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Editorial

Plant-Insect Interactions: Host Plant Resistance, Biological
Control, and Pollination

Francisco Rubén Badenes-Pérez

Instituto de Ciencias Agrarias, Consejo Superior de Investigaciones Cientificas, 28006 Madrid, Spain;
frbadenes@csic.es

1. Introduction

The evolving field of plant-insect interactions impacts basic and applied fields of

plant sciences, entomology, and agronomy. Within this field, pest management and plant

pollination receive a lot of attention because of their implications for maximizing crop

yield [1-4]. Host plant resistance and biological control are important aspects of pest

management that can bring alternatives to the problems arising with insecticide use [5,6].

This Special Issue presents a collection of papers addressing the interactions of insects and

mites with plants, while highlighting the importance that pest management and pollination
have in this field.

2. Overview of Published Articles

1.

Zhu et al. (Contribution 1) investigated gene expression response to mechanical
damage and feeding by Phthorimaea operculella Zeller (Lepidoptera: Gelechiidae) at
different time points. Compared to mechanical damage, feeding by P. operculella
induced moregenes and resulted in a stronger gene expression.

Zhang et al. (Contribution 2) studied the adaptive responses of S. frugiperda Smith
(Lepidoptera: Noctuidae) to nutritional and enzymatic variations in different maize
cultivars. This study highlights the different adaptations of S. frugiperda’s digestive
and detoxification systems.

Volp et al. (Contribution 3) investigated the avoidance of and preference for pigeonpea
flowers and pods of first-, second-, third-, and fourth-instar larvae of Helicoverpa
armigera Hiibner (Lepidoptera: Noctuidae). Early instars were shown to prefer flowers,
while older instars preferred to feed on pods. Boring through pigeonpea pod walls
imposed a physiological cost for third- but not for fourth-instar larvae.
Rodriguez-Leyva et al. (Contribution 4) analyzed the volatile organic compounds
(VOCs) released by the cactus pear Opuntia ficus-indica (L.) Miller as a result of
herbivory by the cochineals Dactylopius coccus Costa and D. opuntiae Cockerell. Cactus
pear produced different VOCs depending on the Dactylopius species affecting the
plant. Among the VOCs identified, methyl salicylate, terpenes, and p-vinylguaiacol
were suggested as being likely to play a defense role in O. ficus-indica.

Abbes et al. Al-Azzazy and Alhewairini (Contribution 5) studied the suitability of
three solanaceous crops—eggplant, potato, and tomato—to cotton mealybug Phenacoc-
cus solenopsis Tinsley (Hemiptera: Pseudococcidae). Using age-stage two-sex life
tables, the study showed that tomato, followed by potato plants, were more suitable
hosts for P. solenopsis than eggplant.

Plants 2025, 14, 1488

https://doi.org/10.3390/plants14101488



Plants 2025, 14, 1488

6. Al-Azzazy and Alhewairini (Contribution 6) tested the use of the predatory mites
Phytoseius plumifer Canestrini and Fanzago and Euseius scutalis Athias-Henriot (Phyto-
seiidae) as biological control agents against the grape erineum mite, Colomerus vitis
Pagenstecher (Eriophyidae).

7. George etal. (Contribution 7) investigated the potential of different fungal endophytes,
specifically Beauveria bassiana strains, in colonizing cotton plants and their efficacy
against tarnished plant bug Lygus lineolaris Palisot de Beauvois (Hemiptera: Miridae).
These endophytes can colonize different plant parts, affecting cotton plant growth as
well as the development and mortality of L. lineolaris adults and nymphs. The new B.
bassiana strain JG-1 affected the olfactory response of L. lineolaris adults and caused
significant mortality in bioassays.

8. Benvenuti (Contribution 8) reviewed the mutualistic interactions between pollinators
and weeds, discussing them in terms of food reward and attractiveness, and analyzed
the specialization of these interactions.

9.  De Brito Machado et al. (Contribution 9) investigated how the chemodiversity of
leaves and reproductive organs affect pollinator visitation in Piper mollicomum Kunth
(Piperaceae). They showed the importance of understanding the complex interactions
between plant chemistry, environmental factors, and plant-insect interactions in
P. mollicomum.

10. Pimkornburee et al. (Contribution 10) investigated the settling preferences and feeding
behavior of the silverleaf whitefly Bemisia tabaci Gennadius (Hemiptera: Aleyrodidae)
on six cassava cultivars using electrical penetration graph techniques. They suggest
that cultivars with large trichomes and a low trichome density are more resistant to
whitefly infestation and the subsequent transmission of Sri Lankan cassava mosaic
virus than those with smaller trichomes and a lower trichome density.

11. Jansen-Gonzalez et al. (Contribution 11) investigated the parasitic relationship be-
tween Arastichus gallicola Ferriere (Hymenoptera: Eulophidae), an ovary-galling wasp,
and the inflorescences of Thaumatophyllum bipinnatifidum (Schott ex Endl.) Sakur.,
Calazans & Mayo (Araceae). Although ovule fertilization is not required for gall
formation by A. gallicola, pollination substantially enhanced gall retention by reducing
T. bipinnatifidum inflorescence abscission.

3. Key Messages

The impact that insects have as pollinators in angiosperms is one of the most promi-
nent aspects of studying plant-insect interactions [7]. With the decline in pollinators [8,9],
their conservation is very important. Weeds can be an important part of pollinator conser-
vation [10,11]. The process of insect galling by eulophid wasps can interact with pollination
and fruit retention in trees [12,13]. Plant chemistry also plays an important role in plant-
insect interactions [14]. Besides being a key part of the integrated pest management of
insect pests, host plant resistance can prevent damage caused by insect-transmitted dis-
eases [15,16]. Studies on host plant resistance and biological control are important in both
generalist species that cause important economic losses in many crops, like the generalists
B. tabaci, H. armigera, L. lineolaris, P. solenopsis, and S. frugiperda [17-21], and in specialists
like P. operculella, D. coccus, and D. opuntiae that damage only a few crop species [22,23].
Endophytic entomopathogenic fungi can be used as part of the integrated pest management
of some of the insect pests included in this Special Issue [24,25]. Some of these insect pests
have also developed resistance to many insecticides and insecticide use presents the risk of
disrupting the biological control of insect and mite pests [18,26-30].
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4. Future Directions

Plant-insect interactions encompass many relationships deserving further research [31-33].
With climate change and habitat loss being such pressing issues [34,35], the effects that these can
have on plant-insect interactions should be further studied. Studies conducted in geographical
locations that are biodiversity hotspots should offer many opportunities for the study of plant-
insect interactions and conservation [36]. Alternatives to insecticides should also be investigated
further, especially in insect pest species that can easily develop resistance to insecticides. The
compatibility of different biological control agents for improving pest management should be
further investigated [37-39]. In terms of host-plant resistance, plants like Barbarea vulgaris W. T.
Aiton (Brassicaceae), which can provide resistance to several types of pests, are of particular
interest for further research [40—43].
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Abstract: The potato tuber moth (PTM), Phthorimaea operculella Zeller (Lepidoptera: Gelechiidae),
is one of the most destructive pests of potato crops worldwide. Although it has been reported
how potatoes integrate the early responses to various PTM herbivory stimuli by accumulatively
adding the components, the broad-scale defense signaling network of potato to single stimuli at
multiple time points are unclear. Therefore, we compared three potato transcriptional profiles of
undamaged plants, mechanically damaged plants and PTM-feeding plants at 3 h, 48 h, and 96
h, and further analyzed the gene expression patterns of a multitude of insect resistance-related
signaling pathways, including phytohormones, reactive oxygen species, secondary metabolites,
transcription factors, MAPK cascades, plant-pathogen interactions, protease inhibitors, chitinase,
and lectins, etc. in the potato under mechanical damage and PTM infestation. Our results suggested
that the potato transcriptome showed significant responses to mechanical damage and potato tuber
moth infestation, respectively. The potato transcriptome responses modulated over time and were
higher at 96 than at 48 h, so transcriptional changes in later stages of PTM infestation may underlie
the potato recovery response. Although the transcriptional profiles of mechanically damaged and
PTM-infested plants overlap extensively in multiple signaling pathways, some genes are uniquely
induced or repressed. True herbivore feeding induced more and stronger gene expression compared
to mechanical damage. In addition, we identified 2976, 1499, and 117 genes that only appeared in
M-vs-P comparison groups by comparing the transcriptomes of PTM-damaged and mechanically
damaged potatoes at 3 h, 48 h, and 96 h, respectively, and these genes deserve further study in the
future. This transcriptomic dataset further enhances the understanding of the interactions between
potato and potato tuber moth, enriches the molecular resources in this research area and paves the
way for breeding insect-resistant potatoes.

Keywords: plant-insect interactions; insect resistance-related pathways; mechanical damage; potato
tuber moth herbivory stimulation

1. Introduction

During long-term plant-insect interactions, plants have evolved complex defense
strategies, including constitutive and inducible defense mechanisms to defend themselves
against phytophagous insects [1,2]. Plants’” own inherent morphological structures or
biochemical properties that resist insect feeding or pathogen invasion, such as waxy cuticles,
glandular hairs, trichomes, spines, cell walls and lignin layers [3,4], as well as natural
compounds in the body that sense and inhibit insects [5], all of which are categorized
as constitutive defenses. Induced defenses are mostly activated only when the plant is
exposed to external stimuli and play an important role in both direct and indirect ways
for a short period of time [1,6]. In inducible defense, plants achieve direct defense against
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insects by producing toxic secondary metabolites (e.g., terpenoids, phenolic compounds,
nitrogenous compounds such as alkaloids) and defense proteins (e.g., protease inhibitors
PI, polyphenol oxidase, lectins, etc.), and or by reducing their own nutrient levels [1,7-9].
Indirect defense mainly refers to the release of pest-induced volatile chemicals (HIPVs) from
plants that serve to attract predators of those herbivores to withstand insect infestation [10].

In general, after being subjected to insect feeding, the following steps occur in plants:
(i) plant recognition of damage-associated and herbivore-derived molecular patterns
(DAMPs and HAMPs) [11]; (ii) early signaling responses in plants; (iii) hormonal sig-
naling responses; and (iv) reconfiguration of the transcriptome, metabolome and pro-
teome [12]. Specifically, early signal events occurring before herbivore attack-related gene
expression in plants mainly include ion imbalances, depolarization of membrane potential
(Vm), variations of cytosolic Ca>* concentrations, reactive oxygen species (ROS) burst and
mitogen-activated protein kinases (MAPKSs) signaling cascades [13]. Up to now, many
HAMPs such as volicitin (termed 17-hydroxylinolenoyl-L-Gln, a fatty acid—amino acid
conjugate (FAC) elicitor), califerins (the sulfooxy fatty acids), inceptin (a peptide fragment
from chloroplast ATP synthase of cowpea plants digested by Spodoptera frugiperda larvae),
a mucin-like protein (NIMLP) and glucose oxidase (GOX) have been isolated from insect
oral secretions OS (e.g., regurgitant, saliva, insect-associated microorganisms including
oral secretion bacteria) and interact with plant pattern recognition receptors PRRs (e.g.,
G-type lectin receptor kinases and leucine-rich repeat LRR-RK, etc.) [11,12]. The calcium
ion is considered a second messenger in plant signaling pathways. A study has shown
that rapid and highly-localized calcium elevations in Arabidopsis around the feeding
sites of green peach aphid (Myzus persicae) [14]. Herbivorous insect Spodoptera littoralis
feeding induced not only Ca?* elevation in Arabidopsis and lima bean (Phaseolus lunatus)
but also HyO, production in lima bean leaves. Spodoptera littoralis infestation leaves
have higher H,O, concentrations when compared to mechanically damaged leaves [15,16].
Kandoth et al. demonstrated that the tomato MAPKs LeMPK1, LeMPK2, and LeMPK3
are important components of the systemin signaling pathway and are also required for
successful defense against herbivorous insects in tomatoes [17]. There are close interactions
between early defense signals related to plant-herbivore interactions [12,18]. Although
some signal-transduction mechanisms are also evident in plant-pathogen interactions [13],
further studies are required on the trade-offs between resistance to pathogens and herbi-
vores in plants. Early signaling events are followed by changes in the signaling networks
mediated by multiple hormones (such as JA, SA, ABA, and ETH), which in turn regulate
downstream defense genes and the production of metabolites. Numerous studies have
shown that JA plays a central role in regulating plant responses to phytophagous insects,
while other hormones act in concert or antagonize the JA signaling pathway [1,12]. The
selective activation of downstream-related pathways or signals by plants depends on the
insect and plant species, and time differences in insect infestation can also lead to dramatic
changes in plant defense responses [18-20]. Transcription factors play a key regulatory
role in the global defense deployment of plants [12]. Rice transcription factor WRKY70
is required for protease inhibitor activation and resistance to herbivore Chilo suppressalis
by positively regulating jasmonic acid (JA) biosynthesis, and WRKY70 enhances rice sus-
ceptibility to Nilaparvata lugens [21]. TFs regulate plant stress responses in an interactive
manner by mediating secondary metabolism, such as the MYB-bHLH-WDR complex in
Arabidopsis that regulates flavonoid biosynthesis [22].

As we mentioned earlier, early signaling events are rapidly activated thanks to the fact
that plants can precisely perceive insect-derived elicitors (e.g., physical damage, insect oral
secretions OS, ovipositional fluids, frass, etc.) [11,13]. Thus, at the plant-insect interface,
mechanical damage and insect oral secretion stimuli OS are two main herbivory-associated
stimuli [19,20]. Mechanical damage is often used as a control in experiments to investigate
plant defense responses against herbivory. The results of microarray experiments in several
plant species showed a huge overlap in gene expression patterns between mechanical
damage and herbivore feeding, yet there are also transcriptional responses that are spe-
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cific to both stimuli [1]. However, there are also examples that have demonstrated that
gene expression and transcriptional profiles differ significantly between wounding alone
and insect-induced activation, and saliva was identified as the agent responsible for the
difference in the responses [23,24].

The potato, Solanum tuberosum L. (Solanales: Solanaceae), is one of the four major food
crops, along with rice, wheat and maize. The potato is not only an essential vegetable
crop and fodder crop but also an important raw material for the food industry, and its
production is important for sustaining livelihoods and enhancing nutritional balance,
especially in developing countries [25]. Potato tuber moth (PTM), Phthorimaea operculella
(Zeller) (Lepidoptera: Gele-chiidae), which originated in Latin America, is an important
pest of Solanaceae crops and is especially devastating to potatoes. Potato tuber moth larvae
mine into the leaves and stems of potatoes or excavate tunnels into the tuber to feed, while
PTM adults lay eggs in cracks on the surface of potato tubers, thus affecting potato growth
and storage [26]. Due to the high reproductive potential of PTM, research on chemical
and biological control has received much attention [27,28]. However, there is still a lack of
green and effective control technology for this insect, such as improving potato resistance
to this insect with the help of transgenic technology [29,30]. In this context, it is crucial
to understand potato—moth interactions. Currently, there is a distinct lack of reported
research on the molecular mechanisms of potato tuber moth feeding induced by potatoes
at home and abroad. Therefore, in this study, we analyzed key signaling events occurring
in potatoes in response to mechanical damage and PTM herbivory stress at multiple time
points in the broad context of overall plant defense and compared the differences between
the two stimuli, thus attempting to summarize the molecular mechanisms of potato under
potato tuber moth feeding stress.

2. Results
2.1. Overview of Illumina Sequencing within Different Treatment Samples

To investigate the transcriptomic differences between mechanical damage and potato
tuber moth (PTM) feeding at different time points, we performed RNA-Seq analyses on
PTM-infested (P), mechanically damaged (M) and blank control (CK) potato plants.

The number of raw data obtained from 27 libraries (9 undamaged control for 3 h,
48 h and 96 h samples: CK3-1/CK3-2/CK3-3/CK48-1/CK48-2/CK48-3/CK96-1/CK96-
2/CK96-3; 9 mechanical damage for 3 h, 48 h and 96 h samples: M3-1/M3-2/M3-3/M48-
1/M48-2/M48-3/M96-1/M96-2/M96-3; 9 PTM infestation for 3 h, 48 h and 96 h samples:
P3-1/P3-2/P3-3/P48-1/P48-2/P48-3/P48-1/P96-1/P96-2 /P96-3) ranged from 37,271,202
to 51,880,920, and the number of clean data ranged from 37,224,532 (99.87%)~51,836,050
(99.91%). More than 81.9% of the clean data were successfully mapped to the reference
genome of the potato, and the unique_mapped reads ranged from 14,048,153 (79.21%) to
42,974,467 (85.96%). The GC ratio ranged from 44.37% to 48.15%, and the Q30 values of
these unique genes ranged from 91.08% to 94.09% (Table S1).

Principal component analysis (PCA) revealed that the gene expression profiles of PTM-
infested plants were clearly separated from control plants, whereas the gene expression
profiles of mechanically damaged plants partially overlapped with those of PTM-infested
and control plants, which suggests principal component analysis (PCA) effectively sepa-
rated the different transcriptome samples by treatments and PTM herbivory attack triggered
stronger responses relative to mechanical damage (Figure 1A). PC1 accounting for 69.5%
of the variation indicated a significant separation among PTM infestation for 3 h, 48 h
and 96 h plants, whereas there was a weaker separation among mechanically damaged
plants for 3 h, 48 h and 96 h along the PC2 axis (14% of the variance), and there was only a
partially separation among control plants for 3 h, 48 h and 96 h, which suggests changes in
transcriptomes could be linked to the developmental changes and stress response according
to the time course within each treatment (Figure 1A). The correlation coefficients between
different samples are shown in Figure 1B.
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Figure 1. Global changes of transcriptome data for all treatment samples. (A) Sample principal
component analysis diagram. The grouping patterns of samples were with respect to the first two
principal components. A 69.5% variance is explained in PC1, and 14% variance is explained in PC2;
the ellipse represents the 95% confidence interval of each treatment group. (B) Pearson correlation
heatmap between different samples.

2.2. Identification and Functional Annotation of Differentially Expressed Genes (DEGs)
2.2.1. Transcriptomic Changes in Response to Mechanical Damage (CK-vs-M)

To understand the transcriptional changes in potato leaves after mechanical damage,
transcription profiles of the mechanical wounding and control plants for 3 h, 48 h and
96 h were compared. Padj < 0.05 and an absolute value of Log,FoldChange (relative to
the control) >1 was used as the standard for screening DEGs. A total of 1531 (764 up and
767 down) and 5766 (3280 up and 2486 down) DEGs were found for the comparisons: CK48-
vs-M48 and CK96-vs-M96, respectively, whereas 21 (20 up and 1 down) DEGs induced
only within CK3-vs-M3 comparison (Figure 2A). The total number of up-regulated genes
(4064 DEGs) was more than that of down-regulated genes (3254 DEGs). The number of
DEGs within intersections of CK3-vs-M3 (U/D) compared with other comparisons was less
than 10 because of a small number (21 DEGs) of genes (Figure 2B). Within up-regulated
genes, 466 and 2986 DEGs were uniquely expressed at 48 h and 96 h, respectively, and
116 DEGs were shared in common between two time points. A total of 396 and 2108 DEGs
were uniquely expressed respectively within down-regulated genes after 48 h and 96 h,
while 196 genes were common DEGs between the two time points (Figure 2B). The results
indicated mechanical damage induced a significant transcriptome change in potato leaves
through the time course.

GO term enrichment and KEGG pathway enrichment were performed on the total
number of genes (21 DEGs for 3 h, 1531 DEGs for 48 h and 5766 DEGs for 96 h) after
mechanical damage to predict their functions. The top 20 GO terms with the most significant
enrichment including cellular components (CC), biological processes (BP) and molecular
functions (MF), and pathways were presented in Supplementary Tables S2 and S3. Of
the GO enrichment, the DEGs functions were related mainly to membrane (CC), negative
regulation of biological process (BP), response to stimulus (BP), hydrolase activity (MF)
and ion binding (MF) for 3 h, 48 h and 96 h. KEGG pathways were mainly associated with
biosynthesis of secondary metabolites, protein processing in the endoplasmic reticulum
and plant hormone signal transduction from 3 h to 96 h (Tables S2 and S3).
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Figure 2. Overview of differentially expressed genes (DEGs) among different treatment comparisons
for the same time points. (A) Number of up- and down-regulated differentially expressed genes
(DEGs) among different comparisons at each time point. (B) UpSet intersection diagram illustrating
the unique and shared DEGs between mechanical damage plants and control plants for 3 h, 48 h, 96 h.
The intersection of shared (unique) DEGs are represented by a line connected to more plots (one plot),
and the number of DEGs are shown on the top of the vertical bars. The black dots represent different
comparison groups. U—up-regulated genes; D—down-regulated genes.

In addition, KEGG enrichment analysis was also performed for up- and down-
regulated genes at 3 h, 48 h and 96 h after mechanical damage. Up-regulated genes
were mainly concentrated in protein processing in the endoplasmic reticulum (48 h) and
plant hormone signal transduction (3 h and 96 h) pathways, while down-regulated genes
were mainly involved in DNA replication (48 h) and biosynthesis of secondary metabolites
(96 h) Table S4).
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2.2.2. Transcriptomic Changes in Response to PTM Infestation (CK-vs-P)

The transcriptomes of PTM infestation and the undamaged control were compared
to study the transcriptional changes induced by potato tuber moth feeding. The data
exhibited 3647 (1837 up and 1810 down), 4891 (2175 up and 2716 down) and 6175 (3552 up
and 2623 down) DEGs after 3 h, 48 h and 96 h, respectively. The number of DEGs induced
by PTM infestation was more than that by mechanical damage at the same time, which
suggested that PTM infestation triggered stronger responses than mechanical damage
(Figure 2A). A total of 309 and 495 DEGs were continuously up-regulated and down-
regulated for 3 h, 48 h and 96 h after PTM feeding. A total of 916, 814 and 2079 DEGs were
uniquely up-regulated genes at 3 h, 48 h, and 96 h, which represent 49.9%, 37.4% and 58.5%
of the total number of up-regulated DEGs at 3 h (n = 1837 DEGs), 48 h (n = 2175 DEGs) and
96 h (n = 3552 DEGs). 600, 1131 and 1064 genes were down-regulated DEGs uniquely for
3 h, 48 h and 96 h after insect herbivory (Figure 3).
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Figure 3. UpSet intersection plot of DEGs induced and suppressed by PTM infestation relative to
the control of the same time. The intersections are shown with a line connected to one or more plots,
and the number of common and unique DEGs is displayed above the vertical bars. The black dots
represent different comparison groups. U—up-regulated genes; D—down-regulated genes.

The GO enrichment analysis of these DEGs characterized functions as: cell and cell part
(CC), single-organism process (BP), transferase activity (MF). Ribosome, phenylpropanoid
biosynthesis and carbon metabolism were the dominant KEGG enrichment pathways
(metabolic pathways, biosynthesis of secondary metabolites and plant hormone signal
transduction were excluded) (Tables S2 and S3).

After PTM infestation, the up-regulated DEGs functions were related mainly to ri-
bosome (3 h), phagosome (48 h) and plant hormone signal transduction (96 h). Down-
regulated DEGs were mainly associated with plant-pathogen interaction (3 h), ribosome
(48 h), and protein processing in the endoplasmic reticulum (96 h) (Table S4).

2.2.3. Transcriptomic Comparison Analysis between the Two Treatments (M-vs-P)

A total number of 12,206 DEGs were altered, of which 6118 (3169 up and 2949 down),
5295 (2652 up and 2643 down) and 793 (640 up and 153 down) DEGs were detected
respectively for 3 h, 48 h and 96 h by comparing the transcription profiles of PTM-infested
and mechanically damaged plants (Figure 2A).
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Interestingly, the least amount of DEGs was found at 96 h and the largest amount of
DEGs was detected at 3 h within M-vs-P, which was the opposite of the case for CK-vs-M
and CK-vs-P comparison groups, where the largest number of DEGs was found at 96 h,
and the least number of DEGs was observed at three h. It is likely due to the potato leaves
the internal state of insect feeding for 96 h is similar to that of mechanical damage for 96 h,
which is consistent with the results of PCA data. 2231 DEGs, 1554 DEGs and 196 DEGs
occurred uniquely, respectively, for the comparisons: M3-vs-P3. U, M48-vs-P48. U and
M96-vs-P96. U, while 60 DEGs were common genes among three comparisons (Figure 4A).
1725, 1587 and 54 DEGs were uniquely expressed respectively within three comparison
groups: M3-vs-P3. D, M48-vs-P48. D and M96-vs-P96. D, whereas only 15 DEGs were
shared in common among three comparisons (Figure 4A).

GO enrichment analysis showed genes functions related mainly to plastid (CC), single-
organism metabolic process (BP), oxidoreductase activity (MF) and catalytic activity (MF).
KEGG analysis of genes comprising M-vs-P groups were enriched in pathways related to
MAPK signaling pathway-plant (3 h), biosynthesis of amino acids (48 h), and biosynthesis
of secondary metabolites (96 h). The detailed information of KEGG enrichment terms
for up- and down-regulated genes in the M-vs-P comparison groups were presented in
Supplemental Table 510. Functional analysis results of the M-vs-P were similar to the
CK-vs-P comparisons groups (Tables S2 and S3).

In addition, the distribution of the abundances of transcripts among CK, M and P
plant libraries were also compared strategically according to the method from Wang Dan
et al. [19]. Venn diagrams revealed that 2976, 1499 and 117 DEGs were expressed only in
M-vs-P comparisons for 3 h, 48 h and 96 h, respectively (Figure 4B-D). These DEGs may
be related to other potato tuber moth herbivorous stimuli (e.g., insect oral secretions OS,
walking, frass depositions, ovipositional fluids, etc.), which requires further validation
through experiments.

2.3. Expression Analysis of DEGs Involved in Plant Hormone Biosynthesis

When plants are subjected to external stimuli (mechanical damage, herbivores at-
tack, pathogen infection and abiotic stress), phytohormones can accumulate as signaling
molecules, and induce the expression of downstream defense genes to activate the immune
system against environmental stresses. In terms of JA, SA, ET and ABA biosynthesis path-
ways related to plant resistance, potato plants had different phytohormonal responses to
external stress across the time course [18]. The expression level and functional annotations
of related genes were presented in Supplementary Table S5.

a-linolenic acid (18:3) is a precursor of jasmonic acid (JA) synthesized from the octade-
canoid pathway occurring in the chloroplast, peroxisome and cytoplasm sequentially in
plants [31]. In the potato, LOX enzymes are divided into 9-LOX in cytosol and 13-LOX
in chloroplast depending on the oxidation position of -linolenic acid [32]. In terms of -
linolenic acid metabolism pathway, 9-LOX genes leading to the production of 10-oxo-11,15-
phytodienoic acid (10-OPDA) were not found, whereas six 13-LOX genes related to the for-
mation of 12-oxo-phytodienoic acid (12-OPDA) were up-regulated within all comparisons,
except for the down-regulated gene encoding LOX2.1 (PGSC0003DMG400032207) in M3-
vs-P3 (Figure 5, Table S4). The LOX product (9Z,11E,15Z)-(13S)-13-Hydroperoxyoctadeca-
9,11,15-trienoic acid (13(S)-HpOTrE) was converted progressively by AOS and AOC to
the final product 12-OPDA of the plastid-located part of JA biosynthesis. Subsequently,
12-OPDA is catalyzed gradually by OPDA reductase (OPR3) and OPC-8:0 CoA ligase 1
(OPCL1), resulting in the JA production ultimately according to 3-oxidative steps in perox-
isome [33]. Most of the genes encoding AOS, AOC, OPR3 and OPCL1 were up-regulated
between all comparisons, whereas one AOS gene was down-regulated in 3 h or 48 h P/M
comparisons, and one AOC gene was also down-regulated at 3 h P/M comparison. Among
genes related to the enzymes of fatty acid 3-oxidation, ACX1(PGSC0003DMG400004827) in
CK48-vs-M48 and AIM1 (PGSC0003DMG400005498) in M48-vs-P48 had a low expression,
respectively. MFP (PGSC0003DMG400003906) was down-regulated at 48 h both in P/CK
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and P/M comparisons, and PED1(PGSC0003DMG400015808) was also down-regulated in
M3-vs-P3 comparisons (Figure 5, Table S5).
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Figure 4. Comparative analysis of differentially expressed genes (DEGs) response to PTM infestation
and mechanical wounding. (A) UpSet intersection diagram of up- and down-regulated DEGs from
PTM-infested plants compared with mechanically-damaged plants at the same time. The black
dots represent different comparison groups. U—up-regulated genes; D—down-regulated genes.
(B-D) Venn diagram of differentially expressed genes (DEGs) that were common and unique among
the CK, M, and P plant libraries after (B) 3 h, (C) 48 h, and (D) 96 h.

In the cytoplasm, JA is metabolized into different structures by various chemical reac-
tions, such as methyl jasmonate (MeJA), jasmonoyl-isoleucine (JA-Ile), cis-jasmone (CJ) and
12-hydroxyjasmonic acid (12-OH-JA). Among all genes, JMT (PGSC0003DMG400003743)
had the lowest FC value in CK96-vs-M96, and remained down-regulated in CK48-vs-P48,
CK96-vs-P96 and M48-vs-P48 comparisons, while the other JMT gene had a weak induction
at 96 h M/CK and P/CK. Except for the CYP94C1(PGSC0003DMG400019471), all genes
encoding JAR, CYP94B3 and CYP94C1 were up-regulated. The above results indicated
that the DEGs related to MeJA production were inhibited, whereas JA-Ile synthesis was
strongly induced (Figure 5, Table S5).
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Figure 5. Analysis of jasmonic acid (JA) pathway gene expression. (A) Schematic diagram of
the JA biosynthesis pathway. The circles represent the production, the green rectangles represent
the genes that encoded for biosynthetic enzymes. LOX—Iipoxygenase; AOS—allene oxide syn-
thase; AOC—allene oxide cyclase; OPR3—12-oxophytodienoate reductase; OPCL—4-coumarate-CoA
ligase; ACX—acyl-coenzyme A oxidase; MFP—enoyl-CoA hydratase/3-hydroxyacyl-CoA dehy-
drogenase; AIM—Fatty acid beta-oxidation multifunctional protein; PED—3-ketoacyl-CoA thio-
lase; JMT—JA carboxyl methyltransferase; JAR1—jasmonate resistant 1, CYP—cytochrome P450;
13(S)-HpOTrE— (9Z,11E,15Z7)-(13S)-13-Hydroperoxyoctadeca-9,11,15-trienoic acid; 12,13-EOTrE—
12,13-Epoxyoctadecatrienoic acid; 12-OPDA—12-oxo-phytodienoic acid; OPC8—3-ox0-2-(2/(Z)-
pentenyl)-cyclopentane-1 octanoic acid; OPC8-CoA—3-ox0-2-(2'(Z)-pentenyl)-cyclopentane-1 oc-
tanoic acid coenzyme A; MeJA—methyl jasmonate; JA-Ile—jasmonoyl-isoleucine. (B) Heatmap of
JA biosynthesis-related gene expression. Red represents up-regulated genes and green represents
down-regulated genes. Color coding represents the range of log?2 (foldchange relative to control).
GH3.5—indole-3-acetic acid-amido synthetase GH3.5.

Overall, among the 33 JA synthetic pathway genes, there were 3 (3 up and 0 down), 3
(2up and 1 down) and 14 (12 up and 2 down) DEGs detected in the potato at 3 h, 48 h and
96 h after mechanical damage, respectively. A total of 2 (2 up and 0 down), 12 (10 up and
2 down) and 25 (24 up and 1 down) DEGs after PTM infestation were observed for three
time points, respectively. In P/M comparisons, there were 9 (5 up and 4 down) DEGs for
3 h, 8 (4 up and 4 down) DEGs for 48 h and 10 up-regulated genes for 96 h, respectively
(Figure 5, Table S5). Results suggest that mechanical injury and PTM feeding lead to the up-
regulation of most JA biosynthesis-related genes, and more DEGs are detected according to
the time course.

Plants synthesize salicylic acid through two pathways: the isochorismate (ICS) path-
way and the phenylalanine ammonia-lyase (PAL) pathway [34]. Chorismate is required
as the common precursor in both pathways. In the ICS pathway, chorismate is catalyzed
by ICS enzymes to produce isochorismate, which are transported from plastids to cytosol
through EDS localized on chloroplast envelope and subsequently was conjugated with glu-
tamate via the PBS3 to produce isochorismate-9-glutamate (IC-9-Glu). Ultimately salicylic
acid was produced via spontaneous decay of IC-9-Glu or catalytic reaction of IC-9-Glu by
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EPS1. In the other pathway, chorismate was catalyzed to produce phenylalanine in chloro-
plasts, which entered the cytoplasm and was converted by PALs to produce trans-cinnamic
acid. After entering the peroxisome, trans-cinnamic acid is catalyzed to be benzoic acid,
resulting in the production of salicylic acid finally in cytosol [34,35].

In terms of the DEGs encoding phenylalanine ammonia lyase (PAL), five DEGs were
down-regulated among the first seven comparisons, whereas the opposite was the case for
the TPA1 gene where the gene was up-regulated among these comparisons. Notably, all the
three PAL genes detected in M96-vs-P96 comparison were up-regulated. The expression
of the gene encoding chorismate mutase (CM) was similar to the gene encoding PAL
(Figure 6, Supplemental Table S5). Among the genes encoding ICS, EDS, PBS and EPS,
only EPS1 (PGSC0003DMG4000025842) was up-regulated in CK96-vs-P96 and M3-vs-P3
comparisons; other genes were down-regulated. Among the total of 11 up-regulated genes
in 9 comparisons groups, there were 5 genes with high fold change (FC > 5), 1 gene with
FC > 4, 3 genes with FC > 3, 2 genes with FC > 2, which suggested only several genes
involved in SA biosynthesis pathway were highly induced in response to two treatments
(Supplemental Table S5).

A SA biosynthesis B
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Figure 6. Analysis of salicylic acid (SA) pathway gene expression. (A) Schematic diagram of the
SA biosynthesis pathway. The circles represent the production, the green rectangles represent
the genes that encoded for biosynthetic enzymes. CM—chorismate mutase; PAL— phenylalanine
ammonia lyase; ICS—isochorismate synthase; EDS—enhanced disease susceptibility; isochorismate
is transported by the multidrug and toxin extrusion (MATE) transporter EDS from plastid to the
cytosol. PBS—avr PphB susceptible; EPS—enhanced pseudomonas susceptibility. (B) Heatmap of
JA biosynthesis-related gene expression. Red represents up-regulated genes and green represents
down-regulated genes. Color coding represents the range of log2 (foldchange relative to control).

The currently accepted ABA biosynthesis pathway in plants is from the oxidative
cleavage of carotenoids. 3-carotene is utilized via various enzymes to produce trans-isomer
zeaxanthin [36]. The conversion of zeaxanthin to violaxanthin catalyzed by zeaxanthin
epoxidase (ZEP) within a two-step epoxidation via antheraxanthin is the formal first
step of ABA biosynthesis [37]. Subsequently, violaxanthin was converted by neoxanthin
synthase (NSY) and an unknown isomerase according to the two pathways to generate 9'-
cis-neoxanthin and 9’-cis-violaxanthin [38]. The committed step of ABA biosynthesis is that
9'-cis-epoxycarotenoid dioxygenase (NCED) enzyme family split the cis-xanthophylls (9'-
cis-violaxanthin and 9'-cis-neoxanthin) to synthetize C15 xanthoxin [39]. The above steps
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Neoxanthin ()

are carried out in plastids, and the next steps of the conversion from xanthoxin to ABA take
place in the cytosol. The xanthoxin is converted into abscisic aldehyde (ABAld) utilizing
a short-chain alcohol dehydrogenase (SDR), which is eventually oxidized to be abscisic
acid (ABA) by abscisic-aldehyde oxidase (AAO) [40,41]. In addition, xanthoxin can also
first be catalyzed to xanthoxic acid by AO isoform(s) and then xanthoxic acid is converted
to ABA. The minor shunt pathway involving abscisic aldehyde as an intermediate is
also an important source of ABA [42]. Overall, most of the genes involved in the ABA
biosynthesis pathway in all comparisons were clearly down-regulated. Only one gene
encoding ZSD1(PGSC0003DMG400023193) with FC > 5 was highly expressed, while two
gene encoding AAO3 (PGSC0003DMG402018708) with FC > 2 were low expressed both in
CK96-vs-M96 and CK96-vs-P96 comparisons (Figure 7 and Table S5).

ABA biosynthesis B
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Figure 7. Analysis of abscisic acid (ABA) pathway gene expression. (A) Schematic diagram of
the ABA biosynthesis pathway. The circles represent the production, the green rectangles repre-
sent the genes that encoded for biosynthetic enzymes. CA2—beta-carotene 2-hydroxylase; ZEP—
zeaxanthin epoxidase; NSY—neoxanthin synthase; NCED—9-cis-epoxycarotenoid dioxygenase;
SDR—short-chain dehydrogenase/reductase; AAO—abscisic-aldehyde oxidase. (B) Heatmap of ABA
biosynthesis-related gene expression. Red represents up-regulated genes, and green represents down-
regulated genes. Color coding represents the range of log2(foldchange relative to control). CCD4—
carotenoid cleavage dioxygenase; ABA2—xanthoxin dehydrogenase; ZSD1—secoisolariciresinol
dehydrogenase.

Compared with other plant hormones, the biosynthesis of ethylene is relatively simple.
The first step is that L-methionine as the substrate was converted by S-adenosylmethionine
synthase (5-AdoMet or SAM synthase) to generate S-adenosyl methionine (5-AdoMet
or SAM) [43]. The subsequent step of S-AdoMet converted to 1-aminocyclopropane-1-
carboxylate (ACC) utilizing ACC synthase (ACS) is the rate-limiting step [44]. Eventually,
ACC was catalyzed by 1-aminocyclopropane-1-carboxylate oxidase (ACO) to produce
ethylene [45]. Among the 13 genes of ethylene biosynthesis pathway, mechanical damage
induced a total of 3 up-regulated gene expressions and PTM infestation induced a total
of 5 up-regulated gene expressions in the corresponding treatment groups. A total of six
up-regulated genes appeared in M-vs-P comparisons. Among the 11 up-regulated genes,
there were a total of 2 genes with FC > 2, 5 genes with FC > 3, 1 gene with FC > 4, 1 gene
with FC > 5, 2 genes with FC > 10, 2 genes with FC > 40 and 1 gene with FC > 500, which
suggested ethylene pathway were highly induced locally (Figure 8 and Table S5).
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Figure 8. Analysis of ethylene (ET) pathway gene expression. (A) Schematic diagram of the ET
biosynthesis pathway. The circles represent the production, the green rectangles represent the genes
that encoded for biosynthetic enzymes. METK/SAM—s-adenosylmethionine synthase; ACS—1-
aminocyclopropane-1-carboxylate synthase; ACO—I-aminocyclopropane-1-carboxylate oxidase.
(B) Heatmap of ET biosynthesis-related gene expression. Red represents up-regulated genes and
green represents down-regulated genes. Color coding represents the range of log2 (foldchange
relative to control).

2.4. Expression Analysis of DEGs Involved in Reactive Oxygen Species (ROS) Signaling

Reactive oxygen species (ROS) mediate the normal metabolic and developmental
processes in plants as key signaling molecules and enable plants to respond quickly to
exogenous abiotic and biotic (including different pathogens and pests) stress [46]. We
investigated genes encoding the key enzymes involved in metabolism reactions related
to ROS production and scavenging in different comparisons. The gene expression of each
comparison is shown in Supplemental Table S6.

A total of 13 DEGs (9 up and 4 down) and 20 DEGs (8 up and 20 down) related to
ROS generation were observed at 48 h and 96 h post mechanical damage, respectively,
whereas there was no DEGs occurring at 3 h in potato leaves. PTM infestation induced
21 DEGs (11 up and 10 down) for 3 h, 25 DEGs (12 up and 13 down) for 48 h and 27 DEGs
(13 up and 14 down) for 96 h associated with ROS production, respectively. Compared with
mechanical damage, PTM infestation triggered more up- and down-regulated DEGs at the
same time point. Within comparisons of PTM infestation relative to mechanical damage,
30 DEGs (16 up and 14 down), 38 DEGs (18 up and 20 down) and 10 DEGs (8 up and
2 down) were found at 3 h, 48 h and 96 h, respectively (Table 1, Supplemental Table S6). The
genes encoding acyl-CoA oxidase (ACX) had the largest group of the up-regulated genes
within M/CK and P/CK comparisons, respectively, while the number of amine oxidase
(AO) genes and gibberellin dioxygenase (GAOX) genes within down-regulated genes was
the largest group in two comparisons.
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Table 1. DEGs associated with reactive oxygen species (ROS) generating.

Category AO GOX HPPD GAOX ND COX RBOH SOD FIN4 QSOX ACX AAO ERO FMO Total
up 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CRBvsM3 4w 0 0 0 0 00 0 0 0 0 0 0 0 0 0
up 1 0 0 2 1 1 0 1 1 0 0 0 2 0 9
CRa8veMI8 4y 0 1 0 1 0 0 1 0 0 0 1 0 0 0 4
up 0 0 0 1 0 0 2 0 0 0 4 1 0 0 8
CKR9-veM¥6 gy 4 0 1 3 0 2 1 0 1 0 0 0 0 0 12
up 1 0 0 3 1 1 2 1 1 0 4 1 2 0 17
M/CKTotal 4y 4 1 4 0 2 2 0 1 0 1 0 0 0 16
up 0 0 0 2 4 0 0 1 0 2 0 1 0 1 11
CK3-vs-P3 dw 4 1 1 1 0 0 2 0 0 0 0 0 o 1 10
up 3 0 0 1 0 0 3 1 0 0 2 1 0 1 12
CKag-vsPA8 4w 2 0 1 4 1 2 2 0 0 0 0 1 0o o0 13
up 1 0 1 3 0 0 1 0 0 0 5 2 0 0 13
CK96-vsPI 4y 3 0 1 3 1 2 2 1 1 0 0 0 0o 0 14
up 4 0 1 6 4 0 4 2 0 2 7 4 0 2 36
P/CKTotal 4y 9 3 8 2 4 6 1 1 0 0 1 o 1 a7
up 1 1 0 4 3 0 0 1 1 1 1 1 0 2 16
M3-vs-P3 dw 71 1 0 10 2 0 0 0 0 0 0 2 14
up 5 1 0 1 2 0 4 3 0 0 0 1 0 1 18
Mi8vsPA8 gy 5 0 1 3 15 1 1 1 0 0 1 10 20
up 4 0 0 2 0 0 0 0 0 0 1 1 0 0 8
MI6-vsP96o  qw 1 0 0 0 0 0 0 1 0 0 0 0 00 2
up 10 2 0 7 5 0 4 4 1 1 2 3 0 3 42
P/M Total dw 13 1 2 3 2 5 3 2 1 0 0 1 1 2 3
Up—up-regulated genes; dw—down-regulated genes; AO—amine oxidase; GOX—glycolate oxidase; HPPD—4-
hydroxypheny Ipyruvate dioxygenase; GAOX—gibberellin dioxygenase; ND—NADH dehydrogenase; COX—
cytochrome c oxidase subunit; RBOH—respiratory burst oxidase homolog; SOD—superoxide dismutase; FIN4—
L-aspartate oxidase; QSOX—sulfhydryl oxidase; ACX—acyl-CoA oxidase; AAO—aldehyde oxidase; ERO—ER
oxidoreductin; FMO—flavin-containing monooxygenase.
In terms of the genes encoding ROS scavenging, CK-vs-M groups comprised 24 DEGs
(14 up and 10 down) and 59 DEGs (20 up and 39 down) expressed at 48 h and 96 h, respec-
tively. A total of 35 DEGs (13 up and 22 down), 78 DEGs (51 up and 27 down) and 73 DEGs
(46 up and 27 down) were identified at three time points after PTM infestation, respectively.
A total of 15, 54, 32 up-regulated genes and 64, 38, 3 down-regulated genes were found
respectively at 3 h, 48 h and 96 h within M-vs-P comparisons (Table 2, Supplemental
Table S6). The total number of up-regulated genes encoding peroxidase (POD) was the
largest group, whereas glutathione s-transferase (GST) had the opposite gene expression
with the largest down-regulated group among all comparisons (Table 2).
Table 2. DEGs associated with reactive oxygen species (ROS) scavenging.
Category CAT APX POD Fd TRX GRX GST MDHAR DHAR GPX PrxR NRX Total
up 0 0 0 0 0 0 0 0 0 0 0 0 0
CR3-vs-M3 dw 0 0 0 0 0 0 0 0 0 o 0 0 0
up 0 1 3 3 1 0 5 0 1 0 0 0 14
CKag-ve-Ma8 4y 0 1 2 0 2 3 2 0 0 o 0o 0 10
up 1 0 6 1 5 6 0 0 0 1 0 0 20
CKIG-ve-MI6 4y 1 3 5 3 10 410 0 0 1 1 1 3
up 1 1 9 4 6 6 5 0 1 1 0 0 34
M/CK Total dw 1 4 7 3 12 7 12 0 0 1 1 1 1
up 0 0 3 1 4 0 2 0 2 0 1 0 13
CK3-vs-P3 dw 0 3 1 2 2 8 6 0 0 o 0 0 2
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Table 2. Cont.

Category CAT APX POD Fd TRX GRX GST MDHAR DHAR GPX PR NRX Total
e A T . T N R R T
CK96-vs-P96 4P . 0 2 ; ] PO 0 0 01 0 o
R I T I A T N D I T R
T S T T T R T R D T R A
M48-vs-P48 e . S ’ ; ; T 0 0 o o 1 a8
wewPs G 5 5 % o o 5 o o o o o o 3
R A T T

Up—up-regulated genes; dw—down-regulated genes; CAT—catalase isozyme; APX—ascorbate peroxidase;
POD—peroxidase; Fd—ferredoxin; TRX—thioredoxin; GRX—glutaredoxin; GST—glutathione s-transferase;
MDHAR—monodehydroascorbate reductase; DHAR—dehydroascorbate reductase; GPX—glutathione peroxi-
dase; PrxR—peroxiredoxin; NRX—nucleoredoxin.
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Figure 9. The total number of the top 10 transcription factors (TF) families with the largest number of
up-regulated genes among the CK-vs-M, CK-vs-P and M-vs-P comparisons.

19



Plants 2023, 12, 3092

Among the top 10 TFs families, 9 TFs families, including bHLH, AP2/EREBP, WRKY,
CCAAT, MYB, HSF, bZIP, TCP, and GATA, were commonly identified in three comparison
groups and may have overlapping effects in mediating the defense responses to PTM
infestation and mechanical damage (Figure 9). However, the difference is that the Trihelix
family and G2-like family only appeared, respectively, in the CK-vs-M and CK-vs-P com-
parisons, which suggested the Trihelix family was mainly involved in defense responses to
mechanical damage, while the G2-like family mainly mediated defense responses against
PTM infestation (Figure 9). The dominant defensive role of the G2-like family against P
treatment has also been demonstrated in the P/M comparison (Figure 9).

The up- and down-regulated transcription factor-related genes in CK-vs-M, CK-vs-P
and M-vs-P comparisons were analyzed by KEGG. The results showed that up-regulated
genes in CK-vs-M and CK-vs-P comparisons were enriched in circadian rhythm, MAPK
signaling pathway and plant-pathogen interaction. The down-regulated genes of CK-vs-M
are mainly related to protein processing in the endoplasmic reticulum, while the down-
regulated genes of CK-vs-P are mainly associated with plant hormone signal transduction
(Supplemental Table S8).

2.5. Expression Analysis of DEGs Involved in Plant Secondary Metabolites (PSMs)

Plant secondary metabolites have essential roles in the regulation defense signalings
and function in the plant defense system against herbivore attacks and harsh environ-
ments [48]. The detailed information on PSMs-related DEGs are shown in Supplemental
Table S9. The numbers of up-regulated genes related flavonoid biosynthesis were much
smaller than that of down-regulated genes in a majority of comparisons, which indicated
that the biosynthesis of flavonoids may have been inhibited in the process of plant re-
sistance to two treatments. Compared to flavonoids, the biosynthesis of terpenoids in
potatoes was gradually induced by PTM feeding from 3 h to 96 h (Tables 3 and S9). In
CK-vs-M comparisons, there was no one up-regulated gene related alkaloids and steroids
biosynthesis appeared for first two time points, which showed alkaloids and steroids were
not involved in response against mechanical damage at 48 h post mechanical damage.
Interestingly, 17 (6 up and 11 down), 24 (15 up and 9 down) and 25 (12 up and 13 down)
DEGs related to alkaloids as well as 8 (5 up and3 down), 8 (4 up and 4 down) and 14 (9 up
and 5 down) DEGs associated with steroids biosynthesis were detected at three time points
respectively in CK-vs-P comparisons, which suggested that alkaloids and steroids have
been involved in defense reactions of potato to PTM at 3 h and both remained until 96 h
post-infestation. Compared with other PSMs, only several up-regulated genes were identi-
fied in each comparison, which showed that the potato may induce low concentrations of
quinones in response to PTM feeding and mechanical damage (Table S9).

2.6. Expression Analysis of DEGs Involved in Plant-Pathogen Interactions and Defense Response

The incursion of pests and pathogens can elicit the up-regulation of related plant
defensive gene families, including plant-pathogen interaction genes, lectin, proteinase
inhibitors, chitinases and MAPK cascades signaling genes [49]. Detailed information about
the various defense genes are presented in Tables S10 and S11.

PIs and CHIs both belong to pathogenesis-related (PR) proteins [50]. Proteinase
inhibitors (PIs) families are a large and complex group of plant proteins and have the ability
to form complexes with a widely accepted five classes of proteolytic enzymes, including
serine, cysteine, threonine, aspartic and metallo-proteases, which suppress the normal
assimilation of food proteins and bring the adverse effects for insects [51]. In our study, a
total of five serine-, four cysteine-, three aspartic-type protease inhibitor-related genes and
two protease inhibitor-related proteins were identified (Table S11). A majority of genes
(50 genes) encoding PIs were up-regulated. The largest number of up-regulated genes both
appeared at 48 h post two treatments relative to control treatments (Table 4).
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Table 3. DEGs associated with plant secondary metabolites biosynthesis.

Category Terpenoids Flavonoids Alkaloids Steroids Quinone Total
CK3-vs-M3 - : 0 ) 0 0 0
CK48-vs-M48 - o . ) 0 ’ »
CK96-vs-M96 ;115, ;é 223 176 ; 120 gg
CK3-vs-P3 - 19 S 123 161 § é ;é
CK48-vs-P48 - - M 5 s . %
CK96-vs-P96 dor - ” 5 : 0 ”
M3-vs-P3 :115, ;? 274 168 491 2 ?7)3
M48-vs-P48 - Iy M % ; ; -
M96-vs-P96 - b o 0 0 0 o

Up—up-regulated genes; dw—down-regulated genes.

Table 4. DEGs involved in proteinase inhibitors (PIs), chitinases and MAPK cascades.

Category M3/CK3  M48/CK48 M96/CK96 P3/CK3  P48/CK48 P96/CK96 P3/M3 P48/M48  P96/M96 Total
PL up 0 9 1 5 8 7 10 4 6 50
s dw 0 1 0 1 0 0 1 3 0 6
. up 0 1 3 1 2 6 2 7 4 26
Chitinases 45, 0 2 5 7 3 1 1 4 0 33
up 0 0 6 1 1 6 2 2 1 19
MAPK dw 0 0 6 0 4 6 2 4 1 23
M3 /CK3—abbreviation for CK3-vs-M3. The abbreviated forms of other comparisons as described for the first
comparison.

Plant chitinase (CHISs) can attack chitin as the structural molecule in skeletons of insects
as well as cell walls of fungi and hence chitinases play a potential role against pathogens
and insects [52]. In CK-vs-M comparisons, up/down-regulated genes related to CHIs both
appeared at 48 h and the number both peaked at 96 h. The number of up-regulated genes
(one gene) were induced at 3 h by PTM infestation and the number (six genes) peaked at
96 h, while the down-regulated genes were the opposite case, maximum number of genes
(seven genes) detected at 3 h and minimum number of genes (one gene) detected at 96 h
(Table 4).

MAPK cascades serve as an important element for transcriptional activation of her-
bivore defense-related genes and the accumulation of defensive metabolites [4,53]. The
MAPK-related up/down-regulated genes post two treatments showed similar expression
patterns, with the largest number of genes appearing at 96 h (Table 4).

Previous studies showed that the gene expression level of attack from insect herbivory
and infection by pathogens can have a partial or considerable overlap [54,55]. LecRLKs
(possessing three subclasses: L-, G-, and C-type LecRLKSs), as a subfamily of receptor-
like protein kinases, consist of three domains: extracellular lectin domain, intermediate
transmembrane domain and intracellular kinase domain, which play crucial roles in de-
velopment, stress perception and pathogen detection [56,57]. The up-regulated DEGs
involved in plant-pathogen interaction DEGs sequentially accounted for 51.8%, 50%, 17.3%,
22.7%, 47.3%, 22.3%, 33.7% and 87.5% of the total number of DEGs of each comparison
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(CK3-vs-M3 comparison was excluded). GO analysis of each comparison group showed
that the up-regulated gene function at 48 h post-mechanical damage were mainly associ-
ated with response to stimulus (BP), cellular protein metabolic process (BP) and protein
binding (MF). The up-regulated genes of PTM infestation for 48 h were mainly enriched
in single-organism process (BP) and catalytic activity (MF). However, compared with the
control, the enriched GO terms of up-regulated genes related to plant-pathogen interaction
were similar at 96 h post two treatments (Supplemental Table S12). The up-regulated
DEGs screened from lecRLKs-related genes, respectively, accounted for 21.4%, 48.4%, 0%,
17.0%, 34.9%, 26.7%, 29.3% and 25.0% of total number of DEGs of each comparison (except
for CK3-vs-M3 comparison) (Figure 10). This indicates that the number of up-regulated
DEGs increased over time after two treatments. The GO analysis of up-regulated lecRLKs
genes comprising each comparison group was mainly enriched in transferase activity (MF),
kinase activity (MF), catalytic activity (MF) and biological processes (BP) (Supplemental

Table S13).
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Figure 10. Genes differentially expressed in all comparisons. (A) The number of up- and down-
regulated genes associated with plant—pathogen interactions. (B) The number of up- and down-
regulated genes related to lectin receptor-like protein kinases (LecRLKSs).

3. Discussion

Currently, the research about the defense mechanisms of the potato in response to
Phthorimaea operculella infestation has remained limited. A previous study has revealed
how potato plants integrate accumulatively a multitude of herbivory components from
potato tuber moth and show the early defense responses of potato leaf to these reorganized
stimuli [56,57]. In our study, the global transcriptomic response of potato plants to PTM in-
festation and mechanical damage was monitored by RNA-Seq in CK, M, P plants harvested
at 3 h, 48 h and 96 h. Overall, the transcriptomes were significantly remodeled under the
PTM attack and mechanical damage during the time course.

Except for the GO terms in common between mechanical damage and PTM infestation
across three time points, two treatments at 3 h mainly activated the secondary metabolism
of the potato, such as the S-glycoside and indoleacetic acid metabolic process (CK3-vs-M3)
as well as the flavonoid metabolic process (CK3-vs-P3) (Table S52). At 48 h, GO terms
included negative regulation of cellular metabolic process (CK48-vs-M48) and regulation
of multicellular organismal development (CK48-vs-P48), which indicated two treatments
mainly suppressed the growth and development of potatoes. At 96 h, there were significant
enrichment in carbohydrate and polysaccharide metabolic process in M/CK comparison as
well as organic acid transmembrane transport in P/CK comparison (Table S2), indicating
the two treatments resulted in the redistribution of energy in potato plants. Physical
damage can lead to the decline of the photosynthesis ability of plants and a decrease in
ATP production by photosynthesis phosphorylation, resulting in energy deficiency [18].
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Compared with mechanically wounding, insect feeding caused more severe damage to
potato plants, which prompted the potato to obtain energy for growth and defense through
other ways, such as organic acid metabolism.

The stimuli from insect feeding can be roughly divided into several types: mechanical
damage, oral secretion stimuli OS, walking, frass depositions, and ovipositional fluids,
etc. [19]. In M-vs-P, we identified different numbers of DEGs induced only by mechanical
damage and PTM infestation, as well as some DEGs that may come from other potato tuber
moth herbivorous stimuli by strategic comparative transcriptome analysis (Figure 4B-D).
These genes may be key components and factors that determine the different gene expres-
sion patterns of downstream insect defense-related signaling pathways.

There were 11 up-regulated DEGs associated with ROS generation found at 3 h after
PTM infestation and the number of genes was continuously increasing until 96 h (Table 1).

In the study of Mao et al. [20], ROS signaling was activated by PTM-derived herbivory-
related cues as early as 1 h after treatment. In general, the process of ROS generation
occurs within seconds to minutes of stress initiation [58,59], whereas it is possible that the
subsequent results might be different in response to the age of PTMs or depending on
treatment time. No genes were detected at 3 h, while the number of up-regulated genes
induced by mechanical damage is slightly less than that induced by PTM infestation at
48 h and 96 h. This suggests that PTM feeding induced a faster and stronger signal than
mechanical damage. Over-accumulation of ROS is toxic to plants, for which plants activate
stringent ROS scavenging mechanisms, including antioxidant enzymes and non-enzymatic
metabolites, to remove excess ROS and maintain normal levels of ROS [17,58-62]. Therefore,
it is reasonable to see that there are more up-regulated genes related to ROS scavenging at
48 and 96 h after mechanical injury and PTM feeding, even though some were far more
than down-regulated genes (Table 2). It has been observed that not only can ROS activate
MAPK signaling, but also MAPK cascades can regulate ROS-related genes [17,60-62]. In
our study, one and six MAPK-related up-regulated genes were observed at 3 h post PTM
infestation and 96 h after mechanical damage, respectively, which may imply that MAPK
cascades were activated at 3 h post PTM feeding, while MAPK signals were induced by
mechanical damage after 48 h.

The activation of ROS signalings and MAPK cascades are usually accompanied by
the rapid initiation of phytohormone networks and the complex interplay between ROS,
MAPKSs and hormones brings them to a level of mutual coordination [63-65]. In terms
of JA biosynthesis, most genes were up-regulated under mechanical damage and PTM
herbivory, which was largely consistent with the reported high accumulation of JA and
JA-Ile under two treatments post one hour in Mao et al. study [20]. This further indicated
that JA plays an essential role in mediating plant defenses against lepidopteran-chewing
herbivores [66-68]. In our study, 13-LOX genes were more strongly induced than 9-LOX
genes responsible for the production of 10-OPDA (Figure 5B). However, 9-lipoxygenase
pathway is preferentially stimulated in cultured potato cells in response to treatment with
P. infestans elicitor [69]. Feeding by S. frugiperda and beet armyworm Spodoptera exigua
larvae on maize also induces the expression of 9-LOX genes to a greater extent than 13-LOX
genes [70,71]. Species of herbivores/plants and different types of external stimuli could
account for this disparity. Compared with MeJA, JA is inclined to be metabolized into JA-
Ile as a major bioactive signal in the dynamic regulation of the JA signaling system [67,72],
which is consistent with our results (Figure 5B). Moreover, we also identified several genes
belonging to the GH3 family with the closest sequence homology to JAR1, but their role in
JA metabolism is not known (Figure 5B). In Mao et al. study, accumulation of ABA was
not induced significantly at 1 h by PTM actual herbivory and mechanical damage; even its
induction was repressed by microbe from orally secreted bacteria (OSB) [20]. Most ABA
biosynthesis genes were all down-regulated in CK-vs-M, CK-vs-P and M-vs-P comparisons
in our study (Figure 7). The two research results emphasize the consistent performance of
ABA-related genes in the potato’s defense against PTM feeding. Interestingly, unlike JA
and ABA, the expression patterns of SA biosynthesis-related genes in CK96-vs-M96 and
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CK96-vs-P96 were different from that in M96-vs-P96 (Figure 6B). Accumulation of SA was
also not induced significantly by all types of reorganized in a cumulative way potato tuber
moth herbivory stimuli components in the Mao et al. study [20]. We previously mentioned
that the M-vs-P groups possessed different proportions of genes from different potato
tuber moth herbivorous stimuli (Figure 4B-D). Combining the above results, we speculated
that mixed subsets of the genes from different potato tuber moth herbivory stimuli have
different expression patterns in the synthesis of SA, which may result in the homeostasis
of SA level. Ethylene biosynthesis-related genes were highly induced locally in M/CK,
P/CK and P/M comparisons (Figure 8), which may imply ET pathway was involved in
the defense against two treatments. In addition, we also detected the expression of all
genes in the JA/SA/ABA/ETH signal transduction, which functions downstream from
phytohormone production, and potato plants may have elevated constitutive expression of
SA and ABA signaling cascade (Table S4).

