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ABSTRACT

Understanding the process of reciprocal genetic and cultural change involved in domestication has long been a
focus of archaeology, genetics, ethnobiology, and a variety of other fields. Unfortunately, it is difficult to make
inferences about the complex ecological, cultural, and evolutionary factors involved in domestication processes
that happened thousands of years ago. Cases of ongoing anthropogenic selection on managed wild plants can
provide unique insights into these processes. Spontaneously occurring populations of feral field mustard (Brassica
rapa L.) in Northwest Mexico present an opportunity to understand the dynamics of human selection on wild
annual plants and the dynamics involved in domestication. We collected field mustard samples from populations
cultivated by Raramuri farmers and unmanaged populations in Chihuahua, Mexico, for phenotypic and population
genotyping-by-sequencing analysis. We found significant differences in flowering time between managed and
unmanaged populations and genetic differentiation of two managed populations from unmanaged populations in
the same communities. We present rare evidence of the ongoing “redomestication” of a feral crop. This genomi-
cally-enabled short-generation plant could provide a powerful study system in the future for further understanding
the ecological and cultural aspects of domestication.

KEYWORDS: contemporary evolution, domestication, incipient domestication, traditional resource management.

ABSTRACT
El comprender los procesos reciprocos de cambios genéticos y culturales implicados en la domesticacién ha sido
durante mucho tiempo uno de los enfoques de la arqueologia, la genética y otros campos. Desafortunadamente,

resulta dificil inferir los factores ecoldgicos, culturales y evolutivos complejos involucrados en los procesos de
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domesticacion que ocurrieron hace miles de aflos. Los casos de seleccidon antropogénica continua en plantas
silvestres manejadas pueden proporcionar conocimiento Unico sobre estos procesos. Las poblaciones de nabo
feral (Brassica rapa L.) que ocurren espontaneamente en el noroeste de México, brindan una oportunidad para
comprender la dindmica de la selecciéon humana en plantas silvestres anuales y los aspectos involucrados en la
domesticacioén. Se recolectaron muestras de mostaza de campo de poblaciones cultivadas por agricultores rardmuri
y poblaciones no manejadas en Chihuahua, México, para el andlisis fenotipico y de genotyping-by-sequencing de
la poblacidn. Se encontraron diferencias significativas en el tiempo de floracién entre las poblaciones manejadas
y no manejadas, asi como una diferenciacion genética de dos poblaciones manejadas en comparacién con las
poblaciones no manejadas en las mismas comunidades. En este estudio, se presenta evidencia poco comun sobre
la “re-domesticacién” continua de un cultivo feral. Esta planta de generacién corta y con habilitacion genémica,
podria proporcionar un estudio de caso para futuras investigaciones que se dediquen a comprender mas amplia-

mente los aspectos ecoldgicos y culturales de la domesticacion.

PALABRAS CLAVE: domesticacion, domesticaciéon incipiente, evolucion contemporanea, manejo tradicional de

recursos.

INTRODUCTION

Domestication is driven by a complex combination of
ecological, biological, and cultural factors (Price et al.,
2011; Gepts et al., 2012). Understanding the process
of reciprocal genetic and cultural change involved in
the domestication process has long been a focus of
archaeology, genetics, linguistics, and other disciplines
(Meyer and Purugganan, 2013; Zeder, 2015) and provides
insight into the nature of both contemporary crop genetic
resources (Harris, 2012; Zeder, 2015) and evolutionary
processes in general (e.g., Darwin, 1868; Andersson
and Georges, 2004; Ross-lbarra et al., 2007; Meyer
and Purugganan, 2013). Research on domestication
has focused on selection processes often taking place
thousands of years ago (Larson et al., 2014), in cases
where it has been difficult to empirically characterize
the ecological contexts and human practices involved
(Parker et al., 2014; Zeder, 2015).

To circumvent this difficulty, some researchers have
turned to contemporary study systems in which humans
manage otherwise wild plant populations by weeding,
saving and sowing seeds, transplanting, or other activities
(Gade, 1972; Bye, 1979, Casas et al., 2007; Elias et al.,
2007; Hughes et al., 2007; Blanckaert, 2011). Many of
these studies have focused on non-model and long-lived

organisms such as cacti (e.g., Casas et al., 1997, 1999;
Rodriguez-Arévalo 2006; Parra, 2008) and leguminous
trees (Zarate et al., 2005). Insights from annual plants
with well-studied genomes could open up opportunities
to understand evolution and domestication. Most of the
past research has also focused on native plant species
which have coexisted with local cultures for an unknown
period of time (e.g., Casas et al., 2007; Aguirre-Dugua et
al., 2012), making the time depth of management unclear.
Investigating anthropogenic selection on introduced
weedy plants with known earliest dates of introduction,
presents an opportunity to measure change to popula-

tions over a more limited time period.

Field mustard (Brassica rapa L.) managed by Indigenous
farmers presents a potentially powerful study system
to understand evolution under human management
(Gade, 1972; Bye, 1979). In addition to a relatively short
life-cycle that enables transplant experiments (Williams
and Hill, 1986), B. rapa is equipped with a well-annotated
genome (Wang et al., 2011) and benefits from its close
relationship to the model organism Arabidopsis thaliana
(Yang et al., 2005, Mun et al., 2010). Field mustard is
native to Eurasia, where it was originally domesticated
and selected for morphologically diverse crop forms
(e.g., turnips, pak choi, napa cabbage, and oilseed crops),
making it a model for extreme phenotypic divergence
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under domestication (Gémez-Campo and Prakash, 1999;
Zhao et al., 2005; Guo et al., 2014; McAlvay et al., 2021).
Weedy forms of field mustard have spread to temperate
areas worldwide (Hall, 2005; McAlvay, 2018). Weedy B.
rapa may have reached the Americas as early as the
16th century (Gade, 1972; Bye, 1979; McAlvay, 2018) and
now inhabits disturbed areas of coastal and highland
regions from Canada to Argentina (McAlvay et al., 2017).
Genetic evidence suggests that these populations are
feral escapes derived from European or North African
turnips potentially pre-adapting them to anthropogenic
environments and/or human preferences (McAlvay et
al., 2021).

Since its introduction, weedy B. rapa has been adopted
as food, medicine, and fodder by human cultures ranging
from northwestern Mexico to Patagonia (Gade, 1972;
Berlin et al., 1974; Bye, 1979; Ladio, 2001; Vieyra-Odilon
and Vibrans, 2001; McAlvay, 2018). Several cultures
sow seeds in fertilized plots (Bye, 1979; Blancas et al.,
2013; Solis and Estrada, 2014), intentionally spare plants
when weeding fields (Gade, 1972; Weismantel, 1989;
Vieyra-Odilon and Vibrans, 2001), and/or transplant
individuals with desirable phenotypes (McAlvay, 2018).
In the 1930s and 1940s, weedy field mustard was culti-
vated in Argentina as an oilseed crop when low prices
for grains and high prices for the wild aceite de colza
made it profitable (Tenenbaum 1937; Pascale 1976) These
types of management activities may have evolutionary
consequences for the targeted plant populations (Casas
et al., 2007, Parra; 2010; Blanckaert et al. 2013).

