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Abstract
The grassland caterpillar is a signi�cant pest of alpine meadows in the Qinghai-Tibet Plateau. Its larvae
primarily feed on forage grasses, resulting in �nancial losses. However, little research has been done on
the morphological features of larvae of this species thus far. The distribution and habitat of Gynaephora
menyuanensis were extensively investigated in this instance through �eld study. Using an optical and
scanning electron microscope(SEM), the external morphology and ultramorphology of the last instar
larvaeof G. menyuanensiswere investigated. The �ndings indicate that this species is primarily found in
the northeast of Qinghai Province in alpine meadows at an altitude of 3,000–3,500 m. For the �rst time,
SEM is used to report more comprehensive morphological structuresof G. menyuanensis, including larval
head capsule, mouthparts, antenna, sensilla, thoracic legs, prolegs, and setae. The larvae have two
distinct color funnel warts (yellow and red) on abdominal segments VI and VII, which sets them apart
from other lepidopterous larvae. Additionally, the chaetotaxy of �rst instar larvae of G. menyuanensis
were studied and described in detail, identifying seven clusters(PD, D, SD, L, SV, V, CV) on the larval trunk.
This study offers a theoretical basis for phylogenetic analysis, the adaption evolution of G.
menyuanensis, and a systematic discussion of the application of morphological features of larvae to
classi�cation.

Introduction
The Lymantriinae family has approximately 2,500 species arranged in 360 genera, commonly called
tussock moths. During its larval stage, most Lymantriinae species are arboreal defoliators and frequently
polyphagous1,2. Some are signi�cant pests in agriculture and animal husbandry, such as Arna
pseudoconsperas Strand, Orgyis antiqua Linnaeus (vaporer or rusty tussock moth)3,4. Gynaephora is a
tiny genus belonging to the Lymantriinae subfamily, primarily found in the high mountainous areas of the
Northern Hemisphere and the Arctic tundra5,6. There are now 15 species of Gynaephora worldwide,
including eight in China7,8. Despite their allopatric distribution, the phylogenetics and species
delimitation in the genus Gynaephora have generated controversy5,7.

The endemic G. menyuanensis of the Qinghai–Tibet Plateau (QTP) has gained a reputation as a
devastating pest that harms the ecosystem of alpine meadows and the advancement of animal
husbandry8. More than 20 forage grasses, including Elymus nutans Griseb, Stipa capillata L., Artemisia
lancea Vaniot, Poa crymophila Keng, and Ceratoides latens Tourn, are consumed by its voracious larvae
in QTP, where infestations cause 20%–80% loss of alpine meadows loss and contribute to their
degeneration9. Remarkably, G. menyuanensis has evolved apparent morphological features in QTP to
adapt to low temperatures (low supercooling points) and high ultraviolet (UV) radiation (black bodies)10.
To survive in the harsh environment, grassland caterpillars overwinter as �rst instar larvae under
grassroots or cow dung. Several studies have revealed that many species have acquired morphological
features to adapt to their particular environments6. Most recent research has been on mitochondrial
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genes associated with the adaptive evolution of G. menyuanensis5. Nevertheless, very little is known
about the identi�cation, distribution, and detailed morphological features of G. menyuanensis.

The life history of holometabola insects, which signi�cantly in�uence the production and development of
agriculture and forestry, especially during the larval period11. Larvae avoid competition with other species
by occupying distinct ecological niches12. The morphology and feeding habits of larvae, the larvae of
holometabolous insects, are very different from those of adults13. Due to the high diversity
of morphological characteristics among groups, particularly in Lepidoptera, larval morphology might
yield useful features for insect taxonomic and phylogenetic analyses14. In recent years, the
morphological features of larvae have become more critical in the phylogenetic analysis of different
holometabolic insect groups15. The examination of the evolutionary history of this group is facilitated by
several characteristics proposed by Cardoso, including the presence of crochets in Smerinthinae and
Sphingidae, as well as the order of larval hair tufts16. Nonetheless, the larval morphology is relatively
inadequate compared to their adult forms.

