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Abstract

After the end of the antibiotic “Golden Age”, the discovery of antimicrobial natural products with
unigue mechanisms of actions has drastically decreased while at the same time antimicrobial
resistance has been on the rise. Advancements in next-generation sequencing has unlocked
hundreds of thousands of microbial genomes, offering the opportunities to study some of the
most prolific antibiotic-producing taxa such as Streptomyces spp. in greater detail. To fully
capitalise on this potential, robust functional genomics tools are essential for developing our
understanding of these powerful organisms.

Existing functional genomics tools for Streptomyces spp. are effective but are not without flaws.
Recently, dCas13d, a programmable, RNA-targeting Cas protein has emerged as a promising
candidate for genetic study with the ability to knock down an individual gene at the translational
level, showing a reduced impact on other genes present within an operon. This work lays the
foundation for establishing dCas13d in Streptomyces albidoflavus J1074 by constructing the first
integrative, customisable and codon optimised dCas13d plasmid and confirming its activity
against an artificial gene. Although further study is needed, it is possible that dCas13d may
become a key component of the Streptomyces spp. functional genomics toolkit in the future.
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1. Introduction

1.1 Streptomyces spp. Characteristics

1.1.1 Streptomyces spp. Morphology

“Streptomyces” is a genus within the Actinomycetota order with over 700 species validated in
publication (1). Gram-positive, primarily soil-dwelling organisms, Streptomyces species are
unigue among bacteria for their complex multicellular fungal-like growth cycle, shown in Figure
1. Initially, in suitable growth conditions, a dormant spore will germinate and branch out by tip
extension to establish vegetative mycelium on a surface or digging into in solid media.
Subsequently, in response to environmental stresses such as food depletion, using nutrients
recycled from the programmed cell death of vegetative mycelium, aerial hyphae coated in a
hydrophobic sheath grow vertically out of the surface of the colony into the air (2). The apical
sporogenic cells of aerial hyphae later undergo cell division into chains of weakly-bound
metabolically dormant, unigenomic exospores which act as a lightweight, robust vessel for
genetic information. Resistant to heat, desiccation and mechanical disruption, the spores
compensate for the mycelium’s immobility by establishing new colonies elsewhere after
dispersion by abiotic factors (i.e. wind and rain) or even by biotic factors such as insects (3, 4).
Once the colony has a well-established vegetative mycelium where only the peripheral regions
are growing, and while aerial hyphae and spores are developing, in response to stress stimuli,
non-growing mycelial regions shift from synthesising primary metabolites to producing a range of
secondary metabolites that may assist survival (5).

Vegetative .
ger:'lr:;g;(:ion mycelium ve\g‘;:-'(‘ia\?;ar:;sg ES m
growth
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—_— > A production

Spore chains

i

Spore =20
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Figure 1. The Streptomyces life cycle. Starting with spore germination in a favourable
environment, vegetative hyphae growth establishes the colony where then, in response to
environmental stimuli, aerial hyphae grow and aerial sporogenic cells may undergo cell division
into spore chains (sporulation) and eventual dispersion. Elements of the figure were adapted
from (6).
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1.1.2 Streptomyces spp. Secondary Metabolites and Antibiotics

The true adaptive advantage of streptomycetes lies in their repertoire of bioactive compounds
encoded in secondary metabolite biosynthetic gene clusters (smBGCs) - an interconnected
collection of biosynthetic genes, regulatory genes and resistance genes all functioning toward
metabolite synthesis. The genomes of Streptomyces spp. are linear, ~70% G/C rich and range
between 5.9 and 12.7 metabases (Mb) in length, with a number of smBGCs present per genome
thatvaries considerably (7-9). The secondary metabolites produced can provide survival benefits
to the host, including pigmentation to provide UV-shielding, metal sequestering to acquire
essential metal ions during scarcities or bioactive compounds, including antibiotics, to help
outperform competing microorganisms. The bioactive compounds produced by Streptomyces
spp. are very diverse and can exhibit a range of effects including antimicrobial, antiviral,
antitumour, insecticidal, herbicidal, immunosuppressive and more (7, 10).

Streptomyces species were first identified as a source of antibiotics in the 1940’s during World
War Il when demand was extremely high and since then, particularly during the antibiotic “Golden
Age” that took place between the late 1940’s and 1960’s, Streptomyces spp. represent one of the
most prolific and historically valuable antibiotic producers —the discovery of different classes of
antibiotics derived from Streptomyces spp. can be visualised in Figure 2. Actinomycetes produce
two thirds of all microbial antibiotics, with 80% of those compounds being derived from
Streptomyces species (7). Furthermore, filamentous actinomycetes (including Streptomyces
spp.) make 64% of the known natural product (NP) antibiotic classes which, even if not clinically
deployed, can provide a framework for structural modifications or synthetic antibiotic design to
produce new effective antimicrobials (11). From the early 1960s, the discovery of novel bioactive
compounds declined sharply as the most readily accessible actinomycetes had already been
interrogated and screening only kept rediscovering the same known compounds. The last novel
class of clinically approved natural product antibiotic, daptomycin, was discovered in
Streptomyces roseosporus in 1987 and approved by the FDA in 2003 (11).

Typically, smBGCs are only expressed in response to very specific biotic or abiotic stimuli (i.e.
under stress or extreme constraints) and thusly, under standard laboratory growth conditions,
while useful gene clusters maybe be present, the majority of Streptomyces spp. smBGCs are
silent. Nevertheless, Streptomyces stands atop any other genus in terms of its capacity to
produce antibiotics and that makes it a tremendously valuable field of study (12).

Glycopeptide
Tetracycline Ansamycins
Amphenicols Cycloserines Phosphonates Carbapenems

Macrolides
Tuberactinomycins
Glycopeptides
Aminoglycosides Streptogramins Lincosamides Lipiarmycins Lipopeptide

I‘IIIIII
4t

1940 1945 1950 1955 1960 1965 1970 1975 1980 1990 2000 2010 2020

Figure 2. A timeline of the reported discovery of clinically used antibiotic classes derived
from actinomycetes, discoveries are grouped into 5-year intervals. Adapted from (11).



11

1.2 The Rise of Antimicrobial Resistance

Presently, the appearance of multi-drug-resistant pathogenic bacteria far outpaces the rate of
discovery or development of new antibiotics, which poses a severe public health risk for the near
future, with bacterial antimicrobial resistance (AMR) directly responsible for 1.14 million global
deathsin 2021 (13). AMRIis particularly the result of overuse and incorrect prescription of specific
antibiotics to the point where their efficacy is substantially reduced. Resistance can be acquired
by bacteria by the uptake of resistance-conferring DNA in horizontal gene transfer or by random
mutation that occurs roughly every 10" nucleotides. The four main mechanisms by which the
bacteria can exhibit resistance are by limiting uptake of the antibiotic, inactivating or degrading
the antibiotic, modifying the internal target site or by activating efflux (14). The continual evolution
of bacterial B-lactamases exemplifies this process, where a single point mutation can modify the
enzyme’s structure such that it can degrade a newly introduced B-lactam antibiotic, producing a
resistant “escape mutant” that will be selected for and pass on its valuable mutation (15).

As it stands, newly approved antibiotics are protected and used cautiously for only the most dire
cases, and instead older antibiotics are deployed for most treatments; this combined with the
factthat antibiotics are typically used for short one-off cycles only serves to push pharmaceutical
investors further away (16). With that said, the introduction of daptomycin (Cubicin) onto the
market in 2003 has led to what is a market value of 3.66 billion USD in 2025, so the reward for
discovering an effective compound is still present. Without major intervention, AMR is estimated
to cause 1.91 million deaths directly and 8.22 million deaths linked to AMR in 2050, not only this
but it is estimated that antibiotic resistant infections cost the United States and China tens of
billions of dollars in health care costs and in lost productivity every year (13, 17). With antibiotics
still playing an irreplaceable part in how infectious diseases are tackled, there is a demand for
new antibiotics with novel modes of action and with 92 new antibacterial natural products
reported from 39 Streptomyces spp. between 2015 and 2020, it remains the most promising
natural source of antibiotics that must be explored (18).

1.3 Characterising Genomes

A variety of new species have been found in soils from previously unexplored regions such as
deserts, mountains, polar regions, marine environments or even engaging in symbiosis with
animals, plants and fungi, so there is a wealth of new genomes to be searched (7, 18). The
decreased cost and widespread availability of next-generation sequencing (NGS) means that the
number of publicly available genomes sequences has surged; whereas there were only 588
Streptomyces spp. genomes (draft and complete status combined) on the NCBI database in
2015, the number has exponentially increased to 12,826 genomes as of December 2025. By
virtue of the large number of high-quality, complete Streptomyces spp. genomes available, in
silico genome mining techniques have arisen that can rapidly make rule-based predictions and
offer insights into evolutionary developments, secondary metabolism and smBGCs,
morphological development and stress responses. antiSMASH is a widely used web-based
genome mining tool for smBGCs that in the latest version (version 8 as of December 2025)
contains detection rules for 101 different cluster types with a low false positive rate, an example
of antiSMASH analysis is shown in Figure 3 (19). Genome mining of 213 Streptomyces species
with antiSMASH analysis identified an average of 31 smBGCs per soil species, but in order to
efficiently investigate Streptomyces spp. smBGCs we must first understand the organism (20).
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Figure 3. Displaying the antiSMASH results using the genome of Streptomyces albidoflavus
J1074 NZ_CP059254.1. The antiSMASH version 8 software predicts regions where biosynthetic
gene clusters are likely to be present with varying levels of confidence, which in this case was 26
regions. While the majority of regions above are only predicted to contain one BGC, large regions
such as region 26 are predicted to contain up to five BGCs. (19).

1.4 Functional Genomics Tools

Functional genomics examines the entire genome of an organism to understand how genes are
expressed, how they interact, and their larger function within the biological system. High-
throughput approaches combine genome-wide genetic manipulation strategies with large-scale
screening to provide insights at a magnitude far beyond traditional single-gene knockout studies.
The most straightforward way to narrow down a gene’s function is by removing its activity and
monitoring the phenotype frequency in a population as well as the cells morphology, motility and
host interactions all while varying growth conditions or stresses. Gene fitness is the simplest
point of evaluation; knocking out an essential gene is lethal to the cells and therefore no mutant
cells will survive whereas silencing a non-essential gene will not be lethal. While Streptomyces
spp. are a cornerstone of natural antibiotic discovery, it’s complex genome architecture, slow
growth and low transformation efficiency means that it is much more challenging to adapt
genetic approaches for than it is for simpler bacteria such as E. coli. With that said, there have
been various tools adapted to Streptomyces spp. that can produce good results.

1.4.1 Traditional Streptomyces spp. Functional Genomics Strategies

Streptomyces spp. functional genomic tools include low-throughput methods such as individual
gene knockouts using allelic exchange mutagenesis; traditionally implemented using a A-Red
cosmid modification system or Cas9 double stranded break-mediated genome editing (21, 22).

The A-Red phage recombination system drastically increases homologous recombination.
Starting out in E.coli with a cosmid that contains a large ~40 kb section of the Streptomyces spp.
genome, the A Red proteins mediate recombination between a section of the cosmid and a PCR
product containing terminal 39 nt homology arms (21). The sequence encoded in the PCR
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product will replace part the original cosmid sequence defined by the homology arms and
typically encodes a selection marker. Following selection for the strains that have undergone
homologous recombination, the cosmid is then conjugated from a specialised E. coli strain into
the Streptomyces strain. Inside the cells, the long regions of sequence identity encoded on the
cosmid promote efficient integration by homologous recombination, where the region edited into
the cosmid by PCR will now be present in the host genome and can be selected for (21). This
classical technique has been utilised to disrupt hundreds of genes within S. coelicolor for study;
however, relative to more modern tools it is much more time-consuming and not scalable (23).

The pCRISPomyces CRISPR-Cas9 editing technique for Streptomyces spp. involves using a
plasmid that contains a selectable marker, a gene encoding a Cas9 protein, a single-guide RNA
(sgRNA) that targets a specific location on the genomic loci, and an editing template sequence
containing two 1 kb homology arms corresponding to the upstream and downstream region of
the target region (22). The sgRNA will bind onto its target where Cas9 will implement a double
stranded break which allows for homologous recombination of the editing template into the host
genome to disrupt the gene. After selection and editing, a temperature-sensitive rep region of the
plasmid allows it to be disposed of, leaving an edited host without the plasmid (22).

These lower-throughput approaches are powerful and precise for investigating on a smaller scale,
able to knockout a single gene with high efficiency and specificity by disrupting the coding region,
removing part of the coding region or possibly causing a frame shift. However, bacterial genomes
encode thousands of genes, Streptomyces albidoflavus 11074 for example contains 5832 genes
across its 6.8 Mb genome, in the face of this many genes to investigate, these low-throughput
techniques simply cannot compete with more streamlined high-throughput techniques available
today (24). Currently, there are only two truly viable high-throughput functional genomic
techniques used for genome-level investigations in Streptomyces spp.: transposon-insertion
sequencing (Tn-seq) and CRISPRi-sequencing (CRISPRi-seq) (25, 26).

