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The successful cryopreservation of organs is a strong and widespread demand around the world but faces
great challenges. The mechanisms of cold tolerance of organisms in nature inspirit researchers to find
new solutions for these challenges. Especially, the thermal, mechanical, biological and biophysical
changes during the regulation of freezing tolerance process should be studied and coordinated to
improve the cryopreservation technique and quality of complex organs. Here the cold tolerance of the
Japanese carpenter ants, Camponotus japonicus Mayr, was greatly improved by using optimal protocols
and feeding on L-proline-augmented diets for 5 days. When cooling to �27.66 �C, the survival rate of fro-
zen ants increased from 37.50% ± 1.73% to 83.88% ± 3.67%. Profiling of metabolites identified the concen-
tration of whole-body L-proline of ants increased from 1.78 to 4.64 ng g�1 after 5-day feeding. High L-
proline level, together with a low rate of osmotically active water and osmotically inactive water facili-
tated the prevention of cryoinjury. More importantly, gene analysis showed that the expression of ribo-
some genes was significantly up-regulated and played an important role in manipulating freezing
tolerance. To the best of our knowledge, this is the first study to link genetic variation to the enhancement
of ants’ cold tolerance by feeding exogenous cryoprotective compound. It is worth noting that the find-
ings provide the theoretical and technical foundation for the cryopreservation of more complex tissues,
organs, and living organisms.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Cryopreservation is the most effective way for long-term stor-
age of biomaterials because the low temperature can dramatically
inhibit biological and chemical reactions. However, it is still hard to
achieve long-term cryopreservation and successful recovery of
complex tissues, organs, and even live organisms. The challenges
are not only the mechanical injury for the uncontrollable growth
of ice crystal but also the complexity of maintaining different cells
structure and function [1,2]. Therefore, it is important to under-
stand the mechanisms of low-temperature effect on biomaterials
and optimize the freezing/warming protocols for minimizing
thermo-mechanical stress in different tissue and organ systems
[1].
In nature, the ability of cold tolerance of different organisms is
significantly different. The most famous freeze-tolerant organisms,
Panagrolaimus davidi, are reported to stand 82% body water con-
verting into internal ice [3]. From this point of view, we can learn
that studying the cold tolerance mechanisms from the natural
cold-tolerant organisms will inspire our thoughts for the cryop-
reservation. Cold-tolerant organisms usually take two strategies
to response cold stimulation: freeze tolerance and freeze avoid-
ance. Freeze-tolerant species can withstand freezing of their body
fluids, while freeze-avoidant ones avoid ice formation to maintain
organismal integrity. These cold-tolerant organisms have devel-
oped different effective ways to adapt to the low temperature, such
as the synthesis and accumulation of cryoprotectants (CPAs), cry-
oprotective dehydration, and regulation of genes expression. CPAs
cause cellular dehydration before cooling, reduce ice crystals and
protect biological tissues from freezing damage [4]. Cryoprotective
dehydration depresses the freezing point of body fluid by minimiz-
ing ice content, which contributes to reducing shrinkage in the

https://doi.org/10.1016/j.scib.2019.09.028
mailto:lileilei@mail.ipc.ac.cn
mailto:weirao@mail.ipc.ac.cn
https://doi.org/10.1016/j.scib.2019.09.028
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib


1796 M. Dou et al. / Science Bulletin 64 (2019) 1795–1804
unfrozen cells [5,6]. When facing cold threatens, the expression of
genes encoding heat shock protein, ferritin homologue, aquaporins,
antioxidants and so on, is identified to up-regulate [4].

Inspired by nature, scientists have explored and applied biocom-
patible and high-efficiency CPAs for cells cryopreservation [7–10].
The concept of loading exogenous CPAs on organisms for freeze tol-
erance enhancement has been performed on larvae. L-proline is
associated with freezing tolerance in some insects [11,12] and is
an ideal candidate for natural cryoprotectant. It can penetrate into
cells [13,14], lower the freezing point, reduce cell acidity, regulate
cell redox potential, and stabilize macromolecules (nucleic acids,
nucleoprotein complexes, protein, biological membranes) [4,15–
18]. L-proline has been used to cryopreserve some cultured plant
cells [14] and mammalian cells [19]. Koštál et al. [11] studied the
freeze-tolerant ability of Chymomyza costata and found that dia-
pause was an essential and sufficient condition, and L-proline was
a prominentmetabolite in survival larvae. Then they convertedDro-
sophila melanogaster, a chill susceptible fruit fly, into a freeze-
tolerant organism by the shutdown of the larval development and
serving L-proline-augmented diets [12]. However, to explore the
approach of cryopreservation for tissues even organisms, using fruit
flies as themodel organisms is far from enough. In recent years, ants
aroused scientists’ research interest due to their unique habits and
social behaviors [20]. However, to the best of our knowledge, there
are little reports about the conversion of cold tolerance of ants by
artificial methods. In our paper, the Japanese carpenter ants, Cam-
ponotus japonicus Mayr (Hymenoptera: Formicidae), were used as
the model organism. This kind of ants is non-freeze-tolerant organ-
isms [21]. The size of worker ants varies from 6 to 15 mm,much lar-
ger than the larvae ofD.melanogaster (<2.5 mm).D.melanogasterhas
only four pairs of chromosomes, whereas the C. japonicus Mayr has
13 pairs of chromosomes [22]. Compared to the larvae of D. melano-
gaster, C. japonicus Mayr is more complicated in physical structure
(such as size) and biological behavior (such as the act ofmovement).
Therefore, regulating cold tolerance response of C. japonicus Mayr
will be more valuable for cryopreservation applications.

