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Abstract Climate changes (droughts and floods) and
anthropogenic activities (industrialization, urbanization,
and growth of population) have significantly increased con-
cerns about detrimental effects of pollutants on health and
environment. Among the heavy metal ions, lead (II) ions are
especially toxic and hazardous. Here, we report the applica-
tion of purple photosynthetic bacteria in biomonitoring of
lead pollution in aqueous habitats. The monitoring method
is based on (steady state and flash-induced) light absorption
and (induction and relaxation of) bacteriochlorophyll fluo-
rescence of living microorganism to prompt appearance of
lead ions in the solution. The Pb(II) ions penetrate the cell
membrane immediately, attack and (in few mM external con-
centration) destroy the light harvesting system together with
the reaction center protein. The purple bacterium Rubrivivax
gelatinosus is about 1.000-times less sensitive to lead(IT)
than to mercury(Il) ions. As these bacteria may function as
bioaccumulators of lead, they can be also used for biore-
mediation of contaminated cultures. The advantages using
photosynthetic bacteria for monitoring and accumulating
Pb(II) pollution in aqueous environmental compartments
are presented in the paper.
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Introduction

During the last two decades the world has experienced an
abrupt change in climate including extreme weather-related
events like heat waves, droughts, forest fires, changes of the
pattern of precipitation resulting in a rise of the sea levels
or in more frequent occurrence of floods. Flood events can
disperse heavy metal ions (lead, mercury, cadmium, etc.)
from mines and industrial areas to agricultural and residen-
tial land. The release of highly toxic and hazardous heavy
metal ions into the biosphere has increased today to alarming
levels (Tchounwou et al., 2012) and poses a significant threat
to agricultural production. Several cases were reported. As
a result of widespread flooding in west Wales in June 2012,
the overbank sediment was contaminated up to 1900 mg/
kg of sediment by Pb, which caused cattle poisoning and
mortality. Because of climate related increases in flood-
ing this problem is likely to continue and intensify (Foulds
et al., 2014; Valencia-Avellan et al., 2017). Toxic sludge that
spilled out of open pit coal mines during 10 days of heavy
rains in 2015 contaminated seriously farmland, rivers, and
coastal areas in northern Vietnam. The emanated hazard-
ous arsenic, cadmium and lead caused immediate and ongo-
ing health and environmental hazards (Ngoc et al., 2020).
The discharge of high flood water into reservoirs located in
the Upper Vistula River (Poland) catchment and into the
overloaded Vistula River channel strongly contaminated the
flooded area in 2010 (Strzebonska et al., 2015). The metal
concentrations varied in wide ranges (mg/kg sediment) for
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small size fraction <20 pm: Pb 17-263, Zn 59-1013, and
Cd 2.6-23.

Out of the non-biodegradable heavy metal pollutants,
lead(II) ions have special significance because even small
amounts of lead can cause serious health problems like
anaemia, weakness, and kidney and brain damage. The
lead exposure can originate not only from floods caused
by climate change but from wide range of human activities
including the glass and metal industries, batteries, paints,
pigments and ammunition, cables, alloys and steels, plastics,
and petrol with anti-knocking agent. Water from industrial
effluents, vehicular traffic and mixing of roadside run-offs
is heavily contaminated by lead and its compounds. Due to
different physiological disorders and toxicological effects
caused to humans, the permissible level of lead contamina-
tion in drinking water (World Health Organization limit) is
as low as 10 pg/l~ 50 nM.

Large efforts have been undertaken to investigate the
behaviour of lead in different ecosystems (particularly water,
due to pollution by floods or industrial wastewater) and to
work out strategies for its control, abatement, and removal.
Several analytical techniques have been applied to the assay
of lead (Rose et al., 2001). Voltammetry provided a reli-
able and cost-effective technique for its monitoring, espe-
cially in drinking water (Mouhamed et al., 2018). Different
chemical methods including reduction and precipitation,
ion-exchange, electrolysis, and adsorption have been used
for the removal of lead ions from water. In addition to the
chemical methods, biological techniques are also available
to detect and to remove the toxic heavy metal pollutants
(Giotta et al., 2006). The induction of fluorescence of bac-
teriochlorophyll from photosynthetic purple bacteria (PPB)
was successfully used to monitor the level of mercury(Il)
ions in aqueous habitats (Kocsis et al., 2010; Kis et al. 2017,
Sipka et al., 2018a).

