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Abstract

Social insects live in high-density colonies of genetically similar individuals making them
susceptible to rapid pathogen transmission. While pathogens can have detrimental
effects on host fitness, insect hosts employ various immune strategies in response to
infection. Here we study host-pathogen interaction and transmission dynamics in the
clonal raider ant, Ooceraea biroi, using the acute bee paralysis virus (ABPV) and
Sodalis praecaptivus. We investigate the ability of these pathogens to replicate and
transmit within host colonies and their impact on survival. To understand the host
response, we investigate potential immune mechanisms. Our results indicate that ABPV
does not infect or elicit an RNAI response in O. biroi. In contrast, S. praecaptivus
successfully establishes infection across multiple life stages. S. praecaptivus localizes
across the host body and impacts survival and fecundity. It also leads to changes in
host melanization. However, neither pathogen exhibits transmission among
colonymates. Together our findings contribute towards understanding infection
dynamics in response to novel pathogens in O. biroi. These results also lay the
groundwork for establishing a fluorescently tractable host-pathogen system in O. biroi
that can be used for monitoring behaviour responses to infection progression within a

colony.
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Chapter 1: Introduction

Group living offers several fithess advantages, including enhanced reproductive
success, collective defense against predators, and improved foraging efficiency,
enabling social insects like ants, termites, and some bees to colonize diverse habitats
(Wilson, E.O 1971). Ants and termites alone constitute up to 55% of soil arthropod
biomass, with the global ant population estimated at 20 x 10", equaling 20% of human
biomass (Schultheiss et al. 2022; Rosenberg et al. 2023). However, the division of labor
and task specialization within colonies necessitate frequent interactions that serve as
potential routes for pathogen transmission (Sarkar et al. 2024). Social insects provide a
high density of potential hosts that are genetically related (Schmid-Hempel 1995;
Shykoff and Schmid-Hempel 1997). Additionally, vertical pathogen transmission through
infected queens threatens colony survival (Schmid-Hempel 1998). This paradox of
cooperative behaviors fostering both survival and vulnerability underscores the

importance of understanding host-pathogen interactions in social insects.

Pathogens ranging from microorganisms like viruses, bacteria, fungi, and protozoans to
macroscopic helminths like nematodes and trematodes are found in social insects
(Schmid-Hempel 1998). These pathogens can impact host survival, physiology, and
behavior and disrupt colony functions such as foraging, interaction networks etc. For
example, honeybee viruses, such as deformed wing virus (DWV), black queen cell virus
(BQCYV), acute bee paralysis virus (ABPV), and Kashmir bee virus (KBV), can lead to a
phenomenon known as Colony Collapse Disorder (CCD) (vanEngelsdorp et al. 2009;
Tantillo et al. 2015). The parasitic fungus Ophiocordyceps hijacks the behavior of its
host, the carpenter ant (Camponotus spp.), and forces the infected ant to distance itself
from the colony, climb vegetation, and bite down onto leaves or twigs where the fungus
kills the ant, sprouts a stalk, and releases infective spores (de Bekker and Das 2022).
Other pathogens, like Wolbachia and Sodalis, exhibit more flexible associations, shifting
between parasitism and mutualism depending on the host species and environmental
conditions (Hosokawa et al. 2010; Clayton et al. 2012). Over evolutionary time, some

pathogens may attenuate their virulence and transition into beneficial or neutral
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symbionts, demonstrating the dynamic nature of these interactions (Ramdya et al.
2012).

To counter pathogen infections, social insects have evolved diverse immune strategies.
Social insects display collective anti-parasite defenses called social immunity that allow
avoidance, containment, or elimination of the parasite from the colony (Cremer et al.,
2007; Meunier, 2015). Social immunity comprises multiple mechanisms, such as the
application of antimicrobials on food and nesting materials and a range of hygiene
behaviors to eliminate corpses and waste. In some ants and honeybees, infected
individuals leave the nest to die, thus protecting the colony from further infection
(Heinze and Walter 2010; Rueppell et al. 2010). Social insects actively groom each
other to remove pathogens from the surface of the body, a phenomenon known as
allogrooming. For example, fungus growing ants collect infectious material in pouches
inside their mouths, which are sterilized using antimicrobials and ejected (Little et al.
2003). In addition, some social insects adjust their colony dynamics in response to the
presence of pathogens. For instance, fungus-infected Lasius niger colonies alter their
social networks to minimize disease transmission (Stroeymeyt et al. 2018). Honeybees
(Apis mellifera) raise the temperature of their hive to inhibit the growth of pathogens,
such as Ascosphaera apis, that cause chalkbrood disease (Starks et al. 2000).
However, a large number of these studies use fungal pathogens (Starks et al. 2000;
Westhus et al. 2014; Diez et al. 2015; Theis et al. 2015; Stroeymeyt et al. 2018)
highlighting the importance of the development of new systems to explore immune

interactions with a broader range of pathogens.

Despite the effectiveness of social immunity in limiting pathogen spread, individual
immune responses remain crucial for defense against infections. Insects harbor
humoral immune mechanisms like Jak/STAT (Janus kinase/Signal Transducer and
Activator of Transcription), Toll, and Imd (immune deficiency) that recognize
pathogen-associated molecular patterns (PAMPs) and produce antimicrobial peptides
(AMPs) to eliminate them (Mahanta et al. 2023). Cellular immune responses like RNA

interference (RNAI), melanization, phagocytosis, nodulation, and encapsulation, allow
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immune cells to directly attack and sequester harmful pathogens (Vaibhvi et al. 2022).
These pathways are differentially triggered by distinct pathogens (Lester et al. 2019).
Insects also exhibit individual-level behavioral immune responses, such as
self-grooming, which helps remove pathogens from the surface of their bodies
(Wilson-Rich et al. 2009). Understanding these immune responses is crucial to

understanding host-pathogen crosstalk in social insects.

An important aspect of host-pathogen dynamics is the ability of the pathogen to infect
and transmit in the host. Transmission is defined as the ability of the pathogen to enter
the host, replicate or disseminate within the host, and pass on to a new host (Louten
2016). Transmission is essential for pathogens to persist across generations of hosts
and invade new populations (Schmid-Hempel 1998). On the host side, pathogens can
deplete host resources, release toxins, and lead to major fitness effects like reduced
lifespan and fecundity. Hence host immune mechanisms are crucial to ensure individual
and population-level fitness by limiting pathogen replication and transmission within the
colony. Here we use two novel pathogens, one virus and one bacteria, to explore these

host-pathogen dynamics in a social insect.

1.1 The host

The clonal raider ant, Ooceraea biroi, is a queenless ant species with colonies of
totipotent female workers (Ravary and Jaisson 2004). Reproduction is asexual through
thelytokous parthenogenesis, which results in colony mates being nearly genetically
identical (clonal) (Oxley et al. 2014). Reproductive cycles are synchronous with two
alternating phases, the foraging and the reproductive phase. Colonies exhibit
overlapping reproductive cycles, with eggs being laid while the previous generation is
still at the pupal stage (Ravary and Jaisson 2004). The presence of the larvae inhibits
ovarian activity and induces foraging in the workers (Ravary et al. 2006; Ulrich et al.

2018). Foraging workers raid the brood of other ant species to feed the developing
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larvae (Ravary and Jaisson 2002), which might make them susceptible to pathogen

spillovers.

Figure 1 illustrates the potential routes of pathogen transmission within O. biroi colonies.
The arrows indicate the direction in which the pathogen transfer can occur. Adults can
vertically transmit pathogens to the eggs, which may be passed on over subsequent
developmental stages. Multiple symbionts are commonly transmitted in this manner
(Chaston and Goodrich-Blair 2010). Adult-to-adult transmission may occur through
direct physical contact, allogrooming, or handling carcasses of infected ants (Sun and
Zhou 2013; LeBoeuf et al. 2016). Trophallaxis, the exchange of fluids between colony
members, is a common behavior in many ant species (LeBoeuf 2017). While it has not
been reported in O. biroi, it might be a potential route of disease transmission. Since
adults engage in brood care, infected individuals can transfer pathogens through direct
contact with eggs, larvae, or pupae. This is rare in the egg stage due to the protective
chorion (Cole et al. 2020). Since workers engage in larval feeding, adult-to-larvae
transmission could also be through a food intermediate (Schlappi et al. 2020). Within
the developing stages, clustering increases contact, which can facilitate pathogen
transfer (Konrad et al. 2012). Infected broods can transmit the pathogen to adults
through direct physical contact. Cannibalism of the infected brood (Bizzell and Pull
2024) may also act as a potential route of disease transmission to adults. In addition,
ant pupae produce pupal fluid, which might be a potential route of transmission to the
adults and the larvae that consume this fluid (Snir et al. 2022). In all the routes
represented in Figure 1, the environment could also play an intermediate in pathogen
transfer (not shown in figure). In this thesis, we study some of these transmission
routes. Due to time constraints and the scope of the study, we have focused on some of

the possible routes of transmission highlighted in blue in Figure 1.
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Figure 1: Routes of pathogen transmission in O. biroi. The symbols in a clockwise
direction from the top indicate adult ants, eggs, larvae, and pupae. The direction of the
arrow indicates the direction of pathogen transfer. Blue arrows indicate the transfer

routes that have been investigated in this thesis.

O. biroi is a powerful system to study host-pathogen interactions and immune

responses in social insects. Due to their synchronous and clonal reproduction,
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experimental control over age and genotype is possible. Age matching is especially
important in understanding the effect of pathogens on survival. Additionally, since some
studies suggest that genetic diversity limits parasitism, the clonal nature of O. biroi
colonies may increase their susceptibility to rapid pathogen spread (Gibson 2022). Here
we study host-pathogen interaction in O. biroi using the acute bee paralysis virus and

Sodalis praecaptivus.

1.2 The pathogens

1.2.1 The acute bee paralysis virus (ABPV)

ABPV is a positive sense single-stranded RNA virus frequently found in honeybees,
where it causes progressive paralysis, uncontrollable trembling, impaired flight ability,
and a gradual darkening of the thorax and abdomen accompanied by hair loss (De
Miranda et al. 2010). Recent research found that cross-species transmission of RNA
viruses, like ABPV, is possible experimentally and in the wild (Schlappi et al. 2020;
Tehel et al. 2022). To date, ABPV has been found in colonies of nine ant species (Baty
et al., 2020). However, no associations of ABPV and O. biroi have been found by far.
Some research indicates that ants might act as reservoirs for honeybee viruses like
ABPV (Payne et al. 2020). In Lasius spp., foodborne ABPV infection spreads rapidly
within the colony and leads to physiological effects, such as reduced foraging speed
(Schlappi et al. 2020). Because of ABPV’s rapid transmission abilities and its
demonstrated effects on ant colonies, we selected this virus to investigate how O. biroi
colonies respond to viral infection and whether adult-to-adult transmission of the virus

occurs within the colony.

Host immune response to ABPV infection is not well understood. In honeybees, no clear
evidence of humoral or cellular immune responses to ABPV has been found (Azzami et
al. 2012). However, other viruses have been shown to induce RNA interference (RNAI)

mediated immune responses in social insects (Flenniken and Andino 2013). The RNAI
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pathway is an important immune mechanism that restricts virus replication (and also
silences cellular gene expression) by producing small non-coding RNAs called small
interfering RNAs (siRNAs) (Gammon and Mello 2015) (Figure 2). Here, we examine
whether ABPV infection in O. biroi induces an antiviral RNAIi response by assessing the
expression of Dicer-2 (Dcr-2), a key enzyme in the RNAIi pathway. Dcr-2 is a specialized
RNase Ill enzyme that can bind to foreign double-stranded RNA (dsRNA) and cleave
them to form siRNA duplexes that are targeted for degradation (Yamaguchi et al. 2022)
(Figure 2). In honeybees, Dcr-2 upregulation is observed in response to the Sindbis
virus (Flenniken and Andino 2013). In ants collected from the wild, Dcr-2 mediated
formation of si-RNA has been observed which is host and virus-specific (Viljakainen et

al. 2023). Hence, Dcr-2 was chosen to understand antiviral immunity in O. biroi.

Figure 2: RNAi Mechanism:
Dcr-2 binds to different dsSRNA
sources and cleaves it into ~21
nucleotide siRNA, which are
loaded onto Argonaute2 (Ago2),
forming the RNAI Silencing
Complex (RISC). Here, one strand
is degraded, and the other
remains attached to Ago2 as a
guide strand that mediates
recognition of the target RNA
through base pairing, followed by
target cleavage. R2D2 is a
cofactor of Dcr-2. Component 3
Promoter of RISC (C3PO) is an
endonuclease that helps in cleavage of the siRNA. Hen1 is an RNA methyl transferase
that methylates the 3’ terminal of the guide strand, finalizing the maturation of
siRNA-loaded RISC. Image adapted from (Schuster et al. 2019)
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1.2.2 Sodalis praecaptivus

S. praecaptivus HS is a Gram-stain-negative, non-spore-forming bacteria isolated from
the serous fluid collected from a human wound (Clayton et al. 2012). Genomic analysis
revealed a close phylogenetic relationship with Sodalis-allied endosymbionts associated
with a wide range of insect hosts like tsetse flies, weevils, lice, and stink bugs (Chari et
al. 2015). Compared to other members of the Sodalis genus, it has a larger genome
size of 5.16 Mb, is capable of free-living, and can decompose plant and fungal
biopolymers, enabling the utilization of diverse carbon sources (Renoz et al. 2024). The
presence of Sodalis in phylogenetically distant groups suggests that symbiotic
relationships with members of this genus arose through independent infectious events
like horizontal transfer or environmental acquisition (Clayton et al. 2012). Due to its
phylogenetic proximity with commonly found insect endosymbionts, we hypothesize that
S. praecaptivus would be able to successfully establish infection in O. biroi, enabling us
to study infection response and transmission dynamics in the host. Additionally,
horizontally and vertically transmitting colonies could help us understand how
host-pathogen relationships evolve in the spectrum of parasitism to mutualism. Here we

use a mutant strain S. praecaptivus MC1 to study some of these interactions.

