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Abstract: Carya illinoinensis (Wangenh.) K. Koch (Pecan), a deciduous tree native to North America,
faces significant challenges from pests. This study investigated the insecticidal efficacy and food safety
of using the broad-spectrum insecticide emamectin benzoate via trunk injection for potential pecan
pest management. Injections were given at dosages of 0.4, 0.8, 1.6, and 2.4 mL/cm of tree diameter at
breast height (DBH), and leaf samples were collected at 10, 30, 60, and 100 days post-injection, while
fruit samples were obtained during the swelling, ripening, and harvest stages. We established an
analytical method for the determination and quantification of emamectin benzoate content in pecans
using ultra-performance liquid chromatography-mass spectrometry (UPLC-MS). Leaf emamectin
benzoate content was significantly higher compared to nuts (p < 0.036). The content in leaves
following the four dosage treatments decreased over time and at 100 days was 0.1943/0.2799 mg/kg
(upper crown/lower crown), 0.1910/0.3957 mg/kg, 0.3663/0.6235 mg/kg, and 1.3988/1.9123 mg/kg,
respectively. The pesticide residues of 0.4 mL/cm and 0.8 mL/cm treatment groups in kernels at
harvest time were 0.0016 mg/kg and 0.0039 mg/kg, respectively, below the latest European Union
Regulation (0.005 mg/kg). All four dosage treatments (0.4, 0.8, 1.6, and 2.4 mL/cm of tree diameter at
DBH) in the leaf feeding test caused significant mortalities of the fourth instar Hyphantria cunea (Drury)
larvae. The mortality rates at 10 days post-injection were 64.7%, 73.3%, 79.3%, and 84.7%, respectively,
while at 60 days post-injection, the rates were 26.0%, 47.3%, 53.7%, and 81.7%, respectively. In
summary, this study successfully established a sensitive analytical method for the detection and
quantification of trunk-injected emamectin benzoate residues in pecans and demonstrates its safety
and effectiveness as a chemical control option against foliar pecan pest insects.

Keywords: Carya illinoinensis; trunk injection; emamectin benzoate; residue; efficacy assessment;
Hyphantria cunea

1. Introduction

Carya illinoinensis (Wangenh.) K. Koch (Pecan) is an economically important nut-
producing tree, prized for its nutritious and delicious nuts [1,2]. It is widely cultivated in
various regions worldwide, contributing significantly to the global nut industry. Rapid
growth of pecan cultivation has been observed in recent years in China, particularly
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in Anhui, Yunnan, Zhejiang, and Jiangsu provinces [3,4]. However, like many other
crops, pecan trees face numerous challenges, including infestation from a diverse array
of pests [5,6]. At present, some of the serious pest insects include the citrus longhorned
beetle [Anoplophora chinensis (Thomson)], red borer [Zeuzera coffeae (Thomson)], yellow
peach moth [Conogethes punctiferalis (Guenée)] and blackmargined aphid [Monellia caryella
(Fitch)] [7,8]. Traditional approaches to managing pecan pests use chemical insecticide
sprays [9,10]. Despite their short-term effectiveness, these techniques frequently lead to
undesirable consequences, such as ecological imbalance resulting from adverse effects on
non-target species and the emergence of insecticide resistance within pest communities [11].

In recent years, trunk injection has emerged as a promising alternative to conventional
foliar spraying [12,13]. This technique involves directly injecting insecticides or other
agrochemicals into the tree’s vascular system, allowing for systemic distribution in vascular
tissues [14]. Trunk injections have recently been tested in pine, apple, pear, and date trees,
offering several advantages, including reduced environmental exposure, targeted delivery
to the pest-infested tissues, and prolonged efficacy due to the slow degradation of the
pesticide within the tree [15-17]. Commonly used insecticides for trunk injection include
imidacloprid, abamectin, emamectin benzoate, thiamethoxam, and others [17-20]. The use
of trunk injection technology for delivering insecticides is increasingly being applied to
pest and disease control.

