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Identifying how developmental temperature affects the immune system is critical for understanding
how ectothermic animals defend against pathogens and their fitness in the changing world. However,
reptiles have received little attention regarding this issue. We incubated eggs at three ecologically
relevant temperatures to determine how incubation temperature affects the immune function of
hatchling soft-shelled turtles, Pelodiscus sinensis. When exposed to bacterial infections, hatchlings
from 24°C had lower cumulative mortalities (55%, therefore, higher immunocompetence) than those
from 28°C (85%) or 32°C (100%). Consistent with higher immunocompetence, hatchlings from low
incubation temperature had higher IgM, IgD, and CD3~ expressions than their counterparts from the
other two higher incubation temperatures. Conversely, the activity of immunity-related enzymes
did not match the among-temperature difference in immune function. Specifically, enzyme activity
was higher at intermediate temperatures (alkaline phosphatase) or was not affected by incubation
temperature (acid phosphatase, lysozyme). Our study is the first to provide unequivocal evidence
(at the molecular and organismal level) about the significant effect of incubation temperature on
offspring immunity in reptiles. Our results also indicate that the reduced immunity induced by high
developmental temperatures might increase the vulnerability of reptiles to the outbreak of diseases
under global warming scenarios.

The survival of most animals is threatened by parasites and pathogens that are widespread in the natural
environments. It was recently revealed that pathogen outbreaks have caused a global decline in amphib-
ians and are expected to affect reptiles™*. More seriously, this ecological disaster may be worsen under
the background of climate change, because altered conditions reduce the defenses of vertebrates against
pathogens’. The immune system is a defense mechanism that protects organisms against parasitic and
pathogenic infections, and it is important for the survival of animals in an infectious environment. Apart
from survival, immunity is also associated with behavioral and life-history traits, such as mate selection,
reproductive output, and growth, because the immune response is energetically costly and potentially
competes with other life-history parameters for limited resources®. Therefore, it is critical to understand
how the immune system responds to environmental changes to determine the effectiveness of vertebrate
defenses against pathogens and their fitness in the changing world.

The embryonic development of oviparous vertebrates is completed outside of the mother’s body. Thus,
immunity is determined by both genetic and environmental factors, with the developmental environ-
ment of the eggs representing an important influence®S. Large numbers of studies have focused on how
temperature affects embryonic development and hatchling traits in reptiles and birds in recent dec-
ades”®. Yet, the effect of incubation temperature on immune function has received limited attention.
Recent studies on birds have indicated that temperature affects the immune function of hatchings, with
decreased immunocompetence at lower temperatures (e.g., 35°C) compared to higher temperatures (e.g.,
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37°C)>S. However, just one study has investigated how temperature affects offspring immunity in reptiles;
namely, the map turtles (Graptemys ouachitensis and Graptemys pseudogeographica)’. In many turtles,
eggs incubated at lower temperatures tend to produce more males, while those incubated at higher
temperatures produce more females'®3. The study on G. ouachitensis indicated that males produced by
low incubation temperatures have higher immunocompetence than females produced by high incubation
temperatures®. Thus, temperature and sex have mixed effects in map turtles with temperature-dependent
sex determination (TSD). Yet, information is required on whether hatchling immunity is influenced by
incubation temperature, hatchling sex, or a combination of the two. Therefore, there is much debate over
the extent to which incubation temperature impacts offspring immunity among species, meriting further
studies to clarify this issue.

The development of strong innate and acquired immunity represents an effective strategy for animals
to resist diseases in their habitats*. Innate immunity is nonspecific, constitutively expressed, and may be
particularly important to the fitness and life history of an animal in its natural habitat, as it might deter-
mine the survival of an animal on its first encounter with a disease. Thus, a successful innate response
may help avoid a costly antigen-specific response of acquired immunity. For example, lysosomal hydro-
lytic enzymes (e.g., lysozyme and acid phosphatase) are vital factors in innate immunity, and may kill
bacteria or digest pathogens'. In addition, innate immunity responses stimulate the adaptive immune
system. Humoral and cellular immune responses result in antibody production by bursa dependent lym-
phocyte (B) cells and cellular immunity by thymus-derived (T) cells. Consequently, bacteria are usually
killed by these two responses. The enzymes of alkaline phosphatase, immunoglobulin M (IgM), and IgD
produced by B cells are critical in the humoral immune response to infectious pathogens'>'¢. In addi-
tion, co-stimulatory molecules, such as CD3~ and CD?9, are important in the process of cell-mediated
immunity'”-'°. Exploring the effect of temperature on the expression of these immunity-related enzymes
and genes would enhance our understanding about the proximate mechanisms by which developmental
temperature affects offspring immunity in animals.