Members of Raramuri communities in northwestern
Mexico manage field mustard in an especially intensive
manner that may have consequences for diversity and
selection in local B. rapa populations (Bye, 1979; McAlvay
2018;). The Raramuri are a Uto-Aztecan speaking group
(Dakin, 2004), inhabiting the northern Sierra Madre
Occidental mountains of Chihuahua. Rardmuri people
living in homesteads throughout the mountains pursue
traditional milpa agriculture and diverse cash-economy
livelihood practices (Wyndham, 2009). Many Raramuri
farming families take advantage of quelites—edible wild
or weedy plants often harvested for their leafy greens-
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growing spontaneously in crop fields and margins (Bye,
1979; Bye, 1981; LaRochelle and Berkes, 2003). Among
these quelites, B. rapa (known as mekudsari in the
Raramuri language) is prominent in the diet as a boiled
leafy green (Bye, 1973, 1981; LaRochelle and Berkes,
2003). Self-sown field mustard emerges spontaneously
in the summer and quickly enters its reproductive stage,
diverting biomass to stems and flowers and becoming
fibrous and bitter, making it less desirable as a food
resource (Bye, 1979). To extend the vegetative stage
of field mustard, Raramuri people sow seeds in tilled
plots during early fall so that emerging plants will not be
triggered to flower by the long day length of summer
(Bye, 1979; McAlvay 2018). These plants are typically
sown in plots where livestock corrals have been sta-
tioned and droppings have been deposited (Bye, 1979;
LaRochelle and Berkes, 2003). Rardmuri cultivation of B.
rapa is recorded as early as 1776 (Bye, 1979). Humans
are able to induce rapid evolutionary changes in plants
and animals even on decadal time scales (Palumbi,
2001; Bone and Farres, 2001), and Raramuri cultivation
may be influencing the evolution of these field mustard

populations.

Phenological and morphological traits may be under
selection by Raramuri farmers as life-history charac-
teristics play an important role in many domestication
processes (de Wet and Harlan, 1975). For example,
Rardmuri management and preference for an extended
vegetative stage in field mustard may be selecting
for delayed flowering time. Franks and Weis (2009)
demonstrated that the flowering time trait in B. rapa is
capable of rapid adaptation, suggesting that this trait
is susceptible to rapid shifts under artificial selection.
During interviews we carried out for a previous study
(approved by the University of Wisconsin-Madison’s
Social and Behavioral Science Institutional Review Board
[#2014-0828 #IRB0O0022321; #2015-0666-CP001], and
conducted in alignment with the International Society
for Ethnobiology Code of Ethics, including informed con-
sent), Raramuri farmers expressed preference for larger
plants and intentionally gathered seed from those plants
(McAlvay, 2018). The preferences of plant managers have
been demonstrated to drive selection in other studies of
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ongoing domestication (Johns and Keen, 1986, Elias et
al., 2007, Blanckaert et al., 2013). These changes are in
line with the domestication syndromes (sensu de Wet
and Harlan, 1975) observed in similar crops.

Past studies of ongoing domestication-like processes
in Mexico have shown a variety of population genetic
trends when comparing managed and unmanaged
populations. While a bottleneck in diversity is predicted
under domestication due to small founder populations
(Doebley, 1992; Tanksley and McCouch, 1997), some
studies of ongoing domestication have found higher
genetic diversity in managed populations due to intro-
gression from wild populations, and humans transporting
propagules from other areas (Tinoco et al., 2005; Zarate
et al., 2005). In other parts of Mexico gene flow between
managed crops and local conspecifics or congeners is
seen as a beneficial source of novel diversity (Wilkes,
1977; Nabhan, 1984). Pollinating insects are known to visit
B. rapa, especially bees and flies (Warwick et al., 2003;
Rader et al., 2009, 2013), and unplanted B. rapa in field
margins may cross with B. rapa sown in fertilized plots,
but as the bulk of unmanaged field mustard emerge with
the first rains in the summer, a temporal reproductive
isolation may exist (Bye, 1979). While Rardmuri farmers
often sow seeds saved from previously planted parcels
of field mustard, they occasionally collect seeds from
spontaneously occurring individuals which might prevent
a signal of reduced diversity (McAlvay, 2018). Increased
genetic differentiation from local wild populations is also
predicted due to prolonged isolation and selection (Parra
et al., 2008), but the genetic structuring of managed
populations may also be influenced by seed exchange
networks (Fuentes et al., 2012; Jensen et al., 2013)
and gene flow with sympatric unmanaged populations
(Sukopp et al., 2005). Many Raramuri regularly engage
in informal exchange of seeds when visiting each other’s
houses and share seeds with those in heed, exercising
the principle of kérima (Ezequiel and Guadalupe, 2014).
The Rardmuri word kérima encompasses a concept of
mutual aid and cooperation (Rubio and Rodriguez 2014).
For example, if one family has a crop failure, a neighbor
may step in to provide them with part of their harvest.

This aid may be returned in the future. This may lead

to increased exchange of seeds, with potential impacts
on gene-flow. In many studies of ongoing domestication,
levels of gene flow are high between managed and wild

populations (Casas et al., 2007).

To understand these dynamics, this study analyzed the
genetic and phenotypic differences between unmanaged
and Rardmuri-managed populations of field mustard.
Specifically, we compared managed and unmanaged
populations using single nucleotide polymorphisms (SNPs)
derived from genotyping-by-sequencing (GBS) (Elshire et
al., 2011) to assess genetic diversity and differentiation. We
also carried out a common garden experiment to investi-
gate phenology and morphology. We hypothesized that
managed populations would have no significant difference
in nucleotide diversity compared to wild populations due
to regular introgression with wild populations. We also
hypothesized higher genetic differentiation between
nearby unmanaged populations than between managed
and unmanaged populations in the same area due to
reproductive isolation. We hypothesized that managed
populations would also have more rapid germination,
a longer vegetative stage, and greater height due to

selection by farmers.

MATERIALS AND METHODS.

Population sampling. This study was conducted in the
Rardmuri communities of Bahuinocachi, Rancho Blanco,
Norogachi, Gumisachi, Choguita, Cocherare, Panalachi,
Rejogochi, and San Ignacio, all in Chihuahua, Mexico.
Unmanaged populations were identified through appli-
cation of three criteria: (1) no local knowledge of past
management; (2) greater than 3 km from dwellings and
managed plots as most bee foraging activity happens
within less than 3km (Kohl et al., 2020); and (3) no evidence
of management (tilling or weeding).

Managed populations were identified as those sown in
manured plots from seed collected from previously sown
B. rapa (Figure 1). For population genetic sampling, we
collected young leaf material from an average of eight
samples, each from eight unmanaged and five managed

populations (Figure 2, see numbers per population in Table
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Figure 1. Mekudsari (Brassica rapa) growing in Rardmuri territory in Chihuahua, Mexico.

1), and dried and stored it in silica gel. For the common
garden experiment, seeds were collected from seven wild
and four managed populations (Figure 2, Table 1) because
mature siliques were not available for two populations.

