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Abstract The objective of this work was to assess
the genetic variability and structure of a new weed in
Spanish maize fields, and investigate its geographical
patterns using 17 microsatellites. Commercial maize
varieties (C), maize-like weeds (MLW), putative
hybrids with C (WCH), and teosintes (Tm: Zea mays
ssp. mexicana and Tp: Z. mays ssp. parviglumis) were
analyzed. The weed genetic diversity (MLW and
WCH: 0.52) was the lowest (C: 0.59, Tm: 0.66, and
Tp: 0.71). Weeds (0.21) and teosintes (Tm: 0.27, Tp:
0.34) showed positive values for the inbreeding
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coefficient (F;s), which agrees with their low values
for the observed heterozygosity (Hp), common in wild
species; whereas C exhibited a negative F;g value
(— 0.06, excess of heterozygous), common in domes-
ticated species. Major clustering agreed with the
different types of samples, even if some of the most
hybridized weeds branched with the C cluster. Within
the weeds, an evident tendency to group together
depending on their geographical origin was perceived.
Structure analyses confirmed the contribution of C to
the genome of those weeds with the highest degree of
hybridization. Consistently, the genetic variation (Fg7)
was not negligible only when the teosintes were
compared to the C group. Most of the molecular
variance occurred within populations (51.83%) and
not among populations (10.09%), with the highest
value (32.33%) being found within the weed popula-
tion. These new weeds seem to have a complex origin.
Even if they are related to both, C and teosintes (Tm
and Tp), they form an unidentified and genetically
distinct group (Fs7: 0.13).
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Introduction

It is widely accepted that the wild ancestor of maize
(Zea mays L.) is a Mexican annual teosinte. The term
teosinte spans five species, two perennials: Zea
diploperennis lltis, Doebley and Guzman and Zea
perennis (Hitchc.) Reeves and Mangelsdorf; and three
annuals: Zea luxurians (Durieu and Ascherson) Bird,
Zea nicaraguensis 1ltis and Benz and Zea mays L., to
which three teosinte subspecies belong (Z. mays ssp.
huehuetenangensis, Z. mays ssp. mexicana and Z.
mays ssp. parviglumis), apart from the cultivated
maize (Z. mays ssp. mays). Z. mays ssp. mexicana and
Z. mays ssp. parviglumis are the most closely related to
domesticated maize and that is why they have been
included in this study. Though morphologically maize
resembles more Z. mays ssp. mexicana, the molecular
studies carried out, from the first using isozymes
(Doebley et al. 1984) to the most recent with
microsatellite (Matsuoka et al. 2002a, b) and SNP
(van Heerwaarden et al. 2011; Hufford et al. 2012)
markers, prove that maize was domesticated from Z.
mays ssp. parviglumis.

Maize has been the cereal with the highest produc-
tion worldwide for at least the last 15 years for which
data are available (FAO 2017). Actually, its produc-
tion has experienced a 76% increase in that period.
Spain is in 29th place in the world ranking of producer
countries and 10th at European level (FAO 2017).
These numbers are not negligible, especially if we take
into account that, in terms of surface dedicated to the
maize cultivation, Spain occupies the 59th and the
12th position in the world and in Europe, respectively.
In this scenario, it is understandable that the discovery
of a new weed in Spanish maize fields in summer 2014
has roused the sector to worry. The focal points of this
new weed are mainly located in the Northeast of
Spain, in the region of Aragon and, to a lesser extent,
in Catalonia, and on a smaller scale, in the North of the
French region New Aquitaine (EFSA 2016). Those
two Spanish regions are among the most productive in
maize cultivation, reaching the second and fourth
positions, respectively, in the national ranking (Ma-
pama 2016). Moreover, the provinces in which all the
infested allotments have been detected are the first
(Huesca, in Aragon) and the fourth (Lerida, in
Catalonia) Spanish producers in terms of tons of
maize (Mapama 2016). The Center for Plant Health
and Certification of the Government of Aragon and the
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Plant Health Laboratory and Plant Protection Service
of Catalonia have taken measurements aimed to
restrain this weed or even eradicate it. The crop losses
due to this new weed competition are so high that in
Huesca (Aragon), the most affected area, some
farmers have even plowed the maize plantations little
after the sowing. Up to now, the chemical control in
maize fields is not feasible as both plants are very
similar, not only morphologically but also physiolog-
ically. There have been some advances in the
description, the monitoring of the more severely
affected areas, and the effectiveness of different
control methods for this weed which have been called
teosinte for its similarity with this maize wild relative
(Pardo et al. 2016).

The emergence of a new weed always raises
numerous questions and challenges scientist to ascer-
tain its origin. Panoply of explanations are possible in
those cases, though they can be narrowed down
especially when both, the crop and the weed, belong to
the same genus, as it seems to be this case attending to
their similar morphology. Some of them could be the
transformation of cultivated forms into weed types,
going through a transitional feral state; or the
colonization of new habitats by a wild relative and
its following hybridization with the crop (Ellstrand
et al. 2010 and references therein), among others.

A first attempt to taxonomically classify this
recently discovered weed, which has been called
“Spanish teosinte”, using SNP markers has been made
(Trtikova et al. 2017). The authors conclude that the
samples collected in Aragon region (the area exhibit-
ing the highest weed infestation) failed to group with
any of the teosinte taxa presently defined.

