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% Background. The endoplasmic reticulum (ER) is the largest membrane-bound organelle, which plays an important
role in the functioning of a plant cell and participates in its differentiation. Materials and methods. Using the methods of
transmission electron microscopy, the morphological features and dynamics of structural changes in the ER in symbiotic
nodules of pea (Pisum sativum L.) wild-type and mutants blocked at different stages of nodule development were studied.
Results. The ER developed from a network of individual tubules in meristematic cells, to a developed network of cisterns
around the nucleus and plasmalemma, and a network of rough and smooth tubules accompanying infection structures in
colonized and infected cells and symbiosomes in infected cells. Conclusions. A correlation was found between the level of
development of the ER network and the degree of bacteroid differentiation.
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& Ouponsnasmatuueckuil petuxyaym (IDI1P) sBasercss camoil 60JbLION, OKPY:KEHHON MeMOpaHOl opraHeJsuJlol, KOTopast
BBIMOJIHSIET Ba’KHYIO POJIb B (DYHKILHOHHPOBAHUH PACTUTEJbHON KJIETKH M ydacTByeT B ee anddepenuuposke. C noMolibio
METOJI0B NPOCBEUUBAIOLIEH JIEKTPOHHOH MHKPOCKOTHH ObIIH MCCae0BaHbl MOPGOoJorHieckre 0Co6eHHOCTH U JIMHAMMKA
CTpyKTypHbIX H3MeHeHu# IIIP B cumOHoTHYecKUX KiayGeHbKax ropoxa (Pisum sativum L.) AMKOTO THMA W MYyTaHTOB,
GJIOKMPOBAHHbBIX HA PA3JIMUHBIX CTAAUSAX Pa3BUTHS KayOeHnbKa. DITP pasBuBascst OT CETH OT/E/bHBIX KaHAJbLEB B MEPHCTE -
MaTHUECKHX KJETKaX, K Pa3BUTOl CeTH LIUCTEPH BOKPYT siipa U MJa3MajeMMbl U CeTH IPaHyJIsSpHBIX U [VIAAKHX KaHaJ/bleB,
COMPOBOXKIAIOUINX MH(EKIMOHHbIE CTPYKTYPbl B KOJIOHU3UPOBAHHBIX H HH(MHIIHPOBAHHBIX KJIETKaX U CHMOMOCOMbI B HH(DH-
LMPOBAHHBIX KieTKax. bblia BbisiBieHa Koppessiius Mexki1y ypoBHeM pa3Butus cetn IIIP u crenenbto muddepenunpopku
0aKTepOU/I0B.

% KntoueBbie cioBa: 6060BO-pHU300HANLHBIA CUMOHO3; CHMOHOTHUYECKHI KiyOeHeK; Hed(eKTHBHbIE MYTaHThI; KJETOUYHbIE
opraneJusl; Pisum sativum L.

INTRODUCTION compartments [1, 2]. The ER is an interconnected net-

All cells, including plant cells, contain basic cellu- work of cisternae and tubules located throughout the
lar organelles, such as nuclei, plastids, mitochondria, cytoplasm. This is the largest organelle surrounded by
the endoplasmic reticulum (ER), the Golgi, and other a membrane in eukaryotic cells. It plays an important
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role in the synthesis, modification, and movement of
both soluble and membrane proteins and also plays a
crucial role in the biosynthesis and distribution of phos-
pholipids and steroids and the detoxification of various
toxins [3—>5]. The different functions performed by the
ER determine the diversity of its morphology in various
types of cells. In developing plant cells, such as cells of
the root cap and root hairs, the ER is mainly represented
by cisternae, while ER tubules are most often found in
mature plant cells. In addition, the ER undergoes transi-
tions from cisternae to tubules and vice versa during cell
development and also undergoes transitions in response
to biotic and abiotic stresses, which gives it an extremely
dynamic structure [5].

The ER takes part in the development of the symbi-
otic nodule of legume plants at both early and late sta-
ges [6, 7]. Thus, it has been shown that during the inter-
action of Mesorhizobium loti with the root hairs of Lotus
japonicus, the formation of a rhizobial microcolony and
the induction of an infection thread are associated with
the condensed ER in which the tubules form a dense net-
work [6]. The ER binds the tip of the infection thread to
the nucleus in the root hair cell, co-participating with mi-
crotubules [8] in the formation of cytoplasmic bridges [6].
When the infection thread reaches the base of the root
hair cell, the condensed ER changes its configuration
to an open one represented by small cisternae [6]. For
nodules of Pisum sativum, it has been shown that the
ER network actively develops during the differentiation of
infected cells; however, in the nitrogen fixation zone, the
number of rough ER (RER) profiles decreases [7]. When
studying the organization of the ER during the forma-
tion of ineffective nodules with mutant rhizobial strains,
contradictory results were obtained. Thus, two strains of
Rhizobium meliloti, namely, R21 vio-r and R21 tum-r,
formed ineffective nodules on the roots of Medicago sa-
tiva in which the intensive development of the RER net-
work was observed [9]. The mutants of R. meliloti in the
nifA, nifD, nifH, nifK, and fixA genes also formed nodules
in whose infected cells numerous RER profiles were pre-