Plants were sampled by walking a straight line across
the patch and collecting the nearest plant at 1 meter
intervals. We obtained seed and leaf samples through
fieldwork conducted over three trips (a total of six we-
eks), with plants sampled under Robert Bye’s permit
for the project “Conservacion de la agrobiodiversidad
de la Milpa Tarahumara, Chihuahua.” Herbarium speci-
mens were collected for each population and deposited
at the Wisconsin State Herbarium (WIS) and National
Autonomous University of Mexico Herbarium (MEXU).
In order to ensure that the project was community-en-
gaged, the authors returned results from the study to
Raramuri community members in a workshop setting in

the summer of 2016.
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Population genetic analyses. Genotyping-by-sequencing
and SNP calling was conducted as in McAlvay et al. (2021).
Briefly, DNA was extracted using CTAB (Doyle and Doyle,
1987), libraries constructed using the restriction enzyme
ApeKIl, and fragments sequenced using an lllumina HiSeq
2000 (lllumina Inc. San Diego, CA, United States) at the
University of Wisconsin Biotechnology Center (UWBC).
We used the GBS 2 pipeline in Tassel 5 (Glaubitz et al.,
2014) to process reads and call single nucleotide poly-
morphisms (SNPs) and Burrows-Wheeler Alignment (Li
and Durbin, 2009) to align reads to a reference genome
(Wang et al., 2011).

We filtered SNPs using VCFtools (Danecek et al., 2011).
We set a minimum mean read depth of 3 to ensure that
each SNP was reliably represented in the sequencing
data. Only biallelic loci were included to allow for clea-
rer interpretations of genetic variation. We required a
minimum of 90% of genotypes to be scored per site,
ensuring that each SNP had sufficient representation
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Table 1. Populations of B. rapa sampled in Rardmuri communities in
Chihuahua, Mexico. The number of samples per population takes into
account the one individual removed from CHO_M2 and one individual

removed from REJ_W7 due to low coverage (see SNP and taxon
filtering section). Asterisk (*) indicates populations sampled for popu-
lation genetic analyses but not for the common garden experiment.

NUMBER OF

POPULATION COMMUNITY MANAGED / INDIVIDUALS
UNMANAGED SAMPLED

RAN_W3 Rancho Blanco Unmanaged 10
NOR_W2* Norogachi Unmanaged 4
BAW_W1 Bahuinocachi Unmanaged 4
PAN_W6 Panalachi Unmanaged M
SAN_W8 San Ignacio Unmanaged 9
GUM_WS5 Gumisachi Unmanaged 5
REJ_W7 Rejogochi Unmanaged 9
COoC_WwW4 Cocherare Unmanaged 8
SAN_M4 San Ignacio Managed 5
COC_M5 Cocherare Managed 10
GUM_M1 Gumisachi Managed 10
CHO_M2 Choguita Managed 6
PAN_M3 Panalachi Managed 14

in the dataset (100% was used for PCA to maximize
information). A minimum minor allele frequency of 1%
was set to filter out rare alleles that may not contribute

significantly to the overall population structure.

We then used Tassel 5 (Glaubitz et al., 2014) to exclude
sites with more than 50% heterozygosity, as high hete-
rozygosity can indicate potential errors in SNP calling or
mixed ancestry. We also removed individuals that had less
than 50% of loci scored to ensure that we only included
samples with sufficient data. After this filtering process,
we retained a total of 33,360 SNPs.

We used Tassel 5 (Glaubitz et al., 2014) to characterize
nucleotide diversity (Nei and Li, 1979) and ANOVA to
compare differences in nucleotide diversity across groups
of populations (managed and unmanaged) with an alpha
threshold of 0.05. To assess the genetic structure of
managed and unmanaged populations of B. rapa, we used
fastSTRUCTURE 1.0 (Raj et al., 2014). We tested different
group numbers (K) between 1and 15 with ten replicates at
each value. To determine which K value maximized mar-
ginal likelihood, we used the ChooseK.py utility included
in the fastSTRUCTURE package. fastSTRUCTURE plots
were visualized through STRUCTURE PLOT 2.0 (Ramasamy

et al., 2014). To further investigate genetic structure, we
used Principal Component Analysis (PCA) in Plink (Purcell
et al., 2007) and visualized the resulting ordination using
Genesis (Buchmann and Hazelhurst, 2014).

We also evaluated fixation indices (F,) (Weir and
Cockerham, 1984) to investigate genetic differentiation
between each pair of populations using Arlequin 3.5
(Excoffier et al., 2005). To assess patterns of population
structure across groups of populations (managed and
unmanaged) we implemented Analysis of Molecular
Variance (AMOVA) (Excoffier et al., 1992) in Arlequin 3.5
(Excoffier et al., 2000). To determine genetic distances
between populations included in the study, we genera-
ted a coalescent tree using SVDquartets (Chifman and
Kubatko, 2014) implemented in Paup (Swofford, 2003).
SVDquartets is a coalescent-based approach which
evaluates quartets of taxa and combines them to infer
the most likely tree. We evaluated all possible quartets
and produced 100 bootstrap replicates.

Phenotypic analyses. To assess phenotypic differences
across populations, we conducted a common garden
experiment. To minimize maternal effects due to differing
environmental conditions of each population, in the winter
of 2016/17 we grew seeds bulked from all maternal plants
in each population at the Walnut Street Greenhouses
(WSG) at University of Wisconsin—-Madison in 6” square
plastic pots with Promix HP potting medium (Premier
Tech, Riviere-du-Loup, Québec). Supplemental light was
provided for 16 hours per day. Pollination bags were used
to keep individuals from each population reproductively
isolated. Seeds harvested from this initial round of repro-
duction were used for the common garden experiment. In
September 2017, we set up a common garden experiment
with the same location, medium, pots, and conditions,
but with a randomized block design. We used six blocks,
each containing nine flats, which in turn each contained
thirteen pots. Into each of the thirteen pots of each flat,
we randomly allocated a seed descended from one of
the thirteen populations sampled, providing a total of 54
individual plants from each population across the entire

experiment.
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Figure 2. Locations of Rardmuri communities where field mustard populations were sampled for genetic analyses and the common garden
experiment. Asterisks indicate populations that were sampled for genetic analyses but not the common garden experiment. The area depicted
is bounded by 28.242383, -108.163675 to the northwest and 27.191312, -106.471295 to the southeast. Map data: 2018 Google, INEGI.

To compare the phenology and morphology of mana-
ged and unmanaged populations, we measured two
phenotypic characters: height from ground to first open
flower (cm) along the stem and days to flowering. Height
and flowering time were selected as farmers mentioned
preference for taller plants with delayed flowering in our

ETNOBIOLOGIA 22 (3), 2024

interviews (described in McAlvay, 2018). Measurements of
phenology and morphology were analyzed using ANOVA
to assess pairwise differences between populations in
the same communities and between all managed and

unmanaged populations.
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RESULTS AND DISCUSSION

Population genetic analyses. After filtering, 333,55 SNPs
and 103 individuals remained. One sample from CHO_M2
and one sample from REJ_W?7 were removed due to low
coverage (<50% of the loci scored). Nucleotide diversity
(Table 2) did not follow a consistent pattern of higher
diversity in managed or lower diversity in unmanaged
populations. In pairwise comparisons between managed
and unmanaged populations in the same communities,
the results indicated that GUM_M1, PAN_M3, SAN_W3,
and COC_W4 had higher diversity than their counterparts.
ANOVA demonstrated that differences in nucleotide
diversity among managed and unmanaged populations

as a whole were not significant (o = 0.39).

