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Highlights

What are the main findings?

• Genome-wide identification of 13 TgBBXs was completed in T. grandis.
• Drought induces tissue-specific differential expression of TgBBXs in roots and leaves.

What are the implications of the main findings?

• Three hub TgBBXs linked to photosynthesis and drought response were screened by
WGCNA.

• This work provides candidate genes for further functional research on BBX transcrip-
tion factors in gymnosperms.

Abstract

B-BOX (BBX) transcription factors regulate plant growth and drought tolerance, whereas
comprehensive characterization of BBX gene families in gymnosperms remains scarce. We
identified 13 TgBBXs in Torreya grandis at the genome-wide level, and phylogenetic analysis
grouped them into five subgroups consistent with the conserved classification of plant
BBX members. Promoter analysis revealed abundant light hormone and stress related
cis-elements, and the TgBBXs displayed distinct expression patterns across various tissues
and reproductive developmental stages. PEG-triggered drought decreased leaf chlorophyll,
accompanied by increased root H2O2, APX and POD levels. Transcriptome data showed
obvious tissue-specific expression and organ-dependent drought responses; most of Tg-
BBX5–TgBBX12 were continuously upregulated in leaves under PEG treatment, whereas
several members declined in roots. WGCNA further indicated that the MEturquoise mod-
ule, which contained most TgBBXs, was closely associated with chlorophyll accumulation
and antioxidant responses. Among these genes, TgBBX2, TgBBX7, and TgBBX13 with
module membership over 0.9 are putative hub genes, and their associated genes enrich
in photosynthesis and antioxidant pathways. This study systematically characterized the
BBX family in T. grandis for the first time and identified key drought-responsive genes,
providing valuable resources for drought-tolerant molecular breeding of this economically
important gymnosperm.
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1. Introduction
The B-box proteins (BBXs) belong to a family of zinc-finger transcription factors widely

distributed in eukaryotes, including animals, plants, and some fungi, with the core feature
of containing conserved B-box domains [1–3]. Across plant lineages from basal bryophytes
to advanced angiosperms, the BBX family dominates regulatory cascades for growth and
diverse stress responses [4]. Most existing studies on the identification and systematic
profiling of BBX gene families have centered on angiosperm species. For example, a total of
32 BBX members have been found in Arabidopsis, which are grouped into five phylogenetic
clades based on B-box domain counts and the occurrence of CCT domains [5]. Similar
analyses across angiosperms show variable BBX counts, including 59 BBX members that
have been characterized in Glycine max [6], 24 in Vaccinium darrowii [7], 30 in Oryza sativa,
and 36 in Zea mays [8,9]. In contrast, far fewer BBX genes have been identified in green algae,
a representative group of lower plants, with one member in Chlamydomonas reinhardtii, three
in Ostreococcus lucimarinus, and four in Ostreococcus tauri [4]. However, to date, systematic
investigations into BBX proteins in gymnosperms and ferns are still relatively scarce.

Currently, functional studies on BBXs have mainly focused on core physiological
processes, including photomorphogenesis and light signal transduction, flowering time
regulation, organ development and morphogenesis, as well as fruit development and ripen-
ing [10]. Notably, CO/AtBBX1 is the first BBX gene isolated in Arabidopsis. In addition,
its protein contains a B-box zinc-finger motif and a C-terminal CCT domain. More impor-
tantly, it plays a core role in regulating photoperiodic flowering [11]. Further research has
demonstrated that the CO-FT module integrates endogenous and environmental signals to
fine-tune flowering time. It interacts with key circadian clock factors such as CCA1, LHY
and TOC1, as well as the signaling pathways of gibberellin, abscisic acid and auxin [12,13].
Notably, in poplars, this conserved module also exerts a regulatory role in seasonal growth
cessation and bud set beyond flowering time, reflecting its functional expansion in woody
species [14]. Additional studies show that AtBBX24 interacts with AtHY5 to modulate
seedling photomorphogenesis [15], while SlBBX20 promotes anthocyanin biosynthesis by
directly binding the promoter of the anthocyanin biosynthetic gene SlDFR [16]. These ex-
amples indicate that BBX proteins play indispensable roles in multiple plant developmental
stages including organogenesis, growth rhythm and reproductive development.

