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Summary

The role of polyploidy in vertebrate genome evolution remains
a fertile area of research and sturgeons (order Acipenserifor-

mes) provide a unique model of genome duplication, with
species possessing �120, �250 or �360 chromosomes. Cyto-
genetic and molecular data have been used to support different

hypotheses about the number of genome duplications in this
polyploid series; however, few studies have examined inheri-
tance in sturgeons, although evaluation of polysomic segrega-

tion ratios is crucial to inferring ancestral genome duplication
level in a polyploid species. Here we examine the inheritance of
eight microsatellite loci in fifteen white sturgeon (Acipenser
transmontanus) families of known parentage to infer the level

of genome duplication. Microsatellites were detected as four or
eight copy loci. Numbers of alleles per locus, transmission
frequencies of informative alleles, and gene copy numbers in

parents reveal an ancient octoploid origin for white sturgeon.
Comparison to the lake sturgeon genome suggests the �250
chromosome state in sturgeon was achieved by multiple

independent polyploid events. The discovery of spontaneous
autopolyploids via microsatellite analysis and flow cytometry
provides additional evidence of the plasticity of highly

duplicated sturgeon genomes.

Introduction

The ancient sturgeons and paddlefishes (order Acipenserifor-
mes) provide a unique model of genome evolution in
vertebrates, as their radiation contains multiple polyploidiza-

tion events (Birstein et al., 1997). Acipenseriformes evolved
from a common ancestor with a diploid chromosome number
of 60 (Dingerkus and Howell, 1976; Birstein and Vasil�ev,
1987). Early investigations of sturgeon genome size and
structure by karyotype or flow cytometry assorted extant
species into three groups: those possessing �120 (group A),
�250 (group B), or �500 chromosomes (group C; Birstein and

Vasil�ev, 1987; Birstein et al., 1993; Blacklidge and Bidwell,
1993). The arrangement of the �120 chromosome American
paddlefish, Polyodon spathula, karyotype into groups of

tetrads (Dingerkus and Howell, 1976) led researchers to infer
that all Acipenseriformes with �120 chromosomes were
similarly tetraploid derived, those possessing �250 chromo-

somes were octoploid derived, and the sole species with �500
chromosomes, Acipenser mikadoi, was hexadecaploid (16n)
derived. Recent revisions to these classifications include the

discovery of �360 chromosomes in the shortnose sturgeon,
Acipenser brevirostrum, (Kim et al., 2005) and only �250

chromosomes in Acipenser mikadoi (Vishnyakova et al., 2008).
Group C has been revised to include only the shortnose

sturgeon with 360 chromosomes.
Some have proposed reconsideration of ploidy classifica-

tions for sturgeon. Fontana (1994) examined the nucleolar

organizing regions (NORs) of four sturgeon species and
concluded that the group A species had fully diploidized;
therefore the group B species should be considered tetraploid,

and A. brevirostrum hexaploid. Several subsequent papers
have upheld these designations (Tagliavini et al., 1999; Fon-
tana, 2002; Fontana et al., 2008). Ludwig et al. (2001) used the
numbers of alleles per locus at six microsatellite loci in 20

sturgeon species to support the new categorizations. Others
suggest these revisions are inappropriate. Birstein (2005)
indicates that the high number of NORs in group A relative

to teleost fishes does indeed reflect ancient tetraploidy. Also,
Vasil�ev (2009) argues that the presence of duplicated genes
and the karyotypic structure of the genome support an ancient

tetraploid origin for the group A species, with subsequent
diploidization and gene silencing. He further proposes two
different scales for considering relationships between ploidy

groups within the Acipenseriformes: the evolutionary scale of
diploid (2n = 60), tetraploid (2n = 120), octoploid
(2n = 250), and dodecaploid (2n = 360) as well as the recent
scale of diploid (2n = 120), tetraploid (2n = 250) and hexa-

ploid (2n = 360), reflecting the procession to diploidization in
each lineage (Vasil�ev, 2009).

Regardless, designating group B and group C species as

tetraploid and hexaploid based on extant levels of diploidiza-
tion of the group A ploidy class may oversimplify and
misrepresent the evolutionary history of Acipenseriformes. It

is possible that group B and C species diverged from group A
species before 120 chromosome genomes were fully diploidized
and if this were the case, higher levels of polysomy might be
expected in species with 250 and 360 chromosomes. No studies

either inferring ploidy level or mechanisms of genome dupli-
cation cited above include gene segregation data in their
analyses. However, these data are essential as only examina-

tion of segregation ratios in known families can provide
evidence of polysomic inheritance and therefore the ancestral
level of genome duplication in a species (Wright et al., 1983;

Allendorf and Thorgaard, 1984; Marsden et al., 1987; David
et al., 2003).

The white sturgeon (Acipenser transmontanus), a species

with �250 chromosomes (Hedrick et al., 1991; Fontana, 1994;
Van Eenennaam et al., 1998a), is the largest North American
freshwater fish, native to large river systems and estuaries
along the west coast of the continent. Analysis of synaptone-
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mal complex formation in white sturgeon spermatocytes
suggested that although highly duplicated, the male white

sturgeon genome may be fully diploidized as only bivalent
pairing was observed (Van Eenennaam et al., 1998b). How-
ever, a previous study examining inheritance of microsatellite

loci in white sturgeon found evidence of polysomy and genome
duplication higher than tetraploidy (Rodzen and May, 2002).
Here, In this study we follow the inheritance of eight
additional microsatellite loci from known families of white

sturgeon to examine levels of genome duplication. As genotype
data suggest the presence of alternative ploidy states among
the individuals examined, we employ flow cytometry to

provide additional evidence of spontaneous autopolyploidy
in a captive population of white sturgeon. Evidence of
polysomic inheritance in loci present in ‡8 copies suggests

that white sturgeon are ancient octoploids. The documentation
of viable spontaneous autopolyploids in captive white sturgeon
further suggests the plasticity of highly duplicated sturgeon
genomes.

Methods

Sample collection

Fifteen full- and half-sibling white sturgeon families were
created at Sterling Caviar LLC (Elverta, California) from
crosses of five female (Y243, 065, Y3, Y192, 062) and three

male (7219, 1178, 3d09) broodstock. Fin clips were collected
from the eight broodstock and 48 one day post-hatch offspring
from each cross were sacrificed for DNA extraction

(N = 720). DNA was obtained from all samples using a
standard DNA extraction kit (Promega, Fitchburg Center,
WI, USA).
Blood samples were provided by farm personnel from

3 years old male (N = 3) and 7 years old female (N = 3)
white sturgeon to examine alternative ploidy levels within the
farm population with flow cytometry. Approximately 2.0 ml of

blood was drawn from the caudal vein and mixed with 2.0 ml
of heparin to prevent clotting. A single chicken blood sample
was provided by UC Davis Hopkins Avian Facility personnel

(Protocol # 15053) for use as a diploid control in flow
cytometric ploidy analysis. All blood samples were stored on
ice on their way to the lab for processing.

