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Introduction
Plants, as with all living organisms, are continually 
exposed to a variety of pathogens and environmen-
tal stresses, and have evolved intricate defense mecha-
nisms for self-protection. Among these mechanisms, 
plant immunity plays a pivotal role in the recognition 
and response to pathogen attacks. Two main branches of 
plant immunity are known as pattern-triggered immu-
nity (PTI) and effector-triggered immunity (ETI) [1]. 
PTI is the first line of defense in plants, triggered by 
the recognition of pathogen-associated molecular pat-
terns (PAMPs) such as flg22 derived from bacterial fla-
gellin and chitin derived from cell walls of fungi or the 
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Abstract
Reactive oxygen species (ROS) serve as signal molecules in plant defense responses, and the respiratory burst 
oxidase homolog (RBOH) enzyme plays a crucial role in their production. Although numerous RBOH family 
members have been identified in various plants, little is known about the RBOH genes in blueberries. In this study, 
we identified six VcRBOH genes from the blueberry genome. Phylogenetic analysis revealed that these VcRBOH 
genes can be classified into three subgroups. Conserved domain and motif analysis demonstrated high sequence 
similarity among VcRBOH proteins. Analysis of cis-acting elements suggested that VcRBOH genes may be involved 
in stress, light, and phytohormone responsiveness. Based on transcriptome data, we observed low expression levels 
of VcRBOHB, VcRBOHC, and VcRBOHE during the flower_at_anthesis stage. In contrast, VcRBOHA and VcRBOHD 
showed relatively high expression levels in various tissues. The reverse-transcription quantitative PCR (RT-qPCR) 
analysis indicated rapid induction of VcRBOHF by flg22 and chitin treatments. Notably, overexpression of VcRBOHF 
in Arabidopsis promoted PTI responses, including increased expression of marker genes, ROS production, and 
callose deposition. Moreover, the overexpression of VcRBOHF resulted in enhanced disease resistance against 
Pseudomonas syringae pv. tomato (Pst) DC3000 infection. These findings provide valuable insights into the roles of 
VcRBOHF genes in plant defense responses and lay the groundwork for a more comprehensive understanding of 
the molecular mechanisms underpinning blueberry disease resistance.
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exoskeletons of insects. On the other hand, ETI is a more 
specific and robust defense mechanism that is activated 
upon the recognition of pathogen effectors by plant resis-
tance (R) proteins [2]. The signaling events that regulate 
PTI and ETI are complex and involve the activation of 
multiple signaling pathways, including mitogen-activated 
protein kinase (MAPK) cascades [3], hormonal changes, 
and the production of reactive oxygen species (ROS) [4]. 
Understanding these signaling pathways is essential for 
developing strategies to enhance plant immunity and 
protect plants against to pathogens.

The role of ROS in plant defense is primarily mani-
fested in three aspects: firstly, ROS exhibits toxicity 
towards pathogens and can directly inhibit their inva-
sion [5]; secondly, it induces the cross-linking of glyco-
proteins and synthesis of callose, thereby modifying cell 
wall composition and forming intracellular barriers to 
impede pathogen expansion [6, 7]; thirdly, ROS also 
serves as messengers to transmit signals for various cel-
lular defense responses that restrict pathogen infesta-
tion, such as stomatal closure [8] and the expression of 
defense genes [9]. Cellular responses triggered by ROS as 
signaling molecules involve complex signal transduction. 
It was found that ROS-induced calcium signature can be 
recognized by calcium-dependent protein kinase 12 and 
transmitted to the nucleus via a phosphorylation cascade 
reaction to activate downstream gene expression [10]. In 
addition to aerobic metabolic pathways, ROS are mainly 
produced through the catalytic activity of nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidases 
(NOXs), which are also known as respiratory burst oxi-
dase homologs (RBOHs) in plants [11, 12]. They encode a 
homologue of NADPH oxidase gp91phox, which was first 
identified in mammalian phagocytes [13]. Apart from 
sharing conserved domains with the NOX gene family 
including NADPH oxidase domain, ferric reductase-like 
transmembrane, FAD-binding domain, and NAD binding 
domain, the RBOH gene family has also been character-
ized with two EF-hand domains that associate with Ca2+ 
binding and phosphorylation [14, 15].

Currently, RBOH family genes have been identified in 
many plant species such as Arabidopsis with 10 members 
named AtRBOHA- AtRBOHJ [14], Nicotiana tabacum 
with 14 members [16], Glycine max with 17 members 
[17], Brassica rapa with 14 members [18], pepper with 7 
members [19], Citrus sinensis with 7 members [20], and 
Triticum aestivum with 40 members [21]. Consistent 
with the important roles of NOX-dependent ROS in cel-
lular signal transduction, accumulated research has sug-
gested that RBOH genes are involved in plant defense. 
For example, the Arabidopsis AtRBOHD is involved in 
ROS production in PTI and ETI [22, 23], where stomatal 
closure due to PTI is essential for limiting the invasion 
of pathogenic bacteria Pseudomonas syringae pv. tomato 

(Pst) DC3000 [24]. AtRBOHD has also been reported to 
be directly involved in resistance to different pathogens 
[25, 26], and is sometimes functionally redundant with 
AtRBOHF, as only in rbohD rbohF double mutants are 
shown to be more sensitive to necrotrophic pathogen 
Plectosphaerella cucumerina [27]. Moreover, AtRBOHF 
is involved in the defense against Pst DC3000 and Mag-
naporthe oryzae in Arabidopsis through ROS production 
and salicylic acid (SA) accumulation, respectively [27, 
28]. In Nicotiana tabacum, NbRBOHB-mediated ROS 
production has a negative effect on disease resistance to 
Botrytis cinerea and red clover necrotic mosaic virus [29, 
30]. However, SlRBOHB in tomato has been reported to 
positively regulate disease resistance to Botrytis cinerea 
[31]. In addition, ectopic expression of cassava MeR-
BOHs enhanced the resistance of Arabidopsis against Pst 
DC3000 [32].

The blueberry (Vaccnium corymbosum L.) is an impor-
tant horticultural crop that many consumers love for 
its high nutritional value and health benefits. With the 
expansion of the blueberry planting area [33], the disease 
has brought great challenges to the yield and quality of 
blueberries. Therefore, researching blueberry disease 
resistance is important. Publication of the V. corymbo-
sum cv. Draper genome database provides the founda-
tion for genome-wide analysis of defense-related gene 
resources [34]. Based on prior knowledge that the RBOH 
genes are key enzymes in the production of ROS and may 
play an important role in plant defense, we used domain-
scan analysis in this study to identify VcRBOH mem-
bers in blueberry. We also analyzed the chromosomal 
location, gene structure, protein motif, and promoter 
cis-acting elements of VcRBOH genes in blueberry, and 
phylogenetic relationships of RBOH genes in blueberry, 
Arabidopsis, tomato, and rice. The expression patterns 
of VcRBOH genes in different tissues and response to 
PAMPs were analyzed based on transcriptome sequenc-
ing data and RT-qPCR respectively. Furthermore, Over-
expressing VcRBOHF in Arabidopsis protoplasts and 
plants enhanced PTI responses, which correlated well 
with increased resistance to Pst DC3000 in VcRBOHF 
overexpressor plants. Our results indicated that 
VcRBOHF might be an important candidate for improv-
ing blueberry disease resistance.

