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Introduction 

Virtually all genes originate from other genes by a 
process of gene duplication. Since most genes 
encode proteins which either are essential for the 
survival of  the cell or confer some advantage to it, 
duplication of a gene and subsequent divergence 
of one duplicate copy provide a way of keeping 
the old function and also acquiring a new one 
[38]. Thus, the mechanisms by which gene dupli- 
cations arise are of great interest. Whereas a sub- 
stantial body of work has accumulated con- 
cerning the mechanisms of gene duplication in 
animals [25], little information concerning gene 
duplications in plants, especially on the molecular 
level, is available. Plant genomes display a mode 
of evolution with some distinct features as com- 
pared to animal genome evolution (e.g., much 
lower level of  conservation of synteny groups 
[ 53 ], 5-10 fold difference in amount of DNA even 
among congeneric species [52], high incidence of 
polyploidy [21]), and it is thus not apriori 
obvious that most gene duplications in plants 
occur by the same mechanism(s) by which the 
majority of gene duplications occur in animals. 
Although few molecular investigations of plant 
genes and genomes have specifically addressed 
the issue ofgene duplications per se, a substantial 
amount of data derived from experiments from 
gene cloning, sequencing and mapping in plants 
has recently become available. These data are 

reviewed and analyzed here, and a new mecha- 
nism, the 'Nomad DNA' model, for gene move- 
ment and duplication in plants is proposed. 

Models of gene duplications 

At least four different mechanisms can be invoked 
to explain the observed gene duplications in ani- 
mals and plants. These mechanisms are schemati- 
cally diagrammed in Fig. 1. Different mechanisms 
lead to different results - e.g., linked vs. non- 
linked duplicate genes, large chromosomal seg- 
ments vs. short segments duplicated, etc. I first 
briefly describe these mechanisms and then dis- 
cuss the evidence for them. 

It is important to realize at the outset that most 
postulated mechanisms of gene duplication do 
not result in 'instant' duplications, that is, an 
additional copy is not produced within the same 
cell in which the initial steps leading to gene dupli- 
cation have occurred. This is easily demonstrated 
by the mechanism of unequal crossing-over, 
which gives rise to tandemly linked duplications 
(mechanism # 1, Fig. 1A). In this case, the actual 
event of unequal crossing-over involving gene X 
changes only the distribution of the two copies of 
gene X, not the number ofgene copies. Instead of 
one copy per homologous chromosome, after the 
crossing-over two copies are present on one chro- 
mosome and none on the other. During meiosis, 
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Fig. 1. Hypothetical mechanisms of gene duplications (see text). 

each chromosome is segregated to a separate 
gamete. Following fertilization, a diploid cell may 
be produced with one homologous chromosome 
with the two copies of the X gene (tandemly- 
linked) and the homologous chromosome, de- 
rived from a meiosis which did not involve an 
unequal crossing-over, with a single X gene. In 
subsequent generations, a diploid cell may be pro- 
duced with two homologous chromosomes each 
carrying two tandemly linked X genes. This result 
may be favored in plants because many of them 
have the ability to self-pollinate. 

Another phenomenon which initially affects 
only the distribution of genes but eventually may 
lead to gene duplications is translocation between 
non-homologous chromosomes (mechanism # 2, 
Fig. 1B) [19]. If the chromosome to which the 

DNA segment bearing gene X has been trans- 
ferred is included in a gamete which fuses with 
another gamete having the normal chromosomal 
complement, an amphi-duplication results. In 
subsequent generations, through the appropriate 
crosses, an individual may be obtained which is 
homozygous for the presence of gene X on two 
different, non-homologous chromosomes. It 
should be noted that this mechanism and the 
previously described one could also lead, in a 
similar way, to deletions (which may or may not 
be lethal). 

