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GEOGRAPHIC PATTERNS IN THE REPRODUCTIVE

ECOLOGY OF AGAVE LECHUGUILLA (AGAVACEAE) IN THE

CHIHUAHUAN DESERT. II. GENETIC VARIATION,
DIFFERENTIATION, AND INBREEDING ESTIMATES1
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Plants with natural variation in their floral traits and reproductive ecology are ideal subjects for analyzing the effects of natural
selection and other evolutionary forces on genetic structure of natural populations. Agave lechuguilla shows latitudinal changes in
floral morphology, color, and nectar production along its distribution through north-central Mexico. Both the type and abundance of
its pollinators also change with latitude. Using starch electrophoresis, we examined the levels and patterns of variation of 13 poly-
morphic allozyme loci in 11 populations of A. lechuguilla. The overall level of genetic variability was high (He 5 0.394), but the
levels of genetic variation had no geographic pattern. However, the southern populations exhibited an excess of heterozygotes in
relation to expectations for Hardy-Weinberg equilibrium, whereas the northern populations had an excess of homozygotes. Total
differentiation among populations was low (u 5 0.083), although gene flow estimates (Nm) varied among groups of populations:
southern populations had the lowest levels of genetic differentiation, suggesting high levels of gene flow; northern populations had
greater levels of genetic differentiation (u 5 0.115), suggesting low gene flow among them. The patterns and inferences of the genetic
structure of the population at the molecular level is consistent with variation in floral traits and pollinator visitation rates across the
range of the species.
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The reproductive ecology and genetic structure of natural
populations are deeply interconnected. The reproductive ecol-
ogy of plants determines the amount of self- and cross-polli-
nation as well as the distance that pollen and seeds move with-
in populations, factors that ultimately influence the levels of
inbreeding within populations (Schoen, 1982a, b; Handel,
1983; Schoen and Clegg, 1985; Hamrick and Godt, 1989;
Hamrick and Loveless, 1989; Eguiarte et al., 1993). Addition-
ally, reproductive ecology can influence the amount of gene
flow among populations, their effective population sizes, and
the potential for natural selection to occur (Hamrick and Godt,
1989; Hamrick and Loveless, 1989; Eguiarte et al., 1993; Parra
et al., 1993; Slatkin, 1994). On the other hand, genetic struc-
ture affects the evolution of reproductive traits, which in turn
depends upon the availability of useful genetic variation and
on effective population sizes (Hedrick, 1983; Parra et al.,
1993). Although the literature on plant reproductive ecology
and genetic structures is vast, few studies have explicitly stud-
ied the joint variation of reproductive ecology and genetic
structure geographically (i.e., Schoen, 1982a, b; Ohara et al.,
1996; Wong and Sun, 1999).

Studies that examine differences in the reproductive ecology
and genetic structure of several populations with contrasting
environmental conditions serve to corroborate predictions
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about the effect of variation in ecological characteristics or
selfing-outcrossing rates on molecular genetic diversity. For
instance, Schoen (1982a, b) studied Gilia achilleifolia in Cal-
ifornia and found correlations between pollinator identity, re-
productive biology traits, outcrossing rates, and levels of ge-
netic variation among several populations. Similar patterns
were found in Trillium kamtschaticum by Ohara et al. (1996),
in which variation in the breeding system and genetic diversity
of populations is related to the abundance of different polli-
nators in distinct areas on the island of Hokkaido, Japan.

We studied the relationship between reproductive ecology
and genetic structure in several populations of Agave lechu-
guilla along a latitudinal gradient in the Mexican portion of
the Chihuahuan desert. The reproductive ecology of the spe-
cies was reported in a separate paper (Silva-Montellano and
Eguiarte, 2003). This work demonstrated that along a latitu-
dinal gradient, floral traits of the species clearly vary: southern
populations have long, tubular, pale flowers, which produce
large amounts of diluted nectar and are intensively visited by
nocturnal and diurnal pollinators. In contrast, northern popu-
lations have shorter, more open reddish flowers, which produce
smaller quantities of concentrated nectar and are less intensely
visited (Cadaval, 1999; Silva-Montellano, 2001). The efficien-
cy of fruit production is also higher in southern than in north-
ern populations (Silva-Montellano and Eguiarte, 2003). Here
we analyze the genetic structure of A. lechuguilla along its
distributional range and investigate possible correlations be-
tween interpopulation differences in floral biology and differ-
ences in levels of genetic variation, inbreeding, and differen-
tiation among populations. Because flowers are less frequently
visited in the north, we expected to see higher levels of in-
breeding and greater genetic differentiation in northern popu-
lations than in southern ones.
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TABLE 1. Location and genetic diversity for the studied populations of Agave lechuguilla and number of loci in each population that differs
significantly from Hardy-Weinberg equilibria. N 5 mean number of plants assayed per locus (SE); A 5 mean number of alleles per locus; Ae

