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A B S T R A C T

Diatoms are microalgae that have significant potential in sustainable biorefineries, combining nutrient removal 
capabilities with the production of high-value biomolecules. While the marine Phaeodactylum tricornutum has 
been extensively characterized, the performance of common freshwater species in comparable applications re
mains rather unexplored. This study compares the nutrient removal efficiency, lipid and pigment yields, and 
physiological responses of P. tricornutum and two freshwater diatom species -Achnanthidium saprophilum and 
Planothidium frequentissimum- under controlled conditions and varying nitrate concentrations. The results reveal 
that both P. tricornutum and P. frequentissimum exhibit competitive nutrient uptake rates, achieving over 95% 
nitrate removal efficiency. P. frequentissimum exhibits significant lipid and pigment production. Lipid production 
in this species is up to six times higher than in P. tricornutum, and total pigment production is up to ten times 
higher. Nevertheless, P. tricornutum doubles the growth rate of the other two species. Physiological analyses 
indicate reduced photosynthetic activity under nitrate-limited conditions. Notably, A. saprophilum shows toler
ance to nitrate depletion, whereas P. frequentissimum is strongly affected. These findings highlight the untapped 
potential of freshwater diatoms for bioremediation applications and broaden the foundation for sustainable 
biotechnology research.

1. Introduction

Water is the world's most vital resource - without it, life ceases to 
flow. Yet, the incessant growth of population and industrialisation im
plies an increase in water demand and the deterioration of aquatic 
ecosystems, that collect urban, industrial and agricultural effluents. 
Inadequate or absent wastewater treatment worsens this condition. 
According to the European Environment Agency, around 63% of surface 
waters in the EU have not reached the “good” ecological status in 2021, 
and the overall quality has not changed significantly since 2015 [1]. 
Eutrophication remains a major concern for its detrimental effect on 
aquatic ecosystems and access to drinking water [2].

Among emerging solutions, phycoremediation –the use of algae for 

nutrient and contaminant removal- offers an environmentally friendly, 
low-cost complement to conventional wastewater treatment [3] and 
aligns with the EU Circular Economy and Water Reuse goals. In fact, 
wastewater serves as a nutrient-rich medium for microalgae, which 
assimilate contaminants and nutrients while improving water quality 
[4–7]. At the same time, they can produce valuable biomass rich in 
lipids, pigments, proteins and bioreactive compounds [8–10]. Research 
has focused largely on green algae (e.g., Chlorella and Scendesmus) and 
cyanobacteria (e.g. Arthrospira and Synechococcus). Despite their 
ecological dominance -they represent the most diverse group of phyto
planktonic and benthic freshwater algae in nature [11]- and metabolic 
versatility, freshwater diatoms remain largely neglected in applied 
research, limiting the development of sustainable diatom-based 
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biotechnologies to a few diatom taxa (e.g., Nitschia, Phaeodactylum, 
Thalassiosira). Diatoms can thrive under variable nutrient regime and 
are able to remove heavy metals, nutrients, and emerging contaminants 
from water [12–15], while producing high-value lipids and pigments 
such as VLC-PUFAs (Very-Long-Chain Polyunsaturated Fatty Acids) and 
fucoxanthin [16,17]. Nevertheless, most biotechnological studies have 
concentrated on the brackish-marine model Phaeodactylum [18,19], 
leaving freshwater and benthic taxa largely unexplored [20]. Freshwater 
diatoms still face significant challenges related to large-scale cultivation, 
especially due to their benthic nature, harvesting efficiency, and limited 
understanding of metabolic regulation, which have so far constrained 
their biotechnological exploitation [21,22].

Integrative studies combining nutrient removal efficiency, biomass 
productivity, and physiological performance under nutrient stress are 
still lacking for freshwater benthic diatoms. This study addresses this 
gap by comparing the nutrient removal efficacy, lipid and pigment 
accumulation, and photosynthetic performance of two common species 
of freshwater diatoms -Achnanthidium saprophilum (Kobayasi & 
Mayama) Round & Bukhtiyarova and Planothidium frequentissimum 
(Lange-Bertalot) Lange-Bertalot- and the well-characterized model 
diatom Phaeodactylum tricornutum Bohlin [23]. Cultivation experiments 
(9–13 days) were conducted with varying nitrate concentrations to 
monitor nutrient uptake, intracellular total lipid and pigment accumu
lation, and chlorophyll fluorescence (298 K kinetics and 77 K emission 
spectra) to evaluate physiological responses. To our knowledge, this is 
the first study to apply chlorophyll fluorescence as a diagnostic tool for 
nitrate-related physiological responses in these freshwater diatoms, 
thereby advancing understanding of their potential for sustainable 
bioremediation and biorefinery applications.

2. Material and methods

2.1. Diatom strains and culture conditions

Three diatom species were used for this study: P. tricornutum (Pt1 
strain) available at the laboratory ‘Biologie des Organismes Stress Santé 
Environnement’ (BiOSSE, Le Mans University, France), A. saprophilum 
and P. frequentissimum. A. saprophilum [24] and P. frequentissimum [25]
were provided by the laboratory ‘Microorganismes: Génome et Envi
ronnement’ (LMGE, University of Clermont Auvergne, France). For 
algae culturing, f/2 medium [26] with 27 g NaCl/Land Lumy medium 
were used for Pt1 and the two freshwater strains, respectively. The Lumy 
medium was developed at the University of Le Mans, modifying Dauta's 
medium [27] to optimise A. saprophilum and P. frequentissimum growth, 
by increasing the concentrations of MgSO4*7H2O and CaCl2*2H2O by 5 
mg/L and of NaHCO3 by 2 mg/L. More details about the formulation 
process of the Lumy medium are in the Supplementary Material (SM 1). 
The strains were maintained at 19 ± 2 ◦C and 100 μmol m− 2 s− 1. 
A. saprophilum and P. frequentissimum were on an orbital shaker (40 
min− 1; VWR Standard Shaker, Model 3500).

