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Commentary

 

Climate change and plant 
pathosystems – future 
disease prevention starts 
here

 

The concentration of carbon dioxide (CO

 

2

 

) in the
atmosphere is increasing (Keeling 

 

et al

 

., 1989) and may
double during this century (Bolin, 1986). The opportunities
available for those interested in the study of plant diseases
within the emerging field of global change science were
noted over a decade ago (Bruck & Shafer, 1991). However,
the manner in which increasing levels of atmospheric CO

 

2

 

will affect crop diseases remains virtually unstudied. One
group which has taken up this challenge and has begun to
address the effects of climate change and elevated
atmospheric CO

 

2

 

 on plant diseases is Sukumar Chakraborty
and colleagues in Queensland, Australia. In this issue of 

 

New
Phytologist

 

 (pp. 733–742), Chakraborty & Datta present
results from an indepth investigation of the effects of
elevated atmospheric CO

 

2

 

 on a crop, 

 

Stylosanthes scabra

 

, to
one of its major diseases (anthracnose, caused by the fungus

 

Colletotrichum gloeosporioides

 

).

 

‘Climate change will directly impact crops, as well as

 

their interactions with microbial pests’

 

A glance at the past

 

Humans have been plagued by the effects of plant diseases
since they first adopted an agrarian lifestyle, with the first
causes ascertained and proven by early scientists such as
Tillet, Prevost, and de Bary (Ainsworth, 1981; Agrios, 1988).
We now know that numerous types of microorganisms
(primarily fungi, bacteria, nematodes, and viruses) are the
causal agents of diseases of both humans and plants. And we
have seen how plant disease has drastically altered history
(e.g. emigration from Ireland in the mid 1800s resulting
from the potato famine, due to the fungus 

 

Phytophthora

infestans

 

, the causal agent of late blight of potato). We have
also seen disease alter the ecological landscape of a country
(e.g. chestnut blight, caused by the fungus 

 

Cryphonectria

 

(

 

Endothia

 

) 

 

parasitica

 

). History tells us that we can expect
plant disease to have devastating effects in the future.

Plant diseases continue to destroy crops and reduce agro-
nomic productivity – each year billions of dollars in yield are
lost to diseases and millions more are spent managing these
pests (Agrios, 1988). However, we now understand many of
the underlying principles surrounding plant diseases, their
epidemiology, and management (Fry, 1982). We know that
differing disease-causing organisms require differing envi-
ronmental conditions for pathogenesis. We have mapped the
minimum, maximum, and optimum temperatures and
moisture conditions for many pathogenic microbes. We have
also devised a variety of means for managing these organisms
to reduce their impacts, including integration of cultural,
chemical and biological control strategies. We have observed
for many years that some plants remain disease-free, while
their neighbors become infected or die. These early observa-
tions have led to strategies for breeding crops which are
resistant to infection and, with new advances in biotechno-
logical methodologies (Bent, 2003), host plant genetics remains
a primary weapon in our arsenal against plant disease.

 

Changing climate, changing research priorities

 

We cannot continue to rely on what we know now, as our
current global environment is changing. Increases in atmospheric
concentrations of greenhouse gases has brought about concern
for rising temperatures, altered precipitation patterns, as well
as numerous other potential changes in our global climate
(Norby 

 

et al

 

., 2001; Paul, 2001). Climate change will directly
impact crops, as well as their interactions with microbial pests
(Rosenzweig 

 

et al

 

., 2000). While we can use current knowledge
to predict how climatic changes might affect crop productivity
and interactions of crop plants with disease-causing organisms,
few data are available to validate such speculations. This fact
remains as true for the known increase in atmospheric CO

 

2

 

concentration as it does for potential increases in temperature
or altered precipitation patterns.

