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Plants have mechanisms for repairing and tolerating detrimental effects by various DNA damaging agents. A tolerance
pathway that has been predicted to be present in higher plants is translesion synthesis (TLS), which is catalyzed by
polymerases. In Arabidopsis (Arabidopsis thaliana), however, the only gene known to be involved in TLS is the Arabidopsis
homolog of REV3, AtREV3, which is a putative catalytic subunit of Arabidopsis DNA polymerase {. A disrupted mutant of
AtREV3, rev3, was previously found to be highly sensitive to ultraviolet-B (UV-B) and various DNA damaging agents. REV1
and REV7 are thought to be components of translesion synthesis in plants. In this study, we identified the Arabidopsis
homologs of REV1 and REV7 (AtREV1 and AtREV7). Several mutants carrying disrupted AtREV1 and AtREV7 genes were
isolated from Arabidopsis T-DNA-inserted lines. An AtREV1-disrupted mutant, revl, was found to be moderately sensitive to
UV-B and DNA cross-linkers. A revlrev3 double mutant, like rev3, showed high sensitivity to UV-B, y-rays, and DNA cross-
linkers. An AtREV7-disrupted mutant, rev7, was possibly sensitive to cis-diamminedichloroplatinum(II), a kind of DNA cross-
linker, but it was not sensitive to acute UV-B and y-ray irradiation. On the other hand, the aerial growth of rev7, like the aerial
growth of revl and rev3, was inhibited by long-term UV-B. These results suggest that a TLS mechanism exists in a higher plant

and show that AtREV1 and AtREV7 have important roles in tolerating exposure to DNA-damaging agents.

Plants are continuously exposed to stressful envi-
ronments due to their sessile lifestyle. UV-B, which
accounts for only a small part of the energy in sunlight,
causes alterations in physiological processes, growth,
and development of plants (Hopkins et al., 2002;
Takeuchi et al., 2002). UV-B and certain environmental
stresses target DNA and generate various types of
DNA lesions. UV-B induces DNA lesions such as
cyclobutane pyrimidine dimers (CPDs), pyrimidine
(6-4) pyrimidone dimers [(6-4) photoproducts], and
some minor lesions (Jagger, 1985; Umlas et al., 1985).
Various types of DNA lesion are also induced by
reactive oxygen species, which are generated by ex-
posure to UV-B (Dali et al., 1997; Hidge et al., 2002), air
pollutants such as ozone (Floyd et al., 1989), ionizing
radiation, and many chemicals (Friedberg, 1995). In
several organisms, DNA lesions can be repaired by
various mechanisms, such as photorepair, excision re-
pair (dark repair), and recombination repair (for re-
view, see Hays, 2002). Most DNA repair mechanisms
are thought to be conserved in higher plants (for
review, see Britt, 1999).

Another tolerance mechanism is the damage toler-
ance pathway, which allows a cell to tolerate such
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damage, thereby allowing DNA replication to be
completed. One such tolerance mechanism is trans-
lesion synthesis (TLS; Broomfield et al., 2001). In TLS,
DNA damage is bypassed and the nascent DNA
strand is extended by specialized DNA polymerases.
TLS has the ability to bypass DNA lesions, but DNA
replication is not always accurate, which can lead to
mutations (for review, see Friedberg et al., 2000). Three
TLS-type polymerases are conserved among species
and have been well characterized in yeast and mam-
mals. These are DNA polymerase 1 (McDonald et al.,
1997; Masutani et al., 1999), Rev1 (Nelson et al., 1996a;
Gibbs et al., 2000; Simpson and Sale, 2003), and DNA
polymerase { (Nelson et al., 1996b; Sonoda et al., 2003).
DNA polymerase { contains two subunits encoded by
the REV3 and REV7 genes. Revl and DNA polymerase
¢ are thought to be major proteins of the error-prone
TLS, which generates mutations as a result of insertion
of the wrong bases.

TLS has also been proposed to be present in higher
plants based on bioinformatics analyses (Lawrence
et al., 2000; Ohmori et al., 2001; Kimura et al., 2002).
However, the functions and physiological roles of
these genes are unknown. A disrupted mutant of
AtREV3, a gene for the putative catalytic subunit
of Arabidopsis (Arabidopsis thaliana) DNA polymerase
£, was found to be sensitive to UV-B and various DNA-
damaging agents (Sakamoto et al., 2003). These results
suggest that Arabidopsis has a functional TLS DNA
polymerase and that AtREV3 plays a role in tolerance
to UV-B and other environmental stresses.

