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Abstract
Pea (Pisum sativum) is one of the most popular legume crops used in agriculture. Because of the high demand and relatively
reasonable price, Lithuania has increased the cultivation of this crop and invested in the research of new effective breeding lines
in the last years. Rhizobial inoculants contribute to increasing yield in legumes through N2 fixation. Therefore, the objective of
this work was to identify rhizobial strains able to increase the activity of two pea breeding lines (‘DS 3637–2’ and ‘DS 3795–3’)
known for high productivity, resistance to biotic and abiotic stresses, and competitiveness in respect to weeds. Six rhizobial
strains isolated from pea plants were identified as members of the Rhizobium leguminosarum group and phenotypically charac-
terized in depth by Phenotype Microarray (PM). Phenotypic differences observed were linked to their phylogeny. Then, strains
were tested for their ability to stimulate the growth of the breeding lines ‘DS 3637–2’ and ‘DS 3795–3’. Reference strain
Rhizobium anhuiense Z1 and Rhizobium leguminosarum sv. viciae 14ZE showed the best symbiotic performances with breeding
lines ‘DS 3637–2’ and ‘DS 3795–3’, respectively. Based on the obtained results, R. leguminosarum sv. viciae strain 14ZE
appears to be a new effective inoculant of peas.
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1 Introduction

Among legume crops used in agriculture, field pea (Pisum
sativum) is one of the most popular grain legumes, accounting
for 16% of world pulse production (Drew et al. 2012).

Lithuania, similarly to the other Baltic States, is a country with
a longstanding experience in pea cultivation owing to suitable
climate and terrain for producing high yielding pulse legumes.
Originally, pea crops occupied only about 0.85% of the total
arable land (14.9 thousand ha) (Seibutis and Deveikyté 2006).
However, the area of pea crops production progressively in-
creased in the last years, covering from 79.4 (2015) to 106.2
(2018) thousand ha of Lithuanian lands (FAOSTAT 2021),
and Lithuania became a significant producer of dry beans and
dry peas among European Union countries (FAOSTAT
2021).

Rhizobia are a paraphyletic group of well-known bacteria
involved in beneficial symbiosis with leguminous plants in a
host-specific way (Gage 2004), contributing with a remark-
able proportion to the biological nitrogen fixation (BNF)
(Udvardi and Poole 2013). In recent years, the exploitation
and the improvement of BNF of field pea is a key element
for eco-sustainable agriculture (Holt-Giménez and Altieri
2013; Bellabarba et al. 2019; Pastor-Bueis et al. 2019). It
was estimated that more than half of the biologically fixed
nitrogen worldwide is yielded by rhizobium-legume symbio-
ses (Smil 2004). Moreover, concerning pea crops, BNF can
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provide over 80% of the nitrogen content in pea plants, while
an average of 25–35 kg/ha of nitrogen is introduced in the soil,
depending on the tillage system (Ruisi et al. 2012).
Consequently, the employment of rhizobial strains as inocu-
lants able to replace commonly used N-fertilizers has become
of primary importance and a goal to be achieved for economic
and environmental implications (Baset Mia and Shamsuddin
2010; Bhardwaj et al. 2014). Therefore, the isolation and phe-
notypic screening of rhizobial strains to select as bioinoculants
is a crucial strategy. Such screening is also important because
the effective symbiosis can be affected by many other factors,
like host-specificity and the ability of selected stain to com-
pete with the local rhizobia (Abi-Ghanem et al. 2013; Bourion
et al. 2018). The benefits provided for the same legume spe-
cies by the different rhizobial strains at a given location can
vary up to 10-fold (Denison and Kiers 2004).

The Rhizobium genus includes more than 90 species; with-
in this genus, the rhizobia can nodulate different leguminous
host plants. The most studied species is R. leguminosarum,
which could be further classified in different symbiovars de-
pending on the host plant it nodulates: R. leguminosarum sv.
viciae infects plants of tribe Viciaea, like pea (Pisum sativum
L.) and vetches (Vicia L.), while clovers (i.e., Trifolium L.) are
nodulated by R. leguminosarum sv. trifolii and common beans
(Phaseolus vulgaris L) are nodulated by the symbiovar
phaesolii (Rogel et al. 2011). A tribe could then be nodulated
by many different Rhizobium species, i.e., plants belonging to
the Viciaea tribe may establish symbiotic relations with
R. pisi, R. fabae, R. laguerreae, R. lentis, R. bangladeshense,
R. binae, R. anhuiense, and R. indicum (Rahi et al. 2020).
Symbiotic interactions between pea and rhizobia are highly
selective, i.e., the Afghan Pisum sativum cv. Afghanistan is
nodulated by specific R. leguminosarum sv. viciae strains
present in Afghan and Turkish soils (Mutch and Young 2004).

In the rhizobia-legume symbiosis, each nodule originates
from a separate infection (Kumar et al. 2015). Flavonoids and
betaines, released by the root of host-plant attract rhizobia
present in the rhizosphere and activate the transcription of
nodulation (nod) genes, which are located on a large symbio-
sis plasmid or symbiosis islands. The nod genes are responsi-
ble for the biosynthesis of nodulation signals (Nod factors),
which initiate many of the developmental changes in the roots
(Gage 2004). Host specificity depends on nod factors, and the
polymorphisms of nodC gene are commonly used as phylo-
genetic markers for Rhizobium symbiovar identification
(Rogel et al. 2011; Peix et al. 2015). Most symbiovars are
currently defined based on the range of legumes they can
nodulate, and this is mainly based on the nodC gene analysis,
whose phylogenies make possible the correct differentiation
of these categories within species of all rhizobial genera (Peix
et al. 2015).

Strains of the same Rhizobium species recovered from the
same field may be genetically different; R. leguminosarum sv.

trifolii strains isolated from nodules of clover plants growing
in each other’s vicinity showed considerable genetic and met-
abolic variability (Wielbo et al. 2010; Abi-Ghanem et al.
2013).

Metabolic properties may be an important trait in determin-
ing nodulation efficiency of rhizobia. Indeed, the ability to
metabolize a broad range of carbon and energy sources (espe-
cially amino acids and their derivatives) may increase the
chance for nodulation of a given strain (Wielbo et al. 2007,
2010). Phenotype microarray is not a time-consuming proce-
dure to examine the metabolic profiles of bacteria; therefore, it
could be used to screen rhizobial strains in terms of metabolic
versatility (Biondi et al. 2009; Fagorzi et al. 2020).

