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Abstract

The baculovirus Cydia pomonella granulovirus (CpGV) is a biocontrol agent used worldwide against the codling moth (CM), Cydia 
pomonella L., a severe pest in organic and integrated pome fruit production. Its successful application is increasingly challenged 
by the occurrence of CM populations resistant to commercial CpGV products. Whereas three types (I–III) of CpGV resistance have 
been identified, type I resistance compromising the efficacy of CpGV- M, the so- called Mexican isolate of CpGV, is assumed to 
be the most widely distributed resistance type in Central Europe. Despite the wide use of CpGV products as biocontrol agents, 
little information is available on gene- expression levels in CM larvae. In this study, the in vivo transcriptome of CpGV- M infecting 
susceptible (CpS) and resistant (CpRR1) CM larvae was analysed at 24, 48, 72, 96 and 120 hours post infection in the midgut 
and fat body tissue by using a newly developed microarray covering all ORFs of the CpGV genome. According to their transcript 
abundance, the CpGV genes were grouped into four temporal clusters to which groups of known and unknown function could 
be assigned. In addition, sets of genes differentially expressed in the midgut and fat body were found in infected susceptible 
CpS larvae. For the resistant CpRR1 larvae treated with CpGV- M, viral entry in midgut cells could be confirmed from onset but 
a significantly reduced gene expression, indicating that type I resistance is associated with a block of viral gene transcription 
and replication.

InTRoduCTIon
The Cydia pomonella granulovirus of the family  
Baculoviridae, genus Betabaculovirus, is a dsDNA virus with 
a covalently closed genome of 120.8 to 124.3 kbp encoding 
up to 142 ORFs [1, 2]. It is highly infectious for larval instars 
of the codling moth (CM), Cydia pomonella (L.), which is a 
serious pest with a nearly worldwide distribution in apple- 
growing regions. Due to its high virulence and narrow host 
range to CM larvae and its harmlessness towards non- target 
organisms and the environment [3, 4], CpGV became one of 
the most widely applied and commercially important baculo-
viruses and serves as a cornerstone of biological CM control 
in integrated and organic apple and pear production [5, 6]. 
The first CpGV isolate was discovered in Mexico (CpGV- M) 
[7] and it has been used successfully in commercial biocontrol 
products since the late 1980s. Today many different geographic 
field isolates are known [8–12]. These isolates show different 
levels of virulence and can be divided into seven phylogenetic 

genome groups, termed A to G, according to comparative 
genome studies [1, 2].

Based on quantitative analyses of single nucleotide poly-
morphisms (SNPs), it was possible to identify genotypi-
cally homogeneous and heterogeneous, and mixed isolates 
[1, 13, 14]. In addition to natural field isolates, commercially 
selected isolates of genome groups A, B and E are also known 
[5, 6, 15–17], some being mixtures of these genome groups 
[16].

In 2005, the first emergence of CM field populations resistant 
to commercial products containing CpGV- M (genome group 
A) was documented in Germany and France [18, 19] and later 
in other European countries [20–24]. This first case of field 
resistance to commercial baculovirus products was reflected 
by a 1000- to 100 000- fold reduced susceptibility of CM larvae 
to CpGV- M (genome group A) and is referred to as type I 
resistance [25]. The nature of this type I resistance was better 
understood following generation of the laboratory CM strain 

OPEN

ACCESS

https://jgv.microbiologyresearch.org/content/journal/jgv/
https://creativecommons.org/licenses/by/4.0/deed.ast


2

Wennmann et al., Journal of General Virology 2021;102:001566

CpRR1, a genetically homogeneous inbred strain that origi-
nated from a resistant field population in southern Germany. 
In CpRR1, CpGV resistance is inherited dominantly on the 
sex- chromosome (Z chromosome) [23, 25]. Today two other 
types of CpGV resistance are known (type II and type III 
resistance), which are directed against other CpGV isolates 
and exhibit different inheritance patterns [26–28].

For type I resistance, the ORF pe38 was identified as a 
resistance- related viral genetic factor by comparing the 
genome sequences of CpGV- M, and the resistance- breaking 
English isolate CpGV- E2 (genome group B), the Iranian 
isolates CpGV- I07 and CpGV- I12 (genome groups C and D, 
respectively), as well as CpGV- S (genome group E) [29]. The 
common difference between all these resistance- breaking 
CpGV isolates and CpGV- M was an additional 2×12 bp long 
repeat motif in pe38 of CpGV- M, where this 12 bp repeat 
motif occurs three times [1, 13, 29]. Resistance- breaking 
isolates, such as CpGV- S, CpGV- E2 and CpGV- I12, are 
characterized by genotypes with a single 12 bp repeat motif 
[8, 13, 29]. The genotypic frequency of a single 12 bp repeat 
motif within an isolate correlates with its resistance- breaking 
activity in CpRR1 [8, 13, 16, 27, 28]. To date, the function of 
pe38 in CpGV remains unknown although its gene sequence 
indicates a zinc finger and leucine zipper domain in its 
protein. In addition to its function, the temporal expression 
and level of transcription of pe38 are still unknown.

With the help of a genetically modified CpGV- M bacmid 
encoding for an enhanced green fluorescent protein (eGFP), 
it was demonstrated that CpGV- M is able to enter resistant 
CpRR1 cells but its viral replication is blocked [30]. Although 
the genome sequences of more than 20 geographic and 
commercial CpGV isolates have been extensively investi-
gated, very little is known about gene transcription of CpGV. 
One reason is the lack of a highly permissive cell line; hence 
expression studies are restricted to asynchronous infections of 
CM host larvae and their tissues. An example of a global tran-
scription analysis under conditions in cell culture or larval 
midguts is the Autographa californica nucleopolyhedrovirus 
(AcMNPV), belonging to the genus Alphabaculovirus [31, 32].

In the present work, the global transcription of a permissive 
infection of CpGV- M in susceptible CM larvae (CpS) was 
measured for the midgut and fat body tissue at different time 
points. The results were compared with the onset of gene 
expression of CpGV- M in the midgut of resistant CpRR1. 
Our findings make an important contribution to the under-
standing of virus–host interaction, the transcriptome of 
CpGV and baculoviruses in general.

METHodS
Insects and viruses
Laboratory strains of susceptible (CpS) and type I resistant 
(CpRR1) C. pomonella larvae were maintained at the Julius 
Kühn- Institut, Institute for Biological Control, in Darmstadt, 
Germany. Both CM strains were reared under the same 
laboratory conditions [33]. Neonate larvae were either used 

directly for experimental purposes or kept on semi- artificial 
diet [34] until they reached the desired larval stage.

