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Abstract: Knowledge regarding egg morphology can aid the selection of postharvest fumigants for insect
control. Accordingly, scanning electron microscopy (SEM) was used to examine eggs of spotted lanternfly
(SLF), Lycorma delicatula (White) (Hemiptera: Pentatomidae), a pest recently invasive to the mid-Atlantic region
of the United States. As the overwintering life stage of SLF, eggs are deposited on a variety of refugia,
including many forestry products that can be distributed geographically via travel, commerce, and/or trade.
For fumigation to control SLF, and potentially translate into a viable strategy for limiting the spread of SLF by
subject pathways, the fumigant must permeate the chorion to react with biomolecules and/or disrupt cellular
processes. SLF chorion was characterized by a porous network of aeropyles localized around the operculum,
in cranial and caudal relation to the developing nymph, as well as an interstice between the operculum edge
and the opercular rim. The confirmation of chorionic ultrastructure that allows for ready gas exchange
warrants further investigation of fumigation efficacy, even for those “non-reactive” fumigants, such as
phosphine and hydrogen cyanide, which must overcome the suppression of cellular processes coincident with
overwintering.
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1. Introduction

Spotted lanternfly (SLF), Lycorma delicatula White (Hemiptera: Fulgoridae), is a polyphagous
fulgorid invasive to the United States (U.S.). First detected in Berks County, Pennsylvania during
2014, SLF has since spread to, and established in, numerous states including Pennsylvania, New
Jersey, New York, North Carolina, Connecticut, Maryland, Delaware, Virginia, and West Virginia '
3. SLF has a broad host range, with over 100 host plant species reported globally, including significant
agricultural, ornamental, and forestry plants 4*.

Spotted lanternfly are univoltine, they overwinter as egg masses that hatch into nymphs in
spring, four nymphal instars develop throughout the summer, and adults begin to emerge in mid-
summer > 7. Adult populations are observed throughout the fall, with courtship and egg laying
peaking during late October in the mid-Atlantic region of the U.S.. These populations decline and
generally die off by December with cold weather 5. Overwintering egg masses pose the greatest
concern to importers of articles from the mid-Atlantic region, as SLF lay eggs on available various
solid surfaces, which can include forest products such as logs, bark, sawn timber, Christmas trees,
nursery plants, patio furniture, timber dunnage and packaging, pallets, construction materials, and
many others 3. SLF is also of concern to U.S. horticultural producers, as it has the potential to serve as
a barrier to interstate and foreign exports. In the context of limiting the spread of SLF, research was
initiated to identify efficacious phytosanitary treatments that can be applied to articles prior to
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movement from infested areas, or upon arrival into an area not yet infested. While efforts continue
across the gamut of postharvest strategies (e.g., cold-treatments, heat-treatments, irradiation,
controlled-atmosphere, fogging, etc.), fumigation remains an invaluable option for insect pest
control.

Postharvest fumigants are generally categorized into two groups, those that are delivered in a
form that must “react” with biomolecules and/or matter to elicit toxicity, or those that are a “non-
reactive”, being delivered as the toxicant. With respect to “reactive” fumigants, methyl bromide and
propylene oxide alkylate nitrogen- and sulfur-containing biomolecules 8, sulfuryl fluoride must be
hydrolyzed to yield fluoride ions that inhibit glycolysis 2, and ethyl formate also must be
hydrolyzed to yield formate, which is a cytochrome C oxidase inhibitor *16. Methyl bromide, Metho-
O-Gas 1009, is registered in the U.S. to treat a variety of non-food products, including logs and
lumber, forest and plant products, and miscellaneous cargo. The use of methyl bromide is ultimately
left to the discretion of the importing party or country'”. Methyl bromide use is regulated under the
Montreal Protocol, where Decision XX/6 by the Methyl Bromide Technical Options Committee
(MBTOC) recognizes “that methyl bromide use for quarantine and pre-shipment (QPS) purposes is
an important remaining use of an ozone-depleting substance that is not controlled pursuant to
paragraph 6 of Article 2H"8. Decision VII/5 of MBTOC “urges Parties to refrain from using methyl
bromide and to use nonozone depleting technologies wherever possible”. Sulfuryl fluoride is also
registered in the U.S., with Vikane® and Profume® labels listing numerous products that could serve
as harborage for SLF eggs. Numerous reports indicate sulfuryl fluoride is generally more toxic than
methyl bromide toward post-embryonic life stages of a given insect species!?. However, insect eggs
are more tolerant toward sulfuryl fluoride, often requiring many times the dosage required to control
adults of the same species?2!. Propylene oxide and ethyl formate are not currently registered in the
U.S. to treat subject articles, however, both have been recognized as potent fumigants with ovicidal
potential?2.