S. praecaptivus MC1 is a genetically modified strain of S. praecaptivus HS containing a
mCherry-zeocin cassette in the lacZ gene, making it fluorescent (Su et al. 2022).
Previous research has shown that S. praecaptivus MC1 can successfully establish
vertically transmissible infection in grain weevils through experimental infection of the
eggs (Su et al. 2022). Several members of the Sodalis-allied clade have been identified
in the bacteriomes of various ant species (Jackson et al. 2022). However, since the
microbiome of O. biroi has not been characterized, any existing associations between
Sodalis-allied bacteria and O. biroi are unknown. Here we use S. praecaptivus to

understand the impact of bacterial hosts on fitness and transmission within the colony.
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S. praecaptivus can produce tyrosine which is an important amino acid for both the host
and the bactrium. Bacteria use tyrosine for exopolysaccharide production (necessary for
cell aggregation, cell adhesion, biofilm formation, etc), stress response, and DNA
metabolism (Grangeasse et al. 2012; Kaur and Dey 2023). Insects require tyrosine for
cuticular melanization and sclerotization (Arakane et al. 2016). In multiple insect groups,
tyrosine provisioning is crucial for establishment of symbiotic relationships (Wierz et al.
2024). Tyrosine biosynthesis is a common feature among ant-associated symbionts
(Jackson et al. 2022). Tyrosine is also an important component of the host immune
melanization pathway. Melanization is a conserved humoral immune response present
in multiple insects in response to wounding or pathogen invasion (Zdybicka-Barabas et
al. 2025). Circulating hemocytes (immune cells in the hemolymph) can detect PAMPs,
leading to the synthesis of black melanin in the hemolymph (Figure 3). Melanin
encapsulates the pathogen cutting out oxygen and nutrients, thus killing it. Insect
hemocytes can also surround pathogens while producing melanin leading to the
formation of nodules (Smith et al. 2022). However, melanin formation also releases
toxins harmful to both the pathogen and the host. Hence, this response is tightly
regulated (Whitten and Coates 2017). Previous studies have found that S. praecaptivus
might scavenge on host tyrosine resources leading to reduced cuticular melanization
(Su et al. 2022). Here we quantify melanization in adult ants and pupae to understand
the tyrosine resource partitioning and host immune response, respectively. Since O.
biroi adults have a thick, melanized cuticle, the measure of cuticular melanization is not
sufficient to quantify immune melanin response in the hemolymph. However, since
pupae do not have a heavily melanized cuticle we hypothesize that, immune

melanization and nodule formation may be visible in pupae.
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Figure 3 Simplified melanization pathway in insects: Tyrosine can be converted to
levodopa (L-DOPA) by tyrosine hydroxylase, leading to the formation of cuticular
melanin and sclerotization. In the case of immune melanization, circulating hemocytes
containing prophenoloxidase (PPO) can detect sites of injury or invading pathogens,
causing the release of PPO and subsequent activation of phenoloxidase (PO). PO
converts tyrosine to DOPAquinone which gets converted to melanin that can
encapsulate pathogen preventing oxygen and nutrient supply to cause death. Toxins
like Reactive Oxygen Species (ROS) and peroxide (H,0,) released in the process
facilitate pathogen death but are also harmful to the host. (Anbutsu et al. 2017)

1.3 Aims and Objectives

For ABPV, we measure the ability of the virus to successfully replicate in a non-natural
host O. biroi. Since transmission to new hosts is an important component of successful

infection establishment (Louten 2016), we measure adult-to-adult transmission of ABPV
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in O. biroi colonies using cohabitation assays. Since ABPV is highly virulent in
honeybees and has been shown to successfully infect and transmit in ants, we
hypothesize that ABPV would successfully replicate in adult ants allowing us to
understand virus transmission dynamics in O. biroi colonies (De Miranda et al. 2010;
Schlappi et al. 2020). To understand the host immune response, we quantify immune

gene expression of Dcr-2 post-injection.

For S. praecaptivus, we similarly monitor the ability of the bacteria to replicate in the
host. Due to its ability to utilize host resources and successfully establish in insect
hosts, we hypothesize that S. praecaptivus would successfully infect O. biroi (Su et al.
2023). To understand its impact on the host, we measure host survival and fecundity.
Since infection dynamics may vary across developmental stages (Searle et al. 2013) we
infect various life stages. Different life stages in O. biroi colonies are associated with
different transmission routes (Figure 1). We use cohabitation assays to monitor several
of these routes. To understand the distribution of the bacterium in O. biroi adults, we use
fluorescence in-situ hybridization (FISH) to visualize bacterial localization in host
tissues. In addition, we measure melanization responses at different life stages to
understand the impact of infection on cuticular melanin formation and immune
melanization. Since one of our goals is to develop a system to study how host-pathogen
relationships evolve over time in social insects, we aimed to maximize survival and

potentially obtain ant colonies of horizontally or vertically transmitting S. praecaptivus

Together, our study aims to provide insight into host-pathogen interaction and
transmission dynamics in O. biroi colonies. The long-term goal is also to use this
information to establish horizontally or vertically transmitting host-pathogen systems in

O. biroi that can be used for experimental epidemiological studies.

21



Chapter 2: Materials and Methods

2.1 Ant Rearing

All ant colonies were maintained at a constant temperature of 28 °C in airtight plastic
containers with a plaster of Paris floor, which was periodically moistened to maintain
optimal humidity levels. Colonies in their foraging phase were regularly fed on brood
from Tetramorium bicarinatum, Oecophylla, and frozen flies sterilized in liquid nitrogen.
All the colonies were regularly cleaned and observed under an optical microscope to
monitor colony health. Once every four months, colonies were transferred to new boxes
with clean plaster to maintain hygienic conditions. All the experiments in this thesis have
been conducted with ants of genotype B, which originate from St. Croix, U.S. Virgin

Islands (Kronauer et al. 2012).

2.2 ABPV infection and transmission dynamics in
adults

2.2.1 Preparation of viral inoculum

ABPV inoculum was prepared in the lab of Dr. Rober Paxton at the University of Halle,
Germany, following the protocols outlined by Tehel et al., 2019. Briefly, 1 uL bee extract
obtained from a heavily infected bee, Apis mellifera, (identifiable by the darkening of the
cuticle and impaired movement), was injected into bee pupae harvested from virus-free
colonies. The pupae were allowed to grow for three to five days to allow viral replication
and systemic infection. The pupae were homogenized in 0.5 M cold potassium
phosphate buffer (PPB, pH 8.0), and the resulting homogenate was screened for the
presence of common bee viruses, including DWV-A, DWV-B, BQCV, CBPV, IAPV, SBV,
and SBPV, using RT-gPCR. Only homogenates confirmed to contain ABPV exclusively
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were used for experiments. Control bee extract was obtained following the same

procedure but by injecting bee pupae with virus-free bee extract.

2.2.2 Adult microinjection

Ants were immobilized by mounting them on a Laufer Plast 0120 eraser, which was
modified with slits to hold the ants in place securely. 10 nL of the viral inoculum was
administered into the hemolymph at a controlled rate of 5 nL/s. Injections were
performed between tergite IV and V at the posterior end of the gaster using a NanoFil
36 GA beveled needle connected to a UMP3 pump MICRO2T SMARTouch™ controller

from World Precision Instruments, USA.

2.2.3 Experimental design

Pilot experiment

To monitor the time course of viral infection, transmission, and immune response, five
randomly selected mixed-aged adult ants of genotype B were injected with 10 nL of
ABPV at a concentration of 10* genome equivalents per yL (ge/uL), resulting in an
inoculum of 100 ge per ant. An equal number of uninjected adults were introduced into
each Petri dish to serve as cohabitating individuals. To differentiate between injected
ants and cohabitating ants, the latter were paint-marked using Uni Paint markers (Li et
al. 2023). For control, virus-free bee extract was injected using the same procedure. All
the ants were housed in a Petri dish of diameter 50 mm with a plaster of Paris floor and
provided with Tetramorium brood at the start of the experiment. Four replicates, each
containing five injected and five cohabitating adults, were set up for every treatment and
time point (Figure 5 - A). The five injected and cohabitating ants from each replicate
plate were pooled and collected at 0, 6, 12, 24, and 48 hrs post injection (Pl),
flash-frozen in liquid nitrogen, and stored at -80 °C for RT-qPCR. As part of the initial
study, only time points between 0 and 48 hours Pl were analyzed for injected ants, while
time points at 24 and 48 hours Pl were examined for cohabitating ants. These time
points were selected based on the hypothesis that viral replication, if occurring, would

be most detectable within this timeframe.
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Main experiment

The findings from the previous experiments highlighted the need for more appropriate
control. The use of bee extract as a control may have triggered an immune response,
making it difficult to distinguish immune activation due to viral infection from that
induced by the bee extract itself. To (a) avoid the impact of age on survival and infection
spread, (b) provide an uninjected and unexposed baseline, (c) improve sample size,
and (d) verify our results, the previous experiment was repeated with age-matched
adults, increased sample size and untreated controls. Three-day-old callow workers
were isolated from their parent colony and housed in an airtight plastic container for
three weeks to obtain age-matched adults. Six replicates, each containing six adults
injected with 100 ge/ant and six cohabitating adults, were set up for every treatment and
time point (Figure 6 - A). Based on the previous experiment, time points 0, 12, 24, and
48 hrs Pl were selected for sampling. A total of 36 ants were injected for each treatment
and timepoint (six ants/plate). Uninjected ants, unexposed to the ABPV, were used as
baseline controls for viral load and immune gene expression. The rest of the protocol

was similar to the pilot experiment.

2.2.4 RNA Extraction and RT-gPCR

Samples stored at -80 °C were immersed in 1 ml TRIzol with two stainless steel beads,
homogenized for 2 min using a Qiagen TissueLyser ll, frozen on dry ice, and thawed.
This process was repeated three times to optimize tissue lysis. Total RNA was extracted
using the Qiagen Rneasy Mini Kit following the manufacturer’s protocol with minor
modifications to increase yield. RNA was eluted in 20 pyL nuclease-free water from
Sigma Aldrich. The elution step was repeated twice to maximize yield. RNA
concentration and purity were assessed using an Eppendorf BioPhotometer™ D30.

For cDNA synthesis, 200 ng of total RNA was reverse-transcribed using M-MLV
Reverse Transcriptase (Promega) following the manufacturer’s instructions. The cDNA

thus obtained was diluted three times and stored and -20 °C.
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gPCR was performed using the KAPA SYBR® FAST Universal kit according to the
measurements listed in Table 1. A 364-well plate was set up consisting of technical

duplicates for each sample and a no-template negative control.

To quantify the exact number of genome equivalents present in the ant samples, a
standard curve (S1, supplementary) was obtained by extracting RNA from the viral
inoculum, followed by cDNA synthesis and PCR amplification using Taq polymerase
(New England Biolabs). PCR was performed following the manufacturer’s protocols.
The PCR product was verified using gel electrophoresis on a 2% agarose gel. The
resultant band was cut out and purified using the Nucleospin Gel and PCR Purification
kit following the manufacturer’s instructions. The DNA obtained was quantified using a
BioPhotometer, and several 1:100 dilutions were made. This was then used to make
serial dilutions of 10", The standard curve thus obtained was tested before being used

for quantitative analysis.

To quantify expression levels of immune gene Dcr-2 in the experimental samples,
relative expression levels were measured compared to the housekeeping gene
ribosomal protein L13a (RPL-13a) as a reference. RPL-13a is a component of the 60S
large ribosomal subunit involved in protein synthesis and is stable across tissue types
and conditions in insects (Oxley et al. 2014). All the gPCRs were performed using
QuantStudio™ 5, and all PCRs were performed in an Applied Biosystems Veriti™
Thermal Cycler. Detailed protocols for all the reactions have been described in Table 1.

All the primers have been listed in Table 2.

2.2.5 PCR for negative sense strand detection of ABPV

Since ABPV is a positive sense RNA virus, viral replication requires the formation of the
negative strand. Hence, the detection of the negative sense strand is an indicator of the
replicative status of the virus in the host (Schlappi et al. 2020). cDNA synthesis was
performed using Superscript® Il reverse transcriptase since it helps avoid false

positives due to its efficiency at high temperatures (Craggs et al. 2001). cDNA was
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obtained using a tagged primer. The reaction mix was cleaned up using NucleoSpin®
Gel and PCR Clean-up kit (Marchery Nagel, Oensingen, Switzerland) and eluted in 20
WL elution buffer and 1:3 elution was used for PCR amplification using Taq polymerase
(Table 1). A tag oligonucleotide complementary to the tagged primer used for cDNA
synthesis was used as a forward primer (Table 2), and a corresponding reverse primer
was used. To ensure all the tagged primers were removed in the purification process,
one control with only the reverse primer was set up for each sample. Resultant PCR
products were verified by gel electrophoresis on a 2% agarose gel and visualized under

UV light with a 1kb ladder (New England Biolabs) as reference.