Another TLS-type polymerase, REVI, was first
identified in yeast (Saccharomyces cerevisiae) through
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a screening for mutants that were hypomutable in
response to UV irradiation (Lemontt, 1971). REV1 is
a Y-family DNA polymerase, which is distinct from the
existing A-C and X families of DNA polymerases, and
includes DNA polymerase IV (DinB) and DNA poly-
merase V (UmuC) in Escherichia coli, RAD30 in, and
polymerase 7, v, and « in vertebrates (Ohmori et al.,
2001). REV7 was also identified in yeast as a gene
related to UV-induced reversion and the rev7 mutant
showed some sensitivity to UV (Lawrence et al., 1985a).
In yeast, Revl possesses deoxycytidyl transferase ac-
tivity and is capable of inserting a C opposite an abasic
site in vitro. The resultant mismatch is efficiently ex-
tended by DNA polymerase { (Nelson et al., 1996b; Lin
et al., 1999). Rev7 is the regulatory subunit of DNA
polymerase { and acts to stabilize and enhance poly-
merase activity (Nelson et al., 1996b). In higher plants,
however, the functions of REV1 and REV7 are unknown.

In this study, to clarify the error-prone TLS pathway
in Arabidopsis, we identified the Arabidopsis homo-
logs of REV1 and REV7 (AtREV1 and AtREV7) and
characterized the corresponding mutants. Disruption
of these genes was found to cause moderate sensitivity
to UV-B and other DNA-damaging agents, but less sen-
sitivity than was observed in the AtREV3-disrupted
mutant. These results suggest that Arabidopsis has all
the components needed for the error-prone TLS and,
like other eukaryotes, has a TLS pathway.

RESULTS

Isolation of the Arabidopsis REV1 Homolog Gene
and Its Mutant

Three genes homologous to Y-family polymerases
have been found in the Arabidopsis genome (Ohmori
et al., 2001). Based on a BLAST analysis, the three
genes (At1g49980, At5g44740, and At5g44750) were
most similar to the genes of the DinB, Rad30A, and
REV1 proteins, respectively. Thus, the At5g44750 gene
was thought to be an Arabidopsis homolog of REV1
gene (AtREV1). The open reading frame (ORF) of the
AtREV1 (accession no. AB187523) cDNA has a length
of 3,303 bp and encodes a protein of 1,101 amino acids
(Fig. 1A). The N terminus of AtREV1 has 46% identity
to that of hREV1 and 38% identity to that of scRevl
and contains the BRCA1 terminus (BRCT) domain.
The BRCT domain is found in many DNA repair and
cell cycle checkpoint proteins and is specific to REV1
proteins of Y-family DNA polymerases (Masuda et al.,
2002). The central region has a putative DinP domain
(38% and 32% identity to hREV1 and scRev1, respec-
tively; Fig. 1B). The DinP domain is observed within
nucleotidyltransferases and DNA polymerases that
are involved in DNA repair (accession no. COG0389.1
DinP, National Center for Biotechnology Information
[NCBI] Cluster of Orthologous Group domain data-
base).

To determine the function of AtREV1, we searched
the database of the SALK Institute Genome Analysis
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Laboratory (http:/ /signal.salk.edu/cgi-bin/tdnaexpress)
for AtREV1-disrupted T-DNA insertion lines. Two lines,
SALK_011334 and SALK_005721, which we named
revl-1 and revl-2, were found (Fig. 1C). In both lines,
the right border sequence was truncated and the left
border sequence was found at both sides of the T-DNA
inserted region. rev1-1 has a T-DNA-inserted at the 17th
intron and is missing 131 bp, which corresponds to the
entire 17th intron and a part of the 18th exon. rev1-2 has
a T-DNA inserted at the 15th exon and is missing 23 bp.
revl-2 also has an insertion of filler DNA on both sides
of the T-DNA insertion site. AfREV1 transcripts ob-
tained by reverse transcription (RT)-PCR were ob-
served in the wild type but not in revl-1 and revl-2,
although only the upstream region of the T-DNA
insertion site was amplified (data not shown).

Sensitivity of AtREVI-Deficient Mutant to
UV-B Irradiation

Root growth of rev3-1 was previously shown to be
severely inhibited by UV-B irradiation (Sakamoto et al.,
2003). To characterize the AtREV1, deficient mutants,
revl-1 and revl-2 seedlings were irradiated with var-
ious doses of UV-B irradiation and grown in the light,
and their responses were analyzed by a root-bending
assay. Both rev1-1 and rev1-2 plants were found to be
more sensitive to UV-B irradiation than the wild type
(Fig. 2A). For example, 50% growth inhibition was
observed in the rev1-1 plants at a 1.52-fold lower dose
of UV-B irradiation than that required to induce
a similar inhibition of the wild type.

rev3-1 was highly sensitive to UV-B irradiation un-
der both light and dark conditions. rev1-1 was sensi-
tive to UV-B but less sensitive than rev3-1 under the
light condition, while under the dark condition growth
was slightly affected by UV-B doses examined (Fig. 2,
B and C). Fifty percent growth inhibition was observed
in the revl-1 plants at a 1.49-fold lower dose of UV-B
irradiation under dark condition than that required to
induce a similar inhibition of the wild type.

