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Abstract

High-throughput genetic screens are powerful methods to interrogate gene function on
a genome-wide scale and identify genes responsible to certain stresses. Here, we
developed a piggyBac strategy to deliver pooled sgRNA libraries stably into cell lines.
We used this strategy to conduct a screen based on genome wide clustered regularly
interspaced short palindromic repeat technology (CRISPR)/Cas9 in Bombyx mori
cells. We first constructed a single guide RNA (sgRNA) library containing 94,000
sgRNAs, which targeted 16,571 protein-coding genes. We then generated knockout
collections in BmE cells using the piggyBac transposon. We identified 1,006 genes
that are essential for cell viability under normal growth conditions. Of the identified
genes 82.4% (829 genes) were homologous to essential genes in seven animal species.
We also identified 838 genes whose loss facilitated cell growth. Next, we performed
context-specific positive screens for resistance to biotic or non-biotic stresses using
temperature and baculovirus separately which identified several key genes and
pathways from each screen. Collectively, our results provide a novel and versatile
platform for functional annotations of B. mori genomes and deciphering key genes
responsible for various conditions. This study also demonstrates the effectiveness,
practicality, and convenience of genome-wide CRISPR screens in non-model

organisms.
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Introduction

A major task in biology is to functionally annotate genomes and to identify
genetic elements underlying normal cellular processes or diseases. In the past decade,
genome-wide loss-of-function screens, which is a powerful hypothesis-free approach
to discover genes underlie certain biological processes, have been used successfully to
address many fundamental biological questions (Boutros et al. 2004; Carette et al.
2009). In diploid eukaryotic cells, high throughput loss-of-function screens have
primarily been achieved by RNA interference (RNAI), either in well-by-well arrays or
in barcoded pooled libraries (Mohr et al. 2014). Recently, the clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9)
(CRISPR) system has been explored for pooled genome-scale functional screening
(Shalem et al. 2014; Wang et al. 2014). The CRISPR system largely overcomes major
drawbacks of RNAI such as incomplete loss-of-function and off-target effects. More
fitness genes can be identified using the CRISPR system compared to using RNAI
(Hart et al. 2014; Shalem et al. 2014; Wang et al. 2014). Furthermore, the CRISPR
system has been confirmed to be efficient in identifying genes for drug resistance
(Koike-Yusa et al. 2014; Hou et al. 2017), tumorigenesis (Chen et al. 2015; Song et al.
2017; Xu et al. 2017), immune response (Parnas et al. 2015), host-pathogen
interactions (Ma et al. 2015; Kim et al. 2018), and cancer immunotherapy (Patel et al.

2017).

Currently, CRISPR library screenings are only available in mammalian cells,
bacteria (Liu et al. 2017; Wang et al. 2018), and Drosophila cells (Bassett et al. 2015;
Viswanatha et al. 2018). To gain a comprehensive understanding of the genomic basis

of universal biological processes or particular phenomena, genome wide
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loss-of-function screens in more organisms is indispensable and urgently needed. B.
mori is a lepidopteran insect with both research and agricultural importance. Genetics
and genomics studies in B. mori have provided insight into many fundamental
biological questions, such as domestication history, sex determination, metamorphosis,
and silk production (Goldsmith et al. 2005; Xia et al. 2009; Omenetto and Kaplan
2010; Kiuchi et al. 2014; Xia et al. 2014). However, approximately over 80% of the

genes in B. mori remain functionally uncharacterized.

In the current study, we developed a novel method to conduct genome wide
CRISPR screens in B. mori cells. A plasmid library containing 94,000 single guide
RNAs (sgRNAs) was generated and stably delivered into BmE cells using the
piggyBac transposon. Moreover, we showed that this system can be used to identify
genes essential for cell viability in normal conditions, and screen resistance genes for
both biotic and non-biotic stresses. This system provides a powerful platform to
rapidly elucidate the functional genome of B. mori and to identify key genes and
mechanisms associated with particular biological processes. Furthermore, since
piggyBac is a universal tool that can drive gene delivery in a wide range of organisms,
including insects, plants and animals, this approach should be amenable to adapting

CRISPR screens in other cell lines.

Results

Development of a piggyBac library delivery method for B. mori cells

In mammalian cells, pooled DNA libraries are often delivered by lentiviral

vectors. However, in B. mori, lentiviral vectors are extremely inefficient. As an
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alternative strategy to deliver the sgRNA library, we chose piggyBac, which has been
shown to have high transformation activity in both B. mori germline and cultured cells.
Previously, we established a binary transient CRISPR vector for gene knockout in the
B. mori embryonic cell line BmE (Ma et al. 2017). To allow for the integration of
both Cas9 and sgRNA expression cassettes into the genome of a single cell, we
combined two cassettes into an all-in-one vector, pB-CRISPR (Supplemental
Materials). A zeocin expression cassette in which a zeocin antibiotic resistance gene
is driven by the IE2 promoter, was also included in pB-CRISPR to facilitate the

establishment of stable transgenic lines (Fig. 1A).