The present study was carried out to demonstrate the pos-
sibility of detection (biomonitoring) of Pb(I) ions by PPB in
aqueous solutions and to assess the potential of these micro-
organisms to concentrate and to remove (bioremediate) lead
contamination from the aqueous environment.

Experimental
Bacterial strains and growth conditions

The photosynthetic purple bacterium Rubrivivax (Rvx.) gela-
tinosus were grown in Sistrom’s medium in filled screw top
vessels without oxygen (photoheterotrophic and anaerobic
growth). The medium was inoculated from a dense batch
culture (1:100) and was illuminated by tungsten lamps that
assured 13 W m~2 irradiances on the surface of the vessel as
described earlier (Mard6ti & Wraight, 1988).

Chemicals

The cells were harvested at the exponential phase of the
growth and the bacterial culture (10 mM Tris, pH 8.0) was
bubbled by nitrogen for 15 min before measurements. Vari-
able amounts of Pb(CH;COO),*3H,0 (Pb(II)-acetate) were
added to the bacterial culture for heavy metal ion treatment
(Giotta et al., 2006). These chemicals are highly soluble in
aqueous solution under physiological conditions. 100 mM
Pb(CH;COO0),*3H,0 stock solution was prepared freshly
before the experiment. The durations of the Pb(II)-acetate
treatments were prompt. Due to Tris buffer, addition of
Pb(II)-acetate did not cause significant drop the pH of the
solution.

Optical assays
Steady-state absorption spectrum

The absorption spectra of intact cells were measured by dual
beam spectrophotometer with reference to scattering sus-
pension of sand of similar size (~5 pm) and concentration
(~1x108 particles/mL) as those of the bacteria.

Flash-induced absorption change kinetics

The kinetics of absorption changes of the whole cells
induced by Xe flash were detected by a home-constructed
spectrophotometer (Mar6ti & Wraight, 1988). The electro-
chromic shift of the carotenoids in the photosynthetic mem-
brane were detected at 530 nm wavelength with reference to
510 nm wavelength.

Induction and relaxation of bacteriochlorophyll (BChl)
fluorescence

The induction and subsequent decay of the BChl a fluores-
cence of intact cells was measured by a home built fluorom-
eter (Kocsis et al., 2010). The light source was a laser diode
(808-nm wavelength and 2 W light power) that produced
rectangular shape of illumination and matched the 800 nm
absorption band of the LH2 peripheral antenna of the cells.
The BChl a fluorescence (centred at 900 nm in mature cells)
was detected in the direction perpendicular to the actinic
light beam, with a near infrared sensitive, large area (diam-
eter 10 mm) and high gain Si-avalanche photodiode (APD;
model 394-70-72-581; Advanced Photonix, Inc., USA) pro-
tected with an 850-nm high-pass filter (RG-850) from the
scattered light of the laser. The usually very small deviation
of the kinetics of the excitation from the rectangular shape
was corrected by detection of the kinetics of extracted BChl
a in organic solvent. The induction of fluorescence rise was
measured during the actinic laser light and the subsequent
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dark relaxation was tested by attenuated short (halfwidth 3
us) laser pulses distributed according to geometrical series
in time.

Results and discussion

The novelty of this study is the use of purple phototrophic
bacteria (PPB) for early and sensitive detection of heavy
metal (here lead) pollution in aqueous systems including
floods and waste streams. These microorganisms are wide-
spread across the phylum of Proteobacteria. The mecha-
nisms of free energy conversion from light to other forms of
free energies attributed to redox species, ion-gradient across
the membrane and phosphorylation have been principally
revealed (Mardti & Govindjee, 2016). They can show up
diversified metabolic capability as the bacteria are able to
grow photo/chemoorganoheterotrophically or photo/chemo-
lithoautotrophically, or in a combination of both. They use
various electron donors, carbon and nitrogen sources, and
light as primary energy source but can also involve chemical
redox reactions like fermentations and respiration to gener-
ate ATP, e.g., in the dark. When growing photoorganohet-
erotrophically, PPB use light as an energy source allowing
to power their metabolic bioprocesses. In addition, most
organic compounds found in these streams, from amino
acids to volatile fatty acid and organic acids, can be used by
PPB as electron donors and carbon sources. This high meta-
bolic flexibility makes PPB potentially suitable not only for
biomonitoring and bioremediation of floods but more gen-
erally, for the development of biotechnological solutions in
the context of creating a circular, eco-friendly, and biobased
economy (Winans et al., 2017).

