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Abstract
Key message The novel spontaneous long hypocotyl and early flowering (lhef) mutation in cucumber is due to a 
5551-bp LTR-retrotransposon insertion in CsPHYB gene encoding PHYTOCHROME B, which plays a major role 
in regulating photomorphogenic hypocotyl growth and flowering.
Abstract Hypocotyl length and flowering time are important for establishing high-quality seedlings in modern cucumber 
production, but little is known for the underlying molecular mechanisms of these two traits. In this study, a spontaneous 
cucumber long hypocotyl and early flowering mutant was identified and characterized. Based on multiple lines of evidence, 
we show that cucumber phytochrome B (CsPHYB) is the candidate gene for this mutation, and a 5551-bp LTR-retrotransposon 
insertion in the first exon of CsPHYB was responsible for the mutant phenotypes. Uniqueness of the mutant allele at CsPHYB 
was verified in 114 natural cucumber lines. Ectopic expression of the CsPHYB in Arabidopsis phyB mutant rescued the long 
hypocotyl and early flowering phenotype of phyB-9 mutant. The wild-type CsPHYB protein was localized on the membrane 
and cytoplasm under white light condition, whereas in the nucleus under red light, it is consistent with its roles as a red-light 
photoreceptor in Arabidopsis. However, the mutant csphyb protein was localized on the membrane and cytoplasm under both 
white and red-light conditions. Expression dynamics of CsPHYB and several cell elongation-related genes were positively 
correlated with hypocotyl elongation; the transcription levels of key positive and negative regulators for flowering time were 
also consistent with the anthesis dates in the mutant and wild-type plants. Yeast two hybrid and bimolecular fluorescence 
complementation assays identified physical interactions between CsPHYB and phytochrome interacting factor 3/4 (CsPIF3/4). 
These findings will provide new insights into the roles of the CsPHYB in cucumber hypocotyl growth and flowering time.

Introduction

Light is not only the major driver of plant photosynthesis, 
but also arguably one of the most important environmental 
cues that profoundly regulate plant growth and development 
(Xu et al. 2019; Yadav et al. 2020). Plants perceive the light 
signals through a set of sophisticated photoreceptors, which 
include the red and far red light-absorbing phytochromes 
(phyA-phyE) (Oh et al. 2020; Kahle et al. 2020), blue/UVA 
light-absorbing cryptochromes (CRY1 and CRY2) (Miao 
et al. 2022; Xu et al. 2021; Zhong et al. 2021), phototropins 
(PHOT1 and PHOT2) (Inoue et al. 2020; Rusaczonek et al. 
2021) and UVB light-absorbing UV RESISTANCE LOCUS 
8 (UVR8) (Ge et al. 2020; Miao et al. 2021). Among these 
photoreceptors, the phytochromes (phys) are well char-
acterized that play critical roles in various physiological 
and developmental processes, including seed germination, 
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photomorphogenesis and transition to flowering time (Nem-
hauser and Chory. 2002; Hajdu et al. 2015; Fragoso et al. 
2017; Zou et al. 2020; Liu et al 2021a, b).

In Arabidopsis thaliana, five family members of phy-
tochromes (phyA-phyE) have been identified that are respon-
sible for mediating plant response to red and/or far-red light 
signals (Briggs and Olney 2001). Of them, the PHYB is 
the dominant red-light photoreceptor and a positive regula-
tor of photomorphogenesis (Wei et al. 2021). PHYB has 
two distinct photoconvertible forms: the inactive red-light 
absorbing form (Pr) and the active far-red light absorbing 
form (Pfr) (Quail 2002). The hypocotyl elongation is an 
earliest event of photomorphogenesis affected by the light 
signal after the seed germination in plants (Nakano et al. 
2019). As a positive regulator of photomorphogenesis, the 
active form PHYB is directly interacting with a subset of 
basic helix-loop-helix (bHLH) transcription factors named 
PHYTOCHROME-INTERACTING FACTORS (PIFs) 
leading to their rapid phosphorylation, and subsequent deg-
radation via the 26S proteasome pathway, thus inhibiting 
hypocotyl elongation (Shen et al. 2008; Leivar and Quail 
2011). In addition, PHYB can interact with COP1, a RING-
finger E3 ubiquitin ligase in a red-light dependent manner to 
enhance accumulation of bZIP transcription factor HY5 that 
promotes hypocotyl elongation inhibition (Deng et al. 1992; 
Jang et al. 2010; Lu et al. 2015; Sheerin et al. 2015). Besides 
PIFs and COP1, a series of transcriptional regulators were 
recently identified including the BBX4, SWR1 complex 
subunits SWC6 and ARP6, MYB30, ARF6/8, AGB1 as the 
PHYB-interacting protein and downstream components of 
red light signaling in regulation of the hypocotyl elongation 
(Xu et al. 2019; Heng et al. 2019; Mao et al. 2020; Yan et al. 
2020; Wei et al. 2021).

For all seed crops, the transition from vegetative growth 
to flowering is a key developmental progress that determines 
the production of dry matter (Jung and Müller. 2009). In this 
progress, PHYB plays a major role in regulation of flowering 
in a photoperiod-dependent manner in Arabidopsis (Kumar 
et al. 2018). In photoperiod control of flowering pathway, 
the positive floral integrator CONSTANS (CO), a CCT 
domain transcription factor can be promoting flowering by 
activation of FLOWERING LOCUS T (FT), but degraded 
by its upstream PHYB to delay flowering under summer 
long-days in Arabidopsis (Valverde et al. 2004; Song et al. 
2015; Kumar et al. 2018). Accordingly, flowering is accel-
erated in phyB mutants (Hajdu et al. 2015). In Arabidopsis 
phyB mutants, the PIF4 basic helix-loop-helix transcription 
factor was released from and independent of the PHYB 
and then facilitates the accumulation of FT and promotes 
flowering (Galvāo et al. 2019). In addition, PHYB can also 
interact directly or indirectly with other proteins including 
HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE 
GENES1 (HOS1), PHYTOCHROME AND FLOWERING 

TIME1 (PFT1) and VASCULAR PLANT ONE–ZINC FIN-
GER1/2 (VOZ1/2) to promote or repress the FT and CO 
expression level ultimately mediated flowering (Wollenberg 
et al. 2008; Iñigo et al. 2011; Yasui et al. 2012; Lazaro et al. 
2015). These studies suggested that the PHYB involved 
in the regulation of flowering by integrating upstream of 
some key regulators in the flowering pathway. However, the 
PHYB-mediated flowering was mainly studied in the model 
plant Arabidopsis. In one report in rice, OsPHYB func-
tions upstream of OsCOL4, a member of the CONSTANS-
like (COL) family to regulate the flowering time was also 
reported (Lee et al. 2010). Little is known about the PHYB-
mediated hypocotyl elongation and flowering in other plants. 
Cloning and characterization of PHYB gene from non-model 
plant species may be useful to improve a better understand-
ing of PHYB functions.

