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Ophiocordyceps sinensis is an entomopathogenic fungus that infects ghost moth larva, forming the most valuable
and rare traditional Chinese medicine, Chinese cordyceps. Our knowledge of the basic morphology and developmental biology of Chinese cordyceps is limited. In this study, morphological and ultrastructural observations
of O. sinensis development in the hemocoel of Thitarodes xiaojinensis were obtained by multiple light and electron
microscopy techniques, and the host immune reaction activities were determined. Our results indicated that
fungal cells in the host hemocoel underwent morphotype transformations from blastospores to prehyphae to
hyphae in sequence. The fusiform yeast-like blastospores were the initial cell type present in the host hemocoel
and remained for 5 months or more; the encapsulation reaction and phenoloxidase activity of T. xiaojinensis
hemolymph were inhibited during this period. When larvae entered the last instar, the blastospores switched to
prehyphae and expanded throughout the host tissues, and then hyphae germinated from the prehyphae and
mycelia formed, which finally led to host death. Considering the distinct differences between blastospores and
hyphae, we identified prehyphae, which play important roles in fungal expansion, hyphae germination, and
fusion formation among filaments. Notably, the elongation of prehyphae was strongly presumed to occur
through fission but without separation of the two sister cells, in contrast to blastospore budding. During the
morphotype transformation, the amount and composition of lipid droplets changed greatly, suggesting their
important roles in these events. Overall, we provide a morphological and ultrastructural characterization of O.
sinensis vegetative development within the hemocoel of T. xiaojinensis, identify and name the prehypha fungal
cell type in entomopathogenic fungi for the first time, and conclude that O. sinensis infection causes sustained
immunosuppression in T. xiaojinensis.

1. Introduction
Chinese cordyceps is a well-known valuable and rare traditional
Chinese medicine in China and East Asia and is believed to have many
pharmacological functions, such as antibacterial, antitumor, antioxidant, and immunomodulatory (Liu et al., 2015; Wong et al., 2007;
Zhou et al., 2014). The distribution of Chinese cordyceps is confined to
the Tibetan Plateau around the altitudes from approximately 3000 m up
to the snow line (Li et al., 2011; Xia et al., 2015). The natural product
Chinese cordyceps used for medicinal applications is actually the
fruiting body of an entomopathogenic fungus, Ophiocordyceps sinensis
(Hypocreales: Ophiocordycipitaceae), together with the cadaver
mummy of its infected host, a lepidopteran worm in the genera of

Hepialus and Thitarodes (Lepidoptera: Hepialidae) that lives beneath the
meadow of the same area (Nielsen et al., 2000; Wang and Yao, 2011).
O. sinensis utilizes the whole body of its host as a substrate to complete
its development.
The cryptic life cycle, high medicinal value, extremely high prices
(reaching as high as USD 60,000 per kg in 2015 (Lei, 2015)), and difficulty of artificial cultivation (Qin, 2018) make Chinese cordyceps a
focus of many researchers. Although much effort has been devoted to
cultivation since the late 1970s, only a few institutions and companies
have achieved limited success until recently, including our research
team (Qin, 2018). Due to the difficulty of establishing a laboratory
model of this fungus and its host, studies of Chinese cordyceps were
mainly on the fungus and its host separately, such as the isolation,
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sinensis conidia suspension (108 conidia/mL) for 30 s. Control larvae
were similarly treated with water plus 0.1% Tween 80. After treatment,
the larvae were individually transferred to plastic cups with carrots and
kept in a rearing chamber at 14 °C. During this period, host hemolymph
was collected weekly, monthly or irregularly to monitor the development of fungus and the number of hemocytes. For each type of microscopy, sample preparation and microscopic examination were performed more than ten times. For the counting of the number of fungal
cell and hemocytes, 20 replicates were performed.