5 effective number of alleles per locus; P 5 proportion of polymorphic loci (most common alelle); He 5 expected heterozygosity (SE; unbiased
estimator; Nei, 1978); Ho 5 observed heterozygosity (SE). H-W: 1 5 positively different; 2 5 negatively different.

Popu-
lation State Locality Coordinates (N, W) N A Ae P He H0

H-W No. loci

1 2

1
2
3
4
5
6

M
7
8
9

10

Mean

Hidalgo
Hidalgo
S. L. Potosı́
S. L. Potosı́
Coahuila
Durango
Durango
Chihuahua
Chihuahua
Chihuahua
Chihuahua

Pachuca
Zimapán
Zaragoza
Matehuala
Saltillo
Bermejillo
Ceballos
Jimenez
Aldama
Ojinaga
Cd. Juarez

208089, 988449
208439, 998209
228049, 1008409
238499, 1008329
258159, 1018059
268149, 1038509
268409, 1038449
278149, 1048469
288579, 1058429
298449, 1048369
318409, 1068329

33.5 (0.6)
40.3 (0.2)
38.2 (0.3)
38.7 (0.8)
38.9 (0.9)
38.6 (0.7)
38.1 (0.3)
35.4 (0.4)
35.4 (1.0)
31.8 (1.8)
31.5 (0.8)

36.4

2.5
2.2
2.3
2.3
2.4
2.2
2.2
2.2
2.3
2.4
2.1

2.28

1.86
1.84
1.85
1.64
1.71
1.58
1.57
1.56
1.7
1.84
1.69

1.72

1.0
1.0
1.0
1.0
0.92
1.0
0.92
0.85
0.92
1.0
0.92

0.96

0.455 (0.024)
0.449 (0.026)
0.457 (0.023)
0.380 (0.028)
0.378 (0.048)
0.346 (0.04)
0.334 (0.045)
0.330 (0.047)
0.381 (0.048)
0.437 (0.036)
0.397 (0.037)

0.394

0.552 (0.053)
0.527 (0.048)
0.520 (0.058)
0.343 (0.058)
0.363 (0.068)
0.257 (0.057)
0.279 (0.075)
0.262 (0.058)
0.166 (0.046)
0.327 (0.061)
0.260 (0.065)

0.351

0
0
1
3
3
8
5
4
8
7
6

3
4
4
1
1
1
2
1
0
1
1

MATERIALS AND METHODS

Study species—Agave lechuguilla Torr. (Agavaceae, subgenus Littaea,
Marginateae group; Gentry, 1982) is one of the most abundant Agave species.
This small century plant is abundant throughout the Chihuahuan desert. Silva-
Montellano and Eguiarte (2003) and Cadaval (1999) describe the general char-
acteristics and floral biology of A. lechuguilla.

Studied populations—We studied 11 populations along a latitudinal gra-
dient that extends through most of the Mexican portion of the Chihuahuan
desert (Table 1). These populations did not statistically differ in density of
rosettes and inflorescences as described in detail in Silva-Montellano and
Eguiarte (2003). Samples for genetic analyses were collected from June to
September in 1996. Forty different individuals were collected in each popu-
lation from an area of approximately 2 ha. To avoid repeatedly sampling
members of clones, we collected tissues from individuals that were more than
2 m apart (see Trame et al., 1995). We sampled the younger expanded leaf
of each rosette and collected a small portion from the base of the rosette.
Samples were transported in liquid N2 and stored at 2808C until used.

