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thaliana and their Response to lonizing Radiation
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Abstract

Phosphorylation of histone variant H2AX at the site of DNA double-
strand breaks (DSB) is one of the earliest responses detected in cells
exposed to Ionizing Radiation (IR). Phosphorylated H2AX (y-H2AX) is
important for recruiting and retaining repair proteins at the site of DSBs
and contributes to the maintenance of cell-cycle arrest until repair is
completed. In this study, insertional mutants of two Arabidopsis thaliana
H2AX homologues were identified and characterized to determine if
both genes are functionally active and whether their roles are redundant
or divergent. We report an approximate ten-fold reduction in y-H2AX in
our double mutant line and demonstrate that the homologues function
redundantly in the formation of IR induced y-H2AX foci. A tendency
towards increased inhibition of root growth was observed in irradiated
double mutant plants relative to both wild-type and single mutant lines.
No evidence indicating a functional divergence between the two homo-
logues was detected.

Introduction

Protection against genomic instability is of major importance to all
organisms. Failure to rapidly identify or appropriately respond to DNA
damage can lead to deletions, chromosomal rearrangement, and loss
of heterozygosity; such changes are frequently deleterious and poten-
tially lethal. DNA double-strand breaks (DSBs), both of intrinsic and
extrinsic origin, constitute one significant source of genomic instability.
Metabolic byproducts [1, 2], ionizing radiation (IR) [3, 4], radiomimetic
compounds [4-6], and meiosis [7] are all known to generate DSBs. Given
the fundamental importance of a timely and reliable response to DSBs,
it is not surprising that a high degree of homology exists between DSB
recognition and repair pathways in yeasts, plants, and animals [8, 9].

One of the earliest observed responses to induction of DSBs is phos-
phorylation of the histone variant H2AX by the PIK-related protein
kinase (PIKK) family member ataxia telangiectasia mutated (ATM)
and to a lesser extent by ataxia telangiectasia mutated and rad3-related
(ATR) [10-12]. This histone variant, characterized by a terminal SQE
motif, is phosphorylated within minutes of induction of a DSB [13].
Phosphorylation of H2AX at the site of a DSB is thought to be important
in retaining and concentrating repair proteins at the site of the break
[14-16]. Evidence indicates that phosphorylated H2AX, termed y-H2AX
[17], also plays a role in recruiting chromatin modifiers to the lesion to
facilitate repair [18]. Following repair, dephosphorylation of y-H2AX is
important for the cell to resume cycling [19, 20].

H2AX s highly conserved among eukaryotes [21]. Two putative H2AX
protein homologues were identified in the model plant Arabidopsis
thaliana [10]. These homologues, termed H2AXa (GenBank locus
At1g08880) and H2AXb (GenBank locus At1g54690) are predicted to
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differ at only two of 142 amino acids. Here we demonstrate that atH2A Xa
and atH2AXb function redundantly in the formation of IR induced
y-H2AX foci; no divergent roles for the two homologues were observed.

Materials and Methods

Isolation of Mutants

Arabidopsis thaliana T-DNA insertion mutants of atH2AXa (At1g54690)
and atH2AXDb (At1g54690) were obtained from the SAIL collection
(‘SALK_007006.29.20.x, and ‘SALK_012255.55.25.x" respectively)
through the ABRC. The T-DNA-specific primer used in the isolation of
both mutants was ‘LBal’ (5-TGGTTCACGTAGTGGGCCATCG-3).
The gene-specific primer used in the detection of atH2AXa was
ALl (5-GCTCCATGAGTTGCATGTATCTGC-3’). 'The  gene-
specific primer used in the detection of atH2AXb was ‘BL2
(5-CTCTTCATCGTTCCTCACTGCAAG-3’). The T-DNA insertion
site of atH2A Xawas sequenced using primers LBal”and ‘AL1’ for one left
border and ‘LBal’ and ‘AUI’ (5-TCGATCAACCCTGGCCATCTT-3’)
for the second left border. Primers ‘LBal’ and ‘BL2’ were used to
sequence the left border T-DNA integration site in atH2AXb. Gene-
specific primers AL2 (5-ACGTGTCTTCTTGTTATCCCTTGC-3)
and AU2 (5-CCTAAAGCCCACTCATCTTC-3’) were used to
detect the wild-type allele of atH2AXa. Gene-specific primers
‘BL1” (5- CTCTTGAGAAGCAGATCCGATATCGC-3’) and ‘BUI’
(5>-CCGCGTGACTCACAACTAACCAAT-3’) were used to detect the
wild-type allele of atH2AXb.

Plant Material and Growth Conditions

Plants used in this study were of a Col background. Plants used for
protein extraction were grown on Premier Pro soil mix (Premier
Horticulture, Quebec, Canada). Seeds to be used for root tip excisions
and for root growth measurements were surface sterilized for 10 minutes
in a solution of 20% bleach and 0.2% Tween, and then rinsed 10 times
in ddH2O. Sterilized seeds were sown on nutritive MS-agar plates and
stored at 4°C for three days before being transferred to normal grow-
ing conditions. Plates were placed in a vertical orientation so that roots
would grow along the surface of the agar. Plants were grown at 20°C and
60% humidity in ConvironcmP4040 growth chambers. A 16 h day/8 h
night cycle was simulated using light from cool-white lamps (100-150
pumol m? s*) filtered through Mylar.

Gamma Irradiations

A Cs137 source (Institute of Toxicology and Environmental Health,
University of California, Davis) was used to irradiate seeds at a dose rate
of 6.9Gy sec’. Plants used for protein extraction were irradiated with
100 or 200Gy IR or mock-treated 14 days after planting (DAP). Above
ground tissue was harvested into liquid nitrogen 15 minutes after treat-
ment and stored at -80°C until the time of protein extraction. Seedlings
used in root tip excisions were irradiated with five or 2.5Gy IR or mock-
treated 5 DAP; samples were fixed in paraformaldehyde five minutes
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after treatment and the root tips excised as described below. Seedlings
used in root growth assays were irradiated with indicated doses 5 DAP.

Protein Extractions and Immunoblots

Histones were harvested as described previously [22]. Sodium fluoride
(Sigma, St. Louis, MO) and sodium ortho-vanadate (Sigma) were used
at final concentrations of 30 mM and 100 puM respectively to inhibit
dephosphorylation of proteins. Extracts were quantified using the
Bradford assay and prepped for immunoblotting as previously reported
[10]. Protein samples were separated on a 12.5% polyacrylamide gel
and then transferred to nitrocellulose membranes over a period of four
hours at 4°C in 20% methanol transfer buffer under a constant current
of 400 mA. Blots were stained for five minutes in Ponceau S (P-3504,
Sigma) solution to qualitatively evaluate protein loading and transfer.
Blots were destained and transferred to a solution of 2% nonfat dry milk
in 1x Tris-buffered saline (TBS)-T (0.05% final concentration Tween-
20) where they incubated on an orbital shaker for one to three hours
at room temperature. Blots were then incubated in rabbit antiplant
y-H2AX primary antibody [10] diluted in 2% nonfat milk in 1x TBS-T
on a rocking platform for 2h at room temperature. Blots were rinsed
twice in ddH,O and once in 1x TBS-T (five minutes each time) on an
orbital shaker, before transfer to a solution of anti-rabbit immunoglobu-
lin horseradish peroxidase-linked secondary antibody (Amersham
Biosciences NA934V, Piscataway, NJ) diluted 1:10,000 in 2% nonfat
milk in Ix TBS-T. Blots were incubated in secondary antibody on an
orbital shaker at room temperature for 1-1.5h, at which point they were
rinsed with ddH20O and 1x TBS-T as above. Blots were then treated with
enhanced chemiluminescence reagents (ECL Plus) as described (RPN
2131, Amersham Biosciences) and exposed to X-ray film (CL-XPosure
film, Pierce, Rockland, IL).