identification and genetic analysis of O. sinensis (Li et al., 2019; Xu
et al., 2013; Zhang et al., 2013; Zhang et al., 2009; Zhong et al., 2018),
the characterization of active ingredients and pharmacological mechanisms for human wellness (Shashidhara et al., 2013; Yang et al.,
2011; Zhao et al., 2014), the fermentation and large-scale production of
mycelia, and the biology and physiology of ghost moths (Leung and
Wu, 2007; Meng, 2019; Ni, 2018; Tao, 2016; Wang, 2015; Yue et al.,
2013; Zhu, 2016, 2019), rather than on the interaction and/or correlation between the two. Therefore, a large number of basic biological
issues related to the relationship between O. sinensis and its host insect
have not been addressed, including how this fungus invades the host
larvae and completes its development (Zhou et al., 2014). These issues
are crucial for uncovering the mystery of Chinese cordyceps, and answers would further be beneficial for its artificial cultivation (Shrestha,
2010; Zhang, 2008).
As an adaptation to the alpine environment, both O. sinensis and
ghost moths are psychrophilic, with optimum temperatures of 15–18 °C
and 8–15 °C, respectively (Dong and Yao, 2011; Liu et al., 2007; Yue
et al., 2013). In our investigation, to complete its life cycle, the ghost
moth Thitarodes xiaojinensis needed 3–5 years in the wild and approximately 1 year in the laboratory at an optimum temperature of
14 °C. After successful infection of the ghost moth larva, O. sinensis
usually kills the host larva in 5–12 months at 14 °C and further generates a cadaver mummy in the laboratory, while a broad-spectrum
entomopathogenic fungus, Paecilomyces farinosus (Isaria farinosa), could
kill a ghost moth larva in only 2 weeks at the same temperature (our
observation). The extremely long duration of the coexistence of the
parasite and its host makes it time consuming to study the development
of the fungus in vivo, but this specific long and intense parasitic relationship may also imply some unique fungal development patterns
and host immune interactions, which possess theoretical significance
and deserve efforts to reveal.
In this work, we investigated the developmental processes of O. sinensis in the hemocoel of the larvae of ghost moth T. xiaojinensis from
blastospores to mycelia in detail by morphological and ultrastructural
observation. In addition, the host immune responses and activity under
fungal infection were also explored. Our study clarified the morphotype
transformations from blastospore to prehypha and hypha and, in particular identified and characterized the prehyphal fungal cell type for
the first time in entomopathogenic fungi where hyphae will germinate
and fusions among filaments occur. The host immune responses were
inhibited throughout the infection. This research may offer new insights
to the in vivo development of entomopathogenic fungi and their interaction with the host. Specifically, uncovering the basic developmental
biology of O. sinensis will facilitate related future works in both basic
and applied research, including the artificial cultivation of Chinese
cordyceps.

2.3. Phase contrast microscopy (PCM)
Gross changes in the appearance of the fungus in the infected larvae
were monitored under PCM with a 10× eye lens and 40× objective
lens. The larval proleg was pricked with a fine needle, and outflowing
hemolymph was dropped onto a glass slide, observed under PCM, and
photographed immediately. Smear samples of fat body tissue were
subjected to a similar observation method.
2.4. Scanning electron microscopy (SEM).
To monitor morphological aspects of the fungal cells, 10 μL of hemolymph or approximately 1 mm3 of fat body was sampled and washed
3 times with 0.2 M phosphoric acid buffer (PB, pH = 6.8). The samples
were fixed in 2.5% glutaraldehyde overnight at 4 °C, washed with
deionized water 3 times for 4 min, 5 min, and 6 min each by centrifugation (3000 rpm, 5 min), and dehydrated through a 50%, 70%,
85%, 95%, and 100% ethanol gradient and three rounds in 100%
ethanol (15 min each). The ethanol was then displaced by liquid carbon
dioxide, and the samples were dried using a cpd030 critical point
drying apparatus followed by sputter coating with gold. Micrographs
were taken using a Hitachi SU8000 series scanning electron microscope
(Hitachi, Japan).
2.5. Laser scanning confocal microscopy (LSCM).

2. Materials and methods

Hemolymph (20 μL) (≈6 * 108 blastospores/mL) or approximately
1 mm3 of fat body obtained from infected larvae in different infection
stages was washed 3 times with 0.2 M phosphate-buffered saline (PBS,
pH = 6.8). The fungal nuclei were stained with DAPI (blue fluorescence), the chitin components of the cell wall were stained with
Calcofluor White M2R (green fluorescence), and lipid droplets within
the cells were stained with Nile red (red fluorescence). In detail, fungi
in the hemolymph or fat body tissues were stained with DAPI and
Calcofluor White M2R (v/v = 1:1) for 30 min at 37 °C and washed with
PBS 3 times. Then, the samples were suspended in 20% dimethyl sulfoxide solution at 40 °C for 20 min, stained with Nile red for 5 min and
washed with PBS 3 times. The treated samples were dropped onto a
slide and observed under LSCM (Zeiss LSM710, Germany).

2.1. Insect rearing and fungal culture

2.6. Transmission electron microscopy (TEM)

The colony of the host insect T. xiaojinensis was originally obtained
from alpine meadows in Xiaojin County, Sichuan Province, China, and
subsequently maintained in the laboratory for three generations. Larvae
were fed carrots at 14 °C and 60% relative humidity, and fifth instar
larvae were used for infection. O. sinensis was isolated from fresh
Chinese cordyceps collected in Xiaojin County in Sichuan Province and
identified by a ribosomal DNA internal transcribed spacer. The fungus
was cultured and maintained on potato dextrose agar at 18 °C. The
conidia were scraped from the surface of the culture medium and suspended in 0.1% Tween 80 solution (v/v) as the inoculum.