Results
Genome-wide identification of VcRBOH genes in blueberry
A total of six blueberry VcRBOH genes were identified 
and named VcRBOHA to VcRBOHE according to the 
nomenclature on NCBI (Table S1). Due to the incom-
plete chromosomal assembly of the blueberry genome, 
genes can only be located on chromosome scaffolds. 
The VcRBOH genes were evenly distributed across seven 
chromosome scaffolds in the blueberry (Fig.  1). The 
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lengths of the predicted amino acids varied widely, with 
VcRBOHE being the shortest, containing 804 amino 
acids, and VcRBOHB being the longest, containing 1634 
amino acids. Analysis of the physicochemical proper-
ties of proteins by ProtParam showed that the molecu-
lar weight of the VcRBOH proteins varied from 92.76 to 
187.68  kDa, and the theoretical isoelectric point of the 
protein ranges from 8.92 to 9.13. For the instability index, 
all VcRBOH protein sequences had values higher than 40, 
indicating that they were predicted to be unstable. Sub-
cellular localization predictions showed that all VcRBOH 
proteins were located on the plasma membrane.

Phylogenetic and evolutionary analysis of VcRBOH 
proteins
To investigate the evolutionary relationship of VcRBOH 
proteins, the amino acid sequences of RBOH genes 
in blueberry, Arabidopsis, tomato, and rice were con-
structed using the Mega11 software (Fig.  2). The 
VcRBOH proteins were divided into three evolutionary 
branches, each containing RBOH members from the four 
species. The VcRBOHB, VcRBOHC, and VcRBOHE were 
clustered into group I, VcRBOHA and VcRBOHD were 
clustered into group II, and VcRBOHF was clustered 
into group III, respectively. Except for VcRBOHF, which 
is genetically closest to AtRBOHF, the other members of 
the VcRBOH proteins are genetically closest to SlRBOH 
members. The results suggest that the RBOH proteins of 
blueberry are more closely related to the RBOH proteins 
of tomato in terms of evolutionary relationship compared 
to its relationship with Arabidopsis and rice.

Domain, motif composition and gene structure analysis of 
VcRBOH members
To investigate the domain composition of VcRBOH pro-
teins, conserved domains were detected using NCBI-
CDD program based on their evolutionary correlation. 
VcRBOH members contain multiple conserved domains, 
including NADPH_Ox, Ferric_reduct, FAD_binding_8, 
NAD_binding_6 and EF hand binding domain (Fig. 3A), 
which is consistent with RBOH proteins in other plant 
species [19, 32]. The amino acid sequence alignment of 
VcRBOHs showed that these domains were similar to 
RBOH of Arabidopsis thaliana, rice, and tomato (Fig. S1), 
indicating that these regions were conserved in differ-
ent plants. Moreover, these conserved domains appeared 
in the same order from the N-terminal region to the 
C-terminal region, indicating similarity in the composi-
tion of the VcRBOH protein sequence. Interestingly, both 
VcRBOHB and VcRBOHC contain two NADPH_Ox, 
NAD_binding_6, and Ferric_reduct domains, suggesting 
they may be functionally similar.

The conserved motifs of VcRBOH proteins with 
default parameter settings were analyzed by MEME. 
Fifteen conserved motifs were uncovered in VcRBOH 
proteins (Fig. 3B). Except that VcRBOHE lacks motif 14 
and VcRBOHF lacks motif 13, all other VcRBOH pro-
teins contain all motifs. The arrangement of the motifs 
is entirely consistent, which suggests a high conservation 
of protein sequences among VcRBOH proteins. Among 
these motifs, motif 11 and motif 10 was included in the 
NADPH_Ox domain, motifs 3, 8, 9, and 4 constituted the 
Ferric_reduct domain, motifs 15, 2, and 5 constituted the 
FAD_binding_8 domain, and motifs 5, 1, 7, and 14 consti-
tuted the NAD_binding_6 domain (Fig. 3C).

Fig. 1  The location of VcRBOH genes on the pseudochromosomes. The left bar indicates the length of each pseudochromosomes in megabytes (Mb). 
The chromosomal color reflects gene density, with cool colors for low density and warm colors for high density

 



Page 4 of 14Song et al. BMC Genomics          (2025) 26:153 

To further explore the structural characteristics of the 
VcRBOH genes in blueberry, exon-intron structures were 
obtained based on their genomic information. As shown 
in Fig. 3D, the coding sequence (CDS) and untranslated 
region (UTR) of members exhibited variability in number 
and length. The distribution of exons and introns in genes 
located in the same clade is similar, such as VcRBOHA 
and VcRBOHD, which may be closely related to the 
evolution of gene families. The VcRBOHA, VcRBOHD, 
and VcRBOHC contain 5’-terminal and 3’-terminal 
UTR structures, whereas VcRBOHB, VcRBOHF, and 
VcRBOHE lack 5’-terminal UTR structures. In addition, 
VcRBOHB contains more exon structures than the other 
members, which may be related to gene duplication and 
divergence events during evolution.

Cis-element analysis of the VcRBOH genes
To better understand the functions of VcRBOH genes, 
cis-elements analysis was performed using their 

promoter sequence 2000 bp upstream from the initiation 
codon. Thirteen representative types of cis-elements con-
taining a total 158 number of elements were identified 
(Fig. 4A). These cis-elements were categorized into three 
groups based on their functions: stress responsiveness, 
light responsiveness, and phytohormone responsiveness. 
For the elements related to stress, cis-acting elements 
involved in defense and stress responsiveness were pres-
ent in the promoter regions of VcRBOHA, VcRBOHC, 
and VcRBOHF genes (Fig.  4B), cis-acting elements 
involved in low-temperature responsiveness were found 
in VcRBOHA, VcRBOHD, and VcRBOHF genes, while the 
MYB binding site involved in drought-inducibility and 
cis-acting regulatory element essential for the anaerobic 
induction were widespread in all VcRBOH genes. A total 
of 56 (35.4%) elements related to light responsiveness 
were identified, encompassing four subcategories: cis-
acting element involved in light responsiveness, cis-act-
ing regulatory element involved in light responsiveness, 

Fig. 2  Phylogenetic analysis of the RBOH proteins from blueberry, Arabidopsis, rice, and tomato. A total of 36 RBOH proteins from different plants were 
analyzed using the Neighbor-joining method. VcRBOH proteins of blueberry were labeled with red circles
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light responsive element, and part of a light responsive 
element. These elements related to light responsive-
ness were also identified in all VcRBOH genes. The phy-
tohormone responsiveness cis-elements were the most 
numerous, accounting for 39.2% of the total elements. 
The number of cis-elements responding to abscisic acid 
and methyl jasmonate (MeJA) was higher than auxin, 
SA, and gibberellin-responsive elements. Furthermore, 
VcRBOHA, and VcRBOHD promoter sequences contain 
the most cis-acting elements involved in the abscisic acid 
responsiveness, and VcRBOHF promoter sequences con-
tain the most cis-acting regulatory elements involved in 
the MeJA-responsiveness. Previous studies have shown 
that phytohormones play an important role in plants fac-
ing disturbances from biotic or abiotic factors [35, 36]. 
Thus, these results suggest that VcRBOH genes may func-
tion and have different expression levels in response to 
various biotic and abiotic stresses.

