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parthenogenetic lineage. Alternatively, mutation
might initiate a lineage that produces a mix of sex-
ual and parthenogenetic offspring, or a lineage that
produces males and parthenogenetic females (But-
lin et al., 1998; Simon, Rispe & Sunnucks, 2002). In
many animal species, a small proportion of unfertil-
ized eggs develop spontaneously into zygotes (tycho-
parthenogenesis), providing opportunities to select
for parthenogenesis in the laboratory and in nature
(Kramer & Templeton, 2001). Selection experiments
on several bisexual Drosophila species have shown
that some strains are able to produce up to 6% of
viable offspring from unfertilized eggs (Stalker,
1954; Carson, 1967). Spontaneous origins of parthe-
nogenetic lineages have been demonstrated in a
wide range of invertebrates including ostracods,
snails, Daphnia, aphids and moths (Table 1).

In cyclically parthenogenetic invertebrates, parthe-
nogenetic and sexual generations alternate regularly
in the life cycle. However, transitions to obligate
(strict) parthenogenesis often occur in such organisms
and could result from several mechanisms. For exam-
ple, genes that suppress meiosis have been suspected
in Daphnia (Hebert, 1981; Innes & Hebert, 1988). In
aphids, gene modifications that alter the responsive-
ness to sex-inducing environmental conditions might
account for spontaneous origins of parthenogenetic
lineages. This might involve periodicity genes or genes
that regulate hormonal expression (Simon et al.,
2002).

HYBRID ORIGIN

Interspecific hybridization can disrupt meiosis and
create opportunities for the selection of cytological
processes that rescue egg production (Vrijenhoek,
1998). Hybridization is a major route to parthenogen-
esis in animals, and most, if not all, unisexual verte-
brates have a hybrid origin (Avise et al., 1992).
Although the mode of origin of parthenogenesis is
more diverse in invertebrates, hybridization leading to
parthenogenetic lineages is a very frequent event and
has been demonstrated in snails, crustaceans and
many insects such as weevils, stick insects and grass-
hoppers (Table 1).

Parthenogenetic hybrids resulting from crosses
between two bisexual species possess high heterozy-
gosity and alleles typical of the two parental species.
This genotypic architecture is convenient not only to
detect the hybrid origin of the parthenogenetic lin-
eages, but also to identify the parental species (when
they have not gone extinct) and the direction of the
crosses by combining nuclear and maternally inher-
ited markers.

The cytogenetic processes that disrupt meiosis in
parthenogenetic lineages may sometimes lead to an

Figure 2. Phylogenetic relationships between cyclic (black
lines) and obligate (white lines) parthenogens of the aphid
Rhopalosiphum padi. The phylogeny, based on 1006 bp of
the mitochondrial cytochrome b gene, reveals at least three
independent losses of sex in this species. The numbers at
the nodes are bootstrap percentages (from Delmotte et al.,
2001).
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Fig. 1 Scatterplots of individual discriminant function scores (polygons are obtained by joining the outermost cases of each
cloud of points) for each sex and salinity. (a) Males and (b) females from populations grown at 62 p.p.t.; (c) males and (d) females
from populations grown at 82 p.p.t. Population codes as in Table 1. Asterisks indicate cloud centroids.

cent). Values of genetic variation observed for the
heavily commercially exploited San Francisco Bay A.
franciscana population are atypical of the species as a
whole, being among the lowest of those seen in many
populations analysed (Abreu-Grobois, 1983).

Table 3 lists interpopulation single-locus values of
F15, FIT and FST for those populations found to inter-
breed freely in the laboratory (A. urmiana, A. sinica,
Artemia sp. RUS and Artemia sp. YIM). The mean FIT
value is quite large (0.651) and is due mostly to a very
high value of FST. More than 65 per cent of loci show
FST values greater than 0.2 (50 per cent of loci have
FST> 0.5), and the majority of chi-squared compari-
sons (all except LDH-1 and MDH-1) are highly signifi-
cantly different from zero. The resulting mean FST
value (0.616) is therefore also highly significantly
different from zero and indicates very substantial syste-
matic subdivision in these populations. In other words,
approximately 62 per cent of the allozyme hetero-
geneity is due to interpopulation differences.

The calculated genetic distances (and identities)
between populations are given in Table 4. In agreement

with previous studies (see Abreu-Grobois, 1987), very
large genetic distances exist between New World and
Old World Artemia (D values ranging from 0.74 to
1.5), representing an almost complete allozyme turn-
over. The magnitude of these distances is consistent
with the congeneric status of these species. Congeneric
genetic distances between the Western and Eastern
Old World populations are also quite large (values of D
ranging from 0.58 to 0.86), indicating very extensive
divergence.

