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ABSTRACT

Brassinosteroid (BR) is a class of polyhydroxysteroids plant hormones known to regulate
shoot and root growth. Genetic and molecular analyses demonstrate that receptor kinase
BRI protein acts as a perceiver for BR. One of the characteristics of bri/ mutant’s
phenotypes is the complete BR insensitivity in the root. Biochemical evidences of the
BRII protein complex indicates that somatic embryogenesis receptor kinase 1 (SERK1)
and SERK3 participate in the BR pathway in Arabidopsis root. While only serk3 mutants
show partial reduction to BR sensitivity, serk! presents a normal BR penetration phenotype
compared to the wild type. Interestingly, the double mutant serklserk3 displays more,
but not full resistance to BR in root length assay. In this study, we aimed to enhance the
BR insensitivity of the double mutant serklserk3 by crossing serkl mutant allele with a
strong serk3 and bril mutant alleles. In our study, by generating serkl-3serk3-2 double
mutants, a complete insensitivity to BR that phenocopied bri/-301 mutant was recorded.
However, we were unable to increase BR resistance in the root of serk/-3serk3-2 double
mutant by crossing with bri/ mutant allele in the triple mutant serkl-3serk3-2bril. As a
result, all the BRI signaling in the root was mediated through the SERK1 and SERK3
co-receptors. Additionally, we established that based on conventional BR assays, the
Atl1g27190 protein was also involved in BR signaling. Preliminary data indicated that

the triple mutant serklserk3-24t1g27190

showed a dwarfed phenotype. Whether or

not this dwarfed phenotype is linked to BRI1

signaling impairment needs to be further
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INTRODUCTION

Brassinosteroids (BRs) are essential
regulators of plant growth and development
affecting a broad spectrum of processes at
the molecular, cellular, and physiological
levels (Fan et al., 2016). The importance of
BR in plant development is illustrated by the
dramatic phenotypes of bri/ (brassinosteroid
insensitive) mutant plants failing to produce
or perceive BR (Biicherl et al., 2013).
These bril mutants are characterized by
short roots, dwarfed stature, male sterility,
rounded leaves, and photo-morphogenetic
defects (Kangetal.,2017; Sun etal., 2017).
Major progresses in understanding the BR
signaling cascade have been performed
(Belkhadir & Chory, 2006; Belkhadir
& Jaillais, 2015). However, considering
the highly pleiotropic defects of the bri/
mutants and the ubiquitous expression
of bril gene, it remains to be established
how BR specificity can be achieved in this
signaling system (Hutten et al., 2017).
Some models suggest the involvement
of interacting partner proteins for BRI1. A
gain-of-function screen identified a leucine
rich repeat-receptor like kinase (LRR-
RLK) protein, somatic embryogenesis
receptor-like kinase 3 (SERK3) (Brandt &
Hothorn, 2016; Santiago et al., 2013; Sun
et al., 2013), which hetero-dimerizes with
BRI1 (Russinova et al., 2004). Since the
formation of the SERK3-BRI1 complex
is BR-dependent (Kinoshita et al., 2005;
Wang et al., 2005), SERK3 is suggested
to play a key role in downstream signaling
events in BR-dependent manner. Another
line of biochemical evidences also indicates