Tissue-specific analysis of the VcRBOH genes in blueberry
The expression patterns of VcRBOH genes in differ-
ent tissues at different time points were analyzed using 
transcriptome sequencing data. As shown in Fig.  5, a 
tissue-specific expression heatmap was drawn based 
on log2 (FPKM) values. The VcRBOHB, VcRBOHE, and 
VcRBOHC have similar expression patterns, with low 
expression in flower_at_anthesis and almost no expres-
sion in other tissues, suggesting that they may have 
specific roles at this development stage in blueberry. In 
contrast, VcRBOHD and VcRBOHA were detected in 
various tissues, and their expression levels were rela-
tively higher in flower_bud and shoot than in other tis-
sues. For VcRBOHF, low expression levels were observed 
in flower_bud, green_fruit, petal_fall, and shoot. These 
results suggest that VcRBOH genes with the same evo-
lutionary branch or homology are similar in tissue 
expression patterns and that VcRBOHA and VcRBOHD 
may play important roles in the regulation of blueberry 
development.

Fig. 3  Conserved domain, motif, and gene structure analysis of VcRBOHs. (A) Phylogenetic relationship and conserved domains, and (B) motifs distribu-
tion on VcRBOH proteins. The scale bar at the bottom represents the protein sequence. (C) The Constituent relationship between motif and conserved 
domain in VcRBOH proteins. (D) Structures of VcRBOH genes. The UTR, Exon, and Intron were marked with brown rectangles, orange rectangles, and black 
lines, respectively. The scale bar at the bottom represents the length of the gene sequence
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Expression analysis of VcRBOH genes in response to PAMPs
Considering that the production of ROS in response 
to PTI mainly depends on the RBOH pathway [37], we 
examined the expression level of the VcRBOH gene in 
flg22 and chitin-treated leaves using RT-qPCR. The 
VcRBOH genes exhibited different expression patterns 
in response to flg22 at different hours post treatment 
(hpt) (Fig.  6A). The relative expression of VcRBOHA 
and VcRBOHD was not significantly different from that 
of the control group (0 hpt, without PAMP treatment) 
at all-time points after flg22 treatment, and VcRBOHB, 
VcRBOHC, and VcRBOHF were all induced to be up-reg-
ulated at 1 hpt. In contrast, the expression of VcRBOHE 
was suppressed at 0.5 hpt. Notably, the expression of 
VcRBOHF was highly upregulated at all-time points after 
flg22 treatment. Regarding chitin treatment (Fig. 6B), the 
expression of VcRBOHF were induced at 0.5 and 1 hpt, 
while VcRBOHA and VcRBOHB were suppressed at 1 
pht. Interestingly, VcRBOHD expression was suppressed 
at 0.5 hpt and highly induced at 1 hpt, suggesting that its 

expression may be precisely controlled. Taken together, 
VcRBOHF was rapidly and significantly up-regulated by 
flg22 and chitin treatment, indicating that VcRBOHF 
could play an important role in PTI.

VcRBOHF promotes the PTI responses in Arabidopsis
Given the rapid response of VcRBOHF to flg22 and chi-
tin induction, we used the Arabidopsis protoplast tran-
sient expression system to test whether it could promote 
the PTI response. FRK1, as a marker gene of PTI, can be 
induced and up-regulated by flg22 [38]. Therefore, we 
transferred the FRK1 promoter luciferase reporter gene 
vector and VcRBOHF overexpression vector into Arabi-
dopsis protoplasts to test luciferase activity after flg22 
treatment. Compared with the empty control, the LUC/
REN ratio was significantly increased when the FRK1pro-
LUC reporter was cotransformed with 35  S-VcRBOHF 
(Fig.  7A). To detect flg22-induced ROS burst and cal-
lose deposition, we generated the transgenic Arabi-
dopsis expressing VcRBOHF with the 35  S promoter 

Fig. 4  Cis-acting element analysis of promoter sequences of VcRBOH genes. (A) The number of different cis-acting elements of VcRBOH genes. (B) Posi-
tions of cis-acting element on the VcRBOH gene promoters. The scale bar at the bottom represents the promoter sequence, and the colored blocks 
indicate different cis-elements
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(designated OE-VcRBOHF). Reverse transcription (RT)-
PCR showed that VcRBOHF transcripts were detect-
able only in the four OE-VcRBOHF transgenic lines, but 
not in wild-type Col-0 plants (Fig. S2). OE-VcRBOHF-1 
and OE-VcRBOHF-2 lines with higher expression lev-
els were selected for further study. As shown in Fig. 7B, 
the kinetics of ROS accumulation were similar in Col-0, 
OE-VcRBOHF-1, and OE-VcRBOHF-2 plants. How-
ever, compared with Col-0 plants, the level of ROS was 
increased in two VcRBOHF overexpression plants. Simi-
larly, the two overexpression lines exhibited more callose 
deposition compared to Col-0 plants (Fig.  7C). Taken 
together, these results indicate that transgenic expression 

of VcRBOHF can promote PTI responses induced by 
flg22 in Arabidopsis.

VcRBOHF increases disease resistance in Arabidopsis
To further explore whether VcRBOHF plays a role in 
disease resistance, the VcRBOHF overexpression and 
Col-0 lines were dip-inoculated with virulent bacteria 
pathogen Pst DC3000, and disease symptoms and bacte-
rial numbers were evaluated. As shown in Fig.  8, Col-0 
displayed typical chlorosis symptoms and aggressive 
multiplication bacteria at 3 days post-inoculation (dpi), 
while OE-VcRBOHF-1 and OE-VcRBOHF-2 exhibited 
milder symptoms and contained fewer bacterial titers at 

Fig. 5  Heatmap illustration of tissue expression patterns of VcRBOH genes based on FPKM (fragments per kilobase per million measure) values. The log2 
transformation of FPKM values and visualization were performed by R software v3.6.3. The color scale indicates the levels of gene expression
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Fig. 6  Expression analysis of VcRBOH genes in response to flg22 and chitin. (A) Relative expression of VcRBOH genes in response to flg22. (B) Relative 
expression of VcRBOH genes in response to chitin. Expression levels were normalized to VcGAPDH. Values represented as mean ± SD of three biological 
replicates. Statistically significant differences were analyzed at different time points (Student’s t-test): *, P < 0.05; **, P < 0.01; ***, P < 0.001
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3 dpi. These results indicate that transgenic expression of 
VcRBOHF increases disease resistance in Arabidopsis.

Materials and methods
Identification and chromosomal localization of VcRBOH 
genes in blueberry
The protein sequences of RBOH from Arabidopsis 
(Arabidopsis thaliana) and rice (Oryza sativa L.) were 
downloaded from the NCBI database, which was used 

as query sequences against the blueberry genome data-
base (GDV, https://www.vaccinium.org) to identify the 
VcRBOH protein sequences. Then, the candidate protein 
sequences were confirmed by Hidden Markov Model 
(HMM) search using NADPH oxidase domain (PF08414) 
and CD-search (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​c​d​d​/) as 
previously described [39]. Finally, the VcRBOH proteins 
were obtained by removing redundant and structure 
domain incomplete sequences. The physicochemical 

Fig. 8  VcRBOHF enhances the disease resistance against Pst DC3000. (A) Disease symptoms were in the Col-0, OE-VcRBOHF-1 and OE-VcRBOHF-2 lines 
after dip‐inoculation with Pst DC3000 (1 × 107 cfu/ml) at 3 dpi. (B) Bacterial growth in Col‐0, OE-VcRBOHF-1, and OE-VcRBOHF-2 lines. Error bars indicate 
SD (n = 3). Asterisks indicate a significant difference from Col‐0 and OE-VcRBOHF lines at 3 dpi based on Student’s t‐test (*, p < 0.05)

 

