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Abstract 

Intrachromosomal homologous recombination in whole tobacco plants was analyzed using /?- 
glucuronidase as non-selectable marker. We found that recombination frequencies were additive for 
transgenes in allelic positions and could be enhanced by treatment of plants with DNA-damaging agents. 
We compared the patterns of distribution of recombination events of different transgenic lines of tobacco 
and Arabidopsis with the respective Poisson distributions. Some lines showed Poisson-like distributions, 
indicating that recombination at the transgene locus was occurring in a random fashion in the plant 
population. In other cases, however, the distributions deviated significantly from Poisson distributions 
indicating that for specific transgene loci and/or configurations recombination events are not randomly 
distributed in the population. This was due to overrepresentation of plants with especially many as well 
as especially few recombination events. Analysis of one tobacco line indicated furthermore that the 
distribution of recombination events could be influenced by treating the seedlings with external factors. 
Our results suggest that different plant individuals, or parts of them, might exhibit different transient 
'states' of recombination competence. A possible model relating 'recombination silencing' and transcrip- 
tion silencing to heterochromatization of the transgene locus is discussed. 

Introduction 

Plants carry in their genomes large amounts of 
repeated DNA sequences consisting of non- 
coding elements, highly homologous ribosomal 
RNA genes and gene families [12]. These se- 
quences provide targets for homologous recom- 
bination which result in continuous alteration of 
the genome. Mechanisms have to be postulated 
that balance the recombination behavior of a 

plant, which, on the one hand, needs flexibility in 
evolution and, on the other, relative stability to 
conserve evolutionary benefits. Somatic recom- 
bination in plants is of special biological signifi- 
cance, because plants, unlike animals, do not have 
a specialized cell line predetermined to produce 
the gametes. The germline is set aside only late 
during development. Hence, genetic changes oc- 
curring during vegetative growth can be incorpo- 
rated in the progeny [46]. DNA changes due to 
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somatic intrachromosomal recombination have 
indeed been found transferred to the offspring of 
maize [9]. 

Intrachromosomal recombination has been 
studied in plant cells [2, 13, 31, 45; see for reviews 
21, 35]. The strategies used mostly excluded the 
detection of recombination events in different or- 
gans and at different developmental stages of 
plants. Recently we set up a non-selective assay 
system which enabled us to visualize intrachro- 
mosomal homologous recombination events 
throughout the whole life-cycle and in all organs 
of the plant A rabidopsis thaliana. The as say system 
employed a disrupted chimeric fl-glucuronidase 
(uidA) gene as the genomic recombination sub- 
strate. In cells in which recombination events 
occurred the uidA gene was restored [44]. Cells 
expressing/~-glucuronidase, and their daughters, 
could be precisely localized by histochemical 
staining. We observed recombination in all exam- 
ined organs of Arabidopsis, from the seed stage 
until the flowering stage. Interestingly, recombi- 
nation frequencies were found to differ among 
different organs of particular transgenic lines (for 
details see [44]). In the present communication 
we use this system to analyze the recombination 
behavior of populations oftransgenic tobacco and 
Arabidopsis siblings. The main question we ask 
here is whether somatic intrachromosmal recom- 
bination can be regarded as a stochastic process. 
For this we compared the frequencies of recom- 
bination in populations of different plant lines 
with the statistical expectations. For some trans- 
genic lines we found that recombination events 
are distributed randomly, as described by a Pois- 
son distribution. In other lines, however, recom- 
bination events are not randomly distributed be- 
tween individuals. Thus, members of a plant 
population might differ from each other more than 
statistically expected. 

