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Reviewer #1 (Remarks to the Author): 

A fascinating and rapidly advancing area of study in bacteriology is focused on unraveling how 

various mobile genetic elements collaborate to drive bacterial evolution.In this manuscript, the 

authors delve into the intricate interplay between insertion sequences (ISs) and the CRISPR-Cas 

system. Their proposed hypothesis suggests that ISs can potentially disrupt the activity of the 

CRISPR-Cas system, thereby increasing the ability of recipient cells to acquire foreign DNA. 

While this idea is interesting, this reviewer feels that the manuscript is in its early stages, and 

additional experiments are required to support this hypothesis. Specifically, the authors only 

observed 28 natural events of ISs localized into CRISPR-Cas arrays, which may be a result of 

random integration into bacterial chromosomes. The authors have not provided sufficient evidence 

to demonstrate that this interaction occurs intentionally, resulting in mutual benefits for both 

elements. For example, it is unclear whether the CRISPR-Cas loci are disrupted more frequently 

than other genes, which could suggest a positive association between these elements. 

Additionally, while the authors have analyzed the impact of this association using plasmids, it is 

important to consider the role of CRISPR-Cas systems in blocking phage infections. A strain 

carrying an inactive CRISPR-Cas system may be eliminated from the population unless the 

insertion of the ISs can be reverted. Have the authors tested this? 

Furthermore, the experiments analyzing fitness costs are questionable. These experiments should 

ideally be performed in the original species/strain (E. amylovora) carrying the system, rather than 

using the surrogate E. coli, as the E. coli system is completely artificial. Other option is to use 

CRISPR-Cas system already present in E. coli. 

In summary, the results suggest that in a very small subset of strains, the ISs may disrupt the 

activity of the CRISPR-Cas system. However, based on the low number of events observed, it is 

difficult to imagine that this interaction is relevant in nature. The authors have not demonstrated a 

positive association between these elements either. 

Reviewer #2 (Remarks to the Author): 

The authors have taken a novel and interesting approach to examining the question of whether IS 

are able to counter CRISPR activity, by interrupting various cas genes, and by doing do are able to 

drive host evolution? 

The authors demonstrate a sound broad understanding of IS transposition mechanisms. The 

manuscript is well-written, and the experimental aspects of the work are carefully planned and 

executed. In particular, the amount of work undertaken to capture and analyse the IS 

transposition events into the experimental cas capture system is commendable. 

This is an excellent body of work which, for the first time on a broad scale, examines the 

interaction between IS and cas clusters. 

Comments: 

Line 72 The use of the word “adaptable” suggests some sort of active process. In the case of IS1 

and IS10, they do not have a known target site, so there is no requirement for them to “adapt” to 

the sequence evolution of cas. Consider modifying this sentence. 

Line 82. The collection of known IS elements should be listed or somehow identified. There are 

over 4000 IS in the ISFinder database, were all of these used in this analysis? 

Line 85. Care needs to be taken when using TSDs as a parameter for analysis. Quite a few IS do 

not generate TSDs, and for those that do generate TSDs they can be lost if there has been a 



subsequent adjacent deletion (commonly seen with IS26 and IS1). 

Lines 88-89 and Figure S1. The most striking thing here is the relative lack of diversity in the IS 

found in the cas clusters. Given how many IS are known to exist, and how many complete 

genomes have now been reported, I would have expected to see many more different IS, just by 

chance, interrupting cas clusters. Is there some sort of bias in the CRISPRCasbd? Are there only 

single entries for each cluster, or are there multiple entries? 

Line 285-288. Care needs to be taken with this interpretation. E. coli tend to have large numbers 

of IS1 copies (as shown by Figure S2), so there is a potential bias built into this assay system. If 

the strain starts with a higher number of copies of a particular IS, there is naturally a greater 

chance of those IS being represented in cas-disrupting events than the less common IS. Some IS 

are also inherently more active than others (i.e. IS1 and IS10 have naturally higher transposition 

frequencies than IS5 which rarely seems to move). 

Reviewer #3 (Remarks to the Author): 

The authors identify a CRISPR system carrying an IS10 insertion in Erwinia amylovora. They then 

express this system heterologously in an E. coli host, along with an additional plasmid that carries 

protospacers targeted by the CRISPR system. They demonstrate that such targeting is deleterious 

in the presence of CRISPR, but that an inactivated CRISPR system removes this cost. Such 

inactivation can also lead to a positive interaction between host and plasmid when the plasmid 

carries antibiotic resistance markers and antibiotic selection is applied. This element of the paper is 

convincing but perhaps somewhat unsurprising. 

They then design an assay to identify IS insertions into cas genes in a high throughout way, by 

adding a self-targeting guide coupled with an inducible Cas9 system. This allows them to probe 

what determines insertion into cas genes and identify the relative frequencies of different IS 

elements. 

Lastly, they use a bioinformatic screen to assess the distributions of IS elements across taxa and 

within specific anti-MGE defences, such as RM etc. 

The experiments are comprehensive and the bioinformatic analysis seems valuable for describing 

the distributions of various IS elements. My main concerns are that this may not be of particular 

relevance to anyone other than those studying IS elements and that the narrative of the paper is 

not clear. I am also not really persuaded that the evidence presented demonstrates that IS 

elements are ‘activated’ (line 197) to insert into cas genes (versus selection after a random 

event). 

Some of the results are very interesting, such as the observation that IS insertion into cas genes 

much more common than SNPs and indels- potentially speeding up the evolutionary response 

during selection. I’m also not very familiar with the IS literature, and some of these observations 

may be quite novel i.e. which IS elements are most prevalent in E.coli, and which have the ability 

to tolerate a range of insertion sites / motifs. Perhaps with a clearer narrative this paper would 

appeal to a wider audience. 

In it’s present form I found it hard to follow the narrative and rationale for some of the 

experiments, and it was unclear to me why this would be of interest to those beyond the 

immediate IS field. 

Minor: 

Line 37- is CRISPR really more dominant than RM systems? Probably not given prevalence of both 



systems. 

Line 68: “we hypothesized that the collapse of CRISPR machinery might be a fitness cost of the 

host during stress survival”. This is unclear to me. Do the authors mean that the loss of CRISPR is 

the fitness cost- which is possible if susceptibility to parasitic MGEs increases susceptibility to 

phages, for example? I could see a scenario where, under stress, the host needs to adapt, and 

susceptibility to incoming plasmids could be highly beneficial if the confer advantageous traits. 

Some clarity around this would help. 

Line 121: SYH01 and SYH02. Is the only difference between these hosts the vector (pEraCas or 

pEraCas-IS10)? If so, why not simply refer to the plasmid names? 