A third mechanism in which a gene duplication 
may be achieved is when a DNA fragment is 
removed from its internal location on a chromo- 
some and is reintegrated at a different site, either 
on the same or another chromosome (mechanism 



#3,  Fig. 1C; see below for discussion of the 
details of this possible mechanism). Such an in- 
terstitial translocation is analogous to the move- 
ment of a transposable element in a conservative 
transposition event. Again, a gene duplication 
may result by the fusing of the appropriate 
gametes. Note that in this case, as well as in the 
previously described one, a broken chromosome 
could occur from the process and not be repaired, 
but this may not matter: a gamete containing a 
broken chromosome may not be viable but the 
other gametes, including the one with the extra 
DNA on one of its chromosomes, should not be 
affected. 

A fourth model is analogous to the replicative 
transposition of transposable elements, in which 
a duplicated element is created and at the same 
time inserted at a different location in the genome 
(mechanism #4 ,  Fig. 1D). Even in this case of 
'instant' duplication, homozygosity of the dupli- 
cation still requires additional generations. How- 
ever, because plants do not have a germ line, a 
replicative transposition event in a somatic cell 
that eventually gives rise to the reproductive tissue 
in the flower may lead, upon selfing, to homozygo- 
sity for the duplication in one generation. It is very 
important to realize that this mechanism and the 
previous one may give the same results in the long 
run even if the initial steps are not identical. This 
follows because it is not necessary to maintain 
one copy in the original locus in order for dupli- 
cation to occur; the gene in the original locus may 
be provided by the gamete from an individual in 
which no change in DNA (with respect to the gene 
in question) has occurred. 

Experimental evidence for these models 

Unequal crossing-over- Tandem duplication 

The original event creating a tandemly repeated 
sequence by unequal crossing-over requires re- 
combination outside the sequence in question. 
This is thought to occur at short sequences of 
homologous, repetitive DNA, or at stretches with 
fortuitous sequence similarity, during misalign- 
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ment of the homologous chromosomes at meiosis 
[25]. The extent of misalignment determines the 
size of the segment which is made into tandem 
repeats. Once a tandem repeat which includes the 
gene itself is created, misalignment can bring 
about recombination between the first and the 
second blocks of homologous sequences, thus 
leading to further duplications. Because these ho- 
mology blocks can be extensive, this event may be 
more frequent than the event creating the first pair 
of tandemly linked genes. Consistent with this 
postulate, plant loci which consist of tandemly 
linked genes generally contain more than two 
copies of the genes: for example, a CAB locus 
containing four genes has been identified in 
tomato [41], and a CAB locus with three tandem- 
ly linked genes is present in Arabidopsis thaliana 
[30]. An A. thaliana RBCS locus contains three 
tandemly linked genes [ 28 ], a tomato RBCS locus 
also contains three tandemly linked genes [49], 
and its counterpart in petunia contains six [ 10]. 
In some cases, the orientation of the genes may 
differ - there are head to head or tail-to-tail ar- 
rangements, such as in two CAB loci in tobacco, 
each with four genes [6], and in a CAB locus in 
tomato with three genes [41]. This can be ex- 
plained by 'flipping' of sequences (due to recombi- 
nation at inverted repeats) after the duplications 
occurred [25]. Clusters of genes have been found 
in many gene systems, although the orientation of 
the genes has not always been determined (e.g., 
actins [33]; histones [8], and additional examples 
reviewed in [52]). Clusters of genes are common 
in gene systems encoding abundant proteins (the 
most extensively studied plant gene systems) 
although gene dispersal is also found in these 
systems [ 11, 43]. 

