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Abstract In spite of potentially being an important source
of rhizobial diversity and a key determinant of common
bean productivity, there is a paucity of data on Rhizobium
genetic variation and species composition in the important
bean producing area of Chile and only one species has been
documented (Rhizobium leguminosarum). In this study, 240
Rhizobium isolates from Torcaza bean (Phaseolus vulgaris L.)
nodules established in the highest bean producing area in Chile
(33°34’S—70°38'W and 37°36’S—71°47'W) were characterized
by PCR-RFLP markers for nodC gene, revealing eight band-
ing patterns with the polymorphic enzyme Hinf 1. The locality
of San Agustin de Aurora in Central Chile (35°32/S-71°29'W)
had the highest level of diversity. Isolates were classified by
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species using PCR-RFLP markers for 16S tDNA gene and
were confirmed by sequencing an internal fragment of the 16S
rDNA gene. The results confirmed the presence of R. legumi-
nosarum and three other species of rhizobia nodulating beans
in South Central Chile (R. etli, R. tropici and R. leucaenae).
R. tropici and R. leucaenae showed the least genetic variation
and were most commonly identified in acid soils, while R. etli
was the most common species in slightly acidic to moderately
alkaline soils, with higher levels of organic matter content. R.
leguminosarum was identified in almost all soils, was the most
genetically diverse, and was the most common, being docu-
mented in soils with pH that ranged between 5.3 and 8.2, and
with organic matter content between 2.1 and 4 %.

Keywords Proteobacteria - Phaseolus vulgaris - 16S
rDNA - nodC - Volcanic soil

Introduction

The common bean (Phaseolus vulgaris L.) is the most fre-
quently consumed legume in Central and South America.
Mesoamerica and the Andean region of South America
were the centers of origin and/or domestication of P. vul-
garis (Gepts and Debouck 1991; Kaplan 1965), and the
southern Andes of Argentina was an important second-
ary origin of P. vulgaris var. aborigineus Burk (Baudet)
(Gepts and Debouck 1991). From the Andean center, three
strains have been identified. Of these, “the Chilean strain”
has been distinguished as an important source of genetic
diversity (Bascur and Tay 2005). An important feature of
the common bean is that it establishes a symbiotic partner-
ship with a group of bacteria species, collectively known
as “rhizobia.” These bacteria establish symbiotic associa-
tions with many legumes and, most importantly, form root
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nodules that catalyze the fixation of atmospheric nitrogen
(N,). Interest in utilizing rhizobia as biofertilizers in agri-
culture has prompted studies of their diversity and the
description of a large number of rhizobial species. In addi-
tion to contributing to our knowledge of soil biodiversity
and increasing the utility of rhizobial collections, assess-
ments of rhizobial genetic diversity are important in help-
ing develop long-term strategies to increase the role of bio-
logical N, fixation in improving agricultural productivity.
To date, no studies have been done in Chile on native
rhizobia species diversity and their association with the
nodulating common bean and only one species R. legu-
minosarum sv. phaseoli has been described (Urzia 2005;
Urzia and Tesser 1998). However, the common bean is very
promiscuous in its relationship with rhizobia (Aserse et al.
2012; Herrera-Cervera et al. 1999; Martinez-Romero 2003)
and establishes symbiotic associations with a wide range
of rhizobial bacteria, including the most commonly stud-
ied species: R. leguminosarum sv. phaseoli (Jordan 1984),
R. etli sv. phaseoli (Segovia et al. 1993), R. gallicum (sv.
phaseoli and sv. gallicum), R. giardinii (sv. phaseoli and
sv. giardinii) (Amarger et al. 1997), R. tropici (Martinez-
Romero et al. 1991), R. lusitanum (Valverde et al. 2006),
R. multihospitium (Han et al. 2008), R. phaseoli (Ramirez-
Bahena et al. 2008), R. rizogenes (Velazquez et al. 2010), R.
vallis (Wang et al. 2011), R. leucaenae (Ribeiro et al. 2012),
R. grahamii and R. mesoamericanum (Lépez-Lépez et al.
2012). R. etli is the dominant microsymbiont in the Mes-
oamerican and the Andean centers of origin (Aguilar et al.
1998, 2004; Bernal and Graham 2001; Martinez-Romero
2003; Rodriguez-Navarro et al. 2000; Segovia et al. 1993;
Souza et al. 1997) and is commonly associated with beans
in Mexico, Colombia and the southern Andes and Argentina
(Aguilar et al. 1998, 2004; Bernal and Graham 2001), as
well as Europe, Africa and Oceania (Herrera-Cervera et al.
1999; Mhamdi et al. 2002; Sessitsch et al. 1997). R. legu-
minosarum sv. phaseoli was first identified in Europe, and
it was suggested that the symbiotic plasmid may have been
transferred to native R. leguminosarum from introduced
seeds containing R. etli sv. phaseoli from America (Pérez-
Ramirez et al. 1998; Segovia et al. 1993). R. tropici, a pro-
miscuous rhizobia, with hosts that include several species of
the three legume subfamilies (Hungria and Vargas 2000), is
very effective at fixing N, in association with Andean and
Mesoamerican common bean genotypes. They are also com-
petitive against indigenous rhizobia, genetically stable, and
are hypothesized to be native to tropical regions of South
America, since they are adapted to stressful conditions such
as high temperature and low soil pH (Graham et al. 1994,
Hungria and Vargas 2000, 2003; Martinez-Romero et al.
1991; Pinto et al. 2007). They have been reported in French
acidic soils (Amarger et al. 1994) and in Kenya (Anyango
et al. 1995), but are poorly represented in soils with neutral
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pH from Africa, Argentina, México and Spain (Aguilar
et al. 1998; Anyango et al. 1995; Rodriguez-Navarro et al.
2000; Vasquez-Arroyo et al. 1998). In contrast, R. gallicum
and R. giardinii are predominant in French soils (Amarger
et al. 1997), as well as soils in Spain (Herrera-Cervera et al.
1999) and Australia (Sessitsch et al. 1997).

