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Abstract

Bats, the order Chiroptera, have been reported to harbor zoonotic viruses without obvious
symptoms, acting as reservoirs. It is thus hypothesized that bats possess distinctive immune systems in
response to viral infection. Following the hypothesis, bats of the genus Eptesicus have been revealed to
show unique immune responses, such as a novel binding motif of repressor identified in Eptesicus
fuscus that suppress inflammation. However, the responses of the immune system in Eptesicus bats
remain largely unknown. Here, I applied comprehensive analysis to illustrate the expression profiles in
two Eptesicus bat cell lines, Efk3B and EnK, for elucidating the innate immune responses, the first line
of immunity:.

The immune responses in Efk3B and EnK cells were induced by polyinosinic-polycytidylic acid
[poly (I:C)] treatments. The gene expression profiles were found to be similar in two cell lines, but
divergent differentially expressed genes were also identified, respectively. I further revealed that the
upregulated genes were distinct between Eptesicus bat cells and human epithelial cells in response to
poly (I:C) induction, particularly enriching in interferon y pathways in bat cells. Besides, some
upregulated genes, such as DDX60 and IFIT1 involved in antiviral functions, were shown to exist in
multiple copies in E. fuscus genome. Moreover, the basal expression levels of several immune-related
genes, including hub genes IFIT2 and IFIT3, were found to be higher in bat cells than in four human
cell lines under normal conditions without induction, suggesting that bat cells might be in activated
immune status. These results indicated that the innate immune responses in Eptesicus bat cell lines are
distinguishable from those in human cell lines.

In spite of applying existing E. fuscus genome reference, I performed de novo assembly and
identified unannotated novel transcripts that were upregulated after induction, indicating that the
existing gene annotations were still incomplete, and more details have not been revealed yet.
Additionally, the landscape of transposable elements (TEs) and novel microRNAs (miRNA) in bat cells
were recognized, some of which were expressing and upregulated in response to poly (I:C) treatment,
suggesting that the innate immune responses in Eptesicus bat cells influenced/were influenced by
different pathways via yet known mechanisms. These data extend current E. fiscus genome reference,
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granting novel information for further analysis.

This is the first study to reveal the gene expression profiles, including mRNAs, TEs, and miRNAs,
of the innate immune responses in Eptesicus bat cells. Our data provide basic and innovative insights
into bat innate immunity as well as represent a valuable resource for future research into bat immune

systems and the biology of Eptesicus bats.



Chapter 1

Literature Review and Introduction



1.1 Bats are reported to act as virus reservoirs

Bats are a diverse group of mammals belonging to order Chiroptera, which can be further divided
into Yinpterochiroptera, including megabats and some of microbats, and Yangochiroperata, comprising
of the remaining microbats. As the second species-rich mammal, bats consist of around 20% of all
named mammals and are widely distributed all over the world, living in every continent except
Antarctica (Burgin, Colella, Kahn, & Upham, 2018). There are over 1300 species of bats with
extraordinary diversity in characteristics such as diet, morphology and size, and therefore bat species
are complex and distinguishable (Fenton & Simmons, 2015).

Bats are considered natural reservoirs of various zoonotic viruses, and their characteristics makes
them more capable of transmitting and spreading viruses. Compared to other mammals with similar
metabolic rate ratios and body mass, bats have relatively longer lifespans. For example, microbats have
life spans more than 25 years, and the documented greatest longevity is 35 years for a little brown bat
(Calisher, Childs, Field, Holmes, & Schountz, 2006). Moreover, bats are the only mammal with abilities
of flight, and particular species of bats travel large distances during seasonal migrations (Holland, 2006).
Taking into the wide distribution, mixed populations, as well as above characteristics, bats are able to
spread viruses for farer distances and longer durations.

Over 200 viruses have been detected in bats, some of which cause severe disease in humans and
other animals (Moratelli & Calisher, 2015). Coronaviruses that cause severe respiratory syndromes,
including severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and
recent underdetermined Coronavirus disease 2019 (COVID-19) which is still wreaking havoc, have
been reported to be harbored by bats, which are believed to cause diseases via spillover events (Anthony
etal.,2017; Huetal., 2017; Zhou & Shi, 2021). The transmission routes through bat excretion of Hendra
virus, a species of henipavirus spreading in horses and humans in Australia, has been revealed in a
previous study (Edson et al., 2015). Filoviruses, such as Marburg virus (MARV) and Ebolavirus (EBOV)
causing severe hemorrhagic fevers in humans and primates, have also been characterized in different
species of bats (Goldstein et al., 2018; Schuh et al., 2017; Yang et al., 2019). Surprisingly, previous

studies identified asymptomatic bats harboring these pathogenic viruses (Leroy et al., 2005; Munster et



al., 2016; Olival & Hayman, 2014). Therefore, the development of the virus-tolerant phenotype in bats
and the possible underlying mechanisms preventing symptoms of infection of viruses that are deadly in

other species gradually become critical research topics.

1.2 An overview of innate immunity

Innate immunity, the first line of defense and rapid responses to foreign pathogens, has been widely
studied. Although the core elements and functions are conserved, various components and mechanisms
involve in the innate immunity of different species of mammals, resulting in high diversity (Riera Romo,
Perez-Martinez, & Castillo Ferrer, 2016). In general, the conserved mechanisms include external
barriers, humoral elements, and cellular effectors with individual characteristics and variations. External
barriers consist of skin and its secretion, providing mechanical protection and preventing pathogen
infiltration (Matsui & Amagai, 2015); humoral elements, including lysozyme, complement systems,
and various classes of cytokines, react to pathogen invasion, exhibit anti-pathogen activity, and induce
further immune responses (Bowdish, Davidson, & Hancock, 2005; Dunkelberger & Song, 2010; Lin &
Leonard, 2019); cellular effectors, such as natural killer cells and myeloid phagocytic cells, recognize
pathogens and contribute to activation of adaptive immunity (Bendelac, Savage, & Teyton, 2007;
Rosales, 2020).

Interferons (IFNs), a class of cytokines, are released when sensing pathogens and invasive
elements. For instance, exogenous viral DNAs and RNAs are recognized by pattern recognition
receptors, such as Toll-like receptors (TLRs) and RIG-I-like receptors, and the following signaling
pathways are activated, leading to the production of IFNs (Schoggins & Rice, 2011). Three types of
IFNs have been characterized in mammals (Negishi, Taniguchi, & Yanai, 2018). Type I IFNs, including
IFN-a and IFN-B, are well known as the antiviral functions that are conserved in vertebrates; type II
IFNs, or IFN-y, mainly function in antiviral responses and cellular mechanisms, such as cell growth and
apoptosis; type III IFNs, or IFN-A, are reported to exhibit similar antiviral defenses as type I [FNs (Riera
Romo et al., 2016). The release of IFNs further induces interferon-stimulated genes (ISGs) and
promotes antiviral responses (Schoggins & Rice, 2011).
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Other than the immune system itself, various cellular mechanisms and pathways also participate
in or are influenced by the activation of innate immune responses. For example, microRNAs (miRNAs)
have been reported to regulate innate immunity and inflammation. Previous studies have demonstrated
that several transcription factors and post-transcriptional enzymes regulate the production and
processing of miRNAs in response to inflammation and infection, and the produced miRNAs afterwards
modulate inflammation as feedback (O'Connell, Rao, Chaudhuri, & Baltimore, 2010; Taganov, Boldin,
& Baltimore, 2007). Moreover, divergent miRNA populations related to immune systems have been
gradually identified in different species and cell types (Chandan, Gupta, & Sarwat, 2019; Nejad,
Stunden, & Gantier, 2018; Rose et al., 2021). Another example related to the activation of innate
immune responses is transposable element (TE). TEs are DNA sequences largely diverse between
species. A recent study shows that different TE families are upregulated in humans and mouse cells
following the induction of innate immunity (Macchietto, Langlois, & Shen, 2020). Although the
consequences of TE upregulation are not fully understood yet, another research has suggested the role
of TEs as enhancers, participating in the regulation of ISGs (Chuong, Elde, & Feschotte, 2016). Overall,
these mechanisms elevate the complexity of innate immunity and promote uniqueness and disparity in

immune responses among species.

1.3 The unique immune strategies in bats

According to the characteristics of bats that serve as reservoirs of viruses, studying the underlying
mechanisms become hot topics in recent years. It is hypothesized that bats possess unique immune
strategies, which have not yet been fully studied, that allow them to develop virus-tolerant phenotypes
in response to viral infection, thus serving as viral reservoirs (Irving, Ahn, Goh, Anderson, & Wang,
2021).

Previous studies have shown that the basic immune responses in bats are similar to those in other
mammals, including the signaling pathways and overall immune cell populations involved (Becker et
al., 2019; Omatsu et al., 2008). Despite the basic immune responses, not surprisingly, it has been shown

that distinct bat species demonstrate individual patterns of immunity (Fig. 1). For example, the agonist
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binding sites of several Toll-like receptors in black flying fox (Pteropus alecto) showed unique
polymorphisms, and some of the polymorphisms contained strong positive selections that reshape
nucleic acid binding motifs (Cowled et al., 2011). A previous study compared the sequences of STING,
a critical adaptor protein functioning in DNA sensing pathways, among several bats and non-bat
mammals, and a single point mutation that caused dampened IFN activation was identified in several
bat species (Xie et al., 2018). PYHIN locus, a family of proteins acting as sensors for microbial DNA
and inducing type I IFN signaling pathways, were found to be missing in at least ten species of bats
(Ahn, Cui, Irving, & Wang, 2016). Another research indicated that the type II and type III interferon
response were stronger in bat cell lines of Egyptian rousette bat (Rousettus aegyptiacus) than that in
human cell lines in responses to specific virus infection (Kuzmin et al., 2017). Increasing evidence
indicates the existence of uncommon immune strategies in bats. Thus, it is critical to clarify these

atypical features to elucidate the possible mechanisms by which bats act as virus reservoirs.

Polymorphism

Human
or Toll-like
1 Virus infection receptors
Mouse Bat
Cytosol Cytosol
dsDNA dsDNA
Virus b"‘ﬂ:f" Virus %‘f’zf
structural protein el structural protein I
/ 0\ % o/ \
mutation
PYHIN PY
& o <D
Typel; @ /. Typel 7
Type Il and Il /* IFNs 72 IFNs & Type Il and Iil /' IFNs IENs &
IFNs Inflammation IFNs / Inflammation
Nucleus Nucleus

(Figure legend is in the next page.)
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Figure 1. Schematic of the examples of unique immune responses in bats.