Microsatellite genotyping

PCR was conducted with labeled primers for eight microsat-

ellite loci developed for white, green (A. medirostris), or
Chinese (A. sinensis) sturgeon (Table 1). Amplification reac-

tions consisted of 1.0 ll of 10· reaction buffer, 0.2 mMM of each
dNTP (Promega), 1.5–3.0 mMM MgCl2, 5.0 lMM each of forward

and reverse primers, 0.375 U Taq polymerase (Promega
GoTaq) and dH20 to a final volume of 10 ll. PCR was
performed in either GeneAmp� 9700 PCR systems (Applied

Biosystems, Pleasanton, CA, USA) or MJ Dyad� DNA
Engines (Biorad, Bio-Rad Laboratories, Clinical Diagnostics
Group, Hercules, CA, USA; Table 1). PCR product was
diluted with dH20 and 1.0 ll of diluted product then was

added to 9.0 ll of highly deionized formamide (Gel Company)
and 0.1 ll of Applied Biosystems (ABI) Rox 400 HD size
standard. Samples were denatured for 3 min at 95�C before

loading on an ABI 3130xl Genetic Analyzer for fragment
analysis. Size-calling of alleles was conducted in GENEMAPPERGENEMAPPER

v4.0 software (Applied Biosystems, Pleasanton, CA, USA).

Flow cytometry

Chicken blood collected for ploidy analysis by flow cytometry

was mixed with equal parts of 2% dextran sulfate in a
polystyrene tube and incubated at 37�C for 45 min. The
resulting leukocyte layer was transferred to a new container

and centrifuged at 123 · g for 5 min. The supernatant was
aspirated and the chicken cell pellet was further processed in the
same manner as white sturgeon samples. Approximately 1.0–

2.0 ml of heparinized sturgeon blood was mixed with equal
parts of 5.0 mMM EDTA in phosphate buffered saline (PBS) and
centrifuged at 123 · g for 5 min. The supernatant was aspirated

and ACK buffer (1.55 MM NH4Cl and 0.1 MM KHCO3) was
applied to the white sturgeon blood cells and chicken leukocytes
for 4 min to lyse any remaining erythrocytes. The lysis reaction
was stopped by the addition of 3.0–4.0 ml of staining media

(SM: PBS with 2.0 mMM EDTA). Leukocytes were centrifuged at
123 · g for 5 min and pellets were treated with ACK buffer a
second time. Leukocyte cell pellets were re-suspended in 500 ll
of SM and counted by hemacytometer using Trypan blue and
an inverted lens microscope. Aliquots of 1.0–2.0 · 106 cells
were transferred to polystyrene tubes containing 1.0–2.0 ml of

PBS and centrifuged at 123 · g for 5 min. Leukocytes were
fixed in 200 ll of 70% ethanol for 10 min on ice and washed
twice with 3.0–4.0 ml of SM. Fixed leukocytes were centrifuged
at 341 · g for 5 min, re-suspended in 250 ll of RNase

(100 lg ml)1 in PBS), and incubated at room temperature for
30 min. The leukocytes were washed with SM and centrifuged
at 341 · g for 5 min. The supernatant was aspirated and

leukocytes re-suspended in 250–500 ll of propidium iodide (PI;
40 lg ml)1 in PBS) for flow cytometry analysis.

Microsatellite data analysis

We evaluated the level of genome duplication in white

sturgeon in two ways. First, we examined the number of
alleles ⁄ individual found at each locus in both the parents
and progeny. We made comparisons between the average
number of alleles ⁄ locus observed in families of dams

exhibiting a higher ploidy level (Y192 and 065) and the nine
remaining families with two sample t-tests, using the har-
monic mean to account for differences in sample size (Sokal

and Rohlf, 1981). Second, we examined the dosage of
informative alleles in each parent. The high numbers of
alleles detected per individual and size specific amplification

bias in loci with allele size ranges spanning >100 base pairs
made scoring allele dosage impossible. Therefore, we used the
frequency that an informative allele (allele unique to one

Table 1
Conditions for microsatellite PCR in white sturgeon families

Locus
MgCl2
(mMM)

Ta
(�C)

Annealing
time (s) References

AciG 2 1.5 60 30 Börk et al. (2008)
AciG 53 2.0 56 105 Börk et al. (2008)
AciG 140 2.5 56 30 Börk et al. (2008)
AciG 35 3.0 56 30 Börk et al. (2008)
AciG 43 2.0 56 30 Genbank: HM459582a

AciG 52 2.0 56 105 Börk et al. (2008)
AciG 110 2.0 56 30 Börk et al. (2008)
As015 2.5 56 30 Zhu et al. (2005)

aForward primer sequence: TAATACAGCGGGGATGGAA; Re-
verse primer sequence: GCACAGTGAAAGCACGGTAA.
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parent) was transmitted to progeny in half-sibling families to
determine parental allele dosage. We calculated 95% confi-

dence intervals (CIs) around the frequency of allelic trans-
mission and applying the rules of Mendelian inheritance,
alleles with transmission frequency CIs overlapping 0.5 (50%

of offspring inherited an allele) were considered to be present
in a single copy in the parent, whereas CIs overlapping 0.83
suggested two copies of an allele. CIs with a lower bound
>0.83 indicated more than two copies of an allele were

present in the parent (Rodzen and May, 2002). In ambiguous
cases, where the lower bounds of transmission frequency CIs
were >0.5 but upper limits were <0.83, we conservatively

classified the allele as present in a single dose.
We also evaluated white sturgeon genome structure by

examining patterns of allelic transmission. We calculated the

number of informative, single copy alleles that were transmit-
ted by one parent to individual offspring. If a microsatellite
system was present as a single tetrasomic locus, a parent could
transmit a maximum of two alleles to an offspring. At a

microsatellite system consisting of two tetrasomic loci or one
octosomic locus, a single offspring could inherit up to four
informative alleles from one parent. In this analysis, allelic

transmission was examined on a per family basis as different
allele combinations were informative in different crosses.
Finally, we looked for evidence of disomy in the white

sturgeon genome by examining segregation frequencies of
informative, single copy allelic pairs transmitted by parents. In
these analyses, we assumed that double reduction was negli-

gible in white sturgeon, a premise supported by the absence of
multivalent pairing observed in male white sturgeon (Van
Eenennaam et al., 1998b), although pairing is unknown in
female white sturgeon. In the case where a primer pair is

amplifying two or more disomic loci, certain alleles would
never be co-transmitted to the same offspring, as alleles at the
same disomic locus would segregate during meiosis. In

contrast, two alleles originating from a single tetrasomic locus,
two tetrasomic loci, or a single octosomic locus have a non-
zero probability of co-transmission (1 ⁄ 6, 1 ⁄ 4, and 15 ⁄ 70,
respectively). We used these Mendelian ratios to construct
simple chi square tests to examine conformance of each locus
to disomic, tetrasomic, and octosomic models of inheritance.
Only pairs of informative, single copy alleles were included in

this analysis. The presence of many microsatellite systems
consisting of disomically inherited loci would suggest that
white sturgeon are well progressed along the evolutionary path

to diploidization.