Beyond developmental regulation, the BBX family exerts diverse functions in abiotic
stress responses and has been reported to participate in adaptation to multiple stresses
including salt, cold and oxidative stress [1]. Notably, as a major environmental constraint
limiting plant growth, drought stress elicits distinct functional diversity among different
BBXs across various plant species, with its regulatory mechanisms having been systemati-
cally investigated in several plants. In Solanum pennellii, SpBBX18 interacts with SpAPX1
and binds to its promoter to mediate drought resistance [17]. In contrast, in Ipomoea batatas,
IbBBX28 interacts with IbHOX11 and IbZMAT2 and negatively regulates drought tolerance
by reducing protective enzyme activities and increasing MDA content [18]. However,
functional studies on the BBX family have predominantly focused on angiosperms, leaving
their roles in gymnosperms largely unexplored, despite the fact that these evolutionarily
ancient plants may possess superior stress resilience.

Torreya grandis is an ancient, long-lived gymnosperm belonging to the Taxaceae fam-
ily [19]. It is widely cultivated in subtropical China for its nuts, which are valued for
their delicious flavor and rich nutritional content. As an economically important species,
T. grandis exhibits strong drought resistance, a trait derived from its ancient evolutionary
origin and long lifespan; this stress resilience is vital to sustaining stable fruit yield and
quality in water-limited environments [20–22]. Despite the established pivotal role of BBX
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proteins in regulating plant stress responses, their functional characterization in T. grandis
remains largely unexplored.

To address this gap, a genome-wide survey identified 13 TgBBXs in T. grandis. This
work represents the first comprehensive characterization of the family, covering gene struc-
tures, cis-acting element distributions, and phylogenetic relationships. Their expression
profiles across different tissues were further analyzed, with particular attention to tran-
scriptional dynamics during staminate and ovulate strobilus development. Furthermore,
seedlings were subjected to PEG-simulated drought stress, and combined transcriptomic
and physiological datasets were employed to dissect the regulatory network of TgBBX
under drought stress. Collectively, these findings provide valuable gene resources and
theoretical references for breeding drought-resistant T. grandis rootstocks to stabilize yields
in arid planting regions.

2. Materials and Methods
2.1. Plant Materials and Drought Stress Treatment

Six-month-old T. grandis seedlings derived from wild germplasm were potted and
grown in a controlled chamber. Prior to the simulation drought treatment, the seedlings
were transferred to hydroponic culture with one-quarter-strength Hoagland’s solution for
two weeks of acclimatization. Seedlings with uniform and vigorous growth were selected
for subsequent experiments. The culture conditions were set to 14 h light (24 ◦C, 75%
relative humidity) and 10 h dark (22 ◦C, 75% relative humidity). To simulate drought stress,
seedlings were exposed to 1/4-strength Hoagland’s solution with 30% w/v PEG 6000 for 2,
8, and 24 h; controls received 1/4-strength Hoagland’s solution only. Three independent
biological replicates were established for each treatment group.

2.2. Identification of BBX Family in Plants

Protein sequences of T. grandis and other gymnosperms were obtained from the
Fishshare and NCBI databases [22]. Hidden Markov model (HMM) searches using the
Pfam PF00643 profile were then performed against the proteomes to identify putative
B-box transcription factors and build a candidate list. Conserved domain analysis with
NCBI-CDD was finally applied to verify the presence of B-box domains [23], yielding the
final set of BBX members in T. grandis and related gymnosperms.

2.3. Phylogenetic Investigation of the BBX Family

Full-length BBX protein sequences from T. grandis and other gymnosperms, together
with 32 BBX sequences of Arabidopsis thaliana retrieved from TAIR, were aligned with
MAFFT [24]. A maximum-likelihood (ML) tree was then built in IQ-TREE using all
116 sequences with default settings and 1000 bootstrap replicates [25]. The final tree was
visualized and refined with the Evolview v2 online platform [26].

2.4. Promoter Bioinformatics Analysis of BBX Family

For each TgBBX, 2000 bp sequences upstream of the coding region were extracted from
the genome using the GFF file. These sequences were then scanned for putative cis-acting
regulatory elements with PlantCARE [27]. The distribution of identified elements was
visualized using TBtools II [28].

