
Update TRENDS in Plant Science Vol.11 No.3 March 2006112
7 Yang, Z. et al. (2005) Arabidopsis ERF4 is a transcriptional repressor
capable of modulating ethylene and abscisic acid responses. Plant Mol.
Biol. 58, 585–596

8 Song, C-P. et al. (2005) Role of an Arabidopsis AP2/EREBP-type
transcriptional repressor in abscisic acid and drought stress
responses. Plant Cell 17, 2384–2396

9 Huq, E. et al. (2006) Degradation of negative regulators: a common
theme in hormone and light signaling networks? Trends Plant Sci. 11,
4–7

10 Tao, L. et al. (2005) RAC GTPases in tobacco and Arabidopsis mediate
auxin-induced formation of proteolytically active nuclear protein
bodies that contain AUX/IAA proteins. Plant Cell 17, 2369–2383

11 Koyama, T. et al. (2003) Isolation of tobacco ubiquitin-conjugating
enzyme cDNA in a yeast two-hybrid system with tobacco ERF3 as bait
and its characterization of specific interaction. J. Exp. Bot. 54,
1175–1181

12 Hiratsu, K. et al. (2003) Dominant repression of target genes by
chimeric repressors that include the EAR motif, a repression domain,
in Arabidopsis. Plant J. 34, 733–739

13 Tiwari, S.B. et al. (2004) Aux/IAA proteins contain a potent
transcriptional repression domain. Plant Cell 16, 533–543

14 Vogel, J.T. et al. (2005) Roles of the CBF2 and ZAT12 transcription
factors in configuring the low temperature transcriptome of Arabi-
dopsis. Plant J. 41, 195–211

15 Davletova, S. et al. (2005) The zinc-finger protein Zat12 plays a central
role in reactive oxygen and abiotic stress signaling in Arabidopsis.
Plant Physiol. 139, 847–856

16 Sakamoto, H. et al. (2004) Arabidopsis Cys2/His2-type zinc-finger
proteins function as transcription repressors under drought, cold, and
high-salinity stress conditions. Plant Physiol. 136, 2734–2746
Corresponding authors: Firn, R.D. (drf1@york.ac.uk),
Jones, C.G. (jonesc@ecostudies.org).

Available online 13 February 2006

www.sciencedirect.com
17 Nishiuchi, T. et al. (2004) Rapid and transient activation of
transcription of the ERF3 gene by wounding in tobacco leaves:
possible involvement of NtWRKYs and autorepression. J. Biol. Chem.
279, 55355–55361

18 Nasir, K.H.S. et al. (2005) High-throughput in planta expression
screening identifies a class II ethylene-responsive element binding
factor-like protein that regulates plant cell death and non-host
resistance. Plant J. 43, 491–505

19 Jin, H. et al. (2000) Transcriptional repression by AtMYB4 controls
production of UV-protecting sunscreens in Arabidopsis. EMBO J. 19,
6150–6161

20 Tsukagoshi, H. et al. (2005) Analysis of a sugar response mutant of
Arabidopsis identified a novel B3 domain protein that functions as an
active transcriptional repressor. Plant Physiol. 138, 675–685

21 Uehara, Y. et al. (2005) Tobacco ZFT1, a transcriptional repressor with
a Cys(2)/His(2) type zinc finger motif that functions in spermine-
signaling pathway. Plant Mol. Biol. 59, 435–448

22 Pauw, B. et al. (2004) Zinc finger proteins act as transcriptional
repressors of alkaloid biosynthesis genes in Catharanthus roseus.
J. Biol. Chem. 279, 52940–52948

23 Sugano, S. et al. (2003) Stress-responsive zinc finger gene ZPT2-3
plays a role in drought tolerance in petunia. Plant J. 36, 830–841

24 Song, C.P. and Galbraith, D.W. (2006) AtSAP18, an orthologue of
human SAP18, is involved in the regulation of salt stress and mediates
transcriptional repression in Arabidopsis. Plant Mol. Biol. 60,
241–257

1360-1385/$ - see front matter Crown Copyright Q 2006 Published by Elsevier Ltd. All rights

reserved.

doi:10.1016/j.tplants.2006.01.004
Letter
Do we need a new hypothesis to explain plant
VOC emissions?

Richard D. Firn and Clive G. Jones

1Department of Biology, University of York, York, UK YO10 5YW
2Institute of Ecosystem Studies, Millbrook, NY 12545, USA
Over the past decade there has been considerable debate
about the evolutionary significance of the release of
volatile organic carbon (VOC) by plants. Several expla-
nations have been advanced to explain why some plants
can allocate up to 10% of their carbon to the production of
volatile secondary metabolites [1,2]. Recently, Susan
Owen and Josep Peñuelas [3] discussed how the ‘oppor-
tunistic’ model of Peñuelas and Llusià [4] might explain
isoprene emissions. Peñuelas and Llusià proposed that
‘there is not necessarily a specific role for every phytogenic
VOC emitted, given that their emission is unavoidable as
a result of their volatility.natural selection has worked to
take advantage of this volatility’.