In the frame to increase the productivity of two Pisum
sativum emerging breeding lines in Lithuania because of their
high productivity, resistance to biotic and abiotic stresses, and
competitiveness in respect to weeds (unpublished data), rhi-
zobial strains able to establish an efficient symbiosis were
selected and characterized to develop efficient legume-
growing systems to be employed as eco-sustainable agronom-
ic practices.

2 Materials and methods

2.1 Isolation of rhizobial strains

Rhizobial strains were isolated from nodules of the four most
popular pea cultivars (‘Ieva DS’, ‘Casablanca’, ‘Respect’, and
‘Lump’) and five breeding lines (‘DS 3637-2’, ‘DS 3486-12’,
‘DS 3751-1’, ‘DS3783-3’, and ‘DS 3789-1’) at the flowering
stage. Plants were grown for two months (until reaching the
flowering stage) in the greenhouse, where the length of the
illumination was set up to 16 h, the temperature was 20 ± 2°C,
and plants were watered according to the need. Soil for plant
growth was collected a few days before experiment setup at
15–20 cm depths from an uninoculated experimental field at
the LAMMC ZI Institute (55° 23’ 50” N, 23° 51’ 40” E).
According to the world reference base for soil resources
(WRB), the loamy textured soil was classified as an
Endocalcic-Epihypogleyic Cambisol (IUSS Working Group
WRB 2015). Soil chemical properties of samples were a pH
of 6.7and had labile phosphorus (P2O5) 219 mg/kg, labile
potassium (K2O) 230 mg/kg, total nitrogen (N) 5.87 mg/kg,
and organic carbon (Corg) 1.53% (Agrochemical Research
Laboratory, Kaunas Lithuania).

Single healthy-looking pink nodules (large than 2 mm)
were selected from a single plant per cultivar/breeding line
and excised. Nodules were surfaced sterilized with 95% etha-
nol for 10 s and sodium hypochlorite solution containing 3.0%
of active chlorine for 3 min, washed five times in sterile de-
ionized water, crushed, and re-suspended in 50 μL of sterile
deionized water. Crushed nodule suspensions were serial
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diluted (1/10 in saline solution) and plated on yeast-mannitol
agar (YMA) [0.5 g/L K2HPO4, 0.2 g/LMgSO4, 0.1 g/L NaCl,
1.0 g/L CaCO3, mannitol 10.0 g/L, yeast extract 1.0 g/L, agar
20 g/L (Vincent 1970)] and incubated at 28°C for 48 h. Strains
were purified streaking a single colony on new YMA plates at
least five times. Pure strain cultures were stored in 20% (v/v)
glycerol at −80°C.

2.2 16S rRNA, recA, atpD, and nodC PCR amplification
and sequence data analysis

For each strain, a single colony was picked from an YMA plate
and re-suspended in 50 μL deionized sterile water. The bacte-
rial suspension was maintained at 100°C for 10 min for cellular
lysis, cooled in ice for 2 min, and subsequently centrifuged at
10000 × g for 5 min. Amplification reactions were performed
in a 20 μL volume, containing 2 μL of the supernatant as a
template. The 16S rRNAwas amplified with bacterial universal
primer pair 27F 5′-(AGAGTTTGATCMTGGCTCAG)-3 and
1387R 5′-(GGGCGGWGTGTACAAGGC)-3′ (Lane 1991).
The composition of the reaction mixture was the following:
1X reaction Buffer (10 mM Tris pH 8.3, 50 mM KCl,
1.5 mMMgCl2), 200 μM of each dNTP, 0.1 mg/mL of bovine
serum albumin, 0.1 μM of each primer, and 0.05 U of Taq
DNA polymerase (Thermo Scientific, Massachusetts, U.S.A.).
PCR conditions consisted of an initial denaturation at 94°C for
5 min, 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for
90 s, and a final extension at 72°C for 5 min.

The nodC gene was amplified with primers NodCF
5’-(AYGTHGTYGAYGACGGTTC)-3’ and NodCI
5’-(CGYGACAGCCANTCKCTATTG)-3’ (Laguerre et al.
2001). The atpD gene was amplified with primers AtpD273f
5’-(SCTGGGSCGYATCMTGAACGY)-3’ and AtpD771r
5’-(GCCGACACTTCCGAACCNGCCTG)-3’ (Gaunt et al.
2001). The recA gene was amplified with primers RecA6F
5’-(CGKCTSGTAGAGGAYAAATCGGTGGA)-3’ and
RecA555r 5’-(CGRATCTGGTTGATGAAGATCACCAT)-
3’ (Gaunt et al. 2001). Amplification was performed as de-
scribed above with the only exception of primer concentra-
tions (0.4 μMof each primer). PCR conditions consisted of an
initial denaturation at 94°C for 5 min, 30 cycles at 95°C for 30
s, 55°C for 30 s, and 72°C for 60 s, and a final extension at
72°C for 5 min.

The PCR amplicons were purified with the Genejet PCR
purification kit (Thermo Scientific) and subsequently se-
quenced by Applied Biosystems 3730XL DNA Analyzer
using the same primer set used in PCR amplification. All the
sequences were analyzed and edited with BioEdit software
(Hall 1999). Phylogenetic analyses of 16S rRNA, atpD, and
recA genes included sequences of Rhizobium type strains. The
sequences of the nodC gene were used as queries to identify
related genes using the NCBI BLASTn tool (Altschul et al.
1990) and the non-redundant nucleotide database without a

limit to sequences from type material. Phylogenetic analyses
were performed using the maximum-likelihood method,
selecting the best model for each phylogenetic analysis
(Saitou and Nei 1987; Tamura et al. 2004) in the MEGA
software (ver. X) (Kumar et al. 2018; Stecher et al. 2020).
All ambiguous positions were removed for each sequence
(complete deletion option). The 16S rRNA gene, nodC,
atpD, and recA gene amplicon sequence data are available at
GenBank database with the accession numbers MT775515-
MT775524 for the 16S rRNA sequences, MT786692-
MT786701 for the nodC sequences, MW216573-
MW216582 for the atpD sequences, and MW216563-
MW216571 for the recA sequences.