It is well established that elevated CO

 

2

 

 increases growth
and yield of most plant species (Kimball, 1983) and that this
increase is generally caused by increased rates of photosynthesis
(Amthor, 1995) and/or increased water use efficiency (Rogers
& Dahlman, 1993). CO

 

2

 

-induced changes in plant morpho-
logy, physiology, and biochemistry have the potential to
effect the major diseases of the world’s food and fiber crops.
Further, as with aspects of climate change, it has been
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suggested that generalities regarding effects of CO

 

2

 

 on host–
pathogen interactions can be theorized using knowledge of
plant responses to elevated CO

 

2

 

 and of ecophysiological differ-
ences among pathosystems (Runion 

 

et al

 

., 1994). However,
the manner in which increasing levels of atmospheric CO

 

2

 

 will
affect crop diseases is only just beginning to be investigated.

 

What effects can elevated CO

 

2

 

 have on 
pathosystems?

 

In this issue, Chakraborty & Datta present results from a study
on the regionally important pasture legume 

 

Stylosanthes scabra

 

.
They investigated the effects of ambient and twice-ambient
levels of atmospheric CO

 

2

 

 on changes in aggressiveness, fecun-
dity, and genotype of the fungal pathogen 

 

Colletotrichum
gloeosporioides

 

 when grown for 25 successive infection cycles
on host plant cultivars varying in genetic resistance to the
disease. The findings are relevant not only to the genetics of
an important host–pathogen interaction, but also to the
epidemiology of this pathosystem. First, they demonstrate
(using pathogen isolates collected from the field over the
past 22 years) that, under field conditions, aggressiveness has
increased towards the resistant, but not the susceptible,
cultivar. It is interesting to note that the authors’ use of the
term aggressiveness – which they define as a property of the
fungus reflecting the relative amount of damage caused to the
host without regard to resistance genes – is synonymous with
disease severity. Nonetheless, it seems logical that aggressiveness
would not be altered on the susceptible cultivar as it can be
readily infected, placing little or no pressure on the pathogen
for adaptation to survive and reproduce. However, disease sever-
ity (and presumably inoculum production) was substan-
tially lower on the resistant cultivar, ‘forcing’ the fungus to
adapt by selecting for races which can infect this resistant host.
The proportion of the overall population comprised by these
races likely increased over time and resulted in increased severity.

The authors noted that aggressiveness increased over the
course of the infection cycles on both cultivars when grown
under ambient CO

 

2

 

. They also note that this study is the
first to document a change in pathogen aggressiveness when
inoculated onto host plants and grown under elevated CO

 

2

 

– overall aggressiveness of both isolates was reduced on both
resistant and susceptible cultivars. This suggests that host
plants may benefit from future, higher atmospheric CO

 

2

 

concentrations through a reduction in damage from this
pathogen. However, the overall reduction in pathogen
aggressiveness resulted from an initial lag phase of 10 infec-
tion cycles, after which aggressiveness increased on both cul-
tivars. Presumably, during this initial period the pathogen
was adapting to whatever CO

 

2

 

-induced changes in the host
led to the initial decrease in aggressiveness, after which
aggressiveness increased in a manner similar to that which
occurred on plants grown under ambient CO

 

2

 

. It has been
suggested that an increase in production of defensive

compounds and/or other changes in host physiology,
morphology, or anatomy under elevated CO

 

2

 

 could lead to
reductions in incidence or severity, at least for some patho-
systems (Runion 

 

et al

 

., 1994; Hibberd 

 

et al

 

., 1996;
Chakraborty 

 

et al

 

., 2000; Hartley 

 

et al

 

., 2000). By carrying
this pathosystem through numerous infection cycles, the
authors correctly note that enhanced resistance at elevated
CO

 

2

 

 may not result in reduced host damage in the long term.
Perhaps one of the most important observations reported

in this study, nevertheless following an earlier, similar find-
ing using the same pathosystem (Chakraborty 

 

et al

 

., 2000),
was an increase in fecundity (spores produced/lesion area)
under elevated CO

 

2

 

. This increase was noted for both iso-
lates but was more consistent and pronounced for the more
aggressive of the two. Spore production has critical implica-
tions for the epidemiology of any disease – an increase in
spore numbers implies increased inoculum pressure for sub-
sequent infection cycles and, generally, an increase in the
spread and severity of disease. Although, through the inocu-
lation methods used, the authors ignored the effects of
fecundity on aggressiveness and suggest the increased fecun-
dity was a result of a better canopy microclimate from larger
plants under high CO

 

2

 

, they nonetheless note that the high
reproductive fitness of the more aggressive isolate is an
important component of its high level of aggressiveness.
They further note that increased fecundity under elevated
CO

 

2

 

 could have important implications in the functional
duration of resistance in crop plants.

