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Abstract  Direct repeat sequences widely exist in eukaryotic and prokaryotic genomes, which involves in
human diseases like hereditary neuromuscular neurodegenerative disease. Thus, it is of great importance to
quantify the frequency of the deletion of direct repeat sequences. Using the high-throughput microscopy imaging
and analysis technology, we designed a three-color fluorescent-based reporter system to quantify the frequency
of the deletion of direct repeat sequences. We found that the frequency of the deletion of direct repeat sequences

decreased in the recA mutant in P. aeruginosa, and the absence of RadA and UvrD increased the occurrence
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frequency of the deletion of direct repeat sequences, but the frequency of the deletion of direct repeat sequences

was independent of the following factors: fitness or promoter variants etc. This work can be helpful to the further

understanding of the deletion of direct repeat sequences, which also provide a novel method to quantify the

deletion of direct repeat sequences.

Keywords high-throughput; microscopy imaging and analysis technology; DNA rearrangement; deletion of

repeat sequences
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Fig. 1 Recognition of fluorescent-marked bacterial cells
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Fig.3 Determination and statistical analysis of deletion of
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Fig. 4 Measurements of the deletion of repeat sequences in
recombination related mutants (*** P<<0.001, ** P<<0.01,
* P<0.05)
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Fig. 5 Measurements of the deletion of repeat sequences

under different temperatures

34 RBFx DNA EHEE 289500
A SCHRAR I 5 e 2> i E L A e R

BRI, ARSI 7 AN A B 30+ 2440 F B4 B
FEH DNA MIBRHHE. B 6(a) Bor, A3+
J23100. J23106 A1 123109 [FJEE DNA MR 47
R A A R R, 1 J23105
123112 MAF s BT Ak B, AR
X7 DNA FJEH A K, R, i 6 (b) B
Ny EAFESANEEXAZT T, WE TH
P DNA MR IZA L, HE S DNA M
BRAR A B ZER . ML, Bsh IR
SEMNT DNA BHEAR (1) 52 & .

4 SESHR

2 (O 1 E RS e JE R T R AT
ST EOREAG X S DNA v BB ) e & 50
PR HERG, BTN AE IR T R BB R E
WA AL T, AR R AL R AR D S B



36 £

BEoOR 2019 4

-3

,
gz

L i

0

WT 23100 J23105 123106 J23109 J23112
(a) ANIF) R 795 T 1 2R B e 1 2 g i

5 X 107

(b) AN[ELJR Bl y-f5= B I 18] T 10 2 52 3 20 A3 F 0 7

6 ATRIBHFFHTRERKES DNA FEMIFR
HIME (+*+ P<<0.01)
Fig. 6 Measurements of the deletion of repeat sequences

under different promoters (** P<<0.01)

VR T IR AT LA BB 1 5 1 B
IR PP 5 A e B R, B e idoont Feadb AT s v
ME . P LLandE TR Iy X B i A1
NPT, orikim R, B2 AT
ENHEZARERA, JFHMNRSEEERIFH
PSR . T LA AR AR IR Y, AR AT
o A T P DR ) 208 R A g B 2 i e e i
Fe, (HEMEIRZEER K. ARt
e D B T iR AN 5 8 AF i ELIN RS R
B

IR, ASOTTE A R A 9OE R 2 A 1
Ji gt — 5 R T Al 1 B R 25 #y X 2 DNA
Fi BUIER € BRIFEI . (A3 4R IVE, Fekim
FALH AR 0 R A A AR SCBETE B S R K
B, B EH-DRR. B8, iR

FHRAURABA — € (BT AT 5, AR e 87
E LR AA R LB EAE . ARGES 2T AR
SR L 254 B AN R AR BRI BAE S X R DNA
Fr BUBBR A E B AR o AR SOR S A 575
BEAT T, EERET BABR SR I N L
HMRp IR, Jasm 2 iyikitirdt—
DI AR B, AHE X R R BOl Bk
R R A IR T 5 B et — o0 (1 2R W 2 R SO
IVAEPIY &

5 &

B RS BRI A, el B e Ak
AN BT BORAE AW 2 (AL AR &2

RSB T A E AR A E B EE DNA A
B R 773, IO E T A i i
FEE DNA F B ER A AR . 45 R
i o AR M R R DNA BN BR AR A2
RecA H FIEk R RAR P 2 WK, JFH RadA
HAAM UviD 3 A RSRIE —ERE Eite
A DNA Fr B MHBRAR , 1 4 B A 2R R
R BT AR IFA R E R DNA Fr BUB BRI
[ E B

2 % 3 W

[1T  Ceccaldi R, Rondinelli B, D’Andrea AD. Repair
pathway choices and consequences at the double-
strand break [J]. Trends in Cell Biology, 2016,
26(1): 52-64.

[2] Kowalczykowski S. An overview of the molecular
mechanisms of recombinational DNA repair [J].
Cold Spring Harbor Perspectives in Biology, 2015,
7(11): a016410.

[3] Klein HL. Genetic control of intrachromosomal
recombination [J]. Bioessays, 1995, 17(2): 147-159.

[4] Kuzminov A. Homologous recombination-



6

b2 PO, A5

Fe iR R AR S BT BRI DNA HLHFIT 7T 37

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

experimental systems, analysis, and significance [J].
EcoSal Plus, 2011, 4(2): 10.1128/ecosalplus.7.2.6.
Lovett ST, Gluckman TJ, Simon PJ, et al.
Recombination between repeats in Escherichia
coli by a recA-independent, proximity-sensitive
mechanism [J]. Molecular and General Genetics:
MGG, 1994, 245(3): 294-300.

