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Heterocapsa cf. bohaiensis (dinoflagellate): identification and response
to nickel and iron stress revealed through chlorophyll a fluorescence
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Abstract

Metal toxicity in marine ecosystems is a growing issue owing to terrestrial runoff and anthropogenic pollution.
Heterocapsa cf. bohaiensis, a newly isolated dinoflagellate from New Caledonia, was cultivated in photobioreactors
operating continuously with high concentrations (10> M) of nickel (Ni?*) and/or iron (Fe*") and their photosynthetic
efficiency was assessed. The photosynthetic measurements indicated that H. cf. bohaiensis was tolerant to Ni** but
sensitive to Fe*" high concentrations. In the presence of Fe?, maximum quantum efficiency and maximal relative
electron transport rate decreased from 0.62 to 0.47 and from 156 to 102, respectively. The JIP-tests suggested
a reduction of the photosynthesis in response to Fe?* due to a disruption in the electron transport chain rather than
a defect in the light absorption and trapping capacity which were on the contrary enhanced by Fe?*". These results bring
new knowledge on the impact of nickel and iron on microalgae photosynthetic pathways.
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Introduction the trophic chain to ultimately contaminate human through
food-chain transfers (Seco et al. 2021). New Caledonia
High metal concentrations in aquatic ecosystems is is a tropical island located in the Southwest Pacific with

aworldwide preoccupying topic since metals accumulate in coastal waters enriched in trace metals (Ambatsian ef al.
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1997, Le Grand et al. 2013). Indeed, one-third of the main
land surface is covered by ultramafic substrates rich in
nickel, iron, chrome, cobalt, and manganese trace metals
but poor in nitrogen, phosphorus, and potassium (Pelletier
2007, Merrot 2019). These metals are naturally present
in coastal ecosystems due to leaching and natural erosion
via ultramafic catchments (Bird ef al. 1984, Biscéré et al.
2017, Merrot et al. 2022). However, owing to anthropic
activities such as urbanisation and particularly mining
operation, metal concentrations have increased over
the last decades due to large amounts of terrestrial
discharge in the coastal ecosystems (Biscéré et al. 2015,
Merrot et al. 2022). Microalgae living in nickel (Ni)
and iron-rich (Fe) coastal waters of New Caledonia are
models of choice to study physiological responses to metal
stresses. Heterocapsa cf. bohaiensis, a recently described
dinoflagellate species with haemolytic activity (Zhang
et al. 2019), has been associated with shrimp (Penaeus
Jjaponicus) and crab (Eriocheir sinensis) mortalities in
culture in a coastal area of the Liaoning province in China
(Xiao et al. 2018). This species has been isolated in New
Caledonian coastal waters where blue shrimp (Penaeus
stylirostris) production is the leading aquaculture sector,
which raised new risk for the New Caledonian aquaculture
industry. In addition, dinoflagellates are known to form
harmful algal blooms and produce metabolites of interest
and toxins. Moreover, it is admitted that the Heterocapsa
genus is highly tolerant to metallic trace elements (Satoh
et al. 2005) and transfer trace metal elements to bivalves,
leading to an accumulation in the food chain (Hédouin
et al. 2010).

Microalgae are primary producers of marine coastal
ecosystems and are therefore the first organisms of the
food chain impacted by trace metals in seawater. At
low concentrations, metals are essential micronutrients
for microalgae (Quigg 2016). For example, Fe is
a transition metal recognised as an essential micronutrient
for microalgae participating in energy entry and electron
transport in photosynthesis as part of photosystems,
cytochrome b¢f, and Fe-S complexes (Fox and Zimba
2018). Ni is an essential micronutrient necessary for the
activity of several enzymes such as the urease, a key
enzyme in N-metabolism (Quigg 2016). However, at high
concentrations, Ni and Fe may be toxic to microalgae
(Wan et al. 2014, Martinez-Ruiz and Martinez-Jeronimo
2015, Dahmen-Ben Moussa et al. 2018, Yong et al.
2019, Guo et al. 2022). At high concentrations, most
metallic trace elements induce oxidative stress due to the
production of reactive oxygen species (ROS) that damage
lipidic membranes and cytoplasmic proteins (Danouche
et al. 2022). Boisvert et al. (2007) observed a significant
decline of the F./F. and chlorophyll a fluorescent
transients following Ni** [mmol mg'(Chl)] exposure
on PSII submembrane fraction isolated from spinach.
When Phaeodactylum tricornutum was exposed to
5.59 ug(Fe*") L, the F\/F,, increased, the rETR parameters
[the initial rapid light curve slope (a), the light-saturating
index (Ek), and the maximum relative electron transport
rate (tETRm)] were higher compared to the control
condition Fe*-depleted (Wang er al. 2023). As a result,
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physiological parameters such as growth, photosynthesis
efficiency, and antioxidant activity of microalgae are
impacted by trace metals concentration (Martinez-Ruiz
and Martinez-Jerénimo 2015, Yong et al. 2019, Guo et al.
2022).

