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Abstract

ERECTA gene family encodes leucine-rich repeat receptor-like kinases that control major

aspects of plant development such as elongation of aboveground organs, leaf initiation,

development of flowers, and epidermis differentiation. To clarify the importance of ERECTA

signaling for the development of soybean (Glycine max), we expressed the dominant-nega-

tive ERECTA gene from Arabidopsis thaliana that is truncated in the kinase domain (AtΔKi-

nase). Expression of AtΔKinase in soybean resulted in the short stature, reduced number of

leaves, reduced leaf surface area and enhanced branching in the transgenic plants. The

transgenic AtΔKinase soybean plants exhibited increased tolerance to water deficit stress

due to the reduction of total leaf area and reduced transpiration compared to the wild-type

plants. Production of seeds in AtΔKinase lines was higher compared to wild type at regular

conditions of cultivation and after exposure to drought stress. Transgenic seedlings

expressing AtΔKinase were also able to withstand salt stress better than the wild-type.

Established results demonstrated the significance of native soybean genes (GmER and

GmERL) in development and stress response of soybean, and suggested that the truncated

ERECTA gene of Arabidopsis thaliana can be used to manipulate the growth and stress

response of different crop species.

Introduction

One of the major questions of developmental biology is how the body and organ size of multi-

cellular organisms is controlled by intrinsic factors [1] The ERECTA gene family of leucine-

rich repeat receptor-like kinases (LRR-RLK) is a pleiotropic regulator of various developmen-

tal processes [2]. In Arabidopsis thaliana, the synergistic action of three ERECTA-gene family,

ERECTA(ER),ERECTA-LIKE 1(ERL1) and ERECTA-LIKE 2(ERL2), controls aboveground

organ growth and flower development. These genes regulate shoot apical meristem size, help

to establish phyllotaxy, and promote cotyledon [3,4]. Arabidopsis thaliana ERECTA gene fam-

ily inhibits the differentiation of the protodermal cells into meristemoid mother cells, thereby
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preventing the formation of guard mother cells [3]. Further, through expression in the epider-

mis, ERECTA gene family controls stomatal formation. These genes decrease the stomatal den-

sity in leaves, reducing the overall stomatal conductance and the water loss [5].

ERECTA signaling has been extensively studied. It has been demonstrated that the ERECTA
family receptors are localized in the plasma membrane, where they sense small extracellular

peptide [6]. The ER family receptors after perceiving the secreted peptide ligands, epidermal

patterning factor 1(EPF1) and epidermal patterning factor 2 (EPF2) modify stomatal pattern-

ing [7–9]. Recently, two more peptides (EPF4 and EPF6) were also identified as ligands in the

signaling process [10,11]. Shpak et al., (2005) suggested that TMM (TOO MANY MOUTHS)

LRR-receptor-like protein forms a heterodimer with the ER family RLK and prevents signal-

ing, thereby negatively regulating stomatal differentiation. A MAP kinase cascade consisting

of YODA (YDA), MKK4/MKK5 and MPK3/MPK6 operate downstream of ER receptors [12].

It was suggested that MAPKc, cascade involved in regulating inflorescence architecture is

based on both gain- and loss-of-function data [13–15].

Up to date, the functions of ERECTA gene family were mostly characterized in Arabidopsis,
which is considered as a model plant for all genetic studies. ERECTA plays an important role

in regulating the size of the aboveground organs of Arabidopsis [14]. Loss of function of

ERECTA leads to plants with short stature and tightly clustered inflorescences which is due to

the reduced internode and pedicel lengths [16]. Also mutant ERECTA (er) plants of Arabidop-
sis also display shorter hypocotyls, smaller cotyledons, and leaves with short petioles and wider

flowers with short and blunt siliques, with a reduced number of cortex cells in the stems and

pedicels but more expanded cells than the wild-type [6,13,15,17,18]. The truncated ERECTA

protein that lacks the cytoplasmic kinase domain (ΔKinase) confers dominant-negative effects

in Arabidopsis including compact inflorescence and short, blunt siliques [13]. Analysis of the

ERECTA gene family phylogenetic tree suggested that this group of genes are quite conserved

between Arabidopsis and other plant species [25]. Thus, Arabidopsis er phenotypes serve as evi-

dence that modifications of ERECTA signaling in valuable crop species could lead to desirable

phenotypical traits that can be achieved through overexpression or suppression of ERECTA
genes.

However, studies of ERECTA gene family other than Arabidopsis plants are still limited.

Involvement of an ER homolog in Sorghum bicolor, SbRLK1 in the regulation of specific pro-

cesses in the mesophyll cells was reported [19]. In Zea mays, ERECTA genes play a role in con-

trolling plant growth, organ size and yield of plants [20]. Lately, ERECTA signaling in

Solanum lycopersicum was manipulated by expressing AtΔKinase from Arabidopsis using two

different promoters [25]. Thus, the expression of AtΔKinase under the control of 35S promoter

dramatically reduced vegetative growth and production of seeds in the transgenic tomato lines

[25]. Expression of AtΔKinase under the control of its own promoter, on the other hand,

resulted in relatively moderate inhibition of tomato plant height but significant decrease in the

number of leaves and total leaf area [25].

