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Abstract

The microbiome profoundly influences many traits in medically relevant vectors such as mosquitoes, and a greater functional 
understanding of host–microbe interactions may be exploited for novel microbial-based approaches to control mosquito-borne 
disease. Here, we characterized two novel clustered regularly interspaced short palindromic repeats (CRISPR)/Cas systems in 
Serratia sp. Ag1, which was isolated from the gut of an Anopheles gambiae mosquito. Two distinct CRISPR/Cas systems were 
identified in Serratia Ag1, CRISPR1 and CRISPR2. Based on cas gene composition, CRISPR1 is classified as a type I-E CRISPR/
Cas system and has a single array, CRISPR1. CRISPR2 is a type I-F system with two arrays, CRISPR2.1 and CRISPR2.2. RT-PCR 
analyses show that all cas genes from both systems are expressed during logarithmic growth in culture media. The direct 
repeat sequences of CRISPRs 2.1 and 2.2 are identical and found in the arrays of other Serratia spp., including S. marcescens 
and S. fonticola, whereas CRISPR1 is not. We searched for potential spacer targets and revealed an interesting difference 
between the two systems: only 9 % of CRISPR1 (type I-E) targets are in phage sequences and 91 % are in plasmid sequences. 
Conversely, ~66 % of CRISPR2 (type I-F) targets are found within phage genomes. Our results highlight the presence of CRISPR 
loci in gut-associated bacteria of mosquitoes and indicate interplay between symbionts and invasive mobile genetic elements 
over evolutionary time.

DATA SUMMARY
All the methods and data required for the reproduction of this work have been provided here. The accession numbers for the 
genomes of the bacterial isolates used in this study are JQEI00000000 (Serratia sp. Ag1) and JQEJ00000000 (Serratia sp. Ag2). 
No supporting external data were generated for this work.

INTRODUCTION
Host-associated microbes play a crucial role in the physiology, diseases and immunity of their host. In mosquitoes, gut-associated 
microbes profoundly affect their host and these altered phenotypes influence vectoral capacity and vector competence [1–6]. 
Bacteria are abundant constituents of the gut microbiome of mosquitoes [7–10], but metagenomic studies have also found 
bacteriophage associated with these vectors [8–12], and it would be reasonable to expect interplay between these microbes, given 
their co-occurrence. While microbe–microbe interactions within the gut alter bacterial community structure and colonization 
[13, 14], less is known regarding the interactions between bacterial communities and bacteriophage, although signatures of these 
encounters can be inferred from bacterial genomes.

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas systems are present in approximately 45 % of sequenced 
bacterial genomes, and 90 % of archaeal genomes [15]. In their canonical function, they act as a small RNA-driven adaptive 
immune system that provides defence against exogenous nucleic acids, namely bacteriophage and plasmids [16, 17]. CRISPR/
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Cas systems have two components, a suite of cas genes and a CRISPR array [18]. The latter comprise direct repeat sequences 
ranging from 21 to 48 nucleotides in length that separate highly variable spacer sequences of similar lengths [19]. Spacers are 
commonly derived from foreign nucleic acids and are added in a polar manner to the CRISPR array, with the newest spacers 
being found closest to the leader sequence, which is directly upstream of the first repeat containing regulatory elements necessary 
for adaptation.

CRISPR immunity takes place in three distinct steps. First, new spacers are acquired and added to the array as the prokaryote 
adapts to a new invader [16, 20, 21]. Second, the array is transcribed, and the resulting transcript processed to produce mature 
CRISPR RNAs (crRNAs) [21, 22]. Third, the crRNA guides an endonuclease to its complementary target nucleic acid, thereby 
resulting in degradation, or interference, of the target [17, 21]. Various cas gene products are required for each of these steps.

CRISPR/Cas systems can be separated into two distinct classes and into further subtypes, depending on the complement and 
organization of cas genes [23]. Class 1, type I systems are defined by the inclusion of Cas3 as the effector endonuclease responsible 
for cleaving target DNAs. Within type I, there are seven subtypes, I-A–I-G [24–26]. Subtypes I-E (e.g. found in Escherichia coli 
and Salmonella enterica) and I-F (e.g. found in Yersinia pseudotuberculosis and Pectobacterium atrosepticum) differ slightly from 
each other. Type I-E has a distinct Cas2 protein, whereas in type I-F, Cas2 and Cas3 form a chimeric protein. Further, type I-F 
systems also lack Cas11, which forms part of the type I-E effector complex [22, 27]. In the family Enterobacteriaceae, CRISPR/
Cas systems belong almost exclusively to either type I-E or type I-F [22, 27].

In addition to their well-characterized role in prokaryote adaptive immunity, alternative functions have also been attributed 
to some CRISPR/Cas systems [20]. These include roles in biofilm formation, host avoidance and symbiosis, and highlight the 
important biological roles of these systems in pathogenic bacteria, as well as other bacterial species [20, 28]. Given this, and 
the recent explosion in genome editing capabilities of cas genes, there is a drive to discover new CRISPR/Cas systems in a wide 
array of prokaryote genomes. CRISPR/Cas systems in host-associated microbiomes have mainly been examined in the context 
of human and plant microbiomes [29–32], while investigations in invertebrates are lacking. Studies focused on bacteria that play 
integral roles in the human microbiome have revealed important roles for CRISPR/Cas in viral resistance and mitigation of foreign 
genetic material [32–35]. Although CRISPR/Cas technology has been applied for genome editing of mosquito vector hosts and 
their microbiomes [36–38], characterizing native CRISPR loci in the gut bacteria of mosquitoes has not been attempted so far.

