in Populus. Int. J. Mol. Sci. 2021, 22, 1288. [CrossRef] [PubMed]

24. Xu, M.; Liu, S.; Xuan, L.; Huang, M.; Wang, Z. Isolation and characterization of a poplar D-type cyclin gene associated with the
SHORT-ROOT/SCARECROW network. Trees 2016, 30, 255–263. [CrossRef]

25. Boruc, J.; Hilde, V.D.D.; Hollunder, J.; Rombauts, S.; Mylle, E.; Hilson, P.; Inzé, D.; Veylder, L.D.; Russinova, E. Functional modules
in the Arabidopsis core cell cycle binary protein-protein interaction network. Plant Cell 2010, 22, 1264–1280. [CrossRef]

http://doi.org/10.1111/j.1365-313X.2004.02319.x
http://doi.org/10.1104/pp.119.1.343
http://www.ncbi.nlm.nih.gov/pubmed/9880377
http://doi.org/10.1105/tpc.19.00277
http://www.ncbi.nlm.nih.gov/pubmed/31036595
http://doi.org/10.1046/j.1365-313x.2000.00915.x
http://www.ncbi.nlm.nih.gov/pubmed/11123807
http://doi.org/10.1128/MCB.20.13.4513-4521.2000
http://www.ncbi.nlm.nih.gov/pubmed/10848578
http://www.ncbi.nlm.nih.gov/pubmed/7696881
http://doi.org/10.3390/ijms21249430
http://www.ncbi.nlm.nih.gov/pubmed/33322339
http://doi.org/10.1007/s00425-006-0294-0
http://www.ncbi.nlm.nih.gov/pubmed/16767458
http://doi.org/10.1073/pnas.93.24.13819
http://doi.org/10.1007/BF03321981
http://doi.org/10.1016/j.plaphy.2006.03.006
http://doi.org/10.1111/j.0960-7412.2004.02071.x
http://doi.org/10.1105/tpc.010445
http://doi.org/10.1016/j.pep.2019.105483
http://www.ncbi.nlm.nih.gov/pubmed/31479737
http://doi.org/10.1105/tpc.105.039636
http://doi.org/10.1073/pnas.0507581102
http://www.ncbi.nlm.nih.gov/pubmed/16227434
http://doi.org/10.1038/35014621
http://www.ncbi.nlm.nih.gov/pubmed/10850717
http://doi.org/10.1104/pp.122.4.1137
http://doi.org/10.1104/pp.107.104901
http://doi.org/10.1007/s11295-015-0895-5
http://doi.org/10.1242/bio.013128
http://doi.org/10.3390/ijms22031288
http://www.ncbi.nlm.nih.gov/pubmed/33525476
http://doi.org/10.1007/s00468-015-1296-y
http://doi.org/10.1105/tpc.109.073635


Int. J. Mol. Sci. 2021, 22, 5837 13 of 14

26. Boudolf, V.; Lammens, T.; Boruc, J.; Van Leene, J.; Van Den Daele, H.; Maes, S.; Van Isterdael, G.; Russinova, E.; Kondorosi, E.;
Witters, E.; et al. CDKB1;1 forms a functional complex with CYCA2;3 to suppress endocycle onset. Plant Physiol. 2009, 150,
1482–1493. [CrossRef] [PubMed]

27. De Veylder, L.; Beeckman, T.; Inze, D. The ins and outs of the plant cell cycle. Nat. Rev. Mol. Cell Biol. 2007, 8, 655–665. [CrossRef]
28. Kono, A.; Umeda-Hara, C.; Adachi, S.; Nagata, N.; Konomi, M.; Nakagawa, T.; Uchimiya, H.; Umeda, M. The Arabidopsis D-type

cyclin CYCD4 controls cell division in the stomatal lineage of the hypocotyl epidermis. Plant Cell 2007, 19, 1265–1277. [CrossRef]
[PubMed]

29. Koroleva, O.A.; Tomlinson, M.; Parinyapong, P.; Sakvarelidze, L.; Leader, D.; Shaw, P.; Doonan, J.H. CycD1, a putative G1 cyclin
from Antirrhinum majus, accelerates the cell cycle in cultured tobacco BY-2 cells by enhancing both G1/S entry and progression
through S and G2 phases. Plant Cell 2004, 16, 2364–2379. [CrossRef]

30. Swaminathan, K.; Yang, Y.; Grotz, N.; Campisi, L.; Jack, T. An enhancer trap line associated with a D-class cyclin gene in
Arabidopsis. Plant Physiol. 2000, 124, 1658–1667. [CrossRef]