that SERK 1 contributes to the BR pathway
(Albrecht et al., 2012; Karlova et al.,
2006; van Esse et al., 2012). SERK1 and
SERK3 are parts of a large family of 13
SERK-like receptors with 5 closely related
members (SERK1 to SERKS) (Liu et al.,
2020). The mild phenotypes of the single
mutants serk3 and serkl indicate that other
SERK members could participate in the
BRs signaling as well (Zheng et al., 2018).
These findings have shed lights that spatial
and temporal expression of SERK-proteins
might be responsible for the specificity of
the BRs signaling (van Esse et al., 2016).
Due to the redundancy in the SERK
protein family, it remains debatable whether
all responses of the BRII signaling are
mediated through SERKs receptors (van
Esse et al., 2013). Using a set of double,
triple and quadruple mutants within the
subfamily SERK1 to SERKS, the results
exhibit that only serk/ enhances the BR
insensitivity of serk3 mutant roots. However,
data also indicates that SERK1 and SERK3
partially account for the BR insensitivity
root phenotype, i.e. the double serklserk3
mutant does not show complete insensitivity
as bril mutants do (Albrecht et al., 2008).
There have been several hypotheses
to explain the various penetrations of BR
sensitivity phenotype in the root. Firstly,
serk3 mutant allele used in the previous
studies is not the strongest allele (Albrecht
etal., 2008, 2012; Kemmerling et al., 2007).
Secondly, there could be other co-receptors
than the SERK are involved in BR signaling
cascade. We identified in the SERK3 and
SERK1 protein complex, another LRR-
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RLK, At1g27190 (unpublished data).
Finally, an alternative BRI1 pathway that
does not utilize of the SERK co-receptors
is also proposed.

In our study, we established that the
level of BR insensitivity was dependent
on which serk3 mutant allele used in the
generation of double mutant serklserk3.
Our report also depicted that based on
conventional brassinolide (BL) assays, the
At1g27190 protein was involved in BR
signaling pathway. We also showed that
the triple mutant serkl-1serk3-2atl1g27190
revealed a dwarf phenotype. Determining
this dwarf phenotype linked to BRI1
signaling impairment needs to be further
investigated.

MATERIALS AND METHODS
Plant Growth Conditions

Unless otherwise specified, plant materials
used in this study were Arabidopsis thaliana
ecotype Columbia as the wild type control.
Freshly harvested seeds sterilization were
carried out as previously described (Lindsey
III et al., 2017). Once the sterilized seeds
were collected, they were germinated
on 0.5x Murashige and Skoog medium
(Duchefa) contained with 1% sucrose. After
vernalized for 2 days at 4°C, seeds were
transferred to growth chamber with the
following conditions: 22°C, light intensity
of 130-150 Em~2s’!, 16:8h, light: dark
photoperiod and relative humidity of
80% as previously described conditions
(Junker et al., 2015). Subsequently, 10
day-old seedlings were transplanted to soil
and grown under the same environment

conditions. For the selection of transgenic
seedlings, 0.5x Murashige and Skoog
medium (Duchefa) supplemented with 1%
sucrose and 15mg L' phosphinothricin
(PPT; Duchefa) were used.

For the hypocotyl length and root
length experiment with or without BR, after
vernalization for 2 days, the seeds were
vertically kept in the growth chamber in
the darkness for 5 days, or in the light for
7 days, respectively. Every experiment was
biologically repeated three times. Images
were analyzed by Image] software.

PCR-based Genotyping

The serkl-1, serk3-1 (Kemmerling et al.,
2007; Russinova et al., 2004), bril-301,
and bril-19 were previously described
(Alonso et al., 2003; Zhang et al., 2018).
PCR genotyping for single, double, and
triple mutants was performed with published
primers combinations (Albrecht et al., 2005,
2008).

Gene Cloning and Plant Transformation

For the production of BRI1-GFP construct,
the full length BRII gene cDNA were cloned
with iProof™ high-fidelity DNA polymerase
and then fused to green fluorescent protein
(GFP) gene by primers engineered with
Ncol restriction sites.

To produce the BRI/ promoter construct,
a 2-kb region upstream of the start codons of
the BRII gene was cloned in the pPGEM®-T
vector (Promega Corporation) with iProof™
high-fidelity DNA polymerase. The
pGEM-T cloned promoters were inserted
via Sall-Ncol in a modified pBluescript
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vector containing the GFP gene inserted
as Ncol-BamHI fragment in front of the
Tnos terminator. The entire open reading
frames of BRII gene as described above
were then inserted as Ncol fragments. The
resulting full cassettes were then sub-cloned
into a modified pFluar vector via Sa/l-Smal
(Stuitje et al., 2003). These constructs were
further referred to as PBR1: BRI1-GFP.