To help safeguard the fragile ecosystems, our study used external morphology and molecular technology
to identify the larvae samples and determine their distribution over the Tibetan Plateau. Furthermore, we
used light and scanning electron microscopy to describe the morphology and chaetotaxy of G.
menyuanensis larvae for the �rst time, adding to the body of evidence for larval identi�cation and
illuminating the underlying defensive mechanisms of these grassland caterpillars.

Results

Identi�cation
The morphological features described by Yan are entirely comparable with the white and orange-red
markings on the abdominal intersegmental membrane of the last instar larvae of Gynaephora
menyuanensis, which also have black abdominal prolegs and an anterior pectoral backplane8 (Fig. S1).
Furthermore, there was a signi�cant decrease in the intraspeci�c genetic distances of 0–0.0012 (n = 20)
and the nucleotide similarity with the reference sequences of 99.8% compared to the inter-species genetic
distances of 0.03 of Lepidoptera17. The individuals acquired in our study are all members of the same
species, i.e., G. menyuanensis Yan et Chou (Lepidoptera: Lymantriinae), based on molecular and
morphological identi�cations.

Distribution and habitats
The primary distribution regions of G. menyuanensis are parts of Gansu (Minle, Sunan, and Jishishan)
and the northeastern alpine meadow areas of Qinghai (Menyuan, Qilian, Haiyan, Tianjun, Datong, Huzhu,
Ledu, Hualong, Xunhua, Tongren, Guide, Gonghe, Xinghai, Tongde, and Guinan) (Fig. 1A, B). The habitats
have an average height of more than 3,000 m, an average annual temperature of 0.6°C, and an annual
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precipitation of ~ 530 mm (Fig. 1). In particular, ~ 55% of the annual precipitation falls in June, July, and
August, corresponding to a typical continental plateau climate. The plant growth period spans
approximately 135 days annually. According to our �ndings, G. menyuanensis was more abundant near
streams (Fig. 1C), and (Fig. 1D) they primarily consumed high-quantity forage, including Gramineae and
Cyperaceae (Fig. 1D).

Morphology of the last instar larvae

The general body morphology
Gynaephora menyuanensis larvae in their last instar are usually eruciform, with a head, thorax, and
abdomen (Fig. S1A). With three pairs of thoracic legs, four pairs of abdominal prolegs, and one pair of
anal prolegs, its cylindrical trunk contains 13 segments (Fig. S1B, C). There are prominent hair tufts with
dense black setae covering the dorsal surface. With a pair of metathoracic spiracles and eight pairs of
abdominal spiracles on A1–A8, the respiratory system is of the peripneustic type. There is a pair of funnel
warts on abdominal segments VI to VII, a hallmark of the Lymantriinae family. The abdominal
intersegmental membrane of G. menyuanensis has white and red speckles that can be used to identify it
from other species of Gynaephora (Fig. S1B).

The head
With an inverted Y-shaped ecdysial line on the midcranium measuring 3.519 ± 0.52 mm (n = 60) in width
(Fig. 2A, B, D), the hemispherical and sclerotized head turns positive red with the increase of larva instar
(Fig. 2). There are a lot of bristles on the dorsal surface of the head (Fig. 2). Six pairs of protuberant
stemmata were symmetrically arranged behind the antennae (Fig. 2B, C). The antennae, which are
located laterally behind the mandibles, are divided into three segments: a well-developed basal scape
located in the antennal fossa, a longest pedicel, and a cone-shaped and the shortest �agellum at the end
of the pedicel (Fig. 3A).

