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ABSTRACT Ascoviruses are large, enveloped DNA viruses that induce remarkable
changes in cellular architecture during which the cell is partitioned into numerous
vesicles for viral replication. Previous studies have shown that these vesicles arise
from a process resembling apoptosis yet which differs after nuclear lysis in that mi-
tochondria are not degraded but are modified by the virus, changing in size, shape,
and motility. Moreover, infection does not provoke an obvious innate immune re-
sponse. Thus, we used in vivo RNA sequencing to determine whether infection by
the Spodoptera frugiperda ascovirus 1a (SfAV-1a) modified expression of host mito-
chondrial, cytoskeletal, and innate immunity genes. We show that transcripts from
many mitochondrial genes were similar to those from uninfected controls, whereas
others increased slightly during vesicle formation, including those for ATP6, ATP8
synthase, and NADH dehydrogenase subunits, supporting electron microscopy (EM)
data that these organelles were conserved for virus replication. Transcripts from 58
of 106 cytoskeletal genes studied increased or decreased more than 2-fold postin-
fection. More than half coded for mitochondrial motor proteins. Similar increases oc-
curred for innate immunity transcripts and their negative regulators, including those
for Toll, melanization, and phagocytosis pathways. However, those for many antimi-
crobial peptides, such as moricin, increased more than 20-fold. In addition, tran-
scripts for gloverin-3, spod_x_tox, Hdd23, and lebocin, also antimicrobial, increased
more than 20-fold. Interestingly, a phenoloxidase inhibitor transcript increased 12-
fold, apparently to interfere with melanization. SfAV-1a destroys most fat body cells
by 7 days postinfection, so innate immunity gene transcripts apparently occur in re-
maining cells in this tissue and possibly other major tissues, namely, epidermis and
tracheal matrix.

IMPORTANCE Ascoviruses are large DNA viruses that infect insects, inducing a cellular
pathology that resembles apoptosis but which differs by causing enormous cellular hy-
pertrophy followed by cleavage of the cell into numerous viral vesicles for replication.
Previous EM studies suggest that mitochondria are important for vesicle formation. Tran-
scriptome analyses of Spodoptera frugiperda larvae infected with SfAV-1a showed that
mitochondrial transcripts were similar to those from uninfected controls or increased
slightly during vesicle formation, especially for ATP6, ATP8 synthase, and NADH de-
hydrogenase subunits. This pattern resembles that for chronic disease-inducing
viruses, which conserve mitochondria, differing markedly from viruses causing
short-term viral diseases, which degrade mitochondrial DNA. Though mitochondrial
transcript increases were low, our results demonstrate that SfAV-1a alters host mito-
chondrial expression more than any other virus. Regarding innate immunity, al-
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though SfAV-1a destroys most fat body cells, certain immunity genes were highly
upregulated (greater than 20-fold), suggesting that these transcripts may originate
from other tissues.

KEYWORDS ascovirus, mitochondrial genes, innate immunity genes, Toll,
melanization, phagocytosis, dual transcriptome, cytoskeleton, dsDNA virus, innate
immunity, membrane biogenesis, mitochondrial DNA transcription, vesicle formation

scoviruses are viruses of insects characterized by large enveloped virions with

double-stranded DNA (dsDNA) genomes ranging from 150 to 180 kbp, primarily
infecting larvae of the lepidopteran family Noctuidae (1). Unlike most insect viruses,
ascoviruses are unusual in that they are not easily transmitted when fed to host larvae.
Instead, various studies show that transmission by female endoparasitic wasps during
oviposition is highly effective. Females acquire virions on their ovipositor while laying
eggs in infected hosts and then mechanically transmit these to healthy larvae during
the next oviposition event. Infection results in a chronic disease that significantly
retards development, with larvae often living 4 to 6 weeks prior to death, compared to
only 2 weeks for normal growth resulting in pupation. Interestingly, although causing
a chronic disease, a few days after infection these viruses produce millions of spherical
virion-containing vesicles, referred to as viral vesicles, 2 to 15 um in diameter, that
accumulate in the hemolymph (blood), turning it from translucent green to milky white
(1-3).

While this combination of characteristics easily differentiates ascoviruses from all
other viruses, their most unique feature is the remarkable changes in cell architecture
that result in the formation of viral vesicles. The early stages of viral vesicle morpho-
genesis resemble apoptosis, with invagination of the nuclear membrane followed by
lysis of the nucleus (1-6). In fact, the ascovirus type species, Spodoptera frugiperda
ascovirus 1a (SfAV-1a), is the only known virus that encodes a functional executioner
caspase, which is synthesized in vitro 9 h postinfection (4) and observed in vivo 24 h
postinfection (7). However, the cell does not die as in a typical apoptotic pathway;
rather, the cell undergoes significant hypertrophy (~10 times the original cell size) and
divides along cleavage planes into numerous vesicles. Simultaneously, the mitochon-
dria change in shape, divide, and migrate under viral control, accumulating along the
cleavage planes, the place where vesicle membranes are synthesized and assembled
(1, 3).

The Spodoptera frugiperda mitochondrial genome consists of 15,365 bp (GenBank
accession no. KM362176.1; described in reference 8) and has the typical gene order for
mitochondrial genomes of noctuid larvae (8, 9), consisting of genes coding for 13
proteins, 22 tRNAs, and 2 rRNAs. The accumulation of dense aggregations of
mitochondria during ascovirus infection at sites of membrane synthesis and plas-
malemma invagination, along with several lipid-metabolizing enzymes encoded by
all ascoviruses (10), provides evidence that these organelles are reorganized to
provide energy for virus replication and vesicle formation. Thus, one objective of
the present study was to investigate this possibility by examining host mitochon-
drial genome expression along with that of cytoskeletal genes possibly involved in
moving mitochondria to sites of membrane synthesis in fat body tissue infected
with SfAV-1a.

In addition, very little is known about host responses at the molecular level to the
chronic disease caused by ascoviruses, especially given the circulation of viral vesicles,
apparently with viral surface proteins, in the hemolymph for weeks. SfAV-1a primarily
infects the fat body, and within a week of infection, this tissue is almost completely
destroyed (2). This raises the question of whether the host’s innate immunity pathways,
such as Toll, Imd, melanization, and phagocytosis, respond to ascovirus infection. Thus,
our second objective was to use in vivo larval RNA sequencing (RNA-Seq) to determine
whether these innate immune pathways responded in Spodoptera frugiperda third
instars infected with SfAV-1a. Previous evidence for any innate host response to
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ascovirus infection is limited to conservation of an RNase Ill endonuclease in all
ascovirus species associated with virus evasion of the host RNA interference (RNAI)
machinery (11) and a recent transcriptome study of Heliothis virescens ascovirus (HvAV)
3h during infection in Spodoptera exigua larvae (12). The latter study showed activation
of certain innate immune gene pathways, such as Toll-like receptor signaling and
JAK/STAT.

Here, we show that during the first week of SfAV-1a infection, genes of the S.
frugiperda mitochondrial genome were expressed at levels comparable to those in the
healthy larvae or slightly higher during vesicle formation, especially genes for ATP
synthase and NADH dehydrogenase subunits. Only 58 of 106 genes studied changed by
2-fold or more postinfection compared to the controls. Of these, 32 were identified as
coding for kinesin-, dynein-, and myosin-related proteins. Regarding host innate im-
munity, SfAV-1a triggered upregulation of important antimicrobial genes as the infec-
tion advanced and of several key humoral and cellular genes of the Toll, melanization,
and phagocytosis pathways. However, we also detected simultaneous increases of
certain negative regulators of these pathways, suggesting that this might moderate the
host immune response, prolonging the larval life span and thereby extending ascovirus
transmission.

