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Inheritance of microsatellite loci in the polyploid
lake sturgeon (Acipenser fulvescens)

Jonathan D. Pyatskowit, Charles C. Krueger, Harold L. Kincaid, and Bernie May

Abstract: Inheritance in the expression of amplicons for four microsatellite primer pairs was determined using 10 fam-
ilies created from gametes of wild lake sturgeon (Acipenser fulvescens). Loci Afu34 and Afu68 expressed a maximum
of two even-intensity bands per individual and had progeny genotype ratios that fit disomic inheritance (P > 0.05).
Some variation exhibited at Afu34 and Afu68 was attributable to a null allele. Genotype expression at both loci also in-
dicated that one female parent had transmitted unreduced gametes. Primer Afu39 amplified products that exhibited four
gene doses, where genotype counts fit expected ratios for disomic inheritance (P > 0.05) indicating amplification of
products from two disomic loci that share alleles. Meiotic drive was evident at the Afu39 loci based on a test for ran-
dom segregation (P < 0.05). Only the expression of Aful9 gave evidence of tetrasomic inheritance based on a single
progeny potentially produced by a double reduction gamete. No evidence for proposed octoploid inheritance was ob-
served.

Key words: diploid, tetraploid, octoploid, meiotic drive.

Résumé : L’hérédité d’amplicons produits & 'aide d’amorces spécifiques de quatre microsatellites a été déterminée
chez 10 familles issues de gamétes provenant d’esturgeons jaunes (Acipenser fulvescens) sauvages. Les locus Afu34 et
Afu68 ont produit au maximum deux bandes d’intensité égale par individu et ont montré des ratios génotypiques com-
patibles avec une hérédité disomique (P > 0,05). Une certaine variation observée chez les locus Afu34 et Afu68 était at-
tribuable a un allele nul. L’expression génotypique pour ces deux locus indiquait qu’un parent femelle avait transmis
des gametes non réduits. Les amorces Afu39 ont amplifié des produits correspondant & quatre doses géniques et dont le
décompte génotypique suggérait une hérédité disomique (P > 0,05). Les auteurs concluent qu’il s’agit d’amplicons pro-
venant de deux locus disomiques qui ont des alléles en commun. Une transmission méiotique préférentielle a été ob-
servée pour le locus Afu39, lequel ne montrait pas une ségrégation aléatoire (P < 0,05). Seul le locus Aful9 a montré
une hérédité de type tétrasomique et cela basé sur un seul descendant potentiellement issu d’un gameéte doublement ré-
duit. Aucune évidence d’une hérédité octoploide, proposée antérieurement, n’a été observée.

Mots clés : diploide, tétraploide, octoploide, transmission méiotique préférentielle.

[Traduit par la Rédaction]

Introduction these programs recognize genetics as an important compo-
nent of fishery management, but operationally fail to incor-

Lake sturgeon (Acipenser fulvescens) were once abundant  porate genetic provisions into the program (e.g., Menominee

throughout the Great Lakes drainage but overharvesting, pol-
lution, and the damming of rivers reduced sturgeon popula-
tions to low levels, sometimes to extinction. For example,
the commercial harvest of sturgeon in Lake Erie was 2.25 x
10° kg in 1860 but by 1895 had declined by 80% (Scott and
Crossman 1973). Most populations today exist at low levels.
Recently, fishery management agencies (e.g., Wisconsin De-
partment of Natural Resources) have undertaken programs to
restore lake sturgeon populations. Often the descriptions of

Indian Tribe of Wisconsin 1994).

The genetics of lake sturgeon is poorly understood be-
cause of their unique life history and sampling difficulties.
First, the life history of lake sturgeon makes investigations,
such as heritability studies, difficult to perform. Sexual mat-
uration takes 10-30 years and subsequent spawning occurs
at intermittent intervals of 1-6 years (Priegel and Wirth
1971). Second, sampling enough individuals as juveniles or
adults for population genetics studies is difficult because of
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Table 1. Family designations, parental identification number, and parental genotypes used to examine the inheritance of allelic varia-

tion of microsatelite loci in lake sturgeon.