Interestingly, while genotypic alterations occurred in both

 

C. gloeosporioides

 

 isolates on the susceptible cultivar at twice-
ambient CO

 

2

 

, they were not related to increased aggressive-
ness of the fungus. The authors duly note that: there are
known mechanisms of genetic variation in this pathogen
(i.e. hyper-variable chromosomes and retrotransposons, in
addition to mutation and parasexual recombination); that
aggressiveness groups can arise from differing genetic line-
ages, can be influenced by the physical environment, and
may arise more frequently under weather conditions favor-
able for pathogen growth; and therefore aggressiveness should
not necessarily be related to genetic alterations in the fun-
gus. Still, it is curious that growth in elevated CO

 

2

 

 resulted
in genetic alterations in both pathogen isolates only on the
susceptible cultivar, while this occurred only in ambient
CO

 

2

 

 for the more aggressive isolate on the resistant cultivar.
While the authors note that growth in elevated CO

 

2

 

 can
result in numerous changes in host morphology, anatomy,
and physiology, speculation on possible factors driving the
more frequently noted alterations in genotype under high
CO

 

2

 

 would have been of interest. It is possible that an
increase in host photosynthate production, providing a bet-
ter substrate for fungal growth, resulted in an increase in
spore production under elevated CO

 

2

 

 (i.e. the increase in
fecundity noted), which resulted in a more variable genetic
composition of the fungus. However, as the fecundity of the
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more aggressive isolate increased on the more resistant
cultivar under twice-ambient CO

 

2

 

 (which did not exhibit
any genetic alterations), this explanation appears not to fit
the results obtained in this study.

 

A look into the future

 

Will disease incidence or severity increase, decrease, or
remain essentially unchanged under future projected climate
and atmospheric composition conditions? This is a question
of utmost importance to the future stability and security of
food and fiber production. Undoubtedly, rising temperatures,
altered precipitation patterns, and increases in atmospheric CO

 

2

 

concentration will elicit complex changes in plant patho-
systems – these changes will vary depending on host responses,
the pathosystem of interest, and with the specific environ-
mental conditions in which they are grown. Although we can
theorize that host–pathogen interactions might respond in
somewhat predictable ways, our current lack of knowledge
precludes having any real confidence in these predictions.
Further, research on interacting effects of climatic variables
with CO

 

2

 

 have generally indicated that plant responses are
complex, highly variable, and rarely follow predictable patterns.

Nonetheless, we must begin somewhere as the CO

 

2

 

 con-
centration in the atmosphere rises, will probably continue to
do so into the foreseeable future, and will likely elicit
changes in the global climate. No definitive answers are
forthcoming from the current study, nor should they have
been expected – the question is too broad and variable to
address in a single study. However, the study does provide
evidence suggesting that: elevated atmospheric CO

 

2

 

 can
impact important crop pathosystems; pathogen aggressive-
ness/disease severity might be decreased under rising CO

 

2

 

,
which suggests there may be plant responses which can be
taken advantage of within breeding programs; this decrease
in pathogen aggressiveness may not hold in the long term;
fecundity may increase, which implies farmers will likely
need to alter disease management strategies; and pathogen
evolution might be accelerated under a high CO

 

2

 

 environ-
ment. There are many more questions than there are answers.

 

G. Brett Runion

 

Plant Pathologist/Soil Microbiologist,
USDA-ARS, National Soil Dynamics Laboratory,

411 S. Donahue Drive,
Auburn, AL 36832, USA

(tel +1334 8444517; fax +1334 8878597;
email gbrunion@ars.usda.gov)

 

References

 

Agrios GN. 1988. 

 

Plant pathology

 

, 

 

3rd edn

 

. New York City, NY, USA: 
Academic Press.

