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Abstract 

Light and phytohormone are external and internal cues that regulate plant growth and development throughout 
their life cycle. BBXs (B-box domain proteins) are a group of zinc finger proteins that not only directly govern the 
transcription of target genes but also associate with other factors to create a meticulous regulatory network to pre-
cisely regulate numerous aspects of growth and developmental processes in plants. Recent studies demonstrate that 
BBXs play pivotal roles in light-controlled plant growth and development. Besides, BBXs have been documented to 
regulate phytohormone-mediated physiological procedures. In this review, we summarize and highlight the multi-
faced role of BBXs, with a focus in photomorphogenesis, photoperiodic flowering, shade avoidance, abiotic stress, and 
phytohormone-mediated growth and development in plant.

Keywords Light, BBX, Photomorphogenesis, Phytohormone

Introduction
Light regulates plant growth and development during all 
phases of its life cycle including seed germination, pho-
tomorphogenesis, shade avoidance, flowering, and circa-
dian rhythm and so on (Jiao et al. 2007; Kami et al. 2010; 
Sarmiento 2013). Upon seed germination, plants develop 
short hypocotyls, opened and green cotyledons in the 
light which is known as photomorphogenesis or de-eti-
olation. Whereas seedlings undergo skotomorphogen-
esis or etiolation with long hypocotyls, apical hooks, and 
closed and etiolated cotyledons in darkness (Jiao et  al. 
2007; Cheng et al. 2021). Photomorphogenesis is one of 
the most studied phenomena for plants to dwell life in 
presence of light. A comprehensive signaling network has 

been evolved in plant to adapt the dynamic light environ-
ment (Lin et  al. 2021). Specific photoreceptors perceive 
different color of light to initiate signaling cascade. There 
are several groups of photoreceptors. Red/far-red light 
are perceived by phytochromes including phytochrome 
A-E (phyA-E) in Arabidopsis. CRYPTOCHROMES 
(CRYs), phototropins, and the ZEITLUPE/FLAVIN-
BINDING KELCH REPEAT F-BOX 1/LOV KELCH 
PROTEIN 2 (ZTL/FKF1/LKP2) family members sense 
UV-A/blue light (350–500  nm). The UV-B light (275–
320  nm) is monitored by UV RESISTANCE LOCUS 
8 (UVR8). When photoreceptors inactive in the dark, 
photomorphogenic repressors CONSTITUTIVELY 
PHOTOMORPHOGENIC 1 (COP1)-SUPPRESSOR 
OF PHYTOCHROME A (SPA) target light-promoting 
factors such as ELONGATED HYPOCOTYL 5 (HY5), 
LONG HYPOCOTYL IN FAR-RED 1 (HFR1) and 
B-BOX PROTEIN 21 (BBX21) for ubiquitination and 
degradation in a 26S proteasome dependent manner, 
contributing to promote skotomorphogenesis. Another 
group of photomorphogenic repressors are PHY-
TOCHROME-INTERACTING FACTORS (PIFs) which 
belongs to a group of basic helix-loop-helix (b-HLH) type 
transcription factors. PIFs accelerate skotomorphogensis 
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by directly regulating the expression of thousands target 
genes. In visible light conditions, photo-excited receptors 
negatively regulate photomorphogenic repressors such 
as COP1-SPAs and PIFs in the nucleus through multiple 
dynamic and highly integrated molecular mechanisms, 
relieving photomorphogenic-promoting factors such as 
HY5, HFR1, and BBX21 to promote photomorphogen-
esis (Cheng et al. 2021; Lin et al. 2021; Bian et al. 2022).

BBX proteins are a group of zinc-finger B-box domain 
contained proteins. Significant progress has been made 
in understanding the key role of BBX proteins in the 
light-mediated developmental programs, including seed 
germination, seedling photomorphogenesis, thermo-
morphogenesis, floral transition, shade avoidance, petal 
senescence, and circadian rhythm and so on (Khanna 
et al. 2009; Gangappa and Botto 2014; Song et al. 2020a; 
Xu 2020; Yadav et  al. 2020). Phytohormones are crucial 
internal cues monitor plant growth and development. 
Accumulated studies demonstrate that BBX proteins also 
play essential role in phytohormone-mediated growth 
and development procedures such as auxin, gibberel-
lin acid (GA), abscisic acid (ABA), and brassionsteroid 
(BR) and so on. This review summarizes and highlights 
the function of BBXs at transcriptional and posttran-
scriptional level, especially in the process of photomor-
phogenesis, flowering, shade avoidance, abiotic stress, 
and phytohormone signaling pathways. In addition, we 
further provide insights into the potentials of BBXs in 
crop breeding. To characterize the roles of BBXs in vari-
ous processes, readers are recommended to other recent 
research and review articles (Sarmiento 2013; Vaishak 
et al. 2019; Song et al. 2020a; Xu 2020).

Domain and structure of BBXs
BBX proteins have a conserved feature, which is a B-box 
domain. The B-box domain represents a subgroup of zinc 
finger motif which is stabilized by the binding of zinc 
ions and has the property to interact with DNA, RNA, or 
proteins to precisely regulate growth and developmen-
tal process (Khanna et  al. 2009). In animals, the B-box 
domain often associates with RING-finger and coiled-
coil domains, forming tripartite motif (TRIM) proteins or 
RING, B-box, Coiled-coil (RBCC) proteins. The TRIM/
RBCC proteins are a class of single protein RING finger 
E3 ubiquitin ligases, which are involved in several physi-
ological and pathological conditions including Mendelian 
genetic diseases, cancer development and virial infection 
(Reymond et al. 2001). By contrast, plant B-box domain 
either found alone or together with the CCT domain 
which are referred to as B-box proteins (BBXs). All of 
the plant BBX proteins are classified into five structure 
groups depending on the presence of at least one B-box 
domain and a CCT domain (Fig. 1) (Khanna et al. 2009; 

Gangappa and Botto 2014). The B-box domain consists 
of one or two B-box motifs with a length of 40 residues. 
Based on the consensus sequence and the spacing of the 
seven or eight Zn-binding residues, the B-box motifs fall 
into two types, B-box1 and B-box2. Some of the B-box 
domain not only directly mediate transcriptional regu-
lation, but also interact with other factors to modulate 
protein activity including binding ability, transcriptional 
activity, and E3 ubiquitin ligase activity and so on (Gan-
gappa and Botto 2014).

The CCT domain has 42–43 amino acids in length 
at the C-terminus which was initially found in CON-
STANSE, CONSTANSE-like, and TOC1 (TIMING OF 
CAB EXPRESSION1) proteins. Many reports have indi-
cated that the CCT domain is crucial for its DNA binding 
ability, transcriptional activity, and nuclear localization. 
Some BBX proteins contain a CCT domain which play 
critical role in flowering (Khanna et al. 2009; Song et al. 
2020a).

Between the B-box domain and CCT domain, an essen-
tial binding sequence motif for protein interaction called 
the VP pair which also exists in some BBX proteins. The 
VP pair consists of an array of residues: VP(E/D)φG, in 
which φ represents a hydrophobic amino acid (Holm and 
Deng 1999; Holm et al. 2001; Datta et al. 2006). Addition-
ally, seven newly identified motifs (M1 to M7) are also 
conserved in some BBX proteins. The M1 motif contains 
the VP pair which belongs to the structure group I. The 
M6 motif, presenting in the structure group IV, signifi-
cantly affects the functional determination of AtBBX21 
to AtBBX24 (Crocco and Botto 2013; Yadav et al. 2020).

In Arabidopsis, 21 of the 32 BBX proteins contain two 
B-boxes in tandem, whereas 11 BBX proteins contain one 
B-box (Khanna et  al. 2009; Gangappa and Botto 2014). 
17 of the 32 BBX proteins have a CCT domain which are 
also called CO and CONSTANSE-like (COL) proteins, 
while others have not. The structure group I contain six 
members (AtBBX1 to AtBBX6) which consist of two 
B-boxes (B1 and B2) in tandem and a CCT domain. The 
structure group II contain seven members (AtBBX7 to 
AtBBX13) which comprise of B1, B2’, and a CCT domain. 
The AtBBX members of structure group III (AtBBX14 to 
AtBBX17) have a B-box domain and a CCT domain. The 
structure group IV (AtBBX18 to AtBBX25) carry B1 and 
B2’ domain, whereas the structure group V (AtBBX26 to 
AtBBX32) have only one B-box domain (Khanna et  al. 
2009).