RESULTS

Host mitochondrial genome transcriptome pattern. Ascoviruses have significant
and unusual effects on mitochondrial shape, size, and distribution within infected cells
regardless of the tissue, especially where mitochondria aggregate along cellular cleav-
age planes as viral vesicle-delimiting membranes form (3). These observations imply
that mitochondria are conserved rather than destroyed after the infection and likely
provide energy for this de novo membrane synthesis. Our transcriptome data support
these observations. For example, both ATP synthase subunits (ATP6 and ATPS, i.e.,
mitochondrial complex V) were upregulated, especially during the vesicle formation
period from 6 to 48 h postinfection (hpi). The upregulation level ranged from 1.04- to
1.47-fold (Table 1). At days 4 and 7 postinfection (p.i.), transcription for both subunits
was downregulated (decreases ranged from 1.04- to 1.75-fold). In addition, the in-
creases were typically lower than 2-fold (ranging from 1.01- to 1.76-fold) for transcripts
of NADH dehydrogenase subunits 3, 4L, and 6 at all time points postinfection and
similarly for subunits 1 and 2 at all time points except for day 4 (Table 1; Fig. 1).
NADH dehydrogenase subunits 4 and 5 showed a slight upregulation early in the
infection and then, beginning at 48 hpi, decreased at all time points by 1.02 to 1.3-fold.
Therefore, the expression of ATP synthase and NADH dehydrogenase genes in infected
larvae is best described as varying between stability and upregulation during viral
vesicle formation. In contrast, mitochondrial 125 and 16S rRNA transcripts were up-
regulated late in the infection. In case of 12S rRNA, the increase was greater than 2-fold
at 48 h (2.41-fold) and by day 7 p.i. (3.1-fold) (Table 1; Fig. 1), implying active mito-
chondrial translation after vesicle formation.

With respect to cytochrome ¢ oxidase subunits, COIl and COIll transcript levels
increased, but by less than 2-fold at all times after infection compared to control
levels, except for at 24 hpi, at which time expression showed a slight decrease
(Table 1; Fig. 1). Alternatively, COI transcription decreased by 1.03- to 1.14-fold at
almost all time points postinfection. Moreover, S. frugiperda mitochondrial cyto-
chrome b (complex Ill) transcripts decreased by 1.03- to 1.43-fold. Most tRNA
expression patterns fluctuated at the time points tested (Fig. 1). Thus, although
expression of mitochondrial genes was upregulated during vesicle formation, the
change was not statistically significant.

Cytoskeleton gene transcription pattern. Of the 106 cytoskeleton genes studied,
i.e., those coding for actin, actin-related proteins, tubulin, dynein, kinesin, lamin, filamin,
myosin, and profilin, 58 changed postinfection by 2-fold or more (Fig. 2). Overall, most
of these genes were downregulated from 6 to 24 hpi. However, beginning at 48 hpi
through to the day 7 p.i. expression of many of these genes increased. Specifically, the
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TABLE 1 Changes in Spodoptera frugiperda third-instar larval mitochondrial gene
expression levels at different time points after infection with Spodoptera frugiperda
ascovirus 1a

Change (fold TPM)? in expression at time postinfection:

Mitochondrial gene® 6h 12h 24h 48h Day4 Day7
12S_ribosomal RNA-RA  b1.45 1.5 1.29 2.41 1.71 31
16S_ribosomal RNA-RA 1:12 1.61 1.19 1.03 1.04 1.27
ATP6-RA 1.31 1.24 1.14 1.04 1.33 1.75
ATP8-RA 1.36 1.42 1.47 1.34 1.1 1.04
COI-RA 1.14 1.1:1 1.04 1.03 1.04 1.01
COII-RA 1.04 1.07 1.03 1.13 1.08 1.13
COIII-RA 1.01 1.02 1.05 1.09 1.14 1.17
CYTB-RA 11 1.06 1-03 1.43 1.2% 1.28
D_loop-RA 1.24 1.38 1.8 1.72 2.47 3.32
ND1-RA 1.42 1.5 1.25 1.02 1.06 1.02
ND2-RA 1.28 1.31 1.24 1.03 1.06 1.16
ND3-RA 1.29 1.26 1.12 1.21 1.11 1.25
ND4-RA 1.02 1.18 1.29 1.3 1.25 1.23
ND4L-RA 1.43 1.42 1.58 1.21 1.01 1.21
ND5-RA 1.16 1.32 1.23 1.02 1.24 125
ND6-RA 1.16 1.15 1.76 1.17 1.55 1.25

aThe Spodoptera frugiperda mitochondrial genome used in this study is available under accession no.
KM362176.1 (8). tRNAs are not listed in this table. ND1 to -6 refer to NADH dehydrogenase subunits, and
COl to -lll refer to cytochrome ¢ oxidase subunits.

bBlue and red type refer to upregulated and downregulated genes, respectively.

expression of 48, 33, and 46 cytoskeleton genes increased at days 2, 4, and 7 p.i,
respectively (Table 2; Fig. 2). Thirty-two of the 58 genes coded for proteins related to
kinesin, dynein, and myosin. Kinesin and dynein are known as the main motors of the
mitochondria, and myosin is associated with mitochondrial movement over short
distances.

Innate immunity gene transcription patterns. We quantified expression of the
primary innate immunity genes identified in the S. frugiperda transcriptome and
genome and characterized the results as local, humoral, or cellular, based on the
structural characterization of the Drosophila immune system (13). As discussed below,
major innate immunity genes were either upregulated or downregulated during asco-
virus infection (Table 3; Fig. 3).

(i) Local immunity: AMPs. The local immune response is the first line of defense
against foreign materials and is typically provoked by microbial pathogens. Activation
of this response leads to the production of many antimicrobial peptides (AMPs),
limiting the spread of pathogens from wounds or those that enter via the midgut.
During SfAV-1a infection, we found upregulation by 2-fold or more by 6 and/or 12 hpi
of genes for attacin A2 and B1, cecropins (A, B1, B2, and B3), gloverin-3, lebocin (1 and
2), Lys (2), moricin (1 and 7), and spod_x_tox (Fig. 3; Table 3). In addition, cecropin C
(GSSPFG00030457001.5-RA) increased from 0 transcripts per million (TPM) at 0 h to
more than 1 TPM at 6 h and was even higher by the days 4 and 7 p.i. (by 1.23, 5.83, and
11.08 TPM, respectively). Some of these, namely, gloverin-3, spod_x_tox, lebocin-1, and
lebocin-2, achieved higher levels at later stages, increasing on day 7 p.i. by 42-fold,
25-fold, 21-fold, and 20-fold, respectively. Only moricin-1 and moricin-7 maintained an
expression level higher than 2-fold, and sometimes markedly higher, at all times
postinfection (ranging from about 6- to 59-fold and 5- to 55-fold, respectively), indi-
cating their importance to S. frugiperda immunity and survival. Interestingly, lebocin
(GSSPFG00005939001.3-RA) showed a sudden high upregulation (85-fold) at 48 hpi.
Alternatively, certain other AMPs were downregulated by more than 2-fold at specific
time points, including attacin (A2), cecropin (B2 and B3), defensin, Lys3, and LLP2. Only
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FIG 1 Heat map representation of mitochondrial genome expression in Spodoptera frugiperda third-instar larvae infected with Spodoptera frugiperda ascovirus
1a. Mitochondrial gene expression is for the 0-h uninfected control compared with time points from 6 h to 7 days postinfection. The heat map colors represent
the z-scale of the transcripts per million (TPM) value of replicate expression level averages at each time point. The Spodoptera frugiperda mitochondrial genome
used for mapping RNA-Seq reads is available under accession no. KM362176.1 (8). ND1 to -6 refer to NADH dehydrogenase subunits, and COI to -lll refer to
cytochrome ¢ oxidase subunits.

lysozyme LLP1 was downregulated (about 2- to 5-fold) by more than 2-fold at all the
time points postinfection.

(ii) Humoral immunity: immune signaling pathways. (a) Toll pathway. Most of
the S. frugiperda Toll pathway genes were upregulated in infected larvae by 2-fold or
more, especially by 48 hpi or day 4 p.i., specifically, genes for Pelle, Pellino, Spatzle, HP8
(Spéatzle-processing enzyme), and HP6 (serine protease persephone-like) and two Cac-
tus genes (Table 3; Fig. 4). Cactus is a negative regulator of the Toll pathway (14).
Interestingly, both Cactus genes were upregulated from day 2 and remained upregu-
lated by 2-fold or more until day 7 p.i. (Fig. 4). For Cactus genes, the increases ranged
from 2.9- to 3.9-fold. Tollip increased beginning at day 2 but by less than 2-fold. Finally,
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GSSPFG00027078001-RA (actin-binding LIM protein 2)
GSSPFG00004631001-RA (actin-binding protein anillin-like)
GSSPFG00005912001.1-RA (actin-like protein)

GSSPFG00034602001.3-RA (actin-related protein 2)

GSSPFG00004158001-RA (putative actin binding protein, partial)
GSSPFG00000447001-RA (dynactin subunit 1)

