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Abstract

Key message A novel dwarf cucumber mutant, scp-2,
displays a typical BR biosynthesis-deficient phenotype,
which is due to a mutation in CsDET2 for a steroid
5-alpha-reductase.

Abstract Brassinosteroids (BRs) are a group of plant hor-
mones that play important roles in the development of plant
architecture, and extreme dwarfism is a typical outcome of
BR-deficiency. Most cucumber (Cucumis sativus L.) vari-
eties have an indeterminate growth habit, and dwarfism
may have its value in manipulation of plant architecture
and improve production in certain production systems. In
this study, we identified a spontaneous dwarf mutant, super
compact-2 (scp-2), that also has dark green, wrinkle leaves.
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Genetic analyses indicated that scp-2 was different from
two previously reported dwarf mutants: compact (cp) and
super compact-1 (scp-1). Map-based cloning revealed that
the mutant phenotype was due to two single nucleotide pol-
ymorphism and a single-base insertion in the CsDET?2 gene
that resulted in a missense mutation in a conserved amino
acid and thus a truncated protein lacking the conserved
catalytic domains in the predicted steroid Sa-reductase pro-
tein. Measurement of endogenous hormone levels indicated
a reduced level of brassinolide (BL, a bioactive BR) in scp-
2, and the mutant phenotype could be partially rescued by
the application of epibrassinolide (EBR). In addition, scp-
2 mutant seedlings exhibited dark-grown de-etiolation,
and defects in cell elongation and vascular development.
These data support that scp-2 is a BR biosynthesis-deficient
mutant, and that the CsDET2 gene plays a key role in BR
biosynthesis in cucumber. We also described the systemic
BR responses and discussed the specific BR-related pheno-
types in cucumber plants.

Introduction

Plant architecture traits related to height, bushy or compact
growth habit are important because of their role in lodg-
ing resistance and increase of crop productivity (Peng et al.
1999; Clouse and Sasse 1998; Hedden 2003). For example,
in wheat, the reduced height genes (RAf) that are involved
in the signaling pathway of the plant hormone gibberellic
acid (GA) played a critical role in the ‘green revolution’ in
crop production (Peng et al. 1999). In cucumber, a typical
vining crop, the compact or bushy plant type may be use-
ful to increase planting density and production (Cramer and
Wehner 2000).
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Several types of dwarf or compact mutants have been
described in cucumber. The first dwarf mutant com-
pact (cp) was identified in two plant introduction lines PI
308915 and PI 308916, in which a recessive mutation led to
reduced internode length, which has been fine mapped in a
region of cucumber chromosome 4, but not yet been cloned
(Kauffman and Lower 1976; Li et al. 2011). Kubicki et al.
(1986) identified a second compact mutant, compact-2 (cp-
2), in which the dwarf phenotype was required to interact
with the ‘bushy’ gene. Compared with the previous two
mutants, the EMS-induced cucumber mutant ‘super com-
pact’ (scp) was reported to have the most extremely reduced
main stem length, no lateral branches, smaller dark green
and wrinkled leaves, and deformed pistils (Niemirowicz-
Szczytt et al. 1996). Crienen et al. (2009) reported another
compact cucumber mutant, which was apparently differ-
ent from the previous mutants in terms of genomic loca-
tions and an intermediate compact phenotype in heterozy-
gous individuals. More recently, two EMS-induced dwarf
mutants were reported. The short internode (si) mutant
was shown to be associated with a truncated F-box gene
in cucumber (Lin et al. 2016). Another mutant, super com-
pact-1 (scp-1), was due to a mutation in the cytochrome
P450 gene CsCYP85A1, which encodes the BR-6-oxidase
in BR biosynthesis pathway (Wang et al. 2017). Although
many plant height mutants have been reported, the relation-
ship between the dwarf phenotype and phytohormones in
cucumber needs further study.

