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Abstract: Microsporidia are ubiquitous fungi-related parasites infecting nearly all vertebrates and
invertebrates. Microsporidian Nosema bombycis is a natural pathogen of multiple insects, including
the silkworm and many agricultural and forest pests. N. bombycis can transovarially transmit in
silkworm and cause huge economic losses to the sericulture. However, it remains unclear whether
N. bombycis vertically transmits in the crop pests Spodoptera litura and Helicoverpa armigera. Here,
we investigated the infection of N. bombycis in S. litura and H. armigera to illuminate its infectivity
and transovarial transmission. In result, tissue examination with light microscopy revealed that
the fat body, midgut, malpighian tubules, hemolymph, testis, and ovary were all infected in both
pest pupae. Immunohistochemical analysis (IHA) of the ovariole showed that a large number of
parasites in maturation and proliferation presented in follicle cell, nurse cell, and oocyte, suggesting
that N. bombycis can infect and multiply in these cells and probably transovarially transmit to the
next generations in both pests. Microscopic examination on the egg infection rate demonstrated
that 50% and 38% of the S. litura and H. armigera eggs were congenitally infected, respectively. IHA
of both eggs manifested numerous spores and proliferative pathogens in the oocyte, confirming
that N. bombycis can invade into the female germ cell from the parent body. After hatching of the
infected eggs, we detected the infection in offspring larvae and found large quantities of proliferative
pathogens, confirming that N. bombycis can transovarially transmit in S. litura and H. armigera, and
probably persists in both pest populations via congenital infection. In summary, our work, for the
first time, proved that N. bombycis is able to vertically transmit in S. litura and H. armigera via infecting
the oocyte in the parent, suggesting that N. bombycis could be a biological insecticide for controlling
the population of crop pests.

Keywords: microsporidia; Nosema bombycis; transovarial transmission; Spodoptera litura; Helicoverpa
armigera

1. Introduction

Microsporidia are a group of obligate intracellular parasites that infect nearly all
vertebrates and invertebrates and are composed of over 200 genera and 1400 species [1].
Microsporidia have been found widely prevalent in insects, mammals, birds, and wa-
ter [2,3]. Microsporidia not only cause human microsporidiosis [1,4] but also lead to
huge economic losses by infecting economically important animals, such as silkworm,
bee, shrimp, crab, and fish [5,6]. Nosema bombycis is the first identified microsporidia and
causes silkworm pébrine disease. N. bombycis can horizontally and vertically transmit in
silkworm [7] and is one of the biggest threats to sericulture [8]. In addition, N. bombycis
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is also a pathogen infecting multiple lepidopteran insects [9]. To date, over 1600 species
of insects have been identified as Lepidoptera, many of which are agricultural and forest
pests [10]. Spodoptera litura and Helicoverpa armigera are two typical lepidopteran pests and
do great harm to plenty of economic crops, such as tomatoes, cotton, and maize [11,12]. It
was reported that Nosema spodopterae isolated from S. litura and H. armigera showed a high
virulence [13]. Yet, it is not known whether the Nosema can vertically transmit in S. litura
and H. armigera.

The most common transmissive mode of most microsporidia is horizontal infection.
However, for some microsporidia of arthropods, transovarial transmission is a key mode
to maintain in the host population [14], especially for those that can only transmit verti-
cally [15,16]. Except for Encephalitozoon cuniculi [17], the vertical transmission mode of most
microsporidia usually refers to transovarial transmission. Microsporidian transovarial
transmission occurs in two distinct ways, the most common of which is that the parasite
enters the egg by infecting the ovary and related germ cells of the female host [18]. The
other way is that the offspring of the infected female individuals eat the spores either in
the yolk before and after hatching or sticking on the egg surface [19,20]. The complete
process of transovarial transmission is composed of three major steps: the parasite first
infects the ovariole of the female host, then enters into the mature eggs through oocytes,
and continues to proliferate until the eggs develop into offspring larvae.

In this study, we characterized the infectivity of N. bombycis in tissues of S. litura and
H. armigera, and scrupulously determined the transovarial transmission of the parasite in
both crop pests.

2. Materials and Methods
2.1. Preparation of N. bombycis Spores

N. bombycis CQ1 (NbCQ1) was obtained from the State Key Laboratory of Silkworm
Genome Biology and stored in the China Veterinary Microorganisms Collection and Man-
agement Center (CVCC No. 102059). Infected pupa tissues were homogenized in sterilized
water and filtered using thick cotton in a 10 mL centrifuge tube. Spores were then purified
by centrifugation at 10,000x g for 20 min in 90% Percoll. The purified spores were washed
three times with sterilized water and then suspended in 0.5 mL water and finally stored at
4 °C for later use.

