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Abstract The highland region or Northwestern Argentina
(NWA) is one of the southernmost areas of native maize
cultivation and constitutes an expansion of the peruvian
Andes sphere of influence. To examine the genetic diversity
and racial affiliations of the landraces cultivated in this area,
18 microsatellite markers were used to characterize 147
individuals from 6 maize races representative of traditional
materials. For the whole data set, a total of 184 alleles were
found, with an average of 10.2 alleles per locus. The aver-
age gene diversity was 0.571. The observed patterns of
genetic differentiation suggest that historical association is
probably the main factor in shaping population structure for
the landraces studied here. In agreement with morpho-
logical and cytogenetic data, Bayesian analysis of NWA
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landraces revealed the occurrence of three main gene pools.
Assessment of racial affiliations using a combined dataset
including previous data on American landraces showed a
clear relationship between one of these gene pools and
typical Andean races, whereas the remaining two gene
pools exhibited a closer association to Caribbean accessions
and native germplasm from the United States, respectively.
These results highlight the importance of integrating
regional genetic studies if a deeper understanding of maize
diversification and dispersal is to be achieved.

Introduction

Maize landraces have long been regarded as a valuable
source of alleles to broaden the genetic basis of existing
breeding programs. In practice, however, only a limited
proportion (ca. 10%) of the estimated 250-300 landraces of
maize of the Americas is currently being utilized for the
development of new inbred lines (Goodman 1990; Hoising-
ton etal. 1999; Taller and Bernardo 2004; Tarter et al.
2003; Warburton et al. 2002). For many years, this was
mainly due to the lack of agronomic evaluation, the scarce
integration between morphological and genetic data, and
the poor agronomic performance of native materials (Good-
man 2005). In an effort to record key agronomic traits and
to secure medium and long-term seed storage, a large-scale
project of characterization, description and regeneration of
Latin American maize landraces (Cooperative Regenera-
tion Project) began in 1993 under the coordination of
CIMMYT. In addition to conservation initiatives, a large
number of studies have documented the cytogenetic and
genetic diversity of maize landraces from the Americas.
However, most of the research conducted till date has been
performed on a region by region basis, focusing primarily

@ Springer


http://dx.doi.org/10.1007/s00122-009-1108-0

1054

Theor Appl Genet (2009) 119:1053-1067

on the central areas of diversity (i.e., Mexico and the
Central Andes), with the more marginal locations being
only poorly represented (e.g., Bretting et al. 1987, 1990;
Doebley and Goodman 1984; Doebley et al. 1983, 1985,
1986, 1987, 1988; Goodman and Stuber 1983). Three nota-
ble exceptions to the fragmentary nature of the above men-
tioned studies are the cytogenetic surveys of McClintock
et al. (1981), the isozyme variation studies of Sanchez et al.
(2000) and the SSR analysis conducted by Matsuoka et al.
(2002a) on a set of accessions encompassing the entire pre-
columbian range of maize distribution.

Although large-scale regional approaches are of funda-
mental importance for the assessment of genetic variation, a
thorough understanding of population dynamics and intra-
racial variation is needed since in situ conservation cannot
be achieved without more detailed micro-regional studies.
In many Latin American countries, maize landraces directly
descended from the crops originally grown by natives are
still maintained by farmers and cultivated in a traditional
manner with little or no input from commercial germplasm.
Farming practices play a key role in the distribution of
genetic variation, and intensive collecting and surveying of
farm households are required to identify the main factors
shaping population dynamics at micro-regional levels
(Brush and Perales 2007; Perales et al. 2005; Pressoir and
Berthaud 2004). While the race concept usually entails an
abstract notion involving morphological characteristics and
geographical/environmental origin, the term “population”
often refers to the small plots managed by local farmers.
Throughout this paper, the terms “race” and “landrace” will
be used as synonyms to define a taxonomic entity delimited
by a set of morphological attributes; and the term “popula-
tion” will refer to an ensemble of individuals that are man-
aged by a single farmer and that share similar morphological
characteristics (i.e., can be assigned to the same landrace).

The Northern region of Argentina constitutes one of the
southernmost areas of native maize cultivation, and in spite
of its marginal location, it harbors ca. 70 different landraces
(Cdmara Herndndez and Miante Alzogaray 1997, Cdmara
Herndndez personal communication). According to Horo-
vitz (1935), two vast agricultural systems can be distin-
guished within this area: (1) the highland region or
Northwestern Argentina (NWA), an expansion of the peru-
vian Andes sphere of influence; and (2) the mesopotamic
and Chaco plains or Northeastern Argentina (NEA), a low-
land area thought to be more closely affiliated with land-
races from Brazil and Paraguay. Genetic diversity estimates
for these areas have been inferred on the basis of a
restricted number of accessions (Matsuoka et al. 2002b;
Sanchez et al. 2000) and only one of them allowed evalua-
tion at the population level (Bracco et al. 2009). The exten-
sive microsatellite survey conducted by Matsuoka et al.
(2002a) enables comparison of microsatellite alleles
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throughout the Americas, and provides a framework for the
analysis of genetic variation and racial affinities. Here, we
present an analysis of microsatellite variation of maize
landraces cultivated by traditional farmers in mid- to high-
altitude locations of Northwestern Argentina with the aim
of assessing population dynamics at a micro-regional scale.
In addition, we use a model-based bayesian approach to
establish racial affiliations for these landraces.

Materials and methods
Plant material

A total of 144 individuals representing 6 maize landraces (8
populations) from Northwestern Argentina (NWA) were
included in this study. The selected landraces constitute the
dominant types detected for this area at both the household
and community levels, with a total of 22 landraces having
been described for the region (Camara Herndndez, personal
communication). The races Altiplano, Amarillo Grande,
Amarillo Chico, Blanco, and Pisingallo are representative
of traditional materials, while Orgullo Cuarenton is best
categorized as an incipient modern race derived from
hybridization between native germplasm and improved
varieties developed in Argentina in the mid 1960s. Sampled
populations were distributed spanning an altitudinal dis-
tance of approximately 2,690 m (linear distance 649 km)
and were maintained by local farmers, via open-pollination,
with no input from commercial germplasm. The sampling
scheme was based on a relatively intensive collecting effort
within each population in order to obtain more accurate
estimates of allelic frequencies and genetic differentiation
among farm households. Collections were performed
directly from farmers’ fields during 1994-1995 and pre-
served following standard procedures at the Laboratorio de
Recursos Genéticos Vegetales N.I. Vavilov (VAV), Uni-
versidad de Buenos Aires, under the supervision of Ing.
Julidn Cdmara Herndndez. Seed germination and DNA
extractions were conducted in 2000 as part of V.V. Lia doc-
toral research work using materials from the original col-
lections. Voucher specimens, collection sites, racial
identification, main phenotypic characteristics, cultivar alti-
tudes, and sample sizes are given in Table 1.

