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Abstract: The impact of heavy metals on agricultural ecosystems has consistently been a topic of social concern. This
study investigated the translocation of lead (Pb) along the soil — Vicia faba L. (Fabales: Fabaceae) — Megoura crassicauda
(Hemiptera: Aphidoidea) — Harmonia axyridis (Coleoptera: Coccinellidae) system. Lead in soil could be transferred to
broad bean, and the accumulation amount was highest in roots, followed by stems and leaves. Aphids and ladybirds could
also accumulate lead through the food chain. Interestingly, the lead content of broad bean roots in the aphid feeding group
was significantly higher than that in the non-aphid feeding group. Lead stress significantly reduced the germination rate
and seedling height of broad bean, and inhibited root elongation. The expression levels of trehalase (TRE), trehalose-
6-phosphate synthase (TPS), and vitellogenin (Vg), TRE activity, and carbohydrate content in aphids changed under lead
treatment. The number of offspring produced by the second and fifth generation aphids was significantly reduced under lead
treatment. Furthermore, high concentrations of lead treatment can prolong the development time of the 2 and 3 instar
larvae of the ladybird. Feeding on aphids contaminated with lead can affect the survival of ladybirds. Our results further
confirm the biological transfer of lead in the food chain and explore the adaptive mechanisms of aphids and ladybirds.
These relevant results provide a theoretical basis for further exploring the molecular mechanism of lead homeostasis in

plants and insects under lead stress.
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1 Introduction

Soil is crucial for maintaining biodiversity and human sur-
vival, and its fertility and health directly affects the yield and
quality of crops. However, soils around the world are cur-
rently facing threats including nutrient imbalance, saliniza-
tion, and heavy metal pollution (Khan et al. 2021). Because
soil microorganisms are unable to decompose heavy metals,
there is a propensity for these metals to accumulate and be
transformed into more toxic methyl compounds (Hu et al.
2023). It is noteworthy that heavy metals can be leached,
which means the release of heavy metals from solid media
(such as soil, slag, or waste) into liquids (such as surface
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water or groundwater) (Wang et al. 2024). Among heavy
metals, lead (Pb) has been identified as the second most toxic
metal following arsenic.

Heavy metal pollution in agroecosystems has emerged as
a global concern. Survey data indicates that lead pollution
in soil is prevalent globally (Kumar et al. 2015, 2020). Lead
pollution in soil is a consequence of human activities includ-
ing mining, metal smelting, transportation, sewage irriga-
tion, and misuse of insecticides, as well as natural factors
like volcanic eruptions and debris flows (Kumar et al. 2020).
Lead not only exists in soils and sediments as a free metal
ion, which can interact with inorganic molecules, but also
exists in organic forms that bind with organic ligands like
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amino acids, fulvic acid and humic acids (Vega et al. 2010;
Kumar et al. 2020). Plants have the ability to uptake soluble
lead from the soil via their roots, and they can also absorb
lead compounds and particles from polluted air through
the stomata on their leaves (Feng et al. 2019). In terrestrial
ecosystems, herbivorous arthropods, comprising insects
and other invertebrates, play a pivotal role in energy flow
and nutrient cycling (Han et al. 2022). Therefore, lead can
accumulate in primary consumers and then transfer to higher
trophic level organisms within the food chain. Several stud-
ies have shown that predatory arthropods become contami-
nated with trace metals through the consumption of prey that
has been exposed to contaminated plants (Sang et al. 2018;
Naikoo et al. 2019). Furthermore, heavy metal pollution in
agricultural soil poses a significant threat to food safety and
human health.

As a significant natural enemy insect resource, the pro-
tection and utilization of Harmonia axyridis (Coleoptera:
Coccinellidae) has attracted much attention. It has been
demonstrated that zinc could be transferred along the broad
bean — aphid — ladybird into the body of H. axyridis (Shi
etal. 2020). To explore the potential transfer of lead to higher
trophic level organisms along the food chain and its effects
on plants and insects, we investigated the soil-Vicia faba
L. (Fabales: Fabaceae)-Megoura crassicauda (Hemiptera:
Aphidoidea)-H. axyridis system as our research model. We
assessed the Pb concentration in organisms at various tro-
phic levels. In addition, the responses of plants and insects
to Pb treatment were investigated by monitoring the devel-
opment of organisms and detecting the changes in energy
metabolism.

2 Material and methods

2.1 Insect rearing

Aphids (M. crassicauda) were reared at 19 + 1°C with
70 £ 5% humidity under a photoperiod of 14 h light: 10 h
dark. The aphids were fed on broad bean seedlings. Ladybirds
(H. axyridis) were reared at 25 + 1°C with 70 £ 5% humidity
under a photoperiod of 14 h light: 10 h dark. The ladybirds
were fed on aphids.

2.2 Plant material
According to the studies of Zhang et al. (2017) and Naikoo
et al. (2019), the concentrations of lead treatment were set at
12.5 (T1), 25 (T2), 50 (T3), 100 (T4), and 200 (T5) mg/L,
respectively (Table S1). This experiment used tap water
treatment as control (T0). Lead in the form of lead nitrate
(Pb(NO3);) was dissolved in tap water to make different
concentrations of Pb2+ solution. To prevent the formation of
Pb(OH),, nitric acid was added to make the solution acidic
(pH =6.0).

Broad beans were soaked in different concentrations of
PbZ+ solution for 24 h, respectively, and then planted in soil

(with a volume ratio of nutrient soil, vermiculite, and perlite
of 6:2:1). About 43 broad beans were used per treatment. To
prevent soil desiccation during the growth phase of beans,
the beans would be watered with 400 mL of the correspond-
ing concentration of solution every 3 days.

2.3 Experimental design

On the 10™ day after planting, nearly 80 adult aphids devoid
of heavy metal exposure (i.e., aphids that had fed on tap
water-soaked and watered broad beans) were transferred
onto the seedlings. The first generation of adult aphids (F1)
were collected on the 10™ day after transfer based on obser-
vations of the aphid developmental cycle. That is, adult
aphids were collected on the 20t day after broad bean plant-
ing. Simultaneously, about 80 adult aphids were transferred
to new broad bean seedlings to rear the second generation
of aphids. The remaining aphids continued to reproduce on
the original broad bean seedlings for heavy metal content
detection. This process of aphid transfer and collection was
continued to obtain the second (F2) third (F3), fourth (F4),
and fifth (F5) generations of adult aphids.