Several research studies [21, 22, 23, 25] reported links between ERECTA signaling and

plant response to abiotic stress. For example, two homologs of ERECTA in the Triticum aesti-
vum genome, TaER1 and TaER2, were recently connected with the improvement of transpira-

tion efficiency and yield in bread wheat [21]. The role of ERECTA gene family in regulating

thermotolerance in Oryza sativa and tomato has recently been characterized [22]. Thermoto-

lerance was reduced in a loss-of-function ER homolog rice mutant and tomato with reduced

expression of a tomato ER allele [22]. Lately, it has been shown that an ER homolog in wild

common bean might be associated with drought [23]. Authors reasoned that the reduction of

total leaf area (evaporating surface area) in the transgenic tomato plants, caused by the expres-

sion of AtΔKinase, conferred drought tolerance [25]. Most importantly, these transgenic
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tomato lines did not suffer yield loss as determined by fruit size and number per plant.

Described traits will be very desirable for many crops including soybean (Glycine max). Du

et al., [24] found that several soybean ER homologs can be upregulated by water stress. Based

on the sequence similarity between Arabidopsis ER genes and the predicted soybean ER and

ERL genes [25], it is logical to assume that Arabidopsis and soybean ER signaling pathways are

quite conserved. Therefore, Arabidopsis ER gene can be used to manipulate the development

and stress response in soybean as was previously documented for tomato plants [25].

Here, we determined the role of ERECTA signaling in the development and stress response

of soybean plants by disrupting ERECTA signaling using the transgenic approach. Soybean

lines expressing the truncated ERECTA protein from Arabidopsis (AtΔKinase) were estab-

lished and analyzed. AtΔKinase expressing transgenic soybean lines exhibited short stature,

reduced leaf area, and a significant increase in tolerance to increased salinity and water deficit

stress. We demonstrated that the establishment of more compact and stress-tolerant crop

plants with no yield penalty can be achieved successfully by suppressing ERECTA signaling.

Materials and methods

Vector construction and transgenic soybean lines development

The 8.018 kb EcoR1 –BamH1 fragment from pESH454 consisting of Arabidopsis ERECTA
gene truncated in the region encoding the kinase domain (AtΔKinase) [13] was cloned into

soybean transformation vector pTF101.1 [26] obtained from Iowa State University using the

standard cloning techniques. The truncated ER gene in pNS37 contains native Arabidopsis ER
(At2g26330) promoter (1.8 kb), gene fragment (4.2 kb), and the native transcription termina-

tor (1.9 kb). The 6 kb EcoR1 –BamH1 fragment from pESH454 was cloned between EcoR1

and BamH1 sites of pTF101.1 followed by the introduction of 2 kb BamH1 fragment to build

pNS37. The ER gene fragment consists of exons and introns for LRR repeats and transmem-

brane (TM) region. There is a stop codon immediately after TM sequence followed by BamH1

site and ER terminator. The pTF101.1 vector contains 2 x 35S promoter-driven Bar gene as the

selection marker (S1 Fig). The resulting pNS37 vector was submitted to Iowa State University

for developing transgenic soybean lines using the Williams 82 genotype, where Agrobacter-
ium-mediated transformation protocol [27,28] was pursued to develop putative transgenic

lines.

Expression analysis of transgene and native soybean ERECTA genes using

real-time RT-PCR

Total RNA was isolated from the apex and young leaves of 21-day-old soybean plants, flowers

from 35-d-old mature plants and siliques of 45-d-old plants using an RNeasy Plant Mini kit

(Qiagen, Germany). The cDNA was generated from 1μg of total RNA using a SuperScript III

First-Strand Synthesis System (Invitrogen, USA) with a dT20 oligonucleotide as primer

according to the manufacturer’s protocol. cDNA samples were diluted and used for real-time

quantitative PCR analysis with SYBR Green PCR master mix (Thermo Fisher Scientific, UK)

in an iCycler iQ Multicolor Real-Time PCR detection system (Bio-Rad, USA). AtΔKinase gene

was amplified using primers: 5’-ATGGTATGACATTTGACTCCAAAC -3’ and 5’-
GTGGATCTATTCCTCCGATTCTC -3’. House-keeping gene (18S) was amplified using prim-

ers: 5’-AGGCCGCGGAAGTTTGAGGC-3’ and 5’-ATCAGTGTAGCGCGCGTGGG -3’. The

primers used to amplify the native GmERL1 gene (NP_001237639) were: 5’-GCTCGGAA
TAGGCTCAGTGG -3’(Forward) and 5’-ACGATATGTCCAGGTACTGCAA-3’(Reverse).