A set of 18 inbred lines from M.M. Goodman Collec-
tion, North Carolina State University (A632, B164, B77,
B37, Oh43, Tx303, CM37, CM105, C103, 129, K55,
Val02, L317, DE811, EPI, SA24, HP301 and W64a) were
used as reference to establish allele size equivalences with
previously reported data (Matsuoka etal. 2002a). Lines
were chosen to represent the main clusters found in the
analysis of 260 temperate, tropical, and subtropical inbreds
conducted by Liu et al. (2003).
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Table 1 Maize landraces included in the present study
Population ~ Voucher” Collection site Landrace® Main phenotypic Cultivar ~ Sample
ID characteristics® altitude size
(m.a.s.l.)
6473 VAV 6473  Susques, Dpto. Altiplano Small elliptical ears. 8—10 rows 3600 18
Susques, Jujuy, of kernels. Assortment composed 3000 14
Argentina of a diverse array of materials
6167 VAV 6167  El Puesto, Dpto. adapted to high-altitude
Santa Victoria environments, generally
Salta, Argentina having yellow endosperm.
High precocity
6485 VAV 6485 Colonia San José, Blanco Large to medium-sized cylindrical ears. 2670 13
Dpto. Tilcara, Jujuy, 12—14 rows of kernels. Semident,
Argentina medium-sized floury kernels with
flint lateral sides. Colorless pericarp
and aleurone. Low precocity
6480 VAV 6480 La Ciénaga de Pumamarca,  Amarillo Medium-sized ears. 8 and generally 2420 25
Dpto. Tumbaya, Jujuy, Grande 10 rows of kernels. Rounded
Argentina and slightly dented kernels with flint
lateral sides and floury central part.
Yellow endosperm and colorless
aleurone. Medium precocity
6484 VAV 6484 Tumbaya, Amarillo Small ears. 8 rows of kernels. 2010 20
Dpto. Tumbaya, Chico Rounded or slightly pointed 1690 14
Jujuy, Argentina kernels with a flint layer at the
6476 VAV 6476 Termas de Reyes periphery and floury in the inner portion.
Dpto. Capital Yellow endosperm and colourless
Jujuy, Argentina aleurone. High precocity
6313 VAV 6313  Los Toldillos, Pisingallo Medium-sized conical ears. 1600 16
Dpto. Ambato, 14-20 irregular rows of kernels.
Catamarca, Argentina Medium to small-sized, pointed
and pop kernels. Colorless pericarp,
aleurone endosperm. Medium precocity
6482 VAV 6482 La Candelaria, Orgullo Large cylindrical ears, 16 rows of kernels, 910 24
Dpto. Candelaria, Cuarentén semident flint kernels. Yellow endosperm.

Salta, Argentina

Low precocity

M.a.s.l meters above sea level

# Voucher specimens are deposited at the “Laboratorio de Recursos Genéticos Vegetales N-I. Vavilov” (VAV), Faculty of Agronomy, University
of Buenos Aires. "Taxonomic identification performed by Cdmara Herndndez based on morphological criteria. “Data from Torregrosa et al. (1980)

and Cdmara Herndndez and Miante Alzogaray (unpublished)

Microsatellite typing

Eighteen microsatellite loci or SSRs were selected from a
preliminary survey of 39, with only those loci with unam-
biguous interpretation being wused for this analysis
(bnlg1866, phi037, bnlgl018, phil27, phi029, bnlgl182,
ncl35, bnlg252, bnlg1700, bnlg1287, bnlg1165, bnlgl1732,
bnlg1070, phi069, phil21, bnlgl1209, phi059, bnlg1360).
Each chromosome pair was represented by two unlinked
loci, except for pairs 8 and 9, in which a single locus was
studied. Genotypic data from populations 6167, 6313,
6476, 6480, 6482, 6484, and 6485 were previously used by
Lia etal. (2007) to investigate the evolutionary forces
involved in the maintenance of an altitudinal cline of B
chromosomes. Genotypic characterization of population
6473 represents a new addition to the previous data.

Details of the used loci, including chromosomal location,
putative repeat motifs and associated primers, along with
DNA extraction, amplification, electrophoresis, and silver-
staining procedures are given in Lia et al. (2007).

Data analysis

Allele frequencies, mean number of alleles per locus (A),
allelic richness (Rg) (El Mousadik and Petit 1996) and gene
diversity (H,) (Nei 1987) were computed using Fstat
2.9.3.2 software (Goudet 1995; Goudet 2001). The pres-
ence of population-specific alleles (hereafter referred to as
private alleles, i.e., alleles present in only one population
and absent in the others) was examined for each population.
Differences in H, and Rq among populations were tested for
significance by a Kruskal-Wallis test using STATISTICA
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(Stat Soft Inc. 1993). Post hoc pairwise comparisons were
performed using the Wilcoxon rank—sum test.

Departures from Hardy—Weinberg (HW) proportions at
individual loci were tested within each population. Alterna-
tive hypotheses of excess or defect of homozygotes were
analyzed separately using the multiscore U test as imple-
mented in GENEPOP 3.4 (Raymond and Rousset 1995).
Estimates of Wright’s fixation index Fg (Wright 1978)
were obtained according to Weir and Cockerham (1984)
using Fstat 2.9.3.2. Significance of F;g was determined
using the randomization test implemented in Fstat program.

The adequacy of allele identity (e.g., Fgr, Wright 1978)
versus allele size-based statistics (e.g., Rgr, Slatkin 1995)
of population differentiation for the present dataset has been
evaluated elsewhere (Lia et al. 2007). As a result of this
analysis, Fyr was chosen over Rgp because of its lower
standard error (Gaggiotti et al. 1999; Hardy et al. 2003).
Global and pairwise 0, an unbiased estimate of Fgp (Weir
and Cockerham 1984), were calculated over all loci with
Fstat 2.9.3.2 software. The significance of 0 values, hereaf-
ter referred to as Fgp, was tested by permuting genotypes
rather than alleles among samples and was corrected for
multiple comparisons using Bonferroni procedures at an
overall o = 0.05 (Rice 1989).

