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Abstract

Microalgal metabolism is affected by the surrounding environment and nutrients such as phosphorus (P) and nitrogen (N)
are essential for optimal metabolism, as well as trace amounts of essential metals such as zinc (Zn); although in higher doses
than required, Zn can be toxic. Lead (Pb) is a non-essential metal that can harm organisms from different trophic levels. In
the environment, algae are exposed to several stressors simultaneously and adapt their metabolism. In the present study, we
evaluated P limitation combined with environmental concentrations of Zn or Pb to the freshwater microalga Raphidocelis
subcapitata regarding growth, pigments production, and photosynthetic parameters. Our results indicate that P limitation
affected the growth, pigments production, relative maximum electron transport rate (rETR,,,), and saturation irradiance;
while Pb altered growth, pigments production, and maximum quantum yield; and Zn affected pigment production, photo-
chemical and non-photochemical quenching, and rETR ... However, the combination of metal and P limitation resulted in
synergistic responses, i.e., higher damages than the isolated stressors, in growth, maximum and effective quantum yield,
and in the rapid light curve parameters. On the other hand, antagonism, i.e., lower damages than isolated stressors, was
observed in pigments production and non-photochemical quenching, suggesting that algae activated defense mechanisms
to cope with both stressors simultaneously. In addition, our results indicate an algal metabolism adjustment to P limitation
and highlight the importance of considering physicochemical water characteristics when defining regulations of acceptable
levels of metals in aquatic ecosystems.
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Introduction

Algae require macro- (e.g., phosphorus — P, and nitrogen
— N) and micronutrients (e.g., trace metals copper — Cu, zinc
—Zn, cobalt — Co) for healthy metabolism. Phosphorus limi-
tation affects cell division (Bhola et al. 2011), chlorophyll a
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production (Berdalet et al. 1994), photosynthesis and resist-
ance to metals in microalgae (Rocha et al. 2021a). Physi-
ological adjustments occur with a change in P availability
(Touzet et al. 2007; Rocha and Meldo 2024) to minimize
the effects of nutrient limitation, although the mechanisms
involved in this adaptation are still unknown (Van Mooy
et al. 2009). Usually, P is taken up in concentrations higher
than required by algae and is stored in form of polyphos-
phate bodies, which are important for metal detoxification
and energy reserve (Fogg 1973; Solovchenko et al 2019),
providing P during a few cell divisions under P starvation
(Bhola et al. 2011; Solovchenko et al. 2019).

Metals are ubiquitous in the environment and their
increases occur due to industrial activities, mining and
agriculture (Nriagu 1988; Sharma and Dubey 2005; Harp-
precht et al. 2024). Zinc is an essential metal for life, being
co-factor of hundred enzymes and proteins with structural
functions and modulates the antioxidant system (Maret
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2013; Zheng et al. 2016); however its full role is still not
understood (Maret 2013). As well as other essential metals
such as Co and Cu, in higher concentrations than required,
Zn are harmful to several organisms, e.g., algae, zooplank-
ton, fish (Machado et al. 2015; Zheng et al. 2016; Gebara
et al. 2021). On the other hand, Pb does not have any bio-
logical function, and toxicity is observed in different trophic
levels, such as the impairment in physiological parameters
in microalgae (Alho et al. 2019; Pascual et al. 2020; Guan
et al. 2023) and alterations in metallothionein gene and in
acetylcholinesterase activity in fish (Kim and Kang 2017).
Levels of Zn in natural environments worldwide can reach
up to 1000 ug L™! (French river, Andres et al. 2000); while
Pb can be found from 0.02 pg L™! (Xiao et al. 2014) up to
150 ug L™ in China (Gui et al. 2017), with environmental
relevant concentrations ranging from 3-94 ug L~! (Kataba
et al. 2020). In Brazil, Zn can vary from 2 to 1125 pg L™}
(Rodgher et al. 2005), with a mean environmental concentra-
tion of 46.8 g L! (Gebara et al. 2020); while Pb concentra-
tions range from <0.05 ug L™! (Alves et al. 2014) to 260 ug
L~! (Dourado et al. 2017).

