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Highlights

- A wide genetic diversity was found in populations of maize races grown in the state of Chiapas, Mexico, in terms of total number of

alleles, alleles per locus and percentage of polymorphic loci.

- More than a third were private alleles present in low frequency.

- The molecular information analyzed together for racial classification provides a strong foundation to understand the diversification
and evolutionary relationships that exist between maize varieties in the state of Chiapas, Mexico.

Abstract

Seventy-three maize populations were characterized to esti-
mate the genetic distribution and structure of 8 maize races from
the state of Chiapas, in addition to a population of the Balsas race
of teosinte (Zea mays ssp. parviglumis 1ltis & Doebley). A total of
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31 microsatellite loci were evaluated in 25 individuals from each
population, estimating their genetic diversity and Wright F statis-
tics. The populations were grouped based on principal component
and cluster analyses. A total of 787 alleles were counted, with an
average of 25.4 alleles per locus and 91.8% polymorphic /oci.
Likewise, in the studied populations, 294 exclusive alleles were
detected with low frequency, representing 37% of the total alleles.
The populations from Zapalote Grande and Tepecintle races were
the most differentiated, forming separate, better-defined groups,
while the populations from Comiteco, Otolon, and Negro de
Chimaltenango races tended to group, showing a relatively scat-
tered allocation within the races. The Fgr statistic (differentiation
index) was 0.197, indicating that 80.3% of the genetic variation
was found among individuals within the accessions, which sug-
gests that, under the current status of Chiapas maize populations,
it would be more efficient to apply intra-population recurrent
selection than hybridization breeding approaches.

Introduction

Maize (Zea mays L.) is the most important crop with relevance
in terms of land cutivated, both nationally and internationally.
Mexico has broad maize diversity, with each type of maize already
adapted to different local environmental conditions and agricultur-
al systems. Mexico is the center of origin, domestication, and
diversification of modern maize races, which are the result of the
convergence and combination of natural and cultural processes,
including the uses that have been given to this plant species
through time that have led to a wide genetic diversity expressed
through the different maize populations that are grouped into races
(Mutfioz et al., 2009).

The state of Chiapas represents one of the areas with the high-
est maize diversity in Mexico (Orozco-Ramirez et al., 2017),
encompassing the Chiapas-Oaxaca-Guatemala region (Kato
Yamakake ef al., 2009), where maize is the most important culti-
vated species. In the particular case of maize populations in the
state of Chiapas, genetic diversity has been the subject of little sci-
entific attention. The studies made so far have focused on race
classification (Doebley et al., 1985; Sanchez et al., 2000). In other
cases (Perales et al., 2005; Barrera-Guzman et al., 2020), they
have been limited to small samples, or have referred to maize his-
torical and cultural processes (Keleman et al., 2009). However,
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these studies offer a limited vision of the existing diversity within
each race, and little has been done with the current tools to obtain
sufficient knowledge to value this richness.

Considering the above-mentioned remarks, molecular markers
of simple repeated sequences (SSR) of DNA, commonly known as
microsatellites, represent a technology that has proven its reliabil-
ity in producing genomic fingerprints as well as in providing the
description and systematization of the diversity between and with-
in maize populations, overcoming the drawbacks presented by tra-
ditional methodologies (Prasanna et al., 2010). Therefore, the aim
of this research was to use microsatellite markers to assess the
genetic diversity, population structure, and relationships among
eight maize races from the state of Chiapas, Mexico.

Materials and Methods

Genetic material

Seventy-three representative accessions of 8 maize races from
the state of Chiapas, Mexico were analyzed: 19 of Zapalote
Grande, 16 of Tepecintle, 13 of Comiteco, 11 of Olotén, 5 of
Tehua, 4 of Motozinteco, 3 of Negrito, and 1 of Negro de
Chimaltenango, in addition to a teosinte population of the Balsas
race (Zea mays ssp. parviglumis 1ltis & Doebley). The sample
seeds were provided by the germplasm banks of the International
Maize and Wheat Improvement Center and by the Mexican
National Institute for Forestry, Agriculture, and Livestock
Research, both located in Texcoco, Mexico.