With respect to the “non-reactive” fumigants, hydrogen cyanide poisons the mitochondrial
electron transport chain within cells by binding to the a3 portion (complex IV) of cytochrome c
oxidase and several studies indicate phosphine also inhibits cytochrome c oxidase activity?2.
However, multiple pathways are involved with phosphine toxicity, as evidenced by the “narcosis
threshold” in the seminal works of Winks 26 and discussed as the “sweet spot” in works of Walse et
al. (2021)?” and Lampiri et al. (2021)%. Phosphine is registered in the U.S., in metal phosphide and
cylinderized formulations, to treat many types of construction materials and wood products. While
extremely versatile, preparations should be made to minimize the potential for phosphine-catalyzed
corrosion of metals that may damage articulates . Hydrogen cyanide is not currently registered in
the U.S., yet it has a long history of use in targeting insects, including eggs 3.

Regardless of the mechanism or mode of action, fumigant efficacy increases as temperature, and
in turn insect activity, increases. The key distinction, though, between these groups of fumigants is
that the “reactive” fumigants can react, do cellular damage when the insect is not active, and then
toxicity is imparted when activity resumes. Whereas, if a fumigation with a “non-reactive” fumigant
is conducted when the insect is not active, there is a risk that opportunity for toxicity will be lost. It
should also be noted that in general, phosphine and hydrogen cyanide are inexpensive relative to the
“reactive” fumigants, so their use is of economic interest.

The egg is generally recognized as the most fumigant-tolerant life stage of insects, at least with
respect to the fumigants cited above 3'%. The influence of abiotic factors such as temperature,
exposure time, pressure, and concentration on ovicidal efficacy of fumigants has been well
documented across many insect species and in general, the functional and operational parameters
have been identified for each fumigant 3-%. The differential response of species to the same fumigant
is critically linked to a variety of biotic factors, however, including the structure and composition of
the egg chorion as related to fumigant permeability, and developmental rate, a proxy for
cellular/metabolic activity required for fumigant activity (e.g., glycolysis inhibition, electron
transport inhibition, etc.) 404
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Much uncertainty surrounds the potential efficacy of fumigants toward SLF eggs.
Understanding the relative developmental activity across the overwintering period could prove
insightful, particularly for the “non-reactive” fumigants, as suppressed metabolic activity in
wintertime typically suppresses fumigation efficacy. However, first and foremost, fumigants must
be able to access biological material within the egg. We report the abundance, distribution, and
location of openings in the chorion of SLF eggs, through which fumigants can pass. Results are
discussed in the context of providing industry a means for distributing SLF-free forestry products.

1. Materials and Methods

1.1. Egg Collection

Spotted lanternfly eggs were collected over the course of 7 days in November 2021 from SLE-
infested sites located in Frederick County, Virginia by carefully removing sections of bark from trees
and logs on which individual egg masses were laid. Egg masses remained on the bark substrate,
“backing”. Each bark backing/egg mass was placed into a 30-dram clear plastic “snap cap” cage
modified with 8-mm diameter stainless-steel 100 wire mesh gas-portals on the bottom, snap cap, and
side. A paper tissue was inserted into the cage to immobilize the egg mass, with the intent of
preventing jarring during handling and/or shipping.