Emamectin benzoate, a semi-synthetic derivative of abamectin, is commonly employed
for trunk injection [21]. It has been demonstrated as having excellent efficacy against a
wide range of insect pests while also highlighting its ecological safety [22]. Trunk injection
of emamectin benzoate effectively prevented and controlled red palm weevil infestation
in date palm trees for one year, with no residues in fruits detected 60 days after the
injection [23]. Trunk injection is more stable from an ecological perspective. For example,
the injection of pine trees with emamectin benzoate to control pine wood nematode had
no significant adverse effects on the overall community diversity and composition of soil
arthropods and flying insects (Hymenoptera) [24]. There is a lack of studies regarding
its application in the context of managing pecan pests, particularly the defoliators, and
the distribution, residue persistence, and insecticidal efficacy of emamectin benzoate after
injection remain unclear. Hyphantria cunea (Drury), a significant invasive pest in China,
inflicts damage by feeding on the leaves of various tree species, including pecan trees, and
typically undergoes three generations per year in Anhui Province. During the summer
months, the damage caused by H. cunea can be particularly severe, leading to significant
economic losses in affected areas [25]. This study primarily focuses on the distribution of
emamectin benzoate residues in different pecan tissues after trunk injection and evaluates
the insecticidal efficacy of trunk-injected emamectin benzoate against the invasive defoliator
Hyphantria cunea. Understanding the distribution and persistence of emamectin benzoate
in pecan leaves can enhance effective pest control, while understanding its distribution and
persistence in pericarps and kernels of pecan nuts is crucial for assessing safety for human
consumption.

2. Materials and Methods
2.1. Reagents and Standards

Emamectin benzoate standard (purity > 95%) was obtained from Shanghai Aladdin
Bio-Chem Technology Co., Ltd., Shanghai, China. A standard stock solution of emamectin
benzoate at a concentration of 1000 mg L.~! was prepared using acetonitrile and stored at
—20 °C for calibration curves and method validation. Diluted calibration solutions were
subsequently prepared from the stock solution for quantification purposes. To ensure
accuracy, matrix-matched calibration solutions of the desired concentrations of emamectin
benzoate were freshly prepared for each experiment using extracts obtained from the
untreated (control) leaf, pericarp, and kernel samples.

Two percent emamectin benzoate ME was procured from Zhejiang SYNWILL Co.,
Ltd., Taizhou, China. Acetonitrile and methanol of HPLC grade were procured from Anhui
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TEDIA High Purity Solvents Co., Ltd., Anging, China, while formic acid of the same quality
was acquired from Merck Chemicals Co., Ltd. Shanghai, China. Sodium chloride (NaCl)
and anhydrous magnesium sulfate (MgSO,4) were purchased from Xilong Scientific Co.,
Ltd., Shantou, China. The primary secondary amine (PSA) used, with a particle size of
40-60 pm, was obtained from Agela Technologies, Tianjin, China. C18 sorbents (50 mm,
60 A) were purchased from Macklin Biochemical Co., Ltd., Shanghai, China.

2.2. Field Trial

In 2022, field trials on emamectin benzoate spatial distribution and final residue
measurements were conducted in Hefei (117.1° E, 31.5° N), Anhui province. The 10-year-
old pecan trees had a diameter ranging from 10 to 15 cm (mean =~ 12.5 cm) at breast
height, and the first branch bifurcation was 1.5-2 m above the ground. Two percent
emamectin benzoate ME was used for trunk injections during the trial. Injection ports,
each measuring 4 cm deep and 6 mm in diameter, were drilled into the xylem tissues of
the trunk. Emamectin benzoate was administered on 12 July 2022 in four different doses
(0.4, 0.8, 1.6, and 2.4 mL per centimeter of the tree’s DBH), corresponding to 5 mL, 10 mL,
20 mL, and 30 mL per tree through these ports [14,17]. The control group did not receive
any treatment. One port injection was created approximately 0.5 m above ground level for
easier access to the trunk and to ensure effective radial dissipation of emamectin benzoate
in the xylem before reaching the branching points. One trunk injection was administered
per tree, and twenty replicates (trees) per treatment were injected in a randomized complete
block design. Following injection, the holes were plugged with wooden sticks, and residue
tests at discrete time intervals were conducted on these trunk-injected trees.