In this study, we first converted the freeze-sensitive ants into
freeze-tolerant species with an L-proline-augmented diet and froze
them with optimal protocols. The temperature distribution in the
ant body during freezing/rewarming processes was analyzed by
infrared thermal imaging. The content and form of water in the
ants, together with the freezing point of ants’ body fluid were mea-
sured to reveal the cryoprotective mechanism of L-proline. With
amino acids metabolism analysis, we found that the whole-body
L-proline contents of ants were increased from 1.78 to 4.64 ng g�1.
Besides, genes analysis indicated that differentially expressed
genes including genes of heat shock proteins and antioxidants
induced by L-proline-augment also contributed to the enhance-
ment of freeze tolerance.
2. Materials and methods

2.1. Ants and feeding

Foraging workers (females) of the Japanese carpenter ants were
caught from ant colonies located in Guiyang, Guizhou Province,
China. Then these ants were cultured using artificial diets in the
plastic boxes, which were put into dark cabinets at the room tem-
perature (20–25 �C). We prepared both liquid and solid feed
(Table S1 online). The basic component of the feed was hydromel,
which was made by honey and purified water with the weight
ratio of 1:2. The agar powder was added to the hydromel to make
a solid feed, and the L-proline (Beijing Chemical Reagents Com-
pany, China) was added to prepare an L-proline-augmented feed.
For each group of about 50 ants, the liquid feed was served with
1 g for four times per day, and the solid feed was served with 1 g
for twice per day.

2.2. The maximum amount of L-proline-augmented diets

The feeding ants were divided into five groups, Pro-0, Pro-10,
Pro-20, Pro-30, Pro-40 groups, the liquid feed and solid feed with
L-proline in concentrations ranging from 0 to 40 mg g�1 compound
diets were served. The numbers of live ants in Pro-0, Pro-10, Pro-
20, Pro-30, Pro-40 groups were counted every 2 days. The survival
rate was further calculated as the percentage of the number of live
ants to that of the ants before feeding.

2.3. Freezing & rewarming protocols optimization and cold tolerance
assay

To optimize freezing and rewarming procedures, we studied the
effect of lowest temperature, cooling rate, freezing time, and
rewarming temperature on the survival rate of the ants without
feeding L-proline-augmented diets. The freeze dryer (AdVantage
2.0, SP Scientific, USA) was used to freeze and rewarm the ants
under predesigned programs. To achieve more accurate environ-
mental temperature change around ants, the thermocouples were
stuck at the bottom of the plastic boxes, and the data was collected
by the data acquisition system (34902A, Agilent Technologies,
USA).

In order to test the proper lowest freezing temperature, the
temperature program started at room temperature (R.T., 25 �C)
and comprised of 6 steps: (i) cooling to 10 �C in 15 min; (ii) keeping
at 10 �C for 10 min; (iii) cooling to the lowest temperature (set 4
groups, �1, �20, �25, �40 �C, respectively) in 15 min; (iv) keeping
at the lowest temperature for 60 min; (v) rewarming to 18 �C in
20 min; (vi) keeping at 18 �C in the incubator for 24 h.

To seek the best cooling rate, we set the lowest temperature at
�25 �C and tried two different cooling rates, in other words, the
time required in step (iii) is set as 15, 60 min, respectively.

In order to find the suitable freezing time, we set the lowest
temperature at �25 �C and the cooling time of 15 min, the duration
in step (iv) was set as 0.5, 1, 5, 24 h, respectively.

We tested 18 and 25 �C respectively, in step (v) for the best
rewarming temperature.

Finally, the cold tolerance of ants feeding with different L-
proline-augmented diets for 5 days was tested using the optimal
freezing protocol. The survival rates in all the above experiments
were calculated as the percentage of the number of the live ants
after cryopreservation to that of ants before freezing.

2.4. Infrared thermal analysis based on cryo-stage system

The ants with different L-proline concentration feed were fixed
on the disc of the BCS196 biological cryo-stage system (Linkam Sci-
entific Instrument, England) by double-sided tapes. The tempera-
ture of the cryo-stage was controlled by software Linksys 32X
and the rate was set as 2 �C min�1. The thermal infrared images
were captured by an infrared camera (SC620, FLIR Systems Inc.,
USA).

2.5. Differential scanning calorimetry analysis

To test the ratio of osmotically active water to osmotically inac-
tive water, related thermal analysis were conducted by a differen-
tial scanning calorimetry (DSC 200 F3 calorimeter, Netzsch,
Germany) [11,12,23,24]. Each experimental ant was sealed in a
40 lL aluminum pan and subjected to a program as follows: (i)
heating to 30 �C at a rate of 10 �C min�1 and holding for 1 min;
(ii) cooling to 20 �C at a rate of 20 �C min�1 and holding for
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1 min; (iii) cooling to �5 �C at a rate of 10 �C min�1 and holding for
1 min; (iv) cooling to �35 �C at a rate of 1 �C min�1 and holding for
1 min; (v) heating to 20 �C at a rate of 20 �C min�1 and holding for
2 min; (vi) ending up the process at the protected temperature of
40 �C.