The mandibulate variety of mouthparts includes a labrum, a pair of mandibles, a pair of maxillae, and a
labium (Fig. 3B). The clypeus, which has six pairs of setae on its external surface, is connected to the
labrum, which is a �at, medially notched structure (Fig. 3C). To assist the larvae in feeding the grass. The
labrum can move back and forth. The paired mandibles have complementary heavy sclerotization and
asymmetrical shapes (Fig. 3C). The cutting end has a pair of setae on the external surface and is wavy
with four sharp ends for shredding food (Fig. 3D). On the labium, the paired maxillae are symmetrically
positioned. Each maxilla’s primary purpose, comprising a cardo, stipes, galea, and a maxillary palp, is to
grab food and facilitate chewing. The center between the paired maxillae is covered in many triangular-
shaped spicules with sharp ends (Fig. 3E). A pair of labial palps and a spinneret are provided by the
labium (Fig. 3F). Silk is secreted from a hole at the top of the spinneret, a cuticle-covered tubular structure
that protrudes from the anterior of the labium.

Types of sensilla in the antenna and mouthparts
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The mouthparts under SEM reveal the morphological traits of four distinct types of sensilla (Figs. 4, S2;
Table 1):

Table 1
Morphological features of the sensilla on the antenna and mouthparts of the last instar larva of G.

menyuanensis.
Type of sensillum Length/µm Base width/

µm
Tip Wall

Sensilla trichodea I (Str I) 106.72 ± 9.97 11.11 ± 1.36 Trichoid Smooth

Sensilla trichodea II (Str II) 205.55 ± 
19.42

25.81 ± 1.97 Trichoid Smooth

Sensilla chaetica I (Sch I) 39.97 ± 3.25 13.01 ± 3.87 Sharp Smooth

Sensilla chaetica II (Sch II) 16.33 ± 2.23 6.41 ± 1.21 Sharp Smooth

Sensilla basiconica I (Sb I) 5.63 ± 2.08 4.51 ± 0.38 Blunt Oblique striation,
Porous

Sensilla basiconica II (Sb
II)

31.07 ± 2.83 15.22 ± 0.42 Blunt Smooth

Sensilla styloconica I (Ss I) 24.60 ± 1.34 12.86 ± 0.85 Blunt Smooth

Sensilla styloconica II (Ss
II)

19.98 ± 2.65 13.40 ± 1.76 Blunt Smooth, Porous

Sensilla trichodea (Str, two subtypes: Str I, Str II); Sensilla chaetica (Sch, two subtypes: Sch I, Sch II);
Sensilla styloconica (Ss, two subtypes: Ss I, Ss II); and Sensilla basiconica (Sb, two subtypes: Sb I, Sb II).

Located on the mouthparts of G. menyuanensis larvae in their last instar, Str are the most prevalent
sensilla. With an end that resembles hair, the Str I are located near the apex of the antennal pedicle. Str II
are more prolonged than Str I and located on the surface of the maxillae and apex of the antennal pedicle
(Fig. 4A; Table 1). At the midpoint, the Str II are helical.

Sch have two kinds, primarily located on the ventral side of the larval antennae: long Sch (Sch I) and
short Sch (Sch II). Sch I are found near the base of the antennal �agellum and maxillary galea, and they
progressively taper to the blunt tip with smooth cuticles. The Sch II are nearly perpendicular to the
antennal surface and are gathered on the antennal pedicle’s surface (Fig. 4B). Sch I and Sch II have mean
lengths of 39.97 ± 3.25 µm and 16.33 ± 2.23 µm, respectively, and the basal widths of 13.01 ± 3.87 µm
and 6.41 ± 1.21 µm, respectively (Table 1).

Ss can be divided into two types based on their shapes. Ss I have a smooth surface without any visible
wall pores at the top of the antennal �agellum and a thin and pointed cone protrusion at the blunt distal
points. Ss II have a smooth surface on the maxillary galea and a blunt tip papillary protrusion (Fig. 4C).
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The basal widths of Ss are 12.86 ± 0.85 µm and 13.40 ± 1.76 µm, respectively, and the mean lengths are
24.60 ± 1.34 µm and 19.98 ± 2.65 µm (Table 1).

The apex of the Sb is rounded and blunt. Sb I are found on the antennal �agellum’s surface and the
maxillary palp’s apex. The columnar Sb I have oblique striations and several tiny, uneven, wrinkle-shaped
pores at their blunt tips and hidden sockets. Longer and more robust than Sb I, Sb II is primarily located in
the maxillary basal fossa and antennal pedicel. The Sb II has sharp tips and smooth walls without
detectable depressions (Fig. 4D; Table 1).