We utilized here part of the widespread benefits of PPB
by following the changes of the physiological properties of
Rubrivivax (Rvx.) gelatinosus upon addition of Pb(Il) acetate
pollutant to the aqueous culture. The variations (mainly dis-
integration) of the structure and function of the bacteria can
be nicely tracked by optical methods including the absorp-
tion and fluorescence characteristics of the main pigments
(bacteriochlorophyll (BChl) and carotenoids) and reaction
center (RC) protein of the microorganism. Additional advan-
tage of the investigations is that they can be carried out in
whole cells, and there is no need to prepare membrane frag-
ments (chromatophores). The importance of use of Rvx.
gelatinosus in these experiments is further enhanced by the
fact that, in response to environmental changes, the bacteria
can switch from a planktonic lifestyle to a phototrophic bio-
film. Like in critical phenomena, the colonization and sedi-
mentation of the cells is abrupt and hard to predict causally
but some essential features to understanding the microbial
turnover of aggregates have been revealed (Kis et al., 2018).
The possibility of biofilm formation of the bacteria opens
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the way to collect the pollutants attached to and accumulated
by the PPB.

Figure 1 shows the changes of the steady state red absorp-
tion spectrum of Rvx. gelatinosus upon lead treatment of dif-
ferent concentrations. The bacteria responded to the poison-
ing by prompt (relative to the time of addition and mixing)
and proportional (to the lead concentration) changes of the
absorption spectrum. The red absorption bands characteris-
tic of the peripheral (LH2, 800 and 860 nm) and core (LH1/
RC, shown as shoulder at 875 nm) antenna complexes dem-
onstrated prompt decomposition after treatment with lead
acetate in the few mM concentration range. The loss of the
pigments was not specific as the disintegration affected uni-
formly the pigment systems. The bacterium showed less sen-
sitivity of damage to lead than that to mercury. While the Iy,
values (half lethal dose) of PPB exposed to prolonged heavy
metal ion contamination are low (e.g., Isy=2 uM for Hg>*,
Giotta et al., 2006; Kocsis et al., 2010; Kis et al. 2017),
prompt addition of lead to the culture evoked much (about
10? times) less changes probably due to small equilibrium
binding constant of lead to the cell wall. The equilibration
is fast, a small fraction of lead(II) ions can pass the cell wall
of the bacteria in the short time range of exposure (prompt
effect), and attack immediately the essential protein-pigment
complexes including the peripheral and core light harvesting
complexes. There is no preferential damage of the macro-
molecules as the observed rates of BChl degradation due
to Pb(II) contamination are the same for the two antenna
complexes.

The electrochromic signals due to absorption change
of carotenoid pigments evoked by the membrane poten-
tial describe similar changes upon exposure to lead(II)
ions (Fig. 2). The pigment carotenoids in the membrane

absorbance

750 800 850 900 950
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Fig. 1 Steady state red absorption spectra of intact cells of photosyn-
thetic purple bacteria Rvx. gelatinosus after prompt addition of Pb(II)
acetate to the culture at room temperature. The spectra were corrected
for light scattering
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Fig. 2 Kinetics (inset) and lead(I[)-dependent amplitude of flash-
induced electrochromic response of the carotenoids in whole cells
of Rvx. gelatinosus upon treatment with 0-4 mM Pb(II) measured by
flash-induced absorption change at 530 nm (vs. 510 nm)

serve as molecular voltmeter of the membrane potential:
the electric field causes shift of the absorption spectra of
the carotenoids therefore absorption change of the pig-
ment can be detected. The magnitude and kinetics (rise
and decay) of the optical signal is characteristic of the
amount and generation/disappearance of the electric
charges induced by light excitation. Figure 2 indicates that
the amplitude and not the kinetics of the flash-induced
absorption change is sensitive to the Pb(II) treatment.
Therefore the magnitude of the membrane potential and
not the pathways of appearance and disappearance of
the initial charge pairs (leaks) is primarily influenced by
lead(IT) ions. The photogeneration of primary charges in
the reaction center becomes less and less efficient upon
increase of lead concentration. The analysis of the flash-
induced electrochromic kinetics offers the same half lethal
concentration (~2 mM) as that of the destruction of the
steady-state absorption spectrum (Fig. 1).