Quantification of Relative -H2AX Content

To estimate y-H2AX content in our mutant lines relative to wild-type,
fresh protein extractions were made from plants irradiated with a dose
of 200Gy as described above. 15.0 ng of extracted protein from ath2axa,
ath2axb, and ath2axa;ath2axb were loaded on a polyacrylamide gel. A
dilution series of WT protein extract was also loaded on the gel (2x, 1x,
0.25x, and 0.0625x where 1x=15ng). Separation, transfer, and immuno-
blotting of y-H2AX was carried out as described above. To increase the
sensitivity of the x-ray film and to increase the linear range of detection,
film was pre-exposed using an automatic flash (Sunpak Softlite 16004,
ToCAD, Rockaway, NJ) masked with porous paper. An optimal exposure
distance of 50cm was empirically determined such that a pre-exposure
flash increased the 540 nm absorbance of pre-exposed film by 0.15 with
respect to film that had not been pre-exposed [23, 24]. Pre-exposed
film was immediately used to detect chemiluminescent signal from
the immunoblots. Developed images were digitally scanned (Epson
Perfection 2400 Photo, Epson, Long Beach, CA), and analyzed using
‘ImageQuant™ v5.2’ (GE Healthcare, Piscataway, NJ). Total signal for
each band was calculated as the integrated intensity of all pixels within
a user defined box that encompassed that band. A local average correc-
tion for each band was used to exclude background signal. The adjusted
signal for the wild-type dilution series was used to generate a standard
curve of signal intensity vs. relative y-H2AX content in 15 ng of protein
extract. This curve was used to estimate the y-H2AX content of our
mutant lines relative to wild-type.

Root Tip Excision, Slide Preparation, and Immunostaining

Root tips were excised and mounted as described [25] with the modifications
reported [10]. Slides were stored at -80°C until they were ready to be stained
and scored. Root tip nuclei were stained to visualize y-H2AX, tubulin, and
chromosomal DNA as described [10]. After an overnight incubation at 4°C,
nuclei were visualized, scored, and images captured [10].
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Root Growth Assay

Seeds used in root growth assays were prepared and irradiated or mock-
irradiated as described above. An image of each plate was captured
immediately after irradiation, 0 days after treatment (DAT), using a
CoolSNAP CCD camera (Photometrics, Tucson, AZ) affixed to a Zeiss
Stemi SV 11 stereomicroscope (Zeiss, Thornwood, NY); plates were
then returned to the growth chamber. A second image of each plate was
captured 7 DAT. Root lengths were determined by tracing the primary
root using the image processing and analysis software Tmage]’ [26].
To reduce error introduced by seeds that did not germinate, seeds that
germinated late, and seedlings whose roots did not achieve or maintain
good contact with the vertical agar surface, only those plants whose
primary root length was in at least the plate’s 66" percentile 0 DAT were
included in the data set. Root length 0 DAT was subtracted from root
length 7 DAT to obtain post-treatment root growth (PTRG). PTRG of
irradiated plants was normalized to PTRG of mock-treated lines.

Results

Isolation of atHZAXa and atHZAXb insertion mutants

The publicly available seed stocks of the Arabidopsis Biological Resource
Center (ABRC) were screened to identify possible insertional mutants in
atH2AXaand atH2AXb. Annotated sequence information from the Salk
Institute Genomic Analysis Laboratory (SAIL) identified two potentially
valuable lines: ABRC line ‘SALK_007006.29.20.x, whose transferred
DNA (T-DNA) mapped somewhere near the first exon of atH2AXa, and
ABRC line ‘SALK_012255.55.25.x, whose T-DNA mapped to the middle
of atH2AXb. Polymerase chain reaction (PCR) primers were designed
according to the DNA sequences found in the SAIL database and used to
verify the presence of the T-DNA in each line. The insertion site of each
line was characterized by sequencing off of the T-DNA border sequence.
Sequencing of the insertion site of ‘SALK_007006.29.20.x" (ath2axa)
indicated that the T-DNA is located 68 bp upstream of the start codon of
atH2AXa. The insertion is accompanied by a deletion of 8 bp and, based
on PCR and sequencing data, has two left borders pointing away from
the insertion site into the genomic DNA (Fig. 1a). Characterization of
the insertion site of ‘SALK_012255.55.25.X° (ath2axb) proved to be more
difficult as we were only able to obtain PCR and sequencing data from
one border of the T-DNA insert. Sequencing off the left border indicated
that the T-DNA is located in atH2AXb’ s only intron, 84 bp upstream
of the second exon (Fig. 1b). While we were unable to obtain PCR
products or sequencing information from the other border using both
left and right border sequence information, genomic primers spanning
atH2AXD’ s coding sequence gave no product in lines homozygous for
the T-DNA insert; those same primer combinations give clear bands in
heterozygous atH2AXb and wild-type lines, suggesting that the T-DNA
insert truly does disrupt the wild-type copy of atH2AXb rather than
simply duplicating a portion of the gene and reinserting elsewhere in the
genome, leaving a wild-type copy of the gene intact.
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Figure 1 Gene structure and T-DNA insertion site of mutant lines athZaxa (a) and athZaxb
(b). Shaded line, UTR; black line, intron; black box, exon; gap, 8 bp deletion; triangle,
T-DNA; LB, T-DNA left border; regular text, genomic DNA sequence; underlined text, T-DNA
border sequence; parenthetical text, DNA sequence that matches neither T-DNA border
sequence nor genomic DNA exactly; ellipsis, continuation of adjacent DNA sequence; ques-
tion mark, unresolved T-DNA border and insertion site.
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After confirming the locations of the T-DNAs, lines athZaxa and
ath2axb were crossed and their F, progeny screened to identify
homozygous lines. Using a T-DNA left border specific primer and
flanking gene specific primers we were able to isolate homozygous
double mutant ath2axa;ath2axb lines as well as recover homozygous
single mutant lines for both ath2axa and ath2axb. Wild-type segregants
were also identified and maintained for use as controls in subsequent
experiments. The mutant lines isolated were both viable and fertile.
No morphological difference was apparent in either single mutant
or double mutant plants. Genetic crosses using ath2axa, ath2axb, or
ath2axa;ath2axb were successful in all cases, regardless of whether the
mutant line functioned as the maternal source (ovule), the paternal
source (pollen), or both (self-cross).

Production of y-H2AX is repressed in H2AX mutants.

To test if ath2axa and ath2axb are still capable of producing functional
H2AX protein, histones from homozygous lines were extracted before
and after exposure to IR and probed with polyclonal Arabidopsis
y-H2AX antibodies [10]. In extracts from wild-type plants taken 15
minutes after exposure to 200Gy gamma radiation, a clear band of ~16
kDa is observed, reflecting the presence of IR induced y-H2AX protein;
comparable bands are detected in extracts from IR treated single mutant
ath2axa and ath2axb plants. In extracts from IR treated double mutant
ath2axa;ath2axb plants, the ~16kDa band is faint, though discernable,
suggesting that at least one of the mutant lines is not a complete loss of
function mutation (Fig. 2a). Control experiments, in which extract from
IR treated double mutant ath2axa;ath2axb plants was run separately
from other positive lanes, indicate that faint y-H2AX signal detected is
not the result of spillover from adjacent lanes. By comparing the signal
intensity of the y-H2AX band observed in the single and double mutant
H2AX lines to that of a wild-type dilution series (Fig. 2b), we estimate an
approximate ten-fold reduction in y-H2AX content for ath2axa;ath2axb
plants relative to wild-type plants (Fig. 2c).
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Figure 2 Quantification of y-H2AX in wild-type and mutant lines. Plants were irradiated with
200Gy gamma radiation and harvested 15 minutes after removal from source. Ponceau S
staining was carried out prior to immunoblotting as a qualitative control for protein loading
and uniformity of transfer. (a) Assessment of y-H2AX induction in response to IR in wild-type
and mutant lines by immunoblot. Image is representative of blots from four experiments.
(b) Linear regression of immunoblot y-H2AX band intensity, corrected for local average
background signal, as a function of relative amount of wild-type (WT) protein extract loaded.
The amount of sample loaded ranged from 2x to 1/16x (inset), where 1x is equivalent to 15
ng of protein extract. (c) Estimate of y-H2AX content in mutant lines relative to wild-type
as determined from (b).

Neither single mutant exhibited decreased levels of y-H2AX content
relative to wild-type. A faint ~16 kDa band is also observed in extracts
from untreated wild-type, untreated athZaxa, and untreated ath2axb
plants; this band is not detected in untreated athZaxa;ath2axb plants

(data not shown). Presence of this band in extracts from untreated
wild-type plants has been previously reported and may reflect some low,
steady state level of phosphorylation in cells, or may be due to low level
detection of unphosphorylated H2AX by the polyclonal antibodies [10].