Translocations and gene duplications 

Plants seem to tolerate translocations much more 
easily than animals, and, as a consequence, trans- 
locations are common in plants [21]. Are they 
involved in duplications [4]? If they were, one 
would expect to observe long segments of dupli- 
cated DNA. In addition, duplicated sequences 
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will tend to reside at the ends of chromosomes 
(terminal translocations are the most common 
type of translocation). In order to detect dupli- 
cations of large chromosomal segments, it is ne- 
cessary to examine a well-developed genetic map 
based on DNA markers. (Only when the DNA of 
two loci hybridize with each other, is it possible 
to determine that the loci compared are homol- 
ogous; in plants, a complication is caused by the 
lateral transfer of genes via the genome of the 
photosynthetic endosymbiont [20, 55], but these 
genes have been separated more than a billion 
years from their homologous counterparts in the 
true nuclear lineage and thus have diverged to the 
extent that they do not usually cross-hybridize 
under conditions usually employed.) Such maps 
are now available for maize [22, 23], A. thaliana 
[7, 36], lettuce [29], Brassica sp. [32], rice [31], 
and tomato and several close relatives [3, 51, 53]. 
Examination of the available data does not sup- 
port the notion that translocation is a major me- 
chanism involved in duplications. In tomato, a 
single example has been discovered of several 
genes which are each found at two different sites 
(albeit on the same chromosome, chromosome 2) 
and are moreover arranged in the same order in 
both segments [52]. In maize, many syntenic 
groups are repeated twice, on two different chro- 
mosomes. However, whereas the tomato example 
may represent a true case of segmental dupli- 
cation, perhaps by translocation, the situation in 
maize is more easily explained by ancient po- 
lyploidy followed by genome rearrangements 
[20, 221. 

Other examples of segmental duplications are 
lacking. In addition, it is known that the linkage 
groups of tomato and pepper, two close relatives 
with the same chromosome number, are radically 
different (a minimum of 33 chromosomal 
breakpoints must be postulated to explain the 
differences in the synteny groups), indicating that 
either the tomato genome or the pepper genome, 
or both, have undergone substantial rearrange- 
ments [53]. Yet, essentially the same number of 
gene duplications is found in both species [53]. 
Moreover, of  the few duplications which are 
unique to one or the other species (in each case the 

pair of duplicate genes are not linked to each 
other), no correlation is found with any of the 
chromosomal translocations or the segmental du- 
plication [ 53 ]. 

Unlinked duplications 

Most molecular investigations have studied genes 
encoding abundant proteins, and linked gene 
duplications have often been found in these 
systems. However, many gene duplications in 
plants were initially discovered by the application 
of Mendelian genetics to elucidate the inheritance 
of genes encoding homologous subunits of en- 
zymes, since the different subunits could be dis- 
tinguished from each other by electrophoresis on 
starch or acrylamide gels after activity staining, 
thus providing a scorable phenotype [20]. In 
recent years, Southern blots using cloned genes as 
probes, sometimes even without knowing the 
identity of the proteins they encoded, have shown 
that many such genes are found in duplicate and 
sometimes multiple copies. Whereas in the inves- 
tigations involving enzyme-coding genes, genetic 
analysis was often carried out (since it was 
deemed necessary to show that homologous sub- 
units are indeed paralogous, and not the products 
of the same structural gene, post-translationally 
modified), when working directly with DNA most 
investigators have not usually determined linkage 
relationships between hybridizing fragments. 
Nevertheless, the genetic information obtained in 
the investigations of duplicate genes encoding en- 
zymes and from DNA coding unknown products 
(notably in tomato and maize) have demonstrated 
that the majority ofgene duplications in plants are 
not linked. 

In Clarkia, six of the duplications of genes en- 
coding metabolic enzymes assort independently 
[ 19, 37, 40, 47], and linkage could not be deter- 
mined for the remaining two [ 18, 40]. In tomato, 
of  a total of approximately 100 cDNA clones 
randomly picked from a cDNA library and used 
as probes, more than 20 hybridize to multiple 
unlinked loci; of these, most hybridize to two 
unlinked loci, but some hybridize to three or four 



unlinked loci [ 1, 52]. The percentage of unlinked 
duplicate gene pairs in maize (62 loci out of 217 
tested, 2 9 ~ )  is somewhat higher than that of to- 
mato [23]. Although, as discussed above, a large 
portion of these duplications may simply reflect a 
polyploid origin of maize (and, consistent with 
this hypothesis, they show segmental dupli- 
cations), 18 of the 62 duplicated loci could not be 
determined to be part of duplicated segments of 
chromosomes.  Moreover, the high stringency 
used in the hybridization experiments meant that 
known unlinked duplications (alcohol dehydro- 
genases, for example) were not recognized [23], 
and therefore the conclusion that 29~o of loci are 
duplicate must  be a substantial underestimate of 
the total number in the maize genome. In Clarkia 
and in tomato, where phylogenetic analyses were 
carried out, few of the duplications of genes en- 
coding isozymes are present in related plant 
families, and most  are restricted to one or a few 
closely related genera. This observation suggests 
that most  such duplications do not persist in the 
long run, since, if they did, the same duplications 
would have been shared by large groups of taxa. 
Similar analyses with DNA markers have not yet 
been carried out. 

