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Abstract: Growth-regulating factors (GRFs) play an important role in regulating plant organ de-
velopment, acting primarily as positive regulators of cell proliferation. However, research on the
evolutionary history and expression patterns of the moso bamboo GRF family has been limited.
In this study, a total of 24 GRFs have been identified in the Moso bamboo genome, and they have
been categorized into four subfamilies. Estimation of the divergence time of paralogous gene pairs
provided evidence supporting the significant contribution of recent whole-genome duplication events
in the expansion of the GRF gene family. Sliding window analysis revealed that coding regions of a
few PheGRFs, including the WRC and QLQ domains, may have undergone positive selection, possibly
due to the redundant functions of paralogous genes. Coexpression network analysis further revealed
the regulatory role of miR396 and various lncRNAs in controlling PheGRF expression. Based on
the analysis of tissue-specific expression patterns using transcriptome sequencing, qRT-PCR results,
and in situ hybridization, it was observed that most GRFs, particularly PheGRF6a and PheGRF9b,
exhibited high levels of accumulation in the moso bamboo shoot. This suggests that the involvement
of most PheGRF genes may be crucial for the growth and development of the bamboo shoot. A
yeast two-hybrid screening revealed interactions between PheGRF9b and several proteins associated
with plant growth and development, including PH02Gene11097.t1 (GIF3), PH02Gene37618.t (Phy-
tochrome B), and PH02Gene01921.t3 (WD40). Based on transcriptome expression analysis, it was
observed that a substantial number of PheGRFs exhibited significant variations under cold or drought
stress treatments, and most of these genes were found to be downregulated, suggesting their role as
abiotic stress-responsive genes. Our findings offer new insights into the GRF family of moso bamboo
and provide some experimental evidence to support further gene functional validation research
of PheGRF.

Keywords: moso bamboo; GRF family; whole-genome duplication events; bamboo shoot

1. Introduction

Moso bamboo (Phyllostachys edulis) is a plant known for its abundant lignocellulosic
resources with great ecological and economic value. Its bamboo shoots can be used as food,
while the culms can be processed and applied to the industries of paper-making and timber
production. Under optimal spring conditions, the bamboo shoots can grow up to 1 m in a
mere 24 h, rapidly reaching a final height of 15–20 m within a span of one to two months.
Owing to its incredible growth rate and exceptional strength, moso bamboo contributes an
estimated 5 billion dollars in revenue, encompassing both the timber processing and food
industries [1].
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During the rapid growth period of moso bamboo shoots, internode elongation is
influenced by the simultaneous processes of cell division and cell elongation [2]. The
growth-regulating factor (GRF) family plays a crucial role in regulating plant development
and responses to stress [3]. It contains the QLQ domain and the WRC domain in its
N-terminal region [4]. The QLQ domain can form a transcription activator with the GRF-
interacting factor (GIF), while the WRC domain binds to the promoters of downstream
genes, and regulate their expression [5].

The first GRF gene studied was OsGRF1, which plays a critical role in regulating stem
elongation induced by gibberellic acid [6]. Consequently, early research on GRFs primarily
focused on their involvement in leaf development by regulating cell proliferation and cell
size [7,8]. However, more evidence has revealed that GRFs also play significant roles in
root development, the formation of floral organs and seeds, as well as plant longevity [2].

Accumulating studies have demonstrated that GRFs also play a significant role in re-
sponding to various abiotic or biotic stresses [9–12]. For instance, the expression of HpGRF6
in pitaya exhibited an upregulated trend under drought conditions, while it was reduced
when exposed to high temperature and NaCl stress [13]. Similarly, AtGRF1 and AtGRF3
were found to be significantly downregulated after a period of water withholding during
drought stress [14]. Moreover, ChIP-seq analysis revealed that several defense- and stress-
related genes were identified as target genes of AtGRF1 and AtGRF3, providing insights
into their potential roles in mediating the balance between growth and defense responses
and integrating environmental signals into developmental programs [15]. Additionally,
AtGRF7 has been shown to directly target and suppress the transcription of DREB2A by
binding to its promoter region. Several stress-related genes were significantly induced in
the grf7 mutant in comparison to the wild type, resulting in enhanced salt and drought
tolerance in the mutant [16].

Recently, the GRF families in Arabidopsis thaliana [17], Oryza sativa [18], Saccharum [19],
Spirodela polyrhiza [20], Triticum aestivum L. [21], Zanthoxylum armatum DC. [22], Lettuce [23],
and Medicago truncatula [24] have been identified and extensively studied. Previous studies
have reported on the moso bamboo GRF family; however, these studies were based on the
first version of the genome sequencing data [25,26]. Unfortunately, the gene assembly in
this version was only conducted at the scaffold level, which posed limitations in mapping
the GRF genes to specific chromosomes. Additionally, these studies did not provide an
explanation of the GRF genes’ expansion in terms of evolutionary perspectives. Moreover,
the expression profile of GRFs and their interactors in moso bamboo shoot was not analyzed
previously. To fill this knowledge gap, a screening of GRFs was performed using the second
version of the genome sequencing data [27]. We conducted a comprehensive analysis to
investigate the evolutionary expansion of the GRF gene family and examined the expression
patterns of these genes during the development of various bamboo organs. Additionally, we
analyzed their response to different abiotic stresses. Moreover, we successfully identified
proteins that interact with GRF during the bamboo shoots growth and development using
yeast two-hybrid library screening. These findings will provide valuable insights for future
investigations into the functional studies of PheGRFs.