Two isolates of the Cydia pomonella granulovirus (CpGV) 
were used in this study: the Mexican isolate (CpGV- M) 
[7] and the Iranian isolate (CpGV- I12) [11]. Both isolates 
were initially propagated in susceptible fourth instar CpS 
larvae. The protocol for occlusion- body (OB) purification 
followed the method described by Jehle et al. [35]. Stocks of 
OB suspensions of CpGV- M and CpGV- I12 were stored at  
−20 °C and were enumerated using a Petroff- Hauser counting 
chamber (depth 0.02 mm) in dark- field optics of a Leica light 
microscope (DMRBE) [36].

Infection experiments for transcriptome analysis
Batches of CpS and CpRR1 neonate larvae were reared indi-
vidually on artificial diet [34] and were checked daily for signs 
of moulting, such as lost head capsules. After approximately, 4 
to 5 days, larvae underwent the third larval stage. Larvae of the 
same size and that reached the fourth larval stage on the same 
day were considered to be at the same stage of development 
and used for the infection experiments. Larvae were starved 
individually overnight and were fed subsequently with a small 
cube (1 mm3) of semi- artificial diet containing 103 OBs of 
either CpGV- M or CpGV- I12. Control larvae were provided 
diet without virus OBs. After 4 h, larvae were checked if 
they had eaten the entire piece of diet. Larvae that did not 
entirely ingest the provided inoculum were excluded from 
all further analyses. All successfully inoculated larvae were 
then kept on virus- free diet and this time point was set as the 
experimental starting point (=zero h post- infection, h p.i.). 
At time points 0, 12, 24, 48, 72, 96 and 120 h p.i. a subset of 
30 to 50 larvae was removed from the experiment. Larvae fed 
on virus- free control diet (untreated control) were collected 
at 120 h p.i. Larval samples from different time points were 
stored individually in a 1.5 ml centrifuge tube at −80 °C until 
midgut and fat body dissection and RNA isolation. The entire 
experimental setup was repeated independently three times.

Tissue dissection and RnA isolation
Dissection of midgut and fat body tissues was performed 
for a randomly chosen subset of ten larvae of each repli-
cate and time point. Tissue preparation was done rapidly 
under a binocular on ice- cooled glass Petri dishes to avoid 
any unnecessary damage to larval tissues and degradation 
of RNA. Midguts were washed to remove intestinal debris. 
Due to the small size of the larvae, the fat body of the entire 
larvae was included in the dissection process without speci-
fying its association to other larval organs. Midgut and fat 
body tissues of all ten larvae were separately pooled in lysis 
buffer of the RNA purification kit (GeneJET, Thermo Fisher) 
containing β-mercaptoethanol (BME). Isolation of total RNA 
was performed immediately after the dissection process on 
each set of pooled midguts or fat body tissue following the 
manufacturer’s manual of the RNA purification kit. Briefly, the 
pooled tissues were homogenized within a 1.5 ml centrifuge 
tube using a micro pestle. The homogenate was treated with 
proteinase K at a final concentration of 250 µg ml−1 at 25 °C for 
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10 min and centrifuged at 12 000 r.c.f. for 5 min. Supernatants 
were transferred to RNase- free centrifuge tubes and mixed 
with 96 % ethanol. After careful mixing by inversion, the RNA 
containing mixture was centrifuged through a RNA binding 
column. The column was washed twice with washing buffers 
I and II supplied with the RNA purification kit followed by 
centrifugation at 12 000 r.c.f. for 1 min and 2 min, respec-
tively. Finally, the RNA was eluted from the column by adding  
50 µl RNAase- free water and by centrifugation at 12 000 r.c.f. 
for 1 min.

RnA quality control
Prior to the DNAase I treatment the amounts of RNA in the 
samples were measured using a eukaryote total RNA nano 
kit (Agilent) in a Bioanalyzer 2100 Expert (Agilent) and 
checked for C. pomonella- specific RNA chromatograms. 
From the chromatograms the level and RNA degradation 
were evaluated by the help of a 6000 nt (6000, 4000, 2000, 
1000, 500, 200 and 25 nt) nano marker. The RNA quality was 
estimated by the ratio of 18S and 28S rRNA to calculate the 
RNA integrity number (RIN) ranging from 10 (optimal) to 1 
(entirely degraded). Samples with a RIN >8 were considered 
as sufficient for the microarray study. In cases where the 
larval RNA samples appeared degraded, the larval sample 
was replaced with a new one following the above described 
tissue dissection and RNA isolation protocol. An entity of ten 
high- quality RNA samples were pooled and prepared for the 
microarray studies. Three biological replicates for each time 
point were generated.

dnAse treatment
To remove any DNA contamination, 5 µl (1 U µl−1) DNAase 
I and 5 µl DNAse I buffer were added to each 50 µl RNA 
sample followed by incubation at 37 °C for 30 min. DNAse 
I was then inactivated by adding 5 µl EDTA (50 mM) and 
incubation at 65 °C for 10 min. Eventually, the RNA samples 
were checked for DNA contamination by PCR analysis using 
actin gene specific primers: 5′- AGTA CGTA CGTG TTGG 
CCATG-3′ (actin forward primer) and 5′- AGTA CGTA CGTG 
TTGG CCATG-3′ (actin reverse primer). For a PCR, 2 µl of 
RNA sample were mixed with 1 µl 10 µM of each forward and 
reverse primer, respectively, 5 µl 10× reaction buffer (Axon), 
4 µl 25 mM MgCl2, 1 µl of a mixture of 10 mM (each) dNTP, 
0.5 µl (5 U µl−1) Taq polymerase (Axon) and 35.5 µl ddH2O to 
a final volume of 50 µl. PCR reactions were initiated by DNA 
denaturation for at 94 °C for 1 min, followed by 35 cycles of 
denaturation at 94 °C for 1 min, primer annealing at 50 °C for 
45 s and elongation at 72 °C for 1 min. Final elongation was 
performed at 72 °C for 5 min. Genomic DNA of C. pomonella 
was used for positive- and water for negative- control reac-
tions. PCR fragments were separated by gel electrophoresis 
and staining of DNA by Midori Green Advance (Nippon 
Genetics Europe GmbH, Düren, Germany).

Reverse transcription of RnA
Synthesis of cDNA was performed for RNA samples of the 
untreated control and of the treatments at 0, 12, 24, 48, 72, 96 

and 120 h p.i. using the iScript cDNA synthesis kit (BioRad) 
and following the manufacturer’s protocol. For a reverse tran-
scription reaction 22 µl of nucleotide free H2O, 8 µl reaction 
buffer, 2 µl iScript reverse transcriptase (RT) and 2 µl RNA 
sample (50 ng µl−1) were mixed. RT control reactions were 
set up with 2 µl of nucleotide- free H2O instead of the RNA 
sample in order to check for RNA contamination. Priming 
using the kit’s random hexamers was performed at 25 °C for 
5 min, followed by reverse transcription at 46 °C for 20 min 
and RT inactivation at 95 °C for 1 min.