In A. thaliana, only two or three duplications 
(two independent maps were constructed, and 
one duplication in each map might be the same) 
have been described genetically (excluding gene 
families such as RBCS and CAB), and the dupli- 
cate pairs are not linked to each other. In lettuce, 
of the 34 cDNA probes tested, one indicated an 
unlinked duplication, two indicated gene clusters, 
and 31 indicated single-copy loci. The lettuce re- 
sult may indicate that lettuce has a low level of 
unlinked duplicate genes relative to tomato and 
maize, but more likely it is due to the small num- 
ber of eDNA clones used. Since the cDNA clones 
were chosen at random, the first few clones 
selected are likely to represent abundant mRNAs 
encoding abundant proteins; indeed, the linked 
hybridizing fragments reported in this study [29] 
appear to contain CAB and RBCS genes 
(E. Pichersky, unpublished). The construction of 
the A. thaliana map utilized genomic DNA and 
not cDNA clones, and it is therefore likely that 
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A. thaliana indeed contains few duplications 
(unless probes revealing duplicate loci were 
deliberately excluded [C. SommerviUe, pers. com- 
mun.]). In rice, although 22~o of random genomic 
clones were def'med as 'moderate repetitive', such 
sequences were deliberately excluded from map- 
ping experiments, and thus the linkage relation- 
ships among the duplicate copies are not known 
[31]. 

Thus, if one makes the distinction between 
genes which are found in multiple copies in all 
plant genomes (i.e., gene families) vs. genes which 
are not, but are occasionally found in duplicates 
only in independent, relatively recently derived 
lineages, the data indicate that the duplicate genes 
of the latter kind are almost always unlinked to 
each other. It should be noted, however, that if 
genes are linked and they encode identical pro- 
teins, then the duplication will not be detected by 
genetic analysis of the isozymes (see an illustra- 
tive example of a linked duplication which 
escaped detection by genetic analysis in [5]; 
and compare with [44], in which a tandem du- 
plication was detected by genetic analysis). Also, 
in cases where the smallest genomic fragment the 
cDNA clone hybridizes to is still large enough to 
contain more than one gene, a gene duplication 
may again escape detection. Thus, although a 
small number of tandem duplications may have 
been missed, it is nevertheless clear that a sub- 
stantial number, and perhaps the majority, of du- 
plicate gene pairs in plants are not linked to each 
other. This conclusion is supported by recent 
detailed analysis of gene duplications in tomato 
conducted in our lab, in which a number of pairs 
of duplicate loci were physically isolated and 
probed for multiple coding sequences; in each 
case, none were found to contain tandem copies 
(E. Pichersky, unpublished). 

Is it possible that most  gene duplications 
occurred by unequal crossing-over, resulting in 
linked genes, and the duplicate genes were later 
separated (perhaps via mechanisms # 3 or # 4)? 
If this is the case, then the subset of gene dupli- 
cations deemed to be of recent origin (as deter- 
mined, for example, from phylogenetic distribu- 
tion) should exhibit a larger percentage of linked 



