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Abstract: In this study, we initially compared the cold tolerance of the Genetically Improved Farmed Tilapia 
(GIFT) strain of Nile tilapia (Oreochromis niloticus) and the paradise fish (Macropodus opercularis) with a 
series of scientific indices, such as the temperature at death (TAD), the cumulative degree hours (CDH) and 
the survival curves. Next, we systematically studied the effects of low temperatures on a series of plasma 
membrane-related physiological functions, such as membrane fluidity, endocytosis and the activity of the 
membrane protein Na+, K+-ATPase in both species. The results showed that the paradise fish had a better 
cold tolerance than did the GIFT. The plasma membrane-related physiological functions were all sensitive in 
low temperatures of both fishes. However, these sensitivities were different between the hardy species 
(paradise fish) and the non-hardy species (GIFT). The patterns and tendencies concerning sensitivity changes 
during varied temperatures were consistent in each species. All these interspecific differences and intras-
pecific consistence highlighted the importance of the membrane fluidity during the cold acclimation. These 
results suggest that the plasma membrane, particularly membrane fluidity, may play an important role in cold 
acclimation of the two fish species. 

Key words: Tilapia; Paradise fish; Low temperatures; Plasma membrane; Membrane fluidity; Endocytosis; 
Na+, K+-ATPase 
CLC number: Q178.1    Document code: A    Article ID: 1000-3207(2015)06-1150-10 

 

Tilapia is an important aquaculture species but has 
poor cold tolerance [1]. Severe mortalities occur during 
the winter in temperate climate countries [2], which 
greatly restrains the yield of this species in aquacul-
ture. Specifically, acute temperature decreases cause 
more damage to tilapia than do long periods of pre-
dictable cold during the winter. An acute temperature 
decrease does not leave sufficient time for the fishery 
to take protective measures, and the consequent losses 
have been frequently reported in the news. Recently, 
extreme weather events have increased significantly, 
which makes the relevant research even more urgent. 

Efforts have been performed to solve cold tolerance 
problems in tilapia. However, little information is 
available on the mechanism that is the greatest con-
tributor to cold injuries in tilapia. Based on previous 
research, cold temperature has comprehensive and 
profound effects on fish from macroscopic levels, such 

as behavior performance [3], to cellular and molecular 
levels, such as membrane fluidity, metabolism and 
material transport [4, 5], the activities of enzymes [6, 7], 
and the transcription of particular genes [8—12]. Among 
these effects, many interesting reports appeared to 
have commonalities. For example, it was reported that 
a low temperature might lead to the failure of osmo-
regulation in tilapia [13, 14]. In addition, when the tem-
perature decreased, the oxygen consumption [15], the 
activities of liver glucose dehydrogenase (GDH) and 
glucose-6-phosphate dehydrogenase (G6PD) [16, 17], 
and the transcription levels of Δ-6 and Δ-9 desaturase 
increased [18, 19]. These findings collectively suggest 
the role of the plasma membrane in response to tem-
perature changes because: 1) the failure of osmoregu-
lation may derive from plasma membrane dysfunction 
and the consequent disequilibrium of ions inside and 
outside the cells; 2) the high transcription levels of 



6期 段志刚等: 细胞质膜在罗非鱼和叉尾斗鱼低温驯化过程中的功能 1151 

 

genes related to energy metabolism may be a com-
plementary reaction to the dysfunction of transmem-
brane transport of metabolic materials; 3) the high 
transcriptions levels of Δ-6 and Δ-9 desaturase obvi-
ously aim to adjust the lipid composition of the cellu-
lar membrane. 

Moreover, many studies concerning the effects of 
temperature on fish indicated that the gene expressions 
related to lipid transport and membrane metabolism[20], 
membrane fluidity [21—23], endocytosis [24] and the ac-
tivities of membrane proteins [22] changed significantly 
with temperature. These studies demonstrated that the 
cell membrane could be a common target. It is there-
fore necessary to examine the physiological changes 
related to the plasma membrane under different tem-
peratures. 