Quantitative PCR (qPCR)-based transcriptome 
analysis
Levels of gene expression of viral genes ie-1, pe38, lef-8, 
f- protein, vp39 and granulin (gran) as well as the house- 
keeping gene actin were determined by qPCR analysis using 
a CFX96 real- time system (Bio- Rad, Hercules, CA, USA). 
Each reaction was performed in 25 µl total volume with 1 µl 
(30 µM) of each forward and reverse primer (Table 1), 12.5 µl 
Maxima SYBR Green/Rox qPCR master mix (Thermo Fisher 
Scientific, Waltham, MA, USA), 2 µl cDNA and 8.5 µl ddH2O. 
The program was set as follows: initial denaturation at 95 °C 
for 2 min followed by 45 cycles of denaturation at 94 °C for 
1 min, annealing at 60 °C for 30 s and elongation at 72 °C 
for 30 s. After completion of all qPCR cycles, melting curve 
analysis was performed from 60–95 °C with an increment of 
0.5 °C each 5 s. Non- target controls, non- RT and negative 
RT samples were included in each quantification experiment. 
Data analysis was conducted with Bio- Rad CFX Manager 3.0 
(Bio- Rad, Hercules, CA, USA) to obtain Cq (quantification 
cycle) data. Cq values of each biological replicate of all time 
points (0, 12, 24, 48, 72, 96 and 120 h p.i.) were measured by 
three technical replicates. The average Cq value of all three 
replicates was normalized by the average Cq value of the 
house- keeping gene actin. The relative gene expression was 
calculated by 2-∆Ct.

Microarray design
The transcriptome analysis of 137 (Table S1, available in the 
online verson of this article) of a total 142 annotated ORFs 
of CpGV- M [2, 37] was conducted by a 8×15 k microarray 
(Agilent) with custom- designed 60 bp oligonucleotides. 
Oligonucleotides were reverse complement (5′ to 3′ orienta-
tion) and located as close as possible to the 3′ end of potential 
transcripts of 137 ORFs (Table S1). Design of all specific 
60mers with similar melting temperature was performed with 
eArray software v82.3.5.6 (Agilent). The house- keeping gene 
actin was chosen as standard for normalization. For five viral 
genes, i.e. cp40, cp72, cp75, vlf-1 (cp106) and me53 (cp143), 
appropriate 60mers could not be designed and did not result 
in analyzable transcription data. These genes were therefore 
not included in the study. All 60mers were checked for their 
specificity to CpGV- M and other entirely sequenced isolates 
of CpGV by multiple gene alignments using Geneious Prime 
(Biomatters, NZ) software. Spots for all oligonucleotides and 
internal standard spike- in (Agilent) were randomly distrib-
uted in 100- fold replicates, respectively (Fig. 1).
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Microarray cRnA preparation
For each infection experiment and its biological replicates, 
cDNA was prepared for microarray analysis. In total, 1.5 µl 
(50 ng µl−1) RNA were mixed with 2 µl spike- in RNA mix 
(Agilent), previously prepared according to the manufacturer’s 
instructions. Reverse transcription of the RNA/spike- in mix 
was performed with the Quick Amp Labelling Kit (Agilent) by 
combining 2 µl (5×) first strand buffer, 1 µl 0.01 M DTT, 0.5 µl 
10 mM dNTP and 1.2 µl RNAse block mix to a total volume 

of 4.7 µl. After thorough mixing, the entire RNA/spike- in mix 
was added and cDNA was synthesized at 40 °C for 2 h. For 
labelling of transcripts, cDNA was converted into cRNA by 
the Quick Amp Labelling Kit (Agilent). To each cDNA probe, 
0.75 µl H2O, 3.2 µl 5× transcription buffer, 0.6 µl (0.1 M) DTT, 
1 µl (10 mM) dNTP mix, 0.21 µl T7- RNA- polymerase and 
0.24 µl Cyanine 3- CTP were added and subsequently incu-
bated at 40 °C for 2 h to generate Cy3 labelled cRNA. Labelled 
cRNA was purified from the reaction mixture by the RNA 

Table 1. Oligonucleotides used in RT- qPCR for analysing the gene- expression level of selected early, late and very late genes. Quantitation of viral gene 
expression was determined relative to the expression level of the host house- keeping gene actin

Name Target gene Expression level Sequence (5′ to 3′) Product size (bp)

pCM_actin_f
actin house- keeping gene

AATGGCTCCGGTATGTGC
216

pCM_actin_r TTGCTCTGT GCCTCGTCT

pCpGV- M_ie-1_f
ie-1 early

CCCCAATCCTATGAGAAGCA
221

pCpGV- M_ie-1_r ACGCTTTCGAAATGACCATC

pCpGV- M_lef-8_f
lef-8 early

CTTCCGTCTTCAACCTACTGT
452

pCpGV- M_lef-8_r CGCGCCCGTGGTGATAAAAC

pCpGV- M_pe38_f
pe38 early

CACGAAGCAGCACTCATTGT
181

pCpGV- M_pe38_r GCGGTGCTTTAACAGTCCTC

pCpGV- M_f- protein_f
f- protein late

GACAGGGACGCAGCACTAC 191

pCpGV- M_f- protein_r TCCGCCACACTGTCCTTGAT

pCpGV- M_vp39_f
vp39 late

TCCGGCAAGGACAATCGCTC
476

pCpGV- M_vp39_r TGGCAGGTCAAACCCTCTG

pCpGV- M_granulin_f
gran very late

GGCCCGGCAAGAATGTAAGAATCA
422

pCpGV- M_granulin_r GTAGGGCCACAGCACATCGTCAAA

Fig. 1. Workflow and design of a custom 8 x 15 k CpGV microarray. After peroral infection of CM larvae with CpGV occlusion bodies a 
subset of 30–50 larvae was removed at 12, 24, 48, 72, 96 and 120 h p.i. and subjected to midgut and fat body dissection. Uninfected 
larvae fed on virus- free control diet were collected at 120 h p.i. Dissection of midgut and fat body tissues was performed for ten larvae 
of each time point. Then, total RNA was isolated, reverse- transcribed to cDNA and analysed by a custom- designed 8 x 15 k microarray. 
Samples of six time points and the virus- free control (C) were hybridized to one the eight grids of the microarray, whereas one grid (X) 
remained unused. Each of the grids had 82 x 192 spots consisting of 100 technical replicates of randomly distributed oligonucleotides 
spots for 137 probed CpGV ORF, for actin (house- keeping gene), and for internal standard spike- ins and experimentally designed but 
unused probes. A part of the 96 h p.i. grid is enlarged for a more detailed view. As an example, the six marker genes used in the PCR 
analysis are highlighted: ie-1 (red), lef-8 (blue), pe38 (green), vp39 (purple), f- protein (orange) and gran (yellow). Grey: spots for probes 
of the remaining 131 ORF; white: spots for actin and other internal probes. After scanning, the data were processed for transcript 
quantification. A detailed description of the experiment is given in the Methods.
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purification kit (Thermo Fisher) according the manufacturer’s 
protocol. The quality of the purified and labelled cRNA was 
measured by a NanoDrop 2000c (Peglab, Thermo Fisher). By 
measuring the Cy3 specific fluorescence, the ratio of pmol/
Cy3 to µg RNA was measured and exceeded the required Cy3 
activity of 6 pmol µg−1 RNA.