In human or mouse cells, viral elements are recognized by several components, including toll-like receptors,
PYHIN protein family, and STING protein. Afterwards, a series of signaling pathways is triggered, the expression
of interferons (IFN) and downstream interferon-stimulated genes (ISG) are induced, and the following immune
responses are activated. By contrast, bats show various unique immune responses within these parts, including
(1) the polymorphisms in toll-like receptors that underwent positive selections to recognize pathogens, (2) a point
mutation in STING protein and (3) loss of PYHIN locus that cause dampened IFN activation, and (4) stronger

type Il and III IFN responses toward specific virus infection. The figure was created with BioRender.com.

14 The special immune responses in Eptesicus bats

Similar to other bats, bats of the genus Eptesicus are known to be the hosts of several zoonotic
viruses, such as rhabdoviruses that cause encephalitis and flu-like symptoms (Kohl, Nitsche, & Kurth,
2021). Eptesicus bats in Europe are reported to host Rhabdoviruses of the genus Lyssavirus, which can
cause rabies disease and lead to death of unvaccinated humans without appropriate treatments (Johnson
et al., 2010).

Recently, Eptesicus fuscus has been reported to show distinctive immune mechanisms. In earlier
research using a E. fuscus cell line Efk3B, a potential binding motif of repressor c-Rel was found in the
promoter of TNF-a, an inflammatory cytokine that is released during acute inflammation and triggers
various signaling pathways. (Banerjee, Rapin, Bollinger, & Misra, 2017). c-Rel was further confirmed
to bind to the binding motif and inhibit TNF-0, promoter activity, suppressing inflammatory pathology.
Another study from the same research group revealed that IFN- expression was induced after MERS
coronavirus (MERS-CoV) infection in Efk3B but not in human cells, and the IRF3 signaling pathway
was identified to play an important role in limiting the replication of the MERS-CoV (Banerjee,
Falzarano, Rapin, Lew, & Misra, 2019). Further, a cell culture model persistently infected with MERS
has been developed to study the interaction between MERS-CoV and Eptesicus bats (Banerjee et al.,
2020). These data suggest that unique immune responses might exist in Eptesicus bats, and further

research is required to clarify more details of the potential mechanisms.
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1.5 The niche and research aim to study Eptesicus bat immunity

Despite the discoveries mentioned in above section, one critical niche is that the innate immune
responses in Eptesicus bats have not yet been fully elucidate. In this study, 1 aimed to apply
comprehensive analysis to elucidate the innate immune responses in bats of the genus Eptesicus (Fig.
2). I treated two Eptesicus bat cell lines with polyinosinic-polycytidylic acid (poly (I:C)) and analyzed
the gene expression profiles. Comparing bat mRNA sequencing (mRNA-seq) data sets with human data
sets, the mechanisms in response to poly (I:C) were shown to be similar in Eptesicus bats and humans.
Besides, certain genes are uniquely upregulated only in Eptesicus bat cell lines. Meanwhile, I recognize
several upregulated ISGs in bat cell lines existing as multi-copies. I also revealed that the basal
expression levels of certain ISGs were higher in the bat cell lines. Moreover, a consequential
upregulation of unannotated transcript levels was identified. In addition, I showed that the expression
of several TEs was upregulated after poly (I:C) treatments. Furthermore, small RNA sequencing
identified novel miRNAs, and numerous of them were upregulated in bat cells. To sum up, this study
reveals the uniqueness of innate immune responses in bats of the genus Eptesicus and provides the basic

information necessary to obtain a deeper understanding of immunity in bats.
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Chapter 2 Result
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2.1 The immune responses in Efk3B and EnK cells can be triggered by

universal type I IFN and poly (I:C)

In this study, I applied two cell lines derived from Eptesicus bats, Efk3B and HAMOI-EnK (EnK)
(Banerjee et al., 2016; Horie, Akasaka, Matsuda, Ogawa, & Imai, 2016). First, | test to trigger the innate
immune responses with IFN or poly (I:C) treatments. Following the experimental design in published
research, [ examined the expression of IFN-f as an indicator of activated immune responses (Banerjee
et al., 2017). Both cell lines were respectively treated with universal type I IFN or poly (I:C), and the
level of IFN-B (IFNB1) transcripts was quantified via qRT-PCR. Consistent with the results of the
published research, Efk3B cells showed increased IFN-f transcript levels over time in response to poly
(I:C) treatments, which were highest after 12 hours of treatment (Fig. 3). IFN- expression was also
increased in EnK cells, and the level reached the peak after 24 hours. In contrast, IFN-3 transcripts were

not detected in response to treatments of universal type I IFN.
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Figure 3. IFN- transcripts were increased in Efk3B and EnK cells after poly (I:C) treatments.

The fold changes of IFNB1 transcript expression after universal type I interferon and poly (I:C) treatments in
Efk3B and EnK cells. The fold-change is relative to 0 hours after normalizing with ACTB (B-actin). Data are
presented as the mean + s.e.m. of three biological replicates (n = 3). Significant differences were shown between
treated samples of each time point (12, 24, and 48 hr) and untreated samples (0 hr), calculated by unpaired
Student’s t-test with P < 0.001 (***). The figures and figure legends are derived and modified from figure 1A

and 1B in the original article.
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Next, I further investigated the expression levels of several interferon-stimulated genes (ISGs),
including MX1, IFIT1-L, and IFIT2. MX1 is a GTPase and functions in antiviral responses, which are
induced by type I and type III IFNs in infected host; IFIN1 and IFIN2 are interferon-induced proteins
that are rapidly induced during virus infection, recognizing viral RNAs and activating downstream
signaling pathway for antiviral functions (Verhelst, Hulpiau, & Saelens, 2013; Vladimer, Gorna, &
Superti-Furga, 2014). The expression levels of selected ISGs were significantly upregulated after IFN
or poly (I:C) treatments overtime in both Efk3B and EnK cells (Fig. 4). In Efk3B cells after IFN
treatments, MX1, IFIT1-L and IFIT2 reached the peak after 12 hours, 8 hours, and 4 hours, respectively;
in contrast, MX1, I[FIT1-L and IFIT2 peaked 24 hours, 12 hours, and 24 hours after poly (I:C) treatments.
In EnK cells, MX1, IFIT1-L and IFIT2 reached the highest expression after 48 hours of IFN treatments;
in comparison, poly (I:C) induced those ISGs to highest expression after 24 hours treatments. Although
the expression of ISGs in both cell lines was significantly increased, the sensitivity or upregulated level
between the two cell lines might be different, indicating that the kinetics of the immune responses were
distinct between Efk3B and EnK cells. These results demonstrate that poly (I:C) and universal type I

IFN can triggered the innate immune responses in both Efk3B and EnK cells.
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(Figure legend is in the next page.)
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Figure 4. The expression of selected interferon-stimulated genes (ISGs) in Efk3B and EnK cells was
induced after universal type I IFN and poly (I:C) treatments.

The fold changes in MX1, IFIT1-L, and IFIT2 expression in Efk3B universal type I interferon and poly (I:C)
treatments in Efk3B and EnK cells. The fold-change is relative to 0 hours after normalizing with ACTB. Data
are presented as the mean + s.e.m. of three biological replicates (n = 3). Significant differences were shown
between treated samples of each time point (12, 24, and 48 hr) and untreated samples (0 hr), calculated by
unpaired Student’s t-test with P <0.001 (***). The figure and figure legends are derived and modified from figure

1C and 1D in the original article.

2.2 Common and unique gene expression profiles were revealed in Efk3B

and EnK cells in response to poly (I:C) treatment

To comprehensively analyze the immune responses in bat cell lines, I performed mRNA
sequencing for gene expression profiling. As poly (I:C) induced the expression of IFN-f, I supposed
that poly (I:C) treatments affected more aspects of immune responses, which would be possible to
acquire more information, and therefore decided to apply poly (I:C) treated samples to further analysis.
Based on the aforementioned findings (Fig. 3 and 4), I collected Efk3B and EnK cells 12 and 24 hours
after poly (I:C) treatment, respectively. Due to lack of E. nilssonii genome reference, I applied the E.
Sfuscus genome (GCA_000308155.1 EptFusl.0) for annotation and subsequent analyses to both the
Efk3B and EnK cell data sets. The pipeline and workflow shown in figure 5 were established for further

analysis.
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Figure 5. The workflow of processing Efk3B and EnK mRNA sequencing data sets.

Preprocessed reads were mapped to the E. fuscus genome using STAR. FeatureCounts was used for raw read
counts, and R package edgeR was next used for differentially expressed gene (DEG) analysis. Up- and
downregulated DEGs were identified and converted into human annotation through a homemade table for further
analysis. Detailed parameters are shown in the Materials and Methods. The figure and figure legends are derived

from figure 2 in the original article.

I performed differentially expressed gene (DEG) analysis to identified up- and downregulated
DEGs in response to poly (I:C). The heatmaps showed that the top 500 DEGs were overall upregulated,
indicating the activation of innate immune responses (Fig. 6). The genes with false discovery rate (FDR)
< 0.05 and at least twofold change were isolated for further analyses. As a result, I identified a total of
409 (406 up- and 3 downregulated) and 834 (754 up- and 80 downregulated) DEGs in Efk3B and EnK
cells, respectively (Fig. 7A). Among the upregulated DEGs, 274 genes were common in both Efk3B
and EnK cells (Fig. 7B). These data suggest that although some upregulated DEGs are shared in Efk3B

and EnK cells, uniquely upregulated DEGs are also present in each cell line.

Figure 6. The expression heatmap of DEGs of

Efk3B and EnK datasets.
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Figure 7. The DEGs in induced Efk3B and EnK cells were identified.

(A) Volcano plots of DEGs of poly (I:C) treated vs. untreated Efk3B and EnK data sets. Green dots represent
genes with fold-change > 2 and FDR > 0.05; red dots represent genes with fold-change > 2 and FDR < 0.05; gray
dots represent genes with no significant difference. (B) Venn diagram of upregulated DEGs of Efk3B and EnK
cells showing the common DEGs. The figure and figure legends are derived and modified from figure 3A and 3B

in the original article.

