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Abstract. The receptor-like kinase ERECTA (ER) plays vital roles in plant adaptation under environmental stress including shade
avoidance in Arabidopsis. In our previous study, we identified four ER paralogues in soybean (GmERs) that showed high similarities
to Arabidopsis ER. Each GmER was predicted to generate diverse alternative splicing variants. However, whether soybean GmERs
contribute to shade avoidance is unknown. Here we report our characterization of GmERs in response to shading. Promoter::GUS
staining analysis shows that expression of GmER paralogous genes was differentially induced under shade stress. Further analyses
show that GmERa.1 and GmERa.2 exhibit a larger distinction in length than the other GmER variants. GmERa.2 has the shortest
length of amino acid with only 15 leucine-rich repeats which is the part of the extracellular domain of GmERa.1. Overexpression of
GmERa.2 fully rescued the hypocotyl length, leaf area and petiole length, and the sensitivity of the hypocotyl of Arabidopsis mutant
er-3 to shading, suggesting that the truncated extracellular domain of GmERa might contribute importantly to shade avoidance.
Keywords. ERECTA; extracellular domain; receptor-like kinase; shade avoidance; soybean.

Introduction
Light intensity and quality always change in natural plant
growth communities. In addition to the weakness of light
quality, red light is depleted and far-red light is relatively
rich when the light is reflected from the neighbouring
plants (Franklin and Whitelam 2005). Plants use shade
avoidance or shade tolerance strategy to acquire more
light energy and complete their lifespan in the natural
community (Gommers et al. 2013). Most crops show
shade avoidance syndrome to accelerate their growth and
Junbo Du, Yan Li, Xin Sun and Liang Yu contributed equally to this
work.
JD and WY designed the experiments. JD, YL, XS, LY, HJ, QC, JS, MS,
LY, KS, JL, TY, WL, FY and XW performed the experiments. JD, YL,
XS and LY analysed the data. JD, YL, XS and LY wrote the manuscript.

development at the cost of the decrease of yield under
shade conditions. In the field, close planting directly limits
the crop yield by creating shade conditions for the crops.
Scientists have paid more attention to improve the crop
architecture for light use efficiency to increase the crop
yield per unit arable land. For instance, maize–soybean
strip intercropping model provided a high yield and agricultural sustainability in China by using a creative field
layout approach (Yang et al. 2014, 2015, 2017). However,
the soybean seedlings are always under the canopy shade
of maize plants in the relay–strip intercropping system in
which the soybean yield was negatively affected in this system (Gong et al. 2014; Liu et al. 2016; Wu et al. 2017).
Plant cells always employ massive proteins to sense
the environmental changes. Plant receptor-like kinases
(RLKs) are single-pass transmembrane proteins involved
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in the signal perception of plant growth and
development, and environmental stress resistance (Li 2010;
Ye et al. 2017). A typical RLK contains an extracellular domain, a transmembrane domain and a cytoplasmic
kinase domain (Becraft 2002; Li 2010). The extracellular
domain is for ligand binding to perceive the environmental signals, the transmembrane is for membrane anchoring
and the cytoplasmic Ser/Thr/Tyr kinase domain is for signal transduction via phosphorylation (Shiu and Li 2004;
Oh et al. 2009, 2010). According to their extracellular
domains, the RLKs in the model plant Arabidopsis were
classified into 21 subfamilies, of which the leucine-rich
repeat receptor-like kinases (LRR-RLKs) are the largest
subfamily contributing to many aspects of plant development and resistance. Previous studies demonstrated
that the kinase domain of RLKs serves as a platform
to interact with other RLKs, regulatory proteins, accessory factors and downstream signalling components (Wolf
2017). Some motifs in the extracellular domain of the
RLKs are implicated in the protein–protein interactions,
whereas the other motifs are related to binding to various
carbohydrate substrates (Shiu and Bleecker 2001).
ERECTA (ER) is one of the most important RLKs
found first in the X-ray irradiated Arabidopsis Landsberg
ecotype in 1957 (Rédei et al. 1992). Its functional paralogues ER-LIKE1 (ERL1) and ER-LIKE2 (ERL2) were
then found to play a role in plant development including stomata formation, inflorescence development and in
response to environmental changes (Shpak et al. 2004;
Shpak 2013). Patel et al. (2013) demonstrated that ER
regulates the petiole angle and elongation in the shade
conditions. An independent group found that ER plays an
important role in shade avoidance in some developmental stages in Arabidopsis against light fluctuation (Kasulin
et al. 2013). In our previous study, we have discovered 103
ER homologues in kingdom Plantae (Du et al. 2017b).
However, whether the ER homologous genes in the crops
are involved in shade avoidance are not known yet. In previous studies, we identified four ER paralogues, GmERa,
GmERb, GmERc and GmERd, in soybean by BLAST
using the Arabidopsis ER protein sequence (Du et al.
2017b). For each GmER paralogous gene, at least two splicing variants were predicted in the genome (Du et al. 2017b).
Sequence alignment indicated that two splicing variants
GmERa.1 and GmERa.2 were generated in GmERa by
alternative splicing. Here, we identified that GmERa.1 was
predicted to encode a full length of ER protein, while
GmERa.2 was predicted to be a part of the full-length
sequence. However, whether the splicing variants have any
function is not yet known. In the present study, we report
our identification and characterization of GmERa.2 that
might contribution to shade avoidance. And we also investigated GmERs in shade response by promoter::GUS
analysis. The results show that GmERs are differentially
responsive to shade stress and overexpression of GmERa.2
fully rescued the hypocotyl length, leaf area and petiole

