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SYNOPSIS

Antheraea assamensis (Helfer), also known as the “Muga silkworm” is a
multivoltine, polyphagous Saturniid Lepidopteran endemic to the Brahmaputra
valley of Assam and adjoining hilly areas of North-East India. It produces muga
silk, a unique golden silk which is commercially significant. Apart from textiles,
the core constituents of A. assamensis silk also have prospective applications in

the field of biomedical sciences, skincare, tissue engineering and so on.

Muga silkworm is a strict herbivore (folivore) and depends upon host plants for its
diet. Based on geographical distribution and extent of commercial exploitation,
the muga host plants are divided into primary, secondary and tertiary. Muga
silkworm is predominantly reared on primary host plants from Lauraceae for
commercial needs. Som (M. bombycina) is a primary host plant of muga silkworm
which is evergreen and available almost all around the year. It is predominantly
used for commercial rearing of muga silkworm in North-East India. Muga
silkworm reared upon M. bombycina produces golden-yellow colored cocoon. On
the other hand, Mejankari (L. citrata), is a secondary host plant of the same
insect with extremely rare usage for commercial rearing. It is a deciduous shrub
or tree, primarily cultivated for essential oil. Muga silkworms reared on L. citrata

leaves are known to produce creamy white cocoons.

Muga silkworm is semi-domesticated and reared in outdoor conditions. This
practice makes it vulnerable to many biotic and abiotic challenges. Of the biotic
challenges, the microbial pathogen-induced diseases are the most disabling in

nature. Pebrine is one of the most common diseases of muga silkworm and is
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reportedly caused by a microsporidian (Nosema sp.). It is prevalent among the
late instars to the adult moth and the eggs it lays; the reason behind this is
transovarial transmission, which makes this disease difficult to control and
demands manual monitoring. The causal organism, microsporidia, is an obligate
intracellular parasite that survives inside a host till depletion of its cellular
resources and can have severe impact on the fithess and silk biosynthesis of the

infected larvae.

One major hurdle impeding research on muga silkworm is the unavailability of its
genomic data and associated host plants as well as pests and pathogens.
Following objectives were formulated to gain a deeper understanding of A.
assamensis, its host plants (L. citrata and M. bombycina) and its microsporidian

pathogen Nosema-

i. De novo transcriptome of Antheraea assamensis (Muga silkworm)

ii. De novo transcriptome of two host plants of muga silkworm, namely,

Machilus bombycina (Som) and Litsea citrata (Mejankari)

iii. Transcriptomic profile of Antheraea assamensis with respect to host-

plant and development

iv. Development of MugaSeqDB, a database on A. assamensis and its

associated host plants

V. Comparative transportome study of Nosema, a genus of microsporidia

causing pebrine in silkworms

TH-2432_136106032
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Chapter 1 of the thesis discusses general information on A. assamensis, its host
plants (L. citrata and M. bombycina) and its microsporidian pathogen Nosema

and reviews the existing studies of similar nature.

Chapter 2 reports the de novo transcriptome of A. assamensis (muga silkworm)
using high-throughput sequencing of three of its tissues (alimentary canal, silk
gland and residual body) from its 5t instar larvae. A total of 1,21,433 transcripts
were generated from ~231 million raw reads of which ~74% (89,583) were
annotated using a combination of databases- UniProt, NCBI-NR (Non-
redundant), Pfam, GO, COG and KEGG. Analysis of the resultant transcriptome
lead to identification of differentially expressed candidate genes involved in silk
synthesis, viz. silk gland factor-1 and 3, sericin-like transcript, etc. with conserved
forkhead, homeo- and POU domains. A set of candidate antimicrobial peptides of
A. assamensis with antifungal, antibacterial, antiviral and antiparasitic potential
were also identified. Finally, the transcriptome was validated by quantitative real-

time PCR (qPCR) amplification of eight random candidate transcripts.

Chapter 3 reports the de novo transcriptomes of the two A. assamensis host
plants, Machilus bombycina (som) and Litsea citrata (mejankari). The study
identified 55,400 and 1,38,690 transcripts, respectively. ~50% transcripts in both
the transcriptomes were annotated using a combination of databases (UniProt
Viridiplantae, NCBI NR, Pfam, MetaCyc and GO). We also identified the putative
transcripts related to plant immune system, namely, glucosinolate-myrosinase
pathway (which is an herbivore defense system of plants) and antimicrobial
peptides. We were able to identify homologs of almost all the enzymes which

mediate glucosinolate biosynthesis and activation using long-chain aliphatic and

TH-2432_136106032
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aromatic amino acid precursors in both the host plant transcriptomes. We were
also able to identify a myriad of potential peptides with specific- and broad-
spectrum antimicrobial activity, chiefly, against bacteria, fungi and virus. Our
findings generated a novel resource of sequence data on these two host plants
from Lauraceae family and also provided a foundation for future studies on plant

defense for benefit of the sericulture industry.

Chapter 4 discusses the overall variation of the transcriptomic profile of A.
assamensis with respect to host plant and development. We sequenced the de
novo transcriptomes of 5t instar larvae of A. assamensis reared on two of its host
plants, L. citrata and M. bombycina. We also sequenced the de novo
transcriptomes of 4% instar larvae of A. assamensis reared on M. bombycina.
Using the data generated in this study, we reconstructed the transcriptome for A.
assamensis, identified the top most expressed transcripts in each tissue and
observed how biological processes associated with each tissue varies with
respect to host plant and larval development (4t instar and 5t instar). We found
that translation was the most unanimous process expressed in each tissue of silk
gland of A. assamensis regardless of the developmental stage or host plant.
Other than this process, other processes like oxidative stress management,
redox homeostasis, transcriptional regulation, etc. had variable representation
across different stages. Analysis of these patterns showed how the transcriptional
profile of A. assamensis can vary in different anatomical sections and variation in

host plants.

Chapter 5 discusses the construction of MugaSeqDB, a database on A.

assamensis and its associated host plants. MugaSeqDB is a comprehensive,

TH-2432_136106032
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freely accessible database hosting the transcriptome data of muga silkworm (A.
assamensis) and its two host plants, Som (M. bombycina) and Mejankari (L.
citrata). This database also hosts transcripts, predicted proteins, their respective
functional and ontological annotations for these three species. Additionally, it
provides secondary information on pest, pathogen and patents of the muga
silkworm and its host plants. A combination of MySQL and phpMyAdmin was
utilized to develop its back-end while the front end was created using a
combination of HTML, php and java scripts. The complete architecture was
hosted at a Linux-based commercial server. Features like search, browse,
download, secondary database cross-linking, patent information, informative help
pages and scope for user data submission has been incorporated in
MugaSeqDB. The ultimate goal of this database will be to perform as a one-stop
database for information on muga silkworm (A. assamensis) and other species
associated with it. This database is now available online as an open-access

resource at http://mugaseqdb.in.

Chapter 6 reports a comparative transportome study of four species of Nosema,
a genus which causes pebrine in silkkworms and honeybees. We predicted the
putative transportomes of four Nosema species, viz. Nosema apis, Nosema
bombycis, Nosema ceranae and Nosema antheraea. Our results indicated that
the transportomes of N. apis, N. bombycis, N. ceranae and N. antheraea have a
dominant share of secondary carriers and primary active transporters. The
comparatively rich and diverse transportome of N. bombycis indicates the role of
transporters in its remarkable capability of host adaptation. We identified a set of
twelve transporter families core to the Nosema genus with possible role in osmo-

regulation, intra- and extra-cellular pH regulation, energy compensation and self-
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defense mechanism. We also identified a set of ten species-specific transporter
families within Nosema which may be involved in species-specific host
adaptations. Both the core and species-specific transporter proteins of Nosema
constituted a valuable resource that will come handy in development of inhibitor-
based Nosema management strategies in future and thereby, help the sericulture

and apiculture scenario of the industrial world.

Overall, our study was able to address the existing lacunae in muga silkworm by
reporting the de novo transcriptomes of muga silkworm, A. assamensis and its
two host plants, M. bombycina and L. citrata by application of RNA-Seq. These
processes include silk biosynthesis, biosynthesis of allelochemicals, antimicrobial
peptides, variation of overall transcriptome profile of silk glands with respect to
host plant and developmental stages. The study also utilized proteome
information on Nosema, a genus of pebrine microsporidia, to identify crucial
transporter proteins in the species. Finally, an open-access database was crated
on the information generated in this study which will be useful for the broader
community of seri-researchers across the world. In summary, the outcome of the
current study will provide a foundation for future studies on muga silkworm and
the biotic components associated with it. This in turn will benefit the greater goal
of enhancing productivity of the sericulture industry and conservation of this

crucial endemic species of North-East India.

TH-2432_136106032
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CHAPTER 1

Introduction and Review of Literature

1.1. SILKWORMS: THE SILK-PRODUCING LEPIDOPTERANS

Lepidoptera is one of the most speciose order of insects (>150,000 species)
consisting of moths and butterflies . Lepidopterans are primarily phytophagous,
holometabolous insects found predominantly in terrestrial habitats. Some distinct
anatomical features of Lepidoptera are presence of scales (modified, flattened
hairs) over their body, wings and proboscis. The holometabolan lifestyle of
Lepidoptera ensures complete metamorphosis in the following order- eggs—>
caterpillar or larvae=> pupa -> adult moth or butterfly > eggs (Fig. 1.1). Many
species of this order have had a significant impact on human societies. The
positive impact has been due to their role as pollinators, natural food sources as
well as producers of biomaterials of anthropogenic interest while negative impact
has been on agriculture as pests 2. Silkkworms are one of the most popular
group of Lepidopterans due to the economic benefits provided by it. As their
name suggests, they produce silk in their anatomically distinct, pair of labial
glands and spin silk cocoons for metamorphosis into pupa (the third stage of life
cycle). Larval stage is divided into five instars where silkworm larvae molt or shed
their skins at each transition and change appearance. Completion of the fifth

instar is marked by termination of feedings and initiation of cocoon spinning in
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preparation for pupation. Other lepidopterans, i.e., butterflies usually follow the

same life cycle but via chrysalis (hardened cuticle) rather than a silk cocoon.

For centuries, sericulture has been one of the major agronomic practices in
countries of Asia and Europe. India has been one of the largest producers of silk
in the globe with exports to ~50 countries, earning foreign exchanges of >2000
crores per year and contributing roughly 15.5% of the global silk produce
(Source- Central Silk Board). Indian sericulture industry also provides
employment to ~8 million rural as well as semi-urban people (Source- Central Silk
Board). There are five varieties of commercial silk produced in India- mulberry
silk (Bombyx mori), muga silk (Antheraea assamensis), eri silk (Samia cynthia
ricini), tasar or tusser (A. mylitta) and oak tasar (A. pernyi). Commercial silk is
produced by silkworms of two lepidoptera families- Bombycidae and Saturniidae.
Of the five moths described above, B. mori belongs to Bombycidae family while
the remaining belong to Saturniidae family and are collectively called non-

mulberry silk.

1.1.A Silk and its biosynthesis in silkworms

Silk is a secretory material produced in specialized labial glands of silkworms
called silk glands. These secretions are stored within ectodermal cells of the silk
gland in the form of hydrated jelly and are polymerized into water-insoluble
filaments as they are spun into cocoons into the external environment °. Silk or
silk-like materials are also produced by other Arthropod taxa like Arachnida,
Myriapoda, Hexapoda, etc. and is speculated to have evolved via more than one
independent occasions®. Labial glands typically produce saliva and their initial
development starts with embryogenesis itself; as the silkworm grows, they also
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grow larger via polyploidization, often reaching considerably large sizes (20-40%

of the body weight).

Origin of silk produced by silkworm larvae are speculated to have evolved from
the last common ancestor of Lepidoptera and Trichoptera (aquatic insect order
that synthesizes silk as well) about 250 million years ago®. Other than transition,
other Lepidoptera sometimes use silk as a domicile or a girdle-like support to
suspend from during molting. The silk fiber is a highly organized structure derived
from multiple proteins synthesized in different anatomical sections of the silk
gland which is basically a pair of labial glands 36. The fiber has two filaments
(one from each gland) which is composed of polymers of heavy chain and light
chain fibroin as well as p25 glycoprotein or fibrohexamerin. Bombycidae
silkkworms have all these three components, but Saturniidae lacks p25 ’. Fibroin
chains and p25 are produced in the posterior silk gland (PSG). These proteins
are further engulfed by sericin protein produced in the middle silk gland (MSG)
and polymerized into a fiber during its movement through anterior silk gland
(ASG) and spinneret for cocoon construction. Other than the two genes for

Fibroin, B. mori reportedly harbors up to five sericin genes 8.

In Bombycidae and Saturniidae larvae, production of silk is relatively low in the
early instars followed by drastically greater production during the commencement
of cocoon spinning. The use of cocoon as a thermally regulated, durable and
strong metamorphosis chamber is ensured by the presence of crystalline motifs

like poly(Ala) or GlyAla repeat motifs in the fibroin sequence °.
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1.2. Antheraea assamensis (MUGA SILKWORM) AND ITS SILK

A. assamensis (Helfer), also known as the “Muga silkworm” is a multivoltine,
polyphagous Saturniid Lepidopteran endemic to the Brahmaputra valley of
Assam and adjoining hilly areas of Northeast India (Fig. 1.1) 0. It is the sole
producer of globally acclaimed “Muga silk”, a unique lustrous golden yellow fabric
and thus, contributes hugely towards of the Indian sericulture industry. It has an
average life span of ~50 days and is reared five times a year during late winter
(Jarua), early spring (Chatua), spring (Jethua), early summer (Aherua) and late

summer or early winter (Kotia) (Fig. 1.1) 1.

The historical roots of muga silk can be traced back to the mention of the
‘Pitambara vastra” adorned by Lord Krishna which is strongly believed to have
been woven from muga silk*?. The kings of Ahom dynasty which ruled Assam
during the 12" century were also appreciative and encouraging of muga silk
rearing practices to the extent that they provided an honorary title of
Mugachungia to prominent rearers . On the initiative of Assam Science
Technology & Environment Council (ASTEC), muga silk was awarded a
geographical indication tag and logo in 2007 (Government of India Geographical
Indications Journal No.82, 2016). Overall, muga silk contributes towards the
greater Indian sericulture industry which involves ~8 million people and earns
~2000-2500 crore every year (http://texmin.nic.in/sites/default/files/note-on-

sericulture2017-18-ThirdQtr.pdf).

The core constituents of A. assamensis silk also have prospective applications in
the field of biomedical sciences as its silk has novel characteristics®. Muga
fibroin has been demonstrated as a biocompatible, biomimetic product previously
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1415 There has been relatively less studies on muga sericin as its full genetic
information is not known. Despite this, muga sericin, which glues fibroin (heavy
and light chains) can prove to be a promising biomaterial due to the properties it
shares with its other counterparts like B. mori sericin which has found multiple
applications in the field of skincare, tissue engineering and so on 6. Another
aspect that adds to the commercial demand of Muga silk is its lustrous golden

colour, whose genetic basis is not known at the moment.

Eggs

2-3 days 7-15 days

- ' | ‘ | | .“I - ' ‘ - Larvae
14-55 days (5 instars)
24-70 days
Pupa

Fig. 1.1 Life cycle of muga silk moth (A. assamensis). The various life
stages are depicted with approximate number of days required for
completion of that stage. The variation in number of days per stage is due
to seasonal variations with winter requiring longer duration for cycle

completion.
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1.3 IMPORTANT BIOTIC COMPONENTS OF A. assamensis’ ECOSYSTEM

1.3.A Host plants

Muga silkworm is a strict herbivore (folivore) and depends upon host plants for its
diet. Based on geographical distribution and extent of commercial exploitation,
the muga host plants are divided into primary, secondary and tertiary. Muga
silkworm is predominantly reared on primary host plants from Lauraceae for
commercial needs but ~20 additional plants from Lauraceae, Magnoliaceae,
Rutaceae, etc. have been reported as its tertiary host plants 7. However,
availability of experimental data on rearing on this silkworm on the non-

Lauraceae host plants is scarce or non-existent.

Som (M. bombycina) is a primary host plant of muga silkworm which is evergreen
and available almost all around the year. It is predominantly used for commercial
rearing of muga silkworm in North-East India. Muga silkworm reared upon M.
bombycina produces golden-yellow colored cocoon 7. The other primary host
plant of muga silkworm is Soalu (Litsea polyantha or L. monopetala). Muga
larvae reared on Soalu are believed to be healthier than those reared on Som 8.
Mejankari (L. citrata), on the other hand, is a secondary host plant of the same
insect, however, its usage for commercial rearing is extremely rare. It is a
deciduous shrub or tree, primarily cultivated for essential oils 1019 Muga
silkworms reared on L. citrata leaves are known to produce creamy white
cocoons /. Common folklore and historical accounts suggest that Mejankari silk
were rare due to the difficulties associated with breeding of L. citrata plants and

low yield of cocoons. Thus, due to limited availability, Mejankari silk was
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restricted for royal usage only, while muga silk were worn by elites and

bureaucrats of ancient Assam 29.

1.3.B Pathogenic challenges

Muga silkworm is semi-domesticated and is reared in outdoor conditions. This
cultural practice makes it vulnerable to many biotic and abiotic challenges. Of the
biotic challenges, the microbial pathogen-induced diseases are the most
devastating in nature. Some of the major diseases in muga silkworm are pebrine,
flacherie, grasserie and muscardine 2%. Pebrine is one of the most common
diseases of muga silkworm and is reportedly caused by a microsporidian
(Nosema sp.) ?. It is prevalent among the late instars to the adult moth and the
eggs it lays; the reason behind this is transovarial transmission, which makes this
disease difficult to control and demands manual monitoring. The causal
organism, microsporidia, is an obligate intracellular parasite that survives inside a
host till depletion of the host’s cellular resources and can severely impact the
fitness and reduce silk biosynthesis in the infected larvae. Pebrine disease in also
prevalent in other silkworms and usually, prophylactic measures are used to
control the disease 23. Muscardine is another lethal disease of fungal origin. Its
causal agent is Beauveria bassiana and the disease is more prevalent in rainy
seasons as the environmental humidity and temperature is favorable for this
pathogen. Flacherie are caused by viral and bacterial pathogens all around the
year in muga silkworm, but especially prevalent in rainy season. In this disease,
the silkworm larvae turn lethargic, have black hemolymph and lethal diarrhea.
Viral flacherie is caused by viruses from Iflaviridae, Parvoviridae and Reoviridae

families while common bacterial agents are Serratia sp., Streptococcus sp. and
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Staphylococcus sp. Grasserie is a nuclear polyhedrosis virus induced lethal
disease of muga silkworm that prevails all around the year. The disease causes
swelling of the silkworm induced by disintegration of hemolymph and other bodily
tissues marking the fatality of the disease. All these diseases are usually
managed by- (i) manual monitoring of the eggs used for rearing, (ii) host plant

disinfection as well as (iii) other prophylactic measures 2.

1.4 CURRENT STATUS OF GENOMICS OF A. assamensis AND ITS

CONTEMPORARY SILKWORMS

B. mori is not just a model organism for Lepidoptera but also considered as a
popular model organism from Insecta after Drosophila. Two primary reasons
behind this are its domesticated status and ease of rearing due to dependence
on a single host plant. Existence of a fully sequenced genome and transcriptome
resource also Another reason that hugely contributes towards this status 824,
Presence of whole genome has facilitated a myriad range of genomic studies on
the species ranging from production of fluorescent silk production to CRISPR-

Cas based genome editing for disease targeting in silkworms 2526

Both mulberry and muga silk has a common basis of human interest, their silk.
However, the growth of their scientific knowledgebase has not been at par.
Despite the existing commercial necessity or potentiality of its biomaterials, there
has been a dearth of studies addressing genetics and genomics of A.
assamensis. The existing studies on muga silkworm are mostly focused on
rearing practices and their improvement 2728, The vast majority of the studies are
also focused on usage of muga silk as a biomaterial for various tissue

engineering applications '52°. DNA barcode sequences of a few selected
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mitochondrial genes constituted almost the entirety of genetic resources available

on the species till 2017.

An efficient way to address the lack of genomic information is the application of
next-generation sequencing (NGS). NGS provides comprehensive information of
entire genomes and transcriptomes. It can be used for gene discovery, gene
expression profiling, investigation of insect-environment interactions, evolutionary
studies and much more 3°. NGS was applied to sequence, assemble and report
the whole mitochondrial genome of A. assamensis in 2017 by our laboratory 3.
The study uncovered the complete gene sequences of 37 genes present in the
mitochondrial genome of which 13 protein coding genes were crucial. The study
was able to use this mitogenomic information to establish the phylogenetic
position of A. assamensis among the Bombycoidae superfamily. Another
noteworthy study on the species was the report of whole sequence of Fibroin-H
gene for the first time 7. Whole genome sequencing (WGS) can provide even
greater support to studies of such nature, however, the sequencing cost and
computational resource necessity for WGS is enormous. Hence, scientists often
address the molecular data scarcity on non-model organisms by de novo
transcriptome sequencing 233, A transcriptome ideally represents the complete
set of RNAs transcribed in any organism. Whole transcriptome constitutes an

essential genomic resource to facilitate future studies on lesser-studied species.

1.5TRANSCRIPTOMICS AS A TOOL FOR ORGANISMAL STUDIES

Transcriptomics is a sequencing-based approach to facilitate functional genomics
in an organism. mRNA usually serves as the desirable molecule for this
technology and it represent the complete information content that is being
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expressed at any particular condition or time. Ideally, a transcriptome can capture
a snapshot of the total transcripts present in a cell and reveal details about the

organism with an unprecedented level of sensitivity and accuracy 3435,

Earlier, transcriptomics was performed using microarray while nowadays RNA
sequencing (RNA-Seq) is a more common approach as it can achieve a base
pair level resolution and enables scientists of de novo annotation **. Reads
generated by sequences like Illumina, SOLID etc. are short in nature (100-500
bps), so efficient computational algorithms and existing knowledgebase in the
form of databases are combinatorially applied to provide meaningful output from
RNAseq. Currently, transcriptomes can be assembled either using a pre-existing
genome sequence (reference-based assembly) or de novo. Here, we discuss de

novo assembly which was adopted for this study.

De novo assembly uses the redundancy of short reads to find overlaps between
the reads, commonly using De-Bruijn graph-based approaches and assemble
these reads into transcripts 3436, Assembling transcriptomes of prokaryotes are
relatively easier than eukaryotes due to larger dataset, presence of the splicing
machinery and abundance of isoforms for many genes. One common method of
such assembly called Trinity have addressed these issues by parallelization of
the whole assembly process 2. It first uses a “greedy algorithm” to assemble
unique sequences from the reads followed by pooling the ones that overlap and
finally creates an independent De Bruijn graph for each set of sequences and

assembles isoforms within the group.

De novo transcriptomics have several advantages such as providing an initial set

of transcripts for expression analysis, recovery of sequences missing in
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genomes, detection of transcripts from exogenous sources, prediction of novel
splice sites and chromosomal rearrangement 3. Among disadvantages of de
novo assembly are the needs for a greater sequencing depth, overwhelming
need of computational resources and prediction of chimeric reads. The first two
issues are usually addressed by using sequencing approaches that provide more
depth and large computational clusters which can run parallelized assembly
programs. The chimeric reads can be removed using stringent quality control and

annotation approaches for transcript identification.

In the current study, we have applied NGS for transcriptomics of A. assamensis
and its host plants to uncover certain molecular processes occurring in these
species. These processes include biosynthesis of allelochemicals and their
corresponding detoxification systems in muga silkworm, variation of muga silk
genes with respect to host plant and developmental stages as well as
identification of antimicrobial peptides in the three species. We have also utilized
genome sequencing-derived proteome information on a silkworm pathogen,

microsporidia, to identify crucial transporter proteins in the species.

Based on our literature review, the following objectives were formulated to gain a
deeper understanding of A. assamensis, its host plants (L. citrata and M.

bombycina) and its microsporidian pathogen Nosema-

I. De novo transcriptome of Antheraea assamensis (Muga silkworm)

il. De novo transcriptome of two host plants of muga silkworm, namely,

Machilus bombycina (Som) and Litsea citrata (Mejankari)
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iii. Transcriptomic profile of Antheraea assamensis with respect to host-

plant and development

V. Development of MugaSeqDB, a database on A. assamensis and its

associated host plants

V. Comparative transportome study of Nosema, a genus of microsporidia

causing pebrine in silkworms
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CHAPTER 2

De novo transcriptome of Antheraea assamensis
(muga silkworm)

This chapter has been published as:

Chetia H, Kabiraj D, Singh D, et al. De novo transcriptome of the muga silkworm,
Antheraea assamensis (Helfer). Gene. 2017, 611.
doi:10.1016/j.gene.2017.02.021

ABSTRACT

Antheraea assamensis (Lepidoptera: Saturniidae), is a semi-domesticated
silkworm known to be endemic to Assam and the adjoining hilly areas of
Northeast India. It is the only producer of a unique, commercially important
variety of golden silk called “muga silk”. Herein, we report the de novo
transcriptome of A. assamensis reared on Machilus bombycina (Som) leaves for
the first time. Reads generated by high throughput sequencing of cDNA libraries
from multiple tissues, viz. alimentary canal, silk gland and residual body of the 5™
instar of muga silkworm were assembled into transcripts via a de novo
transcriptome assembly pipeline followed by functional annotation and
classification. A total of 1,21,433 transcripts were generated from ~231 million
raw reads of which ~74% (89,583) were either allocated a functional annotation
or categorized under Pfam/COG/KEGG categories. ldentification of differentially
expressed transcripts and their comparative sequence analysis revealed
candidate genes related to silk synthesis, viz. silk gland factor-1 and 3, sericin-
like transcript, etc. with conserved forkhead, homeo- and POU domains. Several

candidate anti-microbial peptides which may have potential anti-bacterial,
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anti-fungal or anti-parasitic activity in A. assamensis were also identified.
Transcriptome validation was carried out by quantitative real-time PCR (qPCR)
amplification of eight transcripts. The resources generated by this study will
expand the periphery of existing genomic data on A. assamensis facilitating

future in-depth studies on its unknown aspects.

2.1INTRODUCTION

Silk is an important cultural and commercial fibre largely obtained from silkworms.
Some silkworms have been domesticated by humans over a period of time to
exploit their potential in textiles. Still, majority of them remain semi-domesticated
or wild. The silk proteins- fibroin and sericin of domesticated mulberry silkworm,
Bombyx mori (Family: Bombycidae) has been extensively used for tissue
engineering applications. Research on these has been further accelerated by
discovery of its complete genome and transcriptome 2. Similar as well as novel
research applications can also be expected from biomaterials of other less-
studied semi- or undomesticated silkworms. The dearth of information and
hindrances in domestication of these silkworms currently restricts their usage in

such applications.

One such semi-domesticated silkworm is Antheraea assamensis (Helfer), also
known as the “muga silkworm”. A. assamensis (n=15) is a multivoltine,
polyphagous silkworm (Lepidoptera:Saturniidae). It is mostly endemic to the
Brahmaputra valley of Assam and adjoining hilly areas of Northeast India 3. It is
the sole producer of globally acclaimed “muga silk”, a unique lustrous golden

yellow fabric and thus, contributes hugely towards the Indian sericulture industry.
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Muga silk has a geographical indication tag and logo since 2007 (Government of

India Geographical Indications Journal No.82, 2016).

