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Introduction

For effective conservation of endangered species, it is first important to identify which
taxa within closely related groups are different species. Next, identification of
evolutionarily significant units (ESUs) within species, i.e., populations evolving
independently of other populations (Wapies 1995), is important so evolutionary
important groups are preserved. Finally, it is important to identify management units
(MUs) (Moritz 1994) within ESUs so that conservaticn actions may be implemented.

Generally, neutral genetic markers, such as microsatellite loci, are generally most
appropriate to determine historical distinctiveness of populations and therefore the
designation of species, ESUs, and MUs. However, the preservation of adaptive variation
is fundamental to the conservation intentions behind designations of both ESUs and
MUSs. Therefore, here we examine both microsatellite variation and variation at a
potentially adaptive locus in the major histocompatibility complex {(MHC). Genes in the
MHC appears significant in parasite resistance (Hedrick & Kim 2000) and may have a
role in mate recognition (Penn & Potts 1999) and maternal-fetal interaction (Ober et al
1998). If variation over groups is consistent 1or neutral markers and potentially adaptive
genes, as those in the MHC, then this lends support for the designations of conservation
units based on neutral markers.

The Sonoran topminnow, Poeciliopsis occidentalis, is a small, live-bearing fish
that occurs in Arizona, United States and Sonora, Mexico. Two putative subspecies, Gila
topminnow, Poeciliopsis o. occidentalis, and Yaqui topminnow, £. o. sonoriensis, both
listed as endangered, exist in Arizona. The Gila topminnow was once one of the most
abundant fishes in the Gila River drainage, but now exists naturally in the United States
in only four isolated Arizona watersheds in eight populations. Others exist as a result of
extensive restocking efforts, and at least one site on the Santa Cruz River appears to have
been recently naturally re-colonized. The Yaqui topminnow was never widespread in the
United States because the Rio Yaqui drainage includes only a small part of southeastern
Arizona, now within the San Bernadino National Wildlife Refuge.

We developed molecular techniques to differentiate samples of Gila topminnow
from the four major watersheds (Bylas Spring 2, Cienega Creek, Monkey Spring, and

Sharp Spring) using microsatellite loci (Parker ef a/ 1999) and a major histocompatibility



complex (MHC) locus (Hedrick & Parker 1998). In the present research, we further
examine genetic variation within all natural Gila topminnow populations in Arizona (and
several stocked populations) and explore the relationship between Gila and Yaqui
topminnows. With this detailed analysis of both neutral and adaptive variation over these
populations, we have obtained a comprehensive picture of genetic variation that can be

used to define species, ESUs, and MUs in this group.

Materials and methods
Samples
Nine additional Gila topminnow samples are examined in this study and they, with the
four populations from our earlier study, include samples from all known natural
populations i Arizona. The additional natural populations (collected primarily by David
Weedman, Arizona Game and Fish Department) are Bylas Spring 1, Cottonwood Spring,
Red Rock at Cott Tank, Red Rock Falls, Coalmine Creek, and Sonoita Creek below
Patagonia Lake (see Figure 1). In addition, we examined a sample from a Santa Cruz
River site (downstream from the Nogales Water Teatment plant outflow) that has been
naturally re-colonized in recent years from an unknown source(s). A sample from Boyce
Thompson Arboretum, extensively used for restocking, was also examined. This
population was thought to have been established from Monkey Spring fish, and possibly
Bylas Spring and/or an extinct Coscio Wash population. In addition, a sample was
examined from Watson Wash, which is a warm spring near Safford, Arizona that was
stocked from an unknown source. The two samples of Yaqui topminnow were from Tule
Spring and North Pond, San Bernadino National Wildlife Refuge (collected by Kevin
Cobble, US Fish and Wildlife Service).

[insert Figure 1]

Molecular and statistical techniques

Parker ef al. (1998) identified 10 microsatellite loct, five polymorphic in Gila
topminnows. In addition, three loci monomorphic in Gila topminnows were polymorphic
in Yaqui topminnows. One polymorphic Gila topminnow locus did not consistently

amplify in Yaqui topminnow. We used primers and techniques, as given by Parker et af.