Line 242- regarding whether the insertion is random or specific to cas genes. Can the authors be 

sure that there is no cost to carrying the CRISPR-expressing plasmid, even in the absence of a 

targeting guide? If there is an associated cost to carriage (metabolic / autoimmune growth defect 

etc) then there is still likely to be selection for inactivation of the cas gene. I’m not sure this result 

alone is sufficient to state that IS integration into the cas gene is non-random. Showing the 

background rate of insertion across the genome, and completely ruling out selection, would be 

required for this. 

Line 398: Is it possible that E.coli having the richest diversity of IS elements simply reflects the 

biases in the database used and they are of no more (or less) benefit than in other hosts? 

Fig 2C: Is it necessary to show the 3 concentrations of antibiotics used when the result is almost 

identical? 

Fig. 3. Surprising that the self-targeting mutant, with all p7-3 protospacers integrated into the 

chromosome, can survive so well. Suggests Cas expression very low? 
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Supplementary information, Figure S2. Identification of naturally occurring 
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Supplementary information, Figure S4. Naturally occurring transpositions of 
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-2"'%)$"!#
#""(++(4#"#$)%%

-2"''((+!#
%('$%($4%((#$(%

-2"''+&'!#
&*#%##&4&*$$"#'

-2"'(*&$!#
++"&($4+++##)

-2"')$*#!#
%('#'"$4%(("&"%

-2"')$*)!#
%('#"$&4%('++$'

-2"'+$**!#
++'*'#4#""&$$#

03**%#&$!#
+%)))*4+&+('#
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?-#%$#+)$2#02(-.#&2-%&3#-.+-#AB?@CBA+$6;#6+-+;+$"7#6"$,%-"#;"%&3#+#.%3.)*#("1%&"6#

(",2$%-2(*# 21# AB?@CBRA+$# $*$-"5$7# 2&)*# '2&-+%&$# $*$-"5$# 6"(%/"6# 1(25# '25,)"-"#

3"&25"$#+/+%)+;)"#%&#-."#["&P+&I#6+-+;+$"57#0.%'.#5+*#("$4)-#%&#-."#25%$$%2&#21#+#

$4;$-+&-%+)# &45;"(# 21# AB?@CBRA+$# $*$-"5$7# +&6# +&# 4&6"("$-%5+-%2&# 21# -."# +'-4+)#

,("/+)"&'"#21# ?@$# -(+&$,2$%-%2&$# %&-2#cas# 3"&"$9#D+I"&# -23"-."(7# 3%/"&# -."# '2&-%&4+)#

"J,+&$%2&#21#(")"/+&-#6+-+;+$"$#+&6#+6/+&'"5"&-$#%&#;%2%&12(5+-%'#-22)$7#0"#+&-%'%,+-"#

-.+-#+#3(20%&3#&45;"(#21#$4'.#-(+&$,2$%-%2&#"/"&-$#0%))#;"#6"-"'-"69#

O"+&0.%)"7#+$#-."#("/%"0"(#,2%&-"6#24-7#-."#2''4(("&'"#21#?@#-(+&$,2$%-%2&$#%&-2#

cas#3"&"$# (")+-%/"# -2#2-."(#3"&"$# %$#*"-# -2#;"#6"-"(5%&"69#D2#+66("$$# -.%$# %$$4"7# %-# %$#

%5,"(+-%/"#-2#$")"'-#+#$4%-+;)"#'25,+(+-2(#0%-.#'25,+(+;)"#2''4(("&'"#1("84"&'%"$#-2#

cas# 3"&"$7# -."(";*# "&$4(%&3# -."# (")%+;%)%-*# +&6# /+)%6%-*# 21# -."# '25,+(+-%/"# +&+)*$%$9#

A2&$%6"(%&3#-."#"$$"&-%+)#14&'-%2&+)#$*&"(3*#;"-0""&#cas#3"&"$#+&6#AB?@CB#+((+*$#%&#

-."#,(2,"(#14&'-%2&%&3#21#-."#AB?@CBRA+$#$*$-"57#0."("%&#AB?@CB#+((+*$#21-"&#'2:

2''4(#0%-.#cas#3"&"$7#0"#'2&64'-"6#+#'25,+(+-%/"#+&+)*$%$#-2#+$$"$$#-."#1("84"&'*#21#

?@#-(+&$,2$%-%2&$#%&-2#-."#-02#")"5"&-$#0%-.%&#-."#AB?@CBA+$6;#6+-+;+$"9#B"5+(I+;)*7#

24(# +&+)*$%$# ("/"+)"6# +# ')"+(# ,(2,"&$%-*# 12(# ?@$# -(+&$,2$%-%2&$7# 0%-.# "J')4$%/"#

2''4(("&'"$#2;$"(/"6#%&#cas#3"&"$7#0.%)"#&2#?@#%&$"(-%2&$#0"("#%6"&-%1%"6#0%-.%&#-."#

AB?@CB#+((+*$7#%&6%'+-%&3#+#&2&:(+&625#,(2'"$$#21#?@$#%&-"3(+-%2&$#%&-2#cas#3"&"$9#

\/"(+))7#0"# -.%&I# -.+-# 24(# ("/%$%2&$# <)%&"#STL=# $433"$-"6# ;*# -."# ("/%"0"(#.+/"#

$%3&%1%'+&-)*#%5,(2/"6#24(#$-46*7#,+(-%'4)+()*#%&#")4'%6+-%&3#-."#&+-4(+)#2''4(("&'"#21#

?@$#-(+&$,2$%-%2&$#%&-2#cas#3"&"$9#

>66%-%2&+))*7# 0.%)"# -."# +4-.2($# .+/"# +&+)*M"6# -."# %5,+'-# 21# -.%$# +$$2'%+-%2&# 4$%&3#

,)+$5%6$7#%-#%$#%5,2(-+&-#-2#'2&$%6"(#-."#(2)"#21#AB?@CB:A+$#$*$-"5$#%&#;)2'I%&3#,.+3"#

%&1"'-%2&$9#>#$-(+%&#'+((*%&3#+&#%&+'-%/"#AB?@CB:A+$#$*$-"5#5+*#;"#")%5%&+-"6#1(25#

-."#,2,4)+-%2&#4&)"$$#-."#%&$"(-%2&#21#-."#?@$#'+&#;"#("/"(-"69#V+/"#-."#+4-.2($#-"$-"6#

-.%$]#

B"$,2&$"G#D."#("/%"0"(#(+%$"6#+#/"(*#3226#,2%&-9#D."#+'84%$%-%2&#21#52;%)"#3"&"-%'#

")"5"&-$# <O[Y$=# -.(243.# .2(%M2&-+)# 3"&"# -(+&$1"(# <V[D=# %$# +# ,(%5+(*# 6(%/"(# 21#
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;+'-"(%+)#"/2)4-%2&9#V20"/"(7#-."#AB?@CBRA+$#$*$-"5#%$#+#624;)":"63"6#$02(67#+'-%&3#

+$#+&#+6+,-%/"#%554&"#6"1"&$"#$*$-"5#-.+-#5+%&-+%&#3"&25"#$-+;%)%-*#+&6#%&-"3(%-*#;*#