2.3 RAPD analysis

Random Amplification of Polymorphic DNA (RAPD) was
performed for all the bacterial strains using primers P7
5’-(CCAAGCTGCC)-3’ (Kumar et al. 2009) and AP5
5 ’ - (TCCCGCTGCG)-3 ’ (Caccamo et a l . 1999) .
Amplification reactions were performed as described above
with the only exception that only one primer was used at a
concentration of 1 μM. PCR conditions were the following:
95°C for 5 min, 40 cycles at 95°C for 1 min, 35°C for 1 min,
and 72°C for 1 min and a final extension at 72°C for 7 min.
Amplification products were separated by gel electrophoresis
on 2% agarose gel and visualized under UV illumination after
staining with ethidium bromide.

The sizes of RAPD fragments were estimated by compar-
ison with the marker (GeneRuler 1kb DNA ladder, Thermo
Scientific. RAPD fingerprints obtained with both primer AP5
and P7 were recorded in binary form, i.e., 1 = presence of a
band and 0 = absence of a band. The RAPDmatrices obtained
with both primers (P7 and AP7) were joined for subsequent
cluster analysis. Cluster analyses were performed using the
Jaccard similarity coefficient (J) (Sneath and Sokal 1962)
and the algorithm UPGMA (unweighted pair-group method,
with arithmetic mean) using PAST v3.25 software (Hammer
et al. 2001).

2.4 Plant tests

Two Pisum sativum breeding lines ‘DS 3637-2’ and ‘DS
3795-3’ were used as host plants. Seeds were surface-
sterilized for 1 min in 70% ethanol, rinsed with sterile deion-
ized water, immersed for 5 min in sodium hypochlorite solu-
tion containing 5% active chlorine, and washed five times in
sterile deionized water. Surface sterilized seeds were allowed
to germinate on the cover of sterile plastic Petri dishes over a
layer of sterile wet Whatman paper at room temperature. After
4 days in the dark seedlings were transferred to plastic pots
filled with a sterilized mixture of sand and vermiculite in a 1:3
ratio and supplied with 100 mL of Nitrogen-free solution
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[1mM CaCl2·2H20, 0.1 mM KCl, 0.8 mM MgSO4 7H2O,
10 μM Fe EDTA, 35 μM H3BO3, 9 μM MnCl2·4H2O, 0.8
μM·ZnCl2, 0.5 μM Na2MoO·2H2O, 0.3 μM CuSO4·5H2O,
3.68 mM KH2PO4, and 4 mM Na2HPO4, pH = 6.5]
(Ramachandran et al. 2011).

The Rhizobium strains were grown at 30°C in liquid TY
(Beringer 1974) to the late exponential phase (OD600 = 0.6–
0.8), pelleted, and re-suspended to an OD600 of 0.05 in a 0.8%
NaCl solution. 7-day-old seedlings were inoculated with 5 ×
107 rhizobial cells. Five replicates for each Rhizobium strain
per breeding line were tested. Uninoculated plants were used
as a negative control. Plants were grown in a greenhouse un-
der artificial light (luminous flux 3000 lmn, color temperature
4000 K) with a 16-h photoperiod at 22 ± 2°C. Every 6–8 days
plants were watered with sterilized water. Twenty-eight days
after inoculation, chlorophyll fluorescence measurements
were performed. Intact flag leaves of pea plants were adapted
to darkness for 30 min using light-withholding clips.
Fluorescence was measured with a portable non-modulated
fluorimeter Handy PEA (Plant Efficiency Analyser,
Hansatech Instruments, Kings Lynn, UK). The maximum
quantum yield of primary photochemistry in the dark-
adapted state was expressed for each strain per cultivar/
breeding line according to the formula: φPo = [Fm-Fo]/Fm =
Fv/Fm] (Bussotti et al. 2011).

The harvested plants were furthermore evaluated for shoot
length, number of nodes, number of nodules, and dry weight.
Statistical analyses were performed using Rstudio (R Core
Team 2011). All data were evaluated for normality with the
Shapiro-Wilk test. One-way ANOVA and Tukey post hoc
tests were performed for the analysis of shoot length, wet
weight, and dry weight by using agricolae package. For
φPo, the number of nodules and number of nodes
Nonparametric Kruskal-Wallis and post hoc Dunn tests were
performed using the FSA and rcompanion packages. A prin-
cipal component analysis was performed by using PAST
v3.25 software (Hammer et al. 2001).

2.5 Phenotype microarray

Bacterial strains were characterized using PM1-2 for carbon
sources, PM3 for nitrogen sources, PM9 for osmolarity, and
PM10 for pH. The complete list of assayed compounds can be
obtained from http://www.biolog.com/pdf/PM1-PM10.pdf.

Bacterial strains were grown on TY agarmedium (Beringer
1974) and incubated at 27°C for 48 h; then, colonies were
picked up with a sterile cotton swab and suspended in 15
mL of NaCl 0.8% solution. Cell density was adjusted to
OD600 = 0.1. Media for PM1 and PM2 and PM3 were obtain-
ed using UMS medium [20 mM 4-morpholine ethanesulfonic
acid, 0.5 mMK2HPO4, 8.5 mMNaCl, 10mMNH4Cl, 10mM
glucose, 2 mMMgSO4·7H2O, 0.51mMCaCl2·2H2O, 0.4 μM
biotin, 4.2 μM Ca-pantothenate, 3.0 μM thiamine, 1 μM