2.4 Quantification of Pb concentration

Five broad bean seeds soaked for 24 h were collected per
sample. To detect the transfer of lead along the soil — broad
bean — aphid system, soils (1.0 g per sample), broad bean
roots (40 plants per sample), stems (20 plants per sample),
leaves (20 plants per sample) and aphids (all aphids at vari-
ous developmental stages on the seedlings per sample) were
collected on the 25" day after planting (the plants were
watered eight times). Furthermore, to compare whether
aphid feeding affects lead content in soil and broad beans,
another batch of broad beans was prepared without transfer-
ring aphids to broad beans. Similarly, samples of soils, roots,
stems, and leaves were collected on the 25t day after plant-
ing. Considering the susceptibility of young larvae to heavy
metal stress and the ability of ladybirds to excrete heavy
metals through pupal exuviae as reported in previous studies
(Wang et al. 2017; Naikoo et al. 2019), we opted to transfer
ladybird larvae on the first day of 3" instar to broad bean
seedlings with aphids. On the first day of pupal stage, about
30 ladybirds were collected per sample. Three repetitions
were performed for each sample (N = 3). After all samples
were collected, they dried in an oven at 60 °C and ground
into a powder using a ceramic mortar. Then, all samples were
sent to the Shiyanjia Lab (www.shiyanjia.com) for Pb con-
centration detection.

2.5 Determination of germination rate and the
height of broad bean

We observed and recorded the germination of broad beans

on the 8, 10th, 12t and 14 days after planting in the soil,

and calculated the germination rate. About 43 broad beans

were planted in each treatment, and 4 biological repeats were

conducted for each group (N = 4). In addition, the heights
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of broad bean seedlings were measured on the 8t, 10t 12th,
14t 16% and 18t days after planting. Six repeats were
conducted for each group (N = 6). Germination state and
root morphology were recorded using a camera (EOS 50D,
Canon, Japan) during the growth of broad beans.

2.6 Determination of carbohydrate content and
trehalase activity

Trehalose plays important roles in the insect activities such
as the energy metabolism, diapause and stress-resistances
(Thorat et al. 2012). Trehalase (TRE) is a specificity enzyme
which hydrolyses trehalose into two glucose molecules.
Expression profile and enzyme activity of TRE are related to
kinds of physiological processes of insects, so we measured
the carbohydrate content, TRE activity in aphids. Fifteen
adult aphids (each generation, from F1 to F5) were placed
in a 1.5 mL centrifuge tube. The anthrone method was used
to detect the trehalose content. Furthermore, the Glucose
(GO) Assay Kit (GAGO20, Sigma, USA) was used to mea-
sure the glucose and glycogen content, as well as the activity
of soluble trehalase (TRE1) and membrane-bound trehalase
(TRE2). The protein content was detected by following the
instructions provided in the BCA Protein Assay Kit (P0012,
Beyotime, China). Three repetitions were performed for
each treatment (N = 3).

2.7 Determination of the number of offspring
produced by aphids

After each generation of adult aphids was transferred to a
new broad bean seedling, the number of offspring produced
was recorded. The broad bean seedlings were first numbered
(from 1 to 8). Then two adult aphids were transferred to each
broad bean seedling. The number of offspring produced by
aphids was recorded daily. After counting, offspring were
removed daily. The number of offspring produced by a single
adult aphid within 7 days was calculated. Eight repeats were
performed for each treatment (N = 8).

2.8 Real time fluorescence quantitative PCR
(RT-gPCR)

To explore the effects of lead treatment on genes related
to trehalose metabolism and reproduction in aphids, the
expression levels of TRE, trehalose-6-phosphate synthase
(TPS) gene, and vitellogenin (Vg) gene were measured. Ten
adult aphids (each generation, from F1 to F5) were placed
in a 1.5 mL centrifuge tube. Total RNA from aphids was
extracted according to the manufacturer’s instructions of
the TRIzol reagent (Invitrogen, Carlsbad, California, 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 mRNA expression lev-
els of TRE, TPS, and Vg (Table S2) were detected using TB
Green ® The Premium Ex TaqTM (Tli RNaseH Plus) kit
(Takara, Kyoto, Japan).
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2.9 Observation and record of the development
of ladybirds

Upon hatching from their eggs, the larvae were transferred
into rearing boxes (plastic case, 3.7 cm x 3 cm x 3.3 cm).
There were 15 larvae in each treatment. Single larvae were
reared in a rearing box. Each ladybird was provided with a
daily ration of approximately 150 aphids, which were fed
on broad beans that had been treated with corresponding
lead concentrations. To uphold hygienic conditions within
the breeding environment, the excreta of the ladybirds were
meticulously removed daily. The development status of
ladybirds was observed every day, and the molting time was
recorded to calculate the development time of each instar.
Furthermore, ladybirds were weighed using a one-ten-thou-
sandth balance (AL204, Mettler-toledo, Switzerland) within
two hours post-molt. For documentation of any deformities
during development, images of the ladybirds were captured
utilizing a Leica EZ4 HD stereomicroscope in conjunc-
tion with the LAS EZ software. Survival rate of a certain
instar = survival number of a certain instar/number of first
instar larvae * 100%.

2.10 Data analysis

The T-test method in IBM SPSS Statistics 27 was used to
analyze the differences between each lead treatment group
and the control group, as well as between aphid feeding and
non-feeding groups at the same treatment concentration.
Additionally, Tukey’s test was used to analyze the differ-
ences among the six groups. Finally, GraphPad Prism ver-
sion 8.4.0 software was used to draw histograms.