To test the knockout efficiency of pB-CRISPR, we first established a cell line that
stably expressed enhanced green fluorescent protein (EGFP; BmE-EGFP) using a
second general transposon, Minos (Supplemental Fig S1A and S1C; Supplemental
Materials). Three sgRNAs targeting EGFP were designed and constructed into
pB-CRISPR, and two nonspecific SgRNAs were used as controls (Supplemental Fig
S2; Supplemental Table S1). Each vector was co-transfected with a piggyBac
transposase expression vector (A3-Helper) into BmE-EGFP. After two months of
selection with zeocin, EGFP fluorescence was totally abolished in cells transfected
with all three EGFP targeting sgRNAs, while cells transfected with either control
SgRNA remained unchanged (Fig 1C; Supplemental Fig S1D). Flow cytometry (FCM)
analysis also showed a significant decrease in EGFP signals in the targeting SgRNA

transfected cells, whereas the signals were not decreased in control cells (Fig. 1B).

The targeting regions of EGFP were amplified by the polymerase chain reaction
(PCR) and cloned for sequencing. Sequencing results from a total of 44 clones

showed that nearly 100% of the EGFP alleles had genetic variations with > 70%
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causing frame shift mutations (Fig. 1D; Supplemental Fig S1B). The editing
efficiency was much higher than that achieved by transient transfection with binary
vectors (Ma et al. 2017). Similar to our previous observations, small deletions
dominated the types of mutations (71.4-92.3%) (Ma et al. 2014). From these results,
we concluded that piggyBac was suitable to stably deliver CRISPR constructs into the
B. mori genome and that our established pB-CRISPR vector was suitable for efficient

gene knockout in BmE cells.

Design and construction of the CRISPR sgRNA library

To construct the genome-wide sgRNA library, we designed a strategy as
illustrated in Fig. 2A. The library was constructed according to the following
procedure. (1) The whole genome of B. mori was searched for all exons which were
used to design a total of 1,534,227 sgRNAs (Fig. 2B). The sgRNAs were then ranked
using the following two criteria. First, location of an sgRNA within the first half of
the coding region to ensure any frame shift at the target site could disrupt the protein
function. Second, to avoid potential off-target effects, SRNA sequences were unique
at the seed region located 12 bp downstream of the protospacer adjacent motif (PAM)
and were as unique as possible in the non-seed region. Finally, 94,000 sgRNAs were
chosen (~ 6 sgRNAs per gene) and synthesized on a microarray chip (Supplemental
Table S2). (2) The sgRNA oligonucleotide pool was subsequently amplified by PCR
and cloned into pB-CRISPR to form the CRISPR knockout plasmid library
(pB-CRISPR-lib; Fig. 2A). More than 10° clones on 240 petri dishes were selected
with ampicillin and > 1,000 clones per sgRNA were carried to maintain the sgRNA

library diversity. Then we evaluated the quality of library by deep sequencing. A total
6
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of 51,431 sgRNAs were detected, which covered 96.3% of all B. mori genes. Over
87.4% of the genes had more than two sgRNAs (Fig. 2C) and 72% of sgRNAs had
11-200 reads (Fig. 2D). These results suggested that the coverage, accuracy and
diversity of the pB-CRISPR-lib were sufficient for the subsequent experiments. (3)
Then the pB-CRISPR-lib and the piggyBac transposase expression vector (A3-Helper)
were co-transfected into BmE cells. To maintain the high diversity of the original
library, ~2,000 cells per sgRNA were transfected and ~2,000 cells per passage carried.
To enrich sgRNA-harboring cells, the transfected cells were selected with zeocin for
two months followed by culturing with complete medium without antibiotic. Cells
surviving these conditions composed the BmE genome-scale CRISPR/Cas9 knockout

library (BmMEGCKLIib).

To evaluate the coverage and diversity of the BmEGCKLib, genomic DNA was
extracted from 4 x 107 cells and the sgRNA regions were amplified by PCR for deep
sequencing. A total of 48,982 sgRNAs, which accounted for 95.2% of the
pB-CRISPR-lib, were detected with at least one read (Fig. 2E). The compositions of
the BmMEGCKLib and pB-CRISPR-lib libraries were highly correlated (Fig. 2F;
correlation coefficient = 0.99). The number of genes containing 1-6 sgRNAs in the
BmEGCKLib was basically the same as the corresponding number in the
pB-CRISPR-lib vector library (Fig. 2C). These results indicated that the genome-wide
knockout cell library of BmE was successfully generated with sufficient coverage to

perform further genetic screens.