As a positive control for the experiment, mixed-aged honeybee pupae (A. mellifera)
were injected with the viral inoculum and the clean bee extract. The pupae were reared
at 37°C for 5 days and sacrificed for RNA extraction. This also allowed us to verify the
purity of the clean bee extract. Contamination in the clean bee extract would lead to

viral replication in their natural bee hosts.

Reagent 1x
Protocol for gPCR

KAPA SYBR® Reaction mix 3 uL
Forward Primer (FP) 0.12 uL
Reverse Primer (RP) 0.12 uL
Water 1.25 uL
cDNA 1.5 uL

Total reaction volume 6 uL

3 min incubation at 95°C; 40 cycles of 10 s at 95°C, 30 s at 57°C, 20s at 72°C; final
elongation at 95°C, Melt curve analysis from 55°C to 95°C with 0.5°C increments per
second

Protocol for cDNA synthesis of negative strand detection

Tagged primer 1L
dNTP 1uL
RNA 200 ng
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(10 - volume of

Water RNA) L
5 min incubation at 65°C;
5x Buffer 4 uL
O.1MDTT 1 L
Superscript Il 1L
Water 1L
Total Reaction volume 20 yL

55 min incubation at 65°C; 15min at 70°C

PCR protocol for negative strand amplification
PCR protocol for viral amplification for standard curve preparation

10x buffer 2.5 uL

Water 15.75 uL
dNTP (10mM) 0.5 L
FP 0.5 L
RP 0.5 L

Taq polymerase 0.125 L
cDNA (1:3 diluted) 2.5uL
Total Reaction volume 23 L

3 min incubation at 95°C; 35 cycles of 20 s at 95°C, 20 s at 56°C, 30s at 68°C; 2 mins
at 68°C

Table 1. PCR protocols for the different types of PCRs: The grey column refers to
the purpose of the PCR. This is followed by a detailed description of the reaction

mixture used and the thermal cycling profile.

Primers used for RT-qPCR of ABPV
FP catggctcaagacacttcatcg
RP ccagcaatgacctcaatgtgg

PCR for virus amplification for standard curve
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FP catggctcaagacacttcatcg

RP ccagcaatgacctcaatgtgg

Primers used neg-strand specific cDNA symthesis of ABPV

Tagged FP agcctgcgcaccgtggttggtttggtgcagaaggtg
Primers used neg-strand specific PCR of ABPV

FP (Tag) agcctgcgcaccgtgg
RP agaaaagtccataggcccgt

Primers used for Dcr-2 gPCR

FP ctcggtggatcggcgaaata
RP tgaggttcacgatcatcgcc
Primers used for RPL-13a qPCR
FP gcaaacaaaagcgtgtcaag
RP tcggccagagtaaaacctct

Table 2. List of primers used for various experiments. The specific experiment for

which the primers were used is labeled on the top in bold.

2.3 S. praecaptivus MC1 infection response and

transmission dynamics in adult O. biroi

2.3.1 Preparation of the inoculum for experiments

S. praecaptivus MC1 from the glycerol stock was inoculated into 20 ml LB broth in a 50

mL falcon tube under the sterile hood and grown overnight for 18-19 hrs at 30°C and
180 rpm (Su et al. 2023). The bacterial culture was centrifuged at 3000 rpm for 10
minutes to pellet the cells. The pellet was washed with an equivalent volume of
phosphate-buffered saline (PBS) to remove residual media. Subsequently, the pellet
was resuspended in 750 uL of PBS to prepare the bacterial suspension. Serial 10-fold

dilutions of the bacterial suspension were performed up to a dilution factor of 10*. The
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10" dilution was used to measure optical density (OD) with an Eppendorf
BioPhotometer™ D30, using PBS as the blank standard.

For cell counting, the 10* dilution was examined using a Neubauer Improved
hemocytometer under a Leica DMi1 microscope at 40x magnification. Cells visible
within five squares (including only the right and the bottom boundaries of the square) of
0.04 mm? along the diagonal of the grid on both sides of the counting chamber were
enumerated. The procedure was repeated three times, and the average of all six
readings was calculated to ensure consistency and accuracy. Prior to each count, the
bacterial suspension was vortexed for one minute to ensure a uniform distribution of
cells. The final concentration of bacterial cells in the original suspension was calculated

using the formula:

Number of cells counted

Cells per uL of the original sample =

Surface area counter(in mm?) x Depth of the Chamer(mm) X Dilution factor

Number of cells counted x 10000
5x0.04 x0.01x 1

Cells per uL of the original sample =

This procedure was repeated prior to every experiment involving S. praecaptivus. For
each round of cell counting, the number of cells per microliter was calculated at OD = 1
as a validation step to minimize counting errors. Across all injection rounds, a consistent

cell density of approximately 2.5x10" cells/uL was obtained at OD = 1.

2.3.2 S. praecaptivus MC1 injection in adults

To monitor infection spread, dosage response, mortality, and vertical and horizontal
transmission of the bacteria in the host, age-matched adult ants, four weeks post
eclosion, were injected with S. praecaptivus MC1. Preliminary experiments indicated
that the injection of approximately 2000 bacterial cells resulted in 50% mortality at 7
days post-injection (DPI). Based on these findings, two dosages, 2000 cells/adult (2K)
and 1000 cells/adult (1K), were selected to minimize mortality among the ants.

Microinjection was done following the protocol detailed in Section 2.2.2. Bacterial
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inoculum of 2 x 10° uL and 10° uL were prepared, and 10 nL was injected into the

hemolymph of each ant for 2K and 1K dosage, respectively. Control injections were
done using PBS. Post-injection, eight injected ants were placed in Petri dishes (50 mm
diameter) with a plaster of Paris floor to maintain humidity. Four uninjected, cohabitating
adult ants were added to each plate and identified by marking their gasters with paint
(section 2.2.3). Twelve replicates were set up for each treatment (n = 98 injected ants
per treatment, n = 48 cohabitating ants per treatment). Four plates of 12 uninjected ants
of the same age per plate were additionally set up as sham controls (n = 48 ants). All
the plates were cleaned, watered, and provided with food every day and maintained at
27°C. Mortality was recorded daily from DPI-1 to DPI-14. Ants confirmed to be dead
were removed each day using cotton swabs. The entire experiment was conducted in
two blocks of six replicates each.

An additional replicate was set up, which was imaged for fluorescence intensity each
day until DPI-7 using a Leica M165 stereomicroscope to monitor infection spread. Since
this replicate was subjected to frequent disturbance, it was not included in the mortality
measurements. mCherry fluorescence was used to measure the infection spread, which
allowed long-term monitoring without sacrificing the ants. Eggs were collected and
counted at DPI-7 from each colony across all replicates (12 plates per treatment).
Collected eggs were measured for fluorescence intensity to detect possible vertical or
horizontal transmission from the cohabitating infected adults. At DPI-8, all adult ants
(except the sham) we subjected to measurement of fluorescence and melanization to
determine infection status and potential transmission to the non-injected cohabitating
adults. One of the replicates from the PBS-injected ants and the 2K S. praecaptivus
injected ants were sacrificed at DPI-9 to obtain ants for FISH. These replicates were

excluded from the mortality measurements but included in all other readouts.

2.3.3 FISH

The localization of S. praecaptivus in O. biroi was investigated using FISH. Four adults

injected with a 2K dosage were used at DPI-9. The infection status was confirmed by
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verifying mCherry fluorescence prior to sacrificing the samples. For control, four
uninjected and four PBS-injected ants were used. Whole mount FISH was performed
following the methods described by (Weiss and Kaltenpoth 2016). In brief, samples
were fixed overnight using a Formaldehyde solution (1 ml of 40% paraformaldehyde in 9
mL of 90% tertiary butanol). The legs of the whole insect were removed, and the
samples were pre-embedded in 1% agar following three washes in 80% butanol for 30
mins. Dehydration was performed overnight using progressively increasing
concentrations of butanol. Dehydrated samples were embedded in Technovit 8100, and
5 um sections were made using the microtome (Leica HistoCore Autocut R) with glass
blades. The sections were transferred to glass slides, and hybridization was carried out
at 50°C for 24 hours in a hybridization buffer (0.9 M NaCl, 0.02 M Tris-HCI, pH 8.0, and
0.01% SDS) containing 25 nM each of Sodalis specific probe
(Cy3-5-TCCGCTGACTCTCGCGAGAT-3’), a general 16sRNA probe
(Cy5-5-GCTGCCTCCCGTAGGAGT-3’) for all eukaryotic bacteria and counterstained
with 1 uL of 0.5 mg/mL DAPI (4’,6-diamidino-2-phenylindole) (Weiss et al. 2025). This
was followed by two washes in pre-heated wash buffer at 50°C, followed by two washes
in distilled water. 30 uL Vectashield® Plus (Vector, Burlingame, USA) was used to place
the coverslip. One ant of each treatment was imaged using the Leica THUNDER imager

DMi8 (Leica, Wetzlar, Germany), and the rest was kept for future imaging.

2.3.4 S. praecaptivus MC1 egg Injections and rearing

Eggs were injected to monitor infection progression across life stages and to establish a
vertically transmissible line of S. praecaptivus in O. biroi. A bacterial inoculum of ~25
cells/nL was used for egg injections. This concentration was chosen based on a pilot
conducted before the main experiment that led to the successful hatching of the eggs
into larvae and previously tested concentrations in Drosophila melanogaster, which, like
O. biroi, are non-natural hosts of S. praecaptivus (Su et al. 2023). Egg-laying units were
available in the lab consisting of 60-80 O. biroi adults (genotype B) housed at 27°C in
Petri dishes of radius 5 cm, with a thin layer of plaster of Paris floor, and fed three times

a week. Since previously laid eggs are observed to inhibit egg production in O. biroi
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(Trible et al. 2017), eggs were collected one day before injection to synchronize the
egg-laying cycles in the laying units. Egg collection was done using a paintbrush to
incur minimal damage due to handling. Freshly produced eggs over the next 24 to 48

hrs were collected on the injection day.

An agar plate prepared by mixing 0.2 g LB agar with 10 mL of water was used to mount
the eggs for injection. O. biroi eggs are pointier on the posterior end compared to the
anterior and slightly concave on the ventral side compared to the convex dorsal surface.
Given that the nucleus is positioned closer to the anterior end, injections were
performed at the posterior end to minimize mortality caused by injection-induced
damage. For precise alignment, grooves were made on a Whatman filter paper (Cytiva)
using a sharp blade. Eggs were then arranged within these grooves, with their posterior
ends facing outward and their dorsal sides oriented upwards. To maintain hydration and
prevent displacement during the injection process, the filter paper was periodically
moistened with distilled water. A coverslip was placed over the filter paper to secure it in
position, and it also served as a tool for breaking the tip of the glass capillary used for
injection. Using this setup, approximately 200 eggs could be injected in a single

experimental round.

Microinjections were performed using a manual microinjector operated with compressed
nitrogen (N:) at a pressure of 4 bar under a Zeiss Discovery V8 stereomicroscope.
Glass capillaries (Science Products, Germany) were pulled using a Flaming
Micropipette Puller (Sutter Instrument Co, USA) using settings: heat 515, pull: 30,
velocity: 70, time: 250, was used for injecting the eggs. The inoculum was vortexed for
one minute before loading into the capillary. The capillary was verified for blockage at
the start of the injections and at frequent intervals during the injection. In case of
blockage, it was replaced with a new capillary before the injections were continued. This
protocol was adapted from the established microinjection method for O. biroi eggs
(Trible et al., 2017)and refined based on the microinjection protocol for S. praecaptivus

in grain weevil eggs (Su et al. 2023).
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Following injection, the individual eggs were placed in Petri dishes and monitored every
day until all the eggs were dead or hatched into larvae. Eggs displaying fungal growth,
abnormal physical form, or excessive fluid surrounding them were removed using a
paintbrush, and the area was cleaned with 70% ethanol to avoid further growth of fungi.
The moisture in the Petri dish was maintained by providing a few droplets of water on
the inverted cap of an Eppendorf tube stuck to a corner of the Petri dish using adhesive.
Approximately 100 uninjected eggs were placed as incubation controls. All the plates
were placed in plastic containers lined with wet tissue paper to maintain moisture and
kept at 27°C.

Upon hatching, each larva was individually checked for fluorescence before being
placed with callows for further development (Trible et al. 2017). Each rearing unit
consisted of ~30 2-3 day old callows placed with ~30 mixed larvae from injected and
control plates. The rearing units were periodically checked under the microscope to
monitor the presence of fluorescence in the larval cluster within the colony. All the

rearing units were regularly fed on the brood from Tetramorium and maintained at 27°C.

2.3.5 Pupae injection with S. praecaptivus MC1

To monitor the impact of infection spread in pupae and transmission dynamics to
cohabitating adults and eggs, 3 - 4 day-old pupae were injected with S. praecaptivus.
Pilot studies showed that microinjection with a bacterial inoculum of 25 cells/nL was
sufficient to establish infection in pupae. Based on these results, two dosages, 25 cells
per nL (25 cpn) and 10 cells per nL (10 cpn) were chosen to minimize mortality while
ensuring infectivity in the pupae. Pupae were microinjected using glass capillaries, as
described in Section 2.3.4. Since pupae are comparatively larger, a handheld pair of
forceps was used to stabilize them instead of the agar plate with filter paper. Six
replicates of six injected pupae (n = 36 per treatment) placed in a plastered Petri dish
(prepared similarly to section 2.3.2) with 8 non-injected cohabitating adults (n = 48 per
treatment) were prepared for each treatment. As a control, pupae were injected with

PBS. All the replicates were maintained at 27° C and monitored over 16 days. Two
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replicates of six uninjected pupae with eight adults were additionally set up as sham
controls (n = 12 for pupae, 16 for adults). An additional replicate was set up, which was
imaged for fluorescence intensity each day until DPI-4 to monitor infection spread.
Since this replicate was subjected to frequent disturbance, it was not included in the
mortality measurements. At DPI-4, all pupae (except the sham) we subjected to
measurement of fluorescence and melanization to determine infection status. At DPI-16,
eggs laid by the cohabitating adults in this duration were collected from each replicate
and imaged to detect the horizontal spread of bacteria. Simultaneously, all the

cohabitating ants were also images to monitor adult-to-adult transmission.