Cucumber (Cucumis sativus L., 2n = 14) is an important 
vegetable crop and cultivated all over the world (Li et al. 
2013; Hu et al. 2021). For successful production of cucum-
ber, the use of high-quality seedlings is crucial. The hypoco-
tyl length is closely related to the robust seedlings, which 
are critical for safe handling, transportation and survival rate 
after seedling transplanting, and eventually for cucumber 
yield (Ming et al. 2011). Furthermore, cucumber hypocotyl 
can be a model organ for exploring the light-mediated cell 
elongation and photomorphogenesis (Bo et al. 2016; Zhong 
et al. 2021). For most crops, flowering is also an impor-
tant agronomic trait directly related to yield and quality (Lu 
et al. 2014). Commercial cucumbers are generally neutral 
in photoperiod. Therefore, early flowering is an eminent 
trait that contributes to the earliness and economic yield in 
cucumber (Robbins and Staub 2009). Meanwhile, the germ-
plasm with early flowering provides a useful tool to explore 
the mechanism of the transition from the vegetative phase 
to the reproductive phase controlled by light signals and 
genetic pathways. Little is known about the mechanisms by 
which the PHYB controls hypocotyl elongation and flower-
ing time in cucumber. So far, two long hypocotyl genes elh1 
and lh were cloned in cucumber (Hu et al. 2021; Liu et al. 
2021a, b), but the underlying mechanism of the elh1 and lh-
regulated hypocotyl elongation still need further investiga-
tion. For flowering time, although a number of QTLs have 
been identified (Pan et al. 2017; Sheng et al. 2019; Wang 
et al. 2019), only one candidate gene was identified, which 
was proposed to be a homolog of Arabidopsis FT (Lu et al. 
2014). However, the extent and role of FT for flowering time 
in modern cucumber elite cultivars have not been addressed 
in detail.

Here, we reported identification and characterization of 
a novel spontaneous mutant with long hypocotyl and early 
flowering (named as lhef). Mapping-based cloning reveled 
that a 5.5-kb LTR retrotransposon insertion in CsPHYB that 
was responsible for the mutation phenotype, which was a 
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homolog of Arabidopsis PHYB gene participating in the 
light-induced photomorphogenesis and regulation of flow-
ering time.

Materials and methods

Plant materials and mapping populations

AM274, a.k.a “Salt & Pepper’ (Cavatorta et al. 2012) is an 
inbred line of cultivated cucumber with normal hypocotyl 
and flowering time (WT or wild type; AM274W hereinaf-
ter). A spontaneous mutant with a long hypocotyl and early 
flowering was identified from AM274W. Since this was 
the first report on the mutant phenotype in cucumber, the 
mutant and the underlying gene was referred as AM274M 
and lhef (long hypocotyl and early flowering), respectively, 
hereinafter.

For study of the inheritance of the long hypocotyl and 
early flowering (lhef) locus,  F2 populations were developed 
from cross of AM274M with three cucumber inbred lines 
9930 (North China type), CCMC (a Chinese landrace), and 
Gy14 (a US pickling type). Initial mapping of the lhef locus 
was performed with 96 AM274M × 9930  F2 plants. For fine 
mapping of the lhef gene, recombinants were identified from 
 F2 plants of AM274M × 9930 using flanking markers. All the 
 F2 plants used for initial mapping and recombinants were 
self-pollination to produce  F3 offspring. And 40 plants of 
each  F3 family were examined for segregation of hypoco-
tyl and flowering time to determine  F2 genotype at the lhef 
locus. Segregation of target traits was tested against expected 
ration with chi-square (χ2) test. All plants were grown in 
plastic greenhouses under natural sunlight at the Northwest 
A&F University (Yangling, China). The length of hypoco-
tyl of all the plants was observed visually and scored at the 
cotyledon stage.

Flowering time was assessed with the day to anthesis of 
the first flower (female or male) on each plant after trans-
planting. The data were collected in both the spring and 
autumn growing seasons of 2021.

Effects of light quality and temperature 
on hypocotyl elongation

To explore the effects of light quality and temperature 
on hypocotyl elongation, the seedlings of AM274M and 
AM274W were cultured in the growth chambers with dif-
ferent light sources as described in our previous study (Hu 
et al. 2021). Dark treatment was also employed as a parallel 
with these experiments. Hypocotyl length was measured at 
the 15d after germination when the cotyledons were fully 
expanded. The dynamic change of hypocotyl length and its 
hypocotyl elongation rate were also investigated every 2 d for 

15 days under white and red light, respectively. The effects 
of temperature on hypocotyl elongation were evaluated at the 
18 ℃, 25 ℃ and 32 ℃, respectively. Hypocotyl length was 
recorded 15d after germination for each treatment.

Microscopic examination of hypocotyl cells

The hypocotyls of AM274W and AM274M were sampled 
15d after germination. The center section of the hypocotyl 
was cut into small pieces and fixed for 24 h at 4 ℃ in FAA 
solution (acetic acid, formaldehyde, and 70% ethanol by 
1:1:18). The fixed samples were stained overnight at 42 ℃ 
with 1% safranin in 75% ethanol and subsequently dehy-
drated using series of ethanol concentrations. The samples 
were then treated with xylene, embedded in paraffin, sec-
tioned with a microtome. The samples were washed with 
absolute ethanol for 3 min and then stained with 0.1% tolui-
dine blue for 20 min. Paraffin sections were visualized using 
the BX63 microscope (Olympus, Tokyo, Japan). The hypoc-
otyl cell length and cell numbers were measured or counted 
using the software ImageJ (https:// imagej. nih. gov/ ij/).

Fine genetic mapping of lhef gene

For quick search, the molecular markers linked with the lhef 
locus, bulked segregation analysis (BSA) was employed in 
AM274M × 9930  F2 population for the initial mapping of the 
lhef locus. Two DNA pools were constructed, LH-pool con-
sisting of 10 long hypocotyl and early flowering plants and 
NH-pool with 10 normal hypocotyl and flowering plants. 
SSR markers evenly distributed in the seven cucumber chro-
mosomes were chose to screen for polymorphism between 
the parental lines AM274M and 9930 (Ren et al. 2009). 
Polymorphic markers were further verified between the two 
pools and then successively applied to 96  F2 individuals for 
linkage analysis.

For fine mapping of the lhef locus, the SNP and Indel 
markers were explored in the target region using high-
throughput resequencing reads. Sequence alignment was 
performed with DNAMAN V10.0 (http:// www. lynnon. 
com/). The SNPs were converted to CAPS and dCAPS 
markers using dCAPS Finder 2.0 (http:// helix. wustl. edu/ 
dcaps/ dcaps. html). Additional SSR markers were developed 
from Sanger sequencing of target DNA region in AM274M 
and 9930. Primers were designed with Primer Premier 5.0 
(http:// www. premi erbio soft. com/ prime rdesi gn/). Primers 
were used for various purposes in this study provided in 
Supplemental Table S1.

DNA extraction, PCR amplification molecular markers 
and gel electrophoresis were executed as described by Li 
et al. (2013). Linkage analysis of lhef locus with molecular 

https://imagej.nih.gov/ij/
http://www.lynnon.com/
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markers was performed using JoinMap 4.0 at an LOD 
threshold of 5.0.