Na2EDTA, 40 μM FeSO4·7H2O, 0.6 μM ZnSO4·7H2O,
0.08 μM CuSO4·5H2O, 4.2 μM CoCl2·6H2O, 0.9 μM
MnSO4·4H2O, 4 μM H3BO3, 0.8 μM NaMoO4·2H2O, pH
6.5] (Pini et al. 2017) with some modifications. The UMSC
was obtained from UMS, without the carbon source (glucose)
and used for PM1 and PM2, and the UMSN was obtained
from UMS without the nitrogen source (ammonium chloride)
and used for PM3. The inoculation fluids for PM1 and PM2
were obtained diluting the cellular suspension (OD600 = 0.1)
10 times in UMSC and added with 1X Dye Mix A (Biolog,
Hayward, California, U.S.A.). The inoculation fluid for PM3
was prepared by diluting the cellular suspension (OD600 = 0.1)
10 times in UMSN added with 1X Dye Mix A (Biolog). The
inoculation fluids for PM9 and PM10 were prepared by dilut-
ing the cellular suspension (OD600 = 0.1) 10 times in TY
added to 1X Dye Mix A (Biolog). Finally, the inoculation
fluids were dispensed into PM plates (100 μL per well). The
PM plates were sealed with Breathe-Easy® gas-permeable
membrane (Sigma-Aldrich, St. Louis, Missouri, U.S.A.) to
avoid fluid drying and incubated statically at 27°C in an
OmniLog Reader (Biolog) for 96 hours. Readings were re-
corded for 96 hours, and data were analyzed using
OmniLog-PM software (Biolog), which generated a time
course curve for tetrazolium color formation. Each experiment
was performed in duplicate. The data from the OmniLog-PM
software (release OM_PM_109M) were filtered using the area
of the kinetic curves as a parameter and then transferred to
Excel spreadsheets (Microsoft Corporation). For each carbon
and nitrogen source, the average area was calculated (n = 2).
Carbon and nitrogen sources were considered to be used by
the strains when the average area was 50% higher than the
average area detected in the negative control (A01 well). The
TMEV software (Saeed et al. 2003) was used to produce
heatmaps of the carbon and nitrogen sources utilization,
principal-component analysis (PCA) was performed using
the PAST v3.25 software (Hammer et al. 2001) to establish
the relationships between the phenotype profiles of the strains.

3 Results and discussion

3.1 Isolation and identification of rhizobial strains

Nine rhizobial strains (2ZE, 3ZE, 4ZE, 7ZE, 9ZE, 11ZE,
13ZE, 14ZE, and 15ZE) were isolated from the nodules of
different pea cultivars/breeding lines grown in laboratory con-
ditions. The strain Z1 was added because it is traditionally
used in the Institute of Agriculture, Lithuanian Research
Centre for Agriculture and Forestry (LAMMC ZI) for the
inoculation of pea plants in field experiments. Moreover, the
Z1 strains lack genotypic and phenotypic characterization.

Based on phylogenetic analysis by 16S rRNA genes, all
strains (including strain Z1) were attributed to the
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R. leguminosarum group (Supplementary Fig. S1). The
R. leguminosarum group includes R. leguminosarum sv.
viciae USDA 2370T, R. laguerreae FB206T, R. sophorae
CCBAU 03386T, R. anhuiense CCBAU 23252T,
R. acidisoli FH13T, R. ruizarguesonis UMP1133T, and
R. hidalgonense FH14T, which show 99.9% 16S rRNA gene
sequence similarity (Rahi et al. 2020).

The 16S rRNA gene sequencing did not allow the differ-
entiation of strains; therefore, we proceeded typing the strains
by RAPD and sequencing the atpD and recA genes, which are
commonly used to differentiate species within the
R. leguminosarum group (Gaunt et al. 2001). All strains
showed different RAPD profiles, except for strains 13ZE
and 7ZE (Supplementary Fig. S2). The clustering of RAPD
profiles divided the strains into two main groups. The first
group contained the strains 3ZE, 7ZE, 11ZE, 13ZE, and
15ZE, while the second group included the strains 2ZE,
4ZE, 9ZE, and 14ZE. The reference strain Z1 was not associ-
ated with any other cluster in the dendrogram. Phylogenetic
analysis on the concatenated sequences of atpD (nucleotide
sequence from position 352 to 747) and recA (nucleotide se-
quence from position 160 to 504) confirmed RAPD analysis.
The group was formed by the 2ZE, 4ZE, 9ZE, and 14ZE
clusters with R. leguminosarum sv. viciae USDA 2370
(genospecies E), while the group formed by 3ZE, 7ZE,
11ZE, 13ZE, and 15ZE was related to R. leguminosarum sv.
viciae 3841 (genospecies B) (Fig. 1). Indeed, within the
R. leguminosarum species there have been identified several
different genospecies, though initially only 5 genospecies
were characterized (Kumar et al. 2015), recently extensive
genomic analysis has subdivided R. leguminosarum into 18
different genospecies, which include R. laguerreae, R.
sophorae, R. ruizarguesonis and R. indicum (Young et al.
2021). Strain Z1, which was the outgroup in the RAPD pro-
file, clustered with the sister clade R. anhuiense (99.87% se-
quence identity) (Fig. 1).

The polymorphisms of nodC genes are commonly used as
phylogenetic markers of Rhizobium symbiovars (Peix et al.
2015). The phylogenetic tree based on nodC gene sequences
showed that all the strains, including the reference strains Z1,
belong to the symbiovar viciae (Fig. 2). Strains 3ZE, 9ZE,
11ZE, 13ZE, and 15ZE showed a similar nodC sequence
and cluster with the nodC sequence of the type strain
Rhizobium leguminosarum sv. viciae USDA2370T (from
97.99% to 99.37% of sequence identity). The other sequences
are scattered in the phylogenetic tree. The nodC sequence of
14ZE is identical (100%) to the R. pisi DSM 30132 nodC
sequence. Strains Z1 and 2ZE showed 99.5% of nodC se-
quence identity. The finding that all the strains belong to the
symbiovar viciae is per the previous statement that Fabeae
legumes, such as peas and fava beans, form symbiotic nodules
with bacteria belonging to different Rhizobium species, with
R. leguminosarum sv. viciae being the most common

symbiont for several Pisum sativum varieties (Andrews and
Andrews 2017). Other Rhizobium species able to nodulate
plants of the Fabeae tribe (also referred to as the Vicieae) are
R. laguerreae, R. sophorae, R. anhuiense, R. ruizarguesonis,
R. pisi, R. fabeae, and R. multihospitium, which show high
sequence similarity of their nodC gene suggesting past events
of horizontal gene transfer between these species (Andrews
and Andrews 2017; Zhang et al. 2019; Jorrin et al. 2020).

