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BIODIVERSITY AND TAXONOMIC CHARACTERIZATION
OF PHOTOTROPHIC MICROORGANISMS ISOLATED
FROM EXTREME ECOSYSTEMS OF KAZAKHSTAN

Extreme ecosystems represent natural models for studying the mechanisms of microbial adaptation
to a complex of abiotic stress factors, including elevated mineralization, thermal stress, pH fluctuations,
radiation exposure, and limited nutrient availability. Kazakhstan is characterized by a wide diversity of
such unique natural environments; however, the biodiversity of phototrophic microorganisms inhabit-
ing these ecosystems remains insufficiently studied to date. Contemporary climate challenges and the
demand for sustainable bioenergy solutions have increased interest in extremophilic phototrophic mi-
croorganisms demonstrating adaptation to harsh environmental conditions.

The goal of the present study was to assess the biodiversity and taxonomic structure of microalgae
and cyanobacteria isolated from extreme aquatic and soil ecosystems in various regions of Kazakhstan.
To achieve this objective, field expeditions were conducted at designated monitoring sites, and micro-
biological methods were employed to isolate axenic cultures.

As a result of the study, 171 species and subspecies of phototrophic microorganisms were identified
in soil samples, and 14 species in aquatic ecosystems, predominantly belonging to the classes Chlo-
rophyceae, Cyanophyceae, and Bacillariophyceae. Axenic cultures representing six genera Chlorella,
Anabaena, Synechocystis, Coelastrum, Leptolyngbya, and Phormidium were successfully obtained. The
identified taxa exhibited morphological and ecological plasticity, reflecting their adaptation to thermal,
saline, highly mineralized, and radiation-active environmental conditions.

The obtained results indicate a high adaptive potential of phototrophic microorganisms inhabiting
extreme ecosystems and highlight their prospects for the development of sustainable biotechnological
processes, including biomass and lipid production for biofuel generation.

Keywords: biodiversity, extreme ecosystems, phototrophic microorganisms.
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Ka3akCTaHHbIH, 3KCTpeMaAbAbl IKOXKYiHeAepiHeH GOAiHIN aAbIHFaH
¢oToTpOohTHI MMKPOOPraHM3MAEPAIH, OMOBPTYPAIAIri meH
TAaKCOHOMMSIABIK, CMMaTTaMachl

DKCTPEMaAAbl  IKOXKYMEAEP MUKPOOPraHM3MAEPAIH abMOTMKAAbIK, CTpecc (hakTopAapbiHbIH
KellleHA acepiHe 6eniMAEeAY MEXaHU3MAEPIH 3epTTeyre apHaAFaH TabuFi MOAEAbAEP GOAbIN TabbIAAAbI.
MyHaam hakTOpAapFa >KOFapbl MMHEPaAAAAHY, TEPMMSAbIK cTpecc, pH KepceTKilliHiH aybITKybl,
paAMaUMsAbIK, 8Cep XXOHe KOPEKTIK 3aTTapAblH LekTeyAi GOAybl >kKaTaAbl. KasakcraH ocCbiHAQW
Giperen TabWFM HbICAHAAPAbIH KEH aAyaHAbIFbIMEH CUMATTaAdAbl, aAAlAQ aTaAFaH IKOXKYMEAEpPAETi
OTOTPODTHI MUKPOOPTraHU3MAEPAIH OMOAAYaAHTYPAIAIrT OYriHI KYHre AeniH >KeTKIAIKTI AeHremae
3epTTeamereH. Kasipri KAMMATTbIK, ©3repictep MeH TypakTbl OMO3HEPreTUKAABIK LIELiMAEpre AereH
CYPaHbICTbIH apTybl 3KCTPEMAAAbI OpTa >Kaf AaiAapbiHa GeRiMABATEH 3KCTPEMOMUAbAT (DOTOTPOdTHI
MUKPOOPraHM3MAEpre AereH FbIAbIMU KbI3bIFYLLbIAbIKTbI KYLLEHTYA€.

3epTTey >KYMbICbIHbIH MakcaTbl — Ka3akCTaHHbIH 8pTYPAI alMaKTapblHAAFbl SKCTPEMAAAbI Cy
KOHE TOomblpakK, 3KOXKYMeAepiHeH GOAIHIN aAblHFAaH MMKPOBAAAbIPDAAD MeH UMaHOGaAKTEPUSIAAPADIH
GrOaAyaHTYPAIAITT MEH TaKCOHOMMSIABIK, KYPblAbIMbIH 0GaraAay. KoWMbIAFaH MakcaTka >eTy YLiH
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Biodiversity and taxonomic characterization of phototrophic microorganisms isolated from extreme ecosystems of Kazakhstan

3epTTey HyKTeAepiHe 3KCMeAVLMSIABIK canapAap YMbIMAACTbIPbIAbIM, Ta3a (AKCEHUKAABIK) AAKbIAAAPAbI
GOAIN aAy YLLiH MUKPOOBMOAOTMSIABIK, DAICTEP KOAAAHBIAADI.