The BRs are a group of plant hormones that play impor-
tant roles in the regulation of plant architecture (Clouse and
Sasse 1998). In Arabidopsis, the most characteristic pheno-
types of mutants in genes of BR biosynthesis and signal-
ing are compact plant with dark green leaves; the mutant
also exhibit a de-etiolation phenotype when grown in the
dark (Bishop 2003). BR biosynthesis mutants can gener-
ally be restored by exogenous BR application, but BR sign-
aling mutants are not (Clouse et al. 1996; Li et al. 1996).
The first BR biosynthesis-deficient mutant, de-etiolated-2
(det2), was identified based on its prominent phenotypes
of constitutive photomorphogenesis and extreme dwarf-
ism (Chory et al. 1991). As compared with wild-type dark-
grown Arabidopsis seedlings, det2 seedlings are short, have
thick hypocotyls, open and expanded cotyledons, and show
development of the primary leaf buds (Chory et al. 1991).
Under light, det2 plants are smaller and darker green than
wild type, show almost complete male sterility, and have
delayed leaf and chloroplast senescence (Li et al. 1996).
The DET?2 gene encodes a steroid Sa-reductase that acts at
the early step in brassinolide (BL, the most bioactive BR)
biosynthesis; loss-of-function mutants in DET2 result in
reduced endogenous BR levels (Fujioka et al. 1997; Nogu-
chi et al. 1999), and subsequently, defects in cell elongation
and vascular differentiation (Clouse et al. 1996).
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In addition to Arabidopsis, det2 homologous mutants
have also been identified in pea (Pisum sativum), Japanese
morning glory (Ipomoea nil) and maize (Zea mays); these
mutants are named lk, Uzukobito, and nal, respectively
(Suzuki et al. 2003; Nomura et al. 2004; Hartwig et al.
2011). These mutants exhibit typical BR-deficient mutant
phenotypes such as extreme dwarfism, dark green leaves,
and recovery after BR application. However, the pea mutant
lk is not de-etiolated, which was the criterion used in iden-
tifying det2 and other BR biosynthesis-deficient mutants
(Symons et al. 2002). This indicates that the physiological
responses to BR can vary in different plants, and explor-
ing BR-related mutants may reveal novel features that
would not be revealed in a limited number of plants. In this
study, we identified a spontaneous cucumber mutant that
exhibited severe dwarfism, smaller dark green and wrin-
kled leaves, de-etiolation in the dark, and female sterility.
All these phenotypes are very similar to those observed in
the cucumber scp and scp-1 mutants (Niemirowicz-Szczytt
et al. 1996; Wang et al. 2017). Since its allelic relationship
with scp is unknown, and the different genomic locations
(scp-1 in chromosome 5 and the gene herein in chromo-
some 3), we designated the mutation super compact-2
(scp-2). Map-based cloning identified the CsDET2 gene
(the cucumber homolog of Arabidopsis DET2) as the can-
didate gene for Scp-2, and two single-base transitions and
a 1-bp insertion were found in the coding sequence (CDS)
of the mutant allele. The insertion resulted in a predicted
truncated protein that was lacking 29 amino acid residues
in the C-terminus of the wild-type protein. Examination of
the physiological responses and endogenous hormone lev-
els confirmed that scp-2 was a BR biosynthesis-deficient
mutant, and that CsDET2 plays a role in BR action in
cucumber plants. To the best of our knowledge, this is the
first report on an early BR biosynthesis-deficient mutant
in cucumber that leads to severe reduction in endogenous
BR levels. Therefore, the scp-2 mutant will be valuable for
studying the functions of BR in this species.

Materials and methods

Plant materials, mapping populations, and genetic
analysis

The super compact-2 (scp-2 hereafter) mutant was dis-
covered during seed multiplication of the cucumber line
AM204 by the USDA-ARS Cucumber Breeding Program
in 2014. The wild-type AM204W (W = wild type, WT)
was originated from PI 618937 (Jin Chun No. 4) through
self-pollination, which is a north China fresh market-type
(Chinese Long) cucumber from China. Several segregat-
ing populations were developed to investigate the mode of
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Table 1 Segregation of the scp-2 phenotype in the heterozygous parent, two F, and four F, populations in cucumber

Populations # of plants observed #WT # scp-2 Excepted WT to scp-2 ratio %2 value P value
AM204H (SCP-2scp-2) 12 12 0 1:0 / /
(AM218 x AM204M) F, 20 20 0 1:0 / /
(Gyl4 x AM204M) F, 32 32 0 1:0 / /
AM204H self F, 72 56 16 3:1 0.296 0.586
F,A (AM218 x AM204M F,) 190 144 46 3:1 0.063 0.802
F,B (AM218 x AM204M F,) / / 900 / / /
(Gyl4 x AM204M) F, / / 1500 / / /

inheritance, and for molecular mapping and cloning of the
scp-2 mutant, which are listed in Table 1. An F, popula-
tion was developed from AM204H, a wild-type plant that
was heterozygous at the scp-2 locus (Scp-2scp-2). Since
polymorphism of molecular markers in this population was
low, two more F, populations were developed from crosses
of AM204M (recessive homozygous mutant) with AM218
(aka, WI7435B) and Gyl4. Only mutant plants from the
AM204M x AM218 and AM204M x Gyl4 F, populations
were used for fine mapping of the scp-2 locus.

The phenotype of the scp-2 mutant was very similar to
the ‘compact’ dwarf mutants (Kauffman and Lower 1976;
Li et al. 2011). We conducted morphological compari-
sons between AM204M and the compact mutant WI7201
(PI 308915). All plant materials were grown in the Walnut
Street Greenhouses of the University of Wisconsin-Madi-
son, USA.

