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ABSTRACT
High altitudes pose extreme survival challenges for organisms, yet the origins and molecular strategies 
underlying their resilience remain poorly understood. Here, we report the molecular and evolutionary 
mechanisms underlying stress resilience in Apourosomoida sp. LHA081A01, a ciliate isolated from a 
high-altitude Tibetan salt lake that endures high salinity, low temperature, and hypoxia. We identified 
TreT glycosyltransferases, acquired through horizontal gene transfer from an anaerobic and halophilic 
Desulfobacteraceae bacterium, to be involved in the synthesis of α, α-trehalose—a universal protein 

stabilizer absent in most other ciliates but essential for counteracting multiple environmental stressors. 
Additional strategies include β-carotene accumulation to mitigate oxidative stress from hypoxia, along 
with numerous others common to many eukaryotes. Extensive gene family expansions and rapid 
divergence of stress–responsive genes underscore their evolutionary significance and critical role in 

surviving harsh habitats. Intolerance to low salinity may render this ciliate, and other protists, 
vulnerable to climate–driven salinity declines in Tibetan salt lakes. Together, these extraordinary 
features—shaped by horizontal gene transfer, natural selection, and regulatory plasticity—position 

high-altitude microbial eukaryotes as powerful extremophile models for uncovering the molecular 
mechanisms of stress resilience and adaptive evolution across life. 
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proved oxygen transport/utilization to cope with 

low oxygen levels [2 ]. Yeasts isolated from high–
altitude volcanic areas in the Atacama Desert con- 
tain cellular carotenoids and melanin that absorb 
different UV wavelengths and remove free radi- 
cals generated by UV radiation [3 ]. Additionally, 
Archaea from Andean salt lakes store high con- 
centrations of potassium ions and produce halo–
compatible proteins to survive extreme salinity, 
among other adaptations [4 ,5 ]. Understanding 
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NTRODUCTION 

any stress-resilience mechanisms have been
ound in extremophiles in high altitudes, enabling
urvival in some of the most challenging environ-
ents on Earth. For example, the high propor-

ion of long-chain polyunsaturated fatty acids in
he lipid bilayer of cell membranes helps main-
ain membrane fluidity in high–mountain plants
t low temperatures [1 ]. Highland native humans

ave enhanced lung volume/function and im- 
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ow organisms survive such extreme conditions—
articularly those capable of surviving and thriv-
ng in multiple extreme environmental conditions
imultaneously (polyextremophiles)—can provide
aluable insights into the limits of life and poten-
ial strategies for coping with additional stresses
mposed by global climate change. 

The Tibetan Plateau, also known as the
inghai-Tibet Plateau (QTP) or the ‘Roof of the
orld’, is the highest and largest plateau on

arth, rising over 4500 meters above sea level [6 ].
ormed by the immense collision of the Indian and
urasian tectonic plates ∼50 million years ago,
t continues its slow ascent, shaping one of the
lanet’s most extreme and enigmatic landscapes
7 ]. Scattered across this vast expanse are thou-
ands of lakes, including numerous salt lakes such
s Lake Qinghai, which were formed through in-
ense evaporation and mineral accumulation [8 ].
hese otherworldly environments—characterized
y high salinity and heavy metal ions, low oxy-
en, intense UV radiation, and extreme tempera-
ure fluctuations—serve as crucibles of evolution-
ry innovation, probably fostering the emergence
f uniquely adapted polyextremophiles capable of
urviving multiple stressors, different from those
reviously reported in other habitats [9 ,10 ]. Yet,
idden within these saline depths, the vast and di-
erse world of microbial eukaryotes, particularly
rotozoa, remains largely unexplored. This ne-
lect stems in part from technical challenges, in-
luding limited genetic tools, scarce high-quality
enomic resources, and difficulties in sampling
nd culturing, as well as the research scope of the
mall protozoological research community. As a
esult, the survival strategies and evolution of pro-
ozoa in Tibetan salt lakes remain a mystery, de-
pite their high level of diversity, ecological signif-
cance, and sensitivity to environmental changes
11 ,12 ]. 

Ciliates are protozoa characterized by their
overing of cilia and nuclear dimorphism [13 ]:
 transcriptionally inactive micronucleus, which
unctions exclusively in sexual reproduction, and
 macronucleus, responsible for gene expres-
ion during vegetative growth—both sequestered
ithin the same cytoplasm. They are widely dis-

ributed in most habitats and occupy pivotal
iches in microbial food loops and biogeochem-
cal cycles. Despite this, little in-depth research
as been reported on free-living ciliates success-
ully inhabiting extreme environments, some ex-
eptions including anaerobic ciliates in soil and
ediments of various water bodies [14 ,15 ], and
igh-salinity-tolerant species with tiny genome
ize [16 ]. For ciliates living in even harsher habi-
Page 2 of 17
tats particularly in high-altitude salt lakes, which 

pose great challenges from high salinity, low oxy- 
gen, and temperature fluctuations, their survival 
strategies remain unexplored. 

During a recent biodiversity survey of ciliates 
in Tibetan salt lakes, we isolated a free-living 
spirotrich ciliate Apourosomoida sp. LHA081A01, 
from the salt lake Yibug Caka and successfully es- 
tablished a stable cell culture (Fig. 1 a). Apouroso- 
moida was originally reported by Foissner et al. 
[17 ] and known to be especially tolerant to high 

salinity; however, it has not been previously stud- 
ied at the genetic or genomic level. Members of the 
class Spirotrichea display a distinct genomic ar- 
chitecture characterized by the extensive fragmen- 
tation of the macronucleus (MAC). These MAC 

genomes consist of ‘gene-sized’ chromosomes—
often referred to as nanochromosomes—which 

typically range from 1 kbp to 3.5 kbp in length and
predominantly encode 1–2 genes [18 –20 ]. Yet, de- 
spite the immense biodiversity of Spirotrichea, ge- 
nomic resources for this group remain scarce. 

The isolation of this species provides us with a 
unique opportunity to explore the stress-resilience 
mechanisms of polyextremophilic protozoa in 

high-altitude salt lakes while addressing these ge- 
nomic knowledge gaps. We conducted a compre- 
hensive study of the species, including its mor- 
phology, biochemical composition, macronuclear 
genomics, comparative genomics, physiological 
responses and gene expression/functional valida- 
tion under various environmental conditions. Ad- 
ditionally, we explored the origin and evolution 

of key genes associated with its polyextremophilic 
capabilities. This study not only advances our 
understanding of polyextremophilic mechanisms, 
but also offers valuable insights into the evolution 

of neglected microbial eukaryotes in extreme en- 
vironments. 

