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 ` Background. Polymorphism analysis was done for the core genome sequences of nodule bacteria of s. meliloti spe-
cies in order to identify chromosomal types and to evaluate the occurrence of accessory elements (genomic islands) in 
them. Materials©and©methods.©Chromosomal studied loci were: betBC (marker M-I) and smc04407-smc04881 (marker 
M-II) both are related to metabolic processes and stress tolerance, and 16S-23S intergenic sequences (marker M-III) 
to search phylogenetical distance at intraspecies level. Results. Significant differences between the occurrence of alleles 
of gene-markers M-I/M-II and MIII were determined between strains related to tested the 5 homogenous groups and 
9 subgroups of strains differing by geographical region/source (nodule, soil) of isolation, as well as by salt tolerance. 
Four chromosomal types were identified among tested s. meliloti native isolates and a preference occurence of one of 
the three islands Rm1021 in links with particular chromosomal type was shown. The significant prevalence of strains 
with particular chromosomal type was shown for s. meliloti populations native to centers of alfalfa diversity at the NE 
of Caucasus, as well as at NE of Kazakhstan (Aral Sea related region), as well as in agrocenoses. Conclusion. It was 
predicted that strains inherited altered markers M-I/M-II may belong to divergent clonal lines occured in both centers of 
alfalfa diversity, while strains with altered sequences of all three markers could be a representatives of a new s. meliloti 
biovar(s), the formation of which is occurred much more intensively at the modern center of the introgressive hybridiza-
tion of alfalfa at NE of Kazakhstan.

 ` Keywords: sinorhizobium meliloti; chromosomal markers polymorphism; chromosomal types; genomic islands; PCR 
analysis; salt tolerance.

Sinorhizobium meliloti: хромосомные типы и геномные острова
©© М.Е.©Черкасова,©В.С.©Мунтян,©А.С.©Саксаганская,©Б.В.©Симаров,©М.Л.©Румянцева

ФГБНУ «Всероссийский научно-исследовательский институт сельскохозяйственной микробиологии», Санкт-Петербург
Для цитирования: Черкасова М.Е., Мунтян В.С., Саксаганская А.С., и др. sinorhizobium meliloti: хромосомные типы и геномные острова // 
Экологическая генетика. – 2019. – Т. 17. – № 3. – С. 23–38. https://doi.org/10.17816/ecogen17323-38.

Поступила: 15.02.2019 Одобрена: 03.07.2019  Принята: 24.09.2019

 ` Выполнен анализ полиморфизма последовательностей корового генома клубеньковых бактерий s. meliloti с целью 
выявления хромосомных типов и оценки встречаемости в них геномных островов, рассматриваемых как акцессорные 
элементы хромосомы. В результате сопряженного анализа генов-маркеров M-I (betBC) и M-II (smc04407-smc04881), 
продукты которых задействованы в клеточном метаболизме и вовлечены в процессы формирования стрессоустойчи-
вости, а также последовательностей маркера M-III (IGS rrs-rrl), используемых в филогенетических исследованиях на 
уровне вида, были выявлены достоверные различия между пятью типическими группами и девятью подгруппами штам-
мов, различавшихся по району и источнику выделения, а также по солеустойчивости. Определены четыре хромосомных 
типа и показана предпочтительность наличия одного из трех островов Rm1021 в каждом из них. Установлены достовер-
ные различия по встречаемости штаммов, имевших определенный хромосомный тип в очагах разнообразия люцерны, 
расположенных в северных районах Кавказа и Казахстана (Приаралье), а также в агроценозах. Сделано заключение, 
что штаммы с измененными маркерами M-I/M-II могут относиться к дивергентным клональным линиям, тогда как 
штаммы с измененным маркером M-III, а также маркерами M-I/M-II могут являться представителями нового(ых) 
биовара(ов) клубеньковых бактерий люцерны, который(ые) формируется(ются) значительно активнее в современном 
центре интрогрессивной гибридизации люцерн в Приаралье. 

 ` Ключевые©слова:©sinorhizobium meliloti; полиморфизм хромосомных маркеров; хромосомные типы; геномные острова; 
ПЦР-анализ; солеустойчивость.

BacKgroUnd
The genome of nodule bacteria (rhizobia) includes 

chromosome and plasmids that significantly differ in size. 
The availability of several replicons in the genome can be 
explained by the fact that rhizobia are typical soil sap-

rophytes, as well as form non-obligatory, nitrogen-fixing 
symbiosis with legume plants. In the process of nodule 
formation, the bacterial cells are exposed to irreversible 
morpho-physiological and metabolic changes in the mi-
croaerophilic and hyperosmotic conditions of the nodule.



генетические основы эволюции экосистем

` экологическая генетика TOM  17   № 3   2019 ISSN 1811–0932

24

Genes are encoding in the bacterial chromosomes 
and determining vital processes are known as house-
keeping genes (or basic/core genes) [1–7]. Orthologs 
are homologous genes present in all strains of one spe-
cies/genus, as well as in the appropriate supposed com-
mon ancestors [8, 9]. The study of the gene structure of 
genetically unrelated bacteria strains by the restriction 
endonuclease profiles (the restriction fragment length 
polymorphism – RFLP) and/or by nucleotide sequences 
levels allowed to the detect the alleles with different levels 
of similarity, and based on that strains were united into 
groups/clusters [4, 9–11]. Chromosomes of strains from 
distinct clusters or groups are described as being from 
different chromosomal lineages [4, 10, 11], chromosomal 
groups [12], chromosomal genotypes [10, 13], or chro-
mosomal types [10, 11, 14, 15]. It is necessary to note 
that there is no generally accepted term and above listed 
terms are often used synonymously, even in one publica-
tion [4, 10, 11, 16]. The term “chromosomal types” is 
used in this work.