Screening of essential or growth-restricting genes under normal conditions
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After generating the BmEGCKULIb, we next aimed to identify essential genes that
affected the survival on normal growth of BmE based on depletion of their sgRNASs in
the library population, as well as growth-restricting genes that provided growth
advantages based on sgRNA enrichment over time. BmEGCKLib cells were grown
under normal conditions and approximately 4 x 10’ cells harvested at each of three
time points: immediately (BmE-Lib1), one month (BmE-Lib2), and two months
BmE-Lib3) after completion of zeocin selection (Supplemental Fig S3A). Deep
sequencing of the libraries at different time points revealed a reduction in the
correlation coefficients over time (Supplemental Fig S3B); the number of sgRNAs
also decreased in the BmE-Lib2 and BmE-Lib3 groups (Fig. 3A). Although the
overall abundance of sgRNAs showed a gradual depletion, some sgRNAs were
significantly enriched (Fig. 3B). These observations suggested that BmEGCKLib

could be used for screening essential and growth-restricting genes.

We used the MAGeCK program (Li et al. 2014) to compute the negative (SgRNA
depleted) or positive (SgRNA enriched) scores for each gene. Both the logio
fold-changes of individual sgRNAs and logio(negative scores) of genes showed good

correlations between two biological replicates (Supplemental Fig S4; Supplemental

Table S3; r = 0.87 and r = 0.76, respectively), indicating a considerable high

reproducibility of our fitness screens. All of the B. mori genes were ranked by
negative or positive scores and a p-value less than 0.05 was used as a threshold value.
We identified 1,006 genes as essential for normal growth (Supplemental Fig S3C;
Supplemental Table S4) and 838 genes as growth-restricting genes (Supplemental Fig
S3D; Supplemental Table S4). The relative ratios of essential or growth-restricting

genes to the total number of coding genes (~6.1% and ~5.1%, respectively) were
8
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equal to those reported in other species (Fig. 3C). Furthermore, we compared the
1,006 essential genes to those identified in Homo sapiens, Mus musculus, Drosophila
melanogaster, Saccharomyces cerevisiae, Danio rerio, Caenorhabditis elegans,
Arabidopsis thaliana, and Bacillus thuringiensis. Considerable overlap was found
between B. mori essential genes and available eukaryotic species; however, essential
genes of BmE only partially overlapped with the essential genes reported for the
prokaryote B. thuringiensis (Fig. 3E). Since true essential genes must be
transcriptionally active, we measured the expression level of essential genes using
RNA-seq data to validate the CRISPR results (Fig. 3D; Supplemental Table S5). As
expected, the essential genes exhibited higher transcriptional levels compared to the
average expression level of all genes, whereas the transcriptional levels for the
growth-restricting genes were lower. Besides, the same tendency was also found
among three gene groups in the silk gland, suggesting that the essential genes defined
in BmE cells may also be essential in specialized tissues, or even in whole organisms

(Fig 3D).

Analysis of essential genesfor B. mori cells

We next investigated the essential and growth-restricting genes of B. mori cells
from different aspects, including genome-wide distribution, functional categorization,
and cellular localization. Comparison of all genes density and selected genes revealed
that overall both essential and growth-restricting genes were evenly distributed across
all chromosomes, with the exception of a few specific chromosomal regions
(Supplemental Fig S5). Random distribution of essential and growth-restricting genes

is also observed in mammalian cells(Yilmaz et al. 2018).
9
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Functional categorization by Gene Ontology (GO) analysis revealed that the
essential genes were primarily related to core cell components (cell part, binding, and
catalytic activity), and metabolism (Supplemental Fig S6A). A majority of basic
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were significantly
enriched in essential genes (Fig. 4A), including Ribosome (42.1%), RNA transport
(29.5%), mRNA surveillance (37.5%), Spliceosome (26.2%), Ribosome biogenesis in
eukaryotes (27.5%), and Pyrimidine metabolism (25.0%). These pathways are mainly
involved in the fundamental biological processes that maintain cell growth,
proliferation, and survival. For example, three of the most enriched categories
pertained to DNA processing (11 genes, “DNA replication”; 6 genes, “mismatch
repair”), RNA processing (36 genes, “RNA transport”; 24 genes, “mRNA
surveillance”; 32 genes, “spliceosome”; 14 genes, “RNA degradation”), and protein
processing (53 genes, “Ribosome”; 10 genes, “proteasome”). We also found that
some signaling pathways, such as mTOR and FoxO, were significantly enriched.
Inactivation of TOR in both Drosophila and mammalian cells has shown that TOR
controls both cell size and proliferation in early embryos (Murakami et al. 2004).
FoxO1 has also been found to be an essential regulator of pluripotency in human
embryonic stem cells and developing embryos (Yu et al. 2018). Therefore, we suspect
that mTOR and FoxO signaling pathways were enriched because BmE is an
embryonic cell line of B. mori. Unlike the essential genes, the growth-restricting
genes were primarily enriched in lysosome and diverse metabolic pathways which are
dispensable for cell survival but critical for growth control and secondary metabolism

