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Ultraviolet radiation (UVR) is a ubiquitous environmental factor and with

complex and diverse effects on organisms, and the UVR tolerance of species

varies due to selection, adaptation and evolution. This study aimed to improve

our understanding of the interspecific differences in UVR tolerance of fishes.

First, we compared skin histology between high-altitude fishes and their low-

altitude relatives. Second, we assessed the skin histological changes of 22 fish

species after UVR exposure and quantified their damage levels. Finally, the

factors affecting the difference in UVR tolerance among fishes were studied.

Thin or absent scales was a common characteristic of high-altitude fishes in

different taxonomic groups, but other skin structure parameters (the thickness

of the dermis and epidermis, the size and number of mucous and club cells) did

not show convergence. After UVR exposure, the size and number of mucous

cells and club cells in the experimental fishes were generally reduced, but the

changes in epidermal and dermal thickness varied among species. The change

rata of melanin area was strong negatively correlated with the level of damage,

indicating that increased melanin was helpful to reduce UVR damage. On the

whole, the skin histological changes of high-altitude fishes after UVR exposure

did not differ from those of low-altitude fishes. However, the epidermis and

dermis of Gymnocypris eckloni and Oncorhynchus mykiss, which had the

highest UVR tolerance, were nonpathologically thickened, indicating that they

may contribute to UVR tolerance. There were significant interspecific

differences in UVR tolerance among the experimental fishes, with high-

altitude and cold water fishes showing stronger UVR tolerance. Interestingly,

some low-altitude cold water fish (e.g., O. mykiss) also showed high UVR
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tolerance, suggesting that besides high-altitude adaptation, low-temperature

adaptation also may play an important role in organismal adaptation to UVR.
KEYWORDS

skin structure, histology, UVR damage, low-temperature adaptation, plateau fish,
high-altitude adaptation
Introduction

Ultraviolet radiation (UVR) is a ubiquitous environmental

factor, and its intensity changes with time and space; it is stronger

at low latitudes and high elevations and in summer than in winter

(Holzle and Honigsmann, 2005; Beckmann et al., 2014). The

complex and diverse effects of UVR on the physiology, distribution

and population dynamics of numerous organisms are being

increasingly recognized (Paul and Gwynn-Jones, 2003; Kessler

et al., 2008; Leech et al., 2009; Gautam et al., 2010; Ballare et al.,

2011; Beckmann et al., 2014). Differences in UVR tolerance among

fish have long been recognized (Fabacher and Little, 1995; Blazer

et al., 1997; Fukunishi et al., 2006), but only a few species have been

compared, and the associated studies failed to provide mechanistic

explanations or employ ecological correlation analyses.

High natural UVR exposure has deleterious consequences for

aquaculture fish species inhabiting shallow waters, such as tanks,

ponds, and cages in offshore areas (Bullock, 1982; Zagarese and

Williamson, 2001; Williamson et al., 2019; Alves et al., 2020). Skin

damage is themost commonharmful effect ofUVR exposure in fish.

Signs of sunburn, hyperpigmentation, disruption of the mucous

layer, epidermal edema, necrosis, and sloughing of the epidermis are

some of the consequences of UVR overexposure on fish skin

(Bullock, 1988; Ewing et al., 1999; Manek et al., 2012; Abedi et al.,

2015). The epidermis offish mainly consists of mucous cells (goblet

cells), club cells (alarm substance cells) and several layers offlattened

stratified epithelial cells.Mucous cells are sensitive toUVR exposure,

with their number and size tending todecrease after exposure (Blazer

et al., 1997; McFadzen et al., 2000; Sucre et al., 2012; Abedi et al.,

2015). Club cells may be important in the protection against UVR

damage, e.g., some fishes had significantly more club cells on their

dorsal surface than theirflank (Hugie, 1990; Chivers et al., 2007), and

some fishes had significantly more and larger club cells after UVR

exposure (Blazer et al., 1997). However, in other studies, some fish

had fewer and smaller club cells under UVR exposure (Manek et al.,

2012; Manek et al., 2014). These contradictory results indicate that

the responses of club cells to UVR exposure differ among species,

which may also be due to differences in experimental conditions.

