Chapter 11

Evolutionary Implications of Genome
and Karyotype Restructuring in Nicotiana
tabacum L.
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and Andrew Leitch

Abstract Nicotiana tabacum is an allopolyploid that formed within the last
200,000 years from relatives of the extant diploids N. sylvestris and N. tomentos-
iformis, the donors of the S- and T-genomes, respectively. Here we review pro-
gress in our understanding of the divergence of N. tabacum subsequent to its
formation, by comparing the N. tabacum genome with those of its diploid pro-
genitors. We also review the data from synthetic N. tabacum, where there is
evidence for much genetic change in early generations, including various chro-
mosomal translocations, allopolyploid-induced retroelement mobility and loss, and
reductions in the copy numbers of some tandem repeats. These observations are
similar to patterns found in natural N. tabacum, suggesting that rapid genetic
divergence is induced by allopolyploidy. The T-genome of N. tabacum shows the
greatest number of genetic changes and appears to be less stable than the
S-genome. We describe possible mechanisms that may have stimulated these
genetic changes and propose that these can lead to enhanced fertility, more regular
chromosome pairing, and the evolution of disomic inheritance.
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11.1 Introduction to Nicotiana

The genus Nicotiana is the sixth largest genus in the family Solanaceae and
includes 76 species found naturally in the Americas, Australia and surrounding
islands, and with a single species in Namibia (Goodspeed 1954; Knapp et al. 2004).
However, several species, including N. tabacum (tobacco), now occur more widely.
The genus has received much recent attention because of evidence for recurrent
polyploidy, resulting in nearly half the species in the genus being chromosomally
polyploid. It is likely there have been six independent polyploidy events within the
genus: at about 10 million years ago (mya) (section Suaveolentes, c. 24 species), 5
mya (section Repandae, 4 species), 1-2 mya (section Polydicleae, 2 species), and
within the last 200,000 years (N. rustica, N. arentsii, and N. tabacum) (Lim et al.
2004a). There is also reticulation at the diploid level, with at least three species
likely to be of homoploid hybrid origin (N. glauca, N. linearis, and N. spegazzinii)
(Goodspeed 1954; Kelly et al. 2010).

N. tabacum is an autotetraploid (2n = 4x = 48) derived from diploid species that
most closely resemble N. sylvestris (2n = 2x = 24), the maternal S-genome donor,
and N. tomentosiformis (2n = 2x = 24, section Tomentosae), the paternal T-genome
donor. Nicotiana sylvestris is the only species in section Sylvestres, and detailed
genetic analysis of multiple accessions indicates that there is little genetic diversity in
this species (4.2 % polymorphisms in AFLPs—Amplified Fragment Length
Polymorphisms, Petit et al. 2007). However, there is considerably more genetic
diversity among accessions of N. tomentosiformis (31.7 % AFLP polymorphism),
which form two distinct groups, one of which most closely resembles the T-genome of
N. tabacum (Murad et al. 2002; Petit et al. 2007). These data indicate that N. tabacum
formed subsequent to the divergence of the two groups of N. tomentosiformis.

Molecular clock estimates of plastid and internally transcribed spacer sequen-
ces (ITS) of nuclear ribosomal DNA (rDNA) suggest that N. tabacum formed less
than 200,000 years ago. These estimates were calibrated using likely maximum
ages of some endemic species occurring on islands of known geological ages
(Clarkson et al. 2005; Leitch et al. 2008). However, given that only feral popu-
lations of N. tabacum have been found and no truly “wild” population exists
(Knapp personal communication), it is quite possible that N. tabacum was born
subsequent to the origin of human agriculture, within the last 10,000 years.