H2AXa and H2AXb act redundantly in the formation of

IR induced y-H2AX

While it is clear from our immunoblot experiments that both H2AXa
and H2AXb are phosphorylated in response to IR, it was unclear whether
the two proteins function redundantly in the formation of the y-H2AX
foci characteristic of DSB response. To address this question, y-H2AX
foci were quantified in ath2axa, ath2axb, and ath2axa;ath2axb root tips
exposed to IR. Only a slight difference in the number of foci produced
per Gy gigabasepair (Gy*Gbp) was observed in either single mutant
(Fig. 3). This suggests that H2AXa and H2AXb function redundantly
in the establishment of IR induced foci. Consistent with this hypothesis
is the fact that we were unable to detect production of y-H2AX foci in
our ath2axa;ath2axb double mutant plants. Of the 74 mitotic root tip
cells scored, no y-H2AX foci were observed, suggesting that a wild-type
copy of either of these two homologues is essential for the formation
of y-H2AX foci. While our immunoblot results indicate the presence
of some y-H2AX in our IR treated ath2axa;ath2axb double mutant line,
any contribution it may make to the formation of foci is below our level
of detection.
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Figure 3 y-H2AX foci formation in atH2AX mutant lines. (a) Immunoflourescence of mutant
root tip nuclei irradiated with 5Gy gamma radiation. y-H2AX foci (green) are overlayed onto
chromosomes (red) stained with DAPI. Arrows highlight positions of y-H2AX foci. Scale bar,
5 pm. (b) Number of y-H2AX foci generated per Gy per gigabasepair (Gbp) + standard error.
Root tip nuclei were irradiated with either 5Gy or 2.5Gy gamma radiation. n, number of root
tip nuclei scored. %, rate of foci induction in wild-type root tip nuclei exposed to 5Gy or
2.5Gy gamma was calculated from previous experimental data (Friesner, 2005).
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Figure 4 Root growth of IR treated lines in the first seven days after gamma treatment (7
DAT). Values expressed as percent change in root length relative to percent change in root
length of mock treated plants. Error bars, standard error; n, number of plants scored.
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A subtle change in root growth following exposure to

gamma radiation is observed in H2AX mutants.

We sought to further investigate the importance of H2AXa and H2AXb
in response to gamma radiation by assaying root growth in each of our
mutant lines. Monitoring root growth, a product of both cell division
and cell expansion, is a simple means of quantifying the impact of DNA
damaging agents on a plant. In the days immediately following exposure
to gamma radiation, the wild-type line, both single mutant H2AX lines,
and the double mutant line all displayed decreases in overall root growth
correlated to the dose of IR they received (Fig. 4).

Our single mutant lines ath2axa and ath2axb both displayed a slightly
greater inhibition of root growth than wild-type, though the difference
was not statistically significant. In our IR treated double mutant seed-
lings, an even greater inhibition of root growth was observed, though the
difference relative to wild-type was still not statistically significant. This
trend is observed across a range of IR doses, though it is most obvious
at a dose of 100Gy . While the effect of gamma radiation on root growth
is not significantly different between wild-type and mutant lines, the
overall trend suggests that the two Arabidopsis H2AX homologues play
redundant roles in the plant’s response to DSBs.

Discussion

H2AXa and H2AXb may act redundantly in the response of
Arabidopsis thaliana to ionizing radiation.

In this article we report the identification and isolation of a pair of T-DNA
insertional mutants affecting the expression of two H2AX homologues,
atH2AXa and atH2AXb, encoded by the model plant Arabidopsis
thaliana. Although we were unable to obtain a line in which H2AX
production is completely abolished, we demonstrate a roughly ten-fold
reduction in the amount of y-H2AX produced in response to gamma
radiation in our double mutant line. Given that untreated atH2AXa,
atH2AXD, and atH2AXa;atH2AXDb plants exhibit no obvious changes in
either their overall morphology or their growth habits, it is clear that
wild-type levels of H2AX are not essential for viability in A.thaliana.
While it is possible that a full loss of function line would be inviable, our
results are consistent with the observation that H2AX-deficient mouse
embryonic stem cells are also viable [27]. Unlike H2AX-deficient mice,
however, which display a significant reduction in fertility [28], no defect
in fertility was observed in atH2A Xa;atH2AXD plants; this may indicate
that very low levels of H2AX are sufficient to carry out meiotic processes
during gametogenesis. Alternatively, H2AX may be wholly unnecessary
in A. thaliana for normal meiotic recombination and fertility.

While H2AX may not be essential for cell viability, it does play an
important role in resistance to DSB inducing agents [13, 27]. The role of
y-H2AX in IR resistance in plants has not yet been determined. We dem-
onstrate that atH2A Xaand atH2AXb function redundantly in IR induced
y-H2AX foci formation, an early and rapid step in a cell’s response to
DSBs. We report a slight decrease in root growth following exposure to
IR in our double mutant line relative to wild-type, suggesting atH2AXa
and atH2AXb may play a role in mitigating the effects of damage caused
by IR. Whether the minor decrease in root growth we observe is due
to the persistence of unresolved damage, reflects a defect in the ability
of cells to resume normal cycling, or is a result of some other defect is
unknown. It is clear from our results that atH2AXa and atH2AXb act
redundantly in the overall production of y-H2AX in irradiated seedlings
and in focus formation in irradiated root tips of A.thaliana; however, this
does not preclude the possibility that divergent functions may also exist
that distinguish the two homologues. The precise role H2AX plays in
DNA damage response and cell cycling, and more specifically, the roles
atH2AXa and atH2AXb play in A.thaliana, remain open and warrant
further investigation.
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Abstract

In the plant genome a row of homologs of human genes can be found
that, if mutated, are correlated with a high incidence of cancer in
humans. Here we describe our recent results on homologs of the breast
cancer genes BRCA1/BARD1 and RecQ helicase homologs in the model
plant Arabidopsis thaliana. HSBRCA1 and HsBARD1 are tumor sup-
pressor proteins that are involved in many cellular processes, such as
DNA repair. Loss of one or the other protein results in early embryonic
lethality and chromosomal instability. The Arabidopsis genome harbors
one BRCA1 homolog, and we were able to identify a BARD1 homolog
as well. AtBRCA1 and AtBARDI are able to interact with each other as
indicated by in vitro and in planta experiments. Our analyses of T-DNA
insertion mutants for both genes, revealed that in plants, in contrast
to animals, these genes are dispensable for development or meiosis.
Nevertheless, we could show that AtBARD1 plays a prominent role in the
regulation of homologous DNA repair in somatic cells. RecQ helicases
are known as mediators of genome stability. The loss of RecQ function
is often accompanied by hyperrecombination due to a lack of crossover
suppression. Arabidopsis thaliana possesses seven different RecQ genes.
We could show that two of them (AtRECQ4A and AtRECQ4B) arose as
aresult of a recent duplication and are still 70% identical on protein level.
Disruption of these genes, surprisingly, leads to antagonistic phenotypes:
the AtRECQ4A mutant shows sensitivity to DNA damaging agents,
enhanced homologous recombination and lethality in an Atmus81
background. Moreover, mutation of AtRECQ4A partially suppresses the
lethal phenotype of an AtTOP3a mutant. In contrast, the AtRECQ4B
mutant shows a reduced level of HR and none of the other phenotypes
described above. Finally, we have started to characterize the different
RecQ proteins of Arabidopsis by biochemical means and present here
the results on AtRECQ2.

Breast Cancer Genes: BRCA1, BRCA2 and BARD1

Genome stability is a crucial aspect of any living organism. It is essential
to cope with DNA damages and to repair them properly. Many human
diseases, especially cancer, are linked to different kinds of defects in
DNA repair mechanisms which might lead to chromosome abnormali-
ties or uncontrolled proliferation. Defects in DNA repair or recombina-
tion genes often predispose humans to cancer development, as it is seen
for instance in patients of Bloom and Werner syndrome or breast cancer.
Those diseases are linked to mutations in genes whose encoded proteins
function as DNA repair proteins. Usually, cancer is not due to a single
mutation, but a certain mutation might lead to a higher susceptibility for
developing cancer. As breast cancer is the most prevalent cancer world-
wide many studies have been made to identify and to understand the role
of certain breast cancer factors. In 1994, the first gene which seemed to
be genetically linked to the development of hereditary breast cancer was
identified [1]. This gene was called Breast Cancer Susceptibility Gene 1
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(BRCAL). Besides BRCAL1, another breast cancer gene was identified the
following year and named BRCA2 [2]. Later on, it could be shown that
both proteins are important factors for homologous recombination (HR)
during DNA repair.