,("/"&-%&3#-."#%&/+$%2&#21#12("%3&#3"&"-%'#5+-"(%+)7#0.%)"#$%54)-+&"24$)*#.%&6"(%&3#-."#

+'84%$%-%2&#21#;"&"1%'%+)#3"&"$#-.(243.#V[D9#?&#24(#$-46*7#-."#6")%;"(+-"#%&+'-%/+-%2&#

21#-."#AB?@CBRA+$#$*$-"5#-.(243.#?@$#-(+&$,2$%-%2&$#"5"(3"$#+$#+#$-(+-"3*#"&+;)%&3#

(+,%6#+'84%$%-%2&#21#,)+$5%6$7#-."(";*#"&.+&'%&3#-."#$4(/%/+)#'+,+;%)%-%"$#21# -."#.2$-#

4&6"(# +&-%;%2-%'# $-("$$9# D."# 6%$(4,-%2&# 21# AB?@CBRA+$# $*$-"5# %&6""6# )"+6$# -2# +#

6%5%&%$."6#'+,+'%-*#-2#%5,"6"#,.+3"#%&1"'-%2&$9# #

V20"/"(7#%-#%$#%5,2(-+&-#-2#&2-"#-.+-#-."#,("$"&'"#21#2-."(#6"1"&$"#$*$-"5$7#$4'.#

+$# ("$-(%'-%2&# 526%1%'+-%2&# <BO=# $*$-"567# '*')%':2)%32&4')"2-%6":;+$"6# +&-%:,.+3"#

$%3&+)%&3# $*$-"5# <AP>@@=77# 0%-.%&# -."# .2$-7# '+&# +)$2# 211"(# +# 6"3(""# 21# ,(2-"'-%2&#

+3+%&$-# ,.+3"# %&1"'-%2&$9# !%-.%&# -."%(# "'2)23%'+)# &%'."$7# 5%'(22(3+&%$5$# "&'24&-"(#

6%/"($"#"&/%(2&5"&-+)#,("$$4("$#</+(%24$#+&-%;%2-%'#$-("$$7#,.+3"#%&1"'-%2&$7#etc9=7#+&6#

5+*# 21-"&# ;"# 12('"6# -2# ,(%2(%-%M"# +&6# 5+I"# $-(+-"3%'# -(+6":211$# %&# -."%(# +6+,-%/"#

("$,2&$"$7# +%5%&3# -2# "&$4("# -."%(# $4(/%/+)# +&6# $4''"$$14)# +6+,-+-%2&# -2# ,("/+%)%&3#

'.+))"&3"$9#P")20#0"#"J,)2("#-.%$#+(345"&-#%&#52("#6"-+%)9#

>$#6"$'(%;"6# %&#24(#$-46*7#E. amylovora#^:X7#+#3)2;+))*#6%$-(%;4-"6#+3(%'4)-4(+)#

,+-.23"&7# ,2$"$# $%3&%1%'+&-# "'2&25%'# -.("+-$9# ?&# -."# _@># +&6# A+&+6+7# 0."("# E. 

amylovora %&1"'-%2&$#+("#,("/+)"&-7#+&6#-."#'2&-(2)#21#-.%$#,+-.23"&#'2552&)*#(")%"$#

2&# -."# -+(3"-"6# +,,)%'+-%2&# 21# -."# +&-%;%2-%'# $-(",-25*'%&89#D.(243.# -."# +&+)*$%$# 21#

$,+'"(#$"84"&'"$#0%-.%&#-."#AB?@CB#+((+*#21#E. amylovora#^:X7#0"#.+/"#%6"&-%1%"6#%-#

,2$$"$$"$#+&#%&-(%&$%'#-*,"#?:Y#AB?@CBRA+$#$*$-"5#'+,+;)"#21#-+(3"-%&3#-."#,)+$5%6#^:

X#-.+-#'2&-+%&$#$-(",-25*'%&#("$%$-+&'"#3"&"$#<strA#+&6#strB=9#!."&#'2&1(2&-"6#0%-.#

-."#,("625%&+&-#'.+))"&3"#21# $-(",-25*'%&# -("+-5"&-7# -."#,("$"&'"#21# -.%$# +&-%;%2-%'#

%5,2$"$# -."#52$-# $4;$-+&-%+)#$")"'-%/"#,("$$4("#2&# -."# $4(/%/+)#21#E. amylovora#^:X#

'25,+("6# -2# 2-."(# "&/%(2&5"&-+)# ,("$$4("$9# V20"/"(7# +-# -.%$# `4&'-4("7# -."# %&-(%&$%'#

AB?@CBRA+$#$*$-"57#0.%'.#6"1"&6$#+3+%&$-#,^:X#,)+$5%6#%&/+$%2&7#,(2/"$#6"-(%5"&-+)#

-2# -."# .2$-9#D.%$# +&-%;%2-%'# $")"'-%/"# ,("$$4("# +'-$# +$# +# $-(2&3# 6(%/%&3# 12('"# 12(# -."#

%&+'-%/+-%2&# 21# -."# $-(+%&H$# AB?@CBRA+$# $*$-"5# -.(243.# ?@ST# -(+&$,2$%-%2&7# -."(";*#

1+'%)%-+-%&3#%-$#'2"J%$-"&'"#0%-.#-."#,^:X#,)+$5%69#D."("12("7#-.%$#'2"J%$-"&'"#"&+;)"$#
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-."#+'84%$%-%2&#21#$-(",-25*'%&#("$%$-+&'"#3"&"$#"&'26"6#2&#-."#,^:X#,)+$5%67#+))20%&3#

E. amylovora#^:X#-2#,"($%$-#+&6#+6+,-#%&#-."#1+'"#21#$-(",-25*'%&#-("+-5"&-9#!"#.2,"#

-.+-# -.%$# "J+5,)"# ,(2/%6"$# 14(-."(# %&$%3.-$# %&-2# -."# ;%2)23%'+)# $%3&%1%'+&'"# 21# ?@$#

-(+&$,2$%-%2&$#%&-2#cas#3"&"$9#

>;24-# -."# ,2%&-# K# <+# $-(+%&# '+((*%&3# +&# %&+'-%/"# AB?@CB:A+$# $*$-"5# 5+*# ;"#

")%5%&+-"6#1(25#-."#,2,4)+-%2&#4&)"$$#-."#%&$"(-%2&#21#-."#?@$#'+&#;"#("/"(-"69#V+/"#-."#

+4-.2($#-"$-"6#-.%$]=#(+%$"6#;*#-."#("/%"0"(7#0"#.+/"#("/%"0"6#-."#(")"/+&-#)%-"(+-4("#%&#

+&#"112(-#-2#+66("$$#-.%$#'2&'"(&9#?@$#'+&#,(2,+3+-"#%&#-."#3"&25"#/%+#'2,*:+&6:,+$-"#