Allozyme procedures—We followed standard procedures for starch-gel
electrophoresis (Soltis et al., 1983; Martı́nez-Palacios et al., 1999). Samples
were mechanically disrupted with an electric drill, using 15–20 drops of the
extraction buffer described in Aguirre-Planter et al. (2000). Extracts were
absorbed in 12 3 1.5 mm paper wicks and stored at 2808C. Allozymes were
run in 12% starch gels for 7 h at 60 mA, using buffer system 8 of Soltis et
al. (1983) with gel buffer at pH 7.6. We analyzed 10 enzymes, giving a total
of 13 loci: phosphoglucose isomerase (PGI, E.C. [Enzyme Commission num-
ber] 5.3.1.9, two loci), glutamate oxaloacetate transaminase (GOT, E.C.
2.6.1.1, one locus), leucine aminopeptidase (LAP, E.C. 3.4.11.1, one locus),
esterase (EST, E.C. 3.1.1.1, one locus), diaphorase (DIA, E.C. 1.6.4.3, two
loci), malic enzyme (ME, E.C.1.1.1.40, one locus), phosphoglucomutase
(PGM, E.C. 2.7.5.1, two loci), acid phosphatase (ACPH, E.C.3.1.3.2, one
locus), anodic peroxidase (APX, E.C. 1.11.1.7, one locus), and cathodic per-
oxidase (CPX, E.C. 1.11.1.7, one locus). Staining procedures correspond to
those of Soltis et al. (1983), with minor modifications available from the
authors.

The fastest loci and alleles were scored as 1, the second 2, and so on,
following genetic interpretations of the closely related species, Agave victo-
riae-reginae (Martı́nez-Palacios et al., 1999) for the nine loci common to both
species. One population of A. victoriae-reginae (population 7 from Martı́nez-
Palacios et al., 1999) was used in the analysis both as an outgroup (see below)
and for comparison of the loci and alleles, including the 13 loci of the present
study.

Statistical analyses—Most of the statistical genetic analyses were done
using TFPGA (Miller, 1997), unless indicated otherwise. We obtained the
allelic frequencies for each locus, and from these frequencies, we calculated
the proportion of polymorphic alleles (P), the observed (Ho) and expected
(He) heterozygosities, the average number of alleles per locus (A) and the
effective number of alleles (Ae) (Hedrick, 1983). To analyze the deviations
from Hardy-Weinberg equilibrium, we estimated the fixation index (f) for each
locus from each population with BIOSYS (Swofford and Selander, 1989),
using a x2 test to evaluate if deviations were different from zero (Li and
Horvitz, 1953). Clinal variation of expected and observed heterozygosities
per locus and fixation index per locus along the latitudinal gradient were tested
using regression for repeated measures of Y (Sokal and Rohlf, 1995), which
includes an ANOVA for differences among populations.

Wright’s F statistics were obtained following Weir and Cockerham (1984;
F, f, and u, equivalent to FIT, FIS, and FST, respectively) procedures. Single
locus values for each index were tested if different from zero using x2 tests
(Li and Horvitz, 1953; Workman and Niswander, 1970) and averaged by
means of a jackknife procedure (Weir, 1990). Confidence intervals of 95%
for each statistic were obtained from 1000 bootstrap samples. Nm was aprox-
imated from u using Crow and Aoki’s (1984) formula.

We used a Mantel test (Manly, 1987) to assess the model of isolation by
distance using the genetic distance for pairs of populations (Nei, 1978) and
geographic distance among these populations. The Nei’s genetic distance was
also employed to obtain a UPGMA phenogram, after 1000 bootstrap samples.

RESULTS

Levels of genetic variation and inbreeding within popu-
lations—All analyzed loci in all populations segregated in a
similar patterns to those observed in A. victoriae-reginae, fa-
cilitating genotype scoring, interpretation, and comparisons.
Allelic frequencies are available from the authors upon re-
quest. All loci (Table 1) were polymorphic in most (six) pop-
ulations, resulting in very high levels of genetic variation. The
average number of alleles per locus (A) was 2.28, the effective
number of alleles per locus (Ae) was 1.72, and expected het-
erozygosity (He) was 0.394. Although the three southernmost
populations had the highest genetic variation (Table 1; He

