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ABSTRACT Numerous studies have demonstrated the presence of covert viral 
infections in insects. These infections can be transmitted in insect populations via 
two main routes: vertical from parents to offspring, or horizontal between nonrelated 
individuals. Thirteen covert RNA viruses have been described in the Mediterranean fruit 
fly (medfly). Some of these viruses are established in different laboratory-reared and 
wild medfly populations, although variations in the viral repertoire and viral levels have 
been observed at different time points. To better understand these viral dynamics, we 
characterized the prevalence and levels of covert RNA viruses in two medfly strains, 
assessed the route of transmission of these viruses, and explored their distribution in 
medfly adult tissues. Altogether, our results indicated that the different RNA viruses 
found in medflies vary in their preferred route of transmission. Two iflaviruses and a 
narnavirus are predominantly transmitted through vertical transmission via the female, 
while a nodavirus and a nora virus exhibited a preference for horizontal transmission. 
Overall, our results give valuable insights into the viral tropism and transmission of RNA 
viruses in the medfly, contributing to the understanding of viral dynamics in insect 
populations.

IMPORTANCE The presence of RNA viruses in insects has been extensively covered. 
However, the study of host-virus interaction has focused on viruses that cause detrimen­
tal effects to the host. In this manuscript, we uncovered which tissues are infected 
with covert RNA viruses in the agricultural pest Ceratitis capitata, and which is the 
preferred transmission route of these viruses. Our results showed that vertical and 
horizontal transmission can occur simultaneously, although each virus is transmitted 
more efficiently following one of these routes. Additionally, our results indicated an 
association between the tropism of the RNA virus and the preferred route of transmis­
sion. Overall, these results set the basis for understanding how viruses are established 
and maintained in medfly populations.

KEYWORDS covert viral infections, virus-host co-evolution, Ceratitis capitata, tissue 
tropism, viral transmission, insect rearing

A s the most diversified group across the animal kingdom, insects are considered 
a reservoir of a great variety of viruses (1). In recent times, the advent of high-

throughput sequencing methods has led to the discovery of numerous RNA viruses, 
which has redefined the virome of insects (1–5). Most of these RNA viruses are insect-
specific viruses (ISVs), with insects as their unique host, and cause covert viral infections, 
which are characterized by the absence of noticeable or lethal symptoms. However, 
covert infections can affect certain host fitness traits (6–8) or induce behavioral and 
physiological changes in the insect host (9, 10).
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Regardless of the effects on the host associated with covert infections, intriguing 
questions are how covert infections are maintained for generations in insect populations 
and how they are transmitted. Viral transmission can occur from parents to offspring 
(vertically), between (not necessarily related) individuals often of the same species 
(horizontally), or a combination of both, as reviewed by Shapiro-Ilan et al. (11). Spe­
cifically, vertical transmission has been proposed to be a key factor for maintaining 
covert viruses in nature (12), although few studies have provided direct experimental 
evidence. Vertical transmission can occur via sperm (paternal) or via the egg (mater­
nal), and maternal transmission is subdivided into transovarial transmission, in which 
the pathogen is transmitted within the egg, or transovum transmission, in which the 
pathogen remains on the surface of the egg and infects the offspring after hatching (13).

To date, 13 viruses belonging to different families of positive single-stranded 
(ss)RNA, negative ssRNA, and double-stranded RNA viruses have been discovered in 
the agricultural pest Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), also known 
as the Mediterranean fruit fly or medfly (14–17). These viruses co-infect in different 
combinations, field-derived, laboratory-reared, and mass-reared medfly strains causing 
covert infections (17). Among medfly RNA viruses, Ceratitis capitata nora virus (CcaNV) 
is the best described virus. CcaNV infection negatively influences medfly fitness in terms 
of a reduced pupal weight, shorter adult survival under stress, and higher susceptibility 
to parasitism by Aganaspis daci (Hymenoptera: Figitidae) (18). CcaNV can be horizontally 
transmitted via the oral-fecal route after the addition of purified virus into the larval diet 
(16, 18). Yet besides CcaNV, an in-depth analysis of the distribution and transmission of 
covert RNA viruses infecting medfly is lacking.

From a practical point of view, the insect mass-rearing industry would benefit from 
a better understanding of insect virus ecology, since it is highly dependent on the 
optimal health of the insects. In this industry, the presence of pathogens represents a 
huge risk, especially in the artificial environmental conditions common in mass-rearing 
facilities (19, 20). Specifically, covert RNA viruses can be easily transmitted between the 
conspecific reared insects and, in some scenarios, cause disease outbreaks (21, 22). In 
the case of the medfly, the systematic area-wide release of sterile males produced in 
mass-rearing facilities is required for the application of the sterile insect technique, which 
is the most used strategy for the biocontrol of this horticultural pest (23). Moreover, the 
presence of covert RNA viruses may alter the insect population dynamics in the field and 
in both cases, mass-rearing and field conditions, viral transmission is assumed to play a 
fundamental role.

In this article, we combined multiple approaches for the study of viral tissue tropism 
and transmission routes with the aim of gaining insights into the dynamic of insect-virus 
interactions, and determining if specific transmission mechanisms are related with the 
establishment and maintenance of covert infection with RNA viruses.

MATERIALS AND METHODS

Insects

Two medfly strains, Vienna 8A (V8A) and Madrid, were used in the experiments. The 
V8A strain is produced for the application of sterile insect technique programs by the 
state-owned company Empresa de Transformacion Agraria S.A. (Grupo TRAGSA, Valencia, 
Spain) at the mass-rearing facility in Caudete de las Fuentes (Valencia, Spain). The V8A 
strain, which is the result of a mix between the Vienna 8 mix 2002 strain and wild 
individuals collected in citrus orchards located in the province of Valencia (Spain), is 
maintained at 25 ± 1°C, 65% humidity, and 14/10-h light/dark cycles (24, 25). The Madrid 
strain was established in 2001 with wild flies collected from experimental fields located 
at the Instituto Valenciano de Investigaciones Agrarias. Since then, the colony has been 
reared under laboratory conditions of 26°C, 40%–60% humidity, and 14/10-h light/dark 
cycles (26). For both medfly strains, larval diet is composed of wheat bran, sugar, and 
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brewer’s yeast (27), while adults are provided with water and sugar-based sources ad 
libitum.

Viral RNA levels in different medfly developmental stages

Larvae, pupae, and adults deriving from a single generation of both Madrid and V8A 
strains were obtained. Larvae were collected as third instar, pupae between 5 and 8 
days after pupation, and adults between 5 and 6 days after emergence. Six samples 
containing five individuals per sample were tested per developmental stage. For the 
adults, three samples contained only males, and three contained only females. RNA levels 
for the 13 RNA viruses previously described in medfly were determined for each sample 
using reverse transcription quantitative PCR (RT-qPCR) and normalized relatively to host 
gene expression (described below).

Viral prevalence and levels in individual medfly adults

Thirty pupae per strain were individually placed in 2 mL microcentrifuge tubes. Per strain, 
18 adults (nine males and nine females) were collected after emergence to determine the 
levels of RNA viruses. Normalized viral RNA levels of the five viruses known to be present 
in Madrid and V8A medfly strains were determined for each sample using RT-qPCR as 
described below.

A symmetric Venn diagram was generated to visualize the repertoire of RNA viruses 
co-infecting single medfly adults (https://bioinformatics.psb.ugent.be/webtools/Venn/, 
accessed in April 2023). Moreover, we compared the observed and expected proportions 
of each possible viral pair to determine whether some viral combinations were favored or 
unfavored in the flies. Observed proportions were defined as the number of individuals 
presenting a given pair of viruses divided by the total number of individuals. Expected 
proportions for a given pair of viruses were calculated by multiplying the proportions 
observed for each virus individually. The statistical differences between observed and 
expected proportions were investigated using a Fisher’s exact test.

Viral RNA levels in sterilized and non-sterilized medfly eggs

To explore the vertical transmission of RNA viruses, we assessed the viral prevalence and 
viral RNA levels in two groups of eggs: non-sterilized and sterilized. The eggs selected 
for the analysis were oviposited by the siblings of those medfly adults employed for 
the analysis of viral prevalence and viral RNA levels (see above). For surface sterilization, 
100 µL of eggs as submerged into a 5% sodium hypochlorite-milliQ water solution for 3 
min to generate the sterilized group. Additionally, 100 µL eggs was submerged in milliQ 
water for 3 min to generate the non-sterilized group. Then, eggs were washed for 2 min 
in a milliQ water solution. The washing step was repeated twice. Finally, medfly eggs 
were washed using phosphate buffered saline (PBS) for 1 min before RNA isolation. Viral 
levels of the five RNA viruses previously detected were investigated in three replicates of 
sterilized and non-sterilized eggs from the Madrid and the V8A strains using RT-qPCR as 
described below.