 

Ainsworth GC. 1981. 

 

Introduction to the history of plant pathology

 

. 
New York City, NY, USA: Cambridge University Press.

 

Amthor JS. 1995. 

 

Terrestrial higher-plant response to increasing 
atmospheric [CO

 

2

 

] in relation to the global carbon cycle. 

 

Global 
Change Biology

 

 

 

1

 

: 243–274.

 

Bent AF. 2003. 

 

Crop diseases and strategies for their control. In: 
Chrispeels MJ, Sadava DE, eds. 

 

Plants, genes, and crop biotechnology

 

, 

 

2nd edn

 

. Sudbury, MA, USA: Jones and Bartlett Publishers, 391–
413.

 

Bolin B. 1986. 

 

How much CO

 

2

 

 will remain in the atmosphere? 
In: Bolin B, Döös BR, Jäger J, Warrick RA, eds. 

 

The greenhouse 
effect, climatic change, and ecosystems

 

. New York City, NY,USA: 
John Wiley & Sons, 93–155.

 

Bruck RI, Shafer SR. 1991. 

 

A role for plant pathologists in global 
climate change research. 

 

Plant Disease

 

 

 

75

 

: 437.

 

Chakraborty S, Data S. 2003. 

 

How will plant pathogens adapt to host 
plant resistance at elevated CO

 

2

 

 under a changing climate? 

 

New 
Phytologist

 

 

 

159

 

: 733–742.

 

Chakraborty S, Pangga IB, Lupton J, Hart L, Room PM, Yates D. 
2000. 

 

Production and dispersal of 

 

Colletotrichum gloeosporioides

 

 
spores on 

 

Stylosanthes scabra

 

 under elevated CO

 

2

 

. 

 

Environmental 
Pollution

 

 

 

108

 

: 381–387.

 

Fry WE. 1982. 

 

Principles of plant disease management

 

. New York City, 
NY, USA: Academic Press.

 

Hartley SE, Jones CG, Couper GC, Jones TH. 2000. 

 

Biosynthesis of 
plant phenolic compounds in elevated atmospheric CO

 

2

 

. 

 

Global 
Change Biology

 

 

 

6

 

: 497–506.

 

Hibberd JM, Whitbread R, Farrar JF. 1996. 

 

Effect of elevated 
concentrations of CO

 

2

 

 on infection of barley by 

 

Erysiphe graminis

 

. 

 

Physiological and Molecular Plant Pathology

 

 

 

48

 

: 37–53.

 

Keeling CD, Bacastow RB, Carter AF, Piper SC, Whorf TP, 
Heimann M, Mook WG, Roeloffzen H. 1989. 

 

A three 
dimensional model of atmospheric CO

 

2

 

 transport based on 
observed winds: Observational data and preliminary analysis. 
In: Peterson DH, ed. 

 

Aspects of climate variability in the pacific 
and the Western Americas Geophysical Monograph 55

 

. Washington 
DC, USA: The American Geophysical Union, 165–235.

 

Kimball BA. 1983. 

 

Carbon dioxide and agricultural yield: an 
assemblage and analysis of 770 prior observations

 

. USDA/ARS 
Water Conservation Laboratory Report Number 14. Phoenix, AZ, 
USA: US Department of Agriculture, Agricultural Research Service.

 

Norby RJ, Kobayashi K, Kimball BA. 2001. 

 

Rising CO

 

2

 

 – future 
ecosystems. 

 

New Phytologist

 

 

 

150

 

: 215–221.

 

Paul N. 2001. 

 

Plant responses to UV-B: time to look beyond 
stratospheric ozone depletion? 

 

New Phytologist

 

 

 

150

 

: 1–8.

 

Rogers HH, Dahlman RC. 1993. 

 

Crop responses to CO

 

2

 

 enrichment. 

 

Vegetatio

 

 

 

104/105

 

: 117–131.

 

Rosenzweig C, Iglesias A, Yang YB, Epstein PR, Chivian E. 
2000. 