2(# '4-:+&6:,+$-"# -(+&$,2$%-%2&# 5"'.+&%$5$9# ?&# -."# '2,*:+&6:,+$-"# 5"'.+&%$57# ?@#

(",)%'+-"$#%-$")1#+&6#%&$"(-$#+#64,)%'+-"6#'2,*#%&-2#+#6%11"("&-#3"&25%'#)2'+-%2&7#0.%)"#

,("$"(/%&3#%-$#2(%3%&+)#$%-"9#A2&/"($")*7#-."#'4-:+&6:,+$-"#5"'.+&%$5#%&/2)/"$#"J'%$%&3#

-."#?@#1(25#%-$#2(%3%&+)#,2$%-%2&#+&6#(")2'+-%&3#%-#-2#+#&"0#3"&25%'#$%-"9#>''2(6%&3)*7#

12(#?@$#-.+-#"5,)2*#+#'2,*:+&6:,+$-"#-(+&$,2$%-%2&#5"'.+&%$57#"/"&#%1#-."#?@$#0%-.%&#

-."#cas#3"&"$#4&6"(32#14(-."(# -(+&$,2$%-%2&7# -."*#024)6#$-%))# ("5+%&# %&#-."%(#2(%3%&+)#

,2$%-%2&$7# ("&6"(%&3# -."#A+$#,(2-"%&$# %&+'-%/"9# ?&# -."#'+$"#21# ?@$#4-%)%M%&3#+#'4-:+&6:

,+$-"#-(+&$,2$%-%2&#5"'.+&%$57#+)-.243.#-."#?@$#%&6""6#+("#"J'%$"6#1(25#-."%(#2(%3%&+)#

,2$%-%2&$#+&6#-(+&$,2$"#+0+*#4,2&#$4;$"84"&-#-(+&$,2$%-%2&7#-."#-+(3"-#$%-"#64,)%'+-%2&$#

<D@E$=7# 3"&"(+-"6# 64(%&3# -."# %&%-%+)# -(+&$,2$%-%2&7#024)6# $-%))# ,"($%$-#0%-.%&# -."#cas#

3"&"$# +&6# ,2$"# +# $%3&%1%'+&-# (%$I# 21# 6%$(4,-%&3# -."# ,(2,"(# 14&'-%2&%&3# 21# -."#

AB?@CBRA+$#$*$-"59#A2&$"84"&-)*7#-."#-(+&$,2$%-%2&$#21#?@$#%&-2#cas#3"&"$#5+*#("$4)-#

%&# %(("/"($%;)"#6%$(4,-%2&9#F"/"(-.")"$$7# +$#,("/%24$)*#5"&-%2&"67# -."#.2$-#,2$$"$$"$#

2-."(#+)-"(&+-%/"#6"1"&$"#$*$-"5$#-.+-#+'-#+$#$+1"34+(6$7#-."(";*#5%-%3+-%&3#-."#(%$I#21#

+#'25,)"-"#;("+I620&#%&#-."#6"1"&$"#5"'.+&%$59#

N4(-."(52("7# -."# "J,"(%5"&-$# +&+)*M%&3# 1%-&"$$# '2$-$# +("# 84"$-%2&+;)"9# D."$"#

"J,"(%5"&-$#$.24)6#%6"+))*#;"#,"(12(5"6#%&#-."#2(%3%&+)#$,"'%"$R$-(+%&#<E. amylovora=#

'+((*%&3# -."# $*$-"57# (+-."(# -.+&#4$%&3# -."# $4((23+-"#E. coli7# +$# -."#E. coli# $*$-"5# %$#

'25,)"-")*#+(-%1%'%+)9#\-."(#2,-%2&#%$#-2#4$"#AB?@CB:A+$#$*$-"5#+)("+6*#,("$"&-#%&#E. 

coli.#
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B"$,2&$"G#>$#-."#("/%"0"(#$433"$-"67#0"#4-%)%M"6#-."#"&623"&24$#-*,"#?:Y#AB?@CBRA+$#

$*$-"5#21#E. coli#EVSTP#-2#14(-."(#"J,)2("#-."#(2)"#21#?@$#%&#;+)+&'%&3#3"&"-%'#6"1"&$"#

+&6# -."#;"&"1%-$#21#,)+$5%6#+'84%$%-%2&9#E. coli#EVSTP# %$# "84%,,"6#0%-.# +# -*,"# ?:Y#

AB?@CBRA+$#$*$-"5#'25,(%$%&3#"%3.-#cas#3"&"$#<cas17#cas27#cas3#+&6#casABCDE=#+&6#

-02#AB?@CB#+((+*$#<AB?@CB#?#+&6#AB?@CB#??=99#D."$"#"%3.-#cas 3"&"$#0"("#(",2(-"6#

-2# ;"# 2(3+&%M"6# %&# -02# 2,"(2&$# <casA-casB-casC-casD-casE-cas1-cas2 +&6 cas3=9#

_&6"(#&2(5+)#'2&6%-%2&$7#-."#-*,"#?:Y#AB?@CBRA+$#$*$-"5#21#E. coli#EVSTP#("5+%&$#

$%)"&-# 64"# -2# $-(2&3# (",("$$%2&#21#casABCDE12#2,"(2&#;*# -."#.%$-2&":)%I"#&4')"2%6#

$-(4'-4(%&3#,(2-"%&# <V:F@=10,119# ?&# )%3.-#21# -.%$7#0"# (",)+'"6# -."#&+-%/"#,(252-"($#21#

casABCDE12#2,"(2&#+&6#cas3#0%-.#+#'2&$-%-4-%/"#,(252-"(#aKXSSb#+&6#+&#+(+;%&2$"c

%&64'%;)"# ,(252-"(# <,P>E=7# ("$,"'-%/")*7# 3"&"(+-%&3# $-(+%&#>'-@dTS# <N%34("# @e>=9#

>66%-%2&+))*7# 0"# 6"$%3&"6# +&6# %&$"(-"6# -02# 6%11"("&-# AB?@CB# $,+'"($7# $,"'%1%'+))*#

-+(3"-%&3# -."# ,(2-2$,+'"($# %55"6%+-")*# 620&$-("+5# 21# -."# >>[# <C>O=# $"84"&'"#

0%-.%&# ;2-.# +&# "$$"&-%+)# 3"&"# <ftsA=# +&6# +# &2&:"$$"&-%+)# 3"&"# <arpA=7# %&-2# +# ,Se>:

6"(%/"6#,)+$5%67#3"&"(+-%&3#,Se>:AB?@CBGG1-$>#+&6#,Se>:AB?@CBGG+(,>#,)+$5%6$7#

("$,"'-%/")*9# A25,+("6# -2# -."# '2&-(2)# ,)+$5%6# ,Se>:$3BF>GG)+'fTK# )+'I%&3# -."#

-+(3"-%&3#$,+'"(#12(#-."#-*,"#?:Y#AB?@CBRA+$#$*$-"57#-."#-(+&$12(5+-%2&#"11%'%"&'%"$#

21# ,Se>:AB?@CBGG1-$># +&6# ,Se>:AB?@CBGG+(,># %&-2# -."# $-(+%&# >'-@dTS# 0"("#

6(+5+-%'+))*# 6"'("+$"6# ;*# +;24-# 124(# 2(6"($# 21# 5+3&%-46"# %&# -."# ,("$"&'"# 21# Q:

+(+;%&2$"#%&64'-%2&#<N%34("#@eP=9#
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$+5,)"$#>L7#>Se7#>KS#+&6#>KK7#?@#%&$"(-%2&$#0"("#6"-"'-"6#0%-.%&#-."#cas#3"&"$#21#+))#

2-."(#Sb#$+5,)"$9#E"-+%)"6#%&12(5+-%2&#("3+(6%&3#-."#?@#-*,"$#%&/2)/"6#%&#-(+&$,2$%-%2&#

+&6#-."%(#("$4)-%&3#D@E#$"84"&'"$#'+&#;"#124&6#%&#D+;)"#@W9

F"/"(-.")"$$7# +# )+(3"# &45;"(# 21# "$'+,"($7# '+,+;)"# 21# "/+6%&3# AB?@CBRA+$:

5"6%+-"6#')"+/+3"7#"5"(3"6#4&6"(#-."#$")"'-%/"#,("$$4("#21#'.)2(+5,."&%'2)#+&-%;%2-%'9#

D2#14(-."(#"J,)2("#-."#4&6"()*%&3#%554&"#"$'+,"#5"'.+&%$5$7#0"#(+&625)*#$")"'-"6#

KX# "$'+,"($# 1(25# -."# $-(+%&$# >'-@dTS# .+(;2(%&3# ,Se>:AB?@CBGG1-$># 2(# ,Se>:

AB?@CBGG+(,>7#+&6#$4;$"84"&-)*#,"(12(5"6#CAB#+5,)%1%'+-%2&#+&6#@+&3"(#$"84"&'%&3#

21# -."# '25,)"-"# '.(252$25+)# cas# 2,"(2&$9# >$# "J,"'-"67# 0"# 6"-"'-"6# /+(%24$#

'25,"&$+-2(*#54-+-%2&$#'2(("$,2&6%&3#-2#-."#-(+&$,2$%-%2&$#21#?@S7#?@K7#?@e#+&6#?@ST#

%&-2# -."# cas# 3"&"$# 0%-.%&# -."# %&-(%&$%'# -*,"# ?:Y# AB?@CBRA+$# $*$-"5# 21# -."# $-(+%&#

>'-@dTS#<N%34("#@eA#+&6#D+;)"#@W=9#

Supplementary information, Table S6. Analysis of a total of 19 larger amplicons 

containing an IS element insertion into cas genes within the type I-E CRISPR/Cas 

system of the strain ActSY01. 

Samples IS type TSD sequences TSD length 

>TS# ?@ST# A[A>[>>A># b#

>TK# ?@ST# D[AD>D[AD# b#

>TX# ?@ST# D[DA>[[A># b#

>TZ# ?@ST# D[AD>D[AD# b#

>Te# ?@e# DD>[# Z#

>TW# ?@S# >A[AA>[A[# b#

>T^# ?@S# [[A>>D[[A# b#

>Tb# ?@K# [[A>A# e#

>ST# ?@ST# D[AD>D[AD# b#

>SS# ?@ST# [[AAD[[AD# b#

>SK# ?@ST# A>ADA[>A[# b#

>SX# ?@e# DD>># Z#

>SZ# ?@ST# A>ADA[>A[# b#

>SW# ?@ST# D[AD[A[A># b#

>S^# ?@ST# A>ADA[>A[# b#

>SL# ?@S# AD[[DDDAA# b#

>Sb# ?@ST# [[AAD[[AD# b#

>KT# ?@ST# >[ADDA[AA# b#

>KX# ?@ST# A[A>[>>A># b#
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D."$"# 1%&6%&3$# %&6%'+-"6# -.+-# -.(243.# ?@$:5"6%+-"6# 6%$(4,-%2&# 21# -."%(# &+-%/"#

AB?@CBRA+$# $*$-"57# .2$-# +'.%"/"6# '2"J%$-"&'"# 0%-.# ,)+$5%6$# -.+-# -+(3"-"6# -."#
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$%54)-+&"24$)*#+'84%(%&3#+&-%;%2-%'#("$%$-+&'"#3"&"#"&'26"6#;*#-."#,)+$5%6$7#"&+;)%&3#
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$-46%"$#2&# -."# -*,"# ?:Y#AB?@CBRA+$#$*$-"5#21#E. amylovora <N%34("#X=7# -."# -*,"# ??#
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21#Francisella novicida <N%34("#e=9# #
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6%$-%&'-#?@#1+5%)%"$#+&6#$,+&&%&3#+'(2$$#e^#6%11"("&-#3"&"(+#<D+;)"#@e=9#N4(-."(52("7#

0"#+)$2#"J,)2("6#-."#;%2)23%'+)#$%3&%1%'+&'"#21#?@$#-(+&$,2$%-%2&$#%&-2#cas#3"&"$#4$%&3#

-."# "&623"&24$# -*,"# ?:Y# AB?@CBRA+$# $*$-"5# 21# E. coli EVSTP9# E"-+%)"6# %&$%3.-$#

("3+(6%&3#-."$"#("$4)-$#+("#,(2/%6"6#%&#-."#,("'"6%&3#("$,2&$"$9#

Supplementary information, Table S5. Taxonomic analysis of 163 cases of ISs 

transpositions into cas genes. 

accession number taxid species genus 

AP024271.1 274 Thermus thermophilus Thermus 

CP039845.1 438 Acetobacter pasteurianus Acetobacter 

LR134176.1 446 Legionella pneumophila Legionella 

CP023258.1 562 Escherichia coli Escherichia 

CP027388.1 562 Escherichia coli Escherichia 

CP034843.1 562 Escherichia coli Escherichia 

AP019189.1 562 Escherichia coli Escherichia 

CP051716.1 562 Escherichia coli Escherichia 

CP055669.1 562 Escherichia coli Escherichia 

CP024260.1 562 Escherichia coli Escherichia 

CP043739.1 562 Escherichia coli Escherichia 

CP047571.1 562 Escherichia coli Escherichia 

CP007265.1 562 Escherichia coli Escherichia 

CP018995.1 562 Escherichia coli Escherichia 

CP025851.1 562 Escherichia coli Escherichia 

CP017844.1 562 Escherichia coli Escherichia 

CP025840.1 562 Escherichia coli Escherichia 

CP007391.1 562 Escherichia coli Escherichia 

CP027597.1 562 Escherichia coli Escherichia 

CP044315.2 562 Escherichia coli Escherichia 

CP014197.1 562 Escherichia coli Escherichia 

CP044346.1 562 Escherichia coli Escherichia 

CP057838.1 562 Escherichia coli Escherichia 

CP059288.1 562 Escherichia coli Escherichia 

CP029981.1 562 Escherichia coli Escherichia 

LT883142.1 562 Escherichia coli Escherichia 

CP042606.1 562 Escherichia coli Escherichia 

CP043750.1 562 Escherichia coli Escherichia 

CP027319.1 562 Escherichia coli Escherichia 

CP007390.1 562 Escherichia coli Escherichia 

CP041628.1 562 Escherichia coli Escherichia 

CP010143.1 562 Escherichia coli Escherichia 

CP057281.1 562 Escherichia coli Escherichia 
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CP056842.1 562 Escherichia coli Escherichia 