2.2. Rearing and Inoculating S. litura and H. armigera

The S. litura and H. armigera were purchased from Jiyuan Baiyun Industrial Co., Ltd.,
Henan, China. The larvae were reared with a fresh artificial diet at 26-28 °C and 70%
relative humidity, 12 h light and dark, respectively. On the second day of the third instar,
larvae were feed with 2 x 10> NbCQ1 spores per larva. Adults were reared with 10%
sucrose solution for energy supply. Eggs were hatched at 28 degrees in centigrade and
70% humidity.

2.3. Microscopic Observation of the Infections

The midgut, fat body, malpighian tubules, ovary, testis, and hemolymph of the infected
pupae were collected and observed using OLYMPUS SZX16 with a 1x objective lens and
a 10x eyepiece and photographed using OLYMPUS cellSens Standard 1.18. Tabletting
tissues were directly observed using OLYMPUS BX53 with a 100 x objective lens and a 10 x
eyepiece and photographed with cellSens Dimension 1.6.

2.4. Paraffin Section and Indirect Immunofluorescent Assay (IFA)

The normal and infected adult ovarioles on the 6th day after eclosion, eggs, and
offspring larvae were prepared for paraffin section. The samples were fixed with 4%
paraformaldehyde at 4 °C overnight, dehydrated with gradient ethanol (70%, 80%, and
90%) for 1 h each, then dehydrated with 95% and 100% ethanol twice for 30 min. After
gradient dehydration, the slides were placed in the equivalent mixture of ethanol and
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xylene for 5 min and complete xylene for 3 min and then embedded by paraffin. The
samples were sectioned into 4 um slices and placed on the glass slides. After deparaffiniza-
tion and hydration, the slices were incubated with antigen repair solution and stored at
98-100 °C for 20 min, and then incubated with polyclonal antibody against NbCQ1 at
room temperature for 90 min and washed three times with PBST (0.01 M PBS + 0.05%
Tween 20) each for 5 min, followed by incubation with goat anti-rabbit secondary antibody
labeled with Dylight 488, Calcofluor White M2R for staining chitin, and propidium lodide
for staining nucleus in the dark for 40 min. The slides were suspended by Fluoromount
Aqueous Mounting Medium (Sigma (Shanghai, China), F4680) and mounted with a cover
glass after washing 3 times with PBST [21]. The samples were observed and photographed
using the OLYMPUS Biological Confocal Laser Scanning Microscope FV1200 with 200 x

and 1000 x magnifications for global and local observations, respectively.

2.5. PCR Amplification

Insect eggs were collected for extracting genomic DNA (gDNA) using the E.Z.N.A.
Tissue DNA Kit according to the manufacturer’s instructions. PCR amplification with the
primers targeted the large subunit ribosomal DNA (LSU, Forward primer: 5-GGGGAAAG
AAGACCCTGT-3, Reverse primer: 5-TCTGTCACCTCCAATCAA-3') of NbCQ1. The
amplification system was composed of 12.5 uL PrimeSTAR premix DNA polymerase
(TaKaRa, R045Q), 0.4 uM primers, 1 uL genomic DNA extraction, and water up to 25 pL.
Amplification was performed as the following procedures: pre-denaturation at 98 °C for
2 min, denaturation at 98 °C for 15 s, annealing at 62 °C for 15 s, extension for 35 cycles at
72 °C each for 10 s, and final extension at 72 °C for 10 min. An aliquot of 10uL from each
PCR product was run on a 1.5% agarose gel to visualize the PCR product.

3. Results
3.1. NbCQ1 Infection in the Pupa of S. litura and H. armigera

The infection of NbCQ1 in pupa tissues of the S. litura (Figure 1) and H. armigera
(Figure 2) was observed using a light microscope. As a result, all checked tissues of both ani-
mals were infected, including the midgut (Figures 1A and 2A), fat body (Figures 1B and 2B),
malpighian tubules (Figures 1C and 2C), ovary (Figures 1D and 2D), testis (Figures 1E and 2E),
and hemolymph (Figures 1F and 2F). The fat body and midgut were infected most heavily.