Materials and methods 

Construction of recombination substrates 

Non-functional chimeric uidA genes containing 
different deletions (originating from plasmid 

pGUS23)  were made, as described [32], 
and inserted into the binary vector pGSC1704 
(kindly provided by Plant Genetic Systems, Gent, 
Belgium). The fragment carrying the N-terminal 
deletion mutant of the uidA gene was inserted into 
the polylinker of pGSC1704, as described [44], 
resulting in the plasmid pVN1. A fragment car- 
rying the C-terminal deletion construct C4 was 
cut out o fpGUS 23 by digestion with Eco RI and 
Msc I. After filling in the ends, the fragments were 
inserted into the filled-in Bst XI site after the hy- 
gromycin phosphotransferase (hpt) gene ofpVN 1. 
The resulting recombination substrate plasmid 
pVNIIC4 carries the partially overlapping uidA 
sequences in inverted orientation on its T-DNA 
(see Fig. 1A). It was tested for its ability to restore 
a functional uidA gene by extrachromosomal re- 
combination in plant cells, as described [34]. 

For obtaining plant lines that abundantly ex- 
pressed fl-glucuronidase, the plasmid pBG5 was 
constructed by inserting the Eco RI fragment of 
pGUS 23 containing the chimeric uidA gene into 
the Eco RI site of pBinl9 [5]. 

Plant transformation, growth and molecular char- 
acterization of transgenic lines 

The recombination substrate plasmids were 
transferred into Agrobacterium tumefaciens via 
electroporation as described [22]. The resulting 
strains were used to transform the inbred line 
SR1 ofNicotiana tabacum, as described [ 17]. The 
pattern of integration and the number of copies 
within the particular locus of each line were de- 
termined by Southern blot analysis. Our analysis 
indicated that lines 7 and 8 contained one copy 
of the recombination substrate, line 9 contained 
4 copies in direct and the line 6 two copies in 
inverted orientation, line 3 contained at least two 
copies and line NIIC4 1 at least 4 copies in dif- 
ferent orientations at a single locus each. Hem- 
izygous and in some cases also homozygous seed 
material of these lines was further propagated for 
the analysis of recombination events. For out- 
crossing the same batch of SR1 plants was used 
as for transformation. Successive generations of 
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mycin, and kept  in growth chambers  at 25 °C 
with a 16 h light 8 h dark regime. 

Transformat ion of Arabidopsis thaliana, main- 
tenance of  transgenic lines and their molecular 
characterizat ion were previously described [44]. 
The transgenic line N1DC1 11 contains 3 copies 
of the recombinat ion substrate, whereas line 
N I lC4 651 contains 1 copy, at a single transgene 

locus each. 

Fig. I. A. Schematic representation of a recombination sub- 
strate of the pVNIIC4 type, integrated in the plant genome. 
The binding sites of the two primers (pC1 and pN1) used for 
PCR to detect the recombined uidA gene are depicted. As 
shown, only after homologous recombination can a PCR 
product be formed. P, 35S promoter of cauliflower mosaic 
virus; GUS, uidA gene; T, nopaline synthase terminator; 
hatched box, hygromycin phosphotransferase gene. B. Detec- 
tion of the recombined uidA gene by PCR. Autoradiogram of 
a Southern blot hybridized with an uidA-specific probe. Frag- 
ment sizes are given in bp. Lane 1, positive control, plasmid 
pGUS 23, carrying the functional uidA gene; lane 2, DNA 
extracted from 'white callus' material of the tobacco line N IIC4 
9 (cf. Fig. 2F); lanes 3 and 4, DNA extracted from two dif- 
ferent 'blue calli' regenerated from the line NIlC4 9 (cf. 
Fig. 2F); lane 5, DNA of 'blue callus' material from a positive 
control plant line harboring a complete uidA gene; lane 6, DNA 
from original plant material of the line NIIC4 9; lane 7, DNA 
of wild-type tobacco SR1. 

progeny plants were usually germinated on MS 
medium [28] supplemented with 50 mg/1 hygro- 

Detection of recombination events and calculation of 
recombination frequencies in tobacco 