RESULTS 

Polyextremophilic capabilities of 
Apourosomoida sp. LHA081A01 

Halophilic species of Apourosomoida were previ- 
ously reported in saline habitats of Portugal, Aus- 
tralia, and Namibia [21 ]. The Yibug Caka isolate 
represents the first documentation of this genus 
in Asia and, to the best of our knowledge, its sta-
ble cell line is also the only living one in the world.
The cells are slender and transparent, with a mean 

in vivo size of 116 × 23 μm, two macronuclei, 
one micronucleus, and scaly and wrinkled cell cor- 
tex (Fig. 1 a–g and Table S1). Raman spectroscopy 
analyses revealed the presence of β-carotene and 
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Figure 1. Morphological features, physiological responses, and survival assays of Apourosomoida sp. (a–g) Morphological features. 
(a, f) Ventral view. (b) SEM image of wrinkled cortex. (c) Magnified view of (a), showing the scaly surface of a living cell. (d) Resting cyst. 
(e–g) Macronuclei (arrowheads) and micronucleus (arrow). (h) Ventral view of Notohymena apoaustralis . (i) Normalized Raman spectra of five 
randomly chosen cells (red dashed lines show β-carotene peaks). (j) Normalized Raman spectrum showing the trehalose peak (red dashed 
lines, the curve is based on mean values of all measured cells). (k and l) HRESIMS of sample solution 1 (positive ion mode, k) and sample 
solution 2 (negative ion mode, l). The x-axis represents the mass-to-charge ratio (m/z), and the y-axis indicates relative abundance (RA). In 
each spectrum, the red peak marks the characteristic m/z value corresponding to β-carotene (m/z 538.4437, k) and the [M + Cl]− adduct 
ion of trehalose (m/z 377.0839, l), respectively. (m) Chromatograms were recorded at a detection wavelength of 450 nm, with absorbance 
(y-axis, mAU: milliabsorbance units) plotted against retention time (x-axis, min). The red curve represents the β-carotene commercial product 
standard, with a major peak at 5.78 min (peak areas indicated in green text, units: mAU·s). The blue curve corresponds to the Apourosomoida 
sp. extract, showing multiple peaks with one aligning to the retention time of the β-carotene standard. Data were processed with baseline 
subtraction, and peak area units (mAU·s) are displayed directly on the chromatogram in green text. (n) Survival assay across a temperature 
gradient (4–36°C, 1 h). (o) Differential salinity tolerance between Apourosomoida sp. (blue circles) and N. apoaustralis (red squares). Survival 
rates were measured after 1 h exposure to a salinity gradient (0–150 PSU). Data points represent mean survival counts (10 starting cells); error 
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Figure 1. ( Continued ) bars indicate SEM. (p) Cell density of Apourosomoida sp. measured before hypoxia treatment and after 24 h of hy- 
poxia treatment (0.5 mg/L, 24 h). (q) Survival of N. apoaustralis (starting with 10 cells) incubated under normoxic (Control) and hypoxic (Hp) 
conditions for 24 h. No survivors were detected in the hypoxic group. Scale bars: 10 μm (a, d, e, g, and h). 
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rehalose in the cells (Fig. 1 i and j), indicating their
ntracellular accumulation. These molecules were
urther confirmed by high-resolution electrospray
onization mass spectrometry (HRESIMS) (Fig. 1 k
nd l), and HPLC (Fig. 1 m). Both molecules are
nown powerful antioxidants, capable of remov-
ng free radicals generated under stresses such as
igh salinity, extreme temperatures, and low oxy-
en conditions [22 –24 ]. Trehalose, in particular, is
ell-known as an important protein stabilizer and
idely regarded as a universal anti-stress molecule

hat protects cells and biomolecules from damage
aused by various environmental stressors [25 –
8 ]. To our knowledge, among ciliates, trehalose
ynthesis has only been documented in the soil
pecies Colpoda cucullus [29 ]. The evolutionary ori-
in of the trehalose synthesis genes in ciliates re-
ains unknown. 
Under short-term temperature fluctuations,

ell survival remains stable even at temperatures
s low as 4°C but begins to decline at 24°C and
bove (Fig. 1 n and Table S2). This is possibly
haped by the predominantly frigid state of the
ake throughout the year (with an average annual
ir temperature of −6 to −4°C) [30 ]. Similarly,
ells show extraordinary salinity tolerance, surviv-
ng within a range of 10–150 PSU (Practical Salin-
ty Unit), with an optimal salinity between 30 and
0 PSU (Fig. 1 o and Table S2). The wide toler-
nce range is consistent with the high salinity of
he lake ( ∼50 PSU) and the frequent freshwater
nflux from precipitation and melting ice. How-
ver, cells rupture in freshwater and perish within
 h of exposure. Even at low salinity (5–10 PSU),
ells transform into resting cysts, a state typically
ssociated with starvation (Fig. 1 d). 

Even more strikingly, population density con-
inued to increase even at a dissolved O2 (DO)
oncentration of 0.50 mg/L—about 10 times
ower than the original sample concentration
5.36 mg/L) (Fig. 1 p and Table S2). In con-
rast, its freshwater relative N. apoaustralis , iso-
ated from a low-altitude environment (29 m; DO
0.92 mg/L), showed much lower tolerance to
nvironmental stresses. It failed to survive under
ypoxic conditions (DO < 0.5 mg/L; Fig. 1 q and
able S2), and likewise did not survive at salin-

ty levels exceeding 10 PSU (Fig. 1 o and Table S2).
or a broader comparison of hypoxia resilience
cross ciliates, aerobic ciliates typically thrive at
O ≥6.5 mg/L and show significant growth in-
Page 4 of 17
hibition when DO drops below ∼1.25 mg/L [31 ], 
whereas anaerobic ciliates thrive in strictly anoxic 
environments but fail to grow under aerobic con- 
ditions [32 ,33 ]. These findings demonstrate that 
Apourosomoida sp. LHA081A01 is a true polyex- 
tremophile, capable of withstanding extreme lev- 
els of temperature, oxygen, and salinity. 

Distinctive genomic features for survival 
in the high-altitude salt lake 

A high-quality genome is essential for revealing 
polyextremophilic mechanisms at the molecular 
level. We thus de novo assembled and annotated 
the macronuclear genome of Apourosomoida sp., 
with the haploid genome size of 36.17 Mbp and 
a GC content of 38.32% (one of the highest GC 

contents among ciliates—organisms generally fea- 
tured by low GC content—second only to the 
halotolerant Fabrea salina [16 ]; Table S3), N50 of 
4694 bp, 15905 protein-coding genes (mean gene 
size 1495 bp) and 1473 non-coding RNAs, yield- 
ing a gene density of ∼480 per Mbp (Fig. 2 a and
b, Table 1 , and Table S3). Genes average 1.75 ex- 
ons (median length: 240 bp), ∼59% of the genes 
do not contain any intron and the median intron 

size is 78 bp (Fig. 2 c and d, and Tables S3 and
S4). Among the 10474 macronuclear contigs (me- 
dian length: 2155 bp; Fig. 2 e), 61.53% contain only 
one gene, 25.12% carry two genes (Fig. 2 f), 52.55% 

have telomeric repeats (C4 A4 , T4 G4 ) at both ends, 
while 32.13% have telomeric repeats at only one 
end (Table 1 ). The assembly is characterized by 
an extremely small N50, with large number of 
contigs bearing telomeres at both ends—hallmarks 
of the highly fragmented macronuclear genomes 
typical of spirotrich ciliates (Table 1 ), such as the 
model species Oxytricha trifalla x (N50 = 3.74 kbp), 
Stylonychia lemnae (3.29 kbp), and Euplotes vannus 
(2.69 kbp) ( Table S3) [18 ,20 ,34 ,35 ]. 