(1998, 1999), to determine the microsatellite genotypes. Molecular techniques (with the
internal primer) outlined by Hedrick & Parker (1998a) were used to examine the new
class I MHC sequences. At least two subclones containing the new sequences were
analyzed on both strands on an Applied Biosystems 377 automated sequencer (division of
Perkin-Elmer, Foster City, CA). Sequences were identical in alt replicates and from both
strands. GGenotypes were determined using the SSCP (single-stranded confirmation
polymorphism) approach as given by Hedrick & Parker (1998a).

We calculated allele frequencies using the gene-counting approach and used the
small sample size correction in calculating the expected heterozygosity (Nei 1987).
Observed heterozygosity was tested for differences from the expected using x° test with
the standard Bonferroni correction for multiple comparisons over loci and populations.
We calculated 1, the minimum genetic distance, between pairs of populations (Nei
1987). D is an appropriate measure to use when, as in our case, populations are highly
differentiated from each other for some loci. To align MHC sequences, the sequence
editor ESEE version 3.25 was used. DISPAN (Ota 1993) was used to construct the
neighbor-joining tree and run 1000 bootstrap replicates for the Gila topminnow
population data. MEGA (Kumar ef a/. 1993) was used to construct a neighbor-joining
tree using the genetic distance of Jukes & Cantor (1969) for the sequence data. MEGA
was also used to calculate the relative rate of nonsynonymous and synonymous
substitutions according to Nei & Gojobori (1986), applying the correction of Jukes &
Cantor (1969) for multiple hits,

Results

(rila Topminnow

Table 1 gives the microsatellite and MHC allele frequencies in the 13 populations of Gila
topminnow and average observed heterozygosity, expected heterozygosity, and observed
number of alleles. Even without (with) a standard Bonferroni correction for multiple
tests, only one observed heterozygosity was statistically different from expected. This
exception was the highly significant deficiency for the MHC locus in the sample from
Sharp Spring, also found earlier to be significant by Hedrick & Parker (1998a). These

two samples are the same fish but the genotypes were scored differently because we have



now identified a second duplicated locus in Sharp Spring and five other natural
populations (see below). For the primary MHC locus, there is a 43.5% deficiency of
heterozygotes compared to expected. Because this deficiency is not present at the
microsatellite loci for the same fish, we assume the deficiency is the result of the
presence of a null allele (Hedrick & Parker 1998a). Using the approach of Brookfield
(1996), the estimated frequency of the nult aflele is 0.180, somewhat higher than the
0.147 estimated with this approach before (Hedrick & Parker 1998b).

[insert Table 1]

As discussed by Parker ef al. (1999), the pattern of genetic variation over the four
initial populations was similar for the microsatellite loci and the MHC tocus. The
product-moment correlation coefficient (7} between population measures of genetic
variation for the microsateilite loci and the MHC locus calculated for the 13 samples in
Table 1 also illustrate this; for Ho, r = 0.75; for Hy, ¥ = 0.73; and for », r = 0.84 {p <0.01
in all cases). In other words, it appears that the most significant factors influencing allele
frequencies between populations are similar for both microsatellite loci and the MHC
locus. This implies that non-selective factors, such as bottlenecks causing low variation in
some populations (see below), may be important for the MHC locus as well as the
microsatellite loct. In any case, the high correlation provides support to use the MHC
locus in addition to the microsatellite loci in our following analysis of the relationships
between the different populations.

Figure 2 gives a neighbor-joining tree for the 13 populations based on the data in
Table 1. The natural populations appear to fall into five groups as supported by the
bootstrap values given (Table 2 gives the genetic distances between the groups). First, the
two populations Bylas Spring 1 and 2 are quite similar to each other (D, = 0.093 and
cluster together with a 97% bootstrap probability) but are different from other
populations. They also have low genetic variation as measured by both heterozygosity
and numbers of alleles. Second, Monkey and Cottonwood Springs are similar to each
other (D4 = 0.300 and cluster together with a 73% bootstrap probability when the non-
native Boyce-Thompson and Watson Wash sample are not included) but different from
all other natural populations. They both have intermediate levels of genetic variation.

