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Abstract

Legume genotype (Gr) x rhizobium genotype (Gr) interaction in chickpea was studied using a genetically diverse set of
accessions and rhizobium strains in modified Leonard Jars. A subset of effective G x Gy combinations was subsequently
evaluated in a pot experiment to identify combinations of chickpea genotypes and rhizobium strains with stable and superior
symbiotic performance. A linear mixed model was employed to analyse the occurrence of G x Gy interaction and an additive
main effects and multiplicative interaction (AMMI) model was used to study patterns in the performance of genotype-strain
combinations. We found statistically significant interaction in jars in terms of symbiotic effectiveness that was entirely due to the
inclusion of one of the genotypes, ICC6263. No interaction was found in a subsequent pot experiment. The presence of two
genetic groups (Kabuli and Desi genepools) did not affect interaction with Mesorhizobium strains. With the exception of a
negative interaction with genotype ICC6263 in the jar experiment, the type strain Mesorhizobium ciceri LMG 14989
outperformed or equalled other strains on all chickpea genotypes in both jar and pot experiments. Similar to earlier reports in
common bean, our results suggest that efforts to find more effective strains may be more rewarding than aiming for identification
of superior combinations of strains and genotypes.
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1 Introduction in India and Ethiopia (Zohary and Hopf 1973; Plekhanova

et al. 2017; Vishnyakova et al. 2017). It is among the oldest

Chickpea (Cicer arietinum L.) is an ancient legume crop of
great economic importance; ranked third among the grain le-
gumes in the world’s agriculture after soybean and common
bean (Plekhanova et al. 2017; Vishnyakova et al. 2017). It
originated from Southeast Turkey and Syria, having its prima-
ry centre of diversity there with secondary centres of diversity
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legume crops in Ethiopia with archaeological evidence show-
ing the presence of chickpea seeds in the caves of Lalibela
dating back to 500 BC (Engels and Hawkes 1991).

In Africa, Ethiopia ranks first in chickpea cultivation in
terms of area and production (Shiferaw et al. 2009).
However, the national average production is only 1.7 ton
ha™' (Shiferaw et al. 2009; Tena et al. 2016a; Wolde-meskel
etal. 2018), far below the potential yield of 5.0 ton ha ' (Giller
2001; Keneni et al. 2011). Like elsewhere in sub-Saharan
Affica, soil fertility and high fertiliser costs constrain produc-
tion in Ethiopia, with smallholder farmers usually growing
legumes without additional nutrients (Wolde-meskel et al.
2018). The application of rhizobial inoculants has therefore
been proposed as a cost-effective way to enhance yields of
chickpea (Wolde-meskel et al. 2018).

Although chickpea used to be considered a restrictive host
(Laranjo et al. 2008; Alexandre et al. 2009; Armas-Capote
et al. 2014), recent analysis has revealed that in addition to
the well-known symbionts M. ciceri and M. mediterraneum it
can establish symbiosis with several Mesorhizobium species
like M. amorphae, M. loti, M. plurifarium, M. opportunistum,
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M. haukuii and M. tianshanense (Rivas et al. 2002; Maatallah
et al. 2002; Laranjo et al. 2004, 2008; Alexandre et al. 2009;
Laranjo et al. 2012; Elias and Herridge 2015), M. wenxiniae
WYCCWR10195" and M. muleiense CCBAU 83963"
(Zhang et al. 2018). These strains carry symbiotic genes
(nifH and nodC) similar to the strains M. ciceri and
M. mediterraneum that were previously considered to be the
only symbionts of chickpea. In Mesorhizobium, the symbiotic
genes are found on chromosomal islands that transferred hor-
izontally between the strains (Laranjo et al. 2014; Lindstrom
et al. 2015; Mousavi et al. 2016), potentially extending the
host range for the mesorhizobial species as demonstrated re-
cently in chickpea and bisserula (Laranjo et al. 2014; Elias and
Herridge 2015). The horizontal gene transfer among
mesorhizobia is thus suggested to direct their evolution and
spatial pattern as reported for M. muleiense in China (Zhang
et al. 2012a, b, 2020) and several Mesorhizobium species in
Australia (Elias and Herridge 2015). Similarly, mesorhizobial
strains nodulating shrub and tree legumes such as
M. plurifarium (de Lajudie et al. 1998; Greenlon et al.
2019), M. shonense, M. hawassense and M. abyssinicae
(Degefu et al. 2013) have been found to be closely related to
chickpea strains (Tena et al. 2017) and may have shared sym-
biotic genes through horizontal gene transfer. Recent
metagenomic analysis of DNA extracts from wild and culti-
vated chickpea root nodules has furthermore uncovered a
large diversity of chickpea rhizobia (Greenlon et al. 2019)
yet to be identified and evaluated for their potential differences
in effective association with the host genotypes.

