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Abstract Across the process of domestication,
human selection produces changes in target attributes
as well as changes that are not necessarily desired by
humans due to pleiotropic or linked genes. In this
paper we addressed, correlated changes between
genetic diversity, damage level, defense mechanisms
(resistance and tolerance), and fitness due to the
domestication process of Stenocereus pruinosus (Otto
ex Pfeiff.) Buxbaum and Stenocereus stellatus
(Pfeiff.) Riccobono, an endemic columnar cactus of
south-central Mexico. One hundred eighty individuals
of S. stellatus from wild, in situ managed, and
cultivated populations of Valle de Tehuacian and
Mixteca Baja, Puebla, were sampled, and attributes
including damage level, defense mechanisms and
fitness (number of fruits) were measured. The DNA of
176 individuals was extracted to amplify and analyze
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five microsatellites in order to estimate genetic
diversity and structure. As expected, cultivated pop-
ulations showed a significantly higher damage level,
as well as lower resistance and genetic diversity.
Depending on the form of management, correlations
between genetic diversity and the rest of the attributes
exhibited different patterns. In wild populations,
genetic diversity was positively correlated with dam-
age and negatively with resistance; in situ managed
populations exhibited the opposite pattern, and in
cultivated populations, no correlations were found
between these attributes. We propose a hypothetic
model of human selection to explain the variation in
these correlations. No differences in genetic diversity
and tolerance were detected between regions; how-
ever, the populations of Valle de Tehuacan exhibited
more damage and more resistance. In both regions,
populations showed a positive correlation between
fitness and resistance and a negative correlation
between damage and resistance, suggesting the exis-
tence of a defense mechanism to ensure fitness. Also,
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non-regional differentiation suggests an eventual gene
flow due to pollinators, human movement of branches,
or a common ancestry before the domestication
process.

Keywrods Branching rate - Damage -
Domestication - Fitness - Genetic structure -
Resistance

Introduction

Human management consists of a series of deliberate
actions undertaken to transform ecological systems
into socioecological systems, following the require-
ments and interests of the societies to which they
belong (Lindig and Casas 2013; Casas et al.
2014, 2015). Management also means manipulating
populations of target species to ensure their availabil-
ity by selecting for attributes desired by humans
(Casas et al. 1997, 2007; Blancas et al. 2013, 2014).
This process, called domestication, generates mor-
phological, physiological, and genetic divergences
between populations of managed organisms and their
wild relatives, known as domestication syndromes
(Schwanitz 1966; Harlan 1975; Casas et al.
1999, 2015; Gepts 2003). Changes in allelic and
genotypic frequencies between wild and managed
populations are commonly detected, such that wild
relatives of domesticated species commonly possess
high levels of genetic diversity accumulated over
hundreds of thousands to millions of years of natural
evolution (Doebley et al. 2006; Casas et al. 2007,
Pickersgill 2007). Conversely, domesticated popula-
tions exhibit lower levels of genetic diversity as a
result of selection by humans over hundreds or
thousands of years of domestication (Maxted et al.
2013).

This reduction in genetic diversity in domesticated
populations makes them vulnerable to herbivore attack
and pathogen infestation because of the loss of the
chemical and structural mechanisms that protect them
(Pickersgill 2007; Casas and Parra 2016; Bravo-Avilez
2017). It has been argued that this effect is correlated with
increases in productivity, such as the increased size of
flowers, fruits, or seeds (Benrey et al. 1998), at the
expense of a reduction in the distribution of energy to
other functions, such as the synthesis of secondary
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metabolites or defense structures (Schaller 2008). This
means that plants reallocate resources to those structures
or functions selected for by humans. Consequently,
domesticated plants frequently exhibit more susceptibil-
ity to herbivores, pathogens, and competitors than their
wild counterparts (Li et al. 2017).

Plants have two basic defense strategies against
herbivores and pathogens: resistance and tolerance
(Strauss and Agrawal 1999). Resistance reduces the
amount of damage sustained from herbivores or patho-
gens because of the presence of chemical and physical
defenses (Ehrlich and Raven 1964; Berenbaum et al.
1986). Since resistance implies energy allocation for the
synthesis of secondary metabolites (alkaloids, tannins) or
specific structures (spines, trichomes, thick cuticle),
plants are faced with the dilemma of concentrating
valuable resources on either growth or resistance (Bazzaz
et al. 1987; Herms and Mattson 1992; Renddén and
Nufiez-Farfan 1998; Huot et al. 2014). Tolerance does not
prevent herbivores but rather allows plants to compensate
for the damage caused by natural enemies and maintain
fitness in the presence of damage (Roy and Kirchner
2000). Which mechanisms are associated with the
reduction or loss of these defense strategies during the
process of domestication? Because the domestication
process generally starts as bottleneck events or founder
effects on the genetic diversity existing in wild popula-
tions, the loss of genetic diversity could be due to the loss
of allelic variants that provide proteins or polysaccharides
involved in these attributes (e.g., production of secondary
metabolites, cuticle), causing a greater susceptibility to
damage (Harlan 1975; Pickersgill 2007; Maxted et al.
2013; Bravo-Avilez et al. 2014; Casas and Parra 2016;
Bravo-Avilez 2017) or a reduction in resistance (Mos-
quera et al. 2008). However, this loss could also be related
to the existence of pleiotropic genes or gametic linkage
between closely linked genetic components (Murren
2002), such as resistance and yield genes, as has been
demonstrated in wheat (Hayes et al. 1996, 2003) and
potato (Mosquera et al. 2008).