RNA isolation and quantification of RNA viruses in the medfly

The levels of RNA viruses were determined using molecular methods as previously 
described in Hernández-Pelegrín et al. (17). Briefly, total RNA was extracted using TriPure 
Isolation Reagent (cat. no. 11667157001; Roche) following the manufacturer’s proto­
col. The isolated RNA was DNAse-treated (cat. no. 10694233; Invitrogen) and reversed 
transcribed into cDNA using oligo (dT) primers and random hexamers (PrimeScript RT 
Reagent Kit, Takara Bio Inc.). Then, the levels of the 13 covert RNA viruses previously 
described in the medfly, as well as the expression of the medfly gene encoding the 
ribosomal protein L23a (GenBank accession number: XM_004518966.3), were assessed 
through RT-qPCR (CFX96 Touch Real-Time PCR Detection System, BioRad) using specific 
primers (16, 17) (Table S1). The normalized viral RNA levels refer to the levels of viral 
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molecules in relation to the levels of the reference gene L23a, and were calculated by 
comparing Ct values of RNA viruses and L23a, after adjusting for primer efficiency (28).

Visualization and statistical analyses

Normalized viral RNA levels were analyzed and visualized using GraphPad Prism version 
8.0.0 for Windows (GraphPad Software, San Diego, California USA, www.graphpad.com). 
For the statistical analysis, a normalized viral RNA level below 10−6 viral molecules 
per L23a molecules was assigned for non-detected viruses, and values of normalized 
viral RNA levels were transformed to a logarithmic scale to avoid misinterpreting the 
differences between samples with normalized viral RNA levels with a value smaller 
than 1. The normality of the data was investigated using a Shapiro-Wilk test. Then, a 
two-way analysis of variance (ANOVA) test or a non-parametric Kruskal-Wallis test was 
applied to determine the differences in viral RNA levels between developmental stages 
or adult tissues, respectively. Pairwise comparisons between the means of each group 
(i.e., larval and pupal stage or gut and brain tissues) were performed using Tukey’s post 
hoc tests (ANOVA) or Dunn’s (Kruskal-Wallis) post hoc tests (Table S3). An unpaired t-test 
was applied to compare sterilized and non-sterilized eggs employed for the analysis of 
viral vertical transmission via the eggs. Differences between samples were considered 
significant for P-values lower than 0.05.

Viral transmission after co-habitation and mating of Madrid and V8A adults

To study whether the RNA viruses are vertically transmitted from parents to offspring, 
and whether they are horizontally transmitted between parents, 30 pairs of virgin male 
and female adults were established. Half of the mating pairs contained a male of the 
Madrid strain with a female of the V8A strain, and the other half contained a female of 
the Madrid strain with a male of the V8A strain. Mating pairs were placed into rearing 
cups modified with a net on the lid to facilitate oviposition, and with sugar and water 
provided ad libitum. After 9 days of co-habitation, the adults were removed and frozen 
individually at –20°C prior to RNA isolation. The eggs derived from each mating pair were 
collected at 2 consecutive days and placed onto artificial diet, in which the hatching 
larvae shared food resources during development. Twenty-two mating pairs successfully 
produced offspring (11 for Madrid male × V8A female and 11 for V8A male × Madrid 
female). Viral RNA levels were assessed in both adults of the successful mating pairs 
using RT-qPCR as described above. Ten mating pairs (five per combination) were selected 
(those with the largest difference in viral RNA levels between the male and the female) to 
determine the viral RNA levels in six pupae of the offspring.

Detection of the viral replicative RNA strand by RT-qPCR

To assess whether, after potential horizontal transmission during mating and co-habita­
tion, the virus is replicating in the receptive host, we tested the presence of the viral 
negative strand (intermediary molecule during the viral replication) by RT-qPCR. Toward 
that end, we selected four mating pairs for each of the viruses screened and performed 
RNA isolation of the adults forming the mating pairs. Then, 500 ng of total RNA was 
treated with DNAse (cat. no. 10694233; Invitrogen) and submitted to cDNA synthesis 
with the PrimeScript RT Reagent Kit (Takara Bio Inc.) at 42°C for 30 min. For the cDNA 
synthesis, specific primers complementary to the negative strand of each RNA virus and 
containing a 5´overhang were designed (Table S1). Three microliters of the cDNA was 
used for the PCR reaction with DreamTaq DNA polymerase (Thermo Fisher Scientific), 
using a reverse primer specific for each virus and a forward primer annealing to the 5´ 
overhang of the primer used to make the cDNA (Table S1). The forward primer annealing 
to the 5´ overhang allowed us to specifically amplify the cDNA generated from the viral 
negative strand, avoiding the amplification of the viral positive strand. Negative controls 
lacking the reverse transcriptase (RT) enzyme or lacking the primers with the 5´overhang 
were added to confirm the specificity of the viral negative strand amplification (Fig. 
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S1). The PCR reaction was performed as follows: one step of 95°C for 5 min, 35 cycles 
of annealing at 52°C for 30 s, and elongation at 72°C for 1 min (28). PCR results were 
visualized in 1% agarose gels. Two PCR negative controls were added, one lacking medfly 
cDNA and one containing medfly cDNA previously tested to be virus-free.

Tissue tropism in adult medflies

Adults of both sexes were collected from the Madrid and V8A rearing cages on days 
5 and 6 post emergence. Flies were chilled on ice, fixed on a wax pan using entomolog­
ical pins, and dissected under the binocular with the help of entomological tweezers 
(Dumont number 5). The dissected tissues were collected in RNAlater solution (Sigma 
Aldrich R0901, St. Louis, MO, USA) to conserve the integrity of the RNA until RNA 
isolation. Four somatic tissues were collected per fly: brain, gut, crop, and legs. In 
addition, ovaries were collected from females and testes from males. For each tissue 
type, we analyzed the virus levels in six samples each consisting of six pooled tissues as 
described above. For somatic tissues, half of the samples were collected from male adults 
and the other half from female adults.

In situ detection of Ceratitis capitata iflavirus 2 (CcaIV2) and CcaNV in adult 
tissues using fluorescence in situ hybridization (FISH)

Custom probe sets annealing to the sequences of CcaIV2 or CcaNV were designed using 
the Stellaris FISH probe designer (www.biosearchtech.com/support/tools/design-soft­
ware/stellaris-probe-designer, accessed on 2 November 2022) and following the 
parameters described by Meki et al. (29). A total of 48 probes, with a length between 
19 and 21 nt each, were designed for each virus (Fig. S2) (30). For visualization, Quasar 
570 (Q570) dye was bound at the 5´ end of the CcaNV probes and Quasar 670 (Q670) to 
the 5´end of the CcaIV2 probes.

Adult medflies from the V8A strain were collected 5 to 6 days after emergence, 
chilled on ice, and dissected in PBS to obtain brain, legs, gut, crop, ovaries, and testes 
as described above. Dissected tissues were immediately submerged in 3.7% paraformal­
dehyde (PFA) solution and maintained on ice until the end of all dissections. Then, the 
tissues were whole mount incubated in the 3.7% PFA solution under constant shaking at 
room temperature (RT) for 20 min. After fixation, the tissues were washed once in PBS 
for 10 min, and twice in PBS-T (1× PBS with 0.3% TritonX-100) for 10 min each. Then, 
tissues were rinsed once with 70% ethanol and incubated overnight in fresh 70% ethanol 
at 4°C with constant shaking. The following day, the ethanol was substituted with sterile 
PBS, after which, the PBS was replaced with pre-heated Stellaris RNA FISH Wash Buffer 
A (cat no. SMF-WA1-60; LGC Biosearch Technologies), wherein the tissues were incuba­
ted for 5 min at RT to allow rehydration. For the hybridization step, the Stellaris RNA 
FISH Wash Buffer A was substituted for 100 µL of the hybridization solution and the 
tubes were incubated in a humid dark chamber, overnight at 37°C. The hybridization 
solution contained, per milliliter, 890 µL of Stellaris RNA FISH Hybridization Buffer (cat no. 
SMF-HB1-10; LGC Biosearch Technologies), 100 µL of deionized formamide, and 10 µL of 
selected custom probe sets. Three hybridization solutions were prepared for the assay: 
one containing probes for CcaIV2 detection, one with probes for CcaNV detection, and 
one containing both sets of probes. After hybridization, samples were briefly washed 
three times with pre-heated Stellaris RNA FISH Wash Buffer A and incubated for 30 min 
in the humid dark chamber at 37°C. To perform the F-actin staining, the Stellaris RNA 
FISH Wash Buffer A was replaced by 100 µL of PBS containing Alexa Fluor 488 phalloidin 
(Invitrogen, Paisley, UK) in the ratio of 100:1, and the samples were incubated at RT in 
the dark under constant shaking. Finally, the PBS solution containing Alexa Fluor 488 
phalloidin was substituted by clean PBS, and the tissues were mounted in a drop of 
Roti-Mount FluorCare, containing 4′,6-diamidino-2-phenylindole (Carl Roth, Germany) for 
DNA staining on the RNA-FISH-labeled slides.

A Leica Stellaris 5 Confocal LSM with Las X software V.4.40 (Leica Microsystems) 
was used to localize and spectrally separate the labels. By using the excitation and 
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emission spectra of each probe, fluorescence could be specifically collected without 
bleed-through. All sample mounting conditions and image acquisition parameters at 
20× (NA 0.75) or 40× oil (NA 1.30) were standardized to allow better signal intensity 
comparison of the different tissue samples. Magnifications or zoomed in regions of 
interest were all imaged at similar pixel density (512 × 512). The images were collected as 
single z-planes that correspond to 2.0 µm in z depth for 20× magnification and 1.0 µm in 
z depth for 40× magnification.