2.3.7 Image analysis

Images for fluorescent intensity and melanization quantification were taken using a
Leica M165 Leica M165 stereomicroscope under fixed configurations (Table 3). All the
images were captured at maximum LED illumination with the iris 100% open.

Adult ants were imaged by immobilizing them on a Laufer Plast 0120 eraser by placing
them under a nylon thread for quantitative comparisons. Representative images, only
for visualization, were taken by immobilizing adults on a cold plate. Both the eraser and
the cold plate were painted in Culture Hustle’s Black 4.0 paint for maximum contrast.
Since the egg, larval, and pupal stages are stationary, images were captured by placing
them on a glass slide with black printed paper in the background.

Images were analyzed using the Imaged software (Collins 2007). The mean intensity (>
grey values of each pixel/number of pixels) was measured for different regions, as listed
in Table 3 (Schindelin et al. 2012). Due to antenna movements, sometimes both
antennae were not on the focal plane. In that case, only the in-focus antenna was used
for analysis. When both antennae were in focus, the average of the mean intensity of
both antennae was used for analysis (3 mean intensity of antennae/2). For cohabitating
adults, since the gaster was painted, only the antenna was used for fluorescence
measurements. The head was excluded from the analysis since some portions of the

head were found to be autofluorescent.
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A f
Specimen Function Magnification Exposure Gain reas used for

analysis
Adult FIuoresgent 5 375.5 420 Antennae, thorax,
Intensity Gaster
Adult  Melanization 2 24.5 ogg | Head thorax,
gaster
Painted Adult  uorescent 2 3755 | 420 Antennae
Intensity
Pupae | lUorescent 2 1685 | 400 Whole body
Intensity
Pupae Melanization 2 23 210 Whole body
Egg Fluorescent 6.3 151 400 Whole body

Intensity

Table 3: Details of the imaging configurations of various experiments. For a particular

life stage, the same configuration was used across all the experiments.

2.4 Statistical analysis

Data analysis was performed using RStudio 4.1.2. For survival analysis, the
Schoenfeld residuals test was used to assess the proportional hazards assumption in
Cox regression models. If the proportional hazards assumption was valid, the Cox
proportional hazards model was used for survivability analysis (package coxme). Based
on the results of the Schoenfeld residuals test, both the ABPV survival datasets were
analyzed using coxme, using the experimental plates as a random factor and groups as
a fixed factor (groups indicate a combination of treatment and injected or cohabitating
status. eg ABPV injected ants are a group and corresponding cohabitating ants are a
separate group). For the preliminary experiment, the bee-extract injected ants were
used as a baseline. For the main experiment, the untreated controls were used as the

baseline. Pairwise comparisons for all the groups, were performed using pairwise
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log-rank tests (package survival) with Benjamini-Hochberg correction. For both the
datasets with S. praecaptivus the proportional hazards assumption was not valid.
Hence, the Accelerated Failure Time (AFT) model with Weibull distribution (package:
survival) was used with experimental groups as the fixed factor and untreated ants as
baseline. Pairwise comparisons were performed using pairwise log-rank tests (package
survival) with Benjamini-Hochberg correction. For all the datasets, survival was

visualized using the Kaplan-Meier survival curves.

For all the experiments (except survival measurements), statistical analysis was done
separately for injected and cohabitating groups. For the gPCR and fluorescent intensity
measurements, the normality of the data was verified using the Shapiro-Wilk test
(package: stats). Among the normally distributed datasets, those involving
measurements across time points were analyzed using a two-way analysis of variance
(ANOVA) with the interaction between treatment and time points (package: stats). For
datasets involving measurements at one time point, one-way ANOVA was used
(package: stats) with treatment as the main effect. Pairwise comparisons were made

using Tukey's post hoc test.

For non-normally distributed data, the Scheirer-Ray-Hare test was performed with
interaction between time points and treatment for datasets involving measurements
over time. Pairwise comparisons following the Scheirer-Ray-Hare test were conducted
using the Wilcoxon rank-sum test with Bonferroni correction (rstatix package). For
datasets involving measurements at one time point, the Kruskal-Wallis test was used
with treatment as the main effect, followed by Dunn's post hoc test with Bonferroni

correction was used for pairwise comparisons (FSA package).

Dcr-2 expression data was analyzed using the double delta Ct method (Livak and
Schmittgen 2001). Statistical analysis was performed on the ACT (Ctiuge-Cliouskeeping)

values obtained with respect to the housekeeping gene.
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Chapter 3: Results

3.1 ABPV infection response and transmission
dynamics in O. biroi

3.1.2 Preliminary Experiment to monitor ABPV infection

To understand the impact of ABPV on the survival of O. biroi, mortality was monitored
for 48 hrs PIl. No differences in survival between ants injected with the virus and those
injected with clean bee extract (Cox proportional hazards model: Bee-extract.l v/s
ABPV.I: (B) =0.56, p = 0.14, Figure 4 - B where Bee-extract.l represent ants injected
with clean bee extract, ABPV.I represent ants injected with the viral inoculum, n = 20 for
both). No significant differences were observed between the cohabitating groups
(Bee-extract.CH v/s ABPV.CH: (B) = 0.56, p = 0.14, where Bee-extract.CH represents
ants cohabitating Bee-extract.l, ABPV.CH indicates ants cohabitating ABPV.I, n = 20 for
both). Overall, survival was high, with approximately 80% of ants surviving throughout
the experiment (Figure 4 - B). This was expected due to the low dosage chosen to
ensure sustained infection while maintaining the ants' viability for subsequent immune

response analysis.

gPCR revealed no increase in viral load over time (Figure 4 - B, C). Among ants
injected with ABPV, no differences across time points (Bee-extract.l: n =4, ABPV.l: n =
4, Scheirer—Ray—Hare test, H = 1.49, p = 0.68), treatments (H =0.095, p = 0.75) or their
interaction (H =0.08, p = 0.99) were observed. Among the cohabitating ants too, no
differences were observed (Bee-extract.CH: n =4, ABPV.CH: n = 4, Two way ANOVA,
main effect, Treatment: F(1,11) = 2.02, p = 0.18, Timepoints: F(1,11) = 1.49, p = 0.25;
interaction F(1,11) = 0.18, p = 0.67). Together these results indicated that viral loads
remained unchanged over time in injected ants and were not transmitted to cohabitating

adults.
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The absence of an increase in viral load could have been due to the elimination of the
virus by the immune system. Hence, the expression of the immune gene Dcr-2 was
measured in all experimental groups. Dcr-2 expression levels varied significantly across
time points in injected ants (Bee-extract.l: n = 4, ABPV.I: n = 4, Scheirer-Ray—Hare test,
H=11.12, p = 0.03), but no differences were observed between treatment groups (H =
0.16, p = 0.69) or their interaction (H = 0.16, p = 0.12) (Fig. 4 - E). Among cohabitating
ants, no significant differences were observed ((Bee-extract.CH: n = 4, ABPV.CH: n = 4,
Two way ANOVA, main effect, Treatment: F(1,9) = 0.89, p = 0.37, Timepoints: F(1,9) =
1.13, p = 0.31; interaction F(1,9) = 3.73, p = 0.09; Figure 4 - F). These results indicated

a change in Dcr-2 over time but no change across treatments.
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Figure 4: Preliminary experiment to determine ABPV infection in O. biroi (A)
Schematic representation of the experimental design (B) Kaplan-Meier survival curves,
shaded regions indicate the 95% confidence interval for survival probability at each time

point (n = 20 ants per group) (C) Viral load in injected ants (D) Viral load in cohabitating
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ants, the y-axis represents hours post-exposure to injected ants (E) Relative expression
levels of Dcr-2 in ABPV-injected ants compared to bee-extract-injected control ants. (F)
Dcr-2 expression levels in ants cohabitating with ABPV-injected individuals, compared
to those cohabitating with bee-extract-injected ants; the y-axis represents hours
post-initial exposure to injected ants; Box plots represent the median (central line) and
the 25% and 75% quantile of the data (upper and lower lines of the box), with whiskers

extending to the minimum and maximum values within 1.5 times the interquartile range.

3.1.2 Main experiment

Impact of ABPV infection on fithess

To assess the impact of ABPV on survivability, mortality was measured over 48 hrs PI.
Survivability analysis was done with the untreated individuals as the baseline, and
revealed a significant increase in mortality in all the injected groups (Cox Proportional
Hazards model, ABPV.I: (B) = 0.74, p < 0.01; Bee extract.l: (8) = 0.66, p<0.01, Figure 5
- B). No differences in mortality were observed in the cohabitating groups compared to
the untreated group (ABPV.CH: (B) = 0.90, p = 0.34; Bee extract.CH: (8) = 0.85, p =
0.14; Figure 5 - B). Pairwise comparisons revealed no differences between injected ants
(ABPV.I v/s Bee-extract.l: p = 0.51) and the cohabitating ants (ABPV.CH v/s
Bee-extract.CH: p = 0.84). These results confirm that a dosage of 100 ge of ABPV does

not significantly affect survival in O. biroi (Figure 5 - B).

Time-course change in viral load

gPCR to monitor the change in viral loads over time revealed no significant differences
across time points (Scheirer—Ray—Hare test, Bee-extract.l: n = 6, ABPV.I: n = 6,
Untreated: n =6, H=5.97, p = 0.11, Figure 6 - C) or treatment (H =3.72, p = 0.15) or
their interaction (H = 12.5, p = 0.05). Among the cohabitating ants, a significant increase
in viral load was observed across treatments (Two way ANOVA, Bee-extract.CH: n = 6,
ABPV.CH: n = 6, main effect, Treatment: F(1, 27) = 5.11, p = 0.03, Timepoints: F(2, 27)
= 0.88, p = 0.43; interaction F(2, 27) = 1.18, p = 0.32). Post hoc comparisons revealed a
significant increase in the ABPV.CH group at 24 hrs compared to the Untreated (p =
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0.046). To further confirm the replication status, a negative-sense strand-specific
RT-PCR was performed.

To detect viral replication, three samples corresponding to the highest viral loads across
all groups (n = 6 per group per time point) at 24 hrs Pl were selected for this analysis.
As honeybees are the natural hosts of ABPV, bee pupae injected with ABPV were

included as a positive control.

The results revealed the absence of viral replication in all the injected and cohabitating
groups. The replicative strand was detected in the ABPV-injected honeybee pupae,
identified by a strong 200 kb fragment (Figure - 6). No such fragments were detected in
any of the other samples, including ants from all treatment groups. Additionally, the
absence of the negative strand in the bee pupae injected with clean bee extract
confirmed the purity of the control inoculum. No fragments were observed in the cDNA
purification controls, confirming that the results were not due to contamination or false
positives. These findings suggest that ABPV neither replicates nor transmits in colonies
of adult O. biroi. The small differences observed in the gPCR were likely due to

background noise rather than actual variation in viral load.

To further investigate the possibility of elimination of the virus through RNAI, Dcr-2
expression levels were quantified. Similarly to the previous results, Dcr-2 levels were
found to change significantly across time points, but no significant differences were
observed across treatments (Two way ANOVA, main effect, Treatment: F(2, 52) = 1.45,
p = 0.24, Time points: F(3, 52) = 3.45, p = 0.03; interaction F(6, 52) = 1.35, p = 0.25;
Figure 5 - D). Tukey’s post hoc revealed no significant differences in Dcr-2 across
treatment groups compared to the uninjected control (Figure 5 - D). In the cohabitating
groups, no significant differences across treatments and timepoints (Two way ANOVA,
main effect, Treatment: F(2, 40) = 2.86, p = 0.07, Timepoints: F(2, 27) = 0.32, p = 0.73;
interaction F(4, 27) = 4.26, p = 0.005). These results indicate the lack of a

Dcr-2-induced immune response.
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group) (C) Viral load in the ants (D) Dcr-2 expression levels w.r.t untreated adults; Error

bars in (C) and (D) represent mean + SEM. Box plots represent the median (central
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line) and the 25% and 75% quantile of the data (upper and lower lines of the box), with
whiskers extending to the minimum and maximum values within 1.5 times the

interquartile range.