In parallel, microalgae metabolites are highly valuable
compounds for cosmetic, pharmaceutical, and agro-
alimentary products (Mimouni ef al. 2012, Chénais 2021).
Some microalgae pigments have anti-inflammatory,
antibacterial, anticancer, anti-UV, and/or antioxidant
properties that might have applications in health care
(Sathasivam and Ki 2018). Finally, biotechnologies using
microalgae to sequester and remove metals from polluted
waters are intensely developed (Leong and Chang 2020).
Indeed, some species can absorb high amounts of metal.
For example, Dunaliella sp. can absorb up to 0.21 pg(Ni)
cell! when exposed to 500 mg(Ni) L' (Dahmen-Ben
Moussa et al. 2018). Therefore, understanding trace metal
requirements, accumulation, and toxicity for microalgae
is critical for their successful cultivation and exploitation
in various applications, including metabolites production
for biotechnological application and wastewater treatment
(Mandal et al. 2019, Leong and Chang 2020).

Environmental and culture conditions highly influence
microalgae physiology which will affect their growth and
photosynthetic efficiency. The PSII efficiency is therefore
a good marker of microalgae fitness under abiotic stresses
such as metallic trace elements (Coulombier et al. 2020,
Menguy et al. 2020, Wang et al. 2023). PAM fluorometry
is a commonly used technique to assess PSII efficiency
in microalgae (Antal e al. 2009) and has the advantage
of being reliable, fast, and noninvasive (Schreiber et al.
1995). Briefly, in response to light, microalgae either
dissipate light energy into heat, emit fluorescence, or
use it for photochemistry. By measuring the fluorescence
emitted by chlorophyll a of PSII, the PAM fluorometer
gives information on light dissipation and light use in
photochemistry (Consalvey et al. 2005).

The objective of the current study was to evaluate,
using PAM fluorometry, the effect of high concentrations
of Ni** and Fe** on H. cf. bohaiensis growth and
photosynthetic efficiency. Experiments were performed
in photobioreactors operated continuously to observe
short- and long-term effects of the two metals and a mixture
of both and to provide adaptive photophysiological traits
following the exposure to high metal concentration.

Materials and methods

Sampling sites, isolation, and culture conditions:
New Caledonia, located approximately 1,500 km east of
Australia in the Southwestern Pacific Ocean, consists of
numerous islands, with the main island known as Grande
Terre. An ultramafic bedrock (including Isle of Pines
totalling ~ 5,470 km?) covers about one-third of its surface
area. The strains of interest (19PV99 and 20PV100) were
isolated from the experimental aquaculture station of
Saint Vincent (Boulouparis), situated on the west coast of
Grande Terre and from Kuto Bay (Isle of Pines), an island
situated at the south of Grande Terre.
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The first strain (19PV99) was isolated from a bloom,
in November 2019, in shrimp earthen pounds (coordinates:
21°55'35.7"S, 166°05'01.4"E), and the second from
a bloom, in January 2020, in an enclosed sandy bay
(22°39'25.4"S, 167°26'34.4"E). In the laboratory,
the samples were diluted in autoclaved seawater enriched
in L1 culture medium (Guillard and Hargraves 1993),
and a small artificial light device was used to attract the
mobile cells and create a small bloom close to the surface
of the culture dishes. Small drops were then sampled
and transferred into cell culture multi dishes filled with
filtered (0.2 pm), autoclaved, and L1 enriched seawater.
The strains were subsequently cultured in a thermo-
controlled incubator at 27°C, under illumination of
50 upmol(photon) m? s!' with a 16/8-h light/dark
photoperiod. Finally, the strains (19PV99 and 20PV100)
were transferred to 150-mL Erlenmeyer flasks containing
50 mL of Ll-enriched seawater and maintained in our
culture collection under similar conditions.

DNA amplification and sequencing: The cultures
were extracted with the PCRBIO Rapid Extract PCR
Kit (PCR Biosystems Ltd.) which combines extraction
and polymerase chain reaction (PCR). In a 1.5-mL tube,
1 mL of culture was taken and centrifuged for 3 min at
14,000 rpm. The supernatant was discarded to retain only
the pellet. Then the manufacturer's instructions were
followed, except for the step dilution where 190 puL of
PCR-grade dH,O were added instead of 900 pL. A nested
PCR was used to amplify the ribosomal deoxyribonucleic
acid (rDNA) gene combined with small partial (SSU) and
large subunit ribosomal including the internal transcribed
spacer (ITS). The first round of PCR used SR9-FW
(Freeman et al. 2004) and D3B (Nunn et al. 1996) primers.
Two-second rounds of PCR were carried out separately
using 1 puL of the amplicon previously obtained with
primers SROFW and D2C (Scholin et al. 1994) or DIR
(Scholin et al. 1994) and D3B. The PCR reaction was
performed using a PCR Master Mix Promega kit following
the manufacturer's instructions. Amplicons obtained were
visualized on a 1% agarose gel after electrophoresis and
the positive samples were purified using the ExoSAP-IT
PCR Product Cleanup reagent (Affymetrix, Cleveland,
OH, USA) and sequenced (Big Dye Terminator v. 3.1
Cycle Sequencing Kit; Applied Biosystems, Tokyo, Japan).
Primers and excess dye-labelled nucleotides were first
removed using the Big Dye X-Terminator Purification kit
(Applied Biosystems, Foster City, CA, USA). Sequencing
products were run on an ABI PRISM 3130 Genetic
Analyzer (Applied Biosystems).