Fig. 7  VcRBOHF promotes the PTI responses in Arabidopsis. (A) Transient expression of VcRBOHF in the protoplasts of Arabidopsis increased the expres-
sion of FRK1 in response to flg22 treatment. The LUC/REN ratio represents the expression level. Asterisks indicate significant differences between FRK1 
promoter reporter vectors cotransformed with 35 S-VcRBOHF or empty vectors (EV) by Student’s t-test (*, P < 0.05). Values are given as mean ± SD of three 
biological replicates. (B) Luminescence induced by H2O or flg22 in Col-0 and VcRBOHF overexpression lines and expressed as relative light units (RLUs). 
(C) Microscope images of callose deposition induced by H2O (Mock) or flg22 in Col-0 and VcRBOHF overexpression lines
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properties of the VcRBOHs were analyzed on the Expasy 
website (​h​t​t​p​​s​:​/​​/​w​e​b​​.​e​​x​p​a​​s​y​.​​o​r​g​/​​p​r​​o​t​p​a​r​a​m​/), and the 
subcellular localization was predicted using WOLFSORT 
(https://wolfpsort.hgc.jp). Chromosomal location ​a​n​a​l​y​s​i​
s of the VcRBOH gene was performed using the blueberry 
genome annotation file under the Gene location visualize 
function of Tbtools software.

Phylogenetic analysis
The identified blueberry RBOH protein sequences were 
subjected to multiple sequence alignment using the 
MUSCLE program in MEGA11 software, along with the 
RBOH protein sequences of Arabidopsis thaliana, rice, 
and tomato obtained concerning previous studies [19]. 
The phylogenetic tree was constructed using the Neigh-
bour-Joining (NJ) method with the bootstrap value set to 
1000. The resulting phylogenetic tree file was visualized 
using the iTol website (https://itol.embl.de/).

Conserved domain, motif, and gene structure analysis of 
the VcRBOH members
Conserved domains including NADPH_Ox, Ferric_
reduct, FAD_binding_8, and NAD_binding_6 were iden-
tified using CD-search and SMART online programs. 
The motifs in the VcRBOH sequences are recognized 
using the MEME Suite v 5.5.5 website (​h​t​t​p​​:​/​/​​m​e​m​e​​-​s​​u​i​
t​​e​.​o​​r​g​/​t​​o​o​​l​s​/​m​e​m​e) with the number of motifs set to 15. 
The gene structures of VcRBOH members were visual-
ized via the Tbtools software using a genome annotation 
file downloaded from the GDV.

Cis-acting element analysis of VcRBOH genes promoter
The upstream 2000  bp sequences from the initiation 
codons of VcRBOH genes were obtained from the blue-
berry database and predicted for cis-acting elements via 
the online PlantCARE program (​h​t​t​p​​:​/​/​​b​i​o​i​​n​f​​o​r​m​​a​t​i​​c​s​.​p​​
s​b​​.​u​g​​e​n​t​​.​b​e​/​​w​e​​b​t​o​​o​l​s​​/​p​l​a​​n​t​​c​a​r​e​/​h​t​m​l). The resulting file 
was visualized using the Tbtools software.

Expression pattern analysis of VcRBOH genes
The expression profiles of the VcRBOH gene from the 
blueberry cultivar ‘Draper’ were obtained from the Bio-
Project database in the NCBI repository (accession num-
ber: PRJNA494180) for various organs, including flower 
buds, flowers at anthesis, petal fall, green fruit, ripe fruit, 
roots, shoots, and leaves during day and night. Transcript 
abundance was estimated using log2-transformed FPKM 
(fragments per kilobase per million measure).

PAMPs treatments and quantitative RT-qPCR analysis
The northern highbush blueberry ‘Bluecrop’ plants 
from tissue culture were grown in a growth chamber at 
25 °C with 70% relative humidity under a 16-h-light/8-h 
dark photoperiod. Three leaves each of four six-month 

seedlings were collected following spray with flg22 (1 
µM), or chitin (10 µM) for 0.5 h, 1 h, or 2 h, using samples 
collected at time 0 (without PAMP treatment) as control. 
Total RNA was extracted using TRIzol reagent (Invitro-
gen) according to the manufacturer’s instructions. The 
first-strand cDNA was synthesized using the kit Prime-
Script™ RT Master Mix (TaKaRa, Japan), and the RT-
qPCR analysis was performed as previously described 
[40]. The blueberry glyceraldehyde-3-phosphate dehy-
drogenase housekeeping gene (GAPDH) was used as the 
reference. Primers used for RT-qPCR are listed in Sup-
plementary Table S2. Three independent biological repli-
cates were performed in all experiments.

Generation of transgenic Arabidopsis plants
The full-length VcRBOHF coding sequence was cloned 
into a pCNGF vector to generate 35  S-VcRBOHF con-
struct. Then, the construct was transformed into the 
Agrobacterium tumefaciens GV3101 strain. Transfor-
mation of plants was achieved by the floral-dip method. 
Transgenic plants were selected on MS medium con-
taining 25  mg/ml kanamycin, and the presence and 
expression of the VcRBOHF were confirmed by PCR and 
RT-PCR analyses.

PTI responses analysis in Arabidopsis
For FRK1 expression, the coding sequence of VcRBOHF 
was cloned into the pGreenII 62-SK vector to generate 
the effector. The empty vector (EV) was used as a nega-
tive control. FRK1 (Gene locus: AT2G19190) promoter 
sequence was cloned into the pGreenII 0800-LUC vector 
to generate the reporter. The plasmids were transferred 
into Arabidopsis protoplasts as previously described 
[41]. Firefly luciferase (LUC) and Renilla luciferase (REN) 
activity levels treatment with flg22 (1 µM) were measured 
using the Dual-Luciferase Assay Kit (Promega) according 
to the protocol.

For ROS burst, the luminol-based assay was previously 
described [42]. Arabidopsis leaf discs were placed on 
96-well plates floating in 200 ml of deionized water over-
night. Then, deionized water was replaced by the buffer 
(20 mM luminol, 0.02  mg/ml horseradish peroxidase) 
added with 100 nM flg22 or deionized water to detect the 
production of ROS. Luminescence was measured with a 
luminometer and recorded the dynamic process within 
1 h.

For callose deposition, leaves were infiltrated with flg22 
(1µM) or water (Mock) for 18–24  h. The harvested leaf 
samples were dipped with 95% ethanol to make them 
transparent. Aniline blue stained at room temperature in 
the dark as previously described [43]. Then, the callose 
deposits were observed under a fluorescence microscope 
with an UV filter.

https://web.expasy.org/protparam/
https://wolfpsort.hgc.jp
https://itol.embl.de/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
http://bioinformatics.psb.ugent.be/webtools/plantcare/html
http://bioinformatics.psb.ugent.be/webtools/plantcare/html
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Pathogen inoculation in transgenic Arabidopsis plants
Bacterial Pst DC3000 culture and cell collection were 
performed as previously described [44]. Four-week-old 
plants were dipped with a bacterial suspension contain-
ing 107 CFU/ml Pst DC3000 (OD600 = 0.02) with 0.02% 
Silwet L-77. Disease symptoms were recorded by cam-
era, and bacterial load were determined by serial-dilution 
assays at 0 and 3 days post-inoculation (dpi).