Third, samples from the Sonoita Creek drainage, Sonoita Creek, Coalmine Canyon, Red



Rock at Cott Tank, and Red Rock Falls, cluster together (the average /),; between pairs in
this group is 0.112 and they cluster together with a 89% bootstrap probability when the
recolonized Santa Cruz population is excluded). Except for Red Rock at Cott tank,
vartable for only one microsatellite locus, these popuiations are intermediate in genetic
variation. Finally, Cienega Creek and Sharp Spring form the fourth and fifth groups.
These populations have nearly non-overlapping sets of alleles for loci C-£5 and £./.53 and
share no alleles at the MHC locus. Sharp Spring has higher-than-average genetic
variation and Cienega Creek has intermediate genetic variation. In other words, the five
groups differ significantly from each other based on the bootstrap values, their genetic
distances (Table 2), and overall pattern of genetic variation for these genetic markers,

[insert Figure 2]

finsert Table 2]

The samples from Watson Wash and Boyce Thompson are very similar to one
another (D4 = 0.035), suggesting Boyce Thompson as the source for the Watson Wash
population. Further, Boyce Thompson fish are similar to Monkey Spring (1), = 0.134). In
particular, because there is no overlap in alleles from Boyce Thompson and the Byias
Spring samples for locus 6-/0 and the MHC gene and the very large overall genetic
distance, it is unlikely that there is Bylas ancestry in the Boyce Thompson stock. The
Boyce Thompson stock does have a new MHC allele, Pooc-16, found only as a
heterozygote in one individual and not found in any other sample. However, this new
allele differs by only one amino acid (one nucleotide) from the most common allele in
Monkey Spring (see below).

Finally, the sample of the naturally recolonized population from the Santa Cruz
River clusters with the four nearby Sonoita Creek samples (average D4 = 0.176). The
Santa Cruz River sample is, however, the most variable analyzed with variation at all
microsatellite loci and the MHC locus and has both the highest heterozygosity and
number of alleles of all samples. It has several alleles also found in Sharp Spring but it is
not clear how much ancestry is from upper Santa Cruz stocks. In addition, it has two
MHC alleles (Pooc-15 and Pooc-17) not found in other samples. These are very similar,

however, to already described alleles, Pooc-15 is one amine acid (two nucleotides)
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different from Pooc-5. and Pooc-17 differs by one amino acid (one nucleotide) from
Poovc-10 (see below).

In our earlier study in Gila topminnow (Hedrick & Parker 1998a), we described
12 different MHC sequences, indicated as Pooc-1 though Pooc-12 in Tables 1 and 4. In
this expanded study, we found five more MHC sequences, three of which were just
mentioned (these five new complete sequences, and 12 more found in Yaqui topminnow,
have been deposited in Genbank, accessions xxx — xxx). However, for this population
analysis we assume that sequences Pooc-9, -12, and -13 are from a second duplicated
locus (see discussion below and in Appendix) and have calculated frequencies in Table |

based only on the other alleles.

Yaqui Topminnow
Table 3 gives allele frequencies and average heterozygosity for the microsatellite loci and
the MHC locus in Yaqui topminnow. Note there are three additional loct, 4-44, Ace, and
(753, vartable in Yaqui topminnow but invariant in Gila topminnow. Locus 6-70 did not
amplify retiably in the Yaqui topminnow and therefore was not used. Only one
comparison of observed to expected heterozygosities was statistically significant (a
deficiency of observed MHC heterozygosity in North Pond) but it became non-significant
after a standard Bonfererroni correction. Twelve new MHC alleles were in the two Yaqui
topminnow samples, none of which was in any Gila topminnow populations. The two
Yaqui samples were quite similar, sharing alleles or very similar alleles at all loci.
Genetic variation in the two samples was also substantial and similar.