Phenotyping and analysis of hypocotyl sections

Phenotypes of the cucumber hypocotyls, cotyledons,
leaves, and stems were recorded using an optical cam-
era (60D, Canon, Japan). Hypocotyls from WT and scp-2
mutant plants were manually sectioned longitudinally, then
observed, measured, and photographed under a light micro-
scope (BX51-32P02, Olympus, Japan).

BR-related physiological analysis

Seventy-two seeds from the F, (hybrid AM204H) popu-
lation were germinated and grown in complete darkness
at constant temperature (28 °C) and humidity (70%) for
10 days. The de-etiolated phenotype of the scp-2 mutant
was identified by short hypocotyls, open cotyledons, and
primary leaf bud development.

For responses of hormone treatments, 10 scp-2 mutant
plants were grown in a growth chamber with supplemental
lights. When the cotyledons were fully expanded, 100 uL.
EBR solution (0.2 pM, epibrassinolide, a bioactive BR rea-
gent, Sigma-Aldrich, China) was applied to the shoots once
a day until the second true leaf was fully expanded, and the

physiological responses to BR treatment in mutant plants
were recorded.

DNA and RNA extraction, first-strand cDNA synthesis,
and quantitative real-time PCR (qRT-PCR) analysis

Genomic DNAs were extracted from cotyledons of cucum-
ber seedlings following Li et al. (2008). To analyze expres-
sion of the CsDET2/Csdet2 genes, total RNA was extracted
from roots, hypocotyls, cotyledons, leaves, and male buds
from WT and mutant plants. First-strand cDNA was syn-
thesized from total RNA as described previously (Li et al.
2012). PCR was performed in a 96-well plate using an
ABI 7500 Fast Real-Time PCR System (Applied Biosys-
tems, USA), with SYBR Green Realtime PCR Master Mix
(TaKaRa, China). The amplification was initiated by heat-
ing to 94 °C for 10 min, followed by 40 cycles of 94 °C for
5 s and 65 °C for 30 s. The amplification specificity was
tested by a dissociation curve (65-90 °C). Three biologi-
cal and three technical replicates were performed for each
gene. The cucumber CSACTIN2 gene was used to normal-
ize the gene expression results. The PCR primers used in
these experiments are listed in Table S1.

Molecular mapping, cloning, and candidate gene
analysis of the scp-2 locus

Genome-wide SSR markers were selected according to
Cavagnaro et al. (2010) and Yang et al. (2012). Bulked
segregant analysis (BSA; Michelmore et al. 1991) was per-
formed on two genotypic pools consisting of 10 WT and
10 mutant plants that were selected among 190 individu-
als from the AM218 x AM204M F, population. Using 244
genome-wide SSR markers, initial mapping placed the scp-
2 in cucumber chromosome 3 followed by linkage analy-
sis in a larger AM218 x AM204M F, population (only
the 900 mutant plants were used, the same below), which
allowed to identify five SSR markers co-segregating with
the scp-2 gene. For further fine mapping of the gene, a new
Gyl4 x AM204M F, population was developed, and the
1500 mutant individuals were used for linkage analysis.
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The 9930 and Gyl4 draft genome sequences were then
used for scaffold-based chromosome walking to identify
the scp-2 gene following Tan et al. (2015).

The candidate genes in the final genomic interval were
analyzed using the Cucumber Genome Database (http://
cucumber.genomics.org.cn), and the Arabidopsis homologs
were identified by searches of the TAIR database (http://
www.arabidopsis.org/). The genomic sequences of the can-
didate genes from WT and mutant plants, including the
approximately 1.7-kb upstream promoter and 1.8-kb down-
stream sequences, were cloned and sequenced. DNAMAN
v6.0 software (http://dnaman.software.informer.com/6.0/)
was used to compare the DNA sequences of WT and
mutant plants and their deduced protein sequences.

Protein sequence alignment and phylogenetic analysis

Multiple sequence alignment of full-length predicted pro-
tein sequences was performed using ClustalW (http://www.
ebi.ac.uk/Tools/clustalw2). An unrooted neighbor-joining
(NJ) phylogenetic tree was constructed using the MEGA
5.10 software (Tamura et al. 2011) with 1000 bootstrap
replications, pair-wise deletion, and a Poisson model.

