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Summary

1.

 

Stress is a major component of  natural selection in soil ecosystems. The most
prominent abiotic stress factors in the field are temperature extremes (heat, cold),
dehydration (drought), high salinity and specific toxic compounds such as heavy
metals. Organisms are able to deal with these stresses to a certain extent, which determines
the limits of their ecological amplitudes. Functional genomic tools are now becoming
available to study stress in ecologically relevant soil organisms.

 

2.

 

Here we give an overview of transcriptomic studies aiming to elucidate how plants
and soil invertebrates respond and adapt to a stressful environment. The picture emerging
from signalling pathways and transcription factors identified in transcription profiling
studies suggests that there is a large overlap of genomic responses to drought, salinity
and cold; however, heat and heavy metals trigger different stress response pathways.

 

3.

 

The heat shock response and the oxidative stress response seem to represent universal
components of the environmental stress response (ESR). Furthermore, the commonality
across plants and animals seems to be higher in effector genes than in transcriptional
regulators.

 

4.

 

Finally, adaptation to stress factors in soil seems to evolve through enhanced
constitutive transcription of otherwise stress responsive genes both in plants and animals.
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Introduction

 

Stress is a fundamental aspect of life and a major
aspect of natural selection in the wild. Since the 1960s
ecologists are studying the responses of  plants and
animals to environmental stress factors. Previously
known as physiological ecology or ecophysiology,
these studies are now often designated as stress ecology
(Van Straalen 2003). In this overview we focus on
stress factors in the soil environment, in particular
salinity, cold heat and heavy metals. Stress is evoked in
organisms living at the edges of their ecological niches,
where environmental conditions may exceed the ranges
required for normal growth and development. The
extent to which the organism is able to deal with such
stresses determines the limits of its ecological amplitude.
Therefore, stress responses are major determinants of
the ecology of species. The study of stress responses

has produced new insights into the mechanisms that
enable plants and soil-dwelling animals to survive
extremes and maintain homeostasis of their internal
environment. Earlier biochemical studies have shown
that, there is a surprising degree of uniformity in the
stress responses of different species at the cellular level,
even to widely different environmental stress factors
(Kültz 2005). Genomic studies have reinforced this
idea while at the same time providing new insights into
the coherence of the cellular stress response (Van
Straalen & Roelofs 2006). Here we aim to give an
overview of the contribution of genomics, in particular
transcriptomics, to elucidating how soil-based organ-
isms respond and adapt to stress. We define the most
important stress factors encountered by soil-living
organisms and ask the question: can stress-specific
transcription profiles be determined for each stressor?
We try to answer this by presenting examples from the
literature and restrict ourselves in this review to plants
and soil invertebrate animals. We show that at the level
of effector genes there is significant overlap between
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the two groups, but when looking at the gene regulatory
level, stress related transcription factors in plants are
highly dissimilar from those in invertebrates (Figure 1).
Finally, we discuss how multiple stress factors affect
the transcriptome of soil living organisms.

 

Temperature

 

A number of physical factors of the environment may
elicit stress responses when they attain extreme values
in a soil system. Among these factors, temperature
stands out as a major determinant, because the majority
of species, prokaryotes, ectothermic animals and plants,
cannot regulate the temperature of  their internal
environment. In these organisms, the rate of all metabolic
processes is ultimately determined by the ambient
temperature. The importance of temperature is easily
demonstrated by the fact that numerous soil-dwelling
species exhibit a distribution range that is restricted by
some aspect of temperature, for example, a winter frost
isotherm.

 

 

 

During summertime, soil systems may increase in
temperature beyond the upper extreme of the organism’s
tolerance. Animals can respond in two ways: by
avoidance through migration to deeper soil layers
where temperatures are within the tolerable range or to
adapt physiologically and biochemically in a process
called heat acclimation. A well-known biochemical
response to heat is the induction of a class of proteins
called heat shock proteins (Hsps; Feder & Hofmann
1999). Recruitment of these proteins is very rapid and
has served as an important biochemical model of gene
induction. In addition to the appearance of Hsps,
severe heat shock involves a variety of other effects
including suppression of protein synthesis other than
Hsp production. Hsps have been found in all animals
in which they were sought. In fact, Kültz (2005) cat-
egorized the heat shock response as part of the minimal
stress proteome present in all living organisms, which
indicates that Hsps must play a very fundamental role
in cellular stress defence. Hsps have been studied most

intensively in the context of short-term exposure to
heat (heat shock). For a review of the acute response to
heat we refer to Feder & Hofmann (1999), Kültz
(2005) and Fan 

 

et al.

 

 (2003).
In addition to heat shock, heat acclimation is

important in soil ecology, but the response to such
sustained heat is less understood. This process has
been described with genomics’ techniques using the
nematode, 

 

Caenorhabditis elegans

 

 (Treinin

 

 et al.

 

 2003).
It is a physiological process aimed at delaying the
appearance of  heat injury by improving cellular per-
formance over an extended thermoregulatory range.
In 

 

C. elegans

 

 acclimation is demonstrated by culturing
animals at 25 

 

°

 

C for 18 h before applying heat stress
(e.g. 35 

 

°

 

C). Early reports have suggested a prominent
role for the heat shock transcription factor (HSF) that
would sustain Hsp production at a continuously high
level (Maloyan 

 

et al.

 

 1999). This makes sense in that
cytoprotection is achieved without an extensive 

 

de
novo

 

 protein synthesis. However, more recent reports
have questioned the sole involvement of HSF in heat
acclimation. Treinin 

 

et al.

