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ARTICLE INFO ABSTRACT
Editor: Julian Blasco A strain of the protozoan ciliate Tetrahymena thermophila adapted to increasing Pb(II) concentrations over two years
has shown that one of the resistance mechanisms to this extreme metal stress is the lead biomineralization to
Keywords: chloropyromorphite, one of the most stable minerals in the earth's crust. Several techniques such as microanalysis
Chloropyromorphite coupled to transmission and scanning electron microscopy (X-Ray Energy Disperse Spectroscopy), fluorescence mi-
gﬁ;e;:lecsmss croscopy and X-ray power diffraction analysis have revealed the presence of chloropyromorphite as crystalline aggre-
Metallothioneins gates of nano-globular structure, together with the presence of other secondary lead minerals. This is the first time that
Vesicular traffic the existence of this type of biomineralization in a ciliate protozoan is described. The Pb(II) bioremediation capacity of
Tetrahymena thermophila this strain has shown that it can remove >90 % of the toxic soluble lead from the medium. A quantitative proteomic

analysis of this strain has revealed the main molecular-physiological elements involved in adaptation to Pb(II) stress:
increased activity of proteolytic systems against lead proteotoxicity, occurrence of metallothioneins to immobilize Pb
(II) ions, antioxidant enzymes to mitigate oxidative stress, and an intense vesicular trafficking presumably involved in
the formation of vacuoles where pyromorphite accumulates and is subsequently excreted, together with an enhanced
energy metabolism. As a conclusion, all these results have been compiled into an integrated model that could explain
the eukaryotic cellular response to extreme lead stress.

1. Introduction

Lead (Pb) is a metal with a unique oxidation state (Pb®*) that has no
* Corresponding author. known biological function. It is considered one of the most toxic, and
E-mail address: juancar@bio.ucm.es (J.-C. Gutiérrez). most abundant metals in our planet (Tchounwou et al., 2012). Due to

http://dx.doi.org/10.1016/j.scitotenv.2023.164252

Received 2 January 2023; Received in revised form 14 April 2023; Accepted 14 May 2023

Available online 26 May 2023

0048-9697/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.164252&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2023.164252
mailto:juancar@bio.ucm.es
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2023.164252
http://creativecommons.org/licenses/by-nc-nd/4.0/
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv

P. de Francisco et al.

anthropogenic activity involving lead, such as the use of insecticides, indus-
trial wastes, mining activity, gases released by cars, batteries, pigments,
etc., it is considered one of the main environmental pollutants (Sharma
and Dubey, 2005). In addition, being water-soluble, lead can be adsorbed
by plant roots and thus incorporated into the food chain. Thus, it can
reach humans via ingestion and/or inhalation, originating different types
of pathologies that affect the nervous, cardiovascular, or respiratory system
(Tchounwou et al., 2012).

Lead alters a large number of physiological processes due to the diver-
sity of targets included in its toxicity mechanisms, of which the most rele-
vant are: competition with essential metal cations such as calcium,
disturbance of the transport of essential cations and the intracellular os-
motic balance, disruption of protein biosynthesis and enzymatic activity
by interacting with sulfhydryl and amide groups, generation of reactive ox-
ygen species (ROS) leading to oxidative stress, lipid peroxidation, apopto-
sis, and DNA damage (Silbergeld et al., 2000; Jaishankar et al., 2014; Wu
et al., 2016a, 2016b; Kumar and Prasad, 2018).

To resist the stress imposed by lead toxicity, prokaryotic and
eukaryotic cells have developed several defense strategies and detoxifi-
cation mechanisms, among which we can highlight the following:
bioadsorption by extracellular polymers (Jarostawiecka and
Piotrowska-Seget, 2014), efflux systems by P-type ATPases (Gillet
et al., 2019), intracellular immobilization or sequestration by specific
proteins (such as metallothioneins) (Gutiérrez et al., 2019) and
oligopeptides (such as phytochelatins or glutathione) (Kumar and
Prasad, 2018; Lee et al., 2019), and/or extra- or intracellular precipita-
tion by biomineralization (Liang et al., 2016). These strategies are not
exclusive, and several of them may appear concurrently in a single
cell, depending on the degree of stress caused by lead.

Biomineralization has been defined as a process by which living beings
stimulate the synthesis of minerals, which are immobilized by the cell and/
or bioprecipitated (Rahman and Singh, 2020). Some authors have consid-
ered that this process can be classified into two categories (Gadd et al.,
2012): a)- biologically induced mineralization, where an organism alters
the environment by chemically modifying the toxic metal and excreting it
as a precipitated insoluble mineral form generally as a detoxification mech-
anism (Jarostawiecka and Piotrowska-Seget, 2014), or b)- biologically con-
trolled mineralization, where the organism has a high degree of control
over the mineralization process, such as the complex external mineral struc-
tures formed by certain eukaryotic microorganisms, for instance; the tests
or exoskeletal structures of diatoms, foraminifera or radiolarians (Dubicka
and Gorzelak, 2017).

Lead can react with different anions such as chlorides, phosphates or hy-
droxyl radicals to form insoluble precipitates (induced biomineralization),
and in this way different microorganisms decrease the concentration of
free, bioavailable and toxic Pb(II) present in the medium (Naik and
Dubey, 2013; Albi and Serrano, 2016). Pyromorphite (Pm) is a secondary
lead ore that occurs abiotically in oxidized zones of lead deposits. Pm crys-
tallizes in hexagonal prisms with a globular, reniform or granular morphol-
ogy. There are several types of Pm: Pbs[PO,4]5 X , where “X” can be fluorine,
chlorine, bromine, or a hydroxyl. Chloropyromorphite (CIPm) (Pbs[PO,4]
3Cl) is the most stable Pb mineral in the earth's crust (Miretzky and
Fernandez-Cirelli, 2008). The low solubility of this mineral reduces the
Pb(II) bioavailability in contaminated soils, and the formation of this min-
eral has been proposed as a possible bioremediation mechanism (Clipson
and Gleeson, 2012).

The biomineralization of lead to Pm as a Pb(II) detoxification mecha-
nism has been described in both prokaryotes and eukaryotes. In the patho-
genic Gram-negative bacterium Burkholderia cepacia the formation of
hydroxypyromorphite (OHPm) nanocrystals was detected (Templeton
et al., 2003). Among eukaryotes the transformation of Pb(II) to Pm has
been described in several soil filamentous fungi (Aspergillus niger and
Paecilomyces javanicus) (Rhee et al., 2012), in root-fungus symbiosis
(mycorrhizae) (Bizo et al., 2017), yeasts (Liang et al., 2016; Sarkar et al.,
2019) and in the nematode Caenorhabditis elegans (Jackson et al., 2005).
The specific molecular mechanism to explain microbial lead
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biomineralization by releasing phosphate to form Pm is still little known, al-
though some authors (Liang et al., 2016) have suggested the presence of
exophosphatase activities that would increase the availability of inorganic
phosphate in the extracellular medium, promoting the precipitation of
Pm minerals on the cell surface (cell walls of bacteria or fungi) or outside
the cell.

Stress-adapted organisms have not only been isolated from natural envi-
ronments (Khan et al., 2015), but have also been generated in the labora-
tory under certain stress conditions which promote the development of
new metabolic abilities or novel phenotypes (Sauer, 2001; De Francisco
et al., 2018b). The progressive adaptation process to certain extreme condi-
tions enhances the cellular resistance mechanisms to stress, becoming more
evident and easier to be detected. The main purpose of this study was to an-
alyze the physiological and cell structural features of a strain of Tetrahy-
mena thermophila (ciliated protozoon) adapted over time to grow under
increasing concentrations of Pb(Il). Transmission electron microscopy
(TEM), including TEM-microanalysis, and fluorescence microscopy of
this Pb-adapted strain detected large Pb-rich cytoplasmic deposits,
which were subsequently excreted out of the cell. The spectra obtained
by TEM-XEDS (X-Ray Energy Dispersive Spectroscopy) of the intracellu-
lar deposits identified the lead mineral as CIPm. Furthermore, the scan-
ning electron microscopy-XEDS (SEM-XEDS) revealed CIPm with an
aggregated crystalline nano-globular structure. X-ray powder diffrac-
tion analysis (XRPD) confirmed the presence of CIPm, together with
other secondary lead minerals, in the material excreted by the Pb-
adapted cells. To our knowledge, this is the first time that a Pb(II) bio-
mineralization process to CIPm is reported in a ciliated protozoon, and
our results suggest that this Pb-adapted strain can detoxify Pb through
cytoplasmic CIPm formation, discharge and extracellular deposition.
To know more about this Pb(II)-adapted strain and the cell physiologi-
cal changes on which this adaptation and the process of Pb(II)-biomin-
eralization to CIPm are based, a quantitative proteomic analysis was
carried out. From this analysis we infer that the main processes that
stand out in the Pb-adapted strain are: a high activity of proteolytic sys-
tems (ubiquitin-proteasome and autophagy-lysosome) as a consequence
of lead proteotoxicity, synthesis of metal-chelating metallothioneins
and antioxidant enzymes to mitigate ROS formation, extensive vesicular
traffic originating vacuoles where Pb(II) is biomineralized to CIPm and
subsequently excreted to the medium, and a high energetic metabolism
that supports the detoxification processes. From all these data, a model
showing the cellular adaptive strategy to Pb(II) extreme stress and its
biomineralization to CIPm is discussed.

2. Materials and methods

Due to the length of this manuscript, a detailed Materials and methods
section has been included in supplementary material (see Text-1S).

3. Results

3.1. Isolation and characterization of a T. thermophila strain adapted to extreme
lead concentrations

The adaptation process to Pb(II) consisted of gradually exposing
T. thermophila (strain SB1969) to increasing concentrations of the metal
over a two-year period, until the maximum tolerable concentration
(MTC) was reached. The MTC value of the Pb-adapted strain was
5500 pM growing in PP210 medium, which is about 5.7 times the Pb
LCso of the control strain (965 pM) in this same growth medium. In Tris-
HCI buffer the Pb LCs, value (800 uM) of the Pb-adapted strain is about
7.3 times higher than that of the wild type strain (110 pM). The analysis
of the growth kinetic parameters from the Pb-adapted strain with respect
to the control, showed that the growth rate and the generation time of
the adapted strain are something different than the control culture and a
moderate delay in cell growth of the Pb-adapted strain was detected
(Table 1S).
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3.2. Large and numerous electrodense deposits appear in the Pb-adapted strain

In both thin and ultrathin sections, a remarkable difference between
control (Fig. 1A) and Pb-adapted cells (Fig.1B) is already apparent: the pres-
ence of large and numerous, spherical, or ellipsoidal, cytoplasmic inclu-
sions or deposits containing an electrodense granular material surrounded
by a membrane (Fig. 1C, D). The micrograph in Fig. 1D shows a cytoplasmic
region with an intense network of vesicles or vesiculation (dashed line box),
which might be the trans-Golgi network (TGN), and from where these ves-
icles containing the electrodense material could originate (Fig. 1D). Pre-
sumably, this granular material is accumulated inside vacuoles or
secretion granules and ends up being expelled out of the cell, as compacted
clusters of granular material that maintain the shape they acquired inside
the vacuole or cytoplasmic container (Fig.1E). On average, more than ten
clusters per cell, of different sizes and with a compacted granular content,
have been detected (Fig.1F). To determine whether the presence of these
deposits is a reversible process and depends on the presence of lead in the
medium, the Pb-adapted strain (which is always kept under constant expo-
sure to Pb) was maintained for one month without the presence of the
metal, and then analyzed by TEM. Similarly, after one month without the
metal, these cell populations were again exposed to the metal at MTC for
24 h, and again analyzed by TEM. As it is shown in Fig.2, a smaller number
of remnant deposits with a lower content of electrodense particles (Fig.2A,
2B) are detected in cells maintained for one month without the metal, and
no electrodense material excreted outside the cells is observed. When these
cells are again exposed to Pb (24 h), deposits with condensed electrodense
material, characteristic of Pb-adapted cells, appear again, and this material
is expelled back out of the cell (Fig.2C, 2D).

Higher resolution TEM observations (TEM-XEDS-derived images) show
that the electrodense granular material released from the cell consists of
granules or nanoparticles of about 5-10 nm (Fig.3A), which have a crystal-
line structure (Fig.3B, 3C).

:.%‘ ‘
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3.3. Detection of lead in the electrodense intracellular deposits by fluorescence
and electron microscopy microanalysis

The use of Leadmium Green fluorochrome in the lead-adapted strain
showed many green-fluorescing ovoid deposits (Fig.3E, 3F), which corre-
spond to the refringent bodies detected in bright-field (Fig.3D). This high-
lights the presence of lead in these deposits, because this fluorochrome
detects Pb or Cd. A more precise analysis of the elemental composition of
these electrodense deposits was carried out by microanalysis using TEM-
XEDS. The spectra obtained showed differences between the abiotic control
(culture medium without the presence of the ciliate) and the Pb-adapted
strain culture (Fig.4). In the cell-free control, lead and carbon were detected
as the main elements (Fig. 4A), while the spectrum obtained directly from
the electrodense intracellular deposits showed a pattern with Pb, P and Cl
peaks (box in Fig. 4B) coincident with the phosphorus and chlorine contain-
ing lead mineral known as chloropyromorphite (Pbs[PO,4]5Cl). Likewise,
the SEM-XEDS analysis of extracellular material (Fig. 5), excreted by the
Pb-adapted strain (Fig. 5B) or from a control culture (without cells)
(Fig. 5A), shown spectra like those from TEM-XEDS.

3.4. Identification of lead secondary minerals using X-ray powder diffraction
analysis (XRPD)

Secondary Pb minerals were analyzed from extracellular material (ex-
creted by cells) obtained from cultures with the Pb-adapted strain grown
at MTC of lead, and an abiotic control (cell-free culture medium) exposed
for one month to the same Pb concentration (5.5 mM). The XRPD analysis
of the control sample showed a stick pattern or plot of identified phases cor-
responding to lead dioxide (PbO,), present in a higher percentage (60 %)
(Fig. 1SA), together with a minor component (40 %) of lead oxide carbon-
ate hydrate, a type of hydrocerussite [Pby(CO3)O(H,0),] (Fig. 1SA). On the
other hand, the sample of the material excreted by the Pb-adapted strain

Fig. 1. Transmission electron microscopy (TEM) micrographs of control and Pb-adapted strains. (A)- control strain cell (6000 x ). (B—F)- Pb-adapted strain. (B)- electrodense
inclusions inside vacuoles and outside the cell (white arrows) (6000 x ). (C)- enlarged image of electrodense material in vacuoles (arrows) (12,000 x ). (D)- electrodense
granular-particulate material inside a vacuole (arrow indicates vacuolar membrane). The dashed line box shows an intense Golgi vesicular network (25,000 x ). (E)-
electrodense material ejected from the cell (arrows) (12,000 x ). (F)- enlarged image of the electrodense granular-particulate material (50,000 x ). Ma: macronucleus, Va:

vacuole.
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Fig. 2. TEM micrographs of Pb-adapted strain. (A) and (B)- Pb-adapted cells after one month without Pb exposure. Vacuoles with a residual content of electrodense particles
(arrows) (5000 x and 8000 X, respectively). (C) and (D)- Pb-adapted cells after one month without Pb exposure and re-exposed to Pb (5.5 mM) for 24 h. Electrodense

material in vacuoles and outside the cell (4000 x and 5000 X, respectively).

showed a plot of identified phases corresponding to chloropyromorphite
(Pbs[PO4]5Cl) (Fig. 1SB). In addition, lead oxide (PbO) has also been de-
tected in some samples from Pb-adapted strain (Fig. 1SC).

3.5. Analysis of the bioremediation capacity of the Pb-adapted strain

Using induced coupled plasma optical emission spectrometry (ICP-OES)
technique, the amount of lead removed from the medium by the Pb-
adapted strain was calculated after maintaining the Pb-adapted cells in it
for 24 or 48 h, at two different Pb concentrations (200 or 500 pM or their
equivalent concentrations measured by ICP-OES: 45 or 120 pg/ml). As
shown in Fig. 6A, the Pb-adapted strain can remove >90 % of the Pb®*
present in the medium in only 24 h, regardless of the initial starting concen-
tration. After 48 h of incubation, a slight increase (2.5 %) in the remaining
amount of Pb present in the medium was detected, only in the assay per-
formed at a higher Pb concentration (Fig. 6A), which could be due to
some mortality of the cell population after 48 h of exposure.

To elucidate the toxicity degree of the medium after removal most of the
metal by the Pb-adapted strain, a series of bioassays were carried out with a
control strain (SB1969) of this ciliate. This control strain was exposed to
both, the supernatant of a culture from the Pb-adapted strain grown for
5 days in PP210 medium with lead (5.5 mM, initial concentration), or the
insoluble (precipitate material) excreted by the Pb-adapted strain during

its growth. Mortality percentages were measured by flow cytometry, and
several control cultures were used: a control culture exposed to 800 pM
Pb concentration (which is the Pb(II) LCs, value for the Pb-adapted strain
in Tris-HCI), a standard culture (live control) without Pb and a culture
with dead cells after fixation with 37 % formaldehyde (Fig. 6B). The control
strain (SB1969) shows high mortality (~87 %) when exposed to the Pb
concentration corresponding to the LCsq for the Pb-adapted strain. In con-
trast, the percentage of mortality obtained from exposure to the superna-
tant from the Pb-adapted strain culture (previously grown for 5 days) is
very low (1.35 %), and thus reducing mortality by ~85 %. However, the
control culture exposed to the material excreted by the Pb-adapted strain
showed some mortality (~21 %) (Fig. 6B), and in this case the reduction
in mortality was only ~65.5 %.

3.6. Relative quantification and comparative proteomic analysis

For a better understanding of the adaptive cellular response to high con-
centrations of Pb, and its biomineralization to chloropyromorphite, a quan-
titative proteomic analysis of the Pb-adapted T. thermophila strain was
carried out by LC/MS with respect to a control strain (SB1969). A total of
1790 proteins were identified as T. thermophila-derived proteins, of which
949 (~53 %) from the control sample and 841 (~47 %) from the Pb-
adapted strain. Uncharacterized or hypothetical proteins were detected in
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Fig. 3. (A-C)- High resolution images derived from microanalysis (TEM-XEDS), showing the crystalline structure of nanoparticles corresponding to the particulate
electrodense material detected inside vacuoles in the Pb-adapted strain. (D—F)- Confocal fluorescence microscopy micrographs of the Pb-adapted strain. (C)- shows the
crystal structure (arrows) of a nanoparticle. (D)- Brightfield image of a cell (outline is indicated by dashed line), arrow indicates refringent content (600 X ). (E)- staining
of the refringent content with Leadmium Green fluorochrome of the same cell shown in (D) (600 x ). (F)- magnified image of the same cell (1000 x ). Arrows indicate
ellipsoidal deposits containing Pb, which would correspond to the electrodense vacuolar content detected by TEM (Fig. 1).

both samples; 107 (11.27 %) from the control strain and 85 (10.10 %) from
the Pb-adapted strain. This represents a 10.72 % of the total number of pro-
teins (1790) detected between both strains.

From the 841 Pb-adapted strain characterized proteins, those (266 pro-
teins) with a relative fold increase value =1.49 with respect to the control
strain were selected and classified into different functional groups
(Table 2S). The different functional groups and the percentage of proteins
included in each of them for the Pb-adapted strain are shown in Fig. 7.
The two major functional groups are proteins involved in proteolysis pro-
cesses (11.27 %) and reducing the oxidative stress (11.27 %) caused by
Pb. The next two largest groups are proteins involved in vesicle formation
or membrane trafficking (9.39 %) and energetic metabolism (8.27 %)
(Fig. 7). Transmembrane and/or transport proteins comprise 7.14 %. The
groups related to oxidative phosphorylation and ubiquitin-proteasome sys-
tem represent about 6.0 % each, and stress proteins group account for
6.39 %. A significant group of proteins related to metal stress are
metallothioneins (metal- chelation), and this group represents only
1.12 % of the total amount of proteins characterized in the Pb-adapted
strain, however it includes the two proteins (metallothioneins MTT5 and
MTT1) that reached the highest increases in this strain (51.14- and 30.90-
fold, respectively, compared to the control strain).

The picture of the functional groups from the control strain is very dif-
ferent (Table 3S, Fig. 8). Most increased proteins identified in log-phase
T. thermophila cells, regarding the Pb-adapted strain, are related to the
translational machinery (22.49 %), followed by some proteins associated
with DNA or ciliate macronucleus (13.98 %). Like in the Pb-adapted strain,

in the control strain the proteins included in the transmembrane transport
functional group are significantly numerous (9.72 %) (Fig. 8).

There are functional groups that appear in both strains, but their propor-
tional amount is very different between them, for example, cytoskeleton
(5.16 %-control vs 2.25 %-Pb-adapted), translation machinery
(22.49 %-control vs 4.51 %-Pb-adapted), signaling (3.34 %-control vs
1.50 %-Pb-adapted), oxidative stress (1.82 %-control vs 11.27 %-Pb-
adapted), proteolysis (1.21 %-control vs 11.27 %. Pb-adapted) and so on
(Figs. 7 and 8).

The top ten most abundant proteins in one strain relative to the other
and vice versa are shown in Fig. 9. The functional groups in which the 10
most abundant proteins of both strains have been included do not coincide.
In the Pb-adapted strain most of these proteins are included in three main
groups, namely metal chelation, oxidative stress, and proteolysis, whereas
half of the ten most abundant proteins in the control strain are included
in the functional group related to DNA and macronucleus.

As the macronuclear genome of T. thermophila is polygenic, consisting of
gene families including several paralogs, both the control and Pb-adapted
strains overexpress paralog genes encoding isoforms of the same type of en-
zyme (isoenzymes) or protein. Each of these gene versions is differentially
expressed quantitatively and qualitatively in both strains. Figs. 2S to 4S
show some examples of different protein isoforms that are identified as
members of the same set of enzymes, proteins with similar structural do-
mains or of the same family within the same functional group. Each strain
expresses mostly and selectively one or several isoforms, for example,
from the 62 isoforms of glutathione-S-transferase (GST) found in the
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Fig. 4. Spectra obtained by TEM-XEDS analysis. (A)- abiotic control (no cells). (B)- sample from the Pb-adapted strain. TEM micrographs show fragments of the samples on

which elemental microanalysis was performed.

T. thermophila genome (included in oxidative stress functional group), 5 of
them appear predominantly in the Pb-adapted strain, with respect to the
control strain, whereas 3 isoforms, different from the previous ones, appear
in the control at higher levels than in the Pb-adapted strain (Fig. 2S). In
other functional groups (Fig. 3S) such as proteolysis, 7 isoforms of cysteine
proteases from the papain family are detected in the Pb-adapted strain, and
none in the control. On the other hand, in the transmembrane and/or trans-
port protein group, only one ABC family transporter protein appears in the
Pb-adapted strain, while in the control there are four different proteins from
this functional family (Fig. 4S).

4. Discussion
4.1. Adaptation of T. thermophila cells to elevated lead concentrations

In controlled-evolution experiments, the aim is to obtain organisms
with certain physiological capacities in a relatively rapid and controlled
manner. For this purpose, organisms are subjected to certain stress condi-
tions (presence of drugs, extreme temperature, salinity, etc.), which are in-
creased gradually and continuously over time to obtain in a selective way
adapted strains capable of surviving in these extreme conditions. The
adapted organisms enhance all the defense mechanisms necessary to coun-
teract this critical situation, thus facilitating their study. In general, these
adaptive processes involve changes in the genome of organisms at various

levels: changes in the expression levels of certain genes, the appearance of
point mutations or intragenomic reorganization processes (De Francisco
et al., 2018b). All these changes give rise to new phenotypes, adapted
against a certain type of stress (Huang and Agrawal, 2016).

After the Pb(II) adaptation process in the ciliate T. thermophila, a maxi-
mum tolerable concentration (MTC) value of about 5.7 times the Pb LCsq
value was reached in growth medium and about 7.3 times in Tris-HCl
buffer. Unlike what occurs in strains of this ciliate adapted to high concen-
trations of Cd or Cu, in which there is an increase of 9 or 8 h in the gener-
ation time (Tg) with respect to the control (data not shown), in the Pb-
adapted strain it is only about 1 h. Therefore, we consider that there is
only a moderate delay in the growth of the Pb-adapted strain. However,
there is a slight decrease in the cell density achieved with respect to the con-
trol culture. This means that over time the selection process applied (lead
concentration increasing) has selected certain cells that grow optimally
under these extreme conditions. Thus, the defense mechanisms involved
in the neutralization of Pb(II) toxicity must be very efficient to keep their
division rate almost intact. As in Tetrahymena Pb-adapted strain, the Pb-
treated yeast Papiliotrema laurentii (Sarkar et al., 2019) showed similar
growth parameters with respect to the control culture, although the cell
density achieved was clearly lower.

Using electron microscopy (TEM) analyses, large and electrodense de-
posits have been detected inside vacuoles or secretion vesicles with a gran-
ular content. The content of these vacuoles or vesicles is expelled out of the
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Fig. 5. Spectra obtained by SEM-XEDS analysis. (A)- abiotic control (no cells). (B)- sample of the material excreted by the Pb-adapted strain. The SEM micrographs show the
regions or areas (marked as Spectrum 1) of the samples on which the elemental microanalysis was performed. The sample with material excreted by the cells (micrograph
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cell, after fusion of the vacuole or vesicle membrane with the ciliate enve-
lope, releasing a compact granular content that maintains the ellipsoidal
or spherical shape of the vacuole that contained it. These intra-vacuolar
electrodense deposits are caused by the presence of lead at high concentra-
tions, since when the metal is removed from the medium for a month, the
cells only maintain small residual deposits of this granular material and
stop expelling its content to the medium, and when again they are exposed
for 24 h to the same Pb(II) concentration they return accumulate this mate-
rial in vacuoles and expel it outside the cell.

The ability of Tetrahymena to bioaccumulate lead was reported by J.R.
Nilsson in 1989 (Nilsson, 1989), who described the presence of dense gran-
ules in the cytoplasm and inside some organelles (such as mitochondria)
when the ciliate was exposed to a lead sub-lethal concentration. Likewise,
some marine protozoa have a great capacity to bioaccumulate lead in diges-
tive vacuoles, thus reducing the presence of lead in the environment
(Fernandez-Leborans et al., 1998). Cyanobacteria (Burgos et al., 2013) ac-
cumulate lead as cytoplasmic inclusions composed of polyphosphates.
The presence of lead in the electrodense granular material present in vacu-
oles of the Pb-adapted Tetrahymena strain was confirmed by fluorescence
microscopy using Leadmium Green fluorophore.

4.2. Presence of chloropyromorphite in electrodense vacuolar or vesicular de-
posits

Both TEM- and SEM-XEDS microanalysis spectra of the electrodense
granular vacuolar material and that expelled by the Pb-adapted strain
showed the presence of the mineral known as chloropyromorphite, one of
the most stable lead minerals. By high resolution TEM it could be observed
that the vacuolar granular material was formed by nanoparticles (5-10 nm)
of crystalline structure, which would correspond to this type of lead
mineral. T. thermophila is capable of extracellularly producing silver

nanoparticles from AgNOs after reduction of silver ions, which is also a cel-
lular mechanism of stress response to this toxic metal (Juganson et al.,
2013).

The biomineralization of lead to pyromorphite and other secondary
minerals has been described in both prokaryotic and eukaryotic microor-
ganisms that usually live in edaphic ecosystems. In biofilms formed by
the bacterium Burkholderia cepacia, the presence of hydroxy-pyromorphite
(OHPm) nano-crystals has been described, and their presence is due to
the capacity of this bacterium to biomineralize intracellularly
bioaccumulated Pb(II) (Templeton et al., 2003). Likewise, pyromorphite
crystals have been detected in bacterial biofilms isolated from lead pipes
(Menor-Salvan, 2012). Among eukaryotes, biomineralization of lead to py-
romorphite has been described in both filamentous fungi and yeasts. For ex-
ample, inside the hyphae of Paecilomyces javanicus (Rhee et al., 2012,
2014), in the yeast Papiliotrema laurentii which bioprecipitates lead in the
form of phosphate and chloropyromorphite (Sarkar et al., 2019), and in
root-fungus symbiosis (mycorrhizae) (Bizo et al., 2017). Also, the biological
formation of OHPm crystals has been described in the nematode
Caenorhabditis elegans, which bioaccumulates them in the anterior pharyn-
geal region after ingestion of lead nitrate (Jackson et al., 2005).

A secondary lead mineral as lead oxide (PbO) or litharge was
detected, after using XRPD analysis, in the material presumably excreted
by Tetrahymena cells. On the contrary, the abiotic control sample (without
Tetrahymena cells) showed the presence of lead dioxide (PbO,) in a high
percentage together with a type of hydrocerussite (lead oxide carbonate hy-
drate). In a similar way, in samples of treated cultures of the fungus
P. javanicus, both hydrocerussite [Pb3(CO53),(OH),] and PbO were de-
tected, in addition to CIPm, while Pb and litharge (PbO) were detected in
the control sample (Rhee et al., 2014). From these data we can infer that
the presence or absence of a microorganism in the medium induces the for-
mation of different secondary lead minerals.
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4.3. Bioremediation capacity of the lead-adapted strain

In metal bioremediation, both biomineralization and bioprecipitation,
together with biosorption, have been used since these processes immobilize
the metal making it non-bioavailable and thus decreasing its potential tox-
icity for living beings (Liang et al., 2016; Rahman and Singh, 2020). Biore-
mediation is based on the use of macroorganisms (plants), microorganisms
(bacteria, fungi, or microalgae) or metabolic products originating from
them to eliminate or block toxic pollutants (organic or inorganic) (Wang
and Chen, 2006; Kuroda and Ueda, 2010). Strains resistant or adapted to
metals are good candidates for bioremediation of ecosystems contaminated
with these inorganic toxicants (Malik, 2004). These strains can be isolated
from contaminated natural environments (Wu et al., 2016a, 2016b) or ob-
tained in the laboratory (Geva et al., 2016), either by improving their resis-
tance capacity by genetic engineering or by evolutionary adaptation
experiments without the need to introduce foreign genes into the organism.
This last possibility is less conflicting with international regulations when
organisms need to be applied directly (in situ) in the contaminated environ-
ment.

Overall, our experiments carried out with the Pb-adapted and control
strain show that the Pb-adapted strain can remove about 90 % of the lead
present in the medium within 24 h. In the yeast P. laurentii, which
bioprecipitates lead in the form of phosphate and chloropyromorphite, it
was determined that it removes about 77.7 % of lead from the medium
(Sarkar et al., 2019). The gram-positive bacterium Bacillus subtilis has a
high ability to biomineralize lead by forming OHPm, and its ability to re-
move Pb(II) was estimated to be 381.3 mg/g of bacterial biomass in

aqueous solution. The bacterium L. adecarboxylata, can immobilize lead
by originating both OHPm and CIPm (Jiang et al., 2020).

So, the eukaryotic microbial strains adapted to high concentrations of
lead, like the one described in this work, can be useful biotechnological
tools in the bioremediation of this metal in polluted soil or aquatic habitats.
Environmental contamination by metals is usually multiple (containing
more than one toxic metal), so a bioremediation process must also consider
the possibility of removing more than one type of metal from a polluted
ecosystem.

An additional advantage of these metal-adapted microorganisms is that
they can often exhibit cross-resistance phenomena to other metals or other
types of environmental stressors (like antibiotics) (Baker-Austin et al.,
2006). The Tetrahymena Pb-adapted strain is able to grow (with growth pa-
rameters similar to the control strain) under 4 mM Cu(II) (CuSO,), that is
the MTC value in a Cu-adapted strain from this ciliate, which is about 12
fold the LCs, value of the wild-type strain (data not shown), thus showing
a cross-resistance to high concentrations of Cu(Il). Furthermore, treatments
of the Pb-adapted strain with toxic-metal mixtures (5.5 mM Pb(II) plus
2 mM Cu(Il) or 57.5 uM Cd(II), these last two concentrations represent
half of the MCT values for two other Cu- or Cd-adapted strains from this cil-
iate) have shown that it does not resist an exposure to the mixture
(Pb + Cu), whereas it can grow under the mixture (Pb + Cd), although
with a generation time about 3-fold longer than the control strain (data
not shown).

Previous works using T. thermophila and other ciliates (Diaz et al., 2006;
Gallego et al., 2007) have shown that mixtures of metals (such as Cd and
Zn) can increase the intracellular bioaccumulation levels of both metals
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after increasing their concentrations in the medium, mainly in soil ciliates
that are more resistant to Cd (Diaz et al., 2006). Likewise, it has been
shown that in some ciliates the presence of moderate Zn concentrations in-
creases the intracellular bioaccumulation of Cd (Dunlop and Chapman,
1981; Martin-Gonzalez et al., 2006). All these studies support the possibil-
ity of using microorganisms for multiple metal bioremediation in a contam-
inated ecosystem.

4.4. Quantitative proteomic analysis: towards a global view of the cellular stress
response and adaptation to lead toxicity

Clustering of the characterized proteins into functional groups has
revealed major differences between the two T. thermophila strains; the Pb-
adapted and the wild type. Paralog genes present in the T. thermophila ge-
nome encode different protein versions or isoforms (Eisen et al., 2006).
These genes can be differentially expressed in both strains (Pb-adapted
and control) or in only one of them, acting as ecoparalogs whose expression
depends on environmental conditions (Syutkin et al., 2014). The compara-
tive analysis of these functional groups and the amount of different protein
isoforms they contain will give us an idea of the cellular scenario existing in
the Pb-adapted strain with respect to the control.

The increase of a certain protein in the Pb-adapted strain, with respect
to the control, can be interpreted in two different ways; a)- that this protein
is blocked or altered by Pb or it displaces the essential metal of the enzyme
making it non-functional, and for that reason it is required to increase its
production, or b)- that this protein is involved in the mechanisms of cellular
resistance to Pb and thus requires to increase its presence in the stressed
cells.

4.5. Proteolysis and ubiquitin-proteasome system

Lead interacts with the sulfhydryl groups of proteins, forming a flexible
bond with oxygen and sulfur to form stable complexes that increase the
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affinity of Pb for the protein. In addition, the free radicals originating
from Pb interact with polypeptides, through a metal-catalyzed oxidation
of the protein. The interaction between the protein and the free radicals
causes modifications in certain amino acids, which increases the vulner-
ability of the protein to proteolysis (Lee et al., 2019; Kumar and Prasad,
2018). The cellular stress response to Pb proteotoxicity is revealed by el-
evated levels of proteolysis. Protein degradation is accomplished by two
ways; the autophagy-lysosomal proteolytic activity and the ubiquitin-
proteasome system. Both play an important role in the stress response
by removing damaged proteins, preventing their accumulation in toxic
aggregates, and eliminating proteins with altered functions (Flick and
Kaiser, 2012). In addition, proteolysis-regulated destruction of regula-
tory molecules constitutes a pathway for cell growth control (Tansey,
1999).

In the Pb-adapted strain, the largest functional group of increased pro-
teins is composed of enzymes involved in proteolytic processes; a total of
30 (11.27 %) identified compared to the 4 that appear increased in the con-
trol strain with respect to the Pb-adapted strain. This group (proteolysis) is
not only the most numerous, but also includes two of the 10 most abundant
proteins of the Pb-adapted strain, namely KSPI (Kazal-type serine protein-
ase inhibitor) and Pep-C39 (peptidase C39 family), about 8- and 6-fold
more abundant respectively with respect to the control. In the macronu-
clear genome of T. thermophila there are 23 gene isoforms for the KPI
(Kazal-type proteinase inhibitor), of which only one is significantly in-
creased in the Pb-adapted strain with respect to the control one. The second
most abundant protein in the Pb-adapted strain is a C39 peptidase, of which
there are only two homologs in the genome of T. thermophila. This cysteine
peptidase is found in a wide range of ABC transporters. The protein or poly-
peptide they transport is processed (removal of the peptide leader) by the
endopeptidase activity located in the N-terminal domain of the ABC trans-
porter. In the Pb-adapted strain there are numerous transmembrane trans-
porter proteins, so it could be thought that some of them could use this
domain for the processing and transport of certain proteins.
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About 480 protease-encoding macronuclear genes have been recorded
in T. thermophila (Eisen et al., 2006), constituting 1.7 % of the total genomic
pool, which is close to the 2 % found in many organisms (Rawlings et al.,
2004). The Pb-adapted strain presents 30 proteases in a 1.49-fold higher
level compared to the control, which means 6.25 % of the total number
of protease genes from T. thermophila. From these, the largest group of iso-
forms present in the Pb-adapted strain is the papain family cysteine prote-
ases (7 isoforms). This family has 225 homologs (46.8 % of the total
number of protease genes), of which 7 (3 %) are present in the Pb-
adapted strain, whereas none of them appear in the control in a significant
amount. Five of them are identified as cathepsins (Fig. 3S), which are a
group of lysosomal proteases, whose main function is protein recycling
within lysosomes. A transcriptomic analysis of the T. thermophila stress re-
sponse to silver nanoparticles (Piersanti et al., 2021) has shown overexpres-
sion of the cathepsin CTH7 and down-regulation of CTH12. CTH7 does not
appear among those detected in the Pb-adapted strain (Fig. 3S), indicating
that the proteolytic processes associated with these stress responses may be
different.

The next most numerous proteinase isoform group identified in the Pb-
adapted strain is the Peptidase M16 family, with 4 representatives and none
in the control strain (Fig. 3S), from 23 isoforms present in the T. thermophila
genome. This family also includes insulysins or insulinases, cytoplasmic en-
zymes involved in the processing of insulin, glucagon, and other small hor-
monal peptides. In many multicellular organism cells, the formation of
autophagolysosomes is accelerated by the deficiency of insulin, essential
amino acids, or glucagon (as in liver cells) (Lecker et al., 2006). The Pb-
adapted strain overexpresses two insulysin isoforms while only one in the
control, from seven different isoforms in the genome of this ciliate. They be-
long to a family of metalloproteases, which require divalent cations (usually
zinc) for their activity. About 139 enzymes within this protease category
have been identified in the genome of T. thermophila. Many of these en-
zymes contain the HEXXH motif (where “X” is any amino acid), which is
part of the metal binding site. From the seven (between both strains) re-
ported to appear in an amount >1.49-fold with respect to each strain
(Fig. 3S), only one of them, identified as insulysin (TTHERM_01108740)
has the above motif. Finally, of the 14 homologs for peptidase M1 in the ge-
nome of this ciliate, only one appears in similar and significant amounts in
each of the strains (Fig. 3S). This type of aminopeptidases also belongs to
the metalloproteases and are characterized by two motifs in the catalytic
domain; a zinc-binding motif HEXXH-(X;g)-E and an exopeptidase motif
GXMEN (where “X” is any amino acid) (Albiston et al., 2004). The M1 pep-
tidase isoforms identified in the compared strains (Pb-adapted and control)
have both domains.

The 268S proteasome-ubiquitin system consists of a protein complex
with multiproteolytic activity that degrades ubiquitinated proteins to
small polypeptides (2-25 amino acids) (Lecker et al., 2006). In eukaryotes
most protein degradation is carried out via the ubiquitin-proteasome path-
way. The main functions attributed to this protein degradation system are a
rapid degradation of specific proteins that allows cellular adaptation to new
environmental conditions, regulation of gene transcription, because many
transcription factors are ubiquitinated and degraded by this pathway, a
quality control of damaged, misfolded, or denatured proteins, a source of
amino acids, and other roles unrelated to proteolysis (Lecker et al., 2006;
Nandi et al., 2006). In the Pb-adapted strain, the group of proteins of the
ubiquitin-proteasome system whose abundance is higher than that of the
control strain (= 1.49-fold) constitutes 6.39 % of the total. It consists of
17 proteins compared to the 7 increased in the control. In the Pb-adapted
strain, among the enriched proteins (= 1.49-fold over the wild type strain)
that are involved in the ubiquitin-proteasome system, we found four that
are part of the 26S proteasome. The most abundant one (4.2-fold) is the
beta-2 subunit (with trypsin-like enzymatic activity), which is essential
for the assembly of the 20S proteasome core particle. The detoxification
of the insecticide delthamethrin in Drosophila is affected by the presence
of the beta-2 proteasome subunit, since knockdown of this gene signifi-
cantly reduces the level of detoxification of this insecticide, and its overex-
pression increases cell viability (Hu et al., 2016). Among the subunits with
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proteolytic capacity, subunit 7 (with trypsin-like activity) is also an essen-
tial protein for the assembly of the 20S core particle and is also increased
(2.79-fold) compared to the control. Two other essential subunits in the as-
sembly of the 20S proteasome particle are the beta-5 and beta-3 subunits,
which also appear increased in the Pb-adapted strain but in lower extents
(1.21- and 1.14-fold respectively, relative to the control). Beta-5 subunit
(with chymotrypsin-like activity) plays a critical role in proteasome-
mediated protection against replicative senescence, as overexpression of
this subunit increases the resistance of multipotent human bone marrow
stromal cells to oxidative stress by hydrogen peroxide (Lu et al., 2014).

Another proteasome component that is abundant in this strain (2.4-fold
over the control) is the proteosomal regulatory protein rpn11, which is the
only member of the lid (outermost part of the 19S proteasome regulatory
particle) with essential catalytic capacity (deubiquitinase) in the protea-
some (Verma et al., 2002). Some ATPase proteins associated with different
cellular activities (AAA-ATPases) are linked to the proteasome, forming a
heterohexameric ring with six distinct subunits (Rpt1-6) (Yedidi et al.,
2017). A 26S proteasome ATPase subunit T6 (Rpt6) is also present in the
Pb-adapted strain in a level 1.49-fold over the control. The genes encoding
the same protein Rpt6 and RPN7 are up-regulated in T. thermophila exposed
to silver nanoparticles (Piersanti et al., 2021). In contrast, the RPN7 protein
(26S proteasome regulatory subunit N7) appears in the control strain
(about 2-fold over the Pb-adapted strain). This could mean that silver and
lead affect different proteasome subunits.

Proteasome function is regulated by a cyclic AMP-dependent protein ki-
nase (PKA) through phosphorylation of the Rpt6 subunit (Zhang et al.,
2007). The Pb-adapted strain presents (1.79-fold relative to the control) a
serine/threonine protein kinase (cAMP-dependent kinase or PKA) in the
protein-processing functional group (Table 2S), which could phosphorylate
the Ser120 residue of RPT6, and it is known that this phosphorylation is re-
sponsible for proteasome activation (Wang and Wang, 2020), although it
may also be involved in peroxisome biogenesis (Zhao et al., 2014). Other
proteins involved in the proteasome function are also present in this strain,
such as several non-ATPase regulatory subunits or alpha-type subunits, but
in lower levels than 1.49-fold relative to the control (data not shown).

Ubiquitination is a post-translational modification that attaches one or
more ubiquitin molecules to a target protein for subsequent degradation
in the proteasome. Therefore, it is a fundamental mechanism linked to
the proteolytic activity of the proteasome. Three enzymes are required for
the binding of ubiquitin to the target protein for degradation; E1 (ubiquitin
activation enzyme), E2 (enzyme that conjugates or transports ubiquitin to
the target protein) and E3 (ubiquitin-protein ligase, which recognizes the
target protein and catalyzes the binding of ubiquitin to that protein)
(Lecker et al., 2006). All three types of enzymes are present in the Pb-
adapted strain, namely, three isoforms of ubiquitin-conjugating enzyme
E2 are shown in 2.74- and 2.09-fold higher levels than the control, two iso-
forms of E1, one of which is 1.82-fold higher than the control, and only one
E3 isoform (1.49-fold).

Other relevant ubiquitin-related proteins present in the Pb-adapted
strain are a)- ubiquitin carboxyl-terminal hydrolases which are abundant
(144 homologs) in the genome of T. thermophila, of which only 6 isoforms
were identified in the Pb-adapted strain, one of them is increased 3.17-
fold relative to the control, and the rest are below the 1.49-fold threshold.
These enzymes have a deubiquitinating function, releasing ubiquitin mole-
cules from the poly-ubiquitin chains of polypeptides, and thus recycling
ubiquitin monomers. These enzymes play a crucial role in various cellular
processes and oncogenesis (Fang et al., 2010). The gene encoding the
human ubiquitin carboxyl-terminal hydrolase L1 is regulated by oxidative
stress at both transcriptional and translational levels (Shen et al., 2006).
b)- Two isoforms of the HECT-domain ubiquitin-transferase enzyme (a
type of ubiquitin protein E3 ligase) (Chen et al., 2017) appear in the Pb-
adapted strain, with 2.74- and 2.09-fold increased amounts relative to the
control. The levels of these isoforms counterbalance the relatively low
amount (1.49-fold) of the above-mentioned E3 ligase, so that the ubiquitin
ligase activity of them equals that of the E2 enzyme, thus the ranking of the
levels of the three enzymes in the Pb-adapted strain would be E2(6.27-
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fold) = E3(6.32-fold) > E1(3.08-fold). The E2 enzyme family is one of the
key proteins in the ubiquitin-proteasome system and is linked to the stress
response induced by different abiotic agents, as reported in plants, yeast
and ciliates. Some examples are as follows: in Nicotiana tabacum, overex-
pression of E2 enzyme NtUBCI increases resistance against cadmium (Liu
et al., 2020); increased expression of LeUBC1 from Lycopersicon esculentum
is associated with heat-shock stress and Cd chloride toxicity; in Arabidopsis
thaliana, UBC24/PHO?2 is regulated by a microRNA (miR399) that controls
inorganic phosphate homeostasis and its mobilization (Bari et al., 2006);
ShUbc13 from the ciliate protozoan Sterkiella histriomuscorum is involved
in the cellular response to DNA damage after UV-irradiation and during
the encystment-excystment cycle (Grisvard et al., 2010). c)- Ubiquitin-like
modifier-activating enzyme (ATG?7) is an El-like activation enzyme in-
volved in protein lipidation processes and required in membrane fusion
events during autophagy and mitophagy that controls the quality and quan-
tity of mitochondria under cellular stress (Lilienbaum, 2013).

4.6. Metallothioneins

In both prokaryotes and eukaryotes, toxic metals induce the appearance
of potentially metal(loid)-chelating molecules such as metallothioneins
(MT), phytochelatins or glutathione as a mechanism to mitigate their harm-
ful effects on essential proteins or enzymes. In the proteomics analysis of
the Pb-adapted strain, the most increased proteins with respect to the
control are two metallothioneins (MTs), MTT5 and MTT1 (51.14 and
30.90-fold with respect to the control, respectively), from among the five
MT isoforms present in the ciliate genome (Diaz et al., 2007; Gutiérrez
et al., 2019). Previous work from our group (De Francisco et al., 2017)
has defined MTT5 as an essential cellular “alarm” gene and is the one that
reaches the highest expression levels under the presence of Pb (Diaz
et al., 2007; De Francisco et al., 2017; Gutiérrez et al., 2019), although it
also responds to Cd and Cu, presenting a good affinity for these metals
(Espart et al., 2015). The results of the proteomic analysis in the
T. thermophila Pb-adapted strain confirm a previous study using quantita-
tive RT-PCR analysis in this same strain, as MTT5 gene is the one reaching
the highest expression levels both in this strain and in the control (De
Francisco et al., 2017).

The second place is held by metallothionein MTT1 that likewise corre-
sponds with the previously published gene expression ranking values for
the MTT1 gene in both the Pb-adapted and control strains (De Francisco
et al., 2016). MTT1 is preferentially identified as a Cd-MT (Diaz et al.,
2007; De Francisco et al., 2017; Gutiérrez et al., 2019), although it can
also chelate other metals such as Pb, which is in second place with respect
to the induction level of MTT1 gene expression after 24 h of treatment (De
Francisco et al., 2017).

The third and last MT reported in the proteomics analysis of the Pb-
adapted strain is MTT2 (3.10-fold increased relative to the control).
MTT2 and its paralog MTT4 have been identified as Cu-MTs, as they exhibit
their highest affinity for copper (MTT2 > MTT4) (Espart et al., 2015).
Therefore, it is unexpected that MTT2 appears in a significant amount in
the Pb-adapted strain. One possible explanation is as follows; essential
gene MTT5 is the most induced one under Pb or Cd treatments in all ana-
lyzed strains of T. thermophila (De Francisco et al., 2017). Based on a previ-
ous study about AP-1 transcription factors (bZIP) as potential regulators of
MT gene expression in this ciliate (De Francisco et al., 2018a), it was ob-
served that MTT5 promotes the coordinated differential expression of
MTT1 and MTT2 under metal stress (MTT1 > > MTT2). This would explain
the ranking of MT protein levels (resembling gene expression levels) found
under lead stress in the Pb-adapted strain: MTT5 > > MTT1 (about 20-fold
the amount of MTT1), MTT1 > > MTT2 (about 28-fold the amount of
MTT2). Currently, we do not know the mechanism by which the presence
of MTTS5 protein triggers the expression of the other two MT genes (MTT1
and MTT2), although MTT1 also chelates Pb (De Francisco et al., 2017,
2018a), or whether MTT2 can also do so.

In some Cd-MT isoforms from several Tetrahymena species, Pb leaders
the ranking of gene expression induction, depending on the exposure

12

Science of the Total Environment 891 (2023) 164252

time. (De Francisco et al., 2016). In other organisms such as rats, fish, or
humans MTs are also induced by lead (Church et al., 1993; Cheung and
Wang, 2005). Lead is the second metal, after Cd, to displace Zn in Zn-MT
complexes, or even Cd in Cd-MT complexes (Waalkes et al., 1984; Erk
and Raspor, 2001). Transcriptomic analysis of some plants has shown
that some MT genes respond equally to Cd and Pb (Kovalchuk et al., 2005).

4.7. Oxidative stress

Metals can directly or indirectly cause oxidative stress due to the forma-
tion of reactive oxygen species (ROS). Metals with redox activity (such as
Cu, among others) can directly cause ROS by Fenton-Haber-Weiss reactions
or auto-oxidation, while metals without redox activity (such as Pb) can in-
directly generate oxidative stress by substituting essential cations from bio-
molecules or by altering antioxidant enzyme activities (glutathione
peroxidase, catalase, superoxide dismutase, etc.). Another of the large pro-
tein functional groups in the Pb-adapted strain is the one related to oxida-
tive stress (11.27 % of the total proteins), and within the top-ten most
abundant proteins of this strain there are two proteins (GPx and Trx)
from this group. Glutathione peroxidase (GPx) is the most abundant in
the Pb-adapted strain, with almost 21-fold more than the control. It is one
of the 12 GPx isoforms present in the T. thermophila genome and has been
identified as GPX4 or phospholipid hydroperoxide glutathione peroxidase
(PHGPx) (Cubas-Gaona et al., 2020). This enzyme protects the cell against
lipid peroxidation or H,O5 (ROS biochemical indicators) because it can re-
duce fatty acid hydroperoxides that are esterified to phospholipids, or hy-
drogen peroxide using glutathione (GSH) as an electron donor (Imai and
Nakagawa, 2003). Interestingly, this same GPX4, which appears abun-
dantly in the Pb-adapted strain, also arises in T. thermophila exposed to sil-
ver nanoparticles (Piersanti et al., 2021), as do two thioredoxin reductases
(TTHERM_01222600 and THERM_00142420) (Table 2S), indicating that
the response to oxidative stress is common and independent of the metal in-
volved. In the Pb-adapted strain only one other GPx appears, but in an
amount lower than 1.49-fold over the control (1.13-fold) and identified
as the GPX9 isoform of T. thermophila, which is inducible by Pb, as are
others from this ciliate such as GPX1, GPX3, GPX10, GPX11 and GPX12
(Cubas-Gaona et al., 2020).

The toxic effect of lead on cell membranes is well known, altering their
fluidity and permeability, so that membrane lipid peroxidation is a direct
effect of this metal, linked to its neurotoxic effect (Virgolini and Aschner,
2021). In plants, increased lipid peroxidation by Pb treatment is a conse-
quence of high levels of superoxide, hydroxyl radicals and hydrogen perox-
ide (Kumar and Prasad, 2018). Interestingly, the unique catalase enzyme
(CAT1) from T. thermophila, which also degrades hydrogen peroxide, was
not identified in either the Pb-adapted or the control strains. In leaves
and roots of the herbaceous plant Centella asiatica, under three different
levels of Pb exposure, it is the GPx activity that shows higher values than
other antioxidant enzymes, as catalase or superoxide dismutase (Yap
etal., 2021).

The second most abundant protein (7.93-fold the control), within the
oxidative stress functional group, is a protein with a thioredoxin (Trx) do-
main. In the Pb-adapted strain, 10 proteins appear to be ascribed to the thi-
oredoxin family, two of which are thioredoxin glutathione reductases
(TGR), and all in levels higher than 1.49-fold regarding the control. Two
more proteins of this family appear in this strain (one Trx and one TGR)
but with values <1.49-fold over the control. Many organisms have two dif-
ferent coexisting antioxidant systems; glutathione (GSH)/glutathione re-
ductase (GR)/glutaredoxin (Grx) and thioredoxin (Trx(SH),)/thioredoxin
reductase (TrxR). Both the GSH tripeptide and the Trx/Grx proteins act as
reducing power donors. TGR connects both systems, being able to reduce
both Trx and GSH, substituting the functions of TrxR and GR, respectively
(Williams et al., 2013). Although in T. thermophila there are six genes
encoding cytosolic and mitochondrial GR isoforms and four mitochondrial
TrxRs, there are in addition five isoforms of TGRs. And three of these seem
to be involved in the antioxidant response of the Pb-adapted strain. Thus,
this strain should require both Trx and GSH for the defense against the
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oxidative stress produced by Pb. The need for GSH under these conditions is
evidenced by the presence of a glutathione synthetase (GSH2) in an amount
2.14-fold over the control. In T. thermophila there are only two isoforms for
this enzyme (GSH1 and GSH2).

Glutathione metabolism is well represented in this Pb-adapted strain, as
5 glutathione-S-transferases (GSTs) are also found with amounts >1.49-fold
over the control. Gene expression analysis (by qRT-PCR) of the coding
genes of some of these GSTs under metals and other abiotic stressors has
been carried out in our research group and confirms their induction
under Pb stress. For example, the GST (with a 2.94-fold abundance over
the control) is an omega class GST (GSTO4) whose gene expression is in-
duced 3.60-fold relative to the control under Pb stress (950 pM, 24 h treat-
ment) (unpublished data). Interestingly, one of the most overexpressed
GSTs (4.3 and 12.1-fold at 2 and 24 h treatment, respectively) under Pb
stress (950 pM) measured by qRT-PCR (unpublished data), is an omega
GST (GSTO7 or GST61) that does not appear in the Pb-adapted strain.
Therefore, this GST would act early after Pb exposure, but it should not
have a relevant function in the Pb-adapted strain. Two other GSTs that ap-
pear abundant in the control strain; GSTM49 (mu class) (2.06-fold) and
GSTN2 (unclassified) (1.88-fold) (Fig. 2S), were also quantified by qRT-
PCR in the presence of Pb, and both gave a negative result (no induction
under Pb stress) (unpublished data), thus confirming the proteomics re-
sults. Several genes encoding GSTs are also up-regulated under stress
caused by silver nanoparticles or AgNO; (Piersanti et al., 2021).

Another key antioxidant enzyme involved in the conversion of superox-
ide ion into hydrogen peroxide, which will be subsequently degraded by
glutathione peroxidase, is superoxide dismutase (SOD), and in fact an
iron/manganese SOD also appears increased in the Pb-adapted strain
(3.28-fold more than the control).

Many of the lead-toxic effects in mammals are based on the production
of oxidative stress which induces an imbalance of cellular antioxidant
agents that is resolved by increasing the presence of similar antioxidant
agents (SOD, GPx, GST, GSH, etc.) in many organisms (Singh et al.,
2018). In the yeast Papiliotrema laurentii, which precipitates Pb in the
CIPm form, it increases the enzymatic activity of SOD and catalase, relative
to control or exposure with other metal(loid)s (Sarkar et al., 2019). OsmC
and Ohr constitute two subfamilies of proteins, present in both prokaryotes
and eukaryotes, with thiol-dependent peroxidase activity and with the abil-
ity to reduce organic hydroperoxides (Meireles et al., 2017). This peroxi-
dase activity may be related to the detoxification of endogenously
originated hydroperoxides and to exogenous oxidative stress as occurs in
bacteria (Meireles et al., 2017). Among the five OsmC protein isoforms
encoded by the T. thermophila macronuclear genome, three of them are de-
tected in the Pb-adapted strain (Table 2S), and only one of them
(TTHERM_00640030) has been also reported in T. thermophila exposed to
silver nanoparticles (Piersanti et al., 2021). These results reveal for the
first time in eukaryotic microorganisms that the peroxidase activity of
OsmC-type enzymes is involved in metal-induced oxidative stress.

Truncated hemoglobins are proteins found in bacteria, eukaryotic mi-
croorganisms, and plants, and have been implicated in tolerance to
nitrosative stress (Angelo et al., 2008). This type of stress consists of a nitric
oxide (NO)-mediated nitrosylation of redox-sensitive thiols, involved in
processes of signal transduction, gene expression, cell growth and apopto-
sis. Reactive oxygen species (ROS) and nitrogen species (RNS) can originate
from endogenous or exogenous inducers. Pb induces both oxidative and
nitrosative stress, as observed in human oral mucosal cells (Wannhoff
et al., 2013). Therefore, in the Pb-adapted strain a nitrosative stress could
originate by an increase in NO, and although this gaseous molecule can pro-
tect the cell against oxidative stress caused by Pb (Kaur et al., 2015), an in-
tracellular excess of NO could trigger the protective action of truncated
hemoglobin. Truncated hemoglobin from T. pyriformis is essential in NO de-
toxification (Igarashi et al., 2011). The T. thermophila Pb-adapted strain ex-
hibits three isoforms, one of them (4.99-fold over the control) referred to as
HEM]1, and two others yet to be named. The gene encoding this same pro-
tein (HEM1), together with the gene encoding another group 1 truncated
hemoglobin (THERM_00439070), also present in the Pb-adapted strain,
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are up-regulated under the stress of silver nanoparticles or silver nitrate
(Piersanti et al., 2021).

4.8. Vesicle trafficking and exocytosis

We can draw a coherent scenario of vesicle trafficking that could be in-
volved both in autophagy-lysosomal proteolytic processes and/or in the for-
mation of vesicles with the electrodense bodies identified as CIPm. Due to
the complexity of this process, we have elaborated a scheme (Fig. 10) for
a better understanding, where all the proteins from both functional groups
present in the Pb-adapted strain are included.

Clathrin is a protein that forms a type of vesicular coat. Upon assembly
of three heavy and three light chains of this protein, a truncated icosahedral
structure is formed around the budding vesicle membrane (McMahon and
Mills, 2004). Associated with clathrin are clathrin adaptor proteins (AP)
(also known as adaptins) that attach the clathrin coat to the vesicle mem-
brane and are responsible for vesicle cargo selection and transport. There
are several types of AP complexes, among them AP1 is involved in the trans-
port of lysosomal enzymes between the Trans-Golgi network (TGN) and
endosomes (Nakatsu et al., 2014). The protein dynamin is located at the
base of the clathrin-coated vesicles and promotes vesicle fission and release
from the Golgi (Elde et al., 2005). Some of these proteins are shown in the
Pb-adapted strain in increased levels >1.49-fold relative to the control, as
clathrin light chain, APM1B clathrin adapter, dynamin protein and
dynamin GTPase (Table 4S, [1] in Fig. 10), while other APs appear at
amounts <1.49-fold relative to the control such as clathrin heavy chain,
and clathrin adapter AP1 (mu and beta subunits). The HVA22/TB2/DP1
family protein is involved in the organization of the endoplasmic reticulum
(ER) and regulation of vesicular trafficking. In plants, they are induced by
various environmental stressors, such as dehydration, salinity, elevated
temperature, etc. (Brands and Ho, 2002; Gomes-Ferreira et al., 2019). The
lead-adapted strain expresses one of the four isoforms of this protein in
T. thermophila, about 3-fold over the control strain ([2] in Fig. 10,
Table 4S). Vacuolar protein sorting-associated proteins (Vps) are related
to multivesicular bodies (MVB) or late endosomes (LE) and have an essen-
tial function in recycling of components of the ESCRT-III complex
(endosomal sorting complexes required for vesicular transport) by directing
the excision of vesicles into the endosomal organelle (Schoneberg et al.,
2016). Three of these proteins, Vps4b, Vps33 and Vps29, the latter at
<1.49-fold over the control, are present in the Pb-adapted strain
(Tables 2S and 4S). Vps4 functions as a hexamer, with a microtubule inter-
action and transport domain and a catalytic AAA+ ATPase domain, while
Vps33 binds SNARE (Soluble NSF (N-ethylmaleimide-sensitive factor) At-
tachment protein [SNAP] Receptors) domains (which mediate vesicle fu-
sion) and Vps29 is required for recycling Vps10 from the pre-vacuolar
endosome (VPE) to the Golgi ([3] in Fig. 10).

Eight proteins belonging to the Ras superfamily of small GTPases are de-
tected in the Pb-adapted strain. Rab GTPases regulates various stages of
membrane trafficking, including vesicle formation and mobility along
actin and tubulin microfilaments (Homma et al., 2021). Three different
Rab proteins are abundant in the Pb-adapted strain, namely RAB2, RAB7
and RAB8B, while RAB6A appears in levels <1.49-fold relative to the con-
trol ([4] in Fig. 10). In addition, two Rab GDP dissociation inhibitor
(GDI1) homologs appear in this strain at higher levels than the control
(Table 4S). Proteins involved in vesicular trafficking, such as Rab, are phys-
ically translocated from the donor to the target compartment and recycled
from the target to the donor compartment by means of a chaperone (GDP-
dissociation inhibitor or GDI) that facilitates their release from the target
compartment (Tuvim et al., 2001).

Vacuolar H* ATPases (V-ATPases) are primary proton pumps that acid-
ify various types of eukaryotic cellular compartments (such as vacuoles)
and are involved in vital intra- and intercellular processes such as
receptor-mediated endocytosis, protein trafficking, active transport of me-
tabolites, homeostasis, and neurotransmitter release (Beyenbach and
Wieczorek, 2006). Four V-ATPases or vacuolar-ATP synthases appear in
the Pb-adapted strain, two of them in amounts >1.49-fold over the control
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(Table 2S) and two others in lower levels (Table 4S). These enzyme com-
plexes could be located either in the membranes of vacuoles, endosomes,
lysosomes, or the cytoplasmic membrane ([5] in Fig. 10). Aluminum-
resistant wheat overexpressing a V-ATPase has been reported (Hamilton
et al., 2001), and for these authors it means an adaptation to aluminum
stress.

One possible route of vacuolar protein transport is from the ER to the
Golgi and then to the trans-Golgi network (TGN), and from there to a pre-
vacuolar compartment (PVC) (Fig. 10). This protein trafficking requires nu-
merous protein factors, one of which is the vacuolar sorting receptor (VSR)
(Kang and Hwang, 2014). At the TGN, the VSR recognizes the protein cargo
and VSR-cargo complexes are packaged into clathrin-coated vesicles from
the TGN ([6] in Fig. 10). These vesicles fuse with the PVC and VSR releases
the cargo inside. The PVC after maturation can give rise to a lytic vacuole
(Kang and Hwang, 2014). T. thermophila has two isoforms of this protein
(VSR), one of which is shown (1.85-fold over the control) in the Pb-
adapted strain (Tables 2S, 4S). Dynamitin is a subunit of the multiprotein
complex dynactin, required for the microtubular motor dynein. The
dynein-dynactin complex is involved in vesicular transport among other
possible functions (Liu, 2017). This subunit appears in the Pb-adapted
strain (Tables 2S and 4S) as a component of the system that facilitates ves-
icle or secretory granule mobility through the cytoplasm ([7] in Fig. 10).
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Eukaryotic cells have a series of cytoplasmic coat proteins (COPs) that
are incorporated (as protein complexes) into the Golgi or ER membranes
to form vesicular coatings. There are two types of COP-type vesicular coat-
ings: COP-I and COP-II (Duden, 2003). COP-II coatings form vesicles that
transport proteins newly synthesized in the ER and transfer them to the
cis-Golgi system. COP-I form vesicles that selectively recycle proteins and
perform reverse or retrograde transport from the cis-Golgi to the ER (Lee
and Goldberg, 2010) ([8 and 9] in Fig. 10). Components of both types of
vesicle coatings have been identified in the Pb-adapted strain (Tables 2S
and 4S). From the COP-II complex there are two isoforms of the Sec23 com-
plex plus an ADP-ribosylation factor small GTPase (Sarl), whereas from the
COP-I complex there are five different subunits (alpha, beta, gamma (two
isoforms) and delta) of the seven presents in the coatomer complex.
T. thermophila has 20 isoforms of the coatomer gamma subunit. COP-II
has a Sec13 protein complex, which interestingly appears as a Sec13 trans-
porter protein in the control strain with a 5.40-fold abundance relative to
the Pb-adapted strain (Table 3S). Thus, due to its abundance in the control,
a higher amount is not required in the Pb-adapted strain to form a func-
tional Pb-POP-II complex.

Two isoforms of SCAMP (secretory carrier membrane proteins) are pres-
ent in the genome of T. thermophila, only one of which appears in the Pb-
adapted strain (Tables 2S and 4S). These membrane proteins constitute a
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family and are involved in exocytosis processes (recycling of exocytic vesi-
cles from the outside to different cellular compartments, endosomes, trans-
Golgi vesicles, secretory granules, etc.) (Hubbard et al., 2000; Law and
Jiang, 2012) ([10] in Fig. 10). In the functional group secretory granules
(SG) (exocytosis) of the Pb-adapted strain, six proteins identified as granule
lattice proteins are shown, namely GRL5, GRL7, GRL8, GRL4 (>1.49-fold
relative to control), GRL1 and GRL3 (in amounts <1.49-fold the control).
Nine GRL isoforms are present in the genome of T. thermophila, but only
six of them (GRL1, 3, 4, 5, 7 and 8) appear to be essential in the formation
of dense core granules (Cowan et al., 2005), and these six proteins are pres-
ent at substantial levels in the Pb-adapted strain. Dense nucleoid granules
are defined as specialized vesicles for storing highly concentrated proteins,
which can be excreted out of the cell via exocytosis across the cytoplasmic
membrane (Cowan et al., 2005; Rahaman et al., 2009). In addition to these
GRL proteins that form the crystalline lattice of the dense core granules
(extrusomes) or extrusion organelles, the Pb-adapted strain shows increased
levels (1.85-fold over the control strain) of a second class of proteins (gran-
ule-tip]l or GRT1) involved in the formation of the extrusome tip domain
that facilitates fusion with the cytoplasmic membrane, and appears to have
a post-exocytotic function (Rahaman et al., 2009) (Table 4S, [11] in
Fig. 10). All these proteins are part of the extrusomes known as mucocysts
in T. thermophila, but remarkably these organelles are not observed in the
Pb-adapted strain, unlike the control, by transmission electron microscopy
analysis. Could they be involved in the aggregation, condensation, and crys-
tallization (biomineralization) of pyromorphite in vesicles containing this
mineral, which are subsequently expelled by exocytosis? Another possibility
is that due to the high traffic of vesicles or vacuoles expelling pyromorphite
deposits outside the cell, the normal mucocyst extrusion was altered in this
Pb-adapted strain, and consequently higher amounts of proteins involved in
mucocyst formation and extrusion are produced, though they may not be
formed and anchored to the ciliate pellicle.

Due to the substantial length of the article and especially the Discussion
section, we have moved the sections analyzing stress proteins, lipid metabo-
lism, energy metabolism, transmembrane transport proteins and signaling,
and other proteins abundant in the Pb-adapted strain to the supplementary
material, together with the references cited in these sections (see Text-2S).

4.9. Lead biomineralization to chloropyromorphite

Biomineralization involves living organisms (macro or microorganisms)
capable of transforming soluble toxic metals into less toxic insoluble com-
pounds, as a defense mechanism against the toxic metal present in the envi-
ronment. This process can occur extracellularly as the organism excretes
molecules that facilitate metal mineralization, or intracellularly by induc-
ing mineralization inside the cell, accumulating it, and subsequently excret-
ing it outside the cell (Kirsch, 2012). As already indicated in the
introduction, both prokaryotes and eukaryotes can perform a lead biomin-
eralization originating different compounds, and among them the most
common is pyromorphite (a highly insoluble lead phosphate mineral).
However, although pyromorphite formation has been described in several
organisms (bacteria, fungi, yeasts, and nematodes), the molecular and
physiological elements involved in both extracellular and, much more, in-
tracellular biomineralization processes are still unknown.

In soil, pyromorphite formation is favored by the presence of protonated
phosphate species (H;PO4 and H,POj, ), therefore a low (acidic) pH is re-
quired to induce the transformation of Pb to chloropyromorphite (Pbs[PO,]
3CD) (Scheckel et al., 2013). The current hypothesis, supported by some exper-
imental results, regarding the microbial lead-biomineralization to pyromor-
phite and its precipitation outside/inside of the cell, is based on the
production of extra- or intracellular phosphatases that release phosphate
from different organic sources (Gadd et al., 2012; Liang et al., 2016; Jiang
et al., 2020). Nothing is known about the effect of this increased phosphatase
activity on the physiology of the microorganism, mainly when intracellular
phosphatases are involved, nor what are the real phosphate compounds on
which the enzyme acts. Different possible sources of phosphate, either inor-
ganics as polyphosphates and pyrophosphate, or organics, such as
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glycerophosphate, phospho-monoesters, —diesters or -triesters, inositol
phosphate, etc., have been suggested (Liang et al., 2016; Jiang et al., 2020).
It has also been proposed that some of these phosphate sources could be pres-
ent either in the cytoplasm or in vacuoles (like polyphosphate in yeasts)
(Okorokov et al., 1980).

In the lead-adapted strain, 22 proteins with a phosphatase domain
(Table 5S) versus 21 with kinase or phosphorylase domains are recorded,
regardless of their abundance values (> or < 1.49-fold) compared to the
control; while in the control strain these protein sets are quite similar; 20
with phosphatase domain (Table 6S) and 21 with kinase or phosphorylase
domains (data not shown). The histidine phosphatases superfamily, which
dephosphorylate phosphorylated histidine residues present in many differ-
ent proteins, contains two branches or clades and they have a wide variety
of functions (Rigden, 2008; Klumpp and Krieglstein, 2009). In the Pb-
adapted strain, at least six protein phosphatases are detected which
would fall into one of the two clades of this superfamily. There are two en-
zymes from the histidine phosphatase family that belong to clade 1, one of
which is the most abundant phosphatase in this strain (3.54-fold over the
control). A fructose-1,6-bisphosphatase (2.64-fold over the control)
(Table 5S) also belongs to this clade 1. These enzymes are usually cytosolic
(Rigden, 2008). Two other proteins identified as belonging to the histidine
phosphatase family belong to clade 2, which are present in smaller amounts
(1.32 and 1.10-fold over the control) (Table 5S). The last one is the lyso-
somal acid phosphatase LAP1 from T. thermophila. In addition, a protein
from the inositol monophosphatase family (1.49-fold over the control) is
also included in clade 2. These clade 2 phosphatases are usually located
in lysosomes, endosomal vesicles, ER, cytoplasmic membrane, and some
may be excreted to the extracellular environment (Rigden, 2008).

The serine/threonine protein phosphatases superfamily includes phos-
phoprotein phosphatases (PPP) that dephosphorylate phosphorylated ser-
ine/threonine residues of different proteins (Klumpp and Krieglstein,
2002). The Pb-adapted strain presents seven protein phosphatases included
in this family, being the most abundant (1.59-fold over the control) one just
defined as serine/threonine protein phosphatase (Table 5S), and others, in
lower abundance with respect to the control, identified as protein phospha-
tases 4 (PPP4) and 2C (PPP2C). These phosphatases may be involved in
many essential biological functions, such as signaling, autophagy, protein
processing, cell cycle regulation, and DNA replication, among others
(Wera and Hemmlngst, 1995; Klumpp and Krieglstein, 2002).

The Pb-adapted strain also presents an inosine triphosphate
pyrophosphatase (1.88-fold over the control) (Table 5S), which hydrolyzes
non-canonical purine nucleotides (such as inosine triphosphate among
others), thus excluding the incorporation of these non-canonical nucleo-
tides into DNA or RNA, thus preventing lesions or mutations in these mac-
romolecules (Zamzami, 2022). This enzyme releases pyrophosphate or
diphosphate, which subsequently, by the concourse of an inorganic
pyrophosphatase (PPase) activity, can be a possible pathway for the intracel-
lular generation of phosphate ions. There are two main types of inorganic
pyrophosphatases, soluble (cytosolic and organellar sPPases) and
membrane-integral or vacuolar H ™ -translocating pyrophosphatases (H™ -
PPases) (Pérez-Castineira et al., 2001, 2002; Holmes et al., 2019). According
to the information currently available in databases, the genome of
T. thermophila encodes four sPPases, three of them with N-terminal exten-
sions, and six membrane H* -PPases. Two of the latter (TTHERM_00059370
and TTHERM_00392790 genes) should not be bona fide H* -PPases as key
lack the DN/LVGDNVG catalytic motif which is present in all membrane
PPases described so far (Holmes et al., 2019); furthermore, two other contig-
uous genes of this group (TTHERM_000773801 and TTHERM_000773802)
encode the N- and C-terminal regions of a single PPase protein, so this protist
must have actually three genes encoding H*-PPases (unpublished results).
Among them the Pb-adapted strain presents only one cytosolic sPPase (with
no N-terminal extended region) in slightly higher abundance relative to the
control (1.05-fold) (Table 5S), while the control strain presents four PPases
at higher levels compared to the Pb-adapted strain, two vacuolar H™ -
PPases and two sPPases, the latters with N-terminal extensions suggesting or-
ganelle targeting (Table 6S).
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Most of these enzymes release phosphate regardless of whether it is in-
corporated into the general metabolism or used in the Pb-adapted strain to
form intracellular pyromorphite. And with respect to where and how this
pyromorphite might originate and accumulate into the cell, the following
scenario may be considered: The intense vesicular traffic in the Pb-
adapted strain reflects the significant vesiculation involved in the inclusion
and deposition of chloropyromorphite nanoparticles. Extracellular lead
could be incorporated into the cytoplasm by different transporters (such
as MFS transporters or those that are improperly used by toxic metals as
P-type ATPases), then accumulate in vacuoles by similar transport mecha-
nisms. The abundant vacuolar-H " -ATPases in this strain can acidify the
vacuole lumen, thus creating an acidic luminal medium. Both PPi and Pi,
as is assumed to occur in acidocalcisomes, could be transported from the cy-
tosol to inside vacuoles by presumed specific transporters as vacuolar trans-
porter chaperone (VTC) complex (Lander et al., 2016). However, no gene
encoding this type of proteins has been identified in the genome of
T. thermophila. Another possibility for the incorporation of phosphate into
the vacuole, supported by proteomic analysis, would be the existence of
START domain-containing proteins, which are very abundant in the Pb-
adapted strain (Table 2S). These proteins can transport phospholipids
across membranes of different cellular compartments (such as vacuoles).
After incorporation into the vacuole, phospholipids could be digested by
enzymes from the patatin phospholipase family, also abundant in this strain
(Table 2S). The sequences of both phospholipases, present in the Pb-
adapted strain, have signal peptides at their N-terminal ends, so their local-
ization could be vacuolar. To release phosphate, a phospholipase C should
hydrolyze the ester bond between the glycerol and phosphate groups of the
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phospholipid (Sekiya, 2013). In plants, these phospholipases play an impor-
tant role in the cellular response to biotic and abiotic stressors (Hong et al.,
2016; Ali et al., 2022). In this way, inside the vacuole there would be an
acidic medium and a phosphate source to which the lead would bind to
form pyromorphite. The accumulation and precipitation of this mineral in-
side the vacuole would favor crystallization by molecular crowding.

Polyphosphate could be another possible source of phosphate, but this
proteomic study has not identified any enzymes involved in the degradation
of vacuolar polyphosphates, such as the PPX1-type exopolyphosphatases
found in fungi. In addition, polyphosphates (as inorganic polyanions) can
chelate or sequester metal cations, and thus decrease the toxic effect of certain
metals on essential proteins (Albi and Serrano, 2016). Pb(Il), among other
metal cations, can be sequestered by polyphosphate (Keasling et al., 1998).
However, in the T. thermophila Pb-adapted strain, we have no evidence that
polyphosphate can be an important element in the stress response to lead;
on the contrary, it is metallothioneins (mainly MTT5 and MTT1) that are in-
volved in lead chelation as a first line defense mechanism.

5. As a conclusion: an integrated model of the stress response to lead
in the Pb-adapted strain

Fig. 11 summarizes the main and most credible processes that we be-
lieve may be involved in the stress response of a T. thermophila strain
adapted over time to increasing lead concentrations. This model includes
12 main elements or aspects, numbered from 1 to 12 in Fig. 11, which
are briefly commented as follows: 1- Lead could enter the cell through P
type-ATPase transporters, either specific for heavy metals or parasitizing
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one used for essential metals. 2- A first defense mechanism often used by
T. thermophila to detoxify toxic metals is the use of metallothioneins
(Gutiérrez et al., 2019), in this case mainly MTT5 and MTT1 isoforms.
This would inactivate an important amount of Pb(II), minimizing its poten-
tial toxicity. 3- However, and probably due to the high extracellular lead con-
centration to which the Pb-adapted strain is exposed, it is not sufficient to
prevent the cellular toxic effects of this metal. High proteotoxicity is one of
the deleterious effects of lead as it triggers intense proteolytic processes. 4-
The ubiquitin-proteasome system is strongly involved in the breakdown of
defective proteins caused by Pb(II). 5- In addition, other proteolytic activities
by lysosomal enzymes seem to be involved in the destruction of defective pro-
teins, and in both cases (4 and 5) the released amino acids can be reused in
new protein synthesis necessary for the stress response developed by this
strain. 6- A whole set of stress proteins would be involved in the correct fold-
ing of many Pb(II) misfolded proteins to become functional again. 7- Like
other toxic metals, lead induces high cellular oxidative stress, which triggers
a whole set of antioxidant enzymes to mitigate the oxidative effect caused by
ROS formation. 8- One of the most remarkable and novel cell biological ef-
fects showed by the Pb-adapted strain is the induction of high levels of vesic-
ular trafficking. Multivesicular bodies (MVB) and prevacuolar endosomes
(PVE) can originate from the TGN and eventually give rise to vacuoles. In
the Pb-adapted strain, CIPm has been detected in vacuoles or vesicles, and
could form, precipitate, and crystallize inside them. 9- A number of elements
can be envisaged that could facilitate the lead-biomineralization process,
which could be at least four: a metal P-type-ATPase that will incorporate Pb
(1) into the vacuole, a H"-ATPase pump that will acidify the vacuolar
lumen, a START protein complex that will transport phospholipids into the
vacuole and a phospholipase that will release phosphate from the phospho-
lipid molecules. This is a proposal elaborated from some proteomic data, al-
though we recognize that other hypotheses are possible. 10- Finally, the
aggregates of CIPm nanoparticles would be excreted outside of the cell by
exocytosis. 11- Probably, the energetic metabolism linked to all detoxification
processes present in the Pb-adapted strain should be considerably high. The
cell requires sufficient carbon and energy sources to generate high ATP levels,
which could be glycogen or another polysaccharide. Enzymes for glycolysis,
gluconeogenesis, the TCA cycle, and oxidative phosphorylation are well rep-
resented in the proteomic data of the Pb-adapted strain, indicating that the
cell synthesizes enough ATP to maintain its adaptation to lead. 12- Finally,
lead can also produce some genotoxicity, so the Pb-adapted strain must also
repair the DNA altered by exposure to this metal. Both the HPRT enzyme
and Rad60 SUMO-like protein, abundant in the Pb-adapted strain, may be in-
volved in the recovery of purine bases from degraded DNA and in DNA repair
and recombination processes (Boyd et al., 2010).
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