Population structure was also examined using the
Bayesian model-based approach of Pritchard et al. (2000)
implemented in STRUCTURE 2.1 (http://www.pritch.bsd.
uchicago.edu). In this method, a number of populations (K)
are assumed to be present and to contribute to the geno-
types of sampled individuals. The genotype of each
individual is a junction of the allele frequencies in these K
populations (clusters) and the proportion of its genotype
drawn from each of the K populations. Loci are assumed
independent, and each K population is assumed to follow
HW proportions. The number of clusters evaluated here
ranged from 1 to 8. The analysis was performed using ten
replicate runs per K value, a burn-in period length of
100,000 and a run length of 500,000. No prior information
on the origin of individuals was used to define the clusters.
All the analyses were run under both the independent
and the correlated allele frequency models available with
STRUCTURE to test their performance in identifying pos-
sible instances of subtle population structure. The first
model assumes that the allele frequencies in each popula-
tion are independent draws from a distribution, while the
second model assumes that the frequencies in the different
populations are likely to be similar probably due to shared
ancestry or migration (Falush et al. 2003). Since no differ-
ences were encountered in the results produced by the
different models (data not shown), all subsequent analyses
were conducted on the outputs obtained from the correlated
allele frequency model to avoid format incompatibilities
with the C programs described below.
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Evaluation of STRUCTURE results was conducted
using two ad hoc criteria: (1) the rate of change in the log
probability of data between successive K values (AK)
(Evanno et al. 2005); and (2) the across run stability of indi-
vidual predicted allele frequencies (Camus-Kulandaivelu
et al. 2007). Briefly, the second method involves calculation
of Euclidean distances among outputs using the C programs
proba2.c and distance_output.c (Camus-Kulandaivelu and
D. Manicacci, personal communication) and using the
corresponding distance matrix to build a Neighbor-joining
tree.

The bayesian approach was used on the SSR data from the
eight populations studied here and on a combined dataset
including data from Matsuoka et al. (2002a) (193 maize acces-
sions representing the entire range of pre-Columbian cultiva-
tion). The combined dataset was restricted to the 10 SSR loci
shared by both studies (bnlg252, bnlgl018, bnlgl070,
bnlg1182, bnlgl209, bnlgl287, bnlgl360, bnlgl732,
bnlg1866 and phi037). Due to the differences in genotyping
techniques (PAGE and silver-staining vs. fluorescent capillary
electrophoresis), equivalences in allele sizes were established
by genotyping the 18 inbreds indicated previously in the plant
material section, under the same conditions used for the land-
races studied here and comparing the resulting genotypes with
those obtained by Liu et al. (2003) using the same SSR and
typing procedures as in Matsuoka et al. (2002a).

To assess the impact of the reduction in marker number
on the estimation of population structure, independent runs
of STRUCTURE were performed using solely the 193
accessions of Matsuoka et al. (2002a). The analysis was
conducted under the same parameters described above con-
sidering: (1) the 78 SSR originally used by Matsuoka et al.
(2002a) for population structure analysis; and (2) the 10
SSR in common with this study. The number of clusters
evaluated ranged from 1 to 5.

Nei’s genetic distances (Nei 1972) between populations
were calculated with the software MICROSAT (Minch
et al. 1996). Cluster analysis was carried out applying the
Neighbor-Joining (NJ) algorithm (Saitou and Nei 1987)
implemented in PHYLIP (Felsenstein 1991-2004). Branch
support was estimated by bootstrapping (1,000 pseudorepli-
cates) with MICROSAT. Resulting trees were visualized
with TREEVIEW version 1.5.2 (Page 1996).

Results

Genetic diversity

Genotyping of 18 SSR loci in 147 individuals from 8 popu-
lations revealed a total of 184 alleles, with the number of

alleles per locus ranging from 5 to 31 (mean 10.2).
Estimates of H,, Rg, A and number of private alleles for
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Table 2 Genetic variability in maize landraces from Northwestern
Argentina

Population H, Ry A Number of
private alleles
6473 0.357 2.43 2.67 0
6167 0.562 4.19 4.5 0
6485 0.612 4.61 4.89 8
6480 0.568 4.35 5.33 3
6484 0.556 3.90 45 4
6476 0.661 5.31 5.61 12
6313 0.597 3.98 4.33 8
6482 0.652 5.01 6.11 15

each population are presented in Table 2. The mean number
of alleles per locus within populations was 4.74, ranging
from 2.67 (6473) to 6.11 (6482). Nei’s genetic diversity
was high in all populations (mean = 0.571), with 6476 and
6473 exhibiting the highest and lowest values, respectively.
A similar pattern was observed for the allelic richness,
which varied from 2.43 to 5.31 (mean = 4.22). Significant
differences among populations were found in both Ry and
H, [Rg: H(gl.=7; N=144)=21,11889, P<0.004; H_:
H(gl.=7; N=144) = 17,56395, P < 0.014], but only those
comparisons involving 6473 remained significant after
Bonferroni correction in post hoc pairwise tests. The num-
ber of private alleles exhibited a rather heterogeneous dis-
tribution among populations. A total of 15 private alleles
were detected for population 6482, whereas none were
encountered in populations 6473 and 6167.

To allow for a more stringent comparison between the
genetic diversity estimates presented here and those
reported for a set of landraces encompassing the entire pre-
columbian distribution (Matsuoka et al. 2002a) (hereafter
referred to as American landraces), and for temperate, trop-
ical, and subtropical maize inbreds (Liu et al. 2003), the
mean number of alleles and allelic richness was re-calcu-
lated for the three data sets including only the 10 SSR
shared by all the studies. For the American landraces and
the inbreds, the mean number of alleles across the entire
sample decreased from 27.3 (99 SSR) to 20.9 (10 SSR) and
from 21.8 (94 SSR) to 17.7 (10 SSR), respectively. The
opposite was observed for the populations studied here. The
mean number of alleles showed an increase from 10.2 (18
SSR) to 13.1 (10 SSR), probably due to the highly variable
nature of the dinucleotide-repeat SSRs from the bnlg series.
In sum, the genetic diversity observed in NWA landraces
accounts for 63% of that exhibited by American landraces
and for 74% of that shown by the inbreds. Similar results
were obtained when sample sizes were taken into account
by calculating allelic richness (American landraces, Rg:
19.29; inbreds, Rg: 16.06; NWA populations, Rg: 12.92).