The most important requirement for choosing genetic 
markers for the determination of chromosomal types is 
a low level of structural polymorphism in the candidate 
genes and the absence (or low level) of recombination 
between them [10]; besides that, they should be ortho-
logs [17]. Publication analysis demonstrates that rrs (16S 
rRNA), rrl (23S rRNA), atpD (ATP synthase beta chain), 
glnII (glutamate-ammonia ligase), recA (protein involved 
in recombination-dependent repair processes) or zwf 
(glucose-6-phosphate 1-dehydrogenase), sod (superoxide 
dismutase), lacZ (β-galactosidase) or smc00019 (con-
served hypothetical protein), truA (tRNA-pseudouridine 
synthase A), and thrA (homoserin dehydrogenase) are 
often used as genetic markers [10, 11, 18, 19]. The au-
thors mostly analyzed two or three core genes from the 
above-mentioned list; while, there are publications where 
one genetic marker is used, for example, gyrB (DNA 
gyrase subunit B) [4] or dnaJ (or Hsp40; heat shock 
protein, size 40 kDa) [20] was used. We analyzed prod-
ucts of the above-mentioned genes by using the data-
base of the Clusters of Orthologous Groups of proteins 
(COG group) [17]. We studied how products of above-
mentioned genes are met across 25 known COG groups 
and found that they are belonged to 8 groups related to 
three out of four COG clusters. One of the specified clus-
ters includes genes whose products participate in Informa-
tion storage and processing (groups L, J, and K). Another 
cluster includes genes whose products are involved in Me-
tabolism process (groups C, E, G, and P), and the third 
cluster includes genes whose products participate in Cel-
lular processes and signaling (group O). There are cases 
when in addition to core genes the intergenic sequences 
rrs-rrl (Intergenic Transcribed Spacer, ITS) were used to 
detect chromosomal types [4, 13, 20, 21]. However, ITS 
analysis is mostly used in phylogenetic studies of bacte-

ria at the intraspecies level [18, 20–23], as this allows 
the detection of new phylogenetically distant clusters of 
strains (lineages/biovars/subspecies) [21, 24, 25].

The research of Escobar-Pa ́ramo et al. (2004) is worth 
to note, as authors propose that strains of escherichia coli 
with certain chromosomal types contain certain virulence 
factors [26]. The latter ones are attributed to additional, or 
accessory, elements of genome, as they are not present in 
all strains of the same species [2]. In general accessory el-
ements include plasmids, genomic islets, and genomic is-
lands, which all are considered as genetic elements of the 
auxiliary, flexible [3, 5, 27, 28], or accessory genome (the 
latter term is used much more often in publication) [1, 4, 
5, 7, 27, 28]. As a rule, the genes from the accessory part 
of the genome are not involved in the control of the vital 
cell functions but can determine the ability of bacteria to 
occupy different ecological niches [29, 30]. Genomic is-
lands (GIs) are the most intriguing accessory elements; 
they are long sequences (up to 700 kbp) of phage origin 
that are site-specifically inserted in to the gene sequences 
that encode tRNA [31]. Genomic islands are character-
ized by a reduced content of guanine and cytosine base 
pairs (average up to 12%) in comparison with sequences 
from core part of the genome [31, 32]. The availability 
of sequences with less stable structure (due to their en-
richment with double hydrogen bonds between adenine 
and thymine base pairs) can affect on the chromosome 
structure and on gene activity as well [33]. Genomic is-
lands contain mobile genetic elements of different classes 
and open reading frames (ORFs). A functional analysis of 
the hypothetical products of open reading frames of GIs 
showed that their ORFs could be paralogs/orthologs of 
functionally different genes homologous to those of bacte-
ria from different phyla [28]. This proves that GIs partici-
pate in long-distance horizontal gene transfer. It has been 
demonstrated that strains of one species can significantly 
differ in GIs presence [34–36]; however, there is currently 
no data about the dependence of GIs occurrence on the 
core genome properties for nodule bacteria.

Three long sequences (from 19 to 80 kbp in length) 
met with GIs characteristics according to the Islander 
database, were detected in the chromosome of reference 
strain sinorhizobium meliloti Rm1021, a symbiont of the 
alfalfa [37]. The adjacent GIs (Sme21T and Sme19T) of 
similar length are located at the first quarter of chromo-
some, whereas the third genome island (Sme80S) is lo-
cated at the last quarter of the chromosome and it is sig-
nificantly longer than both above indicated (Fig. 1) [28]. 
Sme80S includes copies of genes relating to symbiotic 
activity and osmoprotection [36]. Significant differences 
in occurrence of Sme80S and Sme21T were established 
for s. meliloti native isolates adapted to salt and arid soils 
accordingly [28].

the aim of this study was to investigate the polymor-
phism of a set of core chromosome sequences for detec-
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Fig. 1. The scheme of localization of the core marker sequences 
and genome islands on the chromosome of the refer-
ence strain of sinorhizobium meliloti Rm1021: oric 6 – 
chromosomal origin of replications;  – core markers; 
rrn (1-3) – ribosomal RNA operons containing ITS-se-
quences;  – genomic islands

s. meliloti Rm1021 
chromosome 

3.65 Mbp

tion chromosomal types and to assess the GIs occurrence 
(considered as accessory elements of the chromosome) in 
genomes of s. meliloti native isolates differing in origin 
(center of legume diversity) and in source of recovering 
(nodule or soil), and in phenotype characteristics (salt- 
tolerant or salt-sensitive).

materials and methods
Strains.© The 218 native isolates of s. meliloti be-

longing to the collection of nodule bacteria strains of 
the Laboratory of Genetics and Breeding of Microorga-
nisms, ARRIAM, Saint Petersburg, Russia were studied. 
Strains were recovered from nodules of host plants and 
trapped from soil (hereafter referred to as N-isolates and 
T-isolates, respectively) collected at the northern part of 
the Caucasian genetic center of cultivated plants (North 
Caucasus Center; NCC) and at the northern area of the 
coastal part of Aral Sea region of Kazakhstan attributed 
to the up-to-date center of introgressive hybridization of 
alfalfa (Aral Sea Center; ASC), as well as from soils of 
agrocenoses next to the Saint Petersburg (NW of Russia) 
by appropriate techniques [38]. In order to isolate strains 
from soils, the method of trapping was used, according 
to which the sterile seedlings of plants were inoculated 
with soil extracts [38]. In total, 95 and 89 strains of 
s. meliloti were analyzed from NCC and ASC presented 
by N- and T-isolates (31/64 and 66/23 accordingly), and 
34 T-isolates were analyzed from agrocenoses. Taxonomic 
classification of strains from NCC and ASC to s. meliloti 
species was determined previously [39]; strains from ag-
rocenoses were assigned to s. meliloti species according 
to data proceeded by amplified ribosomal DNA restriction 
analysis (ARDRA). The strain s. meliloti Rm1021 was 
used as a reference.