3 Results

3.1 Lead concentration in soil, broad beans and
insects under lead treatment

The lead concentration in broad bean seeds of the T1-T5
groups was significantly higher than that in the control group
(0.31£0.04 mg/kg) after soaking, up to 112.86—-778.93 times,
and there was a dose-dependent (T1: F =5.082, t =—-32.033,
P < 0.001; T2: F =15.825, t = —8.234, P = 0.014; T3:
F=9.360,t=-13.733,P =0.005; T4: F=4.987,t=-26.030,
P <0.001; T5: F=5.867,t=—14.954, P < 0.001) (Fig. 1B).
Lead content in soil and broad beans was tested at day 25
after sowing. Compared with the TO group, the lead concen-
tration in soil (N: Fs, 1 = 20498.152; A: F5 1, = 21543.698)
and roots (N: Fs 1p = 16733.952; A: F5 12 = 22938.903) of
the T1-T5 groups significantly increased and there was a
dose-dependent (P < 0.001 for ANOVA) (Fig. 1C and 1D).
When there were no aphids feeding on broad beans, the
lead concentration in stems (Fs 1, = 7218.380) and leaves
(Fs5 12 = 2926.162) of the T1-T5 groups was significantly
higher than that of the control group (P < 0.001 for ANOVA)
(Fig. 1E and 1F). However, when aphids fed on broad beans,
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Fig. 1. Changes in lead (Pb) concentration in soil, broad beans, aphids, and ladybirds under lead treatment. (A) Schematic dia-
gram of the soil-broad bean-aphid-ladybird model used in this study. (B) Pb concentration in broad bean seeds soaked for 24 h. Pb
concentration in soil (C), broad bean root (D), stem (E), and leaf (F) on the 25t day after planting. (G) Pb concentration in aphids.
(H) Pb concentration in the pupa of Harmonia axyridis. (TO: tap water treatment, control group, T1: 12.5 mg/L, T2: 25 mg/L,
T3: 50 mg/L, T4: 100 mg/L, T5: 200 mg/L. N: broad bean was not eaten by aphids; A: broad bean was eaten by aphids. Data are
represented as mean + SE. *: P < 0.05; **, P < 0.01 (T-test between control and treated group, as well as between aphid feeding and
non-feeding groups at the same treatment concentration). Different lowercase or capital letters indicated significant differences among
the treatments of soil, broad bean roots, stems, and leaves (Tukey’s test, P < 0.05 level).

only the lead concentration in stems and leaves of the T5
(200 mg/L) group was significantly higher than the control
group, while the concentration in T1-T4 groups was sig-
nificantly lower than the control group (Fs 12 = 2739.172,
P <0.001 for ANOVA) (Fig. 1E and 1F). After aphid feeding,
soil lead concentration in the T5 (200 mg/L) group increased
significantly (F = 0.091, t = —35.262, P < 0.001), while that
in the T1-T3 (12.5, 25, 50 mg/L) groups decreased signifi-
cantly (P <0.001) compared with that in the absence of aphids
(T1-T3: F=0.012,0.113, 1.993; t = 28.716, 31.524, 38.635)
(Fig. 1C). The lead concentration in roots of all groups (TO—
T5) increased significantly (P < 0.001) compared to broad
beans without aphids (TO-T5: F = 0.509, 0.001, 1.473,
4.111, 0.054, 0.023; t = —81.457, —21.173, —42.908, —8.622,
—59.946, —60.327) (Fig. 1D). However, aphid feeding on
broad bean significantly reduced lead concentration in stems
(T2: F=2244,t=40.938; T3: F = 6.958, t = 81.734; T4:
F=3.617,t=175.700) and leaves (T2: F=5.677,t=25.102;
T3: F=2.218,1=103.724; T4: F = 4.703, t = 88.705) in the
T2-T4 treatments (P < 0.001) (Fig. 1E and 1F). This indi-
cated that aphid feeding can have an impact on the accumu-
lation of lead in soil and broad beans.

After aphids ingested lead from contaminated broad
beans, the lead concentration in aphids of the T3-T5 (50, 100,
200 mg/L) groups was significantly higher than the control
group (T3: F=0.066, t =—6.388, P = 0.003; T4: F = 1.395,
t=-8.424,P =0.001; T5: F=5.146, t=-29.253, P < 0.001)
(Fig. 1G). Compared with the control group, the lead con-
tent in ladybird of the T1-T5 groups significantly increased
(T1: F = 6.774, t = —4.939, P = 0.008; T2: F = 15.234,
t=-5.475,P=0.032; T3: F=11.762,t=-8.313, P = 0.014;
T4: F = 14.964, t = —12.109, P = 0.007; T5: F = 12.330,
t=-7.245, P =0.019) (Fig. 1H). The above results indicated
that lead can transfer and accumulate along the soil — broad
bean — aphid — ladybird.

3.2 Effects of lead treatment on the growth of
broad bean

The germination rate of broad beans in the lead treatments
(T1-T5) was significantly lower (df = 6, P < 0.05) than that
in the control group at 8 (T1-T5: F = 0.174, 0.909, 1.841,
1.910, 1.197; t = 6.703, t = 5.873, 4.073, 3.136, 3.304), 10
(T1-T5: F=1.137, 1.036, 0.071, 0.0003, 0.0004; t = 5.010,
3.945, 4.497, 3.712, 4.171), 12 (T1-T5: F = 0.816, 0.929,



0.300, 2.270, 0.006; t = 4.633, 2.952, 3.488, 3.953, 3.559)
and 14 (T1-T5: F = 0.007, 0.118, 0.441, 2.087, 1.869;
t = 5.723, 2.653, 4.344, 5.337, 3.690) days after planting,
indicating that the germination of broad beans was signifi-
cantly negatively affected (Fig. S1A). Moreover, compared
with the control group, the length and number of lateral roots
of broad bean in the lead treatments decreased (Fig. S1B and
S1C), and the height of broad bean significantly decreased
(P < 0.05) (Table S3). This indicated that heavy metal lead
has a negative impact on the development and growth of
broad bean roots.

3.3 Effects of lead treatment on trehalose
metabolism in aphids

For glycogen, there was no significant difference in the
content of the first to fifth generations of aphids fed on lead
contaminated broad beans compared to the control group
(P > 0.05) (Fig. S2). For trehalose, there was no signifi-
cant difference in the content of aphids between the first
and third generation lead treatment groups and the control
group (Fig. S2A and S2C). In F2, the trehalose content of
aphids in the T2 (25 mg/L) group significantly decreased
compared to the control group (Fs 12 = 4.135, P = 0.009)
(Fig. S2B). However, in F4 and F5, the trehalose content
was significantly higher in the T2 (25 mg/L) group than in
the control group (P = 0.011, 0.015) (Fig. S2D and S2E).
Moreover, the trehalose content of the F4 aphids signifi-
cantly increased in T1 (12.5 mg/L) (P = 0.002) and T3
(50 mg/L) (P = 0.026) groups (Fig. S2D). The glucose con-
tent of the F3 aphids significantly increased in T2 (25 mg/L)
group compared to the TO group (P = 0.034) (Fig. S2C).
In F4, the glucose content in T1-T5 groups were signifi-
cantly higher than that in the control group (Fs, 12 = 44.706,
P <0.001) (Fig. S2D).