Beside the absorption, the BChl fluorescence is also sen-
sitive to lead(IT) contamination and the tools of fluorescence
induction developed in the last decades can be routinely uti-
lized (Zhu et al., 2005; Sipka et al., 2018b; Maréti et al.,
2020). The magnitude of fluorescence induction (F,,)
shows major changes upon Pb(Il) treatment (Fig. 3). The
severe drops of F,,,, and F, (the initial fluorescence) indicate
substantial loss of BChl pigments together with decoupling
of the light harvesting antenna systems from the reaction
center (see the drop of the variable fluorescence, F,,—F).
The half-rise time of the fluorescence induction (~30 ps),
which indicates the effectiveness of the primary photochem-
istry (light-induced charge separation), did not perform
major changes upon Pb(II)-treatment. This is indicative of
an “all-or-nothing” response of the photosynthetic apparatus
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Fig. 3 Lead-dependent changes of the maximum fluorescence (F,,,)
and kinetics of BChl fluorescence (F) induction (inset) in intact cells
of photosynthetic bacteria Rvx. gelatinosus grown in the light upon
addition of Pb(II) acetate to the culture. The fluorescence (detected
at 900 nm) was excited by laser light (808 nm) of rectangular shape
(step function in time). The kinetic traces were normalized to the ini-
tial F, fluorescence level of the untreated cells

to poisoning by lead(II)-ions: the cells remained either active
or were demolished.

While the BChl fluorescence induction probes the intact-
ness of the light harvesting system and primary photo-
chemistry taking place in the reaction center protein, the
relaxation of the BChl fluorescence gives information about
the pathways of re-opening of the closed RCs in the dark
(Fig. 4). This is a sophisticated method which monitors the
redox state of the RC by a series of testing flashes fired after
the exciting flash (Kocsis et al., 2010). High fluorescence
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Fig. 4 Relaxation of the variable part of the BChl fluorescence F/
F, after flash excitation in intact cells of photosynthetic bacteria Rvx.
gelatinosus grown in the light upon addition of Pb(II) acetate to the
culture
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level can be detected if the RC is closed (any combinations
of P* (oxidized BChl dimer) and Q,~ (reduced primary qui-
none acceptor)) and the fluorescence yield becomes low in
open state of the RC (PQ,). The transition from high to low
fluorescence levels gives information about the ways and
kinetics of opening of the RC from the closed state. To full
opening of the RC, the contribution of both the acceptor and
the donor sides is required to re-oxidize Q,~ and re-reduce
P*, respectively (Asztalos et al., 2015). As Rvx. gelatinosus
has a cytochrome subunit attached to the RC, the re-reduc-
tion of flash-induced P* by the cytochromes is extremely
fast, therefore the donor side will not be the bottle neck of
opening of the closed RC (Kis et al., 2022). What we see on
Fig. 4. is the effect of Pb(Il) ions on the interquinone elec-
tron transfer (Q,~ Qg— Q4 Qg 7). The normalized variable
fluorescence (the magnitude of the trace) performed sub-
stantial change as it dropped from 3.0 to 1.5 upon addition
of 4 mM lead(II) acetate. This is a clear indication of severe
disintegration of the photosynthetic apparatus. The time
constant of relaxation of the untreated bacteria (about 100
ps), however, did not show major alteration upon poison-
ing, as far as it can be deduced from the small signal of the
treated bacteria. The fluorescence relaxation measurements
also support the all-or-nothing response of the bacteria to
the lead exposure: while the untreated bacteria can perform
photosynthesis, the treated cells are knocked out.

The different measurements carried out in this study can
track and support evidences for the diverse structural and
functional changes in the photosynthetic apparatus of the
intact cell caused by Pb(II) contamination. Based on this
knowledge, practical procedures can be worked out to use
PPB to biomonitor and to remediate floods and waste waters
contaminated by heavy metals including lead(II)-ions.

Conclusion

There is a need to monitor flood events in detail to quantify
accurately contaminant dynamics, and to allow resource
managers to prioritise areas for remediation. The implication
of such events for aquatic ecology and remediation effec-
tiveness should be identified. The purple photosynthetic
bacteria are adequate biological monitors to fulfil this task.
Steady state absorption spectra and kinetics of flash-induced
absorption changes and fluorescence of intact photosynthetic
bacteria are sensitive bioindicators of lead(II) contamina-
tion of aqueous cultures. After fast penetration through
the cell wall, the Pb(Il) ions cause prompt and detectable
physiological changes by disconnection and damage of the
antenna pigments followed by graduate destruction of the
photosynthetic machinery of the bacteria. The recovery of
aqueous resources is a currently very active field of research
(Puyol et al., 2017) and PPB should play a major role in
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this scientific and socioeconomic revolution (Capson-Tojo
et al., 2020).
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