( Supplemental Fig S6B).
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Subcellular localization analysis showed that the majority of the essential genes
encoded proteins that localized to nucleus (38.2%), cytoplasm (34.4%), and
mitochondrion (7.9%), while the rest encoded secreted proteins or proteins that
localized to other cellular compartments, such as the plasma membrane, endoplasmic
reticulum membrane, and mitochondrial membrane (Fig. 4B). To further investigate
the importance of subcellular localization of selected genes, we analyzed the
percentage of essential genes among all genes assigned to different categories of
subcellular localization. We found that significantly more essential than
growth-restricting genes were localized in the nucleus and mitochondrion, while a
higher proportion of growth-restricting genes than essential genes were assigned to
cellular compartments related to the extracellular space such as plasma membrane and
secreted proteins (Fig. 4C). The observed biased cellular localizations of essential and
growth-restricting genes has also been observed in mammalian cells (Yilmaz et al.

2018).

Use of B. mori CRISPR screens to identify genes responsible for temperature

challenge

We next asked whether our BmEGCKLIb library could be used as a CRISPR
screening platform to identify genes that respond to environmental stimuli. As a
proof-of-principle investigation, we chose temperature challenge. Each group of about

4 x 10" BMEGCKLib cells was exposed to 4°C and 30°C for 20 days; cells grown at

27°C were used as control (Fig. 5A). Only a few cells survived in the 4°C and 30°C

groups, while cells in the control group grew well. The sgRNAs of surviving cells
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were analyzed for enrichment and depletion using similar methods to those used to
identify the essential and growth-restricting genes. Apparently, several KEGG
pathways were significantly enriched in cells challenged at 4°C and overlapped highly
with some pathways for essential genes. The overlapped pathways were categorized
to RNA protein processing. However, none of the pathways pertaining to DNA
processing that were enriched in essential genes were found in the 4°C challenged
group (Fig. 5B; Supplemental Table S6). We also found that genes with depleted
sgRNAs in the 4°C group were significantly enriched in the steroid biosynthesis
pathway and genes with depleted sgRNAs in the 30°C group were highly enriched in
fatty acid biosynthesis and fatty acid metabolism pathways (Fig. 5B and C;
Supplemental Table S6). Both steroids and fatty acids are known to be key regulators
of cell membrane fluidity (Singer and Nicolson 1972; Ipsen et al. 1987). These results
are consistent with their reported role in membrane fluidity (Ipsen et al. 1987) as well
as their protective roles at low temperatures(Xu and Siegenthaler 1997). Comparing
the proportions of enriched genes on cytomembrane, subcellular organ membranes,
and other non-membrane subcellular organs, we found genes that anchored on

biomembranes, especially on the cytomembrane, were likely to be associated with

depleted sgRNAs in both the 4°C and 30°C groups (Fig. 5D). This suggested that

biomembrane systems were more likely to be destroyed by extreme temperatures. We
also identified more genes with enriched sgRNAs compared to those with depleted
sgRNAs in the mitochondria of cells from both temperature challenge groups (Fig. 5D;
Supplemental Table S6). This indicated that decreased energy metabolism may help

cells survive against extreme ambient temperatures.

12
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Use of B. mori CRI SPR screens to identify host-pathogen interactions

Lastly, we aimed to take advantage of the hypothesis-free application of the
BmEGCKL.ib screen platform to identify genes involved in host-pathogen interactions
between BmNPV and B. mori. BmNPV, a typical species of Baculoviridae, is a
natural B. mori pathogen which causes enormous economic losses in the sericulture
industry every year. BmMEGCKLIib cells were infected with BmNPV 4 times at a high
level of infection once every 2 days. The few cells surviving among ~ 4x10’ cells
infected were harvested for analysis of host-pathogen interactions. Using a p-value <
0.05 as a threshold, we identified a positive selection of 811 genes and negative
selection of 809 genes, in which most highly ranked genes were represented by
multiple independent sgRNAs. Many genes previously reported to play anti-BmNPV
roles were found in the group of positively selected genes (Fig. 6A; Supplemental
Table S7), suggesting that the BmEGCKUL.ib can be used to identify genes involved in
B. mori-BmNPV interactions and that the 1,614 selected genes may be truly

responsible for BmNPV infection.