Next, for further analysis and comparison, I generated a homemade conversion table and identify
the orthologs of the E. fuscus genes in human gene annotations (details in Materials and methods). As
aresult, 204 in 274 E. fuscus annotations of common upregulated DEGs were converted into 207 human
annotations, and I included these orthologous annotations for further investigations. The 204
upregulated E. fuscus DEGs with human annotations were isolated for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses. GO analysis revealed high
enrichment in biological processes related to immune responses, including “response to virus” (GO:
0009615) and “defense response to virus” (GO: 0051607) (Fig. 8A). The KEGG analysis showed
comparable results, enriching in pathways involved in immune responses, such as the NOD-like
receptor signaling pathway and various virus-related pathways (Fig. 8B). Combining the upregulated
DEGs and enriched GO terms, the gene-concept network demonstrated that the DEGs and their

corresponding functions were mainly related to antiviral responses (Fig. 8C).
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Figure 8. The common DEGs of induced Efk3B and EnK cells were mainly enriched in antiviral responses.
(A) The top enriched GO term biological processes of common upregulated DEGs of Efk3B and EnK cells. The
colors of dots indicate the adjusted p values. The size of the dot represents the number of genes involved in the
term, and the gene ratio represents the proportion of genes occupying the whole term. (B) As per (A) for the top
enriched KEGG pathways of common up-regulated DEGs of Efk3B and EnK cell. (C) The gene-concept
network of linked GO terms and involved common upregulated DEGs. The dot size of GO terms represents the
number of genes involved in the term. The figure and figure legends are derived and modified from figure 3C,

3D, and supplementary figure 2 in the original article.
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Despite commonly upregulated DEGs, several uniquely upregulated genes were identified in EnK
and Efk3B cells in response to poly (I:C) induction according to our above analysis (Fig. 7B). To
investigate the outcome of this distinct expression pattern, I further applied those uniquely upregulated
genes shown in figure 7B to perform GO analyses. Intriguingly, specific terms, including “response to
interferon-gamma” (GO: 0034341) and “NIK/NF-kappaB signaling” (GO: 0038061), were identified
in EnK cells (Fig. 9). In contrast, none was enriched using uniquely upregulate DEGs of Efk3B cells as
input. These data suggest that the main mechanisms in response to exogenous double-stranded RNA
(poly (I:C)) are common in Efk3B and EnK cells. In addition, uniquely upregulated DEGs indicate that

divergent mechanisms might be respectively activated in Efk3B and EnK cells.
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Figure 9. The GO term analysis of unique DEGs from induced EnK cells.

The top enriched GO term biological processes of unique up-regulated DEGs of EnK cells. The red the dot, the
smaller the adjust p-value. The size of the dot represents the number of genes involved in the term, and the gene
ratio represent the proportion of genes occupying the whole term. The figures and figure legends are derived and

modified from supplementary figure 3 in the original article.
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2.3 The response mechanisms to poly (I:C) differ between Eptesicus bat

and human cell lines

To study the uniqueness of innate immune responses in bat cells, I compared our data with a
published poly (I:C) treated HeLa cell mRNA-seq data set (GSE130618) to investigate the differences
of gene expression profiles. The HeLa cell data set was processed using the same DEG analysis pipeline
(Fig. 5). In total, 2492 DEGs (2100 up- and 392 downregulated) were identified in HeLa cells with poly

(I:C) treatments (Fig. 10).
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Figure 10. The DEGs of poly (I:C) treated HeLa cells were identified.

(A) The heatmap showing the top 500 DEGs with highest varied expression between poly (I:C) treated and
untreated HeLa datasets. Scale represents normalized Z-scores generated by R pheatmap from blue-white-red.
(B) Volcano plots of DEGs of poly (I:C) treated vs. untreated HeLa datasets. Green dots represent genes with

fold-change = 2; red dots represent genes with fold-change = 2 and FDR < 0.05; grey dots represent genes

with no significant difference. The figures and figure legends are derived and modified from supplementary figure

4 in the original article.

Considering the gene annotation of E. fuscus was still incomplete, I decided to be focus on the
orthologs only present in both E. fuscus and human for the subsequent analyses. To identify shared
upregulated DEGs in bat and human cells, I applied the conversion table to upregulated DEGs in Efk3B

and EnK cells to obtain the corresponding human annotations. As a result, 406 and 754 upregulated
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DEGs in Efk3B and EnK cells were converted into 277 and 585 human annotations, respectively.
Similarly, only upregulated DEGs in HeLa cells that possessed E. fuscus annotations (880/2100) were
remained for comparison. As the result showed, only 68 upregulated DEGs were common in the bat

and human data sets (Fig. 11).

Figure 11. The common DEGs in induced Eptesicus bat cells and
HeLa cells were identified.

Venn diagram of upregulated DEGs in Efk3B, EnK, and HeLa cells
showing the common DEGs. For comparison, the annotations of E. fuscus
were converted into human annotations. The figure and figure legends are

derived and modified from figure 4A in the original article.

Subsequently, I performed GO and KEGG analyses to identified biological functions and pathways
related to the upregulated DEGs. According to the results, the 68 upregulated DEGs were revealed to
enrich in the terms that were similar to those of the 204 DEGs in the Eptesicus bat, functioning in
defense responses to viruses, cellular responses to type I interferon, and virus-related pathways (Fig.
12A and 12B). The results suggest that the main mechanisms in response to poly (I:C) might be similar
between Eptesicus bats and humans. I further analyzed the 127 uniquely upregulated DEGs in Eptesicus
bat cells and found that GO term “the cellular response to interferon-gamma” (GO:0071346) was
enriched (Fig. 12C). These data suggest that specific immune response, in particular the interferon-

gamma (IFN-y) pathway, might be more active in Eptesicus bat cells than in HeLa cells.

Figure 12. Different immune pathways were activated in Eptesicus bat cells and HeLa cells.

(A) The top enriched GO term biological processes of common upregulated DEGs of Eptesicus bat and human
cells. The red the dot, the smaller the adjusted p value. The size of the dot represents the number of genes involved
in the term, and the gene ratio represents the proportion of genes occupying the whole term. (B) As per (A) for
the top KEGG pathways of common up-regulated DEGs of Epfesicus bat and human cells. (C) As per (A) for
the top GO term biological processes of unique upregulated DEGs of Eptesicus bat cells. The figure and figure
legends are derived and modified from figure 4B, 4C, and supplementary 5 in the original article. (Figure is in
the next page.)
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2.4

Notably, among the above 68 DEGs, there were four cases that two E. fuscus genes were converted

LOC103296399 and LOC103300075 into IFITI;
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A number of upregulated ISGs were shown to exist in multi-copies

into one same human gene annotation: LOC103290882 and LOC103290898 into DDX60;
LOC103300874 and LOC103304392 into GBP1;
ISG20 and LOC103304735 into ISG20. Intriguingly, I found that the nucleotide and protein sequence
similarities between each copy were not always high when validating via BLASTn and BLASTp. In

detail, LOC103296399/LOC103300075 (IFIT1) and LOC103300874/LOC103304392 (GBP1) were
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highly similar between each copy, possessing around 90% nucleotide and protein identity;
LOC103290882/LOC103290898 (DDX60) only showed 73.10% nucleotide and 49.22% protein
identity; 1ISG20/LOC103304735 were surprisingly unable to be aligned. Parts of result of multiple
sequence alignment of E. fuscus genes with corresponding human genes was shown in figure 13.
Furthermore, LOC103290882/LOC103290898 (DDX60) closely located among E. fuscus genome (data
not shown). This implied that these specific ISGs might duplicate and become multi-copies, which
might afterward undergo mutations, insertions, or deletions throughout the evolutionary selections.
However, whether those duplicated ISGs are participating in the same pathways, or they are actually
playing different roles need more studies. To sum up, this data indicates that various ISGs in Epfesicus

bats exist as multi-copies, which are simultaneously up-regulated reacting to the activation of immune

responses.
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Figure 13. Mutations, insertions, or deletions are shown in comparison of sequence similarity of E. fuscus
multi-copies genes and corresponding human orthologs.

Parts of protein sequence similarity of E. fuscus IFIT1, GPB1, DDX60, and 1SG20 with human orthologs. The
multiple sequence alignment was performed by EMBL-EBI Clustal Omega and visualized using Jalview. The
sequences are ordered by length, with the longest one at the top. The yellow boxes indicate sequences from E.
fuscus, and the blue boxes indicate sequences from human. The darker the color of protein sequences, the higher
the identity percentage. The conservation scores are calculated based on AMAS method, and star (*) means being

conserved.

2.5 Unannotated transcript levels were upregulated after poly (I:C)

treatment

As the gene annotation of E. fuscus was yet completed, I supposed that the DEG analysis was
unable to identify all upregulated genes in poly (I:C) treated samples. To address this shortcoming, I
applied de novo assembly to Efk3B data sets to obtain the transcriptomes, and I identified upregulated
but yet annotated transcripts in response to poly (I:C) treatment. A total of 530 upregulated “genes”
were recognized, consisting of 1577 transcripts (isoforms) (Fig. 14A). To identify and remove known
transcripts, I first applied E. fuscus gene annotations, and 1126 transcripts (900 proteins and 226 RNAs)
were aligned and identified (Fig. 14B). To further identify the existing orthologs in other species, I next
aligned the remaining transcripts to 1) nonredundant protein (nr) and 2) nucleotide (nt) databases from
NCBI, using BLASTx and BLASTn, respectively (details in Materials and Methods). The top hit of a
transcript from the BLAST result was considered the corresponding ortholog. As the result showed, a
total of 359 transcripts were aligned to gene annotations of various species (233 proteins and 126
nucleotides; Fig. 14B in appendices). No hit was identified for the remaining 92 transcripts, and thus
the possible roles were remained unknown. These data reveal large numbers of upregulated transcripts

without annotation, which are not included in the current E. fuscus genome reference yet.
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Figure 14. The up-regulated unannotated transcripts and their potential annotations were identified
through alignments with existing databases.

(A) Line chart of the expression of clustered up-regulated transcripts in Efk3B de novo assembly. The transcripts
with isoforms were all calculated as one gene for calculating the expression. (B) The categories and numbers of
potential annotations and possible orthologs in other species of up-regulated transcripts in Efk3B datasets. The
detailed steps of blast searching are described in material and methods. The figures and figure legends are derived

and modified from supplementary figure 6 in the original article.

I next investigated the species possessing orthologs of unannotated E. fuscus transcripts. A large
number of transcripts (317/359, 204 proteins and 113 nucleotides) were aligned to the gene annotations
of other bat species, in particular the genus Myotis and genus Pipistrellus (Fig. 15). Moreover, only 26
of these 317 transcripts could be aligned to human gene annotations via BLASTx or BLASTn (data not
shown). To conclude, these data demonstrate the upregulated but unannotated transcripts in E. fuscus,
which might participate in the mechanisms in response to poly (I:C). Moreover, the orthologs of a large

number of those unannotated transcripts exist in other bat species.
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The phylogenic tree of species harboring orthologs of up-regulated Efk3B transcripts
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Figure 15. The phylogenic trees suggest order Chiropetera harboring most of orthologs of up-regulated
unannotated Efk3B transcripts.