2.3. Sample Collection and Preparation for Determining Emamectin Benzoate Residue

Pecan leaf, pericarp, and kernel samples were collected for residue analysis. Each
tree crown was vertically divided into upper and lower sections, and multiple samplings
and measurements were taken at discrete time intervals [16]. One set of leaf samples was
obtained from each crown section (upper/lower section), and each sample set consisted of
200 leaves collected from all four cardinal directions, resulting in a total of 50 leaves per
direction. At each of the specified sampling dates (10, 30, 60, and 100 days after the trunk
injection), randomly selected leaf samples were collected from five randomly selected trees
from a total of 20 treated trees for each treatment. Similarly, the fruit samples (pericarps
and kernels) were collected at three stages of fruit growth and development: the swelling,
ripening, and harvest stages (August, September, and October), as indicated in Figure 1.
For each sampling date, 20 fruits were sampled from the random set of five selected trees
located at the central section of the pecan crown. All collected samples were stored at
—20 °C for future use.

Figure 1. Three stages of pecan fruit development, along with anatomical details, including swelling,
ripening, and harvest stages (from left to right).
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2.4. Analytical Methods
2.4.1. Sample Extraction

Frozen samples of pecan leaf, pericarp, and kernel were first cut into small pieces and
then ground using a blender [26]. Subsequently, 2 g of each sample was weighed and mixed
with 4 mL of water in a 50 mL centrifuge tube. After allowing the mixture to stand for
30 min, 10 mL of acetonitrile was added to the same tube and vortexed for 1 min. Next, 2 g
of NaCl was added, and the mixture was vortexed again for 1 min before being centrifuged
at 4393 x g rpm for 5 min. A 2 mL volume of supernatant was transferred to another 5 mL
centrifuge tube containing 70 mg of PSA, 20 mg of C18, and 200 mg of MgSO,. The mixture
was shaken by hand for 1 min and then centrifuged at 13,680 g for 1 min. Finally, the
supernatant was centrifuged at 13,680 g for 20 min and filtered through a 0.22 pm pore
membrane prior to instrumental analysis [26,27].

2.4.2. UPLC-MS/MS Analysis

An Agilent 1290 Infinity II Ultra-performance Liquid Chromatograph coupled with
an Agilent 6460 Triple Quadrupole Mass Spectrometer (Agilent, Santa Clara, CA, USA)
in ESI ion source mode with positive ion scanning and multi-reaction monitoring were
employed for the analysis of emamectin benzoate. The capillary voltage was set to
3000 V, while the ion source temperature was maintained at 325 °C. The collision gas
was argon, and the desolvation gas was nitrogen. The cone and fragment voltages were
25V and 220 V, respectively, while the nebulizing gas pressure was 35 psi. The drying
gas flow rate and temperature were 6.0 L/min and 350 °C, respectively. For emamectin
benzoate, the precursor ion was 886.4, and the product ions were 81.9 (qualitative) and
158.1 (quantification) [28]. The grayscale code utilized to depict different concentration
ranges of emamectin benzoate in the pecan crown was as follows for the leaves: 25% grey
(0.01-0.5 ppm), 50% grey (0.51-1.00 ppm), and 75% grey (1.01-2.00 ppm). Concentrations
below 0.01 ppm are represented by white, while concentrations >2 ppm are represented by
black in Figure 2 [16].

Emamectin benzoate Concentration range

grayscale code (ppm)
White 0.00
Gray 25% 0.01-0.25

Gray 50% 0.26-0.50

Gray 75% 0.51-1.00

Black >1.01

Figure 2. The grayscale code used for depicting different emamectin benzoate concentration ranges
in the pecan leaves.

For testing, a reverse-phase InfinityLab Poroshell 120 EC-C18 HPLC column
(2.1 mm x 100 mm, 2.7 pm) was utilized as the separation column, which was kept at 40 °C.
The flow rate was set to 0.2 mL/min, and the injection volume was 2 puL. The mobile phases
A and B were acetonitrile and water containing 0.1 percent formic acid, respectively. The
elution program employed a gradient elution method, starting with 78% A and gradually
increasing to 88% A at 5 min, 95% A at 6 min, 50% A at 9 min, and finally back to 78% A at
11 min. System balance was then performed. The obtained data were analyzed with the
Mass Hunter workstation Version B.03.01 Built 3.1.346.0 software (Agilent Technologies).
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All MS data were recorded and exported with AgtQual B.07.00 software. The UPLC-MS
chromatogram of the emamectin benzoate standard under the same conditions is shown in
Figure 3. For samples with excessively high emamectin benzoate content in the leaves and
extremely low content in the kernels, a dilution or concentration method was employed to
meet the quantitative requirements.

x10 3 |+ESI MRM Frag=135.0V CID@20.0 (886.4000 -> 158.1000) Bx-bp-25ng-MRM-2.d

1.8
1.6
1.4
1.2

14
0.8
0.6
0.4
0.2

05 1

3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11 115 12 125
Counts vs. Acquisition Time (min)
Figure 3. MRM (multiple reaction monitoring) mode chromatogram of emamectin benzoate standard
(25 ng/mL), with the parent ion (11/z) at 886.4 and the quantitative ion (1/z) at 158.1 for emamectin
benzoate.