Aful9 Afu34 Afu39 Afu68
Family Female Male F M H M F M F M
K1 195 159 1112 1712 20 12 1113 1113 44 30
K2 195 193 1112 1112 20 12 1113 1122 44 40
K3 195 194 1112 1111 20 12 s R 1113 44 44
K4 195 160 1112 1112 20 22 1113 1712 44 12
K6 197 193 1111 1112 12 12 1111 1122 23 49
K7 197 159 LT 1112 72 12 Jnt 1713 23 30
K8 197 160 1111 1112 12 22 I 172 23 i2
Pl 84 85 L1117 1112 12 22 17 1111 34 44
P2 84 87 T 1 1299 12 12 1171 1 34 11
P3 84 88 1111 1112 72 22 VWL 1113 34 44

Note: @ is a null allele determined from the inheritance studies. The base pair size at Aful9 of allele / = 133 (clone) and 2 = 130, at Afu34 I = 140
and 2 = 137 (clone), at Afu39 1 = 133, 2 = 127, and 3 = 124 (clone), and at Afu68 I = 128, 2 = 124, 3 = 120 (clone), and 4 = 112. Aful/9 may be one
tetrasomic locus (see Table 2). Afu39 may represent two disomic loci that share alleles (see Table 5).

their low abundance and distribution over large geographic
areas during most of their life history (Kempinger 1996).
Only during the spawning season do numbers of adults as-
semble into spawning habitat and are vulnerable to sam-
pling. In addition, nonlethal genetic techniques are required
to study sturgeon because in most places the species is en-
dangered or threatened. Thus, genetic techniques employed
must not depend on samples from internal tissues (e.g.,
heart, liver) that require fish to be sacrificed. For example,
white muscle biopsies from lake sturgeon in Wisconsin were
used in the detection of six polymorphic allozyme loci
(Bartley 1987).

Genetic studies of sturgeon are further complicated by the
reported octoploid nature of the species (Blacklidge and
Bidwell 1993). If sturgeon have an octoploid genome, inter-
pretation of banding patterns on gels will be complicated
and difficult without confirmatory inheritance studies. Such
studies were required of allozyme loci in salmonids in order
to understand their disomic inheritance with residual tetra-
somy (e.g., May 1980).

Techniques recently developed to examine variation at
microsatellite loci facilitate genetic studies of sturgeon in
three ways. First, microsatellite loci can be examined with
nonlethal tissue sampling. DNA for microsatellite studies
can be extracted from fin, barbel, or scale tissue (Wirgin and
Waldman 1994). Second, microsatellite loci sometimes pro-
vides greater discriminatory power than other genetic mark-
ers, especially when genetic variation exists at low levels in
other genetic characters. Microsatellite loci have a much
higher mutation rate and consequently often more alleles per
locus than allozymes (e.g., Estoup et al. 1993; Grant et al.
1999) and thus permit more potential genetic differences at
microsatellite loci to accumulate among populations. Geno-
types inferred from gels can be compared to Hardy—Wein-
berg expectations or used to estimate allelic frequencies to
be used in gene diversity analyses to describe population
structure. However, confirmation of Mendelian inheritance
of microsatellite variation is important, especially for
polyploid-derived species such as sturgeon, to correctly
translate allelic variation from banding patterns on gels
(Allendorf et al. 1975).

This study describes the inheritance of allelic variation at
microsatellite loci in lake sturgeon and tests the hypothesis

of octoploid inheritance in this species. Segregation and mode
of inheritance in single pair matings (families) are reported
here for five loci previously described by May et al. (1997).

Materials and methods

Nomenclature

Eleven microsatellite primer pairs (May et al. 1997) were tested
for amplification quality and genetic variability in DNA samples
from the parents of the 10 lake sturgeon families. These primer
pairs were originally named LS-## for Lake Sturgeon plus a se-
quence number (##, May et al. 1997). However, to conform to cur-
rent nomenclature for microsatellite loci, we herein rename the
primers to Afu## using the first letter of the genus and the first two
letters of the species name combined with the same sequence num-
ber as used before. Primers are referred to in the text by using reg-
ular font (Afu#) whereas references to loci use italics (Afu#).
Alleles are represented throughout the text as single digit numerals
in italics for ease of discussion; their specific base-pair sizes are
given in the heading for Table 1.