However, multispecies studies carried out under the same

experimental conditions are lacking.

Among all orogenic belts on Earth, the Tibetan Plateau is known

as the “roof of the world” due to its vast area and high average
02
elevation (>4000 m above sea level). The uplift of the plateau has

significantly affected the climate, caused geoenvironmental changes

inAsia and created a unique highland habitat with extreme coldness,

high UVR, low oxygen, and in some places, severe aridity, which has

attracted extensive attention frombiologists and paleontologists (Qu

et al., 2013;Wang et al., 2015; Yuan et al., 2020; Liu et al., 2021a;Mao

et al., 2021; Yang et al., 2021a). However, numerous fish are adapted

to such extreme conditions, including Schizothoracinae (family:

Cyprinidae), Sisoridae (superfamily: Sisoroidea; order:

Siluriformes), and Triplophysa (family: Nemacheilidae; order:

Cypriniformes). High-altitude lakes and rivers have clear water

with low UVR attenuation (Bullock, 1988; Liu et al., 2021b).

Therefore, high-altitude fish experience greater UVR pressure. Skin

is the first defense layer against UVR. Therefore, the skin structure of

high-altitude fish may undergo adaptive evolution. However,

previous studies on the adaptation of fish to high-altitude

environments mainly focused on extreme coldness and low oxygen

and employed genetic analysis (Xiao et al., 2020; Yuan et al., 2020;

Yang et al., 2021b), and little attentionwas given toUVR adaptation.

In addition, current research on fish high-altitude adaptationmainly

involves the genetic analysis approach and lacks experiments and

phenotypic comparisons.

Investigating differences in UVR tolerance and associated

phenotypes is the first step in gaining a deeper understanding of

the mechanisms involved. In this study, we compared UVR

tolerance and skin histology before and after irradiation among

22 fish species and asked which factors contributed to their

differences in tolerance. Specifically, we aimed to answer three

main scientific questions: (1) What are the differences in the skin

structure of high-altitude species relative to their low-altitude

relatives? (2) What are these differences in tolerant vs. less

tolerant species? What are they in less tolerant species? (3) Which

factors cause differences in UVR tolerance?
Materials and methods

Experimental animals

First, the differences in skin histology of high-altitude fishes

(Schizothoracinae (family: Cyprinidae), Sisoridae (superfamily:

Sisoroidea; order: Siluriformes), and Triplophysa) and their low-
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altitude relatives were assessed (Table S1). Second, the skin

structure change among 22 species after UVR exposure were

determined (Table S3). Sources of the experimental fish include

(1) the artificial breeding of offspring of wild species. The species

were collected by fishing net or minnow traps in the wild, and

bred to sexual maturity in the artificial culture environment, and

the offspring were obtained by artificial insemination. (2) Wild

species. The species were collected by fishing nets, minnow traps

or fishing rods in the wild. (3) Aquaculture species. Before the

start of the experiment, all species were temporarily kept in an

indoor recirculating aquaculture system at a suitable

temperature and fed commercial feedstuff (Citico, T3, 40%

crude protein). We referred to previous studies (Ding, 1994;

Chen, 1998; Guo et al., 2021) and our laboratory’s long-term

field investigation experience to classify the habitat water

temperature and altitude distribution of each experimental fish

(this information such as classification, length and origin of

species can be found in Tables S1 and S3). The experimental

fishes were divided into high-altitude (average altitude >

1000 m) and low-altitude (average altitude< 1000 m) fishes,

and cold water (temperature range: 0-25°C) and eurythermal

fishes (temperature range: 0-32°C) (Table S3).
Histology

In the comparison of skin histology between high-altitude

species and low-altitude species, to reduce the error caused by

differences in the culture environment, all experimental fish were

cultured in aerated tap water for 3 days before skin tissue

collection, and since both cold water fish and eurythermal fish

were examined, an intermediate culture temperature (20°C) was

set. Then, the fish were euthanized with an overdose of MS-222

(tricaine methane sulfonate, 500 mg/L), and their body width

was measured. Next, lateral skin tissue (above the lateral line and

anterior to the dorsal fin, with a length of 0.5-1.0 mm and a

width of 0.3-0.6 mm, Figure 1A) was collected, fixed in 4%

paraformaldehyde for approximately 12 hours at 4°C and then

transferred to a 70% alcohol solution for long-term preservation.