Phylogenetic analysis: For both strains (19PV99 and

20PV100), sequences including partial 18S rDNA
(OR194073, OR224571), ITS region (OR194143,
OR224570), and partial 28S rDNA (OR194153,

OR224569) were obtained. They were used in a phylo-
genetic analysis inferred from a concatenated matrix
including partial 18S rDNA, internal transcribed spacer 1,
5.8S rDNA, internal transcribed spacer 2, and partial 28S

rDNA of various Heterocapsa species and Prorocentrum/
Azadinium as outgroup. Each region was separately
aligned using the MAFFT algorithm with the g-ins-i option
(Katoh et al. 2019). Alignments were then concatenated
using SeaView software (Gouy ef al. 2010). The final
alignment matrix comprised 93 sequences and 4,006
characters including gaps (1,745 characters for 18S, 194
characters for 5.8S, and 877 characters for 28S). A list of
all sequences included and accession numbers is given in
Table 1S (supplement). Phylogenetic trees were calculated
with Bayesian inference (BI) and Maximum likelihood
(ML). The model used for the calculations was selected
using jModelTest v. 2 (Darriba et al. 2012) and the General
Time Reversible model with 4 gamma rate categories,
was found to be the most appropriate for the dataset and
was chosen for phylogenetic analysis.

ML phylogenetic trees were generated using PHY-ML
v. 3.3 (Guindon et al. 2010) with 1,000 bootstraps. BI was
performed to estimate Posterior Probability distribution
using MrBayes 3.2.6 with Metropolis-Coupled Markov
chain Monte Carlo simulations (Ronquist and Huelsenbeck
2003). Trees were sampled every 100 generations for
4,000,000 generations and the first 400,000 generations
were discarded as burn-in. Phylogenies were visualized
using SeaView and Inkskape software. Genetic p-distances
were calculated using Mega software v. 11.0.13 (Tamura
et al 2021).

Photobioreactor culture conditions and metal stress:
Cultures were carried out in three 10-L stirred
closed photobioreactors (PBRs) made of transparent
polymethylmethacrylate (Menguy et al. 2020). The pH
was maintained at 8.2 using automated CO, injections
and the temperature was kept constant at 26°C by thermal
exchange. The light was set at 200 umol(photon) m2 s
meter at the center of the PBR wusing a LI-COR
quantum sensor and applied continuously. Cultures
were homogenized using a Rushton turbine at 92 rpm
and aerated by bubbling air filtered at 0.2 um. Before
inoculation, each PBR was sterilized for 20 min with
a 5%o0 DEPTIL PA5 and rinsed twice with 0.2 um filtered
seawater. Each PBR was then filled with 9.2 L of enriched
seawater (L1 medium) and inoculated with 0.8 L of
H. cf. bohaiensis (strain 20PV100) culture. PBRs were
first maintained in batch culture conditions for 5 d. Culture
growth and cell vitality were monitored daily using optical
density at 680 and 800 nm and by counting and observing
cells on a Malassey hemocytometer (Coulombier et al.
2021). After 5 d in batch, the PBRs were switched to
continuous culture mode with a renewal rate of 30% per
day until steady state (i.e., less than 10% of optical density
and cell concentration variations over 3 d). At steady
state, the solution of metals was injected in the PBRs and
added to the L1 culture medium to reach a concentration in
the PBRs and culture media of 103 M of Ni**, 10° M of
Fe*, and a mixture of Ni** + Fe?* at 0.5 x 10° M each in
PBR 1, 2, and 3, respectively. Metals availability in the
metal-enriched culture media was evaluated and controlled
using CHEAQS 0.2.1.8. This experiment was replicated
three times.
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Photosynthetic parameter measurements: Photosyn-
thetic parameters of H. cf. bohaiensis were monitored
using a PAM fluorometer (AquaPen-C AP 110-C, Photon
Systems Instruments, Czech Republic) equipped with
a blue-light emitting diode at 470 nm. All measurements
were performed under dark-adapted (15 min) conditions
and at steady state before metal exposure (ty), and after
metal exposure during the transient phase at 24 h (t4), and
after 13 d of exposure (t;). First, the maximum quantum
efficiencies (F,/Fn) of PSII were acquired and on different
samples, the rapid light curves (RLCs) were constructed
using seven steps of increasing actinic light intensity
[10, 20, 50, 100, 300, 500; and 1,000 pmol(photon)
m2s '] of 60 s each. Data were then fitted to the model
by Platt er al. (1980) to estimate the physiological
parameters rETRm, alpha (a), and Ek. RLCs were
also used to calculate the Stern—Volmer coefficient
(i.e., nonphotochemical quenching induced by the light
curve, NPQingueed) (Ralph and Gademann 2005). Then,
to capture rapid chlorophyll a fluorescent transient, OJIP
transients were constructed by measuring polyphasic
chlorophyll a fluorescence over a 2-s saturating light

pulse [3,000 umol(photon) m™2 s ~'] on another sample.
The JIP-test of Strasser and Strasser (1995) was applied
to translate experimental data into biophysics parameters
(1) ABS/RC, TR¢/RC, DI/RC, and ET,/RC that quantified
the specific energy fluxes per reaction centre and (2) v,
oDy, @Py, and @E, that quantified the minimal quantum
yield of primary photochemistry during the experiment.
Methods used in this paper are summarized in Fig. 1S
(supplement).