All the ants froze at their supercooling point (SCP) temperature.
The thermal curves were analyzed by using the thermal analysis
software (Proteus Analysis, Netzsch, Germany).

The amount of frozen, osmotically active (OA) water was calcu-
lated by using the following equation:

mOA ¼ mw � H=DH: ð1Þ
mw was the total water mass of the ants and DH was calculated by
using the equation [25] as follows:

DH ¼ �2:05 Ts � 273:15ð Þ � 334:5: ð2Þ
The enthalpy of melting, H, and the supercooling temperature, Ts,
were measured by the DSC and calculated from the thermal analysis
software. The value of 334.5 J g�1 is the freeze exothermic enthalpy
of water.

To get water content of each group of ants, several ants from the
specified group were measured as the total weight (mt). The
weighted ants were dried in a vacuum dry oven at 80 �C for two
days and then weighted for the dry weight (md) (Dataset S1
online). The water mass (mw) was calculated by substracting the
md from mt. The water content of each group of ants was the ratio
of mw to mt. For each tested ant in the DSC measurement, mw was
calculated through water content multiplied the mt of the ant. The
amount of unfrozen, osmotically inactive (OI) water was deter-
mined by subtracting the OA water from the mw.

In order to confirm whether the ants’ body fluid was frozen
under the optimal freezing and rewarming protocol, we measured
the freezing point with DSC by using the following programs: (i)
heating to 30 �C at a rate of 10 �C min�1 and holding for 5 min;
(ii) cooling to 10 �C at a rate of 10 �C min�1 and holding for
5 min; (iii) cooling to �40 �C at a rate of 1.75 �C min�1 and holding
for 5 min; (iv) heating to 18 �C at a rate of 2 �C min�1 and holding
for 5 min; (v) ending up the process at the protected temperature
of 40 �C. The freezing temperature Tf was measured by DSC and
calculated using the thermal analysis software.

2.6. Metabolomic profiling

We performed the targeted metabolomics analysis of animal
amino acids for the ants fed with different L-proline-augmented
diets (groups of Pro-0, 10, 20, 30). The different parts (head, thorax,
and abdomen) of the ants in groups of Pro-0 and Pro-30 were also
studied. After 5 days feeding, the tissue homogenate of 10 samples
in each group (10 ants of group Pro-0, 10, 20 and 30; 10 heads, 10
thoraxes, and 10 abdomens of group Pro-0, and 30, respectively)
was prepared. 500 lL of methanol and 1 mL of water were added
to the (60 ± 10) mg of tissue homogenate. Then the solutions were
sonicated for 60 min, centrifugated for 10 min, and diluted with
DI-water for 50 times. Finally, the supernatant was used for the fol-
lowing mass analysis.

The amino acids of different samples were quantitatively deter-
mined by liquid chromatography (LC-20AXR, Shimazu, Japan) cou-
pled with mass spectrometry (Otrap5500, AB SCIEX, America) [15].
1 lL of the supernatant of each sample was injected into liquid
chromatograph and separated by UPLC HSS T3 capillary column
(1.8 lm, 2.1 mm � 150 mm) at 50 �C and the flow rate of
0.3 mL min�1 using gradient elution. The mobile phase consisted
of (A) 0.1% formic acid in water and (B) 95% acetonitrile in water
(containing 0.1% formic acid and 1 mmol L�1 ammonium formate).
The gradient elution program was processed in 95% A for 1 min
then 6 min, 50% A for 2 min, 95% A for 3 min. Mass spectrometry
was performed by using a quadrupole tandem mass spectrometer
equipped with an ESI electrospray ion source. The source temper-
ature was 150 �C and the capillary voltage was 2.0 kV with a pos-
itive ion acquisition mode. High purity nitrogen was provided as
desolvation gas at 600 �C and the flow of 1000 Bar, and cone gas
at the flow of 150 L h�1. Liquid quality system was controlled by
Analyst mass spectrometry data acquisition software (SCIEX). Mul-
tiquant data analysis software and Skyline quantitative analysis
software were used to further analyze and obtain quantitative
results. The metabolites were identified against relevant standards
and subjected to quantitative analysis by using an internal stan-
dard calibration method. All chemical reagent was purchased from
Sigma-Aldrich and Fisher Scientific.