Recently, accumulated studies indicate that BBX pro-
teins also evolutionally exist among different plant spe-
cies (Fig.  1) (Talar and Kielbowicz-Matuk 2021). In rice 
(Oryza sativa), 17 of the 30 BBX proteins contain tandem 
B-boxes in their N termini (Huang et  al. 2012). 36 BBX 
proteins are identified in maize, while 20 BBX proteins 
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carry two B-box domains (Shalmani et al. 2019, Xu et al. 
2022). 21 of 27 BBX proteins contain two B-box motifs in 
Moso bamboo (Ma et al. 2021). 96 BBX proteins are iden-
tified in wheat (Chen et al. 2021). 64 BBX representatives 
are characterized in apple (Liu et al. 2018), 37 BBX pro-
teins in cotton (Gossypium hirsutum) (Feng et al. 2021), 
37 BBX proteins in white pear, 30 BBX proteins in potato 
(Talar et  al. 2017), 31 BBX proteins in tomato (Chu 
et  al. 2016; Bu et  al. 2021), 56 BBX protein in soybean 
(Fan et  al. 2014), 25 BBX proteins in pear and bananas 
(Chaurasia et al. 2016; Cao et al. 2017), 24 BBX proteins 
in grapevine and peanut (Jin et al. 2020; Wei et al. 2020), 
22 BBX proteins in rose (Rosa chinensis) (Shalmani et al. 
2018), 21 BBX proteins in strawberry (Fragaria vesca) 
(Shalmani et  al. 2018), 20 BBX proteins in peach and 
raspberry (Shalmani et al. 2018), and 15 BBX proteins in 
sweet cherry (Wang et al. 2021).

BBXs act as transcription factors
The B-box domain has been reported to directly bind to 
the DNA sequence, indicating it has DNA binding abil-
ity, while the CCT domain carries DNA binding activity 
and transcriptional activity. One BBX protein contain 
B-box domain and/or CCT domain imply that it has a 

potential to act as transcription factor. Actually, BBX1/
CO (CONSTANS), the first identified B-box protein, 
belongs to the structure group I which contain two B-box 
domain and a CCT domain. It has reported that the CCT 
domain of CO directly associates with the promoter con-
taining a consensus TGTG(N2-3)ATG motif (also named 
as CO-responsive elements, COREs) of FT (FLOWER-
ING LOCUS T), activating FT expression and flowering 
(Tiwari et al. 2010). However, CO is also recommended 
to form a trimer with NUCLEAR FACTOR Y, SUBUNIT 
B2 (NF-YB2) and NUCLEAR FACTOR Y, SUBUNIT C3 
(NF-YC3) to bind the CORE element of FT promoter to 
elevate its expression (Gnesutta et  al. 2017). Addition-
ally, mutations in CO delay flowering in the long-day 
conditions, while conditional induction of CO causes 
early flowering under long-day and short-day conditions 
(Simon et al. 1996). Thus, CO might function as a tran-
scription factor to promote flowering under inductive 
long day conditions.

BBX11, belongs to the second subgroup, plays a pos-
itive role in red light signaling. Overexpression BBX11 
develops short hypocotyl, while mutation in BBX11 
leads to elongated hypocotyl in the red light and long 
day conditions. It has reported that BBX11 acts as a 

Fig. 1 Phylogenetic relationship, protein structure and architecture of the conserved BBX proteins in plants. A Structures of the BBX proteins with 
the composition of the domains in Arabidopsis thaliana, rice (Oryza sativa), maize (Zea mays), tomato (Solanum lycopersicum), rose (Rosa chinesis) 
and apple (Malus domestica Borkh). B Molecular phylogenetic analysis of BBX proteins in Arabidopsis thaliana, rice (Oryza sativa), maize (Zea mays), 
tomato (Solanum lycopersicum), rose (Rosa chinesis) and apple (Malus domestica Borkh). C Consensus sequences of  B-box1, B-box2 and B-box2’ in 
Arabidopsis, red color indicates the conserved amino acids
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scaffold to physically interact with phyB and PIF4, 
enhancing the interaction between phyB and PIF4, 
which subsequently not only promotes the degradation 
of PIF4, but also represses the binding ability of PIF4 to 
its targets and thus inhibits the transcriptional activity 
of PIF4 (Song et al. 2021). In addition, BBX11 associ-
ates with HY5 promoter to up-regulate its expression, 
the accumulated HY5 which in turn improves BBX11 
expression through directly binding to its promoter. 
Such positive feedback loop further promotes seedling 
photomorphogenesis (Zhao et  al. 2020; Job and Datta 
2021). Therefore, BBX11 characterizes as a transcrip-
tion factor in seedling establishment.

BBX19 is a negative regulator of flowering under 
inductive photoperiod. BBX19 not only physically 
interacts with CO to repress its transcriptional activ-
ity on FT expression and flowering, but also associ-
ates with COP1 which promotes its E3 ubiquitin ligase 
activity on ELF3 degradation, leading to repress seed-
ling photomorphogenesis (Wang et  al. 2014, 2015). 
Besides, loss of function and overexpression of BBX19 
exhibit shortened and lengthened circadian period 
respectively, implicating the negative role of BBX19 
in the circadian clock. PSEUDO-RESPONSE REGU-
LATOR9 (PRR9), PRR7, and PRR5, negative compo-
nents in the circadian clock, interact with BBX19 to 
facilitate the association of BBX19 with the promoter 
of morning-phased clock genes such as CIRCADIAN 
CLOCK ASSOCIATED 1 (CCA1), LATE ELONGATED 
HYPOCOTYL 1 (LHY1), and REVEILLE 8 (RVE8), con-
tributing to enhance the repressive effect on the morn-
ing-phased clock genes (Yuan et al. 2021). In addition, 
BBX19 directly binds to the promoter of ABI5 to acti-
vate its expression, suppressing seed germination (Bai 
et al. 2019a). Thus, BBX19 acts as a transcription fac-
tor to regulate diverse physiological and development 
response.

BBX21 (also known as SALT TOLERANCE 
HOMOLOG2, STH2), a photomorphogenesis-pro-
moting factors, belongs to the structure group IV 
which have two B-box domains in tandem at the N ter-
minus (Datta et  al. 2007). Loss of function of BBX21 
displays short hypocotyls, whereas overexpression of 
BBX21 leads to dramatic short hypocotyls in various 
light conditions. It has been reported that BBX21 not 
only directly binds to the promoter of HY5, BBX22, 
and GIBBERELLIN 2-β-DIOXYGENASE 1 (GA2ox1) 
as well as its own promoter to activate their transcrip-
tion, but also interacts with HY5 to enhance its activ-
ity, leading to promote photomorphogenesis (Xu et al. 
2016; Bursch et al. 2020). The second B-box domain in 
BBX21 is essential for its ability to bind to HY5 pro-
moter (Xu et  al. 2018). Thereby, BBX21 is identified 

as a transcription factor to precisely regulate plant 
growth and development.

BBXs act as transcriptional regulators
Some BBX proteins do not have the ability to directly 
bind to the promoter of target genes, however they could 
regulate the transcriptional activity of their partners. 
Some other BBX proteins have the capacity to bind to the 
promoter of target genes, but don’t have the transcrip-
tional activity. Therefore, most of the BBX proteins act as 
transcriptional regulators.

BBX4, a positive regulator of red light signaling, associ-
ates with PIF3 to repress PIF3 transcriptional activation 
activity and PIF3-controlled gene expression (Heng et al. 
2019a). In addition, BBX4 directly binds to the promoter 
of FT in the presence of BBX32 to repress FT expression 
and flowering (Tripathi et al. 2017).

BBX18 and BBX23 belong to the structure group 
IV, which contains two tandem B-box domain. It has 
reported that BBX18 and BBX23 interact with ELF3 to 
positively regulate thermomorphogenesis which depend-
ent on COP1 and PIF4 (Ding et  al. 2018). In addition, 
BBX18 interacts with PRR5 to alleviate the PRR5-medi-
ated suppression of PIF4 activity, concomitantly enhanc-
ing the thermoresponsive hypocotyl growth in a ELF3 
independent pathway (Hwang et al. 2021). BBX20, which 
is transcriptionally repressed by BZR1, promotes pho-
tomorphogenesis and represses brassinosteriod signal-
ing pathway (Fan et al. 2012). It has reported that BBX20 
interacts with HY5 to enhance its transcriptional capac-
ity, while BBX20 could not activate target gene expres-
sion in the absence of HY5 (Fan et al. 2012). In addition, 
BBX21 and BBX22 work redundantly with BBX20 to 
interact with HY5 and increase its transcriptional activ-
ity to promote photomorphogenesis (Bursch et al. 2020). 
Besides, BBX23 also physically interacts with HY5 to 
synergistically regulate the expression of light respon-
sive genes (Zhang et al. 2017). Thus, BBX20-23 and HY5 
work largely interdependently to regulate the expression 
of their targets in photomorphogenic growth in higher 
plants. BBX24 and BBX25 negatively regulate seedling 
photomorphogenesis, which are the last two B-Box pro-
teins of structure group IV. BBX24 and BBX25 have been 
reported to physically interact with HY5 and form het-
erodimers, interfering HY5 transcriptional activity and 
repressing photomorphogenesis (Gangappa et al. 2013b, 
2013a). In addition, BBX24 interacts with DELLA and 
mitigates DELLA-mediated suppression of PIF4 activity 
to promote shade avoidance (Crocco et al. 2015).