The species that harbored orthologs of up-regulated unannotated Efk3B transcripts were identified to generate
the phylogenic tree. The number of aligned Efk3B transcripts is shown next to the species if the number is > 10.

The figures and figure legends are derived and modified from supplementary figure 7 in the original article.
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2.6 The basal expression level of various ISGs was higher in Eptesicus bat

cell lines than in human cell lines

A previous study suggested that a consistently activated immune status might exist in bats, in which
the basal expression of IFN-a and related ISGs in bat cell lines was shown to be higher than that in
human cell lines (Zhou et al., 2016). Although the IFN-a gene is absent from or yet identified in the E.
fuscus genome, I hypothesized that this activated immune status might also exist in other immune
pathways in Epfesicus bats. To investigate this hypothesis, I examined ISGs expression in the Efk3B
and EnK data sets without poly (I:C) treatment, following a normalized method previously proposed to
obtain the basal expression level (Irving et al., 2020). I selected 12 housekeeping genes (listed in
Materials and methods) that are widely conserved in mammals according to a previous study, and the
expression level of each individual gene was normalized using the geometric mean of the 12
housekeeping genes (Caracausi et al., 2017). To compare the basal expression of ISGs, I incorporated
different human cell lines, including the HeLa data set mentioned above and other epithelial cell lines
(A549, HEK293, and HRT18) from published human cell line data sets. The gene sets consisting of
ISGs were obtained from Gene Set Enrichment Analysis (GSEA) for comparison.

First, I intended to investigate the basal expression of critical and central components participating
in interferon signaling pathways. The gene set “overview of interferon-mediated signaling pathway”
was selected, which comprised the main genes involved in interferon signaling pathways, including
various interferons, corresponding receptors, kinases, and downstream components. I found that the
basal expression of selected ISGs in Efk3B and EnK cells was not obviously different from that in

human cells (Fig. 16).
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According to the previously finding on IFN-a and related ISGs, I supposed that the components
participating in type I IFN signaling pathways in Epfesicus bats might similarly show high basal
expression. | therefore examined gene sets “IFN-P targets” and “upregulated genes in response to
interferon a”. As expected, several genes from these two gene sets showed higher basal expression
levels in Efk3B and EnK. The expression of various hub genes of innate immunity and the antiviral
response, such as DDX58 (RIG-1), I[FIT2, and IFIT3, were obviously higher in bat cell lines than that
in human cell lines (Fig. 17). These data indicate that specific immune pathways might be more
activated in Eptesicus bats than in humans before induction of immune response. However, the details

have not been fully clarified and require further investigation yet.
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Figure 17. The basal expression levels of various interferon-stimulated genes (ISGs) before induction were
higher in Eptesicus bat cells than in HeLa cells.

Heatmap of gene expression of the top 50 genes of the gene set “IFN-P targets” and “upregulated genes in
response to interferon o in untreated Epfesicus and human cell lines in the basal state, sorted by Efk3B
expression. Scale represents Log>(Normalized FPKM+1) from blue-white-red. Each FPKM was normalized by
dividing the geometric mean of 12 housekeeping gene FPKMs. The gene symbols outside the brackets are from
E. fuscus, and those inside the brackets are corresponding human orthologs. The figure and figure legends are

derived and modified from figure 5B and 5C in the original article.

Due to the aforementioned discovery, I assumed that some genes might be in an activated state
with high basal expression before poly (I:C) treatments. Moreover, the increased expression after
induction was insufficient for the genes to be recognized as DEGs, and thus these genes were not
identified and shown in previous DEG analysis (Fig. 7 and 8s). I revisited the results of the DEG
analysis, and again examined the DEGs that were upregulated only in HeLa cells but not in bat cell
lines. I generated a customized gene set using uniquely upregulated DEGs in HeLa cells, and the
induced (treated) and basal (untreated) expression levels of Efk3B, EnK, and HeLa cells were compared

in parallel (Fig. 18). Consistent with our assumption, the basal expression level of the gene set was
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overall higher in Efk3B and EnK cells than in HeLa cells. Moreover, the increased level of expression
after poly (I:C) treatments in bat cell lines was not as high as in HeLa cells. This finding suggests that
the existing high basal expression level hindered these genes from being recognized as upregulated
DEGs after poly (I:C) induction. To sum up, different from being induced after poly (I:C) treatment as
in HeLa cells, specific pathways, such as pathways including IFIT2 and IFIT3, might already be in

activated status under normal conditions in bat cell lines.

Gene set: Unique upregulated DEGs of HeLa cells
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Figure 18. Several HeLa-unique upregulated DEGs showed higher basal expression level in Eptesicus bats
cells than that in human cells.

Heatmap of the gene expression of HeLa-unique upregulated DEGs. Data from poly (I:C) treated and untreated
Efk3B, EnK, and HeLa cells are shown in parallel. The order is sorted by untreated Efk3B cell expression levels,
and the top 50 results are shown. Scale represents Logx(Normalized FPKM+1) from blue-white-red. Each FPKM
was normalized by dividing the geometric mean of 12 housekeeping gene FPKMs. The gene symbols outside the
brackets are from E. fuscus, and those inside the brackets are corresponding human orthologs. The figure and

figure legends are derived and modified from figure 5D in the original article.

2.7 Differentially expressed transposable elements (DETs) were

identified in Efk3B and EnK cells

As a previous study has shown, the expression of several TEs is significantly increased after
induction of the antiviral response (Macchietto et al., 2020). Following this finding, I investigated the
landscape and expression profiles of repeat elements in response to poly (I:C) treatment in E. fuscus

genome. Although the composition of TEs in E. fuscus genome have been described in previous studies,
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detailed annotations are still lacking (Platt et al., 2014; Vandewege, Platt, Ray, & Hoffmann, 2016). To
fulfill this gap, I applied RepeatModeler and RepeatMasker for repeat element identification to generate
customized TE annotations. I removed the repeat elements that were classified as structural RNA, and
the remaining repeat elements were used to construct customized TE annotations. In our identification,
long interspersed nuclear elements (LINEs) and long terminal repeats (LTRs) represented 13.87% and
5.17% of E. fuscus genome, respectively; the proportion of short interspersed nuclear elements (SINEs)
was similar, constituting 5.31% of the genome; DNA transposons (class DNA refers to class “DNA” +
class “RC” in the later analysis) occupied 7.36% of the genome (Fig. 19A). Numerically, LINEs
comprised 43.42% of all TEs and represented the largest TE class in E. fuscus genome. DNA
transposons and LTRs were the second and third largest TE classes, constituting 29.35% and 14.66%
of the TEs, respectively (Fig. 19B). These customized TE annotations were applied to the subsequent

analysis.
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Figure 19. The transposable elements (TEs) in E. fuscus genome were identified and classified.

(A) Bar chart of predicted TEs identified the E. fuscus genome reference. The percentage represents the
proportion that a class of TE occupies among the whole genomes. (B) Pie chart of the composition of predicted
TEs. The percentage represents the ratio of a class of TEs to all predicted TEs. The figure and figure legends are

derived and modified from figure 6A and 6B in the original article.
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To illustrate TE expression, I applied the TEtranscripts package, which calculated raw read counts
and performed subsequent DEG analysis (Jin, Tam, Paniagua, & Hammell, 2015). A total of 606 (602
up- and 4 downregulated) and 442 (416 up- and 26 downregulated) TEs were recognized as
differentially expressed TEs (DETs) in Etk3B and EnK cells, respectively (Fig. 20A). Intriguingly,
although DNA transposons are just the second largest class in E. fuscus genome, they showed to be the
largest group of upregulated elements in both Efk3B (245) and EnK (158) cells. Moreover, a large
number of common upregulated TEs in Efk3B and EnK cells were identified, indicating that the

induction of TEs after poly (I:C) treatments might not be random events in Eptesicus bat cells (Fig.

20B).
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2.8 The microRNA profile was influenced by poly (I:C) treatment

In previous research, specific miRNAs, which were involved in the modulation of immune
responses, were reported to be induced after the activation of immune responses (Nejad et al., 2018).
To investigate the profile of miRNAs in response to poly (I:C), I performed small RNA sequencing
using untreated and poly (I:C) treated Efk3B cells. A flow for predicting and analyzing the expression
of novel miRNAs was established (Fig. 21). I first analyzed the length distribution of whole small RNA
pool. As a result, a canonical peak at approximately 22 nt was identified in both untreated and treated

data sets, suggesting the existence of miRNAs (Fig. 22).
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Figure 21. The workflow of processing Ef3kB and EnK small RNA-seq datasets and performing miRDeep2
novel miRNA prediction.

The raw data of small RNA-seq were filtered and only reads between 18 to 36 bp were remained. The first
miRDeep2 was performed for identifying novel pre- and mature miRNA. The novel miRNAs were combined
with existing miRbase “Efu” data to generate customize miRNA references, and the second miRDeep2 was
performed for read counting. R Package edgeR was used for DEG analysis. The figures and figure legends are

derived and modified from supplementary figure 8 in the original article.
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I next predicted novel miRNAs using miRDeep2. A total of 182 known mature miRNAs from
miRBase as well as 774 novel miRNAs and 834 novel pre-miRNAs were identified in our data sets (Fig.
23A). To be noted, the seeds of 155/834 novel pre-miRNAs have been reported in P. alecto, indicating
that orthologs of several novel E. fuscus miRNAs might exist in P. alecto. Subsequently, to elucidate
the locations and potential origins of novel miRNAs, I mapped novel pre-miRNAs to E. fuscus genome.
Approximately, half of the novel miRNAs (392/834) were aligned to genic regions, and 55 novel
miRNAs were potentially generated from TE regions (Fig. 23B). Besides, 37 miRNAs simultaneously
overlapped genic and TE regions, in which represented gene-TE chimeric sequences or TEs locating in
gene structures. Finally, a large number of miRNAs (356/834) were remarkably produced in

unannotated intergenic regions.
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(Figure legend is in the next page.)
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Figure 23. Novel miRNAs were identified, and the main locations of novel miRNAs were shown to be gene
and unannotated intergenic regions.

(A) Bar chart of the numbers of known and novel miRNAs expressed in Efk3B data sets. Known miRNAs were
derived from miRBase, and novel miRNAs were predicted via miRDeep2. (B) Bar chart of the numbers of
miRNAs in corresponding locations among the E. fuscus genome in the Efk3B data sets. The figure and figure

legends are derived and modified from figure 7B and 7C in the original article.