A crosstalk between phytohormones depends on the plant-herbivore system has
been studied. Many studies have reported that the combination of ET and JA can syn-
ergistically induce plant defense genes against biotic stress, including herbivores and
pathogens [73-75]. In the direct defense of Nicotiana attenuata plants against chewing
herbivores, jasmonic acid is a central mediator of defense gene expression, whose effect is
modulated by ethylene [76]. Therefore, combining the research result of Mao et al. [20], we
speculated that jasmonate and ethylene act in synergistic manners in the defense reaction
of the potato to PTM feeding and mechanical damage, while salicylic acid and abscisic acid
both play less significant roles in the defense response. ERF1 and EIN3 are downstream
components of the ethylene signal transduction. It has been demonstrated that ERF1 is a
key integrator of JA and ET signals, and its induction requires both signaling pathways
simultaneously to be activated [77]. Zhu et al. speculated that EIN3/EIL1 is the direct
molecular link for jasmonate-ethylene synergistic interactions based on the previously accu-
mulated data [78]. In ET signal transduction, most genes, including the encoding ERF1 and
EIN3/EIL were up-regulated; even the genes EIL3 (PGSC0003DMG400016747) and ERF1B
(PGSC0003DMG400010285) had FC values exceeding 256 (Table S4). Moreover, ethylene
plays an important accessory role in JA-mediated plant defenses against herbivores, and
they can synergistically regulate the synthesis of downstream alkaloids etc., secondary
metabolites [76,79], and the expression of protease inhibitors (PIs) genes [80]. From the
number of up/down-regulated genes in the biosynthesis of various secondary metabolites
and protease inhibitors, it can be concluded that the biosynthesis of terpenoids, alkaloids,
steroids, and protease inhibitors in the potato is significantly induced by potato tuber moth
feeding (Tables 3 and 4). Flavonoids are derived from the phenylpropanoid pathway and
belong to the phenolics. However, their biosynthesis was repressed by both treatments,
which may result from the down-regulation of the genes encoding phenylalanine ammonia
lyase (PAL), a key enzyme in this pathway (Figure 6). Serine protease inhibitors play a
more prominent role in lepidopteran insects (Lepidoptera) [8], which is in line with our
results (Table S11).

Transcription factor families have important regulatory roles in stress tolerance and
mediating the expression of downstream defense genes in plants. Many excellent reviews
and literature have reported that several transcription factor families, such as NAC, WRKY,
AP2/ERF, bHLH, MYB, TCP, and bZIP are associated with biotic stress response in the
potato [81]. The G2-like (GLKs) family plays an active role in resisting pathogen inva-
sion, regulating leaf senescence and chloroplast development, and responding to abiotic
stresses [82]. Only three up-regulated genes associated with the bZIP family appeared at
48 h after mechanical damage, whereas only five down-regulated genes were detected at
48 h after PTM infestation. Interestingly, the TCP family showed opposite gene expression
patterns at 48 h after both treatments (Table S7), which indicated that the TFs families may
fine-tune the response of plants to different external stimuli.

In solanaceae crops (e.g., potato and tobacco), the LecRK/LecRLK or NbLRK1 genes
generate resistance by sensing elicitors produced by insects and pathogens [57,83]. The

24



Plants 2023, 12, 3092

plant—pathogen interaction can affect the induction rapidity and effectiveness of chiti-
nase [83]. In our study, the up-regulated genes related to plant-pathogen interaction, lectin
receptor-like protein kinases (LecRLKSs) and chitinases showed a consistent change in ex-
pression over time (Figure 10, Table 4). It has been shown that infestation by chewing Pieris
rapae larvae induces resistance in Arabidopsis not only to P. rapae itself, but also to several
microbial pathogens [84], indicating an overlap in the signaling network of plant defense
against insects and pathogens, which is consistent with our results. This overlap suggests
that the regulation of adaptive responses in plants is a delicate balance between protection
against microbial and insect invaders [55]. De Vos et al. found that consistent changes in
Arabidopsis transcriptional profiles caused by pathogens and insects with different attack
modes not only showed considerable overlap but also varied in number with different
combinations of attackers [54]. Additionally, Nilaparvata lugens or Chilo suppressalis
infestation caused extensive up-regulation of genes related to phytopathogenic interactions
inrice at 3 h and 6 h with a much higher proportion of up-regulated genes compared with
our results [18]. Therefore, the magnitude of genetic overlap triggered by pathogens and
insects reflects the intensity of the plant response, which is dependent on treatment time
and plant-attacker combinations [54]. It would be interesting to further elucidate the role
of uncharacterized genes such as protease inhibitors, chitinases, and lectins in plant-insect
interactions in the future through gene overexpression, silencing, mutant analysis, etc.

4. Materials and Methods
4.1. Insect Colony

Potato tuber moth (Phthorimaea operculella, PTM) populations were collected from
potato fields in Kunming, Yunnan Province, China and further raised for several genera-
tions on potato variety, Hezuo 88 (HZ 88). The obtained PTM eggs were placed in Petri
dishes lined with moist filter paper and incubated in a growth chamber (temperature of 28
=+ 2 °C, relative humidity 80%, photoperiod 12L:12D). Newly hatched PTM larvae were
used for the experiments.

4.2. Plant Growth, Treatment and Sample Collection

Hezuo 88 healthy seed potatoes (only one bud eye per tuber was kept) were grown in
plastic pots (diameter x height =20 cm x 30 cm) and placed in a greenhouse (temperature
27 + 2 °C, RH 75%, photoperiod 14L:10D) for cultivation. To avoid other insect attacks
and interactions between plants, each plastic pot was placed 2 m apart and covered with
100-mesh nylon nets. The potato plants were regularly watered and fertilized according to
the same criteria and were left to grow to five fully expanded leaves for the experiment.
PTM larvae were starved for 6 h before being used to infest potatoes. One freshly hatched
PTM larva at the age of 2 days was inoculated manually on five fully expanded leaves of
potato, respectively, which was the PTM infestation treatment (P). The mechanical damage
treatment (M) was achieved by randomly pricking the potato leaves obliquely at an angle
of about 45 degrees with an alcohol-sterilized No. 3 insect needle. Potato plants without
both treatments were used as a control (CK). At 3 h, 48 h, and 96 h post CK, M, and P
treatments, potato leaves with uniform size and leaf age were harvested in aluminum foil
and flash-frozen in liquid nitrogen for RNA extraction. For each treatment, three replicate
samples at each time point were obtained from three uniformly growing and independent
potato plants.

4.3. RNA Extraction, lllumina Library Construction and Sequencing

Total RNA was extracted from every sample using Trizol reagent kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol and treated with RNase-
free DNase I to remove genomic DNA contamination. RNA quality was assessed on an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using
RNase free agarose gel electrophoresis. After total RNA was extracted, eukaryotic mRNA
was enriched by Oligo(dT) beads. Then, the enriched mRNA was fragmented into short

25



Plants 2023, 12, 3092

fragments using a fragmentation buffer and reverse transcripted into cONA with random
primers. Second-strand cDNA was synthesized by DNA polymerase I, RNase H, ANTP
and buffer. Then the cDNA fragments were purified with a QiaQuick PCR extraction kit
(Qiagen, Venlo, The Netherlands), end-repaired, poly(A) added, and ligated to Illumina
sequencing adapters. The cDNA library fragments were purified with the AMPure XP
system to obtain cDNA fragments with a preferred around 200 bp, PCR amplified, and
sequenced using Illumina HiSeq2500 by Gene Denovo Biotechnology Co. (Guangzhou,
China).

4.4. Processing and Analysis of RNA-Seq Data

To obtain high-quality clean reads, raw reads were further filtered by fastp V0.18.0 [85]
(https:/ / github.com/OpenGene/fastp, accessed on 9 April 2023) to remove reads con-
taining adapters, poly(N) and low-quality reads containing more than 50% of low-quality
(Q-value < 20) bases. An index of the potato reference genome was built, and paired-end
clean reads were mapped to the reference genome SolTub_3.0 (https:/ /www.ncbi.nlm.nih.
gov/assembly/GCF_000226075.1, accessed on 10 April 2023) using HISAT2.2.4 [86] with
“-rna-strandness RF” and other parameters set as a default. The mapped reads of each
sample were assembled by using StringTie v1.3.1 [87,88] in a reference-based approach.
For each transcription region, a FPKM (fragment per kilobase of transcript per million
mapped reads) value was calculated to quantify its expression abundance and variations
using StringTie software.

RNA differential expression analysis was performed by DESeq?2 [89] software between
two different groups (and by edgeR [90] between two samples). The Benjamini-Hochberg
algorithm was used to adjust the p-value and hence control the false discovery rate (FDR).
The genes with the parameter of false discovery rate (FDR) below 0.05 and absolute fold
change > 2 were considered differentially expressed genes (DEGs). Related genes between
different treatment groups were identified based on gene annotation and differential
expression analysis.

4.5. GO Functional and KEGG Pathway Enrichment Analysis

GO enrichment analysis provides all GO terms that are significantly enriched in DEGs
compared to the genome background and filters the DEGs that correspond to biological
functions. Firstly, all DEGs were mapped to GO terms in the Gene Ontology database
(http:/ /www.geneontology.org/, accessed on 20 April 2023), gene numbers were calculated
for every term, and significantly enriched GO terms in DEGs compared to the genome
background were defined by hypergeometric test. This analysis was able to recognize the
main biological functions that DEGs exercise. Genes usually interact with each other to play
roles in certain biological functions. Pathway-based analysis helps to further understand
the genes’ biological functions. KEGG is the major public pathway-related database [90].
Pathway enrichment analysis identified significantly enriched metabolic pathways or signal
transduction pathways in DEGs compared with the whole genome background.

The calculated p-values were processed through FDR Correction, taking FDR < 0.05 as
a threshold. GO terms and pathways meeting this condition were defined as significantly
enriched GO terms and pathways in DEGs, respectively.

5. Conclusions

In conclusion, the defense mechanism of the potato is activated after the initiation of
mechanical damage and PTM infestation, and response to two treatments built up over
time.

GO functional enrichment showed PTM feeding and mechanical damage activated
primary and secondary metabolism over time and suppressed the growth and development
of the potato. Phytohormone analysis showed that genes involved in JA and ET signaling
pathways were strongly induced, and both may synergistically induce defense responses
against herbivores, with JA having a more dominant role than ET. At 48 h and 96 h, more
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up-regulated genes linked to ROS scavenging were observed, as were the genes encoding
secondary metabolites. This suggests that the antioxidant system plays an indispensable
role in plant adaptation to both stimuli, while the production of secondary metabolites
such as terpenoids, alkaloids, and steroids would presumably benefit only PTM-challenged
plants from the proportion of up- and down-regulated genes. Several TF families, such
as bHLH, AP2/EREBP, WRKY and MYB, were differentially regulated, while the Trihelix
family and the G2-like family appeared to be particularly active in mediating the response
to mechanical damage and PTM infestation, respectively. Both treatments also induced
gene expression of many pathogenesis-related (PR) proteins (e.g., protease inhibitors and
chitinases) and lectins.

Our exploration of mechanical damage and actual PTM infestation at multiple time
points makes a strong addition to the gene expression patterns of potato-PTM interactions
over the time span.
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Abstract: The fall armyworm, Spodoptera frugiperda Smith (Lepidoptera: Noctuidae), a common
agricultural pest known for its extensive migration and wide host ranges, causes considerable harm
to maize (Zea mays L.). In this study, we utilized two molecular marker genes, COI and Tpi, to compare
the genetic characteristics of the collected original samples. Additionally, through an interactive study
between S. frugiperda larvae and six maize varieties aiming to understand the insect’s adaptability and
resistance mechanisms, our analysis revealed that both the COI and Tpi genes identified S. frugiperda
as the corn strain. Further examination of the larvae showed significant differences in nutritional
indices, digestive, and detoxification enzyme activities. Special maize varieties were found to offer
higher efficiency in nutrient conversion and assimilation compared with common varieties. This
study revealed adaptations in S. frugiperda’s digestive and detoxification processes in response to the
different maize varieties. For instance, larvae reared on common maize exhibited elevated amylase
and lipase activities. Interestingly, detoxification enzyme activities exhibited different patterns of
variation in different maize varieties. The Pearson correlation analysis between nutritional indices,
enzyme activities, and the nutritional content and secondary metabolites of maize leaves provided
deeper insights into the pest’s adaptability. The results highlighted significant relationships between
specific nutritional components in maize and the physiological responses of S. frugiperda. Overall,
our findings contribute substantially to the understanding of S. frugiperda’s host plant adaptability,
offering critical insights for the development of sustainable pest management strategies.

Keywords: Spodoptera frugiperda; genotype; special maize; common maize; nutritional indexes;
enzyme activities; host adaptation

1. Introduction

The fall armyworm, Spodoptera frugiperda Smith (Lepidoptera: Noctuidae), has emerged
as a formidable global agricultural menace, originating from the tropical and subtropical
zones of the Americas [1,2]. Its remarkable adaptability to various ecological conditions
and its ability to cover extensive distances through wind currents have escalated its status
to a critical threat to agriculture worldwide. Maize (Zea mays L.) is the principal crop
worldwide and ranks first among grain crops in terms of production, and pests are the
main factors affecting its quality and yield [3]. Special maize generally includes high-lysine
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maize, glutinous maize, sweet maize, popping maize, high-oil maize, and others. Maize
varieties outside of special maize are referred to as common maize [4]. As a polyphagous
pest, S. frugiperda exhibits a notable preference for maize, with its larval stages causing con-
siderable damage due to its voracious feeding habits across a multitude of host plants [5,6].
The impact on maize is profound, with potential global yield losses estimated between
15% to 73% [7]. In China, the pest was first reported in the southeastern region of Yunnan
Province in January 2019. It has since expanded rapidly across the majority of agricultural
provinces, inflicting substantial damage to crops, particularly to maize [8]. By the end of
the same year, S. frugiperda had invaded 26 provinces, afflicting over 1.08 million hectares
of crops, thereby presenting a considerable threat to the nation’s maize production [9].

Two biotypes of S. frugiperda, namely the corn and rice strains, have been identified,
exhibiting significant differences in host selection, feeding tendencies, and physiological
and behavioral characteristics [10]. The rice type primarily feeds on crops such as rice
(Oryza sativa L.), alfalfa (Medicago sativa L.), and forage grass, while the corn type primarily
feeds on maize, sorghum (Sorghum bicolor (L.) Moench), and cotton (Gossypium hirsutum
L.) [11]. Traditional morphological identification poses challenges in distinguishing S.
frugiperda biotypes, while molecular identification offers a precise and efficient means of
achieving accurate classification [12]. Rapidly accurate identification and classification
of invasive pests are helpful to advance scientific layout and carry out targeted control
measures. Currently, the primary method for identifying S. frugiperda biotypes involves the
use of molecular marker techniques [13]. The mitochondrial Cytochrome oxidase subunit I
gene (COI) and Z-chromosome-linked Triose phosphate isomerase gene (Tpi) are presently
the most commonly used strain markers [14]. Zhang et al. [15] identified 83 samples
collected from Yunnan Province, confirming that the invading S. frugiperda in China is
consistently of the corn type. Upon organically combining these two identification methods
and mutually validating them, the identification results can be made more reliable.

The dynamic interaction between plants and herbivorous insects has garnered increas-
ing attention in ecological research because of its complexity and significance [16]. Plants
are not passive in the face of herbivory; they can promptly trigger defense responses upon
attack, altering the feeding behaviors and oviposition strategies of their assailants. This
defensive cascade is balanced by the evolutionary adaptations of phytophagous insects,
which employ a repertoire of chemical effectors to neutralize plant chemical defenses
through mechanisms such as selective storage, detoxification, and desensitization [17].
The relationship between herbivorous insects and their host plants is shaped by myriad
factors, including host species, nutritional conditions, and the insect’s inherent detoxifica-
tion ability [18,19]. Host plants serve as a source of both nutrition, which varies in quality
and quantity [20], and secondary metabolites, which function as a chemical shield against
herbivory [21]. Nutritional indices, therefore, become pivotal in evaluating the fitness of
herbivores, particularly in species such as S. frugiperda [22]. Previous studies have reported
that larval consumption and nutrient utilization of host plants can significantly affect the
growth, development, and reproduction of S. frugiperda, ultimately influencing its host
plant adaptability [23,24]. Previous research by Scriber and Slansky Jr [25] highlighted
the profound implications of food quality on the physiological processes of insects post-
ingestion. Nonetheless, S. frugiperda has developed a variety of strategies to cope with the
nutritive and defensive properties of host plants, notably through modulating the activities
of digestive and detoxification enzymes. These enzymatic adjustments allow the insect to
fine-tune its digestive efficiency, broadening its range of potential host plants [26]. Critical
enzymes, such as carboxylesterase (CarE), glutathione-S-transferase (GST), and cytochrome
P450 (CYP450), are instrumental in the detoxification of plant secondary metabolites, un-
derscoring their importance in the metabolic detoxification processes of insects [27,28].

The diversity in nutritional content across various crop species is a critical determi-
nant in the growth, development, and overall survival of insect populations [29]. This is
particularly evident in insect larvae, where the quality of the host plant has been shown
to significantly differ among plant species, thereby impacting larval health and develop-
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ment [30]. Extensive research into the dietary preferences during the larval stage of S.
frugiperda has highlighted the significant role of these diets in shaping the pest’s devel-
opment and reproduction, with maize emerging as a notably suitable host [31-34]. The
influence of different maize varieties and their respective plant tissues on the development
and nutritional indices of S. frugiperda has been substantiated by numerous studies [35-37].
In our previous research, we examined the significant effects of the same maize varieties
as in this study on various life history parameters of S. frugiperda, such as oviposition
preference, developmental duration, pupal weight, survival rate, and fecundity [38].

Here, we have identified the collected S. frugiperda as the corn strain, and significant
variations were observed in their nutritional indices, as well as the digestive and detoxifica-
tion enzyme activities of S. frugiperda on six maize varieties. Furthermore, our research has
emphasized the correlation of these parameters with specific nutritional components in
maize. These findings elucidate the proficiency of pests in nutrient absorption and their
ability to regulate digestion and detoxification processes. The research results are expected
to provide valuable insights for effective agricultural practices and pest management,
guiding toward more sustainable agricultural approaches.

2. Results
2.1. Molecular Characterization Analysis of Host Strain of S. frugiperda

Five COI (accession no. PP301981-PP301985, GS-1~GS-5) and Tpi (accession no.
PP331838-PP331842, GS-1~GS-5) gene sequences were obtained from collected S. frugiperda
in Gansu, and there was no intraspecific sequence variation. Therefore, the first sequence
(GS-1) will be chosen for analysis (Figure 1). The COI (Figure 1A) and Tpi (Figure 1B) gene
sequences from GS-1 were closest to the corn strain and 0 bp variation. However, they
differed from the rice strain by 17 bp and 10 bp, respectively. Thus, our analysis revealed
that both the COI and Tpi genes identified the collected S. frugiperda as the corn strain.

A . B
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rice 1
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corn
rice
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Figure 1. Multiple alignments of COI and Tpi gene fragments in S. frugiperda individuals. (A) COI
gene fragments; (B) Tpi gene fragments. GS-1 represents the first sequence of collected S. frugiperda in
Gansu. Corn and rice represent the corn and rice strain. In the last line, capital letters represent identical
sequences, while lowercase letters represent different sequences. The asterisk (*) indicates a difference of
10 base pairs compared to the preceding sequence, and the red box represents variant bases.
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2.2. Effects of Various Maize Varieties on Nutritional Indices of 3rd Instar Larvae of S. frugiperda

Relative Growth Rate (RGR): Our study revealed a significant influence of maize
variety on the RGR of S. frugiperda larvae (Figure 2A). Larvae feeding on the special maize
varieties demonstrated notably higher RGRs compared with those on the common maize
varieties (p < 0.05), indicating faster growth on the former. Among them, Baitiannuo,
Ziyunuo, and Zaocuiwang exhibited the most pronounced RGRs, markedly exceeding
those on Wuke 113, Wuke No. 4, and Zhengdan 958 (p < 0.05). However, the RGRs on
Baitiannuo, Ziyunuo, and Zaocuiwang were statistically indistinguishable from each other
(p > 0.05). Wuke 113 and Wuke No. 4 had a significantly higher difference in RGR than
Zhengdan 958 (p < 0.05), but there was no significant difference between Wuke 113 and
Wuke No. 4 (p > 0.05). The lowest RGR was recorded on Zhengdan 958 (0.395 g/g/d)
(Figure 2A).

Relative Consumption Rate (RCR): S. frugiperda displayed the highest RCR on Wuke
113 (7.392 g/g/d), significantly higher than on the other varieties (p < 0.05) (Figure 2B). The
lowest RCR was observed on Ziyunuo (3.740 g/g/d). However, no statistically significant
differences (p > 0.05) were found among Wuke No. 4, Baitiannuo, Zaocuiwang, Zhengdan
958, and Ziyunuo (Figure 2B).

Efficiency of Conversion of Digested Food (ECD): ECD values varied significantly
among the maize varieties (Figure 2C). Ziyunuo exhibited the highest ECD (28.620%),
displaying a significantly greater increase compared with the others (p < 0.05). Zaocuiwang
ranked second (21.932%), with significantly higher ECD compared with Zhengdan 958,
Wuke No. 4, and Wuke 113 (p < 0.05). Baitiannuo also showed a significantly higher ECD
than Wuke 113. No significant differences (p > 0.05) were observed among Baitiannuo,
Wuke No. 4, and Zhengdan 958. ECD values for common maize varieties were significantly
lower than those for special maize varieties, particularly compared with Zaocuiwang and
Ziyunuo (p < 0.05). The lowest ECD was on Wuke 113 (8.906%) (Figure 2C).

Efficiency of Conversion of Ingested Food (ECI): ECI was significantly higher in larvae
fed on the special maize varieties compared with common ones (p < 0.05) (Figure 2D).
Ziyunuo showed the highest ECI (19.395%), significantly surpassing Baitiannuo, Zhengdan
958, Wuke No. 4, and Wuke 113 (p < 0.05). Zaocuiwang and Baitiannuo also exhibited
significantly higher ECIs compared with Zhengdan 958, Wuke No. 4, and Wuke 113
(p < 0.05), with no significant difference between Zaocuiwang and Baitiannuo. The ECIs for
common maize varieties were considerably lower, with no significant differences (p > 0.05)
among Zhengdan 958, Wuke No. 4, and Wuke 113. The lowest ECI was on Wuke 113
(6.670%) (Figure 2D).

Approximate Digestibility (AD): Baitiannuo exhibited the highest AD at 78.559%,
whereas Ziyunuo showed the lowest AD at 67.652% (Figure 2E). The AD on Ziyunuo was
significantly lower than those on other varieties (p < 0.05), but no significant differences
(p > 0.05) were observed among the cultivars Baitiannuo, Zaocuiwang, Zhengdan 958,
Wuke 113, and Wuke No. 4 (Figure 2E).
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Figure 2. Effects of six maize varieties on nutritional indices of 3rd-instar larvae of S. frugiperda.
(A) Relative growth rate; (B) Relative consumption rate; (C) Efficiency of conversion of digested food;
(D) Efficiency of conversion of ingested food; (E) Approximate digestibility. Data presented are the
mean = standard error (SE) of five replicates, n = 25. Distinct lowercase letters within a histogram
indicate significant differences among maize varieties (Duncan’s test, p < 0.05). The X-axis represents
various maize varieties. The common maize varieties include Zhengdan 958, Wuke No. 4, and Wuke
113, while the special maize varieties consist of Zaocuiwang, Baitiannuo, and Ziyunuo.
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2.3. Effects of Six Maize Varieties on the Digestive Enzyme Activity of S. frugiperda

The digestive enzyme was significantly influenced by maize varieties (Figure 3). The
a-amylase activity varied, with a decrease noted from 0.464 U/g in Zaocuiwang to 0.306 U/g
in Wuke 113 (Figure 3A). However, this study found no significant differences in x-amylase
activity among the larvae reared on the six maize varieties. The pattern of total-amylase
activity closely matched that of 3-amylase activity across the maize cultivars (Figure 3B,C). The
common maize varieties presented a higher 3-amylase and total-amylase activity compared
with the special maize varieties. Notably, Wuke 113 displayed the highest 3-amylase activity
(29.370 U/g) and total-amylase (29.677 U/g), which were significantly greater than that in
the other varieties (p < 0.05). There was a significant increase in -amylase activity and
total-amylase on Wuke No. 4 when compared with Zhengdan 958, Zaocuiwang, Baitiannuo,
and Ziyunuo (p < 0.05). In contrast, Zaocuiwang exhibited the lowest activity, significantly
lower than the others (p < 0.05) (Figure 3B,C). The larvae reared on Zhengdan 958 showed
the most elevated lipase activity at 19.376 U/g, significantly surpassing those on the other
maize varieties (p < 0.05) (Figure 3D). Larvae on Wuke 113, Zaocuiwang, Baitiannuo, and
Ziyunuo exhibited slightly lower lipase activities, with no significant differences among them.
Additionally, the lowest lipase activity was recorded in Wuke No. 4 at 11.695 U/g, significantly
less than Zhengdan 958, Wuke 113, and Baitiannuo (p < 0.05) (Figure 3D).
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Figure 3. Digestive enzyme activity of S. frugiperda larvae on six maize varieties. (A) x-amylase
activity; (B) p-amylase activity; (C) Total-amylase activity; (D) Lipase activity. The presented data are
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expressed as the mean + SE of three replicates, nn = 10. Significant distinct values at the 0.05 level are
marked by different lowercase letters. The X-axis represents various maize varieties. The common
maize varieties include Zhengdan 958, Wuke No. 4, and Wuke 113, while the special maize varieties
consist of Zaocuiwang, Baitiannuo, and Ziyunuo.

2.4. Effects of Six Maize Varieties on Detoxification Enzyme Activity of S. frugiperda

Glutathione-S-transferase (GST) Activity: Different maize varieties exerted a signifi-
cant effect on the GST activity of S. frugiperda (p < 0.05) (Figure 4A). GST activity notably
decreased from 0.205 U/g (Ziyunuo) to 0.112 U/g (Zhengdan 958). The GST activities in
Ziyunuo, Wuke 113, and Baitiannuo were significantly higher than those in Zhengdan
958 and Zaocuiwang (p < 0.05). Significant variations were observed between Ziyunuo,
Wuke 113, and Wuke No. 4 (p < 0.05). However, the differences in GST activity among
Ziyunuo, Wuke 113, and Baitiannuo, as well as between Baitiannuo and Wuke No. 4, were
not significant (p > 0.05). Similarly, there were no significant differences between Zhengdan
958, Zaocuiwang, and Wuke No. 4 (p > 0.05).
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Figure 4. Effects of six maize varieties on detoxification enzyme activity of S. frugiperda larvae.

(A) GST activity; (B) CYP450 activity; (C) CarE activity. The data represent the mean =+ SE of three
replicates, n = 5. Lowercase letters indicate a significant difference among the six maize varieties
(Duncan’s test, p < 0.05). The X-axis represents various maize varieties. The common maize varieties
include Zhengdan 958, Wuke No. 4, and Wuke 113, while the special maize varieties consist of
Zaocuiwang, Baitiannuo, and Ziyunuo.
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Cytochrome P450 (CYP450) Activity: Figure 4B reveals the CYP450 activity was
significantly affected by the maize cultivars. Wuke 113 (16.895 ng/mL) and Zaocuiwang
(17.034 ng/mL) showed the highest activities, significantly surpassing those in Zhengdan
958, Wuke No. 4, Baitiannuo, and Ziyunuo (p < 0.05). Both Zhengdan 958 (15.885 ng/mL)
and Ziyunuo (15.725 ng/mL) also showed significantly higher CYP450 activity than Wuke
No. 4 and Baitiannuo (p < 0.05), with Wuke No. 4 showing the lowest activity. The common
maize varieties exhibited significant differences in CYP450 activity, with the highest on
Wauke 113, followed by Zhengdan 958, and the lowest on Wuke No. 4. For the special maize
varieties, Zaocuiwang exhibited the highest activity, followed by Ziyunuo, with the lowest
found in Baitiannuo (p < 0.05) (Figure 4B).

Carboxylesterase (CarE) Activity: CarE activity also varied significantly among the
maize varieties (Figure 4C). Zhengdan 958 had the highest CarE activity (65.127 U/g),
significantly exceeding Wuke No. 4 and Wuke 113 (p < 0.05). Zaocuiwang (56.606 U/g) and
Baitiannuo (56.425 U/ g) exhibited significantly greater CarE activities compared with Wuke
No. 4 (p < 0.05). There was no significant difference in CarE activity among Zhengdan 958,
Zaocuiwang, Baitiannuo, and Ziyunuo or among Wuke No. 4, Wuke 113, and Ziyunuo
(p > 0.05). Wuke No. 4 had the lowest CarE activity of 38.938 U/g, significantly lower
than Zhengdan 958, Zaocuiwang, and Baitiannuo (p < 0.05). Among the common maize
varieties, the highest activity was on Zhengdan 958, significantly greater than Wuke No. 4
and Wuke 113, with the lowest on Wuke No. 4 (p < 0.05). Surprisingly, among the special
maize varieties, CarE activity did not differ significantly among Zaocuiwang, Baitiannuo,
and Ziyunuo (p > 0.05) (Figure 4C).

2.5. Correlation among Chemical Substances in Maize Leaves, the Nutritional Indices, Digestive,
and Detoxifying Enzymes of S. frugiperda

Pearson’s correlation analysis was employed to discern the relationships between various
biochemical parameters in maize leaves, as measured in our previous study (Tables S1 and S2
of the Supplementary Materials) [39], and the corresponding physiological responses of S.
frugiperda (Figure 5). This analysis yielded several noteworthy correlations:

RGR was extremely significantly correlated with fatty acid (p < 0.01, r = 0.915), ECD
(p <0.01, 7 =0.727), and ECI (p < 0.01, » = 0.763). Reducing sugar was also significantly
positively linked to RGR (p < 0.05, r = 0.476). Conversely, RGR had a significantly neg-
ative correlation with protein (p < 0.05, r = —0.559), chlorophyll a (p < 0.05, r = —0.483),
chlorophyll b (p < 0.05, ¥ = —0.535), 3-amylase (p < 0.05, r = —0.485), and total-amylase
(p £0.05, r = —0.483), and an extremely significantly negative correlation with amino
acids (p < 0.01, r = —0.715) and moisture (p < 0.01, r = —0.67), respectively. Similarly,
RCR exhibited a significant positive correlation with AD (p < 0.05, r = 0.512), 3-amylase
(p <0.05, r = 0.515), and total-amylase activities (p < 0.05, r = 0.519), and an extremely
significant positive correlation with moisture (p < 0.01, r = 0.695). However, there were
significant negative correlations with fatty acid (p < 0.05, r = —0.518) and flavone (p < 0.05,
p < 0.05, r = —0.487), and a highly significant negative relationship with reducing sugar
(p < 0.01, r = —0.697), ECI (p < 0.01, r = —0.792), and ECD (p < 0.01, r = —0.819). ECD
showed a highly significant positive correlation with fatty acid (p < 0.01, r = 0.798), re-
ducing sugar (p < 0.01, r = 0.666), and ECI (p < 0.01, r = 0.986), respectively. ECD showed
extremely significant negative correlations with amino acids (p < 0.01, r = —0.607) and
moisture (p < 0.01, r = —0.833) and significant negative correlations with protein (p < 0.05,
r=—0.577), AD (p < 0.05, r = —0.531), B-amylase (p < 0.05, r = —0.547), and total-amylase
(p <0.05, r = —0.55). Extremely significantly positive correlations were present between
ECI and fatty acid (p < 0.01, r = 0.834) and reducing sugar (p < 0.01, r = 0.618). Con-
versely, ECI exhibited highly significant negative correlations with amino acids (p < 0.01,
r = —0.6), moisture (p < 0.01, r = —0.814), B-amylase (p < 0.01, r = —0.625), and total-
amylase (p < 0.01, r = —0.627), and a significant negative correlation with protein (p < 0.05,
r = —0.553). A significant negative correlation was found between AD and reducing sugar
(p <0.05, r = —0.583).
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Figure 5. The correlation matrix of different indices is based on the Pearson correlation coefficient.
Colors from blue to red represent a correlation from extremely negative to positive. Significance or
extreme significance are indicated by p < 0.05 or p < 0.01, respectively.

a-amylase and CarE (p < 0.05, r = 0.51) showed a significant positive correlation. (3-
amylase and total-amylase activities showed significant positive correlations with moisture
and a negative correlation with fatty acid content. Lipase activity was positively correlated
with moisture content (p < 0.05, r = 0.498) and protein levels (p < 0.01, r = 0.639), the latter
being highly significant.

GST activity had an extremely significant positive correlation with tannin content
(p <£0.01, r = 0.657) but significant negative correlations with amino acids (p < 0.05,
r=—0.578) and chlorophyll b (p < 0.05, r = —0.53). CYP450 activity had significant pos-
itive associations with protein (p < 0.05, r = 0.539) and tannin (p < 0.05, r = 0.564) but
was significantly negatively correlated with chlorophyll b (p < 0.05, r = —0.543), and an
extremely significant negative correlation with chlorophyll a (p < 0.01, » = —0.744) and
carotenoids (p < 0.01, r = —0.6). These correlations suggest intricate interactions between
the maize plant’s chemical composition and the physiological and metabolic responses of
S. frugiperda, highlighting the complexity of host-pest interactions.

3. Discussion

S. frugiperda, due to its wide host range and strong migratory and reproductive ability,
has caused serious damage to many crops in China [40]. Genetic studies have identified
the invasive S. frugiperda populations in China as the corn strain [41]. Guo et al. [23]
determined the corn genotype of S. frugiperda after 13 generations of feeding on rice or corn.
This is consistent with the findings of our study, where alignment analysis based on COI
and Tpi gene fragment sequences revealed complete consistency with the corn type at all
sites. Considering that China is the second-largest global maize producer, with cultivation
spanning all provinces [42,43], the recurrent incursions of S. frugiperda into the country’s
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maize belts significantly jeopardize its agricultural output and food security. Therefore, it
is crucial to understand the physiological changes in S. frugiperda after feeding on maize.
However, due to limitations in sampling locations and sample numbers, the existence of
the rice type of S. frugiperda cannot be completely ruled out. Therefore, it is necessary to
conduct larger-scale monitoring and investigations.

The nutritional indices play a pivotal role in reflecting the nutrient utilization of insects
to host plants [25]. Polyphagous insects, which exhibit a diverse range of host plants,
demonstrate significant differences in their adaptability and ability to utilize nutrients [44].
Our study elucidated notable distinctions in the nutritional indices of S. frugiperda reared
on six maize varieties. These variations were further reflected in the fitness levels observed
among the maize varieties. Particularly, the special maize varieties exhibited markedly
higher values for ECD, ECI, and RGR compared with the common maize varieties. S.
frugiperda larvae showed a more efficient conversion of digested food into biomass when
feeding on the special maize varieties compared with common ones. Similarly, Hoo and
Fraenkel [45] reported that larvae consume smaller quantities of specific food sources
due to their increased efficiency in converting it, thereby achieving the desired level of
growth without the need for large amounts of food. Interestingly, Wuke 113 displayed the
highest RCR yet the lowest ECD and ECI, which is similar to the findings of Behmer [46]
and Silva et al. [47]. This shows that the compensatory feeding behavior exhibited by
insects when consuming hosts with lower nutritional value, such as prolonged feeding
time or increased food intake. More importantly, Pearson correlation analysis revealed that
nutrient substance contents and secondary metabolites of maize leaf can significantly affect
nutritional indexes. For instance, higher fatty acid and reducing sugar, and lower moisture
and protein can lead to higher RGR, ECD, and ECI, yet the lowest RCR of the special maize
varieties. The observed phenomenon suggests that the special maize varieties probably
contained sufficient nutrients, which helped S. frugiperda larvae to adapt and efficiently
utilize its nutrients. This was demonstrated by a higher relative growth rate of S. frugiperda
in comparison with the common maize varieties. Other studies have also demonstrated
lower ECI and ECD in Spodoptera littoralis Boisd (Lepidoptera: Noctuidae) larvae reared on
Mashhad cowpea (Vigna sinensis L.) cultivar [48]. Similarly, Kang [49] found that a high
proportion of reducing sugars in plants was conducive to feeding larvae and adults, and
promoted the growth and metabolism of insects. Moreover, low-protein diets influenced
the developmental period, larval weight and mortality, pupation rate, percentage of adult
emergence, and nutritional indices [50,51]. In our study, Ziyunuo showed the lowest AD
and RCR but the highest ECD and ECI among the tested maize varieties. This discrepancy
could be due to the high content of flavonoid metabolites in Ziyunuo, which possibly
inhibited the approximate digestibility and consumption of S. frugiperda larvae [39]. Similar
to Hyphantria cunea Drury (Lepidoptera: Arctiidae) larvae, S. frugiperda larvae might
reduce the toxicity of phenolic secondary metabolites by reducing their food intake and
digestibility [52]. Interestingly, the present study observed a positive correlation between
ECI and ECD but a negative correlation with AD. This intriguing finding indicates that
the elevated conversion and utilization rates might serve as a physiological compensation
for the decreased digestibility, which is consistent with previous research [19,53]. These
research studies indicated that the nutrients and secondary metabolites between maize
varieties stimulate changes in nutritional indexes, as they play a direct role in the growth
and development of larvae [39,54].

Nutrient utilization and conversion in plant-feeding insects hinge on digestive en-
zyme activities in the midgut, reflecting their capacity for digestion, absorption and their
consequent impact on growth and development [55,56]. According to differences analy-
sis, different maize varieties can significantly affect enzyme activities. As confirmed by
previous studies [57], changes in digestive enzyme activity have been shown to affect
the adaptability of S. frugiperda to different hosts. In our study, S. frugiperda reared on
the common maize varieties exhibited higher activities of 3-amylase, total-amylase, and
lipase. For example, Wuke 113 showed the highest levels of 3-amylase and total-amylase
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activities, whereas Zaocuiwang exhibited the lowest activities for both 3-amylase and total-
amylase. Pearson correlation analysis showed that 3-amylase and total-amylase exhibited
significantly negative and positive correlations with fatty acid and moisture, respectively.
Similarity exists with previous studies that have shown the amylase activity of Helicoverpa
armigera Hiibner (Lepidoptera: Noctuidae) decreases when reared on plants with high car-
bohydrate content [58]. Furthermore, higher protein in common maize varieties may lead
to higher lipase activity. These observed variations in enzyme levels could be attributed
to differences in nutrient composition or secondary metabolite content in the host plants.
Our research showed that nutrient utilization efficiency and digestive enzyme activity
can interact with each other. Common maize varieties, for example, had higher digestive
enzyme activities and RCR but lower ECD and ECI. These results suggest that S. frugiperda
perhaps needs to enhance digestive enzyme activities in order to digest and absorb food
nutrients more effectively, thereby maintaining normal development and aiding in coping
with plant defense mechanisms, likely as an adaptive response. Furthermore, we observed
that, under conditions of high food intake, S. frugiperda gut amylase activity reached its
peak [59]. Similar findings were reported on H. armigera reared on seven bean cultivars [60].
Previous studies reported that the efficiency of converting digested food into larval biomass
relies on the levels of digestive enzyme activities [61]. Therefore, insects possess a mech-
anism for accurately detecting and quantifying food contents, allowing them to regulate
essential digestive enzyme levels [58]. Our previous research found that S. frugiperda
showed lower fitness in common maize varieties [38]. In general, plants defend themselves
against herbivores by producing various digestion inhibitors that limit nutrient uptake. In
response to plants” defense mechanisms, insect herbivores may counter by augmenting
digestive enzyme activities or upregulating inhibitor-insensitive enzyme levels in their
midgut [62,63]. Moreover, Namin et al. [60] indicated that enzyme-inhibiting components
in red kidney beans (Phaseolus vulgaris L.) Sayyad could reduce the food conversion rate
in H. armigera larvae. Consequently, variations in enzyme levels might also arise from
differences in insect responses to enzyme inhibitors within host plants.

Plants typically defend themselves against herbivores by producing toxic secondary
metabolites, either constitutively or in response to attack. However, insects have evolved
detoxifying enzymes to counteract these defenses [64]. Furthermore, herbivorous insects
tend to increase the expression of detoxification enzyme isoforms when feeding on host
plants [65-67]. In our study, all six tested maize varieties exerted a significant influence on
GST, CYP450, and CarE activities in S. frugiperda. The activity of detoxification enzymes
changes with different host plants, as evidenced by numerous studies. For example,
Glutathione S-transferase Slgstel has been identified as a crucial detoxification enzyme
induced by phytochemicals in host plants, potentially playing a role in the host plant
adaptation of Spodoptera litura Fabricius (Lepidoptera: Noctuidae) [68], which is consistent
with the results of this study. Pearson correlation analysis showed that detoxification
enzyme activities had a certain internal relationship between nutrient composition and
secondary metabolite content. For example, protein, amino acids, tannin, chlorophyll a,
chlorophyll b, and carotenoids can significantly influence the activities of detoxification
enzymes. Additionally, Gossypol, a compound found in cotton leaves, has been shown to
induce several P450 enzymes (CYP9A12, CYP9A14, CYP6B7, CYP6AE14, and CYP321A1)
in H. armigera [67]. Similarly, in Manduca sexta Linnaeus (Lepidoptera: Sphingidae) larvae,
increased P450 levels allow for improved detoxification of secondary metabolites [69],
leading to enhanced adaptation to host plants [70]. As a result, we hypothesized that
differences in GST, CYP450, and CarE activities could be explained by differences in
nutrient content and secondary metabolites of different maize varieties and that higher
tannin and protein content of maize varieties could lead to increased GST and CYP450
activities. This may also be an adaptation of insects to different host plants during long-
term evolutionary development. Insects can actively regulate enzyme activity to maximize
the digestion and utilization of the compounds they feed on. Our previous research has
shown that the nutrient content and secondary metabolites of different maize varieties can
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affect the feeding selection, development, and reproduction of S. frugiperda [38,39]. In this
study, we also found that there are significant differences in nutrient utilization efficiency
and the digestive and detoxification enzyme activities of S. frugiperda feeding on different
maize varieties, and there is a significant correlation between the nutrient content and
secondary metabolites of maize. Thus, the nutrient content and secondary metabolites of
different corn varieties may be key factors affecting the adaptability of the S. frugiperda.

4. Materials and Methods
4.1. Insect Rearing

S. frugiperda larvae were collected from maize crops in Jingyuan County, Gansu, China
(36°34'16" N, 104°40'36" E) in September 2019. Subsequently, these larvae were exposed
to an artificial diet, as described by Wang et al. [71], while the adults were fed with a 10%
honey solution. All the insects were reared in a 40 x 40 x 40 cm? insect cage, set under
controlled laboratory conditions with a temperature of 25 £+ 1 °C, relative humidity of
75 £ 5%, and a photoperiod of 16 h of light and 8 h of darkness. After acclimatization over
ten generations, neonate larvae (<6 h old) were isolated into individual 9.0 cm diameter
disposable plastic Petri dishes nurtured on a diet of maize seedlings.

4.2. Host Plants and Growth Condition

Six maize varieties were selected for early oviposition selectivity based on the high,
medium, and low egg-laying rates of S. frugiperda to common and special maize vari-
eties [38]. Seeds of common maize varieties (Zhengdan 958, Wuke No. 4, and Wuke 113)
and special maize varieties (Zaocuiwang, Baitiannuo, and Ziyunuo) were supplied by
Jiuquan Jinhui Agricultural Development Co., Ltd. in Jiuquan, China.

The maize seeds were sterilized separately in 75% (v/v) ethanol and 1% (w/v) NaClO
for 3 min and 15 min, respectively, then washed five times with sterile water. Subsequently,
they were planted on 1/2 Murashige and Skoog (MS) medium containing 1% (w/v) sucrose
and 0.7% (w/v) agar, with a pH of 5.8 and cultured at 28 °C under a 16-h light/8-h dark
regime for the specified number of days until germination. Then, the seeds were sown in
pots (15 cm in height by 20 cm in diameter) containing a potting soil mixture (3:1). These
pots were subsequently placed in an insect-rearing room maintained at a temperature of
(25 + 1) °C and a photoperiod of 16:8 h (L:D), with a light intensity of 250 pmol m 2 s~!
and a relative humidity of 65 £ 5%. The S. frugiperda larvae were reared on maize plants at
the six-leaf stages.

4.3. Host Strain ldentification and Sequence Alignment

In order to identify the genotype of collected S. frugiperda larvae, DNA extraction
from a single larva (five larvae for repeated processing) using the E.Z.N.A. Insect DNA Kit
(Omega, Norcross, GA, USA). Briefly, samples were homogenized and lysed in a high-salt
buffer containing CTAB and extracted with chloroform to remove polysaccharides. Subse-
quently, a rapid alcohol precipitation step, binding conditions were adjusted, and DNA was
further purified using HiBind® DNA Mini Columns. PCR amplification was performed
using a 25 pL reaction mix containing 12.5 pL 2x Hieff PCR Master Mix (Yeasen, Shanghai,
China), 2 puL of a 10 uM primer mix, 1 uL DNA template, and the remaining volume filled
with water. The thermocycling program consisted of an initial denaturation step at 94 °C
for 5 min, followed by 31 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for
30 s, extension at 72 °C for 30 s, and a final extension at 72 °C for 5 min. Amplification
of COI used the primer pair 101F (5-TTCGAGCTGAATTAGGGACTC-3’) and 911R (5'-
GATGTAAAATATGCTCGTGT-3'), Amplification of the Tpi region with the primers 282F
(5'-GGTGAAATCTCCCCTGCTATG-3') and 850R (5'-AATTTTATTACCTGCTGTGG-3')
(synthesized by Tsingke Biotech Co., Ltd., Xi’an, China) [72]. The PCR products were
subjected to 1% agarose gel electrophoresis, followed by Sanger sequencing provided by
Tsingke Biotechnology Co., Ltd. (Beijing, China). Newly obtained sequences were submit-
ted to the GenBank database. Newly obtained sequences were submitted to the National
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Center for Biotechnology Information (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed
on 13 December 2023). It was compared with sequences of other S. frugiperda species in
GenBank using the nucleotide BLAST program. Multiple alignments were analyzed using
the DNAMAN version 6.0.3.99 (Lynnon Corporation, Vaudreuil-Dorion, QC, Canada), pub-
lished COI sequences (The corn biotype HM136586 and rice biotype HM136593) [73], and
Tpi sequences (The corn biotype KT336237 and rice biotype KT336230) [74] from GenBank
were included in our analyses.

4.4. Assessment of Nutritional Indices of 3rd Instar Larvae of S. frugiperda on Various
Maize Varieties

Prior to nutritional assessments, third-instar larvae were subjected to a 12-h starvation
period to ensure complete defecation, and then the weights of single larvae were recorded.
Subsequently, the larvae were provided with sufficient leaves from corresponding maize
seedings, with the initial fresh weight of the leaves meticulously documented. After a
48-h feeding period, larvae were isolated, again subjected to a 12-h starvation period,
and then weighed to determine their fresh post-feeding mass. Subsequent to feeding, the
residual leaves, larvae, and feces were desiccated at 80 °C until a consistent weight was
achieved and determined the dry weight. This process allowed for the calculation of the
dry weight of both leaves and larvae pre-consumption, adjusted based on the determined
drying rate of the host plant material. The experiment was set up with 25 larvae per trial,
repeated 5 times. The nutritional indices of S. frugiperda larvae were computed following
the protocol established by Waldbauer [75].

G
Relati th rate (RGR) =
elative growth rate (RGR) BxT
Relative consumption rate (RCR) = !
P - BxT
. . . G
Efficiency of conversion of ingested food (ECI) = 1 X 100%
. . . G
Efficiency of conversion of digested food (ECD) = I_F 100%
Approximate digestibility (AD) = —— x 100%

I

In the given equation, various parameters are defined as follows: G represents the
weight gain of larvae (calculated as G = dry weight of larvae after feeding—dry weight of
larvae before feeding), B represents the mean larval body weight during the test period
(B = (dry weight of larvae before feeding + dry weight of larvae after feeding)/2), 1
represents the weight of food eaten during the test period (I = dry weight of leaf before
feeding—the dry weight of leaf after feeding), F represents the dry weight of fecal matter
during the test period, and T represents the duration of the test period (measured in days).

4.5. Measurement of Digestive Enzyme Activity
4.5.1. Midgut Dissection and Enzyme Extraction

The sample was prepared with minor modifications based on the methods described
by Wang and Qin [76]. Fifth-instar larvae of S. frugiperda were collected and subjected to
a 6-h period of starvation. Midguts were then dissected on ice and rinsed with chilled
physiological saline to remove food remnants. Subsequently, tissues were homogenized
in a pre-cooled homogenizer with distilled water. The homogenate was centrifuged at
15,000 rpm for 10 min at 4 °C, and the resultant supernatant was reserved as the enzyme
source. This procedure was conducted on groups of 10 larvae, with the entire assay
replicated thrice for consistency.
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4.5.2. Amylase Activity Assay

The quantification of amylase activity was conducted using the dinitrosalicylic acid
(DNS) method [77]. The assay mixture consisted of 20 uL enzyme extract, 100 uL of
phosphate buffer (0.02 M, pH 7.1), and 40 pL of 1% soluble starch. The mixture was
incubated at 37 °C for 30 min. The enzymatic reaction was then halted by adding 100 uL
of DNS reagent, followed by a 10-min boiling step. After cooling, the absorbance was
measured at 540 nm to determine amylase activity (BioTek Instruments, Inc., Winooski, VT,
USA). One enzyme activity unit is defined as catalyzing the production of 1 mg of reducing
sugar per gram of tissue per minute in 30 min at 37 °C.

4.5.3. Lipase Activity Assay

Lipase activity was assessed by a modified version of the method from Bai and
Wang [78], using an olive oil emulsion as the substrate. The assay involved pre-mixing
0.5 mL of phosphate buffer (0.025 mol/L, pH 7.5) with 0.4 mL of olive oil, followed by a
10-min incubation at 40 °C. To this, 0.5 mL of the enzyme suspension solution was added,
and the incubation continued for another 20 min at the same temperature. The reaction
was terminated by the addition of 1.5 mL of 95% ethanol and a drop of 1% phenolphthalein
indicator. Followed by titration with 0.05 mol/L NaOH until a reddish color persisted. The
volume of NaOH dispensed was recorded, adjusting for the control, which included 95%
ethanol added prior to the lipase activity initiation step. The specific activity of lipase is
defined as the amount of enzyme required to hydrolyze 1 pmol of fatty acid per minute
under pH 7.5 and 40 °C conditions per gram of lipase.

4.6. Determination of Detoxification Enzyme Activity
4.6.1. Enzyme Solution Preparation

Triplicates of five fifth-instar larvae on six maize varieties were homogenized in pre-
cooled phosphate buffer (0.1 M, pH = 7.5). The supernatant, extracted post-centrifugation
at 12,000 rpm at 4 °C for 10 min, was utilized as the source of enzymes.

4.6.2. Glutathione-S-Transferase (GST) Activity Assay

GST catalyzes the conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) with reduced
glutathione (GSH), yielding a dinitrophenyl thioether (GS-DNB) with a high extinction
coefficient at 340 nm, facilitating its detection. The GST activity was quantified employing
an established protocol [79]. Larvae were homogenized in 1 mL of pre-cooled sodium
phosphate buffer (0.1 M, pH 7.2). The homogenate was centrifuged at 10,000 rpm for
30 min at 4 °C, and the resultant supernatant was reserved as the enzyme solution. For
the enzymatic reaction, 810 uL of sodium phosphate buffer was mixed with 30 pL of
1-chloro-2,4-dinitrobenzene (CDNB), 50 pL of enzyme solution, and 30 pL of glutathione
(GSH). The mixture was then incubated for 5 min at 25 °C. The absorbance was recorded at
340 nm over 5 min with a read 30-s interval using an ultraviolet spectrophotometer (BioTek
Instruments, Inc., Winooski, VT, USA). For the control group, an equivalent volume of
phosphate buffer is added instead of an enzyme solution. At 25 °C, one enzyme activity
unit is defined as the catalysis of 1 umol of CDNB binding with GSH per gram of sample
per minute.

4.6.3. CarE Activity Determination

CarE activity was determined following a previously described method [80]. Briefly,
the homogenization of samples occurred in an ice bath using 1 mL of sodium phosphate
buffer (0.04 M, pH 7.0), followed by centrifugation at 11,000 rpm for 15 min at 4 °C. The
clear supernatant was then prepared for the assay by combining it with 1.8 mL of substrate
solution (containing 3 x 107 M «-NA and 3 x 10~* eserine), 0.45 mL of sodium phosphate
buffer (0.04 M, pH 7.0), and 0.05 mL of enzyme solution, incubated for 15 min at 30 °C. The
reaction was terminated with 0.9 mL of dye reagent (1% of Fast blue B salt: 5% of sodium
dodecyl sulfate solution = 2:5). The optical density (OD) for the reaction mixtures was
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measured at 600 nm (BioTek Instruments, Inc., Winooski, VT, USA). One enzyme activity
unit (U) is defined as the increase of 1 absorbance unit per mL reaction system per gram of
tissue per minute, and enzyme activity was expressed as U/g.

4.6.4. CYP450 Activity Determination

The procedure for CYP450 activity measurement was adapted from a previously
reported method [81]. The reaction mixture consisted of 705 uL of Tris-HCI buffer, 25 uL
of 2 mmol/L of 7-ethoxycoumarin (7-EC), 20 puL of 6 mmol/L NADPH, and 250 pL of
enzymatic suspension, incubated for 30 min at 30 °C. The reaction was halted using 300 uL
of trichloroacetic acid and subsequently centrifugation at 12,000 rpm for 3 min. The
fluorescence of the resultant 7-hydroxycourmarin was measured with excitation at 368 nm
and emission at 456 nm (BioTek Instruments, Inc., Winooski, VT, USA). As the control, the
same amount of enzyme was added after introducing trichloroacetic acid.

4.7. Statistical Analysis

Data from these experiments were processed and analyzed using IBM SPSS Statistics
version 23.0 (Chicago, IL, USA). The results are expressed as means =+ standard error (SE).
The effects of various maize cultivars on the nutritional indices, as well as digestive and
detoxification enzyme activities, were assessed through a one-way analysis of variance
(ANOVA). Post-hoc comparisons were made using Duncan’s multiple-range test to identify
specific differences between groups. A correlation analysis was performed to explore
the relationship between the chemical substances of maize leaves, as measured in our
previous study [39] (Tables S1 and S2 of the Supplementary Materials), and the nutritional
and enzymatic parameters observed in the current study. These analyses employed the
Pearson correlation coefficient to quantify the degree of association, with an accompanying
p-value indicating its statistical significance. Thresholds for significance were set at p < 0.05
for significant differences and p < 0.01 for extremely significant differences. The figures
related to nutritional indices and enzyme activities were generated using GraphPad Prism
6 (GraphPad Software, Boston, MA, USA).

5. Conclusions

This comprehensive study provided valuable insights into the complex interactions
between S. frugiperda and various maize varieties. Our analysis revealed that both the
COI and Tpi genes identified S. frugiperda as the corn strain. Our findings also reveal the
significant impact of host plant diversity on the nutritional indices and digestive and
detoxification enzyme activities in S. frugiperda larvae. The research revealed that special
maize varieties facilitate higher nutrient assimilation efficiency in S. frugiperda compared
with common maize varieties. This indicates a potential adaptation strategy of the pest
to different host plant characteristics. The elevated activities of amylase and lipase
enzymes in larvae reared on common maize varieties suggest a nuanced physiological
adaptation to optimize nutrient extraction from these host plants. The correlation
analysis further established a strong link between the maize plants’ nutritional content
and secondary metabolites and the physiological responses of S. frugiperda, highlighting
the pest’s ability to adjust its metabolic processes in response to the chemical composition
of its food source. These findings contribute significantly to the understanding of S.
frugiperda’s adaptability and resilience against different maize cultivars. They also offer
a crucial theoretical basis for developing sustainable pest management strategies. By
considering the diversity of maize crops and understanding the adaptive mechanisms of
S. frugiperda, more effective and environmentally sustainable approaches to pest control
can be devised. This study, therefore, not only enhances our knowledge of insect-plant
interactions but also provides practical insights for agronomists and farmers in managing
S. frugiperda infestations more effectively.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13050597 /s1, Table S1: Content of nutrients and secondary
substances in six maize varieties; Table S2: The moisture and chlorophyll content in six maize varieties.

Author Contributions: Conceptualization, Q.Z., Y.Z., C.L. (Chunchun Li) and C.L. (Changzhong
Liu); methodology, Q.Z. and Y.Z.; software, Q.Z.; formal analysis, Q.Z. and Y.Z.; data curation, Q.Z.,
Y.Z.,K.Z.,,HL. and Y.G.; writing-original draft, Q.Z., C.L. (Chunchun Li) and C.L. (Changzhong Liu);
writing-review and editing, Q.Z., PQ., LU.H., C.L. (Chunchun Li) and C.L. (Changzhong Liu). All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, Grant number 2018YFD0200405, the Science Project of Agriculture and Rural Department of
Gansu Province, Grant number GZB20191105, and Gansu Province excellent graduate “Innovation
Star” project of China (2022CXZX-659) to Q.Z.

Data Availability Statement: The datasets in this study are available from the corresponding author
upon reasonable request.

Acknowledgments: The authors would like to thank Wenhao Li for revising the manuscript.

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

References

1. Goergen, G.; Kumar, P.L.; Sankung, S.B.; Togola, A.; Tamo, M. First report of outbreaks of the fall armyworm Spodoptera frugiperda
(JE Smith) (Lepidoptera, Noctuidae), a new alien invasive pest in West and Central Africa. PLoS ONE 2016, 11, e165632. [CrossRef]

2. Otuka, A. Prediction of the Overseas Migration of the Fall Armyworm, Spodoptera frugiperda, to Japan. Insects 2023, 14, 804.
[CrossRef]

3. Yadava, P.; Abhishek, A.; Singh, R.; Singh, I.; Kaul, T.; Pattanayak, A.; Agrawal, PK. Advances in maize transformation
technologies and development of transgenic maize. Front. Plant Sci. 2017, 7, 1949. [CrossRef]

4. Scott, P; Pratt, R.C.; Hoffman, N.; Montgomery, R. Specialty corns. In Corn; Elsevier: Amsterdam, The Netherlands, 2019;
pp. 289-303.