Hypersensitivity of revirev3 Double Mutant

In yeast and mammals, REV1 protein and DNA
polymerase {, which consists of the REV3 and REV7
proteins, play major roles in the error-prone TLS
(Nelson et al., 1996b). REV1 appears to cooperate
with DNA polymerase { in a common pathway of
DNA lesion bypass (Lawrence et al., 2000; Guo et al.,
2001, 2004; Haracska et al., 2001). To investigate the
possibility that REV1 and REV3 have related functions
in Arabidopsis, we generated a revl-1 rev3-1 double
mutant. RT-PCR showed that both AtREVI and
AtREV3 transcripts were suppressed in the revlrev3
plants. There was no difference in root growth be-
tween the wild-type and mutant plants grown in the
absence of UV-B (Fig. 3B). Exposure of the revlrev3
double mutant to 3.75 k] m > of UV-B severely
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Figure 1. Structure of AtREV1 cDNA and T-DNA insertion lines. A, Deduced amino acid sequence of AtREVT cDNA.
Underlined sequence indicates the BRCT domain. Boxed sequence of AtREVT indicates the DinP domain. Arrowheads show
T-DNA insertion sites of SALK_005721 (revi-2) lines and SALK_011334 (revi-1) lines. Boxed sequences with broken line are
amino acids that are predicted to be deleted due to the T-DNA insertion. B, Schematic representation of the alignment of hREV1,
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Figure 2. UV-B light sensitivities of the
revi-T and rev3-1 mutants. A, UV-B
dose-response curve for root growth of
the wild-type (Col, Columbia), revi-1,
and revi-2 seedlings in the light con-
dition. Three-day-old wild-type (rec-
tangles), revi-1 (white circles), and
revi-2 (black circles) seedlings were
exposed to UV-B light and then in-
cubated under continuous white light
for 3 d. B and C, UV-B dose-response
curves for root growth in the wild
type (rectangles), revi-T (circles), and
rev3-1 (triangles) under light (B, white
symbols) and dark (C, black symbols)
conditions. For all sections, root
growth rate was measured using Scion
Image software. Each value represents
an average of 15 to 36 measurements,

and error bars indicate sps.
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inhibited its root growth (Fig. 3, A and B). The in-
hibition of root growth was similar to that of rev3-1 and
more than that of revl-1. This suggests that AtREV1
and AtREV3 play roles in a common pathway of UV
tolerance.

Isolation of the Arabidopsis REV7 Mutant

AtREV7 (Atlgl16590) showed significant homology
to REV7 genes of other organisms at the amino acid
level (Fig. 4). The protein encoded by AtREV7 is
predicted to contain 215 amino acids. The N-terminal
region of AtREV7 showed weak homology to the
N-terminal regions of the human and yeast counter-
parts of AtREV7 (36% and 22% identity, respectively;
Fig. 4B). In the human and yeast genes, these regions

contain a HORMA domain (Aravind and Koonin,
1998).

Two T-DNA insertion lines of AtREV7, SALK_
014571 and KG31165, referred to here as rev7-1 and
rev7-2, respectively, were found. AtREV7 transcripts
were detected in wild-type plants while they were not
detected in either rev7-1 or rev7-2 by RT-PCR (data not
shown).

Wild-type, rev7-2, and rev3-1 seedlings were irradi-
ated with UV-B and then grown under light and dark
conditions to examine their recovery (Fig. 5). During
recovery under both light and dark conditions, rev7-2
showed little sensitivity to UV-B, while rev3-1 showed
a strong sensitivity to UV-B. The UV-B sensitivity of
rev7-1 was similar to that of to rev7-2 (data not shown).

Figure 1. (Continued.)