GSSPFG00012793001-RA (cytoplasmic dynein 1 intermediate chain isoform)
GSSPFG00022722001.1-RA (cytoplasmic dynein 2 heavy chain 1)
GSSPFG00005075001.1-RA (dynein assembly factor 1)
GSSPFG00024829001.1-RA (dynein assembly factor with WDR repeat domains 1)
GSSPFG00017112001.1-RA (dynein heavy chain, cytoplasmic)
GSSPFG00002018001.1-RA (dynein heavy chain, cytoplasmic)
GSSPFG00028700001-RA (dynein intermediate chain 3/ ciliary-like isoform)
GSSPFG00002631001-RA (dynein light chain 4_axonemal)
GSSPFG00034896001-RA (dynein light chain roadblock-type 2)
GSSPFG00000082001-RA (dystonin)

GSSPFG00017442001-RA in/mi tin linking factor 1-like)
GSSPFG00032091001-RA in/mic tin linking factor 1-like)
GSSPFG00013442001.1-RA (chromosome-associated kinesin KIF4)
GSSPFG00000919001-RA (kinesin light chain)

GSSPFG00007715001-RA (kinesin-like protein KIF13B)
GSSPFG00010294001-RA (kinesi
GSSPFG00021945001-RA (kinesi
GSSPFG00011897001-RA (kinesin-like protein KIF19)
GSSPFG00028743001-RA (kinesin-like protein KIF21B)
GSSPFG00001949001.2-RA (kinesin-like protein KIF23)
GSSPFG00017489001-RA (kinesin-like protein KIp61F)
GSSPFG00010425001-RA (kinesin-like protein KIp68D)
GSSPFG00016131001-RA (kinesin-like protein unc-104)
GSSPFG00003562001.1-RA (kinesin-like protein unc-104)
GSSPFG00003563001.1-RA (kinesin-like protein unc-104)
GSSPFG00016132001-RA (kinesin-like protein unc-104)
GSSPFG00021119001.1-RA (myosin heavy chain, muscle)
GSSPFG00012506001-RA (myosin heavy chain, non-muscle)
GSSPFG00023985001-RA (myosin heavy chain, non-muscle)
GSSPFG00027088001-RA (myosin regulatory light chain 2)
GSSPFG00007589001-RA (myosin-2 essential light chain)
GSSPFG00013835001-RA (myosin-I heavy chain)

GSSPFG00029577001-RA (myosin-I heavy chain)
GSSPFG00007293001.1-RA (myosin-llIb-like)

GSSPFG00013168001-RA (myosin-Vila)

GSSPFG00018276001-RA (tubulin alpha-1 chain-like)
GSSPFG00017250001.1-RA (gamma-tubulin complex component 2-like isoform)
GSSPFG00002653001-RA (g: tubulin complex 3 homolog)
GSSPFG00000128001-RA (tubulin alpha-8 chain-like isoform)
GSSPFG00030943001-RA (tubulin beta chain)

GSSPFG00013541001-RA (tubulin beta chain)

GSSPFG00021817001-RA (tubulin gamma-2 chain-like)
GSSPFG00015838001-RA (tubulin glycylase 3A-like isoform)
GSSPFG00018904001-RA (tubulin glycylase 3A-like isoform)
GSSPFG00005149001.1-RA (tubulin polyglutamylase TTLL13-like isoform)
GSSPFG00021985001-RA (tubulin-folding cofactor B)
GSSPFG00002312001-RA (tubulin-specific chaperone A)
GSSPFG00008159001-RA (laminin subunit alpha)

GSSPFG00026483001-RA (laminin subunit gamma-1 isoform)
GSSPFG00029000001-RA (filamin-A)

GSSPFG00031717001-RA (filamin-A isoform)

GSSPFG00022949001-RA (Titin-homolog)

FIG 2 Heat map representation of cytoskeleton gene expression in Spodoptera frugiperda third-instar larvae infected with Spodoptera frugiperda ascovirus 1a.
Expression patterns are for genes changing by 2-fold or more at any time point postinfection. The heat map color scale represents the z-scale of the transcripts
per million (TPM) value of replicate expression level averages at each time point. The S. frugiperda gene identifications can be accessed through the SfruDB

Information system (http://bipaa.genouest.org/is/lepidodb/spodoptera_frugiperda/) (67).

only an ECSIT gene was downregulated, and at almost all time points postinfection,

ranging from 1.03- to 2.05-fold (Table 3).

(b) Imd and JNK pathways. Although we noticed alterations in expression of most
immune deficiency (Imd) genes, the level of up- or downregulation was less than 2-fold. Of
the 17 S. frugiperda Imd pathway genes and negative regulators analyzed, only an NF-«B-
like factor Relish gene and four Imd negative regulators showed a change of 2-fold or
slightly more at any time after infection. The negative regulators were POSH, Slimb, DNR1,
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TABLE 2 Changes in Spodoptera frugiperda third-instar larval cytoskeleton gene levels at different time points after infection with
Spodoptera frugiperda ascovirus 1ac

GeneID* Description 6h  12h 24h 45h Dayd Day7
GSSPFGO0027078001-RA __ sctinbinding LIM protein 2 2.27 208 171 126 167 LlI
GSSPFGO0004631001-RA "m“n"’mg protein amillin- ., ;12 188 228 182
GSSPFGO0005012001.1-RA  actin-like protsin 303 15 338 633 146 43
GSSPFGO0034602001.3-RA  actin-elatad protsin 2 103 112 100 139 19 216
GSSPFGO0004158001-RA  PuiH l"’“‘“‘ bindingprotein, 5., 135 174 125 160  2.68
= g cytoplasmic dynein 1 — P

GSSPFGOOOI2TO300L-RA  Ciopasmicdymen | 113 11 171 128 237 126
GSSPFG00022722001.1-RA c’]“.’pml c dynein 2 heavy 333 25 303 106 241 372
GSSPFGOO000447001-RA  dymactin subunit 1 21 151 128 112 103 157
GSSPFGO0005075001.1-RA  dynein assembly factor 1 2.33 1.71 1.05 1524 1.91 49

g dynein assembly factor with - , = i
GSSPFGOO024829001.1RA  Sron =l 315 107 136 133 0 7.78
GSSPFGO0017112001.1-RA  Symeinbesvy chain, 226 17 106 19 17 242

cytoplazsmic
GSSPFGO0002018001.1-RA  Symeinbesvy chain, 105 145 102 202 167 263
cytoplazmic
- g dynein intermeadiate chain 3, - .

GSSPFGOO02STOO0OL-RA  Syorn mtermedtis: 23 152 0 1535 105 1.64
GSSPFGO0002631001-RA dyneinlight chain 4, axomemal 100 166 168 106 485 253
GSSPFGO0034896001-RA g’;a’; light chein oadblock- ., 990 120 376 292 152
GSSPFGO0013442001.1-RA m‘h“’f some-mmocisied kinsin  , 109 202 371 372 262
GSSPFGO0000910001-RA kinesin light chain 175 133 103 250 112 124
GSSPFGO0007715001-RA kinssin-like protsin KIF13B 134 10 216 146 102 297
GSSPFGO0010204001-RA kinssin-like protsin KIF13B 2. 2 197 144 111 202
GSSPFGO0021045001-RA kinssin-liks protsin KIF18A 115 107 156 241 299 185
GSSPFGO0011897001-RA kinssin-like protsin KIF19 100 76 178 4957 297 214
GSSPFGO0028743001-RA  kinssin-liks protsin KIF21B 325 342 233 131 146 113
GSSPFGO0001040001.2-RA  kinssin-liks protsin KIF23 121 154 251 3 421 361
GSSPFGO0017480001-RA kinssin-like protsin KIp61F 140 120 149 255 341 258
GSSPFGO0010425001-RA kinesin-like protein KIp68D 173 21 130 198 13 125
GSSPFGO0016131001-RA kinssin-like protsin unc-104 204 188 126 128 15 256
GSSPFGO0003562001.1-RA  kinssin-like protsin unc-104 24 10 15 127 112 16l
GSSPFGO0003563001.1-RA  kinesin-like protsin unc-104 382 38 238 127 118 113
GSSPFGO0016132001-RA kinssin-like protsin unc-104 507 221 2 116 101 136
GSSPFGO0021119001.1-RA  myosin haavy chain muscle 2 22 1.36 1.49 1.1 1.23
GSSPFGO0012506001-RA  Tyosinbeavy chain, non- 180 144 106 172 21 3.58
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TABLE 2 (Continued)

Change (fold TPM)€in expression at time postinfection:
GeneID* Description 6h 12h 24h 48h Day4 Day7
myosm heavy cham, non-