Sample collection

One mature female and three mature males were captured from
the Menominee River in Wisconsin below the White Rapids dam
using electrofishing and held in 1.8-m diameter tanks. A portion of
fin was sampled from each fish with one half stored in 100% etha-
nol and the other half in lysis buffer (150 mM EDTA, 50 mM Tris
pH 8.0, 2% n-lauroylsarcosine). Milt was collected from each
male, using a syringe and stored on ice. Eggs were stripped from
the female, divided into three lots, and each lot was fertilized with
milt from a different male to create three different families. Fertil-
ized eggs were incubated at the Wild Rose State Fish Hatchery
(Wisconsin Department of Natural Resources) for several days be-
fore transport to rearing facilities at the Resource Ecology and
Management Facility, Cornell University. All fry from these fami-
lies (N = 14, 30, and 20) were sampled immediately after hatch be-
cause of chronic mortality caused by a fungal infection. Seven
families were also created from two females and four males cap-
tured in the Des Prairies River at Montreal, Quebec. Seven families
were created instead of eight, because one male was crossed with
only one female (instead of two). One-hundred fry from each of
the seven families were sampled. Fifty fry were stored at —~80°C
and 50 fry were stored in lysis buffer. Families created from the
Menominee and Des Prairies River fish were established without
prior knowledge of parental genotypes. Regardless of how the sam-
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ples were stored (frozen, in alcohol, or in lysis buffer) ample DNA
for analysis was extracted.

DNA extraction

DNA extraction used the CTAB (cetyltrimethylammonium bro-
mide) procedure described by Grewe et al. (1993), but modified as
follows: 30 pL of proteinase K (10 mg/mL stock) was used in each
sample and samples were incubated overnight at 55°C before ex-
traction. This procedure differed from Grewe et al. (1993) in that it
used three times the amount of proteinase K (300 pg vs. 100 pg)
and the samples were incubated longer (10-12 h vs. 30-60 min).
The extended incubation step helped breakdown the tough fin tis-
sue and generated greater DNA yields.

Polymerase chain reaction conditions

Fifty-microlitre reactions were run using a Perkin-Elmer 4800
Cycler. Each reaction mixture contained 1 pl. of DNA (~20 ng/uL),
5 uL of Gibco 10x buffer (Gaithersburg, Md.), 1 pL each of for-
ward and reverse locus specific primer (20 pM), and 0.2 pL of
Gibco Taq polymerase (5 U/uL). Each mixture contained MgCl,
(see May et al. 1997) and 2.0 pL (for Afu22, Afu23, Afu39,
Afu57, AfuS8, and Afu69) or 3.5 uL (Aful9, Afu34, Afud4,
Afu62, and Afu68) of ANTPs (2.5 mM) to optimize the mixture for
specific primers. Filtered, deionized water was added to each mix-
ture to bring the total volume to S0 pL. In addition, a mineral oil
overlay was added to each reaction mixture before placement into
the thermocyler. An amplification consisted of three min at 94°C,
and then 33 cycles of one min at 94°C, 30 s at 57°C, 30 s at 72°C,
and then, 5 min at 72°C. Afu34 differed in that the optimal anneal-
ing temperature was 59°C rather than 57°C. DNA amplification
was confirmed by resolving 10 pL of the PCR reaction on a 3.5%
agarose gel (Nusieve GTG - SeaKem LE, 1:1) stained with
ethidium bromide.