2. Results
2.1. Identification and Classification of the PheGRF Gene Family

We obtained potential GRFs from the moso bamboo genome using a BLASTP algorithm-
based search with known GRF proteins from A. thaliana and O. sativa as seed sequences.
After confirming the QLQ and WRC domains occurring in the putative sequence using the
Swiss-Model online tool, a total of 24 moso bamboo GRFs were identified.

In order to investigate the evolutionary relationship between moso bamboo GRFs and
GRFs in other model plants such as O. sativa, B. distachyon, and A. thaliana, we constructed
a phylogenetic tree based on the Maximum Likelihood method. The 24 identified PheGRFs
were categorized into six functional groups, with seven proteins in group I, four in group
III, four in group IV, and seven in group V (Figure 1A). In addition, the phylogenetic
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tree constructed based on the 24 moso bamboo GRF members demonstrated consistent
grouping results, further indicating the reliability of our grouping method. Furthermore,
the phylogenetic analysis of GRFs in these four species revealed that PheGRFs showed
more sequence similarity with OsGRFs and BdGRFs than with AtGRFs. For instance,
subfamily IV and subfamily II only included members from Arabidopsis and did not
include members from monocotyledonous plants.

Figure 1. Phylogenetic analysis and motif compositions of the PheGRF family. (A) The phylogenetic
tree illustrates the relationship among GRF members in O. sativa, B. distachyon, and A. thaliana,
and moso bamboo. The most primitive Vigna unguiculata GRF was used as an outgroup. (B) The
distribution of conserved motifs is shown within each group.

2.2. Characterization of the PheGRF Gene Family

To gain further insights into the protein sequence features of the PheGRFs, we exam-
ined the conserved motifs in the 24 PheGRFs using MEME and compared them with motifs
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found in O. sativa, Brachypodium, and Arabidopsis (Figure 1B and Figure S1). Motifs 1 and
2 which represented the WRC and QLQ domains occurred in all members of GRFs. Motif 5
appeared only in III, while motifs 7 and 9 were found specifically in group I. Motifs 3, 4, and
6 appeared in groups I, III, and IV. Motif 8 appeared in groups III and IV. Motif 10 appeared
in I, III, and V, and most members in group III harbored motif 10. Motif analysis indicated
that there are significant differences in amino acid sequences between monocotyledonous
plants and dicotyledonous plants within the same group. To take group IV as an example,
all dicotyledonous amino acid sequences include motif 4, but not in A. thaliana.

Gene structural analysis of PheGRFs unveiled that genes in the same group exhibited
similar intron lengths and numbers (Figure 2B). Except for PheGRF11c and AtGRF5 who
contained nine and three introns, respectively, the intron quantity of other members in the
II, IV, and V is two. Except for OsGRF6 whose intron number is two, the other members in
the group I harbored three introns. The AtGRF7 and AtGRF8 in group IV contained two
and five introns, respectively. The number of introns in group III ranged from two to four.

Figure 2. Phylogenetic tree and gene structure of the PheGRF family. (A) The phylogenetic tree
illustrates the relationship among members of the GRF family. (B) The gene structure within each
group is depicted.

Gene duplication events are essential for the generation of new functions and the
expansion of gene families. In comparison to model plants like O. sativa and Arabidopsis,
there is evident expansion in the PheGRF family. Therefore, we conducted an analysis
to identify potential duplication events in the PheGRFs. As a result, 18 duplication gene
pairs including 15 whole-genome duplication (WGD) pairs and three dispersed duplication
(DD) pairs were found. Furthermore, all 15 identified WGD pairs were located in long
fragment synteny blocks (Figure 3A). For instance, a significant number of synteny blocks
were observed between chromosomes 3 and 17, which contained three paralogous gene
pairs: PheGRF1a-PheGRF1b, PheGRF4a-PheGRF4b, and PheGRF10a-PheGRF10b (Figure 3B).
Similar patterns were observed between chromosomes 23 and 24, which contained two par-
alogous gene pairs: PheGRF3a-PheGRF3b and PheGRF12a-PheGRF12b, respectively. These
observations were also made for other chromosome pairs, whether they contained GRF
paralogous pairs or not.

To investigate the selection pressure acting on moso bamboo GRFs, we computed the
Ka/Ks values for each paralogous pair (Table S1). The Ka/Ks values of WGD-derived
gene pairs were significantly higher than those of DD-derived gene pairs (Figure 3C),
indicating that these genes have experienced stronger selection pressures. Notably, all gene
pairs exhibited Ka/Ks values less than 1 (Figure 3D), suggesting the predominant role of
purifying selection involved in shaping the evolution of moso bamboo. Furthermore, the
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calculation of divergence time for the WGD pairs revealed that 10 out of 15 PheGRF gene
pairs diverged approximately 6.5 to 13.5 million years ago, which aligns with the timeframe
of the moso bamboo whole genome duplication event that occurred 7–12 million years ago,
suggesting that the WGD played a critical role in the PheGRF expansion.