1.4.2 Transposon-insertion Sequencing

Transposon-insertion sequencing (Tn-Seq) is a widely employed, high-throughput mutagenesis
technique that uses a transposase to mediate the insertion of a transposable DNA element
(transposon) at a random point across the genome, summarised in Figure 4. There are no specific
design requirements, and this approach relies on the randomness of insertions to essentially
cover the whole genome. Tn5 transposase derivatives are favoured for use in Streptomyces spp.
because of their weaker insertion preferences conferring wide coverage across the G/C rich
genome, the transposase is encoded separately from the transposon so that once it undertakes
the random insertion, the insert sequence remains stably integrated and cannot be mobilised
again (27). The transposable sequences contain a selective marker to select for cells containing
an insertion mutation and also contain inverted complement terminal repeats that are used to
later identify the affected region. Th-seq can generate a diverse mutant library containing tens of
thousands of strains each containing a single insertion at a random points across the genome,
meaning the fitness of thousands of genes can be tested at once in a pooled experiment (28).
Isolating genomic DNA and digesting it with restriction enzymes specific to cut sites engineered
into the transposon terminal repeats followed by adapter binding and PCR amplification leaves a
small stretch of native genomic DNA that can be used to pinpoint the location of the insertion in
the genome using Illumina next-generation sequencing (28). By taking initial population
sequencing measurements and comparing the frequency of each mutation to a population that
has been grown for a set amount of time, it makes it possible to see which mutations have a
dropped out of the population (essential genes) and which non-essential genes have not.
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Tn-seq has already been applied to S. coelicolor where after over 50,000 insertions across the
7800 gene genome, 348 mutated genes were implicated in affecting the biosynthesis of the
pigmented antibiotics undecylprodigiosin and streptorubin B (25). Transposon-insertion
sequencing offers a large-scale, genome-wide, cost-effective functional genomics tool that has
been validated for use in Streptomyces spp. However, its innate randomness means that it
cannot reliably hit every gene of interest, especially smaller genes, with a study in S. coelicolor
finding that 90% of the non-disrupted genes were smaller than 1 kb and 60% of below 500 bp (29).
Additionally, its methodology of completely disrupting a genes coding or promoter region means
that it cannot be applied to study the specific functions of essential genes.

Example Operon

Host Transcribed Exampl_e Transcribed Not transcribed
G > > = transposon
enome WA HT ey insertion
I | Random

integration

Transposon

Restriction enzymes cut
just outside of the

Frequency Frequency terminal repeats before

————————————— adapter binding, PCR

_____________ and sequencing to Transposon

_____________ identify the location and mutant

anscribe Not transcribed frequency Of mutan‘ts @ library

Non-essential Non-essential Essential ©
Figure 4. A simplified depiction of transposon insertion sequencing (Tn-seq). The insert will
disrupt the genes coding region to prevent transcription and knock it out completely, a library of
mutants can then be analysed using the type IIS restriction enzymes in the terminal repeats to

cut outside of the insert where after adapter binding, PCR and sequencing, the location and
frequency of each mutation can be determined to find gene fitness.

1.4.2.4 CRISPRi and CRISPRi-seq

CRISPR-Cas9 tools are the most well-characterised among the Cas families, utilising a single-
guide RNA (sgRNA) containing a tail sequence to hybridise with the Cas9 nuclease and a variable
spacer sequence to specifically target the upstream region of an operon. For functional
genomics, a nuclease deficient Cas9 (dCas9) protein that will obstruct transcription instead of
cutting is used because it has a lower growth burden and because its effects can be titrated, it
permits study of essential genes. dCas9 has high efficiency targeting close to the transcription
start site but knockdown will affect the entire operon, limiting its study to the operon-level (30).
CRISPR interference (CRISPRi) with dCas9 uses a customisable plasmid where new sgRNAs can
quickly be cloned in using restriction sites to target seemingly any region within the genome
provided the target sequence has a protospacer adjacent motif (PAM) (31). CRISPRi has been
proven to be an effective tool in Streptomyces spp. and is much more streamlined than the
previously mentioned low-throughput functional genomics techniques for smaller-scale studies
but it can also be expanded to large-scale tests (26).
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A simplified roadmap of CRISPRi-seq is shown in Figure 5. CRISPRi-seq utilises a large sgRNA
pool, typically containing more than one sgRNAs per operon designed using sequences provided
from whole genome sequencing to target operons across the genome. The collection of sgRNAs
is cloned en masse into dCas9 plasmids (one sgRNA per plasmid) which are initially transformed
into E. coli before conjugation into Streptomyces spp., yielding a pooled library of cells all
containing dCas9 plasmids with different sgRNAs targeting different operons. CRISPRi-seq uses
aninducible promoter to control expression of dCas9, meaningitis possible to establish a pooled
strain library in an uninduced environment so there will be no impact and then later add an
inducer such as Isopropyl B-D-1-thiogalactopyranoside (IPTG) or anhydrotetracycline (alc) to
start seeing effects. Not only this but varying the level of inducer to control the level of repression
opens up the potential to study essential genes by partially knocking them down instead of total
knockout which would be lethal. Whereas individually processing the strains containing a unique
sgRNA can permit more precise study into morphological changes, a pooled strain library allows
for convenient phenotypic screening of gene fitness across countless operons at the same time
(26). sgRNA frequency is analysed by growing the pooled Streptomyces spp. CRISPRI library in
the absence and presence of inducer and then extracting genomic DNA from each sample where
a region of the integrated plasmid sequence containing the sgRNA is cut out with a restriction
digest for amplicon sequencing (26). Analysis of CRISPRi-seq results is much simpler than for Tn-
seq asthe sgRNA s a simple indicator for what is being silenced but also, the process of analysing
this same region for every strain is much more straightforward.

While CRISPRi-seq has been confidently established in unicellular bacteria, it has only recently
been adapted to the more genetically complex, G/C rich Streptomyces genus, starting with S.
albidoflavus 11074 (26). CRISPRi-seq offers a transplantable large-scale pooled-population
approach to efficiently knockdown either a small subset of genes or a broad selection of genes
across an entire genome in an inducible, targetable, tuneable, reproducible manner.

Example Operon

Host Transcribed Examp[e Not transcribed
ba )| —>  ofdCas9
Genome ¥
knockdown
dCas9 targeting just downstream
of the transcription start site

PCR using sgRNA
,,,,,, as a barcode to

T find frequency of © @
T == gene knockdowns
T T > . dCas9
Not transcribed Not transcribed < n the popu{atlon knockdown
© © o

Figure 5. A simplified depiction of CRISPRi-seq targeting a simple operon for knockdown. A
pool of single guide RNAs determine the selection of genes that will be targeted and knocked
downin the population —with one knockdown per cell that will knockdown all downstream genes
in the operon, limiting the technique to operon-level studies. The same sgRNA acts as a barcode
to determine the gene knockdowns present in the population and their frequency.

Frequency Frequency
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To compare the two frontrunning Streptomyces spp. functional genomics tools, Tn-seq and
CRISPRi-seq, in terms of building the systems, CRISPRi-seq is much more complex as each
sgRNA in the pool requires individual design to target each operon whereas Tn-seq relies on
random insertion, and therefore does not require extensive genomic knowledge but must be
freshly built for each test and requires characterisation of large numbers of insertions to be
confident about ‘transposition cold spots’ in the genome. In regard to the coverage of each
approach, CRISPRi-seq can seemingly target any operon provided it contains a protospacer
adjacent motif (PAM) in the early sections of its coding region, meanwhile the random nature of
Tn-seq means that it cannot reliably hit every gene of interest, especially the shorter genes with a
relatively smaller hitbox. CRISPRi-seq knocks down all downstream genes in the target operon
and thus is limited to study gene function at the operon level; in contrast Tn-seq disrupts single
genes by insertion which allows gene-level study. The tuneable nature of CRISPRi-seq permits
study of essential genes by not completely knocking out their function, whereas this is not an
option with Tn-seq that disrupts a gene entirely. All that to say that neither approach is perfect
and there is still room for new tools to enrich the Streptomyces functional genomics toolkit.

Early studies into the RNA-targeting dCas13d indicate that it can efficiently target and knock
down individual genes at the translational level with a reduced impact on adjacent genes in the
operon compared to CRISPRi-seq while maintaining the targeting and titratable nature of the
CRISPRI system. Therefore, it has great potential as a functional genomic prospect that could be
used as a complementary strategy with established approaches such as CRISPRi-seq to
overcome its limitation of only knocking down at the operon level.

1.5 CRISPR-Cas13

1.5.1 Background of Cas Proteins

Sinceits discoveryinE. coliin 1987, CRISPR-Cas has been established as a widely-used versatile
genetic tool for use in eukaryotes, bacteria and archaea with different Cas classes boasting
different modes of action. Clustered regularly interspaced clustered short palindromic repeats
(CRISPR) are 20-50 bp, conserved sequences located on a CRISPR locus, found in 40% of
bacteria and 90% of archaea, with various unique viral DNA fragments known as spacers
encoded between each direct repeat (32). A CRISPR-associated (Cas) gene is located upstream
of the CRISPR array, encoding a diverse nuclease that can be made up of multiple subunits (Class
1) or just one protein (Class 2). There are 6 types and 33 subtypes of Cas proteins, classified
based on their structure, target and mechanism of action, with the most commonly used model
being the Class 2 type Il CRISPR-Cas9. Cas9, directed by a sgRNA, targets DNA at any location in
the genome provided it has a protospacer adjacent motif (PAM) present —in the case of the most
popular S. pyogenes spCas9 this a 3 nt 5' -NGG-3' sequence on the opposite strand to the one
being targeted (33). In 2015, a new type of Cas protein was computationally discovered by
scanning of a genomic database for loci containing the conserved Cas1 and Cas2 genes; Cas13
is a relatively small Class 2 type VI Cas protein and the only type to exclusively target RNA (34).
Since then, many subtypes of Cas13 have been discovered, the best characterised types are
Cas13a, Cas13b and Cas13d, ranging from ~930 to ~1250 amino acids in length, of those Cas13d
has is the most studied subtype (35, 36).

The native function of all CRISPR-Cas in bacteria is as a form of adaptive immune defence against
foreign nucleic acids that is passed on to future generations as the mobile genetic elements
added to the CRISPR library from each past infection are stably maintained in the locus. New
protospacers are first captured and processed by a Cas1-Cas2 complex and integrated between
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the leader sequence and the first repeat of the CRISPR array by nucleophilic attack before a new
repeatis formed upstream, meaning that the spacers are encoded in inverse chronological order
(seen in Figure 6)(37). Transcription of the CRISPR cassette yields a long precursor CRISPR RNA
sequence (pre-crRNA) that is processed into individual mature crRNAs made up of the spacer
and a direct repeat (DR) section. The crRNA:Cas effector complex uses the spacer as a template
to search for the target sequence and once complementarity is found, it will cut the DNA or RNA
using a nuclease mechanism specific to the Cas protein, removing the foreign nucleic acid and
providing immunity (Figure 6).

CRISPR array
A I
[ Variable spacers 1
tracrRNA Cas9 Cas1 Cas2 Leader
CRISPR-Cas9
Conserved
direct repeat
CRISPR array
|
[ Variable spacers 1
casts _C_?_S_j _(E_a_s\z Leader
CRISPR-Cas13 T
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acrossall
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Leader New New Repeat1 Spacerl Repeat2
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Cas9 flepeat Spacer Cas13d
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tracrRNA internat  ( cas13d
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Figure 6. A simplified diagram of Cas9 and Cas13d functionality. A. The general coding
operons for CRISPR-Cas9 and CRISPR-Cas13 containing the CRISPR-array of conserved direct
repeats and variable spacers corresponding to a target foreign nucleic acid. The tracrRNA is not
required for Cas13 and the presence of Cas1 and Cas2 varies between each variant of Cas13. B.
Afigure representation of Cas9 and Cas13d targeting and cleavage of DNA and RNA respectively.
Cas9 acquires a mature spacer using tracrRNA as a scaffold and targets the template strand of
DNA to supress downstream transcription while dCas13d can bind onto RNA to silence
translation without an accessories.
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1.5.2 Cas13d Structure

Structurally, Cas13 proteins range from ~775 to ~1250 amino acids (aa) in average length per
subtype and showcase a compact bilobed architecture divided into a recognition lobe (REC),
composed of an N-terminal domain (NTD) and helical-1 domain, and then also a nuclease lobe
(NUC), made up of a helical-2 domain and two higher eukaryotes and prokaryotes nucleotide-
binding (HEPN) domains, HEPN1 and HEPN2; a helical-3 domain is present in larger proteins
such as Cas13a but missing from the smaller ~930 aa Cas13d subtype - structures are shown in
Figure 7 (38). Interestingly, while Cas9 requires additional factors such as RNaselll to process the
pre-crRNA and a tracrRNA to act as a scaffold to adopt the crRNA, Cas13 can simply bind onto
the stem loop handle of the direct repeat (DR) and hold the pre-crRNA between the two lobes in
a positively charged channel where a dedicated nuclease cleaves at the DR hairpin junction to
generate a mature crRNA (shown in Figure 6B)(35). With the mature crRNA or an artificial sgRNA
(made up of a variable spacer and the relevant direct repeat), the crRNA:Cas protein forms a
surveillance complex which seeks out its target sequence for cutting as seen in 6B. In the case of
Cas13d, the variable spacer is organised such that part of it is held internally and another section
protrudes externally, but, like other sgRNAs, it will only accept a specific target sequence with full
complementarity to the spacer. Each HEPN domain contains an R-X;-H RNase motif, and after
formation of the spacer:target dsRNA helix, a conformational shift brings the two motifs into
close enough proximity to form a composite RNase active site that will cleave the target RNA (39).