442 

duplications than the entire data base of dupli- 
cations. At present, this hypothesis cannot be 
tested because a systematic analysis of the time of 
origin of gene duplications based on their phylo- 
genetic distribution has seldom been done. How- 
ever, the observation that the majority of dupli- 
cate genes in plants are not linked to each other 
does contradict another prediction derived from 
the hypothesis that the majority of duplications 
occur by unequal crossing-over. If duplications 
originally occur by unequal crossing-over and are 
only later dispersed, any such dispersal may lead 
to additional duplications through the fusion of 
gametes with different chromosomes with respect 
to the position of the genes in question, as de- 
scribed above (one kind of gamete, the most com- 
mon one, will contain the set of chromosomes 
including the one with the tandem duplication, the 
other rare gamete will include a set of chromo- 
somes in which one copy of the gene has moved 
to another locus.) We would then expect to 
observe individuals with a tandem duplication 
and an additional copy elsewhere in the genome. 
This is indeed often the case in gene families 
[ 10, 43], indicating that when gene clusters pre- 
exist, this prediction is valid. However, as dis- 
cussed above, this situation (i.e., a tandemly 
linked pair of  genes and an additional copy else- 
where) is not often found in the duplications of 
genes which are not members of gene families, 
suggesting that in these cases a tandem dupli- 
cation did not exist prior to the movement of the 
gene. 

The notions that the movement of a gene from 
one locus to another is the sole requirement for the 
creation of an unlinked duplication in a sexually 
reproducing organism, and that this process of 
gene duplication is thus unrelated to whether the 
original locus contained two copies or just one, 
are somewhat counterintuitive; the assumption is, 
generally, that a tandem duplication is a necessary 
prelude to dispersal. However, as discussed pre- 
viously, there is no absolute requirement for the 
copy of the gene in the original locus to be 
maintained in the gamete where the gene has in- 
serted into a new locus, because the copy of the 
gene in the original locus will be provided in the 

other gamete. Thus, because of the finding that 
many gene duplications in plants are not linked, 
the true cause of these gene duplications must be 
sought in the mechanism of movement of DNA 
segments from one region in the genome to 
another. How do sequences in the plant genome 
move from one site to another? 

Movement of DNA 

Movement of DNA between organelles 

Recently, it was shown that an intron of a nuclear 
gene in Lycopersicon esculentum (tomato) contains 
a 133 bp DNA fragment derived from the coding 
region of the chloroplast gene psbG (a second 
fragment derived from the first one is found else- 
where in the same intron, and will not be dis- 
cussed further here; an intact copy of the psbG is 
still present in the chloroplast genome) [42]. The 
exact sequence of the 11 nucleotides at the 3' end 
of the inserting chloroplast sequence is also found 
at the 5' border of the insertion. The psbG seg- 
ment is also found in the intron of the homologous 
gene in each of the Lycopersicon species examined 
but not in species from related genera (e.g. 
Solanum, Petunia, Nicotiana ), suggesting that the 
original transposition event (chloroplast to nu- 
cleus) occurred since the divergence of Lycopersi- 
con from other genera in the family Solanaceae, 
but before radiation of species in that genus. Ad- 
ditional chloroplast sequences integrated into the 
tomato nuclear genome (E. Pichersky, in prepara- 
tion) also display similar direct repeats. 

Features of the psbG and of the additional 
insertions do not match those of sequence in- 
sertion mechanisms involving transposable ele- 
ments. Transposons, which are well-documented 
in plants, generate direct duplications of target 
DNA [ 12]. ThepsbG and the other insertions are 
flanked by direct repeats, but in these cases the 
copy of the sequence which appears duplicated is 
part of both donor and target sequences. In addi- 
tion, transposons have inverted repeats at their 
ends; the chloroplast inserts do not. 

A mechanism involving homologous recombi- 
nation has been hypothesized to explain the in- 



serting [42]. In this model, one end of the in- 
sertion element with the homology to the target 
site formed a heteroduplex with one staggered end 
of the target DNA,  while at the other broken 
end of the target DNA,  the recessed end was 
filled in and was then blunt-end ligated to the free 
end of the inserting element (see details below, 
and Figs. 2, 3). This model implies that the chlo- 
roplast DNA insertions occurred because linear 
D N A  fragments from the chloroplast genome (re- 
leased from a broken chloroplast?) were present 
in the nucleus, perhaps during meiosis or mitosis 
when the nuclear envelope breaks down and 
chromosomes contain many gaps. 