5. Montezano, D.G.; Sosa-Gomez, D.R.; Specht, A.; Roque-Specht, V.E; Sousa-Silva, J.C.; Paula-Moraes, S.D.; Peterson, J.A.; Hunt,
T.E. Host plants of Spodoptera frugiperda (Lepidoptera: Noctuidae) in the Americas. Afr. Entomol. 2018, 26, 286-300. [CrossRef]

6.  Prasanna, B.M.; Bruce, A.; Beyene, Y.; Makumbi, D.; Gowda, M.; Asim, M.; Martinelli, S.; Head, G.P.; Parimi, S. Host plant
resistance for fall armyworm management in maize: Relevance, status and prospects in Africa and Asia. Theor. Appl. Genet. 2022,
135, 3897-3916. [CrossRef]

7. Guo,].; Zhao, ].; He, K,; Zhang, F.; Wang, Z. Potential invasion of the crop-devastating insect pest fall armyworm Spodoptera
frugiperda to China. Plant Prot. 2018, 44, 1-10.

8. Cui, L;; Rui, C.H,; Li, Y.P; Wang, Q.Q.; Yang, D.B.; Yan, X.J.; Guo, Y.W.; Yuan, H.Z. Research and application of chemical control
technology against Spodoptera frugiperda (Lepidoptera: Noctuidae) in foreign countries. Plant Prot. 2019, 45, 7-13.

9. Wu, P; Wu, E; Fan, J.; Zhang, R. Potential economic impact of invasive fall armyworm on mainly affected crops in China. J. Pest.
Sci. 2021, 94, 1065-1073. [CrossRef]

10. Nagoshi, R.N.; Meagher, R.L. Behavior and distribution of the two fall armyworm host strains in Florida. Fla. Entomol. 2004, 87,
440-449. [CrossRef]

11.  Nagoshi, R.N. The fall armyworm triose phosphate isomerase (Tpi) gene as a marker of strain identity and inter strain mating.
Ann. Entomol. Soc. Am. 2010, 103, 283-292. [CrossRef]

12.  Lu, YJ.; Kochert, G.D.; Isenhour, D.J.; Adang, M.]. Molecular characterization of a strain-specific repeated DNA sequence in the
fall armyworm Spodoptera frugiperda (Lepidoptera: Noctuidae). Insect. Mol. Biol. 1994, 3, 123-130. [CrossRef] [PubMed]

13.  Dumas, P;; Legeai, F.; Lemaitre, C.; Scaon, E.; Orsucci, M.; Labadie, K.; Gimenez, S.; Clamens, A.; Henri, H.; Vavre, E. Spodoptera
frugiperda (Lepidoptera: Noctuidae) host-plant variants: Two host strains or two distinct species? Genetica 2015, 143, 305-316.
[CrossRef] [PubMed]

14. Nagoshi, R.N.; Murda, M.G.; Hay-Roe, M.; Juarez, M.L.; Willink, E.; Meagher, R.L. Genetic characterization of fall armyworm
(Lepidoptera: Noctuidae) host strains in Argentina. J. Econ. Entomol. 2012, 105, 418-428. [CrossRef] [PubMed]

15. Zhang, L; Jin, M.H.; Zhang, D.D,; Jiang, Y.Y,; Liu, J.; Wu, K.M.; Xiao, Y.T. Molecular identification of invasive fall armyworm
Spodoptera frugiperda in Yunnan Province. Plant Prot. 2019, 45, 19-24.

16. Li, X,; Garvey, M,; Kaplan, I; Li, B.; Carrillo, J. Domestication of tomato has reduced the attraction of herbivore natural enemies
to pest-damaged plants. Agr. Forest. Entomol. 2018, 20, 390-401. [CrossRef]

17.  Zhang, Y.; Lou, Y. Research progress in chemical interactions between plants and phytophagous insects. J. Appl. Ecol. 2020, 31,
2151-2160.

18. Carrasco, D.; Larsson, M.C.; Anderson, P. Insect host plant selection in complex environments. Curr. Opin. Insect. Sci. 2015, 8, 1-7.

[CrossRef]

47



Plants 2024, 13, 597

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hwang, S.Y.; Liu, C.H.; Shen, T.C. Effects of plant nutrient availability and host plant species on the performance of two Pieris
butterflies (Lepidoptera: Pieridae). Biochem. Syst. Ecol. 2008, 36, 505-513. [CrossRef]

Karlsson Green, K. The effects of host plant species and larval density on immune function in the polyphagous moth Spodoptera
littoralis. Ecol. Evol. 2021, 11, 10090-10097. [CrossRef]

Gong, B.; Zhang, G. Interactions between plants and herbivores: A review of plant defense. Acta Phytoecol. Sin. 2014, 34, 325-336.
[CrossRef]

Wang, W.; He, P; Liu, T,; Jing, X.; Zhang, S. Comparative studies of ovipositional preference, larval feeding selectivity, and
nutritional indices of Spodoptera frugiperda (Lepidoptera: Noctuidae) on 6 crops. J. Econ. Entomol. 2023, 116, 790-797. [CrossRef]
[PubMed]

Guo, ZM,; Jin, RH.; Guo, Z.P,; Cai, TW.; Zhang, Y.H.; Gao, ].Y.; Huang, G.Y.; Wan, H.; He, S.; Xie, Y.L. Insecticide susceptibility
and mechanism of Spodoptera frugiperda on different host plants. J. Agr. Food. Chem. 2022, 70, 11367-11376. [CrossRef]

Xie, W.; Zhi, J.R;; Ye, ].Q.; Zhou, Y.M,; Li, C.; Liang, Y.J.; Yue, W.B,; Li, D.Y.; Zeng, G.; Hu, C.X. Age-stage, two-sex life table
analysis of Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae) reared on maize and kidney bean. Chem. Biol. Technol. Agr.
2021, 8, 44. [CrossRef]

Scriber, ].M.; Slansky Jr, F. The nutritional ecology of immature insects. Annu. Rev. Entomol. 1981, 26, 183-211. [CrossRef]

Lu, Z.H.; He, S.Q.; Guo, J.; Chen, Y.P; Hu, X.Q.; Li, H.; Xie, Q.; Gui, ER. Effects of host plants on activities of three groups of
enzymes in Spodoptera frugiperda (Smith)larvae. J. South. Agric. 2020, 51, 2461-2469.

Heidel-Fischer, H.M.; Vogel, H. Molecular mechanisms of insect adaptation to plant secondary compounds. Curr. Opin. Insect.
Sci. 2015, 8, 8-14. [CrossRef] [PubMed]

Li, X.C,; Schuler, M.A.; Berenbaum, M.R. Molecular mechanisms of metabolic resistance to synthetic and natural xenobiotics.
Annu. Rev. Entomol. 2007, 52, 231-253. [CrossRef]

Moreau, J.; Benrey, B.; Thiéry, D. Grape variety affects larval performance and also female reproductive performance of the
European grapevine moth Lobesia botrana (Lepidoptera: Tortricidae). Bull. Entomol. Res. 2006, 96, 205-212. [CrossRef]

Awmack, C.S.; Leather, S.R. Host plant quality and fecundity in herbivorous insects. Annu. Rev. Entomol. 2002, 47, 817-844.
[CrossRef]

Altaf, N.; Idrees, A.; Ullah, M.1,; Arshad, M.; Afzal, A.; Afzal, M.; Rizwan, M.; Li, J. Biotic potential induced by different host
plants in the fall armyworm, Spodoptera frugiperda (Lepidoptera: Noctuidae). Insects 2022, 13, 921. [CrossRef]

Chiriboga Morales, X.; Tamiru, A.; Sobhy, I.S.; Bruce, T.J.; Midega, C.A.; Khan, Z. Evaluation of African maize cultivars for
resistance to fall armyworm Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae) larvae. Plants 2021, 10, 392. [CrossRef]
[PubMed]

He, LM.; Wang, T.L.; Chen, Y.C.; Ge, S.S.; Wyckhuys, K.A.G.; Wu, K.M. Larval diet affects development and reproduction of East
Asian strain of the fall armyworm, Spodoptera frugiperda. J. Integr. Agr. 2021, 20, 736-744. [CrossRef]

Sun, Y;; Liu, X.G,; Lv, G.Q.; Hao, X.Z; Li, S.H; Li, G.P,; Feng, H.Q. Comparison of population fitness of Spodoptera frugiperda
(Lepidoptera: Noctuidae) feeding on wheat and different varieties of maize. Plant Prot. 2020, 46, 126-131.

De La Rosa-Cancino, W.; Rojas, J.C.; Cruz-Lopez, L.; Castillo, A.; Malo, E.A. Attraction, feeding preference, and performance
of Spodoptera frugiperda larvae (Lepidoptera: Noctuidae) reared on two varieties of maize. Environ. Entomol. 2016, 45, 384-389.
[CrossRef] [PubMed]

Omoto, C.; Bernardi, O.; Salmeron, E.; Sorgatto, R.J.; Dourado, PM.; Crivellari, A.; Carvalho, R.A.; Willse, A.; Martinelli, S.; Head,
G.P. Field-evolved resistance to CrylAb maize by Spodoptera frugiperda in Brazil. Pest Manag. Sci. 2016, 72, 1727-1736. [CrossRef]
[PubMed]

Tang, Q.F,; Fang, M.; Yao, L.; Qiu, K.; Zheng, Z.Y.; Jin, T.; Li, G.T. Effects of feeding different corn organizations on growth,
development and nutritional indexes of Spodoptera frugiperda. Plant Prot. 2020, 46, 24-27.

Zhang, Q.; Zhang, Y.; Quandahor, P; Gou, Y.; Li, C.; Zhang, K.; Liu, C. Oviposition Preference and Age-Stage, Two-Sex Life Table
Analysis of Spodoptera frugiperda (Lepidoptera: Noctuidae) on Different Maize Varieties. Insects 2023, 14, 413. [CrossRef]

Zhang, Y.L.; Zhang, K.X,; Ma, Y.; Zhang, Q.Y.; Liu, WH.; Jiang, H.X,; Yang, L.K,; Liu, C.Z. Feeding selectivity of Spodoptera
frugiperda on different maize cultivars and its relationship with chemical substances in maize leaves. Chi Plant Prot. 2021, 41,
10-16.

Yang, PY.; Zhu, X.M.; Guo, ].E,; Wang, Z.Y. Strategy and advice for managing the fall armyworm in China. Plant Prot. 2019, 45,
1-6.

Guan, F; Zhang, ].; Shen, H.; Wang, X.; Padovan, A.; Walsh, TK,; Tay, W.T.; Gordon, K.H.].; James, W.; Czepak, C. Whole-genome
sequencing to detect mutations associated with resistance to insecticides and Bt proteins in Spodoptera frugiperda. Insect Sci. 2021,
28, 627-638. [CrossRef]

Jiang, Y.Y,; Liu, J.; Xie, M.M,; Li, YH.; Yang, ].J.; Zhang, M.L.; Qiu, K. Observation on law of diffusion damage of Spodoptera
frugiperda in China in 2019. Plant Prot. 2019, 45, 10-19.

Li, X.J.;, Wu, M.E; Ma, |.; Gao, B.Y.; Wu, Q.L.; Chen, A.D,; Liu, |.; Jiang, Y.Y.; Zhai, B.P; Early, R. Prediction of migratory routes of
the invasive fall armyworm in eastern China using a trajectory analytical approach. Pest Manag. Sci. 2020, 76, 454—463. [CrossRef]
[PubMed]

Razmjou, J.; Naseri, B.; Hemati, S.A. Comparative performance of the cotton bollworm, Helicoverpa armigera (Hiibner) (Lepi-
doptera: Noctuidae) on various host plants. J. Pest. Sci. 2014, 87, 29-37. [CrossRef]

48



Plants 2024, 13, 597

45.

46.
47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

Hoo, C.ES.; Fraenkel, G. The consumption, digestion, and utilization of food plants by a polyphagous insect, Prodenia eridania
(Cramer). J. Insect. Physiol. 1966, 12, 711-730. [CrossRef]

Behmer, S.T. Insect herbivore nutrient regulation. Annu. Rev. Entomol. 2009, 54, 165-187. [CrossRef] [PubMed]

Silva, D.M.D.; Bueno, A.D.F,; Andrade, K.; Stecca, C.D.S.; Neves, PM.O.].; Oliveira, M.C.N.D. Biology and nutrition of Spodoptera
frugiperda (Lepidoptera: Noctuidae) fed on different food sources. Sci. Agr. 2017, 74, 18-31. [CrossRef]

Hemmati, S.A.; Shishehbor, P; Stelinski, L.L. Life table parameters and digestive enzyme activity of Spodoptera littoralis (Boisd)
(Lepidoptera: Noctuidae) on selected legume cultivars. Insects 2022, 13, 661. [CrossRef]

Kang, L. The chemical defenses of plants to phytophagous insects. Chin. Bull. Bot. 1995, 12, 22.

Borzoui, E.; Naseri, B.; Nouri-Ganbalani, G. Effects of food quality on biology and physiological traits of Sitotroga cerealella
(Lepidoptera: Gelechiidae). J. Econ. Entomol. 2017, 110, 266-273. [PubMed]

Truzi, C.C.; Holzhausen, H.G.; Alvaro, J.C.; De Laurentis, V.L.; Vieira, N.F,; Vacari, A.M.; De Bortoli, S.A. Food consumption
utilization, and life history parameters of Helicoverpa armigera (Lepidoptera: Noctuidae) reared on diets of varying protein level.
J. Insect. Sci. 2019, 19, 12. [CrossRef]

Wu, L; Li, L.S.; Wang, L.Y.; Yuan, Y.F,; Chen, M. Effects of gallic acid on the nutritional efficiency and detoxification enzymes in
Hyphantria cunea larvae. J. Environ. Entomol. 2020, 42, 471-479.

Xue, M,; Pang, Y.H.; Wang, H.T.; Li, Q.L.; Liu, T.X. Effects of four host plants on biology and food utilization of the cutworm,
Spodoptera litura. J. Insect. Sci. 2010, 10, 22. [CrossRef] [PubMed]

Sarate, PJ.; Tamhane, V.A.; Kotkar, H.M.; Ratnakaran, N.; Susan, N.; Gupta, V.S.; Giri, A.P. Developmental and digestive
flexibilities in the midgut of a polyphagous pest, the cotton bollworm, Helicoverpa armigera. J. Insect. Sci. 2012, 12, 42. [CrossRef]
[PubMed]

Shahbaz, M.; Nouri Ganbalani, G.; Naseri, B. Comparative damage and digestive enzyme activity of Tuta absoluta (Meyrick)
(Lepidoptera: Gelechiidae) on 12 tomato cultivars. Enfomol. Res. 2019, 49, 401-408. [CrossRef]

Zhao, X.D.; Sun, Y.H.; Chen, C.Y,; Tian, S.; Tao, R.; Hao, D.J. Cloning and spatio-temporal expression of serine protease gene
HcSP1 and its expression in response to feeding on different host plants in Hyphantria cunea (Lepidoptera: Arctiidae). Acta
Entomol. Sin. 2019, 62, 160-169.

Lu, Z.; Chen, Y.; Zhou, A; He, S.; Li, H.; Bao, Y.; Gui, F. Effects of multi-generation feeding with different host plants on activities
of enzyme in Spodoptera frugiperda larvae. J. Environ. Entomol. 2020, 42, 1361-1368.

Kotkar, H.M.; Sarate, PJ.; Tamhane, V.A.; Gupta, V.S.; Giri, A.P. Responses of midgut amylases of Helicoverpa armigera to feeding
on various host plants. J. Insect. Physiol. 2009, 55, 663—-670. [CrossRef]

Alfonso, J.; Ortego, F.; Sanchez-Monge, R.; Garcia-Casado, G.; Pujol, M.; Castafiera, P.; Salcedo, G. Wheat and barley inhibitors
active towards x-amylase and trypsin-like activities from Spodoptera frugiperda. J. Chem. Ecol. 1997, 23, 1729-1741. [CrossRef]
Namin, ER.; Naseri, B.; Razmjou, J.; Cohen, A. Nutritional performance and activity of some digestive enzymes of the cotton
bollworm, Helicoverpa armigera, in response to seven tested bean cultivars. J. Insect. Sci. 2014, 14, 93. [CrossRef]

Lazarevic, J.; Peric-Mataruga, V.; Vlahovic, M.; Mrdakovic, M.; Cvetanovic, D. Effects of rearing density on larval growth and
activity of digestive enzymes in Lymantria dispar L. (Lepidoptera: Lymantriidae). Folia. Biol. 2004, 52, 105-112.

Broadway, R.M. Dietary regulation of serine proteinases that are resistant to serine proteinase inhibitors. J. Insect. Physiol. 1997,
43, 855-874. [CrossRef]

Jongsma, M.A.; Bolter, C. The adaptation of insects to plant protease inhibitors. J. Insect. Physiol. 1997, 43, 885-895. [CrossRef]
Howe, G.A.; Jander, G. Plant immunity to insect herbivores. Annu. Rev. Plant Biol. 2008, 59, 41-66. [CrossRef]

Huang, Y.E; Xu, Z.B.; Lin, X.Y,; Feng, Q.L.; Zheng, S.C. Structure and expression of glutathione S-transferase genes from the
midgut of the Common cutworm, Spodoptera litura (Noctuidae) and their response to xenobiotic compounds and bacteria. ]. Insect.
Physiol. 2011, 57, 1033-1044. [CrossRef]

Sun, X.Q.; Zhang, M.X,; Yu, ].Y,; Jin, Y.; Ling, B.; Du, J.P; Li, G.H.; Qin, Q.M.; Cai, Q.N. Glutathione S-transferase of brown
planthoppers (Nilaparvata lugens) is essential for their adaptation to gramine-containing host plants. PLoS ONE 2013, 8, e64026.
[CrossRef]

Tao, X.Y,; Xue, X.Y.; Huang, Y.P.; Chen, X.Y.; Mao, Y.B. Gossypol-enhanced P450 gene pool contributes to cotton bollworm
tolerance to a pyrethroid insecticide. Mol. Ecol. 2012, 21, 4371-4385. [CrossRef]

Zou, X.P; Xu, Z.B.; Zou, HW.; Liu, ].S.; Chen, S.N.; Feng, Q.L.; Zheng, S.C. Glutathione S-transferase SIGSTEL1 in Spodoptera litura
may be associated with feeding adaptation of host plants. Insect Biochem. Mol. Biol. 2016, 70, 32-43. [CrossRef]

Snyder, M.J.; Glendinning, J.I. Causal connection between detoxification enzyme activity and consumption of a toxic plant
compound. . Comp. Physiol. 1996, 179, 255-261. [CrossRef]

Xiang, Y.Y.; Niu, H.H; Jin, B.L.; Zhang, Y.C.; Yin, PF. Effects of Honeysuckle Varieties on Protective and Detoxifying Enzyme
Activities in Heterolocha Jinyinhuaphaga Chu (Lepidoptera: Geometridae) Larvae. J. Chem. Ecol. 2023, 49, 205-213. [CrossRef]
Wang, S.Y.; Zhu, Q.Z.; Tan, Y.T.; Ma, Q.L.; Wang, R.F,; Zhang, M.F,; Xu, H.H.; Zhang, Z.X. Artificial diets and rearing technique of
Spodoptera frugiperda (JE Smith) in laboratory. |. Environ. Entomol. 2019, 41, 742-747.

Nagoshi, R.N.; Koffi, D.; Agboka, K.; Tounou, K.A.; Banerjee, R.; Jurat-Fuentes, J.L.; Meagher, R.L. Comparative molecular
analyses of invasive fall armyworm in Togo reveal strong similarities to populations from the eastern United States and the
Greater Antilles. PLoS ONE 2017, 12, €181982. [CrossRef]

49



Plants 2024, 13, 597

73.

74.

75.
76.

77.
78.

79.

80.

81.

Fahmi, F.; Kusumah, R.Y.M.; Buchori, D. Genetic variation of pest fall armyworm Spodoptera frugiperda (JE Smith) (Lepidoptera:
Noctuidae) in different landscapes in Bogor. J. Entomol. Indones. 2023, 20, 1. [CrossRef]

Jiang, J.; Huang, B.; Wu, Q.; Li, S.; Gu, J.; Huang, L. Identification of Spodoptera frugiperda (Lepidoptera: Noctuidae) and its two
host strains in China by PCR-RFLP. J. Econ. Entomol. 2023, 116, 983-992. [CrossRef]

Waldbauer, G.P. The consumption and utilization of food by insects. Adv. Insect Physiol. 1968, 5, 229-288.

Wang, C.Z.; Qin, ].D. Identification of major protease activities in the midgut of Helicoverpa armigera larvae. Acta Entomol. Sin.
1996, 39, 7-11.

Bernfeld, P. Amylases, o and (3. Methods Enzymol. 1955, 1, 149-158.

Bai, Y.; Wang, W.X. Methods for determination of protease, amylase, lipase and cellulase activities in the gut of Apostichopus
japonicas. Feed Ind. 2012, 33, 28-32.

Han, Y;; Yu, W.; Zhang, W.; Yang, Y.; Walsh, T.; Oakeshott, ].G.; Wu, Y. Variation in P450-mediated fenvalerate resistance levels is
not correlated with CYP337B3 genotype in Chinese populations of Helicoverpa armigera. Pest. Biochem. Physiol. 2015, 121, 129-135.
[CrossRef]

Van Asperen, K. A study of housefly esterases by means of a sensitive colorimetric method. J. Insect Physiol. 1962, 8, 401-416.
[CrossRef]

Aitio, A. A simple and sensitive assay of 7-ethoxycoumarin deethylation. Anal. Biochem. 1978, 85, 488-491. [CrossRef]

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

50



)| plants

Article

Ontogenetic Changes in the Feeding Behaviour of Helicoverpa
armigera Larvae on Pigeonpea (Cajanus cajan) Flowers and Pods

Trevor M. Volp 1:2-*, Myron P. Zalucki ? and Michael J. Furlong *

Agri-Science Queensland, Department of Agriculture and Fisheries, Toowoomba, QLD 4350, Australia
2 School of the Environment, The University of Queensland, St. Lucia, QLD 4072, Australia; m.zalucki@uq.edu.au
*  Correspondence: trevor.volp@daf.qld.gov.au (T.M.V.); m.furlong@uq.edu.au (M.].E.)

Abstract: Despite substantial research examining caterpillar—plant interactions, changes in the feed-
ing behaviour of lepidopteran larvae as they develop are poorly understood. In this study, we
investigated ontogenetic changes in the behaviour of Helicoverpa armigera larvae feeding on repro-
ductive structures of pigeonpea (Cajanus cajan). Specifically, we examined the preference for and
avoidance of pigeonpea flowers and pods of first, second, third, and fourth instar H. armigera larvae.
We also conducted a no-choice assay to compare the ability of third and fourth instar larvae to
penetrate pigeonpea pod walls, which act as a physical defence against herbivory. When presented
with a choice between pigeonpea pods and flowers, different instars behaved differently. First and
second instar larvae largely avoided pigeonpea pods, instead feeding on flowers; third instar larvae
initially avoided pods, but by 24 h, did not strongly discriminate between the structures; and fourth
instars demonstrated a preference for pods. When initially placed on pods, first instars were slower
than other instars to leave these structures, despite pods being suboptimal feeding sites for small
caterpillars. We identified a clear instar-specific ability to penetrate through the pod wall to reach the
seeds. Most third instar larvae were unable to penetrate the pod wall, whereas most fourth instars
succeeded. Third instars suffered a physiological cost (measured by relative growth rate) when
boring through the pod wall, which was not observed in fourth instars. Our study further illuminates
the insect-plant interactions of the H. armigera—pigeonpea system and provides evidence for the
significant changes in feeding behaviour that may occur during lepidopteran larval development.

Keywords: plasticity; foraging; host-plant resistance; plant defence; herbivory; herbivore

1. Introduction

Holometabolous herbivorous insects may substantially change their feeding behaviour
throughout immature development [1]. Some 17.6% of 1137 species of British Lepidoptera
make a single marked change in their feeding habit during their larval stages [2]. Such
changes may occur due to the quantity and quality of food available, to reduce the risk of
mortality (from either lower or higher trophic levels), or because of a larger mandible/body
size that enables feeding in different locations and/or on different plant parts.

Lepidopteran larvae are exposed to heterogenous environments (e.g., Figure 1) wherein
they should select feeding sites that increase performance and survival, while avoiding sites
that decrease performance and increase mortality risk. Whether a feeding site is optimal
depends on context—what feeding sites are available—and the instar stage of the larva. As
larvae develop, they may switch to feeding in different locations [3], on different types of
plant structures [4-6], or even to different species of plant [7,8].

In this study, we examine the larval behaviour of Helicoverpa armigera (Lepidoptera:
Noctuidae), a polyphagous pestiferous moth that attacks numerous plant species through-
out its nearly global distribution [9-11]. The behaviour of early instar H. armigera larvae
has been examined in detail—neonates respond to gravity and light, moving up plants
and preferring to feed at plant reproductive structures [3,12,13]. As larvae develop, their
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feeding behaviour changes. On mungbean (Vigna radiata), H. armigera neonates spend more
time searching and located at the plant apex, whereas third instars spend more time feeding
and less time at the plant apex [3]. On an artificial diet, third instars move more frequently
among diet cubes than neonates [14]. As H. armigera larvae develop into larger instars and
approach pupation, their food consumption drastically increases [15].

Helicoverpa armigera is the most significant insect pest of the major legume crop pi-
geonpea (Cajanus cajan) (Figure 1) [16,17]. Moths are highly attracted to flowering pigeon-
pea [18,19]. Larvae may feed on pigeonpea plants throughout vegetative and reproductive
plant phenological stages [13], but when provided with a choice, early instars avoid leaves
and prefer to feed on flowers [18-21]. As larvae develop into larger instars (Figure 2), they
‘switch’ to feeding on pods [20,22].

In this study, we investigate the ontogenetic changes in the feeding behaviour of H.
armigera larvae on reproductive structures of pigeonpea and examine the purported ‘switch’
in feeding behaviour of H. armigera from flowers to pods. Specifically, we investigate the
following questions: (i) do H. armigera larvae of different instars prefer to feed on different
plant structures, (ii) do early instar H. armigera larvae avoid feeding on pods, (iii) does the
pod wall limit the ability of early instar larvae to feed on pigeonpea seeds, and (iv) does
boring through the pod wall impose a physiological ‘cost’ to larvae?

Figure 1. Heterogenous environment of flowering-podding pigeonpea plants (cv. ICPL 86012), where
H. armigera larvae must make foraging ‘decisions’, see [21] for details on pigeonpea reproductive structures.

—_—

Figure 2. First, second, third, and fourth instar H. armigera larvae on the same pigeonpea leaf. After
feeding on pigeonpea flowers in the laboratory at 25 °C, it takes 67 days for larvae to transition from
the first instar to the fourth instar. The red circle indicates the first instar larva and the scale bar = 1 cm.
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2. Results
2.1. Larval Preference for Pods or Flowers

In the larval preference experiment, larval instars differed in their distribution between
plant structures at 6 h (x> = 20.44, df = 3, p < 0.001) (Figure 3). By 6 h, the majority of second
(93%) and third instar (90%) larvae were on flowers. However, first instars were evenly
divided between flowers (56%) and pods (43%), as were fourth instars (flowers 50%; pods
43%). All larvae were located on a plant structure at 6 h, except for two fourth instars which
were located on the filter paper.
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Figure 3. Proportion of larvae at different locations at each of the six hourly observations in the larval
preference for pods or flowers experiment; “other” indicates larvae were on the filter paper or the
internal walls of the Petri dish (n = 30 for each larval instar).

At 24 h, the larval instar again affected location (x% =56.04,df = 3, p < 0.001) (Figure 4),
with 80% of first instars and all second instars located on flowers. Third instars were evenly
distributed between flowers (43%) and pods (53%), but most (83%) fourth instars were
found on pods. At 24 h, only three larvae (two fourth instars and a single third instar) were
located on the filter paper rather than on the plant structures.
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Figure 4. Proportion of larvae at different locations after 24 h in the larval preference for pods or
flowers experiment; “other” indicates larvae were on the filter paper or the internal walls of the Petri
dish (n = 30 for each larval instar).
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Forty percent of the fourth instar larva had eaten >50% of the flower material presented.
Only one third instar consumed this level of flower tissue, but none of the younger instars
did. However, when these replicates were removed from the dataset, there was still a
significant effect of larval instar on the final larval location (x* = 46.96, df = 3, p < 0.001).

We recorded the presence of visible feeding damage on plant structures to determine
which plant structures that larvae fed on. For first instars, it was difficult to determine signs
of feeding compared to the older instars; therefore, we excluded them from the analysis.
Larval instar influenced whether feeding damage was recorded on flowers only, pods only,
or both structures (x? = 52.28, df = 4, p < 0.001). For second instars, 83% of larvae fed only
on flowers and 16% fed on both structures. For third instars, 73% of larvae fed on both
structures, 16% fed on flowers only, and 10% only fed on pods. For fourth instars, 70%
of larvae fed on both structures, 26% fed on pods only, and only a single larva fed on the
flower only.

2.2. Behavioural Avoidance of Pods

In the pod avoidance experiment, larval instars differed in their distribution between
plant structures at 6 h (x> = 18.53, df = 3, p < 0.001) (Figure 5). At 6 h, most first instars
(80%) and most fourth instars (63%) were still on the pods, but only 46% of second instars
and 26% third instars remained on the pods. At 6 h, two larvae (one third instar and one
fourth instar) had left the pod and were found on the filter paper.
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Figure 5. Proportion of larvae at different locations at each of the six hourly observations in the pod
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avoidance experiment; “other” indicates larvae were on the filter paper or the internal walls of the
Petri dish (n = 30 for each larval instar).

At 24 h, larval location was again influenced by larval instar (x? = 31.40, df = 3,
p <0.001) (Figure 6). First instars were evenly distributed between flowers (43%) and pods
(43%), with the remainder (14%) located on neither structure. Second instars showed a
strong preference for flowers (80%). Third instars were evenly distributed between pods
(46%) and flowers (53%), while most fourth instars (86%) were found on pods. There
were also two fourth instar larvae located on neither a flower nor a pod. Thirty percent
of fourth instar larvae had eaten >50% of flower tissue; when these data are excluded,
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the distribution of larvae as a function of instar remained significant (x? = 22.59, df = 3,
p <0.001). In this experiment, there was a single dead larva—a first instar that was dead in

the pod exudate.
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Figure 6. Proportion of larvae at different locations after 24 h in the pod avoidance experiment. Other
includes larvae on the filter paper or the internal walls of the Petri dish.

As in the first experiment, we recorded the presence of visible feeding damage on
plant structures and excluded first instars due to the difficulty of detecting their feeding
damage. Larval instar influenced whether feeding damage was recorded on flowers only,
pods only, or both structures (x? =22.84,df = 4, p <0.001). For second instars, most larvae
fed on flowers only (50%), followed by both flowers and pods (27%), and then pods only
(23%). For third instars, most larvae fed on both flowers and pods (60%), followed by pods
only (20%) and flowers only (20%). For fourth instars, more larvae fed on both flowers and
pods (70%) than pods only (30%).

In the pod avoidance experiment, larval instar affected the probability that a larva
penetrated the pod through to the seed (x? = 78.9, df = 3, p < 0.001) (Figure 7). Most fourth
instars (96%) but only a minority of third (30%) and second instars (6%) penetrated through
to the seed. No first instars penetrated the pod through to the seed in this assay.
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Figure 7. Proportion of larvae of different instars that penetrated the pod wall through to the seed
within 24 h in the pod avoidance experiment. The white bars indicate the proportion of larvae that
did penetrate through to the seed, and the black bars indicate the proportion of larvae that did not
penetrate through to the seed.
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2.3. Pod Feeding of Older Instars

Larval instar and pod treatment influenced whether larvae fed on pigeonpea seeds
(x> = 63.69, df = 3, p < 0.001) (Figure 8). All larvae in the open pod treatment fed on seeds,
but in the intact pod treatment, only 26% of third instars chewed their way through to
the seed, compared with 83% of fourth instars. This result was reflected in the counts of
the different types of holes on pods. When analysing the intact pod treatment only, the
larval instar influenced the number of wall holes (F; 53 = 10.92, p = 0.0016) and seed holes
(F1,58 =28.06, p < 0.001) (Figure 9). Third instar larvae created more wall holes but fewer
seed holes than fourth instars. Again, when only analysing the intact treatment, fourth
instar larvae created larger seed holes than third instars (F; 39 = 26.88, p < 0.001; Figure S1),
but wall hole size did not differ between instars (F; 37 = 0.037, p = 0.85; Figure S1).
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Figure 8. Proportion of larvae of different instars that fed on pigeonpea seeds during the older instar
pod feeding experiment. All larvae in the open treatment fed on the seed as they did not have to bore
through the pod wall. However, larvae in the intact treatment had to chew through the pod wall to
feed on seeds.
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Figure 9. Mean hole counts from the older instar pod feeding experiment. Only data from the intact
pod treatment are presented /analysed, as larvae in the open treatment had ready access to seeds.
“Wall hole” indicates a larva has fed on the pod wall but not penetrated through to the seed and
“seed hole” indicates that the larva has penetrated through to the seed. Bars are the means, and error
bars are standard errors. Different letters indicate a significant difference between instars for the same
hole type (wall hole = lower case letters and seed hole = upper case) according to Fisher’s LSD test.

When analysing only the intact treatment larvae (i.e., those which had to chew through
the pod wall to feed on seed), the initial larval weight affected the probability that third

56



Plants 2024, 13, 696

instars bored through the pod wall to feed on seeds (Z = 2.82, df = 30, p = 0.0047), but the
larval weight did not affect the probability that fourth instars were able to access the seed
(2 =1.53, df = 28, p = 0.13) (Figure 10).
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Figure 10. Logistic regressions for feeding on seed in the older instar pod feeding experiment, only
for larvae in the control treatment where they had to chew through the pod wall to feed on seed.
The y-axis represents success/failure whether a larva managed to feed on seed, 1 = fed on seed and
0 = did not feed on seed. The x-axis is the larval weight at the start of the experiment; note the
different scale between third and fourth instars on the x-axis.

Larval RGR was not affected by instar (Fj 116 = 1.99, p = 0.16), but it was affected by
whether pods were intact or open (Fy 116 = 34.15, p < 0.001), and there was also a significant
interaction effect between larval instar and pod treatment (Fy 116 = 26.37, p < 0.001).

We investigated if there was an instar-specific cost associated with larvae boring through
the pod wall by separating larvae from the intact treatment into two groups—those that
penetrated through to the seed (labelled ‘P” in Figure 11) and those that did not (labelled
‘NP’ in Figure 11). Larval RGR was not affected by instar (F 114 = 2.44, p = 0.121), but it was
significantly affected by pod treatment (F; 114 = 47.18, p < 0.001) and there was a significant
interaction effect between larval instar and pod treatment (F; 114 = 4.05, p = 0.02). The RGR
of third instar larvae that had to bore through the pod wall (3rd intact p) was significantly
lower that the RGR of those which did not (3rd open) (Fishers LSD, p <0.05), but there was
no difference between the larval RGR of fourth instars that had to bore through the pod wall
(4th intact P) and those which did not (4th open) (Figure 11).
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Figure 11. Larval relative growth rate (RGR) from the older instar pod feeding assay. NP = larvae did not
penetrate the pod through to the seed, whereas P = larvae penetrated though the pod through to the seed.
The box indicates the interquartile range, the horizontal line is the median, and individual data points are
shown with black dots. Different letters indicate a significant difference according to Fisher’s LSD test.
Untransformed values are presented; however, square-root transformed values were used for analysis.
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3. Discussion

In this study, we examined ontogenetic changes in the feeding behaviour of H. armigera
larvae feeding on pigeonpea flowers and pods. Using simple laboratory assays, we identi-
fied clear differences among larval instars in their preference for, avoidance of, and ability
to feed on different pigeonpea reproductive structures. When offered a choice of feeding
sites; early instars preferred to feed on flowers and older instars preferred to feed on
pods. Smaller instars are limited in their ability to penetrate though pigeonpea pod walls,
preventing them from feeding on pigeonpea seeds. Finally, the process of boring through
the pod wall imposes a physiological cost on third instar larvae, but not on fourth instars.

In our larval preference experiment, we found that, over a short time frame (6 h),
second and third instar larvae overwhelmingly selected flowers as their feeding sites,
whereas first and fourth instars were more evenly distributed between the plant parts
offered (Figure 3). It was surprising that first instars were evenly divided between pods
and flowers at 6 h, as first instars do not survive well on large pigeonpea pods compared
to flowers [19]. However, after 24 h, most first and second instars were found on flowers
(Figure 4), whereas third instars were evenly distributed between pods and flowers and
most fourth instars were found on pods.

The objective of our pod avoidance experiment was to investigate what would happen
if a larva was initially located on a pod (a suboptimal feeding site for smaller instars). First
instars were slow to leave the pods compared to older instars (Figure 5). Our results from
both assays indicate that second and third instar larvae are more mobile than first instars,
likely due to their larger body size enabling a faster crawling speed. Therefore, larger
instars may correct for ‘mistakes’ (i.e., choosing a suboptimal feeding site) more quickly
than first instars. Pod wall trichomes may also slow the ability of first instars that initially
select a pod (or are placed on a pod) to relocate to flowers.

The pod avoidance assay revealed the potential consequences of first instar larvae
making an initial ‘poor” selection of feeding site. At 24 h, only 43% of first instars had
relocated to flowers (compared to 80% in the preference assay), and none of the first instars
penetrated the pod wall through to the seed (Figure 7). Despite so many first instars
remaining on the pods at 24 h, only a single first instar died in this assay after being trapped
in pod exudate. First instar larvae may simply require longer than 24 h to relocate by
crawling to a more suitable site. It is worth noting that the Petri dish assays prevented first
instars dispersing by silking, which is an important dispersal mode for small larvae [23].
Identifying the mechanisms by which larvae of different instars disperse from poor feeding
sites (crawling vs. silking) warrants further investigation.

Taken together, our Petri dish assay results indicate that first and second instars prefer
feeding on flowers and tend to avoid pods, third instars are more evenly distributed
between the structures, and fourth instar larvae prefer to feed on pods. This indicates that
the third instar is the developmental stage at which H. armigera larvae may ‘switch’ to
feeding on large filling pods.

The walls of pigeonpea pods function as a physical defence that prevents smaller
instars from feeding on pigeonpea seeds (Figures 7 and 8). When restricted to pods in
a no-choice assay, most fourth instars penetrated the pod through to the seed, but third
instars struggled (Figure 8). Third instars repeatedly attempted to penetrate the pod wall,
as evidenced by the larger number of ‘wall holes’ (Figure 9). Third instars also suffered a
physiological cost of pod boring (evidenced by a reduced larval RGR) not documented for
fourth instar larvae (Figure 11). This cost is likely due to the increased time and physical
activity required for third instars to make their way through the pod wall. We suspect that
a larger mandible size enables fourth instars to penetrate the pod wall more easily, resulting
in the larger seed holes made by fourth instars (Figure S1). However, larval weight may
also play a role (Figure 10), with a larger body mass potentially providing larvae with more
energy reserves to persevere in chewing to penetrate the pod wall.

Ultimately, our experiments placed H. armigera larvae in artificial conditions to simplify
the context in which they make foraging decisions. On whole pigeonpea plants, the foraging
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environment is more heterogenous (Figure 1) and it is important we place our results into
the context of our knowledge of the H. armigera—pigeonpea system. As we have shown
elsewhere [19,21], H. armigera moths are highly attracted to flowering pigeonpea plants
and lay most of their eggs on flowers. Although eggs may be laid at other crop stages,
floral structures are important for the establishment and development of early instar larvae,
which preferentially feed at these sites. As larvae develop, flowering pigeonpea plants
develop contemporaneously. Other studies have indicated that larvae ‘switch’ feeding from
flowers to pods [20,22]. However, rather than a ‘switch’, this phenomenon might be better
thought of as an increased capacity of H. armigera larvae to feed on a range of structures as
they develop. Fourth instar larvae will still feed on flowers (Figures 3 and 5), although in
our assays, after 24 h, they did prefer pods (Figures 4 and 6). Future work investigating the
foraging of H. armigera larvae of different instars on whole pigeonpea plants would likely
prove useful.

In a set of simple laboratory assays, we have demonstrated large changes between
instars in the feeding behaviour of H. armigera larvae. In our experimental setup, it takes
6-7 days at 25 °C for a moderately susceptible H. armigera neonate to develop into a fourth
instar larva that can feed on large pigeonpea pods ‘cost-free” and cause seed damage which
plants are likely unable to compensate for. Development from the third to fourth instar
drastically changes the ability of larvae to feed inside large-filling pigeonpea pods. The
challenge for pest management researchers, therefore, is to design strategies that increase
the mortality of the cryptic small instar larvae before they quickly reach the damaging large
instars (which are also more tolerant to insecticides and biopesticides).

Ontogenetic changes in the ecology of lepidopteran larvae have been underexplored
due to understandable experimental difficulties. However, studying how ontogeny in-
fluences interactions among caterpillars and other trophic levels is a major frontier in
lepidopteran ecology [24]. The interactions between larval instar, plant factors (phenol-
ogy, structure availability, constitutive and induced defences), natural enemies (predators,
parasitoids, and pathogens), and larval nutrient regulation are frighteningly complex. We
refrain from speculating what methods will be more useful moving forward—the current
reductionist approach disentangling the various factors to examine their effect (e.g., this
study), or perhaps novel approaches using high-throughput data collection (e.g., videogra-
phy, time lapse photography, etc.). However, if we desire to understand larval behaviour as
a function of ontogeny, we must evaluate the best approach to generate and test hypotheses
that include not only plant traits, but also nutritional geometry and natural enemies.

4. Materials and Methods
4.1. Plants

To obtain the relevant reproductive structures (flowers and large filling pods) for our
assays, we grew pigeonpea plants of a short duration, determinate pigeonpea cultivar
(ICPL 86012), in a controlled-temperature glasshouse (27 °C day, 25 °C night). Seeds
were planted in 200 mm (4 L) ANOVA™ pots using a 2:1 mix of commercial potting mix
(Premium Potting Mix, Searles, Kilcoy, Australia) and sand. Plants were watered regularly,
as required, and no additional fertiliser was provided. Plants were not treated with any
insecticides, and any glasshouse pests were physically removed upon detection. Under
these growing conditions, ICPL 86012 plants reached flowering in approximately 8 weeks.
For our assays, we sourced flowers from plants that were 8-10 weeks old and large filling
pods from plants that were 10-12 weeks old.

4.2. Insects

Helicoverpa armigera moths and larvae were obtained from a laboratory culture main-
tained at the Queensland Department of Agriculture and Fisheries laboratory in Toowoomba,
Australia. The culture was established from insects collected from various field crops from
south-east Queensland, Australia, in 2020 and the colony was regularly supplemented with
field-collected insects to minimise inbreeding. Moths were kept in 5 litre plastic buckets and
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supplied with 10% sucrose solution using a cotton wick in a 70 mL plastic container. An 18 cm
hole was cut in the bucket lid and the edges of the lid were used to secure nappy liner (bamboo
rayon), which was used as an oviposition substrate. Eggs were removed daily, washed in
1% sodium hypochlorite solution, and collected onto filter paper using vacuum filtration.
The filter paper was allowed to air dry, then placed in 90 mm Petri dishes with the edges
sealed with parafilm until the neonates hatched. Upon hatching, neonate larvae were placed
in groups onto a soybean-flour-based artificial diet (recipe modified from [25], ingredients
provided in [21]) in 500 mL rectangular plastic containers. When larvae developed to the third
instar, they were transferred to fresh diet in 32-well plastic trays, where they remained until
pupation. Pupae were washed in 1% sodium hypochlorite, air-dried, and placed in 500 mL
containers until eclosion. The colony and all experiments were maintained in a controlled
temperature room (25 £+ 2 °C, 12:12 L:D).

The larvae used in behavioural assays were fed on pigeonpea flowers, mimicking
the natural feeding progression of larvae, to prevent any confounding effects of switching
larvae from an artificial diet to plant parts [26]. Neonates were individually placed in a
90 mm Petri dish containing filter paper moistened with distilled water and provided with
a single pigeonpea flower. To obtain larvae of different instars, old flowers were replaced
with fresh flowers at days 4, 6, 7, and 8. Using this method, larvae typically reached the
second instar in 2-3 days, third instar in 4-5 days, and fourth instar in 6-7 days. We
established different larval cohorts on consecutive days to provide us with different instars
to compare simultaneously in our assays. Larvae in the first instar (<4 h old) treatment
group were not fed before their use in assays and all larger larvae were starved for 4 h
before they were used in assays.

4.3. Larval Preference for Pods or Flowers

In the first experiment, we examined preference for flowers versus pods for first,
second, third, and fourth instar H. armigera larvae. The experiment was conducted in
90 mm Petri dishes lined with water-moistened filter paper. In each dish, we placed
one pod (large filling stage) and one flower on either side of the Petri dish (separated
by approximately 2 cm). We randomised which side of the Petri dish either structure
was placed. We then placed a single larva on the centre of filter paper, equidistant from
either plant structure. Petri dishes were sealed with parafilm and placed in the controlled-
temperature room. We recorded the location of larvae every hour for the first 6 h, and then
again at 24 h. At 24 h, we recorded the presence of visible feeding damage on either plant
structure. Thirty replicates were conducted for each instar.

4.4. Behavioural Avoidance of Pods

In the second experiment, we examined if different instar H. armigera larvae (first,
second, third, and fourth instars) avoid feeding on pods in a Petri dish assay. Assays were
conducted in a similar manner to the preference assay, except at the start of the assay, where
we placed all larvae on pods (mimicking an initial feeding choice of pod). We monitored
the location of larvae hourly for the first 6 h, and then again at 24 h. At 24 h, we recorded
whether there was visible damage to either plant structure and if larvae had penetrated the
pod through to the seed. Thirty replicates were conducted for each instar.

4.5. Pod Feeding of Older Instars

In the third experiment, guided by our results from the first two assays, we examined
the pod feeding behaviour of third and fourth instar larvae. Specifically, we examined (i) if
third and fourth instar larvae were able to feed inside pods under no-choice conditions,
(ii) if the pod wall presents a barrier to larvae feeding on seeds, and (iii) if boring through
the pod wall imposes a physiological cost on larvae.

Third and fourth instar H. armigera larvae were divided into two pod treatments. In the
control treatment (‘intact’), larvae were provided access to a single large filling pigeonpea
pod. In the second treatment (‘open’), pigeonpea pods were sliced along their ventral seam
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using a scalpel blade. The seam was then prised open slightly to provide larvae with access
to all seeds within the pod without having to chew through the pod wall. Larvae and pods
were placed inside 50 mL centrifuge tubes which were positioned vertically to allow larvae
to access the entire surface of the pods. As in previous assays, larvae were starved for
4 h before placement into the tubes. After the starvation period, larvae were weighed on a
microbalance (HR-250AZ; A&D, Tokyo, Japan) to obtain initial weights. After 24 h, larvae
were removed from the tubes and re-weighed. Larval relative growth rates (RGRs) were
calculated using Equation (1):

RGR = In(wt1) — In(wt0) 1)

where wt0 is the initial larval weight after 4 h of starvation and wt1 is the larval weight
after the 24 h assay. At 24 h, we recorded the number and diameter of holes on the pods.
Holes were defined as either ‘wall holes’, where larvae had fed on the pod wall but not
penetrated through to the seed, or ‘seed holes’, where larvae had fed through the wall and
into the seed. For the hole diameter, we took two linear measurements with Vernier calipers
(Protech, Shenzhen, China)—one measurement at 90° to the ventral pod edge and the
second at 90° to the first measurement. In this experiment, the third instar treatments were
replicated 31 times each and the fourth instar treatments were replicated 29 times each.

4.6. Statistical Analyses

We compared the location of larvae and evidence of feeding damage in our Petri dish
choice assays using chi-square tests. We compared the pod hole counts and larval relative
growth rates from the third experiment using ANOVAs, and post hoc comparisons were
conducted using Fisher’s LSD test. We square-root transformed (1 + sqrt(x)) our RGR data
to meet ANOVA assumptions. We conducted logistic regression to examine how the larval
weight influenced the probability of penetrating the pod walls. All analyses were performed
in R version 3.6.2 [27]; for Fisher’s LSD tests, we used the package ‘agricolae’ [28]; and
graphs were made with the package ‘ggplot2’ [29].

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/plants13050696/s1, Figure S1: Mean hole diameter from the
older instar pod feeding experiment. Only data from the intact pod treatment are presented /analysed,
as larvae in the ‘open’ treatment had ready access to seeds. “Wall hole” indicates a larva has fed
on the pod wall but not penetrated through to seed, and “seed hole” indicates when the larva has
penetrated through to the seed. Bars are the means and error bars are standard errors. Different
letters indicate a significant difference between instars for the same hole type according to Fisher’s
LSD test.
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Abstract: Opuntia ficus-indica has always interacted with many phytophagous insects; two of them
are Dactylopius coccus and D. opuntiae. Fine cochineal (D. coccus) is produced to extract carminic acid,
and D. opuntiae, or wild cochineal, is an invasive pest of O. ficus-indica in more than 20 countries
around the world. Despite the economic and environmental relevance of this cactus, D. opuntiae,
and D. coccus, there are few studies that have explored volatile organic compounds (VOCs) derived
from the plant-insect interaction. The aim of this work was to determine the VOCs produced by
D. coccus and D. opuntiae and to identify different VOCs in cladodes infested by each Dactylopius
species. The VOCs (essential oils) were obtained by hydrodistillation and identified by GC-MS. A
total of 66 VOCs from both Dactylopius species were identified, and 125 from the Esmeralda and Rojo
Pelon cultivars infested by D. coccus and D. opuntiae, respectively, were determined. Differential VOC
production due to infestation by each Dactylopius species was also found. Some changes in methyl
salicylate, terpenes such as linalool, or the alcohol p-vinylguaiacol were related to Dactylopius feeding
on the cladodes of their respective cultivars. Changes in these VOCs and their probable role in plant
defense mechanisms should receive more attention because this knowledge could improve D. coccus
rearing or its inclusion in breeding programs for D. opuntiae control in regions where it is a key pest
of O. ficus-indica.

Keywords: cactus pear; phytophagous insects; terpenes; methyl salicylate; p-vinylguaiacol

1. Introduction

Dactylopiidae, or cochineals, is a family of scale insects that includes only the genus
Dactylopius and 11 recognized species [1] that are endemic to North and South America [2,3].
An important characteristic of these insects is that they produce carminic acid, probably as
a defense mechanism against predation [4-6]. All the species of the genus are considered
obligate parasites of Cactacea with high host specificity, particularly for the genera Nopalea
Salm-Dyck and Opuntia Miller [7].

Because of the high carminic acid concentration (~20-25%) of Dactylopius coccus Costa,
the true cochineal, it is the only species of commercial interest for production. It is reared
on Opuntia ficus-indica (L.) Miller, the cactus pear. Carminic acid is recognized as a natural
dye with cosmetic, food, pharmaceutical, textile, and plastic applications [8]. In addition, it
is currently used in biomedicine [9] and as a photosynthesizing pigment in solar cells [10].
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In contrast, Dactylopius opuntiae Cockerell, or wild cochineal, whose carminic acid content
is less than 5%, is not considered useful for obtaining this substance. Rather, it is considered
the key pest of O. ficus-indica in commercial plantations in Mexico [11,12], where plants
and insects are native [7,13]. Additionally, D. opuntiae is an invasive pest in at least
20 countries in America, Europe, Africa, and Asia [14-16], where O. ficus-indica was adopted
or naturalized and became one of the most important cultivated cactus species in the world
because of its economic, environmental, and ecological benefits [13,14,17,18].

From a scientific perspective, most D. coccus research has focused on the basic biology
of the species and the quest to understand the mechanisms of carminic acid production and
its possible physiological or ecological functions [4,19,20]. On the other hand, research on D.
opuntiae has focused on control tactics because it is a key pest of O. ficus-indica [14,15,21,22].
The different cultivars of O. ficus-indica used as hosts of both Dactylopius species are likely to
have particular physical and chemical characteristics, as well as volatile organic compounds
(VOCs) that influence the trophic plant-insect and plant—pest-natural enemy relationship,
as has been shown in other models of tritrophic interactions where volatiles cause positive
or negative responses in terms of attraction and establishment of insects of the same or
different species [23,24].

Volatile organic compounds (VOCs) are synthesized as products of plant metabolism,
and they are emitted into the environment [25] in response to biotic complexes or abi-
otic stresses [23,26]. These VOCs and essential oils are released from the leaves, flow-
ers, and fruits into the atmosphere and from the roots into the soil [27,28]. This set of
volatiles, essential in the defense mechanisms of plants against herbivores or in interspe-
cific communication [23,24,27], is called the volatilome, and its analysis is carried out by
gas chromatography-mass spectrometry (GC-MS) [29]. This is a field that is continuously
growing with the development of analytical and data-processing methods [30]. In this
regard, some research has been carried out on VOCs of O. ficus-indica emanating from
cladodes, flowers, fruits, and the oils of its seeds [31-36]. These studies concluded that
VOC composition is a function of the geographical area, species or cultivar, plant structure,
state of development, and season, among other factors. However, none of these relatively
recent papers included interaction with any of the important Dactylopius species, nor did
they relate the production of VOCs to insect infestation. To our knowledge, there is only
one study that evaluated VOCs in O. ficus-indica cladodes uninfested and infested by D.
coccus [37]. This study reported eight types of compounds in uninfested cladodes and nine
in cladodes infested by the insect. Furthermore, no other work is known to have explored
VOC:s of either Dactylopius species.

Because plant VOCs play an important role in interactions between insects and other
organisms, e.g., pathogens or predators, and parasitoids [23,24,38], as well as in the plant’s
response to insect attacks [39], the objectives of this work were (1) to determine the VOCs
of D. coccus and D. opuntiae feeding on O. ficus-indica and (2) to establish the changes in the
composition and proportion of VOCs in cladodes of O. ficus-indica uninfested and infested
with Dactylopius. This information could contribute to understanding the variation between
cultivars of both species of insects and to exploring the potential of the biological functions
that these compounds play in interspecies communication.

2. Results

Through essential oils, it was possible to recover and identify about 80% and 90%
of the volatile organic compounds (VOCs) of D. coccus and D. opuntiae, respectively. The
Dactylopius species had 20 VOCs in common. In addition, 12 and 34 VOCs were specifically
produced by D. coccus and D. opuntiae, respectively (Figure 1). Thus, the volatilome of each
species was 32 or 54 compounds, and the proportion of each compound varied greatly
between species (Table 1). The VOCs belonged to eight chemical groups, of which three
had the highest relative abundance. Carboxylic acids and their derivatives were the most
important group, accounting for 59.28% and 78.29% of the VOC abundance for D. coccus
and D. opuntiae, respectively. The second group was alcohols only for D. coccus (12.15%),
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and the third group was aldehydes with 5.8% and 7.68% of the relative abundance for D.
coccus and D. opuntiae, respectively. The alkanes recovered were less than 2.5% for both
species. The remaining four groups of recovered compounds (ether, terpenes, ketones, and
alkenes) had less than 0.55% relative abundance per group (Table 1).

Dactylopius Dactylopius

coccus

opuntiae

Figure 1. Comparison of the Dactylopius volatilomes using Venn diagrams based on the number of

Volatile organic compounds (VOCs) obtained through essential oils for each Dactylopius species.

Table 1. Volatile organic compounds (VOCs) obtained through the essential oils of each Dactylopius

species.
D. coccus D. opuntiae
No. Compounds RA (%) KI Exp ra e K Exp  KIRef
Carboxylic acids and derivatives 59.28% 78.29%

1 Hexanoic acid 1.09 +0.08 903
2 2-methylhexanoic acid 0.54 + 0.01 950
3 Heptanoic acid 0.20 + 0.05 1021 0.64 + 0.16 1021 1005
4 2,4-dimethylhexanoic acid 0.37 +0.02 1015
5 2-Ethylhexanoic acid 10.90 £ 0.21 1036 1031
6 Lactic acid 5.58 + 0.58 1061 0.86 + 0.03 1062 1057
7 Glycolic acid 0.11 + 0.03 1075 1072
8 2,6-dimethylheptanoic acid 0.61 £0.21 1087

9 Octanoic acid 1.90 + 0.74 1108 220 +0.24 1108 1108
10 2,3 4-Trimethylpentanoic acid 0.44 + 0.02 1127

11 Ethyl benzoate 0.12 +0.01 1153 1141
12 Ethyl octanoate 0.05+1.77 1188 1175
13 Nonanoic acid 2.32 +0.64 1214 3.57 £ 0.37 1214 1205
14 2,4-dimethylnonanoic acid 0.31 £ 0.01 1234

15 Benzoic acid 2.04 + 0.00 1235 1.04 +0.01 1235 1232
16 Ethyl nonanoate 0.26 +0.03 1290 1282
17 2-Decenoic acid 0.42 + 0.02 1310 1290
18 Decanoic acid 8.76 + 2.53 1316 2.38 +£0.12 1316 1309
19 Butanedioic acid 0.11 £ 0.03 1318 1314
20 (Z)-4-tert-butylcyclohexyl acetate 0.80 4= 0.02 1358 0.12 4+ 0.03 1356 1346
21 Ethyl decanoate 0.18 £ 0.02 1388 1382
22 Undecanoic acid 0.63 £+ 0.02 1414 1410
23 cis-5-Dodecenoic acid 3.18 £ 0.04 1504

24 Dodecanoic acid 493 +0.90 1512 1509
25 Nonanedioic acid 0.40 + 0.03 1535 1511
26 Ethyl dodecanoate 1.06 £+ 0.07 1580 1566
27 Tridecanoic acid 0.49 £+ 0.04 1606 1606
28 p-Hydroxybenzoic acid 0.24 + 0.00 1615 0.05 + 0.01 1616 1621
29 Hexyl salicylate 1.05 +0.01 1660 0.57 + 0.02 1658 1684
30 (Z2)-9-Tetradecenoic acid 0.42 + 0.05 1702 0.22 + 0.09 1707 1691
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Table 1. Cont.

N Compounds D. coccus D. opuntiae
o P RA (%) KI Exp RA (%) KI Exp KI Ref

31 Tetradecanoic acid 21.25 +2.90 1717 30.15 +1.35 1718 1713
32 Ethyl tetradecanoate 0.40 £ 0.01 1793 1782
33 (Z)-9-Hexadecenoic acid 0.56 + 0.12 1909 1885
34 Hexadecanoic acid 2.30 +1.83 1934 5.89 +0.42 1934 1909
35 Ethyl hexadecanoate 0.23 £ 0.01 1974 1968
36 Heptadecanoic acid 1.03 £ 0.06 2039 2009
37 (Z,Z) 9,12-Octadecadienoic acid 0.83 £0.73 2105 3.76 + 0.67 2105 2087
38 (Z)-9-Octadecenoic acid 0.82 £1.11 2112 244 4+ 0.33 2112 2088
39 Octadecanoic acid 1.69 £+ 2.32 2139 2.58 +£0.22 2140 2133
40 Ethyl octadecanoate 0.33 £0.03 2208 2181
41 Dehydroabietic acid 1.58 £ 0.00 2375 0.12 + 0.02 2376 2385
Aldehydes 5.80 7.68
42 Hexanal 1.79 £ 0.36 964
43 Heptanal 1.24 +£0.11 1066 1069
44 Octanal 0.23 +0.07 1165 1162
45 Nonanal 0.34 £0.11 1235 257 +£0.17 1268 1267
46 Decanal 0.28 £ 0.02 1367 1366
47 Dodecanal 0.28 £ 0.10 1663
48 a-Hexylcinnamaldehyde 5.46 £ 0.08 0.11 £0.12 1719 1728
49 Heptadecanal 1.18 £0.33 2088
Ether 0.09
50 Benzyl methyl ether 0.09 + 0.01 966
Terpene 0.54 0.08
51 p-Cymene 0.08 + 0.04 1018 1025
52 «-lonone 0.36 + 0.15 1415 1413
53 3-Ionone 0.18 + 0.02 1472 1486
Ketones 0.54
54 Benzophenone 0.09 & 0.02 1600 1611
55 2-Nonadecanone 0.45 £ 0.08 2116 2087
Alcohols 12.15 0.62
56 Phenol 0.31 £ 0.09 1045 1043
57 2-Ethylhexanol 0.22 £ 0.04 1095
58 1-Dodecanol 4.31 4+ 0.00 1559 0.09 £ 0.01 1559 1575
59 1-Tridecanol 0.42 +0.00 1659 1656
60 1-Tetradecanol 3.43 £ 0.00 1765 1770
61 1-Hexadecanol 3.47 £ 0.00 1977 1965
62 1-Octadecanol 0.52 +0.00 2175 2159
Alkene 0.42
63 1-Tridecene 0.42 £ 0.00 1284 1287
Alkane 1.80 2.41
64 Hexadecane 1.80 4+ 0.00 1581 1.11 +0.29 1581 1600
65 Octadecane 0.25 £ 0.00 1797 1800
66 Heneicosane 1.05 £ 0.21 2309

Total 79.57 90.13

RA, relative abundance; KI Exp, Kovats index experimental; KI Ref, Kovats index reference.