To determine interactions between the gut-associated bacteria of mosquitoes and bacteriophage over evolutionary time, we 
examined the genomic signature of CRISPR/Cas systems in Ag1, a Serratia strain previously isolated from Anopheles gambiae 
mosquitoes [39]. We found that Ag1 harbours two type I CRISPR systems and further classification revealed that they belong to 
subtypes I-E and I-F. We also examined the origins of the spacer region, thereby identifying past infections of the bacterial host, 
and characterized the expression of the cas genes. Our results indicate the presence of CRISPR/Cas systems in symbiotic bacteria 
associated within invertebrates and highlight the complexity of microbial interactions within the mosquito gut.

METHODS
Culturing and nucleic acid isolation
The origins of the bacterial isolates Serratia sp. Ag1 and Serratia sp. Ag2 [JQEI00000000 (Serratia sp. Ag1) and JQEJ00000000 
(Serratia sp. Ag2)] used in this study were described previously [39]. Total genomic DNA was isolated from overnight cultures 
of Ag1 and Ag2 using the Genome Wizard kit (Promega, WI, USA) and following the manufacturer’s protocol. DNA pellets 
were resuspended in 200 µl of molecular grade water and stored at −20 °C. Bacterial strains were cultured in LB broth to log 
phase and to stationary phase and total RNA was isolated using TRIzol (Life Technologies, CA, USA) and resuspended in 20 µl 
molecular-grade water. RNA was treated with 1-unit DNase (Life Technologies, CA, USA) and reisolated with TRIzol. Pellets 
were resuspended in 20 µl molecular grade water and stored at −20 °C.

RT-PCR expression analyses
A total of 100 ng total RNA was used to generate cDNA in a 20 µl reaction using a qScript mastermix (QuantaBio, MA, USA) that 
contained random hexamers. Reverse transcription was performed in a PCR machine with the following parameters: 22 °C for 
5 min, 42 °C for 30 min, 85 °C for 5 min and 4 °C hold. For a non-RT control, reactions were set up in duplicate but without RT 
enzyme. The cDNAs were diluted 1 : 10 and 2 µl of each was used for subsequent PCR reactions with one unit of Taq polymerase 
(New England Biolabs, MA USA), 200 uM dNTPs (New England Biolabs, MA, USA) and 1× standard Taq polymerase buffer in 
a 25 µl reaction. The primers used for RT-PCR analysis of cas genes are listed in Table 1. Following initial denaturation for 3 min 
at 95 °C, the PCR conditions were as follows: 20 cycles (16S control PCR) or 25 cycles (cas genes) of 95 °C for 30 s, annealing at 
57 °C for 30 s and an extension at 72 °C for 30 s. A total of 5 µl of the PCR reaction was imaged by gel electrophoresis. The RT-PCR 
experiments were run independently twice (different bacterial cultures), and on one of these, the PCR step was performed twice on 
the same cDNA. The gel (Fig. 4) is from one of the independent experiments. Densitometry was not performed as the difference 
between the log and stationary phases was clear.
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Table 1. Primers used in this study

Marker Orientation Primer sequence (5′–3′) Annealing temp. (°C)