Thoracic legs and prolegs
Three thoracic legs (Fig. 5A, B), each of the thoracic leg is composed with a coxa, femur, tibia, tarsus, and
pretarsus (Fig. 5C). The thickest coxa is covered with dense hair. The femur and longest tibia have several
setae on their lateral surfaces, whereas their anterior surfaces are usually glabrous. The tarsus is
subconical in shape and has two short setae, �ve short sensilla chaetica, and a terminally curved, pointed
pretarsus (Fig. 5D).

The unsegmented abdominal prolegs consist of proximal and distal bases and are located on abdominal
segments III and VI (Figs. 5E, S3). Several setae cover the lateral and mesal surfaces of the proximal base
(Figs. 5E, 6A, S3). Mesally, the planta are covered in dense microtrichia (Fig. 6D). The apical planta of
prolegs have 17–25 uniform crochets arranged in a mesal penellipse (Figs. 6A–D, S4). Except for the
number of crochets, the anal and abdominal prolegs have similar structures.

Setae on the trunk
The grass caterpillar larvae are covered by dense hair tufts, on where several setae insert (Fig. 7A, E). On
the last instar larvae, there are three main types of setae: needle-shaped, spiral-shaped, and penniform
(Fig. 7B, C, D). Compared to spiral-shaped setae, penniform setae are longer and have dense microtrichia.
When touched, the hollow setae can break readily and irritate the skin (Fig. 7F). In addition to helping the
larvae crawl and spread, the setae can be used to identify the taxonomic status of the larvae based on
the number and arrangement of their hair tufts.

Funnel warts
On abdominal segments VI to VII, the larval funnel warts display two distinct colors: red ( : n = 29a, : n = 
27a) and creamy yellow ( : n = 20a, : n = 21a) (Fig. 8A–D). The �ndings showed no correlation between
the gender of G. menyuanensis and the intraspeci�c color differences of funnel warts (χ2 = 0.003, P = 
0.956). The funnel warts have an oval, volcano-shaped aperture. At the proximal opening of the funnel,
furrows and a few secretions are visible (Fig. 8C, D). When viewed from within the larva, prominent
muscle insertion points may be seen at the bottom of the funnel, and many trichomes are visible only
inside. The larvae’s body will curl into a ball, and their versible osmeterium will expand outward to form a
papillary bulge in response to external stimulation. According to the ultrastructure, many well-developed
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secretory cells are connected to the hollow column-shaped organ dispersed across the gland’s surface
(Fig. 8E, F).

Chaetotaxy of the �rst-instar larvae
For the left side of the body, the chaetotaxy of the �rst larval trunk is shown (Figs. 9, S5). Chaetotaxy on
tathorax (T1–T3) and the abdominal segments 1–10 (A1–A10) show similar setal arrangement.

Prothorax (T1)

The prothorax bears an enormous prothoracic shield, on which are three setigerous tubercles: dorsal
cluster (D), subdorsal cluster (SD), and lateral cluster (L). With 22 setae, the dorsal cluster (D) is anterior
to the subdorsal cluster (SD). There are 20 setae on the lateral cluster (L) and 24 on the subventral cluster
(Table 2; Figs. 9, S5). Each seta is a single, equal-length stiff �lament that rises directly from the cluster.

Table 2
The number of setae in each segment and the
setigerous tubercle of the �rst instar larva of G.

menyuanensis.
Segments PD D SD L SV V CV

T1 / 22 24 20 / / /

T2-T3 / 22 12 14 9 / /

A1-A2 3 18 18 11 8 3 1

A3-A4 3 18 18 11 8 / /

A5-A6 / 18 18 11 8 / /

A7 / 18 16 11 8 3 1

A8 3 18 16 11 / 3 1

A9 / 18 16 8 / 3 1

A10 / 7 / 3 / / /

Meso- and meta- thorax (T2, T3)

In chaetotaxy, the meso- and meta-thorax are identical. The single bristle inserts on the dorsal cluster (D),
subdorsal cluster (SD), lateral cluster (L), and subventral cluster (SV). With 22 setae, the setae rising from
the dorsal cluster (D) are signi�cantly more noticeable than the rest. The subdorsal cluster (SD) and
lateral cluster (L) have 12 and 14 bristles, respectively. The subventral cluster (SV) has the smallest
number of setae, with 9 bristles (Table 2; Figs. 9, S5).

