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Abstract. To study the role of pea LysM receptor-like kinase K1 in the
coordination of the infection process, starting in epidermis and nodule
organogenesis in the root cortex of plants, during the development of
rhizobium-legume symbiosis, the genetic constructs in which K7 gene was
cloned under the control of tissue-specific promoter pLeEXT1 of tomato
Lycopersicon esculentum extensin gene and the constitutive promoter of
cauliflower mosaic virus (CaMV35S, cauliflower mosaic virus 35S) were
obtained. During the transformation of the Nod™ mutant line, the k7-7, with
two types of constructs, the restoration of nodule formation was observed,
which indicated the possible participation of K1 in the control not only early,
but also later stages of symbiosis development in pea.

1 Introduction

The formation of the symbiosis between legumes and nodule bacteria leads to the
development of nitrogen-fixing nodules on the roots of plants. Genetic analysis of legume
mutants impaired at subsequent stages of symbiosis development has shown that the process
of forming functional nodules can be associated with the implementation of two main
programs — infection process starting in the epidermis cells and nodule organogenesis in the
root cortex[1—4]. These programs are developed individually, but in a way that depends on
each other [4-6]. Binding of rhizobial signal molecules Nod factors with LysM-containing
receptor-like kinases (LysM-RLK), localized in the plasma membrane of epidermis cells
(mainly root hairs), leads to activation of the program that provides the penetration of
rhizobia into plant root cells. This is accompanied by curling of root hairs, the formation of
a "pocket" in which the microcolony of rhizobia is developed. Changing the structure of the
cell wall under the influence of lytic enzymes leads to invagination of the epidermal cell
membrane and the gradual formation of an infection thread (IT), by means of which rhizobia
move through the cells of the epidermis to the root cortex. Simultaneously with the growth
of IT in the epidermis, dedifferentiation and activation of cell divisions of the root cortex,
which give rise to nodule primordia [7-10]. The implementation of two programs is
completed by the penetration of IT into the cells of the root cortex of plants, the release of
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bacteria from ITs, the formation of symbiosomes and the initiation of the nitrogen fixation
process in nodules.

In recent years, receptors to Nod factors and the main regulators important for signal
transduction in epidermis cells have been identified and characterized [11-12]. In addition,
transcription factors and regulators of plant response to the action of hormones cytokinins
and auxins, which are necessary for the nodule organogenesis program activation in legumes,
were identified [13—15]. However, how the interaction between the two programs related to
different tissues (the epidermis and the cortex) is carried out remains unclear.

A convenient approach for studying the function of various genes in controlling the
symbiosis development can be the transformation of plants using tissue-specific promoters
that provide the activation of genes only in certain tissues. To study the effect of tissue-
specific expression, a promoter of the tomato Lycopersicon esculentum EXTI gene encoding
an extensin-like cell wall protein can be used [16]. Analysis using reporter constructs allowed
us to show the specific localization of gene expression in root hair cells (trichoblasts) during
the transformation of tomato, potato and tobacco. The pLeEXT1 promoter was also used in
the transformation of legumes, in particular, Medicago truncatula, to study the localization
of the DsRED-ES5 reporter gene. Expression of the reporter gene was also associated with the
root hairs of M. truncatula and occurred in response to inoculation by rhizobia under the
influence of ethylene [17-18]. Thus, obtaining genetic constructs under the pLeEXT1
promoter can be a convenient tool for studying the influence of selective gene expression in
the epidermis upon the development of symbiosis in legumes.

Previously, we described the role of LysM-RLK K1 in controlling the symbiosis
development in pea P. sativum L. Analysis of mutants impaired in this gene, as well as a
number of other evidences, suggested that K1 can control both early symbiotic reactions
(deformations and curling of root hairs) and later ones associated with the development of IT
in the root cortex of plants and the release of bacteria from IT [12, 19]. Studying the effect
of expression of this gene in the epidermis under the pLeEXT1 promoter on events occurring
in the root cortex may be a convenient tool for identifying the relationship between the
developmental programs in different types of tissues in pea during symbiosis.