[insert Table 3]

There was a substantial divergence in these markers between Yaqui and Gila
topminnows. For six loci, there was no overlap in alleles. In fact, for three microsateilite
loci, the sizes of the alleles in the two species was greatly divergent. The largest
difference was for locus O036, which in the Gila topminnow alleles varied from 143 to
153 base pairs, but fixed in Yaqui topminnow for allele 256, more than 100 base pairs
larger. However, this locus is a complicated repeat (Parker ef /. 1998) so it is not clear
how many mutational steps are responsible for the difference in size between species.

However, the other two loci that have disjunct size distributions, C-15 and 1153, are



simple GT dinucleotide repeats. Because the most common mutation at perfect repeat
microsatellite loci is thought to differ by only a single repeat (for a direct examination in
a fish, see Jones er al. 1999), it appears that isolation between the taxa may been long and

complete for so many ditferences to accumulate.

Further analysis of MHC variation

In this study of MHC variation, expanded from Hedrick & Parker (1998a). it appears we
are amplitying sequences from two MHC loci in some individual Gila topminnows from
some populations. For example, we have found from SSCP that 67 individuals have
banding patterns indicating three sequences, and in two individuals, four sequences. This
has led us to reevaluate our earlier conclusions and suggest that sequences Pooc-9 and
Pooc-12, and probably Pooc-13, are at a second locus (see Appendix for rationale)

Overall. Pooc-9 is common in all natural populations except Cottonwood Spring,
the two Bylas Springs populations, and Cienega Creek, i.¢., all populations with Pooc-6
except Cottonwood Spring (Table 1). Interestingly, Pooc-9 was not found in the samples
from Watson Wash, suggesting that the source of this stock did not have (or has lost)
Pouc-9. Pooc-12 was found in low frequency only in two populations, Red Rock Falls
and Santa Cruz River, both of which had Pooc-11. Pooc-13 was only found in Red Rock
Falls.

The number of amino acid (nucleotide) differences ranged from 1 to 15 (1 to 30)
for the Gila topminnow MHC sequences and ranged from 1 to 18 (1 to 32) for the Yaqui
toprainnow MHC sequences (Table 4). The phylogenetic tree for all the sequences (Fig.
3) shows a pattern of intermixture for the Gila and Yaqui (indicated by arrows)
sequences. This pattern is typical for MHC sequences of related taxa and is thought to be
the result of transpecies polymorphism (Klein 1987, Klein ez al. 1993), in which
polymorphisms are oldar than the species because of balancing selection. Notice,
however, that the 12 sequences of Yaqui topminnow are on three major branches that do
not include any Gila topminnow sequences (all of which show some bootstrap support).
In other words, even though the tree has sequences from the two taxa intermixed, the
nearest sequence for each sequence is another sequence in the same taxon unlike that

often found for other MHC studies (e.g. Hedrick et al. 2000).



{insert Table 4]
[insert Figure 3]

Of the 62 amino acids, 26 (41.9%) were variable and of the 190 nucleotides
sequenced, 55 (28.9%) were variable. At two amino acid positions, 73 and 74, there were
five different amino acids present over the 29 sequences while there were four different
amino acids observed at position 40. There were only four codon positions, positions 39,
42, 59, and 71 that had only synonymous variation. Interestingly, the silent differences at
sites 39 and 41 were only found in Pooc-9 and Pooc-12, sequences at the hypothesized
second locus, and the silent difference at position 59 was only found in these two
sequences and Pooc-13.

We tried to determine the amino acid positions thought to be important in the
antigen-binding site (ABS) from examination of the structure of an analogous class 1
molecule in humans (Brown ez al. 1993), an Atlantic salmon sequence, a guppy
sequence, and our topminnow sequences. We are confident of our alignment of these
sequences and the homologous putative ABS positions are underlined in Table 4. Note
that these differ by three from that we indicated in Hedrick and Parker, 1998), ie.,
position x here was identified as x + 3 there. Of the 20 ABS positions, 11 (55.0%) are
variable for different amino acids over the 29 alleles, while for the remaining 42 positions
that are not thought to interact with the ABS, 15 (35.7%) are polymorphic for different
amino acids.