length, the hypocotyl sensitivity of the Arabidopsis mutant
er-3 to shade, suggesting that extracellular domain containing only 15 LRRs of the full length of GmERa might
contribute importantly to shade avoidance. Our identification provides an important new insight into the important
function of the individual extracellular domains of the
RLK in shade avoidance control in soybean.

Materials and methods
Plant materials and growth conditions

Soybean seeds of Glycine max (L.) Merr. Cv. C103
were grown under soil conditions in a growth chamber
(light/dark 16 h / 8 h, 948 µmol/m2 /s, 25◦ C) for two weeks.
Three-week-old soybean seedlings were collected and used
for white light and shade treatment.
Sequence analysis

Amino acid sequence of AtER (At2g26330) was used
to search the plant ER homologues in the Phytozome
database (https://phytozome.jgi.doe.gov/pz/portal.html).
All the sequences of the candidate ER homologues were
aligned by ClustalX2. Sequences of GmERa.2 were predicted through the Soybase database (https://soybase.
org/).
Reverse transcription and semi-quantitative polymerase chain
reaction (RT-PCR) analyses

Total RNA was extracted using a Plant Total RNA
Miniprep Purification kit (Tiangen, http://www.tiangen.
com/). cDNAs were reversely transcribed from 2 µg of
total RNA using an Oligo (dT)20 primer and M-MLV
reverse transcriptase (https://www.thermofisher.com).
First strand cDNAs of reversely transcribed 50 ng of
RNA was used for semiquantitative RT-PCR analyses
with ExTaq DNA polymerase (TaKaRa) (Du et al. 2017a).
AtACT2 (AT3G18780) was amplified as an internal control. Gene-specific primer pairs were designed using Primer
5.0 (table 1 in electronic supplementary material at http://
www.ias.ac.in/jgenet/).
Gene cloning and transformation

Promoter sequences of GmERa, GmERb, GmERc, GmERd
and genomic sequence of GmERa.2 were amplified from
G. max (L.) Merr. Cv. C103 genomic DNA by PCR, respectively (table 1 in electronic supplementary material). A
Gateway cloning approach was used to construct the promoter sequences into a pBASTA-GWR-GUS vector and
the genomic sequence of GmERa.2 into pBASTA-35SGWR-GFP vector. The plasmids were then transformed
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into Arabidopsis Col-0 or er-3 single mutant by
Agrobacterium tumefaciens GV3101-mediated floral dip
(Clough and Bent 1998; Du et al. 2016).

Protein extraction and western blot assay

Leaves of three-week-old Arabidopsis were used for protein
extraction. Leaves of 2 mm were ground into a fine powder
with liquid nitrogen. The mixture was then vortexed with
260 µL of 2× SDS extraction buffer containing 0.1 M TrisHCl (pH 6.8), 4% SDS, 1.43% β-ME and 20% glycerol. The
crude extract was boiled for 5–10 min and subjected to spin
at 18,000g for 10 min. Ice-cold acetone, 800 µL was added
into 200 µL of the supernatant and stored at −20◦ C for at
least 30 min. It was washed with 80% acetone twice with
centrifuging at 18,000g for 10 min each time. Hundred µL
of 1× SDS loading buffer was used for dissolving the airdried protein pellet. The Bradford method was employed
for protein quantification. Total protein, 10 µg was used
for western blot analysis by using anti-GFP antibodies
according to previous studies (Du et al. 2017a).