However, evolution under domestication of both
defense strategies and their correlation with other
attributes (e.g., genetic diversity or damage level) from
a population approach is scarcely addressed in the
literature. There are many studies on correlated responses
in cultivated plants of economic importance (Hayes et al.
2003 and references inside), and most of them are
analyzed from an agronomic approach. Chaudhary
(2013) analyzed the possible evolution of both
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mechanisms between wild relatives and domesticated
plants, but the taxa analyzed are evolutionarily distant,
and gene flow is almost nonexistent. Huot et al. (2014)
analyzed the concept of a growth-defense trade-off in
plants and incorporated evidence of molecular and
hormone crosstalk in this trade-off to enrich strategies
for plant breeding. More recently, the existence of
recessive resistance loci involved in matched-allele host—
pathogen interactions was reported for wild pepper
Capsicum annuum var. glabriusculum (Dunal) Heiser
& Pickersgill Heiserpopulations under an incipient
domestication process, demonstrating that human man-
agement has profound effects on the diversity and
evolution of resistance genes (Poulicard et al. 2016).
This study represents a population analysis of the
evolution of resistance under domestication, but correla-
tions with fitness components were not directly analyzed.
Moreira et al. (2018) analyzed changes in plant defense
compounds (constitutive and induced) involved in
targeted and nontargeted attributes in three varieties of
Brassica oleracea L. (one wild and two domesticated).
They concluded that constitutive defenses decreased in
domesticated varieties, but differences between consti-
tutive and induced defenses did not, suggesting that
human selection did not modify this trade-off. Addition-
ally, no differences were found in the magnitude of
defenses between targeted and nontargeted attributes.
Thus, a reduction in defenses in domesticated cabbage is
presumably the result of direct selection on these
compounds rather than indirect effects via trade-offs
between size and defense.

For cacti, damage caused by physical and biological
factors has been reported in various species (Bravo-
Avilez et al. 2019a). Recently, the effect of damage on
defense mechanisms and fitness components was docu-
mented in two species of columnar cacti, Stenocereus
pruinosus and Stenocereus stellatus (Pfeiffer) Ric-
cobono, subject to different forms of management
(Bravo-Avilez et al. 2014, 2019b; Bravo-Avilez 2017).
However, the genetic diversity of this species has been
documented before, and there is no integrated approach
including both kinds of attributes (e.g., morphological
and genetic). We aimed to analyze the correlated
responses between genetic diversity levels and suscepti-
bility to damage, defense mechanisms, and fitness
components in wild, in situ managed, and cultivated
populations of S. stellatus growing in sympatry (Casas
and Caballero 1998; Casas et al. 2006; Cruse-Sanders
etal. 2013). We expected variance in the levels of genetic

diversity among S. stellatus populations with different
forms of management (wild > in situ managed > culti-
vated). In the case of wild populations, high levels of
genetic diversity will be positively correlated with higher
resistance and negatively correlated with damage, toler-
ance, and fitness values. The opposite will be found in
cultivated populations, where the decrease in genetic
diversity will be negatively correlated with resistance and
positively correlated with damage, tolerance, and fitness
because human selection has eroded genetic diversity by
selecting individuals with a higher number of fruits.
Between regions, we expect genetic differentiation due to
evidence of the use of this species in the Valle de
Tehuacan region in ancient times, since at least
8000 years ago (Smith 1967). Thus, populations from
the Valle de Tehuacan region will present less genetic
diversity (which will be positively correlated with
resistance and negatively correlated with damage levels)
than those of the Mixteca Baja region.

Materials and methods
Study species

Stenocereus stellatus (Pfeiffer) Riccobono (“xo-
conochtli” or “pitaya de Agosto™) is a 2—-6-m tall
columnar cactus, branching at the base, with cylindri-
cal, erect branches; 8—12 ribs rounded. Radial spines
7-9 (sometimes 13), 1-3 central spines. Nocturnal
flowers, tubular to narrowly campanulate, white or
pale rose, with reddish sepals, approximately 4—6 cm
long and 3-4 cm in diameter; spiny and globular
fruits; pulp exhibits different colors: red, orange,
yellow, and white. It is an endemic cactus to central-
southern Mexico (Casas 2001) with a distribution
centered in the states of Guerrero, Morelos, Oaxaca,
and Puebla (Casas and Caballero 1996, 1998; Guzman
et al. 2003). This species has been of use since ancient
times, at least 8000 years (Smith 1967; Caballero et al.
1998), and continues to be domesticated in the Valle
de Tehuacan and Mixteca Baja regions. It is common
to find populations subject to different forms of
management (wild, in situ managed, and cultivated)
growing sympatrically across almost the entirety of
the species’ geographic distribution (Casas et al.
1997, 1999; Casas 2002), which indicates an ancient
and close interaction with human communities. Their
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edible fruits are in high demand, and the stems are
used as forage or for living fences.

Damage, defense mechanisms, and fitness
components

At the beginning of 2012, we sampled 180 individuals
from six populations: wild (W), in situ managed
(ISM), and cultivated (C) populations from two
regions, Valle de Tehuacan (TV) and Mixteca Baja
(MB) (Table 1; Fig. 1; supplementary file). From these
individuals, 1043 branches were randomly selected to
estimate a qualitative damage level based on the
percentage of each branch with damage and visually
classify damage types (Bravo-Avilez et al. 2014;
Bravo-Avilez 2017). From these records, a subsample
of 459 branches was chosen (between two and four
branches from each of the 180 individuals) to analyze
defense mechanisms (e.g., resistance and tolerance).

Resistance (RE) was calculated from the following
attributes: number of ribs per branch (r), number of
areolas (a), and length of the central spine (lcs). The
latter two attributes were observed in a 150 cm” area of
the branch (30 cm x 5 cm) approximately 1.20 m
from the ground. The formula is as follows:

RE =cxax*lcs

The formula indicates that the greater the RE value
is, the higher the resistance level.