More importantly, two questions are raised: are 
such plasma membrane-related physiological changes 
species-specific? Second, are the functions repre-
sented by such changes worse in non-hardy species 
than in hardy species? In other words, these mem-
brane-related functions in tilapia may be more sensi-
tive to temperature changes than in a hardy species 
and may consequently contribute to tilapia’s poor cold 
tolerance.  

In this study, the Genetically Improved Farmed Ti-
lapia (GIFT) and the paradise fish served as research 
objects. The paradise fish (Macropodus opercularis) is 
a tropical fish that belongs to Perciformes, similar to 
tilapia. However, different from tilapia, the paradise 
fish is widely considered to be a hardy fish [25—27]. In 
the first part of this study, the cold tolerance of the 
GIFT and the paradise fish were detected and com-
pared with a same procedure to accurately quantify the 
difference of their cold tolerance. Then we systemati-
cally detected and compared a series of plasma mem-
brane-related physiological indices under acute tem-
perature decreases in the GIFT and the paradise fish to 
identify the role of plasma membrane during cold ac-
climation. The indices included membrane fluidity, 
endocytosis, and the activity of Na+, K+-ATPase.  

1  Materials and Methods 

1.1  Animals and rearing system  
The GIFT (40±5.0) g were purchased from the 

Guangxi Institute of Fisheries. The paradise fish 
(6.0±0.5) g were purchased from the Yuanhu fish 
market in Nanning, Guangxi Province. The paradise 
fish was an improved species by the aquaculturists. 

All fish were acclimated for 3 weeks to the labora-
torial conditions in a controllable aquiculture system 
with recirculating water with continual aeration (24h) 
and a photoperiod of 12 L︰12 D before the experiment  

started. All experimental procedures were approved by 
the Institutional Animal Ethical Committee of Sun 
Yat-sen University and were conducted according to 
the corresponding protocols. 
1.2  Extreme temperature tolerance 

When the experiments began, the water tempera-
tures of the chilling groups decreased by 1℃ per 24h. 
There were 3 replicates of 20 fish for each treatment 
(chilling and normal temperature). The survival rates 
of the GIFT and the paradise fish under different tem-
peratures were recorded. Low-temperature tolerance of 
these two species was also quantified as CDH [28], TAD 
and LD50. CDH represents the sum of the hours the fish 
survived multiplied by the differences between the 
hourly temperatures. According to earlier studies [28, 29] 
and the performance observations of the fish, the 
threshold temperature for the calculation of CDH in 
each fish was 16℃ during the chilling procedure. 
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where i = hours, T0 = 16℃ as the threshold tempera-
ture, Ti = the temperature at the ith hour, and k = the 
hour of mortality. 

According to Charo-Karisa et al. [30], death was de-
fined as the point at which the fish lost balance, fell on 
their sides and ceased fin, body and opercula move-
ments and lost response to external stimuli. 

The LD50 for the lethal temperature of each species 
was calculated by the graphic method [1]. 
1.3  Membrane fluidity 

For 1 month, the GIFT and the paradise fish were 
divided into two groups with 10 fish in each group, 
respectively. The water temperature of each group was 
either 15℃ (cold-reared groups) or 25℃ (normal 

temperature-reared groups). Here 15℃ was set as the 
temperature of cold-reared groups based on the 
observation of behavior and physical performance of 
the two fishes under cold temperatures. At 15℃, the 
GIFT and the paradise fish can still survive normally. 

Isolation of hepatocytes 
The hepatocytes were isolated from both species 

according to Part et al. [31]. Several modifications were 
performed for better cell activities. Briefly, all dis-
secting equipment was sterilized by high-temperature 
(180℃ for 4h). All procedures were performed in a 
sterile laminar flow clean bench. Solutions were ster-
ilized by autoclaving and/or by passage through 
0.2 µm Acrodisc syringe filters (PALL, USA), and all 
containers were either purchased sterile or were ste-
rilized by autoclaving. 