The main objective of this study was to assess the diver-
sity and distribution of native populations of rhizobia from
the main bean producing area in Chile, including moder-
ately alkaline to acidic soils under Mediterranean climate
conditions, and to determine the existence of other strains
that nodulate beans in addition to R. leguminosarum
described only in Chile. This study was performed using
RFLP markers from nodC and 16S rDNA by sequencing a
partial fragment of the 16S rDNA gene.

Materials and methods

Bacteria were isolated from nodules extracted from bean
plants (Torcaza INIA cv.) from five locations in the Central
and South Central zones of Chile (Table 1). The region has
a Mediterranean climate that ranges from 300 mm of pre-
cipitation per year and an 8-month dry period in the north
to 1,200 mm of rainfall and a 4-month dry period in the
south. From each site measures of soil pH, electric conduc-
tivity, organic matter, total nitrogen, and carbon to nitro-
gen ration were estimated (Table 1) following Sadzawka
et al. (2004). From each plant, 3—6 nodules were randomly
excised and surface sterilized with ethanol and hydrogen
peroxide. Rhizobia were isolated axenically on YEM-
Congo red agar medium as described by Vincent (1970).
R. tropici CIAT899 and R. etli CFN 42, provided by the
Universidad Politécnica de Madrid, Spain and R. legumino-
sarum TAL1121 (IPAGRO Brazil), provided by CIFA-Las
Torres, Spain) were used as reference species. Molecular
and fixing efficiency analyses were conducted at the Fac-
ulty of Agricultural Sciences of the University of Chile.

PCR-RFLP of nodC gene

DNA extraction was conducted following the protocol
described by Aguilar et al. (2001). The isolated DNA was
used for PCR amplification of an internal fragment of the
nodC gene using primers NodCF (forward): 5-AYGTHG
TYGAYGACGGTTC-3' and NodClI (reverse): 5'-CGYGA
CAGCCANTCKCTATTG-3’ and an amplification pattern
of 95 °C for 3 min, 35 cycles of 94 °C for 1 min, 55 °C
for 1 min and 72 °C for 2 min, 72 °C for 10 min (Laguerre
et al. 2001). PCR product was digested with the restriction
enzyme Hinfl (Aguilar et al. 2001).The gels were evalu-
ated by visual inspection recording “1” or “2” to indicate
the presence or absence of each RFLP fragment size. A
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Table 1 Origin, number of rhizobias isolated purified in this study and chemical characteristics of each of the location from which the isolates

come

Location Code Coordinates Soil Type (USDA) Isolates (No.) Soil pH? EC® (dSm™) OM" (%) Total N (%) C/N®

