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CYTOGENETICS OF ARTEMIA:
A COMPREHENSIVE REVIEW

The genus Artemia containing brine shrimps, is a landmark model organism in cytogenetics research
due to its remarkable adaptability to hypersaline, anoxic and high-altitude environments, as well as
its diverse reproductive modes, including bisexual reproduction and parthenogenesis. This exhaustive
review reflects progress in Artemia cytogenetics, with a major focus on chromosome scale genome as-
semblies, karyotypic polymorphisms, sex chromosome evolution, molecular cytogenetic techniques e.g.
fluorescence in situ hybridisation (FISH).

A significant taxonomic update is the recent description of Artemia amati by Asem et al. (2023),
a bisexual species native to Kazakhstan (previously “Artemia sp. Kazakhstan”), which provides a new
framework for studying Central Asian populations. One of the most important findings is the chromo-
some-scale genome assembly of the Qinghai-Tibet Plateau species A. tibetiana, which contains 21 pseu-
dochromosomes and provides insights into adaptations to high-altitude stress.

Assemblies of the A. franciscana have defined ZW sex determination systems with differentiated
evolutionary strata and possible meiotic silencing pathway. The population-genomic studies of Chinese
Artemia define the four different clades, which, in turn, were affected by the geologic uplift, climatic
variations, and anthropogenic effects, with high nucleotide diversity in Tibetan populations. Single-
nucleus profiling shows that the Z chromosome was repressed in germline oogenesis indicating that the
meiotic sex chromosomal inactivation had taken place.

The diapause termination networks controlled by the transcriptional factors include SVP, MYC,
RXR, and SMADG that regulate cell adhesion, signal transduction, and redox homeostasis. These find-
ings shed light on the evolutionary cytogenetics, stress-adaptation, and biotechnological perspectives of
aquaculture and conservation of the species Artemia. Future research needs to capitalize on integrative
multi-omics to solve the remaining problems, such as full W chromosome-level resolution and inter-
species dynamic-hybridisation.

Keywords: Artemia cytogenetics, Artemia amati, genome assembly, karyotype variation, sex chro-
mosomes, parthenogenesis, population genetics, diapause regulation
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Artemia UMTOreHEeTUKACDbI: KELLUEHA LLOAY

KeabesekaskTbl lasHTOpPI3AiAepre >atatbliH Artemia TybICbl TUNEpTY3Abl, aHAadPOOTbl >KaHe
OMiK TayAbl OpTa >KaFAariAapbiHa epekiie 6ernimaeAy KabireTiHe, COHAAM-aK Aapa >KbIHbICTbIAbIK, MEH
napTeHOreHe3Ai KaMTUTbIH KO6eto CTpaTernmsiAapbiHbIH aAyaH TYPAIAiriHe 6aliAaHbICTbI LUTOreHETUKAADIK,
3epTTeyAEpPAEri MaHbI3Abl MOAEAbAIK OpraHM3MAEep ToObIHA JKaTaAbl. ByA woay Artemia umMToreHeTmka
CaAaCbIHAAFbl 3aMaHayW >KETICTIKTEPAI >KMHaKTal OTbIPbIN, XPOMOCOMAAbIK, AEHrenAeri reHOMABIK,
>KMHAKTapFa, KapMOTUNTIK MOAMMOPMU3MIe, XbIHbIC XPOMOCOMAAAPbIHbIH, 3BOAIOLMSCbIHA >KOHe in
situ >karparbiHAQ bayopecueHTTi rnbpuamsaums (FISH) cuSIKTbl MOAEKYAAAbIK-LIMTOreHETUKAABIK,
aAicTepre epeklie Ha3ap ayAapaAbl.