GSSPFGO0023085001RA D05 191 161 122 142 195 352
GSSPFGO0027083001-RA  myosinregulatorylightchsin 2 1.14 112 105 117 118 213
GSSPFGO0007589001-RA  myosin-2essential light chain 122 128 139 160 213 205
GSSPFG00013835001-RA  myosm-I heavy cham 3.16 2.03 172 12 197 48
GSSPFG00029577001-RA  myosin-Theavy chain 106 153 107 160 388 807
GSSPFG00007293001.1-RA  myosin-IlTb-like 159 201 23 14 235 166
GSSPFGO0013163001-RA  myosin-VIIa 14 253 234 221 25 448
GSSPFG00017250001.1.R4 Samma-tubulin complex 108 107 16 235 28 249
component 2-like 1soform
GSSPFG00002653001.R4  gamma-tubulin complex 116 104 138 236 219 23
component 3 homolog
GSSPFG00018276001-RA  tubulin alpha-1 chain-like 104 16 418 1726 115 62
GSSPFGO00000128001-RA g:}‘:gflph*s cham-like 116 109 222 47 336 165
GSSPFG00030943001.-RA  tubulin beta chain 109 103 115 315 132 157
GSSPFGO00013541001-RA  tubulin beta chain 101 102 101 353 107 139
GSSPFGO0021817001-RA  tubulingamma-2 chainlike 1 13 21 263 322 26
GSSPFG00015838001-RA g:}‘:!“;glycyl”e 3A-like 156 156 443 966 111 234
GSSPFG00018904001-RA :‘s‘:}ﬂ:flml’se 3A-like 181 141 21 1078 101 2
- tubulm polyglutamylase 2 , ;
GSSPFGO0005149001.1.RA oD POSEltamy: 126 118 132 274 116 204
GSSPFGO0021985001-RA  tubulin-folding cofactor B 149 111 723 324 120 143
GSSPFG00002312001-RA  tubulin-specific chaperone A~ 131 151 139 150 21 207
GSSPFGO000002001-RA  dystonin 371 320 188 114 121 102
" dystonm/microtubule-actm - S . -
GSSPFGOODI740001RA  CToorm et ubus 28 458 433 212 119 103 16
dystonm/microtubule-actm e - - - .
GSSPFGO002091001RA S B ote 208 358 326 145 123 114 201
GSSPFGO00029000001-RA  filamin-A 26 328 194 143 22 105
GSSPFG00031717001-RA  filamin-A isoform 107 112 135 173 105 265
GSSPFG00008150001-RA  laminin subunit alpha 200 194 184 124 123 36
GSSPFG00026483001-RA g;‘f‘:::f“"“““ gamma-1 109 131 111 224 221 396
GSSPFG00022949001-RA  Titin-homolog 264 183 212 128 2. 1.39

a0nly genes whose expression changed by 2-fold or more (at any time point postinfection) are included.
bGene IDs used in this study can be accessed through the SfruDB Information system (http://bipaa.genouest.org/is/lepidodb/spodoptera_frugiperda/) (67).
Blue and red type refer to upregulated and downregulated genes, respectively.

and Sick (Table 3). Only one Jun N-terminal kinase (JNK) pathway gene, that for transcrip-
tion factor Kayak, changed by 2-fold or more. Kayak (GSSPFG00007437001.3-RA) was
upregulated over 2-fold late in the infection (Fig. 3).

(c) JAK/STAT pathway. The SOCS (a negative Janus kinase/signal transducer and
activator of transcription [JAK/STAT] regulator) was upregulated at all times postinfec-
tion. STAT, hopscotch, and Domless were downregulated early during infection; how-
ever, they showed upregulation by 2.14-fold, 3.15-fold, and 2.28-fold at day 7 p.i,
respectively, demonstrating activation of some JAK/STAT genes (Table 3; Fig. 3).
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TABLE 3 Changes in Spodoptera frugiperda third-instar larval innate immunity gene levels at different time points after infection with

Spodoptera frugiperda ascovirus 1ac

Change (fold TPM)€in expression at time postinfection:

Gene ID" Description  6h 12h 24h 48 h Dayd  Day7
GSSPFG00001145001.2-RA  Cactus 1.20 147 1.12 2.9 3.2 3187
GSSPFG00035666001.2-RA  Cactus 1.24 151 1.12 3.01 .17 391
GSSPFGO0O023708001.3-RA  Pelke 1.04 1.13 123 248 241 3.27
GSSPFGO0035688001.2-RA  Pellino 122 137 1.15 2.32 223 .03
GSSPFG00035684001.3-RA  Tollip 1.67 201 131 1.60 1.55 1.81
GSSPFGO0O006301001.3-RA Spz 114 152 1.08 2.00 1.80 188
GSSPFGOO0I2538001.1-RA  ECSIT 1.34 1.04 1.03 1.73 2.05 1.59
GSSPFGOO006187001.6-RA  HPS 1.31 1.07 1.23 1.92 2.4 4.12
GSSPFG00020775001.3-RA  HP6 1.04 L1 127 2.05 2.17 1.69
GSSPFG00022750001.3-RA  Rel 1.24 1.19 1.18 1.08 1.4 2
GSSPFG00006593001.3-RA  POSH 227 203 141 112 1.04 1.21
GSSPFG00003397001.3-RA  Sick 201 201 2.18 1.08 L.19 1.34
GSSPFG00025395001.3-RA  Shimb 1.10 133 131 1.67 1.71 r
GSSPFG00016134001.3-RA  DNRI 1.72 158 2.07 1.08 LIS 1.25
GSSPFGO0015239001.3-RA  AnA2 1.71 343 127 6.87 315 6.65
GSSPFG00024578001 4-RA  AuBl 1.34 230 1.59 1.07 1.54 112
GSSPFGO0006778001.3-RA  CecA 1.90 4.78 1.40 1.81 118 2.
GSSPFGO0030460001.5-RA  CecBI 1.78 20 1.66 1.88 1.37 1.9
GSSPFG00030459001.3-RA  CecB2 1.20 438 2.04 223 1.69 1.25
GSSPFGO0030458001.5-RA  CecB3 1.51 6.60 3.39 2.69 2.81 1.34
GSSPFG00030456001 4-RA  CecD 111 1.02 1.16 4.40 1.51 13.87
GSSPFGO0005384001.6«RA  Defelike6 1.02 1.57 123 2.52 4.74 5.83
GSSPFG00026948001.3-RA  Def 1.54 2.60 1.76 1.05 2.79 8.54
GSSPFGOO011908001.6-RA  Gal 141 153 137 2.54 1.16 352
GSSPFG00003522001.3-RA  Gloverined 1.36 4.06 240 2354 19.13 4247
GSSPFG00005939001.3-RA  Lebocin 1.16 183 1.19 8544 1.86 1.29
GSSPFGOO0I3851001.4-RA  Lebocinel 221 32 1.19 10.68 8.05 2154
GSSPFG00035421001.3-RA  Lebocine2 242 120 242 5.02 1438 2.15
GSSPFG00009284001.2-RA  LLPI 2.11 456 5.01 2.60 249 i
GSSPFGOO0IS057001.5-RA  LLP2 1.03 152 2.01 1.48 1.07 1.30
GSSPFG00002403001.3-RA  Lysl 1.02 198 1.39 1.31 L1 145
GSSPFGO0014909001.3-RA  Lys2 L4 2.60 1.12 1.14 1.36 591
GSSPFGO0013328001.3-RA  Lys3 1.67 121 1.99 3.80 2.81 1.20
GSSPFG00035992001.2-RA  Moricinel 6.52 587 15.59 19.71 58.98 44.71
GSSPFG00035990001.2-RA  Moricine7 5.06 6.59 14.03 17.73 55.11 3256
GSSPFG00030474001.1-RA  Spod_x_tox  2.62 1.64 1.05 10.76 - - 25.74
GSSPFGO0O008360001.3-RA  Spodoptenicin  1.08 1.02 1.67 6.45 4.95 6.70
GSSPFG00002917001.2-RA  Dscam 3.00 236 1.33 1.58 1.56 352
GSSPFGO0005872001.3-RA  eaterspartial 136 1.46 143 113 4.28 5.31
GSSPFG00035226001.3-RA  Eaterspartial 130 152 1.55 1.22 1M 533
GSSPFG00009711001.2-RA  Nimrod 141 395 2.00 498 4.65 842
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Change (fold TPM)Cin expression at time postinfection:

Gene ID® Description  6h 12h 24h 48h Day 4 Day7
GSSPFG00018470001.2-RA  p77 202 1.78 1.18 1.63 3.80 747
GSSPFG00016871001.3-RA SR-B3 1.55 1.57 127 1.68 242 346
GSSPFG00035217001.3-RA SR-B3 1.60 147 135 151 267 4.19
GSSPFG00003331001.3-RA SR-B4 124 1.19 1.15 212 1.78 252
GSSPFG000222450014-RA  SR-C1 145 1.07 1.19 1.96 479 1130
GSSPFG00016383001.3-RA GBP 153 227 1.19 1.02 132 1.01
GSSPFG00015829001.3-RA GBP-BP 122 1.59 1.36 215 8.70 1.78
GSSPFG00027451001.3-RA Hdd23 1.03 1.03 212 1.80 11.75 2099
GSSPFG00035032001.3-RA Hdd23 1.66 1.74 154 145 230 345
GSSPFG00035416001.3-RA Hdd23 1.69 1.35 122 201 286 395
GSSPFG00007437001.3-RA  kayak 1.66 1.67 1.12 158 225 3.86
GSSPFG00032684001.3-RA Domless 1.86 2.66 253 148 1.03 228
GSSPFG00003070001.3-RA STAT 1.68 1.77 157 153 146 2.14
GSSPFG00011397001.3-RA SOCS 1.18 1.09 1.10 225 226 194
GSSPFG00027455001.3-RA  hopscotch 1.74 1.44 139 1.67 230 3.15
GSSPFG00006046001.5-RA PGRP 2.65 1.55 6.12 1.10 2.12 397
GSSPFG00006083001.5-RA PGRP 1.17 225 1.77 113 1.96 434
GSSPFG00017964001 4-RA PGRP 7.53 5.70 27.83 1.67 16.80 68.20
GSSPFG00019359001 4-RA PGRP 1.68 1.19 115 1.12 2.16 1.62
GSSPFG00026857001.5-RA PGRP 1.55 1.11 3.01 125 237 362
GSSPFG00035260001.5-RA PGRP 1.11 192 1.88 128 1.90 338
GSSPFG00026064001.3-RA POI 1.12 1.44 139 125 596 1223
GSSPFG00027865001.3-RA PPAEIL 1.00 1.04 121 153 2.09 221
GSSPFG00023419001.3-RA PPAE2 132 1.82 201 1.22 120 1.07
GSSPFG00013976001.3-RA PPO2 1.08 1.16 141 3.56 15.17 394
GSSPFG00012369001-RA PPO1 144 27 1.17 323 15.62 338
GSSPFG00000148001-RA BGBP 1.03 1.96 1.07 1.79 242 275
GSSPFG00022027001-RA BGBP 1.17 1.63 1:27 1.55 241 2.89

a0nly genes whose expression changed by 2-fold or more (at any time point postinfection) are included.

bThe Spodoptera frugiperda innate immunity genes used in this study are listed in references 67 and 68. Gene identifications can be accessed through the SfruDB

Information system (http://bipaa.genouest.org/is/lepidodb/spodoptera_frugiperda/).
Blue and red type refer to upregulated and downregulated genes, respectively.

(d) Melanization. Both prophenoloxidase subunit 1 (PPO1) and prophenoloxidase
subunit 2 (PPO2) genes were downregulated markedly by day 4 p.i. (Table 3). Alterna-
tively, a phenoloxidase (PO) inhibitor (POI) was upregulated, by about 6-fold at day 4
p.i. and by about 12-fold at day 7 p.i. (Fig. 4).

(iii) Cellular immunity. The RNA-Seq results (Table 3; Fig. 5) and the occurrence,
though rare, of viral vesicles in the cytoplasm (Fig. 5B) of hemocytes provide support
for the activation of the cellular immunity. SFAV overwhelmingly replicates in fat body
tissue, and viral vesicles never appear in infected cells until hours after nuclear lysis.
Thus, the presence of a viral vesicle packed with virions provides evidence that at least
some hemocytes recognize these as foreign material. The marked reduction in proph-
enoloxidase transcripts and some AMPs, probably due to the loss of healthy fat body
tissue, may also result in greater cellular immunity. However, the only cellular immunity
we observed was increases in the phagocytosis pathway.

Phagocytosis. Many pattern recognition receptors (PRRs) associated with phago-
cytosis were upregulated by SfAV-1a infection. The Nimrod and two Scavenger recep-
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GSSPFG00001145001.2-RA, (Cactus)
GSSPFG00035666001.2-RA, (Cactus)
GSSPFG00023708001.3-RA, (Pelle)
GSSPFG00035688001.2-RA, (Pellino)
GSSPFG00035684001.3-RA, (Tollip)
GSSPFG00006301001.3-RA, (Spz)
GSSPFG00012538001.1-RA, (ECSIT)
GSSPFG00006187001.6-RA, (HP8)
GSSPFG00022750001.3-RA, (Rel)
GSSPFG00006593001.3-RA, (POSH)
GSSPFG00003397001.3-RA, (Sick)
GSSPFG00025395001.3-RA, (Slimb)
GSSPFG00016134001.3-RA, (DNR1)
GSSPFG00015239001.3-RA, (AttA2)
GSSPFG00024578001.4-RA, (AttB1)
GSSPFG00006778001.3-RA, (CecA)
GSSPFG00030460001.5-RA (CecB1)
GSSPFG00030459001.3-RA, (CecB2)
GSSPFG00030458001.5-RA, (CecB3)
GSSPFG00030457001.5-RA, (CecC)
GSSPFG00030456001.4-RA, (CecD)
GSSPFG00005384001.6-RA, (Def-like6)
GSSPFG00026948001.3-RA, (Def)
GSSPFG00011908001.6-RA, (Gal)
GSSPFG00003522001.3-RA, (Gloverin-3)
GSSPFG00005939001.3-RA, (Lebocin)
GSSPFG00013851001.4-RA, (Lebocin-1)
GSSPFG00035421001.3-RA, (Lebocin-2)
GSSPFG00009284001.2-RA, (LLP1)
GSSPFG00015057001.5-RA, (LLP2)
GSSPFG00002403001.3-RA, (Lys1)
GSSPFG00014909001.3-RA, (Lys2)
GSSPFG00013328001.3-RA, (Lys3)
GSSPFG00035992001.2-RA, (Moricin-1)
GSSPFG00035990001.2-RA, (Moricin-7)
GSSPFG00030474001.1-RA, (Spod_x_tox)
GSSPFG00008360001.3-RA, (Spodoptericin)
GSSPFG00002917001.2-RA, (Dscam)
GSSPFG00005872001.3-RA, (Eater-partial)
GSSPFG00035226001.3-RA, (Eater-partial)
GSSPFG00009711001.2-RA, (Nimrod)
GSSPFG00018470001.2-RA, (P77)
GSSPFG00016871001.3-RA, (SR-B3)
GSSPFG00035217001.3-RA, (SR-B3)
GSSPFG00003331001.3-RA, (SR-B4)
GSSPFG00022245001.4-RA, (SR-C1)
GSSPFG00016383001.3-RA, (GBP)
GSSPFG00015829001.3-RA, (GBP-BP)
GSSPFG00027451001.3-RA, (Hdd23)
GSSPFG00035032001.3-RA, (Hdd23)
GSSPFG00035416001.3-RA, (Hdd23)
GSSPFG00007437001.3-RA, (kayak)
GSSPFG00032684001.3-RA, (Domless)
GSSPFG00003070001.3-RA, (STAT)
GSSPFG00011397001.3-RA, (SOCS)
GSSPFG00027455001.3-RA, (hopscotch)
GSSPFG00006046001.5-RA, (PGRP)
GSSPFG00006083001.5-RA, (PGRP)
GSSPFG00017964001.4-RA, (PGRP)
GSSPFG00019359001.4-RA, (PGRP)
GSSPFG00026857001.5-RA, (PGRP)
GSSPFG00035260001.5-RA, (PGRP)
GSSPFG00026064001.3-RA, (POI)
GSSPFG00027865001.3-RA, (PPAE1)
GSSPFG00023419001.3-RA, (PPAE2)
GSSPFG00013976001.3-RA, (PPO2)
GSSPFG00012369001-RA, (PPO1)
GSSPFG00020775001.3-RA, (HP6)
GSSPFG00000148001-RA, (beta-1,3-glucan-binding protein-like)
GSSPFG00022027001-RA, (beta-1,3-glucan-binding protein-like)