In the environment algae are most likely exposed to
several stressors simultaneously. In our recent studies we
obtained different interactions of P-acclimated Raphidocelis
subcapitata, when exposed to aluminum (Al, non-essential
metal; Rocha et al. 2024), where synergism (i.e., higher
damage in the combination of the stressors) was observed;
while when exposed to Co (essential metal, Rocha and
Melao 2024) antagonism (i.e., lower damage than isolated
stressors) occurred in the photosynthetic parameters. In the
present study, we evaluated the combination of P limitation
with environmental concentrations of an essential (Zn) and
a non-essential metal (Pb), and assessed their effects in the
growth, pigments production, and photosynthetic parameters
(maximum and effective quantum yield, photochemical and
non-photochemical quenchings, and rapid light curves) of
P-acclimated freshwater microalga R. subcapitata to obtain
information if alterations in these parameters can be related
to the essentiality of metals.

Material and methods

The freshwater chlorophyte Raphidocelis subcapitata was
obtained from the algae culture collection of the Botany
Department at Federal University of Sdo Carlos (Sao Carlos,
SP, Brazil). Stock cultures were kept in LC Oligo medium
(AFNOR 1980) at initial pH 7.0, under controlled conditions
of light intensity (130 pumol photons m~2 s~!), photoperiod
(12:12 h light:dark cycle) and temperature (24 +2 °C). Cul-
tures were manually shaken three times per day. Phospho-
rus was furnished as K,HPO, in 2 different concentrations:
2.3% 107 = control (C), which is the concentration in LC
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Oligo medium — and 2.3 10 mol L~! (10% P). The algae
were acclimated using semi-continuous cultures, with partial
renewal of the medium performed every 72 h, keeping algae
in mid exponential growth phase. Cells were kept under each
P concentration for several weeks, allowing acclimation to
this new scenario. These acclimated cells were then used
for the acute metal toxicity experiments. Sterile conditions
were maintained throughout and only sterile materials were
used to avoid culture contamination. Laboratory materials
were washed with neutral detergent and kept in 10% HCl for
metal cleaning before tests.

Exponentially growing and P-acclimated R. subcapitata
cells were exposed for 72 h to three Pb concentrations: 0.02;
0.03 and 0.04 mg L~"; or three Zn concentrations: 0.03, 0.04
and 0.05 mg L~!. These concentrations were chosen after
preliminary range-finding tests, with concentrations up to
1 mg L~! of each metal. In addition, these concentrations
are of environmental relevance worldwide. Lead and Zn
solutions were made by serial dilutions of PbCl, and ZnCl,
Titrisol 1000 mg L~! (Merck), respectively, in ultrapure
water (Barnstead Easy Pure II, Thermo Scientific, USA).
The metals were added to the medium 24 h before the begin-
ning of the tests to allow the equilibrium between the metal
and the medium. Fifteen mL samples from the medium with
Pb or Zn were taken, acidified with 1% HNO;, kept cold (4
°C) and measured as soon as possible by inductively coupled
plasma — optical emission spectrometry (Thermo ICP-OES,
iCAP 7000; Thermo Fischer Scientific, USA), and quantified
using 220.30 nm (Pb) and 213.86 nm (Zn) emission lines.
The limits of quantification (LOQ) were 0.01 mg L' for
both metals, while the limits of detection (LOD) were 0.002
and 0.0004 mg L~! for Pb and Zn, respectively.

