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Abstract
Populations are locally adapted when they exhibit higher fitness than foreign popu-
lations in their native habitat. Maize landrace adaptations to highland and lowland 
conditions are of interest to researchers and breeders. To determine the prevalence 
and strength of local adaptation in maize landraces, we performed a reciprocal trans-
plant experiment across an elevational gradient in Mexico. We grew 120 landraces, 
grouped into four populations (Mexican Highland, Mexican Lowland, South American 
Highland, South American Lowland), in Mexican highland and lowland common gar-
dens and collected phenotypes relevant to fitness and known highland-adaptive traits 
such as anthocyanin pigmentation and macrohair density. 67k DArTseq markers were 
generated from field specimens to allow comparisons between phenotypic patterns 
and population genetic structure. We found phenotypic patterns consistent with local 
adaptation, though these patterns differ between the Mexican and South American 
populations. Quantitative trait differentiation (QST) was greater than neutral allele fre-
quency differentiation (FST) for many traits, signaling directional selection between 
pairs of populations. All populations exhibited higher fitness metric values when 
grown at their native elevation, and Mexican landraces had higher fitness than South 
American landraces when grown in these Mexican sites. As environmental distance 
between landraces’ native collection sites and common garden sites increased, fit-
ness values dropped, suggesting landraces are adapted to environmental conditions 
at their natal sites. Correlations between fitness and anthocyanin pigmentation and 
macrohair traits were stronger in the highland site than the lowland site, supporting 
their status as highland-adaptive. These results give substance to the long-held pre-
sumption of local adaptation of New World maize landraces to elevation and other 
environmental variables across North and South America.
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1  |  INTRODUC TION

Populations evolve adaptations to selective pressures imposed by 
biotic and abiotic environments. Over time, given sufficiently low 
genetic drift and gene flow, theory predicts that a population will 
adapt to the selective pressures of its local environment (Leimu 
& Fischer, 2008). In particular, populations are said to be locally 
adapted when they meet the “Foreign vs. Local” criterion of local 
adaptation, in which a local population exhibits higher fitness than 
foreign populations when grown in the same environment (Kawecki 
& Ebert, 2004).

Traditionally, attempts to identify and quantify local adaptation 
in natural populations have relied on common garden experiments 
(Clausen et al., 1940; Fraser et al., 2011; Savolainen et al., 2013; 
Turesson, 1922). Reciprocal transplant experiments are in many 
cases preferable to common garden experiments, as the scale, com-
plexity, and variety of the environments of the included populations 
can be modeled more holistically, rather than being reduced to sin-
gle or few environmental variables (Gibson et al., 2016; Kawecki & 
Ebert, 2004; Limpens et al., 2012; Savolainen et al., 2013). Exposing 
individuals from different populations to common environments can 
reveal that environments affect populations differently, a situation 
known as genotype-by-environment (G × E) interaction (Savolainen 
et al., 2013). Local adaptation is a type of G × E interaction in which 
a population has higher fitness in its native environment than any 
other non-native population in that environment, illustrated by 
crossing fitness reaction norms in a reciprocal transplant experiment 
(Kawecki & Ebert, 2004; Savolainen et al., 2013).

Maize (Zea mays subsp. mays) is an extensively studied model 
system of high agronomic (Shiferaw et al., 2011), economic (Ranum 
et al., 2014; Shiferaw et al., 2011), cultural (Fernandez Suarez et al., 
2013; Perales, 2016), and scientific (Dumas & Mogensen, 1993; 
Fedoroff, 2001; Stern et al., 2004) value. Maize was domesticated in 
the lowlands of the Balsas River Valley in Mexico from the teosinte 
taxon Zea mays subsp. parviglumis roughly 9000 years BP (Matsuoka 
et al., 2002). From there, maize was carried across North America 
and into South America as early as 6000 years BP (Bush et al., 1989; 
Grobman et al., 2012), north into the present-day United States by 
about 4500 years BP (Merrill et al., 2009), and around the world as 
part of the Columbian exchange (Tenaillon & Charcosset, 2011; Van 
Heerwaarden et al., 2011). Presently, maize is grown across a greater 
range of elevations and latitudes than any other crop (Ruíz Corral 
et al., 2008; Shiferaw et al., 2011), encountering a broad range of 
temperature, precipitation, and soil types.

At locations along the historical range expansion of maize, farm-
ers selected lines that were both suitable for growth in their local 
environment and desirable for human consumption and applications. 
Over generations of propagation and selection, this process formed 

varietal populations called landraces. These landraces are grown and 
maintained by smallholder farmers to the present day as dynamic, 
evolving populations (Dyer & Lopez-Feldman, 2013; Mijangos-Cortes 
et al., 2007) with low but significant gene flow between them (Ortega, 
1995) (see Villa et al. (2005) for a review of the defining characteris-
tics of landraces). Most of the arable land in Mexico is managed by 
subsistence farms that cultivate maize landraces (Bellon et al., 2018). 
Landraces are typically out-yielded by modern hybrid maize (het-
erotic maize originating from controlled crosses of inbred parental 
lines) in industrial agricultural contexts, but in their home environ-
ments, landraces can and often do out-perform commercial hybrids 
(Bellon et al., 2003, 2018; Mercer & Perales, 2018; Perales, 2016).

Maize landraces exhibit diverse morphological, physiological, 
and phenological characteristics, many of which co-vary with cli-
mate, soil type and quality, and geography (Wellhausen et al., 1952). 
While farmers consciously select primarily for ear characteristics 
that are indirectly related to survival and reproduction (kernel fill-
ing, ear size, varietal consistency (Louette & Smale, 2000; Prasanna, 
2010)), the environment selects for plant survival and reproduction 
(Cleveland & Soleri, 2007). The combination of these selective fac-
tors comprises the agroecosystem to which landraces adapt (Bracco 
et al., 2012; Villa et al., 2005).

Some of the most striking adaptations in maize landraces are in 
response to elevation (Eagles & Lothrop, 1994). Highland conditions 
present challenges for maize survival and productivity. At higher el-
evation, the atmosphere is thinner, leading to colder temperatures 
and less filtering of solar radiation. Marked phenotypic variation and 
genetic structure are correlated with elevation, though elevation it-
self may not be the causal agent (Dyer & Lopez-Feldman, 2013). In at 
least some high-elevation regions in Mexico, adaptations are hypoth-
esized to be imparted via introgression from the maize wild relative 
Zea mays subsp. mexicana (hereafter “mexicana”), which is adapted 
to cool, dry highland conditions (Barnes et al., 2021; Hufford et al., 
2012; Janzen et al., 2018; Lauter et al., 2004). Notable similarities 
between highland maize and mexicana include highly pigmented and 
pilose leaf sheaths (Doebley, 1984). Hufford et al. (2013) found that 
mexicana introgression into sympatric maize in Mexico overlapped 
chromosomal regions identified as QTL by Lauter et al. (2004) for 
pilosity and pigmentation (though other loci influence variance in 
these traits, e.g. b1, Selinger & Chandler, 2001). Leaf sheath antho-
cyanin pigmentation and pilosity have long been reported to help 
plants acquire and retain heat in cold environments (Doebley, 1984; 
Lauter et al., 2004; Schuepp, 1993). Anthocyanin pigmentation 
is plastically upregulated in response to increased light exposure 
(Vanderauwera et al., 2005) and cold temperatures (Christie et al., 
1994; Hufford et al., 2013). Macrohair density is a plastic trait, as-
sociated with survival in cold temperatures (Hufford et al., 2013) 
and with maize grain yield in cold environments (Kaur et al., 1985). 

K E Y W O R D S
highland adaptation, landrace, local adaptation, population genetics, reciprocal transplant, Zea 
mays
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Dark red pigments absorb solar radiation, warming the plant. Pilosity 
increases surface friction, which decreases wind speed across the 
surface of the plant. This boundary layer around the plant reduces 
both heat loss and transpiration which can be advantageous in cool, 
dry regions (Chalker-Scott, 1999; Schuepp, 1993).

There are multiple reasons to suspect that the nature of high-
land adaptations may differ significantly between landrace popu-
lations and between highland regions. First, highland adaptation 
seems to have evolved mostly independently in Mesoamerica and 
South America. Takuno et al. (2015) found that highland landraces 
in Mexico and South America were independently derived from low-
land germplasm through selection on standing variation and de novo 
mutations, with little genomic evidence of convergent evolution. 
This hypothesis is supported by the absence of mexicana haplotypes 
(which are common in highland Mexican landraces and lacking in low-
land Mexican landraces) in Andean highland landraces (Wang et al., 
2017). Though more recent studies (Kistler et al., 2020; Wang et al., 
2021) have found low but significant parallel highland adaptation be-
tween Mesoamerican and South American highland populations, the 
predominant pattern of highland adaptation remains independent. 
Second, selective pressures imparted by highland (and lowland) en-
vironments in Mesoamerica and South America are not identical. The 
strength and direction of correlations between elevation and climatic 
conditions can vary from one highland region to another. Precipitation 
and temperature correlate with elevation differently between Mexico 
and South America, and between lowland habitats west and east of 
highland ranges. In general, across Mexico, lowland conditions range 
from tropical to temperate, whereas highland conditions are cooler 
and drier (Medina Garcia et al., 1998). In South America, eastern low-
lands neighbor the Amazon Basin, western coastal regions are arid, 
and southern highlands and lowlands become drier with increasing 
distance from the equatorial tropics (Sarmiento, 1975). The Andean 
rain shadow produces geographic regions with elevational gradients 
of cooler, moister highlands and hotter, dryer lowlands, across which 
indigenous farmers continue to cultivate maize and other crops (Brush, 
1976). Because precipitation and temperature do not uniformly cor-
relate with elevation, landraces that have evolved adaptations to high-
elevation bioclimatic conditions in South America may be ill-suited for 
conditions found at the same elevation in Mexico.

Assessment of maize landrace local adaptation may prove valu-
able for modern maize breeders. The intense breeding programs 
that have developed modern inbred lines have drawn from limited 
germplasm and, through selection, have further reduced genetic 
diversity and capacity for adaptive plasticity (Gage et al., 2017). 
Reincorporation of landrace germplasm can restore key genetic vari-
ants that impart adaptations to challenging environments. Despite 
this potential, and despite a number of studies that report that local 
adaptation is pervasive among maize landraces (Bracco et al., 2012; 
Harlan, 1975; Navarro et al., 2017; Villa et al., 2005), research has 
not fully addressed whether maize landraces broadly do, in fact, ex-
hibit reciprocal home-site advantage, the definition of local adapta-
tion. Landrace geographical extents have been shown to correspond 
to elevational and climatic factors (Aguirre-Liguori  et  al., 2019; 

Arteaga et al., 2016; Ruíz Corral et al., 2008), supporting (but not 
demonstrating) local adaptation. Reciprocal transplant experiments 
set along an elevational gradient in the Mexican state of Chiapas 
(Mercer et al., 2008; Mercer & Perales, 2018) have shown that land-
races local to that restricted area exhibit local adaptation. Taking 
a different approach, a recent study by Gates et al. (2019) found 
that landrace F1  hybrids (landrace individuals crossed with locally 
adapted testers) exhibit higher fitness and yield when grown at 
common garden sites closer to the native elevation of the landrace 
parent. This research identified promising candidate local adaptation 
loci, but sampling was restricted to Mexico and the signal of local 
adaptation was attenuated given the crossing scheme with adapted 
testers. The extent of local adaptation among maize landraces, 
therefore, has not been fully established.