Population structure and genetic relationships
of NWA landraces

Global estimates of Fig revealed departures from HW pro-
portions in three out of eight populations (6480, 6476,
6482), although only a few loci accounted for these devia-
tions (Table 3). Genetic differences among the eight popu-
lations were significant (Fgp=0.146; 95% confidence
interval: 0.120-0.174). All pairwise comparisons were sig-
nificantly different from zero and the average Fqr was
0.1431 (Table 4). The largest Fp estimates were found in
all pairwise comparisons involving population 6473, with
the population pairs 6473-6313 (Fgp=0.3659) and 6473—
6482 (Fgr=0.2944) exhibiting the most extreme values.
The lowest levels of differentiation corresponded to the
comparisons between populations 6480, 6485, 6484, 6476,
and 6167 (Fgr=0.0263-0.0955). Overall, four distinct
groups appear to emerge from the genetic differentiation
analysis. One group includes populations 6480, 6485, 6484,
6476, and 6167, and the three remaining groups correspond
to populations 6473, 6313, and 6482, respectively.

Bayesian analysis of population structure using the
model-based approach of Pritchard et al. (2000) provided
support for the existence of genetic structure in our sample
and yielded a stratification pattern mostly consistent with
the observations derived from the traditional Fgy approach.
However, the inference of the number of gene pools was
not straightforward, given that the log-likelihood values for
the data conditional on K, In(X/K), increased progressively
with larger values of K (K =1 to K = 8) (Fig. 1a). Indepen-
dent runs produced highly consistent results for K values up
to K =6, with K =7, and K = 8 showing contrasting assign-
ments for different runs.

At K = 2, the sample is divided into a group consisting of
individuals from populations 6473, 6167, 6480, 6484, and
6485, and another group composed of individuals from
populations 6482, 6476, and 6313 (Fig. 2). Average mem-
bership coeflicients for both groups are very high (0.97),
except for population 6476 which shows a high proportion
of admixed individuals. At K = 3, population 6313 differen-
tiates from 6482 and 6476. At K =4, populations 6473 and
6313 are clearly differentiated, while populations 6167,
6480, 6484, and 6485 cluster together, like populations
6476 and 6482. However, under this model, population
6476 continues to exhibit considerable levels of admixture.
For K =5 and K = 6, the assignment of individuals into the
new clusters did not reveal any new groupings, but resulted
in a decreased mean proportion of membership for individ-
uals from populations 6167, 6480, 6484, and 6485. More-
over, in contrast to previous K values, admixture is not
apparent for population 6476.

The groupings described for K = 4 are highly concordant
with the differentiation patterns detected in the Fgr analysis.
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Locus

Table 3 Fig per locus and population

Pop
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Global

bnlg
252

bnlg bnlg bnlg

bnlg

bnlg bnlg bnlg bnlg

bnlg

bnlg

phi
029

phi
059

phi

phi Phi

037

nc

1018 1209 1287 1070 1182 1866 1732 1360

1165

1700

127

069

135

0.073 NA 0.095

0.259
—0.315
—0.048

0.056
—0.103

—0.091 NA
—0.084

0.203
—0.252
—0.048

0.075 NA

—0.086
—0.032

0.179

0.000
0.557
—0.420

0.000
—0.244

0.374  0.000

0.342
0.123
0.674*
0.229
—0.128
—0.241

—0.079

6473 0.286
6167 0.098
6485 0.330

6480 0.162

—0.036 0.080

0.154
0.448%
0.153*
0.168
—0.069

—0.040
—0.021
0.000
NA

0.200
0.296%
0.120
0.261

0.158 0.112
—0.043 0.571

.398%
0.359

—0.043
NA

0.347
—0.105

—0.112 0.130

0.098

0.008

0.450
—0.102

0.189*
0.115

0.293

0.243
0.132

0.060

0.177
0.014

—0.026 0.455%*

—0.007 0.347

0.193*

0.089
—0.142

0.264
0.149

0.181
—0.142

—0.263
—0.091

0.006

0.471
—0.109

0.043

0.166

0.035
-0.129

0.202
0.497
—0.075

6484 0.134

0.134%*
0.100

—0.161
0.079

—0.073
0.113

0.155
0.156

0.118
—0.083
—0.062

0.252 0.231
—0.066 0.351*

0.534%*
—0.154

0.141
0.079
—0.301

0.623*
0.448*
0.574*

6476 0.020
6313 0.268

6482 0.071

0.098

0.030

0.458

—0.180

0.220*

0.491

0.239  0.141 0.467%*

0.220

0.443%*

0.032 0.294 0.227

0.686** 0.076

—0.040 0.352

Locus phil21 was monomorphic in all populations

NA Not applicable

* Significant under randomization test (P < 0.00035)

4 Significant under U test, alternative hypotheses of excess of homozygotes (P < 0.001)

However, assessment of AK following the methods of
Evanno et al. (2005) identified the modal value of this sta-
tistic at K =2 (Fig. 1b). In cases of hierarchical population
structure, this method is known to preferentially detect the
uppermost level of structure. Thus to explore whether sub-
structure could be detected within each cluster, individuals
with membership coefficients higher than 0.90 to either of
the two groups were then analyzed independently.
Admixed individuals from population 6476 were not
included in this analysis. Using only the samples from
populations 6482 and 6313 clearly resolved two separate
entities matching exactly the populations of origin
(Fig. 3a). Similarly, the analysis of individuals from popu-
lations 6473, 6484, 6480, 6485, and 6167 unambiguously
detected two groups by splitting the sample into 6473 and
the remaining populations (Fig. 3b). Interestingly, the
groups identified by the substructure analysis (Fig. 3) were
the same as those retrieved for K =4, with the admixed
nature of population 6476 also detected at this K value
(Fig. 2).

Evaluation of output stability based on the ad hoc proce-
dures described in Camus-Kulandaivelu et al. (2007) pro-
vided no conclusive evidence in favor of any of the K
values evaluated. Even if visual inspection of structure out-
puts revealed contrasting assignments for K=7 and K =8,
a clear clustering pattern was observed for all K values in
the NJ tree derived from the Euclidean distance matrix,
except for a single run from K = 3 (Fig. S1, ESM).