2.2. Experimental setup

For the experiment, microalgae were cultivated in a Multi Cultivator 
1000-OD [28]. The Multi Cultivator consists of 8 sterile cultivation tubes 
of 80 mL volume, immersed in a thermostatic water bath (19 ± 2 ◦C), 
aerated, and illuminated by cool white LEDs (12 h:12 h light–dark cycle; 
photon flux density of 100 μmol m− 2 s− 1). Culture conditions were 
selected in agreement with commonly adopted laboratory conditions for 
diatoms [29,32]. For each experiment, 8 cultivation tubes were used: 6 
for the 2 treatments (3 biological replicates for each treatment) and 2 for 
the control (2 biological replicates). The two treatments inquire about 
the capability of nutrient removal capacity after and during nutrient 
stress. Thus, before starting the experiment, subcultures of each strain 
addressed to treatments were pre-cultured for 10 days at limiting nitrate 
(NO3

− ) concentrations: respectively 24.42 mg NO3
− /L in f/2 and 8.89 mg 

NO3
− /L in Lumy medium, based on a previous screening (SM 2). The pre- 

culturing had an initial cell density of 12 × 105 cells/mL for 
P. tricornutum and 10 × 103 cells/mL for A. saprophilum and 
P. frequentissimum. In contrast, strains addressed to control tubes 
(high→high) were maintained in standard medium without pre- 
culturing. Hereinafter, day 0 refers to the first day of the experiment, 
immediately following the pre-culturing phase (or, for controls, the first 
day in standard medium).

The first treatment (low→high) consisted of alga cells pre-cultured 
for 10 days at limiting NO3

− concentrations (see above) and then trans
ferred into a standard medium characterized by higher NO3

− concen
trations, i.e., 664.71 mg NO3

− /L in f/2; 122.00 mg NO3
− /L in Lumy 

medium.
For the second treatment (low→low), strains were pre-cultured for 

10 days at limiting NO3
− concentrations (see above) and during the 

experiment, maintained at the same low NO3
− concentrations, i.e., 24.42 

mg NO3
− /L in f/2; 8.89 mg NO3

− /L in Lumy medium.
At day 0, samples were collected for baseline biochemical (pigment 

and lipid quantification) and physiological (chlorophyll fluorescence) 
analyses. Cell density monitoring was initiated from the first subsequent 
sampling point and then continued at least every three days. At the same 
intervals, NO3

− and phosphate (PO4
− ) concentrations in the medium, 

cellular pigment and lipid quotas, 298 K fast chlorophyll fluorescence 
kinetics, and 77 K fluorescence spectra were also determined.

Because growth kinetics differed among species, experimental end
points were defined according to physiological stage rather than iden
tical cultivation time [30,31]. Accordingly, the experiment was stopped 
on day 9 for freshwater species and on day 13 for the marine species, 
when cultures were in stationary phase, thereby reducing variability 
associated with growth stage differences.

2.3. Estimation of cell density

Cell density (cells/mL) was determined based on 3 technical repli
cates, using a flow cytometer (Guava easyCyte, Hausser Scientific, 
Horsham, PA, United States). To compare the biomass production be
tween treatments, the cell division rate (G) was calculated based on Eq. 
1: 

G (cells/day) =
cf − c0

t
(1) 

G = cell division rate
c0 = cell number at day 0
cf = cell number at day 9 (freshwater taxa) or 13 (P. tricornutum)
t = duration of the experiments (days)
Cell density measurements of P. tricornutum at day 10 were omitted 

because technical artefacts were identified during sampling of flow- 
cytometry analysis.

2.4. Nitrate and phosphate analyses

Three aliquots of the medium from each tube were analysed for NO3
−

and PO4
− concentrations, following APAT – IRSA CNR standard methods 

[33]. After centrifugation (3000 ×g, 10 min, centrifuge MPW-150R) and 
dilution with MilliQ water (18.2 mΩ cm), if necessary, assay kits were 
used for the quantification, LCK 349–350 for PO4

− and LCK 339–340 for 
NO3

− (Hach, The Netherlands). The bar-coded cuvettes were automati
cally read by a portable spectrophotometer (Dr Lange LASA100). The 
efficiency of nutrient removal was calculated as percentage of removal 
(hereinafter E%; as reported in Eq. 2) [34]. 

E% =
n0 − nf

n0
×100 (2) 

E% = efficiency of nutrient removal
n0 = nutrient concentration (mg/L) at day 0
nf = nutrient concentration (mg/L) at day 9 (freshwater taxa) or 13 
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(P. tricornutum)
Moreover, the ratio between NO3

− concentration and cell density was 
expressed to assess the capacity of cells to capture NO3

− (Eq. 3). 