Toxicity tests were performed with three experimental
replicates in 500 mL polycarbonate Erlenmeyer flasks con-
taining 200 mL of sterile culture medium. Cells were inocu-
lated providing initial cell density of approximately 103 cells
mL~". Cell densities were monitored every 24 h. Samples
were fixed with Lugol’s solution and cells were counted in
an Improved Neubauer-Bright Line hemocytometer. Ten
mL samples were filtered through cellulose ester mem-
branes (0.45 um pore size—Millipore) and extracted with
dimethylsulfoxide. Absorption was measured in a spectro-
photometer (HACH DR 5000, USA) at 665, 649 and 480 nm
wavelengths. Chlorophyll a (Chl a=12.47 Aggs — 3.62 Agug),
chlorophyll b (Chl 5=25.06 Agsg — 6.5 Aggs), and total carot-
enoids ((Car= (1000 A g, — 1.29 Chl a — 53.78 Chl b) / 220))
were calculated as described by Wellburn (1994). Blanks
were performed using a clean filter submitted to the same
extraction procedure.

Chlorophyll fluorescence was measured using a pulse
amplitude modulated fluorometer Phyto — PAM I (Walz,
Germany) equipped with an ED-101US/MP optical unit.
Samples were dark-adapted for 15 min to allow complete
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oxidation of PS II reaction centers and the maximum
quantum yield of photosystem II (PSII; ® =F,/F,,) was
obtained. Actinic light was turned on with photosyntheti-
cally active radiation intensity (PAR) of 128 pmol photons
m~2s~!, and measurements of light-adapted samples were
performed. From these measurements, we calculated the
photochemical (qP) and non-photochemical quenching
(gN and NPQ), in addition to the effective quantum yield
((Y(D)), the quantum yield of regulated ((Y(NPQ)) and
non-regulated non-photochemical ((Y(NO)) energy loss in
PSII as described in Gebara et al. (2023). Rapid light satu-
ration curves were obtained as described by Rocha et al.
(2021a, b). Briefly, the algae were exposed to a gradual
increase of PAR (0-1780 umol photons m~2 s_l), in 20 s
pulse intervals, providing effective quantum yield ((Y(II))
in different PAR; thus the electron transport rate (ETR)
was calculated multiplying Y(II) x PAR. The ETR and
PAR values were fitted according to Jasby and Platt (1976)
equation, providing the initial slope (a) and the maximum
relative electron transport rate (fETR,,; umol electrons
m~2s71); and the saturating irradiance (E,) was calculated
as Ek=rETR,,, /a; umol photons m™2 s~

The data were tested for normality and homogeneity
of variance. Statistically significant differences among
treatments and controls were determined using one-way
ANOVA and Fisher's post hoc at p<0.05 (SigmaPlot 11,
Systat). The data are presented as mean + standard devia-
tion (SD) of the replicates. Two-way ANOVA was applied
to detect the effects of Pb and P, and Zn and P in the evalu-
ated parameters.

To calculate the effects of the combination of the two
stressors, we assumed the independent action model of the
stressor relative to control. These calculations were done
when the evaluated endpoint was significantly lower than
the control. The predicted effects were calculated using
Eq. (1), while the observed effects in the combination were
calculated using Eq. (2), and the synergy ratio of the com-
bination (Eq. (3)) was calculated using the predicted and
observed effects (Gottardi et al. 2017). The synergy ratios
below 1 indicate antagonism, equal to 1 indicate additivity,
and higher than 1 indicate synergism.

Metal P
zaa L

Predicted =
redicte c *C (1)

where metal refers to the mean value of the endpoint
obtained under Pb or Zn exposure; P, under phosphorus
limitation exposure, and C refers to control.

Observed = M?lx )

where the Mix is the mean endpoint’s value under the
combination of metal (Pb or Zn) and P-limitation exposure.

Predicted

S tio = ———
ynersy rato Observed

3
where values lower and higher than 1 indicate antagonism
and synergism, respectively.