Measurement of endogenous hormone levels

When the first true leaf was fully expanded, the cotyledons,
leaves, and shoots of WT and mutant seedlings grown under
the same conditions were harvested to analyze the endog-
enous IAA, GA (including GA; and GA,), ABA, Zeatin,
and BL (brassinolide) level using HPLC-MS/MS. For the
BL measurement, 0.8 g cotyledons, leaves, and shoots (with
young leaves and male floral buds) from 24 WT and mutant
seedlings were mixed, respectively, and ground to fine
powder in liquid nitrogen. The extraction and pretreatment
procedures followed Wu et al. (2013). For analysis of other
plant hormone, 1.0 g tissues from the same WT and mutant
plants were treated as described by Kojima et al. (2009).
The HPLC-MS/MS analyses were performed on an Agilent
1290 HPLC (Agilent, USA) coupled with an SCIEX-6500®
Qtrap system (A-B, USA). Three technical replicates were
conducted for each measurement, and the endogenous levels
of plant hormones (ng/g fresh weight) were expressed as the
means of three HPLC-MS/MS runs with detectable results.

Results

Origin and phenotypic characterization of the scp-2
mutant

The dwarf mutant was first discovered in the self-polli-
nated progeny of the cucumber line AM204. The wild-type
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AM204W was a monoecious, north China type cucumber
derived from PI 618937 (Jinchun No. 4). As compared
with AM204W, the mutant AM204M plants had a short
and inflated hypocotyl, dark green cotyledons, smaller dark
green and wrinkled leaves, reduced petioles, and extremely
short plant height (Fig. 1a—d). The mutant plants produced
normal male flowers (except for the wrinkled corolla) and
fertile pollen; the female flowers seemed sterile under
greenhouse conditions, although fruits could occasionally
be observed on mutant plants under field conditions. These
phenotypes were very similar to those reported for the
super compact (scp) and super compact-1 mutants (Niemi-
rowicz-Szczytt et al. 1996; Wang et al. 2017). Therefore,
before allelism test, the mutant under investigation was
designated as super compact-2 (scp-2).

The scp-2 mutant was also morphologically similar to
the compact mutant (cp) (Li et al. 2011). We compared the
cp mutant (WI7201) with the scp-2 mutant (AM204M).
We found that both hypocotyl length and seedling height
in the scp-2 mutant were shorter than that of the cp mutant
(Fig. 1d). They also differed in the internode length. Inter-
nodes 1 and 2 of the ¢p mutant were similar to the WT,
but the later (upper) internodes were reduced in length (Li
et al. 2011, also observed in this study). In contrast, all
internodes in scp-2 mutant plants were severely shortened
(Fig. 1d, e). In adult plants, the most obvious difference
between the two mutants was the leaf phenotype. The cp
mutant was similar to the WT in leaf appearance; however,
the scp-2 mutant exhibited dark green and wrinkled leaves
throughout the entire growth period (Fig. lc, f). Genetic
mapping results (below) indicated that the scp-2 (in chro-
mosome 3) and c¢p (in chromosome 4) are two independent
loci in the cucumber genome.

The extremely dwarf phenotype is often caused by
defective cell elongation. Therefore, we conducted
microscopic observation of the hypocotyl of 10-day old
seedlings (Fig. 1g—j). The average cell size in the scp-
2 mutant was significantly smaller than that of the WT
plants (Fig. 1g—j), whereas no obvious difference was
observed in the number of cells along the length and
cross-sections of hypocotyls in the WT and scp-2 mutant
(data not shown). Irregular growth of the vascular system
(Fig. 1g, 1) and cell shapes (Fig. 1h, j) were also observed
in the mutant, which are the typical features of BR-defi-
cient mutants in previous studies.

Mutations in the CsDET2 gene correspond to scp-2

We examined segregation of WT and mutant phenotypes
in two F, populations from self-pollinated AM204H (72
plants) and the cross between AM218 x AM204M. The
results are presented in Table 1, which suggested that the
mutation was controlled by a single recessive locus, scp-2.
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Fig. 1 Phenotypic characterization of cucumber AM204W (wild-
type plant), scp-2 mutant AM204M, and morphological compari-
son with ¢p (compact) mutant (WI7201). a As compared with the
AM204W (center), the hypocotyl is severely shortened in scp-2
(left and right), b top view of mutant seedlings showing dark green
cotyledons and true leaves with short petioles. ¢ The leaves from
five consecutive nodes on the main stem (left to right) of the scp-2
mutant are dark green in color and wrinkled. d Hypocotyl length is
reduced in scp-2 (right) as compared to cp (left). e The length of the