Gene prediction and candidate gene identification

The lhef locus was finally delimited into a 19.5 kb genomic 
DNA region in the 9930 (V3.0). This region was manually 
annotated with the online program FGENESH (http:// sunl. 
softb erry. com/). Gene function prediction was performed 
with BLASTP (https:// blast. ncbi. nlm. nih. gov/ Blast. cgi). 
All genes in the target region were Sanger sequenced from 
AM274M and AM274W to confirm causal polymorphisms.

We found that the mutant phenotype was due to inser-
tion of a 5.5 kb of LTR-RT. To check if this insertion also 
presented in other cucumber lines, three primers (Table S1) 
were designed including two (gPHYB-2L and gPHYB-2R) 
flanking the insertion point and one (gPHYB-IN) within the 
LTR-RT. These three primers were used to genotype 114 
cucumber accessions (Bo et al. 2016) with duplex PCR. The 
PCR products were resolved with 0.8% agarose gel electro-
phoresis. Cucumber lines with (mutant) and without (WT) 
the RT insertion would generate a 439-bp and 217-bp frag-
ment, respectively.

Phylogenetic analysis of CsPHYB homologs in plants

We analyzed the phylogenetic relationships of PHYB 
homologs in 15 plant species (see Supplemental Table S4 for 
sequences and accession #). Multiple protein sequence align-
ment was performed with Clustal W, and the phylogenetic 
tree was constructed with neighbor-joining method (Saitou 
and Nei. 1987) based on distance calculation with 1000 
bootstrap replications in MEGA 7.0 (https:// www. megas 
oftwa re. net/). Domain structure of CsPHYB protein was 
predicted using the online tool Batch CD-Search (https:// 
www. ncbi. nlm. nih. gov/ Struc ture/ cdd/ wrpsb. cgi).

Spatiotemporal expression analysis of CsPhyb 
and other cell elongation and flowering time related 
genes

Total RNA of hypocotyl samples was extracted from 
AM274M and AM274W at 3, 5, 7, 9, 11, 13 and 15 days 
after germination (dag), and cDNA was synthesized using 
the 5 × All-In-One RT MasterMix (ABM, Canada). Quan-
titative real-time PCR (qPCR) was performed to examine 
the time-course expression pattern of the lhef gene and 
other genes (CsaV3_3G015200 and CsaV3_3G015210) 
in the candidate gene region (19.3 kb). We also examined 
the expression of lhef candidate gene in various cucumber 
organs including the shoot apical meristem, hypocotyl, root, 
stem, cotyledon, true leaf, flower and fruit. The cDNA of 
hypocotyl was also used for lhef candidate gene cloning.

To explore the molecular mechanism by which lhef regu-
lates hypocotyl elongation and flowering time, we exam-
ined the expression of selected genes involved in the cell 
expansion including CsEXT3 (EXTENSIN3), CsEXPA8 
(EXPANSIN-A8), CsDWF4 (DWARF4), CsXTR6 (XYLO-
GLUCAN ENDOTRANSGLYCOSYLASE6), CsXTH22 
(XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDRO-
LASE PROTEIN22), CsPIF3/4 (PHYTOCHROME-INTER-
ACTING FACTOR 3/4), CsCOP1 (CONSTITUTIVELY 
PHOTOMORPHOGENIC 1) and CsHY5 (ELONGATED 
HYPOCOTYL 5) (Bo et al. 2016; Hu et al. 2021). We also 
examined gene expression of selected genes known to regu-
late flowering time in plants including CsFT (FLOWERING 
LOCUS T), CsSOC1 (SUPPRESSOR OF OVEREXPRES-
SION OF CONSTANS 1), CsCO (CONSTANS), CsTFL1b 
(TERMINAL FLOWER 1b), CsELF3 (EARLY FLOWERING 
3) and CsLFY (LEAFY) (Cai et al. 2020). Previous studies 
in Arabidopsis showed the endogenous gibberellin also was 
involved in the flowering (Blázquez et al. 1999). Therefore, 
the expression level of two key genes CsKAO (ent-kaurenoic 
acid oxidase 1) and CsGA20ox-2 (gibberellin 20 oxidase 
2-like) for bioactive GA biosynthesis, and CsGA2ox-1 (gib-
berellin 2-beta-dioxygenase 1) encoding GA-inactivating 
enzyme were also examined in cucumber mutant lhef. The 
UBI-ep gene (ubiquitin extension protein) was used as the 
internal reference for qPCR (Wan et al. 2010). Relative 
expression level of the target gene was calculated using 
the  2−ΔΔCt method (Livak and Schmittgen. 2001). There 
were three biological and four technical replicates for each 
sample.

Subcellular localization of CsPHYB and csphyb 
protein

The CDS (coding sequence) of WT and mutant alleles of 
CsPHYB without the stop codons were cloned with the 
two pairs of gene-specific primers 35S-CsPHYB-L/35S-
CsPHYB-R and 35S-csphyb-L/35S-csphyb-R (Table S5), 
respectively, and inserted into the downstream region of 
CaMV 35S promoter in vector pCAMBIA3301-EGFP. 
The constitutive expression 35S:CsPHYB-EGFP and 
35S:csphyb-EGFP vectors were used for transient expres-
sion in tobacco (N. benthamiana) leaves following Li (2011). 
The empty vector pCAMBIA3301-EGFP was used as the 
negative control. After two days of incubation, fluorescence 
was observed under white or red light. The EGFP fluores-
cence was observed using an Olympus BX63 fluorescence 
microscope.

Ectopic expression of CsPhyB in Arabidopsis

The 35S:CsPHYB-EGFP plasmid construct described above 
was used to transferred into Agrobacterium tumefaciens 

http://sunl.softberry.com/
http://sunl.softberry.com/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.megasoftware.net/
https://www.megasoftware.net/
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
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GV3101 and then transformed to WT (Col) and phyb mutant 
Arabidopsis plants by floral dip (Clough and Bent. 1998). 
The T1 transgenic plants were screened by spraying Basta 
solution (0.0015%) (Bayer, Germany) every three days (Hu 
et al. 2021), which were further confirmed by PCR. Hypoco-
tyl length and flowering time of transgenic plants were meas-
ured and recorded.

Yeast two‑hybrid (Y2H) and bimolecular 
fluorescence complementation (BiFC) assays

The transcription factors PIF3/4 play an important role in 
regulation of photomorphogenesis-related hypocotyl elonga-
tion and flowering (Oda et al. 2004; Galvāo et al. 2019; Heng 
et al. 2019; Xu et al. 2019). In order to explore the under-
lying regulatory pathway of CsPHYB-mediated hypocotyl 
growth and flowering in cucumber, the protein–protein inter-
actions were investigated using Y2H and BIFC for CsPHYB 
and CsPIF3/4. Full-length CDS of WT CsPHYB, N-terminal 
and C-terminal of the CsPHYB and mutant csphyb gene were 
PCR amplified and fused into the pGBKT7 bait vector. The 
CDS of CsPIF3/4 was amplified and inserted into pGADT7 
vector (prey vector). For BiFC assays, full length CDS of 
CsPHYB was cloned and fused into pCAMBIA1302-nYFP; 
full-length CDS of CsPIF3 and CsPIF4 without the stop 
codon were cloned and fused into pCAMBIA1302-cYFP 
vector, respectively. The two constitutive plasmids for test of 
a specific interaction were transformed into Agrobacterium 
tumefaciens strain GV3101 and then co-transformed into 
3-5-week-old tobacco leaves. After 48 h, the GFP signal was 
observed and imaged under an Olympus BX63 fluorescence 
microscope.