As proteins are often part of different complexes and their function
depends on certain interactions, there are several known proteins, which
are important for the function of BRCA1. The most prominent interac-
tion partner of BRCALI is the Breast Cancer Associated Ring Domain
Protein BARD1. The name implies its interaction with BRCA1 via their
RING domains. Figure 1A shows the general structure of the human
breast cancer proteins. Homologs of these genes were identified in sev-
eral other organisms as well, and interestingly also in the model plant A.
thaliana [3-5].

all EEE
RING BRCT HBRCT
IsBARD l l_l T
RENL HELT BRCT
RIRG BRCT BRCT
AIBARIDN Tidas
RING BRCT BRCT
Recombination events
100 -

E

=}

= 10

B

-

= W

= 1 —

& O Atardl

=

g 0,4  —

=

0,01 T
Stardard 10 pg/iml Bleomycin
Conditions

Figure 1 Structure of human and plant breast cancer proteins and the AtBARD1 function
during HR. (A) The characteristic features of breast cancer proteins are the N-terminal
RING and the C-terminal BRCT domains. Both domains are important for protein-protein
interactions and the proper functions of the proteins. RING = Really Interesting New Gene;
BRCT = BRCA1 C-terminal; Hs = Homo sapiens; At = Arabidopsis thaliana. (B) The Atbard1
mutant plants show a reduction of HR under standard conditions in comparison to the wild
type (WT). After induction of double stranded breaks with Bleomycin, the wild type shows a
clear induction of HR. The HR in Atbardl mutant plants after induction with Bleomycin is
less induced, indicating a role for AtBARDI in HR. The diagram shows the mean number of
blue spots per plant (bars show the SD) from three different experiments with a logarithmic
scale for a better presentation.
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Structure of plant homologs

As mentioned above, in A. thaliana and other plants, gene homologs of
BRCA1, BRCA2 and BARDI1 were identified. AtBRCAI and AtBARDI
are single copy genes, whereas AtBRCAZ2 is a duplictaed gene. The
homology between the breast cancer genes and their plant orthologs
is mainly conserved in the region of their functional domains. Both
BRCA1 and BARDI possess an N-terminal RING and two C-terminal
BRCT-domains. The RING domain of AtBRCA1 has 34% identity and
61% similarity to the human ortholog, whereas the homology of the
BRCT region has 28% identity and 61% similarity [4]. The alignment
of AtBARDI1 with HsBARD1 shows 22% identity and 38% similarity
[5]. The RING domain is a protein interaction domain, which is neces-
sary for the E3-Ubiquitin Ligase function of BRCA1 and BARD1 alone
as well as for the respective heterodimer. The function of the BRCT
domains is based on interactions with phosphopeptides and might
therefore be important for regulatory processes. Both BRCA1/BARD1
and BRCA2 play essential roles during mitotic and/or meiotic DNA
repair and recombination events. Their essential role in mammals is
shown in early embryonic lethality of homozygous BRCA1, BARDI
and BRCA2 mutant mice [6-8]. Interestingly, in A.thaliana homozygous
single mutant plants of the breast cancer genes are, in contrast to their
mammalian counterparts, not lethal. This offers a unique system for
studying putative, conserved functions of these breast cancer genes in a
higher eukaryotic organism.

Functional Analysis in Plants

BRCAL1 and BARDI are important factors of homologous recombina-
tion in somatic cells. Studies in different organisms led to the conclusion
that this function seems to be conserved. Via a recombination assay
system for A.thaliana, it was shown that the Atbard! single mutants
display a defect in homologous recombination and that they are sensi-
tive to MMC, which leads to DNA cross links [5]. Figure 1B shows the
clear reduction of HR in Atbardl mutant plants under standard as well
as under genotoxic conditions indicating a role for AtBARDI in HR.
AtBRCA2 is also important for HR and plays an essential role during
meiosis [3]. As the genome of A.thaliana harbors two almost identical
homologs, those proteins might have a redundant function.

Research on the function of breast cancer genes in plants might give
insight into conserved functions of those genes, as well as reveal plant
specific functions. Our present studies concentrate on other proteins
that interact with breast cancer proteins. One such family is the RecQ
family, whose proteins are also linked to several human diseases.

RecQ helicases as genomic caretakers

Out of the five human homologs of E. coli RecQ, mutations in three of
them have been shown to result in severe autosomal recessive heredi-
tary diseases. Bloom Syndrome (BS), Werner Syndrome (WS) and
Rothmund-Thomson Syndrome (RTS) result from biallelic loss-of-
function mutations in the genes BLM, WRN or HsSRECQ4, respectively.
Patients diagnosed with the disorders RAPADILINO Syndrome and
Baller-Gerold Syndrome (BGS) have recently been shown to carry muta-
tions in the HSRECQ4 gene as well.

All of these syndromes result in a set of common characteristics, for
example genomic instability and a predisposition to cancer malignancies
[9]. However, there are also syndrome-specific features and unique cel-
lular and genetic defects that suggest non-redundant cellular functions
for these RecQ helicases. BS patients present with a proportional growth
deficiency, skin abnormalities, such as sun sensitivity, hypo- and hyper-
pigmentation, fertility defects and changes in fat and sugar metabolism
[10]. Notably, there is an increased predisposition to all types of cancer
with high incidence. In BS fibroblasts, the hallmark characteristic is the
elevated rate of sister chromatid exchanges due to increased homologous
recombination.
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Shortly after the connection of BLM with BS, it was shown that muta-
tions in the WRN gene are causative for the recessive disorder Werner
Syndrome [11,12]. WS is a progeroid disease resulting in premature
aging that develops during the second decade of life and is associated
with age-related disorders like greying and loss of hair, skin atrophy,
atherosclerosis, osteoporosis, bilateral cataracts and type II diabetes mel-
litus. WS is also associated with a high incidence of cancer, but contrary
to BS patients, individuals with WS show a predisposition primarily to
sarcomas. On the cellular level, WS manifests in genomic instability
due to chromosome breaks, reciprocal chromosomal translocations and
genomic deletions.

The third and only other human RecQ helicase that has been associ-
ated with a disease is HSRECQ4, mutated in about 60% of all persons
diagnosed with Rothmund-Thomson Syndrome [13]. RTS manifests in
skeletal abnormalities, poikiloderma (skin atrophy and dyspigmenta-
tion), cataracts, hypogonadism, early greying and loss of hair. The cancer
predisposition typical for RecQ-related disorders is seen in RTS as well,
but it is restricted mainly to osteosarcomas.

RecQ helicases in plants

In total, there are seven different RecQ like genes present in the model
plant A.thaliana (Fig. 2). As mentioned before, mutations in the human
gene coding for the BLM protein lead to a severe genetic disorder called
Bloom syndrome [12]. On the sequence level, two of them, AtRECQ4A
and AtRECQ4B, can be considered putative HsBLM homologs.
Regarding the conserved domains within the seven helicase motifs, both
proteins share a sequence identity of approximately 53% with the HsBLM
protein, and incidentally about 46% with the yeast RecQ homolog SGS1.
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Figure 2 Human and Arabidopsis RecQ homologs. The typical structure of RecQ helicases is
found in virtually all members of this family. The RecQ helicase domain, the RecQ-Ct- and
the HRDC domain (Helicase and RNAse D C-terminal) are most common, whereas the
exonuclease domain is only found in the WRN protein, and the EF-hand motif only in
AtRECQ4A. In plants and insects, the exonuclease domain of the HSWRN protein is coded
by a small gene, which seems to be fused in HSWRN.

AtRECQ4A and AtRECQ4B exhibit an identity of about 70% regard-
ing their DNA and protein sequences, and have therefore arisen from
a recent duplication event [14]. Amazingly, in contrast to their high
sequence similarity, mutations in AtRECQ4A and 4B lead to opposi-
tional phenotypes respectively. Whereas Atrecq4A reflects the “RecQ
typical” phenotype showing sensitivity towards genotoxic agents, such
as MMS or cisplatin, Atrecg4B plants are not more affected than the wild
type control plants [15,16]. Furthermore, we could show hyperrecom-
bination for Atrecg4A, as it has been shown for other RecQ mutants,
such as human bIm or yeast sgsI [15-18]. In contrast to the expected
results obtained for Atrecqg4A as typical RecQ mutant, in Atrecq4B
plants somatic HR is strongly reduced compared to the wild type [15].
This hyporecombination phenotype has not been described for any
eukaryotic RecQ mutant so far, and points to a positive involvement of
the AtRECQ4B protein in the recombination process.