AtREV1, and yeast Revlp (scREV1). Amino acid sequences were compared by the BLAST search program. Regions with
significant identity are hatched or shaded (containing the BRCT and DinP domain, respectively), and percent identity is indicated
between AtREV1 and other REV1 proteins. C, Structure of the AtREV'T gene and T-DNA insertion sites. Black rectangles represent
23 exons of the AtREVT gene. White rectangles and arrows indicate the T-DNA insertion positions in exon 15 (rev1-2) and intron
17 (revi-1). In revi-1, a 131-bp deletion of genomic DNA was found around the junction of intron 17 and exon 18. In revi-2,
a 23-bp deletion was found in exon 15. The left border sequences were found at both sides of the inserted T-DNA, and T-DNA
was accompanied by the insertion of filler DNA aattaggacg and g on the both sides.
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Figure 3. UV-B light sensitivity of revirev3 dou- A

ble mutant A, Root growth of wild-type, revi-T,

rev3-1, and revirev3 seedlings in the light con-

dition. Seedlings were exposed to 3.75 kJ m™2

UV-B and then incubated under continuous white

light as described in Figure 2 and “Materials and

Methods.” B, Relative root length of plants grown +UV-B
for 3 d after 3.75 k] m™2 UV-B exposures. Col (3.75kJm?)
indicates Columbia (wild type). Root length was '
measured using Scion Image software. Each value

represents an average of 15 to 20 measurements.

Error bars indicate sps.

This suggests that the AtREV7 gene is dispensable in
the tolerance of Arabidopsis seedlings to short-term
UV-B irradiation.

Sensitivity of rev1 and rev7 to Other
DNA-Damaging Agents

In other organisms, REV1 is involved in the repli-
cation of not only UV-caused DNA damage but also
other types of DNA damage (Sakai et al., 2003;
Simpson and Sale, 2003). A REV7-disrupted mutant
in yeast was also found to be sensitive to methyl
methane sulfate (MMS) and ethyl methane sulfonate
(Lawrence et al., 1985b). The Arabidopsis rev3 mutant
was not sensitive to MMS, but it showed a strong
sensitivity to y-rays and mitomycin C (MMC). The
root lengths of revl and rev7 were hardly sensitive to -
rays and showed only slightly shorter than the root
length of the wild type. Fifty percent growth inhibition
was observed in revl and rev7 at 1.14-fold and 1-fold
lower dose, respectively, of y-rays than that required
to induce a similar inhibition of wild type (Fig. 6A). On
the other hand, the growth of rev1, like that of rev3, was
moderately inhibited by MMC (data not shown) and
cis-diamminedichloroplatinum(Il) (cisplatin; Fig. 6B),
which are thought to cause intrastrand or interstrand
cross-links on double-stranded DNA. Unlike UV-B,
cisplatin caused an inhibitory phenotype in rev7 (Fig.
6). The root lengths of revl and rev7 were inhibited
significantly only at the lowest cisplatin concentration
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used. Fifty percent growth inhibition was observed in
the revl and rev7 at 2.4-fold and 2.02-fold lower dose,
respectively, of cisplatin concentration than that
required to induce a similar inhibition of wild type.
The revlrev3 double mutant, like rev3, was sensitive
to y-rays and cisplatin (data not shown). Following
exposure to 50 gray y-rays, root growths in revIrev3 and
rev3, (33.21% = 3.19% and 31.97% = 4.45%, respec-
tively) were less than those in revl and the wild type
(40.96% = 6.08%, and 54. 33% * 6.99%, respectively).
In the presence of 2 mg L™ of cisplatin, root growths in
revlrev3, revl and rev3 (29.90% = 4.98%, 34.37% =
4.89%, and 30.92% = 7.71%, respectively) were less
than root growth in the wild type (65.62% * 10.04%).
This result suggests that AtREV1 and AtREV7 are also
required to bypass various kinds of DNA lesion.

AtREV1 and AtREV7 Have Important Roles under
Long-Term UV-B Irradiation

The growth of REV mutants were not significantly
different from the growth of wild-type plants under
non-UV-B irradiation conditions (Fig. 7, A-D),
whereas the growth of the wild type decreased in
a UV-B dose-dependent manner (Fig. 7I). After the
plants were exposed to UV-B for 11 d, growth was
more inhibited in the mutants than in the wild type
(Fig. 7, E-H). Growth of the mutants was 1nh1b1ted
even at a low dose of UV-B irradiation (3.45 k] m s~
d™"). Surprisingly, under long-term UV-B irradiation,