CP019259.1 562 Escherichia coli Escherichia 

LR882973.1 562 Escherichia coli Escherichia 

CP027763.1 562 Escherichia coli Escherichia 

CP024659.1 562 Escherichia coli Escherichia 

LR883050.1 562 Escherichia coli Escherichia 

CP057207.1 562 Escherichia coli Escherichia 

CP027140.1 562 Escherichia coli Escherichia 

CP019256.1 562 Escherichia coli Escherichia 

CP022279.1 562 Escherichia coli Escherichia 

CP007594.1 562 Escherichia coli Escherichia 

CP043742.1 562 Escherichia coli Escherichia 

CP010152.1 562 Escherichia coli Escherichia 

LR134236.1 562 Escherichia coli Escherichia 

CP057287.1 562 Escherichia coli Escherichia 

AP021894.1 562 Escherichia coli Escherichia 

CP059929.1 562 Escherichia coli Escherichia 

CP018109.1 562 Escherichia coli Escherichia 

CP057860.1 562 Escherichia coli Escherichia 

CP029687.1 562 Escherichia coli Escherichia 

CP057204.1 562 Escherichia coli Escherichia 

CP057173.1 562 Escherichia coli Escherichia 

CP055945.1 562 Escherichia coli Escherichia 

CP053720.1 562 Escherichia coli Escherichia 

CP056495.1 571 Klebsiella oxytoca Klebsiella 

CP012753.1 573 Klebsiella pneumoniae Klebsiella 

CP026846.1 621 Shigella boydii Shigella 

CP026834.1 622 Shigella dysenteriae Shigella 

CP034935.1 622 Shigella dysenteriae Shigella 

CP026831.1 622 Shigella dysenteriae Shigella 

CP026840.1 622 Shigella dysenteriae Shigella 

CP028249.1 1254 Pediococcus acidilactici Pediococcus 

CP028247.1 1254 Pediococcus acidilactici Pediococcus 

CP012911.1 1307 Streptococcus suis Streptococcus 

CP007587.1 1346 Streptococcus iniae Streptococcus 

CP007586.1 1346 Streptococcus iniae Streptococcus 

CP043615.1 1581 Lentilactobacillus buchneri Lentilactobacillus 

CP041944.1 1597 Lacticaseibacillus paracasei Lacticaseibacillus 

CP034099.1 1613 Limosilactobacillus fermentum Limosilactobacillus 

CP016803.1 1613 Limosilactobacillus fermentum Limosilactobacillus 

CP067088.1 1613 Limosilactobacillus fermentum Limosilactobacillus 

LT618776.1 1744 Propionibacterium freudenreichii Propionibacterium 

LT618777.1 1744 Propionibacterium freudenreichii Propionibacterium 

LR699570.1 1765 Mycobacterium tuberculosis Mycobacterium 
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CP041806.1 1773 Mycobacterium tuberculosis Mycobacterium 

CP044345.1 1773 Mycobacterium tuberculosis Mycobacterium 

CP041875.1 1773 Mycobacterium tuberculosis Mycobacterium 

CP027234.1 28113 Bacteroides heparinolyticus Bacteroides 

CP028370.1 28183 Leptospira santarosai Leptospira 

CP034309.1 28200 Aliarcobacter skirrowii Aliarcobacter 

CP029250.1 29397 Lactobacillus delbrueckii Lactobacillus 

CP023139.1 29397 Lactobacillus delbrueckii Lactobacillus 

CP018215.1 29397 Lactobacillus delbrueckii Lactobacillus 

CP051101.1 29495 Vibrio navarrensis Vibrio 

CP026503.1 47770 Lactobacillus crispatus Lactobacillus 

CP046311.1 47770 Lactobacillus crispatus Lactobacillus 

CP012890.1 52242 Lactobacillus gallinarum Lactobacillus 

CP038281.1 54291 Raoultella ornithinolytica Raoultella 

CP037427.1 76832 Myroides odoratimimus Myroides 

CP058954.1 97478 Limosilactobacillus mucosae Limosilactobacillus 

AP018824.1 108980 Acinetobacter ursingii Acinetobacter 

AP024237.1 110505 Mycobacterium heckeshornense Mycobacterium 

CP065155.1 113557 Lacticaseibacillus paracasei Lacticaseibacillus 

CP064311.1 113557 Lacticaseibacillus paracasei Lacticaseibacillus 

CP014342.1 129338 Geobacillus subterraneus Geobacillus 

CP002552.1 153948 Nitrosomonas sp. AL212 Nitrosomonas 

CP016786.1 182773 Clostridium isatidis Clostridium 

CP044117.1 207340 Roseomonas mucosa Roseomonas 

CP009512.1 213585 Methanosarcina mazei Methanosarcina 

AE006641.1 273057 Saccharolobus solfataricus Saccharolobus 

AE008691.1 273068 Caldanaerobacter subterraneus Caldanaerobacter 

FN649414.1 316401 Escherichia coli Escherichia 

CP001101.1 331678 Chlorobium phaeobacteroides Chlorobium 

AP008937.1 334390 Limosilactobacillus fermentum Limosilactobacillus 

CP011410.1 338215 Leptospira interrogans Leptospira 

CP003056.1 345219 Weizmannia coagulans Weizmannia 

CP000679.1 351627 Caldicellulosiruptor saccharolyticus Caldicellulosiruptor 

CP001702.1 395962 Rippkaea orientalis Rippkaea 

CP000943.1 426117 Methylobacterium sp. 4-46 Methylobacterium 

CM001022.1 584708 Aminomonas paucivorans Aminomonas 

AP012340.1 652616 Mycobacterium tuberculosis Mycobacterium 

CP002432.1 653733 Desulfurispirillum indicum Desulfurispirillum 

CP002539.1 693977 Deinococcus proteolyticus Deinococcus 

CP023669.1 702114 Methylomonas koyamae Methylomonas 

CP002033.1 712938 Limosilactobacillus fermentum Limosilactobacillus 

CP002858.1 717231 Flexistipes sinusarabici Flexistipes 

CM001225.1 882098 Mycobacterium tuberculosis Mycobacterium 

CM001226.1 882099 Mycobacterium tuberculosis Mycobacterium 
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CM001227.1 882100 Mycobacterium tuberculosis Mycobacterium 