The purpose of this paper is to review current understanding of the genetic
consequences of polyploidy in N. tabacum. We show that genetic change can occur
rapidly within a few generations, perhaps as a consequence of the “genomic shock”
of allopolyploidy (McClintock 1984), a process that generates variants from which
selection favors those with enhanced fertility. This unstable phase is presumably
transient; however, there remains evidence for genome dynamism over time scales
of thousands of years, including the replacement of multiple copies of rDNA
sequences, the turnover of retroelements, and the loss of sequences targeted at the
T-genome. We discuss how such changes may promote fertility and lead to the
fixation of rearranged karyotypes during polyploid species establishment.
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11.2 Nicotiana tabacum Genome Structure

Kenton et al. (1993) were the first to use genomic in situ hybridization (GISH) to
study the chromosomes of N. tabacum. The fluorescent probes derived from total
genomic DNA of N. sylvestris and N. tomentosiformis hybridized to a separate
subset of 24 chromosomes, corresponding to the chromosomes of the S- and
T-genomes, respectively. However, the efficacy of the T-genome labeling was
inferior (Lim et al. 2000b), likely because of a loss of T-genome sequences
(Renny-Byfield et al. 2011). GISH also revealed 4-9 intergenomic translocations in
all N. tabacum accessions (Kenton et al. 1993; Lim et al. 2004a; Moscone et al.
1996). Similar translocations (up to 3) were also observed in some synthetic
N. tabacum lines that were only a few generations old (Skalicka et al. 2005).
Perhaps these translocations have arisen as a consequence of multivalent formation
(see Chap. 7), or they may represent hotspots of recombination. While some
translocations are fixed (i.e. occur in all varieties), others are specific for particular
accessions. There are more translocations of S-genome origin chromatin to
T-genome chromosomes (T/s chromosome) than the reverse (S/t chromosome).
Kenton et al. (1993) hypothesized that this could be caused by selection against
S/t chromosomes. Alternatively, some of the “translocations” may actually be
S-genome subtelomeric satellite sequences that now occur on T-genome chro-
mosomes, perhaps arising in their new location via recombination-based homog-
enization processes (Koukalova et al. 2010). Next-generation sequencing (NGS)
may enable us to distinguish among these alternative hypotheses.

As with most other plant species (Heslop-Harrison and Schwarzacher 2011), a
large fraction of Nicotiana genomes is composed of various types of retroele-
ments. Genome sampling using NGS revealed that the major component of the
genome of N. tabacum and its diploid relatives comprises long terminal repeat
(LTR)-retrotransposons, with at least 17.1-22.5 % of the genome being Ty3/gypsy
elements and 2.2-3.4 % being Tyl/copia elements. DNA transposons comprise
around 1.7 % of the genome of these species (Renny-Byfield et al. 2011).

In addition, there are several unrelated satellite repeat families that have been
characterized (the distributions of some are shown Fig. 11.1, Lim et al. 2000b). These
repeats include: (1) The HRS60 family, which is the best-characterized tandem repeat
family in Nicotiana and includes an interstitial repeat in N. tomentosiformis and
N.tabacum (called GRS, Gazdovaetal. 1995) and predominantly subtelomeric repeats
in N. sylvestris and N. tabacum (called HRS60 and NSYL2, Koukalova et al. 2010;
Koukalova et al. 1989); (2) NTS9 in N. sylvestris and N. tabacum (Jakowitsch et al.
1998); (3) NTRS in N. tomentosiformis and N. tabacum (Fig. 11.1, Matyasek et al.
1997), and (4) NicCL3, a long 2.2 kb tandem repeat comprising ~2 % of the
N. tomentosiformis genome and in lower abundance in N. fabacum (Fig. 11.2,
Renny-Byfield et al. 2011 and Renny-Byfield et al. 2012). There are also a number of
satellite repeat families of known origin; these are: (5) A1/A2 satellite repeats derived
from the intergenic spacer (IGS) of rDNA, which have transposed and amplified to
multiple locations across the genome (Lim et al. 2004b); (6) tandem repeats of
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Fig. 11.1 Ideograms showing the distribution of tandem repeat sequences in N. tabacum and its
diploid progenitors, N. sylvestris and N. tomentosiformis. Taken with permission from Murad
et al. (2002). See text for a description of the repeats shown

geminivirus-related DNA (GRD), occurring in two distinct families in some acces-
sions of N. tomentosiformis and inherited in N. tabacum (Murad et al. 2004; Murad
etal. 2002), the first endogenous viruses discovered in plants (Bejarano et al. 1996); (7)
sequences of pararetroviral origin (Matzke et al. 2004), including distinct variants
found in N. tomentosiformis (NtoEPRV) and N. sylvestris (NSEPRV), both of which
have been inherited in N. tabacum.