range 0.449–0.457), populations had no statistical differences
in He (ANOVA, N 5 143, df 5 10, F 5 1.7, P 5 0.087). In
contrast, we found significant differences in observed hetero-
zygosity (Ho) among populations (ANOVA, N 5 143, df 5
10, F 5 4.56, P , 0.0001). Observed heterozygosity de-
creased significantly along the latitudinal gradient (Fig. 1;
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Fig. 1. Observed heterozygosity (Ho, means 6 1 SE) for 13 loci along a
latitudinal transect of 11 populations of Agave lechuguilla in the Chihuahuan
desert in Mexico. The numbers above the symbol indicate the name of the
population. Different letters below symbols indicate that the populations are
statistically different (P , 0.05), contrast t test: A–B, t . 2.2, P , 0.03; A–
BC, t . 3.5, P , 0.0007; A–C, t . 3.5, P , 0.0005; B–C, t . 2.1, P ,
0.04. Regression formula: y 5 20.03x 1 1.12, R2 5 0.193, where slope has
t 5 6.0, P , 0.0001.

Fig. 2. Population fixation indices (f, means 6 1 SE; for 11 populations,
13 loci) of Agave lechuguilla along the Chihuahuan desert in Mexico. The
number above the symbol indicates the name of the population, and an as-
terisk (or a double asterisk) indicates the population is statistically different
from zero (x2 test 5 *P , 0.05, **P , 0.001). Different letters below sym-
bols indicate that the populations are statistically different, according to con-
trast t test: A–B, t . 2.1, P , 0.04; A–BC, t . 3.2, P , 0.002; A–C, t .
4.9, P , 0.00001; B–C, t . 2.4, P , 0.02. Regression formula: y 5 0.056x
1 1.28, R2 5 0.203, where slope has t 5 25.8, P , 0.0001.

N 5 143, R2 5 0.193, F 5 33.7, P , 0.0001; slope 5 20.03,
t 5 25.8, P , 0.0001).

The interpopulation differences in Ho are due to deviations
from Hardy-Weinberg equilibrium, as shown by the average
fixation indices per loci (Fig. 2). In the southernmost popu-
lations (1–3), several loci had significantly negative f values
(Table 1; Fig. 2). In contrast, in the north several loci had
significantly positive f values (Table 1, populations 5–10, in-
cluding M). The average f index per loci differed among pop-
ulations (ANOVA, N 5 143, df 5 10, F 5 4.65, P , 0.0001)
and increased with latitude (Fig. 2; N 5 143, R2 5 0.203,
F 5 36.01, P , 0.0001; slope 5 0.056, t 5 6.0, P , 0.0001).
The value of f was highest in population 8 (with eight signif-
icantly positive loci, average f 5 0.542). This latitudinal pat-
tern indicates that populations in the south (1–3) had an excess
of heterozygotes compared to expected Hardy-Weinberg allelic
frequencies. Populations 4 and 5 were near Hardy-Weinberg
equilibrium, and in the north, several populations had an ex-
cess of homozygous individuals, particularly in populations 6,
8, 9, and 10, suggesting high levels of inbreeding.

Weir and Cockerham F statistics—The mean overall f
(5FIS) of 0.105 (Table 2) was not statistically different from
zero. However there was variance in f among loci, and some
loci exhibited significant levels of imbreeding (f . 0). u
(5FST) was relatively small (0.083), but it was significantly
different from zero, indicating low but significant genetic dif-
ferentiation among populations. As a consequence, F (5FIT)
was significantly positive (0.179).

To understand the patterns of inbreeding and differentiation,
we divided the 11 populations into three geographic groups
(Table 2): south (1–3), central (4–6, including M), and north
(7–10). The mean value of f in the southern populations was
20.175, significantly less than zero. The mean f value of the
central populations was 0.132, but it was not significantly dif-

ferent from zero. The northern population had a much higher
mean value f at 0.355 that was greater than zero.

We detected no genetic differentiation among populations
in the southern populations (u 5 0.009, not different from
zero, according to the 95% confidence interval), but central
populations had a significant amount of differentiation (u 5
0.059, different from zero, 95% CI) and an even greater dif-
ferentiation among the northern ones (u 5 0.115, different
from zero, 95% CI).

The single locus estimates of the mean number of migrants
per generation (Nm) was always higher than one (Table 2;
average Nm 5 2.28), suggesting that gene flow is probably an
important force in A. lechuguilla. Considering each of our geo-
graphic regions separately, Nm declined from south to north.
The mean Nm was 12.23 in the south, suggesting high levels
of gene flow among populations, 2.23 in the central popula-
tions, and 1.08 in the northern ones.