— —
< <
o ©
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7th day

FIG 3 Heat map representation of changes in innate immunity gene transcripts per million (TPM) in Spodoptera frugiperda third-instar larvae infected with
Spodoptera frugiperda ascovirus 1a. Expression patterns are for genes changing by 2-fold or more at any time point postinfection. The heat map color scale
represents the z-scale of the TPM value of replicate expression level averages at each time point. The S. frugiperda innate immunity gene identifications can
be accessed through the SfruDB Information system (http://bipaa.genouest.org/is/lepidodb/spodoptera_frugiperda/) (67).
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FIG 4 Upregulated and downregulated innate immunity genes of third-instar Spodoptera frugiperda infected with
Spodoptera frugiperda ascovirus 1a. Toll pathway (A)- and phenoloxidase system (PO) and melanization cascade (B)-
associated gene transcripts per million (TPM) levels at 7 days postinfection are shown. Expression level changes were
calculated by comparing levels at day 7 postinfection with the 0-h control (uninfected) expression level. Cactus and
phenoloxidase inhibitor (POI) are negative regulators of the Toll pathway and PO system, respectively. Cactus (1) refers to
GSSPFG00035666001.2-RA and Cactus (2) refers to GSSPFG00001145001.2-RA (gene identifications for the Spodoptera

frugiperda genome [67]).

tors (SR-B3) were upregulated at all time points postinfection. A DSCAM, two Eater
genes, and Scavenger receptors (SR-B4 and SR-C1) were also upregulated, but late in
infection (Table 3; Fig. 5). In addition, six peptidoglycan recognition proteins (PGRPs)
were upregulated late during infection (Table 3).

Other genes associated with immunity. The innate immunity gene Hdd23-
like GSSPFG00027451001.3-RA and two homologs (GSSPFG00035416001.3-RA and
GSSPFG00035032001.3-RA) were upregulated, beginning at about 24 or 48 hpi. At day 7 p.i.,
expression of these increased by 21-, 3.95-, and 3.45-fold, respectively (Table 3; Fig. 6).

DISCUSSION

Studies of ascovirus cytopathology, especially ultrastructural investigations of the
remarkable change in cell architecture that results in the formation of viral vesicles,
suggest a very complex interaction between these viruses and their lepidopteran hosts.
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FIG 5 Upregulation of Spodoptera frugiperda third-instar larvae transmembrane receptor genes after infection with
Spodoptera frugiperda ascovirus 1a. These transmembrane receptor proteins are known to be associated with
phagocytosis. (A) Transmembrane receptor gene transcripts per million (TPM) fold changes at day 4 (black bars)
and day 7 (white bars) postinfection. Eater-partial (1) refers to GSSPFG00035226001.3-RA, and Eater-partial (2) refers
to GSSPFG00005872001.3-RA (gene identifications for the S. frugiperda genome [67]). SR-B3 (1) refers to
GSSPFG00016871001.3-RA, and SR-B3 (2) refers to GSSPFG00035217001.3-RA (gene identifications for the same
genome). (B) Hemocyte with an ascovirus viral vesicle containing virions (arrow). Note that the nucleus (N) is intact,
indicating an engulfed vesicle. Bar, 1.5 um.

For example, changes in the shape of mitochondria and their movement to sites where
the delimiting membrane of viral vesicles form suggest that these organelles are
required for synthesis of these membranes (1, 15). Moreover, previous studies suggest
that ascoviruses alter protein levels involved in innate immunity (2, 7, 12), for example,
the Toll-like receptor and JAK/STAT pathway proteins (12). Moreover, the persistence of
viral vesicles for 4 to 6 weeks or more while circulating in the hemolymph also suggests
that the levels of some innate immunity proteins decrease. In the present study,
therefore, we extended our previous in vivo investigations of the SfAV-1a transcriptome
in infected S. frugiperda third instars (7) by focusing on host mitochondrial, cytoskeletal,
and innate immunity gene expression patterns. As discussed below, we found that the
expression of most mitochondrial genes in infected larvae was similar to that in
controls, though several were upregulated during vesicle formation. In addition, we
found upregulation of some host and viral mitochondrial motor genes and key host
innate immune pathway genes.

The mitochondrial transcriptome of S. frugiperda third-instar larvae was stable
prior to infection with SfAV-1a, but then postinfection typically increased less than
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FIG 6 Expression of the Spodoptera frugiperda Hdd23 gene from 0 h to 7 days postinfection with Spodoptera
frugiperda ascovirus 1a. The high expression level is shown in transcripts per million (TPM). Error bars represent the

standard deviation.

2-fold. Interestingly, transcript upregulation temporally correlated with the stage of
vesicle formation, showing that mitochondria were conserved rather being de-
stroyed after nuclear lysis, as occurs in apoptosis. Thus, our data support previous
ultrastructural studies indicating that mitochondria participated in viral vesicle
membrane formation (1, 3). In general, there are very few studies that examine
mitochondrial genome expression in insects infected with viruses, or even in other
eukaryotic species, with the exception of vertebrate animals or cell lines infected
with mammalian viruses. Thus, it is not possible to make direct comparisons. There
is, however, some evidence in at least one case that mitochondria play a role in
human cells infected with cytomegalovirus. This virus typically causes a chronic
infection, but chloramphenicol treatment significantly inhibited mitochondrial
translation and virus replication, indicating that mitochondria directly enhanced
viral replication (16). In other cases, for example, herpes simplex virus 1 (HSV-1),
HSV-2, and Epstein-Barr virus (EBV), the role of mitochondria in viral replication
appears to be minimal, if any, as mitochondrial DNA is typically degraded rapidly
(17). In addition, in vertebrate cells such as the Vero cell line infected with African
swine fever virus or chicken embryo fibroblasts infected with Frog virus 3, micro-
tubules participate in moving mitochondria close to the virogenic stroma (18-20),
apparently to make virus replication more efficient. Alternatively, in HSV-1, mito-
chondrial DNA is degraded by a virus-encoded mitochondrion-targeted nuclease
(17, 21). Thus, unique among all viruses, the chronic nature of ascovirus infection
and the use of ascovirus vesicles for virus replication and virion assembly help
explain the need for maintaining mitochondrial function for many days, if not
weeks, as the infection spreads throughout the fat body tissue.

The changes in mitochondrial shape and size during ascovirus infection may be
partially explained by the RNA-Seq data as an outcome of expression level altera-
tions of complex | (NADH dehydrogenases), complex Il (cytochrome b), complex IV
(cytochrome ¢ oxidases), and complex V (ATP6 and ATP8 of ATP synthases), given
that these subunits are embedded in the inner mitochondrial membrane. However,
these changes alone most likely do not account for the radical changes in cell
architecture characteristic of ascovirus infection. Furthermore, it is unlikely that
mitochondrial genes carried in the nuclear genome are involved in these changes,
because the nucleus and nuclear DNA are degraded early during cell infection. It is
more likely, therefore, that these marked changes in the size, shape, and movement
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of mitochondria are due to several viral genes that contain putative sequences
targeting the encoded proteins to mitochondria, identified in the previous study of
the SfAV-1a transcriptome (7).

Whereas the changes in mitochondria are significant during ascovirus infections,
based on biochemical studies it is known that several mammalian viral proteins
manipulate these organelles (reviewed in references 18 and 22). For example, viral
proteins can affect regulation of mitochondrial membrane potential (23), alter the
intracellular distribution of mitochondria (19), “hijack” mitochondrial proteins to enable
their genomes to enter the nucleus (24), and deplete mitochondrial DNA (25). It is also
possible that other complex insect viruses, such as baculoviruses and entomopoxvi-
ruses, directly manipulate the mitochondrial transcriptome, but none has been iden-
tified. In general, more transcriptome studies are needed to determine which viruses
are capable of manipulating mitochondria for virus replication and the mechanisms
underlying these virus-directed changes. Such studies could be important to human
health because it is now known that several neurological diseases of aging are due to
mutations in mitochondrial proteins encoded in either the mitochondrial or nuclear
genome (26-28).