 

Climate Change and U.S. Agriculture: The Impacts of 
Warming and Extreme Weather Events on Productivity, 

 

Plant 
Diseases and Pests

 

. Boston, MA, USA: Center For Health and 
the Global Environment, Harvard Medical School.

 

Runion GB, Curl EA, Rogers HH, Backman PA, Rodriguez-Kabana R, 
Helms BE. 1994. Effects of free-air CO2 enrichment on microbial 
populations in the rhizosphere and phyllosphere of cotton. 
Agricultural and Forest Meteorology 70: 117–130.

Key words: climate change, plant pathogen, Stylosanthes scabra, 
anthracnose, Colletotrichum gloeosporioides.



Commentary

www.newphytologist.com © New Phytologist (2003) 159: 531–538

Forum534

159CommentaryCommentary

Volcanic deserts and primary 
succession – when and how 
do mycorrhizal fungi 
participate?

Is it not fascinating how barren land, such as a newly
exposed glacial moraine or a cooled volcanic lava flow, is
recolonized by living organisms and new communities
assemble and develop? The characteristic ‘first’ sign of life is
the appearance of green plants, and theories of primary
succession worked out by plant ecologists define, essentially,
a process involving the colonization and establishment of
such vegetation on newly exposed substrates (e.g. Begon et al.,
1990). Indeed, until a few decades ago, the emphasis on
community assembly of the autotrophic plants had dominated
successional ecology. However, with increasing awareness of
the importance of heterotrophic communities and their inter-
actions, more and more studies focussed on these ecosystem
components. It has recently been proposed that primary
community assembly by autotrophs is preceded by a hetero-
trophic phase established from allochthonous deposited
dead and living organic material (Hodkinson et al., 2002).
These authors suggested that the deposition of invertebrates
and organic detritus in microsites of barren land might
provide the initial inputs of energy and nutrients. This would
allow the development of heterotrophic communities, which
in turn might be instrumental in facilitating the establish-
ment of green plants by conserving nutrients, particularly
nitrogen. Now, Nara and colleagues are providing answers
to some of the most fundamental questions involving
ectomycorrhizal fungi in these situations through detailed
research in a volcanic desert on Mount Fuji, Japan (Nara
et al., 2003b, also see pp. 743–756 in this issue).

Role of mycorrhizal associations

It is well known that symbiotic associations of plants with
nitrogen fixing bacteria or mycorrhizal fungi can greatly
enhance nutrient as well as water availability for the plant
hosts (Smith & Read, 1997). These symbioses may therefore
play a crucial role in harsh environments such as primary
succession sites, where nutrients are usually limited. Studies
on the effects of mycorrhizal fungi on vegetation succession
have mainly been conducted on herbaceous species and their
associated vesicular–arbuscular mycorrhizal fungi (VAM).
Essentially these studies showed that non- or facultatively
mycotrophic plants were the first invaders, followed by
mycotrophic plants after VAM populations had established
in the soil (Allen & Allen, 1990). Since VAM had been
shown to mediate competitive interactions between plants

and to influence the resultant community structure (van der
Heijden et al., 1998), patterns of VAM distribution across
early successional sites were thought to regulate and drive
plant community assembly (Allen & Allen, 1990).