Microarray analysis and data processing
For one microarray analysis, 600 ng of labelled cRNA were 
mixed with 5 µl 10× blocking agent, 1 µl 25× fragment buffer 
(Gene Expression Hybridization Kit, Agilent Technologies) 
and filled to a total volume of 25 µl. Incubation for 30 min 
at 60 °C resulted in fragmentation of cRNA. Samples were 
then immediately cooled on ice and mixed with 25 µl 2× GE 
hybridization buffer HI RPM. To avoid generation of bubbles, 
the mixture was centrifuged for 1 min at 13 000 r.c.f. and care-
fully loaded on the microarray for hybridization.

After pipetting the labelled and fragmented cRNA samples in 
the right spots onto the microarray, hybridization took place 
for 17 h at 65 °C in a hybridization oven. Non- hybridized 
cRNA fragments were removed from the microarray slide by 
three subsequent washing steps using wash buffer I, II and III 
(37 °C) for 1 min. After removing excessive liquid from the 
array slides, the microarrays were scanned with a resolution 
of 5 µm using an Agilent G2505C scanner (Agilent).

The obtained microarray images were processed by Feature 
Extraction Software v11.0 (Agilent) to transform signal 
intensities to numbers. The quality of each microarray was 
evaluated by the spike- in samples. Microarray raw data were 
processed with ArrayStar software version 5 (Lasergene, 
DNASTAR) for normalization with house- keeping gene 
actin. For each infection time point the three replicates were 
imported and processed together with quartile normaliza-
tion. Genes were considered as transcribed when their actin 
normalized gene expression increased 1.5- fold higher than 
the background value of the control. Similar gene- expression 
patterns were identified with k- mean clustering in R (version 
3.4.2).

For data analyses, ORFS of CpGV were allocated to temporal 
classes according to the presence of early (TATA box and 
CAGT motif), late and very late (A/T/G/TAAG motif) 
promoter motifs within 120 nt upstream of the ORF start 
codon in the genome of CpGV- M and to their predicted 
function according to gene homology [37–40].

RESuLTS
qPCR-based transcription analysis of selected 
genes in CpS and CpRR1
To analyse viral gene expression in midgut and fat body 
tissues of susceptible CpS and resistant CpRR1 larvae 
infected with either CpGV- M or CpGV- I12, the transcrip-
tion of a set of six selected marker genes consisting of the 
immediate early (ie-1 and pe38), early (lef-8), late (f- protein 
and vp39) and very late (gran) genes (Table 1) was investi-
gated by RT- qPCR. Transcript abundance of the individual 

genes was determined at 12, 24, 48, 72, 96 and 120 h p.i. to 
examine temporal changes in gene expression. In CpGV- M- 
infected CpS larvae (CpS/CpGV- M), virus infection spreads 
from midgut to other tissues and thereby this experiment 
was considered the standard susceptible treatment. In this 
treatment, the primary infection was initiated in the midgut, 
which was measured by an onset in gene transcription of 
ie-1, pe38, lef-8, f- protein, vp39 and gran from 12 to 120 
h p.i. (Fig. 2a). Minimum gene expression was measured 
at 12 h p.i. and increased to 72 h p.i. At 72 h p.i. the gene 
expression was about 104 to 106- fold higher than the house- 
keeping gene actin for all measured genes and increased 
only slightly in the following time points at 96 and 120 h p.i. 
During this course of infection, the transcription level of 
f- protein was lowest when compared with the other genes, 
whereas transcription of gran increased continuously from 
12 to 120 h p.i., and that of lef-8 decreased from 96 to 120 
h p.i. (Fig. 2a).

In fat body tissues of infected CpS larvae, transcription 
of CpGV- M genes was below the transcriptional level of 
actin (<1) at 12 h p.i. and exceeded the house- keeping gene 
threshold with values below 10- fold transcription at 24 h 
p.i. (Fig. 2b). Compared to the level of transcription of the 
midgut at 24 h p.i., the expression in the fat body was at a 
lower rate. At 48 h p.i., the gene expression of all six genes 
increased to levels between 102 to 103 and exceeded a 105- fold 
higher expression than actin at 72, 96 and 120 h p.i. (Fig. 2b). 
Similar to the transcription in the midgut, the expression of 
gran peaked in comparison to ie-1, pe38, lef-8, f- protein and 
vp39 at 96 and 120 h p.i. (Fig. 2b).

In a second experiment, the level of transcripts of the six 
selected marker genes were measured in midgut and fat 
body tissues of type I resistant CpRR1 larvae infected with 
CpGV- I12 (CpRR1/I12), a type I resistance- breaking isolate 
(Fig. 2c, d). Similar to CpS larvae infected with CpGV- M 
treatment, this can also be considered as a susceptible treat-
ment, where an unimpeded viral infection was assumed. 
Viral transcripts for the marker genes were measured in the 
midgut (Fig. 2c) and fat body tissue (Fig. 2d) and the overall 
transcription pattern was similar to the CpS/CpGV- M 
treatment (Fig. 2a, b). The first transcripts were detected 
at 12 and 24 h p.i. in midgut (Fig. 2c) and fat body tissues 
(Fig. 2d), respectively, and increased to 72 h p.i. At 72, 96 
and 120 h p.i., ie-1, pe38, lef-8, f- protein and vp39 had a 
104- to 107- fold higher level of transcription in midgut and 
fat body tissues, respectively, in comparison to actin. In both 
larval systems, CpS and CpRR1, the expression of ie-1, pe38, 
lef-8, f- protein and vp39 was higher in the fat body than in 
midgut tissues at 72 to 120 h p.i. (Fig. 2a, b). For gran, the 
measured levels of transcription were similar in midgut and 
fat body tissues of CpGV- M- infected CpS larvae (Fig. 2a, b). 
In CpRR1 larvae infected with CpGV- I12, the amounts of 
gran transcripts exceeded a 107- fold level in midgut and fat 
body tissues, respectively, at 72 to 120 h p.i., representing 
the highest values measured in all treatments and samples. 
These findings clearly indicated that CpGV- I12 successfully 
infected CpRR1 larvae.