Initial marker analysis in the AM218 x AM204M F, pop-
ulation placed the scp-2 locus to a 2.0-cM region flanked
by markers UW040671 and UWO040452 on cucumber
chromosome 3 (Fig. 2a). A third marker, SSR16667, was
co-segregating with the gene. The size of the population
(F,B AM218 x AM204M) was then increased to 900
mutant plants for fine mapping of scp-2. Six new mark-
ers were mapped to the 2.0-cM region, and the scp-2 gene
was located between markers UW040598 and UW040503
that were physically 174-kb apart in the Gyl4 draft
genome scaffold01225 (Fig. 2b). To resolve the order of
the co-segregating markers in this region, we conducted
marker analysis in the Gyl4 x AM204M F, population,
from which 1500 mutant plants were used for fine map-
ping. With the cucumber reference genome sequences, all
putative SSR and SNP loci in this region were predicted,
screened, and the polymorphic markers between Gyl4
and scp-2 mutant plant were identified (Fig. 2c). Finally,
one SSR marker UW040544, and one SNP marker

first two internodes in cp mutant (left) is relatively normal as com-
pared with scp-2 mutant (right). f Top view of mature plants show-
ing wrinkled, dark green leaves in scp-2 mutant (right) as compared
with those of ¢p mutant (leff) that appear normal. g—j Longitudinal
sections of wild-type (g, h) and scp-2 (i, j) hypocotyls from 10-day
old seedlings. Note the disorderly vascular development in scp-2 (i)
and the changes in cell shape and size in scp-2 (j). Bar 500 ym in g, i,
200 pm in h, j (color figure online)

S433755 delimited the scp-2 locus to a genomic interval
of 30.75 kb (Fig. 2d).

Genome annotation indicated that there were six pre-
dicted genes within this 30.75-kb interval (Fig. 2e) includ-
ing Csa3G732550 that is predicted to encode a steroid
5-alpha-reductase. The deduced protein sequence showed
highest similarity with the Arabidopsis AtDET?2 (Table S2);
and the cucumber gene was subsequently named CsDET?2.
The amino acid alignment and phylogenetic analysis with
well-studied DET2 proteins revealed that, besides the
elongated N-terminal region, CsDET2 had a predicted
Sa-steroid reductase domain and all of the conserved bind-
ing sites for cofactors and steroid substrate (Figs. S1 and
S2). These data indicated that CsDET2 should encode a
functional steroid Sa-reductase.

Homologous genomic sequences for the six genes in
the interval from the WT and scp-2 mutant were subse-
quently obtained and analyzed, and only the nucleotide
mutations presented in CsDET2 were predicted to result in
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Fig. 2 Map-based cloning of the super compact-2 (scp-2) gene. a
Linkage analysis with genome-wide SSR markers placed the scp-
2 locus to a 2.0 cM interval flanked by markers UWO040671 and
UW040452, and marker SSR16667 is co-segregating with the locus
in 190 F, individuals. b In an enlarged segregating population, scp-2
was fine mapped to a genomic region flanked by markers UW040598
and UW040503 in scaffold01225 of the Gy14 draft genome, and five

changes to the deduced protein sequence. The open read-
ing frame (ORF) of the WT CsDET2 gene was 876 bp,
which possessed a single exon (Fig. 3a, Fig. S3), and was
predicted to encode a protein with 291 amino acid residues
(aa, Fig. 3b). In the scp-2 mutant, the genomic sequence
showed two single nucleotide mutations and a 1-bp inser-
tion (Fig. 3a, Fig. S3). The first mutation, a C to T transi-
tion, would result in a missense mutation (R182W) in the
deduced amino acid sequence. The amino acid alignment
indicated that R182 in CsDET?2 is homologous to R152 in
AtDET2, R150 in HsSRD5A1, and R145 in HsSRD5A2
(Fig. S2). The conserved R residue, which was originally
identified in the human DET?2 ortholog, is important for
cofactor binding (Russell and Wilson 1994). The second
mutation, a T to G transition would produce another mis-
sense mutation (C257W). Furthermore, the 1-bp insertion
is predicted to cause a frame-shift mutation that would pro-
duce a truncated protein of 262 aa with a loss of 29 aa in
the C-terminus as compared with the wild-type (Fig. 3).
The amino acid alignment also showed that the C-ter-
minal region in the DET2 protein is highly conserved
in all species examined (Fig. S1). The 3-oxo-5a-steroid
4-dehydrogenase domain, which is critical for enzyme
activity, contains the whole C-terminal region of the
well-studied DET2 proteins. Moreover, in the missing
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markers are co-segregating with the scp-2 locus. ¢ The local physi-
cal map of Scaffold01225 helps to identify 7 SSR markers that are
polymorphic between Gy14 and scp-2 mutant (AM204M). Additional
SSR and SNP markers delimit the scp-2 locus to a genomic interval
(d) with 6 predicted genes including CsDET2 (e). A 1-bp insertion
is identified in CsDET2 gene between AM204W and AM204M (e).
“RE” in b, d indicates recombinant events

C-terminal sequence of the cucumber mutant protein, the
amino acid residue H268 (H239 in AtDET?2) is impor-
tant for sterol binding, and R283 (R254 in AtDET?2) is
also related to cofactor binding (Fig. 3b, Fig. S1. Hartwig
et al. 2011). These results supported the notion that the
CsDET?2 allele, Csdet2, in the scp-2 mutant encodes a
defective protein. In addition, genome-wide analysis indi-
cated that there is only one copy of the DET2 sequence
in the cucumber genome (data not shown). Therefore, the
Csdet2 mutant should exhibit a BR biosynthesis-deficient
phenotype.