Gel conditions

Amplified DNA samples were resolved on a 4% metaphor gel at
460 V with the 0.5x TBE (Tris-borate EDTA) gel buffer circulated
through a Neslab RTE 100 cooling unit which maintained the tem-
perature at 17-18°C. A 10-pL aliquot of amplified DNA was
concentrated to 5 pL in a Speed Vac. One microlitre of Sigma dye
(St. Louis, Mo.) was added to each sample before the samples
were loaded onto the gel. Electrophoresis of amplified DNA used a
prerun step at 460 V for 5 min in 12-13°C uncirculated buffer.
Voltage was then turned off, and the buffer temperature was in-
creased to 17-18°C. Voltage and buffer circulation was then re-
stored for 0.75-1.5 h (run time was determined by the clone size:
15 min for every 25 base pairs). Gels were stained with ethidium
bromide and a Polaroid picture was taken to score individuals. Rel-
ative band intensity was determined by eye (e.g., 1112 vs. 1122).
Asymmetry in PCR products was assumed to reflect gene dosage.

Fragment sizes were determined as follows. The forward primer
(see May et al. 1997) for Aful9, 34, 39, and 68 was purchased with
a 5" fluorescein label, and representative genotypes were amplified
and examined electrophoretically. Twenty-five microlitres of 98%
formamide loading buffer was added to 25 pL of the amplified
product. This mixture was denatured at 95°C for 2 min and then
snap-cooled on ice for at least 5 min prior to loading. Eight micro-
litres of sample was loaded on a 5% polyacrylamide (19:1) gel
with 7.5 M urea (20 cm x 32 cm x 0.4 mm). Gels were run at 40
W (50°C) between 1 and 1.5 h depending on the fragment sizes
and imaged with a Molecular Dynamics 595 fluorimager. Bands
were sized using Molecular Dynamics’ FRAGMENNT ANALYSIS Soft-
ware and Bio-Rad fluorescent low-range fluoroscein ladder (170-
3123, Hercules, Calif.).

PCR products exhibited the same sizes as determined by their
original sequencing as reported by May et al. (1997) with the ex-
ception of the Afu39 clone. Reexamination of the original
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Table 2. Test for Mendelian segregation of chromosomes at
Aful9 in lake sturgeon.

Parental Progeny genotype

genotypes counts
Family F M 1111 1112 1122 ¥*(1 d.f)
K3 1112 1111 42 48 0.4
K6 1111 Lli25 33 56 4.84*
K7 1111 1112 49 50 0.01
K8 LL1 1112 41 48 1t 0.55
)5l 1111 T2 7 7 0
P2 IH ) 1222 24 6 10.80**
P3 1111 1112 11 9 0.2

Note: Expected progeny genotypes are 1:1 ratio of homozygotes to
asymmetrical heterozygotes. Underlined numbers are the alleles being tested.

"Denotes a double reduction event.

*Denotes a difference from expected ratios at the 0.05 level and ** at
the 0.01 level.

sequences for this clone showed the sequence in one direction
counted 125 bp and 129 bp in the reverse direction. Both se-
quences had a region of unassignable bases. Based on the robust-
ness of our sizing using the fluorimager (described above) for the
three other clones, we conclude that the clone for Afu39 is 124 bp,
not 129 bp as reported in May et al. (1997) nor 125 bp.

Data analysis

Mode of inheritance for loci that exhibited four gene doses was
determined with ° tests of progeny genotype ratios (1111, 1112, or
1122) with ratios expected for tetrasomic inheritance (1:4:1) or
disomic inheritance (1:2:1) from crosses that had one homozygous
parent (//1I) and one symmetrical heterozygous parent (/122)
(Snedecor and Cochran 1989). In crosses where only one alternate
allele was present in one of the parents, progeny genotypes were
examined for the presence of a double reduction event that would
indicated multivalent tetrasomic inheritance (Burnham 1962; Mar-
sden et al. 1987a). For example, a cross between an asymmetrical
heterozygous parent and a homozygous parent (/712 x 1111)
would confirm tetrasomy if any progeny exhibited the (//22) geno-
type. In families that appeared to exhibit only two gene doses, the
cross of heterozygous parents (/2 x 12) was tested for goodness of
fit (xz test) to the disomic inheritance model 1:2:1. Meiotic drive,
the unequal distribution of alleles into gametes, was tested with a
2 test (Marsden et al. 1987a; Snedecor and Cochran 1989).