RESULTS

Virus prevalence and levels across the different developmental stages of the 
medfly

Normalized viral RNA levels were assessed for 13 medfly RNA viruses in larvae, pupae, 
and adults of the laboratory-reared Madrid strain and the mass-reared V8A strain. Three 
positive ssRNA viruses were detected in both medfly strains: CcaIV2, Ceratitis capitata 
iflavirus 4 (CcaIV4), and CcaNV. Additionally, Ceratitis capitata narnavirus (CcaNaV) and 
Ceratitis capitata nodavirus (CcaNdV) were detected in the Madrid strain (Fig. 1A). Most 
viruses presented similar viral RNA levels in the different developmental stages (Fig. 1). 
In contrast, CcaNdV levels were significantly higher in the adults of the Madrid strain 
respective to the pupae (P = 0.0350) and the larvae (P = 0.0041) (Fig. 1A; Table S3). 
Similarly, CcaNV levels were significantly higher in the adults of the V8A strain than the 
larvae (P = 0.0175), although CcaNV levels greatly varied between the adult samples (Fig. 
1B; Table S3).

Additionally, viral levels were individually assessed in 18 adults of the Madrid and 
V8A strains to get insight into the prevalence of RNA viruses in adult samples (Fig. 2). 
In the Madrid strain, CcaNaV was present in most of the individuals (17 out of 18) and 
presented the highest viral RNA levels (Fig. 2A) as observed in the analysis of develop­
mental stages (Fig. 1). CcaIV2 and CcaNV were also detected at high prevalence (17 
and 15 out of 18 samples, respectively), although they presented lower viral RNA levels. 
CcaIV4 and CcaNdV were detected in a few samples and showed viral RNA levels in the 
range of CcaIV2 and CcaNV (Fig. 2A). In the V8A strain, both CcaIV2 and CcaIV4 displayed 

FIG 1 Comparison of viral RNA levels across medfly developmental stages. Normalized viral RNA levels were assessed in medfly larvae, pupae, and adults of 

the Madrid strain (A) and the V8A strain (B). Six biological samples each representing pools of five individuals were analyzed per developmental stage for each 

medfly strain. Normalized viral RNA levels were calculated by comparing the RNA levels of each virus with the transcript levels of the medfly L23a ribosomal 

gene. The absence of a virus in a specific sample was represented as non-detected (ND) in the figure. Only viruses that were detected in at least one of the 

samples are shown. Statistical differences between conditions are represented using asterisks (*, P < 0.05; **, P < 0.01).
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the highest viral RNA levels and prevalence (18 and 16 out of 18 samples, respectively; 
Fig. 2B). CcaNV was detected in 9 out 18 individuals and showed lower viral RNA levels. In 
contrast to the analysis of developmental stages, in which CcaNaV and CcaNdV were not 
detected in the V8A strain (Fig. 1), low levels of CcaNaV and CcaNdV were detected in five 
and one V8A individual adults, respectively (Fig. 2B).

Viral prevalence results were further analyzed to unravel whether some viral pairwise 
combinations were favored or disfavored in the medflies. All five viruses were found 
to co-occur in only two individuals, one per strain. Instead, no individuals of either 
strain were found to contain only a single virus (Fig. 2). In the Madrid strain, the most 
common co-occurrence was of CcaIV2, CcaIV4, CcaNaV, and CcaNV (found together in 
seven individuals), and most individuals were co-infected by three or more viruses (15/18 
individuals). In the V8A strain, the most common co-occurrence was of CcaIV2, CcaIV4, 
and CcaNV (found together in seven individuals), and six individuals were infected with 
only two viruses, five of them with a combination of CcaIV2 and CcaIV4. In addition, the 
observed proportions of pairwise viral combinations (proportion of individuals sharing 

FIG 2 Viral prevalence and levels of RNA viruses in medfly adults. Nine adult males and nine adult females were analyzed per strain: Madrid (A) and V8A (B). The 

dot graphs show the normalized viral RNA levels calculated by comparing the levels of each virus with the levels of the medfly L23a ribosomal gene. The absence 

of a virus in a specific sample was represented as non-detected (ND) in the figure. Venn diagrams show all the possible combinations of RNA viruses detected in 

the above-mentioned samples. The colored tables compare the expected and observed proportions of each viral combination.
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a pair of viruses in a population) matched the expected proportions (result of multiply­
ing the individual proportions of each virus in a population) in both Madrid and V8A 
medfly strains (Fisher’s exact test, P > 0.999) (Fig. 2; Table S2). This may indicate that an 
infection with any of the found RNA viruses does not positively or negatively influence 
the presence and abundance of the other observed RNA viruses.

Vertical transmission is possible for the five RNA viruses

After characterizing the repertoire of RNA viruses, we explored the possible routes of 
transmission determining the viral distribution observed in the Madrid and V8A medfly 
strains. The five viruses were identified in the eggs, confirming their vertical transmission. 
However, the analysis of viral RNA levels in sterilized and non-sterilized eggs revealed 
two different transmission patterns. On the one hand, the high levels of CcaIV2, CcaIV4, 
and CcaNaV found for both sterilized and non-sterilized medfly eggs indicated transova­
rial vertical transmission of these viruses (Fig. 3; Table S2). On the other hand, CcaNdV 
and CcaNV levels were significantly higher in non-sterilized eggs for both medfly strains, 
suggesting that transovum vertical transmission (associated to the eggshell) is most 
likely for these viruses (Fig. 3, Table S2). However, the presence of low levels of CcaNdV 
and CcaNV in sterilized eggs of the Madrid strain may indicate that transovarial vertical 
transmission is also possible (Fig. 3).

Additionally, 15 mating pairs consisting of a V8A male and a Madrid female, and 15 
reciprocal mating pairs consisting of a Madrid male and a V8A female were established. 
Of the 30 mating pairs, 22 produced eggs, 11 per combination. Viral RNA levels were 
determined in the adults forming the successful mating pairs (Fig. S3; Fig. 4), and five 
mating pairs per group were selected to analyze the viral RNA levels in six individuals 
of their offspring (Fig. 4). As previously observed in the analysis of viral transmission 
via the eggs, the results of the mating experiments evidenced two distinct transmission 
patterns.

For CcaIV2, CcaIV4, and CcaNaV, the viral presence and levels in the offspring are in 
most cases linked to the viral RNA levels in the female parent. CcaIV2 was detected in 

FIG 3 Analysis of vertical transmission via eggs. Normalized viral RNA levels in sterilized and non-sterilized eggs from the Madrid strain (A) and the V8A strain 

(B). Three biological samples representing pools of 0.1 mL of eggs were analyzed per strain. Normalized viral RNA levels were calculated by comparing the 

RNA levels of each virus with the transcript levels of the medfly L23a ribosomal gene as endogenous control. The absence of a virus in a specific sample was 

represented as non-detected (ND) in the figure. Statistical differences between conditions are represented using asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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FIG 4 Transmission of RNA viruses to the offspring of single mating pairs (A). Normalized viral RNA levels in males and females forming the mating pairs and 

in six individuals of their offspring. Out of the 10 mating pairs analyzed, half consisted of a Madrid female with a V8A male, and vice versa, as indicated at the 

bottom of the graph. Five graphs are shown, one per virus. Normalized viral RNA levels were calculated by comparing the RNA levels of each virus with the 

transcript levels of the medfly L23a ribosomal gene as endogenous control. The absence of a virus in a specific sample was represented as non-detected (ND) 

in the figure. Normalized levels of five RNA viruses in 18 individual medflies of the Madrid and Vienna 8A strain (B). This information is displayed with additional 

detail in Fig. 2.
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all the adults forming the mating pairs, although at higher viral RNA levels in the V8A 
strain (Fig. S3). A complete CcaIV2 transmission was observed in the offspring of V8A 
females. Instead, CcaIV2 was only detected in 18/30 descendants of Madrid females, with 
mating pair number 6 fully failing to transmit CcaIV2 to the offspring (0/6) (Fig. 4). 
Similarly, CcaIV4 was successfully transmitted to the offspring (24/30) of CcaIV4-infected 
V8A females (Fig. 4). Instead, transmission efficiency was lower for the mating pairs 
formed by CcaIV4-infected V8A males and Madrid females (11/30). For instance, the male 
parent of pair number 2 showed high levels of CcaIV4 but failed to transmit CcaIV4 to the 
offspring. However, the presence of CcaIV4 in the offspring of mating pairs number 1 and 
number 10, in which the virus was absent in the female parent, confirmed that CcaIV4 
can be vertically transmitted via the male (Fig. 4). For CcaNaV, which was ubiquitous in 
the adults of the Madrid strain (Fig. S3), the vertical transmission was complete (30/30) 
for the offspring of CcaNaV-infected females, and incomplete (25/30) for the offspring of 
CcaNaV-infected males. As for CcaIV4, the presence of CcaNaV in the offspring of pair 
numbers 13, 14, and 15, in which CcaNaV was absent or at very low levels in the female 
parent, indicated that vertical transmission via the male is possible (Fig. 4).

