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Adaptive nature of crop 
cytoplasm

Concerns persist over the escape of transgenes from fields of
genetically modified crops into populations of wild relatives.
The success of transgene introgression into a given population
of a sympatric and compatible wild relative depends on many
factors, including the environmental conditions (Campbell
et al., 2006), genetic variation in the wild and crop parents,
and the interactions between the two (Mercer et al., 2006a).
Success also depends on the fitness effects of the particular
transgene and on any genes linked to the transgene that affect
fitness (Burke & Rieseberg, 2003; Snow et al., 2003). Numerous
biocontainment strategies have been proposed to combat
transgene introgression (Daniell, 2002), some of which aim to
reduce pollen-mediated gene flow from crop to wild plants.
However, a study by Allainguillaume et al. in this issue of
New Phytologist (pp. 1201–1211) has demonstrated that two
promising strategies for biocontainment in Brassica napus,
male sterility and chloroplast transformation, may be com-
promised by seed-mediated gene flow of crop DNA into
wild populations (Fig. 1) and the apparent positive effect
of the crop cytoplasm on fitness of wild plants in riverside
environments.

‘These results not only throw the promise of these

biocontainment strategies into doubt, they introduce

interesting questions about the adaptive nature of crop

genes in crop–wild hybrid zones, particularly those

found in the maternally-inherited organellar genomes.’

Although most of the empirical and theoretical research of
crop–wild gene flow to date has de-emphasized seed-mediated
gene flow, it is now thought to influence crop gene introgres-
sion in wild populations in the Beta, Brassica and Helianthus
complexes (Arnaud et al., 2003; Hansen et al., 2003; Reagon
& Snow, 2006). Yet, this Allainguillaume et al. study is the
first to find such high frequencies of crop chloroplast DNA in
wild populations: > 0.70 in c. 7% of all riverside populations
and 0.98 in F1s from some riverside populations sympatric
with crop fields. In addition, they determined that the observed
introgression of crop cpDNA is best explained by maternally
inherited fitness gains. Which ones? It is not yet known. But,
together with Allainguillaume et al. (2009a), they found that
F1 hybrids (with crop cytoplasm) that emerge and survive are
not at a fitness disadvantage relative to wild plants in riverside
environments. Moreover, advanced generation hybrids with
the crop chloroplast experience greater seedling emergence and
early survival than their counterparts with wild cytoplasm.

Thus, in this system, neither sterility of crop pollen nor
hiding of the transgene in a maternally inherited organellar
genome will eliminate the movement of transgenes into wild
populations. These results not only throw the promise of
these biocontainment strategies into doubt, they introduce
interesting questions about the adaptive nature of crop genes
in crop–wild hybrid zones, particularly those found in the
maternally inherited organellar genomes.

Maternal effects on fitness

What are some mechanisms by which maternal inheritance
(i.e. maternal effects; Roach & Wulff, 1987) could affect
fitness and, thereby, transgene introgression? Four are
particularly relevant here.
• Traits of seeds produced on the crop plant or subsequent
hybrids may phenotypically differ from those produced on
wild plants. In some species, such as sunflower, ovule size and
the achene characteristics differ between seeds produced on
the crop and wild parents, with the crop and some hybrid
generations producing larger seeds that are less likely to
survive the winter, but also less dormant than their wild-
produced counterparts (Snow et al., 1998; Mercer et al.,
2006b).
• The hybrid seed’s endosperm contains more of the maternal
parent’s genome as it contributes 2n, while pollen only
contributes 1n. These 3n endosperm cells, which feed the
growing embryo and can affect dormancy and seedling growth,
may produce greater or lesser quality endosperm, depending
on the doses of crop or wild genes.
• The crop’s cytoplasm itself could also influence hybrid
plants’ growth and vigor owing to maternal inheritance of
cytoplasmic factors (Tiffin et al., 2001).
• Genetic effects on fitness could result from inheritance of
the cytoplasmic genomes – those in the chloroplast and in the
mitochondria – which are maternally inherited along with
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cytoplasm in most plant species (but see Birky, 1995). I will
focus my discussion on the last effect, placing emphasis on the
chloroplast genome (similar treatment is warranted for the
mitochondrial genome).

Fitness effects of novel cytoplasm or chloroplasts

There is considerable interest in explaining how cytonuclear
interactions can impede hybridization between species by
reducing growth and fitness of the progeny. The coevolution
of the three plant genomes – the chloroplast, mitochondrial
and nuclear genomes – can result in cytonuclear genetic
incompatibilities upon hybridization (Levin, 2003). ‘(D)issonant
interactions’ may arise in highly coordinated systems in which
proteins produced in the nucleus and the chloroplast must
interact (Levin, 2003, p. 5). Consider photosynthesis: 90% of
the essential proteins are produced in the nucleus, allowing
significant opportunity for cytonuclear genetic incompatibility
to affect basic plant function.