BBX28 and BBX29 contain one B-box domain and 
belong to the subfamily V. It has revealed that BBX28 and 
BBX29 physically interact with HY5 to inhibit its ability to 
bind to target sites and regulate gene expression, thereby 
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repressing photomorphogenesis (Lin et  al. 2018; Song 
et  al. 2020b). In addition, BBX28 and BBX29 interact 
with BR ENHANCED EXPRESSION1/2/3 (BEE1/2/3) to 
enhance their binding ability to their targets and improve 
the transcriptional activation activity of BEE1/2/3 (Cao 
et  al. 2022). Moreover, BBX28 interferes with the bind-
ing of CO to the promoters of FT through physical inter-
actions, repressing FT expression and flowering under 
long day condition (Liu et  al. 2020). BBX30 and BBX31 
are transcriptional repressed by HY5, while BBX28 and 
BBX29 physically interact with HY5 to block its binding 
ability to the promoters of BBX30 and BBX31, resulting 
in promoting the expression of these genes (Heng et  al. 
2019b; Song et al. 2020b). In addition, BBX30 and BBX31 
associate with the promoter of BBX28 and BBX29, which 
in turn increases their transcripts level and forms a 
positive feedback loop to fine-tune photomorphogenic 
development (Song et  al. 2020b). BBX32, the last mem-
ber of subgroup V, interacts with BBX21 and suppresses 
its transcriptional activity in HY5 dependent and inde-
pendent pathways (Holtan et  al. 2011). Besides, BBX32 
interacts with BZR1 and PIF3 to promote BR-mediated 
cotyledon closure, suggesting BBX32 appears to be a 
co-regulator of BBX21, BRASSINAZOLE-RESISTANT 
1 (BZR1), and PIF3 to control target gene expression 
during seedling establishment (Ravindran et  al. 2021). 
Therefore, BBX4, BBX18, BBX20, BBX22, BBX23, BBX24, 
BBX25, BBX28, BBX29, BBX30, BBX31, and BBX32 func-
tion as transcriptional regulators in diverse growth and 
developmental processes.

Functions of BBXs in photomorphogenesis
Photomorphogenesis and skotomorphogenesis are two 
contrast process in seedling development. In the light, 
plant undergoes photomorphogenesis with short hypoc-
otyl, opened and expanded cotyledon, and green chlo-
roplast for photoautotrophic growth. In the dark, plant 
exhibits skotomorphogenesis with elongated hypocotyl, 
closed and etiolated cotyledon, and apical hook. When 
photoreceptors are inactive in the dark, photomorpho-
genic repressors COP1-SPA complex and PIFs are active 
in the nucleus to promote skotomorphogenesis by tar-
geting photomorphogenesis-promoting transcription 
factors such as HY5 for degradation and controlling the 
expression of genes related to cell elongation and expan-
sion, respectively (Lau and Deng 2012; Xu et  al. 2015; 
Cheng et al. 2021). Upon visible light absorption, active 
photoreceptors repress the activity and accumulation of 
COP1-SPA complex and PIFs through multiple mecha-
nisms, relaying light signaling to promote photomor-
phogenesis. Extensive studies have reported that BBX 
proteins act as key factors in the COP1-HY5 regulatory 
hub to regulate light-mediated seedling development.

BBX4, BBX11, BBX20, BBX21, BBX22, and BBX23 
positively regulate seedling photomorphogenesis, while 
BBX18, BBX19, BBX24, BBX25, BBX28, BBX29, BBX30, 
BBX31 and BBX32 repress photomorphogenesis in 
response to a wide range of light signals (Fig.  2). BBX4 
specifically mediates red light-controlled seedling devel-
opment, as the single mutant displays elongated hypoco-
tyls in the red light and overexpression of BBX4 exhibits 
significantly shortened hypocotyls in various light condi-
tions (Heng et  al. 2019a). phyB is the primary photore-
ceptor for red light which photoconvert to the activated 
far-red light-absorbing form (Pfr), whereas far-red light 
irradiation reverses the activated phytochromes to red 
light-absorbing form (Pr). Phytochromes are synthe-
sized in the cytosol with the Pr form. Upon red light 
irradiation, biologically active Pfr form of phyB translo-
cate into the nucleus to form nuclear bodies with COP1, 
SPAs, PIFs and BBX4. These molecular events trigger the 
repression of E3 ubiquitin ligase activity of COP1-SPA 
complex, the phosphorylation, ubiquitination and degra-
dation of PIFs, and the accumulation of BBX4. In addi-
tion, BBX4 interacts with the remaining pool of PIF3 to 
form heterodimers and repress its transcriptional activ-
ity, reinforcing the phyB-mediated inactivation of PIF3 
and thereby promoting photomorphogenesis (Heng 
et  al. 2019a). BBX20, BBX21, BBX22 and BBX23 inter-
act with HY5 to strength its transcriptional activity, 
eventually promote photomorphogenesis (Zhang et  al., 
2017a; Bursch et al. 2020). Moreover, BBX20, BBX21, and 
BBX22 upregulate the transcript level of HY5 to further 
accelerate photomorphogenic development (Xu et  al. 
2016; Bursch et al. 2020).

BBX18, also named double B-box  1a (DBB1a), is the 
first member of B-box family that only contain two B-box 
motifs. BBX18 co-suppressed and over-expressed trans-
genic lines exhibit shortened and elongated hypoco-
tyls respectively in the blue light (Wang et  al. 2011). 
Thus, BBX18 acts as a negative regulator of blue light-
controlled photomorphogenesis. BBX19 also promotes 
hypocotyl growth, as the RNA interference line reduces 
hypocotyl length while the constitutive expression line 
increases hypocotyl elongation. BBX19 acts as an adap-
tor to strength COP1-mediated degradation of ELF3 
through physically interacts with COP1 and ELF3, alle-
viating the repression of PIF4/5 by evening complex and 
thus repressing photomorphogenic development (Wang 
et al. 2015).

BBX24 and BBX25 additively promote hypocotyl elon-
gation. In different light conditions, bbx24-1 bbx25-1 
double mutant seedlings are significantly shorter than 
that of each of single mutants which are shorter than 
wild type, whereas BBX25-overexpressing lines exhibit 
longer hypocotyls. Biochemical data indicate that BBX24 
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and BBX25 interact with HY5 to form heterodimers to 
repress HY5 transcriptional activity. Thus, BBX24 and 
BBX25 work redundantly to repress seedling photomor-
phogenesis (Gangappa et al. 2013b). In addition, BBX24 
not only represses the transcriptional activity of HY5 to 
negatively regulate UV-B-mediated photomorphogenic 
response, but also interacts with DELLA to derepress 
PIF4 activity and eventually promote shade avoidance 
(Jiang et al. 2012; Crocco et al. 2015).

Mutations of BBX28, BBX29, BBX30 and BBX31 (quad-
ruple mutants) develop short hypocotyls which is shorter 
than the double and single mutants in various light con-
ditions, while overexpression BBX28, BBX29, BBX30 and 
BBX31 markedly promote hypocotyl elongation, sug-
gesting BBX28, BBX29, BBX30 and BBX31 additively 
repress seedling photomorphogenesis (Song et al. 2020b). 
BBX28 and BBX29 associate with HY5 to form heterodi-
meric complex which interfere with the binding ability 
of HY5 to its targets such as BBX30 and BBX31, subse-
quently increasing the transcripts level of BBX30 and 
BBX31, whose proteins bind the promoter of BBX28 and 

BBX29 to upregulate the expression of these genes (Lin 
et al. 2018; Song et al. 2020b). This positive feedback loop 
further assists to repress photomorphogenesis to fine-
tune seedling development in response to various light 
conditions.

Seedlings overexpressing BBX32 display elongated 
hypocotyl and hyposensitivity to various light conditions, 
whereas bbx32 mutants exhibit short hypocotyls in low 
fluence light conditions. BBX32 acts as transcriptional 
regulators to interact with BBX21 and repress its tran-
scriptional activity in a HY5 dependent or independent 
pathway, eventually leading to repress seedlings photo-
morphogenesis (Holtan et al. 2011).

Functions of BBXs in flowering
Extensive studies have shown that multiple B-box pro-
teins play critical role in floral regulation. The first char-
acterized and best identified member of B-box family 
in Arabidopsis was CO/BBX1 which is a crucial acti-
vator of flowering under inductive long days. CO acts 
as a transcription factor to directly bind the promoter 

Fig. 2 BBX proteins in plant photomorphogenesis. PhyB interacts with BBX4 to promote its accumulation, the accumulated BBX4 interacts with 
PIF3 to repress its transcriptional activation activity. BBX11 interacts with phyB which enhances the interaction between phyB and PIF4, leading to 
improve the degradation of PIF4 and promote photomorphogenesis in the prolonged red light. In addition, BBX11 interacts with PIF4 to repress 
the binding ability of PIF4 to its targets which further contributes to enhance plant photomorphogenesis. BBX18 and BBX19 associate with COP1 
to elevate its E3 ubiquitin ligase activity towards ELF3. COP1 targets BBX20, BBX21, BBX22, BBX23, BBX24, BBX25, BBX28 and BBX29 for degradation. 
BBX20, BBX21, BBX22 and BBX23 interact with HY5 to promote its transcriptional activation activity to facilitate plant photomorphogenesis, whereas 
BBX24, BBX25, BBX28, BBX29, and BBX32 interact with HY5 to form heterodimers and repress its transcriptional activity. HY5 directly binds to the 
promoter of BBX30 and BBX31 to repress their expression, while BBX30 and BBX31 inhibit plant photomorphogenesis via regulating genes-related to 
hormone and cell elongation
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of FLOWERING LOCUS T (FT) via its CCT domain, 
eventually leading to activate FT expression and initiate 
flowering (Tiwari et al. 2010). The CO-FT module play 
essential role in photoperiodic flowering and is highly 
conserved across various plant species such as rice, 
barley, maize, tomato, and sunflowers. Besides, other 
members of BBX family such as BBX4/COL3, BBX5/
COL4, BBX6/COL5, BBX7/COL9, BBX10/COL12, 
BBX19, BBX24, BBX28, BBX30/miP1a, BBX31/miP1b, 
and BBX32 have been reported to mediate flower-
ing through distinct mechanisms, either positively or 
negatively. CO, BBX6, and BBX24 accelerate flower-
ing, while BBX4, BBX5, BBX7, BBX10, BBX19, BBX28, 
BBX30, BBX31, and BBX32 delay flowering (Fig. 3).