The NIJ reticulogram based on Nei’s genetic distances
shows one major partition (bootstrap 94.7%), with the
resulting two groups being in close agreement with the
uppermost level of structure detected by the bayesian anal-
ysis (Fig. 4). Moreover, in spite of belonging to the same
race as population 6484 (Amarillo chico), the intermediate
position of population 6476 is also concordant with the
levels of admixture identified by STRUCTURE.

Racial affiliations

To establish racial affiliations between the landraces stud-
ied here and other races from the Americas, a combined
dataset including data from Matsuoka et al. (2002a) was
subjected to STRUCTURE analysis (336 multilocus geno-
types, 10 SSR markers). Since a total of 78 loci were origi-
nally used by these authors to infer population structure,
and only 10 of them were included in the combined data
matrix, the 193 maize accessions of Matsuoka et al. (2002a)
were independently reanalyzed to assess the impact of the
reduction in marker number, including 78 and 10 SSRs,
respectively. No major differences were apparent in the
STRUCTURE outputs produced by the 78 and 10 SSR data
matrices (K = 1-4). In both cases, the sample was divided
into the same groupings described by Matsuoka et al.
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Table 4 Population pairwise

comparisons Pop 6473 6167 6485 6480 6484 6476 6313 6482
6473 0.171 0.225 0.284 0.230 0.289 0.704 0.562
6167 0.1686* 0.065 0.073 0.059 0.137 0.528 0.289
6485 0.1998%* 0.0381%* 0.043 0.073 0.154 0.451 0.264
6480 0.2239% 0.0467* 0.0263* 0.077 0.116 0.410 0.232
Above diagonal: Nei’s (1972) 6484  0.1980*  0.0380*  0.0408*  0.0480% 0.180 0.573 0.321
genetic distance (D). Below 6476 0.2303* 0.0778* 0.0718%* 0.0627* 0.0955* 0.374 0.189
diagonal: pairwise genetic differ- 313 3650¢  02279*  0.1956*  0.1951%  0.2407*  0.1599% 0.417
entiation index (Fgp) . .
6482 0.2944* 0.1332% 0.1164%* 0.1157* 0.1533* 0.0748%* 0.1673*
* P <0.001
(A) 6000 the NWA dataset, the identification of the the optimal value
of K for the combined matrix was hindered by a constant
/ increase in In(X/K) (Fig. 5a). The procedure of Evanno
-6400 et al. (2005) detected the maximal AK at K =3 (Fig. 5b),
whereas unstability across runs was apparent for K >4
§ 6300 } using both visual inspection and the NJ tree derived from
5 the euclidean distance matrix between STRUCTURE out-
puts (Fig. S2, ESM).
7200 Memberships coefficients are high at both K=3 and
/ K =4 (0.84 and 0.82, respectively), with a rather uniform
7600 genetic constitution within the categories previously defi-
0 1 2 3 4 5 6 7 8 9 ned by Matsuoka etal. (2002a), and particularly within
K NWA populations (Fig. 6). The clustering pattern obtained
(B) 200 for K =3 reveals a clear association between: (1) popula-
tions 6484, 6473, 6485, 6480, 6167, and the Core Andean
250 1 South American accessions; (2) population 6313 and the
accessions from Eastern, Central and Southwestern USA;
200 - and (3) population 6482 and the accessions from the Carib-
bean, Guatemala and Southern Mexico, Lowland Western
% 1501 and Northern Mexico, and Other South American groups.
Once again, admixed individuals seem to be prevalent in
1007 population 6476. At K =4, the last group is further split
50 into two subclusters, with population 6482 showing a
closer affiliation to the Caribbean accessions and several
0 members of the Other South American group.
1 2 3 4 5 6 7 8
K

Fig. 1 Evaluation of STRUCTURE outputs for maize landraces from
Northwestern Argentina. a Mean Ln (X/K) over ten runs for each K
value. b Rate of change in the log probability of data between succes-
sive K values (AK)

(2002a), with most of the differences being restricted to the
assignment of membership coefficients (data not shown).
For all subsequent analyses, American landraces were
labeled following the categories proposed by Matsuoka
etal. (2002a) based on geographical origin (Caribbean,
Eastern and Central USA, Guatemala and Southern
Mexico, Highland Mexico, Lowland Western and Northern
Mexico, Northern Mexico, Southwestern USA, Core
Andean South American, Other South American). As with

Discussion
Genetic diversity

Despite their marginal location, maize landraces from
NWA exhibited high levels of genetic diversity. On a
regional basis, the mean number of alleles per locus (10.2)
was more than twice the estimates obtained for popcorn
populations from NEA (4.78, Bracco et al. 2009), and con-
siderably higher than the estimates reported for maize land-
races from Mexico and Venezuela (5.76, Matsuoka et al.
2002b) and 25 accessions of Mexican landraces (7.84, Reif
etal. 2006). Comparison of the mean number of alleles
between NWA populations, American landraces (Matsuoka

@ Springer



1060

Theor Appl Genet (2009) 119:1053-1067

Fig. 2 Estimated population
structure of maize landraces
from Northwestern Argentina.
Each individual is represented
by a thin vertical segment, which
can be partitioned into K colored
segments that represent the indi-
vidual estimated membership to
the K cluster. The run with the
highest In(X/K) was chosen for
graphical representation

of each K

b= A
o} &
> o

N AR .

