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Abstract: Trehalose is a non-reducing disaccharide that plays a key role in the response to cold and
other environmental stressors in insects. Harmonia axyridis (Pallas) is an important natural predator
of insect pests and has become a cosmopolitan invasive species, causing negative ecological impacts
worldwide. In this study, the relative survival ability, trehalose and glycogen contents, trehalose
activity and trehalose metabolism-related gene-expression profiles over a cold storage period were
compared in a natural overwintering population and an indoor laboratory (experimental) popula-
tion. Yellow adults were dominant in the overwintering population. The survival rate of the over-
wintering population during the cold storage period was higher than that of the experimental pop-
ulation after the fifth day. The contents of trehalose and glycogen in the overwinter population were
higher than those of the experimental population during cold storage. Trehalose and glycogen con-
tents initially increased and then decreased in the overwinter population, but decreased consistently
over the cold storage period in the experimental population. Nevertheless, trehalose levels were
relatively higher during the cold storage period in the overwinter population, with higher expres-
sion of TPS and TRE and trehalase activity. More importantly, the experiment showed that yellow

. adults have a better ability to regulate trehalose metabolism under cold storage compared to black
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Academic Editor: Fei Yang The Asian lady beetle (or ladybird) Harmonia axyridis (Pallas) (order Coleoptera, fam-
ily Coccinellidae) has a strong ability for predation on multiple important crop pests, thus,
it represents an important natural insect predator, notably for biological control [1-4]. Alt-
hough H. axyridis has been widely used in agricultural production worldwide, it has now
spread widely in forest, farmland, grassland and other ecosystems, becoming a cosmo-
politan invasive species with negative ecological impacts [5-7]. For example, some sur-
veys showed that H. axyridis became a dominant coccinellid in some habitats, leading to
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(melanic) or yellow (non-melanic) background and inlaid black or red dots [11,12], regu-
lated by the expression of a series of alleles [13]. The four major color-regulating alleles
are known as conspicua, spectabilis, axyridis, and succinea [13]. Environmental factors
may lead to ladybird elytral diversity [14,15]. Color ratios vary in different areas and in
different seasons in the same area [16,17]. Some studies have suggested that this seasonal
phenotypic plasticity may be related to cold hardiness and overwintering strategies [18].

Trehalose is a non-reducing disaccharide, which is considered a “blood sugar” be-
cause of its important functions in insect growth and development [19]. Trehalose can
accumulate in response to environmental stress, including desiccation, cold, oxidation
and anoxia [19-22], and also plays a key role in the insect anti-stress response as an inter-
mediate product [23]. Trehalose can be hydrolyzed into two glucose molecules by treha-
lase (TRE) or via inter-conversion with another sugar under cold, starvation and other
stress conditions. For example, glycogen can transform into trehalose through the treha-
lose and glycogen metabolism pathway [24]. Two forms of trehalase, soluble trehalase
(TRE1) and membrane-bound trehalase (TRE2), have been identified to date and cloned
in many insect species [23,25,26]. Insect trehalose can now be synthesized by a variety of
organisms and its clear roles in energy metabolism have been defined [27]. In insects, tre-
halose is mainly synthesized by trehalose-6-phosphate synthase (TPS) and trehalose-6-
phosphate phosphatase (TPP) [27]. However, both trehalose and its biosynthesis genes
can only be cloned in a few insect species [28]. TPS catalyzes the transfer of glucose from
uridine diphosphate (UDP)-glucose to glucose 6-phosphate to generate trehalose 6-phos-
phate (T6P), and then TPP catalyzes the dephosphorylation of T6P to form trehalose [29].
UDP-glucose is also the substrate for glycogen synthesis by glycogen synthase (GS); gly-
cogen can be hydrolyzed to glucose-1-phosphate by glycogen phosphorylase (GP) and
glucose-1-phosphate can be inter-converted to glucose-6-phosphate by phosphogluco-
mutase (PGM).

The winter temperature is a major determinant of the distribution of insect species.
The cold tolerance strategies of insects are generally divided into two major categories:
freeze tolerance and freeze intolerance [30]. Insects that exhibit cold acclimation before
winter in nature acquire increased cold tolerance to survive in the low-temperature envi-
ronment of winter [31]. Studies have indicated that even moderate cold acclimation before
low-temperature stress can increase the survival rate, reduce the lethal temperature, pro-
long the half lethal time and decrease the super-cooling point of insects [32]. As the insect
“blood sugar”, trehalose is suggested to play a key role in adapting to cold stress and
starvation in H. axyridis [21]. In fact, total sugars were found to decrease significantly over
time when overwintering adults were stored in a cold condition [33]. Although H. axyridis
exhibits stronger cold tolerance in winter, the precise physiological and metabolic changes
contributing to this cold hardiness are unclear, including the involvement of trehalose or
glycogen. Therefore, in this study, we evaluated the trehalose and glycogen contents in
the yellow and black forms of H. axyridis adults in the wild, and explored the changes in
the expression of genes in the trehalose and glycogen pathways over time in an overwin-
tering population and an experimental population during cold storage in the laboratory.
The experimental population was reared and maintained indoors under laboratory con-
ditions, and the overwintering population was collected from the wild just prior to the
winter season (end of September/early October). We compared the changes in the ratio of
yellow adults and the survival rate over the cold storage time. These findings can provide
new insight into the potential molecular and physiological mechanism of cold resistance
in H. axyridis, which can in turn offer a strategy for its more efficient use as a natural pred-
ator while preventing its invasive spread.
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2. Materials and Methods
2.1. Establishment of Experimental Insects

Adult H. axyridis were collected in a wheat field on the campus of Beijing Academy
of Agriculture and Forestry Sciences in Beijing, China, in April 2021. The healthy beetles
were held in aluminum frame cages (40.0 x 40.0 x 45.0 cm) covered with nylon mesh, with
30 pairs per cage, and fed Megoura crassicauda in a climate-controlled growth chamber
(Sanyo, MH351, Osaka, Japan). To establish the experimental colony, the H. axyridis in the
climate chamber were able to mate freely. The H. axyridis were provisioned daily with
fresh M. crassicauda on bean shoots. Eggs were collected every 12 h and placed in plastic
hatching containers. Hatched larvae were transferred to large aluminum frame cages (65.0
x 48.0 x 48.0 cm) with 150 individuals per cage and fed until pupation. Emerged adults
were divided into two groups according to the elytra color: black or yellow. Adults of each
group were maintained in plastic boxes (as described above), with 30 beetles per box, and
fed fresh M. crassicauda daily for at least 10 days prior to use in the low-temperature stor-
age experiments. The chambers were set to a constant temperature of 25.0 + 1.0 °C, with a
relative humidity of 60-70% and a 16:8 h light:dark photoperiod under a light intensity of
600 lux. All experimental insects were maintained under the same conditions as the stock
colony.

2.2. Distribution of Elytra Color of H. axyridis in a Natural Overwintering Population

H. axyridis were mainly collected in Laoyeling at the experimental forest farm of
Northeast Forestry University from Mao’er Mountain in Heilongjiang Province (N 45°20'-
45°25'; E127°30'-127°34’) in late September or early October from 2013 to 2021. The over-
wintering ladybirds often gather in the crevices of rocks and the roots of trees. Combined
with Mao'er Mountain topography, near the ecological positioning station, nine typical
sunny sampling points with an area of about 25 m x 25 m were randomly selected for this
experiment, and the tree species in the sample site were typical of broad-leaved forests in
this area. The adults were transported to the laboratory and killed by being placed in a
dryer. The insects were then divided randomly into three replicate groups with at least
2000 individuals per group, and the proportion of melanic (black) or succinic (yellow)
individuals was calculated according to the background coloration. The larvae were
sealed with gauze and stored outdoors.