Primary succession of ectomycorrhizal fungi in a 
volcanic desert

In volcanic areas or on deglaciated land, the invasion of
ectomycorrhizal (ECM) host plants has been observed after
5–20 yr of substrate exposure (Allen et al., 1992;
Jumpponen et al., 2002). The associated ECM fungal
community and its development over time in such primary
succession sites have been reported in a handful of studies
(Allen et al., 1992; Helm et al., 1996; Jumpponen et al.,
2002). Since vegetative structures (e.g. mycelium and
mycorrhiza) are hidden in the soil, assessing the extent of
the ECM community poses problems – the presence of
ECM fungi has therefore usually been assessed by above-
ground sporocarp surveys. However, because fruiting of
ECM fungi occurs unpredictably and only sporadically, such
surveys have to be intensive (e.g. weekly) and carried out
ideally over several years. The usually difficult access to
primary succession sites, such as glacier forefronts and
volcanic areas, has prevented fungal ecologists from utilizing
these sites in their studies. However, an exhaustive
investigation has now been performed by Nara and
colleagues in a volcanic desert on Mount Fuji, Japan (Nara
et al., 2003). These authors counted and mapped ECM
sporocarp production weekly for 2 yr in vegetation patches
recovering from the eruption of 1707. In the study site,
vegetation coverage made up c. 5% of the land area.
Sporocarp abundance was related to the exclusively
dominant ECM host, Salix reinii, in these patches. To study
fungal succession, the coverage area of individual S. reinii
patches was taken as an indicator of the age after first
colonization. These ranged from a several-year-old-seedling
of 0.016 m2 to large bushes of over 50 m2. Based on these
sporocarp surveys, one or two of three so-called first-stage
fungi (two Laccaria and one Inocybe species) were the first
colonizers and were joined by additional species with host
development, resulting in an increase of species richness.
Their data confirmed earlier models of fungal succession,
which postulate that few ruderal species are able to colonize
young root systems effectively by spore, and with time, they
are joined and sometimes replaced by additional, more
competitive species. The appearance of these so-called late-
stage fungi was attributed to host age and with it the quality
and quantity of carbon supply, as well as changes in soil
conditions (Last et al., 1984). Because the vegetation
patches were sparsely distributed on the volcanic desert,
individual associations between host and ECM sporocarps
could be clearly identified and spatially correlated. This
allowed Nara et al. not only to describe the fungal succession



Commentary

© New Phytologist (2003) 159: 531–538 www.newphytologist.com

Forum 535

with increasing host development, but also to evaluate
possible reasons for successional patterns. That is, they could
show that many species (e.g. Hebeloma spp., Cortinarius
spp., Russula spp.), which appeared later in the succession,
were always situated inside the vegetation patches. This was
clearly related to changes in soil conditions, since organic
material accumulated in these locations. Other species (e.g.
Scleroderma bovista) appearing later in the succession were
mainly situated in the surrounding bare ground which
therefore might be attributed to the increased host age.

Where did the inoculum of these colonizing fungal spe-
cies come from? Since the existing vegetation was com-
pletely destroyed by the volcanic eruption and covered with
scoria, the inoculum must have been brought in from far
outside the area by wind dispersal. In a primary succession
system in a glacier forefront, Jumpponen (2003) detected
some mycorrhizal taxa by rDNA analysis of soil samples
even in the youngest substrate near the glacier terminus,
although no plant hosts were present in this area. They
attributed this to an aerially deposited, dormant spore bank,
which might grow out when conditions are favourable.
Once established, short-distance dispersal probably occurs
from these fungi, as detected for the host species S. reinii
(Lian et al., 2003). Exceptionally large sporocarp produc-
tion was in fact observed by Nara et al. in their study site.
This large sporocarp production might be indispensable to
improve ectomycorrhiza formation on existing and new S.
reinii hosts by supplying a huge number of spores on-site.

Sporocarp production and host vitality

A very interesting observation was the fact that sporocarp
biomass production was positively correlated with the
photosynthetic rate of associated hosts, which varied greatly
between nine patches of mid-sized hosts (Nara et al., 2003).
In addition, the photosynthetic rate increased linearly with
N- and P-status in leaves. This implies that the bidirectional
interaction could determine the activity of both symbionts
in these ECM associations since nutrient supply from ECM
fungi is essential for plant photosynthetic activity, which
in turn will determine the amount of photosynthetate
delivered to the associated fungi. ECM fungi may therefore
play a very important role in carbon and nutrient cycling
during primary succession.

In addition to the much lower sporocarp biomass produc-
tion in patches of less healthy hosts (based on photosyn-
thetic rate, leaf biomass and one-year shoot length), Nara
et al. also observed a change in the ECM fungal species
composition associated with these plants. Scleroderma
bovista, for example, which was one of the most abundant
species in the study site, was hardly encountered with less
healthy hosts, whereas a Hebeloma species was relatively
frequent in these patches. Overall ECM species richness
seemed to be reduced with less healthy hosts. The question

is, do these above-ground observations really reflect below-
ground abundances at the root level? Is S. bovista, for exam-
ple, in fact less abundant on the root system or does this
species only produce fewer sporocarps because less carbon is
supplied from the plant?