K=6

et al. 2002a), and the inbreds described by Liu et al. (2003)
revealed a strong influence of marker choice on the assess-
ment of genetic variation, even when only SSR data are
being considered. After correcting for this bias by re-calcu-
lating the mean number of alleles and allelic richness using
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only the 10 SSR shared by the three studies, differences in
genetic diversity were markedly reduced, with the genetic
diversity observed in NWA landraces accounting for 63%
of that exhibited by American landraces and for 74% of that
shown by the inbreds.
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Fig. 3 Estimated population

structure of the two main clus- (A)

ters identified for NWA land- 1.00 — _
races by the AK ad hoc

procedure. a Subcluster analysis 0.80 4
of the group 6313-6482. Mem-

bership coeflicients obtained at 0.0
the optimal K value (K = 2). 0.40
b Subcluster analysis of the

groups 6473, 6480, 6484, 6167, 0.20 4
and 6485. Membership coeffi-

cients obtained at the optimal 0.00
K value (K =2) K=

—

K=

6473

6482

Fig. 4 Neighbor-joining network based on Nei’s (1972) genetic
distances between maize landraces from Northwestern Argentina.
Bootstrap values are indicated beside branches

Liu et al. (2003) observed a large proportion of private
alleles in the inbreds (556/2,039) and interpreted it as a
function of the high mutation rate of maize SSRs. However,
two of these alleles were also found in NWA landraces.
Considering the small number of loci common to both stud-
ies, it is likely that many of these inbred-specific alleles are
also present in other landraces not yet evaluated, suggesting
that a poor characterization of the landraces involved in the
origin of the inbreds together with a high mutation rate

might be responsible for the observed proportion of private
alleles in the lines. Indeed, while only 36 alleles were
detected by Matsuoka et al. (2002a) in argentine landraces
(4 accessions, 10 SSR), our sampling scheme allowed iden-
tification of 131 alleles, three of which were not described
for the inbreds or the American landraces.

At the population level, the mean number of alleles and
gene diversity was also high (A: 4.74, H.: 0.571) as com-
pared to values obtained for 25 CIMMYT populations
derived from different racial complexes (A: 3.76, H_: 0.52)
(Reif et al. 2004) and for different accessions of races of
maize from Mexico (A: 3.44, H_: 0.48) (Reif et al. 2006). In
contrast, the gene diversity in NWA populations was lower
than the estimates obtained in maize landraces collected
directly from traditional farmer fields in the Central Valleys
of Oaxaca (H,: 0.70) (Pressoir and Berthaud 2004).

Population structure

As an outbreeding species, maize populations are expected
to conform to Hardy—Weinberg proportions. However,
many studies have reported deviations from panmixia using
different molecular markers (Dubreuil and Charcosset
1998; e.g., Kahler et al. 1986; Pressoir and Berthaud 2004;
Reif et al. 2004). Most of the populations studied here (5/8)
exhibited an overall fit to HW expectations, with three pop-
ulations showing a global excess of homozygotes. Experi-
mental errors, null alleles, population substructuring,
selection, and assortative mating are often invoked to
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Fig. 5 Evaluation of STRUCTURE outputs for a combined dataset
including maize landraces from Northwestern Argentina and a set of
American landraces from Matsuoka et al. (2002a). a Mean In(X/K)
over ten runs for each K value. b Rate of change in the log probability
of data between successive K values (AK)

explain the observed homozygote excess or deficit in allog-
amous species. A detailed inspection of Table 3 shows that
the deviations are only apparent for a few loci, even in pop-
ulations exhibiting global departures from panmixia. While
experimental errors are always a possibility, no evidences
of null alleles were found in any of the loci showing signifi-
cant F|g values. Assuming that biological causes underlay
the observed deviations, such a heterogeneous behavior
across loci is consistent with both selection and assortative
mating, but is not concordant with what would be expected
for processes affecting the genome as a whole (i.e., popula-
tion substructuring or admixture). Pressoir and Berthaud
(2004) found that those SSR showing the highest Fig values
in mexican maize landraces (phiO11, phi024, and phi452693)
corresponded to loci that map close to genes or QTLs
involved in flowering time or anthesis-silking interval (dwarf8,
indeterminatel, and dwarf9) (Colasanti and Sundaresan
1998; Gale and Devos 1998; Thornsberry etal. 2001).
Interestingly, phi037 and bnlg1700, the two loci responsi-
ble for the deviations in population 6476 are both located in
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the same chromosome regions as phiOl1 and phi024, and
map closer than them to indeterminatel and dwar9 (Genetic
2005 1 and Pioneer Composite 1999 5 maps at MaizeGDB).
However, no linkage disequilibrium has been reported
between the remaining loci and any known genes associ-
ated to flowering traits.

Maize population dynamics is inextricably linked to
human activities. In addition to biological determinants,
farmers’ management practices greatly influence the distri-
bution of genetic diversity and the levels of gene flow. In
Northwestern Argentina, maize is primarily a subsistence
crop, produced on small plots receiving little to no input
from commercial varieties. The levels of genetic differenti-
ation found among the populations in this study are gener-
ally lower than the mean observed for other outcrossing
natural populations (Fgp: 0.22) (cf. Nybom 2004). In con-
trast, the Fg estimates obtained for white kernel maize
landraces of the Central Valleys of Oaxaca (Fgp: 0.011)
were markedly lower than those of NWA populations and
even more lower when compared to the landraces studied
by Reif et al. (2006) (Ggr: 0.22). Although distinct dynam-
ics of field management and interchange practices among
farmers from different agroecosystems may partially
explain these discrepancies, the homogeneity of the races
under study in terms of the number of racial complexes
involved in their origin also needs to be taken into consider-
ation. Indeed, only a single racial complex was included in
the analysis of Pressoir and Berthaud (2004), while repre-
sentatives of the four racial groups delimited by Wellhau-
sen et al. (1952) were used in the analysis of Reif et al.
(2006). According to their morphological and cytogenetic
features (Poggio et al. 1998; Rosato et al. 1998; Camara
Herndndez and Miante Alzogaray, personal communica-
tion), the landraces included in this study can be tentatively
assigned to three different groups: (1) the landraces from
the Andean Complex described by McClintock et al. (1981)
on the basis of knob number and position (6473, 6476,
6480, 6485, 6484, 6167); (2) the andean popcorns (6313);
and (3) the incipient modern races derived from hybridiza-
tion between native germplasm and improved varieties
developed in Argentina in the mid 1960s (6482). The
observed patterns of genetic differentiation are in agree-
ment with the proposed groupings, since the average Fgr
value for pairwise comparisons within the landraces from
the so-called Andean Complex was 0.11, while compari-
sons between groups always resulted in average Fgyp values
higher than 0.15. Moreover, it is also worth mentioning that
15 private alleles were found in population 6482. The rela-
tively high levels of differentiation of 6473 with respect to
the remaining members of the Andean Complex group may
seem to contradict its inclusion within the latter. However,
the analysis of allele distribution revealed that all the alleles
present in 6473 are a subset of those identified in 6167,
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Fig. 6 Estimated population
structure of maize landraces
from Northwestern Argentina in
the context of the American
landraces from Matsuoka et al.
(2002a). Each individual is rep- 1.00
resented by a thin vertical seg- 0.80
ment, which can be partitioned
into K colored segments that rep-
resent the individual estimated 0.40
membership to the K cluster. 0.20
The run with the highest In(X/K)

