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Abstract In the past, we showed that exposure to abiotic and
biotic stresses changes the homologous recombination frequen-
cy (HRF) in somatic tissue and in the progeny. In current work
we planned to answer the following question: do stress
intensity/duration and time during exposure influence changes
in somatic HRF and transgenerational changes in HRF? Here,
we tested the effects of exposure to UV-C, cold and heat on
HRF at 7, 14, 21 and 28 days post germination (dpg).We found
that exposure at 14 and 21 dpg resulted in a higher increase in
HRF as compared to exposure at 7 dpg; longer exposure to UV-
C resulted in a higher frequency of HR, whereas prolonged
exposure to cold or heat, especially at later developmental
stages, had almost no effect on somatic HRF. Exposure at
7 dpg had a positive effect on somatic growth of plants; plants
exposed to stress at this age had larger leaves. The analysis of
HRF in the progeny showed that the progeny of plants exposed
to stress at 7 dpg had an increase in somatic HRF and showed
larger sizes of recombination spots on leaves. The progeny of
plants exposed to UV-C at 7 dpg and the progeny of plants
exposed to cold or heat at 28 dpg had larger leaves as compared
to control plants. To summarize, our experiments showed that
changes in somatic and transgenerational HRF depend on the
type of stress plants are exposed to, time of exposure during
development and the duration of exposure.

Keywords Abiotic stress . Arabidopsis thaliana .

Development time . Homologous recombination frequency .

Transgenerational response

Abbreviations
CCD Charge-coupled device
DPG Days post germination
HDT Heat of different temperature
HDD Heat of different duration
HR Homologous recombination
HRF Homologous recombination frequency
SE Standard error

Introduction

Plants cannot move away and thus are not able to avoid
stress. As a result, plants developed a variety of mechanisms
of acclimation and adaptation allowing them to cope with
prolonged stress (Hauser et al. 2011; Kranner et al. 2010;
Tuba and Lichtenthaler 2007). Abiotic and biotic stresses are
known to destabilize the plant genome, although only a few
of them, such as UV-C, ionizing radiation and certain
chemicals, damage DNA directly (Boyko et al. 2010b;
Kovalchuk et al. 2000). The great majority of stresses, such
as water availability, salt, temperature fluctuations or infec-
tion with pathogens, are not known to damage DNA directly,
but they may do so through free radicals, signaling, changes
in DNA methylation and chromatin structure and the effi-
ciency of DNA repair (Boyko et al. 2010a; Roldan-Arjona
and Ariza 2009; Zhang et al. 2009).

One of the DNA repair mechanisms that can be substan-
tially influenced by changes in chromatin structure is homol-
ogous recombination. HR repairs DNA single- and double-
strand breaks, and the readily accessible regions of homolo-
gy are required for its activity (Puchta 2005). Stresses that
may change the chromatin structure either via changes in
DNAmethylation or histone modifications may also result in
altered HR frequency (Bilichak et al. 2012; Endo et al. 2006;
Gao et al. 2012; Kirik et al. 2006; Mirouze et al. 2012).
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Many stresses were shown to alter the frequency of somatic
homologous recombination (HRF), including gamma- and X-
rays, exposures to UV-C andUV-B, treatments with chemicals
causing oxidative stress, herbicides as well as changes in
temperature and water regimes and infection with pathogens
(Besplug et al. 2004; Boyko et al. 2005, 2010a, b; Filkowski
et al. 2004; Kathiria et al. 2010; Kovalchuk et al. 2000; Lucht
et al. 2002;Molinier et al. 2005; Pecinka et al. 2009; Ries et al.
2000; Yao and Kovalchuk 2011). The influence of stress on
the frequency of homologous recombination cannot be
underestimated since HR is able to rearrange the plant genome
substantially, thus leading to loss of heterozygocity. HR is also
a mechanism of crossing-over and therefore can make a
significant contribution to plant evolution. Exposure to stress
is also known to influence the frequency of meiotic recombi-
nation (Kovalchuk et al. 2003; Ries et al. 2000). Moreover,
several experiments showed that the progeny of stressed
plants exhibited higher levels of somatic HRF without being
exposed to any stress (Boyko et al. 2007, 2010a; Kathiria et al.
2010; Molinier et al. 2006; Pecinka et al. 2009).

