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Editorial on the Research Topic
Aquatic photosynthetic organisms under global change

From space, Earth looks like a masterful stone marquetry such as can be admired in
Florence, Italy. In this stone painting, large areas and thinner lines of lapis lazuli would
represent oceans (97%) and rivers (3%), respectively. Together, they occupy 71% of the
Earth’s surface. Despite their different chemical composition, oceans and rivers host a large
number of living organisms, including phototrophs. Their diversity is also great with
anoxygenic and oxygenic bacteria, and unicellular and multicellular eukaryotes, including
some flowering plants. For example, the number of identified alga species lies in the range
of 40-60,000 (Guiry, 2024), a number that increases annually (e.g., Schoefs et al., 2020;
Morin et al,, 2025). As primary producers, aquatic photosynthetic organisms fulfill crucial
ecosystem services for the planet. This includes approximately half of the global oxygen
production (Benoiston et al., 2017) and photosynthetic carbon fixation (Falkowski and
Raven, 2013). Aquatic photosynthetic organisms are also involved in many spectacular
symbioses with non-photosynthetic organisms such as the symbiosis between the ciliate
Paramecium bursaria and the green freshwater microalga Chlorella variabilis (Kodama and
Sumita, 2022), allowing the partners to develop during dedicated phase or accompanying
them all along their life like the symbiotic dinoflagellates in corals. In addition to the
obvious freshwater, brackish water, and saline water habitats, aquatic photosynthetic
organisms are also present in more surprising and/or drastic niches such as solid water
(e.g., Prochazkova et al., 2024), hot springs (Smith et al., 2013), radioactive natural springs
(Millan et al., 2020), and loggerhead sea turtles (Majewska et al., 2020). Each of these
aquatic organisms develops according to its ecological optimum. When one ecological
factor deviates from its optimum, aquatic photosynthetic organisms start to acclimate.

Global warming has direct and indirect impacts on the climate and therefore on the
ecological parameters of every ecological niche, including aquatic ones. This Research Topic
“Aquatic photosynthetic organisms under global change” focuses on the direct and indirect
effects of climate change on the life of microalga, macroalga, and aquatic angiosperms.

The increase in ocean temperature together with the increase of CO, dissolution in the
oceans leads to a change in the physico-chemical properties of seawater, including a
decrease in pH, known as ocean acidification (Feely et al., 2009). Ocean acidification has
pleiotropic effects on aquatic photosynthetic organisms because it promotes or decreases
microalgal division rate (Gao et al., 2019), reduces the calcification of algae (Jin et al., 2017),
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increases the exposure of algae to UV radiation, and can negatively
impact the symbiotic relationship between corals and microalgae
(Fautin and Buddemeier, 2004), including the thermo-tolerant
microalga Symbiochlorum hainanensis (Gong et al.). In this article
Research Topic, Gong et al. reported on the impacts of elevated
temperature and acidification alone or in combination on the
biology of S. hainanensis. Overall, the data reveal that chloroplast
adaptation constitutes one of the most important challenges of the
adaptation of algae to climate change. Indeed, the contribution to
this article Research Topic by Zhang et al. confirms and extends this
conclusion to red macroalgae living in the intertidal zone, a very
unique and challenging ecosystem because they are exposed, albeit
temporarily, to extreme conditions such as fresh air, high light
intensity, and UV radiation irradiation. High light exposure reduces
photosynthesis and growth rate significantly. Moderate UV-A
(315-400 nm) levels are beneficial for carbon fixation, nitrate
uptake (Vinegla et al., 2006; Xu and Gao, 2010), and/or
development of conchospores (Jiang et al., 2007) of some
macroalgae but not all, including the red commercial macroalga
genus Pyropia (Zhang et al., 2020) (formerly known as Porphyra;
Sutherland et al., 2011). In this Research Topic, Zhang et al. also
demonstrated that seawater acidification mitigates UV radiation on
Pyropia yezoensis photosynthesis by modulating the synergy
between photosystems. Mitochondrial metabolism is also
important because it is involved in the control of the bloom of
the dinoflagellate Karenia mikimotoi when nutrient availability and
seawater acidity are altered (Liu et al.). Interestingly, it was found
that nutrient limitations, especially phosphorous, can alleviate the
negative impacts of acidification. Research in this field is
particularly timely because these two factors are typical of global
change (e.g., Gobler et al,, 2017). Conversely, eutrophication can
also increase the abundance of toxic microalgae (Anderson et al,
2002). The use of filter-feeding bivalve mollusks and submerged
macrophytes can be an alternative to reduce indirectly the
abundance of blooms. In this Research Topic, Du et al. presented
a characterization of their impacts on phytoplankton bloom
development by alleviating the eutrophication. In a nutrient-
enriched freshwater mesocosm experiment, combining the filter-
feeding bivalve Cristaria plicata, the cockscomb pearl mussel, and
the macrophyte Hydrilla verticillata was highly efficient in
decreasing the availability of nutrients, resulting in the
suppression of bloom development, particularly by excluding
cyanobacteria. While eutrophication can promote the occurrence
of taxa, it can also jeopardize the survival of some of them such as
the European aquatic plant Luronium natans (Alismataceae)
(Makuch et al.).

In addition to aquatic photosynthetic organisms, submerged
macrophytes occupy an important place in aquatic ecosystems,
especially in shallow lakes and rivers (Hao et al., 2017), because they
can maintain the physico-chemical properties and transparency of
water (Wu et al, 2021). Like phytoplankton, submerged
macrophytes also suffer from climate warming and eutrophication
due to changes in abiotic variables alone or in combination with
biotic variables (Hao et al., 2018; Matsuzaki et al., 2018). In their
contribution, Wu et al. used mesocosms to determine the effects of
climate warming and eutrophication on the growth of two aquatic
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plants, Potamogeton crispus and Elodea canadensis, at a seasonal
scale (Zoppi et al. 2024). The latter taxon is recognized as an
invasive species worldwide. The authors suggest that the variables
explaining the variation in biomass are different for each season and
that a synergetic effect of temperature and nutrients occurred rarely.
At the annual scale, the overall results showed a direct positive effect
of temperature rather than nutrient concentrations on E. canadensis
biomass. Surprisingly, nutrient enrichment affected biomass by
increasing competition among primary producers. Altogether, the
study shows that ongoing climate warming and eutrophication will
cause a transition in aquatic plant communities through
selection effects.

Obviously, carbon metabolism is at the core of every reaction of
photosynthetic organisms, in which the supply of inorganic carbon
is of primary importance. This is particularly true for submerged
organisms such as algae (e.g., Schoefs et al,, 2017) but also for aquatic
plants. In this Research Topic, two different cases are reported. The
first one is the completely submerged marine land plant Zoostera
marina (eelgrass) and the freshwater land plant Ottela ovalifolia with
submerged and floating leaves. These plants differ not only in their
autoecology but also in the source of inorganic carbon to which they
have access. Z. marina only has access to HCO;, whereas O.
ovalifolia can fix either HCO;~ or CO,, depending on whether the
leaves are submerged or emerged. Z. marina is a C; plant, meaning
that its photosynthetic capacity is limited by the activity of
photorespiration, the efficiency of which decreases as the inorganic
carbon concentration in the environment increases, a condition that
drives global change. As explained previously, the CO, accumulation
in the ocean leads to its acidification, a process that, in turn, can
impact photosynthesis. Using outdoor controlled Z. marina cultures,
Celebi-Ergin et al. studied their responses to different inorganic
carbon concentrations ranging from 55 to 2,121 uM. The data
reveal a dynamic regulatory mechanism coupling i) energy capture
capacity by pigments, ii) dissipation of the excess of absorbed
energy through non-radiative energy dissipation mechanisms,
typically non-photochemical quenching processes, and iii)
photorespiration activity. Altogether, these three components of
the photosynthetic machinery allow Z. marina to acclimate to the
changing availability of inorganic carbon in the ocean. For their
part, Liao et al. investigated how the freshwater aquatic plant O.
ovalifolia, with two types of leaves uses CO,-concentrating
mechanisms to optimize the uptake of inorganic carbon. At least
two levels of adaptation were established. The first one concerns the
morphological level with submerged leaves. Actually, submerged
leaves are characterized by a larger specific surface area than
floating leaves, so submerged leaves can better absorb dissolved
inorganic carbon. The second level of adaptation relies on the
involved carbon fixation cycle. In floating leaves, inorganic carbon
is fixed directly on ribulose bisphosphate by ribulose-1,5-
bisphosphate carboxylase oxygenase in the Calvin-Benson-
Bassham cycle (C; metabolism), whereas in submerged leaves,
inorganic carbon is pre-fixed on phosphoenolpyruvate in
the Hatch and Slack cycle (C, metabolism). This difference,
together with an activation of the external carbonic anhydrases,
allows an optimized supply of dissolved inorganic carbon to the
submerged leaves.
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Global change is leading to an additional shortage of various
natural resources, including water and fertilizers, which have already
become scarce due to the growing populations and shrinking arable
lands. To slow down this shortage, recycling processes need to be
introduced, especially for wastewater, including that from
aquaculture, which is enriched with organic nutrients. Recycling
wastewater to produce biomass is interesting in the context of a
circular economy. The paper presented by Villanova et al. fits into
this framework. Three microalgae were tested for their ability to
remove nitrogen and phosphate from the recirculating marine
aquaculture wastewater to produce high-quality biomass. As
expected, wastewater supported high biomass production, and its
enrichment with valuable compounds only occurred when the
biomass was stressed (e.g., Sayanova et al, 2017). Interestingly,
using this two-step process, the biomass of all tested strains was rich
in proteins, polyunsaturated fatty acids (PUFAs), and carotenoids.

The contributions to this thematic Research Topic clearly confirm
that global change is already affecting all living organisms, even the
smallest ones. Despite the continuous accumulation of data, it is still
difficult to determine exactly what will happen to each of them and
how communities and ecosystems will change. Many aspects of these
transformations remain to be studied, described, and, above all,
understood. Multidisciplinary approaches are needed to achieve these
goals. This information may also be of interest for the development of
new biotechnological approaches and/or the improvement of current
processes to make them more environmentally sustainable.
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Ocean acidification and warming affect the growth and predominance of algae.
However, the effects of ocean acidification and warming on the growth and gene
transcription of thermo-tolerant algae are poorly understood. Here we determined
the effects of elevated temperature (H) and acidification (A) on a recently discovered
coral-associated thermo-tolerant alga Symbiochlorum hainanensis by culturing it under
two temperature settings (26.0 and 32.0°C) crossed with two pH levels (8.16 and
7.81). The results showed that the growth of S. hainanensis was positively affected
by H, A, and the combined treatment (AH). However, no superimposition effect of
H and A on the growth of S. hainanensis was observed under AH. The analysis of
chlorophyll fluorescence, pigment content, and subcellular morphology indicated that
the chloroplast morphogenesis (enlargement) along with the increase of chlorophyll
fluorescence and pigment content of S. hainanensis might be a universal mechanism
for promoting the growth of S. hainanensis. Transcriptomic profiles revealed the effect
of elevated temperature on the response of S. hainanensis to acidification involved in
the down-regulation of photosynthesis- and carbohydrate metabolism-related genes
but not the up-regulation of genes related to antioxidant and ubiquitination processes.
Overall, this study firstly reports the growth, morphology, and molecular response of
the thermo-tolerant alga S. hainanensis to future climate changes, suggesting the
predominance of S. hainanensis in its associated corals and/or coral reefs in the future.

Keywords: acidification, warming, thermophilic, Symbiochlorum hainanensis, coral reef algae

INTRODUCTION

Ocean acidification and warming have led to shifts in seawater chemistry and carbonate saturation,
which will potentially affect the physiology, behavior, and predominance of a range of organisms
in marine ecosystems (Hoegh-Guldberg and Bruno, 2010). In recent decades, the mean pH
value of surface seawater has declined by an average of 0.1 units, owing to the uptake of CO,
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(Feely et al., 2009). Further decreases of 0.3-0.5 pH units and
warming of 1-7°C are projected to occur by the end of this
century (Feely et al., 2009; IPCC, 2014).