2.5. RNA Sequencing and Transcriptome Analysis

Total RNA was extracted from liquid-nitrogen-ground samples using a TIANGEN
RNAprep Pure Plant Kit (DP441, Tiangen Biotech (Beijing) Co., Ltd., Beijing, China). Puri-
fied mRNA was used for the cDNA library. Twenty-four independent libraries were built
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with three biological replicates for each treatment and sequenced on the Illumina NovaSeq
platform at Novogene. After filtering, around 6 Gb of clean data per library was aligned to
the reference genome [22] with HISAT2 (v2.2.1) using default parameters. Gene expression
levels were quantified as FPKM [29]. Transcriptomic analyses, including PCA, hierarchical
clustering heatmaps, and KEGG enrichment, were performed on the OmicShare platform
(https://www.omicshare.com/). WGCNA was conducted based on gene FPKM values and
corresponding sample trait data. Gene normalization and low-abundance gene filtering
were completed following the default built-in procedures of the R WGCNA package. The
fixed parameters for network construction were power = 16, min modulesize = 20, network
type = signed, deep split = 1, and merge cut height = 0.2. We calculated the topological
overlap matrix and performed hierarchical clustering. Modules with pairwise distances
below 0.2 were merged. Pearson correlation analysis was applied to assess associations
between modules and physiological traits. Genes with high module membership (MM)
values were defined as hub genes for screening drought-responsive genes. The tissue- and
reproductive stage-specific expression profiles of the TgBBXs presented were plotted using
FPKM values obtained from transcriptome analysis. All raw transcriptome sequencing
data were retrieved from a published work by Lou et al. [22], and these datasets were
deposited in the GenBank database under the BioProject accession number PRJNA938254.

2.6. Determination of Chlorophyll Content

The chlorophyll content in fresh leaves of T. grandis was determined using the Chloro-
phyll Assay Kit (BC0995, Solarbio, Beijing, China). After midribs were removed, about
0.1 g of leaf tissue was ground in 1.5 mL extraction buffer in the dark, incubated at room
temperature for 30 min, then centrifuged at 4000 rpm for 5 min. The supernatant was
collected, and absorbance at 645 nm and 663 nm was measured with a microplate reader.
The chlorophyll concentrations were calculated on a fresh weight (FW) basis following the
manufacturer’s standard formulas:

Chlorophyll a (mg/g FW) = 0.01 × (21.2 × A663 − 4.48 × A645) × F ÷ W

Chlorophyll b (mg/g FW) = 0.01 × (38.2 × A645 − 7.8 × A663) × F ÷ W

Total chlorophyll (mg/g FW) = 0.01 × (33.7 × A645 + 13.4 × A663) × F ÷ W

where F represents the dilution factor and W stands for the fresh weight of leaf samples (g).

2.7. Determination of H2O2 Content

The hydrogen peroxide content in T. grandis root tips was measured using the H2O2

Assay Kit (BC3595, Solarbio, Beijing, China). Approximately 0.1 g of root tip tissue was
homogenized in 1 mL pre-cooled acetone (Reagent I) on ice. The homogenate was cen-
trifuged at 8000× g for 10 min at 4 ◦C, and the supernatant was collected. Absorbance at
415 nm was measured with a microplate reader. All H2O2 concentrations were calculated
on a fresh weight (FW) basis following the manufacturer’s standard formula for 96-well
plate measurement:

H2O2 content (µmol/g FW) = 32.26 × (∆A + 0.08) ÷ W

where ∆A indicates the absorbance difference and W is the fresh weight of root samples (g).

2.8. Enzyme Activity Assay

Ascorbate peroxidase (APX) activity in T. grandis root tips was assayed using the APX
Assay Kit (BC0225, Solarbio, Beijing, China). Approximately 0.1 g of root tip tissue was
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homogenized in 1 mL pre-chilled extraction buffer on ice. The homogenate was centrifuged
at 13,000× g for 20 min at 4 ◦C, and the supernatant was collected. Absorbance at 290 nm
was recorded at 10 s and 130 s using a Spark multimode microplate reader (Tecan Group
Ltd., Männedorf, Switzerland; manufactured by Tecan Austria GmbH, Grödig, Austria).
APX activity was quantified on a fresh weight (FW) basis following the manufacturer’s
protocol with the simplified formula:

APX activity (µmol/g FW) = 0.0019 × (∆A_sample − ∆A_blank) ÷ W

Peroxidase (POD) activity was measured using the POD Assay Kit (BC0095, Solarbio,
Beijing, China). About 0.1 g of root tip tissue was homogenized in 1 mL pre-cooled
extraction buffer on ice. After centrifugation at 8000× g for 10 min at 4 ◦C, the supernatant
was used for the assay. Absorbance at 470 nm was read at 30 s and 90 s with a microplate
reader. POD activity was also calculated on a fresh weight (FW) basis according to the kit
instructions, with the simplified formula:

POD activity (U/g FW) = 9800 × ∆A ÷ W × F

2.9. Statistical Analysis

All experiments were set up with three independent biological replicates (n = 3).
Quantitative physiological data are presented as the mean ± standard deviation (SD). One-
way analysis of variance (one-way ANOVA) followed by post hoc multiple comparison
tests was used to detect statistical differences among four treatment groups: CK, 2 h PEG
treatment, 8 h PEG treatment and 24 h PEG treatment. Statistical analyses were conducted
using GraphPad Prism 10. Statistical significance was set at p < 0.05, and different lowercase
letters in figures represent significantly different values between groups.