Previous experiments showed that the intensity or severity
of the applied stress is not always directly proportional to an
increase in HRF (Boyko et al. 2010a, b; Ries et al. 2000). We
demonstrated that DNA damage and changes in HRF are not
directly proportional to the received dose of ionizing radia-
tion (Kovalchuk et al. 2000). In the past, we also showed that
plants exposed to stress early during development exhibit the
highest increase in HRF (Boyko et al. 2006b). Similarly to
what was observed for changes in somatic HRF, increase in
HRF in the progeny of stressed plants also depended on the
severity of stress obtained in parental generation. The most
pronounced changes in the progeny were observed when
parents were exposed to 25 mM but not to 75 or 100 mM
NaCl. In fact, the progeny of plants exposed to 100 mM NaCl
did not show any increase in HRF. Exposure to 100 mMNaCl
causes noticeable effect on plant physiology, whereas expo-
sure to 25 and 75 mM NaCl does not. It is possible that
transgenerational changes in HRF may only occur when par-
ents are exposed to mild stress. Unfortunately, no other evi-
dence exists to confirm this hypothesis.

Thus, in the current work, we attempted to answer the
following questions: Do changes in HRF in the exposed somatic
cells depend on the time of exposure and the duration/severity of
stress exposure? Do transgenerational changes in HRF depend
on the time of exposure and stress duration/severity in parental
generation? To answer these questions, we exposedArabidopsis
thaliana plants to different levels of heat, cold and UV-C at 7,
14, 21, or 28 days post germination and analyzed HRF in
somatic tissue and in the progeny. Changes in HRF in somatic
cells were higher in plants exposed to higher levels of stress,
although the most intense stress often resulted in lower changes
in HRF or no changes at all. The progeny of plants exposed to
heat exhibited the highest levels of HRF when parents were

exposed early during development, whereas in the progeny of
plants exposed to UV-C or cold, an increase in HRF was more
pronounced when parental generation was exposed later during
development.

Materials and methods

Plants used for experiments

In the experiments, we used Arabidopsis thaliana plants
(line 15D8). This transgenic line is homozygous for two
non-functional fragments of the luciferase transgene, one
without a promoter and ATG, and another without stop
codon and 3′ UTR (Figure S1). Strand breaks in one of the
overlapping regions can be repaired via homologous recom-
bination, thus restoring transgene structure. The luciferase
activity is then visualized in vivo using a long exposure CCD
camera (Ilnytskyy et al. 2004).

Growth condition

Seeds from Arabidopsis thaliana (line 15D8) were incubated
in soil at 4 °C for 3 days. Plants were then transferred to a
growth chamber for germination, and 3 days after germination,
they were transplanted into the standard 5×5 cm plastic pots
with compost soil. Plants were grown at 22 °C (16 h day)/18 °C
(8 h night).

Experimental setup

For UV-C exposure, the Arabidopsis plants were irradiated
with an intensity of 100 ergs/cm2/s of UV-C. The plants were
exposed at 7, 14, 21, and 28 days post germination for 15 s,
30 s, 2 min and 4 min receiving 3,000 ergs (3.0 J/m2), 12,000
ergs (12 J/m2) and 24,000 ergs (24 J/m2), respectively.

For heat stress exposure, two groups of plants were exposed
to high temperatures: the heat of different temperature (HDT)
group and the heat of different duration (HDD) group. The
HDT group was exposed to 28 °C or 37 °C for 2 h at 7, 14, 21
or 28 days post germination. The HDD group was exposed to
50 °C for 30 min, 2 h or 4 h at the same development times.

For cold exposure, plants were exposed to 4 °C for 3, 6,
12, 24, and 48 h at 7, 14, 21 or 28 dpg. The trays with plants
exposed to heat or cold were covered with a plastic lid.
Control plants were grown at 22 °C.

In all cases, we measured HRF (average number of recom-
bination events per plant), leaf size and the size of recombination
events 10 days after stress application: at 17 dpg in plants
exposed to stress at 7 dpg, at 24 dpg in plants exposed to stress
at 14 dpg, and at 31 dpg in plants exposed to stress at 21 dpg. All
measurements were done using a CCD camera and SpotCounter
software (https://sourceforge.net/projects/spotcounter/).
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The software was developed by us for the specific application
of counting the number of recombination events (HRF),
measuring the size of recombination events (arbitrary units,
reflecting size in pixels) and the size of leaves (arbitrary
units, reflecting size in pixels). We were not able to measure
HRF in plants that were exposed to stress at 28 dpg because
at 10 days after stress (38 dpg), plants were too large for
measurements with a CCD camera, and we were afraid to
damage plants that otherwise would be needed for collecting
seeds. The seeds from all experimental groups (including the
28 dpg group) were harvested and stored at room tempera-
ture. The analysis of HRF, leaf size and the size of recom-
bination events in the progeny was done at 20 dpg.