Discussion
In the face of pathogen infection, RBOH can affect plants’ 
defense response by regulating ROS production. There-
fore, the plant RBOH gene can be used as a candidate to 
study plant defense response. Due to the ease of access 
to genomic data, more and more research has expanded 
to identify and analyze RBOH genes beyond model plants 
at the genome-wide level. For example, eight RBOH 
members have been identified in eggplant (Solanum mel-
ongena L) [39], seven RBOH members in pepper (Cap-
sicum annuum L) [19], and eight RBOH members in 
cassava (Manihotis esculenta Crantz) [32]. In this study, 
we identified a total of six RBOH gene members from the 
genomic data of blueberry and named them VcRBOHA-
F, which were evenly distributed on 6 chromosomes 
(Fig.  1). It has been shown that RBOH proteins are 
mainly located in the membrane and catalyze NADPH 
in the cytoplasm while transferring electrons to gener-
ate ROS [45]. Through transient expression systems, the 
MeRBOHs and SmRBOHs were localized to the plasma 
membrane in Arabidopsis protoplasts and tobacco meso-
phyll cells, respectively [32, 39]. Similar to cassava, all 
the VcRBOH members in blueberry were predicted to 
be located on the plasma membrane (Table S1), because 
multiple transmembrane regions that anchor the protein 
to the plasma membrane were detected in all VcRBOHs. 
However, in addition to the plasma membrane, several 
ZmRBOH proteins in maize were predicted to be located 
on the nucleus and mitochondria [46]. Therefore, the 
subcellular localization of VcRBOH proteins needs to be 
further confirmed by transient expression experiments.

The phylogenetic tree was constructed by the protein 
sequences of the RBOH family in blueberry, Arabidop-
sis, tomato, and rice (Fig.  2). Consistent with previous 
studies, RBOH members were divided into three evo-
lutionary branches [39]. Compared to Arabidopsis and 
rice, the evolutionary relationship between VcRBOHs in 
blueberry and SlRBOHs in tomatoes is relatively close 
except for VcRBOHF (Fig.  2). Genes clustered together 
based on protein sequences may have similar functions. 
For example, it was shown that TaNOX12 from wheat 
(Triticum aestivum L.) shares high sequence similarity 
with AtRBOHF and exhibits a similar expression pattern 
under stress conditions [47]. A recent study has shown 
that AtRBOHF plays a crucial role in stomatal immunity 

and defense against Pst DC3000 through complex con-
trol of both ROS production and apoplastic pH [48]. 
We note that VcRBOHF is evolutionarily close to Arabi-
dopsis AtRBOHF, suggesting that it may have a similar 
function to AtRBOHF (Fig. 2). In addition to functional 
similarities, genes that are evolutionarily closely related 
also exhibit structural similarities. Indeed, VcRBOHA 
and VcRBOHD clustered in the subgroup II, and their 
protein structural domains and motifs showed a high 
degree of identity (Figs.  2 and 3). Different conserved 
domains have different functions, the NADPH_Ox 
domain is associated with ROS production and the EF-
hand domain is involved in calcium ion binding [49]. 
Among the RBOH members in eggplant, not all genes 
contained both NADPH_Ox, Ferric_reduct, FAD_bind-
ing_8, NAD_binding_6, and EF-hand binding domains 
[39]. However, our study found that all VcRBOH mem-
bers contain these conserved domains (Fig. 3), suggesting 
their integrity in ROS production. In the visual analysis 
of VcRBOH protein domains, we found that VcRBOHB 
and VcRBOHC contain two NADPH_Ox, NAD_bind-
ing_6 structural, and Ferric_reduct domains (Fig.  3). 
This suggests that these domains were duplicated and 
retained in the genome during evolution, resulting in 
multiple copies. Protein domain duplication is one of the 
important mechanisms of protein evolution, which pro-
vides the basis for the diversity and complexity of protein 
functions. Through protein domain duplication, organ-
isms can quickly adapt to environmental changes and 
produce new functions [50]. We have not found this phe-
nomenon in Arabidopsis, rice, and tomato, and whether 
RBOH protein domain replication is unique in blueberry 
remains to be further studied.

Cis-regulatory element and tissue-specific analysis 
can provide clues for gene function studies. Analysis of 
the promoter cis-acting elements of 6 VcRBOH genes 
revealed that they were attributed to stress responsive-
ness, light responsiveness, and phytohormone respon-
siveness, suggesting that VcRBOH genes may be involved 
in these biological processes. Previous studies have 
found that RBOH genes do play a role in response to 
various stresses and phytohormones. For example, maize 
ZmRBOHB-α was reported to be involved in various abi-
otic stresses such as wounding, cold, and salt [51]. BoR-
BOHD and BoRBOHF were responses to heavy metal 
stress in cabbage [52]. The cis-acting elements involved in 
defense and stress responsiveness were found in the pro-
moter regions of VcRBOHA, VcRBOHC, and VcRBOHF 
genes, suggesting that these genes may participate in 
plant defense. It was found that SlRBOH1 improves 
tomato tolerance by enhancing RBOH enzyme activity in 
response to ABA induction [53]. Arabidopsis AtRBOHD 
is involved in ROS production regulated by ethylene 
(ETH) and SA [54]. In our study, the cis-element involved 
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in ABA and MeJA responsiveness was widespread in all 
the VcRBOH gene promoters (Fig. 4), suggesting that the 
VcRBOH-dependent ROS production in blueberry may 
be regulated by ABA and MeJA. Since binding sites can 
occur randomly in the genome, assessing their enrich-
ment in the promoter regions of unrelated genes can 
more accurately predict the biological processes involv-
ing VcRBOHs. This complex issue demands systematic 
analysis and additional research. For tissue-specific anal-
ysis, Arabidopsis AtRBOHD and AtRBOHF are expressed 
throughout the plant, whereas AtRBOHH and AtRBOHJ 
are only present in pollen tubes [55]. Correspondingly, 
it has been shown that AtRBOHD and AtRBOHF are 
indeed involved in multiple functions in Arabidopsis, 
whereas AtRBOHH and AtRBOHJ play a role in pollen 
tube growth [14, 56]. Thus, VcRBOHA and VcRBOHD, 
expressed in various tissues, may be equally multifunc-
tional. In contrast, VcRBOHB and VcRBOHE expressed 
only in flower_at_anthesis, may be associated with flower 
growth and development.

PAMPs can induce ROS production and defense gene 
expression [4]. We noticed that some VcRBOH genes 
exhibit transient inhibition after PAMPs treatment, such 
as VcRBOHB and VcRBOHE, which are downregulated 
and then upregulated after flg22 treatment. We did not 
find studies on the expression patterns of other species’ 
RBOH genes in response to PAMPs, so we are unclear 
whether the transient downregulation of some RBOH 
genes is a common feature. However, research shows that 
GmCRK77 in soybeans is significantly downregulated at 
30 min and upregulated at 90 min after flg22 treatment 
[57]. Gene expression in plant cells is a dynamic balanc-
ing process. Under external environmental stimulation, 
the initial downregulation may be to quickly adjust the 
cell state to adapt to external stimuli, while subsequent 
upregulation is to activate defense mechanisms. This 
dynamic balance may also involve feedback regulation 
mechanisms to ensure the appropriateness and timeli-
ness of gene expression [58]. Our results showed that 
both flg22 and chitin can rapidly induce the expression 
of VcRBOHF (Fig.  6), suggesting that VcRBOHF may be 
involved in the PTI response of blueberry. To this end, 
the expression levels of the PTI marker gene FRK1 were 
tested in Arabidopsis protoplast. After flg22 treatment, 
the overexpression of VcRBOHF in protoplasts signifi-
cantly enhanced the expression of FRK1 (Fig. 7), indicat-
ing that VcRBOHF can promote PTI response. Due to 
the challenges of genetically transforming blueberries, we 
introduced VcRBOHF into Arabidopsis to create trans-
genic plants, enabling us to directly assess the impact 
of VcRBOHF on ROS production. As expected, flg22-
induced ROS levels were higher in OE-VcRBOHF-1 and 
OE-VcRBOHF-2 than in Col-0 plants (Fig.  7), directly 
supporting the role of VcRBOHF in ROS production. 