Apart from textiles, the core constituents of A. assamensis silk also have
prospective applications in the field of biomedical sciences as its silk has novel
characteristics in comparison to B. mori silk 4. The potential of one of the two
core structural protein components of silkworm, namely, fibroin has been
demonstrated as a biocompatible, biomimetic product previously >6. The other
component, sericin, which glues fibroin (heavy and light chains) also shows
promises as a biomaterial. This is apparent from B. mori sericin which has found
multiple applications in the field of skincare, tissue engineering and so on ’. Both
of these proteins are exclusively produced and processed in anatomically distinct
glands named the silk glands. The silk gland transcriptome of A. assamensis can
help us in understanding the molecular components of silk synthesis and

regulation in A. assamensis better.

Another aspect that adds to the commercial demand of muga silk is its lustrous
golden colour. In B. mori, co-relation studies between diet and cocoon colour in
B. mori has shown that exogenous pigments like carotenoids and flavonoids are
absorbed from dietary mulberry leaves, transported via carotenoid-binding protein
in alimentary canal to the silk gland and are responsible for its cocoon colour 82,
While the role of any plant pigment in muga silk coloration has not been hinted at
yet, identification of candidate pigment-binding proteins can be a resource for
future studies on the same. Also, learning about the digestive profile of a
silkworm gut during active feeding stage is interesting. Sequencing of the
alimentary canal will facilitate answering these aspects as the above-mentioned

processes predominantly occur here.
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Despite the existing commercial necessity or potentiality of its biomaterials,
genomic studies on A. assamensis are scarce and has an additional hindrance,
lack of its whole genome sequence. Given the sequencing cost and enormous
bioinformatic efforts involved in sequencing genomes, scientists often address
the molecular data scarcity on non-model organisms by de novo transcriptome
sequencing 1011 A transcriptome ideally represents the complete set of RNAs
transcribed in any organism. Elucidation of silkworm transcriptome have evidently
uncovered molecular information on hitherto unreported aspects of silkworm like
the fibroin-H gene of muga silkworm 2. So, given the unprecedented potential of
transcriptome studies, we also aimed to elucidate a de novo multi-tissue
transcriptome for A. assamensis. To this end, we carried out the sequencing and
de novo assembly of A. assamensis transcriptome via high throughput RNA-Seq
using three of its tissues, namely, silk gland, alimentary canal and residual body.
Analysis of the assembled transcripts uncovered an array of candidate genes
related to silk synthesis and innate immunity in muga silkworm and constituted an

essential genomic resource to facilitate future studies on this endemic species.

Table 2.1 General information on A. assamensis

Common name Muga moth

Scientific name Antheraea assamensis

e Primary: Machilus bombycina (Som) and Litsea
polyantha (Soalu).*?

e Secondary: Litsea citrata (Mejankari),

Host plants
Cinnamomum camphora (Korpur), etc. 13
e Tertiary: Litsaea salicifolia (Dighloti),
Actinodaphne obovata (Petarichawa), etc. 12
Homotypic synonym Antheraea assama
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NCBI Taxonomy ID
Taxonomical
Classification (Order and
Family)

Chromosome number (n)

Whole Genome

Transcriptome

91021

Lepidoptera: Saturniideae

15

Not available

Available from this study

Mitochondrial genome Available (NCBI RefSeq ID- NC_030270.1) 1°

2.2MATERIALS AND METHODS

2.2.1 Sample collection, RNA isolation, cDNA library preparation and

sequencing

Fifth-instar larvae of semi-domesticated A. assamensis reared on Machilus
bombycina leaves (Som) in outdoor conditions (=25 °C, 70— 80% relative
humidity) were collected from Tura district of Meghalaya, India (courtesy - Central
Silk Board). Three tissue samples were dissected and pooled from three
silkworm larvae under sterile conditions; the first and second sample consisted of
the complete silk gland or SG and the complete alimentary canal or AC,
respectively. The remaining tissues including fat bodies, Malpighian tubules, etc.
were pooled together to constitute the third sample termed as residual body or
RB. The samples were stored in RNAlater stabilization solution (Ambion™) at

—-80 °C for further processing.

Total RNA from AC, SG and RB was isolated using the standard Trizol method.
The concentration, purity and integrity of the isolated RNA were estimated using
Nanodrop spectrophotometer and High Sensitivity Bioanalyzer Chip (Agilent
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Technologies). High quality of total RNA with A260/A280 ratio = 1.8 and RIN
number = 8 was used for polyA-mRNA enrichment followed by cDNA library
preraparation using the TruSeq RNA Library Preparation Kit (Part # 15008136) to
prepare a cDNA library for each tissue- AC, SG and RB. These libraries were
then sequenced on Illumina HiSeq™ 2000 sequencer platform using the paired-

end sequencing protocol of lllumina at Genotypic Technology, Bangalore.

2.2.2 Quality control of raw data and de novo assembly of transcriptome:

The resultant 101 bp paired-end raw reads were subjected to quality control
measures using SeqQC (https://www.genotypic.co.in/Products/7/Seq-QC.aspx).
Raw reads were trimmed of adapters, polyA sequences, duplicated reads, low-
quality bases towards 3' end and with phred quality score of < 30 using
Trimmomatic 0.35 . The resulting raw reads were mapped to ribosomal rRNA
reads from the SILVA rRNA database project using bowtie and unmapped read
pairs were retained 1718, The resultant reads were re-examined using SeqQC to

check for attainment of desirable quality features.

These filtered paired-end reads were selected for assembly pipeline. The reads
from AC, SG and RB were assembled into separate transcriptomes each, using
Velvet (v1.2) - Oases 0.2 pipeline for de novo assembly lengths %20, Multiple k-
mer lengths were tested for assembly and assessed based on metrics like total
number of transcripts generated, total transcript length and fewer number of N’s
(N = number of gaps between scaffolded contigs) following which 51 (AC), 45
(SG) and 51 (RB) were selected as optimal. The quality of transcriptome
assemblies was checked using parameters like N50 value, mean transcript

length, percentage of reads mapped to the transcriptome, etc. using the scripts
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provided under Trinity package ?'. The percentage of transcripts mapped to 248
Core eukaryotic genes (CEG) and EST set of A. assamensis (WildSilkBase) were

also assessed using blastn program (e-value cutoff- 1-e03) 2223,

2.2.3 Annotation and functional classification of the transcriptome:

AC, SG and RB transcriptomes were clustered at 95% identity using CD-Hit to
create a set of comprehensive transcriptome 24 These transcripts were
annotated against NCBI Protein database (Insecta) and UniProtKB (Insecta)
using blastx (e-value cutoff- 1e03). Pfam A database was utilized to identify
functional domains within transcripts using blastx (e-value cutoff- 1e03) 25. The
transcripts were further classified into functional categories of COG (Cluster of
Orthologous sequences) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) using blastx (e-value cutoff- 1e03) and single-directional best hit
(SBH) method of the KAAS server, respectively 2627, The set of transcripts that
remained unannotated after performing the steps described above was checked
for similarity to known silkworm sequences from the following datasets- ESTs of
A. assamensis, S. cynthia ricini and A. mylitta from WildSilkBase and “Bombyx
mori Comprehensive gene set” available from Kaikobase using blastn (e-value
cutoff- 1e03) 2328, The dissimilar transcripts were tested for homology with
proteins of other taxa using blastx (e-value 0.001) against UniProt Ensemble
database for plant, virus, bacteria and fungi (UniProt Consortium, 2012). The
remaining unannotated transcripts with neither annotation nor classification were
grouped together and named as “Putative Novel Transcripts of Antheraea

assamensis” or PNTAa.
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2.2.4 Identification of differentially expressed transcripts:

The differential expression of transcripts in AC and SG relative to RB was
analyzed to identify important candidate genes which are known to be produced
in tissue-specific manner. The QC-filtered raw reads were aligned to the
comprehensive transcriptome to generate read counts using bowtie 2 and RSEM
1829 Then, R language-based tool, DeSeq (v1.14.0) tool was used to identify the
differentially expressed genes (p-value cutoff 0.05) 3°. Furthermore, the Gene
Ontology (GO) terminologies associated with the functional annotations of
upregulated transcripts in AC and SG were retrieved using the “Retrieve
ID/Mapping” tool of UniProt database. GO enrichment analysis was performed
using the online tool WEGO (Web Gene Ontology Annotation Plot) which
demarcates the statistically significant GO terms on the basis of its in-built

Pearson chi-square test 3%,

2.2.5 Quantitative reverse transcription PCR (RT-gPCR) for transcriptome

validation:

Eight transcripts- six annotated and two unannotated, were randomly selected for
experimental validation of the transcriptome assembly using RT-gPCR. RB was
used as a control sample for the study while AC and SG were regarded as
treated samples. Transcript-specific primers were designed by Primer-BLAST
and aligned to the transcripts to rule out non-specific amplification prior to
experiment via blastn 32. Total RNA was extracted using standard Trizol method
and converted into cDNA using Brilliant 1 SYBR Green cDNA synthesis Master
mix (Cat# 600559, Agilent Technologies, USA) as per manufacturer's protocol. 30

ng/reaction of cDNA was used as input template concentration which was
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amplified for the eight transcripts using Brilliant II SYBR Green gPCR Master mix
(Cat#. 600,828, Agilent Technologies, USA) in 25 pl reaction. The cycling
conditions were as follows: 95°C for 10 min and 40 cycles of 95°C for 15 secs,
60°C for 30 secs and 72°C for 30 secs. The reaction melting-curve analysis was
applied to all reactions to ensure consistency and specificity of the amplified
product. The gPCR products were resolved in 1.5% agarose gel and their sizes
were confirmed using 100 bp DNA ladder (Cat# SM0241, GeneRuler 100 bp
DNA ladder, Thermo Scientific, USA). The relative expression of the six
transcripts as well as PNTAa_ 1 and PNTAa 2 were normalized against the
internal reference gene, alpha-tubulin. The fold change values were calculated

using the 2722Ct method.

2.3RESULTS AND DISCUSSION-

2.3.1 Transcriptome assembly of A. assamensis-

High-throughput sequencing of AC, SG and RB generated 70.37, 84.27 and
76.86 million paired-end raw reads were generated out of which 68.42, 80.92 and
74.83 million reads were used for transcriptome assembly post-quality control.
The raw reads were deposited in the NCBI Short Read Archive (SRA) database
with the following accession numbers: AC- SRX1293136, SG- SRX1293137, RB-
SRX1293138. The statistics of transcriptome assembly and annotation are
depicted in Table 2.2. Mean transcript length and N50 values of the
transcriptomes were found to be consistent with those observed in other de novo
transcriptome assemblies 2334, We also measured the overall coverage of CEGs
(a set of 248 genes which are highly conserved in eukaryotes) to evaluate the
quality of the assembled transcripts 22. ~99% of the CEGs were present in AC,
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SG and RB, respectively. Similarly, 69% of AC, 62% of SG and 89% of RB
transcripts were found to be homologous with the A. assamensis-specific EST
data from WildSilkBase 22. These results further ascertained the robustness of
our assemblies and our quality metrics were at par with previous sequencing

studies 11:35,

SAMPLE COLLECTION & TISSUE DISSECTION

L,

TOTAL RNA ISOLATION

L. polyA-mRNA ENRICHMENT

L,

cDNA LIBRARY PREPARATION

L’ HIGH-THROUGHPUT SEQUENCING

L’ QUALITY CONTROL OF RAW DATA

LD DE NOVO TRANSCRIPTOME ASSEMBLY

(N
L,

L,

ANALYSIS OF DIFFERENTIALEXPRESSION

GO ENRICHMENT STUDY

RT-qPCR VALIDATION

Fig. 2.1 Diagrammatic representation of the workflow followed for
assembly, annotation and differential expression study of the de novo
transcriptome of Antheraea assamensis. [AC - Alimentary Canal, SG - Silk

Gland and RB - Residual Body]

Table 2.2 Transcriptome assembly statistics for Alimentary Canal (AC), Silk
Gland (SG) and Residual Body (RB) of Antheraea assamensis. [Table re-

used in compliance with publisher guidelines 4]
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AC SG RB
k-mer length 51 45 51
Total number of transcripts 39,784 40,518 41,131
Total transcript length (in megabases or mb) 74.23 74.08 75.56
Average transcript length (in bases) 1865.9 1828.5 1837.2
Maximum transcript length (in bases) 22,903 25,783 53,354
Minimum transcript length (in bases) 200 200 200
N50 value of transcripts (in bases) 3562 3484 3451

2.3.2 Annotation and classification of the collective transcriptome of A.

assamensis

The collective transcriptome of A. assamensis was used as an input for the

annotation process. A combination of insect-specific (NCBI-Protein, KEGG, COG

and Pfam) and silkworm-specific (WildSilkBase and KaikoBase) databases was

strategically adopted so that annotation of maximum number of transcripts could

be possible (Fig. 2.1). Out of 1,21,433 transcripts, we were able to annotate

87,281 (Table 2.3). The remaining transcripts were matched with Ensemble:

Plants, Fungi, Bacteria and Virus proteins resulting in identification of 1302

transcripts homologous to organisms from other taxa. In totality, we were able to

annotate 88,583 (74%) of the transcripts while 31,850 (26%) of the transcripts

which remained unannotated were classified under the PNTAa dataset.

Table 2.3 Annotation summary of the collective transcriptome of A.

assamensis. [Table re-used in compliance with publisher guidelines 4]
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Database Number of annotated transcripts

NCBI “Insecta” proteins 74001

Pfam 46,415

KEGG 15,260

COG 33,015

WildSilkBase 49,436

Kaikobase 21,992

Ensemble plants# 75 (plants), 998 (bacteria), 22 (fungi), 207
(virus)

Total number of transcripts = 1,21,433
Total number and percentage of annotated transcripts = 89.583, ~ 74%

Total number and percentage of unannotated transcripts = 31.850, ~ 26%

#- Ensemble databases were matched only with the unannotated transcripts.

Top hit species distribution of annotated transcripts (74,001 from NCBI Insecta)
showed that Danaus plexippus (Lepidoptera: Nymphalidae) (15,479 transcripts),
B. mori (Lepidoptera: Bombycidae) (12,910 transcripts), Papilio xuthas
(Lepidoptera: Papilionidae) (1254 transcripts), Manduca sexta (Lepidoptera:
Sphingidae) (914 transcripts) and Tribolium castaneum (Coleoptera:
Tenebrionidae) (481 transcripts) were the top five organisms sharing homology

with A. assamensis (Fig. 2.2A). The remaining transcripts (42,963) were, also,
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found to be predominantly similar to proteins from related Lepidopteran insects
like Helicoverpa armigera, A. pernyi, Samia cynthia ricini, P. polytes etc. To
obtain an overall cue about the scenario of shared homology between A.
assamensis and the top two similar organisms, D. plexippus and B. mori, the
associated GO terms of their corresponding proteins were retrieved from UniProt.
Count based analysis showed that ATP, RNA, zinc-ion, DNA binding and RNA-
directed DNA polymerase activity were among the top-associated molecular
functions in these three species while proteolysis, carbohydrate metabolic
process and intracellular protein transport were the most commonly associated
biological processes. These terms are often observed among the distribution of
top GO classes in annotated Lepidopteran transcriptomes 3637, For example, the
zinc-ion binding function is related to proteins with zinc-finger domain which form
one of the most abundant group of proteins in eukaryotes. ATP or DNA/RNA
binding function is vital for the smooth functioning of several fundamental
processes of the cell such as transcription, translation, intracellular protein
transport, etc. Overrepresentation of these set of GO terms suggests that despite
undergoing genomic modifications under selective pressure and adapting to
different environmental situations with variable characteristics such as food
habits, few core fundamental pathways are highly conserved within the

Lepidopteran order.

Presence of Pfam domains were also probed in the transcriptome. 48,418
transcripts were identified with 5896 Pfam domains and on ranking the Pfam
domains by transcript count, “Zinc finger C2H2 type” (Znf) domain was observed
to be predominantly present in A. assamensis transcripts (Fig. 2.2.C). Our

previous observations that zinc-ion binding is one of the top molecular functions
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conserved between A. assamensis, D. plexxipus and B. mori can be co-related
with the Pfam annotation results where presence of a greater share of these
domains is probably due to their broad spectrum of role as transcription factors,
DNA-binding motifs, etc. in insects and other organisms 3¢, Among other
significantly abundant domains were “WD domain, G-beta repeat” involved in
essential biological functions such as signal transduction, transcription regulation
and apoptosis; “Zinc finger double domain” whose structure and functions are
quite similar to Znfs; “Immunoglobulin I-set domain” found in hemolymph proteins
and signalling molecules involved in immune response; and “Fibronectin type Il
domain” which are topologically similar to Ig-like domains and found in important

insect proteins like chitinase 3940,

KEGG and COG databases are often used to describe transcriptomes where
KEGG-annotated transcripts are classified under pathway functions providing
cues about the existing biological pathways while COG-annotated transcripts
were classified into functional categories based on orthologous relationships. In
A. assamensis, 15,034 of the transcripts were assigned to 316 KEGG pathways
classified under 22 unique KEGG pathway functions. Based on the transcript
count, “translation”, “folding, sorting and degradation”, “carbohydrate
metabolism”, “signal transduction” and “transport and catabolism” were the top
five KEGG molecular pathway networks (Fig 2.2B). The network associated with
genetic information processing and metabolism was found to be the most
abundant. Again, COG-classification classified 33,015 transcripts under a series
of functional categories among which “general function prediction only”,

“replication, recombination and repair”, “transcription”, “translation” and “post-

transcriptional modification” were comparatively enriched in transcript count;
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“‘general function only” category, which contains poorly categorized genes,
formed the largest group of COG classified transcripts (Fig. 2.2D). Our results
briefly indicated that the silkworm larvae are actively carrying out protein
synthesis as well as downstream processing of the end-products. Pfam, KEGG or
COG classification results were quite similar to that observed in the other
transcriptomic studies of Lepidopterans like B. mori or P. xylostella 14!, A few
homologues of bacterial, viral, fungal and plant-proteins were also observed in
the transcriptome when matched with their respective UniProt Ensemble data.
Similarity of A. assamensis transcripts with proteins of unrelated taxa suggests
that these were sourced from the consumed host plant leaves and microflora
associated with these leaves as well as muga silkworm gut. The complete
annotation and classification results of the collective transcriptome have been
combined and are currently being utilized for the construction of a database on A.

assamensis transcriptome called MugaSeqDB (See Chapter 5).

2.3.3 Differentially expressed genes in A. assamensis-

The functional annotation and classification of the collective transcriptome
provided us an understanding of the overall transcriptomic scenario of A.
assamensis. However, discovery of the tissue-specific transcripts of interest, for
e.g. silk synthesis related transcripts of silk gland, requires the study of
differential expression of genes across different tissues. So, we analyzed
differential expression of AC and SG relative to RB. 21.8% (1023 up and 1741
down) of transcripts in AC and 23.02% (348 up and 1949 down) of transcripts in
SG were differentially expressed (p-value < 0.05) relative to RB.
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We analyzed the set of up-regulated annotated transcripts whereby we retrieved
their associated GO terms from UniProt and performed an enrichment analysis
via. WEGO 3! The results showed that eight biological processes and five
molecular functions were significantly enriched in SG and AC (p-value < 0.05)
(Fig. 2.3). The biological processes commonly enriched in SG and AC were
“catabolic process”, “cellular metabolic process”, “establishment of localization”,
“nitrogen compound metabolic process” and “transport”. Catabolic processes
refer towards chemical reactions or pathways involved in breakdown of carbon-
based compounds for liberation of energy and are possibly involved in meeting
the energy-requirements of up-regulated metabolic processes. The energetic
stress incurred by silk glands for heightened production of silk proteins during fifth
instar could also result in up-regulation of catabolic processes. Both tissues are
actively producing transcripts involved in general metabolism of the cell as well
as synthesis of organic or inorganic compounds containing nitrogen. Transport
and localization are also active in both tissues suggesting the directional

movement of secretory silk proteins or plant-derived nutrients in SG and AC,

respectively.

” “*

Among the other biological processes, “pigmentation”, “oxidation-reduction” and
“regulation of biological processes” were significantly enriched in AC. Among the
processes enriched only in AC was “biological process regulation” whose
transcripts are involved in modulation of chemical reactions/pathway rates of
metabolic processes. Additionally, oxidation-reduction processes which involve
addition or removal of electrons from a substance were also enriched in AC. The

conditions of the silkworm gut can be related with this observation; the
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reducing/oxidizing conditions of the insect herbivores' gut are known to aid in the
process of adaptation to its host plants chemical defences 4°. Since the
silkwormsused in this study were in active feeding stage during sampling, the
digestive condition of its gut may have promoted the up-regulation of the genes
related to regulation of the gut's redox conditions. The pigmentation process,
related to pigment synthesis and accumulation, was also significantly enriched in
AC. Its corresponding transcripts were associated with pigment biosynthesis in
insects such as anthocyanins and other related isoprenoids. However, we were
not able to find protein homologues of known silk-pigmentation related genes

among these transcripts.

Among the enriched molecular functions in AC and SG were “binding”, “catalytic”,
“signal transducer”, “hydrolase” and “transferase” activity. Tracing back the
“hydrolase binding” class in both AC and SG, majority of the up-regulated
transcripts were found to be homologous to juvenile hormone epoxide hydrolase,
which is involved in juvenile hormone inactivation and carboxyl ester hydrolase,
whose role in silkworm silk glands is unknown, though it is speculated to play
some important role in silk synthesis in major ampullate glands of black widow
spiders “3. Homologues of poly(ADP-ribose) glycohydrolase which is involved in a
post-translational modification called poly(ADP-ribosyl)ation, implicated in
chromatin modification process, were up-regulated only in SG. Similarly,
homologue of digestive hydrolases like lipase, a-amylase, etc. were up-regulated
only in AC. Among the transferases up-regulated in SG and RB,
UDPglucosyltransferase homologues were dominantly expressed. These
enzymes are known to be up-regulated in several tissues of B. mori including gut

and silk gland, and are speculated to play important role in flavonoid metabolism
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and detoxification 44. These observations indicate that dietary flavonoids may
have some important role to play in silk gland while detoxification of
allelochemicals produced by plants or endoparasites may be relevant for the
alimentary canal in this instance. The catabolic activities were also enriched
among biological processes and molecular functions in both tissues along with
binding and signal transduction processes. There is a possibility that binding and
signal transduction are carried out in conjunction with other biological processes

upregulated in these tissues.

As an alternative measure of mining genes related to pigmentation, another GO
class that is associated with the pigments, i.e., the “pigment-binding” molecular
function was analyzed. This functional class includes pigment-binding proteins for
isoprenoids, for e.g. carotenoids. Despite the fact that it was not significantly
enriched in AC or SG, we probed its associated up-regulated transcripts as they
are a possible source of information on pigmentation in A. assamensis. We
identified transcripts which shared homology with the two transcript variants
(BmStartl or transcript variant 1-NM_001043533.1 and transcript variant 2-
NM_001110362.1) of the carotenoid binding-protein (Cbp) gene of B. mori. Their
coding regions were significantly conserved and they were upregulated in SG.
BmStartl encodes a Cbp isoform which is considered to be extremely important
for carotenoid-dependent cocoon pigmentation and is found in both
white/colourless and yellow strains of B. mori 4°. B. mori Cbp transcript variant 2
is found only in yellow cocoons. Upregulation of both these isoforms in A.
assamensis suggests that it may have an active carotenoid uptake process in silk

gland. However, existing knowledge shows that muga silk colour varies from one
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Fig. 2.3 Gene Ontology (GO) enrichment plot showing the enriched
molecular functions and biological processes among the functionally
annotated, up-regulated transcripts of Alimentary Canal (AC) and Silk
Gland (SG) [Figure re-used in compliance with publisher guidelines 4]

[Figure re-used in compliance with publisher guidelines 4]

host plant to another and hence, further experimentation is necessary to remark
upon the function of these candidate genes and their role in the muga silkworm
4647 Nevertheless, these candidate transcripts are a potential data source for
further research.Various aspects of silk synthesis including experimental
identification of involved functional elements have been well studied in

Lepidopterans like B. mori, G. mellonella, etc. 484°. Identifying homologues of
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these functional elements in A. assamensis will help in improving the existing
knowledge on structural and regulatory aspects of its silk synthesis. While the
sequence of fibroin gene of A. assamensis is known (Fibroin heavy chain or
AaFhc, GenBank Accession-KJ862544.1), no information is available regarding
other silk-related protein sequences such as sericin and silk gland factors 2. Our
differential expression studies showed that multiple candidate genes related to
silk, namely, AaFHC, sericin and silk gland factor proteins were up-regulated.
The AaFHC transcript assembled by us matched 100% with the experimentally
determined one, thus testifying for our assembly process again. We also
identified transcripts homologous to silk sericin MG-1 of G. mellonella (NCBI
Accession-AGN03940.1) and silk gland factor-1 (NCBI Accession-
NP_001037329), silk gland factor-3 (NCBI Accession- NP_001037456),
homeobox protein homothorax-like (NCBI Accession - NP_001296493) and
extradenticle (NCBI Accession-NP_001296565) of B. mori (Fig. 2.4). In B. mori
and G. mellonella, sericin is expressed in mid-silk gland which binds fibroin
filaments chaperoned by P25 on a cocoon wall or similar structure %°. Silk sericin
MG-1 homologue identified in A. assamensis SG transcriptome shared some
common characteristics with that of B. mori and G. mellonella (Fig. 2.4A).
Previous experiments had shown that sericin proteins of B. mori and G.
mellonella had high proportions of Ser, Gly and Asn “°. The conserved residues
in our candidate transcript also constituted of a high percentage of Ser, Gly and
Asn residues. Abundance of Ser (12.3%) and Pro (10.1%) residues and
conservation of Gly-Ser repeats were also observed from analysis of amino acid
composition. These facts outlined the similarities shared between the known

sericin proteins and our transcript. A striking distinction between them was the
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presence of a high proportion of Pro residues which is not commonly observed in
another known silkworm sericin. However, evidence suggested that presence of
more Pro residues can affect the intrinsic properties of a protein, for e.g. increase
its thermal stability and differential calorimetric studies had shown sericin of A.
assamensis to be more thermostable than B. mori or A. mylitta %52, In light of

these facts, we can presume that while functions carried out by A. assamensis

sericin may be similar to B. mori or G. mellonella sericin, their sequence and
inherent properties might have differences. Presence of more than one sericin

genes or alternative splice variants in muga silkworm is also possible.

In contrast to the presence of fibroin and sericin-like homologues in A.
assamensis, P25 homologues were absent. Reported in earlier studies as well,
its absence in muga silk is presumed to be compensated by the presence of a
greater proportion of Ser and other polar residues in the C-terminal region of A.

assamensis fibroin facilitating better solubility 2.