We then mapped the selected genes to KEGG pathways (Fig. 6B). We observed
enrichment for genes involved in phagosome and notch signaling pathways, both of
which are represented in genome-wide screens for influenza virus and have been
demonstrated by several previous studies to be involved in the host response to
influenza virus, vesicular stomatitis virus, and Autographa californica multiple
nucleopolyhedrovirus (AcMNPV) (Volkman and Goldsmith 1985; Maxfield and
Yamashiro 1987; Sun et al. 2005). To investigate further the possible mechanism of
BmNPV entry into B. mori cells, we analyzed in detail the genes in the most enriched

pathway, the phagosome pathway. We found, 5 of 12 genes were the vacuolar-type
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H*-ATPase (V-ATPase) subunits (Fig. 6C; Supplemental Table S7). As a key enzyme
of endosomal acidification, V-ATPase has been demonstrated to play an important
role during influenza virus entry into mammalian cells (Rossmann and Rao 2012).
Previously, V-ATPase was found to exhibit a higher expression level in NPV-resistant
B. mori strains (Lu et al. 2013). A more recent study showed that inhibition of
endosome acidification by ammonium chloride treatment in B. mori cells results in
significant inhibition of virus reproduction (Feng et al. 2018). In addition to
V-ATPase, five other components of the endocytosis pathways, including TUBB,
Sec6l, RAB5, Rac, and PIKFYVE, were significantly enriched (Fig. 6D). These
results suggest that endocytosis, especially V-ATPase mediated endosomal

acidification, plays a critical role during the entry of BmNPV into B. mori cells.

To reveal further the genes and pathways involved in host cell defense against
virus infection, we also analyzed negatively selected genes. These genes were
primarily classified in the Wnt signaling and MAPK signaling pathways (Fig. 6B).
Whnt is a cellular pathway related to cell cycle signaling which has also been shown to
be affected by diverse human viruses, such as Epstein-bar virus(Birdwell et al. 2018),
human herpesvirus(Liu et al. 2016), human papillomavirus(Bello et al. 2015), and
hepatitis B virus(Yin et al. 2017). Thus, the manipulation of Wnt signaling is
recognized as a critical generalized process for viral pathogenesis(Hao et al. 2015).
The Wnt pathway has also been identified in several genome-wide genetics screens in
human cells or Drosophila against Rift Valley fever virus and Sendai virus(Baril et al.
2013; Harmon et al. 2016). However, whether the Wnt pathway has antiviral activity
against BmNPV or whether BmNPV modulates Wnt signaling to evade this antiviral

host response remains unknown. Our results showed that a core component of the
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Whnt pathway, B-catenin, was highly ranked among the negatively selected genes (Fig.
6D). This supports the supposition that the Wnt pathway may play an important role

in B. mori for host response against BmNPV.

To validate whether the screened genes play important roles in the BmNPV
infection, we randomly chose 9 genes from the top30 positively screened genes and 2
genes encoding v-ATPase subunits, and constructed 11 knockout cell lines. BmNPV
infection were performed with MOI=1 in 11 cell lines, BmE cells were used as
control. The fluorescent microscopy observation and flow cytometry analysis at 72
hpi both revealed that BmNPV positive cells were significantly fewer in all 11
knockout cell lines than that in control BmE cells (Fig. 7A and B; Supplemental Fig
S7). Quantification of viral DNA in infected cells using gPCR showed that the DNA
content of BmNPV were significantly lower in all knockout cell lines (Fig. 7C). These
results indicated the crucial roles for 11 genes under BmNPV infection and the

accuracies of our screens results.