A short D N A  sequence found both on the mi- 
tochondrial and nuclear genomes of Nicotiana has 
recently been reported [2]. Examination of the 
published sequences reveals a similar situation to 
the psbG insertion: the five nucleotides at one 
end of the sequence present in both compart- 
ments is repeated on the other end of the mito- 
chondrial sequence only, suggesting that a similar 
mechanism to that of the psbG insertion was 
responsible for the integration of this nuclear se- 
quence into the mitochondrial chromosome. 

Copies of chloroplast sequences have also been 
found in the mitochondrial genome of many 
plants [48]. Analysis of these sequences and the 
integration sites also failed to detect any simi- 
larities with transposable-element type insertion 
[14]. It was concluded that the only plausible 
mechanism must have been homologous recombi- 
nation of very short sequences [ 14]. In support of 
this conclusion, some short direct repeats were 
found at the ends of  one insertion examined in 
detail. 

The 'Nomad DNA ' hypothesis: a general mechanism 
of  movement of linear DNA fragments in the genome 

The 'traditional' view of the movement of D N A  
segments from one locus to another postulates an 
interaction between two non-homologous loci in 
which sequences are exchanged. This is thought 
to occur through homologous recombination at 
short repetitive sequences [25]. However, where- 
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as a similar explanation is advanced for unequal 
crossing-over, where a single cross-over event is 
required, insertion of a sequence into the middle 
of a chromosome at a non-homologous locus will 
require two cross-over events on either side of  the 
sequence. There is no evidence for this kind of 
orderly interaction between different chromo- 
somes, or different loci of the same chromosome, 
in plant genomes (as determined, for example, 
from the frequency of gene conversion among 
unlinked duplicate genes [52]). Alternatively, it 
has been suggested that dispersal occurs as a 
two-step process - rtrst, a sequence is excised and 
forms a circle through intralocus recombination 
at flanking repeats, then the circle integrates into 
another locus again through recombination at a 
repeat unit [25]. 

Both these mechanisms (double cross-over and 
the deletion-reintegration of circles) are based on 
the Holliday [24] and Meselson and Radding 
[34] models of recombination, which postulate 
single-stranded breaks and single-strand ex- 
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Fig. 2. A model for integration of a linear DNA molecule 
into a broken chromosomal site with 3' single-strand over- 
hang (see text for details). DR, direct repeat, denoted by 
heavy line. Thin line above segment indicates extent of the 
insert. Thin line in parentheses ( ) indicates sequence 
which constitutes the 5' DR; it has sequence identity with the 
3' end of the insert, but it is generated by the filling-in of the 
broken target DNA and is thus not derived from the insert 
DNA. The 6 bp sequence illustrated is purely artitrary, as is 

its length. 
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changes. However, recent results strongly sup- 
port a recombination model involving double- 
stranded breaks, where each end point contains a 
large tract of single-stranded DNA [ 50]. Consis- 
tent with this latter observation and the evidence 
derived from analysis of sequences which have 
moved from one compartment in the plant to 
another, I suggest that many gene duplications in 
plants have their beginning in the integration of 
DNA fragments into double-stranded breaks. 
This model is illustrated in Figs. 2 and 3. The 
DNA fragments being plugged into their new lo- 
cations may themselves be either double-stranded 
(the result of chromosomal breakage elsewhere in 
the genome) or single-stranded segments which 
'peeled off' the DNA helix elsewhere due to 
single-stranded nicks [27]. A double-stranded 
insert which broke off from its original location 
will conform with Model # 3 in Fig. 1, while a 
single-stranded 'peel-off" which leaves one strand 
in the original site will fit Model # 4 (there is also 
evidence that single-strand DNA is quickly con- 
verted to double-strand DNA in plant cells [ 15]). 