BBX6, which is transcriptionally regulated by 
GIGANTEA (GI), functions as a flowering activa-
tor. Overexpression of BBX6 causes early flowering 
under short days, while loss of function of BBX6 do 
not show altered flowering which may be due to inap-
propriately expression of BBX6 or the redundantly with 
other B-box proteins (Hassidim et  al. 2009). BBX24, 
also named STO (SALT TOLERANCE), functions as a 
positive regulator of flowering in photoperiod pathway. 
Overexpression of BBX24 accelerates flowering under 
both long-day and short-day conditions, while loss of 
function of BBX24 delays flowering only in short-day 
conditions. BBX24 not only represses FLOWERING 

LOCUS C (FLC) expression, but also promote FT and 
SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) 
expression in a CO-independent manner, consequently 
leading to promote flowering (Li et al. 2014).

The mutant of BBX4 exhibits early flowering, while 
overexpression of BBX4 shows a late flowering pheno-
type under long day conditions like what is observed for 
BBX32-OX. However, the artificial microRNA line of 
BBX32 also flowered late in both long-day and short-day 
conditions, which could be due to the redundancy and/or 
feedback regulation of B-box family proteins. Biochemi-
cal data demonstrate that BBX4 binds to the promoter 
region of FT in the presence of BBX32 to repress FT 
expression, delaying flowering under long day conditions 
(Tripathi et  al. 2017). The molecular lesion in BBX5/
COL4 results in increasing expression of FT and AP1 
which accelerate flowering under long day conditions, 
whereas BBX5 overexpression lines show delayed flower-
ing. BBX5 colocalizes with CO in nuclear speckles which 
may interfere the process of CO-activated FT expres-
sion. Thus, BBX5 is a flowering repressor (Steinbach 
2019). BBX7/COL9 is another floral repressor in pho-
toperiod pathway. Overexpression of BBX7 renders late 
flowering, while loss of function of BBX7 displays early 
flowering under long day conditions. BBX7 antagonisti-
cally represses the expression of CO and concomitantly 
reduces the expression of FT and SOC1 to delay flower-
ing (Cheng and Wang 2005). Thus, BBX7 transcription-
ally represses CO, FT and SOC1 expression to suppress 
floral transition. Thereby, BBX4, BBX5, BBX7 inhibit 
flowering through attenuating CO and/or FT expression.

Overexpression of BBX10/COL12 delays flowering 
under long day conditions. BBX10 sequesters CO into 
non-functional complex to repress its activity toward 
FT, leading to decline FT expression and delay flow-
ering. In addition, BBX10 interacts with COP1-SPA1 
complex which target BBX10 for degradation in the 
dark (Ordonez-Herrera et al. 2018). BBX19 and BBX28 
are also floral repressors. Constitutive expression of 
BBX19 and BBX28 cause late flowering in inductive 
photoperiods, whereas loss of function of these genes 
accelerate flowering. BBX19 interacts with CO to form 
heterodimers to inhibit the activity of CO toward FT, 
resulting in the low FT expression and late flower-
ing (Wang et  al. 2014). BBX28 decreases the binding 
ability of CO to FT locus via physical interaction with 
CO, leading to reduce the transcript of FT and nega-
tively regulate flowering (Liu et  al. 2020). As short, 
single domain proteins, BBX30 and BBX31 are also 
named MicroProteins1a and MicroProteins1b which 
are only contain one B-box domain. MicroProteins act 
as important modulators to avert large, multi-domain 
proteins from forming functional multimers. BBX30 

Fig. 3 BBX proteins-mediated flowering. CO, BBX6, BBX24 promote 
flowering via activate FT expression, whereas BBX7 inhibits flowering 
through repressing the expression of CO. BBX5, BBX10, BBX19, and 
BBX28 interact with CO to repress its transcriptional activity, resulting 
in delaying flowering. BBX30 and BBX31 act as scaffold to bridge CO 
and TPL/TPR, leading to block the transcriptional activation activity 
of CO towards FT. BBX proteins in red circle such as BBX4, BBX5, 
BBX7, BBX10, BBX19, BBX28, BBX30, BBX31 and BBX32 are flowering 
repressors, whereas BBX proteins in green circle such as CO, BBX6 and 
BBX24 represent flowering inducers
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and BBX31 interact with CO, as well as recruit TPL/
TPR co-repressor proteins via additional PFVFL motif 
to attenuate CO function. Overexpression BBX30 and 
BBX31 render severely delayed flowering, while bbx30 
bbx31 double mutants show early flowering under long 
day conditions (Graeff et  al. 2016; Heng et  al. 2019b). 
Thus, BBX30 and BBX31 act as adaptors to bridge TPL/
TPR co-repressor proteins and CO transcription fac-
tors to repress CO activity, leading to attenuate FT 
expression and delay the transition to flowering.

CO-FT module is a predominant regulatory hub of 
floral initiation, numerous BBXs regulate the transcript 
level or transcriptional activation activity of CO via 
diverse regulatory mechanisms to modulate FT expres-
sion and flowering process. Moreover, a group of BBXs 
control FT expression and reproductive development 
independent of CO. Plants exert the BBXs-mediated reg-
ulatory networks to fine-tune photoperiodic flowering in 
response to the changeable environment.

BBX family are highly conserved in green plant. For 
example, there are 30 BBX members in rice, and most of 
them are also reported to play vital role in floral transi-
tion. Rice HEADING DATE 1 (HD1/OsBBX18), which 
is an orthologue of CO in Arabidopsis, promotes Hd3a 
(OsFT) expression to activate flowering in short days 
while suppresses Hd3a expression to inhibit flowering 
in long day conditions (Yano et  al. 2000). Dissimilar to 
HD1, a group of B-box containing proteins are proved 
to repress flowering in rice. Overexpression of OsCO3 
in rice displays delayed heading date in short day condi-
tions via repressing FT-like genes (Kim et al. 2008). Loss 
of function of OsCOL4 (OsBBX5) or OsCOL9 (OsBBX7) 
flower early, while gain of function of OsCOL4 or OsCOL9 
flower late under short or long days. Both OsCOL4 and 
OsCOL9 negatively regulate EARLY HEADING DATE 
1 (Ehd1), Hd3a, and RICE FLOWERING LOCUS T1 
(RFT1) expression to suppress flowering (Lee et al. 2010; 
Liu et  al. 2016a, b). Overexpression of OsBBX14 causes 
late flowering regardless of day length through declining 
Hd3a and RFT1 expression (Bai et al. 2016). Overexpres-
sion of OsCOL10 and OsCOL13 delay flowering under 
long-day and short-day conditions via repressing Ehd1, 
Hd3a, and RFT1 expression. OsCOL10 (OsBBX10) is 
positively regulated by long day (LD)-specific flowering 
suppressor GRAIN NUMBER, PLANT HEIGHT AND 
HEADING DATE 7 (Ghd7), while OsCOL13 is function-
ally redundant with OsCOL4 which acts downstream 
of OsphyB and upstream of Ehd1 to repress flowering 
(Sheng et  al. 2016; Tan et  al. 2016, 2017). Overexpres-
sion of OsCOL15 (OsBBX26) and OsCOL16 (OsBBX17) 
trigger late heading under both long-day and short-day 
conditions. Both OsCOL15 and OsCOL16 up-regulate 
the transcripts of Ghd7 to repress heading via reducing 

the expression of Ehd1, Hd3a, and RFT1 (Wu et al. 2017, 
2018). Thus, OsCO3, OsCOL4, OsCOL9, OsCOL10, 
OsCOL13, OsCOL15, and OsCOL16 delay flowering 
under short day and/or long day conditions.

BBX proteins also play essential role in flowering plant. 
Overexpression of Chrysanthemum morifolium BBX8 
(CmBBX8) accelerates floral transition, while artificial 
microRNA-mediated knockdown lines attenuate flow-
ering in summer chrysanthemum. CmBBX8 promotes 
CmFTL1 expression to accelerate flowering via directly 
binding to the promoter of CmFTL1 (Wang et al. 2020). 
Heterologous expression of CmBBX13 in Arabidopsis 
delays flowering regardless of the day length (Ping et al. 
2019). RNA interference-suppressed CmBBX24 lines 
flower early than wild type, while ectopic expression of 
chrysanthemum CmBBX24 in Arabidopsis delay flow-
ering partially via GA pathway under long day condi-
tions (Yang et al. 2014). Thus, CmBBX13 and CmBBX24 
repress but CmBBX8 promotes floral transition in 
chrysanthemum.