Seedlings were germinated on MS medium 
supplemented with 50 mg/1 hygromycin. Two 
weeks after germination, plants were transferred 
to MS medium and in some cases treated as de- 
scribed below. Ten plant siblings were grown per 
culture vessel. Vessels containing different lines 
or differently treated plants were randomly dis- 
tributed in the growth chambers and positions of  
the vessels were changed daily. Experiments were 
performed in polyethylene culture vessels (Se- 
madeni, Ostermundigen, Switzerland) in growth 
chambers 500/+ 10-40 JU (Weiss Technik, Re- 
iskirchen, Germany) .  Histochemical  staining, as 
described [18], was usually done with seedlings 
6 weeks after germination under  sterile growth 
conditions. Conditions for destructive and non- 
destructive staining were as described [44]. Re- 
generation of  tissue after staining was performed 
by using the media described above. 

Total  D N A  of  the respective transgenic lines 
was isolated from whole seedlings, as described 
[44]. The yield of  total D N A  (in micrograms per 
seedling) was compared  with the mean D N A  
content  (in picograms) of  a tobacco cell [4], to 
give an estimate of  the number  ofgenomes  present 
in a seedling [43, 44]. 

Induction of recombination by UV and M M S  

Two week old tobacco seedlings were put  on MS 
medium containing 2 0 p p m  (MMS)  (Fluka, 
Buchs, Switzerland) or irradiated with UV light 
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(254 nm; 1000 J / m  2 for 30 s) using a UV Stra- 
talinker 1800 (Stratagene, La Jolla, CA). Neither 
treatment created visible damage on the plants. 
Plants were used for histochemical analysis 3 to 
4 weeks later. 

PCR and Southern blot analysis 

Total DNA was isolated from plants as described 
[44] and purified by CsC1 density gradient cen- 
trifugation. PCR reactions with the primers pC 1 
and pN1 [32] were performed as described [33]. 
Southern blot analysis was carried out essentially 
as described [34]. 

Statistical analysis 

The expected Poisson distributions were calcu- 
lated for the different transgenic lines using the 
mean numbers of recombination events in a 
population of plant siblings according to Simp- 
son et al. [40]. The observed distributions were 

then compared to the calculated distributions with 
a ){2 goodness-of-fit test [42]. Classes of size < 5, 
mostly containing large numbers of recombina- 
tion events, were pooled according to Cochran 
[8], and the degrees of freedom were modified 
after pooling (Table 2). 

After a Z 2 homogeneity test [42] which indi- 
cated no significant deviations, the results of four 
independent experiments with the homozygous 
line NIIC4 9 and two independent experiments 
with the homozygous line NIIC4 9 after MMS 
treatment were pooled. The pooled data were 
then compared to the respective Poisson distri- 
butions. 

Results 

Somatic recombination events during the develop- 
ment of transgenic tobacco plants harboring recom- 
bination substrates 

Tobacco SR1 plants were obtained that carried 
as transgene overlapping sequences of the 5' and 
3' parts of the uidA gene (length of overlap 566 bp) 

Fig. 2. Visualization by histochemical staining of recombination events in whole tobacco plants. A. Cotyledon of a plant containing 
a functional uidA gene on the left and cotyledon of a plant (line NIIC4 9) revealing a recombination event on the right. B. Leaf 
of a plant of the line NIC4 9. C. Leaf of a positive control plant. D. Petals of the line NIIC4 9 (right) and a positive control plant 
(left). E. Root of plant line NIIC4 9 revealing one recombination event. F. Callus material regenerated from tissues of one plant 
individual which had recombined before ('blue callus') or which had not recombined ('white callus'). 



in inverted orientation, separated by a hygromy- 
cin phosphotransferase gene (Fig. 1A). The prog- 
eny of the original transformed plants were selfed 
and/or outcrossed with wild-type SR1 plants. 
Single-locus transgenic lines, as judged by a 3:1 
segregation for hygromycin resistance in the T1 
generation, were identified. The single-locus lines 
NIIC4 1, 3, 6, 7, 8 and 9 were chosen for further 
experiments. As control for the expression of 
the marker gene, transgenic plants were pro- 
duced that contained the functional chimeric uidA 
gene. 