2.3. Low-Temperature Storage Treatment and Survival Rate Analysis

A total of 200 black and yellow adults from an overwintering colony of H. axyridis
collected from Mao’er Mountain in late September and 200 black and yellow adults (ten
days of eclosion) from the experimental population were subjected to low-temperature
storage at 5 °C in a refrigerator. At 0, 5, 10, 15, 20, 40 and 60 days, 3-5 live adults (? : 6=
1:1) were removed and stored at -80°C until analysis for trehalose/glycogen content, en-
zyme activity and mRNA quantification. The experiment was repeated three times.

Simultaneously, a separate group of 180 yellow or black adults of the overwintering
and experimental populations was selected for storage at 5°C, and survival rates were
calculated at 0, 5, 10, 15, 20, 40 and 60 days. The experiment was repeated three times.

2.4. Measurement of Trehalose and Glycogen Contents under Cold Stress

Determination of sugar content was performed using the anthrone method. Treha-
lose content was measured as described previously [21]. Three adults were placed in a 5
mL Eppendorf tube. After adding 500 pL 20 mM phosphate buffered saline (PBS, pH 6.0),
tissues were homogenized at 0 °C (TGrinder OSE-Y20 homogenizer, TTANGEN BIOTECH
CO., LTD., Beijing, China), and this was followed by sonication for 30 min (VCX 130PB,
Sonics, Liege, Belgium). Homogenates were centrifuged at 12,000x g at 4 °C for 10 min
after adding 2.5 mL PBS. Precipitates were removed and aliquots of supernatant were
assayed to determine the protein content using a protein dye-binding method (Beyotime,
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Shanghai, China)) with bovine serum albumin as the standard. Then, 1 mL supernatant
was added to a 1.5 mL tube and boiled, after which the solution was centrifuged at 12,000x
g for 10 min to remove any residual protein. The supernatant was divided into two tubes:
one was directly subjected to a glycogen content assay, while the other was processed for
measurement of trehalose. For trehalose, firstly, we hydrolyzed glycogen into glucose in
sulfuric acid (H2504) heating conditions and then decomposed the total glucose in solu-
tions under alkaline conditions. Thus, the supernatant contained trehalose without other
carbohydrates or proteins. The details of the trehalose test are as follows.

To test trehalose content, aliquots of supernatant (100 puL) were put into a 1.5 mL
tube, 100 pL 1% H2SOs: was added, and the tube was incubated in 90 °C water for 10 min
to hydrolyze glycogen, after which it was cooled on ice for 3 min. Then, the supernatant
was again incubated in 90 °C water for 10 min after adding 100 uL of 30% potassium
hydroxide solution to decomposed glucose. Then, 4 volumes of 0.2% (M/V) anthrone
(Sigma, St. Louis, MO, USA) in 80% H2504 solution were added after it was cooled on ice
for 3 min, and the supernatant was boiled for 10 min. After cooling, 200 uL reaction solu-
tion was placed into a 96-well plate and the absorbance at 620 nm was determined using
a SpectraMax M5 (Molecular Device, Sunnyvale, USA). Trehalose content was calculated
based on a standard curve and was compared with the total protein content. Finally, the
result was expressed as mg trehalose per g total protein.

Glycogen content was measured as described previously [34]. A total of 200 pL of
supernatant (described above) was incubated for 4 h at 37 °C in the presence of 40 pL (1
U) amyloglucosidase (EC 3.2.1.3, Sigma, St. Louis, MO, USA) diluted in 100 mM sodium
acetate (pH 5.5) to hydrolyze glycogen. The amount of glucose generated from glycogen
was determined using a Glucose Assay Kit (GAGO20-1KT, Sigma, St. Louis, MO, USA)
following the manufacturer’s instructions. Controls were prepared in the absence of the
enzyme, and the amount of glycogen was calculated as follows: total glucose minus en-
dogenous glucose, then divided by the total protein. Finally, the result was expressed as
mg glucose per g total protein.

2.5. Soluble Trehalase and Membrane Bound Trehalase Activity Assay

Trehalase activity was determined according to a previously described method [35].
The amount of glucose generated from glycogen was determined using a Glucose Assay
Kit (GAGO20-1KT, Sigma, St. Louis, MO, USA) following the manufacturer’s instructions.

2.6. RT-qPCR Analysis

Total RNA was isolated and 1 g total RNA was used for the synthesis of first strand
complementary DNA (cDNA) using a PrimeScript RT® with gDNA Eraser kit (TaKaRa,
Dalian, China). The mRNA expression level of seven trehalase genes, TPS, GS and GP was
estimated with qPCR using a Bio-Rad CFX96™ system (Bio-Rad). Specifically, the 20 uL
total reaction volume contained 1 uL. cDNA sample, 1 uL (10 pmol/uL) of each primer, 7
UL RNase-free and DNase-free water and 10 pL SsoFastTM EvaGreen® Supermix. The
template was replaced with H20 as a negative control and the “house-keeping” gene
Harp49 (H. axyridis ribosomal protein 49 gene) was used as the internal reference [36,37].
Primers are listed in Table 1. The cycling parameters were 94 °C for 5 min for initial dena-
turation, followed by 40 cycles at 94 °C for 15 s and 59 °C for 30 s; melting curve analysis
at 65 °C to 95 °C was performed. Data were analyzed using the AACt relative quantitative
method [38].

Table 1. Primers used in real-time polymerase chain reaction.

Gene Name Primer Name Nucleotide Sequences (5’-3) GenBank Number
Treh1-1 HaTreh1-1QF CTTCGCCAGTCAAATCGTCA HMO056038
¢ HaTreh1-1QR CCGTTTGGGACATTCCAGATA

Trehl-2 HaTreh1-2QF TGACAACTTCCAACCTGGTAATG FJ501961
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HaTreh1-2QR

TTCCTTCGAGACATCTGGCTTA

g HaTreh1-3QF  ACAGTCCCTCAGAATCTATCGTCA JX514372
HaTreh1-3QR.  GGAGCCAAGTCTCAAGCTCATC

g HaTreh1-4QF TTACTGCCAGTTTGATGACCATT KP318742
HaTreh1-4QR  CATTTCGCTAATCAGAAGACCCT

ot HaTrehl:50F  TGATGATGAGGTACGACGAGAA KX349223
HaTreh1-5QR  GTAGCAAGGACCTAACAAACTGC

Doy | HaTren2-1QF TTCCAGGTGGGAGATTCAGG KX349224
HaTreh2-1QR  GGGATCAATGTAGGAGGCTGTG

L.y HaTreh2-20F CAATCAGGGTGCTGTAATGTCG KX349225
HaTreh2-2QR CGTAGTTGGCTCATTCGTTTCC

Ips HaTPS-QF GACCCTGACGAAGCCATACC FJ501960
HaTPS-QR AAAGTTCCATTACACGCACCA

op HaGP-QF GCTGAAGCCCTCTACCAACT NC059507
HaGP-QR CGCCGTACTCGTATCTTATGC

s HaGS-QF CCCTTAGGATCGGATGTTCTC NC059503
HaGS-QR CACCAGCCATCTCCCAGTT
Harp49-gF GCG ATC GCTATGGAAAAC TC

Harpd9  arpa9-gR TACGATTTTGCATCAACAGT AB552923

2.7. Statistical Analysis

Insects were randomly allocated into different groups with three replicates for each
treatment. Results were expressed as the mean + standard deviation (SD) or the mean *
standard error (SE) of independent replicates (n > 3). The data were analyzed using IBM
SPSS statistics v20 software. Statistical significance was defined as p < 0.05. Tukey’s test of
one-way ANOVA was performed to test the significance of differences among treatments.
All figures and tables were produced using Microsoft Office 2013 and SigmaPlot 10.0 soft-
ware.