Many Cas proteins including type 1, 2 and 5 require recognition of a protospacer adjacent motif
(PAM), a 2-6 bp conserved motif that must be present on the 3' or 5' end of the target sequence
for the Cas protein to recognise it, and while some Cas13 proteins, such as certain Cas13a and
Cas13b subtypes show preference for a single base protospacer flanking site (PFS), Cas13d
shows no such restrictions and can therefore target any sequence with no limitations (40, 41). In
regard to the spacer itself, its optimum length varies between Cas variants, with SpCas9
favouring a 20 nt spacer and RfxCas13d showing the highest knockdown efficiency with a 28 nt
spacer (30, 42). Each Cas protein also has a defined ‘seed’ region within the spacer thatdemands
strict complementarity to the target and is very sensitive to mismatches, in the case of SpCas9,
the seed region spans the ~8-10 nucleotides adjacent to the PAM and RfxCas13d’s seed region
spans nucleotides 15-21 (counting from the 5' end of the 28 nt spacer)(38). A WYL domain-
containing accessory protein has been found in some loci of some Cas13d variants including
EsCas13d where it can enhance ssRNA cleavage by an unknown mechanism, however it is not
an essential component for experiments involving RfxCas13d (42, 43).
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Figure 7. The domain organisation and protein structures of Cas13d variants. A. Domain
organisation of the 954 amino acid Eubacterium siraeum Cas13d (EsCas13d), inspired by (44).
B. A solved cartoon representation of EsCas13d-crRNA binary complex (PDB code: 6E9E) and
EsCas13d-crRNA-target RNA ternary complex (PDB code: 6E9F) made using electron microscopy
structures with resolutions of 3.4 A and 3.3 A respectively (44). C. Domain organisation of 967
amino acid Ruminococcus flavefaciens Cas13d (RfxCas13d), adapted from (45). D. Structure of
dead-RfxCas13d with the altered catalytic residues highlighted in red, generated by AlphaFold2
but not solved in the PDB (46).
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It is also worth mentioning that Cas13 proteins have been linked to collateral cleavage in
bacterial, mammalian and plant systems. Upon shifting into a cleavage-competent state and
cutting the bound target ssRNA in cis, the surface exposed RNase can also non-specifically
cleave other encountered RNA in trans, which in its natural setting would be an inherently useful
property to degrade not just target phage DNA but also host DNA in a ‘suicide’ response to
infection (47, 48). While collateral cleavage sounds detrimental to the use of Cas13d, for
applications in gene-knockdown, using a nuclease-deactivated ‘dead’ Cas13 (dCas13) with the
key catalytic residues altered shows a significantly reduced growth burden and removes
collateral activity as an issue (42). As seen in Figure 7D, for RfxCas13d these mutations are
R238A, H243A, R858A, H863A; mutations that do not impact overall structure of the Cas protein,
maintaining its ability to acquire a guide RNA and seek out the target sequence, but removing its
nuclease activity. Instead dCas13d will locate its RNA target and remain tightly bound to block
any of the translation machinery from continuing downstream, silencing a gene.

1.5.3 Genetic Application of Cas13d

Early studies comparing the Cas13 subtypes found RfxCas13d to be the most promising subtype,
one study in Drosophila using fluorescent protein assays showed that RfxCas13d had an 82%
knockdown efficiency compared to 35-40% for LwaCas13a, 45-51% for PspCas13b and 25% for
FpeCas13c (36). Adding onto this, an in planta study also found that RfxCas13d (along with the
less established Cas13x and Cas13y) showed significantly higher levels of silencing than
LwaCas13a and PbuCas13b (49). Taking a closer look at Cas13d specifically, a study in HEK293FT
cells confirmed that RfxCas13d outperformed the other subtypes at knocking down a fluorescent
protein (50). With RfxCas13d established as the frontrunner of RNA directed Cas13-based
translational knockdown, recent application in E. coli proved the effectiveness of dCas13d in a
simple unicellular bacteria which supports the potential application of dCas13d in the more
complex multicellular Streptomyces spp. (42).

The most exciting factor surrounding the application of dCas13d is obviously its ability to
knockdown gene expression at the translational level, targeting RNA. The major limitation of
CRISPRI-seq is the fact that disrupting transcription of the upstream gene will also preclude
expression of downstream genes in the operon — limiting it to operon-level studies. However, the
presence of numerous ribosome binding sites (RBS) throughout an operon transcript means that
even if translation of one gene is blocked using dCas13d, ribosomes can bind elsewhere to
translate the other genes present within the operon — opening up the potential to study individual
genes within an operon (42). All this while, dCas13d application maintains the other strengths of
CRISPRIi-seq which includes providing a targetable high efficiency platform capable of studying
essential genes in a high-throughput reproducible manner.

1.6 Project Aims

The ultimate aim of this project is to adapt dCas13d translational silencing in Streptomyces spp.
where it may complement existing strategies in the Streptomyces spp. functional genomics
toolkit. The specific aims of the project are to: (1) Design, construct, and introduce mono- and
tri-cistronic model operons into S. albidoflavus J1074, and (2) design, construct and introduce an
inducible, integrative, customisable dCas13d system into S. albidoflavus 11074 and evaluate its
performance in translational silencing in mono- and tri-cistronic contexts against dCas9 using
phenotypic assays and Western blots.
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2.1 Materials

2.1.1 Strains

21

Targetless

Kan® Hyg® Apr®

" Reference
Name Description
or source
Escherichia coli
New England
NEB5a General cloning host eW, ngtan
Biolabs
ET12567 Non-methylating host fogtransfer of DNA into (51)
Streptomyces spp. Cam
General cloning host for constructs containing
ccdB Survival 2T1R the ccdB toxin gene. Contains a DNA gyrase Invitrogen
mutation to alter CcdB binding site
Streptomyces strains
Streptomyces albidoflavus with the Sall
S. albidoflavus 11074 restriction system knocked out to improve DNA (52)
acceptance for cloning
S. albidoflavus J1074 derivative harbouring
®BT1::pRFSdCas9-aacC4 This stud
P ass-aac PRFSACas9-aacC4; Apr® 1S STAY
O®BT1::pRFSdCas9- S. albidoflavus J1074 derivative harbouring This stud
targetless pRFSdCas9-Targetless; Apr® y
S. albidoflavus J1074 derivative harbouring
O®BT1::pRFSdCas13d-aacC4 This stud
P aa pRFSdCas13d-aacC4; Apr®? IS stucy
®BT1::pRFSdCas13d- S. albidoflavus J1074 derivative harbouring This stud
targetless pRFSdCas13d-Targetless; Apr? y
S. albidoflavus 11074 derivative harbouring
BT1::pRFSdCas9-BT1 26
®BTT:p as PRFSACas9-BT1; Apr® (26)
S. albidoflavus J1074 derivative harbouring .
®C31::pKanHygG This stud
plantlygbus pKanHygGus; Carb® Kan® Hyg"? IS stucy
S. albidoflavus J1074 derivative harbouring .
12:pK This st
®C31::pKan oKan: Carb® Kan" is study
S. albidoflavus J1074 derivative harbouring
1::pH This st
dC31::pHyg oHyg: Carb” Hyg" is study
S. albidoflavus J1074 derivative harbouring
OC31::pG This stud
pous pGus; Carb® 1S StUdy
S. albidoflavus J1074 derivative harbouring
C31::pKanHygG
q;:ﬂ ::p:F;l;Cgf9-:Zo pKa:HngGus and pRFSdCas9-neo; Carb® Kan® This study
Hyg" Apr
®C31::pKanHygGus Si(:lrf)liidogauvsu :rJ1307:Fizrg::gih:rt§aurggianR This stud
®BT1:pRFSdCas9-hph | P o Ve P P y
Hyg" Apr
®C31::pKanHygGus S. albidoflavus J1074 derivative harbouring
O®BT1::pRFSdCas9- pKanHygGus and pRFSdCas9-Targetless; Carb® This study

Table 1. A summary of the strains utilised during the study with a brief description and its

source/reference
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Streptomyces strains Description Source
®C31::pKanHygGus ikiﬂ‘;zauf ZrJ1;Op7:Fing::1V§dh:;bho-ucr;nriR This study
OBT1::pRFSdCas13d-hph ’
P as P Kan® Hyg® Apr®
S. albidoflavus J1074 derivative harbouring
OC31::pKanHygGus .
pKanHygGus and pRFSdCas13d-gusA; Carb"® This study
BT1::pRFSdCas13d-gusA
® P as gus Kan® Hyg® Apr®
®C31::pKanHygGus S. albidoflavus J1074 derivative harbouring
®BT1::pRFSdCas13d- pKanHygGus and pRFSdCas13d-Targetless; This study
Targetless Carb® Kan® Hyg® Apr®
®C31::pKan S. albidoflavus J1074 derivative harbouring pKan This stud
®BT1::pRFSdCas9-neo and pRFSdCas9-neo; Carb® Kan® y
1::pK
¢B‘$?3Rng?}r;sg S. albidoflavus J1074 derivative harbouring pKan This stud
=P and pRFSdCas9-Targetless; Carb® Kan® y
Targetless
®C31::pKan S. albidoflavus J1074 derivative harbouring pKan This stud
®BT1::pRFSdCas13d-neo | and pRFSdCas13d-neo; Carb® Kan® y
®C31::pKan
S. albidoflavus J1074 derivative harbouring pKan .
BT1::pRFSdCas13d- This stud
® P as and pRFSdCas13d-Targetless; Carb® KanF 15 stucy
Targetless
®C31::pHyg S. albidoflavus J1074 derivative harbouring pHyg This stud
®BT1::pRFSdCas9-hph and pRFSdCas9-hph; Carb® Hyg"? y
®C31::pHyg . . .
S. albidoflavus J1074 derivative harbouring pHyg .
BT1::pRFSdCas9- This stud
® P as and pRFSdCas9-Targetless; Carb® Hyg" 1 study
Targetless
®C31::pHyg S. albidoflavus J1074 derivative harbouring pHyg This stud
OBT1::pRFSdCas13d-hph and pRFSdCas13d-hph; Carb® Hyg® y
®C31::pHyg ) L .
S. albidoflavus J1074 derivative harbouring pHyg .
®BT1::pRFSdCas13d- This stud
P and pRFSdCas13d-Targetless; Carb® Hyg® 1S Sty
Targetless
®C31::pGus S. albidoflavus J1074 derivative harbouring pGus This stud
OBT1::pRFSdCas9-gusA and pRFSdCas9-gusA; Carbf y
dC31::pGus . . .
S. albidoflavus J1074 derivative harbouring pGus .
O®BT1::pRFSdCas9- This stud
b as and pRFSdCas9-Targetless; Carb® 1S study
Targetless
®C31::pGus S. albidoflavus J1074 derivative harbouring pGus This stud
O®BT1::pRFSdCas13d-guA and pRFSdCas13d-gusA; Carb® y
dC31::pGus
S. albidoflavus J1074 derivative harbouring pGus .
BT1::pRFSdCas13d- This stud
® P as and pRFSdCas13d-Targetless; Carb”® IS stucy
Targetless
S. albidoflavus 11074 derivative harbouring
BT1::pRFSdCas9-aacC4 26
® P asv-aac pRFSdCas9-aacC4; Apr? (26)
S. albidoflavus J1074 derivative harbouring
®BT1::pRFSdCas9-BT1 26
P as PRFSACas9-BT1; Apr® (26)
®BT1::pRFSdCas9- S. albidoflavus J1074 derivative harbouring (26)

targetless_1

pRFSdCas9-targetless_1; Apr®

Table 1 (continued). A summary of the strains utilised during the study with a brief

description and its source/reference
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CamP —chloramphenicol resistance; Carb® — carbenicillin resistance ; Kan® - kanamycin
resistance; Aprf —apramycin resistance; Hyg" — hygromycin resistance.

