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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 JQEI0O0000000 (Serratia sp. Agl) 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 Agl, a Serratia strain previously isolated from Anopheles gambiae
mosquitoes [39]. We found that Agl 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. Agl and Serratia sp. Ag2 [JQEI00000000 (Serratia sp. Agl) and JQEJ00000000
(Serratia sp. Ag2)] used in this study were described previously [39]. Total genomic DNA was isolated from overnight cultures
of Agl and Ag2 using the Genome Wizard kit (Promega, W1, USA) and following the manufacturer’s protocol. DNA pellets
were resuspended in 200 ul 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 ul
molecular-grade water. RNA was treated with 1-unit DNase (Life Technologies, CA, USA) and reisolated with TRIzol. Pellets
were resuspended in 20 ul 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 pl 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
5min, 42 °C for 30 min, 85°C for 5min 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 pl of each was used for subsequent PCR reactions with one unit of Tag polymerase
(New England Biolabs, MA USA), 200 uM dNTPs (New England Biolabs, MA, USA) and 1x standard Taq polymerase buffer in
a 25 ul 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 305, annealing at
57°Cfor 30s and an extension at 72 °C for 305s. A total of 5l 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
csel 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
casl Forward GGAATGGAAGGTAATCGTGTTCGT 58
Reverse TTGGTCAGATCACTCAGCTGAAAT 58
cas2 Forward AAATGACTTACCACCTGCTGTTC 58
Reverse CTCTGTCGGAGAATATTGCATCAAG 58
CRISPRI1_spl Forward TTTCTGCCTCCGCGCCAT 60
CRISPRI_sp3 Forward TTCTGTGGTCGTCGTCAGTACO 60
CRISPRI1_sp7 Forward TTCTCTTAGGGTGCCTGCGC 60
CRISPR1_spl_rev Forward AAGACTCTGCCGGTAGCGG 60
CRISPR1_sp3_rev Forward GGAAGACGTTTCAGAATATGCGGTA 60
Type I-F casl Forward ATTGCCGCATTCTGGTTAACG 58
Reverse CAGCATCACTGCCGTGGTATT 58
cas3 Forward GCTCTACAACGGTGCAGGAT 58
Reverse TCTTGCCACTTTTCCGTCGC 58
csyl 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_spl 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 Agl 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 Agl 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 Agl and termed them CRISPRI 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 Agl 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 Agl [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 Agl 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
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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 1kb 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 ntin 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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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.

to 85% (28/33 nucleotides for the CRISPRI1 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).
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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.




Hegde et al., Access Microbiology 2023;5:000599.v4

panunuod

SBD) ISLIONUOPUD
ST18 €/9t T'€10TILS90 dM pajedosse-Y SO d-12d4L gpawreuun prwseld £112 DDd ds snasosoyaouds pruselq
TWTSAYTYd
8896 [47A8% T'6T9L6N'TV jungns a8.1e[ ISEUIULIA], adeyd souowosdy $E18681 FEI18681M adeyq 1C
LS1€S9 T60LE STV

€906 T€/6T 1°€792026¥0 dM. ASBUIqUIOINY AVINS £06 UTRL}S SUIISOIUDUL DIDLIDS afeydoig 4
SLE6 z€/0g 1249119670 dM utejord arerdaseq 680STd1 UTeI)S 117240]]0UL DIUISIOY ageydorq 4
€1'8L ze/sT ['T6V9STF80” dM asewnd yNG pruserd 6£65T INSQ urens snoudjojdun snjjrovqdxouy ~d8eqd T
0S8 7€/8¢ TLIILTRIP0 dM urajoxd aiseawr adey [rey afeyq ¢ X3y vougnudid vip.iag a8eydoig 97
00'SZ e/ T°€0€€9dVV 01d gryd o8eyd svuowiopnasd TS89TTIV TS8ITTIV aBeyq
00°SL (4444 1°00962€C10 dM. 1ay0dsuer) SIN prussed [€8T INO sup42]0101pv.s uintia1ovqojdif1ajy prwselq
€I'8L T¢/ST 1'£¥8709000 dM wsAs urxoyue-urxoy I1 ad4g, prusse(d $6-¢80€ DAD 1pdoq vjasIYS pruseq
00°SL TEIvT T'€1€T6T8V0” dM urdjoxd amseaw adey [rey a8eyq  pruwserd zegeh 1209~ dY urens aviuownaud vjjaisqapy «28eyq 9T 1'24dSIID
€L €€/ve 1666577 N uejord eonayrodAyg prussed yedDN #paif winiqozuyiours pruwse[d I
6L8L €€/9T ['8€€8TSTI0 dM aseaurrad worury prusseideSow yeHD suvmpipiaw snpiavudny pruwselq S
6L'8L €€/9C 1'825£££900” dX aseprsoon[3-viag ¢ pruseid QQ winivavf sn2202042ju7 pruse[q