Figure 3. The expansion analysis of moso bamboo GRFs. (A) Syntenic relationships among GRF gene
pairs. Gene pairs originating from whole-genome duplication (WGD) are connected by green lines,
while dispersed pairs are connected by red lines. (B) An example of collinearity analysis between
two moso bamboo chromosomes. The grey lines represent all the duplicated gene pairs, while the
duplicated PheGRFs pairs are specifically connected by red lines. (C) The number of duplicate gene
pairs of different duplication modes. (D) Comparison of Ka/Ks values between WGD and DD. WGD
refers to whole-genome duplication, while DD represents dispersed duplication. The dots in box plot
represent outliers.

We performed a sliding window analysis to estimate the evolutionary rate for each
codon, taking into account that strong purifying selection can obscure positive selection
at specific amino acid sites or regions (Figure 4). The results indicate that the majority of
PheGRF pairs have undergone significant purifying selection, with an average Ka/Ks ratio
of 0.15. For gene pairs in moso bamboo, most of the Ka/Ks ratios across the coding regions
were less than 1. However, positive selection sites were identified in many coding regions,
with the majority located in the non-conserved region. A few amino acid sites in conserved
domains were also affected by positive selection, including four pairs of the WRC domain
and four pairs of the QLQ domain. These results suggest that coding regions of PheGRF,
including the WRC and QLQ domains, may undergo positive selection as a result of the
potential redundancy in paralogous functions.
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Figure 4. The sliding window of PheGRF paralogous genes. (A) Group I, (B) group III, (C) group IV,
(D) group V. The red and green box indicated the WRC domain and QLQ domain, respectively.

2.3. Regulatory Network of PheGRF in Moso Bamboo

A large number of hormone response sites, meristem-related motifs, and transcription
factor binding sites were found at the PheGRF candidate promoter regions (CPRs)(Figure 5).
Fourteen PheGRF CPRs contained at least one gibberellin response site (such as P-box or
GARE motifs). The MeJA and abscisic acid response sites were found in almost all PheGRF
CPRs. Seventeen PheGRF CPRs contained the ARE-box motif, an anaerobic induction-
related cis-element. Furthermore, it was observed that the WRE3 motif and LTR element,
which are responsive to adversity, stress, and low temperature, were present in the majority
of PheGRF CPRs. Additionally, it was found that 16 CPRs contained at least one meristem
expression-related motif. This includes the CAT-box motif, which was present in 14 PheGRF
CPRs, and the coexistence of the CCGTCC motif and CCGTCC-box in seven different
GRF CPRs. These findings highlight that the regulation of PheGRFs is influenced by
a variety of factors, including hormones and environmental cues. Furthermore, they
emphasize the significance of PheGRFs in important cellular processes such as cell division
and proliferation.

To better show the underlying relationship of miRNAs, lncRNAs, and GRFs, we created
an interaction network on the basis of bamboo shoot growth and development-associated
transcriptome sequencing data and degradome sequencing data which were published
previously (Figure S3) [28,29]. In the network, a total of 10 miRNAs and 22 lncRNAs had a
correlation with at least one PheGRF gene (Figure 6). The main hub miRNA gma-miR396e
with the highest connecting times negatively correlated with the expression of PheGRF5a,
PheGRF5b, PheGRF6a, PheGRF6b, etc. LncRNA target gene prediction based on position
relationship and complementary sequence indicated that a total of 15 GRF genes may be
regulated by lncRNA, and the most of them regulate the expression of PheGRF11b, among
which the lncRNA regulating the expression of PheGRF11b is the most significant, two are
positively correlated, and two are negatively correlated.
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Figure 5. Analysis of Cis-acting elements on PheGRF promoters. Red indicates that the promoter
contains this regulatory element, while green indicates that the regulatory element is not present in
the promoter.

Figure 6. Predicted regulatory network of lncRNA, miRNA, and PheGRFs. Positive correlation is
indicated by regular arrows, while negative correlation is indicated by a T-type arrow. Larger circles
indicate genes with more connections. Within the network, red, blue, and green circles represent
miRNAs, lncRNAs, and PheGRFs, respectively.
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In order to identify proteins that potentially interact with PheGRF9b during moso
bamboo shoot growth, we created a cDNA library specifically from bamboo shoots. Subse-
quently, we employed a yeast two-hybrid system to screen for interactors, with the goal
of discovering potential chaperones for PheGRF9b. First, the yeast system was employed
to analyze the auto-activation assays of PheGRF9a (Figure S4). The plasmids pGBKT7-
PheGRF9a, pGAD7-T+pGBKT7-p53 (positive control), and pGBKT7 (negative control)
were introduced into the yeast strain AH109, respectively. As shown in Figure 4, yeast
cells containing the negative control plasmids pGBKT7 and pGBKT7-PheGRF9a did not
grow on SD/-Trp/-Leu/-His/X-α-gal medium and did not produce a blue substrate. In
contrast, the positive control pGAD7-T+pGBKT7-p53 grew well and produced a blue
substrate. Therefore, PheGRF9a does not exhibit transcriptional self-activation activity in
yeast cells. For the yeast double-hybrid library screening experiment, we utilized pGBKT7-
PheGRF9b as the bait. Nine positive clones corresponding to five proteins were identified in-
cluding PH02Gene11097.t1 (GIF3), PH02Gene28214.t1(MPK4), PH02Gene01921.t3(WD40),
PH02Gene37618.t1 (Phytochrome B), and PH02Gene17719.t1(SAUR). Next, Y2H assay
was employed to further confirm the interaction relationship (Figure 7). The pGBKT7-
PheGRF9b and pGADT7-interactors plasmids were co-transformed into yeast AH109 cells,
respectively, and subsequently selected on SD/-Trp/-Leu/-Ade/-His/X-α-Gal plates. Af-
ter five days of cultivation, both the positive control and five experimental group displayed
a blue color. These results indicate the presence of protein complexes during the growth of
moso bamboo shoots.