After the fish were eviscerated, the livers were 
macerated with phosphate buffer solution (PBS, Ca2+/ 
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Mg2+-free) for 5min and were minced. Hepatocytes 
were isolated from the liver by 3 cycles of trypsin di-
gestion at 37℃ for 8min. Each cycle of trypsin diges-
tion was stopped punctually by fetal bovine serum 
(FBS). The solution was filtered through cell strainers 
(BD-Falcon, USA), and the suspensions were washed 
3 times at 700 rpm for 5min and were later resus-
pended with a stocking density of 3 × 105 cells/mL in 
Ca2+/Mg2+-containing PBS. Trypan blue exclusion test 
indicated that the cell viabilities were more than 90% 
for all treatments.    

The hepatocytes were then distributed in cell cul-
ture flasks (BD-Falcon, USA). The medium for the 
cell culture was Leibowitz L-15 supplemented with 
2 mmol/L glutamine, 10% FBS, 100 IU/mL penicillin 
and 100 μg/mL streptomycin. All of the above-men-
tioned solutions were obtained from Gibco, USA.  

Fluorescence polarization measurement 
The plasma membrane fluidity of the hepatocytes in 

each fish was determined by the fluorescence anisot-
ropy probe 1-[4-(trimethylamino)phenyl]-6-phenylhexa- 
1, 3, 5-triene (TMA-DPH, Sigma, USA), which was 
shown to be an effective and accurate probe [32]. The 
fluorescence anisotropy values are inversely propor-
tional to membrane fluidity.  

The measurements were conducted according to 
Ladha et al. [33]. Briefly, the samples were measured 
under steady-state conditions using a spectrofluoro-
meter (LS-55, PerkinElmer, USA) coupled with po-
larisation accessories. TMA-DPH was prepared as a 
2 mmol/L stock solution in dimethylformamide and 
was stored in a refrigerator and protected from light. 
The incubation temperatures of the cell suspensions 
without TMA-DPH varied from 25℃ to 5℃ with a 

thermostatic apparatus. Here 25℃ and 5℃ were set as 
the representative normal/cold temperatures based on 
our unpublished data. These data showed that the 
whole trend of the membrane fluidity change during 
the chilling process can be simply represented by 
comparing the values under the two terminal tem-
peratures (25℃ and 5℃) in both fishes. 2 μL TMA- 
DPH stock solution was subsequently added to each 2 
mL hepatocyte suspension and incubated at assay 
temperature (25℃ in all measurements) for 2min [34] 
before measurement. Excitation and emission wave-
length were 360 and 435 nm, respectively. The results 
were corrected for visible light illumination. The 
equation used to determine anisotropy (r) is provided 
below: 

r = (IVV－GIVH)/ (IVV+2GIVH)        (2) 
IVV and IVH were recorded by maintaining the exci-

tation and emission polarizer at 0° (H) and 90° (V), 
alternatively. G is the instrumental correction factor 

(1.28).  
1.4  Endocytosis in hepatocytes 

The characteristics of TMA-DPH also make it 
available as a quantitative membrane tracer for endo-
cytosis and intracellular membrane traffic [32, 35]. The 
main principle is that after incubation with an external 
medium containing TMA-DPH for a specific time 
length, the cell layers are washed thoroughly and 
TMA-DPH is extracted from the plasma membrane. 
According to the partition equilibrium, the residual 
fluorescence is because of the TMA-DPH contained in 
the vesicles and the unavoidable and non-negligible 
contribution from the probe internalized metabolically. 
The endocytosis can thus be monitored by comparing 
the fluorescence intensity of the samples with that of 
the appropriate controls [36]. 

The hepatocytes were isolated with the identical 
method as shown in 2.1. The cells were later cultured 
until they reached confluence to detect the intact and 
relatively steady state of the membrane.  

