
Mycorrhizae are ancient, widespread
associations between fungi and the
roots of many species of plants. In

these symbioses, the plants supply carbo-
hydrates (the products of photosynthesis) to
their fungal partners, which reciprocate by
facilitating the uptake of mineral nutrients
from the soil. In a reversal of the usual rela-
tionship, some non-photosynthetic plants
— termed epiparasites — obtain carbo-
hydrates from mycorrhizal fungi that are also
associated with photosynthetic plants in the
immediate environment. In other words,
epiparasites feed off green plants in their
communities, and they do so via a fungal
‘bridge’.

A barrier to understanding the ecology of
mycorrhizal plants, including epiparasites,
has been the difficulty of identifying the
fungi with which they are associated. 
There are two main types of mycorrhizae,
ectomycorrhizae (ECM) and arbuscular
mycorrhizae (AM). The first type is pro-
duced by mushroom-forming fungi —
including choice edibles such as truffles 
and chanterelles. The second is produced 
by soil fungi that belong to the taxonomic 
order Glomales. These fungi produce 
no above-ground structures in their life 
cycle, and reproduction is accomplished 
by large, multinucleate spores that are 
produced underground and on which the
taxonomy of the group has traditionally
been based (Fig. 1a). 

Until now, all documented cases of epi-
parasitism have involved ECM fungi. This is
surprising, because AM symbioses involve
roughly 70% of all plant species — including
many agricultural crops — and are ecologi-
cally much more widespread than ECM
symbioses, which involve only about 30
plant families, mostly trees. On page 389 of
this issue, Bidartondo et al.1 provide the first
molecular evidence that the fungal partners
of two distantly related groups of epipara-
sites are AM fungi.

Bidartondo et al. used the polymerase
chain reaction to amplify fungal ribosomal
genes (rDNA) from the roots of epiparasites
in the Corsiaceae (a group related to lilies)
and the Gentianaceae (gentian family).
Anatomical studies in these groups had 
suggested that AM fungi are present, but gave
no clues to their precise identity. Bidartondo
et al. generated sequences of the fungal
rDNAs and compared them to a database of

Glomales rDNA sequences. Evolutionary
analyses of the rDNA sequences provided the
necessary taxonomic resolution, and showed
that both groups of epiparasites are highly
specific for particular species of Glomales. 

In the most intensively sampled species,
Arachnitis uniflora (Corsiaceae; Fig. 1b),
Bidartondo et al. found that eight plants in
three populations were all associated with a
single fungal species. Neighbouring green
plants harboured the same fungus in their
roots, suggesting that they could be the ulti-
mate source of carbohydrates for Arachnitis,
although they also contained other AM
species not found in the roots of Arachnitis.
These findings mirror those in ECM-
associated epiparasites2,3, which also have
very narrow host ranges. The results are of 
interest to evolutionary biologists in general,
because they support the view that host 
specialization is a common consequence of
the evolution of parasitic lifestyles.

Species of Glomales have previously been
regarded as ecologically equivalent: that is,
they do not differ appreciably in the range of
plant species with which they are linked4.
One reason for this view is that although
there are thought to be as many as 300,000
species of plants that form AM associations,

there are only about 160 known species of
Glomales. This is surely a gross under-
estimate of the actual diversity of Glomales,
probably a consequence of their cryptic
habit. Nevertheless, the striking disparity in
apparent diversity of Glomales compared
with that of AM-forming plants suggests that
each species of Glomales must have many
potential plant partners. The ecological-
equivalence hypothesis is also supported by
greenhouse studies involving pairings of
individual species of fungi and plants, which
have repeatedly shown that a single fungal
species can form AM associations with many
different plant species.

The results of Bidartondo et al. show that
some kinds of AM associations are highly
specific, and so contradict the idea that all
species of Glomales are ecologically equiva-
lent. The findings are less surprising in the
context of studies indicating that, although
species of Glomales are not absolutely host-
specific, they exhibit ecological specializa-
tion under natural conditions. For example,
the reproductive success of individual species
of Glomales, measured in terms of spore 
production, varies according to the plant
species with which they are associated5,6.
Conversely, in greenhouse studies simu-
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When good relationships go bad
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Mycorrhizal associations of fungi and plants are usually viewed as mutually
beneficial, but some non-photosynthetic plants cheat their fungal partners.
Molecular tools can now be used to identify the fungi being exploited.

Figure 1 Partners in an epiparasitic symbiosis.
a, Spores of Glomus sinuosum, a species of
arbuscular mycorrhizae (AM) fungus 
closely related to the species that 
Bidartondo et al.1 find is associated with the 
non-photosynthetic plant Arachnitis uniflora. 
b, The flower of A. uniflora. 
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lating natural plant communities, species of 
Glomales differ in their ability to promote
growth of particular plant hosts7. The under-
lying mechanisms responsible for these 
differential growth effects are unknown.
Bidartondo and colleagues’ study1 raises the
tantalizing possibility that asymmetries in
fungus-mediated transfer of carbohydrates
between plants could be a factor.

