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Abstract: Heavy metal pollution, particularly cadmium (Cd) contamination in water and
farmland, might accumulate in natural insect enemies through the food chain. In response
to this heavy metal stress, natural enemy insects adapt by altering their metabolism and
behaviors. As a result, this investigation aimed to elucidate how the development, repro-
duction, and feeding of Harmonia axyridis Pallas (Coleoptera: Coccinellidae) are affected
under Cd contamination. Compared to the control group, the developmental period of H.
axyridis was prolonged, with decreased survival, predation, and body weights. Notably,
adult insects exhibited deformation, including molting difficulties and wing deformities,
which indicated reduced fitness. The ovarian development of female insects was delayed
with reduced size, and the pre-oviposition period was prolonged under Cd contamination.
Additionally, the hatching rate of offspring was significantly reduced. The Vitellogenin 1
(Vg1) and Vitellogenin 2 (Vg2) exhibited considerable changes throughout their develop-
mental stages. Our results confirmed that the accumulation of Cd has a significant impact
on the growth, development, and normal molting of H. axyridis, affecting the reproduction
of H. axyridis. The aforementioned results provide valuable insights into the potential
ecological effects of Cd accumulation on the food chain, which can inform strategies for
pest control, ecosystem stabilization in rice fields, and potentially novel bioremediation
approaches. Thereby establishing a theoretical foundation for pest control and ecosystem
stabilization in rice fields under Cd contamination while simultaneously providing novel
insights for bioremediation strategies.
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1. Introduction

Human activities, particularly those related to industrial and agricultural practices,
have resulted in substantial heavy metal pollution within ecosystems [1,2]. China, for
example, a prominent agricultural powerhouse, frequently faces heavy metal soil con-
tamination [3], with over 2000 hm? of farmland being adversely polluted [4,5]. There are
two main sources of toxic metals in soil: geogenic and anthropogenic [6]. Cadmium (Cd)
is one of the most ubiquitous and toxic heavy metal pollutants in the world [7,8], from
both anthropogenic (i.e., industrial emission, fertilizers and pesticides, sewage sludge,
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wastewater, mining, and commercial /consumer products) and geogenic (volcanic, rock
and soil, sedimentary deposits, mineralized rocks, and groundwater) sources [9]. The
global exceedance rate of Cd is the highest, reaching 9.0% (—1.9%/+1.5%) [6]. Overloading
Cd into plants, particularly food crops, has emerged as a leading threat to food security
and human health [10-12]. The contamination points of Cd in cultivated soil are mainly
distributed in the southern rice-growing regions [13,14]. Rice (Oryza sativa L.), which serves
as the staple food for over 50% of the global population, is particularly affected. Compara-
tive studies reveal that the root influx rate of Cd in rice cultivars demonstrates 2.2-6.5-fold
enhancement relative to wheat (Triticum aestivum L.) and corn (Zea mays L.) [15]. Rice could
not be cultivated because of heavy metal exposure and high Cd accumulation [11,12].
Studies indicate that heavy metal ions accumulate within ecosystems and are trans-
ferred through the food chain [16]. Cd in the soil can infiltrate plant cells via specific and

2+), zinc (Zn%*), calcium (Ca%*), and

unspecific transporters such as iron (Fe?*), copper (Cu
Magnesium (Mg?*) [17,18]. They are then transformed into effective forms that can be
absorbed by plants through a series of reactions [19] and then transferred to their organs
such as stems and leaves through long-distance transport [5,20]. In addition to plants, both
herbivorous insects and their natural enemies could accumulate Cd in the body by feed-
ing [21-23]. The oxidation-reduction balance is disrupted, energy substances are consumed,
and cell membrane integrity becomes damaged, all of which lead to alterations in the phys-
iological and biochemical markers of insects [24]. To ensure the sustainable development
of agricultural ecosystems, the implementation of safety utilization strategies coupled with
bioremediation techniques such as planting low-cadmium rice and phytoremediation have
become an imperative approach for Cd-contaminated paddy fields [25,26].

Harmonia axyridis, known as ladybird, is an important natural enemy insect resource.
It is extensively used as a biological control agent to prey on agricultural and forestry
pests [27], including all kinds of piercing-sucking insects such as Acyrthosiphon pisum,
Megoura crassicauda, etc. [28]. Studies have shown that Cd in soil can be transferred to
broad beans and aphids through the food chain [29,30]. Cryptolaemus montrouzieri and
serangium japonicum feeding on Cd-contaminated herbivorous insects had a shortened
lifespan, a prolonged pre-oviposition period for females, and decreased spawning and
reproductive capabilities [31,32]; also, the energy metabolism and immune systems were
significantly disrupted [33]. Similarly, studies on H. axyridis under the combined stress of
Cd and Zn showed that both the development period and body weight were adversely
affected. The concentrations of both heavy metals in the pupae were positively correlated
with the heavy metal content in the aphids they consumed [34]. An investigation focusing
on urban natural enemy insects has also underscored the influence of heavy metal pollution
on the compositional structure of these communities [35]. However, the research and
attention devoted to elucidating the implications of heavy metals on natural enemy insects
remain comparatively limited. The biological control by predatory insects under Cd
contamination remains inadequately characterized. Therefore, we investigated the soil—-
broad bean (Vicia faba)-M. crassicauda—H. axyridis system as our research model, employing
different concentrations of Cd solution to explore the biotransfer of Cd and assess its toxic
effects on the predatory insect.