The experiment was modified based on Illinger et al. [36]. 
Before the measurements, the samples were briefly 
prepared as follows: after careful removal of the su-
pernatant medium, the hepatocyte layers were covered 
with 0.8 mL L-15 medium containing 10% FBS and 
TMA-DPH at 2 μmol/L. The preparations were then 
incubated for various times at one of the two tem-
peratures (12℃ and 25℃) under air. Here 12℃ was 
set based on the results of Extreme temperature tole-
rance (see section 2.1). 12℃ was chosen as an impor-

tant temperature point because just below 12℃ the 
GIFT began to die. We proposed that some important 
physiological changes had happened at this tempera-
ture. After incubation, the supernatant medium was 
rapidly removed, and the hepatocyte layers were 
washed 5 times (for 30s each) with 0.5 mL PBS to 
ensure the complete extraction of TMA-DPH from the 
plasma membranes (the washing efficiency of the cell 
layers has been verified by Illinger et al. [36]). The 
cells were recovered with 0.5 mL PBS before quanti-
fication. The fluorescence intensity of TMA-DPH in 
the cell layers was measured with a Perkin-Elmer 
LS-55 Fluorescence Spectrophotometer (an excitation 
wavelength of 360 nm; an emission maximum of 
435 nm) at room temperature under moderate stirring. 
The contribution of light scattering effects or of as-
pecific fluorescence was negligible.  
1.5  Na+, K+-ATPase activity  

Na+, K+-ATPase was only located in the plasma 
membrane. Therefore, needless to extract the purified 
plasma membranes, the hepatocyte homogenates can 
be directly used to measure the Na+, K+-ATPase ac-
tivity. 
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The specific, Na+- and K+-dependent, ouabain-sensitive 
ATPase activity was measured in the crude hepatocyte 
homogenates as described by Flik et al. [37]. At least 3 
fish of each species were involved. Homogenates of 
each fish (a final protein content of 1 mg/mL) were 
divided into triplicates, and 10 µL samples were incu-
bated for 10min at one of the two temperatures (12 and 
25℃) [22]. Here 12℃ was set based on the same reason 
described in section 1.4. The specific activity was 
calculated by subtracting the ouabain-sensitive ATPase 
activity from the total ATPase activity. ATP hydrolysis 
was assessed by the amount of inorganic phosphate 
formed in 1/min·mg of protein under each incubation 
condition.  

The sample protein content was assayed using a 
commercial protein kit (Nanjing Jiancheng Bioengi-
neering Institute). 
1.6  Statistical analyses 

The results were presented as the mean ± SEM. 
Statistical analyses were performed using a paired 
Student’s t-test to compare two groups from identical 
species, and an unpaired Student’s t-test was used after 
a demonstration of variance homogeneity with an 
F-test to compare two groups from the different spe-
cies. A one-way ANOVA was performed to compare 
more than two groups, and the significance was ac-
cepted at P<0.05 (two-tailed test). 

After the measurement of Na+, K+-ATPase activity, 
we calculated the ratio of the activity at 12℃ to the 

activity at 25℃ (expressed as a percentage) in each 
fish and compared the difference between the GIFT 
and the paradise fish with an unpaired Student’s t-test. 

2  Results 

2.1  Extreme temperature tolerance  
Survival rates     During the chilling procedure, 

the GIFT began to die at 11℃, whereas the paradise 

fish began to die at 5.5℃. The survival rate of the 

GIFT was zero at 7.6℃, and this parameter was 4.5℃ 
for the paradise fish. These data showed that the lower 
lethal temperature of GIFT was significantly higher 
(P<0.01) than the paradise fish (Fig. 1). There were no 
fish died in the normal temperature groups. 

TAD, CDH, LD50    During the chilling procedure, 
the TAD and LD50 of the paradise fish were signifi-
cantly lower (P<0.01) than that of the GIFT, which 
were 3℃ lower for TAD and 2.87℃ lower for LD50. 
Furthermore, the CDH of the paradise fish was two 
times bigger (P<0.01) than that of the GIFT (Tab. 1). 
These results were consistent with the survival rate 
results. 
2.2  Membrane fluidity 

The membrane fluidity of the hepatocytes in both  

 

Fig. 1   Survival rates (%) of the GIFT and the paradise fish under 
chronic chilling (n=60) 

 

Tab. 1  The TAD, CDH and LD50 of the GIFT and the paradise fish 
during chilling procedure: (Significant difference shows as different 
letters) 