Cages were gathered, randomly assembled into three groupings of roughly 300 cages, and stored
in a shed under ambient atmospheric conditions at Fort Collier Civil War Center, Winchester,
Virginia (39°12'4"N 78°9'13"W). Air temperature and relative humidity (RH) within the shed was
measured cumulatively over the duration of storage by a probe (U12-015-02, Onset HOBO Data
Loggers, Massachusetts) with a 10-min scanning/sampling rate, and yielded means (x ) of 13.41 °C
and 37.2%, respectively. One of the three groupings was packaged and shipped on ca. 20 January
2022, per conditions of APHIS Permit P526-200621-01, to UC Davis Contained Research Facility (CRF)
(University of California, Davis, CA), a BSL-III quarantine facility. An additional probe, operated
analogously, was used to record respective means ( x ) of 1.02 °C and 57.0% within the package over
the course of shipment. Subsequent groupings were packaged and shipped as above on ca. 1 March
2022 (x :4.44 °C, 79.5% RH) and 5 April 2022 (x : 12.9 °C, 47.9% RH).

Upon the arrival of each shipment to the CRF, the cages were removed from packaging and the
bark backings were removed from respective cages. To minimize potential for fungal infection, each
bark backing was submerged for 60 seconds in an aqueous solution of potassium sorbate (5 wt%).
Each bark backing was left to dry at room temperature near 25° atop a paper towel, with the egg mass
facing upward. Five to six dried bark backings were transferred to a 950-mL plastic cup cage (Pro-
Kal Polyproplene Clear Deli Containers, PK32TC), modified with cloth mesh gas-portals on the lid
and side. The storage containers were stored in a Thermo Electron Corporation refrigerator (Model
REC4504A21) with a set point of 3 °C and 65% RH.

1.1. Microscopy

2.2.1. Scanning Electron Microscopy

An individual egg was carefully removed from the bark backing using dissection forceps and/or
a soft bristle brush (Silver Brush, Windsor, New Jersey). Six eggs were placed inside a 50-mL beaker
filled with 30 mL of 18 MQ ultrapure deionized water (Nanopure, APS Water Services Corp., Lake
Balboa, CA), which was sonicated (Model 8852, Cole-Parmer) for 20 min at ambient laboratory
temperature. Sonicated eggs were individually gathered and then gently brushed to remove the ca.
1-mm layer of oothecum covering the entire egg mass, which was notably insoluble in water as well
as hexane. Each of two “cleaned” eggs were mounted on double-sided carbon “sticky” tabs, which
were then adhered using a soft brush on an aluminum stub (Ted Pella, Inc., Redding, California).
Paired eggs were setup on opposing sides of the tab, each 4 mm from center. In order to prevent
electrostatic charging of specimens and to increase secondary electron signals, eggs (or hatchlings)
were sputter coated with gold (SPI Module Sputter Coater) (SPI Supplies, West Chester,
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Pennsylvania) by a modified method from Gautam (2014)% #-45, The mounted specimens were then
viewed using a scanning electron microscope (S-3500N Hitachi, High Technologies America,
Pleasanton, California) and digital images were taken at 5.00 kV

2.2.1. Time-lapse Light Microscopy

A bark baking with a cluster of SLF eggs was sealed inside a petri dish using thermoplastic
sealing film. The specimen was imaged using a stereo microscope (Leica MZ12.5, Leica Microsystems
Inc., Deerfield, Illinois) and images were captured using a microscope-mounted digital camera (Spot
Insight 2 color mosaic camera, Spot Imaging, Sterling Heights, MI). The time-lapse images were
acquired with the Spot Basic 5.6 software (Spot Imaging, Sterling Heights, MI) using the image
sequence function and images were captured at an interval of 20 s.

1. Results and Discussion

SEM was used to identify several structural features likely to afford fumigants access to the
interior of the egg. In Figure 1, an entire SLF egg is shown with a distinct stem-like nodule oriented
anterior to the operculum (i.e., hatch door). In all observations, the operculum was completely
removed during the hatching process. The stem-like structure is likely a protruding micropylar
process, commonly seen in other Hemiptera insects 4>52. Obstruction by the oothecum prevented the
identification and measurement of the micropylar channel(s), which were omitted from calculations
below. Time-lapse light microscopy recorded over 50 min, spanned first movement of the operculum
through complete emergence of the hatchling and was used to establish orientation of the developing
nymph for spatial reference (Supplemental Video S1). An anterior view of the hatchlings head was
then obtained with SEM (Figure 2). A SLF egg was symmetric about the sagittal plane, measuring ca.
2 mm in length and ca. 1 mm in width, but differed greatly across the coronal plane. The operculum
was medially centered across the crest of a ventral concave “pinch”, whereas the dorsal region was
spheroidal. Four eggs from three separate oothecae (egg masses) were examined to determine the
porosity of the egg surface. The mean surface area of an egg was estimated at 1.2 x 107 + 1.0 x 105 pm?
(x *s,n=4) calculated for a prolate spheroid as:

c
SA = 2ra(1 + aarcsin €) 1)

where a is the transverse radius, c is the sagittal radius and e2= (1-a?/c?).
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WD19.4mm 5.00kV x40