Results

Phenotypic characterization of lhef mutant

In growth chamber, the lhef mutant exhibited much longer 
hypocotyl and earlier flowering time than the WT (Figs. 1a, 
b, 2a–c, S1). Under field conditions, the mutant had pale-
green leaves, elongated petioles and internodes; it was also 
taller than WT (Figs. 1c, d, 2d, S2, S3a-d). In 2021 spring 
and autumn field observations, the mutant flowered 5–7 days 
earlier than the WT in both seasons (Figs. 2a–c, S3a-b). 
The lhef shared a similar morphological phenotype for long 
hypocotyl and early flowering to some previously character-
ized phyB mutants in Arabidopsis (Koornneef et al 1980; 
Reed et al. 1993).

We compared cell size and number of hypocotyls from 
15d-old lhef and WT seedlings grown under white and red 
(R) lights. Under the microscope, we found that, under 
both light conditions, the mutant and WT had similar cell 

numbers (Fig. 1j), but the mutant had much longer longitu-
dinal cells than the WT (Fig. 1e-i). The result indicated that 
the longer hypocotyl of lhef mutant was due primarily to the 
longitudinal elongation of cells.

Hypocotyl elongation of lhef under different light 
quality and temperature

We compared the dynamics of hypocotyl growth between 
lhef mutant and WT under white and R lights (Figs. S4a-b, 
S5a-b). The hypocotyl length and elongation rate of lhef 
mutant were all significantly higher than that of WT at any 
time point (Figs. S4b-c, S5b-c); the elongation rate reached 
the peak at the 7d after germination in both lines (Figs. S4c, 
S5c). We further investigated the hypocotyl growth under 
monochromic red (R), far-red (FR), blue lights, as well as in 
the dark, and found that the lhef and WT seedlings exhibited 
similar elongation of the hypocotyl in FR, blue light and 
dark (Fig. 3) suggesting white and R lights inhibit hypocotyl 
elongation in WT but not in the mutant. Thus, this mutant 
may be blind to red light response or signal transduction.

We investigated the effect of temperature on hypocotyl 
elongation of lhef mutant and WT at 18 ℃, 25 ℃ and 32 ℃ 
(Fig. S6a–c). Hypocotyl elongation was inhibited in both 
lines at higher (32 ℃) and lower (18 ℃) temperatures as 
compared with that at optimal growth temperature (25 ℃) 
(Fig. S6). However, the hypocotyl length of lhef mutant 
was higher than WT at all three temperatures (Fig. S6d). 
These data suggested that hypocotyl elongation was mainly 
affected not only by the endogenous genes, but also the light 
and temperature.

Genetic characterization and linkage mapping 
of lhef mutant

We investigated the inheritance of hypocotyl length and flow-
ering in segregating populations derived from AM274M.  F1 
plants of AM274M × 9930 and AM274M × Gy14 displayed 
short hypocotyl and normal flowering time (Table 1). Among 
8246 AM274M × 9930  F2 plants, 6150 had normal hypocotyl 
and flowering time, 2096 had long hypocotyl and early flow-
ering fitting 3 WT to 1 mutant segregating ratio (P = 0.380 in 
χ2 test) (Table 1). There was no recombination between the 
two traits (that is, long hypocotyl with normal flowering or 
short hypocotyl with early flowering) suggesting both traits 
are due to pleiotropic effects of the same mutant locus. In the 
AM274M × Gy14  F2 population, among 6352 plants scored, 
4711 had normal hypocotyl and flowering time, and 1614 
had long hypocotyl and early flowering time (P = 0.342 in 
χ2 test against 3:1 segregation ratio) (Table 1). These data 
supported that the long hypocotyl and early flowering in 
AM274M was controlled by a single recessive gene lhef.
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For linkage mapping of lhef, 1653 SSR markers were 
screened among 9930 and AM274M, from which 140 
were found polymorphic between AM274M and 9930. 
Six of the 140 markers were also polymorphic between 
the LH-pool and NH-pool, all of which were located on 
chromosome (Chr) 3 (Table S1). Linkage analysis with 96 
 F2 plants of AM274 × 9930 confirmed linkage of the six 
markers with the lhef locus (Fig. 4a). One additional SSR 
maker, SSR03918 was identified between the SSR02771 
and SSR04570. A framework genetic map was developed 
with the 7 markers and 96  F2 plants; the lhef locus was 
located between SSR03918 and SSR04570, which were 
2.6 and 3.2 cM away from lhef, respectively (Fig. 4a).

For fine mapping, we expanded the population size to 
8246  F2 plants of AM274M × 9930. Meanwhile, additional 
eight polymorphic SSR markers were mined between the 
initial flanking markers SSR03918 and SSR04570. Sub-
sequently, we screened all 8246  F2 plants with flanking 
markers and identified 65 recombinants between marker 
UW024-5 and UW024-4 (Fig. 4b). The two markers flanked 
the lhef locus in a ~ 84.1 kb genomic DNA region (Table S1).

To further narrow down the candidate gene region, 
Indels and SNPs identified from Sanger sequencing of 
selected DNA fragments from the ~ 84.1 kb region, which 
were converted to Indel and CAPS/dCAPS markers, 
respectively. Four markers (dCAPS024-1, dCAPS024-2, 

I 

GF HE

A B C 

D 

J 

Fig. 1  Hypocotyl phenotype of mutant AM274M and wild-type (WT) 
AM274W. a and b are hypocotyls of the mutant (left), WT (middle) 
and their  F1 (right) at the cotyledon stage and first true leaf stage, 
respectively; c and d are leaf color of mutant (c) and WT (d). Scale 
bar = 2  cm. Micrographs of hypocotyl cells of 15d-old seedling of 
mutant (e) and WT (f) under white light condition, and mutant (g) 

and WT (h) under red light condition. The mutant has significantly 
longer cell length (i), while the similar cell numbers (j) as com-
pared with the WT either white light or red-light condition. Scale 
bar = 100 µm. Data are means ± SD. **Means P < 0.01 from Student’s 
t test
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Indel024-1 and dCAPS024-3) were added in this region. 
The resulting genetic map for the lhef locus with fourteen 
markers is shown in Fig. 4b. Finally, the lhef locus was 
delimited to a ~ 19.3 kb region flanked by Indel024-1 and 
dCAPS024-3 (Fig. 4b; Table S1).