sent [10, 11]. In the nodules of the R. meliloti mutant in
gene encoding succinate dehydrogenase, the expansion of
the RER profiles occurred [12]. At the same time, strain
1019 of R. leguminosarum formed ineffective nodules on
the pea variety Little Marvel in which the RER and poly-
ribosome profiles were rare [13].

This work aims to study the formation of the ER dur-
ing the pea symbiotic nodule development in effective
and ineffective symbioses.

MATERIALS AND METHODS

Plant material and strain of bacteria

The pea (P. sativum L..) genotypes used in this study
are shown in Table. For inoculation, a strain of R. legu-
minosarum bv. viciae 3841 was used [14].

Growing conditions and collection of material for
analysis

The methods of sterilization and seed inoculation
were described previously [23]. Plants were planted in
plastic pots containing 200 g of vermiculite and 100 ml
nitrogen-free nutrient solution [24]. Plants were grown
in growth chambers (Sanyo Electric Co., Ltd., Mori-
guchi, Japan) under controlled conditions: day/night,
16/8 h; temperature, 21 °C; relative humidity, 75%;
and photosynthetic photon flux density, ~280 umol pho-
tons - m2-s7,

Material sample preparation

After collection, the nodules were transferred directly
to a 2.5% aqueous solution of glutaraldehyde in 0.01 M
phosphate buffer (pH 7.2). After fixing for 16 h at 4 °C,
the nodules were dehydrated in a series of alcohols of
increasing concentration (20 min each at 30%, 50%,
70%, 90%, and 100% ethanol at room temperature).
They were then placed in a mixture of 100% ethanol and
acetone in a ratio of 1:1 for 10 min, after which they were
kept twice for 20 min in pure acetone. Then, the material
was gradually infiltrated in three changes of a mixture
of epoxy resin EMbed-812 (Honeywell Fluka, Thermo

Table

Wild-type and mutant lines of pea (Pisum sativum L.) used in the study
Genotype Phenotype Reference

SGE Wild-type [15, 16]
SGEFix~-1 (sym40)* | Hypertrophied infection droplets and infection threads, abnormal bacteroids [15,17, 18]
SGEFix™-2 (sym33-3)**| Abnormal infection thread growth inside nodule, no bacterial release®** [15, 17, 18]
SGEFix™-3 (sym26) Early senescence [19]
Sprint-2 Wild-type [20]
Sprint-2Fix~ (symd31) | Undifferentiated bacteroids [20]

Note. *The Sym40 gene is orthologous to the M. truncatula EFD gene [21]. **The Sym33 gene is orthologous to the M. truncatula
IPD3 gene [22]. ***The mutant line SGEFix~-2 (symd33-3) has leaky phenotype, and in some cells or some nodules, bacterial release

occurs [17, 18].
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Fisher Scientific, Longborough, UK) and acetone (in a
ratio of 1:1, 2:1, and 3:1, respectively) for 1 h and then
in a freshly prepared mixture of pure resin overnight at
room temperature. The polymerization was carried out in
an IN55 incubator (Memmert GmbH, Schwabach, Ger-
many) at 60 °C for 48 h.

Transmission electron microscopy

For transmission electron microscopy, ultrathin sec-
tions (90—100 nm) cut on an ultramicrotome Leica EM
UCT7 (Leica Microsystems, Vienna, Austria) were col-
lected on copper—palladium grids coated with 4% of
pyroxylin and carbon. Sections were contrasted with a
2% aqueous solution of uranyl acetate for 1 h and lead

e

citrate according to Reynolds for 1 min. Nodule tissues
were examined and photographed using a JEM-1400
transmission electron microscope (JEOL Corporation,
Tokyo, Japan) with an Olympus-SIS Veleta digital ca-
mera (Olympus Corporation, Tokyo, Japan) at an accel-
erating voltage of 80 kV.