Salt© tolerance© of© strains© was determined by growth 
in TY medium (0.6 М NaCl), according to the method 
described previously [38]. Strains from NCC and ASC had 
salt-tolerant (normal growth; R) or salt-sensitive pheno-
types (poor growth; S) [40]. Salt tolerance of isolates from 
agrocenoses also determined in current work. The ratios 
of R/S of strains in populations from NCC and ASC and 
in the group of strains from agrocenoses were as follows: 
74/21, 49/40, and 31/3, respectively.

Marker© sequences© of© chromosome were determined 
in accordance with the genome-wide sequence of refer-
ence strain s. meliloti Rm1021 (GenBank NC_003047.1; 
see Fig. 1). Marker М-I is a 1544 bp sequence that in-
cludes the sequence of the 3’-end of the gene betB (143 bp) 
and the 5’-end of gene betC (1400 bp), and there is 1 bp 
between genes betC and betB. Genes betB and betC are 
located in the second quarter of the chromosome and are 
involved in the formation of the salt-tolerant phenotype, as 
well as in metabolism of carbon and nitrogen (see Fig. 1). 
Marker М-II is a locus msfp located in the last quarter of 
the chromosome, close to oriC (see Fig. 1). The analyzed 

sequence of msfp (1280 bp) includes the sequence of the 
5’-end of the gene smc04407 (532 bp), the sequence be-
tween genes smc04407 and smc04881 (518 bp), and the 
sequence of the 3’-end of the gene smc04881 (230 bp). 
The product of the first gene is a protein that is probably 
involved in the transport of an osmoprotectant (proline/
betaine); the product of the second gene is involved in 
the synthesis of a homologue of the VapC-toxin of type II 
toxin-antitoxin system, and in the formation of bacterial 
cell resting state in stress conditions [41]. Since М-I and 
M-II are related to metabolism and stress tolerance, they 
are denoted and are used further as “metabolic markers.”

Marker М-III is intergenic sequence ITS (IGS rrs-rrl; 
see Fig. 1) of ribosomal operons (rrs-rrl; 1308 bp), in-
cluding the 3’end sequence of 16S rRNA gene (21 bp), 
the sequence between 16S rRNA and tRNAIle genes 
(256 bp), the sequence of tRNAIle gene (77 bp), the se-
quence between tRNAIle and tRNAAla genes (139 bp), the 
sequence of tRNAAla gene (76 bp), the sequence between 
tRNAAla and 23S rRNA genes (607 bp), and the 5’end of 
the sequence of 23S rRNA gene (131 bp). Analysis of the 
marker М-III sequence is using in phylogenetic research 
of bacteria at the intraspecies level and as a phylogenetic 
marker.

Analysis of the protein products of gene-markers М-I 
and М-II demonstrated that they were belonged to the 
same COG groups (C, E, G, P, and R) as the above-men-
tioned markers used in papers to determine the chromo-
somal types of the bacteria strains [4, 10, 11, 18–20].

PCR©analysis was conducted for the purpose of strain ge-
notyping. The restriction profiles of PCR-amplified sequenc-
es (PCR-RFLP) obtained for each of the studied strains 
were analyzed as RFLP types or alleles according methods 
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described previously [42, 43]. PCR analysis was conduct-
ed using appropriate primers pairs for the specified mark-
er sequences: М-I (betBC) [44], М-II (msfp; MSFp-F: 
CACCAGCGAGAGGAAGAGAC, MSFp-R: GAAACCCTGCGTTTGTTGAT), 
and М-III (ITS) [39]. PCR was conducted in 20 μl of mixture 
for amplification containing 25 mM MgCl2 and 1.5 units of 
Taq DNA-polymerase (EurogeneТМ PK113L) at pH 9.1 in a 
C1000™ Thermal Cycler (Bio-Rad, USA). Primer annealing 
was performed at 55 °C for 30 response cycles. DNA was ex-
tracted by standard method of phenol-chloroform extraction 
from cell lysates [45]. Products of amplification were restric-
ted using with endonucleases mspI and HaeIII separately in 
the case of markers M-I and M-III and endonuclease ecoRI 
in the case of M-II (Thermo Fisher ScientificТМ ER0541, 
ER0151, and ER0271, respectively). Restriction was done 
according to standard protocol of Thermo Fisher Scientific 
(temperature: 37 °C; time: 2 h). Electrophoretic separation 
of the obtained fragments was performed in 3% agarose gel 
in 0.5-fold TAE.

As a result, PCR-RFLP profiles (hereafter, RFLP 
types) for each specified marker were obtained for every 
strain. RFLP types similar to that of the reference strain 
were designated as type “a”, whereas different ones, i. e., 
divergent ones, were marked with different letters of the 
alphabet, for example, “b” and “c”, etc.

The© presence© of© genomic© islands© (GI) were deter-
mined with PCR using original primers pairs on the exter-
nal bordered regions [36]. Total DNA of strain Rm1021, 
that genome sequence contains three islands (Sme19T, 
Sme21T, and Sme80S) and strain СХМ1-105, that ge-
nome sequence does not contain islands, were used as 
controls in the experiments for detection of GIs in na-
tive isolates according to method described pre viously 
[31].