Another property that seems to be conserved in AtRECQ4A is the
interaction with a type 1A topoisomerase. This interaction has directly
been shown for yeast SGS1 with TOP3, as well as for the human BLM
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protein with HSTOP3a [19]. Due to the severity of the phenotypes, it
is problematic to study eukaryotic TOP3a functions with the help of
the respective mutants. Nevertheless, we could show very recently for
Atrecg4A that this mutation is able to rescue the lethal phenotype of
top3a mutants in Arabidopsis, resulting in sterile but viable plants [15].

Finally, double mutants of Atmus81 and Atrecg4A develop poorly
and die within about two weeks. This is in line with the lethality found
in double mutants of the structure-specific endonuclease MUS81 and
the respective RecQ homologs of budding and fission yeast, SGS1 and
RQHI1, which are synthetically lethal. This result points to a high level
of conservation of the somatic RECQ and MUSS81 functions, such as the
involvement of both proteins in two parallel pathways working on stalled
replication forks [16].

In both cases, the results obtained for the RecQ double mutants with
mus81 or top3a, respectively, are restricted to the recg4A mutation of A.
thaliana, whereas for Atrecg4B no effect on the Attop3a and Atmus81
phenotypes could be observed [15,16]. Therefore it can be concluded
that in Arabidopsis RECQ4A, and not RECQ4B, is in most aspects the
functional homolog of BLM and SGSI. Nevertheless, the recombina-
tion promoting function of RECQ4B might also have originated from a
common BLM-like ancestor protein.

Biochemical characterization of AtRECQ2

Whereas the T-DNA insertion mutants enable us to analyze the effect of
missing or truncated proteins, biochemical analysis reveals what reac-
tions the proteins are possibly able to catalyze. The two approaches are
complementary, with the biochemical analysis a reaction is being tested
for feasibility, for example, if a participation in a specific pathway is pro-
posed. However, biochemical analysis does not state whether a specific
reaction is really taking place in vivo, since it may be influenced, for
instance, by post-translational modifications of the protein or by pro-
tein interaction partners. On the other hand, with the help of specific
information on the types of substrates the enzyme might process, a more
focused in vivo analysis can be performed.

The method used is briefly introduced here: DNA sequences are
designed with complementary and non-complementary stretches in
such a way that a specific DNA-structure will form. The DNA structure
is built by heating one labeled oligonucleotide (**P) together with the
other constituents and cooling them down slowly with subsequent puri-
fication. It is incubated with the enzyme under defined conditions. Then,
the reaction products are analyzed via native polyacrylamide gel electro-
phoresis (PAGE), in which the original structure is separated from the
product(s). The structures containing a **P label can be analyzed and
quantified allowing the calculation of the percentage of unwinding.

Here, some data of our biochemical characterization of A. thaliana
RECQ2 is presented [20]. AtRECQ?2, together with AtRECQ4A and
AtRECQ4B, possess the complete set of (uninterrupted) domains,
characteristic for RecQ-helicases, as do HSWRN and HsBLM (Fig. 2).
Additionally, AtRECQ2 interacts with AtWRNexo [21]. AtWRNexo is
homologous to the exonuclease domain of HSWRN (Fig. 2) and bio-
chemical analysis of AtWRNexo has revealed conserved properties [22].
We analyzed the biochemical functions of AtRECQ?2 in order to classify
it either as orthologous to the HSWRN-helicase or as a potentially plant-
specific protein with its own set of functions.

We expressed AtRECQ2 in E. coli and successfully purified it with the
help of an N-terminal calmodulin binding peptide tag and a C-terminal
hexahistidine tag. In order to be able to judge the purity of our AtRECQ2
preparation, we also cloned, expressed and purified AtRECQ2-K117M
in an identical fashion. For AtRECQ2-K117M, the substitution of lysine
by methionine in the Walker A motif leads to an abolishment of ATPase
and therefore helicase activity. Thus, an activity observed in assays with
AtRECQ2 that is missing with AtRECQ2-K117M is due to our enzyme
of interest.
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We were able to show that AtRECQ2 is a (d)NTP dependent 3’ to 5’
DNA helicase (Fig. 3A and B). This can not be taken for granted as for
example, no helicase activity was shown for HSRECQ4 [23]. The ability
of AtRECQ2 to use all nucleotide cofactors to catalyze unwinding is not
common for RecQ helicases. These properties are only similar to those
of HsWRN helicase, for which ATP and dATP are best as well, followed
by dCTP and CTP. Strand unwinding by HSWRN can also be measured
with GTP, dGTP, UTP and dTTP but it is not efficient [24]. All other
RecQ-homologs analyzed for the usage of different (d)NTPs are more
restricted.
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Figure 3 Biochemical analysis of AtRECQ2 [20]. (A) AtRECQ2 is a 3'-5’DNA helicase.
The substrates are schematically drawn in the dotted boxes; * marks the 32P-label. The
arrows indicate the positions of migration of the substrates (top) or the 23 nt — unwinding
products of substrate a (unwound by 3’ 5’ helicases) and b (unwound by 5’ 3" helicases),
respectively (bottom). The reactions with AtRECQ2-K117M show no unwinding, thus the
AtRECQ2 preparation is devoid of helicase contamination. p heat-denatured substrate.
(B) AtRECQ2 can use different nucleotide-triphosphates for unwinding. Helicase data are
presented as autoradiogram and as mean with SD. For the respective reactions ATP was
substituted by dATP, GTP, dGTP, CTP, dCTP, UTP, dTTP and water. (C) AtRECQ2 can branch
migrate Holliday Junctions. Autoradiography of the reaction products. In reaction ¢ ATP was
omitted. It is clearly visible that the main product of AtRECQ2 is splayed arm, indicative
for branch migration. (D) Quantification of helicase data (mean and SD) of reactions with
a bubble and different D-Loop-structures, schematically drawn on the right. The invading
strands of the D-Loop structures were unwound. No significant preference for a special
D-Loop structure can be observed with different AtARECQ2 concentrations used.

The reaction of AtRECQ2 was also analyzed on DNA substrates that
mimic recombination intermediates: a partially mobile Holliday Junction
and different D-Loops (Fig. 3C and 3D). The analysis of the reaction of
AtRECQ2 on Holliday Junctions reveals splayed arm products, charac-
teristic for branch migration. As it was shown before by others, splayed
arm is the main product of many RecQ-helicases - also for HSWRN [25].
D-Loops are formed in an early step of homologous recombination,
when an ssDNA invades the homologous dsDNA and pairs with the
complementary strand of the duplex. AtRECQ2 can displace invading
strands of D-Loops, regardless if there is a protruding ssDNA or not,
and irrespectively of the protruding ssDNA’ directionality. The analyzed
bubble was partly unwound. Melting of productive D-Loops in which the
3’ end of ssDNA is invading can be considered as anti-recombinogenic.
Also, unwinding of the unproductive D-Loops with 5 invasions and 3’
protruding tails by RecQ-helicases may be important. The data of other
RecQ helicases on their action on D-Loops are published. Whereas some
RecQ proteins show a preference for 3’ tailed D-Loops, the properties of
HsWRN [26] are similar to those of AtRECQ2: the invading strands of
all three D-Loop substrates are similarly well displaced.

To sum up, the biochemical properties of AtRECQ2 are closest to
those of HSWRN. Therefore, the hypothesis that those two are function-
ally homologous is reinforced and it will be highly interesting to see



whether the future analysis of the respective T-DNA insertion mutants
will sustain this conclusion.