Discussion

Genome-wide CRISPR-based screening technologies have greatly accelerated the
functional annotation of genomes and provided a hypothesis-free, cost-effective
pipeline to uncover target genes in certain contexts. Delivery of genome-wide
CRISPR libraries is achieved mostly by lentiviral vectors in mammalian cells and
recently by site-specific recombination in Drosophila cells(Shalem et al. 2014,
Viswanatha et al. 2018). However, these approaches are currently inapplicable for B.

mori and many other non-model organisms, possibly as a result of their low efficiency.
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In the current study, we showed that the piggyBac transposon could be used as an
alternative strategy to deliver multiplexed DNA libraries. The coverage, accuracy, and
sgRNA distribution of the newly constructed BmEGCKLib were sufficient to perform
the screening of essential and growth-restricting genes under normal conditions, as
well as context-specific screening under abiotic (such as temperature challenge) and
biotic (such as host-pathogen interactions) stresses. The piggyBac transposon, a
mobile genetic element present in a diverse range of species, can efficiently transpose
between vectors and chromosomes in nearly all organisms tested. Since piggyBac
transposes via a “cut and paste” mechanism, the inserted copy number per cell can be
easily controlled by quantifying the transfected donor plasmid. In the present study,
we observed that > 95% cells in the BmEGCKLIib harbored only a single sgRNA
insertion as revealed by single cell sequencing (Supplemental Fig S8). Furthermore,
the piggyBac transposon has the largest reported cargo capacity, up to 207 kb (Li et al.
2013), for these kinds of vectors, allowing co-delivery of other functional elements
with a CRISPR library in complex screens. Thus, we believe that the piggyBac
strategy developed in our study possesses several advantages over lentiviral or
recombinase based strategies and will be versatile for diverse cell types and

organisms.

B. mori is among the most important economically beneficial insects and a
powerful model system for Lepidoptera because of its finely decoded genomic
sequence (Xia et al. 2008), rich genetic resources(Goldsmith et al. 2005) and multiple
available tools for genetic manipulation (Tamura et al. 2000; Takasu et al. 2010; Ma
et al. 2012; Wang et al. 2013). After the completion of B. mori genome sequencing,

the systematical functional investigation of all B. mori genes has been a major
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challenge. Transgenic and genome editing technologies have been established in an
effort to achieve this goal. However, the function of over 80% of the B. mori genes
remains unclear, partially because of the low efficiency of hypothesis-driven research
strategies, which heavily rely on previous knowledge and well-grounded hypotheses.
In the current study, we presented the first hypothesis-free genetic screen approach to
rapidly investigate the function of B. mori genes on a genome-wide scale. A total of
1,006 genes essential for cell viability, 838 genes that restricted cell growth, 3,013
genes responsible for ambient temperature change, and 1,614 genes involved in

BmNPV infection were identified using our genetic screen approach.

The identification and analysis of genes essential for cell viability in B. mori also
implies some interesting aspects of cell biology in general. First, we found that the
essential genes in B. mori shared considerable overlap with all seven eukaryotic
species compared, whereas very limited overlap existed with the prokaryote B.
thuringiensis, indicating an evolutionary conservation of basic biological processes
for eukaryotic cell survival. Second, essential genes primarily encoded proteins
involved in fundamental biological processes such as DNA, RNA, and protein
processing, and overall were evenly distributed across all chromosomes, suggesting
that the random chromosomal distribution of essential genes may have a protective
role in the core biological processes. Third, these results indicated that essential genes
leading to cell survival under normal conditions were located primarily in the nucleus,
cytoplasm and mitochondrion, while genes located on the cell membrane and
extracellular matrix were much lower in the numbers detected by our screen. These
has also been observed in mammalian cells (Yilmaz et al. 2018), suggests that: (1)

essential genes may have different roles in regulating cell growth; (2) essential genes
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may have different levels of functionally redundant genes in the different cellular
compartments; and (3) most proteins secreted outside cells are not crucial to cell

viability and their loss may even promote cell growth.

Since the ambient temperature has a great impact on the ectotherm like insect.
We performed the CRISPR screening to identify genes that respond to environmental
stimuli in BmE cells. Our screening showed, DNA maintenance and replication were
the core events of the cells and their disruption probably threatens cell survival,
however two other fundamental biological processes crucial to the maintenance of
cell growth in normal conditions, RNA processing and protein processing were not. In
addition, gene function clustering revealed steroids and fatty acids played important
roles in membrane fluidity and protected cells from extreme ambient temperatures.
Additionally, subcellular localization analyzing suggested that biomembrane systems
were very fragile at extreme temperatures, and the decreased of energy metabolism
may help cells survive against extreme ambient temperatures. Since the global climate
changes has become the most serious environmental issue, the extremely temperatures
appear more frequently. Therefore, the study of the genes responsible for temperature
challenge in BmE cells is helpful to understand the effects of climate changes on
insects. Owing to insects are the main agricultural pests, our research also provided

enlightenment for pest control under the global climate changes.

