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Non-homologous DNA end joining in plant cells is
associated with deletions and filler DNA insertions
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ABSTRACT joining tends to preserve the original sequences (for a reviely, see

] o Changes, mainly restricted to the immediate vicinity of breakpoints,
Double strand DNA breaks in plants are primarily consist of a few base substitutions, nucleotide losses and occasional
repaired via non-homologous end joining. However, nucleotide additions. Furthermore, in all species examined, joining
little is known about the molecular events underlying frequently occurs at short repeaisq). These features, often found
this process. We have studied non-homologous end in naturally occurring junctions, were confirmed in studies
joining of linearized plasmid DNA with different termini employing ~ artificial linear DNA substrates with defined
configurations following transformation into tobacco non-homologous terminal configurations. Such substrates were
cells. A variety of sequences were found at novel end introducedin vivo to cultured cells, oin vitro to cell extracts
junctions. Joining with no sequence alterations was (5,6,9-17). All these systems were shown to efficiently join DNA
rare. In most cases, deletions were found at both ends, ends via a non-homologous joining process. It has been proposed
and rejoining usually occurred at short repeats. A that some alignment proteins which bind DNA termini facilitate end
distinct feature of plant junctions was the presence of joining by stabilizing energetically weak single base matct@s (
relatively large, up to 1.2 kb long, insertions (filler DNA), Recently, several proteins involved in non-homologous end joining
in [B0% of the analyzed clones. The filler DNA have been characterized: Ku70, Ku 80, Rad#-4{1) and yeast
originated either from |_nternal regions o_f the plasmld or homolog of mammalian DNA ligase \2%).
from tobacco genomic DNA. Some insertions had a Extra nucleotides of filler DNA generated by terminal
complex structure consisting of several reshuffled transferase activity are commonly found at VDJ joints in
plasmid-related regions. These data suggest that mammalian lymphoid cell28-25). Filler DNA of up to 40 bp
double strand break repair in plants involves extensive is also found if1L0% of the junctions in non-lymphoid cells that
end degradation, DNA synthesis following invasion of do not contain terminal transferase activity5(26,27). Several
ectopic templates and multiple template switches. Such possibilities have been proposed for the origin of filler DNA, such
a mechanism is reminiscent of the synthesis-dependent as patching with oligonucleotides and misincorporation of single
recombination in bacteriophage T4. It can also exp  lain  pycleotides at the ends of DNA moleculeg6,29). Filler DNA
the frequent ‘DNA scrambling’ associated with was also observed iDrosophilg following P element-induced
illegitimate recombination in plants. gap repair 29). It was proposed to be generated through DNA

synthesis primed by a broken end invading a non-homologous

INTRODUCTION template. In yeast strains deficient in homologous recombination,

DSB are repaired via non-homologous end joining &b of

Living organisms have evolved different repair mechanisms tihe novel junctions contain filler DNA whose origin was, in all
eliminate highly lethal double strand breaks (DSBs) frontases, from the cDNA of the yeast Tyl retrotranspo3a61).
chromosomal DNA. Repair of DSB is achieved either by In plants, DSB repair via homologous recombination received
homologous recombination or by illegitimate recombination vianuch attention 32-35) even though it is less efficient than
non-homologous DNA end joining. Non-homologous enchon-homologous end joining. The only previous direct assays of
joining is involved in the formation of a wide range of non-homologous end joining in plants were through the analysis
chromosomal rearrangements, including DNA integrationof footprints left upon transposable elements excisi@r39).
deletions, insertions, VDJ recombination and transposition. Ihhese footprints usually consist of minor mutations, i.e. a few
higher eukaryotes, DSB repair and DNA integration occur morase pair deletions, additions or inversions. However, repair of
frequently via illegitimate recombination than via homologoughe transposon-induced DSB might not be characteristic of
recombination. This is in contrast to prokaryotes and loweanon-homologous end joining, since transposase or other
eukaryotes where homologous recombination is the preferrédnsposition-specific proteins are likely to play a role in
pathway. protection and repair of the broken site. Information gathered