Flow cytometry data analysis

Nuclear DNA content of the chicken and white sturgeon

leukocytes was estimated by analyzing PI fluorescence with a
BD FACScan flow cytometer (Becton Dickinson, Bedford,
MA, USA) with a single argon laser with a 488 nm excitation

beam and BD CELLQUESTCELLQUEST analysis software (Becton Dickin-
son). We measured the fluorescence of 5000–30 000 stained
leukocyte nuclei per sample. DNA content was estimated by

comparing the fluorescence and genome size (2.5 pg per
nucleus) of the diploid chicken standard to the resulting white
sturgeon fluorescence by the equation DNA

(pg) = 2.5 · (S ⁄ C), where S and C correspond to the mean
fluorescence values of the white sturgeon and chicken leuko-
cytes respectively (Rasch et al., 1970).

Results

Microsatellite data

The numbers of alleles ⁄ individual ⁄ locus ranged from 1 to

11 (mean 2.06–7.65) across eight loci and 15 white sturgeon
families (Table 2). Dams 065 and Y192 appeared to exhibit a
higher level of genome duplication than other parents. At

eight copy loci (see below), dam Y192 possessed from 6 to10
alleles ⁄ locus, while other white sturgeon parents possessed
from 4 to 7 alleles ⁄ locus (Table 2.) Offspring in the families

of Y192 and 065 had a significantly greater average number
of alleles ⁄ locus at 8 of 8 and 5 of 8 loci, respectively
(Table 2).

Segregation of informative alleles in offspring revealed that

gene copy number ranged from 4 to 13 in parents, with the
highest levels of duplication found in 065 and Y192, although
dam 062 possessed at least 10 gene copies at AciG 35 (Table 3).

Most other parents possessed eight or fewer gene copies at
each locus, although sire 3d09 had nine copies at AciG 52
(Table 3). All loci were present in at least four copies (AciG 53,

140), with some loci in eight or more copies (AciG 2, 35, 43, 52,
110, As015; Table 3). At AciG 53 and 140, offspring exhibited
1–4 alleles ⁄ individual and offspring segregation data revealed
that parents possessed 2–5 gene copies ⁄ locus. Only dams 065

and Y192 possessed >4 copies at these loci. The remaining
loci were inferred to be in ‡8 gene copies, with individuals
possessing from 2 to 9 alleles per locus, excluding 065 and

Y192 and their families (Table 2). AciG 2 only exhibited 2–5
alleles per locus, but the presence of up to five alleles in many
individuals suggests it too is duplicated in >4 copies. We infer

Table 2
Numbers of microsatellite alleles observed in parents and offspring at each locus

Locus

Alleles

Y243 F1 (�X ) 065 F1 (�X ) Y3 F1 (�X ) Y192 F1 (�X ) 062 F1 (�X ) 7219 F1 (�X ) 1178 F1 (�X ) 3d09 F1 (�X )

AciG 2 3 1–3 (2.49) 3 1–3 (3.10*) 2 1–3 (2.32) 2 1–3 (2.59*) 3 1–4 (2.56) 3 1–4 (2.64) 3 1–4 (2.61) 2 1–3 (2.55)
AciG 53 3 1–3 (2.41) 2 1–2 (1.96) 2 1–2 (1.96) 4 2–4 (3.24*) 2 1–2 (1.92) 2 1–4 (2.25) 2 1–4 (2.32) 2 1–4 (2.32)
AciG 140 3 1–4 (2.67) 3 1–4 (3.28*) 2 1–4 (2.43) 3 2–5 (3.14*) 3 1–4 (2.62) 2 1–4 (2.54) 4 2–5b (3.04) 3 2–5b (2.90)
AciG 35 6 4–8 (6.14) 6 4–10 (7.65*) 6 3–8 (6.08) 6 5–9 (7.37*) 5 5–8 (6.82) 7 4–9 (6.69) 6 3–10 (6.70) 7 5–10 (7.04)
AciG 43 6 2–7 (4.31) 5 2–9 (5.67*) 6 2–7 (4.37) 9 4–9 (6.22*) 4 3–7 (4.69) 5 2–8 (5.17) 5 2–9b (5.36) 3 2–8 (4.62)
AciG 52 6 4–8 (5.58) 7 4–10 (6.98*) 5 3–8 (5.60) 10 5–11 (7.41*) 7 4–9a (6.02) 6 4–10b (6.68) 4 4–9b (5.79) 5 4–11b (6.48)
AciG 110 6 3–7 (5.35) 4 3–6 (4.75) 5 3–7 (4.78) 8 4–9 (6.51*) 4 3–6 (4.87) 6 2–8 (5.22) 5 3–9b (5.43) 4 3–9b (4.75)
As015 4 2–5 (3.84) 5 2–7 (4.94*) 4 2–6 (4.57) 9 4–10 (7.12*) 4 3–6 (4.67) 4 3–9b (4.97) 5 3–9b (5.18) 4 2–10b (4.92)

Four copy loci are AciG 53 and 140. Eight copy loci are AciG 2, 35, 43, 52, 110, and As015.
aOne offspring from 062x7219 and 2 offspring from family 062x3d09 had 9 alleles at AciG 52.
bOffspring with unusually high allele numbers are from families with 065 and Y192 as dams.
*Significantly greater mean number of alleles ⁄ individual relative to 9 other families from dams Y243, Y3, and 062 (P < 0.001).

26 A. Drauch Schreier et al.



Table 3
Minimum estimates of gene copy number at microsatellite loci in white sturgeon parents. Only informative alleles (alleles unique to one parent in
a cross; AI), are used in this analysis. N is the number of offspring evaluated. Dams are Y243, 065, Y3, Y192, 062; sires are 1178, 7219, 3d09

Locus Parent Genotype
Minimum
copy No. AI Allele count ⁄ N

Transmission
frequency ± 95% CI

Est.
dosage

AciG 2 Y243 283 ⁄ 287 ⁄ 295 3 295 27 ⁄ 48 0.56 ± 0.14 1
065 271 ⁄ 283 ⁄ 287 4 271 117 ⁄ 143 0.82 ± 0.06 2
Y3 283 ⁄ 295 2 295 25 ⁄ 48 0.52 ± 0.14 1

Y192 283 ⁄ 295 4 295 48 ⁄ 48 1.00 >2
062 283 ⁄ 287 ⁄ 299 3 299 67 ⁄ 144 0.47 ± 0.08 1
1178 283 ⁄ 287 ⁄ 295 3 287 38 ⁄ 95 0.40 ± 0.10 1