Numerous stress-resilience genes are anno- 
tated, such as PYS , PDS , and CrtISO involved in
β-carotenoid biosynthesis—which are absent in 

most other ciliates, as well as TreT glycosyl- 
transferases in α, α-trehalose reversible synthesis, 
consistent with our Raman spectroscopy, HRES- 
IMS, and HPLC results, which further confirmed 
the presence of trehalose and β-carotene in 

Apourosomoida sp. (Fig. 1 i–m and Table S5). The 
P-loop containing nucleoside triphosphate hydro- 
lase, the protein kinase–like domain superfamily, 
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nd the zinc finger—RING/FYVE/PHD-type are
he three largest gene families in the genome
 Table S6). They are known to be involved
n responses to osmotic, oxidative, and ther-
al stresses [36 –38 ]. We also identified addi-

ional genes, including a cryptochrome DASH
omolog (evm.model.tig3252.1) that senses
ear-UV/blue light for photoprotection; two
Page 5 of 17
key antioxidant enzymes: glutathione peroxidase 
(evm.model.tig2207.1) for peroxide detoxification 

and superoxide dismutase (evm.model.tig4611.1) 
for ROS scavenging; zinc finger A20/AN1 
domain proteins, which regulate heat-shock pro- 
teins; a cold-induced DEAD-box RNA helicase 38 
(evm.model.tig6647.1) that stabilizes transcripts; 
and a CRE-RAB7 protein (evm.model.tig502.3), 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
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Table 1. The macronuclear genomic features of Apourosomoida sp. LHA081A01 and Notohymena apoaustralis 
SC0818 . 

Species Apourosomoida sp. Notohymena apoaustralis 

Genome size/bp 36181345 41734863 
GC content 38.32% 35.61% 

Contigs 10475 8683 
N50 4694 5374 
L50 1883 1649 
Contigs with both telomeres 5504 (52.54%) 1856 (21.38%) 
Contigs with one telomere 3365 (32.12%) 4306 (49.59%) 
BUSCO 86% 80% 

Number of contigs with 18S rRNA genes 1 1 
Protein-coding genes 15905 18977 
Non-coding RNA 1475 2186 
rRNA number 6 11 
tRNA number 84 18 
Nanopore depth 373 × 41 ×
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hich regulates vesicular trafficking to main-
ain ion homeostasis upon salinity stress
 Table S7). 

In addition, similar to model ciliates like
xytricha trifallax , Tetrahymena thermophila , and
aramecium tetraurelia , stop codon reassignment
lso occurs, with TGA as the only stop codon,
hile TAA and TAG are reassigned to code glu-

amine (Gln; Fig. 3 a, Fig. S1a, and Table S8). Fur-
her analysis of the relative synonymous codon
sage (RSCU) in Apourosomoida sp. revealed that
he AGG codon (Arg) displayed a distinct pref-
rence in Apourosomoida sp., a feature not ob-
erved in freshwater Spirotrichea species such as
trombidium lemnae and O. trifallax , but present in
alt-tolerant species like Euplotes octocarinatus and
roleptopsis citrina [39 ]. In addition to nuclear ge-
omic features, the mitochondrial genome is also
ne of the largest among ciliates (83928 bp), con-
aining 64 protein-coding genes, 20 tRNAs, and 2
RNA genes ( Fig. S1b and Table S9). 

To find out whether the genomic features were
ossibly shaped by extreme habitats, we also de
ovo assembled the macronuclear genome of Noto-
ymena apoaustralis SC0818, a ciliate isolated from
 freshwater pond at an altitude of 29 meters—the
losest phylogenetic relative available for compar-
son (Figs 1 h and 3 a). The genome of N. apoaus-
ralis (41.73 Mbp, GC content 35.61%) contains
ore protein-coding genes (18977) than Apouro-

omoida sp. (15905), and displays a lower GC con-
ent across the genome, exons, and introns (Ta-
le 1 , and Tables S3 and S4). A total of 7186
omologous gene pairs were identified between
he two species, providing a basis for compara-
Page 6 of 17
tive genomic analyses (Fig. 2 g). It is worth not- 
ing that the β-carotene and trehalose biosyn- 
thesis pathways are absent from the N. apoaus- 
tralis genome, suggesting that these pathways may 
not be essential in non-extreme environments 
( Table S5). 

Stress-resilience genes in Apourosomoida 
sp. facilitate responses to extreme 

environmental challenges through 

differential expression 

To investigate how stress-resilience genes con- 
tribute to survival under cold, hypoxia, or hy- 
persaline conditions, we evaluated the transcrip- 
tional profiles in response to stress levels spanning 
nearly the full range of the salt lake fluctuations. 
At low temperature (4°C), compared with the 
optimal temperature 16°C, 750 differentially ex- 
pressed genes (DEGs) were identified (369 down- 
/381 up-regulated; Fig. 3 b, and Tables S10 and 
S11). Down-regulated DEGs are mainly associated 
with primary metabolic processes, including lipid 
metabolism and glycolysis, macromolecule syn- 
thesis (e.g. ribosome biogenesis and translational 
elongation), and catalytic enzymes such as acyl- 
transferases ( Fig. S2a and Table S12). By contrast, 
up-regulated genes are especially enriched in path- 
ways related to environmental sensing, cell cycle 
checkpoint reinforcement, and post-translational 
modifications ( Fig. S2b and Table S12), potentially 
reflecting a multi-layered regulatory response to 
mitigate cold stress. The MAPK pathway, a major 
and conserved signaling pathway regulating pro- 
cesses stimulated by extracellular factors, is also 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data


Natl Sci Rev, 2026, Vol. 13, nwag117

a b

c d

e

f g

h

j

k

Na+ ATPase
Cation channel (Na+)

Cation channel (K+)

K+ ATPase

H+ ATPase Na+/H+ antiporters

ATP

NADH/FADH2

ATP
ATP

ATP

ATP-dependent
RNA helicase

 promotes correct RNA folding 
RNA quality control

spliceosome recognition of splice sites

stress protection

antioxidants

GPI

Glucokinase

TPI

TreT

desaturase

GAPDH

PGK

enolase

PK

Glucose+NDP-glucose

Trehalose

Glucose  Glucose-6-phosphate

ATP

ATP

ATP
PDHA1

maintain 
membrane fluidity 

OOHO

HO
OH

O
H

O

HO

HO

OH
OH

stress

Ku70:Ku80

DNA-PKcs

DNA ligase IV,
PNK, etc.

l m

i

Stylonychia lemnae

Euplotes vannus

Colpoda steinii

Tetrahymena thermophila
Ichthyophthirius multifiliis

Paramecium tetraurelia

Notohymena apoaustralis

Naegleria gruberi
Trichomonas vaginalis

Oxytricha trifallax

Apourosomoida sp.