Figure 6 Replication of ABPV in O. biroi 24 hrs - Pl: Red lines indicate lanes with
samples containing ABPV, green lines indicate samples containing the clean
bee-extract, white line indicates untreated samples, yellow lines indicate the cDNA
purification controls corresponding to each well above, the 1000 kb and 500 kb bands

are highlighted in the ladder for reference, the 200 kb target fragment is marked on the

gel
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3.2 S. praecaptivus infection response and

transmission dynamics in the O. biroi

3.2.1 S. praecaptivus MC1 in adult ants

Mortality measurements over 14 DPI revealed a significant impact of S. praecaptivus on
the survival of O. biroi. All the injected groups showed significantly lower survival
compared to the uninjected control group (2K.I: ants injected with 2000 bacterial cells,
1K.I: ants injected with 1000 bacterial cells, PBS.I ants injected with PBS, “.CH”
represents the corresponding cohabitating ants, 2K.l: n = 88, 1K.l: n = 96, PBS.I: n
88, Uninjected: n =48, 2K.CH: n =44, 1K.CH: n = 48, PBS.CH: n = 44; AFT, 2K.Il: z =
-5.83, p <0.001, 1K.l: z=-6.10, p < 0.001, PBS.I: z=-2.29, p = 0.02). Log Rank tests

revealed significantly higher mortalities in the bacteria-injected groups compared to PBS

injection (2K, 1K: p < 0.001) (Figure 7 - B). No differences were observed among the
cohabitating groups compared to the uninjected controls (AFT, 2K.CH: z=0.04, p =
0.97, 1K.CH: z=0.47, p = 0.63, PBS.l: z=0.38, p = 0.70). These results indicate that

S. praecaptivus significantly reduces the survival of the host ants.

Time-course monitoring of the infection status in ants revealed an increase in
fluorescence in injected ants, indicating successful infection. Differences in fluorescence
in S. praecaptivus injected ants compared to PBS-injected ants were observed starting
DPI-3 (Table 4, Fig 7 - C, Fig 8 -A). Although bacteria were injected into the posterior
gaster, fluorescence increased in the antenna starting from DPI-3 (S2, supplementary),
indicating that the bacteria spread throughout the body within the first 72 hours
post-injection. To assess potential bacterial transmission, fluorescence intensity was
measured in the cohabiting ants. Since the cohabitating ants were painted on the
gaster, only antennae were used for fluorescence measurement. Although the thorax
and gaster also displayed a significant fluorescence increase in the injected ants ( S2,
supplementary), the antenna was chosen since it displayed the strongest increase. No

significant increase in fluorescence was observed in the cohabitating adults, suggesting
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the absence of adult-to-adult horizontal transmission (Figure 7 - E). However, the
sample size of the ants monitored regularly was small (n = 6-8 per treatment for injected
groups, n = 3 - 4 per treatment for cohabitating groups). Additionally, some ants died
between DPI-2 and DPI-7 (Table 4).
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Figure 7: S. praecaptivus infection and transmission dynamics in adult O. biroi:
(A) Experimental design (B) Kaplan-Meier survival curves, shaded regions indicate the
95% confidence interval for survival probability at each time point (n = 88 per treatment
for injected ants, n= 44 per treatment for cohabitating ants, n = 44 for untreated ants)
(C) Change in mean fluorescence intensity (calculated as the sum of the mean
fluorescent intensity of gaster+thorax+antenna) over time in injected ants (n = 6 - 8),
asterik colours indicate significance of the corresponding group compared to PBS.1, (D)
Mean fluorescence intensity (calculated as C) at DPI-8 in injected ants (2K.I: n = 54,
1K.I: n =40, PBS.I: n = 56) (E) Change in mean fluorescence intensity (antenna) over
time in cohabitating ants (n= 4) (F) Mean fluorescence intensity at DPI-8 in cohabitating
ants (2K.CH: n =43, 1K.CH: n = 43, PBS.CH: n = 39); error bars in (C) and (E)
represent mean + SEM. Green, orange, and red represent ants injected with PBS, 1K,
and 2K dosages, respectively; blue, yellow, and purple represent ants cohabitating ants
injected with PBS, 1K, and 2K dosages, respectively. Box plots represent the median
and the 25% and 75% quantile of the data, with whiskers extending to the minimum and
maximum values within 1.5 times the interquartile range. *** p <0.001 ** p< 0.01 ' p <

0.05 ‘NS’ non significant

DPI
DPI (sample size =
(sample size = @ Comparison p-value 2K.1, 1K1, Comparison p-value
2K.1, 1K.l, PBS.I) PBS.I)
1K vs 2K 1 1K vs 2K 0.54
2 5 .
(n=6.87) 1K vs PBS 0.06 (n=66,7) 1K vs PBS <0.01
2K vs PBS 0.30 2K vs PBS <0.01*
1K vs 2K 0.36 1K vs 2K 0.224
3 *%x 6 *%
(n=8.7.7) 1K vs PBS < 0.001 (n=66,7) 1K vs PBS < 0.001
2K vs PBS <0.001 *** 2K vs PBS <0.001 **
1K vs 2K 0.68 1K vs 2K 1
4 1K vs PBS 0.01* ! 1K vs PBS <0.01*
(nN=6,7,7) v ' (n=6,86,7) v '
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2K vs PBS <0.01 ** 2K vs PBS <0.01*

Table 4. Time progression of S. praecaptivus infection in O. biroi: Statistics of
change in fluorescent intensity over time in injected ants “** p <0.001 ** p < 0.01 * p <
0.05

In order to confirm the findings and assess the frequency at which S. praecaptivus can
infect the host ant, all ants alive at DPI-8 were assessed for fluorescence to further
confirm the observed results. A difference in fluorescence was observed across
treatment groups (2K.I: n = 54, 1K.l: n = 40, PBS.I: n = 56, Kruskal Wallis Test, x2 =
101.92, df =2, p <0.001, Fig 7 - D). An increase in fluorescence was observed in ants
treated with 1K and 2K bacterial cells compared to PBS-injected controls (Dunn’s test,
2K-1K, p = 1; PBS-1K, p < 0.001; PBS-2K, p <0.001). No differences were observed
between the two dosages, indicating that 1000 bacterial cells are sufficient to establish
infection. At DPI-8, 100% of surviving ants receiving a dosage of 1000 cells and 96.3%
of ants receiving a dosage of 2000 cells developed the infection, confirming that S.
praecaptivus can effectively infect and sustain until death in O.biori. The two ants that

did not display fluorescence are presumed to have resulted from injection error.

Fluorescence intensity in cohabitating revealed no transmission among colony mates.
No differences were observed across treatment groups (2K.CH: n = 43, 1K.CH: n = 43,
PBS.CH: n =39, ANOVA F(2, 124), p = 0.5, Figure 7 - E, F). This confirmed the

absence of adult-to-adult transmission of S. praecaptivus in O. biroi.

We found a lower number of eggs laid in the infected colonies compared to the control
colonies (2K-1K, p = 1; PBS-1K, p = 0.01; PBS-2K, p = 0.01; Figure 8 - B), indicating
that S. praecaptivus infection reduces host fecundity. However, since the cohabitating
ants also contributed to egg-laying in the infected colonies, further experiments with
colonies consisting of only infected ants are required to accurately determine the

number of eggs laid by the infected ants.
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Figure 8 S. praecaptivus infection progression in adult O. biroi and impact on egg
laying and horizontal transmission (A) Progression of infection in adult ants over
time, adults picked randomly from the additional replicate for regular monitoring (B)
Number of eggs laid per plate (n = 12 plates per treatment, 8 injected and four
cohabitating adults per plate) (C) Mean fluorescence intensity in eggs collected from the
plates at DPI-7. Green, orange, and red represent ants injected with PBS, 1K, and 2K

dosages of S. praecaptivus, respectively. Box plots represent the median and the 25%
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and 75% quantile of the data, with whiskers extending to the minimum and maximum
values within 1.5 times the interquartile range. *** p <0.001 ** p < 0.01 * p < 0.05 ‘NS’

non - significant

In order to assess the vertical transfer of bacteria, fluorescence intensity measurements
were conducted on eggs laid by ants in all treatment groups. No significant differences
were observed between the three treatment groups (Kruskal Wallis Test, x* = 5.00, df =
2, p =0.08; Figure 8 - C). This could indicate absence of vertical transmission or the
absence of egg-laying by the infected adults. Furthermore, the lack of fluorescence in
the eggs, despite prolonged exposure to infected individuals within the colony, suggests
effective mechanisms preventing pathogen adult-to-egg horizontal transmission in

infected colonies.

Given the infectivity of the bacteria and its effects on the host survival and fecundity, the
melanization of all injected ants across all treatment groups was measured at DPI-8.
Melanization was lower in the infected groups (2K.I: n = 54, 1K.I: n =40, PBS.l: n = 72,;
ANOVA, F(1, 163) = 6.10, p < 0.01). No difference was observed between the two
injected groups (Tukey’s post hoc, 2K-1K, p = 0.98; PBS-1K, p =0.01; PBS-2K, p =
0.01, Figure 9).

Figure 9: S. praecaptivus infection

NS. melanization response in adult O. biroi:

0:00%0 | Whole body melanization (gaster + thorax +
% head) in injected ants at DPI-8. Green,
£ 0.0025 i orange, and red represent ants injected with
§ . i PBS, 1K, and 2K dosages, respectively. Box
= EE' EE' EE plots represent the median and the 25% and
0.0020 : | 75% quantile of the data, with whiskers

|
extending to the minimum and maximum

PBS 1k 2K values within 1.5 times the interquartile range.
Treatment
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% p <0.001 ** p< 0.01 " p< 0.05 ‘NS’ non-significant (refer to S4, supplementary for

area specific melanization)

3.2.3 FISH in S. praecaptivus infected adult ants

FISH of S. praecaptivus injected ants (2K.1) at 9 DPI revealed the presence of the
bacteria across all observed body parts. S. praecaptivus was present in the fat bodies of
the gaster, in the brain, and at the tip of the antennae (Figure 10). S. praecaptivus
clusters were observed in the muscle cells in the gaster as well as the head (thin
arrows, Figure 10). Although injections were made at the tip of the gaster, S.
praecaptivus was found to be nearly equally distributed across the gaster and the head.
This suggests that S. praecaptivus might be present in the insect hemolymph. In
addition, inside the gaster or the brain, the bacteria were present across different areas
suggesting that the bacteria do not localize in site specific manner in the host. Within
the gaster, S. praecaptivus was also localized in the cell body of the neurons of the
abdominal ganglia (red arrow Figure 12 A). Clusters of Sodalis were detected within the
ovarian tissue (Figure 11- B, C, D), suggesting a possibility of vertical transmission.
Some regions of the ant, like the outer cuticle, were autofluorescent across all samples
(Figure 10, 11). Some cell boundaries of the fat bodies and muscle cells displayed mild
autofluorescence. However, these regions were distinctly different from the
comparatively higher fluorescence intensity of the bacterial signal. In all the cases, the
presence of S. praecaptivus was confirmed by looking into the overlap between the
Sodalis-specific probe and the general eubacterial probe and comparing with the
controls. Control groups, consisting of both uninjected ants and PBS-injected ants,
showed no presence of Sodalis. Since a general Sodalis probe was used for

hybridization, this confirmed that Sodalis is not naturally present in O. biroi.
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Figure 10: S. praecaptivus localization in the gaster and head of O. biroi.
Localization of Sodalis (magenta), all eubacteria (yellow) in the gaster (A, B, C) and
head (D, E, F) of adult O. biroi at DPI-9 (C, F) represent the colocalization of the Sodalis
and eubacteria probe counterstained with DAPI. Thick arrows represent bacterial
clusters in the fat bodies, and thin arrows represent bacterial clusters in the muscle

cells. Br: brain, atn: antenna, df: Dufour gland, ft: fat body
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Figure 11 S. praecaptivus localization in ovary and bean-shaped organ in the
gaster of injected adult O. biroi: (A) gaster showing overlap of S. praecaptivus

(magenta), all eubacteria (yellow), DAPI (cyan); abg - abdominal ganglia, in - intestine,
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ov - ovary; red arrow indicates bacteria cluster in abg; squares represent the areas of
interest focussed in the subsequent panels (B, C, D) Ovary of an adult injected ant
showing localization of S. praecaptivus, arrows indicate bacteria cluster (E, F, G)

bean-shaped structure observed in the gaster, arrows indicate the structure, square

A highly fluorescent region in the gaster was observed at the posterior end of the gaster
(Figure 11 - E, F, G). This structure appeared bean-shaped and was present in proximity
to a circular, tube-like structure with prominent nuclei. This structure had a dense
labeling for eubacteria compared to specific S. praecaptivus. This suggested the
presence of other bacteria in this region. A similar structure was also observed in the
uninjected ant, where only eubacteria was present (Figure 12). In the uninjected ant,
too, this structure was located towards the posterior gaster and is visible at a similar
distance from the abdominal ganglia (Figure 11 - A, 12 - A). This suggests the presence
of non-Sodalis eubacteria in the ants at a specific site in the gaster. However, further
characterization and imaging of a larger number of samples is required to confirm these

findings.
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Figure 12. Eubacteria localization in uninjected O. biroi adults: (A) Localization of S.
praecaptivus (magenta), eubacteria (yellow) in an uninjected O. biroi adult
counterstained with DAPI (cyan), square marks the region magnified in subsequent
images, the abdominal ganglia (abg) is marked (B, C, D) Bean shaped structure

containing eubacteria at higher magnification, arrows indicate this structure

3.2.3 S. praecaptivus MC1 infection in pupae

S. praecaptivus injected pupae showed higher mortality compared to the uninjected

control group (25cpn.l pupae injected with 25 cells/nL, 10cpn.l pupae injected with 10
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cells/nL, PBS.I pupae injected with PBS; 25cpn.l: n = 36, 10cpn.l: n = 36, PBS.I: n = 36,
Uninjected: n = 12; AFT, 25cpn.l: z=-6.04, p < 0.001, 10cpn.l: z=-5.81, p <0.001,
PBS.I: z=-1.80, p =0.72, Figure 13 - B). No differences were observed among the
adults cohabitating infected pupae compared to adults cohabitating uninjected pupae
(25cpn.CH: adults cohabitating 25cpn.l, 10cpn.CH: adults cohabitating 10cpn.|,
PBS.CH: adults cohabitating PBS.I, 25cpn.CH: n = 48, 10cpn.l: n = 48, PBS.l: n = 48,
Uninjected: n = 16; AFT, 25cpn.l: z=1.3, p =0.195, 10cpn.l: z=0.21, p =0.07, PBS.I: z
=1.24, p =0.21, Figure 13 - B). These results indicate that S. praecaptivus significantly
reduces the survival of O. biroi pupae but does not impact the survival of cohabitating

adults.