Traits GIFT Paradise fish 

Temperature at Death (℃) 8.08±0.17
 
A 5.08±0.05 B 

Cumulative degree hours 507.2±36.7 a 1270±7.4 b 

LD50 (℃) 8.09 5.22 

Note: Values are expressed as means ± SEM (n=60); A, B, a, b: 
Significant differences show as different letters (P<0.01, unpaired 
Student t test) 

 

species was sensitive to temperature. When the tem-
perature decreased from 25℃ to 5℃ in the groups of 
normal temperature-reared fish, the membrane fluidity 
of the paradise fish changed significantly (P<0.05), 
whereas the change was not significant for the GIFT 
(P>0.05). In addition, the mean value of the membrane 
fluidity changed less in the GIFT than that in the 
paradise fish (Fig. 2).  

When the temperature decreased from 25℃ to 5℃ 
in the groups of cold-reared fish, the membrane flui-
dity of the paradise fish changed significantly (P<0.05), 
whereas the change was not significant for the GIFT 
(P>0.05). Additionally, the mean value of the mem-
brane fluidity also changed far less in the GIFT than 

 

Fig. 2  Effects of temperature on fluorescence anisotropy in heap-
tocytes of normal temperature-reared fish (n=3) 
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that in the paradise fish (Fig. 3). In both conditions, 
the GIFT showed a smaller amount of membrane flui-
dity compensation than did the paradise fish. 
2.3  Endocytosis in hepatocytes 

The rates (indicated by the slopes of the curves) and 
extents (indicated by the areas under the curves, AUC) 
of fluid uptake were calculated as indices of endocy-
tosis. 

After the data were analyzed with a one-way 
ANOVA, the ANOVA showed that the rates of endo-
cytosis in the GIFT hepatocytes were sensitive to 
acute temperature changes (P<0.05), whereas the 
paradise fish showed a steady and high efficiency of 
endocytosis and partial temperature compensations 
that were optimal for the maintenance of the cell 
(P<0.05). After the AUC were calculated, the extents 
of endocytosis under varied temperature (12 and 25℃) 
showed a ratio of 1.90︰1.86 in the GIFT (Fig. 4). The 
same ratio was 2.22︰1.53 in the paradise fish (Fig. 5).  

Specifically at 12℃, the rate and extent of endocy-
tosis showed an initial compensation and later de-
creased rapidly in the GIFT (Fig. 4), and the extent of 
endocytosis was 1.02 times at 12℃ than the extent of  

 

Fig. 3   Effects of temperature on fluorescence anisotropy in 
hepatocytes of cold-reared fish (n=3) 

 

Fig. 4  Effects of temperature on endocytosis in hepatocytes of the 
GIFT (n=4) 

endocytosis at 25℃ during the measurement. Accord-
ing to the tendency of the curve, it can be predicted 
that the extent of endocytosis at 12℃ would be lower 

than the extent at 25℃ soon after 60min. In contrast to 
the GIFT, endocytosis continuously remained at a high 
rate and showed a durative compensation in the para-
dise fish (Fig. 5). The extent of endocytosis was 1.45 
times greater at 12℃ than the extent at 25℃ during 
the measurement time (60min). 

 

Fig. 5  Effects of temperature on endocytosis in hepatocytes of the 
paradise fish (n=4) 

 
2.4  Na+, K+-ATPase activity 

The activities of Na+, K+-ATPase were detected 
under different temperatures. In contrast to the activi-
ties at a normal temperature (25℃), the activities ob-

viously decreased at 12℃ in both species (Fig. 6). 
However, the respective extents of change were dif-
ferent: the activity decreased 27.8% for the tilapia at 
12℃, while it is only 21% for the paradise fish. 