11.3 Retroelement Response to Allopolyploid “Genomic
Shock”

Nicotiana hybrids were among the first in which chromosomal changes following
hybridization were demonstrated. Gerstel and Burns (1967) reported that
N. otophora xN. tabacum hybrids have genetic instabilities of two kinds. Firstly, the
heterochromatin from N. otophora undergoes breakage causing chromatin loss; this
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Fig. 11.2 Reduction in copy number of T-genome repeats in N. tabacum from expectation given
their abundance in N. tomentosiformis. a Fluorescence in situ hybridization (FISH) showing the
distribution of dispersed A1/A2 repeats (green fluorescence). The 18-5.8-26S rDNA locus on
chromosome 3 (N. tomentosiformis) and T3 (N. tabacum) is labeled with yellow fluorescence due
to the overlap of red and green rDNA fluorescence. Note that there is much reduced A1/A2 signal
in N. tabacum (for further information see Lim et al. 2004b). b FISH showing the distribution of
NicCL3 in both species (green fluorescence). Note the reduced abundance of this repeat in
N. tabacum. The 18-5.8-26S rDNA locus on chromosome 3 (N. tomentosiformis) and T3
(N. tabacum) is labeled with red fluorescence. For further information see Renny-Byfield et al.
(2012). ¢, d. NGS analysis of repeat clusters in N. tabacum and its diploid progenitors. The graphs
show the genome proportions (arcsine transformed) of repeats uniquely inherited in N. tabacum
from ¢ N. tomentosiformis and d N. sylvestris. If N. tabacum had faithfully inherited the repeats as
found in the diploids, then all repeats would fall on the blue lines. However, in N. tomentosiformis
¢ most repeats at higher genome proportions are underrepresented in N. tabacum. This is not the
case for N. sylvestris d, where repeats are more or less in their expected abundance. This trend is
reflected in the abundance of repeats that are biparentally inherited, i.e., the more abundant they
are in N. tomentosiformis, the more likely they will be underrepresented in N. tabacum. For
further information see Renny-Byfield et al. (2011)

can be observed cytologically and also phenotypically by the leaf variegation it
causes. Secondly, in some cells heterochromatic blocks from N. ofophora proliferate
enormously to many times their normal length, forming “megachromosomes”. This
pioneering work revealed that interspecific hybridization can induce chromosomal
rearrangements and rapid sequence losses and gains.
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Melayah et al. (2001) were the first to show, using N. tabacum, that environ-
mental stresses can induce retrotransposition. There is also evidence that allo-
polyploidy can stimulate transposition in N. tabacum and synthetic mimics of
N. tabacum made from the diploid progenitors (Petit et al. 2007, 2010). These
authors analyzed four populations of Ty1/copia LTR-retrotransposons (Tnt1-0116,
Tntl-0113, Tnt2, and Ttol) using sequence-specific amplification polymorphism
(SSAP). They showed that the parental diploid species share essentially similar
classes of retroelements. In N. tabacum there is evidence of retrotransposon
diversification subsequent to allopolyploidy, with sequence losses concomitant
with gains. Losses of retroelements were more frequent from the T-genome, while
novel insertions of some populations, such as Tnt2, were shown to preferentially
locate to the S-genome. However, each retrotransposon population seems to
behave differently, with some populations undergoing rapid turnover, while others
display relative stasis. There was little or no diversification of retrotransposons
among individual accessions of natural N. tabacum, indicating that retroelement
diversification occurred before the accessions analyzed had diverged, perhaps
early in the species’evolution and arising as a consequence of allopolyploidy and
induced “genomic shock” (McClintock 1984).