The significations of the photosynthetic parameters are
presented below in the text table. F', F.,', F{, and F '/F,,' are
measured during the rapid light curves. Other parameters
are measured in a dark-adapted state (15 min). A reaction
centre (RC) is considered open when Q4 is in its oxidative
state, conversely RC close up when Qa is reduced into Qa™.
Qa — primary quinone acceptor; Qg — secondary quinone
acceptor; PQ — plastoquinone; PC — plastocyanine;
Cyt bef — cytochrome bgf.

Statistical analysis: Every experimental measurement
was done in triplicate and the experimental setup was
repeated three times. Data in tables are expressed as

Parameter Definition Formula Interpretation
Rapid light curve
Fo Minimum fluorescence after a dark adaptation Minimum fluorescence when all RC are
open
Fn Maximal fluorescence during a saturating flash Maximal fluorescence when all RC are
closed
F. Variable fluorescence Fn.—Fo
Fu/Fn The maximal quantum yield of PSII (Fm — Fo)/Fn Maximum light-utilisation efficiency of
photochemistry PSII
F' Initial fluorescence intensity in a light-adapted
state
F.' Maximum fluorescence in a light-adapted state
under a saturating flash
F¢ Fluorescence quench in actinic light Fu'—F'
Fq/Fy' Light-utilisation efficiency (Fn' = F')/Fo'
rETR Relative electron transport rate (Fq/Fn') x PAR x 0.5 Ralph and Gademann (2005)
rETR( Relative transport rate of electrons vs. rETR(i) = rETRm x
o irradiance (i) 121 the absence of photoinhibition (1 — eg’zx VIETRm)) Platt et al. (1980)
rETRm Maximum relative electron transport rate rETR before levelling off at a maximum
light-saturated rate
o Initial RLC slope, maximum light use coefficient Ability to use low light intensities
for PSII
Ek Light saturating index [pumol(photon) m=s™] Ek =rETRm/a Ability to use high light intensities
NPQuniueed Nonphotochemical quenching induced during (F — Fu')/F! Ability to dissi.pate energy into heat as
“¢ RLC experiment a photoprotective mechanism
OJIP

Specific fluxes

ABS/RC  Average absorption of photons at the antenna per
active RC

TRo/RC Trapping flux of exciton per active RC

ETo/RC Electron transport flux per active RC (further than
Q)

DI/RC Dissipation flux of photon into heat per active RC

30

The apparent antenna size

The rate by which an exciton is trapped in
RC resulting in the reduction of Q4 to Q4

The rate by which an electron moves from
Qa to Qg, PQ pool, Cyt bef and PC
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Quantum efficiency

M, Slope at the origin of fluorescence rise (O-J) Rate of RC closure corresponding to Qa
reduction

©Py Maximum quantum yield of primary TRJ/ABS The probability. that an absorbed photon

photochemistry will be trapped into the PSII

¢Eo Quantum yield for electron transport ETy/ABS Quantum yield of electron transport

Wo ETy/TR, The probability that a trapped photon can
move an electron into the transport chain
further than Q4 in the electron transport
chain

oDy DI/ABS Quantum yield of energy dissipation

TAbs Performance index [Yre/(1 = Yre)] X The probability that an electron moves

[@Po/1 — @Py] x [WEo/1 — yE,] from PSII to PQ pool

mean =+ standard error (SE) over the triplicate. Variance
homogeneity and normality were tested with Bartlett
and Shapiro tests, respectively. Statistical differences at
95% certainty between experimental conditions and time
of analyses were tested using an analysis of variance
(ANOVA) followed by an LSD test. Otherwise, the tests
were performed using the Kruskal-Wallis test followed
by a Dunn test. Statistical analyses were performed using
the RStudio software (R Core Team 2017). Parameters
from JIP-test and F./F,, were analysed on metal condition
data separately.

Results

Phylogenetic analysis: The ML tree (Fig. 1) showed
that the two species of Heterocapsa isolated in New
Caledonia form fully supported clades. The sequence
of strain 19PV99 clustered with a group of sequences
including strains CCMP2770, CCMP1734, CCMP1322,
and QUCCCMS85-88, and was identified as H. pygmaea.
The sequence of strain 20PV100, the one studied in
the present article, was closely related to strain HCBCS88
and they were basal to the clade formed by sequences
of H. bohaiensis. Genetic p-distances calculated on ITS
region (ITS1-5.8S rDNA-ITS2) between strain 20PV100,
H. bohaiensis isolates and strain USA29-9 was 2.0-2.5%.
Calculated on partial LSU rDNA, the p-distance between
strain 20PV100 and strain HCBC88 and H. bohaiensis
isolate 4-2 were 0.9 and 2.1%, respectively (not shown).