Results

Five of 11 primers examined failed to amplify or were in-
sufficiently resolved for analysis (Afu22, Afu23, Afus7,
Afu58, and Afu69). No efforts were made to optimize these
primers. One locus (Afu62) was homozygous for all parents,
so inheritance tests could not be performed. Afu62 was found
to be polymorphic in a larger survey of individuals for popu-
lation analysis (unpublished data). Another locus (Afu54) ex-
hibited variation for which the amplicons from the same
individual differed between PCR amplifications, resulting in
its exclusion from the inheritance study. Inheritance of the
variation observed with the four primers remaining are de-
scribed below.

Aful9 exhibited two alleles with variation in band inten-
sity of parent and progeny genotypes that indicated simulta-
neous expression of four gene doses (Table 2). Locus Aful9
appeared to exhibit tetrasomy and was scored as a tetrasomic
locus based on the presence of one progeny that appeared to
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Table 3. Segregation of alleles at Afu34 (interpreted as a single disomic microsatellite loci) in artificial crosses of lake sturgeon.

Parental genotypes

Observed progeny genotypes

Family F M 11 or 10 T2 22 or 20 112 122 ¥ (df)
K6 12 12 17 20 13 2.64 (2)
K7 12 12 13 21 14 0.79 (2)
K1 20 12 12 12 22 0.09 (1)
K2 20 12 12 10 20 0.10 (1)
K3 20 12 11 11 22 0.00 (1)
K8 12 22 12 20 2.00 (1)
P1 12 22 3 8 227 (1)
P2 12 12 1 4 10 10 2

P3 12 22 3 13 6.25 (1)*

Note: Underlined numbers represent alleles that are being tested for segregation. Unpredicted genotypes //2 and /22 (trisomic) in family P2 may have
been the result of unreduced gametes at Afu34. As a result, x* for family P2 is not defined because the expected value for this genotype is zero.

*Denotes a difference from expected ratios at the 0.05 level.

Fig. 1. Afu39 gel showing the expression of three genotypes and
three alleles. Note the asymmetry of genotypes /7/3 and 1//2
and the heteroduplex bands that migrate more slowly than the
homoduplex or allelic bands.

Individual
1 2 3 4

Heteroduplex band

/Allele /i

-

Allele 3

1 LRI LT3 L IR
Genotype

be the product of a double reduction gamete. This progeny
(a 1122 offspring) was produced by a cross between a ho-
mozygous female and an asymmetric heterozygous male
(1111 x 1112; family K8; Table 2). In family P2, the 22 ga-
mete was underrepresented relative to the /2 gamete from
the male parent (P < 0.001; Table 2), suggesting possible
meiotic drive. A slower migrating heteroduplex band was
formed in heterozygous individuals on Aful9 gels.

Afu34 appeared to be a disomic locus with two alleles
symmetrically expressed on gels as two gene doses (Ta-
ble 3). ¥ tests of progeny from two families (K6 and K7)
created by crosses of heterozygotes (12 x 12) did not reject
the disomic model. In a third family (P2) created by a cross
of heterozygotes, many unbalanced heterozygous progeny
(112 and 122) were observed. One explanation for these ge-
notypes is that one parent, in this case the male, produced
both reduced gametes (either / or 2 gametes) and unreduced
gametes (/2 gametes). In families P1 and P3, an excess of
heterozygote (12) progeny, 21 heterozygotes versus 6 homo-
zygotes, were observed where a 1:1 ratio was expected (Ta-
ble 3). The excess heterozygous class could have included
both 12 and 122 offspring, although no assymmetry in ex-
pression was observed among heterozygotes. The same fe-

Table 4. Segregation of alleles at Afu39 in artificial crosses of
lake sturgeon.

Gamete types

Parental that produced

genotypes the progeny
Family F M 11 IX 2 (1 df)
K2 1113 122 23 4 6.69%*
K4 1113 T2 60 34 75195
K4 11713 1112 65 16 1379
K7 1 L0d 1415 29 21 1.28
K8 1111 1112 19 31 2.88
B3 LT IS 4 6 0.4

Note: Underlined numbers identify the particular allele being tested for
segregation. The “X” under gamete type denotes the presence of that
allele in progeny. For example, in family K2 four progeny were produced
from the /3 gamete in the female. Expected gamete types transmitted to
the progeny from the parent is a 1:1 ratio of /7 to /X gametes.