3. Results
3.1. Identification and Characterization of the BBX Family in T. grandis

First, a genome-wide Hmmer search based on the B-box zinc-finger domain (PF00643)
with a threshold of E-value < 1 × 10−5 identified 17 potential BBX members in T. gran-
dis. Domain integrity verification was then conducted to confirm their composition and
features, and 13 BBX members were finally retained after screening. Application of an
identical pipeline to G. biloba, P. tabuliformis, W. mirabilis, C. panzhihuaensis, and G. mon-
tanum identified 14, 23, 13, 11, and 10 BBX members, respectively (Table S1). Among these
six gymnosperms, most species possessed 10–14 BBX genes, including 13 in T. grandis,
while P. tabuliformis contained 23 BBX members as an outlier.

To gain insights into the molecular basis underlying BBX protein function in T. grandis,
detailed analysis was conducted on the amino acid composition and nucleotide sequence
variation of the 13 confirmed TgBBXs (Figure 1). Conserved motifs of all TgBBX proteins
were predicted using MEME, and the motif distribution pattern is displayed in Figure 1A.
Conserved domain analysis revealed that these TgBBX proteins could be categorized into
four groups based on the number of Bbox1 and CCT domains (Figure 1B). Specifically,
TgBBX1–TgBBX5 harbored two Bbox1 domains; TgBBX6–TgBBX9 contained two Bbox1
domains plus an additional CCT domain; TgBBX11–TgBBX13 possessed one Bbox1 domain
and one CCT domain; and TgBBX10 carried a single Bbox1 domain only (Figure 1B). The
coding sequences of the 13 TgBBXs ranged from 510 bp to 1653 bp, with 0–4 introns and
1–5 exons, showing obvious structural diversity (Figure 1C).
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Figure 1. Conserved motif, conserved domain and gene structure distribution of TgBBXs.
(A) Conserved motifs in TgBBX proteins were predicted using MEME. (B) Conserved domain distri-
bution of TgBBX identified via NCBI-CDD. (C) Exon–intron organization of TgBBX coding sequences.

3.2. Phylogenetic Analysis of BBX Proteins in Gymnosperms and A. thaliana

Following the characterization of basic structural features of TgBBX proteins, their
phylogenetic relationships with BBXs from major gymnosperm species and A. thaliana
were further analyzed. For this analysis, a maximum-likelihood (ML) phylogenetic tree
was constructed using IQ-TREE based on 116 BBX amino acid sequences from T. grandis,
G. biloba, P. tabuliformis, W. mirabilis, C. panzhihuaensis, G. montanum, and A. thaliana. As
shown in Figure 2, the 116 BBX proteins were classified into five clusters. Furthermore,
A. thaliana possessed 32 BBX members, which were far more than those identified in each
gymnosperm species (Table S1), and these sequences were distributed across all five clusters.
Meanwhile, all TgBBXs fell into distinct clades apart from clade 3, which was predominantly
occupied by gymnosperm BBXs, with P. tabuliformis contributing eight proteins to this group.
Similarly, other gymnosperm species such as G. biloba and C. panzhihuaensis also exhibited
distinct distribution patterns and member numbers across different clusters. These results
indicate that the BBX exhibits high diversity and abundance in gymnosperms.

3.3. Analysis of Cis-Regulatory Elements in TgBBX Promoters

To explore the potential transcriptional regulation of TgBBXs, the 2000 bp sequences
upstream of the translation start site of each TgBBX were extracted from the T. grandis
genome. Cis-acting elements were predicted using the PlantCARE database and visualized
with TBtools. The element distribution diagram in Figure 3A showed that the promoter
regions of all TgBBXs contained abundant regulatory elements, which were non-uniformly
distributed across the promoter region, with most concentrated in the 400–2000 bp range
upstream of the translation start site. These elements covered multiple functional cate-
gories, including light responsiveness, phytohormone response, stress response, and tissue
development regulation. The element abundance heatmap further quantified the enrich-
ment characteristics of cis-elements in each TgBBX (Figure 3B). Light-responsive elements
accounted for more than half of all cis-elements and represented the most abundant type
in this gene family. Notably, TgBBX1, TgBBX4, TgBBX9 and TgBBX13 each contained
more than 15 light-responsive elements. Meanwhile, hormone-responsive elements and
environmental response elements were widely distributed across all TgBBX promoters.
Obvious differences in element abundance were detected among different TgBBXs.
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Figure 2. Phylogenetic relationships of BBX proteins from major gymnosperms and A. thaliana. The
maximum-likelihood phylogenetic tree was constructed based on BBX sequences from the six gym-
nosperm species T. grandis, G. biloba, C. panzhihuaensis, G. montanum, W. mirabilis and P. tabuliformis,
as well as the angiosperm A. thaliana. Distinct shapes and colors were applied to label sequences
from different species.