Functions of BBXs in shade avoidance
When grown in dense stands, seedlings elongate their 
hypocotyl in an effort to reach light which is a process 
termed shade avoidance syndrome (SAS). A reduction in 
the ratio of red to far-red light and low blue light invoke 
shade avoidance response which is perceived by phy-
tochromes and cryptochromes. Besides stem elongation, 
shade avoidance also evokes a suite of adaptive responses 
including reduced branching, hyponastic leaf orienta-
tion, early flowering, and accelerated senescence (Casal 
2013; Pierik and de Wit 2014). In the shade, reduced bio-
logically photoreceptors restore COP1 nuclear accumula-
tion, as well as release PIFs and the COP1-SPA complex 
to promote hypocotyl elongation (Lorrain et  al. 2008; 
Pacin et  al. 2013; Leivar and Monte 2014). ARFs-medi-
ated auxin signal also contributes to the shade-induced 
hypocotyl elongation. However, deep shade-triggered 
nuclear accumulated PHYA interacts and stabilize with 
AUX/IAA, resulting in the repression of auxin cascade 
and inhibition of hypocotyl growth (Yang et  al. 2018) 
(Fig.  4). It is interesting to investigate how deep shade 
promote the nuclear abundance of PHYA. PIF7 is consid-
ered to be a master regulator of shade-induced hypocotyl 
elongation, which plays essential role in low red: far-red 
(R:FR) light mediated shade avoidance (Leivar et al. 2008; 
Li et  al. 2012). In contrast to PIF1/3/4/5, PIF7 is rela-
tively light-stable. Far-red light absorbing form of phyB 
interacts with phosphorylated PIF7, as well as 14–3-3 
proteins bind and retain phosphorylated PIF7 in the 
cytoplasm, thus resulting in the repression of PIF7 target 
gene expression and inhibition of hypocotyl elongation. 
However, shade induced the decreasing of active form 
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of phyB and accumulation of de-phosphorylated PIF7 
in the nucleus, which lead to shade-triggered hypocotyl 
elongation (Li et al. 2012). Thereby, the nuclear import of 
de-phosphorylated PIF7 is triggered by shade response, 
which is suppressed by 14–3-3 proteins-mediated reten-
tion of PIF7 in the cytoplasm (Fig. 3) (Huang et al. 2018). 
More detailed work on the kinase and phosphatase of 
PIF7 will add new insights into the PIF7-mediated shade-
triggered hypocotyl elongation. Additionally, PIF4 and 
PIF5 control the expression of multiple phytohormones- 
and cell elongation-related genes to promote hypocotyl 
growth, which play redundant role with PIF7 in shade 
avoidance (Lorrain et al. 2008; Li et al. 2021a).

Accumulated studies indicate that BBX proteins play 
essential role in shade avoidance, especially the members 
of group IV which oppositely control shade avoidance-
triggered hypocotyl elongation. BBX21 and BBX22 has 
been reported to negatively regulate long-term canopy 
shade, while BBX18, BBX24 and BBX25 are positive reg-
ulators of shade avoidance (Crocco et al. 2011; Gangappa 
et al. 2013b). COP1 positively regulates shade avoidance 
mediated hypocotyl elongation. Mutations of BBX21 and 
BBX22 partially restore the impaired SAS of cop1 mutant 
seedlings grown under a low R:FR ratio. Besides, BBX21 
positively regulates the expression of PAR1, HFR1, PIL1 
and ATHB2 which are early shade avoidance genes. Thus, 
BBX21 and BBX22 act downstream of COP1 to modulate 

Fig. 4 BBX proteins in shade avoidance. When the R/FR ratio is in the range of 0.8–1.0, plants will develop shade avoidance. However, once the 
ratio of R/FR is reduced to approximately 0.05–0.7, plants will undergo deep shade procedure. Shade condition promotes phyB in the Pr form 
which is a bio-inactivate state. The Pr form of phyB represses its translocation from the cytoplasm to the nucleus and inhibit the association with 
photomorphogenic repressors (COP1, SPAs, and PIFs and so on), resulting in promoting HY5, BBX21 and BBX22 degradation, PIFs accumulation, 
and hypocotyl elongation, thus facilitating shade avoidance. PIF7 is the master regulator to mediate shade-triggered hypocotyl elongation. Shade 
induces the accumulation of dephosphorylated PIF7 in the nucleus, while white light increases the level of phosphorylated PIF7 which tends 
to transport into the cytoplasm and interacts with 14–3-3 proteins. Besides, PIF4 and PIF5 contribute to shade-induced hypocotyl elongation 
by regulating gene expression involved in auxin signal. phyA is the primary photoreceptor in the low ratio of R/FR to mediate shade response. 
Whereas, deep shade-triggered phyA nuclear accumulation promotes the interaction of phyA and IAA/AUX, leading to repress ARFs activity and 
inhibit hypocotyl elongation. BBX24 and BBX25 interact with HY5 to repress its activity to promote shade-triggered hypocotyl elongation. Besides, 
BBX24 associates with DELLA to alleviate the inhibition of PIF4, also releasing hypocotyl growth in the shade. In addition, BBX16 induces hypocotyl 
elongation in low R:FR, consisting with the improvement of PIL1 expression
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hypocotyl elongation in a negative feedback loop to avoid 
exaggerate elongation response under shade condition 
(Crocco et al. 2011).

BBX24 and BBX25 are redundant in promotion of 
shade avoidance-induced hypocotyl elongation, which 
are dependent on COP1. BBX24 and BBX25 interact 
with HY5 to interfere with its transcriptional activity 
(Gangappa et  al. 2013b). Besides, BBX24 interacts with 
DELLA proteins to derepress PIF4 activity, releasing 
PIF4-mediated hypocotyl elongation in shade conditions 
(Crocco et al. 2015).

BBX16/COL7 promotes shoot branching in high R:FR 
conditions which is efficiently inhibited by shade condi-
tions. BBX16 triggers hypocotyl elongation in low R:FR, 
contaminating with inducing PIL1 expression, whereas 
BBX16 inhibits shoot growth in moderate or high R:FR 
to promote photomorphogenesis (Wang et  al. 2013b, 
a). In addition, moderate light increases the expres-
sion of BBX16 which is activated by GLK1 to promote 
photomorphogenesis, while GUN1 represses BBX16 
transcription through repressing GLK1 expression to 
attenuate hook unfolding and cotyledon separation after 
chloroplast damage (Veciana et  al. 2022). Thus, BBX16 
acts downstream of GLK1 to repress GUN1-mediated 
suppression of photomorphogenesis during retrograde 
signaling activation.

Functions of BBXs in hormonal signaling
Light is a key external stimulus to influence plant growth 
and development, while phytohormones are critical 
internal cue to regulate a web of physiological responses 
in plants. Multiple evidences have revealed that BBX 
proteins play integrated role in phytohormones signal-
ing pathway-mediated cellular and developmental pro-
cess (Fig.  5). Light promotes the protein accumulation 
of BBX16 in a phyB-dependent manner. BBX16 activates 
the transcription of SUPERROOT 2 (SUR2), which is a 
suppressor of auxin biosynthesis, contributing to reduce 
auxin level and promote shoot branching in high R:FR 
light conditions (Zhang et  al. 2014). Thus, BBX16 inte-
grates light and auxin to regulate plant shoot branching 
in response to high light conditions.

BBX18 contains double B-box (DBB) in the N termi-
nus which belongs to subgroup IV. Blue light induces 
the expression of BBX18, which is in a CRY1 and CRY2 
dependent manner. Overexpression BBX18 leads to long 
hypocotyls in the blue light, while co-suppression of 
BBX18 exhibits short hypocotyls. BBX18 not only posi-
tively regulates the expression of GA3β-hydroxygenase1 
(GA3ox1) and GA20-oxidase1 (GA20ox1) which are 
GA biosynthesis genes, but also negatively regulates the 
expression of GA metabolic genes such as GA2-oxidase1 
(GA2ox1) and GA2ox8 under blue light (Wang et  al. 

2011). Thus, BBX18 suppresses blue light-inhibition 
of hypocotyl elongation through increasing bioactive 
GA levels in plant. Mutations in BBX24 develop short 
hypocotyls, while overexpression of BBX24 displays 
longer hypocotyls in shade conditions. Gibberellin treat-
ment rescues the defects of shade-response in bbx24 by 
degradation DELLA proteins which are negative regu-
lators of GA. BBX24 interacts with DELLA proteins to 
derepress the activity of PIF4 to its targets (Crocco et al. 
2015). Thus, BBX24 promotes shade avoidance partially 
by alleviating DELLA-mediated repression of PIF4 activ-
ity. Thereby, BBX24 is a positive regulator of GA signal-
ing by interacting and inhibiting DELLA activity, whether 
BBX24 affects the interaction between DELLA and GID1 
needs further investigation.