The scp-2 mutant shows reduced levels of endogenous
BR

Because DET?2 is a rate-limiting enzyme in early steps
of BR biosynthesis, the endogenous BR level in scp-2
mutant plants expressing the Csdet2 gene was expected
to be altered. Due to their extremely low concentrations,
detection of endogenous BRs in plants has always been
a challenge (Bajguz 2011). Therefore, we first examined
the transcript abundance of CsDET2, and the tissues with
relatively high expression levels of the gene were sam-
pled for analysis. We found that, as compared with the
root, the expression of CsDET2 was up-regulated in the
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Fig.3 Sequence alignment between the wild-type CsDET2 and
mutant Csdet2 alleles. a Schematic representation of nucleotide
variations between the CsDET2 and Csdet2 alleles. The nucleotide
sequences were aligned, and changes predicted to cause missense
mutations in the amino acid sequence are underlined. The 1-bp inser-
tion in the Csder2 coding sequence, which leads to early termination
of translation, is indicated by triangle. Asterisks indicate stop codons.
b Alignment of the deduced amino acid sequence between CsDET?2

4.5

m Wild-type
m Mutant-type

male bud

root hypocotyl cotyledon leaf

Fig. 4 Expression analysis of the CsDET2 and Csder2 alleles in
cucumber plants. Conserved sequence regions of the two alleles,
which exclude the conserved domains, were used to design for the
qPCR assay. After sequencing the gene coding sequence, plants with
homozygous genotypes were selected. Tissues from roots, hypocot-
yls, cotyledons, leaves, and male floral flower buds from homozygous
SCP-28CP-2 and scp-2scp-2 plants were used to assay the expression
of the CsDET2/Cder2 alleles. The reference gene, CSACTIN2, was
used to normalize the gene expression data. All experiments were
repeated in triplicate with independent samples, error bars represent
the SE, and asterisks indicate significant difference between the scp-2
and wild-type plants (¢ test, P < 0.05)

and Csdet2. Identical amino acids are highlighted in dark blue. The
bar above the sequences indicates the predicted 3-oxo-5a-steroid
4-dehydrogenase domain (pfam02544). Conserved residues that are
important for sterol binding are indicated by arrows; asterisks indi-
cate residues important for cofactor binding; a diamond marks the
glutamic acid residue shown to be important for human DET?2 func-
tion. Detailed information about the conserved domains and residues
is provided in Figure S1 (color figure online)

cotyledons, leaves, and male buds of WT. The highest
accumulation of CsDET2 mRNA was in the cotyledon
implying that the BR level might be high in this vegeta-
tive organ (Fig. 4). Meanwhile, expression of the mutant
allele (Csdet2) was up-regulated in the hypocotyl, leaf,
and male buds in the mutant line (Fig. 4). As a result, the
cotyledons, leaves, and shoots (with young leaves and
male floral buds) of WT and scp-2 mutant seedlings were
harvested and used to measure the endogenous BR levels.
The HPLC-MS/MS analysis indicated that, as com-
pared with the WT, the endogenous BL level in tissues
(mixed from cotyledons, leaves, and shoots) of the scp-2
mutant was significantly reduced, and it was below the
level of detection in two technical replicates (Table 2).
Levels of five other endogenous phytohormones, TAA,
ABA, GA;, GA,, and Zeatin, were also assayed in sam-
ples from the same plants used for the BL measurements.
Interestingly, the levels of both GA; and GA, were sig-
nificantly increased in the scp-2 mutant suggesting a
possible antagonistic relationship with BL (Table 2).
Therefore, the relationship between BR and GA in the
cucumber dwarf mutant needs to be investigated further.
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Table 2 Endogenous levels (ng/g fresh weight) of plant hormones in wild-type and scp-2 mutant plants

Plant BL TAA ABA GA3 GA4 Zeatin
Wild-type 0.027 £ 0.009 1.315£0.131 a 6.962 £ 0.702 a 0.044 £0.012 a 0.065 £ 0.007 a 0.097 £0.011 a
scp-2 mutant 0.0084 1.214 £0.223 a 6.699 +£0.739 a 0.183 £0.057 b 0.295 £0.070 b 0.082 £0.018 a