To investigate the extent and degree of local adaptation between 
highland and lowland maize landraces, we conducted an eleva-
tional reciprocal transplant experiment. To test whether reportedly 
highland-adaptive traits (macrohair and anthocyanin pigmentation) 
are truly adaptive in highland conditions, we calculated their correla-
tion with fitness metrics at both common garden sites and compared 
them. Landraces’ fitness values were regressed to environmental 
distance between collection site and common garden site to deter-
mine if fitness values diminished when grown in environments more 
dissimilar from their native location. We also compared quantitative 
trait differentiation (QST) to neutral genetic differentiation between 
populations (FST) to find traits under directional selection.

2  |  METHODS

2.1  |  Field experiment design

Landrace accessions from CIMMYT that met the following criteria 
were considered for inclusion in this experiment:

1.	 Accessions are present in the Seeds of Discovery (SeeDs) dataset 
(Pixley et al., 2017).

2.	 Accessions have latitude and longitude data from North or South 
America.

3.	 The elevation of the accession is below 1000 m or above 2000 m.

From eligible accessions, 30 pairs of highland and lowland ac-
cessions were chosen from both Mexico and South America (120 
accessions total) such that both landraces of a pair were collected 
from the same 1-degree of latitude bin, and all pairwise distances be-
tween accessions were greater than 50 km. These 120 samples were 
split into four populations (Mexican Highland, Mexican Lowland, 
South American Highland, South American Lowland, hereafter “Mex 
High,” “Mex Low,” “SA High,” and “SA Low”) with 30 accessions per 
population. We note that our provisional population designations 
are designed to reflect continental and elevational distinctions and 
not necessarily population genetic structure, and that we use the 
word “Mexican” to refer to the North American populations despite 
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the fact that two of the accessions are from Guatemala. Passport 
data for the 120 landrace accessions are available in Table S1.

The two common garden sites that comprise this reciprocal 
transplant are the Winter Services nursery site near Puerto Vallarta 
in the Pacific coastal lowlands (elevation 54 m) of Mexico (hereaf-
ter “Low Site”), and a CIMMYT field site near the town of Metepec 
in the highlands (elevation 2852 m) of the Mexican Central Plateau 
(hereafter “High Site”). Seed lines were regenerated at the field site 
in which they would be planted for one generation prior to the ex-
periment to reduce seed storage and maternal effects. Best local 
practices for irrigation, fertilizer, and pest/weed control were used 
at both sites. The High Site field experiment was conducted in the 
summer of 2016. The Low Site field experiment was conducted in 
the winter of 2016, but virus damage led us to repeat the field ex-
periment at the same site in the winter of 2017. Certain traits were 
collected from both years of the Low Site. A map of the field sites 
and geographical origin of each accession and boxplots summarizing 
the elevation, temperature, and precipitation distributions of these 
four populations are presented in Figure 1.

Each field was arranged in a complete block design with two 
blocks of 120 rows of 15 seeds of a landrace accession. Landraces 
from latitudinal pairs were planted in adjacent rows.

2.2  |  Phenotypic and genotypic data collection

Phenotypes (Table 1) were collected from the High Site and both 
years of the Low Site common gardens. Ear traits from the Low Site 
were collected from the 2016 season, but all other traits were taken 
from the 2017 growing season. Two healthy, representative plants 
from the interior of each row were selected and tagged. Individual 
plant phenotype data (plant height, ear height, ear number, tas-
sel length, and tassel branch number) were collected from tagged 
plants. Other traits (stand count, ear-producing stand count, barren-
ness, and flowering time) were collected at the row level. Days to 
anthesis and days to silking were recorded as the number of days 
until 50% of the row exhibited silk emergence or anther exertion on 
more than half of the main tassel spike, respectively. Anthesis-silking 
interval was calculated as the difference in these two values.

Primary ears from tagged plants from the high site and the 
2016 low site were returned to the lab to be photographed and pro-
cessed for analysis. Total ear weight, ear length, ear diameter, and 
number of kernels per row were measured.

Methods for field visual assessment of anthocyanin pigmenta-
tion and macrohair were derived with modification from Lauter et al. 
(2004). Pigment was scored for pattern, intensity, and extent. The 
extent of leaf sheath anthocyanin pigmentation was visually scored 
as a percentage of the plant from ground level up (at 25% intervals). 
The intensity of leaf sheath pigmentation across the plant was visu-
ally scored on a scale of 0–4. Though all pigmentation patterns share 
some degree of genetic and environmental control, spots and banded/
streaked patterns frequently co-occur as an induced response to 
pathogenic stress (Selinger & Chandler, 1999), whereas uniform 

pigmentation (and leaf sheath macrohair expression) is shown to be 
inducible by highland conditions in some landraces (particularly those 
harboring introgressed QTL from mexicana). For these reasons, the 
“solid” pattern may have a stronger association with highland adapta-
tion, and other patterns may represent stress responses to other biotic 
and/or abiotic factors. Plants were given the categorical qualitative 
label of either “banded,” “spotted,” “uniform,” or “no pattern” (either 
no pigment present or irregular pigment pattern). Plants with patterns 
of “banded” or “spotted” were binned into a “spot” group. Plants with 
pigment patterns “solid” and “no pattern” were binned into the group 
“solid.” When a plant exhibited multiple patterns, the highest-priority 
category was selected (uniform, then banded, then spotted, then no 
pattern). Macrohair density on the second leaf sheath from the top of 
the plant was visually scored on a scale of 0–4. Pubescence along the 
leaf sheath and pubescence restricted to the sheath margin may be 
under different genetic control and may play different roles in high-
land adaptation. Therefore, plants were grouped by macrohair trait 
pattern (leaf sheath vs. leaf sheath margin).

Two adjusted fitness metrics were computed from the combi-
nation of several fitness traits (adapted from Mercer et al., 2008). 
Agronomic plant fitness (FITplant) incorporates the count of ear-
producing plants in the row (PE), the number of ears produced per 
plant (EN), and primary ear weight (EW). Ear-producing stand count 
is divided by the number of seeds planted per row (15) to produce 
percent survival to sexual maturity, and ear number is square-root 
transformed to account for diminishing yield returns of secondary, 
tertiary, and subsequent ears. To calculate adjusted fitness for plants 
that either did not produce ears by the time of harvest or were not 
harvested for collection of ear traits, a second plant fitness trait, 
vegetative plant fitness (FITplantveg), disregards ear weight from the 
equation. We calculate these adjusted fitness metrics thusly:

Flag leaves from tagged plants from High and 2016  Low Sites 
were collected for Carbon isotope discrimination analysis, which 
was carried out at the University of Illinois (Twohey et al., 2019). 
Carbon isotopic composition δ13C was calculated in reference to the 
international standard, Vienna Pee Dee Belemnite. The equation for 
δ13C (Schwarcz & Schoeninger, 1991) is as follows:

Leaf tissue samples were collected from a subset of 92 landra-
ces in both High and Low Sites. DNA was extracted with the CTAB 
method (Doyle & Doyle, 1987) and sent to SAGA (Genetic Analysis 
Service for Agriculture) at CIMMYT for DArTseq genotyping (Wenzl 
et al., 2004), a reduced-representation re-sequencing technique de-
signed and optimized for the complex genomes of maize and wheat. 
Following the standard DArTseq protocol, over 67,000 DArTseq SNP 
markers were generated.

FITplant = PE∕15 ∗
√
EN ∗ EW

FITplantveg = PE∕15 ∗
√
EN.

�
13C =

{[ (
13CSample:

12 CSample

)
(
12CStandard:

12 CStandard

)

]
− 1

}
∗ 1000.
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2.3  |  Statistical analyses

2.3.1  |  Population structure

Axes of population structure were estimated from SNP data with prin-
cipal components analysis (R package KRIS, Chaichoompu et al., 2018).

To determine the degree to which our predefined continent/
elevation populations conform to population genetic structure, we 
estimated the number of ancestral populations (K) and conducted 

admixture analysis. To estimate admixture coefficients from the 
genotypic data, we used sparse non-negative matrix factorization 
(sNMF, R package LEA, Frichot & François, 2015), an algorithm sim-
ilar to Bayesian clustering algorithms like STRUCTURE (Pritchard 
et al., 2000). sNMF was run assuming K values 2–9 with 50 repe-
titions per K value. The value of K was then selected via the cross-
entropy criterion. The visualization of the interpolation of admixture 
coefficients across geographic space was performed with TESS3 (R 
package tess3r, Caye et al., 2016).

F I G U R E  1  Geography and climate of 120 landraces and common garden sites. (a) Location of collection sites of landraces and common 
garden sites. Boxplots of topographical and environmental variables elevation (b), mean annual temperature (c), and mean annual 
precipitation (d) of landrace collection sizes. Red and pink dashed lines represent the values of the Lowland and Highland sites, respectively
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2.3.2  |  Phenotype:Phenotype correlations

Principal Components Analysis (function prcomp, R package stats, 
R Core Team, 2019) was used to study the relatedness between phe-
notypic patterns. Data were normalized via centering and scaling. 
Yield traits and δ13C were available only from the second year of the 
Low Site and were therefore excluded from PCA.

We calculated Pearson correlations between phenotypic traits 
on a garden-specific basis to identify how trait:trait correlations 
are affected by environmental differences between the two com-
mon gardens. δ13C was excluded from this analysis due to the lim-
ited number of plants selected for measuring this trait. Correlation 

significance was based on a t-test of Fisher's z-transformation of 
Pearson's r coefficients (function cor.test, R package stats, R Core 
Team, 2019).