6

Wennmann et al., Journal of General Virology 2021;102:001566

Fig. 2. Transcription levels of ie-1 (red), lef-8 (blue), pe38 (green), vp39 (purple), f- protein (orange) and gran (yellow) in the midgut (left 
column) and fat body (right column) in permissive (a–d) and non- permissive (e–j) host/virus treatments determined by RT- qPCR as 
indicated in each panel. (a, b) Permissive CpS/CpGV- M treatment. (c, d) Permissive CpRR1/CpGV- I12 treatment. For the non- permissive 
treatment of CpRR1/CpGV- M the first (e, f), second (g, h) and third (i, j) replicates are shown separately. Vertical bars indicate +/- standard 
deviation. Time points of replicates considered as contaminated are marked with an "x" below the x- axis.
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In a next step, the larvae of CpRR1 were treated with 
CpGV- M to study viral gene expression of the six marker 
genes in resistant larvae treated with the resistance- prone 
CpGV- M. In this non- susceptible treatment CpRR1/
CpGV- M, no steady increase in gene expression but high 
variability between time points was measured over time, 
contrasting the homogenous increase in the susceptible 
treatments CpS/CpGV- M and CpRR1/CpGV- I12 treat-
ments. Because of these inconsistent transcriptional 
responses, all three replicates were analysed separately 
(Fig. 2e–j). Each replicate showed unique patterns of viral 
gene expression over time, which were similar within each 
replicate for the midgut and fat body tissues but highly 
different among the replicates. In the first replicate (Fig. 2e, 
f), the levels of gene expression from 12 to 48 h was close 
to zero and nearly always below 10- fold in both midgut 
and fat body tissues. Only at 72 to 120 h p.i. were higher 
levels of gene expression of all six marker genes detected 
and varied between 103 to 107 in both tissues. A different 
pattern was observed in the second and third replicate, 
where the abundance of transcripts peaked at 96 h p.i. 
(Fig. 2g, h) as well as at 24, 96 and 120 h p.i. (Fig. 2i, j), 
respectively. Two conclusions can be taken from these three 
replicates of non- susceptible treatment: (1) there are highly 
variable and inconsistent patterns of gene transcription 
and (2) the transcription level even at the time points of 
high transcription was 10 to 100- times lower than in the 
susceptible treatments noted for CpS/CpGV- M (Fig. 1a, 
b) and CpRR1/CpGV- I12 (Fig. 2c, d). As discussed below, 
the only biologically plausible explanation for this observa-
tion is that the pooled RNA samples of CpRR1/CpGV- M 
infections of single time points were contaminated with 
RNAs from individual CpRR1 larvae successfully infected 
with CpGV- M. Only when all CpRR1 larvae of a given time 
point were not productively infected with CpGV- M, then 
the transcription levels stayed low, as observed for the 48 h 
p.i. replicate no. 1, 72 and 120 h p.i. in replicate no. 2 and 72 
h p.i. in replicate no. 3. Therefore, some of the samples were 
excluded from the following microarray analysis (Fig. 2).

Microarray analysis of CpGV-M in susceptible CpS 
larvae
In a first step, the global transcription pattern of 137 genes 
of CpGV- M infecting CpS larvae was compared between 
midgut and fat body tissues (Table 2, Fig. 3a, b). For the 
entire microarray analysis, RNA preparations from midgut 
and fat body tissues of non- infected CpS larvae, collected 
at 120 h p.i., served as the internal reference to which the 
levels of CpGV- M transcription were normalized. In the 
course of infection, the levels of gene transcripts increased 
from 12 to 120 h p.i. (Fig. 3). At 12 and 24 h p.i., the expres-
sion was low and did not exceed the 2.6- fold increase of 
p6.9 (cp86) and 1.4- fold increase of several genes in the 
midgut and fat body tissues, respectively (Table 2). In both 
tissues, none of the 137 ORFs showed evidence of tran-
scription at 12 or 24 h p.i. An onset in gene expression 
was observed at 48 h p.i., when pp31 (cp57) had a 203 and 

2970- fold higher transcript abundance in the midgut and 
fat body, respectively. The second highest expressed gene 
was p6.9 (62.2- fold) followed by 21 ORFs with expression 
levels between 10.5- to 48.1- fold. The levels of transcripts of 
the remaining 114 ORFs were below the 10- fold expression 
of the untreated control. In the fat body, egt (cp141) (483- 
fold) followed pp31 as the second highest expressed gene 
and 18 ORFs were measured with transcripts being 101- to 
371- fold higher expressed. The remaining 50 and 67 ORFs 
measured transcript levels from 10- to 100- fold and below 
10- fold, respectively. Neither in the midgut nor in the fat 
body tissue, did ORFs exhibit maxima of gene transcription 
at 12, 24 or 48 h p.i. At 72 h p.i., 49 and 50 ORFs had their 
temporal maximum in the midgut and fat body, respec-
tively, whereas 48 of these ORFs shared their maximum in 
both tissues. Only cp79, dnapol (cp111) and cp119 had their 
maximum abundance of transcripts in either the midgut or 
the fat body at 72 h p.i. The gene with the highest level of 
transcription in comparison with all other time points in 
the entire microarray analysis was pp31 (cp57) with a 14 400 
and 88 300- fold increase in the midgut and fat body at 72 
h p.i., respectively (Table 2, Fig. 3). The other very highly 
expressed gene in the midgut was p6.9 (cp86), encoding 
for the DNA- binding protein. In the fat body the second 
highest expressed gene was ubiquitin (cp54) with a 13 000- 
fold abundance (Table 2). In the last two measured time 
points at 96 and 120 h p.i., pp31 was the highest transcribed 
gene, although its level of transcription decreased steadily. 
In the following course of infection, 18 and 70 ORFs peaked 
in their transcription at 96 and 120 h p.i., respectively, in the 
midgut, whereas in the fat body 72 and 15 ORFs reached 
their maximum at 96 and 120 h p.i., respectively. Most of 
those 70 ORFs which had their maximum at 120 h p.i. in 
the midgut have their maximum at 72 h p.i. in the midgut 
(Table 2) indicating a shift in the maximal transcript rate 
in the midgut and fat body tissue from 120 h p.i. to 96 h p.i.