In this study, we aim to determine the effect of incubation temperature on the immune function of
hatchling soft-shelled turtles, Pelodiscus sinensis. The hatchling sex of P. sinensis is determined geneti-
cally (genetic sex determination, GSD) rather than being influenced by incubation temperature (TSD)%.
We thus use the Chinese soft- shell turtle as the subject of this study to avoid the confounding effects
of incubation temperature and sex on offspring immunity. We incubated P. sinensis eggs at three tem-
peratures that span the range of temperatures experienced by the eggs in natural nests. The hatchlings
from these thermal treatments were exposed to bacterial infections and mortality was determined over a
1-week period. By analyzing the relationship between incubation period and the mortality of hatchlings,
we aim to determine how incubation temperature influences immune function. To identify the under-
lying mechanism of temperature effects on offspring immunity, we determined the activity of specific
immunity-related enzymes (such as lysozyme, acid phosphatase, and alkaline phosphatase) and the reg-
ulation of specific immune genes (including IgM, IgD, CD3~, and CD9). Thus, we tested the hypothesis
that the activity of these enzymes would increase and that the expression of these immune genes would
become upregulated in hatchlings that had high immune function.

Results

Immunity. After being challenged with a concentration gradient of the pathogen Aeromonas hydro-
philia TL1 from 5 x 10% to 5 x 107 Colony-Forming Units (CFU), all hatchlings from all three incubation
temperatures died at the concentration of 5 x 107 CFU, and had similar cumulative mortalities at the
concentration of 5 x 10* CFU (G=3.68, df=2, P> 0.05). However, the cumulative mortalities differed
at a concentration of 5 x 10°* CFU (G=8.21, df=2, P< 0.05), 5 x 10° CFU (G=21.40, df=2, P< 0.005),
and 5 x 10° CFU (G= 14.68, df=2, P< 0.001) (Fig. 1a). On exposure to the 5 x 105 CFU TL1 challenge,
hatchlings from eggs incubated at 24 °C (55%) had lower cumulative mortalities than those incubated at
28°C (85%) and 32°C (100%) (Fig. 1b). Hatchlings from eggs incubated at 24 °C had the highest LD50
(1.496 x 10%), followed by those incubated at 28 °C (LD50: 3.403 x 10°) and 32°C (LD50: 2.942 x 10%).

Enzyme activity. The activity of serum alkaline phosphatase was highest and lowest in hatchlings
from eggs that had been incubated at 28°C and 32°C, respectively, and intermediate for those incu-
bated at 24°C (F,=64.94, P<0.001) (Fig. 2a).In contrast, the activity of serum acid phosphatase and
lysozyme was similar among hatchlings from the three different incubation treatments (F,s=3.03,
P=0.123; F,4=0.27, P=0.775) (Fig. 2b,c).

Immune gene expression. The expression levels of all immune genes (including IgD, IgM, CD3~,
and CD9) measured in hatchlings were significantly affected by incubation temperature (IgD: F, ;= 36.6,
P<0.001; IgM: F,4=9.1, P<0.05 CD3~: F,=142.4, P<0.0001; CD9: F,s=96.3, P<0.0001).
Compared to hatchlings from eggs incubated at 28°C, the expression level of IgD, IgM, and CD3~ was
6.6-fold, 3.2-fold, and 4.8 fold higher, respectively, in hatchlings from eggs incubated at 24°C, whereas
that of CD9 was significantly lower (Fig. 3). In contrast, the expression level of the four genes in hatch-
lings from eggs incubated at 32°C was similar to that of those from 28°C (Fig. 3).

SCIENTIFIC REPORTS | 5:10594 | DOI: 10.1038/srep10594 2



www.nature.com/scientificreports/

_ 120 - (a) —@— 24°Cc 120 - (b)

> —A— 28°C

é 90 —B— 32°C 100 -

£ 60 80

=]

=

30 L 60 -

]

o}

g 0l 40 -

@)
| I | | I 20 I I [ I I I

5x107 5x10¢ 5x105 5x104 5x10° 1 3 5 7 9 11

Bacterial concentration (CFU) Days after challenge

Figure 1. Effects of incubation temperature on the mortality of hatchling turtles (P. sinensis) exposed
to bacterial infection. (a) Hatchling mortality at different concentrations of bacteria, (b) temporal variation
in hatchling mortality at a bacterial concentration of 5 x 10® CFU. Hatchlings from eggs incubated at low
temperatures had lower mortality than those incubated at high temperatures.