JKypriziareH 3epTTeyAep HOTMXXECIHAE TOmMbIpaK, YAriAepiHeH (OTOoTpodTbl MMKPOOPraHU3M-
AepAiH 171 Typi MeH Typ TapMmarbl, aA Cy 3KOXXyreaepiHeH 14 Typi aHbikTaAabl. OAap HerisiHeH
Chlorophyceae, Cyanophyceae >oaHe Bacillariophyceae kaactapbiHa >xataabl. Chlorella, Anabaena,
Synechocystis, Coelastrum, Leptolyngbya >xeHe Phormidium TyblCTapbiHbIH aKCEHMKAABIK, AAKblAAAPbI
AAbIHAbI. AHbIKTaAFaH TaKCOHAQP MOPQOAOTUSIABIK, )KOHE 3KOAOTUSIABIK, MKEMAIAITIMEH CUMATTaAaAbl,
OYA OAAPAbIH TEPMaAAbI, TY3Abl, >KOFapbl MUHEPAAAAHFaH >KOHE PaAMaLMSAbIK, GEACEHAT OpTa >KaFAan-
AapblHa 6ENIMAEAYIH KOPCETEAI.

AAbIHFAH HBTUXKEAEp IKCTPEMAAAbI IKOXKYIeAepaeri (hoTOTPOodTbl MUKPOOPraHNM3MAEPAIH XKOFa-
pbl GeNIMAEAY DAEYETIH ADAEAAEIMAI KOHE OAAPAbIH TYPAKTbl OMOTEXHOAOTMSIABIK, MPOLIECTEPAi, COHbIH,
iLiHAe GroyKaHapMar eHAIpyre apHaAFaH GMoMacca MeH AUMMATED aAyAbl AAMbITYAAFbl NMepPCreKTBa-
AbIAbIFbIH QMK bIHAANADI.

Ty#in ce3aep: 610aAyaHTYPAIAIK, SKCTPEMAAAbI 3KOXYeAep, (POTOTPO(Tbl MMKPOOPraHM3MAEP.
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Bbuopa3sHoobpasue u TakCOHOMMYECKasl XapaKTepUCTUKA
choToTPOChHBLIX MUKPOOPraHU3MOB,
BbIAEAEHHbIX M3 DKCTpeMaAbHbIX 3kocuctem Kasaxcrana

DKCTPEMaAbHbIE 3KOCMUCTEMbI MPEACTABASIIOT COOOM MPUPOAHBIE MOAEAW AAS M3YUEHUS MEXAHU3-
MOB aA@nTaLMy MUKPOOPTraHM3MOB K BO3AEMCTBUIO KOMIMAEKCA aBMOTUYECKMX CTPECCOBbIX (hakTOPOB,
BKAKOYUAs MOBbILEHHYIO MUHEPAAM3ALMIO, TEPMUUECKMIA CTPeCC, KoaebaHus pH, paanaumoHHoe BO3-
AENCTBUE M OFPAHUYEHHYIO AOCTYMHOCTb MMTaTeAbHbIX BellecTB. Ka3axcTaH xapakTepmsyercs Wwmpo-
KMM pa3Hoo6pasnemM MoAOGHbBIX YHMKAAbHbBIX MPUPOAHBIX OGBEKTOB, OAHAKO BMOAOrMYECKOe PasHO-
o6pasue (hoTOTPOHBIX MUKPOOPraHM3MOB B AQHHbBIX SKOCUCTEMAX AO HACTOSLLErO BPEMEHM OCTAETCS
HEAOCTaTOYHO M3yueHHbIMU. COBPEMEHHbIE KAUMATMUECKME BbI30Bbl U MOTPEGHOCTb B YCTOMUMBBIX
OMO3HEPreTUUYECKUX PELLEHUSIX YCUAMBAIOT MHTEPEC K SKCTPEMO(UAbHBIM (hOTOTPOGHBIM MUKPOOpPTa-
HM3MaM, AEMOHCTPUPYIOLLIMM aAaNTaLUMIO K SKCTPEMAAbHbBIM YCAOBMSIM CPeAbI. LieAblo AaHHOM paboThi
ABASIETCS OLleHKa OMOpa3HOO6Pasmns M TAKCOHOMUYECKOM CTPYKTYPbl MUKPOBOAOPOCAEI M LIMaHOGaK-
TEPUIA, BLIAEAEGHHbBIX M3 SKCTPEMAAbHbBIX BOAHbBIX M MOYBEHHbIX SKOCUCTEM Pa3AMUHBIX perroHoB Ka-
3axcTaHa. AAS AOCTMXKEHMSI MOCTABAEHHOM LEAM GbIAM OCYLLECTBAEHbI SKCMEAMLMOHHbIE BbIE3AbI B
MOHWTOPWHIOBbIE TOUKM 0OCAEAOBAHMI, a TaK>Ke MCMIOAb30BaHbl MUKPOGMOAOTMYECKME METOABI AAS
BbIAGAEHMS YUCTBIX KYAbTYP.

B pesyAbTaTe NpoBeAEHHbIX MCCAEAOBAHMI, B MOYBEHHbIX 06pa3Lax GbiA BbiSBAEH 171 BUA U MOA-
BUA (POTOTPOHBIX MMKPOOPraHM3MOB, B BOAHbBIX 3KOCUCTEMaX — 14 BUAOB, MPENMYLLIECTBEHHO OTHOCS-
umxcs kK kaaccam Chlorophyceae, Cyanophyceae v Bacillariophyceae. IoAy4eHbl akCeHMYECKMe KyAb-
Typbl npeacTaButeAeit wectn poaos Chlorella, Anabaena, Synechocystis, Coelastrum, Leptolyngbya n
Phormidium. BbIsIBAEHHbIE TaKCOHbI XapaKTEPU3YIOTCS MOPIOAOTUUECKON M SKOAOTMUECKOM MAACTUY-
HOCTbIO, UTO OTPaXKaeT MX aAANTaLMio K TEPMaAbHbIM, COAOHOBATBIM, BbICOKOMUHEPAAM30BAHHbIM 1
PaAMALIMOHHO aKTUBHbBIM YCAOBUSIM CPEAbI.