Antumapu ANT  33°34'S Entic Haploxeroll 47 8.2 0.9 2.3 0.24 5.6
70°38'W

San Fernando SFDO 34°34'S Fluventic Xerochrept 44 53 0.8 2.6 0.30 5.0
70°59'W

San Agustin de Aurora SAA  35°32'S Ochreptic Haploxeralf 54 6.0 0.4 4.0 0.31 6.3
71°29'W

Niquén NI 36°19'S Typic Haploxerand 41 52 0.6 2.4 0.24 5.8
72°20'W

Santa Bérbara SBAR 37°36'S Typic Haploxerand 54 6.1 0.4 6.3 0.32 11.4
T1°47T'W

Total 240

All soil chemical methods according to Sadzawka et al. (2004)
 Soil pH was checked in a 1:1.5 soil-water mixture

b Electric conductivity in saturated extraction

¢ Organic matter (OC x 1,724; OC was analyzed by the Walkey-Black method)

4 Total nitrogen was analyzed by the Kjeldahl method

¢ Carbon to nitrogen ratio

binary data matrix was built using the “PC—NTSYS ver-
sion 2.02” program to construct similarity and hierarchical
clustering matrices among isolates using the index “DICE”.
To determine the genetic similarity among the PCR-RFLP
patterns, a dendrogram based on the cluster analysis was
built using the UPGMA algorithm (Rohlf 1998).

PCR-RFLP amplified 16S rDNA gene

From the previous step, eight different RFLP patterns
were identified and from each a representative isolate was
characterized by PCR-RFLP of the 16S rDNA gene, fol-
lowing the Young et al. (1991) protocol using primers Y1
(5’-TGGCTCAGAACGAACGCTGGCGGC-3) and Y2
(5’-CCCACTGCTGCCTCCCGTAGGAGT-3') and the fol-
lowing amplification conditions: 93 °C for 45 s, 35 cycles
of 93 °C for 45 s, 62 °C for 45 s and 72 °C for 2 min, 72 °C
for 5 min. PCR products were digested with the restriction
enzyme Rsal (Laguerre et al. 1994).

Sequencing the 16S rDNA internal fragment
and phylogenetic analyses

For more detailed analyses at the nucleotide level, the
eight 16S rDNA internal fragments from the RFLP analy-
ses were sequenced after PCR amplification. The 307-bp
fragment was purified using the “QIAquick PCR Purifica-
tion Kit (250)” from Qiagen. If the amplification showed
additional bands, the target band was isolated from the aga-
rose gel and purified using the commercial kit “Gene Clean
Turbo” from MP Biomedicals. The purified PCR products

were sequenced using Applied Biosystem sequencer
ABI3700 and ABI3730XL at Macro gen Inc., (Seoul,
Korea), using the previously described primers. The 16S
rDNA sequences from the rhizobia strains corresponded
with positions 20 through 338 of the Echerichia coli num-
bering system. Taxonomic identity of each fragment was
determined using the BLAST tool of the nucleotide DNA
database of NCBI (National Center for Biotechnology
Information). Additional DNA sequences corresponding
with previously isolated homologous fragments in related
taxa were also downloaded from GenBank for reference.
Our eight sequences from Chile and 24 additional Gen-
Bank DNA sequences were aligned in a single matrix using
CLUSTALX (Thompson et al. 1997), and the alignments
were inspected visually using the Mesquite 2.75 software
package (Maddison and Maddison 2014). Neighbor join-
ing and maximum-likelihood phylogenetic trees were built
using the software MEGAS.2 (Tamura et al. 2011). Mod-
els of sequences evolution were inferred with Modeltest
(Posada and Crandall 1998), and statistical support for
clades was estimated with 1,000 bootstrap replicates. Trees
were visualized using the Tree View software (Page 1996).