Type I-E cas3 Forward GCTAATCTCACGATGCAACTGC 58

Reverse CATATAAGGCCGCCTCGGT 58

cse1 Forward TGGTAATGTATCCAACGCTGGG 58

Reverse ATGCCGTTATCCGCCAACAG 58

cse2 Forward CAAGTTCTCTAGAGCCGAACGA 58

Reverse CCATTGTGGGGTTGTCTGCT 58

cas6e Forward AATTTCAAGACAAGATTGGCCAACA 58

Reverse GCCCTTGCCAATACCATGTTTAAAG 58

cas7 Forward GCCGCCATGTTAACCAATGAG 58

Reverse CCATCGCCTCACCACATTGAG 58

cas5 Forward ATGGCTGGCGCAAATGAATG 58

Reverse CCACCATCTGAAAGTCACGCA 58

cas1 Forward GGAATGGAAGGTAATCGTGTTCGT 58

Reverse TTGGTCAGATCACTCAGCTGAAAT 58

cas2 Forward AAATGACTTACCACCTGCTGTTC 58

Reverse CTCTGTCGGAGAATATTGCATCAAG 58

CRISPR1_sp1 Forward TTTCTGCCTCCGCGCCAT 60

CRISPR1_sp3 Forward TTCTGTGGTCGTCGTCAGTACO 60

CRISPR1_sp7 Forward TTCTCTTAGGGTGCCTGCGC 60

CRISPR1_sp1_rev Forward AAGACTCTGCCGGTAGCGG 60

CRISPR1_sp3_rev Forward GGAAGACGTTTCAGAATATGCGGTA 60

Type I-F cas1 Forward ATTGCCGCATTCTGGTTAACG 58

Reverse CAGCATCACTGCCGTGGTATT 58

cas3 Forward GCTCTACAACGGTGCAGGAT 58

Reverse TCTTGCCACTTTTCCGTCGC 58

csy1 Forward CAGATCAGCCTGGTGACTCAC 58

Reverse TTCAACGCCAATGTGGAGAGATAG 58

csy2 Forward ATTTCTGGCGGTGAAGCAGG 58

Reverse CCTGTAGCCCGTTAATCGTCC 58

csy3 Forward CGACGCCGTCTACCTGTAAT 58

Reverse GCAATATTGGTGGCATAACGCC 58

cas6f Forward CGTTTGAACAAATACCGGATACCCA 58

Reverse AATTCACCATGCTGAATATAAATTCGCATO 58

CRISPR2_sp1 Forward AAAGCAGCTGAAGCGTTGAAGC 60

CRISPR2_sp4 Forward ATGCGTCGGGTGAGCAACC 60

CRISPR2_sp8 Forward AAGCCATGGAACGTGCGGG 60

CRISPR2_sp1_rev Forward AACGCTGGCCATCAGCTTCA 60

CRISPR2_sp4_rev Forward ACAAACGCAGCAAAGAGGTTGC 60
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Identification of CRISPR loci, phylogenetic analyses and spacer identification
The assembled Ag1 genome was analysed using CRISPR-Finder [40] to identify both the CRISPR arrays and the cas genes. We 
used the default setting to analyse the Ag1 genome to identify the CRISPR array and cas genes. Spacers were extracted from the 
arrays and analysed using an Excel-based macro [41]. CRISPR Target [42] was used to identify putative spacer matches. Here, we 
used default parameters for the initial blast screen and target database. For initial output display parameters, we used a default 
score cut-off of 20, 26/32 base pairs. We considered matches to be 24/32 or 24/33 nucleotides for the type I-E and I-F spacers, 
respectively. For phylogenetic analyses, the coding sequences of both cas3 genes were translated and blast was used to find the 
top 20 similar sequences from different species. These amino acid sequences were used in mega 7 to build phylogenetic trees 
with a bootstrap value of 1000 [43].

RESULTS
We identified two type I CRISPR/Cas systems in Ag1 and termed them CRISPR1 and CRISPR2. The former has a single CRISPR 
array and is of the type I-E subtype of CRISPR/Cas systems (Fig. 1a), with direct repeats and spacers that are 28 and 33 nucleotides 
long, respectively. The CRISPR2 has a cas operon associated with the type I-F subtype, and there were two CRISPR arrays associ-
ated with this system, which we termed CRISPR2.1 and CRISPR2.2. The direct repeats and spacers in both arrays are 28 and 32 
nucleotides in length, respectively. The type I-E repeat sequences fall under cluster 2 and the type I-F direct repeat sequences 
fall under cluster 1 [44]. These cluster designations follow those described in [44]. The spacer composition of the three CRISPR 
arrays in Ag1 was analysed and the spacer content of each array was distinct (Fig. 1b). CRISPR2.1 was the longest array and 
contained 26 different spacers.

Using the cas3 protein sequence from each CRISPR/Cas system, we identified similar protein sequences from other bacterial 
species and examined their phylogeny. We found a single match to another Serratia sp. Ag2, which is closely related to Ag1 [39] 
(Fig. 2). Otherwise, we did not find any other Serratia spp. whose cas3 matched closely to the cas3 of CRISPR1, suggesting that 
the type I-E system is not broadly present in other Serratia spp. The type I-E cas3 was closely related to Dickeya spp. and Klebsiella 
spp., and overall there was little divergence among the type I-E cas3 proteins compared to those from the type I-F subtype (Fig. 2). 
Conversely, we found several Serratia spp. that contained cas3 protein sequences of the type I-F subtype, although the sequence 
from Ag1 was more closely related to some Yersina spp. than those Serratia spp.

We analysed the CRISPR spacers to determine whether they matched to any exogenous nucleic acids and found a greater number 
of matches to plasmid and bacteriophage (including prophage sequences) sequences in CRISPR2.1 (50 %, 13/26 spacers had 
matches) and CRISPR2.2 (53 %, 8/15) than in CRISPR1 (32 %, 6/19) (Fig. 3, Table 2). In both CRISPR2.1 and 2.2, phage targets 
accounted for the most hits, constituting two-thirds of the identified targets (Fig. 3). Conversely, CRISPR1 had fewer spacer targets 
that we could identify, with most identified targets of plasmid origin (Fig. 3). When we increased the stringency of the matches 

Fig. 1. Organization and expression of the type I-E and type I-F CRISPR/Cas systems of Serratia sp. Ag1. (a) All cas genes are shown in the forward 
orientation. Direct repeats in the CRISPR array are shown as black diamonds, while the spacer sequences are represented by white squares. The cas 
genes are scaled to the 1 kb bar shown in the bottom left. (b) Spacer composition of the three CRISPR arrays in Ag1. The unique combination of the 
background colour and the shape and colour in the foreground represents a single spacer sequence. The three-point star represents a spacer that 
is 33 nt in length. The inner square represents a 32 nt spacer. The oldest spacer (spacer number 1) is shown to the far right, while the most recently 
acquired spacer is shown on the far left. The invariant direct repeats have been removed for clarity.
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to 85 % (28/33 nucleotides for the CRISPR1 array, 27/32 for CRISPR2 arrays), the number of hits decreased significantly. Of the 
remaining 23 spacer targets, only 1 matched to a spacer in CRISPR1 and 22 spacers matched to a phage target. Expression of the 
cas genes from both subtypes was analysed by RT-PCR and for both subtypes the expression of all cas genes was greater during 
log growth than in stationary phase (Fig. 4).

Fig. 2. Phylogenetic analyses of type I-E and type I-F Cas3 from Serratia sp. Ag1. Phylogenetic trees show analyses of Cas3 with the top 20 closest 
blastp hits for both trees. Maximum-likelihood trees based on the relevant Cas3 protein are shown with a bootstrap value of 1000. E. coli is included 
as a representative of the type I-E subtype, and Y. pseudotuberculosis is included as a representative of type I-F.