 

Fig. 6  Effects of temperature on activities of Na+, K+-ATPase in 
the GIFT and the paradise fish (n=3) 

3  Discussion  

In earlier studies, much work had been done to 
study the relationships between any two of the topics 
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concerned in this study, such as the temperature and 
the membrane fluidity [21, 23], the membrane fluidity 
and intracellular transportation [38], the temperature 
and the activities of membrane proteins [39], and so on. 
However, few researches tried to investigate the com-
bination of three or more topics of them. The limited 
combinations will restrict the studying range (only on 
the cellular level, etc.) and the amount of information 
which can be revealed. In our study, we tried to inte-
grate as many topics as possible in one particular pro-
ject to explore their interactions and relationships with 
the whole organism’s performance. 
3.1  Extreme temperature tolerance 

The method of interspecific comparison was ado-
pted by many researchers to obtain meaningful re-
search that concerns cold tolerance [24, 40]. Accordingly, 
it is better to choose the species that are not only 
closely related in taxonomy but also have similar 
temperature preference. In this study, both the GIFT 
and the paradise fish belong to the Perciformes and 
were tropical fish. It was reported that the GIFT had poor 
cold tolerance [1]. However, the paradise fish can live in 
both a cold and tropical aquarium. Many researchers 
treat the paradise fish as a hardy species [25—27]. 
Grodzinski indicated that the range of water tempera-
tures for the survival of the paradise fish larvae was 
8—41℃ [41]. However, in this study, the cold tolerance 
of the GIFT and the paradise fish should be detected 
and compared with the same procedure. In this study, 
we confirmed that the paradise fish can survive at a 
temperature as low as 4.5℃ using a series of scientific 
indices (survival curves, TAD, CDH, and LD50) (Fig. 1, 
Table 1). More importantly, the significant difference 
between the cold tolerances of these two fish showed 
that the paradise fish can serve as an appropriate 
comparison model to the GIFT to study the mecha-
nisms for chilling injuries.  
3.2  Membrane fluidity  

The membrane fluidity is essential for many bio-
logical phenomena, such as the activities of the mem-
brane proteins, the proper processes of the transmem-
brane transportation [42] (membrane fusion and fission 
et al.), and it even displays direct roles at the tissue 
level [43]. For example, it was also found that the acti-
vity of the Na+, K+-ATPase can be increased by simply 
fluidizing the plasma membrane with n-hexanol [44]. In 
addition, it was also suggested that the membrane flui-
dity had a decisive impact on the rates of operation of 
membrane proteins which were involved in the trans-
membrane transportation [38].  

On the other hand, it has been well-documented that 
temperature has profound influence on the membrane 
fluidity [21—23], so it is suggested that extreme tem-

perature can impede the above-mentioned life pro-
cesses by disrupting the membrane fluidity. Therefore, 
the ability to regulate the membrane fluidity becomes 
especially important when the organisms face the ex-
treme temperatures. Specifically, it was suggested that 
the fish can cope with the cold temperatures better if 
they can increase their membrane fluidities. This hy-
pothesis was supported by many researches. For ex-
ample, it was found that the increase of membrane 
fluidity was significant during the adaptation to low 
temperatures in species which managed to acclimatize 
to reduced temperatures [21, 23]. 

In this study, the membrane fluidity of the paradise 
fish was sensitive to temperature and showed a quick 
increase when the temperature decreased, which was 
consistent with earlier reports in other fish [21, 23]. 
However, the change extents (i.e., the ability of ad-
justment) were different between the hardy species 
(paradise fish) and the non-hardy species (GIFT). In 
the groups of normal temperature-reared fish, the 
paradise fish showed obvious better ability to adjust 
membrane fluidity than the GIFT under decreased 
temperatures. After being reared in 15℃ for 1 month, 
the GIFT did not show obvious improvement of such 
ability, and the paradise fish still exhibited better ad-
justment ability (see section 2.2). In the cold envi-
ronment, the conformational freedom of the membrane 
proteins can be increased along with the increase of 
the membrane fluidity [44]. That will buffers the direct 
effects of temperature upon the motional properties of 
membrane-bound proteins and thereby enhances their 
functions such as catalysis and transport [44].  