ΔNO−
3

/

Δcells =
NO−

3 f − NO−
3 0

cellsf − cells0
(3) 

ΔNO3
− /Δcells = capacity of cells to capture NO3

−

NO3
−
f = NO3

− concentration (mg/L) at day 9 (freshwater taxa) or 13 
(P. tricornutum)

NO3
−
0 = NO3

− concentration (mg/L) at day 0
cellsf = cell density at day 9 (freshwater taxa) or 13 (P. tricornutum)
cells0 = cell density at day 0

2.5. Lipid quantification

Samples of 2 mL were washed with NaCl 1032 mOsm (30.155 mg 
NaCl/Kg in MilliQ water) and pelleted by centrifugation (3000 ×g, 10 
min, 4 ◦C, centrifuge MPW-150R). The resulting pellet was stored at 
− 80 ◦C until further analysis. The pellet was resuspended with dimethyl 
sulfoxide (DMSO) 25%, and Nile Red (Sigma-Aldrich, Saint-Quentin 
Fallavier, France) was added for intracellular lipid staining [35]. Fluo
rescence at wavelength 580 nm (F580) was measured based on three 
technical replicates with a spectrofluorometer (Perkin Elmer LS-55; 
excitation wavelength: 530 nm, emission: 545–800 nm, slits: 5 nm), as 
a proxy for neutral lipids in cells. The raw F580 data were related to the 
biovolume of each sample, and statistical analysis was performed based 
on F580/biovolume data. Based on literature data, we assumed a bio
volume of 100, 50, and 200 μm3 for P. tricornutum, A. saprophilum and 
P. frequentissimum, respectively [36,37].While Nile Red diffusion and 
fluorescence intensity may be influenced by cellular morphology [38], 
we expect interspecific comparisons to be robust in our case because all 
species are diatoms sharing a similar basic cellular organization [39,40]. 
Thus, we used the evaluation of lipids as F580 to compare the results 
obtained in this experiment in different strains and experimental con
ditions. Apparent lipid accumulation rate (L) was calculated by dividing 
the difference between the F580 values at the end and beginning of the 
experiment by the duration of the experiment (Eq. 4). 

L =
F580,f − F580,i

t
x 1000 (4) 

L = apparent lipid accumulation rate
F580,i = F580 at day 0
F580,f = F580 at day 9 (freshwater taxa) or 13 (P. tricornutum)
t = duration of the experiments (days)

2.6. Pigment quantification

Samples of 2 mL were washed and pelleted, as indicated above. The 
resulting pellet was stored at − 80 ◦C until extraction. The extraction was 
made in a ball mill (MP FastPrep-24 - QuickPrep 24 Sample Holder, 30 s, 
rotation 4 m/s) using glass beads (Sigma G1145-100G) and pure acetone 
(Fisher Scientific, ≥ 99%). Afterwards, the samples were centrifuged at 
the maximal speed (21,382 ×g, 5 min, 4 ◦C, centrifuge MPW-150R), and 
the supernatant was collected and stored in the dark and on melting ice. 
The milling and the centrifugation were repeated until the pellet became 
completely white. The supernatants from the same sample were gath
ered in the same storage fumed tube on ice. The extract of three tech
nical replicates was analysed using a double-beam spectrophotometer 
(UV–Vis Perkin Elmer Lambda 25; emission: 400–800 nm). Absorbances 
obtained at wavelengths 443, 630, 663, and 750 nm were used to 
quantify chlorophyll a, chlorophyll c and total carotenoids as indicated 
in Heydarizadeh et al. [31].

2.7. 77 K fluorescence spectroscopy

Samples were collected in glass capillary, quenched in liquid nitro

gen (77 K) and stored at − 80 ◦C until further analysis. 77 K emission 
spectra were analysed with a spectrofluorometer (Perkin Elmer LS-55), 
using the software FL WinLab. The emission was measured in the range 
600–800 nm, at excitation 435 nm (slits: 10 nm; scan speed: 200 nm/ 
min). For each sample, at least 10 spectra were recorded in sequence and 
averaged. The emission spectra were normalized on reflected stray light 
at 605 nm and corrected for the sample baseline, to correct fluorescence 
intensity variations [41]. The surface of emission spectra was measured 
following Eq. 5. 

A = Ξ383
i=1

Ii + Ii+1

2 × (λi+1 − λi)
(5) 

A = surface of emission spectra
I = emission intensity
λ= wavelength (nm)
To support the exact position of the maximum of the emission bands, 

second derivative spectra were calculated (smoothing range = 10 
points).

2.8. Room temperature fast chlorophyll fluorescence kinetics

Samples were dark-adapted for 15 min to reach the photochemically 
inactive state, i.e., the oxidation of all primary electron acceptors of PSII 
(QA). The Chl fluorescence transient (OJIP) was then measured using a 
Dual PAM 100 (Walz, Germany) after exposure to a short (800 ms) 
saturating pulse [42]. Fluorescence parameters were calculated based 
on OJIP [43] to assess the response of diatoms to nutrient stress. Sup
plementary Material (SM 3) reports more details concerning the meth
odology and the equations, and definitions of OJIP parameters.

2.9. Statistical analysis

Statistical analysis was performed with R 4.4.1 [44]. Comparison of 
the medians was carried out with Kruskal-Wallis tests and pairwise post- 
hoc tests. Spearman correlation analysis was used to test the correlation 
among variables. p values <0.05 were considered statistically 
significant.

3. Results and discussion

3.1. Algal growth

Regardless of the condition, the growth kinetic exhibited qualita
tively the same trend for all species (Fig. 1): an increase from the outset 
over a period of 6 to 7 days, after which the division stopped reaching 
the stationary phase, and may decrease, depending on the condition. 
A. saprophilum clearly had a decrease in the viability from day 5 or 7, 
which is statistically significant only in the low→low samples (p value 
<0.05). As expected, cell densities reached weaker values under NO3

− - 
deficient conditions (Fig. 1). The lowest cell division rate was achieved 
in the low→low samples, where it is half that of the high→high condi
tion for all species (SM 4). Although cell division in P. tricornutum and 
P. frequentissimum is significantly reduced under low→low condition 
compared to the control (p value <0.05), the growth rate of 
A. saprophilum is not significantly affected by NO3