31. Morgan, D.O. CYCLIN-DEPENDENT KINASES: Engines, clocks, and microprocessors. Annu. Rev. Cell Dev. Biol. 1997, 13,
261–291. [CrossRef]

32. Sanz, L.; Dewitte, W.; Forzani, C.; Patell, F.; Nieuwland, J.; Wen, B.; Quelhas, P.; De Jager, S.; Titmus, C.; Campilho, A.; et al. The
Arabidopsis D-type cyclin CYCD2;1 and the inhibitor ICK2/KRP2 modulate auxin-induced lateral root formation. Plant Cell 2011,
23, 641–660. [CrossRef]

33. Zhu, Y.; Song, D.; Sun, J.; Wang, X.; Li, L. PtrHB7, a class III HD-Zip gene, plays a critical role in regulation of vascular cambium
differentiation in Populus. Mol. Plant 2013, 6, 1331–1343. [CrossRef]

34. Dewitte, W.; Murray, J.A. The plant cell cycle. Annu. Rev. Plant Biol. 2003, 54, 235–264. [CrossRef]
35. John, P.C.L.; Qi, R. Cell division and endoreduplication: Doubtful engines of vegetative growth. Trends Plant Sci. 2008, 13, 121–127.

[CrossRef] [PubMed]
36. Riou-Khamlichi, C.; Huntley, R.; Jacqmard, A.; James, A.H.M. Cytokinin activation of Arabidopsis cell division through a D-type

cyclin. Science 1999, 283, 1541–1544. [CrossRef] [PubMed]
37. Houssa, C.L.U.B.; Bernier, G.; Pieltain, A.; Kinet, J.M.; Jacqmard, A. Activation of latent DNA-replication origins: A universal

effect of cytokinins. Planta 1994, 193, 247–250. [CrossRef]
38. Lammens, T.; De Jaeger, G.; De Veylder, L.; Takahashi, N.; Boudolf, V.; Maes, S.; Witters, E.; Yoshizumi, T.; Inzé, D. The DNA

replication checkpoint aids survival of plants deficient in the novel replisome factor ETG1. EMBO J. 2008, 27, 1840–1851.
39. Vandepoele, K.; Vlieghe, K.; Florquin, K.; Hennig, L.; Gerrit, T.S.B.; Gruissem, W.; Yves, V.D.P.; Inze, D.; Veylder, L.D. Genome-

wide identification of potential plant E2F target genes. Plant Physiol. 2005, 139, 316–328. [CrossRef] [PubMed]
40. Attwooll, C.; Helin, K.; Denchi, E.L. The E2F family: Specific functions and overlapping interests. EMBO J. 2004, 23, 4709–4716.

[CrossRef]
41. Nakagami, H.; Kawamura, K.; Sugisaka, K.; Sekine, M.; Shinmyo, A. Phosphorylation of retinoblastoma-related protein by the

cyclin D/cyclin-dependent kinase complex is activated at the G1/S-phase transition in tobacco. Plant Cell 2002, 14, 1847–1857.
[CrossRef]

42. Boniotti, M.B.; Gutierrez, C. A cell-cycle-regulated kinase activity phosphorylates plant retinoblastoma protein and contains, in
Arabidopsis, a CDKA/cyclin D complex. Plant J. 2001, 28, 341–350. [CrossRef] [PubMed]

43. Borghi, L.; Gutzat, R.; Fütterer, J.; Laizet, Y.; Hennig, L.; Gruissem, W. Arabidopsis RETINOBLASTOMA-RELATED is required for
stem cell maintenance, cell differentiation, and lateral organ production. Plant Cell 2010, 22, 1792–1811. [CrossRef] [PubMed]

44. Chen, Z.; Hafidh, S.; Poh, S.H.; Twell, D.; Berger, F.; Dean, C. Proliferation and cell fate establishment during Arabidopsis male
gametogenesis depends on the retinoblastoma protein. PNAS 2009, 106, 7257–7262. [CrossRef] [PubMed]

45. Hur, Y.; Um, J.; Kim, S.; Kim, K.; Park, H.; Lim, J.; Kim, W.; Jun, S.E.; Yoon, E.K.; Lim, J.; et al. Arabidopsis thalianahomeobox 12
(ATHB12), a homeodomain-leucine zipper protein, regulates leaf growth by promoting cell expansion and endoreduplication.
New Phytol. 2015, 205, 316–328. [CrossRef]

46. Moan, E.I.; Medford, J.I.; Long, J.A.; Barton, M.K. A member of the KNOTTED class of homeodomain proteins encoded by the
STM gene of Arabidopsis. Nature 1996, 379, 66–69.