As the identity of this recently discovered maize-
like weed is uncertain, the objective of this work was
to characterize it using microsatellite markers and to
compare their genotypic profiles with those of culti-
vated and wild relatives to verify if any of them has
originated it. This will foreseeably unveil the genetic
similarities among groups and the genetic structure of
the populations, aided by the information shed by F-
statistics. A comparison among the samples collected
from different infested areas will make possible to
detect any existing geographic differentiation.

Microsatellites or Simple Sequence Repeat (SSR)
markers have been extensively used to characterize
modern maize varieties and landraces, as well as their
wild relatives (Matsuoka et al. 2002b; Loaisiga et al.
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2011; Warburton et al. 2011; Abakemal et al. 2015;
Bedoya et al. 2017; Aci et al. 2018). In general, these
markers have revealed themselves as very helpful
tools for identification and diversity studies, as much
as for establishing genetic relations among popula-
tions, due to their multi-allelic, hypervariable and
codominant nature. Their robustness and reproducibil-
ity make them suitable for comparing different source
results, which in this case raises their value as the
maize scientific community has been working inten-
sively in this field. Furthermore, the microsatellites
developed in maize can be easily transferred to related
species since, generally, microsatellite-flanking
sequences are highly conserved. This becomes espe-
cially useful in those cases in which teosinte belonging
to different species than Z. mays (i.e. Z. diploperennis,
Z. luxurians, Z. nicaraguensis, and Z. perennis are
objects of the study).

Up to date, this is the first attempt at characterizing
this maize-like weed found in Spain using microsatel-
lite markers.

Materials and methods
Plant material

Four different types of samples were used in this study
(Fig. la—e; Table 1): (1) commercial maize (C); (2)
putative hybrids between commercial maize and the
weed (WCH); (3) maize-like weeds (MLW); teosinte:
(4) Z. mays ssp. mexicana (Tm); and (5) Z. mays ssp.
parviglumis (Tp). WCH are essentially MLW in which
a gradation in terms of hybridization has been

<«Fig. 1 Phenotype of grains and/or kernels of the plant material
studied. Samples are named according to Table 1: a commercial
maize; b weed-commercial maize putative hybrid (WCH);
¢ maize-like weed (MLW); d teosinte (Z. mays ssp. mexicana);
e teosinte (Z. mays ssp. parviglumis). Locations, three in Aragon
(Candasnos: C, Torralba de Aragén: T, and Vencillén: V) and
four in Catalonia (Mollerussa: M, Ponts: P, Castellon de
Farfafia: CF, and Palau de Anglesola: PA), in which the weedy
samples were collected are indicated. Bars = 1 cm. f Map of the
Iberian Peninsula with the Northeast of Spain zoomed in as the
focal area of the new maize-like weed under study. The size of
the icons (low, medium or high) represents the number of
parcels surveyed and the color (orange: medium; red: high)
reflects the level of weed infestation (A. Cirujeda, personal
communication). (Color figure online)

@ Springer

established attending to morphological traits. In the
case of C, seven different varieties cultivated in some
of the farms in which the weed under study was
detected were chosen (Fig. 1a). Only one or two grains
from each of them were analysed (total of 10) due to
the high homogeneity of commercial maize varieties.

In all the infested fields, an heterogeneous mix of
plants supposedly coming from the natural sponta-
neous hybridization between the commercial maize
and the weedy plant could be observed. A ranking
from low (WCH-1) to high (WCH-5) degree of
hybridization was established (Fig. 1b; Table 1). A
gradation in color (from dark to yellow), in hardness of
the glumes (from indurate to soft), and in ear
architecture (from single to multiple grain-bearing
spikelet per rachid), among others, can be easily
noticed. Five ears within each category were collected
and two kernels per ear were analyzed (up to 10
samples per hybrid). The putative hybrid 6 (WCH-6)
consisted of a maize-like cob with dark purple and
yellow grains, from which two kernels of each color
were selected for further analyses. All the 50 samples
of putative hybrids were collected from highly
infested parcels in Candasnos and/or Torralba de
Aragén (C, T, and C/T).