In addition, reproduction is an important life process for insects and a crucial means
of ensuring population continuity and prosperity. Vitellin (Vn) and Vitellogenin (Vg) are
important for insect reproduction [36]. RNA interference (RNAi) to knock down the Vg
gene of the male of the natural enemy Chrysopa pallens can suppress the reproduction
of post-mating females [37]. Furthermore, vitellin (Vn), which is formed through the
mediation of vitellogenin (Vg) [38], provides essential nutrition and energy for egg matu-
ration and embryo development [39]. After heavy metal treatment, insect ovulation time
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was shortened and the ovulation rate, reproductive capacity, and incubation rate were
significantly reduced, usually associated with a reduction in Vg gene expression and Vn
content [36,40]. Under Cd stress, the reproductive ability of aphids was affected. The
expression level of Vg in the first generation was significantly increased, while the second
to the third generations showed a downward trend [41]. Given these insights, the effects
of Cd stress on the development, reproduction and predatory capacity of H. axyridis were
investigated in this study.

2. Materials and Methods
2.1. Plants and Sources of Experienced Insects

In the experiment, the broad bean (V. faba L.) type was Qingchan No. 14; the aphid
species was M. crassicauda; and the ladybirds were from species of H. axyridis. The broad
bean was cultivated and the aphids reared at 19 £ 1 °C with 70 £ 5% humidity under a
photoperiod of 14L:10D. Ladybirds were reared at 25 £ 1 °C with 70 = 5% humidity under
a photoperiod of 14L:10D.

2.2. Experimental Design

Based upon Wang et al., (2017) [42], we choose to study the Cd contamination levels of
3.125, 6.25, 12.5, 25, and 50 mg/kg because this concentration gradient has been validated
for use in studies of this type. Broad bean seeds were first soaked in Cd?* solution prepared
with different concentrations of CdCl, for 24 h and then planted in the soil (the volume
of nutrient soil-vermiculite-perlite = 12:4:2). Watering 400 mL of Cd?* solution of the
corresponding concentration every 3 days according to the growth requirements of broad
beans. Each pot of broad beans (Vicia faba) was cultivated for 25 days, with 8 scheduled
watering events applied during the growth period. Tap water (0 mg/kg or free from Cd)
was used for soaking seeds and watering as a control.

Based on the growth of broad beans, untreated adult aphids were transferred to broad
bean seedlings on the 10th day after planting by small, soft brushes. The aphids used
to feed H. axyridis were from the fifth generation and subsequent generations of aphids
that fed on Cd-treated broad beans. Each generation of adult aphids underwent a 10-day
infection period, and after continuous treatment for 50 days, they were utilized for feeding.
The experiment was completed between December 2023 and June 2024.

2.3. Determination of Developmental Period and Body Weight of H. axyridis

Eggs of H. axyridis were placed on moistened paper towels for incubation. Upon
emergence, the larvae were transferred into plastic boxes (4 cm x 3 cm x 2 cm) (Huawan,
Hangzhou, China). Each larva was considered as 1 replicate, and the initial number of
larvae per treatment group was 15, making a total of 15 replicates. They were fed regularly
every morning with sufficient number (to ensure that there were aphids left over for the
next feeding) of aphids exposed to different concentrations of Cd?* solution. Hygiene in
the rearing box was maintained by daily wiping with clean cotton.

H. axyridis larvae were observed daily for molting, and the time of each molting event
was recorded (either the start or the end of molting) for the calculation of developmental
duration for each instar. In addition, H. axyridis were weighed within two hours of molting,
commencing from the second-instar stage.

2.4. Determination of Survival Rate, Pupation Rate, and Emergence Rate of H. axyridis

This was determined for six concentrations (0, 3.125, 6.25, 12.5, 25, 50 mg/kg) and the
respective numbers used were 98, 77, 85, 80, 77, and 80. The larvae of each treatment were
hatched from 100 eggs. Upon hatching, single larvae were reared in a rearing box. The
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feeding method was in 2.3. The development period of H. axyridis for each concentration
was observed daily, and the number was recorded to calculate the survival rate.

Determination of pupation rate and emergence rate: A certain number of 4th instar
larvae were selected for observation, and three replicates were performed for each treatment
(n = 3). Six Cd treatments were applied (0, 3.125, 6.25, 12.5, 25, 50 mg/kg). At the beginning
of the experiment, the number of larvae in each per treatment group was 172, 182, 191,
179,170, and 166, respectively. The feeding method used was described in Section 2.3. The
development period of ladybirds was observed daily, and the number of pupae and adult
ladybirds were also recorded daily.