Paramecium octaurelia

53 Mya10315932157368276592310271125

/-631

+710/-1782 +291/-270
+19/-539

+122/

+326/-373

+126/

+36/-20

+1298/-516

/-363

+169/-975

/-1395
/-573

Expand/Contracted

+289/-801
+151/-177

+273/-93

/-39

+367/-1150

+150/-193

+569/-79

+289/

/-163

TAA TGA TAG

0.20.61.0

0.77 0.12 0.11

0.72 0.17 0.11

0.00 1.00 0.00

0.00 1.00 0.00

0.65 0.21

0.00 1.00 0.00

0.00 1.00 0.00

0.66 0.00

0.00 1.00 0.00

0.01 0.98 0.01

0.00 1.00 0.00

0.00 1.00 0.00

S
pirotrichea

O
ligohym

enophorea

0

20

60

0 10 20
log2(fold change)

TreT (6901.1)

TreT (1709.1)

enolase 

PGK

TPI

nucleolin protein

elongation factor

TTL family protein

VGIC superfamily

nucleolin protein

apolipoprotein d

PHD E1

RNA helicase

G6PI

0

50

75

25

0 10 20
log2(fold change)

D

Cation channel

STP

CDF family

NHE

 DMT superfamily

 jade-3 

SAM-dependent CMT

SOD

ACOX1

Na+ H+ antiporter

TreT (1709.1)

RNA helicase

NAD(P)-binding

0

5

10

15

0 10 20
log2(fold change)

10
(P

ad
j)

MAPK

cwf15

guanylate-binding
FAR1-like

 alternative oxidase

nucleolin protein

telomerase reverse
transcriptase

dnaj-like

elongation factor-1 RNA helicase

protein kinase

desaturase

10
(P

ad
j)

KD:
71.9%

9057.1

0.0

0.8

1.2

1.6

KD:
81.1%

6901.1

0.0

0.8

1.2

1.6

KD:
95.8%

2212.1

0.0

0.8

1.2

KD:
96.8%

1709.1

0.0

0.5

1.0

1.5

KD:
94.9%

639.2

0.0

0.5

1.0

R
el

at
iv

e 
ex

pr
es

si
on

+ IPTG (RNAi)

100
100

100 75

100

82

99

100

63

*** ***
HS

2212.1
639.2

0
200

**
LT

2212.1
0

200
**

HP

2212.1
0

120

D
en

si
ty

 (/
m

L)

Figure 3. Stress-resilience mechanisms and evolutionary patterns of Apourosomoida sp. (a) Gene-family dynamics across 12 ciliate species. 
Bootstrap support values are displayed at the nodes. The numbers above branches indicate gene family expansion (red, left) and contraction 
(blue, right) events. The timeline at the bottom represents divergence time (million years ago, Mya). Tetrahymena thermophila vs Paramecium 

tetraurelia ; Ichthyophthirius multifiliis vs Tetrahymena thermophila were used as calibration points in Timetree estimation, and stop codon dis- 
tributions (right). (b–d) Volcano plots comparing DEGs under treatments: (b) low temperature (4°C) vs control (16°C); (c) hypoxia (0.5 mg/L) 
vs control (6.87 mg/L); (d) high salinity (80 PSU) vs control (50 PSU). (e) Pathways associated with stress resilience, from genome annota- 
tions or differential gene expression analyses: up-regulated glycolysis upon hypoxia, ion transport genes under high salinity, low-temperature 
expression of sphingolipid �4-desaturase, HGT-derived trehalose synthase (TreT), β-carotene biosynthesis, and NHEJ repair. (f–j) RT-qPCR 
verification of RNAi knockdown efficiency for five candidate genes. Relative expression levels in IPTG-induced groups ( + IPTG) are compared 
to non-induced controls ( −IPTG, set to 1). The percentage values on the bars indicate the knockdown efficiency (KD). (k–m) Cell density 
of Apourosomoida sp. following RNAi-mediated knockdown of two genes—protein kinase (evm.model.tig2212.1), and an unannotated gene 
(evm.model.tig639.2)—under three stressing conditions: low temperature (LT; 4°C), high salinity (HS; 80 PSU), and hypoxia (HP; 0.5 mg/L) for 
24 h. Bar colors follow the same scheme as in f–j (blue: −IPTG; red: + IPTG). Statistical significance was calculated using a two-sample t -test 
(∗∗∗P < 0.001, ∗∗P < 0.01). 
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ctivated ( Fig. S3a), wherein the MAPK cascade,
ncluding extracellular regulated protein kinases
ERKs), might transiently elevate intracellular
alcium levels, subsequently activating calcium-
inding proteins and calcium-dependent protein
inases to maintain cellular activity at cold tem-
eratures. Additionally, the up-regulation of sph-
ngolipid �4-desaturase ( Fig. S3a), a plasma mem-
rane protein, may contribute to the increase of
nsaturated fatty acids, which is consistent with
 mechanism that helps maintain cell membrane
luidity at low temperatures [40 ]. 

Under hypoxic conditions (0.5 mg/L), depri-
ation of oxygen, the terminal electron acceptor
mpairs mitochondrial electron transport chain ef-
iciency. Transcriptomic profiling revealed 1937
EGs (945 down-/992 up-regulated) (Fig. 3 c, and
ables S10 and S13). Down-regulated genes were
ignificantly enriched in biological processes re-
ated to translation, such as ribosomal biogen-
sis, rRNA processing, and tRNA methylation.
his may suggest a strategic attenuation of the
ranslational machinery under hypoxic stress to
onserve energy. Specifically, the suppression of
ibosomal large subunit assembly and tRNA pro-
essing suggests a reduction in protein synthesis
nd translational activities, which would help al-
eviate the energy burden ( Fig. S2c). Meanwhile,
he up-regulated genes displayed significant ac-
ivation of the glycolysis pathway, suggesting a
ossible metabolic shift toward anaerobic glycol-
sis under oxygen-limited conditions ( Figs S2d
nd S3c, and Table S12). The up-regulation of a
lycosyltransferase (TreT; evm.model.tig1709.1)
ay enhance cellular response to hypoxia through

ncreasing the synthesis of trehalose, which sta-
ilizes proteins, suppresses ROS-mediated DNA
amage, and synergistically balances carbon flux
ith hypoxia-induced glycolytic enzymes (GPI,
GK) to maintain ATP production while accumu-
ating osmoprotectants. These pathways integrate
etabolic remodeling and stress protection to col-

ectively maintain cellular homeostasis under low-
xygen conditions. 
Under hypersaline conditions (80 PSU), which