Cloning and prediction in the lhef locus region

The FGENESH program predicted three genes in the lhef 
region including CsaV3_3G015200, CsaV3_3G015210, 
and CsaV3_3G015190 (Fig. 4c). Information about the 

Fig. 2  Flowering time perfor-
mance of mutant AM274M 
(a) and wild-type AM274W 
(b); Date of first flower (either 
male or female flower) after 
transplanting of AM274M 
(n = 200) and wild-type 
AM274W (n = 200) in spring 
and autumn of 2021, respec-
tively (c). The plant height of 
mutant AM274M was signifi-
cantly higher than WT under 
the field condition (d). Scale 
bar = 20 cm. Each data point 
is mean ± SD. **P < 0.01 in 
Student’s t test

Fig. 3  Hypocotyl growth of 
mutant AM274M and WT 
AM274W under different light 
conditions. A shows the differ-
ence of hypocotyl elongation 
in mutant AM274M (left) and 
WT AM274W (right) under 
dark, red, far-red and blue 
lights, respectively. Hypocotyl 
length data of 15-d old seedling 
of mutant AM274M and WT 
AM274W grown as described 
in (a) were collected (b). Data 
are means ± SD. **Means 
P < 0.01 significant level in Stu-
dent’s t test from comparisons 
between mutant AM274M and 
WT AM274W at different light 
condition

RedDark Blue Far-Red

B

A 
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three genes is presented in Supplemental Table S2. The 
CDS and ~ 2000 bp sequence upstream of transcription 
start of the three genes were cloned from both AM274W 
and AM274M. No sequence variation in CsaV3_3G015200 
and CsaV3_3G015210 was found. But a large long-termi-
nal-repeat retrotransposon (LTR-RT) insertion was iden-
tified inside this gene (CsaV3_3G015190) that encodes 
Phytochrome B (CsPHYB). We also examined the expres-
sion of the three genes in the hypocotyls of AM274W and 
AM274M. Only CsaV3_3G015190 showed differential 
expression between the two lines (Fig. 6a–d; see details 
below). The long hypocotyl and early flowering phenotypes 
of the lhef were also similar to phyB mutants reported in 
Arabidopsis (Koornneef et al 1980; Reed et al. 1993). These 
data suggested that CsaV3_3G015190/CsPHYB is the most 
possible candidate gene for lhef.

The loss of function mutation in CsPHYB is due 
to insertion of a 5.5‑kb LTR retrotransposon

Four primer pairs were designed to clone the CsPHYB 
genomic DNA sequences from AM274M and AM274W 
(Fig. S7). Interestingly, amplification for the second 

fragment of CsPHYB failed in AM274M. Through many 
attempts and trials and errors, we finally identified and 
cloned a 5551-bp LTR-RT insertion in the first exon of the 
CsPHYB resulting in a 10,511-bp fragment in the mutant 
(Fig. 5b; Supplemental file 1). In addition to the 5.5 kb 
insertion, no sequence difference inside CsPHYB was found 
between AM274W and AM274M. The complete sequences 
of the CsPHYB (4960 bp) in AM274W and Csphyb (10,511-
bp) in AM274M are provided in the Supplemental file 1.

The 5551-bp insertion had a typical retrotransposon struc-
ture (Fig. 5c; Supplemental file 1): it was flanked by a 5-bp 
Target Site Duplication (TSD) sequence (5′-GCAAT-3′) and 
contained a pair of 256-bp long terminal repeats (LTRs) at 
5′ and 3′ ends. This LTR-RT had five exons and four introns 
predicted to encode five conserved protein domains typi-
cal of LTR-RTs that included RNase_HI_RT_Ty1, RVT_2, 
Transpos_IS481, GAG_pre-integrs and Retrotran_gag 
(Fig. 5c) (Boeke and Corces 1989). In the plants genomes, 
this LTR-RT belongs to the class I/Copia type TE according 
to the classification of transposable elements (TE) (Wicker 
et al. 2007).

We also cloned full length cDNA sequences 
from AM274M and AM274W using gene specific 

Table 1  Segregation analysis 
of long hypocotyl and early 
flowering in  F1 and  F2 
populations from various 
crosses

Populations Total Wild type Mutant Expected 
ration

P in χ2 tests

AM274M × CCMC  F1 82 82 0 1:0 –
AM274M × 9930  F1 76 76 0 1:0 –
AM274M × Gy14  F1 58 58 0 1:0 –
AM274M × CCMC  F2 1278 946 332 3:1 0.419
AM274M × 9930  F2 8246 6150 2096 3:1 0.380
AM274M × Gy14  F2 6325 4711 1614 3:1 0.342

Fig. 4  Mapping-based cloning 
of the lhef locus in cucumber. a 
lhef was mapped initially with 
96  F2:3 families to the cucumber 
chromosome 3 between mark-
ers SSR03918 and SSR04570. 
b Fine mapping with 8246 
 F2 plants narrowed lhef to 
a ~ 19.3 kb region flanked by 
two markers Indel024-1 and 
dCAPS024-3. The numbers in 
a and b represent the genetic 
distances (cM) between 
two adjacent markers. c In 
the ~ 19.3 kb region, three genes 
were predicted and the CsPHYB 
(first) as the candidate gene
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primers CsPHYB-L and CsPHYB-R. Alignment of cDNA 
sequences between the mutant Csphyb (3660 bp) and WT 
CsPHYB (3399 bp) revealed extra 261-bp sequence in the 
first exon in the mutant, which introduced a stop codon 
and thus a premature protein (Supplemental file 2 and 
3). These data suggested that the mutation phenotype 
in AM274M is due to the 5551-bp LTR-RT insertion in 
CsPHYB.

Allelic diversity at lhef locus in natural populations

For further verify the identity of the 5551-bp LTR-RT inser-
tion with the long hypocotyl and early flowering mutation in 
AM274M, the uniqueness of this LTR-RT insertion inside 
CsPhyB in both segregating and natural cucumber popula-
tions. Based on the 5551-bp LTR-RT insertion, three prim-
ers were designed for duplex PCR. We first genotyped the 

Fig. 5  Predicted gene structure 
of the wild-type AM274W (a) 
and mutant AM274M (b) alleles 
of CsPHYB candidate gene 
(Phytochrome B) and annotated 
5551-bp LTR retrotransposon 
(c). Boxes and lines indicate 
exons and introns, respectively. 
There are four exons in the 
predicted gene, and the mutant 
allele is due to insertion of 
5551-bp LTR-RT at the first 
exon (b). The LTR-RT is 
predicted to encode all protein 
domains required for active 
transposition (c) 