Based on molecular analyses, six strains were selected for
further characterization. Strain Z1 was selected because was
the only strain clustering with R. anhuiense, and it is the strain
commonly used as an inoculant. Strains 2ZE, 9ZE, and 14ZE
were chosen as representatives of R. leguminosarum
genospecies E, and strains 13ZE and 15ZE were representa-
tive of R. leguminosarum genospecies B.

3.2 Phenotype microarray analysis: Utilization of
carbon and nitrogen sources, sensitivity to pH and
osmolotyes

The ability of rhizobia to establish an effective symbiosis with
the target plants depends not only on the plant-bacterium in-
teractions but also on several environmental factors, which
affect nodulation and nitrogen fixation (Zhang and Smith
2002). Effective rhizobial inoculant must survive in the soil
adapting to different chemical-physical proprieties (i.e., pH
and salinity), and it must win the competition with native
rhizobia and other rhizosphere microorganisms. Nutrient con-
tents in the rhizosphere are influenced by plant roots, which
exude large quantities of sugars, organic acids, and amino
acids (Gaworzewska and Carlile 1982; Pini et al. 2017), thus
affecting the growth of rhizosphere-colonizing bacteria
(Jaeger et al. 1999).

Adaptation to different environmental/stress conditions is
of fundamental importance to increase the chances for nodu-
lation. Therefore, phenotype microarrays were used to screen
the ability of the Rhizobium strains to use different nutrients,
tolerance to osmotic stressors, and pH conditions (Fig. 3 and
S3).

The ability of Rhizobium strains to use 190 carbon sources
and 95 nitrogen sources was tested using PM1 PM2, and PM3
(Biolog) (Fig. 3a,b and S3). The core of substrates, meaning
substrates used by all the strains, was 51 for the carbon sources
(4 amino acids of 27 tested, 44 carbohydrates of 93 tested, and
3 carboxylic acids of 47). The strains were diverse in their
ability to use the remaining 40 carbon sources (9 amino acids,
15 carbohydrates, 13 carboxylic acids, 1 di-peptide, and 2
others). The remaining carbon sources (99) were not used by
any of the strains. Strain 2ZE showed the lowest ability to use
carbon sources [60 substrates (31.6% of the compounds test-
ed)], while strains Z1 and 15ZE showed a higher ability to
metabolize, respectively, 75 (39%) and 77 (40.5%) of the
carbon sources tested. The strains showed a different
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capability to use the different classes of compounds (carbohy-
drates < amino acids < carboxylic acids). They used from 51.6
to 57.0% of the carbohydrates tested, from 22.2 to 44.4% of
the amino acids tested, and from 8.5 to 25.5% of the carbox-
ylic acid tested (Table 1).

For most of the carbohydrates used, we did not observe
large differences among the strains. All the strains used carbon
sources whose transporters are induced in R. leguminosarum
sv. viciae 3841 during legume colonization: inositol
transported by IntA; orbitol, mannitol, and dulcitol transported
by MtlE; raffinose, melibiose, and lactose likely transported
by a CUT1 (carbohydrate uptake transporter 1) family SBP
(Ramachandran et al. 2011). All the strains were also able to
use rhamnose, which has an important role in the early stages
of the interaction of R. leguminosarum with clover plants
(Oresnik et al. 1998). Furthermore, strains 2ZE, 9ZE, 13ZE,
14ZE, and 15ZE were able to use glycerol. It has been shown
that the glp operon, harboring genes for the glycerol catabo-
lism, was strongly induced by pea seed exudate and that mu-
tants of R. leguminosarum sv. viciaeVF39 unable to use glyc-
erol showed lower nodulation capabilities (Ding et al. 2012).
Strain Z1 showed a higher capability to metabolize different
carbohydrates, and this was the only strain able to metabolize
D-ribose, N-acetyl-D-mannosamine, N-acetyl-neuraminic ac-
id, and N-acetyl-D-glucosaminitol. All strains (but strain 2ZE)
were metabolically active on pectin. It has been demonstrated
the presence of pectinolytic activity in rhizobia, but pectin
supports lower levels of growth relative to other polysaccha-
rides (Mateos et al. 1992; Knee et al. 2001); however, the lack
of pectinolytic activity did not alter the nodulation process
(Fauvart et al. 2009).

Dicarboxylic acids play the main role in bacteroid metab-
olism (Ronson and Primrose 1979; Duncan 1981). Plant pho-
tosynthate (sucrose) produced in the shoot is converted to
dicarboxylates like succinate, fumarate, and malate (Day
1991) and is provided by the plant to the bacteroids as an
energy source for N2 fixation (Poole and Allaway 2000;
Lodwig and Poole 2003). Moreover, plants release large
amounts of organic acids in the rhizosphere, contributing to
shaping soil microbiota and soil acidification. Bacteria able to
use the diverse organic acids secreted by plants then have an
advantage in root colonization (Ramachandran et al. 2011).

The PM analysis showed that strains 13ZE, 14ZE, 15ZE, and
Z1 were able to use succinic and tartaric acid, which are both
secreted by pea plants (Pini et al. 2017). Tartaric acid seems to
be relevant for pea colonization, the expression of the MFS
transporter of the tartrate gene (RL0996) of R. leguminosarum
sv. viciae 3841 was upregulated in the pea rhizosphere and a
mutation of this gene negatively affected pea colonization
(Ramachandran et al. 2011). In the pea secretome, fumaric
and malic acid are also present (Pini et al. 2017), but only
two strains (15ZE and Z1) were able to use them (Fig. 3a),
at least in free-living conditions.

Regarding the nitrogen source utilization, the core was rep-
resented by 40 compounds (10 amino acids, 2 inorganic com-
pounds, 5 purines, 5 pyrimidines, 2 amino sugars, 11 dipep-
tides, and 5 others). There were 21 sources used only by some
of the strains, and 34 compounds were not used by any strain.
Strain Z1 and strain 15ZE showed the lowest and the highest
ability to use nitrogen sources, metabolizing 45 (47.4% of the
compounds tested) and 55 (57.9%) of the substrates tested
respectively. Of the three inorganic compounds tested, all
the strains were able to metabolize ammonium and nitrate,
while nitrite was not used by any strain. All strains used the
12 di-peptides tested. They were also able to use quite a large
number of amino sugars [from 3 (50.0%) to 5 (83.3%)], purine
[from 5 (55.6%) to 6 (66.7%)], pyrimidines [4 (57.1%)] and
amino acids [from 13 (39.4%) to 18 (54.5%)] (Table 1).