The branching rate (TR) was estimated as a
component of tolerance, measured as the number of

new shoots produced by the branches sampled (459) in
a time interval. We counted the number of shoots
smaller than 30 cm produced in 2012 (¢;) and again in
2013 (tp); with this, TR was calculated with the
following formula:

TR = (12 —t1)/11

Fitness was estimated according to the number of
fruits produced by 180 individuals from mid-July to
the end of September 2012.

A factorial analysis of variance was used to
evaluate significant differences in damage levels,
defense mechanisms, and fitness between forms of
management and between regions, as well as a form of
management x region interaction, using JMP® 9.0.1
software (SAS Institute Inc. 2010).

All the data from Bravo-Avilez (2017) were used to
make correlations with genetic diversity.

Genetic diversity in S. stellatus populations
between forms of management and regions

During the flowering season in 2012, two flower buds
were collected from a subset of 176 of the 180 sampled
individuals (because four individuals died). Flower
buds were wrapped and labeled in aluminum foil and
stored frozen at 80 °C at the Divisional Laboratory of
Molecular Biology of the Universidad Auténoma
Metropolitana Iztapalapa.

DNA was extracted from each individual using
QIAGEN’s commercial DNeasy® Plant Mini Kit

Table 1 Wild, in situ managed, and cultivated populations of Stenocereus stellatus in the Valle de Tehuacan and the Mixteca Baja

region, analyzed by Bravo-Avilez (2017)

Form of management Geographical coordinates

Region Municipality
Valle de Tehuacan Ajalpan
Valle de Tehuacan Ajalpan
Valle de Tehuacan Miahuatlan

Mixteca Baja San Pedro y San Pablo Tequixtepec

Mixteca Baja San Pedro y San Pablo Tequixtepec

Mixteca Baja San Pedro y San Pablo Tequixtepec

Wild 18°24'58.6"N
97°15'34.8"W
in situ 18°25'3.4"N
97°15'24.6"W
Cultivated 18°33'4'N
97°26'56.9"W
Wild 18°7'31.6”"N
97°46'21.5"W
in situ 18°6'35.4"N
97°45'26.4"W
Cultivated 18°6'19.6"N
97°45'23.2"W
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Stenocereus stellatus
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Fig. 1 Location of wild, in situ managed and cultivated
populations of S. stellatus. municipalities of Santiago Miahu-
atlan and Ajalpan, corresponding to the Valle de Tehuacan

extraction protocol, with minor modifications, and
DNA quality was verified using a Nanodrop 2000
spectrophotometer. DNA integrity was checked by 1%
agarose gel electrophoresis with 0.2 pl of GelRedTM
stain and a molecular weight marker with 100 bp
bands; the gel was visualized with ultraviolet light
using the MiniLumi DNR Bio-Imaging Systems
biodocumentation system.

The amplification of the microsatellites or simple
sequence repeats (SSR; Table 2) was performed at a
volume of 12.5 pl, containing 6.25 pl of PCR Master
Mix, PROMEGA, 0.75 pl of the forward primer
marked with fluorescence at 10 pM, 0.75 pl of the
reverse primer at 10 uM, 0.75 pl of nuclease-free
water, and 4 pl of DNA.

New DNA chain synthesis was carried out using the
molecular polymerase chain reaction (PCR) tech-
nique. Amplification conditions for loci (JCS; Cruse-
Sander et al. 2013) started with denaturation at 94 °C
for four minutes, followed by 25 successive cycles of
denaturation at 94 °C for one minute, annealing
according to the melting temperature for each locus

(TV), state of Puebla (gray color). municipality of San Pedro and
San Pablo Tequixtepec, corresponding to the Mixteca Baja
region (MB), state of Oaxaca (yellow color) (color figure online)

(Table 2) for 60 s, and extension at 72 °C for two
minutes, with a final extension at 72 °C for four
minutes.

Analysis of genetic diversity between forms
of management and regions

Genetic characterization of the alleles was performed
using GeneMarker® software (Applied BioSystems)
in a multiplex reaction and calibrated with the LIZ 500
ladder. The presence and frequency of null alleles for
each locus per population were verified using the
MICROCHECKER 2.2.3 program (Van Oosterhout
et al. 2004). The deviation from Hardy—Weinberg
equilibrium and the linkage disequilibrium for each
locus per population were estimated with GENEPOP
v. 1.2 (Raymond and Rousset 1995) and ARLEQUIN
3.0 (Excoffier et al. 2005), respectively.

Genetic diversity across forms of management and
region was evaluated with the GENALEX 6.5 pro-
gram (Peakall and Smouse 2005); to elucidate possible
significant differences in the levels of genetic diversity
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Table' 2 Microsa.tellites ) Locus PCR primer sequence (5'-3') y (3'5') Temperature Size (pb)
used in the genetic analysis °C)
of six populations of S.
stellatus from central Pchi9 F-VIC® GTGGCCGAGAAAGAAGTTTG 60 208-218
Mexico. Forward sequence R: AAAGGCCCAAATCATAAGCA
of each primer was marked ™
with a fluorophore (VIC®, JCS1 F-6FAM = CCCGAAAGCACATCAAAAAT 52 174-212
PET®, 6FAM ' and NED") R: CAGAGAATCGCCAGAGGAAG
JCS49 F-6FAM = CAAACCCAAAAGCAAAGAA 52 192-230
R: AAGAGACAAGTCCTCAGGTTGG
JCS68 F-NED"' CATCATTGTCCCACTTAAAGCA 54 195-215
R: TCCCAAAAACCAAAATCATCA
JCS73 F-NED"' TGCGAATTAATGGTTTCCAA 54 165-219

(observed and expected heterozygosity), a Kruskal—
Wallis test with a significance value of 0.05 was
performed using Minitab® statistical software (Mini-
tab 2007).