Although the tissues included scales, the scales of juvenile fish

are not well developed, so we did not decalcify the tissues to

soften the scales. Then, the skin tissues were placed in plastic

cassettes and processed (gradual dehydration in 70–100%

alcohol, clearing in xylene, and embedding in paraffin wax).

Traditional paraffin sections (6 mm) were obtained using a

microtome (Leica 2245, Leica, Germany), and 30-60

approximately consecutive sections per sample were retained,

they were attached to 3 slides, 10-20 sections per slide. These

sections were stained with an AB-PAS staining kit (DG1014-

6×100ML, Dingguo). All sections were observed using a

microscope (Nikon SMZ25, Japan). A complete and

representative section was selected for each sample, and three

random images of this section were photographed (100×). Each
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image was measured using ImageJ software (National Institute

of Health, Bethesda, MD). We sequentially measured the

thickness of the epidermis (outermost layer), scales and dermis

in each image(with a representative area of intermediate

thickness selected). Next, 10 mucous cells and 10 club cells

were randomly selected in each image, and their mean cross-

sectional area was calculated. Then, we measured the length of

the skin tissue and counted the number of all mucous cells and

club cells in each image to calculate their number per unit length

in skin cross section (n/mm) (Figure 1B). Finally, we calculated

indicators for each image, including the relative epidermis

thickness (RET), relative scale thickness (RST), relative dermal

thickness (RDT), mean area of mucus cells (MAMC), mean area

of club cells (MACC), relative total area of mucous cells

(RTAMC), relative total area of club cells (RTACC), using the

following formulas:

RET = ET=BW � 104

RST = ST=BW � 104

RDT = DT=BW � 104

RTAMC = MAMC � NMC=BW2 � 105

RTACC = MACC � NCC=BW2 � 105

Where ET represents the epidermis thickness, ST represents

the scale thickness, DT represents the dermal thickness, BW

represents the body width. These indicators are divided by body

width to eliminate the effect of fish size. MAMC represents the

mean area of mucous cells, NMC represents the number of

mucous cells, MACC represents the mean area of club cells, and

NCC represents the number of club cells. These indicators are

divided by body width squared to eliminate the effect of fish size

(considering that both RTAMC and RTACC are area data

divided by body width squared to eliminate units). The above

indicators are multiplied by 104 or 105, so that most of the final

values are between 10~100. The same methods and indicators

are used in our previous study (Gu et al., 2022).
UVR exposure

In an indoor pond (2.7 m × 3.4 m, in a transparent

greenhouse), eight 65 L white breeding buckets (with a bottom

diameter of 34 cm and a large number of 6-8 mm diameter holes

punched in the wall of the barrel to maintain water exchange)

were divided into 4 experimental groups and 4 control groups,

allowing simultaneous experiments on 4 species. The

experimental groups were on one side, and the control groups

were on the other side. There were 4 equally spaced oxygenating

heads in the pool, which provided continuous oxygenation for
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24 hours. The buckets in the experimental group were placed

below a 275 W full-spectrum solar lamp (Sparkzoo, China). In

contrast, the buckets in the control group were covered with a

transparent acrylic sheet, which resulted in nearly undetectable

UVR. We set the experimental UVA and UVB daily dose based

on the natural doses of solar UVA and UVB radiation in the

Lhasa area of the Qinghai-Tibet Plateau in summer; the average

is approximately 1.50×103 kJ/m2/d (UVB/UVA ≈ 0.07~0.10)

(Peng et al., 2015; Weise et al., 2018; Zhao et al., 2018; Norsang

et al., 2019). These sun lamps were suspended 15 cm above the

water surface, and the light reached the entire water surface. At

this height, the central doseof solar UVA and UVB radiation was

approximately 1.08×102 kJ/m2/h (UVB/UVA ≈ 0.09) as

measured by a multiprobe ultraviolet irradiator (LS125,

Linshang, China). The water depth (local groundwater) in the

bucket was kept at approximately 15 cm to maintain activity

space for the experimental fish and prevent excessive UVR loss.