DNA extraction and polymerase chain reaction amplifi-
cation

Total DNA isolation was performed from a sample of 100 mg
of mesocotyl, coleoptile, and leaf tissue from 25 5-day-old
seedlings from each accession, for a total of 1825 individuals,
using a commercial kit (ChargeSwitch® gDNA plant Kkit,
Invitrogen, Waltham, MA, USA) with magnetic beads and auto-
mated equipment (KingFisher® Flex Thermo Scientific,
Whaltham, MA, USA). To quantify the DNA concentration, an
ultra-low volume spectrophotometer was used (Nanodrop 2000,
Thermo Scientific, Whaltham, MA, USA), taking into account
absorbance readings at 260 nm and a ratio of 260/280 nm to verify
the DNA quality. The amplification of the microsatellite fragments
was done by polymerase chain reaction (PCR) using primers
labeled with fluorescent molecules 6-FAM, HEX, or ROX in the 5’
extreme to be identified during capillary electrophoresis. The reac-
tion mixture was a multiplex PCR (several primers simultaneous-
ly) in a final volume of 25 pL. The components of each reaction
were 4 uL of buffer 0.8X, 1.2 mL of MgCl, at 1.2 mM; 0.4 uL of
dNTPs at 0.16 mM; 1 pL of each primer at 4 pmol; 0.2 uL of 7ag
DNA polymerase (1 U total); 2.5 pL of DNA diluted at 10 ng pL-
I'and 14.7 pL of water HPLC grade. A thermal cycler (Gene
AMP® PCR System 9700, Foster City, CA, USA) was used for the
amplification of the microsatellite sequences with the following
program: an initial denaturation period of 4 minutes at 95°C, fol-
lowed by 25 cycles of 1 minute at 95°C of denaturation, 2 minutes
at 55°C of alignment, 2 minutes at 72°C of extension; and a final
extension of 60 minutes at 72°C. A total of 31 /oci of microsatel-
lites were evaluated (Table 1), distributed throughout the maize
genome. Information on the specific primers can be found at the
Maize Genetics and Genomics Database (http://www.maizegdb.
org/ssr.php#).
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Identification of DNA fragments

The PCR products were processed in a DNA sequencer (Genetic
Analyzer ABI 3130%, Applied Biosystems, Foster City, CA, USA)
using GeneScan 500 LIZ as the internal marker standard. The pro-
gram GeneMapper® V. 4.0 was used (Applied Biosystems, Foster
City, CA, USA) to interpret the output electropherograms and to
determine the size of the fragments required to create a database
with the allelic information of each marker per individual.

Statistical analysis

The program POPGENE 1.31 (http://www.ualberta.ca/
~fyeh/popgene.pdf) was used to determine diversity parameters,
such as the total number of alleles, number of alleles per /ocus,
number of exclusive alleles, proportion of polymorphic /oci, and
expected heterozygosity. To determine the genetic structure of the
populations, F statistics developed by Wright (1965) were used,
which represent the magnitude of the non-random association of
alleles in an individual, describing the degree of inbreeding in a
hierarchical way within the populations (Fis), between the sub-
populations (Fsr) and within the total population (Fir).

Principal component analysis was performed with selected
alleles based on a correlation matrix using the SAS V.9.0. program
(SAS Institute, 2002). A selection of the alleles was carried out to
reduce random variation between accessions, arising from the
presence of alleles with very low frequency in the cluster analysis,
which contribute little to the definition of the genetic structure. To
avoid problems of distancing between accessions and the corre-
sponding interpretation, which occurs when low-frecuency or
exclusive alleles are involved in one-way analysis of variance with
the allelic frequencies as dependent variables, and those with a sig-
nificance of p<0.05 between accessions and allele frequency above
than 20%. A phylogenetic analysis was made between populations
by the neighbor-joining method (Saitou and Nei, 1987) with the
selected alleles, using modified Roger’s genetic distance matrix
with NTSYSpc V.2.21 program (Rohlf, 2009).