Regarding the maize-like weeds, up to ten grains
were collected from infested fields in seven different
locations in Northeastern Spain (Fig. lc, f), three of
them in Aragon: Candasnos (C), Torralba de Aragn
(T), and Vencillon (V), and four in Catalonia:
Mollerussa (M), Ponts (P), Castellon de Farfaiia
(CF), and Palau de Anglesola (PA). All the 66 samples
were picked up from the ground as this weed has
shattering ears, like teosinte, and quite the opposite to
the nonshattering ears typical of cultivated maize. The
detached grains collected in Aragon showed a hard
and dark outer glume similar to the one present in
teosinte, whereas the ones coming from Catalonia
exhibited some degree of hybridization, as they
consisted of a mix of dark and yellow kernels, these
last ones with softer and lighter glumes, so more
similar to modern corn (Fig. la—e). In the case of
teosinte, four different accessions of Z. mays ssp.
mexicana and Z. mays ssp. parviglumis were obtained
from the International Maize and Wheat Improvement
Center (CIMMYT, Mexico). Up to 20 samples (5 per
accession) of each subspecies were used in this work
(Fig. 1d, e; Table 1).
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Table 1 Description of the plant material used in the present study
Sample name Name Type® Location No of  No of
abbreviation samples samples
per type
Weed MLW (C) Maize-like weed Candasnos (Aragon) 10 66
Weed MLW (T) Maize-like weed Torralba de Aragén (Aragon) 10
Weed MLW (V) Maize-like weed Vencillén (Aragon) 10
Weed MLW (M) Maize-like weed Mollerusa (Catalonia) 10
Weed MLW (P)° Maize-like weed Ponts (Catalonia) 10
Weed MLW (CF)b Maize-like weed Castellon de Farfafia (Catalonia) 9
Weed MLW (PA)° Maize-like weed Palau de Anglesola (Catalonia)
Hybrid 1 WCH-1 (C) Weed-commercial maize putative = Candasnos (Aragon) 9 50
hybrid
Hybrid 2 WCH-2 (C) Weed-commercial maize putative = Candasnos (Aragon) 10
hybrid
Hybrid 3 WCH-3 (C) Weed-commercial maize putative = Candasnos (Aragon) 9
hybrid
Hybrid 4 WCH-4 (C) Weed-commercial maize putative  Candasnos (Aragon) 10
hybrid
Hybrid 5 WCH-5 (C/T)  Weed-commercial maize putative = Candasnos/Torralba de Aragon 8
hybrid (Aragon)©
Hybrid 6 WCH-6 (T) Weed-commercial maize putative  Torralba de Aragén (Aragon) 4
hybrid
Accession WST 92-3  Tm (WST92-3) Teosinte (Z. mays ssp. mexicana) ~ Mexico 5 20
Accession WST 92-1 Tm (WST92-1) Teosinte (Z. mays ssp. mexicana) — Mexico 5
Accession K68-1 Tm (K68) Teosinte (Z. mays ssp. mexicana)  Mexico 5
Accession JS-G-311 Tm (JS6) Teosinte (Z. mays ssp. mexicana)  Mexico 5
Accession WST 85-3 Tp (WSTSS5) Teosinte (Z. mays ssp. Mexico 5 19
parviglumis)
Accession M68-C125 Tp (M68) Teosinte (Z. mays ssp. Mexico 4
parviglumis)
Accession K67-20 Tp (K67) Teosinte (Z. mays ssp. Mexico 5
parviglumis)
Accession K71-3 Tp (K71) Teosinte (Z. mays ssp. Mexico 5
parviglumis)
Pioneer Y72 C (P) Commercial maize Catalonia 1 10
Pioneer PR34N43 C (PR) Commercial maize Catalonia 1
MAS 50 CR Duo C (CR50) Commercial maize Catalonia 2
System
MAS 46 CR Duo C (CR46) Commercial maize Catalonia 1
System
Dekalb DKC6717 C (D) Commercial maize Catalonia
Miralcamp 2014¢ C (M) Commercial maize Catalonia
Es ZOOMYG C @) Commercial maize Aragon

“The putative hybrids between the maize-like weed and the commercial maize were ranked from low (WCH-1) to high degree of

hybridization (WCH-6)

"Heterogeneous mix of seeds with different degree of hybridization with maize

“WCH-5 samples were collected from Candasnos and Torralba de Aragén indistinctively

dUnknown commercial brand. It is named after the municipal boundary (Miralcamp) where it is grown and the year (2014) in which
was collected. Miralcamp is only a few kilometers away from the highly infested areas Mollerusa and Castellon de Farfafia in

Catalonia
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All seeds were germinated on moistened filter paper
in Petri dishes at 37 °C in dark into incubation
chambers. After 4-5 days, the seedlings were trans-
planted to seedbeds filled with standard peat soil at
room temperature in a greenhouse.

DNA extraction and microsatellite genotyping

DNA from young leaves was extracted according
to protocols previously described (Doyle and
Doyle 1990), with slight modifications (Diaz et al.
2017).

A set of 17 microsatellites (Online Resource 1) was
chosen among those publicly available in the literature
(Chin et al. 1996; Senior et al. 1998; Matsuoka et al.
2002a) and in the Maize Genetics and Genomics
Database (MaizeGDB 2015) based in their degree of
polymorphism and transferability following the
expert’s recommendations at CIMMYT. Microsatel-
lites were the markers of choice for this study because
neutral selective markers are required if the genotyp-
ing data are going to be used for population genetic
structure analyses (Pritchard et al. 2000). Furthermore,
when possible, microsatellites that map far apart were
selected, so they were independent and more likely did
not show linkage disequilibrium (LD), as this is also a
prerequisite for the structure analyses (Pritchard et al.
2000; Corander et al. 2003). Amplifications were
carried out in 20-pl volume solutions containing 10 ng
of genomic DNA, 75 mM Tris—HCI pH 9.0, 50 mM
KCl, 20 mM (NH4),SO4, 2.5-3.0 mM MgCl,,
0.20 mM of each dNTP, 0.2 uM of reverse and
forward (fluorescently labelled with FAM, NED or
HEX) primers and 2 U of Biotools DNA polymerase
(Biotools, Madrid, Spain). PCRs were performed on a
SimpliAmp Thermal Cycler (Applied Biosystems)
programmed with an initial denaturation step at 94 °C
for 5 min, followed by 35-40 cycles of 94 °C for 30 s,
the annealing temperature of each primer pair (Online
Resource 1) for 1 min, and 72 °C for 1 min, plus a
final elongation step at 72 °C for 10 min. Subse-
quently, the labelled PCR products were separated on
an ABI Prism 3730 Genetic Analyzer (Applied
Biosystems, Madrid, Spain) using the internal size
standard GeneScan'™-LIZ500 (Applied Biosystems).
The GeneMarker software version 2.7.0 (Softgenetics,
State College, PA) was used to analyze the results,
with peaks checked visually to detect possible errors in
the size assignment.