3.4. Expression Profiling of the BBX Family in T. grandis

To investigate the potential biological functions of TgBBXs in T. grandis, expression
profiles were systematically characterized across a wide range of tissues and reproductive
developmental stages. As illustrated in Figure 4, the 13 TgBBXs exhibited highly distinct
tissue-specific and stage-specific expression patterns. Within six representative vegetative
and reproductive organs, the majority of TgBBXs displayed obvious tissue-specific expres-
sion preferences. Specifically, TgBBX1, TgBBX2, TgBBX4, and TgBBX8–TgBBX13 exhibited
predominant expression in leaves, with moderate expression detected in stems. Meanwhile,
TgBBX5 and TgBBX6 displayed dominant expression in arils. In addition, TgBBX3 was
predominantly expressed in roots, and TgBBX7 showed the highest transcript abundance
in seeds (Figure 4A). Further analysis of their expression dynamics across the develop-
mental processes of staminate and ovulate strobili revealed that most TgBBXs were highly
expressed during the early developmental stages (S1–S5) of staminate strobili (Figure 4B),
while they showed high expression levels at the late stages (S4–S5) of ovulate strobili
(Figure 4C). These results indicate distinct regulatory roles of TgBBXs in the development
of different sexual reproductive organs.
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Figure 3. Cis-regulatory element analysis of TgBBX promoters. (A) Distribution of cis-elements in
2000 bp promoter sequences of TgBBXs. (B) Heatmap showing quantity of different cis-elements in
each TgBBX.

Figure 4. Tissue- and stage-specific expression profiles of TgBBXs. (A) Expression levels in six
different vegetative and reproductive tissues (root, stem, leaf, seed, aril, pollen). (B) Expression
patterns during eight developmental stages (S1–S8) of staminate strobili. (C) Expression patterns
during five developmental stages (S1–S5) of ovulate strobili.
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3.5. Phenotypic and Physiological Responses of T. grandis Seedlings to PEG-Simulated
Drought Stress

To explore the roles of TgBBXs in abiotic stress responses of T. grandis, 30% PEG was
used to simulate drought stress in hydroponically cultured T. grandis seedlings. Phenotypic
and physiological changes were monitored at 0 h (CK), 2 h (S2), 8 h (S8), and 24 h (S24)
after treatment. As shown in Figure 5A, leaf wilting and dehydration symptoms became
progressively more severe with prolonged PEG exposure, with obvious leaf wilting ob-
served at 24 h. Consistently with the phenotypic changes, chlorophyll a contents showed a
significant decrease only at 24 h, while chlorophyll b and total chlorophyll contents were
significantly reduced as early as 2 h after treatment, with a continuous decline over the
stress period (Figure 5B–D). Further analysis of root physiological indicators revealed that
hydrogen peroxide contents increased continuously with prolonged 30% PEG treatment
(Figure 5E). Similarly, APX and POD activities rose notably starting from 2 h and peaked
at 24 h (Figure 5F,G). These findings suggest that T. grandis seedlings activate antioxidant
defense systems to alleviate oxidative damage under drought stress, and chlorophyll a
degradation only takes place at the late stress stage.

Figure 5. Morphological and physiological changes to T. grandis seedlings under PEG-simulated
drought stress. (A) Seedling morphological features in CK (untreated control) and 2 h, 8 h and 24 h
PEG treatment groups before and after drought treatment. Scale bar = 2.0 cm. (B–D) Quantification
of chlorophyll a, chlorophyll b and total chlorophyll contents in seedling leaves under drought stress.
(E) Quantification of H2O2 content in seedling roots under drought stress. (F,G) Quantification of
APX and POD activities in seedling roots under drought stress. Error bars indicate standard deviation
(SD, n = 3). Different letters indicate significant differences according to one-way ANOVA (p < 0.05).
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3.6. Transcriptome Analysis Under PEG-Simulated Drought Stress