Results
PCR-RFLP of nodC gene
Samples were collected from 240 isolates from five loca-

tions (Table 1). The internal fragments of nodC ranged
from 950-980 bp. Digestion of this fragment with Hinfl
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Table 2 Wild rhizobia isolates with a PCR-RFLP pattern of the char-
acteristic nodC gene and identity based on the partial 16S rDNA gene
sequence

Code PCR-RFLP pattern gen nodC Identity species
ANT 12.3 H R. etli

SAA 15.3 C R. leguminosarum
SAA 274 K R. leguminosarum
SAA 60.3 G R. leguminosarum
SBAR 21.3 A R. etli

SFDO 41.3 N R. leguminosarum
NI 14.3 B R. leucaenae
NI17.3 L R. tropici

produced eight RFLP patterns that were designated by the
letters A, B, C, G, H, K, L and N (Tables 2, 3; Figs. 1, 2).
San Agustin de Aurora (SAA) displayed the highest genetic
diversity, with four patterns (K, C, G, B, Fig. 2; Table 3).
In contrast, Niquen (NI) samples had only two restriction
patterns (L and B). Pattern B also appeared in San Agustin
de Aurora and Santa Barbara, (SBAR) while pattern L was
only found in NI and had an identical patterns as the R.
tropici reference strain (CIAT899) (Fig. 2; Table 3). The
H pattern only occurred in Antumapu and was identical
to R. etli and R. leguminosarum reference strains (CFN42
and TAL1121, respectively) (Figs. 1, 2; Table 3). The G, A
and B patterns were the most common, representing 34, 21

Table 3 PCR-RFLP patterns from isolates and strains from bean (A) PCR-RFLP patterns, number of isolates per location and percentage share
of the total isolates tested (B) reference strains pattern: R. tropici (T1: CIAT899), R. etli (T2: CFN42) and R. leguminosarum (T3: TAL1121)

PCR-RFLP pattern® PCR-RFLP of nodC gene patterns (bp)

50 450 320 300 280 260 250 220 180 140 130 120 100 90 80

A)

A + + + +

B + + + + +

C + + + +

G + + + + +

H + + + + + +

K + + + + +

L + + + +

N + + + + +
Isolates per location 1 (no.)
2 pb ANT SFDO SAA NI SBAR Isolates per pattern Participation (%)
A)

990 2 49 51 21

920 20 27 2 49 20

960 2 7 12 5

960 21 36 25 82 34

980 24 24 10

1,070 2 2

950 14 14

940 6 6

¥ sol/loc 47 44 54 41 54 3:240 100
Reference strains PCR-RFLP of nodC gene patterns (bp)b

450 320 300 280 260 250 220 180 140 130 120 100 90 80 X pb

()]

T1:CIAT899 + + + + 950

T2:CFN42 + + + + + + 980

T3:TAL1121 + + + + + + 980

ANT Antumapu, SFDO San Fernando, SAA San Agustin de Aurora, N/ Niquén, SBAR Santa Barbara

# Isolates pattern

b References pattern
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Fig. 1 RFLP patterns from the MM TI T2 T3 A B C G H K L N MM

internal fragment of the nodC

gene, resulting from the enzyme

digestion of the rhizobia isolates

nodulating beans in Chile (A,

B,C,G,H, K, L, N) and three

reference strains [T’/ R. tropici

(CIAT899), T2 R. etli (CFN42) 450

and T3 R. leguminosarum

(TAL1121)] with Hinfl. MM 300

size marker (100 bp). Sizes are %38

indicated on the left and right of 140

the picture in bp 120
90

Fig. 2 PCR-RFLP of the nodC
gene sequence (960 bp) of
rhizobia nodulating beans

from South Central Chile and
reference strains. / Antumapu
(ANT), 2 San Fernando (SDO),
3 San Agustin de Aurora (SAA),
4 Niquén (NI), 5 Santa Barbara
(SBAR), 6 Reference strains, 7/
R. tropici (CIAT899), T2 R. etli
(CFN42) and T3 R. legumino-
sarum (TAL1121). In lane I of
all the pictures, MM indicates
size marker (100 bp) and num-
bers to the left of each picture
indicated fragment sizes in bp

1: ANT

MM A G H

4: NI
MM B L

and 20 % of total analyzed isolates, respectively (Table 3).
Pattern G was the most common in Antumapu (ANT), San
Fernando (SFDO) and San Agustin de Aurora, while A was
the most common isolate in Santa Barbara and B the most
common in San Agustin de Aurora and Niquén. Patterns L,
N and K were less common and together only represented
10 % of the analyzed isolates (Table 3).