Among EOW populations, D values range from
0.005 (A. sinica and Artemia sp. YIM) to up to 0.36
(A. sinica and A. urmiana), with a mean value of 0.27
(SE=0.06). However, in view of the very small
distance between the two (conspecific) Chinese
populations A. sinica and Artemia sp. (YIM), the mean
distance value between all EOW populations is recal-
culated with both Chinese populations analysed
separately. The resulting mean increases to 0.32
(SE =0.03) and 0.31 (SE= 0.03), when A. sinica and
Artemia sp. (YIM), respectively, are left out of the
calculation.
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that the father had transmitted the amplifiable copy to
the offspring.
In the two crosses between a rare male and a female

from A. urmiana, the mother amplified a single allele at
Apd03 and Apd05, and for Apd02, the mother was
heterozygous in the first cross and only amplified a sin-
gle allele in the second, whereas the father was hetero-
zygous at all three loci. All F1 hybrid offspring of both
crosses amplified one paternal allele, whereas they
either amplified one maternal allele or showed
evidence of a null allele inherited from her.
In the cross between a rare male and a female from

Artemia sp. from Kazakhstan, the mother was hetero-
zygous at Apd03 and homozygous at Apd02 and failed
to amplify, probably due to null alleles at loci Apd05.
The male was heterozygous at Apd02 and Apd03 and
homozygous at Apd05. All alleles present at the three

loci in the father were detected in the five hybrid off-
spring screened.
In the crosses between rare males and A. sinica

females, none of the three microsatellite loci tested
amplified successfully in A. sinica. Despite this, in all
hybrids, progeny produced one of the paternal alleles
amplified. The lack of amplification of these three
microsatellite loci in A. sinica was confirmed by check-
ing additional individuals from this species. Microsatel-
lite scoring in crosses between rare males and
A. tibetiana females was problematic in both parents
and the resulting hybrid offspring, and therefore, pater-
nity analysis was not carried out.

Discussion

The presence of fertile males in otherwise partheno-
genetic lineages raises questions about their potential
role in genetic exchange with sexual species and in
generating new parthenogenetic lineages. Here, we
have described the presence, frequency, functionality
and reproductive potential of parthenogenetically pro-
duced rare males in the genus Artemia.
Our results indicate that most diploid partheno-

genetic Artemia populations produce males sporadically
with a frequency up to 17 per 1000 individuals. Statisti-
cal analysis showed three statistically significant male
ratio hot spots, Urmia Lake, Bagdad saltern and Bjurliu
Lake. Populations showing a higher ability to produce
rare males are therefore found in a geographical region
around 40°N between the Mediterranean–Caspian basin
and the salt lakes region in Kazakhstan, a region where
the coexistence with closely related sexual species
is more likely. Phylogenetic and phylogeographical
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Fig. 3 Multivariate discriminant analysis of Artemia rare males morphometric traits. Mean values of each Artemia population solved for

the two first discriminant functions (centroids).

Table 3 Egg fertilization in cross-mating experiments involving

diploid parthenogenetic Artemia rare males and females of Central

Asian sexual species and in conspecific matings used as controls

(Mann–Whitney U-test because normality tests failed in all cases).

Cross Pairs Broods

Fertilized

eggs (%) P-value

rare male 9 A. urmiana 18 58 77.99 1.000

A. urmiana 13 72 76.93

rare male 9 Kazakhstan sp. 15 61 90.39 0.472

Kazakhstan sp. 25 179 96.37

rare male 9 A. sinica 25 102 89.54 0.436

A. sinica 25 246 90.99

rare male 9 A. tibetiana 18 40 94.03 0.102

A. tibetiana 8 17 90.72
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Apomixis in Ap3n, Ap4n, Ap5n

female

Brauer 1893
Artom 1906

Barigozzi 1964

ZZWW

ZZWW

Goldschmidt 1952
Chang et al 2017

Ap3n and Ap5n with automixis as in Ap2n Goldschmidt 1952

Rare males never observed
(e.g. in cultures of ~200000 Ap3n, Ap4n and Ap5n)
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Ap4n significantly higher than twice Asin
èSpontaneous origin not likely
èContagious or hybrid origin more likely
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Outline