2.5. Assessment of Insecticidal Efficacy

To evaluate the effectiveness of emamectin benzoate in controlling leaf-feeding pests
following trunk injection, we conducted leaf-feeding trials with H. cunea 4th instar larvae
on the 10th and 60th days post-injection. The larvae were reared in a controlled indoor
environment, with a temperature of 25 °C, relative humidity between 70 and 80%, and a
light-dark cycle of 14 h light and 10 h dark. We selected healthy fourth-instar larvae of
similar size for our experiments. A total of 200 fresh leaves were obtained from each tree
(treated or control), 100 from the upper crown and 100 from the lower crown, with 25 fresh
leaves collected from each of the four cardinal directions. These leaves were then used to
feed 4th-instar larvae of H. cunea in the laboratory [29]. Fifteen larvae were placed into
a transparent plastic box (15 x 10.5 x 9 cm) and starved for 12 h. Each experiment was
repeated five times (n = 5). Subsequently, we fed the H. cunea larvae with 15-20 randomly
selected pecan leaves for 48 h, counted the number of dead larvae, and calculated the
mortality rate.

2.6. Statistical Analysis

The emamectin benzoate concentrations in leaves from the upper and lower crown
sections were compared using paired sample t-tests. Two-way ANOVA was used to
analyze the concentrations of emamectin benzoate in the pecan crowns among different
dose treatments and different sampling times. One-way ANOVA was used to analyze the
significant difference in the concentration of emamectin benzoate in both the pericarps and
kernels at different sampling dates and under different dosages, respectively. The relative
area data obtained through UPLC-QQQ-MS/MS were analyzed using AgtQual software,
and GraphPad Prism 8 was used for graphing. SPSS (Statistical Package for the Social
Sciences) 19.0 was used for data analysis. Error bars show standard error of the mean (SEM)
based on sample estimation. Statistical significance is denoted by “**”, indicating a p-value
below 0.01.

3. Results
3.1. Method Validation
3.1.1. Linear Equation and Matrix Effects

An external standard method within the linear range of measurement was used to
quantify the contents of emamectin benzoate in pecan leaf, pericarp, and kernel samples,
with each matrix standard curve used for quantification. The standard solution curve
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and matrix-matched standard were compared at six concentrations: 0.5, 1, 5, 10, 100, and
200 pg-L~L. The linearity of emamectin benzoate in pecan leaves and fruits was verified,
with R? > 0.999 from 0.5 to 200 mg/L. Calibration curves were constructed by plotting the
integrated peak areas (Y) against the concentrations of compound (X). The results of the
linear regression and regression equations are shown in Table 1.

Table 1. Calibration curve of emamectin benzoate in different pecan tissues (n = 5).

Samples Linear Equation Determination Slope Ratio
Coefficients (R2) (Matrix/Methanol)
Acetonitrile y = 1657.63x + 6765.39 0.9999 -
Leaves y =744.74x + 1656.97 0.9991 0.4493
Pericarps y =1311.91x + 130.39 0.9999 0.7914
Kernels y =629.91x + 739.42 0.9996 0.3800

3.1.2. Recovery and LOQ

To compensate for the matrix effect of the sample, the accuracy and precision of the
method were evaluated by spiking emamectin benzoate at concentrations of 0.005 mg/kg,
0.05 mg/kg, and 0.1 mg/kg in pecan leaves and 0.001 mg/kg, 0.01 mg/kg, and 0.1 mg/kg
in pecan pericarps and kernels. The spiking was performed with five replicates for each
concentration. The average recovery of analyte ranged from 78.6% to 100.7%, in line with
the accuracy requirement of the analysis, and the relative standard deviation (RSD) was
between 3.34% and 13.05%. The limit of quantification (LOQ) of emamectin benzoate in
leaves, pericarps, and kernels was 0.005 mg/kg, 0.001 mg/kg, and 0.001 mg/kg, respec-
tively, determined based on the lower spiked concentration of the analyte that can be
considered as LOQ of the method with acceptable precision and accuracy (signal-to-noise
ratio > 10). The results indicated that the recoveries of emamectin benzoate were within
the acceptable range with good accuracy and repeatability (See Table 2).