To determine the elevation-dependent fitness consequences 
of putatively highland-adaptive traits, we calculated Pearson cor-
relations between fitness (FITplantveg) and traits previously iden-
tified and frequently reported as highland adaptive (Doebley, 1984; 
Eagles & Lothrop, 1994). FITplantveg was used rather than FITplant 
because FITplantveg had more complete data. These correlations 
were determined independently for each common garden site, and 
correlation significance was determined as above. Additionally, the 
magnitude and direction of differences in fitness/highland-adaptive 

TA B L E  1  Names and descriptions of all collected phenotypes

Code Trait Name Unit of Measurement Trait Description Level

STD Stand Count Count Number of plants surviving to sexual maturity Row

PE Ear-Producing Stand Count Count Number of plants surviving to produce ears Row

BRN Barrenness 1-(PE/STD) Percent of plants in family that produce no ears Row

DTA Days to Anthesis Count Number of days between planting and 50% of 
plants exhibiting anthesis

Row

DTS Days to Silking Count Number of days between planting and 50% of 
plants in the row silking

Row

ASI Anthesis/Silking Interval DTS-DTA Number of days between 50% silking and 50% 
anthesis

Row

PH Plant Height cm Distance between the ground and the ligule of the 
flag leaf

Plant

EH Ear Height cm Distance between the ground and the primary 
(top) ear-bearing node

Plant

TL Tassel Length cm Distance from top tip of the main spike to the 
attachment point of the bottom branch

Plant

TBN Tassel Branch Number Count Number of tassel branches that attach to main 
spike

Plant

EN Ear Number Count Number of seed-producing ears produced Plant

EW Ear Weight g Mass of the primary ear Plant

EL Ear Length cm Length of the primary ear Plant

KPR Kernels per Row Count Number of kernels in a row on the primary ear Plant

ED Ear Diameter cm Diameter of the primary ear Plant

δ13C δ13C [(RSample/RStandard) 
– 1]*1000

Degree of inclusion of 13C in flag leaf tissue Plant

FITplant Agronomic Plant Fitness PE/15 * √(EN) * EW Adjusted plant fitness including yield metric Plant

FITplantveg Vegetative Plant Fitness PE/15 * √(EN) Adjusted plant fitness excluding yield metric Plant

P_INTsolid Pigment Intensity (Solid 
Pattern)

Visual 0–4 code scale Visual assessment of the intensity of anthocyanin 
pigmentation

Plant

P_INTspot Pigment Intensity (Spot 
Pattern)

Visual 0–4 code scale Visual assessment of the intensity of anthocyanin 
pigmentation

Plant

P_EXTsolid Pigment Extent (Solid Pattern) Visual % code scale Visual assessment of the extent of anthocyanin 
pigmentation from the ground up

Plant

P_EXTspot Pigment Extent (Spot Pattern) Visual % code scale Visual assessment of the extent of anthocyanin 
pigmentation from the ground up

Plant

M_DENsolid Macrohairs Density (Sheath) Visual 0–4 code scale Visual assessment of the density of sheath 
macrohairs of the second leaf from top

Plant

M_DENmarg Macrohairs Density (Sheath 
Margin)

Visual 0–4 code scale Visual assessment of the density of sheath margin 
macrohairs of the second leaf from top

Plant
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trait correlation coefficients between sites were taken as evidence 
of the trait's adaptive role at high or low elevation. Two classes of 
pigment and macrohair patterns (either “solid”/“spotted” or “solid”/“-
margin”, respectively) were also considered separately.

2.3.3  |  G×E interactions

We used a linear mixed-effects model (R package lme4, Bates et al., 
2014) to test for phenotypic differences between landraces from 
each of the four populations and to test how these differences 
changed between the two common gardens. The full model was 
specified as:

This formula calls as fixed effects GARDEN (Low Site or High Site), 
CONTINENT (Mexico or South America), ELEVATION (High or Low), 
all interaction combinations therein, BLOCK nested in GARDEN, and 
calls as random effects with random intercept accession LATITUDE 
and LATITUDE/GARDEN interaction. The significance of specific 
treatment effects was evaluated using the lmerTest (Kuznetsova 
et al., 2017) and lsmeans (Lenth, 2012) R packages, and Bonferroni 
correction (Bonferroni, 1936) was used to account for multiple com-
parisons (for tests of each trait within each contrast).

We compared each population's phenotypes between field sites 
(to quantify G×E interactions), between highland and lowland pop-
ulations from the same continent within each field site (to quantify 
highland-lowland adaptation), and between Mexican and South 
American populations from the same elevation within each field site 
(to quantify adaptation to continent-specific factors).

2.3.4  |  QST/FST comparison

Quantitative trait divergence (QST) was contrasted to the distribu-
tion of FST for neutral genetic markers (Whitlock, 2008). For traits in 
which QST > FST, trait divergence is greater than neutral expectations, 
which may be caused by directional selection (Leinonen et al., 2013).

A linear mixed effects model was used to partition phenotypic 
variance between population, landrace accession line, and garden/
block:

Pairwise FST was calculated with the R function FST.each.snp.
hudson (R package dartR, Gruber et al., 2018). Within-population 
and between-population variances were calculated with the R func-
tion VarCorr (R package lme4, Bates et al., 2014), and were used to 
calculate QST following the equation below:

in which σGB
2 and σGW

2 are the between- and within-population genetic 
variance components, respectively (Leinonen et al., 2013). Population 
contrasts of interest were all highland vs. all lowland, all Mexican vs. all 
South American, Mexican Highland vs. Mexican Lowland, and South 
American Highland vs. South American Lowland. QST values were con-
sidered significantly high if they were more than two standard devia-
tions above the mean FST.

2.3.5  |  Environmental distance effects

Bioclimatic environmental values were extracted from 30 s (~1 km2) 
resolution global GeoTiff files downloaded from WorldClim 2.1 (Fick 
& Hijmans, 2017). Elevation values were included in the passport 
data for the landrace accessions, and therefore did not need to be 
extracted.

In keeping with methods employed by Gates et al. (2019), we re-
gressed fitness residuals to environmental distance using a quadratic 
model to detect diminishing fitness across greater environmental 
distance. First, environmental distance was calculated for each envi-
ronmental variable as the value of the environmental variable at the 
common garden site minus the value of the variable at the landrace's 
accession origin site (DISTANCE = ValueGARDEN −ValueORIGIN). A neg-
ative environmental distance value signifies that the environmental 
value at the landrace's origin location was lower than that of the com-
mon garden site. We then regressed vegetative fitness (FITplantveg) 
against environmental distance with a linear model (FITplantveg ~ 
DISTANCE) for each environmental variable. To remove the effect 
of unequal mean fitness between common garden sites, we used the 
residuals of this linear model (hereafter fitness residuals, e). Next, to 
test if fitness residuals decreased with increasing (more positive or 
more negative) environmental distances, fitness residuals were fit 
with a quadratic model (e ~ DISTANCE +DISTANCE2). The relationship 
between the fitness residuals and the quadratic coefficient is quan-
tified with a t-value with an associated p-value to denote the proba-
bility of no relationship. A significant p-value therefore indicates that 
the fitness residuals follow a quadratic (parabolic) trend more closely 
than would be expected by chance. The proportion of fitness resid-
ual variance explained by the quadratic model is expressed with R2.

3  |  RESULTS

3.1  |  Population structure

Genetic similarity between genotyped individuals based on SNP 
data was first estimated with principal components analysis (Figure 
S1). PC1 (24.7%) primarily separates Mexican from South American 
populations, and PC2 (14.4%) primarily separates highland from 
lowland populations. sNMF afforded greater clarity into patterns of 
population structure. The cross-entropy criterion identified an op-
timal K  =  3 ancestral populations (Figure S2). We also considered 
K = 4 to permit comparison between our four continent/elevation 

TRAIT∼GARDEN∗CONTINENT∗ELEVATION+

BLOCK:GARDEN+ (1|LATITUDE)+ (1|LATITUDE:GARDEN).

TRAIT ∼ 1 + (1|POPULATION) + (1|LINE) + (1|GARDEN/BLOCK)

QST = �
2
GB

∕
(
�
2
GB

+ 2�2
GW

)
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populations and those identified by sNMF. STRUCTURE-like bar 
charts show admixture between ancestral populations identified by 
sNMF at both K = 3 and K = 4 (Figure 2a). At K = 3, Mex Low and SA 
Low are combined into one group, indicating that these two popula-
tions are the least differentiated. At K  =  4, recognizable ancestry 
groups are clear, with admixture mostly between adjacent popula-
tions (Mex High and Mex Low, Mex Low and SA Low, SA Low and SA 
High). Admixture coefficients for both K values are plotted across 
geographic space to demonstrate their distributions (Figure 2b,c).

3.2  |  Phenotypic summary

Broad-scale phenotypic trait patterns were first ascertained with 
principal components analysis. Traits with low missing data between 
the three gardens (the High Site and both years of the Low Site) were 
used to perform PCA. The first two components distinguish individ-
uals from the High Site from both plantings of the Low Site (Figure 
S3a). The two years of the Low Site share a higher degree of feature 
space overlap than either shares with the High Site. High values of 
anthocyanin intensity, anthocyanin extent, and days to anthesis and 
silking characterize plants from the High Site. High values of several 
fitness-related traits distinguish the Low Site 2017 from the Low Site 
2016 and the High Site. Populations overlap strongly in the first two 
components of PC space (Figure S3b).

Garden-specific Pearson correlations of phenotypic traits were 
calculated and plotted (Figure S4). Black squares demark the top five 
clusters of correlated traits within each garden site, and asterisks 
denote level of significance.

3.3  |  Local adaptation

3.3.1  |  Highland adaptation traits

Pearson correlation values between fitness, the inverse of δ13C 
(hereafter −δ13C), pigment traits, and macrohair traits vary between 
both common gardens (Figure 3). Differential patterns in pigment 
and macrohair traits seem to influence fitness correlations.

In the Low Site, plant vegetative fitness (FITplantveg) is strongly 
negatively correlated with solid-pattern anthocyanin pigmentation in-
tensity (P_INTsolid) and extent (P_EXTsolid) and leaf sheath macrohair 
density (M_DENsolid). In the High Site, however, these correlations 
become strongly positive, suggesting that these traits are more ad-
vantageous in the High Site than the Low Site. A similar (but weaker) 
pattern is seen with fitness correlations with spot-pattern anthocy-
anin pigmentation intensity (P_INTspot) and extent (P_EXTspot) and 
leaf margin macrohair density (M_DENmarg). This suggests that ex-
pression of the alternate patterns of these traits is advantageous in 
the High Site, but less so than for the solid-pattern traits.

−δ13C can be thought of as roughly analogous to water use effi-
ciency (WUE). This trait is more correlated with fitness in the High 
Site than in the Low Site, suggesting that WUE is more advantageous 

in the highland environment. −δ13C has no significant correlations 
with anthocyanin pigmentation intensity or extent, regardless of 
pattern or garden site, nor with leaf margin macrohair density, but it 
does correlate positively with leaf sheath macrohair density in both 
sites (though, notably, this correlation is more significant in the Low 
Site). This may suggest that leaf sheath macrohair density may con-
tribute towards WUE.

3.3.2  |  Population mean reaction norms

Reaction norms describe phenotypic trait values of genotypes (in 
this case, landrace populations) at different environments (common 
garden sites). Nonparallel reaction norms indicate that populations 
respond to environments differently, a pattern known as genotype-by-
environment (G × E) interaction. When local populations have fitness 
trait values higher than the fitness trait values of non-local populations, 
resulting in crossed reaction norms, this is known as local adaptation.