3. Results
3.1. Distribution of Yellow and Black H. axyridis in the Overwinter Population

The numbers of yellow and black H. axyridis among a natural overwinter population
collected in late September from Mao’er Mountain (Heilongjiang, China) were collected
from 2013 to 2021. As shown in Figure 1, yellow adults were dominant in all three batches,
with a proportion of 88.68%, 88.75%, and 88.85%.

First batch Second batch Third batch

2 8000 - wex 2500 - ***l 5000 - -
3 6000 - 2000 - 4000 - )
©
. 1500 - 3000 -
8 4000 -
y 1000 - 2000 -
€ 2000 -
g 500 1000 -
z 1l o 1Ll o [ 1l

I black

[ yellow

Figure 1. Numbers of yellow and black H. axyridis adults observed in nature in Heilongjiang prov-
ince, China. Each bar depicts the mean (+SD) of different sampling years before the winter (Septem-
ber/October) in each of these years. Asterisks indicate significant differences between absolute num-
bers in each year (f-test, *** p < 0.001).
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3.2. Changes in Trehalose and Glycogen Contents under Cold Stress

In the overwinter population, the change trends of trehalose and glycogen levels dur-
ing cold storage (5 °C) were similar between the yellow and black H. axyridis adults. The
content of trehalose decreased significantly at 5 days, followed by a slight increase at 10
days and a subsequent significant decrease from 10 to 60 days in the overwinter black
population; thus, the trehalose content was highest at day 0 and lowest at day 60 of cold
storage (Figure 2(Ai)). The content of trehalose in the yellow population did not signifi-
cantly change during the first 15 days of cold-stress storage and then decreased signifi-
cantly, with no further changes from day 20 to day 60; the highest level was at day 0 and
the lowest level was at day 40. The content of trehalose in yellow adults was higher than
that of black adults at 5 days and 15 days, whereas this trend shifted at 20 and 40 days for
the overwinter population (Figure 2Ai). The content of glycogen showed an increasing
trend from 0 to 20 days, with a relatively lower level at 40 and 60 days in the black popu-
lation; the highest level was detected at 10 days and the lowest level was detected at 60
days (Figure 2Bi). The content of glycogen in the yellow population did not significantly
change during the first 15 days of cold-stress storage, although it increased from 5 to 15
days and then decreased significantly from 20 to 40 days; the lowest level was detected at
day 60 and the highest level was detected at day 10 (Figure 2Bi).

A.

i. 18 -
16 4
14 4
12 4
10 4

overwinter

I black
[ yellow

14 -
1244
1.0 -
0.8

indoor

0.6 4

Trehalose

0.4 4

Relative abundance

0.2 4

o N B O
[ T W T

0.0 -
0d 5d 10d 15d 20d 40d 60d 0d 5d 10d 15d 20d

overwinter - indoor

[$)]
*
*
*

a ® B N black A
A AB 1 yellow

Glycogen
Relative abundance

0d 5d 10d 15d 20d 40d 60d 0d 5d 10d 15d 20d

Figure 2. Changes in the contents of (A) trehalose and (B) glycogen in yellow (non-melanic) and
black (melanic) H. axyridis adults of overwinter (i) and experimental (indoor) (ii) populations during
cold storage (0-60 days and 0-20 days, respectively). Bars represent the mean (+SD) of three repli-
cate experiments. The content of trehalose or glycogen at 0 d cold storage was used as the control
group. Bars with different letters indicate significant differences (one-way ANOVA, p < 0.05). As-
terisks indicate significant differences between yellow and black adults in the same storage period
(t-test, *** p <0.001; ** p<0.01; * p < 0.05).

In the experimental (indoor laboratory) population, the contents of trehalose and gly-
cogen showed a decreasing trend over time under cold stress. The content of trehalose in
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black adults decreased significantly from 0 to 20 days (Figure 2Aii). The trehalose content
of yellow adults was higher at 0 days than during storage, but did not decrease signifi-
cantly over time; the lowest level was detected at day 15 of cold storage (Figure 2Aii). The
content of glycogen rapidly decreased significantly for both yellow and black adults at 5
days of cold storage (Figure 2Bii); the highest glycogen content for both black and yellow
adults was detected at 0 days. There was no significant change in the glycogen content of
black adults in the experimental population from 5 to 20 days of storage, whereas there
was a decrease in glycogen for the yellow adults during this period (Figure 2Bii). The
glycogen content of black adults at 20 and 40 days was significantly (p <0.001) higher than
that of yellow adults in the overwinter population before cold storage treatment, whereas
the opposite trend was found at day 5 of storage in the experimental population of H.
axyridis adults (Figure 2B).

3.3. Changes in Trehalase Activity during Cold-Stress Storage

The utilization of trehalose during cold storage was assessed by measuring the activ-
ity of soluble trehalase (TRE1) and membrane-bound trehalase (TRE2) enzymes. In the
overwinter population, the TRE1 activity of black adults decreased at 5 days and then
increased to reach its highest level at 15 days, which was then maintained up to the end
of the 60-day storage period (Figure 3A). By contrast, the TRE1 activity of the yellow
adults increased from day 5 to day 20 (the highest level), followed by a significant decrease
to the lowest level at day 60 (Figure 3A). Thus, the TRE1 activity of yellow adults at days
5, 10, and 20 of cold storage was higher than that of black adults, whereas the opposite
pattern was observed at days 15 and 60 for the overwinter H. axyridis population (Figure
3A). Similarly, for the experimental population, the TRE1 activity of the black adults was
higher than that of the yellow adults at days 10 and 15 of cold storage (Figure 3B). Com-
pared to the TREL1 activity, the activity of TRE2 showed a slight increasing trend.

In the experimental population, the activity of both trehalases showed a decreasing
trend as storage progressed. The TRE1 activity at day 0 decreased significantly to reach
its lowest level at 20 days in black adults and 15 days in yellow adults (Figure 3B). Simi-
larly, the highest TRE2 activity was observed at day 0 and decreased to its lowest level at
day 20 for both black and yellow adults (Figure 3D). Although the TRE2 activity of black
adults was higher than that of yellow adults at 5 and 15 days in the overwinter population
(Figure 3C), the TRE2 activity of black adults was lower than that of yellow adults from
10 to 20 days in the experimental population (Figure 3D).
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Figure 3. Changes in two trehalase enzymes in H. axyridis yellow (non-melanic) and black (melanic)
adults in the overwinter and experimental (indoor) populations under different cold storage periods
(0-60 days and 0-20 days, respectively). (A,B) Changes of TRE1 during cold storage in overwinter
and experimental (indoor) H. axyridis populations. (C,D) Changes of TRE2 during cold storage in
overwinter and experimental (indoor) H. axyridis populations. Bars represent the mean (+SD) of
three replicate experiments. The trehalase activity at 0 d cold storage was used as the control group.
Bars with different letters indicate significant differences (one-way ANOVA, p < 0.05). Asterisks
indicate significant differences between yellow and black adults in the same storage period (¢-test,
**p<0.01; * p<0.05).