Table 2. Recovery and repeatability of emamectin benzoate in pecan leaves, pericarps and kernels
(n=5).

Spiked Level Average

Samples (mg/ke) Recovery (%) Recovery (%) RSD (%)
0.005 84.9,91.6,88.9,89.7,93.7 89.8 3.65
Leaves 0.05 95.2,92.6,95.4,97.9, 83.5 92.9 5.98
0.1 80.2,102.5,95.8, 110.6, 102.6 98.3 11.58
0.001 82.6,79.4,93.7,95.7,108.3 91.94 12.51
Pericarps 0.01 88.3,95.9,109.1, 91.6, 94.2 95.82 8.31
0.1 100.5,100.1, 85.7,78.2, 89.5 90.8 10.55
0.001 75.3,99.7,93.1,77.6, 77 4 84.62 13.05
Kernels 0.01 85.2,77.7,77.2,73.4,79.7 78.64 5.49
0.1 80.6,81.0,84.2,79.9,72.4 79.62 5.48

3.2. Distribution of Emamectin Benzoate in Pecan Crowns

The content of emamectin benzoate decreased gradually over time (Figure 4). At 10 days
post-injection, emamectin benzoate was detected in all four dose treatments (0.4, 0.8, 1.6,
and 2.4 mL/cm), with its concentrations being 0.3626/2.5837 mg/kg (upper crown/lower
crown), 2.3107/2.5428 mg/kg, 1.6201/5.1288 mg/kg, and 6.9798/7.8615 mg/kg, respectively.
Emamectin benzoate content was not significantly different between the upper and the lower
leaves at 30 days, 60 days, and 100 days post-injection (fg) = —2.246, p > 0.05). Two-way
ANOVA indicated that dosage was the primary influencing factor on the concentration of
emamectin benzoate (F = 4.551, df-time = 3, df-gosage = 3, p = 0.033), and there is a significant
interaction between time and dosage (F = 3.253, df-(time, dosage) = 9, P = 0.001). Specifically,
we observed significant differences in emamectin benzoate content between the treatment
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with a dosage of 2.4 mL/cm and the lower dosages, with p-values of 0.008, 0.024, and 0.022,
respectively. Analysis of emamectin benzoate content in the lower crown indicated that the
content in leaves at 10 days post-injection was significantly higher than those at 30 days, 60 days,
and 100 days post-injection. The main effect variable was time since injection (F = 16.729,
df-time = 3, df-dosage = 3, p = 0.001). One hundred days after the trunk injection, the average
residues of emamectin benzoate in leaves from different dosage treatments (0.4, 0.8, 1.6, and
2.4 mL/cm) were 0.1943/0.2799 mg/kg (upper crown/lower crown), 0.1910/0.3957 mg/kg,
0.3663/0.6235 mg/kg, and 1.3988/1.9123 mg/kg, respectively.

60d
0.1658+
0.0470

10d 30d 100d

0.4 ml/cm
2.8537+0 0.1567+ 0.2799+
0.0734 0.1608
0.4688+ 0.2808+
0.1230 0.1318 0.1134
0.8 ml/em
23107« 0.7465+ 0.1616+ 0.3957+
0.1857 0.0684 0.1008
Upper — 0.7918+ 0.5758+ 0.3663+
0.2056 0.1660 0.1009
1.6 ml/cm
Lower — 5.1288% 1.9690+ 0.7388+ 0.6235+
0.5192 0.4825 0.1688 0.0932

Upper —— 6.9798+ 2.9498% 1.0622+ 1.3988+
1.2631 0.4619 0.2195 0.3862
2.4 ml/em
Lower —— 7.8615+ 3.4296+ 19123+
0.0783 0.8568 @ 0.5990

Figure 4. The concentrations of trunk-injected emamectin benzoate (mg/kg) in pecan leaves of upper
and lower crowns at 10 to 100 days after the injection (DAI): 10 DAIL 30 DAI, 60 DAIL and 100 DAL