MaHbI3Abl TAKCOHOMMSIABIK, KaHAABIKTapAbIH, OipiHe — >KakbiHAQ cunaTTaAFraH Artemia amati Asem
et al. (2023) Typi xxataabl. bya KasakcraHaa sHAEMMK BOAbIN TabblAaTbiH Aapa XbIHbICTbI TYP (6ypbIH
«Artemia sp. Kazakhstan» petiHae 6eAriaeHreH) ;xaHe OpTaAbik, A3Usi MONMYyASIUMSIAAPbIH 3epTTeyre >kaHa
Heri3 KaAbINTacTbipAbl. EH MaHpbI3Abl >KeTicTikTepaiH, 6ipi — LiMHxan—TnbeTt yCTipTiHeH wWbIKKaH 6uMiK
TayAbl A. tibetiana TypiHiH 21 nceBAOXpOMOCOMasaH TypaTbiH XPOMOCOMAAbIK, AEHIeMAEri rEHOMADIK,
>KMHaFbIHbIH, XKacaAybl. ByA XKUHaK, 61iK TayAbl opTa CTpecciHe 6eRiMAEAY MEXaHM3MAEPI TypaAbl >kaHa
MaAiIMeTTep Bepeai.
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A. franciscana reHOMbIHbIH >KMHAKTapbl AU depeHUMaLMIAAHFAH SBOAIOLMSABIK CTPATAAAPbI XKOHE
bIKTMMaA MEMO3AbIK, CaMAEHCUHT MexaHm3mi 6ap ZW TUNTi XKbIHbICTbI aHbIKTay >KYMeCiH cunarray-
Fa MYMKIHAIK 6epai. KbiTaiaarbl Artemia nonyAsiumsianapbiHa XXYpPri3iAreH nonyAsiumMsAbIK-reHOMAbIK,
3epTTeyAep TOPT TYPAI KaasaHbiH 6ap ekeHiH kepceTTi. OAapAbIH KAAbINTACYbIHA ayMaKTapAblH FEOAO-
TMAABIK ©3repicTepi, KAMMATTbIK, ©3repicTep >KeHe aHTPOMoreHAIK acep biknaA eTkeH. CoHbIMEH KaTtap,
TnbeT nonyAsuMsiAapbl HYKAEOTUMATIK SPTYPAIAIKTIH XKOFapbl AeHreniMeH cunattasaabl. XKeke sapo-
AQPAbI MPOUAbAEY HOTUXKEAEPI YPbIKTbIK, AMHUSIHBIH OOreHe3i 6apbiCbiHAA Z-XPOMOCOMAHbIH pernpec-
CUSIFA YLLIbIPANTbIHbIH KOPCETTi, BYA XbIHbIC XPOMOCOMAAAPbIHAQ MEMO3AbIK, MHAKTUBALIMS MEXaHU3MI
6ap eKeHiH ADAGAAEIAI.

ApTeMMHSIbIH, AMarnay3a CaTbICbHAH LUbIFYAbl PETTENTIH >KAaCyLIAAbIK, AAre3usiHbl, CUIHAAADIK,
TPAHCAYKUMSHbI YK8He peAOoKC-romeocTa3abl petTteyre KatbicatblH SVP, MYC, RXR >xeHe SMADG6
TPAHCKPUMNLMSABIK, (haKTOPAAP apKblAbl 6aKblAQHATbIHbI @HbIKTAAAbl. AAbIHFAH HOTUXKEAED IBOAIOLMSI-
AbIK, UIMTOTEHETMKA, CTPECC-TO3IMAIAIK MEXaHM3MAEDP >koHe Artemia-HbiH akBaKyAbTypa MeH B1oanyaH-
TYPAIAIKTI cakTay cararapbiHAaFbl GUOTEXHOAOTUSIABIK, EPEKLLIEAIKTEPI TYPaAbl TYCIHIKTEPAI KEHEMTEeA|.
boaawak, 3epTreyaep W-XxpOMOCOMaHbl TOAbIK, KapTaAay >XeHe TypapaAblK, AMHAMMKAAbIK, TMOPUAN-
3aUMAHbI 3epTTey CUSKTbl ©3eKTi MOCEAeAepAi Welly YLiH MHTerpaTuBTI MyAbTMOMADIK, TaciApepre
HerisaeAyi Tuic.

TyiiH ce3aep: Artemia umMToreHeTMKacbl, Artemia amati, reHOMAbIK, XMHaK, KapuMOTUNTIK e3rep-
TILUTIK, XbIHBIC XPOMOCOMAAapbl, MapTeHOreHes, MOMyASLUMSAbIK, FeHeTHKa, AMarnay3aHbl peTTey.
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LiuToreHeTnka Artemia: BCeCTOPOHHMIH 0630p