To amplify the native GmERL2 gene (NP_001235330), 5’-CTAGTGGAACTGGGCAAGG-
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3’(Forward) and 5’-TGGGTGGCCATAATAATACTAAGCA-3’(Reverse) primers were used.

The native GmERL3 gene (XP_003534036) was amplified using the primers: 5’-
TGTTGGCTTTTGTGGGCAAG-3’(Forward) and 5’-TCGCTGAGTGGTGAAGCAAA-
3’(Reverse). House-keeping gene (18S) was amplified using primers: 5’-AGGCCGCG
GAAGTTTGAGGC-3’(Forward) and 5’-ATCAGTGTAGCGCGCGTGGG -3’(Reverse).

Three independent biological replicates were used in the analysis. For each biological replica,

three technical replicas were run. The real-time PCR data analyzed by the ‘comparative count’

method to obtain relative mRNA expression of each tissue as described in the iCycle manual

(Bio-Rad).

Plant growth conditions and phenotypical analysis of transgenic soybean

plants

Seedlings (10-day-old) of wild-type and the selected transgenic soybean lines (3–1, 2–1, 2–4

and 1–2) were transferred into small pots containing sterile Sun Shine Redi-earth Professional

growing mix. All plants were grown in a growth chamber under conditions of 12 h light (25

˚C) and 12 h dark (20 ˚C), 45% humidity, and 500 μmol m–2 s–1 light intensity and were

watered once a day. Three-week-old seedlings were transferred to the greenhouse in a bigger

pot. Seven mature plants from each experimental group (WT, 3–1, 2–1, 2–4 and 1–2) were

phenotypically analyzed, and the following data were recorded: length of the leaves, the total

number of leaves and number of branches in 66-d-old plants, number of mature siliques and

number of seeds in 80-day-old plants. One-way ANOVA (Analysis of Variance) with post-hoc

Tukey HSD (Honestly significant difference) using SAS software (SAS Studio 3.8) [29] was

used to assess the significance of differences in the data between groups of plants. In a separate

experiment, plant height was recorded every 5 days starting from 30-day-old plants, up to the

state of full maturity (70 days). Total leaf surface area was measured in 66-day-old plants by

removing all the leaves from a plant and then measuring the area using the portable leaf area

meter android [Biovis Leaf Av (Android version), Expert Visions Labs Pvt. Ltd, India].

Water loss assay and drought stress experiment

To examine the ability of transgenic plants to lose water, three flag leaves were excised from

each 4-week-old wild-type and transgenic plants grown in the greenhouse, and the fresh

weight was immediately determined. All the leaves were placed on a laboratory bench at room

temperature for 300 min. Every 30 min, leaf weight was recorded. Water loss was calculated as

the percentage of the initial fresh weight at each time point. For each genotype (WT, 3–1, 2–1,

2–4 and 1–2), five plants were tested. The relative water content of the detached leaves was

measured by the leaf disc method [30]. Six leaves were cut from each 4-week plant grown in

the greenhouse. Leaf discs were made from each leaf with the help of a cork borer and fresh

weight was immediately measured. The discs were dipped in distilled water and kept in the

refrigerator (4 ˚C) for 24 hours to reach full turgor. The turgid weight and later the dry weight

after drying the discs at 70˚C for 24 hours was measured. The RWC in % was calculated by the

formula: RWC (%) = [(fresh weight-dry weight)/(turgid weight-dry weight)] x100. To test

drought tolerance at the adult stage, wild type and a transgenic line were grown under normal

watering conditions for 4 weeks and then subjected to drought stress by withdrawing irriga-

tion for the next 6 weeks. After 14 days of drought stress, drought tolerance phenotypes were

examined, and pictures of transgenic lines and wild-type were captured. A total of 10 plants

for each of WT and transgenic lines were evaluated in water deficit experiment. During the

drought stress experiment, the volumetric water content of the soil was measured at 0, 5, 7 and

9 days using the ProCheck decagon device (Decagon Devices, Inc., USA). The photosynthetic
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activity and the stomatal conductance was also measured using a portable photosynthesis sys-

tem (Li-Cor LI-6400XT) (LI-COR Biosciences, USA). Three measurements were made for

each plant, and 7 plants were used for both the wild type and the transgenic plants.

Salt stress experiments

To estimate the working concentration of NaCl for salt stress experiments, the wild type seeds

were grown on both Murashige and Skoog medium (MS) without NaCl supplement (control)

and MS media supplemented with different concentrations of NaCl (50mM, 100mM, 150mM,

200mM, 300mM, and 400mM). The shoot and root lengths, as well as fresh and dry biomass of

shoots and roots of 10-day-old germinated seedlings, were measured and the data were ana-

lyzed statistically using One-way ANOVA (Analysis of Variance) with post-hoc Tukey HSD

(Honestly significant difference) using SAS software. In the salt experiment involving trans-

genic lines, the seeds of wild type and transgenic lines were germinated in the presence of

NaCl. Seeds were surface-sterilized using chlorine gas in a desiccator and planted on both pure

MS medium (control) and medium supplemented with 100 mM NaCl. Seeds were germinated

under continuous light and the germination rate was recorded daily for 10 days. To test salt

tolerance at the seedling stage, 10-day old seedlings were photographed to visualize the pheno-

types. The root and shoot lengths, as well as whole fresh and dry biomass, were also measured.