otentially impose survival challenges through
on toxicity, osmotic imbalance, and membrane
igidity—transcriptomic analysis revealed 1606
EGs (756 down-/850 up-regulated) (Fig. 3 d, and
ables S10 and S14). Maintaining a high Na+ gra-
ient is fundamental for the survival of halophilic
rganisms. In Apourosomoida sp., a plasma mem-
rane Na+ /H+ antiporter ( Fig. S3e) was identified
nd demonstrated significant up-regulation under
igh-salinity conditions, suggesting coordinated
egulation of ion-transport systems as a critical
Page 8 of 17
survival strategy under hypersaline stress. This 
parallels findings in the halophilic alga Dunaliella 
salina elevating the expression of Na+ /H+ an- 
tiporters in response to rising salinity levels [41 ]. 
In contrast, genes significantly down-regulated 
under hypersaline treatment were enriched in the 
monoatomic cation transmembrane transport, in- 
dicating a suppression of certain ion-transport ac- 
tivities. This may reflect a strategic reduction in 

both K+ efflux and Na+ influx to help maintain 

a high intracellular K+ /Na+ ratio—an essential 
component of salt tolerance in many halophilic 
organisms [42 ]. Also, the suppression of genes 
associated with DNA replication/repair (includ- 
ing components of the MCM complex), chro- 
matin assembly, and the cell cycle implies that 
cells might enter transient cell-cycle arrest and 
structural reorganization to conserve energy and 
prevent DNA damage. The enhanced activity of 
the fatty acid β-oxidation pathway might effi- 
ciently break down fatty acids to generate acetyl- 
CoA, which enters the TCA cycle to produce ATP 

( Fig. S4a and Table S12). Additionally, the re- 
sulting NADH/FADH2 may help sustain the elec- 
tron transport chain, potentially reducing electron 

leakage and contributing to the mitigation of ROS 
accumulation caused by salt stress–induced oxida- 
tive stress that impairs mitochondrial function. 
In addition, the enhancement of SAM-dependent 
methyltransferase and ligase activities might sug- 
gest epigenetic regulation and enhanced transla- 
tional fidelity involved in the hypersaline survival 
strategies ( Fig. S4b and Table S12). Analogous 
strategies have been reported in plants, where 
DNA methylation and histone modifications con- 
tribute to stress tolerance by altering gene expres- 
sion patterns [43 ]. 

Together with other possible mechanisms 
detected by the above techniques, these findings 
were integrated into a unified metabolic and 
regulatory pathway map (Fig. 3e and Table S12). 
To further validate the functions of DEGs, we 
performed RNAi-based knockdown and sur- 
vival assays as proof-of-concept under different 
stress conditions. We functionally validated 
two top-ranking DEGs: evm.model.tig639.2 
(unannotated), which showed a dramatic in- 
crease in expression under high salinity, and 
evm.model.tig2212.1 (protein kinase), which 

was strongly upregulated in response to high 

salinity, low temperature, and hypoxia (Fig. 3 f, 
g, k–m, and Table S15). In addition, we per- 
formed targeted functional validation of three 
TreT paralogs that were repeatedly differentially 
expressed under distinct stressing conditions. The 
knockdown phenotypes of these TreT genes were 
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onsistent with their transcriptional expression
atterns, confirming their contrasting roles in
tress resilience (Fig. 3 h–j, and Tables S15 and
16). Investigations into the precise mechanisms
nd pathways involving these genes are currently
nderway. 

reT glycosyltranferases, horizontally 
ransferred from an anaerobic bacterium, 
ontribute to resilience against multiple 

tressors 
iven the abundance of stress resilience genes in

he genome of Apourosomoida sp., it is unlikely
hat all were inherited from a common ancestor
ith N. apoaustralis . We hypothesize that some
f these genes originated from recent horizontal
ene transfer (HGT) of prokaryotic genes, and
re not commonly found in other ciliates. We
hen performed HGT analyses and functional
alidations of the candidate genes. Specifically,
e applied a series of analyses and stringent fil-

ering steps, including removal of contaminating
acterial sequences during genome assembly,
lien Index (AI) screening (AI > 0.05) against
he NCBI non-redundant (nr) protein database,
hylogenetic analyses, the requirement that con-
igs harboring candidate genes possess telomeres
t both ends, and support from multiple raw
anopore reads spanning the entire chromosome

see Supplementary Materials for details). We
urther validated the genomic origin of candi-
ate genes by inspecting Nanopore long reads to
onfirm the physical linkage between candidates
nd telomeric repeats, and by confirming that
heir sequencing coverage was consistent at both
he DNA and RNA levels ( Figs S4c and S5a).
o minimize false positives arising from genes
f de novo origin within the ciliate genome, we
pplied additional filtering criteria, including gene
tructure analysis (excluding candidate genes with
ntrons; intronless genes are prevalent in ciliates,
able S3), differential expression under stress
onditions, and homology searches across ciliates
excluding genes commonly present in ciliate
ineages). We also excluded candidates detected
n the genomes of nine phylogenetically diverse
iliates to rule out genes broadly distributed in
iliate lineages ( Tables S17 and S18). 

Eventually, we identified two genes acquired
hrough HGT: TreT glycosyltransferase and L-
hreonine aldolase. Among them, TreT glyco-
yltransferase (evm.model.tig9057.1, abbreviated
s TreT 9057.1; Table S17) is a known enzyme
hat synthesizes α, α-trehalose, a universal stress-
rotective biomolecule. Its presence was also sup-
Page 9 of 17
ported by our Raman, HRESIMS, and differen- 
tial gene expression results (Figs. 1 j and l, 3 c
and d, and Tables S12–S14). To rigorously ex- 
clude bacterial contamination and verify the en- 
dogenous nature of the TreT candidate, we per- 
formed a detailed structural validation ( Fig. S5a). 
The contig (contig9057) harboring TreT 9057.1 
is physically flanked by ciliate telomeric repeats 
(C4 A4 )n , and high-quality Nanopore reads (mean 

quality score 16.40) spanning the entire chro- 
mosome confirmed this linkage, supported by 
synchronized sequencing depth of coverages at 
both DNA and RNA levels ( Fig. S5a). To eval- 
uate the divergence of the candidate TreT genes 
from their homologs in prokaryotes and fungi, 
we conducted sequence identity analysis ( Fig.
S5b). The analysis revealed that the ciliate genes 
shared 24.0%–42.9% sequence identity with bac- 
terial/archaeal homologs, whereas their identity 
with fungal homologs was substantially lower 
(20.6%–28.9%), indicating moderate divergence 
from bacterial/archaeal homologs and supporting 
their HGT origin rather than vertical inheritance 
from fungal or other eukaryotic lineages. 