The analysis of the frequency of homologous recombination

HRF in the parental generation (F0) was analyzed 10 days after
stress exposure and in the progeny of stressed plants (F1)—at
the age of 20 days. Prior to the analysis, F1 plants were grown
under normal conditions. For the analysis of HRF, the plants
were sprayed with luciferin, and 1 h later, luminescent spots
were analyzed using a long exposure CCD camera (Boyko
et al. 2006a, b). Spots were counted using SpotCounter soft-
ware (https://sourceforge.net/projects/spotcounter/). HRF was
calculated as an average number of recombination events in a
population of 16 plants per treatment group—from two inde-
pendent experiments, each consisting of 4 technical repeats
with 4 plants per repeat.

The statistical treatment of the data

In all cases, two independent experiments, each consisting of
4 technical repeats, were performed. Each technical repeat
consisted of 4 plants. In each case, the data from an individ-
ual technical repeat were prorated to the data from the cor-
responding control group and expressed as a percentage of
control (set as 100 %). The averages standard errors (SE)
were calculated from 8 data points (4 technical duplicates
from 2 independent experiments). The statistical significance
was analyzed by performing Student’s t-test (two-tailed,
paired or non-paired type 3) using MS Excel software. The
asterisks in each graph indicate p<0.05. The statistical sig-
nificance of experiments was also confirmed using the
Analysis of Variance (ANOVA).

Results

Stress exposure results in changes in HRF, the average size
of recombination events, and the average plant size

An increase in HRF was observed in plants exposed to UV-
C; exposure at 7 dpg resulted in a lower increase in HRF after

prolonged exposure, whereas exposure at 21 dpg led to an
increase in HRF that was proportional to a UV-C dose applied
(Fig. 1a, Table S1). The average spot size increased in parallel
with an increase in duration of UV-C exposure at all develop-
mental stages (7, 14 and 21 dpg) (Fig. 1b). The plants exposed
to UV-C at 7 or 21 dpg increased the size of their leaves more
or less proportionally to a UV-C dose received, except those
that were exposed for 4 min at 7 dpg; leaf size did not change
if plants were exposed at 14 dpg (Fig. 1c). If HRF was
prorated according to leaf size, an increase was observed in
plants exposed at 14 dpg (Fig. 1d).

Exposure to cold at 7 dpg resulted in a decrease in HRF that
was proportional to the length of exposure (Fig. 2a, Table S1).
Exposure at 14 dpg caused a significant increase in HRF after
short duration (3–12 h), but it did not change HRF after long
exposure. (Fig. 2a). The size of recombination events increased
only after 3–12 h of exposure to cold at 14 dpg (Fig. 2b). The
average leaf size increased after short-term exposure (3–6 h) to
cold at 7 dpg and decreased after prolonged exposure at all
three developmental stages (Fig. 2c). There was an increase in
HRF prorated according to leaf size in plants exposed to cold at
14 and 21 dpg (Fig. 2d).

Exposure to heat caused an increase in HRF (the HDT
group) if plants were exposed at 7 dpg. Exposure to 37 °C
and 50 °C at 21 dpg led to a decrease in HRF (Fig. 3a,
Table S1). The size of recombination events decreased after
exposure of 21 dpg plants to 37 °C and 50 °C (Fig. 3b).
Exposure to 37 °C and 50 °C increased leaf size if plants were
exposed at 7 dpg and decreased it if plants were exposed at 14
or 21 dpg (Fig. 3c).

Exposure to 50 °C for different durations of time (the HDD
group) resulted in a decrease in HRF upon prolonged expo-
sure (2–4 h) (Fig. 4a, Table S1). The size of recombination
events also decreased after prolonged exposure to 50 °C
(Fig. 4b). Leaf size increased after 30 min–2 h of exposure
at 7 dpg and decreased after exposure at 14 and 21 dpg
(Fig. 4c). There was an increase in HRF prorated according
to leaf size after 30 min–2 h of exposure at 14 dpg (Fig. 4d).

Exposure to stress alters HRF, plant size and the size
of recombination events in the progeny

In the progeny of plants exposed to UVC, spontaneous HRF
was found to be increased in the 7 and 21 dpg groups, but not
in 14 or 28 dpg groups (Fig. 5a, Table S2). The average size
of recombination events also increased in the progeny of
plants exposed to UV-C at 7, 21 and 28 dpg (Fig. 5b). The
progeny of plants exposed to UV-C at 7 dpg had larger leaves
(Fig. 5c). If HRF was prorated according to leaf size, an
increase was observed in the 14 and 21 dpg groups, and a
decrease in the 28 dpg group (Fig. 5d).