In vertebrates, inspection of junctions produced durinfrom the analysis of naturally occurring junctions in plants
naturally occurring chromosomal rearrangements showed thedntrasts with the data obtained from transposable elements. In
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maize, sequencing of five spontaneous deletions #¥aiglocus A
revealed that in all cases filler DNA (1-131 bp) was present at the

novel joints ¢0). Another spontaneous deletion in maizepth&®

allele, also contains filler DNA4(l). Sequencing of one fast-
neutron-induced and one X-ray-induced deletioAnabidopsis 2300
revealed complex rearrangements, such as inversions and inser-

pINS1 pINS2
Bstl  Mscl Sphl Ndel Sphl Mscl

i1 i1809(1727 1677 1230 461 il

insert
Sacll Clal

tions at the deletion endpoint8).( Another example of non- ; BamH]
homologous end joining in plants is T-DNA integration. In most : Kprl S““‘“\
cases this type of illegitimate recombination also shows deletions

as well as the presence of filler DNA at the junction between w 7

T-DNA borders and the genomic insertion sité)( The available

data on non-homologous end joining in plants, although limited,
suggest that rearrangements at novel joints are more complex than
in other organisms. If this is confirmed, non-homologous end
joining adds to the panoply of processes conferring high plasticity

1000,

to the plant genomel8), making it a potentially important factor B ,

in plant genome evolution. Rt | omes | sbbrer. configuration
In this study we demonstrate that plant cells are capable of ’ et | iane

joining the ends of linearized plasmids introduced by direct ot wermeers | MH || [BS

transformation. In the majority of events analyzed, end joining

was associated with deletions ranging from a few base pairs up to pINS1 PSLI/HinIl | PH | @ [ﬁ___

1 kb. Joining frequently occurred at short repeats. Only in a small 1

proportion of the junctions, blunt or compatible cohesive ends pINs2 BooRv/mineir | EH Eﬂ \g

were joined directly without any degradation. In a few cases, e s | BM —G|___' E

5' protruding single strands (PSSs) were filled-in. Interestingly, —

[B0% of junctions contained insertions of filler DNA ranging in oINS2 — NX A %

size from 2 bp to 1.2 kb. Filler DNA was a patchwork of

sequences homologous to internal regions of the plasmid, or to PINS2 Sphl/Spht ss | & @

tobacco genomic sequences. Our data suggest that filler DNA was
generated by repair synthesis involving copying from ectopic sitesigure 1.(A) Structure of plasmids used for the analysis of end joining. pINS1
located in the same plasmid molecule or in the plant chromosomand pINS2 are bluescriptliKS derivatives carrying inserts of known sequence
These data demonstrating extensive rearrangements at sites of &fgin the dpglylénkel_r  Linear DNA S“g.s"ates d.err]i."edhf“?m these pr"asmi‘l‘sl.""lfre
C R . enerated by duplicate restriction digests within the insert or the polylinker.
jOII’lIr)g, _ComraSt with similar Worl,(s_ IIj vertel_arates, and make DS estriction sites used for linearization are underlined. Numbers within the
repair via non-homologous end joining an important driving forceplasmid circle correspond to the position in the bluescriptlKS sequence as
in plant genome evolution. described in GenBank. Numbers within the insert box refer to the position
within the insert with i1 corresponding to the first nucleotide of the insert. Small
arrows represent the PCR primers used to amplify junction Sl)eBeiminus
MATERIALS AND METHODS configurations of linearized substrates prepared from the indicated plasmids.

Plant material

(Ndd—Xhd) and 3PSS/3PSS EphH-SpH) were derived from
pINS2. Restriction enzymes were used according to
recommendations of the suppliers.

In all experiments, wild typd&licotiana tabacumnvar. Samsun
plants were used.

Plasmids Protoplast transformation

Plasmids pINS1 and pINS2 (FidlA) are bluescriptliKS  protoplasts were prepared from sterile tobacco leads (
(Stratagene) derivatives carrying inserts of a known sequenpglyethylene glycol-mediated transformation was performed as
within the polylinker; the inserts were chosen for the convenieng&scribed 45) without the addition of carrier DNA. In each
of restriction sites. pINS1 contains a 2300 bp portion of @xperiment, five million protoplasts were transformed with
kanamycin resistance gene cloned Bétl and Clal sites, and  100pg of linearized plasmid. After transformation, protoplasts
pPINS2 contains a 1809 bp cDNA of unknown function clonedyere resuspended in 0.5 M sucrose-containing VKM mediuin (
into anEcdRl site. at a density of H0cells/ml, and kept overnight in the dark ate5