Transcriptome analysis was performed on leaves of T. grandis seedlings under 30%
PEG-simulated drought stress, with samples collected at 0 h (CK_L), 2 h (S2_L), 8 h (S8_L),
and 24 h (S24_L) post-treatment. High-quality transcriptome sequencing data were ob-
tained for all samples (Table S2), and principal component analysis (PCA) revealed clear
separation of transcriptome profiles across different treatment time points (Figure 6A).
Differentially expressed gene analysis revealed varying numbers of upregulated and down-
regulated genes in each comparison (Table S3), with 1007 genes commonly regulated across
all three treatments compared to the control (Figure 6B,C; Table S4). Further KEGG en-
richment analysis of these core shared DEGs indicated that they were mainly enriched in
pathways related to photosynthesis (ko00195), oxidative phosphorylation (ko00190), and
protein processing in endoplasmic reticulum (ko04141), among others (Figure 6D, Table S5).
Further analysis revealed that a large number of TgBBXs, including TgBBX5 to TgBBX12,
were significantly upregulated under PEG-simulated drought stress, with expression levels
increasing continuously with the treatment duration (Figure 6E). In contrast, TgBBX2,
TgBBX3 and TgBBX13 exhibited the opposite expression pattern.

Figure 6. Transcriptome profiling of T. grandis leaves under PEG-simulated drought stress.
(A) Principal component analysis. (B) Statistics of DEGs in each comparison group. (C) Venn dia-
gram displaying shared DEGs among different drought treatments. (D) KEGG pathway enrichment
analysis of shared DEGs. (E) Expression heatmap of 13 TgBBXs under different drought treatments.
Gene expression values were normalized using Z-score transformation for comparative visualization.

To further explore the drought response mechanism in underground tissues, transcrip-
tome profiling was subsequently conducted on root tissues of T. grandis seedlings under
the same PEG treatment condition. PCA showed clear separation of transcriptome profiles
across the 0 h (CK_R), 2 h (S2_R), 8 h (S8_R) and 24 h (S24_R) treatment groups (Figure 7A),
with 1856 core shared DEGs identified among all three stress comparisons (Figure 7B,C;
Tables S6 and S7). These shared drought-responsive genes were enriched in key pathways
including plant hormone signal transduction (ko04075), galactose metabolism (ko00052),
and plant–pathogen interaction (ko04626) (Figure 7D, Table S8). Unlike the expression
patterns observed in leaves, most root TgBBXs, including TgBBX1–3 and TgBBX10–12, were
significantly downregulated under PEG-simulated drought stress. In contrast, TgBBX5 and
TgBBX7 were markedly upregulated specifically at 24 h of PEG treatment (Figure 7E).
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Figure 7. Transcriptome profiling of T. grandis roots under PEG-simulated drought stress.
(A) Principal component analysis. (B) Statistics of DEGs in each comparison group. (C) Venn dia-
gram displaying shared DEGs among different drought treatments. (D) KEGG pathway enrichment
analysis of shared DEGs. (E) Expression heatmap of 13 TgBBXs under different drought treatments.
Gene expression values were normalized using Z-score transformation for comparative visualization.

3.7. Construction of the Potential Regulatory Network of TgBBXs

To further identify key TgBBXs under PEG-simulated drought stress, WGCNA was
performed via the R WGCNA package using FPKM values from 24 samples and six
physiological traits. Normalization and filtering were conducted following the default
built-in procedures of the R WGCNA package, and 28,455 genes were retained to construct
the co-expression network. The adjacency matrix was set at a soft-thresholding value
of β = 14, and the average gene connectivity was 711 (Figure 8A). After hierarchical
clustering via WGCNA, these genes were grouped into 11 modules (Figure 8B, Table S9),
and Pearson correlation analysis was performed to evaluate their internal relationships
(Figure S1). Further module–trait correlation analysis based on the correlation coefficients
and significance levels (p < 0.05) of each module with physiological traits indicated that
chlorophyll b and total chlorophyll were positively associated with MEturquoise but
significantly negatively associated with MEblack (Figure 8C). POD, APX and H2O2 contents
were significantly positively correlated with MEbrown and negatively correlated with
MEturquoise (Figure 8C), implying MEturquoise as the core module. Nevertheless, the 13
TgBBXs were distributed across distinct modules: most members, including TgBBX2 and
TgBBX5–TgBBX13, were clustered in MEturquoise, while TgBBX3 and TgBBX4 belonged to
MEblue, and TgBBX1 was assigned to MEblack (Table S10). Notably, TgBBX2, TgBBX7 and
TgBBX13 exhibited a gene module membership value greater than 0.9, implying that these
three genes may function as hub candidates within the corresponding module. Further
KEGG enrichment analysis revealed that genes in MEturquoise were mainly enriched
in photosynthesis- and chlorophyll-related pathways, such as photosynthesis—antenna
proteins, porphyrin metabolism, and biosynthesis of cofactors, as well as oxidative stress-
related pathways including ribosome, RNA degradation and selenocompound metabolism
(Figure 8D and Table S11). These results indicate that TgBBX2, TgBBX7 and TgBBX13
are potential candidate genes linked to photosynthetic regulation and oxidative stress
tolerance under PEG-simulated drought stress and may participate in the drought response
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process of T. grandis. Further functional verification is still required to confirm their direct
regulatory roles.