urajoxd
9L'SL €€/9C 1'6109665€0 dM Surureyuod-urewop 11z140dA prwseld $ VN sisuaqLivd viapjoyying pruuseld

urajoxd
6.°8L €€/9T 1'%85682200 dM. T Arurey ase[orpAy ap1sod£[o pruwserd 19 urens wniavf snososaug pruse[q L

TeI) 3SeOIAY D6LIF00NVSIOd

818 €€/LT 1'S€£880LV0 dM /asexe[a1 J9jsuen) aanedn(uo) pruse[d z000-80 UTRIIS 100 V1ILIIYIST pruseq 0T
G878 €€/8¢ 1'16416AVO po] Jossaxdar fyrunurwug ¥SAd 28eydoriaoeq €10¥95(V€10¥95[V adeyq 91

urayoxd
9L'SL €€/9C 1'6109665€0 dM. Surureyuod-urewop 11z140dA ROFSIGINYHA praioayd avsapws winiqoziyioaN pruwse[qd

urajoxd
€LTL €EIVe 1'$79889€780 dM. Surureyuod-urewop 91y€INA gpawreuun pruwse(d 10: 1SOYH ds 421009041410y pruuselqd

urajoxd Sururejuod
6L8L €€/9T T'98€FET0F0 M ~UTEWOP XI[2Y~WIn)-XIPH pruseld 6gzy urens asuajisv.iq wnjjLidsozy prurse[q
juapuadap-d1d
9L'SL €€/5T T'669%S9T10 dM PI0J-A Sse]o aselajsuenourury 8Td prwsed av114 “Aq winivsouInga] win1qozigy pruseq 61 TIdSTIO
(a8eyuaorad)
dIapnodpPnN I 9pHodPNN 1 udoad 1981e) urd01g wstuediQ samads jodrey, 13oedg

abeydoud pue abeyd 'spiuse)d jsuiebe paydiew ssausnbas ysoedsojoud Jo ulbiio :Ajjuspl Je8oedsolold 'z 91qel




Hegde et al., Access Microbiology 2023;5:000599.v4

panuiuo)

€9°06 Te/6C ['S9ETISET0 dM ura301d eonayodAH 1046.1vdd pruserd q6-1v “ds vaojuvg a3eydoxg
€906 Te/6T 1'S9ETTISETO dM utajoxd [eonayjod4p pruwseld qe-1y “ds vaojunq «8eyq L
GL¢6 NM\OM T°07€0€S91 Olnm>> E_buOu& >~£Eumwm ZNH_ 6SISHD urens NRNEQ:«:N:Q EENNW&NNVN oMmQ&O‘—&
ST18 T€/9t 1'669€70790 dM 9SEUD] QUIPTISTH pruseld $70£g8~ 200~ dy utens aviuownaud vjja1sqapy «8eyqd 8
£€9°06 z€/6T 1'859/89670” d M utajoid prsded a3eyq 8ETETA] UIRLYS IDAOP[Y DIUISIK a3eydoig
STI8 T€/9¢ 1ThL6£9™dN uj0xd Surpuiq-q 1.5/d1y prwserd 1-HQ “ds svuowoidijzop «28eyd €1