The water temperature was controlled at 16 ± 1°C (close to the

natural water temperature at the beginning of the experiment)

by a temperature controller (CW-5000A, Resun, China), and the

water was evenly distributed by a water pump (Figures 1C, D).

The experimental and control groups of each species

included 6 individuals each. The experimental groups received

irradiation by a sun lamp every day for 7 days from 7:00 to 19:00
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(Date: March-April; Location: Chongqing, China; Altitude:

250 m), and the UVA and UVB daily dose was approximately

1.30×103 kJ/m2/d. The dorsal skin tissue of all fish was collected

and fixed on the evening of the seventh day, and then paraffin

sections, AB-PAS staining and quantification were performed.

In addition to the above indicators, we additionally measured the

total area of melanocytes (TAM) of all fish per unit length of skin

(1 mm) using the color range selection function in Adobe

Photoshop 13.0 (Adobe, San Jose, CA, USA). Similarly, they

were divided by body width squared to eliminate the effect offish

size, and the relative total area of melanocytes (RTAM) was

calculated using the following formulas:

RTAM = TAM=BW2 � 105

In addition, the change rate of above all indicators was

calculated using the following formulas:

Change   rate = MC −MEð Þ � MC � 100%

Where MC represents the mean of control group; ME

represents the mean of experimental group.

At the end of the 7-day exposure experiment, no fish in the

control group had died, but some fish in the experimental group

had died and thus were not subjected to tissue sectioning.
A B

DC

FIGURE 1

Schematic diagram of experimental methods. (A) Skin tissue sampling area. (B) Histological measurement. ET, epidermal thickness; ST, scale thickness;
DT, dermal thickness. The scale is 50 mm. (C) Plane diagram of the UVR exposure experiment. (D) Sectional diagram of UVR exposure experiment.
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Damage levels

The damage caused by UVR exposure was classified into 0-6

levels based on previous studies (Bullock, 1988) and slightly

modified according to the experimental conditions (Figure S1).

Level 0: Histologically, the epidermis in the exposed group

changed, but there was no obvious damage.

Level 1: Histologically, the epidermis in the exposed group

did not slough off, but there were obvious changes in cell size,

such as smaller mucous cells and club cells.

Level 2: Histologically, the epidermis in the exposed group

did not slough off, but there were obvious changes in cell

structure, such as irregular structures of mucous cells and

club cells.

Level 3: Histologically, initial sloughing of the outer

epidermal layer occurred.

Level 4: Histologically, complete sloughing of the epidermal

layer occurred.

Level 5: Death occurred after UVR exposure. In addition, the

epidermis showed obvious damage, such as shedding

and necrosis.

Some species may also die from internal physiological

factors after UVR exposure, so the experimental individuals

that died but had no obvious skin damage were excluded from

subsequent analyses.
Phylogenetic analysis

The 13 protein-coding gene sequences of complete

mitochondrial genome of all experimental fishes were

downloaded, and the DNA sequences were then aligned using

the MAFFT Online Service (Katoh et al., 2019). All sequences

were obtained from GenBank (https://www.ncbi.nlm.nih.gov/

nuccore/), and GenBank accession numbers of each species are

provided in Tables S1 and S3. In PhyloSuite v1.2.1 (Zhang et al.,

2020), the 13 protein-coding genes were partitioned by the first,

second, and third codons in. Finally, a maximum likelihood

phylogenetic tree was constructed using the default setting of IQ-

TREE with default models (Trifinopoulos et al., 2016).
Statistical analyses

All data were expressed as the mean ± standard deviation

(SD) and subjected to oneway ANOVA after normality and

homogeneity were checked using IBM SPSS Statistics (version

21.0, Armonk, New York, United States). When ANOVA

identified that overall differences were significant (P< 0.05),

Tukey’s multiple range test was used to test the difference

between treatments. In this study, 0.0<│r│≤0.25 indicated no

correlation, 0.25<│r│≤0.5 indicated a weak correlation,

0.5<│r│≤0.75 indicated a moderate correlation, and
Frontiers in Marine Science 05
0.75<│r│≤1.0 indicated a strong correlation (Bae et al., 2006).