Poa Artemia, BKAKOUAIOLLMI >KaBPOHOrMX PAUYKOB, SIBASIETCS BaXKHON MOAEALHOM FPYMMO OpraHm3-
MOB B LIMTOreHEeTMYECKMX MCCAEAOBAHUSAX BAAroaapst CBOEM MCKAKUYMTEABHOM CMOCOBHOCTM aAanTu-
pOBaTbCsl K FMMEPCOAEHDBIM, aHAa3POOHbBIM M BbICOKOTOPHbIM YCAOBMAM CPEAbI, @ TakXKe pa3Hoo6pasmio
PEMNPOAYKTUBHBIX CTpaTeruii, BKAIOUash ABYMOAOE Pa3MHOXEHME M napTeHoreHes. Hacroswmn o63op
00606111aeT COBPEMEHHbIE AOCTMXEHUSI B 06AACTU UMTOreHeTnKM Artemia, yAeAss ocob6oe BHUMaHWe
cbopKam reHOMOB XPOMOCOMHOIO YPOBHS, KapUOTHUIMYECKOMY MOAMMOP(U3MY, SBOAIOLIMM MOAOBBIX
XPOMOCOM M MOAEKYASIPHO-LIMTOTEHETUYECKMM METOAAM, TakMM Kak (DAyOpecLeHTHasl rmoprAmM3aLms
in situ (FSH).

Cyl1eCTBEHHbIM TaKCOHOMMYECKMM OOHOBAEHMEM CTAAO HEAABHee onmcaHue Artemia amati Asem
et al. (2023) — ABYNOAOro BMAQ, SHAEMUYHOIO AA KasaxcTaHa (paHee o603HauaBLierocs kak “Artemia
sp. Kazakhstan”), uto co3AaA0 HOBYIO OCHOBY AASl M3YyUYeHMS LIeHTPaAbHOa3MaTckmx nonyasumii. Oa-
HUM 13 HanboAEe 3HAUMMbIX AOCTMXKEHMI SIBASIETCSI CO3AaHME COOPKM reHOMa XPOMOCOMHOTO YPOBHSI
AAS BbICOKOTOPHOTO BMAa A. tibetiana ¢ LinHxait-Tnubetckoro naaTto, BkAovaoLen 21 nceBAOXpOMoCo-
MY M NMPEeAOCTABASIOLLEN HOBblE AQHHbBIE O MEXaHM3MaX apanTauuu K BbICOKOrOPHOMY CTpeccy.

C6opkun reHoma A. franciscana no3BOAMAM OXapaKTepM3oBaTb CUCTEMY OMPEAEAEHMS MoAa Tumna
ZW ¢ andpepeHUMpoBaHHbIMKW 3BOAIOLMOHHBIMU CTPATaMM U BO3MO>KHbIM MEXaHU3MOM MeoTuYe-
CKOro carAeHcuHra. MNonyAsumMoHHO-TeHOMHbIE UCCAEAOBaHUSI KUTAMCKMX NMOMNyAdUmii Artemia BbiiBU-
AW CYLLECTBOBAHME YETbIPEX PA3AMUHBIX KAAA, (DOPMMPOBAHUE KOTOPbLIX ObIAO 0O6YCAOBAEHO r€OAOT M-
YeCKUM U3MEHEHMEM TEPPUTOPUI, KAMMATUYECKMMU U3MEHEHMSMUM U aHTPOTMOreHHbIM BO3AENCTBUEM;
NPV 3TOM TMOETCKME MOMYASILIMM XapakTEPMU3YIOTCS BbICOKMM YPOBHEM HYKAEOTUMAHOIO pasHoOOpasms.
[MpodurarpoBaHne OTAEABHBIX SAEP MOKA3aA0 pernpeccuto Z-XxpoMOCOMbI B MpoLIecce ooreHesa 3apo-
AbILLIEBOM AMHUM, UTO CBUAETEAbCTBYET O HAaAMYMM MEXaHM3MA MEMOTUYECKOM MHAKTMBaLMM MOAOBbIX
XPOMOCOM.

YCTaHOBAEHO, UTO CETU PEryAsiLMM BbIXOAQ M3 AMaray3bl KOHTPOAMPYIOTCS TPAHCKPUMLIMOHHbIMM
akTopamm SVP, MYC, RXR 1 SMADG6, y4yacTBYIOLLMMUK B PEFYASILLUM KAETOYHOM aAre3nm, CUrHaAbHOM
TPAHCAYKUMM U MOAAEP>KAaHUU PeAOKC-ToMeocTa3a. [ToAyyeHHble pe3yAbTaTbl paclUMpPSOT NMPeACTaB-
A€HUs 06 3BOAIOLIMOHHON LIMTOreHETUKE, MEXaHM3MaX CTPECCOYCTOMUYMBOCTM M BUOTEXHOAOTMHYECKOM
noteHumase Artemia B akBakyAbType M COXpaHeHun 61opasHoobpasms. [epcrnekTMBHbIE MCCAEAOBaA-
HUS AOAXKHbI OCHOBbIBATbCSI HA MHTErpPaTUBHbIX MYAbTUOMHbIX MOAXOAAX AAS PELLEHUS COXPAHSIOLLMX-
Csl NPOOAEM, BKAKOYUAS NMOAHOE KapTupoBaHue W-XxpoMOCOMbI 1 U3yYeHUE MEXKBMAOBOM AMHAMMYECKOI
rmbpuAmM3saLnm.