In terms of carbon and nitrogen utilization, strain Z1
formed an out-group with respect to all the other strains
(Fig. S3A). The other strains could be subdivided into two
groups: one included strains 13ZE and 15ZE and the other
included strains 2ZE, 9ZE, and 14ZE, reflecting their different
phylogenetic affiliations (Fig. 1 and S3A).

Rhizobium strains differ in their ability to use amino acids,
and strain 15ZE was the strain with the highest ability to use
these compounds both as carbon and nitrogen sources
(Table 1). Out of six strains tested, only 15ZE, 14ZE, and
9ZE strains could use homoserine as a carbon source (Fig.
3a). Strains 13ZE and 15ZE had a similar pattern of amino
acid utilization, and they were the only strains using L-
ornithine and L-pyroglutamic acid. However, strain 13ZE
was not able to metabolize L-homoserine as either a carbon
or a nitrogen source. The amino acid homoserine is a major
component of pea root exudate; it is released from the main
root of pea seedlings during the formation of lateral roots (van
Egeraat 1975). The utilization of homoserine is considered an
important trait for rhizosphere colonization (Johnston et al.
1987; Hynes and O’Connell 1990) and the horizontal gene
transfer of the homoserine gene cluster appears to contribute
to rhizosphere colonization (Vanderlinde et al. 2014). Few
differences were observed for amino sugars; in particular,
strain Z1 showed a negative response for D-galactosamine
and D-mannosamine but could use their acetylated forms.
With respect to the other nitrogen compounds (peptides,

�Fig. 1 Phylogenetic tree based on the concatenated alignment of atpD
and recA gene sequences inferred using the maximum likelihood and
general time reversible model. The percentage of trees in which the
associated taxa clustered together is shown next to the branches. Initial
tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the general time reversible model, and then selecting the
topology with superior log likelihood value. Letters in circles indicate the
different R. leguminosarum genospecies. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site. There
were 738 positions in the final dataset
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Fig. 2 Phylogenetic tree based on the alignment of nodC gene sequences
inferred using the maximum likelihood and general time reversible
model. The percentage of trees in which the associated taxa clustered
together is shown next to the branches. Initial tree(s) for the heuristic
search were obtained automatically by applying Neighbor-Join and

BioNJ algorithms to a matrix of pairwise distances estimated using the
General time reversible model, and then selecting the topology with su-
perior log likelihood value. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. There were 444 posi-
tions in the final dataset
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purines, and pyrimidines), the pattern of utilization was simi-
lar among the strains tested except for xanthine (not used by
strain Z1) and adenine (not used by strains 13ZE, 15ZE, and
Z1).

The osmolyte sensitivity (PM9) characterization grouped
the strains similar to the carbon and nitrogen utilization
groups; Z1 formed an out-group, while the other strains were
split into two groups with 13ZE and 15ZE separating from
2ZE, 4ZE, and 9ZE (Fig. S3B), also reflecting phylogenetic
differences (Fig. 1).

All strains had low tolerance towards NaCl, showing only a
very slight activity on the lowest concentration tested (1%).
Rhizobia show marked variation in salt tolerance
(Abdelmoumen et al. 1999) and tolerance to salinity of
rhizobia was found to be correlated to the geographical loca-
tion of the soil they inhabit (Cardoso et al. 2015). The low
tolerance of the six Rhizobium strains to NaCl may reflect
their adaptation to the native soil characterized by low salinity
and rarely being subjected to desiccation. The tested
osmoprotectors did not help the strains to counteract osmotic
stress induced by 6% NaCl. Although trehalose is generally
recognized as an osmoprotectant in R. leguminosarum
(McIntyre et al. 2007), the strains were not active in the pres-
ence of trehalose and NaCl 6%. Nevertheless, it could not be
excluded that trehalose may have a role in osmoprotection at
lower NaCl concentrations. The strains did not showmetabol-
ic activity on potassium chloride (3–6%), sodium sulfate (2–
5%), sodium formate (1–6%), urea (2–7%), sodium lactate (1–
12%), or sodium benzoate (20–200 mM), while they tolerated
50 mM ammonium sulfate and 10 mM sodium nitrite. All the
strains were resistant to the highest concentrations of ethylene
glycol tested (20%). Strain Z1 showed higher tolerance to
sodium phosphate and sodium nitrate relative to the other
strains. Soil nitrate is one of the typical environmental stresses
faced by the legume nodules and their symbiotic partner,
inhibiting nodule formation and nitrogenase activity (Gibson
and Harper 1985; Herridge and Brockwell 1988; Daimon
1999). However, Saxena et al. (1996) were able to isolate
Rhizobium sp. strains that nodulated and maintain optimum
levels of N fixation in the presence of 8 mM nitrate in com-
bination with a common lentil cultivar host.

The metabolic activity of the Rhizobium strains over a
broad range of pH (3.5–10) was evaluated. A relevant propor-
tion of the world’s soils are acidic (pH < 5.5), and acidity is a
widespread feature of Lithuanian soil (Ferguson et al. 2013).
Rhizobial survival in soil and nodulation is highly influenced
by soil pH (Graham et al. 1994). All the tested Rhizobium
strains had high activity in the range of pH 6–8 (Fig. 3c).
Strains 2ZE, 9ZE, and 14ZE tolerated pH 5.5 well, while
strains 13ZE and 15ZE were more sensitive to acid pH and
showed higher resistance to basic pH. Strain Z1 showed the
highest range of pH resistance, being active in both acid and
basic conditions. The obtained results agree with the reported

low tolerance of Rhizobium to acid pH. Although certain
strains of R. tropici and R. loti are highly acid-tolerant, in
general rhizobia did not thrive at pH < 5 [67]. Similar to what
was observed for our strains, strains of R. leguminosarum sv.
viciae isolated in Lithuanian soils cannot tolerate acid pH
lower than 5.5 (Lapinskas 2007). The ability of strain Z1 to
tolerate pH 5.5 is likely one feature making this strain an
effective symbiont in Lithuanian soil. Similarly, strains 2ZE,
9ZE, and 14ZE could be good inoculant candidates in this
kind of soil.