Under lead treatment, the TRE1 activity of the T1
(12.5 mg/L), T2 (25 mg/L) or T4 (100 mg/L) groups in F4
significantly increased (Fs, 12 = 6.686, P = 0.018, 0.014,
0.002) (Fig. 2A). For the F3-F5 aphids, the TRE2 activity
in the T1 (12.5 mg/L) and T2 (25 mg/L) groups was higher
than that in the control group (Fig. 2B). Compared with
the control group, TRE expression level of the F1 aphids in
the T1-T5 groups significantly increased (Fs 12 = 40.044,
P <0.001), and only in T2 (25 mg/L) group, TRE expression
level of the F3 aphids significantly increased (P = 0.002)
(Fig. 2C). For the F1 aphids, the expression levels of TPS in
the T1 (P = 0.018) and T3 (P = 0.002) groups were signifi-
cantly higher than that in the control group (Fig. 2D). TPS
expression level of the F2 and F3 aphids in the T2 (25 mg/L)
group significantly increased (P < 0.001), while the expres-
sion level of the F4 aphids in the T5 (200 mg/L) group sig-
nificantly decreased compared to the TO group (P = 0.026)
(Fig. 2D). The above results suggested that ingesting lead
contaminated broad beans can have an impact on the treha-
lose metabolism of aphids, and there was no obvious rule
among different generations of aphids.
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3.4 Effects of lead treatment on aphid
reproduction

For the F2 (Fs, 4 = 25.329, P < 0.001), F3 (F5 42 = 4.908,
P =0.001) and F5 (Fs 42 = 16.279, P < 0.001) aphids, the
number of offspring produced by aphids in the T1-T4 groups
significantly decreased compared to the control group
(Fig. 3B, 3C and 3D). In particular, the number of offspring
in the TS5 (200 mg/L) group was significantly lower than that
in the control group at the first (P = 0.004), second, fourth and
fifth (P < 0.001) generations of adult aphid (Fig. 3A, 3B, 3D
and 3E). In addition, the number of offspring produced by
the F1 aphid in T2 (25 mg/L) group (P = 0.001) and the num-
ber of offspring produced by the F4 aphid in T1 (12.5 mg/L),
T2 (25 mg/L) and T4 (100 mg/L) groups were significantly
lower than those of the control group (P < 0.001) (Fig. 3A
and 3D). Compared with the control group, the Vg expres-
sion levels of the F1 aphids in the T1-T5 groups significantly
increased (F = 13.877, P < 0.001), but the expression level of
the F5 aphids significantly decreased (F = 7.475, P = 0.003)
(Fig. 3A and 3E). For the F3 and F4 aphids, the expression
levels of Vg in T4 (100 mg/L) (P = 0.011, 0.045) and T5
(200 mg/L) (P = 0.007, 0.0003) groups were significantly
lower than those of the control group (Fig. 3B-3D). The
above results suggested that lead pollution inhibited aphid
reproduction.

3.5 Effects of lead treatment on the development
and survival of ladybirds

Although lead treatment did not affect the development time
of the first larval stage, the fourth larval stage and the pupal
stage (P > 0.05), the development time of the T3 (50 mg/L)
(P = 0.016, 0.006) and T4 (100 mg/L) (P = 0.003, 0.001)
groups was longer than that of the control group at the sec-
ond and third larval stages (Table 1). When ladybirds fed
on lead treated aphids, the weight of ladybirds at different
developmental stages was not significantly different from
that of the control group (Table 2). However, lead treatment
had a significant impact on the ladybird survival, showed as
a decrease, especially in the development of the larvae from
the first to second instars (Fig. S3A). The abnormal pheno-
types of ladybirds in the lead treatments were mainly diffi-
cult molting of larvae, failed eclosion, and deformed wings
of adults (Fig. S3B).

4 Discussion

4.1 Transfer and accumulation of lead along
soil-broad bean-aphid-ladybird

Once lead is released into the soil and infiltrates into plant
roots, it can accumulate within the roots or be transferred
to the aboveground parts of plants (Kumar et al. 2020).
Moreover, research has found that lead mainly accumulates
in plant roots (= 95%), with only a small portion transferred
to the aboveground portion of the plant (Kiran & Prasad
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Fig. 2. Changes in the activity of two trehalase enzymes and the expression level of trehalase and trehalose-6-phosphate synthase
genes in adult aphids of different generations under different lead concentrations. (A) Soluble trehalase activity. (B) Membrane-bound
trehalase activity. (C) Trehalase gene, TRE. (D) Trehalose-6-phosphate synthase gene, TPS. (TO: tap water treatment, control group,
T1:12.5 mg/L, T2: 25 mg/L, T3: 50 mg/L, T4: 100 mg/L, T5: 200 mg/L). Data are represented as mean + SE. Different letters indi-
cated significant difference in enzyme activity or gene expression levels among different groups of the same generation (Tukey'’s test,

P < 0.05 level).

2017). The results of this study were similar to previous
findings (Fig. 1). There are multiple factors that contribute
to hinder the movement of lead from roots to aboveground
parts. First, negatively charged lignin and pectin are fixed
or precipitated in the root cell wall, or bind to the carboxyl
group of mucuronic acid in the cell wall (Arias et al. 2010).
Secondly, insoluble Pb salts precipitate in the intercellular
spaces of root cells (Zhang et al. 2017). Thirdly, the endo-
derm is a physical barrier to Pb translocation (Kumar et al.
2020). Fourth, Pb accumulates in the plasma membrane of
root cells (Jiang & Liu 2010) or is isolated in the vacuoles of
root skin cells and cortical cells (Kopittke et al. 2007).