The fastSTRUCTURE ChooseK function suggested that K=1
maximized marginal likelihood and a K=3 best explained
the structure of the data. At all levels of K, admixture was
evident among most populations (Figure 3).

| | ]| '
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PCA showed patterns like those observed with fastS-
TRUCTURE. PC1 separated unmanaged samples from
Norogachi (NOR_W?2), Bahuinocachi (BAW_WT1), and
Rancho Blanco (RAN_W3) and Cocherare (GUM_MT1) from
other samples (Fig. 4). PC2 separated managed samples
from San Ignacio (SAN_M4) and managed samples from
Cocherare (COC_M5) into their own clusters, the latter
not overlapping other clusters. Some wild samples from
San Ignacio (SAN_WS8) were associated with San Ignacio
managed samples (SAN_M4),

F, values (Table 3) ranged from 0.034 between managed
and unmanaged populations in Panalachi (PAN_M3 and
PAN_WS6) to 0.399 between the managed San Ignacio
population (SAN_M4) and the unmanaged Gumisachi
population (GUM_WS5). Significant levels of differentiation
were detected between all but one (San Ignacio) pair of
managed and unmanaged populations from the same
communities.

i L

M3 weé W7 ws M4 M5

BAWNOR GUM RAN CHO COC GUM PAN PAN RE] SAN SAN COC

Figure 3. fastSTRUCTURE plot of populations of B. rapa from Chihuahua for values of K between 2-4. Each individual sample is represented by

a single column, and each population

delineated by vertical black lines.
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Table 2. Nucleotide diversity of individual populations of field mus-
tard (Brassica rapa) in Chihuahua and total nucleotide diversity of all
managed versus all unmanaged populations.

POPULATION n
RAN_W3 0.281
NOR_W2 0.279
GUM_M1 0.276
BAW_W1 0.274
CHO_M2 0.264
PAN_M3 0.259
PAN_W6 0.259
SAN_WS8 0.258
GUM_W5 0.257

REJ_W7 0.249
Ccoc_w4 0.247
COC_M5 0.241
SAN_M4 0.24
Group n
Unmanaged 0.273
Managed 0.267

The SVDquartets analysis (Figure 5) was largely con-
sistent with the PCA and fastSTRUCTURE analysis and
clustered unmanaged populations from Bahuinocachi
(BAW_WT1), Norogachi (NOR_W?2), and Rancho Blanco
(RAN_W3) and the managed population from Gumisachi
(GUM_M1) together. Pairs of managed and unmanaged

populations from Panalchi (PAN_W6 and PAN_M3) and
San Ignacio (SAN_M4 and SAN_WS8) clustered together
whereas other pairs of managed and unmanaged popu-
lations (i.e., those from Cocherare and Gumisachi) were

not most similar to each other.

Several populations consistently clustered together in
our fastSTRUCTURE, SVDquartets, and PCA results.
For example, the managed population from Gumisachi
consistently groups with RAN_W3, NOR_2, BAW_W1.
The managed population from Gumisachi also had high
diversity compared to the local unmanaged population
(Table 1). These findings are consistent with our interviews
(McAlvay, 2018) with the farmer managing this population,
who had a personal seed bank and frequently exchanged
B. rapa seed with farmers in different communities.

Managed populations from San Ignacio and Cocherare
were differentiated from all other groups in fastSTRUC-
TURE and PCA and had the lowest levels of nucleotide
diversity of any populations, suggesting potential ef-
fects of anthropogenic isolation or selection. Across all
managed and unmanaged populations, there was not
a clear trend in nucleotide diversity, which is consistent
with the findings of Otero-Arnaiz et al. (2005) and Parra
et al. (2008, 2010) with traditionally managed cacti.
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PCA 2
*
|}
»
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Figure 4. PCA of SNP data for samples of B. rapa populations collected in Chihuahua, Mexico.
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Table 3. Pairwise Fg values of populations of managed and unmanaged B. rapa in Chihuahua, Mexico. Asterisks indicate comparisons in which
non-significant p-value (at alpha of 0.05) were recovered (table of p-values not displayed).

BAW_ CHO_ coc_ coc_ . ... GUM_ | . PAN_ PAN_ RAN_ REJ .. SAN_
wi M2 wa M5 - W5 - M3 wé w3 w7 - ws

BAW_W1

CHO_M2  0.190

COC_W4 0238 0.129

COC_M5 0242 0175 0197

GUM_M1 0067 0059 0132 0175

GUM_W5 0301 0173 0179 0224 0M9

NOR_W2 0049 0142 0205 0216 0.035  0.246

PAN_M3 0191 0078 0.082 0158 0.085 0.135 0.162

PAN_W6 0226 0104 0101 0166  0.105 0.182 0.197 0.034

RAN_W3 0052 0047 0132 0174 0.0075* 0OM9  0.02904* 0.087  0.106

REJ_W7 0262 0127 0086 0179  0.120 0.196 0223 0070 0087 0128

SAN_M4 0383 0190 0221 0255 0177 0.399 0.336 0160  0.201 0171 0248

SAN_W8 0193 0055 0105 0179 0.077 0.151 0.174 0.065 0076 0.075 0.098 0.06605*

While reductions in diversity are often associated with
domestication (Doebley, 1992), management of otherwise
wild plants may involve relatively low levels of selection
and/or human assisted migration of germplasm from

other areas (Parra et al., 2008).

Phenotypic analyses. The mean time from germination
to flowering of all populations was 26.61days (s = 5.33).
Managed populations (mean = 27.93) had an average of
roughly two and a half more days to flowering compared
to unmanaged populations (mean = 25.36) at a = 0.05
(p < 0.0001). Days until flowering (Figure 6) in pairwise
comparisons of populations within the same community
were significant between PAN_M3 (mean 31. 74) and
PAN_W6 (mean 24.76) (p < .0001) at a = 0.05 but not
between COC_W4 and COC_MS5 (p = 0.16). In the case
of the populations from Panalachi, the progeny of the
managed population flowered a mean of 6.98 days
later than unmanaged counterparts (p < .0001). The
transition from vegetative to reproductive life stages in
plants can be an important trait for domestication and
artificial selection (Cockram et al., 2007).

The mean height of all populations was 29.51cm (s =
10.60). The height of managed and unmanaged po-
pulations was not significantly different at a = 0.05
(p = 0.79). Height (Figure 7) in pairwise comparisons
of populations within the same community were not

significant between PAN_M3 and PAN_W®6 (p = .052)
or COC_W4 and COC_M5 (p = 0.15). Since height was
measured using the standard “height to first open
flower”, and Raramuri interviewees generally expressed
preferences for characteristics in the vegetative life
stages, this measurement may have not captured farmer

induced selection.