Similar to previous studies, the ectopic expression of cas-
sava MeRBOHB and MeRBOHF in Arabidopsis enhances 
the production of ROS [32]. Upon recognition of flg22, 
the receptor flagellin-sensitive 2 (FLS2) interacts with 
Brassinosteroid Insensitive 1 (BRI1)-associated kinase 
receptor 1 (BAK1) to form a complex that activates 
and phosphorylates the downstream receptor Botrytis-
induced kinase (BIK1) [59]. Activated BIK1 directly 
interacts with RBOHD, leading ROS production in Ara-
bidopsis and strawberry [60, 61]. Therefore, whether 
VcRBOHF-enhanced ROS production is related to BIK1 
interactions needs further investigated. PAMPs and ROS 
can both trigger callose deposition in plants [62]. Flg22-
induced callose deposition also increased in VcRBOHF 
overexpressing plants, paralleling the results of ROS pro-
duction (Fig.  7). These results suggest that VcRBOHF 
may play a role in plant defense via the PTI pathway. To 
confirm VcRBOHF’s role in plant defense, lines overex-
pressing VcRBOHF were challenged with Pst DC3000. 
The results indicated that these lines had increased dis-
ease resistance compared to Col-0 plants (Fig.  8). Our 
study showed that VcRBOHF is involved in plant defense 
and provides candidate genes for further elucidating the 
disease resistance mechanism of blueberry.

Conclusions
In this study, we identified six VcRBOH genes from the 
blueberry genome. The phylogenetic relationship, motif, 
and conserved domain analysis showed that VcRBOHs 
have high similarity in protein sequences and func-
tions. Cis-acting elements analysis suggested VcRBOH 
genes may be involved in stress, light, and phytohor-
mone responsiveness. According to RNA-seq data, the 
tissue-specific analysis suggested that VcRBOHA and 
VcRBOHD may play important roles in regulating blue-
berry development. In addition, RT-qPCR showed that 
VcRBOHF was rapidly and significantly up-regulated by 
flg22 and chitin treatment. Notably, overexpression of 
VcRBOHF in Arabidopsis promoted PTI responses and 
enhanced plant disease resistance. Our findings provide 
valuable insights into the roles of VcRBOHF genes in 
plant defense responses.

Abbreviations
ETI	� Effector-triggered immunity
ETH	� ethylene
NADPH	� Nicotinamide adenine dinucleotide phosphate
PAMPs	� Pathogen-associated molecular patterns
PTI	� Pattern-triggered immunity
RBOH	� Respiratory burst oxidase homolog
ROS	� Reactive oxygen species
RT-qPCR	� Reverse-transcription quantitative polymerase chain reaction
SA	� salicylic acid



Page 13 of 14Song et al. BMC Genomics          (2025) 26:153 

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​4​-​0​2​5​-​1​1​3​0​3​-​8.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions
Z.S. and C.C. carried out bioinformatics analysis. D.L. designed this research. 
Z.S. wrote the manuscript. T.Y., Y.Z., Y.W., and D.X. analyzed the data. H.D. 
revised the manuscript. All authors reviewed the manuscript.

Funding
This work was supported in part by the Natural Science Research Project 
of Anhui Province (2023AH053079), Science Technology Project of Anqing 
(2021Z004), Breeding, green cultivation and intensive processing of Acorus 
tatarinowii (AQZYHX202409), Anhui Green Food Rural Revitalization 
Collaborative Technology Service Center (GXXT-2022-078 & GXXT-2023-041), 
and the Talent Introduction Project of Hefei Normal University (2023rcjj19).

Data availability
All data and materials used in this study are publicly available. The raw 
sequencing data from this study were obtained from the NCBI repository (​h​
t​t​p​s​:​​​/​​/​w​w​​w​.​​n​c​b​​​i​.​n​​​l​m​.​​n​​i​​h​.​​​g​o​v​/​​b​i​o​​p​r​​o​j​​e​c​t​/​P​R​J​N​A​4​9​4​1​8​0​/) for tissue-specific 
expression. The other datasets supporting the conclusions of the article is 
included within the article (and its additional files).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 11 July 2024 / Accepted: 29 January 2025

References
1.	 Jones JDG, Dangl JL. The plant immune system. Nature. 

2006;444(7117):323–9.
2.	 Chang M, Chen H, Liu F, Fu ZQ. PTI and ETI: convergent pathways with diverse 

elicitors. Trends Plant Sci. 2022;27(2):113–5.
3.	 Patil V, Nandi AK. Role of MAPK Cascade in local and systemic immunity of 

plants. In: Protein Kinases Stress Signal Plants. 2020;422–44.
4.	 Yu X-Q, Niu H-Q, Liu C, Wang H-L, Yin W, Xia X. PTI-ETI synergistic signal 

mechanisms in plant immunity. Plant Biotechnology Journal, n/a(n/a).
5.	 Fones H, Preston GM. Reactive oxygen and oxidative stress tolerance in plant 

pathogenic Pseudomonas. FEMS Microbiol Lett. 2012;327(1):1–8.
6.	 Brown I, Trethowan J, Kerry M, Mansfield J, Bolwell GP. Localization of 

components of the oxidative cross-linking of glycoproteins and of callose 
synthesis in papillae formed during the interaction between non-pathogenic 
strains of Xanthomonas campestris and French bean mesophyll cells. Plant J. 
1998;15(3):333–43.

7.	 Ali M, Cheng Z, Ahmad H, Hayat S. Reactive oxygen species (ROS) as 
defenses against a broad range of plant fungal infections and case study on 
ROS employed by crops against Verticillium Dahliae wilts. J Plant Interact. 
2018;13(1):353–63.

8.	 Sierla M, Waszczak C, Vahisalu T, Kangasjärvi J. Reactive oxygen species in the 
regulation of Stomatal movements. Plant Physiol. 2016;171(3):1569–80.

9.	 Akbar S, Wei Y, Yuan Y, Khan MT, Qin L, Powell CA, Chen B, Zhang M. Gene 
expression profiling of reactive oxygen species (ROS) and antioxidant 
defense system following sugarcane mosaic virus (SCMV) infection. BMC 
Plant Biol. 2020;20(1):532.

10.	 Upadhyay SK. CPK12 and ca(2+)-mediated hypoxia signaling. Plant Signal 
Behav. 2023;18(1):2273593.

11.	 Marino D, Dunand C, Puppo A, Pauly N. A burst of plant NADPH oxidases. 
Trends Plant Sci. 2012;17(1):9–15.

12.	 Kadota Y, Shirasu K, Zipfel C. Regulation of the NADPH oxidase RBOHD during 
Plant Immunity. Plant Cell Physiol. 2015;56(8):1472–80.

13.	 Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nat Rev 
Immunol. 2004;4(3):181–9.

14.	 Torres MA, Dangl JL. Functions of the respiratory burst oxidase in biotic 
interactions, abiotic stress and development. Curr Opin Plant Biol. 
2005;8(4):397–403.

15.	 Sumimoto H. Structure, regulation and evolution of Nox-family NADPH 
oxidases that produce reactive oxygen species. FEBS J. 2008;275(13):3249–77.