Substrate preparation Plant DNA extraction

Linear DNA substrates carrying different terminus configuration§otal DNA was isolated from young leaves of tobacco as
were prepared from pINS1 and pINS2 by duplicate restriction cutkescribed 46). To extract DNA from protoplasts the same
(Fig. 1). Two different substrates with blunt/blumigd—Hincll)  protocol was used with two modifications: the volume of all
and 3PSS/blunt Psi—Hincll) terminus configurations were buffers was scaled down in order to perform the procedure in an
derived from pINS1. Four different substrates with blunt/blunEppendorf tube, and the isopropanol precipitation step was
(EcdRV—Hincll), 5PSS/blunt BanHI-Msd), 5PSS/5PSS  omitted.
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PCR and sequence analysis of end joining products Table 1.Number of base pairs deleted, inserted, or matched at sites of end
joining

Total DNA extracted from 2.5 million protoplasts was amplified
with nested PCR with standard M13-20/M13Rev primers in thejunctio®  Base pairs deletéd Matcte Insert
first round and T3/T7 primers in the second round. An aliquot of Left Right base pairs base pairs
2yl of the reaction from the first round was used as a template 1,7 0 0 0 0
the second round. All PCR amplifications were performed with
a cycle of 1 min denaturation at@2, 1 min of annealingat58  MH?2 88 0 1 0
and 1 min of extension at 7€, repeated 30 times. PCR products MH3 90 8 0 (13/16) 0
were digested witlbadl+Kpnl, cloned into the corresponding 44 85 7 5 (13/16) 0
sites of the bluescriptlIKS, and sequenced with M13-20 and/or
M13Rev primers. Sequencing was done by the Sanger’s methdd® 77 13 7 (13/16) 0
using an Applied Biosystems 373A DNA sequencer. MH6 0 22 - 2

MH7 0 14 2 (7/10) 0
Southern analysis MH8 3 0 0 0
For Southern analysis,| i of genomic DNA was digested with MH9 263 7 B 277

Xhd+Xbd, Spé, Bglll andEcdRV, fractionated on 0.8% agarose MH10 0 12 - 200
gel, and transferred to a nitrocellulose membrane purchased from
MSI. Hybridization was performed according to manufacturer’s

instructions. A 150 bgadl-Kpnl fragment from the pINS1-PH8 BM1 = 284 - 208
plasmid, containing the filler DNA, was radiolabeled by the BM2 0 406 - 36
random priming method!{) and used as a probe.
NX1 9 7 2 (4/5) 0
Experimental system NX3 2 7 1 0
L NX4 1 10 2 0
To study non-homologous end joining in plant cells, we
transformed tobacco protoplasts with linear DNA fragmentsN*® 0 s L 0
derived from plasmids digested by six different combinations ofPH1 45 14 7 (11/13) 0
duplicate restriction cuts (FiglB). Plasmids used in the pp» 54 9 3 (11/13) 0
experiments are shown in Figut&. Following transformation,
protoplasts were incubated overnight and total DNA was' 3 53 8 4 (11713) 0
extracted and amplified by PCR with primers T3+T7 andPH4 135 13 2 (5/6) 0
M13-20+M13rev (Fig.1A). Since the plasmids were digested pnsg 163 16 8 0
between the primer annealing sites, no PCR products could 157 0 0 0
obtained unless the plasmids were circularized or two plasmids
joined. PCR products of various sizes were obtained (data ndtH7 273 15 - 116
shown), indicating end joining of linear molecules. To exclude thepys 385 18 _ 180
possibility that PCR products arose as a result of PCR artifacts,
linearized plasmids were mixed with tobacco genomic DNA and
amplified with the same set of primers as the DNA extracted fron$S1 0 0 4 0
protoplasts. No PCR products were obtained (data not shown)ss2 9 460 2 0
Joining can occur between compatible ends (head to head) s 14 609 0 0
between different ends (head to tail). To eliminate head to hea
junctions, PCR products were digested \@igtdl andKpnl (Fig. ~ SS4 17 471 S 0
1A) and cloned into the corresponding sites of bluescript. Suclsss 2 130 2 0
cloning procedure also eliminates potential non-specific PCRygq4 4 1058 _ 170
products.
SS7 12 1117 - 1229
. . . Ss8 5 1190 - 1056
Sequence analysis of novel junctions
The PCR-amplified novel junctions did not have preferential sizeg,; 0 0 0 0