RESULTS

The ER organization in wild-type pea symbiotic
nodules

A similar organization of the ER was observed in nod-
ules of the wild-type lines SGE and Sprint-2. Many free
ribosomes and rare RER profiles were in the cytoplasm
of meristematic cells (Fig. 1, a). In colonized meriste-

Fig. 1. The endoplasmic reticulum in the wild-type symbiotic nodules of P. sativum: a — cell of the meristem; b — cell of the
meristem with infection threads; ¢ — cell from the early infection zone; d — cell from the late infection zone; e — infected
cell from the early nitrogen fixation zone; and f — mature infected cell from the nitrogen fixation zone. a, b, e, f — Sprint2;
¢,d — SGE. N — nucleus, V — vacuole, IT — infection thread, ID — infection droplet; arrows indicate profiles of the RER.

Bar: 5 ym
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matic cells with infection threads, the number of RER
profiles was also infrequent (Fig. 1, b). In the infection
zone, numerous free ribosomes were still present in
young infected cells with rare juvenile bacteroids located
on the cell periphery, with RER profiles becoming more
extended (Fig. 1, ¢). The differentiation of infected cells
in the infection zone was accompanied by an increase in
the number of polyribosomes and the extension of RER
profiles (Fig. 1, d). In the center of the cell around the
nucleus, RER profiles were represented by long strands
of tubules of the RER (Fig. 1, d). In mature infected
cells in the infection zone, the RER was observed be-

tween numerous bacteroids and near the nucleus, where
it formed parallel strands of tubules (Fig. 1, e). In in-
fected cells in the nitrogen fixation zone, elements of the
RER network were also present among numerous bacte-
roids (Fig. 1, /).

Parallel strands of RER tubules were located along
the nucleus (Fig. 2, a) and on the cell periphery along
the plasma membrane (Fig. 2, ). The ER was closely
associated with infection structures. For example, RER
tubules were in contact with the wall of the infection
thread (Fig. 2, ¢), and smooth ER (SER) vesicles were
located near the infection droplets and contained material

Fig. 2. Distribution of the endoplasmic reticulum in infected cells of the wild-type nodules of P. sativum: a — around the nucleus; b — along
the plasma membrane; ¢ — along infection threads; d — SER network with the matrix material of infection droplets; e — around
individual symbiosomes or groups of symbiosomes; and f — an extension of ER profiles in senescent cells. N — nucleus, M — mito-
chondrion, V — vacuole, CW — cell wall, IT — infection thread, ITW — infection thread wall, ID — infection droplet, B — bacterium,
RB — releasing bacterium, Ba — bacteroid; arrows indicate RER profiles, arrowheads — SER profiles. Bar: @ — 2 pm, b—f — 500 nm

® 9K0o/102UHeCKaA ceHemuKa

TOM 17 Ne4 2019

ISSN 1811-0932



GENETIC BASIS OF ECOSYSTEMS EVOLUTION

Fig. 3. The endoplasmic reticulum in the nodules of P. sativum mutant line SGEFix™-3 (symZ26): a — parallel cisternae around the
nucleus; b — SER network; ¢ — around individual symbiosomes or groups of symbiosomes; and d — an extension of RER
profiles and partial ribosome loss in some cells. N — nucleus, M — mitochondrion, CW — cell wall, Ba — bacteroid; arrows
indicate RER profiles, arrowheads — SER profiles. Bar: 500 nm

with an electron density similar to the matrix of infection
droplets (Fig. 2, d). Separate RER profiles were observed
around individual symbiosomes or groups of symbio-
somes, which formed a network of tubules (Fig. 2, e).
During the senescence of the infected cell in wild-type
nodules, a noticeable expansion of RER tubules was ob-
served (Fig. 2, f).

The ER organization in symbiotic nodules of pea
mutant lines

In the mutant line SGEFix™-3 (symZ26), the character
of the distribution of ER profiles mainly coincided with
that in the symbiotic nodules of wild-type pea (Fig. 3).
In infected cells in the late infection zone and the zone
corresponding to the early nitrogen fixation zone in wild-
type nodules, parallel extended RER tubules were located
along the nucleus (Fig. 3, a), and the SER was well de-
veloped (Fig. 3, b). RER profiles were observed in close
association with both individual symbiosomes and groups
of symbiosomes (Fig. 3, ¢). Often, there were infected
cells with signs of degradation of symbiotic structures
and expanded RER cisternae that had lost ribosomes on
membranes (Fig. 3, d).

In the mutant line SGEFix~-1 (sym40), in colonized
cells containing hypertrophic infection droplets and in-

fection threads, several RER tubules were observed in a
thin layer of cytoplasm (Fig. 4, a). In infected cells from
the late infection zone and the zone corresponding to the
nitrogen fixation zone in wild-type nodules, RER tubules
accompanied symbiosomes containing several undiffer-
entiated bacteroids (Fig. 4, b). There were infected cells
in which RER cisternae were expanded and fragmented,
and partial loss of ribosomes on their membranes was
also observed (Fig. 4, c).