The samples collected at different times were fixed with 2.5% glutaraldehyde and 0.5% paraformaldehyde in PIPES buffer (Profant et al.,
1999) immediately and stored at 4 °C overnight. After washing with
distilled water 5 times, the enriched O. sinensis fungal cells were added
to 45 °C melted low-gelling-temperature agarose, cooled on ice and
diced into 1 mm3 pieces. Agar blocks were postfixed in 1.5% potassium
permanganate in the same buffer for 1 h in the dark. After five washes
in distilled water, agar blocks were dehydrated in ice-cold acetone by a
gradient of 30%, 50%, 70%, 85%, and 95% and further dehydrated in
three rounds at 100% acetone (5 min each). Samples were infiltrated in
resin: acetone = 1:3 (0.5 h), 1:1 (1 h), and 3:1 (1.5 h) until the resin
concentration gradually increased to 100% in 24 h. The infiltrated
samples were transferred to embedding capsules containing resin and
hardened at 60 °C for 24 h prior to sectioning to 50 nm. Ultrathin serial

2.2. Host inoculation and fungal sampling
Groups of 100 fifth instar ghost moth larvae were immersed in O.
2
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sections were mounted on copper grids, stained with uranyl acetate for
30 min and lead citrate for 5 min at room temperature, and finally
washed with distilled water. They were examined and photographed
using a transmission electron microscope (Tecnai G2 F20 TWIN TMP,
Holland) operating at 200 kV.

underwent an exponential growth phase between 1 week and 2 months,
with cell numbers doubling every week in the hemolymph, and then
maintained a stable level of 6 × 108 hemocytes/mL (Fig. 1C). The total
hemocyte counts in the Ringer’s control T. xiaojinensis larvae (Tx-CK)
remained somewhat constant, fluctuating around a value of 5 × 106
cells/mL in the hemolymph. In comparison, the hemocytes in O. sinensis-infected larvae (Tx-Os) gradually decreased throughout the process (Fig. 1D).

2.7. In vitro encapsulation assay
We conducted the in vitro encapsulation of chromatography beads as
described in a previous study (Yua and Kanostb, 2004). To compare the
encapsulation ability of the infected and uninfected larvae (MOCK1, the
control group of BP; MOCK2, the control group of BS), 20 μL of hemolymph was collected from either fifth or seventh instar T. xiaojinensis
larvae, corresponding to the proliferative stage (BP) and stationary
stage (BS) of blastospores, and suspended in 100 μL of Insect-XPRESSTM
serum-free medium with saturated 2-phenylthiourea (PTU). Suspensions of Sephadex DEAE A-50 chromatography beads (approximately
30–50 beads) were incubated with hemocytes from three or four larvae
in Insect-XPRESSTM medium in a 1.5 mL tube at 14 °C with slow rotation overnight. Subsequently, all beads were observed and photographed under a phase contrast microscope. The encapsulation assay
was performed in triplicate. Additionally, hemocytes and blastospores
from each larva were counted and recorded, with a total of ten replicates.

3.1.2. Classification of the developmental stages of O. sinensis in the host
hemocoel.
Morphology and ultrastructure observation showed that the entire
developmental process of O. sinensis in the hemocoel of T. xiaojinensis
could be divided into three stages, namely, the blastospore, prehypha,
and hypha, which were named after the typical fungal cell types. The
detailed characteristics of various fungal cell types are summarized in
Table 1.
3.1.2.1. Blastospore stage. After successful invasion into the host
hemocoel, O. sinensis exists as unicellular blastospores for 5 months
or more. Depending on whether they are actively proliferating,
blastospores are further divided into proliferative (BP) and stationary
(BS) stages.
3.1.2.1.1. Proliferative blastospore. Upon reaching the nutrient-rich
hemolymph, the blastospores underwent extensive growth during the
first 2 months (Fig. 1C). During this period, blastospores showed a dark
fusiform appearance under PCM and frequent budding could be
observed from one end of the cells (Fig. 2A). SEM images also
showed that the blastospores were actively budding and that their
surfaces were smooth (Fig. 2B). LSCM with DAPI staining showed that
the blastospores were all mononuclear during this stage (Fig. 2C). In the
sprouting buds, both the parent cell and the daughter cell, which would
subsequently separate into two blastospores, each had one nucleus
(Fig. 2D). Nile red staining showed the presence of lipid droplets (LDs)
(Fig. 2D), which were also observed in TEM images (Fig. 2E, F). TEM
images also showed that LDs at this stage contained large amounts of
electron dense materials (Fig. 2E, F). A bilaminar cell wall with a
thickness of 100–120 nm was clearly observed in BP by TEM (Fig. 2F).
The outer layer was electron dense, indicated by the dark color,
whereas the thicker inner layer was electron transparent, indicated by
the light color.
3.1.2.1.2. Stationary blastospore. Over 2–3 months of proliferation
and growth, the blastospores accumulated in the hemocoel, achieving a
threshold density of approximately 6 × 108 blastospores/mL
hemolymph. The blastospores then entered the stationary phase, and
the blastospore density was maintained at this level (Fig. 1C). Because
of this extremely high concentration of blastospores in the hemocoel,
the infected larvae showed a whitish appearance compared with the
uninfected control, and their hemolymph was a milky turbid liquid
instead of transparent. The blastospores at this stage were fusiform with
two slightly blunted ends compared with cells at the BP stage and were
characterized by their bright-light appearance under PCM (Fig. 3A).
SEM revealed that the surfaces of the blastospores were smooth, as in
the proliferative stage (Fig. 3B). DAPI staining showed that the BS cells
were still mononuclear (Fig. 3C). The LSCM (Fig. 3D) and TEM (Fig. 3EF) images revealed that the blastospores were filled with LDs. The
amount/number of lipid droplets during the BS stage was much higher
than during the BP stage, and the TEM images showed decreased
electron dense materials. TEM also showed that the stratification and
thickness of the cell wall were the same as those in the budding
blastospores (Fig. 3E).