CP002411.1 929506 Clostridium botulinum Clostridium 

CP032507.1 947515 Ectothiorhodospiraceae bacterium BW-2

unclassified 

Ectothiorhodospiraceae 

genus 

CP031345.1 1055538 Escherichia coli Escherichia 

CP031349.1 1055538 Escherichia coli Escherichia 

CP031347.1 1055538 Escherichia coli Escherichia 

CP031343.1 1055538 Escherichia coli Escherichia 

CP028379.1 1055544 Escherichia coli Escherichia 

CP031916.1 1078032 Escherichia coli Escherichia 

AP019703.1 1078034 Escherichia coli Escherichia 

CP009709.1 1121088 Weizmannia coagulans Weizmannia 

CP042169.1 1179670 Micrococcus sp. KBS0714 Micrococcus 

CP003988.1 1262452 Streptomyces sp. 769 Streptomyces 

AP013042.1 1303921 
Bathymodiolus septemdierum 

thioautotrophic gill symbiont 

unclassified 

Gammaproteobacteria 

genus 

HF952106.1 1318615 Streptococcus agalactiae Streptococcus 

CP005941.1 1318633 Streptococcus iniae Streptococcus 

CP011536.1 1381124 Limosilactobacillus fermentum Limosilactobacillus 

AP019551.1 1441386 Athalassotoga saccharophila Athalassotoga 

AP019755.1 1444684 Nitrosomonas stercoris Nitrosomonas 

CP024266.1 1446746 Escherichia coli Escherichia 

CP022912.1 1446746 Escherichia coli Escherichia 

CP007156.1 1451189 Corynebacterium falsenii Corynebacterium 

CP011271.1 1630693 Gemmata sp. SH-PL17 Gemmata 

CP014360.1 1727196 Methylomonas sp. DH-1 Methylomonas 

CP029145.1 1850093 Hymenobacter nivis Hymenobacter 

CP019636.1 1940762 Nostocales cyanobacterium HT-58-2
unclassified Nostocales 

genus 

CP032143.1 2004647 Acinetobacter sp. WCHAc010052 Acinetobacter 

AP023240.1 2020875 Methyloprofundus sp. Methyloprofundus 

CP042909.1 2047767 Thermosulfurimonas marina Thermosulfurimonas 

CP024955.1 2055160 Kyrpidia spormannii Kyrpidia 

CP035122.1 2505977 Halorussus sp. RC-68 Halorussus 

CP043217.1 2605620 Escherichia coli Escherichia 

CP044222.1 2614693 Nitrincola iocasae Nitrincola 

CP048030.1 2698684 Sinimarinibacterium sp. NLF-5-8 Sinimarinibacterium 

AP023239.1 2741301 Paenibacillus sp. URB8-2 Paenibacillus 

AP021879.1 2752305 Desulfosarcina ovata Desulfosarcina 

CP059399.1 2755382 Nocardia huaxiensis Nocardia 

CP065383.1 2847778 Atribacter laminatus Atribacter 

>3+%&7# 0"# 6"",)*# +,,("'%+-"# -."# ("/%"0"(n$# %&$%3.-14)# '255"&-$7# 0.%'.# .+/"#
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Supplementary information, Figure S2. Identification of naturally occurring 

transpositions of ISs into cas genes using a highly sensitive software pipeline, 
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Supplementary information, Figure S4. Naturally occurring transpositions of 
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?#+5#+)$2#&2-#("+))*#,"($4+6"6#-.+-#-."#"/%6"&'"#,("$"&-"6#6"52&$-(+-"$#-.+-#?@#")"5"&-$#

+("#p+'-%/+-"6n#<)%&"#Sb^=#-2#%&$"(-#%&-2#cas#3"&"$#</"($4$#$")"'-%2&#+1-"(#+#(+&625#"/"&-=9#
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Reviewer #1 (Remarks to the Author): 

The authors have performed additional experiments and addressed the majority of my previous 

comments. One potential avenue for further analysis that I suggest is investigating whether the 

ISs are capable of excising themself from the bacterial chromosome, thereby restoring the 

functionality of the CRISPR-Cas array. A straightforward approach to explore this possibility would 

be to employ PCR techniques. 

Reviewer #2 (Remarks to the Author): 

The authors have adequately addressed my comments in their revised manuscript. 

Reviewer #3 (Remarks to the Author): 

I find the study convincing that ISs can mediate the trade-off between CRISPR immunity and the 

acquisition of beneficial MGEs. This element of the work is quite thorough and the majority of my 

concerns have been addressed adequately. 

I still have one issue in regards to the occurrence of IS transpositions into cas genes relative to 

other genes, or put another way how intentional or specific these insertions are. The suggested 

analysis in the rebuttal that compares IS transpositions into cas genes vs. CRISPR arrays is 

inadequate because these genes are functionally linked and therefore not independent. For 

example, if an IS element inserts into a cas gene, then the CRISPR system becomes inert, 

meaning there will be no additional effect from subsequent insertions into the arrays. CRISPR 

arrays may also be more recombinogenic due to the repeat sequences, which might influence IS 

stability. Why not compare overall IS rate across the whole genome, or per kb? 

With that said, this does not diminish the functional implications of insertions into cas genes. I 

agree with the overall conclusions that such ISs can balance the costs and benefits of MGEs. 

Adding this distinction to the discussion would probably be sufficient. 
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Manuscript ID: NCOMMS-23-06901A 

Point-by-point Response to Referees 

We sincerely appreciate the reviewers' high evaluation of the improvement of our 

manuscript during the revision. In addition, we have carefully addressed the comments 

below and provided a point-by-point response to all comments from reviewers in 

BLUE font. 

REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The authors have performed additional experiments and addressed the majority of my 

previous comments. One potential avenue for further analysis that I suggest is 

investigating whether the ISs are capable of excising themself from the bacterial 

chromosome, thereby restoring the functionality of the CRISPR-Cas array. A 

straightforward approach to explore this possibility would be to employ PCR 

techniques. 

Response: We appreciate the reviewer's high evaluation of the improvement of our 

manuscript during the revision. As pointed out by the reviewer, the relocation of ISs to 

a new genomic site can be inferred by PCR amplification of their flanking regions. 

Specifically, the reduction in the size of the PCR product implies the movement of ISs 

from their original site to a different locus. 

For the ISs that generate the target site duplication (TSD) sequences1 during 

transpositions, it is worth noting that even after they excise themselves from their 

original site and transpose to a new location, the TSD sequences generated from their 

previous transposition event are still retained within the cas gene. These remnants, 

typically consisting of several base pairs (2-14 bp), continue to act as scars, potentially 

disrupting the open reading frame (ORF) of the cas gene and impeding its proper 

translation. 