All tests were repeated thrice, and One-way ANOVA (Analysis of Variance) with post-hoc

Tukey HSD (Honestly significant difference) using SAS software was used for statistical

analysis.

Results

Development of transgenic soybean plants expressing AtΔKinase transgene

To disrupt ERECTA signaling in soybean, we took the dominant-negative approach and

expressed a truncated version of the Arabidopsis ERECTA gene (AtΔKinase) under the control

of native ER promoter (AtERECTApro::AtΔKinase) in soybean plants. The truncated ERECTA

binds with its ligands and forms heterodimers; however, due to the deletion in the kinase

domain, it is unable to phosphorylate and trigger signaling [13]. Therefore, the expression of

AtΔKinase is expected to suppress ER signaling. A similar approach was successfully used in

the tomato model plant [25], where expression of AtΔKinase resulted in drastic modification

of tomato phenotype, including dwarfing of tomato plants and reduction in total leaf area. To

determine the effect of AtΔKinase expression in soybean (cv. Williams 82), T1 seeds of 4 puta-

tive independent lines established as a result of transformation with AtERpro:AtΔKinase plas-

mid were obtained from Plant Transformation Facility, Iowa State University. PCR analysis on

germinated T1 seedlings of each line showed the presence of the AtΔKinase gene. Low transfor-

mation efficiency can be explained by the strong effect of AtΔKinase transgene resulting in

developmental defects. The expression of the transgene (AtΔKinase) in four established lines

was confirmed by qPCR analysis (Fig 1A). The highest level of AtΔKinase was found in two

transgenic lines (2–1 and 2–4). Both lines were selected for monitoring of AtΔKinase expres-

sion in different organs of transgenic lines (Fig 1B). It was confirmed that the AtΔKinase gene

was expressed in leaves, apex, stem, root, flowers, and fruits of both selected lines. The highest

expression of the transgene was observed in the stems of transgenic plants. Same transgenic

lines (2–1 and 2–4) were used for the analysis of the expression of three native soybean

ERECTA genes (GmERL1, GmERL2, GmERL3) in different organs (leaves, apex, stem, root,

flowers, and fruits) of the wild type and AtΔKinase expressing lines (S2 Fig). We documented

that the expression of all three native soybean ERECTA genes was enhanced in all analyzed tis-

sues of the transgenic lines compared to wild type.
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Effects of suppression of ERECTA signaling on the phenotype of transgenic

plants

At the stage of young seedlings (10-day-old plants) and young plants (40-day-old), AtERpro:

AtΔKinase expressing soybean lines grew slowly and appeared short compared to the wild-

type (Fig 2A and 2B). As expected, the reduction in the size of transgenic plants resulted in a

decrease in total biomass compared with the wild-type (Fig 2C). However, AtERpro:AtΔKinase
lines reached the size of the wild-type plants at the maturity stage (Fig 2D). Thus, 70-day-old

fully mature transgenic plants of four independent lines (3–1; 2–1; 2–4; 1–2) had the same

height as the wild-type soybean plants (Fig 2D). At the same time, mature transgenic plants

developed less number of leaves (Fig 3A) with decreased total leaf area per plant (Fig 3B) com-

pared with the wild-type. On the contrary, the transgenic plants were found to have more

branches (Fig 3C) than the wild-type, giving them short, compact and bushy appearance. It is

important to note that AtERpro:ΔKinase soybean lines produced more seeds per plant than

wild type. Thus, 80-day-old transgenic lines 3–1, 2–1, 2–4, 1–2 produced 12.5%, 39.2%, 23%,

and 35.5% more seeds respectively compared to wild type plants of the same age (S3 Fig).

Thus, we can conclude that the expression of a truncated version of Arabidopsis ERECTA
(AtΔKinase) interfered with native soybean ERECTA signaling and inhibited the vegetative

growth and development of transgenic soybean plants. These results were consistent with the

results that were established for tomato expressing AtΔKinase [25]. It is interesting that the

leaves detached from the AtERpro:ΔKinase transgenic lines were able to retain water and main-

tain initial weight than the leaves detached from the wild-type plants (Fig 3D). Previously, we

reported that the disruption of ERECTA signaling in tomato plants through the expression of

Arabidopsis ΔKinase led to significant improvement of drought tolerance in the transgenic

tomato plants [25]. We also hypothesized that tolerance to water deficit was improved due to

the considerable reduction of evaporating surface area (total leaf area) that may contribute to

the reduction of transpiration in transgenic tomato plants expressing AtΔKinase. Since we

have observed a decrease of leaf number and leaf area in AtERpro:ΔKinase transgenic soybean

Fig 1. Analysis of AtΔKinase gene expression in the four generated transgenic lines (A) and different organs of selected AtERpro:AtΔKinase lines

(B). The analysis was performed using quantitative RT-PCR. 18S was used as an internal control. For A- Samples collected from 14-day-old plants. For

B- Leaves, apex, roots, stems were collected from 21-day-old plants, flowers were collected from 35-day-old plants, siliques were collected from 45-day-

old plants. Results are shown as means ±SE of three biological replicates.

https://doi.org/10.1371/journal.pone.0233383.g001
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lines, we next addressed the response of AtERpro:ΔKinase transgenic lines on water deficit

stress.