− depletion until day 5. 
This contrasting response reflects the ecological strategy of the genus 
Achnanthium, which is typically associated with environments of good 
ecological status characterized by relatively low nutrient concentra
tions. A. saprophilum differs from other congeners by better tolerating 
higher concentrations of nutrients; nevertheless, the concentration of 
NO3

− used in the low→low samples falls within the optimal range for 
A. saprophilum in natural environments (2–21 mg NO3

− /L) [45]. This 
indicates that A. saprophilum is well adapted to grow under such con
ditions, although the results of the present study suggest the onset of 
physiological stress (Sections 3.5 and 3.6) and a progressive loss of cell 
viability toward the end of the experiment. In contrast, P. tricornutum 
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and P. frequentissimum exhibit a stronger dependence on NO3
− avail

ability, reflecting their adaptation to nutrient-rich environments and 
explaining their reduced performance under nitrate-limited conditions. 
Overall, P. tricornutum has the fastest cell division rate among the 
studied species (maximal value: 1.52 × 105 cells/day in the control), 
followed by A. saprophilum (6.27 × 104 cells/day) and P. frequentissimum 
(3.60 × 104 cells/day).

3.2. Nutrient removal

Table 1 shows the results obtained for nutrient removal. Across all 
treatments, P. tricornutum achieved nitrate removal above 89%, partic
ularly high under low→low conditions (95.60%). In contrast, phosphate 
removal was significant but less intense (70.60–73.60%), consistently 
with previous studies [46,47]. A. saprophilum displayed efficient nitrate 
removal (97.70%) only under low-nitrogen condition, while perfor
mance under nitrate-replete or shifting (low→high) conditions remained 
below 50%. Phosphate uptake was modest in all treatments 
(29.90–42.40%). The best results in terms of E% were achieved with the 
third taxon, P. frequentissimum. E%NO3- was above 90% in all conditions. 

PO4
− also had a removal above 90% except for the low→high condition 

(69.60%). Considering the ratio ΔNO3
− /Δcells, the lowest values were 

reported in low→low samples for all species (Table 1), as expected from 
the low value of the cell division rate compared to other experimental 
conditions (SM 4). Interestingly, the ratio between NO3

− content in the 
medium and number of cells is linear until day 7, then it reverses 
because of the decrease in cells (SM 4). The lack of a significant corre
lation between E% and cell density suggests that nutrient removal is not 
strictly dependent on cell division rate, but also relies on physiological 
mechanisms such as luxury uptake and intracellular storage of nutrients 
by diatoms [48,49]. This metabolic flexibility is particularly relevant for 
wastewater bioremediation, where nutrient concentrations fluctuate 
over time.

Overall, the highest E%,NO3- is achieved in low→low samples 
(exceeding 95.60%), although only A. saprophilum shows a statistically 
significant difference among treatments. Nitrate depletion during pre- 
culturing does not affect subsequent NO3

− removal efficiency, as E% in 
the control and the low→high treatments are comparable across all 
species. This finding is particularly relevant for bioremediation appli
cations, as it indicates that diatoms do not require prior acclimatation to 

Fig. 1. Cell density (cells/mL), determined by flow cytometry, is shown as the mean of three biological replicates. Species shown are: (A) Phaeodactylum tricornutum 
(one intermediate time point was omitted because replicate values indicated a technical artefact); (B) Achnanthidium saprophilum and Planothidium frequentissimum. 
Day 0 corresponds to transfer into fresh media and is not included because density measurements began at the first subsequent sampling point. Error bars indicate SD 
(half SD shown for visual clarity).

Table 1 
Initial (t0) and final (t13 for Phaeodactylum tricornutum; t9 for Achnanthidium saprophilum and Planothidium frequentissimum) nitrate and phosphate concentration and E% 
at three different culture conditions. The concentrations of nutrients are expressed as the mean among replicates. Standard deviation is also reported.

t0 NO3
− mg/ 

L
t9–13 NO3

− mg/ 
L

E% ΔNO3
− /Δcells t0 PO4

− mg/ 
L

t9–13 PO4
− mg/ 

L
E%

Phaeodactylum tricornutum High→high 639.80 53.12 91.70 ±
10.19

− 3.99 × 10− 4 ± 1.28 ×
10− 4

63.91 26.68 73.60 ± 1.22

Low→high 639.80 69.01 89.20 ± 1.59 − 4.61 × 10− 4 ± 7.58 ×
10− 5

63.91 20.35 72.50 ± 1.54

Low→low 10.21 1.78 95.60 ± 1.39 − 1.36 × 10− 5 ± 3.21 ×
10− 6

63.91 32.38 70.60 ± 1.52

Achnanthidium saprophilum High→high 147.00 83.95 42.90 ± 5.53 − 1.43 × 10− 4 ± 9.10 ×
10− 6

11.90 8.71 30.70 ± 5.47

Low→high 147.00 74.40 49.40 ± 7.84 − 1.80 × 10− 4 ± 3.84 ×
10− 5

11.90 8.55 42.45 ± 6.53

Low→low 11.66 0.97 97.70 ± 0.75 − 8.66 × 10− 5 ± 4.89 ×
10− 5

11.90 8.34 29.90 ± 0

Planothidium 
frequentissimum

High→high 147.00 13.88 90.60 ± 3.25 − 5.30 × 10− 4 ± 4.98 ×
10− 5

11.90 1.57 95.60 ± 5.70

Low→high 147.00 2.29 98.40 ± 0.38 − 6.09 × 10− 4 ± 7.58 ×
10− 5

11.90 4.76 69.60 ± 6.51

Low→low 11.66 0.15 98.90 ± 0.24 − 1.57 × 10− 4 ± 1.38 ×
10− 5

11.90 1.91 91.10 ±
10.95
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nutrient concentrations in order to efficiently remediate eutrophic wa
ters. P. tricornutum, classified as a nitrate-storing diatom [46], appears to 
be more efficient in reducing NO3