In addition, the estimated rate of nonsynonymous (dy) and synonymous (ds)
substitutions, for antigen-binding and non-antigen-binding amino-acid positions are in
Table 5. For all categories of sites in both taxa, dy (0.238) is greater than ds (0 100) and
the overall ratio of dy/ds of 2.38 is statistically significant. Generally for MHC genes, the
ratio for the ABS is higher than for the non-ABS. This is true for Gila topminnow but not
for Yaqui topminnow. In previous studies in a number of mammals, a dy/ds ratio higher
than unity for ABS positions and a ratio near unity for non-ABS positions has been
found. In other words, the dy/ds value higher than unity for non-ABS positions in Yaqui
topminnows is quite surprising, It is possible that this observation indicates that the exact
identity of the ABS sites, and non-ABS sites by extension, in topminnows (and maybe

other fish) may differ from that in humans.



[insert Table 5]

Discussion

Molecular genetic variants are being widely used to identify species, ESUs, and MUs in a
number of different endangered taxa. From examination of molecular variants here we
show that the Gila and Yaqui topminnows are quite divergent from each other and that
Status as separate species (not subspecies) is appropriate. In addition, the Gila topminnow
populations form five distinct groups. Below we recommend that these groups be
separated into two ESUs and that one ESU be composed of four MUs,

These recommendations are based on the present data from microsatellite loci and
the MHC locus, as well as other geographic, ecological, and life-history information (see
below; Parker et al. 1999; Minckley 1999). Neutral genetic markers are assumed to be
reflective of the historical relationships between groups and other ecological or life-
history information reflective of the potential for adaptive differences between groups.
The MHC gene, because of its known contribution to pathogen resistance would be a
prime candidate for a genetically adaptive gene. In fact, the higher rate of non-
synonymous to synonymous substitutions observed here suggests a selective advantage
for variants that have amino-acid differences. However, the time scale of the selection
resulting in the higher rate of non-synonymous to synonymous substitutions may be
many thousands of generations and may not reflect demographic or stochastic events of
recent decades, or even centuries.

In the Gila topminnow, it appears that non-selective factors such as differences in
population size and the natural extinction-recolonization cycles that have occurred as the
result of drought-flood cycles are the primary influence on the distribution of genetic
variation within populations (Parker ef al. 1999). For example, low variation in the Bylas
populations for both the microsatellite loci and the MHC gene is most probably the result
of small habitat size (the site can support at most a few hundred adults) and the recurring
bottlenecks observed since the site was discovered (Marsh & Minckley 1990; Minckley
et al 1991). In other words, even though there is evidence of longterm selective effects
on the MHC sequence variation, the immediate factors influencing the amount 6f MHC

genetic variation in Gila topminnows are non-selective. The high correlation of neutral
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and potentially adaptive variation observed here actually may be more likely when non-
selective factors dominant the distribution of genetic variation within and between

populations.

Gila Topminnow

Parker et al. (1999) suggested, based on physical habitat, associated biota, life-history,
and molecular genetics, that the Monkey Spring population be managed as a separate
ESU. In particular, Monkey Spring is a constant, warm spring that has been isolated by a
10-m high travertine dam for perhaps 10,000 years from other populations and was
historically occupied by a now extinct species of pupfish and a distinct form of Gila chub
(Minckley 1999). In addition, it was highly differentiated genetically and had 50% longer
male development than other samples in a common laboratory environment (Cardwell e7
al. 1998). We find nearby Cottonwood Spring is similar genetically and suggest it as part
of a Monkey Spring ESU. Monkey Spring fish may migrate downstream to Sonoita
Creek and then upstream to the smaller Cottonwood Spring, a total distance of only five
stream km, hence their similarity genetically. Monkey Spring is the unusual and isolated
primary habitat for this ESU, while Cottonwood Spring is a secondary site. Monkey
Spring ESU is quite differentiated from the other geographically separate groups (average
D4 value with Bylas, Cienega, and Sharp is 0.656). The Sonoita Creek group, which is
directly downstream from Monkey and Cottonwood Springs, and the Monkey Spring
ESU have an average genetic distance of 0.422.