Growth: Following metal injection, the absorbance at 680
(Fig. 28, supplement) and 800 nm and cell concentration
decreased in the Fe*" conditions, while the other two
treatments did not affect culture growth (Fig. 2). Cell
concentration decreased from 11.20 x10° = 1.35 x 10° cell
mL™" (ty) to 6.80 x 10° £ 0.78 x 10° cell mL! in the Fe?*
condition, while it remained stable in the other conditions.

Chlorophyll a fluorescence: The initial maximum light-
utilization efficiency, F./F.,, used as a proxy of the efficiency
of the PSII light utilization for photochemical conversion
was similar in the different PBRs (0.62 + 0.01). However,
following metal injection a small decrease was observed
after 24 h of exposure, which was found to be significant

after 13 d of Ni** (0.59 + 0.01), Fe** (0.47 + 0.03), and
Ni2*+Fe?* (0.50 + 0.02) exposure (p<0.05, p<0.01, and
p<0.001, respectively) (Fig. 3).

To build the RLCs (Fig. 4), the relative electron
transport rate TETR was calculated, using a saturating
flash pulse at increasing actinic light intensity. In our
experiment, the RLCs presented the typical first phases
but did not exhibit photoinhibition in any of the three
conditions (Fig. 4).

Regarding the maximum relative electron transport
rate ({fETRm), used as a proxy of photosynthetic activity,
although some small differences were noted between
PBRs no significant differences were found between
initial values before metal injection (rETR = 171.52 +
8.28). The rETRm decreased gradually from t, to t; under
Fe?* and Ni**+Fe?* high concentrations, while in the Ni**
condition, it decreased at t»4 and increased at t; (Table 1).
Indeed, following the Ni?* injection, a significant decrease
was observed after 24 h (p<0.01) from 181.67 £ 20.91 to
141.42 £ 5.39, while in the other conditions, no significant
difference was observed between t, and ty (Table 1).
However, in the Ni** condition, no difference was observed
between the initial and the final rTETRm (166.3 £ 17.48),
while the rTETRm were significantly lower at the end of
the experiment in the Fe?* (p<0.01) and Ni*+Fe*
(p<0.001) conditions. This decrease was equal to 35
and 27% of the initial rTETRm in the Fe** and Ni*+Fe**
conditions, respectively (Table 1).

The maximum light-utilization coefficient, a, used
as a proxy of the ability to use low light intensities
decreased at t; in Fe?" and Ni**+Fe?* conditions, from
0.35 £ 0.01 to 0.27 £ 0.01, and from 0.32 + 0.02 to
0.28 £ 0.004, respectively, while when exposed to Ni*',
a did not vary significantly (Table 1). In each condition,
Ek, the light-saturating coefficient that represents a proxy
of the ability to use high light intensities follows a similar
trend to the rTETRm (Table 1). Ek decreased gradually
from t, to t; under Fe?* [446.83 + 18.42 to 378.29 + 48.06
umol(photon) m~? s7'] and Ni?*+Fe?" [538.88 + 31.15 to
452.62 + 34.84 pmol(photon) m= s™'] conditions, while
in the Ni** condition, it decreased at t4 and increased at
tr (Table 1). All parameters varied significantly between
metal conditions and time of analysis except the NPQ
induced by the RLC which did not vary over time.
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Fig. 1. Maximum likelihood (ML) phylogenetic tree inferred from a concatenated matrix including partial 18S rDNA, internal transcribed
spacer 1, 5.8S rDNA, internal transcribed spacer 2, and partial 28S rDNA of various Heterocapsa species and Prorocentrum/Azadinium
as outgroup. The strains presented in boldface on a grey background are the two Heterocapsa isolated in New Caledonia (19PV99 and
20PV100). Black vertical bars show distinct Heterocapsa clades. Numbers at nodes represent bootstrap support values from ML and
posterior probabilities from Bayesian inference (BI). Bootstraps value below 65 and posterior probabilities below 0.70 are indicated
with ‘-,

32



RESPONSE OF HETEROCAPSA BOHAIENSIS TO METAL STRESS

v Ni
T 045 | -o- Fe
c —eo— Ni+Fe
g
>
=
= =
4
& @nm.
- A
S 025 | {' ﬁ\}%
=
o
o
015 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18
TIME [d]

Fig. 2. Culture stability, absorbance at 800 nm of Heterocapsa
cf. bohaiensis cultured in continuous before (grey part) and after
(white part) injection of Ni**, Fe?*, and Ni**+Fe*.

Rapid chlorophyll a fluorescent transient analysis
(JIP-test): In response to a saturating-light pulse,
chlorophyll a fluorescence exhibits a fast polyphasic rise
from an initial fluorescence intensity F, (namely O) to
amaximal intensity F,, (namely P) and a subsequent decline
(Fig. 54,B). The slope of the corresponding OJIP transient
represents the physiological state of the microalgae
(Strasser and Strasser 1995). A reduced slope indicates
a slowdown in the electron transport rate. After Ni**
injection, OJIP transients at to, t,4, and t; were not different
(Fig. 5D), while 13 d after Fe?* or Ni**+Fe®" injections
J-1 and I-P slopes attributed to the electron transport
from QA% to Qg and finally PSI, decreased compared to t,
(Fig. 5B,C).