Our findings suggest that phenological shifts can be
detectable even with relatively limited isolation and
reductions in diversity in populations under human
management. Since the leaf and stem material of B.
rapa in its reproductive stage is fibrous and unpalatable
to most Rardmuri farmers (Bye, 1979; McAlvay, 2018),
and field mustard is capable of rapid bolting (Williams
and Hill, 1984), it is not surprising to find evidence for

relatively dramatic selection on this trait.

CONCLUSIONS

Phenotypic change with maintenance of high genetic
diversity. Ongoing management of local plants should
not be teleologically considered a stage in progression
to more intensive selection or domestication (Turner
et al., 2011) and any ethnographic analogy should
be cautiously applied (Currie, 2016). However, these
findings provide insight into the domestication of crops,

especially those that are thought to have originally
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Figure 5. Unrooted Neighbor-joining phenogram of genetic distances between populations of B. rapa collected in Chihuahua Mexico recovered
by SVDquartets.

existed as weeds in farmers’ fields, including rice,
sorghum, carrots (Harlan 1992), tomatoes (Gade, 1972),
rye, oats (Vaviloy, 1926), and lena camelina (Zohary
and Hopf, 1994). In the early stages of domestication
of carrots, tomatoes, and other weed-derived crops,
as in other crops (Dempewolf et al., 2012), substantial
levels of gene-flow with sympatric unmanaged forms
could have been prevalent, potentially weakening the
strength of selection for desirable traits.

Many domestication processes, including Brassica crops
(An et al., 2019; Mabry et al., 2021), likely occurred on
a landscape scale and involved gene flow between
populations under human selection, wild populations,
congeners, and feral populations (Allaby et al., 2022).
The apparent evolution of flowering time differences
observed in this study provides insights into a mecha-
nism for the evolution of reproductive isolation in the
early stages of domestication, with selection for an
extended vegetative period, possibly having the direct
consequence of reducing gene flow and facilitating

ETNOBIOLOGIA 22 (3), 2024

further selection. While farmers may have mitigated
some undesirable gene-flow by growing propagules
in isolated plots, the Rardmuri management of field
mustard demonstrates that this may have also been
accomplished by temporal isolation based on sowing

time and phenology.

While this provides insights into historical domestication
processes, we emphasize that there are risks in assuming
the evolutionary trajectory of managed field mustard
toward full reproductive isolation and further depen-
dence on humans. Instead, the balancing of tradeoffs
between desirable traits (delayed flowering time) and
maintenance of genetic diversity could represent a
locally-adapted strategy for management, which avoids
the drawbacks of a narrow genetic base, while still be-
nefiting from minor shifts toward preferred phenotypic
characteristics. From these findings, we suggest that
in certain cases, a “semi-domesticated” state may be
seen not as a stage on the way to “full domestication”

but instead a fully realized optimal balance.
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Figure 6. Days from germination of seeds to flowering from populations of B. rapa in Chihuahua. Black dots indicate measurements of individu-
al plants.

Redomestication of an escaped crop. Our results raise
the possibility of “redomestication” in feral crops. Feral
crops may especially lend themselves to redomestica-
tion, given their genetic backgrounds, preadaptation
to human managed agroecosystems, robustness, and
local adaptation (Pisias et al., 2022). This redomesti-
cation of feral plants has been proposed as a potential
strategy for creating resilient crops in order to address
global food security challenges, especially in the face

of climate change, but examples are rare (Pisias et al.,
2022; Mabry et al., 2023). One future direction would
be the investigation of relict populations of managed B.
rapa in Argentina, where feral field mustard was briefly
cultivated in the early 1900s (Tenenbaum, 1937; Pascale,
1976). These populations may still bear signatures of
selection, and could represent an independent parallel
“redomestication” for oilseeds from the same species

managed by Raramuri communities for leafy greens.
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Figure 7. Height of plants to first flower in centimeters from populations of B. rapa in Chihuahua. Black dots indicate individual measurements
of plants.

Similarly, feral Brassica rapa used in the Valley of Mexico
for vaina del canario (McAlvay, 2018), may be subject to
selection pressures for abundant and or large siliques. If
selection is involved, the wide range of uses for different
organs of B. rapa in different parts of Latin America may
parallel the process of morphological diversification that
occurred in Eurasia thousands of years ago, with selection
on leaves, flowering tops, root-hypocotyls, and seeds
resulting in dozens of distinct crops such as turnips, bok
choy, Chinese cabbage, various oilseeds, and choy sum.
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Biocultural heritage and adoption of an introduced
plant. In many parts of highland Latin America B. rapa
has become an important mainstay in local diets, es-
pecially in typically food-insecure seasons (Bye, 1979;
Vieyra-Odilon and Vibrans, 2001; McAlvay, 2018). In
some cases, communities have developed affective
relationships with weedy field mustard, and it has
become associated with cultural identity, spirituality,
and poetry (McAlvay, 2018). If humans have exerted
selection on populations of introduced field mustard,
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this process represents a form of cultural heritage
that is not currently protected by conservation efforts
focused on crops or wild plants. Weedy field mustard
is designated as an invasive or noxious weed in several
countries as it is a weed in over 20 crops in more than
50 countries (Gulden et al., 2018). This may lead poli-
cymakers, environmental groups, or others to overlook
its importance for those who depend on it for food
and encourage it, and thus it may possibly put these
groups into conflict with one another (McAlvay, 2018).
This issue may become more salient with the spread
of aggressively invasive new populations of transgenic
herbicide resistant field mustard that have rapidly spread
throughout Argentina, and may reach other areas of
Latin America. Since its introduction to Argentina in
2012, the transgenic invasive B. rapa has spread over
more than one million hectares (AAPRESID, 2019).

Our findings suggest that introduced B. rapa represents
a distinct piece of Raramuri biocultural heritage. For
conservation purposes, the selected populations should
be considered in a similar category as traditional crop
landraces, or culturally important wild edible plants,
which may be included in conservation initiatives like
useful plant conservation areas (Kor and Diazgranados,
2023), agroecosystem diversification (Ebel et al., 2024),

or germplasm preservation.

Future directions. There are a number of controversies
in the study of domestication including the rate (Fuller et
al., 2014), intentionality, and drivers of evolution involved
(Larson et al., 2014). Despite the availability of numerous
techniques to explore contemporary evolution (Merila and
Hendry, 2014), only a handful have been applied to ongoing
domestication processes. The basic understanding of
genetic diversity and structure provided by this study lays
the groundwork for future research using this inferentially
powerful study system to test hypotheses about evolution
under domestication. The genomic resources and short
life-cycle of B. rapa enable the use of additional techniques
and the ongoing nature of management in the area could
allow longitudinal studies that address the strength of
selection and rate of evolution.

ACKNOWLEDGEMENTS

We would like to thank the members of the Rardmuri
communities who participated in this and related projects
focused on field mustard, and kindly showed us their
fields and shared their seeds. We also thank the U.S.
National Science Foundation for the Doctoral Dissertation
Improvement Grant (Award # DEB-1601430) which funded
this work.