Other than the core silk proteins, we also found a set of candidate genes for silk
gland factor-1, silk gland factor-3, homothorax and extradenticle of A.
assamensis. The forkhead domain as well as the N- and C-terminal domain of
putative silk gland factor-1 was conserved between A. assamensis and B. mori,
including the DNA binding domain “KTYRRSYTHAKPPYSYISLITMAIQNNP
SRMLTLSEIYQFIMDLFPFYRQNQQR W” and the two transactivation domains
‘LKQEPSGYAPAQHPFS” and “NYYQS PLYHHHHAHAQPPL" necessary for
transcriptional stimulation (Fig. 2.4B) %3. This suggests that A. assamensis silk
gland factor-1 might be a part of the fork head/HNF-3 family like its B. mori
counterpart and share similar functional attributes, i.e., transcriptional regulation
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Fig. 2.4 Conserved regions between the putative sericin-like transcript, silk
gland factor-1, silk gland factor-3, homothorax and extradenticle in A.
assamensis and the reference proteins from Galleria
mellonella and Bombyx mori. NCBI Accession Numbers of the reference
proteins; A- silk sericin MG-1 (NCBI Accession-AGN03940.1), B- silk gland
factor-1 (NCBI Accession- NP_001037329), C- silk gland factor-3 (NCBI
Accession- NP_001037456), D- homeobox protein homothorax-like (NCBI
Accession- NP_001296493) and E- homeobox protein extradenticle (NCBI
Accession- NP_001296565) [Figure re-used in compliance with publisher

guidelines 4]

of tissue-specific expression of sericin. Candidate silk gland factor-3 from B. mori
was also identified with conserved POU (found in Pit-Oct-Unc transcription
factors) and homeodomain, which contains conserved DNA binding sites involved
in transcriptional regulation (Fig. 2.4C). B. mori silk gland factor-3 is reported to
be differentially expressed for transcriptional regulation of ser-1, an event
triggered by binding of the POU-ML1 protein to silk gland factor-3 POU-domain
which, in turn, interacts with one of the putative cis-acting regulatory elements of
B. mori ser-1 gene *4*. Homologues of B. mori homothorax and extradenticle
which act as putative co-factors for facilitative binding of HOX protein Antp for
transcriptional regulation of serl gene, with conserved homeodomains were also
identified (Fig. 2.4D-E) °°. All these four candidates are known to be involved in
regulation of ser-1 gene expression in B. mori suggesting the existence of a
similar active transcriptomic network in A. assamensis. Complete gene sequence
and RNA silencing or knock-out studies can yield more insights regarding these

observations.
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An important facet of the differential expression analysis was that some
unannotated (PNTAa) transcripts were significantly differentially expressed in the
tissues along with the annotated ones (1606 in AC and 1173 in SG). This dataset
may include novel proteins, splice variants, microRNA precursors or long non-
coding RNAs participating in tissue-specific or common processes of A.
assamensis and can be better understood once muga silkworm's whole genome

sequence becomes available.

2.3.4 Identification of candidate antimicrobial peptides in A. assamensis

transcriptome

Other than silk synthesis, silkkworms are also a good model for studying
responses towards different immunogenic challenges. Silkworms rely heavily on
a specific set of peptides, i.e., AMPs which are a vital part of the insect's immune
system synthesized by fat bodies and circulated via haemolymph. A diverse
range of AMPs are found in a silkworm's body to protect it against specific
invaders such as bacteria, virus, fungi or protozoa. Muga silkworm continuously
faces threat from invading micro-organisms; common pathogens are Beauveria
bassiana (fungus), Streptococcus and Staphylococcus sps. (bacteria), nuclear
polyhedrosis virus etc. which develop fatal diseases like flacherie, grasserie etc.
(Patnaik, 2008). We identified several AMP homologues in the collective
transcriptome. RB transcripts were a major source of these homologues as its
library consisted of haemolymph and fat bodies along with other residual tissues.
The types of AMPs identified were attacin, cecropin, defensin, gallerimycin,
moricin and gloverin (Fig. 2.5). Attacin and gloverin are anti-bacterial peptides

that tackle bacterial infection by inactivation of the synthesis of their vital outer
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membrane proteins 6. Attacin in A. assamensis was 81.5% identical to that in S.
cynthia ricini (NCBI Accession-AB059394.1) with conserved regions in N-terminal
and C-terminal (Fig. 2.5A). Attacin from S. cynthia ricini is considered to be a
major inducible AMP which is effective against several strains of Gram-negative
bacteria 5’. The isoelectric point (pl) of our putative attacin peptide is 8.95, close
to the commonly observed range of 9.6-11.0 hinting that it may be similar to the
basic attacin commonly found in Lepidoptera. Another class of insect AMP was
cecropin which is homologous to that of H. armigera (NCBI Accession-
ADR51154.1) (Fig. 2.5B). Named after Hyalophora cecropia, cecropins are a
group of highly potent AMPs that inactivate microbes, including bacteria, fungi
and parasites, within minutes by ionophoric mechanisms (Bulet et al., 1999). At
present, there are three types of available H. armigera cecropins (HaCec 1, 2 and
3) %8, Sequence comparison showed that our putative cecropin had a Lys-residue
at position 61 similar to HaCec 1 and 3 while HaCec 2 had a Valresidue. HaCec
1 and 3 are known to be highly expressed during fungal infection in H. armigera
and sequence characteristics indicate the same for our putative cecropin AMP.
Defensin (homologous to that of Trichoplusia ni Defensin, NCBI Accession-
ABV68852.1) and gallerimycin (homologous to that of A. pernyi, NCBI Accession-
ACB45564.1) were also observed in our transcriptome; defensin usually acts
against bacteria and sometimes against parasites; while gallerimycin confers
anti-fungal resistance by binding to glucosylceramides in vulnerable fungi 565°
(Fig. 2.5C-D). As for moricin, it is a highly basic AMP effective against both
Gram-positive and Gram-negative bacteria which acts by increasing bacterial
cytoplasmic membrane permeability causing cell death %°. We identified two

candidate moricins similar to that of H. armigera (NCBI AccessionADR51149.1)
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and B. mandarina (NCBI Accession-AEM66431.1); both transcripts consisted of
an amphipathic N-terminus and hydrophobic C-terminus that mediates the AMP's
antibacterial activity (inferred by Kyte and Dolittle Plot in ProtScale
(http://web.expasy.org/ protscale)) (Fig. 2.5E). Lastly, gloverin homologue of A.
assamensis shared high sequence similarity with A. mylitta gloverin (GenBank
AccessionABG72699.1); a few characteristics like Gly-richness (~18%) and basic
pH (9.89) were also observed in our putative gloverin transcript adding to their

similarities (Fig. 2.5F) 62,

An interesting aspect of this analysis was the identification of the same set of
AMPs described above, excluding gallerimycin, in the SG transcriptome.
Additionally, close homologues of hemolin and serpins were also found. The
presence of AMPs and protease inhibitors in silkworm cocoons has been
reported earlier; some novel peptides with unknown functions have been
discovered in B. mori and G. mellonella silk glands and cocoons %24 These
studies suggested that silk gland could be a part of the insect immune system.
Our observations also reflect this idea that silk glands may be a possible
reservoir of AMPs and other immunogenic peptides which are released with the
silk during spinning. Co-relating our observations with proteomic studies of the
muga silk cocoon will yield more information regarding AMPs present in silk gland

and if it carries out AMP synthesis itself or imports them to the gland.

Altogether, a repertoire of putative AMPs conferring immunity in A. assamensis
against gram-positive and gram-negative bacteria, fungus and parasites was
identified which can be probed further for gaining knowledge on silkworm immune

system. Given that their mode of action is well-understood, these insect AMPs
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may also find applications in disease resistance/treatment or vector control.
Future experiments can be directed to learn about the AMP preferences of A.
assamensis with respect to specific class of pathogens during

immunecompromised situations and if they play synergistic roles in host defence.
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Fig. 2.5 Sequence conservation between the candidate antimicrobial
peptides of A. assamensis and known antimicrobial peptides of different
lepidopteran species: [A] Attacin, [B] Cecropin, [C] Defensin, [D]
Gallerimycin, [E] Moricin and [F] Gloverin. The conserved residues are

shown in blue boxes.

2.3.5 Experimental validation of A. assamensis transcripts by quantitative

reverse-transcriptase PCR (RT-qPCR)-
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We performed RT-qPCR of eight transcripts to experimentally validate our A.
assamensis transcriptome assembly. Eight candidate transcripts, namely, actin,
ecdysone receptor, juvenile hormone esterase, juvenile hormone acid o-methyl
transferase, argonaute-2, calcium/calmodulin-dependent protein kinase as well
as two putative novel transcripts from PNTAa dataset- PNTAa_1 and PNTAa_2
were selected for the experiment. The genes corresponding to the annotated
transcripts are important for various molecular processes in insects. Actin is
involved in formation of microtubules and microfilaments in the eukaryotic
cytoskeleton. Juvenile hormone esterase and juvenile hormone acid O-methyl
transferase is involved in the juvenile hormone biosynthetic pathway and their
expression levels are closely related to metamorphosis and molting events in
insects %5, Calcium/Calmodulin-dependent protein kinase is involved in calcium
signaling while argonaute is a highly conserved gene involved in RNA silencing
66,67 Ecdysone receptor is a part of the nuclear receptor family and mediates the
signalling of ecdysone, a steroid hormone which is involved numerous aspects of

insect growth and development ©8.

Forward and reverse primers for these candidate transcripts were designed
followed by test for the primer's homology with non-specific transcripts (Table
2.4). These highly specific primers were used to perform RT-gPCR for these
candidate genes followed by resolution on an agarose gel. Amplicons with single
bands and expected amplicon sizes for each target transcript was observed
indicating amplification of the target transcript (Fig. 2.6). PNTAa_2 displayed a

single band with the expected amplicon size in AC sample.
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All the six annotated transcripts were down-regulated in SG while in AC, all the
transcripts, except actin and juvenile hormone esterase, were up-regulated (fold
change (Fig. 2.7). Among the two putative novel transcripts, both were up-
regulated in AC but PNTAa_2 was down-regulated in SG. The gPCR results were
fairly consistent with the results of RNASeq experiment as analyzed by
comparison of transcript abundance (FPKM values) generated via RSEM (Table
2.5). For e.g. abundance of actin transcript was lower in AC (FPKM= 69.16) and
SG (FPKM= 35.27) relative to RB (FPKM= 366.52). Similarly, FPKM of
argonaute-2 was greater in AC (FPKM= 5.92) and lower in SG (FPKM= 0.98)
relative to RB (FPKM= 1.95) (Table 2.5). The RT-gPCR experiment results also
reflected these observations in terms of differential expression. The relevance of
differential expression of the putative transcripts is not discussed further as the
validation experiment was carried out for random genes. Experimental proof of
the existence and expression of the non-annotated transcripts affirmed their
potential as a source of functional coding or non-coding transcripts. The reliability
of this de novo transcriptome as a source of sequence and expression data for A.

assamensis was also demonstrated.

Table 2.4 List of the eight transcripts for validation with their primers (F-
Forward and R- Reverse) [Table re-used with modification in compliance

with publisher guidelines 4]

) _ Expected
Candidate Gene Primers ) )
amplicon size

F- CATCTACGAAGGTTACGCTC
Actin 191
R- CCATCTCCTGCTCGAAGTC

Juvenile Hormone F- CGGATCATGAGACCCAAGG 178
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Esterase R- CGAAAGCGAATCCTCCACC

Juvenile hormone
_ F- TTTGTCACTCATATCGCTACC
acid O-methyl 192
R- CACAGCACCAACGATCTTTC
transferase

F- TTCATGTCTGTAATCTCCACC
Argonaute-2 185
R- GCTTTCACTCCGGATAAACC

Calcium/Calmodulin-
_ F- CAATCCGAATCGTGAGAGTG
dependent protein 190
” R- AGCCTCTCGTTCCAGTTTC
inase

F- CAGACAGAGGAAGACGAGG
Ecdysone Receptor 181
R- CTCGCAACATCATCACCTCG

F- CACTAAATTCCAGCGAACGA

PNTAa_1 177
R- TTGTGCATTTGAGGACATGA
F-

PNTAa_2 GCATTTGTTATCTATTTACGACGGT 165

R- CAGGTGAACTTAAAGCGAGGT

500bp
400bp
300bp
200bp

100bp
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Fig. 2.6 Agarose gel electrophoresis of amplicons of the eight random
transcripts selected for RT-qPCR validation. [Figure re-used in compliance

with publisher guidelines 4] Legends are tabulated below-

Lane Figure Sample Name
No. No.
1 2.6A Actin
2 2.6A (No Template Control) Actin
3 2.6A Juvenile Hormone Esterase
4 2.6A (No Template Control) Juvenile Hormone Esterase
5 2.6A Juvenile hormone acid O-methyl transferase
6 2.6A (No Template Control) Juvenile hormone acid O-methyl
transferase
7 2.6A Argonaute
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2.6A (No Template Control) Argonaute

2.6A Calcium/Calmodulin-dependent protein kinase
10 2.6A (No Template Control) Calcium/Calmodulin-dependent
protein kinase
L 2.6A 100 bp Ladder
11 2.6B Ecdysone receptor
12 2.6B (No Template Control) Ecdysone receptor
L 2.6B 100 bp Ladder
L 2.6C 100 bp Ladder
13 2.6C Internal_Reference_Alpha_tubulin (AC)
14 2.6C Internal_ Reference _Alpha_tubulin (RB)
15 2.6C Internal_ Reference _Alpha_tubulin (SG)
16 2.6C (No Template Control) Alpha_tubulin
17 2.6C PNTAa_1(AC)
18 2.6C PNTAa_1(RB)
19 2.6C PNTAa_1(SG)
20 2.6C (No Template Control) PNTAa_1
21 2.6C PNTAa 2 (AC)
22 2.6C PNTAa_2 (RB)
23 2.6C PNTAa_2 (SG)
24 2.6C (No Template Control) PNTAa_2

Table 2.5- Transcript abundance estimates for the transcripts targeted for
transcriptome validation of Antheraea assamensis in terms of (Fragments
Per Kilobase of transcript per Million mapped reads (FPKM) values [Table

re-used with modification in compliance with publisher guidelines 4]

FPKM
TRANSCRIPT
AC SG RB
Actin 69.16 35.27 366.52
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Argonaute 5.92 0.98 1.95
Ca?*'calmodulin-dependent 7.9 2.6 7.52

protein kinase I

Ecdysone receptor 16.25 4.3 10.13
Juvenile hormone acid 22.87 3.05 3.11
methyltransferase

Juvenile hormone esterase 1.43 1.89 33.86
PNTAa_1 5.98 6.63 0.9
PNTAa_2 6.07 2.9 1.112

2.4Conclusion and future prospects

In this study, we reported the multi-tissue de novo transcriptome of the 5th instar
larvae of A. assamensis reared on the leaves of M. bombycina for the first time.
More than ~74% of the transcripts were functionally annotated and classified
under broad functional categories of GO, KEGG, COG and Pfam. These
transcripts, thus, constituted an exhaustive resource of candidate genes for A.
assamensis which doesn’'t have a whole genome sequence till date. The study
reported the sequences and differential expression of putative silk gland factor-1,
silk gland factor-3, sericin-like transcript, homothorax, extradenticle and
carotenoid transcripts providing molecular insights to the silk synthesis process of
A. assamensis. The PNTAa dataset contributed novel candidates- new genes,
splice variants or non-coding RNAs in A. assamensis which can be ascribed new
identities once the whole genome sequence is available. The transcriptome data

is now hosted in an online MugaSeqDB (http://mugaseqdb.in). Overall, the
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resources generated by this study will enable further molecular or genomic

studies on this commercially important organism.
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Figure 2.7- Log fold change values of expression of the eight random
transcripts used for transcriptome validation in Alimentary Canal (AC) and
Silk Gland (SG) relative to the control tissue (Residual Body, RB) using
alpha-tubulin gene as internal standard [CAMK- Ca2+/calmodulin-
dependent protein kinase Il, EcCR- Ecdysone receptor, Jhamt- Juvenile
hormone acid methyltransferase, Jhe- Juvenile hormone esterase,
PNTAa_1 and 2- Putative novel transcript of A. assamensis 1 and 2] [Figure

re-used in compliance with publisher guidelines 4]
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CHAPTER 3

De novo transcriptome of Antheraea assamensis
host plants: Machilus bombycina (Som) and

Litsea citrata (Mejankari)

ABSTRACT

Muga silkworm is an economically significant lepidopteran that is strictly
phytophagous. Its physical properties like silk yield, size, etc. has are governed
by the host plant it is reared upon. However, the amount of molecular data on its
host plants is scarce. In this study, we attempted to address this existing gap by
studying the two Lauraceae host plants, namely, Som (Machilus bombycina) and
Mejankari (Litsea citrata). Som and Mejankari are two primary and secondary
host plants of muga silkworm, respectively. Here, we sequenced and annotated
the de novo transcriptome of both host plants. Som and Mejankari transcriptome
consisted of 55,400 and 1,38,690 transcripts, respectively, of which ~50%
transcripts in both species were annotated in this study. We also identified the
putative genomic components of their chemical defense related to the
glucosinolate-myrosinase system and antimicrobial peptides that tackle microbes
as well as herbivorous pests. Our findings generated a novel resource of
genomic data on the Lauraceae family. It also provided a new perspective to

study silkworm host plants in terms of their immune system.
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3.1 INTRODUCTION

Host plants are an integral part of any herbivore’s life span as it is the solitary
dietary source for the organism. Lepidopterans are one such order consisting of
~99% herbivorous insects which acquire nutrition from their host plants including
nitrogen, carbon and other trace elements 1. However, from a plant’s perspective,
its relationship with any herbivore is usually equivalent to that of a host and a
pest. Hence, plants employ various direct and indirect defenses to confront
herbivores. Direct defenses target a pest’'s host plant preference, survival and
reproductive success while indirect defenses involve attracting predators of their
existing pests 2. Both modes involve various morphological as well as chemical
effectors, some of which come handy in tackling pathogenic challenges as well 3.
Here, we shall discuss the molecular aspect of these chemical defense effectors
which are usually diverse, has broad-spectrum action and are either constitutively
produced or actively transcribed in response to plant hormone-triggered
signalling related to physical damage, for e.g., larval feeding 2. Chemical
components of plant defense include but are not limited to antimicrobial peptides,
toxic compounds (terpenoids, alkaloids, etc.) and volatile organic compounds

(e.g. volicitin) 4.

Antimicrobial peptides are an integral part of the plant immune system and act as
a part of chemical weaponry against biotic stresses. Their necessity can be
inferred from the fact that around 2-3% of the total gene content in a plant
species constitute AMPs. They’re found ubiquitously across the kingdom and
have a much broader activity spectrum than just microbes. They also play a role

in plant defense against a wide range of multicellular pests like insects, molluscs,
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nematodes, etc. These broad-spectrum activities are made possible by three
fundamental features: heterogeneity in host peptide composition, existence of an
effective signaling network that triggers the expression of appropriate AMPs with
respect to biotic signals and remarkable structural stability rendered by presence
of more Cys-residues (which forms intra-peptide disulfide bonds) and other
biophysical features . The first plant-derived antimicrobial peptide, purothionin,
was isolated from wheat almost half a century back in 1972 8. Since then, there
has been a steady growth in the number of plant AMPs which are classified as
defensins, thionins, knottins, snakins, etc. They have a standard mode of action
which relies upon the cationic nature of peptides to infiltrate negatively charged
cell membranes of pathogens and form pores or disrupt the membrane structure
which eventually leads to leakage of cell content and death 7. Some can also
interact with specific membrane components, for e.g. receptors, leading to
internalization and subsequent disruption of crucial cellular functions like
biomolecular biosynthesis, deactivation of host immune effectors and eliciting
allergenic responses °. The existing diversity in available plant AMPs suggest
that more variant modes of pest/pathogen neutralizing action will exist. Overall,
these evidences bolster the role of plant AMPs as robust chemical defense

against pests/pathogens and emphasizes on the need to study them.

Plants are also marvels of evolution due to their wide range of biosynthetic
products, a major share of which interact with other organisms and are potentially
defense compounds. They belong to different chemical classes of which
terpenoids, steroids, alkaloids and phenolics are the most populous #. Their
mechanism involves inhibition of metabolite transport, signaling pathways or

metabolism as well as disruption of membrane 2.
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Here, we have focused on one of these classes, glucosinolates, which are very
effective in defense from herbivores. Glucosinolates are anionic thioglucodises
which are well-studied in the Brassicaceae family 8. Glucosinolates are relatively
inert precursors of aglycones which are synthesized and compartmentalized until
tissue damage. During such an event arising from herbivore chewing or
equivalent, the glucosinolates in the plant tissues come in contact with
myrosinase, their hydrolyzing enzyme, and form the unstable aglycones. These
aglycones with aliphatic side chain are hydrolyzed at neutral pH to form
isothiocyanates or nitriles in presence of Fe?* or acidic pH °. Some of the
resulting compounds are toxic to many insect species, including generalists like
Spodoptera eridania or specialists like Plutella xylostella and plant pathogenic
fungi ®-*2. These intermediates can covalently modify nucleic acid or proteins and
have detrimental effect on the redox homeostasis of a target cell 4. However, for
some specialist herbivores, however, these may rather act as recognition cues or
attractants. Overall, this Glucosinolate-Myrosinase (Glc-myr) system has been
reported and well-studied in plants from Brassicaceae, Capparidaceae, and

Tropaeolaceae families 4.

Extensive studies have been performed to study plant defense mediators and
their biosynthetic pathways in the model plant, Arabidopsis thaliana, agricultural
crops like rice, wheat, cabbage, mustard, etc. due to their commercial relevance
as well as higher availability of molecular data 314, However, similar studies on
host plants reared commercially for sericulture is limited. Sericulture is one of the
most anthropologically as well as ecologically viable agro-practices and very
popular in India and China. Every year, these plants face a multitude of biotic

challenges, from unicellular pathogens to invertebrate pests as well as

TH-2432_1361 2
3213610603 Ch-3 | Page 4



Chetia, 2019 CH-3: Transcriptome of Som and Mejankari

vertebrates. While the latter can be warded off, understanding the former two
aspects is necessary to defend these host plants and promote sustainable

sericulture.

The muga host plants are divided into primary, secondary and tertiary categories
based on the feeding preference of muga silkworm 5. All primary and secondary
host plants of muga silkworm are from Laurales order and Lauraceae family. A.
assamensis, our organism of interest, is a lepidopteran herbivore predominantly
reared on primary host plants from Lauraceae for commercial needs 16. ~20
additional plants from Lauraceae, Magnoliaceae, Rutaceae, etc. have been
reported as its tertiary host plants *>'7. However, availability of rearing data on
most of the non-Lauraceae host plants is scarce to none and this lack of data on
its dietary specialization and corresponding effects on muga silk makes it difficult

to classify A. assamensis as a generalist or a specialist herbivore 8,

Table 3.1 Characteristics of Machilus bombycina (Som) and Litsea citrata

(Mejankari)

Vernacular Name Som Mejankari
Taxonomical Class

Order Laurales Laurales
Family Lauraceae Lauraceae
Genus Machilus Litsea
Species bombycina citrata
Homotypic synonym Persea bombycina Litsea cubeba
NCBI Taxonomy ID 466588 1987498
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Chromosome number 12 12

(n)

Whole Genome Not available Not available
Transcriptome Not available Available
Mitochondrial genome Not available Not available
Chloroplast genome Not available Not available

Som (M. bombycina) is a primary host plant of muga silkworm which is evergreen
and available almost all around the year (Table-3.1). It is predominantly used for
commercial rearing of muga silkworm in North-East India. Muga silkworm reared
on M. bombycina produces golden-yellow colored cocoon °. Mejankari (L.
citrata), on the other hand, is a secondary host plant of the same insect, however,
its usage for commercial rearing is extremely rare (Table-3.1). It is a deciduous
shrub or tree, primarily cultivated for essential oils 1619, Muga silkworms reared
on L. citrata leaves produce creamy white cocoons '°. Overall, the Indian
sericulture industry involves ~8 million people and earns ~2000-2500 crore every
year. Muga silkworm has a significant contribution towards the farmers of Assam
(http:/texmin.nic.in/sites/default/files/note-on-sericulture2017-18-ThirdQtr.pdf).

Now, commercial benefits derived from muga silkworm indirectly depends upon
its host plants. However, despite their significance of silkworm hosts, there is a
massive disparity between the amount of studies performed on other commercial
crops and these Lauraceae plants. A quick search in NCBI database reveals the
presence of a few barcode sequences, but other forms of biomolecular data are
infrequent 29, In this study, we addressed this existing gap by studying the two

Lauraceae host plants discussed above, namely, M. bombycina and L. citrata.
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Som is always of commercial as well as biological interest due to its status as a
primary host plant and long-term association with muga silkworm, respectively.
Use of Mejankari as a host plant for rearing muga silkworm has diminished over
the years; one of the reasons being the difficulties associated with its successful
cultivation. Despite this, it has potential as a host plant and reports of alteration in
silk coloration on Mejankari fed muga silkworms further stress upon this fact. The
age-old cultural practice of producing muga silk on selected host plants also
provides a possibility to examine the existing theory of co-adaptation arising from
long-term insect-host plant association. This phenomenon has already been
observed in the lepidopterans, Pieris rapae and P. xylostella 2%. Keeping these in
mind, we sequenced and annotated the de novo transcriptome of both Lauraceae
plants. We specifically identified putative genomic components of their chemical
defense related to the glucosinolate-myrosinase system and AMPs that tackle
microbes as well as herbivorous pests. Our findings generated a novel resource
of genomic data on the Lauraceae family. It also provided a new perspective to
study silkworm host plants and contributed towards a better understanding of

plant immune system.

3.2 MATERIALS AND METHODS

3.2.1 Sample collection, RNA isolation, cDNA library preparation and

sequencing:

M. bombycina and L. citrata leaves were collected from Central Muga Eri
Research & Training Institute (CMER&T]I), Lahdoigarh (26.7844° N, 94.3443° E).
The leaves were immediately washed, surface sterilized with sodium hypochlorite

solution (1.0%) and dissected into very thin sections under sterile conditions and
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stored in RNAlater stabilization solution (Ambion™) at -80°C. RNeasy® plant mini
kit (Qiagen, Hiden, Germany) was used for RNA isolation from the plant tissues.
The concentration, purity and integrity of the isolated RNA (A260 /A280 ratio 21.8
and RIN number =28) were verified using Nanodrop spectrophotometer and High
Sensitivity Bioanalyzer Chip (Agilent Technologies, CA, U.S.A.). Preparation of L.
citrata and M. bombycina sequencing libraries was performed with Illumina-
compatible SureSelect Strand-Specific RNA Library (Part # G9691-90010) and
TruSeqg RNA Library (Part # 15008136) preparation kits (Agilent Technologies,
Santa Clara, CA, U.S.A.). The resulting cDNA libraries for M. bombycina and L.
citrata were sequenced on lllumina HiSeq™ 2000 and 4000 sequencer platforms
respectively, using the paired-end sequencing protocol at Genotypic Technology

Pvt. Ltd., Bangalore, India.