Results

The data obtained for cell density, chlorophyll a, carotenoids
and maximum quantum yield of R. subcapitata exposed to
Pb (Fig. 1 A, B, C, D) or Zn (Fig. 1 E, F, G, H), isolated or
in combination with P limitation are shown in Fig. 1. It is
possible to observe that Pb slightly affected the cell density
and maximum quantum yield, while Zn did not affect these
parameters on control cells. In addition, Pb affected more
the production of chlorophyll a and total carotenoids per cell
than Zn. When any of the metals were combined with P limi-
tation, the responses were synergistic in the cell density and
in the maximum quantum yield. However, chlorophyll a and
total carotenoids (pg cell’) had a tendency for antagonism in
the combination of both stressors (Supplementary Tables 1
and 2). P limitation combined with Pb was more synergic
(in cell density) or antagonistic (in chlorophyll @, and in total
carotenoids, pg cell’!) than when combined with Zn. Regard-
ing chlorophyll » production, we can observe that there was
no alteration in the pigments under Pb or Zn exposure, or
P limitation compared to control P treatment (0.11-0.14 pg
chl b cell™!). However, the combination of P limitation and
highest Pb concentration resulted in a pigment production
about sevenfold higher (= 0.96 pg chl b cell™!), while the
combination of P limitation and the highest concentration
of Zn resulted in the chl b twofold higher (= 0.26 pg chl b
cell™!), indicating a higher impact of combined stressors on
chl b than on chl a production.

The changes in photochemical (qP) and non-photochem-
ical quenching (qN and NPQ) are presented in Fig. 2. Phos-
phorus limitation or excess of Pb did not affect any of these
parameters; while the highest Zn concentration decreased
gN (Fig. 2E) and NPQ (Fig. 2F) values, suggesting damage
to the photoprotection mechanisms of algae. The combi-
nation of P limitation and Zn excess was less harmful in
gN and NPQ parameters than only Zn excess. On the other
hand, under P limitation and Pb excess, qN and NPQ sig-
nificantly increased, especially at the highest metal concen-
trations, indicating an efficient photoprotection mechanism,
with higher heat dissipation. An interesting fact is that while
Pb, Zn or P limitation alone did not affect P, in combina-
tion P limitation slightly increased the qP at the lowest and
intermediate concentration of Pb and Zn, while the highest
concentration of Pb resulted in lower qP and the highest Zn
concentration did not affect qP, when compared to control
(i.e., with no P limitation and no metal added).
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Fig. 1 Cell density, chloro-
phyll a, total carotenoids, and
maximum quantum yield of R.
subcapitata exposed to Pb (A,
B,C,D)or Zn (E, F, G, H),
isolated or combined with P
limitation. C refers to control
(i.e., metal added in the LC
Oligo medium). * indicates val-
ues significantly different from
control (p <0.05)

The effective quantum yield — Y(II), and the quantum of
non-regulated non-photochemical energy loss, i.e., Y(NO),
were not significantly affected by the isolated stressors, i.e.,
P limitation or any of the metals. The quantum of regulated
non-photochemical energy loss, i.e., Y(NPQ), decreased in
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the presence of excess of Zn, indicating the start of dam-
ages in the photosynthetic apparatus, i.e., the algae under
Zn excess was not able to dissipate the excess of energy in
form of heat (Fig. 3), reinforcing the gN and NPQ data. The
combination of the two stressors significantly impacted the
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Y(II), especially under Pb exposure, resulting in a lower
photosynthetic ability of algae in the presence of both stress-
ors. On the other hand, the P limitation combined to both
metals, especially Pb, indicate an efficient mechanism of
defense in form of heat dissipation by active photoprotective
mechanisms (Y(NPQ), in an attempt to decrease the dam-
ages to the photosynthetic apparatus.

The parameters from rapid light curves are presented
in Fig. 4. The presence of Pb did not affect any parameter
in control cells; however, combined with P limitation the
effects were synergistic in rETR,, and o (indicative of
light use); and antagonistic in E, (light saturation irradi-
ance). This indicates that Pb affected the electron transport
and the capacity of algae using light in photosynthesis, and
it did not significantly affect the resistance to light with

0.03 0.04 0(C) 0.01 0.03 0.05

Zn concentration (mg L")

the increase of metal concentrations. Zn slightly affected
the rETR . at the highest concentration, while syner-
gism was observed in the combination with P limitation
in all parameters evaluated, indicating the damage of this
combination in the electron transport, use of light energy
and light saturation. It is interesting to highlight that Zn
combined with P limitation caused a stronger decrease
in E, compared to Pb and P limitation; while under Pb
and P limitation, o« was much more affected than in the
combination of Zn and P limitation, indicating that Zn
and P limitation combined result in a higher sensitivity
to light, while in combination of Pb and P limitation, the
efficiency in using light is more affected. Surprisingly, the
only antagonistic response was obtained in E, in the expo-
sure of P-limited algae to Pb.
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Discussion