To test the hypothesis that allopolyploidy can induce retroelement diversification,
Petit et al. (2010) compared insertion patterns of the Tntl family in the synthetic
N. tabacum Th37 (Burk 1973) with its diploid progenitors. In some Th37 individuals
in the fourth synthetic generation (S4), there was evidence of new Tntl insertions.
Newly, transposed copies were amplified from elements located on the N. sylvestris-
derived genome and were highly similar to the Tnt1A tobacco copies amplified in
response to microbial factors (Grandbastien et al. 2005). Furthermore, a high pro-
portion of parental SSAP bands was lost in Th37, particularly those from the
N. tomentosiformis-derived genome, again as observed in natural N. fabacum.
Together, these data indicate that retrotransposon amplification and molecular
restructuring in, or around, insertion sites occur rapidly in response to allopolyploidy,
and that similar sequences have responded in the same way to allopolyploidy in
natural and synthetic N. tabacum.

11.4 Loss of DNA: Targeting the T-Genome

As with many other allopolyploid species (Leitch and Bennett 2004), N. tabacum has
alower genome size than is expected from the sum of parental genomes (Leitch et al.
2008, N. tabacum genome size, 1C = 5110 Mbp; N. sylvestris, 1C = 2636 Mbp;
N. tomentosiformis, 1C = 2683 Mbp (http://data.kew.org/cvalues/). Recently,
(Renny-Byfield et al. 2011) used NGS analysis of N. tabacum and its two diploid
progenitors and showed that repeats derived from N. tomentosiformis was under-
represented in N. fabacum, a trend that was not observed for repeats from N. sylvestris
(Fig. 11.2). These observations lead to the conclusion that the T-genome of
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N. tabacum has undergone extensive sequence losses, and that genetic changes have
occurred more rapidly to the paternally derived T-genome than the S-genome.

N. tabacum harbors two families of endogenous pararetrovirus DNA, one from
each progenitor (Jakowitsch et al. 1999). These are NsSEPRV from N. sylvestris,
which in N. tabacum is at the expected abundance, and NtoEPRV from
N. tomentosiformis, which occurs in N. tabacum with reduced copy number.
Likewise, the A1/A2 repeats (Lim et al. 2004b) and NicCL3 (Renny-Byfield et al.
2012), which are found in multiple locations around the genome in N. tomentosi-
formis (Fig. 11.2), are also underrepresented in N. fabacum. Similarly, NGS data
show that all families of Ty3/gypsy elements have undergone sequence loss in
N. tabacum (Renny-Byfield et al. 2011), and SSAP analysis of Tnt retroelements
(Tyl/copia) reveals more deletion events influencing loci from the T-genome than
the S-genome of N. tabacum (Petit et al. 2007). There is evidence of rapid and
targeted loss of repeats from the T-genome even from the earliest generations,
since in synthetic N. tabacum lines, many individuals already have reduced copy
numbers of NtoEPRV, NTRS repeats (Skalicka et al. 2005), and NicCL3
(Renny-Byfield et al. 2012), whilst most losses of Tntl retroelements were from
the T-genome (Petit et al. 2010). All these data suggest rapid, targeted changes
early in allopolyploid evolution. The targeting of repeat losses from the T-genome
may support the nuclear-cytoplasmic interaction hypothesis, whereby the pater-
nally derived genome functions in a maternal cytoplasm (Gill 1991; Leitch et al.
2006), which in allopolyploids may lead to incompatibilities that preferentially
destabilize the paternally derived genome.