Pupae injected with S. praecaptivus showed an increase in fluorescence from DPI-2 (n
= 4 - 6 per treatment per timepoint; Two way ANOVA main effect, Treatment: F(2, 33) =
28.81, p < 0.001, Timepoints: F(1, 33) = 112.92, p < 0.001; interaction F(2, 33) = 35.15,
p < 0.001, Figure 13 - C). No differences were observed between the fluorescence
intensity in the two groups of injected pupae, suggesting 10 cells/nL was sufficient to
establish infection (Tukery’s post hoc: DPI-2: 25cpn -10cpn, p = 0.76; PBS-10cpn, p =
0.07; PBS-25cpn, p = 0.01; DPI-3: 25¢cpn - 10cpn, p = 0.96; PBS-1K, p < 0.001;
PBS-25cpn, p <0.001).

To validate the initial observations and increase the sample size, all live pupae from all
the replicates were imaged at DPI-4. Pupae injected with 10cpn and 25cpn of bacteria
had higher fluorescence compared to PBS-injected pupae (25cpn.CH: n = 23, 10cpn.l: n
=19, PBS.I: n = 23; Kruskal Wallis Test, x> = 43.29, df =2, p<0.001, Dunn’s test:
25cpn - 10cpn, p = 0.91; PBS-1K, p < 0.001; PBS-25cpn, p <0.001) (Figure 14 - D).
These results further confirmed that S. praecaptivus successfully infects and
propagates in the O. biroi pupae. Although the bacteria were injected into the gaster,
whole-body localization of the bacteria was observed starting DPI-2 (Figure 14 - A). The
early development of infection compared to the injected adults could be because the

bacteria propagate faster in pupae compared to the adults. It could also be due to the
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ease of detecting the fluorescence in the pupae compared to the adults with a highly

melanized cuticle.

Since ant pupae produce pupal fluid that is consumed by both adults and larvae (Snir et
al. 2022), bacteria could potentially transmit from pupae to adults. To assess this,
fluorescence intensity was measured in adult ants cohabitating with injected pupae 16
days post-initial exposure to pupae. Given that infection in adults developed over 8 days
post-injection in adults (Section 3.2.1), this time point was chosen to allow sufficient
time for the bacteria to grow within the adult host in case of an event of transmission.
However, no significant differences in fluorescence intensity were observed between
adults cohabitating with either bacteria-infected or control pupae, suggesting the
absence of pupal-to-adult transmission (25cpn.CH: n = 38, 10cpn.CH: n = 44, PBS.CH:
n = 42 Kruskal Wallis Test, x* = 3.88, df = 2, p =0.14; Figure 14 - E) (for area wise
change on fluorescent intensity refer to S5, supplementary). O. biroi colonies containing
adults and pupae also contain eggs laid by the adults. Eggs present in all experimental
plates were collected at DPI-16, and their fluorescent intensity was measured. No
significant differences in fluorescence intensity were detected between eggs or larvae
collected from bacteria-infected and control plates (25cpn colonies: n = 14, 10cpn
colonies: n = 18, PBS colonies: n = 24, Kruskal Wallis Test, x*= 0.6, df =2, p=0.73
Figure: 15 -B), indicating no horizontal transfer from infected pupae to eggs of the

following generation.

At DPI-4, when the infection was well established, increased melanization was
observed in infected pupae (Fig 3.2.6 - C) compared to the PBS-injected controls
(25¢cpn - 10cpn, p = 0.91; PBS-1K, p < 0.001; PBS-25cpn, p <0.001) (Fig 3.2.6 - D).
Small circular sports of intense melanization were observed at various parts of the body

including the spot of injection. This could be due to nodule formulation.
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Figure 13 S. praecaptivus infection and transmission dynamics in O. biroi pupae:

(A) Experimental design (B) Kaplan-Meier survival curves, shaded regions indicate the

95% confidence interval for survival probability at each time point (n = 36 per treatment
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for injected ants, n= 48 per treatment for cohabitating ants, n = 12 for untreated pupae,
n = 16 for untreated cohabitating adults) (C) Change in mean fluorescence intensity
(gaster+thorax+antenna) over time in injected ants (n = 6 per treatment); error bars
represent mean + SEM (D) Mean fluorescence intensity at DPI-4 in injected pupae
(25cpn.CH: n = 23, 10cpn.l: n = 19, PBS.I: n = 23) (E) Mean fluorescence intensity at
DPI-16 in cohabitating ants (25cpn.CH: n = 38, 10cpn.CH: n = 44, PBS.CH: n = 42);
Green, orange, and red represent pupae injected with PBS, 10cpn, and 25cpn dosages,
respectively; blue, yellow, and purple represent ants cohabitating ants injected with
PBS, 10cpn, and 25cpn dosages, respectively (F) Mean fluorescence intensity at
DPI-16 of eggs collected from all the replicates; *** p <0.001 ** p < 0.01 * p < 0.05 ‘NS’

non significant

Figure 14 Progression of S. praecaptivus infection progression O. biroi pupae and
melanization response: (A) Progression of infection in the pupae over 4 days
post-injection; Melanization in pupae of different treatment groups (B) Quantification of
melanization in pupae of different treatment groups at DPI-4 (25cpn.CH: n = 23,
10cpn.l: n =19, PBS.I: n = 23). Circles on the melanization panel represents melanin
spots. Green, orange, and red represent pupae injected with PBS, 10cpn, and 25cpn

dosages of S. praecaptivus *** p <0.001 ** p < 0.01 ¥’ p < 0.05 ‘NS’ nonsignificant
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3.2.4 S. praecaptivus MC1 infection in eggs

To investigate bacterial transmission dynamics across various developmental stages,
eggs laid over 48 hours were injected. Injected eggs began hatching 7—8 days
post-injection, with an overall hatching rate of 8.30% (Table 5). This is comparable to
previously observed hatching rates of 1.8% and 7.8% in low and high pressures,
respectively (Trible et al. 2017). Despite maintaining the same bacterial concentrations
and environmental conditions, the hatching rate varied considerably between the
different batches of injected ants. Figure 15 (a - d) shows the progression of the
infection within the developing embryo (images taken from randomly picked eggs on
each day). By DPI-3, a distinct region of high-intensity fluorescence was observed at the
injection site (Figure 15 a). Fluorescent imaging within 24 hrs of hatching revealed
sodalis localization of the bacteria in larvae, with the most intense fluorescence
detected in the gut (Figure 15 e, f). A substantial proportion of successfully hatched
larvae (60.71%) retained the bacteria, indicating efficient egg-to-larva transmission
(Table 5). Additionally, gut peristalsis was observed under the microscope, confirming
that the larvae were alive within 24 hrs of hatching.

Since larvae in social insects like O. biroi require parental care to successfully develop
into adults, hatched larvae were transferred to plates containing young callows for
further growth. Fluorescent larvae were initially visible within the larval cluster in the
rearing units (Figure 15 f), indicating that adult ants actively carried them to their nesting
site. However, the infected larvae disappeared from the clusters or lost fluorescence 2 -
3 days post-hatching. Several modifications were implemented to the rearing units in an
attempt to prevent this outcome. First, only early-stage callows were used as workers.
Additionally, workers from different genotypes were used to account for potential
behavioral differences in brood care (Jud et al. 2022). Since early-stage larvae cohabit
with pupae and consume pupal fluid, pupae were introduced into the rearing units.
Furthermore, the ratio of infected to control larvae within a rearing unit was varied, with
some units containing a majority of infected individuals and others a majority of controls.
Rearing units consisting of only infected larvae were also set up. Despite these
modifications, in all rearing units, larvae consistently disappeared within 2—-3 days

post-hatching. Further experiments are required to understand the causes for this
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occurrence and to explore the feasibility of achieving an infected adult through egg

injections.
Uninjected control

Batch ’::ngesr 2? ?gl)g]e; of eggs
hatched | hatched
1 90 31 34.44%
2 150 64 42.67%

3 Same as Batch 2
4 80 30 37.50%
5 125 58 46.40%
6 151 34 22.52%

7 Same as Batch 6
8 56 24 42.86%
Total 652 241 36.96%

of eggs

injected hatched

300

279

250

257

308

433

308

227

2362

eggs

28

37

15

58

22

22

196

Sodalis injected

of eggs  fluorescent
hatched larvae
9.33% 14
13.26% 31
2.80% 6
5.84% 13
18.83% 21
5.08% 19
2.27% 6
9.69% 9
8.30% 119

Proportion Number Number of | Proportion Number of

Proportion

of

fluorescent

larvae

50.00%

83.78%

85.71%

86.67%

36.21%

86.36%

85.71%

40.91%

60.71%

Table 5. Hatching success in eggs injected with S. praecaptivus: Number of eggs

hatched in control and injected groups within 14 DPI. Proportion of eggs hatched is

calculated as {(No. of eggs hatched)/(total number under observation)}*100%;

Proportion of fluorescent eggs calculated as {(No. of fluorescent larvae)/(No. of injected

eggs hatched)}*100%; since batches 2, 3 and 6, 7 were conducted on consecutive

days, the same set of conditional controls was used

60



Figure 15 S. praecaptivus infection and transmission dynamics in O. biroi egg: a,
b, ¢, d shows infection spread in the egg; d, e show infected larvae that hatched after S.
praecaptivus injection; f shows infected larvae within a larval cluster one day after being
transferred to a rearing unit, broad white arrow indicate the infected larvae, broad grey
arrow indicate cohabitating non-injected larvae, thin grey arrows indicate adults

surrounding the larval cluster (out of focus)
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Discussion

In this thesis, we have investigated the impact of two novel putative pathogens: ABPV
and S. praecaptivus, in O. biroi. Both of these have never been reported in O. biroi but
have the ability to infect their non-natural hosts (Schlappi et al. 2020; Su et al. 2022).
Our results indicate that both pathogens have distinct capabilities of infecting and
replicating in the host. While S. praecaptivus successfully spreads in the whole body of
the host, ABPV fails to establish infection. Consequently, the impacts on host survival
and immune response is also different. However, in both cases, no transmission is

observed.

ABPV did not replicate within O. biroi and did not induce in Dcr-2 expression. This lack
of immune response could be attributed to the absence of viral replication in the host.
Dcr-2 is primarily responsible for targeting dsRNA for degradation (Flenniken and
Andino 2013), which in the case of ABPV, is a replication intermediate. In the absence
of viral replication, the Dcr-2-mediated immune response may not have been
upregulated. Previous studies on field samples of multiple ant species have shown the
absence of Dcr-2 response associated with other honeybee viruses like DWV, KBV,
BQCYV (Lester et al. 2019; Viljakainen et al. 2023). However, very little is known about
immune responses to ABPV. Our results confirm that the Dcr-2-based RNAI pathway is
not activated as an antiviral response to ABPV in O. biroi. This is consistent with the
findings in honeybees, the natural hosts for ABPV, where no Dcr-2 upregulation was
observed post-infection (Azzami et al. 2012). Future experiments are required to
explore other immune pathways that might be upregulated in response to ABPV

infection in ants.

A possible reason for the lack of viral infection could be the mode of administration used
in our experiments. Previous studies show that foodborne transmission of ABPV is
possible in ants and bumblebees (Schlappi et al. 2020; Tehel et al. 2022). However,
foodborne transmissions require higher viral titers than the maximum titres at hand in

the lab stocks used for the current experiments. Future experiments need to be
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conducted using feeding to confirm foodborne ABPV infection in O. biroi. The virus's
inability to establish infection in a non-native host could also be due to the absence of
host-specific machinery necessary for viral replication. This could be due to
host-pathogen co-evolution and ecological barriers to cross-species transmission
(Webby et al. 2004). Recent studies have shown that ant viruses found in field samples
are mostly species-specific, with only a few viruses found across different species or
geographic regions (Viljakainen et al. 2023). Although honeybee viruses are commonly
associated with ants (Baty et al. 2020), many of them might be found as contaminants
on the surface (Viljakainen et al. 2023). Such species specificity of ant-viruses also
provides a plausible explanation for the inability of ABPV to replicate within the injected

ants.

In contrast to the virus, S. praecaptivus was able to successfully infect O. biroi, leading
to a significant decrease in lifespan and reduced fecundity—both of which are
detrimental to colony fitness. Our experiments show that S. praecaptivus could
successfully establish infection across all the life stages: egg, larvae, pupae, and adult.
Despite the virulance of S. praecaptivus, no horizontal or vertical transmission was
observed. Vertical transmission cannot be dismissed since our experiment to test the
egg-laying of infected ants was performed in the presence on uninfected cohabitating
adults. The cohabitating adults might have dominated egg-laying in infected colonies or
cannibalized the eggs laid by infected colony mates (Bizzell and Pull 2024). Future
experiments are required to test the egg laying in colonies consisting of only infected

individuals to confirm the absence of vertical transmission.

FISH in adult ants shows that S. praecaptivus is present across different regions of the
the body in the injected adults. Bacteria localization is visible in the fat bodies of the
gaster, in the brain, and at the tip of the antenna. Bacterial clusters were also observed
in the ovary, suggesting a potential for vertical transmission. A bean-shaped structure
possessing a high density of eubacteria was also identified in the gaster in both injected
and non-injected ants. S. praecaptivus was present inside this bean-shaped structure in
the infected ants but not in the uninjected control. These findings suggest this structure

could be a potential bacteriome. However, the current sample size is not sufficient to
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confirm these findings. Gut microbiota profiling and micro-CT scan (Computer
tomography scan) could help in understanding the contents of the structure and its

positions in the gaster, respectively.