Figure 7. Identification of interactions between PheGRF9a and interactors in yeast. The
yeast strains were cultured on Double Dropout Supplements (DDO)/−Trp/−Leu/X-α-gal and
Quadruple Dropout Supplements (QDO)/−Trp/−Leu/−His/−Ade/X-α-gal/AbA media to assess
the interactions.
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2.4. Expression Profile of PheGRF Genes

The transcriptome data derived from 26 distinct bamboo tissues were utilized to ex-
amine the expression profiles of PheGRFs (Figure 8). Approximately half of the PheGRFs,
including PheGRF1a, 2a, 3a, 4a, 4b, 5a, 5b, 6a, 7, 9a, and 9b, exhibited the highest expression
levels in the 2 cm root which developed on the bottom of the bamboo shoot. Addition-
ally, the majority of PheGRFs demonstrated relatively high expression levels in the 6.7 m
high bamboo shoot, regardless of whether it originated from the top, middle, or lower
portion. Since the rapid growth of bamboo shoots mainly relies on the elongation growth
of internodes, we randomly selected five genes including PheGRF3a, 3b, 5a, 6a, and 10b and
analyzed their expression patterns within a single internode during the rapid growth of
bamboo shoots. Except for PheGRF5a, which shows similar expression levels in the basal
and middle sections and lower expression in the top section, the other four genes all exhibit
most expression levels in the basal section, followed by the middle section, and the lowest
in the top section.
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green blocks indicate low accumulation levels. (B) Expression analysis of PheGRF in different part of
a young single internode. The sample was taken from the 17th internode tissue of the shoot, starting
from the base, at a height of 3.0 m. B, M, and T represent basal, middle, and top section of internode,
respectively.
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We selected PheGRF6a and PheGRF9b, which exhibited high expression levels in
bamboo shoots, for further analysis using in situ hybridization (Figure 9). The results
revealed that the two genes were highly expressed in both the ground tissues and vascular
bundles of 6.7 m bamboo shoots. Particularly noteworthy is the high concentration of both
genes in the phloem of the vascular bundles, indicating their active involvement in tissues
undergoing cell division.

Figure 9. In situ hybridization of PheGRF6a and PheGRF9b in internode of winter moso bamboo
shoots. Bars, 200 µm.

We further analyzed the expression patterns of 23 PheGRFs under drought or cold
stress using transcriptome sequencing data (Figure 10A). A gene was considered upregu-
lated or downregulated if it met the criteria of a False Discovery Rate (FDR)
value ≤ 0.05 and a fold change ≥ 1. Among these genes, the majority exhibited vary-
ing degrees of downregulation under abiotic stress. However, the expression levels of
PheGRF2b, 4a, 6a, 7, 10b, and 11b gradually increased and reached their peak at 8 h under
drought treatment. Furthermore, the expression of PheGRF3a and 12b rapidly accumulated
at 2 h and then decreased to low levels. Under cold treatment, the expression of PheGRF1a,
1b, 3a, 4a, 4b, 6a, and 10a peaked at 2 h, while PheGRF9a reached its peak expression at 8 h.
To ensure the reliability of the transcriptomic data, we conducted qRT-PCR validation on
five randomly selected genes. The qRT-PCR results revealed an average Pearson correlation
coefficient of 0.77 between the qRT-PCR results and the expression levels obtained from
the transcriptomic data (Figure 10B). This indicates that the qRT-PCR results generally
reflect the transcriptomic data, although differences may be due to variations in the genetic
background of the experimental seedlings.
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Figure 10. Expression patterns of PheGRFs under drought or cold treatments. (A) The expression
profile of GRF genes based on transcriptomic data. The color scale represents log2 transformed FPKM
values. Red blocks with colors indicate high accumulation levels while green blocks indicate low
accumulation levels. (B) Validation of GRF transcriptomic data using qRT-PCR.

3. Discussion

In the moso bamboo genome, a total of 24 PheGRFs containing QLQ and WRC domains
were identified, which is significantly higher compared to wheat (18), Zea mays (17), O.
sativa (12), Arabidopsis (9), and Brachypodium (12) [21,30,31]. Despite having a genome
size similar to Z. mays (2300 Mb) [32], moso bamboo (2021 Mb) has a smaller genome size
than wheat (Triticeae) (17 Gb) [33], but larger than A. thaliana (164 Mb), B. distachyon (300
Mb), and O. sativa (441 Mb) [34–36]. The higher number of PheGRFs observed in moso
bamboo suggests that it may be a result of gene duplication events. Gene duplication is a
crucial process in the evolution of plants, particularly in relation to morphogenesis [37].
In plants, gene duplication can occur through WGD and single-gene duplication. WGD
is believed to occur during speciation events, which leads to the emergence of multiple
paralogs. Previous studies have indicated that moso bamboo originated from a tetraploid
ancestor and underwent a long evolutionary process from tetraploidy to diploidy. The study
suggests that the gene model sets of moso bamboo are similar to those of O. sativa, but moso
bamboo carries two duplicates [27]. This phenomenon is consistently observed in the GRF
family as well. In the moso bamboo genome, 15 pairs of PheGRF paralogous genes which
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harbored in synteny blocks were identified. Additionally, the majority of divergence times
among these PheGRF paralogous pairs occurred between 7–12 million years ago, which is
consistent with the recent time of WGD occurrence. These findings strongly suggest that
the expansion of PheGRFs is primarily driven by the whole-genome duplication event. A
previous report suggested that only a subset of paralog pairs are maintained after WGD [38].
Through an analysis of the Arabidopsis genome, it was discovered that paralogs involved
in signaling and transcriptional regulation are more likely to be retained. Furthermore,
the complexity of plant morphology seemed to be positively correlated with the number
of genes associated with transcriptional regulation [37,39]. Therefore, the expansion of
the moso bamboo GRF transcription factor family through WGD has played a crucial role
in shaping moso bamboo evolution and has contributed to the development of intricate
morphological traits.