Based on the analyses of the integration junc- 
tures cited above, I propose a general mechanism 
in which insert DNA is fitted into double- 
stranded breaks because it forms a heteroduplex 
at one end due to fortuitous sequence similarities. 
Work with animal cells has shown that comple- 
mentarity of even one to four nucleotides is 
enough to produce a ligatable junction, and in 
some cases no heteroduplex DNA is required at 
all to covalently link the ends [45, 39, 54]. In the 
model, I assume that ends which can form hetero- 
duplex are preferentially ligated, but because it is 
less likely that the insert will have sequence 
similarity to the target DNA at both ends, it is 
assumed here that the other end is blunt-end 
ligated. Depending on the type of overlap, 3' 
(Fig. 2) or 5' (Fig. 3), fill-end and then ligation 
reactions occur (or vice versa). For example, if the 
target DNA has 3' protruding end and the insert 
wa: single-stranded, the insert can be converted 
to double-strand DNA after one ligation reaction 
at the site of the heteroduplex formation (Fig. 2). 
In some instances, it appears that ligation is re- 
quired to occur first between a blunt DNA end 
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(see text for details). 

and a single-stranded DNA end (Fig. 2B), 
because the fill-in reaction should not be able to 
proceed for lack of a 5' primer for the DNA 
polymerase enzyme. However, it has been de- 
monstrated that eukaryotic cells contain enzy- 
matic activity capable of converting such 5' re- 
cessed ends to blunt ends without DNA degra- 
dation, possibly by using non-covalently bound 
DNA ends to serve as primers prior to ligation 
[39, 54]. Because a heteroduplex is formed only 
on one end, while the other end is filled-in and 
then ligated, the characteristic direct repeat, 
whose basic unit is originally present in both the 
insert and target DNA, is created (Figs. 2, 3). The 
observed 'direct repeat' in fact flanks the insert 
only on one end, while at the other end this se- 
quence is actually part of the insert itself. It should 
be noted that if the non-heteroduplexed single- 
stranded protruding end of the target DNA is 
degraded, no direct repeats will be evident. 

This model, which I call the 'Nomad DNA' 
mechanism, makes the prediction that shorter 
fragments are more likely to be successfully inte- 
grated, because in short fragments both ends are 
close to each other, and therefore given that one 
end has formed a heteroduplex with one end of 
the chromosomal breakpoints, the other is nearby 
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too. (If the chromosomal break occurred during 
mitosis or meiosis, the chromosomal endpoints 
will be held in place next to each other by the 
protein scaffolding of the condensed chromo- 
somes.) The chance of successful integration will 
decrease proportionally to the length of the insert- 
ing element also because longer fragments are 
likely to be enzymatically degraded. Movement of 
DNA through a circular intermediate or through 
double cross-over events will not show this pre- 
dicted relationship between the size of the frag- 
ment and the frequency of movement. This model 
also suggests that fragments smaller than the 
minimum size of a functional gene will move 
around the genome much more frequently than 
gene-size fragments; of  course, duplications of 
such fragments are not likely to be fixed in the 
population since it appears they confer no selec- 
tive advantage. Thus, it is likely that by examining 
only the number of duplications of functional 
genes, the true frequency of duplications of DNA 
fragments in the plant genome is greatly under- 
estimated. In support of the 'Nomad DNA' inte- 
gration model, one study found a 2-3 fold en- 
hancement of integration of exogenously added 
DNA in the plant nucleus compared with circular 
DNA [46], although other studies have failed to 
repeat this observation [26]. 

Pseudogenes 

Some animal genomes contain large numbers of 
non-active copies of genes. These copies were 
derived by reverse transcription of mRNA and 
integration of the copy DNA into the chromo- 
some, and are thus termed 'pseudogenes' (strictly 
speaking, a gene which had been functional but 
has recently been disabled by a mutation, such as 
deletion, insertion, or base substitution, is termed 
'defective' or simply 'mutant' gene). Could the 
unlinked duplications found in plants be the result 
of pseudogene integration? Since pseudogenes 
are derived from mRNA, their distinctive marks 
are the lack of promoter and introns, and the 
presence ofa  poly(A) sequence at the 3' end. Only 
a few reports of the isolation and characterization 