The P limitation significantly affected the growth rate,
mainly due to the role of P in cell division, corroborating
previous studies (Ji and Sherrel 2008; Bhola et al. 2011).
On the other hand, a decrease in pigments under P limita-
tion would be expected (Lombardi and Wangersky 1991;
Berdalet et al. 1994; Lai et al. 2011); however, P limitation
did not significantly impact chlorophyll a, carotenoids or
maximum quantum yield. We suggest that the highest impact
of Pb in P-limited cells is a result of the non-essentiality of
this metal, which can result in more damage to the algae.
For both metals, the sensitivity of R. subcapitata accord-
ing to synergism ratio was cell density > maximum quantum
yield > chlorophyll a > carotenoids.
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The impact of Pb on R. subcapitata already has been
demonstrated by others (Alho et al. 2019), as well as the
combination with P limitation in R. subcapitata (Pascual
et al. 2020) and in Chlamydomonas reinhardtii (Guan
et al. 2023). However, these authors used quite high and
most likely unrealistic concentrations, reaching 5 mg Pb
L~!, which is 125 fold the highest concentration evaluated
in the present study. For Zn, our results were less remark-
able than those of Machado et al. (2015) and Gebara et al.
(2020) where they observed a decrease in chlorophyll a and
in growth in concentrations similar to ours; however, their
exposure media was different (OECD medium and CHU ,,
respectively) from ours, which could explain the differences
observed since the toxicity of Zn and Pb can change accord-
ing to medium composition (Pascual et al. 2020). Regarding
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the combination of P limitation and Zn, our data are in line
with those obtained by Rodgher et al. (2020), where a higher
toxicity of Zn was observed under P limitation. However,
other authors had observed no influence of P in Zn toxicity
(Kamaya et al. 2004) or a decreased Zn toxicity with less P
(Gao et al. 2016). We suggest that methodological differ-
ences were responsible for the different observations. While
in the present study and in Rodgher et al. (2020) the algae
were previously acclimated to different P conditions, in the
other cited studies there was no acclimation to different P
concentrations before exposure to Zn, reinforcing the impor-
tance of P acclimation (Solovchenko et al. 2019).

Since metals and nutrients influence the production
of antioxidant molecules (Coulombier et al. 2021) such
as carotenoids (Cirulis et al. 2013), we suggest that the

Zn concentration (mg L")

remarkable increase of total carotenoids per cell, is related
to photodamage protection through the activation of micro-
algae antioxidant system (Singh et al. 2019) in an attempt
to decrease the amount of reactive oxygen species (ROS),
which can be generated by metals (Cirulis et al. 2013; Alho
et al. 2019; Gebara et al. 2020), threatening the PS II. Due to
their role in photoprotection and in light-harvesting in pho-
tosynthetic organisms (Pick et al. 2019), we suggest that the
higher total carotenoids observed in P limitation combined
to the highest Pb or Zn concentration are linked to the effi-
cient photoprotection mechanism of the algae, supported by
the increase in non-photochemical quenching (N and NPQ)
and in Y(NPQ), which indicates the activation of algae pho-
toprotection mechanisms. On the other hand, a higher pro-
duction of chlorophyll per reaction center, especially under
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Pb exposure can be a compensation mechanism to maintain
the photosynthetic activity, since Pb** can replace Mg?* in
the chlorophyll molecule, forming non-functional chloro-
phylls (Dao and Beardall 2016).