Out of 52 clones, 34 different sequences were found. These
sequences are presented in FiQuiand the characteristics of the
Jlrj]nCt.lonS.are summarized Incgalﬂ]ﬁTq iXCIUdF thi pOSSIl?IlIt¥ bThe exact number of deleted bases at each end cannot be determined when join-
that J_ur_lctlons were generatedasc erichia colas the resu to ing occured at regions of microhomology, in these cases the number of bases dis-
modifying the cloning vector, only junctions that retained Somey 1o microhomology region is given.

of th? insert sequences from pINS1 and pINS2 (Eigvere  cThe number of perfectly matched nucleotides at the junction is reported;
considered. numbers in parenthesis show longer imperfect matches.

&Junctions sequences are shown in Figure 2.
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D o T TGG/GAC: ++ v v v v mrmreeeenns AGGEGC T/ 40bp- CTGCA GACCTCGAGGEEGEECCCGGTA
~~~~~~~~~~~~~~~~~ CAG-85bp -TGG  GAC- - 1  rere PHLo e vcenrernnn AOGGACGOCCEETA « <« w v e eree e
MEZ - - vvvrmernr e CAGAC: + =+ rrereneaneeen - AGGGGGGCCCGGTA: » - v v v v me e e
= PHB c v vvovrervennnn AGGGGGGGCCCGGTA -« = » s v rrvmn s oe

+ GCGCAGGGGCGCCCGGT - 74bp - TGG GACCTCGAGGGGGGCCCGGTA

++»*TTGGGTGG-130bp - CTGCA GACCTCGAGGGGGGGCCC - - - -
MH3- <o e GCGC/GGGGEGCGCCGGTA -+« ++ =+ + v« -
MHA:- - voovem e GCGCAGGGGGGCCCGGTA - + v v v v v v e e - ¢ TTGGGTGGOCC - -+ v v v v s s e
MES - oo GCGCAGGGGCGCCCGGTA  ++ + v v v vt v v

+ *ATCCGGTACC - 158bp - CTGCA GAC-13bp - CCGGTACCC: - - -

+« +TAGTG CCA-403bp/TCT
................... ATCACCTAG GGT - 403bp/AGA +e+c .- CA/GAATTGTATGCATG C-608bp/TCC- - - - - -
F= 1 & R I CA/TCC- -
« *GTTCAAAACAGAATTGTATGCATG C-470bp-TCAAATC: -+ -+« +
Dy R GTTCAARTC - + v v v eveeeneneen
..................... GQATG clebp%GT
..................... c GTACG-125bp - GTCA- - - - « -

-------------- AAGGTGCATAGCA TCGAGGGGGGGCCC: « + » v+ +
~~~~~~~~~~~~~~ TTCCACGTATCGTAT CCCCCCCGGG «++
NX2:ovemereeees AAGGTGCATAGCATCGAGGGGGGGCCC: »» v v v v v