[MOAyUYEHHbIE PE3yAbTaTbl CBUAETEABCTBYIOT O BbICOKOM aAAMTaLMOHHOM MoTeHuMaAe potoTpod-
HbIX MUKPOOPIaHM3MOB 3KCTPEMAAbHbIX 3KOCUCTEM M MOAHYEPKMBAIOT UX MEPCMEKTUBHOCTb AASI pa3pa-
6OTKM YCTOMUMBBIX BUOTEXHOAOIMUECKMX MPOLIECCOB, BKAKOUAs MOAYyUEHME OMOMACChl U AUTMIMAOB AAS
MPOU3BOACTBA GMOTOMAMBA.

KAtoueBbie cAoBa: 61OpasHoOGpasue, SKCTPEMaAbHbIE 3KOCUCTEMbI, (POTOTPOHbIE MUKPOOPTra-
HM3MbI.

Introduction stress, elevated mineralization, radiation exposure,

and limited nutrient availability (Matarredona et al.,

Extreme ecosystems represent key natural sys-  2020). The territory of Kazakhstan is characterized

tems for investigating the mechanisms of microbial by substantial diversity of such natural environ-

adaptation to a complex of environmental stress  ments; however, their microbiological diversity re-
factors, including salinity, pH fluctuations, thermal  mains insufficiently studied.
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The present study encompasses a number of ex-
treme natural sites across Kazakhstan: the Chundzha
hot springs (Almaty Region); Barlyk-Arasan and
Lake Alakol (Abai and Jetisu Regions); Rakhman
Springs and the Sibin Lakes (East Kazakhstan Re-
gion); the saline lakes and therapeutic muds of Lake
Solyanka and Erkenkush (Aktobe Region); the ra-
don hot springs near Aktau (Mangystau Region);
and Lake Sabyndykol (Pavlodar Region). These ter-
ritories are characterized by a spectrum of abiotic
stress factors, including hypersalinity, elevated tem-
peratures, radon activity, high mineralization, and a
specific ionic composition of water and soils, which
collectively create unique ecological niches.

Although extreme factors have traditionally
been regarded as limiting conditions for microbial
growth, recent studies demonstrate that stress may
also perform an activating function. Under condi-
tions of salinity, temperature fluctuations, or nutri-
ent limitation, microalgae are capable of enhancing
the synthesis of lipids and secondary metabolites,
thereby increasing their energetic value and biotech-
nological significance. Several studies have demon-
strated (Shi et al., 2020; Song et al., 2022) that stress
should not be regarded as a limiting factor but rather
as a trigger for the activation of biosynthetic path-
ways that promote the accumulation of compounds
relevant for bioproduct production.

The relevance of this study is determined by the
urgent need for alternative energy sources in the
21st century, associated with the depletion of fos-
sil fuel reserves, rising greenhouse gas emissions,
and ongoing global climate change (Kumar et al.,
2023). The intensification of aridization processes
and the growing demand for renewable bioenergy
sources have heightened interest in extremophilic
phototrophic microorganisms as potential producers
of biomass and lipids for biofuel production.

According to previous studies (Rojas-Villalta et
al., 2024; Sharma et al., 2024), cyanobacteria and
microalgae exhibit broad ecological plasticity, dem-
onstrate tolerance to various stress factors, maintain
efficient photosynthetic activity under extreme con-
ditions, and possess valuable metabolic pathways,
making them key candidates for biofuel production,
CO, mitigation, biomaterial synthesis, and the de-
velopment of sustainable biotechnological applica-
tions.

Furthermore, a number of studies conducted
in Kazakhstan have addressed various aspects of

phototrophic microorganisms in extreme environ-
ments (Zayadan et al., 2014; Sandybayeva et al.,
2023), however, previous investigations have been
predominantly local or fragmentary in nature. More-
over, these studies typically focused on individual
extreme factors or isolated natural sites, without en-
compassing the broad spectrum of stress conditions
and the extensive geographical coverage represent-
ed in the present study.

The novelty of the present study resides in a
comprehensive taxonomic assessment of photo-
trophic microorganisms inhabiting diverse extreme
ecosystems of Kazakhstan, with a focus on evaluat-
ing their functional potential. Particular attention is
given to the identification of axenic strains exhibit-
ing broad adaptive capacity.

The goal of this study is to investigate the bio-
diversity and characterize the taxonomic struc-
ture of phototrophic microorganisms inhabiting
extreme ecosystems of Kazakhstan, as well as to
identify their metabolic features relevant for bio-
fuel-oriented biotechnological applications. It is
expected that the obtained results will provide a
scientific foundation for the development of envi-
ronmentally oriented technologies for renewable
energy production, in line with the principles of the
green economy and the United Nations Sustainable
Development Goals, including Goal 7 (Affordable
and Clean Energy).

Materials and methods

Study sites and sampling. Water and soil samples
were collected during the summer of 2025 across
the eastern, southeastern, northeastern, western, and
southwestern regions of Kazakhstan (Figure 1).