3.4. Expression of TRE and TPS Genes in the Overwinter Population during Cold Storage

The mRNA levels of seven TRE genes and one TPS gene were detected using reverse
transcription quantitative polymerase chain reaction (RT-qPCR). The expression levels of
the eight genes differed between the black and yellow adults of the overwinter population
(Figure 4). The mRNA levels of TRE1-1, TRE1-5 and TRE2-1 increased during cold storage,
with TRE1-1 and TREI-5 reflecting TRE1 activity. The mRNA level of TREI-1 in black
adults was higher than that of yellow adults at days 10 and 40, whereas the opposite pat-
tern was detected at days 15 and 20. In addition, the expression level of TRE1-5 in yellow
adults was higher than that of black adults at days 5 and 40, with an opposite pattern
detected at day 20. The expression level of TRE2-1 in yellow adults was higher than that
of black adults at days 5 and 20, whereas the TRE2-1 level of black adults was higher than
that of yellow adults at days 40 and 60. The expression levels of TREI-2 and TRE1-3
showed a decreasing trend in both black and yellow adults; however, the expression level
of TRE1-2 of yellow adults was lower at 15 days, with the opposite patterns found at days
40 and 60. The expression level of TREI-3 in black adults was higher than that of yellow
adults at day 10. The expression level of TRE1-4 was higher in the yellow adults than in
the black adults from day 5 to 40. The expression level of TPS decreased significantly at
15 days in yellow adults and 20 days in black adults. Moreover, the TPS level was higher
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in black adults than in yellow adults at days 5 and 20, whereas the opposite pattern was
observed at days 15 and 40 of cold storage (Figure 4).

Relative expression

Storage time (days)

Figure 4. Changes in mRNA expression levels of seven trehalase genes and one TPS gene in H.
axyridis yellow (non-melanic) and black (melanic) adults of the overwinter population during cold
storage (0-60 days). The relative expression levels of the target genes were calculated using the
Harp49 (H. axyridis ribosomal protein 49 gene) expression level with RT-qPCR. Bars represent the
mean (+SD) of three replicates. The expression level of each gene at 0 d of cold storage was used as
the control group. Bars with different letters indicate significant differences (one-way ANOVA, p <
0.05). Asterisks indicate significant differences between yellow and black adults in the same storage
period (t-test, *** p <0.001; ** p < 0.01; * p < 0.05).

3.5. Expression of TRE and TPS Genes in the Experimental Population during Cold Storage

The changes in expression levels of the TRE and TPS genes showed different trends
in the experimental population compared with those detected in the overwinter popula-
tion. Despite the decrease in trehalase activity from day 0 to 20 of cold storage, the mRNA
expression levels of TRE1-3, TRE1-4, TRE1-5, TRE2-1 and TRE2-2 increased during the
storage period, whereas the levels of TRE1-1 and TRE1-2 decreased over time compared
with those recorded on day 0 (Figure 5). Specifically, the TRE1-1 expression level initially
decreased significantly and then increased, and the expression levels of yellow adults was
higher than that of black adults on days 5, 10 and 20, but not on day 15. The mRNA level
of TRE1-2 was lower on day 20 of storage compared with that recorded on day 0. The
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TRE1-3, TRE1-4, TRE1-5 and TRE2-1 expression levels increased significantly from day 0
to 15 and then decreased significantly on day 20. The expression level of TRE2-2 initially
increased at day 5 and then decreased at day 15 of storage (Figure 5). The TREI-4 ex-
pression level of yellow adults was higher than that of black adults on days 15 and 20, and
the same pattern was found for TRE2-2 at day 20; however, the expression level of TRE2-
1 was significantly higher in black adults than that in yellow adults on day 20. The expres-
sion level of TPS decreased from day 5 to 10 and was then maintained at a relatively sim-
ilar level until the end of the storage period, with no differences between yellow and black
adults (Figure 5).

TRE1-1 I black

[ yellow

Relative expression

1.5

1.0

0.5

0.0

0 5 10 15 20

Storage time (days)

Figure 5. Changes in the mRNA expression levels of seven trehalase genes and one TPS gene in H.
axyridis yellow (non-melanic) and black (melanic) adults in the experimental (indoor) population
under cold storage (0-20 days). The relative levels of the target genes were calculated according to
the Harp49 (H. axyridis ribosomal protein 49 gene) expression level with RT-qPCR. Bars represent
the mean (+SD) of three replicates. The gene expression level at 0 d of cold storage was used as the
control group. Bars with different letters indicate significant differences (one-way ANOVA, p <
0.05). Asterisks indicate significant differences between yellow and black adults in the same storage
period (t-test, *** p <0.001; ** p < 0.01; * p < 0.05).

3.6. GP and GS Gene Expression during Cold Storage

The expression levels of the GP and GS genes, which are related to glycogen syn-
thesis, were also measured during cold storage in both the experimental and overwinter
populations. In the overwinter population, the GP expression level increased significantly
at 20 or 40 days in both yellow and black adults, followed by a significant decrease (Figure
6A). By contrast, in the experimental population, the GP expression level increased signif-
icantly at day 5, followed by a decrease (Figure 6A). The GP expression level in yellow
adults was higher than that of black adults at 20 days, with the opposite pattern observed
at 40 days in the overwinter population; however, the GP expression level was higher in
black adults than in yellow adults at day 5 in the experimental population. The expression
level of GS showed a decreasing trend for both populations, with higher expression levels
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for yellow adults at days 10, 15 and 60 in the overwinter population (Figure 6B) and at
day 10 in the experimental population (Figure 6B).
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Figure 6. Changes in mRNA expression levels of GP (A) and GS (B) genes in H. axyridis yellow (non-
melanic) and black (melanic) adults of the overwinter and experimental (indoor laboratory) popu-
lations under different cold storage periods (0-60 days and 0-20 days, respectively). The relative
levels of the target genes were calculated based on the expression level of Harp49 (H. axyridis ribo-
somal protein 49 gene) with RT-qPCR. Bars represent the mean (+SD) of three replicates. The ex-
pression level of each gene at 0 d of cold storage was used as the control group. Bars with different
letters indicate significant differences (one-way ANOVA, p < 0.05). Asterisks indicate significant
differences between yellow and black adults in the same storage period (f-test, *** p < 0.001; * p <
0.05).

3.7. Survival Rates of H. axyridis during Cold Storage

The survival rate of the overwinter population was higher than that of the experi-
mental population from days 5 to 40 of cold storage (Figure 7). The adult survival rate of
the overwinter population was approximately 65%, whereas that of H. axyridis adults
stored at 5 °C for 20 days was only approximately 14%. The overall survival rate for the
overwinter population was 20%, whereas all of the experimental insects died by the end
of the 60-day cold-storage period. These results confirmed that the overwinter population
had greater cold resistance than the experimental population.
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Figure 7. Representative survival curves of overwinter and experimental (indoor) black and yellow
adults after low-temperature storage for 60 days; n = 180-235 adult beetles. Data are representative
of three independent experiments.

4. Discussion

Populations of the ladybird H. axyridis include adults of both melanic and non-me-
lanic forms [39]. We found that the ratio of non-melanic H. axyridis adults in a natural
population in Heilongjiang province of northeast China was nearly 90% (Figure 1),
demonstrating that yellow is the dominant elytra color for the H. axyridis adult population
in the winter of this region, which is in line with previous reports [33,40]. In addition,
those studies found that some external environmental factors may lead to the diversity
found in ladybird coleoptera. The frequency of color spots in ladybird beetles can vary
with the seasons [41]. The proportion of color spots of H. axyridis also varies at different
times. The number of light-colored H. axyridis increased in spring and early summer. After
summer, the number of black-bottomed H. axyridis began to increase, and the number of
light-colored H. axyridis increased in autumn [33]. Subsequent studies found that the sea-
sonal variation of this color pattern was related to non-random mating selection. In sum-
mer, females tended to mate with black-bottomed males, while in autumn, yellow-bot-
tomed males were more popular with females [41]. This seasonal variation may indicate
that yellow is a protective color during winter and is related to the temperature change
[6,42,43]. Gengzhengcheng and Tan Jiazhen [44] believed that this variation might be re-
lated to protective colors. In the autumn, yellow is the main environmental color, which
is more suitable for the light-yellow background type. Green is the background color in
summer, as dark colors are harder to find for natural enemies. The effect of the environ-
mental temperature experienced during H. axyridis juvenile development on the adult
phenotype has been fully demonstrated: a period of high temperature will affect the
blackening degree of the structure [45]

Research has already found that these stains are the result of the comprehensive ex-
pression of a series of alleles [13]. It shows a mosaic dominant character, which is not
stable inheritance [46]. Li Jiahui et al. reported that genetic diversity exists in almost every
population, and a high rate of gene flow is also found in the population [47]. Some schol-
ars also believe that the genetic inheritance of H. axyridis may be related to the genes con-
trolling the color change of insects” body surface. However, so far, the internal causes of
the color spot variation of the ladybird have not been fully understood.