Histochemical staining of whole plants re- 
vealed blue sectors. To verify that blue sectors are 
the result of homologous recombination events, 
seedlings of the line NI lC4 9 were stained, blue 
and colorless tissues of the same plant were ex- 
cised and propagated to yield callus material 
(Fig. 2F). Total callus DNA was isolated and 
used for PCR analysis with the primers pC1 and 
pN1. Prior to a recombination event, the se- 
quences recognized by the primers point in the 
same direction and thus do not form a PCR prod- 
uct (see Fig. 1A). In contrast, if a recombination 
event leads to the restoration of the uidA gene, the 
3' ends of both primers face each other and PCR 
results in a 1.4 kb band. An autoradiogram of 
PCR products probed with an uidA-specific DNA 
fragment is shown in Fig. lB. The band specific 
for the restored functional uidA gene (lane 1) was 
detected in DNA samples of two different, inde- 
pendent 'blue calli' regenerated from NIIC4 9 
(lanes 3, 4). This band was not detected with 
DNA of 'white callus' material (lane 2) or DNA 
from the original plant line (lane 6). Thus, as in 
Arabidopsis [44], a blue sector on the tobacco 
plant represents a homologous recombination 
event. 

The uidA gene used was strongly and abun- 
dantly expressed in positive control plant lines 
(Fig. 2A, C, D). This allowed quantitative analy- 
sis of recombination events in whole plants. 
Staining of seedlings of the line NIIC4 9 at dif- 
ferent developmental stages revealed recombina- 
tion events in various tobacco organs tested, such 
as cotyledons (Fig. 2A), leaves (Fig. 2B), roots 
(Fig. 2E) or petals (Fig. 2D). 
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Recombination frequencies in tobacco seedlings are 
dependent on the position of the transgene and the 
allelic state, and can be induced by DNA damaging 
agents 

We quantified recombination events in 6 week old 
seedlings (6-8 leaves stage) in different transgenic 
lines. The total DNA content of three seedlings 
of each particular line was determined to allow 
estimation of recombination frequencies on a 'per 
genome' basis. We tested at least 30 individuals 
of all described lines in their hemizygous state. 
We found between 9 and 138 recombination 
events per population in these lines (Table 1), 
which corresponds to one recombination event in 
about 106 to 107 genomes. There was no corre- 
lation between copy numbers or configurations of 
the recombination substrates and recombination 
frequencies; for example, plant line NIIC4 1 con- 
taining at least 4 copies of the recombination sub- 
strate exhibited a lower recombination frequency 
than plant line NIlC4 7 containing only one re- 

Table I. Recombination frequencies in different transgenic 
tobacco lines, in different allelic states and in presence of 
DNA-damaging agents. 

Plant line z (n) r 

NIIC4 6 hemi 9 (30) 
NIIC4 8 hemi 23 (30) 
NIIC4 1 hemi 31 (30) 
NIIC4 7 hemi 138 (30) 

NIIC4 3 hemi 48 (31) 0.6 
NIIC4 3 homo 82 (30) 1 

NIIC4 9 hemi 242 (124) 0.5 
NIIC4 9 homo* 899 (214) 1 
Nl lC4  9 homo MMS ÷ 770 (100) 1.8 
NIlC4 9 homo UV 308 (30) 2.5 

The number of recombination events (z) per plant population 
in 6-week old tobacco plants of single-locus transgenic lines 
in their hemizygous (hemi) or/and homozygous (homo) state 
are given. The number of plant individuals (n) per population 
is indicated, r, relative number of recombination events per 
plant in the specific transgene line in relationship to this num- 
ber in the untreated homozygous state; * data pooled from 
four independent experiments; + data pooled from two inde- 
pendent experiments. 
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combination substrate at a different chromosomal 
locus. The finding that the number of recombina- 
tion events in the populations of the lines NIIC4 