Discussion

Our results indicate that incubation temperature significantly affects immune function, in addition to
associated biochemical and molecular processes, including the activity of immunity-related enzymes
and the expression of immune genes. While several studies have found that incubation temperature
may affect immune function of avian offspring>®, similar studies are rare in reptiles. Our study provides
unequivocal evidence that incubation temperature affects immune function and associated biochemical
and molecular processes in GSD reptiles. Freedberg et al. (2008)° found that incubation temperature
significantly affected immunocompetence in one TSD reptile (G. ouachitensis), but not in another one
(G. pseudogeographica), and speculated that the different immunocompetence was more likely attributed
to incubation temperature than sex. This speculation is verified by our study since sex was disassociated
from temperature in GSD reptiles. In addition, male vertebrates may have a higher risk of infection, and
therefore have a greater need for increased innate immunity than females®. Our results give support to
this hypothesis as well as an adaptive explanation for TSD in the light of Charnov-Bull model*, that TSD
may have evolved to allow the production of males at temperatures that enhance immunity, a trait that
may be more important for male fitness’.

Immunity-related genes and enzymes may be critical towards understanding how incubation temper-
ature affects offspring immune function. IgD and IgM are members of the immunoglobulin classes, and
are co-expressed on the membranes of most B cells to form mature antibodies??. Thus these immuno-
globulins may provide a first line of defense against microbial infection, together with innate immunity
factors®. In this study, the expression of genes involved in acquired immunity matched the tempera-
ture difference in immune function, with higher expression being recorded at lower temperatures com-
pared to higher temperatures (Fig. 1 and Fig. 3). The two markers of acquired immunity (CD3~ and
CD9) showed different expression patterns. The expression of CD3~, which is the signal transporter for
T cells!”, match the temperature-induced difference in immune function. In contrast, the expression
of CD9, which is associated with major histocompatibility complex class II molecules at the plasma
membrane'®, demonstrated opposite patterns to the observed differences in immune function. Given
that CD9 does not modulate CD3-mediated signaling®, it is likely that low incubation temperatures
stimulated the signal pathway associated with CD3 rather than CD9. Lysozyme, acid phosphatases,
and alkaline phosphatases are all hydrolase enzymes involved in immunity. Lysozyme may hydrolyze
the 1,4-beta-linkages of bacterial cell walls to lethally damage to bacteria'®. Acid and alkaline phos-
phatases may catalyze the hydrolysis of various phosphate-containing compounds at acidic pHs and act
as transphosphorylases at alkaline pHs?. However, in contrast to our expectation, there was no positive
relationship between enzyme activity and immune function in hatchling P. sinensis (Fig. 2). The incon-
sistence between enzyme activity and immune function implies that the expression of these immune
enzymes might not be modulated by incubation temperatures during embryonic development. Instead,
their expression may be responsive to environmental stress and pathogen infection faced by hatchlings,
which has been demonstrated in other species?®2.
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Figure 2. The activity of immunity-related enzymes in hatchling turtles (P. sinensis) from eggs incubated
at different temperatures. Graphs show the mean values + 1 SE. Means with different letters above the error
bars are statistically different (Tukey’s test).

In addition to immunity-related genes and enzymes, hormones may also be important for the devel-
opment of immunity function. Both testosterone and dihydrotestosterone (DHT) tend to impair immu-
nological responses, whereas estradiol tends to enhance immunological function®?". Our study did not
directly address how temperature-induced hormone changes may affect immune development in turtles,
although a similar physiological mechanism seems plausible.

The formation of a mature immune system is a long-term dynamic process from a fertilized egg to
an adult. Our study focused on how temperature during embryonic development affects the initial phase
of immune system formation. A number of other studies have shown that temperature also affects the
immune function of individuals after hatching. For example, acute and chronic cold stress may enhance
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Figure 3. The expression of immune genes in hatchling turtles (P. sinensis) from eggs incubated at
different temperatures. Most immune genes of hatchlings from low temperatures were upregulated,
compared with those from high temperatures. Graphs show mean values+ 1 SE. Means with different letters
above the error bars are statistically different (Tukey’s test).

the expression of immunoglobulin and cytokine involved in the immune system of birds*'. In addition,
a study of Nile tilapia juvenile fish indicated that suitable temperature may increase the concentration of
hematological parameters (e.g., white blood cells and hemoglobin) that have functional immune roles to
strengthen non-specific immunity*.

There is increasing evidence that the developmental environment may significantly modify the
immune function of hatchings in oviparous vertebrates like reptiles and birds®®. The importance of such
studies should be emphasized for at least two reasons. First, many studies have demonstrated that the
developmental environment induces significant phenotypic variations in hatchling traits (e.g., body size
and locomotor performance), which are potentially related to offspring fitness?***-*>. However, these
studies have rarely gone on further to actually demonstrate the existence of this relationship because of
logistical difficulties in evaluating fitness (survival and reproduction), especially for long-lived species,
such as turtles but see*®. Immunity function may determine the survival of offspring and, thus, provide
an important direct index of offspring fitness, which could be used to understand the role of develop-
mental plasticity in adaptive traits by future studies. Second, there is increasing research focus on how
global warming would affect the fate of ectothermic vertebrates like amphibians and reptiles®”*. Global
warming may shorten the incubation period® and, therefore, reduce egg mortality and increase neonate
survival®. In contrast, our experimental results indicate that reduced immunity due to global warming
causing higher temperatures during development might increase the vulnerability of reptiles to outbreaks
of parasitic and pathogenic diseases’.