Naikoo et al. (2019) and our research results confirm
that lead can be transferred and accumulated from plants to
higher trophic levels such as aphids and ladybirds (Fig. 1).
However, unlike soil to root biomagnification, biological
minimization of Pb occurs in the second trophic level of
phytophagous insects and the third trophic level of preda-
tory insects, with a transfer coefficient of < 1 (Zhang et al.
2017; Naikoo et al. 2019). It is speculated that it is related to
the detoxification mechanism of insects, for example, aphids
can discharge honey dew, and ladybirds can eliminate some
harmful heavy metals through molting (Wang et al. 2017;
Naikoo et al. 2019). Therefore, lead and other toxic metals
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Fig. 3. Changes in the number of offspring and vitellogenin gene expression levels of adult aphids from different generations under
different lead concentrations. The total number of offspring produced by a single adult aphid from the first generation (A) to the fifth
generation (E) within 7 days and the expression level of vitellogenin (Vg) gene in the aphid on the first day of aphid production sta-
tistics. (TO: treated with tap water, as a control group, T1: 12.5 mg/L, T2: 25 mg/L, T3: 50 mg/L, T4: 100 mg/L, T5: 200 mg/L). Data
are represented as mean * SE. Different letters indicated significant difference in aphid production or gene expression levels among
different groups of the same generation (Tukey’s test, P < 0.05 level).

have fluidity and transmissibility in the food chain of agri-
cultural insects (Naikoo et al. 2019; Wang et al. 2022).
Interestingly, this study found that the ingestion of broad
bean by aphids affects the accumulation of lead in soil and
broad bean (Fig. 1C-1F). In a similar study, the contents
of Zn and Cd in the secretion of phloem increased after the

plant was eaten by aphids (Stolpe et al. 2017a, 2017b). This
suggests that aphids may contribute to the transfer of heavy
metals from the soil to the plants through their feeding activ-
ities. However, more research is needed to fully understand
the mechanisms by which aphids affect the uptake and stor-
age of heavy metals in plants.
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Table 1. Development duration of Harmonia axyridis under lead treatment (mean + SE). Different lowercase letters indicated signifi-
cant differences at the same developmental stage (Tukey’s test, P < 0.05 level). I1: 1t Instar, 12: 2" instar, I13: 3" instar, 14: 4" instar,
PP: prepupa, P: pupa, I-A: from 1stinstar to adult, A: adult (lifespan).

Development duration (day)
Dev. stage —
Control 12.5 mg/L 25 mg/L 50 mg/L 100 mg/L 200 mg/L Statistics
11 3.48+0.16ab | 3.47+0.23ab | 2.87+0.12b 3.66+0.21a 3.74+0.20a | 3.16 +0.08ab EE’:E’%THZQQB
F5 49 = 4.564,
12 1.91+0.08b | 2.33+0.14ab | 2.29 £0.07ab 2.76 +£0.16a 3.05+0.35a 2.75+0.23a P = 0002
F5 46 = 4.714,
13 223+0.08b | 295+0.12ab | 2.91+0.11ab 3.26 £ 0.20a 3.63+0.39a | 2.98+0.26ab P~ 0001
F5 40 = 2.203,
14 4.23+0.12a 521+0.27a 5.15 + 0.25a 4.99 £ 0.25a 5.09+0.23a 5.19 + 0.35a P~0073
F5 40 = 1378,
PP 0.88+0.07a 0.92 + 0.05a 0.81+0.09a 1.01 +0.03a 1.07 £0.17a 0.94 + 0.02a P~ 0253
F5 40 = 0.207,
P 4.64 £0.08a 4.71+£0.06a 4.62 +0.09a 4.61+0.07a 4.64+0.11a 4.65+0.13a P~ 00957
F5 40 = 8.412,
1-A 17.37 £0.32¢ | 19.59 + 0.55ab | 18.61 +0.13bc | 20.86 +0.42a | 20.56 + 0.51a | 19.50 + 0.56ab P~ 0001
F5 36 = 1.517,
A 52.00+6.34a | 43.75+6.98a | 35.37+6.14a | 47.14+6.59 | 52.60+5.98a | 56.83 +3.38a P~ 0209

Table 2. Weight of Harmonia axyridis under lead treatment (mean + SE). Different lowercase letters indicated significant differences

at the same developmental stage (Tukey’s test, P < 0.05 level).

Developmental Weight (mg)
stage Control 12.5 mg/L 25 mg/L 50 mg/L 100 mg/L 200 mg/L Statistics

29instar | 1420252 | 1320112 | 146£007a | 135£007a | 12020072 | 122:005a | 547144
i F 5 .48 = 1.376,

3rd instar 411+0.20a | 3.92+0.16a | 3.72+0.15a | 3.48+0.20a | 3.43+0.28a | 3.84+0.33a P 20950
. F 5 .46 = 1093,

4% instar 11.71+£0.4% | 11.91+0.76a | 11.39+0.63a | 10.11+0.60a | 10.39 +1.11a | 11.12 +0.85a P - 0377
F 5.40 = 1.350,

Prepupa 34.26+1.28a | 30.62+1.99 | 30.71+1.72a | 28.23+1.54a | 30.46+2.21a | 31.42+1.34a P 20264
F 5 40 — 1.631,

Pupa 3246 +£1.22a | 28.19+2.03a | 28.39+1.47a | 26.44+1.35a | 27.74+1.88a | 29.18 £ 1.29a P=0174
F 5 40=1.439,

Adult 2791+111a | 23.89+1.79a | 24.74£1.36a | 23.06 +1.11a | 23.96 £1.58a | 24.43 +1.30a p=0231

4.2 Inhibition of root elongation and seed
germination is a significant feature of lead
poisoning in plants

Lead is a non-essential element for plant growth and devel-
opment, so excessive lead can have detrimental effects on
plants, including impaired chlorophyll production, cell
division, root elongation, chloroplast lamellar tissue, plant
growth, seed germination, seedling development, and tran-
spiration (Zulfigar et al. 2019). Our results are consistent
with previous studies indicating that lead stress inhibits
broad bean germination, root elongation, and plant growth

(Fig. S1 and Table S3).