Spodoptera litura pupa

malpighifn,tubule

fat body

testis

Figure 1. Microscopy observation of NbCQ1 infections in S. litura pupa tissues. (A) midgut, (B) fat body, (C) malpighian
tubules, (D) ovary, (E) testis, (F) hemolymph. The bar indicates 10 um. The arrowhead shows the NbCQ1 spore.
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Helicoverpa armigera pupa

fat body

malpighian tubule Jovary

Figure 2. Microscopic observation of NbCQ1 infections in H. armigera pupa tissues. (A) midgut, (B) fat body, (C) malpighian
tubules, (D) ovary, (E) testis, (F) hemolymph. The bar indicates 10 um. The arrowhead shows the NbCQ1 spore.

3.2. NbCQ1 Infection in the Ovariole of S. litura and H. armigera

No infectious sign was found in the normal ovariole tissues (Figures 3A and 4A),
but a large number of parasites were observed in the infected ovarioles of S. litura and
H. armigera, respectively (Figures 3B and 4B). Mature spores and meronts were found in
the oocytes (Figures 3C and 4C), nurse cells, and follicle cells, among which the nurse cells
were most heavily infected and full of pathogens in multiple stages (Figures 3D and 4D).

S. litura ovariole Control §

Ll
‘0 e

10pm

anti-NbCQ1

10pm

Figure 3. Paraffin sections of S. litura ovariole infected by NbCQ1. (A) Uninfected ovariole; (B) Infected ovariole; (C) An
enlarged view of the infection of oocyte; (D) An enlarged view of the infection of follicle cell; (C1,D1) NbCQ1 spores stained
with FWA; (C2,D2) Proliferative NbCQ1 labeled with antibody; (C3,D3) Nucleus stained by PI. FC: follicle cell; O: oocyte;

NC: nurse cell; Arrowhead shows mature spore; Arrow shows parasite proliferation.
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H. armigera ovariole Control

anti-NbCQ1
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D1
anti-NbCQl1
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Figure 4. Paraffin sections of H. armigera ovariole infected by NbCQ1. (A) Uninfected ovariole; (B) Infected ovariole; (C) An
enlarged view of the infection of oocyte; (D) An enlarged view of the infection of follicle cell; (C1,D1) NbCQ1 spores stained
with FWA; (C2,D2) Proliferative NbCQ1 labeled with antibody; (C3,D3) Nucleus stained by PI. FC: follicle cell; O: oocyte;
NC: nurse cell; Arrowhead shows mature spores; Arrow shows parasites in proliferation.

3.3. NbCQ1 Infection in the Egg of S. litura and H. armigera

We first counted the infection rate of eggs using a light microscope and found that
50% (25/50) and 38% (19/50) eggs of S. litura and H. armigera were infected, respectively
(Figure 5A). We then confirmed the egg infection using PCR with specific primers targeting
NbCQ1 LSU (Figure 5B). Furthermore, we analyzed the paraffin sections of infected eggs
using IFA to characterize the pathogens inside (Figure 6). As a result, a large number of
mature spores stained with FWA in blue and proliferative parasites labeled with antibodies
in green were observed in the egg oocytes of S. litura (Figure 6A-C) and H. armigera
(Figure 6D-F), respectively.
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Figure 5. Determination of NbCQ]1 infection in the eggs of S. litura and H. armigera. (A) Infection
rates of NbCQ1 in the eggs of S. litura and H. armigera were counted by light-microscopic observation.
(B) Infections of NbCQ1 in the eggs of S. litura and H. armigera were detected using PCR with primers
targeting NbCQ1 LSU. PCR products were verified using the agarose gel electrophoresis. (Lane M)
Trans2k Plus DNA Marker; (Lane 1, 3) PCR amplification of normal S. litura and H. armigera egg
gDNA; (Lane 2, 4) PCR amplification of infected S. litura and H. armigera egg gDNA; Arrowheads
showed the PCR products of NbCQ1 LSU.

S. litura egg Control d WEVE

S. litura egg NbCQ1
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Figure 6. Cont.
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H. armigera egg Control
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anti-NbCQ1

Slum

Figure 6. Paraffin sections of S. litura and H. armigera eggs infected by NbCQ1. (A) Uninfected S. litura egg; (B) NbCQ1-
infected S. litura egg; (C) An enlarged view of NbCQ1 infections in the oocytes of S. litura egg; (C1) NbCQ1 spores stained
with FWA; (C2) Proliferative NbCQ1 labelled with antibody; (C3) Nucleus stained with PI. The arrowhead shows NbCQ1
spores; the arrow shows proliferative pathogens. (D) Uninfected H. armigera egg; (E) NbCQl-infected S. litura egg; (F) An
enlarged view of NbCQ1 infections in the oocytes of S. litura egg; (F1) NbCQ1 spores stained with FWA; (F2) Proliferative
NbCQ1 labelled with antibody; (F3) Nucleus stained with PI. The arrowhead shows NbCQ1 spores; the arrow shows

proliferative pathogens.