LITURATURE CITED

AAPRESID. 2019. La

Productores en Siembra Directa. Available at: www.

Asociaciéon Argentina de
aapresid.org.ar (accessed January 30, 2023).

Aguirre-Dugua, X.,L.E.Eguiarte, A.Gonzalez-Rodriguez,
and A. Casas. 2012. Round and large: morphological
and genetic consequences of artificial selection on
the gourd tree Crescentia cujete by the Maya of
the Yucatan Peninsula, Mexico. Annals of Botany
109(7): 1297-1306.

Allaby, R.G., C.J. Stevens, L. Kistler, and D.G. Fuller.
2022. Emerging evidence of plant domestication
as a landscape-level process. Trends in Ecology &
Evolution 37(3): 268-279.

An, H., X. Qi, M.L. Gaynor, Y. Hao, S.C. Gebken, M.E.
Mabry, A.C. McAlvay, G.R. Teakle, G.C. Conant,
M.S. Barker and T. Fu. 2019. Transcriptome and
organellar sequencing highlights the complex origin
and diversification of allotetraploid Brassica napus.
Nature communications 10(1):2878.

Andersson, L., and M. Georges. 2004. Domestic animal
genomics: deciphering the genetics of complex
traits. Nature Reviews Genetics 5: 202212.

Berlin, B., D.E. Breedlove, and P.H. Raven. 1974. Principles
of Tzeltal Plant Classification: An Introduction to
the Botanical Ethnography of a Mayan-Speaking
People. Academic Press, New York.

L.A. 20M1.

en poblaciones de Anoda cristata con diferente

Bernal-Ramirez, Diferenciacion fenotipica
grado de manejo [MSc thesis]. México: Universidad
Auténoma Metropolitana, Iztapalapa.

Blancas, J., A. Casas, S. Rangel-Landa, A. Moreno-Calles,
|. Torres, E. Pérez-Negrdn Solis L, Delgado-Lemus A,

236



Mcalvay et al. Consequences of wild mustard management

Parra F, Arellanes Y, Caballero J, Cortés L, Lira R,
Davila P. 2010. Plant Management in the Tehuacan-
Cuicatlan Valley, Mexico. Economic Botany 64: 287-
302.

Blanckaert, I, F.J. Martin D.P.
Espinosa-Garcia, and R. Lira. 2012. Ethnobotanical,

Paredes-Flores,

morphological, phytochemical and molecular
evidence for the incipient domestication of Epazote
(Chenopodium ambrosioides L.. Chenopodiaceae) in
a semi-arid region of Mexico. Genetic Resources and
Crop Evolution 59(4): 557-573.

Bone, E. and A. Farres. 2001. Trends and rates of
microevolution in plants. Genetica 112: 165-182. DOI:
https://doi.org/10.1023/A:1013378014069

Buchmann, R. and S. Hazelhurst, 2014. Genesis manual.
University of the Witwatersrand, Johannesburg.

Bye, R.A. 1979. Incipient domestication of mustards in
northwest Mexico. 1979. Kiva 44: 237-256.

Bye Jr. RA. 1981. Quelites-ethnoecology of edible
greens-past, and future. Journal of

Ethnobiology 1: 109-123.

Casas, A., A. Otero-Arnaiz, E. Pérez-Negrén, and A.

present,

Valiente-Banuet. 2007. In situ management and
domestication of plants in Mesoamerica. Annals
of Botany 10: 1101-1115.

Casas, A, J.A.

Sorianoand P. Davila.1999. Morphological variation

J. Caballero, A. Valiente-Banuet,

and the process of domestication of Stenocereus
stellatus (Cactaceae) in Central Mexico. American
Journal of Botany 86(4): 522-533.

Casas, A., B. Pickersgill, J. Caballero and A. Valiente-
Banuet. 1997. Ethnobotany and domestication in
xoconochtli, Stenocereus stellatus (Cactaceae), in
the Tehuacéan Valley and la Mixteca Baja, México.
Economic Botany 51(3): 279-292.

Chifman, J. and L. Kubatko. 2014. Quartet inference
from SNP data under the coalescent model.
Bioinformatics 30(23): 3317-3324.

Cockram, J., H. Jones, F.J. Leigh, D. O’Sullivan,
W. Powell, D.A. Laurie and A.J. Greenland,
2007. Control of flowering time in temperate
cereals: genes, domestication, and sustainable
productivity. Journal of Experimental Botany
58(6):1231-1244.

ETNOBIOLOGIA 22 (3), 2024

Currie, A. 20176.

comparative method, and archaeological special

Ethnographic analogy, the
pleading. Studies in History and Philosophy of
Science Part A 55: 84-94.

Danecek, P., A. Auton, G. Abecasis, C. A. Albers, E.
Banks, M. A. DePristo, R. E. Handsaker, G. Lunter,
G. T. Marth, S. T. Sherry, and G. McVean. 2011. The
variant call format and VCFtools. Bioinformatics
27(15): 2156-2158.

Darwin, C. 1868. The variation of animals and plants
under domestication. John Murray, London.

De Casas, R. R, G. Besnard, P. Schoénswetter, L.
Balaguer, and P. Vargas. 2006. Extensive gene
flow blurs phylogeographic but not phylogenetic
signal in Olea europaea L. Theoretical and Applied
Genetics 113(4): 575-583.

Dempewolf, H., K.A. Hodgins, S.E. Rummell, N.C.
Ellstrand, and L.H. Rieseberg. 2012. Reproductive
isolation during domestication. The Plant Cell
24(7): 2710-2717.

De Wet, JM. and J.R. Harlan. 1975. Weeds and
domesticates: evolution in the man-made habitat.
Economic Botany 29(2): 99-108.

Doebley, J. 1992. Mapping the genes that made maize.
Trends in Genetics 8(9): 302-307.

Doebley, J.F., B.S. Gaut, and B.D. Smith. 2006. The
molecular genetics of crop domestication. Cell
127(7): 1309-1321.

Ebel, R, F.D. Menalled, J.P. Morales Payan, G.M.
Baldinelli, L. Berrios Ortiz, and J.A. Castillo Cocom.
2024.
crops. Elementa: Science of the Anthropocene 12(1):
00141.

Elias, M., H. Lenoir and D. McKey. 2007. Propagule

quantity and quality in traditional Makushi farming

Quelites—Agrobiodiversity beyond our

of cassava (Manihot esculenta):. A case study for
understanding domestication and evolution of
vegetatively propagated crops. Genetic Resources
and Crop Evolution 54: 99-115.

Elshire, R.J., J.C. Glaubitz, Q. Sun, J.A. Poland, K.
Kawamoto, E.S. Buckler, and S.E. Mitchell. 2011. A
robust, simple genotyping-by-sequencing (GBS)
approach for high diversity species. PLOS ONE
6(5): e19379.

237



Excoffier,L.,G.Laval,andS. Schneider.2005. Arlequin
(version 3.0): an integrated software package for
population genetics data analysis. Evolutionary
Bioinformatics 1: 117693430500100003.

Excoffier, L., P.E. Smouse, and J.M. Quattro. 1992.
Analysis of molecular variance inferred from metric
distances among DNA haplotypes: application
to human mitochondrial DNA restriction data.
Genetics 131(2): 479-491.