In the progeny of plants exposed to cold, HRF was higher
in the 7 and 28 dpg groups (Fig. 6a, Table S2). The progeny
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of plants exposed to cold for a long period of time (48 h) had
HRF that was either similar or lower than that in the control
group, regardless of exposure time. The progeny of plants
exposed to cold at 7, 14 and 28 dpg had larger recombination
events than control plants (Fig. 6b). The average leaf size
increased in the progeny of plants exposed to cold at 28 dpg
and decreased in the 21 dpg group (Fig. 6c).

There was a significant increase in HRF in the progeny
of plants exposed to heat (the HDT group) at 7 dpg
(Fig. 7a, Table S2). The size of recombination events was
also larger in the progeny of plants exposed to heat at 7 dpg
(Fig. 7b). The progeny of plants exposed to heat at 7 or
28 dpg had larger leaves (Fig. 7c). The progeny of plants
exposed to heat at 7 dpg had also higher HRF prorated
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Fig. 1 The analysis of HRF, the
size of recombination events,
leaf size and HRF per leaf size
in plants exposed to UV-C. The
plants received different doses
of UV-C at 7, 14, 21 and 28 dpg.
All measurements were done in
somatic tissues 10 days after
stress application. The data are
shown as a percentage relative
to the control taken as 100 %.
The error bars indicate a
standard error calculated from
8 repeats (2 biological repeats,
each with 4 technical repeats).
The asterisks show a significant
difference compared to the
control (p<0.05). a. Average
HRF. b. Average spot size. c.
Average leaf size. d. Average
HRF related to leaf size
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according to leaf size, whereas those exposed at 28 dpg had
lower (Fig. 7d).

Finally, in the HDD group, exposure to 50 °C for 30 min–4 h
resulted in an increase in HRF in the progeny of plants exposed
at 7 dpg but not at later developmental stages (Fig. 8a, Table S2).
These plants also had similar changes in the size of recombina-
tion events—it increased only in the 7 dpg group (Fig. 8b). Leaf
size increased in the progeny of plants exposed to 50 °C at 7 and
28 dpg (Fig. 8c). If HRF was prorated according to leaf size, an

increase in HRF was observed only in the progeny of the 7 dpg
group upon 30 min exposure (Fig. 8d).

Discussion

The experiments reported here showed that plants exposed to
different levels of UV-C, heat or cold exhibited changes in
HRF, in the size of recombination events and leaf size in plants
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exposed to the aforementioned stresses and their progeny. The
changes observed depended on the age of plants, the duration
and type of stress applied.

Changes in somatic tissues

In somatic tissues, changes in HRF varied substantially
depending on the type of stress. The most prominent increase
in HRF was observed in response to UV-C; in general, there
was no dependence on the age of exposed plants or the dose

received, although older plants had a tendency towards a more
prominent increase in HRF when exposed to higher doses. In
contrast, the size of recombination events clearly depended on
the dose received—the largest spots were observed in plants
that received a higher dose. It seems that higher doses do not
necessarily cause more recombination events but rather trigger
their earlier appearance after exposure—possibly immediately
after exposure. Therefore, in cells where such events occurred,
there is more time for cell division, which leads to the identi-
fication of larger spots (Boyko et al. 2006a). Since smaller
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Fig. 6 The analysis of HRF, the
size of recombination events,
leaf size and HRF per leaf size
in the progeny of plants exposed
to cold. The parental generation
was exposed to cold at 7, 14, 21
and 28 dpg. All measurements
in the progeny were done in
somatic tissues at 20 dpg. The
data are shown as a percentage
relative to the control taken as
100 %. The error bars indicate a
standard error calculated from
8 repeats (2 biological repeats,
each with 4 technical repeats).
The asterisks show a significant
difference compared to the
control (p<0.05). a. Average
HRF. b. Average spot size. c.
Average leaf size. d. Average
HRF related to leaf size
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spots appear later after exposure and plants that are exposed to
lower doses of UV-C have more of them (they have fewer
large spots), it is possible that lower doses trigger the delayed
effects that are possibly caused by indirect DNA damage and
changes in chromatin structure. This phenomenon is called a
non-linear response to radiation exposure and is partially
related to the bystander effect (Filkowski et al. 2004; Li
et al. 2010; Oudalova et al. 2002).