In the mutant line SGEFix™-2 (symd33-3), cells with
and without bacterial release into the cytoplasm were ob-
served. In infected cells from the zone corresponding to
the nitrogen fixation zone in the wild-type pea nodules,
RER tubules were located along the plasma membrane
(Fig. 4, d) and surrounded by symbiosomes containing
several undifferentiated bacteroids or a group of sym-
biosomes (Fig. 4, e). The SER was also developed in
infected cells of the mutant line SGEFix™-2 (sym33-3)
(Fig. 4, f). In nodules in which no bacterial release was
detected, the cytoplasm was in a thin layer along the
cell walls, nuclei, and infection threads, and a few RER
profiles were observed in this layer (Fig. 5, a). Separate
RER tubules accompanied infection threads (Fig. 5, a)
and infection droplets that did not contain bacteria
(Fig. 5, b).
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Fig. 4.

The endoplasmic reticulum in the nodules of P. sativum mutant lines SGEFix™-1 (sym40) (a—c) and SGEFix~-2 (sym33-3) (d—/):

a — around the vacuole and infection threads and droplets; b — around symbiosomes; ¢ — extension and fragmentation of RER
profiles with partial loss of ribosomes; d — along the plasma membrane; e — around symbiosomes; and f — SER network. M —
mitochondrion, AG — Golgi apparatus, V — vacuole, CW — cell wall, IT — infection thread, ID — infection droplet, B — bacte-
rium, Ba — bacteroid, * — symbiosome containing several bacteroids surrounded by a common symbiosome membrane; arrows
indicate RER profiles, arrowheads — SER profiles. Bar: 500 nm

In the mutant line Sprint-2Fix~(symd31), which was
characterized by undifferentiated bacteroids, there was a
certain developmental gradient: from infected cells with
symbiosomes with single bacteroid in the late infection
zone to infected cells with symbiosomes containing sev-
eral bacteroids in the zone corresponding to the nitrogen
fixation zone in wild-type nodules (Fig. 5, ¢, d). In both
types of cells, ER profiles were rare and represented by
single tubules along the plasmalemma (Fig. 5, ¢) and
among symbiosomes (Fig. 5, d).

DISCUSSION

We used transmission electron microscopy to study
the morphological features and dynamics of structural
changes of the ER in the pea symbiotic nodules of the
wild-type and mutant lines blocked at different stages of
the infection process.

The distribution of the RER in various cell types and
different histological zones of the wild-type pea symbiotic
nodule was previously described [7]. Thus, many free ri-
bosomes and rare RER profiles were observed in meri-
stematic cells. In newly infected cells that contained a

small number of bacteroids, the number of RER profiles
began to increase, with numerous polyribosomes being
present on them. The differentiation of the infected cells
and their filling with bacteroids in the infection zone was
accompanied by a considerable increase in RER profiles
located between the bacteroids. In infected cells in the
nitrogen fixation zone, the number of RER profiles de-
creased again. In uninfected cells, the small number of
RER profiles was also detected [7]. In this study, we ob-
served a similar dynamic in the development of the ER,
from the network of individual tubules in meristematic
cells, actively dividing cells to the developed network of
cisternae around the nucleus and plasmalemma and the
network of rough and smooth tubules accompanying de-
veloping and mature symbiosomes and infection struc-
tures (see Fig. 1). However, in this study, we did not
observe a considerable decline in the intensity of RER
network in the nitrogen fixation zone, as described earli-
er, which may be due to differences in the pea genotypes
and rhizobial strains used and the difficulty in identifying
ER profiles in infected cells filled with numerous bacte-
roids (see Fig. 1, f).
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Fig. 5. The endoplasmic reticulum in the nodules of P. sativum mutant lines SGEFix~-2 (sym33-3) (a, b) and Sprint-2Fix~
(sym31)(c, d): a —in a narrow layer of the cytoplasm around the nucleus and infection threads; b — along bacterial free
infection droplets; and ¢ — along the plasma membrane; d — around symbiosomes. N — nucleus, M — mitochondrion,
CW — cell wall, IT — infection thread, ID —infection droplet, B — bacterium, Ba — bacteroid, * — symbiosome containing
several bacteroids surrounded by a common symbiosome membrane; arrows indicate RER profiles. Bar: a, ¢ — 1 pm,

b, d — 500 nm

It was previously explained that the enhanced devel-
opment of the ER observed after bacterial release into
the plant cell cytoplasm in pea and soybean nodules is
accompanied by the formation of ER vesicles that merge
with symbiosome membranes; it was subsequently sug-
gested that this process could promote bacteroid dif-
ferentiation [25]. It was later shown that the ER plays
an important role in the synthesis of NCR peptides that
provide terminated differentiation of bacteroids [26].