Expression of AtERpro: AtΔKinase alters the response to water deficit stress

in transgenic soybean plants

We exposed AtERpro:ΔKinase transgenic soybean lines to water deficit stress by terminating

water supply for 6 weeks. Soil moisture in pots was measured as volumetric water content (%)

before the experiment and during the stress experiment. Initial volumetric water content

(before water withholding) content was equal between pots used for the cultivation of wild-

type and transgenic lines. After seven days of water termination, the wild-type plants exhibited

typical symptoms of stress such as wilting and rolling of leaves, while the AtERpro:AtΔKinase
transgenic lines appeared unstressed. The first symptoms of drought stress in the transgenic

plants were observed after 2 weeks of drought stress, and such symptoms were less obvious

compared to that in the wild-type (Fig 4A). At the end of stress experiment, the number of

seeds per plant, as well as dry weight of the shoot and root biomass and number of produced

seeds, was recorded (Fig 4B, 4C and 4D). We found that transgenic soybean lines produced

more dry biomass of roots and shoots under water deficit conditions compared to the wild-

type plants (Fig 4B and 4C). This can be explained by the ability of transgenic plants to retain

Fig 2. AtERpro:AtΔKinase transgenic soybean plants grow slowly compared with wild-type plants but can reach the same height at maturity. (A)

Phenotypical comparison of 10-day-old seedlings of wild-type and AtERpro:AtΔKinase plants. (B) Height (n = 10) in 40-day-old wild-type soybean

plants and AtERpro:AtΔKinase expressing lines. (C) Accumulation of fresh biomass (n = 6) of wild-type and AtERpro:AtΔKinase soybean transgenic

lines after 90 days of cultivation in a growth chamber (D) Gradual changes in the height (n = 4) of wild-type and four transgenic soybean lines during

70 days of cultivation in a growth chamber. Results are shown as means ±SE (�P<0.05;��P <0.01). T1 generation of transgenic lines was analyzed in the

presented phenotypical tests.

https://doi.org/10.1371/journal.pone.0233383.g002
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water and continue growth for a longer time during the water withholding period than the

wild-type control plants. Seed yield is the most valuable trait of soybean [31]. Previously, we

have noticed that the expression of AtΔKinase in tomato plants did not cause a reduction of

photosynthetic ability and suppression of the reproductive system (production of fruits/seeds

per plant) [25]. Similarly, transgenic soybean plants expressing the same gene (AtΔKinase) and

exposed to prolonged water deficit stress produced more seeds per plant compared with the

wild-type (Fig 4D). To clarify the links between transpiration and the observed resistance to

water deficit, we measured the stomatal conductance as well as the transpiration rate during

the water deficit stress experiment (Fig 5). We did not detect any statistically significant differ-

ences in the number of stomata per leaf between wild-type and the transgenic lines (S4 Fig)

However, both the stomatal conductance and transpiration rate were significantly decreased

in the two selected transgenic lines (lines 3–1 and 1–2) compared to that of wild type plants

(Fig 5C and 5D). As a result of decreased transpiration, the relative water content in the leaves

was higher in AtΔKinase lines than in the wild-type (Fig 5A). To evaluate remaining soil mois-

ture during the water deficit experiment, we measured volumetric water content in pots used

for plant cultivation. As showed in Fig 5B, pots used for cultivation of transgenic plants main-

tained more moisture than pots with wild-type plants during the first 9 days of cultivation

without watering. Based on these experimental data, we hypothesized that the increased

drought tolerance of established transgenic lines is related to lower transpiration surface

Fig 3. AtERpro:AtΔKinase transgenic plants generate less number of leaves (A) with smaller leaf area (B) but produce more branches (C) compared

with wild-type soybean plants. Total leaf area per plant and a total number of leaves were calculated for 66-day-old wild-type and four AtERpro:

AtΔKinase transgenic lines (n = 7; ��P <0.01; �P <0.05). The number of branches was estimated for 62-day-old wild type and transgenic lines cultivated

in greenhouse conditions. Water loss (D) in fully expanded and detached leaves was calculated for 58-day-old wild type and four transgenic lines. T3

generation of transgenic lines was used in stress experiments. Results are shown as means ±SE.

https://doi.org/10.1371/journal.pone.0233383.g003
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resulting from the smaller total leaf area of the transgenic AtERpro:AtΔKinase plants. To

understand if ERECTA signaling is also linked with plant stress signaling pathways at the

molecular level, we have selected two soybean genes (GmRD22-Like and GmPIP1-2) that can

be used as markers for plant response to osmotic stress. GmRD22-Like is an apoplast-localized

BURP-domain protein-encoding gene [42] and GmPIP1-2 is the soybean water channel pro-

tein-encoding gene [44]. Expression of both selected genes was monitored by q-PCR in leaves

of soybean wild type and all four AtERpro:AtΔKinase lines exposed to drought stress for seven

days (S5 Fig). We have noticed a significant increase of expression of both genes in three trans-

genic lines (2–1; 2–4; 1–2) exposed to water deficit stress (S5 Fig).