Results and Discussion

Genetic diversity

A total of 787 alleles were found in the 1825 individuals from
73 populations that represented eight maize races and one teosinte
race, with an average of 25.39 alleles per locus (Table 2).
Regarding these parameters, Rocandio-Rodriguez et al. (2014)
and Herrera-Saucedo et al. (2019) reported lower values of 20.52
and 18.38 alleles per locus on average, respectively, in maize
accessions from the High Valleys in Central and Northeastern
Mexico. This could be due to the fact that maize populations in the
current study intrinsically harbor more diversity, probably associ-
ated with the cultural richness of the different ethnic groups living
in the state of Chiapas (Santillan-Fernandez et al., 2021). By the
same token, unique or exclusive alleles were found with a fre-
quency of <0.05, corresponding to 37% out of the total number of
alleles found, which also reflects the genetic richness of the pop-
ulations. These alleles were found in all the assessed markers
(Table 2), showing greater presence in the Zapalote Grande race.
A similar case referring to the magnitude of occurrence of this
type of allele was previously reported by Gonzalez et al. (2013),
who found alleles with <0.05 frequency, representing 50% of the
alleles found in maize populations from the Mexican tropics. By
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considering the percentage of polymorphic /oci as the race aver- Motozinteco, with 95.1%. In a research study conducted by
age, we obtained a level of 91.8%, demonstrating that maize races Sanchez et al. (2000), using 21 enzymatic systems in 209 acces-
grown in Chiapas possess broad genetic diversity. The race with sions, representing 59 maize races in Mexico, the percentaje of
the lowest percentage of polymorphic loci was Tehua, with polymorphic loci ranged between 48 and 80%, which is lower
74.8%, whereas the race with the highest percentage was than the percentages obtained in this study.

Table 1. Loci of the microsatellites used in the analysis of maize populations.

Locus Bin number Repetitive unit Repetitiva Fragment size (pb)
phil27 2.07 GTGC 113-132
phi051 7.06 AGG 131-143
phills 8.03 ATAC 291-308
phi015 8.08 TTTG 73-109
phi033 9.02 CCT 234-266
phi053 3.05 ATGT 170-214
phi072 4.01 CAAA 127-164
phi093 4.08 CTAG 275-290
phi024 5.01 CCT 354-373
phi085 5.06 GCGTT 231-265
phi034 7.02 CCT 121-159
phil21 8.04 CCG 93-104
phi056 1.01 GCC 236-259
phi064 1.11 ATCC 65-115
phi050 10.03 AAGC 79-93
phi96100 2.01 ACCT 232-299
phil01249 Unknown AGAT 111-160
phil09188 5.03 AAAG 145-175
phi029 3.04 AG-AGGG 144-176
phi073 3.05 AGC 184-200
phi%6342 10.02 ATCC 230-251
phil09275 1.03 AGCT 119-149
phi427913 1.01 ACG 118-145
phi265454 1.11 AGG 216-242
phi402893 2.XX AGC 203-247
phi346482 1.XX AGG 114-152
phi308090 4.04-4.05 AGC 185-226
phi330507 5.02-5.06 CCG 131-151
phi213398 4.01-4.04 ACC 285-312
phi339017 1.03 AGG 139-166
phil59819 6.00-6.08 CCG 121-146

Table 2. Parameters of genetic diversity from maize populations in the State of Chiapas, Mexico.

Accessions Alleles Alleles Exclusive Polymorphic Expected
per locus alleles loci, % heterozygosity

Balsas (Teosinte) 1 166 5.35 15 100.00 0.644
Comiteco 13 406 13.06 45 93.05 0.709
Motozinteco 4 262 8.45 9 95.14 0.669
Negrito 3 240 7.81 5 92.47 0.704
Negro de Chimaltenango 1 133 4.062 2 93.55 0.551
Oloton 11 374 12.06 25 92.38 0.718
Tehua 5 269 8.48 9 74.84 0.679
Tepecintle 16 474 13.32 79 93.75 0.722
Zapalote Grande 19 495 14.03 105 91.00 0.697
Total 73 787 - 294 -

Average - - 25.39 - 91.80 0.677
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This difference might arise from the involvement of a larger
number of populations per race, resulting in the expression of high-
er genetic variation, apart from the fact that isoenzymatic markers,
by nature, are less polymorphic than microsatellites (Azofeifa-
Delgado, 2006).

The expected heterozygosity was expressed with an overall
average value of 0.68. The highest values were found in the Oloton
and Tepecintle races, with 0.72. The Negro de Chimaltenango race
had a value of 0.55, which is the lowest among all races. Pineda-
Hidalgo et al. (2013) reported similar values of 0.72 after assessing
28 populations from the state of Sinaloa with 20 microsatellite
markers. Furthermore, Rocandio-Rodriguez et al. (2014) obtained
a value of 0.71 after analyzing maize populations from Mexico’s
High Central Valleys. The values obtained in this study show that
there is higher genetic diversity in maize populations from Chiapas
than in maize populations from other Mexican regions.