Fig. 3. Origin of exogenous nucleic acid elements in the CRISPR loci: percentage of plasmids, phage and prophage DNA found in the spacer sequences 
for each CRISPR array in Serratia sp. Ag1.
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DISCUSSION
Bacteria living in complex ecological settings are continuously challenged by predatory viruses. The CRISPR/Cas adaptative 
immune systems of bacteria protect bacteria from some of these challenges by targeting foreign genetic material such as plasmids 
and bacteriophage [16, 45]. Here, we provide evidence of CRISPR/Cas systems in the mosquito-associated Serratia sp. Ag1, which 
was isolated from Anopheles gambiae [39]. We have identified two type I CRISPR/Cas systems, which are typically found in the 
family Enterobacteriaceae [22, 27]. CRISPR/Cas systems in Serratia marcescens have been described previously, and most strains 
harbour a type I-F or both a type I-E and a type I-F system [27, 34, 46, 47]. One Serratia sp. (ATCC39006) contains both these 
type I systems and also a type III-A system [48].

Analysis of CRISPR spacer sequences in Ag1 confirmed the origin of many spacer sequences. Our results revealed hat 47 % (23/49) 
of the spacer targets that we could identify originated from plasmids, while bacteriophage (phage and prophage) accounted for 
two-thirds of the matched spacers. Overall, 53 % (26/49) of spacers matched to phage or plasmid sequences. This is higher than 
for other Enterobacteriaceae, such as Salmonella (12%), E. coli (19%) and Shiga toxin-producing E. coli (8 %) [49] . Extensive 
spacer sequence analysis has been performed in the genomes of Enterobacteriaceae, which are human pathogens and commensals 
[27, 50–52]. A discrete number of spacers from the Enterobacteriaceae members appear to be acquired from extrachromosomal 
genetic elements, such as plasmids and bacteriophage, while other spacers match to the bacterial host genome in non-prophage 
regions, although many of the spacers are still of unknown origin [27].

Cas proteins play crucial roles in all three steps of CRISPR/Cas immunity [21, 53]. Our results showed active expression of all cas 
genes during the actively dividing logarithmic growth phage of bacteria and attenuation of all but the type I-F cas3 gene during 
stationary phase. This is concordant with previous studies in E. coli showing repression of the type I-E cas3 gene expression during 
stationary phase compared to log phase [54–56]. Our results for expression analyses of type I-F cas gene show continuous expres-
sion even in the stationary phase. This result is similar to what was reported in the phytopathogen Pectobacterium atrosepticum 
showing expression of Cas protein in both exponential and stationary growth stages [57, 58]

CRISPR spacer sequences can be used for bacterial subtyping [59]. The presence of the type I-F cas3 in multiple Serratia spp. 
suggests that these genomes likely also contain CRISPR arrays. This would depend on CRISPR arrays being present in all strains 
of the species and exhibiting strain-to-strain variability that could be exploited for subtyping. Whole-genome sequencing of four 
Serratia marcescens genomes showed that CRISPR/Cas systems were absent in half of these [34]. The prevalence of CRISPR/
Cas systems and the diversity of spacer content in other Serratia spp. is yet to be determined and would need to be performed to 
determine the utility of CRISPR typing in this bacterium.

While Cas1 and Cas2 are mainly involved in acquiring the spacers from newly invading phage and foreign genetic material, the 
cas2/3 ; csy complexes are involved in the priming method for spacer acquisition [60, 61]. Our results show the presence of newly 
acquired spacer sequences, suggesting that adaptation is occurring actively in these bacteria. Hence, there is the possibility of 
recurrent encounters between phage and symbiotic bacteria in the mosquito gut. A recent study demonstrated that phage infection 
can alter bacterial levels in mosquitoes and alter their development in aquatic stages [62]. These phage may also be part of the 
mosquito gut microbiome, where they interact with gut bacteria and compete for nutritional resources.

The CRISPR/Cas system in bacteria has been explored extensively in terms of its application in different fields, such as human 
and agriculture diseases [16, 21, 63, 64]. However, analysis of CRISPR loci in the host-associated symbiotic bacteria is limited, 
especially the role of CRISPR systems in the host–microbe interactions. Apart from anti-viral defence, CRISPR has been shown to 
be involved in DNA repair, colonization and host immune evasion [65–67]. Hence, by modifying the CRISPR loci the colonization 
of bacteria in the host environment could be investigated. Such studies are important in deciphering the host–microbe interactions 

Fig. 4. Expression of the type I-E and type I-F cas genes. The RT-PCR analysis of expression of cas and csy genes in logarithmic and stationary growth 
phase of Serratia sp. Ag1. A 100 base pair ladder was used, and sizes are indicated to the left of the gel images.
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in complex ecological settings such as the mosquito microbiome. In this regard, further studies are needed to analyse CRISPR 
loci in the mosquito symbionts and understand the mechanistic basis for CRISPR loci-mediated host–microbe interactions.
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Editor recommendation and comments
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© 2023 Mariano G. This is an open access peer review report distributed under the terms of the Creative Commons Attribution 
License.

Giuseppina Mariano; University of Surrey, UNITED KINGDOM

Date report received: 31 July 2023
Recommendation: Accept

Comments: The work presented is clear and the arguments well formed.

SciScore report
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© 2023 The Authors. This is an open-access article report distributed under the terms of the Creative Commons License.

iThenticate report

https://doi.org/10.1099/acmi.0.000599.v3.2
© 2023 The Authors. This is an open-access article report distributed under the terms of the Creative Commons License.

Author response to reviewers to Version 2

Dear Editor,

Thanks for editing this manuscript and providing valuable feedback. As suggested, we have now included the parameters used 
in the bioinformatics analysis of CRISPR array and other analysis. We have added that in the main manuscript in the method 
sections. We have added the details in the section “Identification of CRISPR loci, phylogenetic analyses, and spacer identification”.The 
added information is highlighted below in red.