In response to drought stress, plant accelerates flower-
ing time and set seeds before more severely drought con-
ditions coming. In this process, plant exerts Abscisic acid 
(ABA) to promote floral transition under LD conditions 
partially through inducing the transcriptional activation 
of CO and/or its downstream targets gene expression 
such as FT (Riboni et  al. 2016). Thus, CO coordinates 
ABA, flowering, and circadian rhythm signaling to bal-
ance plant survival and seed set. TGACG MOTIF-BIND-
ING FACTOR 4 (TGA4), named as octopine synthase 
(ocs)-element-binding factor 4 (OBF4), directly binds 
to the promoter of FT to regulate its expression might 
through formation the complex with CO. TGA4 also 
associates with NPR1 in SALICYLIC ACID (SA)-induced 
leaves, suggesting CO might orchestrate flowering and 
SA-mediated defense responses to optimize plant growth 
and development (Song et  al. 2008). BBX19, the closet 
homologous of BBX18, negatively regulate seed germi-
nation by promoting ABA signaling. Overexpression of 
BBX19 exhibits ABA hypersensitive, while BBX19 RNA 
interference lines are insensitive to ABA-mediated sup-
pression of seed germination. Further biochemical data 
indicate that BBX19 directly binds to the GT1 motif 
(GGT TAA ) of ABI5 promoter to accelerate its expres-
sion (Bai et  al. 2019a). Thus, BBX19 coordinates ABA 
signaling pathway to fine-tune seed germination. Loss 
of function of BBX21 are more sensitive to ABA-medi-
ated inhibition of seed germination and stomatal open-
ing, implying BBX21 negatively regulate ABA signaling. 
Further analysis indicates that BBX21 interacts with HY5 
and ABI5 to disrupt the binding ability of HY5 and ABI5 
to the promoter of ABI5, leading to repress ABI5 expres-
sion and ABA signaling. Thereby, BBX21 integrates light 
and ABA to work in concert to regulate seed germination 
(Xu et al. 2014). In addition, BBX21 negatively regulates 
shade avoidance partially through downregulating the 
expression of genes associated with auxin, brassinoster-
oid and ethylene signaling pathways (Crocco et al. 2011). 
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It has been reported that BBX21 interacts with HY5 to 
promote its transcriptional activity to augment plant 
photomorphogenesis, however BBX21 associates with 
HY5 to block its binding capacity towards ABI5 and sup-
press ABA-mediated inhibition of seed germination. 
Thus, BBX21 improves HY5 activity in photomorpho-
genesis but repress HY5 binding ability in ABA signal-
ing. The contrast role of BBX21 towards HY5 in diverse 
developmental process awaits further analysis.

Overexpression of BBX20 develops short hypocotyls, 
while co-suppression of BBX20 exhibits slightly but sig-
nificantly longer hypocotyls compared to wild type in 
blue and red light. COP1 interacts with BBX20 to induce 
its degradation in the dark, whereas light triggers the 
inhibition of COP1 to promote the protein accumulation 

of BBX20 which leads to promote plant photomorpho-
genesis. Thus, BBX20 undergoes COP1-mediated degra-
dation in the dark, while light promotes the accumulation 
of BBX20 through inactivating COP1 to positively regu-
late plant photomorphogenesis. BBX20, also known as 
bzr1–1D suppressor1-Dominant (BZS1), which is tran-
scriptionally repressed by BZR1. Gain of function of 
BZS1 partially suppresses the BR hypersensitive mutants 
bzr1-1D by repressing many BR-activated genes, while 
knockdown of BZS1 partially suppress the short hypoc-
otyl of BR-deficient or insensitive mutants (Fan et  al. 
2012). Thus, BBX20 not only positively regulates light 
signaling, but also negatively regulates brassinosteroid 
(BR) signaling. Therefore, BBX20 acts as a node to coor-
dinate light and brassinosteroid signaling to fine-tune 

Fig. 5 BBX proteins in phytohormone-mediated growth and development. BBX proteins are involved in phytohormone signaling to control plant 
growth and development. BBX16 augments SUR2 expression to reduce auxin level. BBX18 increases GA level via elevating GA catabolic related 
genes and suppressing GA metabolic related genes to promote hypocotyl elongation. BBX24 interacts with DELLA to alleviate DELLA-mediated 
inhibition of PIF4. BBX32 interacts with BZR1 to control BR-induced cotyledon closure. BZR1 represses the gene expression of BBX20. BBX21 
associates with HY5 and ABI5 to repress the expression of ABI5 to promote seed germination. BBX19 directly binds to the promoter of ABI5 to inhibit 
seed germination. In addition, ABA induces flowering possibly via improving the transcriptional activity of CO
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plant growth and development. BBX28 and BBX29 asso-
ciate with HY5 to interfere with the binding ability of 
HY5 to its targets, leading to repress plant photomorpho-
genesis. BR induces the protein accumulation of BBX28 
and BBX29 which partially dependent on BRI1 and BIN2. 
Mutations in BBX28 and BBX29 partially suppress the 
constitutively skotomorphogenic phenotype of bzr1-1D 
under treatment of brassinazole (Brz) in the dark, while 
overexpression of BBX28 and BBX29 rescue the short 
hypocotyl of bri1 and bin2-1 partly in the dark and light 
conditions. Besides, BBX28 and BBX29 interact with 
BEE1/2/3 which are a group of bHLH type transcrip-
tion factors to enhance the binding ability of BEE1/2/3 
to their targets, leading to promote BR signaling and 
hypocotyl elongation (Cao et al. 2022). Thus, BBX28 and 
BBX29 act as a link between light and brassinosteroid 
signaling to harmonize plant growth and development. 
BBX32 is highly expressed in the cotyledons, which nega-
tively regulates light signaling but positively promotes 
BR signaling to repress cotyledon opening during de-
etiolation. bbx32 and BBX32 overexpression seedlings 
develop enhanced and reduced cotyledon opening in the 
light or under treatment of Brz in the dark, respectively. 
Biochemical data demonstrate that BBX32 interacts with 
PIF3 and BZR1 to trigger BR-mediated cotyledon closure 
by regulation the expression of the targets of PIF3 and 
BZR1 (Ravindran et  al. 2021). Thus, these data suggest 
that BBX32 acts as a hub to converge light and BR signal-
ing to modulate cotyledon closure during the transition 
from dark to light.

BBX proteins in economic plants also play critical roles 
in phytohormone-mediated plant growth and develop-
ment. CmBBX19-overexpressing and CmBBX19-sup-
pressed lines in chrysanthemum exhibit reduced and 
enhanced drought stress tolerance respectively. Drought 
stress and ABA treatment reduce the expression of 
CmBBX19. Besides, CmBBX19 interacts with CmAB-
SCISIC ACID RESPONSIVE ELEMENTS-BINDING 
FACTOR 3 (CmABF3) which is a master ABA signaling 
component to suppress its transcriptional activity, lead-
ing to inhibit ABA-mediated drought tolerance. Thus, 
CmBBX19 controls drought stress in an ABA-dependent 
pathway (Xu et  al. 2020). Heterologous overexpression 
of CmBBX22 in Arabidopsis improves drought tolerance 
possibly through up-regulating the expression of ABA 
cascade related genes such as ABI3, ABI5 and HY5. In 
addition, CmBBX22 also reduces chlorophyll degrada-
tion- and leaf senescence-related genes such as ABF4, 
SAG29 and NYE1/2 to delay Arabidopsis senescence 
(Liu et  al. 2019a, b). Transgenic plants with suppressed 
expression of CmBBX24 (CmBBX24-RNAi) in Chrysan-
themum morifolium hasten time to flower and reduce 
tolerance to freezing and drought stress. CmBBX24 not 

only negatively regulates GA biosynthesis and photoper-
iod pathway related genes such as GA20OX, GA3OX, and 
CmFTL3 respectively, but also positively regulate genes 
related to compatible solutes and carbohydrate metabo-
lism which are associated with abiotic stress. Under long 
day conditions, endogenous active GA levels such as GA1 
and GA4 in young leaves were increased in CmBBX24-
RNAi lines but decreased in CmBBX24 overexpres-
sion (CmBBX24-OX) plants (Yang et  al. 2014). Thus, 
CmBBX24 delays flowering time and enhances abiotic 
stress tolerance in chrysanthemum, at least in part by 
decreasing GA concentrations.

OsBBX11, OsBBX24 and OsBBX27 are down-regulated, 
whereas OsBBX6 is up-regulated under treatment of 
NAA (a member of the auxin family), GA3 (a gibberellin) 
and KT (a cytokinin). NAA and KT treatments induce 
OsBBX8 expression, while GA3 treatment suppresses 
the expression of OsBBX21. OsBBX18 and OsBBX28 are 
specifically induced with NAA treatment (Huang et  al. 
2012). Thus, OsBBX proteins also response to phytohor-
mones to modulate rice growth and development.