Genetic structure of the population

The values of the Fis genetic differentiation coefficient for the
assessed populations showed the highest values for Negro de
Chimaltenango and Balsas (teosinte) races (with 0.425 and 0.314
respectively), indicating a major deficiency in heterozygotes. The
Motozinteco race had the lowest value (0.156). In general, these
values show that populations deviate from Hardy-Weinberg equi-
librium, since most /oci showed an excess of heterozygotes. The
loss of homozygosity became more evident in the populations of
previously mentioned races with high values of Fis (Table 3);
which might be the result of non-random mating by successive
increases of small samples in germplasm banks, consistent with the
findings of other studies, such as the research work conducted by
Reif et al. (2005) and by Rocandio-Rodriguez et al. (2014).

The amplitude of values in the genetic differentiation coefficient
Fsr ranged from 0.178 in the Motozinteco race to 0.434 in the Tehua
race, with an overall average of 0.197 for all the races. The latter
value was higher than the value reported by Sanchez et al. (2000) in
the same races assessed in this study and the results of Pressoir and
Berthaud (2004) in their trials with landrace populations from
Oaxaca, Mexico. In this study, the average value of 0.197 for the Fsr
coefficient suggests a high level of genetic differentiation, where
80.3% of the genetic variation was found in individuals within the
accessions and only 19.7% was found between accessions.

The high values of Fis and Fsr in this study can be explained by
the fact that the populations came from germplasm banks, where
conservation and regeneration are done ex situ, in a single environ-
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ment. Under such conditions, recombination occurs among a small
number of individuals within the populations, leading to a greater
possibility of genetic drift and subsequent inbreeding (Richads et
al., 2010). According to this information and based on the genetic
structure of the assessed populations and their current status, it is
more efficient to apply intra-population recurrent selection than
applying hybridization breeding approaches.

Marker-based similarity relationships among races
from the state of Chiapas, Mexico

A principal component analysis based on the frequencies of the
203 selected alleles was performed. The first 16 components con-
tributed 54.7% to the total variation. The first principal component
contributed 6.5% to the total variation, while the second one con-
tributed 5.5% (Table 4). Alleles phi308090-M, phi015J, phi050-F,
phil01249-D, phi050-G, phil01249-G, phil27-C, phil01249-C,
phil59819-B, phi064-O, phi339017-H, phi96100-N and
phi265454-D were the greatest contributors to the definition of
variability in principal component 1, whereas alleles phil59819-F,
phi050-G, phi056-L, phi072-a, phi072-A, phi0l15-V, phil2l-C,
phi072-M, phi96342-1, phil 59819-H and phi213398-1 contributed
to the definition of variability to a greater extent in component 2.

The scatter plot of populations constructed with components 1
and 2 (Figure 1) shows that populations from Zapalote Grande,
Tehua and Motozinteco races had the greatest differentiation,
forming better defined groups, while populations from Comiteco,
Oloton and Negro de Chimaltenango races tended to form relative-
ly scattered groups, probably as a result of the consistent gene flow
among them, since at least the first 2 populations are cultivated in
temperate and semi-warm neighboring areas, where seed exchange
is a common practice among farmers.

Some populations from Olotén, Comiteco and Tehua races
were not included in any of the corresponding groups, as was
expected; instead, the populations were scattered through
Quadrants I, IT and III. In the study conducted by Reif ez al. (2006),
these races showed closeness, probably because they share com-
mon genetic traits as well as a degree of similarity in geographic
origin. Although it is important to mention that Reif and collabora-
tors used only one accession from each race. The Oloton and
Negrito races are grown in high altitude regions, while the
Comiteco race is distributed in areas of transition from temperate
to semi-warm climates. Doebley er al. (1985) found that the
Comiteco, Oloton, Tehua, Tepecintle and Zapalote Grande races
were not segregated in well-defined complexes but formed a con-

Table 3. Wright F statistics estimated from 31 /oci of microsatellites, using populations of 8 maize races from the state of Chiapas, Mexico

and 1 teosinte race.