11.5 Ribosomal DNA Homogenization is Rapid and Ongoing

In most eukaryotes, 5S and 18-5.8—-26S rDNA units occur in tandem arrays at one
or several loci. Each large rDNA unit contains the 18S, 5.8S, and 26S ribosomal
RNA (rRNA) genes, ITS, and IGS sequences. Whilst these sequences are vital for
cell functioning, they can also be highly recombinogenic and labile sequences
influencing genome stability (Kobayashi 2011). The genes themselves are highly
conserved; however, their spacers diverge at suitable rates for resolving species
relationships within most genera, including Nicotiana (Chase et al. 2003). Early
studies revealed that the restriction fragment length polymorphism (RFLP) patterns
of the N. tabacum IGS is not additive of the diploid progenitors (Kovarik et al.
1996), but that N. tabacum has evolved its own distinct rRNA gene family(ies).
Sequence analysis revealed that the tobacco-specific units arose by reorganization
of N. tomentosiformis-inherited units followed by their subsequent amplification
(Volkov et al. 1999). The sequence changes mainly involved amplification and
reduction of subrepeats upstream and downstream of the transcription start site
within the IGS. However, the newly evolved units still occur at the four rDNA loci
that N. tabacum inherited from its parents (see Fig. 11.1). Thus, it is likely that
the parental units of S-genome origin were overwritten by the newly amplified
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N.tabacum-specific units (Lim et al. 2000a), although a few units of S genome-
origin remain intact, perhaps because they are methylated and inactive (Kovarik
et al. 2008). In contrast, the 5S rDNA follows a different evolutionary pattern in
N. tabacum, with no evidence for intergenomic homogenization, although shifts in
copy numbers of parental gene families have been observed (Fulnecek et al. 2002).

11.6 The Fate of Duplicated Genes

Although there has been substantial restructuring of the repetitive fraction of the
N. tabacum genome since its formation, most genic sequences analyzed have
remained in duplicate copies, e.g., genes for drug resistance (Schenke et al. 2003),
putrescine N-methytransferases (Riechers and Timko 1999), a family of small
GTP-binding proteins (Takumi et al. 2002), lignin forming peroxidase (Matassi
et al. 1991), nitrite reductase (Kronenberger et al. 1993), nitrate reductase
(Vaucheret et al. 1989), glutamine synthetase (Clarkson et al. 2010), phytochrome
A (Intrieri et al. 2008), the developmental gene LEAFY (McCarthy 2010), and
families of DNA methyltransferases (Fulnecek et al. 2009). The only current
exception is a family of N. tabacum glucan endo-1,3-beta-glucosidase genes that
appeared to be recombinants of both ancestral sequences (Sperisen et al. 1991).
Locus additivity does not always seem to be a rule even in recently formed
synthetic allopolyploids. For example, frequent deletions of homoeologs were
found among 70 protein-coding loci in Tragopogon miscellus that formed within
the last 80 years (Buggs et al. 2009, 2012; see also Chap. 14, this volume). These
changes may not be random, as Buggs et al. (2012) showed that clusters of genes
are repeatedly lost or retained and the likelihood of retention reflects gene
ontology categories or their predicted levels of dosage sensitivity. Similarly,
synthetic lines of Brassica napus seem to eliminate much of the parental DNA,
although it is currently unknown whether coding or noncoding sequences are
preferentially targeted (Song et al. 1995; Szadkowski et al. 2011). The occurrence
of both homoeologs in N. tabacum may reflect limited sampling, or high levels of
retention. Additivity is observed in synthetic lines of Gossypium (Liu et al. 2002;
see also Chap. 10, this volume) and in synthetic wheat allopolyploids, although in
the latter case there remains some controversy (Mestiri et al. 2010; Feldman and
Levy 2009; see also Chap. 7, this volume). Additivity has also been demonstrated
at the expression level. Alleles of phytochrome A, lignin forming peroxidases,
nitrite reductase, and DNA methyltransferases are expressed from both parental
homeologues. There are also reports of epigenetic silencing of one subset of the
parental alleles, including rRNA genes that have escaped homogenization
(Kovarik et al. 2008) and the CYP82E4 locus (Chakrabarti et al. 2007) involved in
the alkaloid biosynthesis pathway.