As mentioned above, the number and abundance of volatiles in each group of com-
pounds also varied greatly in each Dactylopius species. For example, in the carboxylic
acids and their derivatives, tetradecanoic acid was the most abundant in both species, but
decanoic acid, lactic acid, and dodecanoic acid presented greater relative abundance in
D. coccus. On the other hand, for D. opuntiae, 2-ethylhexanoic acid and cis-5-dodecenoic
acid were detected only in this species in greater relative abundance. Hexadecanoic acid,
(Z,7)-9,12-octadecadienoic acid, (Z)-9-octadecenoic acid, and octadecanoic acid occurred in
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both species, but their abundance differed considerably between species; again, they were
more abundant for D. opuntiae (Table 1).

The Esmeralda and Rojo Pelén cultivars had VOC production profiles that differed be-
fore and after Dactylopius infestation. In both cultivars, 28 VOCs were commonly produced
and identified. In addition, 35 specific compounds were identified in Esmeralda and 19 in
Rojo Pelon (Figure 2). After infestation by each Dactylopius species in the respective O. ficus-
indica cultivar, a contrasting difference occurred between uninfested and infested cladodes
of each cultivar (Table 2). The changes were not only in the number of VOCs but also
in their abundance and variation. Sometimes they decreased, sometimes they increased,
sometimes some VOCs were no longer detected, and of course there were also some de
novo compounds (Table 2). After infestation by D. coccus, the Esmeralda cultivar increased
the number of volatiles from 63 (uninfested) to 87, of which 48 were produced de novo
and belonged to nine chemical groups. In the case of Rojo Pelon D. opuntiae, uninfested
cladodes produced 47 VOCs, and after infestation, they decreased to 38, 13 of which were
identified as de novo, belonging to seven chemical groups (Table 2, Figures S1 and S2).

Opuntia ficus-indica

Opuntia ficus-indica :
Rojo Pelén

Esmeralda

19

Figure 2. Comparison of volatilomes of the Opuntia ficus-indica uninfested cladodes of each cultivar
using a Venn diagram, based on the number of VOCs obtained through essential oils.

Although there was an enormous variation between the number and proportion of
VOC:s before and after infestation, it was observed that four chemical groups maintained
the highest abundance in both infested cultivars. These groups were (a) carboxylic acid
and derivatives, (b) terpenes, (c) alcohols, and (d) aldehydes and their derivatives. Another
group, the heterocycles, was only abundant for the uninfested Rojo Pelon cultivar (8.91%),
but after D. opuntiae infestation, it decreased to less than 1.4%. The rest of the recovered
chemical groups (ethers, ketones, aromatic derivatives, and alkanes) were less than 1.16%
of the relative abundance per group in either cultivar infested by the respective Dactylopius
species. Two of these groups (ethers and aromatic derivatives) were not detected in the
infested Rojo Pelon cultivar (Table 2).

As indicated above, because of Dactylopius infestation in each cultivar, there were
many changes in the relative abundance of compounds and the production of some de
novo compounds. The de novo compounds were mostly of low relative abundance (equal
to or less than 1.0%), except for some terpenes and alcohols. For example, in the uninfested
Rojo Pelon cultivar, the relative abundance of terpenes was around 0.8%, but this relative
abundance of terpenes changed to 15.5% after D. opuntiae infestation. On the other hand,
the relative abundance of terpenes in the Esmeralda cultivar decreased from 18 to 13.9% due
to D. coccus infestation (Table 2). The amount and type of terpenes were different between
infested O. ficus-indica cultivars, but monoterpenes or their derivatives predominated in
both cases (Figure 3).
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Table 2. Volatilomes of Opuntia ficus-indica (OFI) cultivars before and after infestation by Dactylopius

species.
Ot
OFI Esmeralda OFI Infested b KI
No. Compounds Esmeralda Infested by KIExp Rojo Pelon D Y K1 Exp Ref
D. coccus iy
opuntiae
RA (%) RA (%) RA (%) RA (%)
Carboxilic acid and derivatives 48.79 44.28 31.78 20.05

1 Hexanoic acid 0.83+0.63 0.82+£0.00 942 904
67 3-Methyl-2-pentenoic acid 0.35 £0.32 959 926
68 2-Hexenoic acid 0.66 £0.01 0.36 £0.00 972 939
69 4-Oxopentanoic acid 022 +£0.14 991 956
70 Heptanoic acid 059 £050 0.39 £0.05 1022 039 £0.11 0.25+0.15 1030 1005
5 2-Ethylhexanoic acid 0.11 £ 0.07 1044 1031
71 4-Methylvaleric acid 0.15 £ 0.10 1033 1039
72 2-Methyl-4-pentenoic acid 0.11+0.16 1062

73 Lactic acid 322+191 1.63+0.16 1065 1057
15 Benzoic acid 149+ 177 029+ 0.03 1080 2.06 £0.13  0.50 £+ 0.09 1080 1084
74 Methyl benzoate 0.41+0.14 1081 091 +0.34 1084
9 Octanoic acid 1.23 +1.52 1112 1.21 +0.07 1.34+0.07 1112 1109
11 Ethyl Benzoate 0.05 £+ 0.01 1156 0.08 +£0.04 024 +0.11 1152 1141
75 Benzeneacetic acid 0.17 £ 0.05 1160 1150
76 Salicylic acid 0.18 + 0.25 1171 1176
77 Methyl salicylate 1.21+037 6.96+0.14 1181 0.32 + 0.07 1172 1176
78 2-Nonenoic acid 0.86 £+ 0.00 1179 0.33 £+ 0.08 1184

13 Nonanoic acid 1.09+024 0.76 +£0.07 1216 145+0.12 1.72+0.14 1212 1206
79 Ethyl salycilate 1.03 + 0.01 1244 1241
18 Decanoic acid 0.77 £0.75 0.63 £0.00 1318 0.79 £+ 0.08 1311 1309
19 Butanedioic acid 0.49 + 0.19 1320 1314
80 Gliceric acid 0.73 £ 0.02 1346 1342
81 2-Methoxybenzoic acid 0.10 + 0.01 1331 1362
82 Methyl 2-methoxy benzoate 0.45 £ 0.10 1319 1295
83 Glutaric acid 0.16 £ 0.03 1410 1400
22 Undecanoic acid 0.16 +£0.02 0.14 +£0.07 1417 0.08 +£0.02 0.12 +0.08 1408 1410
24 Dodecanoic acid 570 £6.08 2.77 £+ 0.06 1516 7194+ 050 2.35+0.16 1505 1509

2,5-Dimethoxy

84 benzenemethanol acetate 0.13 +0.04 1523

26 Ethyl Dodecanoate 026 +£1.27 0.17 £ 0.09 1582 0.33 £+ 0.01 1571 1581
28 p-Hydroxybenzoic acid 0.94 £ 0.45 1620 1621
29 Hexylsalicylate 025+3.04 046 +0.07 1662 1652
85 Methyl tetradecanoate 0.84 +0.16 1719 1714
27 Tridecanoic acid 0.06 £+ 0.04 1611 1606
86 12-Methyltridecanoic acid 0.07 £ 0.00 1678 1680
31 Tetradecanoic acid 298 £3.09 1.36 £0.06 1720 1.56 +0.10 0.19 +0.07 1714 1714
87 Methyl benzoate 1.46 +0.03 1752

88 Benzyl Benzoate 2.65 + 0.51 1741 0.15 + 0.04 1754 1765
32 Ethyl tetradecanoate 0.10+£0.13 1784 1782
89 Nonanedioic acid 0.28 + 0.01 1808 1788
90 Pentadecanoic acid 0424+047 043 +0.02 1826 1807
91 Isopropyl tetradecanoate 0.05 £0.34 1820 1827
92 Benzyl salicylate 0.31 £ 0.12 1855 1860
34 Hexadecanoic acid 719 +216 4.88+0.16 1935 9.35+0.74 8254045 1916 1909
93 15-Methylhexadecanoic acid 0.17 +0.03 2040 1974
37 ;%i'i)'%Z'Odadecadlen‘”c 190+ 044  1.03 +0.12 2106 088014 220143 2087 2087
38 (Z)-9-Octadecenoic acid 235+1.66 1.94+0.10 2113 2.47 +0.98 2090 2100
39 Octadecanoic acid 253+059 1.76 £0.01 2141 276 £0.15 0.59 +0.15 2119 2133
94 Methyl octadecanoate 0.33 4+ 0.04 1809

40 Ethyl octadecanoate 0.11 £ 0.00 2199 2202
41 Dehydroabietic acid 932 +224 999 +0.04 2376 046 £0.05 0.39 +£0.02 2344 2373
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Table 2. Cont.

ot
OFI Esmeralda OFI Infested b KI
No Compounds Esmeralda Infested by KIExp Rojo Pelon D Y K Exp Ref
D. coccus y €
opuntiae
RA (%) RA (%) RA (%) RA (%)
Aldehides and derivatives 2.15 6.25 43 4.82
42 Hexanal 044 +044 047 =£0.00 984 964
43 Heptanal 0.18 £ 0.02 1069 1068
95 Benzaldehyde 0.15 4+ 0.07 1094 0.324+0.03 0.55+0.33 1094 1080
96 Diethyl acetal hexanal 0254+0.14 046 +£0.10 1086 1082
5,5-Dimethyl-3-oxo-1-
97 cyclohexene-1- 0.15 +0.03 1104
carboxaldehyde
44 Octanal 0.17 +£0.01 1160 0.40 £0.05  0.09 &+ 0.05 1165 1167
98 Phenylacetaldehyde 0.62£0.61 0.56 £0.06 1198 0.82£0.06 0.81+0.17 1201 1208
45 Nonanal 053+021 1.03+0.01 1271 1.73 £0.12  1.32 £ 0.09 1265 1267
46 Decanal 0.14 £ 0.00 1370 0.14 £ 0.08 1366 1366
99 Nonanaldimethylacetal 0214010 0.37 £0.05 1374 1379
100 3 ((tert-butylphenyl-2- 0.30 + 0.04 1497 1500
methylpropanal
01  +Hydroxy-3- 0.10+0.04 0.62+0.02 1524 0894004 205+001 1511 1544
methoxybenzaldehyde
3-Ethoxy-4-
102 roybenzaldehyde 0.11 4 0.02 1554 1560
48 a-Hexylcinnamaldehyde 1.22 +0.74 1725 1726
103 Octadecanal 032 £0.13 2187
Heterocycles 0.67 8.91 1.38
104  2tsopropyl-3- 0.25 + 3.25 1070 1080
metoxypirazina
105 2Methoxy-3- 0304722 1054033 1083 1089
isopropylpyrazine
Ethyl 2-(5-methyl-5-
106 Vinyltetrahydrofuran-2- 8.18 +0.10 1064 1090
yl)propan-2-yl
carbonate
o7 lsobutyl2- 0.43 + 0.03 1164 1170
methoxypyrazine
108 > Ethyl-d-methyl-1H-pyrrole- 0.35 + 0.03 1209 1192
2,5-dione
109 iﬂydroxy'z'methylpymr‘"" 0.07 + 0.00 1266 1293
2,3-Dihydro-2,2,4,6-
1o tetramethylbenzofuran 033001 1410
Ethers 0.31 0.16
50 Benzylmethylether 0.31 £0.20 966 966
111 1,2-Dimethoxybenzene 0.16 + 0.02 1111 1106
Ketones 1.95 1.16 1.17 0.61
112 5-Hexen-2-one 0.29 £0.01 1007
2,2,6-
13 Trimethylcyclohexanone 014 £ 0.09 1031
114  Acetophenone 0.57 4 0.08 1047 0.45 £ 0.05 1055 1049
115  Isophorone 024 +£0.06 0.01 £0.22 1106 0.17 £ 0.03 1038 1094
116 ~ Phenylacetone 048 £0.05 0.44 £ 0.00 1114 024+0.02 0.16 £0.07 1110 1116
117 4-Oxoisophorone 0.13 £ 0.02 1131 0.07 £ 0.04 1125 1105
118 2(-Hydroxybut-2- 0.14 + 0.03 1145
enylidene)cyclohexanone
119 L-(I-cyclohexen-1-yl)(-1-1- 0.70 & 0.34 1214
Butenone)
54 Benzophenone 0.11£0.07 0.14 £0.01 1607 0.41 £ 0.05 1584 1607
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Table 2. Cont.

OrReR
OFI Esmeralda OFI Infested by KI
No. Compounds Esmeralda Infested by KIExp Rojo Pelon D KI Exp Ref
D. coccus y €
opuntiae
RA (%) RA (%) RA (%) RA (%)

Terpenes 17.89 13.92 0.8 15.52
120  Limonene 0.85£0.23 1023 1020
121 Linalool oxide 8.48 £0.58  5.06 £0.42 1063 1064
122 trans-Linalool oxide 5.70 + 0.03 1064 1068
123 1,5,5-Trimethyl-3-methylene 0.55 + 0.63 1071

cyclohexene
124  B-Linalool 5.004+0.58 0.26 +0.35 1088 1082
125 a-Terpineol 2.00 £ 0.36 1178 1172
126 Linalool 0.19 £0.22 1232 5.61 £0.10 1227 1227
127 Geraniol 044 £0.27 033 £0.04 1250 1.84 = 0.06 1357 1238
128 Nerol 0.33 = 0.06 1232 0.79 £ 0.04 1328 1260
129  p-Damascenone 0.18 +£0.17 1362 0.55 £+ 0.30 1360 1361
52 a-Jonona 0.09 £0.26 1404 1413
130  «-Isomethylionone 0.88 £ 0.15 1453 1478
53 [3-Ionone 0.40 £ 0.06 1460 0.18 £+ 0.04 1458 1486
131  Dihydroactinidiolide 038 £0.13 0.30£0.02 1537 1532
132 Neophytadiene 0.39 £ 0.08 1832 1842
133 28-Nor-173(H)-hopane 0.45 £ 0.01 2942
134 [3-Sitosterol 0.35+£0.03 6.55+0.04 3244 3284

Alcohols 12.72 9.91 29.37 30.78
135 L2 Dihydroxy-4- 0.27 + 0.02 990

methylpentane
136 Hexanol 0.06 = 0.01 9994 992
137  (Z)-2-Hexen-1-ol 0.36 £0.19 1010 7.65£0.18 421 +£0.08 1025 1001
56 Phenol 022£0.09 0.16=*1.30 1045 1043
138 Heptanol 0.11 £0.23 1067 1092
57 2-Ethylhexanol 058 £0.23 022£024 1099 2.13£0.09 1.49 £0.05 1103
139 Benzylalcohol 027 £0.11 0.56 £0.22 1143 090 £0.02 2.08 & 0.06 1132 1156
140  1-Octanol 0.29 £0.14 1158 127 +0.04 1.51+0.18 1177 1177
141  Guaiacol 0.35 £ 0.03 1209 1192
142 Nonanol 0.07 £ 0.01
143 Glycerol 0.33 £0.52 1290 1.46 £ 0.09 1288 1292

. . 10.62 £ 14.67 + 17.03 +

144  p-Vinylguaiacol 794 1.76 + 0.34 1305 0.93 514 1294 1282
145 Methyld(d-methyl3- 0.63 £ 0.00 1318 1309

cyclohexenyl)ethanol
146  Isododecanol 0.09 £ 0.01 1479
58 1-Dodecanol 047 4+0.09  0.60 = 0.01 1563 0.76 4 0.04 1553 1575
60 1-Tetradecanol 0.66 + 0.00 1756 1768
61 1-Hexadecanol 0.234+0.07  0.98 £ 0.08 1978 0.53 4+ 0.03 1960 1965
62 1-Octadecanol 0.92 £ 0.04 2177 2159
47 7115 Tetramethyl-2- 1.82+0.15 2198 3524017 2173 2179

hexadecenol
148  Octacosanol 0.94 4 0.04 3125 3154

Aromatic derivatives 0.77
149 ~ LZDihydro-lLé-trimethyl g 7 1338 1332

naphthalene

10,18,Bisnorabieta-
150 811,13 triene 0.59 £ 0.03 2041
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Table 2. Cont.

oraeR
OFI Esmeralda OFI Infested b KI
No Compounds Esmeralda Infested by KIExp Rojo Pelon D Y K Exp Ref
D. coccus .. €
opuntiae
RA (%) RA (%) RA (%) RA (%)
Alkanes 0.69 0.55 0.78
64 Hexadecane 0.69 £0.19 0.07 £0.01 1585 1600
151  Heptadecane 0.12 +0.05 1692 1700
152 Nonadecane 0.36 + 0.06 1906 1900
153 Eicosane 0.19 £ 2.08 1992 2000
66 Heneicosane 0.23 +£0.42 2092 2100
154 Docosane 0.36 4+ 0.07 2188 2200
Total 85.27 76.9 77.11 73.16
RA, relative abundance; KI Exp, Kovats index experimental; KI Ref, Kovats index reference.
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Figure 3. Amount and type of terpenes released by Opuntia ficus-indica (OFI) after Dactylopius
infestation. (a) OFI Esmeralda-D. coccus; (b) OFI Rojo Pelén-D. opuntiae. The red columns repre-
sent uninfested cladodes, and the blue columns represent cladodes infested by each Dactylopius
species. Data are presented as means of the peak area of each terpene (grouped by type and number

of compounds).

The terpenes linalool oxide, trans-linalool oxide, and the alcohol 3,7,11,15-tetramethyl-
2-hexadecenol reached a relative abundance of 5.06%, 5.7%, and 1.8% in the Esmeralda
cultivar infested by D. coccus. On the other hand, the terpenes linalool, geraniol, and
the alcohol 3,7,11,15-tetramethyl-2-hexadecenol registered 5.6%, 1.84%, and 3.5% of the
relative abundance in the Rojo Peldn cultivar infested by D. opuntiae, respectively. Also,
p-vinylguaiacol increased 2.3% in relative abundance after D. opuntiae infestations (Table 2).

3. Discussion

Previous assays of Dactylopius VOCs extraction, such as Headspace (HS-SPME) and
extraction by Autosampler Headspace coupled to CG-MS (HS-CG-MS), did not provide the
results expected for GC-MS analysis. Thus, to identify the volatiles from Dactylopius and its
cultivar hosts, we preferred to do so using their essential oils. Essential oils were obtained
by the hydrodistillation method (Table S1), which is frequently used to obtain essential
oils from plants that contain low-vapor pressure compounds or low-volatile compounds.
This technique is also used for concentrating compounds with lower concentrations in the
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essential oil and allows working with a larger sample mass than microextraction techniques,
which can potentially improve the characterization of insect VOCs [29].

In the volatilome of D. coccus and D. opuntiae, 32 and 54 VOCs were identified for each
species, respectively. To our knowledge, neither of these volatilomes had been reported
previously, and this may be the first contribution to this work. By their composition, these
VOCs corresponded to eight different chemical groups, but there were three groups of
greater abundance. These were (a) carboxylic acids and their derivatives, 59.28% and 78.29%
abundance for D. coccus and D. opuntiae, respectively; (b) alcohols, which were abundant
only for D. coccus (12%); and (c) aldehydes, 5.8% and 7.68% abundance for D. coccus and D.
opuntiae, respectively (Figures S3 and S4). This composition could be one of the reasons
that results were not obtained with the HS-SPME and HS-CG-MS techniques. The VOCs of
Dactylopius species are mostly fatty acids, some of which may be part of the fat content of
the insects or of the complexity of their waxy coat [40,41]. In fact, each VOC in those groups
may have more than one role in structure, function, metabolism, and probably in intra- or
interspecific communication. For example, D. coccus produces a sex pheromone [42], and D.
opuntiae is suspected to do so as well [43]. Regarding tetradecanoic acid, which is one of the
most abundant VOCs for both species of Dactylopius, and hexadecanoid acid, relevant to D.
opuntiae, they have many functions in insect metabolism. One of these is to participate in
the metabolic pathways of sex pheromones of some Lepidoptera, such as Spodoptera lottoralis
Boisduval and Plodia interpunctella Hubner [44,45], but none of these compounds appear to
have relevance in the pheromones of Coccoidea [46], which is the superfamily to which the
Dactylopiidae belong. The methodology for identifying insect pheromones begins with
live females at a particular moment of maturity and sexual behavior, and so much work
remains to be carried out in order to decipher the main functions of the VOCs that turned
out to be more abundant, which could lead to novel acids with shorter chains and perhaps
more specific for each Dactylopius species.

The volatilomes of the Esmeralda and Rojo Pelon cultivars were different before and
after Dactylopius infestation. The variation in compound production in cladodes of both
cultivars prior to infestation (by Dactylopius) may be specific to each cultivar, as variations
of other bioactive and volatile compounds have been reported in different cultivars of O.
ficus-indica [31,35,47]. However, variation in the number and abundance of VOCs within
each cultivar after infestation can be attributed to D. coccus or D. opuntiae feeding on its
corresponding cultivar host, as has been demonstrated in other plants where the change
in production of VOCs, particularly terpenes and sesquiterpenes, was directly associated
with phytophagous insect feeding [23,24,48,49].

In the volatilomes of the Esmeralda and Rojo Pelon, before or after Dactylopius infesta-
tion, four chemical groups were identified as the most abundant: (a) carboxylic acid and
derivatives, (b) terpenes, (c) alcohols, and (d) aldehydes and derivatives (Figures S5 and S6).
The structural composition of the host, particularly the quantity of waxes, could be related
to the abundance of some of these VOCs in both cultivars [47,50]. This suggestion is related
to the anatomical and physiological adaptations of cacti to develop in arid environments,
such as a thick and impermeable epidermis covered by a layer of waxy cuticle, a hypo-
dermis with chollenchyma, plenty of cells with mucilage distributed in the parenchyma,
and crassulaceae acid metabolism (CAM), among other characteristics [50]. Of the first
and most abundant chemical groups (a), it is probable that we should mention methyl
salicylate, which increased in abundance after infestation by D. coccus (about 5%) in the
Esmeralda cultivar. The same compound was identified de novo in the Rojo Pelon cultivar
infested by D. opuntiae, although it was low in abundance (0.3%). Methyl salicylate is
a phenolic compound that has been reported to be an herbivore-induced plant volatile
(HIPV) [49,51,52]. Some of these HIPVs can induce direct defense against the phytophagous
insect and indirect defense by attracting their natural enemies. It is also useful for com-
munication among plants damaged by phytophagy and others that are not yet damaged.
For example, methyl salicylate emitted by plants with phytophagous mite damage was
attractive to Phytoseiulus persimilis Athias-Henriot (Phytoseiidae) [51,52]. In the same way,
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it was observed that emission of this compound, after damage by psyllids in pear trees,
was attractive to the predatory bug Anthocoris nemoralis F. (Hemiptera: Anthocoridae) [53].

In general, a slight decrease in terpene abundance (18 to 14%) was observed after
D. coccus infestation, but a considerable increase (0.8 to 15%) occurred after D. opuntiae
infestation. In the Esmeralda cultivar, 3-linalool abundance decreased from 5.0 to 0.3%,
but linalool oxide and trans-linalool oxide increased to 5.0 and 5.7%, respectively. On
the other hand, in the cultivar Rojo Pelén infested by D. opuntiae, five de novo terpenes
were identified, of which the most abundant was linalool (5.6%). Terpenes are one of
the most studied groups of HIPVs, and it has been shown that some of them have a
relevant role in the direct defense system against phytophages, and some volatile terpenes
constitute indirect defenses of plants as they attract natural enemies such as predators and
parasitoids [23,24,27,48,49].

Linalool is a monoterpene that occurs naturally in flowers and aromatic plants, but it is
also produced in response to feeding by phytophagous insects, and it is part of the indirect
defenses of plants [54]. For example, an increase in linalool production in tobacco plants
caused by feeding Lepidoptera larvae increased the rate of egg predation and decreased
the oviposition of another Lepidoptera [55]. Linalool also increased due to phytophages
feeding on corn, bean, cotton, and potato plants [23], or by a zoophytophagous mirid
feeding on pepper plants, and favored the action of natural enemies of their pests [49]. This
can suggest that significant changes in the abundance of methyl salicylate from the above
group and terpenes, particularly linalool, are probably related to each Dactylopius species
feeding on its corresponding cultivar host.

The alcohol of greatest abundance and change was p-vinylguaiacol. This compound
is common in plants and is part of many essential oils. In addition, it can be found in the
guts of some insects, probably through the process of lignin degradation [56]. Regarding
secondary plant defenses due to damage by phytophagous insects, p-vinylguaiacol stimu-
lated the ovipositional behavior of the natural enemy Coleomegilla maculata [57], and it was
also a deterrent to the oviposition of the cerambycid Monochamus alternatus [56]. Therefore,
it is suggested that some changes in p-vinylguaiacol abundance may be a consequence of
Dactylopius feeding.

In this work, 66 VOCs of both Dactylopius species were identified, and 125 of the
Esmeralda and Rojo Pelén cladodes were infested by D. coccus and D. opuntiae, respectively.
A proportion of VOCs were commonly produced in both insect species or cultivars, but
others were specific to each species or cultivar (Figure 4). This is a first approach to the
diversity of VOCs produced by O. ficus-indica and the changes that occur due to D. coccus
and D. opuntiae feeding on cultivars suitable for the development of each Dactylopius species.
More time and work will now be needed to understand the functions performed by the
most relevant compounds in these interactions.

If knowledge of the interaction is improved, for example, if it is confirmed that some
terpenoids favor the direct or indirect defenses of O. ficus-indica against D. coccus or D.
opuntiae, this information could be considered in breeding programs. These programs could
be aimed at improving the rearing of D. coccus or inducing resistance to D. opuntiae. In
this regard, breeding programs for O. ficus-indica resistant to D. opuntiae have already been
developed in Brazil and Morocco, and these have focused on physical and biochemical
defense mechanisms [15,21,58]. For example, selecting cultivars with high concentrations
of calcium oxalates can physically and biochemically limit phytophagous insects [59,60].
However, there are no known breeding programs for O. ficus-indica that consider the
abundance of terpenes in cultivars and the response this can trigger in the plant’s direct
or indirect defenses. This mechanism would be classified as biochemical defense, and
measuring terpenes in different cultivars could improve the direction and understanding
of the response.
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D. coccus OF| Esmeralda D. opuntiae OFI Rojo Pelon

23 14
OFI| Esmeralda OFI Rojo Pelon
infested by D. coccus infested by D. opuntiae

(a) (b)

Figure 4. Number of VOCs, obtained through its essential, identified as common or de novo
compounds between uninfested and infested O. ficus-indica (OFI) cultivars, (a) by Dactylopius coccus,
(b) by Dactylopius opuntiae.

Besides, SIMPER analysis (Tables S2-S5) showed the components that are typical of
each Dactylopius species and its hosts; these contribute a low percentage of each sample, so
their contribution to the dissimilarity is low. This observation highlights the need to better
understand the interaction between O. ficus-indica and Dactylopius because it can increase
the possibilities of making proposals for sustainable management in the production of D.
coccus or in the control of D. opuntiae.

4. Materials and Methods
4.1. Chemicals

The reagents used in this study were N, O-bis(trimethylsilyl) trifluoroacetamide
(BSTFA), trimethylsilyl chloride (TMCS), boron trifluoride methanol solution (Sigma-
Aldrich, St. Louis, MO, USA), and ethylic ether (JT Baker, Deventer, Holland).

4.2. Insects and Uninfested and Infested O. ficus-indica Cultivars

Dactylopius coccus and Opuntia ficus-indica Esmeralda cultivars (infested and unin-
fested) were originally obtained from a local provider in Jerez, Zacatecas, Mexico. Dactylop-
ius opuntiae and O. ficus-indica Rojo Pelon cultivars (infested and uninfested) were collected
from an experimental field at Colegio de Postgraduados, Campus San Luis Potosi (Salinas,
SLP). These cactus pear cultivars were selected with the knowledge that each one is favor-
able for the development of the respective Dactylopius species [58]. The taxonomic identity
of Dactylopuis species was corroborated by S. . Méndez-Gallegos using De Lotto (1974) [40]
and Ferris (1955) keys [61]. To increase material for the samples and analyses, D. coccus and
D. opuntiae colonies were reared on the respective cultivars mentioned under greenhouse
conditions (15 + 2 °C, 22 £ 2 °C, and 50% RH).

4.3. Essential Oil of Dactylopius Species and Hosts

One hundred grams of adult females previous to the reproduction stage of D. coccus
(80 to 85 d old) and D. opuntiae (30 to 35 d old) with their protective coverings (secretion
substances) and 1000 g of infested and uninfested O. ficus-indica cladodes were used
independently to obtain their essential oils by hydrodistillation. The Dactylopius species
were manually separated from their hosts just before hydrodestillation, and the O. ficus-
indica cladodes were cut into cubes just before hydrodestillation. The VOCs, which are
components of essential oils, were obtained at boiling water temperature and extracted
from the condensed water by liquid-liquid extraction with ethyl ether. The solvent was
distillated, and the residual water was removed from the organic phase with anhydrous
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sodium sulfate. Each sample was then concentrated (to 1 mL) at 40 °C under vacuum, and
the residual solvent was eliminated from each sample at atmospheric pressure at 0 °C.

4.4. Derivatization for Alcohol Detection

Essential oils were diluted to 2% in 500 pL heptane and introduced into a 10 mL
microwave reaction tube with a gasket. Then, 100 pL of BSTFA /TMCS solution (9:1 v/v)
was added to the same tube as a silanizing agent. The mixture was reacted at 90 °C under
microwave irradiation (250 W microwave power) for 10 min using the Discover System
908,005 (CEM Corporation, Matthews, NC, USA) with autogenous pressure.

4.5. Derivatization for Aldehydes and Carboxylic Acid Detection

Essential oils were diluted to 2% in 500 pL heptane and introduced into a 10 mL
microwave reaction tube with a gasket. Then, 500 uL of boron trifluoride (14% in methanol
solution) was added to the same tube. The mixture reacted at 90 °C under microwave
irradiation (250 W microwave power) for 10 min using the Discover System 908,005 with
autogenous pressure.

4.6. Essential Oil GS-MS Analysis

Samples without derivatization were diluted to 2% in heptane, using 1 uL of each
sample for the analysis, and each sample was analyzed in triplicate. GC-MS analysis was
performed using a 7802A Network GC System coupled to a 5977E Network mass selective
detector (MSD).

The separation was performed using an HP-5 capillary column (0.25 mm i.d., 30 mm,
0.25 mm film thickness) (J&W, Folsom, CA, USA). The injector was operated in splitless
mode at 300 °C, with a flow of 1.0 mL/min, and the oven temperature was programmed
to 40 °C for 3 min, and then heated at 3 °C/min to 300 °C with a holding time of 5 min
at the final temperature. The MSD was operated at 70 eV; the ion source was set at
150 °C and the transfer line at 300 °C. VOCs were identified by interpreting their mass
spectra as fragmentation in the mass range of 15 to 800 atomic mass units. The software
MassHunter (Agilent B.07.01.1805, Santa Clara, CA, USA) was used for data recording.
The compounds were identified by comparing the obtained mass spectra with those of
reference compounds from the National Institute of Standards and Technology (NIST11)
and Wiley 09. The identities of the compounds were confirmed by the Kovats retention
index calculated for each peak with reference to the n-alkane standards (C7-C38) running
under the same conditions.

4.7. Statistical Analysis

The relative percentage of each metabolite was calculated considering the peak area
obtained by GC-MS of each metabolite in relation to the total area of peaks analyzed.
The data represent the mean of the relative percentage of three repeats + SD. Metabo-
lites grouped by type for each essential oil were compared with the Mann—-Whitney U
test, considering the peak area of each metabolite and a p < 0.05. The data in the graph-
ics were expressed as the median and range of each group. GraphPad Prism 5 was
used to perform the analysis. Venn diagrams were constructed using an online tool
(http:/ /jvenn.toulouse.inra.fr/app/example.html, accessed on 23 November 2023) [62].
PAST statistical software (version 4.09) was used to perform the SIMPER analysis [63].

5. Conclusions

This work presents an approach to better understanding the interaction between O.
ficus-indica, D. coccus, and D. opuntiae by identifying volatile compounds in their essential
oils. The abundance and proportion of VOCs of D. coccus and D. opuntiae were determined
in the Esmeralda and Rojo Pelon cultivars, viable for the development of each insect
species, respectively. Differential VOC production due to infestation by each Dactylopius
species in each cultivar was also identified. Changes in methyl salicylate, terpenes, and
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p-vinylguaiacol and their likely role in plant defense mechanisms should receive more
attention because they could contribute to the development of proposals to improve D.
coccus rearing or for the control of D. opuntiae in those regions of the world where it is a key
pest of O. ficus-indica.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants13070963/s1, Table S1 shows the yields of essential oils of
Dactylopius species and Opuntias varieties. Tables S2-S5 show the SIMPER analysis. Figures S1 and
52 show O. ficus-indica with Dactylopius species relationships by Venn diagrams. Figures S3-S6 show
compound groups of Dactylopius species and O. ficus-indica cultivars.
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Abstract: Phenacoccus solenopsis Tinsley (Hemiptera: Coccomorpha: Pseudococcidae), the cotton
mealybug, is an invasive polyphagous species that has been extending its geographic range, posing
a conspicuous threat to many Mediterranean crops of economic importance. These include three
species of Solanaceae, namely Solanum lycopersicum L. (tomato), Solanum tuberosum L. (potato) and
Solanum melongena L. (eggplant) all of which are economically important worldwide. In this study, we
used age-stage two-sex life tables to investigate the suitability of these three plant species as hosts for
P. solenopsis and to calculate pest fitness, life history parameters and population projection parameters.
All tested host plants that were suitable for the pest and eggplant host plant induced a higher
fecundity (276.50 + 10.78 eggs/female), net reproductive rate (Rg) (243.32 + 15.83 offspring/female)
and finite rate of increase (A) (1.18 + 0.0043 dayil) and more extended adult longevity (males:
6.50 & 0.34 days and females: 24.15 4 0.50 days). Population growth predictions over a period of
90 days of infestation, commencing with an initial population of 10 eggs showed that adult population
size was 674,551 on tomato, 826,717 on potato and 355,139 on eggplant. Our data on plant host
preference of P. solenopsis will aid the development of appropriate management strategies and achieve
successful control of this invasive pest in key Mediterranean crop systems.

Keywords: tomato; potato; eggplant; polyphagous pest

1. Introduction

Invasive insect pests remain a constant threat to agricultural production systems
worldwide. Their invasion benefits from both climate change and the rapid global trade
of agricultural products including ornamentals, fruits and seedlings. In most cases, their
establishment outside their native range can cause significant economic and ecological
losses by disturbing ecosystem balance and impairing already implemented Integrated Pest
Management (IPM) strategies, often leading to the overuse of synthetic insecticides [1-3].

Among invasive agricultural pests, mealybugs (Hemiptera: Coccomorpha: Pseudo-
coccidae) are a major threat due to their biological features including cryptic behavior, high
reproductive capacity, ecological plasticity and, in many cases, the ability to develop resis-
tance to insecticides [4,5]. The cotton mealybug Phenacoccus solenopsis Tinsley has expanded
its geographical distribution over the last decades [6]. Thus far, it has been reported in
more than 70 countries worldwide and it is considered one of the most devastating pests
of cotton in Asia (e.g., China, India, Iran and Pakistan) [7-9]. More recently, this pest has
invaded several Mediterranean countries including Algeria, CyprusEgypt, France, Greece,
Israel, Italy, Morocco, Tunisia and Turkey [10-17].

Phaenacoccus solenopsis is a highly polyphagous sap-feeding insect attacking about
300 host plant species belonging to 65 families, in particular species of Amaranthaceae,
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Asteraceae, Cucurbitaceae, Euphorbiaceae, Fabaceae, Lamiaceae, Malvaceae and Solanaceae.
It primarily feeds on the aerial parts of the plants, but can attack also roots and collars, pro-
ducing abundant wax and honeydew, the latter promoting the development of sooty mould.
Mealybug infestations cause distorted and bushy shoots, crinkled and/or twisted and
bunchy leaves and ultimately death in the absence of efficient control measures [8,9,14,18].

Currently, cotton remains the preferred host crop of P. solenopsis with yield losses
in Pakistan, China and India of 0.48, 1.4 and 1.12 million tons, respectively, during
2008-2009 [18]. Hence, an intensive and irrational use of insecticides for its management
was adopted, leading to the emergence of resistance to many insecticides in several field
populations [19-22]. In other invaded regions where cotton is not a key crop, P. solenopsis
spread adapting to wild and ornamental hosts such as Lantana camara L. (Verbenaceae) and
Hibiscus rosa-sinensis L. (Malvaceae) or has become a serious pest of Solanaceous crops, as
has happened in Israel and Egypt where it has been reported on bell pepper, eggplant,
tomato and potato [11,23,24]. Owing to the recent invasion of P. solenopsis in European and
Mediterranean countries, it is therefore critical to assess the suitability of most relevant
Solanaceous vegetables as host plants to reduce the possible yield losses and to develop
efficient monitoring and control protocols.

Life table analyses including life history parameters and population fluctuations are
an essential tool for studying insect ecology and fitness. They provide helpful information
about insect biology and reproductive capacity allowing prediction of their performance
and mortality patterns in relation to different host plants and environmental conditions [25].
However, for biparental species, conventional age-specific life tables often omit the contri-
bution of males and differentiation by stage [26]. To fill this gap, Chi and Liu [27], Chi [28]
and Chi et al. [29] developed the age-stage two-sex life table which has been successfully
applied to study various ecological aspects of insect pests and their natural enemies [30-32].

In this study, we investigated the biology, survival, reproduction and life table pa-
rameters of P. solenopsis when reared on three economically important Solanaceous host
plants, S. lycopersicum (tomato), S. tuberosum (potato) and S. melongena (eggplant), based on
the age-stage two-sex life table using the TWOSEX-MSChart® software. We also assessed
population-projection parameters using the TIMING-MSChart® program.

2. Results

Values for the developmental time of each stage, longevity and total duration of the
life cycle of males and females on different hosts are presented in Table 1.

The egg-incubation time was the same on all host plants (1 d). For females, the
duration of the first instar was longer on eggplant (6.18 £ 0.12 days) than on potato
(5.58 £ 0.11 days) and tomato (4.88 = 0.13 days) (Prp = 0.0001; Prg = 0; Ppg = 0.0005). The
duration of the second instar did not differ among host plants ranging from 4.70 4 0.15 to
4.84 £ 0.18 days (Prp = 0.701; Prg = 0.8721; Ppp= 0.1412). The duration of the third instar
was greater on eggplant (7.09 & 0.24 days) than on tomato (6.30 = 0.26 days) and potato
(6.28 &= 0.20 days) (Prp = 0.0202; Prg = 0.0287; Ppg = 0.0111). For males, the duration of the
first instar was greater on eggplant (6.50 & 0.43 days) than on potato (5.36 & 0.15 days) and
tomato (4.71 £ 0.36 days) (Prp = 0.1045; Prr = 0.0035; Ppg = 0.0185). The duration of the sec-
ond instar was greater on potato (6.54 £ 0.41 days) than on tomato (5.28 £ 0.47 days) and
eggplant (5.16 £ 0.48 days) (Prp = 0.047; Prp = 0.8721; Ppg = 0.1412). The duration of the
pupa was greater on potato (7.09 £ 0.54 days) and tomato (6.71 £ 0.47 days) than on egg-
plant (4.50 £ 0.22 days) (Prp = 0.602; Prg= 0.0001; Ppr= 0.0001). The total female pre-adult
developmental duration was greater on eggplant than tomato and potato (Prp = 0.0717;
Prg =0; Ppg = 0.001) and that of male was greater on potato than on tomato and eggplant
(Prp = 0.0082; Prr = 0.5937; Ppr = 0). The longevity of adults was greater on eggplant
than on tomato and potato for both males (Prp = 0.9248; Prr = 0; Ppr = 0) and females
(Prp = 0.0008; Prp = 0; Ppg = 0). The duration of the life cycle of females was greatest on
eggplant and lowest on tomato and potato (Prp = 0.3548; Prr = 0; Ppr = 0) and that of
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males was the longest on potato and eggplant and the shortest on tomato (Prp = 0.0168;
Prg =0.0203; Ppg = 0.5512).

Table 1. Developmental duration and adult longevity of Phenacoccus solenopsis on different host
plants (25 £ 1 °C, 60 £ 5% RH and 16:8 h (L:D)). Values are means =+ standard errors. Means in a
row followed by different letters are significantly different at p < 0.05 using paired bootstrap test.

Developmental

Duration

(Days) Host Plants
Tomato Potato Eggplant
Egg incubation 14+ 0.00 a (n =50) 1+ 0.00 a (n =50) 1+ 0.00a (n=50)

First-instar nymph

Female

4.8837 + 0.1323 ¢ (n = 27)

5.5897 4 0.1132 b (1 = 28)

6.1818 & 0.1216 a (1 = 23)

Male

4.7142 + 0.3619 b (n = 23)

5.3636 & 0.1511 b (1 = 22)

6.50 + 0.4320 a (n = 27)

Second-instar nymph

Female

4.7441 4 0.1870 a (1 = 26)

4.8461 £ 0.1835 a (11 = 26)

4.7045 £ 0.1564 a (n = 23)

Male

5.2857 + 0.4755b (n = 23)

6.5454 + 0.4103 a (n = 22)

5.1666 & 0.4819 b (n = 27)

Third-instar

Female nymph

6.3023 + 0.2688 b (11 = 26)

6.2820 = 0.2084 b (1 = 26)

7.0909+ 0.2417 a (n = 22)

Male pupa

6.7142 + 0.4751 a (n = 23)

7.0909 + 0.5436 a (n = 22)

450 +0.2249 b (n = 27)

Total pre-adult

Female

16.9302 £ 0.3591 b (1 = 26)

17.7179 + 0.2493 b (1 = 26)

18.9772 £ 0.2868 a (n = 22)

Male

17.7142 £+ 0.8108 b (n = 23)

20.0000 % 0.1899 a (n = 22)

17.1666 £ 0.6044 b (n = 27)

Adult longevity

Female

21.0697 £ 0.3421 b (n = 26)

19.8205 £ 0.1197 ¢ (n = 26)

24.1590 % 0.5029 a (n = 22)

Male

3.1428 4+ 0.1437 b (n = 23)

3.1818 £+ 0.2248 b (n = 22)

6.5000 £ 0.3457 a (n = 27)

Total life cycle

Female

38.0000 4 0.4319 b (n = 26)

37.5384 + 0.2466 b (1 = 26)

43.1363 £ 0.5683 a (1 = 22)

Male

20.8571 4+ 0.8877 b (n = 23)

23.1818 +0.3234 a (n = 22)

23.6666 + 0.7670 a (n = 27)

Data on fecundity, adult preoviposition period (APOP), total preoviposition period
(TPOP) and oviposition days on the different host plants tested are shown in Table 2.

Table 2. Fecundity, adult preoviposition period (APOP), total preoviposition period (TPOP) and

oviposition days of Phenacoccus solenopsis on different host plants (25 £+ 1 °C, 60 = 5% RH and

16:8 h (L:D)). Values are means =+ standard errors. Means in a row followed by different letters are

significantly different at p < 0.05 using paired bootstrap test.

Host Plants
Parameters
Tomato Potato Eggplant
APQOP (days) 6.3953 £ 0.2162 b 5.20514 0.1964 ¢ 10.0909 £ 0.5255 a
TPOP (days) 23.3256 £ 0.405b 22.9222 £+ 0.3091 b 29.0682 + 0.5807 a
Fecundity (eggs) 155.6046 = 11.9904 ¢~ 244.9230 £+ 9.7554 b 276.5000 + 10.7814 a
Oviposition (days) 12.7209 + 0.2469 b 13.6410 £ 0.1725a 10.8409 + 0.1109 ¢

The greatest APOP was registered on eggplant followed by tomato and potato
(Prp =0.0001; Prg = 0; Ppg = 0). Similarly, TPOP was greater on eggplant than on tomato
and potato (Prp = 0.4267; Prr = 0; Ppg = 0). Concerning fecundity, it was greater on eggplant
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(276.50 £ 10.78 eggs/female) than on potato (244.92 & 9.75 eggs/female) and on tomato
(155.60 + 11.99 eggs/female) (Prp = 0; Prg = 0; Ppg = 0.0298). The number of oviposition
days was greatest on potato (13.64 £ 0.17 days) followed by tomato (12.72 & 0.24 days) and
eggplant (10.84 £ 0.11 days) (Prp = 0.0022; Prr = 0; Ppg = 0).

The mean net reproductive rate (Rp) of P. solenopsis was significantly different on the se-
lected host plants, attaining its highest value on eggplant (243.32 &+ 15.83 nymphs/female),
followed by potato (191.04 £ 16.23 nymphs/female) and tomato (133.82 & 12.78 nymphs/
female) (Prp = 0.0056; Prr = 0; Ppr = 0.0213). The average intrinsic rate of increase (r)
was greatest on potato (0.18 + 0.00 d ') compared to tomato and eggplant (Prp = 0.0245;
Prg =0.5411; Ppg = 0.0024). The finite rate of increase (A) was significantly greater on
tomato and eggplant (1.18 & 0.005 d ! and 1.18 4 0.004 d !, respectively) than on potato
(1.20 4- 0.004 d 1) (P7p = 0.0244; Prg = 0.5411; Ppg = 0.0024) (Table 3).

Table 3. Net reproductive rate (Rp), the intrinsic rate of increase (r), finite rate of increase (1) and
generation time (T) of Phenacoccus solenopsis on different host plants (25 £ 1 °C, 60 £ 5% RH and
16:8 h (L:D)). Values are means =+ standard errors. Means in a row followed by different letters are
significantly different at p < 0.05 using the paired bootstrap test.

Host Plants
Parameters
Tomato Potato Eggplant
Ry 133.82 + 12.7829 ¢ 191.04 4+ 16.23395 b 243.32 + 15.83068 a
r 0.1731 £ 0.00424 b 0.1860 =+ 0.0039 a 0.1696 =+ 0.00364 b
A 1.1889 + 0.005042 a 1.2044 + 0.00469 b 1.1848 4+ 0.00431 a
T 28.2854 4+ 0.4532 b 28.2371 4+ 0.3660 b 32.3899 4 0.5958 a

The age-stage-specific survival rate (s,;) of P. solenopsis on different host plants indicates
the probability that a newborn will survive to age x and develop to stage j (Figure 1).

Due to variable developmental rates among individuals, significant overlap was
observed between stages in the survival curves. The first females emerged on days 12,
14 and 15, while the first males appeared on days 14, 19 and 16 on tomato, potato and
eggplant, respectively. The survival rates of preadult instars ranged between 92% and
100%, while those of females were 84%, 78% and 86% on tomato, potato and eggplant,
respectively. The lowest survival rate was recorded for males not exceeding 20% on all
studied host plants.

The single age-stage survival rate (I;) predicts that an egg will survive to age x
(Figure 2). On all host plants, the I, curve was constantly around 100% during the early
stages, indicating a relatively low mortality rate.

The age-stage-specific fecundity (fy) curve peak on potato was greater than that
recorded for eggplant and tomato. The curve of age-specific fecundity (1,) showed that
reproduction began at 19 days on tomato and potato and 3 days later on eggplant, and that
the fecundity on potato and eggplant was greater than on tomato.

—@— Egg —e@— First instar —o— Second Instar —o— Third instar —a— Female —e— Male

Tomato

Figure 1. Cont.
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Figure 1. Survival rate of different development stages of Phenacoccus solenopsis on different host
plants (25 + 1 °C, 60 + 5% RH and 16:8 h (L:D)).
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Figure 2. Age-specific survival rate (l;), female age-specific fecundity (fy), age-specific fecundity
(my) and age-specific maternity (Iy*my) versus age of Phenacoccus solenopsis on different host plants
(25 +1°C, 60 £+ 5% RH and 16:8 h (L:D)).

The age-stage life expectancy (ey;) estimates the life duration of an individual of age
x and stage j. The longevity of P. solenopsis at age zero (ep1) was 35.6 days on tomato,
34.38 days on potato and 40.80 days on eggplant (Figure 3).

The age-stage reproductive value (v,;) shows the contribution of an individual from
age x to stage j to the future population. The curves of reproductive value significantly
increased when reproduction began, as shown in Figure 4. The value of v,; peaked on day

26 for tomato and potato and on day 30 for eggplant with values of 54.87 d 1, 99.57 d !
and 103.59 d 1, respectively.
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Figure 3. Age-stage life expectancy of Phenacoccus solenopsis on different host plants (25 &= 1 °C,
60 4+ 5% RH and 16:8 h (L:D)).
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Figure 4. Age-stage reproductive value of Phenacoccus solenopsis on different host plants (25 £ 1 °C,
60 & 5% RH and 16:8 h (L:D)).
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Population growth predictions of P. solenopsis on considered host plants generated via
the TIMING-MSChart® program are shown in Figure 5, which reveals considerable growth
curves. Simulations suggest that they start to appear on the 12th, 14th and 15th days on
eggplant, respectively (Figure 6A). The total predicted adult population size (N;) after
90 days was 674,551 on tomato, 826,717 on potato and 355,139 on eggplant (Figure 6B,C).
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Figure 5. Population growth predictions of Phenacoccus solenopsis on different host plants.
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Figure 6. The total adult size (N) of Phenacoccus solenopsis on different host plants in time intervals
(A) 10-30d, (B) 50-60 d and (C) 8090 d.

3. Discussion

Although cotton remains its preferred host, P. solenopsis is considered to be a potential
economic pest of many other crops [33]. Its host range has been expanding over the
last decade alongside its geographic spread largely due to favorable climate change. As
a result, many Solanaceous crops including tomato, potato and eggplant, have become
common hosts for this species in several newly colonized countries such as Algeria, Egypt,
Israel, Iran, Italy and Tunisia, and in these newly invaded countries, where cotton is
limited or absent, the damage to Solanaceous crops can be severe due, in particular, to its
considerable reproductive capacity: P. solenopsis may go through many generations per
cropping cycle. Furthermore, modelling studies predict that there will be a rise in the
number of generations/year of this species, prompted by global warming [6]. In addition,
it has been demonstrated that P. solenopsis produces more honeydew on tomato than on
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cotton [34], causing a greater amount of indirect damage, linked to the development of
sooty mould which causes a reduction of photosynthesis and a depreciation of fruit quality.
The production of honeydew also prompts a mutualism between ants and P. solenopsis
that contributes to the rapid infestation by the mealybug, also hampering the possible
action of natural enemies. For example, it has been demonstrated how ants successfully
facilitated the invasion of another mealybug, Delottococcus aberiae De Lotto (Hemiptera:
Pseudococcidae), on citrus in Spain [35]. In Mediterranean crops, the situation may be
even more complicated due to the absence of coevolved specific natural enemies of this
pest and the concomitant pressure posed by other invasive pests such as Tuta absoluta
(Meyrick, 1917) (Lepidoptera: Gelechiidae) (the tomato leafminer) on tomato and eggplant
and Leptinotarsa decemlineata (Say, 1824) (Coleoptera: Chrysomelidae) (the Colorado potato
beetle) on potato [3,14].

Previous studies have shown that host plants can significantly affect the life history
parameters and population dynamics of P. solenopsis [36-39] and have a significant impact
on Aenasius bambawalei (Girault, 1915) (Hymenoptera: Encyrtidae), an efficient solitary
endo-parasitoid of this pest, described from India and possibly accidentally introduced
into that country along with its host pest [40].

In our study, tomato, potato and eggplant were all found to be suitable hosts for the
pest. The theory suggests that the most appropriate host plant for a polyphagous insect
pest should allow shorter APOP and TPOP and higher fecundity, net reproductive rate
(Ro) and finite rate of increase (A). Nabil [41] reported very high population densities of
P. solenopsis in open field crops of eggplant in the Hihhya district, Sharqia Governorate in
Egypt, reaching 328.75 individuals/leaf during September 2016. High densities of different
instars of the pest reaching 150 individuals per plant were also recorded when reared on
tomato in Israel by Spodek et al. [11]. In Egypt, natural infestation of the pest on tomato
was also reported in Qalyubia governorate [42].

Significant differences in the selected parameters may be reasonably attributed to
specific biochemical and morphological features and are in accordance with what has
been reported in previous studies. For example, Shahid et al. [43] tested 25 different host
plants for the development of P. solenopsis, correlating their morphological traits to the
population dynamic of the pest. The authors concluded that eggplant is one of the most
favorable host plants for the mealybug. Similarly, Nagrare et al. [44] found that the highest
net reproductive rate was on cotton (284 females/female/generation) and the lowest was
on tomato.

It is reasonable to hypothesize that the abundant glandular trichomes scattered on
tomato leaves and stems play a key role in hampering the development of P. solenopsis.
Nonetheless, it can conclude its cycle even on this plant, thus becoming another serious
threat in the whole Mediterranean area.

The potential damage of P. solenopsis to eggplant and tomato can be particularly
significant when they are grown in greenhouses, where it takes advantage of optimal
climatic conditions and high host density. Indeed, Prasad et al. [45] observed the greatest
fecundity and survival of crawlers at 30 °C and 32 °C, respectively, which are both common
temperatures of protected crops in Mediterranean countries. This situation may lead to the
overuse of chemicals in these crops while increasing plant protection costs and disrupting
already implemented control schemes for other relevant pests. Furthermore, in Asia (in
particular, Pakistan and India) P. solenopsis has already developed resistance to a wide
range of insecticides including organophosphates, pyrethroids and neonicotinoids due to
the continuous and severe use of these compounds on cotton cultivations [19-21]. This
has severe consequences on efficient chemical control options of this pest on invaded host
crops in the Mediterranean Basin since recent phylogenetic analyses performed in Tunisia
and Italy revealed that the populations introduced in both countries most probably derive
from Asian stock [16,17]. The data presented in this study may be a starting point for
the development of suitable agroecological management strategies, such as those based
on inter- and border cropping, with a view to progressive reduction of pest populations
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on cultivated crops and with the enhancement of biological control. These strategies are
mostly needed in relation to reducing the application of synthetic insecticides as required
by the European Union and by consumers.

4. Materials and Methods
4.1. Plants

Plants used in this study were tomato (Variety ‘Dorra’), potato (Variety ‘Spunta’) and
eggplant (Variety ‘Tizona’) grown in a glasshouse from seed (or tuber) in plastic trays
(330 mm x 250 mm x 130 mm) in peat substrate, watered with tap water every two days
and maintained under identical natural conditions without fertilizers and chemicals until
they reached 150 mm height.

4.2. Insects

A laboratory rearing of P. solenopsis was initiated at the High Agronomic Institute
of Chott-Mariem, Sousse, Tunisia, using specimens collected on Lantana camara L. (Verbe-
naceae) in Tunis, Tunisia, in spring 2022. The identity of specimens was confirmed using
both morphological and molecular approaches [17]. Initially, the mealybug was reared for
five generations on potato plants (Variety ‘Spunta’) obtained from tubers placed in plastic
containers (330 mm x 250 mm X 130 mm) filled with fine sand. To avoid possible effects
of host shifting during the experiments, two other colonies were set up using individuals
reared on potato, on tomato and on eggplant. All colonies were maintained for five genera-
tions in a climatic chamber at 25 £ 2 °C, 60-70% RH and 16:8 h (L:D) photoperiod before
their use in the bioassay.

4.3. Experimental Protocol

For each host plant (tomato, potato and eggplant), 50 plants were transplanted indi-
vidually into plastic cups with 200 mL peat substrate. Peer cohorts of P. solenopsis were
used to collect eggs and a single freshly laid egg (<1 h) was transferred to the central vein
of an apical leaf using a fine soft paintbrush under a binocular microscope (Leica® MZ8,
Leica Microsystems, Wetzlar, Germany). Plants bearing eggs were then incubated in a
climatic cabinet (Scimmit, Shanghai Scimmit Technology, Shanghai, China) at 25 £ 1 °C
temperature, 60 £ 5% relative humidity and 16:8 h (L:D) photoperiod. Plants were watered
daily with tap water using a 50 mL volume syringe. The entire life cycle of each mealybug
individual on each plant was monitored daily until its death. The moults during the
larval stages were recorded by the presence of exuviae. Newly emerged adults were kept
as couples to record the following parameters: egg incubation period, duration of each
immature stage, pre-oviposition period, oviposition period, fecundity, post-oviposition
period, adult sex and adult longevity.

4.4. Demographic Analyses

Collected data on the development and reproduction on each considered host plant
were analyzed according to the age-stage two-sex life table theory as described by Chi
and Liu [27] and Huang and Chi [46]. We calculated age-stage-specific survival rate (s,;:
the probability that a newly laid egg will survive to age x and stage ), age-stage-specific
fecundity (f,;: the mean fecundity of females at age x), age-specific survival rate (Ix: the
probability that a newly laid egg will survive to age x), and age-specific fecundity (my: the
mean fecundity of individuals at age x) (Supplementary Materials S1).

The means and standard errors of the life table parameters were estimated using
the bootstrap method with a bootstrap number of m = 100,000 in order to ensure precise
estimates [47]. TWOSEX-MSChart® [48] for Windows® (Version 2023.12.15) was used to
construct and analyze age-stage two-sex life tables. A paired bootstrap test within TWOSEX-
MSChart® was used to compare differences in developmental time, adult longevity, adult
preoviposition period (APOP), total preoviposition period (TPOP), oviposition days and
fecundity between treatments. The population parameters were also compared using the
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paired bootstrap test, based on the confidence interval of difference [47,49]. The p values
of the paired bootstrap test were defined as follows: Prp, tomato to potato; P, tomato to
eggplant; Ppg, potato to eggplant.

4.5. Population Projection

The TIMING-MSChart® [50] program (Version 04/18/2024) was used to simulate
population growth rate and the structure of each age-stage of P. solenopsis over a period of
90 days with an initial population of 10 eggs and without control.
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Abstract: Phytoseius plumifer (Canestrini and Fanzago) and Euseius scutalis (Athias-Henriot) (Phy-
toseiidae) are generalist predatory mites important in controlling phytophagous mites on some
agricultural crops. The biology of both species as potential biological control agents of the grape
erineum mite, Colomerus vitis (Pagenstecher) (Eriophyidae) on grape leaf disks was studied in the
laboratory at 33 + 1 °C, 60%RH, 12:12 h L:D. The developmental time, survival, and reproductive
parameters of P. plumifer and E. scutalis on C. vitis, date palm pollen as well as C. vitis plus date palm
pollen were investigated. Both predators, P. plumifer and E. scutalis, thrived on the mixed diet of C.
vitis and date palm pollen resulting in a shorter developmental time (6.16 and 6.69 days, respectively),
higher oviposition rate (2.11 and 1.96 eggs/female/day, respectively), and higher intrinsic rate of
increase (0.251 and 0.229 per female/day, respectively) than on any other diet. Date palm pollen
was an adequate alternative food source for P. plumifer and E. scutalis. The results suggest that both
predators have good potential to suppress C. vitis populations and that date palm pollen can support
the population establishment of both predators in the absence or scarcity of the main prey in the
environment. We discuss the relevance of our results for the biocontrol of C. vitis.