2.8. Phenoloxidase activity measurement
Phenoloxidase (PO) activity was measured according to the method
described previously (Qiao, 2014). Briefly, plasma samples were collected from infected T. xiaojinensis larvae and from the corresponding
uninfected control group at the BP and BS stages. Ten microliters of
hemolymph plasma (diluted ten times with Ringer’s [pH 7.5]) was
added to a 1.5 mL tube containing 5 μL of Ringer’s (control) or 5 μL of
Saccharomyces cerevisiae (elicitor), and the tubes were incubated on ice
for 15 min. After incubation, these plasma samples were transferred to
separate wells of a 96-well plate, after which 200 µL of 10 mM dopamine (dissolved in 50 mM sodium phosphate buffer [pH 6.5]) was
added to each well. The absorbance at 470 nm was monitored once
every 2 min for 1 h using a SpectraMax i3 microplate reader. One unit
of PO activity was defined as ΔA470 = 0.001/min. The assay was performed in triplicate, and each replicate consisted of three or four independent tests.
2.9. Data analysis
Statistical analysis was performed and graphs were created using
GraphPad prism 7. Independent sample t-tests were used to analyze the
significance of differences between treatments and controls. Differences
with a P-value less than 0.05 were considered statistically significant for
all treatments.
3. Results
3.1. The vegetative development process of O. sinensis in T. xiaojinensis
larvae
3.1.1. Pathological process
No obvious differences in appearance, movement, or feeding behavior were observed between the ghost moth larvae infected with O.
sinensis and the uninfected controls. When the host larvae entered the
last instar, usually 5 months to 1 year after inoculation, the infected
larvae showed slow movement and less feeding before death, and death
or mummification occurred with no obvious changes on the surface of
the larvae (Fig. 1A, B).
Observations of the in vivo replication of O. sinensis in T. xiaojinensis
revealed a tightly orchestrated developmental process. The blastospores

3.1.2.2. Prehypha. When the ghost moth larvae entered the last instar
stage, after approximately 2 months or more of the BS stage, the fungal
cells entered an intermediate state between the mononuclear
blastospores and the multinuclear filamentous hyphae. Considering
3
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Fig. 1. The infection process of O. sinensis
within host hemocoel. (A) Dead T. xiaojinensis larva, mummified by O. sinensis infection, with no other changes on the surface of
the larva compared with the healthy control
larva. (B) Uninfected control larva of T.
xiaojinensis at last instar. (C) The growth
curve of O. sinensis blastospores in the hemocoel of the host T. xiaojinensis larvae. (D)
The change curve of hemocytes in healthy
(Tx-CK) and infected (Tx-Os) T. xiaojinensis
larvae. The bar represents the means of 20
replicates (count ± SD).

greater than that of both blastospores and hyphae and was more than
twice that of hyphae germinated later (Fig. 4L).