 

 (2003) showed that a 

 

C. elegans

 

strain over-expressing another transcription factor,
hypoxia-inducible transcription factor 1 (HIF-1) had a
greater heat endurance than the wild-type. Moreover,
a 

 

hif-1

 

 loss of function mutant strain did not show heat
acclimation, although the Hsp72 gene was up-regulated
in these strains. These observations suggest that up-
regulation of the Hsp family members by HSF is not
sufficient for establishing heat acclimation and that
HIF-1 is an important additional component. This is
the more striking since up to recently, HIF-1 was
linked only to hypoxia stress and described as a factor
activating pathways of anaerobic metabolism. Moreover,
Treinin 

 

et al.

 

 (2003) showed that HIF-1 may also be
involved in conferring physiological adaptation to
heavy metals.

Another study on heat acclimation in 

 

C. elegans

 

reported partial activation of the insulin-like signalling
pathway by JNK-1 mediated phosphorylation of the
DAF-2 transmembrane receptor (Oh

 

 et al.

 

 2005). This
activation leads to stress resistance and longevity
(Gems & McElwee 2003; Baumeister 

 

et al.

 

 2006). Gal

 

et al.

 

 (2004) report the involvement of late embryogenesis
abundant (LEA) proteins upon heat acclimation. LEA
proteins are well known for their protective role during
dehydration in plants (Wang 

 

et al.

 

 2003), but have only
recently been discovered in animals (Browne 

 

et al.

 

2002). Induction of LEA proteins during heat exposure
may be a side effect protecting the cell against evap-
oration during elevated temperatures by preventing
protein aggregation (Goyal 

 

et al.

 

 2005).
Hsp induction in response to heat stress is also

commonly observed in plants (Feder & Hofmann
1999). In addition, heat stress is accompanied by
enhanced respiration and opening of stomata. At the
genomic level Queitsch

 

 et al.

 

 (2000) addressed the
question of  which particular HSP, among the up-
regulated ones, plays a crucial role in response to heat

Fig. 1. Level of commonalities in gene function (low, medium
and high) between plants and soil invertebrates of specific
stress response related gene categories.
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stress. It turned out to be that HSP101 was vital for
heat acclimation in 

 

Arabidopsis thaliana

 

; inhibition of
HSP101 expression had disastrous effects on this
process. Expression of this gene at stages where it is
usually not expressed conferred higher basal heat
acclimation. Besides Hsp induction, heat stress caused
over 500 genes to be up- or down-regulated (Rizhsky

 

et al.

 

 2002; Rizhsky 

 

et al.

 

 2004). The heat shock
response is largely controlled in plants by the Heat
Shock Factor family of transcription factors (Baniwal

 

et al.

 

 2004). Crucial to heat acclimated plants is the HsfA2
transcription factor. Especially for sessile organisms
like plants, prolonged acquired heat acclimation is
important as it protects against repeated heat stress,
which is typically occurring in a natural environment.
Mutants for the 

 

HsfA2 

 

gene are disturbed in this long-
term adaptation to heat stress as the acquired heat
acclimation decays faster and expression of HSPs
decreases more rapidly (Charng 

 

et al.

 

 2007).
Heat stress leads to the production of  hydrogen

peroxide (H

 

2

 

O

 

2

 

) and superoxide ( ) and thus causes
oxidative stress (Temple 

 

et al.

 

 2005). As stated by Kültz
(2005) oxidative stress is part of  the minimal stress
proteome. Indeed, genomic studies on heat stress in
plants and soil invertebrates show up-regulation of
similar oxidative stress responsive genes like catalase,
superoxide dismutase (SOD) and glutathione-

 

S

 

-
transferase (Murphy 

 

et al.

 

 2003; Oh 

 

et al.

 

 2005;
Charng 

 

et al.

 

 2007).
To conclude, functional genomics studies have shown

that responses to acute and sustained heat stress in soil
invertebrates and plants are complicated and involve
more than one signal transduction pathway. Heat
acclimation is common in soil living organisms and
provides a clear example of cellular co-ordination of
the stress response (Korsloot 

 

et al.

 

 2004).

 

 

 

Low temperature has a major impact on soil ecosys-
tems. An important effect of low temperature is mem-
brane rigidification. To ensure proper membrane
functioning, membrane fluidity is tightly controlled,
both in invertebrates and plants (Nishida & Murata
1996; Bayley

 

 et al.

 

 2001; Holmstrup 

 

et al.

 

 2002b).
Cold-induced membrane rigidification is counteracted
by up-regulation of  desaturases and alterations of
acyltranferase expression patterns (Nishida & Murata
1996), and membrane rigidification itself  is believed
to be the first signal to trigger the corresponding
transcriptional response (Vaultier 

 

et al.

 

 2006). Severe
cold also induces freezing-tolerance. Water-ice transitions
can cause cellular damage via dehydration and physical
disruption of membranes, resulting in loss of chemical
gradients and eventually cellular death (Sinclair

 

 et al.

 

2003). Responses to cold should especially prevent
membrane disruption due to ice formation. Terrestrial
invertebrates and plants either avoid freezing by pro-
cesses such as supercooling and thermal hysteresis, or

tolerate extracellular ice formation. However, most soil
invertebrates and plants do not survive ice formation
within their tissues, so that avoidance of freezing seems
to be the more common strategy. Supercooling is the
maintenance of body liquids at subzero temperature
without them becoming solid. Freezing of water
requires a seed crystal (nucleator) around which an ice
crystal can form and so simply removing such nucleators
can already result in significant supercooling potential.
True freeze-tolerance is obtained by lowering the freez-
ing temperature of the body liquids, usually through
enhanced production of sugars and/or polyols, which
increase osmolality. Alternatively, specific proteins
may be produced that actively prevent the growth of
ice crystals (anti-freeze proteins). These proteins dis-
place the freezing temperature from the melting tem-
perature, and hence are also called thermal hysteresis
proteins (THPs). They have been studied mostly in fish
and have not yet been described for soil invertebrates;
however, the involvement of a hyper-active THP was
demonstrated in cold acclimation of the beetle, 

 

Tenebrio
molitor

 

 (Graham

 

 et al.