Ezequiel, R. and R.G. Guadalupe. 2014. The Mawechi
and other traditional farming strategies from the
Raramuri family in the Tarahumara mountain.
Actas Iberoamericanas de Conservacion Animal
4:175-177.

Franks, S.J. and A.E. Weis. 2009. Climate change
alters reproductive isolation and potential gene
flow in an annual plant. Evolutionary Applications
2(4): 481-488.

F.F., D. Bazile, A. Bhargava,

2012.

exchanges for on-farm conservation of quinoa,

and E.A.

Implications of farmers’

Fuentes,
Martinez. seed
as revealed by its genetic diversity in Chile. The
Journal of Agricultural Science 150(6): 702-716.

Fuller, D.Q., T. Denham, M. Arroyo-Kalin, L. Lucas,
C.J. L. Qin, R.G. Allaby, and M.D.
Purugganan. 2014. Convergent evolution and

Stevens,

parallelism in plant domestication revealed by an
expanding archaeological record. Proceedings of
the National Academy of Sciences 111(17): 6147-
6152.

Gade, D.W.1972. Setting the stage for domestication:
Brassica weeds in Andean peasant ecology.
Proceedings of the Association of American
Geographers 4(2): 38-40.

Harlan, J.R. and P. Gepts (Eds.). 2012. Biodiversity
in agriculture: domestication, evolution, and
sustainability. Cambridge University Press.

Glaubitz, J.C., T.M. Casstevens, F. Lu, J. Harriman, R.J.
Elshire, Q. Sun, and E.S. Buckler. 2014. TASSEL-
GBS: a high capacity genotyping by sequencing
analysis pipeline. PLOS ONE 9(2): e90346.

GbOmez-Campo, C. and S. Prakash. 1999. Origin and
domestication. Developments in plant genetics

and breeding 4: 33-58.

Gulden, R.H., S.I. Warwick, and A.G. Thomas. 2008. The
biology of Canadian weeds. 137. Brassica napus L.
and B. rapa L. Canadian Journal of Plant Science 88:
951-996. https://doi.org/10.4141/CJPSO07203

Guo, Y., S. Chen, Z. Li, and W. Cowling. 2014. Center of
origin and centers of diversity in an ancient crop,

Brassica rapa (Turnip Rape). Journal of Heredity 21.
Hall, N.M., H. Griffiths, J.A. Corlett, H.G. Jones, J. Lynn,
and G.J. King. 2005. Relationships between water-
use traits and photosynthesis in Brassica oleracea
resolved by quantitative genetic analysis. Plant
Breeding 124(6): 557-564.
Harlan, J.R.1992. Origins and processes of domestication.
G.P. (ed.).
domestication. Cambridge: Cambridge University

In:  Chapman, Grass evolution and
Press.

D.R. 2012
biodiversity, origins, and differential development. In:
Gepts, P., T.R. Famula, and R.L. Bettinger (editors).
Biodiversity in agriculture: domestication, evolution,

Harris, Evolution of agroecosystems:

and sustainability. Cambridge: Cambridge University
Press.

Hawkes, J.G. 1969. The ecological background of plant
domestication. In: Ucko, P.J., G.W. Dimbleby. The
Ecological Background of Plant Domestication.

Hughes, C.E., R. Govindarajulu, A. Robertson, D.L. Filer,
S.A. Harris, and C.D. Bailey. 2007. Serendipitous
backyard hybridization and the origin of crops.
Proceedings of the National Academy of Sciences
104: 14389-14394.

Janick, J. and R.E. Paull (Eds.). 2008. The encyclopedia
of fruit and nuts. CABI.

Jensen, H.R, L. Belgadi, P. De Santis, M. Sadiki, D.l. Jarvis,
and D.J. Schoen. 2013. A case study of seed exchange
networks and gene flow for barley (Hordeum vulgare
subsp. vulgare) in Morocco. Genetic Resources and
Crop Evolution 60(3): 1119-1138.

Johns, T. and S.L. Keen. 1986. Ongoing evolution of the
potato on the altiplano of western Bolivia. Economic
Botany 40(4): 409-424.

Kohl, P.L.,, N. Thulasi, B. Rutschmann, E.A. George, |.
Steffan-Dewenter, and A. Brockmann. 2020. Adaptive
evolution of honeybee dance dialects. Proceedings
of the Royal Society B 287(1922): 20200190.

238


https://doi.org/10.4141/CJPS07203

Mcalvay et al. Consequences of wild mustard management

2023.
important plant areas for useful plant species in

Kor, L. and M. Diazgranados. Identifying
Colombia. Biological Conservation 284: 110187.
Ladio, A.H. 2001. The maintenance of wild edible plant
gathering in a Mapuche community of Patagonia.

Economic Botany 55(2): 243-254.

LaRochelle, S. and F. Berkes. 2003. Traditional
ecological knowledge and practice for edible
wild plants: biodiversity use by the Raramuri, in
the Sierra Tarahumara, Mexico. The International
Journal of Sustainable Development & World
Ecology 10(4): 361-375.

Larson, G., D. Piperno, R. Allaby, M. Purugganan, L.
Andersson, M. Arroyo-Kalin, et al. 2014. Current
perspectives and the future of domestication
studies. Proceedings of the National Academy of
Sciences 111: 6139-6146.

Li, H. and R. Durbin. 2009. Fast and accurate short
read alignment with Burrows—-Wheeler transform.
Bioinformatics 25(14): 1754-1760.

Mabry, M.E., M.V. Bagavathiannan, J.M. Bullock, H.
Wang, A.L. Caicedo, C.J. Dabney, E.B. Drummond,
E. Frawley, J. Gressel, B.C. Husband, A. Lawton-
Rauh, et al. 2023. Building a feral future: Open
questions in crop ferality. Plants, People, Planet.
DOI: https://doi.org/10.1002/ppp3.10367.

Mabry, M.E., S.D. Turner-Hissong, E.Y. Gallagher, A.C.
McAlvay, H. An, P.P. Edger, J.D. Moore, D.A. Pink,
G.R. Teakle, C.J. Stevens, and G. Barker. 2021. The

evolutionary history of wild, domesticated, and

feral Brassica oleracea (Brassicaceae). Molecular
Biology and Evolution 38(10): 4419-4434.

McAlvay, A.C., K. Bird, G. Poulsen, J.C. Pires, and E.
Emshwiller. 2017. Barriers and prospects for wild
crop relative research in Brassica rapa. In: Vil
International Symposium on Brassicas 1202: 165-
177.

McAlvay, A.C. 2018. Domestication, invasion, and
ethnobotany of Brassica rapa. The University of
Wisconsin-Madison.

McAlvay, A.C., A.P. Ragsdale, M.E. Mabry, X. Qi, K.A.
Bird, P. Velasco, H. An, J.C. Pires, and E. Emshwiller.
2021. Brassica rapa domestication: untangling

wild and feral forms and convergence of crop

ETNOBIOLOGIA 22 (3), 2024

morphotypes. Molecular Biology and Evolution
38(8): 3358-3372.