In response to infection, a developmental stage-specific melanization response was
observed in S. praecaptivus infected adults and pupae. Adult ants exhibited decreased
cuticular melanization, consistent with findings of grain weevils infected with S.
praecaptivus (Su et al. 2022). In the grain weevils, no effect on melanization was
observed when a tyrosine-overproducing strain of S. praecaptivus was used for
infection, suggesting that decreased melanization could be due to the pathogen
depleting host tyrosine resources, leading to insufficient tyrosin for cuticular
melanization. However, how this might be related to the immune melanization response
is unknown. In contrast, since ant pupae do not have sclerotized cuticle, the increase in
melanization observed could potentially be an indicator of the humoral melanization
response. Pupae also displayed nodule-like structures in different locations of the body,
which is an additional indicator of a melanin-based immune response (Smith et al.
2022). These combined results raise the possibility that the combined tyrosine pool of
both host and pathogen is differentially allocated depending on the developmental
stage, with distinct physiological trade-offs between immune defense and cuticular

development.

Egg injections with S. praecaptivus resulted in larvae containing the bacteria. However,
infected larvae disappeared from the rearing units 2-3 days after hatching. This could be
due to multiple reasons: (a) the larvae died (b) the workers detected chemical ‘sickness
cues’ from the infected larvae and discarded or cannibalized (after or before death)
them as a method of colony disinfection (Pull et al. 2018), (c) the larvae might have
cleared the infection Since larvae disappeared from colonies consisting of only infected
larvae, it is unlikely that bacteria were eliminated by the larval immune system.
Behavioral recordings of rearing units consisting of infected larvae can shed light on the

underlying mechanism of the disappearance of infected larvae.
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Future transcriptomic analysis of Sodalis-infected ants investigating the changes in
immune gene expression and tyrosine regulation pathways can provide information
about how infection alters host biology. Currently, not much is known about how various
behaviors such as self-grooming, allogrooming, and social isolation change with
infection progression. The infection development over a period of 14 days makes the O.
biroi - S. praecaptivus system a powerful tool to investigate behavioral changes over the
course of infection. The O. biroi - S. praecaptivus system enables a
fluorescence-based, non-lethal method for infection detection. With modifications to the
current behavioral recording systems for O. biroi (Ulrich et al. 2018), this system can be
used to investigate how social interaction network parameters change as the infection

progresses.
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Supplementary

Figures
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S1. Standard curves used for qPCR analysis of the viral load: The preliminary
experiment had two separate qPCR plates hence, two separate standard curves were

made. x-axis represents the log of concentration of viral DNA
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S2: Area-wise change in fluorescent intensity of adult O. biroi adults after S.
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nonsignificant, asterisk colour symbolizes the group that is significant compared to PBS.
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p

R - Code

The codes used for analysis of the data are recorded here. Small changes in these codes were
made to incorporate differences in various datasets.

Code for measuring viral load:

library(dplyr)

library(pcr)

library(ggplot2)

library(tidyr)

library(multcomp)

library(ggpubr)

library(scales)

#setting the working directory
setwd("/Users/ashmitabaruah/Desktop/MP|_CE/Stats/fABPV")
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#Making the Standard Curve
#naming the file | am going to work with
fvl<- read.csv('Infection4 - StandardCurve_Inf4.csv')
View(fvl)
filter(!grepl(c("Std7","Std8"), Sample))
summary(fvl)
View(fvl)
fvl_std<- ggplot(fvl, aes(x = Log, y = EqQCq_Mean)) +
geom_point(size = 1) + # Plot points
geom_smooth(method = "Im", se = FALSE, color = "blue") + # Fit a linear model
(standard curve)
labs(x = "Log[conc]", y = "Cq Mean", title = "Standard Curve 1") +
theme_minimal()+
stat_regline_equation(label.x = 4, label.y = 21) + # Add regression equation
stat_cor(label.x = 4, label.y = 20, aes(label = paste(after_stat(rr.label), sep ="")))
print(fvl_std)

color_mapping <- c(
"ABPV.I" = "brown1",
"ABPV.CH" = "orchid",
"Bee-extract.I" = "yellowgreen",
"Bee-extract.CH" = "steelblue1",
"Uninjected." = "grey"

)

fvl2<- read.csv('Infection4 - Clean.csVv')
fvl2 <- fvI2 %>%
mutate(Group = interaction(Treatment, Type, sep ="."))
fvI2$Group <- factor(fvi2$Group, levels = c("ABPV.I", "ABPV.CH", "Bee-extract.|",
"Bee-extract.CH", "Uninjected."))

plotfvige 1 <- ggplot(fvi2, aes(x = as.factor(TimePoint), y = Dil_ Rem_ge, fill = Group)) +
geom_boxplot(alpha = 0.5, outlier.shape = NA) + # Boxplot without outlier dots (to
avoid duplication)
geom_point(aes(color = Group),
position = position_dodge(width = 0.75), # Align points with boxplots
alpha = 1, size = 1) + # Adjust transparency & size
labs(x = "Timepoint (hrs post injection)", y = "Viral Load (ge/uL)", title = "ABPV Load in
All Adults") +
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scale_fill_manual(values = color_mapping) +
scale_color_manual(values = color_mapping) + # Ensure points match boxplot colors
scale_y continuous(limits = c(0, 1250)) + # Set y-axis range from 0 to 4000
theme_minimal() +
theme(
axis.title = element_text(family = "Arial", size = 14), # Axis labels font
axis.text = element_text(family = "Arial", size = 14), # Axis tick labels font
legend.title = element_text(family = "Arial", size = 14), # Legend title font
legend.text = element_text(family = "Arial", size = 14) # Legend labels font

)

plotfvige 1

# Filter dataset for only the Focal groups
fvl2_1 <- fvI2 %>%
filter(Group %in% c("ABPV.I", "Bee-extract.l"))

# Create the box plot with filtered data
plotfvige_| <- ggplot(fvi2_I, aes(x = as.factor(TimePoint), y = Dil_Rem_ge, fill = Group))
+
geom_boxplot(alpha = 0.5, outlier.shape = NA) + # Boxplot without outlier dots
geom_point(aes(color = Group),
position = position_dodge(width = 0.75), # Align points with boxplots
alpha = 1, size = 1) + # Adjust transparency & size
labs(x = "Timepoint (hrs post injection)", y = "Viral Load (ge/uL)", title = "ABPV Load in
ABPV.| & Bee-extract.l") +
scale_fill_manual(values = color_mapping) +
scale_color_manual(values = color_mapping) + # Ensure points match boxplot colors
theme_minimal() +
theme(
axis.title = element_text(family = "Arial", size = 14), # Axis labels font
axis.text = element_text(family = "Arial", size = 14), # Axis tick labels font
legend.title = element_text(family = "Arial", size = 14), # Legend title font
legend.text = element_text(family = "Arial", size = 14) # Legend labels font

)
plotfvige |

# Filter dataset for only the desired groups
fvl2_CH <- fvI2 %>%
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filter(Group %in% c("ABPV.CH", "Bee-extract.CH"))

# Filter dataset for only the desired groups
fvl2_CH <- fvI2 %>%
filter(Group %in% c("ABPV.CH", "Bee-extract.CH"))

# Create the box plot with only CH
plotfvige  CH <- ggplot(fvi2_CH, aes(x = as.factor(TimePoint), y = Dil_Rem_ge, fill =
Group)) +
geom_boxplot(alpha = 0.5, outlier.shape = NA) + # Boxplot without outlier dots
geom_point(aes(color = Group),
position = position_dodge(width = 0.75), # Align points with boxplots
alpha = 1, size = 1) + # Adjust transparency & size
labs(x = "Timepoint (hrs post exposure)", y = "Viral Load (ge/uL)", title = "ABPV Load
in ABPV.CH & Bee-extract.CH") +
scale_fill_manual(values = color_mapping) +
scale_color_manual(values = color_mapping) + # Ensure points match boxplot colors
scale_y continuous(limits = ¢(0, 1250), breaks = seq(0, 1250, by = 250)) + # Set
y-axis range
theme_minimal() +
theme(
axis.title = element_text(family = "Arial", size = 14), # Axis labels font
axis.text = element_text(family = "Arial", size = 14), # Axis tick labels font
legend.title = element_text(family = "Arial", size = 14), # Legend title font
legend.text = element_text(family = "Arial", size = 14) # Legend labels font
)
# Display the plot
plotfvige_CH

fvi2_I <-fvI2 %>%
filter(!grepl("CH", Type))
fvl2_|

# Two-way ANOVA

anova_result_vl_F <- aov(Dil_Rem_ge ~ Treatment*TimePoint, data = fvi2_I)
residuals_anova <- residuals(anova_result_vl_F)

shapiro_test <- shapiro.test(residuals_anova)

print(shapiro_test)

scheirer_test <- scheirerRayHare(Dil_Rem_ge ~ Treatment * TimePoint, data = fvi2_1I)
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# Print results
print(scheirer_test)
pairwise_results <- fvI2_| %>%
group_by(TimePoint) %>%
pairwise_wilcox_test(Dil_Rem_ge ~ Treatment, p.adjust.method = "bonferroni")
# Print the results
print(pairwise_results)

fvi2_|
# Perform Kruskal-Wallis test separately for each timepoint
kruskal_results <- fvl2 %>%
group_by(TimePoint) %>%
summarise(
test_result = list(kruskal.test(Dil_Rem_ge ~ Treatment, data = cur_data()))
)
print(kruskal_results)
# Print the Kruskal-Wallis test results for each Timepoint
kruskal_results %>% pull(test_result)

summary(anova_result_vl_F)

# Tukey HSD post-hoc test for interaction
tukey_interaction_vl_F <- TukeyHSD(anova_result_vl_F, "TimePoint:Treatment")

# Print results
print(tukey_interaction_vl_F)

# Plot results for visualization
plot(tukey interaction_vl_F)

fvl2_CH <- fvI2 %>%
filter(!grepl("l", Type))
fvl2_CH
fvl2_U <- fvI2 %>%
filter(Treatment == "Uninjected")
fvi2_U
fvl2_allCH <- rbind(fvi2_U, fvi2_CH)
fvl2_allCH
fvi2_allCH %>%
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filter(TimePoint 1= 0) %>% # Remove TimePoint =0
group_by(TimePoint) %>%
pairwise_wilcox_test(Dil_Rem_ge ~ Treatment, p.adjust.method = "bonferroni") %>%
print()
# Two-way ANOVA
anova_result_vl_CH <- aov(Dil_Rem_ge ~ TimePoint * Treatment, data = fvi2_allCH)

# Summary of the ANOVA results
summary(anova_result_vl_CH)

residuals_anova <- residuals(anova_result_vl_CH)
shapiro_test <- shapiro.test(residuals_anova)
print(shapiro_test)

scheirer_test <- scheirerRayHare(Dil_Rem_ge ~ Treatment * TimePoint, data =
fvl2_allCH)

table(fvl2_allCH$TimePoint, fvi2_allCH$Treatment)
# Print results
print(scheirer_test)
pairwise_results <- fvi2_allCH %>%
group_by(TimePoint) %>%
pairwise_wilcox_test(Dil_Rem_ge ~ Treatment, p.adjust.method = "bonferroni")
# Print the results
print(pairwise_results)

# Tukey HSD post-hoc test for interaction

tukey_interaction_vl_CH <- TukeyHSD(anova_result_vl_CH, "TimePoint: Treatment")
# Print results

print(tukey_interaction_vl_CH)

# Plot results for visualization

plot(tukey interaction_vl_CH)

Code for Dcr-2 expression levels

library(dplyr)
library(pcr)
library(ggplot2)
library(tidyr)
library(multcomp)
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#setting the working directory
setwd("/Users/ashmitabaruah/Desktop/MPI_CE/Stats/fABPV")
#naming the file | am going to work with
fdcr2<- read.csv('20241025_Ash_fABPV_Dcr2 - RelCompiled.csVv')
#converting the groups based on what | want to seggreate into factors
fdcr2$Treatment <- factor(fdcr2$ Treatment)
fdcr2$Target <- factor(fdcr2$Target)
fdcr2$TimePoint <- factor(fdcr2$TimePoint)
fdcr2
#Remove all the RPF columns
fdcr2_filtered <- fdcr2 %>%

filter(!grepl("RPF-13a", Target))
print(fdcr2_filtered)

#creating the new table for the with grouping
mean.data2<- ¢()
mean.data2<- fdcr2_filtered%>%
group_by(Treatment, TimePoint, Type)%>%
summarize(count = n(),
mean_value = -mean(Delta.EqCq.Mean),
sd_value = sd(Delta.EqCqg.Mean),
se_value = sd_value/sqrt(length(Delta.EqCq.Mean))
)
mean.data2
#arranging necessary to make the line plot
mean.data2 <- mean.data2 %>%
arrange(TimePoint, Type)
print(mean.data2)
#Part where you get the final figure
# Create baseline values for each TimePoint from the Uninjected group
baseline <- mean.data2 %>%
filter(Treatment == "Uninjected") %>%
group_by(TimePoint) %>%
summarize(baseline_mean = mean(mean_value), baseline_sd = mean(sd_value))
baseline

# Join baseline values with ABPV and BE data, then calculate the difference

diff_table <- mean.data2 %>%
filter(Treatment %in% c("ABPV", "Bee-extract")) %>%
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left_join(baseline, by = "TimePoint") %>%

mutate(
rel_exp2 = 2*(mean_value - baseline_mean), # Difference from untreated mean
sd_diff = sqrt(sd_value”2 + baseline_sd"2),
se_diff = sd_diff/sqrt(count), # Combined standard error