An interesting feature of this debate is that it has been
largely conducted without reference to a larger but
conceptually identical debate about the role of secondary
metabolism in general. VOCs should be regarded primarily
as secondary metabolites and their volatility as a
secondary physiochemical characteristic. Consequently,
before devising evolutionary explanations deemed to apply
specifically to volatile secondary products, it is necessary to
demonstrate that the evolution of VOCs cannot be
adequately explained by any of the more general models
offering explanations for the chemical diversity found in
nature. One model that can explain the production of VOCs
is the Screening Hypothesis [5]. The Screening Hypothesis
is based on the proposition that because potent biomolecu-
lar activity is an inherently rare property for any chemical
structure to possess, organisms have to generate sub-
stantial chemical diversity for a few compounds to have any
likelihood of possessing biomolecular activity. The hypoth-
esis proposed several properties of secondary metabolism
that would enhance the production and retention of
chemical diversity [6]. One prediction was that some
enzymes involved in secondary product synthesis will be
promiscuous, a prediction for which there is now a growing
body of experimental evidence [7]. Promiscuous enzymes
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will make chemicals with many different physical and
chemical properties and it is predictable that some of these
substances will be volatile. Hence the production of VOCs,
some of which do not individually benefit the producer, is
predicted by the Screening Hypothesis.
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We thank Richard Firn and Clive Jones for their
interest and comments on our recent Opinion article
[1] published in the September 2005 issue of Trends in
Plant Science. They ask if a new hypothesis is needed
to explain VOC emissions. Before we respond to the
pertinent points in their Letter, we must clarify some
definitions. The term ‘VOC’ (volatile organic compound)
includes products and intermediates from many differ-
ent metabolic pathways. Not all VOCs are strictly
secondary metabolites, for example, methanol is a
product of primary metabolism and is frequently
emitted by vegetation [2]. Our Opinion article [1] refers
specifically to the volatile isoprenoids, which form a
large sub-group of VOCs. They are indeed secondary
metabolites, with important roles in atmospheric,
ecological and physiological sciences.

Firstly, we would like to address the comment: ‘An
interesting feature of this debate is that it has been
largely conducted without reference to a larger but
conceptually identical debate about the role of second-
ary metabolism in general’. We approached the hypoth-
esis of ‘opportunistic isoprenoid emissions’ from almost
the opposite end of the research spectrum to Firn and
Jones, that is, from atmospheric chemistry and ecophy-
siology rather than from biochemistry of metabolism.
Therefore, it is all the more interesting that we have
reached the same conclusion, albeit in a specialized
field, and we are happy to support their more wide-
ranging screening hypothesis. Naturally, we conducted
exhaustive literature searches while we were writing
our Opinion article, including a literature search using
‘secondary metabolism’ as a key-word that resulted in
more than 1000 hits. However, we regret not having
cited at least some of Firn and Jones’s articles (e.g. [3–
5]) because they fully support the message we wished to
convey in our Opinion article.

This brings us to the next comment in their Letter
that we wish to address: ‘.before devising evolutionary
explanations deemed to apply specifically to volatile
secondary products, it is necessary to demonstrate that
the evolution of VOCs cannot be adequately explained
by any of the more general models.’. Volatility is a
special trait in these compounds because by being
emitted and transmitted to or through the atmosphere
they acquire special and specific functions, for example,
communication with other organisms such as fungi,
microorganisms, other plants, and animals (e.g. herbi-
vores and pollinators [1]), and it is likely that evolution
has developed and exploited this trait [6]. Moreover, the
thrust of our Opinion article [1] was not intended as an
evolutionary explanation ‘per se’. It was intended as
both a reminder and a suggestion for the active and
diverse volatile isoprenoid research community, ranging
from molecular biochemists to atmospheric chemists,
which has published hundreds of papers since 2000.
The reminder was that volatile isoprenoids would not
have evolved with a specific role because they are
secondary metabolites, and that any role they have now
is fortuitous. This is no different from statements of
general ecological and evolutionary theory [7] or of Firn
and Jones’s screening hypothesis for the evolution of
secondary metabolism, which we are glad to have a
chance of referencing now in conjunction with our work
[3–5]. The opportunist hypothesis makes a further
innovative suggestion for this group of compounds –
given that they are secondary metabolites, volatile
isoprenoid synthesis and emissions might be controlled
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to some extent by metabolic, physiological and develop-
mental demands of essential isoprenoid production.
Although this is also true for other secondary metab-
olites (e.g. [8]), this component of the opportunist
hypothesis is of particular significance because control-
ling factors for volatile isoprenoids are important at a
wide range of spatial and temporal scales. For example:
(i) at the canopy and regional scales, volatile isopre-
noids impact on the chemistry of the atmosphere, its
oxidizing potential and capacity to form secondary
organic particles (e.g. [9,10]); (ii) at the individual
plant scale, they have ecophysiological roles involving
the defence and propagation of the emitting plant (e.g.
[11]); and (iii) at the scale of plant tissue, these
compounds might have thermo-tolerance and anti-
oxidative functions (e.g. [12]). To date, the volatile
isoprenoid research community has not considered that
volatile isoprenoids might be controlled in some way by
the higher molecular weight essential isoprenoids; we
are suggesting that this particular possibility should be
addressed. Therefore, the opportunistic hypothesis
supports, and is supported by, the screening hypothesis,
but it is not the same. The screening hypothesis, as
Firn and Jones point out, is a hypothesis of the
evolution of all secondary metabolites. The opportunist
hypothesis for volatile isoprenoids suggests that their
synthesis is opportunistic (supporting theories of
general ecological and evolutionary theory, including
the screening hypothesis), and, therefore, their
synthesis and emissions might be controlled at some
temporal and spatial scales in a way that has not yet
been considered (Figure 3 in [1]).

In conclusion, we think that the screening and
opportunistic hypotheses are indeed mutually suppor-
tive. However, because evolution of volatile isoprenoids
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is affected by volatility-derived traits, because primary
isoprenoid metabolism might well exert some control on
secondary volatile isoprenoid synthesis, and because of
the importance of identifying volatile isoprenoid con-
trols at scales ranging from bio-molecular to global
[1,6], we consider that the opportunistic hypothesis is
worthy of independent consideration as a useful
contribution to volatile isoprenoid research.

References
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