We calculated Ka/Ks values between GRF paralogous pairs to better understand the
evolutionary patterns of them in moso bamboo. The results revealed that Ka/Ks values of
all gene pairs were less than 1, indicating a significant occurrence of purifying selection
during the evolutionary process of the PheGRF family [40]. Furthermore, the majority of the
Ka/Ks values across the coding regions in each gene pair were less than 1. However, a few
amino acid sites in conserved domains were also influenced by positive selection, including
four pairs of WRC domains and four pairs of QLQ domains. These findings suggest that
coding regions of PheGRFs, including the WRC and QLQ domains, may undergo positive
selection as a result of the potential redundancy in paralogous function.

Previous studies have indicated that GRFs contribute to cell division and cell prolifera-
tion and meristem potential during the process of organogenesis [41]. Promoter analysis has
provided valuable insights into the potential functions associated with meristem growth
regulation and hormone-induced gene expression changes. Specifically, GA-responsive
elements including GARE and P-box motifs were identified in the 14 PheGRFs’ CPRs.
Additionally, a significant number of stress-related hormone signal response regulatory
elements were found in the moso bamboo GRF CPRs. For instance, MeJA-responsiveness
and ABA-responsiveness elements were discovered in the PheGRF CPRs. A previous study
based on in situ hybridization and yeast two-hybrid assay suggest that PheGRF4e could
interact with PheIAA30, and act mainly on the root tip meristem and vascular bundle cells
of developing bamboo shoots [42]. In Spirodela polyrhiza, abscisic acid (ABA) has been found
to be highly effective in inducing the formation of turions. This process is accompanied by
fluctuating expression levels of the SpGRF genes in their fronds [20]. These findings suggest
that moso bamboo GRF has the potential to respond to hormone induction, including
stress-related hormones, and play a role in the growth and development of multiple organs.

The analysis of cis-acting elements also uncovered the transcription and expression
potential of PheGRF members under diverse stress conditions, including low temperature,
drought, and anaerobic stress. Expression analysis confirmed the results obtained from
promoter analysis, indicating that the majority of PheGRFs showed differential expression
patterns under abiotic stress treatment, with most of them being downregulated. However,
a small subset of GRF genes exhibited varying degrees of upregulated expression following
exposure to the stress treatments. In Arabidopsis, GRFs interact with DELLAs and regulate
growth under cold stress [43]. Under stress conditions, the overexpression of Arabidopsis
AtGRF7 has been shown to enhance resistance to drought stress [16]. Additionally, AtGRF1
and AtGRF3 have been found to coordinate plant growth, defense signals, and stress
responses [13]. These discoveries imply that PheGRFs could potentially play a role in
biological processes associated with plant growth under different abiotic stress conditions.

Expression analysis of PheGRFs in different bamboo tissues indicated that different
PheGRF genes exhibited expression specificity in different bamboo tissues, but most of
them showed high accumulation levels in the 6.7 m high bamboo shoot, which corresponds
to the fastest growth stage of the bamboo shoot [2]. In this study, we selected five GRF
genes and investigated their expression levels in different parts of the same bamboo shoot
internode. Through qRT-PCR analysis, it was found that the expression levels of these five
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genes were lowest in the top part of the internode. Furthermore, previous studies have
indicated that cells in the upper part of the bamboo shoot internode complete growth and
development earlier and cease growth, while the basal part of the internode accumulates a
large number of cells in the proliferation phase [44,45]. This suggests a close correlation
between the expression of PheGRF genes and cell division, indicating that PheGRF may
directly participate in cell division and growth in bamboo shoot internodes.

Based on the predicted co-expression network from degradation sequencing and
bioinformatics analysis, it was discovered that miRNA396 and lncRNA regulate the expres-
sion of PheGRF. In rice, the levels of most GRFs can be sensitively regulated by miR396,
which responds to many developmental and environmental factors [46]. In culm growth,
OsGRF7 causes a semidwarf and compact plant architecture with an increased culm wall
thickness [47]. However, the role of mir396 in the internode elongation process of mono-
cotyledonous plants is relatively understudied. We analyzed the sequencing data of
bamboo shoot growth and development using degradation assays and found that mir396
plays a regulatory role in most members of the PheGRF family. Additionally, qRT-PCR
quantification experiments revealed that PheGRF expression is highest in the basal cells of
the internodes, suggesting a close correlation between PheGRF expression and cell divi-
sion [44,45]. Based on these results and previous studies, we propose that the regulatory
network formed by mir396-PheGRF plays an important role in the elongation of bamboo
shoot internodes.