It should be noted that in the root hairs, the pattern
of the ER network in infected cells repeats the micro-
tubular cytoskeleton pattern [6]. A similar correlation is
probably observed in infected cells in the nodule. It is
known that symbiosomes in mature infected cells of pea
symbiotic nodules are arranged in a disordered man-
ner, and in these cells, bundles of microtubules do not
support the organization of individual symbiosomes but
rather groups of symbiosomes [27]. This study revealed
the profiles of the RER between groups of symbiosomes
(see Fig. 1, e).

The analysis of pea mutants forming inefficient nod-
ules revealed the differences in the degree of ER develop-

ment. For the mutant line SGEFix™-3 (symZ26), charac-
terized by the formation of morphologically differentiated
bacteroids that undergo premature degradation [19],
the degree of ER development in nodule infected cells
was similar to that of the wild-type (see Fig. 3). In the
nodules of the mutant line SGEFix™-1 (sym40), which
forms hypertrophic infection droplets and abnormal bac-
teroids, and in the nodules of the mutant line SGE-
Fix~-2 (sym33—3) in which bacterial release occurs, the
ER was represented by extended tubules (see Fig. 4).
In general, it was less developed, and the degree of its
development corresponded to the degree of ER develop-
ment in infected cells of wild-type nodules from the in-
fection zone (see Fig. 1, d).

The nodules of the mutant line SGEFix™-2 (sym33-3),
characterized by “locked” infection threads and lack
of bacterial release, and the mutant line Sprint-2Fix~
(symd31), characterized by undifferentiated bacteroids,
showed the least degree of ER development (see Fig. 5).
[t was represented by separate segmented tubules, which
are observed in newly infected cells of wild-type nodules
prior to their differentiation (see Fig. 1, b, ¢).
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Based on the analysis of mutant genotypes, a correla-
tion between the degree of differentiation of symbiosomes
and the level of ER development was observed. Previous-
ly, in ineffective pea nodules formed by R. leguminosa-
rum strain 1019, a sharp decrease in the level of the ER
was detected, while bacteroids were characterized by a
reduced degree of differentiation compared with nodules
formed by an effective strain [13]. At the same time, for
several strains of R. meliloti that form ineffective nodules
on M. sativa, an increase in ER development was shown
in comparison with effective strains [9—12]. For example,
nodules formed by R. meliloti strains R21 vio-r and R21
tum-r were characterized by the intensive development
of RER network, including stacks of parallel-oriented tu-
bules associated with degrading bacteroids, among oth-
ers [9]. It was previously suggested that in ineffective
nodules of M. sativa, the ER is actively developed in
response to nitrogen starvation, leading to an increased
synthesis of lytic enzymes that destroy rhizobial cells for
the usage of released nitrogen by plants [9]. Another ex-
planation for the active development of the ER suggests
that in ineffective nodules, the repression of the synthesis
of nodulins, proteins specifically synthesized in nodules,
is absent [10]. At the same time, the pea did not show
an enhanced development of the ER during the forma-
tion of ineffective nodules by a mutant strain of rhizo-
bia [13] and plant mutants. Moreover, in the nodules of
the mutant SGEFix™-1 (sym40), the expansion of RER
profiles was observed (see Fig. 4, ¢), and in the mutant
SGEFix™-3 (sym26), characterized by early senescence
of nodules [19], the expansion of the RER with loss ri-
bosomes occurred in cells with signs of degradation of
symbiotic structures (see Fig. 3, d). A similar expansion
was observed in the R. meliloti mutant in the gene en-
coding succinate dehydrogenase [12].

The revealed differences in the organization of the ER
in nodules of P. sativum and M. sativa may indicate the
crucial importance of the plant species in the develop-
ment of the ER. Indeed, a well-developed ER network
has been described for various species of Astragalus
and Oxytropis as an adaptation to growth under arctic
conditions [28]. Recently, the intensive development of
the ER was described for nodule cells of the relict le-
gume O. popoviana, formed by the M. japonicum strain
Opo-235 [29].

Thus, in the nodules of P. sativum during the dif-
ferentiation of infected cells, a gradual formation of ER
fine structure was observed, with the intensity of its de-
velopment correlating with the degree of bacteroid dif-
ferentiation.
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