Figure 8. WGCNA based on transcriptomic and physiological data under PEG-simulated drought
stress. (A) Filtering appropriate soft thresholds. (B) Hierarchical clustering tree of all expressed genes
and corresponding module. (C) Heatmap displaying correlations between eigengene modules and
six physiological indices. (D) Top 25 enriched KEGG pathways of genes within MEturquoise module.

4. Discussion
BBX transcription factors are key regulators of plant growth, development, and stress

responses [1,10]. Their functions have been extensively studied in angiosperms such as
Arabidopsis, rice, and tomato [5,6,30]. However, as a major branch of the plant kingdom,
gymnosperms remain largely unexplored regarding the evolutionary characteristics and
stress-resistant functions of their BBX gene families.

In this study, we identified 13 TgBBXs at the genome-wide level for the first time
in T. grandis, an ancient relict gymnosperm and a highly nutritious nut crop widely culti-
vated in China [21,31]. This number of TgBBXs is similar to that in other gymnosperms,
such as G. biloba (14), W. mirabilis (13), and C. panzhihuaensis (11), but considerably smaller
than that in angiosperms, including A. thaliana (32), G. max (59), and Z. mays (36) [5,6,8,9].
Consistently with previous comparative genomics reports on seed plants, our observation
supports that gymnosperm BBX families retain a relatively stable gene number and have
not undergone frequent whole-genome duplication and tandem duplication events that
drive large-scale BBX expansion in flowering plants [10,32]. Phylogenetic analysis further
revealed distinct evolutionary divergence among BBXs from A. thaliana, T. grandis, and other
representative gymnosperms. AtBBXs were widely distributed across all five clades and
exhibited obvious family expansion, while gymnosperm BBXs were relatively concentrated
and displayed a more conservative evolutionary profile. Notably, clade 3 was predomi-
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nantly occupied by gymnosperm sequences, suggesting that this clade may represent a
gymnosperm-specific evolutionary branch. In contrast, almost no TgBBXs were assigned
to this clade, which may imply a unique evolutionary pattern and potential functional
differentiation of the BBX family in Taxaceae within gymnosperms.

In terms of protein structure, TgBBXs can be classified into four categories: the double
B-box type (TgBBX1-5), double B-box+CCT type (TgBBX6-9), single B-box+CCT type
(TgBBX11-13), and single B-box type (TgBBX10). This classification is highly consistent
with that for A. thaliana, indicating that the core structure of the BBX family was basically
formed before the divergence of seed plants [5]. Promoter cis-acting element analysis
revealed that the promoter regions of all TgBBXs are highly enriched in light-responsive
elements and also contain abundant hormone-responsive and stress-responsive elements.
Functional studies in Arabidopsis have verified that AtBBX30 and AtBBX31 act as negative
regulators of photomorphogenesis, wherein the central light signaling regulator AtHY5
directly targets the G-box motifs in their promoters and suppresses their light-dependent
transcription [33]. Similarly, the light-induced BBX member LvBBX24 in horticultural
plants synergistically interacts with LvbZIP44 to activate anthocyanin biosynthesis in
lily petals [34]. Combined with our structural and cis-element analysis of TgBBXs, these
conserved features across seed plant BBX homologs suggest that multisignal integration
may be an ancestral function of BBX families [1,35]. Our findings expand related theories
by confirming that gymnosperm TgBBXs also possess the genetic basis to respond to light
hormone and stress signals through abundant promoter cis-elements. Tissue expression
analysis revealed distinct tissue-specific expression patterns of TgBBXs in T. grandis. Most
members were highly expressed in leaves and stems, consistently with the functions
of AtBBXs and OsBBXs in mediating light signaling and photosynthetic regulation [1].
Notably, TgBBXs display sex-divergent expression patterns between staminate and ovulate
strobili. This sex-biased expression pattern resembles the regulatory mode of TkBBXs in
the dioecious herb Trichosanthes kirilowii, where several TkBBX homologs show opposite
expression trends in male and female flowers [36]. These findings suggest that BBX exerts
conserved functions in regulating reproductive development and sex differentiation in
seed plants. Our observation of differential BBX expression between staminate and ovulate
strobili of T. grandis supplements gymnosperm reproductive regulatory research.