Duplicate copies arising through polyploidy can be retained through a number
of mechanisms (Doyle et al. 2008): (1) one copy can evolve a new function
(neofunctionalization) that can become fixed through a selective advantage
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(Lynch et al. 2001); (2) duplicate copies can diverge through complementary loss
of function at a particular point in the development or in particular tissues (sub-
functionalization), a process that can occur through the action of drift alone; and
(3) selection can occur against gene loss because that loss would compromise
appropriate levels of gene product in relation to another gene(s) (gene balance
hypothesis, cf. Birchler and Veitia 2010). In N. tabacum, a mechanism termed
“nonfunctionalization” has been proposed which considers a combination of
degenerative mutation and epigenetic silencing (Chakrabarti et al. 2007). Here,
“non-functionalization” has altered alkaloid metabolism through reduced con-
version of nicotine to nornicotine. Perhaps this mutation has been important to the
“success” of N. tabacum as a recreational drug.

11.7 Genome Revolution and Allopolyploid Establishment

Until the early 1990s, it was commonly thought that chromosomal changes
establish isolation barriers among populations because of reduced fertility in
heterozygotes. Rearranged karyotypes may, then, become fixed through inbreeding
or meiotic drive, particularly in small populations (King 1993). However, it is
difficult to distinguish between karyotype changes that drive speciation events and
those arising by genetic drift after speciation. Certainly, many rearrangements are
deleterious and can cause embryo lethality or hybrid breakdown prior to repro-
duction (Rieseberg 1997). Only neutral or advantageous recombinants will pass
the bottleneck of selection during the early phase of speciation. Furthermore,
evolutionary geneticists pointed out that genetic mutations at the DNA level are
more common than karyotype change and are therefore likely to be more
important in speciation processes (Butlin 1993). However, recent evidence from a
number of sources, e.g., Anopheles gambiae (Turner and Hahn 2010) and
Helianthus homoploid hybrids (Strasburg et al. 2009), indicates that chromosomal
inversions can, indeed, have a role in establishing barriers between populations
and drive speciation. Strasburg et al. (2009) suggested that inversions may become
foci for the accumulation of adaptive genes, particularly at the junctions between
collinear and inverted regions, where gene flow is likely to be most impeded.
Likewise, computer modeling has shown that when recombination is eliminated at
an inverted region, and in the presence of strong selection and minimal or no gene
flow, then species isolation can be driven by such a rearrangement (Feder and
Nosil 2009).

In the context of early polyploid evolution, karyotype rearrangement may drive
enhanced fertility and potentially be fundamental to allopolyploid species estab-
lishment. Certainly, high levels of chromosomal change have been observed in
young polyploids, e.g., karyotype variability (dysploidy and intergenomic trans-
locations) within and among populations of Tragopogon polyploids that formed
within the last 80 years (Chester et al. 2010, 2012; Lim et al. 2008), and large-
scale chromosomal deletions occurring in individual plants of early generation
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synthetic allopolyploids of B. napus (Gaeta et al. 2007). Typically, a major hurdle
that a newly formed polyploid must overcome is reduced fertility, often arising
through multivalent formation, where chromosomes can segregate aberrantly
leading to aneuploidy and reduction in fertility. We can envisage several allo-
polyploid-induced processes that may act to reduce multivalent formation and be
favored by selection, these are:

® Reduced chiasma frequency. Selection may favor the formation of fewer and/or
focussed chiasma at recombination hotspots. This would result in quadrivalents
formed in prophase I falling into two bivalents in metaphase I and then segre-
gating normally (Fig. 11.3a). Computer modeling has shown that reduced
chiasma frequency results in the evolution of disomic inheritance (Le Comber
et al. 2010), although we are unaware of empirical evidence to support this
assertion.