295 39 ⁄ 95 0.41 ± 0.10 1
7219 283 ⁄ 287 ⁄ 295 3 287 59 ⁄ 96 0.61 ± 0.10 1

295 38 ⁄ 96 0.40 ± 0.10 1
3d09 283 ⁄ 287 3 287 84 ⁄ 96 0.88 ± 0.07 2

AciG 53 Y243 214 ⁄ 218 ⁄ 222 3 222 72 ⁄ 144 0.50 ± 0.08 1
Y192 214 ⁄ 218 ⁄ 222 ⁄ 242 5 222 119 ⁄ 144 0.83 ± 0.06 2

242 74 ⁄ 144 0.51 ± 0.08 1
AciG 140 Y243 164 ⁄ 172 ⁄ 180 3 164 57 ⁄ 96 0.59 ± 0.10 1

065 158 ⁄ 164 ⁄ 180 5 158 30 ⁄ 84 0.63 ± 0.14 1
164 91 ⁄ 96 0.95 ± 0.04 >2

Y3 164 ⁄ 172 2 164 46 ⁄ 96 0.48 ± 0.10 1
Y192 164 ⁄ 168 ⁄ 172 4 164 79 ⁄ 96 0.82 ± 0.08 2

168 66 ⁄ 144 0.46 ± 0.08 1
062 164 ⁄ 172 ⁄ 180 3 164 56 ⁄ 96 0.58 ± 0.10 1
1178 158 ⁄ 164 ⁄ 172 ⁄ 180 4 158 91 ⁄ 191 0.48 ± 0.07 1

172 29 ⁄ 47 0.62 ± 0.14 1
180 48 ⁄ 95 0.51 ± 0.10 1

7219 172 ⁄ 180 4 172 47 ⁄ 48 0.98 ± 0.04 >2
180 52 ⁄ 96 0.54 ± 0.10 1

3d09 158 ⁄ 172 ⁄ 180 4 158 92 ⁄ 192 0.48 ± 0.07 1
172 37 ⁄ 48 0.77 ± 0.12 2
180 48 ⁄ 96 0.50 ± 0.10 1

AciG 35 Y243 250 ⁄ 254 ⁄ 258 ⁄ 266 ⁄ 274 ⁄ 286 8 250 96 ⁄ 96 >2
254 17 ⁄ 48 0.35 ± .0.13 1
266 70 ⁄ 96 0.73 ± 0.09 1
274 45 ⁄ 96 0.47 ± 0.10 1

065 238 ⁄ 242 ⁄ 250 ⁄ 254 ⁄ 282 ⁄ 286 13 238 127 ⁄ 142 0.89 ± 0.05 >2
242 119 ⁄ 142 0.84 ± 0.06 2
250 47 ⁄ 47 1.00 >2
254 40 ⁄ 47 0.85 ± 0.10 2
282 75 ⁄ 95 0.79 ± 0.08 2

Y3 238 ⁄ 250 ⁄ 258 ⁄ 274 ⁄ 286 ⁄ 306 7 238 121 ⁄ 143 0.85 ± 0.06 2
250 30 ⁄ 48 0.63 ± 0.14 1
274 67 ⁄ 96 0.70 ± 0.09 1

Y192 238 ⁄ 250 ⁄ 254 ⁄ 266 ⁄ 270 ⁄ 282 11 238 71 ⁄ 144 0.49 ± 0.08 1
250 48 ⁄ 48 1.00 >2
254 24 ⁄ 48 0.50 ± 0.14 1
266 81 ⁄ 96 0.84 ± 0.07 2
270 96 ⁄ 96 1.00 >2
282 48 ⁄ 96 0.50 ± 0.10 1

062 238 ⁄ 250 ⁄ 254 ⁄ 274 ⁄ 278 10 238 125 ⁄ 144 0.87 ± 0.05 2
250 48 ⁄ 48 1.00 >2
254 48 ⁄ 48 1.00 >2
274 47 ⁄ 96 0.49 ± 0.10 1
278 31 ⁄ 96 0.65 ± 0.13 1

1178 258 ⁄ 266 ⁄ 274 ⁄ 282 ⁄ 286 ⁄ 306 7 258 126 ⁄ 143 0.88 ± 0.05 2
266 63 ⁄ 142 0.44 ± 0.08 1
274 47 ⁄ 95 0.49 ± 0.10 1
282 61 ⁄ 143 0.43 ± 0.08 1
286 53 ⁄ 96 0.55 ± 0.10 1
306 101 ⁄ 191 0.53 ± 0.07 1

7219 250 ⁄ 254 ⁄ 258 ⁄ 262 ⁄ 278 ⁄ 286 ⁄ 306 8 254 24 ⁄ 48 0.50 ± 0.14 1
258 72 ⁄ 144 0.50 ± 0.08 1
262 112 ⁄ 240 0.47 ± 0.06 1
278 89 ⁄ 192 0.46 ± 0.07 1
286 83 ⁄ 96 0.86 ± 0.07 2
306 119 ⁄ 192 0.62 ± 0.07 1

3d09 254 ⁄ 258 ⁄ 262 ⁄ 270 ⁄ 278 ⁄ 286 ⁄ 306 7 254 32 ⁄ 48 0.67 ± 0.13 1
258 63 ⁄ 143 0.44 ± 0.08 1
262 138 ⁄ 239 0.58 ± 0.06 1
270 102 ⁄ 191 0.53 ± 0.07 1
278 98 ⁄ 191 0.51 ± 0.07 1
306 93 ⁄ 191 0.49 ± 0.07 1
286 46 ⁄ 96 0.48 ± 0.10 1
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Table 3
(Continued)

Locus Parent Genotype
Minimum
copy No. AI Allele count ⁄ N

Transmission
frequency ± 95% CI

Est.
dosage

AciG 43 Y243 301 ⁄ 305 ⁄ 309 ⁄ 347 ⁄ 351 ⁄ 363 7 301 28 ⁄ 95 0.29 ± 0.09a 1
305 21 ⁄ 96 0.22 ± 0.08a 1
347 21 ⁄ 48 0.44 ± 0.14 1
351 73 ⁄ 95 0.77 ± 0.08 2
363 55 ⁄ 96 0.57 ± 0.10 1

065 293 ⁄ 297 ⁄ 305 ⁄ 347 ⁄ 351 10 293 117 ⁄ 143 0.82 ± 0.06 2
297 72 ⁄ 95 0.76 ± 0.09 2
305 82 ⁄ 95 0.86 ± 0.07 2
347 44 ⁄ 47 0.94 ± 0.07 >2
351 66 ⁄ 96 0.69 ± 0.09 1

Y3 297 ⁄ 301 ⁄ 309 ⁄ 313 ⁄ 351 ⁄ 354 6 297 26 ⁄ 95 0.27 ± 0.09a 1
301 32 ⁄ 96 0.33 ± 0.09a 1
313 26 ⁄ 48 0.54 ± 0.14 1
351 53 ⁄ 96 0.55 ± 0.10 1
354 78 ⁄ 143 0.55 ± 0.08 1