Figure 1. A) Spotted lanternfly (SLF) (Lycorma delicatula) egg with operculum in place prior to
hatching, B) egg with the operculum removed after hatching, and C) alternative ventral view of
hatched SLF egg showing the vacated interior.
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Figure 2. Anterior, frontal view of 1% instar spotted lanternfly (SLF) (Lycorma delicatula) imaged within
hours of hatching.

A porous network of aeropyles was found on the chorion, around the operculum. The caudal
area of aeropyles was localized atop the crest of the “pinch”, whereas cranial areas were localized
ventrally as the “pinch” transitioned to the dorsal region (Figure 3). Expanded anterior images show
that the egg surface is comprised mainly of connected hexagonal plastron plates with rough regional
complexity. Similar plastron structure was observed during dorsal imaging (not shown).

The stem-like nodule, shaped like a concave flowerette, was located on the anterior, ventral side
of the egg at the base of the operculum (Figure 4). Unfortunately, due to the complete coverage by
oothecum pores or fine structural details were obscured. The stem-like nodule extended
approximately 90 um from the egg with an estimated diameter of 149.2 +4.2 um (n =4), tilted roughly
30° from vertical, with the concave surface facing upward and away from the attachment medium.
The central dome shaped protrusion had an estimated diameter of 34.1 + 4.1 um (1 = 4). It is believed
that this structure serves similar purposes as other aero/micropylar processes, although, no evidence
of similar structures was found in the literature.

Pores are naturally covered by oothecum, some of which was not removed during sample
preparation and was visible in Figure 5. Upon the examination of a single egg, unobstructed pores
were measured to a mean circular diameter of 18.9+3.4 pm (x +s,n=8). The grand mean number
of pores per egg was estimated to be ca. 1,600 based on the mean number of pores (14.6 + 1.4, n = 6)
located in an unobstructed 110 x 110 pm square section, multiplied by the estimated number of square
sections containing pores on the egg surface, 110. Accordingly, over ca. 3 % of the egg surface area,
ca. 360,000 um?, is open to gas exchange. It is interesting to note that “porosity” is > 1000-fold greater
than the stored product insect pests studied in Gautam et al. (2014, 2015). In general, at least for
stored product insect pests 4%, eggs from a species that take relatively long to develop have more
respiratory openings compared to the eggs of a faster developing species. These previous results
suggest the relative porosity of SLF chorion is associated with the balance between respiration
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requirements and hindered development during the 3- to 5- month long period of overwintering.
Nevertheless, the observed porosity hints at surfactant and/or oil “penetrants”, not necessarily co-
applied with insecticides, as potential tools to control SLF hatching from egg masses laid on live trees
as well as forest products. The results also reinforce the interpretation that oothecum serves a
protective purpose, as its hydrophobicity would deter liquid water from entering through pores.

07-Feb-22 WD16.0mm 5.00kV x150 300um

Figure 3. A) Anterior view of a spotted lanternfly (SLF) (Lycorma delicatula) egg. The pinched shape
of the ventral region, concave anterior surface, and also the concentric stem-like micropylar process
are characteristic features. Increased magnification, B — D, of the regional complexity of the concave
surface of hexagonal plastron plates.
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Figure 4. Stem-like nodule, presumably a micropylar process, located on the anterior ventral lip of
the SLF egg, immediately adjacent to the operculum crown. A) Side view showing the upward tilting
angle and protrusion, B) Enlarged frontal view showing hemispherical protuberance in center of the
concave “flowerette” as well as its coverage by oothecum that preventing identification of

microstructures.
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Figure 5. A) Pores on the ventral surface, below the operculum still partially covered by the
“protective” oothecum. B) Expanded view of a single, unobstructed pore showing general size and
interior cavity.