− than PO4
− . Although both 

P. frequentissimum and A. saprophilum are benthic diatoms, with com
parable PO4

− optima but slightly different NO3
− optima [45], they dis

played distinct nutrient removal strategies, suggesting species-specific 
physiological regulation of nutrient assimilation rather than purely 
ecological control. While A. saprophilum preferentially removed nitrate, 
P. frequentissimum exhibited comparable removal efficiencies for both 
NO3

− and PO4
− . This difference may reflect variation in intracellular 

phosphorus storage capacity, as well as species-specific requirements 
and metabolic plasticity [50]. His dual nutrient removal capacity 
highlights P. frequentissimum as a promising candidate for integrated 
wastewater bioremediation. This species' balanced nutrient assimila
tion, coupled with its growth under relatively low-nutrient media 
(approximately one-fifth the concentration of standard f/2 medium used 
for P. tricornutum), underscores its potential for cost-effective treatment 
of nutrient-rich effluents.

3.3. Lipid production

Fig. 2 summarises the effects of nitrate availability on cellular lipid 
quota, expressed as F580 values normalized to cell biovolume. Across all 
species, nitrate availability strongly regulated lipid accumulation. In 
nitrate-repleted conditions (high→high, low→high), lipid content 
remained low and did not vary significantly during growth (p value 
>0.05), indicating that lipid synthesis was not substantially stimulated 
when nitrate was available. In contrast, all taxa exhibited a consistent 
response to nitrate stress: the low→low treatment yielded the highest 
F580 values and accumulation rates, resulting overall significantly higher 
compared to the other conditions (p values <0.05). The relatively low 
lipid levels observed at day 0 in the low→low and low→high treatments 
likely reflect the timing of nitrate depletion rather than a true absence of 
lipid accumulation. Lipid synthesis in diatoms is triggered only after 
both internal and external nitrate concentrations fall below a critical 

threshold (≈ 1.86 mg NO₃− L− 1 in Phaeodactylum) [35]. Because our pre- 
cultures were maintained for 10 days in low nitrate but not fully 
depleted conditions, lipid accumulation may not yet have been induced 
at the start of the experiment. Although all taxa exhibited a similar 
qualitative response to nitrate stress, the magnitude of lipid accumula
tion differed among species. Among the three species, P. frequentissimum 
displayed the highest lipid content (Fig. 2, panel C). Conversely, 
P. tricornutum and A. saprophilum showed comparatively lower lipid 
levels.

While a detailed lipid profile analysis would further strengthen the 
assessment of biorefinery applications, our results align with previous 
studies showing that diatoms can accumulate lipids up to 40–60% of 
their biomass [51], and lipid production and storage can be enhanced by 
modulating growth conditions, as bicarbonate [52] or nutrient con
centration [35], light [31], salinity, temperature, or a combination of 
these factors. P. tricornutum has been amply studied for its significant 
lipid content and its suitability for biodiesel production, particularly in 
nitrogen starvation conditions [53–55]. Lipid synthesis in P. tricornutum 
is triggered only after both internal and external nitrate concentrations 
fall below a critical threshold (≈ 1.86 mg NO₃− /L in Scarsini et al. [35]). 
In this study, nitrate concentration in the growth medium ranged be
tween 0.15 and 1.78 mg NO₃− /L (Table 1), i.e., below or close to the 
value estimated by Scarsini et al. [35]. In contrast, when nitrate con
centration was slightly above that range, as in P. frequentissimum grown 
in low→high treatment (Table 1), no lipid accumulation could be 
observed. Overall, our results are consistent with those of Scarsini et al. 
[35] and confirm the existence of a nutrient threshold that must be 
crossed for lipid accumulation to begin. In addition to variations in lipid 
content among growth conditions, disparate lipid accumulation rates 
were obtained. This finding is consistent with that of Yodsuwan et al. 
[56], who highlighted that differences in NaNO3 concentration led to 
different rates of lipid production in Phaeodactylum. Previous research 
also emphasised Achnanthidium as an encouraging genus for biodiesel 
production, due to its relatively high TAG cellular quota [57]. On the 
other hand, P. frequentissimum displayed both high lipid content and 

Fig. 2. Trend of lipid cellular quota. F580 values are related to biovolume, as a proxy for the cellular quota in lipids. (A) Phaeodactylum tricornutum, (B) Achnanthidium 
saprophilum and (C) Planothidium frequentissimum in the three different culture conditions. Data are mean values among replicates, and error bars represent standard 
deviation. (D) Lipid accumulation rate (F580/day).
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elevated accumulation rate, identifying it as a good candidate for 
biofuel-oriented applications. The scarcity of literature data for this 
taxon highlights the novelty of this finding and its potential relevance 
for expanding the range of diatom species suitable for lipid production.

3.4. Pigment production

Cell quota in Chl a, Chl c and total carotenoids were measured at the 
beginning and at the end of the experiment (Fig. 3). In all three species, 
carotenoids were 2–3-fold higher than chlorophylls across all experi
mental conditions. At the beginning of the experiment, total pigments 
content was maximal, especially in the control samples. Pigment quotas 
decreased sharply (by approximately 61–74%) after 9 to 13 days under 
NO3

− limitation and in the control, whereas they remained relatively 
stable (variation <13%) in the low→high samples. The maximal 
pigment cellular quota in A. saprophilum was about twofold higher than 
that of P. tricornutum. P. frequentissimum exhibited the highest pigment 
content overall, reaching up to one order of magnitude greater total 
pigment content than P. tricornutum. In Achnanthidium and Planothidium, 
the Chl a/Chl c ratio (Fig. 3 D), a proxy for the PSII light-harvesting 
antenna size [58], decreased over time in the control and in the low
→low samples, whereas it increased in the low→high samples, likely 
reflecting enhanced nutrient availability relative to preculturing con
ditions. In contrast, P. tricornutum exhibited a slight increase in the ratio 
across all treatments.