1. Number of maternal origins and diversity levels in Ap2n-5n

Ø Number of mitochondrial haplotypes
Ø Genome size
Ø Levels of nuclear diversity

2. Mode(s) of origin of Ap2n
Ø Monophyly of clades based on mitochondrial 

haplotypes?
Ø Comparison of different evolutionary scenarios

3. Mode(s) of origin of Ap3n, Ap4n, Ap5n
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Female AB

Female AA

Female BB

Effect of both mutation (μ) and recombination (r)

Automixis in Ap2n

Nougué et al 2015



New genetic distance for automictic species

AAμ >> r BB distance ind1/ind2=2Fis≃ -1Loci close to 
centromere

ind1 ind2



New genetic distance for automictic species

AAμ >> r BB

CC DD

distance ind1/ind2=2

distance ind1/ind3=10-3μ << r

Fis≃ -1

Fis≃ +1

Loci close to 
centromere

Loci far away
from centromere

ind1 ind2

ind1 ind3



!""#$%&'$()*'(*!"#$

!"#$%&'()*%$+",)-($.((& /01)"&2"3"24%5#

67)$+((



!""#$%&'$()*'(*!"#$
!"#$%&'()*+

!"#$%&',-&+

!"#$%&'()*%$+",)-($.((& /01)"&2"3"24%5#

67)$+((

! 8"9&":"'%&$ %##;'"%$";&)-($.((& &4'5(%+
9(&($"' 2"#$%&'()%&2)*"$;'<;&2+"%5)
<%=5;$>=( ?@ABCBB/D



!""#$%&'$()*'(*!"#$
!"#$%&'()*+

!"#$%&',-&+

!"#$%&'()*%$+",)-($.((& /01)"&2"3"24%5#

67)$+((

! 8"9&":"'%&$ %##;'"%$";&)-($.((& &4'5(%+
9(&($"' 2"#$%&'()%&2)*"$;'<;&2+"%5)
<%=5;$>=( ?@ABCBB/D



!""#$%&'$()*'(*!"#$
!"#$%&'()*+

!"#$%&',-&+

!"#$%&'()*%$+",)-($.((& /01)"&2"3"24%5#

67)$+((

! 8"9&":"'%&$ %##;'"%$";&)-($.((& &4'5(%+
9(&($"' 2"#$%&'()%&2)*"$;'<;&2+"%5)
<%=5;$>=( ?@ABCBB/D

E<+(( <>=;$<(#(#F
+%&2;* &;"#(
+%+()(3(&$# ;:)#(, %*;&9 !"#$
';&$%9";4# %#(,4%5"$>



!""#$%&'$()*'(*!"#$
!"#$%&'()*+

!"#$%&',-&+

!"#$%&'()*%$+",)-($.((& /01)"&2"3"24%5#

67)$+((

! 8"9&":"'%&$ %##;'"%$";&)-($.((& &4'5(%+

9(&($"' 2"#$%&'()%&2)*"$;'<;&2+"%5)

<%=5;$>=( ?@ABCBB/D

E<+(( <>=;$<(#(#F

+%&2;* &;"#(

+%+()(3(&$# ;:)#(, %*;&9 !"#$
';&$%9";4# %#(,4%5"$>

8<;.& "&)$<()5%- ?G;>(+H)4&=4-5"#<(2D



!"#$%&'()*+

!"#$%&',-&+

!"#"$%&'& "()*+),'-./01
!"#$%&'()$*+&,-./0/1-.

!22+3+"#4 +)3+5
-6'")3#74(8$* 29'-:'(2%8
:6';<'+"))
06'="#$%& ()$*+&



!"#$%&'()*+

!"#$%&',-&+

!"#"$%&'& "()*+),'-./01
!"#$%&'()$*+&,-./0/1-.

!22+3+"#4 +)3+5
-6'")3#74(8$* 29'-:'(2%8
:6';<'+"))
06'="#$%& ()$*+&

>#$$2+ "?() 2?+'#'72$24&@()+8% +"))
,A';2'3)B 2"'3)B 2$(@ #72$* %(2$)3'C8+& +&)'
3#7) 7+'&#4(2+@4)