the significant distinctions in occurring time, morphology, substructure
and proliferative/elongation patterns among this intermediate fungal
cell type and those of blastospores and hyphae, we identified and
named the pod-like fungal cell chains at this stage prehyphae (PreHy),
which also implied that hyphae would germinate from them.
PreHy were swollen, pod-like multinuclear segmented filaments
that were separated by septa (Fig. 4A–D). Initially, several swollen, podlike fungal cells were found in one of our samples (Fig. 4A), and DAPI
staining showed that these cells were multinuclear (Fig. 4B). This important morphological transition suggested that the O. sinensis blastospores were entering a new developmental stage. Afterwards, most
fungal cells swelled and elongated, changing from a fusiform shape to
pod-like chains (Fig. 4C, D). During this stage, the fungal cells appeared
bright under PCM (Fig. 4A, C). Under SEM, the surface of the PreHy was
smooth. The positions of the septa were constricted, making the PreHy
appear to be gourd shaped. Some septa bulged on the surface (Fig. 4D).
Most filaments (fungal cells) contained four segments separated by
three septa, while some had eight segments with seven septa (Fig. 4E,
F). The red fluorescence-labeled LDs stained by Nile red could be distinguished as small spherules fully distributed in the PreHy under LSCM
(Fig. 4E, F). In TEM images, the electron dense materials in the LDs had
completely disappeared (Fig. 4G-K). At this stage, the thickness of the
cell wall increased to 160–200 nm. Intriguingly, we observed that there
was a typical single pore in the middle of the diaphragm between two
segments and Woronin bodies distributed onto both sides (Fig. 4G),
indicating material exchange between the two sides.
Based on the TEM, the nucleus was observed to be initially located
at the center of the fungal cell (Fig. 4H) before undergoing morphological changes through nuclear division (Fig. 4I). Fig. 4F shows two
nuclei in one segment. Finally, with the septum formed, the divided
nuclei relocated to the centers of the segmented sister fungal cells
(Fig. 4J-K). Supplemented with the series of morphological changes in
various sizes and shapes of PreHy (Fig. 4D), we hypothesized that the
elongation of prehyphal cells originated from fission, with the formation of septa but without division. No germination or branches were
observed at this stage. The width of prehyphal cells was significantly

3.1.2.3. Hypha. Prior to the death of the host, the PreHy in the
hemocoel germinated and invaded the host tissues, including fat
bodies, muscles and integument, causing the host to die and
mummify. Slender hyphae (Hy) germinated from the PreHy, among
which fungal coalescence was frequently observed. Hemolymph
(Fig. 5A, B) and a small piece of fat body tissue (Fig. 5C) excised
immediately upon death of larvae were observed under PCM. Some of
the germinated PreHy interlinked, and parts of the cell walls fused to
form “H”-shaped connections. At this stage, the larval fat bodies and/or
muscles were fully occupied by mycelia (Fig. 5D–F), making it
impossible to distinguish the internal structure of the larva. Under
LSCM, blue fluorescence was emitted by DAPI-stained nuclei (Fig. 5G),
and red fluorescence was emitted by Nile red-stained LDs (Fig. 5I, J).
The LDs observed in TEM images became scattered and amorphous
(Fig. 5K, J). The connections could occur at any position of the PreHy,
e.g., terminal to terminal (Fig. 5B, C), terminal to middle (Fig. 5I) and
middle to middle connections (Fig. 5A, G), and these bridges could be
two-way (Fig. 5I) or even three-way (Fig. 5C). Hy could germinate from
either the fragment terminal (Fig. 5I, J) or the middle fragment
(Fig. 5H) of PreHy and then form branches. TEM showed that the cell
nuclei were located near the top of the fungal cells where the
germinating tubes formed (Fig. 5K), and the dividing nuclei occurred
at the germinating site (Fig. 5L). Therefore, the nucleus division pattern
in the first cycle of the germinating tube was different from the
symmetric fission style of the PreHy.
3.2. Parasitism of O. sinensis inhibits the host encapsulation and
melanization
The encapsulation assay showed that 47.9% ± 3.2% of the control
beads encapsulated by hemocytes from the MOCK group (including
MOCK1 and MOCK2; there was no difference in encapsulation rate), a
significantly higher amount than in the BP group (12.4% ± 3.6%),
4
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while no hemocytes were attached to the BS group, suggesting that
infection with O. sinensis inhibited the T. xiaojinensis immune system
(Fig. 6A, B). In the T. xiaojinensis larvae with O. sinensis in BP, the
number of blastospores was significantly lower than in BS, and the
number of hemocytes was significantly lower than in MOCK but significantly higher than in BP (Fig. 6C), which was consistent with the
results from Fig. 1. We further examined the PO activity to analyze the
effect of O. sinensis infection on melanization. The results showed that
PO activity was low in the hemolymph from the healthy larvae and
significantly increased after the addition of S. cerevisiae. However, PO
activity in the hemolymph of O. sinensis-infected larvae remained low
even when S. cerevisiae was present (Fig. 6D).