Excessive lead contamination can impede seed germi-
nation in rice, barley, corn, lentils, and alfalfa (Sedzik et al.
2015; Zhang et al. 2018). The reason is that lead affects
seed physiology and morphology (Seneviratne et al. 2019).
Specifically, lead can interfere with enzymes involved in seed
germination, delaying the emergence of radicles by affecting
the activities of polyphenol oxidase and peroxidase, reduc-
ing the activities of enzymes involved in carbohydrates, and
increasing the content of carbohydrates and proteins (Sethy
& Ghosh 2013), thereby affecting the oxidative capacity of
roots (Singh et al. 2011). Liu et al. (2008) also discovered
that lead pollution affects the growth of plant roots. This



phenomenon has also been observed in cowpea (Kopittke
et al. 2007) and Prosopis sp. (Arias et al. 2010). The rea-
son is that lead exposure hampers root growth by damaging
biological membranes and impacting the structure of organ-
elles within root meristematic cells (Jiang & Liu 2010). Lead
contamination also impairs early plant growth, which might
be connected with impaired nutrient metabolism, plant water
relations and photosynthesis (Zulfigar et al. 2019).

4.3 Effects of lead on development and energy
metabolism of phytophagous and predatory
insects

Heavy metals absorbed by insects have significant impacts

on their growth rate, survival, and other physiological

aspects (van Ooik et al. 2007). The results of this study
showed that the number of offspring reduced (Fig. 3), the
development time of larvae in the high concentration treat-
ment group was prolonged from the 2 to 4t instar stages
(Table 1) and the survival rate decreased (Fig. S3). Similarly,
when Tenebrio molitor were fed diets containing Pb, their
survival and total live weight decreased (van der Fels-Klerx
et al. 2016). Interestingly, in Coccinella transversalis, the
weight of newly emerged adults in the high-dose Pb treat-
ments decreased (Naikoo et al. 2019), while cadmium (Cd)
treatment had no effect (Naikoo et al. 2021). But lead had no

significant impact on the weight of ladybirds here (Table 2).

The weight measured in this study did not take into account

the inherent differences between individuals. Weight gain,

that is, the difference in body weight of the same insect at
different ages, is a more meaningful parameter to detect
weight change, as reported by Shi et al. (2020). In addition,
demographic-based study would be needed in further studies
to assess effects of lead on aphids and ladybirds (Chi et al.

2022).

Trehalose plays a multifaceted role in insects’ physiolog-
ical activities (Thorat et al. 2012). Yu et al. (2020) found that
under long-term Cd stress, the trehalose content of Aedes
albopictus increased, while the glucose content and treha-
lase activity decreased. Moreover, trehalose metabolism
in A. albopictus is also affected under acute Cd stress (Yu
et al. 2019). When Spodoptera litura ingested artificial diets
supplemented with heavy metal Cd, the trehalose content in
the adults decreased, and the activities of trehalose synthase
and trehalose-6-phosphate synthase were also affected (YYang
2021). In summary, insects can resist heavy metal stress by
regulating trehalose metabolism (Fig. S2 and Fig. 2). Further
research is needed to understand the specific molecular
mechanisms in insects that adapt to and regulate heavy metal
stress.

From the above discussion, it is clear that heavy metal
pollution has a profound impact on agroecosystem. This
pollution not only hinders the normal growth of crops, but
more seriously, these heavy metals gradually accumulate in
agricultural products. Once these contaminated agricultural
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products enter the human body through the food chain, they
pose a potential and serious threat to the health of humans.
To maintain the stability of agroecosystem and human health,
we must take practical and effective measures to reduce the
emission and accumulation of heavy metals. Meanwhile, we
also need to actively carry out soil remediation and ecologi-
cal restoration work.
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Material and Methods

Insect rearing

Overnight-soaked broad beans were sown in a substrate comprising nutrient soil (organic
content > 30%), vermiculite, and perlite (with a volume ratio of 6:2:1), following which they
were placed within an artificial climate chamber at 19+1°C, 70 + 5% relative humidity, and
14L:10D photoperiod. On the 10th day after sowing (seedling growth stage), aphids (Megoura
crassicauda) were transferred to the broad beans for reproduction. Ladybirds (Harmonia
axyridis) were bred in an artificial climate chamber at 25+1°C, 70 + 5% relative humidity, and
14L:10D photoperiod. Broad beans with aphids were placed in cages (35 cm x 35 cm x 35 cm)
made of mesh gauze with a diameter of 0.125 mm for ladybirds to feed on. When there were
not enough aphids to feed on ladybirds, new broad beans with aphids were replaced. To ensure
the growth of broad beans, tap water was watered every 3 days after sowing.

Quantification of Pb concentration

Firstly, 0.50g of broad bean seeds, roots, stems, leaves, aphids and pupae of ladybird were
weighed respectively. The samples were then placed separately in digestion tanks supplemented
with 4 mL nitric acid. The samples were pre-oxidized at 80 °C for 1 h, and then digested in a
microwave digestion system. After digestion, the sample was transferred to a 50 mL volumetric
flask. A weight of 0.10 g of soil was placed in a 40 mL polytetrafluoroethylene crucible, then 5
mL of hydrofluoric acid, 3 mL of nitric acid and 1mL of perchloric acid were added to the
crucible. After the lid was closed, the sample was first reacted at 120 °C for 3 h, then the lid
was opened, and the reaction was continued at 180 °C to make the sample nearly dry. Following
the addition of 5 mL of 10% aqua regia, the sample was transferred to a 50 mL volumetric flask.
Next, first-grade ultrapure water (electrical conductivity < 0.01 mS/m) was added to make the
sample volume reach 50 mL. Finally, inductively coupled plasma mass spectrometry (ICP-MS,
NexION 2000, PerkinElmer, USA) was used to detect the lead concentration (Mittal et al.,
2017).