Allelic frequencies along the latitudinal gradient and dis-
tribution of rare alleles—The most common allele in each
locus was plotted as a function of population latitude. In most
cases, we were not able to detect clear patterns in the changes
of allelic frequencies. Only two loci (GOT, 3 and APX, 1) had
marginally significant (P ø 0.05) latitudinal increases or de-
creases in allelic frequencies (not shown).

Rare alleles (with an allelic frequency less than 0.05 within
a given population) were more abundant in some populations
(Fig. 3; 1, 6, M, 7, and 8), than in others (2, 3, 4, 5, 9, and
10). The frequency of rare alleles is negatively related to gene
flow (Slatkin, 1985; Slatkin and Barton, 1989). Hence, the low
amount of private alleles (alleles detected in only one popu-
lation; one at population 8, locus DIA1-3) is congruent with
the overall low u and high gene flow estimated previously.
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TABLE 2. Weir and Cockerham F statistics (1984), estimates of Nm (Crow and Aoki, 1984) per locus for all sampled populations of Agave
lechuguilla, and number of populations for each locus that differs significantly from Hardy-Weinberg equilibria. Total and partial (mean) for
the populations from south (1, 2, and 3), center (4, 5, 6, and M), and north (7, 8, 9, and 10) of its distribution. SD 5 standard deviation,
jackknife; 95% CI 5 confidence intervals at 95%, bootstrap 5 1000 iterations; all single locus estimates are significantly different from zero
(P , 0.01) unless stated ‘‘ns.’’ H-W: 1 5 positively different; 2 5 negatively different.

Locus f (5FIS) F (5FIT) u (5FST) Nm

H-W No. Populations

1 2

Pgi1
Pgi2
Got
Lap
Est
Dia1
Dia2
Me
Pgm1
Pgm2
Acph
Apx
Cpx

20.289
20.534

0.167
0.127
0.259
0.376
0.043 ns
0.298

20.022 ns
0.483
0.247
0.204
0.276

20.216
20.472

0.231
0.174
0.296
0.471
0.162
0.369
0.123
0.519
0.276
0.261
0.333

0.057
0.04
0.077
0.054
0.049
0.153
0.124
0.102
0.142
0.071
0.039
0.072
0.079

3.42
4.96
2.48
3.62
4.01
1.14
1.46
1.82
1.25
2.70
5.09
2.66
2.41

0
0
4
1
4
8
3
5
2
7
4
2
5

4
9
0
0
0
1
1
0
3
1
0
0
0

Mean
SD
95% CI

South
SD
95% CI

Center
SD
95% CI

North
SD
95% CI

0.105
0.087

(20.06, 0.26)

20.175
0.072

(20.33, 20.05)

0.132
0.124

(20.09, 0.34)

0.355
0.101

(0.16, 0.54)

0.179
0.01

(0.02, 0.33)

20.164
0.073

(20.322, 20.04)

0.184
0.119

(20.04, 0.39)

0.429
0.093

(0.25, 0.6)

0.083
0.091
(0.06, 0.1)

0.009
0.007
(20.02, 0.02)

0.059
0.019
(0.03, 0.1)

0.115
0.019
(0.08, 0.15)

2.28

12.23

2.23

1.08

Fig. 3. Number of rare alleles (total number of alleles 5 28; allelic fre-
quency of 0.05 or less within populations) for 11 populations of Agave le-
chuguilla along the Chihuahuan desert in Mexico.

Genetic distances and phenogram—We used Nei’s genetic
distance to explore the genetic relationships among popula-
tions (see Table 3). The average distance between all pairs of
populations was low (D 5 0.07). It was highest between pop-
ulations 5 and 10 (D 5 0.17) and lowest between populations
2 and 3 (D 5 0.007). A Mantel test indicated that the rela-
tionship between the geographic (Table 3) and genetic dis-
tances was not significant (10 000 permutations; z 5 2176.2,

r 5 0.22, P 5 0.11). The reason for this lack of significance
becomes clear after a UPGMA analysis using A. victoriae-
reginae as an outgroup (Fig. 4). Southern populations (1–3)
form a clear group (average D 5 0.064), and some central
populations were clustered together (4, 5, and 6, average D 5
0.035). But the remaining central–northern populations have
little congruence between geographic and genetic distance.
The bootstrap values were sometimes low (groups 4–8 and
M–9), as would be expected given the low genetic differen-
tiation and high levels of gene flow among populations. It is
noteworthy that population 10 was genetically the most dif-
ferentiated (average to all the populations D 5 0.13). A pre-
vious study also found that this population was divergent in
general morphology and reproductive characters (Silva-Mon-
tellano and Eguiarte, 2003).

