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the fungal strain reached the immobilization area passing the gap after 6 days in the 0 mM control
as well as at 0.1 and 0.25 mM Cd (Table 3). For the other conditions, the fungal strain was inhibited
by Cd toxicity. The hyphae grew inside the agar up to 0.5 until 1 mM Cd and also did not reach
the immobilization area (Figures 5A and A3). For the BF couple T. rossicum and S. ureilytica Lr 5/4,
both partners grew and passed the physical separation reaching the urea medium up to 0.5 mM Cd
concentration (Table 3). Both bacterial-fungal partners took 2–5 days before passing the gap and
alkalinizing the immobilization area. At 0.75 and 1 mM Cd, the fungal strain was inhibited and the
hyphae grew inside the agar resulting in lower fungal growth as compared to the other conditions
(Figures 5B and A3). At 0.75 and 1 mM Cd, T. rossicum needed 20–25 days before passing the gap, but
the bacteria was not observed after the gap at that time. Finally, we suspected that the concomitant
presence of urea increased Cd toxicity, as B. exigua hyphae melanized in all tested conditions and
T. rossicum had a very slow growth as compared to other conditions (Figures 5 and A3).

Table 3. Results of the Cd mobilization and immobilization experiment in two-compartments systems
with the two synergistic couples (B. exigua + Pseudomonas sp. and T. rossicum and S. ureilytica Lr 5/4)
showing at each Cd concentration assessed whether (1) the fungus reached the immobilization area,
(2) bacteria used fungal highways to reach the immobilization area, and (3) the pH increased in the
immobilization area.

Bacterial-Fungal Couple
Cd Concentration

(mM)
Presence of Fungus

behind Gap
Presence of Bacteria

behind Gap
Alkalinization of

Urea Medium

B. exigua–Peusdomonas sp.

0 Yes No Yes
0.1 Yes No Yes

0.25 Yes No Yes
0.5 No No No

0.75 No No No
1 No No No

T. rossicum–S. ureilytica Lr 5/4

0 Yes Yes Yes
0.1 Yes Yes Yes

0.25 Yes Yes Yes
0.5 Yes Yes Yes

0.75 Yes No Yes
1 No No No

 

Figure 5. Experimental setting consisting of two-compartment systems in Petri dishes with a
mobilization area (bottom part containing MA and Cd; 0 mM control and 0.5, 0.75, and 1 mM Cd) and
an immobilization area (top colored part containing MA, 40 mM urea, and phenol red as pH indicator).
Co-cultures of (A) B. exigua and Pseudomonas sp. (B) T. rossicum and S. ureilytica Lr 5/4.

159



Minerals 2018, 8, 121

4. Discussion

This study aimed first at investigating whether BF couples were more tolerant to Cd as compared
to the strains cultured alone. Bacterial and fungal strains isolated from Cd-contaminated sites with a
specific device aiming at isolating FH-interacting partners and strains from the culture collection of
the laboratory were screened for Cd tolerance in mono- and co-cultures. BF couples that were able to
tolerate Cd concentrations up to 1 mM and did not inhibit each other in these conditions. Moreover,
the strains were able to establish FH interactions were defined as synergistic BF couples. These BF
couples were then used to assess if they could first mobilize Cd from a matrix and then re-immobilize
this Cd as a biomineral.

The FH columns described in Simon et al. [48] allowed for the isolation of several bacterial and
fungal strains directly from a Cd-contaminated soil. During the field sampling the Cd-containing
target-media of the FH columns permitted to isolate Cd-tolerant bacterial and fungal strains showing
the good performance of the isolation device. Indeed, both bacterial and fungal strains were present
on the target medium of the FH columns. More microorganisms were detected in FH columns without
Cd (control columns) as compared to the Cd-containing FH columns. No microorganisms could
be isolated with the FH columns containing 0.1 mM Cd (highest Cd-concentration), while several
bacterial and fungal strains were isolated from the FH columns containing 0.05 mM Cd (lowest Cd
concentration). After isolation, two fungal strains and one bacterial strain were able to grow up
to 1 mM Cd. This shows that in soils with high Cd concentration, such as in “la Vue-des-Alpes”,
Cd-tolerant microorganisms are present and can be cultured. However, this tolerance could not
be extended to higher Cd concentrations for all the isolated strains. Nevertheless, isolations in
metal-contaminated sites seem to be an effective way to collect microorganisms presenting metal
tolerance and/or resistance mechanisms as demonstrated in this study and also by several other
studies [58–62]. As a further example, a fungal strain that accumulates dysprosium (Dy), a rare
earth element, could be isolated from an acidic environment containing high concentration of heavy
metals [63]. In this study however, the novelty is that metal-tolerant interacting bacterial and fungal
species could be isolated concomitantly. Regarding the level of metal tolerance, contradicting evidence
is discussed in the literature. Several researchers found that there is no difference in metal tolerance
between isolates from metal-polluted sites compared to those from no-polluted sites. For example,
Blaudez et al. [64] showed that there is no difference in metal tolerance between ectomycorrhizal
fungi from a polluted soil and from a non-polluted soil. Jones and Hutchinson [65] had similar results
regarding Ni and Cu bioremediation mechanisms. However, Egerton-Warburton and Griffin [59]
claimed that strains isolated from metal contaminated soils where more Al-tolerant than strains from
less polluted sites.

One striking aspect of the BF couple isolation is that the FH column device was designed to
isolate bacterial-fungal couples that present the FH interaction [48]. Despite this, passing from
soil to isolation in Petri dishes averted the FH mechanism. For each isolated couple, FH bacterial
dispersal should be observed, and this was not the case in three BF couples out of seven. Finally,
only one couple of the seven couples retrieved with FH columns respected all criteria summarized
in Table 2 and this was the case only up to 0.5 mM Cd. This might be a result of the fact that
the culture medium used during the screening phase in the laboratory with the isolated strains
was the Angle medium [55], while the target medium of the FH columns contained MA. Angle
medium was chosen for its similarity with the average soil composition, however it seems that
the behavior of several organisms changed from the soil to the FH column device (MA culture
medium) and further to Petri dish experiments with Angle medium. Therefore, the transition to
artificial and less complex culture media as compared to the natural conditions can lead to major
changes in the behavior of the isolated microorganisms [66]. Overall, these results show that there
are inherent limits to a culture-dependent approach, as it is well known that only a minor fraction
of microorganisms is prone to cultivation [21]. However, in the context of metal-contaminated soils,
it was demonstrated that a culture-dependent approach was effective at highlighting the physiological
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adaptation of bacteria to metal concentrations [67]. As a result, even though isolation biases exist
in culture-dependent approaches, screening metal-contaminated environments for metal-tolerant
microorganisms is worthwhile. In this study, this has allowed isolation of one BF couple presenting
Cd tolerance and the ability to establish FH.

First planned as a back-up to the isolation phase with FH columns of this study, the screening of
microorganisms from the bacterial and fungal strain collection of the laboratory allowed to highlight
one very effective synergistic BF couple: S. ureilytica Lr 5/4 and T. rossicum. The ability of Trichoderma
species to tolerate heavy metals was also described by Nomgmaithem et al. [61]. However, these
authors suggest that, even though these fungi seem to be metal tolerant, in Cd-contaminated soil their
population dynamics may be affected through reduced sporulation. This was also observed in this
study, as T. rossicum did not sporulate anymore at 0.5 mM Cd. However, for an effective FH interaction,
sporulation is not a required aspect. In this study, an important aspect was the effect on mycelial
growth and it was shown that T. rossicum mycelial growth was not negatively affected in presence of
Cd and S. ureilytica Lr 5/4.

The screening of several BF couples (either from environmental isolates or from the laboratory
collection) intended to define at least one synergistic BF couple respecting the four criteria described in
material and methods and in Table 2. A first couple was defined from the isolations with FH columns
consisting in B. exigua and Pseudomonas sp. The radial growth of the fungus increased with increasing
Cd concentrations. However, this could be an effect of Cd toxicity with the fungus trying to escape
the metal stress by enhancing apical growth as compared to branch formation [68]. Even though
this BF couple respected most of the four criteria, it was discarded for further experiments as Cd
concentrations higher than 0.5 mM prevented the establishment of FH. T. rossicum and S. ureilytica Lr
5/4 was the second couple selected. Both microorganisms come from the laboratory collection. While
T. rossicum was isolated from a tropical soil with a device similar to FH columns [52], S. ureilytica Lr 5/4
was isolated from a geothermal site [54] and metal tolerance could be expected. In medium without Cd
S. ureilytica Lr 5/4 inhibited the growth of T. rossicum, but in Cd-containing media (from 0.1 mM up to
1 mM Cd) this inhibitory effect disappeared. The radial growth of T. rossicum was increased in presence
of S. ureilytica Lr 5/4 as compared to a mono-culture (Figure 3). This result suggests that T. rossicum
was more tolerant to Cd in presence of S. ureliytica Lr 5/4. Conversely, the CFU count of the bacterial
strain in mono-culture and in co-culture did not show the same stimulated growth effect than for the
fungal strain. Bacterial CFU numbers remained in the same range regardless Cd concentration and
no inhibition effect due to the presence of T. rossicum was observed. However, similarly to B. exigua,
it cannot be ruled out that the higher radial growth of T. rossicum in presence of Cd (and bacteria) is a
response to stress. Despite this, the fact that FH were established and effective at all Cd concentrations
and that no inhibition effect between both partners was observed are the most important regarding
the aims of this study, that is to harness biogeochemical active BF couples. Therefore, it can still be
concluded that this BF couple is synergistic under a biogeochemical aspect (that is Cd tolerance in this
case), as both organisms seem to benefit from their reciprocal growth in presence of Cd.

The ability to mobilize Cd from a culture medium was assessed for the BF couple T. rossicum–
S. ureilytica Lr 5/4. SEM images and EDS elemental microanalyses showed the presence of small
particles containing Cd linked to the fungal and bacterial biomass. While this Cd could also be present
below the analyzed biomass and thus not directly linked to the biomass, it suggests that Cd present in
the medium was mobilized and further immobilized, possibly through adsorption (i.e., biosorption)
but also as minute biominerals present at the outer cell surfaces (Figure 4). The main functional
group responsible for cation biosorption (which can eventually also lead to biomineralization) can
be hydroxyls, carbonyls, corboxyl, sulfonates, amides, imidazoles, phosphonate and phosphodiester
groups [69,70]. Some of those have been described in Trichoderma spp. [61]. For the investigation of
particular metal-microbe interactions, understanding the form and which speciation of given metal is
crucial. In the case of T. rossicum, there was evidences that when Cd-concentration increased, fungal
growth in mono-culture decreased. Regarding S. ureilytica Lr 5/4 the metal concentration did not
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impaired its growth (in the range of Cd-concentration investigated). This result suggests that Cd
bioavailability increased along with increasing amount of Cd-stock solution added in the media.
Despite this, the precise amount of Cd bioavailability should still be assessed. The concentration of a
toxic metal in the medium can vary because of the physicochemical formation of metal-precipitates.
Indeed, complexation between metal cations such as Cd and anions present in the medium may occur.
Similarly, leaching can alter metal bioavailability in the medium. Shuttleworth and Unz [71] assumed
that only free metal ions are available for binding to the biomass of Thiothrix strain A1 (a filamentous
bacterium). Moreover, Hughes and Poole [72] highlighted that it is important to assess the exact metal
concentration in the growth medium before demonstrating that an organism is highly tolerant to a
given toxic metal. Similarly, TEM images are crucial for investigating microbe-metal interactions. This
kind of images can reveal where the metal is actually located in regard to the microbial cell (e.g., metal
bound to the cell wall or precipitated outside the cell).

The ability to immobilize Cd as CdCO3 by induced biomineralization, after its mobilization
from a Cd-containing medium, was observed for the two BF couples T. rossicum–S. ureilytica Lr
5/4 and B. exigua–Pseudomonas sp. The aim was to assess whether this mechanism can be used to
recover metals in the form of biominerals. Urea hydrolysis and subsequent alkalinization was used
to induce CdCO3 biomineralization. All four strains from the two BF couples were confirmed as
urease-producers and were thus able to increase the pH of the culture medium. Several studies [73–75]
showed that urease-positive microbes can have an important role in BIM of metal-CO3. For instance,
in an urea-containing medium, Neurospora crassa [75] can precipitate metal-carbonates (e.g., CdCO3),
representing a way to immobilize toxic metals. Consequently, the experimental design tested in this
study consisted of a mobilization area containing Cd and an immobilization area containing urea,
where CdCO3 could be formed. Both fungal and bacterial partners could grow from the mobilization
area. However, in the BF couple B. exigua–Pseudomonas sp., no FH was established allowing bacteria to
reach the immobilization area. For the BF couple T. rossicum–S. ureilytica Lr 5/4, FH were established
until 0.5 mM. But despite the fact that both the bacterial and the fungal strains were able to hydrolyze
urea, no evidence of any CdCO3 biomineralization was observed. As a matter of fact, a major
limitation arose in this mobilization-immobilization experiment. The concomitant presence of Cd and
urea seemed to be negative for the growth of both fungi. At high Cd concentrations (0.75 and 1 mM),
T. rossicum had a slower growth as compared to what was observed without urea (Figures 5 and A2)
and the hyphae grew inside the solid media avoiding the contact with the atmosphere of the Petri dish.
B. exigua, showed a strong melanization in these conditions. Melanization in fungi is a typical stress
response [76] and, has been mentioned to be involved in metal biosorption as a strategy to immobilize
toxic metals [77,78]. All four strains of the two BFI couples were confirmed as urea-positive and no
inhibition effect was present in urea-containing media. On the other hand, in Cd only containing
media there was no inhibition effect on the fungal growth as prominent as those observed in the
concomitant presence of both Cd and urea. Therefore, this suggests that the inhibiting effect observed
in the mobilization-immobilization experiment is a consequence of the interaction between urea and
Cd in plates. Most likely, this was a pH effect resulting from urea transformation in NH4

+ and NH3

and further to their dissolution in an aqueous phase leading to alkalinization. Several studies discuss
metal tolerance as a function of pH, however with contrasting observations. Pons and Fusté [79]
mentioned that the uptake of uranium was higher at pH close to 4 in liquid media. In contrast, De
Rome and Gadd [80] showed that at lower pH the capacity of fungal biomass to bind metals such Cd,
Zn and Cu declines. Indeed, at low pH, there is a competition between hydrogen ions and metal ions
for sorption site at the microbial surface [58]. As a matter of fact, in preliminary experiments with
media containing urea and Cd and with an un-controlled pH (around 7), the growth of T. rossicum was
strongly inhibited. Then, when controlling the pH of the medium to 5.5, the growth of T. rossicum was
stimulated. The fungus was able to colonize the entire Petri dish and exhibited a normal growth at
the surface of the agar. This points to the fact that at pH above 7, Cd gets more toxic for T. rossicum.
As a result, an applied design to immobilize Cd as an induced carbonate biomineral has to trigger
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another mechanism than alkalinization. Biomineralization of CdCO3 as in Li et al. [75] with Neurospora
crassa cannot be trigged with the selected organisms in this study due to the negative effect of the
concomitant presence of Cd and urea.

In current biometallurgical approaches, bioleaching is the most used process and consists in a
mobilization mechanism as the solubility of the metal is increased. The second most used process is
biosorption, which consists in an immobilization mechanism, as the solubility of the metal is decreased
to lead to its recovery. However, both processes are not used together in a common commercial process,
meaning for instance that in bioleaching processes metal immobilization still relies on physicochemical
approaches. In this study, the experimental design consisting of a compartmented setting with a
mobilization and an immobilization area separated by an air gap to mimic heterogeneity confirmed
the possibility to apply the FH interaction for an applied biorecovery design to recover metals from
e-waste. The explorative and the exploitative propriety of the fungus permitted the bacterial strain to
disperse trough the air-filled gap. The utilization of a fungal strain as a vector for bacterial dispersion
on a heterogenic matrix seems to be an effective tool to be harnessed in the biotechnology field of metal
biorecovery and bioremediation of metal-polluted matrices. The appropriate conditions to trigger Cd
immobilization, either through biosorption or biomineralization still need to be defined though.

5. Conclusions

The aim of this study was to assess whether synergistic BFI (in terms of biogeochemistry and
coexistence) could be applied for the biorecovery of Cd from e-waste. The choice of using a BF
consortium is a consequence of the heterogeneous nature of the e-waste matrix that is akin to soils. In a
heterogenic and unsaturated matrix, bacteria cannot freely disperse and thus cannot entirely interact
with its components. However, this limitation can be bypassed by applying the explorative strategy of
fungi linked to the FH interaction. The initial experimental design was, therefore, conceived to mimic
this heterogeneity with a mobilization area where Cd could be mobilized and translocated by the fungal
and bacterial partners and an immobilization area where Cd could be released and biomineralized
under a CdCO3 form. Unfortunately, toxicity of Cd was higher as a result of alkalinization. In order to
fully understand the mechanism of metal interaction and tolerance in the selected microorganisms,
further analyses are required. Knowing which tolerance mechanisms the microorganisms are using is
important for the design of an experimental and/or applied procedure. If biomineralization can be
induced, the medium of the immobilization area could be removed for the recovery of the metal of
interest. If the metal is taken up by the biomass and no bioprecipitation can be induced, the recovery of
metal could be done directly through biomass harvesting. Nevertheless, the results of this study offer
an encouraging perspective for the use of microbial consortium in metal biorecovery. One synergistic
BF couple with biogeochemical ability towards Cd could be highlighted: the two organisms together
are more tolerant to Cd than the organisms alone and, in presence of Cd, the mycelial network of
the fungus was used as a vector by the bacteria to disperse in a heterogeneous matrix. Therefore,
harnessing interacting microbes as reactors in urban mining thanks to their ability to mobilize and
immobilize toxic metals may be an ecological, economical, and ethical strategy for the biorecovery of
metals in e-waste.
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Appendix A

Figure A1. (A) Photographs of mono-cultures of Boeremia exigua (F panels) and co-cultures of B. exigua
+ Pseudomonas sp. (BF panels) in Angle medium (0 mM Cd) and Cd-containing Angle medium (0.1,
0.25, 0.5, 0.75, and 1 mM Cd); (B) Radial mycelial growth of B. exigua in co-culture with Pseudomonas
sp. in Angle medium (0 mM Cd) and Cd-containing Angle medium (0.5 and 1 mM Cd); (C) Radial
mycelial growth of B. exigua in mono-culture in Angle medium (0 mM Cd) and Cd-containing Angle
medium (0.1, 0.25, 0.5, 0.75, and 1 mM Cd).
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Figure A2. (A) Photographs of mono-cultures of Trichoderma rossicum (F panels) and co-cultures of T.
rossicum + Serratia ureilytica Lr 5/4 (BF panels) in Angle medium (0 mM Cd) and Cd-containing Angle
medium (0.1, 0.25, 0.5, 0.75, and 1 mM Cd); (B) Radial mycelial growth of T. rossicum in co-culture
with S. ureilytica Lr 5/4 in Angle medium (0 mM Cd) and Cd-containing Angle medium (0.5 and 1
mM Cd); (C) Radial mycelial growth of T. rossicum in mono-culture in Angle medium (0 mM Cd) and
Cd-containing Angle medium (0.1, 0.25, 0.5, 0.75, and 1 mM Cd).
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Figure A3. Experimental setting consisting of two-compartment systems in Petri dishes with a
mobilization area (bottom part containing MA and Cd; 0 mM control and 0.1, 0.25, 0.5, 0.75, and
1 mM Cd) and an immobilization area (top colored part containing MA, 40 mM urea, and phenol red as
pH indicator). Co-cultures of (A) B. exigua and Pseudomonas sp. (B) T. rossicum and S. ureilytica Lr 5/4.
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