Following above data, I examined the genes that potentially produced novel pre-miRNAs. In total,
400 genes were characterized to hold 429 (392 genic + 37 genic & TE) novel pre-miRNAs that
overlapped with genic regions. For subsequent analyses, the 400 genes were applied to the homemade
conversion table and converted into 382 human annotations. GO term analysis of these 382 genes
showed that only “covalent chromatin modification” (GO: 0016569) and “histone modification” (GO:
0016570) were significantly enriched (Fig. 24A). Furthermore, these genes were shown to participate
in diverse functions and were not well grouped according to the network analysis (Fig. 24B). To sum
up, these data suggest that novel miRNAs are produced from various genic regions with diverse

functions, and numerous miRNAs are originated from unannotated regions that are still unclear.

Enriched GO terms

=g Covalent chromatin modification {

= Histone modification -

Wnt Signaling pathway {

cell-cell signaling by wnt 1

Small GTPase-mediated signal transduction  {

Regulation of Wnt signaling pathway { ®
Protein autophosphorylation 1 [ ]

Regulation of chromatin organization |

Regulation of histone modification

Positive regulation of chromosome organization -

Regulation of viral process 1

ARRBT pMT1

‘SREBF1 SETD3

TRIM3T

ASXL1

MORF4L1
lent chi il dlifi ‘WDRBZ
I, alent chromatin modification
KOMEZ" KANSL1
HUWE1 histone medification
Jamipic 5 FLCN

IGF:
451
ZNFS ARID4A

HMGA2
MIDEAS
SETD1A

MAPKS

Size
e 10
® 20

[
d
b
\d
o
DNMT3A

GATA3

ATM
PRKD1

PKD1
NFKB1

Positive regulation of autophagy {

Viral genome replication |

Regulation of viral genome replication 1
Histone H3-K4 methylation {

Positive regulation of viral genome replication {
mRNA metabolic process 1

Cellular response to X-ray 1

Pre-miRMA processing |

Histone H3-K4 trimethylation 1

PPP2CA
EIF2AK4 RNFIZB

HTATIPZ

GNAQ
Wt signaling pathway

GSK2B
cell<cell signaling by wnt
STK11
Tsc2 USP34_ axiNt
RAPGEF1 CSNK2E

CAPRIN2

PSMES
STK25 pratein autophospharylation

GRKS

PEAK1
DAPK1
FES WNK2 TIAM1 aeo3

TOMIL1
ATR
TRPMT

TAOK1 EXT1 LRRK1  NOTCHI

p.adjust Count Qfl, ch Q‘b Q‘b
® 10 Qr QS Qr D
g'gig @ 20 Gene ratio
0.075 (Figure legend is in the next page.)
01

37



Figure 24. Predicted novel miRNAs in gene regions was mainly originated from ISGs with diverse
functions.

(A) The top enriched GO term biological processes of genes harboring novel miRNAs in Efk3B data sets. The
red the dot, the smaller the adjusted p value. The size of the dot represents the number of genes involved in the
term, and the gene ratio represents the proportion of genes occupying the whole term. (B) The gene-concept
network of genes harboring novel miRNAs and corresponding enriched GO terms. The size of the dot represents
the number of genes. The figure and figure legends are derived and modified from figure 7D and 7E in the

original article.

To investigate the expression of novel miRNAs and perform DEG analysis, I constructed a
customized miRNA library incorporating above predicted novel miRNAs. For this purpose, I decided
to remove one untreated data set, which was considered an outliner due to its low mappability. The DEG
analysis showed increased expression of 16 miRNAs (13 novel + 3 known), which were generated from
20 pre-miRNAs (13 novel + 7 known). Notably, some upregulated miRNAs were shown to be produced
from several ISGs, including SLC9A2, DLG3, MX1, ZC3H12A, RNF213, and ADAR (Table 1).
Coinciding with this result, MX1, ZC3H12A, RNF213, and ADAR were DEGs that were identified in
previous DEG analysis in Efk3B mRNA-seq data sets, indicating that the upregulated miRNAs might
be the consequences of activation of immune responses. In summary, the activation of innate immune
responses after poly (I:C) treatments leads to production of groups of novel miRNAs, affecting the
miRNA profile in Efk3B cells. However, whether those novel miRNAs are involved in the regulation

of innate immune responses or not is still unclear.
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miRNA

Pre-miRNA

Gene location

(Efk3B Symbol)
efu-miR-1249 efu-mir-1249 KIAA0930
efu-mir-9215a-1 SLC9A2T
efu-mir-9215a-2
efu-miR-9215a efu-mir-9215a-3
efu-miR-9215b efu-mir-9215a-4
efu-mir-9215a-5
efu-mir-9215b DLG3f
efu-novel-miR-65 efu-novel-mir-65 MX1f
efu-novel-miR-109 efu-novel-mir-109 RNF213f
efu-novel-miR-142 efu-novel-mir-142 YIPF3
efu-novel-miR-225 efu-novel-mir-225
efu-novel-miR-250 efu-novel-mir-250
efu-novel-miR-327 efu-novel-mir-327 LIX1L
efu-novel-miR-340 efu-novel-mir-340
efu-novel-miR-368 efu-novel-mir-368
efu-novel-miR-479 efu-novel-mir-479
efu-novel-miR-555 efu-novel-mir-555 ZC3HI12AT
efu-novel-miR-633 efu-novel-mir-633 GPKOW
efu-novel-miR-687 efu-novel-mir-687
efu-novel-miR-712 efu-novel-mir-712 ADARY

"These genes are ISGs, as defined by the Interferome database (Rusinova et al., 2013).
Table 1. Differentially expressed miRNAs, pre-miRNAs and their gene locations in Efk3B cell.

The table is derived from table 1 in the original article.
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Chapter 3

Discussion and Conclusion
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Various bat species have been reported to show distinct characteristics of innate immune systems,
such as distinguished signaling pathways and high basal expression of ISGs (Ahn et al., 2016; Xie et
al., 2018; Zhou et al., 2016). In recent years, high-throughput sequencing has become gradually
common, and increased data sets have been published, which facilitate the studying on not only model
species but also non-model species. However, data sets from many non-model species, including bats
of the genus Eptesicus, are still relatively lacking and limited. In this study, [ applied two Eptesicus bat
cell lines after poly (I:C) treatments and aimed to reveal the innate immune responses of those bat cells.
I comprehensively analyzed the gene expression profiles in two cell lines, including mRNA, miRNA,
and TE expression profiles. The expression profiles between the two bat cell lines were shown to be
similar to a certain extent after poly (I:C) treatments, but several genes were uniquely upregulated in
each cell line (Fig. 7 and 8). I also revealed that the upregulated genes were distinguishable between
the Eptesicus bat cells and human epithelial cells (Fig. 11). Moreover, compared to human cells, the
basal expression levels of various ISGs were higher in bat cells (Fig. 17 and 18). This report shows that
innate immune responses in bats are possibly unique from those in humans, and the results and data sets
provide resources for future studies, contributing to a deeper understanding of bat immunity.

In this study, I compared the expression profiles between bat cells and human HeLa cells treated
by poly (I:C), elucidating the uniqueness of immune responses in Epfesicus bat (Fig. 11). Although
common immune pathways were shared between bat and human cells, many genes were uniquely
upregulated in Eptesicus bat cells, in particular those related to IFN-y pathways (Fig. 12). IFN-y is
known to participate in innate immune responses and to involve in the stimulation of adaptive immune
responses (Lee & Ashkar, 2018), including antiviral activity against mononegaviruses, such as the Ebola
virus and Hendra virus, in mouse models and bat cell lines (Janardhana et al., 2012; Lee & Ashkar,
2018; Rhein et al., 2015). In a previous study, Kuzmin et al. also revealed that IFN-y demonstrated the
antiviral effect against filoviruses infections along with IFN-a and IFN-B in R. aegyptiacus cell lines,
as well as the expression of bat type II IFN could only induce the innate immune responses in rousette
cells but not in human cells, suggesting a host species specificity (Kuzmin et al., 2017). The activation

of IFN-y pathways in Eptesicus bat cell lines in this study might be supportive evidence of this species
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specificity. However, surprisingly, the expression of IFN-y transcripts (IFNG) was not detected in either
untreated or poly (I:C) treated samples of Eptesicus bat cells (data not shown). How the IFN-y pathways
are activated in response to poly (I:C) treatment and whether these pathways practically contribute to
antiviral responses in Eptesicus bats require further investigation. It should be noted that as I applied
cell lines derived from bat or human epithelial cells to our studies, the possibility that the above
characteristics might be attributed to the differences in cell type but not species cannot be excluded.
Further studies are required to illustrate the roles of those uniquely upregulated genes in bat cells.

Higher basal expression was shown in some immune-related genes, and it might be one of the
unique characteristics of bat immune strategies. Although IFN- was not constitutively expressed in bat
cells according to our data, | indeed identified higher expression levels of putative ISGs in bat cells than
in human cells (Fig. 1, 17, and 18). It is thus possible that the high basal expression of ISGs involved
in type I IFN pathways might be a critical factor in response to viral infection in bats, which in the end
lead to the virus-tolerating phenotype. The detailed mechanisms of regulation and potential outcome of
the high basal expression require further studies.

I also observed different patterns in gene expression between Efk3B and EnK cells. A total of 409
and 834 genes were identified as DEGs in Efk3B and EnK cells, respectively, and 274 upregulated
genes were shared in both cell lines (Fig. 7B). Gene ontology analyses showed that general biological
processes related to immune responses were commonly induced, and additional pathways might be
uniquely activated in EnK cells (Fig. 8 and 9). However, as mentioned above, although both Efk3B and
EnK cells were derived from the kidney and are supposedly epithelial cells, it is also not clear if the
differences were attributable to the distinctness between species and/or cell types. Further studies are
required to reveal the biological roles of these differences.

Our data showed that noncoding RNAs (ncRNAs) are induced after poly (I:C) treatments,
suggesting that ncRNAs might be involved in the innate immunity of bat cells. Among 274 upregulated
DEGs shared in Efk3B and EnK cells in response to poly (I:C), 70 genes are termed as uncharacterized
ncRNAs in NCBI. In previous studies, ncRNAs have been shown to be involved in various aspects of

immunity. For example, in mouse embryonic fibroblasts, ncRNAs were shown to inhibit NF-xB DNA
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binding activity and further downregulate the inflammatory response; specific ncRNAs were suggested
to react to IL-1P activation and subsequently modulate inflammatory activity in human epithelial cells
and fibroblasts (Hadjicharalambous & Lindsay, 2019). However, the potential roles of ncRNAs in bats
are still relatively unknown. Our data provide clues to investigating the functions of these upregulated
ncRNAs in Eptesicus bat cells.