As primary producers, marine photosynthetic algae account
for approximately half of global photosynthetic carbon fixation
(Falkowski and Raven, 2013). Increasing evidence shows
that ocean acidification influences the growth and/or gene
transcription of algae, and the responses of algae to acidification
are modulated by temperature, light, UV, and nutrient availability
(Gao and Campbell, 2014; Gao et al., 2017; Boyd et al., 2018).
For example, acidification may enhance the N, fixation activity
of cyanobacteria, but trace metal availability may neutralize
or even reverse this effect (Zhang et al., 2019). Elevated CO,
enhances the growth of diatoms at low levels of sunlight but
inhibits their growth at high levels (Gao et al, 2019). For
most calcifying macroalgae, acidification under elevated solar
UV and/or elevated temperature reduces their calcification (Jin
et al,, 2017; Martin and Hall-Spencer, 2017). Non-calcifying
macroalgae, on the other hand, appear to benefit from elevated
CO; and show an enhanced growth rate (Gao et al., 1993;
Cornwall et al, 2015, 2017). Furthermore, the geographic
distribution and/or predominance of algae are also affected by
future ocean acidification and warming conditions (Wernberg
et al., 2011). A study of over 20,000 herbarium records of
algae collected over 70 years from the Pacific and the Indian
oceans around the Australian coast showed that a pole-ward
shift of several temperate algal species is already occurring
(Wernberg et al., 2011). Acquiring resistant Symbiodiniaceae
from the environment or changing the relative abundance
of Symbiodiniaceae associated with corals under elevated
temperature have been reported (Baker et al, 2004; Fautin
and Buddemeier, 2004). One field study provides evidence that
acidification can lead to a predominance of macroalgae on reefs
(Johnson et al., 2014). Those studies reveal that the response
of algae to ocean acidification and warming are species specific,
and certain thermophilic and/or stress-tolerant algae might have
the ability to acclimate to future global climate changes and
become predominant in the future. However, the individual and
specifically combined effects of ocean acidification and warming
on the growth and gene transcription of the thermophilic and/or
stress-tolerant algae in the ocean remain poorly understood.

Symbiochlorum hainanensis, a recently discovered unicellular
alga affiliated with Ulvophyceae, is widely associated with corals
in the tropical coral reef areas of the South China Sea (SCS),
where the annual average temperature is approximately 26°C
(Gong et al, 2018, 2019). The optimal growth temperature
of this alga is approximately 32°C (Supplementary Figure 1),
which is higher than that of coral-symbiotic Cladocopium
spp. (dominant Symbiodiniaceae associated with corals in the
SCS; Supplementary Figure 2). Besides that, S. hainanensis
can maintain rapid growth when it is cultured at 35°C
(Supplementary Figure 1). Hence, S. hainanensis is a thermo-
tolerant alga, and we propose that it may outcompete
Cladocopium spp. and be the predominant species in coral-algae
symbiont areas and/or coral reef areas in the future. However,
how it will respond to future ocean acidification and warming
conditions is unclear. Therefore, the present study performed a

28-day lab-scale experiment in which S. hainanensis was cultured
under two temperature settings (~26.0°C, n = 3 and ~32.0°C,
n = 3) crossed with two pH levels (~8.16, n = 3 and ~7.81, n = 3)
to mainly explore the growth and the molecular-level response
of S. hainanensis to the individual and combined effects of future
ocean acidification and warming conditions.

MATERIALS AND METHODS

Cultures and Experimental Setup

Cultures of S. hainanensis (CCTCC M2018096), isolated from
coral species Porites lutea in the tropical reef regions of the
SCS (Gong et al, 2018, 2019), were incubated in 250-ml
Erlenmeyer flasks with 100 ml autoclaved artificial seawater
medium (Formula grade A Reef Sea Salt, Formula, Japan) under
an in situ temperature of 26°C, light intensity of 90 pmol photon
m~2 s~! with a 12-h/12-h light/dark cycle. The cultures were
shaken at least three times a day. Cells in the mid-exponential
phase were collected by centrifugation (5,000 rpm for 10 min)
and washed three times with sterile phosphate-buffered saline.
Then, cell pellets were re-suspended in autoclaved artificial
seawater medium and used for further experiments.

Cultures of S. hainanensis were acclimated to four conditions:
(1) pCO; level 1,000 patm (pH = 7.81), 26°C (A, n = 3), (2)
pCO; level 395 patm (pH = 8.16), 32°C (H, n = 3), (3) pCO,
level 1,000 patm (pH = 7.81), 32°C (AH, n = 3), and (4) pCO;
level 395 patm (pH = 8.16), 26°C (C, n = 3). To achieve the
different pCO,/pH conditions, 1,000-ml Erlenmeyer flasks with
500 ml autoclaved artificial seawater medium were bubbled with
sterilized air containing either ambient (395 patm, pH = 8.16) or
elevated (1,000 patm, pH = 7.81, Supplementary Figure 3) CO,
concentrations using outdoor air and CO; chambers (HP1000G-
D, China). To achieve the different temperature conditions, the
Erlenmeyer flasks were incubated in water baths (26 or 32°C,
Supplementary Figure 4). For each treatment, triplicate cultures
were incubated under cool white fluorescent light intensity of
90 pwmol photons m=2 s~ 1.

Cell Growth and Morphology

Observation
The cell concentration of S. hainanensis under the A (n = 3), H
(n =3), AH (n = 3), and C (n = 3) conditions was monitored
every 2 days by optical density (OD) value at 750 nm with a
UV spectrophotometer (UV-7504, China) at 750 nm. The growth
rate was calculated based on the cell concentration variations of
S. hainanensis at exponential phase (day 2 to day 24). The dry
cell weight in the mid-exponential phase under the A (n = 3),
H (n = 3), AH (n = 3), and C (n = 3) conditions was measured
by filtering the algal suspension through a pre-dried and pre-
weighted 0.45-pum cellulose nitrate membrane filter (Whatman,
United States) and drying in an oven at 80°C for 24 h.
Chlorophyll fluorescence of S. hainanensis under the A (n = 3),
H (n = 3), AH (n = 3), and C (n = 3) conditions was measured
using a Turner fluorometer with the in vivo module (Trilogy,
Turner Design, Sunnyvale, CA, United States). Algal cells in the
mid-exponential phase under the A (n = 3), H (n = 3), AH
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(n = 3), and C (n = 3) conditions were sampled for chlorophyll
a, chlorophyll b, and total carotenoids measurements according
to the acetone-based method (Dere et al., 1998).

Cells of S. hainanensis in the mid-exponential phase under
different conditions (A, H, AH, and C) were determined based
on scanning electron and transmission electron microscopy
observations according to our previous study (Gong et al., 2018).

RNA Extraction, Purification, and

Sequencing

Algal cells under the A (n = 3), H (n = 3), AH (n = 3), and
C (n = 3) conditions were harvested in the mid-exponential
phase by centrifugation at 5,000 rpm for 5 min at 4°C
for total RNA extraction and RNA-seq. In detail, cell pellets
under different conditions were snap-frozen in liquid nitrogen
and stored at —80°C before RNA extraction. Total RNA
was extracted from algal cells as previously described (Rosic
and Hoegh-Guldberg, 2010). The RNA quantity and integrity
were analyzed using a NanoDrop ND-1000 spectrometer
(Wilmington, DE, United States) and an Agilent 2100 Bioanalyzer
(Santa Clara, CA, United States). RNA samples with high
purity (OD260/280 between 1.8 and 2.2) and high integrity
(RNA integrity number > 8) were used for cDNA library
construction. The size and the concentration of the cDNA
libraries were determined by the Agilent 2100 Bioanalyzer (Santa
Clara, CA, United States). All cDNA libraries were layered on
a separate Illumina flow cell and sequenced using Illumina
HiSeq 2000 (Illumina, Inc.). The raw sequence data produced
in this study were deposited in the Sequence Read Archive
(PRJNA662215) at the National Center for Biotechnology
Information (NCBI).

Quality Control and Short Read

Assembly

Raw RNA-Seq reads under the A (n = 3), H (n =3), AH (n = 3),
and C (n = 3) conditions were processed using Trimmomatic
v0.33 for trimming adapters as well as low-quality bases from
the ends of the reads (Bolger et al., 2014). Poor-quality reads
with average Phred quality score <20 and reads with lengths <55
were filtered out. The resulting set of good quality reads was then
assembled with Trinity v2.1.1 software using default parameters
(Grabherr et al., 2011; Haas et al., 2013). The assembly validation
was performed using Bowtie2 aligner, where the filtered reads
were mapped back to the assembled unigenes. Furthermore,
non-redundant unigenes were retrieved with the aid of CD-
HIT-EST software' that clustered the unigenes with an identity
parameter of 95%.

Functional Annotation and Identification
of Differentially Transcribed Genes

The de novo-assembled unigenes were searched against NCBI’s
non-redundant protein and Swiss-Prot database using the
BLASTX algorithm with an e-value cutoff of 107°. Unigenes
with significant matches were annotated using the Blast2GO

Thttp://weizhongli-lab.org/cd-hit/

platform (Conesa et al., 2005). Additional annotations were
obtained through the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database through the KEGG Automatic Annotation
Server (v1.6a) (Moriya et al., 2007). The cluster in the eggNOG
database was employed to classify and group the putative and
definitively identified proteins. The expression quantity of each
unigene (fragments per kilobase of exon model per million
mapped fragments) was estimated using RSEM (Li and Dewey,
2011). Differentially transcribed genes were selected using edge
R as the method of choice (Robinson et al., 2010). Fold change
differences were considered significant when a P-value <0.01
was achieved based on Benjamin and Hochberg’s false discovery
rate procedure. A correlation analysis of differentially transcribed
genes among different conditions was performed using the
program package in the R software package (R 3.1.2). Bray-
Curtis dissimilarity-based principal coordinate analysis (PCoA)
pictures of differentially transcribed genes were drawn using
Primer-e’ for comparing differentially expressed genes under
different conditions.

Quantitative Polymerase Chain Reaction

To validate the RNA-seq results, the expression level of 17
differentially transcribed genes under the A (n=3),H (n=3), AH
(n=3),and C (n = 3) conditions was measured using quantitative
PCR (qPCR). The list of genes and primers is available in the
electronic Supplementary Material (Supplementary Table 1).
Complementary DNA was synthesized from 1 pug of total RNA,
and qPCR was performed with an ABI ViiA 7 Real-Time
PCR System (Applied Biosystems, United States) using FAST
START SYBR green master mix according to the manufacturer’s
instructions. The following procedure was used: 95°C for 10 min
and one cycle for cDNA denaturation, 95°C for 10 s, 60°C for
20 s, 36 cycles for amplification, and one cycle for melting curve
analysis (from 60 to 95°C) to verify the presence of a single
product. qPCR was performed in triplicate for each sample.
The relative expression levels were measured using Relative
Expression Software Tool (REST).

Statistical Analysis

All results are presented in the text as mean =+ standard error.
Significant differences (P < 0.01) in the OD value, dry cell
weight, chlorophyll fluorescence, and pigment content under the
A (n=3),H(Mm=3), AH (n = 3), and C (n = 3) conditions
were tested by ANOVA using the stats package in R software
(R Core Team, 2014). Significant (P < 0.01) differences in the
Bray-Curtis distances of differentially transcribed genes under
the A (n =3, Hm =3), AH (n = 3), and C (n = 3)
conditions were determined by permutational multivariate
analysis of variance (MANOVA) in Primer-e (see text footnote
2). Significant (P < 0.01) differences in qPCR-measured genes
under the A (n = 3), H (n = 3), AH (n = 3), and C (n = 3)
conditions were calculated using the pair-wise fixed reallocation
randomization test in REST.

thtp://wwwprimer— e.com/
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RESULTS

Growth and Morphological Responses of

S. hainanensis to H, A, and AH

The cell concentration, as measured by OD75o (Figure 1A) and
cell dry weight (Figure 1B) of S. hainanensis, was significantly
promoted by elevated temperature (H, n = 3), acidification (A,
n = 3), and the combined treatment (AH, n = 3) compared
with the control (C, n = 3; P < 0.01). The growth rate of
S. hainanensis increased 1.05-fold but decreased 1.04-fold in
the combined treatment compared with individual elevated
temperature (AH-VS-H, P < 0.01) and acidification (AH-
VS-A, P < 0.01), respectively (Supplementary Figure 5). In
addition, chlorophyll fluorescence (Figure 1C) and pigment
content (Figure 1D) showed similar variation trends with the
algal growth of S. hainanensis under different conditions.

The features of the cell morphology of S. hainanensis
under different conditions were documented (Figure 2). The
cell wall of S. hainanensis was furrowed (A2-A4), and
the shape of the chloroplast changed (i.e., the volume of
chloroplast became larger under acidification and warming
conditions; B2-B4). More starch granules under acidification

and warming conditions were observed (B2-B4). Moreover, the
sporangium of S. hainanensis was observed under acidification
condition (C1-C4).