The similarity and hierarchical clustering dendro-
grams among the different isolates and the three reference
strains are represented in Fig. 3. CIAT899 (R. tropici) and
isolates B, N, K and L grouped together and represents
30 % of the isolates. According to the UPGMA algo-
rithm, there was an 80 % similarity coefficient between
B and N and a similarity coefficient of 60 % between
the (B, N) clade and the clade composed of type K, R.

2: SFDO 3: SAA

MM C G N MM B C G K

600 pb
500 pb
400 pb
300 pb
200 pb
100 pb

5: SBAR
MM A B C

6: Reference strains
MM T1 T2 T3

tropici (CIAT899) and type L (Fig. 3). A 100 % similar-
ity coefficient was observed between the isolate CIAT899
and type L (Fig. 3). The clade composed of CFN42 ref-
erence strains (R. etli) and TAL1121 (R. leguminosarum)
includes the pattern type H with 100 % similarity coef-
ficient. Patterns A and G form a sister clade with the clade
previously described, with 47 % similarity coefficient
with respect to the (R. etli, R. leguminosarum, H) clade.
This two sister groups contained 65 % of the isolates,
with the G band pattern being the most common. In addi-
tion, the H band pattern had an identical PCR-RFLP pat-
tern to those of CFN42 and TAL1121. The third and most
divergent group (15 % similarity coefficient), consisted of
only 5 % of the samples and corresponded to isolates with
the type C band pattern.
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Fig. 3 Dendrogram of nodC
PCR-RFLP cluster using

Pattern A (R. leguminosarum)

UPGMA method and DICE
index for 256 bean rhizobial
isolates of six Chilean locations.
Asterisks indicate the names of

Pattern G (R. leguminosarum)

R etli*
R. leguminosarum**

the reference strain. *CFN42,

#*TAL1121 and ***CIAT899,
() identity based on the partial
16S rRNA gene sequence

Pattern H (R. etli)

Pattern B (R. leucaenae)
{ Pattern N (R. leguminosarum)

Pattern K (R. leguminosarum)

R. tropici***

| Pattern L (R. tropici)

Pattern C (R. leguminosarum)

T T T T T T T T T T |

0,15 0,36 0,58 0,79 1,00
Similarity Coefficient
Fig. 4 Fragments of 16S ribo- MM 1 2 3 4 5 6 7 8 9 10 11 MM

somal gene isolated from rhizo-
bia digested with Rsal. MM:
100-bp size molecular marker
(Fermentas®), 1 SAA 60.3, 2
SAA 27.4,3SAA 15.3,4 ANT
12.3, 5 SFDO 41.3, 6 SBAR
21.3,7NI17.3,8NI 14.3, 9
CFN42 (R. etli), 10 TAL 1121
(R. leguminosarum), 11 CIAT
899 (R. tropici). Numbers to
the left and right of the picture
indicate fragment sizes in bp

PCR-RFLP from the 16S ribosomal gene

The internal fragment of the 16S ribosomal gene obtained
for the eight selected isolates (Table 2) consisted of around
320 bp. PCR products were digested with Rsal, digesting
only ANT 12.3 (pattern type H) and BAR 21.3 (pattern type
A) isolates and the reference strain CFN42 Rhizobium etli
(Fig. 4; lanes 4, 6 and 9, respectively). In all three cases,
the obtained fragments were similar and 2225 and 100 bp.

Phylogenetic analysis of the 16S rDNA gene

The phylogenetic tree from the sequence of a 307-bp inter-
nal fragment of the 16S rDNA of the selected isolates is
presented in Fig. 5. Several related sequences available in
GenBank were also used for more accurate comparison of
our results. The phylogeny shows consistent results with the
previous RFLP analyses and helps elucidate some patterns
that were not clear in either of the RFLPs performed. The
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phylogeny clearly separates R. leguminosarum, R. tropici and
R. etli and further confirms the identities of the strains found
in Chile, clustering within well-supported monophyletic
groups (Fig. 5). The strains found in NI appear to be of differ-
ent origin (i.e., represent different species), one of them more
closely related to R. leucaenae (NI 14.3) and the other one, NI
17.3, was identified here as R. fropici. Antumapu (ANT12.3)
and Santa Barbara (BAR21.3) isolates were identified as R.
etli and San Agustin de Aurora (SAA 15.3), San Fernando
(SFDO 41.3), SAA 27.4 and SAA 60.3 as R. leguminosarum.