2.7. Gene analysis

The de novo transcriptome sequencing analysis was performed
on the ants of groups Pro-0 and Pro-30. Firstly, the total RNA sam-
ples were tested from the following 4 aspects to make sure the
qualification: (i) RNA degradation and contamination was detected
on 1% agarose gels; (ii) RNA purity was affirmed by spectropho-
tometer (NanoPhotometerIMPLEN, CA, USA); (iii) RNA concentra-
tion was measured by Qubit RNA Assay Kit and Flurometer
(Qubit 2.0, Life Technologies, CA, USA); and (iiii) RNA integrity
was determined applying the RNA Nano 6000 Assay Kit based on
the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA,
USA). Then the mRNA was purified from 1.5 lg of RNA from each
sample using poly-T oligo-attached magnetic beads. Using mRNA
fragmentation as a template, first strand cDNA was synthesized
by adding random hexamers primer and M-MuLV Reverse Tran-
scriptase (RNase H). Then the DNA Polymerase I and RNase H were
added to synthesized second strand cDNA and exonuclease/poly-
merase were added to convert remaining overhangs into blunt
ends. After adenylation of 30 ends of DNA fragments, hybridization
was prepared by ligating NEBNext Adaptor with hairpin loop struc-
ture. AMPure XP system (Beckman Coulter, Beverly, USA) was used
to purify the library fragments for selecting cDNA fragments. At
last, PCR amplification was performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers, and Index (X) Primer.
After PCR products were purified, library quality was assessed with
the Agilent Bioanalyzer 2100 system. According to the manufac-
turer’s instructions, the clustering was performed by TruSeq PE
Cluster Kit v3-cBot-HS (Illumina) and cBot Cluster Generation Sys-
tem. After cluster generation, the library preparations were
sequenced on an Illumina Hiseq platform and paired-end reads
were generated [26,27].

Raw data were processed by in-house perl scripts to get clean
data with high quality. Then transcriptome and transcription
assembly were performed. Single nucleotide polymorphisms,
insertion-deletion, simple sequence repeats, and gene expression
levels were progressed in sequence. The differential expression
analysis was performed using the DESeq (2010) R package [28].
The P-adjusted < 0.05 & |log2(fold change)| > 1 was set as the
threshold for significantly differential expression. Gene Ontology
(GO), together with Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of the differentially expressed genes
were performed by the GOseq R packages and KOBAS software,
respectively [29,30].

3. Results and discussion

3.1. The maximum amount of L-proline-augmented diets

For exploring the effect of L-proline-augmented diet on the
freeze tolerance of ants, we first screened a proper concentration
and feeding days. Five groups of ants were fed by five different
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L-proline concentration diets for up to 9 days. The survival rate
decreased with the increasing of feeding days, especially at the
Pro-40 group (Fig. S1 online). Though L-proline is nontoxic [19],
its metabolite ammonia shows dose-dependent toxicity to organ-
isms, primarily neurological impairment [31]. It is confirmed that
the concentration of L-proline should be no more than 30 mg g�1

to ensure a high survival rate of ants. Moreover, the survival rate
of various L-proline concentration groups showed a statistically
significant difference after 5 days.
3.2. Optimal freezing and rewarming procedure

We studied the effect of lowest temperature, cooling rate, freez-
ing time, and rewarming temperature on the survival rates of the
ants to explore the optimized freezing and rewarming procedure.

Four different lowest temperatures were preset through instru-
ment input system, which were �1, �20, �25, and �40 �C, respec-
tively. In order to monitor the temperature of the experimental
ants, the actual temperatures were measured by thermocouples
after reaching thermal equilibrium, which were �3.42, �21.46,
�27.66, and �42.48 �C, respectively. When the actual temperature
was �3.42 �C, we found that survival rate of ants was as high as
96.39% ± 1.94%, and even when temperature reduced to
�27.66 �C, there were still 37.50% ± 1.73% alive ants (Fig. S2a
online). However, when the temperature reached � 42.48 �C, the
survival rate was zero. These results indicate that C. japonicusMayr
can tolerate slight low-temperature stress when they are not fro-
zen (such as �3.42 �C). Further DSC data showed that the freezing
point of ants of the group with feeding Pro-30 was �26.5 �C
(Fig. 1a). It is found that once the phase change occurs, the survival
rate will decrease largely with the decreasing of the lowest tem-
perature (see Fig. S2a (online), from �21.46 to �27.66 �C). So we
chose �27.66 �C as the lowest temperature to make sure ants were
at freezing state. According to the experimental results, we set the
lowest temperature of the freezer as �25 �C for the subsequent
experimental treatment, which applied for improving the survival
rates.

Cooling rate plays a significant role in the successful cryopreser-
vation of biological materials. According to the ‘‘two-factor
hypotheses of freezing injury” [32], at the cellular level, the opti-
mal cooling rate should be screened to avoid both intracellular
ice formation and cellular dehydration/shrinkage. For large-scale
organisms, optimal cooling rate minimizes the thermo-
mechanical stress and gets structural integrity and functionality
[1]. Two different cooling rates were tested in our experiments,
Fig. 1. (Color online) The enhanced freeze tolerance of the Japanese carpenter ants.
(a) The reduction of a freezing point with the accumulation of L-proline. Control:
foraging ants collected from nature. (b) The survival rate of ants in different
L-proline concentration feeding groups. (c) Morphology of ants collected from
nature. (d) Morphology of ants after freezing and rewarming operation. Each
column represents the mean ± SD (standard deviation). **: P < 0.01.
which were 1.75 and 0.55 �C min�1 calculated by thermocouples
measurement results (Fig. S3 online), respectively. Compared to
0.55 �C min�1 slow cooling rate, ants cooling at 1.75 �C min�1

achieved a higher survival rate (Fig. S2b online). The cooling rate
of 0.55 �C min�1 is too slow for freezing, which will induce cellular
dehydration and shrinkage.