Certainly, some ISs undergo transposition without generating the TSD sequences. 

In light of this scenario, when these ISs transpose into the cas gene and subsequently 
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undergo self-excision before translocating to another site, the aforementioned issue of 

the scar (TSD) formation is effectively circumvented. However, owing to the absence 

of the homology-directed repair (HDR) mechanisms in prokaryotes, the precise and 

high-fidelity repair and joining of excision sites following ISs self-excision remain 

unfeasible. Under such circumstances, the host organism typically employs its 

specialized low-fidelity DNA polymerases2,3 to generate mutations surrounding the 

self-excision sites of ISs, striving to restore the incision. These mutations commonly 

involve base deletions, insertions or substitutions, ultimately resulting in the disruption 

of the ORF of the cas gene and compromising the proper expression of Cas protein. 

Therefore, it is indeed feasible to utilize PCR techniques to discern whether ISs 

have transposed out of the cas gene. However, even if the transposition does occur, it 

may not necessarily restore the functionality of the CRISPR/Cas system. 

Reviewer #2 (Remarks to the Author): 

The authors have adequately addressed my comments in their revised manuscript. 

Response: We sincerely appreciate the reviewer's kind comments and constructive 

suggestions.

Reviewer #3 (Remarks to the Author): 

I find the study convincing that ISs can mediate the trade-off between CRISPR 

immunity and the acquisition of beneficial MGEs. This element of the work is quite 

thorough and the majority of my concerns have been addressed adequately. 

Response: We appreciate the reviewer's high evaluation of the improvement of our 

manuscript during the revision.

I still have one issue in regards to the occurrence of IS transpositions into cas genes 

relative to other genes, or put another way how intentional or specific these insertions 
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are. The suggested analysis in the rebuttal that compares IS transpositions into cas genes 

vs. CRISPR arrays is inadequate because these genes are functionally linked and 

therefore not independent. For example, if an IS element inserts into a cas gene, then 

the CRISPR system becomes inert, meaning there will be no additional effect from 

subsequent insertions into the arrays. CRISPR arrays may also be more recombinogenic 

due to the repeat sequences, which might influence IS stability. Why not compare 

overall IS rate across the whole genome, or per kb? 

With that said, this does not diminish the functional implications of insertions into cas 

genes. I agree with the overall conclusions that such ISs can balance the costs and 

benefits of MGEs. Adding this distinction to the discussion would probably be 

sufficient. 

Response: We sincerely appreciate the reviewer's insightful comment regarding our 

choice to analyze ISs transpositions into cas genes alongside CRISPR arrays. We 

selected CRISPR arrays as a suitable comparative target, primarily because of their 

relatively similar occurrence frequencies to cas genes4. Our initial analysis uncovered 

a distinct predilection for IS transpositions, exclusively occurring within cas genes, 

while no IS insertions were detected within the CRISPR arrays. However, as mentioned 

by the reviewer, this analytical method may not be sufficiently thorough. Nevertheless, 

the exclusive preferential transpositions of ISs into cas genes and the absence of IS 

insertions within the CRISPR arrays indicate a significant disparity in statistical 

probability. This distinction, to a certain extent, implies that ISs transpositions may not 

be completely arbitrary. 

To comprehensively evaluate the observed discrepancy, we endeavored to conduct 

a theoretical analysis, as recommended by the reviewer, comparing the IS transposition 

rate across the entire genome and normalizing it on a length scale. We therefore 

formulated a series of mathematical equations as follows, to quantify the discrepancy 

in IS transposition rates between the cas and non-cas genes on a length scale. 
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Equation (1) calculates the IS transposition rate in all cas genes, denoted as !!"#. 

It is determined by multiplying the number of IS insertions into cas genes ("#$!"#) by 

the sum of the lengths of all cas genes (% &'"!"#!

$

%&'

) and dividing it by the length of 

the genome (&'"()$*+)). 

Equation (2) determines the IS transposition rate in non-cas genes, denoted as 

!*,-).. It is obtained by multiplying the number of IS insertions into non-cas genes 

("#$*,-).) by the difference between the genome length and the sum of the lengths of 

all cas genes, divided by the length of the genome. 

Equation (3) calculates the fold change in gene length, denoted as ()/)$. It is 

obtained by dividing the difference between the length of the genome and the sum of 

the lengths of all cas genes by the sum of the lengths of all cas genes. 

Equation (4) determines the fold change in transposition rate, denoted as ()0. It 

is obtained by dividing the IS transposition rate in non-cas genes by the IS transposition 

rate in all cas genes. 

Based on the established formulas, we can gain insights into the relationship 

between sequence length, transposition rates and the presence of preferences or biases 

(how intentional or specific these insertions are) in IS transposition across the genome. 

Specifically, when there is a substantial disparity between the values of ()/)$ and 

()0 , it suggests that sequence length does not primarily influence the rate of IS 

transposition across the entire genome, potentially implying that IS transposition may 

not be random but rather exhibit a certain preference (put simply, if IS transposition is 

not biased, the longer potential target sequences ought to possess a higher likelihood of 

IS transposition occurrence). Conversely, if there is minimal difference between ()/)$
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and ()0 values, it indicates that sequence length indeed predominantly impacts the 

over rate of IS transposition, potentially implying that IS transposition may lack a 

specific bias and instead exhibit a more random pattern. 

However, we encountered certain constraints during the practical analysis when 

evaluating the transposition rates of ISs across the entire genome. Firstly, considering 

the abundance of necessary genetic elements within bacterial chromosomes, any 

detrimental transposition of ISs into essential genes would lead to microbial lethality5, 

indicating that ISs are not expected to transpose and disrupt essential genes. In light of 

this, the inadvertent influence of the sum of lengths of numerous essential genes on the 

actual ()/)$  and ()0  values should be duly acknowledged. Undoubtedly, a 

straightforward and effective approach would entail extracting the entirety of essential 

genes from each genome, focusing solely on the analysis of non-essential genes. 

Currently, the thorough characterization of essential genes still remains challenging6, 

thus impeding the accurate and efficient analysis of non-essential genes within each 

genome. Secondly, the existing ISs detection software is limited to determining whether 

ISs are present or not, falling short in accurately differentiating between ISs that result 

from transposition events and those that are inherently present. This limitation will also 

hamper the precise evaluation of the "#$!"# and "#$*,-). values in the equations (1) 

and (2), respectively, thereby impacting the overall analytical outcomes. In summary, 

our theoretical analysis reveals that the utilization of this approach, which entails the 

analysis of the transposition rates of ISs at the genomic level in order to infer their 

randomness or preference, may also exhibit inherent limitations. Nonetheless, we 

believe that with ongoing efforts to overcome these limitations in future research, this 

analytical approach holds great promise. 
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