5’LTR 3’LTR

A CsPHYB

B csphyb

C LTR-RT
insertion

5’-UTR 3’-UTR

ATG

5’-UTR 3’-UTR

ATG

GCAAT GCAAT

5,551bp 

GCAAT

GAG_pre-integrs domain Retrotran_gag_2 domain Retrotran_gag_3 domain

RNase_HI_RT_Ty1 domain RVT_2 domain Transpos_IS481 domainLTR

Fig. 6  RT-PCR assessment of CsPHYB in the WT and mutant. 
a, b Time-course expression of CsPHYB candidate gene within 
15d after germination under white and red-light condition, respec-
tively. c, d Expression dynamics of other two genes in the ~ 19.3 kb 
region. Expression levels of these three genes in third day of mutant 
AM274M were regarded as their respective standard of “relative” 

expression. e Transcriptional level of CsPHYB in eight different tis-
sues (SAM shoot apical meristem, CL cotyledon, TL true leaf, FF/
MF female/male flower), the expression of CsPHYB in root of mutant 
was used as the standard of “relative” expression. Values shown 
are mean ± SD of three biological and three technical replicates. 
*P < 0.05 and **P < 0.01 by Student′s t-test
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AM274M × 9930  F2 plants and AM274M × Gy14  F2 plants, 
which confirmed that the 5551-bp LTR-RT insertion and the 
co-segregation of phenotypes for long hypocotyl and early 
flowering in both populations (Figs. 4b, S8). Duplex PCR 
was also employed using genomic DNAs of 114 cucumber 
accessions including AM274, of which 113 had WT hypoco-
tyl. All accessions had the 217-bp fragment (WT) except 
AM274M that had a 439-bp (Fig. S9). This work provided 
additional evidence that the 5551-bp LTR-RT insertion in 
CsPHYB was indeed the casual mutation for the long hypoc-
otyl phenotype in AM274M.

Phylogenetic analysis of CsPHYB in other species 
with similar functions

To better understand the structural and functional relation-
ships among CsPHYB in cucumber and PHYB proteins 
from other plant species, a phylogenic tree was constructed 
using the amino acid sequences of PHYB from 15 species 
(Table S4; Fig. S10). In the phylogenic tree, the position of 
different plant species represents the evolutionary relation-
ship among them. Amino acid sequence alignment showed 
that most PHYB proteins had identical conserved domains 
(Supplemental file 4) suggesting conserved functions of this 
gene in different species. The positions where the 5551-bp 
LTR-RT insertion mutation occurred in PHY domain of 
CsPHYB were highly conserved in different species. This 
could explain the similar phenotypes of PHYB mutants in 
different plant species (e.g., long hypocotyl and early flower-
ing) (Koornneef et al 1980; Reed et al. 1993; Takano et al. 
2005; Kippes et al. 2020).

Expression pattern of lhef candidate gene, cell 
elongation and flowering time related genes

We examined the expression level of CsPHYB from the 
mutant lhef and WT hypocotyl samples at different time 
points after germination under white and R light (Fig. 6a, 
b). The expression of CsPHYB was positively correlated 
with hypocotyl elongation rate under both light conditions 
(Figs. 6a, b, S4c, S5c). In the mutant, the transcriptional 
level was significantly reduced compared with the WT at 
any point time (Fig. 6a, b). We also examined the expression 
of CsPHYB in different organs with qPCR, which was the 
highest in the cotyledon and true leaves, followed by fruit, 
female and male flowers, stem, shoot apical meristem and 
root (Fig. 6e). In all organs except the cotyledons, its expres-
sion was significantly higher in the WT than in the mutant 
(Fig. 6e). These results suggest that the reduced expression 
of CsPHYB gene may be responsible for the long hypoco-
tyl, early flowering, pale-green leaves, elongated stem and 
petioles in the mutant.

In order to explore the underlying molecular mecha-
nism by CsPHYB-mediated hypocotyl elongation and early 
flowering, we examined the expression level of five cell-
elongation related genes (CsEXT3, CsEXPA8, CsDWF4, 
CsXTR6 and CsXTH22) and four key players regulating 
photomorphogenesis (CsPIF3/4, CsHY5 and CsCOP1). All 
five cell-elongation related genes had the highest expression 
at the seventh day, which was consistent with the hypocotyl 
elongation rate (Figs. 7a–e, S4c). Meanwhile, in the mutant 
CsPIF3/4 and CsCOP1 had higher expression and CsHY5 
had lower expression than in the WT (Fig. 7f–i). These 
results suggest that expression of all these genes except 
CsHY5 was positively collated with hypocotyl cell elonga-
tion, while CsHY5 may be involved in hypocotyl cell elonga-
tion inhibition in cucumber.

The expression of several genes known to regulate flow-
ering in plants was also examined with qPCR. Four genes 
promoting flowering including CsFT, CsSOC1, CsCO and 
CsLFY were all significantly up-regulated in the mutant than 
in WT; two negative regulators of flowering time, CsTFL1b 
and CsELF3 were down-regulated in the mutant (Fig. 7j). 
Additionally, the expression of CsKAO and CsGA20ox-2 
responsible for bioactive GA biosynthesis was significantly 
higher but the GA-inactivating gene CsGA2ox-1 was signifi-
cantly lower in the mutant than that in WT (Fig. 7j). These 
data indicated that CsPHYB also may be a crucial regulator 
of flowering time in cucumber.

Subcellular localization of CsPHYB protein

Subcellular localization of CsPHYB and csphyb protein was 
performed in tobacco leaves cells. The fluorescence of the 
negative control (35S:EGFP) was present at the cytomem-
brane and nucleus. The fusion protein 35S:CsPHYB-EGFP 
was localized on the membrane and cytoplasm under white 
light condition (Fig. 8a), whereas in the nucleus under red 
light (Fig. 8b), it is consistent with PhyB’s roles as a red 
light photoreceptor in Arabidopsis. However, the fusion 
mutant protein 35S:csphyb-EGFP was localized on the 
membrane and cytoplasm under both white and red light 
conditions (Fig. 8a, b). We speculate that upon absorption 
of red light, the CsPHYB not the csphyb can convert the 
inactive Pr form into the Pfr active form and translocated 
into the nucleus, where it plays a crucial role in regulation 
of hypocotyl elongation and flowering through interacting 
with a series of transcriptional regulator.

Ectopic expression of CsPHYB decreased 
the hypocotyl length and rescued the early 
flowering phenotype in Arabidopsis mutant

To explore the function of CsPHYB in hypocotyl elongation 
and flowering time, we introduced CsPHYB driven by the 
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Fig. 7  Expression profiles of five cell-elongation related genes (a–e) 
and four crucial regulators of photomorphogenesis (f–i). For all eight 
genes (a–h), the expression level was significantly up-regulated in 
mutant AM274M; the positive regulator of hypocotyl elongation inhi-
bition HY5 (i) was down-regulated expression in mutant AM274M, 
which was consistent with increased hypocotyl elongation under 
white light condition. Expression levels of six key genes in flowering 

pathway of mutant AM274M and WT were examined, respectively 
(j). Two key genes CsKAO and CsGA20ox-2 for bioactive GA biosyn-
thesis were significantly up-regulated expression, but the GA-inacti-
vating gene CsGA2ox-1 was significantly down-regulated in mutant 
lhef than that in WT (j). Data are means ± SD of three biological and 
three technical replicates. Asterisks indicate statistically significant 
differences at *p < 0.05 and **p < 0.01 by Student’s t-test
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Fig. 8  Subcellular localization of CsPHYB and csphyb in epidermal 
cells of Nicotiana benthamiana leaves. a, b CsPHYB is localized in 
membrane and cytoplasm under white light and in the nucleus under 

red light; csphyb is localized in membrane and cytoplasm both under 
white and red light conditions. Scale bar = 50 um
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CaMV35S promoter into Arabidopsis phyB-9 mutant. Ten 
independent T1 transgenic lines carrying the 35S:CsPHYB 
construct were obtained, of which three representative 
complementation lines were further analyzed for hypocotyl 
length and flowering time (Fig. 9c). The hypocotyl length 
of transgenic lines was significantly decreased compared 
with that the Arabidopsis phyB-9 mutant (Fig. 9a, d). The 
Arabidopsis phyB-9 mutant showed early flowering, and 
overexpression of the CsPHYB can rescue the early flower-
ing phenotype of the phyB-9 mutant, and delay its flowering 
(Fig. 9b, e–f). These results further supported the roles of 
cucumber CsPHYB in regulation of hypocotyl elongation 
and flowering time.