H. axyridis adults aggregate in a fixed location throughout the winter in northeast
China [48,49], and the pre-wintering or overwinter population can increase their long-
term cold tolerance [43]. This potential to build up cold hardiness may have facilitated the
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ability of H. axyridis to invade other areas, and this property is also useful for long-term
storage to apply this insect in pest control when needed. Indeed, our results showed that
the survival ability of the overwinter H. axyridis population was greater than that of the
experimental population (Figure 7), which had not previously been exposed to cold tem-
peratures, demonstrating that the overwinter adults can be stored in a cold condition over
the longer term. However, there was no difference in the survival rate between yellow
and black adults of the same population. This may be due to the fact that the experimental
adults were collected at the end of September. With the increase of low temperature treat-
ment time, it is still very possible that there will be obvious differences in the survival rate
of adult H. axyridis with different color spots, as reported previously [50]. Previous studies
indicated a decline in survival of overwinter H. axyridis when stored at -5°C and 10°C
[51], and the survival rate of overwinter H. axyridis adults collected from Jilin Agricultural
University was more than 80% when stored at 3°C and 6°C for 150 days [50]. However, in
our study, the survival rate of H. axyridis adults at day 60 of storage at 5 °C was less than
10% (Figure 7). This difference in the survival rate among studies suggests that the storage
conditions, including feeding before storage, humidity and filler used, have an effect on
survival beyond temperature.

Winter in temperate zones imposes significant environmental stress on arthropods
[52,53]. Many studies have demonstrated that a cold acclimation process, especially at 0
°C and 5 °C, can significantly improve the cold tolerance of insects [54]. Consistent with
these previous findings, we found that the contents of trehalose and glycogen in the over-
winter H. axyridis population were higher than those of the experimental population, with
a 10-fold increase in trehalose and an approximately 100-fold increase for glycogen (Fig-
ure 2). Similar results were reported for the insect Ectomyelois ceratoniae, with an accumu-
lation of trehalose and total sugars from October to February of the next year [55], whereas
the contents of trehalose and glycogen in November and March were higher than those of
other months in the beetle Pityogenes chalcographus [56]. We found higher trehalose and
glycogen contents in the overwinter population than in the experimental population for
both yellow and black adults (Figure 2). These results indicated that most insects could
accumulate trehalose and total sugar under exposure to a cold environment, although
there appear to be exceptions. For example, the trehalose and total sugar content of over-
winter H. axyridis population decreased along with the temperature increased. The total
sugars and fat content decreased gradually with the prolongation of the storage time
when the overwinter H. axyridis population was stored under cold conditions [57]. This
may be because insects will accumulate a lot of substances in their bodies before overwin-
tering, such as fats, proteins, carbohydrates, etc. However, these substances are gradually
consumed with the prolongation of overwintering time.

Trehalase participates in and regulates both homeostasis and development, and is
involved in blood sugar or energy metabolism in insects, including growth, stress recov-
ery, flight metabolism and chitin synthesis during molting [20]. The activities of TRE1 and
TRE2 jointly regulate the trehalose content balance and provision of energy to sustain in-
sect physiological activities. The trehalose content may increase when the activity of two
trehalose activities is decreased by way of knockdown of the TRE gene or injected treha-
lase inhibitor [19,58]. In our study, the activities of TRE1 and TRE2 commonly regulated
the changes in trehalose content in the H. axyridis experimental population during cold
storage, with some differences found in the activity of the two trehalases between yellow
and black adults. The trehalose content along with the activities of both TRE1 and TRE2
decreased over the cold storage period in the overwinter population (Figure 3B, D s rigur
»). By contrast, a previous study showed that the content of trehalose and TPS expression
in-creased significantly, whereas the activity of TRE1 decreased when H. axyridis experi-
mental adults were exposed to a cold-stress condition with cooling from 25°C to -5°C [21].
Our study indicated that the TRE1 activity played the key role in trehalose changes in the
overwinter H. axyridis population during cold storage rather than the TRE2 activity, and
that TRE1 can directly control the content changes of trehalose during the different stages
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of cold storage (Figure 3A,C). Disruption of the trehalose balance, either by knocking
down the expression of TRE or TPS genes or suppressing the two types of trehalase activ-
ities, results in increased mortality of insects by blocking an important energy supply [59].
Insects of the order Coleoptera, including H. axyridis and Tribolium castaneum, have
numerous trehalase genes [60], whereas most other insect species only have one soluble
trehalase and one membrane-bound trehalase, such as Spodoptera exiqua [57], Apis mel-
lifera [61,62], Bombyx mori [63], Laodelphax striatellus [64], Omphisa fuscidentalis [35,65] and
others [66], with the exception of Nilaparvata lugens, which has more than three trehalase
genes [26,67]. H. axyridis has seven trehalase genes, which together determine and regu-
late the trehalase activity required for developmental and physiological processes [21].
TRE1 and TRE2 also appear to have different functions, with other TREs exhibiting com-
plementary functions to compensate for them if another trehalase gene is inhibited [26].
We found different patterns of change in trehalase mRNA expression when H. axyridis
adults were exposed to cold storage. TRE1-1, TRE1-2, TRE1-5 and TRE2-1 played key roles
in regulating trehalase activity in the overwinter population (Figure 4), whereas nearly all
seven trehalase genes (except for TRE1-2) contributed to TRE activity in the experimental
population (Figure 5). The expression levels of the GS and TPS genes decreased during
cold storage in the experimental population (Figures 5 and 6rgues gesB), which was con-
sistent with the significant decrease in the trehalose and glycogen contents. This demon-
strated that trehalose and glycogen could not accumulate or that other sugars could not
be transformed into trehalose during cold stress. However, we found that the content of
trehalose increased while that of glycogen decreased during cold storage for the experi-
mental H. axyridis adults. TPS gene expression was also found to increase under cold
stress in a previous study [21], suggesting that glycogen can be transformed into trehalose
during the cooling process. Our results also suggested that other sugars may first be used
as energy sources in the first 10 days of cooling, followed by a rapid degradation of gly-
cogen at 20 or 40 days, as reflected by the significant decrease in GP expression followed
by its transformation to trehalose at 15 and 20 days as the trehalose was synthesized via
TPS (with higher expression) in overwintering H. axyridis adults (Figure 6A). These results
demonstrated the importance of trehalose for an anti-cold stress response, which needs to
be maintained at a certain level even if other sugars can be transformed to trehalose.
Many studies have shown that the distribution of insect species is strongly affected
by temperature, and overwintering insects need to adopt complex strategies to overcome
the stressful environmental conditions [68]. In many cold tolerance studies, the super-
cooling point (SCP) has been used as an important indicator to measure the strength of
cold tolerance [69]. In Zhao's research, the SCP of the adults with a yellow bottom was
lower than that of the adults with a black bottom during the whole wintering period, so
the damage caused by freezing could be avoided by super-cooling the body fluid [40].
Moreover, rapid cold hardening and rapid cold exposure of a super-cooled state can in-
crease the trehalose, carbohydrate energy and total energy content, as well as increase the
survival of cells and the entire organism in Belgica antarctica [70,71]. As the temperature
decreases gradually before winter, this provides a signal to insects, such as H. axyridis, to
start accumulating sugars, including trehalose and glycogen. Lipids also accumulate un-
der cold stress and acclimation, especially in female insects [51], because there are no food
resources during the long winter. Indeed, we found a trend of a gradual increase in treha-
lose and glycogen content at the beginning of cold storage, followed by a decrease, sug-
gesting that some other sugar or carbohydrate could transform into trehalose or glycogen
in the early cold storage period of the overwinter H. axyridis population. This trend was
also found for the yellow adults of the experimental population, which indicates that tre-
halose metabolism has an important regulating function in cold stress or cold storage.
Moreover, the higher survival rate for the overwinter H. axyridis population may have
been related to the higher content of trehalose, as a previous study showed that a trehalose
injection could increase the survival rate of B. antarctica larvae exposed at —-15°C and 30°C
for 3 h [72]. Further studies are needed to uncover the relationship of the increase in the
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contents of trehalose and other sugars via rapid cold hardening and rapid cold exposure
with the cold resistance mechanism and the underlying genetic changes. Although the
cold acclimation mechanism of insects is complex and multi-faceted, uncovering these
details for H. axyridis can help to optimize its use as a natural insect predator [9], so that it
could be stored over the long term to be released for pest control in the field at the time of
need, with benefits to agriculture and forestry.