I preliminarily revealed the expression profiles of miRNAs in response to poly (I:C) in Eptesicus
bat cell lines (Fig. 23 and 24). Previous studies have suggested that miRNAs participate in the
modulation of innate immunity (Nguyen et al., 2018). As mentioned, some miRNAs were shown to
regulate immune responses in feedback loops or directly target viral RNAs, inhibiting viral replication.
Although the potential roles of miRNAs in bat immunity are still unclear, as the induced expression
patterns have shown in this study, it is possible that some of the novel miRNAs play roles in the
regulation of innate immune responses in Eptesicus bat cells. Further study is necessary to clarify the
possible functions of newly-identified novel miRNAs.

Similar to miRNAs, TEs are also suggested to participate in immune responses. However, the TE
expression profiles in response to induction of immune responses have not yet been illustrated. I indeed
detected obvious upregulation of TEs, many of which were common in Efk3B and EnK cells (Fig. 20).
The recent study indicates that TE expression is upregulated during virus infection, which further
activates innate immune responses in human and mouse cells (Macchietto et al., 2020). Other earlier
studies suggested that the upregulation of TE expression results in IFN activation in cancer cells and
pluripotent cells (Grow et al., 2015; Mu, Ahmad, & Hur, 2016; Roulois et al., 2015). Nevertheless, the
roles of TEs in bat immunity is relatively unknown. Whether these upregulated TEs are involved in the
regulation of immune responses or are just concomitant with activated immune responses requires
further investigation.

Our assembly data represent a valuable resource for gene annotations of the genomes of Eptesicus
bats. Although the annotations of the E. fuscus genome are provided in NCBI database, it is still
incomplete, and many annotations were not yet experimentally validated. Here, I performed de novo

assembly using Efk3B data sets and identified 359 unannotated but upregulated transcripts after poly
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(I:C) treatments (Fig. 14). Intriguingly, among the 359 unannotated transcripts, orthologs of 42
transcripts were not identified in other species of bats, suggesting the discovery of novel transcripts
specifically expressing in Eptesicus bats. Furthermore, I identified novel miRNAs as described above
(Fig. 14 and 15). Therefore, our data will be useful for more precise annotation of the E. fuscus genome,
contributing to future studies on E. fuscus.

I found several up-regulated ISGs existing as multi-copies in Eptesicus bats, which might also
point to potential unique immune responses (Fig. 7 and 13). These multi-copies ISGs are simultaneously
upregulated in response to poly (I:C) treatments, suggesting their concurrent reactions to the immune
responses. Previous data suggests that [ISGs shared by various species are more likely to exist as multiple
copies, and the ISGs could have different copy number in different species (Shaw et al., 2017). The
impact of copy number variations has been studied in cancers, and the results suggest that the copy
number is highly correlated with gene expression (Myhre et al., 2013; Shao et al., 2019). Another report
reveals that copy number variation might be related to autoimmune diseases (Yim, Jung, Chung, &
Chung, 2015). However, the exact role of these multi-copies ISGs in bat cells is still unclear. Whether
these multi-copies ISGs make influence on the innate immune response, playing similar or distinct roles
in Eptesicus bat, required further research.

Genome references of E. nilssonii are still lacking, and it is thus difficult to analyze the data
obtained from EnK cells. In this study, I analyzed the data sets obtained from EnK basing on the F.
fuscus genome. This strategy simplifies the processes and provides preliminary results. However, it
indeed has limitations, such as expectedly higher mismatches during mRNA-seq mapping. These
mismatches could further affect the results of DEG analysis and interrupt GO term analysis. Thus,
unique patterns in E. nilssonii might not have been identified due to above limitation. Additionally, as
miRDeep2 prediction requires the genome sequence, I could not perform miRDeep2 analysis using
EnK data sets. Another limitation is that the gene expression profiles are definitely influenced by the
cell types and culture conditions. To our knowledge, the published HeLa data set, using epithelial cell
line and poly (I:C) treatment, was the one most similar to our samples when this study was undergone.

However, Efk3B and EnK cells are kidney-derived cells, different from cervical cancer HeLa cells.
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Furthermore, these cell lines were grown in different culture conditions. It is necessary to include more
cell types, culture conditions, and treatments for further analysis in future studies. Therefore, as an
increasing number of high-throughput data studies and relatively complete genome references become
available in the future, a deeper analysis could be performed to reveal additional information.

In conclusion, this study provides supportive and novel perspectives into the research of bat
immunity via studying Eptesicus bats, contributing to the clarification of bat immune functions. Further
understanding the mechanisms by which bats respond to viral infection is critical for developing

innovative methods and therapies for defending against pathogenic diseases in humans.
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Chapter 4

Materials and methods
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4.1 Cell culture

Efk3B cells (Eptesicus fuscus kidney epithelial cells; Kerafast, Boston, Massachusetts, USA)
(Banerjee et al., 2016) were cultured in Dulbecco’s Minimal Essential Medium (DMEM; Thermo Fisher
Scientific, Waltham, Massachusetts, USA) containing 10% fetal bovine serum (Thermo Fisher
Scientific), penicillin/streptomycin (Nacalai Tesque, Kyoto, Japan), and 1% GlutaMax (Thermo Fisher
Scientific). EnK cells (Eptesicus nilssonii kidney-derived cells) (Horie et al., 2016) were grown in low
glucose DMEM (Nacalai Tesque) with 10% fetal bovine serum (Thermo Fisher Scientific) and
penicillin/streptomycin (Nacalai Tesque). Cells were maintained in a 37 °C humidified incubator with

5% CO:s.

4.2 Polyinosinic-polycytidylic acid (Poly (I:C)) and universal type I
interferon (IFN) treatment

Efk3B and EnK cells were seeded in 24-well plates at concentrations of 7.5 x 10% and 2.5 x 10*
cells/well for poly (I:C) and universal type I interferon treatment. For poly (I:C) treatments, a working
concentration of 4 ug/mL low molecular weight poly (I:C) (Invitrogen, Waltham, Massachusetts, USA)
was transfected into cells using 2 pL TransIT-X2 (Mirus Bio, Boston, Massachusetts, USA; for EnK
cells) or PEI MAX (Polysciences, Warrington, Pennsylvania, USA; for Efk3B cells) mixed with 70 pL
Opti-MEM™ | Reduced Serum Medium (Thermo Fisher Scientific). For IFN treatments, universal type
I interferon (PBL Assay Science, Piscataway, New Jersey, USA) was diluted with culture medium to a
working concentration of 1000 units/mL. Cells were harvested after 4, 8, 12, 24, and 48 hours of

treatment and were used for RNA extraction. Untreated cells at 0 hours were used as control groups.

4.3 RNA extraction, reverse transcription, and qRT-PCR

NucleoSpin® RNA Plus (TaKaRa, Otsu, Japan) was used to extract total RNA following the
manufacturer’s instructions. A total of 200 ng of the extracted RNA was reverse transcribed into cDNA

with a Verso cDNA Synthesis Kit (Thermo Fisher Scientific) with the oligo dT primer included in the
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kit as per the manufacturer's directions for a 1-hour reverse transcription reaction at 50 °C.

To quantify the expression level of selected interferon-stimulated genes (ISGs), qRT-PCR was
performed with Luna Universal gPCR Master Mix (New England Biolabs, Ipswich, Massachusetts,
USA) using a CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, California, USA).
Samples containing the above cDNA were prepared following the manufacturer’s instructions. As the
E. nilssonii genome sequence was not yet available, primers for QRT-PCR were designed based on the
NCBI E. fuscus genome (GCA_000308155.1 EptFus1.0) as described below. After selecting the primer-
targeting sites, I amplified the fragments containing the sites through conventional PCR using Efk3B
and EnK cDNA samples. Through Sanger sequencing and comparison of amplicons from Efk3B and
EnK samples, I designed common primer sets for the gqRT-PCR assays. If necessary, additional primers
were designed according to the nucleotide differences between the two cell lines. The qRT—PCR primer

sequences are listed as below:

Gene Primer sequence (5'-Sequence-3")
Forward: CCTGGGCATGGAATCCTGTGGC
ACTB Reverse: TCCTTCTGCATCCTGTCGGCGA
IENBL Forward: GCGTGCTCCGATTCCGACAGAG
Reverse: TCCTTCTGGACCTGCTGTGGCT
VX1 Forward: TGGAGGCGCTGTCTGGTGTCTC

Reverse: CTCAGTTTCAGCACCAGGGGGC

Forward: ACCAAAACACTGCAAATTGCTGCC
IFIT1-L Reverse (for Efk3B): GCTGTTCCAGCCTAGCTTGGAT

Reverse (for EnK): GGTGTTCCAGCCGAGGTTGGAT

Forward: AATCCAGCAGCAGCACCCTGAC

Reverse: TTCGGAGAGTCTGCCCATGCCA

IFIT2

The qPCR conditions were as follows: 10-minute initial denaturation step at 95 °C; two-step
cycling for 35 cycles at 95 °C/5 sec, 60 °C/30 sec with absorbance readings between each cycle; and a
final step of 95 °C/10 sec to generate the dissociation curve with absorbance readings for the
dissociation curve acquired at every 0.5 °C from 65-95 °C. Two housekeeping genes (ACTB and
GAPDH) were tested, and as there was no variation in normalized Cq and relative fold changes, I chose

ACTB for normalization.
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4.4 mRNA sequencing

The extracted total RNA was qualified using High Sensitivity RNA ScreenTape (Agilent, Santa
Clara, California, USA) and 4200 TapeStation system (Agilent) and confirmed that all RIN® values
ranged from 8.7-9.9. To prepare strand-specific paired-end libraries, the extracted total RNA was first
processed via a Dynabeads™ mRNA Purification Kit (Thermo Fisher Scientific) to enrich poly-A tailed
mRNA. The enriched samples were quantified via Qubit® RNA HS Assay Kits (Life Technology,
Carlsbad, California, US), and 1.5-15.2 ng of RNA samples were used for library preparation. The
NEBNext® Ultra II Directional RNA Library Prep Kit for [llumina® (New England Biolabs) was used
for library preparation according to the manufacturer’s instructions. In detail, the condition for
fragmentation was 10 minutes at 94 °C; the condition of size selection was set for isolating
approximately 400 bp inserts by using Sera-Mag™ (Cytiva, Tokyo, Japan), and the cycle number for
PCR enrichment ranged from 12-15 cycles depending on the concentration of the RNA input. The
constructed libraries were diluted 20 times and qualified using High Sensitivity D5000 ScreenTape
(Agilent) and the 4200 TapeStation system. If necessary, the libraries were subjected to dual size
selection with Sera-Mag™ to adjust the final library size, ranging between 450-600 bp. Finally, the
libraries were quantified using Qubit® dsDNA HS Assay Kits (Life Technology) to calculate the final
concentration of the samples for mRNA sequencing. Sequencing was performed using the NextSeq
500/550 Mid Output Kit v2 (300 Cycles) on the paired-end Illumina NextSeq platform (NextSeq 500,

2 x 150 bp; Illumina, San Diego, California, USA).