Plant Physiol. Vol. 138, 2005
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Figure 4. Alignment of REV7 proteins. A, Alignment of Rev7 proteins from Arabidopsis (AtREV7), human (hREV7), N. crassa
(ncREV7), and yeast (scREV7). Amino acid sequences were aligned using Genetyx software (Software Development, Tokyo).
Residues that are conserved among all organisms are shown as asterisks (*) and residues that are conserved among more than
three kinds of organisms are shown as dots (.). B, Schematic representation of the alignment of hREV7, AtREV7, and yeast REV7
(scREV7). Regions with significant identity are shaded (putative HORMA domain), and percent identity is indicated between
AtREV7 and other REV7 proteins. C, Structure of AtREV gene and T-DNA insertion site. White boxes represent five exons of the
AtREV7 gene and black boxes represent untranslated regions that were supported by the sequence of the expressed sequence tag
clone. 5'-UTR and 3’-UTR indicate upstream and downstream, respectively, of the ORF of AtREV7. White rectangles and arrows
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Figure 5. UV-B light sensitivities of the
rev7-2 and rev3-1 mutants. UV light
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the fresh weight of rev7 was as low as the fresh weights
of revl and rev3. However, under short term UV-B
irradiation, the root growth of rev7 was not signifi-
cantly different from that of the wild type. The data
shown in Figure 7I suggest that the AtREV7 gene is
necessary for normal growth under UV-B irradiation.

DISCUSSION

In recent years, DNA repair systems and genome
maintenance systems have been found in higher
plants (for review, see Hays, 2002). The TLS pathway
is also an important mechanism for genome mainte-
nance in several eukaryotes (Lawrence, 2002). In
higher plants, Sakamoto et al. (2003) first found and
characterized AfREV3, the putative catalytic subunit
of Arabidopsis DNA polymerase ¢, indicating the
existence of a damage-induced TLS pathway in plants.
In this study, we identified the REVI and REV7 ho-
mologs of Arabidopsis, which are considered to co-
operate in the TLS pathway. The sensitivities of the
Arabidopsis rev mutants to UV-B, cisplatin, and y-rays
were different (Table I). These data suggest that the
overall sensitivities are in the order AfREV3 mutant >
AtREV1 mutant > AtREV7 mutant. All three rev
mutants were moderately sensitive to DNA cross-
linkers. rev3 was sensitive to y-rays, while revl and
rev7 were only slightly sensitive to y-rays. These re-
sults suggest that the Arabidopsis REV genes have
roles in tolerating DNA damaging agents, but their
function might be redundant.

In yeast, three kinds of REV genes, REV1, REV3 and
REV7, were found. Deletions of these genes cause
a decrease in survival and a decrease in reversion
under UV-irradiation or some mutagens and then

UV-B dose (kJ m?)

suppress the induction of mutation due to misincor-
poration of bases opposite the site of bypassed dam-
ages (Lemontt, 1971, McKee and Lawrence, 1979;
Lawrence et al., 1985a, 1985b). In this study, revl and
rev7 were sensitive to UV-B and DNA cross-linkers to
some extent. Concerning the measurement of a rever-
sion frequency of intact plant, there is only a suitable
method, which detects the mutation as reversions
of specific GUS (B-glucuronidase) reporter transgene
alleles, for intact higher plants (Kovalchuk et al.,
2000). In the further study, the reversion frequency of
these mutants will be able to measure by using this
method.

Both root and aerial tissue growth of revl were
inhibited by UV-B irradiation (Fig. 2 and 7). revl was
less sensitive to UV-B than rev3. In other organisms,
a deficiency of REV1 protein results in a moderate or
lower sensitivity to UV-irradiation (Lemontt, 1971;
Gibbs et al., 2000; Sakai et al., 2003). On the other
hand, our results also show that the root growth of the
revlrev3 double mutant, like that of rev3-1, was sensi-
tive to UV-B, while the root growth of rev1-1 was only
moderately sensitive to UV-B (Fig. 3). REV1 cooperates
or interacts functionally with REV3 that mediates
DNA polymerase { in the error-prone TLS (Nelson
etal., 1999; Rajpal et al., 2000). This result suggests that
AtREV1 also cooperates with AtREV3. In several or-
ganisms, TLS has been described by a two-step, two-
polymerase model. REV1 is the first enzyme and aids
in the incorporation of one or two nucleotides opposite
the lesion, while DNA polymerase { is the second
polymerase that extends the primer beyond the lesion
site to positions downstream of the damage. When
DNA is exposed to UV-B, many kinds of DNA lesions
are generated (Friedberg, 1995). The major products of

Figure 4. (Continued.)

indicate the T-DNA insertion positions in the upstream region of the ORF (rev7-2) and intron 2 (rev7-1). In rev7-1, left border
sequences were found at both sides of the inserted T-DNA. A substitution of three bases was found at the junction of downstream
left border and wild-type genome sequence (TGA in Col to AAT in rev7-1). In rev7-2, the T-DNA was accompanied by the

insertion of a filler DNA, tcagcgcattttct.
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the lesions are CPDs, and (6-4) photoproducts, and the
minor products include 8-oxoguanine, pyrimidine
hydrate, and thymine glycols. Other minor effects
are DNA-DNA cross-links and strand breaks. AtREV1
may respond to some of these types of DNA damage,
and this could explain why revl was less sensitive to
UV-B than rev3.