According to Arrhenius equation, biological and chemical reac-
tions are dramatically depressed with the decrease of temperature.
However, living organisms can not be preserved in a static low-
temperature state indefinitely, which means that the freezing
duration is also important to apply cryopreservation for organisms.
Four different freezing durations were tested, which were 0.5, 1, 5
and 24 h, respectively. The survival rate decreased with the
increase of the freezing time, from 68.89% ± 3.74%,
37.50% ± 1.73%, and 14.44% ± 1.94%, down to 1.11% ± 0.28%, which
were shown in Fig. S2c (online). At high subzero temperature, cel-
lular activity still slowly progressed. It is assumed that the harmful
metabolic intermediates, by-products, reactive oxygen species, and
oxidative damage to macromolecules accumulate for the less flex-
ible enzymes in low temperature. Reduced protein function trun-
cates cellular response to stressors. In addition, the loss of
membrane ion balance appears at low temperature [4,33]. Addi-
tionally, the recrystallization intensifies over time and causes
mechanically damage to cells and tissues. To make sure the effect
of cold tolerance regulation experiment, 1 h is chosen considering
survival rate and biological response.

Two different rewarming temperatures were tested, which
were 18 and 25 �C. The survival rate of 18 �C group
(37.50% ± 1.73%) was higher than that of the 25 �C group
(7.22% ± 1.00%), which was shown in Fig. S2d (online). Because
the rewarming time of ants from �25 to 18 or 25 �C is the same,
the rewarming rates are different in these two rewarming pro-
cesses. So we inferred that the rewarming rate at the 18 �C group
might be more in favor of surviving for ants, causing less recrystal-
lization and structural and physiological damage. Another reason
may be due to that rewarming at 18 �C for 24 h is propitious to
the physiological recovery of ants (restore homeostasis and repair
damage). We noticed that ants were not active immediately post-
thaw, while after keeping at 18 �C for more than 1 h, part of ants
showed the signs of recovery. It indicated that the recovery of ants
after freezing and rewarming operation needs time.

Considering the results above, we set the freezing and rewarm-
ing procedure as cooling the temperature to �27.66 �C with the
cooling rate of 1.75 �C min�1, keeping at �25 �C for 1 h, and then
rewarming to 18 �C for 24 h.

3.3. L-proline-augmented diets improve ants cold tolerance

Based on the results of the maximum screening amount of L-
proline-augmented diets experiment and the optimal freezing-
rewarming protocol, we fed the ants of Pro-0, Pro-10, Pro-20,
Pro-30 groups for 5 days, and then froze them to �27.66 �C with
the cooling rate of 1.75 �C min�1 and kept for 1 h, and then
rewarmed them to 18 �C and kept for 24 h. Then we counted both
the live and dead ants and calculated the survival rate of the ants in
each group, shown in Fig. 1b. We noted that the cold tolerance of
ants enhanced slightly (39.44% ± 1.38% vs. 37.50% ± 1.73%) after
5 days’ acclimation in dark environment (Figs. 1b, S2 (online)).
The worker ants of C. japonicus Mayr stay in the dark nest to spend
cold winter. With our acclimation conduction for ants, the contin-
uous dark environment may be a signal for the ants to prepare for
the cold threats. However, the slight enhancement of cold toler-
ance only assists the ants to go through the relatively warm winter
in the nest. The survival rate of the ants increased from
39.44% ± 1.38% to 61.94% ± 2.27% after acclimation with 10 mg L-
proline diets. While the survival rate slightly decreased from Pro-
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10 to Pro-20 group (55.55% ± 1.68%), they are still both higher than
the Pro-0 group. However, there was no significant difference
between these two groups. The survival rate of the ants increased
to 83.88% ± 3.67% as the L-proline concentration increased to
30 mg g�1. Our results revealed that the survival rate of ants signif-
icantly increased with the increase of the L-proline concentration
in the range of 0–30 mg g�1 (P < 0.01). Notably, the survival rate
in Pro-30 group is significantly different from that in the Pro-10
and the Pro-20 group, indicating feeding 30 mg g�1 L-proline is
the most effective for improving cold tolerance of worker ants.
Moreover, the morphology of ants showed no difference with the
ants without any experimental processing after cryopreservation
(Fig. 1c, d). In addition, most live ants could spontaneously crawl
and take food normally after freezing (Movie S1, S2, S3 online).

3.4. Visualization of temperature changes and distribution in ants body

We recorded the infrared thermal images of the ants in different
L-proline concentration groups during the cooling and rewarming
process to reveal the temperature changes and distribution of the
ants visually (Figs. 2a, b and S4a (online)). The infrared thermal
images (Figs. 2a, and S4a (online)) revealed that the cold energy
of cryo-stage transferred from the surface of the ants’ body to
the inside of ants’ body during the cooling process. While during
the initial warming process, ants not only obtained heat from the
Fig. 2. (Color online) The temperature changes and distribution in the body of ants duri
stage system. (a) Infrared thermal images of ants during the cooling process at the rate of
The white font in (a) and (b) means the time of ants operated by cryo-stage from 25 �C, th
during the cooling and rewarming processes. (d) The average temperature in different pa
ant body feeding Pro-30 diets.
cryo-stage but also absorbed heat from surroundings. So the body
temperature of ants was higher than the disc temperature in infra-
red thermal images (Figs. 2b, and S4a (online)). Using the software
of the infrared camera, we calculated the average temperature of
the total body (Figs. 2c, and S4b (online)) and different body parts
(Figs. 2d, e, and S4c, d (online)). At the same recording time and the
same cooling rate, the ants without L-proline-augmented feed
showed the fastest cooling rate to the target temperature
(Figs. 2c and S4b (online)). Moreover, with the increase of L-
proline concentrations, the inhibition on the cooling rate of the
ants gradually enhanced, which revealed that L-proline could delay
the cooling process of the body fluids of the ants. In addition, the
head of the ants in Pro-30 group cooled more slowly than abdo-
men, while the cooling rate of head was faster than that of abdo-
men in ant of Pro-0 group (Figs. 2d, e, and S4c and d (online))
demonstrating that slow cooling rate in head may play an impor-
tant role in brain protection and be beneficial for surviving.