On the other side, our results indicated a relatively low efficiency of vertical transmis­
sion for CcaNdV and CcaNV compared to the iflaviruses and the narnavirus. CcaNdV was 
only detected in 9/60 individuals of the offspring, five of them deriving from mating pair 
number 10 (Fig. 4), despite its prevalence in the adults of the Madrid strain being higher 
than 50% (Fig. S3). For instance, the high CcaNdV levels detected in females of mating 
pair numbers 1 and 6 resulted in no or very low CcaNdV levels in the offspring. Mean­
while, CcaNV was identified in both Madrid and V8A adults forming the mating pairs, 
with higher viral RNA levels in the V8A strain for most of the mating pairs and with a high 
variability between samples (Fig. 4; Fig. S3). After mating, CcaNV was detected in 45/60 
individuals of the offspring, although at relatively low levels. Specifically, descendants of 
pair number 12 showed low CcaNV levels despite the high CcaNV levels detected in their 
parents (Fig. 4).

Overall, our results suggest that vertical transmission is the main route employed 
by iflaviruses and narnavirus, with a preference for vertical transmission via the female. 
Instead, the inefficient vertical transmission observed for CcaNdV and CcaNV suggests 
that horizontal transmission may be the key route for nodavirus and nora virus 
transmission and maintenance in medfly populations.

Horizontal transmission of CcaNV and CcaNdV likely occurs during co-habita­
tion of adults and during mating

The analysis of viral RNA levels in the adults forming the mating pairs (Fig. 4) showed 
that certain flies presented unexpectedly high viral RNA levels in comparison to what 
we observed during the analysis of viral prevalence (Fig. 2 and 4B). These viral levels 
may be the result of horizontal transmission of the virus between the adults during 
crossing experiments. In this context, viral transmission could occur during mating 
(venereal transmission) or during co-habitation, for instance, because of shared food 
sources (oral-fecal transmission). The transmission might then lead to an active infection 
in the recipient, or only to surface contamination. In the first case, the virus is expected 
to replicate, hence, the viral negative strand is present; and in the second case, the virus 
is not replicating, and the negative strand is expected to be non-detectable. To test 
whether horizontal transmission of the virus during mating or co-habitation led to an 
active infection in the recipient, we assessed the presence of the viral negative strand. 
To that aim, we selected four mating pairs per virus in which horizontal transmission was 
suspected based on the viral RNA levels in the adults (Fig. 4).

For CcaIV2, the viral negative strand was detected in both parents of the samples 
under analysis, confirming that CcaIV2 is actively replicating in both Madrid and V8A 
strains (Fig. 5). However, in this context, the presence of CcaIV2 in both medfly strains 
complicated the characterization of CcaIV2 horizontal transmission. The negative strand 
of CcaIV4 was clearly detected in the V8A flies under study. Instead, the negative strand 
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was only detected in one sample of the Madrid strain (M15), and with low intensity, 
indicating that horizontal transmission of CcaIV4 likely occurred here, but is limited 
(Fig. 5). However, based on previous results on CcaIV4 prevalence in the Madrid strain 
(Fig. 2 and 4B), we cannot exclude that the Madrid strain male of pair number 15 was 
possibly infected with CcaIV4 before co-habitation. The negative strand of CcaNaV was 
only amplified in Madrid flies (Fig. 5), even though CcaNaV was detected through qPCR in 
three V8A adults (Fig. 4). This suggests that the virus was horizontally transmitted during 
mating but did not establish in the recipient adult (i.e., it is a temporary contamination 
with the viral particles after mating).

For CcaNdV, the negative strand was amplified in all individuals of the Madrid strain 
(Fig. 5), in accordance with previous results showing higher CcaNdV levels in this strain 
(Fig. 2 and 4). Instead, the presence of CcaNdV negative strand and the high viral RNA 
levels observed in both adults of pair numbers 1, 10, 14, and 20 differed with the 

FIG 5 Replication of RNA viruses during co-habitation experiments. PCR amplification of the negative strand of five RNA viruses, as an indicator of viral 

replication. Four mating pairs formed by Madrid females (F) and V8A males (M) or vice versa were selected for the analysis. Two negative controls were added, 

one with RNA of a sample free of the virus (Free) and one without RNA (PCR). Additional negative controls can be found in Fig. S3. PCR products between 400 and 

500 bp indicate the presence of the viral negative strand, as a result of the RT-PCR reaction using viral RNA and the primers described in Table S1.
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previous observation of low prevalence and levels of CcaNdV in the V8A strain (Fig. 2 
and 4B). According to these results, it is tempting to hypothesize that the unexpected 
high CcaNdV levels and CcaNdV negative strand presence resulted from the successful 
CcaNdV horizontal transmission between infected Madrid flies and uninfected V8A flies. 
Regarding CcaNV, the negative strand was only amplified in the V8A male of mating 
pair number 3 and both the male and female of pair number 12 (Fig. 5). Interestingly, 
these three samples showed the highest CcaNV levels of all the mating pairs (Fig. 4). In 
this context, the unusual high CcaNV levels in the Madrid male of mating pair number 
12 may result from horizontal transmission of CcaNV from the infected V8A female. 
However, the high variability observed for CcaNV levels in both populations (Fig. 2 and 
4B) makes it difficult to draw solid conclusions.

Virus tropism supports the occurrence of different transmission routes

To increase our understanding of viral tissue tropism and to explore whether tissue 
tropism supports the observed routes of transmission, the presence of RNA viruses in the 
gut, crop, legs, brain, ovaries, and testes of the medflies was determined by RT-qPCR.

Iflavirus and narnavirus infections were systemic in the flies, being detected in all 
analyzed tissues, although viral RNA levels tended to be lower in sexual tissues. For 
instance, CcaIV2 was less abundant in the ovaries of the V8A strain than in the legs (P 
= 0.0003), the brain (P = 0.0014), and the gut (P = 0.0159), and less abundant in the 
testes than in the legs (P = 0.0081) and the brain (P = 0.0298). Similarly, CcaIV4 was less 
abundant in the ovaries of the V8A strain than in the legs (P = 0.0244), the brain (P = 
0.0124), and the testes (P = 0.0075) (Fig. 6B; Table S4). Moreover, CcaIV4 was absent in 
the ovaries, the testes, and the brain of the Madrid strain, in concordance with the low 
CcaIV4 levels previously assessed by RT-qPCR in this strain. Regarding CcaNaV, higher 
normalized viral RNA levels were only identified in the brain when compared to the gut 
(P = 0.0019), the ovaries (P = 0.0062), and the testes (P = 0.0177) (Fig. 6A; Table S4).

For CcaNdV (in Madrid) and CcaNV (in V8A), higher levels were observed in the tissues 
related with food intake (Fig. 6), supporting the preference of these viruses for being 
horizontally transmitted via the oral-fecal route. Normalized CcaNdV levels in the Madrid 
strain were higher in the gut compared to the brain (P = 0.0154), the ovaries (P = 0.001), 
and the testes (P = 0.0025) (Table S4). In fact, CcaNdV was only detected in three out of 
the six samples of brain tissue and in one sample of ovaries and testes, indicating that 
the infection of these tissues is possible, but not crucial for the virus (Fig. 6A). Similarly, 
normalized CcaNV levels in the V8A strain were higher in the gut and the crop than the 
legs, the brain, the ovaries, and the testes (P < 0.0001) (Fig. 6B; Table S4). Despite the 
low CcaNV levels observed in the Madrid strain, the absence of CcaNV in the ovaries 
generated significant differences with the crop (P = 0.0239) and the testes (P = 0.0038) 
(Fig. 6A; Table S4).

In situ observation of viral RNA supports the different transmission of CcaIV2 
and CcaNV

To gain insight into the localization of two RNA viruses within the medfly tissues, we 
used the Stellaris RNA FISH technique. From the previous results, we selected a virus that 
is most likely vertically transmitted (CcaIV2) and a virus that is most likely horizontally 
transmitted (CcaNV). CcaIV2 was also selected because of its ubiquitous distribution 
in diverse medfly populations (17), and CcaNV due to its association with detrimental 
effects during medfly development (18). Moreover, the V8A strain was selected for this 
analysis, since high CcaIV2 and CcaNV levels were detected in this strain by RT-qPCR (Fig. 
2).

Our results confirmed the differences in tissue tropism (observed with RT-qPCR) 
between CcaNV and CcaIV2. CcaIV2 was ubiquitously distributed in the flies, being 
present in all the tissues except for the crop, in which we failed to find any viral 
signal through FISH (Fig. S4). Both male and female reproductive organs exhibited a 
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strong CcaIV2 signal (Fig. 7), supporting the hypothesis that CcaIV2 is mainly vertically 
transmitted. In the ovaries, CcaIV2 was localized in the ovarioles, surrounding the nucleus 
of the developing oocytes (Fig. 7A). In the testes, CcaIV2 was mainly localized in the cells 
attached to the basal epithelium, where free formed spermatozoa were also observed 

FIG 6 Tissue tropism of RNA viruses in adult medflies. Violin plots depict the normalized viral RNA levels across different 

tissues of medfly adults from the Madrid strain (A) and the V8A strain (B). Normalized viral RNA levels were calculated by 

comparing the RNA levels of each virus with the transcript levels of the medfly L23a ribosomal gene as endogenous control. 