TreT 9057.1 clusters with a glycosyltransferase 
from a Desulfobacteraceae bacterium, with an es- 
timated divergence time of ∼62.15 million years 
(Fig. 4 a and Fig. S5b). Members of the Desul- 
fobacteraceae family are also known to be strictly 
anaerobic and commonly inhabit hypersaline wa- 
ters, including salt lakes [44 ]. This suggests that 
TreT 9057.1 was likely acquired through an HGT 

event from a Desulfobacteraceae bacterium. Sub- 
sequently, gene duplications gave rise to two ad- 
ditional TreT paralogs in the Apourosomoida sp. 
genome, TreT 1709.1 and TreT 6901.1 (Fig. 4 a). 
To note, these TreT genes appear to have under- 
gone functional divergence under different envi- 
ronmental conditions. According to DEG analyses 
( Tables S12–S14), TreT 1709.1 was significantly 
up-regulated under both hypoxic and hypersaline 
conditions, whereas TreT 6901.1 was significantly 
up-regulated only under hypoxic conditions. In 

contrast, the original HGT copy TreT 9057.1 was 
expressed at low levels under all treatments and 
did not display any significant differential expres- 
sion under any condition. 

Based on the above results, we chose TreT 

1709.1 for further structural and functional in- 
vestigation. Conserved domain search analysis 
based on the primary sequence explicitly identi- 
fied two distinct domains [45 ]: the RfaB domain, 
which is typically involved in the biosynthesis 
of extracellular polysaccharides (EPS) and the 
core region of lipopolysaccharides (LPS); and 
the GT-B domain, which catalyzes the reversible 
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Figure 4. ( Continued ) ligand; the crucial amino acids are visualized in green sticks; the ADP molecule in yellow sticks; the hydrogen bonds in 
yellow dashed lines. (e and f) Structural details of the ADP-binding pocket (5 Å radius), the crucial amino acids are shown in sticks, highlighted 
in magenta. (g) RT-qPCR validation of TreT 1709.1 expression under hypoxia and high salinity. (h) Linear regression illustrating a positive 
correlation ( R2 = 0.9919, P = 0.0003) between the number of DEGs and the number of expanded gene families containing some of them, 
across five stressor treatments: LT: low temperature (4°C), HT: high temperature (28°C), HP: hypoxia (0.5 mg/L), LS: low salinity (20 PSU), HS: 
high salinity (80 PSU). 
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ynthesis of α, α-trehalose from nucleoside
iphosphate glucose and glucose (Fig. 4 a). Both
omains are highly conserved in bacteria and
ungi (Fig. 4 a). Furthermore, TreT 6901.1 lacks
he RfaB domain, consistent with the afore-
entioned subfunctionalization (Fig. 4 a and c).
tructural prediction via AlphaFold3 revealed a
igh-confidence binding model (ipTM = 0.91,
tm = 0.91) between TreT 1709.1 and ADP,
 necessary interaction involved in trehalose
ynthesis. The ligand-binding pocket functions
s a catalytic scaffold that positions ADP for
ucleotidyl transfer. Within this functionally
ssential 5-Å radius of the predicted ADP-binding
ite, eight highly conserved residues (K205, S268,
269, K274, G311, E377, L381, E385) were

dentified as putative mechanistic determinants
Fig. 4 c–f). Among them, K205, S268, R269,
274, L381, and E385 form critical hydrogen
onds with ADP, suggesting their importance in
aintaining ligand-binding stability (Fig. 4 c and
). Notably, T382 near the binding site shows
ubstantial sequence divergence across this pro-
ein family, potentially associated with substrate
pecificity or ecological niche-related regula-
ory functions. Additionally, a highly conserved
GGVAE motif (residues 39–44; Fig. S5c) was

dentified within the sequence, which is charac-
eristic of the nucleotide-recognition domain in
T-B glycosyltransferases. This motif has
een previously implicated in UDP-glucose
inding during trehalose biosynthesis, sup-
orting evolutionary retention of an ances-
ral catalytic architecture at the 3D-structure
evel [46 ]. 

We further validated the expression pattern of
reT 1709.1 by RT-qPCR (Fig. 4 g and Table S16).
ubsequent RNAi-mediated knockdown then re-
ealed that TreT 1709.1 plays a critical role in cell
urvival under both hypoxic and hypersaline stress
onditions, suggesting its essential role in stress
esilience (Figs 3 g, 5 a, and Table S16). Notably,
ilencing TreT 1709.1 also significantly reduced
ell survival under optimal conditions (50 PSU,
6°C), a phenotype that aligns with the substan-
ial accumulation of intracellular ROS observed
n the knockdown group under the same condi-
ions (Fig. 5 a and b). From a bioenergetic perspec-
ive, maintaining the constitutive expression of a
ene imposes a continuous metabolic cost; if such
Page 11 of 17
a gene were functional only under sporadic stress 
conditions, this expenditure would be energeti- 
cally inefficient. Therefore, the high basal lethal- 
ity and oxidative stress observed upon knockdown 

suggest that TreT 1709.1 is not merely a stress- 
responsive reserve but has been assimilated into 
the core metabolic network to mitigate basal ox- 
idative stress, thereby justifying the metabolic cost 
of its constitutive maintenance. 

In contrast to the broad essentiality of TreT 

1709.1, TreT 6901.1 appears to have undergone 
functional specialization. Consistent with its tran- 
scriptomic profile—which showed upregulation 

specifically under low oxygen—RNAi-mediated 
silencing (knockdown efficiency: ∼81.1%) signifi- 
cantly impaired cell survival exclusively under hy- 
poxic conditions, with no observable defects un- 
der high salinity or optimal conditions (Figs 3 i 
and 5 a, and Table S16). Finally, the ancestral-like 
copy TreT 9057.1 displayed signs of limited phys- 
iological contribution. Despite achieving a knock- 
down efficiency of ∼71.9% (Fig. 3 j), its silencing 
did not result in significant changes in cell sur- 
vival under any of the tested conditions, which 

is in alignment with its consistently low expres- 
sion levels. Collectively, these findings illustrate 
the functional divergence of the TreT paralogs: 
a broad stress response in TreT 1709.1, hypoxia- 
specific specialization in TreT 6901.1, and limited 
responsiveness in TreT 9057.1. 

Evolutionary dynamics of genes 
associated with the polyextremophilic 
capabilities 
To elucidate the evolutionary history of the stress- 
associated genes, we first performed analyses 
of gene-family expansion and contraction, using 
published genomes of eight ciliates and two Exca- 
vata species, as well as those of Apourosomoida sp. 
and N. apoaustralis assembled in this study. 