Transcriptomic Profiles of S. hainanensis
Response to H, A, and AH

A total of 12 transcriptomic sequencing libraries were generated
for the four conditions (C, H, A, and AH) with three biological
replicates. These libraries were sequenced with an Illumina
platform with an output of 88.36 G clean reads (an average of 7.36
G reads per sample) (Supplementary Table 2). The clean reads
were pooled together and assembled into 95,827 unique genes,
with an average length of 1,277 bp and a N50 value of 3,768 bp
(Supplementary Table 3).

The PCoA analysis revealed that the gene transcription of
S. hainanensis was significantly different under the C, H, A, and
AH conditions (Figure 3, MANOVA, P < 0.001). The PCoA
analysis showed the following order of the effect of different
conditions on gene transcription: A-VS-C > AH-VS-H > H-
VS-C. Among the detected genes, 688 genes were significantly
differentially transcribed, and more than half of these genes had
unknown functions (Supplementary File 1).
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FIGURE 2 | Morphological characteristics of Symbiochlorum hainanensis in response to acidification and warming. Scanning electron microscopic presentations of
the vegetative cells of S. hainanensis under the control (A1), elevated temperature (A2), acidification (A3), and combined treatment (A4). Transmission electron
microscopic presentations of vegetative cells of S. hainanensis under the control (B1), elevated temperature (B2), acidification (B3), and combined treatment (B4).
Scanning and transmission electron microscopic presentations of aplanosporangiums of S. hainanensis under acidification conditions (C1-C4).
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FIGURE 3 | Plots of principal coordinate analysis (A) and permutational multivariate analysis of variance analysis (B) of differentially transcribed genes under different
conditions: control—C (n = 3), elevated temperature—H (n = 3), acidification—A (n = 3), and combined treatment—AH (n = 3). Significant differences (P < 0.01) in
Bray—Curtis distances of differentially transcribed genes under different conditions were determined using Primer-e. All results are presented in the text as

mean =+ standard error.
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The genes related to photosynthesis, CO, biofixation,
carbohydrate metabolism, cell cycle and control, nutrient input,
transport and metabolism, stress response, and intracellular
homeostasis were differentially transcribed under acidification
and warming conditions (Figure 4). Other genes involved in
flagella-related components, extracellular matrix (fasciclin-like
protein, glycoprotein of tenascin, and the expansin superfamily
of proteins), and transcriptional regulation also changed under
different conditions (Supplementary File 1).

To validate the RNA-seq results, several key genes were
selected for qPCR analysis. The results exhibited the same trends
as the results of RNA-seq, confirming the reliability of our present
analysis (Supplementary Table 1).

Photosynthesis-Related Gene
Responses to H, A, and AH

The transcription of genes related to photosynthesis was
minimally affected by elevated temperature (H-VS-C) (Figure 4),
while gene transcription was obviously affected by acidification
(A-VS-C) and the combined treatment (AH) (Figures 4-6).
Specifically, nearly all differentially transcribed genes related
to photosynthesis were significantly down-regulated under the
combined treatment. For example, the genes of psaA, psaJ,
and ycf3 involved in photosystem I, psbB, psbC, psbE, psbH,
psbP, and psbS involved in photosystem II, [hcB, chiB, chlP,
and chl11 involved in light-harvesting complex (LHC) protein,
and atpA and atpB involved in photosynthetic ATP synthesis
were down-regulated more than 1-15-fold by the combined
treatment (AH) (Figures 4, 6). In addition, the Ici and cahl
genes encoding low CO;-inducible protein and soluble carbonic
anhydrase related to carbon acquisition by CO, concentrating
mechanism (CCM) were significantly down-regulated more than
fourfold by individual acidification and the combined treatment
(Figures 4-6).

Carbohydrate Metabolism-Related Gene
Responses to H, A, and AH

Acidification and elevated temperature had different effects
on the genes related to the carbohydrate metabolism of
S. hainanensis (Figures 4-6). Almost all the differentially
transcribed genes involved in carbohydrate metabolism were up-
regulated by acidification (A-VS-C), while most were minimally
affected by elevated temperature and the combined treatment
(both H-VS-C and AH-VS-H). Compared with the control (C),
individual acidification (A) caused the genes fba, clsall, ugdh3,
ugdh4, manl, man5, mspl130, mindh, and aox4 related to the
citric acid cycle (TCA), cell wall polysaccharide synthesis, and
oxidation of fatty acids to be significantly up-regulated more than
threefold. However, the transcription of those genes was down-
regulated approximately 1-17-fold by the combined treatment
(AH).

Cell and Life Cycle-Related Gene
Responses to H, A, and AH

Elevated temperature (H) also had a minimal effect on the
transcription of genes involved in the cell and life cycles.

However, almost all of these genes were up-regulated by
individual acidification (A-VS-C), while most of them were
down-regulated by the combined treatment (AH-VS-H)
(Figures 4-6). Genes encoding DUF724 domain-containing
protein and circumsporozoite protein related to sporulation
were up-regulated by both individual acidification (A) and the
combined treatment (AH). Specifically, the gene encoding
DUF724 domain-containing  protein up-regulated
approximately 66-fold by individual acidification (A). In
addition, the key gene ftsZ, which is involved in chloroplast
division, was significantly up-regulated by A, H, and AH
compared with the control (C).

was

Nutrient Transport- and
Metabolism-Related Gene Responses to
H, A, and AH

The transcription of genes related to nutrient transport and
metabolism is illustrated in Figures 4-6. Genes encoding alkaline
phosphatase and ABC-type phosphate transporter involved
in phosphate metabolism were up-regulated more than 10-
fold, whereas genes encoding NO3;~ transporter and nitrate
reductase involved in nitrogen metabolism were down-regulated
over threefold under elevated temperature (H-VS-C). Under
the combined treatment (AH), genes involved in nitrogen
and phosphate metabolism were up-regulated over threefold
relative to the acidification treatment (A). In addition, the
gene encoding transferrin involved in Fe** transporter showed
a higher transcription under the control (C) and elevated
temperature (H) conditions than under the other conditions,
and it was significantly down-regulated approximately fivefold by
acidification (A) and the combined treatment (AH).

Stress- and Intracellular
Homeostasis-Related Gene Responses
to H, A, and AH

Genes encoding glutathione S-transferase, catalase isozyme,
UvrB/uvrC motif, heat shock 22-kDa protein, and chaperones
were differentially transcribed under single acidification (A) or
elevated temperature condition (H) (Figures 4-6). Specifically,
the transcription of these genes was up-regulated more than
twofold by the combined treatment (AH) than by individual
acidification (A), except for one gene encoding chaperone Dna]J.
Moreover, genes related to ubiquitination processes were highly
transcribed under different conditions.

DISCUSSION

In this study, we mainly explored the growth, morphology,
and molecular level response of S. hainanensis, a recently
discovered coral-associated thermo-tolerant alga, to future ocean
acidification and warming conditions by culturing it under
two temperature settings (~26.0 and ~32.0°C) crossed with
two pH levels (~8.16 and ~7.81) in a 28-day lab-scale
experiment. We found that this thermo-tolerant alga exhibited
a positive growth response to individual acidification, elevated
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FIGURE 6 | Schematic summary of the gene functions affected by the combined treatment (n = 3) compared with elevated temperature (n = 3). All results are
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temperature, and the combined treatment. We observed a no-
superimposition effect of individual acidification and elevated
temperature on the growth of S. hainanensis compared with the
combined treatment of acidification and elevated temperature.
Interestingly, our present data indicated that the chloroplast
enlargement (possibly controlled by the ftsZ gene) along with
the increase of chlorophyll fluorescence and pigment content
might be a universal mechanism for the stimulative growth of
S. hainanensis under ocean acidification and warming conditions,
implying the predominance of S. hainanensis in its associated
corals and/or coral reef areas in the future. This study provides
novel insights into the growth, morphology, and molecular-
level responses of thermo-tolerant algae to ocean warming and
acidification conditions.

The stimulative growth response of S. hainanensis to ocean
acidification reported in this study is consistent with the
previous studies in several species of cyanobacteria, diatoms, and
dinoflagellates (Brading et al., 2011; Wu et al., 2014; Walworth
et al., 2016; Huang et al., 2018). The enhanced growth may be
attributed to more carbon resources and down-regulated CCMs
(an efficient process needs energy and resources for CO; fixation
by algae) caused by the increasing partial pressure of CO, (pCO3)
in seawater under acidification (Riebesell et al., 1993; Tortell et al.,
2008). Our transcriptomic results also showed that two genes
encoding low CO;-inducible protein (Ici) and soluble carbonic
anhydrase (cahl) associated with CCMs were significantly
down-regulated by acidification. Although the genes encoding
RubisCO for CO, fixation were not differentially transcribed in
S. hainanensis under acidification, one gene encoding RubisCO
LSMT was significantly up-regulated. RubisCO LSMT was
reported to exhibit methyltransferase activity toward RubisCO
(Ying et al., 1999); thus, we propose that the up-regulation of
the gene encoding RubisCO LSMT might be involved in the
regulation of CO, fixation in S. hainanensis under acidification.
In addition, we observed that acidification enhanced the
transcription of genes related to cell activity and growth (ie.,
sucrose and cell wall polysaccharide synthesis, EMP, TCA,
glyoxylic acid cycle, p-oxidation of fatty acid, and cyanide-
resistant respiration), which might contribute to the enhanced
growth of S. hainanensis as well. Similar results were also reported
in higher plants under elevated CO; or stresses (Solomos, 1977;
Li et al,, 2008). Notably, our results showed that almost all genes
involved in photosynthesis (i.e., psbB-psbS of photosynthetic II,
psaA and psaJ of photosynthetic I, and IchB of LHC) were
down-regulated by acidification. According to one previous
study of diatom (Goldman et al., 2017), a likely reason for the
variability in the response of S. hainanensis (excluding potential
modulation by other environmental factors, i.e., temperature)
to acidification is that the increasing pCO; (carbon resource)
and the concomitantly decreasing pH (acidification) separately
have different effects on the growth and photosynthesis.
Interestingly, we observed that the chlorophyll fluorescence and
pigment content of S. hainanensis significantly increased under
acidification. Concomitantly, enlargement of chloroplast and
significant up-regulation of one key gene ftsZ (encoding cell
division protein homolog 1) for controlling chloroplast division
and/or morphogenesis (Strepp et al., 1998; Wang et al., 2002)

were observed under acidification in S. hainanensis. Therefore,
we speculated that the significant up-regulation of ftsZ gene
might contribute to the enlargement of chloroplast and the
enhancement of chlorophyll fluorescence and pigment content of
S. hainanensis under acidification.