7 and NIIC4 8, both containing a single copy of 
the recombination substrate, differs by a factor of 
6 indicates that the genomic position itself seems 
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Fig. 3. Detection of recombination events in siblings of the line NIIC4 9 (cf. Tables 1 and 2). Recombination events were scored 
5 weeks after germination. A. Distribution of 124 hemizygous plants. B. distribution of 214 homozygous plants. C. Distribution 
of 100 homozygous, MMS-treated plants (20 ppm in the medium, starting 2 weeks after germination). D. Distribution of 30 ho- 
mozygous, UV-irradiated plants (pulse with 254 nm, 1000 J/m 2, 2 weeks after germination). White boxes represent the expected 
Poisson distributions and black boxes the actual distributions found (note that in the case of the UV treated plants due to the small 
numbers both distributions can not be compared statistically using the Cochran rules as done for the other distributions in Table 2). 



to have a strong influence on recombination fre- 
quencies (see also [2, 43]). Plants of the lines 
NI lC4 3 and 9 were also analyzed in their ho- 
mozygous state. Data from four independent ex- 
periments with line 9 were pooled after a test for 
homogeneity. The mean recombination frequency 
per plant in these lines was about twice as 
high in the respective homozygous populations 
(Table 1). This finding is in line with results ob- 
tained with other approaches [20, 43] and indi- 
cates that there is no significant allelic interaction 
between the recombination substrates. 

We chose the line NIIC4 9 to analyze its re- 
combination behavior under different experimen- 
tal conditions. We applied two factors which we 
found to enhance homologous recombination in 
plants [ 36]: UV irradiation and MM S treatment. 
Treatment of 2-week old homozygous seedlings 
resulted in enhancement of the number of recom- 
bination events per plant by a factor of 2 to 3 for 
each agent (Table 1; the data of the MMS treat- 
ment are pooled from two independent experi- 
ments). 

The distribution of recombination events in dif- 
ferently treated populations of plant siblings of 
the line NIIC4 9 is shown in Fig. 3 (black bars). 
The mean number of recombination events per 

287 

plant in the population was used to calculate the 
respective Poisson distribution (Table 2). This 
distribution is expected for events which are dis- 
tributed randomly among individuals in the popu- 
lation (white bars). The sample size of the UV 
treated plants was too small for a statistical 
analysis (Table 2); nevertheless the data indicate 
that after UV treatment several plants displayed 
enormous numbers of blue sectors (Fig. 3D). 

Statistical analysis of the distribution of recombina- 
tion events in siblings of tobacco and Arabidopsis 
thaliana 

To test whether the distribution of somatic intra- 
chromosomal recombination events was stochas- 
tic, it was compared to the expected data gener- 
ated by a Poisson distribution by means of a 
goodness-of-fit test. This could be done for popu- 
lations of 100 individuals or more (see also 
Materials and methods), i.e. for the tobacco line 
NIIC4 9 in its hemizygous, homozygous and 
MMS-treated state (Table 2 and Fig. 3A-C). Re- 
sults were reproducible as revealed by a 7, 2 ho- 
mogeneity test [42] and data for the homozygous 
and the MMS treated seedlings were pooled from 

Table 2. Statistical analysis of the distribution of recombination events in populations of transgenic tobacco and Arabidopsis 
seedlings. 

Plant line ex x s n X 2 df p Poisson distribution 

Tobacco 
NIIC4 9 hemi 1.95 1.58 124 3 6 0.8507 accepted 
NIIC4 9 homo* 4.20 3.11 214 33 11 0.0006 rejected 
NIIC4 9 homo MMS + 7.70 3.35 100 10 10 0.4413 accepted 

A rabidopsis 
NIIC4 651 homo 

N1DC1 11 homo 

1 1.71 1.35 121 2 5 0.8358 accepted 
2 2.21 1.48 110 3 6 0.8263 accepted 
1 3.36 4.19 165 77 9 0.0001 r~ected 
2 2.69 3.63 110 172 7 0.0001 r~ected 