0.60

. 0.00
was chosen for graphical repre-

sentation of each K. Car Carib- K=
bean, E & C USA Eastern and
Central USA, G & S Mex Guate-
mala and Southern Mexico, H 0.80
Mex Highland Mexico, LW & N 0.60
Mex Lowland Western and

Northern Mexico, N Mex North-

1.00

0.40

ern Mexico, SW USA Southwest- 0.20
ern USA, Other S Amer Other 0.00
South American, Core Andean K=

Core Andean South American
1.00

0.80
0.60
0.40
0.20
0.00

K=4

6484, 6476, 6480, and 6485. This observation, together
with the reduced levels of variability detected in 6473 and
its marginal location at 3,600 m.a.s.l., suggests that the
observed degree of differentiation is more likely the result
of strong genetic drift than evidence for the existence of a
distinct gene pool.

Genetic differentiation measures may be interpreted as a
result of ongoing gene flow, the consequence of historical
association or a combination of both (Nielsen and Slatkin
2000). In practice, however, distinguishing between these
scenarios is not possible always. The strong correlation
between the levels of genetic differentiation and the racial
affiliations proposed on the basis of morphological and
cytogenetic evidence suggests that the historical association
is probably the main factor in shaping population structure
for the landraces studied here, although a certain amount of
gene flow has also been detected (Lia et al. 2007).

Bayesian analysis of population structure was also con-
sistent with the occurrence of three main gene pools. The
uppermost level of structure unambiguously discriminated
the landraces of the Andean Complex from those of the
Andean popcorns and Incipient races, except for the case of
population 6476 which exhibited a highly admixed genetic
constitution, probably derived from pollen mixing among
landraces cultivated on the same plot (Fig. 2). Further

subcluster analysis also revealed a clear distinction between
the races Pisingallo (6313) and Orgullo Cuarentén (6482),
while a highly uniform genetic constitution was apparent
for populations 6480, 6484, 6167, and 6485. Again, as in

the Fgp analysis, the differences in allele frequencies
between population 6473 and the remaining populations
from the Andean Complex led to its assignment into a sepa-
rate cluster (Fig. 3b). Although Bayesian analysis clearly
identified what seems to be the uppermost level of structure
for the populations studied here, the difficulties encountered
in determining the optimal value of K may obscure the
detection of further substructuring with real biological sig-
nificance. It has been shown that both the log-likelihood
values for the data conditional on K, In(X/K), and AK per-
form well in identifying K when genetic differentiation is
strong and perform poorly when differentiation is weak
(Waples and Gaggiotti 2006). Moreover, the underlying
structure model is not well suited to situations in which
allele frequencies vary gradually across a region (i.e., popu-
lations exhibiting isolation by distance) (Pritchard and Wen
2003). In our case, both low levels of differentiation among
certain populations (Table 4) and isolation by distance may
account for the difficulties in inferring K. An isolation by
distance pattern was found for populations 6476, 6482,
6480, 6484, 6167, 6313, and 6485 in the analysis of an
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altitudinal cline of B chromosomes (Lia et al. 2007), how-
ever this pattern did not persist when population 6473 was
included in the analysis (data not shown).

Racial affiliations

Racial classification of maize landraces has been estab-
lished primarily based on their morphology and geographic
origin (for a review see Goodman and Brown 1988).
Numerical analyses of Latin American landraces allowed
identification of 14 racial complexes, which resulted almost
entirely concordant with the affiliations proposed using tra-
ditional morphometric analysis (Goodman and Bird R
1977). From a genetic standpoint, Anderson and Cutler
(1942) defined a race as “a group of individuals with a sig-
nificant number of genes in common, major races having a
smaller number in common than do sub-races”. Numerous
genetic studies have been carried out with the main goal of
describing the patterns of genetic diversity, but with little to
no discussion of racial affiliations. One of the main prob-
lems in interpreting the large body of information available
is the regional, and to some extent fragmentary nature of
most of the genetic analysis conducted till date. In addition,
the comparisons among regions are often precluded by a
lack of homogeneity in the names of races (i.e., the same
race is given different names depending on the area of culti-
vation) and by the inconsistencies in the conceptual defini-
tion of a race, particularly among researchers from different
countries (Goodman and Bird 1977). Thus, while the
genetic variation of the races of maize from Mexico (Doeb-
ley et al. 1985), Guatemala (Bretting et al. 1990) or South-
western US (Doebley et al. 1983), to cite a few examples,
has been described in detail, integration among studies has
rarely been accomplished. Despite these limitations, several
racial complexes appear to emerge consistently from either
morphological, cytogenetic or molecular data. One such
entity is the Andean Complex (McClintock et al. 1981) or
the Central Andean Complex (Goodman and Bird R 1977).
According to these authors, most of the Andean races fall
into this group and are characterized by small, rounded,
often grenade-shape ears and by elliptically-shaped kernels,
usually floury and highly colored. Cytogenetically, these
races present two small knobs at chromosome arms 6L and
7L. The race Pisingallo, or Pisinkalla, is also associated to
mid- to high-altitude Andean regions. However, neither its
chromosome constitution nor its morphological characteris-
tics support its inclusion within the Andean Complex,
being frequently assigned to a group defined as Southern
Popcorns (Goodman and Bird R 1977). As previously men-
tioned, four of the races analyzed here—Altiplano (6473),
Amarillo Grande (6484), Amarillo chico (6476-6480), and
Blanco (6485)—can be tentatively assigned to the Andean
Complex; whereas Pisingallo (6313) and Orgullo Cuarenton
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(6482) can be best categorized as Southern Popcorns and
incipient races, respectively.

Combined analysis of NWA and American landraces
using the bayesian model-based approach of Pritchard et al.
(2000) retrieved essentially the same groupings described
in the population structure analysis of Matsuoka et al.
(2002a) (namely, US maize, Andean maize and all other
South American and Mexican maize) and revealed addi-
tional affiliations between southern South American and
Northamerican germplasm. Bayesian analysis confirmed
the assignment of the races Altiplano, Amarillo grande,
Amarillo chico, and Blanco to the Andean Complex, while
the race Orgullo Cuarent6n exhibited a close affiliation with
germplasm from the Caribbean, and Pisingallo was clearly
associated with native materials from the US (Eastern and
Central USA and Southwestern USA) (Figs. 6, 7).