Fusiform with two slightly blunt ends.
Pod-like, fragmented filament with constrictions, no
branching.
Fragmented filament with parallel walls.
Width = 1.4–1.75

The host hemocoel is the most important site for the proliferation
and growth of entomopathogen fungi. Our work clarified the fundamental development process of O. sinensis in the hemocoel of ghost
moth larvae. During the process, the fungal cells underwent morphotype transformations from blastospores to prehyphae and finally to
hyphae in turn. Blastospores are mononuclear cells located in the host
hemolymph. After 2–3 months of quick proliferation, the number of
blastospores reached a threshold density of 6 × 108 blastospores/mL,
and then proliferation nearly stopped, at probably the highest density of
fungal cells within a larval hemocoel. During the stationary stage, the
number of blastospores did not increase, but many changes occurred
within the blastospores, such as lipid droplet accumulation, to prepare
for the morphological transition. When the host larva reached the last
instar, the fungal morphotype changed significantly into prehyphae.
With increased width and extended length, the prehyphae expanded
throughout the host tissues. Then, the hyphae germinated uniformly
from the prehyphae, fusion among prehyphae fragments occurred frequently, and mycelia formed, leading ultimately to the death of the host
larva.
Pseudohyphae are commonly found in yeast (Gancedo, 2001). Here,
we identified and named a similar fungal cell type “prehyphae” in an
entomopathogenic fungus. Both pseudohyphae in yeasts and prehyphae
in O. sinensis are segmented multicellular filaments with larger widths
than hyphae, and have constrictions between segments (Sudbery et al.,
2004). However, the elongation mechanism differs. In yeast pseudohyphae, the elongation mode is through budding, which is the same as
the proliferation mode of blastospores (Sudbery et al., 2004). In the
prehyphae of O. sinensis, karyokinesis precedes cytokinesis, as observed
in Candida albicans hyphae (Sudbery et al., 2004). In Schizosaccharomyces pombe, single-septum cells grow through tip extension and divide through medial fission. Later, asymmetrical growth occurs, followed by septum generation (Goyal et al., 2011; Navarro et al., 2012;
Osumi et al., 2006; Sowend and Alker, 1987). The prehyphae of O. sinensis adopt a different mode of propagation/elongation with blastospore budding. Questions such as how this mode of propagation/
elongation evolved, what its significance in evolution was, and whether
this mode of propagation/elongation occurs in other entomopathogenic
fungi have arisen. This special mode of growth in prehyphae worthy of
thorough investigation.
During the fungal vegetative development process, great changes
occurred in the LDs. From the blastospore to the prehyphal stages, the
number of LDs increased until the fungal cells were completely filled.
During the accumulation of LDs, the electron-dense materials inside
them decreased until they completely disappeared at the prehyphal
stage, showing that the composition of LDs changed. Then, the shape of
the LDs changed from circular at the blastospore and prehyphal stages
to scattered and amorphous when the hyphae germinated, suggesting
the depletion of LDs. These findings suggest that LDs may play important roles in morphogenesis, especially in hyphae germination,
which deserves further exploration.
In response to various infections, insects have developed both

Irregular shapes, low amount, no dark electron-dense materials are observed.

Mononuclear
Multinuclear

Multinuclear

Stationary blastospore
Prehypha

Hypha

100–120
160–200

4. Discussion

160–200

1.7–2.7 × 11.6–21.2
4–4.9 × 27.3–49

Fusiform with two acuminate ends.
1.5–2.5 × 7.7–17.8

Spherical, a few are present, each droplet has abundant dark electron-dense
granules.
Spherical, large amount, each droplet has fewer dark electron-dense granules.
Spherical, large amount, no dark electron-dense materials are observed.
Mononuclear
Proliferative blastospore

100–120

Lipid droplets
Cell wall thickness (nm)
Nucleus
Developmental stages

Table 1
Characterization of O. sinensis cells in the four developmental stages within the hemocoel of its host T. xiaojinensis larvae.

Length × width (μm)

Shape

M. Li, et al.
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Fig. 2. Morphological profiles of proliferative O. sinensis blastospores. (A)
Budding blastospores (white arrows) under
PCM, indicating that budding occurs at one
end point of a spore. (B) SEM image of
budding blastospores showing a smooth
surface (black arrows indicate host hemocytes, and white arrows indicate budding
blastospores). (C) DAPI staining showed that
the blastospores were mononuclear (white
arrows indicate nuclei). (D) One nucleus
appeared in each of the two connected
budding blastospores (white arrows indicate
nuclei), and Nile red staining indicated a
lower lipid droplet content in the spores. (E)
Ultrastructure of the blastospores observed
by TEM, showing a small number of lipid
droplets (LDs). (F) The two layers of the cell
wall with thicknesses of 100–120 nm; the
outer layer was electron dense, indicated by
the dark color, whereas the thicker, inner
layer was electron transparent, indicated by
the light color. NM = nuclear membrane,
NP = nuclear pore, LD = lipid droplet. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)