Table 1. A summary of the strains utilised during the study with a brief description and its

source/reference

2.1.2 Vectors

Vector name

Description

Reference
or source

pUZ8002

Encodes all necessary conjugation machinery for
mobilization of plasmids from E. coli to
Streptomyces; Kan®

(51)

pUC57 C31

pUC57 derivative harbouring an RK2 oriT, synthetic
®C31 integrase gene and attP site for conjugation
into Streptomyces spp.; Carb®

Genscript

pKanHygGus

pUC57 C31 derivative containing the tri-cistronic
reporter operon containing a 3x-3xFLAGged neo, hph
and gusA gene expressed under the aacC4 promoter.
Carb® Kan® Hyg"

This study

pKan

pUC57 C31 derivative containing the mono-cistronic
neo reporter with a C-terminal 3xFLAG tag under the
aacC4 promoter. Carb® Kan®

This study

pHyg

pUC57 C31 derivative containing the mono-cistronic
hph reporter with a C-terminal 3xFLAG under the
aacC4 promoter. Carb® Hyg"®

This study

pGus

pUC57 C31 derivative containing the mono-cistronic
gusA reporter with a C-terminal 3xFLAG under the
aacC4 promoter. Carb®

This study

pRFSdCas9_

Integrative CRISPRi plasmid in which dCas9
expression is controlled by an anhydrotetracycline
promoter. sgRNAs are cloned in via BsmBI golden
gate cloning to replace a cat-ccdB counterselection
cassette; integrates into the ®C31 attB site in
Streptomyces species; Apr?

pRFSdCas13d

Integrative plasmid in which Streptomyces spp.
codon-optimised dCas13d and sgRNA expression is
controlled by an anhydrotetracycline-inducible
promoter. sgRNAs are cloned in via BsmBI golden
gate cloning to replace a cat-ccdB counterselection
cassette; integrates into the ®C31 attB site in
Streptomyces species; Apr®

This study

pRFSdCas9-neo

pRFSdCas9 derivative harbouring an sgRNA targeting
the neo kanamycin resistance gene; Apr®

This study

pRFSdCas9-hph

pRFSdCas9 derivative harbouring an sgRNA targeting
the hph hygromycin resistance gene; Apr®

This study

pRFSdCas9-gusA

pRFSdCas9 derivative harbouring an sgRNA targeting
the gusA reporter gene; Apr®

This study

Table 2. A summary of the vector utilised during the study with a brief description and its

source/reference
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A Reference
Vector name Description
or source
pRFSdCas13d derivative harbouring an sgRNA
pRFSdCas13d-aacC4 | targeting the aac(3)IV apramycin resistance gene; This study
Apr?
RFSdCas13d derivative harbouri RNA
PRFSdCas13d-neo | P >o-asisdderivative harbouring an sg A This study
targeting the neo kanamycin resistance gene; Apr
ORFSACas3d-hph pRFSdCas9 deriva?tive harbouring an ngL\lA targeting This study
the hph hygromycin resistance gene; Apr
RF I ivative h i RNA
PRFSdCas13d-gusA p Sc.iCas m9 derivative arbourngan sg This study
targeting the gusA reporter gene; Apr
RFSdCas13d- RFSdCas9 derivative harbouri t tl RNA
p as p as9 derivative harbouring a targetless sg This study
Targetless ; AprR
Carb® - carbenicillin resistance ; Kan® — kanamycin resistance; Apr® — apramycin resistance;
Hyg® — hygromycin resistance.

Table 2 (continued). A summary of the vector utilised during the study with a brief description

and its source/reference

2.1.3 Oligonucleotide primers

Name Sequence (5' - 3')

Comments

WGP1f aaacTCTTGTTCAATCACGACATTGCACTCCA

Oligo Annealing: fwd, dCas13d neo-
targeting sgRNA

WGP2f aaacGAAGAGATTCTTGTGTCACCTTGTTGCC

Oligo Annealing: fwd, dCas13d hph-
targeting sgRNA

WGPA4f aaacGCCGCAGCATATGTTTTTTCCTCCATTT

Oligo Annealing: fwd, dCas13d gusA-
targeting sgRNA

WGP7f atggAGGAATCATCTGAATCAATG

Oligo Annealing: fwd, dCas9 hph-
targeting sgRNA

WGP7r aaacCATTGATTCAGATGATTCCT

Oligo Annealing: rev, dCas9 hph-
targeting sgRNA

WGPS8f atggGGTCGATACCGCAGTTCTCC

Oligo Annealing: fwd, dCas9 gusA-
targeting sgRNA

WGPS8r aaacGGAGAACTGCGGTATCGACC

Oligo Annealing: rev, dCas9 gusA-
targeting sgRNA

WGPOf GGCTACCGTCTCGCAAGCAGCTTGTCTGTAAGCGG

fwd, amplification of pUC57-C31 for
neo-3xFLAG (BsmBl)

WGP9r GGCTACCGTCTCCAAAGGGCCTCGTGATAC

rev, amplification of pUC57-C31 for
neo-3xFLAG (BsmBl)

WGP10r | GGCTACCGTCTCCCTTGGGCCTCGTGATAC

rev, amplification of pUC57-C31 for
hph-3xFLAG (BsmBI)

WGP11f | GGCTACCGTCTCGGTCACAGCTTGTCTGTAAGCGG

fwd, amplification of pUC57-C31 for
gusA-3xFLAG (BsmBl)

WGP11r | GGCTACCGTCTCCATGTGGCCTCGTGATAC

rev, amplification of pUC57-C31 for
gusA-3xFLAG (BsmBI)

WGP12f | atggGAATAGCCTCTCCACCCAAG

Oligo Annealing: fwd, dCas9 neo-
targeting sgRNA

Table 3. A summary of all the oligomers utilised throughout the study, their sequence and a

brief description
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Name Sequence (5' - 3') Comments
WGP25 | ctggTGGAGTGCAATGTCGTGATTGAACAAGA Oligo Annealing: rev, dCas13d neo-
targeting sgRNA
ligo Annealing: 13d hph-
WGP26 | ctggGGCAACAAGGTGACACAAGAATCTCTTC Oligo Annealing: rev, dCas13d hp
targeting sgRNA
WGP27 | ctgsAAATGGAGGAAAAAACATATGCTGCGGC Oligo Annealing: fwd, dCas13d gusA-
targeting sgRNA
WGP30f | aaacGGAAGGAACCAAACAACAACAACAACAC Oligo Annealing: fwd, dCas13d
Targetless sgRNA
WGP30r | ctggGTGTTGTTGTTGTIGTTTGGTTICCTTCC Oligo Annealing: rev, dCas13d
Targetless sgRNA
WGP31 | GGTACCGTCTCCAAACCAGTCACTTGTCGTCATCGT rev, pUCS7 amp starting at neo gene
start codon (use for pKan assembly)
fwd, pUC57 amp starting after gusA
WGP32 | GGTACCGTCTCCGTTTCTTGTCTGTAAGCGGATGC gene coding (use for pKan/pHyg
assembly)
rev, pUC57 amp starting on aacC4
WGP33 | GGTACCGTCTCCTGTTCTGATGACATCAGTCGATCATAG | promoter before neo (use for
pHyg/pGus assembly)
WGP34 | GGTACCGTCTCCAACAGAAGGGGCAACAAGGTGAC fwd, pUCS7 amp starting on hph
gene start (use for pHyg assembly)
WGP35 | GGTACCGTCTCCAAACTITACTTGTCGTCATCGTCCTTG | &Y PUCS7 amp starting after hoh
gene coding (use for pHyg assembly)
rev, sequencing primer for
WGP36f | CACCACCGACTATTTGCAAC PRFSACas9 or pRFSdCas13d
plasmids
fwd, sequencing primer for
WGP36r | CTGATGCCGCATAGTTAAGC PRFSACas9 or pRFSdCas13d
plasmids
WGP38 | GGTACCGTCTCCAACAAAATGGAGGAAAAAACATATGCTG | [Vd» PUCS7 amp starting on gusA
gene start (use for pGus assembly)
WGP40f | AAMAGCTTTCTAGAGGATCCCC fwd, sequencing primer for
pRFSdCas13d plasmids
WGP41f | GAGAACATCATCCACCTGTTCAC fwd, sequencing primer for
pRFSdCas9 plasmids
rev, sequencing primer for
WGP41r | GGTTCGTGTAGACTTTCCTTG
' pRFSdCas9 plasmids
WGP43f | aaacTTGCACGACATTGCACTCCACCGCTGAT Oligo Annealing: fwd, dCas13d
aacC4 sgRNA
ligo Annealing: rev, dCas1 4
WGP43r | ctggATCAGCGGTGGAGTGCAATGTCGTGCAA ngr?m nnealing: rev, dCas13d aacC
rev, amplification of tcp830/neo
RFS876 | GGCTACCGTCTCCGAAGAACTCGTCAAGAA gBlock to assemble

pUC57C31:tcp830/neo:3xFLAG

Table 3 (continued). A summary of all the oligomers utilised throughout the study, their sequence
and a brief description
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Name Sequence (5' - 3') Comments
fwd, amplification of 3xFLAG to
RFS877 GGCTACCGTCTCGCTTCGGTGGAGGCGGTTCAGG assemble
pUC57C31:tcp830/aacC4:3xFLAG
GGCTACCGTCTCCCTTGTTGCCCCTICTCAGTCACTTGTC | &% amPplification of SXFLAG to
RFS878 GTCATCGTCCT assemble
pUC57C31:tcp830/neo:3xFLAG
RFS879 | GGCTACCGTCTCGCAAGGTGACACAAGAATCTCT fwd, amplification of hph gBlock to
assemble pUC57C31:hph:3xFLAG
rev, amplification of hph gBlock to
RFS880 GGCTACCGTCTCCCGCTCCGGGCGCTGTAT assemble pUC57C31:hph:3xFLAG
fwd, amplification of 3xFLAG to
RFS881 GGCTACCGTCTCGAGCGGGTGGAGGCGGTTCAGG
assemble pUC57C31:hph:3xFLAG
RES882 GGCTACCGTCTCCATGTTTTTTCCTCCATTTTTTTTATTTACT | rev, amplification of 3xFLAG to
TGTCGTCATCGTCCT assemble pUC57C31:hph:3xFLAG
fwd, amplification of gusA gBlock to
RF TA TCTCGACATATGCT TCGA
S883 GGCTACCGTCTCGAC GCTGCGGCCCGTCG assemble pUC57C31:gusA:3xFLAG
rev, amplification of gusA gBlock to
RFS884 TA TCT TGCTT TGCT
588 GGCTACCGTCTCCCTECTTCCCELLLTEE assemble pUC57C31:gusA:3xFLAG
fwd, amplification of 3xFLAG to
RFS885 GGCTACCGTCTCGGCAGGGTGGAGGCGGTTCAGG
assemble pUC57C31:8usA:3xFLAG
rev, amplification of 3xFLAG to
RFS886 GGCTACCGTCTCCTGACTCACTTGTCGTCATCGT
assemble pUC57C31:gusA:3xFLAG
fwd, amplification of pPRFSdCas9
RFS888 CTTIGTTGCCTCCTTAGCAGG backbone for dCas13d plasrmd
assembly (Gibson overlap with
RFS889)
fwd, amp of dCas13d gene for
CCTGCTAAGGAGGCAACAAGATGATCGAGAAGAAGAAG
RFS889 AG dCas13d plasmid assembly (Gibson
overlap with RFS888)
rev, amp of dCas13d gene for
RFS890 TTAACTATTCCCGGAGACCT dCas13d plasmid assembly (Gibson
overlap with RFS891)
RFS892 GGTGTATCCAACGGCGTCAG rev, amp of tcp830p DR gblock
AACTGGTCGGGGTTTGAAACAGAGACGTTATATTCCCCA | TWd» @mp of cat-cedb for dCas13d
RFS893 G plasmid assembly (Gibson overlap
with RFS896)
rev, amp of tcp830p DR for dCas13d
RFS896 GTTTCAAACCCCGACCAGTT plasmid assembly (Gibson overlap
with RFS893)
rev, amplification of tcp830/neo
RFS897 GGCTACCGTCTCGCTTTCCGGCCAGCCTCGCAGA gBlock to assemble
pUC57C31:tcp830/neo:3xFLAG
Oligo Annealing: fwd, dCas9
JEC62 | atggGGAAGGAACCAAACAACAAC & &

targetless sgRNA

Table 3 (continued). A summary of all the oligomers utilised throughout the study, their sequence
and a brief description
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Name Sequence (5' - 3') Comments

JECG63 aaacGTTGTTGTTTGGTTCCTTCC

Oligo Annealing: fwd, dCas9
targetless sgRNA

JECT78 atggGAGAAGCTGACCGATGAGCT

targeting sgRNA

JEC79 aaacAGCTCATCGGTCAGCTTCTC

targeting sgRNA

*Restriction sites are underlined, non-homologous sequences are in bold, lowercase text indicates an
overhang for Golden Gate cloning and jtalics indicates Gibson overlaps

Table 3 (continued). A summary of all the oligomers utilised throughout the study, their
sequence and a brief description

2.1.4 Media and Buffers

All media were autoclaved at ~120 °C for 30-60 minutes prior to use.
Luria Broth Agar media

Per litre of deionised water; 10 g tryptone (Sigma Aldrich), 5 g yeast extract (Sigma Aldrich), 5 g
NaCl (Sigma Aldrich), 5g agar (Oxoid)

SFM media

Per litre of deionised water; 20 g mannitol (Sigma Aldrich), 20 g Soya Flour (AA Baits), 20 g agar
(Oxoid), 2g MgCL; (Sigma Aldrich), 1 g CaCl,(SLS)

PBS buffer

Per litre of deionised water; 8 g NaCl (Sigma Aldrich), 1.44 g Na,HPO, (Sigma Aldrich), 0. 245 g
KH>PO,4(AnalytiChem), 0.2 g KCl (ThermoFisher). Adjusted to pH 7.4 by titrating 0.1 M HCL.