In the area of the Chundzha hot springs (Al-
maty Region), water samples were collected at the
Shonzhy site (43.53.867° N, 079.15.783° E). The
monitoring location included five sub-sites for soil
sampling, ranging from 43.5308° N / 79.2415° E to
43.5304° N/ 79.2423° E. The Chundzha hot springs
represent extreme thermal ecosystems characterized
by elevated temperatures (20—100 °C) and specific
hydrochemical conditions that impose persistent
stress on microorganisms. Strains isolated from
such environments frequently exhibit enhanced lip-
id synthesis under stress conditions, indicating their
significant biotechnological potential (Sandybayeva
et al., 2026).
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Figure 1
Monitoring sites of extreme ecosystems in Kazakhstan and schematic diagram of axenic culture isolation of phototrophic

microorganisms
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In the Katon-Karagay District (East Kazakhstan
Region), water samples were collected in the area
of Rakhmanovskie Klyuchi: the first sampling point
was located at 49°37.170' N, 86°13.770" E, with five
sub-sites for soil sampling ranging from 49.619782°
N to 49.620318° N and from 86.229547° E to
86.229814° E. The second sampling point was lo-
cated at the Sibin Lakes (49°26.603' N, 82°38.015’
E), where five soil sub-sites were established within
the coordinate range 0f 49.443665° N to 49.444152°
N and 82.633649° E to 82.633902° E. The Rakhman
Springs (Rakhmanovskie Klyuchi), characterized
by sulfate-bicarbonate sodium—magnesium type
waters, represent thermal radon springs with elevat-
ed temperatures, natural radioactivity, and a specific
ionic composition, forming a complex of extreme
environmental factors (Nunes et al., 2023). In con-
trast, the Sibin Lakes are freshwater oligotrophic
tectonic water bodies with low mineralization and
slightly alkaline pH; calcium (Ca?*) and bicarbon-
ate (HCO3™) ions dominate their ionic composition,
allowing the waters to be classified as hydrocarbon-
ate—calcium type (Samarkhanov et al., 2025).

Two sampling sites were selected at Lake Ala-
kol, the only deep endorheic lake and the second
largest lake in Kazakhstan. Lake Alakol is clas-
sified as an extreme aquatic ecosystem due to the
combination of elevated mineralization (1.2-11.6
g/kg), alkaline pH values (7.2-9.1), the predomi-
nance of sodium—sulfate and chloride ions, and its
closed hydrological regime. The combined effects
of osmotic stress, specific ionic composition, semi-
arid climatic conditions, and high evaporation rates
create substantial environmental pressure, favor-
ing stress-tolerant phototrophic microorganisms
(Yapiyev et al., 2021). In the Barlyk-Arasan area
(Abai Region, Makanchi District), water samples
were collected at 46°03.100" N, 82°02.246' E. Soil
samples were obtained from five sub-sites rang-
ing from 46.051948° N to 46.052463° N and from
82.037512° E to 82.037721° E. In the Alakol Dis-
trict (Jetisu Region), near the settlement of Ak-
shi, water sampling was conducted at 45°54.696'
N, 81°38.065" E, and soil samples were collect-
ed from sub-sites within the coordinate range of
45.911880° N to 45.912250° N and 81.634620° E
to 81.634720° E.

In the Alga District (Aktobe Region), two moni-
toring sites were selected for the study. The first site
was Lake Solyanka, a saline lake characterized by
elevated mineralization resulting from its endorheic
regime and intense evaporation under the region’s
arid climatic conditions. The high concentration of

dissolved salts imposes pronounced osmotic and
ionic stress, creating extreme environmental condi-
tions and restricting biological communities to halo-
philic and halotolerant forms. Water sampling at this
site was conducted at 50.137210° N, 56.338930° E,
and five soil sub-sites were established within the
coordinate range of 50.137482° N to 50.137701° N
and 56.338998° E to 56.339214° E. The second site
was located near the settlement of Erkenqush (thera-
peutic mud deposits) at 49.711507° N, 57.264015°
E, with five soil sub-sites ranging from 49.711782°
N t049.712154° N and 57.264081° E to 57.264302°
E. Therapeutic muds in this area are formed under
conditions of elevated mineralization, high organic
matter content, limited aeration, and unstable hydro-
logical regime, which together create a complex of
extreme physicochemical factors (Karakaya et al.,
2010).

In the Munaily District near the city of Ak-
tau (Mangystau Region), water samples were col-
lected from hot radon springs at 43.350602° N,
51.337226° E. Five soil sub-sites were established
within the coordinate range of 43.350623° N to
43.350812° N and 51.337215° E to 51.337956° E.
Radon springs are classified as extreme natural en-
vironments due to the presence of natural radioac-
tivity (elevated Rn-222 concentrations), associated
with radon migration from uranium-bearing rocks,
as well as the specific hydrogeochemical conditions
of the arid region. Elevated mineralization, high wa-
ter temperature, and moisture deficit create distinct
physicochemical conditions that significantly limit
biological diversity and require pronounced adap-
tive mechanisms (Nunes et al., 2023).