The global analyses of PM data using a principal compo-
nent analysis (PCA) divided the six strains into three groups;
PC1 accounted for 51.9% of the variability, and PC2
accounted for 25.1%. Strain Z1 was alone in the two-
dimensional space and was distinctly separated from strains
2ZE, 9ZE, 13ZE, 14ZE, and 15ZE on PC1. Along PC2, the
separation of the other five strains into two main groups oc-
curred; the first included 15ZE, 13ZE, and the second includ-
ed 2ZE, 9ZE, and 14ZE (Fig. 3d). Observed phenotypic dif-
ferences were mostly related to strain phylogenetic relation-
ships. Strain Z1 (R. anhuiense) was characterized by a high
ability to use many different carbon sources (in particular car-
boxylic acids, together with strain 15ZE), while it was the
weakest in terms of nitrogen compound utilization.
Moreover, it showed tolerance to a high range of pH. The
R. leguminosarum strains of genospecies E (2ZE, 9ZE, and
14ZE) was shown to be well adapted to acidic pH (5.5), while
strains of R. leguminosarum genospecies B (13ZE and 15ZE)
were well adapted to basic pH. Strain 15ZEwasmore versatile
in terms of carbon and nitrogen utilization.

3.3 Greenhouse experiment-assessment of nodula-
tion efficiency and plant growth

The effectiveness of the six strains on Pisum sativum was
evaluated by using two pea-breeding lines (‘DS 3637-2’ and
‘DS 3795-3’) that are new promising cultivars in Lithuania for
their improved plant height, longer time of vegetation, and
high yields (unpublished).

The two breeding lines showed different characters. The
inoculated plants of the breeding line ‘DS 3637-2’ had shorter
shoots, lower dry weights, and a higher number of nodules
than the inoculated plants of the breeding line ‘DS 3795-3’,
maintaining at the same time a similar number of nodes. The
higher shoot length of ‘DS 3795-3’ should make this breeding
line more advantaged in competition with weeds in respect to
the shorter ‘DS 3637-2’ (McDonald 2003).

To value the effectiveness of the six strains in both the
breeding lines, inoculated plants were compared with uninoc-
ulated plants. Plants inoculated with 9ZE, 14ZE, 15ZE, and
Z1 strains had a significant increase in the shoot length com-
pared to the uninoculated plants. Strain 2ZE only increased
shoot length in the breeding line ‘DS 3795-3’ (Fig. 4a,
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Supplementary Table S1). Strains 14ZE and 15ZE were able
to increase the number of nodes in the symbiotic interaction
with ‘DS 3637-2’ and ‘DS 3795-3’, respectively, while strain
Z1 increased the number of nodes in both pea-breeding lines
(Fig. 4b, Supplementary Table S2). A significant increase of
pea dry weight was only detected in breeding lines ‘DS 3795-
3’ and ‘DS 3637-2’ inoculated with the strains 14ZE and Z1,
respectively (Fig. 4c, Supplementary Table S1).

The maximum quantum yield of primary photochemistry
in the dark-adapted state (φPo = Fv/Fm) is commonly
employed as an index/proxy for photosynthetic efficiency

(Baker and Rosenqvist 2004; Bussotti et al. 2011). The pho-
tosynthetic efficiencies of both breeding lines ‘DS 3795-3’
and ‘DS 3637-2’ were significantly enhanced by all strains
(Fig. 4d, Supplementary Table S1). This finding was not con-
sistent with the data reported by Zhou et al. (Zhou et al. 2006),
who, when analyzing chlorophyll fluorescence parameters in
soybean inoculated with Sinorhizobium fredii in the absence
of nitrogen, found that rhizobial inoculation had no effects.
However, chlorophyll a fluorescence activity, measured in
field-grown chickpea plants having variable nodulation per-
formance (high nodulating = HN; low nodulating = LN; non-
nodulating = NN), was greater in nodulation variants (HN,
and LN) than in the NN variants (Dudeja and Chaudhary
2005). Peng and coworkers (Peng et al. 2002) demonstrated
that rhizobial strains were also able to increase single-leaf net
photosynthetic rates in non-legumes, showing that the in-
crease of photosynthetic rate could be not strictly linked to
nitrogen fixation.

All strains induced the formation of nodules in both breed-
ing lines; as expected, no nodules were detected in the nega-
tive controls (Fig. 4e). However, higher numbers of nodules
were produced by all strains in the symbiotic interaction with
breeding lines ‘DS 3637-2’ compared to breeding line
‘DS3795-3’ (Fig. 4e).

�Fig. 3 Phenotypic features of Rhizobium isolates. Six Rhizobium isolates
(2ZE, 9ZE, 13ZE, 14ZE, 15ZE, and Z1) were screened for their
capabilities to use a. carbon (PM1–2) and b. nitrogen (PM3) sources
and c. for their pH sensitivity [PM10 (wells A1–A12)]. Data are
expressed in Arbitrary OmniLog Units (AOU) and represent the area
under the kinetic curves after 96 h of incubation in the OmniLog instru-
ment at 27 °C. The AOU values are reported in grayscale. For carbon and
nitrogen sources (panel a and b), the scale ranges from white indicating
the average AOU detected in the negative control [well A01] to black
indicating the maximum AOU value. In panel c, the grayscale ranges
from 10,000 AOU (white) to 100,000 AOU (black). For each condition,
the reported AOU is the average obtained from two replicates. d. Principal
component analysis of PM data (PM1, PM2, PM3, PM9, and PM10) of
Rhizobium isolates

Table 1 Number of carbon and nitrogen sources used by Rhizobium
strains. The substrates were divided into five and seven groups for carbon
and nitrogen sources, respectively, based on their chemical classification.
The total number of substrates tested for each class of compound is

reported and the number of substrates used by each strain for each class
of substrates is reported. The grayscale indicates the percentage of
substrates utilized with each different class of compounds

203Selection of Rhizobium strains for inoculation of Lithuanian Pisum sativum breeding lines



Overall, these results showed that strains Z1 and 14ZE
were more effective at promoting the activity of P. sativum
than the other strains tested, while 13ZE had the lowest effect
on plant attributes. In both breeding lines, Z1 increased shoot
length, the number of nodes, and φPo. Strain 14ZE positively

affected shoot length as well asφPo in both breeding lines and
it increased the dry weight and the number of nodes in ‘DS
3795-3’ and ‘DS 3637-2’, respectively. This result suggested
that strain 14ZE may be an effective inoculant for Pisum
sativum, similar to Z1, already known to efficiently stimulate