Discussion

Several authors have demonstrated that there is a large
amount of genetic variability among bean symbiotic bacteria
(Aguilar et al. 2004; Aserse et al. 2012; Grange et al. 2007,
Martinez-Romero 2003; Shamseldin and Werner 2005).
In spite of there previously being only species described in
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Fig. 5 Neighbor joining phy-
logram derived from internal
sequence of 16S rDNA gene
from eight isolates classi-

fied according to the patterns
obtained through the nodC gene
PCR-RFLP marker, showing
the relationships between the
strains evaluated in this study
and other type or reference
strains from closely related
species. GenBank accession
numbers from reference strains
are indicated in parentheses.
Numbers above nodes represent
support for clades obtained with
1,000 bootstrap replicates. (R
Rhizobium, B Bradyrhizobium,
A Azorhizobium, E Escherichia)

= R. leguminosarum USDA2370 (U29386)
R. leguminosarum USDA2671 (U29388)
R. leguminosarum P66N1 (AF071117)
R. leguminosarum UPM791 (AY072787)
SFD0 413
SAA27.4
SAA 16.3
344 60.3
R. leguminosarum sv. phaseoli TAL1121
[14.3
. tropici USDA2787 (AF466176)
—{ |R. leucaenae CFN299 (L21837)
R. hizogenes LMG152 (X67224)
R. tropici CIAT899 (AY491966)
117.3
| |R. tropici UPM1152 (AF466174)
R. multihospitium CCBAU (EF035074)
R. gallicum R602sp (U86343)
R. etli PRF228 (AY117659)
9 ANT 123
SBAR 21.3
R. etli CFN42 (NR074499)
8 R. etli RP320 (DQ406702)

R. sp CIAT652 (AF313906)
R. giardinii D30 (JF913979)
R. giardinii H152 (U86344)

1 1= B. japonicum USDA110 (534881)
5 sp UPM860 (AF466167)

| 9 1A. sp UPM1161 (AF466172)
—|A. caulinodans ORS571 (NR074185)
A. caulinodans ORS591 (AF466173)

Chile, this variability was also observed in Central and South
Central Chile (33°34/-37°36'S), where there are a wide range
of conditions and soil types in the different studied areas,
including soils of coarse to fine textural class Mollisols of
alluvial origin (Antumapu, San Fernando), fine textural class
Alfisols of alluvial—colluvial origin (San Agustin de Aurora)
and silt loam textural class Andisols (Santa Barbara and
Niquen) of volcanic origin with eolian and alluvial transport
(Luzio 2010). This heterogeneity in the soil origin, as demon-
strated by ranges from 2.3 to 6.3 % organic matter levels and
pH between 5.2 and 8.2 (Table 1), may influence cell devel-
opment, survival and nodule formation (Ballen et al. 1998),
although there is no consensus on whether soil characteristics
help determine the presence and absence of different rhizo-
bia species (Martinez-Romero 2003). From a total of 240
isolates, eight nodC gene PCR-RFLP patterns were differed
(Fig. 1; Table 3). Similar studies conducted by Aguilar et al.
(2001) determined the presence of three different PCR-RFLP
patterns among 80 isolates from northeastern Argentina.

San Agustin de Aurora was the area with the highest
level of dgene PCR-RFLP patterns, showing patterns B, C,
G and K (Fig. 2; Table 3), even though the 16S genotypes

E. coli (174375)
0.02

of these were not closely related based on phylogenetically
analyses (Fig. 3). R. leguminosarum and R. etli are closely
related and share more than 97 % sequence identity (Ribeiro
et al. 2013), and thus could not be discriminated by the
nodC gene PCR-RFLP marker, as has been observed by
other studies (Aguilar et al. 2001; Gutierrez and Barraquio
2010; Laguerre et al. 1994; Silva et al. 2007). This could be
because there have been nodC type alleles that were later-
ally transferred from one species to another (Aguilar et al.
2004). An alternative perspective, argued by Beyene et al.
(2004), is that there is no clear rationale to separate R. legu-
minosarum from R. etli into different species, because the
differences between them represent the variation extremes
of a single species. However, here we confirm that the 16S
rDNA PCR-RFLP marker can discriminate both species
(Fig. 4), as observed by Aguilar et al. (2004). These same
authors, evaluating strains from a wide range of geographi-
cal origins, identified four nodC gene PCR-RFLP marker
patterns designated as a, y, 8 and B, where the first three
were R. etli. Patterns a and y match patterns H and A herein,
identified also as R. etli in the present study. Moreover, the
B pattern was identified only in wild exemplars of common
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Fig. 6 Biogeographical distri-
bution of prospected rhizobia
and level of participation of the
eight PCR-RFLP patterns in the
studied location