Methods

Ethics statements. This research was performed according to the NIH Guide for the Principles of
Animal Care. The protocols and study were approved by the Animal Ethics Committee at the Institute of
Zoology, Chinese Academy of Sciences (Permit Number: 10Z14001).

Study species and bacterial strain. The Chinese soft-shelled turtle (P. sinensis) is distributed in
mainland China and southeastern Asia*!, and has been widely cultured in China for food. From May to
August, female P, sinensis individuals lay multiple clutches of eggs (mean clutch size = 20)*2. Incubation
temperatures significantly affect embryonic development (e.g., developmental rate, embryonic utiliza-
tion of energy, and hatching success) and hatchling traits (e.g., body sizes, locomotor performance, and
post-hatching growth)2%343,

The pathogen strain, A. hydrophilia TL1, was isolated from diseased Chinese soft-shelled turtles at a
turtle farm in the Zhejiang Province of China, and was genetically identified by 16s rRNA gene sequence
analysis (GenBank accession no. KJ743719) according to Zhang and Sun’s method*!. The pathogenicity
of strain TL1 was examined in the laboratory using juvenile Chinese soft-shell turtles (~7 g) purchased
from the farm. It was found that 5 x 10° CFU TL1 caused 80% mortality at a water temperature of 25°C.
The strain TL1 was cultured in Luria-Bertani lysis broth (LB) medium* at 28°C.

Egg collection and incubation. A total of 450 freshly laid fertilized eggs of P. sinensis (identified by
a white patch on the shell surfaces, mean egg mass=>5.35g) were collected from a private hatchery in
Zhejiang Province, eastern China. The eggs were weighed to an accuracy of £1 mg using an electronic
balance (Mettler Toledo AB135-S, Germany), and were placed in plastic containers (25 x 20 x 10 mm)
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filled with moist vermiculite of —220kPa (1g water/1g vermiculite) according to Du et al.*> Eight eggs
were placed in each container. The containers were placed into one of three incubators (Ningbo Life
Science and Technology Ltd, China), in which the temperature was set to 24°C, 28 °C, and 32 °C, respec-
tively, to cover the temperature range experienced by the eggs in artificial nests in outdoor enclosures®.
The maternity of these eggs was unknown, originating from about 22 females based on the clutch size
(mean clutch size=20) of this species. Thus, the eggs were randomly assigned to the three different
treatments to minimize maternal effects. It was not possible to examine the potential clutch effects on
our results, due to the uncertainty of maternal identity in these eggs. However, such effects would have
been largely reduced by the relatively large number of clutch origins and random assignment of eggs
among treatments. We moved the containers among shelves according to a predetermined schedule to
minimize any effects of thermal gradients inside the incubators.

Incubation period. Toward the end of incubation, the jars were monitored once a day for newly
emerging hatchlings. The number of days that elapsed between the beginning of incubation and the
emergence of the hatchlings was recorded as the incubation period. After emergence, the hatchlings were
maintained in the jar until the yolk had been entirely absorbed (usually within two days). The turtles
were then kept in separate cages in a temperature-controlled room at 28 + 1°C and with a 12-h light/12-h
dark cycle according to Du et al.®.

Immunocompetence test. To determine the immunocompetence of hatchling turtles, we meas-
ured the survival rate of the hatchlings against bacterial infection (A. hydrophilia TL1) according to Hu
et al.*®, Hatchlings (n= 100) from each incubation temperature treatment were randomly assigned to five
groups (20 individuals per group) with different bacterial challenge treatments: 5 x 107, 5 x 10%, 5 x 10°,
5% 10% and 5 x 10° CFU of TL1. TL1 was injected into the turtles intraperitoneally, and monitored for
mortality up to 10 days post-challenge.

Tissue collection. Three newly hatched Chinese soft-shelled turtles from each temperature treatment
were randomly sacrificed to collect blood and liver samples for subsequent biochemical analysis as pre-
viously described?’. Briefly, the blood was incubated at 37°C for 1 hour, and then centrifuged (5000 rpm/
min) at 4°C for 10min to collect serum. The liver was removed aseptically and frozen in liquid nitrogen.