CsPHYB physically interacts with CsPIF3/4 
to regulate hypocotyl growth and flowering

As the red-light photoreceptor, PHYB protein plays a 
pivotal role in regulation of plant photomorphogenesis-
related hypocotyl elongation and flowering (Mockler et al. 

1999; Wei et al. 2021). PIF3/4 acts antagonistically with 
the PHYB (Su et al. 2015; Xu et al. 2019). We examined 
interactions between CsPHYB and CsPIF3/4 with yeast 
two-hybrid (Y2H) assays. We found that the CsPHYB has 
auto-activation ability, whereas csphyb lost this ability 
(Fig. 10a) suggesting that the 5551-bp LTR-RT insertion 
in CsPHYB causes the loss of transcriptional activity in 
the mutant. We further fount that the C-terminal but not 
the N-terminal of CsPHYB could interact with CsPIF3/4 
in vitro (Fig. 10a). However, no interaction was found 
between mutated csphyb protein and CsPIF3/4 (Fig. 10a). 
The interaction between CsPIF3/4 and CsPHYB was 
further validated with BiFC (bimolecular fluorescence 
complementation) assay. GFP (Green fluorescent pro-
tein) fluorescence signals could be observed only when 
CsPHYB and CsPIF3/4 were co-expressed in the nucleus 
of tobacco leaf epidermal cells (Fig. 10b, c). These results 
suggest that the CsPHYB, not the csphyb, may interact 
with CsPIF3/4 to promote or inhibit the expression of 
downstream cell elongation and flowering-related genes, 
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phyB-9 Col 35S::CsPHYB/phyB-9 
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Fig. 9  Phenotypic characterization of 35S:CsPHYB transgenic plants 
in Arabidopsis. a Hypocotyl elongation of CsPHYB overexpression 
plants in phyb-9 mutant. b Flowering time of CsPHYB overexpres-
sion plants in phyb-9 mutant. c Transcript level in three independent 
CsPHYB transgenic plants based on semi-RT-PCR. d–f The statistical 

analysis of hypocotyl length (d), days to flowering (e) and rosette leaf 
number (f) in Arabidopsis CsPHYB transgenic lines. The capital let-
ters A and B indicate statistically significant differences in t tests at 
P < 0.01
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thereby regulating hypocotyl elongation and flowering 
(Figs. 7a–e, j, 10).

Discussion

In the present study, we cloned the lhef locus from the 
spontaneous mutant AM274M and showed that mutation 
in CsPHYB was responsible for the long hypocotyl and 
early flowering in the mutant. Our conclusion was based on 
several lines of evidence. First, similar to the Arabidopsis 
phyB mutant, the cucumber lhef mutant is blind to the white 
and R light response and thus exhibited long hypocotyl and 
early flowering (Figs. 1, 2, 3). Second, we delimited the lhef 
locus to a 19.3 kb region by the map-based cloning strat-
egy (Fig. 4c). Among three predicted genes in the 19.3 kb 
region, only CsPHYB exhibited a polymorphism between the 
mutant and WT which was a 5551-bp LTR-RT insertion in 
the first exon of CsPHYB resulting in a stop codon and thus 
a premature protein (Figs. 4, 5, S7; Supplemental file 1–3). 

Third, the time-course expression pattern of the CsPHYB in 
the hypocotyl was well consistent with the hypocotyl elon-
gation rate under white and R light (Figs. 6a, b; S4c, S5c). 
However, expression level of other two genes in 19.3 kb 
region had no difference between mutant lhef and WT at 
any time point (Fig. 6c, d). Fourth, three primers for duplex 
PCR confirmed its complete co-segregation with the long 
hypocotyl and early flowering mutant phenotype in two large 
 F2 segregating populations (Figs. 4c, S8). Further, Allelic 
analysis among 114 cucumber lines indicated the uniqueness 
of the 5551-bp LTR-RT insertion in lhef (Fig. S9). Lastly, 
ectopic expression of CsPHYB in Arabidopsis was able to 
rescue the long hypocotyl and early flowering phenotype 
of the phyB-9 mutant (Fig. 9). Taken together, these data 
provided convincing evidence in support of CsPHYB as the 
candidate gene of lhef.

The plant phyB protein consists of two modules: the 
N-terminal photosensory and the C-terminal dimeriza-
tion moieties, both of which are essential for light signal-
ing (Nagatani 2010; Pearce et al. 2016). The N-terminal 
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Fig. 10  Yeast two-hybrid (Y2H) and bimolecular fluorescence com-
plementation (BiFC) assays. a C-terminal of CsPHYB can interaction 
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photosensory core module, which binds an open tetrapyrrole 
chromophore, is comprised of three domains: PHY (Phy-
tochrome-specific) domain, GAF (cGMP phosphodiesterase, 
Adenylyl cyclase, FhlA) domain and the PAS (PER, ARNT 
and SIM) (PAS)—like domain (Nagatani 2010; Pearce et al. 
2016). The C-terminal module includes two successive PAS 
domains and a HKRD domain (histidine-kinase-related 
domain), which is responsible for PHYB dimerization and is 
indispensable to downstream regulatory functions (Wagner 
et al. 1996). In this study, the 5551-bp LTR-RT insertions 
in the first exon of CsPHYB not only leads to the N-terminal 
structural variation, but also complete loss of the C-terminal 
functional domain (Supplemental files 3–4). Previous stud-
ies found that mutations in either N-terminal or C-terminal 
of PHYB protein would result in loss-of-function to red light 
perception and photoperiodic response (Koornneef et al 
1980; Reed et al. 1993; Suzuki et al. 2011; Takano et al. 
2005; Kippes et al. 2020). For example, all reported phyB 
mutants including Arabidopsis phyB-1 to phyB-10 (Koorn-
neef et al 1980; Reed et al. 1993; Franklin and Quail. 2010; 
Yoshida et al. 2018), tomato tri1/2/3/4 (Tuinen et al. 1995),  
Brassica rapa ein (Devlin et al. 1992), rice elc-1/2/3/4/5 
(also named phyB-1 to phyB-5) (Takano et al. 2005), sor-
ghum ma3 and ma3

R (Childs et al. 1997; Lee et al. 1998a), 
and wheat phyB-null mutant (Kippes et al. 2020) exhibited 
common mutation phenotypes with long hypocotyl and early 
flowering as in the cucumber lhef mutant identified herein 
(Figs. 1, 2). These reports further supported that the cucum-
ber CsPHYB has conserved functions in regulating hypoco-
tyl elongation and flowering time as in other plant species in 
a red light and photoperiod-dependent manner, respectively.