If insertion type polymerases other than AtREV1 are
the first insertion type polymerases in TLS, they might
incorporate bases opposite the DNA lesions that
AtREV1 is essentially unresponsive to. In several organ-
isms, some polymerases, such as DNA polymerases
1 and +, were also able to insert bases opposite a dam-
aged template and cooperate with DNA polymerases
¢ and « to catalyze the translesion synthesis across
from the lesion (Johnson et al., 2000; Haracska et al.,
2001; Prakash and Prakash, 2002; Guo et al., 2003,
2004). Two Arabidopsis homologs of Y-family DNA
polymerases other than REV1 (At5g44750) have been
identified, DNA polymerase 1 (At5g44740) and DNA
polymerase k (At1g49980). Recently, an Arabidopsis
DNA polymerase k, named AtPOLK, was character-
ized by using an in vitro assay of a recombinant
protein (Garcia-Ortiz et al., 2004). In our preliminary
tests, however, T-DNA insertion lines of Arabidopsis
DNA polymerase 1 and k showed sensitivities to UV-B
similar to those shown by the wild-type plants (data
not shown). This suggests that Arabidopsis Y-family
DNA polymerases other than AtREV1 scarcely con-
tribute to the TLS system. The difference in the sen-
sitivities of revl and rev3 to UV-B may mean that DNA
polymerases other than a Y-family DNA polymerase
are required for the TLS pathway. In Arabidopsis, it is
not clear how a particular mechanism for TLS for
a particular type of DNA damage is selected. Multiple
DNA polymerase may be responsible for repairing
UV-B-induced damage, which may explain the differ-
ence of sensitivity to UV-B between rev1 and rev3.

REV7 is thought to be a regulatory protein that
enhances the activity of DNA polymerase { (Baynton
etal., 1999; Murakumo et al., 2000; Masuda et al., 2003).
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AtREV?7 is similar to the REV7 proteins of human and
other organisms at the amino acid level (Fig. 4). The
HORMA domain is a domain that is conserved among
several REV7proteins and some cell-cycle-related pro-
teins (MAD2 and Hop1). This domain might recognize
chromatin states that result from DNA damage and
might act as an adaptor that recruits other proteins
involved in repair (Aravind and Koonin, 1998). There-
fore, we predict that AtREV7 has similar recognition
functions. In Neurospora crassa, the UV-B sensitivity of
a REV7-deficient mutant was similar to that of a REV3-
deficient mutant (Sakai et al., 2003). However, in this
study, the root growth of an AtREV7-disrupted mutant,
rev7, showed little sensitivity to UV-B (Fig. 5), while its
aerial growth, like the aerial growth of revl and rev3,
was inhibited by long-term UV-B irradiation (Fig. 7).
These results show that, in rev7, DNA damage accu-
mulated by long-term UV-B inhibits growth, but that
DNA damage caused by short-term UV-B does not
affect the recovery of root growth.

Previous reports have shown that a deficiency of the
REV gene leads to high sensitivity to several muta-
gens. In Arabidopsis, rev3 was sensitive to MMC but
insensitive to MMS (Sakamoto et al., 2003). In our
study, revl and rev7 were moderately sensitive to DNA
cross-linkers (Fig. 6). In other studies, exposure to
DNA cross-linkers damaged some bases and gener-
ated DNA inter-strand cross-links (ICLs), which led to
mutations, chromosomal rearrangements, and cell
death (Friedberg, 1995; Dronkert and Kanaar, 2001).
Although the repair mechanism for ICLs in yeast and
mammals is unclear, in one model, nucleotide excision
repair (NER) and recombination repair cut out and
unwind the ICLs, and TLS simultaneously synthesizes
a new DNA strand opposite the site formed by the
cross-link (Dronkert and Kanaar, 2001). Sakamoto et al.
(2003) and this study showed that all the REV gene-
deficient mutants were sensitive to DNA cross-linkers
to some extent. Two other reports showed that Rev3-
or Revl-deficient DT40 cells were also sensitive to
cisplatin (Sonoda et al., 2003; Simpson and Sale, 2003).
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Figure 7. Effects of long-term UV-B exposure on
growth of the revi, rev7, and rev3 mutants. The
wild-type (Columbia) and mutant (rev3, rev1, and
rev7) plants were grown under white light until
they were 11-d-old, and then the plants were
grown with or without UV-B irradiation for 11 d.
A to H, Photographs of 22-d-old plants grown
under no UV-B (— UV-B, A-D) or3.45 kf m > d ™"
UV-B irradiation (+ UV-B, E-H) for 11 d. I, Effect
of different UV-B doses on relative fresh weight of
aerial parts of 22-d-old wild-type (Col), rev3,
revl, and rev’ seedlings. Each value represents
an average of 16 to 20 measurements. Error bars
indicate ss.