Fig. 4 Plant parameters influenced by Rhizobium strains inoculation. a.
Shoot length (cm), b. Number of nodes, c. Dry weight (g), d. φPo, the
maximum quantum yield of primary photochemistry of a dark-adapted
leaf e. Number of nodules of Pisum sativum plants inoculated or not with
rhizobia strains. Light grey bars and dark grey bars indicate breeding lines
‘DS 3637–2’ and ‘DS 3795–3’, respectively. Average values calculated

from five biological replicates are reported, with the standard error shown
by error bars. Different letters (lower case letters for the breeding line ‘DS
3637–2’ and capital letters for ‘DS 3795–3’) indicate significant differ-
ences between strains (p ≤ 0.05, Tukey HSD and Dunn test post hoc test
for normally distributed and nonnormal data respectively)
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the growth of Pisum sativum from practical field experience.
Moreover, the effectiveness of 14ZE may be higher than Z1
and dependent on the inoculated breeding line.

A clear connection between the ability to stimulate
P. sativum and nodC gene sequence cannot be found; strains
9ZE, 13ZE, and 15ZE, which shared similar nodC gene se-
quences (Fig. 1), were less effective than 14ZE and Z1.
However, strain 2ZE, whose nodC sequence is phylogeneti-
cally closer to strain Z1 (Fig. 1), did not show effectiveness
similar to that observed for Z1. Differences observed could
then be linked to other rhizobial features. Indeed, several traits
could be related to effectiveness: i) in the process of adhesion
where rhizobia attach to root hairs using different mechanisms
such as glucomannan at acidic pH, while at basic pH, the
mechanism of adhesion is less understood, ii) variations in
exopolysaccharide composition affect host specificity, iii) dif-
ferent strains may respond differently to nodule cysteine-rich
peptides produced within the nodule to induce bacteroid dif-
ferentiation, iv) differences could be related to nitrogenase
activity, and v) rhizobia have complex pan-genome whose
composition may affect strain effectiveness in different ways
(Ghosh and Maiti 2016; Poole et al. 2018; Mendoza-Suárez
et al. 2020). Phenotype microarray experiments showed that
strain Z1 was able to use a higher number of carboxylic acids.
Carboxylic acids are the fuel of bacteroids within nodules (in
particular, L-malate, fumarate, and succinate), and this may
explain the better effectiveness of strain Z1 and the lower
effectiveness of strains 2ZE and 9ZE. Strain 15ZE showed a
similar phenotype to strain Z1 for carboxylic acid utilization;
in particular, this strain shared with strain Z1 the ability to use
malic acid, which was not found in the other strains.
Regardless, plants infected with strain 15ZE did not achieve
a high yield as did strain Z1. However, the lack of utilization
of malic acid or other carboxylic acids in free-living condi-
tions is not conclusive regarding strain metabolic capabilities
within nodules. Differences observed for other compounds
have less impact on effectiveness; they may affect it indirectly
decreasing/increasing rhizobia survivability in soil, which was
not investigated in this study.

PCA was performed on the obtained data of plant perfor-
mances for the two breeding lines subjected to the different
inoculants. (Fig. 5). PC1 and PC2 together accounted for
93.12% and 85.35% of the variance in data obtained from
breeding lines ‘DS 3637-2’ and ‘DS 3795-3’, respectively.
There was a distinct separation between plants treated with
bacteria and the uninoculated plants along with the PCs for
both the breeding lines (Fig. 5a and b, respectively). A similar
separation was observable without considering the number of
nodules in the variables used (Fig. S4). Plants inoculated with
the two most effective strains 14ZE and Z1 were separated
from uninoculated plants along PC1 while a smaller separa-
tion was observed for plants inoculated with the other strains
along with this PC. Plants inoculated with strain 13ZE, the
less effective strain in stimulating pea, were the closest to
uninoculated plants along PC1 for both breeding lines (Fig. 5).

The phenotypic analysis results did not match with in vitro
plant test experiments, indicating that the phylogenetic and
phenotypic differences observed are probably unlinked to sym-
biotic effectiveness. However, plant experiments were per-
formed with single strains in sterile conditions using vermicu-
lite and nitrogen-free media, which are the optimal conditions
for nodulation. Thus, we cannot exclude that in natural condi-
tions, with the presence of indigenous rhizobia, our strainsmay
behave differently. Nevertheless, strain phenotypic differences
should be taken into consideration in the translation from
in vitro experiments to field experiments where soil features
may play a major role in successful colonization. In soil, an
increased metabolic versatility may confer competitive advan-
tages; however, future studies on the competitive capabilities
of these strains are required to infer a possible relation between
strain phenotypic features and competitiveness.

4 Conclusions

The formulation of effective inoculants needs not only to take
into account the symbiotic efficiency of the rhizobial strains
used but also their phenotypic features expressed as

Fig. 5 PCA of attributes of plants
inoculated with Rhizobium
strains. Plants are indicated based
on the inoculated strain. Shoot
length (SL), number of nodes
(ND), total plant dry weight
(DW), photosynthetic yield (φPo),
and nodule number (NDL)] were
determined in A. Pisum sativum
breeding line ‘DS 3637–2’ and b.
Pisum sativum breeding line ‘DS
3795–3’ inoculated with
Rhizobium isolates or not
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adaptations to different soil conditions. Here, we used a mul-
tiphasic approach for the evaluation of the performance of
strains by combining molecular characterization and pheno-
type microarray analysis with classic nodulation experiments.
Phenotypic analyses were correlated to the different phyloge-
netic affiliations of strains, but they did not match with nodu-
lation assays. Overall, the obtained results suggested that care-
ful attention should be paid to inoculant selection because
inoculant efficiency depends on the breeding line used.
Rhizobium strains 14ZE (R. leguminosarum) and Z1
(R. anhuiense) could be employed as inoculants for the pro-
ductivity amelioration of breeding lines ‘DS 3795-3’ and ‘DS
3637-2’, respectively.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13199-021-00747-7.
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