Expression of AtERpro:AtΔKinase results in enhancement of tolerance of

transgenic soybean plants to salt stress

To estimate the appropriate concentration of NaCl for salt stress experiments involving trans-

genic lines, NaCl in a wide range of concentrations was applied to the seeds of wild-type soy-

bean (S6 Fig). 10-day-old wild-type seedlings were subjected for measurement of the length of

shoots and estimation of the total biomass of NaCl-treated seedlings. Based on such measure-

ments we found that NaCl in a concentration of 100 mM was toxic for soybean plants but the

damage caused to the seedlings was less as seen at higher NaCl doses (S6 Fig). As the next step,

seeds of wild-type and two AtΔKinase expressing lines (3–1,1–2) were exposed to regular MS

medium and MS medium supplemented with 100mM NaCl. Seed germination rate, as well as

accumulation of biomass of transgenic and control lines during 10 days of cultivation on

Fig 4. AtERpro:AtΔKinase transgenic plants are more tolerant to water deficit stress. 52-day-old AtERpro:AtΔKinase plants exhibited fewer visible

stress symptoms after two weeks of incubation without watering (A). Dry biomass of shoots (B), roots (C) and the number of seeds (D) produced by

82-day-old wild type and transgenic lines after cultivation in water deficit conditions. n = 5; ��P <0.01; �P <0.05. T3 generation of transgenic lines was

used in stress experiments. Results are shown as means ±SE.

https://doi.org/10.1371/journal.pone.0233383.g004
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regular MS medium and MS medium supplemented with salt, were recorded. As shown in

Fig 6 and S7 Fig, AtERpro:AtΔKinase lines exhibited higher tolerance to salt stress compared

to the wild-type. Thus, two selected transgenic lines (3–1 and 1–2) had a higher germination

rate on NaCl-supplemented medium (S7 Fig). When the seeds were germinated and cultivated

under salt stress (100 mM NaCl) for 10 days, AtERpro:AtΔKinase lines developed longer shoots

and roots, and accumulated more total fresh and dry biomass than the wild-type seedlings

exposed to the same salt stress (Fig 6A, 6B, 6C and 6D; S7 Fig). However, if seedlings were

grown in regular MS medium (without NaCl supplement), transgenic plants were smaller and

produced less biomass than wild-type seedlings (Fig 6A, 6B, 6C and 6D).

Discussion

ERECTA is a leucine-rich repeat RLKs, which in turn are the plasma membrane-localized

receptors that sense the extracellular signals in plants [32]. Phylogenetic analysis of the

ERECTA gene family suggested that such a group of genes originated at an early stage of evolu-

tion. According to the constructed phylogenetic tree of the ERECTA family, three soybean

ERECTA genes (GmERL1, GmERL2, GmERL3) are evolutionarily very close to Arabidopsis
(AtERL2, AtERL1) and tomato (SlERL) ERECTA genes [25]. Thus, it is logical to expect the

existence of functional similarity between Arabidopsis, tomato, and soybean ERECTA genes.

Fig 5. AtERpro:AtΔKinase transgenic plants transpire less water under water deficit conditions compared to the wild type. (A) Relative water

content (leaves) in 58-day-old wild type and transgenic lines grown in regular greenhouse conditions. (B) Soil moisture expressed as volumetric water

content (n = 7) in pots used for cultivation of wild-type and transgenic lines during 0, 5, 7 and 9 days of drought stress. Letter ‘a’ denote insignificant

difference compared to that of wild type. Letters b and c denote significant differences compared to that of wild type. Letter b denotes p < 0.05, Letter c

denotes p < 0.01 (C) Transpiration rate of wild-type and transgenic plants in day 7 of water deficit stress. (D) Stomatal conductance (n = 3) in leaves of

wild type and transgenic AtERpro:AtΔKinase lines in day 7 of water deficit stress (n = 7). Results are shown as means ±SE.

https://doi.org/10.1371/journal.pone.0233383.g005
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Here, we took a dominant-negative approach to terminate soybean ERECTA signaling

through the expression of Arabidopsis thaliana ΔKinase gene controlled with the Arabidopsis
(AtERpro) promoter in soybean plants. The observed modification to architecture, productiv-

ity and stress response in AtERpro:AtΔKinase expressing soybean lines was very similar to

changes that were earlier observed in AtERpro:AtΔKinase expressing tomato lines [25]. Trans-

genic soybean plants exhibited a significant reduction of height at a young stage and restored

size at the stage of maturity. The total leaf number was decreased and branching was enhanced

in the mature transgenic plants.