Studies using interspecific reciprocal crosses and backcrosses
have separated the effects of hybridization of nuclear genomes
from the effects of the cytoplasm and accompanying genomes
of each species. In particular, researchers have shown changes in
the efficiency of photosynthesis and respiration, as well as effects

on fertility and vigor resulting from cytonuclear interactions
(Levin, 2003). More phylogenetically divergent species might
then be expected to have more negative responses to hybridiza-
tion; however, results are variable when divergence of the
chloroplast genome alone is considered (Levin, 2003). In
crop–wild hybridization, the species are often closely related,
but inhabit distinct habitats. Does this phylogenetic closeness
indicate that less severe cytonuclear interaction could be expected
in crop–wild hybrids? By contrast, might we expect the seemingly
wide ecological divergence of the two types to result in more
negative interactions?

Adaptive interactions and traits

There is significant allelic diversity within genes influencing
photosynthesis, including those encoding for numerous enzymes
and transcription factors that affect the light and dark reactions,
such as rubisco. Variants of these chloroplast genes, such as
those affecting the efficiency of photosynthesis, can be adapted
to particular environments (Galmés et al., 2005). For instance,
the chloroplast of a shade-adapted, cold-tolerant species may
have a more negative effect on fitness of a species adapted to
open, warm habitat than it would on a species with a similar
environmental niche. Nevertheless, novel alleles can improve
growth, as noted when interspecific variants of genes controlling
C3 photosynthesis inserted into Arabidopsis increased growth
and biomass production (Kebeish et al., 2007). Since crops
have been bred to tolerate increasingly high plant densities,
their adaptive response to shading by neighbors may make
them surprisingly responsive to the potentially shady conditions
of the riverside environment. Alternatively, some of the crop
chloroplasts that are found in modern canola could have
originated from the Brassica rapa parent and contain haplotypes
that happen to perform well under riverside conditions.

The fact that the B. napus chloroplast seems to be adaptive
under riverside conditions, but not in the cultivated field (as
proven by the reduction in the frequency of crop chloroplasts
as crop–wild hybrid generations advance), raises the possibility
that the fitness effect of a given cytonuclear combination can
differ under distinct conditions. For example, hybrids may
escape from some negative cytonuclear interactions or benefit
from positive ones that are differentially expressed in field and
riverside conditions. Similarly, the crop chloroplast genes
involved in photosynthesis could be better adapted to co-
operate with riverside nuclear genes than weedy nuclear genes
– a complex case of context-dependent selection (Mercer et al.,
2006a) acting at the level of genome interactions.

Although it may be challenging to disentangle the fitness
effects of particular chloroplast genes from effects of the cyto-
plasm, mitochondrial genome and cytonuclear interactions, it
should be possible to ascertain the phenotypic traits that are
particularly adaptive under riparian conditions. It could also be
interesting to assess the differential fitness effects of particular
chloroplast gene mutations or single-nucleotide polymorphisms

Fig. 1 Crop seeds dispersing into adjacent wild populations initiate 
seed-mediated gene flow and a chain of crosses that can result in 
inheritance of the crop cytoplasm and the chloroplast genome, 
but less and less nuclear crop DNA. This assumes diploid crop and 
wild species (w, wild alleles; c, crop alleles).
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(SNPs) that differentiate crop and wild cytoplasm. For example,
research with nuclear isogenic lines of Datura stramonium
carrying either the herbicide resistant or susceptible chloroplasts
(with variants of photosystem II genes) clarified that the
chloroplast mutation to resistance, which had caused no fitness
deficit in the glasshouse, reduced growth and fitness when
D. stramonium competed with corn in the field (Williams
et al., 1995).

Conditions for cytoplasm capture

Cytoplasm capture is ‘the replacement of the initial cytoplasm
of a resident species by that of a rare invader species, without
replacement of the resident nuclear genome’ (Tsitrone et al.,
2003, p. 1777). About 7% of the wild riverside populations
studied by Allainguillaume et al. were either fixed or nearly
fixed for the crop chloroplast. This evidence of cytoplasm or
chloroplast capture, as well as the likely adaptive nature of the
cytoplasm, demand a theoretical understanding of the conditions
under which chloroplast capture is likely. Tsitrone et al. (2003)
developed a model which shows that three factors are
important for chloroplast capture:
• Reduction in male fitness (which commonly accompanies
hybridization) if female fitness is subsequently increased by
changes in resource allocation (which would encourage
backcrossing);
• ‘Cytonuclear heterosis’ for female fitness, defined as
maximal seed output of plants that are homozygous for the
nuclear alleles of one species and that possess another species’
chloroplast;
• Elevation of the selfing rate of hybrids compared with the
parents.