The assembled Ag1 genome was analysed using CRISPR-Finder (40) to identify both the CRISPR arrays and the casgenes. We 
have used default setting to analyse the Ag1 genome to identify the CRISPR array and casgenes. Spacers were extracted from the 
arrays and analyzed using an Excel-based macro (41). CRISPR Target (42) was used to identify putative spacer matches. Here, we 
used default parameters for the initial BLAST screen and target database. For initial output display parameters, we used default 
score cut-off of 20, 26/32 base pairs.

VERSION 2

Editor recommendation and comments

https://doi.org/10.1099/acmi.0.000599.v2.3
© 2023 Mariano G. This is an open access peer review report distributed under the terms of the Creative Commons Attribution 
License.

Giuseppina Mariano; University of Surrey, UNITED KINGDOM

Date report received: 25 July 2023
Recommendation: Minor Amendment

https://doi.org/10.1099/acmi.0.000599.v3.3
https://doi.org/10.1099/acmi.0.000599.v3.1
https://doi.org/10.1099/acmi.0.000599.v3.2
https://doi.org/10.1099/acmi.0.000599.v2.3
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Comments: Dear Authors, thank you for addressing the comments from the referees. Before I can accept this work, I kindly ask 
you in your methods to clearly indicate for each bioinformatic tool you used, that you have done so by using default parameters 
(or any other parameters you have used). You have addressed this in your response to referees but I'd like you to include this 
information in the methods for the sake of helping other researchers that may want to use your papers and methods for analysis 
in other organisms.  Whilst it seems intuitive, a less expert reader may not find the lack of specification to be a clear sign that 
default parameters were used.

SciScore report

https://doi.org/10.1099/acmi.0.000599.v2.1
© 2023 The Authors. This is an open-access article report distributed under the terms of the Creative Commons License.

iThenticate report

https://doi.org/10.1099/acmi.0.000599.v2.2
© 2023 The Authors. This is an open-access article report distributed under the terms of the Creative Commons License.

Author response to reviewers to Version 1

Dear Editor,

We would like to thank the reviewers for taking the time to evaluate our manuscript and provide valuable feedback and sugges-
tions. Please find below the point-by-point response to the reviewers’ comments are in red. We have also modified the original 
manuscript by incorporating the reviewers’ comments and suggestions.

Reviewer 1 comments:

Reviewer 1 Comments to Author: This manuscript describes the crispr loci of a strain of Serratia associated with the mosquito 
gut. There are two type I crispr systems and 3 associated CRISPR loci. The genes are shown to be transcribed more highly during 
exponential than log phase. Perhaps the most interesting aspect of this paper is the observation that crispr 1 seems to be mostly 
targeting plasmids while 2.1 and 2.2 mostly target phage. Given the small number of spacers and the numbers that don't match 
well to any target, this is a bit hard to interpret the significance of this.

Overall, this is a short, descriptive paper that represents a rather incremental contribution to the literature. One suggestion to 
strengthen it without too much extra work would be to analyse the crisprs of the highly related Ag1 system to determine whether 
they are related to the Ag2 crisprs, and whether there is a similar bias in spacer origin.

We appreciate the reviewer’s comments on the overall significance of this work and highlighting how this study represents 
a contribution to the literature. We analysed two mosquito symbiont isolates and found a total of two CRISPR systems. Our 
analysis of the CRISPR system in the two genomes Ag1 and Ag2 did not find any CRISPR array in the Ag2. Hence, we think that 
the Serratia Ag2 genome lacks a CRISPR system. We agree with the reviewer's intention that it will be interesting to observe the 
closely related systems in these two genomes isolated from the same mosquito species. However, our efforts did not yield any 
significant results concerning CRISPR array in the Ag2 genome and hence, we speculate that the Ag2 might not have acquired 
the CRISPR array.

Specific points:

1. In figure 1, indicate that there is a fused Cas2-Cas3 gene for type I-F crispr

We have modified the figure 1 and attached the new figure.

2. P3 line 53. The term "small" here is not clear - small in relation to what? They are large in comparison with most bacterial 
immune systems.

“small” refers to small RNAs; i.e. the CRISPR-RNAs/crRNAs

3. P7 line 166 - please check this sentence as it looks like there's a problem.

https://doi.org/10.1099/acmi.0.000599.v2.1
https://doi.org/10.1099/acmi.0.000599.v2.2
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We have modified the sentence and now it reads “Of the remaining 23 spacer targets, only one matched to a spacer in CRISPR1 
and 22 spacers matched to a phage target”.

4. The RT-PCR analyses seem to have been carried out only once. It would be preferable to repeat this to provide more confidence 
in the data and conclusions drawn.

The RT-PCR experiments were run independently twice (different bacterial cultures), and on one of these, the PCR step was 
performed twice on the same cDNA. The gel below is from the independent experiment from the figure shown in the paper. 
Densitometry was not performed as the difference between log and stationary phase was clear.

Reviewer 2 Comments to Author: This study describes the identification of two CRISPR-Cas systems in Serratia Sp. Ag1 and 
investigates the origin of the spacers in each array.

The introductory literature analysis provides an overview of the relevant CRISPR subtypes allowing the non-expert reader to 
understand the context of the paper findings.

Overall, the materials and methods section is concisely written, potentially contributing to the loss of some detail. Though the 
reasoning for the below points may be obvious to a CRISPR-focused scientist, they may not be to a general audience. The figures 
and tables are sensible representations of the underlying data, though figure 3 may contain small typos. Throughout the results 
section there are a few points to address, but overall, the methods are likely sound, assuming proper replicates of the RT-PCR 
experiments were undertaken.