Y192 289 ⁄ 293 ⁄ 301 ⁄ 305 ⁄ 309 ⁄
313 ⁄ 317 ⁄ 351 ⁄ 363

11 289 80 ⁄ 144 0.56 ± 0.08 1
293 77 ⁄ 144 0.53 ± 0.08 1
301 41 ⁄ 96 0.43 ± 0.10 1
305 88 ⁄ 96 0.92 ± 0.05 >2
313 21 ⁄ 48 0.48 ± 0.14 1
317 40 ⁄ 144 0.28 ± 0.07a 1
351 42 ⁄ 96 0.44 ± 0.10 1
363 52 ⁄ 96 0.54 ± 0.10 1

062 293 ⁄ 297 ⁄ 305 ⁄ 347 8 293 133 ⁄ 144 0.92 ± 0.04 >2
297 28 ⁄ 48 0.58 ± 0.14 1
305 67 ⁄ 96 0.70 ± 0.09 1
347 38 ⁄ 48 0.79 ± 0.11 2

1178 301 ⁄ 309 ⁄ 313 ⁄ 351 ⁄ 359 6 301 53 ⁄ 95 0.56 ± 0.10 1
309 72 ⁄ 95 0.76 ± 0.09 2
313 56 ⁄ 143 0.39 ± 0.08a 1
351 18 ⁄ 48 0.38 ± 0.14a 1
359 107 ⁄ 238 0.45 ± 0.06 1

7219 297 ⁄ 305 ⁄ 309 ⁄ 347 ⁄ 363 5 297 79 ⁄ 143 0.55 ± 0.08 1
305 25 ⁄ 48 0.52 ± 0.14 1
309 70 ⁄ 96 0.73 ± 0.09 1
347 49 ⁄ 96 0.51 ± 0.10 1
363 73 ⁄ 144 0.51 ± 0.08 1

3d09 309 ⁄ 313 ⁄ 347 4 309 82 ⁄ 96 0.85 ± 0.07 2
313 49 ⁄ 144 0.34 ± 0.08a 1
347 48 ⁄ 96 0.50 ± 0.10 1

AciG 52 Y243 178 ⁄ 182 ⁄ 186 ⁄ 194 ⁄ 198 ⁄ 228 8 178 37 ⁄ 48 0.77 ± 0.12 2
186 46 ⁄ 94 0.49 ± 0.10 1
198 114 ⁄ 142 0.80 ± 0.06 2
228 51 ⁄ 94 0.54 ± 0.10 1

065 178 ⁄ 182 ⁄ 184 ⁄ 190 ⁄ 192 ⁄ 194 ⁄ 198 11 178 34 ⁄ 47 0.72 ± 0.13 2
184 92 ⁄ 143 0.64 ± 0.08 1
190 138 ⁄ 143 0.97 ± 0.03 >2
192 87 ⁄ 143 0.61 ± 0.08 1
198 114 ⁄ 143 0.80 ± 0.06 2

Y3 172 ⁄ 182 ⁄ 186 ⁄ 198 ⁄ 210 6 172 63 ⁄ 143 0.44 ± 0.08 1
186 74 ⁄ 96 0.77 ± 0.08 2
198 72 ⁄ 143 0.50 ± 0.08 1

Y192 178 ⁄ 182 ⁄ 190 ⁄ 194 ⁄ 198 ⁄ 202 ⁄
206 ⁄ 210 ⁄ 224 ⁄ 242

11 178 34 ⁄ 48 0.71 ± 0.13 2
190 99 ⁄ 143 0.69 ± 0.07 1
198 61 ⁄ 143 0.43 ± 0.08 1
202 79 ⁄ 143 0.55 ± 0.08 1
206 75 ⁄ 143 0.52 ± 0.08 1
224 82 ⁄ 143 0.57 ± 0.08 1
242 72 ⁄ 143 0.50 ± 0.08 1

062 178 ⁄ 182 ⁄ 184 ⁄ 186 ⁄ 190 ⁄ 192 ⁄ 194 7 178 22 ⁄ 37 0.59 ± 0.16 1
184 64 ⁄ 123 0.52 ± 0.09 1
186 60 ⁄ 86 0.70 ± 0.10 1
190 62 ⁄ 123 0.50 ± 0.09 1
192 66 ⁄ 123 0.54 ± 0.09 1

1178 182 ⁄ 186 ⁄ 194 ⁄ 210 6 186 59 ⁄ 95 0.62 ± 0.10 1
194 44 ⁄ 48 0.92 ± 0.08 >2
210 59 ⁄ 132 0.45 ± 0.08 1

7219 178 ⁄ 182 ⁄ 188 ⁄ 194 ⁄ 210 ⁄ 228 8 178 21 ⁄ 48 0.44 ± 0.14 1
188 187 ⁄ 240 0.78 ± 0.05 2
194 41 ⁄ 48 0.85 ± 0.10 2
210 77 ⁄ 144 0.53 ± 0.08 1
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AciG 35 to be present in more than eight copies, as three
parents (Y192, 065, 062) possessed >8 copies of locus AciG
35, including one parent (065) with >12 copies (Table 3).
Three of the progeny of 062 possessed nine alleles at AciG 52,

although we can only infer that 062 has a minimum of 7 or 8
gene copies at this locus, as two of her alleles are uninforma-
tive (Tables 2 and 3).

The number of single copy informative alleles transmitted to
individual offspring ranged from 0 to 4 in 065, 0–6 in Y192,
and 0–4 in the remaining parents. Informative alleles present in
>1 copy were not considered so these intervals represent

minimum estimates. This analysis was not possible in AciG 2
or AciG 53 due to a paucity of informative alleles, but at four
copy locus AciG 140, parents transmitted up to two single

Table 3
(Continued)

Locus Parent Genotype
Minimum
copy No. AI Allele count ⁄ N

Transmission
frequency ± 95% CI

Est.
dosage

228 91 ⁄ 192 0.47 ± 0.07 1

3d09 178 ⁄ 182 ⁄ 188 ⁄ 194 ⁄ 210 9 178 44 ⁄ 48 0.92 ± 0.08 >2
188 183 ⁄ 227 0.81 ± 0.05 2
194 41 ⁄ 48 0.85 ± 0.10 2
210 59 ⁄ 132 0.45 ± 0.08 1

AciG 110 Y243 262 ⁄ 291 ⁄ 299 ⁄ 303 ⁄ 307 ⁄ 327 6 291 71 ⁄ 144 0.49 ± 0.08 1
299 43 ⁄ 96 0.45 ± 0.10 1
307 53 ⁄ 96 0.55 ± 0.10 1
327 70 ⁄ 144 0.49 ± 0.08 1
327 70 ⁄ 144 0.49 ± 0.08 1

065 262 ⁄ 292 ⁄ 299 ⁄ 303 6 299 138 ⁄ 143 0.97 ± 0.03 >2
303 29 ⁄ 48 0.60 ± 0.14 1