3.2.2 Quality control of raw data and de novo assembly of transcriptome:

The quality metrices of the resulting raw reads per data set were examined using
FastQC v0.11.5 22, Based on the report, both paired-end datasets were corrected
for adapter contamination, over-represented sequences, erroneous k-mers, low
quality reads as well as tiles (Phred quality score cutoff was =30) using a
combination of Trimmomatic 0.35, Trim Galore, rCorrector tools as well as in-
house shell scripts 2>2°, The resulting raw reads were mapped to ribosomal
rRNA reads (entitted SSUParc and LSUParc files) from the SILVA rRNA
database project using bowtie 2 and unmapped read pairs were retained 2. The
resultant reads were re-examined using FastQC to check for attainment of

desirable quality features.
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Following this, the final set of paired-end reads were utilized as inputs for de novo
assembly of M. bombycina and L. citrata transcriptomes via Trinity tool (v2.6.5)
utilizing the in-built parameters for normalization by read set and k-mer size of 32
27, The quality of transcriptome assemblies was assessed on the basis of
parameters like N50 value, mean transcript length, percentage of reads mapped
to the transcriptome, etc. using the scripts provided under Trinity package.
Transcriptome completeness was quantitatively examined via BUSCO
(Benchmarking Universal Single-Copy Orthologs) tool v3 using the dataset

“Embryophyta odb10” curated by OrthoDB in transcriptome mode 2829,

3.2.3 Annotation and functional classification of the transcriptome:

The assembled transcriptomes of M. bombycina and L. citrata were aligned to a
combination of protein databases- NCBI Non-redundant Protein and UniProt
databases for Viridiplantae (NCBI & UniProt Taxon ID- 33090) downloaded in
April 2018 using the blastx program of NCBI BLAST package v 2.6.0+ with the e-
value cut-off of 1e-05 2°. The top-most hits with best bit-score followed by query
coverage and percentage identity (in that order) were sorted and de-duplicated.
Additional information on annotation, namely, Gene ontology (Biological process,
Molecular function and Cellular compartment) were obtained from UniProt
database using the respective reference proteins. The transcriptomes were
translated into putative peptides using TransDecoder v5.5.0. The functional
domains in these hypothetical proteins were identified by matching HMM profiles
described in Pfam-A database using the hmmscan command of hmmer tool

v3.1b2 with e-value threshold (E) for model reporting as 1e-03 332, The
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remaining set of transcripts without annotation or general identifier were classified

as putative novel transcripts for L. citrata (PNT_Lc) or M. bombycina (PNT_Mb).

3.2.4 Identification of candidate defense-related genes:

A. Antimicrobial peptides:

The Antimicrobial Peptide Database (APD) (http://aps.unmc.edu/AP/main.php)
version 3 was downloaded and matched with the translated proteomes of both
plant transcriptomes using blastp (e-value cut-off 1e-02) 32. APDv3 consists of
manually curated antimicrobial peptides from multiple species including plants.
We also downloaded the reference plant AMP sequences from PhytAMP
database and probed our transcriptomes using blastp similarly 34. The existing
annotations for these transcripts from Section 3.3.3 were compared to these hits
and only the ones with better bit-score were retained. Physico-chemical

parameters of the candidate peptides were generated using Prot-PARAM 35,

B. Glucosinolate-myrosinase biosynthetic system:

Reference gene identifiers for the glucosinolate biosynthetic pathway and
glucosinolate activation pathway were downloaded from MetaCyc (under BioCyc)
database and their protein sequences were retrieved from UniProtkB 6. These
genes were then matched with the translated proteomes of both plant
transcriptomes using blastp (e-value cut-off 1e-02). Top hits per transcript were
retained after sorting by query coverage, percentage identity and bit score.
Expression of the transcripts were represented as TPM (Transcript per million

bases) and the method of TPM derivation is described below.

3.2.5 Analysis of expression values (TPM) for transcripts:
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Abundance of each transcript was estimated using an alignment-based mapping
tool, RSEM, which aligns the quality control processed paired-end raw reads to
the bowtie-indexed reference of a transcriptome 2737, This experiment generates
normalized values of the count-based expression metric for each transcript (also
termed as isoforms), namely, 'transcripts per million' (TPM). Normalization
removes technical biases inherent in sequencing approaches, most notably the
length of the RNA species and the sequencing depth of a sample. The formula

for TPM is-

ry % 1l X 10° T_ngxrl
fly x T

TPM =
where
Here, rg is the number of reads mapped to a particular transcript g;

fly is feature length, the number of nucleotides in a mappable region of the
transcript;

rl is the read length, i.e., the average number of nucleotides mapped per read

T represents the total number of transcripts sampled in a sequencing run.

3.3RESULTS AND DISCUSSION

3.3.1 De novo transcriptome assembly

3.3.1.1 M. bombycina: Sequencing of the M. bombycina transcriptome
generated 73,798,878 paired-end raw reads of which 69,820,812 were retained
post-quality control steps for the de novo assembly. N50 statistic is popularly
used to assess a transcriptome assembly’s quality, with a higher value indicating
a better assembly. Our observed N50 value (1930) for M. bombycina

transcriptome was higher than those obtained in multiple other plant
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transcriptome sequencing studies which indicated the robustness of the
assembly (Table-3.2) 3840, Read coverage of the assembly was estimated to be
97.89% indicating that majority of the reads were utilized for the assembly. We
also estimated the percentage of BUSCO orthologues from embryophyta present
in M. bombycina transcriptome and found it to be satisfactory (>80% of complete

BUSCOs) (Fig. 3.1).

Table 3.2 Transcriptome assembly statistics for M. bombycina

Number of Transcripts 55400
Percent GC 43.59
Contig N50 value 1930
Median contig length 876
Average contig 1228.55
Total assembled bases 68061887
Percentage of reads covered in the assembly 97.89

3.3.1.2 L. citrata: Sequencing of the L. citrata transcriptome generated
25,015,009 paired-end raw reads of which 23,286,733 were retained post-quality
control steps for the de novo assembly. These high-quality reads were taken as
input for transcriptome assembly using Trinity. The resulting assembly statistics
are provided in Table 3.3. Our observed N50 value (1722) for L. citrata
transcriptome was higher than those obtained in multiple other plant
transcriptome sequencing studies which indicated the robustness of the
assembly 3840, Read coverage of the assembly was very high (96.73%). We also

estimated the percentage of BUSCO orthologues from embryophyta present in L.
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citrata transcriptome and found it to be satisfactory (>80% of complete BUSCOSs)

(Fig. 3.1).

Table 3.3 Transcriptome assembly statistics for L. citrata
Number of Transcripts 138690
Percent GC 41.78
Contig N50 value 1722
Median contig length 526
Average contig 968.19
Total assembled bases 134278470
Percentage of reads mapped 96.73 %

BUSCO ASSESSMENT OF TRANSCRIPTOME

L. citrata 89 9951

M. bombycina 87.40 8873
0% 20% 40% 60% 80% 100%

Complete BUSCOs Fragmented BUSCOs

Missing BUSCOs

Fig. 3.1 Percentage of BUSCOs present in the transcriptomes of M.

bombycina and L. citrata
3.3.2 Functional annotation and classification of the transcriptome
3.3.2.1 M. bombycina

The purpose of annotating any de novo transcriptome is to assign an identity to

each transcript. Here, a combination of databases (NCBI Protein, UniProt, Pfam,
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GO and KEGG) were strategically selected to ensure annotation of maximum
number of transcripts from the M. bombycina transcriptome. We were able to
annotate 39,198 out of 55,400 transcripts in totality while 16,202 transcripts
remained unannotated and were classified as PNTMb (Annotation summary in
Table 3.4). Presence of a reference genome is usually helpful in achieving a high
percentage of transcriptome annotation. However, given the lack of genomic
information in the current scenario, this study succeeded in assigning putative

identifications to a significant proportion (70.75%) of M. bombycina transcripts.

Table 3.4 Annotation summary for M. bombycina

Total number of transcripts annotated 39198
Number of transcripts with GO classification 39063
Number of transcripts with Pfam domains 33801
Number of transcripts with KO (KEGG Orthology) 7144
identifier

Putative novel transcript of M. bombycina (PNTMb) 16202
Total number of transcripts 55,400

Top species distribution of the blast output of M. bombycina transcriptome
identified Nelumbo nucifera (Sacred lotus) from the Nelumbacaea family as the
species with largest number of blast hits (Top five similar organisms shown in
Fig. 3.2A). We further demarcated the Gene Ontology (GO) categories, namely,
biological processes (BP) and molecular functions (MF), with the highest
frequency. BPs represent large cellular processes like DNA repair or signal
transduction which are accomplished by multiple molecular activities while MFs
represent these molecular activities which correspond to entities (individual or
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complexes) like “protein kinase activity”. Among GO_BPs, the transcriptome of
M. bombycina had a higher abundance of transcription, translation and metabolic
processes than others (Fig. 3.2B). In GO_MFs, ATP-binding activity consisted of
more than four-fold transcripts than the successive over-represented functions

like protein kinase, DNA or metal ion binding activity, etc.

IZ‘ ORGANISMAL SIMILARITY OF M. bombycina TRANSCRIPTOME

m Nelumbo nucifera (Sacred
lotus)

m Macleaya cordata (Plume
poppy)

= Phoenix dactylifera (Date
palm)

1 Vitis vinifera (Grape)
= Aquilegia coerulea (Rocky
mountain columbine)

m Others (399 species)

EI TOP TEN GO BIOLOGICAL PROCESSES IN M. bombycina TRANSCRIPTOME
1000
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Fig 3.2 Annotation of M. bombycina transcriptome [A- Top five organismal
similarities of transcripts; B- Top ten Gene Ontology (GO) Biological
Processes (BP); C- Top ten GO Molecular Functions (MF); D- Distribution of
top ten protein families in PFAM; Abbreviations- Protein Kinase (PKINASE),
Nucleotide-binding ARC (NB-ARC), Leucine-rich repeat families (LRR 1, 2 &
8), Pentatricopeptide repeat families (PPR and PPR_2), Tyrosine kinase

(Pkinase_Tyr) and RNA recognition motif (RRM_1)]
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Pfam-based annotation of M. bombycina transcriptome revealed the relative
abundance of Protein kinase (Pkinase), Nucleotide-binding ARC (NB-ARC),
Leucine-rich repeat families (LRR 1, 2 & 8), Pentatricopeptide repeat families
(PPR and PPR_2), Tyrosine kinase (Pkinase _Tyr), RNA recognition motif
(RRM_1) and WD40 above others (Fig. 3.2D). Pkinase activity phosphorylates
proteins at Serine (S), Threonine (T) and Tyrosine (Y) residues, a modification
that acts as a regulatory switch for a multitude of molecular processes.
Pkinase_Tyr transfers phosphate-residues from donors like ATP to S-residues on
proteins. The protein kinase-domain containing proteins are widely implicated to
play the role of switches in cellular mitosis, cytokinesis, metabolic signaling,
stress response and cellular death in plant cells 4. Their relatively greater
abundance in plants have also been related to the higher rate of genome
duplications and polyploidy 4. LRR motifs orchestrate formation of solenoid
domains by folding of hydrophobic Leucine (L) repeats and are often reported to
be associated with protein-protein interactions related to host defense, for e.g.
toll-like receptors (TLRs) and binding with pathogen and danger associated
molecular patterns (PAMPs and DAMPs) respectively 2. PPR proteins are a
class of RNA-binding proteins found in relatively higher abundance in plant
kingdom. These were identified while screening for proteins targeted at sub-
cellular organelles of Arabidopsis thaliana and are presumed to be involved in
organellar post-transcriptional processes like splicing, editing, processing and
translation of RNA 4. RRM_1 domain containing proteins are the largest class of
eukaryotic ssRNA-binding proteins and are also involved in regulating post-
transcriptional modifications, for e.g. alternative splicing, among other putative

function in plants 44,
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Finally, WD40 domains are structural domains rich in Tryptophan (W) and
Aspartic acid (D) residues. They are involved in a wide range of biological
activities like regulation of cell cycle, transcription, apoptosis, etc. in eukaryotic
cells and owing to their underlying specialty to coordinate the assembly of multi-
protein complexes “°. Comparison of the top GO_BP and Pfam domains in M.
bombycina revealed that a greater share of the genomic resources is dedicated
towards regulation of transcription and post-transcriptional processes. Our
observation reverberates the evolving idea of non-linearity of the central dogma
with a significant role of post-transcriptional regulation in maintaining the flow of

accurate genetic information.

Other than the annotated transcripts, a percentage of transcripts from M.
bombycina (PNT_Mb) remained unannotated. These transcripts may consist of
novel proteins, non-coding RNAs, chimeric transcripts or simply, products of
spurious transcription. A high-coverage whole genome assembly of M.

bombycina will be better suited in resolving their identities.

3.3.2.2 L. citrata

L. citrata transcriptome was similarly annotated using a combination of databases
(NCBI Protein, UniProt, Pfam, GO and KEGG). We were able to annotate 61,586
out of 1,38,690 transcripts while 77,104 of the transcripts remained unannotated
and were classified as PNT_Lc (Annotation summary in Table 3.5). Similar to M.
bombycina, we were able to assign putative identities to a significant proportion

(~45%) of L. citrata transcripts.
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Table 3.5 Annotation summary for L. citrata

Total number of transcripts annotated 61586
Number of transcripts with GO

45282
classification
Number of transcripts with Pfam domains 52587
Number of transcripts with KO (KEGG

9832
Orthology) identifier
Putative novel transcript in L. citrata 77104
Total number of transcripts 138690

Top species distribution of the blast output of L. citrata transcriptome also
identified Nelumbo nucifera (Sacred lotus) from the Nelumbacaea family as the
species with largest number of blast hits (Top five similar organisms shown in
Fig. 3.3A). Further demarcation of annotated transcripts into GO_BP and GO_MF
categories was carried out. Among GO_BPs, the transcriptome of L. citrata had a
higher abundance of primary information processing pathways, viz. transcription
and translation, DNA integration as well as molecular metabolism (Fig. 3.3B).
Among top GO_MFs, ATP-binding activity was again the most abundant function
in L. citrata (Fig. 3.3C). However, the following molecular functions were more
abundant in this host plant in comparison to the Som plant, namely, nucleic acid,

DNA, metal ion, zinc ion and RNA binding activity etc.

PKINASE, PPR, Pkinase_Tyr, LRR and RRm_1 were amongst the top ten most
abundant functional domains in the L. citrata transcriptome (Fig. 3.3D). Their
functional significance has been discussed in the previous section pertaining to
M. bombycina (Section 3.3.2A). However, three domains, namely, reverse transc-

TH-2432_136106032 Ch-3 | Page 19



Chetia, 2019 CH-3: Transcriptome of Som and Mejankari

\ZI ORGANISMAL SIMILARITY OF L. citrata TRANSCRIPTOME
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Fig. 3.3 Annotation of Litsea citrata transcriptome [A- Top five organismal
similarities of transcripts; B- Top ten GO Biological Processes (BP); C- Top
ten GO Molecular Functions (MF); D-Distribution of top ten Pfam domains
(Abbreviations- Protein Kinase (PKINASE), Pentatricopeptide repeat
families (PPR and PPR_2), Reverse transcriptase (RVT 1 & 2), Integrase
(RVE), Tyrosine kinase (Pkinase_Tyr), Leucine-rich repeat families (LRR 8),
Gag pre-integrase (GAG_PRE-INTEGRS) and RNA recognition motif
(RRM_1)); E- Comparative abundance of the endogenous retroviral

domains in M. bombycina and L. citrata]

TH-2432_136106032

Ch-3 | Page 21



Chetia, 2019 CH-3: Transcriptome of Som and Mejankari

-riptase (RVT_1 & 2), integrase (RVE) and GAG-pre-integrase (GAG_PRE-
INTEGRS) were found to be abundant in L. citrata and not in M. bombycina.
RVT, as its full name suggests, are domains that help in reverse transcribing
RNA into cDNA. While these domains are predominantly present in retroviral
polymerases, they are also not uncommon for a eukaryotic genome. One
example is the eukaryotic enzyme, telomerase, which itself is a reverse
transcriptase and is highly expressed during flowering stages “6. Another fine
example of eukaryotic RVT domain bearer is the group of the mobile self-
replicating elements, retrotransposons, which can jump from one position of the
genome to another via RNA transposition intermediates 4’. Our result indicated
that L. citrata genome are probably enriched in retroelements, an observation
bolstered by the relative abundance of two other retroelement-related functional
domains, namely, GAG_PRE-INTEGRS and RVE. Both these domains are
generally translatable elements of the retrotransposons, with the former domain
contributing to formation of virus-like particles and the latter forming integrase
enzyme that helps in the transposable cDNA integration into chromosome 4748,
We further compared the abundance of these four domains of retroviral origin in
both the muga silkworm host plants and found that L. citrata is relatively more
enriched in these domains (Fig. 3.3E). Endogenous retroviral elements are
usually extinct retroviruses that integrated into host chromosome post-infection
and thereby, vertically transmitted with host genome “°. While earlier plant
retrotransposons were not considered to be descendants of infectious viral
ancestors, characterization of the endogenous retroelements, Gypsy in D.
melanogaster, Athila4 in A. thaliana and Calypso in Glycine max (soybean)

blurred this idea #%°. Presence of these elements in angiosperms including our
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two species hints at their ubiquitous nature and possible role in plant genome
evolution, thereby providing an interesting avenue for future evolutionary and
functional studies °°. Based on the position in the host genome, these elements
can either be beneficial or harmful and mapping our putative retroviral elements
into the whole genome of L. citrata and M. bombycina will provide better answers
to their organismal role or lack thereof in near future. These whole genomes can
also be used to map and annotate the putative PNT_LC transcripts identified

here.

3.3.3 Antimicrobial peptides

Plant AMPs are a group of promising antimicrobial compounds that form a
component of plant immunity. As discussed in the introductory section, these are
present in all anatomical parts of the plant including leaves. We, hereby,
sequenced the leaves of muga silkworm’s host plants and identified a group of
candidate AMPs in each species using the latest version of APD database

(APD3) and PhytAMP 3334,

3.3.3.1 M. bombycina

Blast-based alignment of known AMPs of APD3 and PhytAMP with M. bombycina
transcriptome refined by applying the following cut-offs- percentage identity
(230%) and bit-score (=30) followed by de-duplicating the transcripts with more
than single hit by retaining the best hit. We were, thereby, able to identify 224
candidate AMPs of 58 AMP types in M. bombycina (Fig. 3.4, Table 3.6). Out of
these, 32 types were common between the two host plants while 26 were present

in M. bombycina only.
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Among the shared classes, anti-bacterial AMPs were present in higher frequency
than AMPs with other activity. The most abundant class of AMPs was
cgUbiquitin. It was originally reported in the pacific oyster, Crassostrea gigas and
now, in other invertebrates, molluscs and animals. Ubiquitin and ubiquitin-like
peptides usually regulate the signal transduction processes in immunity. This
peptide, on the other hand, has shown bacteriostatic activity effective against
both gram-positive and negative bacteria °1. YFGAP or yellowfin tuna GAPDH-
related AMP, identified in both M. bombycina and L. citrata, was another
bacteriostatic AMP 52, Four types of defensin were also shared among the host
plants. Three of them were anti-bacterial, namely, BDEF_TACTR (also called Big
defensin), Smdl (also called S. calcitrans defensin 1) and e-NAP1 (or alpha
defensin). All three have been reported in arthropods as well as mammals and
have demonstrated activity against both gram-positive and negative bacteria 53~
%5, The fourth type of defensin, namely, Fa-AMP1 is a hevein-type plant defensin
isolated from buckwheat (Fagopyrum esculentum Moench) which has broad
spectrum activity, both anti-bacterial and anti-fungal 6. One more plant AMP,
Hevein Pn-AMP1 was identified in both host plants. This AMP is also broad
spectrum like Fa-AMP1 and works via membrane perturbation. Its expression has
been related to pathogen-resistance in transgenic plants °’. Penaeidin-3a is a
Pro- and Cys-rich peptide with anti-bacterial (gram positive) and antifungal
activity isolated from Penaeus vannamei *8. Among the other shared multi-copy
anti-bacterial peptides were saposin SP-BN (an anionic peptide isolated from
Mus musculus), ubiquicidin (anti-bacterial as well as anti-MRSA (multi-drug
resistant Staphylococcus aureus) peptide of mammalian origin and crustin (found

in crustaceans and anti-gram positive bacteria only), %6, Kinocidin CCL27, was
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another shared AMP of mammalian origin with anti-fungal and chemotactic
activity %2, On the other hand, Griffithsin, an anti-viral and anti-parasitic lectin
(named after its source- the red alga Griffithsia sp.) was the second most
abundant class of AMPs in Som 3. It is a potent inhibitor of viral entry and its
activity has been demonstrated against parasites as well as multiple virus strains
including HIV 84, Using PhytAMP, we were also able to identify additional plant-
specific AMPs,

namely, vicilin-like (isolated from Petunia hybrida; has

antibacterial and antifungal activity), Kalata-B2 (isolated from Euonymus
europaeus; can form membrane pores and has insecticidal as well as
pharmaceutical activity), thionin (isolated from E. europaeus; cystine-rich, cationic

small peptides) and unnamed AMPs from Triticum aestivum and Oryza sativa 6>~

67

TABLE 3.6 Distribution of the classes of Antimicrobial peptides (AMPS) in
M. bombycina (Som) (Classes common between Som and Mejankari are

depicted in italics; UniProt IDs are shown for PhytoAMP peptides)

ID AMP CLASS COUNT ID AMP CLASS COUNT
AP02030 cgUbiquitin 83 AP02146 ALFpm3 1
AP02133 Griffithsin 7 AP01587 Defensin 1
AP02012 YFGAP 7 AP01365 Defensin 1
AP01238 Defensin 5 AP01245 Cy-AMP3 1
AP00270 Hevein 5 AP01157 Ixodidin 1
AP01576 Crustin 4 AP01068 Cycloviolacin 1
AP01540 Saposin 4 AP00997 Bacteriocin 1
AP00394 Penaeidin-3a 4 AP00489 Hipposin 1
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ID AMP CLASS
AP02187 Kinocidin
AP02096  Ubiquicidin

P82010 Defensin-like
protein AX2
Q8H6Q1 Floral
defensin-like
protein
Q7Y238 Hevein-like
Q7X9R9 Hevein-like
Q8H950 Hevein-like
protein OS
P58454  Kalata-B2 OS
Q8LTO03 Leaf thionin
Asthil OS
Q42952 Non-specific
lipid-transfer
protein 1
Q9ATG4  Non-specific
lipid-transfer
protein
Q5275V1 Putative

thionin Osthil

COUNT

2

2

ID
AP00294

024006

QI9SPL5

Q9SPL4

AP00308
AP01520

AP00915

AP01234

AP00023

AP00395

AP00807

AP01341

AMP CLASS COUNT
Defensin 1
Antimicrobial 1
peptides
Vicilin-like 2
antimicrobial
peptides 2-1
Vicilin-like 4
antimicrobial
peptides 2-2
Buforin Il 10
Stylicin 4
Ee-CBP 3
Lumbricin 3
Antiviral 2
Penaeidin-4a 2
Enterocin 2
Naegleriapore 2
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ID AMP CLASS COUNT ID AMP CLASS COUNT

AP02244 PaSn 2 P80915 Antimicrobial 2
peptide 1

AP02330 Abaecin 2 Q9FR52 Antimicrobial 3

peptide shep-
GRP

AP00621  Palustrin-3a 1 P83399 Defensin-like 1
protein 1

AP00806 Microplusin 1 P82784 Defensin-like 1
protein 7

AP01164 EAFP1 1 P82782 Defensin-like 1
protein 8

AP01469 Hevein 1 Q8LTO02 Leaf thionin 1

Asthi2
AP02157 Gloverin 1 AOAT29 Non-specific lipid- 2
transfer protein 2
P32032 Alpha-2- 7 P10973 Non-specific lipid- 4
purothionin transfer protein A
Q5UNP2  Non-specific 1 P19656 Non-specific lipid- 1
lipid-transfer transfer protein
protein

26 AMP types were exclusive to M. bombycina of which four were broad-

spectrum. First of them is Buforin Il which was isolated from Bufo bufo

gargarizans and has a strong affinity for nucleic acids which confers it the ability
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to inhibit bacterial and fungal cells . Stylicin or Ls-Stylicinl, Penaeidin-4a or
PEN4a also have both antibacterial and antifungal properties and were found in
Som only %86° Ee-CBP (Euonymus europaeus chitin-binding protein) is another
anti-fungal, anti-gram positive peptide isolated from spindle tree E. europaeus
with multiple disulfide bridged three-dimensional structure 7°. Lumbricin | is broad-
spectrum and constitutively expressed in some invertebrates “1. Other than these,
anti-bacterial AMP classes like Enterocin E-760 (also bacteriocin), abaecin and
PaSn (Persea Americana snakin) were also present 7274, Two candidate
Naegleriapore B (saposin-like) AMPs, originally from a highly virulent protozoon
pathogen Naegleria fowleri, were also identified. These peptides have membrane
permeabilizing capability, thus making it cytolytic and tissue-lytic, active against
human and bacterial cells ™. Finally, homolog of the antiviral peptide, Antiviral
protein Y3 isolated from edible fungi, Coprinus comatus, was identified. AP-Y3
has demonstrated both antiviral (against Tobacco mosaic virus) as well as
anticancer (stomach tumor cells in vitro) activity 6. Some non-specific lipid-
transfer proteins were also exclusively found in Som. Plant nsLTPs are basic
peptides involved in key cytological processes, stress resistance as well as
antifungal, antiviral and antibacterial properties ’’. There were other single copy
AMPs that were either common or unique to M. bombycina, for e.g. bacteriocin,

hipposin, gloverin, etc. which were predominantly anti-bacterial.

3.3.3.2 L. citrata

Blast-based alignment of known AMPs of APD3 with L. citrata transcriptome were
refined by applying the following cut-offs- percentage identity (=30%) and bit-

score (=30) followed by de-duplicating the transcripts with more than single hit by
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retaining the best hit. We were, thereby, able to identify 249 candidate AMPs of
53 AMP types in L. citrata (Fig. 3.5, Table 3.7). Most of the common AMP classes
have been discussed in the previous section other than ALFpm3, Cy-AMP3 and
Ixodidin. ALFpm3 (Anti-lipopolysaccharide factor 3 of Penaeus monodon or the
back-tiger shrimp) is the versatile AMP discussed till now with activities ranging
from bacteria (both gram-positive and negative), antiviral as well as antifungal 8.
Mejankari has two homologs of this peptide while Som has one. The other AMP,
Cy-AMP3 is an antibacterial as well as antifungal AMP originally isolated from
cycad seeds (Cycas revoluta) ’°. Finally, Ixodidin was originally isolated from
Asian blue cattle tick (Boophilus microplus) and is effective against both gram-

positive and negative bacteria °.