KaroueBble cAoBa: LmTOreHeTmka Artemia, Artemia amati, cGopka reHoma, BapuaLmm KapmoTuna,
NMOAOBbIE XPOMOCOMbI, MApTEHOreHe3, NMOMYASLMOHHAY FreHEeTUKA, PeryAsiums amanaysbl.
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Cytogenetics of Artemia: a comprehensive review

Introduction

The genus Artemia (Leach, 1819), belonging to
the order Anostraca and the class Branchiopoda,
lives in hyper-salty habitats all over the world such
as coastal salt-water marshes in the Americas and
inland lakes in Asia. Such crustaceans are physi-
ologically resilient, as they can withstand salinities
well above 300 g/L, long-term anoxia, desiccation,
and low temperatures down to -18°C and high tem-
peratures up to 40°C (De Vos et al., 2021). There
are also cytogenetically interesting aspects of the
organism, such as varying modes of reproduction:
bisexual species have the standard diploid number
of chromosomes (2n = 42), but the parthenogenetic
populations can be polyploid or aneuploid, with a
maximum of 84 chromosomes or more (Abetzopou-
los et al., 2009; Bett et al., 2024). Early cytogenetic
studies involved the use of traditional karyotyping
and banding methods which showed metacentric
and submetacentric chromosomes where hetero-
chromatin was mainly concentrated in centromere
areas (Parraguez et al., 2009).

The latest technological advances, such as next-
generation sequencing (NGS), long-read sequencing
such as Oxford Nanopore, and chromosome-confor-
mation capture (Hi-C), have brought cytogenetics of
the Artemia to chromosome-resolutions. Conserved
synteny, expansions in stress-response gene families
and complex sex-determination systems have been
revealed by genome assemblies of several species,
such as 4. franciscana, A. tibetiana and A. sinica. In
aquaculture, the live feed provided by cysts of the
Artemia species has generated huge revenues, and
the diapause ability has provided useful models of
cryptobiosis and biomedical applications (Gajardo,
2012). However, the native population is threatened
by the processes of climate change, habitat deterio-
ration, and invasive species, which also highlights
the need to conserve these species with cytogenetic-
based conservation (Sainz-Escudero et al., 2022).

The review is carefully incorporated with a
combination of karyotype variations, genome as-
semblies, sex chromosomes, molecular cytogenet-
ics, population dynamics, and diapause regulation as
well as practical uses. The synthesis describes evo-
lution pathways, including contagious parthenogen-
esis and ZW chromosome divergence, while identi-
fying gaps, including molecular bases of polyploidy
stability. This work will help develop improvements
in the field of cytogenetics of the organism, Artemia.
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Karyotype Analysis in Artemia Species

Classical Karyotyping and Chromosomal
Morphology

Karyotypic investigations constitute the bed-
rock of Artemia cytogenetics. Bisexual species,
such as A4. franciscana, A. sinica, and A. tibetiana,
predominantly possess 2n=42 chromosomes, orga-
nized into 21 pairs with primarily metacentric and
submetacentric morphologies (Dhont & Sorgeloos,
2002; Chen et al., 2025). Crucially, the recent taxo-
nomic revision by Asem et al. (2023) has officially
described Artemia amati (n. sp.) from Kazakhstan.
This species, which was long referred to as “Artemia
sp. Kazakhstan” in genetic studies, represents a key
bisexual taxon in Central Asia. There are inter- and
intra-specific diversifications; one instance is that
2n= 44 of A. persimilis is a product of chromosomal
duplication that sets it apart of A. franciscana (Ro-
driguez-Gil et al., 2009). Parthenogenetic lineages
often exhibit a polyploidy, with tetraploid (4n=84)
configurations being common in the Eurasian popu-
lations, possibly reflecting an increased resilience to
environmental stresses (Bett et al., 2024).

Heterochromatin composition is quite variable,
having an effect on genome size and stability. Het-
erochromatin in the genome of, and up to 26% in the
A. franciscana, can contribute to greatly to the size
of the absolute chromosomes compared to 4. per-
similis (Rodriquez Gil et al., 2009). Chromocentres
are detected using DAPI stain, and Yucatlan popula-
tions have 1-8 chromocentres, which in some popu-
lations represent heteromorphic sex chromosomes
(Lipko et al., 2004).