Abdominal segments 1 and 2 (A1, A2)
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Regarding chaetotaxy, the �rst two abdominal segments are the same in that they lack any appendages.
Very noticeable setae rise from the dorsal cluster (D) and subdorsal cluster (SD). With 3 setae, the
predorsal cluster (PD) is located anterolateral to the abdominal prolegs. With 11 setae, the lateral cluster
(L) is anterior to the prothoracic spiracle. There are 3 shorter setae in the ventral cluster (V) and 8 in the
subventral cluster (SV). On these segments, the central ventral seta (CV) is the shortest (Table 2; Figs. 9,
S5).

Abdominal segments 3 and 6 (A3–A6)

Except for the absence of the V and CV clusters, the morphology of the A3 and A4 segments is identical,
with �ve different types of clusters (PD, D, SD, L, and SV) that follow the same pattern as the A1 and A2
segments. A5 and A6 segments had the identical morphology as A3 and A4, with four types of clusters
(D, SD, L, and SV), except for the absence of predorsal cluster (PD) (Table 2; Figs. 9, S5).

Abdominal segment 7 (A7)

Segment A7, with six types of clusters (D, SD, L, SV, V, and CV), is similar to that in segments A1 and A2,
other than the absence of a predorsal cluster (PD) (Table 2; Figs. 9, S5).

Abdominal segment 8 (A8)

The setal arrangement and number of bristles originating from the predorsal cluster (PD), dorsal cluster
(D), subdorsal cluster (SD), lateral cluster (L), ventral cluster (V), and central ventral cluster (CV) on A8 are
the same as those on A1 and A2, except for the lack of a subventral cluster (SV) (Table 2; Figs. 9G, S5).

Abdominal segment 9 (A9)

The setae on A9 are comparably shorter, and the number of setae ascending from dorsal cluster (D),
subdorsal cluster (SD), ventral cluster (V), and central ventral cluster (CV) are identical to that on A8
except for the lateral cluster (L: 8) (Table 2). The predorsal cluster (PD) and the spiracle are lacking
compared to the setae layout on A8 (Figs. 9G, S5).

Abdominal segment 10 (A10)

The dorsal cluster (D) and the lateral cluster (L) are located on the dorsal sclerite of A10. Although the
dorsal cluster (D) has a large surface area, it only has seven bristles. The lateral seta (L) is located ventral
to the anal proleg with three setae (Figs. 9G, S5F).

Discussion
The most destructive pest of alpine meadows is Gynaephora menyuanensis, an indigenous species of
the Qinghai-Tibet Plateau that feeds on high-quality forage. The high density of larval distribution,
extensive occurrence area, and severe degree of injury result in the destruction of grassland vegetation,
pose a risk to livestock stomatitis and signi�cantly compromise livestock productivity while degrading
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alpine meadows6. For the �rst time, SEM and morphological observations were used to examine the
morphology of G. menyuanensis larvae in their last instar. The black setae trunk, positive redhead
capsule, and a pair of red or creamy yellow funnel warts on the abdominal segment (Fig. S1) identify the
larvae of the grass caterpillar from other larval genera. This unique morphology of the larvae is unique
among the Lymantriidae.