Determination of carbohydrate content and trehalase activity

Fifteen adult aphids (each generation, from F1 to F5) were placed in a 1.5 mL centrifuge tube
with 200 pL phosphate buffer (PBS). The samples were first crushed using a grinder and then
crushed for 30 min in an ultrasonic crusher (Bioruptor UCD-200, Diagenode, Belgium). After
addition of 800 puL PBS, the centrifuge tube was first centrifuged at 1000 x g for 20 min at 4 °C.
Then 350 pL of each supernatant was transferred to two 1.5 mL centrifuge tubes. One processed
sample was used to detect trehalose, glycogen, and protein concentrations. Another processed
sample was continued by centrifugation at 20800 x g for 60 min at 4 °C. After centrifugation,
300 pL of the supernatant was transferred to a 1.5 mL centrifuge tube for determination of
protein and glucose content and soluble trehalase (TRE1) activity. In addition, 300 uL of PBS
was added to the precipitate, and after mixing, the protein and glucose content and membrane-
bound trehalase (TRE2) activity were determined. The anthrone method was used to detect the
trehalose content. The Glucose (GO) Assay Kit (GAGO20, Sigma, USA) was used to measure
the glucose and glycogen content, as well as the activity of TRE1 and TRE2. The protein
concentration was detected by following the instructions provided in the BCA Protein Assay
Kit (P0012, Beyotime, China). Specific experimental procedures can be referred to the study






by Zeng et al. (2020). Three repetitions were performed for each treatment (N=3).

Real time fluorescence quantitative PCR (RT-qPCR)

Based on the sequences of closely related species in the database, annexation primers were
designed to clone the TRE, TPS, and Vg fragments of M. crassicauda.

> Megoura crassicauda trehalase (TRE) mRNA, partial cds
TCGAGAAAAACGGCAAATCGTACACAATGGCAAGATACTACGCACCATCGAGGGG
TCCAAGACCAGAGTCTTATAGAGAGGACTATGAATCAGCAGAATTTTTGGAAAATG
AAAATGACAAACAAGAATTGTATACTCAAATTAAGTCTGCGGCAGAGACCGGATG
GGACTTTTCAAGTAGATGGTTTATAACTGCCAATGGCTCGGATCGTGGGGTATTGGC
TGATATAAAAACGACGTATATAATACCAGTCGATTTGAACTGTATACTGCACAAGAA
TGCACAGTTGTTGAGTACGTGGTATAGCAAGATGGGAGATAAAACTAAAGCCGAG
AAATATCAGGCAATCGCCGAGAATCTCCTCAACAGTATACAAGAAGTTATGTGGAG
ACCAGACCTAGGGGCGTGGTTTGACTGGGATATGTTGAATAACAAAAGTCGAGAA
TATTTTTACGTTTCCAATGTTGTACCTCTGTGGACAGAAAGCTACAACATGCCGAA
AAAGGCTGTAGCTAGTTCTGTGTTGGGATATCTAAGAGATTATCATATCATCGAAGC
CGATTATTCTGTGAATTTCAACGGAACACCTACTTCTTTGTACAATTCATCACAACA
GTGGGACTTTCCAAATGCATGGCCTCCTCTACAAGCTTT

> Megoura crassicauda trehalose-6-phosphate synthase (TPS) mRNA, partial cds
GCTTACGATTTCACCGCGTTCCACATTGAGGACTACTGCTTGAACTTTATTGACTGC
TGCTGTCGGCGGCTGGGGTGCCGCGTGGACCGGACCAACATGCTGGTGGAGCTGG
CCGGACGGACCATACAGGTGAAGGCGCTTCCGATTGGCATACCGTTCGATCGTTTC
GTGCAACTGTCGGAGAAGGCGCCAGCGTTCCTAAACCTGTCAGAAGATGTCAAGG
TGATACTGGGCGTGGACAGGCTAGACTACACCAAGGGTCTGGTGCACAGGATCCT
GGCGTTTGAGAAATTCCTGGACAAGTATCCGGAGCACCGGGAGAAAGTGGTGCTG
CTGCAGATCTCGGTGCCGTCCAGGACGGACGTCAAGGAGTACAAGCAGCTCAAG
GACGAGACTGAGCTGCTGATCGGCCGCATCAACGGTAGGTTCTCGATGCCCAACT
GGTCGCCGATTCGGTACATATACGGGTGCTTGAGTCAGGAGCAGCTGGCCGCCCTG
TACCGGGACTGCGCAGTGGCGTTGGTAACGCCGCTCCGGGATGGCATGAACCTGG
TGGCCAAGGAATTCGTGGCGTGCCAGATCCGGACGCCAGGTGTGCTCATCCTGTC
GCCGTTCGCCGGCGCTGGTGGCACCATGCATGAGGCGCTGCTGGTCAACCCGTAC
GAGCTGGACGAGATGG

> Megoura crassicauda vitellogenin (Vg) mRNA, partial cds
CGCCGTCGTATCGTGTTATCTGGTTCAAACCAGCTTTTGCAATCGTGACCTGTTTCC
GGAGGGCGTTCAGCTCGGCTACAGATGGAGAGCGACGACGCATGTGGGTACCGTG
TTCCCTTCGGAGCACTTGACCAACTACTCAGTGGAAGCGTATTTTTTAGTTCAAAA
CGATCAAAATTTCACAAACTTTCAAATCAAAGAATACAAAACGAGCGAGAACCAA
CAAGAGTACCCGTGGATCACACTGCCGTTTCGATGCGTTTACAGAGACGGCGAAG
TACAAAAGTTCGAGAGCGAAAGCGGCGACGTGACGGGATCGTTGAACATAAAAA
GAGCATTAGCCACTATGTTTCAGCTGAAATTGGATTCCCTGAGGCGACCGTCGTTC
GCCGCACAAGAGACTGGAGTGTATGGAAAATGCAACGTTCAGTACCTTGTGACTA
AAGAAAATAATAACACAAATGTAAAGAAAATAATCAACTTTTCGGCTTGTGACAAT
AAACTTGGACAACAATGGAGCAATACGCCGGCGTTCACGTGCCCATCTAGTTATCA
AGACGGGAGTATGAGTCATAGTGTTCGAAATTATAATTTGGACGAGATGAATGTAAT






TCGGTATTTGAATATTATCGGTACAGTAGAGTTCCAACCATTCCAAGCAT

According to the study of Ishikawa et al. (2012), f-Actin was an internal reference gene.
Primers for RT-qPCR were designed using online Primer 3 web version 4.1.0
(https://bioinfo.ut.ee/primer3/). The primer sequence is shown in Table S2. The mRNA
expression levels of 7TRE, TPS, and Vg were detected using TB Green ® The Premium Ex
TaqTM (Tli RNaseH Plus) kit (Takara, Kyoto, Japan). RT-qPCR system (20 pL): forward
primer 1 pL, reverse primer 1 uL, TB Green 10 uL, cDNA 2 puL, ddH>O 6 pL. The RT-qPCR
procedure consisted of pre-denaturation at 95 °C for 30 s, denaturation at 95 °C for 5 s, extension
at 60 °C for 20 s, and these steps were repeated for 40 cycles. RT-qPCR data were finally
analyzed using the 2-24¢T method (Livak & Schmittgen, 2001).