Reaction norms for all traits are available in Figure S5, and a se-
lection of these plots are available in Figure 4. A full report of the 
statistical significance of each contrast is provided in Tables 2 and 3. 
Both agronomic fitness (FITplant, Figure 4a) and vegetative fitness 
(FITplantveg, Figure 4b) showed strong patterns of home-site advan-
tage. In the High Site, high populations had higher agronomic fitness 
(t-ratio = 11.799, p < 0.0001) and vegetative fitness (t-ratio = 10.153, 
p < 0.0001) than low populations. In the Low Site, Low populations 
had higher vegetative fitness than High populations (t-ratio = −7.117, 
p < 0.0001), though differences in agronomic fitness were less clear 
(t-ratio = −1.762, p = 0.079). In all but one contrast, Mex populations 
had higher fitness than SA populations from the same elevation, 
though the significance of these differences is generally less than 
those of High/Low population contrasts. Agronomic fitness was 
higher in Mex High than in SA High in the High Site (t-ratio = 5.417, 
p < 0.0001), and vegetative plant fitness was higher in Mex High than 
in SA High in the Low Site (t-ratio = 4.900, p < 0.0001). However, 
vegetative plant fitness was lower in Mex Low than in SA Low (t-
ratio = −4.138, p < 0.0001) at the Low Site.

Contrary to expectations, agronomic plant fitness was higher in 
the High Site than the Low Site (t-ratio = 7.039, p < 0.0001). Plant 
biomass and yield trait values were predicted to be higher in the Low 
Site. For comparison, plant height (PH, Figure 4f) is elevated in the 
Low Site relative to the High Site (t-ratio = −7.543, p < 0.0001). This 
fitness difference is likely due to the impact of virus damage in the 
Low Site significantly depressing ear weight (EW, Figure 4g) values 
(t-ratio = 8.417, p < 0.0001), which are a component in the adjusted 
agronomic fitness variable.

Flowering took longer in the High Site (days to anthesis, DTA, 
Figure 4c, t-ratio  =  69.321, p  <  0.0001; days to silking, DTS, 
Figure 4d, t-ratio  =  71.525, p  <  0.0001). Though all populations 
showed similar patterns, SA took longer to flower than Mex (days to 
anthesis, t-ratio = −3.340, p < 0.001; days to silking, t-ratio = −4.008, 
p  <  0.0001), and Low took longer than High (days to anthesis, 
t-ratio  =  −7.503, p  <  0.0001; days to silking, t-ratio  =  −6.908, 
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p < 0.0001). Anthesis-silking interval (ASI, Figure 4e) was lower in 
the High Site than in the Low Site (t-ratio = −3.404, p < 0.001).

δ13C (Figure 4h) values were more negative in the High 
Site (t-ratio  =  −2.569, p  <  0.01) and in the High populations 
(t-ratio = −5.450, p < 0.0001). While SA Low, SA High, and Mex High 
did not vary significantly for δ13C, SA High showed a distinct pattern 
of high δ13C in the Low Site, similar to both Low populations, and low 
δ13C in the High Site, similar to Mex High.

The High Site was characterized by increased 
values  of solid-pattern anthocyanin intensity (P_INTsolid, 
Figure 4i, t-ratio  =  4.769, p  <  0.0001) and extent (P_EXTsolid, 

Figure 4j, t-ratio = 4.839, p < 0.0001). High populations had higher 
intensity (t-ratio = 3.983, p < 0.0001) and extent (t-ratio = 4.044, 
p  <  0.0001) than Low populations. Mex High and Mex Low had 
more similar values of anthocyanin intensity and extent, but SA 
High had much higher values of each than SA Low (intensity, 
t-ratio = 4.558, p < 0.0001; extent, t-ratio = 3.970, p < 0.0001).

None of the populations varied significantly in leaf sheath mac-
rohair density (M_DENsolid, Figure 4k) between sites. The only 
significant differences were that Mex High had greater macrohair 
density than Mex Low (t-ratio  =  8.738, p  <  0.0001) and SA High 
(t-ratio = 8.961, p < 0.0001).

F I G U R E  2  Population structure of the 120 landrace accessions. Ancestry coefficients were calculated by sNMF at optimal K values 3 and 
4 and plotted in STRUCTURE-like bar charts (a). Vertical lines represent individual plants, which are binned into pre-defined populations and 
sorted by admixture coefficient value. These ancestry coefficients were interpolated over a geographic map of the study region (b, c)
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3.3.3  |  QST/FST comparisons

QST values for quantitative traits were plotted against the distribu-
tion of FST values (Figure 5).

Four sets of comparisons were carried out: High vs. Low (Figure 5a), 
Mex vs. SA (Figure 5b), Mex High vs. Mex Low (Figure 5c), and SA High 
vs. SA Low (Figure 5d). QST values more than two standard deviations 
above the mean FST were considered significantly high. In all three ele-
vational comparisons, plant height, ear height, days to silking, and δ13C 
had significantly high QST. QST values for tassel length, tassel branch 
number, solid-pattern anthocyanin pigmentation intensity, and leaf 
sheath macrohair density also met this threshold of significance in one 
or two of the elevational contrasts. In the Mex vs. SA contrast, only 
three traits (tassel branch number, leaf sheath macrohair density, and 
days to silking) had significantly high QST values.

3.3.4  |  Fitness and environmental distance

The residuals of linear regressions of fitness values to environ-
mental distances (differences in environmental values between 

the common garden site and the accession origin site) were tested 
for goodness-of-fit to a quadratic model (Figure 6). Residuals fit-
ting a downward-opening parabolic trend with a vertex near y = 0 
indicate decreasing fitness with increasing environmental dis-
tance. Variance in the fitness residuals explained by the quadratic 
model is quantified as R2, and p-values denote the probability that 
t-values of the quadratic coefficient are equal to zero (no quad-
ratic relationship between fitness residual value and environmen-
tal distance).

This model finds that fitness decreases with greater distance of 
elevation (p < 0.0005) and annual mean temperature (p < 0.0005), 
but no significant trend is found for annual precipitation (p = 0.07). 
Significant decreases in fitness with increasing environmental dis-
tance were also found for the environmental variables isothermality 
(p < 0.005), max temperature of the warmest month (p < 0.0005), 
min temperature of the coldest month (p  <  0.05), and mean tem-
perature of the wettest (p < 0.0005), driest (p < 0.005), and warm-
est (p < 0.0005) quarters. Conversely, significant increases in fitness 
were found with greater distance in precipitation of the driest month 
(p < 0.0005) and quarter (p < 0.0005). All twenty plots are available 
in Figure S6, and summary statistics of the fit of the quadratic model 

F I G U R E  3  Pearson correlation between plant vegetative fitness (FITplantveg), δ13C, and traits putatively related to highland adaptation. 
The inverse of δ13C is used in this case so that more positive values can be more directly associated with water use efficiency. (a) Solid-
pattern anthocyanin pigmentation intensity (P_INTsolid) and extent (P_EXTsolid), and leaf sheath macrohair density (M_DENsolid). (b) 
Irregular-pattern anthocyanin pigmentation intensity (P_INTspot) and extent (P_EXTspot), and leaf sheath margin macrohair density 
(M_DENmarg). For each subfigure, panels 1 and 2 show correlations within the Low Site and the High Site, blue shapes indicate positive 
correlation, red shapes indicate negative correlation, color intensity and shape size indicate strength of correlation, and asterisks indicate 
statistical significance (p-value thresholds = 0.05, 0.01, 0.001). Panel 3 shows the between-garden difference in correlation value for each 
pairwise correlation (positive/blue values indicate more positive correlations in the highland site than in the lowland site)
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are available in Table S2. Correlation and clustering of the 19 bioclim 
variables and elevation are available in Figure S7.

4  |  DISCUSSION

4.1  |  Local adaptation and plasticity

Landraces may respond to environmental changes (including climate 
change and dispersal to new environments) in up to four ways: plas-
ticity, evolution, gene flow, or extinction (Mercer & Perales, 2010). 
The failure of an organism to plastically adapt to all available en-
vironments promotes the evolution of adaptations to a particular 
environment at the expense of others, a compromise known as an 
adaptive trade-off. When a population evolves traits that give it a 

home-site advantage over non-native populations, that population 
exhibits local adaptation (Kawecki & Ebert, 2004).

All four of our elevational/continental landrace populations 
differ in fitness component values between our highland and 
lowland Mexican field sites. We observed that populations exhib-
ited reciprocal home-site advantage in several ways. Populations 
grown at sites near their native elevation had higher agronomic 
and vegetative fitness, stand count, ear-producing stand count, 
ear weight, ear diameter, and lower barrenness than populations 
foreign to that site's elevation, as indicated by crossing reaction 
norms between populations from the same continent. Other traits 
showed evidence of home-site advantage for populations from 
one continent, but not the other, indicating that highland and low-
land populations from different continents have different adaptive 
strategies.

F I G U R E  4  Reaction norms for selected measured phenotypic traits agronomic plant fitness (FITplant, a), vegetative plant fitness 
(FITplantveg, b), days to anthesis (DTA, c), days to silking (DTS, d), anthesis-silking interval (ASI, e), plant height (PH, f), ear weight (EW, g), 
δ13C (δ13C, h), solid-pattern anthocyanin pigmentation intensity (P_INTsolid, i) and extent (P_EXTsolid, j), and leaf sheath macrohair density 
(M_DENsolid, k). Error bars denote standard deviation
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In several cases, populations also fit the “Home vs. Away” model 
of local adaptation, in which a population has greater fitness in the 
site corresponding to its native home environment than in the away 
site, regardless of the fitness of other populations. The Mexican 
Highland and Lowland populations demonstrated this pattern most 

clearly with ear-producing stand count (Figure S5d). Though their 
reaction norms do not cross, both populations had higher fitness in 
their home sites. We might consider that, when populations meet 
the requirements for both models of local adaptation, there is a par-
ticularly strong case for local adaptation.

F I G U R E  5  FST and QST values between four sets of populations. Solid red lines indicate mean FST and dashed red lines indicate two 
standard deviations from the mean. (a) Highland vs. Lowland. (b) Mexican vs. South American. (c) Mexican Highland vs. Mexican Lowland. (d) 
South American Highland vs. South American Lowland
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Several traits showed strong environmental effects but minimal 
G×E. All populations responded similarly to site effects for several 
traits, including days to anthesis, days to silking, plant height, and 
to lesser extents, spot-pattern pigment intensity and extent. These 
results are in alignment with expectations of depressed maize plant 
height and prolonged maturation process due to highland conditions 
(Hufford et al., 2013; Mercer & Perales, 2018).

We note that our reciprocal transplant design is not fully recipro-
cal in that common garden sites in South American locales were not 
utilized. Though we may expect to see South American populations 
exhibiting higher fitness than Mexican populations in such locales, 
this is currently speculative.