These constructs were verified by
sequencing and were electroporated in
Agrobacterium tumefaciens strain C58Cl1
containing a disarmed C58 Ti plasmid
(Koncz et al., 1989). The constructs were
transformed into the serkl-3serk3-2 mutant
backgrounds by the floral-dip method
(Clough & Bent, 1998). All the primers
were designed and provided by Catherine
Albrecht, Laboratory of Biochemistry,
Wageningen University.

RESULTS AND DISCUSSION

Generation of the Double Mutant serkl-
3serk3-2 and serkl-3serk3-2bril-301

Based on root length assay, it was reported
that the serkl-1 was weaker allele than
the serkl-3, while both alleles showed a
similar male sterile phenotype (Albrecht
et al., 2008). Similarly, the serk3-1 allele
was weaker than the serk3-2 allele in
innate immunity assays but not in BR-
related assays (Chinchilla et al., 2007;
Kemmerling et al., 2007). Furthermore,
although the double mutant serk3-1serk4
displayed a viable dwarf stature, the double
mutant serk3-2 serk4 was lethal. These data
clearly indicated that the different serkl/
and serk3 mutant alleles showed various

level of penetrance of BR sensitivity.
Additionally, we also theorized that the
level of BR resistance could be increased
by incorporating bri/ mutant allele in the
double mutant serkl-3serk3-2. As a result,
the double mutant serkl-3serk3-2 and
triple mutant serk!-3serk3-2bril-301 were
generated. We further analyzed the BR-
related phenotypes of these two mutant lines
in the root inhibition assay.

BR-related Phenotypes of the Double
Mutant serk1-3serk3-2 and serkl-
3serk3-2bril-301

Root length assay was performed to
test whether the BR sensitivity of the
double mutant serkl-3serk3-2 and triple
mutant serkl-3serk3-2bril-301. Seedlings
were grown vertically with different BR
concentrations under the light. The root
lengths were subsequently photographed
and analyzed. Although the serki-3 single
mutant did not show a reduced BR sensitivity
(Albrecht et al., 2008), an increase in BR
sensitivity even at high BR concentrations
(100nM) could be observed in the double
mutant serkl-3serk3-2, which phenocopied
the BL response of the hri/-301 mutant
(Figure 1) (Greene et al., 2003). It was
also noteworthy the triple mutant serkl-
3serk3-2bril-301 did not enhance the BR
insensitivity. Although we could observe a
strong BR-related phenotype in the root, we
did not record any increased dwarfism in the
serklserk3 double mutant as compared to
the serk3-2 single mutant. Taken together,
these data clearly showed that the double
mutant serkl-3 serk3-2 enhanced the BR
insensitivity.
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Figure 1. Root length assay of bril-301 and serk3-2 single mutants, serk/-3 in combinations with serk3-

1, serk3-2, and serk3-2bril-301 backgrounds. Wild type Col serves as control treatment (Nofe. BL =
Brassinolide)
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Figure 2. Root length assay of bril-301 and serk3-2 single mutants, transgenic pBRII::BRII in serkl-
3serk3-2 background, and serkl-3 in combinations with serk3-1 and serk3-2 backgrounds. Wild type Col
serves as control treatment (Note. BL = Brassinolide)

An Alternative SERK-independent receptors. This would imply that it is possible
BRII Pathway to partially or fully rescue a serklserk3
It has been shown that BRI protein can mutant phenotype by supplementing a
operate in the homo-dimeric state, thus transgene BRI in a serklserk3 mutant
suggesting an alternative BRI1 pathway background. As a result, the serklserk3
that would operate without the SERK co- strong double mutant was crossed with BRI/
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overexpressing line. The BRII/serklserk3
lines were subsequently analyzed in the root
inhibition assay. We used the overexpressing
BRI-GFP line and the bes/-D mutant
line, which showed an overexpression
BR phenotype due the dominant positive
mutation in the BES]1 transcription factor,
as controls. Our data presented that BRI/
serklserk3 lines displayed BR insensitivity
(Figure 2). This indicates that in the root
the BRI signaling is mediated through the
SERK1 and SERK3 co-receptors.