DISCUSSION

Genetic variation—Levels of genetic variation in A. lechu-
guilla populations are high on average (He range 0.33–0.46)
relative to those of other long-lived perennials (Eguiarte, 1990;
Hamrick et al., 1992; i.e., average of long-lived perennial out-
crossers at the species level He 5 0.211, N 5 51; and at the
population level He 5 0.163, N 5 66). Similarly high levels
of He were also reported in the closely related but more geo-
graphically restricted species A. victoriae-reginae (Martı́nez-
Palacios et al., 1999; He range 0.21–0.41) and in species of
the A. deserti complex, using RAPDs (Navarro-Quezada,
1999; Gonzalez Chauvet, 2000; He range 0.12–0.26). Our pre-
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TABLE 3. Genetic (Nei, 1978) and geographic distances (in kilometers) for all pairs of sampled populations of Agave lechuguilla in the Chihuahuan
desert of Mexico.

Population

Genetic distances

1 2 3 4 5 6 M 7 8 9 10

1
2
3
4
5
6

M
7
8
9

10

86
314
481
673
923
955

1090
1307
1295
1654

0.024

231
436
603
833
878
993

1224
1218
1551

0.021
0.007

195
410
609
641
769
993
987

1327

0.053
0.049
0.052

205
473
513
641
840
801

1154

0.063
0.093
0.091
0.040

292
303
481
679
654
961

0.031
0.051
0.049
0.020
0.030

56
152
368
414
701

0.100
0.101
0.098
0.045
0.070
0.060

135
351
390
669

0.057
0.078
0.093
0.087
0.090
0.060
0.1

221
293
555

0.043
0.050
0.044
0.049
0.050
0.030
0.070
0.070

158
353

0.052
0.061
0.063
0.038
0.050
0.030
0.040
0.080
0.050

300

0.087
0.110
0.100
0.154
0.170
0.140
0.120
0.140
0.120
0.130

Geographic distances (km)

Fig. 4. UPGMA phenogram constructed using Nei’s (1978) genetic distance of 11 populations of Agave lechuguilla in the Chihuahuan desert in Mexico
and the A. victoriae-reginae population as an outgroup (Martinez-Palacios et al., 1999). Numbers above branches indicate genetic distance, and numbers in
italics are the proportion of times the bifurcation was found in 10 000 bootstrap samples.

diction that southern populations would harbor greater genetic
diversity than northern ones was met to some extent because
southern populations had higher He levels, although the change
along the latitudinal gradient was not significant.

The presence of similarly high levels of genetic variation in
A. victoriae-reginae and in A. lechuguilla, despite the more
restricted geographic range and smaller population sizes of A.
victoriae-reginae, suggests that Agave species may harbor par-
ticularly high levels of genetic variation compared to other
long-lived desert perennials (Martı́nez-Palacios et al., 1999;
Silva-Montellano, 2001). Long-lived desert perennials have
variable levels of genetic variation, ranging from very low, as
in the palm Washingtonia filifera (McClenaghan and Beau-
champ, 1986) to quite high, as in the cactus Echinocereus
engelmannii (Neel et al., 1996) and other Cactaceae (Harmick
et al., 2002), as well as in species of different families ana-
lyzed by Schuster et al. (1994; average He 5 0.173). Never-

theless, the high levels of genetic variation in wild Agave spe-
cies is not typical of all desert plants (see Comes and Abbot,
1999). In contrast, domesticated Agave species harbor very
low levels of genetic variation (Colunga-Garcı́aMarı́n et al.,
1999; Gil-Vega et al., 2001).