A below-ground view

In the present issue, Nara et al. provide answers to the
above-mentioned questions by looking below ground. Using
a carefully considered sampling design and well elaborated
molecular techniques, the authors determined the ECM
species composition on the root system of S. reinii of three
different size classes. In addition, they provided data on the
spatial distribution of the ECM community on the root
system of individual large hosts (outside, on the periphery,
and inside host coverage) and compared the below-ground
ECM community between hosts with different levels of health.

This study reveals several interesting results: first, unlike
the situation in older forests and secondary succession sites
in which most above- and below-ground comparisons were
performed previously (Gardes & Bruns, 1996; Peter et al.,
2001), the below-ground species composition corresponds
well with the one above ground, in particular at the earlier
successional stages. The study confirms the observed chrono-
sequence, abundances and spatial patterns of the fungal
species observed by the sporocarp inventories. This overlap
might be explained by the much simpler community struc-
ture of ECM species in primary succession sites, as well as
the intensive sporocarp production in both years of survey.
This could have been due to the favourable environmental
conditions for fruiting (Nara et al., 2003), but may also be
related to the life strategies of the fungal species in primary
succession sites being considered to be those of ruderal spe-
cies, with consequent large reproductive effort (Begon et al.,
1990). The overlap was less pronounced in larger hosts, in
particular inside the coverage area, as well as in the ECM
community associated with less healthy hosts. The main rea-
son for this mismatch is that at these locations, a high per-
centage of the mycorrhizas (up to 25%) are formed by
species which produce no (Cenococcum geophilum) or incon-
spicuous, easily overlooked (Sebacina sp., species belonging
to Thelophoraceae) sporocarps. These species are usually very
abundant (> 50%) in older forests (e.g. Gardes & Bruns,
1996; Peter et al., 2001), and are mainly responsible for the
discrepancy between the above- and below-ground abun-
dances of ECM species in these sites.

Finally, the study by Nara et al. in this issue reveals that
the ECM communities on the root system of more or less
healthy S. reinii are significantly different. It shows not only
that the sporocarp production is reduced or ceases in some
species (e.g. Scleroderma bovista), but also that these species
are unable to colonize or sustain growth with the amount of
carbon supplied from the host. Nevertheless, the coloniza-
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tion of species forming inconspicuous, resupinate sporo-
carps was supported under these conditions. These species
may be able to use carbon sources other than the photosyn-
thates provided by the host. Under stressed conditions, they
might ensure the beneficial effects of the mycorrhizal sym-
biosis for the plant. The ECM community therefore may
influence the growth and survival of S. reinii in the volcanic
area on Mount Fuji.

Martina Peter

UMR INRA–UHP ‘Interactions Arbres/Micro-Organismes’,
INRA-Nancy,

54280 Champenoux, France
(tel +33 383 39 40 41; fax +33 383 39 40 69

email peter@nancy.inra.fr)
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Letters

Ergosterol and mycorrhizal 
fungi – the way forward

Ergosterol and fatty acids for biomass estimation of mycor-
rhizal fungi are discussed in a New Phytologist article by
Olsson et al. (2003). The findings indicate that arbuscular
mycorrhizal fungi (AMF) do not contain ergosterol and thus
cannot be assessed using an ergosterol assay. This speaks
directly to a recent study in which we used ergosterol

analysis to estimate living AMF biomass in the root and soil
(Hart & Reader, 2002a,b).