16.	 Yu S, Kakar KU, Yang Z, Nawaz Z, Lin S, Guo Y, Ren X-l, Baloch AA, Han D. 
Systematic study of the stress-responsive rboh gene family in Nicotiana taba-
cum: genome-wide identification, evolution and role in disease resistance. 
Genomics. 2020;112(2):1404–18.

17.	 Ranjan A, Jayaraman D, Grau C, Hill JH, Whitham SA, Ané J-M, Smith DL, Kab-
bage M. The pathogenic development of Sclerotinia sclerotiorum in soybean 
requires specific host NADPH oxidases. Mol Plant Pathol. 2018;19(3):700–14.

18.	 Li D, Wu D, Li S, Dai Y, Cao Y. Evolutionary and functional analysis of the plant-
specific NADPH oxidase gene family in < i > Brassica rapa L. Royal Soc Open 
Sci. 2019;6(2):181727.

19.	 Zhang J, Xie Y, Ali B, Ahmed W, Tang Y, Li H. Genome-wide identification, 
classification, evolutionary expansion and expression of Rboh Family genes 
in Pepper (Capsicum annuum L). Trop Plant Biology. 2021;14(3):251–66.

20.	 Zhang Y, Zhang Y, Luo L, Lu C, Kong W, Cheng L, Xu X, Liu J. Genome wide 
identification of Respiratory Burst Oxidase Homolog (Rboh) genes in Citrus 
sinensis and functional analysis of CsRbohD in Cold Tolerance. Int J Mol Sci. 
2022;23(2):648.

21.	 Sharma Y, Ishu, Shumayla, Dixit S, Singh K, Upadhyay SK. Decoding the 
features and potential roles of respiratory burst oxidase homologs in bread 
wheat. Curr Plant Biology 2024, 37.

22.	 Fabro G, Rizzi YS, Alvarez ME. Arabidopsis Proline Dehydrogenase contributes 
to flagellin-mediated PAMP-Triggered immunity by affecting RBOHD. Mol 
Plant-Microbe Interactions®. 2016;29(8):620–8.

23.	 An C, Wang C, Mou Z. The Arabidopsis Elongator complex is required for 
nonhost resistance against the bacterial pathogens Xanthomonas citri subsp. 
Citri and Pseudomonas syringae Pv. Phaseolicola NPS3121. New Phytol. 
2017;214(3):1245–59.

24.	 Ramos RN, Zhang N, Lauff DB, Valenzuela-Riffo F, Figueroa CR, Martin GB, 
Pombo MA, Rosli HG. Loss-of-function mutations in WRKY22 and WRKY25 
impair stomatal-mediated immunity and PTI and ETI responses against 
Pseudomonas syringae Pv. Tomato. Plant Mol Biol. 2023;112(3):161–77.

25.	 Galletti R, Denoux C, Gambetta S, Dewdney J, Ausubel FM, De Lorenzo G, Fer-
rari S. The AtrbohD-Mediated oxidative burst elicited by Oligogalacturonides 
in Arabidopsis is dispensable for the activation of defense responses effective 
against Botrytis Cinerea. Plant Physiol. 2008;148(3):1695–706.

26.	 von Pogány Ms U, Grün S, Dongó A, Pintye A, Simoneau P, Bahnweg Gn, 
Kiss L. Barna Bz, Durner Jr: dual roles of reactive oxygen species and NADPH 
oxidase RBOHD in an Arabidopsis-Alternaria Pathosystem. Plant Physiol. 
2009;151(3):1459–75.

27.	 Torres MA, Morales J, Sánchez-Rodríguez C, Molina A, Dangl JL. Functional 
interplay between Arabidopsis NADPH oxidases and Heterotrimeric G Pro-
tein. Mol Plant-Microbe Interactions®. 2013;26(6):686–94.

28.	 Nozaki M, Kita K, Kodaira T, Ishikawa A. AtRbohF contributes to Non-host 
Resistance to Magnaporthe oryzae in Arabidopsis. Biosci Biotechnol Bio-
chem. 2013;77(6):1323–5.

29.	 Asai S, Yoshioka H. Nitric oxide as a Partner of reactive oxygen species par-
ticipates in Disease Resistance to Necrotrophic Pathogen Botrytis Cinerea in 
Nicotiana Benthamiana. Mol Plant-Microbe Interactions®. 2009;22(6):619–29.

30.	 Hyodo K, Suzuki N, Mise K, Okuno T. Roles of superoxide anion and hydrogen 
peroxide during replication of two unrelated plant RNA viruses in Nicotiana 
Benthamiana. Plant Signal Behav. 2017;12(6):e1338223.

31.	 Li X, Zhang H, Tian L, Huang L, Liu S, Li D, Song F. Tomato SlRbohB, a member 
of the NADPH oxidase family, is required for disease resistance against 
Botrytis Cinerea and tolerance to drought stress. Front Plant Sci 2015, 6.

https://doi.org/10.1186/s12864-025-11303-8
https://doi.org/10.1186/s12864-025-11303-8
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA494180/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA494180/


Page 14 of 14Song et al. BMC Genomics          (2025) 26:153 

32.	 Huang S, Tang Z, Zhao R, Hong Y, Zhu S, Fan R, Ding K, Cao M, Luo K, Geng M, 
et al. Genome-wide identification of cassava MeRboh genes and functional 
analysis in Arabidopsis. Plant Physiol Biochem. 2021;167:296–308.

33.	 Fang Y, Nunez GH, Silva MNd, Phillips DA, Munoz PR. A review for South-
ern Highbush Blueberry Alternative Production systems. Agronomy. 
2020;10(10):1531.

34.	 Colle M, Leisner CP, Wai CM, Ou S, Bird KA, Wang J, Wisecaver JH, Yocca AE, 
Alger EI, Tang H et al. Haplotype-phased genome and evolution of phytonu-
trient pathways of tetraploid blueberry. Gigascience 2019, 8(3).

35.	 Checker VG, Kushwaha HR, Kumari P, Yadav S. Role of Phytohormones in Plant 
Defense: Signaling and Cross Talk. In: Molecular Aspects of Plant-Pathogen 
Interaction. Edited by Singh A, Singh IK. Singapore: Springer Singapore; 2018: 
159–184.

36.	 Khan N, Bano A, Ali S, Babar MA. Crosstalk amongst phytohormones from 
planta and PGPR under biotic and abiotic stresses. Plant Growth Regul. 
2020;90(2):189–203.

37.	 Wu B, Qi F, Liang Y. Fuels for ROS signaling in plant immunity. Trends Plant Sci. 
2023;28(10):1124–31.

38.	 Hsu F-C, Chou M-Y, Chou S-J, Li Y-R, Peng H-P, Shih M-C. Submergence con-
fers immunity mediated by the WRKY22 transcription factor in Arabidopsis. 
Plant Cell. 2013;25(7):2699–713.

39.	 Du L, Jiang Z, Zhou Y, Shen L, He J, Xia X, Zhang L, Yang X. Genome-wide 
identification and expression analysis of Respiratory Burst Oxidase Homolog 
(RBOH) Gene Family in Eggplant (Solanum melongena L.) under Abiotic and 
biotic stress. Genes. 2023;14(9):1665.

40.	 Liu X, Sun W, Ma B, Song Y, Guo Q, Zhou L, Wu K, Zhang X, Zhang C. Genome-
wide analysis of blueberry B-box family genes and identification of members 
activated by abiotic stress. BMC Genomics. 2023;24(1):584.