2.5. Determination of Deformity Rate and Sex Ratio as Well as Phenotype Photographs of H. axyridis

The feeding method was described in Section 2.3. This was determined for six concen-
trations (0, 3.125, 6.25, 12.5, 25, 50 mg/kg) and the respective numbers used were 71, 98,
118, 74, 83 and 88. Each treatment was hatched from 100 eggs. The emergence condition
of ladybirds was observed every day, and the number of females, males, and malformed
adults were recorded to calculate the deformity rate and sex ratio. H. axyridis with the
following characteristics were labeled as deformity individuals: 4th instar larvae that are
unable to crawl or feed normally or cannot successfully develop into prepupae; pupae that
have failed to eclose or pupal skin molting incompletely during eclosion; adults in which
the membranous wings cannot be fully retracted into the elytra. In addition, a Leica EZ4
HD stereomicroscope (Leica, Wetzlar, Germany) in conjunction with the LAS EZ software
(version 3.4.0) were used to capture the images of the malformed ladybirds that appeared
throughout development.

Deformity rate = Vgeformed /N X 100%

Sex ratio = ermales/ Vmales

2.6. Observation and Photographing of Female Ovary Phenotype of H. axyridis

The feeding method was in described in Section 2.3. Females on days 2 and 4 after
emergence were collected, and the ovaries were dissected with pointed forceps under a
Leica EZ4 HD stereomicroscope and photographed by LAS EZ software.

2.7. Determination of Preoviposition, Spawning Quantity, and Hatching Rate of H. axyridis

Adult H. axyridis feeding on aphids treated with different concentrations of Cd were
used for the study. The emergence time of adults was recorded. Subsequently, they were
placed in oviposition boxes (130 mm x 91 mm x 55 mm), with each replicate consisting
of 5 females and 5 males. A total of five replicates were performed in each treatment
group (n = 5). After that, the aphids were treated with the corresponding concentration of
Cd?* solution every day. The ladybirds were observed daily for mating and oviposition
conditions, and the time of the first oviposition was recorded. The preoviposition period is
the number of days between the first oviposition and the emergence of the female. Then,
the number of eggs laid per day was recorded to calculate the oviposition quantity of a
single female. Subsequently, the total number of eggs laid by a single female from day 1 to
day 30 was counted. In addition, eggs from each group were collected, with about 400 eggs
as a replicate, and 5 repeats were performed for each treatment (1 = 5).

2.8. Determination of the Expression Levels of Vitellogenin and Vitellogenin Receptor Genes in
Female H. axyridis

Females were collected on days 4, 7, and 10 after emergence. Three individuals
constituted one replicate, with three replicates per group (1 = 3). At each collection time,
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nine individuals were collected per treatment group. Total RNA from H. axyridis was
extracted according to the manufacturer’s instructions for the Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The first strand of cDNA was synthesized according to the instructions
of the PrimeScript RT reagent kit with gDNA Eraser (Takara, kyoto, Japan). The expression
levels of Vg1, Vg2, and VgR were detected using TaKaRa TB Green ® The Premium Ex
TaqTM (Tli RNaseH Plus) kit (Takara, kyoto, Japan). The primers used are presented in
Table 1. The data of RT-qPCR were finally analyzed using the 2-LACT method [43].

Table 1. The primers for real-time fluorescence quantitative PCR.

Gene Name Forward Primer (5'-3') Reverse Primer (5'-3')
VgR TGTAGGAGGCGAAGCAATGAT TGGGATGTGACAGGGAAATAA
Vgl GCAACAGAGTCCGTGGTCTIT GCTGCTTTCACCGTTCTTCAA
Vg2 CAATCAAAACTCAAGCAAGGAGA GTCAAAAACTGGATGGACAACAA
rp49 GCGATCGCTATGGAAAACTC TACGATTTTGCATCAACAGT

The calculation formula is as follows:

2—AACT _ »—[(CT experimental group—CT experimental group rp49)—(CT control group—CT control group rp49)]

2.9. Determination of Predatory Capacity of H. axyridis

The feeding method was the same as Section 2.3. The 4th instar larvae of H. axyridis on
the first day of molting, females on the first day of emergence, and males on the first day of
emergence were selected to determine their predation after 24 h of starvation. Referring to
the report from Xie et al. (2014) [44], our experiment set the density of aphids to 20, 60, 100,
and 140. The starved H. axyridis were put in a control box (2.8 cm X 2.6 cm x 2.7 cm) and
the number of aphids remaining after 24 h was recorded. The number of aphids consumed
by the H. axyridis within 24 h was used as a predacious number. Each treatment was
repeated eight times (1 = 8).