47. Curtis, M.; Arroyo, J.M.; Byrne, M.E.; Hudson, A.; Martienssen, R.A.; Dunham, M.; Barley, R. Asymmetric leaves1 mediates leaf
patterning and stem cell function in Arabidopsis. Nature 2000, 408, 967–971.

48. Scofield, S.; Dewitte, W.; Murray, J.A. STM sustains stem cell function in the Arabidopsis shoot apical meristem and controls KNOX
gene expression independently of the transcriptional repressor AS1. Plant Signal Behav. 2014, 9, e28934. [CrossRef]

49. Eshed, Y.; Emery, J.; Bowman, J.; Barton, M.K.; Bao, N.; McConnell, J.R. Role of PHABULOSA and PHAVOLUTA in determining
radial patterning in shoots. Nature 2001, 411, 709–713.

50. Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nuclc
Acids Symp. Ser. 1999, 41, 95–98.

51. Sudhir, K.; Glen, S.; Koichiro, T. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol.
2016, 33, 1870–1874.

52. Chen, H.; Nelson, R.S.; Sherwood, J.L. Enhanced recovery of transformants of Agrobacterium tumefaciens after freeze-thaw
transformation and drug selection. Biotechniques 1994, 16, 664–668. [PubMed]

http://doi.org/10.1104/pp.109.140269
http://www.ncbi.nlm.nih.gov/pubmed/19458112
http://doi.org/10.1038/nrm2227
http://doi.org/10.1105/tpc.106.046763
http://www.ncbi.nlm.nih.gov/pubmed/17449809
http://doi.org/10.1105/tpc.104.023754
http://doi.org/10.1104/pp.124.4.1658
http://doi.org/10.1146/annurev.cellbio.13.1.261
http://doi.org/10.1105/tpc.110.080002
http://doi.org/10.1093/mp/sss164
http://doi.org/10.1146/annurev.arplant.54.031902.134836
http://doi.org/10.1016/j.tplants.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18291706
http://doi.org/10.1126/science.283.5407.1541
http://www.ncbi.nlm.nih.gov/pubmed/10066178
http://doi.org/10.1007/BF00192537
http://doi.org/10.1104/pp.105.066290
http://www.ncbi.nlm.nih.gov/pubmed/16126853
http://doi.org/10.1038/sj.emboj.7600481
http://doi.org/10.1105/tpc.002550
http://doi.org/10.1046/j.1365-313X.2001.01160.x
http://www.ncbi.nlm.nih.gov/pubmed/11722776
http://doi.org/10.1105/tpc.110.074591
http://www.ncbi.nlm.nih.gov/pubmed/20525851
http://doi.org/10.1073/pnas.0810992106
http://www.ncbi.nlm.nih.gov/pubmed/19359496
http://doi.org/10.1111/nph.12998
http://doi.org/10.4161/psb.28934
http://www.ncbi.nlm.nih.gov/pubmed/8024787


Int. J. Mol. Sci. 2021, 22, 5837 14 of 14

53. Zheng, T.; Li, S.; Zang, L.; Dai, L.; Yang, C.; Qu, G.; Liu, Z. Overexpression of two PsnAP1 genes from Populus simonii × P. nigra
causes early flowering in transgenic tobacco and Arabidopsis. PLoS ONE 2014, 9, e111725. [CrossRef] [PubMed]

54. Jefferson, R.A.; Kavanagh, T.A.; Bevan, M.W. GUS fusions: Beta-glucuronidase as a sensitive and versatile gene fusion marker in
higher plants. EMBO J. 1987, 6, 3901–3907. [CrossRef]

55. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

http://doi.org/10.1371/journal.pone.0111725
http://www.ncbi.nlm.nih.gov/pubmed/25360739
http://doi.org/10.1002/j.1460-2075.1987.tb02730.x
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Isolation and Characteristic Analysis of PsnCYCD1;1 
	Spatiotemporal Expression Patterns of PsnCYCD1;1 Gene 
	Subcellular Localization of PsnCYCD1;1 
	PsnCYCD1;1 Transgenic Arabidopsis Generate Curved Leaves and Twisted Inflorescence Stems 
	PsnCYCD1;1 Transgenic Arabidopsis Response to 6-BA 
	PsnCYCD1;1 Transgenic Arabidopsis Reduced Cell Size 
	Induction Transcriptional Level of Morphogenesis of Leaf- and Stem-Related Genes 

	Discussion 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Isolation of Populus PsnCYCD1;1 and Sequence Analysis 
	Gene Constructs and Genetic Transformation 
	Subcellular Localization Analysis of PsnCYCD1;1 
	GUS Staining and Analysis 
	Quantitative Real-Time PCR Analysis 
	Histological and Morphological Microscope Observations 
	Statistical Analyses 

	References