Evolutionary Dynamics of Karyotypic Poly-
morphisms

The process of karyotype evolution in the or-
ganism reflects the phylogenetic divergence of the
organism, and this phenomenon is observed in the
case of the organism, namely, in the case of the or-
ganism, Artemia. Synteny analysis of the genome of
a species, namely A. tibetiana, reveals that it shares
chromosome numbers with the genome of the spe-
cies, Asian species, A. sinica, without significant re-
arrangements, which suggests that the Asian clades
possess a similar structure (Chen et al., 2025). On
the contrary, conservation species like the New
World species, i.e. species of 4. franciscana and A.
monica, exhibit heterochromatin expansion related
to speciation (Papeschi et al., 2000). Aneuploidy in
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parthenogenetic forms are probably adoptive and
result from meiotic anomalies and give a selective
advantage in volatile habitats (Lima et al., 2021).

The changes in heterochromatin are associated
with ionic content and size of the nucleus. Inter-
phase heterochromatin of American populations is
low in Yucatcan, and high in San Francisco Bay,
which may be correlates of adaptation to environ-
mental saline gradient (Torrentera 2004). The cy-
togenetic observations of the Iranian populations
indicate that bisexual 4. urminae share a consistent
2n=42 along with parthenogenetic ones experienc-
ing ploidy ranging between 2n and 5n (Asem et al.,
2025).

Table 1
Comparative Karyotype Features Across Major Artemia Species

Species Diploid Assembly Notable Varia-
P Number (2n) Size (Gb) tions
. ZW sex system,
A.francis- 42 1.27 high heterochro-
cana .
matin blocks
New species
A. amati 42 (Ka.zakhstaln),
previously “sp.
Kazakhstan”
A. tibetiana 42 1.69 Adap te.d to high
altitude
A. sinica 4 1.12 Asian 1.1r.1eage
stability
Smaller genome,
A. persimilis 44 low heterochro-
matin
A urmiana 4 Altltuc.ie-'related
variations
Parthenoge-  42-84 (up to ge:;?ia;mde};;;
netic spp. 105) u Y

ploidy rare

This table encapsulates key cytogenetic attri-
butes, highlighting evolutionary divergences (Data
synthesized from Bett et al., 2024; Chen et al., 2025;
Li et al., 2024c).

Genome Assemblies and Chromosomal Or-
ganization

Technological Advances in Sequencing and
Assembly

Contemporary genome assemblies have elevated
Artemia cytogenetics to unprecedented detail. The

A. tibetian genome, which is derived in a high-alti-
tude Tibetan lake (4 620 m), has 1.69 Gb of genome
size, 21 pseudo-chromosomes, 79.7% of repetitive
DNA, and 24,370 protein-coding genes (Chen et al.,
2025). The findings of the Hi -C mapping supported
the integrity of chromosomes, with a contig N50 of
81.9 Mb. Relatively, the female 4. franciscana as-
sembly has a 1.27 Gb scaffold N50 of 45.3 Mb and
26 923 genes, naming chromosome 1 as Z and find-
ing fragments of putative W (Jo et al., 2024). An
additional A. franciscana assembly from the Great
Salt Lake is estimated to be 1Gb, crosslinked into 21
linkage groups (Bett et al., 2024).

The extremophile Artemia genome discloses ex-
pansions in ion transport, oxidative stress response,
and DNA repair orthogroups, facilitating tolerance
to hypersalinity (De Vos et al., 2021).

Synteny, Repeat Elements, and Functional
Annotations

Comparative genomics between A. franciscana
and A. tibetiana show little rearrangement of their
genome structures, and repetitive material is domi-
nated by transposable elements (TEs) like LINEs
and LTRs, making up 67-80% of genomes (Chen et
al., 2025; Jo et al., 2024). These repeats may drive
karyotypic evolution by insertions/deletions. Func-
tional annotations indicate enrichment in pathways
such as protein processing in the endoplasmic retic-
ulum, pointing to adaptive features.

Sex Chromosomes and Determination Sys-
tems

Structure and Differentiation of ZW Chro-
mosomes

Artemia utilizes a ZW sex determination system,
with females heterogametic (ZW) and males ho-
mogametic (Z2) (Bowen, 1963). In A. franciscana,
chromosome 1 functions as the Z chromosome that
expands by nearly 100Mb with a 13Mb differenti-
ated region comprising evolutionary strata (S0-S2)
through recombination suppression (Bett et al.,
2024). The W chromosome persists as fragmented,
but candidates include five contigs that contain fe-
male-specific sequences (Jo et al., 2024).