cellular and humoral immune responses (Lavine and Strand, 2002; Yu,
2002). Cellular responses include phagocytosis, encapsulation and nodule formation, while humoral responses include the synthesis of antimicrobial peptides and prophenoloxidase activation (Bulet et al.,
1999; Söderhäll and Cerenius, 1998; Williams, 2007). Encapsulation is
a fundamental part of the immune response in which hemocytes attach
to the invader (Márkus, 2008). Melanization requires the conversion of
prophenoloxidase to active phenoloxidase, which forms melanin (Nappi
and Christensen, 2005). Encapsulation followed by melanization is a
critical process that is commonly employed by the host as a defense
against many foreign pathogens. Studies on the encapsulation and
melanization of T. xiaojinenesis can deepen our understanding of pathogen-host immune interactions. Our previous studies found that the
immune responses of the ghost moth to O. sinensis are partially effective
during earlier infection but become ineffective later (Meng, 2015). In

this study, the results showed that encapsulation and melanization were
inhibited in O. sinensis-infected larvae. Decreased hemocyte number
may partly explain the inhibited encapsulation ability, and other
complex molecular mechanisms existed, as shown by the failure of
pseudopod formation (unpublished data). It is suggested that colonization of O. sinensis in the host hemolymph leads to sustained host
immune suppression, which is essential for successful fungal growth
and reproduction for such a long duration of more than half a year.
However, a coin has two sides. With greatly inhibited immune response
ability, ghost moth larvae were more susceptible to infection by other
pathogenic microbials. Without chemical weapons, the slow-growing
pathogen is almost always the loser in interspecific competition; unfortunately, this is just what happens in O. sinensis. Worse, the soildwelling habit and long life history increase the opportunities for ghost
moth larvae to encounter other pathogens. In the artificial cultivation of
Fig. 3. Morphological profiles of stationary
O. sinensis blastospores. (A) Fusiform blastospores with greater densities containing a
large amount of bright lipid droplets by
PCM. (B) Fusiform blastospores under SEM
showing their smooth surfaces. (C) DAPI
staining showed that all spores were mononuclear (white arrows) by LSCM. (D) Nile
red staining demonstrated that the blastospores were filled with lipid droplets by
LSCM. (E-F) The ultrastructure of the blastospores by TEM showing a large amount of
lipid droplets with reduced dark electrondense granules. N = nucleus, LD = lipid
droplet. (For interpretation of the references
to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Prehyphal stage of O. sinensis. (A)
Initial prehyphal formation at 6 months
postinoculation (black arrows indicate prehyphae) under PCM. (B) DAPI staining show
the distribution of the cell nuclei (blue
fluorescence, white arrows). (C) Four prehyphal segments under PCM. (D) The series
of morphological changes from “a” to “c”
suggest that elongation of the prehyphal
cells originated from fission by SEM. (E-F)
Nile red and Calcofluor White M2R staining
show the distributions of the lipid droplets
(red fluorescence) and cell walls (green
fluorescence), respectively. (G) The septum
(white arrows) and Woronin bodies (black
arrows) were distributed on both sides. The
white hollow balls are lipid droplets. (H-K)
TEM images showed the nuclear division
process, indicating that karyokinesis occurred at the center of the fungal cell and
preceded cytokinesis. (L) Comparisons of
the widths of the blastospores, prehyphae
and hyphae of O. sinensis. The error bars are
the SDs from 30 replications, and the asterisk above the bars indicates a significant
difference in the t-test, ***P < 0.001.
N = nucleus, S = septum. (For interpretation of the references to color in this figure
legend, the reader is referred to the web
version of this article.)

Chinese cordyceps, P. farinosus is the most dangerous pathogen, causing
great economic losses. Ghost moth larvae infected by P. farinosus are
killed quickly, preventing O. sinensis from completing its development
(Qin, 2018). Nonetheless, we believe that O. sinensis has adopted special
pathological strategies, and the relationships between O. sinensis and its
host are closer and more specific.
After entomopathogenic fungi invade the host haemocoel, there are
two primary pathogenic strategies, namely, the “toxin strategy”
(Schrank and Vainstein, 2010) and the “growth strategy” (Clarkson and
Charnley, 1996). Strains using the “toxin strategy,” such as Beauveria
and Metarhizium, produce insecticidal metabolites such as beauvericin
and destruxins, respectively, which finally kill the host (Schrank and
Vainstein, 2010; Small and BidochkaI, 2005). In strains using the
“growth strategy,” such as Entomophaga grylli, blastospores do not penetrate internal organs and affect larval behaviors before the death of
the host (Funk, 1990). The infected larvae eat more food and grow as
long as possible to ensure the maximum growth and reproductive