Keywords: biological control; Phytoseius plumifer; Euseius scutalis; mixed diet; alternative food

1. Introduction

Grapevine (Vitis vinifera L.) is an economically important fruit crop in the world and,
globally, the third most valuable horticultural crop after potatoes and tomatoes [1]. World-
wide vineyard surface accounts for 7.327 million hectares, with a total grape production
of 77.8 Mio.t that sustains dried grape and fresh grape markets and wine elaboration
worldwide. However, most grapevine cultivars are susceptible to mite infestations, which
considerably limit grape production. Moreover, grape mite infestations are becoming
worse owing to the excessive use of pesticides and the destruction of biodiversity in recent
years [2]. It is well known that some serious mite species occur on grape leaves. One of
the most devastating pests globally infecting grapevines is grape erineum mite, Colomerus
vitis (Pagenstecher), which may result in total crop damage in case of severe infestation [3].
The feeding of this mite causes a decrease in leaf area, photosynthetic rate, and chlorophyll
contents and an increase in leaf fresh weight due to the hyperplasia and hypertrophy of
mesophyll and epidermal cells and leaf deformities as well as reduction in the growth of
green grapevine shoots and causes damage in nurseries and vineyards [4-7]. Colomerus
vitis-infested grape leaves initially show white patches on the lower leaf surface. The young
leaves then twist, become fragile, and experience the formation of a layer of white fluff
plaque at the back, which appears blister-like on the upper surface. Analogous to rusts,
yellow, fungi-like spots form in the subsequent period and, finally, become reddish brown.
When C. vitis infestation is severe, the grapevines cannot renew and grow new buds, which
inhibits the ability of leaves, and it affects grape production [8]. Furthermore, C. vitis
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infestation in grape leaves causes the spread of grapevine pinot gris virus (GPGV) [5,9],
as well as grape berry necrosis virus (GINV) [9]. Therefore, grape plant health manage-
ment is needed which enhances productivity, prevents crop loss, and contributes towards
food security.

Currently, pest management practices are generally limited to chemical pesticide
application; vineyards are subjected to very high levels of synthetic pesticides [10]. The
use of synthetic pesticides to manage phytophagous mites results in the resistance of mites
to major pesticides, the resurgence of secondary diseases and pests, the lethal effects of
pesticides on natural enemies and other non-target organisms, and the presence of pesticide
residues in crops, as well as negative impacts on biodiversity and on the environment and
human health [11-13]. These negative impacts strongly limit the sustainability of farming
systems and primarily necessitate the development of non-chemical methods of pest control.
Additionally, due to concerns regarding the adverse effects of chemical pesticides, there
is an increasing demand for pesticide-free fruits. Consequently, it is imperative to find
effective biological control agents against C. vitis [3]. The utilization of predatory mites as a
tool in phytophagous mites’ management is important for sustainability and food security
and a promising way to reduce the level of chemical pesticide use [14,15]. Phytoseiid mites
are the most extensively studied and most applied biocontrol agents of phytophagous mites
(particularly of the Eriophyoidea and Tetranychoidea), thrips and whiteflies in orchards,
grapes, citrus crops, and greenhouses [16-20]. Most of all, phytoseiids are generalist
predators and can survive and develop feeding on prey when they are available but are
also capable of surviving on a broad range of other foods (plant exudates, pollen, nectar,
fungi, etc.) when the prey are rare or absent [21]. Phytoseius plumifer (Canestrini and
Fanzago) (Phytoseiidae) is an important generalist predator, and one of the most abundant
natural enemies and an efficient predator of phytophagous mites on various crops in
several countries [22,23]. It is found naturally on grapes in many countries around the
world [19]. This predator is capable of preying on a range of prey-food types, including
eriophyid mites, tetranychids, tarsonemids, and pollen as food [15,24-26]. Also, Euseius
scutalis (Athias-Henriot) (Phytoseiidae) is a predator that can be considered in integrated
pest management (IPM) programs against some pests. It appears to be adapted to several
plants, such as fig, pomegranate, apple, okra, vines, avocado, citrus, etc. [27,28]. E. scutalis is
a generalist predator capable of preying on a wide range of food items, including eriophyid
mites, tetranychid mites, whiteflies, scale insects, and the eggs of some insects, in addition
to pollen grains [29-33].

Habitually, generalist predacious mites can exploit different diets, including natural
prey and pollen [34,35]. Furthermore, plant pollens can serve as a supply of nutrients and
water complementary to a diet consisting of prey [36,37]. Many studies have shown that
adding pollen to a crop can promote pest control by predacious mites [38]. The pollinivory
of P. plumifer and E. scutalis offers the possibility to pre-establish populations in vineyards
with the supplementation of pollen and allows them to sustain their populations in the
grape crops when prey is scarce or absent and thus prevent severe declines in predatory
mite populations during scarcities of primary prey. So far, no study has examined the
potential of P. plumifer and E. scutalis as predators of the grape erineum mite, C. vitis.
The main objective of the current laboratory study was to compare the potential of these
predatory mite species as biocontrol agents of C. vitis. In particular, the developmental,
survival, predation rate, and reproductive performance of the two phytoseiid mites was
assessed, using C. vitis, date palm pollen, or a combination of both as food.

2. Results
2.1. Developmental Time and Survival of Immature Stages

Phytoseius plumifer and Euseius scutalis developed successfully on C. vitis, date palm
pollen, and C. vitis plus date palm pollen. The mites developed the fastest when reared on
C. vitis plus date palm pollen and the slowest on date palm pollen only (Table 1). That diet
significantly affected the developmental time of E. scutalis but not that of P. plumifer. The
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predatory mite, P. plumifer, completed its development faster as compared to E. scutalis on all
three diets. P. plumifer showed similar egg-to-adult developmental times of 6.16-6.37 days
on the three diets, while E. scutalis required 6.69-8.44 days. Diet had no significant effect
on the durations of the different developmental stages of P. plumifer. On the contrary, the
predatory mite, E. scutalis, developed significantly faster on a mixed diet as compared to
date palm pollen alone (p < 0.005) but not as compared to C. vitis alone (p = 0.130). The
stages of this species developed faster on C. vitis alone as compared to date palm pollen
alone (p = 0.021) but not as compared to a mixed diet (p = 0.845) (Table 1). On all tested
diets, the survival of the immature stages was as high as 94.12 for P. plumifer and 91.80 for
E. scutalis (Table 2). The interaction between diet and predator species was not significant,
and there was not a noteworthy effect of predator species on survival from egg to adult.
Tukey’s HSD test indicated that juvenile survival was not significantly affected by diet.

Table 1. Average development duration in days of the immature stages of Phytoseius plumifer and
Euseius scutalis feeding on three diets at 33 £ 1 °C, 60% = 5% RH.

Predator Overall
Species Diet Sex Egg Larva Protonymph Deutonymph Deve}r(;gn;ental
Phutoseits Female 231+022a 1054+018a 139+014a  1.62+0.16a 6.37 +0.65a
: Date palm pollen.
plumifer Male 225+018a 1.17+0.12a 131 £0.12a 152+ 0.14a 6.25 1+ 0.60 a
. » Female 238+£018a 1.05+0.20a 1.30 £0.18 a 1.56 £ 0.14 a 6.29 047 a
mixed stages of C. vitis
Male 235+016a 1.02+0.10a 124 +011a 153 +£0.12a 6.14 £0.52a
mixed stages of C. vitis _ Female 230 +0.4a  110+004a  129+0.05a 147 +0.052a 6.16 + 0.45a
+ date palm pollen Male ~ 230+013a 108+005a  125+004a 143 +0.04a 6.06 +0.52a
Female 236+025a 125+020a 226+0.28a 257 £0.18a 844 +0.72a
Euseius scutalis Date palm pollen
Male 2324+022a 122£0.18a 223+020a 284 £0.16a 825+ 0.62a
. » Female 232+015a 123+0.17a 1.64 +0.18b 191 +£0.12b 710 £0.52b
mixed stages of C. vitis
Male 230+£012a 1.22+0.15a 1.62+0.16b 1.85 £ 0.08 b 6.99 £ 0.66 b
mixed stages of C. vitis _ Female 230 +0.18a 121+009a  151+0.09b 1.67 +0.05b 6.69 + 0.64b
+ date palm pollen Male  228+014a 123+007a 150+0.11b 1.64 +0.07b 6.65+0.71b
Different letters in each column denote significant difference within each species (ANOVA followed by Duncan’s
multiple range test: p < 0.05).
Table 2. Survival of immature stages of Phytoseius plumifer and Euseius scutalis feeding on three diets
at33 £1°C, 60% = 5% RH.
Stage Specific Survival (% I SE) ;
Predator Species Diet 8¢ °p S“W“’a(} to
Egg Larva Protonymph Deutonymph Adulthood (% + SE)
Date palm pollen 93.25 £ 3.89 91.25+4.12 91.08 + 4.54 9091 £4.19 90.14 +4.12
Phytoseiu splumifer C. vitis 94.54 +4.11 96.30 & 3.96 95.16 + 3.28 93.52 +3.85 92.23 +3.43
C. vitis + pollen 97.35 £ 3.81 98.54 + 3.35 97.10 £+ 3.49 9429 £3.18 9412 + 3.81
Date palm pollen 92.24 + 3.60 90.60 + 4.87 89.42 +4.74 90.17 £ 3.61 90.37 +4.15
Euseius scutalis C. vitis 93.97 + 451 92.67 + 4.45 92.25 + 3.45 91.05 + 3.53 91.80 + 3.25
C. vitis + Pollen 95.64 £ 3.78 94.30 &+ 3.61 93.85 + 3.56 92.14 £4.23 91.15 + 2.89

No significative differences according to the Tukey HSD test.

2.2. Adult Longevity

Overall, no significant difference in the pre-oviposition period was observed between
C. vitis and pollen alone, whereas the shortest pre-oviposition period was recorded on a
mixed diet for P. plumifer and E. scutalis. (Table 3). Diet had a clear significant effect on the
generation period and female longevity in both predator species. There were insignificant
differences between the pollen and C. vitis and C. vitis diet treatments (p = 0.0274), while
there was a significant difference between treatments of pollen diet alone, C. vitis and
pollen, and C. vitis (p = 0.0243). The generation period and female adult longevity lasted
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9.22 and 28.48 days, 9.08 and 33.13 days, and 8.37 and 33.43 days when P. plumifer fed on
date palm pollen, C. vitis, and C. vitis plus pollen, respectively. The corresponding periods
were 12.81 and 24.11 days, 10.40 and 28.30 days, and 9.14 and 28.96 days when E. scutalis
fed on date palm pollen, C. vitis, and C. vitis plus pollen, respectively. For both predators,
the oviposition period differed significantly among food types (p = 0.064). When the mixed
diet was the food source, the total oviposition period was the longest, whereas it was the
shortest when the predators fed on pollen alone (Table 3).

Table 3. Average development duration in days of Phytoseius plumifer and Euseius scutalis adults
feeding on three diets at 33 = 1 °C, 60% =+ 5% RH.

Predator . Pre SN Post Longevity Life Span
Species Diet OVipOSiﬁOI‘l OVlPOSlthn Oviposition Female Male Female Male
P :;ﬁ%g‘s Datepalmpollen  285+018a 2F10Z012 44740000 284841060 268941252 348541352 3314+ 188a
mixecd j}tft‘l.%es of  2794019a 2596+£079b 438+030a 3313+£096b 3153+ 182b 3942+ 146b 3742 £142b
mixed stages of
Coitistdate  2214014b  2687£092b  435+038a 343+104b 2 TOMY 39504136b 3843+ 1.69b
palm pollen
E£;;:§ Date palm pollen 437 +03la 1658 +095a  3.16+034a 2411+£098a 1947 +234a 3255+13la 27.72+25la
mixeg j;jges °f  330+024a 21124106b 388+046a 2830+ 114b  2595+098b 3540+ 144b 3294+ 170b
mixed stages of
C. vitis + date 245+0.16c  2249+083b  402+020a 2896+126c 2743+£0.1.05c 3565+133c 3408+ 151c
palm pollen
Different letter denotes significant difference within species (ANOVA followed by Duncan’s multiple range test:
p < 0.05).
2.3. Reproduction
Phytoseius plumifer and E. scutalis showed similar fecundity on either diet (p = 0.8543).
In contrast, in both predatory mites, fecundity was significantly affected by diet (p < 0.001).
On the grape erineum mite diet, total oviposition over the oviposition period averaged
53.94 4 1.28 and 40.09 £ 1.22 eggs for P. plumifer and E. scutalis, respectively (p > 0.878).
A combination of C. vitis and date palm pollen resulted in an average oviposition of
56.81 £ 1.30 and 44.16 + 1.35 eggs over the oviposition period for the respective predators
(p > 0.985). The addition of date palm pollen to the diet of C. vitis substantially increased
the reproductive performance of both P. plumifer (p = 0.004) and E. scutalis (p < 0.001). In
addition, P. plumifer and E. scutalis females fed on pollen alone exhibited a lower rate of
fecundity than those feeding on grape erineum mite diet and the mixed diet. The post-
oviposition periods of P. plumifer and E. scutalis did not differ between the three tested diets
(Table 4).
Table 4. Fecundity of Phytoseius plumifer and Euseius scutalis feeding on three diets at 33 + 1 °C,
60% =+ 5% RH.
Phytoseius plumifer Euseius scutalis
Diet
e Total Fecundity + SD Daily Fecundity Total Fecundity + SD Daily Fecundity
Date palm pollen 3548 £ 1.12 Aa 1.67 +0.08 24.55 + 1.07 Ab 1.48 £0.04
C. vitis 53.94 +1.28 Bb 2.07 £ 0.06 40.09 = 1.22 Bc 1.89 £ 0.09
C. vitis + Pollen 56.81 + 1.30 Bd 2.11 £ 0.09 44.16 = 1.35 Be 1.96 £ 0.05

The capital letter denotes the significance within the same column, and the small letter denotes the significance
within the same row at p < 0.05.

2.4. Predation of P. plumifer and E. scutalis

The larvae of both predators were inactive and did not feed during the experiment,
and the feeding activity started immediately after the predators entered the protonymphal
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stages. Both P. plumifer and E. scutalis successfully suppressed the population of C. vitis
on the small laboratory-rearing units, in the absence of date palm pollen. The mean daily
predation rate was significantly affected by predator age and diet (p < 0.001).

For both predators, the adults consumed more prey compared with the nymph stages.
There was a significant difference in the predation rate of adult C. vitis between the
two species of predatory mites, P. plumifer and E. scutalis. The total number of C. vitis
prey consumed by P. plumifer and E. scutalis immature and adult stages are shown in
(Tables 5 and 6). In the absence of date palm pollen, immature females of P. plumifer sig-
nificantly consumed a higher number of prey 106.86 + 3.64 than E. scutalis 96.55 + 2.17.
The highest means for the daily predation of females were observed during the oviposition
period, with the female of P. plumifer devouring an average of 2931.40 £+ 16.62, while
the female of E. scutalis consumed an average of 1994.52 + 12.40. Thereafter, the daily
consumption of predators fed on C. vitis decreased with age. At the end of the experiment,
P. plumifer showed the highest predation rates on C. vitis in the absence of date palm pollen.
The highest number of preys consumed during the life span was reported for P. plumifer
females with 3525.63 £ 16.47 prey, while for E. scutalis, it was 2452.49 =+ 10.53 prey (Table 5).
So, it could be concluded that P. plumifer performance was better than E. scutalis against C.
vitis. Providing date palm pollen with C. vitis resulted in a significant reduction in total
prey consumption during P. plumifer and E. scutalis juvenile development from approx.
106.86 £ 3.64 and 96.55 & 2.17 mites per predator female when mites were reared on C. vitis
only to approx. 56.74 £ 1.47 and 46.60 £ 1.38 mites per predator female in the mixed diets
for P. plumifer and E. scutalis, respectively. A similar trend was found for both predators
during female longevity periods. Providing date palm pollen with C. vitis resulted in
a significant reduction in the total prey consumption during P. plumifer and E. scutalis
longevity from 3418.77 4= 14.50 and 2355.87 4 15.85 mites per predator when mites were
reared on C. vitis only to approx. 2052.00 £ 11.34 and 1247.65 & 16.25 mites per predator in
the mixed diets for P. plumifer and E. scutalis, respectively. Similarly, the highest means for
the daily consumption rate of females were observed throughout the oviposition period,
with the female of P. plumifer devouring an average of 1769.43 £ 10.42, while the female of
E. scutalis devoured an average of 1037.83 & 3.52. The highest number of preys consumed
during the life span reported for P. plumifer females was 2108.74 + 14.23 prey, while for E.
scutalis, it was 36.56 %+ 2.30 prey (Table 6).

Table 5. Predation rate by different stages of Phytoseius plumifer and Euseius scutalis feeding on grape
erineum mite, Colomerus vitis at 33 -1 °C, 60% =+ 5% RH.

P. plumifer E. scutalis
No. of Attacked Mite Individuals
Predatory Stage Sex
Total Average Daily Rate, Total Average, Daily Rate,
Mean + SD Mean + SD Mean + SD Mean £+ SD
Female 43.84 4+ 1.68 33.72 £ 1.52 37.34 +2.43 22.76 £ 1.64
Protonymph
Male 38.55 +2.12 31.08 4+ 2.04 36.27 +2.50 22.38 +1.20
Female 63.02 + 2.45 40.39 £ 2.30 59.28 + 3.16 31.03 £2.36
Deutonymph
Male 58.00 4= 1.89 37.90 +2.11 58.14 +2.70 31.42 +1.85
Pre-oviposition Female 241.48 + 3.15 86.55 + 2.07 239.44 + 3.65 7255 +2.25
Oviposition Female 2931.40 + 16.62 a 11291 =453 a 1994.52 £12.40b 9443 +4.16b
Post-oviposition Female 245.89 + 2.30 56.13 4+ 2.26 165.52 4+ 3.35 42.66 + 2.51
L " Female 3418.77 +14.50 a 103.19 + 3.08 a 2355.87 +-15.85 b 83.24 £3.49b
ongevi
& Y Male 2845.36 + 12.53 90.24 4+ 3.60 1882.93 + 14.14 72.56 + 4.14
Lif Female 3525.63 + 16.47 a 8943 +3.14a 2452.49 +10.53 b 69.27 +£3.30b
He spant Male 2941.91 + 12.90 78.61 + 2.82 1977.34 + 13.57 60.02 + 3.14

Means followed by different letters in each row for total average and daily rate separately denote significant differ-
ences (ANOVA followed by Duncan’s multiple range test: p < 0.05) (The comparation is made only with females).
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Table 6. Predation rate by different stages of Phytoseius plumifer and Euseius scutalis feeding on a
mixed diet of the grape erineum mite, C. vitis plus date palm pollen at 33 = 1 °C, 60% =+ 5% RH.

P. plumifer E. scutalis
No. of Attacked Mite Individuals
Predatory Stage Sex
Total Average, Daily Rate, Total Average, Daily Rate,
Mean + SD Mean + SD Mean + SD Mean + SD
Female 22.86 + 1.21 17.72 £ 0.96 19.85 £ 0.71 13.14 £ 0.64
Protonymph
Male 2247 +1.06 17.97 £+ 0.80 18.61 £ 0.75 12.40 + 0.87
Female 33.88 +1.12 23.04 +1.91 26.75 +1.18 16.01 £ 1.05
Deutonymph
Male 32.72 +1.36 22.88 +1.25 20.81 4+ 0.98 12.68 £+ 0.90
Pre-oviposition Female 143.07 + 2.11 64.73 = 1.16 129.55 4+ 1.23 52.87 +1.08
Oviposition Female 1769.43 +£10.42 a 65.85+1.41a 1037.83 +3.52b 46.14 £3.16 b
Post-oviposition Female 139.50 + 2.09 32.06 + 0.96 80.27 + 1.46 19.96 + 0.84
L " Female 2052.00 +11.34 a 61.38 +2.59 a 1247.65 £ 16.25b 43.08 +=2.14b
ongevi
sV Male 1439.65 + 13.68 44.61 +1.83 1003.23 +£10.72b 36.56 +2.30 b
Lif Female 2108.74 +14.23 a 5326 +1.17 a 1294.25 + 14.95 36.30 +2.48 b
He span Male 1494.84 + 10.89 38.89 + 1.34 1042.65 + 7.84 b 30.59 £ 2.27

Means followed by different letters in each row for total average and daily rate separately denote significant
differences (ANOVA followed by Duncan’s multiple range test: p < 0.05). (The comparation is made only
with females).

2.5. Population Growth Parameters

Based on the above-mentioned findings, we calculated the life table parameters of
P. plumifer and E. scutalis for each treatment. The highest life table parameter value was
recorded when the predators were fed the mixed diet of C. vitis and date palm pollen.
For both predators, the females reared on the mixed diet of C. vitis and date palm pollen
showed the highest net reproductive rate (R,), intrinsic rate of natural increase (r,;), and
finite rate of increase (A). On the other hand, P. plumifer and E. scutalis individuals reared
on the mixed diet had the shortest mean generation time (Table 7).

Table 7. Population growth parameters of Phytoseius plumifer and Euseius scutalis feeding on three
diets at 33 = 1 °C, 60% =+ 5% RH.

C. vitis C. vitis + Pollen Date Palm Pollen
P t
arameters P. plumifer E. scutalis P. plumifer E. scutalis P. plumifer E. scutalis
Net reproduction 27.65 2431 29.12 26.82 20.46 19.10
rate (Ry)
M.ean generation 18.57 19.65 17.21 18.72 22.36 25.48
time (T) (days)
Ir}trmsm rate of 0.242 0.211 0.251 0.229 0.194 0.175
increase (rp;)
Finite rat?A(;f increase 1.246 1.212 1.377 1.285 1.194 1.186
0.76 0.73 0.73 0.70 0.60 0.53
S ti
eXx ratio (f=23,m=7) (f:22,1’1’1=8) (f=22,m=8) (f:21,m:9) (f=18,1’1’1=12) (f=16,m=14)

2.6. Sex Ratio

The diet had a clear significant effect on the sex ratio in both predators. As shown in
Table 7, sex ratio on all diets ranged from 53 to 76%. There were insignificant differences
between the treatments of mixed diet (pollen plus C. vitis) and C. vitis diet alone. Also,
there was a significant difference between treatments of pollen diet alone and other diets.
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However, the maximum female-biased sex ratio was 76%, which was recorded for P.
plumifer when fed on C. vitis only, while the minimum female-biased sex ratio was 53%,
which was recorded for E. scutalis when fed on date palm pollen only.

3. Discussion

This study is the first documentation of the life history, predation capacity, fecundity,
and life table parameters of P. plumifer and E. scutalis on the grape erineum mite as prey. It
shows that the grape erineum mite is an acceptable prey and of high nutritional value for
P. plumifer and E. scutalis resulting in a short developmental time and high fecundity rate.
They were also able to develop and reproduce successfully when fed on fresh date palm
pollen or on a mixed diet of grape erineum mite and date palm pollen. This is a significant
step in the development of biocontrol strategies against the grape erineum mite. For both
predators, larvae developed to the protonymphal stages without feeding. Non-feeding
larvae behavior may be a mechanism for the avoidance of sibling cannibalism or reducing
intraspecific competition. Similar findings have been observed in many phytoseiidae
species [39].

The developmental time of the different life stages of P. plumifer on all three diets
tested in the current study are considerably shorter than those stated by Moghadasi et al.
2006 for this predator when preying on spider mite, Tetranychus urticae Koch at 27 °C
and 75-80% RH [40], or the eriophyid mite, Rhyncaphytoptus ficifoliae (Keifer) at 25 °C and
65% RH [25]. These researchers stated a mean total developmental time of P. plumifer
females of 8.62 and 8.73 days on the respective prey species. The developmental time of
female immatures of P. plumifer fed on fig spider mite Eotetranychus hirsti [41] at 35 °C
and 60% RH are very close to the present results against C. vitis. On the other hand, the
development of P. plumifer immature females was slightly longer in our study (6.37 days at
33 °C) than reported when fed on the eriophyid mite, Aceria olivi (5.67 d at 35 °C) [15]. In
the present study, the developmental rate of E. scutalis was shorter (6.69 days) on a mixed
date-palm-pollen—prey diet compared to date palm pollen alone, which is faster than on
the other prey, including mites and insects such as Oligonychus afrasiaticus, Eutetranychus
orientalis, T. urticae, R. ficifoliae, and Insulaspis palidulla (9.6, 8.19, 8.02, 7.00, and 6.75 days,
respectively) [30,31,42], as well as pollens like sour orange pollen (Citrus aurantium L.),
castor bean pollen (Ricinus communis L.), and alfalfa pollen (Medicago sativa L.) (7.90, 6.98,
and 8.94 days, respectively) [43]. Mufioz-Cardenas et al. (2014) noted a positive influence
of a mixed diet of eggs from whiteflies and spider mites on the developmental time and
fecundity of predatory mite Balaustium leanderi compared to either food alone [44]. A
positive effect of a mixed diet on the development, predation capacity, reproduction, and
life history parameters has been reported for other predacious mites as well [45].

The survival rate of immature stages was not significantly affected by diet, and it
exceeded 90% for both predators on all three diets. The findings of Vervaet et al. (2022)
support our results. They revealed that the survival rate of Pronematusu biquitus and
Homeopronematus anconai during the immature stages exceeded 83% for both mites on three
diets [45].

The pre-oviposition periods of P. plumifer and E. scutalis were close to those stated by
Kasap and Sekeroglu (2004) [28] and Hamedi et al. [46]. When P. plumifer and E. scutalis
were fed on a mixed diet of C. vitis and date palm pollen, there was a significant increase
in oviposition period, fecundity, and adult female longevity. Subsequently, predators’
performance was strong. The oviposition period and female longevity of P. plumifer were
parallel to the findings stated by Kouhjani-Gorji et al. (2012) [47], Louni et al. (2014) [25],
Shakarami and Bazgir (2017) [41], and Al-Azzazy and Alhewairini (2020b) [15] for P.
plumifer feeding on T. urticae, R. ficifoliae, E. hirsti, and Tegolophus hassani.

The oviposition duration and adult female longevity of E. scutalis (22.49 and 28.96)
on a mixed diet were close to that reported against Panonychus citri (21.3, 28.6) [28] and
(20.22, 29.57) when E. scutalis fed on Crawlers of Bemisia tabaci [48]. Although the addi-
tion of date palm pollen to the rearing units lowered the grape erineum mite predation
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by both predators, it substantially increased the fecundity of the predatory mites, and
oviposition was always higher. The highest oviposition was obtained when P. plumifer
was fed on a mixed diet (56.81 eggs/female). This value was higher when compared to
mites that fed on T. urticae (49.10 eggs/female) [49], on R. ficifoliae (28.47 eggs/female) [25],
on E.hirsti (35.71 eggs/female) [41], and on Oxycenus niloticus (50.80 eggs/female) [15];
furthermore, the results of Al-Azzazy and Alhewairini (2020b) for P. plumifer fed on A.
olivi (57.46 eggs/female) [15] were higher than that obtained in this study. The maximum
oviposition of E. scutalis was (44.16 eggs/female), which was higher than reported by
Kasap and Sekeroglu (2004) [28] (39.7 eggs/female) with feeding on P. citri. Also, E. scutalis
has shown total fecundity of (17.13, 19.96, 23.16, 25.92, and 26.52 eggs/female) on golden
shower tree pollen, caper bush pollen, Tetranychus turkestani, date palm pollen, and cattail
pollen, respectively [35]. Moreover, the results of Bounfour and McMurtry (1987) for this
predator fed on Tetranycus pacificus eggs (59.0 eggs/female at 35 °C) [27] were considerably
higher than the value estimated in the current study. The high fecundity for both predators
in the current study might be due to feeding on mixing prey with pollen. In Amblydro-
malus limonicus, Samaras et al. (2021) showed that mixing prey with pollen resulted in
higher fecundity and r;, values, thus enhancing the medium-to long-term thrips-control
potential [49].

In the current study, the addition of date palm pollen significantly lowered the preda-
tion rate of grape erineum mites by P. plumifer and E. scutalis, 59.81 and 52.77%, respectively.
These results agree with those of Vervaet et al. (2022), who stated that H. anconai devoured
fewer Aculops lycopersici adults in the presence of Typha latifolia L. pollen [45]. Similar
findings have been obtained by Samaras et al. (2021), who showed the different effects of
Zea mays, Typha angustifolia and Pinus brutia pollen on the predation rate of A. limonicus [49].
In the absence of date palm pollen, P. plumifer immature females consumed 106.86 prey of C.
vitis in this study, while they devoured 108 individuals of Aceria ficus [50], 58.29 individuals
of R. ficifoliae [25], and 127.46 individuals of T. hassani, 135.83 of O. niloticus, and 143.82 of
A. olivi [15]. Euseius scutalis immature females devoured 96.62 prey of C. vitis in this study,
while they consumed 40.78 individuals of R. ficifoliae and 65.30 of A. ficus [25].

The life table parameters of both predatory mites were clearly affected by diet. Several
biological studies have confirmed that high-quality food sources result in higher values in
life table parameters [51,52]. The rates of population growth were promising for P. plumifer
fed on mixed stages of C. vitis and date palm pollen. This was proven by (r,;), which was
0.251. The reported intrinsic rate of increase for P. plumifer on T. urticae (0.200 at 26 °C) [31],
E. hirsti (0.180 at 30 °C), R. ficifoliae (0.154 at 25 °C), and corn pollen (0.112 at 27 °C) [24]
was lower than that obtained in this study when P. plumifer fed on mixed stages of C. vitis
and date palm pollen. Kouhjani-Gorji et al. (2012) estimated (r;,) of 0.244 for P. plumifer fed
on T. urticae at 35 °C [47]. Also Al-Azzazy and Alhewairini estimated (r,,) of 0.277, 0.288
and 0.298 for P. plumifer fed on T. hassani, O. niloticus and A. olivi at 35 °C, respectively [15].
This is somewhat higher than our estimate. The values of (R,), (;z), and (A) of P. plumifer
at 33 °C and 60% RH in the current study are higher than reported for N. barkeri against
C. vitis at 35 °C and 50% RH [2]. P. plumifer performed better on C. vitis than N. barkeri,
and this could be due to the moderate humidity level used in this study. In view of this, P.
plumifer could be a useful biocontrol agent for C. vitis.

In the case of E. scutalis against T. urticae, E. orientalis, and Oligonychus afrasiaticus at
26 °C, the life table parameters (r,;, A, R,) values were 0.220, 0.175, and 0.161; 1.247, 1.192,
and 1.175; and 26.73, 13.24, and 13.60, respectively [31]. On alfalfa pollen (Medicago sativa
L.), 0.153, 1.150, and 18.51 [43] and on eriophyid mite, A. ficus and R. ficifoliae, at 28 °C,
0.218, 1.243, and 12.51 and 0.215, 1.240, and 12.02, respectively [30], were seen, while in
the current study, they were 0.229, 1.254, and 26.82 at 33 °C. This indicates that E. scutalis
performs well on C. vitis as a generalist predator. The rather high intrinsic rate of the
natural increase (1) of P. plumifer and E. scutalis reached with a mixed diet could be highly
favorable for mass production and augmentative release purposes. Therefore, date palm
pollen can be considered an optimal supplementary food for P. plumifer and E. scutalis. In

100



Plants 2024, 13, 1953

addition, any short-term negative impacts on predation rate due to preference of the pollen
and floral nectar over the prey or predator satiation have been shown to be eventually
overbalanced by an increase in the predation rate at the population level, i.e., long-term
positive impacts of the mixed diet.

4. Materials and Methods
4.1. Stock Culture of Predators

The individuals of Phytoseius plumifer and E. scutalis were collected from unsprayed
(for the previous 3 years) vineyards of Buraidah city (26.300366° N, 43.789661° E), Saudi
Arabia, in the summer of 2021. The grape leaves containing the predators were cut and
transferred to the laboratory. All predators were maintained separately on rearing units
made of common bean (Phaseolus vulgaris L.) leaves which were placed underside facing up
on daily moistened cotton in plastic trays (6 x 12), in an incubator at 33 £ 1 °C, 60% =+ 5%
RH, and with a 16:8 (L:D) h photoperiod. The edges were bordered with water-saturated
tissue paper to provide the predators with water and prevent them from escaping. The
grape leaves infested with C. vitis were used to feed the predatory mites five times a week,
adding date palm pollen with a thin paintbrush as a supplementary food. Water was
added to the cotton every day to keep the arena humid. Predator eggs were collected and
transferred individually to the new rearing arenas to obtain cohorts of individuals of the
same age.

Fifteen microscope slides were prepared with each species to confirm their identifi-
cation. The identification of both the predators was confirmed according to Chant and
McMurtry (2007) [53].

4.2. Stock Cultures of Prey

Grape erineum mites were collected from a vineyard grown at the Experimental
Research Station of the College of Agriculture and Food (Qassim, Saudi Arabia). The
specimens of C. vitis were transferred to the laboratory and reared on grape seedlings as a
permanent source of prey, kept in a climate room at 30 £+ 1 °C, 60% =+ 5% RH, and with
a 16:8 (L:D) h photoperiod. All the usual agriculture practices such as fertilization and
irrigation were followed.

4.3. Experimental Set-Up

All experiments were performed in an incubator at 33 &= 1 °C, with a 12:12 h (L:D)
photoperiod, at an average daily relative air humidity of 60 £ 5%. Freshly excised grape
leaf disks (3 x 3 cm) were used as rearing arenas. The leaves were placed with the lower
surface facing up on daily moistened cotton inside a Pyrex® Petri dish (5 cm in diameter,
2 cm high). The edges were bordered with water-saturated cotton to provide water and
avoid mite escape.

4.4. Pollen Collection

Fresh date palm pollen (Phoenix dactylifera L.) was collected from trees planted in
the Qassim region, Saudi Arabia, and oven-dried at 25 °C for one day and then stored at
—18 °C. Before use in the trials, a small amount of date palm pollen was refrigerated at
4 °C for up to 2 weeks for early use in the experiments.

4.5. Effects of Diet on Life History Parameters of P. plumifer and E. scutalis

For each predator, 30 to 40 fresh eggs (less than 7 h old) from the stock culture
were transferred individually to the grape leaf arena. The immature developmental time,
survival, sex ratio, fecundity, and longevity of P. plumifer and E. scutalis were determined by
feeding them with one of the following food sources: (1) date palm pollen, (2) mixed stages
of C. vitis, and (3) mixed stages of C. vitis plus date palm pollen. The mixed stages of C. vitis
were provided by a carefully examined small disk (0.5 cm in diameter) of severely infested
grape leaves to record the total number of mites per disk before introducing it into the
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rearing arenas on the grape leaf disk for 24 h, after which the number of consumed preys
was recorded. Date palm pollen grains were placed on the rearing arenas using a fine brush,
three times per week. Observations were made twice a day to determine the developmental
time (egg, larva, protonymph, and deutonymph) and the survival of immature stages. For
each rearing arena, after the emergence of adults, a single male was put in the new female’s
rearing arena for mating. Males were then transferred into new leaf disks and individually
reared until the end of their lifespan. Some cotton fibers were stuck on grape leaf disks to
provide a suitable place for oviposition. The experimental units were monitored twice a
day for any changes recorded until the death of the last female. This monitoring allowed
us to determine the pre-oviposition, oviposition, and post-oviposition periods and the
female and male longevity and fecundity. Once the adult stage was reached, the sex of the
predators was determined. Whenever the quality of the rearing arena began to deteriorate,
it was replaced with a fresh leaf disk. To test the sex ratio, daily, the eggs laid were placed
individually into separate rearing units with a fine brush, and the hatched larvae were
reared to adulthood to determine the sex ratio of the progeny.

4.6. Statistical Analysis

To assess immature development, pre-oviposition and post-oviposition periods, fe-
cundity, adult longevity, predation, and life span of P. plumifer and E. scutalis and the effect
of three food sources on these parameters, data were compared with analysis of variance
(ANOVA), using SAS computer program version 9.2 (SAS, 2008). Means were separated by
Duncan’s multiple range test (DMRT) at p < 0.05. The means of survival percentages were
separated using Tukey’s honestly significant difference test (Tukey’s HSD test). The life
table parameters for both predators were constructed based on Birch (1948). The sex ratio
for both predators was analyzed using a Chi-square test.

5. Conclusions

In conclusion, our results demonstrate that the grape erineum mite C. vitis is a suitable
prey for both phytoseiids P. plumifer and E. scutalis, making them promising biocontrol
agents of that pest. Furthermore, the addition of date palm pollen to the diet of C. vitis
substantially increased the reproductive performance of both predators. Therefore, it can
be concluded that the mixed diet of C. vitis and date palm pollen are good candidates for
the mass rearing of P. plumifer and E. scutalis for use in augmentative biocontrol programs.
Moreover, the addition of date palm pollen as an optimal supplementary food source
can be an effective tool to boost the populations of P. plumifer and E. scutalis and enhance
biocontrol even in the presence of a low grape erineum mite population.
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Abstract: Non-insecticidal control strategies using entomopathogens, nematodes, and endophytes
provide sustainable and safer alternatives for managing crop pests. This study investigated the
potential of different fungal endophytes, specifically Beauveria bassiana strains, in colonizing cotton
plants and their efficacy against tarnished plant bug, Lygus lineolaris. The effect of endophytes on
plant growth parameters and cotton yield were measured during different plant growth stages.
The entomopathogenicity of these fungi was studied in diet cup bioassays using L. lineolaris adults.
The behavior of adult males and females toward endophytic cotton squares was analyzed using
olfactometer assays. The experiments showed that the fungal endophytes colonized the plant
structures of cotton plants, which resulted in an increase in the number of cotton squares, plant
height, and weight compared to control plants. B. bassiana strains/isolates such as GHA, NI-8, and
JG-1 caused significant mortality in Lygus adults compared to controls. Also, male and female Lygus
adults exhibited repellence behavior towards endophytic cotton squares containing JG-1 isolate of
B. bassiana and to other B. bassiana strains such as NI-8, GHA, and SPE-120. No differences were
observed in the survival and development of L. lineolaris second-instar nymphs on endophytic cotton,
and no yield differences were observed in the field experiments.

Keywords: fungal endophytes; entomopathogens; Beauveria bassiana; plant volatiles; host plant
selection; cotton; host plant resistance

1. Introduction

Endophytes are plant-associated microorganisms that colonize tissues and reproduc-
tive structures of plants for part of their life cycle without causing damage to their host [1,2].
These naturally occurring microorganisms are described as bacteria, fungi, archea, and pro-
tists. Among these groups, fungal and bacterial endophytes are the most studied taxa [3].
Fungal endophytes colonize above-ground plant tissues such as stems, leaves, flowers,
and seeds [1,4], whereas mycorrhizal fungi colonize the plant rhizosphere. These fungal
endophytes can also act as entomopathogens and play an essential role as biocontrol agents
against a myriad of insect pests and pose little or no harm to non-target insects and other
beneficial organisms [5,6]. Studies have reported that these fungal endophytes can improve
the plant response to biotic and abiotic stress through induction of systemic resistance
or the production of insecticidal, antifungal, or antiviral compounds, in addition to its
effectiveness against insect and mite pests [7]. Fungal endophytes have also attracted the
attention of the scientific community in recent years due to their potential beneficial effects
on vegetation, including in the facilitation of plant growth in metal-polluted environments.
Studies have reported that both fungal and bacterial endophytes can co-exist in the same
leaf or stem tissues of the host plant [8,9]. Fungal endophytes have been reported in a
variety of field crops, including vegetables, fruits, maize, cotton, coffee, jute, and cocoa [6].
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Endophytes provide numerous benefits to their host plant. The application of facul-
tative endophytes in promoting plant growth and pest management can be improved by
artificial inoculation of endophytes into plants by seed treatment, surface spray, and root
inoculation. These fungal endophytes may act as multifaceted tools in plant growth and
protection from pests and diseases and facilitate improved nutrient transfer and increased
yield [10-12]. Endophytes act as yield promoters, soil nutrient distributers, abiotic stress,
and drought tolerance enhancers in plants, as well as an indirect defense for insect pests,
nematodes, and diseases [6,13]. Some are known to serve as pathogenic agents in plants by
infecting lepidopterous larvae, aphids, thrips, and other insect pests, which are of great
concern in agriculture [14]. Endophytes can also act as plant-defending mutualists and
provide protection against herbivores [15,16]. These endophytic entomopathogenic fungi,
such as B. bassiana, Clonostachys rosea, Metarhizium anisopliae, and Lecanicillium lecanii, have
been reported to control pests and reduce their damage in crops [17]. Colonization of corn
and sorghum by B. bassiana resulted in reduced tunneling by Ostrinia nubilalis Hubner and
Sesamia calamistis Hampson [18,19]. Studies have shown that cotton aphid, Aphis gossypii
(Glover), populations are significantly reduced in cotton colonized by endophytic strains, B.
bassiana Vuillemin and Phialemonium inflatum (Burnside) strain TAMU-490 [20,21]. Evidence
has also shown that the development of the cotton bollworm Helicoverpa zea (Boddie) is sig-
nificantly reduced when exposed to B. bassiana [21,22]. Because of the benefits endophytes
could offer to agricultural crops, it is important to explore endophytes as an alternative
control strategy in disease and pest management programs [6].

The effect of fungal endophytes on the performance and feeding behavior of insect
herbivores, including phloem feeders such as aphids and whiteflies [20,23], dipterans [24],
beetles [25,26], caterpillars [21,27-29], grasshoppers [30], and hymenopteran gall wasps [31],
has been reported. Fewer studies have explored the behavioral responses of hemipteran
pests towards fungal endophytic plants, as they directly feed on fruiting structures and
cause economic damage to the crop. Polyphagous pests such as plant bugs (Miridae) and
stink bugs (Pentatomidae) are a major problem in row crops, and their feeding results in
significant yield loss. Sword et al. [32] reported that Lygus hesperus and Nezara viridula
showed strong negative responses to flower buds and cotton bolls and were deterred prior
to contact with endophyte-colonized plants.

The tarnished plant bug, Lygus lineolaris (Palisot de Beauvois) (Hemiptera: Miridae), is
considered the most important economic pest of cotton in the mid-southern United States,
feeding on more than 700 plant species [33]. It is the most widely established Lygus species
found on agricultural crops in North America and was reported to infest 6.9 million acres of
cotton in 2021. In this study, we investigated the endophytic and entomopathogenic activity
of five different fungal endophytes and an arbuscular mycorrhizal fungus on the olfaction
behavior, mortality, host plant resistance, and the pest biology of tarnished plant bug,
L. lineolaris, a major cotton pest in the Mississippi delta. Greenhouse and field experiments
explored the effect of these fungal endophytes on cotton growth-promoting factors, plant
bug damage, and cotton yield.

2. Results
2.1. Plant Growth Measurements of Fungal Endophytic Plants

Cotton plant growth parameters such as percentage germination, number of true
leaves, cotton squares, plant height and dry root mass, stem and whole plant were mea-
sured to understand the effect of fungal endophytes on plant growth and physiology. No
significant effects were observed in the percentage germination of different endophyte-
coated seeds (Fg 277 = 1.44, p = 0.19, n = 40) (Table 1). No differences were observed in the
number of true leaves produced 14 days after germination (Fg212 = 1.21, p = 0.31, n = 30).
The mean number of true leaves was in the range of 3.2-3.5 leaves/plant (Table 1). A signif-
icant difference was observed in the number of squares produced on the plants. The plants
containing fungal endophyte SPE-120 produced a higher number of squares (4.2 & 0.20)
than the control plants (2.4 &= 0.24) and those containing other fungal endophytes studied
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(F6204 = 6.64, p < 0.001, n = 32) (Table 1). TAMU-490 plants were the shortest in length
compared to all the other plants studied (Fgpp4 = 11.92, p < 0.001, n = 32). No significant
differences were observed in the dry weight of plant roots from the different endophytic
plants (Fg 9 = 1.66, p = 0.14, n = 10), whereas a significant effect was observed in the
dry weight of stem and leaves (Fg g9 = 12.10, p < 0.001, n = 10) (Table 1). The arbuscular
mycorrhizal fungal (AMF) plants had the highest stem dry weight (30.5 £ 1.98) compared
to control plants (17.3 4= 1.11). A similar trend was observed for the whole plant dry weight,
and the AMF plants had the highest dry weight compared to control plants and other
endophytic colonized plants (Fg g9 = 11.12, p < 0.001, n = 10) (Table 1). Sporulation was
observed on the various plant parts cultured such as leaf, stem, root, and squares (Figure 1),
and the fungal spores were verified using Q-PCR.

Table 1. Cotton plant growth parameter measurements following the application of fungal endo-
phytes or arbuscular mycorrhizal fungus as seed application. Plant growth parameters measured
included percentage germination, number of true leaves, squares, plant height, and dry weight of
roots, stems, and whole plant. Data were analyzed by ANOVA followed by Tukey’s HSD for mean
comparisons. Treatments that have no letters in common within the row were significantly different
(0 =10.05).

Fungal Endophytes
Growth Parameters F-Value p-Value
TAMU 490 GHA NI-8 JG-1 SPE-120 AMF Control

% germination 80 775 95 75 70 825 775 144 0.19

True leaf count 3.6+0.13 354011 364012 33+0.15 354015 324015 324014 1.21 031
Square count 3240185 304023 394020  28+019°  424+020°  324019%C  24+024° 6.64 <0.0001
Plant height (cm) 208+£086° 26940522  270+£0667 2524048° 25440312  2714£053° 25540532 11.92 <0.0001

Root ?gi’nv)“e‘ght 6.8+ 050 6.8+071 7.5+ 047 6.1+ 043 7.0 +0.55 6.8+ 051 5.4+ 046 1.66 0.14
Stem ‘?gn‘)”e‘ght 28641000 216+170bc  200ELA g0y 1734108¢ 30541987 173+ 111°¢ 12.10 <0.0001
Wvliilfgﬁtl?gfﬂry S04£102 g yyqgabed  3AIELZL 2952073 U3 350 9310 pzi123d 1112 <00001

Figure 1. (A) Plant sample cultures collected from endophytic plants to test the presence of fungal
endophytes in roots, stems, leaves, and squares of cotton plants; (B,C) fungal endophyte growing
from leaves of endophytic plants; (D) fungus growing from squares of endophytic cotton plants.

2.2. Lygus lineolaris Mortality Following Direct Exposure to Fungal Spores

Lygus lineolaris adults exposed to different concentrations of endophytic fungal spores
exhibited differential mortality rates. The commercial GHA strain of B. bassiana (BotaniGard
22 WP) showed significantly higher mortality of L. lineolaris adults at concentrations of
108 and 10° than the control (F311 = 25.12, p < 0.001, n = 3) (Figure 2A). No significant
mortality effects of GHA strain of B. bassiana were observed at 107 concentrations. The
fungal endophyte JG-1 containing B. bassiana had a significant impact on the mortality
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of L. lineolaris adults at a concentration of 108 and 10° compared to controls (F3 11 = 7.93,
p <0.01, n = 3) (Figure 2B). Different concentrations of TAMU-490 and SPE-120 did not
affect the mortality of L. lineolaris adults (F311 = 1.16, p = 0.38, n = 3) (F3,11 = 0.95, p = 0.45,
n = 3, respectively) (Figure 2C,E). NI-8 showed significantly higher mortality of L. lineolaris
at 10? concentrations compared to the control and other concentrations tested (F3 11 = 20.18,
p <0.001, n = 3, respectively) (Figure 2D). Sporulation of L. lineolaris adult cadavers was
observed for many of the fungal endophytes used in the study.
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Figure 2. Mortality of Lygus lineolaris adults (mean + SE) following exposure to different concen-
trations of endophytic fungal spores. (A) GHA, (B) JG-1, (C) TAMU-490, (D) NI-8 and (E) SPE-120
compared to water controls. Data were analyzed by ANOVA followed by Tukey’s HSD for mean com-
parisons (1 = 30). Treatments that have no letters in common were significantly different (o« = 0.05).

2.3. Detection and Validation of Endophytic Fungal Species in Treated Plants

Alignment of ITS1/2 nucleotide sequences from PDA cultures and stock fungal cul-
tures indicated the presence of the fungal strains used for inoculation in stems and roots of
cotton plants (Supplemental Figure Sla,b). ITS nucleotide sequences of different B. bassiana
isolates contained nucleotide polymorphisms, insertions, or deletions specific to each iso-
late. More than 90% of the sequence reads generated from stock fungal isolates of B. bassiana
(GHA, JG1, NI8, and SPE) and P. inflatum (TAMU) assembled to produce an ITS sequence
specific to each fungal isolate. Nucleotide sequence reads generated from fungal cultures
from cotton square tissues had 65-80% sequence reads mapping to the ITS sequences of
corresponding stock isolates, indicating that the fungal inoculums had successfully estab-
lished in the cotton plants. Nucleotide sequences of fungal cultures from square tissue that
did not map to the stock isolates may indicate that either fungal endophytes other than the
isolates used to inoculate seeds were also present in the square tissues or sequence reads
had mismatches or low-quality nucleotide calls that did not meet the 96% similarity cut
off. Evolutionary relationships among the ITS sequences of the fungal strains are shown in
the Supplemental Figure S2. The branch representing P. inflatum was supported in 100%
of the bootstrap replicates, while the bootstrap support for grouping different isolates of
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Adult emergence (mean + SE)

B. bassiana ranged from 0 (NI8) to 86 (SPE). This low support is due to the low number of
differences between ITS nucleotide sequences of B. bassiana isolates.

2.4. Survival and Development of Lygus lineolaris Nymphs on Fungal Endophytic Plants

The development of L. lineolaris nymphs on cotton pinhead squares was overall low
for all the endophytic plants studied, including the control. No significant differences
were observed in the development and adult emergence of L. lineolaris on these endophytic
plants (Fg 69 = 0.83, p = 0.55, n = 10) (Figure 3). A higher mortality of nymphs was observed
on all the plants used in the experiments.

TAMU-490 GHA JG-1 SPE-120 Control
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Endophyte treatments

Figure 3. Lyqus lineolaris adult emergence on endophyte-treated cotton plants (mean =+ SE). Second
instars were introduced to the plants, and adult emergence was recorded after 8 days. Data were
analyzed by ANOVA using JMP software (v. 10, SAS Inc., Cary, NC, USA). No significant differences
were observed in the adult emergence of Lygus lineolaris on different endophytic cotton plants.

2.5. Olfactometer Studies Using Lygus lineolaris Adults Towards Endophytic Cotton Squares

Y-tube olfactometer studies investigated the behavioral responses of L. lineolaris male
and female adults towards endophytic cotton squares. Male L. lineolaris adults showed
significant repellence behavior towards cotton squares from fungal endophytes such as
SPE-120, JG-1, and GHA compared to their corresponding controls ((x? =5.0; df = 1;
p =0.025), (x> =7.2; df = 1; p = 0.007), (x* = 5.0; df = 1; p = 0.025), respectively) (Figure 4A).
No significant differences were observed in the behavior of male L. lineolaris towards cotton
squares of TAMU-490, NI-8 and AMF compared to their controls. No differences were
observed in the behavior of male L. lineolaris towards double controls that were performed
to avoid any bias in their movement towards light or position preferences (Figure 4A).

Female L. lineolaris adults showed a significantly higher repellence behavior towards
cotton squares from fungal endophytes such as JG-1 and NI-8 compared to their corre-
sponding controls ((x2 =9.8,df =1, p=0.001), (x2 =5.0; df = 1; p = 0.025), respectively)
(Figure 4B). No significant differences were observed in the behavior of female L. lineolaris
adults towards cotton squares of AMF, SPE-120, TAMU-490 and GHA compared to their
controls. No differences were observed in the behavior of female L. lineolaris towards
double controls that were performed to avoid any bias in their movement towards light or
position preferences (Figure 4B).
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A Male Lygus ® Endophyte
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Figure 4. Behavioral response of Lygus lineolaris (A) males and (B) females towards endophytic cotton
squares in olfactometer assays. * indicates a significant difference in their behavioral choice towards
endophytic squares compared with control squares (x = 0.05).

2.6. Performance of Fungal Endophytes against Tarnished Plant Bugs and Bollworms under
Field Conditions

Field sampling of tarnished plant bug nymphs and adults on plant terminals showed
a significantly fewer number of first—third-instar nymphs on SPE-120-treated plants com-
pared to TAMU-490 and control plants. No early instar nymphs were observed on GHA,
NI-8, and JG-1 endophyte-treated plants (p < 0.05) (Figure 5A). No significant differences
were observed in the number of late instar nymphs (4th-5th) or adults observed on dif-
ferent endophyte-treated plants and control (p > 0.05) (Figure 5B,C). Also, no differences
were observed in the number of different instar cotton bollworm larvae observed on the
treated and control plants (Figure 5D). Some treatment plants did not receive any stages of
tarnished plant bugs or cotton bollworm larvae.

In the experiment where second-instar L. lineolaris nymphs were introduced in the
top five nodes of cotton plants under field conditions, no differences were observed in the
development of third-instar or fourth-instar plant bug nymphs (p > 0.05) (Figure 6A,B). A
combination of seed treatment alone, foliar spray alone, or in combination had no effect on
their development. Endophytic seed treatment of GHA combined with endophyte foliar
spray and SPE-120 seed treatment combined with foliar spray had the lowest number of
fifth-instar L. lineolaris nymphs than other treatments post threshold and foliar endophyte
spray (p < 0.05) (Figure 6C). No differences were observed in the development and adult
emergence of L. lineolaris on the different endophytic treatments (p > 0.05) (Figure 6D).
Cotton was harvested from individual treatment plots. No significant differences were
observed in the yield of cotton produced under different endophyte seed treated with
spray alone or combination treatments (p > 0.05) (Figure 7). Even though the yield was
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Number of insects

(mean + SE)

Number of insects

numerically higher in SPE-120 seed + spray treatments than controls, the yield did not
show a statistical difference.
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Figure 5. Mean (£ SEM) Lygus lineolaris and Helicoverpa zea larval counts 3 d post-treatment. (A) first—
third-instar Lygus lineolaris; (B) fourth- and fifth-instar Lygus lineolaris; (C) Adult tarnished plant bug;
and (D) pooled Helicoverpa zea larvae. Tarnished plant bugs were recorded as small or large based on
the absence or presence of wing pads. Bars with different letters indicate significant differences (o« = 0.05)
between treatments by model contrast analysis based on a generalized linear mixed-effect model.
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Figure 6. Mean (£SEM) number of second-instar Lygus lineolaris caged on the top five nodes of cotton
plants in the second week of bloom and allowed to develop for one week. (A) Third-instar Lygus
lineolaris nymphs; (B) Fourth-instar Lygus lineolaris nymphs; (C) Fifth-instar Lygus lineolaris nymphs;
and (D) adult Lygus lineolaris. Bars with different letters indicate significant differences (« = 0.05)
between treatments by model contrast analysis based on a generalized linear mixed-effect model.
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Figure 7. Mean (£SEM) seed cotton weights for seed coated and topical application of cotton
endophyte-treated plants. Control plants were sprayed with water. Treatments consisted of seeds
treated with spores of endophyte alone and in combination with a foliar endophyte spray. No
significant differences («x = 0.05) observed between treatments by model contrast analysis based on a
generalized linear mixed-effect model.

3. Discussion

Ascomycetous insect-pathogenic fungi such as Beauveria and Metarhizium can act as
endophytes and symbionts in addition to their pathogenicity against many arthropod
species. These endophytic entomopathogenic fungi can influence plant growth and the
infestation rate of different pests and diseases. Also, the endophytes may help in mitigating
biotic and abiotic stress associated with plant growth and herbivore infestation. In this
study, we tested the endophytic activity of different known and unknown strains of B.
bassiana to investigate their effect on cotton growth characteristics, yield, pest infestation
rates, behavioral responses of L. lineolaris adults to endophytic cotton squares, and yield
parameters of different endophytic seed treatments and spray applications. Our PCR
analysis showed that the different commercial strains (NI-8, BotaniGard 22 WP, SPE-
120) and isolated strains (JG-1) of B. bassiana were able to successfully colonize as fungal
endophytes on different plant tissues such as leaf, stem, roots, and fruiting squares of
cotton plant (Figure 1 and Figure Sla,b). Prior studies have reported the epiphytic and
endophytic growth of B. bassiana strain GHA on tomato plants [34].

Previous studies have shown that fungal endophytes such as B. bassiana and P. inflatum
affect the host plant selection behavior of Lygus hesperus (western tarnished plant bug) and
Nezara viridula (Southern stink bug), which are two major pests in cotton and soybean [32].
Our research investigated how the fungal endophytes and arbuscular mycorrhizal fungus
affect plant growth and yield, as well as the development of L. lineolaris nymphs under
controlled greenhouse and field conditions. We observed a significant difference in the
number of cotton squares produced by B. bassiana endophyte strains such as SPE-120 and
NI-8 compared to the controls. Simultaneously, no differences were observed in the number
of squares by TAMU-490 and GHA B. bassiana strain compared to the controls. The stem
dry weight and whole plant weight were significantly higher for arbuscular mycorrhizal
fungus AMF than the control, TAMU-490, and some of the B. bassiana endophytes such
as SPE-120, JG-1, and GHA. Previous studies have also reported that the hyphal network
formation of AMFs contributes towards plant growth [35] and increased availability and
translocation of nutrients [36]. No significant differences were observed in the root weight
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of AMF treatments compared to controls or other endophytes studied. It was observed that
the AMFs had a lot more fibrous fine roots compared to other treatments.

Mortality assays using different concentrations of commercial, isolated B. bassiana
strains, and P. inflatum showed high mortality of L. lineolaris adults within 5-7 days. Pre-
vious studies have reported the entomopathogenic activity of GHA (BotaniGard 22 WP)
and NI-8 against different pest species, including L. lineolaris [37-40]. As previously
reported, the B. bassiana strain GHA was effective against L. lineolaris at 10% and 10° con-
centrations, and NI-8 caused L. lineolaris mortality at 10° concentrations. However, the
entomopathogenic and endophytic activity of newly isolated B. bassiana strain JG-1 has not
been tested or previously reported against L. lineolaris. JG-1 showed significantly higher
mortality of L. lineolaris adults at 10% and 10° concentrations compared to other B. bassiana
strains such as GHA and NI-8. SPE-120 and TAMU-490 showed no entomopathogenicity
towards L. lineolaris adults. SPE-120 is labeled as a soil and plant enhancer containing B.
bassiana, though its pathogenicity is not reported against any insect species. TAMU-490
has been reported to influence the host plant selection behavior of L. hesperus and Nezara
viridula, though their pathogenicity is not reported against L. lineolaris. We observed no
difference in the development of L. lineolaris nymphs to adults under greenhouse conditions
(Figure 3). However, significantly fewer fifth-instar nymphs were observed on some of the
B. bassiana containing endophytic plants under field conditions.