Acid and alkaline phosphatase assay. Serum acid phosphatase activities were measured by King
and Jagatheesan’s method*®, and serum alkaline phosphatase activities were measured by Kind and King’s
method®. Commercially accessible kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
were used. The activities of acid and alkaline phosphatases were determined by catalyzing the split-
ting of phosphoric acid from para-nitrophenyl phosphate (pNPP) to form free phenol. In the alkaline
medium and in the presence of the oxidizing agent potassium ferricyanide, free phenol reacted with
4-aminoantipyrene to produce a red colored compound. This compound was estimated at 520 nm against
a reagent blank. In brief, the alkaline phosphatase assay was operated as follows. We mixed 5pl serum
with 50pl pNPP (20mM) as the substrate and 50l carbonate buffer (0.1 M, pH10) containing 5mM
4-Aminoantipyrene (Sangon, Shanghai, China). The mixture was incubated at 37°C for 15min, and
then 150l chromogenic reagent (5mM potassium ferricyanide, 250 mM boric acid) was added. The
0OD520 was recorded. The acid phosphatase assay was operated with citrate buffer (0.2 M, pH 5.5) as the
replacement for carbonate buffer and 75l sodium hydroxide (7.5M) was added with 75ul chromoge-
nic reagent. Double diluted water and phenol standard working solution (1 mg/ml) (Sangon, Shanghai,
China) were used separately as the blank and standard, respectively. Optical density calculations were
expressed as 1 mg phenol liberated by 100 ml serum for 15min at 37°C.

Serum lysozyme assay. The serum lysozyme activities were measured by Turbidometric assay based
on Ghafoori et al.>® with slight modification. Briefly, lyophilized Micrococcus lysodeikticus was suspended
in PBS (pH 7.4) to 250 ug/ml. The bacteria solution and serum were incubated at 37°C for 5min. Then,
1001 bacteria solution and 10pl serum were immediately mixed, and the transmittance at 530 nm was
recorded at 5 and 125seconds. Hen egg white lysozyme (2.5pg/ml) (Sangon, Shanghai, China) was used
as the standard.

Immune gene expression. Immune gene expression analysis was assessed in cDNA reversely tran-
scripted by mRNA isolated from the tissues as previously described®'. In briefly, we collected 30 mg of
liver from each turtle, and extracted total RNA using TRIzol reagent (Ambion) (Invitrogen, Carlsbad
CA, USA). One microgram of total RNA was treated with the gDNA Eraser kit (Takara, Dalian, China)
and used for cDNA synthesis with the PrimeScript™ RT reagent Kit (Perfect Real Time). Quantitative
real time reverse transcriptase-PCR (Qrt-PCR) was carried out in a C1000TM thermal cycler (Bio-Rad,
Hercules CA, USA) using the iTaq Universal SYBR Green Supermix Kit (Bio-Rad, Hercules CA, USA).
Each assay was performed in triplicate and programmed as follows: 95°C for 3 min, then 40 cycles at
95°C for 10seconds, and 59°C for 10seconds, and 72°C for 30seconds. A negative control without a
template was included in each assay. The melting curve analysis of the amplification products was per-
formed at the end of each PCR to confirm that only one product was amplified and detected. The primers
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F: 5 -

IgD FJ605149 | 1 GGGAACAAGGCACCAGATTT -3/
R:5 -
TTCGCAGACAAGAGTCAAGGA -3/

. g/ _
1M Feosiso | B - GCTTATCCCACCGACCTTTG

R: 5" - TCATCTCCTCGCTCCCACTC
-3/

F: 5" - ATGAGGAGGGCGAGCACC

CD3y | GUI6ess7L |

R 5 -
GCAAACGCATTACAAGGAGGA - 3/

F: 5/ - TATCCTCTGCGTCCCGTCC

CD9 FJ975143 oy

R 5 -
CAAACCGAAGCCATAGTCCAA - 3/

F:5 -

B-actin | EU727174 | 1G11pACCCATACTGTGCCCATC - 3/

R 5 -
TAGCCATCTCCTGTTCAAAATCC -3/

Table 1. Primers used in Qrt-PCR.

used to amplify the 3-actin, IgD, IgM, CD3~, and CD9 genes were designed according to published
Chinese soft-shelled turtle sequences (Table 1).