Insect sensilla are essential for sensing sex pheromones and plant volatile in the environment, courtship,
mating, and oviposition18–20. Through SEM observation, we were able to identify four types of sensilla
(Figs. 3, 4, S2; i.e., Sensilla basiconica, Sensilla chaetica, Sensilla trichodea, and Sensilla styloconica) on
the antennae and mouthparts of the mature larvae of G. menyuanensis. These types of sensilla are
morphologically similar to other Lepidoptera larvae that have been previously reported (e.g., Noctuidae21,
Papilionidae22, Carposinidae23, and Sesiidae24). We identi�ed two varieties of Sensilla trichodea in the
antennae and maxillae. Their smooth walls and tips, devoid of depressions, suggest a mechanoreceptor
function, and their positions suggest that these sensilla may be chemosensory receptors to taste food.
According to research on the antennal sensilla of Holcocerus hippophaecolus, the primary functions of
Sensilla chaetica is to sense physical and mechanical stimuli, choose which mechanical stimulation of
the external environment to apply, and coordinate the movement of the mouthparts25. Additionally, we
discovered that Sensilla basiconica (Sb I) are oblique striation-welled with many minute irregular wrinkle-
shaped pores at their blunt tips. These pores serve an olfactory purpose that aids larvae in searching for
and locating host plants26. Several studies have suggested that Sch are probably mechanoreceptors that
coordinate the movement of the mouthparts and monitor the texture of the food27. Various
morphological traits of Sensilla chaetia, Sensilla styloconic, and Sensilla basiconic have been observed
on the antennae in this study (Fig. 4). Together with olfactory receptors, these sensilla may be involved in
the movement of the maxillae and labium, and the detection of food or tunnel structure.

The prolegs are morphologically different among families, adapted to be highly strong and powerful in
Saturniidae and Sphingidae28 and deteriorated in Geometridae and some Noctuidae13. Three pairs of
thoracic legs, each with a sharp pretarsus terminally, are present in the �nal instar larvae of G.
menyuanensis (Figs. 5, S3). The strong thoracic legs of herbivorous insects can support the entire body
during feeding, and they also function as the center of movement when the larvae are resting on the
plant’s surface29. Moreover, the unsegmented prolegs of the last instar larvae feature 17–25 crochets,
while the �rst instar larvae only have four crochets (Figs. 6, S4). We assume that the morphological
features of the thoracic and abdominal legs could have something to do with the local environment and
host plants (Figs. 1, 5, S4). One primary characteristic that sets Lepidopteran larvae apart from other
polypod larvae is their crochets30. Our �ndings indicate that the number of crochets on G. menyuanensis
larvae increases progressively from the �rst to the last instar, which can be used to identify the larval
instars.

In Lepidoptera, setae are primarily seen on the head and trunk of the caterpillar31. The setae usually
specialized into stinging spines in Limacodidae32 or assembled as dense tufts as mimicry of some
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Arctiidae, Lasiocampidae, and Lymantriidae33. The larvae of G. menyuanensis are covered by large hair
tufts, which carry many setae. The hypothesis is that the venomous, itchy setae act as insulation against
the cold weather4. In QTP, the black setae may also shield G. menyuanensis from harmful UV radiation. In
particular, in QTP, where habitats cannot provide shelter, grass caterpillars’ setae, which are sensitive to
touch, substrate, and air-borne vibrations, transmit mechanosensory information that includes
intraspeci�c communication between individuals or early warning of the approach of enemies such as
parasitoid wasps that wish to lay their eggs on or into their bodies.

Red or creamy yellow funnel warts are present on the last instar larvae of G. menyuanensis (Fig. 8). This
is a valuable and unusual defense mechanism; when the larvae are stimulated externally, their bodies curl
into a ball, and their versible osmeterium emerges as a papillary bulge. Through the use of SEM, Deml
and Dettner examined the morphology of the funnel warts of four lymantriid species: Lymantria dispar, L.
monacha, L. concolor, and L2 larvae of Euproctis chrysorrhoea34,35. An exceptionally high potential exists
for classifying the connections among the Lymantriidae based on the morphology of the funnel warts36.
The authors realized the funnel warts are essentially ori�ces of exocrine glands that secrete the
substance. Chemical analyses of the secretions of the above-mentioned Lymantria spp. revealed that
they contain several aromatic compounds (e.g., benzaldehyde and phenylacetaldehyde), N-containing
compounds (e.g., pyrazines, 2-pyrrolidinone and nicotine), organic acids, and other chemicals such as
glycerol and isopropyl myristate37,38. The secretions may work as a chemical defense against enemies,
enhancing the protective properties of the hair tufts that cover many Lymantriid larvae39. Meanwhile, we
discovered that gender had no bearing on the variation in color of G. menyuanensis funnel warts. Thus,
more investigations are needed to determine the underlying molecular mechanism of the color change of
the funnel warts and its application in the integrated pest management of this grass caterpillar.