Aurm Akaz

Asin

Aurm Akaz Aurm Akaz Aurm Akaz

Aunk Akaz

Asin

Aunk Akaz Aunk Akaz Aunk Akaz

Aurm

W
ith

 A
un
k

Asin Aurm Asin Aurm Asin Aurm

Asin Asin Asin

(A) Independent spontaneous
origins

(B) Spontaneous origin
and hybridization

(C) Two independent
hybridizations

(D) One hybridization, 
one backcross

Scenarios for the origin of Ap2n



Aurm Akaz

Asin

Aurm Akaz Aurm Akaz Aurm Akaz

Aunk Akaz

Asin

Aunk Akaz Aunk Akaz Aunk Akaz

Aurm

W
ith

 A
un
k

Asin Aurm Asin Aurm Asin Aurm

Asin Asin Asin

(A) Independent spontaneous
origins

(B) Spontaneous origin
and hybridization

(C) Two independent
hybridizations

(D) One hybridization, 
one backcross

Scenarios for the origin of Ap2n



Aurm Akaz

Asin

Aurm Akaz Aurm Akaz Aurm Akaz

Aunk Akaz

Asin

Aunk Akaz Aunk Akaz Aunk Akaz

Aurm

W
ith

 A
un
k

Asin Aurm Asin Aurm Asin Aurm

Asin Asin Asin

(A) Independent spontaneous
origins

(B) Spontaneous origin
and hybridization

(C) Two independent
hybridizations

(D) One hybridization, 
one backcross

Scenarios for the origin of Ap2n



Aurm Akaz

Asin

Aurm Akaz Aurm Akaz Aurm Akaz

Aunk Akaz

Asin

Aunk Akaz Aunk Akaz Aunk Akaz

Aurm

W
ith

ou
tA
un
k

W
ith

 A
un
k

Asin Aurm Asin Aurm Asin Aurm

Asin Asin Asin

(A) Independent spontaneous
origins

(B) Spontaneous origin
and hybridization

(C) Two independent
hybridizations

(D) One hybridization, 
one backcross

Scenarios for the origin of Ap2n



Aurm Akaz

Asin

Aurm Akaz Aurm Akaz Aurm Akaz

Aunk Akaz

Asin

Aunk Akaz Aunk Akaz Aunk Akaz

Aurm

W
ith

ou
tA
un
k

W
ith

 A
un
k

Asin Aurm Asin Aurm Asin Aurm

Asin Asin Asin

(A) Independent spontaneous
origins

(B) Spontaneous origin
and hybridization

(C) Two independent
hybridizations

(D) One hybridization, 
one backcross

Scenarios for the origin of Ap2n



Aurm Akaz

Asin

Aurm Akaz Aurm Akaz Aurm Akaz

Aunk Akaz

Asin

Aunk Akaz Aunk Akaz Aunk Akaz

Aurm

W
ith

ou
tA
un
k

W
ith

 A
un
k

Asin Aurm Asin Aurm Asin Aurm

Asin Asin Asin

(A) Independent spontaneous
origins

(B) Spontaneous origin
and hybridization

(C) Two independent
hybridizations

(D) One hybridization, 
one backcross

Scenarios for the origin of Ap2n

Other scenarios: 
∆AICc>2



1. Number of maternal origins and diversity levels in Ap2n-5n

Ø Number of mitochondrial haplotypes
Ø Genome size
Ø Levels of nuclear diversity

2. Mode(s) of origin of Ap2n
Ø Monophyly of clades based on mitochondrial 

haplotypes?
Ø Comparison of different evolutionary scenarios

3. Mode(s) of origin of Ap3n, Ap4n, Ap5n

Outline



Scenarios for the origin of Ap3n

Simulations:
1/ Sample Ap2n(mtkaz) mother genotype
2/ Sample male from sexual or
Ap2n genotype
3/ Create gamete
4/ Create hybrid
5/ Distance to Ap3n
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Conclusion
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Multiple, but non-independent origins of Artemia parthenogenetica
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Aunk Akaz
AsinAurm

Conclusion

?

Multiple, but non-independent origins of Artemia parthenogenetica

Barigozzi 1974

Ap2n(mturm): AA+ZW
Ap2n(mtkaz): AA+ ZW
Ap3n: AAA+ ZZW
Ap4n: AAAA+ ZZWW
Ap5n: AAAAA+ ZZZWW

Revision of the taxonomy?

Genetic determinism of asexuality?



Conclusion

Ancient origin of Ap2n with low but non zero
recombination

Polyploids are derived from Ap2n
Þ doubts on apomixis in polyploids
Þ meiosis in polyploids?
Þ preferential pairing with Z homologue
Þ recombination, but no rare male  

Ap2n(mturm): ZW
Ap2n(mtkaz): ZW

Ap3n: ZZW
Ap4n: ZZWW
Ap5n: ZZZWW
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