Minimal Media Agar

Per litre of deionised water, 0.5 g L-asparagine (Sigma Aldrich), 0.5 g K;HPO, (ThermoFisher), 0.2
g MgS0,-7H,0 (Sigma Aldrich), 0.01 g FeSO,-7H,0 (Fluorochem), 10 g agar (Oxoid), adjusted to
pH 7 by titrating 0.1 M HCL. Before pouring, supplement with 10 g/L glucose (Sigma Aldrich).

ISP-2 liquid media

Per litre of deionised water; 4 g yeast extract (Sigma Aldrich), 4 g dextrose (Oxoid), 10 g malt
extract (Oxoid)

Bovine serum albumin (BSA) standard solution
Per 100 pL of deionised water, 100 pg (1 pg/uL) bovine serum albumin (Sigma Aldrich)
Lysis buffer

Per litre of deionised water, 50 mM sodium phosphate buffer - 28.9 mM sodium phosphate
dibasic heptahydrate (VWR) and 21.1 mM sodium phosphate monobasic monohydrate (Acros),
0.15 M NaCl (Honeywell Fluka). Take 50 mL of buffer and add 500 mg (10 mg/mL) lysozyme from
chicken egg white (Sigma Aldrich) and one tablet of Pierce™ Protease Inhibitor Tablets, EDTA-free
(ThermoFisher).

Oligo Annealing: fwd, dCas9 aacC4-

Oligo Annealing: rev, dCas9 aacC4-




Running buffer (10X)
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Per litre of deionised water, 0.25 M Tris base (ThermoFisher), 1.92 M glycine (Sigma Aldrich), 1%
w/v SDS (10 g) (Severn Biotech). Dilute to 1X before use.

Transfer buffer (10X)

Per litre of deionised water, 0.25 M Tris base (ThermoFisher), 1.92 M glycine (Sigma Aldrich).
Before use, dilute to 1X with 100 mL 10X transfer buffer, 200 mL methanol (20%)(Sigma Aldrich)
and 700 pL dH,0, store the at 4°C and use within 1 week.

Tris buffered saline (TBS)(10X) / TBST (+ tween)

Per litre of deionised water, 0.2 M Tris base (ThermoFisher), 1.5 M NaCl (Honeywell Fluka), adjust
to pH 7.6 by titrating with 0.1 M HCL. To make 1 L of 1XTBST use 100 mL of 10X TBS, 900 mL dH,O
and 1 mL of Tween-20 (National Diagnostics), use within 2 weeks

5% Blocking solution

Per 100 mL of 1X TBST, 5g of non-fat dairy milk (50 g/L), make fresh for each use

2.1.5 Antibiotics and Additional reagents

2.1.5.1 Antibiotics

For all antibiotics, after dissolving, stock solutions were filter sterilised using a 0.22 um filter
(Starlab) and stored at -20 °C. Table 4 shows the antibiotics used.

Antibiotics Stock . Solvent Worklng. Manufacturer
Concentration Concentration
Apramycin 50 mg/mL dH,0 50 pg/mL TOKU-E
Hygromycin B 50 mg/mL dH:0O 50 pg/mL Invitrogen
Carbenicillin 100 mg/mL dH,0 100 pg/mL Formedium
100%
Chloramphenicol 25 mg/mL E(:gl-(; 25 ug/mL Formedium
Kanamycin 50 mg/mL dH.0O 40 pyg/mL Cayman Chemical Company
0.3M
Nalidixic acid 25 mg/mL NaOH 25 ug/mL Cayman Chemical Company

Table 4. Summary of Antibiotics, stock concentrations, solvents, working concentrations and
manufacturer. All of the reagents were filter sterilised (excluding chloramphenicol) using a 0.22 ym

filter (Starlab).

2.1.5.2 Additional Reagents

Stock Worki
Reagent o¢ . Solvent | Storage or mg‘ Manufacturer
Concentration Concentration
X-Gluc 250 mM dH.O -20°C 125 uM X-Gluc DIRECT
Anhydrotet Li
nhy ro(:r;)acyc ne 50 mg/mL Ethanol -20°C 50 pg/mL ThermoFisher
R
Glucose 500 g/L dH,0 oom 10 g/L Sigma Aldrich
Temp

Table 5. Summary of reagents used, stock concentrations, solvents, working concentrations and
manufacturer. All of the reagents were filter sterilised using a 0.22 pym filter (Starlab) before use.
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2.2 Methods

AlL PCR reactions utilised primers, gBlocks and spacer oligonucleotides ordered from Integrated
DNA technologies (IDT), and all enzymes, ligase buffers, polymerases, ligases and plasmid
extraction kits were acquired from New England Biolabs (NEB), unless stated otherwise.

2.2.1 Construction of the pKanHygGus and pKan, pHyg and pGus Reporter
Plasmids

The cloning strategy for generating the pKanHygGus and the pKan, pHyg and pGus reporter
plasmids is diagrammatically explained in Figure 8. Starting with PCR amplification of the 3xFLAG
tag and the three gBlocks containing each individual gene, the relevant products were isolated on
a 2% agarose gel using the QIAquick Gel Extraction Kit (QIAGEN) as per manufacturer’s
instructions, terminal BsmBI restriction sites encoded on the primers were used to generate 4 nt
overlaps for cloning. All of the Golden Gate cloning reactions were performed used a 1:1
insert:backbone ratio with 100 ng backbone (in this case, pUC57 C31) and the relevant volume
of insert, as well as 2 pyL T4 buffer, 1 yL BsmBI, 1 pyL T4 ligase up to 20 pL total with dH-0O, the
mixture was incubated for 10 cycles of 37°C for 10 minutes (for BsmBI digestion) and 16°C for 10
minutes (for ligation). The assembled plasmid was heat shocked into a 50 pL aliquot of calcium-
competent NEB® 5-a cells using 5 pL of the Golden Gate mixture (or 10 ng of plasmid); where a
20 minute incubation of the cells and plasmid on ice was followed by a 45 second heat shock at
42 °C and subsequently an hour of rejuvenation in 300 uL LB shaking at 37 °C 200 rpm before
plating onto LBA + selective marker —in this case carbenicillin. These placeholder plasmids (with
the exception of the neo plasmid) are not the same as the single gene plasmids referenced later
because they do not yet contain the aacC4 promoter to express the gene. These plasmids were
purified from 4 mL of a 10 mL overnight culture grown with carbenicillin using the Monarch®
Plasmid Miniprep kits (NEB) as per manufacturer’s instructions and the flagged gene sequences
(including the aacC4 promoter ) were amplified by PCR. BsmBI cut sites on the primers generated
the 4 nt overlaps that were used in Golden Gate cloning into the pUC57 C31 plasmid to generate
the pKanHygGus plasmid. The pKanHygGus plasmid was confirmed by sequencing by
SourceBioscience. Using the pKanHygGus plasmid as a template, keeping the RBS of each gene
intact and ensuring the aacC4 promoter remains on the backbone, primers (displayed in Figure
8) were used to amplify out the mono-cistronic pKan, pHyg and pGus reporter plasmids which
were ligated and transformed into calcium-competent NEB® 5-a where, after plasmid extraction,
they were confirmed through an Ndel restriction digest. All steps to the assembly are shown in
Figure A4-9. Cultures containing all of the reporter plasmids were stored in 20% glycerol at -80°C
for long term storage.
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Figure 8. A simplified process of the construction of the pKanHygGus plasmid as well as the
single-gene reporter plasmids. The primers used to amplify out the mono-cistronic reporter
plasmids are colour coded with the rightmost primer on the diagram used for both the pKan and
pHyg amplifications and the leftmost primer used for both pHyg and pGus amplifications.

2.2.2 Construction of the pRFSdCas13d Plasmid

pRFSdCas13d plasmid assembly is displayed in Figure 9. The pRFSdCas9 plasmid, previously
constructed by the Seipke lab, contains a ®BT1 integrase, RK2 oriT and attP integrase attachment
site for Streptomyces spp. integration, these features were maintained in the pRFSdCas13d
plasmid backbone. Amplification of the pRFSdCas9 backbone excluded the long stretch
containing the dCas9 coding region, cat-ccdB cassette and sgRNA tail respectively so that it
could be replaced with the pRFSdCas13d equivalents. A Streptomyces spp. codon optimised
dCas13d gene, a fragment encoding both the inducible tcp830 promoter and dCas13d direct
repeat, and a cat-ccdB cassette with BsmBI restriction sites were amplified using primers
exhibiting 20 nt overlaps for Gibson assembly. 100 ng of dCas9 backbone and a 1:1
backbone:insert ratio of the three fragments were mixed alongside 10 pL of Gibson Assembly®
Master Mix (NEB) up to 20 pL dH,O and incubated at 50 °C for 1 hour before heat shock
transformation into calcium-competent OneShot ccdB Survival 2T1R for safe growth in the
presence of the CcdB toxin and selected for with apramycin. Stocks were stored in 20% glycerol
at -80°C. The validity of the plasmid was confirmed SourceBioscience and by restriction digest
with Kpnl. The gels used in the assembly are shown in Figure A1-2.
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Figure 9. A simplified process of the pRFSdCas13d plasmid construction from the pRFSdCas9
backbone, a dCas13d gene fragment, a fragment containing the alc-inducible tcp830 promoter
(tcp830p) and dCas13d DR and a fragment with the cat-ccdb cassette and BsmBl restriction
sites using Gibson assembly. Also shown is the Golden Gate cloning of the sgRNA spacer which
removes the cat-ccdb counterselection cassette , downstream of the DR and promoter using
BsmBl restriction sites.

2.2.3 sgRNA Spacer Integration into the dCas9 and dCas13d Plasmids

The step to introduce an sgRNA spacer is simplified in Figure 9. The sgRNA spacer sequences
were designed as a pair of single-stranded complementary oligonucleotides (20 nt long for
pRFSdCas9 and 28 nt long for pRFSdCas13d) that contain an additional 4 nt overhang on each
end. 5 pL of 20 pM forward oligo and 5 pL of 20 pM reverse oligo were mixed in 90 pL dH,O and
heated at 95 °C for 5 minutes before ramping down to 4 °C at 0.1 °C/sec in order to anneal the
oligos. The hybridised oligonucleotides will showcase 4 nt 5' and 3' overlaps complementary to
the overlaps created during BsmBI digestion of the pRFSdCas13d plasmid for Golden Gate
assembly with the sgRNAs, where 0.5 yL of the annealed oligo mix was used in a typical reaction
(detailed above). n on a 0.8% agarose gel and the plasmid size was compared against the
unedited dCas plasmids (which is 1.4 kilobases larger)(Figure 10A). Stocks of the sgRNA-
containing plasmids were made and stored in 20% glycerol at -80°C.

2.2.4 Mobilisation of the Reporter Plasmids and dCas Plasmids into S.
albidoflavus J1074

With the vision of having S. albidoflavus J1074 strains containing the four reporter plasmids also
containing the unique targeting dCas13d and dCas9 systems along with their relevant targetless
controls, it made sense to first conjugate in the reporter plasmids and then the Cas plasmids to
reduce the number of conjugations required.
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The validated reporter plasmids were first transformed into 50 pL aliquots of calcium-competent
ET12567/pUZ8002 cells by heat shock as previously described and plated onto LBA + kanamycin
+ chloramphenicol + carbenicillin. Overnight cultures were used to makes stocks of the strains
and also 1 mL of overnight was used to inoculate a 30 mL flask of LB (with antibiotics) to begin
the conjugation process. The cells were grown up to ODge = 0.6 and subsequently harvested at
4000 x g, washed with 10 mL LB three times and resuspended in 1 mL LB where roughly ~10®
spores or ~100 uL of S. albidoflavus J1074 stock were mixed in. The mixture was further
resuspended in 300 pL LB to be plated onto SFM and incubated at 30 °C. Plates were incubated
for 16-18 hours before flooding with 1 mL H,O, 20 pL nalidixic acid and 50 pL of kanamycin,
hygromycin or X-Gluc for the relevant reporter (carbenicillin cannot effectively kill Streptomyces
spp.) and grown for a further 4 days at 30 °C. The nalidixic acid will selectively kill all of the
ET12567/pUZ8002 cells on the plate, and the additional antibiotic will kill the J1074 cells that
have not successfully integrated the reporter plasmid (or in the case of the pGus plasmid, X-Gluc
was used to select for strains producing a blue pigment).