Data analysis. Statistical analyses were performed with SPSS 18.0 software (SPSS Inc., USA). The
normality of distributions and the homogeneity of variances were tested with a Kolmogorov-Smirnov
test and a Bartlett’s test, respectively. Analysis of variance (ANOVA) was used to determine the influ-
ence of incubation temperature on incubation period, while analysis of covariance (ANCOVA) was used
to determine the influence of incubation temperature on hatchling mass, using initial egg mass as the
covariate. We used the G-test to detect the among-treatment difference in cumulative mortality and
probit analysis to calculate the median lethal dose (LD50) of hatchlings exposed to the bacterial infec-
tion. Acid and alkaline phosphatase activity (King unit/100ml) were both calculated as :[(serum OD
value - blank OD value) / (standard OD value - blank OD value)] x Standard concentration (0.1 mg/
ml) x 100 ml*+*. Lysozyme activity was calculated according to the following formula: lysozyme content
(ng/ml) = [(UT,-UT,)/(ST,-ST,)] x Standard concentration (2.5pg/ml), where UT, = the transmittance
of serum at 5seconds, UT,= the transmittance of serum at 125seconds, ST, = the transmittance of hen
egg lysozyme at 5seconds, and ST, = the transmittance of hen egg lysozyme at 125seconds*®. The expres-
sion levels of the IgD, IgM, CD3~, and CD9 genes were analyzed using the 2722¢T method®, and are
presented in terms of relative mRNA (mean £ SE). One-way ANOVA was used to determine the differ-
ence in enzyme activity and immune gene expression. A Tukey post hoc multiple comparisons test was
used to detect differences among treatments.

References

1. Pounds, J. A. et al. Widespread amphibian extinctions from epidemic disease driven by global warming. Nature 439, 161-167
(2006).

2. Kilburn, V. L, Ibadnez, R., Green, D. M. Reptiles as potential vectors and hosts of the amphibian pathogen Batrachochytrium
dendrobatidis in Panama. Dis. Aquat. Organ. 97, 127-134 (2011).

3. Rohr, J. R. & Raffel, T. R. Linking global climate and temperature variability to widespread amphibian declines putatively caused
by disease. Proc. Natl. Acad. Sci. USA 107, 8269-8274 (2010).

4. Lochmiller, R. L. & Deerenberg, C. Trade-offs in evolutionary immunology: just what is the cost of immunity? Oikos 88, 87-98
(2000).

5. DuRant, S. E., Hopkins, W. A., Hawley, D. M. & Hepp, G. R. Incubation temperature affects multiple measures of
immunocompetence in young wood ducks (Aix Sponsa). Biol. Lett. 8, 108-111 (2012).

6. Ardia, D. R, Pérez, J. H. & Clotfelter, E. D. Experimental cooling during incubation leads to reduced innate immunity and body
condition in nestling tree swallows. Proc. R. Soc. B 277, 1881-1888 (2010).

7. Deeming, D. C. [Post-hatching phenotypic effects of incubation in reptiles] Reptilian Incubation: Environment, Evolution and
Behaviour. [Deeming, D. C. (ed.)] [229-251] (Nottingham University Press, 2004).

8. DuRant, S. E., Hopkins, W. A., Hepp, G. R. & Walters, J. R. Ecological, evolutionary, and conservation implications of incubation
temperature-dependent phenotypes in birds. Biol. Rev. 88, 499-509 (2013).

9. Freedberg, S. et al. Incubation environment affects immune system development in a turtle with environmental sex determination.
J. Herpetol. 42, 536-541 (2008).

10. Valenzuela, N., LeClere, A. & Shikano, T. Comparative gene expression of steroidogenic factor 1 in Chrysemys picta and Apalone

mutica turtles with temperature-dependent and genotypic sex determination. Evol. Dev. 8, 424-432 (2006).

SCIENTIFIC REPORTS | 5:10594 | DOI: 10.1038/srep10594 7



www.nature.com/scientificreports/

11.
12.
13.

14.
15.

16.
17.

18.
19.
20.
21.
22.
23.

24.

25.

26.

27.

28.
29.
30.
31.

32.

33.
34,
35.
36.
37.
. Sinervo, B. et al. Erosion of Lizard Diversity by Climate Change and Altered Thermal Niches. Science 328, 894-899 (2010).
39.
40.

41.
42.

43.
44,
45.
46.
47.
48.
49.

50.

51.

Valenzuela, N. Evolution of the gene network underlying gonadogenesis in turtles with temperature-dependent and genotypic
sex determination. Integr. Comp. Biol. 48, 476-485 (2008).

Delmas, V., Prevot-Julliard, A. C., Pieau, C. & Girondot, M. A mechanistic model of temperature-dependent sex determination
in a chelonian: the European pond turtle. Funct. Ecol. 22, 84-93 (2008).

Parrott, A. & Logan, J. D. Effects of temperature variation on TSD in turtle (C. picta) populations. Ecol. Model. 221, 1378-1393
(2010).

Zhang, S. C., Wang, Z. P. & Wang, H. M. Maternal immunity in fish. Dev. Comp. Immunol. 39, 72-78 (2013).

Sunyer, J. O. Evolutionary and functional relationships of b cells from fish and mammals: insights into their novel roles in
phagocytosis and presentation of particulate antigen. Infect. Disord. Drug Targets 12, 200-212 (2012).

Edholm, E. S., Bengten, E. & Wilson, M. Insights into the function of IgD. Dev. Comp. Immunol. 35, 1309-1316 (2011).