@ Springer

Data analysis

Summary statistics coming from microsatellite geno-
typing data like the number of alleles and genotypes,
major allele frequency (MAF), gene diversity (GD),
observed heterozygosity (Hp), polymorphism infor-
mation content (PIC), and inbreeding coefficient (Fg)
was calculated for each locus using PowerMarker 3.25
software (Liu and Muse 2005). Within each type of
samples, the number of private alleles was calculated
with the software GDA (Genetic Data Analysis) 1.0
(d10c) (Lewis and Zaykin 2001) and the proportion of
shared alleles (PSA), as well as the test for Hardy—
Weinberg Equilibrium (HWE), with the software
GenAlEx 6.5 (Peakall and Smouse 2012), carrying
out 1000 random permutations of the values among
populations to calculated the upper and lower 95%
confidence intervals to compared them to those
expected under the null hypothesis, that is, when there
are of no differences among populations. The presence
of null alleles was investigated with the software
Micro-Checker 2.3.3 (Oosterhout et al. 2004).

A matrix of genetic distances was created from the
genotypic data with the software GenAlEx 6.5 and a
phylogenetic network was constructed with the
NeighborNet method using the software SplitsTree
4.14.8 (Huson and Bryant 2006).

Principal Component Analysis (PCA) based on the
correlation matrix of the allele frequencies was used to
determine the associations among the samples. Three
components were extracted (PC1, PC2 and PC3)
which together accounted for 25.17% of the total
variation in the dataset. The analysis was performed
using JMP vI1.1.1 software for Windows (SAS
Institute Inc., Cary, NC, USA).

For the analysis of the population genetic structure,
the method based on the unsupervised clustering
algorithm implemented in STRUCTURE v2.3.4
(Pritchard et al. 2000) was performed. The admixture
model was used to detect any underlying genetic
structure across the whole set of individuals. A
burning value of 100,000 followed by 100,000 MCMC
(Monte Carlo Markov Chain) iterations were selected
to run the analysis. Ten independent runs of Gibbs
sampler were performed: (1) for the simulation K test
(2 < K < 6); and (2) for each value of predefined
clusters (K =2, K = 3). The delta K (AK) method
(Evanno et al. 2005) was applied to our simulation
data in order to infer the optimal K value. The web
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Table 2 Genetic variability measured as genetic diversity (GD) and observed heterozygosity (Hp), differentiation as number of
private alleles (Np) and percentage of shared alleles (PSA) and inbreeding (Fys) for the groups studied

Group Np PSA (95% C.1.) GD' H] Fls

C 1 19.20 (19.58-32.58) 0.56%° 0.612 —0.04°
MLW and WCH 6 20.58 (25.57-27.61) 0.52° 0.43° 0.17
Tm 16 29.79 (21.19-30.47) 0.66%° 0.49%° 0.28%
Tp 31 33.01 (22.17-30.65) 0.71% 0.49%° 0.33°

C, commercial; MLW, maize-like weed; WCH, weed-commercial maize putative Hybrid; Tm, teosinte (Z. mays ssp. mexicana); Tp,

teosinte (Z. mays ssp. parviglumis)

Different letters used to show statistically significant differences

a

= C: Commercial

= MLW: Maize-Like Weed %
= WCH: Weed-Commercial maize Hybrid £
m Tm: Teosinte (Z. mays ssp. mexicana) %
m Tp: Teosinte (Z. mays ssp. parviglumis) z
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Fig. 2 Genetic structure of the 165 samples studied based on
the genotypic data from 17 microsatellite markers. a Network
built using the NeighborNet method (Fit = 90.13; LSFit =
98.58; Splits = 504). Samples names are according to Table 1;
b population membership to each of the clusters inferred by the
STRUCTURE analysis (K =2, 3). Each bar represents an

application Structure Plot V2.0 was used to generate
the bar plots (Ramasamy et al. 2014). The genetic
differentiation among groups (C, MLW and WCH, Tm
and Tp) was also estimated by calculating Wright’s
Fgr statistic, as well as the overall fixation index (F;7),
at range interval of 95% with 10,000 bootstrapping
using PowerMarker 3.25 software. Analysis of molec-
ular variance (AMOVA) was performed with the
software PowerMarker 3.25 to detect differentiation
among populations and among individuals.

Commercial
maize (C)

Maize-Like Weed (MLW)

+
Weed-Commercial maize Hybrid
(WCH)

Teosinte
Z. mays ssp. mexicana
(Tm)

+
2. mays ssp. parviglumis
(Tp)

individual and the color reflects the proportion of membership to
each cluster. The black boxes demarcate the limits of the
different types of samples and the locations in which were
collected [only for the maize-like weeds (MLW) and the weed-
commercial maize putative hybrids (WCH)]. (Color
figure online)

Results

The highest values of GD were exhibited by both
teosintes subspecies, Tm and Tp, 0.66 and 0.71,
respectively, and the lowest by the group of weeds
under study, with the values of the C group falling in
between (Table 2; Online Resource 2). The same
pattern is shown by the PIC (Online Resource 2). The
C group was the one with the highest values of H, as
maize commercial varieties usually consisted of