----------------- TTCCACGTATCGTAGCTCCCCCCCGGG: « -+ -« v - -

-------------- AAGGTGCATAGCA TCGAGGGGGGGCCC - -+ - - -
NE3 o v oemenonenennn AAGGTGCATAGEGGCCC -+« - -+ = v -
~~~~~~~~~~~~~~ AAGGTGCATAGCA TCGAGGGGGGGCCC: - - - - - -
MEA o eveveeneee e AAGGTGCATAGCCC: - - -+« -+ v v e -
-------------- BAGGTGCATAGCA TCGAGGGGGGGCCC: - - - - -
-------------- TTCCACGTATCGTAT CCCCCCCEEG: - - - - -

AAGGTGCATAGCA'I‘Q/ GGGGCCC
TTCCACGTATC‘GTA;_/CCCCGGG

Figure 2. Novel DNA sequences at the end junctions. The shaded box shows the sequence of both strands of the substrate terntion #rezyeses used for
linearization and the plasmid used (pINS1 or pINS2 described in Fig. 1A). End joining products are designated by twitecsypiiatierepresenting the restriction
enzyme (PPst; H, Hincll; M, Msd; B, BanHI; S, SpH) used for substrate linearization. In some of the boxes, the line(s) above end joining products show sequence:
of the substrate, in the terminal and subterminal regions, that are related to the sequence at the novel junctione§ionitagitytre substate termini are underlined.
Identical sequences at the junctions which cannot be attributed to either substrate end are double underlined, addé®makimeatcliacent regions are single
underlined. In the junctions showing no homology between the joined ends the break between parental sequences is irsthshtddimea case letters designate
bases of unknown origin. When the large portion of the subsrate end was deleted, instead of the full sequence the retetbbaeédlirs is given, similarly, the
sequence of large insertions (ins) is not shown but, instead, the size of the insertion is indicated. Complementarysicamasvaen end joining is thought to
involve filling in (NX2, NX5 and SS5) or annealing of restriction overhangs (SS1).
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The majority of junctions were associated with deletions in @ISCUSSION

least one of the termini. The size of the deletions varied from a few , .
base pairs to 1.1 kb (Tahlg Probably, the only limiting factor >€duence analysis of novel joints formed upon non-homologous

for deletion size was the loss of the primer binding site. Evefnd joining of linear fragments introduced into plant cells shows

when substrates with blunt or compatible cohesive termini wetg€ following features: (i) formation of large deletions; (i)

used, perfect joining, i.e., no sequence alterations, was obser&@,’sﬂ_uent occurrence of short repeats at the deletion breakpoints;
[

only in three out of 19 clones, whereas the rest of the clonéi$ nsertions of filler DNA at the novel joints; (iv) filler DNA
contained deletions. of simple or complex structure; and (v) the presence of short

A characteristic feature of junctional breakpoints was th€EPeats at the sites of switching from the substrate to the filler
presence of short repeats of 1-16 bp (Eignd Tablel). Short DNA sequence. These rearrangements are more complex than
repeats were observed ind@ of 24 junctions that did not carry those typically found with non-homologous end joining in other
filler DNA (Table 1). Three (MH1, EH1 and NX5 in Fig) out = non-plant species. o
of six junctions with no repeats were apparently generated by Ve discuss below how the assay described in this work can be
blunt end ligation. These data suggest that the mechanism for &ff§d o study non-homologous end joining in plants, and the
joining involves the recognition of patch homologies by overlajynderlying mechanism of non-homologous end joining. We also
formation between fortuitously matching base pairs of interacting®MPare non-homologous end joining in plants and other species.
DNA termini. In cases where end joining occurred at sites of
relatively long (12—-16 bp) imperfect repeats (junctions MH3-3llegitimate recombination in plants
and PH1-3 in Fig2), novel junctions usually retained one of the tensi ts d ived h v
‘parental’ sequences at the site of a repeat, except for junctiéﬁe extensive rearrangéments cescrived here, namel, large

MH3 where the resulting sequence differed from either ‘parent ¢ /€tions and simple or complex filler DNA insertions; either a
jeneral feature of illegitimate recombination and DSB repair in

In three out of 23 junctions, where substrates with cohesi . - ) .
termini were used, complementary nucleotides were filled i\r'%iants or they might be limited to the the experimental conditions

Such a small proportion of fill-in’ junctions is possibly explained ! OUr €nd joining assay. Although non-homologous end joining
by a very strong tendency to end degradation has not been systematically studied in plants, insight into its

Another outstanding feature of junctions generated in tobacéBeChan'Sm can _be obtained through previous analy5|s_, of