2.10. Statistics Analysis

The survival rate, pupation rate, emergence rate, and emergence rate of H. axyridis
must be calculated using formulae.
The formulae used for calculation, where A = number of larval instar, are as follows:

Survival rate of one instar = A , certain age /Alst instar X 100%

These formulae used for calculation, where A = number of 4th instar, N = pupae
number, and V = number of adults, are as follows:

pupation rate = N/A4th jngar X 100%

emergence rate = V/N x 100%

Tukey’s method in the one-way ANOVA of IBM SPSS Statistics 20 was used to an-
alyze the data for significance. The GraphPad Prism version 8.4.0 software was used to
draw figures. The results in the graph were represented by Mean =+ standard deviation
(Mean =+ SD) or Mean = standard error (Mean =+ SE), and different letters in the graph
indicated significant differences between the two groups (p < 0.05).
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3. Results
3.1. Development Period and Body Weight of H. axyridis Under Cadmium Pollution
The duration of development from 1st instar to 2nd instar in the control group was
significantly longer than that observed in the treatment group administered 25 mg/kg.
Based on an integrated assessment, it is speculated that this difference in development time
is related to the inconsistency in picking out newly hatched larvae at the beginning of the
experiment (Table 2). However, there was no significant difference in the development
time of other instars (Table 2). The 6.25 and 12.5 mg/kg treatment groups took more days
than the control group to grow the 1st instar larvae into adults (Table 2). H. axyridis body
weight remained constant across groups from the second instar to the prepupae (Table 3).
However, pupae body weight in the control group was significantly higher than that in the
6.25 and 25 mg/kg treatment groups.
Table 2. Development duration of different groups of Harmonia axyridis at different instars.
Developmental Development Duration (d)
Stage INSTAR 0 mg/kg 3.125 mg/kg 6.25 mg/kg 12.5 mg/kg 25 mg/kg 50 mg/kg
1st instar 348 +£0.16ab  2.92£0.01bc 3.86 £0.28 a 3.36 £ 0.19 ab 221+£017c¢ 2.67 £0.22 bc
2nd instar 191 £ 0.08 c 233+£013bc 276+027ab 255+ 0.11bc 2.04 £ 0.10 bc 336 £0.27a
3rd instar 223 4+0.08 a 260*=012a 277 +0.13a 248 £0.10a 260+024a 263+£020a
4th instar 423+012b 4.96 £+ 0.23 ab 560+041a 555+ 0.38a 511+029ab  5.00+0.22ab
Prepupa 0.88 £0.07 a 0.86 £0.05a 095 +£0.03a 0.93 £0.09 a 0.77£0.02a 094 £0.05a
Pupa 4.64 0.08 a 4434014 a 4.60 =0.05a 4.74 +0.08 a 473 £0.06 a 4.76 - 0.06 a
Total duration from 7 57 4 035 17.804057bc 20084+ 055a 1928+ 047ab 17124 046c 1838 + 0.40 abc
1st instar to pupa
Adult (lifespan) 52.00 = 6.34 a 42,71 - 4.96 a 53.36 = 5.17 a 47254+592a  40.82+6.07a 49.00 £ 4.06 a
F2egg 270+0.15a 270£0.15a 2.80+0.13a 310£0.18a 2.80+0.13a 330£0.15a
Values are presented as Mean =+ SE. Different letters after values indicate significant differences between treatments
(Tukey’s test, p < 0.05).
Table 3. Weight of different groups of Harmonia axyridis at different instars.
Developmental Weight (mg)

Stage 0 mg/kg 3.125 mg/kg 6.25 mg/kg 12.5 mg/kg 25 mg/kg 50 mg/kg
2nd instar 142+ 025a 140+ 0.10a 1.17 £ 0.08 a 1.50 £ 0.09 a 1.57 +£0.09 a 1.25+0.11a
3rd instar 411+020a 414+0.16a 377 £025a 445+ 036 a 454+025a 393£0.30a
4th instar 11.71 £ 049 a 13.09 £ 0.86 a 12.68 £0.80 a 1311 £0.82a 13.18 £ 0.87 a 12.01 £0.84a

Prepupa 3426 +1.28a 32.61 £2.07 a 2829+ 1.46a 29.03 :=1.50 a 2932+ 1.64a 31.08 £1.75a

Pupa 3246+ 122a 2888+167ab 2626+134b 2670*x14lab 26.12+145b 2821 +145ab

Adult 2791+ 111a 2427 +165ab 2227 +120ab 22.60+£132ab 21.85+138b 2413 +1.38ab

Values are presented as Mean =+ SE. Different letters after values indicate significant differences between treatments
(Tukey’s test, p < 0.05).

3.2. The Survival Rate, Pupation Rate, and Emergence Rate of H. axyridis Under Cd Pollution

The survival of H. axyridis was impacted by Cd pollution. The survival rate of the
2nd, 3rd, and 4th instar larvae was lower in the Cd?" solution treated groups than in
the control group. At the 2nd instar, the survival rate of the 6.25 and 50 mg/kg groups
was less than 80%, while the survival rate in the third and fourth instars was less than
70% (Figure 1A). The 12.5 mg/kg treatment had the highest survival rate in the pupal
and adult periods, followed by the 3.125 and 25 mg/kg treatments and the control group.
The survival rate of the two treatment groups of 6.25 and 50 mg/kg was less than 70%
(Figure 1A). Compared with the control group, after feeding Cd pollution aphids, the
change in H. axyridis’ pupation rate and eclosion rate had no difference (Figure 1B,C).
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Figure 1. Harmonia axyridis’s survival rate, pupation rate, emergence rate, adult deformity rate and
sex ratio determination and abnormal phenotype photographed after Cd treatment: (A) survival rate;
(B) pupation rate; (C) emergence rate; (D) adult deformity rate; (E) sex ratio; (F) abnormal phenotype.
Different letters indicated significant differences between treatments (Tukey’s test, p < 0.05).