In terms of discussion of results, it is my view that the findings of the paper could explored further. Whilst there is discussion of 
the concordance of the results of this study and that of others looking at the E. coli type I-E system, there is no discussion of how 
this work's Type I-F results fit into the field, for example. Further, the repressor H-NS is mentioned, but there is no effort to put 
this into context of the results presented here. Is there a H-NS homologue in Serratia, for example?

We thank reviewer for helpful comments and suggestions on our manuscript. We have now corrected the manuscript considering 
the suggestions of reviewer. As suggested, we have added following discussion points (line number 206) about the Type I-F system. 
“Our results on the expression analyses of Type I-F casgene shows continuous expression even in the stationary phase. This result 
is similar to what has been reported in a phytopathogen Pectobacterium atrosepticumshowing expression of cas protein in both 
exponential and stationary growth stages (57, 58)”. We have also performed the sequence analysis between E. coli H-NS and 
homologous sequence in Serratia Sp. Ag1 genome. The results shows that there is 77% similarity between Serratiatranscriptional 
regulator gene and E. coli H-NS gene (see below the alignment).

H-NS ​ATGA​GCGA​AGCA​CTTA​AAAT​TCTG​AACA​ACAT​CCGT​ACTC​TTCG​TGCG​CAGG​CAAGAGAA

transcriptional ​ATGA​GCGA​AGCA​TTAA​AGAT​TTTG​AACA​ACAT​CCGT​ACTC​TACG​TGCA​CAGG​CTAGAGAA

************ * ** *** ******************* ***** ***** ******

H-NS ​TGTA​CACT​TGAA​ACGC​TGGA​AGAA​ATGC​TGGA​AAAA​TTAG​AAGT​TGTT​GTTA​ACGAACGT

transcriptional ​TGCA​GCTT​GGAA​ACAC​TGGA​AGAG​ATGC​TTGA​GAAA​TTGG​AAGT​TGTT​GTTA​ACGAGCGT

** * * ***** ******** ***** ** ***** ***************** ***

H-NS ​CGCG​AAGA​AGAA​AGCG​CGGC​TGCT​GCTG​AAGT​TGAA​GAGC​GCAC​TCGT​AAAC​TGCAGCAA

transcriptional ​CGTG​ATGA​AGAC​AGCC​AAGC​TCAA​GCAG​AAAT​TGAA​GAGC​GTAC​TCGC​AAAC​TGCAACAA

** ** ***** *** *** ** *** ********** ***** ******** ***

H-NS ​TATC​GCGA​AATG​CTGA​TCGC​TGAC​GGTA​TTGA​CCCG​AACG​AACT​GCTG​AATA​GCCTTGCT

transcriptional ​TATC​GTGA​AATG​CTGA​TTGC​TGAT​GGTA​TTGA​TCCA​AACG​AATT​GCTG​CAAA​CAATGGCT

***** *********** ***** ******** ** ****** ***** * * * ***

H-NS ​GCCG​TTAA​ATCT​GGCA​CCAA​AGCT​AAAC​GTGC​TCAG​CGTC​CGGC​AAAA​TATA​GCTACGTT

transcriptional ​GCTA​CTAA​AGCC​GCTG​GCAA​AGCA​AAAC​GTGC​TGCG​CGCC​CAGC​TAAA​TACC​AATATAAA

** **** * * ****** ********* *** ** ** ***** **

H-NS ​GACG​AAAA​CGGC​GAAA​CTAA​AACC​TGGA​CTGG​CCAA​GGCC​GTAC​TCCA​GCTG​TAATCAAA

transcriptional ​GATG​AAAA​CGGC​GAAA​TGAA​AACC​TGGA​CTGG​CCAG​GGCC​GTAC​CCCA​GCTG​TGATTAAA

** ************* ***************** ******** ******** ** ***
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H-NS ​AAAG​CAAT​GGAT​GAGC​AAGG​TAAA​TCCC​TCGA​CGAT​TTCC​TGAT​CAAG​CAATAA

transcriptional ​AAAG​CTCT​CGAA​GAGC​AGGG​AAAA​TCCT​TAGA​CGAT​TTCCTG------------

***** * ** ***** ** ****** * ************

The authors should double check their grammar and conventions (I.e., ensuring italicisation of gene and species names) throughout 
to improve readability.

Thanks for suggestions and we have thoroughly checked the grammar and conventions. We have also italicized wherever necessary. 

Specific points to address:

Line 20: reword to ensure that it isn't implied, as it currently is, that Serratia Sp. Ag1 is a novel bacterium. It is the discovery of 
the CRISPR-Cas systems that is novel.

We have now rephrased the sentence which is now reads “we characterized two novel CRISPR-Cas systems in SerratiaSp. Ag1, 
that was isolated from the gut of an Anopheles gambiaemosquito.”

Line 59: Introduce the concept of a leader sequence.

We have included the definition of leader sequence (line number 59). Now the sentence reads as follows “…..being found closest 
to the leader sequence, which is directly upstream of first repeat containing regulatory elements necessary for adaptation.”

Line 81: typo. Correct from "has" to have.

Corrected!

Line 89: should read "between the gut" to improve sentence structure.

Corrected!

Paragraph starting line 111: How many repetitions of the RT-PCR experiments were undertaken? Was densitometry of the gel 
undertaken? If not, why? This would allow quantitative comparison between log and stationary growth, and statistical analysis 
of the results between replicates.

We have now added following information at the end of section RT-PCR expression analysis. “The RT-PCR experiments were run 
independently twice (different bacterial cultures), and on one of these, the PCR step was performed twice on the same cDNA. 
The gel below is from the independent experiment from the figure shown in the paper. Densitometry was not performed as the 
difference between log and stationary phase was clear.”