cells was the presence of filler DNA. Filler DNA was observe&pontaneoug@) or induced@) deletions, or through the analysis

in 10 out of 34 junctions and its length varied from 2 bp to 1.2 kt?];IZ:cIi?)hlsAalgs?i?lttlaornDsl\lIRtevi:ﬂ?/rfla}ﬂt ?jgn(r)gégfl.(:g:nalle;iasafere
Filler DNA was frequently associated with deletions in one op rying deg plexity

o observed. In addition, recent work in our laboratat§) @lso
both termini (Tablel). shows that abortive DSB repair in plants is associated with the
occurrence of deletions and filler DNA. Therefore, we conclude
Origin of filler DNA at junctional breakpoints that the non-homologous end joining system described here is a
good assay for DSB repair mechanisms occurring in genomic
Filler DNA in nine junctions was long enough to enable furtheDNA. Taken together, our data and previous reports suggest that
analysis. DNA sequences were compared to the GenBaflkegitimate recombination in plants occurs through an error prone
database. The structure of the filler DNA and its junctions wittnechanism. Such a mechanism has important evolutionary
plasmid termini is summarized in Fig@@eJunctions PH7, BM1, implications. Plants differ from other higher eukaryotes by their
BM2, MH9, MH10 and SS6 contained each a stretch of fillefmmobile life style which requires high plasticity in body
DNA which is identical to a certain region of bluescriptstructure, physiology and genome. Consequently, plants might
(backbone of the pINS1 and pINS2 plasmids), located quite fafave been selected to tolerate polyploidy and extensive DNA
from the linearized termini. In junctions PH7, BM1 and SS6, 1-gearrangements4g). The error prone DSB repair mechanism
nucleotides of unknown origin were found at the borders betweejescribed here may contribute to the plasticity of the plant
the plasmid and the filler DNA. In PH8 junction, the filler DNA genome: insertion of filler DNA from templatigscis or in trans
was not homologous to any GenBank sequence. Finally, fillefan cause gene amplifications and increase the amount of
DNA in junctions SS7 and SS8 (FigB) had a complicated repetitive DNA in plants.
structure, consisting of multiple reshuffled sequences homolo-
gous to bluescript, and of regions that did not have homology {ejetions are often large and are associated with short
GenBank. Interestingly, bluescript homologous regions WerRpneats
found in both direct and inverse orientations relative to pINS2.

Junctional breakpoints between the plasmid and filler DNAOnly three out of 34 novel joints consisted of perfect joining, and
contained microhomologies of 1-11 bp at least at one inseshly in three joints was one of the cohesive termini filled in
termini. In the filler DNA of junctions SS7 and SS8 joining (Tablel). The majority of end-joining events involved deletions
between bluescriptllKS homologous segments also occurredranging from a few base pairs to 1.2 kb with an average of 250 bp
short repeats. (Table1). These deletions are larger than those reported in similar

To study the origin of filler DNA in the PH8 junction, tobacco assays in other organismsXenopusthe best characterizetvitro
genomic DNA was digested with restriction enzymes that do neind-joining system, deletions are rare evelis (arger deletions
cut within the filler DNA, and was hybridized to a probe (up to 150 bp) were fourid vivg, in injectedXenopuseggs 49).
corresponding to the whole 180 bp filler DNA segment. Thén Schizosaccharomyces pomhbacleotides are frequently Idst
resultant Southern blot is shown in Figdr&trong hybridization  vivo from PSS tails, but degradation usually does not affect the
signal and multiple bands were obtained, indicating that the filletuplex regions10). In mammaliarin vivo systems, a somewhat
DNA was derived from multicopy tobacco genomic sequencesnore extensive terminal degradation was observed, although it
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A
pINS1-PH7 ——__il056 -7 —
original substrate GCTCAACTGACATACkataaattccecteg gactogagpgaag COGGTACCCAGCTT
unknown I c
bluescript tctgacagttaccaaTGCTTAATCAGTGAC.....B4bp.... TTACCATCTGGCCCT
1980 2094
pINs1-PHB il168 755
original substrate " GGGTTTTCTGGAGT Thaatgagetaageac CtegeggugoggeceBGTACOCAGCTTTTG
tobsace DNA ICOGGCTAGTGACAGT.....122bp.... TATGGAGGT TGATCA
pINs2-BM1 667 1184
original substrate  GRAGCTCCACOGCG ftggeggecgetetag octtctactrg TACCAGAAGG
unknown -
q (GAT]
Bluescript cacgacggagagteal CAACTATGGATGAA....1 76bp.... OGTTOCACTGAGCGragacceegtagaaa
2040 1834
pINS2-BM2 693 i325
original substrate  TAGAACTAGTH casagegttteegtTCTGT TTCCTCCACA
bluescript oggtgagtgtg;.;}tﬁmﬁwﬂmﬂﬁc.mz% ..... GOCAGTTGGTAAGC kcteccgtategtag