To infer the genetic structure, a Bayesian allocation
algorithm was used in STRUCTURE 2.3.3 software
(Pritchard et al. 2000). In addition, an ad hoc statistical
test of 4K (Evanno et al. 2005) was carried out in
STRUCTURE HARVESTER software (Earl and
vonHoldt 2012).

Factorial correspondence analysis (FCA) was per-
formed using the GENETIX 4.05 program (Belkhir
et al. 2004). The evaluation at hierarchical levels
(difference between forms of management and
between regions) was carried out by means of an
analysis of molecular variance (AMOVA) with the
ARLEQUIN 3.0 program (Excoffier et al. 2005). To
analyze the genetic differentiation between popula-
tions and between genetic groups, Nei’s standard
genetic distances (Ds) were calculated with the
POPULATIONS 1.2.32 program (Langella 1999),
and a phenogram was prepared with the TFPGA 1.3
program, which uses the unweighted pair group
method with arithmetic means (UPGMA) algorithm
(Sneath and Sokal 1973). The number of migrants
(Nm) was evaluated based on the Fg¢r and Rgr values
using the ARLEQUIN 3.0 program (Excoffier et al.
2005).

Spearman correlations between genetic diversity,
damage levels, defense mechanisms, and fitness

Based on the genotype of each individual (five loci of

176 plants), the number of heterozygous loci in each
individual was counted as a parameter of genetic
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diversity (see Table 1 in the supplementary material).
Spearman correlation matrices (p) were developed
using IMP® software (Sall et al. 2017), considering
damage levels, defense mechanisms, and fitness by
form of management and by region. For defense
mechanisms, the RE and TR values were considered;
for fitness, the total number of fruits produced per
individual was used (Bravo-Avilez 2017). The corre-
lation significance was tested at a probability level of
5% (Gomez and Gomez 1984).

Results

Damage levels, defense mechanisms, and fitness
between forms of management and regions

Factorial analyses of variance of total damage (con-
sidering biological and physical factors; Table 3)
indicated that damage levels were significantly higher
in cultivated populations; between regions, popula-
tions from Valle de Tehuacdn had a significantly
higher incidence of damage compared to populations
from the Mixteca Baja region. The form of manage-
ment x region interaction indicated that the three
populations from the Valle de Tehuacan and the
cultivated population from the Mixteca Baja region
presented the highest damage levels, while the wild
population from the Mixteca Baja region exhibited the
lowest damage level.

Regarding resistance, it was found that (1) the
in situ managed populations were significantly more
resistant than the others, (2) the cultivated populations
presented the lowest resistance and (3) populations
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from the Mixteca Baja region presented greater
resistance than those from the Valle de Tehuacan.

The branching rate (TR) did not exhibit significant
differences between forms of management or between
regions. Nevertheless, the form of management x re-
gion interaction exhibited significant differences: the
wild population from the Valle de Tehuacan region
and the in situ managed population from the Mixteca
Baja region presented the highest TR, while the wild
population from the Mixteca Baja region and the
in situ managed population from the Valle de
Tehuacéan presented the lowest TR (Table 3).

Fitness also exhibited significant differences in the
form of management x region interaction: individu-
als in the cultivated population from the Valle de
Tehuacan produced the greatest number of fruits,
while those in the population from the Mixteca Baja
region, as well as the wild and in situ managed
populations, produced the lowest number (Table 3).

Genetic diversity and genetic structure of S.
stellatus

The Hardy—Weinberg equilibrium test per locus per
population showed that Pchi 9 and JCS 68 were in
equilibrium in the cultivated population of the Mixteca
Baja region, while the rest of the loci presented a
significant deviation from Hardy—Weinberg equilib-
rium (p < 0.05). Two combinations with linkage

Table 3 Average values (% ee) of the percentage of damage,
resistance, tolerance (growth rate), and fitness component
(number of fruits) from a Factorial Analysis of six populations

disequilibrium were observed in the in situ managed
population from the Mixteca Baja region, with seven
in the wild population from the Valle de Tehuacan
region, and three in the cultivated population from the
Valle de Tehuacén region.

An average value of heterozygosity was obtained:
Hy = 0.422 4+ 0.036. This value varied across forms
of management: for the wild population, Hy =
0.430 + 0.146; for the in situ managed population,
Hp = 0.434 £ 0.094; and for the cultivated popula-
tion, Hp = 0.403 &+ 0.024. Comparisons between
forms of management and between regions with the
Kruskal-Wallis test revealed that there were no
significant differences (H =0.09, p =0.95 and
H =0.10, p = 0.756, respectively). With respect to
expected heterozygosity (Hy = 0.664 £ 0.025), sig-
nificant differences were found between forms of
management (H = 7.44, p = 0.024); these differences
were found between in situ managed populations, with
the highest value, and cultivated populations, with the
lowest value (medians of Hr = 0.758 and 0.617,
respectively; H = 7.01, p = 0.008). Wild populations
showed an intermediate value, H7 = 0.695. No sig-
nificant differences between regions were found for
Hy. The average F;s was 0.381, indicating breeding
between populations.