Functions of BBXs in abiotic stress response
Light and phytohormone are critical issues to adjust 
plant growth and development. However, environmental 
cues such as drought, salinity, flooding, cold, high tem-
perature, and other abiotic stresses also tightly control 
plant growth and development. Accumulated studies 
demonstrate that BBX proteins play critical role in abi-
otic stress response (Fig.  6). BBX24, named as salt tol-
erance protein (STO), which is identified as a protein 
conferring salt tolerance in yeast (Lippuner et  al. 1996). 
Overexpression of STO enhances root growth tolerance 
to high salinity, implicating STO is involved in salt-stress 
response (Nagaoka and Takano 2003). BBX25 is known 
as salt tolerance homolog (STH) which plays additive 
role with BBX24 during deetiolation and shade avoidance 
response. Ectopic expression ginkgo (Ginkgo biloba L.) 
BBX25 in populus enhances salt tolerance with greater 
sugar levels and higher peroxidase activity (Huang et al. 
2021). BBX21/STH2 is also a homolog of STO and STH. 
Molecular lesions in STH2 lead to reduce stomatal aper-
ture and water loss under ABA and NaCl treatment, 
indicating sth2 mutants are hypersensitive to ABA and 
salt stress. Besides, STH2 interacts with HY5 and ABI5 
to interfere with their binding ability to the promoter of 
ABI5, contributing to decelerate ABA response. There-
fore, STH2 negatively regulates ABA-mediated dehydra-
tion tolerance (Xu et  al. 2014). In addition, ABA is also 
usually used to hasten flowering through enhancing the 
transcriptional activity or expression of CO and/or FT in 
response to drought stress (Riboni et al. 2016).
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Transgenic plants overexpression AtBBX29 in sug-
arcane (Saccharum spp. hybrid) increase proline accu-
mulation and enzymatic antioxidant activity to survive 
during dehydration. Besides, transgenic plants maintain 
a higher relative water content and photosynthetic rate 
under drought stress. Thus, heterologous expression of 
AtBBX29 in sugarcane enhances drought tolerance and 
delays senescence under water-deficit conditions (Mbam-
balala et  al. 2021). CmBBX19 interacts with CmABF3 
to repress ABA response, leading to reduce drought 
tolerance (Xu et  al. 2020), while CmBBX22 enhances 
drought tolerance possibly via increasing the expression 
of ABI3, ABI5 and HY5 (Liu et  al. 2019a, b). CmBBX24 
delays flowering and improves tolerance to freezing 
and drought stress partially through negatively regu-
lating GA biosynthesis and positively regulating genes 
related to compatible solutes and carbohydrate metabo-
lism which are associated with abiotic stress (Yang et al. 

2014). Exogenous ABA, NaCl,  H2O2 and polyethyl-
ene glycol (PEG) significantly induce the expression of 
Malus domestica BBX10 (MdBBX10). Ectopic expression 
MdBBX10 in Arabidopsis markedly augments tolerance 
to drought and salt stress with higher germination ratio 
and longer root length. Besides, MdBBX10 enhances the 
ability of scavenging reactive oxygen species (ROS) under 
stress through improving the expression of ROS-related 
genes such as superoxide dismutase (SOD), ascorbatep-
eroxidase (APX) and glutathione s-transferase (GST) (Liu 
et al. 2019a, b).

Mutations in BBX7 and BBX8 show freezing sensitiv-
ity, while overexpression of BBX7 and BBX8 enhance 
freezing tolerance, reflecting the positive role of BBX7 
and BBX8 at cold temperature. Cold enhances the sta-
bility of blue light-induced phosphorylated CRY2 which 
competitively binds to COP1 to attenuate the COP1-HY5 
interaction, allowing the accumulation of HY5 which 

Fig. 6 BBX proteins in abiotic stress response. BBX proteins play critical roles in abiotic stress. Drought and ABA repress the expression of CmBBX19, 
whose protein interacts with CmABF3 to inhibits its transcriptional activity, contributing to suppress drought tolerance. The expression of MdBBX10 
is significantly induced by NaCl,  H2O2, polyethylene glycol (PEG) and exogenous ABA. MdBBX10 improves drought tolerance possibly through 
increasing ABA responsive genes including RD29A and HY5. Cold promotes the accumulation of phosphorylated CRY2 which completely interacts 
with COP1 to release HY5. The accumulated HY5 directly binds to the promoter of BBX7 and BBX8, leading to enhance cold tolerance. Drought, 
PEG and ABA upregulate the expression of CmBBX22, which in turn increases the transcription of HY5 and ABI5, improving drought tolerance. 
The expression of MdBBX37 is rapidly increased in response to cold and ABA treatments. MdBBX37 binds to the promoter of MdCBFs to activate 
their transcription, as well as interacts with MdICE1 to enhance the transcriptional activity of MdICE1 on MdCBF1, resulting in promoting cold 
tolerance. Drought and cold stimulate the expression of CmBBX24. The accumulated CmBBX24 positively regulate genes related to compatible 
solutes and carbohydrate metabolism to strength tolerance to drought and cold stress, but negatively regulate GA biosynthesis to delay flowering. 
Heat elevates the transcript and protein level of BBX18 and BBX23 which reduce the protein accumulation of ELF3, releasing the PIF4-mediated 
hypocotyl growth in thermomorphogenesis. However, BBX18 downregulates the expression of HSP70 and HSP101, leading to weaken 
thermotolerance. BBX21 negatively regulates dehydration response, while BBX29 augments drought tolerance in sugarcane. BBX24 and GbBBX25 
are involved in strengthening salt tolerance
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directly binds to the promoter of BBX7 and BBX8 at cold 
stress. BBX7 and BBX8 positively control freezing toler-
ance by regulating genes related to the biosynthesis and 
metabolism of anthocyanins, flavonoids, and aromatic 
compounds which are independently of C-repeat-binding 
(CBF) factor pathway (Li et  al. 2021b). Thus, BBX7 and 
BBX8 act downstream of CRY2-COP1-HY5 module to 
positively regulate blue light-dependent cold acclimation.

Warm temperature (for example 29℃) induces the 
transcript and protein level of BBX18 and BBX23, which 
interact with ELF3 to repress its protein accumulation. 
The decreased ELF3 relieves PIF4-mediated hypoco-
tyl growth to promote thermomophogenesis. Thereby, 
BBX18 and BBX23 positively regulate thermomopho-
genic development in a ELF3 dependent manner (Ding 
et  al. 2018). However, BBX18 is also documented to 
associate with PRR5 to alleviate the PRR5-mediated 
suppression of PIF4 activity which strengths the ther-
moresponsive hypocotyl growth in a ELF3 independ-
ent pathway (Hwang et  al. 2021). Thus, plants employ 
BBX18 to adapt to elevated ambient temperature both 
in ELF3 dependent and independent pathway. However, 
in response to heat stress (for example 42℃), BBX18 
limits the expression of heat stress related genes includ-
ing Hsp70, Hsp101 and APX2. Consistently, RNA inter-
ference-mediated under-expression of BBX18 transgenic 
lines increase both basal and acquired thermotolerance 
with higher seed germination and survival rate, while 
overexpression of BBX18 decrease tolerance to heat 
stress in transgenic plants. Collectively, BBX18 positively 
regulates thermomophogenesis but negatively modulates 
thermotolerance (Wang et al. 2013b, a).

Other functions of the BBX proteins
In addition to the functions of BBX proteins in photo-
morphogenesis, flowering, shade avoidance, hormonal 
signaling pathway and stress response, increased studies 
reveal that they also play key role in circadian rhythm, 
senescence, and anthocyanin biosynthesis. PRR9, PRR7, 
and PRR5 interact with BBX19 to increase its binding 
ability to the promoter of morning-phased clock genes 
such as CCA1, LHY1, and RVE8, enhancing the repressive 
effect on the morning-phased clock genes. Thus, BBX19 
acts as a crucial regulator to interact with PRR9/7/5 pro-
teins to fine-tune the circadian rhythm (Yuan et al. 2021). 
Transgenic plants overexpression Rosa hybrida BBX28 
(RhBBX28) delay flower senescence and deduce  H2O2 
accumulation, while silencing RhBBX28 has the oppo-
site effects. The transcription level of RhBBX28 is asso-
ciated with  H2O2 level which exhibits typical circadian 

rhythmicity in rose. RhBBX28 controls the expression of 
genes related to respiratory metabolism which play vital 
role in mitochondrial ROS homeostasis. In addition, 
RhPIF8 promotes the expression of RhBBX28 to inhibit 
 H2O2 levels in petals and thus delay flower senescence 
(Zhang et al. 2021).