In order to isolate single colonies from the conjugation plate, cells were streaked out onto SFM +
nalidixic acid + the relevant selective marker for 5 days thereupon the individual colonies could
be easily picked and spread onto SFM + marker for 5 days to develop a full lawn of spores. Using
a sterile cotton bud and 2 mL of 20% glycerol, the spores were harvested from the surface and
collected into a cryo-vial using wide-bore pipette tips for long term storage at -80°C.

The reporter-containing S. albidoflavus 11074 strains were utilised in another round of
conjugation (as described above) alongside ET12567/pUZ8002 cells containing the relevant
targeting and control pRFSdCas9 or pRFSdCas13d plasmids where apramycin was used as a
selective marker. So as to ascertain the concentration of the S. albidoflavus J1074 stocks hosting
both a reporter sequence and the dCas system, the stocks were serially diluted in PBS and three
sets of three 10 pL volumes were plated onto LBA plates at 10¢, 107, 108 dilutions and grown at
30 °C for 2 days. The colony forming units per mL (CFU/mL) was determined by counting and
averaging the colonies on plates where the spots showed between 5-50 colonies and then
multiplying this number by the dilution factor and volume plated (0.01 mL). From here on, when
a number of spores is referred to, it is in reference to the colony forming units present.

2.2.5 Genomic DNA Extraction and sgRNA Confirmation

Growing Streptomyces spp. in 10 mL of ISP-2 media + apramycin shaking at 200 rpm for just 24
hours at 30 °C is sufficient to yield a pellet for genomic DNA (gDNA) extraction. The cells were
pelleted at 4000 x g for 20 minutes before the pellet was resuspended in 600 pL buffer P1 and
transferred to a 2 mL Eppendorf tube before the cells are lysed using 40 pyL of 100 mg/mL
Lysozyme from chicken egg white (Sigma Aldrich). For DNA purification, 500 yL 25:24:1
Phenol:Chloroform:Isoamyl Alcohol (ThermoFisher) was added to the lysed mixture which next
was centrifuged at 16,000 x g for 10 minutes and the top layer was extracted into a new Eppendorf
tube. After 3 rounds of this purification, 2.5x volume of 100% ethanol was added to the tube and
the DNA was pelleted at 16,000 x g for 20 minutes. The pellet was washed with three rounds of
70% ethanol which was eventually removed using a pipette tip, the pellet was then left to fully air
dry in the fume hood before finally being resuspended in 100 pyL of sterile dH,O and its
concentration determined using Nanodrop2000 (ThermoFisher).

While the presence of the reporter genes could easily be determined phenotypically, the
presence of the intact sgRNA region in the final strain was also confirmed by PCR (Figure A10-11)
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2.2.6 Gene Silencing Plate Assay

The silencing assays were performed on minimal media agar supplemented with 10 g/L glucose
which is not ideal for cell growth but will highlight even subtle phenotypic changes in terms of
growth under an antibiotic or X-Gluc expression. Precise spore concentrations of were prepared
in a 96-well plate, diluting into PBS, using the CFU/mL values established previously, and 10 pL
spots containing 10°% 10* and 10° spores were dropped onto the plate and left to dry. On each
plate, the targeting dCas9 and dCas13d strains as well as their targetless controls were included.
The plates were then incubated at 30 °C for 4 days before photos were taken. To begin with an
apramycin minimum inhibitory concentration (MIC) assay was set up with 10 and 25 pg/mL of
apramycin, and alc values ranging from 5 ng/mL to 500 ng/mL to determine the ideal
concentration of alc for dCas13d activity. This alc value was carried forward into plates
containing kanamycin, hygromycin and X-Gluc to test the three-gene operon.

2.2.7 Western Blot Analysis

For liquid growth, approximately 108 spores were inoculated into 50 mL ISP-2 either uninduced or
induced with 100 ng/mL aTc and cultures were incubated at 30 °C, 200 rpm for 18 h. Mycelia were
harvested by centrifugation of all 50 mL of culture at 4000 x g for 20 mins and 100 mg of cells were
resuspended in 200 pL lysis buffer (at a minimum of 400 yL buffer used per sample). Cell
suspensions were lysed by vortex mixing in 100 mg of 0.1-mm-diamteter glass breads
(Powelyzer) for 30 min at 2000 rpm and 37 °C and subsequently centrifuged at 16, 000 x g for 20
minutes to obtain the supernatant. The protein concentration of the supernatant was determined
in a Bradford assay and a normalised 63 pg was loaded on a 12.5% acrylamide SDS-PAGE and
then transferred to a nitrocellulose membrane for Western blot analysis. The membrane was
blocked with a 5% non-fat dairy milk (NFDM) solution rocking at 50 rpm at room temperature for
an hour, probed with an HRP-conjugated DYKDDDDK (FLAG) tag monoclonal antibody (HRP-
66008)(Proteintech) where it was diluted 1:10,000, in TBST + 5% NFDM; and finally the signals
were detected with Pierce 1-Step Ultra TMB blotting solution (ThermoScientific).
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3. Results

3.1 Construction of an Integrative, Customisable RNA-targeting
dCas13d Plasmid

The design of a Streptomyces spp.-optimized dCas13d plasmid was guided by three fundamental
principles: stable integration into the host genome, a modular and easily customisable sgRNA
region, and tight inducible control over dCas13d and its associated sgRNA expression to
minimise leaky knockdown. The backbone of the pRFSdCas9 plasmid was maintained as the
backbone for the pRFSdCas13d plasmid meaning it has a high copy number pUC origin of
replication permits large plasmid yields which is useful during cloning and the reliable apramycin
resistance gene (aacC4) to provide a strong selectable marker. To facilitate integration into the
host genome, an RK2 oriT allows the plasmid to be transferred from E. coliinto the Streptomyces
strain where a ®BT1 integrase encoded on the plasmid will mediate site-specific recombination
between the attP site on the plasmid and the attB site located on the Streptomyces spp.
chromosome to stably and irreversibly integrate a single copy of the plasmid into the host
genome. A Streptomyces spp. codon-optimised nuclease-deficient RfxCas13d gene was
introduced under the control of the anhydrotetracycline(alc)-inducible tcp830 promoter
(tcp830p) to tightly control its expression. Also in the plasmid, a cat-ccdB counter-selection
cassette is flanked by two BsmBl restriction sites that produce specific 4 nt overhangs for spacer
cloning, as shown in Figure 10B, this simplified cloning strategy means that any plasmids that
haven’t taken up the sgRNA will die due to the toxin CcdB toxin. Upstream of where the spacer
will be introduced is a dCas13d-specific direct repeat (DR) region which acts a scaffold for
dCas13d binding, this sgRNA region is also held under the control of an aTc-inducible tcp830
promoter after a study investigating dCas13d activity in E. coli found expression of the sgRNA
alone was sufficient to cause a degree of knockdown due to antisense binding to the target
transcript (42). The sgRNAs for dCas13d contained an upstream DR and spacers 28 nt long, as
per RfxCas13d specifications denoted in previous papers, that targeted the start codon and
ribosome binding site (RBS) of a gene for the highest knockdown efficiency with as minimal off-
target hits elsewhere in the genome as possible (42, 45). The dCas9 sgRNAs had a downstream
sgRNA tail and spacers were 20 nt long and targeted within the first 100 nt of each operon on the
template strand for optimal transcriptional knockdown (30, 53). Construction of the
pRFSdCas13d plasmid was validated not only with a restriction digest (Figure 10A) but was
confirmed through whole plasmid sequencing by SourceBioscience.



dCas9 dCas13d
A | A 1 I A \
" "
s LRI o LIRgIL©
P O ER L ST SL
AR SIR NN LR SIE SIS
TITTTRE ST F
8.0 kb
- i
12,':8_ g . - N =X6.8 kb
2kb=" 1 —2.4kb
v
\d
1 kb = i —-1.0kb
-
=
-
-
-
tcp830p tcp830p tcp830p
B DR spacer spacer
pRFS_dCas13d_aTc_only + pPRFS_dCas9_aTc_only +
spacer spacer
RK2 oriT attP RK2 oriT attP
1 Golden Gate assembly |Golden Gate assembly

CCAG. GTTTl |

AAAC CTGG 7
GGTC CAAA |

||TTTG

1
i
i
i
i
1
i
1
H
\
™, i
1
1
i
i
1
i
1
[
1

., cat \ cat H
N
tcp830p tcp830p  “\BsmBI  promoter ipsmp| tcp830p “BsmBl promoter {BsmBl

pRFS_dCas13d_aTc_only

Rz ont attp RK2 oriT attP

Figure 10. A graphical depiction of the sgRNA cloning process. A. Agarose gel showing a
restriction digest of the various sgRNA-containing dCas9 and dCas13d plasmids. For the dCas9
plasmid, the unedited plasmid with the cat-ccdB cassette intact yields an 8021 and a 3778 bp
band and after Golden Gate cloning it shows an 8021 and 2374 bp band. The unedited dCas13d
plasmidyields a6818 and 3795 bp band and the spacer-containing versions show a 6818 bp band
and 2399 bp band. The gel used the NEB 1 kb plus ladder and a 0.8 % agarose gel. B. A cartoon
representation of the Golden Gate reaction to clone an annealed spacer sequence with 4 nt
overlaps into the complementary sites found in dCas9 and dCas13d plasmids after BsmBI
digestion. The spacer will replace the cat-ccdB counter-selection cassette.
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3.2 Initial dCas13d Testing Against an Artificial Single Gene

The functionality of dCas13d was initially assessed in Streptomyces albidoflavus J1074 by
targeting the apramycin resistance cassette encoded on the same pRFSdCas9 or pRFSdCas13d
plasmid in the presence and absence of apramycin. Glucose minimal medium agar was selected
for this experiment as a harsh condition that would presumably more effectively reveal a
phenotypic difference between silenced and unsilenced treatments. Spores for each strain were
titred and serial dilution was used to spot 10 yL containing 10°%10* and 10® spores onto agar
plates. An apramycin concentration screen was performed to identify an appropriate
concentration of apramycin for the experiment which identified apramycin 25 ug/mL as the most
appropriate (Figure 11B). Next, the concentration of alc, was optimised over a range of 0-500
ng/mL using plates containing 10 ug/mL apramycin, where the effects of alc in particular would
be more pronounced (Figure 11C). alc appeared to have a deleterious effect on growth at >250
ng/mL when paired with 10 pg/mL apramycin so subsequently, up to 100 ng/mL of alc was tested
with 25 pg/mL apramycin (Figure 11D). Silencing of the aacC4 gene using dCas9 and dCas13d
(using spacers displayed in Figure 11A) should cause cell death in the presence of apramycin and
alc while otherwise no effect should be apparent, no effect should be seen for the strains
harbouring a targetless sgRNA. At an optimum alc concentration of 100 ng/mL, dCas13d
silencing was clearly effective, showing a significant reduction in growth when compared to the
targetless control.
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Figure 11. Silencing of the artificial 7 gene in Streptomyces albidoflavus J1074. A. Adiagrammatic
explanation of the region of DNA targeted by the anti-aacC4 dCas9 sgRNA and RNA by the anti-
aacC4 dCas13d sgRNA respectively. B. Glucose minimal media agar containing up to 10, 25 and
50 pg/mL of apramycin alongside the four experimental strains and an S. albidoflavus 11074
control to determine the optimum apramycin concentration. C. aacC4 silencing assay on
glucose minimal media agar containing 10 pg/mL apramycin and up to 500 ng/mL aTc. D. aacC4
silencing on glucose minimal media containing 25 pyg/mL and up to 100 ng/mL aTc.
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3.3 dCas13d Targeting an Artificial Multi-gene Operon

Previous work showed that dCas13d could silence a fluorescent reporter in E. coli with less
impact on other operon genes compared to dCas9 (42). Motivated by this, a synthetic three-gene
operon, under the aacC4 promoter, where each gene had a unique ribosome binding site, was
designed and assembled it into what is referred to as the integrative pKanHygGus plasmid (Figure
12A). The kanamycin resistance gene (neo), hygromycin resistance gene (hph), and the gusA gene
encoding B-glucuronidase (which forms a blue precipitate in the presence of X-Gluc) were
chosen for their easily selectable phenotypes, and each was tagged at the C-terminus with a
3xFLAG epitope. Additionally, this trio was favoured due to their distinct protein sizes that could
easily be distinguished via Western Blot - with the tag included the protein sizesrange from 32.68
kDa for KanR-3xFLAG, 40.68 kDa for HygR-3xFLAG, up to 72 kDa for GusA-3xFLAG. The plasmid
backbone contains the carbR gene for selection as well as an RK2 oriT, ®C31 integrase and attP
attachment site to facilitate efficient conjugation into Streptomyces spp. The pKanHygGus
plasmid was verified by whole plasmid sequencing by SourceBioscience before it was used as a
template to construct the monocistronic reporter plasmids: pKan, pHyg and pGus (Figure 12B).
With the future goal of applying dCas13d to investigate large multi-gene operons across the
genomes of Streptomyces spp., the single-gene variants would provide a point of comparison for
knockdown efficiency for mono and tri-gene conditions. All of the conjugated Streptomyces
albidoflavus strains were confirmed phenotypically (Figure A13).