Line 120-121; why were different numbers of cycles used for the control/ cas genes? Perhaps this is a lack of experience on my 
part.The 16S rRNA gene is much more highly expressed than the casgenes. If we had done higher cycles of 16S, the brightness 
of the bands would be completely saturated.

Line 126: What settings were used when CRISPR-Finder was used?

There are not ‘settings’ on CRISPR-Finder – we used the default.

Line 128: What settings were used when CRISPR-Target was used?

 We used the default except were noted

Line 129: Is there any precedent for the ~70-75% matching nucleotides to identify spacer sequences?

There is no precedent for using ~70-75% matching nucleotide. We have used default setting initially then increased the stringency 
level to 85% (see line number 171).

Line 131; how similar were the "20 similar sequences from different species"?
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We do not have a record of this; BLAST-p was used and the top 20 hits belonging to different species were selected. The bacteria 
selected appear in the phylogenetic tree (Figure 2)

Line 132; What settings were used within MEGA7? I am not familiar with the software, but one would expect additional informa-
tion on the settings used would be required for replication.

The default settings for ClustalW protein alignment analysis were used (including a gap penalty of 10)..

Line 142; Cluster 2 and Cluster 4 are not introduced in the text. What is the significance of this assignation?

This is assigned based on the publication by Kunin et al 2017, which has now been cited.

Line 148; as mentioned above, the details of the matches to other bacterial species Cas3 homologues should be provided.

We do not have a record of this; BLAST-p was used and the top 20 hits belonging to different species were selected. The bacteria 
selected appear in the phylogenetic tree (Figure 2)

Line 163; clarification of text. "…could identify, most targets were" would read better as "…could identify, with most identified 
targets…"

Corrected as suggested.

Line 165; remove "we reduced" so the sentence reads "…27/32 for CRISPR2 arrays), the number of hits reduced significantly" 
to improve clarity.

Corrected as suggested.

Line 174; provide references.

We added references here.

Line 186; STEC not defined

We have now defined STEC.

Line 187-189; Again, this could be my lack of specialist knowledge, but I don't see why the presence of a phage record in NCBI 
suggests that acquisition events occurred recently? Please clarify.

We agree with reviewer’s suggestion. We have now deleted that sentence. 

Line 191-194: Several typos; "Discrete" to "A discrete". "spaces" to "spacers". Remove "the", it is unnecessary. Provide references 
for the Enterobacteriaceae data.

Corrected

Line 200-201: What value is this sentence adding as it is? What is the context in Serratia? Is there any context for the Type I-F 
system?

The sentence is providing the mechanistic basis of cas3 repression in E. coli. Since these studies are not directly linked to Type I-F 
system, we have now deleted the sentence. “In the E. colisystem, the transcription repressor, H-NS, is responsible for repressing 
cas3expression (54, 55).”

Line 216: reword to "recurrent encounters between phages and symbiotic bacteria"

Done!
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Line 217: reword to "demonstrated that phage infection can alter bacterial levels" if appropriate.

Done!

Line 219: Interact, not interaction.

Done!

In Figure 3, the X axis reads CRISPR1, CRISPR2, and CRISPR3. What is CRISPR3? Is this a typo where the CRISPR 2 field should 
read CRISPR 2.1 and CRISPR 3 read CRISPR 2.2? If not, please explain the labelling more comprehensively in the figure legend.

We have now modified the figure to correct this mistake and also, we have corrected the figure legend.

Line 434 typo; "closes BLAST-p" ought to read "closest"

We have now corrected the typo.

Line 439 in the Fig 3 figure legend, there is a typo. "CRISP loci" should read CRISPR loci

We have corrected this typo in the figure legend.

In table 2 Some target species names are marked with an asterix. What is the significance of this? It seems to relate to fields where 
the target species is listed as phage, but the organism suggests the sequence is that of a plasmid? Please address this in the table 
legend or resolve.

We have now added footnote to explain the asterisks.

Also in table 2, the nucleotide ID is listed as a fraction. It would be more helpful if this were a percentage.

We have now added an extra column with percentage.

VERSION 1

Editor recommendation and comments

https://doi.org/10.1099/acmi.0.000599.v1.5
© 2023 Mariano G. This is an open access peer review report distributed under the terms of the Creative Commons Attribution 
License.

Giuseppina Mariano; University of Surrey, UNITED KINGDOM

Date report received: 31 May 2023
Recommendation: Minor Amendment

Comments: The work presented is clear and the arguments well formed. This study would be a valuable contribution to the 
existing literature.

Reviewer 2 recommendation and comments

https://doi.org/10.1099/acmi.0.000599.v1.3
© 2023 Anonymous. This is an open access peer review report distributed under the terms of the Creative Commons Attribution 
License.

Anonymous.

https://doi.org/10.1099/acmi.0.000599.v1.5
https://doi.org/10.1099/acmi.0.000599.v1.3
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Date report received: 31 May 2023
Recommendation: Minor Amendment