4.2  |  Highland adaptation traits

4.2.1  |  Anthocyanin pigmentation and 
macrohair density

We find that the intensity and extent of anthocyanin pigmentation 
on leaf sheaths is elevated in the highland garden site. In general, 
highland populations have greater overall pigmentation intensity 
and extent, though all populations demonstrate similar plastic ef-
fects in response to environment. QST of solid-pattern anthocyanin 
intensity is significantly high between South American Highland and 
South American Lowland, signifying selective divergence in this trait 
between these two populations (Merilä & Crnokrak, 2001). In con-
trast, Mexican Highland and Mexican Lowland have low QST for this 
trait. The correlations between both patterns of anthocyanin and 
fitness appear to become more positive with increasing elevation, 
though solid anthocyanin pigmentation has a somewhat more posi-
tive correlation with fitness than does anthocyanin spots.

Leaf sheath macrohair density was largely non-plastic to the 
environmental variation present in this study. Leaf sheath macro-
hair density is much greater in Mexican Highland maize than in the 
other populations, and this difference is greater than expected given 
neutral genetic loci. Introgression at macrohair-density QTLs from 
mexicana into Highland Mexican maize (Lauter et al., 2004), followed 
by selection for that phenotype in the highland environment, would 
account for this pattern.

4.2.2  |  Flowering time and plant maturation

Flowering time is a complex, multigenic trait that plays a crucial role 
in elevation adaptation (Buckler et al., 2009; Navarro et al., 2017; 
Wang et al., 2021). Fast flowering time is a critical component of ad-
aptation to cold highland conditions, as plants must complete their 
life cycle in a narrower window of hospitable weather. In accordance 
with these expectations, highland populations matured more quickly 
than lowland populations, and this difference was more pronounced 

F I G U R E  6  Residual plots of fitness (FITplantveg) regressed 
with difference in environmental variable values between 
accession collection sites and common garden sites. Blue lines 
show the fit of a quadratic model to the residuals, and grey 
regions indicate the 95% confidence interval. (a) Elevational 
distance. (b) Annual mean temperature distance. (c) Annual 
precipitation distance
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in the highland site. At the same time, maize plants from all four 
populations had longer flowering time in the highland site, due to 
the slower accumulation of growing degree days. Strong signals of 
QST > FST support strong divergent selection between highland and 
lowland populations for flowering time.

Positive values of ASI indicate pollen release before silks are de-
veloped and receptive, which can lead to incomplete pollination and 
reduced yield. Positive values of ASI negatively correlate with yield 
(Mercer & Perales, 2018), but slightly negative values of ASI are likely 
less detrimental, as silks can remain receptive for several days, and 
a single plant that is shedding pollen early can pollinate many plants. 
For this reason, high values of ASI are generally regarded as an in-
dicator of stress (Mercer et al., 2014). All four populations showed 
slightly higher ASI in the lowland site (though only South American 
Highland varied significantly). ASI reaction norms for Mexican pop-
ulations are roughly parallel, while the South American reaction 
norms cross. This may be because ASI is more associated with local 
adaptation strategies of South American populations, or it may be 
that ASI is sensitive to the compounding stress of trans-elevational 
and trans-continental transplantation (Mittler, 2006). Both South 
American populations have ASI values resembling Mexican popula-
tions of the same elevation when grown at their native elevation, and 
then deviate more strongly when grown at the alternative elevation.

4.2.3  |  Plant morphology and architecture

In maize, height is a polygenic trait with broad-ranging fitness con-
sequences (Lin et al., 1995). Lowland populations are taller than 
Highland populations, and this difference is greater than expected 
given neutral genetic markers. Maize plant height is both highly 
heritable (Peiffer et al., 2014) and highly plastic to environment; all 
populations were shorter when grown in the highland site, reflecting 
the environmental effect of colder temperatures at the highland site.

Optimal tassel size requires a tassel small enough for mini-
mization of shading effects on the upper leaves yet large enough 
for sufficient pollen production (Mickelson et al., 2002), though 
the adaptive significance of tassel morphology is not well-known. 
Our data show that Lowland populations have more branches than 
Highland populations (as observed by Eagles & Lothrop, 1994) and 
that South American populations have more branches than Mexican 
populations. Though tassel lengths of Highland populations were 
largely non-plastic, Lowland populations experienced a significant 
reduction in tassel length when grown in the highland garden.

4.2.4  |  Water use efficiency and δ13C

In C4 plants like maize, there is a negative correlation between WUE 
and δ13C (Ellsworth & Cousins, 2016). Individuals with higher/less 
negative δ13C scores have higher ratios of 13C:12C, meaning that they 
discriminate less effectively against 13C. Though the precise mecha-
nism underlying this relationship is unclear, Avramova et al. (2019) 

found a region on Chromosome 7 which influences δ13C, WUE, and 
sensitivity to drought through reduced abscisic acid and modified 
stomatal behavior. Because precipitation decreases with increasing 
elevation in Mexico and South America, higher WUE may play a role 
in highland adaptation.

Both Lowland populations show consistently high δ13C, indicat-
ing low WUE. The Mexican Highland population had consistently 
lower δ13C at both sites, indicating higher WUE. This finding is in 
accord with other published studies that detail the various drought-
adapted landraces of the Mexican highlands (Eagles & Lothrop, 
1994; Hayano-Kanashiro et al., 2009). In both Mexican Highland/
Mexican Lowland and South American Highland/South American 
Lowland comparisons, QST  >  FST, indicating differential selection 
on WUE between highland and lowland populations on both conti-
nents. South American Highland maize, like Mexican Highland maize, 
had high WUE in the highland site, but WUE dropped significantly in 
the lowland site. This distinct drop in WUE seen in South American 
Highland maize may be the result of accumulated stress from being 
outside its native elevation and continent, though similar extreme 
drops in values of other fitness-relevant traits in the South American 
Highland population are not observed.

Leaf sheath macrohair density is negatively correlated with δ13C 
in both common garden sites, suggesting a role in WUE. It has been 
reported that macrohairs reduce water loss through transpiration by 
creating an air boundary layer around the plant (Chalker-Scott, 1999; 
Schuepp, 1993). In accordance with this explanation, leaf sheath 
margin macrohair density had no such correlations with −δ13C, as it 
does not produce such a boundary layer around the leaf sheath.

4.3  |  Population structure

For our provisional formulation of four maize landrace populations 
divided by continent and elevation, populations are more genetically 
similar to the corresponding population from the same continent. 
This is demonstrated by the genetic PCA, in which PC1 most clearly 
distinguishes Mexican from South American landraces. The patterns 
observed in this PCA are congruent with the genetic PCA by Kistler 
et al. (2018) in a diverse array of maize landrace and teosinte acces-
sions from across the Americas, though their study divided accessions 
into population groups with a model-based clustering algorithm.

sNMF offers a closer look at population structure of maize land-
races from across the Americas. Three primary clusters emerge: A 
north-western Mexican highland population, a South American high-
land population, and a pan-American lowland population. If four clus-
ters are permitted, the pan-American lowland population splits into 
Mexican lowland and South American lowland. This same behavior 
is observed in the STRUCTURE analysis of 94 maize landraces from 
across North and South America by Takuno et al. (2015). Genetic ad-
mixture between these four clusters is primarily between adjacent 
populations: Mex High with Mex Low, Mex Low with SA Low, and SA 
Low with SA High. This pattern is consistent with neutral population 
genetic processes such as drift during range expansion and ongoing 
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gene flow with neighboring populations. There are two possible rea-
sons why there is not stronger genetic structure between Mexican and 
South American lowland landraces. First, this genetic structure may 
be preserved from the original southward dispersal of maize from the 
center of domestication to the secondary improvement center through 
the northern lowlands. The second potential scenario is ongoing gene 
flow across Central America sometime after the first wave of dispersal 
of maize into South America, either at low consistent levels or as part 
of a second wave of dispersal (Kistler et al., 2018, 2020).

A minority of SA High individuals show significant gene flow 
from Mex High. Recent work by Wang et al. (2021) using high-depth 
whole-genome resequencing data found that a significant percent-
age (about 10.7%) of highland-adaptive SNPs in the Andean highland 
population are shared with Mesoamerican populations. This number 
is higher than previously reported (Takuno et al., 2015) and reveals 
a potential (but not predominant) role of trans-regional migration 
of highland-adapted alleles as part of Andean highland adaptation. 
Highland adaptation in the Andes appears to have been largely 
independent.

Though populations are more genetically similar to the corre-
sponding population from the same continent, they are phenotypi-
cally more similar to the populations from the same elevation. While 
genetic population structure is largely shaped by demographic ef-
fects of drift during dispersal, phenotypes and phenotypic plasticity 
show evidence of being shaped by elevational adaptation. This is ap-
parent for the majority of traits’ reaction norms between common 
garden sites, as well as the generally higher QST between highland 
and lowland populations than that observed between Mexican and 
South American populations. We note, however, that our QST/FST 
must be interpreted with caution, as our four predefined popula-
tions are unlikely to meet the formal definition of populations since 
gene flow is limited between some landraces of the same population 
(Cubry et al., 2017).

4.4  |  Asymmetrical patterns of local adaptation

Mercer et al. (2008) found that highland populations suffer a greater 
reduction in fitness in lowland conditions than lowland populations 
do in highland conditions. They describe this pattern as asymmetri-
cal local adaptation. Our data do not fully replicate this finding. Our 
agronomic fitness data approach this pattern, with relatively stable 
lowland fitness and more variable highland fitness, but vegetative 
fitness shows an opposite asymmetry with more variable lowland 
populations and more stable highland populations. As Mercer and 
colleagues focused on agronomic fitness, these results are in align-
ment. Any asymmetry of local adaptation found here may be sensi-
tive to yearly fluctuations in G×E interactions at a site (Mercer & 
Perales, 2018). Transient biotic and abiotic stress pressures can sig-
nificantly shape the interactions between a population and its en-
vironment, as we observed in the phenotypic differences between 
plants grown in the Low Site in the virus-stressed 2016 environment 
versus the 2017 environment (Figure S3a). Multi-year experiments 

may find that some environments are more stable, while others 
fluctuate between hospitability and inhospitability. Further studies 
would be required (and are recommended) to see whether patterns 
of asymmetry break down or are retained over time and how envi-
ronmental stability affects local adaptation dynamics across eleva-
tional gradients.