A aacC4
promoter

attP

aacC4 aacC4 aacC4
promoter promoter promoter

Figure 12. A diagrammatic representation of the tricistronic and monocistronic reporter
plasmids. All plasmids contain the same backbone with the carbR gene for selection along with
the pUC ori, RK2 oriT, ®C31 integrase and the attP attachment site for integration into
Streptomyces spp. A. The pKanHygGus plasmid contains all three of the neo, hph and gusA genes
with a unique RBS, under expression of the same aacC4 promoter. B. The single-gene variants
have just the one gene under expression of the aacC4 promoter with their RBS from the
pKanHygGus preserved. C (overleaf). Glucose minimal media control assays to determine the
ideal working concentration of kanamycin, hygromycin and X-Gluc for future induced assays.
Native S. albidoflavus J1074 without the reporter or a dCas plasmid was included as a negative
control.
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Figure 12 (continued). A diagrammatic representation of the tricistronic and monocistronic
reporter plasmids. C. Glucose minimal media control assays to determine the ideal working
concentration of kanamycin, hygromycin and X-Gluc for future induced assays. Native S.
albidoflavus J1074 without the reporter or a dCas plasmid was included as a negative control.

To first find the ideal concentration of kanamycin, hygromycin and X-Gluc for the assay, using the
targetless sgRNA strains as a control varying concentrations were tested in the glucose minimal
media agar setting (seen in Figure 12C). The results showed that kanamycin had a much stronger
effect on the cells than anticipated and as such for neo silencing assays, 10 yg/mL using spore
spots of 10° 10* 10° were settled on, hygromycin on the other hand displayed a low bactericidal
effect so after further testing, 100 pg/mL and lower spore densities of 10* 10® 10> were chosen
for hph knockdown, finally 125 uM X-Gluc and 10° 10* 10° spore concentrations would be used
for gusA testing. For each of the assays a wildtype S. albidoflavus J1074 stock was used as a
negative control and confirmed the efficiency of kanamycin/hygromycin killing and X-Gluc
expression. In order to confirm that the dCas9 and dCas13d systems could successfully knock
down the three flagged genes, a glucose minimal media assay was performed in the presence of
kanamycin, hygromycin or X-Gluc to the previously stated concentrations. In the case of neo and
hph knockdown, the plates should show reduced growth when the systems are induced in the
presence of kanamycin and hygromycin respectively while for gusA, should manifest as a
reduction in blue colouration. As seen in Figure 13, 100 ng/mL aTc was supplemented into the
glucose minimal media as well as kanamycin, hygromycin and X-Gluc however the silencing was
not very pronounced. An argument could be made for the anti-neo dCas13d and anti-gusA dCas9
strains showing a visible change, but the majority showed no significant changes when
comparing the uninduced plates to the induced. Optimisations with different concentrations
were attempted however no significant silencing results were produced in regard to the tri-
cistronic operon plate assay (Figure A15-17).
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Figure 13. Attempted silencing of the neo, hph and gusA genes in both the tricistronic and
monocistronic operons hosted in Streptomyces albidoflavus 11074 on glucose minimal media
agar. 100 nM aTc was used for the induced plates. Native J1074 is present as a negative control
across all plates A. Attempted silencing of neo gene in the pKanHygGus and pKan strains in the
presence of 10 pg/mL kanamycin B. Attempting silencing of the hph gene in the pKanHygGus and
pHyg strains in the presence of 100 pg/mL hygromycin. C. Attempted silencing of the gusA gene
in the pKanHygGus and pGus strains in the presence of 125 pM X-Gluc. '
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Western Blot of the S. albidoflavus J1074 strains harbouring the pKanHygGus plasmid and gene-
targeting sgRNAs was performed. Cultures were grown in 50 mL of nutrient-rich ISP-2 media for
18 hours in the presence or absence of 100 ng/mL aTc. This growth period was selected based on
prior observations of the lab group that cells in these conditions typically reached the end of the
exponential growth phase after ~24 hours and overgrowth may impact the inducers effect. 63 g
of each protein extract per sample was first run on an SDS-PAGE (Figure 14A) and then transferred
to a nitrocellulose membrane.

Looking at the Western Blot seen in Figure 14B, the only protein visible on the membrane was the
GusA-3xFLAG protein that is 72 kDa in size, the 40.68 kDa HygR-3xFLAG and 32.68 kDa KanR-
3xFLAG were not present in the locations shown in the “Expected bands” lane. Focussing solely
on the GusA protein bands, they are much less abundant for the induced anti-neo and anti-hph
strains which could suggest a downstream silencing effect and are barely present at all for the
anti-gusA lanes, but as seen in the gel, the overall levels of protein does not appear to be reliable
and even the uninduced anti-gusA cultures have little to no protein present on the membrane.
This method offers provide a relatively straightforward, easily interpretable technique to directly
monitor the level of protein expression and silencing as opposed to using an indirect assay (e.g.
fluorescent proteins) however the results do not reflect this.
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Figure 14. SDS-PAGE and Western Blot to track protein expression of the KanR, HygR and GusA
proteins across uninduced and induced cultures containing anti-neo, anti-hph and anti-gusA
dCas9 and dCas13d strains grown in ISP-2 for 18 hours. A. 12.5% acrylamide SDS-PAGE
containing 63 pg of protein per lane (calculated in a Bradford assay) with Precision Plus Protein
Dual Color Standard (BioRad) as the ladder. B. A nitrocellulose membrane 63 pg of protein per
lane using Precision Plus Protein Dual Color Standard (BioRad) ladder.



41

Overall, this study took the first steps to establishing dCas13d as a potential component in the
Streptomyces spp. functional genomics toolbox, constructing the first dCas13d plasmid
optimised for integration and activity in Streptomyces spp. and proving that dCas13d can silence
a gene to impact fitness in S. albidoflavus J1074, however the more ambitious, artificial three-
gene operon studies were not as conclusive.

4. Discussion

As antimicrobial resistance poses an escalating global health crisis and closes in on the limited
arsenal of antibiotics, so too rises the demand for novel antimicrobial agents with unique
mechanisms of action. Recent advances in genome sequencing has provided us with the
opportunity to revisit the microbial taxa that once served as prolific sources of antimicrobials with
a new foundation of understanding. In order to fully unlock this potential, the development of
robust functional genomics tools to first strengthen our understanding of these organisms is a
necessary step to streamline the discovery of new bioactive compounds and in turn accelerate
the pipeline for next-generation antibiotics.

4.1 Evaluation of Experimental Procedure

The exciting potential dCas13d combined with the reputation for secondary metabolite
production of the Streptomyces genus is what inspired us to undertake this project. Existing high-
throughput bacterial functional genomics tools such as CRISPRi-seq show limitations in its
ability to study gene function as it is limited to operon level knockdown and Tn-seq lacks the
targetability, titratability and reliability to be a standalone tool, this project takes the first steps in
building up dCas13d for application in Streptomyces spp. to fill in these gaps.

This study confidently achieved the simplest and yet most important goal of the project, which
was to show that a codon-optimised dCas13d can silence a gene at the translational level in
Streptomyces albidoflavus J1074. The first Streptomyces spp.-compatible dCas13d plasmid was
constructed and showed its ability to cause lethal silencing by knocking down the apramycin
resistance gene in the presence of apramycin. The next objective was to characterise the most
compelling draw of dCas13d; can it knockdown individual genes with a reduced impact on the
downstream genes present within an operon? For this, an artificial three-gene operon in the form
of the pKanHygGus plasmid was constructed with tagged genes to permit direct quantitative
study of silencing on a Western Blot. The pKanHygGus plasmid alongside three single-gene
variants (pKan, pHyg, pGus) were integrated into S. albidoflavus J1074 alongside dCas9 or
dCas13d. However, the study failed to achieve confident silencing of the tricistronic operon
genes with both dCas9 and dCas13d in both plate assays and a quantitative Western Blot which
halted any further study.

To substantiate plasmid design, sgRNA engineering and the factors utilised in the assays - many
factors were considered.

It stands to reason that dCas13d and dCas9 without the sgRNA present should not impact the
host at all (such was shown for dCas13d by (42)) so why hold expression under control of an
inducible promoter? The Cas protein is the strongest factor involved in knocking down a gene, so
controlling the level of Cas protein would allow us to control the level of silencing, which is an
important factor for future applications to study essential genes where total knockdown would
be lethal. For dCas9, the DNA-targeting sgRNA poses no risk however for dCas13d, the
complementary ssRNA spacer of the sgRNA can act as a form of antisense RNA knockdown and
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has been shown to impact gene expression, for this reason, in the pRFSdCas13d plasmid, the
sgRNA is also under control of an inducible promoter to prevent leaky knockdown (42). An
anhydrotetracycline-inducible system involving a tetR resistance gene and tcp830 promoter was
chosen as it is the standard for dCas9 and dCas13d experiments, offering tight control and low
leakiness, it was also readily available to us from previous work by the Seipke lab with CRISPRI-
seq (26).

The sgRNAs were designed based on the optimum variables validated in previous studies (Figure
A14). For dCas9 sgRNAs, 20 nt spacers were engineered to target the template within the first
100 nt of the start codon where the orientation and PAM presence (a “CGG” PAM was used for
every sgRNA as it was the most abundant in the high G/C genome) was confirmed by CRISPy-web
(30, 54). For dCas13d, a 28 nt spacers targeting the ribosome binding site and start codon were
designed (42). One sgRNA was used per gene simply to streamline the experiments and in the
design it was ensured that no major off-targets were present by running each sgRNA through the
NCBI Nucleotide BLAST software against the S. albidoflavus J1074 genome (55). Experimentally,
the integration of each spacer was confirmed via restriction digest (seen in Figure 10A) and later
on the presence of the Cas plasmids in S. albidoflavus J1074 was not only verified phenotypically
through apramycin resistance but also by PCR of genomic DNA (Figure A10 and Figure A11).

The pKanHygGus plasmid was confirmed not only by a restriction digest (Figure A7) but
sequenced by SourceBioscience, the monocistronic plasmids (pKan, pHyg, pGus) used this
validated pKanHygGus plasmid as a template during construction and were confirmed by a
restriction digest (Figure A9). Each gene was proven to be active during phenotypic selection
(Figure A13). Despite this, the powerful growth inhibition under kanamycin and substandard
effects of hygromycin made perfecting each assay rather difficult so perhaps utilising a
redesigned three-gene operon with different genes, maintaining the different protein sizes for
Western Blot study, may yield more satisfactory results in future experiments.

Experiments by Adler et al, 2025 demonstrate that flexibility in the concentration of alc is needed
for each inhibition study, balancing background toxicity of the inducer while ensuring a strong
level of target inhibition, during their phage inhibition experiments they ranged from 10 ng/mL alc
to 100 ng/mL of anhydrotetracycline (56). Meanwhile Cardiff et al, 2024 found that dCas13d
activity improved up to 200 ng/mL aTc in E. coliwhen supressing a fluorescent reporter (42). With
that said, the results in Figure 11C or Figure 12A show that there is clearly a deleterious effect of
alc on the targetless-sgRNA strains at concentrations above 100 ng/mL aTc; for future functional
genomics applications, using a toxic concentration of aTc would be detrimental to the point of the
experiments which is to investigate gene fitness so the experiments didn’t cross this threshold.
However, it is still worth taking into consideration that, while dCas9 only has to modulate the
single integrated operon in the host genome at one stable site, dCas13d has to target all of the
mMRNA transcripts produced by said operon, so the level of induction may have to be tailored to
the level of gene expression as notto over silence or under silence. After many repeats attempting
to optimise the concentrations (Figure A15-17), it stands to reason that the alc concentration was
not at fault.