Endophytes can mediate herbivore—plant interactions by altering the plant volatiles
and by producing alkaloid-based defensive compounds in the plant tissues [41,42] or
through altering the nutritional quality of plants [43,44]. These alkaloids, flavonoids, and
phenolic compounds act as a defense against pathogen infections and are reported to have
antibiotic, antiparasitic, and antioxidant activities [45]. The selection of host plants by
herbivores may include pre-alighting cues such as plant volatiles, post-alighting cues such
as leaf surface chemistry, and mechanoreceptor cues such as trichomes and leaf texture.
Sword et al. [32] reported strong negative responses by L. lineolaris and N. viridula against
flower buds and squares of endophytic cotton plants containing P. inflatum and B. bassiana.
We also observed similar negative responses exhibited by L. lineolaris males towards B.
bassiana strains such as SPE-120, GHA, and the new strain JG-1. However, we did not
observe any negative response of L. lineolaris males or females towards TAMU-490. Also, it
was observed that L. lineolaris female adults showed a negative response towards B. bassiana
strains such as JG-1 and NI-8. B. bassiana strain JG-1 elicited negative responses from both
male and female L. lineolaris. Adult emergence was significantly low in JG-1 treatment. The
mortality of Lygus adults was also higher for JG-1 at the 10? concentration. B. bassiana strain
JG-1 exhibited the characteristics of an endophytic entomopathogenic fungi by eliciting
negative responses from L. lineolaris, and by causing high mortality of L. lineolaris adults in
the mortality assays.

Endophytes have been reported to improve drought tolerance and reduce attacks
by pests, thereby increasing overall crop yield. Two patent claims have been reported on
the use of fungal endophytes that show resistance to drought, cold, salt, fungi, bacteria,
and pests in cotton (Dothideomycetes spp.) and show improved tolerance to drought and
pests [32,46]. Greenhouse studies showed a higher number of squares produced by endo-
phytic cotton plants containing B. bassiana strains, such as SPE-120 and NI-8, compared to
the control. In our field studies, we did not observe any significant differences in cotton
yield between the different fungal endophytes studied. However, the yield was noticeably
higher in some of the B. bassiana treated strains such as NI-8, GHA, and SPE-120, but was
not statistically significant (Figure 7).

Laboratory and greenhouse assays clearly showed the establishment of fungal endo-
phytes on cotton plants and their presence in different plant tissues, including fruiting
sites. The presence of endophytes in cotton squares resulted in negative responses from
L. lineolaris adults (Figure 4). Also, it caused developmental delays in L. lineolaris nymphs
(Figure 6C). Very few early-instar L. lineolaris nymphs were observed on NI-8-, GHA-, JG-1-,
and SPE-120-treated endophytic cotton plants compared to untreated cotton under field
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conditions (Figure 5A). However, these did not translate to differences in cotton yield.
There could be multiple biotic and abiotic factors that could influence the yield parameters
under field conditions. Gehring et al. [47] reported that mycorrhizal fungal associations
result in increased stress tolerance, and the adaptive capabilities of the plant increased
substantially [48]. Changes in plant volatile profile following endophyte colonization may
play an important role in repelling herbivores and reducing plant damage. Sword et al. [32]
reported differences in the host selection behavior of L. hesperus towards endophytic cotton
squares containing P. inflatum and B. bassiana. However, later studies using solid-phase
micro-extraction (SPME) showed no significant differences in the leaf volatile emission
profile of these endophytic plants [49]. Multiple factors associated with colonization and
persistence of endophytes in plants and their co-existence with native plant microbiomes
may influence the establishment and performance of these endophytes. Further research is
required to understand these interactions between fungal endophytes and cotton plants,
and how they affect host plant resistance and plant growth characteristics.

4. Materials and Methods
4.1. Fungal Endophytes

Fungal endophytes were selected based on previous research studies and new strains
identified in our research. The fungal endophyte Phialemonium inflatum (=Paecilomyces
inflatus) (strain TAMU-490) was originally isolated from surface-sterilized cotton leaves
as part of a survey of naturally occurring foliar fungal endophytes in College Station,
TX, USA. A culture of TAMU-490 was received from Sword’s lab (Texas A&M, College
Station, TX, USA). SPE-120 is a soil and plant enhancer containing B. bassiana that forms
a symbiotic relationship with plants (Jabb Incorporated in Raleigh, NC, USA). SPE-120 is
applied as an inoculant that becomes a symbiotic endophyte in the plant and improves
plant health, quality and yield in soybeans, corn, potato, and wheat. JG-1 is a B. bassiana
strain isolated locally from corn plants in Stoneville, MS, USA. Another endophyte used
for comparison was the GHA strain of B. bassiana (BotaniGard 22 WP), a commercial
mycoinsecticide approved by EPA for use against many insect pests. NI-8, an isolate of
B. bassiana naturally infecting tarnished plant bug in the Mississippi Delta, was also tested
to study its efficacy as an endophyte in cotton against tarnished plant bugs. Endophytes
TAMU-490, NI-8, G5-1, and JG-1 were previously isolated from multiyear field surveys of
naturally occurring fungal endophytes in cotton and corn [50,51]. An endomycorrhizal
fungi containing Rhizophagous intraradices (300 propagules/gm) (Wallace organic Wonder,
Greene, RI, USA) was also used as a comparison in some of the studies to understand its
effects on L. lineolaris and cotton yield. All the fungal endophytes were cultured, and spores
were used to inoculate untreated cotton seeds.

4.2. Spore Culturing and Seed Preparation

Spore culturing: Spore powder production was accomplished by utilizing a biphasic
culture system, as described by Portilla et al. [52] and Glover et al. [53]. Harvested technical
powder was analyzed for conidia concentration (spores per milliliter) and germination.
Fresh potato dextrose agar plates were utilized to extract fungal plugs from 3-day old
hyphal growth, which were then suspended in 1000 mL of potato dextrose broth. This
mixture was agitated for seven days at 27 °C in an incubator shaker (Excella E25, New
Brunswick Scientific Co., Inc., Edison, NJ, USA) to create the inoculum for bioassays. Plastic
bags (560 mm x 385 mm x 225 mm) containing 1000 g of white rice and 600 mL of water
were autoclaved and inoculated with 150 mL aliquots of the prepared inoculum. The bags
were kept in an environmental chamber (27 °C, 50% RH, dark 0/24 h L/D photoperiod)
for seven to ten days to allow for full colonization, with the bags being flipped every 24 h.
The colonized rice was dried in paper bags (30 cm x 17 cm x 43 cm Barrel, Kraft, Chicago,
IL, USA) for seven to ten days until the moisture content was sufficiently low (aw < 0.3).
Conidia were manually separated from the dried rice using graded sieves (Grainger, Sieve
SS Frame 8, SS Mesh # 15, 30, and 100). The harvested spores were plated on PDA, incubated

114



Plants 2024, 13,2012

for 24 h to assess germination, and counted (spores mm?). The produced spores were then
stored at —80 °C at the Southern Insect Management Research Unit (SIMRU) in Stoneville,
MS, USA.

Seed preparation: Seeds were surface-sterilized by immersion in 70% ethanol for
3 min with constant stirring using a magnetic stir bar, immediately followed by 3 min in
2% sodium hypochlorite (NaOCl), followed by three washes in sterile water, based on
Lopez et al. [21]. Wash water was plated on PDA media to confirm surface sterilization
efficiency. The seeds were then coated with one concentration of the four fungi and two
commercial products, in addition to sterile water used as the control. Spore concentrations
for each fungus were zero (water control), and >n x 107 spores/mL based on concentra-
tions used in previous studies of endophytic entomopathogens [21,54]. A hemocytometer
0.1 mm deep (Hausser-Bright Line, Horsham, PA, USA) was used to calculate the conidia
concentrations of the resulting stock solutions from diluting 1.0 g of harvested spores
containing 6.1 x 10! spores suspended in 50 mL of 0.04% Tween-80 (P8074, Sigma-Aldrich,
St. Louis, MO, USA) and methyl cellulose (M7027, Sigma-Aldrich, St. Louis, MO, USA) 2%
v/v. Aliquots of 2 mL suspensions (1 x 107) provided a concentration of >550 = 25 viable
spores per mm? with 500 & 15 viable spores (95% viability) for all treatments. Fungal-
endophyte-coated seeds were dried under a forced air fan on aluminum foil for 12 h and
planted within 24 h of the experimental coating application.

Bollgard II"™ (DP1646, Delta and Pine Land Company™, Scott, MS, USA) seeds were
planted in a potting mix containing 1:2 proportion of potting mix/topsoil. Four sets of
ten plants each were planted for each treatment for a total of 40 plants/treatment. The
plants were kept under greenhouse conditions under a 16:8 light/dark cycle. The plants
were watered regularly and fertilized biweekly. Samples were collected from stems, leaves,
squares, and roots 45 days after planting to check for the presence of fungal endophytes by
culturing them on an agar medium. Following sporulation, samples of the fungal spores
and hyphae were collected and analyzed using PCR.

Plant growth measurements were performed during different growth stages of cotton,
including seed germination (5 days after planting), number of true leaves (14 days after
germination), plant height (35 days after germination), number of squares (35 days after
germination), and dry weights of roots, stem, and whole plant. Roots were cut 7.5 cm above
the bottom tip of the taproot. After cutting the roots, they were thoroughly washed using
tap water to remove all soil and placed into labeled brown paper bags. The remaining plant
stem and leaves were transferred to another brown paper bag. The paper bags were put into
an oven at 70 °C for 20 h. After all of the roots and stems were dried, they were weighed
on a scale, and dry weight was recorded. Data were analyzed by ANOVA followed by
Tukey’s HSD for mean comparisons using JMP statistical software (v. 10, SAS Inc, Cary,
NC, USA). Treatments that have no letters in common within the row were significantly
different (x = 0.05).

4.3. Detection and Validation of Endophytic Fungal Species in Treated Plants

Pieces of cotton square tissue from plants inoculated with B. bassiana strains JG1,
GHA, SPE and, P. inflatum were surface-sterilized with 0.5% sodium hypochlorite solution
for 2 min and washed with sterile distilled water three times, followed by three washes
with 75% ethanol under a laminar flow sterile hood. Small pieces of surface-sterilized
square tissue were cut with a sterile razor blade. One set of square tissue from each plant
was placed in 115 mm Petri dishes containing PDA-agar medium to facilitate the growth
of endophytes and another set was frozen at —80 °C in sterile 1.5 mL centrifuge tubes.
Genomic DNA was extracted from the fungal cultures resulting from plant tissues using
MasterPure tissue and cell lysis reagent kit (Epicentre Technologies, Madison, WI, USA)
following the manufacturer’s protocol as outlined in the work of Perera et al. [55]. Briefly,
two sterile stainless steel ball bearings (3 mm) were placed in each tube containing plant
or fungal hyphae and homogenized for 2 min using a bead beater (Biospec Products,
Bartlesville, OK, USA). Proteinase K was added to the homogenate to a final concentration
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of 2 ng/uL and was incubated at 65 °C for two hours, followed by digestion with RNAse
at 37 °C for 30 min and precipitation of proteins with MPC solution by incubating on ice
for 30 min. The tubes were centrifuged at 16,000 x ¢ for 15 min at 4 °C, and the supernatant
containing DNA was transferred to new tubes. An equal volume of 100% isopropanol was
added to the supernatant, mixed well, and the DNA was precipitated by centrifuging at
16,000 g for 15 min. DNA pellets were rinsed three times with 70% ethanol, air dried,
and resuspended in 35 uL of Tris-HCl, pH 7.5. Genomic DNA was also extracted using the
above protocol from the parent fungal stocks used to inoculate cotton plants.

Internal transcribed spacers 1 (ITS1). 5.85 rRNA and ITS2 of the ribosomal RNA gene
were PCR-amplified from each DNA sample using a forward primer designed for 185
rRNA (4046_18SF: 5'-CGCTACTACCGATTGAATGGCTC-3') and a reverse primer for 28S
rRNA (4053_28SR: 5'-TCCTCCGCTTATTGATATGC-3'). Standard Taq polymerase and
1x buffer (New England Biolabs, Ipswich, MA, USA) was used on a PTC-200 thermal
cycler with a thermal cycling profile containing 30 s initial denaturation at 95 °C, followed
by 35 cycles of 10 s denaturation at 95 °C, 15 s annealing at 52 °C, 60 s extension at 72 °C
and a final extension of 5 min at 72 °C. Amplicons were resolved in a 1.0% agarose gel to
verify amplification.

Ribosomal RNA amplicons from the samples were cleaned by binding to AmPure XP
paramagnetic beads (Beckman Coulter, Indianapolis, IN, USA) at a DNA /beads ratio of
1:1.8. Nucleotide sequences of the purified amplicons were obtained by direct sequencing
with Flongle flowcell from Oxford Nanopore sequencing technology (Oxford Nanopore
Technologies, New York, NY, USA) using the library construction reagent set SQK-LSK114
and the native DNA barcode kit SQK-NDB-96. Nucleotide sequences were analyzed using
CLC Genome WorkBench v22.02 (Qiagen, Redwood City, CA, USA).

Nucleotide sequences generated from fungal stocks and published ITS sequences from
B. bassiana (AB576868, MG548313, and LC768985), and P. inflatum (MH857776) were used
as references to map the ITS1/2 sequence reads produced from fungal cultures obtained
from cotton square tissues. Mismatch cost of 2, linear gap cost of 3 for insertions and
deletions, length fraction of 0.90, and similarity fraction of 0.96 were used in the mapping
of Oxford Nanopore sequences to the reference sequences. Phylogenetic analysis was
performed using Molecular Evolutionary Genetic Analysis (MEGA) 11 [56] based on a
multiple-sequence alignment of the ITS1/2 regions. Gene phylogenetic relationships were
estimated using the Maximum Likelihood (ML) method [57,58] applying the Kimura-2-
Parameter model of sequence evolution [59], that implemented a discrete Gamma shape
parameter and node support inferred from 10,000 bootstrap pseudo replications [60] of the
aligned nucleotide sequences. ITS1/2 nucleotide sequences of B. bassiana and P. inflatum
obtained from the NCBI database were also used as references. Cephalotheca sulfurea ITS
sequence (AB278194) was used as the outgroup.

4.4. Lygus lineolaris Mortality Following Direct Exposure to Fungal Spores

Four-day-old, tarnished plant bug adults were exposed to serial dilutions of spores
from six endophytes at concentrations of (n x 10%, n x 108, n x 107). Mortality and
sporulation were monitored daily over a 10-d period. The bioassays were carried out in an
environmental chamber (Percival Scientific, Perry, IA, USA) set at 28 °C, with a photoperiod
of 16:8 h (L:D) and 65% RH. Each treatment (endophyte concentration x fungal endophyte)
was replicated three times, involving a total of 270 adults. Spores harvested from four
candidate endophytes (TAMU-490, N-I8, GS-1, JG-1) and two commercial products SPE-120
(SBb-2.5 inoculant) and GHA (BotaniGard 22 WP) were diluted with deionized water
to achieve the specified concentrations (1 x 10%, n x 108, n x 107) and estimated based
on dilution of n x 10° concentration. The number of spores applied was adjusted for
viability across all concentrations tested. Aliquots of 5 mL suspensions (n x 10”) provided
a concentration of >450 + 75 viable spores per mm? with 398 + 25 viable spores (95%
viability) for all endophytes and commercial products tested.
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Spore concentrations per milliliter were determined using a hemocytometer (0.1 mm
deep, Hausser-Bright Line, Horsham, PA, USA) by diluting 1.0 g of harvested spores, which
contained 3.1 x 10! spores in 50 mL of 0.04% Tween-80 (Sigma-Aldrich P8074). Conidia
suspensions were sprayed onto disposable glass microscope coverslips (Fisherbrand™,
Thermo Fisher Scientific, Waltham, MA, USA) using a handheld sprayer, covering an
area of 38.5 mm?. Spore concentration (spores per mm?) was determined by counting the
deposited spores. This process was repeated three times at a final concentration of (n x 10%),
with specific dilutions for each endophyte: 5.1, 1.2, 8.1, 1.3, 6.1, and 9.0 for TAMU-490,
NI-8, GS-1, JG-1, SPE-120, and GHA, respectively. Tarnished plant bugs were monitored
daily for ten days under a light microscope. Bugs were deemed dead if no movement
was observed when prodded with a natural hair paint brush and alive if movement was
detected. Bugs remained in their original diet cups, with mycosis checked daily by noting
the first appearance of external hyphal growth. Data were analyzed using ANOVA and
Tukey’s HSD for mean comparisons with JMP statistical software (v. 10, SAS Inc., Cary, NC,
USA), considering treatments significantly different if they had no common letters within
the row (x = 0.05)

4.5. Survival and Development of Lygus lineolaris Nymphs on Fungal Endophytic Plants

Greenhouse experiments were performed on individual cotton plants. Cotton termi-
nals were isolated with insect enclosure bags constructed from organza (22 x 22 x 8 mm
~240 um mesh, JoAnn’s Fabrics, Hudson, OH, USA) that enclosed the plant terminals
affixed with pipe cleaners (top five nodes) containing many squaring sites. The second
week of bloom (/265 d) was chosen to reflect not only a physiologically vulnerable growth
stage of cotton but also a location that is commonly associated with economic damage from
tarnished plant bug. Nymphal development of L. lineolaris was measured by introducing
second-instar nymphs to different fungal endophytic plants. Ten second-instar L. lineolaris
nymphs were introduced to the terminal of each plant with multiple developing squares in
a mesh bag, and a total of ten plants were used for each treatment. Adult emergence was
monitored starting 5 days after introducing the nymphs, and the total number of adults that
emerged after 10 days is reported. Data were analyzed by ANOVA followed by Tukey’s
HSD for mean comparisons using JMP statistical software (v. 10, SAS Inc., Cary, NC, USA).

4.6. Olfactometer Studies Using Lygus lineolaris Adults Towards Endophytic Cotton Squares

Olfactometer studies were performed to study the behavior of male and female
L. lineolaris towards endophytic cotton squares. Twenty male and twenty female L. [i-
neolaris were used in each olfactometer experiment, and a total of 40 adults were studied
for each endophytic fungus. Charcoal-purified air was pushed through the arms of the
olfactometer, and the airflow rate was set to 250 mL/min and checked using an ADM
flow meter. The adults were released at the main arm of the olfactometer, and their re-
sponse to control cotton squares or endophytic cotton squares was recorded after 10 min.
If no responses were observed by 10 min, the insect was discarded, and a new insect was
used. Responses were recorded from 20 male and 20 female adults. After every 5 insect
responses, the position of the olfactometer was switched to avoid preferences. A clean
olfactometer was used after every 10 behavioral responses were completed. Experiments
were performed under dark conditions, as preliminary studies have shown that L. lineolaris
responds better to odorants under dark conditions. Behavior preferences of adults in the
Y-tube olfactometer were statistically analyzed by the X2 test of independence (x = 0.05) in
JMP (v. 10, SAS Inc., Cary, NC, USA) that gave 95% confidence intervals.

4.7. Field Planting, Yield Measurements, and Performance of Fungal Endophytes against Tarnished
Plant Bugs and Bollworms

The field experiment was conducted in the summer of 2023 at the Southern Insect
Management Research Unit (SIMRU) research farm near Stoneville, MS, USA. The experi-
ment was laid out in a randomized complete block design with three replications. Each
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plot consisted of 4 rows (101.6 cm in width) approximately 14 m in length. Bollgard II™
(DP1646, Delta and Pine Land CompanyTM, Scott, MS, USA) cotton seed was planted in
early June on 91 m rows and 96 cm row centers at a field site of ~2.1 ha, resulting in a
plant stand of ~106,250 plants/ha (42,500 plants/acre). Ad hoc applications of herbicides
and a plant growth regulator (mepiquat chloride, Loveland Products, Inc., Morgantown,
KY, USA) were applied equally to all plots in the study. Transform insecticide (Sulfoxaflor,
Corteva Agriscience, Indianapolis, IN, USA), Diamond insecticide (Novaluron, Makht-
eshim Agan of North America, Inc., Raleigh, NC, USA), and Orthene insecticide (Acephate,
AMVAC, Newport Beach, CA, USA) at labeled rates was used ca. every 10 d to maintain
the plots pest-free until the first week of bloom. Insecticide applications were discontinued
14 days prior to the first and weekly insect sampling. Insect sampling occurred weekly
throughout the six weeks of bloom, and treatment decisions were based on tarnished
plant bug densities estimated using a black drop cloth. Mechanical harvest occurred on 11
October 2023 (119 d emergence to harvest).

Treatments included an untreated control (control), endophyte-coated seed only, endo-
phyte spray only, and a seed-coated and sprayed combination. The plots were arranged in
a randomized complete block design with four replications. Prior to bloom, all L. lineolaris
samples were taken with a standard 38 cm sweep net (25 sweeps per plot) once per week.
After the first bloom, all plots were sampled with a 0.76 m black drop cloth, with two
drops per plot taken weekly. Thresholds for current management practices were based on
Mississippi State University Extension Services recommendations of three per 0.76 row m
when utilizing a black drop cloth [61]. The efficacy of endophytes was evaluated by taking
two drops, using a black drop cloth 6 row feet in length, from the center of two rows of
each plot. Total L. lineolaris (nymphs and adults) were reported from each plot. L. lineolaris
were recorded as small (first-third instar) and large (fourth-fifth instar) based on the pres-
ence or absence of wing pads and fully developed adults. Cotton bollworm larval stages
were pooled. Control plants were sprayed with water. Treatments consisted of treated
seeds (coated with spores) of endophyte alone and in combination with a foliar endophyte
spray. The plots were sprayed once plot averages reached the threshold for L. lineolaris.
Data were subject to statistical analysis using one-way ANOVA in SAS software (version
9.4, SAS Institute Inc., Cary, NC, USA). All data were analyzed as randomized complete
block designs. Each treatment consisted of 4 to 6 replicates. Data were analyzed using the
General Linear Model, and means were compared using the Tukey-Kramer HSD test for
least squared means (« = 0.05).

5. Conclusions

Endophytic entomopathogenic fungi can influence plant growth and the infestation
rate of different pests and diseases. Our greenhouse and field experiments showed that
these fungal endophytes can colonize different plant parts, impact the plant growth of
cotton, and affect the biology and behavior of L. lineolaris adults and nymphs. All the
different B. bassiana strains tested had some effect on the development or mortality of
L. lineolaris. The new B. bassiana strain JG-1 significantly affected the olfactory response of
male and female L. lineolaris adults and caused significant adult mortality in the bioassays.
Volatile collection studies and GC-MS analysis may provide more details of the induced
plant volatiles that cause negative responses from L. lineolaris adults. Also, further experi-
ments may help to optimize JG-1 as an entomopathogenic endophytic fungi for practical
application against different agricultural pests.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13152012/s1.
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Abstract: The growing interest in safeguarding agroecosystem biodiversity has led to interest in
studying ecological interactions among the various organisms present within the agroecosystem.
Indeed, mutualisms between weeds and pollinators are of crucial importance as they influence
the respective survival dynamics. In this review, the mutualistic role of flower visitors and the
possible (often predominant) abiotic alternatives to insect pollination (self- and wind-pollination)
are investigated. Mutualistic relations are discussed in terms of reward (pollen and/or nectar) and
attractiveness (color, shape, scent, nectar quality and quantity), analyzing whether and to what extent
typical weeds are linked to pollinators by rigid (specialization) or flexible (generalization) mutualistic
relations. The entomofauna involved is composed mainly of solitary and social bees, bumblebees,
Diptera, and Lepidoptera. While some of these pollinators are polylectic, others are oligolectic,
depending on the shape of their mouthparts, which can be suited to explore the flower corollas
as function of their depths. Consequently, the persistence dynamics of weed species show more
successful survival in plants that are basically (occasional insect pollination) or totally (self and/or
wind pollination) unspecialized in mutualistic relations. However, even weed species with typical
abiotic pollination are at times visited during periods such as late summer, in which plants with more
abundant rewards are insufficiently present or completely absent. Many typically insect-pollinated
weeds can represent a valid indicator of the ecological sustainability of crop management techniques,
as their survival dynamics are closely dependent on the biodiversity of the surrounding entomofauna.
In particular, the presence of plant communities of species pollinated above all by butterflies (e.g.,
several Caryophyllaceae) gives evidence to the ecological compatibility of the previous agronomic
management, in the sense that butterflies require certain weed species for oviposition and subsequent
larva rearing and, therefore, provide further evidence of plant biodiversity in the environment.

Keywords: biological conservation; functional biodiversity; weed management; wildflowers;
sustainability

1. Introduction

Weeds are predominantly self-pollinated [1]; insect-pollinated weeds are also fre-
quently found in agricultural ecosystems [2]. Self-pollination is of crucial importance for
rapid seed formation; in accordance with the time-limitation hypothesis [3], weeds require
a certain degree of allogamy to maintain a genetic base capable of adapting to the dynamics
of agronomic disturbance. Cross-pollination of angiosperms evolved in ancient natural
ecosystems, from entomophily to anemophily [4], probably to reduce dependence on biotic
factors whose presence is affected by erratic climatic conditions [5]. This widely accepted
hypothesis is supported by the evidence of rudimental and inefficient that nectaries are
often present even in typically wind-pollinated species [6]. However, despite this evolution-
ary trend, many agroecosystem plants base their survival dynamics on insect pollination.
This mutualistic component of a part of the agroecosystem weed communities assumes
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a crucial ecological importance in terms of pollinator biodiversity even in this highly an-
thropized environment. The insects involved are often defined as “flower visitors” rather
than pollinators, as their ecological role has not yet been fully clarified. It is frequently
unclear whether the insect activity on the flowers allowing a contact pollen-gynoecium
is accidental or mutualistic. However, the high frequency of flower visits constitutes a
valid parameter for the almost certainty of this plant-insect mutualism [7]. Thus, for many
insects and pollinated weeds, basically wildflowers, an evolution strategy towards flowers
attractiveness can be discerned [8]. However, there are numerous cases of predominantly
self- or wind-pollinated weeds that are visited by insects virtually capable of bringing
about mutualistic or accidental gamy [9]. This ambophily is regarded as a transitional
state intermediate between biotic and/or abiotic pollen movement [10]. This dual strategy
allows the risk that erratic biotic and /or abiotic conditions may reduce the gene flow essen-
tial to evolve biotypes suitable for surviving in the agroecosystem. Such a strategy allows
a shift from predominant self-pollination to predominant cross-pollination, as observed
in numerous species [11]. A good example is offered by Solanum ptycanthum (Solanaceae),
whose pollination strategy depends on the extent of disturbance in its growth environment,
with predominantly insect-pollinated biotypes in natural ecosystems and predominantly
self-pollinated biotypes in agricultural ecosystems [12]. It is not clear whether in this
and other similar cases the greater attractiveness of the wild biotype is due to greater
or lesser development and functioning of the nectaries. But it is worth noting that the
presence of nectaries is not strictly necessary to induce insect flower visits, since pollen also
constitutes a food source for a vast range of insects. Scanty or absent nectar production,
thus, does not rule out the possibility that a species may be insect-pollinated, as it is pollen
grain size that makes a species suited to insect pollination [13]. But it has been found
that self-compatibility and self-pollination are associated with reduced pollen limitation,
presumably because the capacity for self-fertilization decreases reliance on cross-pollination
by pollinators [14].

Recent years have seen increasing interest in gene flow mechanisms (biotic and/or
abiotic) between the various weed species, partly for agronomic reasons, such as herbicide
resistance [15], and due to environmental concerns, as in the case of pollen transfer between
genetically modified crops and potentially hybridizable weeds [16]. In addition, the
plant and flower visitor interaction arising from insect pollination has aroused concern
on account of increased awareness of the concept of safeguarding biodiversity in the
agroecosystem [17] and in other anthropized ecosystems [18]. Attention is focusing on a
possible cause—effect relationship between the rarefaction and/or disappearance of some
species and their dependence on entomofauna, whose ecological role is often overlooked.

The purpose of this study was to survey the state of the art of flora—fauna interaction
in weed communities in terms of insect pollination, investigate the ecological importance
of these mechanisms in survival dynamics, and determine agronomic strategies that can be
adopted to safeguard biodiversity in the agricultural environment.

2. Pollinator Biodiversity and Reward

Most flower visitors are social and solitary bees, bumblebees, Diptera, and Lepidoptera,
as shown in Table 1. Each insect species feeds on pollen and /or nectar of given plant species
as a function of its respective mouthparts [19], which, in many cases, have evolved in a
manner that enables the insect to reach and feed on solid (pollen) or liquid (nectar) food.
These food resources are produced in specific structures that are highly diversified among
the various plant species [20].
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Table 1. Flower visitor observations on several weed species of the agroecosystem.

Weed Species

Observed Flower Visitors

Source

Abutilon theophrasti Medic.

Solitary bees, Tachinidae

Benvenuti, personal observ.

Agrostemma githago L.

Lepidoptera, solitary bees

[21]

Anaguallis arvensis L.

Solitary bees, Bombylidae, Coleoptera

Benvenuti, personal observ.

Anthemis cotula L.

Solitary bees, Lepidoptera

Benvenuti, personal observ.

Arum italicum Mill.

Diptera

[22]

Asclepias syriaca L.

Bombus, Xylocopa, Sphecidae

(23]

Aster squamatus (Spreng.) Hier.

Bees

Benvenuti, personal observ.

Blackstonia perfoliata (L.) Huds.

Bombylidae

Benvenuti, personal observ.

Borago officinalis L. Bees, solitary bees Benvenuti, personal observ.

Calystegia sepium (L.) R.Br. Solitary bees, Coleptera Benvenuti, personal observ.
Centaurea cyanus L. Bees, solitary bees. Lepidoptera [24]
Centaurium erytrea Rafn Syrphidae [25]
Chrysanthemum segetum L. Bees, solitary bees; Bomyilidae; [26]

Lepidoptera

Chrysanthemum coronarium L.

Bees, solitary bees; Bomyilidae;

Benvenuti, personal observ.

Lepidoptera
Cirsium arvense (L.) Scop. Solitary bees, Lepidoptera [27]
Consolida regalis Gray. Bombus, Lepidoptera [26]

Convolvulus arvensis L.

Solitary bees, Coleptera

Benvenuti, personal observ.

Conyza canadensis L.

Bees

Benvenuti, personal observ.

Cuscuta campestris Yunk.

Bees, wasps

Benvenuti, personal observ.

Cychorium inthibus L.

Diptera, solitary bees

Benvenuti, personal observ.

Datura stramonium L. Bombus spp. Benvenuti, personal observ.
Dianthus carthusianorum L. Lepidoptera [26]
Dipsacus fullonum L. Lepidoptera, solitary bees Benvenuti, personal observ.
Echium vulgare L. Bombus spp. [26]
Euphorbia esula L. Solitary bees [28]
Euphorbia helioscopia L. Bees Benvenuti, personal observ.
Geranium molle L. Diptera Benvenuti, personal observ.

Lamium purpureum L.

Bees, solitary bees, Bombylidae

Benvenuti, personal observ.

Lavatera punctata AllL [26]
Legousia speculum-veneris (L.) Chaix Bees, Syrphidae, Bombylidae [24]
Linaria vulgaris Mill. Bombus [29]

Lycnis flos-cuculi L. Bees, solitary bees, Lepidoptera [26]

Matricaria chamomilla L.

Bees, solitary bees, Bombylidae,

Benvenuti, personal observ.

Lepidoptera
Nigella damascena L. Bees [26]
Oenotera biennis L. Lepidoptera [30]

Ornithogalum spp.

Solitary bees, Coleoptera

Benvenuti, personal observ.
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Table 1. Cont.

Weed Species Observed Flower Visitors Source

Papaver rhoeas L. Bees, solitary bees, Xilocopa Benvenuti, personal observ.
Polygonum lapathifolium L. Bees, solitary bees Benvenuti, personal observ.
Portulaca oleracea L. Bees, Bombylidae Benvenuti, personal observ.
Senecio vulgaris L. Bees Benvenuti, personal observ.

Silene alba (Mill.) Krause Nocturnal and diurnal Lepidoptera [31]

Silene dioica (L.) Clairv. Bombus, bees, Lepidoptera, Syrphidae [32]

Silene noctiflora L. Nocturnal Lepidoptera [33]

Bees, solitary bees; Bomyilidae;

Sinapis arvensis L. Benvenuti, personal observ.

Lepidoptera
Stellaria media (L.) Vill. Bees, solitary bees Benvenuti, personal observ.
Veronica persica Poir. Solitary bees, ants Benvenuti, personal observ.
Viola spp. Solitary bees [34]
Xanthium strumarium L. Bees Benvenuti, personal observ.

Among flower visitors, honeybees (Apis mellifera, Figure 1) and solitary bees (Figure 2)
are predominant. Within the Mediterranean environment, solitary bees are represented
above all by Andrenidae, Anthophoridae, Apidae, Melittidae, Colletidae, Halictidae, and
Megachilidae [35]. The reward consists of nectar and/or pollen, with the latter being
transported in different body places and after being packed in special pollen baskets
situated on the insects’ legs. But it is rare for bees to collect both pollen and nectar
simultaneously, as energy economy prompts bees to visit species with a predominance of
one or the other reward [36]. Natural ecosystems have an abundance of wildflowers, which
have typically evolved nectar production as a reward. On the contrary, the conventional
agroecosystem has a predominance of species poor of nectar, so that insects are rewarded
with pollen. For example, Papaver rhoeas, in spite of their flower appearance, has no
nectaries, and pollen is the only food source for pollinators, the latter being indispensable
for seed set as this species is completely self-incompatible [37].

However, although species with brightly colored flowers are the most frequently
visited, even many common weeds with less gaudy flowers also constitute a useful food
source, especially during periods when the natural environment offers fewer species in
flower [38]. Large numbers of species flower in spring [39], and they do compete with one
another in producing nectar [40], while in the subsequent months, late-flowering species
with less noticeable flowers may be of interest to the pollinator, even though the reward is
less advantageous. Above all, in late summer, flower visitors may be observed on species
that previously exerted poor visual attraction, as occurs in many Asteraceae, such as Senecio
vulgaris, Sonchus spp., Aster squamatus, Conyza canadensis, and even Xanthium strumarium.
The latter species, which is typically wind- and/or self-pollinated, constitutes a curious
case in that the ecological role of flower visitors on pollination can be considered negligible,
as the position of its male flowers, separate from the female flowers, suggests that pollen
movement towards the gynaeceum may be purely accidental. The presence of flower
visitors (in particular bees and bumblebees) has also been noted almost exclusively in late
summer on other species with small and/or poorly attractive flowers, such as Polygonum
laphatipholium, P. aviculare, Cuscuta campestris, Portulaca oleracea, Stellaria media, and Abutilon
theophrasti. Similar phenomena have been observed on species with gaudy but usually
self-pollinated flowers, such as Convolvolus arvensis and Calystegia saepium [41] and Datura
stramonium [42].
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Figure 1. Honeybees observed on the flowers of common weeds of the agroecosystem: 1 = Euphorbia
helioscopia, 2 = Polygonum laphatifolium, 3 = Linaria vulgaris, 4 = Nigella damascena, 5 = Lamium purpureum,
6 = Picris echioides, 7 = Galinsoga parviflora, 8 = Malva sylvestris, 9 = Cichorium inthybus, 10 = Papaver
rhoeas, 11 = Cirsium arvense, 12 = Crepis vesicaria.

Figure 2. Bumblebees (2, 3, 8, 11), solitary bees (1, 6, 7, 9, 12), and wasps (4, 5, 10) observed on
common weeds of the agroecosystem: 1 = Borago officinalis, 2 = Datura stramonium, 3 = Verbascum
sinuatum, 4 = Orobanche crenata, 5 = Cuscuta campestris, 6 = Echium vulgare, 7 = Anagallis arvensis,
8 = Scabiosa columbaria, 9 = Malva sylvestris, 10 = Daucus carota, 11 = Lavatera punctata, 12 = Chrysanthe-
mum coronarium.
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A less important, but still underestimated, role is played by Diptera (Figure 3) (overall
Syrphidae, Tachinidae, Sarcophagidae, and Bombyliidae) [43]. In Bombyliidae, on the other
hand, the mouthparts appear to have evolved to allow utilization of nectar by means of
a long proboscis that can penetrate inside small flowers [44]. Visits by Bombyliidae have
been noted, above all, on flowers that would be difficult for other insects to reach due to
their small and elongated floral calyx, as in the case of Gentianaceae (Centaurium erythraea
and Blackstonia perfoliata), Campanulaceae (Legousia speculum veneris and Jasione montana),
Lamiaceae (Lamium purpureum and L. amplexicaule), Primulaceae (Anagallis arvensis and A.
foemina), and other species.

Figure 3. Diptera Empididae (1, 2), Tachinidae (3, 12), Syrphidae (4, 5, 6, 7, 8, 10), and Bombyiliidae
(9, 11) observed on common weeds of the agroecosystem: 1 = Geranium molle, 2 = Linum perenne,
3 = Inula viscosa, 4 = Silene alba, 5 = Papaver hybridum, 6 = Anthemis arvensis, 7 = Crysanthemum segetum,
8 = Scandix pecten-veneris, 9 = Cruysanthemum coronarium, 10 = Cephalaria transsylvanica, 11 = Matricaria
chamomilla, 12 = Tordylium apulum.

Some insects, above all, Lepidoptera, have a long proboscis that enables them to visit
flowers with an elongated calyx even when the nectaries are hidden at the base of the
calyx (Figure 4). Such insects include Lycaenidae, Pieridae and Sphingidae, Papilionidae,
Nymphalidae, and Satyrids (Figure 5). Visits are frequent on flower species whose flowers
have a particular shape, such as Dipsaceae (Knautia arvensis and Dipsacus fullonum) and
Caryophyllaceae (Agrostemma githago, Lychnis flos-cuculi, Silene spp., etc.). However, pollen
transport by butterflies is decidedly less efficient in comparison to bees [45]. Species
belonging to the order of Coleoptera (Figure 6) are even less efficient, as such species,
similarly to those of the order of Thysanoptera, often lack pollen transport specialization
and appear to act more as pollen predators rather than potential pollinators [46]. Similarly
poor efficiency is seen in ants, even though they are flower visitors of many species [47],
and this appears to be due to the low pollen germination after ant contact [48]. Their lack
of hair and their very limited plant-plant movement on account of their inability to fly,
at least in most species, suggests that these Hymenoptera are likely to be only occasional
pollinators. Indeed, it was observed that ants may negatively affect plant fitness by reduced
intensity of pollinator visits and that ants are repelled from flowers of many plant species
(overall in tropical environments), although this repellence is clearly not ubiquitous [49].
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Figure 4. Butterfly (Gonepteryx rhamni) observed on Dianthus cartusianorum flower during nectar
suction through their long-proboscid, evolved to be able to reach the nectaries of elongated floral
calyxes.

Figure 5. Lepidoptera observed on common wildflowers of the agroecosystem: 1 = Crysanthemum
segetum, 2 = Dianthus carthusianorum, 3 = Crepis vesicaria, 4 = Anthemis arvensis, 5 = Cephalaria trans-
sylvanica, 6 = Senecio erraticus, 7 = Cirsium arvense, 8 = Dipsacus fullonum, 9 = Ranunculus arvensis,
10 = Orlaya grandiflora, 11 = Sinapis arvensis, 12 = Lavatera punctata.
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Similar scarce pollination-efficiency is evidenced by some nectar-robbing species such
as Bombus occidentalis, which visits Linaria vulgaris where it collects nectar by poking holes
into the corolla without penetrating inside it [50], and are likely to be of equally negligible
ecological impact, since they are cheaters rather than mutualists [51].

Figure 6. Coleoptera observed on common weeds of the agroecosystem: 1 = Ornithogalum umbella-
tum, 2 = Ammi majus, 3 = Mentha suaveolens, 4 = Crysanthemum segetum, 5 = Campanula rapunculus,
6 = Lavatera punctata, 7 = Plantago lanceolata, 8 = Dianthus cartusianorum, 9 = Daucus carota, 10 = Malva
sylvestris, 11 = Anagallis arvensi, 12 = Ornithogalum umbellatum.

3. Generalization or Specialization?

It is widely believed that common weeds owe their time and space persistence to their
lack of specialization [52], except for some species that are increasingly rare in conventional
agroecosystems [53]. The evolutionary trend from generalization to specialization noted
in natural ecosystems [54] does not appear to be suited to the requirements of weeds
in an agricultural environment, where “plasticity” (despecialization) seems to be more
important [55]. Indeed, it implies a lower risk of pollinator lack because of the high
degree of disturbance dynamics, as typically occurs in the agroecosystem. Therefore, the
specialization of some plant species towards certain pollinators could explain why they
are increasingly uncommon [56]. Pesticide application, which is typical of conventional
agricultural systems, can interfere with the efficacious but fragile mechanisms that involve
rigid flora-fauna mutualisms.

Indeed, “conventional” agroecosystems are characterized by the dominance of self-
and wind-pollination, while, on the contrary, insect pollination is more frequent in natural
ecosystems as a function of the greater abundance and biodiversity of pollinators typically
available in undisturbed environments. However, even predominantly insect-pollinated
species have different degrees of specialization depending on the possible pollinators [57],
as floral symmetry plays an important role in plant—pollinator systems [58]. Zygomor-
phic flowers, such as Consolida regalis, Echium vulgaris, Lamium amplexicaule, and Stachys
arvensis, are visited mainly by specialized long-tongued bees (Melittidae, Megachilidae, An-
throphoridae, and Apidae) as a consequence of the particular position of the nectaries [59].
Actinomorphic flowers, on the other hand, are visited by a higher number of visitor species.
For example, almost all of the Asteraceae species (e.g., Centaurea cyanus, Chrysanthemum
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myconis, and Cirsium arvense) showed a higher degree of unspecialized visitors, such as
short-tongued bees (Colletidae, Andrenidae, and Halictidae) and flies (personal observa-
tion). Another example is that of Raphanus raphanistrum (Brassicaceae), which exhibits
traits typical of generalized pollination, including radially symmetric flowers, exposed
reproductive organs, and an upright flower [60].

A further type of specialization, with visits limited to a restricted botanical group, may
represent a characteristic of the pollinators themselves, as observed in Italy for Heriades
truncorum (Megachilidae), which is almost always seen on Asteraceae weeds [61]. But it
cannot necessarily be assumed that the insects most frequently observed on flowers are the
most efficient pollinators, since pollen transport is strongly dependent on the shape and
hair of the insect but also on the speed of visits, with rapid speed proving to be less efficient.
For example, the typical rapid visits by long-tongued bees may result in reduced pollen
transport [62]. Furthermore, efficiency of pollination is also influenced by the electrostatic
forces of pollen, which can assure adhesion to the pollinator even if the insect may lack
hair [63].

Overall, however, specialization is indisputably linked to flowering phenology [64],
which may or may not be compatible with the biological cycle of the pollinator. Thus,
with cool season flowering species, potential pollinators are represented by insects that
are capable of maintaining a certain degree of activity even at low temperatures, as in
the case of early Amaryllidaceae pollinated by cold-tolerant Andrenidae [65]. The role
of temperature as a limiting factor is confirmed by observations on various species of
Campanulaceae, which show decreasing frequency of visits with increasing altitude [66].
In addition, the literature indicates that pollinators tend to favor peak or earlier flowering,
whereas predispersal seed predators tend to favor off-peak or later flowering [67].

An interesting example of plant-pollinator mutualistic specialization is found in Silene
noctiflora, a gynomonoecious annual whose individuals produce both hermaphroditic
and pistillate flowers. It flowers only during the night and is pollinated exclusively by
nocturnal moths [68]. A similar system, albeit less exclusive, is seen in Silene alba [69],
which tends to open its flowers at the end of the day, thereby allowing pollination both by
diurnal (bees, flies, and wasps) and nocturnal visitors (the latter being mostly Sphyngid
and noctuid moths). This mixed system is typical of numerous other species belonging to
the same family of Caryophyllaceae, as in the genera Agrostemma, Saponaria, Dianthus, and
Vaccaria [21].

Flora—fauna specialization does not depend only on the shape and manner of opening
of the flowers but also on nectar composition, in terms of sugars and amino acids, as well
as the nectar secretion rate, which is measurable in the field with various techniques [70].
For example, butterflies are attracted by the flowers richest in amino acids, as their diet is
based exclusively on nectar and must therefore allow sufficient protein synthesis. Solitary
and social bees are more attracted by an elevated sugar content, as they also feed on pollen
and therefore do not need an additional protein supply (Gardener and Gilman, 2002). It has
also been hypothesized that specialist nectarivores can assimilate sucrose, whereas some
opportunistic nectar feeders digest only the simple exoses [71]. A crucial role is also played
by amino acid typology. The predominance of phenylalanine and /or gamma-aminobutyric
acid tends to attract long-tongued bees and flies (overall Syrphidae), whereas asparagine
and tryptophane are rather repellent to these insect species [72]. Investigations aiming to
obtain experimental evidence of an ecological function of nectar composition have been
conducted on a vast range of species [73], with results suggesting that some amino acids
elicit different responses in insect receptors. However, amino acid concentration in nectar
is not exclusively a function of the genotype. It can be influenced by agronomic man-
agement, as in the case of nitrogen fertilization, which has been shown to increase nectar
amino acid concentration in Agrostemma githago [74]. Natural factors such as arbuscular
mycorrhizal fungi can, likewise, increase flower visitor numbers (overall visits by Diptera
and Hymenoptera) in Centaurea cyanus [75]. Finally, the ecological significance of the toxic
nectar secreted, for example, by Heliotropium europaeum, Cuscuta spp., Solanum nigrum,
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and Euphorbia spp. is still poorly understood. It has been hypothesized that bees are
more resistant to alkaloids than adult Lepidoptera, and that alkaloids in nectar encourage
pollination by specialist rather “flower-inconstant” pollinators [76].

Pollinator attraction is linked to the mechanisms involved in recognition of appropriate
flowers. Recognition is crucial in that it avoids confusion in pollen transfer, which must
take place within the same species as far as possible [77]. Flower shape and color both
play an important role in facilitating recognition. Color is perceived differently by the
insect as compared to the human eye, and light reflectance at wavelengths invisible to
humans (roughly 300-400 nm) is well perceived [78]. Many Brassicaceae reflect ultraviolet
color in order to attract the attention of pollinators [79]. Some flower colors appear to be
correlated with certain categories of pollinators, although this cannot always be generalized
due to poor convergence of data from different environments [80]. Specialist bumblebees
have been noted to show a preference for purple, and this example would appear to
confirm the so-called “pollination syndrome” theory [81]. In some cases, recognition is
facilitated by color patterns: thus, the “search images” system possessed by insects [82]
can be aided by characteristic black spots at the base of the petal, functioning as a “nectar
guide” [83], as observed, for example, in Papaver rhoeas. But bright and gaudy colors are
not always an indispensable condition for attracting flower visitors. Some Euforbiaceae
have pale green flowers that do not stand out within the surrounding vegetation, yet they
are frequently visited, as in the case of Euphorbia esula [84]. Moreover, a further and often
decisive mechanism for identification and recognition of flowers consists of production and
emission of fragrant molecules composed essentially of terpenoids and benzenoids [85].

4. Weed Pollination Strategies

The main characteristic of arable weeds is their ability to persist despite the vast range
of agronomic disturbances. One of the crucial strategies adopted by weeds is rapid seed set.
Rapidity is maximized with self-pollination, as autogamous seed set is not dependent on the
occurrence of any (biotic or abiotic) event [86]. Weeds are regarded as pioneer flora of early
stages of secondary successions [87], and their frequent annual cycle is often correlated
with self-pollination [88] according to the “time-limitation” hypothesis of crucial impor-
tance in the typically highly disturbed agroecosystem. For example, Amaranthus retroflexus,
characterized by flowers devoid of attractiveness and by almost total self-pollination [89],
represents the ideotype of weeds as it already produces mature seeds just a few weeks
after emergence [90]. Species whose corolla is a marked attractant (in terms of size and/or
color) may also be mainly self-pollinated, as in Convolvulus arvensis [41], Stellaria media [91],
Portulaca oleracea [92], and Anagallis arvensis [93]. However, it is likely that this predomi-
nance of self-fertilization is found in biotypes present in agricultural environments, while
outcrossing is more widespread in biotypes present in less disturbed environments. This
means that the frequent disturbances of the agroecosystem probably favored coevolution
towards predominantly self-pollinated biotypes. This is the case of Datura stramonium,
which is pollinated in its original environments by hawkmoths (Manduca quinquemaculata),
Halictids, and honeybees (Apis mellifera) [94], whereas the biotypes present in cultivated
fields are almost totally autogamous [95]. This coevolution with agronomic disturbances
has led to a decrease in nectary function and a corresponding elongation of the androe-
cium and gynoecium to allow contact between anthers and stigma (herkogamy), thereby
favoring self-pollination [96]. Despite this, some exceptions that evolved towards self-
incompatibility are observed, as in the case of Papaver rhoeas [97] and Ranunculus repens [98].
But, in general, the absolute self-incompatibility in the agroecosystem plant communities is
unusual. Indeed, a variable frequency of distribution between self- and cross-pollination
is more frequently found, as in the cases of Anthemis cotula [99], Sinapis arvensis, [100],
Raphanus raphanistrum [101], and other insect-pollinated species typically widespread in
the agroecosystem [102]. In the case of Raphanus raphanistrum, flower color (typically white
or yellow) plays an ecological role in favoring or discouraging cross-pollination despite
partial self-compatibility. Thus, one important visitor is a lepidopteran (Pieris rapae), which
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mainly visits yellow flowers, resulting in a predominance of cross-pollination in these
populations [103], whereas self-pollination is predominant in white flower varieties. This
dual typology of biotypes could represent an example of optimal trade-off between the
advantages of one or the other gene flow mechanism, highlighting plastic and evolution-
ary changes in floral traits. Such a trade-off is not exclusive to this weed species but is
widespread in many other species as well, and can probably be interpreted as a strategy for
maintaining populations with diversified biological characteristics [104].

Overall, pollen self-incompatibility is one of the various strategies adopted by plant
species to avoid the pollination of different flowers growing on the same plant, especially in
the case of individuals bearing numerous blooms [105]. Such pollination, which would be
pointless in terms of gene flow, is known as geitonogamy [106]. Other geitonogamy avoid-
ance strategies include spatial and/or temporal separation of pollen and stigma. In general,
geitonogamy avoidance is advantageous in favoring adaptability to dynamic environmen-
tal conditions [107]. A trade-off between geitonogamy and xenogamy (cross-pollination) is
observed in Daucus carota, an andromonoecious and protandrous species [108]. In this case,
separation of the male and female phases is complete at the level of the flower and umbel,
but the two phases overlap at the level of the full plant, creating conditions for geitonogamy
even if insect visits between the umbels of adjacent plants lead to xenogamy. Another
curious characteristic of this species is the possible ecological role of the dark central floret
of the inflorescences, for which a possible “fly catcher” role has been suggested, although
its function has not yet been fully clarified [108]. Additional examples of a balance between
self-pollination and insect pollination are observed in Cynoglossum officinale, Echium vul-
gare [109], and some species belonging to the botanical genus Delphinum [110], in which
the extremely variable number of flowers results in diversified probability of geitonogamy.
Plants with a greater number of flowers tend to favor self-pollination as there is an in-
creased probability that the pollinators will sequentially visit (geitonogamy) flowers of the
same plant. A further diversification of breeding frequency is found in Echium vulgare, as
the protandrous flowers produce more nectar and receive higher rates of visitation during
their male than during their female phase [111], although nectar production in this species
is also closely dependent on environmental conditions [112].

Among geitonogamy avoidance strategies, a particularly drastic mechanism is dis-
played by dioecious species, in which the separation of individuals into different sexes
makes self-fertilization impossible. An example is seen in Silene dioica, which is visited by
bumblebees, hoverflies (Syrphidae), butterflies (mainly Pieridae), and honeybees [113]. But
since the invasiveness of this species in the agroecosystem is negligible, as compared to
other monoecious species belonging to the same genus, it can be concluded that such a
strategy is unsuccessful [114].

5. Insect-Pollinated Weeds as Indicators of Biodiversity and Agroecosystem Health

A clear-cut distinction between entomopollinated and nonentomopollinated species
cannot easily be drawn, as the true ecological role of insect visits has not yet been clari-
fied for each individual species. This uncertainty is aggravated by the above-described
differences among biotypes present in the wild (more dependent) versus those in the
agroecosystem (less dependent). However, it is generally agreed that while the reward
may consist of pollen (Figure 7), both quantitative and qualitative (sugar concentration)
nectar production is linked to entomofauna through mutualistic specialization. Since nectar
production requires considerable energy requirement, in short-lived weeds, characterized
by annual cycle, nectar is less abundant than in perennial species [115], and if it is not col-
lected, it is reabsorbed by the plant for its own metabolism [116]. It can, therefore, be stated
that species with a well-developed nectary rely mainly on insect visits for their survival,
with the visits being crucial for seed set. Thus, weed species characterized by this feature
(essentially, wildflowers) face a greater risk within the agroecosystem, because the high
level of disturbance of the agricultural environment tends to restrict the availability of their
pollinators. Pesticide toxicity and its residues play a crucial role in this regard by severely
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affecting the chance for survival of entomofauna and, consequently, of insect-pollinated
flora.

Figure 7. Honeybee observed during a visit to an inflorescence of Daucus carota: note the balls of
pollen accumulated on the hind legs, typically yellow in this species.

The frequency of wildflower species in the agroecosystem plant communities can,
therefore, represent a valid indicator of their ecological sustainability. It is now recognized
that the floristic diversity of the agroecosystem provides an assessment of the agroecological
impact [117]. This is particularly true about entomopollinated species, as their presence
presupposes a level of biodiversity extended to the animal kingdom, and in this context,
it should not be forgotten that evolution towards self-pollination occurred precisely in
situations of a lack of pollinators [118].

The mutualistically more specialized species, such as wildflowers, constitute the most
reliable ecological assessment parameters since these are the species whose presence is
most severely threatened by disruption of the balance of the agroecosystem. Although
the decreased presence or disappearance of some species may be due to other agronomic
causes (herbicides, heightened aggression by more competitive weeds, crop seed selection,
etc. [119]), it is highly probable that the declining numbers of pollinators have been a
contributing factor in the increasing rarity of some species. As has been widely noted, in
the past few decades, the decline of biodiversity has involved many previously widespread
plant and animal organisms [120]. Throughout Europe, only plant species whose persis-
tence dynamics do not rely on biotic action for pollination are only occasionally cited as
rare weeds [121]. On the contrary, lists of declining species include numerous wildflowers,
which are threatened by their dependence on flower visitors for seed set [122]. It has also
been shown that the frequency of flower visitors on wildflowers is closely related to the
quantity of viable seeds produced [123]. Weed species that are only scantily present have
difficulty in attracting insects, as it has been noted both in natural ecosystems [124] and
in the agroecosystem [125] that insects prefer to visit more numerous species. In arable
fields, a large number of insect-pollinated wildflowers have now become rare or are in
decline, such as Agrostemma githago, Centaurea cyanus, Papaver argemone, Ranunculus ar-
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vensis, [126], Chrysanthemum sagetum, Matricaria recutita, Legousia hybrida, Silene alba, Viola
arvensis [127], Consolida regalis, Silene noctiflora, Lamium amplexicaule, [128], Myosotis arvensis,
Viola tricolor [129], Legousia speculum veneris, Anchusa arvensis, [130], Nigella arvensis, and
Ornithogalum umbellatum [131].

As stated above, the risk of decline is greatest when mutualistic interaction is spe-
cialized. Thus, many of the abovementioned species belong to the Cariophyllaceae, a
botanical family often characterized by rigid mutualistic interactions set in motion by
butterflies [132]. This type of mutualism is highly fragile, because Lepidoptera require a
twofold plant-related availability: food source (visitable flora endowed with nectaries), and
suitable conditions for reproduction (appropriate flora for oviposition and feeding of larval
forms). Each butterfly species is dependent on restricted plant groups, often belonging
to a single botanical family, a single genus, or even a single species (Table 2). Generally,
reference is made to a hierarchy of preferences since some species may be preferred to
others within a given botanical grouping, as in the case of Papilio machaon, which oviposits
exclusively on Apiaceae (Figure 8). If certain host plants have poor invasiveness within the
various ecosystems, this inevitably leads to very scanty presence not only of the respective
plant species but also of the correlated butterfly species [133].

Table 2. Some examples of weed host selected by several butterfly species.

Weed-Host Butterfly Species Source
Amaranthus spp., Chenopodium spp. Pholisora catullus [134]
Apiaceae Papilio machaon [135]
Avristolochia spp. Pachliopta aristolochiae [136]
Carex spp. Lopinga achine [137]
Asteraceae, Malvaceae, others Vanessa cardui [134]
Avena fatua L. Cercyonis pegala [134]
Bidens pilosa L. Nathalis iole [134]
Brassica nigra (L.) W.D.J.Koch Pontia bekeri [134]
Brassicaceae Anthocaris sara [134]
Brassicaceae Euchloe ausoides [134]
Brassicaceae Pieris rapae [134]
Brassicaceae Pontia protodice [134]
Cardamine spp., Nasturtium spp. Anthocaris cardamines [138]
Caryophyllaceae Euphyia picata [139]
Centaurea spp.; Plantago spp. Melitaea didyma [139]
Chenpopodium album L. Brephidium exilis [134]
Cirsium spp., Centaurea solstitialis Phycioides mylitta [134]
Cirsium spp., Centaurea spp. Tymelicus sylvestris [139]
Echium vulgare L. Ethmia terminella [139]
Galium spp. Ryparia purpurata [139]
Galium spp. Macroglossa stellatarum [139]
Graminaceae Brintesia circe [139]
Graminaceae Lerodea eufala [134]
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Table 2. Cont.

Weed-Host Butterfly Species Source
Hypericum spp. Deilephila elpenor [139]
Lamiaceae Perizoma alchemillata [139]
Lytrum spp., Epilobium spp. Hyles vespertilio [139]
Malva sylvestris, Alcea rosea Heliopetes ericetorum [134]
Malvaceae, Chenopodium album L. Pyrqus communis [134]
Malvaceae, Papilionaceae Strymon melinus [134]
Malvaceae, Urticaceae Vanessa annabella, [134]
Melilotus officinalis Lam., M. alba Medic. Colias eurytheme [134]
Papillionaceae Cyaniris semiargus [139]
Plantaginaceae Euphydryas chalcedona [140]
Plantago lanceolata L. Mellicta hatalia [141]
Plantago major L. and P. lanceolata L. Euphydryas editha [134]
Polygonaceae Lycaena phlaeas [139]
Polygonum persicaria L. Lycaena helloides [134]
Rumex crispus L. Lycaeana xanthoides [134]
Rumex spp. Lycaena cupreus [134]
Scrophulariaceae Junonia coenia [134]
Scrophulariaceae, Verbenaceae Junonia coenia [140]
Silene spp.; Lycnis spp. Hadena rivularis [139]
Sonchus oleraceus L. Helicoverpa armigera [142]
Urtica spp. Vanessa atlanta [139]
Veronica spp. Stenoptilia pterodactyla [139]
Viola spp. Argynnis paphia [139]

While specificity between pollinator and host weed is may be variable, it is quite
typical of the different families of Lepidoptera, being found preferentially or obligatorily
linked to restricted botanical groupings. For example, with Satytiridae (e.g., Brintesia circe),
there is only scanty specialization as the pollinator/host-plant relation is observed in many
ubiquitarian species of Graminaceae, but requirements are more stringent for Macroglossa
stellatarum (Sphyngidae), which needs one of the various species of the genus Galium
(Rubiaceae). The risk of butterfly/plant-host coextinction cannot be disregarded and has
already been reported in some parts of the world [143]. It is also interesting to note that
numerous Lepidoptera, known as myrmecophilous butterflies, have mutualistic relations
with ants, as ants defend butterfly eggs and the subsequent caterpillars against predator
attack [144]. It has been observed that oviposition of myrmecophilous butterflies takes place
preferentially on plants most frequently visited by ants [145], showing that the presence
of butterflies testifies to an even more extensive level of biodiversity [146]. In contrast,
bumblebee reproduction, while similarly limited by scanty availability of undisturbed
environments, is less specialized as it generally takes place in soil [147]. Lack of specificity
is also noted in most solitary bees, with some species nesting in soil while others also nest
in plant residue cavities [148].
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Figure 8. Caterpillar of the Papilio machaon butterfly specialized to lay eggs on plants of the Apiaceae
family (in this case, the toxic Conium maculatum).