DISTRIBUTION OF AMP CLASSES IN M. bombycina " cdUbiauitin

Hevein & Hevein-like
» Defensin & Defensin-like
= Buforin Il
= Non-specific lipid transfer protein
1 YFGAP
» Griffithsin

Alpha-2-purothionin OS
= Unnamed AMP
u Vicilin-like
= Penaeidin-3a
= Stylicin

Saposin

Crustin

Thionin
= Ee-CBP
= Lumbricin
u Antiviral
» Penaeidin-4a

Enterocin
= Naegleriapore
= Ubiquicidin
= Kinocidin
= PaSn

Abaecin

Hipposin

Palustrin-3a
= Microplusin

Bacteriocin
= Cycloviolacin
= [xodidin
= EAFP1
u Cy-AMP3
= ALFpm3

Gloverin
= Kalata B2

Fig. 3.4 Percentage distribution of the Antimicrobial peptide (AMP) classes

in Machilus bombycina (Som)
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TABLE 3.7 Distribution of the classes of Antimicrobial peptides (AMPS) in

Litsea citrata (Mejankari) (Classes common between Som and Mejankari are

depicted in italics; UniProt IDs are shown for PhytoAMP peptides)

ID AMP CLASS COUNT ID AMP CLASS COUNT
AP02030  cgUbiquitin 100
AP00489 Hipposin 13 AP01157 Ixodidin 2
AP00394 Penaeidin-3a 12 AP02146 ALFpm3 2
AP02012 YFGAP 12 AP02187 Kinocidin 2
AP01540 Saposin 6 AP00997 Bacteriocin 1
AP01245 Cy-AMP3 5 AP01068 Cycloviolacin 1
AP00270 Hevein 4 AP01238 Defensin 1
AP02133 Griffithsin 4 AP01365 Defensin 1
AP01576 Crustin 3 AP02096 Ubiquicidin 1
AP01587 Defensin 3 Q5z5Vv1 Putative thionin 1

Osthil OS
024006 Antimicrobial 1 Q7X9R9 Hevein-like 1
peptide antimicrobial
peptide
P58454 Kalata-B2 4 Q7Y238 Hevein-like 9
P82010 Defensin-like 3 Q9ATG4  Non-specific lipid- 1
protein AX2 transfer protein
Q42952  Non-specific 1 Q9SPL4 Vicilin-like 5
lipid-transfer
protein 1
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ID AMP CLASS COUNT ID AMP CLASS COUNT
Q8H6Q1 Floral 2 Q9SPL5 Vicilin-like 3
defensin-like
protein 1
Q8H950 Hevein-like 5 Q8LTO3 Leaf thionin Asthil 4
AP01153 Tachycitin 2 AP02094 Kinocidin 1
AP01282 Viscotoxin 2 AP02120 Nabaecin-3 1
AP02171 MrCrs 2 APO0753 Apolipophoricin 1
AP02070 Reglllgamma 1 AP01819 Ac-AFP4 1
AP00355  Ginkobilobin 1 Q40901 Defensin-like 6
protein
AP01186 Acidocin 1 Q43748  Non-specific lipid- 4
transfer protein
AP01975 Silkworm 1 Q8LSZ9 Thionin Asthi5 2
AMP
AP00495 Pseudo- 1 A9NP30  Uncharacterized 2
hevein protein
AP01215 Abaecin 1 AOAT31  Non-specific lipid- 1
transfer protein 5
AP02080 Kinocidin 1 Q9SBK8 Thionin 1
Q5USN7  Varv peptide 1
AlKalata-B1

Mejankari transcriptome also had an exclusive set of AMPs (n=18) absent in

Som. These included three different kinocidins; firstly, CXCL10 (a chemokine)
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isolated from animals with a wide range of activities (anti-parasitic, anti-fungal,
anti-bacterial and chemotactic) and secondly, CCL22 (also a chemokine) isolated
from humans and with anti-bacterial and chemotactic activity 882, Other putative
L. citrata AMPs consisted of Tachytin (isolated from Tachypleus tridentatus with
anti-bacterial and antifungal properties), MrCrs (Macrobrachium rosenbergii
crustin) isolated from crustaceans which carries out bactericidal effect via
agglutination) and Viscotoxin B or VtB (a type of thionin isolated from Viscum
album with anti-cancer activity) 8385, Other than these, there were single copy
AMPs either unique to L. citrata, for e.g. gingkobilobin, acidocin, abaecin etc. with
predominantly anti-bacterial or anti-fungal activity . We were also able to identify
homologs of some nsLTPs, defensin-like, hevein-like, Kalata and thionins in

Mejankari that were different than those present in Som.

= cgUbiquitin

DISTRIBUTION OF AMP CLASSES IN L. citrata ~ "Hevein & Heveinlie
Defensin & Defensin-like

m Hipposin

u YFGAP

= Penaeidin-3a

= Thionin

= Vicilin-like
Non-specific lipid transfer protein

= Saposin

u Cy-AMP3

= Kalata
Kinocidin
Griffithsin
Crustin

= Unnamed AMP

m Tachycitin

m Viscotoxin
ALFpm3

= MrCrs
Ixodidin

= Ubiquicidin

m Reglligamma

= Bacteriocin
Ginkbilobin
Acidocin
Silkworm 002

= Pseudo-hevein

» Abaecin
Cycloviolacin

= Nabaecin-3

m Apolipophoricin

u Ac-AFP4

Fig. 3.5 Percentage distribution of the antimicrobial peptide (AMP) types in

Litsea citrata (Mejankari)
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3.3.3.3 General physicochemical properties of the candidate antimicrobial
peptides:

The general physicochemical parameters of AMPs, like hydropathicity,
determines their structural stability and mechanism of action. For instance,
presence of Cys-residues ensures better stability of the three-dimensional
structure of the peptide. AMPs are also classified with respect to most of these
features. Here, we also generated the measurable physicochemical properties of
the AMPs based on their primary information, i.e., sequence. We analyzed the
stretches of peptides from our predicted proteome that aligned with the reference
AMPs from APD3 and PhytAMP for this procedure. Based on the results provided
by Prot-PARAM, we garnered the following information of the putative AMPs in
M. bombycina and L. citrata- total peptide length, number of Cys-, Pro- and Arg-
residues, number of positively and negatively charged residues as well as the

grand average of hydropathicity (GRAVY) value .

Our analysis showed that the average length of AMPs in our both species were
~51 respectively which is in the range of conventional AMPs reported earlier &.
Roughly 3 residues of Cys, Pro and Arg-residues were present on an average.
Presence of more than 2 Cys-residues draws the possibility of at least one 1
disulfide bridge per peptide and as discussed above, presence of a S-S bridge
reflects upon the peptide’s structural stability. Here, the putative defensins and
saponins had much higher ratio of Cys than the other AMPs. On the other hand,
Pro- and Arg-residues also have a role in action mechanism of the peptides. Pro-
richness, often with Arg-Pro-repeat motifs can entail bacterial membrane
penetration via a non-lytic mechanism and act on cytoplasmic targets

intracellularly 8. Again, 5 and 9 positively and negatively-charged residues were
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present on the peptides on an average, respectively. Distribution of positively and
negatively charged residues in the AMPs are also necessary to have an idea
about its mode of action, like cell entry and intracellular disruption or pore
formation. This also impacts the average hydropathicity of any peptide. Finally,
the average GRAVY score of the cumulative set of predicted AMPs in both host
plants was -0.33. The negative score of GRAVY indicates that most of the

candidate plant peptides of this study are cationic in nature.

In summary, our study identified many AMPs not only of plant-origin but also
homologs of AMPs originating from other higher taxa like Arthropoda or
Mammalia in M. bombycina and L. citrata. AMPs with anti-bacterial activity were
the most abundant in both species followed by anti-fungal, anti-viral as well as
other activities like cytotoxicity or chemotactic. Both species shared majority of
the AMP classes, but still had an enriched and exclusive set of AMPs as well.
These peptides will be further hosted at MugaSeqDB, a database developed for
muga silkworm and its host plants, in near future (discussed in a chapter later).
Overall, identification of AMPs in these two plants generated a resource for
comprehensive investigation of their advanced physical, structural as well
activity-related features and explore their potential uses. This will have
implications on novel drug identification as well as genetic improvement of plants
for pathogen resistance. It is pertinent to note that all the AMPs identified from L.
citrata or M. bombycina are putative in nature and more biochemical as well as in

vitro tests are necessary to establish to their predicted roles.

3.3.4 Glucosinolate-Myrosinase (Glc-Myr) induced herbivore defense
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Glc-Myr system is a well-studied system of chemical defense in host plants,
especially in crucifers. The plants synthesize glucosinolates which remain
spatially confined and protected from their respective hydrolase, namely,
myrosinase. When these two components come in contact due to physical
damage, myrosinase catalyzes the hydrolysis of the glucosinolates into an array
of secondary derivates of this parent compound 8. One pathway, namely, the
indole glucosinolate activation pathway, utilizes 7 additional enzymes to
synthesize herbivore defense compounds (isothiocyanates and nitriles). These

compounds are toxic to the herbivores and even lethal to some non-specialists.

The MetaCyc database enlists ten pathways for glucosinolate biosynthesis in
plants out of which six originates with homomethionine and its polymers (di, tri,
tetra, penta and hexa) (MetaCyc Pathways Class: Glucosinolate Biosynthesis).
One pathway starts off with L-homomethionine and is termed as aliphatic
glucosinolate biosynthesis with side-chain elongation cycle (Fig. 3.6A). The
remaining three pathways have the aromatic amino acids (Phe, Tyr and Trp) as
the starting material (Fig. 3.6B). Despite segregation into ten different pathways,
these pathways share the enzymes catalyzing the intermediate reactions. We
enlisted all the enzymes involved in these pathways and de-duplicated to create
a reference pathway set consisting primarily of experimentally verified proteins
(33 no.s) from A. thaliana and one each from Sinapis alba and Brassica napus.
We used this reference sequence set consisting of 35 proteins to create a blastdb
and blasted against the predicted proteomes of our target host plants, M.
bombycina and L. citrata. Our blast hits were further sorted by query coverage
(cut-off 30) and percentage identity (cut-off 30) as well as de-duplicated query-

wise to retain the best hits. We identified 384 and 433 putative transcripts with
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homology to these reference enzymes in Som and Mejankari. Similarly, we
successfully identified myrosinase homologs in both plant transcriptomes (25 in
Som and 19 in Mejankari) (Fig. 3.6C). Our analysis also indicated the presence of
homologs of the seven genes involved in indole glucosinolate activation pathway
(54 in Som and 98 in Mejankari) (Fig. 3.6C). We further calculated the relative
expression of the top homologs from Som and Mejankari transcripts of the total
set of reference genes (44) using RSEM using the methodology described earlier
37, A heat map was drawn using the expression values (represented as log(TPM))
where higher the TPM value, greater was the expression of that transcript (Fig.

3.6D).

Overall, our study identified homologs for the 44-reference enzymes with the
exception of Desulfoglucosinolate sulfotransferase SOT18 transcript in Som plant
(Fig. 3.6A). In vitro studies conducted in A. thaliana has indicated that SOT17
and 18 preferably catalyze biosynthesis of long-chain desulfoglucosinolates
derived from methionine while SOT16 prefer aromatic amino acid-derived
desulfoglucosinolates . Som has candidate transcripts for both SOT16 and
SOT17. The presence of both SOT16 and SOT17 alongside other enzymes
indicates that aromatic amino acid and long-chain aliphatic derived glucosinolate
pathways may be active in the plant. In Mejankari, transcripts of all three
isozymes (SOT16, 17 and 18) are present. Som SOT transcripts had greater
TPM value than Mejankari (Fig. 3.6D). One must keep in mind that the
comparison of transcript expressions here is a strictly preliminary estimation of a
possible Glucosinolate-myrosinase pathway in both host plants. This is due to
two reasons- firstly, both are outdoor-reared plants and secondly, this pathway is

activated during herbivore attack and only in such a controlled experimental
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scenario, we can gain a better comparative idea of the expression patterns. We
were also obstructed by the fact these host plants whose whole genomes are not
reported yet and so, the functionality of our candidate transcripts has to be

experimentally tested.

A. BIOSYNTHESIS FROM L-HOMOMETHIONINE & ITS HOMOPOLYMERS (DI-, TRI-,
TETRA-, PENTA- & HEXA-)

HO
OH

L-homomethionine biosynthesis
REF
Enzyme MB | LC
ID 5-(methylsulfanyl)
-2~ t t
3-butenylglucosinolate 2-oxopentanoate
QISKK4 |
2-hydroxylase v
Ak T 2-[(3"-methylsulfanyl)
Alky oximate | ~oan/n
> QISIVO propyljmalate
B(anched—cham QOM401 i
aminotransferase |
v
Cytochrome P450 | P48421 i
Desulfoglucosinolate Q9C9Cy |
sulfotransferase v
- 6-(methylsulfanyl)
Glucosinolate S- Q95504 -2-oxohexanoate
oxygenase 1 P -—
Glucosmolatezs QO4K43 '\ l
Gloxyge”alsf = 4 L-dihomomethionine
ucosinolate S- v |
oxygenase 3 QAEXEL 4 y Yoo ;
Glucosinolate S. v glucosinolate biosynthesis
Q93Y23 A from dihomomethionine
oxygenase 4 v
Glucosinolate S- ASMRXO il
oxygenase 5 7-(methylsulfanyl)
P Ty -2-oxoheptanoate
QYMOAT N - —u
— | T
da|QIMOGO “ L-trihomomethionine
< v
A
Homomethionine N- Q949U1 v glucosinolate biosynthesis
monooxygenase 4‘ from trihomomethionine
Homomethionine N- QOFUY7 v
monooxygenase '\
Isopropylmalate 8-(methylsulfanyl)
dehydrogenase 3 QOFMTA 7-2-oxooctanoate
Isopropylmalate [ ] e
isomerase large Q94AR8 v ;
subunit 4 L-tetrahomomethionine
Isopropylmalate X |
v
S small  (QIZWB4 v glucosinolate biosynthesis
v m?” ‘:"'tl o 4 from tetrahomomethionine
ethylthioalkylmalate QOFGE7 v
synthase |
N-(methylsulfinyl)alkyl- v
glucosinolate Q9ZTA1 9-(methylsulfanyl)
hydroxylase -/2/-‘oxononan03%
B-glucosyltransferase v‘ l L
w-(methylsuffinylalkyl i L-pentahomomethionine
glucosinolate Q945B5 "
dioxygenase I glucosinolate biosynthesis
Desulfoglucosinolate from pentahomomethionine
Q9FZ80 i
sulfotransferase
A
v
L-hexahomomethionine
v PRESENT
glucosinolate biosynthesis ABSENT
from hexahomomethionine
, . o]
OH a5 H, oy
forase b g o 35
N NN -sulfate bisphosphate O/ (‘)
l A N~~~

3-(methylthio)propyl-
desulfoglucosinolate

sulfotransferase (At): At-SOT18

28238

3-(methylsulfanyl)propyl-
desulfoglucosinolate

Glucoiberverin
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B. BIOSYNTHESIS FROM AROMATIC AMINO ACIDS

Phenyl Alanine

L-phenylalanine
v
N-hydroxy-L-phenylalanine
v
N,N-dihydroxy-L-phenylalanine

v
(E)-phenylacetaldehyde oxime

v
1-aci-nitro-2-phenylethane

v
(2)-1-(glutathion-S-yl)-N-
hydroxy-2-phenylethan-1-imine

A
(Z)-1-(L-cysteinyglycin-S-yl)-N-
hydroxy-2-phenylethan-1-imine

hypothetical
Y
(2)-2-phenyl-1-
thioacetohydroximate

v
desulfoglucotropaeolin

v
glucotropaeolin

Tryptophan

L-tryptophan
v
v
v
v
v
(E)1 -(L<cys'teiny|glycin-

S-yl)-N-hydroxy-2-(1H-
indol-3-yl)ethan-1-imine

v v
(E)-2-(1H-indol-3-yl)-1-<
thioacetohydroximate
v
v
glucobrassicin
v v

v v
4-methoxyglucobrassicin  neoglucobrassicin
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v
(Z)-1-(L-cystein-S-yl)-N-
hydroxy-2-phenylethan-1-imine

PRESENT
ABSENT
Tyrosine
L-tyrosine

v
N-hydroxy-L-tyrosine

v
N, N-dihydroxy-L-tyrosine

v
(E)-(4-hydroxyphenyl)
acetaldehyde oxime

v
1-aci-nitro-2-(4-
hydroxyphenyl)ethane

v
(E)-1-(glutathion-S-
yl)-N-hydroxy-2-(4-

hydroxyphenyl)ethan-1-imine

v
(E)-1-(L-cysteinylglycin-
S-yl)-N-hydroxy-2-(4-

hydroxyphenyl)ethan-1-imine

M
(Z)-N-hydroxy-2-(4-

hydroxyphenyl)acetimidothioate®

v
desulfosinalbin

v
(E)-1-(L-cystein-S-
yl)-N-hydroxy-2-(4-

hydroxyphenyl)ethan-1-imine

),/
sinalbin
Enzyme REFID | MB | LC

Cytochrome p450 065782

Desulfoglucosinolate
sulfotransferase SOT16 aacwa
Glucobrassicin monooxygenase QILVD6
Glucosinolate y-glutamyl peptidase 3| Q9MOAS
L-phenylalanine N-monooxygenase | Q9FLC8
L-tryptophan N-monooxygenase Q501D8
L-tryptophan N-monooxygenase 081346
N-hydroxythioamide S-§- QO47K4A

glucosyltransferase
Tyrosine N-monooxygenase 081345

2-oxoglutarate-dependent

dioxygenase AOP3 i
Methylthioalkylmalate synthase 2 | Q8VX04
Methylthioalkylmalate synthase 3 | Q9FN52
2-oxoglutarate-dependent Q9ZTA2

dioxygenase AOP2
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C. INDOLE GLUCOSINOLATE ACTIVATION VIA MYROSINASE

Enzyme REFID | MB | LC glucobrassicin

Nitrile-specifier protein 4| 004316 i oy

Nitrile-specifier protein 3| 004318

Nitrilase 1 P32961
v v
Nitrilase 2 P32062 (indole-3-yl)acetonitrile ndolyimethylisothiocyanate

Nitrilase 3 P46010 i a Vs

Nitrile-specifier protein 5| Q93XW5

Nitrile-specifier protein 1| Q9SDM9 v

v
ndole-3-carbinol ascorbigen

PRESENT

N M L ) v . v
ABSENT indole-3-carboxaldehyde 3,3'-di(indol+3~yl)methane indol-3-ylmethyl-glutathione indol-3-ylmethyl-L-cysteine

(Fig. 3.6D and title on next page)

Despite these hurdles, our study sheds light into an herbivore-defense pathway in
two Lauraceae family plants which are the hosts for an economical asset, the
muga silkworm, but also source of naturally-derived oils and secondary
metabolites of significance. Till date, this chemical defense pathway has been
studied predominantly in Capparales and its family, Brassicaceae. The de novo
transcriptomes of both host plants, hereby, provided a large set of candidate

transcripts which can be probed experimentally in future.

3.4 CONCLUSION AND FUTURE PERSPECTIVES

In the present study, we assembled the transcriptomes of Som (M. bombycina)
and Mejankari (L. citrata) for the first time, to the best of our knowledge. Despite
the lack of a reference genome, we were able to assemble two robust
transcriptomes and annotate as well as characterize ~50% of transcripts in both

species. Putative transcripts homologous to key proteins involved in two
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predominant modes of chemical defense- AMPs and Glc-myr system, were also

intensively analyzed. Future studies can verify the function of these candidate

proteins and apply this knowledge to develop pest-resistant muga host plants.

Overall, these transcriptomes of these non-model plants also will be beneficial for

basic and in-depth research on aspects relevant to sericulture like leaf age, yield,

etc. for future studies.

D. HEAT MAP OF TOP TRANSCRIPTS HOMOLOGOUS TO THE PATHWAY GENES
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GENE_UNIPROT_ID

SOM (logTPM)

MEJANKARI (logTPM)

FMOGS-0X5_A8MRX0 0.424881637
UGT74B1_048676 1.442479769
CYP83B1_065782 1.303627976
CYP79B1_081345 1.160468531 -0.522878745
CYP79B2_081346 0.45331834 -0.795880017
CYP83A1_P48421 0.57054294 1.303627976
CYP79B3_Q501D8 1.160468531 -0.795880017
MAM2_Q8VX04 1.581494542 0.271841607

FMOGS-OX4_Q93Y23 1.093071306 -0.48148606
AOP3 Q944X7 0.574031268 1.183839037
AOP2_Q945B5 1.040997692 -0.657577319
CYP79F1_Q949U1 1.160468531 -0.552841969

IIL1_Q94AR8 1.16879202

FMOG S-OX2_Q94K43 1.093071306 -0.48148606
SOT18_Q9CICY NA -0.494850022 2
SOT16_Q9C9D0 0.662757832 0.365487985 - BB
MAM1_Q9FG67 1.581494542 0.271841607
CYP79A2_Q9FLCS8 1 ) -0.522878745
IMDH1_Q9FMT1 0.688419822 0.526339277
MAM3_Q9FN52 1.581494542 0.271841607 "
CYP79F2_Q9FUY7 1.180125875 0.699837726 2
SOT17_Q9FZ80 0.662757832 -0.494850022
CYP81F2_Q9LVD6 1 556 0.827369273
GGP3_Q9MOA5 -0. 051 1.113943352
GGP1_Q9MOA7 -0.13667714 -0.397940009
GGT3_QIMOGO 1.02201574 0.311753861 —
BCAT3_Q9M401 0.86923172 -1
SUR1_Q9SIVO 1.67614468 -0.387216143
GSL-OH_Q9SKK4 1.048441804 -0.522878745

FMOG S-OX1_Q9SS04 1.093071306 0.424881637

FMOGS-OX3_Q9SXE1 0.703291378 -0.27572413
AOP3_Q9ZTA1 0.574031268 -0.657577319
AOP2_Q9ZTA2 0.489958479 0.303196057
IPMI2_Q9ZW84 1.773493892 ] 1.018284308

Unrev_GlcTransf_Q947K4 1.692670699 1.442479769
BGLU26_064883 0.691081492 -0.251811973
NSP4_004316 1.621902961 1.260786669
NSP3 004318 -0.229147988 -0.568636236

NIT1_P32961 0.193124598 -0.602059991
NIT2_P32962 0.491361694 0.255272505
NIT3_P46010 -0.366531544 0.004321374
NSP5_Q93XW5 0.57054294 -1 ]
NSP1_Q9SDM9 1.24723655 -0.48148606

Ch-3 | Page 40



Chetia, 2019 CH-3: Transcriptome of Som and Mejankari

Fig. 3.6 Glucosinolate biosynthetic and activation pathway in M. bombycina and L.
citrata. [A] Biosynthesis from aliphatic amino acids (the step catalyzed by SOT18
is shown in red border) and [B] Aromatic amino acids; [C] Indole glucosinolate
activation via myrosinase enzyme; [D] Heatmap depicting log(TPM) values of the
best candidate transcripts for each enzyme [Reference pathway diagram is sourced
from MetaCyc; the enzymes shared between aliphatic and aromatic pathways are
named in blue; Abbreviations used MB- Machilus bombycina, LC- Litsea citrata,
FMOGS-OX5 AB8MRX0 (Glucosinolate S-oxygenase 5), GT74B1_ 048676 (N-
hydroxythioamide S-B-glucosyltransferase), CYP83B1_065782  Cytochrome p450
(CYP79B1_081345 Tyrosine N-monooxygenase), CYP79B2_081346 (L-tryptophan N-
monooxygenase), CYP83Al1l P48421 (Cytochrome P450), CYP79B3_Q501D8 (L-
tryptophan N-monooxygenase), MAM2_Q8VX04 (Methylthioalkylmalate synthase 2),
FMOGS-0OX4 Q93Y23 (Glucosinolate S-oxygenase 4), AOP3_Q944X7 (2-
oxoglutarate-dependent dioxygenase AOP3), AOP2_Q945B5 (w-(methylsulfinyl)alkyl
glucosinolate dioxygenase), CYP79F1_Q949U1 (Homomethionine N-monooxygenase),
IIL1_Q94ARS8 (Isopropylmalate isomerase large subunit), FMOGS-OX2 Q94K43
(Glucosinolate S-oxygenase 2), SOT18_Q9C9C9 (Desulfoglucosinolate
sulfotransferase), SOT16_Q9C9D0 (Desulfoglucosinolate sulfotransferase SOT16),
MAM1_Q9FG67 (Methylthioalkylmalate synthase), CYP79A2_Q9FLC8  (L-
phenylalanine N-monooxygenase), IMDH1_Q9FMT1 (Isopropylmalate
dehydrogenase 3) MAM3_Q9FN52 (Methylthioalkylmalate synthase 3),
CYP79F2_Q9FUY7 (Homomethionine N-monooxygenase), SOT17_Q9FZ80
(Desulfoglucosinolate sulfotransferase), CYP81F2_Q9LVD6 (Glucobrassicin
monooxygenase), GGP3_Q9MOA5 (Glucosinolate y-glutamyl peptidase 3),
GGP1 _Q9MOA7 (Glucosinolate  y-glutamyl peptidase 1), GGT3_Q9MO0GO
(Glutathione y-glutamyl hydrolase/transpeptidase 4), BCAT3_Q9M401 (Branched-chain
aminotransferase), SUR1_Q9SIVO (Alkyl-thiohydroximate C-S lyase), GSL-OH_Q9SKK4

(3-butenylglucosinolate 2-hydroxylase), FMOGS-OX1 Q9SS04 (Glucosinolate S-
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oxygenase 1), FMOGS-0OX3_Q9SXE1l (Glucosinolate S-oxygenase 3),
AOP3_Q9ZTA1 (N-(methylsulfinyl)alkyl-glucosinolate hydroxylase), AOP2_Q9ZTA2
(2-oxoglutarate-dependent dioxygenase AOP2), IPMI2_Q9ZW84 (Isopropylmalate
isomerase, small subunit), Unrev_GlcTransf Q947K4 (N-hydroxythioamide S-B-
glucosyltransferase), BGLU26_064883 (Myrosinase), NSP4_004316 (Nitrile-

specifier protein 4), NSP3_004318 (Nitrile-specifier protein 3), NIT1 _P32961 (Nitrilase
1), NIT2_P32962 (Nitrilase 2), NIT3_P46010 (Nitrilase 3), NSP5_Q93XW5 (Nitrile-

specifier protein 5) and NSP1_Q9SDM9 (Nitrile-specifier protein 1)]
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CHAPTER 4
Transcriptome profile of Antheraea assamensis

with respect to host plant and development

ABSTRACT

A. assamensis is an economically significant silkworm due to its ability to
produce golden silk and its endemic nature. Dearth of sequence information on
this species has hindered the scientists and indigenous seri-rearer communities
of India for long. In this study, we sequenced the de novo transcriptomes of 5
instar larvae of A. assamensis reared on two of its host plants, Litsea citrata and
Machilus bombycina. We also sequenced the de novo transcriptomes of 4t
instar larvae of A. assamensis reared on M. bombycina. Using the data
generated in this study, we reconstructed the transcriptome for A. assamensis,
identified the top most expressed transcripts in each tissue and observed how
biological processes associated with each tissue varies with respect to host plant
and larval development (4™ instar and 5" instar). We found that translation was
the most unanimous process expressed in each tissue of silk gland of A.
assamensis regardless of the developmental stage or host plant. Other than this
process, other processes like oxidative stress management, redox homeostasis,
transcriptional regulation, etc. had variable representation across different
stages. Analysis of these patterns showed how the transcriptional profile of A.

assamensis can vary in different anatomical sections and variation in host plants.
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4.1INTRODUCTION

The adaptability of any organism to any change is usually termed as plasticity.
The same terminology is used in biology, to describe the ability of expressing
variable genotype (genotypic plasticity) and phenotype (phenotypic plasticity). An
organisms’ gene expression profile also shows variability as (i) the collective
transcriptome where the pattern of functional categories of genes change or (ii)
in specific pathways or genes where one isoform is preferred over another. This
phenomenon is generally described as transcriptomic or gene expression
plasticity 2. This phenomenon is applicable for the complete repertoire of
functional genomic content ranging from protein-coding genes to non-coding

RNAs.