Frank, S. ], Engel, I, Rutledge, T. M. & Letourneur, E. Structure/function analysis of the invariant subunits of the T cell antigen
receptor. Semin. Immunol. 3, 299-311 (1991).

van Spriel, A. B. & Figdor, C. G. The role of tetraspanins in the pathogenesis of infectious diseases. Microbes. Infect. 12, 106-112
(2010).

Le Naour, E et al. Tetraspanins connect several types of Ig proteins: IgM is a novel component of the tetraspanin web on
B-lymphoid cells. Cancer Immunol. Immunother. 53, 148-152 (2004).

Ji, X., Chen, E, Du, W. G. & Chen, H. L. Incubation temperature affects hatchling growth but not sexual phenotype in the
Chinese soft-shelled turtle, Pelodiscus sinensis (Trionychidae). J. Zool. 261, 409-416 (2003).

Charnov, E. L. & Bull, . When is sex environmentally determined? Nature 266, 828-30 (1977).

Blattner, E R. & Tucker, P. W. The molecular biology of immunoglobulin D. Nature 307, 417-422 (1984).

Boes, M., Prodeus, A. P, Schmidt, T, Carroll, M. C. & Chen, J. A Critical Role of Natural Immunoglobulin M in Immediate
Defense Against Systemic Bacterial Infection. . Exp. Med. 188, 2381-2386 (1998).

Rocha-Perugini, V. et al. Tetraspanins CD9 and CD151 at the immune synapse support T-cell integrin signaling. Eur. J. Immunol.
44, 1967-1975, (2014).

Molina, R. et al. Acid and alkaline phosphatase activities and pathological changes induced in Tilapia fish (Oreochromis sp.)
exposed subchronically to microcystins from toxic cyanobacterial blooms under laboratory conditions. Toxicon 46, 725-735
(2005).

Huang, Z. H,, Ma, A. ]. & Wang, X. A. The immune response of turbot, Scophthalmus maximus (L.), skin to high water
temperature. J. fish dis. 34, 619-627, (2011).

Sadhu, N., Sharma, S. R, Joseph, S., Dube, P. & Philipose, K. K. Chronic stress due to high stocking density in open sea cage
farming induces variation in biochemical and immunological functions in Asian seabass (Lates calcarifer, Bloch). Fish physiol.
biochem. 40, 1105-1113, (2014).

Zheng, C. Q,, Jeswin, J., Shen, K. L., Lablche, M., Wang, K. J. & Liu, H. P. Detrimental effect of CO2-driven seawater acidification
on a crustacean brine shrimp, Artemia sinica. Fish Shellfish Immunol. 43, 181-190, (2015).

Uller, T. & Olsson, M. Prenatal exposure to testosterone increases ectoparasite susceptibility in the common lizard (Lacerta
vivipara). Proc. Bio. Sci. 270, 1867-1870 (2003).

Klein, S. L. Hormonal and immunological mechanisms mediating sex differences in parasite infection. Parasite Immunol. 26,
247-264 (2004).

Zhao, F. Q. et al. Effects of cold stress on mRNA expression of immunoglobulin and cytokine in the small intestine of broilers.
Res. Vet. Sci. 95, 144-155 (2013).

Qiang, J., Yang, H., Wang, H., Kpundeh, M. D. & Xu, P. Interacting effects of water temperature and dietary protein level on
hematological parameters in Nile tilapia juveniles, Oreochromis niloticus (L.) and mortality under Streptococcus iniae infection.
Fish Shellfish Immunol. 34, 8-16 (2013).

Du, W. G. & Ji, X. The effects of incubation thermal environments on size, locomotor performance and early growth of hatchling
soft-shelled turtles, Pelodiscus sinensis. J. Therm. Biol. 28, 279-286 (2003).

Ashmore, G. M. & Janzen, E J. Phenotypic variation in smooth softshell turtles (Apalone mutica) from eggs incubated in constant
versus fluctuating temperatures. Oecologia 134, 182-188 (2003).

Mullins, M. A. & Janzen, E J. Phenotypic effects of thermal means and variances on smooth softshell turtle (Apalone mutica)
embryos and hatchlings. Herpetologica 62, 27-36 (2006).

Warner, D. A. & Andrews, R. M. Laboratory and field experiments identify sources of variation in phenotypes and survival of
hatchling lizards. Biol. J. Linn. Soci. 76, 105-124 (2002).

Huey, R. B. et al. Why tropical forest lizards are vulnerable to climate warming. Proc. Biol. Sci. 276, 1939-1948 (2009).

Clarke, D. N. & Zani, P. A. Effects of night-time warming on temperate ectotherm reproduction: potential fitness benefits of
climate change for side-blotched lizards. J. Exp. Biol. 215, 1117-1127 (2012).