The absence of a virus in a specific sample was represented as non-detected (ND) in the figure. Six samples representing pools 

of 8–10 identical tissues were analyzed, represented by black dots. The samples were tested for the set of viruses previously 

detected in the adults of each medfly strain (see Fig. 1). Samples marked with the same lowercase letter do not present 

significant differences in normalized viral RNA levels (P < 0.01).
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(Fig. 7B). In addition, CcaIV2 was also identified in a few cells of the vas deferens conduct, 
which connects the testes with the ejaculatory duct (Fig. 7B.3).

Regarding the somatic tissues, we visualized the presence of CcaIV2 infection in the 
gut, brain, and legs (Fig. 8). In the gut, CcaIV2 density varied between samples with 
some guts being free of the virus and others presenting the CcaIV2 signal across the 
different gut segments (Fig. 8A). In the brain, CcaIV2 was detected across the whole 
tissue, although some samples suggested that CcaIV2 levels may be higher in the central 
brain section (Fig. 8B). In the legs, CcaIV2 was detected as a bright signal but only in a 
thin layer of cells close to the leg joint (Fig. 8C), despite the legs presenting the highest 
normalized CcaIV2 levels based on RT-qPCR results (Fig. 6).

In contrast to CcaIV2, CcaNV was predominantly detected in the gut. This agrees with 
the higher CcaNV levels observed in this tissue via RT-qPCR and supports the horizontal 
transmission of the virus. In fact, CcaNV affected most of the gut cells in some of the 
samples, indicated by fluorescent signal (yellow) covering the whole cytoplasm of the 
infected cells (Fig. 8A.3). In other cases, CcaNV was absent or restricted to a few gut cells 
(Fig. 8A.4). In contrast to our RT-qPCR results, CcaNV was not observed in the brain, legs, 
ovaries, and testes. This observation may be explained by the higher detection sensitivity 
of RT-qPCR in comparison to the FISH localization.

Since both CcaIV2 and CcaNV were detected in the gut, we screened the gut tissues 
for cells with CcaIV2/CcaNV co-infections. We identified one sample containing a cluster 
of gut cells that appeared to be co-infected with CcaIV2 and CcaNV (Fig. 8A.5). In this 
cluster, the nuclei are smaller and aggregated, unlike the nuclei of non-infected or 

FIG 7 In situ visualization of RNA viruses in adult medfly tissues. Representative confocal planes of CcaIV2 in the (A) ovaries (female) and (B) testes (male). Scale 

(in µm) and magnification (20× or 40×) are indicated for each image. Negative controls of CcaIV2 visualization are displayed on A.1 (ovaries) and B.1 (testes). B.3 

and B.4 show an enlarged image of the sections of B.2 indicated with purple and yellow squares, respectively. White arrows indicate the presence of viral signal (z 

= 1.0 µm).
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FIG 8 In situ visualization of RNA viruses in adult medfly tissues. Representative confocal images (z = 1.0–2.0 µm) of CcaIV2 and CcaNV visualization in three 

somatic tissues of the medflies: (A) gut, (B) brain, and (C) legs. Scale (µm) and magnification (20× or 40×) are indicated for each image. Negative controls of 

CcaIV2 and CcaNV visualization are displayed on A.1 (gut), B.1 (brain), and C.1 (legs). Colored squares show magnified images of the sections delimited on A.3, 

A.5, B.3, and C.2, respectively.
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singly infected cells. Interestingly, apart from the cluster of cells exhibiting the suspected 
co-infection, very few cells of this gut were infected with any of the two viruses (Fig. 
8A.5).

DISCUSSION

Thirteen RNA viruses have been described in the medfly so far. Five of these were 
detected in the laboratory-reared Madrid strain (CcaIV2, CcaIV4, CcaNaV, CcaNdV, and 
CcaNV), three of which were also detected in the mass-reared V8A strain (CcaIV2, CcaIV4, 
and CcaNV). In agreement with previous results, viral RNA levels varied between and 
within these medfly strains, with incomplete vertical transmission, except for CcaNaV 
in the Madrid strain and CcaIV2 in both strains (17, 18). The ubiquitous presence of 
CcaIV2 is in line with previous results indicating that CcaIV2 belongs to the core RNA 
virome of the medfly (17). Conversely, Ceratitis capitata negev-like virus 1 was absent 
in all the analyzed samples even though it was previously included in the medfly core 
RNA virome (17). This result supports the notion of a dynamic viral population in which 
the levels of RNA viruses can fluctuate, probably in response to environmental factors 
(11). For instance, the direct interaction between viruses co-infecting an insect host 
might influence the transmission of each of those viruses. As an example, the presence 
of ISVs infecting mosquitoes can negatively affect the replication and transmission 
of arboviruses (31). However, in this work, we have observed that up to five viruses 
simultaneously co-infected the same individual and the observed ratios of pairwise viral 
combinations matched what was expected according to the individual prevalence of 
each virus. Moreover, the analysis of viral tissue tropism confirmed that different RNA 
viruses can co-infect the same tissues and, in some cases, the same cells, as was observed 
for CcaIV2 and CcaNV through fluorescence in situ hybridization. These co-infected gut 
cells displayed smaller nuclei which presented shorter distance between them. Whether 
this feature results from a modification of cell division or differentiation mediated by 
the viral co-infection will require further investigation. Moreover, only two RNA viruses 
(CcaIV2 and CcaNV) were visualized through FISH so co-infections with other RNA viruses 
in single cells remain unexplored.

Despite the vast variety of RNA viruses discovered in insects in the recent years, 
in-depth characterization of viral localization and transmission is often missing but 
contributes to a better understanding of the dynamics of virus-host interactions. Our 
results suggest that the iflaviruses and narnavirus are mainly vertically transmitted, while 
the nodavirus and nora virus are preferentially horizontally transmitted. Iflaviruses are 
widely known to infect insects of different orders, and these infections range from 
covert and asymptomatic infections to infections causing clear disease symptoms (32, 
33). Vertical and horizontal transmission routes have been characterized for iflaviruses 
infecting honeybees (34, 35), aphids (36), moths (37, 38), and fruit flies (39). In the medfly, 
the ubiquitous distribution of CcaIV2 in all developmental stages and tissues, including 
ovaries and testes, suggests the vertical transmission of this iflavirus, as has also been 
reported for other iflaviruses, including Antheraea mylitta iflavirus (37) and Lymantria 
dispar iflavirus 1 (38). Specifically, the similar CcaIV2 levels retrieved from both sterilized 
and non-sterilized medfly eggs strongly indicate transovarial vertical transmission, and 
the higher normalized CcaIV2 levels observed in the offspring of infected females implies 
that vertical transmission via the female is more efficient, as was also observed for 
an iflavirus infecting the Queensland fruit fly (39). However, the presence of CcaIV2 in 
the testes, including few cells of the deferens conduct, indicates that male-mediated 
transmission is also possible. On the other hand, the natural presence of CcaIV2 in the 
two medfly strains made it difficult to conclude whether this virus is also horizontally 
transmitted. Like CcaIV2, CcaIV4 was detected in all developmental stages and tissues, 
although it presented higher variability and lower prevalence compared to CcaIV2. 
CcaIV4 was detected at similar levels in sterilized and non-sterilized eggs and was 
more efficiently transmitted to the offspring of infected females. However, CcaIV4 was 
detected in the offspring of infected males and non-infected females, confirming that 
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vertical transmission via the male is also possible. As for CcaIV2, no proof of horizontal 
transmission could be retrieved for CcaIV4.

The narnavirus present in the Madrid medfly strain, CcaNaV, belongs to a family 
of naked RNA viruses which cause asymptomatic infections in protists, fungi, plants, 
nematodes, or insects (40–42). The absence of extracellular virions suggests that vertical 
transmission is the most likely mechanism, although this has been only confirmed in 
Caenorhabditis nematodes (43). In the medfly, CcaNaV was detected in all developmental 
stages and adult tissues, presented high viral RNA levels in sterilized and non-sterilized 
eggs, and was more efficiently transmitted by infected females than by infected males. 
Even though the virus was detected via RT-qPCR in initially non-infected V8A adults after 
mating with infected Madrid adults, the lack of detected negative strand indicated that 
horizontal transmission was unlikely, or at very low levels. In this vein, the detection of 
low CcaNaV levels in some V8A adults after mating may be explained by (i) the presence 
of non-replicating virus as latent infection or as surface contamination, or (ii) the higher 
sensitivity of RT-qPCR with respect to the negative strand RT-PCR.

The nodavirus and nora virus present in the medfly are most likely mainly horizontally 
transmitted. Nodaviruses are small bipartite viruses with a wide variety of hosts including 
fishes, shrimps, prawns, and insects (44). They represent a risk for the aquaculture 
industry, in which vertical transmission has been distinguished as the main mechanism 
for viral spreading (45). In the medflies, CcaNdV was unevenly distributed among 
developmental stages and tissues. CcaNdV was found in all adult samples but was absent 
in the larvae and detected in only one pupa sample. Additionally, most CcaNdV-infected 
adults failed to transmit the virus to the progeny during crossing experiments. Although 
these results do not suggest vertical transmission, the presence of CcaNdV in medfly 
eggs, with higher levels in the non-sterilized group, indicates that the transovum vertical 
transmission of CcaNdV is also possible. On the other hand, the highest CcaNdV levels 
were detected in the gut, which suggests horizontal transmission via the oral-fecal route. 
In addition, after crossings including Madrid and V8A adults, the negative strand of 
CcaNdV was detected in adults of the V8A population, which initially presented low 
infection levels and virus prevalence. Based on this result, it is tempting to hypothesize 
that CcaNdV was horizontally transmitted from infected Madrid to non-infected V8A flies 
during mating. However, due to the lack of information on the viral RNA levels in the 
specific adults employed for mating experiments, we cannot discard that CcaNdV was 
already infecting the V8A flies employed for the crossing experiments.