The present results showed that the growth of S. hainanensis
was greatly promoted by an elevated temperature of 32°C.
To our knowledge, this was the first report of a positive
response of marine algae to an elevated temperature up
to 32°C. A previous study suggested that marine algae
may exhibit much lower optimal growth temperature than
tropical seagrasses and macroalgae which showed optimal
growth temperature ranging from 27 to 33°C (Koch et al,
2013). Biber (2007) reported that the biomass of Florida
algae significantly decreased when the temperatures were
above 31°C. Fleshy, branching tropical macroalgae species
maintain relatively consistent net productivity rates at 32°C
(Mejia et al, 2012). The photosynthesis of the tropical
Codium edule (macroalgae) was disrupted and inhibited
at 32 and 35°C, respectively (Lee and Hsu, 2010). Even
for the generally considered thermo-tolerant Symbiodiniaceae
(Durusdinium spp.) associated with corals, both net growth and
negative effect of photosynthesis at 32°C were reported (Karim
et al., 2015). Notably, our results showed that S. hainanensis
isolated from tropical reefs in the South China Sea exhibited
a high optimal growth temperature of 32°C, which was higher
than those of previously reported algal species. In reality,
S. hainanensis could maintain a rapid growth even when
it was cultured at 35°C. The transcriptomic results showed
that, in addition to up-regulating genes involved in protein
folding, oxidative stress, and ubiquitination processes, elevated
temperature had a minimal effect on the transcription of genes
involved in the basic metabolism of S. hainanensis, such as
photosynthesis, carbohydrate metabolism, the cell cycle, and
nutrient metabolism. As what previous studies have suggested
for other organisms (Kumar et al., 2017; Ruocco et al., 2017),
the up-regulation of genes related to protein folding (i.e., heat
shock protein and chaperone) might contribute to the thermal
acclimation of S. hainanensis. It is widely believed that the
production of reactive oxygen species increases under elevated
temperatures or other stresses, and plants/algae must activate
their antioxidant defense mechanisms to protect themselves
from oxidative damage (Ledford and Niyogi, 2005; Lazaro
et al.,, 2016). Similarly, genes encoding glutathione S-transferase,
catalase, and persulfide dioxygenase related to antioxidant
defense mechanisms were up-regulated in S. hainanensis. The
ubiquitination processes may also have aided in the ability
of this alga to acclimate to high temperatures given the up-
regulation in the transcription of the respective genes, such
as up-regulating genes encoding ubiquitin ligase (over 23-
fold) (Mayfield et al, 2014). In addition, the increase of
chlorophyll fluorescence and pigment content, the enlargement
of chloroplast, and the significant up-regulation of ftsZ gene
encoding cell division protein homolog 1 were also observed
under elevated temperature in S. hainanensis, which might also
contribute to the enhanced growth of S. hainanensis under
elevated temperature.
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Laboratory studies have shown that the effects of the combined
treatment of elevated temperature and acidification on the
growth of marine algae are species specific (Hyun et al., 2014;
Gao et al,, 2019). For example, the growth of the picoplanktonic
cyanobacterium Synechococcus was promoted by the combined
treatment, whereas elevated temperature and acidification had
no effects on Prochlorococcus (Fu et al, 2007). Similarly,
the combined treatment promoted the growth of the diatom
Skeletonema (Kremp et al., 2012), but it had no obvious effects
on Thalassiosira and Chaetoceros (Hyun et al., 2014). The growth
of coccolithophore E. huxleyi was inhibited by the combined
treatment (Listmann et al., 2016). Our present results indicated
that the combination of elevated temperature and acidification
(AH) had a positive effect on the growth of S. hainanensis (AH-
VS-C). Meanwhile, we observed no superimposition effect on the
growth of S. hainanensis in response to acidification and elevated
temperature alone, compared to the combined treatment.

For transcriptional profiles, the effects of individual
acidification and warming conditions on the response of marine
algae and terrestrial plant have been widely reported (Li et al,
2008; Kumar et al., 2017; Ruocco et al., 2017). To our knowledge,
however, data on the effect of the combined treatment of elevated
temperature and acidification (AH) on marine algae have not
been reported, and we do not know the mechanisms involved.
Differently from the no-superimposition effect in the growth of
S. hainanensis, a superimposition effect of the individual elevated
temperature (H) and acidification (A) on the gene transcription
of S. hainanensis was observed under combined treatment (AH).
Meanwhile, our present transcriptomic data revealed a balanced
strategy used by S. hainanensis for maintaining moderate growth
under the combined treatment of elevated temperature and
acidification (AH). For example, the transcription of genes
related to photosynthesis, CO, biofixation, and carbohydrate
metabolism was inhibited, but genes related to antioxidant
and ubiquitination processes were promoted under combined
treatment (AH) compared with individual elevated temperature
(H) and acidification (A).

CONCLUSION

This study mainly describes the growth, morphology, and
molecular response of S. hainanensis, a recently discovered coral-
associated thermo-tolerant alga, to future ocean acidification and
warming conditions. The promoted growth of S. hainanensis
under these conditions suggests the strong acclimation of this
alga to future ocean environmental changes. An antagonistic
effect on the growth of S. hainanensis was observed between
elevated temperature and acidification, which are involved in
the balance of gene transcription related to basic metabolism
and stress responses. The present data revealed that chloroplast
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While intertidal macroalgae are exposed to drastic changes in solar photosynthetically active
radiation (PAR) and ultraviolet radiation (UVR) during a diel cycle, and to ocean acidification
(OA) associated with increasing CO, levels, little is known about their photosynthetic
performance under the combined influences of these drivers. In this work, we examined
the photoprotective strategies controlling electron flow through photosystems Il (PSIl) and
photosystem | (PSI) in response to solar radiation with or without UVR and an elevated CO,
concentration in the intertidal, commercially important, red macroalgae Pyropia (previously
Porphyra) yezoensis. By using chlorophyll fluorescence techniques, we found that high
levels of PAR alone induced photoinhibition of the inter-photosystem electron transport
carriers, as evidenced by the increase of chlorophyll fluorescence in both the J- and |-steps
of Kautsky curves. In the presence of UVR, photoinduced inhibition was mainly identified
in the O,-evolving complex (OEC) and PSII, as evidenced by a significant increase in the
variable fluorescence at the K-step (F) of Kautsky curves relative to the amplitude of F,—F,
(W, and a decrease of the maximum quantum yield of PSII (F./F..). Such inhibition appeared
to ameliorate the function of downstream electron acceptors, protecting PSI from over-
reduction. In turn, the stable PSI activity increased the efficiency of cyclic electron transport
(CET) around PS, dissipating excess energy and supplying ATP for CO, assimilation. When
the algal thalli were grown under increased CO, and OA conditions, the CET activity became
further enhanced, which maintained the OEC stability and thus markedly alleviating the
UVR-induced photoinhibition. In conclusion, the well-established coordination between PSII
and PSl endows P, yezoensis with a highly efficient photochemical performance in response
to UVR, especially under the scenario of future increased CO, levels and OA.

Keywords: chlorophyll fluorescence, CO, enrichment, ocean acidification, photosystems Il and I, photoinhibition,
Pyropia yezoensis, ultraviolet-radiation
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Zhang et al.

OA Alleviates Inhibitions of UVR

INTRODUCTION

Living in the intertidal zone, macroalgae are often exposed
to periodic harsh light fluctuations and air exposure associated
with changes in tide levels. High levels of solar irradiance
can significantly decrease photosynthesis and growth rates
in macroalgae (Aline et al., 2006; Martin and Gattuso, 2009;
Ji and Gao, 2020), while limited light would entail an
insufficient energy supply and thus decrease photosynthesis
and growth. Under limited light conditions, longer wavelengths
within the range of ultraviolet radiation (UVR, 280-400 nm),
generally considered to be detrimental to aquatic ecosystems,
can be used as light energy for photosynthesis (Gao et al.,
2007). Moderate levels of UVA (315-400nm) are beneficial
for carbon fixation in several macroalgae (Gao and Xu, 2008;
Xu and Gao, 2010), and can also act as a signal to stimulate
the activity of carbonic anhydrase and nitrate reductase
(Vifegla et al., 2006), or prompt morphological development
during germination of conchospores (Jiang et al., 2007).
Furthermore, the effects of UVR also depend strongly on
interactions with other environmental factors. For example,
increased ocean temperatures result in stratification and
shoaling of the upper mixed layer and thus expose organisms
to increased levels of solar photosynthetically active radiation
(PAR) and UVR (Hader and Barnes, 2019 and reference
therein), and the global warming-induced melting of ice and
snow would also aggravate the transmission of UVR and
increase UVR exposure in polar regions (Williamson et al,
2019; Neale et al, 2021 and references therein). These
interactive effects control the levels of exposure of macroalgae
to UVR, and may modulate their photosynthetic performance,
production of photoprotective compounds and/or repair
mechanisms in response to UVR (see the review by Ji and
Gao, 2020 and references therein).

As a consequence of anthropogenic CO, emissions, the
atmospheric CO, concentration has been predicted to increase
to above 1,000 patm by the end of this century (e.g., I[IPCC,
2014). In addition to possible direct effects of higher aqueous
CO,, this will also result in an increase in proton concentration
in the seawater (a drop in pH from 8.1 to 7.8), known as
ocean acidification (OA). A number of previous studies have
shown that OA hindered calcification processes (Gao et al.,
1993; Semesi et al., 2009; Gao and Zheng, 2010; Biidenbender
et al,, 2011) and thus exposed calcified algae to more UVR
exposure. In contrast, the elevated availability of dissolved
inorganic carbon (DIC) in seawater has been reported to
stimulate both photosynthesis and growth in a number of
non-calcified macroalgae such as in Pyropia sp. (Gao et al,
1991; Zhang et al., 2020), Palmaria sp. (Beer and Koch, 1996),
Gloiopeltis sp., Gigartina sp. (Zou and Gao, 2005), Gracilaria
sp. (Andria et al, 1999, 2001), Hypnea sp. (Sudrez-Alvarez
et al, 2012), and Ellisolandia sp. (Korbee et al., 2014). In
addition, the increased DIC would also down-regulate the
CO,-concentrating mechanisms (CCMs), which utilize HCO,~
to compensate for the limitation of CO, in seawater and
maintain high intracellular CO, levels for photosynthesis and
growth of the macroalgae (e.g., a green algae Ulva prolifera

in Xu and Gao, 2012, and a red algae Pyropia yezoensis in
Li et al, 2016). Since down-regulation of CCMs is known
to save operational energy cost (Raven et al, 2014 and
references therein), the energy savings can either stimulate
algal growth under low light and increase the risk of
photoinhibition under high light (especially with the presence
of UVR; see the review by Gao et al., 2019 and references
therein).

Pyropia (previously known as Porphyra; Rhodophyta), an
economically important marine crop worth ~US$1.3 billion
per year (Blouin et al., 2011), has been widely cultivated in
both China and other Asian countries. Previously, we showed
that UVR inhibited both carbon assimilation and growth of
P yezoensis, while elevated CO, exhibited a positive effect
and participated in the alleviation of the UVR-induced
inhibition (Zhang et al., 2020). In that work, increases of
non-photochemical quenching (NPQ) and UV-absorbing
compounds (UVACs) were suggested to dissipate and/or absorb
the excess energy originating from UVR, while little attention
was paid to the transfer of such absorbed energy. In red
algae, phycobilisomes (PBS) form the light-harvesting antennae
on the outer surface of thylakoid membranes, in the proximity
of photosystem II (PSII), the specific mechanisms for this
are unclear but may involve state transitions or mobility of
PBS, redistributing the energy between the two photosystems
and thus altering photosynthetic electron transport and supply
of energy for CO, fixation and reduction (Su et al., 2010
and references therein). Moreover, regulation of photosynthetic
electron transport, e.g., via alternative electron transport
chains, including cyclic electron transport (CET) around
photosystem I PSI, photorespiration and the water-water cycle
along with reactive oxygen species (ROS)-scavenging systems,
has also been supposed to protect photosynthetic systems
from photoinhibition/photodamage (Eberhard et al., 2008 and
references therein, Miyake, 2010). In P. yezoensis, CET has
been verified to play a vital role in photoprotection when
thalli suffered from dehydration (Gao and Wang, 2012), severe
salt stress (Lu et al., 2016; Yu et al., 2018), and irradiance
stress (Niu et al., 2016). The active CET not only participates
in NPQ, but also alleviates the over-reduction of plastoquinone
and, thus, balance the redox state of the photosynthetic electron
transport chain (Miyake, 2010).

In the present study, effects of OA and UVR on the
photosynthetic performance of P yezoensis were investigated
by growing these algae under incident solar radiation with or
without UVR at ambient and elevated CO, concentrations
projected for future OA by the end of 2100. While high CO,
and the concomitant OA may have separate effects on algal
physiology in nature (Hurd et al.,, 2020), technically, it is hard
to distinguish the specific effects of pH or CO,. Moreover,
pH and CO, covary oppositely even in algal blooms or with
progressive OA, thus we did not attempt to disentangle the
interactions between these two variables. Our aims are 1)
characterized the electron transport flux from PSII to PSII, 2)
examined an alternative electron sink, i.e., CET; and 3) evaluated
the coordination between PSII and PSI, under the influences
of UVR and OA.
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MATERIALS AND METHODS

Experimental Treatments and
Measurements of UV Irradiance and pH
Thalli of P. yezoensis (Ueda) M.S.Hwang & H.G.Choi were
collected from rafts offshore of Gaogong Island (34°43'31’
N, 119°31'57" E), Lianyungang, Jiangsu Province, China, on
December 12, 2017, and transported to the laboratory in
a cooled Styrofoam box within 2h. Following rinsing, thalli
of ~0.05g fresh weight were grown outdoors for 9days in
1L open-ended quartz tubes filled with natural seawater,
which were partly immersed in a flow-through water bath
to maintain the seawater temperature at 8 + 1°C. The seawater
in each tube was continuously aerated (300ml per min)
with air containing 400+20 or 1,000+50 patm CO,, and
was renewed every day. The low-CO, air was directly obtained
with an air pump while the high-CO, level was obtained
from a CO, enricher (HP 1000G-D, Ruihua Instruments,
Wuhan, China), which controls the CO, concentration with
less than 5% variation. Different radiation treatments were
achieved by covering the quartz tubes with Ultraphan film
395 (UV Opak, Digefra, Munich, Germany), Folex 320 film
(Montagefolie, Folex, Dreieich, Germany), or Ultraphan film
295 (Digefra), respectively, so that the thalli were exposed
to irradiances above 395nm (PAR alone), above 320nm
(PA, PAR+UVA) and above 295nm (PAB, PAR+ UV-A +B),
respectively. Considering the low density of algal blades in
the tubes, the self-shading in our present study can
be considered minimal. Measurements of photochemical
activities (see below) were carried out around 14:00 on the
10th day of treatments. A total of 18 tubes containing
different individual thalli were used for measurements, and
three independent thalli were used as replicates for each
parameter. According to published papers (Mercado et al.,
1999; Zou, 2005; Chen et al., 2016, 2017), and also based
on our previous experience (Zou et al., 2003; Xu and Gao,
2008, 2010), 10days culture is enough for full acclimation
of the photosynthetic and other biochemical traits in Pyropia
spp. and other tested marine macroalgae.