Comments: This study describes the identification of two CRISPR-Cas systems in Serratia Sp. Ag1 and investigates the origin of 
the spacers in each array.  The introductory literature analysis provides an overview of the relevant CRISPR subtypes allowing the 
non-expert reader to understand the context of the paper findings.  Overall, the materials and methods section is concisely written, 
potentially contributing to the loss of some detail. Though the reasoning for the below points may be obvious to a CRISPR-focused 
scientist, they may not be to a general audience. The figures and tables are sensible representations of the underlying data, though 
figure 3 may contain small typos. Throughout the results section there are a few points to address, but overall, the methods are 
likely sound, assuming proper replicates of the RT-PCR experiments were undertaken.  In terms of discussion of results, it is 
my view that the findings of the paper could explored further. Whilst there is discussion of the concordance of the results of this 
study and that of others looking at the E. coli type I-E system, there is no discussion of how this work's Type I-F results fit into the 
field, for example. Further, the repressor H-NS is mentioned, but there is no effort to put this into context of the results presented 
here. Is there a H-NS homologue in Serratia, for example? The authors should double check their grammar and conventions (I.e., 
ensuring italicisation of gene and species names) throughout to improve readability.  Specific points to address: Line 20: reword 
to ensure that it isn't implied, as it currently is, that Serratia Sp. Ag1 is a novel bacterium. It is the discovery of the CRISPR-Cas 
systems that is novel.  Line 59: Introduce the concept of a leader sequence  Line 81: typo. Correct from "has" to have.  Line 89: 
should read "between the gut" to improve sentence structure Paragraph starting line 111: How many repetitions of the RT-PCR 
experiments were undertaken? Was densitometry of the gel undertaken? If not, why? This would allow quantitative comparison 
between log and stationary growth, and statistical analysis of the results between replicates.  Line 120-121; why were different 
numbers of cycles used for the control/ cas genes? Perhaps this is a lack of experience on my part.   Line 126: What settings 
were used when CRISPR-Finder was used? Line 128: What settings were used when CRISPR-Target was used? Line 129: Is there 
any precedent for the ~70-75% matching nucleotides to identify spacer sequences?  Line 131; how similar were the "20 similar 
sequences from different species"? Line 132; What settings were used within MEGA7? I am not familiar with the software, but one 
would expect additional information on the settings used would be required for replication. Line 142; Cluster 2 and Cluster 4 are 
not introduced in the text. What is the significance of this assignation? Line 148; as mentioned above, the details of the matches 
to other bacterial species Cas3 homologues should be provided. Line 163; clarification of text. "…could identify, most targets 
were" would read better as "…could identify, with most identified targets…"  Line 165; remove "we reduced" so the sentence reads 
"…27/32 for CRISPR2 arrays), the number of hits reduced significantly" to improve clarity.  Line 174; provide references. Line 186; 
STEC not defined  Line 187-189; Again, this could be my lack of specialist knowledge, but I don't see why the presence of a phage 
record in NCBI suggests that acquisition events occurred recently? Please clarify.  Line 191-194: Several typos; "Discrete" to "A 
discrete". "spaces" to "spacers". Remove "the", it is unnecessary. Provide references for the Enterobacteriaceae data. Line 200-201: 
What value is this sentence adding as it is? What is the context in Serratia? Is there any context for the Type I-F system? Line 216: 
reword to "recurrent encounters between phages and symbiotic bacteria" Line 217: reword to "demonstrated that phage infection 
can alter bacterial levels" if appropriate.  Line 219: Interact, not interaction. In Figure 3, the X axis reads CRISPR1, CRISPR2, and 
CRISPR3. What is CRISPR3? Is this a typo where the CRISPR 2 field should read CRISPR 2.1 and CRISPR 3 read CRISPR 2.2? 
If not, please explain the labelling more comprehensively in the figure legend.  Line 434 typo; "closes BLAST-p" ought to read 
"closest" Line 439 in the Fig 3 figure legend, there is a typo. "CRISP loci" should read CRISPR loci In table 2 Some target species 
names are marked with an asterix. What is the significance of this? It seems to relate to fields where the target species is listed 
as phage, but the organism suggests the sequence is that of a plasmid? Please address this in the table legend or resolve.  Also in 
table 2, the nucleotide ID is listed as a fraction. It would be more helpful if this were a percentage.

Please rate the manuscript for methodological rigour
Satisfactory

Please rate the quality of the presentation and structure of the manuscript
Satisfactory

To what extent are the conclusions supported by the data?
Partially support

Do you have any concerns of possible image manipulation, plagiarism or any other unethical practices?
No

Is there a potential financial or other conflict of interest between yourself and the author(s)?
No

If this manuscript involves human and/or animal work, have the subjects been treated in an ethical manner and the authors complied 
with the appropriate guidelines?
Yes
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Reviewer 1 recommendation and comments

https://doi.org/10.1099/acmi.0.000599.v1.4
© 2023 White M. This is an open access peer review report distributed under the terms of the Creative Commons Attribution 
License.

Malcolm White; University of St Andrews School of Biology, School of Biology, North Haugh, St Andrews, UNITED KINGDOM

Date report received: 24 April 2023
Recommendation: Minor Amendment

Comments: This manuscript describes the crispr loci of a strain of Serratia associated with the mosquito gut. There are two type 
I crispr systems and 3 associated CRISPR loci. The genes are shown to be transcribed more highly during exponential than log 
phase. Perhaps the most interesting aspect of this paper is the observation that crispr 1 seems to be mostly targeting plasmids 
while 2.1 and 2.2 mostly target phage. Given the small number of spacers and the numbers that don't match well to any target, 
this is a bit hard to interpret the significance of this.  Overall, this is a short, descriptive paper that represents a rather incremental 
contribution to the literature. One suggestion to strengthen it without too much extra work would be to analyse the crisprs of the 
highly related Ag1 system to determine whether they are related to the Ag2 crisprs, and whether there is a similar bias in spacer 
origin. Specific points: 1.	 In figure 1, indicate that there is a fused Cas2-Cas3 gene for type I-F crispr 2.	 P3 line 53. The term 
"small" here is not clear - small in relation to what? They are large in comparison with most bacterial immune systems. 3.	
P7 line 166 - please check this sentence as it looks like there's a problem. 4. The RT-PCR analyses seem to have been carried out 
only once. It would be preferable to repeat this to provide more confidence in the data and conclusions drawn. Malcolm White
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