Based on all the importance mentioned, it can be 
hypothesized that the significant adjustment of the 
membrane fluidity was important during the paradise 
fish’s acclimation to acute temperature changes, while 
the poor adjustment of the GIFT may contribute to its 
difficulty of surviving in a changing thermal environ-
ment. The difference of such ability between the two 
species may attribute to the different compositions of 
the plasma membrane in each species. 

Although the membranes of both species increased 
their fluidity after short-term chilling from 25℃ to 

5℃, the membranes from cold-reared fish showed 
rigidification compared to their counterparts from 
normal temperature-reared fish under 25℃. Rigidifi-
cation may have resulted from the change between the 
rearing temperature (15℃) and the assay temperature 

(25℃), which was consistent with the response in carp [21].  
3.3  Endocytosis in hepatocytes  

For cellular material transport, endocytosis is im-
portant for hepatocyte metabolism and subsequently 
the energy supply of the fish.  
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Because the major stages of endocytosis consist of 
the vesicles formation and the membrane fusion, chan-
ges of the membrane’s physical state also have marked 
effects on endocytic processes [45]. Therefore, it is 
likely that membrane fluidity has a direct influence on 
the efficiency of endocytosis. This hypothesis is sup-
ported by many earlier reports. For example, in diets 
that contain different contents of polyunsaturated fatty 
acid (PUFA), membrane fatty acid composition can 
influence the rates of endocytosis in isolated hepato-
cytes of rainbow trout (Oncorhynchus mykiss) [46] and 
rats [24], whereas the variance of the membrane fatty 
acid composition approximately represents an altera-
tion of membrane fluidity [40, 47, 48]. Additionally, 
Temperature has a profound effect on endocytosis [49]. 
Therefore, it can be hypothesized that temperature 
may exert an influence on endocytosis via changes in 
membrane fluidity. 

In this study, it was easy to detect and compare the 
endocytic performance of hardy and non-hardy fish 
with identical models. Endocytosis was sensitive to 
acute temperature decreases in hepatocytes of the 
GIFT and the paradise fish. More importantly, the 
sensitivity was species-specific. The low temperature 
had a bigger negative effect on the rates of endocytosis 
in the GIFT than in the paradise fish (Fig. 4, Fig. 5). 
Unlike the GIFT, the paradise fish showed a steady 
and high efficiency of endocytosis (Fig. 4). This high 
efficiency of endocytosis can be beneficial for the 
maintenance of the cell under acute temperature de-
creases. 

In this study, the GIFT had relatively slower rates 
and lower compensations of endocytosis, which were 
in accordance with the results of the membrane flui-
dity section (see section 2.2). Considering the close 
relationship between the membrane fluidity and en-
docytosis, it implies that the relative worse perfor-
mance of endocytosis in the GIFT may be observed 
because of the relative poor ability of tilapia to adjust 
membrane fluidity. 

During acute chilling (12℃), the results of endo-
cytosis and the macroscopic temperature tolerance 
(see section 2.1) showed identical patterns and ten-
dencies in each fish species. Specifically, whether at 
the macroscopic or cellular level (endocytosis and 
membrane fluidity), the paradise fish obviously showed 
better performance than the GIFT during acute chilling. 
Additionally, based on the direct influence of mem-
brane fluidity on material transport (endocytosis), it 
was well-supported that membrane fluidity played an 
important role during changes during low temperature 
acclimation.  
3.4  Na+, K+- ATPase activity  

Na+, K+-ATPase plays an important role in main-

taining ion balance and resting potential. The structure 
of Na+, K+-ATPase is highly conserved in high orga-
nisms [50, 51] and is only located on the plasma mem-
brane. The activity of Na+, K+-ATPase in the mem-
branes required proper membrane fluidity for the rota-
tional movement of the protein. This notion can be 
supported by many earlier reports. For example, it was 
reported that the specific activity of the Na+, K+-ATPase 
was remarkably affected by membrane fluidity [52]. In 
addition, it was found that the activity of Na+, K+- 
ATPase can be effected by changing the lipid composi-
tion [39] or the contents of PUFAs in the membrane [53, 54]. 