Since the same cDNA samples were used for the microarray 
and qPCR analysis, both data sets were used for the valida-
tion of the microarray results by comparing the transcrip-
tion levels of the marker genes ie-1, pe38, lef-8, f- protein, 
vp39 and gran. All replicates were combined by calculating 
the geometric mean of transcript levels and then normal-
ized by dividing by the transcript values of the uninfected 
control (Table 2). To compare the two analyses the 2-ΔΔCq 
values of the qPCR and the normalized geometric means 
from the microarray analyses were directly compared (Fig. 
S1). In summary, for all six genes the transcription levels 
measured by qPCR were generally higher than the levels 
determined by microarray analysis. According to the qPCR 
approach, the abundance of gene transcripts increased 
exponentially from 12 to 72 h p.i. followed by a further, 
though slight, increase up to 120 h p.i. (ie-1, vp39, f- protein 
and gran) and even a decrease (lef-8 and pe38) (Figs 2a and 
S1). The changes in expression patterns derived from the 
microarray analysis were similar but were not as extensive 
as by qPCR.
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Fig. 3. Heatmap of the temporal gene transcription within (a) midgut and (b) fat body tissue, both for CpS/CpGV- M as well as of (c) midgut 
of the CpRR1/CpGV- M treatment. Values based on geometric means of Table 2 but log

2
 transformed ranging from >0 (blue) to <12.5 (red) 

log
2
- fold change. No transcripts were measured in all replicates in the midgut of CpRR1 infected with CpGV- M at 96 h p.i. (grey). ORFs 

are to the left of the heatmaps and are numbered vertically from cp1 to cp142 (Table 2). ORF cp40, cp72, cp75, cp106 and cp143 were not 
included (see text for further information).
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k-mean clustering of viral genes
To analyse potential patterns and differences in the time 
course of the 137 ORFs, the gene expression values from the 
midgut and fat body tissue were divided into four groups 
(clusters A to D) by k- mean clustering (Fig. 4a, Table 2). The 
clustering into four groups was based on a step- wise testing 
of k groups until visual examination provided the most 
homogenous clustering. Clusters A and B were character-
ized by an increase in gene expression between 24 to 72 h 
p.i. followed by a trend in decreasing (cluster A) or constant 
(cluster B) levels of expression (Fig. S2). Clusters C and D 
include genes for which the expression values started to 
increase at 48 h p.i. but remained below 100- fold for cluster 
C, whereas they were much higher in cluster D. For the 
expression in the fat body, the selection of four clusters was 
also supported and was performed accordingly (Fig. S2).

The ORF compositions of the clusters were not identical 
in the midgut and fat body (Table  2) and several genes 
switched between the clusters (Fig. 4a). For the midgut, 
the clusters contained 34 ORFs (cluster A), 41 ORFs (B), 18 
ORFs (C) and 44 ORFs (D) while in the fat body they were 
assigned to 42 ORFs (A), 13 ORFs (B), 30 ORFs (C) and 52 
ORFs (D) (Fig. 4a). A total of 83 of the 137 ORFs (60.6 %) 
were assigned to the same clusters in the midgut and fat 
body (Fig. 4a). Cluster B was identified as the most unstable 
one, as it included 41 and 13 ORFs in the midgut and fat 
body, respectively. Only five ORFs, namely cp27, cp72, 

lef-1 (cp74), lef-6 (cp80) and cp82a, remained in cluster B, 
whereas 16 ORFs each from midgut cluster B were assigned 
to clusters A and D in the fat body. In addition, four ORFs 
from midgut cluster B were reclassified to cluster C in the 
fat body (Fig. 4a, Table 2).

Gene function and promoters assigned to clusters
After the grouping of genes into four clusters, their compo-
sition was analysed concerning the assigned gene function 
and promoter motif(s). The genes were classified based on 
homology to well characterized alphabaculovirus ORFs 
and canonical promoter sequences upstream of the start 
codon of each predicted ORF (Table 2, Fig. 4b, c). A total 
of 75 of the 137 analysed ORFs (54.7%) of CpGV- M could 
be functionally assigned (Table 2). Altogether, 39 (28.5 %), 
12 (8.8 %) and 24 (17.5 %) of these ORFs with a proposed 
function were assigned to encode structural, auxiliary and 
regulatory proteins, respectively. Another 62 ORFs (45.3 %) 
were of unknown function (Table 2). After the grouping 
into the clusters A to D of the midgut and the fat body, 
the relative proportion of ORFs with unknown function 
remained rather equally distributed over all clusters in 
both tissues. Clusters A and B contained mainly regula-
tory and auxiliary genes, whereas clusters C and D were 
dominated by genes encoding structural proteins (Fig. 4b). 
Interestingly, no regulatory genes were assigned to cluster 
C, neither in the midgut nor in the fat body.

Fig. 4. (a) Distribution of ORFs of CpS/CpGV- M within the four k- mean clusters A to D of midgut and fat body tissue. (b) Frequency of 
ORFs with regulatory (reg), auxiliary (aux), structural (struc) and unknown function. (c) Frequency of ORFs with an early (e), late (l) and 
both early and late (e, l) promoter motifs.
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For 121 (88.3 %) ORFs presence of an early (40.9 %) or late 
(33.6 %) or of both early and late (13.9 %) promoter motifs 
was found; for the remaining ORFs no promoter motif could 
be identified (11.7 %) (Table 2, Fig. 4b, c). For both tissues, 
ORFs with early promoters were found in mostly clusters 
A and B, whereas late promoters belonged predominantly 
to ORFs of clusters C and D. ORFs with both early and 
late promoters were also predominant in clusters C and D. 
Since regulatory and auxiliary genes have typically early 
promoters whereas structural proteins are transcribed late 
or very late in infection, it is not surprising that a certain 
correlation between the prevalence of gene and promoter 
classes can be noted (Fig. 4a, b)

differential expression of CpGV genes in midgut 
and fat body
Gene- expression values in the midgut and fat body in both 
tissues were compared directly to each other. First, the expres-
sion values of each time point (Table 2) were normalized by 
its respective geometric mean. Then, the normalized expres-
sion values at each time point in the fat body were divided by 
the normalized expression values of the midgut of the same 
time point resulting in quotients for each gene at 12, 24, 48, 
72, 96 and 120 h p.i. (Fig. 5). The initial normalization by 
the geometric means helped to normalize the overall higher 
abundance of gene transcripts in the fat body (Table 2). The 
obtained quotients fluctuated around the value 1, whereas 