Materials and methods

Insect collection and rearing
The grassland caterpillar occurrence sites in Qinghai and Gansu Provinces were examined every 6 days
from March to August 2023 (Fig. 1). The larvae in their �rst and last instars were housed in the Qinghai
University laboratory after being placed in plastic boxes (diameter 4 cm, height 12 cm), according to the
sampling areas. All the samples were kept in an incubator at 18.0°C ± 2.8°C and a relative humidity 60% ±
10%. Seedlings of Stipa capillata L. and Artemisia lancea Vaniot were purchased from Suqian Verdara
Green Engineering Co., Ltd., China, and cultivated in the green house of Qinghai University until the forage
grasses grow to 20cm. The fresh grasses were fed to the grassland caterpillar larvae, and daily records of
the molting time and pupation time were made40.

Identi�cation
The larvae samples were identi�ed by external morphology and molecular technology. Using the Biospin
insect genomic DNA extraction kit (Bioer Technology Co., Ltd., Hangzhou, Chian), 13 last instar larvae
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from each sampling location were selected, and the DNA was extracted. Cytochrome c oxidase subunit I
(COI: LCO1490-GGTCAACAAATCATAAAGATATTGG, HCO2198-TAAACTTCAGGGTGACCAAAAAATCA) was
ampli�ed41. A total of 25 µL was used in the polymerase chain reaction (PCR) system. The procedures
were initial denaturation at 95°C for 2 minutes, then 95°C, 30 seconds, 30 cycles, followed by annealing at
52°C for 1 minute, extension at 72°C for 1 minute, and �nally extension at 72°C for 10 minutes. To
con�rm that the PCR results were the intended target fragments, the products were identi�ed using 1.0%
agarose gel electrophoresis. For sequencing, Shanghai Sangon Biological Engineering Technology
received the quali�ed DNA products. Sequence chromatograms were aligned in Clustal X v2.0.21 after
being examined with Chromas Pro v2.23 (Technelysium Pty Ltd., Australia)42. BioEdit v7.0.9.0 was used
to manually remove the gappy columns at the beginning and end of the alignment43. Using MEGA v6 to
compute the genetic distance between interspecies, the nucleotide similarity with reference sequences—
obtained by retrieving DNA barcode data from the Barcode of Life database (BOLD Systems v4,
www.boldsystems.org)—was determined44. The grassland caterpillar COI sequences used in this study
were entered into the GenBank database under the accession numbers PP238621–PP238625. The
reference sequences were downloaded from the GenBank database (accession numbers KF887535–
KF887540).

Morphological observation
Gynaephora menyuanensis larvae in their �rst and last instars were washed with 0.1 mol/L (pH = 7.4)
phosphate buffer and dried at room temperature. A Nikon SMZ1500 stereomicroscope (Nikon
Corporation, Tokyo, Japan) was used to examine the external morphology of the specimens and a
Scienti�c Digital micrography system equipped with an Auto-montage imaging system and a QIMAGING
Retiga 4000R digital camera (QImaging, Surrey, BC, Canada) was used to take photographs.