In general, we can summarize that a reasonable number of genes
involved in genome stability and cancer predisposition in animals are
well-conserved in plants. The function of these genes is often similar on
a general level, such as the preservation of genome stability, as well as
regarding their biochemical properties. Nevertheless, besides helping
to understand basic mechanisms of genome stability in eukaryotes, our
research also has a strong biotechnological potential. A better under-
standing of homologous recombination in plants might help us to set
up new approaches in green gene technology, such as gene targeting or
improved breeding.
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Genomic and Gene-specific Induction and Repair of

DNA Damage in Barley

V Manova*, M Georgieva, B Borisov, B Stoilova, K Gecheft & L Stoilov

Abstract

Repair of DNA damage induced by various mutagenic agents within the
barley genomic and ribosomal DNA was the subject of investigation.
Reconstructed karyotypes T-1586 and T-35, with normal and increased
expression of ribosomal genes respectively, were utilized to evaluate the
relationship between the transcriptional activity and the rate of DNA
damage induction and their repair. A tendency towards restoration
of rDNA integrity after y-irradiation was observed, indicative for the
efficient recovery of double-strand breaks in barley ribosomal DNA.
Ability of barley ribosomal genes to cope with damage produced in vivo
by the radiomimetic agent bleomycin was further analyzed. Preferential
sensitivity of barley linker DNA towards bleomycin treatment in vivo
was established. Fragments containing intergenic spacers of barley
rRNA genes displayed higher sensitivity to bleomycin than the coding
sequences. No heterogeneity in the repair of DSB between transcribed
and non-transcribed regions of ribosomal genes was detected. Data
indicated that DSB repair in barley ribosomal genes, although relatively
more efficient than in genomic DNA, did not corelate with NOR activ-
ity. Repair kinetics of UV-C induced cyclobutane pyrimidine dimers in
barley genomic and ribosomal DNA was also studied. Less cyclobutane
pyrimidine dimers (CPD) in rDNA in comparison to total genomic
DNA was detected. Results showed that UV-C induced CPD in barley
ribosomal genes are as efficiently repaired as in the rest of the genome
predominantly by light repair mechanisms.

Introduction

Maintenance of DNA integrity by the cellular repair mechanisms is an
essential function of living organisms, preserving the genuine status of
their genetic information. DNA repair mechanisms are also not fully
correct, which increases the genetic diversity and variability of the popu-
lations. The biological consequences of non-repaired or miss-repaired
DNA damage depend on the type and frequency of the lesions as well
as on the functional characteristics and location of the target DNA.
Therefore, the investigations on the selective induction and differential
efficiency of repair processes in individual genes and defined DNA
sequences are of substantial theoretical and practical importance.

Many studies have shown that the heterogeneity of DNA damage
induction and repair, dependent on chromatin organization, transcrip-
tional activity and nature of individual DNA sequences, is a widely
spread phenomenon in higher eukaryotes. A crucial breakthrough in
the topic of differential repair was the finding that actively transcribed
genes are more quickly repaired by nucleotide excision repair (NER)
than non-expressed ones. It was further demonstrated that such prefer-
ential recovery of active genes was mainly due to the accelerated repair of
lesions in the transcribed DNA strand [1, 2]. Moreover, intragenic repair
heterogeneity, reflecting chromatin alterations along the genes was also
established [3, 4]. After the initial observation for strand-specific repair

Institute of Genetics “Acad. D. Kostoff”, Bulgarian Academy of Sciences

* Corresponding author. E-mail: vmanova@bas.bg

of cyclobutane pyrimidine dimers, the link between DNA repair and
transcription for other types of DNA lesions has been extensively stud-
ied. Recovery from damage induced by UV, crosslinking and alkylating
agents in mammalian ribosomal (rRNA) genes, however, was found to
be less effective than in genes transcribed by RNA polymerase I or in the
genome overall [5-7]. Efficient, but not preferential, repair was observed
for bleomycin and IR-induced strand breaks in mammalian rRNA genes
[8, 9] indicating that repair of rDNA might be rather lesion-dependent
than tightly linked to transcription. Recently, however, a transcription-
dependent repair of UV-induced CPD in yeast rRNA genes accom-
plished by NER and photoreactivation has been demonstrated [10].
Studies on the gene-specific induction and repair of DNA damage in
plants, however, are limited and there is a lack of information about the
existence of preferential DNA repair of active plant genes in relation to
their transcriptional activity, chromatin structure and genomic location.

Description of the activities performed

Our main research activities were focused on the genomic and gene-
specific induction and repair of DNA damage in barley. The induction
and repair kinetics of double-strand breaks (DSB) in barley ribosomal
DNA (rDNA) after treatment of root tips with ionizing radiation and
bleomycin were investigated. The relationship between transcriptional
activity of ribosomal genes and the efficiency of induction and repair of
these lesions in whole barley repeats, as well as in the transcribed and
non-coding rDNA sequences were also analyzed. Formation and repair
of CPD in genomic (gDNA) and ribosomal DNA after UV-C irradiation
of barley leaves were also a subject of investigation.

Ionizing radiation-reconstructed barley karyotypes T-1586 and
T-35 characterized with normal and increased activity of Nucleolus
Organizing Regions (NOR) were utilized to study the link between the
repair potential of barley ribosomal genes and their expression. Line
T-35 is derived from T-1586 and contains deletion of the NOR-bearing
segment of chromosome 6H. As a result, a higher activity of the remain-
ing rRNA gene cluster localized in NOR 5H was observed [11, 12].
Barley ribosomal genes are represented by long (9.8 kb) and short (8.8
kb) ribosomal repeats, localized in the NOR of chromosome 6H and 5H
respectively (Fig. 1).
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Figure 1 Partial restriction map of the longer 9.8kb barley rDNA repeat (clone HV 014).
Solid and dotted lines represent coding regions and non-transcribed intergenic spacer
respectively.
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Repair of ionizing-radiation induced DSB in barley ribosomal
genes

Tonizing radiation was initially used for generation of DSB in barley
ribosomal DNA. Kinetics of DSB induction obtained after treatment
of germinating seeds from karyotypes T-1586 and T-35 with gamma-
rays is outlined in Fig. 2. It was found that 100Gy gamma-rays produce
DSB in rDNA, resulting in a detectable decrease of the corresponding
hybridization signal. Although the yield of DSB in both rDNA repeats
immediately after irradiation was relatively low, after a further three
hours of germination a higher amount of DNA damage in the respec-
tive gene clusters was detected. After a 24-hour recovery of the root
seedlings, the integrity of rDNA reached the control values. These data
indicate the existence of efficient recovery mechanisms for DSB in barley
rDNA. The observed lack of correlation between the expression of barley
rRNA genes and their sensitivity against radiation-induced damage is in
accordance with the proposed uniform distribution of the repair activi-
ties responsible for double-strand breaks in mammalian cells. The results
favour a mechanism for induction of DSB in barley ribosomal genes,
presumably uncoupled with their transcription [13].
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Figure 2 Hybridization profiles of rDNA repeats and histogram representation of the densi-
tometric data (in arbitrary units) obtained after irradiation of germinating seeds from karyo-
type T-1586 and deletion line T-35. Intensity of the signal in the untreated control sample
is taken as 100%. Lane 1, 2, 3 and 4 - control, O, 3 and 24 hours recovery.

Repair of bleomycin-induced double-strand breaks

in barley genomic DNA and ribosomal genes

Repair kinetics of damage induced by bleomycin (200ug/ml) in barley
genomic DNA was assessed by conventional gel electrophoresis under
neutral and alkaline conditions for DSB and SSB respectively (Fig. 3). A
distinctive feature of DSB profiles was their nucleosomal-phased frag-
mentation due to the higher sensitivity of barley linker DNA towards
bleomycin treatment in vivo.
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Figure 3 Neutral (A) and alkaline (B) ethidium bromide-stained gels visualizing the induc-
tion and repair of DSB (A) and SSB (B) in barley genomic DNA. C - untreated DNA; Oh, 1h
and 3h - recovery periods after bleomycin treatment.
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Comparison of the yields of initially induced DSB in ribosomal and
genomic DNA revealed an increased sensitivity of gDNA, whereas
rDNA was somewhat more resistant to DSB induction by bleomycin.
Taking into account that in barley only a small proportion of about 4000
rRNA genes is actively transcribed, chromatin compactness appeared as
one of the possible factors determining the observed differences. Data
showed efficient repair of bleomycin-induced SSB and DSB in genomic
DNA of both karyotypes after one hour of repair. Recovery kinetics of
DSB in ribosomal DNA generally followed that found in genomic DNA
(Fig. 4). Both lines displayed even higher capacity for repair of DSB in
rDNA compared to bulk DNA. At first glance, repair of ribosomal genes
in T-35 appears to be more effective than in T-1586, but this could actu-
ally reflect the overall repair capacity of this line. On the other hand,
the existence of putative inactive rDNA repeats still residing in NOR 5H
might obscure the visualization of fast repair in transctribed genes. As a
whole, however, the results support the notion that the repair efficiency
of bleomycin-induced DSB in barley ribosomal genes was not substan-
tially affected by the overall activity of the respective barley NORs [14].
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Figure 4 Comparative data representing the efficiency of DSB repair in rDNA and total
genomic DNA from karyotypes T-1586 and T-35. Initial rate of DSB, measured at time point
Oh was assumed as 100% damage. Accordingly, repair levels were expressed as percentage
of DSB left unrepaired during the recovery periods (one hour and three hours).