Treatment_Type = paste(Treatment, Type, sep =".") # Create a unique label for each
combination
)
diff_table
diff_table$Treatment_Type <- factor(diff_table$Treatment_Type, levels =
c("ABPV.I","ABPV.CH","Bee-extract.|", "Bee-extract. CH"))

# Define custom colors for each Treatment-Type combination
color_mapping <- c(

"ABPV.I" = "indianred1",

"ABPV.CH" = "orchid",

"Bee-extract.l" = "yellowgreen",

"Bee-extract.CH" = "steelblue1"

)

plot4 <- ggplot(diff_table, aes(x = TimePoint, y = rel_exp2, fill = Treatment_Type)) +
geom_bar(stat = "identity", position = position_dodge(width = 0.7), alpha = 0.8) +
geom_errorbar(aes(ymin = rel_exp2 - se_diff, ymax = rel_exp2 + se_diff),

alpha = 0.3, width = 0.5, position = position_dodge(width = 0.7)) +
geom_hline(yintercept = 1, linetype = "solid", color = "black", size = 0.5) + # Adjusted
baseline
labs(y = "Fold change in Dcr-2 w.r.t control”,
x = "Timepoint (hrs post injection)",
title = "Fold change in Dcr-2 w.r.t.uninjected control",

fill = "Group") +
theme_minimal() +
theme(

axis.title = element_text(family = "Arial", size = 14), # Axis labels font
axis.text = element_text(family = "Arial", size = 14),
axis.text.x = element_text(size = 14),
axis.text.y = element_text(size = 14),
legend.title = element_text(family = "Arial", size = 14),
legend.text = element_text(family = "Arial", size = 14)
)+
scale_fill_manual(values = color_mapping) + # Custom color
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scale_y continuous(limits = c(0, 2)) # Adjusted y-axis limits
Plot4

# Two-way ANOVA with interaction

anova_result_F_times <- aov(Delta.EqCqg.Mean ~ TimePoint * Treatment, data =
fdcr2_allF)

summary(anova_result_F_times)

residuals_anova <- residuals(anova_result_F_times)

shapiro_test <- shapiro.test(residuals_anova)

print(shapiro_test)

# Tukey HSD post-hoc test for interaction
tukey_interaction <- TukeyHSD(anova_result_F_times, "TimePoint: Treatment")

# Print results
print(tukey_interaction)

# Plot results for visualization
plot(tukey_interaction)

# Two-way ANOVA without interaction

anova_result F_plus <- aov(Delta.EqCqg.Mean ~ TimePoint + Treatment, data =
fdcr2_allF)

summary(anova_result_F_plus)

# Run Tukey Honest Significance Difference for TimePoint
tukey_time <- TukeyHSD(anova_result_F_plus , "TimePoint")
tukey_treat <- TukeyHSD(anova_result_F plus , "Treatment")

# View results

print(tukey_time)

print(tukey_treat)

# Separate ANOVA for each treatment

for (treat in unique(fdcr2_allF$Treatment)) {
cat("\nANOVA results for Treatment", treat, "\n")

# Subset data for the specific time point
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subset_treat F <- subset(fdcr2_allF, Treatment == treat)

# Two-way ANOVA with Timepoint as the factor
anova_result_treat F <- aov(Delta.EqCqg.Mean ~ TimePoint, data = subset_treat F)

# Print the summary of the results
print(summary(anova_result_treat F))

Code for Fluorescence analysis of the time progression

library(ggplot2)
library(dplyr)
library(ggpubr)
library(ggsignif)
library(rcompanion)
library(rstatix)

setwd("/Users/ashmitabaruah/Desktop/MPI|_CE/Stats/Sodalis/AdultDosageDependence
II)

P13FI<- read.csv('Sodalis_Pupaelnjections - DPI16_CH_Clean.csV')

# Ensure categorical variables are factors

P13FI$Treatmeant <- factor(P13FI$Treatmeant)

P13FI

P13Fl_mean <- P13FI %>%

group_by(Treatmeant) %>%

summarise(
mean_intensity = mean(Mean, na.rm = TRUE),
se_intensity = sd(Mean, na.rm = TRUE) / sqrt(n()),
mean_gaster = mean(Gaster_Meanl),
se_gaster = sd(Gaster_Meanl, na.rm = TRUE) / sqrt(n()),
mean_head = mean(Head_Meanl, na.rm = TRUE),
se_head = sd(Head_Meanl, na.rm = TRUE) / sqrt(n()),
mean_thorax = mean(Thorax_Meanl),
se_thorax = sd(Thorax_Meanl, na.rm = TRUE) / sqrt(n()),
mean_antenna = mean(Antenna_Meanl),
se_antenna = sd(Antenna_Meanl, na.rm = TRUE) / sqrt(n()),
n_replicates = n()
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P13FI_mean

custom_colors <- ¢(
"25cpn" = "brown1",
"10cpn" = "tan1",
"PBS" = "yellowgreen"

)

# Create the line graph with custom colors and fonts
ggplot(P13FI_mean, aes(x = DPI, y = mean_intensity, color = Treatmeant, group =
Treatmeant)) +
geom_line() + # Lines for each treatment
geom_point() + # Add points at each DPI
geom_errorbar(aes(ymin = mean_intensity - se_intensity, ymax = mean_intensity +
se_intensity), width = 0.2) + # Error bars
scale_y_continuous(limits = ¢(0, 200)) +
scale_color_manual(values = custom_colors) + # Apply custom colors
labs(
title = "Mean Fluorescence Intensity",
x = "Timepoint (DPI)",
y = "Mean Fluorescence Intensity"
)+
theme_minimal() + # Clean theme
theme(
axis.title = element_text(family = "Arial", size = 14), # Axis labels font
axis.text = element_text(family = "Arial", size = 14), # Axis tick labels font
legend.title = element_text(family = "Arial", size = 12), # Legend title font
legend.text = element_text(family = "Arial", size = 14) # Legend labels font
)+
theme(legend.title = element_blank()) # Remove legend title
class(P13FI)

anova_result_P13FI <- aov(Mean ~ Treatmeant, data = P13FI)
# Summary of the ANOVA results
summary(anova_result_P13FI)

residuals_anova <- residuals(anova_result_P13FI)
shapiro_test <- shapiro.test(residuals_anova)
print(shapiro_test)
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summary(P13Fl)
P13FlI
scheirer_test <- scheirerRayHare(Meanl ~ Treatmeant, data = P13FI)

# Print results
print(scheirer_test)

post_hoc_test <- P13FI %>%
group_by(DPI) %>%
pairwise_wilcox_test(Meanl ~ Treatmeant, p.adjust.method = "bonferroni")

# Print pairwise comparison results
print(post_hoc_test)

timepoints <- unique(P13FI1$Timepoint)

for (tp in timepoints) {
# Subset data for the current timepoint
subset_data <- subset(P13FI, Timepoint == tp)

# Perform ANOVA for the subset data
anova_result <- aov(Antenna_Meanl ~ Treatmeant, data = subset_data)

# Apply Tukey HSD for post-hoc pairwise comparisons
tukey result <- TukeyHSD(anova_result, "Treatmeant")

# Print the results for each timepoint
cat("\nTimepoint:", tp, "\n")
print(tukey_result)

Code for fluorescent intensity comparisons at specific time points

##For all plates, DPI 8

DPI8_FI<- read.csv('Sodalis_Pupaelnjections - DPI15_Egg_Clean.csv')
# Ensure categorical variables are factors

DPI8_FI$Treatmeant <- factor(DPI8_FI$Treatmeant)

DPI8_FI

custom_colors <- ¢(
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"2K" = "brown1",
ll1 Kll = lltan1 ll,
"PBS" = "yellowgreen"

)

ggplot(DPI8_FI, aes(x = as.factor(Treatmeant), y = Eggs, fill = Treatmeant)) +
geom_boxplot(alpha = 0.5, outlier.shape = NA) + # Boxplot without outlier dots (to avoid
duplication)
geom_point(aes(color = Treatmeant),
position = position_dodge(width = 0.75), # Align points with boxplots
alpha =1, size = 1) + # Adjust transparency & size
labs(x = "Treatment”, y = "Number of Eggs", title = "Number of eggs laid") +
scale_fill_manual(values = custom_colors) +
scale_color_manual(values = custom_colors) + # Set y-axis range from 0 to 4000
theme_minimal() +
theme(
axis.title = element_text(family = "Arial", size = 14), # Axis labels font
axis.text = element_text(family = "Arial", size = 14), # Axis tick labels font
legend.title = element_text(family = "Arial", size = 14), # Legend title font
legend.text = element_text(family = "Arial", size = 14) # Legend labels font
)+
geom_signif(comparisons = list(c("PBS", "1K"),
c("1K", "2K"), c("PBS", "2K")),
map_signif_level = TRUE,
y_position = ¢(18, 18, 20))

table(DPI8_FI$Treatmeant)

anova_result_DPI8_| <- aov(Meanl ~ Treatmeant, data = DPI8_FI)
# Summary of the ANOVA results

summary(anova_result DPI8 1)

# Extract residuals from the ANOVA model
residuals_DPI8_| <- residuals(anova_result DPI8 I)

# Perform Shapiro-Wilk test for normality

shapiro_test <- shapiro.test(residuals_DPI8_I)

# Print the result

print(shapiro_test)

kruskal_test <- kruskal.test(Meanl ~ Treatmeant, data = DPI8_FI)

print(kruskal_test)

library(FSA)

dunn_test <- dunnTest(Meanl ~ Treatmeant, data = DPI8_FI, method = "bonferroni")
print(dunn_test)



# Tukey HSD post-hoc test for interaction

tukey_interaction_DPI8_| <- TukeyHSD(anova_result DPI8 I, "Treatmeant")
# Print results

print(tukey_interaction_DPI8 1)

Code for Motality Analysis

library(survival)
library(coxme)
library(survminer)
library(ggplot2)
library(dplyr)

setwd("/Users/ashmitabaruah/Desktop/MPI_CE/Stats/ABPVExp/Feb2025")
coxtable <- read.csv('SurvivalData_ ABPV_URL - ABPVPilot1_coxformat.csv')

# Ensure categorical variables are factors
coxtable$Treatment <- factor(coxtable$ Treatment)
coxtable$Type <- factor(coxtable$Type)
coxtable$Replicate <- as.factor(coxtable$Replicate)

# Correct Status coding (1 = censored, 0 = event/death)
coxtable$Status <- ifelse(coxtable$Status == 0, 1, 0)

# Create a new variable combining Treatment and Type
coxtable <- coxtable %>%
mutate(Group = interaction(Treatment, Type, sep ="."))

# Ensure Group is a factor and explicitly set its levels
coxtable$Group <- factor(coxtable$Group, levels = unique(coxtable$Group))
coxtable

# Now safely relevel Group to set "Bee-extract.|" as baseline
coxtable$Group <- relevel(coxtable$Group, ref = "ABPV.I")

#Verification if the cox model can be used

coxph_model <- coxph(Surv(Timepoint, Status) ~ Group, data = coxtable)
test_ph <- cox.zph(coxph_model)

print(test_ph)

plot(test_ph)

# Fit Cox mixed-effects model using Group as predictor
coxme_model <- coxme(Surv(Timepoint, Status) ~ Group + (1 | Replicate), data = coxtable)
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# View model summary
summary(coxme_model)

# Extract Hazard Ratios (HR) and 95% Confidence Intervals
ci_df <- data.frame(
Variable = names(fixef(coxme_model)),
HR = exp(fixef(coxme_model)),
Lower = exp(fixef(coxme_model) - 1.96 * sqrt(diag(vcov(coxme_model)))),
Upper = exp(fixef(coxme_model) + 1.96 * sqrt(diag(vcov(coxme_model))))

)

print(ci_df) # Print Hazard Ratios

# Pairwise Log-Rank Test for all Groups with Benjamini-Hochberg adjustment
pairwise_results <- pairwise_survdiff(Surv(Timepoint, Status) ~ Group,

data = coxtable,

p.adjust.method = "BH")
print(pairwise_results)

# Kaplan-Meier Survival Plot for all Groups
km_fit <- survfit(Surv(Timepoint, Status) ~ Group, data = coxtable)

custom_colors <- ¢(
"ABPV.I" = "brown1",
"ABPV.CH" = "orchid",
"Bee_extract.I" = "yellowgreen",
"Bee_extract.CH" = "steelblue1"

)

km_plot <- ggsurvplot(
km_fit,
data = coxtable,
conf.int = TRUE, # Show confidence intervals
xlab = "Timepoint (hrs post injection)",
ylab = "Proportion of Individuals Alive",
ggtheme = theme_minimal(),
title = "Kaplan-Meier Survival Curves Across Groups",
legend.title = "Group",
legend.labs = levels(coxtable$Group),
palette = custom_colors

)

# [l Ensure x-axis is linear and shows exact Timepoint values
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km_plot$plot <- km_plot$plot +
scale_x_continuous(breaks = sort(unique(coxtable$Timepoint))) + # Rotate labels for
readability
theme(
axis.title = element_text(family = "Arial", size = 11), # Axis labels font
axis.text = element_text(family = "Arial", size = 11), # Axis tick labels font
legend.title = element_text(family = "Arial", size = 11), # Legend title font
legend.text = element_text(family = "Arial", size = 11) # Legend labels font

)

# Print the updated Kaplin-Meier Plot
print(km_plot)
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