potential of these pathogens. O. sinensis definitely adopts the growth
strategy. During the long developmental process, O. sinensis blastospores peacefully coexisted with the ghost moths for approximately
half year or more, and the feeding behavior and movement of larvae
were not affected. When the host entered the last instar, the great
fungal morphotype transformation began. Upon prehypha formation
and hypha germination, explosive invasion of other host tissues was
initiated, which finally led to host death. The function of blastospores in
O. sinensis is to aid dispersion and colonization of the hemocoel and
achieve maximum reproductive capacity in the host hemocoel by proliferation. The size of the dead insect is directly related to the number of
spores produced. Therefore, the larval-life-long pathogenesis ensures
the greatest biomass production from a single host larva. This strategy
may be particularly important for O. sinensis, which has a very low
infection efficacy (Zhou et al., 2014), to best utilize the ghost moth
larvae living underground for its own growth and multiplication. We
presume that this strategy plays an important role in the generation of
7
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Fig. 5. Hyphal stage of O. sinensis. (A-B)
Samples taken from the hemolymph of a
just-deceased ghost moth larva. (C) Samples
taken from fat body tissue of a just-deceased
ghost moth larva, in which a dense mycelium formed. The black arrows refer to the
connections formed among prehyphae. (DF) Tissue samples under SEM showing that
the larvae were fully occupied by intertwined prehyphae and hyphae. (G) DAPI
staining showed the distribution of the cell
nuclei (blue fluorescence). (H-J) Calcofluor
White M2R staining showed the cell walls
(green fluorescence), and Nile red staining
showed the lipid droplets (red fluorescence).
The white arrows refer to the connections
formed among prehyphae, and the red arrows refer to the germinating tubes. (K-L)
The ultrastructure under TEM showing the
locations of nuclei at the germinating sites
and the fragmented lipid droplets, implying
that the lipid droplets were digested to
provide materials for rapid germination and
hyphal growth. N = nucleus, LD = lipid
droplet. (For interpretation of the references
to color in this figure legend, the reader is
referred to the web version of this article.)

O. sinensis fruiting bodies.
While both adopt a “growth strategy,” Entomophaga species exist as
wall-less protoplasts, and O. sinensis exists as blastospores in the host
hemocoel. Several studies have suggested that components of the cell
wall elicit the host immune response (Gillespie, 2000). Therefore,
protoplasts of Entomophaga facilitate the escape of host immune recognition (Beauvais, 1989; Beauvais and Latgé, 1989). Some fungal
cells lack pathogen-associated molecular patterns and produce cell wall
surface epitopes that are not recognized as non-self by insect immune
systems (Wang and Leger, 2006). We confirmed the host immunosuppression effects caused by O. sinensis infection, but whether O.
sinensis blastospores have a unique cell wall structure that can escape
identification by the host requires further study. Fungal cell walls are
dynamic structures that are essential for cell viability, morphogenesis,
and pathogenesis. The O. sinensis cell wall thickness is 100–120 nm in
the blastospore phase and increases to 160–200 nm in the prehyphae

and hyphae. The increased cell wall thickness is supposed to be advantageous for the growth of hyphae in air and is actually prepared in
the prehyphae.
In summary, we investigated the morphological changes in O. sinensis within the host larval hemocoel, particularly the subcellular
structural development, by light microscopy and electron microscopy.
The immune response ability of the infected larvae was also tested. Our
findings reveal the peculiar developmental process from blastospores to
mycelia and the sustained immunosuppression in the host. We provide
an identification standard for distinguishing the developmental stages
of O. sinensis in ghost moths and characterize the stage-typical fungal
cell types: blastospores, prehyphae and hyphae. We identified a new
cell type as the prehypha because of its noteworthy distinction from
blastospores and hyphae, not only in time of occurrence, morphology
and subcellular structure but also in its unique mode of elongation,
which appears to occur through fission without separation of the two
8
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Fig. 6. The infection of O. sinensis inhibited cellular encapsulation and decreased PO activity. (A) Sephadex DEAE A-50 chromatography beads were encapsulated by
hemocytes of T. xiaojinensis: MOCK (healthy larvae for control), BP (5th larvae with blastospores in proliferative stage), BS (7th larvae with blastospores in stationary
stage). The black arrows indicate host hemocytes. (B) The ratio of beads encapsulated by hemocytes of T. xiaojinensis. (C) Hemocytes and blastospores correspond to
the encapsulation experiment in (B). (D) The activity of PO from the hemolymph of T. xiaojinensis larvae stimulated by Rs (Ringer’s solution) and Sc (Saccharomyces
cerevisiae) in healthy and infected larvae. The bars represent the mean of ten replicates (count ± SD), and the asterisk above the bars indicates a significant
difference in the t-test, *P < 0.05; **P < 0.01; ***P < 0.001.

sister cells. This observation suggests that the genome of O. sinensis
possesses both budding and fission propagation mechanisms. This
special pathogenic process not only provides a morphological basis for
further studies of this special interaction system but also sheds new
light on fungal morphogenesis and coevolution theories and further
benefits the artificial cultivation of Chinese cordyceps.
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