@ Springer
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Fig. 3 Clustering o
performance of the different o
types of samples studied. :
Plot of the first two axes

WCH: Weed-Commercial putative Hybrid
Tm: Teosinte (Z. mays ssp. mexicana)
] Tp:Teosinte(Z mays ssp. parviglumis)

— 90% confidenceellipsefor Tp
— 90% confidenceellipse for MLW+WCH

from a principal component

analysis (PCA) of 165 57
samples genotyped with 17
microsatellite markers. 4

Confidence ellipses at 90%
are drawn for teosinte Z. 34
mays ssp. parviglumis (Tp)
and the group of weeds
(MLW and WCH: maize- :
like weed and weed-
commercial maize putative
hybrids). (Color

figure online)

PC2 (7.3%)

Teosinte (Tp)

MLW & WCH

hybrids. Apart from that, the group of weeds showed
lower values than both teosintes, though those differ-
ences were not significant. In terms of parameters
useful for identification, both teosinte subspecies, Tp
and Tm, presented the highest number of private
alleles, 31 and 16, respectively, followed by the group
of weeds (6) and, finally, the C group (only 1). The
same ordering was observed for the PSA (Tp: 33.01%,
Tm 29.79%, MLW and WCH: 20.58%, C: 19.20%,
Online Resource 3). The values of the F;g for each
group ranged from — 0.06 in C to 0.27 and 0.34 in Tm
and Tp, respectively. Again, the values of the group of
weeds was intermediate (0.21).

The NeighborNet network built with the data
coming from genotyping the 165 samples under study
with 17 microsatellites markers showed that they were
mainly grouped according to the type they belonged
to, which were commercial maize (C), weeds (MLW
and WCH), and accessions of teosinte (Tm and Tp)
from Mexico (Fig. 2a; Table 1). One of the cluster
brought together all the samples belonging to C, four
putative WCH forms included in the most hybridized
class (WCH-6), that is, the most similar to C, and two
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PC1 (11.4%)

teosinte samples from Mexico (Z. mays ssp. parvig-
lumis, Tp). Virtually, all the weeds prospected in
Aragon and Catalonia (MLW and WCH) branched
together in a clearly defined cluster. Within this group,
an evident tendency to group together depending on
their geographical origin could be perceived. In this
sense, numerous subgroups were integrated almost
exclusively by samples collected in a single location
(like C and C/T, M, PA, CF,...) or in very close
locations (like C, V and T). Only one case of samples
coming from very diverse locations (up to five: C, T,
V, M and P, from the two regions) forming a subgroup
could be observed.

Most teosinte accessions fell clearly apart from the
two groups described above. Two close subgroups
constituted exclusively by members of Tp were easily
distinguishable whereas the other teosinte subspecies
(Tm) was spread in two more distant subgroups and
especially one of them appeared interspaced with
some accessions of Tp. The network also showed that
the weeds under study and the commercial varieties
were generally more closely related with other mem-
bers within their respective groups than the two
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teosinte subspecies when compared with samples
within their groups.

The differentiation of the whole set of samples was
investigated by PCA (Fig. 3). The first three eigen-
vectors accounted for 11.36, 7.26 and 6.55% of the
genetic variation, respectively, adding up to 25.17%.
As in the phylogenetic network, the PCA approach
showed that the most clearly differentiated group was
the one formed by the weedy plants (MLW and WCH).
The teosinte subspecies appeared scattered along both
axis, overlapping partially with the C varieties and
with the MLW and WCH group, though Tp samples
appeared forming a better defined group, just as seen
before (Fig. 2a).

Without taking into account prior information
about the groups of samples and using the AK method,
two populations were identified (K =2) and each
individual was assigned to either population (Fig. 2b).
The weak population structure signals, especially
between the two teosinte subspecies, was probably due
to their close relationship. That induced us to conduct
the analysis specifying several numbers of populations
(K=2 and K =3). The pattern of relationships
revealed by the structure analysis (Fig. 2b) agreed
with that observed in the phylogenetic network
(Fig. 2a). These genetic clusters correspond to the
three major groups: the C varieties, the weedy plants
(MLW and WCH), and the teosintes (Tm and Tp). As
previously observed in the NeighborNet network
(Fig. 2a) and the PCA graph (Fig. 3a), the distinction
between the two subspecies of teosinte is diffused.

The admixture or proportion of the genome of an
individual that belongs to each inferred population is
represented as K-colored segments within each verti-
cal line (Fig. 2b; Online Resource 4). In general,
considering three populations, the highest levels of
admixture were observed in the group of weedy plants
(MLW and WCH: 17 samples) and, to a lesser extent,
in the teosintes (Tm: 3 samples and Tp: 1 sample),
whereas no admixture was shown by the C varieties
(morphological and genetically uniform). Those three
Tm samples ((K68)-5, (WST92-1)-1, and (WST92-3)-
4) shared up to 35% of their genetic background with
the population of weeds. In the case of the Tp sample
that exhibited a clear admixture ((K71)-3), 50% of its
genome belong to its own cluster but the other 50%
was shared with the C group (Fig. 2b and Online
Resource 4).