Statistical©processing©of©data was carried out using the 
PAST software [46]: criterion χ2 at α = 0.05 (df – number 
of degrees freedom), Shannon heterogeneity index (H), and 
evenness index (e). Nei’s genetic diversity index was cal-
culated using the formula: n = (1 – ∑(Pi

2)) · (n/(n – 1)), 
where Pi = frequency of i-th genotype and n = overall 
number of detected genotypes [47]. Linkage disequilib-
rium (LD) was calculated using the Arlequin software 
(v. 3.5, 2010) [48].

resUlts and discUssion
The 218 native isolates of sinorhizobium meliloti 

originated from geographically far away regions (centers 
of legume diversity NCC and ASC and agrocenoses) and 
from different sources (N- and T-isolates) were analyzed. 
The analysis of the N-isolates from NCC and ASC re-
vealed that predominantly with almost similar frequencies 
they had R-phenotype (average frequency 0.68). Isolates 
of R-phenotype was also dominating among the T-isolates 
from NCC and agrocenoses (frequencies 0.80 and 0.91 
respectively), while isolates of S-phenotype was in privi-

lege in group of T-isolates from ASC (frequency 0.65). 
Between these groups of T-isolates the differences were 
significant (χ2

ASC/NCC = 15.6; p = 7.7 · 10–5; df = 1; 
χ2

ASC/AC = 20.2; p = 7.0 · 10–6; df = 1). Significant differ-
ences in the occurrence of strains differed in phenotype 
were detected for groups of N- and T-isolates from ASC 
(χ2 = 5.15; p = 2.3 · 10–2; df = 1) but were not detected 
for similar groups from NCC.

According to the obtained data, the five groups of 
isolates differed in origins (NCC, ASC and agrocenoses) 
and sources of isolation (N and T) were formed. Each 
group was represented by two subgroups of isolates of R 
or S phenotype, i. e., in total of 10 subgroups (further 
homogenous groups/subgroups; Fig. 2). The subgroup 
of T-isolates of the S-phenotype from agrocenoses was 
represented only by three strains (frequency in the group 
0.09; see Fig. 2), it was not included in a comparative 
statistical analysis.

Polymorphism©of©sequences©of©М-I©and©М-II©markers©
was studied in above-mentioned homogenous groups and 
subgroups of s. meliloti native isolates (see Fig. 2). RFLP 
types obtained for M-I and М-II markers were similar to 
that of the reference strain (further the reference type or 
allele “a”), as well as sequences differed from the refer-
ence (divergent types or divergent alleles) were detected. 
The five divergent alleles for marker М-I and four diver-
gent alleles for М-II were revealed, i. e., the appropriate 
marker sequences had structural modifications in compar-
ison with reference sequence. Values of Shannon hetero-
geneity indices (H) were calculated from the occurrence of 
reference and divergent alleles of M-I and М-II markers, 
which amounted to 0.89 and 0.97, respectively.

Reference alleles of M-I and M-II markers were more 
frequent in both subgroups of T-isolates from NCC and 
in the subgroup of salt-sensitive T-isolates from ASC (see 
Fig. 2, а, b). The frequencies of occurrence of these al-
leles were similar: 0.84, 0.69, and 0.9, respectively for 
each marker (see Fig. 2, a, b). However, in cases of 
salt-tolerant T-isolates from ASC and from agrocenoses 
the frequencies of reference alleles for M-I or M-II were 
low, but equal or similar (0.13 and 0.27, respectively; see 
Fig. 2, a, b). Significant differences were detected be-
tween the subgroups of T-isolates from ASC (χ2 = 12.0; 
p = 5.2 · 10–4, df 1 и χ2 = 15.0; p = 1.1 · 10–4; df = 1, 
respectively, for M-I and M-II). The reference allele of 
M-I was detected with similar frequencies in both sub-
groups of N-isolates from NCC and among salt-tolerant 
N-isolates from ASC (average frequency: 0.52), but less 
often among salt-sensitive N-isolates from ASC (0.44; 
see Fig. 2, a). It is interesting that the reference allele 
of M-II was detected more often in salt-tolerant than in 
salt-sensitive N-isolates whether in cases of NCC or ASC 
(1.3 and 1.3 times, respectively); however, the differences 
were not significant (see Fig. 2, b). The reference alleles 
of M-I and M-II occurred significantly more often among 
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Fig. 2. Frequency of occurrence of RFLP-type M-I (а), M-II (b) and M-III (c) markers in strains of s. meliloti: а, b, c, w, z – RFLP 
types, х – group combining unique divergent RFLP types; R – strains of salt-tolerant phenotype; S – strains of salt-sensi-
tive phenotype; N – strains recovered from nodules; T – strains trapped from soil; NCC – North Caucasian genetic center; 
ASC – Aral Sea center of alfalfa diversity; AC – agrocenoses
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LD
М-II

NCC-N NCC-T ASC-N ASC-T AC- T

M-I

NCC-N 0.674

NCC-T 0.639

ASC-N 0.376

ASC-T 0.830

AC- T 0.764

note. N – strains recovered from nodules; T – strains trapped from soil; NCC – North Caucasus genetic center; ASC – Aral Sea 
center of alfalfa diversity.

table 1
Linkage©disequilibrium©(LD)©between©markers©M-I©and©M-II

T-isolates of NCC (mostly of salt-tolerant phenotype) 
and among N-isolates of ASC (χ2 = 25.3; p = 4.8 · 10–7; 
df = 1; χ2 = 24.1; p = 9.2 · 10–7; df = 1, respectively), 
as it was determined by comparative analysis of N- and 
T-groups of isolates with one another.

Divergent alleles “b” of М-I and “с” of М-II were de-
tected in almost all subgroups of strains, except in T-isolates 
from ASC (see Fig. 2, а, b). Both alleles mentioned above 
were found in more than a one fourth part of salt-sensitive 
T-isolates from NCC, while salt-tolerant isolates from the 
same region contained these alleles in 2–3 times less of-
ten (see Fig. 2, a, b). Remarkable that allele “b” of М-I 
was dominant in salt-tolerant T-isolates from agrocenoses 
(frequency 0.74), while allele “с” of М-II was found half 
as often (see Fig. 2, а, b). Both divergent alleles were also 
identified in N-isolates from ASC and NCC with frequencies 
were comparable with the occurrence frequencies for refer-
ence alleles in corresponding groups of strains (χ2 = 0.68; 
p = 0.9; df = 3). In addition, allele “с” of М-II was identi-
fied more often in salt-sensitive N-isolates from NCC and 
ASC, but the differences were not significant (p > 0.5; see 
Fig. 2, а, b). However in the groups of N-isolates from 
NCC and ASC, alleles “b” of М-I and “с” of М-II were 
found significantly more frequently than in corresponding 
groups of T-isolates (χ2 = 12.2; p = 6.9 · 10–3; df = 3; 
χ2 = 8.7; p = 3.3 · 10–2; df = 3 respectively).