In this work, we performed experiments on the complementation of the pea mutant k/-1
using the pLeEXT1::K/ construct containing the K/ gene under the promoter of the tomato
extensin gene. Composite plants were obtained by transformation by Agrobacterium
rhizogenes. The kI-1 mutant line was chosen by us as a model for studying the features of
the tissue-specific pLeEXT1 promoter in pea plants, since it almost completely lacks
responses to inoculation by rhizobia. The comparative analysis was performed using the
p35S::K1 construct, which was previously used to carry out complementation and restore the
function of nodule formation in the mutant £/-1 pea line.

2 Materials and methods

2.1 Strains and plants

Escherichia coli TOP10 strain (Thermo Fisher Scientific, USA) was used for standard
cloning procedures. Strains of A. rhizogenes Arqual were used for plant transformation. Pea
plants were inoculated with Rhizobium leguminosarum biovar viciae strain CIAM 1026
(WDCM 966) labelled with GUS [12]. We used P. sativum L. mutant line k/-1 and its
parental line Cameor [12].
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2.2 Genetic constructs obtaining

The pDONR P4-P1 vector containing the pLeEXT1 promoter (1121 p. o.) of the extensin
gene was kindly provided by Dr. Sandra Bensmihen (INRA, Toulouse, France). We also used
the pENTRY P4-P1 vector (Ghent University, Belgium) containing the 35S promoter of
CaMV. Constructs with promoters were used for multi-locus homologous recombination
with the pENTRY/D-TOPO P1-P2R vector containing the encoding sequence of the K/ gene,
as well as pENTRY P2-P3R containing the t35s terminator (Ghent University, Belgium). The
constructs were obtained using LR clonase II (Thermo Fisher Scientific, USA). pKm43GW
was used as the final vector for cloning based on the homologous recombination [20]. The
constructs were introduced into the A. rhizogenes Arqual strain by electroporation.

2.3 Plant transformation and histochemical analysis

The transformation of plants was performed using the method described earlier [21].
Histochemical staining of roots was performed using the method described earlier [12].

3 Results and discussion

In pea plants, infection of epidermis tissues begins in about 24-48 hours after inoculation,
and nodule organogenesis is activated later (the first cell divisions of the pericycle and inner
cortex can be detected on the 5th day after inoculation) [22]. Due to the fact that Nod factors
do not penetrate into the root tissues of the plant and remain associated with receptors on the
surface of root hairs, it is of interest to find out how the IT development program in the root
cortex and nodule organogenesis are remotely activated.

In order to study the effect of tissue-specific expression of the K/ gene encoding the
receptor to Nod factors on the development of early symbiotic reactions in peas and the
formation of nodules, two constructs were created in which the K/ gene was under the p35S
or pLeEXT1 promoters. The resulting vectors were named pKm43GW p35S::K7::t35S and
pKm43GW pLeEXT1::K7::t358S, respectively. The design schemes are shown in Figure 1
(Fig. 1). The obtained constructs were used for transformation of the k/-/ pea mutant line
using the 4. rhizogenes Arqual strain.
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Fig. 1. Scheme of pPKm43GW p35S::K7::t35S (a) and pKm43GW pLeEXT1::K7::t35S (b) vectors for
pea plant transformation.
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In the k/-1 mutant line, no responses to rhizobial inoculation were observed, since the
function of K1 receptor to Nod factors was impaired [12]. After transformation of the k/-/
mutant line with two types of constructs - pPKm43GW p35S::K7::t35S and pKm43GW
pLeEXT1::K1::t35S — the effective nodule formation was restored on transgenic roots (Fig.
2). The analysis of the deformations and curling of root hairs, as well as nodule primordia
and nodules themselves was performed on 14 days after inoculation with rhizobia. The
number of nodules and primordia was comparable when using two types of structures (Fig.
3). Thus, the activation of LysM-RLK K1 in the epidermis tissues was sufficient to induce a
complete program for the formation of infected nodules in peas.