Author Contributions: Conceptualization, S.W. (Shigui Wang), Z.Z. and S.W. (Su Wang); method-
ology, Z.Z., S.W. (Shigui Wang) and S.W. (Su Wang); software, L.C., S.W. (Shasha Wang), W.Y. and
Z.H.; validation, S.W. (Sijing Wan), ].H. and Z.S.; formal analysis, S.W. (Sijing Wan), ] H. and L.C,;
investigation, Z.Z.; resources, S.W. (Su Wang); data curation, S.W. (Sijing Wan), ].H. and Z.S.; writ-
ing—original draft preparation, Z.Z., SSW. (Shigui Wang) and S.W. (Sijing Wan); writing—review
and editing, S.W. (Sijing Wan); visualization, Z.S., W.Y. and Z.H.; supervision, S.W. (Shasha Wang)
and W.Y.; project administration, S.W. (Shigui Wang); funding acquisition, Z.Z. and S.W. (Shigui
Wang). All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (Grant no. 2017YFD0201000, 2022YFD1401204, 2022YFC2601405), the Hangzhou Science and
Technology Development Program of China (Grant No. 20190101A01), the Technical Innovation
Program of the Beijing Academy of Agriculture and Forestry Sciences (KJCX20200110), the Key Re-
search and Development Program of Zhejiang Province, China (2021C02003) and the Demonstra-
tion and Extension Program of Science and Technology Achievements of Zhejiang Academy of Ag-
ricultural Sciences (tg2022008).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Riddick, E.W. Spotlight on the positive effects of the ladybird Harmonia axyridis on agriculture. BioControl 2017, 62, 319-330.

2. Di, N,; Zhang, K; Xu, Q.; Zhang, F.; Harwood, ].D.; Wang, S.; Desneux, N. Predatory ability of Harmonia axyridis (Coleoptera:
Coccinellidae) and Orius sauteri (Hemiptera: Anthocoridae) for suppression of fall armyworm Spodoptera frugiperda (Lepidop-
tera: Noctuidae). Insects 2021, 12, 1063.

3. Cai, ZP, Ouyang, F., Su, ].W., Zhang, X.R,, Liu, C.L., Xiao, Y.L., Zhang, J.P., Ge, F. Attraction of adult Harmonia axyridis to
volatiles of the insectary plant Cnidium monnieri. BioControl 2020, 143, 104189.

4. Thomine, E.; Rusch, A.; Supplisson, C.; Monticelli, L.S.; Amiens-Desneux, E.; Lavoir, A.V.; Desneux, N. Highly diversified crop
systems can promote the dispersal and foraging activity of the generalist predator Harmonia axyridis. Entomol. Gen. 2020, 40,
133-145.

5. Wang, S, Tan, X.L., Michaud, J.P., Shi, Z.K., Zhang, F. Sexual selection drives the evolution of limb regeneration in Harmonia
axyridis (Coleoptera: Coccinellidae). Bull. Entomol. Res. 2015, 105, 245-252.

6. Roy, H.E; Brown, P.M.].; Adriaens, T.; Berkvens, N.; Borges, I.; Clusella-Trullas, S.; Comont, R.E.; Clercq, P.D.; Eschen, R.;
Estoup, A.; et al. The harlequin ladybird, Harmonia axyridis: Global perspectives on invasion history and ecology. Biol. Invasions
2016, 18, 997-1044.

7. Ovchinnikov, A.N.; Belyakova, N.A.; Ovchinnikova, A.A.; Reznik, S.Y. Factors determining larval cannibalistic behavior in
invasive and native populations of the multicolored Asian ladybird, Harmonia axyridis. Entomol. Gen. 2019, 38, 243-254.

8.  Mirande, L.; Desneux, N.; Haramboure, M.; Schneider, M.I. Intraguild predation between an exotic and a native coccinellid in
Argentina: The role of prey density. J. Pest Sci. 2015, 88, 155-162.

9. Wang, S.S.; Chen, X,; Li, Y.; Pan, B.Y.; Wang, S.G.; Dai, H.].; Wang, S.; Tang, B. Effects of changing temperature on the physio-
logical and biochemical properties of Harmonia axyridis larvae. Entomol. Gen. 2020, 40, 229-241.

10. Wang, Y.S,; Yao, F.L.; Soares, M.A; Basiri, S.E.; Amiens-Desneux, E.; Campos, M.R.; Lavoir, A.V.; Desneux, N. Effects of four
non-crop plants on life history traits of the lady beetle Harmonia axyridis. Entomol. Gen. 2020, 40, 243-252.

11. Ando, T.; Niimi, T. Development and evolution of color patterns in ladybird beetles: A case study in Harmonia axyridis. Dev.
Growth Diff. 2019, 61, 73-84.

12.  Chen, X; Xiao, D.; Du, X.Y.; Zhang, F.; Zang, L.S.; Wang, S. Impact of polymorphism and abiotic conditions on prey consump-
tion by Harmonia axyridis. Entomol. Gen. 2019, 39, 251-258.

13. Gautier, M.; Yamaguchi, J.; Foucaud, J.; Loiseau, A.; Ausset, A.; Facon, B.; Gschloessl, B.; Lagnel, J.; Loire, E.; Parrinello, H.; et
al. The genomic basis of color pattern polymorphism in the Harlequin ladybird. Curr. Biol. 2018, 28, 3296-3302.

14. Wang, X.M,; Yang, X.B.; Zang, L.S.; Wang, Z.; Ruan, C.C.; Liu, X.J. Effect of geographic variation on biology and cold tolerance

of Harmonia axyridis in China. Entomol. Gen. 2017, 36, 239-250.



Agronomy 2023, 13, 148 16 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ando, T.; Matsuda, T.; Goto, K,; Hara, K,; Ito, A.; Hirata, J.; Yatomi, J.; Kajitani, R.; Okuno, M.; Yamaguchi, K.; et al. Repeated
inversions within a pannier intron drive diversification of intraspecific colour patterns of ladybird beetles. Nat. Commun. 2018,
9, 3843.

Heimpel, G.E.; Lundgren, J.G. Sexual ration of commercially reared biological control agent. BioControl. 2000, 19, 77-93.