Y3 262 ⁄ 292 ⁄ 303 ⁄ 323 ⁄ 335 6 303 43 ⁄ 48 0.90 ± 0.09 2
323 40 ⁄ 95 0.42 ± 0.10 1
335 69 ⁄ 143 0.48 ± 0.08 1

Y192 262 ⁄ 266 ⁄ 291 ⁄ 292 ⁄ 299 ⁄
301 ⁄ 303 ⁄ 347

11 266 42 ⁄ 48 0.88 ± 0.09 2
291 77 ⁄ 144 0.53 ± 0.08 1
299 90 ⁄ 96 0.94 ± 0.05 >2
301 75 ⁄ 144 0.52 ± 0.08 1
303 23 ⁄ 48 0.48 ± 0.14 1
347 70 ⁄ 144 0.49 ± 0.08 1

062 262 ⁄ 295 ⁄ 296 ⁄ 299 5 295 61 ⁄ 96 0.64 ± 0.10 1
296 63 ⁄ 144 0.44 ± 0.08 1
299 74 ⁄ 96 0.77 ± 0.08 2

1178 262 ⁄ 266 ⁄ 292 ⁄ 295 ⁄ 303 7 266 155 ⁄ 191 0.81 ± 0.05 2
292 75 ⁄ 96 0.78 ± 0.08 2
295 93 ⁄ 191 0.49 ± 0.07 1
303 27 ⁄ 48 0.56 ± 0.14 1

7219 262 ⁄ 266 ⁄ 292 ⁄ 299 ⁄ 303 ⁄ 323 6 266 88 ⁄ 192 0.46 ± 0.07 1
292 52 ⁄ 96 0.54 ± 0.10 1
299 24 ⁄ 48 0.50 ± 0.14 1
303 25 ⁄ 48 0.52 ± 0.14 1
323 96 ⁄ 192 0.50 ± 0.07 1

3d09 262 ⁄ 292 ⁄ 307 ⁄ 319 5 292 82 ⁄ 96 0.85 ± 0.07 2
307 97 ⁄ 192 0.51 ± 0.07 1
319 114 ⁄ 240 0.48 ± 0.06 1

As015 Y243 189 ⁄ 193 ⁄ 197 ⁄ 209 4 209 44 ⁄ 96 0.46 ± 0.10 1
065 189 ⁄ 193 ⁄ 197 ⁄ 213 ⁄ 221 6 213 112 ⁄ 143 0.78 ± 0.07 2

221 94 ⁄ 143 0.66 ± 0.08 1
Y3 191 ⁄ 193 ⁄ 197 ⁄ 209 5 191 64 ⁄ 143 0.45 ± 0.08 1

209 79 ⁄ 96 0.82 ± 0.08 2
Y192 185 ⁄ 191 ⁄ 193 ⁄ 197 ⁄ 209 ⁄ 213 ⁄

221 ⁄ 225 ⁄ 233
11 185 52 ⁄ 95 0.55 ± 0.10 1

191 60 ⁄ 143 0.42 ± 0.08 1
209 68 ⁄ 95 0.72 ± 0.09 1
213 127 ⁄ 143 0.89 ± 0.05 >2
221 62 ⁄ 143 0.43 ± 0.08 1
225 69 ⁄ 143 0.48 ± 0.08 1
233 72 ⁄ 143 0.50 ± 0.08 1

062 189 ⁄ 193 ⁄ 209 ⁄ 213 5 209 51 ⁄ 96 0.53 ± 0.10 1
213 113 ⁄ 144 0.78 ± 0.07 2

1178 185 ⁄ 189 ⁄ 193 ⁄ 197 ⁄ 209 7 185 103 ⁄ 190 0.54 ± 0.07 1
189 75 ⁄ 95 0.79 ± 0.08 2
197 40 ⁄ 48 0.83 ± 0.10 2
209 23 ⁄ 47 0.49 ± 0.14 1

7219 189 ⁄ 193 ⁄ 197 ⁄ 217 7 189 75 ⁄ 95 0.79 ± 0.08 2
197 48 ⁄ 48 1.00 >2
217 135 ⁄ 240 0.56 ± 0.06 1

3d09 189 ⁄ 193 ⁄ 197 ⁄ 217 6 189 73 ⁄ 96 0.76 ± 0.08 2
197 38 ⁄ 48 0.79 ± 0.11 2
217 121 ⁄ 239 0.51 ± 0.06 1
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copy alleles to individual offspring. At As015, a locus also
limited by few informative alleles, this analysis was only

possible with families of Y192, and she transmitted 0–6 alleles
to individual offspring.
The co-segregation frequency of informative single copy

alleles within families provided some evidence of disomic
inheritance in two loci. In AciG 43, alleles 305 and 347 from
dam Y243 did not segregate together in family Y243x1178,
although allele 305 was found at a relatively low frequency in

this family (20% of offspring). In family Y192x7219, alleles
313 and 317 did not segregate together but allele 317 was
present in only 10% of offspring. Several AciG 43 alleles in

multiple families were observed at lower frequencies than
expected, suggestive of meiotic drive or some other non-
Mendelian process (Table 3). Alleles 254 and 262 at AciG 35

from sire 7219 did not co-segregate in family Y3x7219 and
these alleles were found in 50% and 48% of offspring,
respectively. This allelic pair was informative only in one
other family Y3x3d09, where 254 and 262 co-segregated in

nine offspring. For the majority of allele pairs across the eight
loci, co-segregation patterns conformed to models consistent
with a single tetrasomic locus (7.1%), two tetrasomic loci

(11%), multiple polysomic models (60%), or no model (21%)
of inheritance.

Flow cytometry data

We estimated the DNA content of three female and three male

white sturgeon relative to a diploid chicken control using flow
cytometry. Figure 1 is a representative plot that combines flow
cytometry histogram data from two females (Fe 1 and Fe 2)
with markedly different PI fluorescences as well as the chicken

control. Genome size ranged from 8.51 pg per cell to 11.39 pg
per cell in white sturgeon, indicating that the presence of
multiple ploidy classes (Table 4).

Discussion

These results support previous work with microsatellite
markers suggesting that the white sturgeon genome is highly
duplicated (Rodzen and May, 2002). None of the markers
examined here appear to be strictly disomic, which refutes the

claims of others that white sturgeon are fully diploidized (Van
Eenennaam et al., 1998b; Fontana, 2002) and is consistent
with Rodzen and May (2002), who found only one sex-specific

disomic microsatellite marker in white sturgeon. At this locus,
Atr 113, two males exhibited disomic inheritance while two
females appeared tetrasomic. Ludwig et al. (2001) report one

microsatellite locus presumed to be disomic in white sturgeon,
but this conclusion was based only on the number of
alleles ⁄ locus and no inheritance data were included. Also

the samples examined in Ludwig et al. (2001) originated from
an endangered white sturgeon population found by others to
have very low genetic diversity (ADS; unpubl. data). Poly-

somic inheritance in white sturgeon characterized here and in
Rodzen and May (2002) suggests that although bivalent
pairing of chromosomes is occurring at least in males, not
enough genetic differences have accumulated between chro-

mosome copies to result in consistent preferential pairing of
homologs (Stift et al., 2008). Lacking any information on
meiotic chromosome behavior in female white sturgeon, we

assume for the species a model of random bivalent pairing
among homologous chromosomes (Rodzen and May, 2002;
Stift et al., 2008).