GUS staining

Five-day-old transgenic Arabidopsis plants harbouring
GUS driven by the promoters of GmERa, GmERb,
GmERc and GmERd, respectively, were treated under
shade for 0, 0.5, 1, 1.5 and 2 h, and then used for GUS
staining according to previous studies (Wu et al. 2016).
Gene-specific primer pairs were designed by using Primer
5.0 (table 1 in electronic supplementary material).

Results
Soybean cultivar C103 showed shade avoidance syndromes under
shading conditions

Under shade conditions, most soybean varieties crops
display shade avoidance syndrome. To investigate the phenotypes of soybean cultivar C103 in response to shade
stress, seeds of the soybean cultivar C103 were grown under
white light and a green filter was used for shade response
analyses. The results showed that C103 displayed a typical
shade avoidance syndrome (figure 1a). With the elongation
of hypocotyls and epicotyls, plant height was significantly
increased by shade stress. Whereas the stem diameter, leaf
width, dry matter, net photosynthetic rate, soluble sugar
content and chlorophyll a/b are decreased in C103 cultivar
under shade conditions (figure 1, b, c, g–l). These results
suggest that C103 is an ideal soybean variety showing
shade avoidance syndrome and is suitable for exploration
of the mechanisms of shade avoidance.
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Promoter::GUS analysis shows that the GmERs are
differentially in response to shade

Our recent studies showed that expression of the
Arabidopsis ER family genes was differentially induced
by shade. In our previous studies, we found four ER
paralogues in soybean, GmERa, GmERb, GmERc and
GmERd (Du et al. 2017b). To understand whether the
expression of soybean ER paralogous genes is regulated
by shade, we investigated the expression pattern of GmERs
by transformation of the GUS gene driven by the promoters of soybean ER paralogous genes, respectively.
The results show that GmERa is principally expressed
in the hypocotyl, petiole and the leaf vein, especially
in the hypocotyls and petioles which is more than that
of GmERb, GmERc and GmERd. GmERb is principally
expressed in the hypocotyl and the whole leaves. Whereas,
the GmERc is principally expressed in the top of the
hypocotyl and the GmERd is slightly expressed in the
hypocotyl and petiole of the seedlings (figure 2). GmERa
expression was found upregulated in leaves but its expression in the hypocotyl was slightly decreased by 0.5 h
of shade treatment. But as the time of shade treatment
increases, the expression of GmERa increased in leaves
and hypocotyls compared to that at 0.5 h of shade treatment. The expression of GmERb and GmERd did not
show remarkable changes by shade treatment, and GmERc
is slightly induced in leaves by shade (figure 2). These
results suggest that GmERs might distinctively contribute
to shade avoidance.

Identification of a truncated ER in soybean

Alternative splicing was predicted from the four GmER
genes, including two, three, two and two splicing variants
for GmERa, GmERb, GmERc and GmERd, respectively.
Among all the four GmER genes, GmERa has the largest
difference because of its two splicing variants. GmERa.1
has 26 exons while GmERa.2 has only 15 exons in the
genomic DNA. GmERa.2 has a truncation from the start
codon to 814 bp and from 3620 bp to the stop codon
compared to GmERa.1 (figure 1 in electronic supplementary material). Accordingly, the coding sequence (CDS)
of the GmERa.2 has a truncated sequence from 415 to
1463 bp compared with GmERa.1 (figure 2 in electronic
supplementary material). The results of Clustal analysis
indicated that GmERa.1 shows a higher identity to AtER
than GmERa.2 (figure 3). GmERa.2 displayed a deletion
of the amino acid at both the N and C terminals (figure 3). Sequence analysis indicated that GmERa.2 is a
truncated sequence from amino acid 139 to 504 inside the
full length of GmERa.1 (figure 4a). Protein sequence analysis by Uniprot (http://www.uniprot.org/) showed that the
GmERa.1 contains a signal peptide from amino acid 1–24,
20 LRRs in extracellular domain from amino acid 69–545,
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Figure 1. Phenotypes and characterization of soybean cultivar C103 under shade conditions. (a–c) Phenotypes of soybean cultivar
C103 in white light and shade. (d–l) physiological analysis of soybean cultivar C103 in white light and shade.

a transmembrane domain from amino acid 590–607 and
a cytoplasmic kinase domain from amino acid 656–922
(figure 4b). Whereas GmERa.2 contains only 15 LRRs
which is truncated from LRR4 to LRR18 in GmERa.1
and lacks a signal peptide, transmembrane domain and
kinase domain (figure 4b), which is the shortest splicing
variant of the known RLKs in plants so far.
Overexpression of a truncated soybean ER altered shade
avoidance of er-3