In the Bayanaul District (Pavlodar Region), wa-
ter samples were collected from Lake Sabyndykol
at 50.773821° N, 75.707793° E. Five soil sub-sites
were established within the coordinate range of
50.774086° N to 50.774312° N and 75.707512° E to
75.707842° E. Hydrochemically, the lake is classi-
fied as a freshwater body of the sodium—bicarbonate
type, with dominance of HCO;™ and Na* ions. This
ionic composition generates osmotic and ion-specif-
ic stress, potentially shaping microbial metabolism
and the structural organization of phototrophic com-
munities (Boros et al., 2017).

Water and soil samples were collected in trip-
licate following standardized protocols to ensure
sample preservation and analytical reliability. Sam-
pling was performed at designated monitoring sites
(Figure 1) in accordance with national standards
(GOST 17.1.5.05-85 for surface waters and GOST
17.4.4.02-2017 for soils).
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At each monitoring site, water samples were col-
lected from both surface and bottom layers to deter-
mine dominant species of microalgae and cyanobacte-
ria. All water and soil samples were placed into sterile
60 mL plastic containers and stored under refrigeration
until transfer to the laboratory. Water samples were fil-
tered through membrane filters with a pore size of 0.45
um and transported at 4°C prior to laboratory process-
ing. Soil samples were collected using sterile forceps
and spatulas and placed in sterile containers.

Water temperature was measured in situ using a
thermometer, and pH values were determined with a
digital pH meter (HM Digital PH-80, USA) (APHA,
2017).

Species Identification and Morphological Anal-
ysis of Microalgal and Cyanobacterial Cultures
Following sampling and preliminary processing,
water and soil samples were transferred into appro-
priate culture media to stimulate the growth and en-
richment of cyanobacteria and microalgae. Samples
collected from different regions of Kazakhstan were
inoculated into liquid media including Zarrouk, BG-
11, Gromov, Artari, Tamiya, and Bold’s Basal Me-
dium (BBM). Each sample was cultured in 250-500
mL flasks supplemented with 10-20% of the origi-
nal water or soil suspension to preserve the natural
microelement composition and physicochemical
characteristics. Vitamin B, was added to each me-
dium at a concentration of 1 x 107> g/L to enhance
growth and metabolic activity (Alanis, 2013).
Axenic cultures were obtained using agar-based
solid media combined with repeated serial dilution
and antibiotic treatment (ampicillin and streptomy-
cin, 10-50 mg/L) to eliminate contaminating bacte-
ria and non-target algae (Badr & Fouad, 2023).
Cultures were incubated at 25 + 1 °C under a
16:8 h (light:dark) photoperiod with a light intensity
of 50—70 pmol photons m™ s™* for 14-21 days.
Species identification was performed using a
light microscope (Microscopes TB-5W Optika, It-
aly) equipped with digital imaging. Each strain was
labeled and photographed at 40x and 100% magnifi-
cations. Morphological assessments were conducted
at different growth stages in both liquid and solid
media, including evaluation of cell shape, size, di-
vision patterns, and the presence of mucilaginous
sheaths (Badr & Fouad, 2023). Cell counts were
determined using a Goryaev counting chamber and
an automated cell counter (NanoEntec EVE-MC2),
ensuring quantitative control for further analyses.
Statistical Analysis. All experiments were per-
formed in 3-5 independent replicates. Data were
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analyzed using one-way analysis of variance (ANO-
VA). Differences were considered statistically sig-
nificant at p < 0.05.

Results and discussion

Structure of Microalgal and Cyanobacterial
Communities in Aquatic and Soil Extreme Ecosys-
tems of Kazakhstan

Kazakhstan encompasses a number of unique
natural territories characterized by extreme ecosys-
tems with specific physicochemical conditions. Par-
ticular attention is drawn to the eastern, southeast-
ern, and northeastern regions of the country, where
thermal springs, mineral lakes, and diverse soil eco-
systems are concentrated, including the Chundzha
hot springs, Rakhmanovskie Klyuchi, the Sibin
Lakes, Barlyk-Arasan, and Lake Alakol. Moreover,
extreme environmental conditions are also charac-
teristic of western and southwestern Kazakhstan,
including Lake Solyanka and the therapeutic mud
deposits near the settlement of Erkenqush.

The presence of such factors as elevated water
mineralization, temperature fluctuations, variations
in pH, and increased concentrations of dissolved
salts and microelements creates unique conditions
for the detection of rare, endemic, and potentially
valuable strains of phototrophic microorganisms.
Soil ecosystems in these regions are characterized
by high contents of macro- and microelements, in-
cluding nitrogen (N), phosphorus (P, as PO4*7), po-
tassium (K™), calcium (Ca?"), magnesium (Mg?"), as
well as iron (Fe**/Fe**), manganese (Mn>*/Mn**),
zinc (Zn**), and copper (Cu?*/Cu*). A distinctive
feature of these soils is their elevated mineraliza-
tion and salinity, the presence of sulfates (SO4*7)
and carbonates (CO3*7), alkaline conditions (pH
7.5-9.5), and the occurrence of trace elements such
as lithium (Li*), strontium (Sr?*), and boron (B, as
BO3*7) (Issanova et al., 2017).

The presence of algal flora was detected in vari-
ous soil samples based on morphological character-
istics, relative frequency, growth rate, and colony
formation patterns. A total of 171 species and sub-
species of algae and cyanobacteria were identified in
soil samples, belonging to the divisions Ochrophyta
(59 species), Chlorophyta (51 species), Xanthophyta
(8 species), Eustigmatophyta (1 species), and Cya-
nobacteria (52 species).