Single-nucleus RNA-seq reveals Z-repression in
the female germ line, similar to meiotic sex chro-
mosome inactivation (MSCI), equivalent to the dy-
namics of the XY in mammals (Elkrewi & Vicoso,
2024). The dosage compensation balances the ex-
pression between Z and autosomes (Huylmans et al.,
2019).
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Contagious Parthenogenesis and Sex Chro-
mosome Evolution

There are cases of contagious parthenogenesis
in Eurasian taxa, including in examples of asexual
reproduction (e.g. Artemia sinica), where rare males
produced by asexual reproduction can mate with
sexually reproducing females to transmit the asexual
model of reproduction (Elkrewi et al., 2022). This is
a paradoxical evolution, which is closely connected
to the evolution of ZW sex chromosomes, since the
parthenogenetic individuals do not have differenti-
ated sex chromosomes in most cases. The similarity
of the ZW regions between species is a strong impli-
cation of a deeper ancestral origin, and that parthe-
nogenesis is, at least in some degree, controlled by
genes present at the Z chromosome.

The result of sex-biased gene expression reveals
no significant Z-autosome differences, which is a
sign of strong dosage compensation (Huylmans et
al., 2019). The Z has evolutionary strata, implying
progressive cessation of recombination, dated mil-
lions of years ago.

Molecular Cytogenetics and Genomic In-
sights

The ZW Sex Determination System

Sex determination in the sexual species of Arte-
mia takes the form of a female heterogametic ZIV sys-
tem, where females have sex chromosomes composed
of ZW, maternal homogametic ZZ sex chromosomes.
Such a system is typical of birds, part of the fish and
some insects, but its discovery and characterization
in Artemia has played a key role in understanding sex
evolution in crustaceans (Asem et al., 2025).

The Artemia ZW system is comparatively young
and dynamic, and that has made it difficult to iden-
tify the master sex-determining gene. Initial mo-

Figure 1

The ZW Sex Determination System in Artemia

lecular methods made use of genetic linkage maps
to localize sex-linked markers but the physical loca-
tion of sex chromosomes was never identified until
the discovery of high-quality genome sequencing
(Jo et al., 2024).

Identification of Sex Chromosomes: A Ge-
nomic Breakthrough

High-quality, chromosome-scale assemblies of
genome have now been published as the most im-
portant recent development in Artemia cytogenetics.
These assemblies have enabled the physical map-
ping and identification of the sex chromosomes and
have brought the field out of the theoretical mod-
els and into real-world cytogenetic reality (Elkrewi
et al., 2024).

In a recent study, Jo et al. (2024) reported a
high-quality chromosome level genome assembly
of female A. franciscana. This collection that led to
the formation of 21 chromosomal scaffolds was the
first conclusive information to the physical position
of the sex chromosomes.

It was indicated that chromosome 1 was a sex
chromosome Z, and five contigs of putative W chro-
mosome fragments and the candidate sex-determin-
ing genes were proposed (Elkrewi et al., 2024).

This result is transformative as it ascertains that
the Z chromosome of A4. franciscana is one of larg-
est chromosomes of the complement and which
offers physical framework upon which sex-linked
genes will be researched. Recovery of fragments of
the very repetitive and gene-poor W chromosome
is also an essential step since the W chromosome
is usually hard to assemble owing to its heterochro-
matic nature. This recent work by Jo et al. (2024)
serves as the most current and critical citation for the
field of Artemia cytogenetics.

josis=——» ZGamete ilizati
Meiosis Fem[izo'l’ion\->
ZZ (Male)
Female (ZW) /
Fertilization
Meiosis ——p{ W Gamete
Fertilization
Male (ZZ) Meijosis—»| Z Gamete Fertilization——»| ZW (Female)
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This diagram schematically represents the female
heterogametic ZW sex determination system, where
females (ZW) produce Z and W gametes, and males
(ZZ) produce only Z gametes. Fertilization results in
a 1:1 ratio of ZW (female) and ZZ (male) offspring.

Genome Organization and Evolution

The new chromosome-level assemblies have
provided unprecedented detail on the overall ge-

Table 3

nome organization of Artemia. The A. franciscana
genome is approximately 1.27 Gb in length, with a
high proportion of repetitive sequences (Elkrewi et
al., 2024).