3.3. Final Residues of Emamectin Benzoate in Pecan Pericarps and Kernels

The concentration of the active ingredient, emamectin benzoate, was found to be much
lower in the pericarps and kernels than in the leaves. Furthermore, significant differences in
emamectin benzoate residue in the pericarps were observed among different development
stages (Fp,12 = 3.565, p < 0.041). For the treated trees, the measured emamectin benzoate
content in the pericarp samples ranged from 0.0146 to 0.2057 mg/kg during August.
There were significant differences in emamectin benzoate content in the pericarps between
the 2.4 mL/cm treatment group and the 0.4 mL/cm and 0.8 mL/cm treatment groups
(F3,16 = 2.836, p < 0.033), as shown in Figure 5A. However, its contents in pericarp sam-
ples in September and October were lower than that in August, ranging from 0.0059 to
0.0246 mg/kg in October. Emamectin benzoate was not detected in the control samples.

Kernel samples collected in August contained emamectin benzoate at a level ranging
from 0.0109 mg/kg to 0.1248 mg/kg, while those collected in September showed levels
ranging from 0.0023 mg/kg to 0.0113 mg/kg. Additionally, the final residue of emamectin
benzoate in pecan kernels at harvest time was 0.0016 mg/kg, 0.0039 mg/kg, 0.0073 mg/kg,
and 0.0085 mg/kg, as presented in Figure 5B. The emamectin benzoate content in the
kernels varied significantly between different months (F; 12 = 6.907, p < 0.010). The final
collected kernel samples of the two lower treatment groups (0.4 and 0.8 mL/cm) showed
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Percentage Mortality

100

80+

60=1

404

20+

Lower crown

0 04 08 1.6 2.4
Dose/cm

the active ingredient contents were below the latest detection limit of 0.005 mg/kg [30].
Emamectin benzoate was not detected in the blank control kernel samples.

A - B

A 0.5 Hl August st 0.5+ B August 1st

2 04 B Semtember 1st = 0.4+ B Semtember lst
? 0.3+ B October Ist j ?’ 0341 = October Ist
g E

g 02) g

E 0.15 4 §

£ 0.10- 2 £

2 a g

S 0.05- S

° ave Moy B2 Has U

0.00-
04ml  08ml  16ml  2.4ml O4mi 0.8ml - L6ml  2.4ml

Dose/cm Dose/cm

Figure 5. Emamectin benzoate concentrations in pecan pericarps (A) and kernels (B) at three different
growth stages; bars with the same letters were not significantly different (LSD test, p > 0.05).

3.4. Insecticidal Efficacy of Emamectin Benzoate against H. cunea Larvae

Our results showed that trunk injection with emamectin benzoate might have potential
as an effective control method against H. cunea on pecan trees, as the fourth instar larval
mortalities in the treatment groups (dosages) were significantly higher than those in the
control group (Fy20 = 3.263, p < 0.033). For the leaf samples taken 10 days post-trunk
injection, the mortality percentages of fourth instar H. cunea larvae were similar among
the dose treatment groups for both the lower and upper crown sections (tg, = 1.015,
p > 0.05, Figure 6A), ranging from 60.0% to 90.7%. For the leaf samples taken on the 60th
day post-injection, a stepwise gradient in the H. cunea larval mortality rate (%) was seen
across the laboratory bioassay for both upper and lower crown sections. The mortality
rates were about 24.0%—28.0% in the 0.4 mL/cm treatment group and 81.3%-82% in the
2.4 mL/cm treatment group (n = 5, Figure 6B). There were no statistically significant
differences in the larval mortality rate (%) between upper and lower crown treatment
groups (tg) = 0.195, p > 0.05).

Upper crown B Lower crown Upper crown
. Oml mE  Oml
B 0.4ml e 0.4ml
B 0.8ml B 0.8ml
1.6ml 1.6ml
N 24ml N 2.4ml

Percentage Mortality

0 04 08 1.6 24

0 04 08 16 24 0 04 08 1.6 24
Dose/cm

Figure 6. The mortality rate (%) of H. cunea larvae fed with leaf samples taken at 10 days (A) and
60 days (B) after the trunk injection. Bars with the same letters were not significantly different (LSD
test, p > 0.05).