The larvae in their �rst and last instars were �xed in hot Dietrich’s solution (formalin: 95% ethanol: glacial
acetic acid: distilled water = 6:15:1:80, v/v) for the scanning electron microscope. They were then allowed
to stand for 24 hours at room temperature under a fume hood before being preserved in 75% ethanol45.
After being dehydrated for 20 minutes in a series of ethanol baths (30%, 50%, 70%, 80%, 90%, 95%, and
100%), larvae were freeze-dried for 4 hours, sputter coated with gold, and studied under a scanning
electron microscope (JEOL 7900F) at 5 kV46.
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Figure 1

Distribution, habitats, and host plants of G. menyuanensis. (A) Distribution in China; (B) collection sites;
(C) habitats; (D) feeding on host plants.
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Figure 2

Light micrograph and scanning electronmicroscopy of heads of the last instar larva ofG. menyuanensis.
(A) Frontal view light microscopy; (B) anterior view; (C) lateral view; (D) dorsal view. an: antenna; cls:
clypeus; el: ecdysial line; lbr: labrum; lp: labial palp; mn: mandible; st: stemmata; s1–s6: stemma.
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Figure 3

Mouthparts of the last instar larva of G. menyuanensis. (A) Light micrograph of frontal view; (B)
Scanning electron microscopy of the frontal view: (C) clypeus and labrum; (D) left mandible; (E) maxillary
palp and galea; (F) spinneret and labial palp. an: antenna; cls: clypeus; co: condyle; ga: galea; lai: labium;
lbr: labrum; lp: labial palp; mn: mandible; mp: maxillary palp; mx: maxilla; sp spinneret; T1–T4: tooth; Sp:
spicule.
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Figure 4

Sensilla in the antenna and mouthparts of the last instar larvae of G. menyuanensis. (A) Antenna; (B)
sensilla in the �agellum; (C) sensilla in the maxillae; (D) sensilla in the maxillary palp. �a: �agellum; ga:
galea; mp: maxillary palp; mx: maxilla; ped: pedicel; sca: scape; Sb: sensilla basiconica; Sch: sensilla
chaetica; Ss: sensilla styloconica; Str: sensilla trichodea.
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Figure 5

Thoracic legs and prolegs of the last instar larvae of G. menyuanensis. (A) Light micrograph of the last
instar larva; (B) three pairs of thoracic legs; (C) a pair of thoracic legs; (D) pretarsus magni�cation; (E)
abdominal prolegs; (F) anal prolegs. al: anal prolegs; cx: coxa; fe: femur; pl: prolegs; pr: pretarsus; ta:
tarsus; ti: tibia; tl: thoracic legs.
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Figure 6

Abdominal and anal prolegs of the last instar larvae of G. menyuanensis. (A) Abdominal prolegs
magni�cation; (B) planta; (C) anal prolegs magni�cation; (D) anal prolegs crochets. al: anal prolegs; cb:
coronal blisters; cr: crochets; pl: planta; sc: subcorona.
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Figure 7

The setae of the last instar larvae of G. menyuanensis. (A) Hair tufts; (B) penniform seta; (C) needle-
shaped seta; (D) spiral-shaped seta; (E) setae plexus; (F) hollow setae magni�cation. ht: hair tufts; ns:
needle-shaped setae; ps: penniform setae; and ss: spiral-shaped setae.
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Figure 8

Funnel warts of the last instar larva of G. menyuanensis. (A) Yellow funnel warts; (B) red funnel warts; (C)
yellow funnel warts light micrograph; (D) red funnel warts light micrograph; (E) Funnel warts scanning
electron microscope; (F) funnel warts magni�cation. fw: funnel warts; fwa: funnel wall.
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Figure 9

The distribution diagram of the cluster of the �rst instar larva of G. menyuanensis. (A) First instar larva
light micrograph; (B) �rst instar larva scanning electron microscope: (C) dorsal cluster; (D) subdorsal
cluster; (E) lateral cluster; (F) subventral cluster; (G) �rst-instar larva chaetotaxy. D: dorsal cluster; PD:
predorsal. cluster; SD: subdorsal cluster; L: lateral cluster; SV: subventral cluster; V: ventral cluster; CV:
central ventral cluster; Sp: spiracle; T1: prothorax; T2, T3: meso- and meta-thorax; A1–A10: abdominal
segment.
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