This newly found diversity of chickpea symbionts opens
opportunities for the identification of superior strains to be
used as inoculants. Although chickpea can fix up 60-80% of
its required nitrogen (Giller 2001), actual symbiotic effective-
ness is likely to differ between rhizobium strains (Gg), legume
genotypes (Gp) as well as their combination (G x Gg) (Giller
etal. 2013). There is surprisingly little literature on differential
symbiotic effectiveness of diverse Mesorhizobium strains in
chickpea, probably as a result of the crop’s perceived symbi-
otic specificity. The few existing studies suggest that diverse
Mesorhizobium strains can differ in symbiotic performance
(Aouani et al. 1997, 2001; Ben Romdhane et al. 2008; Elias
and Herridge 2015; Tena et al. 2016a), while others demon-
strate differences in nitrogen fixation among chickpea culti-
vars (Beck 1992). The occurrence of so called G; x Gy inter-
action in chickpea is even less well studied, with apparently
only a single published study that used two unidentified
strains and eight crop varieties to show some evidence of
interaction (Beck 1992). This is unfortunate, since knowing
the extent to which genetically diverse strains and cultivars
may behave as symbiotic partners is of practical relevance
for inoculant development. If G x Gy interaction occurs, it
means that different elite strains may need to be developed for
different legume varieties while if it does not, superior strains
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of broad applicability may be identified. There is reason to
suspect that Gp x G interaction may be important in chick-
pea. It has been shown recently that chickpea stringently se-
lects the symbiotic gene background (Zhang et al. 2012b),
possibly playing a role in selecting symbiotic partners based
on their effectiveness. In terms of the contribution of crop
genetic variation, areas high of chickpea cultivar diversity
such as Ethiopia (Anbessa and Bejiga 2002; Keneni et al.
2012b), further increased by the introduction of improved
genotypes (Keneni et al. 2012a, b), have potential for a wide
variation in symbiotic effectiveness and specificity. Apart
from interactions due to individual cultivars, higher level ge-
netic differences may also be of relevance. Cultivated chick-
pea genotypes are grouped based on seed size into Desi and
Kabuli types (genepools). The large seeded Kabuli genotypes
are said to fix more nitrogen than Desi genotypes in fertile
soils while the reverse is true in marginal soils (Imran et al.
2015). Kabuli and Desi varieties responded differently to ap-
plication of starter N and P fertilisers (Walley et al. 2005)
which potentially relates to differences in regulation of N,
fixation (Walley et al. 2005). A distinct effect of genepool
on symbiont selection has been reported in common bean,
where Mesoamerican and Andean genepools were found to
be exclusively nodulated by strains from their host region
(Aguilar et al. 2004). Recent biogeographic studies have
shown that regional genetic structure is also observed in
chickpea mesorhizobia (Zhang et al. 2012b, 2020).

Here, we use a diversified set of chickpea accessions and
Mesorhizobium strains and chickpea accessions, chosen to
broadly represent the genetic diversity present in both taxa,
to study the occurrence of G x Gy interaction. We examined
whether interaction at the level of individual genotypes and
strains occurs, whether larger scale patterns due to genepool
may be discerned and whether such interactions are stable
across experiments. We aimed to establish if there is likely
to be potential for improving the yield of chickpea by
matching cultivars to specific Mesorhizobium strains or con-
versely, if universally superior strains may be identified that
hold promise for improved chickpea inoculants.

2 Materials and methods
2.1 Genotypes and strains

Chickpea genotypes (Table 1) were selected from previously
described accessions using simple sequence repeat (SSR)
markers (Updhayaya, unpublished). The accessions were
assigned to 19 genetic groups using ward clustering based
on the Euclidean distance matrix (van Heerwaarden et al.
2011) and the genetic distance between groups was calculated
as the pairwise fixation coefficient (Weir and Cockerham
1984). Two genotypes per genetic group were selected by
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Table 1 Chickpea genotypes used in G x Gy interaction

No  Genotypes  Origin Types Genetic cluster  Jar  Pot
1 ICC8621  Ethiopia Desi 1 X
2 ICC12851 Ethiopia Desi 3 NN
3 ICC6263  Russia  Kabuli 11 NooA
4 ICC14098  Ethiopia Desi v X
5 ICC5135  India Desi v X
6 ICCI3524 Iran Desi v oA
7 ICC4918  India Desi 13 NooA
8 ICCI5762 SYR Kabuli 16 v X
9 ICC3512  Iran Desi 19 v X
10 ICC7571  Israel Kabuli 16 v X
11 ICC13077  India Kabuli 10 v X
12 ICC9434  Iran Kabuli 15 NN
13 1CC13187 Iran Kabuli 4 vooX

Where “V” = genotypes tested either in pots or jars; “X” = genotypes that
were not tested in the pot experiment

considering their genepool proportion and imported from
ICRISAT-India. A single genotype was randomly picked
from each genetic group to fit them to our working space.
Thirteen of the reselected genotypes (7 of which are Desi
and 6 of which are Kabuli) were factorially combined with
eleven mesorhizobial strains that consists of five reference
strains imported from LMG rhizobial collection centre of
Ghent University, Belgium and six local mesorhizobial strains
(Table 2). The reference strains were selected based on previ-
ous reports of symbiotic associations with chickpea (Nour
et al. 1995; Laranjo et al. 2004, 2008; Alexandre et al. 2006,
2009; Rivas et al. 2007), while the local strains were selected
based on site of isolation and symbiotic effectiveness.