Gene expression ideally links genotype to phenotype and plays a central role in
determining a cell’s adaptation to the changing environment. It is common for
regulatory elements of genes to be highly conserved, however, the patterns of
gene expression changes with response to biotic and abiotic factors around it.
This is especially true in the case of insects. They strongly respond to changes
in diet or environmental cues like temperature rise or fall and manifests
discernible changes in their physical characteristics 3. Long-term interactions of
such manner lead to adaptive evolution and heritable changes in genotype as
well as phenotype. A remarkable example of such a relationship is that between
the yucca moth and its host, the yucca plant which are obligately co-dependent
for host plant pollination and moth diet respectively 4. Below, we discuss two
scenarios where gene expression plasticity is usually manifested in herbivorous

insects with an emphasis on Lepidopterans.
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4.1.1 Gene expression variations in response to host plant:

Changes in host plant can impact multiple aspects of a herbivorous insect’s life
starting from its reproductive strategy to higher trophic level interactions like
predators, pests etc 5. The herbivores feed on a wide variety of plants and are
exposed to phytochemical diversities in terms of defense compounds. The
general notion is that polyphagous insects are capable of displaying variations in
their gene expression profiles, especially in their alimentary canal or gut, as it is
the primary site for digestion, nutritional absorption and detoxification, followed by
the feeding apparatus %’. Their interactions begin when the salivary secretory
components of the invading insect comes in contact with the plant leading to a
cascade of defensive compound biosynthesis like terpenoids, cyanogenic
glycosides and so forth 8. This encounter triggers the anti-phytochemical defense
mechanism in the herbivore’s gut to avoid trauma. For example, Helicoverpa zea
larvae suppresses host plant defense in tobacco owing to the presence of
glucose oxidase in its saliva and its expression varies with respect to host plant °.
Similarly, Pieris brassicae and Spodoptera littoris suppresses defenses in a non-
host plant, Arabidopsis thaliana, leading to increased larval weights '°. Now,
these reciprocal exchanges over time leads to evolution of novel mechanisms for
dismantling plant defenses, staring from avoidance of strongly resistant plants to

suppression.

Changes in host plant may also lead to changes in the changes in nutrition
uptake and digestion patterns in any herbivorous insect. The components that
represent any host plants value such as carbon or nitrogen content, can clearly
affect herbivore’s fecundity °. Changes in the phytochemical content can have

impact on the expression of regular biosynthetic processes leading to apparent
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changes in their secretory products, such as silk. An example for this type of
change are the reports on colour variations in eri silk cocoons when reared on
different host plants ''. Another example can be the increase in larval weight of P.
brassicae and S. littoris described above. These types of phenotypic changes are
accompanied or preceded by changes in the usual expression profile of selected
genes. Based on the existing studies of these nature, we can anticipate the
significance of profiing the gene expression variations to gain deeper

understanding of insect-host plant relationship.
4.1.2 Gene expression variation in response to development

The typical life cycle of Lepidopterans can be divided into egg, caterpillar
(larvae), pupa and adult. The larval stage of this holometabolan sequence is
usually the most actively feeding stage. Larval growth rate is strongly affected by
the environment and host plant allelochemicals. The larval stages are divided
into different instars based on the number of molting (shedding of skin) in the
species. For eg. silkworms generally molt five times and therefore, have five
instars. There is a drastic difference in the gene expression profile of a fifth instar
larvae than any other instar and this phenomenon can be best explained by
using silkworm, say Bombyx mori, as an example. Transition of silkworms into
the fifth instar stage is accompanied by a more voracious feeding behavior which
ceases right before it starts spinning a cocoon for its impending metamorphosis
to pupa. This transition is accompanied by various changes in physiology of the
silk gland. The silk gland is a typical exocrine gland specialized in production of
large amounts of silk proteins- fibroin and sericin. By the end of 5" instar, these
glands reach the size of ~25 cm and constitute ~40% of the body weight '2. This

increase is made possible by genome amplification, cell enlargement and co-
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ordinated changes in gene activity, showing marked increase in DNA, RNA as
well as proteosynthesis of proteins like fibroin, sericin, etc 3. Similar changes

are also observed during instar-level developmental transitions.

Insects have a complex endocrine system coordinated by sesquiterpenoids like
methyl farnesoate (MF) and juvenile hormone (JH) and ecdysteroid (like 20-
hydroxyecdysone or 20E) which regulate their development. A high JH titer is
known to arrest molting or ecdysis process (one larval stage to another) while a
high titer of 20E triggers molting or ecdysis ''5. Understanding how
developmental changes are accompanied by changes in gene expression

profiles will be an interesting way to learn more about the organismal biology.

A. assamensis is an economically significant silkworm and the dearth of basic
biological knowledge on it has long hindered the scientists and indigenous seri-
rearer communities of India. In Chapters-2 and 3, we had assembled and
annotated the de novo transcriptomes of A. assamensis and its two host plants,
Litsea citrata and Machilus bombycina. In this study, we studied changes in
transcriptomic profiles that accompany the muga silkworm (silk gland) when fed
upon both of these host plants. Similarly, we studied how these patterns are

affected by development (4™ instar and 5% instar).

4.2 MATERIALS AND METHOD

4.21 Sample collection, RNA isolation, cDNA library preparation and

sequencing:

Muga silkworms were reared from egg to 5" instar larval stage at Central Muga

Eri Research & Training Institute (CMER&TI), Lahdoigarh (26.7844° N, 94.3443°
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E). The rearing was carried during winter season (January-February) on two
separate host plants, namely, M. bombycina and L. citrata, in outdoor conditions.
10 no.s of 4" and 5™ instar larvae of A. assamensis were collected from Som
plant. Similarly, 10 no.s of 5" instar larvae were collected from Mejankari plant.
These larvae were dissected under sterile conditions to obtain the following
sections- silk gland, alimentary canal or gut and residual body. The silk glands
were further dissected into anterior, middle and posterior silk glands. These
tissues were further dissected into very thin sections and stored in RNAlater
stabilization solution (Ambion™) at -80°C. These samples were further processed

at Genotypic Technology, Bangalore.

Total RNA was isolated from these harvested tissues using RNAEasy mini kit
(Qiagen). The concentration, purity and integrity of the isolated RNA (A260 /A280
ratio 21.8 and RIN number =8) were verified using Nanodrop spectrophotometer
and High Sensitivity Bioanalyzer Chip (Agilent Technologies, CA, U.S.A.).
Preparation of each tissue library was performed using lllumina-compatible
SureSelect Strand-Specific RNA Library (Part # G9691-90010) except for
alimentary canal and residual body of, See Chapter 2) (Agilent Technologies,
Santa Clara, CA, U.S.A.). The resulting cDNA libraries were sequenced on
lllumina HiSeq™ 4000 sequencer platforms using the paired-end sequencing
protocol at Genotypic Technology Pvt. Ltd., Bangalore, India. Library preparation
and sequencing protocol for alimentary canal and residual body of 5™ instar muga
larvae on M. bombycina (TruSeq RNA Library, Part #15008136; lllumina HiSeq™
2000) have been discussed in Chapter 2. A table with the sequenced samples

with their acronyms and sequencing statistics have been provided below.
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Table 4.1 Information on Antheraea assamensis samples of this study

HOST INSTA TISSUE/ SEQUENCING | ACRO
LIBRARY METHOD
PLANT R GLAND PLATFORM NYM
Machilus SureSelect Som
Anterior [llumina
bombycin | 4 Strand-Specific 4AS
silk gland HiSeq™ 4000
a RNA library kit G
Som
Middle silk
-do- 4th -do- -do- 4MS
gland
G
Som
Posterior
-do- 4th -do- -do- 4PS
silk gland
G
SureSelect Som
Anterior
-do- 5th Strand-Specific -do- 5AS
silk gland
RNA library kit G
Som
Middle silk
-do- 5t -do- -do- 5MS
gland
G
Som
Posterior
-do- 5th -do- -do- 5PS
silk gland
G
Alimentary TruSeq RNA lllumina Som
-do- 5th
Canal Library HiSeq™ 2000 | 5AC
Residual TruSeq RNA lllumina Som
-do- 5th
body Library HiSeq™ 2000 | 5RB

TH-2432_136106032
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SureSelect
Litsea Anterior lllumina Mej5
5th Strand-Specific
citrata silk gland HiSeq™ 4000 | ASG
RNA library kit
Middle silk Mej5
-do- 5th -do- -do-
gland MSG
Posterior Mej5
-do- 5t -do- -do-
silk gland PSG
Alimentary Mej5
-do- 5th -do- -do-
Canal AC
Residual Mej5
-do- 5th -do- -do-
Body AC

Table 4.2 Experimental matrix for comparison of [A] host-plant induced and

[B] development-induced biological processes in A. assamensis

A. SetXvs SetY
SetX SetY
Host plant - Machilus bombycina (Som) | Litsea citrata (Mejankari)
Developmental
stage > 5th instar 5% instar
Tissue|
ASG Som5ASG Mej5ASG
MSG Som5MSG MejsMSG
PSG Som5PSG Mej5PSG
AC Som5AC Mej5AC
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B. Set Avs SetB
Host plant- Machilus bombycina (Som)
Developmental
Stage> Set A Set B
4th instar 5t instar
Tissue|
ASG Som4ASG SomSASG
MSG Som4MSG SomSMSG
PSG Som4PSG SomSPSG

4.2.2 Quality control of raw data and de novo assembly of a consolidated

transcriptome for A. assamensis

The quality metrices of the resulting raw reads per data set were examined using
FastQC v0.11.5 '. Based on the report, both paired-end datasets were corrected
for adapter contamination, over-represented sequences, erroneous k-mers, low
quality reads as well as tiles (Phred quality score cutoff was =30) using a
combination of Trimmomatic 0.35, Trim Galore, rCorrector tools as well as in-
house shell scripts '7-'°. The resulting raw reads were mapped to ribosomal
rRNA reads (entitted SSUParc and LSUParc files) from the SILVA rRNA
database project using bowtie 2 and unmapped read pairs were retained 2°. The
resultant reads were re-examined using FastQC to check for attainment of
desirable quality features. Following this, the final thirteen sets of paired-end
reads were utilized as inputs for de novo assembly of a consolidated
transcriptome for A. assamensis via Trinity tool (v2.6.5) utilizing the in-built

parameters for normalization by read set and k-mer size of 32 ?'. The quality of
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transcriptome assemblies was assessed on the basis of parameters like N50
value, mean transcript length, percentage of reads mapped to the transcriptome,
etc. using the scripts provided under Trinity package. Transcriptome
completeness was quantitatively examined via BUSCO (Benchmarking Universal
Single-Copy Orthologs) tool v3 using the dataset “Insecta odb10” curated by

OrthoDB in transcriptome mode 2223

4.2.3 Annotation, identification of candidate genes and comparative gene

expression

The consolidated transcriptome was annotated using a combination of protein
sequence databases specific for insects (UniProt). The respective gene ontology
annotations were also retrieved from the same database. A bowtie-indexed
reference map was created using the newly assembled transcriptome of A.
assamensis followed by estimation of abundance by a tool, RSEM, which aligns
the quality control processed paired-end raw reads per sample to the bowtie-
indexed reference of a transcriptome 2'24, RSEM generated a normalized count-
based expression values for each transcript (termed 'transcripts per million' or
TPM). The transcripts were sorted based on TPM values into the top 1000 most-
expressed genes followed by identification of the top fifty GO Biological (GO_BP)

among those transcripts.

4.3RESULTS AND DISCUSSION

4.3.1 Assembly and annotation of the transcriptome

The transcriptome of A. assamensis was e-assembled using the newly

sequenced tissues which consisted of 2,58,367 transcripts. The overall
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completeness estimated using BUSCO showed that 98.4% of single copy

orthologues from Insecta were present in the transcriptome; this indicated the

robust nature of our assembly. We further annotated these transcripts using the

UniProt database and were able to assign gene names to 1,03,914 transcripts

(~40% of the transcripts). The list of SRA IDs for the samples sequenced for this

study are listed in Table 4.3.

Table 4.3 Identifiers of the samples sequenced for this study and submitted

to NCBI Short read archive (SRA) database are shown below-

Transcriptome SRAID Transcriptome Sample | SRAID
Sample Name Name

Muga 4th instar | SRR8208773 | Muga 5™ instar Anterior | SRR8208764
Anterior Silk Gland on Silk Gland on Mejankari

Som

Muga 4" instar Middle | SRR8208772 | Muga 5" instar Middle SRR8208777
Silk Gland on Som Silk Gland on Mejankari

Muga 4th instar | SRR8208769 | Muga 5™ instar Posterior | SRR8208776
Posterior Silk Gland Silk Gland on Mejankari

on Som

Muga 5"  instar | SRR8208768 | Muga 5" instar SRR8208775
Anterior Silk Gland on Alimentary Canal on

Som Mejankari

Muga 5% instar Middle | SRR8208771 | Muga 5™ instar Residual | SRR8208774
Silk Gland on Som Body on Mejankari

Muga 5"  instar | SRR8208770

TH-2432_136106032
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Posterior Silk Gland

on Som

Muga 5th instar | SRR2532163
Alimentary Canal on

Som

Muga 5"  instar | SRR2532165
Residual Body on

Som

4.3.2 Comparison of fourth and fifth instar silk gland for development-

induced changes

For observing how development changes accompany changes in the
transcriptome profiles, we compared the 4" instar silk gland of muga silkworm
reared on Som plant with that of 5" instar silk gland. As mentioned in the
materials and methods, the transcripts per sample were first ranked in
descending order of their TPM values. The top 1000 genes with the highest TPM
values were extracted and their gene ontological information was retrieved. The
ontology information for biological processes (GO_BP) was further analyzed to
identify the top 50 GO classes that were over-represented among those highly
expressed transcripts. We compared these top 50 GO_BP classes across

anterior, middle and posterior silk gland of 4" and 5% instar larvae (Fig. 4.1-3).

Comparison of the top biological processes across these tissues showed that

translation was one of the most active processes for the silk gland as it was
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unanimously the most expressed biological process across all the tissues
sequenced (Fig. 4.1-3). A close observation of the top processes showed that
after translation, response to oxidative stress, ATP synthesis and hydrolysis
coupled proton transport, redox homeostasis, aromatic compound catabolism,
carbohydrate metabolism, translation initiation complex, protein folding and
ribosome biogenesis were among the most expressed processes in the anterior,
middle and posterior tissues of 4" instar silk gland. While all these processes
were also present in the 5" instar silk gland, a few other processes like chitin
metabolic process, transcriptional regulation and intracellular protein transport
were more prominent among the most over-represented GO processes. These
processes indicate that the biological needs for the 4" and the 5™ instar silk gland
varies. For e.g. oxidative stress management is very important for the silk gland
as it is a specialized gland for silk synthesis and oxidative stress heightens during
such translationally and energetically stressful biological processes like nearly
constitutive translation of silk proteins. Cell division and cell death are usually
more heightened during the processes of silk gland development, thus generating
more free radicals which is counterbalanced by the redox homeostasis
processes. Feeding of antioxidants has been shown to increase the rate of silk
synthesis by 31% 2. This is an indication that redox homeostasis is a probable
energetic challenge for the silk gland and alleviating this process can be useful in
increasing silk output. Chitin metabolic process was distinctly more prevalent in
the fifth instar ASG than the fourth instar ASG. Chitin is a part of insect cuticle
and peritrophic matrix and presence of chitinous matrices provides properties like
elasticity 26. Anterior silk gland consists of a thick duct wall of chitin that narrows

the lumen and chitin also forms an extracellular matrix to protect the silk gland
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cell from high mechanical shear of spinning 7. This biological process is a clear

indication of how the silk gland’s transcriptome profile adapts to the biological

needs of the organism.
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4.3.3 Comparison of fifth instar A. assamensis silk gland for host plant-

For observing how variation in host plant accompany transcriptome dynamics of
the silk gland, we compared the 5™ instar silk gland of muga silkworm reared on
M. bombycina (som) to that reared on L. citrata (Mejankari). Som plant with that
reared on of 5" instar silk gland. TPM for the transcripts were calculated using
RSEm and was followed by sorting them in descending order of these values.
The top 1000 genes with the highest TPM values were extracted and their gene
ontological information was retrieved. The ontology information for biological
processes (GO_BP) was further analyzed to identify the top 50 GO classes that

were over-represented among those highly expressed transcripts.

Again, translation was the most active process in all the transcriptomes for both
host plants (Fig. 4.4-6). Silk glands reared on both host plants shared some
common biological processes like carbohydrate metabolism, ATP hydrolysis
coupled proton transport, cell redox homeostasis etc. For the Som-reared muga
silkworms, one of the prominent variable process was aromatic compound
catabolic process. For Mejankari-reared muga silkworm, it was transmembrane
transport. Another process related to chitin metabolism was dominant in the
middle silk gland of som-reared muga silkworm and posterior silk gland of
mejankari-reared muga silkkworm. From the ontologies of these biological
processes, one can assume that transcriptome scenario of muga silkworm is very
responsive towards the host plant. These variations usually rise due to the
nutritional and allelochemical content of the respective host plant and the ability

of the dependent organism to metabolize or detoxify such a content.
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4.4CONCLUSION

In the current study, we demonstrated how the silk gland’s transcriptome profile
varies with respect to developmental stage such as 4" and 5" instar as well as
host plant such as M. bombycina and L. citrata using gene ontological
information of the annotated transcripts. A few processes like chitin metabolism
and transmembrane transport were expressed differentially with respect to host
plant changes. Chitin metabolism was also expressed differentially with respect
to the developmental stage or instar. Studies of such nature will be helpful in

exploring host-plant and insect dynamics in future.
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CHAPTER 5
MugaSeqDB, a database on Antheraea

assamensis and its host plants

ABSTRACT

Here, we developed MugaSeqDB, a comprehensive, freely accessible database
hosting the transcriptome data of muga silkworm and its two host plants, Som
and Mejankari. It contains transcripts, predicted proteins, their respective
functional and ontological annotations. It also provides secondary information on
the three primary species like pest, pathogen and patents. Back-end of the
database was developed using MySQL and phpMyAdmin while the front end was
created using a combination of HTML, PHP and java scripts. The complete
architecture was hosted at a Linux-based commercial server. Overall,
MugaSegDB embodies a platform-independent, user-friendly research tool that
opens up a plethora of sequence data for exploration and constitutes an essential

genomic resource to facilitate future studies on this endemic species.

5.1 INTRODUCTION

Muga silk is an important cultural and commercial commodity produced by the
endemic lepidopteran “muga” silkkworm, Antheraea assamensis. This unique
lustrous golden yellow fabric contributes hugely towards the Indian sericulture

industry. Its proteins, fibroin and sericin, have already been established as

TH-2432_136106032
- Ch-5 | Page 1



Chetia, 2019 CH-5: MugaSeqgDB

successful biomaterials for biomedical applications '2. Despite this extent of
significance, genomic information on this important species was scarce until now,
thus, acting as an impediment on possible research avenues like boosting silk
yield or immunity by genetic improvement. In this study, we sequenced the
transcriptome of muga silkworm (silk gland, alimentary canal and residual body
for 4 as well as 5" instar larvae) and annotated transcripts using a combination
UniProt, NCBI Protein, GO and Pfam databases (Chapter 2, 4 and 5). A similar
strategy was also applied to the transcriptomes of the muga silkworm host plants,
M. bombycina and L. citrata (Chapter 3). The raw sequencing reads were
submitted to NCBI SRA database (see Chapter-2 and 3 for SRA IDs). However, it
is only through sharing the transcripts and predicted proteins of these three
species that we can contribute more meaningfully towards the serigenomic

research scenario.

Next-generation sequencing technologies were introduced into scientific world
almost a decade ago 3. Given the tremendous amount of data generated in a
single sequencing run, it is necessary to organize these data in a database and
make it accessible to the public for facilitating further research. Some examples
of species-specific databases include SilkTransDB (Bombyx mori), FlyBase

(Drosophila melanogaster), etc 4.

Genome and transcriptome sequencing efforts have always contributed towards
acceleration of scientific research. For e.g. the complete high-coverage draft
genome of the domesticated mulberry silkworm, B. mori, was published in 2008.
Since then, a myriad of research on the species has ensued ranging from

transgenesis to genome editing, thus, giving it the reputation of being the
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Lepidopteran model organism 7-%10 Similar or even more novelties can be
expected from the lesser-studied semi- or undomesticated silkworms if the data

from genomic studies become accessible to researchers.

Here, we developed MugaSeqDB, a comprehensive, freely accessible database
hosting the transcriptome data of muga silkworm (Antheraea assamensis) and its
two host plants, Som (Machilus bombycina) and Mejankari (Litsea citrata). Its
data structure, construction strategy and salient features are discussed below.
This database comprises of essential genomic resources to facilitate future
studies on this endemic species and its host plants. It is a platform-independent,
user-friendly research tool that opens up a plethora of sequence data for future

exploration.

5.2MUGASEQDB CONSTRUCTION:

5.2.A Data type:

MugaSegDB has two primary data sources- A. De novo transcriptome of A.
assamensis and B. De novo transcriptome of host plants of A. assamensis. We

derived the following information from each source-

A. Transcript sequences D. Gene Ontology

B. Predicted proteins and E. Functional Domains (Pfam)

antimicrobial peptides®
F. Predicted Antimicrobial peptides

C. Functional annotations of

transcripts

#*To be made available in future

The database also had secondary data on the following -
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A. Pest and pathogens of- B. Patents applied or published
a. Muga silkworm a. Muga Silkworm
b. Host plants of muga b. Host plants of muga
silkworm silkworm

5.2.B Construction of the database-

Web-based database application mostly consists of two components, namely, a

database server and a web-based graphical user interface.

5.2.B.1 Database server:

The data described in section 5.2.A were initially prepared as csv (comma
separated value) worksheets. Each entry was provided a unique identifier
(MDB_AA# 001, MDB_MB# 001 or MDB_LC# 001). SW represented entries for
muga silkworm while HP represented host plant entries. # was replaced with TR
(transcript), PR (protein), PP (pest) and PT (patent) wherever applicable. For e.g.
MDB_SWTR_001 denoted the Transcript 001 from muga silkkworm while
MDB_SWPR _001 denoted the predicted protein 001 from the same organism.

MB and LC stood for M. bombycina and L. citrata.

The services of a commercial online hosting server, Arvixe, was used to host
MugaSegDB. We used the content administration tool, PhpMyAdmin and its in-
built MySQL, an open-source relational database management system (RDBMS),
for database construction. We first uploaded the .csv worksheets into MySQL

which automatically creates a hierarchical database schematic for the input data.
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DATA SOURCE AND TYPE DATABASE (BACK-END)

-

) \ DATA Tabulation |

| Transcripts

Proteins/AMPs
Muga |

| Patents

|
| |

silkworm | Pest/Pathogens | ‘ MySQL Database }
| |

1

Som‘ Proteins/AMPs ’ \
Mejankari | HINS |
‘ Pest/Pathogens = -

; | PHP |

‘ Patents ' 0
[ css |

Fig. 5.1 The workflow and components involved in MugaSeqDB, namely,

data source and type, back-end and front-end components

5.2.B.2 Web-based graphical user interface (Website)-

The website of MugaSegDB was created using HTML, PHP and java scripts on
the front-end with the MySQL database and Apache web server at the back end.
The complete architecture resides upon Linux-based web host, Arvixe. HTML
based web pages were designed using HTML text processors in cPanel. CSS
scripts were edited as per the requirement for effective viewing and ease of
access of the prospective users. The search engine and data browser for
MugaSeqDB was developed using in-house php scripts. The website design was
kept responsive and dynamic, thus aiding in hassle-free visualization of the site

on different web browsers like Mozilla Firefox, Google Chrome, Internet Explorer
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at different screen resolutions (e.g. in desktops, tablets or smartphones). Finally,

a web-domain name was registered for the website (http://mugaseqdb.in) and

connected to the website. The workflow for database construction and design has

been diagrammatically represented in Fig. 5.1.

5.3 SALIENT FEATURES OF MUGASEQDB

MugaSeqDB is the first-ever database providing primary sequence information on
the endemic silkworm, A. assamensis and its two host plants, L. citrata and M.
bombycina. Hence, the most important feature of MugaSeqDB is the uniqueness
of its data, i.e. transcripts and proteins, available in it. While raw sequencing
reads of these three species (generated by this thesis) are only available in
NCBI-SRA database (See Ch-2), the full-length assembled transcripts are
available on MugaSeqDB. These transcripts have been exhaustively annotated
using multiple databases like UniProt, NCBI Protein, GO, Pfam etc. All this
information related to the transcripts are available in this database for further
research. MugaSeqDB data also acts as a source of pest-pathogen as well as
patent information on Muga silkworm, Som and Mejankari. A combination of all
these information makes this database a one-stop free, online resource for

students and enthusiasts.

MugaSeqDB’s website design and its in-built tools are another set of salient
features of the database (Fig. 5.2). Its dynamic, responsive design (described in
materials and methods) makes it easily accessible in a user-friendly. It also
contains an exclusive search engine that helps in easily finding the target data via
keywords, sequence or MugaSeqDB ldentifiers. Similar advantage is provided by

the presence of a flexible data browser in the website. Finally, it has hyperlinks to
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an array of tools for data analysis like ClustalO, NCBI Blast, Simple Phylogeny,

etc.

MugaSeqDB

About Browse » Search » Submit Data » Team Opportunity

MugaSeqDB is a standalone, up-to-date database of information on
Antheraea assamensis, popularly known as muga (M) silkworm
and its host plants, namely, Machilus bombycina or Som ((3TN)
and Litsea citrata or Mejankari ((NGI3SHM). MugaSeqDB is the
world's first database exclusively created for Muga Silkworm from
Bioengineering Research Laboratory (BERL). Read more about
muga silkworm and its host plants here. MugaSeqDB
currently hosts the following data on the muga silkworm and its

host plants-

e Annotated Transcripts

® Pests and Pathogens G
® Literature

* Patents

Fig. 5.2 Snapshot of the home page of MugaSeqDB

Other features of MugaSeqDB include the “Data submission”, “Feedback” and
“‘Help” pages which make the database more amenable to use and contribute
data from the users. The data submitted to the database will be scrutinized by the
database administrator and published. This strategy is useful in keeping
database up-to-date in terms of information as has been observed in the case of

FlyBase 4.

5.4CONCLUSION AND FUTURE PROSPECTS

MugaSeqDB is a one-stop database for information on muga silkworm (A.
assamensis) and its two host plants, L. citrata and M. bombycina. It will act as a
comprehensive, exhaustive resource of information for seri-researchers and

enthusiasts. It'll be key for dissemination of data on this endemic species of
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silkworm. The in-built data submission by users will also help in enhancing the

database.