On the whole, with every step of the process validated along the way, one explanation is that the
sgRNAs were ineffective. Perhaps the dCas13d sgRNAs needed to be planted more centrally on
the RBS to act with higher efficiency, however due to the tight packing of the genes within the
artificial operon, the sgRNAs were designhed as such to reduce the risk of occluding the upstream
coding region and stop codon. Regardless, it would be interesting to see whether a different set
of sgRNAs would have a more pronounced silencing effect. Alternatively, suboptimal knockdown
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by the Cas proteins could result in partial expression of the genes where even a low level of
protein is sufficient to provide resistance or blue colouration, this may have an especially strong
impact depending on the half-life of each protein.

Quantitative Westen Blotting would offer a method to quantitatively monitor protein expression
based on the band intensity that would give a direct reading as to the effects of silencing and
allow a direct comparison of the protein expression of induced and uninduced samples on the
same membrane. Due to time constraints however there was not much time to optimise this
protocol. A controlled 108 spores were inoculated in nutrient-rich ISP-2 for 18 hours induced with
100 ng/mL of alc, which was proven to be an effective induction concentration while not
drastically impacting growth. This growth time was chosen as previous work by the Seipke lab
group found that, with these settings, cell growth peaked at around 24 hours, and overgrowing the
cells may diminish the impact of aTc. In hindsight, the cells should have been incubated for longer
as the protein yields were not significant enough to run 100 pg of protein on each lane and the
level of protein between each sample fluctuated greatly (Figure 14A). It could also be said that in
a more nutrient-rich growth medium, a higher concentration of alc could possibly be utilised
which may permit a wider distinction between induced and uninduced samples.

4.2 The Future of dCas13d in Streptomyces spp.

We proved that dCas13d could silence a gene and influence fitness with efficiency comparable
to the well-established dCas9 system in S. albidoflavus J1074, a host chosen for a few key
reasons. Namely, the fact that it is a phylogenetically more ancient strain relative to its genus,
which makes it an ideal host to extrapolate dCas13d functionality to other Streptomyces species
(57). Also, among the Streptomyces genus, it is relatively fast growing and has a more minimised
genome with less secondary metabolite clusters, it also does not have any products that would
intrude on using gusA as a reporter (whereas the common pigmented products of other strains
would make interpreting the GusA colouration assay more difficult). With that said, a smaller
future goal will be to confirm dCas13d functionality in some other the other most common model
strains such as S. coelicolor.

The ability to target RNA and silence translation is what makes dCas13d such a compelling tool
to add to the functional genomics toolkit, avoiding complex regulatory pathways and offering the
potential to knock down genes with reduced polar effects - wherein silencing one individual gene
willimpact the other genes in the operon. Initial experiments using fluorescent reportersin E. coli
showed that dCas13d could silence genes with reduced polar effects compared to dCas9 but
still encounters some polar effects particularly on downstream genes due to translational
coupling (42). Translational coupling is yet to be fully understood but it is predicted to arise due
to a combination of different mechanisms, perhaps the idea that ribosomes reaching the stop
codon of an upstream gene will remain loosely bound and re-initiate at the nearby downstream
RBS or if not, they may disassemble locally to be in a high concentration to quickly reassemble
and bind the downstream RBS (58). Additionally, it has been suggested that translation of an
upstream gene can unfold inhibitory secondary structures in the downstream transcript region
that may block initiation (58). The distance between the stop codon of the upstream gene and
start codon of the downstream gene is proportional to the level of coupling, with the most
efficient coupling occurring with -4 to +3 nt spacing and then as spacing is increased to ~+40 nt
the coupling is reduced by up to 10-fold (58). Cardiff et al, 2024 found that inhibiting translation
of an upstream gene using dCas13d had a significant impact on the expression of the
downstream gene on the same transcript while the inverse showed a much lower impact on
upstream genes when knocking down a downstream gene (42). In Streptomyces spp., a genus
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synonymous for having dense gene clusters and for having a high G/C genome capable of forming
stable RNA secondary structures, the presence of translational coupling may pose a constraint
to dCas13d application. Therefore, future experiments should centre around dissecting the
efficacy of dCas13d knockdown in the face of translational coupling, this could be by testing
activity against more complex operons such as the artificial three-gene operon pitched in this
study or instead focusing on a smaller gene clusters found natively in Streptomyces spp.

Bacterial RNA knockdown can also be performed with antisense RNA (asRNA), short sequences
complementary to a target region that will form an RNA double helix with the transcript to disrupt
the translation machinery. However, asRNA suffers from challenges including degradation by
host nucleases, low binding stability, inconsistent inhibition and the fact that more complex
enhanced asRNAs need to be synthesised extracellularly and delivered to the host, which can be
particularly difficult depending on the host (59). dCas13d offers a targetable, titratable and
efficient method of RNA knockdown that is easy to set up by simply swapping a new spacer into
a plasmid, in fact, it has already been applied to high-throughput techniques, as seen in the
application of phage-wide CRISPRi-artin 2025 (56). How well dCas13d will translate into bacteria
and specifically, Streptomyces spp., is a question yet to be entirely answered but even if not as a
stand-alone tool, it has already shown potential to pair with other functional genomics tools. An
example of this is the pairing of dCas13d translational knockdown with CRISPR activation
(CRISPRa) - wherein a nuclease-deficient Cas9 protein fused to a transcriptional activator will
increase the downstream expression of an operon and dCas13d will knockdown an individual
gene within the operon (42). The heightened expression of the operon means that when dCas13d
knocks down its target gene, it will have a proportionally lower impact on the other genes within
the operon while still effectively silencing the target gene (42). As a relative new tool discovered
less than a decade ago, dCas13d must be characterised in greater detail before its capabilities
are realised and it earns its place in the functional genomics toolkit.

5. Conclusion

In this thesis, dCas13d was proven capable of translational silencing in the complex,
multicellular bacteria Streptomyces albidoflavus J1074, part of a genus renowned for being
prolific antibiotic producers. However, future work needs to be done to better investigate the
application of dCas13d against multi-gene operons, where it has the potential to silence
individual genes with lower polar effects than the existing CRISPRi method but barriers such as
translational coupling stand in its way. Taken together, dCas13d may have a strong role to play in
the Streptomyces spp. functional genomics toolkit but we need to advance our understanding
first.
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6. Appendix

Block 0 Block 1 Block 2 Block 3
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& f \L\ @' o Figure A1. Agarose gel showing
§ S & S§ oz’k amplification of the components used to
[0} N N N N ..

v 9 Q @ @ assemble the pRFSdCas13d plasmidin a

Golden Gate reaction, including the

6kb = = 6.0kb pRFSdCas9 backbone (6014 bp), the
4kb = dCas13d coding gene (2904 bp), the
3kb = = 2.9kb dCas13d direct repeat sequence (265
2kb = bp) and the sequence containing the cat-
1.6, kb= = 1.6kb ccdB cassette (1598 bp). The gel used
the NEB 1 kb plus ladder and a 1%
agarose gel.
0.2kb = —0.27 kb

cat cat
tcp830p tcp830p  BsmBlI promoter BsmBI tcp830p BsmBI promoter BsmBI
DF RNA tai

Figure A2. Agarose gel showing the
restriction digestion of the pRFSdCas13d
(vielding a 7642 bp and 2971 bp band) and
pRFSdCas9 (yielding a 7625 and a 4174 bp
band) plasmids using Kpnl. The gel used the
NEB 1 kb plus ladder and a 0.8 % agarose gel.
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tcp830p tcp830p tcp830p

DR spacer spacer sgRNA tail

pRFS_dCas13d_aTc_only + pRFS_dCas9_aTc_only +

spacer spacer

aacC4 3X 3x ax

promoter FLAG FLAG FLAG

e ) o | e |

2000 bp =
1200 bp = =1274 bp
1000 kb = =1026 bp
200 kb = _1690p

= 1620p

100 kb = "\ 148p

Figure A3. Agarose gel showing
amplifications of the sgRNA-
containing plasmids using the
specific spacer as a primer
binding site to confirm the
correct spacer is present for
each strain. dCas9 strains show
a band of 4729 bp and dCas13d
strains show a band of 4333 bp.
The gel used the NEB 1 kb plus
ladder and a 0.8 % agarose gel.

Figure A4. Agarose gel showing the
amplification of neo (1274 bp), hph

(1026 bp) and gusA (1839 bp)
gblocks and the specific 3xFLAG
sequences that will be ligated to

the neo (162 bp), hph(169 bp) and

gusA gene (148 bp). The gel used

the NEB 1 kb plus ladder and a 2%

agarose gel.



50

attP

RK2 oriT

Figure A6. Agarose gel showing the
amplification of the pUC57-C31 backbone.
All of which are 4.7 kb long and the only
difference is a 4 nt overhang encoded on
each primer for Golden Gate assembly with
the neo + FLAG, hph + FLAG or gusA + FLAG
amplicons. The gel used the NEB 1 kb plus
ladder and a 0.8% agarose gel.

aacC4 3X 3X 3X
promoter FLAG FLAG FLAG

Figure A5. Agarose gel showing the
amplification of neo-3xFLAG (1380
bp), hph-3xFLAG (1139 bp) and gusA-
3xFLAG (1931 bp) from their
respective placeholder pUC57-C31
plasmid. The gel used the NEB 1 kb
plus ladder and a 1.5% agarose gel.
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aacC4
promoter

=2.1kb

= 0.85kb

10kb = ,
8 kb = _7.0kb
6 kb = — 6.0 kb
Skb= = 5.1kb

1.2 kb=

=1.16 kb
1kb=

Figure A7. Agarose gel showing a restriction
digest of the Golden Gate assembled
pKanHygGus plasmid with the three reporter
genes all tagged with a 3xFLAG and under
expression of the aacC4 promoter. The digest
with Ndel enzyme yielded a 6130 bp, a 2052 bp
and an 879 bp band. The gel used the NEB 1 kb
plus ladder and a 1% agarose gel.

Figure A8. Agarose gel showing amplifications of
the KHG plasmid to produce the monocistronic
reporter plasmids. The pKan plasmid could be
amplified using only one set of primers (6013
bp), as could the pGus plasmid (7035 bp) but for
the pHyg plasmid, amp 1 contains the
backbone (5087 bp) and amp 2 contains the
hph-3xFLAG region (1157 bp) which were ligated
together. The gel used the NEB 1 kb plus ladder
and a 0.8% agarose gel.
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aacC4 aacC4 aacC4
promoter promoter promoter

Figure A9. Agarose gel showing an Ndel
restriction digest of the pKan, pHyg and
pGus monocistronic reporter plasmids.
The digest yielded a 5985 bp band for
pKan, a 5207 and 981 bp band for pHyg,
and a 4955 bp and 2052 bp band for
pGus. The gel used the NEB 1 kb plus
ladder and a 1 % agarose gel.

J1074 pKanHygGus Strains

Figure A10. Agarose gel showing an
amplification of J1074 pKanHygGus
strains each containing a unique
sgRNA. The dCas9 amplifications
yield a 192 bp band and the dCas13d
amplifications yield a 143 bp band.
The gel used the NEB 1 kb plus
ladder and a 1.5 % agarose gel.

_,192bp

200 bp =
"N143 bp
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J1074 pKan J1074 pHyg J1074 pGus
dc?sg dCa§13d dngsQ dCa_s13d dCas9 dCas13d
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Figure A11. Agarose gels showing an amplification of J1074 pKan, pHyg and pGus strains each containing a
unique sgRNA. The dCas9 amplifications yield a 528 bp band and the dCas13d amplifications yield a 365
bp band. Each gel used the NEB 1 kb plus ladder and a 1.5 % agarose gel.

Apral0 Apra25 Apra25
alc25 arco arc25
104 103 105 104 108 10° 104

a2

Apral0

10°

Targetless

bpsA1-targeting

Figure A12. Using strains from (32). Confirmation of CRISPRIi silencing in S. albidoflavus J1074. A.
dCas9 silencing of the apramycin resistance gene (aacC4) to investigate the ability of dCas9 to affect
fitness. The off-target sgRNA targets the ®BT1 integrase and the targetless sgRNA doesn’t hit
anywhere in the genome. Performed on glucose minimal media agar. B. CRISPRI silencing of the

indigoidine synthetase gene (bpsA7) on ISP-2 media.
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Figure A13. Phenotypic confirmation of every S. albidoflavus J1074 strain containing pKanHygGus,
pKan, pHyg and pGus and dCas9 or dCas13d plasmid using the relevant selective marker.
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Figure A14. A diagrammatic representation of where the anti-neo, anti-hph and anti-gusA
sgRNAs for dCas9 and dCas13d bound on the target gene.
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Figure A15. Glucose minimal media assays investigating knockdown of the neo gene. Plates vary
between hosting 10%-102 spores per dot. S. albidoflavus J1074 serves as a negative control.
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Figure A16. Glucose minimal media assays investigating knockdown of the hph gene. Plates vary
between hosting 10°-10% spores per dot. S. albidoflavus 11074 serves as a negative control.
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Figure A17. Glucose minimal media assay using 200 ng/mL of aTc inducer.
A. Knockdown of hph B. Knockdown of gusA