To determine the impact of phylogeny on the relationships

between the relative scale thickness and UVR damage, we

performed phylogenetic independent contrasts (PIC)

(Felsenstein, 1985) to determine whether strong relationships

existed between them without the influence of phylogeny. PIC

analysis was completed by the pic function of the APE package

(Paradis et al., 2004) in R software. All graphs were generated by

Origin software (Electronic Arts Inc, California, USA) and Excle

2022 (Microsoft, USA).
Results

Comparison of skin histology between
high-altitude and low-altitude fishes

In Cyprinidae, both Schizothorax and Gymnocypris belong

to the Schizothoracinae (in terms of morphology), but they are

not monophyletic groups according to molecular analysis

(Wang et al., 2013; Yang et al., 2015), which means that the

high-altitude adaptation of cyprinids occurred independently at

least twice. The RST of the three high-altitude fishes

(Schizothorax davidi, Percocypris pingi and Gymnocypris

eckloni) was significantly lower than that of most low-altitude

fishes. However, there were no uniform differences in other skin

histological indicators between high-altitude fishes and low-

altitude fishes. Interestingly, Gymnocypris eckloni had almost

no club cells in the epidermis (Figure 2 and Table S2).

In Cobitoidea, the RDT, MAMC and RTAMC of the four

high-altitude fishes (Triplophysa siluroides, Trilophysa bleekeri,

Homatula potanini, and Beaufortia kweichowensis) were

significantly lower than those of the low-altitude fishes.

However, there were no uniform differences in other skin

histological indicators between high-altitude fishes and low-

altitude fishes. In addition, the scales of Triplophysa siluroides,

Trilophysa bleekeri, and Homatula potanini were nearly lacking

(Figure 2 and Table S2).

In Siluriformes, there were no significant differences in any

skin histological indicators between the high-altitude species

(Euchiloglanis kishinouyei) and its low-altitude relatives

(Hemibagrus macropterus). However, the RET, RDT, MACC,

and RTAMC of Euchiloglanis kishinouyei were significantly

lower than those of another low-altitude fish (Silurus

meridionalis) (Figure 2 and Table S2).
Interspecific comparisons of
UVR damage

No mortality occurred in any control species. There were

large differences in UVR tolerance among species, and the

histological figures of each experimental fish before and after
frontiersin.org
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UVR exposure are shown in Figure S2. All individuals of

Spinibarbus sinensis (4), Sinibrama taeniatus (9), Aristichthys

nobilis (10) and Ictiobus Cyprinellus (20) died after 7 days of

UVR exposure, and the skin of the dead individuals showed

obvious damage (shedding and necrosis). All individuals of

Beaufortia kweichowensis (19) and Silurus meridionalis (21)

died after 7 days of UVR exposure, but the skin of the dead

individuals showed no obvious damage, so these two species

were excluded from subsequent analyses. A mean damage level

less than 2 appeared 5 times independently in Schizothorax

davidi (6), Gymnocypris eckloni (7), Rhynchocypris lagowskii and

Tinca tinca (12-13), Triplophysa bleekeri and Triplophysa

siluroides (17-18), and Oncorhynchus mykiss (22). Among

them, Gymnocypris eckloni and Oncorhynchus mykiss showed

the lowest damage levels (Figure 3 and Table S3). On the whole,

the UVR damage level of high-altitude fishes was significantly

lower than that of low-altitude fishes, and that of cold water
Frontiers in Marine Science 06
fishes was significantly lower than that of eurythermal fishes

(Table S4).
Interspecific comparisons in skin
histological changes after UVR exposure