The current information provided in the database is based upon de novo
transcriptomes of muga silkworm and its host plant. In future, these data will be
updated with more enriched genomic information as soon as their respective
whole genomes are available. Data will also be updated on availability of any new
information from its user-sourced data submissions or other secondary web-
resources. Another aspect that will be improved further is the SEO (search
engine optimization) of MugaSeqDB website for its improved visibility in popular

search engines like Google or Yahoo.
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CHAPTER 6
Comparative transportome study of Nosema, the

causal organism of pebrine

A pre-print of this chapter has been published as:
Chetia H, Kabiraj D, Sharma S, et al. Comparative insights to the transportome of
Nosema: a genus of parasitic microsporidians. bioRxiv, 2017; 110809. doi:

10.1101/110809

ABSTRACT

Nosema, a genus of intracellular parasitic microsporidia, causes pebrine disease
in arthropods, including economically important insects like silkworms and
honeybees. Nosema genomes are shaped by reductive evolution. They have lost
some major metabolic pathways and depend on host-derived substrates. As an
act of counterbalance, they have developed an array of transporter proteins that
allow stealing biomolecules and metabolites from their hosts. Here, we have
identified the complete transportome of four Nosema species, viz. N. apis, N.
bombycis, N. ceranae and N. antheraea. Our results indicate that the
transportomes of N. apis, N. bombycis, N. ceranae and N. antheraea have a
dominant share of secondary carriers and primary active transporters. The
comparatively rich and diverse transportome of N. bombycis indicates the role of
transporters in its remarkable capability of host adaptation. We have further
identified a set of twelve transporter families which seem to be of core

Ch-6 | Page 1
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importance to the Nosema genus. This dataset includes ones that have a likely
role in osmo-regulation, intra- and extra-cellular pH regulation, energy
compensation and self-defense mechanism. We also identified a set of ten
species-specific transporter families within the genus with possible implications in
aiding species-specific adaptation. To our knowledge, this is the first ever intra-
genus study on microsporidian transporters. Both these datasets constitute a
valuable resource that can assist in development of inhibitor-based Nosema

management strategies.

6.1 INTRODUCTION

Microsporidia is a group of unicellular obligate parasites which can infect a
myriad of organisms including a few economically important insects like
silkkworms, honey bees etc. as well as humans 2. Within this group,
Nosematiidae is one of the most diverse of entomophagic microsporidia with
~150 genera reported so far 3. The disease caused by Nosema is broadly
called Pebrine, where destruction of insect midgut epithelial cells is a common
pathological manifestation 4. Nosema infect insects from different orders such
as Hymenoptera (honey bees), Lepidoptera (silkworms), etc. Huge economic
losses are incurred by countries of Europe, Asia and others every year due to
mass death of these economically important host organisms which are utilized
in sericulture, apiculture etc 59,

Microsporidia have highly reduced gene-dense genomes achieved via loss of
the evolutionary sacrifice of the genes from many essential pathways (TCA
cycle, metabolic pathways) to minimize biological complexity "8. They possess
an unstacked Golgi apparatus and a cryptic genome-less mitochondrion called
mitosome. In order to compensate for their reduced metabolic capacity, they
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utilize the host’s inner metabolism to derive nutrition. They usually do this either
by up-regulating the host's metabolic pathways via microsporidia-secreted
factors and taking up nutrients from the host through their membrane-bound
transporters °. So, the microsporidian transporters are an important component
of their offense/defense. They span across membranes, facilitating exchange of
substrates between host and microsporidia, thus helping in its sustenance
within the host cytoplasm and bypass the energy-expensive biochemical
pathways. An example of microsporidian transporters are the ATP transporters
(NTT) that are ubiquitously present in all microsporidia known °. Genomic
analyses have shown that despite undergoing genome reduction, some
transporter proteins have been retained by microsporidia. These proteins
usually transport crucial substrates like nucleotides, cations, sugars, ATP etc.
and are possibly indispensable for the species *. This pathogenic advantage
can be converted to a disadvantage if we can target and block the function of
such crucial transporters. Deciphering the whole transportome of microsporidia

can provide a head start to this venture.

Given the economic significance of silkworms as well as honeybees and the
existing notoriety of their microsporidian pathogens discussed above, we
focused to study the transportome of the Nosema genus. At present, the whole
genome for three Nosema species, namely, N. apis, N. bombycis and N.
ceranae is available in the NCBI Genome database (Table 6.1). The first
genome to be published was that of N. ceranae in 2009 with a draft assembly
size of 7.86 Mb 2. N. ceranae has been found to be associated with “colony
collapse disorder” in European honey bees, Apis mellifera, causing huge

economic losses in apiculture sector. Since honey bees are principle

Ch-6 | Page 3
TH-2432_136106032



Chetia, 2019 CH-6: Transportome of Nosema

pollinators, their mass deaths have also affected agricultural productivity and
sustainability. The second Nosema species with a sequenced whole genome is
N. bombycis 3. It has a GC-rich (~33%), gene-dense genome (~15.69 Mb)
which is among the largest known Nosema genomes. Its aforementioned gene
density has been attributed by abundant gene duplications, host-derived
transposomal element proliferation and acquisition of bacterial genes via
horizontal gene transfer. It is the causal organism of pebrine disease in
domestic silkworms causing significant losses in sericulture industry 4. N. apis
is another microsporidian species responsible for death of European honey
bees 1°. Apart from these three species, N. antheraea (also known as N.
pernyi) which infects the wild and undomesticated tassar moth, Antheraea

pernyi, has also been included in this study 3.

Here, we identified the total transportome of the four species of Nosema (N. apis,
N. bombycis, N. ceranae and N. antheraea) and classified them into channels,
secondary carriers and primary transporters based on the TC classification
system 6. Our study provided a snapshot of the core and species-specific
transporters in Nosema sp.s and their potential roles in sustaining the obligate

intracellular parasitic life of the species.

Table 6.1: Comparative genomic information of Nosema apis, N. ceranae,

N. bombycis and N. antheraea

Microsporidia Host (Order) Genome size NCBI ID Reference

(mb)

Honeybees
N. apis 8.5 14500 15
(Hymenoptera)
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Honeybees
N. ceranae 7.86 931 12
(Hymenoptera)
Silkworms
N. bombycis 15.69 11028 13
(Lepidoptera)
Silkworms
N. antheraea 7.1 NA 13
(Lepidoptera)

6.2 MATERIAL AND METHODS

The whole proteome of N. apis BRLO1, N. bombycis CQ1 and N. ceranae BRLO1
were retrieved from UniProt database !’. Similarly, the draft proteome of N.
antheraea was obtained from SilkPathDB 3. The reference transporters were
downloaded from TCDB (accessed January 2017). A local standalone blastP
program was run using the TCDB dataset as a “blastdb” (database) and the four
proteomes as query with an e-value cut off 0.001. The proteins with a percentage
similarity of less than 30% and query coverage of 30 were discarded. Then, the
proteins were further filtered out on the basis of presence or absence of
transmembrane (TM) domains. The TM domains were detected using three
different web-servers specifically used for TM prediction, namely, HMMTOP,
TMHMMv2.0 and Phobius with default parameters 820, Only those proteins
whose TM domains were predicted by at least two of the three tools were
selected for further analysis. Further, a two-way analysis of conserved domains
of the filtered proteins was carried out using a local installation of InterProScan
(version 5.17) and the web-server CD-Search based on CDD (Conserved
Domain Database) 2?2, Only those proteins whose predicted domains from
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TCDB families matched with the predicted domains of InterProScan and CDD
were retained as candidate transporters. These transporters were classified
according the TCDB nomenclature (till the third position to indicate its respective
family or superfamily). A flow chart depicting the method and online/offline tools

implemented in this study is shown in Fig. 6.1.

N. apis
N. bombycis N. antheraea
N. ceranae

ummm% f SilkPathDB

Sequence retrieval

Transporter Classification
Database

Selection of protein ia BlastP (e-value cut-off <0.001; % identity- 230%)

Transmembrane domain
(TM) Prediction

Selection of proteins with TM prediction in at least two of three tools
(HMM-TOP, TMHMM, Phobius)

Prediction

ﬁ Functional Domain (CD)

Selection of proteins with similar domains as predicted by TCDB family
and the tools (CD-Search and InterProScan)

Classification of transporters
by TC nomenclature

Putative transportome of
Nosema species

Fig. 6.1 Workflow followed to decipher the transportome of Nosema species
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6.3 RESULTS AND DISCUSSION

Our analysis showed that the transportome of N. apis, N. bombycis, N. ceranae
and N. antheraea consisted of 41, 78, 47 and 51 proteins respectively.
Secondary carrier type facilitators (Class 2) were found to be the most
abundant class of transporters in N. apis, N. bombycis and N. ceranae while
primary transporters (Class 1) was found to be most abundant in N. antheraea
(Fig. 6.2). Class 8 and 9 contains accessory proteins to other transporters
and uncharacterized transporters, respectively, so they were not probed further
in this study. The distribution of the transporter protein families and their
substrates in N. apis, N. bombycis, N. ceranae and N. antheraea has been

shown in Table 6.2, 6.3 and 6.4.

Channels
40 Secondary Carriers
35 ® Primary Transporters
30
25

20
15
10

5

Nosema apis ~ Nosema bombycis Nosema ceranae Nosema antheraea

<

Figure 6.2- Class-wise distribution of the transportome of Nosema apis,

N. bombycis, N. ceranae and N. antheraea
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6.3A Class 1: Channels and Pores

Channels or pores which constitute the Class-1 of TCDB facilitate passive
transport of substrates without the involvement of additional reaction and
represents passive transport. Class 1 has channels mostly made up of a-
helices or B-sheets spanning the lipid bilayer and forming a channel or pore in
the organism’s cell membrane to allow passage of solutes 6. Nosema being a
highly reduced obligate parasite lacks many basic biosynthetic pathways and
relies upon its host for requirements like nucleotides which are building blocks
of DNA and RNA 19, Thus, passive transport, which is the dominant mode of

transport for channels (Class 1) is an amenable way to import substrates.

Our study showed that a total of thirty-three proteins from the four Nosema
species belonged to Class 1 out of which a-type channels were the most
commonly present (Table 6.2). N. antheraea had the largest set of channels
(15 no.s) among the four species and N. apis had the least (3 no.s). All four
Nosema sp.s retained at least one transporter from the small conductance
mechanosensitive ion channel (MscS) (1.A.23) and synaptosomal vesicle
fusion pore (SVF-pore) family (1.F.1). MscS transporters are conserved within
other microsporidian genomes like E. cuniculi, E. bieneusi and A. algerae; they
represent a modest subset of Nosema transporters which are responsive to

mechanical perturbations in the lipid bilayer, acting as mechanical switches 1.

SVF-Pore which was also present in all four Nosema species, is commonly
found in yeasts and mammals and is involved in vesicle fusion. The presence
of vesicles among microsporidia is not very common and intracellular sorting or

transport of cargo proteins from the atypical microsporidian golgi complex

Ch-6 | Page 8
TH-2432_136106032



Chetia, 2019 CH-6: Transportome of Nosema

occurs by a mechanism that does not involve the participation of vesicles but
rather tubular networks 23. Expression of SVF-Pore proteins and avesicular
transport shown in spores and consecutive intracellular stages have been

established through RT-PCR in Paranosema genus which infects Orthoptera 4.

The conservation of both these families within four Nosema genomes indicates
that these transporters might be essential for fulfilling the core features of a
parasite life cycle such as avoiding mechanical distress or protein translocation
%5 These two families will be a part of the core transportome and have

significance in the parasite’s life cycle.

Four transporter families were found to be common in at least two Nosema
species, namely, Non- selective cation channel-2 (NSCC2) family (1.A.15),
Major Intrinsic Protein (MIP) family (1.A.8), CorA metal ion transporter (MIT)
family (1.A.35) and Nuclear pore complex (NPC) (1.1.1). NSCC2 proteins are
homologues of general protein secretory pathway in yeast microsomes and
have been found to act as non-selective cation channels in mammalian
cytoplasmic membranes 26. MIP family transporters are aquaporins in native
form, but are also capable of transporting carbohydrates, glycerol, urea, ion etc.
by an energy- independent mechanism 2. Both these a-type channels have
been reported in other microsporidia like Encephalitozoon cuniculi,
Enterocytozoon bieneusi and Anncaliia algerae, and hence, can be considered
to play similar roles in Nosema sps . Again, CorA transporters are similar to
MscS transporters in substrate specificity, i.e., metal ions and this has been
reported previously in E. bieneusi 6. NPC homologues involved in transport

across nuclear membrane were observed in N. bombycis and N. antheraea and

Ch-6 | Page 9
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not in other two microsporidia. Their presence has been also been reported in
developmental stages of microsporidia previously 2°. These channels are
conserved in eukaryotes, comprise of a number of nucleoporins and are

responsible for nuclear cytoplasmic exchange.

Apart from these, three species-specific Class 1 transporters (present only in one
of the microsporidia) were identified, namely, AT-1 family in N. bombycis; Hly 1l
Family (1.C.113) and Rz/Rz1 Spaninl Family (1.M.1) in N. antheraea (Table 6.1).
Both AT-1 and Rz(1) are involved in periplasmic transport of protein and
hydrocarbons, respectively. The homologue of Hly family is a putative Hemolysin

lll-like protein which is currently uncharacterized.

Overall percentage of channels present within the four species is quite variable.
Honeybee (Hymenoptera) infecting species had less channels than the ones
infecting silkworms. This may be attributed to Hly, Rz(1) and AT-1 families and
the larger set of homologues of NPC and MscS families in N. antheraea and N.
bombycis. Our results pose a new question as to why or how does presence of
more channels benefit the silkworm-infecting Nosema species, whose answer lies

in future experimentations.

6.3B Class 2: Secondary carrier-type facilitators

Secondary carrier-type facilitators, also known as electrochemical-potential
driven transporters, represent Class-2 of TCDB and employ a carrier-mediated
process involving uniporters, symporters and antiporters for transport. We
observed a total number of 101 transporters of Nosema belonging to Class 2
(Table 6.3). N. bombycis had the highest number of secondary transporters

(forty-two) out of all the four species studied here. All the Nosema transporters
Ch-6 | Page 11
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from Class 2 were found to be porters (uniporters, symporters and antiporters)
and other sub-classes like ion-gradient driven energizers or trans-compartment

lipid carriers were absent.

Out of the fifteen families, six were commonly found in all the four species, viz.
Major facilitator superfamily (MFS) (2.A.1), Cation diffusion facilitator (CDF)
superfamily (2.A.4), Drug/metabolite transporter (DMT) superfamily (2.A.7),
ATP:ADP antiporter (AAA) (2.A.12), Proton dependent oligopeptide transporter
(POT/PTR) (2.A.17) and Amino acid/auxin permease (AAAP) (2.A.18) families. It
is known that all microsporidian genomes encode two or more MFS transporters
that have specificity for sugars imported from hosts °. One of the MFS
homologues belonging to sugar porter family (SP) (2.A.1.1) can take up
environmental glucose to support its own metabolism. 11 homologues of this
family were present in N. bombycis. Other MFS families observed in Nosema,
namely, Proteobacterial intraphagosomal amino acid transporter (Pht)
(2.A.1.53), Unidentified Major Facilitator-14 (UMF14) (2.A.1.65) and Drug-H+
antiporter (DHA1) (2.A.1.2), are also found in yeast and bacterial pathogens.
The latter two have sequence similarities with multidrug-resistant transport
proteins of yeast and E. coli as well as purine transporters 3°. The second
conserved Class 2 family is CDF which is responsible for heavy metal ion efflux
and mostly implicated in instances where human health and bioremediation is
concerned 3!, It has also been reported to be involved in Co?*-ion uptake in
Saccharomyces cerevisae 2. E. cuniculi and E. bieneusi comprise at least one
transporter from this CDF family 28. Again, DMT superfamily plays a role in host
adaptation and is associated with transport of variety of metabolites (nucleotide,

sugar etc.) from host cytoplasm 322, Out of the 31 members of this superfamily,

Ch-6 | Page 12
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four were found within Nosema, viz., Triose-phosphate Transporter (TPT) (acts
as antiporter, exchanges organic phosphate ester for inorganic phosphate), UDP-
Galactose:UMP Antiporter (UGA), UDP-N-Acetylglucosamine:UMP Antiporter
(UAA) (both act as antiporter, exchanges a nucleotide-sugar for nucleotide) and
NIPA Mg Uptake Permease (NIPA) (mediates Mg?* intake, causes a
neurodegenerative disorder called hereditary spastic paraplegia in humans and
has homologues in other eukaryotes). The fourth common transporter is the AAA
family, which has been reported in other microsporidia as well as bacteria, fungi
and plants 2834 |t is known that microsporidia lack an ideal mitochondrion like
structure and consequently, lacks the electron transport chain. Instead Nosema
genus has acquired AAA transporters which can act as a part of the
compensatory mechanism for the lack of the same and possibly have a role in
importing ATP from host cytoplasm. AAAP family, another important transporter
family, which is conserved across the Nosema genus, are associated with
vacuolar bidirectional symport or antiport of various amino acids as well as ions
(H*, Na* etc.) in lower eukaryotes such as yeast 336, Finally, the proton-
dependent oligopeptide transporter (POT/PTR) family involved in substrate (small

peptides, oligopeptides, proteins etc.) efflux coupled to H* antiport.

Apart from these core transporter families, four others were found in at least two
of the Nosema species. Two of these families transport different types of ions,
namely, ZIP family (2.A.5) involved in acquisition of metal ion, especially in intake
and maintenance of homeostasis of Zn?* and SulP family involved in inorganic
anion uptake. Other than these ion transporters, Resistance-nodulation-cell
division (RND) superfamily (2.A.6), which is homologous to solute carrier family of

mammals and can transport a range of substrates like peptides, amino acids

Ch-6 | Page 14
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(Histidine), nitrates etc. and the choline transporter-like (CTL) family (2.A.92), a

solute carrier family for choline, were also identified.

Five species-specific Class2 transporters were also identified in this process. Of
these five, four families were present in N. bombycis, namely, amino acid-
polyamine-organocation (APC) (2.A.3) (functions as arginine/ornithine or
cystine/glutamate antiporter to maintain cellular redox balance as well as
cysteine/glutathione levels), monovalent cation:proton antiporter-1 (CPAL) family
(2.A.36) involved in Na™:H* exchange, K* transporter (TrK) (2.A.38) (K":H*
symport) and glycerol uptake (GUP) (2.A.50) (implicated in glycerol and amino
acid uptake in bacteria, yeast etc.) 3. N. ceranae retained the fifth species-
specific secondary facilitator family, namely, phosphate permease (Phol)

(2.A.94) which carries out inorganic phosphate transport in plants.

As discussed above, MFS, DMT and AAAP families were conserved across the
four species under study and have also been reported in other microsporidian
species. Interestingly, the number of homologues from these three classes were
much greater in N. bombycis, leading to a spike in the total Class 2 transportome
of the species. There are two possible explanations for this disparity. Firstly, the
genome of N. bombycis is larger than the rest due to events of duplication and
horizontal gene transfer. Secondly, it is able to infect multiple silkworm species
and existence of a better substrate uptake mechanism, in the form of greater
number of secondary facilitators, may contribute towards its broader host

specificity.
6.3C Class 3: Primary active transporters
Primary active transporters of Class 3 drive transport of a solute against a

Ch-6 | Page 15
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concentration gradient using a primary source of energy. Around 32-37 primary
transporters have been found to be present in other microsporidia (E. cuniculi,
E. bieneusi, A. algerae) 8. We identified eighty-three primary transporters in our
subset of Nosema genus (Table-6.4). All of these homologues drive the active
uptake and/or extrusion of a solute or solutes via hydrolysis of diphosphate bond
of inorganic pyrophosphate, ATP, or nucleoside triphosphate. Oxidation-
reduction, methylation or decarboxylation driven transporters were not found in

the studied Nosema genus.

As per our observation, the largest group of Class 3 transporters were the ATP-
binding cassette (ABC) transporters (3.A.1) superfamily, conserved across
Nosema as well as other genera of microsporidia like Encephalitozoon,
Enterocytozoon and Anncaliia genera . ABC transporters are associated with

transport of various substrates like peptides, lipid, ions, drugs etc.

A total of thirty-six ABC transporters have been identified in Nosema, whereas
previous studies showed the presence of four sub-families in E. cuniculi .
Within the ABC superfamily, Heavy metal transporter (HMT) family (also known
as ABCB) (3.A.1.210) was the most abundant (21 no.s in the four Nosema
sp.s), followed by Eye pigment precursor transporter (EPP) family (also known
as ABCG) (3.A.1.204) (10 no.s in the four Nosema sp.s). Heavy metal
transporters have been observed in E. cuniculi and E. intestinalis previously 32,
Similarity between these putative transporters and that of yeast ATM1 protein
which is a prototype for this subfamily suggests that they might be carrying out
similar function in Fe-S cluster export. A related hypothesis proposes the role

of cryptic mitochondria of microsporidia in iron-sulfur biogenesis °. Similarly,
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EPP family of transporters have been identified previously in E. cuniculi which is
speculated to involved in guanine and tryptophan transport in Drosophila
melanogaster 3°. Other than ABC superfamily, the classes 3.A.2 (H+- or Na+-
translocating F-type, V-type and A-type ATPase (F-ATPase)), 3.A.3 (P-type
ATPase (P-ATPase)) and 3.A5 (General secretory pathway (Sec))
families/superfamilies were conserved across the four Nosema species. F-
ATPase superfamily is conserved from bacteria to eukaryotes and is associated
with vacuolar transport of H* and Na*. Only V-type ATPases were identified in
Nosema genus. P-ATPases identified in this study were the ones involved in
phospholipid translocation and cation transportation 4°. Again, homologues to
yeast Sec-SRP complex (3.A.5.8) and mammalian Sec-SRP complex were
observed in the fourth conserved and abundant transporter family in Class 3, i.e.,
Sec family, including Sec61 (a and y) subunits and sec63 translocase subunits.
Sec61 complex is the general secretory (Sec) pathway for protein secretion into
ER with its subunits Sec61a, Sec61B, and Sec61y. This complex has been

identified previously in N. bombycis, E. cuniculi and Antonospora locustae L.

Two other families from Class 3 were found in at least two of the four organisms
studied here, namely, Endoplasmic reticular retrotranslocon (ER-RT) (3.A.16)
and Peroxisomal Protein Importer (PPI) (3.A.20) families. ER-RT transport
proteins are abundant in N. antheraea and are supposedly associated with ER-
associated degradation system which involves translocation of misfolded proteins
from ER to cytoplasm for degradation. Microsporidia is known to lack any
organelle like peroxisomes and the role of PPI transporters (3.A.20) needs in-
depth analysis to understand the functions and relevance to its survival or other

functions. Two species-specific unique transporter families from Class 3 were
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also found in N. bombycis and N. antheraea, indicating that it still retains several
transporter genes which are absent in its Nosema counterparts. The outer
membrane protein secreting main terminal branch (MTB) family (3.A.15) which is
present only in N. bombycis and it shares 71% sequence identity with the pulF
protein of Klebsiella pneumoniae. Presence of K. pneumonia in silkworm gut has
been reported previously; the presence of this unique transporter family with
bacterial-origin in N. bombycis is a probable case of horizontal gene transfer due
to co-localization at a shared niche. The acquisition of this transporter could
probably aid N. bombycis in DNA and protein transport. Another species-specific
transporter family found only in N. antheraea was the symbiont-specific ERAD-
like Machinery (SELMA) (3.A.25) which transports nucleus-encoded pre-protein

complexes in human pathogens, Plasmodium falciparum and Toxoplasma gondii.

6.4 CONSERVED AND UNIQUE TRANSPORTERS IN NOSEMA: HOW ARE

THEY RELEVANT?

Microsporidia, being an obligate parasite with highly reduced gene content, is
incapable of carrying out numerous processes that free-living organisms like
yeast, bacteria etc. can carry out. These include Kreb’s cycle, electron transport
chain, nucleotide synthesis, etc. With genome reduction via gene loss, the
transportome diversity of a microsporidia should ideally decrease. Despite this,
a set of core transporters like permeases allowing passage of sugar, glucose,
metal ions viz. Mg?*, Ca?*; polyamine transporters; ion transporters with metal
ion specificity; sulfate transporters etc. are commonly retained by any
microsporidia 2. Nosema, like any other microsporidia, is also dependent on the

host cytoplasmic contents for survival and proliferation. To obtain a plausible
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view of the core transporters of Nosema genus, we compared the transportome
of N. apis, N. bombycis, N. ceranae and N. antheraea (Fig. 6.3). Then, we
compared the existing data on reviewed and unreviewed microsporidian
transporters from UniProt to the complete set of Nosema transporters. Our
study revealed that the Nosema genus has a core set of transporter families
conserved among them (Figure 6.3 and 6.4). This set of twelve transporter
families (ABC, DMT and MFS superfamily, F-ATPase, P-ATPase, Sec, MscS,
CDF, SVF-Pore, POT/PTR, AAA and AAAP family) can be perceived to be
crucial for a typical microsporidian life (Figure 6.4). Except the SVF-Pore family,
all others have been reported in at least one microsporidian species other than

those in Nosema genus. Three of these families are involved in ion transport,

D. Present only in NAn
1. Hly II) Family

2. Rz(1) Family

3. SELMA Family

F. Present in NB,NAn
1. NPC Family

Figure 6.3- Transporter family distribution among the Nosema genus:
Venn diagram showing shared and unique transporter families among
four Nosema species, viz. NAp- Nosema apis, NB- N. bombycis, NC- N.

ceranae, NAn- N. antheraea
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namely, the energy-independent MscS family and the energy-dependent F and
P-ATPase families. Recent research on microsporidia like T. hominis, N. parisii
and E. cuniculi has reported that microsporidian MscS have two distinct
origins, one is eukaryotic MscS1 proteins and another is bacterial-like
microsporidian MscS2 4?44, MscS proteins can regulate osmotic homeostasis
at the cell surface during different life stages by opening or closing a channel
permeable to water and small ions in response to mechanical deformation of
the cell membrane, such as that caused by physical or osmotic pressure 2°.
It is to be noted that increase or decrease osmotic pressure in an intracellular
parasite can be related to increase or decrease in membrane tension to speed
up or delay its egress from a host cell °. This means that MscS family could
have a probable role in Nosema infection process. Again, the V-type ATPase
(from F-ATPase family) and the P-ATPases mediate ATP-dependent H*/Na
ion transport and have been widely observed in other microsporidian species
across different genera such as Anncaliia, Encephalitozoon, Enterocytozoon
etc 28. Both these families are capable of cation efflux and can be speculated to
be related to pH regulation, i.e, maintenance of resting pH and recovery from
pH dysregulation inside the gut of a host organism by H* extradition. This
phenomenon has been experimentally observed previously in protozoa such
as Plasmodium falciparum 6. Similar to P. falciparum, the hosts for Nosema
genus are also insects and microsporidian spore germination occurs in various
parts of the midgut or gut epithelial cells in insects of Hymenoptera and
Lepidoptera 2. Presence of these transporters probably helps Nosema sp.s in
cation uptake, not only for nutritional or metabolic purposes but also survival
amidst its hosts. Similar roles may also be played by the other core ion
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transporter family, CDF and as well as less conserved SulP, NSCC2 etc.