41.	 Yoo S-D, Cho Y-H, Sheen J. Arabidopsis mesophyll protoplasts: a versatile cell 
system for transient gene expression analysis. Nat Protoc. 2007;2(7):1565–72.

42.	 D’Ambrosio JM, Couto D, Fabro G, Scuffi D, Lamattina L, Munnik T, 
Andersson MX, Álvarez ME, Zipfel C, Laxalt AM. Phospholipase C2 affects 
MAMP-Triggered immunity by modulating ROS production. Plant Physiol. 
2017;175(2):970–81.

43.	 Yi SY, Shirasu K, Moon JS, Lee S-G, Kwon S-Y. The activated SA and JA Signal-
ing pathways have an influence on flg22-Triggered oxidative burst and 
callose deposition. PLoS ONE. 2014;9(2):e88951.

44.	 Zeng W, Brutus A, Kremer JM, Withers JC, Gao X, Jones AD, He SY. A genetic 
screen reveals Arabidopsis Stomatal and/or apoplastic defenses against Pseu-
domonas syringae Pv. Tomato DC3000. PLoS Pathog. 2011;7(10):e1002291.

45.	 Kobayashi M, Kawakita K, Maeshima M, Doke N, Yoshioka H. Subcellular local-
ization of strboh proteins and NADPH-dependent O2–-generating activity in 
potato tuber tissues. J Exp Bot. 2006;57(6):1373–9.

46.	 Zhang H, Wang X, Yan A, Deng J, Xie Y, Liu S, Liu D, He L, Weng J, Xu J. 
Evolutionary analysis of Respiratory Burst Oxidase Homolog (RBOH) genes in 
plants and characterization of ZmRBOHs. Int J Mol Sci. 2023;24(4):3858.

47.	 Hu C-H, Wei X-Y, Yuan B, Yao L-B, Ma T-T, Zhang P-P, Wang X, Wang P-Q, Liu 
W-T, Li W-Q et al. Genome-wide identification and functional analysis of 
NADPH oxidase family genes in wheat during development and environ-
mental stress responses. Front Plant Sci 2018; 9.

48.	 Arnaud D, Deeks MJ, Smirnoff N. RBOHF activates stomatal immunity by 
modulating both reactive oxygen species and apoplastic pH dynamics in 
Arabidopsis. Plant J. 2023;116(2):404–15.

49.	 Wang J, Chitsaz F, Derbyshire MK, Gonzales NR, Gwadz M, Lu S, Marchler 
Gabriele H, Song James S, Thanki N, Yamashita Roxanne A, et al. The con-
served domain database in 2023. Nucleic Acids Res. 2022;51(D1):D384–8.

50.	 Vogel C, Teichmann SA, Pereira-Leal J. The relationship between domain 
duplication and recombination. J Mol Biol. 2005;346(1):355–65.

51.	 Lin F, Zhang Y, Jiang M-Y. Alternative splicing and Differential expression of 
two transcripts of Nicotine Adenine Dinucleotide phosphate oxidase B gene 
from Zea mays. J Integr Plant Biol. 2009;51(3):287–98.

52.	 Jakubowicz M, Gałgańska H, Nowak W, Sadowski J. Exogenously induced 
expression of ethylene biosynthesis, ethylene perception, phospholipase D, 
and rboh-oxidase genes in broccoli seedlings. J Exp Bot. 2010;61(12):3475–91.

53.	 Zhou J, Wang J, Li X, Xia X-J, Zhou Y-H, Shi K, Chen Z, Yu J-Q. H2O2 mediates 
the crosstalk of brassinosteroid and abscisic acid in tomato responses to heat 
and oxidative stresses. J Exp Bot. 2014;65(15):4371–83.

54.	 Liu Y, He C. Regulation of plant reactive oxygen species (ROS) in stress 
responses: learning from AtRBOHD. Plant Cell Rep. 2016;35(5):995–1007.

55.	 Orman-Ligeza B, Parizot B, de Rycke R, Fernandez A, Himschoot E, Van Breuse-
gem F, Bennett MJ, Périlleux C, Beeckman T, Draye X. RBOH-mediated ROS 
production facilitates lateral root emergence in Arabidopsis. Development. 
2016;143(18):3328–39.

56.	 Chapman JM, Muhlemann JK, Gayomba SR, Muday GK. RBOH-Dependent 
ROS synthesis and ROS scavenging by Plant Specialized metabolites to 
modulate Plant Development and stress responses. Chem Res Toxicol. 
2019;32(3):370–96.

57.	 Delgado-Cerrone L, Alvarez A, Mena E, Ponce de Leon I, Montesano M. 
Genome-wide analysis of the soybean CRK-family and transcriptional 
regulation by biotic stress signals triggering plant immunity. PLoS ONE. 
2018;13(11):e0207438.

58.	 de Nadal E, Ammerer G, Posas F. Controlling gene expression in response to 
stress. Nat Rev Genet. 2011;12(12):833–45.

59.	 Zhang J, Li W, Xiang T, Liu Z, Laluk K, Ding X, Zou Y, Gao M, Zhang X, Chen S. 
Receptor-like cytoplasmic kinases integrate signaling from multiple plant 
immune receptors and are targeted by a Pseudomonas syringae effector. Cell 
Host Microbe. 2010;7(4):290–301.

60.	 Kadota Y, Sklenar J, Derbyshire P, Stransfeld L, Asai S, Ntoukakis V, Jones 
JD, Shirasu K, Menke F, Jones A. Direct regulation of the NADPH oxidase 
RBOHD by the PRR-associated kinase BIK1 during plant immunity. Mol Cell. 
2014;54(1):43–55.

61.	 Li C, Wang K, Tan M, Lei C, Cao S. Involvement of a receptor-like kinase 
complex of FvFLS2 and FvBAK1 in brassinosteroids-induced immunity in 
postharvest strawberry fruit. Postharvest Biol Technol. 2023;198:112266.

62.	 Luna E, Pastor V, Robert J, Flors V, Mauch-Mani B, Ton J. Callose deposition: 
a multifaceted Plant Defense Response. Mol Plant-Microbe Interactions®. 
2011;24(2):183–93.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Identification of ﻿VcRBOH﻿ genes in blueberry and functional characterization of ﻿VcRBOHF﻿ in plant defense
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Genome-wide identification of ﻿VcRBOH﻿ genes in blueberry
	﻿Phylogenetic and evolutionary analysis of VcRBOH proteins
	﻿Domain, motif composition and gene structure analysis of VcRBOH members
	﻿Cis-element analysis of the ﻿VcRBOH﻿ genes
	﻿Tissue-specific analysis of the ﻿VcRBOH﻿ genes in blueberry
	﻿Expression analysis of ﻿VcRBOH﻿ genes in response to PAMPs
	﻿VcRBOHF promotes the PTI responses in Arabidopsis
	﻿VcRBOHF increases disease resistance in Arabidopsis

	﻿Materials and methods
	﻿Identification and chromosomal localization of ﻿VcRBOH﻿ genes in blueberry
	﻿Phylogenetic analysis
	﻿Conserved domain, motif, and gene structure analysis of the VcRBOH members
	﻿Cis-acting element analysis of VcRBOH genes promoter
	﻿Expression pattern analysis of ﻿VcRBOH﻿ genes
	﻿PAMPs treatments and quantitative RT-qPCR analysis
	﻿Generation of transgenic Arabidopsis plants
	﻿PTI responses analysis in Arabidopsis
	﻿Pathogen inoculation in transgenic Arabidopsis plants

	﻿Discussion
	﻿Conclusions
	﻿References