Decrease in gN and NPQ values under Zn exposure indi-
cate damage to the photosynthetic apparatus and loss of
reaction centers (Kalaji et al. 2014) in the presence of essen-
tial metal excess, corroborating previous results for other
essential metals such as Co (Rocha and Meldo 2024) and Cu
(Juneau et al. 2002; Lombardi and Maldonado 2011; Rocha
et al. 2021b). Interestingly, the combination of P limitation
and excess of Zn on these parameters (N and NPQ) was less
harmful than only the excess of Zn, reinforcing our previ-
ous suggestion that algae acclimated their metabolism and
were able to use the excess of essential metal in a beneficial
way, increasing the heat dissipation to protect photosynthetic
machinery (Rocha and Melao 2024). On the other hand, the
combination of P limitation and Pb slightly decreased the
gP, in a synergic way, and significantly increased the values
of gN and NPQ, especially at the highest Pb concentration,
indicating an effective defense mechanism of algae, increas-
ing excess of light energy in form of heat, also corroborating
our previous studies where R. subcapitata showed an effec-
tive response to stressors, reinforcing its use in ecotoxicol-
ogy studies (Rocha and Melao 2024; Rocha et al. 2024). In
the present study, gP was the least affected parameter when
evaluating the light energy use. In addition, the increase
observed in carotenoids at the highest metal (Pb and Zn)
combined to P limitation followed by an increase in qN and
NPQ values indicate that the xanthophylls cycle, which
can be related to photoprotection in algae (Goss and Jakob
2010), may have an important role in the R. subcapitata
defense mechanism; however, more studies are needed to
confirm this relationship (i.e., NPQ and xanthophyll cycle)
in this species since it can be species-specific. However, it is
interesting to highlight that in combination with P limitation,
Pb impacted more these parameters (total carotenoids, gN
and NPQ) than Zn.

Compared to previous studies where in the evaluation of
limitation of nutrients (P or N) combined to metal exposures,
the decrease in the Y(II) seems to be the common response,
with non-essential metals (Cd, Al, and Pb) affecting more
this parameter than essential metals (Cu, Co, and Zn), in R.
subcapitata and Ankistrodesmus densus (Rocha and Espin-
dola 2021; Rocha et al. 2021a, 2023; present study). On the
other hand, Y(NPQ) has a tendency for increasing, indicat-
ing the activation of photoprotective mechanisms in the pres-
ence of two stressors; however, it is interesting to highlight
that for R. subcapitata, the excess of essential metal (Co
— Rocha and Melao 2024; or Zn — present study) combined
to P limitation resulted in a better response from photopro-
tective mechanisms than only the excess of metal. The Y
(NPQ) data for P limitation combined to Zn corroborate our
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previous studies where essential metals (Co and Cu) excess
is suggested to be used in a beneficial way by the algae
(Rocha and Espindola 2021; Rocha and Meldo 2024), while
only under Co or Zn excess, damages were observed. For Y
(NO) we could not find a clear pattern related to stressors or
algal species since we observed increase (Rocha and Espin-
dola 2021; Rocha et al. 2021a; Rocha and Meldo 2024);
decrease (Rocha et al. 2023, 2024) or a non-remarkable
change (present study) in this parameter.

Regarding the rapid light curve parameters, we could
observe antagonism and synergism under P limitation and
metal exposure (Pb and Zn), which is different from our
previous studies with P limitation and non-essential metals
exposure, where synergism was the only observed response
(Rocha et al. 2021a — Cd; Rocha et al. 2024—Al) and it
is similar to the response observed under P limitation and
excess of essential metal (Co; Rocha and Meldo 2024). For
the parameters rETR,,, and a, the synergism observed
under Pb or Zn exposure reinforce the data obtained for
P-limited algae exposed to Cd (Rocha et al. 2021a) and Al
(Rocha et al. 2024), being different from the antagonistic
responses obtained under P limitation and Co exposure
(Rocha and Meldo 2024). To the best of our knowledge, this
is the first study evaluating the rapid light curves in P-limited
algae exposed to Pb and Zn, highlighting the importance of
more studies with different metals to understand the algal
responses to P limitation since there is no strict standard
response to different metals, essential or not.