The pHyps was measured at the end of each day by a
pH meter (pH 700, Eutech Instruments, Singapore) equipped
with an Orion® 8102BN Ross combination electrode (Thermo
Electron Co., United States), which was calibrated with NBS
standard buffers every day during the experiment (Thermo
Fisher Scientific Inc., United States). Total alkalinity (TA)
was measured with a TA analyzer (AS-ALK1, Apollo
SciTech, United States) by Gran acidimetric titrations. The
values of other carbonate chemistry parameters (total inorganic
carbon concentration, TIC, bicarbonate and carbonate
ions) were calculated by the Excel program CO2SYS (Pierrot
et al., 2006) according to the measured values of TA and
pHxes.

The incident solar irradiances were continuously monitored
and recorded every minute by a broadband solar radiometer
(EKO Instruments Co., LTD, Japan), which has three separate
channels, for (PAR, 400-700 nm), UVA (315-400nm), and UVB
(280-315nm), respectively.

Before the final measurements, the in situ diurnal variations
(daytime) of pH and CO, were measured. These results showed
that the total alkalinity (TA) was around ~2,400 pm throughout
the day, pH ranged from ~8.2 to 8.4 and the dissolved CO,
ranged from about 10 to 13 pm. The maximal and daily average
PAR values during the experimental period were 812.6+57.4
and 186.1+35.1 pmol photons m™ s™', respectively, while the
corresponding values for UVA were 8.1+£0.7 and 1.9+0.3Wm™,
and that for UVB 0.3£0.03 and 0.1+0.01 Wm™. PAR, UVA
and UVB levels were 635umol photons m™ s™' and 6.5 and
0.2Wm™, respectively, when the following parameters were
measured at 14:00 on the 10th day. During the experiment,
the enhanced CO, level (from 400 to 1000patm in the air
phase) resulted a pH drop from 8.24 £0.03 to 7.92+0.03 (n=27).
While TA remained unaltered, the TIC increased from 2,131 +20
to 2,310+£20pm and that of CO, from 12+1 to 28+3um
(n=27) under the high-CO, treatment.

Chlorophyll Fluorescence Measurements
and Analyses

A dual-wavelength  pulse-amplitude-modulated ~ (PAM)
fluorescence monitoring system (Dual-PAM-100, Walz, Effeltrich,
Germany) was employed to simultaneously measure the
performance of PSII and PSI. To avoid the effect of
phycobiliproteins on chlorophyll fluorescence, blue light (440 nm)
was used as excitation light in the following measurements.
Rapid fluorescence induction kinetics (Kautsky curves) showed
a typical polyphasic rise pattern between O (the minimum
fluorescence) and P (the maximum fluorescence) during the
first second of illumination (Neubauer and Schreiber, 1987).
The typical Kaustsky curve plotted against a logarithmic time
scale represented different processes of photosynthetic electron
transport (Supplementary Figure S1). According to Strasser
and Strasser (1995) and Guisse et al. (1995), the fluorescence
characterized of several different phases, where the time-specific
steps were labeled as O, K (at ~300ps), J (at ~2ms), I (at
~30ms) and P. Fluorescence intensities at different phases were
noted as F,, F, F, F; and F,. The standardized fluorescence
intensity from the O- to P-phase was calculated as V;=(F—F,)/
(Fa—F,). To assess the donor side activity of PSII, the normalized
variable fluorescence at the K-step relative to the amplitude
of F;—F, (W,) was calculated as W, = (F,—F,)/(F,—F,). To evaluate
the activity of PSII, the maximum quantum yield of PSII (F,/F,,)
was calculated as F,/F,, = (F,—F,)/F,. The acceptor side activity
of PSIL, ie., the probability that a trapped exciton moves an
electron into the electron transport chain beyond Q,~ (¥gr20)
and the quantum yield of electron transport (¢g,) was calculated
as Ygro0 =1-V; and @, =(1-F,/F,) x (1-V)), respectively. The
redox state of inter-photosystem electron carriers and the
acceptor side activity of PSI, i.e., the probability that an electron
moves from reduced Q4 beyond PSI (¢gg;10 ), and the quantum
yield for reduction of the end electron acceptors on the PSI
acceptor side (qg,), were calculated as g0 =1-V; and
Pro=(1-F,/F,) x (1-V}), respectively. All these parameters were
derived from JIP-tests (Strasser and Strasser, 1995; Strasser
et al, 2004). According to the theory of energy fluxes in
biomembranes (Strasser, 1981), the density of the PSII reaction
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center per excited cross section (RC/CSo), the absorbed flux
(ABS), the trapping flux (TRo), the electron transport flux
(ETo), and the dissipated energy flux (DIo) by active reaction
centers were calculated as.
RC/CSo=F, /Fy xVj/ Vg /4xFo,
ABS/RC =4x(Fg —Fo)xFy /(F — Fo)xF,,
TRo/RC=4x(F —Fy)/(F —Fo),
. ETo/RC=4x(F —Fo)x(Fn—F)/(F —Fo)xF,
an

DIo/RC = ABS/RC—TRo/RC.

P700 Measurements and Analyses

As suggested by Klughammer and Schreiber (1994), the P700*
signal measured with the dual-wavelength (830/875nm) unit
of the instrument was taken as a measure of the redox state
of P700. After 10s exposure to far-red light, a saturation flash
was applied to determine the maximum P700* signal (P,).
The steady-state P700" signal (P) was monitored under actinic
light generated by the instrument at similar PAR levels as the
natural sunlight (~800 pmol photons m~s™"). The 0.8 s saturating
flash of ~10, 000pumol photons m™ s™' was applied to induce
the maximum P700* value (P,’). The effective quantum yield
of PSI (YI) was calculated as (P,’—P)/P,,.

In Pyropia spp., several published papers have demonstrated
that the CET around PSI could account for up to 97.7% of
total electron flow when algal blades suffered from severe
desiccation (Gao and Wang, 2012). This was thus supposed
to be one of the most important alternative electron transport
pathway during exposure to stresses (Gao et al, 2013; Yu
et al., 2018). Accordingly, our present study paid more attention
on the physiological role of CET during the exposure to UVR
and high-CO, induced OA. CET around PSI was evaluated
by the measurement of the re-reduction kinetics of P700*.
After ~10s exposure to far-red light, the applied saturation
flash drives P700" to combine with electrons, and the initial
linear slope of the re-reduction of P700* indicated the
activity of CET.

All measured and calculated parameters are summarised in
Table 1.

Statistical Analyses

In the present study, UVR-induced inhibition for a particular
parameter was calculated as (Ppsr — Ppar + uvr)/Ppar X 100%, where
Ppsr and Ppyr+yyr represent the values of the physiological
parameter for the thalli grown under PAR alone or PAR+UVR,
respectively. UVB-induced inhibition was derived from the
difference in the values between the PAB (PAR+UVA +B) and
PA (PAR+UVA) treatments.

Statistical analyses were performed using SPSS 19.0 (SPSS
Inc., Chicago, IL, United States). The homogeneity of variance
was examined using Levene’s test before all statistical analyses.
One-way ANOVA and t-test were used to establish differences
among treatments. A two-way ANOVA was used to identify
the effects of CO, concentration, light, UV, and their interactions.
Differences were considered to be statistically significant at
p<0.05.

TABLE 1 | Measured and calculated parameters used in this paper.

Parameters Physiological interpretation

Kautsky curves

fluorescence intensity at O, K, J, I, P
phases

V, relative variable fluorescence at time t
normalized variable fluorescence at the
K-step relative to the amplitude of

Fo Fi Fu Fi, Fe

W= (F—Fo/(F)=Fo)

F—F,

FJE, = (FumFo)/F maximum photochemical efficiency of
PSIl

RC/CS, =F./F. xV V4 xF, densﬁy of PSII RC per excited cross
sections

probability that a trapped excition
moves an electron into the electron
transport chain beyond Qa~

quantum yield of electron transport
probability that an electron moves from
reduced Q4 beyond PSI

quantum yield for reduction of the end
electron acceptors on the PSI acceptor
side

absorbed flux by active RCs

trapping flux by active RCs

electron transport flux by active RCs
dissipated energy flux by active RCs

Vero _q_y,
Peo=(1-Fo/Fr) x(1=V))
YRElO  _4q iy

Pro=(1=Fo/Fr) x(1-V)

ABS/RC =4 x (F—Fo) x Fro/(Fy—Fo) x F,
TRJ/RC=4x (F—F)/(F—F.)
ET/RC=4x (F—Fo) x (Fn—F)/(Fy—Fo) x F,
DI/RC=ABS/RC-TR,/RC
P700 measurements

real-time, maximum, and maximum

P, P, Py steady state, absorption signal of
P700*
Yi=(,—PyP, zifle;cst:ve photochemical quantum yield

the activity of cyclic electron transport

P700* re-reduction (CET) around PSI

PSII, photosystem II; PSI, photosystem I; RC, reaction center; CS, cross section.

RESULTS

Under the ambient CO, conditions (low-CQO,), the presence
of UVR significantly inhibited the O,-evolving complex (OEC)
of PSII activities as evidenced by an increase of the variable
fluorescence at the K-step of the Kautsky curve relative to the
amplitude of F—F, (W,; t-test, p <0.05; Figure 1) and a decrease
of the maximum quantum vyield of PSII (F,/F,; t-test, p<0.05;
Figure 2). Furthermore, UVB-induced inhibition of the OEC,
with an amplitude of up to ~24%, was significantly higher
than that induced by UVA (~16%; t-test, p<0.05). In contrast,
the PSII acceptor side activity (1gr20; Figure 3A), quantum
yield of electron transport (@g,; Figure 3B), PSI donor side
activity (¢Yrg10; Figure 3C), and quantum yield for reduction
of PSI acceptor side (@g.; Figure 3D) were significantly increased
by UVR, as shown here by the negative inhibition values
(t-test, p<0.05 for these four parameters). However, under the
low-CO, conditions, the effective quantum yield of PSI showed
no significant change (t-test, p=0.487; Figure 4) between PAR
and PAR+UVR treatments, indicating that PSI activity was
less affected by UVR. However, an increase in the re-reduction
rate of P700" showed that UVR significantly stimulated the
activity of CET around PSI, especially in the presence of UVB,
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FIGURE 1 | Values (a.u., left pair of bars) and UVR-induced inhibition

(%, right two pairs of bars) on the O,-evolving complex (OEC) activity (the
normalized variable fluorescence at the K-step relative to the amplitude of
F,—F,, W) of Pyropia yezoensis growing for 9days at low (~400 patm, open
bars) and high (~1000 patm, closed bars) CO, conditions. Data are

means +SD (n=3). The symbol “*” indicates a significant (p <0.05, t-tests)
difference between the treatments in each pair.
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FIGURE 2 | Values (a.u., left pair of bars) and UVR-induced inhibition

(%, right two pairs of bars) of PSII photochemical efficiency (F./F.,) of

P, yezoensis growing for 9days at low (~400 patm, open bars) and high
(~1000 patm, closed bars) CO, conditions. Data are means+SD (n=3). The
symbols “*” indicates a significant (p <0.05, t-tests) difference between the
treatments in each pair.

with increasing amplitude by up to ~17% (~7% for UVA
and ~10% for UVB, respectively; t-test, p<0.05 for both UVA
and UVB treatments; Figure 5). Due to the fact that CET
relates to electron transport rate in both PSII and PSI [as it
could be calcultated by the difference between ETRI and ETRII
(Yamori et al., 2011; Gao and Wang, 2012)], the asynchronous
variation between PSI activity and CET was mainly attributed
to the decrease of PSII photochemical efficiency. The active
CET thus compensates for the loss of linear electron transport
rate, maintaining a high efficiency of generating ATP. Analyses
of the specific energy fluxes of PSII showed that UVR significantly

inhibited the density of PSII reaction centers (RC/CSo), the
absorbed photon flux (ABS), the trapping photon flux (TRo)
and the electron transport flux (ETo; t-test, p<0.05 for these
four parameters), while there was an up-regulation of the
dissipated energy flux (Dlo; t-test, p<0.05; Figure 6).