718 2076
pINS1-MH9 —_ um7 . S
original substrate GGOCGCTTGGGTGE), | gagectattegacta gaccteg Necere GEOCOGGTA
bluescript cagpagegeagatace] |AATACTGTTCTTCTA....255bp.... TTOCCGA| A aaaggeggacaggta
1655 1380
pINS1-MH10 i760 740
original substrate GGCTATOGRTGGCTG ganctcgaﬂc GEOOCGGTACQCCAG
blueseript gtcgggaaacctgte| |[TGCCAGCTGCATTA.....17 1bp... GTGCAAAAGGCCA! | caaaaggccangaac
571 172
pINS2-556 i1726 i163
original substrate AMCAGAATT] T o taccagaaggctceg[ACTACATTACTGGCT
unknown GTA Gi AA
bluescript cttgagtccaaccog a I ACACGACTTA....142bp.... CTTCGGAATATGAGT [togtagetcttgate
1536 1708
B
pINs2-§5§7 g o8 65 1252 1138 441 459 12
. -/ \ =
PoAs[o[i] aaa [ 13s | 332 207, 6] 42 (78501
LN L igaL
1714 174 2598 2930 100 45 525 ;ﬁ{ﬂ
11727 &10 2 .
pINS2-§58 < '7 i
(1) 7 |
591 [1] 7 [z

- -
1956 1680 2600 2715 1926 1935

Figure 3. Structure of novel end junctions carrying filler DNA. Junctions are designated as in Figure 2 and Table 1. Substratea¢edibgeegtriction enzymes

are shown in the same orientation as in Figurd RJ@nctions carrying ‘simple’ insertions, i.e. filler DNA corresponding to a single fragment of known homology.
Sequences of the novel junctions are shown in capital, boxed letters. Small letters indicate the regions flanking théioecitebineghe original ends (upper line)

or in the segment of Bluescript homologous to the filler DNA (bottom line). Numbers correspond to the positions in thglifigserjuence; those with the letter

i denote the position in the insert of the corresponding plasmid (see Fig. 1). Regions of homology that might have @aggdretioh formation are shaded.

(B) Junctions carrying filler DNA of a complex structure. Numbers on the arrows refer to positions in the bluescriptllKS;saeuéecs preceded by the letter

i refer to positions in the insert of pINS2. Hatched boxes represent the termini of the substrate plasmid; shaded bokxesgepzateof the filler DNA which are
100% homologous to the bluescriptlIKS; filled boxes denote the regions where homologous segments overlap, with the nemathesngiven in brackets on

the same side where the position of the corresponding segment is marked by the arrows; white boxes represent regiosvitofolgous to the bluescriptlIKS.
Numbers inside the boxes correspond to the number of base pairs within the segment.

rarely exceeded 15 bp from the original termib). Overall, primers (deletions spanning the primer annealing site could not
deletions reported here in transfected plant cells are larger (uplte amplified). Such differences may reflect a stronger exonu-
1200 bp) than those typically reported in other species. Moreovetgase activity or a lesser protection of DNA ends in plant cells
the upper limit to deletion size in our assay was the position of tleempared to other species. Interestingly, in yeast increased deletion
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Xhol + Xbal
Spel

Bqlll
EcoRY

—T7 kb

—2kb

Figure 5. Model for filler DNA formation. A) DNA ends before joining.

(B) DNA ends are degraded and protrudihgiBgle strands are forme@)(A
protruding single strand invades an ectopic site that shares a short region of
homology (small boxes)D) DNA synthesis proceeds according to the SDSA
mechanism (57), with the newly synthesized strand being immediately
displaced from the template. The newly synthesized DNA corresponds to filler
DNA. When synthesis is aborted, the free single-stranded tails can anneal at a
Figure 4. Genomic Southern blot probed with the filler DNA from the junction ~ "€gion of microhomology&) and DNA synthesis and nick ligation complete
PHS8. Genomic DNA was extracted from leaves of wild type tobacco, digested the repair proces§), resulting in a simple filler DNA formation. Alternatively,

with the enzymes indicated and probed with Kmn/Sadl fragment of the free single standed tails can reinvade a new tem@atiedding to the
plasmid PH8 carrying the filler DNA. formation of complex filler DNA structure I).

1 kb

size at the junctions formed by non-homologous end joining wawinciple originate from the intercalation and ligation of DNA
found in cells defective for Ku homologs&19). The error prone fragments present in the cell. However, filler DNA such as
DSB repair reported here for plants might be related to theresented in Figur8B is highly unlikely to be formed by a
expression of the Ku-like proteins. multiligation process. In addition, previously reported filler DNA

In most deletions analyzed, end joining ocurred at short reped@ind at the sites of chromosomal rearrangements was in many
ranging in size from 1 to 16 bp (Taldlg This finding is similar  cases derived from sequences near the junctional breakpoints