Pooling data from this study and Rodzen and May (2002),
we find 10 loci in >4 copies in the white sturgeon genome,
suggesting that the species is octoploid derived and the
classification of white sturgeon as tetraploid is invalid. One

possible explanation for the presence of both four copy and
eight copy loci in white sturgeon is the duplication of
individual gene loci (Ludwig et al., 2001). AciG 35 appears

to be an example of individual locus duplication, as it is found
in a minimum of ten copies in an 8n individual (062) and in at
least 13 copies in an individual with a more highly duplicated

genome (065). However, if white sturgeon were evolutionary
tetraploids that had experienced some tandem gene duplica-
tions, one would expect to observe an abundance of four copy

loci with few loci exhibiting higher levels of duplication.
Examining the 17 microsatellites characterized thus far in
white sturgeon, we find there are actually more loci in >4
copies (10) than there are four copy loci (7), suggesting that

localized gene duplication is an unlikely explanation for the
presence of the eight copy loci (Rodzen and May, 2002; this
study).

We might expect to observe four copy and eight copy loci in
a genome shaped by an allopolyploid event. In an 8n
allopolyploid, one might expect to find microsatellites systems

consisting of two tetrasomic loci. One of two tetrasomic loci in
a pair might become fixed for a null allele and may therefore be
undetectable by PCR, producing microsatellites detected in
only four copies such as AciG 140 and AciG 53. Given that

modern sturgeon species are known not only to hybridize both

Fig. 1. Representative flow cytometry histogram of two female white
sturgeon (Fe 1 and Fe 2) and chicken control. Fe 1 (8n) and Fe 2 (10n)
represent two of three ploidy states we detected in white sturgeon with
neutral markers. Using the chicken genome as a diploid standard, we
calculate that Fe 2 has a genome size intermediate to that previously
described for 8n white sturgeon and 12n shortnose sturgeon (Black-
lidge and Bidwell, 1993). Fe 2 appears to be decaploid (10n), the same
ploidy state detected in the offspring of dodecaploid (12n) dams Y192
and 065

Table 4
Mean propidium iodide (PI) fluorescence and estimated DNA content
relative to the chicken control

Sample Mean PI
fluorescence

Estimated DNA
content (pg)

Putative
ploidy

Chicken 79.84 2.50 2n
Female 1 (Fe 1) 293.9 9.20 8n
Female 2 (Fe 2) 363.9 11.4 10n
Female 3 (Fe 3) 333.4 10.4 10n
Male 1 (M1) 279.8 8.76 8n
Male 2 (M2) 271.9 8.51 8n
Male 3 (M3) 282.7 8.85 8n
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in the wild and in culture (Burtsev, 1972; Pirogovski�ı et al.,
1986; Sokolov and Vasil�ev, 1986a; Birstein et al., 1997;

Ludwig et al., 2009) but also produce viable offspring (Burt-
sev, 1972; Sokolov and Vasil�ev, 1986b,c; Arefjev, 1989),
allopolyploid steps in the radiation of the Acipenseriformes

seems plausible. Vasil�ev (1999) and Fontana et al. (2008)
provide models of Acipenseriform evolution containing allo-
polyploid steps.
The alternative scenario of genome duplication in white

sturgeon is autopolyploidy. In an ancient 8n autopolyploid,
microsatellites originally present in eight copies as octosomic
loci would gradually decay into pairs of disomic loci. A more

recently derived 8n autopolyploid would possess loci predom-
inantly inherited in octosomic ratios. Co-segregating allelic
pairs at four copy locus AciG 140 exhibit behavior consistent

with transmission from a single tetrasomic locus while co-
segregating allelic pairs at loci with ‡8 copies conform to
patterns expected for alleles originating from either a single
tetrasomic locus, two tetrasomic loci, or conform to multiple

models of inheritance. Conformance to multiple models may
be due to the similarity in segregation ratios expected for
various inheritance models (e.g. 0.25 for two tetrasomic loci vs

0.21 for a single octosomic locus) or to an inheritance pattern
intermediate to tetrasomy and octosomy. Additional exami-
nation of the white sturgeon genome with more markers and

larger sample sizes is required to determine the mode of
polyploidization in A. transmontanus.
Another group B species for which microsatellite inheritance

data are available is the lake sturgeon. Although lake sturgeon
and white sturgeon exhibit nearly identical genome sizes, lake
sturgeon microsatellites were shown previously to be inherited
as single tetrasomic loci, pairs of disomic loci, or single disomic

loci (Pyatskowit et al., 2001; McQuown et al., 2002; Welsh and
May, 2006). It is uncertain if the two locus types in lake
sturgeon reflect segmental allopolyploidy (Stebbins, 1947;

Johnson et al., 1987; Wolfe, 2001) or simply greater progres-
sion towards diploidization in another ancient octoploid.
Differences in genome structure suggest that lake sturgeon and

white sturgeon may be the result of different polyploidization
events, which is supported by the most recent sturgeon
phylogenies (Peng et al., 2007; Krieger et al., 2008). This
reinforces the idea that it is impossible to make generalizations

about the evolution of an entire ploidy class based only on
data from a single species in that group.
The dams Y192 and 065 provide another example of the

plasticity of sturgeon genomes, as these individuals possess a
greater number of gene copies than other parents examined in
this study. At loci present in eight copies (AciG 2, 43, 52,

As015), Y192 exhibits a minimum of 10–11 copies per locus
and 065 possesses a minimum of 6–11 copies per locus. Only
one other parent exhibited >8 copies at one of these loci.

Although sire 3d09 possesses a minimum of nine copies at
AciG 52, he exhibits £8 or £4 copies at other eight and four
copy loci, respectively, suggesting these data reflects either a
novel individual duplication or a PCR error. Only two of 134

offspring from crosses of 3d09 with 8n females possess nine
alleles, which is fewer than would be expected if 3d09
regularly were transmitting more than four alleles to his

progeny.
The offspring of Y192 and 065 have significantly more

alleles ⁄ locus than offspring from other crosses, confirming

that higher copy number in these dams is not due to sample
contamination. We detect fewer numbers of alleles ⁄ locus and
gene copies in 065 and her offspring than in Y192 and her

offspring, as 065 possesses a greater number of copies of just a
few common alleles, many of which are uninformative.

The cause of the unusual gene copy number in these females
is uncertain, although one possibility is that they descended
from the fusion of an unreduced gamete with a normal gamete.