A special form of ecological interaction is found in pollinators that require the presence
of other pollinators for their reproduction. For example, in many species of Diptera
Bombylidae, which have a very thin and elongated mouthpiece allowing them to collect
nectar from small flowers such as Anagallis arvensis, Legousia speculum veneris, Centaurium
erytrea, and Lamium purpureum (Benvenuti, personal observation), parasitic oviposition
takes place in the nest of several species of solitary bees [149], where the larvae feed on
resources intended to be food for the bees. Indeed, Diptera Bombylidae exhibit mutualistic
behavior towards insect-pollinated plant species but have parasitic behavior towards other
pollinators.

Often, rare weeds are pollinated above all by Lepidoptera, as in the case of many
Caryophyllaceae [150]. Consequently, they represent the most valid indicator of the biodi-
versity of the agroecosystem since their presence testifies to a complex level of flora—fauna
interactions. But exceptions to this rule are found for some butterflies, such as Pieris rapae,
which often choose the same species both for pollinating and for oviposition as well as
for subsequent rearing of larvae. This exemplifies mutualism and parasitism simultane-
ously [151], which may result in a sort of conflict of interest [152] for the pollinator itself.
However, apart from these exceptions, butterfly presence and diversity depend on the
landscape context in that their survival dynamics are linked to availability of the required
host species in the environment [153]. Analogously, the widespread presence of Syrphid
(Diptera) has also been considered a good indicator of plant biodiversity [154], on account
of the abundance of different environments suitable for their reproduction. Some species of
spider can also be considered as a further parameter for assessment of ecosystem integrity,
as they hide on flowers to prey on pollinators. Such a phenomenon has been observed on
Aslepias syriaca [155], Leucanthemum vulgare [156], and many other species. Thus, spiders
represent the tip of the ecological pyramid of this flower—pollinator-predator food chain,
and this ecosystem appears be particularly vulnerable [157].

Confirmation of the reliability of insect-pollinated flora as an indicator of ecological
sustainability of the agronomic cultural practices adopted comes from the observation that
organic agricultural systems lead to an increase in insect-pollinated species [158]. Future
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ecological assessments could be based on monitoring the spider species known to be the
preferential predators of pollinating insects.

6. Long-Term Plant-Animal Biodiversity Sustainability

Weed management is crucial for biodiversity sustainability [159], as also highlighted
by organic agricultural systems [160]. Perhaps the starting point is diversification of land
management, since species richness, genetic variability, and extinction probability are
closely linked to landscape traits such as habitat diversity, structural heterogeneity, patch
dynamics, and perturbations [161]. In other words, arable weed diversity increases with
landscape complexity [162]. Landscape planning is crucial for biodiversity [163]. It is
important to keep in mind that distances between nesting environments and food sources
must not be excessive, since beyond a certain distance, the trip energy will no longer
be advantageous due to excessive energy consumption for flight between the nest and
flora to be visited. Other, more suitable environments will therefore be sought [164]. This
implies that the geometry of the agroecosystem plays an important role in ensuring that
insect-pollinated weeds achieve sufficient seed set.

Woods represent a fundamental reserve of environments suitable for pollinator sur-
vival, especially if they are established in a mosaic pattern [165] within an agricultural
setting. A similar positive effect is produced by cattle grazing [166] because this kind of
land use presupposes both forage resources and nesting resources [167]. With regard to
the potential for nesting, at least as far as numerous species of solitary bees and bumble-
bees, it is important to plan uncropped areas near the crops in such a way as to allow
undisturbed aboveground nesting [168]. In addition, the introduction of long-term crops
such as Lucerne (Medicago sativa) can guarantee prolonged periods (3—4 years) free from
soil disturbance. Honeybees are severely damaged by microencapsuled pesticides, whose
microgranules adhere to the insect’s hair and are thereby transferred into the hives, where
their toxic effects can kill the larvae [169]. Therefore, the use of such pesticides should be
strictly avoided.

The likelihood of pollinator survival can be increased by the presence of field margins,
hedges [170], and other buffer zones [171] or set-aside fields [172]. Such areas not only offer
a suitable environment for soil-nesting pollinators, but also for Lepidoptera that require
certain weeds on which to oviposit [173]. Wildflowers linked to mutualistic relations
with the pollinators represent the ideotype of field margins as they not only provide a
suitable ecological niche for an elevated number of pollinators, but they also ensure positive
benefits for the agricultural landscape. Thus, it has been shown that the introduction of
complex mixed wildflower strips leads to an increase in butterflies, which are drawn by the
presence of host plants for oviposition and nectar as a food source [174]. The use of native
wildflowers achieves the best ecological response in safeguarding pollinator biodiversity,
above all, with regard to specialized pollinators (i.e., short- or long-tongued bees) linked to
the wildflowers involved [175]. The introduction of exotic pollinators [176] tends to impair
the plant—pollinator balance of the agroecosystem overall following increasingly evident
climate changes [177]. This occurs because the balance of weed—pollinator competition
is disrupted by altered mutualistic plant-animal interactions [178]. Even though it is
not always easy to distinguish the cause from the effect, i.e., to determine whether the
imbalance is triggered by a lack of wildflowers or pollinators [179], limiting or preventing
the introduction of non-native animal or plant organisms into such environments represents
a strategy of paramount importance. It may, therefore, help to avert the tendency to
“biological globalization” and the ensuing genetic erosion or loss of native insect-pollinated
plants and/or the relative flower visitors.

7. Conclusions

Every weed species is characterized by a particular survival strategy and ruderal
species (early flowering, abundant and prolonged seed production) derived from an evolu-
tionary direction capable of giving them ideal weed traits [180] to persist in the agroecosys-
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tem. In this context, the rigid plant-pollinator mutualisms are undoubtedly a disadvantage
since they presuppose the presence of a consistent pollinator quantity and biodiversity.
Despite this, in many cases, there is a transition towards weed communities that display
an increasing presence of species whose survival strategies depend on pollinators with
varying degrees of specialization. The growing need to maintain and/or restore agroe-
cosystem biodiversity has focused attention on the insect-pollinated weeds that are among
the first to decline or even disappear in the agricultural landscape. Paradoxically, it is now
widely believed that even weeds perform an “ecosystem service” dedicated to the survival
of pollinators essential for the productivity of the various insect-pollinated crops [181].
Within pollinators, butterflies are particularly subjected to rarefaction since their survival
does not depend exclusively on the presence of pollinated plants but also on the further
availability of host plants essential for their oviposition. Thus, it is important to identify
valid ecological indicators to monitor the health of the agroecosystem. The presence of crab
spiders has been proposed as a valid indicator of the level of the agroecosystem biodiversity.
Indeed, these arthropods feed on the pollinators that wait camouflaged on the flowers,
thus highlighting the biodiversity of both pollinated plants and pollinators [182] (Figure 9).
However, further studies are required to determine more precisely, for each species, the
pollinator requirement for seed set, especially for specialized weeds. This improved knowl-
edge would not only aid research based on biological indicators, but it would also help to
optimize the biodiversity restoration programs of degraded agroecosystems.

Figure 9. Observed crab spider with their evident success in catching a solitary bee on Onobrychis
viciifolia inflorescence.
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Abstract: Piper mollicomum Kunth (Piperaceae) plays a vital role in the preservation of the Brazilian
Atlantic Forest by contributing to the regeneration of deforested areas. Recent scientific investigations
have analyzed the chemical constituents and seasonal dynamics of essential oils (EO) from various
Piper L. species, highlighting the need to elucidate their chemical-ecological interactions. This
study aims to expand the chemical-ecological knowledge of this important taxon in neotropical
forests, using P. mollicomum as a model. The methodologies employed include the collection of
plant material, EO extraction by hydrodistillation, analysis of EO by gas chromatography-mass
spectrometry (GC-MS) and gas chromatography—flame ionization detector (GC-FID), recording
the frequency of visits by potential pollinators and microclimatic variables, and by conducting
calculations of chemodiversity and chemophenetic indices. Chemical analyses indicated that the
diversity of EO and environmental factors are linked to the activities of potential pollinators. In
the Tijuca Forest, P. mollicomum revealed significant interactions between its volatile constituents
and microclimatic variables, showing that the chemodiversity of the leaves and reproductive organs
correlates with pollinator visitation. Additionally, a notable difference in chemical evenness was
observed between these vegetative structures. The chemophenetic indices by Ramos and Moreira
also revealed correlations with chemical diversity.

Keywords: Piperaceae; Atlantic Forest; essential oils; monoterpenes; sesquiterpenes

1. Introduction

A brief recreational stroll through a garden, or even exhaustive fieldwork, can offer
much more than just a visual experience, as, in these environments, our senses are stim-
ulated in diverse ways. For example, while walking along a path adorned with woods
or herbs, we may encounter anything from the fresh and inviting aroma of mint (Mentha
piperita L.) to the unpleasant and repulsive odor of titan arum (Amorphophallus titanium
(Becc.) Becc. ex Arcang, 1878). These aromas are not only perceived by humans; they
are samples of a complex and elegant set of chemical languages used in plant-plant,
plant-insect, and plant-microorganism communication, essential for the integration of
plant species into their different niches [1-11]. Informed by these insightful understand-
ings, can we infer that these constituents have always been tasked with the same ecological
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activities? If the answer is yes, what has contributed, retrospectively, to the current patterns
of disparity, regularity, occurrence, and chemical diversity of these metabolites? Regardless,
we know there are some approaches on the subject at hand, as will be discussed below.

Chemical diversity refers to the array of constituents present at different levels of
organization in a specific ecosystem [12]. It is worth noting that tropical forests, for
instance, have played a pivotal role as “living pharmacies”, offering a rich source of novel
substances [12,13]. Therefore, understanding the dynamics of metabolites present in these
areas is crucial for advancing the field of human health [14]. Basic research in natural
products, with an emphasis on plant studies, is highly relevant because the wide range of
plant constituents play important roles in the therapeutic process [15,16].

Chemodiversity is a metric used to quantify the chemical diversity of a population,
and it is subject to a range of influences, from environmental conditions (abiotic) and
genetic factors to biotic interactions [11,12]. For a long time, the influence of these chemical
constituents on the attraction of pollinating insects was considered only in specific cases of
coevolution or treated in a stochastic manner. Today it is known that these volatiles directly
and indirectly influence the network of ecological interactions to which plant species are
subjected [11,16-21]. Therefore, it is crucial to study taxa that are influenced by these
interactions to understand trophic and other ecological interactions in their habitat. In this
context, the genus Piper L. stands out.

The Atlantic Forest, a coastal biome stretching from Northeastern Brazil to Southeast-
ern Argentina, stands out for its phytophysiognomic diversity, adapted to variations in
climate, soil, and topography. Despite harboring rich biodiversity, with over 15,000 plant
species, including the Piperaceae family, it faces severe threats from uncontrolled urbaniza-
tion, fragmentation, deforestation, and pollution. With less than 10% of its original cover
remaining, competition for resources and edge effects compromise its stability. Neverthe-
less, the Atlantic Forest plays a crucial role in climate regulation, water conservation, and
disaster mitigation, making it essential for Brazil’s socio-economic sustainability [11,16].

Piper mollicomum Kunth is a plant species that allocates a significant portion of its en-
ergy to the biosynthesis of volatile building blocks for the establishment of their ecological
interactions [11,22-27]. This species occurs in various tropical forests across Brazilian terri-
tory, ranging from high-light environments to shaded, humid locations [27-30]. In addition
to their bioactive effects [31-34], these plants play vital ecological roles in ecosystems, for
example, as pioneer plants in secondary forests [11,35,36]. Additionally, their inflorescences
and infructescences constitute important nutritional hotspots, scarce in forests degraded
by human activities, and are essential for maintaining the population density of generalist
pollinators and native seed dispersers [11,35-37].

Ramos and collaborators published a comprehensive analysis of the chemical compo-
sition of essential oils (EO) from different organs of P. mollicomum from different regions
of Brazil [30]. Their study showed the relevant presence of arylpropanoids in the roots,
while mono- and sesquiterpenes predominated in the aerial parts of the plant. It is worth
noting that this research marked the beginning of a pioneering investigation into the spa-
tial and temporal patterns of compound biosynthesis in Piper L species. Additionally,
aspects of the volatile chemistry of P. mollicomum and Piper aduncum L. were elaborated
in a spatial-temporal scales and intra-plant context, which demonstrated substantial dis-
parities in relation to collection sites, time (circadian cycle and seasonality), and organs
of these species [30]. In addition to these two species, the study of the ecophysiology of
Piper gaudichaudianum Kunth has been the central focus of recent research. For example,
it has been recorded that phenotypic plasticity in the chemical composition of its EO, on
a spatiotemporal scale, is directly associated with the level of oxidation of these volatile
mixtures [26].

Continuing these research efforts, in 2022 De Brito-Machado and collaborators pub-
lished the results of their investigation into the seasonal variation of the EO in leaves,
inflorescences, and infructescences of P. mollicomum during its reproductive period. Their
results provide important insights into the chemical variability among these different plant
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organs, but no significant correlations were found between the major volatile constituents
and the attraction of potential pollinators [11].

This research, unlike previous studies, focuses on the influence of the chemical diver-
sity of EO on the attraction of potential pollinators and how abiotic variables can modify
this interaction. It introduces a scientific innovation by suggesting that, as the volatile mix-
ture becomes richer and more diverse, it tends to become proportionally more oxidized. To
expand chemical-ecological knowledge about this important taxon in neotropical forests, it
is crucial to continue these investigations. Therefore, it is essential to assess the correlations
between microclimatic variations and the chemodiversity of EO from different organs of P.
mollicomum, as well as to gather more information on the influence of the chemical profile
on pollinator visitation frequency.

2. Results
2.1. Chemical Composition of the Essential Oils of P. mollicomum

The main objective of this research was to investigate whether differences in the
chemodiversity of the EO from the leaves and four distinct stages of the reproductive organ
in P. mollicomum (Figure S1) are related to the attraction of potential pollinators. The results
reveal variations in the yields of the EO across the four stages, ranging from 0.01% to 1.12%
(w/w) (Tables S1 and S2). Additionally, variability in the chemical profile of the volatile
constituents was observed during the reproductive period of the plant. Over a period of
months, there was a predominance of non-oxygenated sesquiterpenes in the leaves and
oxygenated monoterpenes at the different stages of the reproductive organ.

During the early months of flowering (September and October), the monoterpene
linalool recorded the highest relative percentage in the leaves (44.84% and 27.20%, respec-
tively), as well as in most stages of the reproductive organs (29.24% to 73.14%). Another
notable monoterpene was limonene, which was found in a relatively high percentage
(3.12% to 17.08%). In November, the predominant constituents in the leaves were identified
as o-terpineol (11.41%) and (-elemene (19.95%), while 1,8-cineole showed the highest
relative percentage at the different stages of the reproductive organs (26.07% to 58.77%).
In December, the major constituents in the leaves were o-pinene (11.30%) and p-pinene
(6.49%), as well as linalool (11.28%) and (-elemene (8.62%). On the other hand, in the
reproductive organ stages, the main constituent was 1,8-cineole (22.96% to 32.01%), along
with the monoterpenes x-pinene (3.50% to 14.70%) and linalool (0.00% to 10.46%). In
January, the last month of the research, 1,8-cineole continued to be the constituent with the
highest relative percentages in the organs, both in the leaves and at the different stages
(8.62% to 49.32%). 3-elemene also showed a high relative percentage content in the leaf
organ (11.55%). Tables S1 and S2 present the chemical constituents that, in any month of the
analysis, recorded a relative percentage content greater than or equal to 5%. However, all
chemicals of the EO from the leaves and different reproductive stages are included in Table
S3. It is worth noting that, for the calculation of chemodiversity and Ramos and Moreira
(R&M) indices, all identified compounds were used, regardless of their relative percentage
content.

2.2. Chemodiversity Variability of the Organs of P. mollicomum: A Multifaceted Analysis of the
Leaves and Reproductive Organs

Figure 1 highlights the mean variations between the chemodiversity « indices in the
mentioned leaves and reproductive organs. The graphical representation shows that the
leaves exhibited significantly higher values for chemodiversity «, considering the Shannon
index (p < 0.05), a relevant chemical richness in its EO compared with the different stages
of the reproductive organs. The other chemodiversity indices did not show significant
differences (p > 0.05) when compared between leaves and reproductive organs.
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Figure 1. Comparison between means (analysis of variance) of the chemodiversity « indices (Shan-
non, Simpson and Pielou) between leaves and the different stages of the reproductive organ of
P. mollicomum. Leg. Same letter indicates no statistical difference (p > 0.05).

As there was a significant difference in chemodiversity between the leaves and repro-
ductive organs, considering the Shannon index by ANOVA (Figure 1), we applied the Tukey
Post-Hoc test to compare these different compartments (Table S4 and Figure 2). These
analyses revealed that the chemodiversity of the EO from the leaves and stage III (anthesis)
showed significant similarity (p = 0.103). However, there is a significant difference (p < 0.05)
between leaves and the other stages of the reproductive organ (I, II, and IV), with the EO
from the leaves being the most chemodiverse compared with these stages. Additionally, the
EO from stage IV (which presents immature drupes) has the lowest richness in constituents.
The average richness given by the Shannon index of constituents between stages I to IV
was not statistically different (p > 0.05) (Table S4 and Figure 2).

Although the richness of the samples may be comparatively equal, how equal, in
terms of chemical constituents, are they actually? To answer this question, the Jaccard index
was used, aiming to deepen the study of chemodiversity concerning the dichotomy of the
chemical profile among the samples studied. This index was used because it represents
chemodiversity 3 and it was applied to the reproductive structures to compare the similarity
between chemical constituents [38]. The results confirm the low similarity between stages I
and II (53%), and between stages I and III (50%). Between stages I and IV, the similarity
was even lower (36%), indicating that the development of the reproductive organ leads
to chemical phenotypic diversity (Figure 3). The data from this analysis indicate chemical
similarity between one stage and the next, as evidenced by the Jaccard indices between
stages II and III (55%) and III and IV (55%). However, there was a gradual decrease
in similarity between subsequent stages (stage II and IV—41%). This suggests that, as
development progresses, the chemical similarity between stages tends to decrease.
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Figure 3. Jaccard index for assessing chemodiversity 3 among the distinct stages of the reproductive
organ of P. mollicomum. Leg. numbers in the bars indicate similarity percentual.

With the aim of deepening the analyses and gaining comprehensive insights into the
relationship between the gradual decrease in chemodiversity from the initial stages of
inflorescence maturation to fruiting, this research proposed an innovative scatterplot to
represent the interaction between richness (Shannon index) and evenness (Pielou index),
as illustrated in Figure 4. This analysis confirmed that the leaves were the only organ to
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exhibit high levels of richness and chemical uniformity, mainly as the most prominent
when compared with all other reproductive organs.
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Figure 4. Scatter plot representing two chemodiversity « indices: Shannon (richness) and Pielou
(evenness). Leg. The y-axis represents the Shannon index and the x-axis represents the Pielou index.

2.3. Chemical Ecology of P. mollicomum: Interactions between Chemical Diversity, Potential
Pollinators, Volatile Compounds, and Microclimatic Variables

The data from potential pollinator observations show that bees and flies were the most
frequently observed insect groups that visited P. mollicomum blooming inflorescences in
4332 instances (Figure 5). Bees were the most incident visitors, showing high visits on
all surveyed days. The most frequent floral visitor, Tetragonisca angustula Latreille, 1811,
was recorded as having a prominent number of visits, totaling 3042 interactions. Another
Hymenoptera, belonging to the Colletidae insect family, stood out with a considerable
820 visits. Two other bee species belonging to the family Halictidae were recorded with
frequencies of 238 and 67, respectively. Dipteran insects, on the other hand, showed distinct
visitation rates, as one species of the Syrphidae family was the fourth most frequent insect,
with 164 visits while another was observed only once on the blooming inflorescences, at
the beginning of flowering (Figure 5).

Figure 6 shows the Pearson analyses carried out to assess the potential correlations
between the variability in microclimate data and the frequency of visits by potential polli-
nators versus chemodiversity and the Ramos and Moreira indices (R&M). For instance, a
strong positive correlation was identified between the R&M of stage III and the chemodi-
versity o indices of the leaves (p < 0.05). As the diversity, richness, and evenness of volatile
constituents increased, the EO compounds of the flowering inflorescence at anthesis (stage
III), as well as that of the leaves, tend to become more oxidized. A positive correlation
between the R&M in the early stages of inflorescences (I and II) and the chemodiversity «
indices of stage IV was also identified. This relationship remained consistent throughout
the different stages of the analyzed inflorescences, suggesting that, as the volatile mixture
becomes richer and more diversified, it becomes concurrently and proportionally more
oxidized (Figure 7).
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Figure 7. Scatter plot depicting the relationship between the Shannon index (Chemical richness) and
the Ramos and Moreira index (R&M, redox pattern) of the essential oils from different stages of the
reproductive organ of P. mollicomum.

Furthermore, the analyses indicated a positive correlation between an increase in the
Shannon’s chemodiversity of the leaves (richness) and an increase in the frequency of visits
by potential pollinators to flowering inflorescences at anthesis (stage III). Additionally,
these results reveal a positive correlation between the number of visits by these harmonious
insects and the total number of inflorescences.

Another relevant correlation found in the EO of the early stages of the reproductive
organ (stages I and II) was found between the microclimatic variable temperature and the
chemodiversity « indices. According to these results, the increased temperature resulted in
greater richness, abundance, and homogeneity of the EO of these organs.

The analyses also showed a negative correlation between the chemodiversity o in-
dices of the leaves and the microclimatic variable wind. Continuing to regard negative
correlations, an inversely proportional relationship was identified between the Simpson’s
chemodiversity index (diversity) in the early stages of inflorescence maturation and the
total visits of all insects, especially T. angustula.

Finally, a negative correlation was also observed between the frequency of visits from
some potential pollinators, such as Meliponini spp., one species of Syrphidae, and others of
Halictidae, and the R&M in stage IV. This suggests that the more oxidized the mixture of
volatile compounds at that stage, the lower the frequency of insect visits. Similarly, when
the metabolite mixture of the EO is reduced further, there is an increase in the visitation of
potential pollinators to the flowering inflorescences. Additionally, the analyses revealed
negative correlations between the chemodiversity « indices (leaves and stage II).

3. Discussion
3.1. Chemical Composition of P. mollicomum Essential Oils

To understand the chemical mediation between P. mollicomum and its natural ene-
mies in the Tijuca Forest (Rio de Janeiro), we investigated the chemical composition of
EO from leaves and the developmental stages of the reproductive organs of this plant
and the correlation between these aspects with visitors and microclimatic environmental
conditions. During the early flowering stage, when most specimens studied had immature
inflorescences, the predominance of linalool and limonene biosynthesis in these repro-
ductive structures was observed. In this period, the plants were in a phase prior to the
proper production of pollen grains, which likely results in pollination limitation. Therefore,
we hypothesize that chemical defense of these immature organs is crucial to maintain
the reproductive viability of their specimens. Our results are corroborated by previous

152



Plants 2024, 13, 2497

studies which have suggested that plant species emit toxic volatiles more intensely during
the early stages of flowering to protect their pubescent organs against herbivory [39,40].
Additionally, research has shown that genes contributing to the protection of reproductive
organs are primarily stimulated during the early stages of the development of young tis-
sues [41]. Previous studies have confirmed limonene’s ability to repel pest organisms, such
as aphids, or to attract ladybugs, forming a tritrophic interaction between plant and herbi-
vore and carnivore [42—44]. Examining the importance of the constituent linalool, many
studies have also highlighted its significant role in attracting insect pollinators [11,24,45-48].
Additionally, this monoterpene may also have defensive effects against herbivores [49-52].

The analyses of the final stages of fruiting revealed a greater amount of a-terpineol
(11.41%), 1,8-cineole (8.00% to 58.77%), «-pinene (11.30%), B-pinene (6.49%), linalool
(11.28%), B-elemene (8.62%), and eupatoriochromene (32.92%). In this stage of develop-
ment, mature inflorescences stood out, suggesting that the biosynthesis of these constituents
is ecologically important, either directly or indirectly, to facilitate reproduction. Previous
studies have demonstrated that some of these compounds can play prominent ecological
roles, such as in the development of reproductive structures and in protection against
herbivores [53-56]. It is also important to note that the biosynthesis of sesquiterpenes,
such as E-nerolidol, 3-elemene, and germacrene D, was recorded in senescent leaves of
P. mollicomum, suggesting a protective role for these plant parts [27]. The presence of these
constituents in the EO of reproductive organs may also be related to the need to attract the
visitation of pollinators and seed dispersers [11,57,58].

For example, the presence of 1,8-cineole in specimens of P. mollicomum from the
Tijuca Forest has been found for several years [11,30]. Studies have revealed that this
monoterpene may possess toxic effects and alter the intestinal microbiota of herbivores
and frugivores, thus compromising the digestibility and nutrient absorption of these
consumers [59-61]. These and other analyses suggest that this major constituent may
play an important ecological role in defense against herbivores, increasing in the early
stages of inflorescence development and persisting throughout the flowering period [11,30].
Our findings suggest that these volatiles, despite having distinct ecological roles, at the
beginning and end of flowering period in P. mollicomum, may offer similar functional
expression in the chemical communication of this species, perhaps acting synergistically
when biosynthesized concomitantly. These hypotheses need to be specifically investigated.

The innovative aspect of this research is its consideration of the way that the eco-
logical roles of these compounds, predominant during the reproductive period in P. mol-
licomum, have often been studied in isolation, disregarding the relevance of minor com-
pounds [11,14,26,30,37]. To improve this discussion, we can draw an analogy between
volatiles and soccer players. One star player may have a pivotal role in their team. Then,
just as a soccer club typically invests its financial efforts to acquire a valued player, plants
also allocate their resources to biosynthesize major and ecologically important substances.
However, this player cannot act alone; they depend on other members to form an efficient
team. Similarly, “supporting compounds” can have equally crucial importance, acting
synergistically with the major compounds and contributing to the survival, acclimatization,
and adaptation of plants in their niches; especially when considering that resources, being
so scarce, cannot be spent on synthesizing compounds without any function for these
plants [38,62-64].

3.2. Chemodiversity Analysis of P. mollicomum: Ecophysiological and Ecological Interconnections
of Volatile Metabolites along Developmental Stages

Small variations in volatile chemodiversity occur over time and space, mainly because
EO are directly influenced by biotic and abiotic environmental conditions [38,62-64]. For
instance, infections caused by insects on vegetative structures can induce the production
of new volatile constituents, both locally and systemically; moreover, neighboring plants
under herbivore attack may release volatile emissions triggering changes in the EO of
adjacent plants [38,62-64]. Therefore, studying the volatile chemodiversity and its role
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as a protagonist in ecological activities is of utmost importance for a comprehensive
understanding of its ecological expression.

During the 1980s, O. R. Gottlieb initiated his studies on the evolution of chemical
diversity and the oxidation state of compounds in plant species [65,66]. Studies conducted
by his group revealed that such phytochemicals play an essential role in the adaptive
capacity of organisms to adverse environmental conditions, ranging from high UV radiation
to oxygen-rich atmospheres, all factors that may have been crucial for the adaptation of
early plants to the terrestrial environment [16,65,66]. From these initial functional traits,
the richness of chemodiversity emerged as an intricate phenotypic expression of intra- and
interspecific interactions, which are under genetic and environmental control [10,11,16].
These associations among plants of the same and different species promote the biosynthesis
of essential metabolites [11,14,16]. Numerous studies have corroborated the importance of
these biotic and abiotic factors, highlighting the occurrence of specific chemical variability
in response to abrupt environmental changes, such as light radiation [67], temperature [68],
herbivory and pollination [37,69], allelopathic influence [70], latitude and longitude [71];
and precipitation [11,30].

Some results of our study reveal the important relationship between temperature,
the chemical profile of the reproductive organs, and the chemodiversity of leaves. The
increase in temperature was a determining factor for the increase in richness, abundance,
and homogeneity of the EO mixture of leaves and reproductive organs. This suggests
that thermal conditions may play a crucial role in the biosynthesis and accumulation of
volatiles in these plant parts. Our findings corroborate previous studies, which provided
specific evidence of how temperature variations can influence the concentration of some
terpenes, demonstrating the degradation and expressive biosynthesis of some constituents
due to photo-oxidation at high temperatures [72,73]. On the other hand, the results also
indicate a negative correlation between the chemodiversity « indices of leaves and the
wind microclimatic variable. This relationship suggests that an increase in wind intensity
may result in greater volatilization of the chemicals, leading to a reduction in the richness
of the EO.

It is known that some enzymes responsible for terpene biosynthesis are influenced by
light, such as for 1,8-cineole synthase and linalool synthase. An in vitro study on volatile
constituents at different developmental stages of Vitis vinifera L. (Vitaceae) revealed that
increased UVB radiation results in a significant increase in the proportion of oxygenated
cyclic monoterpenes, such as 1,8-cineole [67]. This observation may also explain our results
regarding the decrease in chemodiversity related to the increased volatilization of some
constituents, also previously observed [24].

These findings contribute to understanding the underlying mechanisms of production
and variation of volatile constituents in plants, considering the influence of abiotic factors.
They may have significant implications in the chemical ecology of these plants, as well
as in practical applications, such as agricultural management, the production of bioactive
substances, and ecosystem studies. However, further research is needed to deepen our
understanding of the genetic and/or epigenetic influence on the molecular mechanisms
involved in these ecological responses, as well as the potential impact of these changes on
plant-environment interaction [62].

This distinction in EO chemodiversity suggests the presence of unique biosynthetic
mechanisms regulated by “promiscuous enzymes” in metabolic pathways of each plant
organ [4,74-76]. As a result, a relevant variety of odoriferous substances is biosynthesized.
This complex system is notoriously understood to be controlled by widely studied enzyme
superfamilies called terpene synthases (TPS) [4,74-76]. Through their activity, an intricate
network of mono- and sesquiterpenes can be formed, generating a universe of aromas that
play critical roles in plant communication. TPS are even distinguished at phylogenetic
levels, being a major theme in chemotaxonomy [4,37,74-77], and are subjected to years
of pressures, selective bottlenecks, and adaptations and mediated by various biotic and
abiotic factors [4,37,74-77].
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In the context of plant-pollinator ecology, our results provide valuable insights into the
importance of chemodiversity in the specificity of ecological activities. This phenomenon
may act by attracting pollinators to locate, recognize, and determine the quality of the
reward offered by the plant [4,11,24,27,30,74-76]. These findings corroborate the data ana-
lyzed in this research, which shows strong positive correlations between the chemodiversity
o indices of different plant parts, presenting a fine association between the frequency of
visits by potential pollinators and responses to environmental variables. For example, our
investigations found that leaves and inflorescences in anthesis (stage III) exhibited the
highest chemodiversity indices. These analyses may suggest that the plant possibly directs
its allocation of chemical resources with the purpose of defending its still immature organs
against herbivores, as well as to attract and reward its mutualistic agents [11,69].

Conversely, infructescences showed low chemodiversity indices, possibly indicating a
shift in resource redirection towards the biosynthesis of carbohydrates to attract seed dis-
persers [36,78-82]. These results suggest the possibility of a drain effect between vegetative
and reproductive organs [83], where resource allocation may influence the chemodiversity
of different plant organs, consequently characterizing each organ as a specific functional
trait [11,69].

Furthermore, an increase in chemodiversity by Shannon index, directly related to
the increase in the frequency of visits by potential pollinators to inflorescences in anthesis
(stage III), was found in our research. It is also important to note that the highest frequency
of visits was recorded in the months of October and November, a period during which a
greater number of blooming inflorescences (stage III) were quantitatively observed [11].
This finding may suggest the hypothesis that the richness of volatiles present in the EO may
positively influence the interaction between plants and their mutualistic agents [11,30]. Also
observed, concurrently, was an inversely proportional relationship between the chemodi-
versity by Simpson index in the early stages of inflorescence maturation and the total visits
of all insects, especially T. angustula (jatai). The Simpson index represents the diversity
of one or more volatile constituents in samples of these stages [12,16,26,38,84]. This latter
analysis suggests that the diversity of substances, typically found in the EO of P. mollicomum
may not be sufficient for insect attraction [11,30,69].

Our studies infer that EO synthesized with higher richness (Shannon index) and
evenness (Pielou index) in P. mollicomum may be more attractive to insects. Leaves were
the most “Equidiverse” * organs (* a term proposed by the authors to express the idea
of an abundant and uniform chemical profile). Stages I, II, and III also exhibited high
equidiversity, indicating that, at different stages of reproductive organ maturation, they may
present a volatile composition with high diversity and uniformity. This is so for two vital
reasons: protection of these developing structures (stages I and II), and attraction of insects
for the dispersal of their generative whorls (stage III) [11,26,30]. On the other hand, stage
IV showed low equidiversity, which allows us to infer that there is a channeling of adaptive
metabolism towards survival in these structures, which corroborates the perspectives of the
drain effect [83]. For example, a recent investigation, which focused on the analysis of the
chemical composition of EO from Satureja hortensis L., revealed the presence of a notable
diversity and uniformity of volatile constituents in this plant. The research emphasized
the synergistic effects demonstrated by the substances, which showed relevant insecticidal
properties in combating pests [85].

We can infer that this “phytochemical socialism” is probably crucial, both to attract
and/or to repel chemically mediated interactions. The “volatile fog” [11] present in the
leaves and in different stages of the reproductive organs, may function as an innate chemi-
cal barrier or attractant. If an herbivore manages to overcome the first protective barrier on
the leaves, it can find other volatiles, rich and evenly distributed in “chemical weapons”,
which act together to minimize the herbivory [11,85,86]. However, as mentioned above,
reproductive stage IV showed low equidiversity, indicating that the richness of secondary
metabolites may not be a fundamental factor for attracting seed dispersers [36,78,79,81,82].
These results are consistent with previous studies that have investigated the allocation of
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substances at different stages of plant development, as well as the importance of carbohy-
drate biosynthesis in attracting dispersers [36,78-82]. In conclusion, the analyses conducted
have provided important insights into chemodiversity in different structures and stages of
development of P. mollicomum.

3.3. Similarity between the Chemical Profiles of the Reproductive Organs of P. mollicomum Using
the Jaccard Index

The exploration of the distinct facets of chemodiversity, the focus of our study, has
allowed a deeper investigation into the potential dichotomy in the chemical profile of the
samples, with emphasis on the different stages of the reproductive organs of P. mollicomum.
The assessment of chemodiversity 3, by Jaccard index, was employed to examine the
chemical congruence among the different developmental stages [16,38]. Our results reveal
interesting nuances in this context. A similarity of 53% was found between stages I and II,
and 50% between stages I and 11, as well as 36% between stages I and IV. Other results show
stages I and III (55%), Il and IV (41%) and, IIl and IV (55%). These findings indicate that the
chemical profile affinity among the different stages is considerably reduced, highlighting
the chemical uniqueness of each germinative structure, even if they retain anatomical
similarities. This discovery reinforces the notion that different developmental stages of
the reproductive organ of P. mollicomum possess unique chemical profiles, which may be
related to specific physiological and systemic functions at each maturation stage.

At an individual level, the chemodiversity of a specimen depends on the amount of
information present in its vicinity. It is known that the less interference from other biotic
interactions, the lower the chemical diversity [12,30,87]. Previous studies conducted by
the group have shown that chemodiversity depletes in plant populations removed from
their niche [88]. Therefore, the indices quantified in this work play a fundamental role in
inferring the characterization of chemical variations, mainly concerning their geographical
(different niches), spatial (distinct anatomical structures), and temporal (circadian rhythm)
distribution [11,16,27,30].

Thus, understanding and assessing different levels of chemodiversity is essential
for comprehending the complex interactions between organisms in their niches. The
proper application of these indices provides a valuable quantitative insight into chemical
diversity and its role in species ecology and acclimatization, offering a solid subsidy for
future ecological and biotechnological studies. When addressing the intricate networks of
interactions that permeate the production of volatile constituents, it is essential to consider
the potential impact of biotic and microclimatic factors in this process. These elements
play a crucial role in the biosynthesis, accumulation, and release of essential metabolites,
consequently influencing the attractive response of pollinators or the repellent response of
disharmonic insects [11,30]. Understanding these complex “chemo-signaling networks” is
of utmost importance for a holistic view of the ecology of ecological activities provided
by P. mollicomum in its niche. Furthermore, it is well established that these interactions
can influence the dynamics of oxidative-reductive patterns present in the EO of these
plants [14,16,26].

3.4. Ramos and Moreira Index: A Redox Evaluation

It has been recorded in this study that the richer and more diversified the mixture of
volatile components, the higher the R&M. The mixture becomes more oxidized when it
is chemically more diverse. This was observed in the EO of both leaves and reproductive
organ stages, except for stage IV. Dr. Gottlieb’s hypothesis, mentioned above in this text,
presumes that plant secondary metabolites function to capture free radicals [16,65,66,89].
The intense enzymatic activity (peroxidases, terpene synthases) in leaves and reproduc-
tive stages, especially stage III (anthesis), aims to generate richer and more diversified
volatile mixtures, which would also lead to increased production of these free radicals.
Consequently, these free radicals (mainly reactive oxygen species (ROS)) are eliminated by
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mixtures of compounds that include EO, resulting in increased oxidation of the mixture,
then reflecting on R&M [16,65,66,89].

4. Conclusions

In summary, analyses of the chemical composition of P. mollicomum in the neotropical
Tijuca Forest revealed important insights into the interactions among volatile constituents,
environmental factors, and their potential pollinators. The results indicate that variations
in the chemodiversity of the volatile chemical profiles of leaves and different stages of the
reproductive organ showed correlations between microclimatic variables and activities of
potential pollinator visits, along with significant differences in chemical evenness among
these different vegetative structures. These findings reveal the importance of understand-
ing the complex interactions among plant metabolism, its environment, and ecological
relationships in its niche, and provides a comprehensive view of the ecology and evolution
of ecological activities provided by this specie. We prove that, by inserting chemodiversity
indices in the analysis, these interactions can be quantified for better understanding.

5. Materials and Methods
5.1. Study Area

The area chosen for this research was the Tijuca National Park (TNP) (43°14/29.64" W,
22°589.80" S), located in the South Zone of Rio de Janeiro city. According to the Koppen-Geiger
classification, the TNP has a tropical monsoon climate [90]. Six adult specimens of P. mollico-
mum Kunth, with an average height of 1.65 m, were selected in an open area with elevations
ranging from 68 to 127 m. The license permission for conducting these investigations was
obtained from the Biodiversity Authorization and Information System (SISBIO—number
57296-1; authentication code 47749568). The experimental plot was surrounded by na-
tive vegetation. The fertile specimens were previously identified by the taxonomist Dr.
George Azevedo de Queiroz at the Rio de Janeiro Botanical Garden Research Institute
(JBRJ), and the samples were deposited in the Herbarium of the State University of Rio de
Janeiro—Maracana Campus (HRJ/UER]) (Table S5).

5.2. Collection of Microclimatic Data

The averages of the data regarding microclimatic variables were collected weekly
and recorded by manual measuring instruments [11]. A digital windmeter anemometer
(SIN2919025384—Brazil) was used to measure wind speed, temperature, and relative
humidity. Additionally, a luxmeter INSTRUTEMP, 1712268—Brazil) was employed to
measure local luminosity. An infrared thermometer (EXBOM—TDI 330) was utilized
to record the surface temperatures of leaves and inflorescences during anthesis. These
measurements were taken once at each interval corresponding to the frequency of visits
by potential pollinators. Climatological data related to rainfall indices were obtained from
the Meteorological Station of Forte de Copacabana, under the jurisdiction of the State of
Rio de Janeiro, during the corresponding weeks of observation periods. This institution is
affiliated with the Brazilian Meteorological Institute (INMET), responsible for managing
climatic information. The analyzed meteorological variables included air temperature (°C),
inflorescence temperature (°C), leaf temperature (°C), relative air humidity (%), wind speed
(m/s), rainfall (mm), and light intensity (kJ/ m?).

5.3. Evaluation of Pollinators Visit Frequency

The observations regarding insect visit frequency were conducted weekly from Septem-
ber 2020 to January 2021, from 8:00 a.m. to 5:00 p.m. (with 30 min of surveillance and 30 min
of break), totaling 128 h. This period was chosen due to the presence of inflorescences in
anthesis (stage III) on the P. mollicomum individuals. Frequency counting was performed
whenever insects were foraging on the inflorescences during this period [91,92]. The collec-
tion of these ecosystemic agents was carried out using an entomological net with a reach
of 3 m (basket with approximately 35 cm in diameter, 80 cm in depth, and 3 mm mesh).
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After capture, the animals were promptly anesthetized in vials containing cotton slightly
dampened with 70% (v/v) hydroalcoholic solution for subsequent identification [93]. Insect
descriptions were made using identification keys and entomological specimens from the
Reproductive Biology and Pollination Laboratory of the Research Institute of the Botanical
Garden of Rio de Janeiro (JBR]).

5.4. Reproductive and Vegetative Phenological Study

Quantitative studies on the reproductive phenology of P. mollicomum were conducted
throughout the observation of the phenological events: quantities of immature and mature
inflorescences, and the total quantity of reproductive organs. Due to the small size of
the flowers and fruits, it was necessary to use a manual lens with a magnification of
60x to determine which flowers were in anthesis [94]. The intensity of Fournier (IF)
methodology [95] was employed for the quantification of phenophases, which involves
creating a scale that classifies the analyzed phenological patterns in plants, previously
described in [11].

5.5. Essential Oil Obtention and Analysis

The collection of the EO from the leaves (150 g) and the four stages of the reproductive
organ (40 g) occurred monthly, between 9:00 a.m. and 10:00 a.m. The samples were
comminuted and placed in a 2 L round-bottom flask containing 700 mL of distilled water
and subjected to the hydrodistillation method using a modified Clevenger-type apparatus.
The process lasted for 2 h. Upon completion, the pure EO was separated from the aqueous
phase, dried with anhydrous sodium sulfate, and placed in amber vials for storage in
a freezer at —20 °C. The four stages were described by taxonomists Dr. Elsie Franklin
Guimaraes and Dr. George Azevedo de Queiroz, and they are illustrated in Figure S1 and
previously characterized [11].

The obtained EO was solubilized in spectroscopic grade dichloromethane from Tedia
(Brazil), to reach a final concentration of approximately 1000 pg/mL. These diluted solu-
tions were then subjected to gas chromatography-mass spectrometry (GC-MS) analysis
using an HP Agilent GC 6890—MS 5973N instrument to identify volatile constituents
by their respective mass spectra. In turn, for the determination of relative percentage
parameters and calculation of retention index (RI), the analyses were conducted by gas
chromatography—flame ionization detector (GC-FID). The conditions employed in the
GC-MS analyses involved the use of an analytical capillary column, HP-5MS (30 m x 0.25 mm
i.d. x 0.25 pm, film thickness), with a temperature ramp from 60 °C to 240 °C, increment
of 3 °C/min, and helium as carrier gas (~99.99%) at a constant flow rate of 1.0 mL/min.
Additionally, the mass scan range (17/z) ranged from 40 to 600 atomic mass units (u), with
an electron impact energy of 70 (eV), operating in positive mode. A 1 uL sample of the
EO solution was injected splitless, with the injector temperature set at 270 °C. GC-FID
analyses were conducted under the same conditions, though hydrogen (mobile phase with
a flow rate of 1 mL/min) and synthetic air were used to produce the flame. Retention
times (tR) were measured in minutes, without correction, and the relative percentage of
each identified substance was determined based on the signal area. RIs were calculated
from the results of the analysis of a homologous series of saturated aliphatic hydrocarbons
(Cg—Cpg), from Sigma-Aldrich, Rio de Janeiro, Brazil, using the same column and condi-
tions employed in the GC-FID analyses. The identification of constituents was performed
by comparing the calculated Rls and obtained mass spectra with information available
in the literature [96]. GC-FID analyses were conducted in triplicate [11]. Constituents
were identified by comparison of their calculated LRIs with those in the literature, and
by comparison of the mass spectrum with those recorded by the National Institute of
Standards and Technology (NIST) library “NIST14” and Wiley (ChemStation data system)
“WILEY7n.” [14]. Additionally, authentic pattern co-injection was performed whenever
possible [14].
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5.6. Chemodiversity Indices Calculation

To quantify the dynamics of the chemical profile of the EO from the leaves and
different stages of the reproductive organ, the & and 3 chemodiversity indices were calcu-
lated [12,16,26,38]. It is relevant to mention that these indices were initially developed to
assess species diversity on a spatial scale [26,84,97-105] and currently have been adapted
to measure chemical phenotypic variability [12,16,26,38].

To evaluate chemodiversity «, the following indices were used: Shannon [99], Simp-
son [84], and Pielou [100]. For chemodiversity (3, the Jaccard index was applied to assess the
similarity of samples from different stages of the reproductive organ [97]. These levels are
classified based on intra- and interspecific chemodiversity categories, as well as richness,
abundance, and presence/absence of chemical constituents, and adapted for chemical
diversity analyses in different reproductive organs. These quantifications are described
below:

Chemodiversity «: This index was adapted to infer the chemical diversity of an
individual. The diversity of chemical profiles can be evaluated at different temporal scales
or even in a specific tissue [16,38]. This variability can characterize an adaptation or
acclimatization of the individual or organ to ecological complexity influenced by positive
or negative biotic and abiotic interactions [12,16,38].

The equations for chemodiversity « indices are presented below:

Shannon Index = £(Pi x In (Pi)) (1)
Simpson Diversity Index: = %(Pi x In (Pi — 1)) (2)
Pielou Index: = —%(Pi x In (Pi/In(S)) 3)

Pi represents the proportional abundance of identified substances, obtained by dividing the
relative abundance (or yield of the identified compound) by the total number of determined
metabolites, as well as the number of substances in the sample. Sis equal to the total number
of substances. The natural logarithm (In) is the logarithm to the base “e” (Euler’s number,
approximately 2.71828) x n.

Chemodiversity 3: This index was adapted to infer the chemical diversity of different
individuals of the same species in a geographically segregated population. Moore and
colleagues (2014), from a contemplative perspective, presented the idea that intraspecific
chemical changes occur at different levels of diversity, synthesized by distinct metabolic
pathways influenced by many variables [38]. Therefore, in this research, this index was
developed to evaluate the similarity of chemical profiles among different stages of the
reproductive organ of P. mollicomum.

To assess chemodiversity (3, the Jaccard index was used [4], as described below:

Jaccard Index: (¢/(a +b — ¢)) 4)

“u_

In this equation, “a” represents the number of substances in one sample, “b” the
number of substances in another sample, and “c” the number of common substances in
both samples.

5.7. Ramos and Moreira Index (R&EM)

In this research, the Ramos and Moreira index (R&M), a chemophenetic index, was
also applied. This index offers a quantitative approach to evaluate oxidation-reduction
(redox) patterns in mixtures, allowing for a deeper understanding of redox mechanisms in
a context that can be applied to chemical ecology studies [16,26].

For the calculations, redox indices were initially used to analyze substances in relation
to their oxidation number (NOX), following rules established by Hendrickson—Cram-
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Hammond [16,26,106], to determine the sum of the oxidation states of each atom in the
molecule [16,26,107].

To calculate the weighted mean oxidation-reduction pattern (SRO), the oxidation
number (NOX) of the constituent of interest was multiplied by the relative percentage
content obtained in the sample analysis (Q%), and this value was subsequently divided by
the number of carbon atoms in the molecular skeleton (n) [16,26]. The equation is described
below (5):

SRO = (NOX substance x Q%)/n 5)

This equation provides a weighted average value of the oxidation of the carbon atoms
of the mixture constituents (in this case, EO), and represents an intermediate step to obtain
the Ramos and Moreira Index (also called General Mixture Redox Index (GMRO)), as
defined by Equation (6) [16,26]. To calculate the GMRO, it is necessary to sum the SRO
values of all constituents of the mixture and divide by the number of substances identified
in the sample (NCI) [16,26]:

R&M = (X SRO)/NCI) (6)

5.8. Statistical Analysis

Statistical analyses were conducted using the statistical software Jamovi 2.2.5. To
explore the data descriptively, measures of central tendency and dispersion were employed,
providing a more precise visualization of the results.

For the final analysis, we developed an innovative graph representing the relationship
between richness and evenness. For this, the data obtained from the Shannon index (x-axis)
and Pielou index (y-axis) were used, representing respectively the richness and uniformity
of the chemical profile of the samples. Based on these data, four distinct ranges were
established for categorizing the values “very high” for values between 80% and 90%, “high”
for values between 80% and 60%, “medium” for values between 60% and 50%, and “low”
for values below 50%. These ranges were referenced from the literature of prominent
ecologists such as Robert E. Ricklefs and Relyea Rick in “The Economy of Nature”, and
Peroni and Hernandez in “Ecology of Populations and Communities” [108,109].

Additionally, the Tukey post-hoc test was performed to obtain a better interpretation
of the differences between the means of the compared groups. This test allows for multiple
comparisons between samples, identifying which are statistically different from each other.
The interpretation of the Tukey test is based on the significance values (p-value) obtained
for each pairwise comparison. If the significance value is less than a certain pre-established
level (usually 0.05), this indicates that there is a statistically significant difference between
the compared groups [110].

Pearson correlation tests were also conducted to assess relationships between abiotic
factors, volatile constituents present in different stages of reproductive organs, and fre-
quency of visitation by potential pollinators. The correlation coefficient of this inspection
can be positive (directly proportional) or negative (inversely proportional), assimilating
quantitative values that suggest whether the relationship between variables is strong, mod-
erate, or weak, as follows: 0.19 (very weak), 0.20 to 0.39 (weak), 0.40 to 0.69 (moderate),
0.70 to 0.89 (strong), and 0.90 to 1.00 (very strong)

These analyses were conducted in the R program and designed to evaluate the multi-
variate relationship between the different data, across different collection periods [111].

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants13172497 /s1, Figure S1: Developmental stages of the
reproductive organ of Piper mollicomum from Tijuca Forest, Rio de Janeiro city, Rio de Janeiro State.
(A1-A4) Different inflorescence stages. Source: Author’s own work, 2021. Table S1: Major chemical
constituents of the essential oils from the leaves and stages I and II of the reproductive organ of
Piper mollicomum Kunth during the reproductive period; Table S2: Main chemical constituents of the
essential oils from stages III and IV of the reproductive organ of Piper mollicomum Kunth; Table S3:
Chemical constituents of the essential oils from the leaves and stages I—IV of the reproductive
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organ of Piper mollicomum Kunth; Table S4: Turkey’s post-hoc test for comparing the means of the
Shannon index (x-chemodiversity) of leaves and reproductive organ stages of Piper mollicomum
Kunth; Table S5: Characterization of the collection sites of Piper mollicomum Kunth accessions in the
Tijuca National Park (TNP)—R].
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Abstract: This study investigates the settling preferences and feeding behavior of the Bemisia tabaci
whitefly on six cassava cultivars using electrical penetration graph techniques. Six distinct electrical
penetration graph waveforms—non-probing, stylet pathway, phloem salivation, phloem ingestion,
intracellular puncture, and xylem feeding—were identified and analyzed. Significant differences in
the frequency and duration of these waveforms were observed among the cassava cultivars. The
whiteflies spent the majority of their time in the non-probing phase, particularly on the Huaybong
80, Kasetsart 50, Rayong 9, and Rayong 72 cultivars. CMR-89 cultivar exhibited higher total probe
durations in the phloem salivation and ingestion waveforms, suggesting a greater potential for
transmission of the Sri Lankan cassava mosaic virus. The study also examined trichome density and
size across the cassava cultivars, revealing that CMR-89 had the highest density and small trichomes,
while Huaybong 80 had the lowest density. Trichome characteristics significantly impacted whitefly
behavior: larger trichomes were negatively correlated with whitefly settling, whereas higher trichome
density was positively correlated with longer settling durations. These findings indicate that trichome-
based resistance mechanisms are crucial in whitefly deterrence. Overall, the results suggest that
cultivars with lower trichome density and larger trichomes are more resistant to whitefly infestation
and subsequent Sri Lankan cassava mosaic virus transmission. These insights are valuable for cassava
breeding programs focused on enhancing pest resistance, highlighting the importance of trichome

characteristics in developing more resilient cassava varieties.

Keywords: Bemisia tabaci; cassava mosaic virus; electrical penetration graph; host preference; trichome

1. Introduction

Cassava (Manihot esculenta Crantz, family Euphorbiaceae) is an important root crop
in Africa, Asia, and South America. It provides a livelihood to over 500 million people
and is among the most important food staples worldwide [1]. Cassava is the world’s
third-largest source of carbohydrates for human food and raw material for starch-based
industries. However, its cultivation faces significant challenges from various pests and
diseases, including over 20 viral diseases associated with vegetative propagation. Another
factor increasingly affecting its production is cassava mosaic disease (CMD), resulting in
losses estimated at USD 1.6 billion [2—4]. CMD, caused by cassava mosaic geminiviruses
(family Geminiviridae: genus Begomovirus), is a major threat to global agriculture. Cassava
mosaic geminiviruses are one of the top 10 viruses that affect economically important crops,
significantly influencing cassava production in Africa and the Indian subcontinent [3,5-7].
The devastating impact of CMD was first observed in East Africa in 1894, and the disease
has since spread across Africa, India, and Sri Lanka, largely attributed to geminiviruses
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and their vector, Bemisia tabaci [8-10]. The Sri Lankan cassava mosaic virus (SLCMV) was
identified in Sri Lanka and linked to CMD in India [9].

The whitefly species predominantly spread CMD, particularly B. tabaci (Gennadius)
(Hemiptera: Aleyrodidae). The B. tabaci whitefly is known to vector cassava mosaic
begomoviruses and cassava brown streak ipomovirus, the causative agents of CMD, the
cassava brown streak disease, and the SLCMV [7,9,11]. B. tabaci, the only vector of cassava
geminiviruses, is spread predominantly by virus-infected cuttings. In Africa, these vectors
have been shown to reduce cassava yields by significantly 35-60%. While nine CMV
species have been reported in Africa and the Indian Ocean islands, only two are found
in Asia: Indian cassava mosaic virus and the SLCMYV, with the latter reported exclusively
in Southeast Asia. The SLCMV has caused devastating yield losses in Thailand, with
reductions of up to 80% [12-14].

Whiteflies, specifically B. tabaci, are tiny pests commonly found in tropical and subtrop-
ical areas [15]. These sap-sucking insects act as vectors for viruses, significantly harming
various host plants. They significantly threaten cassava production in tropical regions [16].
Besides transmitting viruses, whiteflies directly harm cassava plants by feeding on the
phloem of their leaves, resulting in leaf discoloration, shedding, and a potential yield
reduction of up to 50% in vulnerable varieties [17]. Furthermore, the sugary substance
(honeydew) excreted by whiteflies promotes the growth of a sooty mold, further impeding
the photosynthetic capability of cassava plants.

CMD can be managed through the multiplication and distribution of disease-free
stem cuttings. The main management for the SLCMYV is host plant resistance against
viruses through CMD used throughout and introduced to Thailand. However, producing
cassava resistant to the SLCMYV via conventional breeding methods is challenging due to
the high heterozygosity and inbreeding depression in elite cultivars [18]. Additionally,
the excessive use of chemical pesticides for whitefly control harms the ecosystem and
raises production costs, proving uneconomical for small-scale farmers [19]. Consequently,
developing host plant resistance to insect vectors emerges as one of the most effective
strategies for controlling vector-borne viral diseases [20]. The successful transmission of
plant viruses by insect vectors hinges on their behavior and dispersal capabilities. Whiteflies
are particularly pivotal in virus transmission, making their host plant selection process
critically important. Insect herbivores rely on sensory mechanisms, such as olfactory
receptors for plant volatiles and gustatory and mechanoreceptive sensillae for feeding and
oviposition, to identify suitable host plants [21-23]. Plant defenses, including trichome
density and leaf surface characteristics, play essential roles in repelling pests [24-26]. As
hemipteran vectors of plant viruses, whiteflies adopt steps to locate and identify suitable
host plants for settling and feeding, engaging in sustained phloem-sap ingestion once they
deem the host plant appropriate [27].

Whitefly-stylet activities—particularly penetration into phloem sieve elements—are
closely associated with transmitting phloem-restricted persistent viruses. Most hemipterans
prefer settling on the abaxial side of the leaf upon landing [28]. For instance, Myzus persicae
aphids tend to settle on the abaxial leaf surface, and so do B. tabaci crawlers when given
a choice [29]. After touching the plant surface, B. tabaci evaluates host plant quality
through labial dabbing and probing with its piercing mouthparts. The feeding behavior of
piercing—sucking insects such as whiteflies can be closely monitored using the electrical
penetration graph (EPG) technique. This method, pioneered by McLean et al., [30] and
refined by Tjallingii [31,32], has proven instrumental in understanding the feeding behavior
of whiteflies such as Trialeurodes vaporariorum and B. tabaci [33-40]. The waveform patterns
of B. tabaci were categorized by amplitude, relative voltage level, R/emf origin, frequency,
and the context of the waveform as non-probing (Np), stylet pathway (C), phloem salivation
(E1), phloem ingestion (E2), intracellular puncture—potential drop (Pd), and xylem feeding
(G). The EPG technique involves creating an electric circuit that includes the insect and
the plant, where voltage fluctuations are associated with specific stylet activities. This
technique helps pinpoint the tissues in which plant resistance factors operate [41].
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Understanding whitefly preferences for feeding on different cassava cultivars is crucial
for developing resistant varieties and mitigating the impact of viral diseases on cassava
production. This study examines the feeding behavior and settling preferences of B. tabaci
across diverse cassava cultivars and evaluates whitefly spread among these cultivars.
The insights gained will contribute to developing whitefly-resistant cassava varieties,
ultimately bolstering cassava production and mitigating the impact of viral diseases on
agricultural livelihoods.

2. Results

2.1. EPG Waveform Characteristics and Feeding Behavior of Bemisia Tabaci Whiteflies on Different
Cassava Cultivars

2.1.1. EPG Waveform Characteristics

The six probing waveforms identified in this study were Np, C, E1, E2, Pd, and G,
which provide a comprehensive overview of whitefly feeding behavior. The waveform
patterns, types, and characteristics are depicted in Figure 1. These waveform character-
istics align with the findings of previous studies and reaffirm the complexity of whitefly
interactions with host plants [36-38,40,42-45].
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Figure 1. EPG waveforms of Bemisia tabaci whitefly were observed in the study. (A) The overview of
EPG waveforms and details for 100 s with non-probing (Np), stylet pathway (C), phloem salivation
(E1), phloem ingestion (E2), and potential drop (Pd) waveforms. Waveform C, (B,C). Waveform E1
(D,E). Waveform E2 (F-H). Waveform pd (LJ). Waveform G (K,L).
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2.1.2. Feeding Behavior of Bemisia tabaci Whiteflies on Different Cassava Cultivars

The feeding behavior of B. tabaci on six cassava cultivars was analyzed using the EPG
technique. The frequency and duration of the six probing waveforms—Np, C, E1, E2, Pd,
and G—were compared among the cultivars.