urajoxd
£€9'06 Te/6T 1°€790959%0™ dM Surpurq-yNQ pepuens-a[3urg S-SOA urens sisuauopaloas vyjarsuvy pruselq

urajoxd
8€'V8 e/l 1958096140 dM Surpurq-yNQ papuens-a3urg pruse[d 87D UTeI}s vaUDLIDIPIUL SDUOUI0ITY pruse[q <1 TTIdSTD
00'SL (444 T'PEFLSTTIO dM asejonpaioprxo Juapuadap-qvi prwsed g1 T 2091s 42190q0asoL0ui(] pruseq
8C'H8 T€/LT I'IPI9LINAY urjo1d reonaodAg 06cdquu a8eyd jpriarovqoaiuy 67L7810( 62LT810( ageyq

urajoxd
8896 Te/1g 1'7TST68L10” dM Bururejuod-urewop §96INA ¥S “ds vyviiag a8eydoig S
00°SL TEive T'0TPESTSLO M uejoxd reonayiodAl S¥961 INSA Suauasiuvxups spuowiosuryds pruse[q
£9'06 Te/6T 1°€£0L98TH0 M uy01d [eonayodAy SUBJISIOW ")$ SHIPIULISSO]S SHPPOS ageydoxg
€906 T€/6T 60000010974 ZN J0e[n3a1 [euondrosuely, 1697895 XA.LS08ST urens paojdxo vjjarsqapy adeydoxg
£9'06 Te/6T T'TEEEEP090 dM uy01d [eonayiodAg S86T89S AALLS08ST SU2952040UL VIDLIDS a8eydoxg L
STI8 7€/9¢ T'9THI6TTT0 dM aserawostodo} YNQ VI 2d4T, prused £667¢ dI stsopnaiaqniopnasd viuisiag pruse[d 6
8€78 Te/LT T€160T88Y urajoxd feonayodApy 587 6¢ 23eyd vjuowvs £8960LAN L8960LAN aBeyq a
ST18 7€/9T 1'€1€966800 dA uraj01d eonayiodAH prused ¢ “ds saodus03dosg «3eyd 91
SL'€6 z€/0€ 1'56288£00” dM urajoxd afeyq 669 UTRLIS 11YD2DYDS 42}9DQOUCLD) a8eydoxg
STI8 T€/9t 1°€€£210dD ZN uoj0xd feonayrodiy prused gzz urens e 1 Louxalf vjjasys pruseld L1
€906 T€/6T 1'8T¥S0PP90™dM uejoxd reonayiodAy 8657895 AC1.LS08ST UIe)s v20j4x0 vjja1sqapy pruseq

aseraysuenojns
8€'V8 Te/Le 1'81S0VAIV /2583ONPaI §dVd dAneIng 11yd sdng a8eyd vrapjoyying 767L0€NT T6TL0ENT aBeyq 81
€1'8L Te/ST T'€TPOT6TI0 dM 19110dwAs uojoxd : ajeuoonin pruserd 6z0LT DLV saproiavyds 121vqopoiy pruse|d
8896 e/1¢€ 1'S619602L0 dM JSeUTWI], JdSH-YV urens vjiydoipdy svuoutolayy a8eydorg
(a8eyuaoiad)
dl a2pnospnN dlapnospnN I urdjoig 3981e) urd30Ig wistueSiQ sapads jaSie], 13oedg

panuiuo)

"z @198



Hegde et al., Access Microbiology 2023;5:000599.v4

"Juajuod uisjodd oy anp abeyd e aq o3 pajoadsns si ing aseqeiep [gIN Y3 ul piwse|d e se pals) si wsiuebio sy} jey) sajous(,