Warner, D. A. & Shine, R. Fitness of juvenile lizards depends on seasonal timing of hatching, not offspring body size. Oecologia
154, 65-73, (2007).

Zhao, E. & Adler, K. Herpetology of China. (SSAR, 1993).

Liu, G. A, Xu, D. Y. & Liu, C. S. Studies on the reproductive ecology of the turtle, Chinemys reevesii. Acta. Hydrobiol. Sin. 12,
230-235 (1988).

Du, W. G. & Ji, X. Influence of incubation temperature on embryonic use of material and energy in the Chinese soft-shelled
turtle (Pelodiscus sinensis). Acta. Zool. Sin. 47, 512-517 (2001).

Zhang, W. W. & Sun, L. Cloning, characterization, and molecular application of a beta-agarase gene from Vibrio sp strain V134.
Appl. Environ. Microbiol. 73, 2825-2831 (2007).

Du, W. G. & Zheng, R. Q. Egg survival and hatchling traits of the Chinese three-keeled pond turtle (Chinemys reevesii) incubated
in different hydric environments. Acta. Zool. Sin. 50, 132-135 (2004).

Hu, Y. H,, Dang, W. & Sun, L. A TonB-dependent outer membrane receptor of Pseudomonas fluorescens: virulence and vaccine
potential. Arch. Microbiol. 194, 795-802 (2012).

Dang, W,, Hu, Y. H,, Zhang, M. & Sun, L. Identification and molecular analysis of a stress-inducible Hsp70 from Sciaenops
ocellatus. Fish Shellfish Immunol. 29, 600-607 (2010).

King, E. J. & Jegatheesan, K. A. A method for the determination of tartratelabile, prostatic acid phosphatase in serum. J. clin.
Pathol. 12, 85-89 (1959).

Kind, P. R. & King, E. J. Estimation of plasma phosphatase by determination of hydrolysed phenol with amino-antipyrine. J. Clin.
Pathol. 7, 322-326 (1954).

Ghafoori, Z., Heidari, B. & Farzadfar, E. Variations of serum and mucus lysozyme activity and total protein content in the male
and female Caspian kutum (Rutilus frisii kutum, Kamensky 1901) during reproductive period. Fish Shellfish Immunol. 37, 139-
146 (2014).

Gao, J. et al. Heat shock protein expression enhances heat tolerance of reptile embryos. Proc. Biol. Sci. 281, doi:10.1098/
rspb.2014.1135 (2014).

SCIENTIFIC REPORTS | 5:10594 | DOI: 10.1038/srep10594 8



www.nature.com/scientificreports/

52. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2724CT
method. Methods 25, 402-408 (2001).

Acknowledgements

We thank H. L. Lu and Y. Gao for their help in the laboratory. This work was supported by grants from
the Natural Science Foundation of China (31200310), Zhejiang Provincial Natural Science Foundation
(LZ13C030002), Zhejiang Provincial Science and Technology Bureau (2012C22060), and Hangzhou
Municipal Science and Technology Bureau (20120232B12).

Author Contributions

W.D. and W.Z. performed the experiments. W.D. and W.G.D. analyzed the results. W.G.D. and W.D.
designed the study. W.G.D. wrote the main manuscript text and W.D. prepared figures 1-3. All authors
reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Dang, W. ef al. Incubation temperature affects the immune function of
hatchling soft-shelled turtles, Pelodiscus sinensis. Sci. Rep. 5, 10594; doi: 10.1038/srep10594 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10594 | DOI: 10.1038/srep10594 9


http://creativecommons.org/licenses/by/4.0/

	Incubation temperature affects the immune function of hatchling soft-shelled turtles, Pelodiscus sinensis

	Results

	Immunity. 
	Enzyme activity. 
	Immune gene expression. 

	Discussion

	Methods

	Ethics statements. 
	Study species and bacterial strain. 
	Egg collection and incubation. 
	Incubation period. 
	Immunocompetence test. 
	Tissue collection. 
	Acid and alkaline phosphatase assay. 
	Serum lysozyme assay. 
	Immune gene expression. 
	Data analysis. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Effects of incubation temperature on the mortality of hatchling turtles (P.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The activity of immunity-related enzymes in hatchling turtles (P.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The expression of immune genes in hatchling turtles (P.
	﻿Table 1﻿﻿. ﻿  Primers used in Qrt-PCR.



 
    
       
          application/pdf
          
             
                Incubation temperature affects the immune function of hatchling soft-shelled turtles, Pelodiscus sinensis
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10594
            
         
          
             
                Wei Dang
                Wen Zhang
                Wei-Guo Du
            
         
          doi:10.1038/srep10594
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10594
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10594
            
         
      
       
          
          
          
             
                doi:10.1038/srep10594
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10594
            
         
          
          
      
       
       
          True
      
   