For cytoskeletal genes, we found that the expression of only 58 of 106 genes studied
was altered more than 2-fold postinfection. More than half of those were genes that
coded for proteins related to kinesin, dynein, and myosin (Table 2). Kinesin and dynein
are known as the main motors of the mitochondria. Specifically, kinesin is associated
with antegrade and dynein with retrograde movement. For example, in Drosophila,
cytoplasmic dynein was associated with retrograde mitochondrial transport. Myosins
are associated with mitochondrial movement, however, only for short distances (29,
30). Moreover, a virus structural gene known as a dynein-like b chain (ORF084), which
is conserved in Trichoplusia ni ascovirus (TnAV) and HvAV species, was identified
recently as a late SfAV-1a gene, for which expression begins by 12 hpi and peaks at 24
hpi (4.14 log, reads per kilobase per million [RPKM]) (7). The overall expression pattern
of the 58 genes initially involves downregulation from 6 to 24 hpi. However, beginning
at 48 hpi through to day 7 p.i., many of the genes were upregulated. Initial downregu-
lation of genes was reported recently by Yu et al. (12), who found that most of the
differentially expressed genes in S. exigua larvae infected with HvAV were downregu-
lated from 6 to 12 hpi. However, they reported that subsequently, during the formation
of viral vesicles (12 to 72 hpi), unigenes were upregulated. Analysis of the most
abundant differentially expressed genes demonstrated that host genes associated with
regulation of actin cytoskeletal genes were upregulated as follows: 4 genes at 6 h, 23
at 12 h, 27 at 72 h, and 50 by the day 7 postinfection (12). Chen et al. (31) have also
reported initial downregulation of host genes for the Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) baculovirus, which attacks lepidopteran larvae. How-
ever, in their 6- to 48-hpi infection period in the Trichoplusia ni cell line, they reported
a decrease through the remainder of the infection cycle.

Previous studies of lepidopteran larvae infected with ascoviruses reported the
accumulation of high concentrations of viral vesicles in the hemolymph, which turns
this tissue milky white. These studies also showed that viral vesicles continued to be
produced and to circulate in the hemolymph for weeks, thereby favoring transmission
of the virus by parasitic wasps (1, 2). Other than the change in color, however, there
were no obvious signs of an innate immune response such as melanization of the
vesicles or phagocytosis by hemocytes as they circulate in the hemolymph. Moreover,
the long-term survival of infected larvae for transmission might favor an immune
response to prevent them from succumbing to infections by other pathogens. This
raises the question of whether the larval host is capable of recognizing the vesicles as
foreign. Based on a recent transcriptome study, in S. exigua larvae infected with
Heliothis virescens ascovirus (HvAV) 3h, genes for the Toll-like receptor signaling and
JAK/STAT pathways along with other genes involved with immunity were upregulated
upon infection (12).

The insect innate immune system is classified as being local, humoral, or cellular,
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based on the structural characterization of the Drosophila immune system (13). Inter-
estingly, the local immunity represented in antimicrobial peptides such as attacin,
cecropin, moricin, defensin, gloverin, gallerimycin, and lebocin, all known to be effec-
tive in combination against a wide range of bacterial, fungal, and viral pathogens that
infect lepidopteran larvae (32-36), was upregulated either consistently or at different
time points postinfection. Thus, they can be understood as a systemic antimicrobial
defense induced by wounding of the insect cuticle (37, 38), which our infection process
may have triggered, as it mimicked the type of wound made by a wasp ovipositor.
Therefore, the induction of these antimicrobial peptides might prevent opportunistic
pathogens from competing for host resources during infection. With respect to ly-
sozymes, upregulation of Lys1 and Lys2 and downregulation of lysozyme-like LLP1,
LLP2, and Lys3 at almost all the time points postinfection appear to be contradictory.
However, these enzymes are known to be associated with roles other than peptidogly-
can attack, for example, melanization (39).

Induction of the Toll pathway is initiated by interactions between pathogen-
associated molecular patterns (PAMPs) and host pattern recognition receptors (PRRs).
Gram-positive bacterial and fungal cell wall components, for example, are the main
inducers of the Toll cascade (40). Whereas it has not been determined how the
NF-kB-dependent pathways (Toll and Imd) are induced by a virus infection, these
pathways have nevertheless been shown to limit insect virus infections. Specifically, the
Toll pathway and cellular immunity limit Drosophila X virus (41), and the Imd pathway
and cellular immunity, also in Drosophila, limit cricket paralysis virus (42). Alternatively,
it has been shown that certain Toll-dorsal pathway genes, specifically, pelle, tube, and
cactus, are involved in development in Drosophila dorsal-ventral patterning, a differ-
ence that distinguishes the invertebrate Toll pathway from that of mammals (43-46).
Therefore, the upregulation of Toll genes after SfAV-1a infection may be both an
immune response and to modify larval development. Of interest regarding the latter,
development is significantly retarded during ascovirus disease compared to that of
healthy larvae (3). Moreover, we detected the upregulation of some JAK/STAT-
associated genes (SOCS, STAT, Domless, and hopscotch) either consistently or late in
the infection (Table 3). Interestingly, the unpaired cytokine (Upd3) or the JAK/STAT
pathway activator was not detected in the S. frugiperda transcriptome. Similarly, the
Drosophila extracellular cytokine unpaired3 (Upd3) ortholog was missing in Manduca
sexta and Tribolium castaneum (47, 48), implying the involvement of an undefined
JAK/STAT pathway-activating cytokine that replaces Upd3 in these insects. The insect
JAK/STAT is like the Toll pathway in terms of being associated with immunity and
development (46, 48). The upregulation of Toll and JAK/STAT genes after SfAV-1a
infection agrees with the S. exigua response to HvAV 3h (12).

The low variation in expression levels of Imd genes is not surprising because there
is evidence that expression of this pathway can be deleterious to insects. For example,
when the Imd pathway in Drosophila was downregulated, i.e., suppressed by a small fly
protein known as Diedel, flies lived longer. When the die gene was mutated, the life
span of the flies was reduced by about 10 days, which is significantly different from that
of wild-type flies, which typically live for 70 days (49). Interestingly, the Imd-associated
genes that varied (increased or decreased) 2-fold or more were an NF-kB-like factor
Relish gene and genes for four negative regulators (POSH, Sick, Slimb, and DNR1) (Table
3). Of relevance here is that SfAV-1a synthesizes high levels of a Diedel homolog
(ORF121) during infection, and thus its function may be to suppress the Imd pathway.
If so, this would help explain the longevity of larvae infected with ascoviruses as well
as the minor variations in expression levels of Imd pathway genes. Alternatively, the
expression levels of Imd genes may be tightly controlled by mechanisms not yet
identified during virus infections. Overall, the upregulation of the Toll pathway negative
regulator of Cactus in combination with the highly expressed ascovirus virokine Diedel
(ORF121), which apparently acts as an Imd suppressor (7), may ultimately help explain
at the molecular level how SfAV-Ta controls expression of two of the most important
signaling innate immunity pathways.
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In lepidopteran insects, the oenocytoids are the hemocytes associated with the
production of melanization cascade enzymes. The antiviral and antibacterial effect of
the melanin cascade-associated compounds has been demonstrated in many recent
studies (50-52). Therefore, the phenoloxidase pathway gene alterations indicate the
activation of the melanization cascade against SfAV-1a; however, the high upregulation
of the host phenoloxidase inhibitor (~12-fold by day 7 p.i.) may decrease the effec-
tiveness of this pathway against this virus. The dedication of a specific viral protein to
inhibit the PO is also reported for the viral protein WSSV453 produced by the white
spot syndrome virus, which inhibits the melanization cascade in the shrimp Penaeus
monodon by interacting with and preventing activation of pro PO-activating enzyme 2
(PmproPPAE2) (53). Whether ascovirus genomes possess a melanization inhibitor is not
known, but ascoviruses have large DNA genomes and synthesize many proteins with
unknown functions.

The SfAV-1a tissue tropism is primarily restricted to the S. frugiperda fat body. This
tissue is completely destroyed by day 12 p.i., with dense accumulations of viral vesicles
(108/ml) in the hemolymph by day 7 p.i. (15). Although the fat body, with functions
similar to those of the mammalian liver, is not essential for larval survival, it does
regulate many aspects of insect growth, development, and metamorphosis (53, 54).
Very importantly, it also has primary responsibility for innate immunity responses (55).
Interestingly, we detected many PRRs associated with phagocytosis upregulation by
SfAV-1a infection, for example, Nimrod and Scavenger receptors, DSCAM, and Eater. For
example, many PRRs are associated with phagocytic events (56-58) against bacteria,
plasmodia (59), and (recently shown) viruses. For instance, recently the role of the class
A (60) and C (61) scavenger receptors in virus phagocytosis was confirmed. The class C
receptor in the shrimp Marsupenaeus japonicus is efficient in inducing hemocyte
phagocytosis of white spot syndrome virus, thereby preventing systemic infection (61).
Phagocytosis is a cellular immune response that takes place by either circulating or
immobile hemocytes. In lepidopterans, the plasmatocytes are responsible for this
process (52, 62). Each phagocyte can internalize and degrade numerous invading
pathogens (63). Therefore, given that the fat body is almost completely destroyed by
SfAV-1a infection by day 7, it is expected that humoral immunity would be significantly
reduced as the infection increases. Indeed, Fig. 5B illustrates an S. frugiperda hemocyte
that has engulfed an SfAV viral vesicle, indicating at least some recognition of foreign
material by host cells.