Mean values of three independent HPLC-MS/MS runs. Means followed by different letters are significantly different at the 5% level by LSD

test

A Data is from the only one detectable result in the three tests

Fig. 5 BR physiological responses in cucumber plants. a—¢ Phe-
notypes of dark-grown scp-2 and wild-type cucumber seedlings. a
Ten-day-old dark-grown (etiolated) wild-type (right) and scp-2 (left)
seedlings. b A close-up view of the top of a wild-type seedling shows
the two closed cotyledons. ¢ A close-up view of an scp-2 seedling
shows the partially open cotyledons and primary leaf bud. d—i Recov-

The scp-2 mutant shows systemic changes in BR-related
features

In the scp-2 mutant, the extreme dwarfing, along with the
dark green and wrinkled leaves, are typical symptoms of BR
biosynthesis deficiency. We tested the etiolation response
with the WT and scp-2 mutant seedlings. After 10 days of
growth in the dark, the WT seedlings, as expected, had a typ-
ical etiolated appearance, with a highly elongated hypocotyl
(Fig. 5a) and closed, unexpanded cotyledons (Fig. 5b). How-
ever, hypocotyls on the scp-2 seedlings failed to elongate
(Fig. 5a), and the mutant seedlings displayed partially open
cotyledons and primary leaf bud (Fig. 5c). These results
show that BR biosynthesis-deficient mutants in Arabidopsis
and cucumber share similar de-etiolation features.
BR-treatment recovery is another feature observed in BR
biosynthesis-deficient mutants, so we treated scp-2 seed-
lings with exogenous EBR (epibrassinolide). The results
clearly showed that the color, shape, and petiole length of
leaves treated with EBR were restored to wild-type appear-
ance (Fig. 5d-i). Exogenous GA was also used to treat the
mutant seedlings, but no obvious responses (plant height or

@ Springer

ery of the scp-2 mutant by exogenous application of EBR. d Wild-
type seedling at the two-leaf stage and (e) its first leaf. f scp-2 mutant
seedling at the two-leaf stage after EBR application (see “Materials
and methods”) and g its first leaf. Note the elongated first leaf petiole,
and the shape and color of the first leaf. h scp-2 mutant seedling at
the two-leaf stage and i its first leaf (color figure online)

color) were observed (data not shown). Although the con-
tinuous application of EBR could not restore the mutant
plant to wild-type height (in detail, the EBR treatment had
no significant impact on the internode length in the mutant
plant), the exogenous BR could, at least partially, rescue
the scp-2 mutant in cucumber. It has been reported that
BRs appear to be synthesized and function in the same tis-
sue or even within the same cell (Bishop et al. 1996; Shi-
mada et al. 2003; Symons and Reid 2004). This explains
why exogenous BR cannot completely complement the
mutant with severely reduced levels of endogenous BR.
This also implies that scp-2 is deficient in the early step of
BR biosynthesis, which blocks endogenous BR production.

Discussion
Cucumber dwarf/compact mutants
Cucumber is an annual vining plant, and indeterminate

growth of the shoot produces a single long main stem. The
longer vine and growth period mean higher production in
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the European and Asian cucumber plants. Therefore, plant
height in cucumber is not only a plant architecture trait, but
also is closely related to the yield. There are many reports
describing plant height in cucumber, including determinate
habit (de) (Fazio et al. 2003) and dwarf/compact mutants
(cp, cp-2, scp, scp-1, and si) (Kubicki et al. 1986; Niemi-
rowicz-Szczytt et al. 1996; Li et al. 2011; Lin et al. 2016;
Wang et al. 2017). Among these, the scp and scp-I mutants
was reported to have pronounced dwarfism and typical fea-
tures related to BR-deficiency. In this study, we identified
a mutant similar to the two scp mutants, which shared the
dwarf/compact plant architecture, dark green and wrinkled
leaves, and female sterility. Unfortunately, the scp mutant
was not available, and the relationship between these two
mutations could not be confirmed without a test of allel-
ism. The scp-I locus (CsCYPS85AI) has been recently
cloned, which was located in cucumber chromosome 5
and encodes a BR-C6-oxidase in the BR biosynthesis path-
way. Our work presented herein suggested that scp-2 is a
lesion in the CsDET2 gene that results in a defect in BR
synthesis. In addition to the appearance of the plants, the
BR-related responses in scp-2, such as low endogenous BR
level, de-etiolation when grown in the dark, and recovery
after exogenous BR application, confirmed that scp-2 is a
BR biosynthesis-deficient mutant. Together with the map-
based cloning results, the wild-type allele of the scp-2
locus should be CsDET2.