Fig. 5. Expression ratio of CpGV- M transcribed genes in midgut and fat body of susceptible CpS larvae. Genes with higher transcription 
in the midgut between 48 to 120 h p.i. [ac145 (cp9), pe38 (cp24), cp34, cp36b, cp67, cp70, lef-5 (cp87), cp89, cp122 and lef-10 (cp137)] are 
marked in green. Three genes were transcribed dominantly in the fat body between 48 to 120 h p.i. [gran (cp1), orf17L (cp21) and orf17R 
(cp22)] are marked in red.
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transcription ratios >1 indicated higher expression levels 
in the fat body and a value <1 indicated relatively higher 
expression levels in the midgut. Since the overall expression 
of genes was quite low within the first 24 h p.i., the values 
varied only between 0.6 and 1.3 (12 h p.i.) and 0.4 and 1.3 
(24 h p.i.). After 48 h p.i. the differences in the transcription 
ratio (0.15 to 4.6) of both tissues were most significant and 
a generally strong scattering of the values was observed. At 
96 h p.i. and 120 h p.i. the transcription ratios were between 
0.2 to 2.3 and 0.15 to 4.5 (Fig. 5). While at 120 h p.i. the 
genes gran (4.5×) and cp67 (0.15×) in particular marked the 
maxima of differential expression levels in the midgut and fat 
body. By the direct comparison of the midgut and fat body 
transcriptional levels, a group of 30 genes was discovered 
(48 to 120 h p.i.) with a higher transcript abundance in the 
midgut than in the fat body. Ten of these genes ac145 (cp9), 
cp34, cp36b, cp67, cp70, lef-5 (cp87), cp89, cp122 and lef-10 
(cp137) showed 2.5- (ratio 0.4) to 6.7- fold (0.15) higher tran-
scription in the midgut than in the fat body. Especially p6.9 
(cp86) was found to have higher transcriptional rates in the 
midgut than in the fat body throughout the entire microarray 
study. From 48 h p.i. onwards, 32 genes appeared to be more 
highly expressed in the fat body than in the midgut, most 
of these encoded structural proteins. The gran (cp1), orf17L 
(cp21) and orf17R (cp22) were the top three of this group 
(Fig. 5).

Evaluation of viral gene transcripts of CpGV-M in 
resistant CpRR1 larvae
Finally, the transcription levels of CpGV- M in midguts of 
infected CpRR1 larvae was compared to that in CpS larvae. 
As mentioned above, the initial RT- qPCR analyses had 
suggested that several pooled cDNA samples from infected 
CpRR1 larvae were contaminated with cDNAs from single 
larvae with a successful CpGV- M infection. Therefore, these 
samples were ignored, and the analyses was reduced to three 
replicates at 12 h, two replicates at 24 h, three replicates at 
48 h, two replicates at 72 h, no sample from 96 h and one 
replicate at 120 h (Figs 2, 3c and S5).

In midgut tissues of CpRR1 larvae infected with CpGV- M 
the level of gene transcription varied between 1.7- (cp122) 
to 62.2- fold (ac108, cp56) (Table  2). The second highest 
expressed gene was orf34a (cp42) followed by pep/p34 (cp23) 
with a 26.4- and 21.0- fold increased expression. For 44 ORFs 
the levels of gene expression were between 10- to 20- fold and 
for 90 ORFs below 10- fold increased expression levels. For 
132 out of 137 ORFs the maximum abundance of transcripts 
was reached at 120 h p.i. 4 ORFs, namely cp129/130, vp91 
(cp101), pif-3 (cp35) and cp122, reached their maximum at 24 
h p.i. and pp31 (cp57) reached its highest transcription rate at 
72 h p.i., which was comparable to its peaks in the midguts of 
CpS larvae (Table 2). The transcriptional activity of all genes 
was highly reduced and no differentiation of the expression 
patterns could be achieved by k- mean clustering (Fig. S6), 
indicating that global transcription and onset of infection of 
CpGV- M was blocked in CpRR1 larvae.

dISCuSSIon
Deciphering the molecular mechanisms of CpGV infection 
and gene cross- talk with its host is a challenging task that is 
impeded by the relatively large dsDNA genome of CpGV with 
about 140 ORFs [2] and only a recently sequenced C. pomo-
nella genome [41] that was not available during the course 
of this study. In addition, hardly any of the CpGV ORFs are 
functionally studied and their potential function has been 
assigned because of their homology to baculovirus core genes 
or the intensively studied genes of AcMNPV, the best- studied 
member of the Baculoviridae family [40, 42]. The prediction of 
gene and promoter functions based on AcMNPV molecular 
biology was applied for baculoviruses from different genera 
and also led to the temporal classification of very early, early, 
late and very late transcribed baculovirus genes [43], which 
were also the focus of the current study.

As for most other baculoviruses, little is known about the 
actual CpGV transcript lengths and which neighbouring 
ORFs may have overlapping mRNAs. Most oligonucleo-
tides used for the microarray study were located near the 
3′ end of each ORF. If two ORFs are transcribed in the 
same direction and the 5′ transcript start site of the neigh-
bouring downstream gene is located within the 3′ end of 
the adjacent upstream one, such oligonucleotides may not 
be able to differentiate between the two adjacent overlap-
ping transcripts, hampering the correct quantification of 
transcripts of the target gene. Adjacent ORFs with the same 
reading directions, occurring only with about one third of 
the CpGV ORFs, would be necessary as a prerequisite for 
such a scenario. During the design of oligonucleotides the 
location of the identified early and late promoter motifs 
was taken into account to avoid such ambiguous location, 
however other parameters, such as oligonucleotide melting 
temperature, sequence complexity and homology, had also 
to be regarded for their design when using eArray software. 
Nevertheless, such unidentified overlaps may occur in very 
few cases but should not impact the overall information 
gained from the experiments.

To obtain a first impression on the temporal regulation of 
CpGV gene expression in susceptible and resistant CM larvae, 
the viral transcripts were analysed qualitatively and quanti-
tatively by representatives of the four gene classes: ie-1 and 
pe38, as two very early genes [44, 45], lef-8 an early or delayed 
early gene [46], f- protein and mcp both late genes [47, 48] and 
gran, the very late gene [49]. Despite a missing synchronicity 
in infection of the larval midgut and fat body, the larval 
system was chosen preferably over a synchronized infection 
of cultured cells for several reasons. First, Cp14R is the only C. 
pomonella cell culture available supporting CpGV replication, 
and although permissive for CpGV, the infection is very slow 
and produces only low virus titres [30, 50]. Second, a resistant 
cell culture representing CpRR1 is missing entirely. Third, the 
larval system had the advantage of offering the possibility to 
distinguish between a primary infection of the midgut and the 
secondary infection of the fat body, therefore reflecting more 
adequately the conditions of an in vivo infection.
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As found with RT- qPCR experiments, the transcription 
of the selected representative genes appeared to be highly 
similar and homogenous within the permissive treatments 
with CpS/CpGV- M as well as CpRR1/CpGV- I12 concerning 
the transcriptional increase and temporal pattern. Temporal 
differentiation of the gene classes was not possible by the 
qPCR analysis, which might be the consequence of the non- 
synchronous infection of cells and tissues. However, an overall 
increase in gene expression over time was clearly visible, 
indicating a spreading infection within the CpS and CpRR1 
larvae infected with CpGV- M and CpGV- I12, respectively.