In total, the 12 species comprise 364565 genes, 
with 315948 assigned to 46356 gene families, 
with 584 gene families common to all species. 
Seven single-copy orthologous genes used for 
divergence-time analysis, using calibration points 
from Timetree, suggest that Apourosomoida sp. 
diverged from its common ancestor with N. 
apoaustralis ∼424 million years ago (Fig. 3 a). It is

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
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ot uncommon for even congeners of ciliates to
iverge from each other for hundreds of millions
f years in ciliates, which are known to have an ex-
remely long evolutionary history [47 ,48 ]. A total
f 289 expanded gene families and 801 contracted
ene families were identified in Apourosomoida
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sp. (Fig. 3 a). The expanded gene families are 
enriched in biological processes such as DNA 

repair, DNA damage response, and the ubiquitin- 
dependent protein catabolic process, suggest- 
ing a potential enhancement in the targeted 
degradation of damaged or misfolded proteins 
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 Fig. S6a and Table S19). The number of DEGs
n response to various stressors showed a posi-
ive correlatation with the number of expanded
ene families that include some of the DEGs
 R2 = 0.9919, P = 0.0003; Fig. 4 h). Addition-
lly, among the five spirotrich species, there are
436 shared homologous gene groups between
pourosomoida sp. and N. apoaustralis , with 168 not
resent in any of the other three spirotrich species
Fig. 3 a). Specifically, Apourosomoida sp. has 350
nique gene families not present in any other
iliates, potentially reflecting lineage-specific
enomic innovations ( Fig. S6b). These unique
ene families are especially enriched in biolog-
cal processes associated with efficient resource
tilization and cell cycle regulation ( Fig. S6c and
able S19). For example, enhanced autophagy
athways may facilitate the recycling of cellular
omponents during nutrient scarcity, while en-
ichment in lipid transport pathways is consistent
ith a role in maintaining membrane fluidity and
smotic balance under high-salinity conditions.
oreover, refined cell cycle regulation might

ontribute to rapid proliferation during tran-
iently favorable conditions and energy-efficient
ormancy during prolonged stress. Together,
hese genomic features may collectively support
he organism’s capacity to survive and thrive in
he extreme environments of the Tibetan salt lake.

We then estimated selective pressures on ho-
ologous gene pairs between Apourosomoida sp.

nd N. apoaustralis . In > 99% of genes, the dS val-
es (rate of synonymous mutations) exceeded one,
ndicating widespread mutation saturation pos-
ibly due to the extremely long divergence time
etween the two species—despite N. apoaustralis
eing the closest culturable relative with rela-
ively high genome assembly quality. Given that
uch saturation renders the dN/dS ratio unreli-
ble and in principle all genes within a species
hould have similar dS, we instead focused on
he 20 genes with the highest dN values (rate
f nonsynonymous mutations), all of which were
lso differentially expressed under at least one
f the stressing conditions tested in this study
 Table S20). Most of these genes, possibly un-
er natural selection, are involved in mecha-
isms potentially linked to stress resilience, such
s phosphorelay signal transduction, which may
nhance sensing sensitivity to salinity fluctuations
nd cold stress, dsDNA-binding proteins impli-
ated in maintaining genetic fidelity under high
onic strength, mitotic CDK holoenzyme com-
lex regulators optimizing cell cycle checkpoint
ontrol for energy conservation in hypoxia, and
erinuclear-localized gene products hypothesized
Page 13 of 17
to form stress-response hubs to accelerate envi- 
ronmental signal relay to the nucleus ( Fig. S7
and Table S19). Future exploration, particularly 
with population-level data, will provide more in- 
sights into the evolutionary mechanisms of stress- 
resilience in Apourosomoida sp. 

DISCUSSION 

Using an integrative approach combining cell 
biology, systematics, biochemistry, multi-omics, 
molecular genetics, and evolution analyses, we 
explored the polyextremophilic capabilities of a 
rare ciliate Apourosomoida sp. LHA081A01 from a 
Tibetan salt lake. Our findings reveal numerous 
stress-resilience mechanisms enabling survival 
under low temperature, high salinity, and hypoxic 
conditions—most notably, the accumulation of 
trehalose, which likely plays a key protective 
role. Additionally, horizontal gene transfer and 
widespread natural selection were identified in 

key stress-resilience genes, many of which are 
differentially expressed under specific stressors 
and belong to expanded gene families. 

Nevertheless, further functional studies are 
needed to fully uncover the polyextremophilic 
capacities, particularly on stress-associated genes 
lacking functional annotations and unidentified 
biomolecules abundant in the cells (Figs 1 k and 
l, 3 g, and Table S15). Besides, laboratory stress 
treatments cannot fully replicate the complexity 
of natural environments, such as the influence of 
air pressure, seasonal variations, and microbial in- 
teractions, which are crucial in shaping microbial 
traits in high-altitude ecosystems. Future studies 
could apply long-term in situ monitoring to bet- 
ter capture the mechanisms under natural condi- 
tions. Furthermore, this study is based on obser- 
vations from a single isolate, which may limit the 
generalizability of our findings. Expanding sam- 
pling efforts to include a broader range of salt 
lakes—despite several of our recent unsuccessful 
attempts—and conducting population-level anal- 
yses would help address this limitation. 

Although Apourosomoida sp. has an extraordi- 
nary toolbox to tackle the environmental chal- 
lenges of the Tibetan salt lake, this does not guar-
antee its success in the face of climate change. The
salinity of many Tibetan salt lakes is decreasing 
due to a regional warming rate three times faster 
than the global average, which accelerates glacial 
melt. This trend is further intensified by shifts in 

the balance between precipitation and evapora- 
tion [49 ,50 ]. Correspondingly, the survival rate of 
Apourosomoida sp. decreases under high tempera- 
ture or low salinity (Fig. 1 n and o). Differential

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag117#supplementary-data
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ene expression analyses at an elevated tempera-
ure (28°C) or reduced salinity (20 PSU) further
onfirm the severe threat to its viability, as in-
icated by the enrichment of autophagy, double-
trand break repair, DNA damage response, and
o on ( Fig. S8a and c, and Tables S12, S21, and
22). In low-salinity environments, the significant
nrichment of cytoskeletal and microtubule mo-
or activity is consistent with the observed trans-
ormation of cells into a spherical shape. Addi-
ionally, the induction of oxidoreductase activity
nd FAD-binding proteins further indicates cellu-
ar mechanisms aimed at mitigating the accumu-
ation of ROS, which may arise as byproducts of
isrupted cellular homeostasis ( Fig. S8b and d, and
able S12). This thus provides a vivid example of
ow climate change might affect protozoa in high-
ltitude salt lakes. 

Across all tested environmental stressors (LT:
ow temperature, HT: high temperature, HP:
ypoxia, LS: low salinity, HS: high salinity), tran-
criptomic analyses identified 35 shared DEGs
ignificantly enriched in pathways potentially
ontributing to resilience against multiple stres-
ors ( Fig. S9a). Among them, the RNA helicase
617.1, by dynamically remodeling RNA sec-
ndary structures and RNA-protein complexes,
afeguards the fidelity and efficiency of gene
xpression ( Fig. S3a–f). The Camp-dependent
rotein kinase complex acts as a central signal-
ng hub, integrating temperature and salinity
tresses through phosphorylation cascades in
rder to regulate downstream cellular responses.
ifferential expression of cytoskeleton-related
enes suggests dynamic structural adjustments for
smoregulation in hypersaline conditions, poten-
ially mediated by phosphorylation modifications.
oordinated activation of lipid metabolism and
utophagy pathways implies functional coupling
etween energy supply and transmembrane
ransport demands. Concurrent translation
uppression reflects the necessity of protein
uality control systems under combined stresses
 Fig. S9b). This hierarchical interaction network
hus reveals a survival strategy where phospho-
ylation core nodes coordinate cellular plasticity,
etabolic reprogramming, and stress responses,

upporting the success of Apourosomoida sp. in
abitats characterized by hypersalinity, low dis-
olved oxygen, and seasonal freeze–thaw cycles. 