VALPARAISO | @)

San Agustin de

SANTIAGO

RANCAGUA
San Fernando

A: R etli
G: R. leguminosarum
H: R etli

C: R. leguminosarum
G: R. leguminosarum
N: R. leguminosarum

46% £ -
K.G,C: R. leguminosarum
B : R. leucaenae

13%

Santa Barbara

L: R tropici
B: R leucaenae

. R etli
R. leucaenae
R

1
. leguminosarum

beans and corresponded to a R. leguminosarum type pattern
C in our study (isolate SAA15.3, Fig. 5). The nodC gene
PCR-RFLP marker classified pattern L as R. tropici (Fig. 3),
which was confirmed by the sequence analyses (Fig. 5). It is
noteworthy that originally R. tropici comprised two pheno-
typically distinct groups, named type A and B, but recently
a new species, R. leucaenae, has been proposed to describe
type A strains, with strain CFN 299 selected as the repre-
sentative of the species (Ribeiro et al. 2012). In this study,
the isolated NI 14.3 (pattern B) was the only one that cor-
responded to this species (Fig. 5).

Rhizobium leguminosarum was present in virtually all soil
types and was also the most genetically diverse species (pat-
terns C, G, K, N, Fig. 6), and the most common of the docu-
mented isolates (43 %; Table 3). Most of these isolates were
located between coordinates 33°34’S-70°38'W and 35°
32/S-71°29'W, within 247 km of each other (Table 1; Fig. 6),
and with pattern G isolates being the most abundant (34 % of
total). Note that the variety of beans, from which the nodules
were extracted, corresponded to a variety created in Chile with
indigenous ecotypes, which may partially explain this diversity
(Laguerre et al. 1994). Even though the study area has Mediter-
ranean climate, there is a north—south gradient rainfall increase
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(from 300 mm year™! in Antumapu to 1,200 mm year™! in
Santa Bérbara) and decreasing average temperatures (from
14.2 to 12.2) with a marked dry season in summer (Uribe et al.
2012). From Niquén to the south, andisols appear in Central
Valley with a marked increase in the organic matter content
(Padarian et al. 2012). The soil from this area is very hetero-
geneous, varying in organic matter (2.1-4 %) and pH (from
5.3 in San Fernando to 8.2 in Antumapu) (Table 1), and clay
content from 8.2 % in Antumapu to 38.7 in San Agustin de
Aurora, according to CIREN (1996, 1997). Some studies have
reported relatively low diversities of R. leguminosarum in acid
soils relative to lime soils (Andrade et al. 2002; Lapinskas
2007), because soil pH hypothesizing that they are less toler-
ant to low pH soils (Andrade et al. 2002; Bala et al. 2001; Bala
and Giller 2007). However, in this study, the greatest diversity
of R. leguminosarum was observed in acid (San Fernando) and
slightly acid (San Agustin de Aurora) soils (Table 1; Fig. 6).
The presence of R. leguminosarum in acid soils is not surpris-
ing, however. Although most studies associated such soils with
R. tropici (Amarger et al. 1994; Anyango et al. 1995; Stocco
et al. 2008), other studies have also demonstrated the presence
of R. leguminosarum in low pH soils (Andrade et al. 2002; Ber-
nal et al. 2004; Gutierrez and Barraquio 2010).
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The most dominant and diverse species in Chile was R.
leguminosarum, which differs from what was observed in
other bean domestication centers (e.g. Mexico, Ecuador,
Peru and Argentina) where R. etli are the most dominant
(Aguilar et al. 2001, 2004; Grange et al. 2007; Martinez-
Romero 2003; Souza et al. 1997) and diverse species
(Bernal and Graham 2001; Caballero-Mellado and Mar-
tinez-Romero 1999; Segovia et al. 1991). This has been
explained by Aguilar et al. (2004), whom investigated the
distribution of nodC alleles in a wide collection of R. etli
populations from worldwide, that the presence and domi-
nance of R. etli in these regions may be due to the introduc-
tion of these during the importation of seeds. Similar con-
clusions were obtained by Gutierrez and Barraquio (2010)
in the Philippines and by Rodriguez-Navarro et al. (2000)
in Spain. Therefore, since Chile is a sub-center of bean
genetic diversity (Bascur and Tay 2005), and since most of
the varieties used are native, it is reasonable that R. etli is
not the dominant species. Another possibility is that R. etli
share symbiotic genes with the R. leguminosarum native
bacteria, as was observed with R. etli in Europe (Garcia-
Fraile et al. 2010; Segovia et al. 1993). In our data, R. etli
showed only two PCR-RFLP patterns for nodC gene (A
and H) and only 31 % of the isolates corresponded to this
species (Table 3). However, the observed patterns were
from distant locations (490 km from each other). Popula-
tions representing pattern H were located in the north cen-
tral region (33°34/S-70°38'W) in soils of the great group
Haploxeroll, with alkaline pH and low organic matter
content. In contrast, type A was mostly found in the south
central region (37°36/S-71°47'W, Fig. 6) in soils from the
great group Haploxerand, with greater levels of organic
matter (6.3 %) and slightly acidic pH (6.1). This contrast-
ing pattern has been observed in other studies in which R.
etli is found in alkaline pH (pH 9) soils (Shamseldin and
Werner 2005), but also in acidic soils (Gutierrez and Bar-
raquio 2010; Mostasso et al. 2001), where genetic diversity
of the rhizobia was lower (Gutierrez and Barraquio 2010),
and is consistent with the observation that there is a large
amount of genetic variability among bean symbiotic bacte-
ria (Rodriguez-Navarro et al. 2000).