Adult

3.3. Deformity Rate, Sex Ratio, and Abnormal Phenotype of H. axyridis Under Cadmium Pollution

Adult H. axyridis feeding on Cd-contaminated aphids had a greater deformity rate
compared to the control group, with a dose-dependent increase in deformities as Cd con-
centrations increased (Figure 1D). The sex ratios (female/male) of the insects treated with
6.25,12.5, and 25 mg/kg Cd were less than 1, indicating a preponderance of males, while
the 50 mg/kg treatment group had a sex ratio greater than 1, indicating a preponderance
of females (Figure 1E). These ratios were determined by counting the number of males
and females in each treatment group. Unfortunately, there was no biological replicate
between the two groups of data, so the differences between the two groups were not
analyzed (Figure 1D,E). In future studies, including additional biological replicates would
be necessary to confirm these observations. The main types of adult deformities caused
by Cd are categorized into two forms. The first occurs during eclosion, where incomplete
molting leads to difficulties in shedding the pupal skin, resulting in residual adherence of
the pupal skin to the adult. The second type involves wing deformities, characterized by
the failure of a pair of membranous wings to fully retract into the elytra (Figure 1F).
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Day2

Day4

0 mg/kg

3.4. Ovarian Phenotype of Female H. axyridis

On the second day after emergence, ovarian development in the Cd-treated group
was apparently delayed. On the 4th day after eclosion, similar ovarian phenotypes were
observed in each group. No apparent difference in ovarian phenotypes was observed
across the different Cd concentrations. Based on visual assessment, the ovarian size of
3.125, 6.25, 25, and 50 mg/kg treatment groups was not apparently different from that of
the control group. In contrast, the ovarian development of the 12.5 mg/kg treatment group
was not as evident within the first two days. Specifically, the ovarian tubes in this group
were thinner, shorter, and fewer in number (Figure 2). Consequently, the ovarian size was
smaller than that of the control group, indicating a delay in development.

3.125 mg/kg 6.25 mg/kg 12.5 mg/kg 25 mg/kg 50 mg/kg

Figure 2. Ovary development of female adults in different groups. Females on day 2 and 4 after
emergence were collected. The ovaries after dissection were photographed using LAS EZ software.

3.5. The Preoviposition Period, the Number of Eggs and Hatching Rate of Female H. axyridis

Female insects feeding on Cd-contaminated aphids exhibited a trend towards a longer
preoviposition period compared to the control group, with a statistically significant dif-
ference observed only in the 25 mg/kg treatment group (10 &= 1.41 days) compared to
the control (6.4 £ 0.55 days) (Figure 3A). During the early part of the oviposition period
(days 6—10), the number of eggs laid by the 6.25 mg/kg group was significantly lower than
that of the 12.5 mg/kg group. In contrast, during the later part of the period (days 11—-25),
the 25 mg/kg group laid a significantly higher number of eggs compared to the 6.25 mg/kg
group (Figure 3B). The total amount of eggs within 30 days showed that females in the 12.5
and 25 mg/kg treatment groups had the highest egg production, followed by 0, 3.125 and
50 mg/kg treatment groups, and the last was the 6.25 mg/kg treatment group (Figure 3B).
To further determine the quality of eggs produced by female insects, the hatching rate of
eggs was measured. The results showed that the hatching rate of the treatment group fed
with Cd-contaminated aphids was significantly lower than that of the control group, and
the 3.125 and 6.25 mg/kg treatments were significantly decreased (Figure 3C).
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Figure 3. Effects of Cd on preoviposition period, the number of eggs, and hatching rate of Harmonia
axyridis: (A) preoviposition period; (B) the number of eggs; (C) hatching rate. Values in Figure (A,C)
were presented as Mean £ Standard Error (Mean £ SE). Different letters indicated significant
differences between treatments (Tukey’s test, p < 0.05).

3.6. Expression Levels of Vitellogenin and Vitellinogen Receptor Genes in Female H. axyridis

According to the RT-qPCR results, the trend of Vg1 expression level changes is almost
consistent with Vg2 (Figure 4A,B). On day 4 of emergence, Vg1 expression was significantly
lower in the Cd-treated group compared to the control group. Vg2 expression was also
significantly lower in the Cd-treated group, except for the 3.125 mg/kg group (Figure 4A,B).
On day 7 after the emergence, the expression levels of Vg1 and Vg2 were significantly higher
in the 6.25 and 25 mg/kg treatment groups compared to the control group (Figure 4A,B). In
contrast, the expression levels were significantly lower in the 12.5 and 50 mg/kg treatment
groups. On day 10 after the emergence, no significant changes in Vg1 and Vg2 expression
were observed (Figure 4A,B). On day 4 after the emergence, the expression level of VgR
was down-regulated in 12.5, 25, and 50 mg/kg treatment groups (Figure 4C).