The results of Olsson et al. suggest that our results do not
reflect AMF colonization but rather colonization by nonglo-
malean fungi. We feel that our results do reflect AMF activity
for the following reasons. First, our ergosterol measure-
ments were extremely low in nonAMF treatments, thus it is
unlikely that there was a high degree of contamination solely
in AMF treatments. Second, our ergosterol measurements
were almost perfectly correlated with measures of per cent
root length colonization (using uniquely AMF structures)
and soil hyphal length (Hart & Reader, 2002b). Finally,



Letters

© New Phytologist (2003) 159: 531–538 www.newphytologist.com

Forum 537

because our results showed high ergosterol in roots for the
Glomaceae and high ergosterol in soil for the Gigasporaceae,
the results of Olsson et al. would suggest that contamination
in our study mirrored the pattern of AMF colonization. If
this were the case, and contaminating fungi were so closely
associated with AMF, then ergosterol would still provide a
good, if indirect, estimate of AMF activity.

Olsson et al. have shown that, in vitro, two AMF isolates
contain little ergosterol. In the future, it will be important to
examine more isolates and more species. It remains to be
seen how ergosterol production is affected by edaphic
conditions because monoxenic cultures do not reflect the
way in which AMF behave under natural conditions. More
work needs to be done to discover the true origin of
ergosterol in such studies. Is the ergosterol contaminant in
origin and, if so, how is it so closely linked to AMF coloniza-
tion? Or do AMF in soil behave very differently to monoxenic
cultures?

Miranda Hart* and Richard Reader

University of Guelph, Guelph, ON N1G 2W1
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Nutrients and sink activity 
drive plant CO2 responses – 
caution with literature-based 
analysis

I was excited to see a recent meta-analysis dealing with plant
reproduction under conditions of elevated CO2 (Jablonski

et al., 2002). A highly needed assessment. Literature-based
syntheses of this type have the potential to contribute more
to our understanding and the development of theory than
often costly individual experiments. However, I was
disappointed to find that this assessment will be of much
less help than I had hoped because the analysis did not
strictly stratify data based on the fertility of the growth
conditions. A meta-analysis on CO2 responses provides a
rather limited advance unless we have a completely clear
picture of the resource status of the test plants.

With adequate moisture, treatment variables other than
nutrition are of almost negligible interest. For instance, CO2
enrichment technology does not usually emerge as a major
driver of responses. Pot size may matter, but it is not only
the pot or its absolute size, but the pot size/plant size ratio
and the amount of nutrients flushed through which are
critical. Small pots (with a soft substrate) may become
functionally large pots if highly fertilized, and species
may show contrasting responses (McConnaughay et al.,
1996). So, selecting pot vs nonpot data misses the key issue,
nutrition.

Furthermore, the analysis is based on 75% crop data and
25% wild species data. Because half of the wild species were
grown like crops, and since a selection criterion was for spe-
cies which completed a full life cycle (or most of it) under
CO2 enrichment, the results are, at a level of up to 88%,
based on short-lived plants grown under nonnutrient limi-
ted conditions. Therefore the statistical power was insuffi-
cient to allow any conclusions to be drawn regarding non-
fertilized, perennial wild plants.

The authors are not to blame for this bias in the experi-
mental work available. However, it would have been better if
the paper had made it obvious that this problem exists and
that we have very little data from which to draw valid con-
clusions about reproductive efforts under elevated CO2 for
plants tested where they grow with no amendments other
than CO2 availability included (Thürig et al., 2003).

I hope that it becomes more widely acknowledged that
meta-analysis on aspects of ecological CO2 research must
account for the resource status of the test plants – otherwise
I see little advance in our understanding. This was also a
shortcoming of earlier attempts (Curtis & Wang, 1998;
Wand et al., 1999; Kerstiens, 2001).

The next most important criterion by which data should
be grouped is plant age. I suggest a shift in emphasis in
data treatment from technology-oriented or taxonomy-
oriented criteria to those which control sink activity of
plants – nutrition, moisture, developmental stage (Körner,
2001). As an example, the legume vs nonlegume separation
of CO2 responses does not often lead to differentiation in
cases where plants are grown on substrates with natural
(poor) P supply. The ‘legume CO2 effect’ is an agricultural
phenomenon at best rarely seen in nature, unless P is
added or is naturally high – not a very common situation
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in late successional plant communities (Stöcklin & Körner,
1999).

Christian Körner

Institute of Botany, University of Basel, Schönbeinstrasse 6,
CH-4056 Basel, Switzerland
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