Seo, M.J.; Youn, Y.N. The asian lady-bird, Harmonia axyridis, as biological control agents. I. Predacious behavior and feeding
ablity. Korean ]. Appl. Entomol. 2000, 39, 59-71.

Knapp, M.; Vernon, P.; Renault, D. Studies on chill coma recovery in the ladybird, Harmonia axyridis: Ontogenetic profile, effect
of repeated cold exposures, and capacity to predict winter survival. J. Therm. Biol. 2018, 74, 275-280.

Shukla, E.; Thorat, L.J.; Nath, B.B.; Gaikwad, S.M. Insect trehalase: Physiological significance and potential applications. Glyco-
biology 2015, 25, 357-367.

Shen, X.N., Ji, S.X,, Liu, W.X,, Guo, ].Y., Lu, Z.C., & Wan, F.H. Molecular characteristics of three cold resistance genes and their
roles in temperature stress response in two Bemisia tabaci cryptic species. Entomol. Gen. 2021, 41, 317-328.

Shi, Z.K; Liu, X.J.; Xu, Q.Y.; Qin, Z.; Wang, S.; Zhang, F.; Wang, S.G.; Tang, B. Two novels soluble trehalase genes cloned from
Harmonia axyridis and regulation of the enzyme in a rapid changing temperature. Comp. Biochem. Physiol. B-Biochem. Mol. Biol.
2016, 198, 10-18.

Di, N., Wang, S., Ridsdill-Smith, ]., Chen, Y.F., Harwood, ].D., Zhang, K., & Liu, T.X. Nitrogen and plant growth regulator affect
plant detoxification metabolism and tritrophic interactions among Triticum aestivum, Sitobion avenae and Aphelinus asychis. En-
tomol. Gen. 2021, 41, 369-384.

Matsuda, H.; Yamada, T.; Yoshida, M.; Nishimura, T. Flies without trehalose. |. Biol. Chem. 2015, 290, 1244-1255.
Khanmohamadi, F.; Khajehali, ].; Izadi, H. Diapause and cold hardiness of the almond wasp, Eurytoma amygdali (Hymenoptera:
Eurytomidae), two independent phenomena. . Econ. Entomol. 2016, 109, 1646-1650.

Takiguchi, M.; Niimi, T.; Su, Z.H.; Yaginuma, T. Trehalase from male accessory gland of an insect, Tenebrio molitor. cDNA se-
quencing and developmental profile of the gene expression, Biochem. ]. 1992, 288, 19-22.

Zhao, L.N.; Yang, M.M.; Shen, Q.D.; Liu, X.J.; Shi, Z.K.; Wang, S.G.; Tang, B. Functional characterization of three trehalase genes
regulating the chitin metabolism pathway in rice brown planthopper using RNA interference. Sci. Rep. 2016, 6, 27841.

Tang, B.; Wang, S.; Wang, 5.G.; Wang, H.].; Zhang, ].Y.; Cui, S.Y. Invertebrate trehalose-6-phosphate synthase gene: Genetic
architecture, biochemistry, physiological function, and potential applications. Front. Physiol. 2018, 9, 30.

Liang, Y.J.; Zhang, T.; Li, C.; Zhi, ].R. Cloning spatio-temporal expression profile and Response to temperature stress of trehalose
synthase gene from Spodoptera Litura. |. Entomol. 2021, 64, 1417-1426.

Zhang, Y.; Wang, F.; Feng, Q.; Wang, H.; Tang, T.; Huang, D.; Liu, F. Involvement of trehalose-6-phosphate synthase in innate
immunity of Musca domestica. Dev. Comp. Immunol. 2019, 91, 85-92.

Knapp, M.; Reficha, M. Effects of the winter temperature regime on survival, body mass loss and post-winter starvation re-
sistance in laboratory-reared and field-collected ladybirds. Sci. Rep. 2020, 10, 4970.

Colinet, H.; Rinehart, J.P.; Yocum, G.D.; Greenlee, K.J. Mechanisms underpinning the beneficial effects of fluctuating thermal
regimes in insect cold tolerance. . Exp. Biol. 2018, 23 Pt 14, 221.

Yang, Y.F. Studies on physiological response and offspring fitness of Harmonia axyridis to rapid cold acclimation. HZAU 2018,
1-72. https://kns.cnki.net/KCMS/detail/detail. aspx?dbname=CMFD201901&filename=1018192794.nh.

Zeng, B.P; Wang, S.S.; Li, Y.; Xiao, Z.].; Zhou, M.; Wang, S.G.; Zhang, D.W. Effect of long-term cold storage on trehalose me-
tabolism of pre-wintering Harmonia axyridis adults and changes in morphological diversity before and after wintering. PLoS
ONE. 2020, 15, e0230435.

Santos, R.; Alves-Bezerra, M.; Rosas-Oliveira, R.; Majerowicz, D.; Meyer-Fernandes, J.R.; Gondim, K.C. Gene identification and
enzymatic properties of a membrane-bound trehalase from the ovary of Rhodnius prolixus. Arch. Insect Biochem. Physiol. 2012, 81,
199-213.

Tatun, N.; Singtripop, T.; Tungjitwitayakul, J.; Sakurai, S. Regulation of soluble and membrane-bound trehalase activity and
expression of the enzyme in the larval midgut of the bamboo borer Omphisa fuscidentalis. Insect Biochem. Mol. Biol. 2008, 38, 788—
795.

Fu, W,; Xie, W.; Zhang, Z.; Wang, S.L.; Wu, Q.J.; Liu, Y.; Zhou, X.M.; Zhou, X.G.; Zhang, Y.]. Exploring valid reference genes for
quantitative real-time PCR analysis in Plutella xylostella (Lepidoptera: Plutellidae). Int. ]. Biol. Sci. 2013, 9, 792-802.
Osanai-Futahashi, M.; Ohde, T.; Hirata, J.; Uchino, K.; Futahashi, R.; Tamura, T.; Niimi, T.; Sezutsu, H. A visible dominant
marker for insect transgenesis. Nat. Commun. 2012, 3, 1295.

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 224 method.
Methods 2001, 25, 402-408.

Wang, H.J.; Shi, Z.K,; Shen, Q.D.; Xu, C.D.; Wang, B.; Meng, Z.].; Wang, S.G.; Tang, B.; Wang, S. Molecular cloning and induced
expression of six small heat shock proteins mediating cold-hardiness in Harmonia axyridis (Coleoptera: Coccinellidae). Front.
Physiol 2017, 8, 60.

Zhao, J.; Xiao, D.; Li, X.L.; Xu, Y.Y.; Wang, S. Cold tolerance of different adult elytral color morphs in Harmonia axyridis (Cole-
optera: Coccinellidae). Chin. J. Entomol. 2015, 52, 428-433.

Wang, S.; Michaud, J.P.; Zhang, R.Z.; Zhang, F.; Liu, S. Seasonal cycles of assortative mating and reproductive behavior in
polymorphic populations of Harmonia axyridis in China. Ecol. Entomol. 2009, 34, 483-494..



Agronomy 2023, 13, 148 17 of 18

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Cuesta, E.; Lobo, ].M. Visible and near-infrared radiation may be transmitted or absorbed differently by beetle elytra according
to habitat preference. Peer] 2019, 7, e8104.

Purse, B.V.; Comont, R.; Butler, A.; Brown, P.M.].; Kessel, C.; Roy, H.E. Landscape and climate determine patterns of spread for
all colour morphs of the alien ladybird Harmonia axyridis. |. Biogeogr. 2015, 42, 575-588.

Geng, Z.C.; Tan, Z. Several genetic problems of Harmonia axyridis. ]. Nat. 1980, 3, 512-518.