A dose-dependent increase in HRF upon exposure to UV-C
and ionizing radiation was reported before (Kovalchuk et al.

1998; Ries et al. 2000). Although these studies clearly dem-
onstrated higher HRF in plants that received higher doses of
UV-C and ionizing radiation, the effect was not linear—a
more drastic effect was observed at lower doses. Increasing
the radiation dose resulted in HRF reaching a plateau, and a
further increase caused a negative effect on an increase in
HRF. These reports, however, did not analyze changes in
HRF as a function of plant age.

One study reported the effect of age on changes in HRF.
Boyko et al. (2006b) analyzed changes in HRF in Arabidopsis

A
ve

ra
g

e 
H

R
F

, %
 t

o
 C

t

A
ve

ra
g

e 
sp

o
t 

si
ze

, %
 t

o
 C

t

A
ve

ra
g

e 
le

af
 s

iz
e,

 %
 t

o
 C

t

A
ve

ra
g

e 
H

R
F

/le
af

 s
iz

e,
 %

 t
o

 C
t

a b

c d

*

0

20

40

60

80

100

120

140

160

180

7 dpg 14 dpg 21 dpg 28 dpg

Ct
28°C-2h
37°C-2h
50°C-2h

0

20

40

60

80

100

120

140

160

180

7 dpg 14 dpg 21 dpg 28 dpg

Ct
28°C-2h
37°C-2h
50°C-2h

0

20

40

60

80

100

120

140

160

7 dpg 14 dpg 21 dpg 28 dpg

Ct
28°C-2h
37°C-2h
50°C-2h

0

20

40

60

80

100

120

140

7 dpg 14 dpg 21 dpg 28 dpg

Ct 28°C-2h
37°C-2h 50°C-2h

*

* *

*

*

* * *

* * * * *

* *

Fig. 7 The analysis of HRF, the
size of recombination events,
leaf size and HRF per leaf size
in the progeny of plants exposed
to different heat temperatures.
The parental generation was
exposed for 2 h to 28 °C, 37 °C
and 50 °C at 7, 14, 21 and
28 dpg. All measurements in the
progeny were done in somatic
tissues at 20 dpg. The data are
shown as a percentage relative
to the control taken as 100 %.
The error bars indicate a
standard error calculated from
8 repeats (2 biological repeats,
each with 4 technical repeats).
The asterisks show a significant
difference compared to the
control (p<0.05). a. Average
HRF. b. Average spot size. c.
Average leaf size. d. Average
HRF related to leaf size
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Fig. 8 The analysis of HRF, the
size of recombination events,
leaf size and HRF per leaf size
in the progeny of plants exposed
to 50 °C for different durations
of time. The parental generation
was exposed to 50 °C for
30 min, 2 h and 4 h at 7, 14, 21
and 28 dpg. All measurements
in the progeny were done in
somatic tissues at 20 dpg. The
data are shown as a percentage
relative to the control taken as
100 %. The error bars indicate a
standard error calculated from
8 repeats (2 biological repeats,
each with 4 technical repeats).
The asterisks show a significant
difference compared to the
control (p<0.05). a. Average
HRF. b. Average spot size. c.
Average leaf size. d. Average
HRF related to leaf size
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thaliana and Nicotiana tabacum plants exposed to ionizing
radiation (IR) and UV-B. They found that older plants indeed
had much smaller changes in HRF, whereas younger plants
responded more dramatically to IR and UV-B. They also
showed that an increase in HRF is positively correlated with
the severity of stress. Our current study showed that higher
doses of UV-C resulted in larger spots, whereas the number of
spots was not dose-dependent.

Finally, we found that there was often a substantial differ-
ence between HRF and HRF prorated according to leaf size.
This is an interesting finding since none of the previous
studies took into consideration plant size when measuring
HRF. However, it should be noted that in the past, we prorated
HRF according to the total number of genomes in the plant
under analysis, thus calculating recombination rate (RR). We
indeed found that in many cases, changes in HRF and RR in
stressed plants were different (Boyko et al. 2006b). Larger
leaves often mean more cells, but this is not always the case.
Therefore, it is important that future studies analyze either
plant size or DNA content (the number of genomes).

Changes in the progeny

The progeny of plants exposed to all types of stresses exhibited
an increase in HRF at least in one experimental group.
Curiously, the size of recombination events also increased in
the progeny of stressed plants. All experimental groups that
exhibited an increase in the number of recombination events
also showed an increase in the size of these events. This
suggests that in the progeny of stressed plants, recombination
events occur earlier during development even without any
stress application.