The photophysiological parameters, F./F., ABS/RC,
TR¢/RC, DIy/RC, ETy/RC, o, ®Dy, oPy, and @E, were
calculated from OJIP and are provided as a radar plot
(Fig. 6). All data of the fluorescence parameters were
normalized relative to their respective control (t,). Ni**

180

0.65¢} g
0.60 | EE Q
Time
ot B t
- 0.55¢ 0
T B3ty
B
0.50 +
045+t
Ni Fe Ni+Fe
METAL

Fig. 3. Boxplot of maximum quantum yields (F,/F.) of
Heterocapsa cf. bohaiensis in the presence of Ni**, Fe*, or
Ni?*+Fe?* high concentrations at t,, t,4, and t¢ of the experiment.

high exposure did not influence significantly any of the
previously mentioned parameters. TAbs, the probability
that a trapped electron in the RC go further than the
plastoquinone pool (PQ) in the electron transport chain,
¢@Po, the probability that an absorbed electron will be
trapped in RC, and ¢E,, the quantum yield of electron
transport decreased significantly in Fe** (p<0.01) and
Ni?*+Fe?* (p<0.001; p<0.01) conditions after 13 d of
exposure (Fig. 6). In addition, in Fe?* and Ni**+Fe?*
conditions, o, representing the probability that a trapped
electron moves further than Qs decreased (p<0.05 for
both) at t¢. The slope at the origin of the OJIP transient, My,
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Fig. 4. Rapid light-response curves (RLCs) of Heterocapsa ct. bohaiensis, representing the relative electron transport rate (rETR) under
increasing light intensities up to 1,000 pmol(photon) m2s™! following Ni** (4), Fe** (B) or Ni*'+Fe?" (C) exposure at high concentrations

at ty, trs, and tr of the experiment.
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Table 1. Rapid light curve parameters of Heterocapsa cf. bohaiensis in the presence of Ni**, Fe?*, or Ni**+Fe?*" high concentrations at
to, t4, and t; of the experiment. Values are expressed as mean area/cell = SE (rn = 3). Values are significantly different when p<0.05.
rETRm — maximum relative electron transport rate; o — initial RLC slope; Ek — light-saturating index = ETRm/a; NPQinauced —

nonphotochemical quenching induced by the RLC.

Metals rETRm o Ek [umol(photon) m2 s™'] NPQinduced

Ni%* to 181.67 £20.91 0.33+0.02 546.82 £ 33.15 0.34+0.09
4 141.42+5.39 0.31+0.02 45223 +24.71 0.29 £+ 0.04
te 166.30 + 17.48 0.31+£0.01 529.02 + 34.61 0.42 +0.06

Fe** to 156.03 £ 11.26 0.35+0.01 446.83 + 18.42 0.30 £+ 0.00
o4 123.88 £3.16 0.34£0.01 361.43 +14.10 0.32+0.05
te 102.00 £ 17.99 0.27+£0.01 378.29 £ 48.06 0.39+0.09

Ni>+Fe?* to 171.69 + 8.10 0.32+£0.02 538.88 £31.15 0.42+0.07
o4 169.22 +19.89 0.32+0.01 532.66 + 54.97 0.44+0.11
tr 125.10 + 10.85 0.28 + 0.00 452.62 + 34.84 0.42 +0.05

Kruskal-Wallis or Multifactor ANOVA

A: Metal p(0=0.05) <0.01 >0.05 <0.001 (F=37.58) <0.05

B: Time p(a=0.05) <0.001 <0.001 <0.001 (F=15.36) >0.05

Interactions A x B -

<0.005 -

2.0
— L C
g
£ 16| I NP7 o
o L
B 12+ -
=4
8 L
o 08 3
w
& I Ni+Fe-t0
i+Fe-
E 04r /S T oal LS ot [ S Ni+Fe-t24
- — = Ni+Fe-tf
0 TR FRRTTT] MR L i
12+ D tE F
o |
1
Eo L
w
w L
g
5
> L
Ni+Fe-t0
Loy e Fe-t24 T 4 e Ni+Fe-t24
- = =Ni+Fe-tf
0.01 1 100 0.01 1 100
TIME [ms]

Fig. 5. Changes of Chl a fluorescence of Heterocapsa cf. bohaiensis after normalization at Fy (4—C) and after double normalization at
Fo to Fp phase (D—F) in the presence of Ni?*, Fe*, or Ni*+Fe?" at to, t,s, and t; of the experiment.

attributed to the rate of Qa reduction in the photosynthetic
chain (Antal et al. 2009), was significantly higher after
13 d of Fe?" and Ni*+Fe*" (p<0.001 for both) exposure
(Fig. 6). Similarly, the energy dissipation per reaction
centre, DI/RC (p<0.01 for both), the trapped TR/RC
(»<0.01 for both), and absorption of photons per reaction
centre, ABS/RC (p<0.01 for both) were significantly higher
after 13 d of Fe** and Ni**+Fe?* high exposure (Fig. 6).
However, the electron transfer per reaction centre, ETo/RC,
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did not change significantly in response to metals (Fig. 6).
For each varying parameter, the variations intensified in
the following manner: Ni** < Ni**+Fe?*" < Fe?*,