It should also be noted the occurrence of divergent al-
leles “z” of M-I and “w” of M-II, of which the first one 
was found in single N- and T-isolates from ASC, while 
the second one was found in single salt-tolerant and salt-
sensitive T-isolates from NCC and ASC, respectively. In 
contrast with the above, both alleles were occurred with 
more frequencies in both subgroups of N-isolates (aver-
age frequency 0.19), as well in subgroup of salt-tolerant 
T-isolates from ASG. In the latter case, both alleles oc-
curred with the frequency 0.88 (see Fig. 2, a, b).

Besides the four types of divergent alleles of mark-
ers M-I and M-II considered above, the unique diver-

gent alleles were identified for single strains, which were 
combined into groups “х” (see Fig. 2, а, b). Strains that 
had unique types of marker M-I, were found in both 
subgroups of N-isolates from ASC, as well as among 
salt-sensitive T-isolates in NCC. Unique types of М-II 
marker were observed only in subgroups of salt-tolerant 
N-isolates in ASC and NCC. Values of χ2 calculated for 
all groups of strains harboring above-mentioned alleles 
of М-I and М-II markers are provided in Supplementary, 
Table 1.

Thus, the data produced by the analysis of mark-
ers M-I and M-II, encoding genes related to metabolic 
processes and stress tolerance (particular to salinity) 
showed that soil isolates from different geographical 
areas inherited predominantly alleles similar to refer-
ence. The exception was two subgroups: T-isolates of 
the salt-tolerant phenotype from ASC and AC, in which 
divergent alleles of marker M-I, as well as M-II, were 
dominated with similar frequencies. Groups of N-iso-
lates were significantly more diverse than T-isolates 
from both NCC and ASC, due to the fact that the fre-
quencies of occurrence of divergent alleles of М-I and 
М-II were higher and comparable to the frequencies of 
occurrence for the corresponding reference alleles. The 
data obtained allowed us to conclude that an increase 
of genotypic diversity (diversification) of strains isolated 
from soil (trapping method, see “Materials and meth-
ods”) apparently occurs under impact of the frequency-
dependent disruptive selection in genetic centers of le-
gume diversity and in agrocenoses, whereas genotypic 
diversity of strains recovered from nodules is under the 
effect of the frequency-dependent stabilizing selection, 
that is in agreement with data of [49, 50]. In addition, 
strains with altered metabolic markers with respect to 
reference, which are dominating among T-isolates of 
the salt-tolerant phenotype may be referred to clonal 
lines from the ASC population, as well as from agro-
cenoses.
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Polymorphism© of© М-III© marker© sequence.© The ref-
erence strain Rm1021 harbored the three identical ITS 
sequences (GenBank NC_003047.1), all of three have 
identical RFLP profile, hereinafter type “а” of marker 
М-III (see Materials and methods, Fig. 1). The 16 di-
vergent types of marker M-III, in addition to the refer-
ence type “a”, were identified in tested strains. This 
indicated at the structural differences in ITS sequences 
of ribosomal operons in native isolates, which is consis-
tent with [39]. The heterogeneity index was significantly 
higher for M-III marker sequences, than for markers 
M-I and M-II (H = 1.38, 0.89 and 0.97, correspond-
ingly) of the 218 tested strains. The heterogeneity index 
calculated for M-III marker sequences was 2.4 times 
higher for strains from ASC than from NCC (1.51 and 
0.63, respectively). Besides, values of н were similar 
in case of groups of N- and T-isolates from NCC (0.52 
and 0.62, respectively), but were 1.5 times higher for 
N-isolates than for T-isolates from ASC (1.55 and 1.06, 
respectively). The population of strains from ASC is 
phylogenetically more diverse (according to the values 
of the index H for marker M-III) and it can be assumed 
that processes aimed at the formation of new biovars 
of alfalfa nodule bacteria can occur in this particular 
region.

Type “а” of М-III was predominant in all subgroups of 
strains but mostly in rhizobia of salt-tolerant phenotype. 
It is occurred significantly more often (1.4 times average) 
in the population from NCC than from ASC (χ2 = 27.2; 
p = 5.5 · 10–6; df = 3) mostly in the rhizobia of the 
salt-tolerant phenotype. At the same time, no signifi-
cant differences between subgroups of N- and T-isolates 
from evaluated genetic centers were detected (p > 0.05; 
see Fig. 2, c). The reference type was dominant among 
T-isolates originated from agrocenoses (frequency 0.97; 
see Fig. 2, c).

Divergent type “b” of marker М-III was the second-most 
frequent in all subgroups of strains, with the exception of 
one salt-sensitive T-isolate from agrocenose. The type “b” 
of М-III was identified in salt-sensitive N- and T-iso-
lates (average frequency 0.14), but 1.4 times more often in 
T-isolates and extremely rarely in salt-tolerant N-isolates 
from NCC (see Fig. 2, c). The type “b” was mostly de-
tected in N-isolates of R-phenotype (frequency 0.17), but 
only in single isolate of S-phenotype from population ASC 
(see Fig. 2, c). With the highest frequency of type “b” of 
marker М-III was identified in salt-sensitive T-isolates 
from ASC (frequency 0.33), whereas in salt-tolerant strains 
it was observed 2.5 times less often (see Fig. 2, c). Geo-
graphically distinct populations of s. meliloti strains from 
evaluated genetic centers were significantly differ in the 
occurrence of typical and divergent alleles of marker М-III 
(χ2 = 15.4; p = 4.5 · 10–4; df = 2).

The remaining 15 divergent types were unique and 
were identified in one-three strains. Majority of unique 

types (13 out of 15) were detected in the subgroup of 
N-isolates and in the subgroup of salt-tolerant T-isolates 
from ASC (average frequency 0.27; see Fig. 2, c). Strains 
that had specified unique types of marker М-III were com-
bined in groups “x” (see Fig. 2, c), which were not further 
considered.