to previous reports regarding non-homologous end joining i#0,41,51-56), making intercalation of ‘floating’ DNA
other species2(8). The frequent occurrence of junctional fragments an unlikely process. A more plausible mechanism for
breakpoints at short repeats seems therefore to be a higfiller DNA insertion is through templated DNA synthesis induced
conserved feature of the DSB repair process. Variouspon DSB repair. Repair synthesis via synthesis-dependent strand
mechanisms were proposed to account for the generation of sigtnealing (SDSA)7) or a similar mechanism can best explain
junctions. Short repeats could be exposed by single stratite observed complex filler DNA insertions. Such a repair
degradation of duplex DNA followed by subsequent annealing a#fiechanism was recently proposed to explain the occurrence of
the single strands at regions of microhomologié$SQj. filler DNA associated with illegitimate integration of transfected
Alternatively, end joining could occur via single strand invasioPNA in mammalian genome).
in duplex DNA, followed by annealing at regions of According to the SDSA DSB repair model, protruding@ds
microhomologies and nucleolytic trimming of the displacedformed at the break site invade a homologous template. DNA
single strand(s)Once complementary nucleotides anneal, synthesis proceeds independently from eadnd, with newly
transient joint can be stabilized, either by ligation or by DNAsynthesized DNA being immediately displaced from the template.
synthesis. Lehmaet al (49) showed that end joining Xenopus  This process eventually produces complementary single-stranded
oocyte nuclear extracts does not occur in the absence of dNTRdS’. Then the two tails anneal and the remaining single stranded
or in the presence of aphidicolin (an inhibitor of DNA synthesis)iegions are filled-in thus completing the repair process.
They proposed that &ils might prime DNA synthesis at sites of ~ Filler DNA can be produced (Fig) when, instead of an
microhomology, and that duplex elongation might stabilize th@omologous sequence, an unrelated template is invaded and
newly formed joint. The role of DNA synthesis in the end joiningsynthesis is primed by a short region of homology (5@).

process is further discussed below. Unrelated template can be invaded in the absence of an
homologous template (like in our extrachromosomal system) or
Models for filler DNA formation when homologous sequence is not readily available as for

example during chromatin condensation, chromatids separation
Our finding that filler DNA was homologous to sequences of thetc. After a portion of the template has been copied GEY.
substrate plasmid or of the tobacco genome indicates that it wagthesis can be aborted and newly synthesized DNA is displaced
not produced by untemplated repair synthesis. It could ifitom its template and joins to the second end (bH). Such a



process would result in a simple filler DNA insert (Fir). 14

Alternatively, a new template can be reinvaded (EG)
generating filler DNA of a complex structure (FiH-I), as
found in this work (Fig3B). Filler DNA can be captureid cis
from the same molecule, or trans from another molecule or 17
from genomic DNA. From our data and from previous literature
(40 41,51-56) capturingn cisseems to be more efficient. sbsAl
is a potentially error prone mechanism, since unstable interactigp
between the newly synthesized DNA and the template can
facilitate abortion of DNA synthesis and subsequent templaté
switch. It might therefore explam filler DNA and complex 22
rearrangements accompanying DSB repair in plants. SD
model was also proposed by Nassidl.(29) to explain complex 24
conversion events observed upon P element excision. Similarly,
SDSA could explain DNA rearrangements associated witd
abortive DSB repair in plantg8).

For the bluescnpt-derlved filler DNA, we could establish the
regions flanking the invasion sites. This enabled us to identify the
putative microhomology regions involved in strand invasion and
template switching. Interestingly, we found that in several case8
(Fig. 3) very short regions of homology were sufficient to prime,
DNA synthesis from the invading strand, in contraghtuitro
systems like PCR, where considerable homology is required fap
priming. This suggests that vivo, annealing and priming of 31
DNA synthesis might be facilitated by putative alignment factors?
Furthermore, these data provide direct molecular evidence, 4
addition to previous biochemical evidenéé)( for the importance
of DNA synthesis during end Jomlng, and for the role played b94
regions of microhomology in priming such synthesis.

15
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