- Uv-B

+ UV-B

Simpson and Sale (2003) suggested that Revl and TLS
are critical for efficient tolerance or repair of ICLs and
that it is likely involved in other pathways. In higher
plants, many genes involved in NER and recombinant
repair have been isolated, and some of them were
found to be involved in tolerance to DNA cross-linkers
(Xu et al., 1998; Li et al., 2002). Therefore, it is possible
that TLS works synergistically with NER and/or re-
combinant repair in plants. Further studies are needed
to confirm these hypotheses.
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In conclusion, we isolated two new genes, AtREV1
and AtREV7, which appear to be involved in TLS
in plants. These mutants are moderately sensitive to
UV-B and some DNA-damaging agents such as
MMC and cisplatin, although the sensitivities differed
among the mutants. Our results indicate that plants
have a TLS mechanism similar to TLS mechanisms
in other eukaryotes and that plant REV genes help
plants to survive under UV-B and in stressful environ-
ments.

Table 1. Sensitivities of Arabidopsis REV homolog mutants to UV-B, cisplatin, and y-rays

++, More sensitive; +, sensitive; =, possibly sensitive; —, same as the wild type; n.t., not tested.

Sensitivity
DNA-Damaging Agent DNA Damage
revl rev’/ revirev3 rev3?

Light + - ++ ++
Short-term UV-B Dark + _ + + CPD, 6-4PP, etc.
Long-term UV-B + + n.t. +
Cisplatin + * + + DNA crosslink, alkylation, etc.
v-Rays - - + + DSB, base damage, etc.

“Sakamoto et al. (2003) and this study.
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MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis ecotype Columbia was used for the wild-type plant in this
study. The revI-1 line (SALK_011334), rev1-2 line (SALK_005721), and rev7-1
line (SALK_014571) were provided by the SALK Institute Genomic Analysis
Laboratory (Alonso et al., 2003). To construct the double mutant revIrev3,
a rev3-1 plant (Sakamoto et al., 2003) was crossed with a rev1-1 plant, and the
resulting F, plant was self-pollinated. Among the UV-B sensitive plants in
these F, progeny, the revl-1 rev3-1 plants were selected by PCR. Plants were
grown at 23°C in a growth chamber (LH200RD, NK System, Osaka) under
continuous white light from fluorescent lamps (approximately 40 wmol
m~?s™!, FL40SS-W/ 37, Toshiba Lighting and Technology, Tokyo; Sakamoto
et al., 2003).

Isolation of AtREV1 and AtREV7 cDNAs

The AtREV1 and AtREV7 genes were predicted to be the At5g44750.1 and
At1g16590 genes, which were annotated by The Arabidopsis Information
Resource (TAIR; http://www.arabidopsis.org/). The 3.3-kb AfREV1 (acces-
sion no. AB187523) cDNA was prepared by amplifying the total cDNA with
the primers REV1-5TER (5'-ATGAAGCGTAGCTTGGGTTCAAATTCTTC-3")
and REVI-3TER (5'-GACTCGTGTCATGGGAAGAAATGATTATC-3’). The
AtREV7 ¢DNA was prepared similarly with the primers REV7-5TER
(5'-TGATCAAGGAATCCTTACCTCC-3') and REV7-3TER (5'-ACATCC-
TCGGGGTTGACAAGGT-3'). The PCR products for AtREV1 and AtREV7
were cloned into pGEM-T Easy (Promega, Madison, WI) for sequencing.
AtREV1 and AtREV7 were analyzed by the NCBI Conserved Domain Search
program (http:/ /www.ncbinim.nih.gov/BLAST), which searches for related
protein families and putative functional domains.

Screening of an AtREV7 T-DNA Insertion Line

To find an AtREV7 T-DNA insertion line, we searched the T-DNA insertion
sequence databases of the SALK Institute Genomic Analysis Laboratory. We
found one line, SALK_014571, which we named rev7-1. rev7-1 had a T-DNA
inserted at the first intron, and the right border sequence was truncated and
left border sequence was found at both sides of the T-DNA inserted region. To
search for the other rev7 allele, one of the lines was screened from the T-DNA
insertion line collection of the Kazusa DNA Research Institute. By screening
for AtREV7-knockout lines by PCR, we isolated one line (KG31165) possessing
a T-DNA insertion at 132 bp upstream of the ORF. We named this line rev7-2.
The rev7-2 line was isolated from the T-DNA insertion line stocks prepared by
the Kazusa DNA Research Institute with a primer specific for T-DNA
(pGTAC-LUS_LBP, 5'-AAGAAAATGCCGATACTTCATTGGC-3') and a
primer specific for AtREV7 (REV7-3, 5'-ACATCCTCGGGGTTGACAA-
GGT-3'). A set of DNA pool prepared from many insertion lines were am-
plified. To identify the T-DNA insertion line, the amplified products were
separated by agarose-gel electrophoresis, and AtREV7-positive signals for
PCR products were detected by Southern-blot analysis with the AtREV7
cDNA fragment as a probe.