Thus, divergent sequences of marker М-III were pre-
dominant in population of strains from ASC in comparison 
with strains from other genetic centers, as well as from 
agrocenoses. The obtained results correlate with previ-
ously published data [39, 51, 52] and confirm that, in 
populations of rhizobia adapted to the condition of extreme 
salinity, the processes of diversification are active and are 
probably aimed at the formation of new biovars of alfalfa 
nodule bacteria.

Analysis© of© combinations© of© chromosomal© marker©
sequences.© Pairwise analysis of combinations of refer-
ence and divergent sequences of markers М-I, М-II, 
and М-III was conducted in order to detect linkage dis-
equilibrium (LD). As a result, LD was detected between 
markers М-I and М-II in all examined groups (LD from 
0.38 to 0.83; see Table 1) but was not revealed between 
marker М-III and marker М-I as well with marker М-II 
as well with the combination of М-I/М-II in all consid-
ered groups (data not provided). It should be concluded 
that evaluated markers could be used to assess diversity of 
chromosomal types, besides М-I/М-II, can be considered 
as a joint metabolic marker, while М-III, as a phylogenetic 
marker should be tested independently.

The 35 out of 510 theoretically possible combinations 
of markers М-III and M-I/М-II were revealed through the 
analysis of 218 strains (Supplementary, Table 2). Eight 
combinations were abundant in both tested geographi-
cally distinct populations (NCC and ASC), while four of 
them were identified also among strains from agroceno-
ses (data not provided), and other 15 combinations were 
uniquely identified only in salt-tolerant N-isolates from 
ASC (Supplementary, see Table 2).

The diversity of subgroups of strains was assessed ac-
cording to Shannon diversity index calculated by the num-
ber of determined combinations. It was established that 
N-isolates from ASC were significantly more diverse than 
the corresponding groups of strains from NCC, whereas 
for subgroups of T-isolates from NCC, ASC and agro-
cenoses such differences were absent (Supplementary, 
see Table 2).

The 35 combinations of marker sequences were 
grouped into four distinct groups AI, AII, BI and BII based 
on the type of alleles (reference (A) or divergent (B) alleles 
of М-III, and reference (I) or and divergent (II) alleles of 
metabolic marker). These four groups were further con-
sidered as chromosomal types. Type АI (considered as a 
reference type) was represented only by combination of 
alleles of “а” type (HAI = 0), whereas types АII, BI, and 
BII united correspondingly 8, 11, and 15 different com-
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Fig. 3. The occurrence of distinct chromosomal types among s. meliloti. AI, AII, BI, BII – chromosomal types (see text); rest sym-
bols see on Fig. 2

binations (HAII = 1.48; HBI = 1.37; HBII = 2.58). It should 
be noted that dominant combinations were identified in 
each type: in type АII there were 2 out of 8 combina-
tions (frequencies 0.29 and 0.44); in type BI the 1 out of 
11 combinations (frequency 0.67); while in type BII the 
13 of 15 combinations were identified in single strains 
with total frequency of occurrence amounted to 0.87 (data 
not provided).

Type АI was mainly revealed among salt-tolerant 
N- and T-isolates from NCC, it was observed 1.2 times 
more likely (average frequency 0.43; Fig. 3). The same 
chromosomal type was detected with similar frequency 
among salt-sensitive T-isolates (0.35) and was not found 
in salt-tolerant strains from ASC (see Fig. 3). Type АI was 
identified in single T-isolates of R-phenotype from agro-
cenoses (0.24; see Fig. 3). In all other subgroups (salt-
sensitive N- and T-isolates from NCC and T-isolates from 
ASC), type АI was detected with similarly low frequencies 
(average frequency 0.10). Thus, chromosomal type AI was 
identified significantly more often among T-isolates from 
NCC (χ2 = 6.9; p = 8.5 · 10–3; df = 1) that had mostly 
salt-tolerant phenotype. Comparative analysis of groups of 
strains showed that chromosomal type AI was found 2.5 
and 1.7 times more often among N-isolates than among 
T-isolates from NCC and ASC, respectively.

Type АII (typical allele М-III and divergent alleles 
М-I/М-II) was revealed in all examined subgroups. This 
chromosomal type was characteristic of N- and T-isolates 
of different phenotypes from ASC (average frequency 
0.21), as well as of salt-tolerant N-isolates from NCC 

(frequency 0.26; see Fig. 3). In the other cases, chromo-
somal type AII was detected half as often (subgroups of 
N- and T-isolates of different phenotype from NCC) or 
was identified in single salt-sensitive T-isolates from both 
genetic centers of legumes (see Fig. 3). According to the 
results of comparing the groups of N- and T-isolates from 
NCC and ASC, it was found that chromosomal type AII 
was almost 2 times more common among N-isolates than 
in the corresponding groups of T-isolates in both genetic 
centers, however, significant differences were obtained 
only for N-isolates from ASC (χ2 = 7.4; p = 6.6 · 10–3, 
df = 1). Chromosomal type АII was predominant only for 
salt-tolerant T-isolates from agrocenoses (frequency 0.65; 
see Fig. 3).

Type BI (divergent allele М-III and typical alleles 
М-I/М-II) occurred much less frequently in tested sub-
groups of strains compared to type AII. The chromosomal 
type BI was characteristic of strains from three subgroups 
(with similar frequencies): salt-tolerant T-isolates from 
NCC, salt-sensitive T-isolates from ASC, and salt-tolerant 
N-isolates from ASC (average frequency 0.18; see Fig. 3). 
The same chromosomal type was identified in salt-sensi-
tive N-isolates from ASC with less frequency (0.09; see 
Fig. 3). Among the others subgroups this chromosomal 
type was a character of a single isolates (average fre-
quency 0.03) or was not detected (see Fig. 3). Compari-
son of groups of strains revealed that type BI was signifi-
cantly more often observed among N-isolates from ASC 
and among salt-tolerant T-isolates from NCC (χ2 = 8.1; 
p = 4.3 · 10–3; df = 1).
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Fig. 4. The occurrence of genomic islands in s. meliloti strains harboured different chromosomal types of: а – the occurrence of 
one, two or three genomic islands in appropriate chromosomal types; b – the occurrence of each of the islands: Sme19T, 
Sme21T, Sme80S in appropriate chromosomal type; AI, AII, BI, BII – chromosomal types (see Fig. 3)
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Chromosomal type BII (divergent alleles of М-III and 
alleles М-I/М-II) was identified only for a few strains 
related to 8 of the 10 studied subgroups (see Fig. 3). 
More often, type BII was observed in three subgroups of 
salt-tolerant N- and T-isolates from ASC and in group of 
N-isolates from NCC (average frequency 0.1; p > 0.5). 
Ana lysis of the groups of strain demonstrated that type BII 
was observed mostly in N-isolates from ASC (p > 0.5).