Bayesian analysis showed that individuals of S.
stellatus coming from the six populations studied were
grouped into four genetic groups (K = 4; Fig. 2). This

of S. stellatus with different forms of management in two
regions of central Mexico (Different letters indicate significant
differences)

Damage (%)

Resistance Tolerance Fitness

Branching rate (%)

Number of fruits

Management (M) Wild (W)

in situ (IS)
Cultivated (C)

12.768 + 1.395%
19.305 + 1.1118
22.372 + 1.386*

Region (R) Valle de Tehuacan (VT) 24.112 4+ 1.091 A
Mixteca Baja region (MB) 12.625 =+ 1.038"
M xR W VT 26.235 + 2.266*
IS VT 25273 + 1.525%
CVT 21.137 + 1.805*
W MB 5.804 + 1.629€
IS MB 12.591 + 1.618®
C MB 24.048 + 2.104*

2.150 £ 0.024"B
2.180 + 0.0214
2.102 £ 0.023®
2.120 &+ 0.018 #
2.173 + 0.0198
2.045 £ 0.036°
2.165 £ 0.030%B€
2.128 + 0.030%B€
2.238 4 0.032%
2.195 & 0.030B
2.065 £ 0.0365¢

29.044 + 6.930*
26.524 + 6.070*
28.172 + 6.706*
24.152 + 5290 A
32.072 + 5.451%
41.666 + 10.22*
13.500 + 8.48"
22.674 + 8.68B
18.468 + 9.35%
40.115 + 8.68%
37.096 + 10.22°8

32.166 + 9.434*
46.350 + 9.434"
49.983 + 9.4344
42777 £ 7702 A
42.888 + 7.702*
3.80 &+ 13.34€
31.66 + 13.348
92.90 + 13.344
60.53 + 13.34B
61.06 & 13.34°B
7.06 + 13.34¢
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result was confirmed by the ad hoc AK statistical test,
the factorial correspondence analysis and the pheno-
gram based on genetic distances (Fig. 3): group I
constitutes individuals in wild (WMB) and cultivated
(CMB) populations from the Mixteca Baja region;
group II, individuals in the in situ managed population
from the Mixteca Baja region (ISMB); group III,
individuals in wild (WTV) and in situ managed
populations (ISTV) from the Valle de Tehuacan
region; and group IV, individuals in the cultivated
population from the Valle de Tehuacan region (CTV;
Fig. 2). These results indicated a regional grouping of
populations. However, some migrants and/or a com-
mon ancestry related to incomplete lineage classifica-
tion (ILS) was found within each group (Gow et al.
2006).

Molecular variance analysis showed that just over
61% (p < 0.001) of the variation was distributed
within populations, followed by variation between
populations at 24.7% (p < 0.001); the smallest vari-
ation was between forms of management, at 13.59%
(p < 0.001). The inbreeding coefficient within popu-
lations was R;g = 0.286, and the total inbreeding
coefficient was R;r = 0.383. The interpretation of
these two coefficients is similar to Wright’s F;g and
F 7, respectively.

Spearman correlations between genetic diversity,
damage level, defense mechanisms, and fitness

Between forms of management The Spearman corre-
lation coefficient (p) showed significant and variable
relationships between genetic diversity and damage
positive

(Fig. 4); the coefficient was in wild

100
080
060
040
020

000 -2 T

populations (p = 0.46***) and negative in the in situ
managed population (p = 0.32%). Cultivated popula-
tions did not exhibit significant differences
(p = 0.087 ™). Wild populations showed a significant
and negative correlation between genetic diversity and
resistance (p = 0.340%*) and between damage and
resistance (p = 0.383***) and a positive correlation
between damage and branching rate (p = 0.275%).
In situ managed populations showed a positive
correlation between genetic diversity and resistance
(p = 0.402**), between genetic diversity and fitness
(p = 0.296*), and between fitness and resistance
(p = 0.476*%**). Damage was negatively correlated
with resistance and branching rate (p = 0.414%** and
p = 0.408*** respectively). Cultivated populations
did not exhibit significant correlations (Table 4).

Between regions Populations from the Valle de
Tehuacan and Mixteca Baja regions (Fig. 5) presented
a positive correlation between fitness and resistance
(p = 0.230*% and p = 0.226*, respectively) and a
negative correlation between damage and resistance
(p = 0.254% and p = 0.411%%%),

Discussion

Our results showed that cultivated populations of S.
stellatus exhibited a significant decrease in levels of
genetic diversity and resistance, as well as an increase
in damage levels, which means that these nontargeted
attributes have also changed during human selection
for fruit production, which is the target attribute
(Casas et al. 2006; Cruse-Sanders et al. 2013). Thus,
domestication syndromes (e.g., decreased genetic
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Fig. 2 Genetic structure of six populations of S. stellatus: W, wild; IS, in situ managed; C, cultivated; MB, Mixteca Baja region; VT,

Valle de Tehuacan
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Fig. 3 Phenogram constructed from UPGMA analysis to estimate Nei genetic distances between six populations of S. stellatus: W,
wild; IS, in situ managed; C, cultivated; MB, Mixteca Baja region (brown line); VT, Valle de Tehuacan (gray line) (color figure online)

diversity and increased susceptibility to damage) were
corroborated. Studies on the genetic diversity in other
columnar cacti under domestication processes using
microsatellites (Polaskia chichipe [Rol. Gross.]
Backeb, Otero-Arnaiz et al. (2005); S. pruinosus [Otto
ex Pfeiff.] Buxb. Parra et al. 2010) reported that
cultivated populations generally have lower levels of
genetic diversity than wild populations. The negative
effect of domestication on genetic diversity in species
of great agronomic interest has been documented in
domesticated soybean (Glycine max L.), the genetic
diversity of which was reduced by 50% compared to
its wild relative (Hyten et al. 2006). It has also been
documented that domesticated rice (Oryza sativa L.)
contains only between 10 and 20% of the genetic
diversity present in its wild ancestor, Oryza rufipogon
Griff. (Kovach and McCouch 2008). It has been stated
that domestication generally results in a reduction in
the genetic diversity of managed populations because
groups of domesticated individuals commonly involve
only a fraction of the diversity existing in wild
populations (Harlan 1975; Hawkes 1983; Doebley
1992; Pickersgill 2007). However, other genetic
processes could be involved, such as gametic linkage
or pleiotropy (Hayes et al. 1996, 2003; Murren 2002;
Mosquera et al. 2008). It would be interesting to
analyze which is the best mechanism to explain these
changes in genetic diversity. Our results did not
coincide with previously reported data for the same

species (Casas et al. 2006; Cruse-Sanders et al. 2013;
Table 5), which indicated that domesticated popula-
tions presented greater genetic diversity than wild
populations. These differences correspond to the
distribution of the sampled populations and their
possible interrelation with pollinators and humans, as
mentioned by these authors, or to unique attributes of
the sampled individuals because those highly dam-
aged individuals were probably not sampled in
previous studies.