Sixty-four apple BBX (Malus domestica Borkh) were 
identified by comprehensive bioinformatics analysis, 
many of them are identified to response to anthocyanin 
biosynthesis. Upon increased temperature and UV-B 
exposure, MdCOL11/MdBBX33, which acts downstream 
of MdHY5, directly binds to the promoter of MdMYBA 
to promote anthocyanin accumulation in apple peel. In 
addition, MdBBX1, MdBBX15, MdBBX17, MdBBX35, 
MdBBX51, and MdBBX54 activate the transcription of 
MYB10 which is correlation with anthocyanin biosyn-
thesis (Plunkett et al. 2019). MdBBX1 not only activates 
MYB10 expression, but also strengths MYB10-acti-
vated DFR expression. MdBBX20 promotes anthocya-
nin biosynthesis through interacting with MdHY5 to 
enhance the transcription of MdMYB1 (Fang et al. 2019). 
MdBBX23 directly binds to the promoter of MdHY5 to 
activate its transcription, leading to the hypocotyl inhi-
bition and anthocyanin accumulation. MdBBX37 inter-
feres with the binding ability of MdMYB1 and MdMYB9 
to their targets to attenuate anthocyanin accumulation 
via physical interactions. MdBBX37 directly binds to the 
promoter of MdHY5 to suppress its expression, lead-
ing to hypocotyl elongation (An et  al. 2020). Moreover, 
MdBBX37 not only binds to the promoter of MdCBF1 
and MdCBF4 to activate their transcription, but also 
interacts with Malus domestica INDUCER OF CBF 
EXPRESSION 1 (MdICE1) to enhance the transcriptional 
activity of MdICE1 on MdCBF1, leading to promote 
cold tolerance. Malus domestica JASMONATE-ZIM-
DOMAIN PROTEIN 1 (MdJAZ1) and MdJAZ2 inter-
act with MdBBX37 to repress its transcriptional activity 
and interfere with the interaction between MdBBX37 
and MdICE1, attenuating JA-mediated cold tolerance. 
In addition, MdMIEL1 acts as a RING type E3 ligase to 
target MdBBX37 for ubiquitination and degradation (An 
et  al. 2021). PpBBX16 is identified as a positive regu-
lator of anthocyanin biosynthesis. PpBBX16 interacts 
with PpHY5 to enhance the activation of PpMYB10 and 
PpCHS, contributing to the accumulation of anthocya-
nin (Bai et al. 2019c). Similarly, PpBBX18 interacts with 
PpHY5 to activate PpMYB10 expression and anthocyanin 
biosynthesis, whereas PpBBX21 disrupts the interaction 
between PpBBX18 and PpHY5 through directly associa-
tion with them to reduce anthocyanin biosynthesis (Bai 
et al. 2019b).
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Concluding marks and future perspectives
BBX proteins play important role in a multitude of physi-
ological process throughout the plant life cycle, including 
photomorphogenesis, flowering, anthocyanin biosynthe-
sis, shade avoidance, phytohormone-mediated programs, 
biotic and abiotic stress and so on. In this review, we 
summarize the current existing studies of multi-layered 
roles of BBX proteins in diverse developmental pro-
cesses, providing a comprehensive signal transduction 
network of BBX proteins-mediated plant growth and 
development. However, multiple remaining BBXs await 
investigation in detail, especially in crop plants.

Accumulated studies have identified a wide range 
of BBX proteins in various plant species such as rice, 
wheat, maize, soybean, cotton, potato, tomato, pear, 
rose, apple, bananas, chrysanthemum, grapevine, pea-
nut, sweet cherry, strawberry, peach, raspgerry, and 
Moso bamboo. 8 of the 30 OsBBX proteins in rice are 
reported to play critical role in floral transition, how-
ever most of them are remained to be studied in detail. 
10 MdBBX proteins have been identified and charac-
terized in apple, while the remaining 54 MdBBX pro-
teins need further investigation. 2 PpBBXs have been 
studied in pear, whereas the function of 35 PpBBX 
proteins remain unknown. 24 members of grapevine 
BBX (VvBBX) were identified, VvBBX22 is supposed to 
participate in multiple functions, including leaf senes-
cence, abiotic stress responses, fruit development, and 
hormone response, however the role of the remain-
ing VvBBX proteins need to be dissected (Crocco and 
Botto 2013). Since BBXs are evolutionarily conserved 
in various plant species. Functional analysis of BBXs 
in multiple plant species will help us better under-
stand the role of the conserved and evolutionary BBX 
family, which will add new insights into crop breeding. 
Actually, some BBX proteins have shown great poten-
tials in improving agronomic traits. Solanum lycoper-
sicum BBX20 (SlBBX20) directly binds to the G-box 
motif of the promoter of PHYTOENE SYNTHASE 1 
(PSY1) to activate its expression, contributing to the 
accumulation of carotenoid in tomato. Consistently, 
overexpression of SlBBX20 leads to dark green fruits 
and leaves and higher levels of carotenoids, which is a 
new target for genetic improvement of the nutritional 
quality of tomato fruit (Xiong et al. 2019). In addition, 
SlBBX20 and SlBBX21 interact with SlHY5 to bind to 
the SlHY5 promoter to activate its expression, whereas 
accumulated SlHY5 outcompetes SlBBX20 for binding 
to the SlHY5 promoter to negatively regulate its own 
transcription under UV-B. Such autoregulatory nega-
tive feedback loop fine-tunes seedling establishment 
in response to UV-B light (Yang et  al. 2022). Ectopic 
expression of AtBBX21 in potato (Solanum tuberosum) 

promotes photosynthesis, anthocyanin accumulation 
and tuber yield which is more robust and shorter than 
wild-type plant. Heterologous expression of AtBBX32 
in soybean (Glycine max) results in increased duration 
of the pod and seed development and grain yield. Over-
expression of GmBBX52 and GmBBX53 enhance yield 
and delay maturation similarity to what is observed in 
soybean plants overexpressing AtBBX32 (Preuss et  al. 
2012). Transgenic rice with overexpression of OsCOL9 
enhance resistance to Magnaporthe oryzae, while knock 
out of OsCOL9 with clustered regularly interspaced 
short palindromic repeats (CRISPR) are more suscepti-
ble to blast (Liu et al. 2016a, b). Considering the crucial 
roles of BBXs in the control of plant growth and devel-
opment, and manipulation of BBXs with modern bio-
technologies such as transgenic and CRISPR-mediated 
genome editing are available. It is possible to generate 
desirable agronomic traits in diverse crops by manipu-
lating BBXs with advanced biotechnologies in future.

Abbreviations
ABA  ABSCISIC ACID
ABF3  ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 3
BBX  B-BOX DOMAIN PROTEIN
BEE1  BR-ENHANCED EXPRESSION 1
BEE2  BR-ENHANCED EXPRESSION 2
BEE3  BR-ENHANCED EXPRESSION 3
BR  BRASSINOSTEROID
BRZ  BRASSINAZOLE
BZR1  BRASSINAZOLE-RESISTANT 1
BZS1  Bzr1–1D SUPPRESSOR1-DOMINANT 1
CBF1  C-REPEAT/DRE BINDING FACTOR 1
CCA1  CIRCADIAN CLOCK ASSOCIATED 1
CCT   CONSTANSE, CONSTANSE-LIKE, AND TOC1
CO  CONSTANSE
COP1  CONSTITUTIVELY PHOTOMORPHOGENIC 1
CRY1  CRYPTOCHROME 1
CRY2  CRYPTOCHROME 2
DBB1a  DOUBLE B-BOX 1a
EHD1  EARLY HEADING DATE 1
ELF3  EARLY FLOWERING 3
FKF1  FLAVIN-BINDING KELCH REPEAT F-BOX 1
FLC  FLOWERING LOCUS C
FT  FLOWERING LOCUS T
GA  GIBBERELLIN ACID
GA3ox1  GIBBERELLIN3 BETA-HYDOXYGENASE 1
GA20ox1  GIBBERELLIN20-OXIDASE 1
GHD7  GRAIN NUMBER, PLANT HEIGHT AND HEADING DATE 7
GI  GIGANTEA
GLK1  GOLDEN2-LIKE 1
GUN1  GENOMES UNCOUPLED 1
HD1  HEADING DATE 1
HFR1  LONG HYPOCOTYL IN FAR-RED 1
HY5  ELONGATED HYPOCOTYL 5
ICE1  INDUCER OF CBF EXPRESSION 1
JAZ1  JASMONATE-ZIM-DOMAIN PROTEIN 1
JAZ2  JASMONATE-ZIM-DOMAIN PROTEIN 2
LHY1  LATE ELONGATED HYPOCOTYL 1
LKP2  LOV KELCH PROTEIN 2
NFYB2  NUCLEAR FACTOR Y, SUBUNIT B2
NF-YC3  NUCLEAR FACTOR Y, SUBUNIT C3
NYE1  NON-YELLOWING 1
NYE2  NON-YELLOWING 2
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OBF4  OCTOPINE SYNTHASE-ELEMENT-BINDING FACTOR 4
PAR1  PHYTOCHROME RAPIDLY REGULATED 1
PIF1  PHYTOCHROME INTERACTING FACTOR 1
PIF3  PHYTOCHROME INTERACTING FACTOR 3
PIF4  PHYTOCHROME INTERACTING FACTOR 4
PIF5  PHYTOCHROME INTERACTING FACTOR 5
PIF7  PHYTOCHROME INTERACTING FACTOR 7
PIF8  PHYTOCHROME INTERACTING FACTOR 8
phyA  PHYTOCHROME A
phyB  PHYTOCHROME B
PIL1  PHYTOCHROME INTERACTING FACTOR 3-LIKE 1
PRR5  PSEUDO-RESPONSE REGULATOR 5
PRR7  PSEUDO-RESPONSE REGULATOR 7
PRR9  PSEUDO-RESPONSE REGULATOR 9
RBCC  RING, B-box, COILED-COIL
RFT1  RICE FLOWERING LOCUS T1
RVE8  REVEILLE 8
SA  SALICYLIC ACID
SAG29  SENESCENCE-ASSOCIATED GENE 29
SOC1  SUPPRESSOR OF OVEREXPRESSION OF CO 1
SPA  SUPPRESSOR OF PHYTOCHROME A
STH2  SALT TOLERANCE HOMOLOG2
STO  SALT TOLERANCE
SUR2  SUPERROOT 2
TGA4  TGACG MOTIF-BINDING FACTOR 4
TOC1  TIMING OF CAB EXPRESSION 1
ZTL  ZEITLUPE
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