Camus-Kulandaivelu et al. (2006) analyzed the popula-
tion structure of a set inbreds obtained directly by selfing
from traditional American landraces and found that they
can be organized into five groups: Northern Flint, Corn Belt
Dent, Mexico, Caribbean, and Andean. More recently, a
comprehensive large-scale study of New World maize
races reported the existence of four main clusters: Highland
Mexico, Tropical Lowland, Andean, and Northern US
(Vigouroux et al. 2008). Although the groups obtained here
and those described by the above-mentioned studies are not
strictly concordant, they all depict the same overall pattern
with differences in sample composition which is the most
likely cause for the observed discrepancies. For instance,
most of the races categorized as Tropical Lowland by
Vigouroux et al. (2008) were not included in the Matsuoka
etal. (2002a) analysis or in our combined dataset. Simi-
larly, Corn Belt dents were not included in the study of
Matsuoka et al. (2002a) or Vigouroux et al. (2008) because
they were considered to be more recent in origin. Con-
versely, despite the differences in nomenclature, almost the
same set of landraces is included in both the Northern US
cluster of Vigouroux et al. (2008) and the U.S. maize group
of Matsuoka et al. (2002a).

While the relationship of NWA landraces to the Andean
Complex was somewhat expected, the associations
observed for Orgullo Cuarentén and Pisingallo cannot be so
readily explained. In the case of Orgullo Cuarentén, a rela-
tively recent exchange of germplasm can account for its
relationship with the Caribbean accessions. It has been pro-
posed that the race Cuban Flint, the only true flint found in
Cuba, was introduced from Argentina in the early 1900s as
a result of accidental crossing of Argentine flint with local
Cuban varieties (Goodman and Brown 1988). Considering
that Orgullo Cuarentdn is an incipient race which received
contributions from improved varieties, the observed affilia-
tions may well derived from the same varieties being
involved in the origin of both Orgullo Cuarentén and
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Fig. 7 Geographical origin and
racial affiliations of the popula-

tions included in this study.
Relationships identified by
Bayesian population structure
analysis among the landraces
from Northwestern Argentina
and the American landraces of
Matsuoka et al. (2002a) are
highlighted in color. Shaded
areas correspond to the geo-
graphical categories defined by
Matsuoka et al. (2002a). / East-
ern and Central USA, 2 South-
western USA, 3 Northern
Mexico, 4 Lowland Western and
Northern Mexico, 5 Highland
Mexico, 6 Caribbean, 7 Guate-
mala and Southern Mexico, 8
Other South American, 9 Core
Andean South American

Cuban Flint. Although appealing, this hypothesis was not
supported by the isoenzymatic and karyological studies of
Bretting et al. (1987), which revealed that the maize races
of the Caribbean represent a supraracial group distinct from
the allied races from the American mainland with no evi-
dence of association with the Argentinian Catetos. Alterna-
tively, it cannot be discarded that improved varieties from
the US Corn Belt, which are themselves derived from
germplasm from the Caribbean (Goodman and Bird R
1977), were also involved in the generation of Orgullo
Cuarentdn.

Santacruz-Varela et al. (2004) recently studied the phy-
logenetic relationships among North American popcorns
and their evolutionary links to Mexican and South Ameri-
can popcorns, including four Argentine accessions (i.e.,
Pisingallo, Perlita, Perlita mediano, and Argentine Pop).
Perlita, Perlita mediano, and Argentine Pop were included
within a cluster mainly composed of popcorns from the
lowlands of the guaranitic plains (Northestern Argentina,

Southwestern Brasil, and Paraguay), whereas Pisingallo
was positioned in a distantly related cluster which also
included Latin American pointed popcorns (Palomero
Toluquefio, Canguil, Confite Puntiagudo, and Pisinkalla)
and Southwestern US pointed materials (White Rice Pop
and Acoma Pueblo). Interestingly, the Latin American
pointed popcorns positioned more closely to the North
American pointed rice popcorns than to other Latin American
popcorns, defining a cluster in close association to the
North American early popcorns. It is important to note that
two non-popcorn races, Tama Flint and Fairfax Brown,
were also included within this last group. The former corre-
sponds to the category of Northern Flints and Flours,
whereas Fairfax Brown is a member of the Southwestern
racial complex. A similar pattern of affiliations can be
observed here for the race Pisingallo (6313), which accord-
ing to kernel morphology and the frequency distribution of
alleles at loci phil27, phil21 and phi029 corresponds to
the group of Latin American pointed popcorns. Bayesian
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analysis showed a clear association between this race and
two groups of native materials from North America
(Fig. 6). The group delimited as Eastern and Central US is
mainly composed of North American Flints and Flours, and
most of the members of the category Southwestern US
belong to the Southwestern racial complex.

Morphological, genetic and cytogenetic evidence sug-
gests that the North American pointed rice popcorns proba-
bly originated from the traditional races of pointed
popcorns from Latin America, diffusing from the highlands
of Central Mexico into Northern Mexico and then into
southwestern US, thus explaining the similarities between
both groups (Santacruz-Varela et al. 2004). McClintock
etal. (1981) supported the view that the Pisingallo germ-
plasm was introduced in South America at an early stage
during its development following the establishment of the
races of the Andean Complex, and postulated that it could
be derived from both Mexican and Guatemalan maize
races. On the contrary, other authors have suggested that
the southern popcorns have recently descended from Para-
guayan germplasm or, alternatively, that they have been
developed in 1920s near Kansas City (US) and later intro-
duced into South America (Brieger etal. 1958; Brunson
and Bower 1931; Roberts et al. 1957). These timing dis-
crepancies may reflect the coexistence in South American
maize popcorns with multiple origins, as evidenced by the
two distinct groups obtained in the analysis of Santacruz-
Varela et al. (2004).

In conclusion, in spite of representing only a limited pro-
portion of the traditional landraces currently cultivated in
Northwestern Argentina, the landraces examined here have
shown to harbor considerable levels of genetic diversity
with contributions from at least three different gene pools.
Further studies encompassing larger samples of landraces
from this area will certainly help to unveil additional allelic
variation, which may prove highly valuable, particularly in
the context of adaptation to extreme environments.
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