Among the MLW samples that virtually did not
exhibit any admixture at K =3 (Fig. 2b; Online
Resource 4), four samples coming from PA in
Catalonia (MLW-2, 4, 5, 6 (PA)) shared most of their
genetic background with the C varieties (in red in
Fig. 2b), which completely agrees with their mor-
phology (Fig. 1c) and reveals their high degree of
hybridization with the crop. Specifically, these four
MLW individuals exhibited a high membership
(> 96%) in the C cluster, whereas the one in their
own cluster (MLW and WCH) was very low (< 3.1%).
Similarly, three out of the four WCH samples
classified as the most hybridized with cultivated maize
(WCH-6-B-1 (T), WCH-6-Y-1, 2 (T), Fig. 1b), which
as well group together with the C varieties in the
phylogenetic network (Fig. 2a), showed almost the
same genetic structure as the C varieties, with a
membership in the C cluster higher than 97%. On the
other hand, their membership in the MLW and WCH
cluster was lower than 1.2%. The remaining sample of
the most hybridized class (WCH-6-B-2(T)) presented
a 50% contribution to its genome from its own
population and the other 50% from the C group
(Online Resource 4). All these samples are noticeable
in the genetic structure plot (in the locations PA and T)
because of the high percentage in red within the green
cluster of weeds (Fig. 2b).

All plants of C varieties had a high membership in
their own cluster (> 92%) for K = 3. Noteworthy, the
whole C group seems to have derived from a small
portion of the huge genetic variability present in the
teosinte studied (half red in the Tp section of teosinte
population, Fig. 2b). There are three particular indi-
viduals, C(D)-1, C(PR) and C(Z), in which the teosinte
contribution to their genetic structure was 2.1, 2.1 and
3.6%, respectively.

The average values of the Fgr index (Table 3)
revealed that the two teosinte subspecies (Tp and Tm)
were the populations showing the highest local genetic
differentiation (0.32 and 0.27, respectively). In the
case of the C group, no structure or differentiation was
appreciated (Fgr was virtually 0). In between, the
weedy group (MLW and WCH) presented a differen-
tiation Fg value of 0.13.

The pair-wise Fgr index allowed us to establish
comparative measurements of genetic variation
between two particular populations (Table 4). The
only cases in which such a variation was not negligible
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Table 3 Average and per

Locus Fsr (C) Fsy (MLW and WCH) Fgr (Tm) Fsr (Tp) Fir

locus genetic differentiation
phi014 0.00 0.15 0.41 0.25 0.22
phi029 —-0.13 —0.02 0.41 0.19 0.07
phi031 0.08 — 0.08 0.04 0.41 0.03
phi046 —0.19 0.24 0.34 0.62 0.26
phi059 0.13 0.15 0.34 0.31 0.19
phi062 —0.37 —0.02 0.44 0.50 0.08
phi069 — 0.05 0.15 0.12 0.40 0.18
phi072 0.11 0.10 0.20 0.27 0.14
phi083 —0.21 0.10 0.48 0.22 0.16
phi084 - 0.57 0.14 0.57 0.31 0.21
phi085 0.00 0.18 0.40 0.36 0.22

Fgr values among the .

groups described in Table 1 phill5 — 0.11 0.17 0.24 0.30 0.17

and F;r in the whole set of phil02228 —0.19 - 0.15 —0.23 0.18 —0.11

samples phil08411 —0.18 0.49 0.11 0.49 0.32

C, commercial; MLW, phi227562 0.24 0.46 -0.13 0.49 0.36

alzgfclél;fn‘l’;‘zil \rYlgiI;Ie’ phi308707 0.15 0.56 0.46 0.29 0.42

putative Hybrid; Tm, phi331888 0.07 0.09 0.18 0.09 0.10

teosinte (Z. mays ssp. Mean — 0.05 0.13 0.27 0.32 0.17

mexicana; Tp, teosinte (Z. SD 0.05 0.04 0.05 0.03 0.03

mays ssp. parviglumis)

Table 4 Pairwise Fgy values for group differentiation

Group Fsr (O) Fgr (MLW and WCH) Fg7 (Tm) Fsr (Tp)

Fsr (C) 0.00

Fs7 (MLW and WCH) 0.02 0.00

Fg7 (Tm) 0.15 —0.13 0.00

Fsr (Tp) 0.14 —0.16 0.04 0.00

C, commercial; MLW, maize-like weed; WCH, weed-commercial maize putative hybrid; Tm, teosinte (Z. mays ssp. mexicana); Tp,

teosinte (Z. mays ssp. parviglumis)

was when the teosinte populations (Tm and Tp) were
compared to the C group.

Two levels of classification were considered in the
AMOVA analysis (Table 5): (1) the populations
obtained in the NeighborNet network and the genetic
structure analyses but considering the two teosinte
subspecies separately (C, MLW and WCH, Tm and
Tp), and (2) the individuals. The highest percentage of
variation (32.33%) was found within the population
composed by the weedy plants (MLW and WCH),
whereas the lowest value (2.49%) was observed within
the C group. This pattern could also be perceived at the
individual level, as MLW and WCH presented the
highest percentage of variation (25.19%) and C the
lowest (3.07%). The genetic differentiation among
populations (10.09%) was lower than the sum within

@ Springer

both, populations (51.83%) and individuals (38.08%).
The two subspecies of teosinte (Tm and Tp) showed
very similar values of percentage of variation at both
levels, within population (8.28 and 8.73%, respec-
tively) and within individual (4.98 and 4.74%,
respectively). Moreover, those values were interme-
diate between those exhibited by MLW and WCH and
C within populations (32.33 and 2.49%, respectively)
and within individuals (25.29 and 3.07%,
respectively).