An interstice, or small gap, was observed between the peripheral edge of the operculum and
opercular rim (Figure 6). The scale of the interstice, 0 to 40 um, provides evidence that fumigants can
also diffuse into the egg interior by this route, prior to hatching, and is suggestive of only “loose”
connectivity of the operculum, which was supported by the finding that no hatchlings were
obstructed by “partial openings”. Microstructures were spaced along the peripheral edge of the
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operculum, pointing inward over the gap, presumably for defensive purposes, however, evaluating
function is outside the scope of this work. The operculum and the opercular rim were examined
under closer magnification after hatching (Figures 7 and 8). A distinct groove around the opercular
rim is present, suggesting that this is the location that seats the operculum. Sharp contrast exists
between the external lip of the groove, which appears smooth, and the internal lip, which appears
much rougher in texture (Figure 7). Figure 8 shows images of the detached operculum after hatching.
The exterior of the operculum is smooth in texture and lacks distinct morphological features, while
the interior side of the operculum was very rough, fibrous, and spongey in appearance.

Figure 6. A) Expanded ventral view of the operculum “hatch door”, which appears to be loosely

connected given the gaps between the operculum and rim of the egg opening. Expanded views, B —
D, of the operculum “gap” featuring dome-like microstructures on the peripheral edge of the
operculum.
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Figure 7. A) Expanded images, A — B, of the egg rim surrounding the operculum, after hatching.
Expanded images, C— D, showing difference in morphology between external and internal edges of
the operculum and its connective framework.
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Figure 8. Views of the detached operculum “hatch door”: cross-sectional (A), exterior (B), interior (C),
and (D) magnified interior image showing a rougher and more fibrous regional complexity as
opposed to the smooth surface regional complexity of the exterior.

Although the chorionic morphology can vary for a given insect species and individual, the
dozens of examined chorions appeared structurally similar, with openings to allow fumigant
penetration. Molecular diameter and areas of some common fumigants were tabulated (Table 1) and
in theory, billions of fumigant molecules could fit within a single pore or the operculum “gap”
simultaneously. Studies are underway to define the relative ovicidal efficacy of fumigants toward
SLF, and Haber’s parameters will be evaluated for each fumigant. Importantly, the results of this
microscopy study indicate that all fumigants should diffuse, unobstructed, through the chorion and
into the egg. While “reactive” fumigants should be effective, the effectiveness of the “non-reactive”
fumigants remains uncertain, as the suppression of cellular processes coincident with overwintering
may drastically decrease toxicity.

Table 1. Fumigants re expected to easily penetrate into a spotted lanternfly (SLF) (Lycorma delicatula)
egg because the size of fumigants are small compared to the ~18,900 nm diameter of a single poor and
that there were ~1,600 pores on each egg. Note too that the largest operculum “gap”, another route
for fumigant entry, was ~40,000 nm.

. Molecule diameter Molecular area # molecules per pore
Fumigant rys
(nm) (nm?) (billions)

ethyl formate 0.557 0.2435 1.15

sulfuryl fluoride 0.259 0.0527 5.31

phosphine 0.255 0.0510 5.48

methyl bromide 0.221 0.0383 7.29

hydrogen cyanide 0.219 0.0376 7.42

1. Conclusions

SEM results indicate that fumigants will enter SLF eggs through respiratory pores as well as the
operculum “gap”. Results suggest that fumigation should be explored as a means to limit the spread
of SLF by the transportation of goods that harbor egg masses. Importantly for the forestry sector,
there is a profound history> of coupling fumigation with the transportation and trade of logs, wood
chips, bark, sawn timber, and ornamental trees, including the pine, fir, and spruce species associated
with Christmas. Once efficacious fumigation parameters have been identified, results will be
transferred to registrants, fumigation service providers, and regulators for commercial
implementation in the mid-Atlantic region of the U.S. and beyond as required.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Video S1: Time-lapsed recording of spotted lanternfly (SLF) (Lycorma delicatula)
(White) (Hemiptera: Pentatomidae) hatching. Video spans a period of 3000 seconds.
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