4.5 Preprocessing for mRNA sequencing

Raw reads were processed by fastp (v0.20.1) for adapter trimming and quality control with the
following parameters: -1 35 -y -3 -W 3 -M 20 -x --detect_adapter for pe (Chen, Zhou, Chen, & Gu,
2018). The published HeLa cell data set (GSE130618), HEK293 cell, A549 cell, and HRT18 cell data

sets (GSE165900) was downloaded from NCBI and processed with the same procedures as above.
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4.6 Annotation conversion and differentially expressed gene analysis

To convert the E. fuscus annotation into human annotation, I generated a conversion based on
BLASTp (v2.10.0+; Camacho et al., 2009). Protein annotations from E. fuscus (NCBI: txid 29078;
GCA _000308155.1 EptFus1.0) and humans (NCBI: txid9606; GRCh38.p13) were used. The database
for BLASTp was made using human protein annotation with default parameters. To simplify the output
and interpretation, I performed BLASTp using the parameters -max_target_seqs 1 -outfmt 6 -evalue le-
5 to identify the most similar orthologs between E. fuscus and humans. The output table contained NCBI
IDs, which were further converted into gene symbols for further analysis.

As an E. nilssonii genome reference was unavailable, the analysis of both the Efk3B and EnK data
sets was based on the E. fuscus genome. To perform differentially expressed gene (DEG) analysis, the
processed raw reads of the EnK and Efk3B data sets were mapped to the E. fuscus genome, and those
of the HeLa data set were mapped to the human genome (GRCh38.p13) using STAR (v 2.7.8a) with the
following parameters: --outMultimapperOrder Random --outSAMmultNmax 1 (Dobin et al., 2013).
SAMtools (v1.10) was used to transform the STAR results from the sam file to the bam file (H. Li et
al., 2009). Afterward, raw read counts of the genes were calculated based on E. fuscus and human gene
annotations via featureCounts (v2.0.1) with the following parameters: -p -M -O -s 2 -t exon (Liao,
Smyth, & Shi, 2014). Raw read counts were next used for DEG analysis in R (v4.1.0) using the edgeR

(v3.34.0) package. The threshold for identifying DEGs was set as | log2 (fold change) | = 1 and a false

discovery rate (FDR) < 0.05. The visualization of heatmaps and volcano plots was performed using the
pheatmap (v1.0.12) and EnhancedVolcano (v1.10.0) packages (Blighe, Rana, & Lewis, 2021; Kolde,
2019). After identifying DEGs, Gene Ontology analysis, KEGG analysis, and gene-concept network
analysis were performed and visualized using the enrichplot (v1.12.2) package (Yu, 2021). Venn
diagrams were generated using Venn Diagram Plotter (https://omics.pnl.gov/software/Venn-diagram-

plotter).

4.7 De novo assembly and transcriptome analysis

To generate overall assembly using Efk3B data sets, I first merged all untreated and poly (1:C)
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treated raw reads processed by mRNA-seq. Trinity (v2.11.0) was used for performing de novo assembly
with the strand-specific parameter --SS lib type RF (Grabherr et al., 2011). The downstream
quantification and analysis were performed following the instructions in the Trinity manual and using
built-in scripts (Haas et al., 2013). In detail, the raw reads were aligned to de novo assembled transcripts
using bowtie2, and the expression of transcripts was estimated by RSEM (Langmead & Salzberg, 2012;
B. Li & Dewey, 2011). To identify DEGs, the expression of transcripts was counted at the gene level
but not at the isoform level to simplify the process. The DEG analysis was performed using edgeR, and

the threshold for identifying DEGs was set as | log2 (fold change) | > 2 with a false discovery rate (FDR)

< 0.001 to reduce the candidate numbers.

To identify the possible annotations of differentially expressed transcripts, I performed alignments
in the following order: the transcripts were first aligned to E. fuscus protein annotations via BLASTx;
the remaining transcripts were next aligned to E. fuscus mRNA annotations via BLASTn; the remaining
transcripts were then aligned to the NCBI nonredundant protein database (nr) via BLASTx, and the
remaining transcripts were finally aligned to the NCBI nonredundant nucleotide database (nt) via
BLASTn. The transcripts without any annotation after these four-step alignments were characterized as
unknown. The phylogenetic trees were generated using TimeTree with corresponding species names,
and the graph was generated and modified by MEGA (Version 11.0.8) (Kumar, Stecher, Suleski, &

Hedges, 2017).

4.8 Normalization for analysis of basal expression level

For the normalization of gene expression to analyze and compare the basal expression level, a
normalized method was applied as previously described (Irving et al., 2020). A total of 12 housekeeping
genes (gene symbols in E. fuscus: TBCB, CIAO2B, NOP10, GAPDH, RRAGA, LOC103289292,
ACTGI1, RPS27, ACTB, MIF, RPL8, and RPS18) were selected for normalization according to a
previous study (Caracausi et al., 2017). To represent gene expression, “fragments per kilobase of exon
per million reads mapped” (FPKM) for each gene were calculated using the raw read counts obtained
above. For normalization, the FPKM of each gene was individually divided by the geometric mean of
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FPKM of the selected housekeeping genes. The normalized FPKM was defined as the basal expression
of each gene.

The gene sets for basal expression analysis were selected from Molecular Signatures Databases
(Mootha et al., 2003; Subramanian et al., 2005; MSigDB, UC San Diego and Broad Institute). The gene
sets  WP_OVERVIEW_OF INTERFERONSMEDIATED SIGNALING PATHWAY (M39785),
HECKER IFNB1 TARGETS (M3010), and HALLMARK INTERFERON ALPHA RES-PONSE

(M5911) were used for basal expression analysis.

4.9 Construction of customized transposable element annotations and

TE analysis

To manually annotate repeat elements, a customized library was first generated from the E. fuscus
genome using RepeatModeler (v2.0.2a), which identified and modeled the de novo transposable
element (TE) family (Flynn et al., 2020). In addition, the LTR discovery pipeline (parameter: -
LTRStruct) was included for more comprehensive identification. This customized library was combined
with the “primary Eptesicus library”, which was included in the RepeatMasker (v4.1.2) package (Smit,
Hubley, & Green, 2013-2015). RepeatMasker was subsequently used to predict and annotate repeat
elements in the E. fuscus genome based on the combined library. After annotation, the repeat elements
classified as structural RNA, simple repeats, and low complexity repeats were removed. The remaining
elements were used for customized TE annotations.

TEtranscripts (v2.2.1) with multiple-mode mapping was used to obtain the raw read counts of each
TE (Jin et al., 2015). To improve the accuracy of counting, E. fuscus gene annotation was included.
DEG analysis was subsequently performed by TEtranscripts using DESeq2 (Love, Huber, & Anders,
2014). The method and tools used for visualizing differentially expressed TEs (DETs) were the same as

those used for the mRNA-seq DEG analysis described above.

4.10 Small RNA sequencing, novel microRNA prediction, and data
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analysis

Direct-zol RNA Kits (Zymo Research, Irvine, California, USA) were used to extract total RNA,
including small RNA. Extracted RNA was qualified using High Sensitivity RNA ScreenTape and 4200
TapeStation system (Agilent) to confirm that all RIN® values ranged from 7.6-8.4. Gel size selection
was performed to filter out small RNAs for further library preparation. TruSeq Small RNA Library
Preparation Kits (Illumina) were used to prepare libraries according to the manufacturer’s instructions.
Sequencing was performed on the [llumina HiSeq platform (HiSeq 2500 system, 1 x 50 bp). Library
preparation and sequencing were performed by Macrogen Japan Corp.

To trim adapters, filter selected sizes (12-36 bp), and perform quality control, raw reads were
processed by fastp (v0.20.1) with the following parameters: -1 12 --length_limit 36 -y -3 -W 3 -M 20 -
x -a TGGAATTCTCGGGTGCCAAGG. The length distribution of sSRNA processes was calculated by
a homemade bash script. The package miRDeep2 (v2.1.0.3) was used to predict novel precursors (pre-
miRNAs) as well as novel microRNAs (miRNAs) and calculate raw read counts of each pre-
miRNA/miRNA (Friedlander, Mackowiak, Li, Chen, & Rajewsky, 2012). To improve the accuracy of
novel miRNA prediction, mature miRNAs and hairpins of E. fuscus and mature miRNAs of Pteropus
alecto from miRBase were included (Release 22.1; Kozomara, Birgaoanu, & Griffiths-Jones, 2019).
The script “mapper.pl” was first executed with the following parameters: -d -e -h -i -j -1 18 -m -v; the
script “miRDeep2.pl” was next executed using the output of mapper.pl and the databases from miRBase.
To identify the localization of novel pre-miRNAs in the E. fuscus genome, bedtools intersect (v2.30.0)
was used with the following parameters: -s -f 1 -u (Quinlan & Hall, 2010). To define the features among
the E. fuscus genome, E. fuscus gene annotations from NCBI were defined as “gene regions”,
customized transposable element annotations described above were defined as “TE regions”,
overlapping sections of genes and TEs were defined as “gene & TE regions”, and the remaining
unannotated regions were termed “unannotated regions”. A miRNA was assigned to the regions only
when it fully overlapped with the corresponding features. DEG analysis for novel miRNAs was
performed using raw read counts obtained from miRDeep2. The methods and tools for mRNA-seq DEG

analysis described above were again used for analysis and visualization.
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4.11 Data availability

The accession number for the sequencing data reported in this paper is in the DDBJ DRA database:

DRAO012731.