The other ESU is composed of four different MUs. First, the Bylas Springs
populations are the only samples from the mainstem Gila River and are quite
differentiated from the other populations except for Cienega. The Bylas Spring 1 sample
is so similar (and so invariant) to the Bylas Spring 2 sample, that we have combined our
captive stocks of these two populations. The Bylas populations and the Cienega Creek
sample have a mean D, values of 0.287 but a substantial proportion of this genetic
distance appears to have been generated by loss of genetic variation in the Bylas
populations (Hedrick 1999). However, the two sites are separated by approximately 580
kilometers of stream channel, much of which is dry now except during flooding, so that

suggesting different MUs for the Bylas and Cienega populations is reasonable. In
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addition, the sample from Sharp Spring is highly divergent on a molecular basis and so
physically isolated to be classified as a third MU. The other three natural populations,
Red Rock (both sites), Coalmine, and Sonotta, all in the Sonoita Creek drainage, form
another, highly variable group, considered a fourth MU.

Two caveats are important to mention. First, bottlenecks and other factors that
result in low population size may result in a large increase in genetic distance in a short
time period (Hedrick 1999). Although we do not have an appropriate comparison, the
extent of genetic variation in these populations for the loci examined here does not appear
to be large as compared to similar loci in other species. Further, the extent of variation for
allozymes (Vrijenhoek ef a/. 1985) and mtDNA (Quattro et af. 1996} is low in these
populations. This suggests that non-selective factors, perhaps in recent decades or
centurses, have reduced genetic variation and may have resulted in an increase in genetic
distance between populations. Second, a study by Sheffer e al. (1999) demonstrated that
crosses between all pairs of Bylas Spring 2, Cienega Creek, Monkey Spring, and Sharp
Spring were successful and produced both F, and F, progeny. Further, here was no
evidence that the F) and F; progeny had reduced fitness as indicated by growth rate,
fecundity, survival, and bilateral asymmetry. Therefore, it appears that although there is
substantial differentiation between these populations for molecular markers, it does not
appear to have influenced mating ability between the groups or fitness in subsequent F,
and F; progeny.

The Boyce Thompson stock is very similar to Monkey Spring. We have recently
been informed (J. Brooks, pers. comm.) that the Boyce Thompson pond was drained in
the early 1980s to remove non-native western mosquito fish (Gambusia affinis). 1t was
then restocked with fish from Dexter National Fish Hatchery, at the time a stock from
Monkey Spring. Also from our analysis, we conclude the Watson Wash population was
similar to the Monkey Spring-Boyce Thompson stock. We also were recently informed
(J. Brooks, pers. comm.) that Watson Wash was stocked from Boyce Thompson in the
late 1980s by personnel from the US Bureau of Land Management. Our findings, based

on molecular genetics data, are thus consistent with these anecdotal accounts.



Yaqui Topminnow

Yaqui topminnow differs substantially from Gila topminnow for both microsatellite and
MHC markers we examined. Only 2 of 25 microsatellite alleles in the Yaqui topminnow
are found in all of our Gila topminnow samples and a number of Yaqui topminnow
microsatellite alleles differ dramatically in size from Gila topminnow alleles. Alf MHC
sequences differ between the two taxa, uniike the sharing of MHC sequences sometimes
observed between species. These findings are consistent with the observation that Gila
and Yaqui topminnow (from the San Bernadino National Wildlife Retuge) differ by
seven restriction sites at mitochondrial DNA (Quattro ef al. 1996).

Given this evidence, and a past history of identification of the two taxa as separate
species (see synopsis of their status over time in Quattro ef a/. 1996}, it appears that
subspecific status for Gila and Yaqui topminnows needs reevaluation. Minckley (1969,
1971} considered that the two taxa subspecies because of subtle morphological
differences, but the recent molecular findings make spectes status for Gila and Yaqui
topminnows appropriate (see also Minckley 1999).