A B
3.0F O3 0mgkg Vel 25F 3 0 mg/ke Vg2
£ 3.125 mg/kg a £ 3.125 mgkg
25 £ 6.25 mg/kg 2ol = 625 myie
£ 125 mg/kg b = 125 mg/kg a
20F =3 25 mg/kg £ 25 mg/kg a a
B 50 mg/kg L5F B0 50 mg/kg : 2

ab

=
Relative expression level

Relative expression level
in

c b
05 ’*‘ ﬂ
0.0 T
7 10
Days after eclosion Days after eclosion

C
2.5 VgR 3 0 mg/kg
3 3.125 mg/kg
E 3 6.25 mg/kg
= 3 12.5 mg/kg
g 3 25 mg/kg
2 Ba . BN 50 mg/kg
4 ab
g
5 ab “ a ab
.QZ) ab ab
= ab
= b
<
] ﬂ
T
7 10

Days after eclosion

Figure 4. Effects of solutions of different Cd concentrations on the expression levels of vitellogenin
gene (Vg) and vitellogenin receptor gene (VgR) in different groups of females: (A) Vg1; (B) Vg2;
(C) VgR. Values in Figures were presented as Mean + Standard Rrror (Mean =+ SE). Different letters
indicated significant differences between treatments (Tukey’s test, p < 0.05).
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3.7. The Predation of H. axyridis Larvae and Adults Under Cadmium Pollution

To assess whether the predation ability of H. axyridis was influenced by feeding on
cadmium-contaminated aphids, we measured the predation levels of both larvae and
adults. The results showed that, at a density of 20 aphids, there was no difference in the
feeding number of larvae among different Cd-treated groups, but at densities of 60, 100, and
140 aphids, the larvae feeding on Cd-contaminated aphids exhibited significantly higher
predation than the control group (Figure 5A). When 20 aphids were provided, the number
of females preying on aphids was significantly lower in most treatment groups (specifically,
the 3.125, 6.25, 25, and 50 mg/kg groups) compared to the 0 mg/kg group, except for
the 12.5 mg/kg treatment group. When 60 or 100 aphids were provided, the number of
aphids preyed by females in the treatment groups was reduced or no significant difference
compared with the control group. When 140 aphids were provided, the capture number of
female insects in the 12.5 and 25 mg/kg treatment groups was significantly higher than that
in the control group, while the number captured in the 6.25 mg/kg treatment group was
significantly lower than that in the control group (Figure 5B). The predation of males was
also affected by Cd pollution. At a density of 20 aphids, the 12.5 mg/kg treatment group
showed a significant increase in male predation, while the 6.25 mg/kg treatment group
showed a significant decrease. At a density of 60 aphids, the predation at all concentrations
was significantly reduced. At a density of 100 aphids, except for the 6.25 mg/kg treatment
group, the male insects in the remaining treatment groups had significantly reduced catch

numbers (Figure 5C).
A B
120 = O0mgkg 100 3 0 mg/kg
3 3.125 mg/kg . 3 3.125 mg/kg a
=3 6.25 mg/kg by b2 O3 6.25 mg/kg Fb
o gl = r2Smen Fl & 5 80F = 125 mgkg E c
g =3 25 mgkg a < ,E 3 25 mg/kg a a Fd
£ BN 50 mg/kg &
= 5 60k EE 50 mg/kg
= =
= =
£ £
= = 40
-] k=]
2 2
S ot
-] -]
20
0
140 20 60 100 140
Aphid density Aphid density
C 100 = 0mgkg
£ 3.125 mg/kg
=3 6.25 mg/kg
L SOF =9 n25mgke ;;;;a“
-g =3 25 mg/kg
] B 50 mgkg 2 2
5 60 b
= cl|c
-]
'4% a d
= 40 b _be
E c
St
-
20 -ﬁﬁ B ﬂcdcd
LN
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Figure 5. Predation number of different groups of 4th instar larvae on the first day of molting, females
on the first day of emergence and males on the first day of emergence of Harmonia axyridis: (A) 4th
instar larvae on the first day of molting; (B) females on the first day of emergence; (C) males on the
first day of emergence. Values in Figures were presented as Mean + Standard Error (Mean =+ SE).
Different letters indicated significant differences between treatments (Tukey’s test, p < 0.05).
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4. Discussion

In recent years, multiple studies have shown that through accumulating in herbivorous
arthropods, Cd can produce effects impacting the fitness of organisms in the third trophic
level [45-47]. Heavy metal Cd reduced the survival of European honeybees [48]. After
feeding on whiteflies treated with Cd, Pb, and Ni, the development period of Cryptolaemus
montrouzieri increased, and the fecundity decreased [31]. In this study, Cd treatment at
certain concentrations significantly delayed the development stage of the 1st to 4th instar
larvae of H. axyridis, while the lifespan of pupae and adults remained unchanged (Table 3).
In the treatment groups of 25 and 50 mg/kg, the development duration of H. axyridis
did not increase with the rise in heavy metal concentration. It is hypothesized that these
concentrations significantly exceeded the self-regulatory capacity of H. axyridis, thereby
exerting severe impacts on its development through mechanisms such as cell apoptosis,
hormonal imbalance, and impaired nutrient absorption [49-51]. In addition, it is speculated
that response mechanisms such as metamorphosis and defecation regulate the effects of Cd
on ladybird pupae and adults [52,53].