4.5  |  Selective forces in maize evolution

Agroecosystems exert multiple and at times conflicting selective 
pressures on maize populations. Fitness is defined as (or approxi-
mated by, Savolainen et al., 2013) an organism's ability to survive 
and reproduce successfully in a particular environment. Fit maize 
plants must survive the myriad forces at work in the field (due to 
climate, elevation, soil type and quality, pest and weed pressure, as 
well as farmer-mediated modifications to the land, such as tilling, ir-
rigation, fertilizer, and crop rotation) to germinate, mature, develop 
numerous healthy seeds, and resist post-harvest spoilage and loss. 
Furthermore, fit maize plants must also satisfy the desires of farmers 
to such a degree that the farmers will be convinced to replant the 
seed line in subsequent seasons. In fact, farmers more commonly 
report consciously selecting for culinary traits than for yield or envi-
ronmental adaptations (Bellon et al., 2003). While maize populations 
continually evolve in response to competing selective pressures, 
agronomic practices and consumption patterns also evolve to maxi-
mize yield, minimize required inputs, and produce seed with desired 
grain type.

Though highland-adapted landraces in Mexico and South 
America share phenotypic similarities, their adaptive strategies are 
not identical. This is evinced by highly divergent reaction norms 
between Mexico and South America for a few traits, notably δ13C. 
Differences in highland adaptation between Mexican and South 
American maize may be due to drift incurred during the dispersal of 
landraces into and across South America, the unique selective chal-
lenges imparted by specific local highland regions, or likely a combi-
nation of both.

The diversity and complexity of selective forces at work in the 
maize landrace agroecosystem may impede detection of patterns 
of adaptation to abiotic clines like elevation, which may explain 
why the common garden experiment by Orozco-Ramírez et al. 
(2014) failed to identify environmental adaptation as a leading 
factor in landrace distribution, and why the analyses of Dyer and 
Lopez-Feldman (2013) found that altitude did not cleanly explain 
seed management practices. The clear patterns of adaptation to 
elevation found in this reciprocal transplant experiment and to 
other bioclimatic variables in the environmental distance regres-
sion analysis are perhaps more striking when considering the 
complicating and significant force of anthropogenic (or “artificial”) 
selection.

Additionally, the common garden sites were maintained at sim-
ilar modern agronomic conditions (irrigation and pesticide/insecti-
cide/fungicide inputs). This is in contrast to the diverse traditional 
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agronomic practices utilized at smallholder farms across Mexico in 
which landrace diversity is maintained. This disparity between na-
tive habitat conditions and experimental common garden conditions 
may have reduced the observable signal of local adaptation to miti-
gated selection pressures. For example, common garden sites were 
well-irrigated, releasing crops from reliance on precipitation events, 
which may explain why plant fitness decreased relatively little across 
most precipitation-related bioclimatic variables in the environmen-
tal distance regression analysis. However, other environmental pres-
sures (temperature, ultraviolet solar radiation, atmospheric pressure, 
etc.) are less likely to have been affected.

5  |  CONCLUSIONS

These results demonstrate that maize landraces from across 
the Americas are locally adapted to elevation and temperature. 
Landraces adapted to diverse environmental conditions are an in-
valuable resource for breeding efforts that rely on fewer costly 
and ecologically harmful inputs (Dwivedi et al., 2016). The myriad 
forces that influence the in situ conservation status of landraces are 
complex and dynamic, though locally adapted and evolving popula-
tions are more resilient and less likely to be supplanted by modern 
varieties (Perales et al., 2003). The importance of landraces as an 
agronomic resource is likely to increase due to growing global food 
demands, the proliferation of modern inbred lines, and the effects of 
global climate change, which will likely alter the conditions of many 
corn-producing regions substantially (Bassu et al., 2014; Xu et al., 
2016).

ACKNOWLEDG EMENTS
This research is made possible by a grant from the National Science 
Foundation (The Genetics of Highland Adaptation in Maize, Award 
Number 1546719).

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data for this study are available in Dryad at https://doi.org/10.5061/
dryad.j0zpc​86gg.

ORCID
Garrett M. Janzen   https://orcid.org/0000-0003-3103-1427 
María Rocío Aguilar-Rangel   https://orcid.
org/0000-0002-1311-7561 
Karla Azucena Blöcher-Juárez   https://orcid.
org/0000-0002-6373-1914 
Daniel E. Runcie   https://orcid.org/0000-0002-3008-9312 
Sherry A. Flint-Garcia   https://orcid.org/0000-0003-4156-5318 
Rubén Rellán-Álvarez   https://orcid.org/0000-0001-6843-3716 
Ruairidh J. H. Sawers   https://orcid.org/0000-0002-8945-3078 
Matthew B. Hufford   https://orcid.org/0000-0003-3945-1143 

R E FE R E N C E S
Aguirre-Liguori, J. A., Ramírez-Barahona, S., Tiffin, P., & Eguiarte, L. E. 

(2019). Climate change is predicted to disrupt patterns of local 
adaptation in wild and cultivated maize. Proceedings of the Royal 
Society B, 286(1906), 20190486.

Arteaga, M. C., Moreno-Letelier, A., Mastretta-Yanes, A., Vazquez-Lobo, 
A., Breña-Ochoa, A., Moreno-Estrada, A., Eguiarte, L. E., & Pinero, 
D. (2016). Genomic variation in recently collected maize landraces 
from Mexico. Genomics Data, 7, 38–45.

Avramova, V., Meziane, A., Bauer, E., Blankenagel, S., Eggels, S., 
Gresset, S., Grill, E., Niculaes, C., Ouzunova, M., Poppenberger, 
B., Presterl, T., Rozhon, W., Welcker, C., Yang, Z., Tardieu, F., & 
Schön, C.-C. (2019). Carbon isotope composition, water use ef-
ficiency, and drought sensitivity are controlled by a common ge-
nomic segment in maize. Theoretical and Applied Genetics, 132(1), 
53–63.

Barnes, A. C., Rodríguez-Zapata, F., Blöcher-Juárez, K. A., Gates, D. J., 
Kur, A., Wang, L., Janzen, G. M., Jensen, S. E., Estévez-Palmas, J. 
M., Crow, T. M., Kavi, H. S., Pil, H. D., Stokes, R. L., Knizner, K. T., 
Aguilar-Rangel, M. R., Demesa-Arévalo, E., Skopelitis, S., Pérez-
Limón, S., Stutts, W. L., … Rellán-Álvarez, R. (2021). Teosinte intro-
gression modulates phosphatidylcholine levels and induces early 
maize flowering time. bioRxiv, 1–34.

Bassu, S., Brisson, N., Durand, J.-L., Boote, K., Lizaso, J., Jones, J. W., 
Rosenzweig, C., Ruane, A. C., Adam, M., Baron, C., Basso, B., 
Biernath, C., Boogaard, H., Conijn, S., Corbeels, M., Deryng, D., De 
Sanctis, G., Gayler, S., Grassini, P., … Waha, K. (2014). How do var-
ious maize crop models vary in their responses to climate change 
factors? Global Change Biology, 20(7), 2301–2320. https://doi.
org/10.1111/gcb.12520

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2014). Fitting linear mixed-
effects models using lme4. arXiv preprint arXiv:1406.5823.

Bellon, M. R., Berthaud, J., Smale, M., Aguirre, J. A., Taba, S., Aragon, 
F., Díaz, J., & Castro, H. (2003). Participatory landrace selection 
for on-farm conservation: An example from the central valleys 
of Oaxaca, Mexico. Genetic Resources and Crop Evolution, 50(4), 
401–416.

Bellon, M. R., Mastretta-Yanes, A., Ponce-Mendoza, A., Ortiz-Santamaría, 
D., Oliveros-Galindo, O., Perales, H., Acevedo, F., & Sarukhan, J. 
(2018). Evolutionary and food supply implications of ongoing maize 
domestication by Mexican campesinos. Proceedings of the Royal 
Society B, 285(1885), 20181049.

Bonferroni, C. (1936). Teoria statistica delle classi e calcolo delle proba-
bilita. Pubblicazioni Del R Istituto Superiore Di Scienze Economiche E 
Commericiali Di Firenze, 8, 3–62.

Bracco, M., Lia, V. V., Hernandez, J. C., Poggio, L., & Gottlieb, A. M. 
(2012). Genetic diversity of maize landraces from lowland and 
highland agro-ecosystems of southern south America: Implications 
for the conservation of native resources. Annals of Applied Biology, 
160(3), 308–321.

Brush, S. B. (1976). Man’s use of an Andean ecosystem. Human Ecology, 
4(2), 147–166.

Buckler, E. S., Holland, J. B., Bradbury, P. J., Acharya, C. B., Brown, P. 
J., Browne, C., Ersoz, E., Flint-Garcia, S., Garcia, A., Glaubitz, J. C., 
Goodman, M. M., Harjes, C., Guill, K., Kroon, D. E., Larsson, S., 
Lepak, N. K., Li, H., Mitchell, S. E., Pressoir, G., … McMullen, M. D. 
(2009). The genetic architecture of maize flowering time. Science, 
325(5941), 714–718.

Bush, M. B., Dolores, R. P., & Colinvaux, P. A. (1989). A 6,000 year history 
of Amazonian maize cultivation. Nature, 340(6231), 303.

Caye, K., Deist, T. M., Martins, H., Michel, O., & François, O. (2016). 
Tess3: Fast inference of spatial population structure and genome 
scans for selection. Molecular Ecology Resources, 16(2), 540–548.

Chaichoompu, K., Abegaz, F., Tongsima, S., James Shaw, P., Sakuntabhai, 
A., Pereira, L., & Van Steen, K. (2018). KRIS: Keen and reliable 

https://doi.org/10.5061/dryad.j0zpc86gg
https://doi.org/10.5061/dryad.j0zpc86gg
https://orcid.org/0000-0003-3103-1427
https://orcid.org/0000-0003-3103-1427
https://orcid.org/0000-0002-1311-7561
https://orcid.org/0000-0002-1311-7561
https://orcid.org/0000-0002-1311-7561
https://orcid.org/0000-0002-6373-1914
https://orcid.org/0000-0002-6373-1914
https://orcid.org/0000-0002-6373-1914
https://orcid.org/0000-0002-3008-9312
https://orcid.org/0000-0002-3008-9312
https://orcid.org/0000-0003-4156-5318
https://orcid.org/0000-0003-4156-5318
https://orcid.org/0000-0001-6843-3716
https://orcid.org/0000-0001-6843-3716
https://orcid.org/0000-0002-8945-3078
https://orcid.org/0000-0002-8945-3078
https://orcid.org/0000-0003-3945-1143
https://orcid.org/0000-0003-3945-1143
https://doi.org/10.1111/gcb.12520
https://doi.org/10.1111/gcb.12520


    |  835JANZEN et al.

interface subroutines for bioinformatic analysis. R package version 
1.1.1.

Chalker-Scott, L. (1999). Environmental significance of anthocyanins in 
plant stress responses. Photochemistry and Photobiology, 70(1), 1–9.

Christie, P. J., Alfenito, M. R., & Walbot, V. (1994). Impact of low-
temperature stress on general phenylpropanoid and anthocyanin 
pathways: Enhancement of transcript abundance and anthocyanin 
pigmentation in maize seedlings. Planta, 194(4), 541–549.