In an earlier study, Quattro & Vrijenhoek (1989) compared several fitness
correlates in the laboratory for samples that included both putative subspecies of Sonoran
topminnows. They used Gila topminnows from Monkey Spring (as an example of low
allozyme heterozygosity), Yaqui topminnows from Tule Spring (as an example of
intermediate allozyme heterozygosity), and Gila topminnows from Sharp Spring (as an
example of high allozyme heterozygosity). From our results here and those of Quattro et
al. (1996), it appears that use of Yaqui topminnows from Tule Spring was inappropriate
as it appears to be a different species. Further, using the seven microsatellite loci in
common to the two taxa, Monkey Spring has Hz = 0.138 and n = 2.0, Tule Spring has Hy;
=0.443 and » = 2.9, and Sharp Spring has Hz = 0.202 and n = 3.0. Therefore, the ranking
of genetic variation based on allozyme loci is inconsistent with that found for more

variable molecular markers.
MHC Considerations

We used both microsatellite and MHC data to distinguish different groups of Gila

topminnows. The use of MHC data was justified by the very high correlation between the
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extent of variation for microsatellite loci and the MHC gene within populations (see
discussion above). However, there are at least two sources of evidence that selection has
played an important role in the pattern of MHC variation observed in the Sonoran
topminnows. First, the transpecies polymorphism observed in Gila and Yaqu
topminnows is unlikely under neutrality (Klein ¢7 a/. 1993). The generaily accepted
explanation for this pattern is that balancing selection maintains lineages, even over
speciation events. Second, the higher observed ratio of [ON-SYynonymous to synonymous
substitutions is generally explained by positive Darwinian selection, a general term which
includes balancing selection. However, we found a high dN/dS ratio for putattve non-
ABS positions in the Yaqui topminnows, a result contrary to that in mammals. This may
suggest that the ABS positions, identified by X-ray crystallography for a human class I1
molecule, may not be 1dentical in topminnows or other fishes. A new MHC finding from
the present investigation is the polymorphic for a MHC duplication in the Gila
topminnow populations. Further investigations of this duplication, including crosses of
individuals with and without the duplication and crosses of different haplotypes with the

duplicated gene and examination of gamete sequences, are planned.
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Appendix

The conclusion that sequences Pooc-9, Pooc-12, and Pooc-13 are from a second MHC
locus is based on the following observations. First, we have not observed any individuals
that have only Pooc-9 or only Pooc-12. Because Pooc-9 is very common in several
populations the likelthood of not observing homozygotes for Pooc-9 if it were allelic to
our other sequences is very small. For example, in the sample of 20 for Red Rock at Cott
Tank all individuals have both Pooc-6 and Pooc-9. If Pooc-9 were allelic to Pooc-6 so
that they would both have a frequency of 0.5 in this sample, then the probability of not
seeing any ooc-9 homozygotes would be (0.75)*° = 0.003.

Second, in all individuals with a third sequence, Pooc-9 or Pooe-12 is present,
(For one individual with four sequences, both 7?00c-9 and Pooc-12 are present. The other
individual with four sequences is discussed below.) Further, Pooc-9 always appears to be
associated with allele Pooc-6 and Pooc-12 always associated with allele Pooc-11. This
suggests that Pooc-9 arose as a duplication on a chromosome carrying Pooc-6 or that
Pooc-12 arose as a duplication on a chromosome carrying Pooc-11. At this point,
presence of the duplication is polymorphic in the Gila topminnow, a common observation
for class I genes in other species, including humans which may have from two to five
DRB genes on a chromosome (Bodmer e al. 1992). Because Pooc-6 and Pooc-11 only
differ by two amino acids (five nucleotides), there actually may have been only one
origin of the second gene and the difference in Pooc-6 and Pooc-11 as well as Pooc-S
and Fooc-12 (three amino acids and six nucleotides different) evolved since then.

Third, further support comes from sequence data that places 00c-9 and Pooc-12
together and very different from the other sequences (Table 4 and Fig. 3). These two
sequences are identical through position 73 and share an identical sequence at positions
39 to 41 not found in other sequences. An individual from Red Rock Falls has four
sequences, Pooc-11, <12, -13, and -14. Because Pooc-13 and Pooc-14 were not in other
individuals, it appears that one of these should be a sequence from the hypothesized
duplication. Interestingly, sequence Pooc-13 shares sequence at positions 56, 59, and 60
with Pooc-9 and Pooc-12 that is not found in any other sequences. In addition, Pooc-14

is very similar to Pooc-6 and —11. In other words, a reasonable hypothesis is that Pooc-9,



~12,and-l3areaHfhnnthesecondlocusandthatPooaJ4isaﬂehctotheprhnaQJNﬂ{C

locus
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Figure legends

Fig. 1. Map showing the locations of the Bylas and Yaqui samples (above) and the other

natural samples (below).