The nora virus detected in the medfly, CcaNV, belongs to the Picornavirales order. 
Nora viruses are known to infect different insect species within the orders Lepidoptera 
(46, 47), Hymenoptera (48), and Diptera (16, 49). The most representative member of 
the nora viruses, Drosophila melanogaster Nora virus, is horizontally transmitted through 
the oral-fecal route (50). Also in our study, normalized CcaNV levels in medfly adults 
were higher in the tissues dealing with food intake. This result is in line with an earlier 
study demonstrating that the addition of purified CcaNV to the larval diet resulted in 
the infection of the larvae via the oral-fecal route (18). Moreover, the unexpectedly 
high CcaNV levels observed in a Madrid male after co-habitation and mating suggested 
horizontal transmission of the virus via the infected V8A female, which was suppor­
ted by detecting the viral negative strand in a Madrid male. However, the absence 
of characterization of CcaNV levels on that specific Madrid male before the crossing 
experiment prevents us to draw solid conclusions. On the contrary, CcaNV exhibited 
higher normalized viral RNA levels in non-sterilized eggs, indicating that there might be 
some level of vertical transmission, which is likely transovum. Our mating studies also 
suggested that vertical transmission of CcaNV is possible but is most likely not the major 
route of transmission.

Covert RNA viruses have not been related to fitness costs or benefits in the med­
fly, with the exception of CcaNV, which negatively affected pupal weight and adult 
longevity (18). However, other insect-specific RNA viruses have caused viral outbreaks 
and subsequent economic losses in mass-reared arthropod species, although in the 
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natural settings, these viruses have not been reported to interfere with insect health and 
most likely exist as covert infections. Deformed wing virus (Iflaviridae) compromises the 
development of infected honeybees and plays an important role in bee colony collapse 
(51, 52), and the infection with nervous necrosis virus (Nodaviridae) resulted in high 
mortality in Grouper fish aquaculture (53). The artificial rearing conditions found in insect 
mass-rearing industry favors an efficient transmission of RNA (and DNA) viruses and 
consequently may lead to the appearance of viral outbreaks under certain conditions. 
Decreasing insect densities and a minimized number of shared resources may help to 
control viral horizontal transmission (21, 54, 55). On the other side, the establishment of 
virus-free colonies through the screening of virus-free field populations or the artificial 
eradication of viruses would be a suitable solution to control viral vertical transmission.

In this article, we applied state-of-the-art techniques to uncover the tropism and 
transmission routes of five covert RNA viruses infecting the medfly. Overall, the viral 
distribution in the medfly may be explained by a combination of horizontal and vertical 
transmission, where the importance of each mode of transmission varies per virus. 
Moreover, our results reveal that the establishment and maintenance of covert infections 
with RNA viruses is independent from the transmission route, and other factors may 
contribute to this phenomenon. We believe that our results contribute to the under­
standing of viral dynamics in this insect species and provide clues for a better control of 
viral epidemics in the medfly mass-rearing industry.

ACKNOWLEDGMENTS

We acknowledge Jaime García de Oteyza and Óscar Dembilio from TRAGSA and 
Francisco Beitia from the “Instituto Valenciano de Investigaciones Agrarias” for providing 
medfly samples from their rearing facilities. We acknowledge Anton Strunov from the 
Medical University of Vienna for his advice concerning fluorescence in situ hybridization.

This study was supported by the INSECT DOCTORS program, funded under the 
European Union Horizon 2020 Framework Programme for Research and Innovation 
(Marie Sklodowska-Curie Grant agreement 859850). Vera I.D. Ros is supported by a 
VIDI-grant of the Dutch Research Council (NWO; VI.Vidi.192.041).

L.H.-P., S.H., and V.I.D.R. contributed to the study conception and design. Experimental 
data were collected by L.H.-P. in collaboration with H-I.H. for the fluorescence in situ 
hybridization, and with P.G.-C. for the analysis of viral transmission. N.C.A.D.R. contributed 
to the visualization and interpretation of FISH results. The first draft of the manuscript 
was written by L.H.-P. and reviewed by S.H., V.I.D.R., and M.M.V.O. All authors read and 
approved the final manuscript.

AUTHOR AFFILIATIONS

1Laboratory of Virology, Department of Plant Science, Wageningen University and 
Research, Wageningen, the Netherlands
2Department of Genetics and University Institute of Biotechnology and Biomedicine 
(BIOTECMED), Universitat de València, Burjassot, Valencia, Spain
3Insect Pest Control Laboratory, Joint FAO/IAEA Programme of Nuclear Techniques in 
Food and Agriculture, International Atomic Energy Agency, Vienna International Centre, 
Vienna, Austria
4Laboratory of Cell and Developmental Biology, Department of Plant Science, Wagenin­
gen University and Research, Wageningen, the Netherlands

AUTHOR ORCIDs

Luis Hernández-Pelegrín  http://orcid.org/0000-0003-4910-4583
Salvador Herrero  http://orcid.org/0000-0001-5690-2108
Vera I. D. Ros  http://orcid.org/0000-0002-4831-7299

Full-Length Text Journal of Virology

June 2024  Volume 98  Issue 6 10.1128/jvi.00108-2418

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
14

 J
un

e 
20

24
 b

y 
13

7.
22

4.
25

2.
10

.

https://doi.org/10.1128/jvi.00108-24


FUNDING

Funder Grant(s) Author(s)

EC | Horizon 2020 Framework Pro­
gramme (H2020)

859850 Luis Hernández-Pelegrín

Hannah-Isadora Huditz

Monique M. van Oers

Salvador Herrero

Vera I. D. Ros

VIDI Grant Dutch research council NWO VI.Vidi.192.041 Vera I. D. Ros

DATA AVAILABILITY

All data are available in the article and supplemental material.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (JVI00108-24-S0001.docx). Figures S1 to S4; Tables S1 to S4.

REFERENCES

1. Shi M, Lin X-D, Tian J-H, Chen L-J, Chen X, Li C-X, Qin X-C, Li J, Cao J-P, 
Eden J-S, Buchmann J, Wang W, Xu J, Holmes EC, Zhang Y-Z. 2016. 
Redefining the invertebrate RNA virosphere. Nature 540:539–543. https:/
/doi.org/10.1038/nature20167

2. Bonning BC. 2020. The insect virome: opportunities and challenges. Curr 
Issues Mol Biol 34:1–12. https://doi.org/10.21775/cimb.034.001

3. Porter AF, Shi M, Eden J-S, Zhang Y-Z, Holmes EC. 2019. Diversity and 
evolution of novel invertebrate DNA viruses revealed by meta-
transcriptomics. Viruses 11:1092. https://doi.org/10.3390/v11121092

4. Käfer S, Paraskevopoulou S, Zirkel F, Wieseke N, Donath A, Petersen M, 
Jones TC, Liu S, Zhou X, Middendorf M, Junglen S, Misof B, Drosten C. 
2019. Re-assessing the diversity of negative strand RNA viruses in 
insects. PLoS Pathog 15:e1008224. https://doi.org/10.1371/journal.ppat.
1008224

5. Wu H, Pang R, Cheng T, Xue L, Zeng H, Lei T, Chen M, Wu S, Ding Y, 
Zhang J, Shi M, Wu Q. 2020. Abundant and diverse RNA viruses in insects 
revealed by RNA-Seq analysis: ecological and evolutionary implications. 
mSystems 5:e00039-20. https://doi.org/10.1128/mSystems.00039-20

6. Yuan H, Xu P, Xiao Y, Yang L, Yang X, Wu K. 2020. Infection of cotton 
bollworm by Helicoverpa armigera iflavirus decreases larval fitness. J 
Invertebr Pathol 173:107384. https://doi.org/10.1016/j.jip.2020.107384

7. Longdon B, Wilfert L, Jiggins FM. 2012. The sigma viruses of Drosophila, p 
117–132. In Rhabdoviruses: molecular taxonomy, evolution, genomics, 
ecology, host-vector interactions, cytopathology and control

8. Williams T, Virto C, Murillo R, Caballero P. 2017. Covert infection of 
insects by baculoviruses. Front Microbiol 8:1337. https://doi.org/10.
3389/fmicb.2017.01337

9. Han Y, van Oers MM, van Houte S, Ros VID. 2015. Virus-induced 
behavioural changes in insects, p 149–174. In Mehlhorn H (ed), Host 
manipulations by parasites and viruses. Springer International 
Publishing, Cham.