BmNPV is the most important pathogen of B. mori. The research of the
interaction mechanism between BmNPV and host B. mori was important not only for
sericulture but also for pest control. Taken together, our BmEGCKLIib screening
confirmed previously described biological processes, such as phagosome and notch
signaling pathways, are involved in the interaction between BmNPV and host B. mori
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cells and uncovered some novel processes, such as dorsal-ventral axis formation and
the Wnt pathways associated with the infection of BmNPV. In addition, we identified
over 493 significantly selected genes whose functions are currently unknown due to
their limited homology to identified genes of model organisms. We propose that some
of the selected genes may also be involved in the interaction between BmNPV and
host B. mori cells and may provide a reliable resource for defining new targets for
antiviral drugs and breeding silkworm strains genetically resistant to this widespread
pathogen. It’s the first time to uncover host-pathogen interactions in insect through
the genome-scale knockout library. Our strategy can provide new ideas for insect

antiviral research.

We developed a functional screening platform in B. mori using piggyBac
delivered CRISPR libraries. We showed that CRISPR screening is a powerful tool for
the rapid investigation of gene functions on a large scale and may serve as a powerful
resource for investigating long-standing questions in B. mori and entomology. The
value of our platform was demonstrated by the discovery and highlighting of a large
set of new genes and pathways that participate in cell variability, cell growth, ambient
temperature stimuli, and BmNPV infection. We believe that further validation and
investigation of the candidate target genes revealed by our screening will shed more
light on the molecular mechanisms of host response to ambient temperature stimuli
and BmNPV infection. More importantly, the present study lays the ground for further

genetic screens against diverse biological processes.

M ethods
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Design and construction of the vectors

The piggyBac transposase expression vector, A3-helper was from stocks stored in
our laboratory. The CRISPR library delivery vector, pB-CRISPR, was constructed
with the process available in the Supplemental Materials. The target vectors used to
test the knockout efficiency of pB-CRISPR, was constructed using library
construction methods. The EGFP expression cassette was delivered by Minos
transposons, the vector named PUC57-Mi-puro-EGFP. Minos transposase gene
expression cassette was synthesized and inserted into pUC57-T-simple and the
plasmid named Mi-helper. The details were available in the Supplemental Materials.

The whole sequences were available in Supplemental Materials.
sgRNA library design, synthesis and construction

The sgRNAs were designed using the CasFinder method (John et al. 2014). All
sgRNAs selected had a 5°G added to improve the U6 transcription efficiency. The
library of sgRNAs were encoded within 70-nt oligonucleotides and synthesized on the
94K arrays using the services of BGI. U6 promoter, multiple sgRNAs and sgRNA
scaffolds were linked together using overlap PCR, then cloned into the Ascl/Nhel site
of pB-CRISPR vector to construct the CRISPR knockout plasmid library
(pB-CRISPR library). The details methods were available in the Supplemental

Materials.
Genome-scale screening in B. mori

For essential or growth-restricting genes screening, three parts of 4 x 10’
BmEGCKLIb cells were harvested at three time points. For the screening of genes

responsible for temperature challenging, three sets of 4 x 10’ cells of the
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BmEGCKLib in complete medium were exposed for 20 days to different
temperatures. For the screening to identify genes involved in host-pathogen
interactions, 4 x 107 cells of the BmMEGCKLib were supplemented with BmNPV (with
an EGFP tag, stored in our laboratory) for four rounds of infection. The genomic
DNA was extracted from each group and the sgRNA distribution analyzed by
second-generation sequencing (Mega Genomic, China). The details methods were

available in the Supplemental Materials.
Pooled sgRNA sequences and data analysis

All of the genomic DNA extracted from the cell libraries was PCR amplified. The
PCR products were gel-purified and sequenced by Illumina. The raw data were
uploaded to a server in our laboratory and filtered. The paired sequences were then
spliced using flash software. Then the number of reads for each sgRNA was
calculated using the Bowtie 2 (Langmead and Salzberg 2012) and performed the next
analysis using MAGeCK. The details methods were available in the Supplemental

Materials.
Theanalysis of EGFP knockout efficiency of pB-CRISPR

To test the knockout efficiency of pB-CRISPR, three sgRNAs targeting EGFP
were constructed into pB-CRISPR, and two NS (nonspecific) SRNAs were used as
controls (Supplemental Fig S2; Supplemental Table S1). Each vector was
co-transfected with A3-Helper into BmE-EGFP cell line. After two months of
selection with zeocin, all the samples were performed with flow cytometry analysis,
fluorescence imaging, and Sanger sequencing. The details were available in the

Methods section of the Supplemental Materials.
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Figure Legends

Fig. 1 The piggyBac library delivery method for gene knockout in B. mori cells.