88'96 T/ SurpoouoN 9-11( ds vjjauyvy pruselq 1
ST18 T€/9C 1°£€89T1 dN 6V ISIN puusvyd [24d “ds vyjsosN pruseq v
€906 7€/6T 1°68S477090 dM umjoid peay a8eyq 6767895 A, 1.S088T UTRIIS SUIISIIUDUL DIJDIIDS afeydoig S
STI8 T€/9t 1'ThL6€9 AN utejoxd Surpuiq-q 1o/dyy pruserd (7)€ 4070911200 sa24ui0jdasig «8eyq 9
(a8eyuaorad)
1 2pnospnN A1 2pnospnN I urdjoig 1981e) urd0Ig wstuediQ samads jodrey, 13oedg

panuijuo)

‘zelqeL



Hegde et al., Access Microbiology 2023;5:000599.v4

] Y
@ N © N
B EEEREEREEEEEE RN
S i S & © o o O 3 § 8 8 8 8
Type I-E Type I-F

Fig. 4. Expression of the type |-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.

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. Agl, 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 Agl 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 Casl 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
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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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Opverall, 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. Agl 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 ATGAGCGAAGCACTTAAAATTCTGAACAACATCCGTACTCTTCGTGCGCAGGCAAGAGAA
transcriptional ATGAGCGAAGCATTAAAGATTTTGAACAACATCCGTACTCTACGTGCACAGGCTAGAGAA
PR R R R R R R R R R R i Sl R R R R R R R R R R R R R R R R R Rl R R R R S S i S R

H-NS TGTACACTTGAAACGCTGGAAGAAATGCTGGAAAAATTAGAAGTTGTTGTTAACGAACGT
transcriptional TGCAGCTTGGAAACACTGGAAGAGATGCTTGAGAAATTGGAAGTTGTTGTTAACGAGCGT
Do T s g 2 B i B e B e e R e e e e i e i e e o i B B B R R B B R i 2

H-NS CGCGAAGAAGAAAGCGCGGCTGCTGCTGAAGTTGAAGAGCGCACTCGTAAACTGCAGCAA
transcriptional CGTGATGAAGACAGCCAAGCTCAAGCAGAAATTGAAGAGCGTACTCGCAAACTGCAACAA
b 656 S0 6 00k b 0 6 Ok %k k%

H-NS TATCGCGAAATGCTGATCGCTGACGGTATTGACCCGAACGAACTGCTGAATAGCCTTGCT
transcriptional TATCGTGAAATGCTGATTGCTGATGGTATTGATCCAAACGAATTGCTGCAAACAATGGCT
5665050 206 X056 206056 X006 00020 X 00 Xk b b ot

H-NS GCCGTTAAATCTGGCACCAAAGCTAAACGTGCTCAGCGTCCGGCAAAATATAGCTACGTT
transcriptional GCTACTAAAGCCGCTGGCAAAGCAAAACGTGCTGCGCGCCCAGCTAAATACCAATATAAA
56 00000 6 O 00000 0000k X P X X

H-NS GACGAAAACGGCGAAACTAAAACCTGGACTGGCCAAGGCCGTACTCCAGCTGTAATCAAA
transcriptional GATGAAAACGGCGAAATGAAAACCTGGACTGGCCAGGGCCGTACCCCAGCTGTGATTAAA

2606 565 5 2256 5 5 256566 256 5 3 2256 5 5 X6 65 X656 366026 H 6% Xk k%
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H-NS AAAGCAATGGATGAGCAAGGTAAATCCCTCGACGATTTCCTGATCAAGCAATAA
transcriptional AAAGCTCTCGAAGAGCAGGGAAAATCCTTAGACGATTTCCTG------------

650 O 6 06 0 X666 b 6 5 6 %

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. Agl 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. Agl,
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 168, 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.
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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. Agl 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 (Le.,
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. Agl 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 Agl 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. P3line53.Theterm
"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

Please rate the manuscript for methodological rigour
Satisfactory

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

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

SciScore report

https://doi.org/10.1099/acmi.0.000599.v1.1
© 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.v1.2
© 2023 The Authors. This is an open-access article report distributed under the terms of the Creative Commons License.
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