Pyatskowit et al. (2001) and McQuown et al. (2002) discov-
ered hatchery-reared lake sturgeon that were the products of
unreduced gametes donated by one parent in artificial crosses,
although the cause of abnormal meiosis was unclear. Three

wild adult white sturgeon sampled in the Columbia and
Sacramento Rivers exhibited unusually high numbers of
alleles ⁄ locus across loci, suggesting that the phenomenon of

unusual gene copy number is not exclusive to captive rearing
(ADS, unpubl. data). Karyotypic and cytological studies have
revealed differences in chromosome number and DNA content

between wild and captive bred white sturgeon as well as wild
sturgeon originating from different populations (Hedrick
et al., 1991; Blacklidge and Bidwell, 1993; Fontana, 1994;
Van Eenennaam et al., 1998b; Zhou et al., 2011). Blacklidge

and Bidwell (1993) report individual lake sturgeon and Gulf
sturgeon (Acipenser oxyrinchus desotoi) with genome sizes that
are 3n to the 2n genome size measured in the species. It was

suggested that interspecific hybridization may have caused the
observed increase in genome size (Blacklidge and Bidwell,
1993), but as Y192 and 065 are the progeny of controlled

crosses in captivity, hybridization can be ruled out. Zhou et al.
(2011) conducted flow cytometry analysis on nine sturgeon
species and discovered several examples of intraspecific vari-

ation in genome size, particularly amongst captive bred
individuals. One of twelve adult white sturgeon examined by
these authors possessed a genome size 1.5 times larger than the
typical white sturgeon genome (Zhou et al., 2011).

Assuming white sturgeon are octoploid derived and Y192
and 065 are the products of unreduced gametes, they would be
dodecaploid (12n). The transmission of six (AciG 43, AciG 52,

AciG 110) and seven (As015) informative alleles to each
offspring by Y192 and up to five informative alleles (AciG 52)
by 065 is consistent with dodecaploidy. If Y192 and 065 are

dodecaploids, their crosses with 8n males would produce
decaploid (10n) offspring. Indeed, the progeny of Y192 and
065 exhibited up to ten alleles at eight copy loci and 11 alleles
at AciG 35. Although we were unable to perform flow

cytometric analysis on the offspring of Y192 and 065, we

discovered two individuals (Fe 2 and Fe 3) in a sample of six
white sturgeon from the caviar farm that possessed unusually

large genome sizes (Table 4). Previous investigation of genome
size in sturgeon showed the putative 12n shortnose sturgeon
(Acipenser brevirostrum) had an average DNA content of

13.075 ± 0.051 pg per cell while the 8n white sturgeon had a
mean genome size of 9.463 ± 0.043 (Blacklidge and Bidwell,
1993). Genome sizes of 10.44 pg per cell (Fe 3) and 11.39 pg

per cell (Fe 2) seem to represent an intermediate 10n genome
size between the previously observed 8n and 12n genome sizes
in the Acipenseriformes. The parentage of Fe 2 and Fe 3 is
unknown, but they originate from the same year class and may

be sisters or half-sisters. The other female, Fe 1, originates
from the same year class as Fe 2 and Fe 3 but may not share
common parents. The males sampled (M1–M3) represent a

different year class from the females and similarly may have
different parentage. Unfortunately, we were unable to obtain
blood samples Y192 and 065 to confirm their dodecaploidy.

Farm records indicate thatY192 is still living and she will be
sampled for flow cytometric analysis at the next available
opportunity.
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Alternative ploidy states within extant species have been
documented in the wild for other fish species and several

amphibians (Bogart, 1980; Legatt and Iwama, 2003). Diploid
and octoploid populations of the frog Ceratophyrs ornata have
been discovered and both diploid and tetraploid populations

of Odontophrynus spp. exist (Bogart, 1980). Legatt and Iwama
(2003) suggest that spontaneous polyploidy may be relatively
common in lower fishes. One example is the dojo loach,
Misgurnus anguillicaudatus, which can be found in diploid,

triploid, and rare tetraploid forms in the wild (Arai et al.,
1993). Spontaneous polyploids often are morphologically
indistinguishable from individuals of �normal� ploidy (e.g. this

study) and the prevalence of this phenomenon in fishes may be
underappreciated (Legatt and Iwama, 2003). Autopolyploids
may be intentionally produced in aquaculture to improve

growth rate and carcass quality of food fishes and inverte-
brates (Piferrer et al., 2009). However, the induction of
autopolyploidy was not a management goal for the farmed
population we describe.

The fate of spontaneous autopolyploids may be determined
by a number of factors, including their fertility, the presence
pre- or post-zygotic isolating mechanisms between spontane-

ous autopolyploids and �normal� individuals, and their com-
petitive advantage or disadvantage to the �normal� population.
We can only partially address the first two factors. The

presence of 10n individuals in the farm population suggests
that 12n females are fertile and can produce viable offspring
when backcrossed to 8n males. This is not unexpected in a

species where bivalent chromosome pairing at meiosis may be
the norm. The 10n form is clearly viable, although nothing is
known about its fertility. Backcrosses of a decaploid to either
an octoploid or dodecaploid would produce aneuploid 9n or

11n offspring, respectively. Even if these individuals were
viable, their unbalanced chromosome number (9n or 11n) may
lead to unusual pairings at meiosis and the production of

aneuploid gametes. Certain triploid salamanders, however,
have been observed to bypass the constraints of aneuploidy by
producing unreduced triploid gametes through pre-meiotic

endomitotic replication (Bogart, 1980). Further research is
required to determine the viability and fertility of 9n and 11n
aneuploid forms.
The discovery of spontaneous autopolyploidy in white

sturgeon here and in Zhou et al. (2011) calls into question
the notion that genome duplication in lower vertebrates must
necessarily occur through hybridization. Future research

examining meiotic processes in sturgeon of both sexes may
help us to better understand the potential for autopolyploidy
in this lineage. Likewise, studies examining the reproductive

potential of naturally produced hybrids, particularly the
fertility of progeny from interploid crosses, will greatly
increase our understanding of the role of hybridization in

sturgeon speciation.
Our findings have implications for sturgeon conservation as

well. Several conservation aquaculture programs are operating
to preserve endangered sturgeon species such as the pallid

sturgeon (Scaphirhynchus albus; Oldenburg et al. 2011),
Kootenai River white sturgeon, an endangered distinct
population segment (Ireland et al., 2002), and Adriatic stur-

geon (Acipenser naccarii; Congiu et al., 2011). As similar
artificial spawning techniques are utilized across sturgeon
aquaculture programs, it is possible that the unintentional

production of spontaneous autopolyploids is occurring in
multiple facilities. Screening of additional sturgeon produc-
tion facilities is necessary to ascertain the prevalence of

spontaneous autopolyploidy in captive bred sturgeon. This
need is most pressing in conservation focused programs, as

some alternative ploidy states may exhibit lowered fertility.
Introducing individuals with low fertility into wild populations
would be counterproductive to conservation aquaculture goals.

Experiments to identify environmental and genetic factors that
may lead to spontaneous autopolyploidy in captive bred
sturgeon are required so artificial spawning techniques can be
modified, if necessary, to prevent its occurrence.
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