Rhizobium leucaenae accounted for 20 % of the iso-
lates, and it was distributed in San Agustin de Aurora
(35°25/S-71°40'W), Niquén (36°19’S—72°20'W) and Santa
Barbara (37°36/S—71°47'W) but centered mainly in Niquén
(Fig. 6). This species has been characterized as persisting
in soils with pH between 5 and 7 (Ribeiro et al. 2012), in
several regions and ecosystems of Brazil (Grange and Hun-
gria 2004; Martinez-Romero et al. 1991; Pinto et al. 2007),
and establishing symbiosis with both Leucaene leucoceph-
ala and with Phaseolus vulgaris. It has also been reported
nodulating beans in Mexico (Acosta-Durdn and Martinez
Romero 2002; Ribeiro et al. 2012). Meanwhile, R. tropici

was found only in Niquén, representing only 6 % of the
isolates. However, this soil type, Andisol type (Typic Hap-
loxerands) and acidity pH (5.2), being the lowest on all
analyzed locations (Table 1). The finding of this species in
Chile follows the observations of several authors who cor-
relate predominance of R. tropici strains nodulating beans
in acid soils (Pinto et al. 2007; Andrade et al. 2002; Graham
et al. 1994). However, it is noteworthy that although San
Fernando soils are equally acidic (5.3), R. tropici was not
detected. In our study areas, all soils had a xeric moisture
regime (USDA 2003), implying that there would be water
stress if irrigation is not available in the summer. Therefore,
perhaps the most important factors regulating the distribu-
tion of Rhizobium species might be the water storage capac-
ity and aeration conditions of the soil (Tajini et al. 2012),
which tend to be better in Andisols (Luzio 2010).

Conclusions

Although only one species, R. leguminosarum, had been
previously documented in Chile, our results indicate that
there are at least four Rhizobium species associated with
nodulating beans, R. leguminosarum, R. etli, R. tropici and
R. leucaenae. Of these four species, R. leguminosarum was
the most common and had the highest genetic observed
diversity in areas with both acidic and alkaline soils of the
central and south central regions of the country. Only two
genetic groups of R etli we observed, but each was the most
common haplotype observed in the two very contrasting
soil and climatic zones that they were found. R. leucaenae
and R. tropici demonstrated the least diversity R. leucae-
nae was documented in three locations with soils with pH
fluctuating between 5.2 and 6, whereas R. tropici was most
common only in acidic soils (pH 5.2) of volcanic origin
located in the South Central Chile.
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