*Denotes a difference from expected ratios at the 0.05 level and ** at
the 0.01 level.

male parent was used in both families, as in family P2 which
produced the trisomic individual described above (Table 1).
In three other families, unexpected Afu34 genotypes were
scored among the progeny (K1-K3; Table 3). The apparent
22 female was crossed with /2 males, which should have
produced only expected progeny genotypes of /2 and 22.
However, some individuals from these families were scored
as /I genotypes. Thus, the female could have produced
these progeny only if she had a null allele and was actually a
2( genotype. The null allele when combined with the / al-
lele appears on the gel as a homozygous (/1) individual.
Primer Afu39 revealed the expression of three alleles, and
variation in band intensity of phenotypes was indicative of
the simultaneous expression of four gene doses (Fig. 1; Ta-
ble 4). In three out of six tests for normal segregation of al-
leles, the 2 and 3 alleles were underrepresented in the
progeny, and this provided evidence of meiotic drive (P <
0.001; Table 4). Families K2 and K6 were used to test be-
tween the tetrasomic and disomic inheritance models (Ta-
ble 5). The tetrasomic model was rejected (P < (.01) and the
disomic model was accepted (P > 0.05) for both families.
No evidence of double reduction gametes (tetrasomy) oc-
curred in the progeny from crosses of homozygotes and
asymmetrical heterozygotes (Table 4). Thus, this primer ap-
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Table S. Observed and expected segregation of a single tetrasomic microsatellite locus or two disomic microsatellite loci for Afu39 in

artificial crosses of lake sturgeon.

Parental genotypes

Observed progeny genotypest

Family F M 1111 1112 1122 ¥ (2 df)
K2 1113 1122 23 37 13
[12.2) [48.6] [12.2] 12.38%%
{18.25) {36.5} {18.25} 276
K6 1111 1122 24 50 23
[16.2] [64.6] [16.2] 9.91%*
(24.25) (48.5} (24.25) 0.11

t[Expected tetrasomic 1:4:1]{expected disomic 1:2:1}.
**Denotes P < 0.01.

Fig. 2. Afu68 gel showing four genotypes and three alleles. Note
the absence of the asymmetrical genotypes that would indicate
four gene doses.

Individual
| 2 3 4 5

N . —
Allele 3 — W_—_ " :

Allele 4, e

34 24 33 24 22
Genotype

peared to reveal the expression of two disomic loci (Afu39)
that share similar alleles.

Afu68 was interpreted as a disomic locus with four alleles
based on phenotypes expressed as two gene doses, consis-
tent with disomy (Fig. 2; Table 6). In family P2, the cross of
a 34 female with a /1 male yielded a number of progeny
that expressed three alleles (/34 genotype, see Fig. 3). These
progeny were unexpected based on the disomic inheritance
model (Table 6). The 34 female may have transmitted both
reduced (either a 3 or 4 allele) and unreduced (34) gametes
to produce the three progeny genotypes observed (13, 14,
and 734). Trisomic progeny were also produced in the same
family at Afu34 (family P2, Table 3). Families P1 and P3
had the same female parent as P2 (Table 1); however, no
discrepancy in segregation was noted. A null allele was
detected at Afu68 based on the presence of unpredicted
homozygote progeny such as /@ in family K1 (Table 7). The
unpredicted homozygotes can be explained by scoring the
males in these crosses with a null allele. A disomic locus,
whose amplicons were larger, was observed inconsistently
and was presumed to be the homeolog of the disomic Afu68
we studied.

The mode of inheritance for Afu62 could not be deter-
mined as parents for all the crosses were homozygous for
the common allele. However, three alleles were found in an
analysis of fish from several populations (unpublished data).

Table 6. Segregation of alleles at Afu68 (interpreted as a single
disomic microsatellite locus) in artificial crosses of lake sturgeon.