Interestingly, a distinct timely separation of the primary 
midgut and secondary fat body infection could not be 
observed, neither with the RT- qPCR experiment nor later in 
the microarray study. Either the time slot of transmission was 
missed, or the number of chosen time points was not frequent 
enough. Another reason might be the postulated bypass of the 
nucleus by the ODV- released nucleocapsids in the midgut 
[51–53]. In our experiments, the onset of transcription in the 
CpRR1/CpGV- I12 treatment appeared to be about 12 to 24 h 
p.i. earlier than in the permissive CpS/CpGV- M combination. 
At first glance, this finding seems to be in contradiction to the 
previous observation that CpRR1 larvae infected with CpGV- 
I12 died about 1 to 2 days later than CpS larvae infected with 
CpGV- M [54]. On the other hand, it is conceivable that the 
initiation of infection of CpRR1 with CpGV- I12 is acceler-
ated, whereas the infection progress is delayed, resulting in 
an increased time to death.

In contrast to the susceptible treatments, the CpRR1 larvae fed 
with CpGV- M showed a highly heterogeneous response in the 
RT- qPCR studies, which was observable between biological 
replicates and between different time points. Any technical 
failure in the resistant treatment CpRR1/CpGV- M can be 
excluded because the susceptible treatments CpS/CpGV- M 
and CpRR1/CpGV- I12 resulted in highly consistent results. 
CpRR1 originated from progenies of single- pair crossing 
experiments and is considered to be genetically highly  
homogenous [23], though recent bioassay studies demon-
strated that some individuals of CpRR1 still succumb to 
CpGV- M infection [27–29], suggesting that not all indi-
viduals of CpRR1 have the same expression of resistance. It 
is therefore assumed that some of the time points and repli-
cates of the resistant treatment CpRR1/CpGV- M contained 
single susceptible CpRR1 larvae productively infected with 
CpGV- M and thus contributing to the observed qPCR 
patterns. This assumption is supported by the fact that there 
is a biologically inexplicable variability between independent 
samples from different time points and replicates but a strong 
correlation between midgut and fat body collected from the 
same larvae. The latter clearly underlines that the quality of 
RNA isolation itself was highly reliable.

Since there was no other functional explanation for why a 
subsequent time point has a greatly reduced or no transcrip-
tional activity than a previous one with high gene expres-
sion, this observation was interpreted as resulting from 
some individual CpRR1 larvae, which were susceptible to 

CpGV- M and contaminated the pooled RNA samples. In 
this case, some replicates and time points contained signals 
from progressive infections with CpGV- M. But even in those 
samples, the overall transcription levels was generally 10- to 
20- times lower than in the CpS/CpGV- M and CpRR1/CpGV- 
I12 susceptible treatments, strongly suggesting that a single 
susceptible CpRR1 larvae in the pool could have caused the 
observed patterns. A leaky resistance of CpRR1 to CpGV- M 
was previously reported, in which 5–10 % of CpRR1 indi-
viduals were susceptible [16, 25].

For that reason, these possibly contaminated CpRR1/
CpGV- M cDNA samples were excluded from the microarray 
analyses. In those samples which were considered to include 
only resistant CpRR1 larvae, low levels of transcription were 
noted by PCR and in the microarray analyses, suggesting a 
limited onset of CpGV- M infection in resistant larvae. This 
finding corroborates previous observations that CpGV- M 
may enter midgut cells but infection and virus replication 
are highly compromised [30].

In contrast, susceptible CpS larvae infected with CpGV- M 
showed rather structured expression patterns of genes which 
were represented by four groups of k- mean clusters. Although 
the expression patterns might have been partly obscured by 
the asynchronous infection of midgut and fat body cells, at the 
early stage of the larval infection regulatory genes and genes 
with early promoters were expressed, which changed at later 
times to expression of structural genes with late promoters, 
such as gran (cp1; cluster D), a highly expressed gene the 
transcripts of which are required during the very late stage 
of infection for the formation of OBs. Another important 
structural gene is vp39 (cp96; cluster A) coding for VP39, the 
major capsid protein, that is required for the formation of 
newly synthesized nucleocapsids. Its expression peaked early, 
underlining the importance and spread of new nucleocapsids 
facilitating secondary infection. With the identification of four 
clusters, the present study for CpGV corroborates previous 
findings from AcMNPV and transcription expression levels in 
Trichoplusia ni cells. There, a grouping also in four clusters led 
to a similar observation: a temporal transition from mainly 
regulatory genes and early promoters to structural genes with 
late promoters [32].

The expression of pe38 (cp24; cluster A), the candidate viral 
factor associated with type I resistance, was a particular 
focus of this study [29]. According to our results in the 
qPCR and microarray analyses, its expression at the early 
stage of viral infection was confirmed. The onset of early 
virus gene transcription in resistant host larvae was further 
noted by the transcription of pp31 (cp57). PP31 is described 
as a non- essential protein associated to the virogenic stroma 
and effecting the transcription levels of other viral genes [55]. 
In midgut tissues of Mamestra configurata infected with 
Mamestra configurata nucleopolyhedrovirus A, the expres-
sion level of pp31 ranked under the top seven most expressed 
genes [56]. In addition, transcripts of p6.9, a gene encoding 
for a DNA- binding protein, were most abundant in the same 
tissue [56] whereas p6.9 (cp86) of CpGV- M was determined 
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to be the second highest expressed gene and always more 
abundant in the midgut than in the fat body. Both genes 
belonged to cluster A with peaks at 72 h p.i. indicating their 
importance at the early stage of infection. The genes pp31 
(cp57), p6.9 (cp86), dbp (cp81), cp132, fgf-3 (cp140) and 
orf36L (cp44) were also identified as the highest expressed 
genes in an RNAseq analyses of CM infected with CpGV- M, 
corroborating the high quality of the microarray analyses (Xi 
Yu et al. unpublished).

Another important observation was the discovery of two 
groups of genes that were expressed dominantly either in the 
midgut [ac145 (cp9), pe38 (cp24), cp34, cp36b, cp67, cp70, 
lef-5 (cp87), cp89, cp122 and lef-10 (cp137)] or in the fat body 
[gran (cp1), orf17L (cp21) and orf17R (cp22)] of infected C. 
pomonella larvae. Since their discovery was based on normal-
ized data, this finding could not be explained by the later stage 
of infection with a generally higher abundance of transcripts 
in fat body tissue. It rather indicated a tissue- specific gene 
expression pattern of CpGV.

In summary, the in vivo microarray studies of susceptible 
CpS larvae infected with CpGV led to the identification 
of viral genes into four clusters differing in function and 
promoter composition reflecting the temporal cascade of 
baculovirus gene expression. Onset of gene activity was 
measured within 12 h p.i. in the midgut and 24 to 48 h in the 
fat body. The investigations further allow the conclusion that 
CpGV- M is able to enter cells and the nucleus of resistant 
CpRR1 larvae, otherwise no viral gene transcripts would 
have been detected.
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