In this study, it was important to determine the dif-
ferent ratios of change between Na+, K+-ATPase ac-
tivities in the GIFT and the paradise fish after identical 
temperature variations. The acute changes of Na+, K+- 
ATPase activity did not involve the alteration of gene 
expression. In light of the highly conserved structure 
of Na+, K+-ATPase among different species, we may 
attribute the different ratios of changes between Na+, 
K+-ATPase activities in the GIFT and the paradise fish 
partly to the membrane fluidity or the lipid composi-
tion, which are closely connected. In the paradise fish, 
although the activities of Na+, K+-ATPase were sensi-
tive to low temperature, as observed in the GIFT, the 
relative ratio of change was significantly higher than 
in the GIFT. This result indicates that Na+, K+-ATPase 
of the paradise fish can maintain a bigger proportion 
of activity than Na+, K+-ATPase in the GIFT after 
temperature decrease.  

Because the results about the Na+, K+-ATPase were 
consistent with the performance of their respective 
membrane fluidity (see section 2.2), based on the de-
tailed discussion in section 3.2, it was very possible 
that, in these two fish, there were tight relationships 
between membrane fluidity and the activity of Na+, 
K+-ATPase, which together affected the fish’s physio-
logical functions during cold acclimation. Overall, the 
microenvironment of the membrane is important for 
optimal enzyme activity. It may be hypothesized that a 
superior adjustment of the membrane showed impor-
tance during the temperature adaptation. The above-
mentioned results were consistent with their macro-
scopic performances of temperature tolerance. The 
results provided further support concerning the im-
portance of the plasma membrane (particularly mem-
brane fluidity) during cold temperature acclimation. 

4  Conclusions 

We methodically detected the membrane-related 
functions in two fish species with distinct cold-resistant 
performance. The significant differences between the 
hardy (paradise fish) and non-hardy species (GIFT) 
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relative to plasma membrane functions during chilling, 
the functional significance of the plasma membrane 
were notable during an acute temperature decrease. 
Furthermore, the processes of endocytosis and the Na+, 
K+-ATPase activities had a close relationship with 
membrane fluidity, in which the paradise fish exhibi- 
ted better performance than the GIFT. These results 
may specifically note the importance of membrane 
fluidity during cold temperatures. 

In reality, the results suggested that more studies 
should be performed to verify the importance of im-
proving cell membranes in cold acclimation. In addi-
tion, the effects of temperature on fish are comprehen-
sive. We only referred to one major perspective, i.e., 
the membrane-related functions. Additional research 
from other perspectives should be conducted in the 
future. 
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细胞质膜在罗非鱼和叉尾斗鱼低温驯化过程中的功能 

段志刚  吴金英  葛岩岩  詹绪良  李文笙 
(中山大学生命科学大学院水生经济动物研究所暨广东省水生经济动物良种繁育重点实验室,  

有害生物控制与资源利用国家重点实验室, 广州, 510275) 

摘要: 研究通过一系列科学的指标, 比如死亡温度、累计温度处理时间和存活率曲线, 检测并比较了吉富罗

非鱼和叉尾斗鱼的低温耐受能力, 然后系统地检测了在两种鱼中, 低温对一系列与细胞膜相关的生理指标

的影响, 包括细胞膜流动性、内吞作用和膜蛋白 Na+, K+-ATPase的活性。实验结果显示叉尾斗鱼比吉富罗非

鱼有着明显优良的耐寒力。两种鱼内与细胞膜相关的生理指标都对温度敏感, 但是具体的敏感程度却在耐寒

种(叉尾斗鱼)和不耐寒种(吉富罗非鱼)之间存在显著差异。在具体每个物种内部, 与细胞膜相关的一系列生

理功能对温度的敏感程度是一致的。所有这些种间差异性和种内一致性都使得细胞膜流动性在物种耐寒过

程中的重要性凸显出来。结果揭示细胞质膜, 尤其是质膜流动性可能在这两种鱼对低温适应过程中扮演重要

的角色。 

关键词: 罗非鱼; 叉尾斗鱼; 低温; 细胞质膜; 膜流动性; 细胞内吞作用; 钠钾泵 