Fig. 2. Unrooted neighbor-joining tree for the 13 samples of Gila topminnows based on
allelic frequencies at the five polymorphic microsatellite loci and the MHC locus

sequences where the numbers are bootstrap values.

Fig. 3. Neighbor-joining tree for the MHC sequences where the numbers are bootstrap
values and the sequences from Yaqui topminnows are indicated with a triangle and the

Gila topminnow sequences are not.
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Table 2 The genetic distance (12,)) between pairs of ESUs and MUs. The values on the

diagonal are mean D, values within group where there are more than one population.

ESU or MU
ESU or MU Bylas Cienega Monkey Sonoita Sharp
Bylas 0.093
Cienega 0.287 ---
Monkey 0.707 0.632 0.300
Sonoita 0.567 0.431 0422 0112
Sharp 0.518 0.458 0.630 0.420 -
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Table 3 The ailele frequencies for the microsatellite loci in two Yagui topminnow
samples (samples sizes in parentheses), the average frequency in the nine Gila
topminow samples having the one shared polymorphic allele, G49-161, the size or size
range for the other alleles in the Gila topminnow, and the observed (#,)) and expected
(Hr) heterozygosity and observed number of alleles (#), and the mean over all loci. *

indicates a stgnificant deficiency of H,; before (but not after) Bonferroni correction

Yaqui
Locus Allele Tule Spring North Pond Gila
(20) (19)
(5-49 143-159 --- --- 4917
161 0.550 0421 0.083
163 0.450 0.579 -
Ho 0.400 0.526 0.000-0.350
Hr 0.508 0.501 0.000-0.380
n 2 3 1-2
C-13 164 0.475 ---
174 0.100 - —
80 0.200 0.026 -
90 0.150 0.526 ---
192 0.075 0447 ---
202-248 -—- - 1.060
Hy 0.650 0.474 0.000-0.850
Heo 0.714 0537 0.000-0.879
n 5 3 1-12
0056 143-153 --- - 1.000
256 1.000 1.000 .-
Hg 0.000 0.000 0.000-0.650
Ho 0.000 0.000 0.000-0.581
n \ 1 1-3
1LL53 110 -- (0.053 -—-
112 0.500 0.237 ---
114 0.425 0.105 -
116 0.075 0.605 -
136-164 -—- e 1.000
Hy 0.600 0.78% 0.000-0.850
Ho 0.579 0.579 0.000-0.669
n 3 4 1-5
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d-44

Ace

(53

MH(C

Mean

106
108
114
118

Hy
Hy

H

124
128
130

0.000-0.800
0.000-0.708
5

0.026-0.296
0.009-0.325
0.90-2.75
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Table S The estimated rates of nonsynonymous (dv) and synonymous substitutions {d/.)
for antigen (ABS) and non-antigen binding amino-acid sites and their ratio for sequences
found in the Gila topminnow, Yaqui topminnow, and both taxa. & is the number of

codons in each categery and I 1s the probability that oy and dy are different

Taxa Positions N dy ds dyv dy g
Gila ABS 20 0.209 £0.050 0.004 +0.030 23R 002
Non-ABS 42 0045 £0018 0.038 £0.019 1.18 040

All 62 100 £0022 0046 £0016 217 0.02

Yaqui ABS 20 0216 £0.054 0.072 £0.041 3.00 (.02
Non-ABS 42 0.079 £0.024 0.019 £0.013 416 0.01

All 62 0.124 £0.026 0035 £0015 354 .00

Both ABS 20 0.238 £0.053 0.100 +0 039 2.38 002
Non-ABS 42 0.073 £0022  0.035 +0.015 2.09 008

All 62 0128 £0.025 0055 £0.016 233 0.01
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