Defense mechanisms have not been previously
analyzed in columnar cacti subjected to domestica-
tion. In the case of resistance, although there are no
previous studies on domesticated columnar cacti,
recent studies with Brassica oleracea and Capsicum
annuum have found a decrease in resistance, as well as
an increase in damage levels in domesticated popula-
tions (Poulicard et al. 2016; Moreira et al. 2018), as
was found in the present study. It would be interesting
to determine which mechanisms are associated with
these changes to understand how humans, based on an
empirical process of selection, have reduced resistance
levels in domesticated populations (Moreira et al.
2018).

Tolerance did not exhibit significant differences
due to human selection. The tolerance response may
have evolved prior to the domestication process. Due
to the architecture of this species, under natural
conditions and subject to different stress factors,
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Table 4 Spearmap g . Spearman correlation Wild In situ managed
correlation analysis in wild n=57 n=60
and in situ managed
populations of S. stellatus. p p P p
In the cultivated population, 5. giversity—Damage 0.4625 0.0003 0.3199 0.0127
no correlation was
significant Genetic diversity—Resistance 0.3401 0.0096 0.4017 0.0015
Genetic diversity—Fitness 0.2958 0.0218
Damage-Fitness
Damage—Resistance 0.3834 0.0032 0.4137 0.0010
Damage-Tolerance 0.2753 0.0382 0.4079 0.0012
Fitness—Resistance 0.4762 0.0001
(b)
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Fig. 5 Correlation between resistance-damage (p = 0.254,
p =0.018) (a), fitness and resistance (p = 0.230, p = 0.033)
(b) in populations of Valle de Tehuacan (n = 86) and resistance-

branches are commonly replaced; through the domes-
tication process, this response has not been modified,
and pruning (the process by which farmers eliminate
damaged branches) also plays a role. Additionally, this
attribute is not linked to other genes (pleiotropic or
gametic) (Murren 2002). It seems that both defense
mechanisms have evolved independently (Restif and
Koella 2004).

Fitness represents the target attribute, and it would
be expected that mean values would increase under
human selection. We analyzed individuals with

FITNESS

RESISTANCE LEVEL

damage (p = 0.411, p =0.001) (c), fitness and resistance
(p = 0.226, p = 0.032) (d) in populations of the Mixteca Baja
regions (n = 90)

different damage levels from the worst individuals,
those who were almost dead, to the best individuals.
Consequently, fitness values represented not only
human selection but also the environmental conditions
of each form of management.

Between regions, our findings were the opposite of
what was expected. Genetic diversity was similar
between the two regions; however, populations from
Valle de Tehuacan exhibited higher damage and
resistance values. Contrary to our results, Casas
et al. (2006) and Cruse-Sanders et al. (2013) reported
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Table S Levels of genetic diversity (H, H,) between populations of S. stellatus under different forms of management in the Valle de
Tehuacan and the Mixteca Baja regions reported in previous and in the present studies

Casas et al. (2006) (isoenzimes, 19

Cruse-Sanders et al. (2013) Present study

populations) (microsatellites, 15 (microsatellites, 6
populations) populations)
Wild H,=0.253 £ 0.016 H,=0.55 %+ 0.091 H,=0.691 + 0.031
H,=051+0.110 H, =0.430 £+ 0.146
in situ H, =0.270 £ 0.006 H, =0.64 + 0.066 H,=0.737 £+ 0.028

Cultivated H,=0.289 £+ 0.015

Mixteca Baja H,=0.279

region

Valle de Tehuacan H, = 0.265

H, = 0.56 £ 0.962
H, = 0.63 + 0.069
H, = 0.51 + 0.088
H, = 0.61 + 0.056
H, = 0.53 £ 0.070
H, = 0.60 £ 0.070
H, = 0.53 £ 0.091

H, =0.434 + 0.094
H, =0.565 £ 0.052
H, =0.403 £+ 0.024
H, =0.646 £ 0.045
H,=0.416 &+ 0.087
H, =0.683 £ 0.023

H, =0.429 £+ 0.091

greater genetic diversity in populations from the
Mixteca Baja region compared with those from the
Valle de Tehuacan region. These differences could be
related to the number of markers that were used in
each of these studies (Pritchard et al. 2000) and to the
kind of individuals sampled. In our study, we sampled
damaged or very damaged individuals who may not
have been considered in another context. However, a
phylogeographic study needs to be carried out to
understand the historical dispersion of the species and
to elucidate its origin and diversification, considering
the following hypotheses. First, if the oldest remains
of S. stellatus were found in the Valle de Tehuacan
(MacNeish 1967; Smith 1967), then this region could
correspond to its center of origin. Second, authors such
as Casas et al. (2006) and Cruse-Sanders et al. (2013)
reported that populations from the Mixteca Baja
region present greater genetic diversity than those
from the Valle de Tehuacéan region. If this pattern is
consistent, it is possible that the species was first
domesticated in the Mixteca Baja region and then
disseminated to the Valle de Tehuacan region. Third,
the species has been subjected to independent domes-
tication processes for thousands of years in different
places within its distribution area (multiple domesti-
cation processes; Piperno 2011; Langlie et al. 2014),
which includes populations from Guerrero, Morelos,
Oaxaca, and Puebla; therefore, it is necessary to study
the dynamics of this species throughout this area.