Discussion

The phylogenetic analysis clearly showed that both strains
analysed belong to the genus Heterocapsa. The strain
19PV99 clustered in a group of sequences including strains
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Fig. 6. Radar plot of fluorescence transient chlorophyll a parameters calculated from the JIP-test analysis of Heterocapsa cf. bohaiensis
in the presence of Ni** (4), Fe?* (B), or Ni>*+Fe*" (C) high concentrations at ty, t,s, and t; of the experiment. Normalised by the t, of each

condition.

ascribed with different names but recently interpreted
as H. pygmaea clade (Choi and Kim 2021). Whereas
the strain 20PV100, the one exposed to the different
trace metals, appeared closely related to H. bohaiensis,
as indicated by phylogenetic position and p-distances
calculated on the ITS region. The sequence of 20PV100
was not identical with sequences of H. bohaiensis from
the type locality, but the level of divergence was low
(around 2.0-2.5%). Compared with the threshold of 4%
tentatively proposed by Litaker et al. (2007) to separate
dinoflagellate species, strain 20PV100 can be considered
as H. cf. bohaiensis, as detailed morphological features
including morphology of thecal scales would be necessary
to confirm the identity of the strain.

Heterocapsa cf. bohaiensis lives in New Caledonia
coastal waters that are characterised by high Ni** and
Fe?* concentrations. In the present study, the addition
of 58 mg(Ni*") L' did not affect H. cf. bohaiensis cell
concentration. However, other species are more stressed
by Ni** concentration. For example, cell concentration
of the diatom Phaeodactylum tricornutum decreased

when exposed to 1 mg(Ni**) L™ (Guo et al. 2022), and
the chlorophyte Ankistodesmus falcatus (Martinez-Ruiz
and Martinez-Jeronimo 2015) was found to be stressed by
103 mg(Ni*") L. This suggests that H. cf. bohaiensis is
highly tolerant to Ni?*. Conversely, the addition of Fe*" at
55 mg L' induced a continuous drop in cell concentration
throughout the 13 d of exposure. These results show that
55 mg L' of Fe*" affects H. cf. bohaiensis growth. Growth
retardation under Fe*" high concentration has previously
been reported in plants such as sweet potato (Chatterjee
et al. 2006). In the microalgae Chlorella sorokiniana,
the Fe*" growth retardation threshold appears at 250 mg L!
(Wan et al. 2014) suggesting that H. cf. bohaiensis is not
particularly tolerant to high Fe** concentrations. However,
the absence of photoinhibition indicated by the absence of
rETR decline at high irradiance in the RLCs suggests that
the stress induced by this metal is moderated, meaning that
no toxic light stress was induced by the tested PAR under
the different metal exposures.

To evaluate H. cf. bohaiensis fitness under metal
stresses, photosynthesis performance was assessed by
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chlorophyll a fluorescence measurements using PAM
fluorometry (Kumar ez al. 2014). Nickel addition did not
affect photosynthetic parameters further supporting that
this species is highly tolerant to high Ni** concentrations.
H. cf. bohaiensis may be adapted to the Ni** high
concentrations present in New Caledonia coastal waters.
Interestingly, in the presence of 55 mg(Fe*) L7,
photosynthesis efficiency decreased as shown by the
maximal light-utilization efficiency of PSII reduction
(Fv/Fw). The typical F,/F,, values for dinoflagellates are
between 0.6 and 0.7 (Napoléon et al. 2013, Cooney et al.
2019). A similar but lower decrease in photosynthetic
efficiency was observed in the algae exposed to the metal
mixture at 29 mg(Ni**) L' and 28 mg(Fe*") L' suggesting
that Ni** high concentrations do not participate in
the Fe?*-induced loss of photosynthesis efficiency and
the toxic mechanisms can thus be attributed to Fe** ions
only.