Pigments are involved in essential processes for diatoms, such as 
photosynthesis and photoprotection. Their level rapidly changes as 
response to environmental conditions, especially light intensity, but also 
stress factors and nutrient concentrations [31,35,59,60]. Consistent 

with previous studies, our results show a drop in carotenoid and chlo
rophyll content in diatoms under nitrogen limitation [35,61–63]. As 
fucoxanthin typically constitutes 60–80% of total carotenoids in diatoms 
[52], the observed decrease likely predominantly reflects reduced 
fucoxanthin content. The decline of pigments over time could be the 
result of the natural reduction of nitrate in the medium. From a tran
scriptomic point of view, during nitrate depletion, genes coding proteins 
responsible for light harvesting and electron transport are down
regulated and protein complexes rich in nitrogen (e.g., the photosyn
thetic apparatus) are degraded to use intracellular nitrogen as nutrient 
[64,65], ultimately leading to reduced cellular pigment quota. On the 
other hand, free Chl molecules and more generally free Chl-protein 
complexes may generate reactive oxygen species (ROS) under illumi
nation (for a review, see Schoefs & Franck [66]), thus its reduction 
works as a cell protection from oxidation risk. In agreement with these 
mechanisms, the low→low treatment obtained the lowest concentration 
of pigments among all conditions; however, a statistically significant 
correlation between pigment content and NO3

− concentration was 
observed only in P. frequentissimum (p value <0.05). Interestingly, 
P. frequentissimum exhibited the highest pigment accumulation among 
the tested species, surpassing P. tricornutum, a well-established model 
organism extensively studied for pigment regulation under environ
mental stress. This finding suggests that diatom biodiversity, including 
lesser-studied taxa, such as P. frequentissimum, offers strong potential for 
specific biotechnological applications. Indeed, diatom pigments are 
biotechnologically promising, because they combine functional bioac
tivity (antioxidant, photoprotective), unique spectral properties, and 
high-value commercial potential (e.g., food, nutraceutical, cosmetic) 
[60].

Fig. 3. Initial and final pigment cell quota of (A) Phaeodactylum tricornutum, (B) Achnanthidium saprophilum and (C) Planothidium frequentissimum in three different 
culture conditions. Standard deviations are reported in SM 5. Panel (D) focuses on the trend of the Chl a/Chl c ratio during the experiment.
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3.5. 77 K fluorescence emission spectra

The 77 K fluorescence emission spectra of the three taxa present two 
main peaks. One is around 686–688 nm for all species, the other is 
species-specific: 712 nm for P. tricornutum, 723 nm for A. saprophilum 
and 715 nm for P. frequentissimum (Fig. 4 and Fig. 5). The two peaks are 
related to photosystem II (PSII) and photosystem I (PSI), respectively. 
The wavelength of the band associated with PSI varies based on the 
photosynthetic taxon, even within a single taxonomic class. This is due 
to differences in the structural organization of PSI, particularly at the 
level of the minor subunits, which determine variations in the light- 
harvesting properties of the pigment-protein complexes [67–69]. The 
differences in the shape and in the number of spectral components in the 
PSI band are clearly evidenced by the second derivative spectra (Fig. 5), 
as demonstrated originally by French et al. [70]. Second derivative 
spectra confirm the decrease in the PSI emission band in low→low 
samples compared to high→high conditions, thus establishing the 
impact of nutrient availability on the organization of PSI, as observed in 
other microalgae [71].

At the start of the experiment, P. tricornutum exhibited a dominant 
PSII-band. This indicates that the organization of the photosynthetic 
apparatus promotes PSII instead of PSI, indicating a stressed photosyn
thetic state [72,73]. From day 6, the trend reversed. The PSI-band 
rapidly intensified, whereas the PSII-band decreased, reflecting the re
covery from the stressed condition. This shift was more pronounced in 
the low→high treatment, which also obtained the maximum overall 
fluorescence intensity at day 13. In contrast, the low→low samples 
maintained a persistent PSII dominance and fluorescence intensity, 
consistent with sustained stress.

A. saprophilum showed a generally stronger PSI contribution in 
control and low→high treatments, both increasing over time, though the 
low→high samples experienced a transient decline at day 9. As in 
P. tricornutum, the low→low treatment exhibited a PSII-dominant and 

progressively weaker spectrum. Maximum fluorescence occurred earlier 
-at day 7 in low→high and day 9 in control samples- suggesting faster 
acclimation of the photosynthetic apparatus compared to P. tricornutum.

P. frequentissimum displayed distinct behaviour: all treatments 
maintained PSII > PSI fluorescence intensity throughout the experi
ment, with only modest intensity increases in control and low→high 
samples and a continuous decline in low→low. Overall, this species 
showed the lowest fluorescence intensities among the three diatoms.

Across taxa, the low→low condition consistently induces low total 
fluorescence intensity and PSII-dominant fluorescence band, corrobo
rating a stressed physiological state and reduced Chl content. The 
minimal fluorescence intensities are also consistent with the cellular Chl 
quota, which had the lowest value in the treatment low→low. Indeed, 
the positive correlation between Chl content and the surface of fully 
corrected emission spectra is statistically significant for all the three 
species (p value <0.05 – data not shown). Conversely, control and 
low→high treatments in P. tricornutum and A. saprophilum show PSI 
recovery, indicating acclimation to improved nutrient availability. The 
77 K emission spectra of P. frequentissimum have the lowest intensities 
overall, and the spectra of the treatment low→high and the control have 
unexpected trends, opposite to those of the other two species: the PSII- 
peak overcomes the PSI-peak, as in stress state. Presumably, the 
growth conditions or the nutrient concentrations should be optimized 
for this diatom. No band typical of non-energetically connected Chl c 
around 633 nm could be observed, confirming the earlier interpretation 
about the absence of free Chl c or protein complexes containing Chl c 
formation during the experiments.