@ Springer

Genetic structure analysis showed that the genetic
groups (K = 4) were geographically associated, which
supports the hypothesis of an independent domestica-
tion process. The number of migrants (Nm) according
to the Fgr and Rgy values suggests that the gene flow is
regional, between wild and domesticated populations,
favored by the role of bats in pollination and bats and
birds in seed dispersal, and largely by the human
dispersion of vegetative materials (Casas et al. 2006;
Cruse-Sanders et al. 2013). These results were
supported by both genetic structure analysis and
genetic distance analysis, which showed that the most
genetically similar populations were wild and culti-
vated populations from the Mixteca Baja region and
wild and in situ managed populations from the Valle
de Tehuacan region. Nevertheless, a common ances-
tral origin of all the populations from a single large
population is supported by STRUCTURE analysis,
which showed fragmentation by different factors, with
human activities (mainly the movement of branches
between different regions) being the most important.
At this time (8000 years ago), there were already
different human groups living in different areas of the
Valle de Tehuacan and Mixteca Baja regions (Casas
et al. 2006; Cruse-Sanders et al. 2013).

In the present study, we proposed an analysis of the
correlated changes between target attributes and those
that are not directly subject to human selection (e.g.,
correlated attributes). The analysis of the attribute
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changes during domestication has been performed
under the lens of an independent evolution of each
attribute and that all changes are a direct effect of
human selection. A model based on phenotypic
integration led us to analyze how some attributes
could be subject to an indirect effect of human
selection due to other genetic mechanisms (gametic
linkage or pleiotropy). Some findings in the present
study reinforce this approach.

In contrast to the responses expected as a result of
domestication syndromes, correlations between
genetic diversity and defense, damage, and fitness
exhibited quite different patterns between populations
with different forms of management. In wild popula-
tions, higher levels of genetic diversity were nega-
tively correlated with resistance and positively
correlated with damage; in the case of in situ managed
populations, these patterns were completely the
opposite. Surprisingly, in the case of cultivated
populations, no significant correlation was detected
between genetic diversity and resistance, tolerance,
damage, and fitness.

Recent studies in natural populations have demon-
strated that in wild populations, greater genetic
diversity is correlated with higher damage levels
(Castagneyrol et al. 2012). Possible explanations
include a higher presence of generalist (rather than
specialist) herbivores with mixed diets or spillover
from more suitable to less suitable host plants and the
presence of different plant genotypes with different
functional traits, such as competitive ability (Cahill
et al. 2005), forage quality for herbivorous insects
(Karley et al. 2008), and resistance to herbivory
(Maddox and Root 1987; Wise 2007; Agniezka et al.
2009). According to Bravo-Avilez et al.
(2017,2019a,2019b,2014), eight kinds of damage
were recorded in populations with different forms of
management in both regions. All of these were
recorded in all populations. However, wild popula-
tions of S. stellatus exhibited significantly more
damage from insects and small birds, which produced
small holes in the branches; ants such as Atta sp. and
Crematogaster sp., which foraged the apical section of
the branches, including reproductive structures; and
Cactophagus spinolae (Gyllenhal) and Aleochara sp.
beetle larvae of the family Hydrophilidae, which
infested the roots. Cultivated populations exhibited a
high incidence of damage apparently caused by
Phoma spp. (Monreal-Vargas et al. 2014; Bravo-

Avilez and Rendon-Aguilar in process), which pro-
duce gray spots on the branches. These results
supported the findings that higher genetic diversity
in wild populations was positively correlated with
damage and negatively correlated with resistance.
However, damage did not affect tolerance or fitness.

Based on our results, we propose a model of human
selection to reconstruct different scenarios depending
on the form of management (Fig. 6). Originally, this
study started with the hypothesis that compared to
domesticated populations, wild populations would
show higher levels of genetic diversity, which is
necessary for their interactions with biotic and abiotic
factors (Cronin and Abrahamson 2001 ; Crawford et al.
2007); they share variation in defense mechanisms
(resistance in principle) and, consequently, less sus-
ceptibility to damage (Rosenthal and Dirzo 1997,
Gepts 2003, 2006; Chaudhary 2013; Bravo-Avilez
2017). Through human selection based on empirical
management, phenotypes with higher genetic diver-
sity that are more resistant or more tolerant and have
less damage without negative effects on fitness are
selected for propagation in managed in situ areas or
even for cultivation. A study on genetic families of oak
saplings with various levels of genetic diversity that
were subjected to polyphagous herbivores in mixed
and monoculture treatments showed that those fami-
lies with higher genetic diversity were more damaged
in mixed treatment but suffered less damage when
grown in monocultures (Castagneyrol et al. 2012).

In in situ managed populations, farmers select for
phenotypes with more resistance and less damage and
did not indirectly select for a decrease in genetic
diversity. Alternatively, perhaps gene flow prevented
this erosion in diversity, thus fitness was not affected.
The positive correlation observed between genetic
diversity and fitness (p = 0.296*) and genetic diver-
sity and resistance (p = 0.2402**) indicates that a
resistance response has evolved (Fornoni and Nufiez-
Farfan 2000). Additionally, resistance was not corre-
lated with branching rate. These results suggest that a
resistance response has evolved in in situ managed
populations of S. stellatus; thus, the most resistant
plants produced the greatest number of fruits. These
results agree with what was reported by Bravo-Avilez
(2017), who proposed that the species opts for
resistance as its main defense mechanism.