Race Fis Fir Fsr
Balsas 0314 0314 -
Comiteco 0.188 0.385 0.243
Motozinteco 0.156 0.306 0.178
Negrito 0.183 0.372 0.231
Negro de Chimaltenango 0.425 0.425 -
Oloton 0.230 0.412 0.235
Tehua 0.219 0.558 0.434
Tepecintle 0.211 0.376 0.210
Zapalote Grande 0.186 0.385 0.244
Average 0.235 0.392 0.197

Fi5, inbreeding within the populations; Fy, global inbreeding coefficient; Fsr, inbreeding between populations.
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tinuum. In this regard, Gonzalez et al. (2013) mentioned that the
Zapalote Grande race is losing genetic variability because it has
the lowest percentage of interracial variation (1.06%). The distri-
bution of populations from the Tepecintle race extends through
Quadrants I, III and IV, showing greater dispersion than the

Article

Zapalote Grande race, probably due to a higher gene flow with
other populations. Therefore, in the current stage and at the molec-
ular level, these races do not have a well-defined genetic identity
but rather a diffuse identity. It should be noted that Ortega Corona

et al. (2011) believed that both races were endangered.

cP2
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Figure 1. Scatter plot of 73 maize populations from the state of Chiapas based on the first two principal components produced by the fre-
quency of 203 alleles (P: Parviglumis, C: Comiteco, M: Motozinteco, N: Negrito, D: Negro de Chimaltenango, O: Oloton, TH: Tehua, L:

Tepecintle, Z: Zapalote Grande). The chart shows the most influencing alleles in every principal component.

Table 4. Eigenvalues and explained variance of the first 16 components produced with 31 /oci from microsatellites.

Principal component Eigenvalue Explained variance, % Cumulative variance, %
1 13.37 6.58 6.58
2 11.35 5.59 12.17
3 9.79 4.82 17.00
4 8.37 4.12 21.12
5 7.69 3.79 24.90
6 7.41 3.65 28.55
7 6.86 3.38 31.93
8 6.23 3.07 35.00
9 5.82 2.87 37.87
10 5.59 2.75 40.62
11 5.17 2.55 43.17
12 5.13 2.53 45.69
13 5.00 2.46 48.16
14 4.79 2.36 50.52
15 4.38 2.16 52.68
16 4.25 2.10 54.77
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The previous groupings are similar to the groups shown in the
phylogram of Figure 2, produced by the frequency of the 203
selected alleles, showing consistency in the associations.
Populations BSSM445 and BSSM446 from the Oloton race are the
closest to the teosinte from the Balsas race (Zea mays ssp. parvig-
lumis Tltis & Doebley), which was considered an external group,
suggesting that this race, and in fact races from high areas, as had
already been mentioned by Vigouroux et al. (2008), have a genetic
relationship relatively close to the immediate predecessor of culti-
vated maize.

A total of 6 groups were defined in general from the set of pop-
ulations represented in the phylogram of Figure 2. Group 1 con-
tains 2 subgroups: subgroup la mainly comprises populations of
the temperate zone from the Oloton (2), Comiteco (3) and
Motozinteco (3) races, while subgroup 1b included populations
from the Tehua race. Group 1 concentrated the races from the tem-
perate region mostly, with very few races from the semi-warm
zone, such as the Comiteco and Tehua races.

Group 2 comprises 4 well-defined accessions from the Oloton
race. However, they showed a different genetic relationship that

e _press

separated them from the accessions initially represented in
Subgroup la, where there are also populations from the Comiteco
and Motozinteco races. This typical association was also men-
tioned by Ortega et al. (1991). Furthermore, Perales et al. (2005)
reported a very narrow genetic distance (<0.02) between popula-
tions from the Olotén and Comiteco races, leading to implied sim-
ilarities.

Group 3 contains most populations from Olotén race (5 popu-
lations), indicating that this race has relatively scattered genetic
variability and tends to join other populations from the Comiteco
and Negro de Chimaltenango races. This has been reported by
Sanchez et al. (2000), who classified these races as being within
the group of late maturity.

Group 4 mainly consists of maize populations of the semi-
warm region Tehua race, although there are also some populations
from the Tepecintle and Zapalote Grande races of warm regions,
considered races of intermediate maturity adapted to semi-warm
areas (Sanchez ef al., 2000). Group 5 was mainly represented by 5
populations from the Comiteco race, including 3 populations from
the Tepecintle race and 2 populations from the Zapalote Grande

(=]

[

.

(17}
Modified Rogers' distance

Figure 2. Phylogram of 73 maize populations from the state of Chiapas, Mexico, as determined by the Neighbor-Joining method, using
modified Rogers’ genetic distances, based on the frequency of the 203 selected alleles.
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race. This grouping reflects the interaction between populations
from warm and semi-warm regions. In this regard, Brush and
Perales (2007) argued that this dynamic is the result of the ethnic
diversity impacting maize race distribution beyond its primary
habitats due to seed exchange among farmers. On the other hand,
Perales and Hernandez (2005) reasserted those remarks by men-
tioning that spatial diversity is greater in some regions of fast tran-
sition from temperate to warm climates.