Similar to the AtERpro:AtΔKinase tomato plants [25], soybean AtERpro:AtΔKinase plants

expressed AtΔKinase gene in all analyzed tissues including young leaves and apex. Interest-

ingly, the expression of three soybean native ERECTA genes (GmERL1, GmERL2, GmERL3)
was significantly enhanced in AtERpro:AtΔKinase soybean lines compared to the wild type (S2

Fig). This trend was noticed in all analyzed organs including leaf, apex, fruit, stem, and root.

Similarly, native tomato ERECTA genes (SlER and SlERL) were overexpressed in AtERpro:

AtΔKinase tomato plants compared to tomato wild type [25]. This observation can indicate

that termination of ERECTA signaling by expression of AtERpro:AtΔKinase can lead to com-

pensation effect through induction of native ERECTA genes.

It is well known that ERECTA signaling is associated with abiotic and biotic stress response

[2]. The petioles in Arabidopsis er mutants are shorter compared to that of the wild-type, and

in response to certain environmental changes like flooding, low light, and shade, ERECTA can

Fig 6. AtERpro:AtΔKinase transgenic soybean seedlings produce longer shoots, roots and total biomass than wild type plants under salt stress

(NaCl, 100 mM). (A) Comparison of the shoot length in 10-day-old seedlings of wild type and transgenic lines grown under salt stress. (B) Comparison

of the root length in 10-day-old wild type and transgenic seedlings grown under salt stress. (C) Comparison of the weight of total fresh biomass in the

10-day-old wild type and transgenic lines grown under salt stress. (D). Comparison of the weight of total dry biomass in the 10-day-old wild type and

transgenic lines grown under salt stress. The seedlings (10-day-old) were grown both on regular MS medium (control) and in MS medium

supplemented with NaCl (100mM) (n = 10; ��P <0.01; �P <0.05). Results are shown as means ±SE.

https://doi.org/10.1371/journal.pone.0233383.g006
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promote hyponastic growth and petiole elongation due to its effect on petiole morphology [2,

33]. Overexpression of the ERECTA gene from Populus nigra in Arabidopsis led to increased

photosynthetic rate, decreased transpiration and increased water use efficiency [34]. ERECTA

was also reported to protect against heat stress in Arabidopsis during an adaxial-abaxial polar-

ity formation in the leaves [35], and contribute to disease resistance by reducing pathogen

invasion and spread [2]. Such an increase of biotic stress tolerance is most likely linked to the

impact of ERECTA on plant morphology, especially on the structure of epidermis and vascula-

ture [2]. Recently, it was discovered that ERECTA interacts with BAK1 (BRASSINOSTEROID

INSENSITIVE 1-associated kinase 1) receptor-like kinases, and regulates immune responses

in Arabidopsis [36]. Overexpression of ERECTA, improved thermotolerance in rice and

tomato [22]. On the contrary, er mutations led to decreased thermotolerance in both tested

species [22].

The exact mechanism of links between abiotic stress signaling and ERECTA signaling is

not clarified yet. Such a mechanism most likely is associated with drastic morphological

changes observed in transgenic lines overexpressing ERECTA genes or in the er mutants.

Indeed, it was reported that er mutation can alter leaf morphology including stomatal density,

epidermal cell expansion, mesophyll cell proliferation, circadian leaf movements and petiole

growth [5, 37, 38]. Other changes in leaf morphology caused by the termination of ERECTA

signaling can also contribute to the modified response to environmental stress. Here, we have

linked observed reduction of total leaf area in AtΔKinase transgenic soybean lines with a

reduction of total transpiration and as a result, enhanced tolerance to water deficit stress (Figs

2, 3 and 4). Grain production is the major soybean trait. AtΔKinase expressing soybean lines

produced more seeds per plant after long-term exposure to water deficit stress compared to

the wild–type. Thus, genetic modification of ERECTA signaling can be successfully used for

the improvement of grain-producing crops without a reduction in the yield. Observed

improvement of salt stress tolerance of AtERpro:AtΔKinase is another beneficial trait of soy-

bean plant with terminated ERECTA signaling (Fig 6). Salinity is one of the greatest environ-

mental challenges and one of the best solutions is to create salt-tolerant cultivars [39]. It is

predicted that about 50% of the available land will be affected by salinity by 2050 [40]. Taking

in account our data demonstrating improvement of drought and salt tolerance of soybean