Fixation indices and inbreeding within populations—Our
data revealed a latitudinal trend in the deviation of genotypic
frequencies from Hardy-Weinberg equilibrium. Latitude ac-
counted for 20% of the variance in the regression of hetero-
zygosity across latitude, decreasing from south to north. Pop-
ulations in the south (1–3) had an excess of heterozygous in-
dividuals, whereas populations in the central section (4–6, in-
cluding M) had genotypic frequencies near Hardy-Weinberg
equilibrium and those in the north had an excess of homozy-
gous individuals. This pattern is consistent with the higher
rates of pollinator visitation and greater fruit set in the south
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(Silva-Montellano and Eguiarte, 2003). Lower rates of polli-
nator visitation may explain the lower efficiencies in fruit pro-
duction and higher levels of homozygosity in northern popu-
lations. The excess of heterozygous individuals in the south
could be generated by several different mechanisms (Hedrick,
1983; Waser, 1987). The most important of these is probably
heterosis: more heterozygous individuals could mean greater
vigor and survival (Linhart et al., 1981; Eguiarte et al., 1992).
This idea is consistent with the fact that A. lechuguilla is a
long-lived perennial (Eguiarte et al., 2000).

The low levels of genetic differentiation in the southern
populations suggest very high levels of gene flow and behavior
as a single panmictic population. In these very large popula-
tions, natural selection favoring the heterozygous individuals
would be more efficient (Eguiarte, 1990; Parra et al., 1993).
Meanwhile, in the north the situation is the reverse; popula-
tions are more isolated and show great genetic distance. Flow-
ers in northern populations receive fewer pollinator visits and
apparently generate inbreeding by geitonogamous self-polli-
nation among flowers within a given inflorescence or by mov-
ing pollen among the different inflorescences in the same genet
(Silva-Montellano, 2001). If we assume that all of the inbreed-
ing in the northern populations (7–10) is due to self-pollina-
tion, the outcrossing rate can be approximated as f 5 1 2
t/1 1 t (Haldane, 1924; Hedrick, 1983). Using this equation
yields a t value of 0.467, which suggests that about half of all
seeds are produced by self-pollination. The finding that out-
crossing is higher in the southern populations and lower in the
north was supported by a subsequent series of controlled pol-
lination experiments and genetic analyses of outcrossing-rates
between the two most contrasting populations (Silva-Montel-
lano, 2001).

Genetic differentiation—We were able to detect genetic dif-
ferentiation in populations of A. lechuguilla along a latitudinal
transect in the Chihuahuan desert. The pattern of population
differentiation along this transect was congruent with patterns
of morphological and reproductive differentiation found in a
previous study (Silva-Montellano, 2001; Silva-Montellano and
Eguiarte, 2003). The average u (0.083) found in A. lechuguilla
was significantly different from zero and was lower than the
value for Agave victoriae-reginae (u 5 0.236). The latter spe-
cies is found only in 10 very localized populations in a rela-
tively small area of the central Chihuahuan desert. These dif-
ferences in u may be caused by the large population sizes and
wide distribution of A. lechuguilla. On the other hand, low
levels of interpopulation genetic differentiation were detected
in A. deserti (u in this species complex ranged from 0.08 to
0.13, Navarro-Quezada, 1999; Gonzalez Chauvet, 2000). Aga-
ve deserti is relatively abundant and widespread in the Sonoran
desert. We also found strong patterns of differentiation be-
tween northern and southern populations. Southern popula-
tions of A. lechuguilla were genetically similar, central popu-
lations were more differentiated (mostly due to the M popu-
lation), whereas northern populations were highly differenti-
ated. This phenomenon can be explained by differences in
pollinator abundance and in taxa across the gradient. Pollina-
tors seem to be less abundant and to have a more restricted
range of movement in the north than in the south (Silva-Mon-
tellano, 2001; Silva-Montellano and Eguiarte, 2003). The
movements of more abundant and more mobile pollinators
would generate greater genetic connectivity among southern
than among northern populations.