3.4. NbCQ1 Infection in the Offspring Larva of S. litura and H. armigera

Tissues of the S. litura and H. armigera offspring larvae 7 days after hatching were
dissected to verify the infection with a light microscope and paraffin section. Mature spores
were observed in the offspring larva of S. litura and H. armigera, respectively (Figure 7).
The paraffin section analysis showed that some parasites in maturation and proliferation
were present in both larvae (Figure 8).

S. litura larva H. armigera larva

Figure 7. Microscopic observation on the tissue of offspring larvae of S. litura and H. armigera. (A) S. litura offspring larvae;
(B) H. armigera offspring larvae. All bars are 10 um, arrowhead shows the NbCQ1 spore.
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S. litura offspring larvae

anti-NbCQ1
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H. armigera offspring larvae
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Figure 8. Paraffin section of the offspring larvae tissue of S. litura and H. armigera. (A) The tissues
of S. litura offspring larvae infected by NbCQ1; (B) An enlarged view of NbCQI infections in
S. litura offspring larva; (B1) NbCQ1 spores stained with FWA; (B2) Proliferative NbCQ1 labeled
with antibody; (B3) Nucleus stained by PI. (C) The tissues of H. armigera offspring larvae infected
by NbCQ1; (D) An enlarged view of NbCQ1 infections in H. armigera offspring larva; (D1) NbCQ1
spores stained with FWA; (D2) Proliferative NbCQ1 labeled with antibody; (D3) Nucleus stained by
PI. The arrowhead shows the NbCQ1 spores, and the arrow shows pathogens in proliferation.

4. Discussion

Microsporidian infection and proliferation were observed in the S. litura and H. armigera
ovaries, ovarioles, eggs, and offspring, which implies a transovarial transmission of the
infection in both pests.

The N. bombycis infection and transmission have been well characterized in silkworm,
but little is known about its infection in crop pests. Our work, for the first time, reported
the infectivity and transovarial transmission of N. bombycis in S. litura and H. armigera,
providing a promising biological insecticide to control these seriously harmful crop pests.
However, before developing N. bombycis to a biotic pesticide, the mortality rates of individ-
uals and impacts on pest populations should be determined and evaluated. Furthermore,
the effect on non-target entomofauna must be investigated in multiple ecological systems,
which could be a limit to the widespread use of insecticides [22-24]. Therefore, much more
work remains to figure out the lethality and transmission of N. bombycis in these pests and
other insects, although it is never easy to evaluate the virulence of microsporidia when
facing a complicated environment, such as natural enemies and pesticides [25].

Chemical insecticides have been widely used to control S. litura and H. armigera,
for example, chlorantraniliprole, organochlorines, and pyrethroids [26,27]. However,
besides the environmental damage, the intensive use of these insecticides has caused a
dramatic increase in resistant pest variants [28]. Instead, the biological reagents are now
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considered the best way to control pests, considering the side effects of the chemicals on
both environment and human health [29]. Microsporidia are thought to be one of the ideal
agents. For example, Antonospora locustae have been widely used as a microbial insecticide
to control grasshopper [30]. Some other microsporidia, such as Nosema pyrausta and Nosema
lymantriae, may also be used in pest control [31,32].

It was reported that even if one species of microsporidia may have a variety of hosts,
yet they can only vertically transmit in their specific host, such as Edhazardia aedis in Aedes
aegypti and Amblyospora connecticus in Aedes cantator [33,34]. However, N. bombycis can
transovarially transmit in multiple insects, raising an interesting question about what is
the mechanism that determines its high effective transmission. Previous studies showed
that microsporidia localized around or contacted with yolk in host oocyte [35,36]. The
vitellus is a fundamental nutrient for oocyte and formed by absorbing and accumulating
vitellogenin, which has been found to play vital roles during the transovarial transmission
of begomoviruses and Wolbachia [37-39]. These studies provide important clues to figure
out how N. bombycis transovarially transmit using the infection models of B. mori, S. litura,
and H. armiger.

5. Conclusions

N. bombycis can vertically transmit in S. litura and H. armigera by invading the fe-
male ovariole and oocyte. The horizontal and transovarial transmission of N. bombycis
in both pests suggest its potential as a biocontrol agent and provide a good model for
understanding the mechanisms of microsporidian vertical transmission.
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