Among the classes, the highest diversity was
observed within Bacillariophyceae, Chlorophyceae,
and Cyanophyceae, which were considered poly-
morphic and dominant (Table 1).
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Table 1

Genera of microalgae and cyanobacteria identified in water and soil samples collected from the studied regions of Kazakhstan

No Sample Location / Sampling Coordinates Sampling Genera Identified
Type Site Month
43.53.867° N Ankistrodesmus, Chlor?l{a,
Water o Coelastrum, Klebsormidium,
) 79.15.783° E
Chundzha hot springs Scenedesmus
1 (Uygur District , Almaty R August  Chlorella, Coelastrum,
Region) 43.5308° N/ Dictyochloropsis, Kirchneriella
Soil 79.2415° E — 43.5304° N / . ’ ’
o Phormidium, ScenedesmusLyngbya,
79.2423° E. .
Phormidium
Water ) 49°37.170 ° N 086°13.770°E Chlorella, Oscillatoria
—— Rakhman Springs (Katon S
2 . -Karagay district, East 49'219782 N/ . August ) )
Soil Kazakhstan Region) 49.620318°N — 86.229814°E Chlorella, Oscillatoria
/ 86.229547°E
Water o 49°26.603° N, 082°38.015°E Chlorella, Oscillatoria
—— Sibin Lakes (Katon S
3 . -Karagay district, East 49'4043665 N/ . August ) .
Soil Kazakhstan Region) 49.444152° N — 82.633902 Chlorella, Oscillatoria
E/ 82.633649° E.
Water 46°03.100°N 082°02.246°E Chlorella, Leptolyngbya,
Anabaena, Hydrodictyon, Coelastrum,
Barlyk-Arasan, o QOocystis, Scenedesmus,
4 ) (Makanchi district, Abai 46.051948°N/ August  Cosmarium. Scenedesmus
Soil Regi 46.052463° N — 82.037721° ’ o
egion) F/82.037512° E Chlorococcum, Monoraphidium,
’ Scenedesmus, Uronema, Chlorella,
Scenedesmus
45°54.696°N . .
Water ' 081°38.065°F Phormidium, Ulothrix
Alakol Lake (Akshi -
5 village, Alakol district, 45.911880° N/ August /énabae.na:S‘Hy d’; dlclyoné Coelaiv trum,
Soil Jetisy Region) 45.912250° N - 81.634720° OENSIES, SCCnEcesmis, Cosmarim,
F/81.634620° E Chlorococcum, Monoraphidium,
’ Scenedesmus, Chlorella
Water 50.137210° N Anabaena,
56.338930° E Chlorella, Cosmarium
6 Lake Solyanka, Alga O August
) Distric,t Aktobe Region 50.137482° N/ & Oocystis
Soil 50.137701°N — 56.339214° Chlorellzz
E/ 56.338998° E
Chlorella, Coelastrum,
Water . 49.711507°N 57.264015°E Scenedesmus, Lyngbya,
Erkenqush village Phormidium
7 (therapeutic mud O August - -
. deposits) Aktobe Region 49.711782° N/ Dictyochloropsis,
Soil 49.712154°N — 57.264302°E/ Kirchneriella,
57.264081° E Phormidium,
Water 43.350602° N 51.337226° E. Chiorella,
Hot radon springs (Aktau Coelastrum, Scenedesmus
8 city, Munaily District, 43.350812° N/ August  Chlorella,
Soil Mangystau Region)  43.350623° — 51.337215° E/ Coelastrum,
51.337956° E. Phormidium
Water 50.773821°N 75.707793° E Ankistrodesmus,
Lake Sabyndykol, Chlorella, Coelastrum,
9 (Bayanaul District, 50.774086° N/ August Chlovelia. Coel
Soil Pavlodar Region) 50.774312° N — 75.707512° oreffa, Coclasirum,

E/ 75.707842° E

Dictyochloropsis, Lyngbya,
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The dominant genera comprised 108 species,
accounting for approximately 63% of the total
species diversity. Their distribution by genus
was as follows: Chlorella — 20 species (=11.7%),
Euglena — 17 species (=9.9%), Phormidi-
um — 11 species (=6.4%), Coelastrum sp. — 11

Figure 2

species (=6.4%), Synechocystis sp. — 10 species
(=5.8%), Leptolyngbya sp. — 9 species (=5.3%),
Nitzschia sp. — 9 species (=5.3%), Chlorococ-
cum sp. — 8 species (=4.7%), Anabaena sp. — 7
species (=4.1%), and Oscillatoria sp. — 6 species
(=3.5%) (Figure 2).

Genera of phototrophic microorganisms identified in soil samples from extreme ecosystems

® Phormidium sp

m Chiorella sp ® Leptolyngbya sp
W Coelastrum sp W Anabaena sp B Nitzschia sp
B Chlorococcum sp B Euglena sp B Oscillatoria sp

In water samples collected from the Chundzha
hot springs (Almaty Region), Rakhmanovskie Kly-
uchi and the Sibin Lakes (Katon-Karagay District,
East Kazakhstan Region), Barlyk-Arasan, Lake
Alakol (Abai Region, Makanchi District; Zhetysu
Region, Alakol District), Lake Solyanka and the
therapeutic mud deposits near the settlement of
Erkenqush (Aktobe Region, Alga District), as well
as the hot radon springs in the Munaily District
(Mangystau Region), a diverse phototrophic mi-
croflora was identified, including both microalgae
and cyanobacteria. In total, 14 species of photo-
trophic microorganisms were identified, distributed
among three major taxonomic groups: Chlorophy-
ceae — 6 species (*43%), Cyanophyceae — 5 species
(=36%), and Bacillariophyceae — 2 species (=14%)
(Figure 3).