Clausen, J., Keck, D. D., & Hiesey, W. M. (1940). Experimental stud-
ies on the nature of species. I. Effect of varied environments on 
western North American plants. The American Naturalist, 6(520), 
60–63.

Cleveland, D. A., & Soleri, D. (2007). Extending Darwin’s analogy: 
Bridging differences in concepts of selection between farmers, bi-
ologists, and plant breeders. Economic Botany, 61(2), 121.

Cubry, P., Scotti, I., Oddou-Muratorio, S., & Lefèvre, F. (2017). 
Generalization of the QST frame- work in hierarchically structured 
populations: Impacts of inbreeding and dominance. Molecular 
Ecology Resources, 17(6), e76–e83.

Doebley, J. F. (1984). Maize introgression into teosinte - a reappraisal. 
Annals of the Missouri Botanical Garden, 71(4), 1100–1113. https://
doi.org/10.2307/2399247

Doyle, J. J., & Doyle, J. L. (1987). A rapid DNA isolation procedure for small 
quantities of fresh leaf tissue. Technical report.

Dumas, C., & Mogensen, H. L. (1993). Gametes and fertilization: Maize 
as a model system for experimental embryogenesis in flowering 
plants. The Plant Cell, 5(10), 1337.

Dwivedi, S. L., Ceccarelli, S., Blair, M. W., Upadhyaya, H. D., Are, A. K., & 
Ortiz, R. (2016). Landrace germplasm for improving yield and abi-
otic stress adaptation. Trends in Plant Science, 21(1), 31–42.

Dyer, G. A., & Lopez-Feldman, A. (2013). Inexplicable or simply unex-
plained? The management of maize seed in Mexico. PLoS One, 8(6), 
e68320.

Eagles, H., & Lothrop, J. (1994). Highland maize from central Mexico - its 
origin, characteristics, and use in breeding programs. Crop Science, 
34(1), 11–19.

Ellsworth, P. Z., & Cousins, A. B. (2016). Carbon isotopes and water use 
efficiency in C4 plants. Current Opinion in Plant Biology, 31, 155–161.

Fedoroff, N. (2001). How jumping genes were discovered. Nature 
Structural & Molecular Biology, 8(4), 300.

Fernandez Suarez, R., Morales Chavez, L. A., & Galvez Mariscal, 
A. (2013). Importance of mexican maize landraces in the na-
tional diet: An essential review. Revista Fitotecnia Mexicana, 36, 
275–283.

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of 
Climatology, 37(12), 4302–4315.

Fraser, D. J., Weir, L. K., Bernatchez, L., Hansen, M. M., & Taylor, E. B. 
(2011). Extent and scale of local adaptation in salmonid fishes: 
Review and meta-analysis. Heredity, 106(3), 404.

Frichot, E., & François, O. (2015). Lea: An R package for landscape and 
ecological association studies. Methods in Ecology and Evolution, 
6(8), 925–929.

Gage, J. L., Jarquin, D., Romay, C., Lorenz, A., Buckler, E. S., Kaeppler, 
S., Alkhalifah, N., Bohn, M., Campbell, D. A., Edwards, J., Ertl, D., 
Flint-Garcia, S., Gardiner, J., Good, B., Hirsch, C. N., Holland, J., 
Hooker, D. C., Knoll, J., Kolkman, J., … de Leon, N. (2017). The ef-
fect of artificial selection on phenotypic plasticity in maize. Nature 
Communications, 8(1), 1348.

Gates, D. J., Runcie, D., Janzen, G. M., Navarro, A. R., Willcox, M., Sonder, 
K., Snodgrass, S. J., Rodríguez-Zapata, F., Sawers, R. J., Rellán-
Álvarez, R., Buckler, E. S., Hearne, S., Hufford, M. B., & Ross-Ibarra, 
J. (2019). Single-gene resolution of´ locally adaptive genetic varia-
tion in Mexican maize. bioRxiv, 706739.

Gibson, A. L., Espeland, E. K., Wagner, V., & Nelson, C. R. (2016). Can 
local adaptation research in plants inform selection of native plant 

materials? An analysis of experimental methodologies. Evolutionary 
Applications, 9(10), 1219–1228.

Grobman, A., Bonavia, D., Dillehay, T. D., Piperno, D. R., Iriarte, J., & Holst, I. 
(2012). Preceramic maize from Paredones and Huaca Prieta, Peru. 
Proceedings of the National Academy of Sciences, 109(5), 1755–1759.

Gruber, B., Unmack, P. J., Berry, O. F., & Georges, A. (2018). Dartr: An R 
package to facilitate analysis of SNP data generated from reduced 
representation genome sequencing. Molecular Ecology Resources, 
18(3), 691–699.

Harlan, J. R. (1975). Our vanishing genetic resources. Science, 188(4188), 
618–621.

Hayano-Kanashiro, C., Calderón-Vázquez, C., Ibarra-Laclette, E., 
Herrera-Estrella, L., & Simpson, J. (2009). Analysis of gene expres-
sion and physiological responses in three Mexican maize landra-
ces under drought stress and recovery irrigation. PLoS One, 4(10), 
e7531.

Hufford, M. B., Lubinksy, P., Pyhäjärvi, T., Devengenzo, M. T., Ellstrand, 
N. C., & Ross-Ibarra, J. (2013). The genomic signature of crop-wild 
introgression in maize. PLoS Genetics, 9(5), e1003477.

Hufford, M. B., Martínez-Meyer, E., Gaut, B. S., Eguiarte, L. E., & Tenaillon, 
M. I. (2012). Inferences from the historical distribution of wild and 
domesticated maize provide ecological and evolutionary insight. 
PLoS One, 7(11), e47659.

Janzen, G. M., Wang, L., & Hufford, M. B. (2018). The extent of adaptive 
wild introgression in crops. New Phytologist, 221(3), 1279–1288.

Kaur, G., Dhillon, M., & Dhillon, B. (1985). Agronomic and anatomical 
characters in relation to cold-tolerance and grain-yield in maize 
composite. Proceedings Indian National Sciences Academy and 
Biological Sciences, 51(4), 490–495.

Kawecki, T. J., & Ebert, D. (2004). Conceptual issues in local adaptation. 
Ecology Letters, 7(12), 1225–1241.

Kistler, L., Maezumi, S. Y., De Souza, J. G., Przelomska, N. A., Costa, F. M., 
Smith, O., Loiselle, H., Ramos-Madrigal, J., Wales, N., Ribeiro, E. R., 
Morrison, R. R., Grimaldo, C., Prous, A. P., Arriaza, B., Thomas, M., 
Gilbert, P., de Oliveira Freitas, F., & Allaby, R. G. (2018). Multiproxy 
evidences a complex evolutionary legacy of maize in South America. 
Science, 362(6420), 1309–1313.

Kistler, L., Thakar, H. B., VanDerwarker, A. M., Domic, A., Bergstrom, A., 
George, R. J., Harper, T. K., Allaby, R. G., Hirth, K., & Kennett, D. 
J. (2020). Archaeological central American maize genomes suggest 
ancient gene flow from South America. Proceedings of the National 
Academy of Sciences, 117(52), 33124–33129.

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmertest 
package: Tests in linear mixed effects models. Journal of Statistical 
Software, 82(13), 1–26.

Lauter, N., Gustus, C., Westerbergh, A., & Doebley, J. (2004). The inher-
itance and evolution of leaf pigmentation and pubescence in teo-
sinte. Genetics, 167(4), 1949–1959.

Leimu, R., & Fischer, M. (2008). A meta-analysis of local adaptation in 
plants. PLoS One, 3(12), e4010.

Leinonen, T., McCairns, R. S., O’Hara, R. B., & Merilä, J. (2013). QST–FST 
comparisons: Evolutionary and ecological insights from genomic 
heterogeneity. Nature Reviews Genetics, 14(3), 179–190.

Lenth, R. V. (2012). Using the lsmeans package. Pain, 50(60), 70.
Limpens, J., Granath, G., Aerts, R., Heijmans, M. M. P. D., Sheppard, 

L. J., Bragazza, L., Williams, B. L., Rydin, H., Bubier, J., Moore, 
T., Rochefort, L., Mitchell, E. A. D., Buttler, A., van den Berg, L. 
J. L., Gunnarsson, U., Francez, A.-J., Gerdol, R., Thormann, M., 
Grosvernier, P., … Xu, B. (2012). Glasshouse vs field experiments: 
Do they yield ecologically similar results for assessing N impacts 
on peat mosses? New Phytologist, 195(2), 408–418. https://doi.
org/10.1111/j.1469-8137.2012.04157.x

Lin, Y. R., Schertz, K. F., & Paterson, A. H. (1995). Comparative analysis 
of QTLs affecting plant height and maturity across the Poaceae, in 
reference to an interspecific sorghum population. Genetics, 141(1), 
391–411.

https://doi.org/10.2307/2399247
https://doi.org/10.2307/2399247
https://doi.org/10.1111/j.1469-8137.2012.04157.x
https://doi.org/10.1111/j.1469-8137.2012.04157.x


836  |    JANZEN et al.

Louette, D., & Smale, M. (2000). Farmers’ seed selection practices and 
traditional maize varieties in Cuzalapa, Mexico. Euphytica, 113(1), 
25–41.

Matsuoka, Y., Vigouroux, Y., Goodman, M. M., Sanchez, J., Buckler, E., 
& Doebley, J. (2002). A single domestication for maize shown by 
multilocus microsatellite genotyping. Proceedings of the National 
Academy of Sciences, 99(9), 6080–6084.

Medina Garcia, G., Ruiz Corral, J. A., & Martínez Parra, R. A. (1998). Los 
climas de Mexico: Una estratificacion ambiental basada en el com-
ponente climatico. Libro Técnico, (1), 1–99.

Mercer, K., Campbell, L., & Luo, J. (2014). Effect of water availability and 
genetic diversity on flowering phenology, synchrony, and repro-
ductive investment in maize. Maydica, 59(3), 283–289.

Mercer, K. L., & Martínez-Vásquez, A., & Perales, H. R. (2008). 
Asymmetrical local adaptation of´ maize landraces along an altitu-
dinal gradient. Evolutionary Applications, 1(3), 489–500.

Mercer, K. L., & Perales, H. R. (2010). Evolutionary response of land-
races to climate change in centers of crop diversity. Evolutionary 
Applications, 3(5–6), 480–493.

Mercer, K. L., & Perales, H. (2018). Structure of local adaptation across 
the landscape: Flowering time and fitness in Mexican maize (Zea 
mays l. subsp. mays) landraces. Genetic Resources and Crop Evolution, 
66, 27–45.

Merilä, J., & Crnokrak, P. (2001). Comparison of genetic differentiation 
at marker loci and quantitative traits. Journal of Evolutionary Biology, 
14(6), 892–903.