Various stresses were shown to alter HRF in the progeny,
including exposures to UV-C, temperature changes, salt and
paraquat as well as infection with pathogens (Boyko et al.
2010a; Kathiria et al. 2010; Molinier et al. 2006; Pecinka
et al. 2009). The majority of these stresses were applied to
plants at a young age (7 dpg), although several of them were
applied at 12 dpg or later (Pecinka et al. 2009). In the latter
case, changes in HRF in the progeny were very inconsistent,
and many of them, including exposure to UV-B, UV-C and
temperature shifts, did not result in transgenerational
changes in HRF. Our current study actually confirms this
trend and shows that if plants are exposed at 7 dpg, they have
changes in HRF in the progeny, but if they are exposed at
14 dpg, no changes are observed.

In some of the groups, average leaf size also changed. In
our recent work (unpublished), we found that stress has
effects on leaf shape, namely, leaf length and width in-
creased, and this trait was passed on to the progeny. The
study by Bos et al. (2000) demonstrated that the temperatures
at which maize was grown had a substantial effect on the
speed of leaf elongation and the final leaf size/weight; higher

temperatures accelerated both leaf elongation and changes in
leaf width, although the effects of temperatures higher than
28 °C were not tested. As shown by our work, it is possible
that this trait may be inherited by the progeny.

If HRF was prorated according to leaf size, trends of
increasing HRF disappeared due to a positive effect of stress
on leaf size in the progeny, and it became apparent that the
progeny of plants exposed to more intensive stresses at 28
dpg had lower HRF prorated according to leaf size. Changes
in plant phenotype, including changes to plant biomass in the
progeny of stressed plants, have been reported before. The
progeny of plants exposed to various heavy metal salts had
longer roots if grown under non-induced conditions or ex-
posed to heavy metal salts over again (Rahavi et al. 2011).
The progeny of tobacco plants infected with oilseed rape
mosaic virus was larger in size and tolerated stress better than
the progeny of non-stressed plants (Kathiria, et al. 2010). The
progeny of infected tobacco plants also appeared to accumu-
late more metabolites, especially sugars and amino acids, as
compared to the progeny of control plants (Mandal et al. 2012).

Transgenerational changes in HRF, the size of recombi-
nation events and leaf size observed in our work are indica-
tions of the existence of transgenerational memory. An in-
crease in the HRF in the progeny is unlikely due to the higher
number of spontaneous strand breaks. Although we have not
analyzed the DNA strand break levels in this work, we
previously showed that the progeny of stressed plants do
not have higher level of breaks even so they have higher
HRF (Boyko et al. 2010a, b). Higher HRF could be due to a
number of factors, including more frequent use of HR repair
machinery rather than non-homologous end joining (NHEJ)
for repair of endogenous strand breaks, higher activity of HR
enzymes, as well as changes in the chromatin structure of the
transgene locus, due to changes in DNA methylation or
histone modifications.

Transgenerational stress memory may allow plants to pre-
pare their immediate progeny for being able to withstand
stress better. In several recent publications, it has been dem-
onstrated that the progeny of stressed plants can better cope
with similar and different stresses (Boyko et al. 2010a, b;
Kathiria et al. 2010; Luna et al. 2012; Rasmann et al. 2012;
Slaughter et al. 2012). Transgenerational memory has an
epigenetic component, and it likely depends on the activity
of small interfering RNAs, differential patterns of DNAmeth-
ylation and histone modification in gametes and embryos
(Boyko et al. 2007; Boyko and Kovalchuk 2011; Ito et al.
2011; Mirouze and Paszkowski 2011). This indicates that
changes in gametes and progeny are likely to escape
reprogramming providing the progeny with better opportuni-
ties to withstand stress exposures. Although epigenetic com-
ponents have not been a major focus of our study, several
reports suggest that such regulation may take place (Bilichak
et al. 2012; Boyko et al. 2010a; Ito et al. 2011). However, the
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importance of our current work is that we have been able to
demonstrate that the age of plants exposed to stress plays a
crucial role in passing this memory on to the progeny. Since
exposure to stress at 7 dpg seems to cause the best and uniform
transgenerational response, it can be hypothesized that at this
developmental stage, plants contain meristematic cells that are
more flexible in their programming and are able to accommo-
date changes caused by stress in their epigenomes. Future
research will show the sustainability of this hypothesis.
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