Rapid light curve parameters assessed the ability
of H. cf. bohaiensis to utilize light energy from 0 to
1,000 pmol(photon) m2 s'. The RLCs typically exhibit
three distinct phases, a first increase corresponding to
the light-limiting linear region, followed by a light-
saturating plateau and photoinhibition (Ralph and
Gademann 2005). Both proxies, a, a proxy of the ability
to utilize low light intensities, and Ek representing
the ability to utilize high light intensities decreased
in Fe* and Ni*+Fe?* conditions. It suggests that
H. cf. bohaiensis ability to use light is reduced by Fe*
ions at high concentrations in our experiment. The relative
electron transport rate (rETR) and the maximum relative
electron transport rate (rETRm) decreased in the presence
of Fe*" in excess suggesting a disruption in the electron
transport chain. The electron transport in the thylakoid
membrane relies on the successive reduction of Qa, Qs,
plastoquinone (PQ), plastocyanin (PC), ferredoxin (Fd),
and finally NADP. The JIP-test allows us to characterize
the efficiency of light absorption occurring in the PSII
and the subsequent electron transport at specific electron
acceptors of the transport chain by (/) quantum yield and
(2) specific fluxes indicators (Strasser and Strasser 1995).
The parameters that describe the specific fluxes of
absorption (ABS/RC) and trapping (TR¢/RC) of light
energy at the PSII intensifies indicating that these fluxes
became more efficient under high Fe?* exposure. This
suggests that Fe*" high concentrations might stimulate
the capture and absorption of light energy at the PSIIL.
This effect has also been described in sweet potatoes in
response to excess Fe** (Adamski e al. 2011). In higher
plants (e.g., sweet potato), excess Fe** also intensifies
the subsequent electron transport rate until PQ reduction
after which the electron transport rate remains unchanged
(Adamski er al. 2011). Interestingly, in our study,
the parameters that describe the electron transport
rate quantum efficiency decreased. Especially s,
the probability that an exciton goes further than Q4 in
the electron transport chain, and @E,, the quantum yield of
electron transport, decreased indicating that the electron
transport rate slowed down from the Qa to Qg electron
transmission. Similarly, the performance index mAbs that
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describes the probability that an electron goes from PSII
to the PQ pool decreased. Finally, the shape of the OJIP
transient indicated that the electron transport rate to PSI
decreased. All together, these results suggest that light
absorption and Qa reduction is enhanced by an excess in
Fe?* ions but the electron transport is inhibited from Qg
until PSI. The electron transport rate reduction can occur
due to (/) a simultaneous decrease at each reduction step
of the chain (e.g., Q4 to Qg to PQ to PC to Fd via PSI and
finally NAPD) or (2) a decrease at the first decreased step
(Qa to Qg) that slows down the kinetic of the following
reducing steps.

In the cell, Fe is the more ubiquitous metal directly
bound to proteins (metal cofactors) and involved in
the electron transport chain (Yruela 2013). This is
attributed to the high redox power of the Fe**/Fe** couple.
Fe?* participates in PSII, cytochrome b¢f (Cyt bef), PSI,
and ferredoxin structures that each catalyse the transfer
of electrons from one acceptor to the next one (Yruela
2013). Indeed, Fe is present in Fe-S clusters and heme
that compose cytochrome bsso (Cyt bsso) of PSII, Cyt bef
complex, PSI, and ferredoxin (Yruela 2013). In the PSII,
Fe?* ions compose the nonheme iron-binding site of Qa
and Qp (Miih ef al. 2012). The deficiency in Fe is well
documented in plants and microalgae and is responsible
for the electron transport rate decrease (Msilini et al.
2011). On the contrary, Fe toxicity mechanisms remain
poorly described. Photosynthetic decrease and growth
retardations in response to Fe excess are mainly attributed
to reactive oxygen species (ROS) production increase
and the following lipids and proteins oxidation (Pinto
et al. 2016, Danouche et al. 2022). Indeed free Fe®*
ions participate in the formation of hydroxyl radical
*HO and reactive oxygen RO through redox cycles
(Ravet and Pilon 2013). These reactions require O, and
H,0, which are abundant in the chloroplast due to the
oxygenic photochemical reactions (Ravet and Pilon 2013).
Therefore, the increase in Fe?* free ions enhances *HO and
RO productions in chloroplasts (Ravet and Pilon 2013).
*HO and RO's main action in cells is the lipid peroxidation
of membranes. Therefore, it is possible that in presence of
Fe in excess, an accumulation of *HO and RO destabilized
the thylakoid membrane disrupting the electron transfer.
Furthermore, Fe-S containing enzymes are inhibited when
oxidized by O, (Danouche et al. 2022). Therefore, Cyt bef,
PSI, and ferredoxin electron transfer catalysers may be
particularly sensitive to Fe**-induced ROS.

Nonphotochemical quenching, a photoprotective
mechanism that dissipates excessive light into heat did
not show variation under high Fe* exposure, while
the specific flux of dissipation into heat (DI/RC) increased.
This can be explained by the light intensities used to
measure these parameters. NPQ induced was measured
in response to 1,000 pmol(photon) m=2 s during the
last step of the RLC, while DI//RC was measured under
a 2-s saturating light pulse at 3,000 umol(photon) m= s™!
during the OJIP experiment. These results suggest that
light intensity around 1,000 pmol(photon) m2 s! is not
inhibitory to PSIIL.
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Fig. 7. Resume of JIP parameters describing specific fluxes (plain arrows) and quantum yield (dashed arrows) of energy transfer in
the photosynthetic chain in presence of Fe**. Green arrows show an increase and red arrows a decrease of the specific fluxes and yields
observed with Heterocapsa cf. bohaiensis exposed to Fe*" high concentration.

Conclusion: We showed that H. cf. bohaiensis was highly
tolerant to Ni*" but sensitive to Fe?* concentrations reported
to be toxic to other microalgae species. The Fe** stress
induced a reduction of the photosynthesis efficiency that
might be due to a disruption in the electron transport chain
starting at the Qg reducing step rather than a defect in light
absorption and trapping of the PSII (Fig. 7). This can be
explained by a higher ROS production that destabilizes
the electron transport catalysers in the thylakoid membrane.
The Fe?" stress also induced an increase of absorption,
trapping, and dissipation of specific fluxes (Fig. 7). These
results are a first step forward in the understanding of
adaptation of dinoflagellate to the high metal concentration
specific context and brought additional insights into the
toxic mechanisms of Fe in microalgae.
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