Merild, J. and A.P. Hendry. 2014. Climate change,
adaptation, and phenotypic plasticity: the problem
and the evidence. Evolutionary Applications 7(1):
1-14.

Meyer, R.S. and M.D. Purugganan. 2013. Evolution
of crop species: genetics of domestication and
diversification. Nature Reviews Genetics 14(12): 840.

Mun, J.H., S.J. Kwon, Y.J. Seol, J.A. Kim, M. Jin, J.S.
Kim, M.H. Lim, S.I. Lee, J.K. Hong, T. H. Park, and
S.C. Lee. 2010. Sequence and structure of Brassica
rapa chromosome A3. Genome Biology 11(9): R94.

Nabhan, G. 1984. Evidence of gene flow between
cultivated Cucurbita mixta and a field edge
population of wild Cucurbita at Onavas, Sonora.
Cucurbit Genetics Cooperative Newsletter 7: 76-77.

Nei, M. and W.H. Li. 1979. Mathematical model for
studying genetic variation in terms of restriction
endonucleases. Proceedings of the National
Academy of Sciences 76(10): 5269-5273.

Otero-Arnaiz, A., A. Casas, J.L. Hamrick, and J. Cruse-
Sanders. 2005. Genetic variation and evolution of
Polaskia chichipe (Cactaceae) under domestication
in the Tehuacan Valley, central Mexico. Molecular
Ecology 14(6): 1603-1611.

Palumbi, S.R. 2001. Humans as the world’s greatest
evolutionary force. Science 293(5536): 1786-1790.

Parker, K.C.,, D.W. Trapnell, J.L. Hamrick, and W.C.
Hodgeson. 2014. Genetic and morphological

contrasts between wild and anthropogenic
populations of Agave parryi var. huachucensis in
southeastern Arizona. Annals of Botany 113: 939-
952.

Parra, F., A. Casas, J.M. Peflaloza-Ramirez, A. Cortés-
Palomec, V. Rocha-Ramirez, and A. Gonzalez-
Rodriguez. 2010. Process of domestication of
Stenocereus pruinosus (Cactaceae) in the Tehuacan
Valley, Central Mexico. Annals of Botany 106: 483-
496.

Parra, F., N. Pérez-Nasser, R. Lira, D. Pérez-Salicrup,
and A. Casas. 2008. Population genetics and

process of domestication of Stenocereus pruinosus

239


https://doi.org/10.1002/ppp3.10367

(Cactaceae) in the Tehuacan Valley, México. Journal
of Arid Environments 72(11): 1997-2010.

Pascale, N. 1976. Colza. Su cultivo, mejoramiento y
usos. In: Kugler, W. (ed), Enciclopedia Argentina de
Agricultura y Jardineria — Tomo Il. Editorial Acme
(2da edicién), Buenos Aires.

Price, T. D. and O. Bar-Yosef. 2011. The origins of
agriculture: new data, new ideas: an introduction
to supplement 4. Current Anthropology 52(S4):.
S163-S174.

Pisias, M.T., H.S. Bakala, A.C. McAlvay, M.E. Mabry, J.A.
Birchler, B. Yang, and J.C. Pires. 2022. Prospects of
feral crop de novo redomestication. Plant and Cell
Physiology 63(11): 1641-1653.

Purcell, S., B. Neale, K. Todd-Brown, L. Thomas, M.A.
Ferreira, D. Bender, J. Maller, P. Sklar, P.I. De Bakker,
M.J. Daly, and P.C. Sham. 2007. PLINK: a tool set for
whole-genome association and population-based
linkage analyses. The American Journal of Human
Genetics 81(3): 559-575.

Rader, R., W. Edwards, D.A. Westcott, S.A. Cunningham,
and B.G. Howlett. 2013. Diurnal effectiveness of
pollination by bees and flies in agricultural Brassica
rapa: Implications for ecosystem resilience. Basic
and Applied Ecology 14(1): 20-27.

Rader, R., B.G. Howlett, S.A. Cunningham, D.A. Westcott,
L.E. Newstrom-Lloyd, M.K. Walker, D.A. Teulon, and
W. Edwards. 2009. Alternative pollinator taxa are
equally efficient but not as effective as the honeybee
in a mass flowering crop. Journal of Applied Ecology
46(5): 1080-1087.

Raj, A., M. Stephens, and J.K. Pritchard. 2014.
fastSTRUCTURE: variational inference of population
structure in large SNP data sets. Genetics 197(2):
573-589.

Ramasamy, R.K., S. Ramasamy, B.B. Bindroo, and
V.G. Naik. 2014. STRUCTURE PLOT: a program
for drawing elegant STRUCTURE bar plots in user
friendly interface. SpringerPlus 3(1): 431.

Rodriguez-Arévalo, I., A. Casas, R. Lira, and J. Campos.
2006. Uso, manejo y procesos de domesticacion
de Pachycereus hollianus (FAC Weber) Buxb.
(Cactaceae), en el Valle de Tehuacan-Cuicatlan,

México. Interciencia 31(9).

Ross-Ibarra, J., P.L. Morrell, and B.S. Gaut. 2007. Plant
domestication, a unique opportunity to identify the
genetic basis of adaptation. Proceedings of the
National Academy of Sciences 104: 8641-8648.

Routson, K.J. 2012. Malus diversity in wild and agricultural

Ph.D. Dissertation,

Arizona, Tucson, Arizona, USA.

ecosystems. University of

Rubio, E. and G. Rodriguez. 2014. El mawechi y otras
estrategias agropecuarias tradicionales de la
familia Raramuri en la Sierra Tarahumara. Actas
Iberoamericanas de Conservacion Animal 4: 175-
177.

Saitou, N.and M. Nei.1987. The neighbor-joining method:
anew method for reconstructing phylogenetic trees.
Molecular Biology and Evolution 4(4). 406-425.

C.G. and E.lJ. Estrada-Lugo. 2014.

Practicas culinarias y (re) conocimiento de la

Solis-Becerra,

diversidad local de verduras silvestres en el
Colectivo Mujeres y Maiz de Teopisca, Chiapas,
México. LiminaR 12(2): 148-162.

Sukopp, U., M. Pohl, S. Driessen, and D. Bartsch. 2005.
Feral beets—with help from the maritime wild. In:
Gressel, J. (Ed.). Crop ferality and volunteerism.
CRC Press, Boca Raton.

Tanksley, S.D. and S.R. McCouch. 1997. Seed banks and
molecular maps: unlocking genetic potential from
the wild. Science 277(5329): 1063-1066.

Tenembaum, J. 1937. El Nabo. Su cultivo en el pais.
In:  Ministerio de Agricultura. Almanaque del
Ministerio de Agricultura, Buenos Aires: Direcciéon
de Propaganda y Publicaciones.

Tepolt, CK. and S.R. Palumbi. 2015. Transcriptome
sequencing reveals both neutral and adaptive
genome dynamics in a marine invader. Molecular
Ecology 24(16): 4145-4158.

Zeder, M.A. 2015. Core questions in domestication
research. Proceedings of the National Academy of

Sciences 112(11): 3191-3198.

240