3.6. 298 K fast kinetics of chlorophyll fluorescence

The elaboration of the fast chlorophyll fluorescence transient (OJIP) 
allows for computation of specific parameters, useful to evaluate the 
functionality of the photosynthetic apparatus and deduce information 

Fig. 4. Normalized and corrected 77 K emission spectra for (A) Phaeodactylum tricornutum, (B) Achnanthidium saprophilum, and (C) Planothidium frequentissimum at 
three different culture conditions. Data are reported as mean fluorescence intensity among replicates. Vertical dotted lines represent the position of the maximal peak 
of PSI and PSII, respectively, in the derivative spectra, and the number above is the corresponding wavelength (nm).
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about the vitality of P. tricornutum, A. saprophilum and P. frequentissimum 
during the experiments [43]. Typical Chl a fluorescence transient OJIP 
curves are reported in the SM 3. Each kinetic presents characteristic 
levels: (1) F0, the minimal fluorescence yield is the mean of the fluo
rescence signal over the 200 ms preceding the actinic illumination, (2) 
FP, the maximal fluorescence yield, equal to FM as the actinic light in
tensity was high enough to reduce all the QA simultaneously and, (3) 
F300μs, FJ and FI, the fluorescence yield at 300 μs, 2 ms and 30 ms, 
respectively [74].

Compared to the kinetics recorded with nitrate-depleted diatoms, the 
amplitudes of FJ and FI levels are affected by nitrate limitation (Fig. 6 A- 
C), suggesting differences in energy fluxes within PSII. This is well evi
denced using double normalized kinetics Vt (Vt = (Ft - F0)/(FM - F0)). A 
significant rise in the J-step was observed when the diatoms were grown 
in low NO3

− concentration (Fig. 6 D).
To simplify the comparison between taxa, the data are first described 

and analysed separately. Equations and definitions of OJIP parameters 
are reported in the Supplementary Material (Table S5.1).

- Phaeodactylum tricornutum: The parameter ABS/RC, that reflects the 
average absorbed photon flux per PSII reaction centre (RCII), did not 
change significantly during cultivation in high→high and low→high 
conditions, suggesting that those conditions were not affecting the size 
of the light harvesting complex (LHCII) associated to RCII. This is also 
deduced from the weak variation of the Chl a/Chl c ratio (Fig. 3). Under 
low→low culturing, ABS/RC presented a transient increase at day 6 
(Fig. 7), that can be correlated neither with changes in the cellular 
pigment quotas or/and in the Chl a/Chl c ratio as both parameters 
decreased (Fig. 3 D). Interestingly, the value of RC/ABS, reflecting the 
number of QA-reducing RCs per PSII antenna, decreased, suggesting that 

the proportion of active PSII decreased from day 3 to day 6 during ni
trogen depletion (low→low). This interpretation correlates with the 
strong decrease (30%) of the probability with which a PSII trapped 
electron is transferred from QA to QB (parameter ψET2,0) and injected in 
the linear electron transport chain (parameter ET0/RC). Altogether, 
these changes concurring to a transient increase of the parameter TR0/ 
RC that reflects the maximum trapped exciton flux per PSII. The amount 
of QA reducing centre being reduced, the need for dissipating the excess 
of absorbed energy increased (DI0/RC parameter). The electron transfer 
is also impacted by the capacity of PSI to take in charge the electrons 
produced by PSII. The 77 K fluorescence recording indicated that PSII 
were partially disorganized, destroyed or/and disconnected from PSII 
(Fig. 4), lowering the transfer probability of an electron from QB to PSI 
acceptors, as reflected by the decrease of the parameter δRE1,0. Alto
gether these phenomena result in a less efficient utilization of the 
absorbed energy under nitrogen depletion. This is also reflected in the 
parameter PI/ABS (energy conservation from photons absorbed by PSII 
antenna, to the reduction of QB). Longer time cultivation in low→low 
triggered an additional decrease in the cellular pigment quotas and the 
size of LHCII. These modifications forced diatoms to find a new equi
librium in the energy fluxes management in which the need for energy 
dissipation (DI0/RC) was low (Fig. 7). However, the efficiency of the 
energy conservation from photons absorbed by PSII antenna, to the 
reduction of QB remained low (parameters PI/ABS, RC/ABS and δRE1,0; 
Fig. 7).

- Achnanthidium saprophilum: A. saprophilum grown in low→low 
condition presented the same modifications as Phaeodactylum, suggest
ing that similar mechanisms are involved in the acclimation to low ni
trate availability conditions. A. saprophilum differs from P. tricornutum in 

Fig. 5. Second derivative spectra for (A) Phaeodactylum tricornutum, (B) Achnanthidium saprophilum, and (C) Planothidium frequentissimum at three different culture 
conditions. Data are reported as mean fluorescence intensity among replicates. Vertical dotted lines represent the position of the maximal peak of PSI and PSII, 
respectively, and the number above is the corresponding wavelength (nm).
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a number of ways, including its ecological tolerance range for nitrate, 
the first being much narrower than for the latter (2–21 and 2–665 mg 
NO3

− /L, respectively [45]). This means that small changes in nitrogen 
availability would significantly affect Achnanthidium, whereas Phaeo
dactylum would be less affected. This is clear from the dramatic increase 
of the performance index for energy conservation from photons absor
bed by PSII antenna, to the reduction of QB (parameter PI/ABS) during 
the low→high transition of Achnanthidium compared to that of Phaeo
dactylum (Fig. 7).