To elucidate the drought adaptation mechanism of T. grandis, we treated seedlings with
30% PEG to mimic drought and investigated their physiological changes. Drought stress
caused a notable decline in chlorophyll b contents, along with elevated H2O2 contents and
increased activities of APX and POD in roots. Similar physiological adjustments have been
widely documented in conifer and Taxus species under PEG-simulated drought, whereby
roots frequently activate antioxidant responses in the early phase of stress to scavenge
ROS and preserve root capacity for water uptake [37,38]. This suggests that T. grandis
enhances root ROS scavenging capacity to sustain redox balance and mitigate oxidative
injury. Further, WGCNA showed that the core MEturquoise module contains genes related
to photosynthetic antenna proteins, porphyrin metabolism and cofactor biosynthesis. Most
TgBBXs, especially TgBBX2, TgBBX7 and TgBBX13, were core members of the MEturquoise
module. Functional enrichment analysis indicated that genes in this module primarily
participate in photosynthetic metabolism and oxidative stress regulation. In Arabidopsis,
BBX21 promotes photomorphogenesis by activating HY5 and serves as a key component in
photosynthetic regulation [39]. Additionally, BBX14 contributes to chlorophyll biosynthesis
and chloroplast development by linking the GUN1–GLK1 retrograde signaling pathway
to photosynthetic competence [40]. In tomato, BBX family members such as SlBBX20 and
SlBBX21 participate in light signal transduction and photosynthetic pathways, thereby reg-
ulating photomorphogenesis and photosynthetic efficiency [41–43]. Notably, BBX proteins
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also exhibit diverse regulatory functions in drought-induced oxidative stress. For instance,
SlBBX18 negatively regulates drought tolerance by directly repressing APX1 transcription
in tomato [17]. In sweet potato, the IbBBX24–IbTOE3–IbPRX17 module strengthens abi-
otic stress tolerance through clearing reactive oxygen species [44]. Similarly, silencing of
AhBBX6 demonstrates that this transcription factor positively regulates the activities of
SOD, POD and CAT; reduces H2O2 accumulation; and enhances drought and salt tolerance
in peanut [45].

Collectively, our findings demonstrate that the BBX gene family in T. grandis is
evolutionarily conserved yet structurally and functionally distinct from counterparts in
angiosperms. Our integrated physiological and co-expression analysis only detected sig-
nificant correlative associations between the hub genes TgBBX2, TgBBX7 and TgBBX13
and photosynthetic metabolism, as well as antioxidant pathways under drought stress.
Based on the present co-expression dataset, we put forward a testable hypothesis that
these three TgBBXs may be associated with chlorophyll maintenance and ROS scav-
enging processes controlled by APX and POD. These correlative observations lead us
to speculate that TgBBXs could serve as candidate molecular connectors linking light
signaling, photosynthetic homeostasis and drought-induced oxidative stress tolerance,
which might contribute to the strong drought adaptability of T. grandis. Nevertheless,
our physiological assessment of drought response has certain drawbacks. We only
measured chlorophyll- and antioxidant-related physiological indicators to evaluate
drought-induced oxidative stress response, while critical parameters directly reflecting
plant water status, including relative water content, electrolyte leakage and water poten-
tial, were not detected due to the limited experimental period and sampling conditions.
Supplementary measurement of these water-related physiological indices can more com-
prehensively reveal the water loss status and cell membrane damage degree of T. grandis
under drought stress in future research.

5. Conclusions
In conclusion, this study presents the first genome-wide identification and systematic

analysis of the BBX family in T. grandis. Thirteen TgBBXs were identified and classified into
four structural groups, displaying evolutionary conservation and gymnosperm-specific
characteristics. Promoter cis-element analysis indicated extensive involvement of TgBBXs
in light response, hormone signaling and stress adaptation. Expression profiling revealed
tissue-specific patterns and strong drought responsiveness in both leaves and roots. Phys-
iological measurements showed that drought stress triggers chlorophyll reduction, ROS
accumulation and activation of antioxidant enzymes including APX and POD. WGCNA
further identified TgBBX2, TgBBX7 and TgBBX13 as core members of the MEturquoise
module, whose eigengene exhibits significant correlative relationships with chlorophyll
content and antioxidant enzyme activities under drought treatment. Genes in this module
were mainly enriched in photosynthetic metabolism and oxidative stress regulation. To-
gether, these correlative findings raise a testable hypothesis that TgBBXs are linked to the
coordination of photosynthetic maintenance and antioxidant defense under drought stress.
This work provides valuable candidate genes and a preliminary theoretical reference for
subsequent molecular functional verification of drought tolerance in T. grandis.
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