Knapp, M.; Nedvéd, O. Gender and timing during ontogeny matter: effects of a temporary high temperature on survival, body
size and colouration in Harmonia axyridis. PloS One. 2013, 8, e74984.

Tan, C.C. Mosaic dominance in the inheritance of color patterns in the lady-bird beetle, Harmonia axyridis. Genetics. 1946, 31, 195-
210.

Li, J.H,; Su, Z.H.; Pang, H. Genetic diversity of populations of Harmonia axyridis (Coleoptera: Coccinellidae) from USA andChina
revealed by ISSR-PCR. J. Environ. Entomol. 2009, 31, 311 -319.

Zhao, J.; Li, X.L.; Xu, Y.Y.; Wang, S. Effects of overwintering aggregation behavior on energy metabolism in Harmonia axyridis
(Coleoptera: Coccinellidae). J. Econ. Entomol. 2014, 36, 879-883.

Wang, S.; Michaud, J.P.; Tan, X.L.; Zhang, F.; Guo, X.J. The aggregation behavior of Harmonia axyridis in its native range in
Northeast China. BioControl 2011, 56, 193-206.

Ruan, C.C.; Du, W.M.; Wang, X.M.; Zhang, ].J.; Zang, L.S. Effect of long-term cold storage on the fitness of pre-wintering Har-
monia axyridis, (Pallas). BioControl 2012, 57, 95-102.

Labrie, G.; Coderre, D.; Lucas, E. Overwintering strategy of multicolored Asian lady beetle (Coleoptera: Coccinellidae): Cold-
free space as a factor of invasive success. Ann. Entomol. Soc. Am. 2008, 101, 860-866.

Reficha, M.; Dobe$, P.; Knapp, M. Changes in haemolymph parameters and insect ability to respond to immune challenge
during overwintering. Ecol. Evol. 2021, 11, 4267-4275.

Yadav, R.; Chang, N.T. Effects of temperature on the development and population growth of the melon thrips, Thrips palmi, on
eggplant, Solanum melongena. J. Insect Sci. 2014, 14, 78.

Broufas, G.D.; Koveos, D.S. Rapid cold hardening in the predatory mite Euseius (Amblyseius) finlaandicus (Acari: Phytoseiidae).
J. Insect Physiol. 2001, 47, 699-708.

Heydari, M.; Izadi, H. Effects of seasonal acclimation on cold tolerance and biochemical status of the carob moth, Ectomyelois
ceratoniae Zeller, last instar larvae. Bull. Entomol. Res. 2014, 104, 592-600.

Kostal, V.; Miklas, B.; Dolezal, P.; Rozsypal, J.; Zahradnickova, H. Physiology of cold tolerance in the bark beetle, Pityogenes
chalcogra phus and its overwintering in spruce stands. J. Insect Physiol. 2014, 63, 62-70.

Du, W.M.; Zhang, ].J.; Sun, G.Z.; Zang, L.S.; Ruan, C.C. Effects of cold storage on physiological and biochemical indexes of
overwintering Harmonia axyridis (Pall). J. Jilin Univ. Med. Ed. 2014, 36, 536-539.

Chen, J.; Tang, B.; Chen, H.X; Yao, Q.; Huang, X.F.; Chen, J.; Zhang, D.W.; Zhang, W.Q. Different functions of the insect soluble
and membrane-bound trehalase genes in chitin biosynthesis revealed by RNA Interference. PLoS ONE. 2010, 5, e10133.

Tang, B.; Chen, J.; Yao, Q.; Pan, Z.Q.; Xu, W.H.; Wang, S.G.; Zhang, W.Q. Characterization of a trehalose-6-phosphate synthase
gene from Spodoptera exigua and its function identification through RNA interference. J. Insect Physiol. 2010, 56, 813-821.

Tang, B.; Xiao, Z.].; Zeng, B.P.; Qiu, L.Y,; Pan, B.Y,; Li, K.; Zhang, D.W. Characteristics analysis of TRE gene and RNAi suppres-
sion expression effect of Tribolium castaneum. J. Econ. Entomol. 2019, 41, 1311-1320.

Lopienska-Biernat, E.; Zébttowska, K.; Zaobidna, E.A.; Dmitryjuk, N.; Bak, B. Developmental changes in gene expression and
enzyme activities of anabolic and catabolic enzymes for storage carbohydrates in the honeybee, Apis mellifera. Insectes Soc. 2018,
65, 571-580.

Mori, H.; Lee, ]. H.; Okuyama, M.; Nishimoto, M.; Ohguchi, M.; Kim, D.; Kimura, A.; Chiba, S. Catalytic reaction mechanism
based on alpha-secondary deuterium isotope effects in hydrolysis of trehalose by European honeybee trehalase. Biosci. Biotech-
nol. Biochem. 2009, 73, 2466-2473.

Kamei, Y.; Hasegawa, Y.; Niimi, T.; Yamashita, O.; Yaginuma, T. Trehalase-2 protein contributes to trehalase activity enhanced
by diapause hormone in developing ovaries of the silkworm, Bombyx mori. ]. Insect Physiol. 2011, 57, 608-613.

Zhang, Q.; Lu, D.H,; Py, J.; Wu, M.; Han, Z.J. Cloning and RNA interference effects of trehalase genes in Laodelphax striatellus
(Homoptera: Delphacidae). Acta. Entomol. Sin. 2012, 55, 911-920.

Tatun, N.; Singtripop, T.; Sakurai, S. Dual control of midgut trehalase activity by 20-hydroxyecdysone and an inhibitory factor
in the bamboo borer Ombhisa fuscidentalis Hampson. . Insect Physiol. 2008, 54, 351-357.

Bansal, R.; Mian, M. A.; Mittapalli, O.; Michel, A.P. Molecular characterization and expression analysis of soluble trehalase gene
in Aphis glycines, a migratory pest of soybean. Bull. Entomol. Res. 2013, 103, 286-295.

Tang, B.; Yang, M.M.,; Shen, Q.D.; Xu, Y.X,; Wang, H.J.; Wang, S.G. Suppressing the activity of trehalase with validamycin
disrupts the trehalose and chitin biosynthesis pathways in the rice brown planthopper, Nilaparvata lugens. Pestic. Biochem. Phys-
iol. 2017, 137, 81-90.

Bale, J.S.; Hayward, S.A.L. Insect overwintering in a changing climate. ]. Exp. Biol. 2010, 213, 980-994.

Colinet, H.; Renaul, D.; Hance, T.; Veron, P. The impact offuctuatina therma reimes on the survival of a cold-exposed parasitic
wasp. Aphidius colemani. Physiol. Entomol. 2006, 31, 234-240.

Teets, N.M.; Kawarasaki, Y.; Lee, R.E., Jr.; Denlinger, D.L. Survival and energetic costs of repeated cold exposure in the Antarctic
midge, Belgica antarctica: A comparison between frozen and supercooled larvae. ]. Exp. Biol. 2011, 214 Pt 5, 806-814.



Agronomy 2023, 13, 148 18 of 18

71. Kawarasaki, Y.; Teets, N.M.; Denlinger, D.L.; Lee, R.E.Jr. The protective effect of rapid cold-hardening develops more quickly
in frozen versus supercooled larvae of the Antarctic midge, Belgica antarctica. . Exp. Biol. 2013, 216 Pt 20, 3937-3945.

72. Benoit, ].B.; Lopez-Martinez, G.; Elnitsky, M.A.; Lee, R.E. Jr.; Denlinger, D.L. Dehydration-induced cross tolerance of Belgica
antarctica larvae to cold and heat is facilitated bytrehalose accumulation. Comp. Biochem. Physiol. A-Mol. Integr. Physiol. 2009, 152,
518-523.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