AtERpro:AtΔKinase transgenic lines and early documented thermotolerance of transgenic

tomato and rice lines overexpressing Arabidopsis ER gene [22], we can conclude that genetic

manipulations with ERECTA signaling may significantly contribute to the creation of crop

cultivars with enhanced tolerance to different types of osmotic stress. Here, we have provided

experimental evidence that the observed enhanced tolerance of AtERpro:AtΔKinase soybean

lines to water deficit stress (Fig 3) can be mainly associated with phenotypical modifications of

transgenic leaves including the reduced leaf surface area. However, ERECTA signaling may

also be associated with other stress signaling pathways. Although our main focus was not on

studies of such molecular links, we have monitored the expression of two soybean stress-

inducible genes (GmRD-22 Like and GmPIP1-2) in wild type and AtERpro:AtΔKinase trans-

genic lines grown under water deficit stress for seven days (S5 Fig). It is known that both

selected genes are playing a critical role in the response of plants to osmotic stress and can be

used for the improvement of abiotic stress tolerance using a genetic approach [41, 42, 43, 44].

Thus, studies have shown that the triggered ABA production during dehydration stress

increases the expression of GmRD22 gene (apoplast-localized BURP-domain protein), which

protects the plant from major abiotic stresses [41]. Another study has revealed that the expres-

sion of GmRD22 in Arabidopsis thaliana and rice during stress could strengthen the cell wall

integrity by increasing the lignin contents [42]. There is evidence of the involvement of PIP1

genes (water channel genes) in plant stress tolerance by maintaining the uptake and movement
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of water in the plant body [43]. It has been shown that the overexpression of GmPIP1-2 gene

(soybean water channel protein) in soybean has increased the plant’s abiotic stress tolerance,

promote plant growth and finally increase the soybean yields [44]. It is interesting that in our

studies both genes (GmRD22-Like and GmPIP1-2) were overexpressed in the transgenic lines

after seven days of water deficit stress (S5 Fig). Thus, it is logical to suggest that the termination

of ERECTA signaling achieved in our AtERpro:AtΔKinase lines can drastically affect stress sig-

naling pathways and various transcriptional factors. Such influence can contribute to the

observed effects of AtΔKinase gene on the response of AtΔKinase transgenic soybean plants on

osmotic stress. To clarify the molecular mechanisms of effects of ERECTA genes on plant stress

response more mechanistic studies should be done in the future.

Supporting information

S1 Fig. Map of vector construction used for soybean transformation. The pNS37 construct

in pTF101.1 backbone is shown. The 6 kb EcoR1 –BamH1 fragment from pESH454 was

cloned between EcoR1 and BamH1 sites of pTF101.1 followed by introduction of 2 kb BamH1

fragment to build pNS37. The ER gene fragment consists of exons and introns for LRR repeats

and transmembrane (TM) region. There is a stop codon immediately after TM sequence fol-

lowed by BamH1 site and ER terminator. The pTF101.1 vector contains 2 x 35S promoter

driven Bar gene as the selection marker.

(TIF)

S2 Fig. A quantitative RT-PCR analysis of endogenous GmERL1 (A), GmERL2 (B) and

GmERL3 (C) gene expression in different plant organs of wild type plants and of trans-

genic lines. 18S was used as an internal control. Samples of leaves, apices, stem and root were

collected from 21-day-old plants, flowers were collected from 35-day-old plants and siliques

derived from 45-day-old plants. Results are shown as means ±SE of three biological replicates.

(TIF)

S3 Fig. A production of seeds by 80-day-old wild type and transgenic lines grown under

regular greenhouse conditions. n = 10; ��P <0.01; �P <0.05. Results are shown as means ±SE.

(TIF)

S4 Fig. Stomatal density in the leaves of seedlings of wild type and two transgenic AtERpro:

AtΔKinase lines. Six leaves were sampled and analyzed for each line. Values are mean ± SE.

(TIF)

S5 Fig. A quantitative RT-PCR expressional analysis of osmotic stress marker genes (A)

GmRD22-Like (B) GmPIP1-2 in the leaves of wild type and AtERpro:AtΔKinase transgenic

lines grown under drought stress. Leaves were collected from 28-day-old wild type and of

transgenic plants grown in conditions of water deficit for 7 days. 18S was used as an internal

control. Results are shown as means ±SE of three biological replicates.

(TIF)

S6 Fig. Phenotypical comparison of 10-day-old soybean wild-type seedlings unexposed to salt

stress and seedlings exposed to different concentrations of NaCl (50mM, 100mM, 150mM,

200mM, 300mM and 400mM) (A, B, C) n = 10; ��P <0.01; �P <0.05. Results are shown as

means ±SE. (D) Photograph of 10-day-old wild type seedlings grown without NaCl supple-

ment (control) and grown in medium supplemented with a wide range of NaCl concentra-

tions.

(TIF)
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S7 Fig. (A) The phenotype of wild type and transgenic AtERpro: AtΔKinase seedlings (line

3–1) exposed to salt stress conditions (100mM NaCl). (B) AtERpro:AtΔKinase transgenic

plants exhibited higher germination rate on medium supplemented with 100mM of NaCl

compared to wild-type.

(TIF)
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