The average numbers of recombination events per plant (x) in 6-week old tobacco or 5-week old Arabidopsis seedlings of single 
locus transgenic lines in their hemizygous (hemi) or homozygous (homo) states are indicated. The standard deviation (s) and the 
number of plants tested (n) are given. The results of the homogeneity test are given as 7~ 2 values with degrees of freedom (df) and 
the probabilities (p) that the detected distribution reflects a Poisson distribution (p < 0.05 is significant for the rejection of the 
Poisson distribution); ex, experiment. * data pooled from four independent experiments; ~ data pooled flom two independent 
experiments. 
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four and two independent experiments, respec- 
tively. The null hypothesis that the observed dis- 
tributions followed a Poisson distribution was 
accepted for the hemizygous (p--0.8507) and 
the homozygous state after MMS treatment 
(p = 0.4417) but rejected for the homozygous line 
(p = 0.0006). 

To extend our analysis to another plant species 
we also analyzed Arabidopsis plants carrying 
the uidA gene-derived recombination substrates 
N1DC1 and NIIC4 at a single locus in their ge- 
nomes [44]. We analyzed 5-week old homozy- 
gous plants of two different lines at the full rosette 
stage (see Materials and methods). Interestingly, 
the distribution pattern found in a homozygous 
population of the line NIIC4 651 (black bars in 
Fig. 4A) was in accordance with a Poisson dis- 
tribution (p=0.8358) whereas the pattern de- 
tected in a homozygous population of the line 
N1DC1 11 (black bars in Fig. 4B) differed dras- 
tically from a Poisson distribution (p = 0.0001). 
The observed distribution in line N1DC1 11 is 
more bimodular with an overrepresentation of 
plants with especially many and especially few (or 
no) recombination events (compare black and 
white bars in Fig. 4B). A similar pattern was 
found for the homozygous tobacco line NIIC4 9 
(Fig. 3B). Another experiment with 110 homozy- 
gous plants of both Arabidopsis lines sustained 
these results (Table 2). Whereas the distribution 
pattern of the line NIIC4 651 was in accordance 
with a Poisson distribution (p = 0.8263), the pat- 
tern of line N1DC1 11 was not (p = 0.0001). 

Discussion 

The phenotype of an organism is the result of 
interaction between genotype and the environ- 
ment. The variations in phenotype therefore are 
dependent on the variations in genotype and en- 
vironment [39]. Under constant environmental 
conditions the genotype determines the pheno- 
type of individuals of a plant population. In seed 
families a random distribution of particular phe- 
notypes is expected [47]. Therefore, in principle, 
also recombination should be a random process 
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Fig. 4. Detection of recombination events in Arabidopsis 
siblings 5 weeks after germination. A. distribution of 121 
homozygous plants of the line NIIC4 651 (experiment 1, 
Table 2). B. Distribution of 165 homozygous plants of the line 
N 1DC1 11 (experiment 1, Table 2). White boxes represent the 
expected Poisson distributions and black boxes the actual 
distributions found. 

and no association of individual recombination 
events should be seen in individual plants. How- 
ever, there are multiple recombination phenom- 
ena, such as negative interference [6] or recom- 



binational hotspots [41] in which recombination 
events are not occurring randomly along chromo- 
somes. The aim of our analysis was to find out 
whether somatic intrachromosomal recombina- 
tion is occurring randomly in populations of plant 
siblings. 