Discussion

MLW and WCH clustering together is a reasonable
result as this is an artificial division, done only with
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Table 5 Genetic variation at population and individual levels

Source of variation Sum of squares Variation (%)

Among populations 338.30 10.09
Within population

C 83.66 2.49
MLW and WCH 1084.25 32.33
Tm 277.62 8.28
Tp 292.65 8.73
Within individuals

MLW and WCH 848.00 25.29
C 103.00 3.07
Tm 167.00 4.98
Tp 159.00 4.74
Total 3353.47 100.00

Analysis of molecular variance (AMOVA) using the
genotyping data coming from 17 SSR markers

C, commercial; MLW, maize-like weed; WCH, weed-
commercial maize putative hybrid; Tm, teosinte (Z. mays
ssp. mexicana); Tp, teosinte (Z. mays ssp. parviglumis)

classification purposes during sample collection. In
fact, there were weed samples (i.e. MLW (PA)) that
looked more like the maize crop than some of the
hybrids (Fig. la—c), and coincidently, they form a
subgroup within the weed cluster closer to the C group.
The geographical grouping within this cluster proves
the limited dispersion of the different genotypes, what
is always desirable in the case of weeds. The few cases
of exchange between the different crop zones could be
explained by the propagation through the combine
harvesters, as those farmers frequently contract the
same equipment.

The genetic variability of the group of weeds
studied here is lower than the observed in the teosinte
accessions from both subspecies, especially Tp, which
seems to be the most diverse among our whole set of
samples, including also the C group. These higher
levels of gene diversity found in teosinte subspecies
compared to maize cultivars have also been reported
before (Matsuoka et al. 2002a). The number of private
alleles present in both teosintes is also high (especially
in Tp) considering that Tm, Tp and C belongs to the
same species. Interestingly, this weed group is the one
in which the PSA value fell further out from the 95%
confidence interval (bellow the lower limit), that is, the
relatedness within that group is lower than the
expected under the null hypothesis which assumes

no difference among populations (Online Resource 3).
Both the weed group and the teosintes showed positive
values for Fjg (deficiency of heterozygous), typically
observed in wild species. Those values were higher
than the ones reported before for these same two
subspecies of teosinte (Aguirre-Liguori et al. 2017),
probably due to the fact that in our study all the
samples within each subspecies belonged only to four
different accessions (Table 1). Similarly, in the case of
the weeds under study, several seeds were collected
from the same kernel (especially in the case of WCH),
so they happened to be half-siblings. Quite the
opposite, the C group exhibited a negative value for
the Fs (6% excess of heterozygous), as it is common
in domesticated species, mainly those consisting of
hybrids coming from inbred parental lines.

In agreement with their higher genetic diversity, the
teosinte accessions in the PCA graph were less tightly
clustered than the group of weeds under study,
confirming their higher diversity. The vague separa-
tion between some samples of the two teosinte
subspecies in the network (Fig. 2a), the PCA graph
(Fig. 3a), and the structure analysis (Fig. 2b) could be
also due to the fact that the prospected samples are
originally classified in the germplasm banks attending
mainly to morphological criteria. In fact, some
taxonomic errors in teosinte accessions from gene-
banks and herbaria have been recently reported
(Sanchez Gonzdlez et al. 2018). Another possible
explanation is the putative hybridization between the
two subspecies of teosinte given that their native
habitats overlap in Central and Northern Mexico
(Sanchez Gonzalez et al. 2018). This has been
suggested before in a phylogenetic study in which
237 teosinte plants were genotyped with 93
microsatellite markers, resulting in the individuals of
Z. mays ssp. parviglumis and Z. mays ssp. mexicana
largely but not completely separated (Fukunaga et al.
2005). The possibility of the lack of resolution due to
the low number of markers and teosinte samples
cannot be either dismissed. In this sense, in an
exhaustive study carried out with 646 teosinte indi-
viduals belonging to the same two teosinte subspecies
(Z. mays spp. parviglumis and Z. mays spp. mexicana)
and 33,464 SNPS, they were separated in different
clusters though, interestingly, the individuals in the
boundary between both subspecies showed clear
genetic similarity (Aguirre-Liguori et al., 2017).
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In terms of genetic distance, major clustering
agreed with the different types of samples, maize
varieties, weeds and teosintes, being the three of them
clearly separated. Even though, some of the most
hybridized weeds (WCH-6) were precisely included in
the same cluster as C varieties or in their proximity
(MLW(PA), Fig. 2a). These results are compatible
with the two hypotheses pointed out before, the
gradual transformation of the crop into weed types
and/or the hybridization between the crop and the wild
forms. Regarding the teosinte samples grouped with
the C maize varieties, similar results have been
reported in a previous work (Matsuoka et al. 2002b).
The authors found a closer relationship between maize
grown nowadays and teosinte belonging to Z. mays
ssp. parviglumis in comparison to Z. mays ssp.
mexicana also using microsatellite markers (both,
our and their study, have genotyped samples from five
teosinte accessions in common).

Unlike previous observations (Trtikova et al. 2017),
the C maize varieties and the weedy (MLW and WCH)
plants partially overlapped in the PCA graph. This can
be explained by the fact that the C varieties chosen in
this study were precisely those cultivated in the
regions affected by these new weeds. Indeed, in many
cases, they were the varieties cultivated in the same
farms in which the weedy plants were prospected;
whereas in the work above (Trtikova et al. 2017),
maize varieties generally grown in Spain were used.
So, it is not preposterous to think that the C maize
varieties chosen for the present study are the ones that
have most probably participated in the hybridization
with the maize-like weeds to render the weedy
hybrids.