The epidermis of Cyprinus carpio (1) and Cyprinus carpio

scaleless var. (2) was completely lost, and that of Luciobarbus

capito (5), Megalobrama amblycephala (8), Ctenopharyngodon

idella (11) and Opsariichthys bidens (14) was partially lost. The

RET of Acrossocheilus iridescens (3), Tinca tinca (13),

Opsariichthys bidens (14), Homatula potanini (16) decreased

significantly after UVR exposure, and that of Luciobarbus capito

(5), Gymnocypris eckloni (7), Megalobrama amblycephala (8),

Misgurnus anguillicaudatus (15), Oncorhynchus mykiss (22)

increased significantly (Figure 3 and Table S5).
A

B D

EC

F

G

FIGURE 2

Differences in skin histological structure between high-altitude and low-altitude fishes. (A) The phylogeny, altitude and skin histological
indicators (mean, standardized by the maximum) of experimental fishes. (B–G) The skin histological structure of three representative high-
altitude fishes and their low-altitude relatives. The scale is 50 mm. RET, the relative epidermal thickness; RST, the relative scale thickness; RDT,
the relative dermal thickness; MAMC, the mean area of mucus cells; MACC, the mean area of club cells; RTAMC, the relative total area of
mucous cells; RTACC, the relative total area of club cells.
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The RST of most species did not change significantly after

UVR exposure. However, the RST of Luciobarbus capito (5),

Rhynchocypris lagowskii (12) and Oncorhynchus mykiss (22)

increased significantly after UVR exposure (Figure 3 and

Table S5).

The RDT of most species did not change significantly after

UVR exposure. However, the RDT of Cyprinus carpio (1) and

Acrossocheilus iridescens (3) decreased significantly after UVR

exposure, and that of Cyprinus carpio scaleless var. (2),

Gymnocypris eckloni (7), Homatula potanini (16) and

Oncorhynchus mykiss (22) increased significantly (Figure 3 and

Table S5).

The mucous cells of Acrossocheilus iridescens (3),

Luciobarbus capito (5), Megalobrama amblycephala (8) was

completely disappeared, and the MAMC of Gymnocypris

eckloni (7), Rhynchocypris lagowskii (12), Misgurnus

anguillicaudatus (15) and Trilophysa bleekeri (17) decreased

significantly after UVR exposure. However, the MAMC of

Tinca tinca (13) increased significantly (Figure 3 and Table S5).

The club cells of Acrossocheilus iridescens (3), Luciobarbus

capito (5), Schizothorax davidi (6) and Opsariichthys bidens (14)

was completely disappeared, and the MACC of Rhynchocypris

lagowskii (12), Misgurnus anguillicaudatus (15), Homatula
Frontiers in Marine Science 07
potanini (16), Trilophysa bleekeri (17), Trilophysa siluroides

(18) decreased significantly after UVR exposure (Figure 3 and

Table S5).

The RTAMC and RTACC decreased in almost all species,

and some fishes were significantly decrease, refer to Figure 3 and

Table S5 for details.

The RTAM of Acrossocheilus iridescens (3) and Misgurnus

anguillicaudatus (15) decreased significantly after UVR

exposure, and that of Gymnocypris eckloni (7), Megalobrama

amblycephala (8) and Oncorhynchus mykiss (22) increased

significantly (Figure 3 and Table S5).

We did not find a significant difference in skin histological

change rate between two groups after UVR exposure. The

experimental fishes were divided into eurythermal and cold

water groups, and we found the RTAM change rate of cold

water group was increasing while that of eurythermal group was

decreasing, and there was a significant difference between them

(Table S6 and Figure S3).

We compared the correlation between the UVR damage and

the change rate of skin structure before and after UVR exposure,

and found that only the change rata of RTAM was strong

negatively correlated (r=-0.76, P=0.002) with the level of

damage (Table S7).
FIGURE 3

Interspecific differences in UVR damage and skin histological changes of experimental fishes. The black column for UVR damage indicates
species that died but had no obvious skin damage and were thus excluded from subsequent analyses. For each skin histological indicator
(mean, standardized by the maximum), the dark columns represent the values of the control groups, and the light columns represent the values
of the experimental groups. The light red/green background represents a significant increase/decrease (P<0.05) after UVR exposure. The
number before the Latin binomial is the serial number of the corresponding species. RET, the relative epidermal thickness; RST, the relative
scale thickness; RDT, the relative dermal thickness; MAMC, the mean area of mucus cells; MACC, the mean area of club cells; RTAMC, the
relative total area of mucous cells; RTACC, the relative total area of club cells.
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Correlation between UVR damage and
skin structure