3.5. Metabolomic profiling

In order to explore whether the L-proline had accumulated in
ants, we analyzed the content of L-proline in the ants by using liq-
uid chromatography-mass spectrometry (LC–MS, Fig. 3a). The tar-
geted amino acids analysis suggested that rearing the ants on L-
proline-augmented diets promoted the significant accumulation
ng cooling and rewarming process detected by infrared analysis based on the cryo-
2 �C min�1. (b) Infrared thermal images of ants at the rewarming rate of 2 �C min�1.
e unit is minute. (c) The average temperature of ants fed with Pro-0 and Pro-30 diets
rts of ant body feeding Pro-0 diets. (e) The average temperature in different parts of



Fig. 3. (Color online) The biophysics changes of ants with feeding L-proline-augmented diets. (a) Principal component analysis of amino acid metabolomic changes
(eigenvectors) of Camponotus japonicus Mayr with different concentration L-proline feeding (Pro-0: blue; Pro-30: jacinth) using Canoco v5.0 for Windows. PC1 explained
91.42% of variance and PC2 showed 4.9%. (b) Changes of L-proline levels in ants with different concentration L-proline feeding. (c) Accumulation of L-proline in different body
parts (head, thorax, and abdomen) of ants feeding Pro-0 and Pro-30. Each column represents the mean ± SD. **: P< 0.01. (d) The gradual decrease of the OA/OI (OA:
osmotically active water; OI: osmotically inactive water) ratio with the increase of feeding L-proline concentration. The data below the four columns are OA (Unit: mg mg�1

DM, DM: dry mass).
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of L-proline from 1.78 to 4.64 ng g�1 (Fig. 3b, Dataset S2 (online)),
and the accumulation was positively correlated with the survival
rate of ants (Fig. 1b and 3b, Dataset S2 (online)). Additionally, we
noticed that the contents of other types of amino acids also
increased (Fig. 3a, Dataset S2 (online)), especially asparagine,
which increased nearly 18 times. This phenomenon may owe to
the conversion among amino acids. According to the principal
component analysis, we found that the concentration of alanine,
asparagine, glutamic acid, and valine increased, which was related
to the L-proline accumulation (Fig. 3a). Among these increasing
amino acids, alanine was reported to accumulate in some freeze-
tolerant insects [4,34].

In addition, the accumulation of L-proline was also supported
by the targeted amino acids analysis of different body parts of ants.
The results showed that L-proline distributed among all parts of
the body in Pro-0 group. With L-proline feeding (Pro-30 group),
the accumulation of L-proline in the three parts was all improved
and L-proline accumulated more prominently in the abdomen than
the other two parts (Fig. 3c). This probably is because both the
temporary storage (crop) and absorption (midgut) of amino acids
happen in the abdomen. The accumulation of L-proline in the head
was more prominent than in the thorax. This is consistent with the
results observed by the infrared camera and further explained the
slower cooling rate of head owing to the more accumulation of L-
proline.
3.6. L-proline-augmented diets promote dehydration

The transition of water-ice is a great obstacle in the cryopreser-
vation of hydrated tissues and organs, which causes terrible
mechanical injury. The location, form (free or bound), quantity,
and dissolved solutes of water are all influential for the survival
rate of complex organisms. Cryoprotective dehydration is one
strategy for the winter survival of some cold-tolerant organisms.
The high rate of water loss contributed to the depression of body
fluid freezing point for the increase of solutes concentration.

We found the L-proline-augmented diet acclimation resulted in
the decrease of water content in ants’ body fluid, from 70.58%
down to 41.75% (see Dataset S1 online), and promoted the cryopro-
tective dehydration of ants. We further studied the form of water
in ants by using DSC thermal analysis. Firstly, the amount of
osmotically active water (OA) significantly decreased from 1.19
to 0.25 mg mg�1 DM with the increase of the L-proline concentra-
tion (Fig. 3d, Dataset S1 (online)), which resulted in the decrease of
ice crystals’ number and reduced the potential damage of intracel-
lular ice during freezing. The amount of osmotically inactive water
(OI) also decreased from 1.21 to 0.46 mg mg�1 DM (Fig. 3d). The
OA/OI ratio of different groups showed a significantly decreasing
trend with the increasing of L-proline concentration, from
98.10% ± 1.02% (Pro-0), 67.04% ± 0.78% (Pro-10), 57.57% ± 0.87%
(Pro-20) to 52.64% ± 0.62% (Pro-30), shown in Fig. 3d. This trend
was significantly correlated with the increasing survival rate dur-
ing the freezing and rewarming procedure. Our results indicated
that the L-proline-augmented diet can change the water state in
the body of ants and benefit to their cold hardiness.
3.7. L-proline enhances freeze tolerance of ants