Even if the Tp samples here studied may not
contain the exact putative ancestor of the cultivated
maize, the virtual lack of admixture observed in the
group of C varieties and the total coincidence of the
genetic structure with a small portion present in that
Tp population, support the idea of a genetic relation-
ship between maize and Z. mays ssp. parviglumis. This
is also backed by the grouping of a few Tp samples
with all the C varieties in the phylogenetic network
here constructed (Fig. 2a).

The low genetic variation between different pop-
ulations could explain the fact that the genetic
structure simulation analysis followed by the AK
method for calculating the number of populations
were unable to distinguish more than two populations
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(Fig. 2b). All this is also in agreement with the
AMOVA results, which show that most of the
molecular variance occurred principally within pop-
ulations (a total of 51.83%), secondly within individ-
vals (a total of 38.08%), and residually among
populations (10.09%). Similar results were obtained
in a study in which the lowest values of molecular
variance were found among races and/or clusters of
American maize accessions. Likewise, the highest
molecular variation percentages were observed within
races and/or clusters and within plants, though in this
case, the latter was higher (Vigouroux et al. 2008).

Conclusions

The high genetic similarity between three C samples
from two varieties developed by the same seed
breeding company (CR46 and CR50) and one acces-
sion of teosinte (Z. mays ssp. parviglumis), could
suggest the use of this kind of exotic material in
breeding programs, though it does not seem a common
practice (Warburton et al. 2017). There is a relation-
ship between the C maize varieties and some of the
weed under study (those with the highest degree of
hybridization). However, its origin must be somehow
more complex than the derivation from the crop
exclusively, otherwise the genetic background of both
whole populations should be very similar (and not
only for a few MLW and WCH plants, as we observed
in this study, Fig. 2b).

Many crosses between maize and teosinte have
been reported since several decades ago (Collins and
Kempton 1920; Mangelsdorf and Reeves 1939; Man-
gelsdorf 1947; Doebley et al. 1990). Maize-related
weeds, like those recently emerged in Spain, are able
to efficiently pollinize the domesticated maize plants,
whereas the fertilization in the reciprocal direction
does not seem to be so successful (Trtikova et al.
2017). The gene called teosinte crossing barrierl
(Tchbl) has been identified and reported to play a
restrictive role in the crossability of teosinte with
maize (Evans and Kermicle 2001), among others
(Evans and Kermicle 2001; Kermicle and Evans
2010). This explains the asymmetrical gene flow
between Z. mays ssp. parviglumis and maize (Baltazar
et al. 2005), as well as between Z. mays ssp. mexicana
and maize (Ellstrand et al. 2007) previously observed.
According to this, it is reasonable to expect that after a
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few generations from the first hybridization between
the weed and the domesticated maize, the population
quickly drifts towards weediness. Actually, the
hybrids resulting from applying teosinte pollen on
maize silks are described to be vigorous and highly
fertile (Evans and Kermicle 2001). Under this hypoth-
esis, in the gradation of the putative hybrids collected
for our study (Fig. 1b), the most similar to the
cultivated maize (WCH-6) would be the closest to
the original cross between the crop and the weed. As
the pollination by the weedy plants seems to be
favored to the detriment of the fertilization by the
domesticated maize (propagation of the crossing
barrier strong allele), on-going crosses with weeds
would render more and more weedy plants (from
WCH-5 to WCH-3), as it has also been described in
teosinte (Kermicle 2006). At the same time, main-
taining morphological similarities with the crop (as is
the case of these MLW found in Spain) decreases the
chances of being removed by the farmers, especially
in the case of maize plantations as the presence of
weeds is one of the main causes of yield reduction.
However, other samples (i.e. WCH-1, 2; MLW(C, T,
V, M, P) in Figs. 1, 2a) are better differentiated from
both, C varieties and teosintes. Concurrently, attend-
ing to their morphology, some plants resembled more
teosinte as they produced minute kernels with hard,
stony fruitcases like those found on them, whereas
others bore bigger kernels with yellow soft outer
glumes similar to maize. So, multiple origins seems
to be underlying these heterogeneous array of indi-
viduals which, due to its recent emergence (Pardo
et al. 2016), still needs to be unambiguously
elucidated.

The microsatellite profile of this new weed emerged
in Europe does not match any of the teosinte samples
analyzed. Due to the complexity of teosinte diversity,
with the existence of different species, subspecies and
races, it becomes necessary to broaden the spectrum of
samples to genotype in order to stablish more com-
parisons. In this sense, accessions from Z. mays ssp.
huehuetenangensis, the remaining subspecies within
the same species as the cultivated maize and the
teosintes here studied (Z. mays ssp. mexicana and Z.
mays ssp. parviglumis) could be included as it has not
been compared to this new weed before. Any of the not
sampled clades of teosinte or even some extinct
species could be in the origin of this maize-related
weed.

Valuable tools are being developed to protect and
preserve teosinte genetic diversity not only in its
centers of origin but also in its dispersion areas
(Sanchez Gonzalez et al. 2018). At the same time,
great efforts are made to eradicate it from maize
plantations. There is no doubt that it is a challenging
situation for scientists that requires coordinated
actions to come up with a satisfactory solution.
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