A comparative analysis of strains from two genetic 
centers showed that chromosomal type AI was typical for 
more than 54% strains of s. meliloti from NCC, i. e., 
2.4 times more frequently than for strains from ASC 
(χ2 = 18.6; p = 1.6 · 10–5; df = 1). The indicated type 
of chromosome was detected mainly in subgroup of salt-
tolerant T-isolates from NCC, which contains also strains 
harboring with chromosomal type BI, characterized by an 
altered sequence of marker М-III. On the contrary the 
population of s. meliloti strains from ASC more than 
76% of strains had chromosomal types differ from type AI. 
Thus, chromosomal types AII, BI and BII were detected 
in 1.4, 1.7 and 3.8 times more frequently in strains from 
ASC than from NCC, respectively. The vast majority of 
the N-isolates (65%) from ASC had chromosomal type 
АII or BI, and 15% of salt-tolerant strains harbored the 
chromosomal type BII. The described differences in the 
occurrence of chromosomal types between geographically 
distinct populations of ASC and NCC were significant 
(χ2 = 20.6; p = 1.2 · 10–4; df = 3). Strains from agroce-
noses had mostly chromosomal type AII, characterized by 
modified metabolic markers.

Occurrence© of© GI was assessed in groups of s. meli-
loti strains with certain chromosomal types (АI, АII, BI, 
or BII; Fig. 4). The presence of three GIs (as in the ref-
erence strain Rm1021, see Materials and methods), as 
well as the presence of two or one genomic islands the 
integration sites of which are similar to those of Rm1021 

were analyzed in native isolates. Three GIs were rarely de-
tected in strains harbored chromosomal type АI (frequency 
0.04) but were more frequently observed in chromosomal 
types AII and BI (average frequency 0.11; see Fig. 4, а), 
but it was not a case for the type BII. The two GIs were 
identified more frequently (1.5 times in average) in strains 
with chromosomal type АI (average frequency 0.29; see 
Fig. 4, а). The one GI was observed in most strains (av-
erage frequency 0.72) but more frequently (1.2 times) in 
strains with chromosomal type BII (frequency 0.82; see 
Fig. 4, a).

The occurrence of particular GI of Rm1021 (Sme19T, 
Sme21T и Sme80S) was examined in strains with cer-
tain chromosomal types (see Fig. 4, b). It was shown 
that Sme19T and Sme80S were significantly abounded 
in strains with chromosomal types АI and АII (χ2 = 7.4; 
p = 2.4 · 10–3; df = 2; see Fig. 4, b), while Sme80S oc-
curred significantly more often in strains with chromosom-
al type BII (χ2 = 7.6; p = 5.9 · 10–3; df = 2). Cu rious that 
either of the three genomic islands occurred with equal 
frequencies in strains harboring chromosomal type BI 
(0.23; see Fig. 4, b).

Thus, significant differences in occurrence of GIs re-
lated to accessory elements of the core genome were re-
vealed in native isolates of s. meliloti with different chro-
mosomal types. The results are consistent with the data 
for other nodule bacteria and enterobacteria [9, 26] and 
testified that certain accessory elements can be associated 
with certain combinations of core sequences.

conclUsion
Linked analysis of core genome marker sequences 

M-I and М-II, containing genes, whose products are 
involved in cellular metabolism and in the processes re-
lated to stress tolerance and sequences of marker М-III 
used in phylogenetic studies was carried out. In the 
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result the effects of ecological and evolutionary factors 
on the genetic diversity of native isolates of root nod-
ule bacteria s. meliloti species recovered from distinct 
geographical areas and from agrocenoses were evaluated. 
A high level of polymorphism of sequences of metabolic 
(M-I and М-II) and phylogenetic (М-III) markers was 
detected in homogenous groups and in subgroups of 
isolates differed in origins and source of isolation, as 
well as in phenotype characteristic. An analysis of the 
frequencies of the occurrence of different alleles of M-I 
and М-II markers provide a conclusion that the geno-
typic diversity of strains isolated from soil (T-isolates) 
is under the frequency-dependent disruptive selection, 
which leads to the prevalence of a particular genotype 
that is most adapted to the agroecological conditions at 
the corresponding centers of genetic diversity. The high 
genotypical diversity of strains recovered from nodules 
(N-isolates) of plants widely abounded in studied genetic 
centers of legume diversity was due to stabilizing selec-
tion, that is agreement with the data of [49, 50].

Assessment of linkage disequilibrium (LD) between 
marker sequences showed there is no or low levels of ge-
netic recombination between metabolic markers. Based 
on it and in accordance with the data of [10], selected 
markers were used to determine their combinations in 
s. meliloti native isolates. Finally strains were grouped 
according to identified chromosomal type, as four dis-
tinct chromosomal types were clarified according to 
combinations occurred between the reference and diver-
gent alleles of the mar kers studied. It was shown that 
geographically distinct populations of s. meliloti were 
significantly differ by the occurrence of chromosomal 
types, that correlates with the data obtained for other 
rhizobia species [9, 11, 53]. Strains with altered meta-
bolic markers or which harboured chromosomal type AII 
were detected in the population of each of the studied 
gene centers (NCC and ASC), the proportion of which 
among N-isolates was almost 2 times higher than among 
T-isolates in both gene centers. It ought to note that 
strains with chromosomal type AII were detected mainly 
in soil agrocenoses. Strains contained altered metabolic 
markers of the core genome can be related to divergent 
clonal lineage(s), that is correlates with previously ob-
tained data on the presence of divergent chromosomal 
types among strains from ASC [39, 40, 51], while data 
concerning the presence of clonal lineage(s) in popula-
tion from NCC and agrocenoses are obtained for the first 
time. At about 40% of both N- and T-isolates recovered 
from the center of introgressive hybridization of alfalfa at 
the Aral Sea region (ASC) subjected to extreme salini-
zation had had altered phylogenetic marker and, in the 
vast majority, altered metabolic markers (chromosome 
types BI and BII). Strains like these could be representa-
tives of new Sinorhizobium biovars, that is in agreement 
with previously published data [39].