We attained the DSC curves of the ants in different groups by
using the DSC measurement with the same cooling/rewarming
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Fig. 5. (Color online) Mechanisms of improved cold tolerance of ants with
interventions. HSP: heat shock protein.
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procedure as the optimal protocol. We found that the freezing
point of the ants collected in nature was around �16.7 �C, while
it was down to about �26.5 �C after feeding L-proline diet in Pro-
30 group (Fig. 1a). This further confirmed that the accumulation
of L-proline in ants inhibited crystallization and depressed the
freezing point. However, the actual temperature we detected in
the experiment was �27.66 �C, which is lower than the freezing
point of ants in Pro-30 group. Therefore, we suggested that ants
after L-proline-augmented feeding took the freeze-tolerant strate-
gies to survive at �27.66 �C.

3.8. L-proline feeding induces gene expression responses

Based on RNA-seq technology, genome-wide analysis of gene
expression was performed on the ants of Pro-0 and Pro-30 groups
to identify the responsive genes and biological pathways influ-
enced by the accumulation of L-proline (Dataset S3 online) [35].
Rearing the ants on L-proline-augmented diets, 1351 genes were
up-regulated (Dataset S4 online), and 2166 genes (Dataset S5
online) were down-regulated (Fig. 4a). Among the differentially
expressed genes, several heat shock protein genes were up-
regulated, such as Hsp70, Hsp60, and low-molecular-weight Hsps
(Fig. 4b, Dataset S4 online). Heat shock proteins, as molecular
chaperones, play an important role in decreasing protein folding,
degradation as well as transportation of cellular material when
environmental stresses occur [36,37]. Aqpn, an aquaporin gene,
was identified in up-regulated genes. Aqpn is beneficial for aug-
mented cold tolerance, because the aquaporin is membrane water
channels that is essential to adjust the volume and osmotic condi-
tions of cells during the freezing process (Fig. 4b, Dataset S4 online)
[38]. Two genes of desaturase that attributed to membrane
restructuring were also up-regulated (Fig. 4b, Dataset S4 online).
Various genes of antioxidants, including superoxide dismutase
and glutathione-s-transferase, were up-regulated and contributed
to decreasing the disruption of aerobic respiration caused by cold
stress (Fig. 4b, Dataset S4 online) [39]. These genes were usually
found to regulate during dehydration and hydration [34,40,41].

Gene Ontology (GO) enrichment analysis classified differen-
tially expressed genes into three main categories: biological pro-
cess, cellular component, and molecular function. There were
2356 up-regulated GO terms (Dataset S6 online) and 3306 down-
regulated GO (Dataset S7 online). For biological process categories,
‘‘cellular metabolic process”, ‘‘nitrogen compound metabolic pro-
cess”, and ‘‘cellular nitrogen compound metabolic process” were
enriched in the up-regulated genes (Fig. S5 online). The top
enriched terms of the cellular component were ‘‘intracellular”,
and ‘‘macromolecular complex” (Fig. S5 online). According to the
GO analysis (Figs. 4d and S6 (online)), the accumulation of L-
proline enhanced the metabolism associated to amino acids,
including amino acid catabolism, nitrogen compound metabolic
process, cellular nitrogen compound biosynthetic process,
organonitrogen compound metabolic process, and peptide meta-
bolic process. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment pathway analysis was further performed to
3

Fig. 4. (Color online) Gene expression of ants under the L-proline-augmented diets fe
representative up-regulated genes after feeding L-proline. Each column is an experiment
the differentially expressed genes is displayed in colors, in which red indicates enrichm
(KEGG) pathway enrichment. The vertical axis represents the KEGG pathway name, and t
P-value (the statistically significant level of enrichment analysis) after multiple hypothes
red which represents the smaller Q-value. The numbers of differential expressed genes
Ontology (GO) enrichment categories: the biological process. Branches represent inclusiv
more specific in the directed acyclic graph. The depth of the color represents the degree
are the main nodes of the directed acyclic graph representing the highest degree of enr
understand the biochemical metabolic pathways and signal trans-
duction pathways (Dataset S8, and S9 online). The pathway, ‘‘ribo-
some”, was up-regulated, which was consistent with the results of
GO enrichment analysis (Figs. 4c, S7 (online)). The profound up-
regulated gene expression patterns caused by the increasing con-
centrations of L-proline in tissues of ants may also explain the
maximum amount of L-proline-augmented diets and the increase
of some amino acids. It was confirmed in our study that both GO,
and KEGG enrichment suggested the characteristics of ammonia
toxicity, such as Parkinson’s disease, AMPK signaling pathway
(Figs. S5 and S7, Dataset S6–S9 online) [31]. The genes expressions
regulating alanine, aspartate, and glutamate metabolism were also
enhanced, which was consistent with the alanine, asparagine, and
glutamic acid accumulation in the metabolism analysis (Dataset S8
online).