Somatic recombination is random in some but not in 
all lines 

The statistical interpretation of our data strongly 
indicates that for the hemizygous tobacco line 
NIIC4 9 and the homozygous Arabidopsis line 
NIIC4 651 the distribution of stained sectors fol- 
lows a Poisson distribution (in both cases p > 0.8), 
i.e. somatic homologous recombination can be 
regarded as random process in these plant lines. 
However, in the homozygous tobacco line N IIC4 
9 (p = 0.0006) and in the homozygous Arabidopsis 
line N1DC1 11 (p ; 0.0001) the number of stained 
sectors was distributed in a non-random fashion 
and exhibited a positive association in its inci- 
dence. The variation was reproducible (Table 2). 
Our experiments with the line NIIC4 9 demon- 
strated that intrachromosomal recombination in 
tobacco can be enhanced by UV irradiation and 
MM S treatment. Moreover, MMS treatment led 
to a change in the distribution of stained sectors 
from a pattern that was not in accordance with 
a Poisson distribution (p = 0.0006) to one that 
was (p = 0.4433). 

An interesting question is, of course, whether 
the detected variation in the number of stained 
sectors actually reflects the variation in the num- 
ber of recombination events. A trivial explanation 
for the variation in the distribution of recombi- 
nation events could be variations in the ploidy 
level of individual plants of certain transgenic 
lines. This explanation is unlikely, as in several 
experiments in which we extracted DNA from a 
number of plant individuals we never found dif- 
ferences of more than 10-20~o in the DNA con- 
tent between individual plant siblings (data not 
shown). Moreover, the effect of MMS on the 
distribution of recombination events in the line 
NI lC4  9 argues, at least for this line, against a 
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major influence of polyploidy on the distribution 
of recombination. 

Alternatively, the non-random pattern of dis- 
tribution could be the consequence of differences 
in stainability of plant individuals of a population. 
Differences in stainability in plant organs should 
be due to physiological differences. However, 
physiological parameters should be identical for 
all plants of the tobacco line NIIC4 9, irrespec- 
tive of whether they are hemi- or homozygous for 
the recombination substrate. In addition, the two 
Arabidopsis lines exhibiting different recombina- 
tion behaviors were generated by transformation 
of the same batch of Arabidopsis leaves. These 
lines therefore differ only in their recombination 
substrates. These considerations exclude the pos- 
sibility that a general property such as stainabil- 
ity is different in the two lines and point towards- 
the transgenes themselves and their genomic en- 
vironment as the cause of random/non-random 
recombination behavior. 

With our assay system the detection of recom- 
bination events is dependent on the expression of 
the recombined gene. Non-random variations in 
GUS expression might therefore also lead to non- 
random distributions of blue sectors in certain 
plant populations (see discussion below). How- 
ever, under this assumption it would be difficult 
to explain why MMS, an agent known to enhance 
recombination, is able to change the distribution 
of visible recombination events from a non- 
random to a random fashion, as it does for the 
tobacco line NI lC4  9. 

Nevertheless, we believe that as a rule, somatic 
homologous recombination in plants is a stochas- 
tic process. However, in some cases such as in 
the homozygous tobacco line NI lC4  9 and in the 
Arabidopsis line N1DC1 11 the pattern of distri- 
bution is changed. 

Why do some lines exhibit a non-random distribu- 
tion of recombination events? 

To explain the observed non-random patterns in 
the distribution of recombination events we favor 
the theory that a plant can exhibit transient 'states' 
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of recombination competence. The boundaries of 
these 'states' might be fluctuating, some plants 
being in a low recombination 'state' (0 to few 
sectors), some in a high recombination 'state' 
(many sectors). 

The term 'states' needs further clarification. On 
the one hand, parameters important for recom- 
bination include an accessible chromosomal or- 
ganization at the recombination locus. On the 
other hand, the availability of the enzymatic re- 
combination machinery might be rate-limiting in 
the cells ('competence' of recombination of cer- 
tain subpopulations of cells [e.g. 15]). The sup- 
ply of the necessary enzymes is a factor external 
to the recombination target site (trans-acting) and 
is unlikely to vary within populations of siblings, 
as other transgenic lines show random distribu- 
tion of recombination events. However, the sus- 
ceptibility for the action of the recombination ap- 
paratus is intrinsic to the recombination locus (in 
cis) and it can, according to our working hypo- 
thesis, be subject to change. Only a genetic ap- 
proach, such as the use of two different recom- 
bination markers at different transgene loci, will 
allow a final distinction between effects in cis (the 
markers would act independently) or in trans 
(both markers would behave the same [e.g. 15]). 