10. Fujiyuki T, Takeuchi H, Ono M, Ohka S, Sasaki T, Nomoto A, Kubo T. 2005. 
Kakugo virus from brains of aggressive worker honeybees. Adv Virus Res 
65:1–27. https://doi.org/10.1016/S0065-3527(05)65001-4

11. Shapiro-Ilan DI, Bruck DJ, Lacey LA. 2012. Chapter 3 - Principles of 
epizootiology and microbial control, p 29–72. In Vega FE, Kaya HK (ed), 
Insect pathology, 2nd ed. Academic Press, San Diego.

12. Agboli E, Leggewie M, Altinli M, Schnettler E. 2019. Mosquito-specific 
viruses-transmission and interaction. Viruses 11:873. https://doi.org/10.
3390/v11090873

13. Solter LF, Becnel JJ. 2017. The pathogen population, p 49–99. In Ecology 
of invertebrate diseases

14. Sharpe SR, Morrow JL, Brettell LE, Shearman DC, Gilchrist AS, Cook JM, 
Riegler M. 2021. Tephritid fruit flies have a large diversity of co-occurring 
RNA viruses. J Invertebr Pathol 186:107569. https://doi.org/10.1016/j.jip.
2021.107569

15. Kondo H, Chiba S, Maruyama K, Andika IB, Suzuki N. 2019. A novel 
insect-infecting virga/nege-like virus group and its pervasive endogeni­
zation into insect genomes. Virus Res 262:37–47. https://doi.org/10.
1016/j.virusres.2017.11.020

16. Llopis-Giménez A, Maria González R, Millán-Leiva A, Catalá M, Llacer E, 
Urbaneja A, Herrero S. 2017. Novel RNA viruses producing simultaneous 
covert infections in Ceratitis capitata. Correlations between viral titers 
and host fitness, and implications for SIT programs. J Invertebr Pathol 
143:50–60. https://doi.org/10.1016/j.jip.2016.11.014

17. Hernández-Pelegrín L, Llopis-Giménez Á, Crava CM, Ortego F, 
Hernández-Crespo P, Ros VID, Herrero S. 2022. Expanding the medfly 
virome: viral diversity, prevalence, and sRNA profiling in mass-reared and 
field-derived medflies. Viruses 14:623. https://doi.org/10.3390/
v14030623

18. Hernández-Pelegrín L, García-Martínez R, Llácer E, Nieves L, Llopis-
Giménez Á, Catalá-Oltra M, Dembilio Ó, Pérez-Hedo M, Urbaneja A, Ros 
VID, Beitia F, Herrero S. 2024. Covert infection with an RNA virus affects 
medfly fitness and the interaction with its natural parasitoid Aganaspis 
daci. J Pest Sci 97:269–280. https://doi.org/10.1007/s10340-023-01617-5

19. Eilenberg J, Vlak JM, Nielsen-LeRoux C, Cappellozza S, Jensen AB. 2015. 
Diseases in insects produced for food and feed. J Insects Food Feed 
1:87–102. https://doi.org/10.3920/JIFF2014.0022

20. Slowik AR, Herren P, Bessette E, Lim FS, Hernández-Pelegrín L, Savio C. 
2023. Harmful and beneficial symbionts of Tenebrio molitor and their 
implications for disease management. J Insects Food Feed 9:1381–1395. 
https://doi.org/10.3920/JIFF2022.0171

21. Maciel-Vergara G, Ros VID. 2017. Viruses of insects reared for food and 
feed. J Invertebr Pathol 147:60–75. https://doi.org/10.1016/j.jip.2017.01.
013

22. Bertola M, Mutinelli F. 2021. A systematic review on viruses in mass-
reared edible insect species. Viruses 13:2280. https://doi.org/10.3390/
v13112280

23. Enkerlin WR. 2005. Impact of fruit fly control programmes using the 
sterile insect technique. Sterile insect technique Springer-Verlag. https://
doi.org/10.1007/1-4020-4051-2_25

Full-Length Text Journal of Virology

June 2024  Volume 98  Issue 6 10.1128/jvi.00108-2419

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
14

 J
un

e 
20

24
 b

y 
13

7.
22

4.
25

2.
10

.

https://doi.org/10.1128/jvi.00108-24
https://doi.org/10.1038/nature20167
https://doi.org/10.21775/cimb.034.001
https://doi.org/10.3390/v11121092
https://doi.org/10.1371/journal.ppat.1008224
https://doi.org/10.1128/mSystems.00039-20
https://doi.org/10.1016/j.jip.2020.107384
https://doi.org/10.3389/fmicb.2017.01337
https://doi.org/10.1016/S0065-3527(05)65001-4
https://doi.org/10.3390/v11090873
https://doi.org/10.1016/j.jip.2021.107569
https://doi.org/10.1016/j.virusres.2017.11.020
https://doi.org/10.1016/j.jip.2016.11.014
https://doi.org/10.3390/v14030623
https://doi.org/10.1007/s10340-023-01617-5
https://doi.org/10.3920/JIFF2014.0022
https://doi.org/10.3920/JIFF2022.0171
https://doi.org/10.1016/j.jip.2017.01.013
https://doi.org/10.3390/v13112280
https://doi.org/10.1007/1-4020-4051-2_25
https://doi.org/10.1128/jvi.00108-24


24. Plá I, García de Oteyza J, Tur C, Martínez MÁ, Laurín MC, Alonso E, 
Martínez M, Martín Á, Sanchis R, Navarro MC, Navarro MT, Argilés R, 
Briasco M, Dembilio Ó, Dalmau V. 2021. Sterile insect technique 
programme against mediterranean fruit fly in the Valencian community 
(Spain). Insects 12:415. https://doi.org/10.3390/insects12050415

25. Porras MF, Meza JS, Rajotte EG, Bourtzis K, Cáceres C. 2020. Improving 
the phenotypic properties of the Ceratitis capitata (Diptera: Tephritidae) 
temperature-sensitive lethal genetic sexing strain in support of sterile 
insect technique applications. J Econ Entomol 113:2688–2694. https://
doi.org/10.1093/jee/toaa220

26. Arouri R, Le Goff G, Hemden H, Navarro-Llopis V, M’saad M, Castañera P, 
Feyereisen R, Hernández-Crespo P, Ortego F. 2015. Resistance to 
lambda-cyhalothrin in Spanish field populations of Ceratitis capitata and 
metabolic resistance mediated by P450 in a resistant strain. Pest Manag 
Sci 71:1281–1291. https://doi.org/10.1002/ps.3924

27. de Pedro L, Harbi A, Tormos J, Sabater-Muñoz B, Beitia F. 2021. A minor 
role of host fruit on the parasitic performance of Aganaspis daci 
(Hymenoptera: Figitidae) on medfly larvae. Insects 12:345. https://doi.
org/10.3390/insects12040345

28. Herrero S, Millán-Leiva A, Coll S, González-Martínez RM, Parenti S, 
González-Cabrera J. 2019. Identification of new viral variants specific to 
the honey bee mite Varroa destructor. Exp Appl Acarol 79:157–168. https:
//doi.org/10.1007/s10493-019-00425-w

29. Meki IK, Huditz H-I, Strunov A, van der Vlugt RAA, Kariithi HM, 
Rezapanah M, Miller WJ, Vlak JM, van Oers MM, Abd-Alla AMM. 2021. 
Characterization and tissue tropism of newly identified iflavirus and 
negeviruses in Glossina morsitans morsitans tsetse flies. Viruses 13:2472. 
https://doi.org/10.3390/v13122472

30. Orjalo A, Johansson HE, Ruth JL. 2011. Stellaris fluorescence in situ 
hybridization (FISH) probes: a powerful tool for mRNA detection. Nat 
Methods 8:i–ii. https://doi.org/10.1038/nmeth.f.349

31. Carvalho VL, Long MT. 2021. Insect-specific viruses: an overview and 
their relationship to arboviruses of concern to humans and animals. 
Virology 557:34–43. https://doi.org/10.1016/j.virol.2021.01.007

32. Valles SM, Chen Y, Firth AE, Guérin DMA, Hashimoto Y, Herrero S, de 
Miranda JR, Ryabov E, ICTV Report Consortium. 2017. ICTV virus 
taxonomy profile: Iflaviridae. J Gen Virol 98:527–528. https://doi.org/10.
1099/jgv.0.000757

33. van Oers M. 2010. Genomics and biology of iflaviruses. In Insect virology
34. Shen M, Cui L, Ostiguy N, Cox-Foster D. 2005. Intricate transmission 

routes and interactions between picorna-like viruses (Kashmir bee virus 
and sacbrood virus) with the honeybee host and the parasitic varroa 
mite. J Gen Virol 86:2281–2289. https://doi.org/10.1099/vir.0.80824-0

35. Yue C, Schröder M, Bienefeld K, Genersch E. 2006. Detection of viral 
sequences in semen of honeybees (Apis mellifera): evidence for vertical 
transmission of viruses through drones. J Invertebr Pathol 92:105–108. 
https://doi.org/10.1016/j.jip.2006.03.001

36. Hatfill SJ, Williamson C, Kirby R, von Wechmar MB. 1990. Identification 
and localization of aphid lethal paralysis virus particles in thin tissue 
sections of the Rhopalosiphum padi aphid by in situ nucleic acid 
hybridization. J Invertebr Pathol 55:265–271. https://doi.org/10.1016/
0022-2011(90)90062-B