Subsequently, the local strains were phylogenetically char-
acterized following the protocols we adopted previously
(Gunnabo et al. 2019). Accordingly, partial 16S rRNA,
gyrB, recA and rpoB housekeeping genes and symbiotic
genes nifH and nodC were directly amplified from colony
suspensions using a PCR (Bio-Rad Company). Additionally,
a partial gene of atpD was amplified using primers atpDf
(273-294 target gene position): 5'- SCT GGG SCG YAT
CMT GAA CGT-3' and atpDr (748-771 target gene posi-
tion): 5'- GCC GAC ACT TCC GAA CCN GCC TG-3'" with
the same PCR conditions used for gyrB and rpoB genes. For
all the PCR reactions, PCR master mix was prepared by gently
mixing 17.4 ul MQ (Milli-Q or “ultrapure’) water, 2.5 pl (10x)
Dream Taq buffer, 1 pl (10 mM each forward and reverse
primers) and 0.1 pl (5 U/ul) Dream Taq DNA polymerase
enzyme (Thermo Fischer Scientific Inc.). 23 pl of the master
mix was dispensed to PCR tubes to which 2 ul of the rhizobial
colony suspension was added as a DNA templet and ampli-
fied. The PCR products were cleaned using Thermo-scientific
PCR product cleaning kit and sequenced by Macrogen Inc.
(the Netherlands).

2.2 Phylogenetic analysis

The quality of the DNA sequences was checked and edited by
BioEdit Sequence Alignment Editor. The edited sequences
were compared to GenBank database using the online nucle-
otide BLAST method (https://blast.ncbi.nlm.nih.gov/) to
check if the right gene is sequenced and to which
Mesorhizobium species it belongs. Multiple nucleotide
sequence alignments were carried out using the CLUSTAL
W program and concatenated in R 3.6.1 as we described
previously (Gunnabo et al. 2019). The estimates of the best-
fit models under maximum likelihood (ML) criterion for

Table 2 List of Rhizobium

strains tested in Gy x Gg Rhizobium strains Code Origin Host plant References Jar  Pot

experiments
M. ciceri (UPM-CaT) LMG 14989  Spain C. arietimum ~ Nouretal. 1995 N
M. mediterraneum (UPM-Ca36) LMG17148 Spain C. arietinum  Nouretal. 1995 N
M. tianshanense (CCBAU 3306) LMGI18976  China - Chenetal. 1995 X
M. amorphae (CCBAU 01583) LMG18977  China A. fruticosa Wang et al. \/ X

1999

M. haukuii (IAM 14148) LMG14107  China A. sinicus Chenetal. 1991 X
CAIl0 CAIl0 Ethiopia  C. arietinum  HwU NN
CPIl CPIl Ethiopia  C. arietinum ~ HwU v X
CP129 CP129 Ethiopia  C. arietinum  HwH \ X
CP130 CP130 Ethiopia  C. arietinum  Tenaetal. 2017 N
ACRS4b ACRS4b Ethiopia  C. arietinum ~ HwU \ \/
ACRS20a ACRS20a Ethiopia  C. arietinum  HwU NN

Where: HwU is Hawassa University; C. = Cicer; A. fruticosa= Amorpha fruticosa; A. sinicus= Astragalus
sinicus; “\" =strains tested either in pots or jars; “X” strains that were not tested in the pot experiment
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concatenated sequences (16S rRNA, atpD, gyrB, recA, rpoB)
and symbiotic genes (nodC and nifH) was carried out in
MEGA X (Kumar et al. 2016, 2018) and the substitution
models with lower BIC (Bayesian information criterion) and
AICc (Akaike information criterion corrected) values were
selected for further reconstruction of the respective phyloge-
netic trees. Accordingly, phylogenetic tree of the concatenated
housekeeping genes was reconstructed using General Time
Reversible (GTR) Model with Gama distribution (+G) and
invariants among sites (+I) under Maximum Likelihood meth-
od in R using ape package. The robustness of the tree topol-
ogy was calculated from bootstrap analysis with 500 replica-
tions of the sequences for Maximum Likelihood. The nodC
phylogeny was reconstructed using Tamura 3-Parametr (T92)
model (Tamura 1992) + G +1 and nifH was reconstructed
using T92 + G with 1000 bootstrap analysis under the maxi-
mum likelihood criterion. The percentage similarity of the
genes was estimated using BioEdit software.