Identification of the T-DNA Insertion Sites

The left border-flanking sequence was amplified with the primer LBal
(5'-GCGTGGACCGAGTATTTTTCAACTTT-3') and one of the following
gene-specific primers: REV1-7 (5'-ACATCCTCGGGGTTGACAAGGT-3'),
REV1-4 (5'-AGAAGGATCTGCACTGTCAAGCT-3'), or REV7-2 (5'-CAGT-
CAGGTAAGTTCCTGATTC-3"). To determine the other border sequence of
revl-1, thermal asymmetric interlaced-PCR was employed, as described
previously (Liu et al., 1995). The specific primers were REVI-1_TR1
(5'-CGAGTGACATCATTCATCAC-3'), REV1-1_TR2 (5'-CTTGCGCTCTGTT-
GTTACTGCAG-3'), and REV1-1_TR3 (5'-GTATATGGGTTGTGGAGACTGT-
GAC-3'). To identify the other border sequence of revl-2 and rev7-1, the
genomic DNA from these lines was amplified with the LBal primer and the
specific primer REV1-22 (5'-CTAGACCTACGGTCAGTTACAGACAG-3’) or
REV7-6 (5'-TGAGTGGTTCAGACAAACTTGGG-3'). For the rev7-2 mutant,
the left border flanking sequence was amplified with pGTAC-LUS_LBP and
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REV7-6 and then sequenced. The rev7-2 mutant also has only a left border
sequence and we could not find a right border sequence.

UV-B Light Source

UV-B light was supplied by a UV-lamp (CSL-15B, COSMO BIO, Tokyo)
that radiated at wavelengths of >280 nm with a peak intensity at 312 nm.
UV-B light intensity was measured with a UV-B light radiometer (UVX31
sensor and UVX radiometer, UVP).

Root-Bending Assay and Analysis of the Root
Growth Rate

The root-bending assay was performed as described previously (Sakamoto
et al., 2003). Seedlings were grown vertically on nutritive agar plates
(1.5% agar, 2% Suc, and 0.1% [v/v] commercial nutrient; Hyponex, Osaka)
under continuous white light (approximately 40 umol m™2 s™') for 3 d.
For analysis of UV-B sensitivity, seedlings were exposed to 0.25 to 2 k] m 2
(for the dark condition) or 1.25 to 5 k] m™?2 (for the light condition) UV-B
light and then incubated in the dark or under continuous white light for 3 d.
The length of root growth after UV-B irradiation was measured using
Scion Image software (Scion Corporation, Frederick, MD) and was ex-
pressed as a percentage of the average length of nonirradiated wild-type
roots.

Long-Term UV-B Irradiation

Plants were grown in a pot containing soil (Metro-Mix 350, Scotts-Sierra
Horticultural Products, Marysville, OH) under 16-/8-h photoperiods at
40 pmol m2 s in a photochamber (BIOTRON, NK System; Osaka).
Twelve-day-old seedlings were irradiated with UV-B light at 3.45 or 5.76 kJ
m 2 for 16 h d~' under white light. The UV-B light dose was adjusted by
varying the distance from the UV-B lamp to the plants. After 11 d of UV-B light
treatment, the fresh weight of each plant was measured and expressed as
a percentage of the average fresh weight of nonirradiated wild-type aerial
parts. More than 18 plants were used for each data point.

Measurement of Plant Sensitivities to y-Rays
and Cisplatin

Seeds were set on nutritive agar plates and grown vertically under
continuous white light for 3 d. The measurements of sensitivities to y-rays
and cisplatin were performed by a root-bending assay as described previously
(Sakamoto et al., 2003). To test sensitivity to y-rays, plants were irradiated with
y-rays from a Co irradiation facility (JAERI, Takasaki, Japan). To test
sensitivity to cisplatin, the plants were transplanted to the surface of nutritive
agar plates supplemented with 2 to 8 mg L™ cisplatin. The plants were placed
vertically so that the new root would grow at a right angle to the previous root.
After a 3-d incubation under continuous white light, new root growth was
measured as described above.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession number AB187523.
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