In addition, strains belonging to the same, or closely 
related biovar were detected exclusively among T-isolates 
in NCC for the first time, however they were found twice 
as often among T-isolates from ASC. Clonal lineages of 
strains detected in both geographically distinct popula-
tions, as well as in agrocenoses, and native isolates at-
tributed to the newly formed biovar of Sinorhizobium bac-
teria are objectives subjected for further molecular-genetic 
research.

In order to detect the dependence of the occurrence of 
accessory elements on the inherited characteristics of the 
core genome, the GIs were analyzed in genomes of strains 
of s. meliloti that differed in combination of sequences of 
the core genome markers.

This allowed us to determine the preference of occur-
rence of any genomic island in certain chromosomal types 
of s. meliloti. The obtained data support the hypothesis 
proposed by the authors [26] that certain chromosomal 
type can contain certain accessory elements.
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Marker Group of strains

Values of χ2 criterion 

NCC ASC AC

N T N T T

R S R S R S R S R

M-I

NCC

N
R –I 10.0 (1)II – – – 26.2 (2) 8.0 (2) 3.9 (1)

S – 6.0 (1) – – – 12.8 (2) – –

T
R 10.0 (1) 6.0 (1) – 12.6 (3) 15.5 (2) 50.7 (2) – 30.4 (1)

S – – – – – 17.2 (3) – 10.9 (2)

ASC

N
R – – 12.6 (3) – – 35.6 (3) – 8.2 (3)

S – – 15.5 (2) – – 28.0 (3) 10.6 (3) –

T
R 26.2 (2) 12.8 (2) 50.7 (2) 17.2 (3) 35.6 (3) 28.0 (3) 15.0 (2) 33.5 (2)

S 8.0 (2) – – – – 10.6 (3) 15.0 19.1 (2)

AC T R 3.9 (1) – 30.4 (1) 10.9 (2) 8.2 (3) – 33.5 19.1 (2)

М-II

NCC

N
R – 8.8 (3) – – – 26.1 (3) – 14.9 (3)

S – 8.9 (2) – – – 12.8 (2) 9.3 (2) –

T
R 8.8 (3) 8.9 (2) – – 8.0 (2) 28.9 (2) – 23.8 (2)

S – – – – – 17.2 (2) – 9.1 (2)

ASC

N
R – – – – – 13.1 (3) – 8.6 (3)

S – – 8.0 (2) – – 14.1 (2) 7.8 (2) –

T
R 26.1 (3) 12.8 (2) 28.9 (2) 17.2 (2) 13.1 (3) 14.1 (2) 15.0 (1) –

S – 9.3 (2) – – – 7.8 (2) 15.0 (1) 16.8 (2)

AC T R 14.9 (3) – 23.8 (2) 9.1 (2) 8.6 (3) – – 16.8 (2)

М-III

NCC

N
R – – – – – – – –

S – – – – – – – –

T
R – – – 8.4 (2) 13.2 (2) – – 7.0 (2)

S – – – – 6.1 (2) – – –

ASC

N
R – – 8.4 (2) – – – – 13.9 (2)

– – 13.2 (2) 6.1 (2) – – 8.1 (2) 10.2 (2)

T
R – – – – – – – 8.6 (2)

S – – – – – 8.1 (2) – 12.2 (2)

AC T R – – 7.0 (2) – 13.9 (2) 10.2 (2) 8.6 (2) 12.2 (2)

note. R – strains of salt-tolerant phenotype; S – strains of salt-sensitive phenotype; N – strains recovered from nodules; T – 
strains trapped from soil; NCC – North Caucasian genetic center; ASC – Aral Sea center of alfalfa diversity; AC – agrocenoses. 
I – value of χ2 less than the critical one (differences are not significant); (..)II – the number of degrees of freedom (df).

table 1
Values©of©criterion©χ2©for©subgroups©of©strains©of©S. meliloti different©in©the©frequency©of©occurrence©of©RFLP©types©
marker©sequences

SUPPLEMENTARY
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Geographical origin NCC ASC AC
Total 

number 
of strains

Group of strains N T N T T

Phenotypical subgroup R S R S R S R S R S

Statistical  
properties

sub-
groups

Total number of 
combinations

6 3 9 4 20 11 4 5 4 2 35

Unique  
combinations

4 1 6 1 15 6 2 3 3 2

Nei  
index (n)

0.76 0.86 0.68 0.84 0.95 0.94 0.75 0.79 0.90 –

Shannon  
index (H)

1.28 0.96 1.34 1.16 2.67 2.13 1.07 1.23 1.18 –

Evenness  
index (е)

0.60 0.87 0.43 0.80 0.72 0.77 0.73 0.68 0.82 –

Total number of 
strains

24 7 51 13 41 25 8 15 31 3 218

groups

Total number 
of combinations

7 10 26 7 5 35

Unique  
combinations

3 6 23 4 0

Nei  
index (n)

0.76 0.69 0.94 0.88 0.87

Shannon 
index (H)

1.34 1.37 2.74 1.60 1.29

Evenness 
index (е)

0.54 0.39 0.59 0.70 0.72

Total number 
of strains

31 64 66 23 34 218

Note. R – strains of salt-tolerant phenotype; S – strains of salt-sensitive phenotype; N – strains recovered from nodules; T – strains 
trapped from soil; NCC – North Caucasus genetic center; ASC – Aral Sea center of alfalfa diversity; AC – agrocenoses.

table 2
The©number©of©detected©combinations©of©markers©M-I,©M-II©and©M-III©type©in©subgroups©and©groups©of©S. meliloti
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