The group with the strongest definition in terms of racial
belonging was Group 6, where 2 subgroups were identified: sub-
group 6a, which mostly consists of populations from the Tepecintle
race, and subgroup 6b, which is formed by populations from the
Zapalote Grande race. Both groups are grown in warm regions,
which coincides with the grouping proposed by Sanchez et al.
(2000). The results show that there is genetic variability in the
races from the state of Chiapas, and its complexity begins at the
molecular level. Some populations joined other races sharing the
same origin, which explains the presence of common alleles.

Conclusions

A broad genetic diversity was found in populations of maize
races growing in the state of Chiapas, expressed by the parameters
describing the total number of alleles, average alleles by /ocus, and
percentage of polymorphic loci, with more than a third of the
exclusive alleles present in low frequency. The population of the
Motozinteco race showed the highest percentage of polymorphic
loci, while Olotén and Tepecintle races had the highest expected
heterozygosity. Populations of the Tepecintle and Zapalote Grande
races formed well-defined groups, allowing their differentiation as
separate groups. Regarding the remaining races in this study, some
populations that were classified a priori under a certain racial
group were located in different groups, indicating higher genetic
complexity than previously considered. There is high genetic dif-
ferentiation in maize races from Chiapas, and the majority of such
genetic variation is found in individuals within the same popula-
tions, reassuring the importance of using intra-population recurrent
selection instead of hybridization breeding approaches as a strate-
gy to benefit from the use of these genetic resources by generating
improved open-pollinated varieties.

References

Azofeifa-Delgado A, 2006. Uso de marcadores moleculares en
plantas; aplicaciones en frutales del tropico. Agron. Mesoam.
7:221-42. [Article in Spanish].

Barrera-Guzman LA, Legaria-Solano JP, Ortega-Paczka R, 2020.
Genetic diversity in populations of mexican maize races. Rev.
Fitotec. Mex. 43:121-5. [Article in Spanish]._

Brush SB, Perales HR, 2007. A maize landscape: ethnicity and
agro-biodiversity in Chiapas Mexico. Agric. Ecosyst. Environ.
121:211-21.

Doebley JF, Goodman MM, Stuber CW, 1985. Isozyme variation
in the races of maize from México. Am. J. Bot 72:629-39.
Gonzalez CME, Palacios RN, Espinoza BA, Bedoya SCA,
2013.Genetic diversity in tropical mexican landraces of maize.

Rev. Fitotec. Mex. 36:329-38. [Article in Spanish].

Herrera-Saucedo V, Santacruz-Varela A, Rocandio-Rodriguez M,

Cérdova-Téllez L, Moreno-Ramirez YR, Hernandez-Galeno

OPEN aACCESS

CA, 2019. Genetic diversity of maize landraces of northern
Mexico analyzed through microsatelites. Agrociencia 53:535-
48.

Kato Yamakake TA, Mapes Sanchez C, Mera Ovando LM,
Serratos Hernandez JA, Bye Boettler RA, 2009. Origen y
diversificaciéon del maiz: una revision analitica. 1st ed.
Universidad Nacional Autonoma de México, Comision
Nacional para el Conocimiento y Uso de la Biodiversidad,
México. [Book in Spanish].

Keleman A, Hellin J, Bellon MR, 2009. Maize diversity, rural
development policy, and farmers’ practices: lessons from
Chiapas, Mexico. Geogr J 175:52-70.

Munoz OA, Miranda CS, Cuevas SJA, Santacruz VA, Sanchez DS,
2009. Resistencias, prehistoria, historia y diferencias de
teocintle a maiz. Impresos América, Texcoco, Mexico. [Book
in Spanish].

Orozco-Ramirez Q, Perales H, Hijmans RJ, 2017. Geographical
distribution and diversity of maize (Zea mays L. subsp. mays)
races in Mexico. Genet. Resour. Crop Ev. 64:855-65.