o Structural and epigenetic divergence of homeologues. Allopolyploidy can
trigger extensive karyotype and molecular restructuring in early generations
(Gaeta et al. 2007; Renny-Byfield et al. 2011). This may result in genetic
divergence of the parental genomes, e.g., through the loss or rearrangement of
sequences shared by homeologues and recognized by the homolog recognition
machinery in meiosis (Fig. 11.3b). Such sequences are unlikely to be those that
are highly repeated across the genome since they are not chromosome specific.
Nevertheless, genetic changes may introduce regions among homeologues that
do not recombine, forming “islands of divergence”, as in the establishment of
homoploid hybrid species (Strasburg et al. 2009). Without recombination, the
local regions around these islands will continue to diverge, leading to regular
homolog pairing, and bivalent formation. Similarly, allopolyploidy can trigger
epigenetic changes across the genome (Parisod et al. 2009). Epigenetic changes,
which are thought to alter patterns of ectopic recombination (Colot et al. 1995),
may also influence patterns of meiotic recombination and initiate islands of
divergence. In addition, newly formed epi-alleles may establish tissue or tem-
poral patterns of gene expression (subfunctionalization, Adams and Wendel
2005). Subfunctionalization is likely to favor the evolution of regular disomic
inheritance and to select against multivalent formation. This is because mul-
tivalents result in the inappropriate segregation of homeoalleles and the
generation of individuals with reduced fitness, because they have aberrant
patterns of gene expression (Le Comber et al. 2010).

e [ntergenomic translocations. In the context of a diploid, translocations among
heterologues can promote quadrivalent formation, leading to chromosome loss,
and reduced fertility. Similarly, in the context of polyploids, translocations and
aneuploidy are associated with low fertility, as observed in synthetic B. napus
lines (Xiong et al. 2011). However, it is possible that a more complex dynamic
can occur (Fig. 11.3c). If homeologues already form multivalents, then it is
conceivable that the gain of genetic material from a heterologous chromosome
may promote bivalent formation, disomic inheritance, and increased fertility.
Alternatively, complex rearrangements can result through cascades of induced
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Fig. 11. 3 Fast molecular and chromosome evolution may enhance bivalent formation, driving
disomic inheritance, and fertility in young polyploids. Homologs are shown in the same color
(pink or pale green). Homeologues diverge over time, this is reflected in their colors becoming
more distinct (red and green). A translocation from a heterologue is shown in blue. Crossovers
among chromosomes are shown with crosses

pairing problems resulting from recurrent multivalent formation (unequal reci-
procal translocations, inversions, end-to-end chromosome fusions), potentially
generating novel chromosomes with segments from multiple ancestral chro-
mosomes. Such a process may be associated with a reduction in chromosome
number to a diploid-like level, as reported in the divergence of Arabidopsis
karyotypes (Mandakova et al. 2010).

From Nicotiana allopolyploids, we have evidence for several of the proposed
modes of chromosome evolution. First, in synthetic N. tabacum, we have observed
plants that were homozygous for an intergenomic translocation that is similar to
translocations observed in natural N. fabacum (Lim et al. 2004a). Perhaps this
translocation is selected because it enhances fertility, and that in the synthetic
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N. tabacum evolution is repeating itself. Second, the allotetraploids of sections
Polydicliae and Repandae, which formed c. 1 mya and 5 mya, respectively, have
chromosome numbers that are additive of the progenitor diploids (2n = 4x = 48).
However, the sequence organization along their chromosomes has diverged con-
siderably, particularly in the latter. Indeed, Lim et al. (2007) suggested that in
some species of section Repandae there has been near complete genome turnover.
Perhaps these changes contributed to the establishment of disomic inheritance.
Finally, in section Suaveolentes, several species show evidence of chromosome
number reduction from expectation (chromosome numbers range from
2n = 4x = 32 to 46, depending on species, Goodspeed 1954; Knapp et al. 2004).
We anticipate that this reduction is associated with karyotype restructuring, as in
the polyploids of Arabidopsis (Mandakova et al. 2010).

11.8 Advantages of the Nicotiana System and Future
Perspectives

Nicotiana provides many opportunities for studying allopolyploid genome diver-
gence and addressing key questions facing polyploidy researchers [outlined in
Soltis et al. (2010)]. It is important, even vital for the future of humankind, to
know how allopolyploid genomes interact together. This is because many of our
most important crop species are recognizably polyploid based on their chromo-
some numbers, and recent evidence is emerging that all seed-bearing plants have
undergone at least one round of polyploidy in their ancestry (Jiao et al. 2011). The
allopolyploid species of Nicotiana and the synthetic allopolyploids provide a
unique opportunity to study snap shots of polyploid divergence over 10 million
years of evolution.
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