Finally, we detected the high upregulation of an Hdd23 gene or an immune-
associated protein, by ~21-fold at day 7 p.i. The Hdd23 gene was identified in the
fall webworm Hyphantria cunea as an early acute-phase immunity-associated pro-
tein upregulated continuously after a bacterial challenge (64). However, a protein
that shares sequence similarity with Hdd23 (known as stress-responsive peptide
[SRP]) was characterized recently in Helicoverpa armigera and found to be associ-
ated with prophenoloxidase and nodulation activation (65). The high upregulation
of Hdd23-like proteins (Fig. 6) shows that this is in response to SfAV-1a infection,
even though they apparently are largely ineffective against this virus. Thus, as in the
case of the antimicrobial peptides, given the response to bacterial challenge in H.
cunea and activation of nodule formation in H. armigera, the function of these
proteins may be to inhibit bacterial infections during the prolonged larval stage
caused by ascovirus infection.

In conclusion, the evolutionary success of the chronic characteristic of disease
caused by ascoviruses in their lepidopteran larval hosts may reflect their unique ability
to conserve mitochondrial functions while keeping the balance between the different
innate immunity cascade inducers and inhibitor/negative regulators that are expressed
simultaneously. The transcriptome data show that some of these processes are con-
trolled by viral genes, such as the preservation of mitochondrial functions, whereas
other are likely direct innate immune responses due directly to cuticular damage
due to oviposition attempts. Studies of many vertebrate viruses over the past
decade, especially of mammalian viruses, have identified many proteins involved in
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manipulating mitochondria and inducing innate immune responses. Ascoviruses
have large genomes, and the functions of many genes remain unknown. Thus, it is
possible that several of these, if not more, are involved in the direct manipulation
of mitochondria and innate immunity, suggesting that a wealth of new information
may be derived by transcriptome studies of additional ascoviruses and other large
DNA insect viruses.

An important dilemma that remains to be resolved for ascoviruses is the discrepancy
between the ultrastructural data suggesting that mitochondria play a major role in cell
hypertrophy, membrane synthesis, and vesicle formation and the transcriptome data
from two studies that suggest unremarkable changes in the upregulation of mitochon-
drial gene expression. This may be due to the normalization of transcriptome data per
unit of tissue and possibly the release of nascent viral vesicles as the anucleate cell
cleaves. Another enigma is how mitochondria continue to function after nuclear DNA
is cleaved, considering that mitochondrial functions depend on numerous genes
carried in the nuclear genome.

MATERIALS AND METHODS

Virus infection and disease development in infected larvae. Spodoptera frugiperda ascovirus 1a
(SfAV-1a), strain Sf82-126 (66), was used to inoculate Spodoptera frugiperda third-instar larvae. Larvae
were grown on an artificial diet (Benzon Research, Carlisle, PA) under ambient laboratory conditions
(22°C). To mimic infection by parasitic wasps, virus inoculation was performed manually using a minutin
pin dipped in a suspension of viral vesicles (1 X 108/ml), which was then inserted briefly through the
posterior abdominal cuticle into the fat body. Disease development was confirmed by examining a small
drop of hemolymph to ensure it was opaque white and then by viewing the drop by phase-contrast
microscopy for the presence of high concentrations of viral vesicles.

Extraction of total RNA from healthy and infected larvae. Total RNA was isolated from healthy
and SfAV-infected S. frugiperda larvae using TRIzol (Invitrogen, Life Technologies) following the protocol
provided by the manufacturer. RNA was isolated from 50 to 100 mg of tissue by mechanical homoge-
nization of the larval body in 1 ml TRIzol. RNA samples were isolated at 0 h (uninfected control larvae) and
for SfAV-infected larvae at 6, 12, 24, and 48 h and 4 and 7 days postinfection (p.i.). Total RNA was
extracted from three biological replicates at each time point. Three replicates were included in the
calculations of transcripts per million (TPM) (described below).

DNase treatment and RNA purification. To purify the isolated RNA and remove any DNA contam-
ination, the instructions from the RNA Clean and Concentrator TM-5 kit manufacturer (Zymo Research)
were followed, combined with the RNase-free DNase set (Qiagen). RNA quantity and quality were
determined using a Thermo Scientific NanoDrop ND-2000c spectrophotometer.

Enrichment of mRNA, RNA-Seq library preparation, and sequencing. RNA-Seq library preparation
and sequencing were previously described in detail (7). Briefly, mRNA was enriched using the NEBNext
poly(A) mRNA magnetic isolation module kit (New England BioLabs), followed by library preparation
using the NEBNext Ultra Directional RNA library preparation kit (New England BioLabs) for Illumina
sequencing. For sequencing, the HiSeq2500 lllumina and NextSeq500 sequencers were used (Noel T.
Keen Genomics Core Facility at the UC Riverside Institute for Integrative Genome Biology).

Bioinformatic analysis and TPM calculations. For quantification of S. frugiperda mitochondrial
gene expression, we used the published S. frugiperda mitochondrial genome (8) (available through NCBI,
accession no. KM362176.1) for transcript locations. In this reference genome, two transcripts are
annotated at multiple loci but with identical transcript names: tRNA-Leu and tRNA-Ser. For clarity, we
refer to these transcripts as tRNA-Leu-1 (located on the reference mitochondrial genome at positions
2992 to 3059), tRNA-Leu-2 (positions 12714 to 12783), tRNA-Ser-1 (positions 6164 to 6233), and
tRNA-Ser-2 (positions 11690 to 11756). For quantification of innate immunity and cytoskeleton genes,
RNA-Seq reads were mapped to the recently published Spodoptera frugiperda corn variant genome (67).
The assembled genome can be accessed through the European Bioinformatics Institute (EMBL-EBI)
(accession no. PRJEB13110). The innate immunity and cytoskeleton gene IDs listed in this study can be
accessed through the SfruDB Information system (http://bipaa.genouest.org/is/lepidodb/spodoptera
_frugiperda/). For innate immunity genes, we included representatives (97 genes) for every innate
immunity pathway identified in the Spodoptera frugiperda transcriptome (Sf_TR2012b) and listed in
reference 68. Thus, genes for Toll, Imd, JAK/STAT, JNK, phenoloxidase system (PO), extracellular signal
transduction and cytokines, antimicrobial peptides (AMPs), transmembrane receptors, peptidoglycan
recognition protein (PGRP), and the Gram-negative bacterium-binding protein (GNBP) were included. For
cytoskeleton genes, we included 106 genes in the analysis. These included representatives for actin,
actin-related proteins, tubulin, dynein, kinesin, lamin, filamin, myosin, and profilin. Transcript expression
estimates for these genes were estimated as transcripts per million (TPM) using the RSEM program (69).

Determination of Spodoptera frugiperda genes upregulated and downregulated postinfection.
After TPM quantification for each S. frugiperda mitochondrial, cytoskeletal, or innate immunity gene, the
genes were separated into two classes, upregulated or downregulated, based on the increase or
decrease in expression compared to the 0-h control. Upregulated genes were defined as those for which
transcription increased 2-fold or more postinfection (at any time point postinfection) and which had a
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basal transcription level equal to or greater than 1 TPM at 0 h or any time postinfection. Similarly,
downregulated genes were those for which transcription decreased by equal to or greater than 2-fold
(at any time point postinfection) and which had a basal transcription level equal to or greater than 1 TPM
at 0 h or any time postinfection.

EM. The transmission electron microscopy (EM) imaging was done following protocols described
previously (1, 70). Briefly, for tissue fixation, 3% glutaraldehyde and 1% OsO, buffers were used, followed
by tissue embedding in Epon-Araldite. Ultrathin sections were cut on a Sorvall Ultrathin Microtome and
examined in a Philips electron microscope.

Data availability. The Spodoptera frugiperda RNA-Seq data and TPM values for mitochondrial,
cytoskeletal, and innate immunity genes obtained in this study can be accessed through the NCBI Gene
Expression Omnibus (GEO) series accession number GSE114901; samples are located in files GSM3154237

Journal of Virology

to GSM3154250 and GSM4259495 to GSM4259501.
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