Ortega Corona A, Guerrero Herrera MDJ, Cota AO, Preciado
ORE, 2011. Situacion actual de los maices nativos y sus pari-
entes silvestres en México. In: Preciado REO, Montes SH
(eds.). Amplitud, aprovechamiento y riesgos de la diversidad
genética de maiz en México. Sociedad Mexicana de
Fitogenética, Chapingo, México, pp 15-41. [Book in Spanish].

Ortega PR, Sanchez GJJ, Castillo GF, Hernandez CJM, 1991.
Estado actual de los estudios sobre maices nativos de México.
In: Ortega PR, Palomino HG, Castillo GF, Gonzalez HVA,
Livera MM (eds). Avance en el estudio de los recursos fito-
genéticos de México. Sociedad Mexicana de Fitogenética,
Chapingo, México, pp 161-85. [Book in Spanish].

Perales HR, Benz BF, Brush SB, 2005. Maize diversity and ethno-
linguistic diversity in Chiapas, Mexico. Proc. Natl. Acad. Sci.
U.S.A. 102:949-54.

Perales HR, Hernandez CJM, 2005. Diversidad del maiz en
Chiapas. In: Gonzalez-Espinosa M, Ramirez-Marcial N, Ruiz-
Montoya L, (eds.). Diversidad Biologica en Chiapas. Plaza y
Valdés, Mexico City, México, pp 419-40. [Book in Spanish].

Pineda-Hidalgo KV, Méndez-Marroquin KP, Alvarez EV, Chavez-
Ontiveros J, Sanchez-Pefia P, Garzon-Tiznado JA, Vega-Garcia
MO, Lopez-Valenzuela JA, 2013. Microsatellite-based genetic
diversity among accessions of maize landraces from Sinaloa in
Meéxico. Hereditas 150:53-9.

Prasanna BM, Pixley MK, Warburton L, Xie CX, 2010. Molecular
marker-assisted breeding options for maize improvement in
Asia. Mol. Breeding 26:339-56.

Pressoir G, Berthaud J, 2004. Patterns of population structure in
maize landraces from the Central Valleys of Oaxaca in Mexico.
Heredity 92:88-94.

Reif JC, Hamrit S, Heckenberger M, Schipprack W, Maurer HP,
Bohn M, Melchinger AE, 2005. Genetic structure and diversity
of European flint maize populations determined with SSR
analyses of individuals and bulks. Theor. Appl. Genet.
111:906-13.

Reif JC, Warburton ML, Xia XC, Hoisington DA, Crossa J, Taba
S, Muminovi¢ J, Bohn M, Frisch M, Melchinger AE, 2006.
Grouping of accessions of Mexican races of maize revisited
with SSR markers. Theor. Appl. Genet. 113:177-85.

Richards CM, Lockwood DR, Volk GM and Walters C, 2010.
Modeling demographics and genetic diversity in ex situ collec-
tions during seed storage and regeneration. Crop Sci. 50:2440-47.

Rocandio-Rodriguez M, Santacruz-Varela A, Cordova-Téllez L,
Loépez-Sanchez H, Castillo-Gonzéalez F, Lobato-Ortiz R,

[Italian Journal of Agronomy 2023; 18:2206]



Garcia-Zavala JJ, 2014. Detection of genetic diversity of seven Santillan-Fernandez A, Salinas-Moreno Y, Valdez-Lazalde JR,

maize races from the high central valleys of Mexico using Bautista-Ortega J, Pereira-Lorenzo S, 2021. Spatial delimita-
microsatellites. Maydica 59:144-51. tion of genetic diversity of native maize and its relationship
Rohlf FJ, 2009. NTSYSpc: numerical taxonomy system. Ver. with ethnic groups in Mexico. Agronomy 11:672.
2.21c. Exeter Software, Setauket, NY, USA. Vigouroux Y, Glaubitz JC, Matsuoka Y, Goodman MM, Sanchez
Saitou N, Nei M, 1987. The neighbor-joining method: a new GJ, Doebley J, 2008. Population structure and genetic diversity
method for reconstructing phylogenetic trees. Mol. Biol. Evol. of New World maize races assessed by DNA microsatellites.
4:406-25. Am. J. Bot 95:1240-53.
Sanchez GJJ, Goodman MM, Stuber CW, 2000. Isozymatic and Wright S, 1965. The interpretation of population structure by F-
morphological diversity in the races of maize of Mexico. Econ. statistics with special regard to systems of mating. Evolution
Bot. 54:43-59. 19:395-420.

[Italian Journal of Agronomy 2023; 18:2206] OPEN 8 ACCESS