Key Genomic Statistics

The comparison of genomic statistics across
the newly assembled Artemia species highlights the
rapid progress in the field:

Key Genomic Statistics for Recent Chromosome-Level Artemia Assemblies

. Genome Size Chromosome Repetitive -
Species Assembly Year (Gb) Scaffolds Sequence Content Key Finding
. Z chromosome (Chr 1)
0,
A. franciscana 2024 (Jo et al., 2024) 1.27 21 67.26% identified
A sinica 2023 (Jo, Lee, & Park, 2023) ~1.2 21 High First chromosome-level
assembly in the genus
A. tibetiana 2025 (Chen et al., 2025) ~1.1 21 High High-altitude species

assembly

A notable cytogenetic characteristic is the high
proportion of repetitive sequences (more than 67 %
in A. franciscana). These features such as transpos-
able elements and the satellite DNA are significant
contributors to the size of the genome and are com-
monly found in the areas of heterochromatin. Their
prominence implies that they play an important role
in the evolutionary dynamics and differentiation in
karyotype in the genus.

Hox Gene Cluster Cytogenetics

The Hox genes are a set of associated genes
that regulate the embryo body plan along the axis
of anterior posteriors. The Hox cluster of their lo-
calization at the chromosome is highly conserved
throughout the animal phyla. Arfemia genome as-
semblies have explained the cytogenetic structure
of this cluster. The ten canonical Hox genes were
also found in 4. franciscana and localized to Chro-

Table 4

mosome 14 (Elkrewi et al., 2024). The cluster is
further divided into two sub clusters with a signifi-
cant distance in between, a designation that is very
conserved within Anostraca (Jo et al., 2024). The
discovery gives an important cytogenetic predictor
of comparative genomics, showing that although the
Artemia karyotype is small overall and uniform, the
synteny of major clusters of developmental genes is
retained, which is indicative of a strong evolution-
ary limitation.

Population Cytogenetics and Phylogenetic
Insights

Chinese Artemia populations segregate into four
groups: Tibetan Plateau, Qinghai, Inner Mongolia/
Xinjiang, and coastal, with high FST values denot-
ing isolation (Li et al., 2024). Bird-mediated disper-
sal shapes gene flow in the A. urmiana complex (Li
et al., 2024c).

Genetic Diversity and Differentiation Indices for Chinese Artemia Populations

Population Group

Nucleotide Diversity (w) FST (vs. Tibetan) Gene Flow (Nm) Effective Population Size (Ne)

Tibetan Plateau 0.015 - - High
Qinghai 0.012 0.25 0.75 Moderate

Inner Mongolia/Xinjiang 0.010 0.32 0.53 Low

Coastal 0.008 0.40 0.38 Low

(Data from Li et al., 2024).
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Transcriptional Regulation in Diapause

The cysts of Artemia are in the diapause state
with a developmental arrest in the gastrula stage.
This can be aborted when the environmental signal
such as desiccation, a fall in temperature or even a
specific pattern of light exposure. Complex regula-
tory networks, involving a group of fundamental
transcription factors, such as SVP, MYC, RXR,
and SMADG, coordinate the reactivation of devel-
opment, which in turn regulates the extracellular

Figure 3

matrix remodelling, Wnt signalling pathways and
the preservation of the redox balance during dia-
pause exit (Wang et al., 2025). Recent integrative
approaches to genomics studies using ATAC-seq
and RNA-seq have further revealed that G-protein-
coupled receptors appear to play key roles in the
re-activation process, involving dynamic changes in
chromatin accessibility and transcriptional activity
that are responsible for the re-inception of embryo-
genesis (Li et al, 2024a).

Mechanism of Diapause and Developmental Reactivation in Artemia Cysts

Diapause

Reactivation

|: SVP MYC RXR SMAD6 }

Specific
5 \pattern )
Desiccation

Artemia cyst

Cytogenetic Adaptations to Salinity Stress

Parthenogenetic Artemia lineages exhibit diverse
cytogenetic response to salinity in which ploidy lev-
el can determine reproductive and lifespan traits in
adverse environments. Studies on diploid (2n, Ga
Hai Lake, China), triploid (3n, Ankiembe Saltern,
Madagascar), tetraploid (4n, Hoh Lake, China), and
pentaploid (5n, Yinggehai Saltern, China) lineages
show no direct relationship between ploidy and sa-
linity tolerance in any way. Tetraploid lineages are
more euryhinaline, reproduce best at 150 ppt but are
inhibited at 50 ppt with pentaploids being stenoha-
line and short-lived. Verification of ploidy through
C-banding karyotype analysis using microscope is
critical in making rightful evaluation, and ploidy-
specific reactions to low salinity as a stressor pro-
moting oviparity (Asem et al., 2025).