Previous studies demonstrated that the Arabidopsis ER
regulates hypocotyl elongation in shade avoidance
(Kasulin et al. 2013). To understand whether GmERa.2
contributes to shade avoidance or not, we overexpressed
the truncated GmERa.2 driven by the CaMV 35S promoter
in Arabidopsis. The results showed that the hypocotyls
of the transgenic plants harbouring 35S::GmERa.2 are
elongated under both white light and shade conditions

compared to the er-3 single mutant (figure 5a). The
hypocotyl response of 35S::GmERa.2 was more sensitive
to shade stimulation compared to Arabidopsis er-3 single
mutant (figure 5, a&d). RT-PCR and western blot analyses
confirmed that GmERa.2 was expressed at both transcript
and protein levels in the 35S::GmERa.2 overexpression
transgenic lines (figure 5, b&c). Leaf areas and petiole
length of the er-3 were also rescued by overexpression
of 35S::GmERa.2 (figure 5, e–g). These results demonstrated that the truncated GmERa.2 might be important
for shade-avoidance control. Alternatively, the extracellular domain of GmERa, independent of the intracellular
kinase domain, might make an important contribution to
shade avoidance.

Discussion
Plant RLKs play crucial roles in many aspects of
plant growth and development, and adaptation to
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Figure 2. Promoter::GUS analysis shows a distinct expression pattern of GmERs in response to shade.

environmental stress including light stress. However, the
involvement of plant RLKs in shade avoidance has been
seldom reported. To date, only the RLK ER has been
found to be involved in shade avoidance in Arabidopsis (Kasulin et al. 2013; Patel et al. 2013). However, the
function of the ER homologues is largely unknown in
crops. In our previous studies, we identified four ER homologues containing diverse predicted splicing variants each,
respectively, in soybean (Du et al. 2017b). In all the predicted splicing variants of each soybean ER paralogue,
GmERa.1 and GmERa.2 showed the biggest distinction
in the sequence length. Here we characterized the predicted splice variant GmERa.2 containing only 15 LRRs
and lacking a transmembrane domain and cytoplasmic
domain in soybean. Our further analysis revealed that the
splice variant of GmER altered plant shade avoidance.
Alternatively spliced transcripts were found in at least
38 LRR-RLKs by a genomewide cloning and sequence
analyses of all the LRR-RLKs in previous studies (Gou
et al. 2010). Until now, only a few alternative splicing
variants of RLKs in plants were found to play a role
in plant development and environmental stress adaptation. For instance, Arabidopsis leaf rust RLK LRK10-like
gene AtLRK10L1.2 produces several alternatively spliced

variants, in which a 45 nt of mini-exon encoding the
transmembrane domain was found to be able to alter
the location of the protein (Shin et al. 2015). A recent
study elucidated that alternative splicing variants of an Sdomain lectin RLK Nt-Sd-RLK in tobacco were distinctly
induced by stimulation of lipopolysaccharide. When under
lipopolysaccharide stimulation conditions, a full length
transcript of Nt-Sd-RLK was produced while a shorter
transcript would be generated under nonstimulated conditions (Sanabria and Dubery 2016). The author proposed
that Nt-Sd-RLK might play an important role in pathogen
surveillance by producing a short transcript encoding only
the extracellular domain of the protein. On binding of the
lipopolysaccharide to the short extracellular domain of the
protein, a full-length protein containing a transmembrane
domain and kinase domain was generated by alternative splicing to activate a downstream signal transduction
(Sanabria and Dubery 2016). Another study demonstrated that alternative splicing produced by the splicing
factors SUA (SUPPRESSOR OF ABI3-5) and RSN2
(REQUIRED FOR SNC4-1D 2) is critical for the two
RLKs SNC4 (SUPPRESSOR OF NPR1-1, CONSTITUTIVE4) and CERK1 (CHITIN ELICITOR RECEPTOR
KINASE1) in PAMP-triggered immunity (Zhang et al.
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Figure 3. Sequence alignment of AtER and GmERa. GmERa.1 and GmERa.2 are two splicing variants of GmERa. GmERa.1
shows more similarity to AtER.