- Planothidium frequentissimum: As mentioned above, 
P. frequentissimum was very much affected by the reduced level of nitrate 
in the growth medium. At room temperature, the fluorescence signal 
was regularly under the detection limit of the instrument, making a 
comprehensive analysis impossible. The behaviour of Planothidium to
ward increasing nitrate availability (low→high transition) looks 
completely different from the other two taxa tested here. The parameters 
ABS/RC and RC/ABS did not vary significantly (Fig. 7), suggesting that 
the ratio between QA-reducing- and non-QA-reducing-reaction PSII 
remained constant, while a decrease in the cellular pigment quota was 
registered (Fig. 3). In contrast with the other two taxa, no transient 
variations in the parameters were observed, suggesting a progressive 
acclimation to the different conditions. The adaptation relies on a 
decrease in pigments and therefore in the fluxes of energy for photo
synthesis, which is reflected in a progressive decrease in the PI/ABS 
(Fig. 7).

Regardless taxa, all the adaptative mechanisms converged to a 
decrease of the photosynthetic efficiency in low→low transition as 
recorded by a decrease of the performance index for energy conservation 
from photons absorbed by PSII antennae to the reduction of QB (PI/ 
ABS).

Our results for P. tricornutum and A. saprophilum are consistent with 
those of other studies [75–77], concerning the consequences of nutrient 
depletion on OJIP parameters in P. tricornutum and other planktonic 
organisms. The interpretation of the 77 K fluorescence data is confirmed 
by the decrease of PI/ABS during nitrogen (or other nutrients) depletion 
conditions and it indicates a decrease in the overall photosynthetic 
performance and in the electron transport capacity, inducing an increase 
in dissipation of the excess energy (DI0/RC) [35]. The increase in ABS/ 
RC means that the photosynthetic apparatus is reorganized, either a 
fraction of RCs is inactivated or the apparent antenna size increased 
(maize and tomato plants) [78]. Based on Loebl et al. [79], nitrogen 
deficiency in a planktonic organism (i.e., Gephyrocapsa huxleyi (Loh
mann) Reinhardt) causes both an increase in antenna size and a reduc
tion in active RCs, which are unlikely to be repaired due to limited 
protein synthesis in N-starved cells [75]. In our data, the temporal in
crease of F0 (data not shown) and the decrease in RC/ABS confirm a 
reduction of the active RCIIs, which is more pronounced in low→low 
samples. Similarly, a decline in φPo in diatoms under nutrient starvation 
condition was previously described in literature [35,80], and it has been 
correlated to the reduction of active PSII, due to damaged PSII [81]. In 
our data, the rate of φPo decline is dependent on the NO3

− concentration 
during the experiment and independent from the pre-culturing in 
limiting NO3

− concentration. The pronounced difference in OJIP pa
rameters of low→low samples compared to the other conditions is re
flected by 77 K fluorescence spectra: the emission intensity in N-starved 
cells declines over time and the PSII/PSI ratio increases, opposite to the 
low→high and the high→high (Fig. 4). The same conclusions should 
apply to P. frequentissimum for which the OJIP curves were not dis
playing variations in low→low samples (Fig. 7). Still, the absence of 
photosynthetic response by this diatom could be interpreted as an 

Fig. 6. Smoothed (5 points) Vt (Vt = (Ft - F0)/(FM - F0)) curves plotted on a logarithmic time scale for (A) Phaeodactylum tricornutum, (B) Achnanthidium saprophilum, 
and (C) Planothidium frequentissimum at day 2. (D) Vj (Vj = (Fj - F0)/(FM - F0)) temporal trend in Low→low samples. Data are mean among replicates.
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extreme outcome of nutrient deficiency. The same outcome is depicted 
by the extremely low fluorescence intensity (at 77 K and 298 K) and the 
evident lipid content in low→low samples.

4. Conclusion

We evaluated three diatom taxa for NO₃− and PO₄3− removal and 
their associated physiological responses. A. saprophilum showed limited 
potential, displaying appreciable NO₃− uptake only under low-nitrogen 
conditions, resulting in low biomass production, weak PO₄3− removal, 
and lipid accumulation comparable to that of the model species 
P. tricornutum. In contrast, P. frequentissimum demonstrated consistently 
high nutrient removal across treatments, coupled with high lipid and 

pigment content, despite signs of physiological stress. This level of ef
ficiency makes P. frequentissimum a strong candidate for integrated 
wastewater treatment and valorisation processes, such as the production 
of biodiesel or nutraceuticals. P. tricornutum displayed comparable NO₃−

uptake, faster growth and strong stress responses to nitrate depletion, 
confirming its nitrophilous nature and its value as a reference model for 
evaluating the performance of lesser-known freshwater strains. Collec
tively, our results position P. frequentissimum as a promising freshwater 
diatom with nutrient removal and physiological performances compa
rable to that observed in P. tricornutum, broadening the diversity of 
diatom species suitable for nutrient recovery and sustainable bioproduct 
generation in aquatic systems. Future studies are needed to confirm the 
biotechnological potential of P. frequentissimum by optimizing culture 

Fig. 7. Temporal trend of 9 selected OJIP parameters for Phaeodactylum tricornutum, Achnanthidium saprophilum and Planothidium frequentissimum. Data are reported 
as mean among replicates.
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conditions to enhance its physiological performance and by further 
exploring unresolved aspects, including lipid profile and nutrient uptake 
patterns.
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