Fig. 4. Southern blots of DNA from species of the Sola- 
naceae family, using poly(dA) sequence as a probe. Lane 1, 
Nicotiana tabacum; 2, Petunia hybrida; 3, Datura meteloides; 4, 
Capsiccum annum (pepper); 5 to 9, plants of the genus 
Solanum; 10 to 16, plants of the genus Lycopersicon (L. escu- 

lentum [tomato] is in lane 16). 

of plant pseudogenes have appeared [13]. We 
have examined the genomes of Lycopersicon spp. 
and related genera for the presence of pseudo- 
genes by performing Southern blots using 
poly(A) sequence as a probe (Fig. 4). The results 
indicate that Lycopersicon species have only a few 
DNA fragments containing poly(A) tracts of 25 
nucleotides or longer. In contrast, petunia and 
tobacco appear to contain many such fragments. 
It is not known whether these poly(A)-rich frag- 
ments indeed contain pseudogenes; on the other 
hand, it is possible to conclude that the Lycoper- 
sicon spp. contain at most only a few pseudogenes, 
so that the level ofgene duplication seen in tomato 
is not a reflection of the presence of pseudogenes. 
In support of this conclusion, in all cases 
examined in tomato, both copies of duplicated 
genes contained introns (e.g.,[ 17, 49]). 

Duplications and genome size 

DNA content of  plant genomes varies dramati- 
cally, even within a genus [52]. Thus, it is often 
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stated that most of the difference is made of 're- 
petitive' DNA assumed to have arisen through 
some mechanism of 'amplification', or repeated 
duplications. If we assume the average size of a 
gene is 5 kb (a common estimate is 1-2 kb, but 
this does not take into account 1-3 kb for pro- 
moter and 3' regions and 1-2 kb for introns), the 
7 x 10 4 kbgenome ofA. thaliana [35] can accom- 
modate no more than 14000 genes, and the 
7 x 105 kb genome of tomato [52] can contain 
approximately 140 000 genes. The correct number 
of genes in a plant genome is still unknown, but 
estimates range to more than 60000 [16]. 
A. thaliana has few repeats [35]. However, this is 
also true for tomato; only 5 ~ of the nuclear DNA 
sequences are estimated to consist of highly 
repetitive DNA [56]. The usually duplicated 
genes (i.e. gene families) are present as gene 
families in A. thaliana as well, and only in some- 
what reduced numbers. For example, A. thaliana 
has three tandemly linked copies of PSII Type I 
CAB genes [30] whereas tomato has eight [41]; 
A. thaliana has four RBCS genes [28] vs. five in 
tomato [49]. However, as discussed above, 
A. thaliana almost completely lacks non-linked 
duplications; RFLP mapping in A. thaliana has 
revealed only 2-3 cases of unlinked duplications. 
Nevertheless since only about 20~  of the tomato 
nuclear genes are duplicated, the 10-fold differ- 
ence in DNA content between tomato and 
A. thaliana cannot possibly be explained by a dif- 
ference in the number of copies of mildly dupli- 
cated sequences. It is likely that the remaining 
difference is accounted for by shortening/ 
lengthening of introns and 5' and 3' regions. 
Thus, differences in genome size may partially 
reflect the level of sequence duplication, but other 
factors may also be involved. 

Conclusions 

It is argued here that there are two main pathways 
for gene duplications in plants. Genes encoding 
abundant proteins are most often found in clus- 
ters, and the tandemly linked duplication in these 
clusters are created by unequal crossing-over 

events. In contrast, genes encoding non-abundant 
proteins are seldom found in duplicate copies, 
and, when they are, the two copies are almost 
always unlinked to each other. It is hypothesized 
that these apparent random, sporadic dupli- 
cations are the result of the process of breakage 
and reintegration elsewhere in the genome of 
linear DNA fragments. This process of movement 
of DNA fragments may also result in the oc- 
casional duplication of a gene which is already 
part of a gene cluster. The reintegration of linear 
DNA segments is postulated to occur by hetero- 
duplex formation of short sequences at one end, 
and ligation without heteroduplex formation at 
the other end, and this mechanism is distinct from 
the process of transposon integration. 
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