Currently, there are numerous studies focused on the regulatory role of lncRNAs in
various plant organ development processes, such as flower, leaf [48], and root hair [49].
However, research on the regulation of stem growth and development by lncRNAs is still
relatively limited. Through the construction of co-expression networks using LncTar 2.0
software and Pearson’s correlation, we found that some lncRNAs may play a positive
or negative regulatory role on the members of the GRF family during the growth and
development of bamboo shoots, thus participating in the growth and development of
bamboo shoots.

It is reported that the GRF can interact with the GIF family via the QLQ domain,
resulting in the formation of an interaction complex that carries out transcriptional func-
tions [43,50]. In our Y2H screening, we observed that PheGRF9b not only interacts with
GIF3 but also interacts with other plant growth and development associated proteins, such
as PH02Gene01921.t3 (WD40), PH02Gene37618.t (Phytochrome B), and PH02Gene17719.t1
(SAUR). SAURs are known to be involved in auxin signaling, Phytochrome Bs promote
plant light responses through multiple pathways [51], and WD40 is involved in sig-
nal transduction, histone modification, cell cycle regulation, nuclear fusion, and RNA
processing [52]. These findings suggest that PheGRFs may participate in various path-
ways by forming protein complexes with its interactors that are involved in diverse
biological processes.

4. Methods
4.1. Identification of GRF Genes in Moso Bamboo Reference Genome

The peptide sequences of AtGRFs, OsGRFs, and BdGRFs were searched using the
keyword “growth-regulating factor” in the Phytozome v12.1 database [53] (Table S2). These
sequences were then used as queries to perform a BLASTp search against the moso bamboo
annotation databases downloaded from GigaDB [26] (http://www.gigadb.org/dataset/
100498, 10 August 2023). The search was conducted with a cutoff of e-value ≤ 0.0001.
After a blast comparison, PROSITE (http://prosite.expasy.org, 10 August 2023) which is
provided by the Swiss Institute of Bioinformatics was used to further check the QLQ and
WRC domains, and the sequences that lacked these two domains were ruled out.

4.2. Multiple Sequence Alignment and Phylogenetic Analyses

The multiple sequence alignments were performed using the ClustalW program. The
parameters used for running the CLUSTALW program were as follows: Scoring matrix for
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amino acid sequences: BLOSUM62, gap open: 10, gap extension: 0.2, iteration: none [54].
Subsequently, the Maximum Likelihood (ML) tree was constructed using the IQ-Tree
program [55], employing the best-fit tree model [55]. The JTT+R3 model was determined to
be the most suitable model based on the Bayesian Information Criterion [55]. The bootstrap
method was applied in a phylogeny test with 1000 replications. The generated results were
then imported into FigTree v1.4.4 for further analysis and visualization [56].

4.3. Gene Structure, Motif, and Promoter Analysis

The GFF file containing the genomic annotations of PheGRFs was uploaded to the
gene structure display server 2.0 to generate the gene structure diagrams [57]. The online
program MEME was employed to identify motifs harbored in PheGRFs. MEME (Version:
5.5.1) was run locally with the following parameters: number of repetitions: any, maximum
number of motifs: 8, and the optimum motif widths were constrained to between 25
and 200 residues [58]. The regulatory elements in the promoter region of PheGRFs (from
−2000 bp to +1 bp) were analyzed using the PlantCARE online program.

4.4. Collinearity Analysis

Firstly, we conducted a comprehensive BLASTP analysis on all moso bamboo proteins,
applying an E-value threshold of less than 1 × 10−6 and considering the top 5 matches.
The GFF3 files contain the positional information of all genes, which were obtained from
the moso bamboo annotation databases [26]. The obtained BLASTP results, along with gff3
files, were then utilized as the input files for the Multiple Collinearity Scan Toolkit [59]. This
allowed us to identify duplication modes within the PheGRF gene family. The specific defi-
nition of the different duplication modes aligns with the previously described method [60].
Finally, we utilized the Circos (version: 0.69-9) software to visualize the results [61].

4.5. Estimation of Ka, Ks, and Divergence Time in Paralogous Pairs

Ka (nonsynonymous substitution), Ks (synonymous substitution), and the Ka/Ks
value between the GRF paralogous pairs were determined using DnaSP 6.0 (DNA Sequence
Polymorphism software 6.0) [62]. The Ka/Ks ratio provides insights into the evolutionary
selection pressure on the duplicated genes: positive selection (Ka/Ks > 1), purifying
selection (Ka/Ks < 1), and neutral selection (Ka/Ks = 1). The formula T = Ks/2λ was
applied to estimate the divergence time of the duplication event, with a divergence rate λ of
6.5 × 10− 9 in monocotyledons [63]. For identifying signals of positive selection in specific
regions or amino sites, a sliding window analysis was performed using SWAKK [60].