The new work1 is significant because it
demonstrates that Glomales, which pro-
duce by far the most common form of 
mycorrhizae, can be drawn into epiparasitic
associations. It also joins a growing body of
research suggesting that mutualisms are not
stable endpoints in evolution, but are in-
herently unstable and can be disrupted by
conflicts of interest among the partners8,9.
The breakdown of mutualisms can lead to
parasitism10 or even the complete dissolu-
tion of the symbiosis11,12. In the groups 
studied by Bidartondo et al., the plants are
parasitic on AM fungi and their associated
green plants. At the other extreme, an AM
fungal species, Glomus macrocarpum, has
been implicated as the cause of stunt disease
of tobacco plants13. 

Clearly, the characterization of AM sym-
bioses as benign, stable associations does not

reflect their dynamic nature. Functional and
ecological studies are now needed to quan-
tify the costs and benefits of mycorrhizal
symbioses and to understand what causes
them to shift along the continuum from
mutualism to parasitism14. ■
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reaction and adding as little as 1% chiral
alcohol sealed the fate of the product. 

Singleton and Vo1 simply asked whether
the nonlinearity of this reaction was sensi-
tive enough to amplify the random, statisti-
cal imbalance that occurs naturally in a 
‘balanced’ mixture of handed molecules. To
their surprise, the products were formed in
imbalanced proportions, but from reaction
to reaction the amount of chiral product did
not vary in a statistical way, indicating a 
systematic cause for the selectivity. Oddly
enough, Soai had patented the same reac-
tion, assuming random behaviour7.

Through a series of careful control and
doping experiments, Singleton and Vo1

deduced that chiral impurities in the reac-
tion solvent — at the level of parts per billion
and too small to be detected directly — were
at the root of the phenomenon. Their results
corroborate Soai’s report of the effect of
minor amounts of chiral additives on this
reaction and emphasize the extreme sensi-
tivity of the autocatalytic reaction. The high
degree of selectivity and the apparent ability
of so many different additives to instigate
this selectivity demonstrate the need for
additional experimentation and a complete
kinetic analysis8.

The work highlights a caveat in the study
of the origin of biological homochirality: the
need to reconcile studies of a reaction that
has a highly nonlinear response to devia-
tions from the achiral state with the inherent
presence of chiral impurities after a billion
years of life on the planet. In contrast to 
the worries of biological contamination in 
a modern context, there remain issues 
of degradation or re-equilibration of the
handed forms in a prebiotic context, which
Singleton and Vo address. 

Indeed, one problem associated with try-
ing to explain the prebiotic origin of achiral
symmetry breaking as being due to crystal-
lization is that the system would re-equili-
brate when crystals dissolved or degraded.
But coupling chirality in crystals with 
chemistry as selective as the diisopropyl
zinc/pyrimidine carboxaldehyde system
means that symmetry breaking during 
crystallization could be propagated from
one type of compound to another. Clearly,
any process capable of shifting the balance in
one setting need only leave a trace imbalance
to influence the outcome of an autocatalytic
reaction such as the one investigated by Soai.

Many proposals for the origin of biologi-
cal homochirality have been predicated on
the idea that a deterministic mechanism is
necessary3 — that is, that the handedness we
see in biomolecules must inherently be
determined in the laws of physics, like the
loss of parity. Singleton and Vo’s study, in
conjunction with Soai’s work, supports the
idea that abiological autocatalysis could be
the process by which a randomly generated
trace chiral influence was amplified. If so,
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Shattered mirrors
Jay S. Siegel

How did the preference for ‘single-handedness’ in biological molecules
arise? Amplification of the trace imbalance in a mixture of handed
molecules bolsters the case for chance being the answer. 

Some molecules are chiral — they exist
in two forms that are mirror images of
each other, right-handed and left-

handed. Thus it seems reasonable that reac-
tions that form chiral molecules from purely
achiral precursors should produce equal
amounts of each handed form to preserve
achiral symmetry. So how did biological
processes develop a preference for one or the
other, such as left-handed amino acids, and
right-handed sugars? In the Journal of the
American Chemical Society, Singleton and
Vo1 report that, starting from two achiral
compounds, they have prepared a chiral
product in which one handed form domi-
nates over the other. Have they demonstrat-
ed a fundamental principle that explains the
mystery surrounding the predominance of a
particular handedness in biomolecules? 

The superstition surrounding the
immutability of the achiral state has led to a
reverence for molecular phenomena that
break such reaction symmetry. However, for
many years it has been known that such sym-
metry breaking can occur randomly through
a variety of different mechanisms2: for exam-

ple, during the crystallization of a solution in
which both hands are in equilibrium3, or in
the spontaneous formation of chiral liquid-
crystal domains4. In such cases, a small devi-
ation from the achiral state is coupled to a
process that is self-perpetuating and expo-
nentially self-amplifying — that is, autocat-
alytic. As yet, spontaneous achiral symmetry
breaking has not been observed for a reac-
tion that occurs completely in homogeneous
solution, and that is what Singleton and Vo
were hoping to test.

The authors were following up the work
of the Japanese chemist Kenso Soai, who
reported an autocatalytic reaction in which a
slight excess of one hand in the product 
suffices to direct any future product to that
same handed form5,6. The reaction scheme
involved batchwise additions of diisopropyl
zinc to 2-methylpyrimidine-5-carboxalde-
hyde, recycling the product as the catalyst for
the next batch. The selectivity (that is, the
fraction of handed product formed) was
determined as a function of batch number.
In Soai’s experiments, numerous alcohols
were claimed to influence the course of the
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