37. Ponnuvel KM, de Miranda JR, Terenius O, Li W, Ito K, Khajje D, Shamitha 
G, Jagadish A, Dubey H, Mishra RK. 2022. Genetic characterisation of an 
iflavirus associated with a vomiting disease in the Indian tropical tasar 
silkworm, Antheraea mylitta. Virus Res 311:198703. https://doi.org/10.
1016/j.virusres.2022.198703

38. Carrillo-Tripp J, Krueger EN, Harrison RL, Toth AL, Miller WA, Bonning BC. 
2014. Lymantria dispar iflavirus 1 (LdIV1), a new model to study iflaviral 
persistence in lepidopterans. J Gen Virol 95:2285–2296. https://doi.org/
10.1099/vir.0.067710-0

39. Morrow JL, Sharpe SR, Tilden G, Wyatt P, Oczkowicz S, Riegler M. 2023. 
Transmission modes and efficiency of iflavirus and cripavirus in 
Queensland fruit fly, Bactrocera tryoni. J Invertebr Pathol 197:107874. 
https://doi.org/10.1016/j.jip.2022.107874

40. Espino-Vázquez AN, Bermúdez-Barrientos JR, Cabrera-Rangel JF, 
Córdova-López G, Cardoso-Martínez F, Martínez-Vázquez A, Camarena-
Pozos DA, Mondo SJ, Pawlowska TE, Abreu-Goodger C, Partida-Martínez 
LP. 2020. Narnaviruses: novel players in fungal–bacterial symbioses. 
ISME J 14:1743–1754. https://doi.org/10.1038/s41396-020-0638-y

41. Dinan AM, Lukhovitskaya NI, Olendraite I, Firth AE. 2020. A case for a 
negative-strand coding sequence in a group of positive-sense RNA 
viruses. Virus Evol 6:veaa007. https://doi.org/10.1093/ve/veaa007

42. Hillman BI, Cai G. 2013. The family narnaviridae: simplest of RNA viruses. 
Adv Virus Res 86:149–176. https://doi.org/10.1016/B978-0-12-394315-6.
00006-4

43. Richaud A, Frézal L, Tahan S, Jiang H, Blatter JA, Zhao G, Kaur T, Wang D, 
Félix M-A. 2019. Vertical transmission in Caenorhabditis nematodes of 
RNA molecules encoding a viral RNA-dependent RNA polymerase. Proc 
Natl Acad Sci U S A 116:24738–24747. https://doi.org/10.1073/pnas.
1903903116

44. Sahul Hameed AS, Ninawe AS, Nakai T, Chi SC, Johnson KL, ICTV Report 
Consortium. 2019. ICTV virus taxonomy profile: Nodaviridae. J Gen Virol 
100:3–4. https://doi.org/10.1099/jgv.0.001170

45. Yong CY, Yeap SK, Omar AR, Tan WS. 2017. Advances in the study of 
nodavirus. PeerJ 5:e3841. https://doi.org/10.7717/peerj.3841

46. Jakubowska AK, D’Angiolo M, González-Martínez RM, Millán-Leiva A, 
Carballo A, Murillo R, Caballero P, Herrero S. 2014. Simultaneous 
occurrence of covert infections with small RNA viruses in the lepidop­
teran Spodoptera exigua. J Invertebr Pathol 121:56–63. https://doi.org/
10.1016/j.jip.2014.06.009

47. Li T, Guan R, Wu Y, Chen S, Yuan G, Miao X, Li H. 2021. The novel Agrotis 
ipsilon nora virus confers deleterious effects to the fitness of Spodoptera 
frugiperda (Lepidoptera: Noctuidae). Front Microbiol 12:727202. https://
doi.org/10.3389/fmicb.2021.727202

48. Remnant EJ, Shi M, Buchmann G, Blacquière T, Holmes EC, Beekman M, 
Ashe A. 2017. A diverse range of novel RNA viruses in geographically 
distinct honey bee populations. J Virol 91:e00158-17. https://doi.org/10.
1128/JVI.00158-17

49. Torres L, Almazán C, Ayllón N, Galindo RC, Rosario-Cruz R, Quiroz-
Romero H, Gortazar C, de la Fuente J. 2012. Identification of microorgan­
isms in partially fed female horn flies, Haematobia irritans. Parasitol Res 
111:1391–1395. https://doi.org/10.1007/s00436-012-2877-y

50. Habayeb MS, Cantera R, Casanova G, Ekström J-O, Albright S, Hultmark 
D. 2009. The Drosophila nora virus is an enteric virus, transmitted via 
feces. J Invertebr Pathol 101:29–33. https://doi.org/10.1016/j.jip.2009.02.
003

51. Martin SJ, Brettell LE. 2019. Deformed wing virus in honeybees and 
other insects. Annu Rev Virol 6:49–69. https://doi.org/10.1146/annurev-
virology-092818-015700

52. Paxton RJ, Schäfer MO, Nazzi F, Zanni V, Annoscia D, Marroni F, Bigot D, 
Laws-Quinn ER, Panziera D, Jenkins C, Shafiey H. 2022. Epidemiology of a 
major honey bee pathogen, deformed wing virus: potential worldwide 
replacement of genotype A by genotype B. Int J Parasitol Parasites Wildl 
18:157–171. https://doi.org/10.1016/j.ijppaw.2022.04.013

53. Kuo H-C, Wang T-Y, Chen P-P, Chen Y-M, Chuang H-C, Chen T-Y. 2011. 
Real-time quantitative PCR assay for monitoring of nervous necrosis 
virus infection in grouper aquaculture. J Clin Microbiol 49:1090–1096. 
https://doi.org/10.1128/JCM.01016-10

54. Abd-Alla AMM, Kariithi HM, Mohamed AH, Lapiz E, Parker AG, Vreysen 
MJB. 2013. Managing hytrosavirus infections in Glossina pallidipes 
colonies: feeding regime affects the prevalence of salivary gland 
hypertrophy syndrome. PLoS One 8:e61875. https://doi.org/10.1371/
journal.pone.0061875

55. Takacs J, Bryon A, Jensen AB, van Loon JJA, Ros VID. 2023. Effects of 
temperature and density on house cricket survival and growth and on 
the prevalence of Acheta domesticus densovirus. Insects 14:588. https://
doi.org/10.3390/insects14070588

Full-Length Text Journal of Virology

June 2024  Volume 98  Issue 6 10.1128/jvi.00108-2420

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
14

 J
un

e 
20

24
 b

y 
13

7.
22

4.
25

2.
10

.

https://doi.org/10.3390/insects12050415
https://doi.org/10.1093/jee/toaa220
https://doi.org/10.1002/ps.3924
https://doi.org/10.3390/insects12040345
https://doi.org/10.1007/s10493-019-00425-w
https://doi.org/10.3390/v13122472
https://doi.org/10.1038/nmeth.f.349
https://doi.org/10.1016/j.virol.2021.01.007
https://doi.org/10.1099/jgv.0.000757
https://doi.org/10.1099/vir.0.80824-0
https://doi.org/10.1016/j.jip.2006.03.001
https://doi.org/10.1016/0022-2011(90)90062-B
https://doi.org/10.1016/j.virusres.2022.198703
https://doi.org/10.1099/vir.0.067710-0
https://doi.org/10.1016/j.jip.2022.107874
https://doi.org/10.1038/s41396-020-0638-y
https://doi.org/10.1093/ve/veaa007
https://doi.org/10.1016/B978-0-12-394315-6.00006-4
https://doi.org/10.1073/pnas.1903903116
https://doi.org/10.1099/jgv.0.001170
https://doi.org/10.7717/peerj.3841
https://doi.org/10.1016/j.jip.2014.06.009
https://doi.org/10.3389/fmicb.2021.727202
https://doi.org/10.1128/JVI.00158-17
https://doi.org/10.1007/s00436-012-2877-y
https://doi.org/10.1016/j.jip.2009.02.003
https://doi.org/10.1146/annurev-virology-092818-015700
https://doi.org/10.1016/j.ijppaw.2022.04.013
https://doi.org/10.1128/JCM.01016-10
https://doi.org/10.1371/journal.pone.0061875
https://doi.org/10.3390/insects14070588
https://doi.org/10.1128/jvi.00108-24

	Covert RNA viruses in medflies differ in their mode of transmission and tissue tropism
	MATERIALS AND METHODS
	Insects
	Viral RNA levels in different medfly developmental stages
	Viral prevalence and levels in individual medfly adults
	Viral RNA levels in sterilized and non-sterilized medfly eggs
	RNA isolation and quantification of RNA viruses in the medfly
	Visualization and statistical analyses
	Viral transmission after co-habitation and mating of Madrid and V8A adults
	Detection of the viral replicative RNA strand by RT-qPCR
	Tissue tropism in adult medflies
	In situ detection of Ceratitis capitata iflavirus 2 (CcaIV2) and CcaNV in adult tissues using fluorescence in situ hybridization (FISH)

	RESULTS
	Virus prevalence and levels across the different developmental stages of the medfly
	Vertical transmission is possible for the five RNA viruses
	Horizontal transmission of CcaNV and CcaNdV likely occurs during co-habitation of adults and during mating
	Virus tropism supports the occurrence of different transmission routes
	In situ observation of viral RNA supports the different transmission of CcaIV2 and CcaNV

	DISCUSSION