 

 1997). Also plants use anti-freeze
proteins to prevent ice crystal formation in intercellular
spaces (Griffith & Yaish 2004).

Recently, Holmstrup 

 

et al.

 

 (2002a) described a third
strategy for cold acclimation, which is based on active
dehydration. Freezing is prevented by making sure
that the water vapour pressure during subzero cooling
does not become high enough for ice formation. An
important prerequisite is the production of sugars and
polyols in order to maintain a state of dehydrated cooling.
This mechanism is particularly important for soil
invertebrates with high integumental water permeability.
A similar mechanism operates in extremely freezing-
tolerant alpine and arctic plants, which can tolerate
temperatures far below the theoretical supercooling
limit of –40 

 

°

 

C (Weiser 1970).
What have genomics studies contributed to the

earlier physiological literature on cold-hardiness? A
massive number of genomics studies have been done on
plants and bacteria, but similar studies using terrestrial
animals are scarce (Peck

 

 et al.

 

 2005). We expect, how-
ever that genes involved in cold-hardiness of plants and
microorganisms will also be involved in animals. Thus
we distinguish genes associated with sugar metabolism,
anti-freeze proteins, aquaporins, phospholipid metab-
olism and general stress response genes such as HSPs,
oxidative stress responsive proteins and late embryonic
abundance proteins (M. Holmstrup, personal com-
munication). One of the few studies exploring the
genomic consequences of cold exposure in terrestrial
invertebrates, reported the up-regulation of Muscle-
LIM Protein gene (EsMlp) in freeze-avoiding larvae of
goldenrod gall moth, 

 

Epiblema scudderiana

 

. Bilgen

 

et al.

 

 (2002) applied a differential screening of some
140 000 cDNA clones. One of  the differentially
expressed clones was identified as a Muscle LIM
protein involved in myogenesis; these proteins are
localized in the cytoplasm of  mature myotubes and

O.
2
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co-localize with cytoskeletal proteins like actin (Stronach

 

et al.

 

 1999). The authors suggested two potential roles
for EsMlp. First, they may adjust muscle structure
during cold exposure, a well documented phenomenon
in ectotherms. Second, EsMlp may contribute to pre-
paration for extensive myogenesis occurring during
metamorphosis in spring. In other words EsMlp up-
regulation during cold might be a developmentally
regulated process.

As discussed above physiological and genomic
responses to chilling are partly different from responses
to freezing, due to the fact that an organism needs to
protect against ice crystallization when it is exposed to
freezing conditions. However, most plant studies
describe the analysis of genomic responses to chilling.
Using an 

 

Arabidopsis

 

 microarray containing 7000
cDNAs Seki

 

 et al.

 

 (2002) found 53 genes to be highly
inducible upon cold treatment (4 

 

°

 

C). They were able
to classify these genes into two functional groups. For
the first group, which included the transcription factor
DREB1A, gene expression was rapid and transient.
The second group of genes contained DREB1A target
genes and was characterized by a gradual increase of
gene expression reaching a maximum around 10 h
after cold treatment. DREB1A is part of a specific
group of stress-inducible transcription factors in plants,
the DREB or CBF family involved in cold-response
(Fowler & Thomashow 2002). They bind to the so-
called dehydration-responsive element (DRE), a 9-bp
conserved DNA sequence which is found in promoters
of  several stress-responsive plant genes. The element
is assumed to exert an important 

 

cis

 

-acting influence
on stress-responsive gene expression. DREB1s are
involved in cold-responsive gene expression, while
DREB2s are mainly associated with dehydration.
Vogel

 

 et al.

 

 (2005) used the Affymetrix gene chip to
study cold acclimation (adaptation to chilling) in

 

Arabidopsis

 

 and showed that the cold response path-
way is regulated not only by DREB1A but also by
DREB1B and DREB1C. 

 

DREB1C 

 

has also been pro-
posed to be involved in genomic response to freezing,
natural variation at this locus has been found to deter-
mine the loss of  freezing tolerance in an accession
originating from the Cape Verdian Islands (Alonso-
Blanco 

 

et al.

 

 2005). Additionally, Vogel 

 

et al.

 

 (2005)
identified the general oxidative stress response con-
trolling transcription factor ZAT12 (Davletova 

 

et al.

 

2005) as a negative regulator dampening expression
of  CBF-induced target genes. Since transcriptional
changes were observed in about 45% of the genes on
the arrays, additional transcription factors are likely to
be involved, including those effecting secondary
physiological and metabolic processes due to altered
plant growth (Hannah 

 

et al.

 

 2005). Very recently,
Sharma

 

 et al.

 

 (2006) used an 

 

Arabidopsis

 

 70-oligomer
whole transcriptome array to identify genes affected
by cold treatment in the Brassicaceae species 

 

Thlaspi
arvense

 

. The data from this cross-species microarray
experiment were compared with microarray data of

previous cold treatment experiments using 

 

Arabidopsis

 

(Lee 

 

et al.

 

 2005; Vogel

 

 et al.

 

 2005). Besides the CBF
cold responsive pathway novel pathways were identified
to respond to cold treatment in 

 

T. arvense

 

, the most
striking one being the pathway controlling sulphur
assimilation. The authors hypothesized that the
increase in sulphate assimilation is due to the increased
requirement for glutathione (generated from the sulphur-
containing amino acid cysteine). Glutathione is a
crucial cell metabolite in the cellular redox state and
provides protection against oxidative stress. The link
between cold tolerance and protection against oxidative
stress was also confirmed by Hsieh 

 

et al.

 

 (2002) and is
in line with earlier findings showing that control over
oxidative stress is part of  the plant’s innate freezing
tolerance mechanism (Thomashow 1999).

The functional genomics studies on both animals
and plants described above strongly suggest that cold-
hardiness is a multifaceted phenomenon, involving not
only classical mechanisms like the production of anti-
freeze agents, but also activation of concomitant path-
ways, such as those related to dehydration, antioxidant
defence, sulphur salvage and cytoskeleton adjustment.

 

Drought and salinity

 

Drought tolerance is one of  the most fundamental
features of  terrestrial organisms. Most organisms are
homeohydric and avoid desiccation by preventing water
loss under dry conditions. However, some organisms
(Collembola, nematodes, resurrection plants) are
extremely well adapted to dehydration; they are able to
survive extended periods of drought in a biological
state called anhydrobiosis (Watanabe 2006). The
molecular mechanism of anhydrobiosis is surprisingly
similar in unrelated species ranging from nematodes to
plants. An important process seems to be the formation
of intracellular filamentous structures by folding of
late embryogenesis abundance (LEA) proteins in
superhelical structures (Wise & Tunnacliffe 2004).
Furthermore, the dehydration process is accompanied
by organic osmolyte accumulation (trehalose, glycerol,
sorbitol) to prevent membrane damage, scavenge
free radicals, and avoid oxidation of  proteins and
phospholipids (Watanabe 2006). Finally, HSP pro-
teins serve as chaperones to prevent denaturation of
proteins. Decrease of  water content is the first signal
to trigger anhydrobiosis, which is followed by the
activation of  the mitogen-activated protein kinase
(MAPK) cascade.

 

Caenorhabditis elegans

 

 adapts to hypertonic stress
(caused by either dehydration or salinity) by accumu-
lating glycerol through the activation of  glycerol
biosynthesis enzymes. A very elegant study by Lamitina

 

et al.

 

 (2006) showed that both glycerol-3-phosphate
dehydrogenase 1 and 2 (

 

gpdh-1

 

, 

 

gpdh-2

 

,

 

 

 

catalyzing the
rate-limiting step of glycerol biosynthesis) are essential
for 

 

C. elegans

 

 to survive hypertonic environments.
Furthermore, using genome-wide RNAi screening
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they identified 122 gene inactivations that caused
constitutive expression of  an osmosensitive GFP
construct (fusion construct 

 

gpdh-1 promoter :: GFP

 

) in
the absence of hypertonic stress. Among these regulators
of 

 

gpdh

 

, 72 were very conserved and had homologs in
the human genome. They fell into six functional
groups with defined processes including protein home-
ostasis, extracellular matrix, signalling, metabolism,
protein trafficking and transcriptional regulation;
the majority (44%) fell into the protein homeostasis
functional group. These genes function to maintain
levels of  properly folded and functional cellular
proteins (Nollen

 

 et al.

 

 2004). The results of Lamitina

 

et al.

 

 (2006) suggest that disruption of protein home-
ostasis is sufficient to trigger osmoprotective cascades.
Since several other environmental stressors (heat,
oxidative stress) induce protein damage as well,
mechanisms should exist to discriminate between
hypertonic stress and other forms of stress-induced
protein damage.

Genomic studies of 

 

Arabidopsis

 

 have shown that
there is a great deal of commonality in the responses to
drought, cold and salt. In the earlier mentioned studies
of Seki

 

 et al.

 

 (2001, 2002) the 

 

Arabidopsis

 

 gene chip
was also used to study plants that were desiccated or
grown in hydroponic solution with 250 m

 



 

 NaCl. In
total, 277 genes were up-regulated more than fivefold
by drought and 194 were high-salinity inducible.
Among these genes, 22 responded to all these stress
factors including cold stress. A large number of genes
overlapped between drought and salinity, fewer
between any of these factors and cold. The fact that the
greatest number of genes is induced by drought sug-
gests that tolerance to drought requires the largest
transcriptional alteration in plant cells and that water
deficit may be considered the most severe limiting
factor of plant growth. However, as Seki

 

 et al.

 

 (2002)
admit, this result may also be due to the intensity of the
stress factors applied; dose-dependency of gene
expression was not investigated in this study.

The various 

 

Arabidopsis

 

 genes induced by drought,
and high-salinity may be classified into two functional
groups. The first group includes proteins that play a
direct role in combating stress. These genes include
Hsps, osmoprotectants, water-channel proteins, sugar
transporters, potassium transporters. Each of these
proteins is targeted to solve a specific aspect of the
stress condition. For example, aquaporins (members
of a larger family of major intrinsic proteins, MIPs)
regulate the flux of water across the membrane. LEA
proteins have a role similar to Hsp and protect macro-
molecules from denaturation and aggregation. The
second group of drought, cold and high-salinity regu-
lated genes contain mainly regulatory proteins. These
are transcription factors, protein kinases, protein
phosphatases and genes associated with plant hor-
mones and signalling molecules. No less than 40 genes,
which is 11% of all stress-regulated genes in the study
of Seki

 

 et al.

 

 (2002) encoded transcription factors. In a

similar study (Chon

 

 et al.

 

 2002) 57 transcription fac-
tors have been found in the 

 

Arabidopsis

 

 genome to be
regulated by one or more stress factors (cold, salt,
wounding, pathogens). Both studies illustrate the
importance of transcriptional control in the tolerance
to stress.

As we have already discussed in the case of cold
acclimation, a specific group of stress-inducible tran-
scription factors in plants, the DREB family, is also
important for protection against drought and salinity.
Another control mechanism regulating the stress
response in plants acts via the plant hormone abscisic
acid ABA (Sharp

 

 et al.

 

 2004). ABA is an important
stress-responsive plant hormone that triggers a signal-
ling pathway ultimately converging on a 

 

cis

 

-acting
DNA sequence known as ABRE (abscisic-acid
responsive element). Transcription factors binding to
ABREs belong to the large group of  basic leucine
zipper (bZIP) proteins. The co-regulation of cold, salt,
drought response through DREB and bZIP transcription
factors was also observed upon monitoring expression
profiles in rice (Rabbani 

 

et al.

 

 2003). Nevertheless,
only about 40% of the identified stress-responsive
genes contained DRE or ABRE elements, suggesting
that novel 

 

cis

 

-elements and possibly novel transcription
factors can still be discovered. Nevertheless, the presence
of different transcriion factor binding sites in promoters
of  the same gene may explain the partial overlap
between transcriptional profiles of  different stress
factors. However, one has to keep in mind that
although 

 

Arabidopsis

 

 is relatively freezing tolerant, it is
not particularly adapted to drought or salinity, nor is
rice. When the transcriptional response of the salt, cold
and drought tolerant semi-halophyte 

 

Thellungiella
halophila

 

 was examined many of the genes induced by
salt or drought stress in 

 

Arabidopsis

 

 were constitutively
highly expressed (Taji 

 

et al.

 

 2004). Among those are
genes involved in osmolyte production, reactive oxygen
scavenging, sodium compartmentation and general
oxidative stress tolerance. The main difference between
the species is using a different stress response strategy.
At comparable salt conditions, 

 

Arabidopsis

 

 ceases
to grow, whereas the growth of  

 

T. halophila

 

 is not
impeded. This is reflected in the transcript profiles,
with 

 

Arabidopsis

 

 shifting to a general stress response
requiring the synthesis of  many new proteins and in

 

T. halophila

 

 strong emphasis on (constitutive) high
expression of genes involved in protein folding, post-
translational modifications and protein redistribution
(Gong 

 

et al.

 

 2005).
The functional genomic studies on drought and

salinity have shown that these two stressors induce
gene expressions that are similar in many ways. There
is also a considerable overlap with gene expression
induced by cold. The similarity of gene expression may
be due to the fact that all three factors may cause protein
and membrane damage, as well as oxygen activation,
which act as the main proximal factors activating
protective cascades.
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Heavy metals

Micronutrients are essential for life, and among them
are essential heavy metals like zinc and copper. Zinc,
for example, serves as a co-factor in many enzymes and
as a structural element in transcription factors (Guerinot
& Eide 1999). However, above a certain critical external
concentration heavy metals become toxic and mecha-
nisms are deployed to keep internal concentrations
and physiological availability levels within tight limits.
Another threat to soil-dwelling organisms is bioavail-
ability of non-essential metals such as cadmium and
lead, which can be toxic already at low concentrations.
Non-essential metals are often only slowly eliminated
and instead accumulate in soil organisms like earth-
worms. Therefore, heavy metal pollution presents a
serious health hazard to many organisms, which
necessitates targeted preventive measures (Nawrot
et al. 2006).

One of the most frequently studied metal protective
proteins is a small, hydrophilic, metal-binding protein
called metallothionein. These proteins have been
isolated from a great variety of soil-living invertebrates
(Hensbergen et al. 1999; Dallinger et al. 2000; Cobbett
& Goldsbrough 2002). In soil invertebrates this protein
is often especially induced by cadmium and obviously
contributes to cadmium detoxifixation by scavenging
metal ions in cysteine-rich domains of the protein.
However, it is doubtful whether cadmium scavenging
is the original metabolic function of metallothionein; a
role in regulating redox state is often suggested as the
primary function. Studies on vertebrates and Drosophila
have shown that induction of MT involves the Metal
responsive Transcription Factor I (MTF-I), which
binds to metal responsive elements (MREs) with the
consensus sequence TGCRCNC in the promoters of
cadmium-responsive genes (Zhang et al. 2001; Egli
et al. 2003).

Stürzenbaum et al. (2004) applied genomics tech-
niques to study cadmium toxicity in the earthworm,
Lumbricus rubellus. They sequenced over 11 000 ESTs
representing some 7600 gene objects, which were
stored in a freely accessible data base called LumbriBASE
<http://zeldia.cap.ed.ac.uk/Lumbribase/index.shtml>.
Two metallothionein genes (wMT1 and wMT2) were
described in the earthworm (Stürzenbaum et al. 2001),
of  which wMT2 is the cadmium responsive one.
Stürzenbaum et al. (2004) identified a third MT locus
(wMT3) and MREs were discovered in the 400 bp
proximal promoter of all loci. This seemed to suggest
that transcriptional regulation of MT in Lumbricus is
similar to that of vertebrates and fruitflies. However,
Stürzenbaum et al. (2004) could not show binding to
MREs of any earthworm protein from a whole body
extract, although Drosophila MTF-I was able to bind
putative L. rubellus MRE regions in gel shift assays.
This potential lack of MTF-I mediated induction of
MT is in concordance with the situation in C. elegans,
where both MT isoforms lack MRE consensus

sequences in their promoters and analysis of the fully
sequenced genome did not yield a MTF like gene
(Moilanen et al. 1999). Comparative transcription
profiling of heavy metal stress using C. elegans and
recently available L. rubellus arrays (Stürzenbaum,
personal communication), will probably shed more light
on the unusual MTF-I lacking defence mechanism of
these species. More generally, metallothionein is most
likely linked to two important stress signalling path-
ways, namely stress activated protein kinase (SAPK)
and the antioxidant stress response (Korsloot et al.
2004). This can explain the observation that activation
of MTF is not sufficient to induce metallothionein
expression: MTF still needs to be activated by kinase
activity (Saydam et al. 2002). Additionally, induction
of MT in the soil-living collembolan Orchesella cincta
can be achieved by oxidative stress only and the MT
promoter contains a conserved anti-oxidant responsive
element (Janssens & Roelofs, unpublished data).

European O. cincta has both sensitive as well as
metal-tolerant populations, and is thus an appropriate
model to address the effect of  heavy metals on the
stress response system and to identify genes that are
possibly involved in metal tolerance. Tolerant popula-
tions show an increased level of both constitutive and
cadmium-induced MT expression (Sterenborg & Roelofs
2003). Quantitative genetic studies measuring MT
induction in parents and offspring showed that induction
capacity involves a significant heritable component
(Roelofs et al. 2006), which suggests that selection can
act on high MT expressing animals at places where
toxic levels of cadmium are present (Timmermans
et al. 2005). To have more insight in this, Roelofs et al.
(2007) applied suppression subtractive hybridization
(SSH) on cadmium exposed and control animals to
isolate additional genes associated with the metal-
tolerant phenotype. As expected MT mRNA was
enriched during the SSH procedure. Furthermore, 19
additional Cd responsive genes could be annotated
and were involved in cell signalling, vesicle transport
and programmed cell death. When quantitative RT-PCR
assays were performed on sensitive and tolerant popu-
lations, significant gene responses were obtained upon
Cd treatment. The sensitive animals showed a typical
stress induced gene expression, but this stress response
was lacking in tolerant animals. Instead, they showed
a significantly higher constitutive expression level
when compared to sensitive animals. Our preliminary
suggestion is that tolerant animals have adapted
through altered constitutive cadmium detoxification.
In that way, cellular homeostasis can be maintained
despite the increase in internal metal ion concentration
at polluted sites, resulting in an expanded niche occupied
by this species. Currently, microarray experiments
with some 2000 cDNA probes are being employed to
further investigate this phenomenon (Roelofs et al.,
unpublished data).

Plant MTs are grouped into four subfamilies, three
of which are believed to consist of copper chaperones,

http://zeldia.cap.ed.ac.uk/Lumbribase/index.shtml
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particularly during senescence (Cobbett & Goldsbrough
2002). The latter are constitutively expressed, or induced
in a tissue specific manner by, specifically, copper but
barely by cadmium or zinc. In contrast to animals,
MTs in plants do not seem to be involved in the primary
adaptive process. In metal-exposed plant populations,
however, their expression is often constitutively enhanced,
although, they do not directly enhance tolerance to
metals other than copper (Van Hoof et al. 2001; Jack
et al. 2007).

A number of plant genomic studies are focused on
the effects of metal stress (leading to both deficiency and
toxicity) using A. thaliana (Wintz et al. 2003; Becher
et al. 2004; Weber et al. 2004). Van de Mortel et al. (2006)
employed the latest Agilent ‘whole transcriptome’
Arabidopsis gene chip (60-mers of over 27 000 annotated
genes together with probes covering some 10 000 non-
annotated but transcriptionally active genomic
regions) to study effects of deficient and excess zinc
supply in Arabidopsis. After hierarchical clustering
they identified four major clusters. The first one
consisted of genes with highest expression at sufficient
or excess zinc and included several general abiotic
stress genes encoding for small HSPs and Cu–Zn SOD.
The second group of genes were only higher expressed
at excess zinc and mainly represented genes involved
in iron deficiency response, indicating competition
between zinc and iron at high zinc exposure, and
metabolic genes belonging to the cytochrome P450
family. The third and largest cluster showed up-
regulation under zinc deficiency and contained
genes involved in metal homeostasis (ZIP metal trans-
porters, cation diffusion facilitators, P-type ATPase
transporters and nicotianamine synthases). However,
many genes in this cluster did not have a known function
or were sometimes not even annotated as a gene. The
fourth cluster consisted of  35 genes that showed a
reduced expression under excess zinc and were involved
in metabolism, (a)biotic stress response and transcription.

Since A. thaliana is not particularly tolerant to heavy
metal exposure, it is interesting to compare its responses
to zinc with those in plants that are genetically adapted
to metal-toxic soils. Van de Mortel et al. (2006) suc-
cessfully applied the Agilent whole genome Arabidopsis
microarray for heterologous hybridization using a
metal-tolerant accession of the metal hyperaccumating
model species T. caerulescens (Assunção et al. 2003a).
This species normally grows on a lead, zinc and cadmium-
contaminated calamine soil. A remarkable number of
2272 genes were differentially expressed in roots when
Arabidopsis profiles were compared with profiles from
T. caerulescens physiologically similar zinc supply
levels and over 50% of  these were non-annotated
transcripts. A similar high number of  differentially
expressed genes was found for shoots when T. caerulescens
was compared to the related non-accumulator T.
arvense using Affymetrix arrays (Hammond et al.
2006). Both studies show that in T. caerulescens many
genes involved in homeostasis (zinc transporters) and

stress response (metallothioneins) are constitutively
highly expressed and not so much induced or reduced
by stress as in the non-adapted species. Van de Mortel
et al. (2006) also identified lignin biosynthesis genes
that were much higher expressed in T. caerulescens as
compared to Arabidopsis. Also, Thlaspi roots showed
a double layer of lignin/suberin-fortified endodermis
surrounding the central root stele, which was absent in
Arabidopsis. It suggests that the extra lignin layer in T.
caerulescens prevents excess efflux of metals from the
vascular cylinder rather than to prevent uncontrolled
influx. In this way, metals can be transported very
efficiently to leaf compartments. In general, the current
genomic data suggest a constitutive detoxification
mechanism in hyperaccumulators, acting on different
levels and aiming at modified metal transport through
the plant; modified compartmentation and altered
abiotic stress response. It should be kept in mind how-
ever, that heavy metal hyperaccumulation and metal
tolerance are not equivalent. Metal hyperaccumulation,
although it evidently presupposes tolerance to extreme
metal body burdens, is not necessarily associated with
tolerance to high metal concentrations in the soil.
Although zinc hyperaccumulation is constitutive at the
species level in T. caerulescens, the plants originating
from non-metallicolous accessions do suffer from zinc
toxicity when grown in zinc-enriched soil (Jiminez-
Ambriz et al. 2007). In addition, zinc accumulation
and zinc tolerance have been shown to segregate inde-
pendently in crosses between non-metallicolous and
metallicolous accessions, demonstrating that these
traits are under independent genetic control, at least in
part (Assunção et al. 2003b). To distinguish between
the transcriptomic changes associated with hyperaccu-
mulation per se and with tolerance to high zinc exposure,
transcriptomic analysis of a non-hyperaccumulating
zinc-tolerant plant would be necessary.

Collision and interaction in tolerance pathways

As stated earlier, genomic studies of stress in soil systems
are biased towards plants. Also, plant genomic stress
studies were among the first, together with yeast (Gasch
et al. 2000; Chen et al. 2003) to analyze combinations
of stress factors. Although complicated to interpret,
such analyses are worthwhile, since in reality soil
systems are often subjected to combined (a)biotic
stresses. A good example is the combination of drought,
salinity and heat often found in semi-arid or desert
environments. An important question is whether a
common environmental stress response (ESR) is suf-
ficient to provide protection against combined stresses
received at the same time. Interestingly, this does not
seem to be the case for heat and drought in plants.
Rizhsky et al. (2004) showed that to combat both heat
and drought, plants deploy a partial combination of
the two multigene defence pathways, plus an additional
454 genes that are specifically expressed during a com-
bination of  drought and heat. There is actually very
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little similarity between the responses of Arabidopsis to
drought and heat. Only 29 genes were found to overlap.
The largest overlap was between the responses to heat
and a combination of heat and drought. This suggests
that large portions of the tolerance programme against
heat are also turned on in defence against drought, but
in addition new genes are activated to deal with the
combination. The combined response is characterized
by enhanced respiration, suppressed photosynthesis
and accumulation of sucrose and other sugars. It was
particularly striking that the amino acid proline, which
is a common osmoprotectant accumulating under
drought stress, was not accumulated when plants were
exposed to both drought and heat. This suggests that
the combination of drought and heat imposes a different
kind of stress to plant cells compared to drought alone.

The study of Rizhsky et al. (2004) suggests that there
is an element of  ‘collision’ in the tolerance pathways
to different stress factors. The presence of antagonism
in gene expression programmes was also suggested
by Tamaoki et al. (2003). These authors investigated
the role of three plant hormones, ethylene, jasmonic
acid and salicylic acid in the regulation of gene expres-
sion of Arabidopsis exposed to ozone. By studying the
stress responses of mutants disturbed in each of the
hormone signalling pathways, it became obvious that
ethylene regulated the ozone response of  73 genes,
jasmonic acid regulated 62 and salicylic acid regulated
24 genes; however, there was a considerable overlap
between these genes. Many defence genes induced by
ethylene and jasmonic acid signals were suppressed
by salicylic acid signalling, suggesting that the salicylic
acid pathway acts as an antagonist to the other two
pathways.

An overview of  the stress response pathways dis-
cussed in this paper is provided in Table 1. The Table
lists for each pathway the main signal transduction
pathways and the transcription factors involved. It is
interesting to note that almost all stress factors switch
on more than one stress-responsive pathway. This is a
perception which became especially obvious after
functional genomic studies that were not limited to a
few designated genes but had an open-minded whole
genome approach. The molecular mechanisms under-
lying interactions between different pathways involve
the requirement of more than one type of transcription
factor for gene activation, the need for additional
trans-activation of DNA-bound transcription factors,
and the complicated interactions between different
kinases in signal transduction pathways. Also the
stress factor itself  may activate more than one response
pathway, for example, when triggering several metabolic
disturbances.

Although the interactions are complex, Table 1
suggests clustering of drought, high salinity and cold
that, on the gene expression level, interact more with
each other than with other clusters. Furthermore, the
heat shock response and the oxidative stress response
seem to represent the most general responses among
the different stress factors. For plants and soil inverte-
brates, it is not yet possible to identify an exhaustive set
of genes induced by all stress factors at the same time.
In yeast significant progress has been made in drawing
such a list, which was called the ESR (Gasch et al.
2000). For plants and even more for soil invertebrates,
significantly more functional genomic studies are
needed before the level of understanding as obtained
in yeast can be paralleled.

Table 1. Stress factor signalling of heat, cold, drought/salinity and heavy metals

Stressor Signalling pathway Transcripion factors

Heat Animal JNK-MAPK, IGF, HS6 FOXO6, HSF-1, HIF-17

Plant HS, MAPK/CDPK1 HSF1

Cold Animal cAMP/PKA8, HS10 HIF-19, HSF10

Plant MAPK/CDPK1, HS16, 
ABA1, ethylene2

CBF/DREB11, bZIP, MYB, MYC1, 
HSF16, AP2/ERF2, ABF33, ICE1

Drought/salinity Animal IGF, p38-MAPK, 
JNK-MAPK, CamKII11, HS17

Nrf-2, FOXO, HSF17, CNOT112

Plant MAPK/CDPK, ethylene, 
ABA, SA1, HS16

bZIP, MYB, MYC1, ABF33, AP2/ERF2, 
DREB21, HSF16, NAC14, RAV15

Heavy metals Animal p38-MAPK, JNK2-MAPK13 MTF14, Nrf-215

Plant JA, MAPK/CDPK? bZIP, MYB, MYC?

Numbers in superscript indicate references describing evidence of  involvement of  signalling pathways/transcription factors. 
?, involvement speculated. Abbreviations: ABA, abciscic acid; JA, jasmonic acid; SA, salicylic acid; CDPK, Ca-dependent 
protein kinase; RAV, related to ABI3/VP1; ABF, ABA-responsive element binding factor; NAC – NAM, ATAF and CUC 
transcription factor; ICE, inducer of CBF expression; CBF, C repeat binding protein (= DREB); AP/ERF, apetala2/ethylene 
responsive factor; MAPK, mitigen activated protein kinase; HS, heat shock; CNOT1, not homeobox gene; HIF, hypoxia 
inducing factor; FOXO, forkhead transcription factor; IGF, insulin growth factor signalling pathway; MTF, metal transcription 
factor; Nrf-2, nuclear erythroid 2-related factor; HSF, heat shock factor. References: 1Sung et al. (2003), 2Sahin-Chevik & Moore 
(2006), 3Kim et al. (2004), 4Hu et al. (2006), 5Sohn et al. (2006), 6Oh et al. (2005), 7Treinin et al. (2003), 8Pfister & Storey (2006), 
9Morin et al. (2005), 10Qin et al. (2005), 11Gal et al. (2005), 12Lamitina et al. (2006), 13Mizuno et al. (2004), 14Zhang et al. (2001), 
15Haq et al. (2003), 16Swindell et al. (2007),17Bayley et al. (2001).
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Conclusions and perspectives

Transcriptome studies are very much underrepre-
sented in soil invertebrates, maybe due to a lack of
economic relevance. Still from an ecological and
evolutionary viewpoint there is a strong need for
genome-wide profiling studies in the species-rich
group of invertebrates. Promising developments are the
establishment of EST data bases and microarrays for
the earthworm, L. rubellus and the ecotoxicological model
organism Folsomia candida <http://www.collembase.org>.

There is considerable interaction between the gene
expression profiles induced by different stress factors.
This interaction involves both overlap (the common
environmental stress response), synergism (combined
exposure turning on genes not induced by single expo-
sures) and antagonism (one stress factor repressing
genes induced by another factor). These interactions
are of  great ecological relevance and ultimately may
explain the shape of the ecological niche occupied by
a species, as well as syndromes of evolutionary adap-
tation to extreme conditions.

Genomic analysis indicates that adaptation to a
hostile soil environment involves enhanced constitutive
transcription regulation of otherwise stress-responsive
genes.

Endpoint genes (effector genes, also called the
workers) in the stress response show a great deal of
similarity among plants and soil-dwelling animals
(redox regulating proteins, LEA proteins, genes involved
in osmolyte production, Hsps, cytochrome P450s).
However, transcription factors (the managers) are
quite dissimilar between plants and soil invertebrates:
MTF is lacking in plants and some soil invertebrates,
no invertebrate orthologs of  DREB transcription
factors have been identified thus far (Figure 1).

Although most of the mechanistic knowledge on
stress tolerance comes on the account of model species
such as A. thaliana for plants and C. elegans for soil-
living animals, the study of species living naturally
under extreme conditions might add insights that
cannot be attained from mesophilic representatives.
Models for the study of halotolerance are the ice plant,
Mesembryanthemum crystallinum, the salt cress T.
halophila and the green alga Dunaliella salina (Cushman
& Bohnert 2000; Bohnert et al. 2001). The resurrection
plant, Craterostigma plantagineum, which shows a
remarkable ability to restrict cell damage during desic-
cation and rehydration of its tissues, is a promising
model for xerotolerance. We also discussed the
research data on the metal hypertolerant and hyper-
accumulating T. caerulescens as an emerging genomic
model organism to study metal homeostasis under
extreme metal exposure (Rigola et al. 2006). In the
case of soil invertebrates we should mention the metal
tolerant collembolan O. cincta (Sterenborg & Roelofs
2003), and the cold-tolerant collembolan Onychiurus
arcticus and the earthworm Dendrobaena octaedra
(Holmstrup et al. 2002a). Gene discovery programmes

in such naturally tolerant models should focus on EST
sequencing of stressed and unstressed libraries.
Already executed studies have demonstrated that ESTs
related to stress are under-represented in the current
genomic data bases, which suggests that there may be
still unknown mechanisms involved in stress tolerance.
Comparisons among stress-tolerant species from
different evolutionary lineages may help to identify the
universal gene complement underlying stress tolerance
in soil organisms.
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