The UPGMA analysis suggests that the more primitive pop-
ulations may be those in the north (in particular population
10). Although we are aware that some other evolutionary pro-
cess may account for the observed patterns (i.e., intense ge-
netic drift or introgression from other Agave species in some
of the northern populations), our interpretation is worth con-
sidering, because it suggests a contrast to the traditional view
that the Agave species originated in central Mexico, and then
migrated to the north (i.e., Alvarez de Zayas, 1989). If our
interpretation is correct, then A. lechuguilla seems to have
originated in the north and more recently colonized the south.
A similar pattern was detected using RAPDs in the A. deserti
complex of the Sonoran desert, comprising several subspecies
of A. deserti and of A. cerulata and A. subsimplex (Navarro-
Quezada, 1999; Gonzalez Chauvet, 2000). If this scenario is
correct, then the traits of the southern populations (larger flow-
ers and higher outcrossing) are derived. An alternative hy-
pothesis is that the increment in aridity to the north (Ortega,
1995) has led to a decline in nocturnal pollinators in the north
(Silva-Montellano, 2001). Hence, the southern population may
represent the ancestral traits before the changes occurred. In
that way, northern populations have had more time to adapt
to diurnal pollinators with a consequent increase in inbreeding
and genetic differentiation among them. In support of this sec-
ond point, while the common pollination syndrome for genus
Agave is considered to be chiropterophily (Schaffer and Schaf-
fer, 1977; Howell, 1979; Howell and Roth, 1981), we have
evidence that the pollination syndrome in northern populations
could be evolving toward diurnal pollination (Silva-Montel-
lano and Eguiarte, 2003). Unfortunately, the present informa-
tion of biogeography and phylogeny of the genus Agave is not
enough to help solve this point (see Eguiarte et al., 2000). We
need more detailed experiments and observations in the field
to corroborate these interpretations, along with analyses of mo-
lecular evolution and population genetics of the Marginateae
group of the Agave species.

In conclusion, our study of Agave lechuguilla (considering
both this paper and Silva-Montellano and Eguiarte, 2003)
clearly demonstrates that differences in pollinators not only
affect the reproductive efficiency of plant populations, but also
determine their genetic structure. As we already mentioned,
few studies have attempted this joint approach using ecologic-
genetic markers over a wide geographic range to unravel the
evolutionary ecology of plant species, despite its huge poten-
tial.
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ico.

HALDANE, J. B. 1924. A mathematical theory of natural and artificial selec-
tion. II. Proceedings of the Cambridge Philosophical Society 23: 19–41.

HAMRICK, J. L., AND M. GODT. 1989. Allozyme diversity in plant species.
In A. Brown, M. Clegg, A. Kahler, and B. Weir [eds.], Plant population
genetics, breeding and genetic resources, 43–63. Sinauer, Sunderland,
Massachusetts, USA.

HAMRICK, J. L., M. GODT, AND S. SHERMAN-BROYLES. 1992. Factors influ-
encing levels of genetic diversity in woody plant species. In W. T. Ad-
ams, S. H. Strauss, D. L. Copes, and A. R. Griffin [eds.], Population
genetics of forest trees, 95–124. Kluwer Academic, London, UK.

HAMRICK, J. L., AND M. LOVELESS. 1989. The genetic structure of tropical
tree population: association with reproductive biology. In J. Bock and Y.
Linhart [eds.], The evolutionary ecology of plants, 129–146. Westview
Press, Boulder, Colorado, USA.

HAMRICK, J. L., J. D. NASON, T. H. FLEMING, AND J. M. NASSAR. 2002.
Genetic diversity in columnar cacti. In T. H. Fleming and A. Valiente-
Banuet [eds.], Evolution, ecology and conservation of columnar cacti and
their mutualists, 122–133. University of Arizona Press, Tucson, Arizona,
USA.

HANDEL, S. 1983. Pollination ecology, plant population structure, and gene
flow. In L. Real [ed.], Pollination biology, 163–211. Academic Press,
Orlando, Florida, USA.

HEDRICK, P. W. 1983. Genetics of populations. Science Books, Boston, Mas-
sachusetts, USA.

HOWELL, D. J. 1979. Flock foraging in nectar-feeding bats: advantages to the
bats and the host plants. American Naturalist 144: 23–49.

HOWELL, D. J., AND B. ROTH. 1981. Sexual reproduction in agaves: the
benefits of bats; the cost of semelparous advertising. Ecology 62: 1–7.

LI, C., AND D. HORVITZ. 1953. Some methods of estimating the inbreeding
coefficient. American Journal of Human Genetics 107: 511–523.

LINHART, Y. B., J. B. MITTON, K. B. STURGEON, AND M. L. DAVIS. 1981.
Genetic variation in space and time in a population of Ponderosa pine.
Heredity 46: 407–426.

MANLY, B. 1987. The statistics of natural selection on animal populations.
Chapman and Hall, New York, New York, USA.
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