The MFS superfamily is one of the predominant transporter families found in
microsporidia and study of the Nosema genus provided us a similar
observation. All known microsporidian genomes encode three or more MFS
transporters with specificity for sugars likely to be acquired from hosts 42
Microsporidian genome retains the pathways like glycolysis, pentose
phosphate pathway, etc. but expression of the same varies from species to
species and also from the habitat nature of the parasite (aquatic/terrestrial) 47.
In two of the Nosema species (N. apis and N. ceranae) studied here, it has
been observed that sugar utilization increases along with spore counts within
the host, resulting in energetic stress to the host that translates into several
abnormal behavioral manifestations “8. These studies, combined with our
results portray the possibility that pathways for sugar uptake and utilization for
ATP synthesis could still be functional within the Nosema genus (except N.
ceranae which lacks this gene according to genome analysis). Presence of a
terminal electron acceptor enzyme found in mitosomes, Alternative oxidase,
has been hypothesized to be present in some microsporidia, aiding in
glycolytic pathway of energy generation 4°. Other than sugar, MFS family also
transports other substrates like polyols, amino acids, osmolytes, drugs,
neurotransmitters, Krebs cycle metabolites, phosphorylated glycolytic
intermediates, inorganic anions, etc. making it an inevitable part of the Nosema
as well other microsporidian life cycle. Another substrate importing transporter

family which was less conserved among the studied genus was the MIP family.

Among the highly conserved families, Sec, POT/PTR, SVF-Pore families were
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involved in polypeptide/protein transport. Homologues of Sec family have been
reported in microsporidia previously 8. It was hypothesized that microsporidia
exploit a protein transport and secretion machinery which is similar to yeast or
mammalian cell 2. However, even this machinery has undergone severe loss of
non-essential genes. E. cuniculi genome reportedly, has all the components of
the Sec61 translocon channel along with other associated proteins like Sec62-
63, Hsp70 etc. which make translocation of proteins into ER possible 8. Our

analysis discovered homologues of Sec61 (a and y) subunits and sec63

\:3:;\, ~ P-ATPase ‘o,
A (i
# L ( , 7 V-ATPase
SVF-Pore - ~4

—

«

MFS

AAA
b’«

Figure 6.4- Diagrammatic representation of a typical Nosema cell with the

Prso};"Z?.“':v;

core set of transporters conserved within the Nosema genus (Note- The
images used to denote the various type of transporter families doesn’t
imply their actual structure within membrane)
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translocase subunits and high conserved nature of these homologues across
the four species of Nosema genera suggests that this pathway might be
functional in Nosema, carrying out co-translational translocation of polypeptide
chains into the ER lumen. Another complimentary mechanism serving this
purpose is the SNARE protein mediated vesicular fusion. Homologues of the
SVF-Pore family (1.F.1.1) that consists of proteins from the SNARE complex
was conserved across Nosema (during our study) and E. cuniculi (from the
UniProt database). Apart from the functions mentioned above, these transporter
families might also be involved in other forms of intracellular transport and

exocytosis.

Multiple studies have suggested that the de novo synthesis pathway for amino
acids is lost in microsporidians, making them partially dependent on host-
derived amino acids and partially on self-mediated inter-conversion 4. In such a
case, transporters with differential specificity for differently charged amino acids
like the ones in AAAP family can be of immense importance for the organism.
Apart from the functionalities of this family discussed earlier, these core
transporters also have a role in the pathogenicity of Nosema. Usage of host-
derived amino acids disrupts its levels within the host, indirectly putting it in
energetic stress. The life cycle of Nosema demands usage of considerable
amounts of amino acids, for e.g. during spore wall or polar tube formation.
Whether the levels of amino acid depletion in host are relative to the rate of
infection by Nosema can be experimentally determined, as has been done in
case of sugar usage; this will provide another measure of energetic stress that

this intracellular parasite places on its insect hosts.
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As for the most important energy component of any organism, i.e., ATP,
microsporidia are dependent on hosts (although presence of an alternative
glycolytic pathway has been hinted previously) and the conserved AAA family is
capable of serving this purpose for Nosema and its microsporidian counterparts.
Regarded as a genomic hallmark for microsporidia, these transporters have
similarities to bacteria and are speculated to have been acquired by horizontal
gene transfer led by co-existence. As discussed in earlier, AAA proteins can
exchange ATP for ADP, gaining energy in form of an extra pyrophosphate bond.
These ATP exchanges along with that of sugar and amino acids further
distresses host metabolism. Therefore, these transporters have been used as a
target of gene silencing to reduce parasite load in Nosemosis, leading to
favorable changes in host physiology >°. The putative transporters discovered in
this study can be further characterized and experimentally tested as novel gene
silencing targets. Again, establishing the importance of DMT superfamily within
Nosema genus and microsporidia, as a whole, can be related to the myriad of
substrates it deals with. For example- Mg?* ion transported by NIPA family can
be utilized by Nosema augmenting the adherence of spore wall to host cell
surface as observed in E. cuniculi glycosaminoglycans °>!. Endosomal
transporter families were also found amongst other members of DMT
superfamily, including those for golgi apparatus. However, these organelles are
highly reduced or absent in microsporidia and more evidence on their presence
is required before arriving at any conclusion. Finally, the ABC superfamily,
discussed in Section 3.3, is found in many other microsporidia and the present
study concurs with this fact. The presence of this family in the microsporidian
genomes, like E. cuniculi, have been confirmed but with unknown specificity .
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ABC transporters, reportedly act as exporters in certain parasitic protists (the
classification that Nosema previously belonged to) but they might have a role to
play in import or retrieval of host nutrients as well; its presence in Nosema and
other microsporidia indicates the same. Its involvement in unidirectional
transportation of substrates including extrusion of anti- parasitic molecules

within eukaryotic parasites as a measure of self-defense is a possibility.

From the standpoint of an individual species, N. bombycis appears to be the
most endowed or rather, most evolved microsporidian from Nosema genus. It
has a greater number of transporter and probably have an advantage over the
other three species studied here in terms of survival, pathogenicity and
proliferation. This might be the reason behind the broad range of domesticated
and wild Lepidopteran hosts that it can infect; susceptible insect families include
Bombycidae, Noctuidae, Pieridae, Arctiidae and Crambidae 5252, N. bombycis
also has the largest subset of unique, species-specific transporters, which could
be result of adaptive evolution or horizontal gene acquisition from co-existing
gut microbes 2. It is closely followed by N. antheraea (51 no.s) in terms of
transporter count. The host of N. antheraea is a wild silkworm species, A.
pernyi, unlike the hosts of N. apis and N. ceranae species studied here (Table-
6.1). Like N. bombycis, this organism also has three unique transporter families

which have not been reported in other microsporidians till now.

Observation of the transporters according to host specificity shows that the
share of ion transporters differs between the honey bee and silkworm parasites
(Refer Table 6.2, 6.3 and 6.4). Out of the four observed ion transporter families

in N. apis, three are conserved while one is common with N. ceranae only.
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However, unique ion-transporter families discovered in N. bombycis points out
that it may involve these transporters in pH or osmotic stress regulation, thus
conferring it some added advantage in its survival within the cytoplasm of an
array of insect hosts. The absence of same in N. apis may confer a

disadvantage in its host adaptation abilities.

Close observation of transporter distribution across the four species shows a
pattern where N. apis, N. bombycis and N. ceranae has a smaller number of
porters/channels (Class 1) and a greater number of secondary carriers (Class 2)
(Figure 6.2). However, N. antheraea transportome shows a reverse pattern.
Within the core set of ten transporter families in N. antheraea, number of
transporter proteins is reduced in AAA, AAAP, MFS etc. Again, the number of
homologues of NPC family within N. antheraea is high, increasing the share of
channels/porters within its transportome. It is somehow related to the fact that
Nosema uses host nucleus as its developmental niche °. Again, N. antheraea
has the highest number of primary transporters (22). How does a highly host-
dependent, energy-efficient intracellular parasite like N. antheraea keep up with
the energetic costs for Class 3 when the number of ATP transporter is as low as
two (Table-6.3)? Assuming that all the deduced transporters of Class 3 are
functional, a striking hypothesis can be made from the above observations- N.
antheraea may have compensated for the dearth of Class 2 transporters by
scaling-up the transporters from Class 1 and 3. From Table-6.1, it is apparent
that N. antheraea has the smallest genome among four organisms and among
other genes, it may have shed the genes for secondary carrier facilitators. In
terms of species-specific transporters, N. antheraea and N. bombycis are richer

than N. apis and N. ceranae. However, the ones exclusively found in N.
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antheraea like Rz(1) or Hly Ill have not been reported earlier and requires
further analysis. The species-specific transporters of Nosema should also be
investigated further (Fig. 6.4). Our observations are largely based on the outputs
of an in-silico pipeline and requires greater in-depth experiments before

garnering any conclusive view.

6.5 CONCLUSION

The current scenario of apiculture and sericulture is threatened by
microsporidians of Nosema genus and new strategies are required to tackle
these parasites. Since microsporidia are entirely dependent for some crucial
substrates like ATP, sugar, nucleotides etc. on its host, the transporters for
these substrates can act as critical components of a pest management strategy.
The broad spectrum of transporter proteins within the Nosema genus identified
by us using available data can act as a valuable resource for future studies. This
includes understanding microsporidian biology, inner mechanism and its relation

to host variability.
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CHAPTER 7

Summary and Future Prospects

The specialty of Antheraea assamensis (muga silkworm) is that it can produce
golden colored silk and is endemic to Assam and the adjoining hilly areas of
Northeast India. We reported here- the transcriptomes of muga silkworm () and
its two host plants, namely, Machilus bombycina (Som) and Litsea citrata
(Mejankari), for the first time ever. We also presented the changes occurring
across the transcriptome of different tissues of muga silkworm with respect to
host plant and development. In addition, we constructed a biological database for
dissemination of the data generated in this study. Finally, we elucidated the
transportome of Nosema, a group of microsporidia, which causes
microsporidiosis/pebrine in muga silkworm. A chapter-wise summary is provided

below-

7.1 De novo transcriptome of Antheraea assamensis (muga

silkworm)

-In this chapter, we reported the transcriptome of A. assamensis (muga silkworm)
using high-throughput sequencing of three of its tissues (alimentary canal, silk
gland and residual body) from its 5™ instar larvae for the first time ever. The de
novo strategy for assembly was employed due to lack of a reference whole
genome sequence. A total of 1,21,433 transcripts were generated from ~231

million raw reads of which ~74% (89,583) were annotated using a combination of
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databases- UniProt, NCBI-NR (Non-redundant), Pfam, GO, COG and KEGG.
Analysis of the resultant transcriptome lead to identification of differentially
expressed candidate genes involved in silk synthesis, viz. silk gland factor-1 and
3, sericin-like transcript, etc. with conserved forkhead, homeo- and POU
domains. A set of candidate antimicrobial peptides of A. assamensis with
antifungal, antibacterial, antiviral and antiparasitic potential were also identified.
Finally, the transcriptome was validated by quantitative real-time PCR (gqPCR)

amplification of eight random candidate transcripts.

7.2 De novo transcriptome of two A. assamensis host plants:

Machilus bombycina (som) and Litsea citrata (mejankari)

- Som (Machilus bombycina) and Mejankari (Litsea citrata) are one of the primary
and secondary host plants of muga silkworm, respectively. Here, we reported the
de novo transcriptomes of both these host plants, thus identifying 55,400 and
1,38,690 transcripts, respectively. ~50% transcripts in both the transcriptomes
were annotated using a combination of databases (UniProt Viridiplantae, NCBI
NR, Pfam, MetaCyc and GO). We also identified the putative transcripts related
to plant immune system, namely, glucosinolate-myrosinase pathway (which is a
herbivore defense system of plants) and antimicrobial peptides. We were able to
identify almost homologs of almost all the enzymes which mediate glucosinolate
biosynthesis and activation using long-chain aliphatic and aromatic amino acid
precursors in both the host plant transcriptomes. We were also able to identify a
myriad of potential peptides with specific- and broad-spectrum antimicrobial
activity, chiefly, against bacteria, fungi and virus. Our findings generated a novel

resource of sequence data on these two host plants from Lauraceae family and
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also provided a foundation for future studies on plant defense for benefit of the

sericulture industry.

7.3 Transcriptome profile in A. assamensis with respect to host

plant and silk gland development

A. assamensis is an economically significant silkworm due to its ability to
produce golden silk and its endemic nature. Dearth of sequence information on
this species has hindered the scientists and indigenous seri-rearer communities
of India for long. In this study, we sequenced the de novo transcriptomes of 5™
instar larvae of A. assamensis reared on two of its host plants, Litsea citrata and
Machilus bombycina. We also sequenced the de novo transcriptomes of 4t
instar larvae of A. assamensis reared on M. bombycina. Using the data
generated in this study, we reconstructed the transcriptome for A. assamensis,
identified the top most expressed transcripts in each tissue and observed how
biological processes associated with each tissue varies with respect to host plant
and larval development (4" instar and 5" instar). We found that translation was
the most unanimous process expressed in each tissue of silk gland of A.
assamensis regardless of the developmental stage or host plant. Other than this
process, other processes like oxidative stress management, redox homeostasis,
transcriptional regulation, etc. had variable representation across different
stages. Analysis of these patterns showed how the transcriptional profile of A.
assamensis silk gland can vary in different anatomical sections. Analysis of
specific pathways like silk synthesis, ecdysteroid and juvenile hormone synthesis

are underway as a follow-up of this study.
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7.4 MugaSeqDB, a database on A. assamensis and its

associated host plants

-Here, we developed MugaSegDB, a comprehensive, freely accessible database
hosting the transcriptome data of muga silkworm (A. assamensis) and its two
host plants, Som (M. bombycina) and Mejankari (L. citrata). This database hosts
transcripts, predicted proteins, their respective functional and ontological
annotations for these three species. Additionally, it provides secondary
information on pest, pathogen and patents of the muga silkworm and its host
plants. A combination of MySQL and phpMyAdmin was utilized to develop its
back-end while the front end was created using a combination of HTML, php and
java scripts. The complete architecture was hosted at a Linux-based commercial
server. Features like search, browse, download, secondary database cross-
linking, patent information, informative help pages and scope for user data
submission has been incorporated in MugaSegDB. The ultimate goal of this
database will be to perform as a one-stop database for information on muga
silkworm (A. assamensis) and other species associated with it. This database is

now available online as an open-access resource at http://mugaseqdb.in.

7.5 Comparative transportome of Nosema, the causal organism

of pebrine

-Nosema is a genus of intracellular parasitic microsporidia which causes pebrine
disease in arthropods, including economically important silkworms and
honeybees. Nosema have gene-poor genomes shaped by loss of the metabolic

pathways, as a consequence of continued dependence on host-derived
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substrates. As an act of counterbalance, they have developed an array of
transporter proteins that allow stealing from their hosts. In the present study, we
predicted the putative transportomes of four Nosema species, viz. Nosema apis,
N. bombycis, N. ceranae and N. antheraea. Our results indicated that the
transportomes of N. apis, N. bombycis, N. ceranae and N. antheraea have a
dominant share of secondary carriers and primary active transporters. The
comparatively rich and diverse transportome of N. bombycis indicates the role of
transporters in its remarkable capability of host adaptation. We identified a set of
twelve transporter families core to the Nosema genus with possible role in osmo-
regulation, intra- and extra-cellular pH regulation, energy compensation and self-
defense mechanism. We also identified a set of ten species-specific transporter
families within Nosema which may be involved in species-specific host
adaptations. Both the core and species-specific transporter proteins of Nosema
constituted a valuable resource that will come handy in development of inhibitor-
based Nosema management strategies in future and thereby, help the sericulture

and apiculture scenario of the industrial world.

Future Prospects:

» The whole genome sequencing of A. assamensis, M. bombycina and L.
citrata will be able to generate an even greater genomic resource for
potential seribiologists. Other host plant resources for muga silkworm,
namely, Soalu (L. polyantha) and Dighloti (L. salicifolia) are also apt for

whole genome sequencing.
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» An improved MugaSeqDB v2.0 will be published with enriched genomic
information, once the whole genome sequences of the three species or

any other related species becomes available.

» Similarly, other pests and pathogen of this silkworm should be sequenced
to identify their weaknesses and exploit those for biological control. The
transporter proteins identified in Nosema must be functionally validated
followed by knock-out studies to test for possible molecular targets for

pebrine management in commercial insects.

» Domestication of A. assamensis will be a breakthrough for not only the
sericulture industry but also biomedical and other basic biological

sciences.

> Application of our transcriptome data for improving the yield and nutritional
value of the host plants’ foliage can prove to be beneficial to the sericulture

industry as well.
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Antheraea assamensis (Lepidoptera: Saturniidae), is a semi-domesticated silkworm known to be endemic to
Assam and the adjoining hilly areas of Northeast India. It is the only producer of a unique, commercially impor-
tant variety of golden silk called “muga silk”. Herein, we report the de novo transcriptome of A. assamensis reared
on Machilus bombycina leaves for the first time. Short reads generated by high throughput sequencing of cDNA
libraries from multiple tissues, viz. alimentary canal, silk gland and residual body of the 5" instar of muga silk-
worm were assembled into transcripts via a de novo assembly pipeline followed by functional annotation and
classification. A total of 1,21,433 transcripts were generated from ~231 million raw reads of which ~74%
(89,583) were either allocated a functional annotation or categorized under Pfam/COG/KEGG categories. Identi-
fication of differentially expressed transcripts and their comparative sequence analysis revealed candidate genes
related to silk synthesis, viz. silk gland factor-1 and 3, sericin-like transcript, etc. with conserved forkhead,
homeo- and POU domains. Several candidate anti-microbial peptides which may have potential anti-bacterial,
anti-fungal or anti-parasitic activity in A. assamensis were also identified. T/A and AT/TA were predicted to be

Keywords:

Alimentary canal
Antimicrobial peptide
Lepidoptera

Machilus bombycina

Next generation sequencing
Residual body

Satl‘.lr.niidae the most abundant mono- and di-nucleotide simple sequence repeat markers in the transcriptome. Tran-
Sericin . PP A - N ; . . .
Silk gland scriptome validation was carried out by quantitative real-time PCR (qPCR) amplification of eight transcripts.

The resources generated by this study will expand the periphery of existing genomic data on A. assamensis facil-

Silk gland factor o i . .
itating future in-depth studies on its unknown aspects.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Silk is an important cultural and commercial fibre largely obtained
from silkworms. Some silkworms have been domesticated by humans
over a period of time to exploit their potential in textiles. Still, majority
of them remain semi-domesticated or wild. The silk proteins- fibroin
and sericin of domesticated mulberry silkworm, Bombyx mori (Family:

Abbreviations: AaCbp, Antheraea assamensis Carotenoid binding protein; AaFhc,
Antheraea assamensis Fibroin heavy chain; AC, Alimentary Canal; AMP, Anti-microbial
peptides; CEG, Core eukaryotic genes; COG, Cluster of Orthologous genes; EST,
Expressed Sequence Tag; GO, Gene Ontology; KEGG, Kyoto Encyclopaedia of Genes and
Genomes; MISA, MicroSAtellite Identification Tool; PNTAa, Putative novel transcripts of
Antheraea assamensis; POU, Pit-Oct-Unc; qPCR, Quantitative real time PCR; RB, Residual
body; SG, Silk gland; SRA, Short Read Archive; SSR, Simple sequence repeats.
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Bombycidae) has been extensively used for tissue engineering applica-
tions (Das et al., 2014). Research on these has been further accelerated
by discovery of its complete genome and transcriptome (Li et al.,
2012; The International Silkworm Genome Consortium, 2008). Similar
as well as novel research applications can also be expected from bioma-
terials of other less-studied semi- or undomesticated silkworms. The
dearth of information and hindrances in domestication of these silk-
worms currently restricts their usage in such applications. One such
semi-domesticated silkworm is Antheraea assamensis (Helfer), also
known as the “muga silkworm”. A. assamensis (n = 15) is a multivoltine,
polyphagus silkworm classified under the order - Lepidoptera and fam-
ily - Saturniidae. It is mostly endemic to the Brahmaputra valley of
Assam and adjoining hilly areas of Northeast India (Tikader et al.,
2013). Being the sole producer of globally acclaimed “muga silk”, a lus-
trous golden yellow fabric, makes A. assamensis one of the most impor-
tant components of the Assamese silk industry and it hugely contributes
towards employment generation in North-Eastern India. The unique
quality of this silk-based textile earned it a geographical indication tag
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Abstract

Nosema, a genus of parasitic microsporidia, causes pebrine disease in arthropods, including
economically important silkworms and honeybees. Nosema have gene-poor genomes shaped by
loss of the metabolic pathways, as a consequence of continued dependence on host-derived
substrates. As an act of counterbalance, they have developed an array of transporter proteins that
allow stealing from their hosts. Here, we have identified the core set of twelve transporter
families present in Nosema genus, viz. N. apis, N. bombycis, N. ceranae and N. antheraea
through in silico pipeline. Transportomes of N. apis, N. bombycis, N. ceranae and N. antheraea
have a dominant share of secondary carriers and primary active transporters. The comparatively
rich and diverse transportome of N. bombycis indicates the role of transporters in its remarkable
capability of host adaptation. The core set of transporter families of Nosema includes ones that
have a likely role in osmo-regulation, intra- and extra-cellular pH regulation, energy
compensation and self-defence mechanism. This study has also revealed a set of ten species-
specific transporter families within the genus. To our knowledge, this is the first ever intra-genus
study on microsporidian transporters. Both these datasets constitutes a valuable resource that can

aid in development of inhibitor-based Nosema management strategies.

Keywords: honeybee, Nosemosis, Nosema apis, Nosema bombycis, Nosema ceranae, Nosema

antheraea, pebrine, silkworm, transporter, TCDB
[1] Introduction

Microsporidia is a specific group of unicellular obligate parasites or hyperparasites which
can infect a myriad of organisms including a few economically important insects like silkworms,
honey bees etc. as well as humans (Silveira et al., 2009; Weiss and Becnel, 2014). They
generally have highly reduced gene-dense genomes achieved via evolutionary sacrifice of the
genes of many essential pathways (TCA cycle, metabolic pathways) to minimize biological
complexity (Keeling and Corradi, 2011; Katinka et al., 2001). Microsporidia possess an
unstacked Golgi apparatus and a cryptic genome-less mitochondria called mitosome. In order to
compensate for their reduced metabolic capacity, they utilize the host’s inner metabolism to
derive nutrition. They usually do this either by up-regulating the host’s metabolic pathways via

microsporidia-secreted factors and taking up nutrients from the host by their membrane-bound
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Chapter 4
Exploring the Benefits of Endophytic
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4.1 Introduction

4.1.1 What Are Endophytic Fungi?

The term “endophyte” stems from the two Greek words—endon = within and
phyte = plant. Thus, an endophyte is an organism surviving within a host plant with-
out deleterious consequences. In 1809, a German botanist, Johann Heinrich
Friedrich Link termed them as “Entophytae” which constituted of moderately para-
sitic species living within plants in 1809. In 1991, Orlando Petrini re-termed these
organisms as “‘endophytes”. However, modern studies have shown that endophytes
colonize plant tissues without detriment to the host and at most times, rather acts as
a benefactor. An endophyte may be bacteria, fungi, algae or oomycetes. Here, we
will focus on endophytic fungi only.

Endophytic fungi are a diverse group of fungi living a primarily asymptomatic
life within almost every terrestrial plant lineage available in natural and anthropo-
genic habitats. Fossil records indicate that most of the plants, if not all, have been
associated with endophytic fungi for >400 myr (million years). They are capable of
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The mitochondrial genome of Muga silkworm
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Abstract

Muga (Antheraea assamensis) is an economically important silkmoth endemic to the states
of Assam and Meghalaya in India and is the producer of the strongest known commercial
silk. However, there is a scarcity of genomic and proteomic data for understanding the
organism at a molecular level. Our present study is on decoding the complete mitochondrial
genome (mitogenome) of A. assamensis using next generation sequencing technology and
comparing it with other available lepidopteran mitogenomes. Mitogenome of A. assamen-
sisis an AT rich circular molecule of 15,272 bp (A+T content ~80.2%). It contains 37
genes comprising of 13 protein coding genes (PCGs), 22 tRNA and 2 rRNA genes along
with a 328 bp long control region. Its typical tRNAM®!-tRNA"®-tRNA®" arrangement dif-
fered from ancestral insects (tRNA"°-tRNAS"-tRNAM®"), Two PCGs cox1 and cox2 were
found to have CGA and GTG as start codons, respectively as reported in some lepidop-
terans. Interestingly, nad4/gene showed higher transversion mutations at intra-species
than inter-species level. All PCGs evolved under strong purifying selection with highest
evolutionary rates observed for atp8 gene while lowest for cox1 gene. We observed the
typical clover-leaf shaped secondary structures of tRNAs with a few exceptions in case of
tRNA®®"" and tRNA™" where stable DHU and TWC loop were absent. A significant num-
ber of mismatches (35) were found to spread over 19 tRNA structures. The control region
of mitogenome contained a six bp (CTTAGA/G) deletion atypical of other Antheraea spe-
cies and lacked tandem repeats. Phylogenetic position of A. assamensis was consistent
with the traditional taxonomic classification of Saturniidae. The complete annotated mito-
genome is available in GenBank (Accession No. KU379695). To the best of our knowl-
edge, this is the first report on complete mitogenome of A. assamensis.
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Abstract

Curcumin is one of the most intensively studied diarylheptanoid, Curcuma longa being
its principal producer. This apart, a class of promising curcumin analogs has been gener-
ated in laboratories, aptly named as Curcuminoids which are showing huge potential in
the fields of medicine, food technology, etc. The lack of a universal source of data on cur-
cumin as well as curcuminoids has been felt by the curcumin research community for
long. Hence, in an attempt to address this stumbling block, we have developed Curcumin
Resource Database (CRDB) that aims to perform as a gateway-cum-repository to access
all relevant data and related information on curcumin and its analogs. Currently, this
database encompasses 1186 curcumin analogs, 195 molecular targets, 9075 peer re-
viewed publications, 489 patents and 176 varieties of C. longa obtained by extensive data
mining and careful curation from numerous sources. Each data entry is identified by a
unique CRDB ID (identifier). Furnished with a user-friendly web interface and in-built
search engine, CRDB provides well-curated and cross-referenced information that are
hyperlinked with external sources. CRDB is expected to be highly useful to the re-
searchers working on structure as well as ligand-based molecular design of curcumin
analogs.

Database URL: http://www.crdb.in

Introduction (Curcuma longa) which belongs to the ginger family
Curcumin (diferuloylmethane) is a hydrophobic polyphe- (Zingiberaceae) native to tropical South Asia (1).
nol derived from rhizome of the perennial herb turmeric =~ Numerous traditional usage of turmeric is described in
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Abstract

Recent progress in the field of sequencing and analysis has led to a tremendous spike in
data and the development of data science tools. One of the outcomes of this scientific
progress is development of numerous databases which are gaining popularity in all dis-
ciplines of biology including sericulture. As economically important organism, silkworms
are studied extensively for their numerous applications in the field of textiles, biomateri-
als, biomimetics, etc. Similarly, host plants, pests, pathogens, etc. are also being probed
to understand the seri-resources more efficiently. These studies have led to the gener-
ation of numerous seri-related databases which are extremely helpful for the scientific
community. In this article, we have reviewed all the available online resources on silk-
worm and its related organisms, including databases as well as informative websites.
We have studied their basic features and impact on research through citation count ana-
lysis, finally discussing the role of emerging sequencing and analysis technologies in the
field of seri-data science. As an outcome of this review, a web portal named SeriPort, has
been created which will act as an index for the various sericulture-related databases and
web resources available in cyberspace.

Database URL: http://www.seriport.in/
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