Characterization of the A11g27190
Mutants

Our protein mass spectrometry experiments
demonstrated that A1/g27190 participated in
the same complex with BR1, SERK1, and
SERK3 (data not shown). Consequently,
mutant line of At/g27190 gene was
obtained for characterization. The mutant
Atlg27190 lines illustrated indistinguishable
phenotypes compared to the wild type. Since
PCR genotyping indicated that the T-DNA

inserted in the A¢1g27190 gene was located
in kinase region, the 4¢/g27190 mutant
gene would encode a non-functional protein
lacking approximately 200 amino acids of
the kinase domain (unpublished data).

We then proceeded to cross A¢1g27190
mutant line with the serk mutants to observe
any enhancement in reported serk mutant
phenotypes. Double, triple mutants were
developed by crossing the At1g27190
mutants with serkl-1serk2-1serk3-1 and
serkl-1serk2-1serk3-2 triple mutants.
Based on the genotyping and phenotyping
results, double mutants serkl-1 at1g27190,
serk3-2 atlg27190, serk3-1atlg27190,
triple mutants serkl-Iserk3-1atig27190
demonstrated an indistinguishable
phenotype from the wild type. However,
triple mutants serkl-1 Iserk3-2 atig27190
exhibited dwarf phenotype (Figure 3).
Whether At1g27190 acts in synergy with
the SERK co-receptors and enhances the
phenotype of the serklserk3 double mutant
needs further confirmation.

Figure 3. Phenotypic analysis of 12-week-old Arabidopsis thaliana used in this study. (A) wild type; (B)
serkl-1; (C) serk3-2; (D) serkl-1 atig27910; (E) serk3-1 atig27910; (F) serk3-2 atig27910; (G) serkl-1
serk3-1at1g27910; (H) serkl-1 serk3- 2atig27910, respectively.
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BR-related Phenotypes of the A¢1g27190
Mutants

As a first step to evaluate the involvement
of At1g27190 in BR signaling pathway, two
different alleles of single mutant 4¢/g27190
BIL3-N616632 and BIL3-632078, were
tested in the root length assay and the
hypocotyl assay. In the root length assay, the
At1g27190 mutants showed the same level
of BL insensitivity as the serk3-1 (Figure

4) at low (2.5 to 10nM) concentrations of
BL. In the hypocotyl length assay, it was
previously reported that the serk3 mutant
alleles, serk3-1 and serk3-2, had shorter
hypocotyls than the wild type when grown
in dark (Li et al., 2002; Nam & Li, 2002).
In our study, the dark-grown hypocotyls
of the A¢t1g27190 mutants were decreased
compared to the control wild-type plants
(Figure 5).
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Figure 4. Root length assay of 4¢11g27190 T-DNA tags. Wild type Col serves as control treatment (Note. BL

=Brassinolide)
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Figure 5. Hypocotyl length assay of At1g27190 T-DNA tags. Wild type Col serves as control treatment
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CONCLUSION

Our data indicated that the double mutants
serkl-3serk3-2 and serkl-3serk3-2-
bril-301 depicted a complete BR insensitive
phenotype in the root comparable to that
of a bril mutant. As a result, we propose
that all the BRI signaling in the root is
mediated through the SERK1 and SERK3
co-receptors. Our report also depicted
that based on conventional BL assays,
the At1g27190 protein was involved in
brassinosteroid signaling and the triple
mutant serkl-1serk3-2atig27190 revealed
a dwarf phenotype. Determining this
dwarf phenotype linked to BRI1 signaling
impairment needs to be further investigated.
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