4.6. In Situ Hybridization

The internodes, obtained from the middle section of the winter bamboo shoot with a
height of approximately 10 cm, were fixed for 24 h in 4% paraformaldehyde solution. After
dehydration using graded ethanol and vitrification with dimethylbenzene, the samples
were embedded in paraffin. The paraffin blocks were then cut into sections that were
10 µm thick. Sections were treated with Proteinase K at a concentration of 1 µg/mL for
30 min at 37 ◦C. After the Proteinase K pre-treatment, the sections were incubated overnight
at 43 ◦C with the RNA probes in a hybridization solution containing 40% deionized
formamide. Following the hybridization, the sections were washed four times in 2XSSC
(1XSSC: 150 mM sodium chloride and 15 mM sodium citrate) at 37 ◦C. Then, the slides
were treated with RNase A at 37 ◦C for 30 min and washed with 0.1XSSC at 37 ◦C twice. To
detect the hybridization signal, the DIG Nucleic Acid Detection Kit (Roche Biochemicals,
Indianapolis, IN, USA) was used. The sections were incubated in the dark with the detection
kit for 12 h, following the manufacturer’s instructions. After the detection, the sections
were dehydrated through an ethanol series (50% and 70% for 30 s each, and 99% for 1 min
twice), air-dried, and mounted in Eukitt (O. Kindler, GmbH & Co., Freiburg, Germany). The
hybridization signals were observed as a purple-red color by adding the substrates nitroblue
tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP). The hybridization signals
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were observed and photographed using an Olympus BX-51 microscope with a digital image
acquisition system. The in situ probes were synthesized with digoxin labeling by Sangon
company (Shanghai, China). The probe sequences were listed as follows: Antisense probe
of PheGRF9b: 5’ AACGTGGGTTGTCGATTTGTAGAATTTAGCAGTGGAG 3’; Sense probe
of PheGRF9b: 5’ TGGGAAAGCAGCAACCAGCAGAGCAATAAGAGC 3’; Antisense
probe of PheGRF6a: 5’ TTGCTTCTCCCTGGCTAACTTCATCTTTATTTG 3’; Sense probe of
PheGRF6a: CTTCCACATCTCCCATCCACGAGAAGCTAATG.

4.7. Yeast Two-Hybrid Assays

The complete open reading frame (ORF) of PheGRF9b was cloned using the following
primers: forward, 5′-ATGTTTGCTGAGTTCTCTGCTGC-3′; reverse, 5′-CTACATTTCAT
GGTCCTCGAGATTC-3′. TIANGEN DNA Polymerase (TIANGEN biological company,
China) was used to amplify the PheGRF9b gene. The PCR parameters were 94 ◦C for
5 min, followed by 28 cycles of 94 ◦C for 30 s, 61 ◦C for 1 min, and 72 ◦C for 1 min. The
PCR products were cloned into pGEM-T Easy (Promega, USA) after gel extraction. The
target fragment in the clone was digested with EcoR I and BamH I and then introduced into
the pGBKT7 bait vector. The constructed plasmid was confirmed by the chain-termination
method on an ABI 3100 automated sequencer (USA).

For self-activation assays, the recombinant plasmid pGBKT7-PheGRF9b was trans-
formed into AH109 yeast cells. The transformed yeast cells were evenly spread on SD/-Trp
agar medium and incubated for 2–3 days. Then, they were inoculated onto selective media
SD/-Trp, and SD/-Trp/-Leu/-His/X-α-gal. After inverting the plates, they were incubated
at 30 ◦C for 3–4 days, and the growth status was observed and recorded. pGBKT7-p53
and pGADT7-T were co-transformed as positive controls, pGBKT7 empty vector was
transformed as a negative control.

The moso bamboo cDNA library for Y2H experiments was constructed by OE BioTech
(Shanghai, China) using cDNA synthesized from the mRNA of shoots at different devel-
opmental stages and cloned into the prey vector pGADT7 [28]. The pGBKT7-PheGRF9b
was then used for Y2H screening of the pGADT7-based cDNA library. Y2H experiments
were conducted using the Matchmaker GAL4 two-hybrid systems (TaKaRa, Kyoto, Japan).
The putative PheGRF9b-interacting clones were identified on an SD/-Ade/-His/-Leu/-
Trp/X-α-Gal medium and further characterized and sequenced. Negative controls included
cotransformants containing pGBKT7-Lam and pGADT7-T, while the positive control in-
cluded cotransformants containing pGBKT7-53 and pGADT7-T.

4.8. Transcriptome Data Analysis

The transcriptome data of PheGRFs from various bamboo tissues, bamboo shoots at
different growth stages, and bamboo seedlings under drought or cold stresses have previously
been generated and processed (PRJNA535488, PRJNA604634, PRJNA914504, PRJNA820321,
SRR13986970) [64]. The expression level of PheGRFs was quantified as fragments per kilobase
of exon model per million mapped reads (FPKM). The heatmap was visulized using Morpheus
(http://software.broadinstitute.org/morpheus/, 10 August 2023).

4.9. qRT-PCR Analysis

The experimental treatments of abiotic stresses and sample collection for the bamboo
were conducted following the methods previously reported to ensure consistency [43].
Leaves detached from three-week-old moso bamboo plants with similar growth status
were used for the experiment. Dehydration treatment involved placing the whole leaves
on dry filter paper at room temperature (20 ◦C and 50% humidity). For cold treatment, the
leaves were placed in a chamber set to 0 ◦C without light. Bamboo tissues were collected
at 2 h and 8 h after each treatment. Five individuals that showed similar growth patterns
were pooled for each sample and three biological repeats were conducted for each sample.

Previous studies have demonstrated that the 17th internode from the base to the
top of moso bamboo shoots exhibits the most consistent growth and development [45].

http://software.broadinstitute.org/morpheus/
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Consequently, samples were obtained from this specific internode of 3 m tall bamboo shoots
for subsequent qRT-PCR expression analysis. The samples were further divided into upper,
middle, and lower sections. To ensure representative samples, three individuals displaying
similar growth patterns were pooled for each section, and three biological replicates were
performed for each sample.