Goldfless SJ, Morag AS, Belisle KA, et al.
DNA repeat rearrangements mediated by DnaK-
dependent replication fork repair [J]. Molecular
Cell, 2006, 21(5): 595-604.

Lovett ST. Encoded errors: mutations and
rearrangements mediated by misalignment
at repetitive DNA sequences [J]. Molecular
Microbiology, 2004, 52(5): 1243-1253.

Michel B. Replication fork arrest and DNA
recombination [J]. Trends in Biochemical Sciences,
2000, 25(4): 173-178.

Kim K, Bang S, Yoo DA, et al. De novo emergence
and potential function of human-specific tandem
repeats in brain-related loci [J]. Human Genetics,
2019, 138(6): 661-672.

Vinces MD, Legendre M, Caldara M, et al. Unstable
tandem repeats in promoters confer transcriptional
evolvability [J]. Science, 2009, 324(5931): 1213-
1216.

Kawakami K, Watanabe G. Identification
and functional analysis of single nucleotide
polymorphism in the tandem repeat sequence of
thymidylate synthase gene [J]. Cancer Research,
2003, 63(18): 6004-6007.

Kawakami K, Salonga D, Park JM, et al. Different
lengths of a polymorphic repeat sequence in the
thymidylate synthase gene affect translational
efficiency but not its gene expression [J]. Clinical

Cancer Research, 2001, 7(12): 4096-4101.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Edelmann L, Pandita RK, Morrow BE. Low-copy
repeats mediate the common 3-Mb deletion in
patients with velo-cardio-facial syndrome [J]. The
American Journal of Human Genetics, 1999, 64(4):
1076-1086.

Schon E, Rizzuto R, Moraes CT, et al. A direct
repeat is a hotspot for large-scale deletion of human
mitochondrial DNA [J]. Science, 1989, 244(4902):
346-349.

Madoff LC, Michel JL, Gong EW, et al. Group B
streptococci escape host immunity by deletion of
tandem repeat elements of the alpha C protein [J].
Proceedings of the National Academy of Sciences
of the United States of America, 1996, 93(9): 4131-
4136.

Stahl FW, McMilin KD, Stahl MM. An
enhancing role for DNA synthesis in formation
of bacteriophage lambda recombinants [J].
Proceedings of the National Academy of Sciences
of the United States of America, 1972, 69(12):
3598-3601.

Meselson M, Weigle JJ. Chromosome breakage
accompanying genetic recombination in
bacteriophage [J]. Proceedings of the National
Academy of Sciences of the United States of
America, 1961, 47(6): 857-868.

Fishel RA, James AA, Kolodner R. recAd-
independent general genetic recombination of
plasmids [J]. Nature, 1981, 294(5837): 184-186.
Kolodner R. Genetic recombination of bacterial
plasmid DNA: electron microscopic analysis of in
vitro intramolecular recombination [J]. Proceedings
of the National Academy of Sciences of the United
States of America, 1980, 77(8): 4847-4851.

Duret L, Arndt PF. The impact of recombination on

nucleotide substitutions in the human genome [J].



38

54

N 2019 4F

(21]

[22]

(23]

(24]

[25]

PLoS Genetics, 2008, 4 (5): e1000071.

Marttinen P, Hanage WP, Croucher NJ, et al.
Detection of recombination events in bacterial
genomes from large population samples [J]. Nucleic
Acids Research, 2011, 40(1): e6.

Gonzalez-Torres P, Rodriguez-Mateos F, Anton J,
et al. Impact of homologous recombination on the
evolution of prokaryotic core genomes [J]. mBio,
2019, 10(1): e02494-18.

Sekulovic O, Garrett EM, Bourgeois J, et al.
Genome-wide detection of conservative site-specific
recombination in bacteria [J]. PLoS Genetics, 2018,
14(4): e1007332.

Bi X, Liu LF. recA-independent and recA-dependent
intramolecular plasmid recombination: differential
homology requirement and distance effect [J].
Journal of Molecular Biology, 1994, 235(2): 414-
423,

Ithurbide S, Bentchikou E, Coste G, et al. Single
strand annealing plays a major role in recA-
independent recombination between repeated
sequences in the radioresistant deinococcus
radiodurans bacterium [J]. PLoS Genetics, 2015,
11(10): e1005636.

[26]

(27]

(28]

[29]

[30]

[31]

PNEZ, ., =g, 55, 50 BB N
R VIR AR g SR (9], L R e 22 A R
&, 2019, 24(4): 197-199.

B2 E . & AR R TR G SR P AR A
WAL IR [D]. S P ER A ROR K,
2018.

Croucher NJ, Harris SR, Fraser C, et al. Rapid
pneumococcal evolution in response to clinical
interventions [J]. Science, 2011, 331(6016): 430-
434,

Kosakovsky Pond SL, Posada D, Gravenor
MB, et al. Automated phylogenetic detection
of recombination using a genetic algorithm [J].
Molecular Biology and Evolution, 2006, 23(10):
1891-1901.

Rodriguez-Beltran J, Tourret J, Tenaillon O, et
al. High recombinant frequency in extraintestinal
pathogenic Escherichia coli strains [J]. Molecular
Biology and Evolution, 2015, 32(7): 1708-1716.
Lépez E, Blazquez J. Effect of subinhibitory
concentrations of antibiotics on intrachromosomal
homologous recombination in Escherichia coli [J].
Antimicrobial Agents and Chemotherapy, 2009,
53(8): 3411-3415.