Comet assay was applied to analyze the induction and repair kinetics
of DSB and SSB produced by bleomycin in barley supercoiled DNA loop
domains (Fig. 5). Data have shown an effective repair of DSB within
the first 15 minutes after application of bleomycin to barley root tips.
Percentage of the remaining damage after one hour of repair was about
50% from the initial one after treatment with a lower bleomycin dose.
Surprisingly, an even more pronounced recovery was observed after
application of the highest bleomycin concentration (Fig. 6).

Figure 5 Microphotographs of the representative comet images obtained after application of
neutral (A) and alkaline (B) comet assay.

A B C

Atk g el b e

N ——

Figure 6 DSB repair based on% DNA in tail (+SE) in Hordeum vulgare root tips cells at

various recovery periods after treatment with bleomycin. (A):100 pg/ml; (B): 150 pg/ml; (C):
200 pg/ml. *GLM (P<0.001). n.s. No significant differences.
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GENOMIC AND GENE-SPECIFIC INDUCTION AND REPAIR OF DNA DAMAGE IN BARLEY

The frequency of initially induced SSB was not substantially influenced
by the bleomycin concentrations applied. Observed repair efficiency was
significantly higher at 50pg/ml shortly after treatment and remained
steady afterward. After application of 100ug/ml, however, at least one
hour of recovery was necessary for the cells to reach the levels of DNA
damage detected 15 minutes after treatment with the lower bleomycin
concentration (Fig. 7) [15].
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Figure 7 Initial induction (A) and recovery kinetics (B, C) of DNA breaks induced by bleo-
mycin detected by alkaline comet assay. *GLM (P<0.001). n.s. No significant differences.

oy [

Induction and repair of DSB in defined domains of barley
ribosomal genes

As the ribosomal repeat comprises sequences with different chromatin
organization and transcriptional status, the induction and repair of
bleomycin-induced DSB within the defined regions of ribosomal genes
was analyzed. Data for the number of initially induced DNA damage
showed preferential induction of DSB within the fragments comprising
non-transcribed sequences (3.8 kb and 2.8 kb respectively), in compari-
son to that covering the structural part of the genes (fragments 3.1 kb
and 2.9 kb) (Fig. 8).
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Figure 8 (A) Differential distribution of DSB within specific regions of barley ribosomal
genes. Double-digested DNA from line T-1586 was hybridized consecutively with 3.2kb
probe (detecting the non-transcribed spacers) and 3.8kb probe (for the coding regions only).
(B) Densitometric and hybridization profiles of 3.8kb and 2.8kb non-transcribed spacers
from both rDNA clusters in line T-1586, obtained with the 3.2kb probe: 1- control, 2-
immediately after bleomycin treatment.

On the other hand, we did not found substantial differences between
the repair kinetics of bleomycin-induced DSB within the transcribed and
non-transcribed ribosomal sequences (Fig. 9). To our knowledge, data
on the induction and repair of damage in specific regions of plant genes
have not been previously reported. Increased sensitivity to DSB found in
barley non-transcribed spacer might reflect a higher density of repeated
elements with enhancer and promoter functions, which in concert with
the relatively relaxed chromatin structure, might render this area more
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vulnerable to damage induction. Lack of differential repair efficiency
in transcribed and non-transcribed regions of barley ribosomal genes
in both lines, implied that their distinct transcription-dependent chro-
matin organization did not influence the repair of bleomycin-induced
DSB in these specific domains. Our data indicated that the repair of this
damage in barley rRNA gene clusters, although more efficient than in
total genomic DNA, did not correlate with the overall NOR activity [14].
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Figure 9 DSB repair efficiency within specific regions of barley ribosomal genes of karyo-
types T-1586 and T-35. Repair was expressed as percentage of DSB left in the ribosomal
fragments during the recovery periods (one and three hours). Representative Southern blots
obtained after hybridization with 9.8kb probe of EcoRI/EcoRV-digested control and treated
DNA, in order to differentiate the coding from spacer regions of rDNA repeats, are also
inserted.

Induction and repair of CPD in barley genomic and

ribosomal DNA

Barley seedlings were irradiated with various UV-C doses in the range
0.5-5 J/cm? and subsequently incubated for different repair intervals.
CPD repair was investigated at the level of genomic and ribosomal DNA
in the first leaf of six-day-old seedlings under light and dark conditions.
Data showed obvious prevalence of light repair mechanisms in barley
leaves even after high doses of UV-C irradiation. Less amount of CPD in
rDNA in comparison to total genomic DNA immediately after irradia-
tion was detected. Kinetics of CPD repair was found to be similar in the
genomic and ribosomal DNA (unpublished data). These results indicate
that UV-C induced CPD in barley ribosomal genes are as efficiently
repaired as in the rest of the genome (Fig. 10).

%o el red OF D
=SEEEDZZ2BLE

—A—gDNA

I -

=8 rDNA

Uk 3 ish
repalr time

Figure 10 Efficiency of light CPD repair in barley genomic and ribosomal DNA.

Conclusions
Altogether, the data suggested the operation of efficient repair mecha-
nisms maintaining the integrity of barley total genomic DNA and



ribosomal genes after treatment with different types of mutagenic agents
such as ionizing radiation, bleomycin and UV-C light. The results also
showed that, particularly for IR and bleomycin induced DSB, there was
no noticeable relationship between the transcriptional activity of rRNA
genes and their repair potential.
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An Approach to Screen and Identify Novel Meiotic
Mutants in an EMS Mutant Population

J A da Costa-Nunes* & W Viegas

Abstract

A novel Arabidopsis EMS mutant population was produced aiming at
identifying until now unknown meiotic mutants. The M, EMS mutant
families were first screened for their reduced fertility. These plants with
a reduced fertility were subjected to a second screening at the cytologi-
cal level. Plants with abnormal meiosis, namely abnormal chromosome
segregation and chromosome fragmentation were selected for further
characterization and SNP mutation mapping. So far, 232 sterile and
semi-sterile M, candidates have been identified in the fertility screen, of
which 110 sterile mutants were further analyzed at the cellular level; 15
of these have been analysed at the cytological level. Mapping has been
carried out.

Abbreviations

EMS - ethylmethanesulfonate; SNP - Single Nucleotide Polymorphism;
M, - plants obtained from seeds exposed to EMS; M, and M, - plants
obtained from seeds produced by self-fertilization of M, and M, plants,
respectively; F1 - plants obtained from cross of two different landraces;
E, - plants obtained from self-fertilization of F, plants.

Introduction
During meiosis two major events occur, DNA recombination and two
sequential chromosomal segregations. Meiotic DNA recombination
takes place between homologous chromosomes and it requires the for-
mation of DNA double strand breaks, strand exchange for repair, and
resection and resolution of the entangled recombined DNA strands
originated from the two-paired homologous chromosomes. These
homologous chromosomes segregate after recombination has occurred,
and only during the second division do the sister chromatids segregate
[1]. Consequently, in Arabidopsis male meiocytes, during the fist mei-
otic division the 10 chromosomes are segregated to the two opposite
ends of the cell as five-chromosome units; during the second meiotic
division the two groups of homologues divide again, segregating five
sister chromatids to each end [2]. The final products of the male meiotic
division are four evenly sized haploid cells that remain attached until
just after meiosis as a tetrad; the tetrad eventually breaks down and the
haploid cells become individualized microspores. In grtl/qrt] mutants
however, the four haploid products of meiosis remain in a tetrad even
during microsporogenesis and all of the mature pollen stage [3]; this
is advantageous for a screen of abnormal male meiotic products (in a
tetrad) and hence this mutant was used to produce the EMS mutant
population mentioned in this paper.