In the case of cultivated populations, no significant
correlation was detected between genetic diversity and
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Fig. 6 Hypothetic model of domestication process of correlated responses between populations of S. stellatus under different forms of
management. Yellow line indicates the level of correlated attributes where human selection could operate (color figure online)

resistance or damage, which indicates that human
selection eroded genetic diversity and modified ances-
tral phenotypic integration. It is likely that human
selection would have fixed these attributes; the target
attribute, which is fruit production, has been main-
tained until today (Fig. 6). However, statistical data
must be regarded with some reservations since the
Spearman correlation coefficient (p) was less than 0.5,
which is considered a weak relationship (Martinez-
Ortega et al. 2009).

The hypothesis of differences between regions was
supported by an expected reduction in genetic diver-
sity in populations from the Valle de Tehuacan region
in comparison to those from the Mixteca Baja region
as a consequence of historical management based on
the archaeological findings of the use of S. stellatus in
the Abejas Phase (5400-4300 years BP) and Palo
Blanco (2150-1300 years BP) in the Valle de
Tehuacdn region (MacNeish 1967; Smith 1967). It
was then proposed that a decrease in genetic diversity
in that region would be correlated with an increase in
the levels of damage to plants. However, although
populations from the Valle de Tehuacan region did
show significantly greater damage than those from the
Mixteca Baja region (Bravo-Avilez 2017), the differ-
ences in genetic diversity were not significant. It is
possible that eventual gene flow among forms of
management within each region, as well as between
them, could reduce the effects of regional isolation of
populations on genetic diversity (Casas et al. 2007,
Cruse-Sanders et al. 2013). Contrasting differences in
levels of damage could indicate that different
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environmental conditions between the two regions
favored the presence of damage in one of them (Valle
de Tehuacan). Bravo-Avilez and Renddn-Aguilar
(work in process) found that damage in these popu-
lations was controlled by different biological and
physical factors between populations and regions. In
the case of the Valle de Tehuacan region, wild and
in situ managed populations were under recent pres-
sure by human activities.

Although the size of spines and the number of ribs
are good estimators of resistance in cacti, not all
herbivores are deterred by these structures. Thus, it is
necessary to consider, in future studies, the thickness
of the cuticle, as well as the variation in secondary
compounds, which have been reported in other studies
(de Oliveira and da Silva Machado 2003; El-Seedi
et al. 2005; da Silva et al. 2010; Falcdo et al. 2012).
Indeed, during this study, we wondered whether the
damage was due to the reduction in the number of
thorns or if damaged plants lost the thorns after
suffering the damage.

Some of the herbivores were not recorded or
collected. This information is necessary to clarify the
ecological characteristics of herbivores, pests, and
diseases (ectophagous, endophagous, and polipha-
gous) to explain how their interactions with S. stellatus
change during the domestication process. Addition-
ally, it is necessary to expand the study to include an
analysis of abiotic components, such as climatic
factors, edaphic characteristics, and floristic compo-
sition, associated with different forms of management.
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Despite these limitations, this research contributed
to analyzing the changes that occur during the process
of domestication from phenotypic integration and
population approaches. Some studies have analyzed
correlations between genetic diversity and damage in
domesticated species. Most were done under experi-
mental conditions using inbred lines with specific
characteristics. Others considered wild and domesti-
cated materials, but they were analyzed under con-
trolled conditions. In the present study, we analyzed
these correlations at the population level under natural
conditions, including the important role of traditional
knowledge. Many studies on the domestication pro-
cess, human selection, and/or domestication syn-
dromes focus on target attributes. We believe that it
is necessary to incorporate correlated attributes, such
as damage and defense mechanisms, to describe the
domestication process in a holistic way; even with
careful sampling and data analysis, the domestication
process can influence the selection of individuals and
the results that we obtain.

Conclusions

The present study represents the first attempt to
analyze correlations between genetic diversity, dam-
age level, defense mechanisms (resistance and toler-
ance components), and fitness in populations of the
columnar cacti S. stellatus under domestication pro-
cesses to verify hypotheses related to domestication
syndromes.

The invaluable opportunity to analyze this process
in populations subject to different forms of manage-
ment growing in sympatry led us to recreate a
hypothetical scenario of how these changes could
occur.

Genetic data confirm that genetic diversity, which
is one of the correlated attributes, decreased through
the domestication process, and levels of damage
significantly increased, making populations more
susceptible to damage (biological and physical).
However, farmers selected more resistant individuals
with lower levels of damage. In all cases, fitness,
which represents the target attribute, is maintained.
The most intensively managed population, the culti-
vated population, showed decreased genetic diversity
and modifications to its ancestral phenotype. Never-
theless, the target attribute, fruit production, has been

maintained until the present day, and even when levels
of genetic diversity decrease, fruit production is
maintained through different practices, such as the
exchange of vegetative materials and the maintenance
of natural pollination processes. It is important to
emphasize that all of these selection practices have
occurred under empiric knowledge based on daily
experience and decisions that farmers must make.

At the regional level, populations of both regions
showed the same patterns in terms of correlated
responses, which suggests that human selection has
moved in the same direction in both regions. Addi-
tionally, the populations did not differ in terms of
levels of genetic diversity, suggesting that occasional
gene flow occurs between them. Differences were
found in levels of damage in the case of Valle de
Tehuacan populations, suggesting that environmental
factors, mainly anthropic factors, are involved in this
response more than human selection per se. It is
therefore necessary to consider these factors in future
research because domestication processes involve not
only human selection of target or correlated attributes
but also the control of environmental variables.
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