4,12  Statistics

The qPCR data are shown as the mean and standard error of the mean (s.e.m.) of multiple biological
replicates. Unpaired Student’s t-tests were used to test significance. Data were considered significant if

*P <0.05, **P <0.01, and ***P < 0.001.
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Appendices

Coding for analysis

Adaptor trimming and quality control for sequencing raw data via fastp (bash)
## For paired-end mRNA-seq data sets
fastp -w 16\
-1 <fastq_R1> -o < output fastq R1 > -I < fastq R2> -O <output fastq R2>\
-j <output json> -h <output htmI>\
-135 -y -3 -W 3 -M 20 -x --detect_adapter for pe

## For single-end small RNA-seq data sets
fastp -w 16\
-1 <fastg> -o < output fastq >\
-j <output json> -h <output htmI>\
-1 12 --length_limit 36 -y -3 -W 3 -M 20 -x -a TGGAATTCTCGGGTGCCAAGG

Genome mapping (bash)
## Construct STAR index
STAR --runThreadN 32 --sjdbOverhang 149 --runMode genomeGenerate \
--genomeDir <output director> --genomeFastaFiles <genome fasta> --sjdbGTFfile <gtf/gff >

## STAR mapping (output one result for multiple mapped reads)

STAR --runThreadN 32 --readFilesCommand zcat --outReadsUnmapped Fastx \
--outSAMmultNmax 1 --outMultimapperOrder Random --genomeDir <STAR index>\
--readFilesIn <input fastq R1> <input fastq R2> --outFileNamePrefix <output director>\

## Transform sam to bam, extract mapped reads, sort bam file, and create bam index

samtools sort -@ 32 -O bam -o <output bam> -T <output directory> <input sam>

samtools view -@ 32 -h -b -F 4 <input bam> > <output mapped bam>

samtools sort -@ 32 -O bam -o <output sorted bam> -T <output directory> <input mapped bam>
samtools index <input sorted bam>

Raw read counting and fpkm calculation of mRNA-seq (bash)
## Obtain raw read counts using featureCounts
featureCounts -T 36 -p -M -O -s 2 -t exon -g gene name \
-a <annotation gtf> -o <output txt> <all input bam> 2>&1 tee <log txt>

## Calculate fpkm
# Combine biological repeats
awk 'BEGIN{

OFS="\t"

i
print $1,$2+$3+$4,$5+56+57,$8
}' <input raw read counts> > <processed raw read count>

# Calculate fpkm using established perl script
# rpkm_script_beta.pl from https://github.com/decodebiology/rpkm_rnaseq count.git
perl rpkm_script_beta.pl <processed raw read count> 2:3 4 > <output fpkm txt>

edgeR differentially expressed gene (DEG) analysis (R)
# Input samples and make matrix.
combined_table <- read.table(<processed raw read count>, header =T,
col.names = c("Genes","treated 1", "treated 2", "treated 3",
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"untreated 1", "untreated 2", "untreated 3",
"Length"))

rownames(combined_table) <- combined table$Genes

combined_table <- combined_table[,c(5:7,2:4)]

# Construct DGE matrix for F-test

group <- factor(c(1, 1, 1, 2, 2, 2))

DGE table <- DGEList(counts = combined_table, genes = rownames(combined_table), group = group)
keep <- filterByExpr(DGE _table, group = group)

DGE table <- DGE table[keep,,keep.lib.sizes = FALSE]

DGE table <- calcNormFactors(DGE table)

design <- model.matrix(~group)

DGE _table <- estimateDisp(DGE _table, design)

## Calculate DEGs

# Perform F-test

fit <- glmQLFit(DGE _table, design)
qlf <- glmQLFTest(fit, coef = 2)
topTags(qlf)

tr <- glmTreat(fit, coef =2, Ifc = 1)
topTags(tr, n = 15, p.value = 0.05)

# Make volcano MA plot
EnhancedVolcano(topTags(qlf, n = Inf, p.value = 1)$table,
lab = rownames(topTags(qlf, n = Inf, p.value = 1)$table),
selectLab = "none",
xlim = ¢(-2, 7.5), ylim = ¢(0, 10),
title = NULL, subtitle = NULL,
pCutoff = 0.05,

FCcutoff=1,
x ="logFC,
y ='FDR")

# Selected DEGs with > 2 fold-changes, and p-value < 0.05.
# Seperate upregulate and downregulate genes.

deg <- topTags(qlf, n = Inf, p.value = 0.05)$table

up <- row.names(deg[deg$logFC > 0,])

down <- row.names(deg[deg$logFC < 0,])

Generate homemade conversion table via BLASTp (bash and R)
## Perform blasp using bash
makeblastdb -in <human protein fasta> -parse seqids \
-blastdb_version 5 -title <name of database> -out <human protein blasp database> -dbtype prot
blastp -query <E. fuscus protein fasta> \
-db <human protein blasp database> -max_target seqs 1 \
-outfmt 6 -evalue le-5 -num_threads 32 > <output outfm6 file>

## Input the outfmo6 file into R and transform RefSeq ID into gene symbol
# Input outfmt6 file

blastp <- read.table("<output outfmo6 file>")

blastp <- blastp[1:2]

colnames(blastp) <- c("Ef protein","Homo_protein")

blastp <- unique(blastp)
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# Input curated annotation, generated from NCBI annotation table

# Information includes “Accession”, “Start”, “Stop”, “Gene Symbol”, “NCBI Protein ID”
Ef annotation <- read.table("<E.fuscus curated annotation txt>", header = TRUE)

Ef annotation curated <- unique(Ef annotation[, 4:5])

Homo_annotation <- read.table("<human curated annotation txt>", header = TRUE)

Homo annotation curated <- unique(Homo annotation[, 4:5])

# Generate final conversion table

temp <- merge(blastp, Homo_annotation curated, by.x = "Homo_protein", by.y = "Protein")
colnames(temp) <- c("Homo_protein", "Ef protein"”, "Homo Locus")

temp2 <- merge(temp, Ef annotation_curated, by.x = "Ef protein", by.y = "Protein")
colnames(temp2) <- c("Ef protein", "Homo protein", "Homo Locus", "Ef Locus")
Homo_ Ef annotation <- unique(test2[, 3:4])

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis (R)
# GO analysis via enrichGO
# cnetplot() used for network analysis (not shown)
ego <- enrichGO(gene = <sorted E. fuscus target gene with human annotation>,
universe = <whole E. fuscus gene with human annotation>,
keyType = "SYMBOL",
OrgDb = org.Hs.eg.db,
ont ="BP",
pAdjustMethod = "BH",
pvalueCutoff =0.01,
qvalueCutoff = 0.05,
readable = FALSE)

# KEGG analysis via enrichKEGG

kk <- enrichKEGG(gene = gene.dfSENTREZID,
organism = 'hsa’,
pvalueCutoff = 0.05)

De novo assembly using Trinity (bash)
Trinity --seqType fq --SS_lib_type RF --max_memory 400G --CPU 36\
--left <input fastq R1> --right <input fastq R2> --output <output directory>

Identify differentially expressed transcripts from de novo assembly (bash)
## Follow RSEM flow from Trinity instruction and use built-in scripts.
# Reference preparation.
align and estimate abundance.pl --transcripts <transcripts fasta> \
--est_method RSEM --aln_method bowtie2 --trinity mode \
--SS _lib_type RF --thread count 32 --prep reference

# Map mRNA-seq raw data to transcripts via bowtie2 and perform raw read count via RSEM.
align_and_estimate abundance.pl \
--transcripts <transcripts fasta>\
--seqType fq --SS_lib_type RF \
--samples_file <list containing groups and paths of input mRNA-seq raw fasta>\
--output_dir <output directory>\
--est_ method RSEM --aln_method bowtie2 --trinity _mode --thread count 32

# Generate matrix for edgeR DEGs analysis.

abundance estimates to matrix.pl --est method RSEM \
--gene_trans map <gene trans map file generated above> \
--name_sample by basedir \
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--quant_files <list containing paths of all RSEM.isoforms.results generated above>

# Check transcripts TPM by accumulation.
<TrinityPath>/util/misc/count_matrix_features given MIN TPM threshold.pl \
RSEM.gene. TPM.not_cross_norm |
tee RSEM.genes. TPM.not_cross_norm.counts_by min_TPM

# Perform edgeR DEGs analysis.

run_DE analysis.pl --matrix RSEM.gene.counts.matrix --method edgeR \
--samples_file <list containing groups and paths of input mRNA-seq raw fasta>\
--reference_sample untreated --output <output directory>

# Extract and cluster DEGs, use -P 1e-3 and -C 2, a stricter threshold.
analyze diff expr.pl --matrix RSEM.gene. TMM.EXPR .matrix -P le-3 -C 2

# Partition genes into expression clusters.
define clusters by cutting tree.pl -R diffExpr.Ple-3_C2.matrix.RData --Ptree 60

Identify repeat elements among genomes using RepeatModeler and RepeatMasker (bash)
## Run RepeatModeler to generate repeat libraries

<RepeatModelerPath>/BuildDatabase -name EptFus <genome fasta>
<RepeatModelerPath>/RepeatModeler -database EptFus -pa 40 -LTR Struct

## Run RepeatMasker to identify repeat elements.

# Generate customized libraries using existing libraries and own RepeatModeler result.

<RepeatMaskerPath>/famdb.py -i <RepeatMaskerPath>/Libraries/RepeatMaskerLib.h5 \
families --format fasta name --ancestors --descendants Eptesicus > Eptesicus-families.fa

cat Eptesicus-families.fa EptFus-families.fa > combined EptFus.fa

# Perform RepeatMasker
<RepeatMaskerPath>/RepeatMasker -pa 40 -gff -lib combined EptFus.fa <input genome fasta>

Raw read counting and DEG analysis for transposable element using TEtranscripts (bash)
TEtranscripts -t <treatment bam> -c¢ <control bam> --GTF <gene gtf> --TE <TE gtf>\
--strand reverse --sortByPos --project <output name> --mode uniq

miRDeep2 Prediction (bash)

mapper.pl <input config txt>-d -e -h -i -j -1 18 -m -v -0 32\
-k TGGAATTCTCGGGTGCCAAGG -p <genome bowtie index> \
-s <reads_collapsed.fa> -t <reads vs_genome.arf>

miRDeep2.pl <reads_collapsed.fa> <genome fasta> <reads_vs_genome.arf>\
<known mature miRNA fasta> <known mature miRNA fasta from related species> \
<known hairpin fasta> 2> <log txt>

Alignment of miRNA and genome regions using intersectBed (bash)

intersectBed -s -F 1 -wa \
-a <genome region including gene, TE, etc., in bed format> -b <miRNA bed file> |
sort -u -k 4,4 > <output bed file>
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