2.3 G, x Gp, interactions in modified Leonard jars

The first Gy, x Gy interaction experiment (13Gy x 11Gg) was
carried out in modified Leonard Jars containing river sand as
growth medium in a greenhouse with optimum plant growth
conditions (12-h light and 27-30 °C temperature). The
Leonard jars and sand were prepared following standard pro-
tocols (Somasegaran and Hoben, 1994; Howieson and
Dilworth 2016). Seeds of the selected chickpea genotypes
were surface sterilized using 96% ethanol and 4% sodium
hypochlorite and pregerminated in Petri Dishes containing
sterile tissue paper (Somasegaran and Hoben 1994). The
pregerminated seeds were aseptically transplanted into the
jars. The selected strains were grown in yeast extract mannitol
broth (YMB) medium in a rotary shaker at 130 revolution per
minute (Somasegaran and Hoben 1994). In a factorial
combination,] ml of the selected rhizobial broth culture
(~10” cell ml™") was inoculated to the base of the seedlings
growing in Leonard jars and rearranged in a completely ran-
domized block design (RCBD). Each of the treatment units
including positive (uninoculated but N-fertilized with
0.5 mg ml ! KNO3) and negative (uninoculated and unfertil-
ized) controls were replicated five times (except for Kabuli
seed types that included 2—5 replications due the germination
and survival problems) and supplemented with about 300 ml
Jensen’s N-free nutrient solution once in a week
(Somasegaran and Hoben 1994). Meanwhile, deionized and
sterile water was supplemented to the seedlings as needed.
After growing the plants for 45 days in the greenhouse, they
were harvested and assessed for nodulation and effectiveness
(here, two Kabuli genotypes were rejected for which only a
single replicate was survived in the jars).

The phenotypic responses of the interaction were recorded
as nod+/nod- for presence and absence of nodules and fix+/
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fix- for symbiotic nitrogen fixation as determined by
inspecting the internal colour of the nodules. Nodules with
pink or red internal colours were recorded as “fix+”, indicat-
ing effective symbiotic nitrogen fixation and nodules with
green or white internal colours were recorded as “fix-“, indi-
cating ineffective symbiotic nitrogen fixation. Shoot biomass
of the plants was also measured and analysed for elven geno-
types (two Kabuli types excluded). Kabuli genotypes with at
least two replicates were subjected to phenotypic analysis
along with Desi genotypes from the jar experiment, from
which a subset of two Kabuli (with three replications) and
three Desi (with five replications) were selected for further
analysis. The genotypes and strains included in the subset
analysis were also forwarded for the pot experiment.

2.4 G, x Gg interaction in pots

In the second G x Gy interaction experiment (5G;, x 6Gg),
rhizobium and chickpea genotypes with positive nodulation
and nitrogen fixation phenotypes were selected from the first
interaction experiment. Since there was germination problem
of Kabuli genotypes in the jar experiment as indicated above,
some of the genotypes were rejected and only those that had at
least three successful replications (subset of genotypes) were
considered. The selected genotypes and strains (Tables 1 and
2) and their factorial combinations along with positive and
negative controls (as described above) were tested in a pot
experiment following the same protocols and growth condi-
tions described in our previous work (Gunnabo et al. 2019).

2.5 Estimating nitrogen derived from atmosphere
(Ndfa)

Plant total nitrogen was analyzed using near-infrared spectros-
copy (NIRS) method at Nutrition Lab at International
Livestock Research Institute (ILRI), Ethiopia. For NIRS anal-
ysis, the plant tissue samples were oven dried at 70 °C for 48 h
and powdered using a mortar and pestel to pass through a
1 mm mesh. The mortar and pestel were cleaned with ethanol
after each sample to avoid cross contamination. The prepared
samples were again oven dried at 40 °C for overnight before
scanning the samples using automated NIRS machine. While
scanning one sample, the other samples were kept in a desic-
cator containing dried silica gel.

Ten percent of the samples were purposely selected by
considering all the genotypes and subjected to wet-chemistry
to determine plant total nitrogen and used to calibrate the
NIRS method. The %N derived from the atmosphere
(%Ndfa) was estimated using N difference method
(Unkovich et al. 2008) using the uninoculated plants as con-
trols.
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%Ndfa = ((legume plant N)—(non—N2—fixing control plant N)/
(legume plantN)) x 100

Where plant N is derived from plant DM and %N:

SDW x %N

Plant N =
an 100

x 1000

Corrected shoot dry weight (CSDW).

The seed differences among chickpea genotypes was
corrected by subtracting uninoculated shoot dry weight
(SDWy.) from inoculated shoot dry weights (SDW) for that
specific genotype (i.e. CSDW = SDW; — SDW. for the spe-
cific genotype).

2.6 Statistical analysis

The nodulation (nod+, nod-) and fixation (fix+, fix-) pheno-
typic observation scores for specific genotype-strain combina-
tions were summed for each replication and means of each
count returns were predicted for the combinations. The means
were then scaled based on minimum and maximum counts of
the observations per combination to plot and see the patterns
of observed phenotypic scores. Finally, G; x Gr matrices of
mean scores of (nod+ ) and fixation (fix+ ) were visualised by
heat-maps in R.