Since some of the UK’s riverside B. rapa populations are
undergoing chloroplast capture, it would be interesting to test
the similarity of male and female fitness and selfing rates in
B. napus and B. rapa hybrid zones to the model predictions.
The existing data could be examined here. For example,
Allainguillaume et al. (2009a) found that, despite similar
overall pollen production between F1 and wild B. rapa, the
‘low contribution’ of F1 hybrids to B. rapa seed offspring is ...
attributable to reduced male fitness’ (p. 1181). However, it is
not clear that such reduced male fitness resulted in any
increase in female fitness. Neither do we know whether plants
homozygous for wild nuclear genes, but with a crop chloro-
plast, have greater lifetime female fitness than completely
wild plants. As for selfing rates, they increase in F1 hybrids
(9.8–39.2%) compared with the wilds (6.5%). So, although
there may be variation across populations, conditions that could
support riparian populations capturing the crop cytoplasm are
present. Review of the literature for this and other crop–wild
complexes and particular environments may indicate other
candidates for crop cytoplasmic capture.

One caveat here is that we would not expect all nuclear crop
alleles to be selected against in crop–wild hybrid zones. Some

crop traits – high emergence being one of them – can be
selected for (Mercer et al., 2007). As such, we might find
chloroplast capture along with introgression of nuclear crop
alleles.

Conclusion

This reaffirmation of the importance of seed-mediated crop
gene flow into wild populations, along with yet another example
of context-dependent introgression of crop alleles in crop–
wild hybrid zones, complicates the evolutionary dynamics of
transgene fate. Yet, it should stimulate the use of chloroplast
markers in studies of crop–wild gene flow to conclusively
determine the relative importance of seed- and pollen-mediated
gene flow. It also encourages an understanding of the environ-
ments in which adaptive traits encoded by the chloroplast
genome could facilitate cytoplasmic capture.

Kristin L. Mercer

The Ohio State University, Department of Horticulture and
Crop Science, 310D Kottman Hall, 2021 Coffey Road,

Columbus, OH 43210, USA
(tel +1 614 247-6394; email mercer.97@osu.edu)
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Low-decibel ultrasonic 
acoustic emissions are 
temperature-induced 
and probably have no 
biotic origin
The detection of ultrasonic acoustic emissions (UAEs) in
plants is one of the rare methods applicable to field-grown
trees without causing any disturbance to the objects investigated.
The sensors are weatherproof, are easy to mount, use little
energy and produce highly reproducible signals in a range
between 20 and 300 kHz (Tyree & Sperry, 1989; Laschimke
et al., 2006). In combination with dendrometers and sap flow
sensors, UAE sensors allow detailed interpretations of tree
water relations, particularly under drought stress. The best-
known UAE in plants is caused by cavitation in tree stems
(Milburn & Johnson, 1966), which is an abrupt release of
tension in the conduit lumen as liquid water at negative
pressure is replaced by water vapour very near to vacuum
pressure (Sandford & Grace, 1985; Kikuta et al., 2003;
Rosner et al., 2006).

However, the information content of UAEs is assumed to
be much more diverse than that usually described for signals
from cavitation and may have other biological sources. The
findings of Zweifel & Zeugin (2008) potentially represented
another step towards a better understanding of UAEs. Our

growth chamber study, however, showed that their assumption
of detection of a new biologically derived low-decibel (dB)
signal was probably wrong. The highly reproducible low-dB
signal was not induced by respiration and growth activities in
the tree stem, but was probably induced by the temperature
sensitivity of the technical devices.

Growth chamber experiments

We tested identical equipment as used by Zweifel & Zeugin
(2008) – an acoustic signal conditioner with a peak detector
(ASCO-P, APK signal; Vallen System GmbH, Icking,
Germany) in combination with a piezoelectric sensor head
(VS150-M, 100–300 kHz; Vallen System GmbH) – and
measured UAEs in a growth chamber under controlled
conditions in three different set-ups.
Expt 1: a temperature sensitivity test of the sensor head in the
low-dB range. The sensor head was hung into the empty
growth chamber, with dimensions 2 × 1.5 × 2 m (height ×
width × length), while the other parts of the electronic devices
were kept outside the growth chamber.
Expt 2: a temperature sensitivity test of the sensor head
including the UAE signal conditioner. The sensor head and
the UAE signal conditioner were kept inside the growth
chamber, while the logging device was outside the chamber.
Expt 3: a temperature sensitivity test of the UAE equipment
in the high-dB range. High-dB signals were mechanically
induced to simulate the sound intensity of cavitations. The
maximum intensity of this artificial cavitation was c. 3–4 dB
lower than that reported in the field (Zweifel & Zeugin, 2008).
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