(A) Schematic of the piggyBac library delivery vector (pB-CRISPR). ITR, inverted terminal
repeats of piggyBac; IE2, IE2 promoter; Zeocin, zeocin selection marker gene; Serl, Sericin 1
poly(A); gRNA, sgRNA and Scaffolds; U6, polymerase Il U6- promoter; Hsp70, hsp70
promoter; SpCas9, B. mori codon-optimized SpCas9 coding sequence; SV40, SV40 poly(A).
(B) Flow cytometry analysis (upper) and statistical analysis (lower) of BmE-Mi-EGFP cells
transduced with pB-CRISPRs (mock, no vector; NS-1, pB-CRISPR-NS-1; NS-2,
pB-CRISPR-NS-2; EGFP-1, pB-CRISPR- EGFP-1; EGFP-2, pB-CRISPR-EGFP-2; EGFP-3,
pB-CRISPR-EGFP-3). (C) Fluorescent images of BmE-Mi-EGFP knockout experiments. (D)
Sanger sequence analysis of the ratio of indels for EGFP-1 (left), EGFP-2 (middle), and

EGFP-3 (right) target regions of BmE-Mi-EGFP cells.
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Fig. 2 Design and construction of the CRISPR sgRNA library for B. mori cells.

(A) Flowchart for constructing the CRISPR sgRNA library for B. mori cells. (B) Design for
all sgRNAs in all B. mori gene exons (lower). The sgRNAs selected for the subsequent
experiment (upper); see supplementary Table 2. (C) Second-generation sequence analysis of
the sgRNA distribution for the pB-CRISPR library (orange) and BmEGCKLib (green). (D)
Pie chart showing the percent distribution of the sgRNAs. (E) Overlap in sgRNA distribution
between the pB-CRISPR library and BmEGCKLib. (F) Correlation analysis between the

pB-CRISPR library and BmEGCKULib.
Fig. 3 Screening of essential and growth-restricting genes in BmE cells.

(A) and (B) Changes in sgRNAs contained in BmEGCKLIib over time. Approximately 4 x
10" cells of BmMEGCKLib were harvested at each of three time points: immediately
(BmE-Lib1), one month (BmE-Lib2), and two months BmE-Lib3) after completion of zeocin
selection. Overall the sgRNAs were gradually depleted but some of them were enriched over
time. (C) Percentages of essential genes and growth-restricting genes in BmE cells. (D)
Expression levels among all genes, essential genes, and growth-restricting genes in BmE cells
and silk gland cells. (E) The overlap of essential genes among Bombyx mori and diverse
eukaryotic species (Homo sapiens, Mus musculus, Drosophila melanogaster, Saccharomyces
cerevisiae, Danio rerio, Caenorhabditis elegans, and Arabidopsis thaliana), and a
prokaryotic species (Bacillus thuringiensis). Asterisks: the intersection of 1006 essential
genes with B. mori orthologs of essential genes in the eight species; box plots: the intersection

of 1000 random genes with B. mori orthologs of essential genes in the eight species.
Fig. 4 Analysis of essential genes for BmE cells.

(A) Top 30 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of
essential genes. (B) Distribution of essential genes assigned to subcellular localization. (C)
Percent distribution of essential and growth-restricting genes assigned to subcellular

localization within the total number of genes.
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Fig. 5 Screening of genes responsible for temperature challenge.

(A) Flowchart for the screening of genes involved in a response to temperature challenges. (B)
and ¢ KEGG pathway enrichment for the genes in cells cultured at 4°C (B) and 30°C (C). (D)
Percentage of major types of subcellular localization genes within the total number of genes
at 4°C and 30°C (Mit, mitochondrion; ERM, endoplasmic reticulum membrane; GOLM,

Golgi apparatus membrane; PM, plasma membrane).

Fig. 6 Screening of genes involved in the interaction between BmE cells and B. mori

nucleopolyhedrovirus (BmNPV).

(A) Plot of genes ranked by negative score. The portion of genes that associated with virus
resistance are highlighted. (B) Genes for BmE-BmNPYV interactions uncovered by KEGG
pathway analysis. (C) sgRNA score of genes in the phagosome pathway. (D) Schematic of

Bombyx mori cell interactions with BmNPV.
Fig. 7 Functional analysis of genes involved in B. mori-BmNPV interactions.

(A) Fluorescent images analysis (upper) and flow cytometry analysis (lower) of the BmE
knockout cells infected with BmNPV at an MOI of 1. (B and C) Statistical flow cytometry
analysis (B) and relative BmNPV DNA level (C) in 11 BmE knockout cells infected with
BmMNPYV at an MOI of 1. The statistical significant differences were determined by Student’s

t-test (* p < 0.05, ** p < 0.01, *** p<0.001).
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