The effects of genotype, strains and their interaction on the
quantitative variables corrected dry weight and nitrogen de-
rived from atmosphere (Ndfa), were estimated by fitting the
following linear mixed model (lmm):

Y = Genotype + Strain + Genotype*Strain + Rep_+ e_

Where, Y is the response variable as determined by the main
effects of Genotype and Strain and interaction. Rep and e are a
random replicate effect and residual error, respectively.
Significance of fixed effects was tested by a type I ANOVA
with Satterthwaite’s approximation to the degrees of freedom
as implemented in /merTest package in R version 3.6.1.
Model means for each G x Gg combination were calculated
with the predictmeans function (package predictmeans).
Effects of groups of genotypes were modelled as:

Y = Group + Strain + Group*Strain + Genotype_

+ Genotype*Strain_ + Rep_—+ e _

Where the random terms Genotype and Strain. Genotype are
the genotype main effect and the genotype times strain
interaction.

After establishing the existence of Gy x Gy interaction an
additive main effect and multiplication interaction (AMMI)
model was used to decompose the interaction into genotype
and strain main effects and their interaction portions. AMMI is
defined as powerful tool for practical analysis and

interpretation of genotype by environment trials in breeding
programs (Zobel et al. 1988; Yan et al. 2000; Gauch et al.
2008). Thus, it was employed to describe patterns of G, x
Gp in terms of N,-fixation and relative biomass.

AMMI subtracts the G and E main effects before singular
value decomposition (SVD) and applies SVD to the GE term
to decompose the G by E interaction effects (Zobel et al. 1988;
Yan et al. 2000). That is how AMMI partitions the overall
variation into G and E main and GE interaction effects
(Hugh 2006). The advantage of AMMI analysis is that it gives
direct insight into the contribution of genotypes and environ-
ments (or Gy, and Gy in our case) to the interaction (Hugh
2006) and that it provides a more powerful description of
the interaction by extracting patterns of Gy and Gr and
minimising noise due to specific interactions due to single
genotypes and strains. The AMMI model used is given by
the equation (Frutos et al. 2013):

Yij =+ o+ B+ Yo Mbuny + €i

Where p is the overall mean; ¢ is the genotype main effect; (3;
is the environment main effect; ¢ is the number of SVD axes
retained in the model; ) is the singular value for the SVD axis
k; &1 1s the singular value of the genotype i for the SVD axis k;
7y is the singular value of the environment j for the SVD axis
k; and ¢;; is the error term of the models. The AMMI analysis
was performed using the “agricolae” package in R.

3 Results
3.1 Phylogeny of selected rhizobial strains

Phylogenies of 16S rRNA and multilocus gene sequence anal-
ysis (MLSA) (Fig. 1) revealed a wide genetic distribution of
the local and reference strains. The 16S rRNA gene grouped
all the local strains together with M. silamurunense
CCBAUO01550, M. shonense AC39a and M. hawassense
AC99b at low bootstrap (BT) support, while the MLSA phy-
logeny grouped these strains into a well-supported clade with
a 100% BT value. None of the reference strains M. amorphae
LMG 18977, M. haukuii LMG14107, M. tianshanense LMG
18976, M. mediterraneum LMG 17148 and M. ciceri LMG
14989 clustered with any of the local strains in either the 16S
or MLSA phylogenies but were scattered throughout the tree
in both cases, attesting to their genetic diversity. Bootstrap
support was generally higher for in the MLSA phylogeny,
owing to the larger number of informative sites.

By contrast, the symbiotic gene phylogenies grouped the
local strains together with most of the previously reported
chickpea nodulating type strains such as M. ciceri,
M. meditteraneum, M. wenxiniae, M. haukuii and
M. muleiense (Fig. 2) suggesting that the local Mesorhizobia
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Fig. 1 16S rRNA and MLSA
phylogenies of Mesorhizobium
strains. The phylogenetic trees
were reconstructed using GTR +
G + I method. The local test
strains are represented by codes
without scientific names while the
test reference strains ware
indicated by “*’ at the end of the
strain codes

Fig. 2 Symbiotic gene
phylogenies of mesorhizobia
strains. Both phylogenies a nodC
and b nifH were reconstructed
using Kimura-2 parameter model
with gamma distribution
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share common symbiotic genes nodC and nifH with known
effective strains. The strains M. silamurunense
CCBAUO01550, M. shonense AC39a and M. hawassense
AC99b, with which the local strains clustered in MLSA, oc-
cupied quite different positions in symbiotic gene phyloge-
nies. These strains were isolated from shrub or tree legumes
(Zhao etal. 2012; Degefu etal. 2013) and might have obtained
symbiotic genes from chickpea nodulating strains. Since they
have different chromosomal background genes, their symbi-
otic N,-fixation potential might vary and could reveal genetic
interactions with host genotypes. In general, the symbiotic and
housekeeping gene phylogenies reflected good genetic repre-
sentation of the local and reference strains that were used as
test strains for our genetic interaction study.