This study showed that Cd treatment substantially increased the deformity rate of the
adult ladybird (Figure 1B,C,E). Moreover, the deformity phenotype was mainly character-
ized by molting difficulty and wing deformity (Figure 1F). Similar studies have shown that
heavy metals cause morphological deformities in the chironomid mentum [54,55], and the
larvae of Leuciscus idus showed a significant increase in the rate of deformity when living in
Cd- and Cu-contaminated water [56]. In Coccinella Septempunctata, silencing of the tyrosine
hydroxylase gene (CsTH) increased the deformity rate while decreasing both emergence
and survival rates. The mobility and predation of Coccinella Septempunctata were impacted
when the dopa decarboxylase (CsDDC) gene was silenced [57]. It is speculated that heavy
metals may affect TH and DDC genes in H. axyridis, thus affecting the pupation, emergence,
and survival. The above results and the present experiments indicate that heavy metals are
highly teratogenic and that differences between heavy metals and individual organisms
lead to differences in deformity patterns.

Larval body weight is more important for health than the growth rate in response to
environmental pollution [58]. The fresh and dry weights of the newly emerged Coccinella
transversalis adults were reduced by feeding aphids reared with high doses of Pb broad bean
plants [52]. Reduced growth rate and body weight have been suggested to be associated
with insect metal detoxification [59]. Ladybirds feed voraciously in the fourth instar larval
stage, where they accumulate large amounts of cadmium [49]. They eliminate part of the
accumulated Cd by shedding their exuviae, hence the Cd content in the newly emerged
ladybirds is lower [52,60]. This finding provides a plausible explanation for the weight
variations we observed in H. axyridis from the 4th instar to adult stage in our experiments,
where ladybirds were expected to shed part of their accumulated Cd. Surprisingly, our
results showed that Cd treatment had little effect on the body weight of ladybirds at all
development stages (Table 3), contrasting with previous findings that suggested significant
weight reductions due to heavy metal exposure.

Previous studies show that aphids fed with broad bean plants contaminated with
different doses of Cd did not significantly affect the fresh and dry weights of newly emerged
adults [61], which is consistent with our findings. The concentration range of Cd used in
this study may not have been sufficient to affect the body weight of H. axyridis. Since this
study measured the body weight of ladybirds within one hour after molting, the differences
between individuals were ignored. To more accurately assess the effect of Cd on body
weight, future studies could consider measuring weight gain over a longer period of time.

In addition, the bioaccumulation of heavy metals in insects led to additional energy
expenditure and reflected in certain trait alterations [59]. It also led to increased insect
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mortality. Studies have shown that the survival rate of Spodoptera exigua is significantly
reduced when exposed to Cd and Zn [62]. Cd, Cu, and Pb slowed down the development
of Apis mellifera larvae, shortened prepupae time, decreased pupal weights, and reduced
larval and adult survival [63]. However, the results of our experiment were surprising.
The survival rates of 3.125 and 12.5 mg/kg treatment groups were close to those of the
control group, while the survival rates of 6.25 and 50 mg/kg treatment groups showed the
most significant decrease in survival rates (Figure 1A). It is speculated that the survival rate
obtained in this experiment is related to the effect of “low promotion and high inhibition”.
The results of Shi et al., (2020) showed that heavy metal Zn (zinc) had a “low promotion and
high inhibition” effect on the survival rates of H. axyridis, mirroring the trends observed in
our study [64].

Researchers have carried out many experiments on the effects of heavy metal pollution
on biological fertility. When feeding on whiteflies contaminated with Pb, Ni, or Cd, the
preoviposition period of Cryptolaemus montrouzieri was longer, and the number of eggs laid
was lower than those in the control group [31]. Cd exposure significantly prolonged the
mating latency of female Drosophila melanogaster and decreased the number of eggs laid [65].
In the case of Trichoplusia ni, Cd stress did not impact the offspring quantity, which could
be attributed to the unique feeding strategy of this species [21]. In our study, the 25 mg/kg
treatment group significantly lengthened the preoviposition period of female H. axyridis
(Figure 3A); while the high concentration of Cd increased the number of eggs, the hatching
rate was significantly lower (Figure 3B,C). The results indicated that H. axyridis excreted Cd
by laying lots of eggs. Due to Cd stress, the hatching rate of eggs exhibited varying degrees
of decline.

It is therefore hypothesized that H. axyridis may also possess a special feeding strategy,
perhaps in response to the acute condition of high heavy metal stress, where females may
resort to laying a large number of eggs to ensure the continuous propagation of their
offspring. However, the quality of these eggs laid by females under such conditions may
not be guaranteed. Based on the relevant data in this study, it was concluded that a certain
dose of heavy metals could reduce the fecundity of the insect, which was manifested as the
prolongation of the preoviposition period, a shortened oviposition period and the reduction
in oviposition amount. Relevant research and analysis have concluded that Cd may affect
the reproduction of Drosophila melanogaster in the following ways: interfering with calcium
channels in the central nervous system, interfering with the role of pheromones, and
triggering the release of reactive oxygen species (ROS). Notably, female flies’ fertility was
more strongly affected by the same concentration of Cd treatment [62]. In contrast, exposure
to 20 mg/kg of Cd stimulated the reproduction of Corcyra cephalonica—eggs produced by
adults were bigger and heavier—and its natural enemy insect, Trichogramma japonicum, also
exhibited increased oviposition activity [47]. Therefore, further research is necessary to
determine how Cd affects the hatching rate of H. axyridis in this study and to understand
the underlying mechanisms.