One feature of the scp-2 mutant was a 1-bp insertion in
the CsDET2 gene, and the wild-type nucleotide sequence
was changed from ‘AAA’ to ‘AAAA’. Since the original
source, AM204W, was an inbred line, and scp-2 was dis-
covered in the natural self-pollinated progeny, the mutation
can be explained by slipped-strand mispairing (Levinson
and Gutman 1987). Both the scp and scp-I mutations were
induced by EMS treatment (Niemirowicz-Szczytt et al.
1996; Wang et al. 2017). Although the scp mutant was not
recoverable, based on its similar phenotypes with the scp-1/
and scp-2 mutants, both of which are deficiency in same
BR biosynthesis pathway (showed in Fig. S4), it is reason-
able to speculate that scp could also be a mutation in the
BR-related pathway.

The BR response in cucumber

Brassinosteroids (BRs) are a widely distributed class of
steroid hormones in plants that play roles in many biologi-
cal processes including cell expansion, vascular differentia-
tion, photomorphogenesis, male fertility, flowering, senes-
cence, seed germination, and the stress response (Clouse
and Sasse 1998; Gudesblat and Russinova 2011). However,
the BR responses in cucumber have not been well estab-
lished. Many studies focused on the BR-induced stress tol-
erance (Xia et al. 2011; Wang et al. 2012; Li et al. 2013;

Wei et al. 2015; An et al. 2016). Fu et al. (2008) indicated
that application of EBR could induce parthenocarpic fruit
growth, and suggested that BRs play an important role dur-
ing early fruit development in cucumber. However, a lack
of characterized mutants limits the study of the systemic
BR response in this species. In this study, the scp-2 mutant
exhibited the typical BR-deficient phenotype that included
severe dwarfing, dark green and wrinkled cotyledons and
leaves, dark-grown de-etiolation, cell elongation and vascu-
lar development defects, and recovery after exogenous BR
application. All these features, along with reduced endog-
enous BR levels, confirmed that cucumber shares major
conserved BR-related features with Arabidopsis.

However, we found that the endogenous GA level was
increased in this BR biosynthesis-deficient mutant. The
hormone measurements indicated that the endogenous
levels of GA; and GA, increased 4.2- and 4.5-fold in the
scp-2 mutant, respectively, as compared with WT plants
(Table 2). Similarly, the OsGSRI RNALI transgenic rice line
showed a reduced level of endogenous BR and an elevated
level of endogenous GA (Wang et al. 2009). GA and BR
deficiencies can often result in similar phenotypes, such as
dwarfism, reduced seed germination, and delayed flower-
ing, and the GA-deficient mutants also show de-etiolation
phenotypes in the dark (Alabadi et al. 2004; Wang et al.
2009). Here, we found that exogenous GA application
could not restore the dwarf hypocotyl in scp-2 seedlings.
The same result was also shown for Arabidopsis det2, in
which hypocotyl elongation was insensitive to GA (Steber
and McCourt 2001). In contrast, the GA-deficient mutants
show a normal BR response and are partly rescued by BR
(Bai et al. 2012). All these results indicated that GA may be
not required for the BR response, and BR antagonistically
regulates GA levels in cucumber.

GA can induce male flowers and arrest the develop-
ment of female flowers in cucumber (Atsmon 1968), and
this could explain the rare female flowers observed on the
scp-2 mutant plant. Interestingly, the male flowers appeared
to be normal (except the wrinkled corolla), and the pollen
grains are fertile and can be used in backcrosses to hete-
rozygous individuals to maintain the mutant genotype. This
is very different from what is known about the relationship
between BR and pollen. Pollen are thought to be a rich
source of endogenous BRs, and the first BR, brassinolide
(BL) was isolated from pollen of Brassica napus (Grove
et al. 1979). Moreover, the Arabidopsis BR biosynthetic
and signaling mutants show varying degrees of male steril-
ity with reduced pollen number, viability, and release effi-
ciency (Ye et al. 2010). In this study, we used brassinazole
(Brz, a BR biosynthesis inhibitor) to treat the wild-type
male floral buds, and no obvious changes were detected
in the mature stamens and pollen grains (data not shown).
Therefore, based on our observations, we propose that the
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development of male flowers and pollen in cucumber may
act in a BR-independent mode, and there could be a differ-
ent regulation pathway in this organ. We have identified the
WUS-AG-SPL/NZZ pathway functions in the development
of the cucumber male flower, and down-regulated expres-
sion of these genes could explain the sterile male flowers in
another cucumber mutant (mango fruit, unpublished data).
Since BRs are considered to control male fertility by regu-
lating the expression of genes in the WUS-AG-SPL/NZZ
pathway in Arabidopsis (Ye et al. 2010), the different regu-
lation mechanism between BR and male flowers in cucum-
ber should be studied in the future.
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