3.2 Occurrence of G, x Gy interaction in chickpea

Gy x Gy interaction in chickpea in terms of nodulation (nod
+), fixation (fix+ ) and corrected shoot dry weight (CSDW) is
shown in Fig. 3. Cells with orange, yellow and green colours
refer to weak, medium and good symbiotic performance
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respectively. Kabuli genotypes in the jar experiment had sev-
eral missing values due to poor seed germination and survival
in jars, which meant that only 2 replications were considered
for the overall analysis (Table 1) and 3 replications for the
subset. This was represented with patches of orange and yel-
low patterns for nodulation and fixation in jars and jar subsets
(Fig. 3a-f). In the jar experiment, strains M. tianshanense
LMG 18976, M. haukuii LMG 14107" and M. amorphae
LMG 18976 were able to induce nodules on some chickpea
genotypes (some Desi genotypes), but not on the others (Fig.
3a, b), reflecting early specificity during infection. However,
their shoot biomass did not differ from negative controls,
plants that received no fertilizer and were not inoculated.
Other strains showed consistent nodulation across the chick-
pea genotypes, but had various fixation and corrected shoot
biomass, on the other hand, showing potential differences of
strains after infection. In the pot experiment, germination
problems of Kabuli genotypes were avoided by using newly
multiplied seeds and increased number of replications that
were used to replace missing ones. Strains that were effective
in jar experiment were not consistently found effective in pots;
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Fig. 3 G x Gg patterns of nodulation, fixation and corrected shoot biomass in jars and pots in chickpea. Colour key was adjusted based on minimum,
mean, and maximum scores of nodulation, fixation, and relative shoot dry matter for each case
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i.e. interaction patterns were not consistent between jars and
pots. There was 100% nodulation in pots (showing no
variation and was removed from Fig. 3) but the N, fixation
outcomes did not correspond to nodulation status, reflecting
that not all infections resulted in N, fixation.

We observed a significant main effect of strain and a highly
significant G| x Gy interaction (P < 0.003366) in the jar ex-
periment (Table 3). This interaction was caused by a single
Kabuli genotype ICC6263; however, its removal from the
analysis resulted in loss of significance. In the pot experiment,
only a strain main effect was observed on plant dry matter and
nitrogen derived from atmosphere (Ndfa). There were no main
effects of genotype or interaction of genotype with strains.
Overall, the chickpea genepools (Kabuli and Desi types) did
not affect the genotype by strain interaction in either the jar or
pot experiments.

Under both growing conditions, a reference strain M. ciceri
LMG 14989 was the best across all the genotypes accumulat-
ing much higher shoot dry weight and fixing atmospheric
nitrogen (Fig. 4a-c), except for genotypes ICC4918 and
ICC6263 in jars, with which CP130 performed well. In fact,
in both experiments LMG 14989 was the only strain with a
biomass significantly higher than the control, reflecting both
weak performance of other strains and large variation in the
data.

3.3 Patterns of the G, x Gy interaction

Having shown some degree of Gy x Gy interaction in chick-
pea (only seen in jars), we decomposed strain-genotype com-
bination effects to identify potential interaction patterns and
strains with stable and high performance. In the jar experi-
ment, AMMI analysis revealed the first two principal compo-
nents (PC1 and PC2) to be significant (Table 4), associated
with superior performance of the combinations CP130-
1CC6263; LMG17148-ICC13524 and the local strains CA10
and ACSR20a with Desi genotypes ICC12851 and 4918,
while LMG 14898 was a stable strain across genotypes in

the jars (Fig. 5). In the pot experiment, none of the principal
components were significant and the highly performed strain
LMG 14989 was found stable across the genotypes (Fig. 5).
An unstable response to M. mediterraneum LMG 17148, was
found to account for majority of the variation in AMMI
biplots both in terms of N, fixation and shoot biomass. The
genepool analysis did not show patterns in the interaction
(Fig. S1). Similarly, symbiotic genes did not reflect patterns
in symbiotic interaction as all the test strains share a single
symbiotic gene.

4 Discussion

Chickpea was earlier believed to form symbioses with a re-
stricted range of Mesorhizobium species that fix atmospheric
nitrogen. Advancement in methods of molecular analysis led
to the discovery that several more Mesorhizobium species can
nodulate chickpea that show variation in symbiotic nitrogen
fixation potential. To harvest sufficient nitrogen from atmo-
sphere by symbiotic nitrogen fixation, identifying the best
matches of Mesorhizobium sp. and chickpea genotypes is re-
quired. Screening for the best fitting symbiotic partners is
recommended since significant host genotype x rhizobium
strain interactions have been demonstrated in many legumes
such as common bean (Hungria and Neves 1987; Epping et al.
1994; Montealegre and Kipe-Nolt 1994), Bambara groundnut
(Somasegaran et al. 1990), lentil (Rai et al. 1985), pea
(Laguerre et al. 2007), soybean (Devine and Kuykendall
1996), lotus (Regus et al. 2015), white clover (Mytton
1975), peanut (Wynne et al. 1983), Medicago (Heath et al.
2012) and Acacia (Barrett et al. 2015). The presence of a
genotype (Gp) x rhizobium genotype (Ggr) interaction was
reported for chickpea using eight Kabuli cultivars and two
unidentified strains (Beck 1992). The limited taxonomic
scope and lack of strain information in the latter study means
that it is unclear if patterns of symbiotic effectiveness are
predictable.