In summary, adaptations of growth and photosynthetic
apparatus under P-limited conditions are unknown; how-
ever, acclimation results in adaptation (Bonachela et al.
2011; Napoleén et al. 2013). Since the increase in pigments
can support photosynthesis, enhancing the antenna size and
can be related to the amount fatty acids, which can alter the
membrane fluidity and affect ETR (Wacker et al. 2015), and
the dissipation of light energy in form of heat decreases the
ETR (Wykoff et al. 1998; Petrou et al. 2008), we suggest that
P limitation was the force driving the responses in the rapid
light curve parameters as well in the activation of photopro-
tective mechanisms and pigments production, indicating that
the combination of stressors were more intense than only
one stressor.

Since the amount of P available directly impacts the avail-
ability of Pb, with more P reducing the Pb bioavailability
through the formation of the mineral chloropyromorphite
(Scheckel and Ryan 2002; Kopittke et al. 2008), we suggest
that more P in the control medium was responsible for the
chelation of Pb, decreasing its toxicity when compared to
P-limited medium, where most likely there was more Pb
available for the algae. In addition, previous studies have
shown that a lower amount of P results in higher internali-
zation of metals (e.g., Co, Cd, Fe, Pb, Zn) (Webster et al.
2011; Guan et al. 2023), probably due to the changes in algae
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lipids classes and fatty acids under P limitation (Rocha et al.
2018). Based on this information and our results, we suggest
that P limitation affected membrane conformation, resulting
in higher metal internalization, facilitating direct access to
the organelles, and affecting physiological processes such as
growth and photosynthesis.

More studies are needed to understand the relationship
and mechanisms involved in the algal acclimation to P. For
example, P limitation + Co (Rocha and Meldo 2024) resulted
in antagonistic responses in all evaluated photosynthetic
parameters, while P limitation combined to Zn (present
study) has a higher tendency for synergism in photosynthetic
parameters, reinforcing that responses can be metal-specific.
The present study corroborates our previous observations
indicating that combination of P limitation and Al (Rocha
et al. 2024) or Co (Rocha and Meldo 2024) does not affect
the xanthophylls cycle in R. subcapitata. However, it is inter-
esting to highlight that exposure only to excess essential
metals (Co and Zn) resulted in more damages than non-
essential metals (Al and Pb). On the other hand, acclima-
tion to P limitation seems to result in an adaptation of algal
metabolism, where the excess of an essential metal (Zn and
Co) combined to P-limited algae resulted in the recovery of
gN, NPQ and Y(NPQ) when compared with metal as only
stressor. The increase in pigments under stress indicates an
effective algal response to avoid higher damages to the pho-
tosynthetic apparatus.

Conclusions

Our results indicate the greater sensitivity of P-limited R.
subcapitata to an essential and a non-essential metal, with
synergistic response in several parameters evaluated (cell
density, maximum quantum yield, qP, Y(II), rETR,,,,, and
o) and antagonism in pigments production. In addition, our
study reinforces the importance of considering the water
characteristics to define metal limits of regulations. In Bra-
zil, the amount of Pb allowed in freshwater is 0.03 mg L!
and for Zn is 0.18 mg L™! (CONAMA 2005). In our study,
while the metals alone less severely affected the evaluated
parameters; in P-limited algae all parameters were affected.
The synergistic effects occurred in P limitation combined
to Pb at a concentration slightly higher than accepted by
the Brazilian legislation, while combination with Zn in
concentrations much lower than accepted by the legislation,
indicating how tricky is defining what amount of contami-
nant is acceptable in water since other factors interfere in
the toxicity of the contaminant. Concerning the effects of
essential or non-essential metal, our data indicate a slightly
higher damage to P-limited algae exposed to a non-essential
metal. Except for qP and Ek, where different responses were
observed for P-limited algae exposed to Pb and Zn regarding

synergism and antagonism, the other parameters had similar
interaction (i.e., synergism or antagonism) in the general
responses, which suggest that the essentiality of metal is not
a determinant point in the effects observed in R. subcapitata.
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