4. Discussion

Trunk injection is an eco-friendly method for delivering substances directly into a tree’s
trunk to control pests or transport nutrients. It boasts a high pesticide utilization rate and
holds significant potential for widespread application in pest and disease management. Our
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results provide important insights into the spatiotemporal transportation and distribution
of emamectin benzoate following trunk injection in pecan trees and its insecticidal efficacy
against defoliator insects. A single injection of emamectin benzoate might have the potential
to control H. cunea larvae for several months. Meanwhile, we observed an unexpected
phenomenon following trunk injection of emamectin benzoate: high concentrations in
the leaves and low concentrations in the kernels of pecan trees (f(g) = 3.251, p < 0.036),
as depicted in Figure S1. High pesticide residue levels in leaves might indicate a high
insecticidal efficacy against defoliating insects, while the low levels in the fruits might
represent a high level of food safety.

Currently, there are several reports on the detection and determination of emamectin
benzoate in plants. For instance, Wang et al. examined its residue behavior in apples and
cabbage [27], while Zhou et al. evaluated its transfer and safety in tea [26]. Deng et al.
investigated emamectin benzoate residues in rice and rice-growing environments [28], and
Takai et al. explored its distribution in pine tissues [15]. It is noteworthy that these studies
utilized various extraction solvents, including acetonitrile, ethyl acetate, and methyl alcohol.
In our research, we compared three different solvents for extracting emamectin benzoate
from pecan leaves and fruits. Our findings, as depicted in Figure S2, demonstrated that
the extraction method using acetonitrile, as described by Zhou et al., yielded the highest
efficiency. After verifying the sensitivity, accuracy, and precision of our method adopted
from Zhou et al., we concluded that it was suitable and adequate for detecting emamectin
benzoate and met the experimental requirements.

The concentration of emamectin benzoate in pecan leaves was significantly higher
than in fruits. Within 10 days of trunk injection, emamectin benzoate was detectable in
the leaves, indicating its rapid transport into the tree crown and efficient translocation.
Simultaneously, there were no notable disparities in pesticide content in leaves between
the upper and lower sections of the tree crown at 30, 60, and 100 days post-injection
(tg) = —2.246, p > 0.05), suggesting a uniform distribution of emamectin benzoate through-
out the tree crown within 30 days, with continued uniformity at 60 and 100 days post-
injection. Thus, tree trunk injection of emamectin benzoate might be an effective control
method against pest insects in various parts of the tree crown. Analysis of emamectin
benzoate residue in the pecan fruit samples showed that its contents in pericarps and
kernels were higher during the expansion period than during the filling and harvesting
stages. The average contents were 0.0016 mg/kg, 0.0039 mg/kg, 0.0073 mg/kg, and
0.0085 mg/kg in kernels during the harvesting stage.

In comparing the European Union (EU) residue standards from 2019 and 2021, it was
observed that our experimental results met the Maximum Residue Level (MRL: 0.01 mg/kg)
requirements [31,32]. However, in March 2022, the EU Commission Regulation (2022-476)
unified the maximum residue limits for emamectin benzoate in various tree nuts, including
almonds, cashew nuts, pine nut kernels, and pistachios, to 0.005 mg/kg [30]. Accordingly,
the residue levels detected in the 0.4 mL/cm and 0.8 mL/cm treatment groups conform to
this latest standard, while those in the 1.2 mL/cm and 2.4 mL/cm treatment groups exceed
the updated limit. This underscores the importance of determining the appropriate timing
and dosage for trunk injection of emamectin benzoate to ensure effective pest control while
meeting food safety requirements.

Two potential reasons for the higher pesticide content in pericarps and kernels during
the expansion period than in the later stages can be suggested. First, the pericarp may
play a protective role, acting as a barrier that restricts pesticide penetration into the pecan
kernels. This concept is supported by research by Yang et al. [33], who found higher
pesticide residues in apple skins and pulp compared to the cores and seeds, suggesting a
protective function of the skin and pulp against pesticide infiltration. Similarly, Juraske
et al. observed an 85% reduction in deltamethrin residues when passion fruit peels were
removed [34], and Calvaruso et al. identified higher levels of imazalil and fenhexamid
residues in grapefruit peels compared to the pulp [35]. These studies provide compelling



Forests 2024, 15, 535

10 of 13

evidence for the potential utilization of pecan pericarps as a protective barrier against
pesticide permeation into the kernels.