We examined the correlations between the UVR damage

level and skin tissue structure parameters of the control group

and found that only relative scale thickness was significantly

positively correlated (r= 0.63, P=0.003 based on Pearson

correlation analysis) with UVR damage level (Table S8,

Figure 4A). In a previous study (Gu et al., 2022), we identified

4 factors that contribute to the increase in the number of fish

scales (and the reduction in their thickness), namely, low-

temperature adaptation, benthic adaptation, pelagic (upper-

middle water column) adaptation and gene mutation [e.g., the

fibroblast growth factor receptor 1 (Fgfr1) gene (Rohner et al.,

2009)]. Interestingly, when we excluded the species with benthic

adaptation, pelagic adaptation and mutation, the UVR damage

level of the remaining species was strongly significantly

positively correlated (r=0.92, P=3.6×10-6 based on Pearson

correlation analysis; r=0.75, P=0.003 based on PIC correlation

analysis) with the relative scale thickness (Figures 4B and 4C).

The number of scales in these remaining species is mainly

affected by temperature, with lower temperatures associated

with more numerous (and thinner) scales in general (Gu et al.,

2022), suggesting that low-temperature adaptation may be

related to UVR adaptation. Indeed, the UVR damage in cold

water fish was significantly lower than that in eurythermal fish

(P=2.0×10-4) (Figure 5). Tinca tinca (13) was an exception. It is a

eurythermal fish but is distributed at high latitudes (northern

Eurasia) and shows strong adaptability to low temperature.
Discussion

Skin histological differences between
high-altitude and low-altitude fishes

High-altitude fishes all show small and thin scales or even

the absence of scales. In Cyprinidae, with the uplift of the

Tibetan Plateau, primitive large-scale Barbinae fish evolved

into thin-scale or scaleless Schizothoracinae fish, which was

mainly related to low-temperature adaptation (Cao et al., 1981;

Gu et al., 2022). However, in Cobitoidea and Siluriformes, the

scales were originally degenerated or lacking, and previous

studies suggested that these fishes can escape UVR via a

burrowing and benthic lifestyle (Cao et al., 1981). The lateral

skin of G. eckloni had almost no club cells, similar to that of

Oncorhynchus mykiss. Interestingly, among all the experimental

fishes, these two species had the least skin damage after UVR

exposure. The absence of club cells leads to an increased

proportion of epithelial cells in the epidermis, indicating that

epithelial cells may have played an important role in UVR

resistance. In Cobitoidea, most high-altitude species lack a

burrowing lifestyle, so they do not need to secrete much
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mucus, which may be why the size and total area of mucous

cells in high-altitude species (mainly with a benthic lifestyle)

were lower than those in low-altitude species (mainly with a

burrowing lifestyle). In summary, thin scales or the absence

of scales was common among high-altitude fishes in different

taxa, but their other skin structure parameters did not

display convergence.
Interspecific differences in skin
histological changes after UVR exposure

Reduction in the number and size of fish mucous and rod

cells after UVR exposure is common universal, and declining

numbers of mucous cells in UVB-exposed fish might result from

both a shorter cell half-life due to stimulated secretion and

inhibition of cell regeneration (Kaweewat and Hofer, 1997).

UVR exposure decreased the investment of experimental fish

into club cells, and a previous study showed that short-term

UVR exposure increased the physiological stress response in

fishes, resulting in a reduction in epidermal club cell investment

(Manek et al., 2012). However, the specific mechanism needs

further study.

The epidermis is the carrier of mucous cells and club cells.

After UVR exposure, the total area of mucous and club cells in

fish decreased, which may have led to a decrease in their

epidermal thickness. Indeed, the findings in some species

support this hypothesis, such as Acrossocheilus iridescens and

Tinca tinca. Interestingly, epidermal thickness in some species

increased after UVR exposure, but the reasons for the thickening

were different. In Gymnocypris eckloni and Oncorhynchus

mykiss, the proliferation of epithelial cells led to epidermal

thickening. In Megalobrama amblycephala, the vacuolation of

epithelial cells led to epidermal thickening. In Misgurnus

anguillicaudatus, the vacuolation of epithelial cells and an

increased number of club cells led to epidermal thickening.