Merrill, W. L., Hard, R. J., Mabry, J. B., Fritz, G. J., Adams, K. R., Roney, 
J. R., & MacWilliams, A. C. (2009). The diffusion of maize to the 
southwestern United States and its impact. Proceedings of the 
National Academy of Sciences USA, 106(50), 21019–21026. https://
doi.org/10.1073/pnas.09060​75106

Mickelson, S., Stuber, C., Senior, L., & Kaeppler, S. (2002). Quantitative 
trait loci controlling leaf and tassel traits in a B73 × Mo17 popula-
tion of maize. Crop Science, 42(6), 1902–1909.

Mijangos-Cortes, J. O., Corona-Torres, T., Espinosa-Victoria, D., Munoz-
Orozco, A., Romero-Peñaloza, J., & Santacruz-Varela, A. (2007). 
Differentiation among Maize (Zea mays L.) landraces from the 
Tarasca mountain chain, Michoacan, Mexico and the Chalqueño 
complex. Genetic Resources and Crop Evolution, 54(2), 309–325.

Mittler, R. (2006). Abiotic stress, the field environment and stress combi-
nation. Trends in Plant Science, 11(1), 15–19.

Navarro, J. A. R., Willcox, M., Burgueño, J., Romay, C., Swarts, K., 
Trachsel, S., Ortega, A., Banda, A. E., Gómez Montiel, N. O., Ortiz-
Monasterio, I., San Vicente, F., Guadarrama Espinoza, A., Atlin, G., 
Wenzl, P., Hearne, S., & Buckle, E. S. (2017). A study of allelic di-
versity underlying flowering-time adaptation in maize landraces. 
Nature Genetics, 49(3), 476.

Orozco-Ramírez, Q., Brush, S. B., Grote, M. N., & Perales, H. (2014). A 
minor role for environmental adaptation in local–scale maize land-
race distribution: Results from a common garden experiment in 
Oaxaca, Mexico. Economic Botany, 68(4), 383–396.

Ortega, R. (1995). Origen de la agricultura e importancia de los valles cen-
trales de oaxaca (pp. 189–200). La Tecnología Agrícola Tradicional. 
Instituto Indigenísta Interamericano/Consejo Nacional de Ciencia y 
Tecnología, Oaxaca, Mexico.

Peiffer, J. A., Romay, M. C., Gore, M. A., Flint-Garcia, S. A., Zhang, Z., 
Millard, M. J., Gardner, C. A., McMullen, M. D., Holland, J. B., 
Bradbury, P. J. & Buckler, E. S. (2014). The genetic architecture of 
maize height. Genetics, 196(4), 1337–1356.

Perales, H. (2016). Landrace conservation of maize in Mexico: An evo-
lutionary breeding interpretation. Enhancing Crop Genepool 
Use: Capturing Wild Relative and Landrace Diversity for Crop 
Improvement, page 271.

Perales, R. H., Brush, S. B., & Qualset, C. O. (2003). Landraces of maize 
in central mexico: An altitudinal transect. Economic Botany, 57(1), 
7–20.

Pixley, K. V., Salinas-Garcia, G. E., Hall, A., Kropff, M., Ortiz, C., Bouvet, 
A. S., Vikram, P., & Singh, S. (2017). CIMMYT’s seeds of discovery 
initiative: Harnessing biodiversity for food security and sustain-
able development. Indian Journal of Plant Genetic Resources, 30(3), 
231–240.

Prasanna, B. (2010). Phenotypic and molecular diversity of maize land-
races: Characterization and utilization. Indian Journal of Genetics, 
70(4), 315–327.

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popu-
lation structure using multilocus genotype data. Genetics, 155(2), 
945–959.

R Core Team (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ranum, P., Peña-Rosas, J. P., & Garcia-Casal, M. N. (2014). Global maize 
production, utilization, and consumption. Annals of the New York 
Academy of Sciences, 1312(1), 105–112.

Ruiz Corral, J. A., Duran Puga, N., Sánchez González, J. J., Ron Parra, J., 
González Eguiarte, D. R., Holland, J., & Medina García, G. (2008). 
Climatic adaptation and ecological descriptors of 42 Mexican maize 
races. Crop Science, 48(4), 1502–1512.

Sarmiento, G. (1975). The dry plant formations of South America and 
their floristic connections. Journal of Biogeography, 2(4), 233–251. 
https://doi.org/10.2307/3037998

Savolainen, O., Lascoux, M., & Merilä, J. (2013). Ecological genomics of 
local adaptation. Nature Reviews Genetics, 14(11), 807.

Schuepp, P. (1993). Tansley review no. 59. Leaf boundary layers. New 
Phytologist, 125(3), 477–507.

Schwarcz, H. P., & Schoeninger, M. J. (1991). Stable isotope analy-
ses in human nutritional ecology. American Journal of Physical 
Anthropology, 34(S13), 283–321.

Selinger, D. A., & Chandler, V. L. (1999). Major recent and independent 
changes in levels and patterns of expression have occurred at the 
b gene, a regulatory locus in maize. Proceedings of the National 
Academy of Sciences USA, 96(26), 15007–15012.

Selinger, D. A., & Chandler, V. L. (2001). B-Bolivia, an allele of the 
maize b1 gene with variable expression, contains a high copy 
retrotransposon-related sequence immediately upstream. Plant 
Physiology, 125(3), 1363–1379.

Shiferaw, B., Prasanna, B. M., Hellin, J., & Banziger, M. (2011). Crops that 
feed the world 6. Past successes and future challenges to the role 
played by maize in global food security. Food Security, 3(3), 307.

Stern, D. B., Hanson, M. R., & Barkan, A. (2004). Genetics and genomics 
of chloroplast biogenesis: Maize as a model system. Trends in Plant 
Science, 9(6), 293–301.

Takuno, S., Ralph, P., Swarts, K., Elshire, R. J., Glaubitz, J. C., Buckler, E. 
S., Hufford, M. B., & Ross-Ibarra, J. (2015). Independent molecular 
basis of convergent highland adaptation in Maize. Genetics, 200(4), 
1297–1312. https://doi.org/10.1534/genet​ics.115.178327

Tenaillon, M. I., & Charcosset, A. (2011). A European perspective on 
maize history. Comptes Rendus Biologies, 334(3), 221–228.

Turesson, G. (1922). The genotypical response of the plant species to the 
habitat. Hereditas, 3(3), 211–350.

Twohey, R. J. III, Roberts, L. M., & Studer, A. J. (2019). Leaf stable carbon 
isotope composition reflects transpiration efficiency in Zea mays. 
The Plant Journal, 97(3), 475–484.

Van Heerwaarden, J., Doebley, J., Briggs, W. H., Glaubitz, J. C., Goodman, 
M. M., Gonzalez, J. S., and Ross-Ibarra, J. (2011). Genetic signals of 
origin, spread, and introgression in a large sample of maize land-
races. Proceedings of the National Academy of Sciences USA, 108(3), 
1088–1092.

Vanderauwera, S., Zimmermann, P., Rombauts, S., Vandenabeele, S., 
Langebartels, C., Gruissem, W., Inze, D., & Van Breusegem, F. 
(2005). Genome-wide analysis of hydrogen peroxide-regulated 
gene expression in Arabidopsis reveals a high light-induced tran-
scriptional cluster involved in anthocyanin biosynthesis. Plant 
Physiology, 139(2), 806–821.

https://doi.org/10.1073/pnas.0906075106
https://doi.org/10.1073/pnas.0906075106
https://doi.org/10.2307/3037998
https://doi.org/10.1534/genetics.115.178327


    |  837JANZEN et al.

Villa, T. C. C., Maxted, N., Scholten, M., & Ford-Lloyd, B. (2005). Defining 
and identifying crop landraces. Plant Genetic Resources, 3(3), 
373–384.

Wang, L., Beissinger, T. M., Lorant, A., Ross-Ibarra, C., Ross-Ibarra, J., & 
Hufford, M. B. (2017). The interplay of demography and selection 
during maize domestication and expansion. Genome Biology, 18(1), 
215.

Wang, L. I., Josephs, E. B., Lee, K. M., Roberts, L. M., Rellán-Álvarez, 
R., Ross-Ibarra, J., & Hufford, M. B. (2021). Molecular parallelism 
underlies convergent highland adaptation of maize landraces. 
Molecular Biology and Evolution, 38(9), 3567–3580. https://doi.
org/10.1093/molbe​v/msab119

Wellhausen, E. J., Roberts, L. M., & Hernandez, E. (1952). Races of maize in 
Mexico. The Bussey Institution, Harvard University Press.

Wenzl, P., Carling, J., Kudrna, D., Jaccoud, D., Huttner, E., Kleinhofs, A., 
& Kilian, A. (2004). Diversity Arrays Technology (DArT) for whole-
genome profiling of barley. Proceedings of the National Academy of 
Sciences USA, 101(26), 9915–9920.

Whitlock, M. C. (2008). Evolutionary inference from Qst. Molecular 
Ecology, 17(8), 1885–1896.

Xu, H., Twine, T. E., & Girvetz, E. (2016). Climate change and maize yield 
in Iowa. PLoS One, 11(5), e0156083.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Janzen, G. M., Aguilar-Rangel, M. R., 
Cíntora-Martínez, C., Blöcher-Juárez, K. A., González-
Segovia, E., Studer, A. J., Runcie, D. E., Flint-Garcia, S. A., 
Rellán-Álvarez, R., Sawers, R. J. H., & Hufford, M. B. (2022). 
Demonstration of local adaptation in maize landraces by 
reciprocal transplantation. Evolutionary Applications, 15, 
817–837. https://doi.org/10.1111/eva.13372

https://doi.org/10.1093/molbev/msab119
https://doi.org/10.1093/molbev/msab119
https://doi.org/10.1111/eva.13372

	Demonstration of local adaptation in maize landraces by reciprocal transplantation
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Field experiment design
	2.2|Phenotypic and genotypic data collection
	2.3|Statistical analyses
	2.3.1|Population structure
	2.3.2|Phenotype:Phenotype correlations
	2.3.3|G×E interactions
	2.3.4|QST/FST comparison
	2.3.5|Environmental distance effects


	3|RESULTS
	3.1|Population structure
	3.2|Phenotypic summary
	3.3|Local adaptation
	3.3.1|Highland adaptation traits
	3.3.2|Population mean reaction norms
	3.3.3|QST/FST comparisons
	3.3.4|Fitness and environmental distance


	4|DISCUSSION
	4.1|Local adaptation and plasticity
	4.2|Highland adaptation traits
	4.2.1|Anthocyanin pigmentation and macrohair density
	4.2.2|Flowering time and plant maturation
	4.2.3|Plant morphology and architecture
	4.2.4|Water use efficiency and δ13C

	4.3|Population structure
	4.4|Asymmetrical patterns of local adaptation
	4.5|Selective forces in maize evolution

	5|CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES




