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This review analyzes the advantages and disadvantages of using eukaryotic
microorganisms to design whole-cell biosensors (WCBs) for monitoring environmental
heavy metal pollution in soil or aquatic habitats. Basic considerations for designing a
eukaryotic WCB are also shown. A comparative analysis of the promoter genes used to
design WCBs is carried out, and the sensitivity and reproducibility of the main reporter
genes used is also reviewed. Three main eukaryotic taxonomic groups are considered:
yeasts, microalgae, and ciliated protozoa. Models that have been widely analyzed as
potential WCBs are the Saccharomyces cerevisiae model among yeasts, the Tetrahymena
thermophila model for ciliates and Chlamydomonas model for microalgae. The advantages
and disadvantages of each microbial group are discussed, and a ranking of sensitivity to
the same type of metal pollutant from reported eukaryotic WCBs is also shown. General
conclusions and possible future developments of eukaryotic WCBs are reported.
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INTRODUCTION
Metals are important elements in living systems, because several
of them act as essential cofactors for many enzymes involved in
cellular metabolism and growth. Without these essential metals,
there would be no life. On the other hand, certain metals (mainly
those considered as “heavy metals”) are among the most abun-
dant, toxic and persistent inorganic environmental pollutants
(Hill, 2004). Mining and other industrial anthropogenic activ-
ities have increased the heavy metal content in both terrestrial
and aquatic ecosystems. Unlike complex organic pollutants, they
cannot be degraded by microorganisms, although they can be
inactivated and accumulated by both prokaryotic and eukaryotic
cells (Martin-Gonzalez et al., 1999). Almost all heavy metals have
toxic effects on organisms and can cause important ecological
disturbances. For instance, metals can, directly or indirectly,
produce reactive oxygen species (ROS), and originate significant
alterations in proteins, nucleic acids, and lipids (Leonard et al.,
2004; Valko et al., 2005), which can induce cell death by necrosis
or apoptosis (Pulido and Parrish, 2003). Furthermore, certain
metals are involved in human carcinogenesis (Valko et al., 2006).
Because of the ecological, sanitary, and economic consequences of
heavy metal pollution, several of these metals are considered to be
priority environmental pollutants.

It is difficult to predict the global effects of the increase
in different types of environmental pollutants, so there is an
overriding need to develop screening methods for environmental
monitoring. While metal concentrations can be measured using
molecular recognition or chemical analysis, critical parameters
such as bioavailability, toxicity, and genotoxicity, can only be
assayed using living cells. The most sensitive screening methods
for detecting pollutants are those that incorporate biological

components that are used as targets for an active substance or pol-
lutant. In general, these are known as biosensors or bioreporters.
The classic biosensor can be defined as an integrated bioreceptor-
physicochemical transducer device. A classic biosensor consists of
three different elements: a bioreceptor or biological recognition
element, which interacts with the pollutant molecules, a physico-
chemical transducer, which converts the biological response into a
detectable physicochemical signal, and a microelectronic proces-
sor of this signal, which amplifies it and converts it into a numeric
record (Figure 1). The biological component of these devices may
be microorganisms or whole-cells, tissues, organelles, cell recep-
tors, enzymes, or specific proteins, nucleic acids, or antibodies.
With regard to the transducer, at least four different types of
transduction element can be considered: electrochemical, optical,
piezoelectric, or thermometric. Construction of these biosensors
requires biological and physicochemical knowledge. This involves
interdisciplinary cooperation between different specialists, which
makes construction more difficult and expensive.

More recently, several authors have introduced the concept
of the whole-cell biosensor (WCB) as a very useful alternative
to classical biosensors (Belkin, 2003; Van der Meer and Belkin,
2010). A WCB uses the whole prokaryotic or eukaryotic cell as
a single reporter, incorporating both bioreceptor and transducer
elements into the same cell (Figure 1). Organisms used as WCBs
are generally experimentally modified to incorporate transducer
capacity or increase their sensitivity.

Two types of bioassays can be considered when using WCBs:
turn off and turn on assays (Belkin, 2003). Turn off assays are
similar to general microbial toxicological bioassays; the sample
toxicity is estimated from the degree of inhibition of a cellular
activity (e.g., growth inhibition, respiration, motility depletion,
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FIGURE 1 | Schematic representation of classic and whole-cell
biosensor elements.

FIGURE 2 | Turn off and turn on bioassays. Turn off assays use
constitutive promoters; the signal level from the reporter gene decreases
proportionally to toxic pollutant concentration. Turn on assays use inducible
promoters; the reporter signal level increases with pollutant concentration.
This reporter signal may reach a maximum value (critical concentration),
after which decreases due to the toxic effect on the cell. The critical
concentration value will depend on the degree of cellular resistance to the
pollutant.

etc.), or a specific reporter gene expression. In these bioassays,
the toxic concentration is proportional to the measurement of any
cellular function inhibition (Figure 2). In turn on assays, however,
a quantifiable molecular reporter is fused to a specific gene pro-
moter, known to be activated by the chemical or environmental
pollutant. Therefore, the sample toxicity is proportional to the
gene expression of the reporter molecule (Figure 2).

These screening methods can be applied to detect the presence
of any environmental pollutant causing general stress in cells
or organisms present in the ecosystem, or a specific pollutant
such as certain heavy metals. Turn off assays are more unspecific,
because the signal decreases as a result of a broad range of
cytotoxic effects, while turn on assays, based on an inducible
gene expression, are usually more specific, as induction of the
gene reporter only takes place when the pollutant is present.
Their specificity will therefore depend on the degree of the gene
promoter specificity to be opened by an exclusive pollutant of a
chemically related group of pollutants. With respect to specificity,
WCBs can be divided into effect- and compound-specific sensors
(Yagi, 2007). Effect-specific biosensors are stimulated by changes

in a physicochemical condition (e.g., pH, temperature, or osmotic
changes) or pollutants that give rise to a specific type of toxicity
(e.g., oxidative stress or protein damage). Compound-specific
biosensors respond to only one type of pollutant or compounds
with similar chemical features (e.g., any heavy metal). Other
specificity-based classifications of WCBs are: (i) class-I biosensors
that only respond to a specific or exclusive pollutant increasing the
signal, (ii) class-II biosensors that respond to a specific cellular
stress increasing the signal, and (iii) class-III biosensors that
respond unspecifically to different pollutants or stress conditions.

With regard to the cellular type of WCB for detecting metals,
about 85% of these are based on genetically modified bacteria
(Magrisso et al., 2008), while ∼15% are based on eukaryotes. Of
the 15% of eukaryotes biosensors, the majority of microorgan-
isms are yeasts. In this review, only eukaryotic WCBs (including
yeasts, microalgae, and protozoa) are considered. The advantages
and disadvantages of these three types of eukaryotic microorgan-
isms as heavy metal WCBs are discussed and compared. Likewise,
we discuss on the different potential reporter molecules to be
selected as the WCB transducer element.

REASONS FOR USING EUKARYOTIC MICROORGANISMS
AS WCBs
There are several good reasons for using eukaryotic microorgan-
isms as WCBs. In the first place, the use of “microorganisms,”
prokaryotic or eukaryotic, is an advantage in itself. In order
to get a sufficiently quantifiable signal from the WCB, a good
level of biomass must be reached in a short time. This can be
obtained using organisms with a high growth speed or short
generation time, features that are almost exclusive to microor-
ganisms. Another advantage of using microorganisms as WCBs
is that most of them can be easily manipulated and grown on
a wide variety of different media or culture types. Likewise,
big advances in microbial genetic analysis methodology and the
increase in genomic sequencing make the experimental mod-
ifications needed for introducing transduction capacity during
WCB design easier. Furthermore, microorganisms are distributed
all over the world, and occupy all known ecosystems, which
constitutes a great advantage when the specialist is looking for
particular microbial capacities for designing a specific WCB to
detect a specific environmental pollutant.

Another advantage of “eukaryotic” microorganism is the pos-
sibility of using cells from three different taxonomic groups: fungi,
microalgae, or protozoa. The “eukaryotic” characteristic is partic-
ularly important because, in general, WCBs try to detect potential
environmental toxic substances for other eukaryotic organisms
(including humans). The existence of a more similar metabolism,
genome, and cellular organization in these eukaryotic biosen-
sors with those organisms undergoing chemical pollution, makes
the extrapolation and comparison of results more accurate and
reliable.

CONSTITUTIVE VERSUS INDUCIBLE EXPRESSION SYSTEMS
A constitutive expression system generally uses a gene promoter
that is highly expressed under normal conditions, which results in
a high basal expression level of the reporter gene. During exposure
of the WCB to a potential toxic pollutant, the basal expression
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level is decreased due to the toxic effect, so reduction in this
parameter is correlated and inversely proportional to the environ-
mental sample toxicity (Figure 2). Turn off bioassays are based
on this type of WCB, using gene constructs with constitutive
promoters. Therefore, a constitutive WCB shows a general view of
the degree of toxicity of the polluted sample based on unspecific
metabolic alterations. This affects the general gene expression
of the cell, slowing the growth rate, or inducing cell mortality
and reducing the intensity of the reporter signal. Generally, the
promoters selected for designing these WCBs are those regulating
the gene expression of housekeeping genes, such as ribosomal
proteins, cell structural proteins (e.g., tubulin, actin, etc.), or
certain metabolism enzymes, which maintain gene expression at
a sufficiently high and constant level.

The information given by constitutive systems offer applies
only to the general toxicity of the sample or stress, and not to the
nature of the toxic element, pollutant, or stressor. A constitutive
WCB is included in class-III biosensors. Although these are not
specific biosensors, they are useful for detecting the presence of
toxicity or general stressors in an ecosystem.

Inducible systems use constructs which fuse an inducible pro-
moter to a reporter gene. To design an inducible WCB, a specific
promoter, which is only opened by a specific pollutant (or group
of related pollutants), is selected to carry out the gene construct.
In general, the gene expression level regulated by these types of
inducible promoters is high, because the gene product originated
may constitute an important part of the cellular defense against a
particular stressor or toxic substance (Figure 2). Selection of the
ideal promoter to be used in the design of a WCB for detecting
a specific pollutant requires prior analysis of the transcriptional
capacities of the cell under that specific pollutant. Transcriptional
data can be obtained from a cDNA gene-library construction or
by using a microarray with RNA populations isolated from cells
previously treated with the pollutant or stressor. These WCBs are
classified as class-I biosensors, and present considerable specificity
because they respond almost exclusively to one type of pollutant
or stressor. They are very useful for monitoring specific envi-
ronmental pollutants, but are more difficult to construct because
there are very few gene promoters that respond exclusively to one
type of compound.

SELECTING THE REPORTER GENE
Another important element for designing any WCB is the selec-
tion of a reporter gene, with the transducer function that will
convert the biological response into a detectable physicochemical
signal. The most commonly used reporters, applied to eukary-
otic microorganisms can be classified into two groups (Robbens
et al., 2005): (i) substrate-dependent reporters, and (ii) substrate-
independent reporters or fluorescent proteins. Included in the
first group are those reporters that are based on prokaryotic β-
galactosidase enzymatic activity (adapted to eukaryotic cells) and
eukaryotic luciferases. The gene encoding β-galactosidase (lacZ
gene from the Escherichia coli lactose operon) is involved in the
cleavage of the disaccharide lactose (galactose + glucose) but
this enzyme can also use other substrates (related to lactose)
that have been used to register gene expression. One of these
is o-nitrophenol-β-D-galactopyranoside (ONPG), which releases

galactose and o-nitrophenol (yellow in color) after it is broken up
by the β-galactosidase. The appearance of a yellow color reveals
the presence of β-galactosidase activity and the gene expression of
the lacZ reporter gene. The colorimetric reaction has a sensitivity
level (or β-galactosidase detection limit) of about 100 pg, and
can determine differences between the expression levels of a
specific promoter under different conditions when it is fused
with the lacZ reporter gene. Greater sensitivity (up to 12 fg)
is obtained by using other substrates and fluorimetric analy-
sis, such as methyllumbelliferyl-β-D-galactopyranoside (MUG)
or fluorescein-di-β-D-galactopyranoside (FDG), which (after
β-galactosidase activity) release free umbelliferone (a strongly
fluorogenic compound) or fluorescein, respectively. The main
problem with these fluorogenic reporter systems is their low
permeability or penetration of the respective substrates into the
cell; WCBs therefore, have to be lysed in order to measure the
enzymatic activity or reporter gene expression.

With regard to eukaryotic luciferases, one of the most com-
monly used as a bioluminescent reporter is that of the firefly
(Photinus pyralis; Gu et al., 2004). This enzyme catalyzes a two-
step oxidation reaction (Greer and Szalay, 2002): the substrate
luciferin (a benzothiazole) is converted to luciferyl-adenylate
(active form), using ATP as a co-factor, and is then oxidated to
oxiluciferin, emitting light (at 550–570 nm) that can be quantified
by a luminometer. Likewise, addition of the substrate (luciferin)
to the cell lysate is necessary for carrying out the bioassay. The
addition of coenzyme A stabilizes the luminiscence signal for
several minutes (Greer and Szalay, 2002). The sensitivity level or
detectable limit of this reporter gene is at subattomole concentra-
tions (<10−18 mol) and it also shows a linear response with regard
to the concentration.

All these substrate-dependent reporters require substrate addi-
tion and cellular lysis (with the exception of one type of eukary-
otic cells), which increases the laboriousness, the number of
manipulation errors, the cost and the complexity of the bioassays.
However, these bioassays (i.e., the luciferase–luciferin system) are
among the most sensitive.

Reporter genes encoding fluorescent proteins are substrate
independent reporters, and obtain an immediate signal with-
out substrate addition and cellular lysis. The most popular and
widely used fluorescent protein is the green fluorescent protein
(GFP) isolated from the Pacific jellyfish Aequoria victoria. This
intrinsically fluorescent protein can be heterologously expressed
in both prokaryotic and eukaryotic systems, and has been selected
as a reporter gene for many experiments, especially those using
eukaryotic cells. A great advantage of using this reporter protein
in bioassays is that there is no need to add exogenous substrates
or cofactors to measure fluorescence. GFP is non-invasive and
can be detected (by fluorescence microscopy) and quantified
(by flow cytometry) in complete cells. However, GFP requires
a longer time to get a stable fluorescence emission, and more
time is needed to detect differences among the expression lev-
els of different samples. On the other hand, once fluorescence
stability is reached, it continues for a prolonged time, which
might be a problem in toxicology studies where cell mortality
occurs (biosensors with a constitutive system), because the GFP
continues to fluoresce after the cells have died. Table 1 shows
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Table 1 | Comparison of the advantages and disadvantages of
different reporter genes used in WCBs.

Reporter gene Advantages Disadvantages

β-Galactosidase(lacZ ) Good stability Substrate dependent
Sensitivity depending
on substrate.

Low permeability

No ATP requirement Cellular lysis
requirement

Eukaryotic luciferase
(luc)

Rapid response Substrate dependent

Very high sensitivity O2 and ATP
requirement
Low permeability and
stability
Cellular lysis
requirement1

Green Fluorescent
Protein (gfp)

Good stability Moderate sensitivity

Substrate
independent

Lag-time for stable
fluorescence.

No ATP requirement Fluorescence after cell
death

No cellular lysis Autofluorescence
background

1Not necessary in ciliates.

the advantages and disadvantages for each reporter gene used in
eukaryotic WCBs.

DESIGNING AN EUKARYOTIC HEAVY METAL WCBs
On the basis of that has already been indicated, the eukaryotic
whole cell to be selected as a WCB for heavy metal detection
should have a high sensitivity to these inorganic pollutants. In
general, cells that are highly sensitive to metals respond rapidly
and intensely to metal stress. The best way to know the molec-
ular basis of this response is to select the gene promoter to
be used in the WCB construction. These gene promoters are
usually elements of an inducible system, and respond strongly
and specifically to metals. These genes constitute the first cellular
defense against metals, and habitually correspond to metallic ion
chelating molecules. Three main chelating molecules are involved
in the cellular response to metals: glutathione (a tripeptide),
phytochelatins (oligopeptides), and metallothioneins (proteins;
Gutiérrez et al., 2008). Promoters from genes encoding enzymes
acting in glutathione or phytochelatin biosynthesis and those in
the ribosomal synthesis of metallothioneins may both be good
candidates when selecting strong inducible promoters to be used
in heavy metal WCBs. Because metals may induce ROS, another
option is to select gene promoters regulating the expression of
antioxidant enzymes, such as superoxide dismutases, catalases,
glutathione peroxidases, glutathione, and thioredoxin reductases,
among others. Several of these genes are strongly induced by
metals in eukaryotic microorganisms (Gutiérrez et al., 2008).

After selecting the type of eukaryotic microorganism for
designing the WCB and the inducible gene promoter for carrying
out the gene construct, the final step is to select the reporter
gene. The two main reporter systems that are the best options
for eukaryotic WCBs are: the eukaryotic luciferase or the GFP.

Selection of one or the other will depend on the requirements
which may be greater sensitivity, higher stability, or a substrate-
independent reporter (Table 1). Finally, the WCB should be
extensively tested with several different heavy metals (including
metal mixtures) under different conditions (metal concentration,
culture medium, or buffer composition, pH, temperature, etc.)
and the chemo-luminescence or fluorescence signal emission by
the WCB quantified and evaluated. Likewise, a final assessment
of the WCB should be carried out using real environmental ter-
restrial or aquatic samples. This evaluation is of great importance
for knowing whether or not the WCB is useful for detecting the
presence of bioavailable metals in real complex environmental
samples. However, this last decisive step is not usually carried out
by the majority of researchers, who report exclusively experimen-
tal data obtained from using samples prepared in the laboratory.
After all the bioassays are performed, the new WCB is ready to be
applied to environmental metal pollution monitoring in the real
world.

As well as the previous considerations, other general features
and requirements must be taken into account for designing new
heavy metal WCB, for example: (i) good specificity, or inclusion as
class-I or -II biosensors; these respond specifically and exclusively
to a particular metal or metal stress; (ii) good sensitivity, or with
a minimum detectable metal concentration at or below the maxi-
mum allowable concentration of each heavy metal, as established
by the European Directive (86/278/CEE), for soil, or by the World
Health Organization for drinking water; (iii) reproducible results
over time among different polluted samples; (iv) a rapid response
(less than 1 h); (v) ease of use, with a simple methodology to
detect/quantify the metal in the sample; and (vi) longevity or
stability (the biosensor must maintain sensor capacity during the
whole monitoring test).

YEASTS AS HEAVY METAL WCBs
Yeasts are well-known eukaryotic microbial models that are
widely used in toxicology and basic biological studies. Among
them, Saccharomyces cerevisiae is the most widely used eukaryotic
microorganism in biotechnology and bioengineering, and some
authors (Walmsley and Keenan, 2000) consider that it has certain
advantages as a biosensor when exposed to the real world. For
instance, it is a robust microorganism with a high physicochem-
ical tolerance and good genetic tools that make possible the
construction of genetically engineered yeasts with properties that
are optimized for being better biosensors.

However, like prokaryotes, these have a cell wall that protects
the cell and acts as a selective barrier to the entry of very different
molecules (including substrates used by the biosensor transducer
system), which makes transducer signal emission more diffi-
cult. Therefore, it is necessary to increase cell wall permeability
before using them as WCBs, which constitutes an additional
difficulty. Mutants with enhanced cell permeability can be used
for this purpose (Terziyska et al., 2000; Walmsley and Keenan,
2000).

Despite the advantages shown for these eukaryotic microor-
ganisms, few WCBs have been designed using yeasts, and, as
occurs with bacteria, they have been used almost exclusively as
the bioreceptor element in the construction of classic biosensors
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(Baronian, 2004). Therefore, only a few cases of real WCBs using
yeasts can be described.

A WCB using S. cerevisiae cells and GFP as the reporter protein
was developed to detect copper ions (Shetty et al., 2004), using
the transcriptional activator protein Ace1 present in this yeast
to control expression of the reporter gene gfp. When Cu ions
are present in the sample, the AC1 protein activates the cup1
promoter located upstream from the gfp gene, thereby inducing
GFP production. This construct (Pcup1::gfp) is included in a
plasmid. This system can detect Cu2+ at concentrations as low
as 0.5 µM, and is selective for Cu2+ over other metals (except for
Ag2+; Shetty et al., 2004). Another similar S. cerevisiae WCB for
Cu2+ detection has been constructed using the same promoter
(cup1) but a different reporter gene (luciferase), with a similar
limit of detection of about 0.5 µM, for Cu2+ ions was reported
(Roda et al., 2011).

From a microarray gene expression analysis, under Cd2+ treat-
ment, of the methylotrophic yeast Hansenula polymorpha, several
over-expressed genes were selected. A comparative analysis of
these revealed that the promoter from the SEO1 gene (with an
unknown cellular function), fused with the GFP gene, was the
reporter construct with the highest GFP expression level with
regard to other promoters tested (Park et al., 2007). The limit of
detection for Cd2+ using this reporter system was about 1 µM,
and is not specific for Cd2+ because it is also inducible by As3+,
while the SEO1 promoter from S. cerevisiae revealed that this is
inducible by As3+ > Cd2+ > Hg2+, being, likewise, unspecific for
cadmium.

MICROALGAE AS HEAVY METAL WCBs
WCBs based on microalgae are much scantier. These photo-
synthetic microorganisms have been used as toxicity reporters
in many classic biosensors (with a physicochemical transducer)
because of their sensitivity to pesticides and metals. In general,
these microorganisms constitute the bioreceptor element of the
classic biosensor as an integrated whole cell sensor.

Microalgae are important in biosensor construction for
marine applications (Kröger and Law, 2005). For instance,
Chlorella vulgaris coupled to an optic fiber signal has been used to
detect chlorophenols or pesticides (Védrine et al., 2003). Likewise,
using this last immobilized whole-cell microalgae, a novel con-
ductometric biosensor, based on alkaline phosphatase activity, has
been designed to detect Cd2+ ions in aquatic habitats (Chouteau
et al., 2004). For monitoring Cu2+ in reservoirs and water supplies
the chlorophyta Dictyosphaerium chlorelloides has been used with
an optic fiber coupled to a flow cell or a microwell-plate reader
(Peña-Vázquez et al., 2010). Likewise, electrochemical (ampero-
metric) biosensing systems for detecting toxic chemicals (toluene,
Cu2+, or Ni2+) have been developed on the basis of motility of the
flagellate microalga Chlamydomonas reinhardtii (Shitanda et al.,
2005).

In many of these microorganisms, it is likely that the loss of
usable genetic tools for bioengineering considerably limits the
possible construction of WCBs; in fact, when they are used as
bioreceptor elements in classic biosensors, they are usually wild
type strains. There is, however, an exception related to the well-
known microalgae model C. reinhardtii. In this unicellular alga,

novel biorecognition elements suitable for herbicide sensing were
obtained after mutation targeted at the photosystem-II D1 protein
(Lambreva et al., 2013). Unfortunately, similar experiments using
this more suitable microalga model have not yet been carried out
for environmental heavy metal monitoring, even though studies
have already been done on metal toxicity in this microorganism
(Aksmann et al., 2014; De Schamphelaere et al., 2014). In the
last one (De Schamphelaere et al., 2014), the authors compare
Pb2+ sensitivity levels in three microalgae species (including C.
reinhardtii). Aksmann et al. (2014) report an expression gene
analysis of antioxidant enzymes: superoxide dismutase, catalase,
and ascorbate peroxidase, under oxidative stress induced by Cd2+,
together with an analysis of photosynthetic activity in this alga.

We therefore believe that this biotechnological aspect of
microalgae has not been sufficiently exploited in view of the fact
that they have enough qualities to be considered as good potential
heavy metal WCBs.

PROTOZOA AS HEAVY METAL WCBs
Among protozoa, ciliates have been extensively used in ecotoxico-
logical studies (Gutiérrez et al., 2008). As well as all the previously
mentioned, advantages of being a “eukaryotic microorganism,”
ciliates also have at least, two additional advantages. Firstly, unlike
bacteria, yeasts, or microalgae, ciliates are microorganisms with-
out a cell wall in their vegetative stage. A major limitation to
using microorganisms with cell walls as WCBs is the diffusion of
substrates or molecules through the cell wall, resulting in a lower
signal emission or less effective cell response. To prevent this,
cells have to be permeabilized by physicochemical or enzymatic
methods. The use of ciliates might therefore avoid or diminish
this serious problem; the absence of a wall in these eukaryotic
microorganisms results in greater sensitivity to environmental
pollutants and a faster cell response (Martin-Gonzalez et al., 1999;
Gutiérrez et al., 2003). Secondly, ciliates are eukaryotic cells with a
series of metabolic traits that are more similar to those of human
cells than bacteria, microalgae, or yeasts. Results obtained after
completing genome sequencing projects in two ciliate models,
Tetrahymena thermophila and Paramecium tetraurelia (Aury et al.,
2006; Eisen et al., 2006), show that they share a higher degree of
functional conservation with human genes than do other eukary-
otic microbial models, such as yeasts; humans and T. thermophila
share more ortholog genes with each other (about 2,280) than
are shared between humans and S. cerevisiae (Eisen et al., 2006).
It would therefore seem that this similarity with human biology
makes it more reasonable to use them in ecotoxicological studies
or as WCBs. Furthermore, ciliates are cosmopolitan microorgan-
isms living in aquatic or terrestrial ecosystems, and can be used
as WCBs for monitoring pollutants in both habitats. Likewise,
these microorganisms have been widely used in heavy metal
ecotoxicology (Gutiérrez et al., 2008, 2011).

Tetrahymena thermophila has five metallothionein (MT) gene
isoforms. Two of these (MTT1 and MTT5) are preferably over-
expressed under Cd2+ or Pb2+ stress, respectively, though they
are also induced by other metals (Díaz et al., 2007; Gutiérrez
et al., 2011). Both genes, but mainly MTT5, respond quickly and
strongly to metal stress, and their promoter regions are good
candidate for designing heavy metal WCBs. The first two ciliate
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WCBs to detect metal environmental pollution were reported
in 2011 (Amaro et al., 2011), using the MTT1 or MTT5 gene
promoter from T. thermophila and luciferase as reporter gene.
These transformed strains were used to design turn on bioassays
to detect heavy metals in polluted soils and aquatic samples.
Validation of these WCBs was carried out using artificial and
natural (soil or aquatic) samples, including methods to detect
false positives and negatives. A second type of T. thermophila WCB
has been constructed with MTT1 gene promoter and the GFP as
the reporter molecule (Amaro et al., 2014). A comparative analysis
of both types of WCBs reveals that: (i) the minimal exposure time
to obtain a detectable signal is 1 h for luciferase WCB (MTT1Luc
or MTT5Luc strains) and 2 h for GFP-WCB, indicating a faster
response in those with luciferase as the reporter gene; (ii) the
minimum detectable Cd2+ concentration is about 5–25 nM in
luciferase WCBs, and 445 nM in GFP-WCBs, so luciferase WCBs
are more sensitive than GFP-WCBs; (iii) the bioluminescence
emission from luciferase WCB viable cells is up to 5 µM Cd2+,
while cells with fluorescence emission (GFP-WCB) are viable up
to 15 µM Cd2+. GFP-WCB cells are more resistant to Cd2+

than MTT5Luc or MTT1Luc strains, because they have a higher
copy number (with plasmid constructs) of MTT1 or MTT5 genes
(Amaro et al., 2014).

All these results indicate the great potential of ciliates as WCBs
for monitoring metals in environmental polluted samples, and
most probably other pollutants.

A COMPARATIVE ANALYSIS
Although the three types of eukaryotic microorganisms (yeasts,
microalgae, or ciliates) can be used as WCBs for heavy metal
monitoring, they all have their advantages and disadvantages with
respect to the others. The most significant are:

(i) Cell wall versus permeability. Unlike in ciliated protozoa,
the presence of a cell wall in yeasts and microalgae may
require a preliminary permeabilization process to facilitate
the transit of the pollutant through the cell wall or mem-
brane. This might disturb the response of the cell used as
a WCB. Likewise, in order to obtain the reporter signaling
in substrate-dependent reporters, the substrate must cross
the cell wall and reach the cytoplasm, where the enzymatic
reaction takes place, or be added to lysated cells. The substrate
for eukaryotic luciferase, D-luciferin, is membrane-permeant
only in its protonated form (pH 5); at neutral pH, it crosses
the plasma membrane very slowly. For this reason, most
luciferase-based bioassays are performed using cell extracts
(Van der Meer et al., 2004) or with permeabilized cells
(Lagido et al., 2001). As cell walls are absent in the vegetative
phase, ciliates have a great advantage over other potential
eukaryotic WCBs, because there is no need for any prelimi-
nary permeabilization treatment or cellular lysis. Permeabi-
lization or cellular lysis is not necessary for T. thermophila
used as a WCB with luciferase as the reporter gene, because
the luciferin crosses through the cell pellicle. In this ciliate,
luciferase activity can be measured as efficiently in intact
viable cells as in permeabilized cells, and similar induction in
vivo and in vitro is observed (Amaro et al., 2011). The efficient

uptake of luciferin by T. thermophila makes this microorgan-
ism a more flexible WCB than other established eukaryotic
biosensors.

(ii) Specificity versus sensitivity. The majority of WCBs respond
to two or more metals, although some of them show greater
specificity (Corbisier et al., 1999; Tom-Petersen et al., 2001;
Ivask et al., 2009). Finding a gene promoter that responds
exclusively to one metal is difficult, because of the complex
cell interactions that take place during stress response, mainly
in eukaryotic cells. Contaminated ecosystems are often pol-
luted with a mixture of metals rather than a single one
(Preston et al., 2000; Fairbrother et al., 2007). For this reason,
one valuable aim of environmental biomonitoring may be
to determine the overall toxicity of a sample rather than the
specific metals present. Metal specificity is therefore not so
important when designing a WCB to be used for monitor-
ing environmental metal pollution. On the other hand, the
sensitivity level of the WCB is of great importance when
trying to detect metals present in very low concentrations,
mainly those that are lower than the maximum allowable
metal concentrations established for any ecosystem by inter-
national commissions. A comparative analysis of the ranking
of sensitivity values to different heavy metals among reported
eukaryotic WCBs shows that (a) with regard to the metaloid
As5+, the T. thermophila MTT5Luc strain (with the reporter
construct MTT5::LucFF) is the eukaryotic WCB with the
highest sensitivity (25 nM; Amaro et al., 2011); (b) something
similar occurs for Zn2+ (0.5 µM) in the T. thermophila
MTT1Luc strain (with MTT1::LucFF construct), for Cd2+

(5 nM) in the T. thermophila MTT5Luc strain, for Hg2+

(0.25 nM) in the MTT1Luc strain and for Pb2+ (0.5 nM)
in the MTT5Luc strain (Amaro et al., 2011); (c) with regard
to Cu2+ ions, it is the S. cerevisiae WCB (strain with the
cup::gfp construct) that has the greatest sensitivity to this
metal (0.5 µM; Shetty et al., 2004). To sum up, among
the eukaryotic microorganisms used as WCBs, ciliates are
generally the most sensitive to heavy metals or respond to the
lowest metal concentrations.

CONCLUDING REMARKS
From this review on eukaryotic WCBs, the following general
conclusions can be drawn:

(i) eukaryotic microorganisms used as WCBs have certain
advantages over prokaryotic cells. Among them, extrapolation of
the results to higher eukaryotic organisms is more reliable than
using bacteria; (ii) inducible systems are more appropriate for
designing heavy metal WCBs; (iii) the decision as to whether to
use substrate-dependent or independent reporters will be deter-
mined by the greater or lesser capacity for permeability of the
substrate through the wall or membrane of the cellular system
used as WCB; (iv) in general, few WCBs are validated using
bioassays with real environmental samples; (v) the biotechnology
for using microalgae as WCBs is still underdeveloped, although
these photosynthetic microorganisms have a great potential as
biosensors based on genetic constructs involving photosynthesis
genes; (vi) ciliates are eukaryotic microorganisms that have a
series of advantages over yeasts or microalgae for designing heavy
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metal WCBs; and (vii) with regard to heavy metal WCBs for use
in real environmental polluted samples, the capacity for sensitivity
of the biosensor is more important than its level of specificity to a
metal.

The future development of eukaryotic WCBs for environmen-
tal metal pollution monitoring could be considerably furthered by
applying a synthetic biology approach. This would facilitate the
design of WCBs with multi-input systems based on two or more
regulatory gene promoters in the same gene construct, thereby
increasing the capacity of the biosensor for detecting several
different pollutants.

AUTHOR CONTRIBUTIONS
The review was conceived and written equally by the three
authors.

ACKNOWLEDGMENTS
We wish to thank MINECO (Spanish Ministry of Economy)
for financial support (grant CGL2008-00317/BOS) to Juan C.
Gutiérrez.

REFERENCES
Aksmann, A., Pokora, W., Bascik-Remisiewicz, A., Dettlaff-Pokora, A.,

Wielgomas, B., Dziadziusko, M., et al. (2014). Time-dependent changes in
antioxidative enzyme expression and photosynthetic activity of Chlamydomonas
reinhardtii cells under acute exposure to cadmium and anthracene. Ecotoxicol.
Environ. Saf. 110C, 31–40. doi: 10.1016/j.ecoenv.2014.08.005

Amaro, F., Turkewitz, A. P., Martin-Gonzalez, A., and Gutiérrez, J. C. (2011).
Whole-cell biosensors for detection of heavy metal ions in environmen-
tal samples based on metallothionein promoters from Tetrahymena ther-
mophila. Microb. Biotechnol. 4, 513–522. doi: 10.1111/j.1751-7915.2011.
00252.x

Amaro, F., Turkewitz, A. P., Martin-Gonzalez, A., and Gutiérrez, J. C. (2014).
Functional GFP-metallothionein fusion protein from Tetrahymena thermophila:
a potential whole-cell biosensor for monitoring heavy metal pollution and a cell
model to study metallothionein overproduction effects. Biometals 27, 195–205.
doi: 10.1007/s10534-014-9704-0

Aury, J. M., Jaillon, O., Duret, L., Noel, B., Jubin, C., Porcel, B. M., et al. (2006).
Global trends of whole-genome duplications revealed by the ciliate Paramecium
tetraurelia. Nature 444, 171–178. doi: 10.1038/nature05230

Baronian, K. H. R. (2004). The use of yeast and moulds as sensing elements
in biosensors. Biosens. Bioelectron. 19, 953–962. doi: 10.1016/j.bios.2003.09.
010

Belkin, S. (2003). Microbial whole-cell sensing systems of environmental pollu-
tants. Curr. Opin. Microbiol. 6, 206–212. doi: 10.1016/S1369-5274(03)00059-6

Chouteau, C., Dzyadevych, S., Chovelon, J-M., and Durrieu, C. (2004). Devel-
opment of novel conductometric biosensors based on immobilised whole cell
Chlorella vulgaris microalgae. Biosens. Bioelectron. 19, 1089–1096. doi: 10.1016/
j.bios.2003.10.012

Corbisier, P., van der Lelie, D., Borremans, B., Provoost, A., de Lorenzo, V., Brown,
N. L., et al. (1999). Whole cell- and protein-based biosensors for the detection
of bioavailable heavy metals in environmental samples. Anal. Chim. Acta 387,
235–244. doi: 10.1016/S0003-2670(98)00725-9

De Schamphelaere, K. A. C., Nys, C., and Janssen, C. R. (2014). Toxicity of lead
(Pb) to freshwater green algae: development and validation of a bioavailability
model and inter-species sensitivity comparison. Aquat. Toxicol. 155, 348–359.
doi: 10.1016/j.aquatox.2014.07.008

Díaz, S., Amaro, F., Rico, D., Campos, V., Benitez, L., Martin-Gonzalez, A., et al.
(2007). Tetrahymena metallothioneins fall into two discrete subfamilies. PLoS
ONE 2:e291. doi: 10.1371/journal.pone.0000291

Eisen, J. A., Coyne, R. S., Wu, M., Wu, D., Thiaragarajan, M., Wortman, J. R., et al.
(2006). Macronuclear genome sequence of the ciliate Tetrahymena thermophila,
a model eukaryote. PLoS Biol. 4:e286. doi: 10.1371/journal.pbio.0040286

Fairbrother, A., Wenstel, R., Sappington, K., and Wood, W. (2007). Framework
for metals risk assessment. Ecotoxicol. Environ. Saf. 68, 145–227. doi: 10.1016/
j.ecoenv.2007.03.015

Greer, L. F., and Szalay, A. A. (2002). Imaging of light emission from the expression
of luciferases in living cells and organisms: a review. Luminescence 17, 43–74.
doi: 10.1002/bio.676

Gu, M. B., Mitchell, R. J., and Kim, B. C. (2004). Whole-cell-based biosensors for
environmental biomonitoring and application. Adv. Biochem. Eng. Biotechnol.
87, 269–305. doi: 10.1007/b13533

Gutiérrez, J. C., Amaro, F., Diaz, S., de Francisco, P., Cubas, L. L., and Martin-
Gonzalez, A. (2011). Ciliate metallothioneins: unique microbial eukaryotic
heavy-metal-binder molecules. J. Biol. Inorg. Chem. 16, 1025–1034. doi:
10.1007/s00775-011-0820-9

Gutiérrez, J. C., Martin-Gonzalez, A., Diaz, S., Amaro, F., Ortega, R., Gallego, A.,
et al. (2008). “Ciliates as cellular tools to study the eukaryotic cell-heavy metal
interactions,” in Heavy Metal Pollution, eds S. E. Brown and W. C. Welton (New
York, NY: Nova Science Publishers), 1–44.

Gutiérrez, J. C., Martin-Gonzalez, A., Diaz, S., and Ortega, R. (2003). Cili-
ate as potential source of cellular and molecular biomarker/biosensors for
heavy metal pollution. Eur. J. Protistol. 39, 461–467. doi: 10.1078/0932-4739-
00021

Hill, M. K. (2004). Understanding Environmental Pollution. A Primer. Cambridge:
Cambridge University Press.

Ivask, A., Rolova, T., and Kahru, A. (2009). A suite of recombinant luminescent
bacterial strains for the quantification of bioavailable heavy metals and toxicity
testing. BMC Biotechnol. 9:41. doi: 10.1186/1472-6750-9-41

Kröger, S., and Law, R. J. (2005). Biosensors for marine applications. We all need
the sea, but does the sea need biosensors? Biosens. Bioelectron. 20, 1903–1913.
doi: 10.1016/j.bios.2004.08.036

Lagido, C., Pettitt, J., Porter, A. J., Paton, G. I., and Glover, L. A. (2001).
Development and application of bioluminescent Caenorhabditis elegans as
multicellular eukaryotic biosensors. FEBS Lett. 493, 36–39. doi: 10.1016/S0014-
5793(01)02271-2

Lambreva, M. D., Giardi, M. T., Rambaldi, I., Antonacci, A., Pastorelli, S.,
Bertalan, I., et al. (2013). A powerful molecular engineering tool provided effi-
cient Chlamydomonas mutants as bio-sensing elements for herbicides detection.
PLoS ONE 8:e61851. doi: 10.1371/journal.pone.0061851

Leonard, S. S., Harris, G. K., and Shi, X. (2004). Metal-induced oxidative stress
and signal transduction. Free Radic. Biol. Med. 12, 1921–1942. doi: 10.1016/
j.freeradbiomed.2004.09.010

Magrisso, S., Erel, Y., and Belkin, S. (2008). Microbial reporters of metal bioavail-
ability. Microb. Biotechnol. 1, 320–330. doi: 10.1111/j.1751-7915.2008.00022.x

Martin-Gonzalez, A., Diaz, S., Jareño, C., and Gutiérrez, J. C. (1999). The use of
protists in ecotoxicology. Recent Res. Dev. Microbiol. 3, 93–111.

Park, J-N., Sohn, M. J., Oh, D-B., Kwon, O., Rhee, S. K., Hur, C-G., et al.
(2007). Identification of the cadmium-inducible Hansenula polymorpha SEO1
gene promoter by transcriptome analysis and its application to whole-cell
heavy metal detection systems. Appl. Environ. Microbiol. 73, 5990–6000. doi:
10.1128/AEM.00863-07

Peña-Vázquez, E., Perez-Conde, C., Costas, E., and Moreno-Bondi, M. C. (2010).
Development of a microalgal PAM test method for Cu(II) in waters: comparison
of using spectrofluorometry. Ecotoxicology 19, 1059–1065. doi: 10.1007/s10646-
010-0487-y

Preston, S., Coad, N., Townend, J., Killham, K., and Paton, G. I. (2000). Biosensing
the acute toxicity of metal interactions: are they additive, synergistic or antago-
nistic? Environ. Toxicol. Chem. 19, 775–780. doi: 10.1002/etc.5620190332

Pulido, M. D., and Parrish, A. R. (2003). Metal-induced apoptosis: mechanisms.
Mutat. Res. 533, 227–241. doi: 10.1016/j.mrfmmm.2003.07.015

Robbens, J., Maras, M., Laureyn, W., Blust, R., and De Coen, W. (2005). “Whole cell
biosensors for (eco)toxicity screening: alternatives for the future,” in Technical
Proceedings of the 2005 NSTI Nanotechnology Conference and Trade Show, Vol. 1
(Austin, TX: Nano Science and Technology Institute), 497–500.

Roda, A., Roda, B., Cevenini, L., Michelini, E., Mezzanotte, L., Reschiglian, P., et al.
(2011). Analytical strategies for improving the robustness and reproducibility of
bioluminescent microbial bioreporters. Anal. Bioanal. Chem. 401, 201–211. doi:
10.1007/s00216-011-5091-3

Shetty, R. S., Deo, S. K., Liu, Y., and Daunert, S. (2004). Fluorescence-based sensing
system for copper using genetically engineered living yeast cells. Biotechnol.
Bioeng. 88, 664–670. doi: 10.1002/bit.20331

www.frontiersin.org February 2015 | Volume 6 | Article 48 | 7

http://www.frontiersin.org
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive


Gutiérrez et al. Microbial eukaryotic whole-cell biosensors

Shitanda, I., Takada, K., Sakai, Y., and Tatsuma, T. (2005). Amperometric biosens-
ing systems based on motility and gravitaxis of flagellate algae for aquatic risk
assessment. Anal. Chem. 77, 6715–6718. doi: 10.1021/ac050894b

Terziyska, A., Waltschewa, L., and Venkov, P. (2000). A new sensitive test based on
yeast cells for studying environmental pollution. Environ. Pollut. 109, 43–52. doi:
10.1016/S0269-7491(99)00237-7

Tom-Petersen, A., Hosbond, C., and Nybroe, O. (2001). Identification of copper-
induced genes in Pseudomonas fluorescens and use of a reporter strain to monitor
bioavailable copper in soil. FEMS Microbiol. Ecol. 38, 59–65. doi: 10.1111/j.1574-
6941.2001.tb00882.x

Valko, M., Morris, H., and Cronin, M. T. (2005). Metals, toxicity and oxidative
stress. Curr. Med. Chem. 12, 1161–1208. doi: 10.2174/0929867053764635

Valko, M., Rhodes, C. J., Moncol, J., Izakovic, M., and Mazur, M. (2006). Free
radicals, metals and antioxidants in oxidative stress-induced cancer. Chem. Biol.
Interact. 160, 1–40. doi: 10.1016/j.cbi.2005.12.009

Van der Meer, J. R., and Belkin, S. (2010). Where microbiology meets microengi-
neering: design and applications of reporter bacteria. Nat. Rev. Microbiol. 8, 511–
522. doi: 10.1038/nrmicro2392

Van der Meer, J. R., Tropel, D., and Jaspers, M. (2004). Illuminating the detection
chain of bacterial bioreporters. Environ. Microbiol. 6, 1005–1020. doi: 10.1111/
j.1462-2920.2004.00655.x

Védrine, C., Leclerc, J. C., Durrieu, C., and Tran-Minh, C. (2003). Optical whole-
cell biosensors using Chlorella vulgaris designed for monitoring herbicides.
Biosens. Bioelectron. 18, 457–463. doi: 10.1016/S0956-5663(02)00157-4

Walmsley, R. M., and Keenan, P. (2000). The eukaryotic alternative: advantages of
using yeasts in place of bacteria in microbial biosensor development. Biotechnol.
Bioprocess Eng. 5, 387–394. doi: 10.1007/BF02931936

Yagi, K. (2007). Applications of whole-cell bacterial sensors in biotechnology and
environmental science. Appl. Microbiol. Biotechnol. 73, 1251–1258. doi: 10.1007/
s00253-006-0718-6

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 18 November 2014; accepted: 14 January 2015; published online: 20
February 2015.
Citation: Gutiérrez JC, Amaro F and Martín-González A (2015) Heavy metal whole-
cell biosensors using eukaryotic microorganisms: an updated critical review. Front.
Microbiol. 6:48. doi: 10.3389/fmicb.2015.00048
This article was submitted to Microbiotechnology, Ecotoxicology and Bioremediation,
a section of the journal Frontiers in Microbiology.
Copyright © 2015 Gutiérrez, Amaro and Martín-González. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | Microbiotechnology, Ecotoxicology and Bioremediation February 2015 | Volume 6 | Article 48 | 8

http://dx.doi.org/10.3389/fmicb.2015.00048
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation
http://www.frontiersin.org/Microbiotechnology,_Ecotoxicology_and_Bioremediation/archive

	Heavy metal whole-cell biosensors using eukaryotic microorganisms: an updated critical review
	Introduction
	Reasons for using Eukaryotic Microorganisms as WCBs
	Constitutive Versus Inducible Expression Systems
	Selecting the Reporter Gene
	Designing an Eukaryotic Heavy Metal WCBs
	Yeasts as Heavy Metal WCBs
	Microalgae as Heavy Metal WCBs
	Protozoa as Heavy Metal WCBs
	A Comparative Analysis
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