A 'state' of a locus could be defined by a par- 
ticular chromatin structure. Information on influ- 
ences of nucleosomal and higher order chroma- 
tin structures on the frequency of homologous 
recombination is not abundant [14]. However, 
relationships between chromatin and change in 
gene activity have been found. For instance, the 
phenomenon of position-effect variegation docu- 
ments the mosaic expression of genes located 
adjacent to euchromatin-heterochromatin bound- 
aries [1, 16]. 

Can the phenomenon be explained by gene silencing 
and/or 'recombination silencing'? 

Models which take into account changes in higher 
order chromatin structure have also been pro- 
posed to explain the different behavior of plant 
siblings in gene silencing [3, 19, 23], a phenom- 

enon that requires sequence homology. A similar 
phenomenon has been described recently for 
Drosophila. Here repeated transgene sequences 
led to position-effect variegation-like phenotypes, 
which was explained with induction of hetero- 
chromatin formation [ 11 ]. The fact that the trans- 
genic Arabidopsis line N1DC1 11, containing 3 
copies of the transgene at a single locus, behaves 
non-randomly in recombination in contrast to the 
single-copy line NIlC4 651 is reminiscent of si- 
lencing phenomena of multiple-copy transgenes. 
Our finding that the tobacco line NIlC4 9 in its 
hemi- but not in its homozygous state behaves in 
accordance to a Poisson distribution is also in- 
dicative of a connection of some silencing phe- 
nomena and recombination; in a number of ho- 
mozygous transgenic lines more pronounced gene 
silencing effects were found than in their hemizy- 
gous counterparts [3, 10, 25, 26, 29, 30]. One is 
tempted to speculate that a possible 'heterochro- 
matization' of the locus carrying the recombina- 
tion substrate would result in a reduced recom- 
bination frequency at the specific locus in certain 
plant individuals. This would be in line with the 
fact that recombination frequencies in eukaryotes 
are generally lower in heterochromatin than in 
euchromatin [7, 38]. However, since our assay 
system is based on gene expression, we might fail 
to detect genes, which are physically restored after 
recombination, yet are transcriptionally silent. 
This phenomenon might also result in non- 
random patterns of blue sectors in the plant 
population. However, as the repetitive structure 
of the transgene locus is reduced upon recombi- 
nation, the putative 'heterochromatization' may 
be reversed as a consequence of the recombina- 
tion reaction, now allowing gene expression. 
Consistent with this model are recent findings 
that gene silencing in plants can be overcome by 
recombination within the repetitive transgene 
locus [24, 27]. The observed pattern in the Ara- 
bidopsis line 11 and the homozygous tobacco line 
9 might be even due to a combination of 'recom- 
bination silencing' of the recombination substrate 
and gene silencing of the recombined gene. The 
fact that MMS treatment of the tobacco line 
N I IC4 9 changed the recombination pattern sig- 



nificantly to a Poisson distribution indicates that 
at least for this line possible changes in chroma- 
tin structure of the recombination locus can be 
influenced by external factors. Repair processes 
in yeast have been shown to be correlated with 
changes in chromatin structure [37]. A 'hetero- 
chromatization' of the recombination locus might 
be hindered by the constant application of the 
DNA-damaging agent. 

What are the consequences of non-random dis- 
tributions of recombination events in certain plant 
populations? It seems that these plant popula- 
tions as a whole have a broader repertoire to deal 
with their environments. Single individuals that 
recombine more frequently might have a better 
fitness under changing environmental conditions. 
In the case of somatic selection, the new rear- 
rangement might even be transferred to the next 
generation [9]. Plants with rare recombination 
events, on the other hand, might do better under 
constant growth conditions. 
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