Another plausible explanation is linked to how pesticides are transported within the
tree, which is influenced by nutrient distribution. So far, there is no direct evidence establish-
ing the relationship between pesticide transport and the transport of plant growth nutrients
following trunk injection. Some studies suggest that after trunk injection, pesticides are
conveyed to the leaves through transpiration pull, resulting in a relatively concentrated
pesticide content in the leaves [36]. In July, following the trunk injection, as pecan fruit
growth progressed, the pattern of nutrient transport shifted from early vegetative growth
to reproductive growth. Nonetheless, due to the rapid internal pesticide transport, a higher
concentration of the pesticide remains in the leaves. Subsequently, as nutrient distribution
shifts, less pesticide is transferred. Such a distribution pattern shift could contribute to
the higher pesticide content in the leaves and lower content in the fruits. Further research
is surely needed to determine the specific reasons. Meanwhile, pesticide residues can be
detected in fruits, which may be associated with the transportation of pesticides through
water into the fruits. Currently, there are some isotope tracing techniques employed for
monitoring nutrient transport in plants, primarily focusing on major elements like N, P, K,
and various trace elements [37-39]. However, there is limited documentation on isotope
labeling for pesticides. In the future, this technology could be applied to investigate the
relationship between pesticide residues in leaves and those in fruits.

The insecticidal effectiveness of trunk injection of emamectin benzoate was also evalu-
ated using the H. cunea larvae, a serious invasive defoliator that poses a potential threat
to the pecan cultivation industry in China. We collected leaves from the treated groups
to feed fourth instar H. cunea larvae and evaluated emamectin benzoate toxicity. Com-
pared to the control group, larvae that consumed the leaves of treated pecan trees that
were collected 10 and 60 days after trunk injection exhibited a significantly higher level of
mortality. These results suggest that emamectin benzoate trunk injection in pecan trees is
an effective method for killing the defoliating insects (H. cunea larvae) with a prolonged
insecticidal effectiveness. Studies have demonstrated that trunk injection of emamectin
benzoate effectively controls various pest insects, including leaf rollers, Oriental fruit moth,
and leafhoppers in semi-dwarf Empire apple trees, while imidacloprid injection on the
same semi-dwarf Empire apple trees remains effective in controlling Empoasca fabae (Harris)
and aphids (Aphididae) throughout the growing season [40]. In the case of pear psylla con-
trol, abamectin injection has shown superior results compared to foliar spray [17]. These
findings collectively emphasize that tree trunk injection is an effective method for pesticide
delivery and pest control; however, it may have limited effectiveness against woodboring
longhorned beetles such as Anoplophora chinensis, whose larvae develop in the lower stem
and roots below the 50 cm point where trunk injections are administered.

Our study sheds light on the distribution of emamectin benzoate within different parts
of pecan trees after trunk injection and its insecticidal efficacy against H. cunea. In addition,
the experiment also paid attention to the residue of emamectin benzoate in the pecan
kernels, which is of great significance to the food safety of pecan nuts. However, this study
has some limitations, such as its focus on the absorption and distribution of emamectin
benzoate within the first 100 days following injection, leaving the distribution over longer
periods still unexplored, and it is not yet clear how long the insecticidal effect can last after
injection. We plan to conduct earlier injections, starting in April or May, to investigate the
distribution and residues of emamectin benzoate over an extended timeframe, as well as to
assess its insecticidal efficacy against other pest insects in the future.

5. Conclusions

Our research established an effective analytical method for detecting and quantifying
emamectin benzoate residues in pecans, with excellent linearity (1-200 ug/L) and effi-
cient extraction (average recovery rate: 79.6~100.7%; RSD: 3.34~13.05%). This method
ensures compliance with safety standards and facilitates accurate assessment of emamectin
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benzoate levels in pecan tissues. Our findings demonstrate that emamectin benzoate con-
centrations in leaves were significantly higher than those in fruits post-injection. High
emamectin benzoate concentrations in leaves indicate a high insecticidal efficacy, while
the low concentrations in the fruits represent a high level of food safety. The residues of
emamectin benzoate treatment groups at doses of 0.4 and 0.8 mL/cm (tree diameter at
DBH) in pecan fruits were found to be below the EU Regulation limit (2022-476), indicating
their safety for consumption. Overall, this study provides important insights into pest
control and food safety of trunk injection of emamectin benzoate.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f15030535/s1, Figure S1: Comparison of emamectin benzaote content in leaves
and kernels during the harvest stage (t-test, **: Significant difference, p < 0.01); Figure S2: Comparison of
chromatographic peak intensities of emamectin benzaote from extract samples using different extraction
methods/solvents; efficiency: acetonitrile > methanol > ethyl acetate.
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