Supplementary Tables
Table S1. Experimental group settings

Pb treatment  Processing method

Soak broad beans in tap water for 24 h and plant them in the soil, then water them with

1o 400 mL of tap water every 3 days

1 Soak broad beans in 12.5 mg/L Pb*" solution for 24 h and plant them in the soil, then
water them with 400 mL of 12.5 mg/L Pb*" solution every 3 days

™ Soak broad beans in 25 mg/L Pb*" solution for 24 h and plant them in the soil, then
water them with 400 mL of 25 mg/L Pb*" solution every 3 days

T Soak broad beans in 50 mg/L Pb*" solution for 24 h and plant them in the soil, then
water them with 400 mL of 50 mg/L Pb*" solution every 3 days

Ta Soak broad beans in 100 mg/L Pb*" solution for 24 h and plant them in the soil, then
water them with 400 mL of 100 mg/L Pb** solution every 3 days

s Soak broad beans in 200 mg/L Pb*" solution for 24 h and plant them in the soil, then

water them with 400 mL of 200 mg/L Pb** solution every 3 days

Table S2. The primer sequence used in this study

Gene Forward primer (5°-3”) Reverse primer (5°-3”) Purpose

name

TRE TCGAGAAAAACGGHAAATCG AAAGCYTGTAGAGGAGGCCA Amplified fragment
TGGCAAGATACTACGCACCA  ATCAGCCAATACCCCACGAT RT-qPCR

_— GCTTACGATTTCACCGCBTT CCATCTCGTCCARCTCGTAH Amplified fragment
CGTGGACAGGCTAGACTACA  CAGCTCAGTCTCGTCCTTGA RT-qPCR

Ve CGCCGTCGTATCGTGTTATC ATGCTTGRAATGGTTGGAAY Amplified fragment
GCATTAGCCACTATGTTTCA CGTATTGCTCCATTGTTGT RT-qPCR

p-Actin GATCATTGCCCCACCAGAAC TTTACGGTGGACAATGCCTG RT-qPCR






Table S3. Changes in the height of broad bean under lead treatment

Pb The height of broad bean (cm)
treatments Day 8 Day 10 Day 12 Day 14 Day 16 Day 18
Control 2.96+0.13a  7.15#0.10a  11.28+0.15a 16.03£0.07a 23.48+0.14 a 28.08+0.13 a
12.5mg/L  1.90+0.05c¢  4.7740.26c¢  9.37+0.29 b 10.95+0.33b  17.70£0.32bc  19.08+0.40 cd
25 mg/L 2.00£0.04 bc  4.85+0.09 bc 7.75+0.16 d 10.28+0.35b  18.85+0.23 b 19.7340.13 be
50 mg/L 2.27+0.09b 5.45+0.20b  9.33+0.29b 10.80+0.26 b 18.58+0.24 bc  20.52+0.16 b
100 mg/L  2.73+0.08 a  5.32+0.12bc  8.90+0.19bc  10.83+0.18 b  16.52+0.17 d 18.52+0.11d
200 mg/L  2.27+40.07b  4.97+0.04 bc 8.02+0.23 cd 10.97+0.25b  17.53+0.42cd  18.82+0.22 cd
Fs30= Fs30= Fs30= Fs30= Fs30=
Fs30=82.381,
Statistics ~ 26.939, 32.936, 31.152, 70.845, 287.995,
P <0.001
P <0.001 P <0.001 P <0.001 P <0.001 P <0.001

Results were expressed as the mean + SE. Tukey’s test was used to analyze the differences
between different treatments on the same day. Different lowercase letters indicated significant
differences at the P < 0.05 level.

Supplementary Figures and Legends
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Figure S1. Effect of different lead concentrations on the growth and development of broad
bean. (A) Germination rate of different groups of broad beans. (B) Phenotype of broad bean on





the 6th day of planting. (C) The development of broad bean root on the 13th day of planting.
(TO: tap water treatment, control group, T1: 12.5 mg/L, T2: 25 mg/L, T3: 50 mg/L, T4: 100
mg/L, T5: 200 mg/L. The data in the figure were represented by mean + SE, and T-test method
was used to analyze the differences between each lead treatment group and the control group.
The results were represented by *(*, P<0.01; **, P <0.05).)
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Figure S2. Changes in glycogen, trehalose, and glucose content in the first (A) to fifth (E)





generations (F1-F5) of adult aphids exposed to different lead concentrations (TO: tap water
treatment, control group, T1: 12.5 mg/L, T2: 25 mg/L, T3: 50 mg/L, T4: 100 mg/L, T5: 200
mg/L. The data in the figure were represented by mean + SE. Tukey’s test was used to analyze

the differences among the six treatments under the same carbohydrate. Different lowercase
letters indicated significant differences at the P < 0.05 level.)

A -
i ~~ To(N=98)
F - - T1 (N=70)
1 —— T2 (N=66)
g 50 - -~ T3 (N=75)
% \ -o- T4 (N=74)
5 ~=) - T5 (N=70)

oIIIIII
L1 L2 L3 L4 P A

Different developmental stages
Normal phenotype = Abnormal phenotypes in Pb treatments
LR ¥ie§
: @ : A
4thinstar Pupa  Adult E F B o 3
§' ‘;E, ',\:‘\ !!

Figure S3. Survival rate (A) and abnormal phenotype (B) of Harmonia axyridis under
different lead concentrations. (TO: tap water treatment, control group, T1: 12.5 mg/L, T2: 25
mg/L, T3: 50 mg/L, T4: 100 mg/L, T5: 200 mg/L. L1: 1st instar larvae, L2: 2nd instar larvae,
L3: 3rd instar larvae, L4: 4th instar larvae, P: pupae, A: adults. The numbers in parentheses
were the starting larva numbers for each treatment.)
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