Gamete type

Parental that produced

genotypes progeny
Family F M A X ¥ (d.fH)
K1 4 30 27 22 0.51 (1)
K4 44 o 25 23 0.08 (1)
K6 23 40 48 46 0.04 (1)
K6 23 40 58 36 5.158(1)*
K7 23 30 23 25 0.08 (1)
K8 23 1 45 33 1.85 (1)
K8 23 12 39 39 0.00 (1)
Pl 34 44 9 5 1.14 (1)
P2 34 11 4 4 0.00 (1)
P3 34 44 10 10 0.00 (1)

Note: Underlined numbers identify the particular allele being tested for
segregation. The “X” under gamete type denotes the presence of that allele
in progeny. The “A” denotes the gamete bearing the alternate allele.
Expected gamete types transmitted from the parent to the progeny is a 1:1
ratio of A to X gametes. See Table 7 for complete listing of observed
genotypes for families K1, K6, and K7 with null alleles. Family P2 had
21 additional progeny of the unpredicted /34 genotype (trisomic). These
progeny may have been the result of unreduced gametes produced by the
P2 female (see P2 trisomic progeny at Afu34 in Table 3).

*Denotes a difference from expected ratios at the 0.05 level.

The simultaneous expression of four gene doses was similar
to that found at Aful9 and Afu39 suggesting either a tetra-
somic locus or two disomic loci.

Discussion

Based on these results, the lake sturgeon currently has a
genome similar to salmonid fishes where some tetrasomic
loci have become two disomic loci and others retain a
tetrasomic state (Wright et al. 1983; Allendorf and
Thorgaard 1984). Two (Afu34 and 68) of the four primers
used in this study revealed the expression of two gene doses,
while the other two primers (Aful9 and 39) showed four
gene doses. Disomic inheritance occurred at Afu34, Afu39,
and Afu68 based on gene dose expression and progeny geno-
type ratios. Tests for disomic versus tetrasomic inheritance
could not be performed for Aful9, because no families con-
tained a parent that was a /722 genotype (balanced hetero-
zygote). At Aful9, the 1122 progeny produced by a double
reduction gamete provided evidence of tetrasomy (see Mar-
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Fig. 3. Afu68 gel showing the unexpected /34 genotype found in
progeny from the mating of a 34 female and an // male.

Individual
1 2 3504 5 6

Allele /
Allele 2
Allele 3

14 134 13

13 134 134
Progeny Genotypes

sden et al. 19874) but this was a single case out of over 200
meioses involving the 2 allele. Octoploid inheritance as pre-
viously suggested based on a study of cell DNA content and
chromosome counts of lake sturgeon (Birstein and Vasiliev
1987; Blacklidge and Bidwell 1993; Birstein et al. 1997)
was not supported by the results of this study. While a sec-
ond disomic locus was occasionally seen on Afu68 gels fol-
lowing some PCRs, no additional amplicons were seen at
any of the loci exhibiting four gene doses. Additional inheri-
tance data for five more loci with more alleles per locus sup-
ports this view that the lake sturgeon genome is a tetraploid
derivative and not octoploid (unpublished data). Use of ei-
ther disomic or tetrasomic inheritance models simplifies the
interpretation of variation at microsatellite loci over more
complicated polyploid models. These models are well
known in other species such as the tetraploid treefrog (Hyla
versicolor; Marsden et al. 1987a), lake trout (Salvelinus
namaycush, Marsden et al. 1987b), and Pacific salmon
(Oncorhynchus sp.; Allendorf et al. 1975).

The unreduced gametes for the female of family P2 may
have been accidentally caused by the artificial process used
to make this cross (Tables 3 and 6). For example, the reten-
tion of the second polar body causing trisomy could have
been induced by an unknown exposure to temperature ex-
tremes or a physical shock in egg handling. On the other
hand, Blacklidge and Bidwell (1993) found one of eight lake
sturgeon and 1 of 15 Gulf sturgeon (A. oxyrhynchus desotoi)
to be triploids based on DNA content, implying a non-
reduction gamete in one of the parents. It is of interest that
nonreduction in our study only happened in one of the three
crosses made with female 84 (Table 1). Perhaps non-
disjunction occurs fairly frequently in this species.