Figure 4. Protein domain prediction of GmERa.1 and GmERa.2. Protein sequence analysis of by GmERa.1 and GmERa.2 Uniprot
(http://www.uniprot.org/). The grey box indicates the extracellular domain of GmERa.1, the yellow box indicates the transmembrane
domain of GmERa.1, the blue colour letters indicate the kinase domain of GmERa.1. Full length of GmERa.2 is in red colour. A
hypothetic structure of GmERa.1 and GmERa.2. SP, signal peptide. LRR, leucine-rich repeats. TM, transmembrane domain. KD,
kinase domain.
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Figure 5. Overexpression of GmERa.2 altered shade avoidance of Arabidopsis er-3. Phenotype of Col-0, er-3 and the transgenic
lines of GmERa.2 genomic DNA in the white light (W) and the shade (S) conditions. Scale bar represents 0.5 cm. RT-PCR to check
the transcripts of GmERa.2 in the transgenic plants. Western blotting analysis to verify the expression of GmERa.2-GFP in the
transgenic plants. Hypocotyl length of Col, er-3, and the transgenic plants under white light and shade conditions. Phenotypes of
soil-grown Col-0, er-3 and the transgenic lines of GmERa.2 genomic DNA. Scale bar represents 1 cm. Leaf area of er-3 is rescued by
overexpression of GmERa.2. Petiole length of er-3 is rescued by overexpression of GmERa.2. Student’s t-test was used to check the
significance. **P < 0.05.

2014). Research evidence showed that ZmWAK-RLK1, a
wall-associated RLK, is highly diverse in the extracellular
domain in different maize genotypes. And the truncated
protein generated by alternative splicing showed a higher
frequency of appearance against northern corn leaf blight
in the susceptible maize populations generated by a mapbased cloning approach (Hurni et al. 2015). However, the
molecular mechanisms of the alternative splicing of RLKs
in plants are largely unknown. Our results clearly demonstrated that an alternatively spliced variant of the GmERa
resulting in a truncated protein lacking transmembrane
and intracellular domains might contribute importantly to
shade avoidance in plants. Previous studies elucidated that,

in addition to the kinase domain, the extracellular domain
of RLKs is also important for protein–protein interaction. For instance, it was found that flagellin 22 initiated
extracellular domain interaction of FLS2-BAK1 which
is independent of the intracellular kinase domain (Koller
and Bent 2014). Site-directed mutagenesis of S554, Q530,
Q627 or N674, which are required for defense signalling
activation, in the extracellular domain of FLS2 impaired
the extracellular domain interaction of FLS2 with BAK1
(Koller and Bent 2014).
We propose that the 15 extracellular LRR domains
are crucial for GmERa in plant shade-avoidance control. Firstly, the predicted GmERa.2 constituted by only
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15 LRRs is the partial extracellular fragments of the
full length of GmERa.1. Secondly, overexpression of
GmERa.2 restored the shade insensitive phenotypes of the
Arabidopsis single mutant er-3. Previous studies showed
that Arabidopsis ER is involved in hypocotyl and petiole
elongation in shade avoidance (Patel et al. 2013). Loss of
function of AtER showed insensitive phenotypes under
shade conditions. In the present study, overexpression of
GmERa.2 driven by a CaMV 35S promoter fully restored
the defective phenotype of the er-3 seedlings in response
to shade treatment. It is demonstrated that shade triggers
early flowering of plants (Casal 2013), but we have not
observed the remarkable influence of flowering time by
overexpression of the truncated GmER in er-3. Hence,
we speculate that the truncated GmER might not contribute to flowering time and might have some special
function. However, it cannot be excluded that the full
length of GmER might be involved in shade-accelerated
flowering time. The reason is still unknown and needs
further elucidation. RLKs often play a role in the form
of heterodimers or homodimers. We suggest the possible mechanism that the extracellular LRR domain of
GmERa.2 might interact with unknown transmembrane
proteins in a protein complex to transduce the extracellular signals into the intercellular domain and activate the
downstream signalling transduction. It is demonstrated
that there were another two ER homologues ERL1 and
ERL2 in Arabidopsis which play some redundant roles
with ER (Shpak et al. 2004; Shpak 2013). Another possibility is that GmERa.2 interacts with ERL1 and ERL2
to form a protein complex and transduce the extracellular
signalling into the cell through the extracellular domain to
the intracellular domain of ERL proteins.
In conclusion, we identified that GmERs are differentially sensitive to shade by promoter analysis, of which
the expression of GmERa is remarkably induced by shade.
A spliced variant of GmERa only harbouring 15 LRRs
devoid of an intracellular kinase domain was identified by
sequence analysis. Overexpression of GmERa.2 promoted
the elongation of the hypocotyls of er-3 in response to
shading. These results provided novel evidence that the
extracellular domain of RLKs plays important roles independent of the intracellular domain, which sheds light on a
better understanding of the mechanisms of RLKs in environmental adaptation of plants. The next step will focus on
the distinct function of GmERa.1 and GmERa.2 in plant
growth and development, the detailed molecular mechanisms underlying how the truncated GmERa lacking a
cytoplasmic domain regulates shade avoidance in plants.
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