In the future-simulated high-CO, conditions, leading also
to ocean acidification (OA), PAR alone did not induce any
significant changes in W, and F,/F,, (t-test, p=0.378 and 0.523,
respectively; Figures 1, 2), indicating that both OEC and PSII
were unaffected. The enhancements of gryo (Figure 3A),
@g, (Figure 3B), ipgjo (Figure 3C), and ¢, (Figure 3D)
suggested that more electrons were transferred through the
intersystem electron carriers under OA (t-test, p<0.05 for these
four parameters). Regarding the downstream electron transport
chain, YI (Figure 4) and re-reduction rate of P700* (Figure 5)
increased by up to ~11% and ~23%, respectively, implying an
up-regulation in PSI and CET (t-test, p<0.05 for these two
parameters). Changes of the specific energy fluxes of PSII
indicated the efficiency of active PSII reaction centers were
enhanced by OA (t-test, p<0.05; Figure 6).

A two-way ANOVA analysis showed that both CO,
concentration, UVR, and their interaction, significantly affected
OEC, PSII, the intersystem electron transport and CET activities,
but not always PSI (Table 2). Under the high CO, condition,
UVR-induced inhibition of both OEC and PSII photochemical
efficiency significantly decreased, with UVA- and UVB-induced
inhibition of OEC decreased from ~15% to ~9%, and from
~24% to ~11%, respectively (¢-test, p<0.05 for both UVA and
UVB treatment); that of PSII by UVA and UVB ranged from
~16% to ~5%, and from ~15% to ~10%, respectively (-test,
p<0.05 for both UVA and UVB treatment; Figures 1, 2).
Although the extent of UVR-induced inhibition on gr:0,
P YRrE10> and @y, exhibited significant differences between
low- and high-CO, conditions (Figure 3), the absolute values
of these parameters were less affected (t-test, p=0.647, 0.548,
0.398 and 0.712 respectively). The significant difference in P700*
re-reduction between low- and high-CO, indicated that there
was a synergistic effect between increased CO,/OA and UVR,
the high-CO, further enhanced CET activity by up to ~4%
and ~5% under the influences of UVA and UVB, respectively
(t-test, p<0.05 for both UVA and UVB treatment; Table 2,
Figure 5). In PSII, UVR-induced inhibition on the density of
PSII reaction centers (RC/CSo), the absorbed photon flux (ABS),
the trapping photon flux (TRo), and the electron transport
flux (ETo) was alleviated by the high-CO, treatment (t-test,
p<0.05 for both UVA and UVB treatment; Figure 6). Meanwhile,
UVR-induced up-regulation of dissipated energy flux (DIo)
was further enhanced under the high-CO,/OA condition (t-
test, p<0.05 for both UVA and UVB treatment; Figure 6).

DISCUSSION

Our results suggest that in the red algae P. yezoensis (Ueda)
M. S. Hwang and H. G. Choi, future elevated CO, and ocean
acidification (OA) can alleviate both UVB- and UVA-induced
inhibition on PSII by modulating the synergy between PSII
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FIGURE 6 | Variations in the density of the PSII reaction centers per excited
cross section (RC/CSo) and the specific energy fluxes [the absorbed flux
(ABS/RC), the trapping flux (TRo/RC), the electron transport flux (ETo/RC),
and the dissipated energy flux (Dlo/RC)] of R yezoensis growing for 9days.
LC and HC stand for low (~400 patm) and high (~1000 patm) CO, conditions,
respectively. P, PA, and PAB stand for PAR only, PAR+UVA, and

PAR +UVA + UVB, respectively.

speculated to be responsible for the observed asymmetric
responses between photoinhibition and growth.

Under the influence of UVR, the deactivation of OEC would
lower the efficiency of water splitting, and thus the excess
excitation energy would also result in an accumulation of ROS,
as well as P680* (Turcsanyi and Vass, 2000; Tyystjarvi, 2008).
These oxidized components can damage the D1 protein and
lead to PSII photoinhibition (Zsiros et al., 2006). Our present
study suggested that UVR inhibited the catalytic manganese
cluster of the water-oxidizing complex, which has also been
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FIGURE 7 | Schematic representation of the coordination in P yezoensis
photosynthetic electron transport when exposed to PAR-only (A), or to

PAR +UVR under low-CO, (B) or high-CO, (C) concentrations. The green
area indicates a normal state, the dark blue areas indicated a more severe
inhibition, the light blue indicates a moderate inhibition, the orange area
indicates an up-regulation, and the gray areas represent the unmeasured
sites. Black arrows indicate linear electron transport flow, the colored arrows
CET around PSI and the orange/red arrows indicate the up-regulation of CET.

shown in other photosynthetic organisms (Vass et al,, 1996;
Turcsanyi and Vass, 2000). Such damages are correlated with
decreased O, evolution in the tested species of Pyropia
(Supplementary Table S1, Figueroa et al., 1997; Aguilera et al.,
1999, 2008). Nevertheless, such photoinhibition could lower
electron transport from PSII to PSI and thus protect the
intersystem electron carriers and PSI from over-reduction and
alleviating PSI from photoinhibition (Figures 4, 5, 7C; as
suggested also by Larosa et al., 2018).

In view of the impacts of increased CO, and OA, a number
of previous studies have shown that high CO,/OA treatments
did benefit O, evolution and carbon assimilation in Pyropia
spp. (Supplementary Table S2, Gao et al., 1991; Mercado et al.,

Frontiers in Plant Science | www.frontiersin.org

September 2021 | Volume 12 | Article 726538


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Zhang et al.

OA Alleviates Inhibitions of UVR

TABLE 2 | Two-way ANOVA for the effects of CO, (~400 and ~ 1,000 patm) and irradiance quality photosynthetically active radiation (PAR, PAR+UVA and
PAR +UVA + UVB) on the OEC activity (W,), photosystem Il (PSIl) photochemical efficiency (F./F), intersystem electron transport efficiencies ( ¥ero0, Peo. WRE10) Pro)s

photosystem | (PSI) activity (YI) and CET activity (P700* re-reduction).

Irradiance quality CO, Irradiance quality x CO,

F P p F p
OEC activity (W) 45.06 <0.001 12.89 0.004 5.72 0.018
PSII photochemical 354.51 <0.001 21.52 0.001 5.38 0.021
efficiency (F./Fr)
PSII acceptor side 3217 <0.001 34.66 <0.001 8.73 0.005
activity (Yer20)
Quantum yield of 7.33 0.008 49.49 <0.001 4.90 0.028
electron transport (¢go)
PSI donor side activity 79.26 <0.001 13.24 0.003 5.28 0.023
(¥re10)
Quantum vyield for 5.58 0.019 26.87 <0.001 4.39 0.037
reduction of PSI
acceptor side (@ro)
Effective quantum 1.94 0.186 2212 0.001 0.70 0.515
yield of PSI (Y1)
CET activity (P700* 23.46 <0.001 146.14 <0.001 4.63 0.032

re-reduction)

1999; Chen et al.,, 2016, 2017; Zhang et al., 2020). Our results
showed here that both OEC and PSII of P. yezoensis were less
affected under PAR-only conditions, with PSI and CET being
significantly up-regulated (Figures 4, 5). In contrast to the
donor side photoinhibition induced by UVR, high-light induced
photoinhibition is usually related to the over-reduction of
intersystem electron carriers (Vass et al., 2005; Tyystjarvi, 2008).
In the present work, the enhancement of CET would work
as an alternative electron flow sink, together with the oxidized
PSI, promoting the intersystem electron carriers to become
oxidized, as reflected in negative inhibition (i.e., enhancement;
Figure 3). Moreover, the up-regulated CET could also regulate
the energy balance by consuming NADPH and generating ATP;
NADP* can also accept more electrons transferred from PSII
and then oxidize the intersystem electron carriers (as suggested
by Bukhov and Carpentier, 2004; Rumeau et al., 2007; Gao
and Wang, 2012; Yu et al., 2018), thus contributing to the
supply of energy for carboxylation.

The interactive effects of UVR and CO, enrichment have
been previously reported to be species-specific and UV-intensity-
dependent (Gordillo et al, 2015; Ji and Gao, 2020 and
references therein). A moderate UVR exposure amplified the
positive effects of CO, and OA on the red coralline algae
Corallina officinalis under low PAR (Yildiz et al., 2013), while
the synergistic effect of incident solar UVR and OA resulted
in a decrease in both photosynthesis and calcification of the
coralline algae Corallina sessilis (Gao and Zheng, 2010). In
P yezoensis, our results suggested that the increased CO,
and associated OA alleviated UVR-induced inhibition of the
photosynthetic processes. Under the high-CO, conditions, the
up-regulation of CET would generate a higher trans-thylakoid
proton gradient (ApH), which increase NPQ and could produce
ATP for carbon assimilation. Moreover, the higher ApH-induced
acidification of the lumen could also drive a Ca**/H* antiport
to sequester Ca’ into the lumen (Krieger and Weis, 1993;

Ettinger et al, 1999), and thus aid in maintaining OEC
stability, as reflected by our data showing alleviation of
UVR-induced OEC inhibition by high CO, treatments
(Figure 1). Accordingly, OEC inhibition-induced photo-
oxidative damage was significantly decreased, as evidenced
by the increase of PSII photochemical efficiency (Figure 2),
as well as the enhancement of the efficiency of the active
PSII reaction center (Figure 6). Similar response was also
observed in a tropical tree species (Huang et al., 2016) and
marine angiosperm (Tan et al., 2020).

As mentioned above, the elevated DIC/CO, in seawater can
down-regulate the CCMs, which is also true for P. yezoensis
(Li et al, 2016). However, little attention has been paid to
the effects of high PAR/UVR as well as its combined effects
with high CO,-induced OA. According to several published
papers, high PAR/UVR affects the CCMs in different ways,
and the effect is species-specific and light intensity dependent.
For example, UVR enhanced the activity of extracellular carbonic
anhydrase in Skeletonema costatum and thus enhanced its CCM
(Wu and Gao, 2009), while a short-term exposure to UVR
did not affect the inorganic carbon acquisition in Dunaliella
tertiolecta (Beardall et al, 2002). Considering the fact that
inorganic carbon acquisition is the prerequisite for carbon
assimilation, which is the main photosynthetic electron sink,
investigations of CCMs under high PAR/UVR and high CO,
are expected in future studies.

Under natural conditions in sea-farming areas, macroalgae
experience low pH and high CO, during the early morning
period due to respiratory CO, release at night. Our results
imply that the red algae P yezoensis can take advantage of
the concomitant changes in the pCO, and pH to cope with
increasing UV exposure following sunrise. In addition, progressive
OA associated with CO, rise could positively enhance the alga’s
photosynthesis and growth even under the influences of UVR,
owing to the modulated synergy between PSII and PSL
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Climate warming and eutrophication caused by anthropogenic activities strongly affect
aquatic ecosystems. Submerged macrophytes usually play a key role in shallow lakes
and can maintain a stable clear state. It is extremely important to study the effects
of climate warming and eutrophication on the growth of submerged macrophytes in
shallow lakes. However, the responses of submerged macrophytes to climate warming
and eutrophication are still controversial. Additionally, the understanding of the main
pathways impacting submerged macrophytes remains to be clarified. In addition, the
influence of seasonality on the growth responses of submerged macrophytes to climate
warming and eutrophication requires further elucidation. In this study, we conducted a
series of mesocosm experiments with four replicates across four seasons to study the
effects of rising temperature and nutrient enrichment on the biomass of two submerged
macrophytes, Potamogeton crispus and Elodea canadensis. Our results demonstrated
the seasonality and species specificity of plant biomass under the influence of climate
warming and eutrophication, as well as the main explanatory factors in each season.
Consistent with the seasonal results, the overall results showed that E. canadensis
biomass was directly increased by rising temperature rather than by nutrient enrichment.
Conversely, the overall results showed that R crispus biomass was indirectly reduced by
phosphorus enrichment via the strengthening of competition among primary producers.
Distinct physiological and morphological traits may induce species-specific responses of
submerged macrophytes to climate warming and eutrophication, indicating that further
research should take interspecies differences into account.