The TPD and TWD of adult whiteflies were calculated and compared between the six
cassava cultivars (Figure 2). The data indicated that the adult whiteflies spent most of their
time in the Np phase on the cassava leaf tissue, followed by the E1 waveform. Notably,
the percentage of time spent in the Np phase was significantly longer on Huaybong 80,
Kasetsart 50, Rayong 9, and Rayong 72 cultivars, averaging around 70%, compared to
Rayong 5 and CMR 89 cultivars. The TPD for adult whiteflies revealed that the whiteflies
spent more than 50% of the recording time on CMR 89 cultivars in probing. Additionally,
CMR 89 showed higher total probe durations in the E1 and E2 waveforms (Figure 2).
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Figure 2. The total waveform duration (TWD) and the total probe duration (TPD) of adult B.
tabaci whiteflies on different cassava cultivars during 3 h recording. Np, C, E1, E2, Pd waveform,
and G waveform. Np: non-probing, waveform C: stylet pathway, waveform E1: phloem salivation,
waveform E2: phloem ingestion, waveform Pd: intracellular puncture—potential drop, and waveform
G: xylem feeding.
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2.1.3. Number of Waveform Events per Insect (NWEI)

The NWEI for the Pd waveform did not show significant differences among the six
cassava cultivars. However, the number of Np (F5,182 = 1.504, p = 0.023), C (F5,276 = 1.458,
p =0.024), E1 (F5,287 = 1.530, p = 0.022), E2 (F5,195 = 1.640, p = 0.057), and G (F5,105 = 1.788,
p = 0.018) waveform events per insect revealed significant differences among the six cassava
cultivars. Adult B. tabaci whiteflies spent more time on the E1 (phloem salivation) waveform
in Huaybong 80, Rayong 9, and CMR-89 cultivars. They also spent more time on the E2
(phloem ingestion) waveform in Rayong 5, Huaybong 80, CMR-89, and Rayong 9 cultivars,
similar to the G waveform (Figure 3).
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Figure 3. The number of waveform events per insect (NWEI) for all waveforms on six cassava
cultivars. Bars (mean + SE) with the same letter at the top within a waveform category are not
significantly different at p = 0.05 (Tukey’s test): Np = non-probe; C = pathway phase; E1 = salivation
phase; E2 = ingestion phase; Pd = potential drops; and G = xylem feeding.

2.1.4. Waveform Duration per Event per Insect (WDEI)

The WDEI for the C, Pd, and G waveforms did not show significant differences
among the six cassava cultivars. However, the duration of the Np, E1, and E2 waveforms
differed significantly (Figure 4). Adult B. tabaci whiteflies spent a longer duration per
event on the Np waveform when fed on Huaybong 80 (3981.04 & 148.53 s) and Kasetsart
50 (3818.58 & 149.98 s). Additionally, the WDEI for E1 and E2 waveforms was longer in
CMR-89 (625.61 £ 109.68 s for E1; 302.04 £ 12.50 s for E2), Rayong 72 (554.73 & 144.1 s for
E1;160.87 £ 10.09 s for E2), and Rayong 5 (480.96 4 104.73 s for E1; 133.54 + 73.76 s for E2)
than in Rayong 9, Kasetsart 50, and Huaybong 80 (Figure 4).
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Figure 4. The waveform duration per event per insect (WDEI) for all waveforms on six cassava
cultivars. Bars (mean + SEM) with the same letter at the top within a waveform category are not
significantly different at p = 0.05 (Tukey’s test): Np = non-probe; C = pathway phase; E1 = salivation
phase; E2 = ingestion phase; Pd = potential drops; and G = xylem feeding.

2.1.5. Waveform Duration per Insect (WDI)

The WDI for the Pd and G waveforms did not show significant differences among
the six cassava cultivars. However, the WDI for the Np, C, E1, and E2 waveforms were
significantly different (F5,182 = 2.841, p = 0.037 for waveform Np; F5,276 = 2.026, p = 0.011
for waveform C; F5,287 = 3.972, p = 0.009 for waveform E1; and F5,195 = 1.981, p = 0.045
for waveform E2). The Np waveform in adult B. tabaci whiteflies had a shorter duration
in CMR-89 (4671.56 + 357.59 s) than in other cassava cultivars. However, the E1 and E2
waveforms had longer durations in CMR-89 (4752.75 4 199.02 s for E1; 1068.16 = 139.95 s
for E2) than in other cassava cultivars (Figure 5).
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Figure 5. The WDI for all waveforms on six cassava cultivars. Bars (mean & SEM) with the same
letter at the top within a waveform category are not significantly different at p = 0.05 (Tukey’s):
Np = non-probe; C = pathway phase; E1 = salivation phase; E2 = ingestion phase; Pd = potential
drops; and G = xylem feeding.

2.2. Adult Bemisia tabaci Whitefly Settling Under Free Choice

An analysis of variance was conducted to assess the settling preferences of the B.
tabaci whiteflies on different cassava cultivars under field conditions for nine weeks. The
results indicated significant differences in the settling behavior of the whiteflies among
the cultivars (p < 0.05) during the first week. Specifically, Rayong 9 and Huaybong 80
had the minimum number of adult whiteflies, while CMR-89 and Rayong 5 had the
maximum (F5,30 = 16.140, p < 0.001). In the second week, the minimum number of adult
whiteflies varied significantly among cultivars, particularly on Kasetsart 50 and Huaybong
80 (F5,30 = 1.0533, p = 0.043). From weeks 3 to 9, the minimum number of adult whiteflies
remained significantly lower on Kasetsart 50 and Huaybong 80 compared to other cultivars
(Figure 6). Conversely, CMR-89 and Rayong 5 consistently had the maximum number of
adult whiteflies during weeks 3, 4, 5, 7, and 8. Specifically, significant differences were
observed in week 3 (F5,30 = 3.933, p = 0.024), week 4 (F5,30 = 12.582, p < 0.001), week 5
(F5,30 = 6.060, p = 0.005), week 7 (F5,30 = 13.147, p < 0.001), and week 8 (F5,30 = 7.793,
p = 0.002) (Figure 6). After four months, the CMR-89 cultivar showed moderate to severe
SLCMYV disease symptoms, which were severe in 30% of total cassava recorded. This
suggests a correlation between the high whitefly settling preference on CMR-89 and the
increased severity of the SLCMYV in this cultivar.
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Figure 6. The mean number of adult whiteflies settled on the cassava cultivar was 1 to 9 weeks after
release. Bars represent the mean percentage of whiteflies settled (mean + SEM). Different letters
above the bars indicate significant differences.

2.3. Trichome Density and Size

The morphology of leaves of different cassava cultivars was observed by an SEM,
which revealed that each cultivar’s characteristic was non-glandular trichomes (Figure 7).
The trichome numbers per microscopic length scale of 50 and 100 um? of the SEM for
the six cassava cultivars (Figure 7, Table 1) differed significantly (F5,59 = 56.89; p = <
0.01). The CMR 89 cultivar had the highest number of trichomes (256 4= 12.08 per 100
um?), while the Huaybong 80 had the lowest (128.50 £ 14.19 per 100 um?). For 50 pm
of the SEM, the six cassava cultivars differed significantly (F5,59 = 34.669; p < 0.01). The
CMR 89 and Rayong 5 cultivars had the highest number of trichome density at 75.00 £
5.29 and 50.83 =+ 3.46 per 50 um?, respectively, while the Huaybong 80 had the lowest
(33.25 + 4.66 per 50 um?). The average size of each cassava cultivar leaf’s trichomes
was significantly different (p < 0.01). The Kasetsart 50 cultivar had the largest trichomes
(11.34 + 0.29 um?), followed by the Huaybong 80 and Rayong 9 cultivars, which were 10.39
=+ 0.25, and 10.02 £ 0.20 per 50 um? (F5,59 = 26.236, p < 0.01), respectively (Table 1). The
study highlights the variation in trichome characteristics among different cassava cultivars,
indicating potential differences in their physiological and ecological traits.
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Figure 7. Trichomes of six cassava cultivar leaves with scanning electron micrograph of cassava leaf
(A,B) Rayong 5, (C,D) Rayong 9, (E F) Rayong 72, (G, H) Kasetsart 50, (I,J) Huaybong 80, and (K,L)
CMR-89. (A,C,E,G,LK): SEM of cassava leaves with 100 pm?2, (B,D,F,H,]J,L): SEM of cassava left with
50 pum?.

Table 1. Mean + SEM trichome density and trichome size of six cassava cultivars.

Cassava Cultivars Trichome Density per 100 pm? Trichome Density per 50 um? Size of Trichome (um)
Rayong 5 187.33 + 1816 b1/ 50.83 + 3.46 b 9.76 + 0.27 c
Rayong 9 170.33 + 1219 b 48.67 + 0.88 b 10.02 + 0.20 b
Rayong 72 180.67 + 1561 b 47.00 + 306 b 9.80 + 026 ¢
Kasetsat 50 161.00 + 2501 b 46.50 + 3.50 b 11.34 + 0.29 a
Huaybong 80 128.50 + 1419 ¢ 33.25 + 4.66 c 10.39 + 0.25 b
CMR 89 256.00 + 12.08 a 75.00 + 5.29 a 9.01 + 0.17 C

1/ Different letters indicate significant differences.

2.4. The Correlation Analysis Between the EPG Parameters, Settling Preference of Whitefly and
Trichome Density and Size

The correlation analysis conducted in this study aimed to explore the relationship
between various parameters of the EPG activity of an adult B. tabaci whitefly and the

settling preference on cassava cultivars in conjunction with trichome density and size
(Table 2).
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Conversely, the duration of settling preference and trichome density were positively
correlated. Specifically, weeks 1, 5, 8, and 9 exhibited strong positive correlations with
trichome density per 100 pm (r = 0.90%, r = 0.88%, r = 0.90%, r = 0.83, respectively) and per
50 um (r = 0.90%, r = 0.83*, r = 0.83%, r = 0.78, respectively). Additionally, positive correlations
were observed between settling preference and certain EPG waveform parameters, such as
E1 and E2 duration per event per insect and E2 and G duration per insect. Additionally,
the EPG waveform positively correlated with the trichome density. These findings suggest
that higher trichome density, particularly in the CMR 89 cultivar, may not deter the feeding
and settlement of adult whiteflies.

3. Discussion
3.1. EPG Waveform Characteristics and Feeding Behavior of Bemisia tabaci Whiteflies on Different
Cassava Cultivars

Trichome density, size, and EPG waveform characteristics significantly influence the
interaction between cassava plants and whiteflies (B. tabaci). Through the analysis of EPG
waveform characteristics, six distinct probing waveforms were identified, including Np, C,
E1, E2, Pd, and G, with the findings of previous studies and reaffirmed the complexity of
whitefly interactions with host plants [36-38,40,42—45]. The waveforms provide insights
into the feeding behavior of whiteflies on different cassava cultivars. The study revealed
that adult whiteflies predominantly spent their time in the Np phase, followed by the E1
waveform, indicating a pattern of probing and feeding behavior. Significant differences
were observed in the TPD and TWD among the six cassava cultivars. Specifically, CMR
89 cultivars exhibited longer total probe durations in the E1 and E2 waveforms than other
cultivars, suggesting variations in whitefly feeding behavior across cultivars. Moreover, the
NWEI and the WDEI varied significantly among the cassava cultivars. While the number
of Pd waveform events did not show significant differences, other waveforms such as
Np, C, E1, E2, and G exhibited significant variations. These differences reflect the distinct
responses of whiteflies to the cassava cultivars, potentially influenced by factors such as
leaf morphology and chemical composition.

The analysis of feeding behavior revealed that adult whiteflies predominantly re-
mained in the Np phase, especially on Huaybong 80, Kasetsart 50, Rayong 9, and Rayong
72 cultivars. This finding suggests that these cultivars may possess certain deterrent prop-
erties or structural defenses that inhibit whitefly probing and feeding. In contrast, the CMR
89 and Rayong 5 cultivars exhibited higher probing activities, indicating a lower resistance
to whitefly feeding. Moreover, the significant differences in the NWEI (Np, C, E1, E2, G)
among the six cassava cultivars underscore the variability in whitefly feeding behavior
influenced by plant genotype. Notably, the higher frequency of E1 and E2 waveforms in
certain cultivars, such as CMR 89, indicates a preference for these plants, possibly due to
easier access to phloem sap. In CMR 89, the shorter duration of the Np waveform and
longer durations for E1 and E2 waveforms reinforce the susceptibility of this cultivar to
whitefly feeding. The significant differences in WDI for the Np, C, E1, and E2 waveforms
among the cultivars suggest that certain cassava genotypes are more conducive to whitefly
feeding, which has implications for virus transmission dynamics [46,47]. The EPG tech-
nique has been used to study insect-feeding behavior in relation to the transmission of
pathogens [48,49]. The prolonged duration in the non-probing phase on specific cultivars
indicates a potential resistance mechanism, making these cultivars less suitable for whitefly
infestation. This finding is significant for cassava breeding programs aiming to enhance
pest resistance.

3.2. Adult Bemisia tabaci Whitefly Settling Under Free Choice Tested

During the first week, Rayong 9 and Huaybong 80 exhibited the lowest number of
adult whiteflies, indicating an initial deterrence effect. In contrast, CMR-89 and Rayong 5
attracted the highest number of whiteflies. These differences were statistically significant,
highlighting that the cultivars’ inherent characteristics influence whiteflies’ initial selection
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of host plants. In the second week, Kasetsart 50 and Huaybong 80 continued to show a
significantly lower number of whiteflies. From weeks 3 to 9, Kasetsart 50 and Huaybong 80
consistently had fewer whiteflies, indicating sustained deterrence. The persistent lower
whitefly numbers on these cultivars suggest they have long-term resistance traits, making
them less attractive or hospitable to whiteflies.

Conversely, CMR-89 and Rayong 5 consistently had the highest number of whiteflies
during the same period, particularly in weeks 3, 4, 5, 7, and 8. The significant differences
observed in these weeks indicate that these cultivars are more attractive to whiteflies,
possibly due to higher phloem availability or fewer physical or chemical deterrents. The
high whitefly settling preference on CMR-89 notably correlates with severe SLCMV disease
expression in 30% of the plants after four months. This correlation highlights the significant
role of whitefly preference in the epidemiology of SLCMYV disease. However, whiteflies
transmitted infections were less severe than those originating from infected cuttings, with
many infected plants remaining asymptomatic. Certain genotypes, including CMR-89
and Ryong 11, were also susceptible to CMD [14]. The increased settling on CMR-89
likely facilitated more effective virus transmission, leading to higher disease severity.
This relationship between whitefly behavior and SLCMYV severity suggests that managing
whitefly populations is crucial for controlling the disease. The findings from this study have
significant implications for cassava breeding programs. Cultivars such as Kasetsart 50 and
Huai Bong 80, which consistently showed lower whitefly numbers, should be prioritized
for breeding and cultivation in areas prone to whitefly infestations and the SLCMV. The
inherent resistance of these cultivars to whitefly settling could reduce the incidence of
vector-borne diseases, thereby improving crop health and yield. Conversely, cultivars
such as CMR-89 and Rayong 5, which attracted more whiteflies and exhibited higher
SLCMV severity, may require additional management strategies or could be modified
through breeding to incorporate resistance traits. Understanding the specific characteristics
conferring resistance in Kasetsart 50 and Huai Bong 80 could guide the development of
new, more resilient cassava varieties. The settling preference analysis further highlighted
significant differences in whitefly settling behavior among the cassava cultivars. For
instance, cultivars such as Rayong 9 and Huaybong 80 consistently exhibited fewer settling
whiteflies than CMR 89 and Rayong 5. The observed variations in settling preference may
be attributed to factors such as leaf trichome density and size. Indeed, the correlation
analysis revealed intriguing relationships between whitefly settling preference, trichome
density, and size. A negative correlation was observed between the number of settling
whiteflies and trichome size, suggesting that larger trichomes may deter whitefly settling.
Conversely, a positive correlation was found between settling preference duration and
trichome density, particularly in cultivars such as CMR 89.

The SLCMYV transmitted by the insect vector B. tabaci causes CMD in cassava plants [12].
Whiteflies select host plants upon landing, utilizing their stylets to create brief probes in the
plant’s epidermis for feeding and oviposition, a process not guided by olfactory cues [50].
This study exposed six cassava plants to field conditions infested with whiteflies. Interest-
ingly, the initial leaf position of all six cassava cultivars showed lower whitefly infestation
than the other leaf positions did. Variations in leaf position were found to impact the con-
tent of cyanide, amino acids, and crude protein. Specifically, cyanide and amino acid levels
were higher in the upper leaf positions compared to the lower ones, while crude protein
content exhibited the opposite trend, being higher in the lower leaves [51]. Cyanides and
amino acids possess direct toxicity towards insect herbivores, with amino acids enabling
nitrogen storage in a form inaccessible to them [52,53]. This inherent toxicity contributes to
the aversion of whiteflies towards infesting the first leaf position more than others.

3.3. Trichome Density and Size

Trichomes affect insect behavior, influencing egg laying, shelter seeking, and feed-
ing [54-57]. The results from the no-choice infestation test revealed differing whitefly
infestation percentages among the six cassava cultivars. Notably, the Rayong 72 cultivar ex-
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hibited the lowest whitefly infestation compared to the Huaybong 80 and CMR-89 cultivars.
The SEM of trichomes across all cassava cultivars revealed distinct differences. Rayong
72 displayed a smaller trichome size but higher trichome density. Trichome density has
contributed to whitefly resistance in various crops, such as cotton, eggplant, tomato, chilies,
soybean, and cucumber [58-62]. The non-glandular trichomes on the abaxial surface of
all six cassava varieties serve as a defense mechanism against insect attacks, effectively
restricting insect movement and as a barrier protecting the plant’s epidermal layer from
damage [57,63]. Consequently, the preference of whiteflies for egg laying, shelter seeking,
or feeding on these plants is reduced.

The sparse distribution of trichomes or the thinness of the epidermis may have fa-
cilitated whitefly feeding, a crucial factor influencing the host plant preference of insect
herbivores [64]. Whitefly feeding behavior on the host plant involves intracellular pene-
tration by the insect’s stylet, which is highly efficient for transmitting viruses to the host
plant [65]. The SLCMV poses a significant threat to crop yield, leading to substantial
economic losses and food insecurity [18]. This study investigated whitefly feeding behavior
using EPG. Initially, the whiteflies traversed the abaxial surface of cassava leaves, generat-
ing an Np. Subsequently, the whitefly’s stylet penetrated the epidermis and parenchyma
tissue (waveform C). Upon reaching the phloem sieve tube, the insect released saliva (E1)
and ingested phloem sap (E2). Across all cassava cultivars, the whitefly’s stylet penetration
of intracellular vascular tissue (Pd: potential drop) lasted only briefly. The Rayong 72 culti-
var exhibited a short duration of phloem ingestion and a low number of ingestion events,
potentially contributing to the limited spread of the SLCMV. Conversely, the Huaybong 80
cultivar showed an extended total duration of phloem salivation, increasing the likelihood
of SLCMV transmission into the phloem sieve.

3.4. The Correlation Analysis

According to the findings in Table 2, a negative correlation was observed between the
number of adult whiteflies settling on cassava cultivar leaves and the size of the trichomes.
These findings are consistent with those of [66-68], who observed a negative correlation
between trichome density on eggplant leaves and resistance to B. tabaci. Similar results
were also reported by [69] in cucumbers, [70] in tomatoes, [71] in soybeans, and [72] in
cotton plants. Furthermore, negative correlations were also identified between the settling
preference of adult whiteflies and the number of penetration events, Np waveform, the
waveform C duration per event per insect WDEI, and the Np waveform duration per insect.
These results suggest that larger trichomes may deter adult whiteflies from settling, while
certain EPG parameters indicative of feeding behavior were also negatively correlated with
settling preference.

These findings underscore the complex interplay between trichome characteristics,
EPG waveform parameters, and whitefly settling preference on cassava cultivars. Under-
standing these relationships is crucial for devising effective pest management strategies
and breeding programs to enhance cassava resistance to whiteflies. Further research is
warranted to elucidate the underlying mechanisms driving these correlations and their
implications for cassava production and crop protection.

4. Materials and Methods

The experiment was conducted inside a laboratory and field at the Suranaree Univer-
sity of Technology (14°58'14.38” N 102°06'7.06" E), Nakorn Ratchasima, Thailand.

4.1. Source of Planting Materials

Six cassava cultivars (Manihot esculenta Crantz)—namely, Rayong 5, Rayong 9, Rayong
72, Kasetsart 50, Huaybong 80, and CMR-89—were sourced from Nakhon Ratchasima,
Thailand, for the screening of antixenosis resistance to the B. tabaci whitefly. The DNA
of each cassava plant was extracted from the auxiliary buds of both ends of the plants to
confirm disease and non-disease status, using polymerase chain reaction (PCR) with specific
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SLCMYV primers [14]. The DNA extraction followed the protocols of [73,74], and [75], with
quality and quantity assessed via spectrophotometry (Thermo Scientific™ NanoDrop™
2000, Thermo Fisher Scientific, Waltham, MA, USA). The presence of the SLCMV was
monitored by PCR, using AV1 gene-specific primers: AV1 forward (5-GTT GAA GGT
ACT TAT TCC C-3’) and AV1 reverse (5'-TAT TAA TAC GGT TGT AAA CGC-3'). PCR
amplification involved a 25 pL reaction volume with 1XPCR buffer (PCR Biosystems,
London, UK), 0.2 uM of each primer, and approximately 50 ng of the DNA template. The
thermal cycling conditions were as follows: initial denaturation at 94 °C for 5 min, followed
by 35 cycles of denaturation at 94 °C for 40 s, annealing at 55 °C for 40 s, extension at 72 °C
for 40 s, and final elongation at 72 °C for 5 min. The PCR was performed using a Bio-
Rad iCycler (Bio-Rad Laboratories, Hercules, CA, USA). DNA gel electrophoresis of PCR
amplification from cassava samples (Figure S1). The non-disease cassavas were used for
propagation and examined electropenetrography recording and whitefly B. tabaci settling
experiment. The cassava stems were cut to 15-18 cm lengths, with 20 plants gathered in
each cultivar. Six cassava plants were planted in 11 x 15 cm? pots containing a mix of
sandy loam soil and manure (1:1 ratio). The plants were watered daily, and no insect- or
disease-control chemicals were applied. When the plants reached six weeks of age, they
were used for the settling experiments.

4.2. Whitefly Materials

B. tabaci colonies were collected from Nakhon Ratchasima Province, Thailand, cassava
fields. These were maintained under laboratory conditions at 28 & 2 °C, 60-65% RH, with
a 12:12 (L/D) photoperiod. Susceptible CMR-89 cassava cultivars were used for mass
rearing. Twenty cassava plants were potted in 5-inch diameter plastic pots and placed in
BugDorm-6E620 Insect-Rearing Cages (W60 x D60 x H120 cm?®, MegaView Science Co.,
Ltd., Taichung, Taiwan). Two cages, each containing ten pots, were used, and plants were
replaced every two weeks. Adult whiteflies within 24 to 48 h after emerging were used
for experiments.

4.3. Electropenetrography Recording

Feeding-behavior experiments were conducted using a Giga-8 DC electropenetrogra-
phy (EPG) system (EPG Systems, Wageningen, The Netherlands) with an input resistance
of 107 O (1 GQ) and adjustable plant voltage. The cassava plant and the insect with the
EPG probe were placed within a Faraday cage (1.5 x 2 x 1.5 m?) to block electrical noise.
The system was installed in a temperature-controlled room at 26 &+ 2 °C and 60 £ 5% RH.
EPG signals were recorded by Stylet+ software (v01.34), adjusting the signal range from —5
to +5 'V, and displayed on a computer [40]. Adult whiteflies were placed in a glass vial and
immobilized on ice for 5-10 s before being connected to a gold wire electrode (2.5 cm long,
12 um diameter) (Figure S2) (EPG Systems, Wageningen, The Netherlands), with water-
based silver glue (Wageningen University) on the insect’s pronotum. The other end of the
wire was attached to a copper electrode (1 mm diameter, 2.5 cm long) (Sigmund Cohn Corp,
Mt Vernon, NY, USA), which was connected to the EPG probe. The whitefly was placed
on the abaxial leaf surface fixed with parafilm. Signal adjustments were made if needed,
and data were recorded using Stylet+d software (v01.34). Each whitefly was observed
for 3 h daily, with 30 whiteflies tested per cultivar in a completely randomized design.
Annotated waveforms (non-probing, stylet pathway, phloem salivation, phloem ingestion,
intracellular puncture, and xylem feeding) were analyzed using EPG Systems software and
a modified Ebert 3.0 program in SAS Enterprise Guide 7.1, SAS 9.4 statistical software.

EPG data recorded by EPG Systems Stylet+d were manually annotated using EPG
Systems Stylet+a software (v01.34). The annotated waveforms were non-probing (Np),
stylet pathway (C), phloem salivation (E1), phloem ingestion (E2), intracellular puncture—
potential drop (Pd), and xylem feeding (G). The waveform patterns were categorized by
amplitude, relative voltage level, R/emf origin, frequency, and the waveform context as
described in the previous EPG studies of B. tabaci [36-38,40,42—45]. Annotation files were
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then directly passed to a modified version of the Ebert 3.0 program in SAS Enterprise Guide
7.1, SAS 9.4 statistical software (SAS Institute, Cary, NC, USA) for further analysis, which
produces the same parameters as the popular Sarria Excel workbook [76,77].

4.4. Whitefly Bemisia tabaci Settling Under Free Choice in Field Condition

The free choice test used six cassava plants (Rayong 5, Rayong 9, Rayong 72, Kasetsart
50, Huaybong 80, and CMR-89 cultivars). The experiment was conducted in a randomized
complete block design with 40 x 35 m? pot dimensions, employing five replications per
cultivar. Each treatment consisted of 30 cassava plants. Cassava stems were planted,
measuring 15-18 cm in length with approximately four nodes each. The planting was
conducted in mini-field conditions at the Suranaree Farm within the Suranaree University
of Technology. A 1 x 0.8 m? planting distance was maintained between the cassava plants.
The white net greenhouse covered the field (40 meshes, 1.3 mm/0.05”, aperture). To
mitigate the impact of weeds and potential hosts of pests, manual weeding using hand
hoes was performed. No plant protection measures (such as pesticide applications) were
implemented throughout the trial. When the plants were eight weeks old, 250 adults of the
whitefly species B. tabaci were introduced into the center of the white net greenhouse where
the test plants were situated. Adult whitefly infestation levels were assessed by counting
and recording the number of B. tabaci adults settling on each cassava plant.

For accurate findings, whitefly (B. tabaci) infestation was meticulously assessed. The
number of whiteflies settled per treatment was divided by the total number of whiteflies
settled per cassava plant within each replication (20 cassava plants). This calculation de-
termined the proportion of whiteflies settled on each treatment (three times). Whitefly
infestation on cassava plants was monitored weekly under field conditions for a period
ranging from 1 to 9 weeks. Upon completion of the experimental period, cassava plants
were maintained for up to 4 months. During this period, the plants were observed for symp-
toms indicative of SLCMYV infection. The cassava plants that showed SLCMV symptoms
were DNA extracted, and their disease status was determined using the PCR technique
with specific SLCMV primers.

4.5. Trichome Size and Density

The morphology of the abaxial surface of the six cassava leaves (Rayong5, Rayong9,
Rayong?72, Kasetsart50, Huaybong80, and CMR-89) was analyzed for trichome density and
size. Samples from the fourth leaf of 8-week-old plants were fixed in 37% formaldehyde
overnight, washed in phosphate-buffered saline, and dehydrated in an ethanol series
(70%, 80%, 95%, and 100%) [78,79]. Samples were critical-point dried and coated with
gold-palladium [57,79]. The fixed surfaces of the leaves were then observed under a
cutting-edge scanning electron microscope (SEM) (SEM™, FEI, Quanta450, Eindhoven,
The Netherlands). Trichome density was counted manually per 100 and 50 pm?, with ten
biological replications and five images per leaf. Trichome sizes were measured for each
treatment with 15 replications per cultivar.

4.6. Statistical Analysis

EPG waveforms related to feeding-behavior events were characterized: Np, C, E1, E2,
Pd, and G; the variables total probing duration (TPD), total waveform duration (TWD),
number of waveform events per insect (NWEI), waveform duration per event per insect
(WDEI), and waveform duration per insect WDI) were also calculated (mean =+ standard
error), as described by [80]. The variables were compared using the Tukey—Kramer test at
p < 0.05. Free choice test data were analyzed using the Mann-Whitney U-test at p < 0.05. All
analyses were performed with SAS V9.4 software. The Tukey—Kramer test conducted mean
comparisons for trichome density and size. Pearson correlation analysis was conducted on
mean values of whitefly feeding behavior, insect settling, and trichome density and size
using Origin Pro 2024 software, with significance set at p < 0.05 [81].
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Data from the free choice in field condition, calculated as the mean member of white-
flies counted in the antixenosis resistance screening of six cassava cultivars at different
time intervals (subjected to the Mann—Whitney U-test at p < 0.05 significance level), were
computed using the SAS V9.4 software. All statistical analyses were calculated using
Statistic Analysis System V9.4 software (SAS Institute, Inc., Cary, NC, USA). The mean was
compared using the Tukey—Kramer test for trichome density and size.

For correlation analysis (Pearson correlation), conducted by [57,82,83] on the mean
values of whitefly feeding behavior, number of settled insects, and trichome density and
size to identify the relationships between parameters in this study. The differences were con-
sidered significant at a probability level of 5%, using Origin Pro 2024 software (OriginLab
Corporation Northampton, MA, USA) [81].

5. Conclusions

In summary, the results indicate that trichome characteristics play a significant role
in whitefly settling preference on cassava cultivars, with larger trichomes and higher
trichome density correlated to reduced settling behavior. These findings have implications
for pest management strategies, highlighting the potential of trichome-based resistance
mechanisms in cassava breeding programs.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants13223218 /s1, Figure S1: PCR products of the AV1 gene
using SLCMYV specific primers. DNA gel electrophoresis of PCR amplification from cassava samples.
Figure S2. The adult whitefly was connected to a gold wire electrode (2.5 cm long, 12 um diameter).
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Abstract: In the complex dynamics of plant—insect interactions, the specialized galling of repro-
ductive structures presents unique evolutionary adaptations. This study investigates the parasitic
relationship between Arastichus gallicola (Hymenoptera, Eulophidae), an ovary-galling wasp, and
the inflorescences of Thaumatophyllum bipinnatifidum (Araceae). We employed field experiments
and histological analyses to investigate the mechanisms driving this interaction. We reveal that
ovule fertilization is not required for gall formation; however, pollination substantially enhances gall
retention by reducing inflorescence abscission. Inflorescences exposed solely to galling presented a
64% abscission rate, whereas those with both galling and pollination experienced 33% abscission,
underscoring pollination’s role in mitigating inflorescence loss. Detailed observations of A. gallicola
oviposition and larval development reveal the intricate gall formation process characterized by
progressive tissue hypertrophy surrounding the larva. Galling and seed development were mutually
exclusive, with only 9% of fruits containing both. This mutual exclusivity suggests a competitive
interaction for developmental resources within the ovary. Our findings underscore the specialized
larval biology of galling chalcid wasps, illustrating how interactions between gall formation and host
reproductive strategies shape the evolution of gall induction in floral tissues. Our study advances the
understanding of ovary-galling adaptations and the selective pressures shaping antagonistic and
mutualistic interactions in plant reproductive structures.

Keywords: Chalcidoidea; gall-inducing insects; gall development; insect—plant interactions

1. Introduction

The interaction between plants and gall-inducing insects represents one of the most
intricate and intimate plant-animal relationships. Gall formation, typically induced by
holometabolous insects, begins with the female insect ovipositing into specific plant tissues,
followed by the development of the larva within those tissues [1,2]. This process’s success
mainly depends on the female’s ability to select the appropriate target tissue and initiate
gall formation, which protects the egg and the first larval instar. This initiation is facilitated
by tissue damage during oviposition and the injection of hormone-like substances or
elicitors [3,4], potentially involving molecular or microbiological factors [5]. The selected
tissue is usually in a physiologically reactive, undifferentiated stage, making it particularly
susceptible to the gall-inducing factors introduced by the female and the subsequent larval
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secretions [6]. These factors induce cell division, tissue de-differentiation, hypertrophy, and
the localized accumulation of nutrients and chemicals around the developing larva [7]. This
intricate manipulation ensures that the gall remains attached to the host plant, promoting
its continued growth, maintenance, and modification in favor of the galler.

In this study, we assessed the interaction between Arastichus gallicola (Zhang, Gates,
Hanson & Jansen-Gonzdlez, 2022), a chalcid wasp (Eulophidae), and the inflorescences of
Thaumatophyllum bipinnatifidum (Schott ex Endl.) Sakur. and Calazans & Mayo (Araceae).
These species were selected as they represent a suitable system for investigating the relation-
ships among pollination, inflorescence-abscission risk, and gall formation. The wasp was
initially identified as belonging to the genus Exurus. However, a recent study reclassified it
as a new genus, Arastichus, associated with the inflorescences of T. solimoesense (A.C. Smith)
Sakur., Calazans & Mayo, and T. bipinnatifidum [8,9].

The difficulty of gall induction varies depending on the location and origin of the
target tissue. Vegetative structures, which are generally less complex at the cellular and
ontogenetic levels, are likely less challenging to gall than reproductive structures, where
tissues of both gametophytic and sporophytic origins coexist within a single organ, such
as flower ovaries or seeds [10-12]. The structural complexity of reproductive tissues not
only complicates gall formation but also increases the risk of abscission, particularly when
the retention of the organ hosting the gall depends on external processes like pollination,
fertilization, and embryogenesis [10,13,14]. Consequently, it is unsurprising that surveys
frequently report more insect galls in vegetative tissues than in reproductive tissues [15], a
trend observed even in so-called “super host” plants [16]. These findings support the notion
that galling reproductive structures is inherently more challenging, requiring additional
adaptations to deal with complex ontological processes to mitigate abscission risk.

The mega-diverse superfamily Chalcidoidea (Hymenoptera) represents one of the
few insect groups that have successfully evolved strategies to gall plant reproductive
tissues. Despite most chalcid species being entomophagous parasitoids, gall-inducing
habits have independently arisen in this group [17]. Phytophagous chalcid gallers exhibit a
fascinating spectrum of interactions, ranging from highly refined mutualism to parasitism,
each with distinct strategies to deal with the complexities of tissue ontogeny and the risk of
abscission. The interaction between fig trees (genus Ficus) and fig wasps (Hymenoptera,
Agaonidae) suggests that pollination and larval development strategies play a role in
mitigating inflorescence abscission. In this obligatory nursery pollination mutualism, the
wasps induce galls within ovules with just-fertilized embryo sacs, synchronizing their
larval development with the early stages of plant embryogenesis. Inflorescence abscission
is prevented by the pollination facilitated by the agaonid wasps, which specialize in
galling the nucellus and endosperm. Thus, the wasp larvae rely strongly on the plant’s
embryological processes to complete their development [10].

Among fig wasps, certain non-pollinating fig wasps (NPFWs) from the families
Epichrysomallidae and Pteromalidae also induce galls in fig ovaries. In NPFWs, syn-
chronization between larval development and plant embryogenesis occurs; however, gall
induction occurs in the nucellus, an ovular tissue whose formation does not depend on
fertilization. This allows these wasps to adapt their development to ovule conditions
irrespective of whether fertilization occurred [11,18,19]. The risk of abscission, in this case,
is reduced either by ovipositing in pollinated fig flowers or, in the absence of pollination,
through an as-yet-unknown mechanism where a higher number of galls appears to cor-
relate with a lower likelihood of abscission [9]. Conversely, for chalcid seed predators,
the strategy involves ovipositing in fruits and seeds at their early development stages.
The larva then grows alongside the developing seed without notably disrupting embryo-
genesis and consumes the seed at a more advanced stage, when the risk of abscission
is reduced [20,21]. The distinction between seed predation and gall-inducing feeding
strategies is often blurred, as some species’ larvae can induce hypertrophy in seed tissues,
resembling the effects typically caused by true gallers [21].
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The described adaptive strategies suggest no universal mechanisms govern inflorescence-
abscission mitigation across different plant-insect systems. Further investigation into
additional insect—plant interactions is necessary to identify the mechanisms shaping the dy-
namics of gall induction and inflorescence-abscission prevention. Therefore, we employed
field experiments and developmental studies involving flower dissection and histologi-
cal analysis to investigate the galling process and the relationship between pollination,
inflorescence-abscission risk, and gall formation. We demonstrate that A. gallicola is a
specialized ovary galler in T. bipinnatifidum plants. We also reveal that ovule fertilization is
not required for gall formation, with pollination playing a crucial role only in preventing
inflorescence abscission.

2. Results
2.1. Effects of Pollination on Inflorescence Retention

The abscission frequency significantly differed across the experimental treatments
(x*=27.87, degrees of freedom =3, p < 1073). The treatment in which flowers were neither
pollinated nor exposed to female wasps resulted in 100% inflorescence abscission. Flower
pollination resulted in a 33% inflorescence-abscission rate, regardless of wasp exposure. In
the treatment where flowers were exposed to wasps but not pollinated, the abscission rate
was 64% (Table 1).

Table 1. Percentage of inflorescence abscission in Thaumatophyllum bipinnatifidum under different
wasp oviposition/pollination treatments. The total number of inflorescences per treatment is shown
in parentheses. Treatments sharing the same letter did not differ based on chi-squared pairwise
comparisons with Bonferroni correction at the 5% significance level.

Treatment -
(Wasp/Pollination) Percentage of Abscission
+/+ 33.0(15)%
+/— 64.3(28) @

—/+ 33.0 (24) @
—/—= 100 (24) ©

The mean number of fruits produced per inflorescence did not differ significantly
across treatments, ranging from 231.2 to 313.5. In the treatments where flowers were
pollinated, the number of fruits containing seeds was, on average, 33% higher in the inflo-
rescences not exposed to the wasps. Regarding the wasp-exposed treatments, unpollinated
inflorescences produced 40% more fruits exclusively containing galls. Few fruits (10.3%)
produced a combination of galls and seeds in the treatment where flowers were pollinated
and exposed to the wasps. The number of empty flowers, i.e., those containing neither
seeds nor galls, did not differ significantly across treatments, ranging from 25 to 30 on
average (Table 2).

2.2. Female Oviposition, Larval Development, and Gall Formation

Adult females inserted their ovipositors through the stigma or ovarian walls of the pis-
tillate flowers (Figure 1la—c). The egg stage was observed from 1 to 5 days after oviposition.
The eggs are elliptical (length: 0.218 £ 0.022 mm, width: 0.070 £ 0.007 mm, mean =+ SD,
n = 20 eggs) with a long pedicel several times longer than the egg (Figure 2a). Eggs are
deposited individually or in groups of up to four within the locular space, each attached to
the ovule funicle by its long pedicel (Figures 1d and 3a,b).
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Table 2. Mean number (£standard deviation) of galls and seeds per inflorescence or infructescence in
Thaumatophyllum bipinnatifidum across different treatment combinations. 7 is the number of examined
inflorescences, and NA indicates the treatments for which, by definition, the data were not available.

Treatments

Variable (Wasp/Pollination) ANOVA

++ +— —I+
Fruits (total) 3135+ 1104 231.2 £ 60.7 265.3 +£ 1154 Fr33 =1.652, p = 0.207
Fruits with only seeds 125.5 £ 112.7 NA 2354 +99.3 Fip4=6.8,p=0.015
Flowers with only galls 123.0 £+ 109.7 206.3 +57.9 NA Fi18 =4.51,p =0.048
Fruits with galls + seeds 32.34+379 NA NA -
Empty flowers 32.7 £33.3 249 £194 29.9 £29.2 Fr33=0.198, p = 0.821
n* 10 10 16 -

* Due to inflorescence abscission, the treatment results were unbalanced across the experiments conducted on the
nine T. bipinnatifidum individuals. Consequently, a mixed-effects model approach could not be applied to the data
analysis. Therefore, n represents a combination of biological and technical replicates.

Figure 1. Oviposition in Thaumatophyllum bipinnatifidum flowers and early developmental stages of
Arastichus gallicola. (a) Close-up of female wasp during oviposition; (b,c) ovipositor insertion sites:
(b) through the flower stigma and (c) through the ovary wall; (d) detail of egg placement, with arrows
indicating two eggs attached to the ovule base, each anchored to the funicle by a long peduncle;
(e) position of the first larval instar (arrow) near the ovule funicle; (f) close-up of the first larval instar.
Abbreviations: fun = ovule funicle, ov = plant ovule.
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Figure 2. Immature stages of Arastichus gallicola. (a) Egg with peduncle; (b) first larval instar at 7
days; (c) first larval instar at 17 days; (d) second larval instar at 25 days; (e) third larval instar at 37
days.

We identified three larval instars by observing molts at two stages of larval de-
velopment, where the cephalic capsule of the previous instar remained attached to the
larva’s body.

The first instar began five days after oviposition. At this stage, the larva was attached
to the ovule funicle within the ovarian locule, likely feeding on the mucilaginous material
filling the locule (Figures 1e,f and 3c—f). The larvae at this stage measured 0.312 = 0.097 mm
in length and 0.113 &+ 0.050 mm in width (mean £ SD, n = 60 larvae, Figure 2b).

The second instar was observed starting 20 days after oviposition, with larvae measur-
ing 1.193 + 0.471 mm in length and 0.475 £ 0.172 mm in width (n = 40 larvae, Figure 2c).
The gall began to form at this stage, characterized by hypertrophy of the plant ovule
tissues to which the larva was attached (Figure 4). The increase in ovule volume was
driven by disorganized cell division within the ovule’s integuments and nucellus. Similar
modifications were observed in the cells of the locular septa and the ovary walls adjacent
to the larva (Figure 5a,b). These cells exhibited enlarged vacuoles and starch grains in
the cytoplasm (Figure 4b,c). As the modified tissue grew, it enveloped the larva, forming
gall tissue composed of hypertrophied cells from the flower ovule and adjacent tissues
(Figure 5¢).

The third instar was observed 30 days after oviposition, with larvae measuring
2.407 £ 0.562 mm in length and 0.791 & 0.137 mm in width (n = 40 larvae, Figure 2d,e). By
this stage, the gall was fully formed, and the larva continued to feed on the hypertrophied
tissue within the gall (Figure 6a,b). Pupation occurs inside the gall, and adult wasps emerge
when the spathe detaches from the ripe infructescence.
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Figure 3. Longitudinal sections of Thaumatophyllum bipinnatifidum ovules showing early develop-
mental stages of Arastichus gallicola. (a,b) Position of the wasp egg (arrows) relative to the ovule;
(c—f) position of the first-instar larva (arrow) relative to the ovule; (e) detail of the larva near elements
of the ovule funicle; (f) close-up of the larva. Abbreviations: end = endothelium, es = embryo sac,
fun = funicle, it = inner integument, / = larva, loc = ovarian locule, nu = nucellus.
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Figure 4. Longitudinal sections of Thaumatophyllum bipinnatifidum ovaries, showing an ovule under-
going gall formation and an unaffected ovule (ov), 20-25 days after oviposition. (a) Pistillate flower
with affected (dotted rectangle) and unaffected ovules; (b) close-up of the affected ovule, showing the
ovule elements; (c) close-up of the dotted area in (b), highlighting hypertrophied cells surrounding
the larva, indicative of gall formation. Abbreviations: inu = induced nucellus, if = inner integument,

loc = ovarian locule, ov = unaffected ovule.
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Figure 5. Longitudinal sections of a Thaumatophyllum bipinnatifidum ovary with galled ovules con-
taining larvae (arrows). (a) Overview showing three larvae within ovule galls; (b) close-up of the
dotted area in (a), detailing the affected ovule and parenchyma; (c) close-up of the dotted area in
(b), illustrating hypertrophied cells throughout the tissue surrounding the larva. Abbreviations:

iov = induced ovary tissue, ipa = induced parenchymal elements, [ = larva.
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Figure 6. Longitudinal sections of fully developed galls of Arastichus gallicola in Thaumatophyllum
bipinnatifidum ovary. (a) Section showing a galled ovary with two galls, each containing a larva;
(b) close-up of the dotted area in (a), highlighting induced parenchymal elements. Abbreviations:
ind = induced parenchymal elements, [ = larva.

3. Discussion

Our study demonstrates that Arastichus gallicola is an ovary galler in the aroid T.
bipinnatifidum. Insect eggs can be deposited in multiple ovules, with a single flower ovary
capable of bearing several galls. This finding is consistent with previous observations that
A. gallicola can induce multiple galls within a single ovary of T. solimoesense [9]. The females
of A. gallicola oviposit within the ovaries of the pistillate flowers during anthesis, with the
eggs being precisely attached to the ovule funicle. The precise egg deposition likely plays
a crucial role for chalcid wasps specialized in galling plant ovarian structures. Similar
sophisticated oviposition strategies have independently evolved in three chalcid families
associated with fig trees, including the pollinating fig wasps (Agaonidae), the Idarnes
species group flavicollis (Pteromalidae), and the genus Sycobia (Epichrysomallidae) [19,22].
In these lineages, regardless of whether the wasps oviposit from within the fig cavity
or from the external fig surface, the ovipositor is inserted through the flower style, and
the egg is deposited near the stylar canal entry [10,11]. These observations support the
hypothesis that precise ovipositor insertion is essential to ensure undisturbed and successful
larval development.

The larva of A. gallicola appears to be responsible for the gall-inducing process, as
the formation of undifferentiated and hypertrophied gall tissue with a parenchymatic
appearance begins when the larva changes to the second instar and comes into contact
with the ovule and surrounding ovarian tissues, such as the septa and walls. Gall-inducing
insects secrete effector molecules, including phytohormones, which stimulate surround-
ing tissue growth [3,4,23,24]. Borges [25] highlights that these insects produce auxins
and cytokinins at levels manifold higher than those in ungalled plants, creating localized
hotspots of tissue growth. A recent study suggests that gall induction by a cecidomyid
insect in cassava involves the integration of bacterial DNA vectorized by the insect into the
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plant’s genome. The bacterial DNA was linked to genes influencing plant cell transforma-
tion and the ubiquitin—-proteasome system, a regulatory mechanism involved in protein
turnover and developmental processes [5]. In the case of A. gallicola, gall formation begins
approximately 20 days after oviposition. The delay between oviposition and gall formation
suggests that the mechanical stimulus from ovipositor insertion or any substances injected
by the female during oviposition plays a limited role in initiating the gall. However, Elias
et al. [26] demonstrated that venom glands in gall-inducing and non-galling fig wasp
species have distinct peptide profiles, suggesting that the secretions injected during ovipo-
sition by gall-inducing species may play a role in modulating plant tissue and initiating
gall formation.

Although the gall-inducing habit has evolved multiple times in six Chalcidoidea fami-
lies [17], to the best of our knowledge, ovary chalcid gallers have been confirmed only in
wasp species associated with fig trees and the aroid genus Thaumatophyllum, although ovule
gall induced by the Ichneumonoidea Allorhogas uberlandiensis Joele & Zaldivar-Riveron,
2019 has been reported for Miconia chamissois Naudin (Melastomataceae) [12,27]. Addition-
ally, seed predation without inducing abnormal tissue growth is known in genera such
as Megastigmus (Torymidae: Megastigminae) and Bephratelloides (Eurytomidae) [20,21]. In
the pollinating fig wasps and seed predators, which depend on embryo sac fertilization
(in angiosperms) or megagametophyte development (in gymnosperms), the larvae em-
ploy a koinobiont strategy, allowing the seed to continue growing while feeding on its
nutrient-rich tissues. This strategy likely evolved to avoid disrupting the proper embry-
onic development of the plant. In these instances, during the initial larval development,
pronounced cellular modifications in the ovarian tissues in contact with the larva are
not observed [10,28]. Conversely, in galling species that do not require pollination for
larval development, such as Idarnes [11] and Arastichus (present study), the modification
of the ovarian tissues surrounding the larvae is pronounced, resulting in aggressive gall
development characterized by rapid and disorganized cell division.

Lack of pollination often leads to the abscission of flowers or inflorescences [14]. The
risk of organ abscission may represent a substantial selective pressure on gallers associated
with the reproductive structures of plants. This assertion is supported by the evidence
that the capacity to avoid abscission has evolved in all chalcid galling lineages that do
not depend on fertilized embryo sacs for larval development. Our experimental study
confirmed that inflorescences with unpollinated flowers of T. bipinnatifidum abscise readily.
However, our findings also demonstrate that unpollinated inflorescences containing galls
of A. gallicola are less likely to abscise than solely unpollinated inflorescences, likely due to
an unknown sink effect directed toward the galled organ [29].

A similar effect on preventing abscission is observed in Chalcidoidea and Ichneu-
monoidea wasps. Several Megastigmus species associated with Pinaceae species lay eggs
inside the developing ovules of their host conifers before pollination occurs [20]. In M.
spermotrophus, it has been demonstrated that the megagametophyte containing the insect
larva continues to develop even without pollination [28]. Introduced Ficus species also
provide evidence that ovary gallers can prevent inflorescence abscission. For instance, in
Brazil, F. benjamina and F. microcarpa were introduced for ornamental purposes, and their
associated wasps arrived decades after these introductions. The first species to recolonize
these plants were ovary-galling NPFWs (Sycobia hodites and Walkerella microcarpae in F.
benjamina and F. macrocarpa, respectively), which could prevent the abscission of unpol-
linated figs [18,30-32]. The ability to prevent fig abscission has also been experimentally
demonstrated in a species of the Idarnes group flavicollis associated with the neotropical F.
citrifolia [11,33]. Similarly, Allorhogas sp. (Ichneumonoidea), which induces galls in Miconia
calvescens (Melastomataceae), also prevents fruit abscission, as higher rates of infestation
were observed in plants with advanced phenology, where most fruits were mature [34].

We demonstrated that pollination influences the interaction between T. bipinnatifidum
and A. gallicola. Although A. gallicola can induce galls in ovules with unfertilized embryo
sacs, pollination enhances the insect’s reproductive success by significantly reducing the
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risk of inflorescence abscission. However, when wasps were exposed to pollinated flowers,
they succeeded in inducing galls in approximately half of the available flowers. Moreover,
gall formation and seed development were mutually exclusive events, with only 9% of the
fruits containing both galls and seeds. While our study design did not allow us to uncover
the mechanism behind this pattern, it suggests that seed formation may interrupt gall
development, or conversely, gall formation may inhibit seed development. Notably, the
rate of fruit abortion (i.e., fruits not producing seeds or bearing galls) did not significantly
differ across the experimental treatments, suggesting that the experimental conditions did
not lead to differential larval mortality or seed abortion.

Our findings on the negative relationship between seed development and gall forma-
tion provide valuable insights into the selective pressures that may drive the evolution of
the ovary-galling habit in insects and offer a plausible hypothesis for why this life history
strategy has emerged in a limited number of biological systems. Within the framework of
embryo sac fertilization negatively impacting gall development and vice versa, insects are
expected to be individually selected to oviposit as early as possible in the flower ovaries
before pollination occurs. Conversely, plants might be selected to limit exposure of their
flower ovaries by investing in mechanical barriers, such as the aroid spathe, which re-
stricts access to a brief window during anthesis, or by synchronizing flowering phenology
at the population level to constrain the maintenance of insect populations year-round.
While physical barriers may not universally prevent ovary-galling, as evidenced by the
sophisticated oviposition behavior of chalcid wasps, facilitated by the complex structure of
their ovipositors [35,36], phenological adjustments appear to be more effective. Notably,
ovary-galling is observed predominantly in plant groups associated with host-specific
pollinators and a year-round flowering pattern, such as T. bipinnatifidum (present study)
and fig trees [37].

Under natural conditions, however, the prevalence of A. gallicola is likely limited by
other insects interacting with T. bipinnatifidum. In first place, there is a physical interference
with the pollinating dynastid beetles, Erioscelis emarginata (Mannerheim, 1828) [38], which
gather around the pistillate flowers in large numbers during the same period that A.
gallicola oviposits and disrupt and limit the wasps’ ability to oviposit. The parasitoid
Prodecatoma philodendri Ferriere, 1924 (Eurytomidae) can also exert control over A. gallicola
populations [8,9]. Furthermore, closing the spathe and the subsequent filling of the cavity
between the spathe and the spadix with fluid further restricts the oviposition opportunities
for any remaining female wasps inside the inflorescence.

Our study advances the understanding of ovary-galling insects by highlighting the
selective pressures on both plants and insects, which can lead to divergent evolutionary
outcomes, such as mutualistic brood site pollination or antagonistic seed predation. The
dependence on pollination seems to play an essential role in determining these pathways.
For instance, it has been speculated that the agaonid Ficus pollinators evolved from a gall-
inducing chalcid ancestor [39]. The urn-shaped inflorescence in the Moraceae clade formed
by Ficus and Castilleae [40] likely drove the evolution of insect biology. This particular
inflorescence shape may influence how floral resources are exploited and, in turn, shape
the traits of the associated insects. If pollination enhances the larval success of ancestral
gallers, pollination behavior could evolve as a beneficial trait. Conversely, in scenarios
where pollination does not directly impact larval success, as in plant groups previously
associated with specialized pollinators such as scarab beetles and aroid plants [41], the
galler interaction may evolve into an antagonistic relationship. Our findings highlight
the importance of considering the intricate ecological and evolutionary contexts when
examining the relationships between ovary-galling insects and their host plants.

4. Materials and Methods
4.1. Study Site and Species

The experiments were conducted at the University of Sao Paulo campus in Ribeirao
Preto (21°10' S; 47°48' W), Brazil, between 2009 and 2011. The campus features extensive
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gardens and lawns of various spontaneous and cultivated plant species. The local climate
falls under the Aw category (Tropical Savanna) according to the Koppen classification,
characterized by wet summers and dry winters. The lowest average monthly temperature
is recorded in July (19.5 °C), while the highest occurs in October (24.8 °C). Annual rainfall
averages 1384 mm, with January being the wettest month (mean of 256 mm) and July
the driest (mean of 21 mm) [42]. The field study was conducted during the rainy months
(i.e., September to March)

Thaumatophyllum bipinnatifidum plants grow naturally as scandents or hemiepiphytes,
blooming year-round with individuals consistently producing inflorescences. The flowers
are arranged on a condensed, finger-like spadix, surrounded by a spathe (bract). The
pistillate flowers are in the lower portion of the spadix, while the staminate flowers are
positioned in the upper portion. The spathe remains closed until anthesis, during which a
strong, sweet scent is released, attracting both its beetle pollinators and female A. gallicola
wasps [38,43]. The wasps arrive earlier than the beetles, entering through the first available
opening, and reach the base of the inflorescence where the pistillate flowers are located to
oviposit in them. The spathe closes approximately 24 h after anthesis, forcing the pollinators
out as the staminate flowers release pollen. About 36 h after anthesis, the spathe closes
completely, and the cavity between the spathe and the spadix fills with a fluid secreted
by the plant. Months later, the spathe develops a dehiscence line at its base and detaches,
revealing the ripe infructescence [8,9].

4.2. Effects of Pollination and Wasp Oviposition on Inflorescence/Infructescence Retention

To evaluate the effects of pollination and wasp oviposition on inflorescence and
infructescence retention and fruit/gall development, we conducted experiments using
controlled combinations of pollination and oviposition. Immature inflorescences were
preventively enclosed in organdy bags. Once anthesis began, as indicated by the opening of
the spathe, each inflorescence was subjected to one of the following treatments: (1) manual
pollination + wasps, (2) manual pollination only (positive control), (3) wasps only (no
pollination), and (4) no pollination and no wasps (negative control). Manual pollination
was necessary because the organdy bags prevented natural pollination of the flowers. The
‘pollination + wasps’ treatment examined the interaction between pollination and galling.
The “pollination only” treatment evaluated the role of pollination in preventing inflorescence
abscission. The ‘wasps only’ treatment investigated the galling process in the absence of
pollination, while the ‘no pollination and no wasps’ treatment assessed the inherent rate
of inflorescence abscission. Treatments were randomly assigned to each inflorescence by
first attributing a unique number to each one and then using the ‘sample’ function in the R
programming environment [44] to ensure randomization.

For the controlled pollination, pollen was collected 1-2 days in advance from different
T. bipinnatifidum individuals and stored in 10 mL glass flasks at 4 °C until use. In the
experimental inflorescences, a generous amount of pollen was applied to the pistillate
flower’s stigmata using a fine brush.

For the oviposition treatments, ripe infructescences containing galls with wasps near-
ing emergence were collected in advance from different T. bipinnatifidum individuals. The
infructescences were enclosed in organdy bags under laboratory conditions until the adult
wasps emerged. To keep the wasps alive, they were fed with a 10% sucrose solution on
dampened cotton balls ad libitum, and mating was allowed within the bags. Only female
wasps were selected for the experiment using an entomological aspirator. Approximately
30 female wasps were introduced into each bagged inflorescence for the oviposition treat-
ments, where they were allowed to oviposit in the pistillate flowers. In treatments that
combined pollination and wasp oviposition, manual pollination was performed first, fol-
lowed by the introduction of the wasps. This experiment was repeated on nine different T.
bipinnatifidum individuals, totaling 91 manipulated inflorescences.

The inflorescences were monitored every 4-5 days, from the day the treatments were
applied until the dehiscence line at the base of the spathe became evident in the retained
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inflorescences. Inflorescence abscissions during the monitoring period were recorded. The
ripe infructescences were collected and individually enclosed in organdy bags for wasp
emergence. For all inflorescences and infructescences, we quantified the total number of
flowers or fruits, the total number of flowers or fruits containing galls, the total number of
fruits containing seeds, and the total number of fruits containing both seeds and galls.
The treatment results for each variable were compared by ANOVA using the R version
4.4.2 programming environment. We plotted the model residuals against the quantiles of the
standardized normal distribution and the expected values. No substantial deviations from
the ANOVA assumptions of residual normality and variance homogeneity were detected.

4.3. Oviposition Observations

To document the oviposition behavior of A. gallicola, we conducted field observations
of female wasps interacting with receptive inflorescences of T. bipinnatifidum. Observations
included both free-living wasps in natural settings and introduced wasps under experi-
mental conditions. Photodocumentation was performed using a Canon S5 camera with
a Raynox macro lens (Tokyo, Japan). To identify the pistillate flowers where eggs were
deposited, we immediately killed any female observed during the oviposition process
by applying a droplet of chloroform. In the laboratory, individual flowers containing the
ovipositing wasp were carefully detached and dissected under a stereoscope at 40 x magni-
fication to locate the wasp egg within each flower. We dissected approximately 15 flower
ovaries. The dissected flowers were photographed using a Leica MZ16 stereomicroscope
coupled with a digital camera (Wetzlar, Germany).

4.4. Larva and Gall Development

The gall and larval development study was conducted on two inflorescences exposed
to wasp oviposition without pollination. Immature inflorescences were preventively en-
closed in organdy bags. At the beginning of the anthesis, 30 female wasps obtained from a
different T. bipinnatifidum plant were introduced into each bag. Five developing fruits were
sampled every five days using fine forceps, starting from the day the inflorescence closed
until the larvae completed their development. To sample these galls without removing the
entire inflorescence, a door-like 10 cm x 5 cm incision was made at the base of the spathe
to gain access to the inflorescence. This incision was used for all subsequent sampling
during gall development. After each sampling, the door-like cut was repositioned in the
spathe and secured with a metal wire around it. The inflorescence remained enclosed in
the organdy bag throughout the study to prevent insects and other small animals from
accessing it.

The sampled fruits were fixed in FAA 50 (formalin: acetic acid: alcohol 50% [45])
for 24 h and then stored in 70% ethanol. Of the five fruits collected per sampling, two
to three were dissected under a stereomicroscope to locate the immature stages of the
wasps. Images of the dissected material and larvae were captured using a Leica MZ16
stereomicroscope coupled with a digital camera. Body length measurements of all extracted
immature stages were taken using the Leica™ Application Suite version 3.3.0 software.
The remaining sampled fruits were reserved for histological study. The material was
processed following standard dehydration and softening protocols, embedded in Leica
Historesin® [46], and sectioned into 5-6 pum slices using a Leica RM 2245 microtome.
Serial sections were stained with 0.05% toluidine blue, pH 4.4 [47], and mounted on slides.
Histological slides were photographed using a digital camera attached to a Leica DM 4500
microscope. All histological slides and wasp samples are held by R.A.S. Pereira as voucher
material.
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