Table 3 ANOVA table of mixed

linear model for Gy x Gg Source of variations DF Mean squares
interaction based on joint data
CSDW 1) in jar CSDW ) in pot Ndfang) in pot
Genotypes G 4 0.012 0.005 26.82
Gr 5 0.046* 0.3123%% 361.85%%**
GL:Gr 20 0.037%#* 0.039 14.96
Genepools Gp 1 0.001 0.007 3531
Gr 5 0.034 0.264* 316.74%*
Gp:Gr 0.022 0.014 11.91

Where: G = Legume genotype; Gr = Rhizobium genotype; Gp = genepool that categorizes genotypes as Kabuli
and Desi groups; CSDW = corrected shoot dry weight in gram. Significance: “***’ for P<0.001; “**’ for
P<0.01; “** for P<0.05; <" for P<0.1
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Fig. 4 G x Gy interaction in chickpea in jars and pots. (a) Corrected relative shoot dry weight (SDW.rel; in grams) in jars; (b) SDW.rel in pots; (c)

relative amount of nitrogen derived from atmosphere (Ndfa)

We assessed the occurrence of G x Gy in chickpea using a
much wider genetic coverage of genotypes (including Kabuli
and Desi types) and Mesorhizobium strains, taking advantage
of the diversity of new symbionts that has been identified over
the past decades, including some native to Ethiopia. The

Table4  Contributions of AMMI principal components to the variations
of G x Gy interaction in chickpea

GE PCs Df SDW Ndfa
Percent MS Percent MS
Jar PC1 8 69.1 2.64%%*
PC2 6 25.1 1.24%*
PC3 4 3.8 0.29
PC4 2 2.0 0.30
Pot PC1 8 61.1 0.97 59.1 0.70
PC2 6 26.1 0.55 33.1 0.52
PC3 4 9.7 0.31 7.8 0.18
PC4 2 3.0 0.19 0.0 0.002

Where, GE growth environment, PC principal components, SDW shoot
dry weight, NN Nodule number, NDW Nodule dry weight, Ndfa nitrogen
derived from the atmosphere, MS mean squares. Significance: “***’ for
P<0.001; “*** for P<0.01; “** for P<0.05; *.” for P<0.1

demonstrated ability of local strains to obtain symbiotic genes
from the chickpea natural microsymbionts by horizontal gene
transfer implies that the ability to form symbiosis with chick-
pea may be distributed across very diverse genetic back-
grounds. The question whether stable G, x Gy interactions
exist is of direct relevance for determining the potential for
improving inoculant performance by matching
Mesorhizobium strains to specific cultivars or cultivar types
(Rodriguez-Navarro et al. 1999)?

Prior to the Gy x Gy interaction study, we performed phy-
logenetic analysis of the local and reference strains that re-
vealed wide genetic diversity of Mesorhizobium species. The
16S rRNA gene related the local strains with Mesorhizobium
strains such as M. silamurunense, M. shonense and
M. hawassense that nodulate tree or shrub legumes, while
MLSA tightly assigned them with M. hawassense. The strain
M. silamurunense was previously reported to be closely relat-
ed to M. plurifarium LMG11892" (Zhao et al. 2012) a species
that clustered with strains of M. abyssinicae, M. shonense and
M. hawassense (Tena et al. 2017). The latter strains are tree
legume nodulating ones identified from Ethiopia (Degefu
et al. 2013) and were previously shown to have similar core
genes with strains nodulating chickpea grown in the country
(Tena et al. 2017). On the other hand, the symbiotic genes
related them with the known chickpea nodulating strains
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Fig.5 AMMI biplots of corrected a) SDW in Jars

shoot dry weights in jars and
nitrogen fixation in pots
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M. ciceri, M. mediterraneum, M. wenxiniae and M. muleiense,
reflecting that all chickpea nodulating strains share a common
symbiotic gene as a result of gene exchange horizontally
(Zhang et al. 2020). Because the symbiotic (accessary) genes
often show horizontal gene transfer between Mesorhizobium
strains (Laranjo et al. 2014; Lindstrom et al. 2015; Elias and
Herridge 2015), whose effect is proposed to direct the genetic
evolution and biogeographic patterns in mesorhizobia (Zhang
et al. 2020). The horizontal gene transfer among the current
and the previous mesorhizobia reported by Tena et al. (2017)
agrees with the genetic exchange observed in mesorhizobia
from China and Australia (Elias and Herridge 2015; Zhang
et al. 2020). This genetic exchange among mesorhizobia was
also shown elsewhere (Nandasena et al. 2007, 2009; Elias
2009; Zhang et al. 2012b, 2014; Elias and Herridge 2015),
where the introduced chickpea plants have been proposed to
selectively associate with some novel rhizobia adapted to local
conditions (Zhang et al. 2020). The mobility of the symbiotic
genes between different species thus reflects their cross-
inoculation (host range) groups, rather than determining their
species affiliation (Laranjo et al. 2014). In our case, the prob-
able transfer of chickpea-compatible symbiotic genes to di-
verse genospecies including mesorhizobia native to Ethiopia
meant that our selection of strains was highly diverse, includ-
ing genetically distinct genospecies belonging to the classic
chickpea symbiovars as well as those containing divergent
symbiotic genes.