In Arabidopsis, errors in DNA repair and recombination, and/or
chromosome cohesion and segregation during meiosis, can lead to
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chromosome fragmentation and to the formation of stretched DNA
treads during chromosome segregation [4, 5]. Consequently, plants that
are homozygous for mutations responsible for these phenotypes, form
abnormal meiotic products due to the uneven segregation of the DNA,
giving origin to tetrads with unevenly sized microspores, or to the for-
mation of polyads [4]. This leads to impaired fertility.

Despite the current availability of many tagged (T-DNA and trans-
poson) [6, 7, 8] Arabidopsis mutants, there are still a number of genes
in Arabidopsis that are not annotated in the public databases as being
disrupted by T-DNA or transposable elements (www.arabidopsis.org).
Moreover, there are plenty of Arabidopsis genes that are annotated as
having an unknown function (www.arabidopsis.org). Hence, it is pos-
sible that some of these genes with no assigned function and/or those for
which there are no knock-out mutants available, can have a function in
meiosis. Thus, a forward genetics approach is still a valid and unbiased
method to identify novel meiotic genes. Consequently, a novel EMS
Arabidopsis mutant population in a grt/qrt background was produced
and screened for meiotic mutants.

Approaches to map EMS mutations have been based on the recombi-
nation frequency in the vicinity of the mutation, profiting from the poly-
morphism between ecotypes (landraces). Gross mapping can map the
SNP mutation to a chromosome arm, using a small number of individual
plants from a M, segregating population [9], while fine mapping usu-
ally requires a large amount of M, individual plants and big workload.
Fortunately, the advent of genomic microarray hybridization for map-
ping has decreased both the amount of workload as well as the number
of M, individual plants required for mapping SNP mutations [10].

Materials and Methods

Plant material and EMS mutagenesis

qrtl-1/qrti-1 mutant seeds (Landsberg erecta landrace) (obtained from
the Arabidopsis stock center) were mutagenized with EMS (Sigma -
M0880). The seeds were first submerged in water over night at 4°C. The
water was removed and replaced with 0.1% and 0.2% EMS in a 0.1M
Na,HPO, (pH 5) solution. The seeds remained in this solution, with
agitation at room temperature for 18 hours (0.1% EMS) or eight hours
(0.2% EMS). The seeds were washed twice (15 minutes each wash) on
a 100mM sodium thiosulphate solution. Several washes with distilled
water followed. Finally, the seeds were kept in sterile 0.1% agarose solu-
tion for three to four days at 4°C, before being sown in soil; protocol was
based on reference [11].

EMS mutant fertility screen

The M, plants were grown in soil in a greenhouse, the seeds of each stem
being harvested separately (two to three different stems per plant). Seeds
from each M, stem were grown and the fertility screen was carried out in
the M, families that segregated sterile or semi-sterile EMS mutant plants.
Sterile plants that exhibited gross morphological flower defects or were
non-pollinated due to short stamen were not taken into account in the
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fertility screen. Seeds from individual plants were harvested from the
selected M, families. All plants were grown in soil.

Cytology screen

The cytology screen was carried out by observing megaspores and
microspores using Nomarski optics microscopy [12]. Pictures of micro-
spores and megaspores were taken with a Leica DM LBC microscope
and an Evolution MP (media cybernetics) camera. Meiocytes were
prepared as described in [13] and the pictures were captured with a U.V.
fluorescence microscope U.V. fluorescence Zeiss Axioskop2 microscope
and an Axiocam (Zeiss) camera. The images were processed with the
Adobe Photoshop 5.0 programme.

Mapping

Fertile M, plants (from M, families segregating sterile plants) were
crossed to Col-0 landrace (obtained from the Arabidopsis stock center).
The F| plants from these crosses were grown, being the F, sterile plants
used for mapping. All plants were grown in soil. DNA extraction was car-
ried out as described in [14]. Gross mapping was carried out using prim-
ers described in [9]. Ongoing mapping using Affymetrix Arabidopsis
microarrays was based on [10].

Results

EMS population reveals a Mendelian segregation

For the M, qrti-1/qrtl-1 EMS mutagenized families so far screened
for their fertility, the segregation ratio observed is in agreement with
a Mendelian segregation of a single recessive mutant Jocus. Hence, the
mutations in these mutants can be attributed to the creation of a single
EMS induced SNP per M, family, as far as fertility is concerned.

Table 1. Results of the screen carried out to identify M2 im-
paired fertility mutants affecting meiosis

Number of M, % of fertility impaired Number of M, % of M, families

families screened M, families families submitted to  segregating meiotic
for impaired fertility the cytology screen mutant candidates
2500 9.28% (232 / 2500)° 110 22.73% (25 /110)°

@ - (n° of M, families segregating fertility impaired plants / total n° of M, families screened)
® - (n° of M, families segregating meiotic mutant candidates / to-
tal n® of M, families screened in the cytology screen)

Only some (110) out of the 232 M, families selected in the im-
paired fertility screen were subjected to the cytological screen.

Figure 1 Cytological screen for abnormal haploid spores using Nomarski optics microscopy:
Abnormal “tetrads” with unevenly sized microspores (a, b, ¢, and d) due to an abnormal
meiotic division (A and B). Normal tetrads (C) with four (a, b, c, d) evenly sized microspores
in the grt1-1/qrt1-1 mutant genetic background.

Infertility and meiotic screen

While only a fraction of the produced EMS population has so far been
screened, 232 candidate M, families (out of approximately 2,500) yielded
mutants with a sterile or semi-sterile phenotype (Table 1). This high
number indicates that not all of these mutants are meiotic mutants.
Indeed, the cytological screen showed that many are not meiotic mutants
since mitotic nuclear divisions in the microspores and megaspores
occurred, at least up to a point, as in fertile plants. Mitotic divisions in
micro and megaspores occur in the haploid products (spores) of meiosis
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[15]. Of 110 screened M, mutants with impaired fertility, only 25 were
selected as being putative meiotic mutant candidates (Table 1). The
observation of microspore polyads and unevenly sized microspores
was a crucial criterion in selecting these 25 candidates (Fig. 1). Meiotic
chromosome spreading [13] was carried out in 15 of the 25 candidates.
Most of the meiotic phenotypes exhibited strong phenotypes of abnor-
mal anaphase I (first meiotic chromosome segregation), where stretched
DNA and chromosome fragments were observed. Some examples of the
phenotypes observed are shown in Fig. 2.
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Figure 2 Meiotic stages (DAPI stained) observed in the screened EMS mutants: Normal
metaphase |l with five chromosomes at each end of the meiotic cell (A). Abnormal met-
aphase Il with unequal number of chromosomes at each end, as well as the presence
of small chromosome fragments (B). Normal end product of meiosis (telophase Il) with
five chromosomes in each of the four meiotic products (C). Abnormal end of meiosis with
fragmented chromosomes and chromosome bridges (stretched DNA) (D).

Mapping of the SNP mutant
One of the mutants identified in the screen is now being mapped. Gross
mapping [9] revealed that the SNP EMS mutation is located on chromo-
some IIIL, between the molecular markers ngal62 and ciwll.
Microarray hybridization on Affymetrix GeneChip® Arabidopsis
Tilling 1.0R array is being carried out as in [10]. Wild type Col-0
genomic DNA and pooled genomic DNA of 109 individual sterile EMS
mutant plants are being used in these hybridizations.

Discussion

This forward genetics approach using a EMS mutant population will
allow an unbiased screen (not based on homologies to known genes)
which could lead to the discovery of yet unknown and/or plant-specific
meiotic genes. Furthermore, by combining three different screens, this
approach has the advantage of eliminating most of the non-meiotic ster-
ile mutant candidates at the second screen (by observing the microspores
and megaspores of non-fertile plants, see Fig. 1). Consequently, a large
number of the sterile plants screened after the 2™ screen were indeed
shown to be sterile due to abnormal meiotic division, mainly during

the first meiotic division.. Most of the observed mutations manifested
themselves during the first meiotic division, probably due to a defective
recombination apparatus, or due to an inefficient release of chromosome
cohesion (see Fig. 2).

Despite this three-steps screen being a very efficient way of selecting
meiotic mutants, it is still labor- intensive and time-consuming. Yet, the
combined gross mapping and the Affymetrix GeneChip® Arabidopsis
Tiling 1.0R array hybridization based mapping (ongoing) are expected
to reduce significantly the time and labor invested in mapping.

This three-steps screen combined with a more efficient mapping
approach, and complemented with allele tests, should lead to the identi-
fication of novel meiotic Arabidopsis genes.
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