Total RNA was extracted from the frozen leaves using the RNA Easy Fast kit (DP452,
TIANGEN, Beijing, China) following the manufacturer’s instructions. First-strand cDNA
synthesis was performed using the PrimeScriptTM RT reagent kit (TaKaRa, Kyoto, Japan).
Quantitative real-time PCR (qRT-PCR) reactions were conducted using the SYBR™ Green
Premix Pro Taq HS qPCR kit (Accurate Biology, Hunan, China) on an ABI stepone (Thermo
fisher, Waltham, MA, USA). Gene primers were designed using Oligo 7 software (Table S3).
The tonoplast intrinsic protein 41 (TIP41) was used as an internal reference gene. The
relative expression levels of each gene were calculated using the 2−44Ct method.

4.10. lncRNA Identification

The identification of lncRNAs is based on previously published Pacific Biosciences
Single-molecule long-read Sequencing data [28]. Moso bamboo lncRNAs were predicted
using Transdecoder v3.0.1 from all previously sequenced PacBio isoforms. These isoforms
were then filtered based on open reading frames (ORFs) longer than 100 amino acids [28].
To eliminate transcripts that are similar to known protein-coding genes, the lncRNAs that
aligned with proteins from Arabidopsis thaliana, rice, and soybean in the Swiss-Prot database
were removed (with an E-value ≤ 1 × 10−10). Two methods were employed to predict the
target genes. The first method involved the regulation of neighboring genes by lncRNAs.
We defined differentially expressed lncRNAs and mRNAs within each 100 kbp range on
the chromosome, based on their positional relationship. The second method involved
the interaction between lncRNAs and mRNAs through complementary base pairing. We
utilized the LncTar 2.0 tool to predict the target genes for the lncRNAs [65].

4.11. Degradome Sequencing and Target Gene of miRNA Identification

The degradation group sequencing library was prepared by combining equal amounts
of total RNA from bamboo shoots at different underground growth stages [29]. The
captured mRNA was ligated with 5’ adaptor primers, and then supplemented with KAPA
Pure Beads. Reverse transcription was performed using reverse transcriptase (m0368; New
England Biolabs, Ipswich, MA, United States). The degradation group sequencing library
was prepared and single-ended sequenced using an NEBNext Ultra II RNA Library Prep
Kit (e7770; New England Biolabs), and an Illumina HiSeq 2,500, respectively.

The Cleaveland 4.0 algorithm was used to predict the target genes [66], while oligomap
(http://github.com/zavolanlab/oligomap, 10 August 2023) was employed to accurately
match the mRNAs from different species to the moso bamboo degradation group sequence.
To obtain effective data, redundant sequences were removed using the norm reads per mil-
lion (NRPM) method. The mirU tool was utilized to retrieve all sequences that matched the
target genes in the miRNA library [67], and the plant miRNA/target pairing standard was
used to score the target genes. The number of unique genes and the mapping ratio between
the degradation group fragments and ideal mRNA were then calculated to evaluate the
quality of the degradation group sequencing.

4.12. Regulation Network Construction

The expression levels of lncRNAs that regulate PheGRF were retrieved from transcrip-
tomic data of different tissues, along with the expression levels of PheGRF. The Pearson
correlation coefficient between the lncRNA expression levels and PheGRF expression levels
was calculated using Excel. Only the absolute values of Pearson correlation coefficients
greater than 0.3 were retained for constructing the co-expression network. Coefficients
greater than 0.3 are considered as positive regulation, while those less than −0.3 are consid-
ered as negative regulation. Since the regulatory relationship between miRNA and PheGRF
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target genes is inferred from degradation data and is based on the widely recognized
mechanism of miRNA action, which involves negative regulation, the regulatory relation-
ship between miRNA and PheGRF is considered as negative regulation in the current
study. The obtained regulatory relationship between lncRNAs and PheGRF, as well as the
regulatory relationship between miRNA and PheGRF, were inputted into Cytoscape 3.7.0
software in the form of an Excel table to generate a co-expression network graph. Positive
regulatory relationships are represented by arrows, while negative regulatory relationships
are represented by T-arrows. The size of the circles is adjusted based on the number of gene
connections.

5. Conclusions

Here, 24 GRFs were identified in moso bamboo genome. During the evolution of
PheGRF genes, whole-genome duplication events have played a significant role. Expression
analysis has indicated that PheGRFs are responsive to cold and drought stress and are
involved in the growth and development of bamboo shoots. Coexpression network analysis
and the yeast two-hybrid system have unveiled a complex regulatory network in which
PheGRFs participate. These findings will offer valuable insights for future investigations
into the functional studies of PheGRFs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14102044/s1. Figure S1: The conserved motif identified in the
moso bamboo GRF family. Figure S2: A neighbor-joining tree was constructed based on the align-
ment of full-length amino acid sequences of PheGRF protein. Figure S3: Splicing sites prediction
based on degradation group sequencing. Figure S4: PheGRF9a self-transcription activation assay.
Table S1: The Ka/Ks ratio of moso bamboo GRF gene pairs. Table S2: The accession numbers of the
GRFs from each species. Table S3. Primers used for qRT-PCR.
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