However, unlike other reported phyB mutants that were 
caused by deletion, T-DNA insertion or non-synonymous 
SNPs in PHYB gene (Koornneef et al 1980; Devlin et al. 
1992; Reed et al. 1993; Tuinen et al. 1995; Childs et al. 
1997; Takano et al. 2005; Kippes et al. 2020), we here 
reported a novel allelic mutation in cucumber CsPHYB 
gene that was caused by a LTR-RT insertion. LTR-RTs are 
a class of transposable elements (TE) that are abundant in 
plants, which can fall inside or close to genes, and thus influ-
ence their expression and evolution (Galindo-González et al. 
2017). As expected, we found the significantly down-regu-
lated expression of CsPHYB in the mutant compared to the 
WT at different time-point of hypocotyl elongation, as well 
as in different organs (Fig. 6a, b, e). More significantly, the 
LTR-RT insertion event also provides a new insight in the 
evolution of CsPHYB-mediated hypocotyl elongation and 
flowering time in cucumber.

Phenotypically, Arabidopsis phyB mutants have reduced 
leaf areas compared with the WT (Koornneef et al 1980; 
Reed et al. 1993), which was not observed in the cucumber 
mutant lhef and the WT (Fig. 1c, d) suggesting possibly dif-
ferent regulation mechanism of PHYB in leaf development 

between Arabidopsis and cucumber. However, similar to 
the Arabidopsis and rice mutants, the cucumber lhef mutant 
also displays light green leaves with a reduced chlorophyll 
content under white and red light (Fig. S2b-c), indicating 
that the similar functions for PHYB-mediated red signal 
positively regulates chlorophyll biosynthesis among differ-
ent plant species.

It was worth noting that the lhef mutant not only had 
longer hypocotyl, but also longer internode length than the 
WT (Fig. S2a) thus resulting in taller plant (Fig. 2d). This 
suggests that the PHYB also plays an important role in stem 
elongation and plant height of cucumber. We also found 
that the cucumber lhef mutant had fewer lateral branches 
compared with the WT at the field condition (Figs. S3a-b, 
S3e). Limited studies have been done on the genetic basis 
of lateral branch development in cucumber. The mutant we 
described herein may provide a useful tool to explore genet-
ics of lateral branch development in cucumber, which is a 
very important horticulture trait for cucumber breeding.

In an early study (Hu et al. 2021), we reported the elon-
gated hypocotyl1 (elh1) mutant caused by a mutation in 
CsHY2 encoding the phytochromobilin (PΦB) synthase for 
phytochromes biosynthesis. The elh1 mutant exhibits higher 
female/male flower ratios than its wild-type CCMC, which 
was not found in the lhef mutant reported herein. The sug-
gests that deficiency of all phytochromes as found in the 
elh1 mutant, rather than the loss of function in CsPHYB as 
seen in the lhef mutant contributes to increased femaleness 
in cucumber.

In this study, we identified positive protein–protein inter-
actions between CsPHYB and the transcriptional regula-
tor PIF3/4 (Fig. 10). In Arabidopsis, PIF3/4 regulates the 
expression of downstream target genes through binding to 
G-box (CAC GTG ) /E-box (CANNTG) motif of target genes 
promoters (Huq and Quail. 2002; Sun et al. 2020). Indeed, 
the expression levels of several genes containing G-box/E-
box in promoters related to cell elongation and flowering 
time were all changed in the mutant AM274M (Fig. 7). 
Among them, CsKAO and GA20ox-2 for active gibberellin 
(GA) biosynthesis were significantly up-regulated, and the 
GA metabolism gene CsGA2ox-2 was significantly down-
regulated expression in the mutant compared with the WT 
(Fig. 7j). As expected, the GA concentration of phytochrome 
B-deficient mutant AM274M was significantly higher than 
WT in the hypocotyl (data not shown) supporting the criti-
cal role of GAs in cucumber hypocotyl elongation (Hu et al. 
2021). It has also been reported that the PHYB and GA have 
opposite effects on flowering in Arabidopsis and sorghum: 
PHYB delays flowering while GAs promote flowering (Lee 
et al. 1998a, b; Blázquez and Weigel 1999; Endo et al. 2005; 
Fukazawa et al. 2021). In the present study, in addition to 
promoting hypocotyl elongation, GA also stimulates flow-
ering in cucumber because the mutant AM274M and WT 
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displayed both longer internodes and early flowering under 
treatment with 100 μmol GA, and exhibited shorter inter-
nodes and delaying flowering treated with 100 μmol PAC 
when compared with their mock treatment (Fig. S11). Thus, 
we proposed a working model for lhef/CsPHYB in regulat-
ing hypocotyl elongation and flowering (Fig. 11). CsPHYB 
perceives the red light signaling and then interacts with 
CsPIF3/4, which inhibits the binding of CsPIF3/4 to the 
promoters of CsKAO and CsGA20ox-2 to repress the GA 
biosynthesis, and ultimately promotes the hypocotyl elonga-
tion inhibition and delay flowering in WT (Fig. 11).

To summarize, we identified a LTR-RT insertion in the 
lhef/CsPHYB gene that is responsible for long hypocotyl and 
early flowering in AM274M mutant. The lhef gene may be 
involved in photomorphogenesis-related hypocotyl growth 
and flowering by response to the light signaling. These 
results would provide useful information for understanding 
the mechanisms of lhef mediating stem elongation and flow-
ering time in cucumber. However, the relationships between 
lhef and other hypocotyl growth and flowering-related genes 
deserves further investigation.
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Fig. 11  A working model for illustrating the underlying predicted 
mechanisms of LHEF-regulated hypocotyl elongation and flowering 
through modulating of the GA biosynthesis in the mutant AM274M 
and wild-type AM274W. a In the long hypocotyl and early flowering 
mutant AM274M, the csphyb is unable to sense the red light sign-
aling and cannot interact with PIF3/4 in the nucleus, which strongly 
binds to the promoter region of CsKAO and CsGA20ox-2 to pro-
mote GA biosynthesis, resulting in the hypocotyl elongation and 

early flowering in AM274M plants. b. In the short hypocotyl and 
later flowering wild-type AM274W, the CsPHYB can sense the red 
light signaling and transfer into the nucleus from the membrane and 
cytoplasm to interact with the PIF3/4 resulting in the down-regulated 
expression of PIF3/4. The lower abundance of PIF3/4 weakly bind-
ing to the promoter of CsKAO and CsGA20ox-2 results in lower GA 
concentrations and thus represses the hypocotyl elongation and early 
flowering
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