Salinity (50, 100, 150 ppt) sets up heteroge-
neous reproductive patterns in diploid and tetraploid
lineages, contrary to homogeneous ones in triploid
and pentaploid. The analysis of group discrimina-
tion is so high that they discriminate groups based
on multifactorial effect on cytogenetic stability un-
der environmental pressure (Asem et al., 2025).
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Applications in Aquaculture, Conservation,
and Biotechnology

Aquaculture Applications

Selective breeding of stress-tolerant breeds in
aquaculture is made possible by cytogenetic markers
such as ploidy levels and polymorphisms of chromo-
somes, and allows the production of Artemia strains
with improved salinity tolerance and reproductive
performance (FAO, 2024). An example is the use of
genome assemblies, which indicate the increase of
ion transport and oxidative stress genes, to inform
breeding to produce a maximum amount of cyst and
a high-quality naupliar to feed fish and shrimp larvae
on live feed (FAO, 2024). There are strain-specific
characteristics, including the small cysts and high
hatching rates in Vinh Chau 4. franciscana, which
are used to commercially produce eggs, and biofloc
technology has increased fecundity rate by 30-50%,
while recycling nutrients (FAO, 2024). Genetic in-
formation is used in order to prevent loss of biodi-
versity during introductions to support sustainable
harvesting of solar salt ponds and integrated multi-
trophic systems (Li et al., 2024). The applications
promote aquaculture across the world by supplying
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nutrient-rich feed with the consumption of about
1,700 tonnes of dry Artemia product every year in
China highlighting the economic importance of the
product (FAO, 2024).

Conservation Applications

The conservation initiative uses the data of
single-nucleotide polymorphisms (SNP) and popu-
lation genetic frameworks to conserve diversity in
the endangered Artemia populations and offers clear
clades susceptible to habitat deterioration and intru-
sions (Li et al., 2024). Research shows that there
are four genetic clusters in China, the nucleotide di-
versity of Tibetans is high, directing the resistance
against shrinking the habitats of climate changes
(Li et al., 2024b). Resurrection ecology employs
genetic archives of the extirpated species in the
form of diapausing cysts of sediment cores, which
can be used to revive the lost species and monitor
evolutionary dynamics over time (Lenormand et al.,
2018). Banks of cysts that are viable over decades
and stored in laboratories are used to reintroduce
cysts and monitor biodiversity in hypersaline wet-
lands (Lenormand et al., 2018). Risk assessment of
anthropogenic effects, based on cytogenetics, in-
cluding the ploidy change in parthenogenetic stocks,
will help manage the situation sustainably during
geological and climatic changes (Asem et al., 2025).

Biotechnology Applications

Artemia cytogenetics have biotechnological
potential in cryptobiosis models to explore space,
cyst tolerance models to space environments (UV,
anoxia, desiccation) informs life-supports and phar-
maceutical preservation (Lenormand et al., 2018).
Transcription factors such as SVP and MYC regu-
late diapause mechanisms and are an insight into
suspended animation to be used in medical practice
such as organ storage (Wang et al., 2025). Artemia
is used as a toxicity test model in ecotoxicology, and
genetic markers are used to measure the effects of
pollutants on growth and reproduction (FAQO, 2024).
Genome-guided bioencapsulation improves nutrient

delivery, vectors probiotics and high-unsaturated
fatty acids (HUFA) in aquaculture, and ancient
DNA in cysts allows research on long-term adapta-
tion, linking the fields of evolutionary biology and
biotech innovations (De Vos et al., 2021).

Conclusion

This comprehensive review synthesizes the
recent progress in the cytogenetics of Artemia,
including variation of karyotype, genome assem-
blies, sex chromosome dynamics, molecular meth-
ods, population structures, and transcriptional net-
works during diapause. These shows the preserved
chromosomal setup across species, the complexity
of ZW sex determination, and the adaptive process-
es to survive in harsh environmental conditions.
Multi-omics and comparative genomics approach-
es are likely to provoke answers to some unre-
solved questions such as the full characterisation of
the W chromosome, the molecular basis of stability
in polyploidy, and the evolutionary forces behind
parthenogenesis. This field of study combines the
classical cytogenetics with the use of the latest se-
quencing technology, which not only increases our
knowledge on the evolutionary biology of Artemia
but also improves its use in aquaculture, conserva-
tion, and biotechnology. The interdisciplinary col-
laborations should be given priority in the future
in order to investigate cytogenetic response to new
environmental challenges to sustainably manage
this useful model organism.
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