Vg and VgR are key factors in insect reproduction [66]. Reduced transcription levels
of VgR by RNA interference techniques prevented the sedimentation of ovarian proteins
in the ovaries, shortened the ovarian length, and impaired reproductive performance [67].
A study on the negative effects of Zn on the fecundity of H. axyridis pointed out that
Zn negatively affected reproduction by decreasing egg count and hatching rates and the
expression levels of Vg1, Vg2, and VgR [64]. The expression results of Vg and VgR genes in
this study provide molecular evidence to support this point (Figure 4). In Chrysoperla sinica,
Vg expression is regulated by both juvenile hormone (JH) and 20-hydroxyecdysone (20E).
Sublethal concentrations of lambda-cyhalothrin disrupt the normal signal transduction
mediated by related hormones and the hormone-vitellogenin signaling pathway, and
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this leads to decreased expression of Vg1 [68]. It is hypothesized that Cd may alter the
H. axyridis’s reproductive capacity by influencing the production of particular hormones,
subsequently impacting hormone signaling pathways.

Furthermore, it was discovered that the expression of the vitellogenin gene was time-
dependent in both the Cd-treated and untreated groups [36], which was consistent with
the study’s findings (Figure 4). Overall, Cd stress reduces Vg expression, which results
in decreasing vitellin (Vn) deposition in the eggs and subsequently decreased fecundity
and hatchability [36,69-71]. Conversely, under Pb stress, the expression levels of Vg genes
in Spodoptera exigua varied, with males exhibiting an increase and females displaying a
drop [72]. From this perspective, further experiments are needed to explore the molecular
mechanisms of insects under heavy metal stress for a clearer understanding and to develop
effective strategies for mitigating their adverse effects.

An enemy insect is a type of insect that parasitizes or predates on other insects. The
predatory ability of enemy insects directly affects the biological control effect [47]. Exposure
to low concentrations of Pb and Cd exhibited no significant effect on the predation rate of
ladybirds, but exposure to 100 mg/kg Pb and 30 mg/kg Cd reduced the predation rate of
ladybirds [53,61]. H. axyridis demonstrated decreased predation after feeding on aphids
exposed to high levels of Zn [44]. In this study, it was found that the 4th instar larvae had
stronger predation ability than the adults. Cadmium increased the predation number of
4th instar larvae, while the number of predatory adults in some treatment groups was
lower than that in the control group (Figure 5). Studies on the predator Orius sauteri have
demonstrated that Cd transferred through the food chain exerts no significant impact on its
predation capacity when the number of aphids was set to 20, a finding partially consistent
with our results [47]. According to some studies, the feeding habits and patterns of H.
axyridis did not change during development; however, fourth instar larvae consume more
prey than adults [73]. It can be inferred that the accumulation of low concentrations of
heavy metals in aphids cannot cause a threat to their natural enemies. However, in the
absence of biomagnification, even high concentrations of heavy metals might also have
sublethal effects.

Biological control is an environmentally benign, non-toxic, pollution-free, safe, effi-
cient, and ecologically sustainable strategy [74,75]. Current trends in heavy metal reme-
diation have progressively shifted toward combined remediation [76]. A novel strategy
proposed by Wan et al., (2023) [77] involves the intentional introduction of aphids to
increase Cd accumulation in faba bean (Vicia faba) by having aphids feed on them. Paradox-
ically, this process may induce growth inhibition and extensive leaf chlorosis in plants due
to herbivorous insect feeding [78]. Therefore, H. axyridis can be strategically used to manage
herbivore populations and improve plant health within biological control frameworks,
thereby enhancing the plant’s ability to tolerate Cd contamination in rice fields.

Nevertheless, consuming prey contaminated with heavy metals may harm populations
of insect natural enemies, making biological control more difficult and expensive, and
making green control more challenging. Consequently, to successfully protect and utilize
these species in integrated agricultural pest control programs, it is necessary to have a
better understanding of the potential impact that heavy metal accumulation may have on
natural enemies.

5. Conclusions

Cadmium pollution has a considerable impact on the survival and molting processes
of H. axyridis, while having a relatively smaller effect on developmental period and body
weight. Interestingly, the predation rate of 4th instar larvae increased under Cd exposure.
In terms of fertility, Cd has an impact on the reproductive performance of female H. axyridis,
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notably gene expression and the quality of offspring. The transcriptional levels of Vg1 and
Vg2 genes in females treated with Cd changed considerably. H. axyridis plays a significant
role in the bioremediation of cadmium-contaminated rice fields. The results provide a
theoretical basis and insights for managing phytophagous insect populations under Cd
pollution as well as for and practical utilization of H. axyridis in contaminated environments.
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