Although in situ measurements from Yibug
aka indicate non-extreme dissolved oxygen lev-
ls (DO 5.36–6.64 mg/L in both summer and
inter), which appear inconsistent with the

trong hypoxia resilience of Apourosomoida sp.,
his species is predominantly periphytic, inhab-
Page 14 of 17
iting the sediment–water interface and even the 
sediment itself. Such microhabitats, particularly 
when combined with localized organic inputs (e.g. 
from wildlife), can generate transient or spatially 
restricted hypoxic zones that are not captured by 
bulk water measurements. Alternatively, hypoxia 
tolerance in this species may be maintained as 
a ‘hitchhiking’ trait, co-selected alongside high- 
salinity tolerance due to the pleiotropic effects of 
TreT. 

The genome size and protein-coding gene 
number, both among the lowest recorded in cil- 
iates ( Table S3), as well as the majority of genes 
having no introns, also possibly facilitate survival 
under harsh environmental conditions by mini- 
mizing energy costs and optimizing genes asso- 
ciated with DNA replication, maintenance, and 
transcription. This aligns with the extremophilic 
ciliate Fabrea salina , which has the smallest known 

ciliate genome and tolerates salinities ranging 
from 35–180 PSU ( Table S3) [16 ], suggesting pos- 
sible convergent evolution driven by similar eco- 
logical constraints. Notably, unlike Apourosomoida 
sp., F. salina lacks trehalose biosynthesis enzymes 
and instead utilizes betaine synthesis for osmopro- 
tection, further reflecting ciliates’ diverse strate- 
gies to tackle hypersaline environments. Using the 
AI index method, we investigated HGT events in 

this species and identified ten genes likely acquired 
from bacteria. However, most of these represent 
ancient HGT events, as 90% of the lineages carry- 
ing the candidate genes belong to Heterotrichida 
ciliates, suggesting that the transfers likely oc- 
curred in the common ancestor of this group. 

The evolutionary origin of Apourosomoida sp. 
dates back ∼424 million years to the Early Paleo- 
zoic era, when it diverged from its common ances- 
tor shared with N. apoaustralis (Fig. 3 a). Through- 
out its geological history, the Paleo-Tethys 
Ocean region corresponding to the present-day 
Tibetan Plateau underwent multiple dramatic 
environmental changes. Notably, during the Late 
Devonian period (419 to 359 Mya), the Earth 

experienced a significant global environmental 
crisis characterized by widespread oceanic anoxia 
and mass species extinction, known as the Late 
Devonian extinction event [51 –53 ]. Although the 
divergence of Apourosomoida sp. slightly predates 
this event, the prolonged environmental fluctua- 
tions in the Paleo-Tethys Ocean region may have 
had profound effects on the evolutionary trajec- 
tory of its ancestor [54 ]. These environmental 
upheavals, together with the later continuous 
rises of the Tibetan Plateau, possibly drove an- 
cestral populations of Apourosomoida to evolve 
diverse mechanisms against extreme stresses, such 
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s low oxygen, high salinity, and low tempera-
ures, ultimately shaping their polyextremophilic
apabilities observed today. While our compara-
ive genomic analyses identified candidate genes
evealing high divergence and transcriptional re-
ponsiveness, we acknowledge that conclusively
istinguishing positive selection from relaxed
urifying selection remains challenging in the
bsence of population-level data. Acquiring such
omprehensive datasets is currently limited by
ubstantial logistical challenges associated with
he Tibetan high-altitude salt lakes, where ex-
reme remoteness and harsh conditions make
xtensive sampling exceptionally difficult. Future
tudies should aim to overcome these constraints
o further clarify the evolutionary forces shaping
pourosomoida sp. 
In conclusion, this study provides novel in-

ights into the stress-resilience capabilities of
pourosomoida sp. in the extreme environment of
he Tibetan salt lakes. Through integrative anal-
ses, we reveal that this rare ciliate has polyex-
remophilic features driven by a combination of
orizontal gene transfer, natural selection, and
ene-expression plasticity. The species demon-
trates an extraordinary capacity to endure high
alinity, hypoxia, and low temperature, facili-
ated by protective metabolites such as trehalose
nd β-carotene, robust antioxidant systems, and
ynamic regulation of stress-response pathways.
he unique gene-sized chromosome, relatively
igh GC content, and minimized intronic load
urther suggest that genome architecture might
ontribute to long-term survival in harsh condi-
ions. Nevertheless, the existence of this ciliate
s still challenged by climate change, due to its
nability to withstand high temperature and low
alinity. This study demonstrates high-altitude
icrobial eukaryotes as valuable extremophile
odels for studying stress-resilient mechanisms

nd evolution. 

ATERIALS AND METHODS 

e quantified the polyextremophilic capabili-
ies of Apourosomoida sp. LHA081A01, collected
rom Yibug Caka, a salt lake in Tibet (32.99°N,
6.66°E; altitude 4533 m) on 1 August 2020. Cell
urvival was evaluated across gradients of salinity,
issolved oxygen, and temperature. Raman spec-
roscopy, HPLC, and HRESIMS analyses were
erformed to identify cellular biomolecules and
ugars. De novo assembly of the macronuclear
enome was carried out using Oxford Nanopore
ong-read and Illumina NovaSeq 6000 PE150
equencing and Canu, followed by annotation
Page 15 of 17
with AUGUSTUS, EuGene, Omicsbox, and tran- 
scriptomic data. Differential gene expression 

and pathway enrichment analyses were per- 
formed under varying environmental conditions. 
Evolutionary investigations included analyses 
of horizontal gene transfer, dN/dS, gene fam- 
ily expansion/contraction, and phylogenomics. 
Structural and functional validation of candidate 
genes was done using AlphaFold3, RT-qPCR, and 
RNAi, complemented by survival assays under 
treatment and control conditions. Detailed pro- 
cedures, parameters, and all relevant references 
pertaining to the materials, reagents, instruments, 
and analytical approaches described herein are 
provided in the Supplementary Materials. 

Resource availability 
All raw sequences in this research are pub- 
licly available at National Genomics Data Cen- 
ter (NGDC, https://www.cncb.ac.cn/), China 
National Center for Bioinformation, under 
the project accession numbers CRA026007, 
CRA026008. Two newly assembled and anno- 
tated macronuclear genomes are uploaded to the 
NGDC: GWHGEEQ00000000 ( Apourosomoida 
sp. LHA081A01) and GWHGEEPO0000000 
( Notohymena apoaustralis SC0818). Strains are 
available upon request. All scripts for data 
analyses are available at: https://github.com/
IEMB-LEG/Lab-of-Evolutionary-Genomics. 
All data needed to evaluate the conclusions in 

the paper are present in the paper and/or the 
Supplementary Materials. 

SUPPLEMENTARY DATA 

Supplementary data are available at NSR online. 
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