Keywords: climate warming, eutrophication, submerged macrophyte, Potamogeton crispus, Elodea canadensis

Frontiers in Plant Science | www.frontiersin.org 31

October 2021 | Volume 12 | Article 678259


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.678259
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.678259&domain=pdf&date_stamp=2021-10-01
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yanpeng.cai@gdut.edu.cn
https://doi.org/10.3389/fpls.2021.678259
https://www.frontiersin.org/articles/10.3389/fpls.2021.678259/full

Wu et al.

Warming and Eutrophication Impact Plants

INTRODUCTION

Because of anthropogenic activities, rapid changes, such as
climate change and pollution have exerted strong stress on
aquatic ecosystems globally (IPCC, 2014; Steffen et al., 2015).
Climate warming resulting from accelerated urbanization has
increased the water temperature of the hydrosphere over recent
decades, and it is expected to continue to increase over this
century (IPCC, 2014). On the other hand, the rapid development
of agriculture and industrialization has led to massive inputs of
nutrients, especially nitrogen (N) and phosphorus (P), in aquatic
environments (Tilman et al., 2001). It has been suggested that
the alteration of temperature and nutrient availability will change
the ecosystem structure and thereafter threaten the ecological
functioning of shallow lakes (Liboriussen et al., 2005; Ozkan
et al., 2010; Kosten et al., 2012; Hao et al., 2020). Submerged
macrophytes are an important component in aquatic ecosystems
and usually play a vital role in the ecological functioning of
shallow lakes (Jeppesen et al., 2012; Hao et al., 2017). It is well-
known that submerged macrophytes can maintain clear water by
regulating nutrient retention and cycling in aquatic ecosystems
(Jeppesen et al., 2012; Wu et al.,, 2021).

However, the growth of submerged macrophytes is sensitive
to climate warming and eutrophication. Increasing temperatures
within an optimal range can usually enhance the activity of
enzymes and, therefore, promote photosynthesis in submerged
macrophytes (Olesen and Madsen, 2000; Riis et al, 2012).
Simultaneously, rising temperatures can accelerate dissimilation
processes, such as respiration and senescence, and when
dissimilation overtakes assimilation, a decline in the biomass of
submerged macrophytes occurs (Lee et al., 2007; Hao et al., 2018).
Although submerged macrophytes can take up N and P from
the water column, satisfy metabolic demand, and stimulate plant
growth (Elser et al., 2007; Kaldy, 2014), excessive nutrient loading
in water may lead to algal blooms and then shift clear water to a
stable turbid state; ultimately, competition with phytoplankton
may induce the degradation of macrophytes (Jeppesen et al.,
2012; Zhang et al, 2020). Indeed, both climate change and
eutrophication usually arise simultaneously in natural systems
(Cross et al., 2015). Previous studies have suggested that climate
warming and eutrophication can interact to affect the biomass of
aquatic plants (Cross et al., 2015; Zhang et al., 2020), while several
studies have argued that the effects of temperature and nutrients
on the growth of submerged macrophytes are not synergistic
(Kaldy, 2014; Trochine et al., 2014). Thus, the effects of climate
warming and eutrophication on the biomass of submerged
macrophytes remain to be clarified.

Climate warming and eutrophication can directly affect
the growth of submerged macrophytes. For example, Zhang
et al. (2016, 2019) found that temperature and nutrient
availability could significantly affect the growth of submerged
macrophytes by altering individual ecological stoichiometry.
However, Hao et al. (2018) and Jones et al. (2002) suggested
that temperature and nutrients might regulate the growth
of submerged macrophytes through the indirect pathway by
which rising temperature and nutrient enrichment could induce
environmental stress and then cause a decline in the biomass

of submerged macrophytes. Furthermore, rising temperature
and nutrient enrichment could change abiotic variables, such as
dissolved oxygen (DO) and pH, and, thus, influence submerged
macrophytes, because DO is necessary for respiration, and
pH can determine the availability of inorganic carbon (C) for
submerged macrophytes (Jones et al., 2002; Zhang et al., 2015;
Diilger et al, 2017; Hao et al, 2020). On the other hand,
temperature and nutrients could affect submerged macrophytes
through effects on biotic variables, such as the biomass of
phytoplankton, periphyton, and zooplankton, since stress from
the same trophic level and higher trophic levels may threaten
the growth of submerged macrophytes (Jones et al, 2002;
Ventura et al., 2008; Hao et al., 2018; Matsuzaki et al., 2018;
Yuan and Pollard, 2018). Previous studies have been commonly
limited to either direct pathways or indirect pathways but have
failed to determine the main pathway impacting the growth of
submerged macrophytes, as well as the relative contributions of
biotic and abiotic variables to the variation in the biomass of
submerged macrophytes.

Taking the life history of an organism into account,
seasonality may play a key role in the growth of submerged
macrophytes under the influence of rising temperature and
nutrient enrichment (Staehr and Sand-Jensen, 2006; Trochine
et al, 2014; Zhang et al, 2019; Fu et al, 2020; Hao et al.,
2020). For example, Riis et al. (2012) suggested that some
submerged macrophyte species were controlled by high summer
temperatures rather than low winter temperatures. Hao et al.
(2020) found that low temperatures and lower light availability
in winter created a harsh environment for primary producers
and stressed changes in explanatory variables. However, the
experimental cycle in similar studies has usually lasted only
dozens of days or one season (Olesen and Madsen, 2000; Riis
et al, 2012; Velthuis et al., 2017; Hao et al., 2018; Zhang
et al., 2020), which has precluded observation of the response
of submerged macrophytes to rising temperature and nutrient
enrichment based on the seasonal scale, as well as determination
of the main explanatory variables in each season.

Here, we established four mesocosm experiments in
four seasons to study the effects of climate warming and
eutrophication on the growth of submerged macrophytes at the
seasonal scale. Two nutrient levels (enriched and unenriched)
varied with three temperature scenarios (ambient, IPCC A2, and
A2 + 50%) were applied to our mesocosm system. To better
simulate the natural system and seasonality, the temperature
gradient was set up on the basis of ambient temperature, and the
increment in modeled temperature above ambient temperature
in each season was different following IPCC climate scenario
A2; therefore, the dynamics of modeled temperature varied with
the ambient temperature in each season. Two dominant species
of submerged macrophytes colonized naturally in most of the
unenriched tanks, namely, Potamogeton crispus and Elodea
canadensis, were selected as target species for our experiment.
P. crispus is a Euro-Asiatic species, while E. canadensis originated
from North America and has developed into the most common
invasive species in Europe (Nichols and Shaw, 1986; Bolduan
et al., 1994; Pilon et al., 2003; de Winton et al., 2009; Hussner,
2012; Riis et al,, 2012; Wang et al., 2013; Zhang et al,, 2015). Life

Frontiers in Plant Science | www.frontiersin.org

32

October 2021 | Volume 12 | Article 678259


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Wu et al.

Warming and Eutrophication Impact Plants

+0O000@
000
D00+ @0
0> O

Mesocosm

D=19m

T

A

0.3m

Water

' Groundwater

| — ]

FIGURE 1 | (A) Diagram of the experimental design, (B) the experimental plant materials, (C) the mesocosm tank equipped with a flow-through system, and (D) the
plastic pot planted with two individual plants, based on Liboriussen et al. (2005) and Trochine et al. (2014). The experimental design includes 24 tanks with two
nutrient levels, unenriched (no symbol) and enriched (+ symbol), and three temperature scenarios, ambient (white), warming (gray), and enhanced warming (black).
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history and morphological structure are conspicuously distinct
between P. crispus and E. canadensis (Nichols and Shaw, 1986;
Hao et al., 2020). Specifically, P. crispus has a thick branching
stem accompanied with sparse strip leaves, while E. canadensis
has a thin branching stem accompanied by dense whorled
leaves (Figure 1). Additionally, P. crispus germinates in winter
and blooms in summer, whereas E. canadensis grows faster in
summer and spreads in autumn. Both two species have the
same growth form (elodeid) and are equivalent competitors
possess multiple adaptations, such as rapid propagation ability,
opportunistic nature for nutrient acquisition, high tolerance
for low temperature, high photosynthetic efficiency, which
allow them to maintain stable coexistence in various regions
(Nichols and Shaw, 1986; Vestergaard and Sand-Jensen, 2000;
Burson et al., 2019). We hypothesized that the biomass of
submerged macrophytes would be directly and indirectly
affected by elevated temperature and nutrient enrichment,
and that seasonality would contribute to the variance in plant
biomass to a certain extent.

MATERIALS AND METHODS

Mesocosm Establishment

A mesocosm system, including 24 experimental tanks (Figure 1;
diameter: 1.9 m, water depth: 1m), was set up in a lowland
valley in Central Jutland, Denmark (56° 14'N, 9°31'E) and
has been running continuously since August 2003 (Liboriussen
et al., 2005). These mesocosms simulate natural shallow lake
ecosystems and have been used to study the long-term impacts
of climate warming and eutrophication. Each tank was equipped
with a flow-through system that automatically adds tap water
and removes excess surface water. An experimental design
consisting of three temperature scenarios and two nutrient
levels (four replicates for each treatment) was applied to the
mesocosm system. Briefly, eight tanks were heated according to
IPCC climate scenario A2 (warming), eight tanks were heated
according to A2 4 50% (enhanced warming), and eight tanks
were unheated (ambient) and used as a reference. The IPCC
climate scenarios A2 and A2 + 50% were formulated based on
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regional downscaling (over five 25km x 25km grid cells) to
the region and applied as the low- and high-warming scenarios,
respectively. According to the IPCC, warming was calculated as
the average air temperature increase in one particular month
with respect to a reference period (1961-1990) and the modeled
temperatures in the same month from 2071 to 2100 (Liboriussen
et al., 2005). Additionally, climate scenario A2 takes seasonal
variation into account, and the modeled temperatures are 2.74,
3.84, 3.76, and 2.76°C higher than the ambient temperatures in
May, August, November, and February, respectively. Although
IPCC scenarios are based on air temperature, water temperature
is used as a surrogate for air temperature in our study, because
air and water temperature have tended to be linearly correlated
in many previous studies (Liboriussen et al., 2005; Caissie, 2006;
Lietal., 2016). In fact, projected changes in aquatic environments
under climate change conditions have been based on the strong
correlation between water and air temperature, especially for
small non-groundwater-dominated water bodies (Caissie, 2006).
To mimic eutrophication, Ca(NO3); and Na,HPO, solutions
were added to 12 tanks weekly, maintaining a constant loading
of 538 mg N and 54 mg P per tank each week. The other 12 tanks
were treated as references, receiving nutrient input only from the
tap water and remaining in an unenriched state (51-71 ug N L™}
and 2-20 pg PL71).

Experimental Design
This study was performed with the mesocosm system described
above (Figurel). The mesocosm system has been running
continuously for 15 years before the initiation of our experiment,
ensuring the reliability of the experiment, because the aquatic
organisms in the mesocosm system may have evolved and
adapted to the current conditions. To examine the effects of
climate warming and eutrophication on the growth of submerged
macrophytes, shoots of P. crispus and E. canadensis (Figure 1)
were collected from the mesocosm system to conduct the
experiment. For the purpose of distinguishing the effect of
seasonality, four independent sub-experiments were conducted
in May (spring), August (summer), November (autumn), and
February (winter), and each sub-experiment lasted for 3 weeks.
The process for each sub-experiment was as follows: each
shoot for a particular species was collected from the same stock
plant to ensure the same growth stage, thoroughly rinsed to
remove the surficial attachment, and weighed to ensure the same
initial biomass (£0.05g). One P. crispus and one E. canadensis
were planted together in the same plastic pot and filled with
sediment collected from the same mud and thereafter covered
with a layer of 2-cm pure sand to prevent nutrient exchange
between the sediment and the surface water (Figure 1). A plastic
net was fixed around the edge of the plastic pot to protect
the plants and associated epiphytic algae from snail herbivory.
Subsequently, each plastic pot was randomly transferred to one
tank and hung in the center of the tank at a depth of 25cm. In
all, 24 plastic pots planted with two kinds of shoots were hung in
24 tanks, corresponding to three temperature scenarios and two
nutrient levels (four replicates for each treatment) (Figure 1).