We found some evidence for the presence of a G x Gg
interaction in chickpea in the jar experiment but this was driv-
en entirely by the presence of a single Kabuli genotype
ICC6263. In fact, the follow-up experiment in pots only
showed a main effect of strain that basically reflected the
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superior performance of the M. ciceri type strain LMG
14989, which across the two experiments was the only strain
with significant average biomass production over the negative
control and was found to be superior in terms of nodulation,
nitrogen fixation and plant dry matter. This result may corre-
spond to the fact that chickpea has specific rhizobial require-
ment (Gaur and Sen 1979), as indicated with a single cluster of
symbiotic-related gene phylogeny (Tena et al. 2017) but the
fact that other strains sharing the same symbiotic genes per-
formed poorly in our study shows that chickpea may be re-
strictive in terms of genetic backgrounds with which it will
form effective symbiosis. The poor performance of these local
strains could be related to the fact that they were originally tree
legume symbionts, as indicated by the 16S rRNA and MLSA
phylogenies.

Some rhizobial strains failed to induce nodules in many
cases despite having been identified as effective symbi-
onts in earlier studies. For instance, strains M. haukuii
LMG 14107 isolated from Astragalus sinicus (Chen
et al. 1991), M. tianshanense LMG 189767 isolated from
Amorpha fruticosa and M. amorphae LMG 18977 isolat-
ed from Glycyrrhiza pallidiflora (Rivas et al. 2007), were
previously reported to nodulate chickpea and to have sim-
ilar symbiotic genes with the natural microsymbionts of
the chickpea (Chen et al. 1991, 1995; Wang et al. 1999;
Rivas et al. 2007; Alexandre et al. 2009), both
contradicted by our results. This indicates that the strains
used in previous studies are symbiovars of ciceri but that
the type strains used here do not share the required sym-
biotic genes. Their erratic nodulation of chickpea geno-
types may reveal the first level specificity of interaction
that could be controlled by some symbiotic genes (like
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host gene sym2 and rhizobium gene nodX) as we
discussed elsewhere (Gunnabo et al. 2019).

The G x Gy interaction detected in jars did not reflect any
effects of genepool, which was found to have no interaction
with strain, similar to what we reported earlier for common
bean (Gunnabo et al. 2019). The AMMI analysis thus showed
that 70% of the interaction variation in jars was explained by
the first principal component. Specifically, strains CA10 and
ACRS20a positively combined with ICC12851 and ICC4918,
respectively and negatively combined with ICC13524 and
ICC6263, respectively (Fig. 5). This analysis also confirmed
the stable performance of LMG 14989.

We found that the G x Gy interaction observed in jars was
not repeated in our pot experiment. This suggests that expres-
sion of G x G may depend on the growth environment,
similar to results obtained in common bean (Gunnabo et al.
2019). Such an effect is consistent with the fact that naturally
occurring rhizobium strains vary in how much nitrogen they
fix on a given host genotype and differ across multiple host
genotypes or species depending on the environment (Mytton
1975; Gibson et al. 1999; Heath and Tiffin 2007). Previous
reports have indicated strain performance differences both un-
der controlled and field conditions (Tena et al. 20164, b), but
these authors found a strain x cultivar interaction only in one
field experiment. We also observed differences in genotype
performance in the different growth environments.
Comparatively, Kabuli genotypes performed well in pot ex-
periment while the Desi ones were better in Jars, confirming
that Kabuli genotypes need better condition for better symbi-
otic performance (Imran et al. 2015). Based on our results, we
recommend using large growth volumes for initial screening
combined with confirmatory field experiments prior to further
advancement of strains.

5 Conclusions

A phylogenetically broad genetic composition of reference
and local Mesorhizobium strains were studied in combination
with diverse chickpea cultivars. Although we found some ev-
idence of G x Gy interaction in our jar experiment, this was
due to a single genotype and could not be repeated in a follow-
up experiment in pots, suggesting that the growth environ-
ment may affect the outcome of effectiveness screening.
This suggests that care must be taken when evaluating strain
x host genotype interactions under greenhouse conditions and
that repeated field experiments should be performed before
making practical recommendations.

Our main result is that the well-known chickpea symbiont
M. ciceri, LMG 14989 was superior across all genotypes and
in both experiments. The fact that local strains shared the same
symbiotic genes but were found to have poor performance
shows that gaining the ability to infect chickpea is not a

guarantee of effectiveness. It therefore seems that investing
in the identification of superior strains may pay higher divi-
dends than searching for specialised inoculants for different
cultivars.
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