Heterozygous individuals at loci (Aful9, Afu34, and
Afu39) exhibited a “heteroduplex” band that aided in their
genotype classification. These bands are believed to be
formed from the complementary strands of the two different
sequences found in a heterozygote. Because these new
heteroduplex bands are pairings of sequences that differ in
the number of repeat motifs, they do not pair exactly and
tend to drag in the gel (migrate more slowly). The hetero-
duplex bands appear as artifacts migrating slower than the
homoduplex bands, even though their molecular weight
would suggest they should migrate between the two primary
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Table 7. Lake sturgeon families that had evidence of a null al-
lele segregating at Afu68.

Parental

genotypes  Observed progeny genotypes
Family F M 20 23 24 330r30 34 40
K1 44 30 2727,
K6 234 140|523 et 1] 33
K7 234 30 10 13 25

amplicons. Usually the two types of heteroduplex bands co-
migrate although in some cases both are observed.

Reading dosage in phenotypes derived from more than
two gene doses as done in our study has been argued to be
impractical (see Spruell et al. 1999). While amplification of
low-concentration template DNA can lead to alteration in
the resultant amplicon ratios from the original template ra-
tios, we rarely observed differential amplification for normal
template concentrations when the gels are imaged with
fluorimagers or photo documentation. However, capillary
gels were observed to not necessarily display the correct ra-
tios as observed with whole-gel imaging (e.g., ABI 310s). A
photo of the gene dosage pattern interpretable from our gels
may be seen in Fig. 2 from May et al. (1997) that shows all
five tetrasomic banding types from a cross of two parents
with the same two bands of equal intensity in each (double het-
erozygotes) for Aful9 in Atlantic sturgeon (A. oxyrhynchus
oxyrhynchus). Repeated amplifications of the same individu-
als always lead to the same ratios of bands in the amplicons.
Current work with the same lake sturgeon families from the
present study has uncovered additional four dose loci with
more alleles per locus with many examples of the additional
characteristic patterns for four dose loci, phenotypes with
three bands with one of the three twice as dark as the other
two and phenotypes with four bands of equal intensity (un-
published data). In other sturgeon species such as white stur-
geon (A. transmontanus), phenotypes involving more than
four gene doses with the presence of null alleles are prob-
lematic in interpretation (unpublished data).

The presence of null alleles was detected in individuals at
Afu34 and Afu68 (Tables 3 and 7). Null alleles are often un-
detected during population studies; however, inheritance
studies can readily confirm their presence. The presence of
null alleles tends to inflate estimates of allelic frequencies in
population studies and are problematic where parentage is to
be inferred, as in behavioral studies. Null alleles (presump-
tively due to changes in the primer site) can sometimes be
resolved by redesigning the primers (O’Reilly and Wright
1995).

Development and testing of additional microsatellite loci
in sturgeon will be beneficial for future genetic studies, es-
pecially for investigations of population structure (see
McQuown et al. 2000). Although development of species-
specific primers is expensive, microsatellite primers often
cross-amplify in related species; thus, new primers would
likely be widely applicable in many studies once developed
(May et al. 1997; Morris et al. 1996). The inheritance of
allelic variation at loci as revealed by new primers should be
tested. For example, without this study, the four gene doses
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observed at Afu39 could have been presumed to exhibit
tetrasomic as opposed to disomic inheritance.

This research showed that allelic variation at microsatellite
loci can be interpreted using disomic and tetrasomic inheri-
tance models instead of a proposed, more complicated, octo-
somic model (Blacklidge and Bidwell 1993). DNA content
and chromosome number studies (reviewed in Birstein et al.
1998) coupled with our microsatellite studies (herein and
unpublished data) place the tetrasomic derivative lake stur-
geon intermediate between the disomic genomes for pallid
(S. albus) and shovelnose (S. platyrhynchus) sturgeon and the
octosomic derivative genome for white (A. transmontanus)
and green (A. medirostris) sturgeon. Confirmation of the
mode of inheritance at these loci validates their future use in
genetic population studies of lake sturgeon. The ability to
examine these loci with tissue obtained via nonlethal sam-
pling greatly enhances the usefulness of these loci in the
study of threatened or endangered sturgeon species.
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