Unicellular taxa were predominantly represent-
ed by the genera Chlorella, Chlorococcum, Cos-
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marium, Monoraphidium, and Euglena, whereas
colonial morphotypes included Scenedesmus, Co-
elastrum, and Ankistrodesmus. Filamentous and
branched taxa comprised Cladophora, Hydrodic-
tyon, Klebsormidium, Anabaena, Nostoc, Leptolyn-
gbya, Lyngbya, Oscillatoria, Phormidium, and Ulo-
thrix.

Thus, the extreme soil and aquatic ecosystems
of the studied regions of Kazakhstan are character-
ized by high taxonomic and morphological diver-
sity of phototrophic microorganisms. The predom-
inance of representatives of the genera Chlorella,
Phormidium, Synechocystis, Leptolyngbya, and
other stress-tolerant forms indicates pronounced
adaptation of microalgae and cyanobacteria to
conditions of elevated mineralization, temperature
fluctuations, and ionic imbalance, underscoring
their ecological significance and biotechnological
potential.
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Figure 3

Distribution and relative abundance of algal taxonomic groups in water samples from extreme

environments
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Isolation of axenic cultures of microalgae

Axenic cultures were obtained from enriched
water and soil samples collected at monitoring
sites No. 1-9 using standard microbiological iso-
lation techniques. Initially, samples were sub-
jected to enrichment cultivation under controlled
temperature and continuous illumination to pro-
mote active growth of microalgae and cyanobac-
teria.

Subsequently, the cultures were transferred
onto both liquid and solid media (supplemented
with 1.0-1.5% agar), including Zarrouk, BG-11,
Gromov, Artari, Tamiya, and Bold’s Basal Me-
dium (BBM). Cultivation was performed in Petri
dishes and culture tubes under illumination (Figure
4). Petri dishes were incubated at 22-25 °C under
continuous light (40-60 pmol photons m™ s™')
until visually distinguishable colonies developed
(5-14 days).
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Individual pure strains were obtained using the
streak plate method. A small aliquot of culture was
transferred onto the surface of agar medium with
a sterile inoculation loop and sequentially spread
across the plate. With each successive streak, the
number of cells decreased, allowing the formation
of isolated colonies derived from single cells. After
colony emergence, isolates were subcultured several
times onto fresh media until fully pure cultures were
obtained.

Culture purity was verified microscopically and
by additional plating on bacteriological media to
exclude contamination. As a result, axenic cultures
of phototrophic microorganisms were established,
predominantly represented by the genera Chlorella
sp., Anabaena sp., Synechocystis sp., Coelastrum
sp., Leptolyngbya sp., and Phormidium sp., which
are characteristic of thermal waters and soils of the
studied regions of Kazakhstan.
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Figure 4

Growth of microalgal and cyanobacterial colonies on agar-solidified medium in Petri dishes after 10 days of incubation

Leptolynghya sp-

- T1 Al- AJaroae (NouBa)

Morphological Assessment of Isolated Cyano-
bacterial and Microalgal Strains

From water and soil samples collected at the
Chundzha hot springs (Almaty Region), Rakhman-
ovskie Klyuchi and the Sibin Lakes (Katon-Karagay
District, East Kazakhstan Region), Barlyk-Arasan,
Lake Alakol (Abai Region, Makanchi District; Zhe-
tysu Region, Alakol District), Lake Solyanka and
the therapeutic mud deposits near the settlement of
Erkenqush (Aktobe Region, Alga District), as well
as the hot radon springs in the Munaily District
(Mangystau Region), axenic cultures of microalgae
and cyanobacteria were isolated, including Chlorel-
la sp., Anabaena sp., Synechocystis sp., Coelastrum
sp., Leptolyngbya sp., and Phormidium sp. (Figure
5).

Phormidium sp. (Cyanophyceae) — filamentous
cyanobacteria characterized by cylindrical trichomes
3—6 um in diameter and extending up to several mil-
limeters in length. Vegetative cells are straight or
slightly curved and enclosed within a mucilaginous
sheath. Reproduction occurs via hormogonia forma-
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tion, and the organisms typically develop thin mats
on soil and water surfaces. Recent studies indicate
the ability of certain strains to produce bioactive
compounds (Berrendero et al., 2016).

Synechocystis sp. (Cyanophyceae) — unicellu-
lar, spherical cyanobacteria measuring 1.5-3 um in
diameter, surrounded by a dense mucilaginous cap-
sule. Cells exhibit gliding motility and may occur
as solitary cells or form small aggregates. Strains
isolated from hot spring environments demonstrate
high photosynthetic efficiency and enhanced UV
tolerance, highlighting their potential for bioengi-
neering and ecological applications (Tripathi et al.,
2025).