Fig. 2. Nodules on transgenic roots of x/-/ pea mutant line transformed with vectors a)
p35S::K1::t35S b) pLeEXT1::K/::t358S. Plants were inoculated with GUS-labeled R. leguminosarum
bv. viciae CIAM1026. Scale bar — 0,3 mm.

Previously, the use of the pLeEXT1 promoter in the model legume M. truncatula, which
has a similar type of nodule formation with pea, showed the possibility of using this promoter
to study the specific expression of genes encoding the receptors to Nod factors that control
the symbiosis development, such as NFP [23]. The nfp mutant of M. truncatula, as well as
the pea k/-1 mutant, is completely not susceptible to rhizobial infection (Nod™ phenotype).
The NFP receptor does not have an active kinase domain and, probably, in combination with
another receptor-like kinase, activates signal transduction in response to Nod factor binding.
In peas, the orthologous to NFP, the Symi0 gene, encodes the receptor forming pair with
LysM-RLK K1 during the initiation of symbiosis [12, 24]. Experiments on localization of
NFP gene expression have shown that it is activated both in the epidermis and in the root
cortex of M. truncatula during symbiosis [23, 25]. When NFP was synthesized only in
epidermal cells under the control of the pLeEXT1 promoter, deformations and curling of root
hairs were observed in the nfp mutant, but the ITs failed to develop [23]. At the same time,
in the transformed pLeEXT1:: NFP plants, the cortical cell divisions are activated and
nodule-like structures are appeared on the roots, which remained uninfected. In contrast, in
nfp mutant transformed with construct under the constitutive promoter p35S::NFP, the
complete recovery of nodule formation was observed. The authors suggested that local
synthesis of NFP under the control of the pLeEXT1 promoter in epidermis cells is not
sufficient to generate a signal that is necessary to start the IT growth and its progression
through the cells of the root cortex [23, 26]. However, activation of NFP in the epidermis is
sufficient to transmit a signal into the root cortex and stimulate cell division, that leads to the
appearance of nodule-like structures. A possible explanation for these results may be the
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presence of several complexes of receptors to Nod factors in the epidermis, one of which is
necessary for the initiation of the earliest stages of symbiosis — deformations of root hairs
and reactivation of cell divisions in the root cortex (complex I), while the other complex
works at later stage and controls the distribution of IT through the root cortex (complex II).
Probably, NFP is not included in this complex II in M. truncatula plants. In contrast, as we
showed the LysM-RLK K1 can completely restored the nodule formation during synthesis
under the epidermal promoter.

4 Conclusions

In our work, we investigated the possibility of the LysM-RLK K1 activation using the
epidermal pLeEXT1 promoter in a k/-/ pea mutant, which has almost no reaction to rhizobial
inoculation. Both deformations and curling of root hairs as well as the nodule formation
infected with bacteria were observed on transgenic roots. Similarly, when the K/ gene was
introduced under the p35S constitutive promoter, the k/-/ mutant restored its ability to form
effective nodules, that corresponded to our previous results [12].
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Fig. 3. The number of nodules and primordia on the transgenic roots of the /-1 line transformed with
the p35S::K17::t35S and pLeEXT1::K1::t35S constructs during inoculation with GUS-labelled R.
leguminosarum bv. viciae strain. The data of 4 independent biological repeats were analyzed. The
Mann-Whitney U-test was used to estimate the differences between two variants. The differences
between variants can be considered as insignificant (using significance level p = 0.05).

The results obtained in this work confirmed our earlier conclusions based on the
phenotypic analysis of mutants impaired in the £/ gene, that LysM-RLK K1 can be involved
not only in the initiation of symbiosis development, but also in the control of IT progress
through the root cortex cells to the developing nodule primordia, as well as the release of
bacteria into plant cells [12]. Further experiments will allow us to find out how K1 may
regulate both of these processes — whether the receptor is re-localized in developing IT to
control later stages of symbiosis development, or whether additional synthesis of the receptor
is necessary in the root cortex tissues to regulate the infection.
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