According to the results above, we suggested that feeding ants
with L-proline-augmented diets at the dark and room temperature
environment could prominently improve the ability of freeze toler-
ance of Japanese carpenter ants. The targeted metabolomics analy-
sis of amino acids proved L-proline accumulated in tissues. We also
found that other kinds of amino acids (alanine, asparagine, glu-
tamic acid) increase with the accumulation of L-proline according
to the principal component analysis of amino acid metabolomic
changes. The L-proline accumulation also contributed to the cry-
oprotective dehydration and the depression of the freezing point
of ants. Additionally, the genes expression related to cold tolerance
was up-regulated. The enrichment analysis of the differentially
eding. (a) Volcano plot of differentially expressed genes. (b) Heatmaps of several
al condition (Pro-0, Pro-30), and each row represents a gene. The ratio of change for
ent and blue indicates depletion. (c) Kyoto Encyclopedia of Genes and Genomes

he horizontal axis is the rich factor corresponding to the pathway. The Q-value is the
is test corrections and is represented by the color of the dot: the color is closer to the
contained in each pathway is represented by the size of the dot. (d) One of Gene
e relationships, and the range of functions defined from top to bottom is becoming
of enrichment: the darker color shows a higher degree of enrichment. The 10 boxes
iched GO terms.
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expressed genes suggested that translation was the main pathway
influenced by feeding L-proline. All these mechanisms contributed
to the improvement of freeze tolerance of Japanese carpenter ants
(Fig. 5).

4. Conclusions

In conclusion, this study demonstrates that cold tolerance of
complex organisms, Camponotus japonicusMayr, which is cold sen-
sitive and 6–15 mm long, can be enhanced to withstand frozen as
low as �27.66 �C. Other than pure freezing and rewarming proto-
col, this conversion of cold tolerance is further achieved by simple
artificial interventions which mimicks the cold response mecha-
nisms of freeze-tolerant organisms in nature. Firstly, feeding ants
with L-proline-augmented diets facilitates the accumulation of L-
proline and other kinds of amino acid, such as alanine, asparagine,
and glutamic acid, in tissues of ants. Secondly, the water contents
in ants’ body decrease with the elevation of L-proline levels.
Thirdly, the freezing point of ants’ body depresses owning the
accumulation of L-proline and decrease of water contents. Though
the freezing of ants’ body fluid is significantly inhibited, this spe-
cies is at the frozen states when the temperature is down to
�27.66 �C. Therefore, we suggest the ants are freeze-tolerant after
artificial augment of L-proline. Last but not least, the genes expres-
sion of C. japonicus Mayr are also regulated. The genes encoding
heat shock protein, desaturase, and antioxidants are up-regulated
and contribute to the enhancement of cold tolerance. The results
of GO and KEGG analysis also indicate that the pathway ‘‘ribo-
some” was prominently up-regulated. More importantly, this
enhancement of cold tolerance by simple artificial interventions
is an inspirational approach to overcome the challenges of cryop-
reservation of tissues and organs.

Conflict of interest

The authors declare that they have no conflict of interests.

Acknowledgments

This work was supported by the National Natural Science Foun-
dation of China (51706236, 31770107 and 21874116) and National
Key R&D Program of China (2018YFC1705106).

Author contributions

Mengjia Dou, Yazhou Li and Ziqiao Sun performed the investi-
gation. Mengjia Dou wrote the original manuscript. Lei Li and
Wei Rao further edited the manuscript. Lei Li and Wei Rao sup-
ported and supervised the research. All the authors contributed
to discussion.

Appendix A. Supplementary materials

Supplementary materials to this article can be found online at
https://doi.org/10.1016/j.scib.2019.09.028.

References

[1] Lewis JK, Bischof JC, Braslavsky I, et al. The grand challenges of organ banking:
proceedings from the first global summit on complex tissue cryopreservation.
Cryobiology 2016;72:169–82.

[2] Giwa S, Lewis JK, Alvarez L, et al. The promise of organ and tissue preservation
to transform medicine. Nat Biotechnol 2017;35:530–42.

[3] Raymond MR, Wharton DA. The ability of the antarctic nematode
Panagrolaimus davidi to survive intracellular freezing is dependent upon
nutritional status. J Comp Physiol B 2013;183:181–8.
[4] Toxopeus J, Sinclair BJ. Mechanisms underlying insect freeze tolerance. Biol
Rev Camb Philos Soc 2018;93:1891–914.

[5] Toxopeus J, Koštál V, Sinclair BJ. Evidence for non-colligative function of small
cryoprotectants in a freeze-tolerant insect. Proc R Soc B 2019;286:20190050.

[6] Kawarasaki Y, Teets NM, Denlinger DL, et al. Alternative overwintering
strategies in an Antarctic midge: freezing vs. cryoprotective dehydration.
Funct Ecol 2014;28:933–43.

[7] Yang J, Cai N, Zhai H, et al. Natural zwitterionic betaine enables cells to survive
ultrarapid cryopreservation. Sci Rep 2016;6:37458.

[8] Zhai H, Yang J, Zhang J, et al. Natural zwitterionic L-carnitine as efficient
cryoprotectant for solvent-free cell cryopreservation. Biochem Bioph Res Co
2017;489:76–82.

[9] Yang J, Sui X, Li Q, et al. In situ encapsulation of postcryopreserved cells using
alginate polymer and zwitterionic betaine. ACS Biomater Sci Eng
2019;5:2621–30.

[10] Yang J, Sui X, Wen C, et al. A hemocompatible cryoprotectant inspired by
freezing-tolerant plants. Colloid Surf B 2019;176:106–14.
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