The vacuolation of epithelial cells is a manifestation of UVR

damage (Bullock, 1988; Ewing et al., 1999). Notably, the increase

in epidermal cell investment may be an important reason for the

strong UVR resistance of Gymnocypris eckloni and

Oncorhynchus mykiss. Similarly, the dermal thickness

significantly increased in Gymnocypris eckloni and

Oncorhynchus mykiss. In addition, the change rata of melanin

area was strong negatively correlated with the level of damage,

where Gymnocypris eckloni and Oncorhynchus mykiss increased

significantly, indicating that increased melanin was helpful to

reduce UVR damage. In humans, exposure of skin to UVR leads

to thickening of the epidermis and dermis, which along with

pigmentation protects humans from UV-induced damage

through reduced penetration of UV rays into the body (Pearse

et al., 1987). Thickening is estimated to provide 10-fold higher

protection from sunburn (McGregor and Hawk, 1999). In

addition, epidermal thickening allows a larger number of cells,
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FIGURE 4

Relationship between the relative scale thickness (RST) and UVR damage of experimental fishes. (A) Traditional correlation between the RST and
UVR damage in all fishes. (B) Traditional correlation between the RST and UVR damage in reserved fishes. (C) Correlation between the RST and UVR
damage in reserved fishes as measured by PIC analysis. The circle and whiskers indicate the mean ± SD. A data point will be lost in PIC analysis.
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which increases the antioxidant potential of the epidermis (Lee

et al., 2005). In summary, nonpathological skin thickening and

melanin area increasing may reduce UVR damage, especially in

UVR-resistant species.
Relationship between habitat altitude
and temperature and its effect on fish
UVR tolerance

Among all the skin indicators, only relative scale thickness

had a positive correlation with UVR damage in the experimental

fish. Two important factors affect the number or thickness offish

scales: temperature and water column position (Gu et al., 2022).

Both benthic adaptation (such as in loaches and eels) and

epipelagic adaptation (such as in silver carp) can lead the

scales to become smaller and thinner (Gu et al., 2022). At

colder temperatures, development (organ formation and

differentiation) is slower than growth (individual size

increase), and scales appear later when the individual is larger.

Since the initial size of the scales is conservative, a larger

individual will have more scales covering its body. Therefore,

fish will have more scales under colder temperatures (Hubbs,

1922; Levin, 2010; Levin, 2011). Interestingly, when we excluded

the species with benthic adaptation, pelagic adaptation and

mutation, relative scale thickness showed a strong positive

correlation with UVR damage in the experimental fish,
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indirectly indicating that UVR damage may be related to

temperature adaptation.

Geographically, temperature is mainly affected by altitude and

latitude; with increasing altitude, the stronger theUVR is, the lower

the temperature. In addition, the upper reaches of rivers at higher

altitudes are usually clear and shallow, providing weak UVR

degradation, which may also lead to the long-term exposure of

fish to highUVR. Therefore, long-term low-temperature and high-

UVR adaptation may simultaneously affect UVR tolerance in fish.

However, identifying themain driving factor is beyond the scope of

the current study. Nevertheless, higher plants protect themselves

against UV-induced damage by forming epidermally located

phenolic compounds, such as flavonoids, which screen UVR

(Emiliani et al., 2013). Interestingly, enhanced UVB radiation was

probably not the key factor triggering shifts in the phenolic

composition in flavonoids produced at higher altitudes but rather

temperature, which decreases with altitude (Albert et al., 2009).

Similarly, the acclimation of Arabidopsis thaliana to low

temperature protects against UVR damage, and the main

mechanism was enhanced epidermal screening, which reduces

the epidermal transmittance of UVB irradiance (Schultze and

Bilger, 2019). This evidence suggests that low-temperature

adaptation plays an important role in UVR tolerance. Tinca tinca

and Oncorhynchus mykiss possess small scales, and excellent low

temperature adaptability. They are not high-altitude fish, but they

possess highUVR tolerance, which also suggests the importance of

low temperature adaptation for organismal UVR tolerance.
FIGURE 5

Comparison of UVR damage between eurythermal and cold water fishes. The height and whiskers indicate the mean ± SD.
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