Leptolyngbya sp. (Cyanophyceae) — thin fila-
mentous cyanobacteria with trichomes 1-3 pum in
diameter and up to 5—10 mm in length. Cells are cy-
lindrical, lack heterocysts, and exhibit limited motil-
ity. These taxa are commonly found in moist soils
enriched with organic matter. Recent studies have
shown that strains from thermal and saline ecosys-
tems possess enhanced capabilities for organic com-
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pound biodegradation and the synthesis of bioactive
peptides (Takahashi et al., 2021).

Coelastrum sp. (Chlorophyceae) — colonial
green algae composed of cylindrical cells measuring
10-30 pm in length and 2-5 pm in width, arranged
in parallel to form linear colonies. Reproduction oc-
curs vegetatively. Recent studies have demonstrated
tolerance to elevated temperatures and pH fluctua-
tions, as well as the capacity for heavy metal bio-
remediation in aquatic and soil systems (Xu et al.,
2025).

Chlorella sp. (Chlorophyceae) — unicellular
green algae 2—10 pm in diameter, spherical to ellip-
soidal in shape. Cells contain a single large chloro-
plast occupying most of the cell volume. Reproduc-
tion occurs by autosporulation (mitotic cell division).
In liquid culture, cells are evenly distributed, do not
form colonies, and exhibit minimal motility. Recent

Figure 5

studies indicate that Chlorella strains isolated from
thermal environments display enhanced tolerance to
temperature and salinity stress, along with high bio-
mass productivity and lipid accumulation suitable
for biofuel production (Chou et al., 2019).
Anabaena sp. (Cyanophyceae) — filamentous
cyanobacteria characterized by alternating vegeta-
tive cells and heterocysts. Trichomes are straight
or slightly curved, with cells 3—6 pm in diameter.
Heterocysts are larger, colorless, and typically occur
at intervals of 5-10 vegetative cells. These taxa are
capable of atmospheric nitrogen fixation and repro-
duce via hormogonia formation. Recent research has
demonstrated that Anabaena strains from thermal
and brackish environments are capable of synthesiz-
ing exopolysaccharides and antioxidant compounds,
highlighting their ecological significance and bio-
technological relevance (Bhakat et el., 2024).

Light microscopy images of newly isolated microalgal strains at 40x and 100% magnification: (a, b) Phormidium sp, (c, d)
Synechocystis sp., (e, f) Leptolyngbya sp., (g, h) Coelastrum sp, (i, j) Chlorella sp, (k, |) Anabaena sp.
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Overall, the isolated strains display considerable
morphological and ecological plasticity, reflecting
their adaptation to thermal and saline environments
and underscoring their biotechnological relevance
for environmental monitoring, biomass generation,
lipid accumulation, and the synthesis of bioactive
metabolites.

Conclusion

This study presents comprehensive data on the
biodiversity and taxonomic characteristics of pho-
totrophic microorganisms isolated from diverse
extreme ecosystems of Kazakhstan, including ther-
mal springs, radon waters, saline and mineral lakes,
therapeutic mud deposits, and highly mineralized
soils.The extensive geographic coverage of the re-
search, spanning eastern, southeastern, northeastern,
and western regions of Kazakhstan — namely the
Chundzha hot springs (Almaty Region), Rakhman-
ovskie Klyuchi and the Sibin Lakes (Katon-Karagay
District, East Kazakhstan Region), Barlyk-Arasan,
Lake Alakol (Abai Region, Makanchi District; Zhe-
tysu Region, Alakol District), Lake Solyanka and
the therapeutic mud deposits near the settlement of
Erkenqush (Aktobe Region, Alga District), as well
as the hot radon springs in the Munaily District
(Mangystau Region) significantly enhances the rep-
resentativeness, reliability, and ecological breadth
of the obtained data, thereby reinforcing the overall
scientific value and integrative significance of the
study.

The conducted study demonstrated that ex-
treme aquatic and soil ecosystems of Kazakhstan
are characterized by high taxonomic diversity of
microalgae and cyanobacteria adapted to elevated
mineralization, pH fluctuations, temperature vari-
ability, and specific ionic composition of the envi-
ronment.

A total of 171 species and subspecies of pho-
totrophic microorganisms were identified in soil
samples, belonging to the divisions Ochrophyta (59
species), Chlorophyta (51 species), Xanthophyta
(8 species), Eustigmatophyta (1 species), and Cya-
nobacteria (52 species). In aquatic ecosystems, 14
species of phototrophic microorganisms were iden-
tified, predominantly representing the polymorphic
and dominant classes Chlorophyceae (46.7%), Cya-
nophyceae (35.4%), and Bacillariophyceae (9.7%).
The dominant genera included Chlorella, Euglena,
Phormidium, Coelastrum, Synechocystis, among
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others. The isolation and identification of six axenic
cultures confirm the tolerance of representatives of
the genera Chlorella, Anabaena, Synechocystis, Co-
elastrum, Leptolyngbya, and Phormidium to diverse
extreme environmental conditions.

The isolated cultures exhibit pronounced mor-
phological diversity and broad ecological plasticity,
reflecting their adaptability to thermal, radon-influ-
enced, saline, and highly mineralized environments,
which indicates the substantial adaptive potential of
phototrophic microorganisms inhabiting extreme
ecosystems.

Therefore, extreme aquatic and soil ecosystems
of Kazakhstan should be regarded not only as natu-
ral models for investigating adaptive mechanisms
under environmental stress, but also as promising
reservoirs of robust phototrophic strains with lipid-
accumulating capacity and potential applicability in
industrial renewable biofuel production.
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