Sampling and Parameter Detection

The entire plant was harvested from the tank for each submerged
macrophyte, and the sediment was carefully removed in situ.
Approximately 1L of surface water was sampled from each tank
before plant collection. All the samples were taken back to the
laboratory for further examination.

All the biotic parameters were measured in the laboratory.
Initially, each individual was rinsed thoroughly with distilled
water, and the rinsing water was collected to examine periphyton
attached to the surface of the leaves. Next, each whole plant
was dried with absorbent paper and weighed to determine fresh
biomass. Subsequently, each plant sample was flattened and
placed under a lens, and a digital photograph was taken. After
that, the photographs were scanned using the ImageJ software,
and the scanned areas were multiplied by 2 to estimate the
surface areas of the plant leaves. In addition, each rinsing water
sample was adjusted to a volume of 1,000 ml and filtered through
a GF/C filter membrane (0.45um; Whatman, Maidstone,
United Kingdom), and the residue in the filter was placed in a 10-
ml 95% ethanol solution to extract photosynthetic pigments and
measure chlorophyll a (Chl-a) content via a spectrophotometer
(UV-1800; Shimadzu, Jena, Germany). Consequently, periphyton
Chl-a was estimated as the mass of Chl-a per leaf area of
each plant (ug/cmz) (Hao et al,, 2020). Similarly, each acquired
500-ml surface water sample was filtered and extracted, and
then phytoplankton Chl-a was measured. The identification
and enumeration of zooplankton were performed under an
inverted microscope.

Several abiotic environmental factors, such as water
temperature (Temp), DO, electrical conductivity, and pH,
were determined in situ using a water quality meter (YSI 6920;
YSI Inc., Yellow Springs, OH, United States) before sampling,
while the concentrations of total nitrogen (TN) and total
phosphorus (TP) in water were determined using a UV-visible
spectrophotometer (UV-1800; Shimadzu, Jena, Germany) in
the laboratory.

Statistical Analysis

After the normality and homoscedasticity of the data were
confirmed by the Shapiro-Wilk test, two-way ANOVA and
post-hoc tests were performed to examine the effects of
temperature and nutrients, and their interactions on the
biomass of submerged macrophyte during each season. In
addition, the Scheirer-Ray-Hare test was performed to examine
the responses of environmental variables to temperature and
nutrients. Thereafter, the pairwise Wilcoxon rank-sum test
with Bonferroni-Holm adjustment was performed for post-hoc
pairwise comparisons. In addition, the main factors explaining
the variance in plant biomass in each season were analyzed by
redundancy analysis (RDA). After Spearman correlation analysis,
a structural equation model (SEM) was used to explore the
direct and indirect pathways by which temperature and nutrients
affected the growth of submerged macrophytes. The Shapiro—
Wilk test, two-way ANOVA, and Spearman correlation analysis
were performed with SPSS (Version 20.0; SPSS Inc., Chicago,
IL, United States), while the Scheirer-Ray-Hare test, pairwise
Wilcoxon rank-sum test, and RDA were performed in R (version
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3.6.1) with the rcompanion and vegan packages. SEM was
performed with AMOS (Version 21.0, IBM SPSS Amos; SPSS
Inc., Chicago, IL, United States).

RESULTS

Responses of Plant Biomass to

Temperature and Nutrients in Each Season
According to the results of two-way ANOVA, significant effects
of temperature could be observed on E. canadensis biomass in
spring (p = 0.012), summer (p = 0.001), and autumn (p =
0.043), and on P. crispus biomass only in spring (p = 0.034). On
the other hand, the only significant effect of nutrients occurred
on P. crispus biomass in autumn (p = 0.043). Furthermore, the
interaction of temperature and nutrients significantly affected
E. canadensis biomass in spring (p = 0.012), whereas neither
temperature nor nutrients significantly affected the biomass of
either species in winter.

Our results showed that the biomass of P. crispus decreased
in the warming scenario, most significantly in the enhanced-
warming scenario in spring, but that the responses of P. crispus
biomass to the temperature gradients were ambiguous in
other seasons (Figure2). In contrast, E. canadensis biomass
significantly increased in the warming scenario, especially in
the enhanced-warming scenario, in most seasons except winter
(Figure 2). In summer and autumn, E. canadensis biomass
increased significantly with temperature across the two nutrient
levels (Figure2). Based on the nutrient levels, P. crispus
biomass showed a decreasing tendency under the effect of
nutrient enrichment in most seasons except in winter, as was
especially evident with the significant decline that occurred
in the warming scenario in autumn (Figure 2). Despite the
significantly higher biomass of E. canadensis in enriched relative
to unenriched conditions in the enhanced-warming scenario
in spring, nutrients generally had little effect on E. canadensis
biomass in most cases (Figure 2).

Responses of Environmental Factors to

Temperature and Nutrients in Each Season

The temperature gradients and levels of nutrients, including TN
and TP, clearly fit the experimental design well (Figure 3). Of
several abiotic environmental factors, DO showed a decreasing
tendency with increasing temperature in summer and autumn; in
particular, there was a significant difference between the ambient
and enhanced-warming scenarios (Figure 3). In contrast, the
variation in pH might have been affected by nutrient enrichment,
as higher pH was observed in enriched treatments in each season,
most significantly in winter (Figure 3).

Although some results with strong variability seemed
statistically unsupported, it was clear that the biotic
environmental factors, including the biomass of zooplankton,
phytoplankton, and periphyton, were generally higher in the
enriched group than in the unenriched group on the basis
of nutrient level; in particular, a significant increase in each
biotic variable in the enriched treatment was found in summer
(Figure 4). Furthermore, an opposing tendency was apparent

between phytoplankton and periphyton; for example, the
increase in phytoplankton was accompanied by a decline in
periphyton in spring and summer and vice versa in autumn
and winter (Figure 4). Despite the significantly higher biomass
of periphyton on E. canadensis in the ambient than in the
enhanced-warming scenario in summer, and the tendency
of zooplankton to decrease with increasing temperature in
enriched tanks, the overall trends of biotic variables in response
to temperature remained ambiguous (Figure4). Specifically,
intense declines in the biomass of zooplankton, phytoplankton,
and periphyton were observed in winter relative to their levels in
the other seasons (Figure 4).

Key Environmental Factors Affecting Plant

Biomass in Each Season

The RDA revealed the main explanatory factors contributing
to the variance in submerged macrophyte biomass in each
season except winter (Figure5). In particular, temperature
and DO were significant factors explaining 11 and 8%,
respectively, of the variance (adjusted R2?) in spring; the
former was positively correlated with E. canadensis, while the
latter was positively correlated with P. crispus. Despite the
nonsignificant contribution (3%) to the variance in spring,
phytoplankton showed a notable negative correlation with
P. crispus. Additionally, temperature and DO were both
significant explanatory variables accounting for 22 and 16%,
respectively, of the variance in summer. Moreover, a significant
contribution (7%) by zooplankton to the variance and a positive
relationship with P. crispus biomass could be observed in
summer. In autumn, TP was the only significant explanatory
factor, accounting for 10% of the variance, while temperature
exhibited a noticeable contribution (4%) to the variance, and
both of them were positively correlated with E. canadensis
but negatively correlated with P. crispus. Unfortunately, no
significant explanatory factor could be found in winter.

Pathways by Which Temperature and

Nutrients Affect Plant Biomass

Based on the results of the Spearman correlation analysis, the
variables that were significantly correlated with each other were
selected to run the SEM. Here, the experimental treatments,
including temperature, TN, and TP, were selected as promising
explanatory factors; environmental variables, including abiotic
and biotic factors, were selected as intermediate factors; and
biomass values of submerged macrophytes were selected as the
target variables. Consequently, the comparative fit index (CFI)
value = 0.9 indicated that the final model was acceptable. The R?
values were 0.21 and 0.39 for P. crispus biomass and E. canadensis
biomass, respectively, implying a considerable contribution of
other factors to variation in the target variables (Figure 6).

The results of the SEM analysis illustrated the direct and
indirect pathways by which temperature and nutrients affected
the biomass of submerged macrophytes (Figure6). It was
clear that temperature exerted a significant direct impact on
E. canadensis biomass (0.63) and abiotic variables such as DO
(—0.63) and pH (0.8) but not on P. crispus biomass or most
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FIGURE 2 | The biomass (mean + SE) of submerged macrophytes at different levels of temperature and nutrients in each season. Different letters indicate significant
differences (p < 0.05) among the three temperature scenarios. The asterisks above the bars indicate significant differences (o < 0.05) between the two nutrient levels.

of the biotic variables such as phytoplankton, periphyton, and
zooplankton (Figure 6). Although there was alittle direct effect of
nutrients on plant biomass, we found that TN could significantly
and directly increase abiotic variables, including DO (0.17) and
pH (0.33), while TP could significantly and directly increase
biotic variables, including the biomass of phytoplankton (0.85),
the biomass of periphyton on P. crispus (0.86), and biomass of
periphyton on E. canadensis (0.52) (Figure 6). When the direct
and indirect effects were combined into total effects, we found
that E. canadensis biomass was strongly increased by rising
temperature directly (Figure 6, Table 1). In contrast, P. crispus
biomass was reduced directly by phytoplankton and periphyton
and indirectly by TP but was increased directly by zooplankton
(Figure 6, Table 1). Moreover, a positive relationship between
zooplankton and periphyton and a negative relationship between
phytoplankton and periphyton were demonstrated by the SEM
(Figure 6).

DISCUSSION

Even though there were only four replications, our study
compiled alarge number of samples and demonstrated noticeable
seasonality and species specificity in the growth of submerged

macrophytes and in the variation of environmental factors under
the influence of climate warming and nutrient enrichment,
consistent with previous studies (Stachr and Sand-Jensen, 2006;
Trochine et al., 2014; Zhang et al., 2019; Fu et al., 2020; Hao
et al.,, 2020). Here, a significant negative effect of temperature
on plant growth was observed only in P. crispus in spring,
while a significant positive effect of temperature on plant
growth appeared in E. canadensis in each season except winter
(Figure 2). Moreover, a significant increase in E. canadensis
biomass occurred with nutrient enrichment coupled with the
enhanced-warming scenario in spring, indicating that the
interaction of climate warming and nutrient enrichment only
increased E. canadensis growth during spring (Figure 2). Similar
results could be observed for several abiotic and biotic variables.
For example, DO declined with increasing temperature in all the
seasons except winter (Figure 3). In addition, the responses of
sestonic and epiphytic algal biomass to nutrient enrichment were
significant only in summer (Figure 4). The seasonality of plant
biomass and environmental variables imply that the effects of
climate warming and eutrophication on the aquatic ecosystems
were sensitive to season.

Although the main factors affecting the growth of submerged
macrophytes varied among seasons, the effects of temperature
were sustained across the four seasons, suggesting the vital role
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climate warming played in the growth of submerged macrophytes
(Figure 5). Such a strengthening effect of climate warming on the
growth of E. Canadensis may be attributed to the stimulation of
plant metabolism by high temperature, which is consistent with
findings for the same species in previous studies (Olesen and
Madsen, 2000; Riis et al., 2012; Zhang et al., 2015) and prevalent
in many kinds of submerged macrophytes, such as Callitriche
cophocarpa, Zostera marina, Elodea nuttallii, Vallisneria spiralis,
and Potamogeton lucens (Olesen and Madsen, 2000; Kaldy, 2014;

Zhang et al.,, 2019). In contrast, the restraining effect of high
temperature on P. crispus during its growing season agrees with
the results of a similar experiment conducted by Hao et al.
(2018) in China and suggests that warming might accelerate
the life cycle of P. crispus and increase respiration more than
production, ultimately causing a decline in plant biomass during
the growing period (Lee et al., 2007; Zhang et al., 2016; Hao
et al., 2018). It is well-known that rising temperatures could
significantly decrease DO concentrations in water because of
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enhanced oxygen consumption by intensive respiration from
plant metabolism or from decomposition (Veraart et al., 2011;
Zhang et al, 2015; Hao et al, 2020). A significant negative
response of DO to rising temperature is confirmed in our
study (Figures 3, 6). The positive effect of DO on P. crispus
in spring and summer (Figure5) might be ascribed to the
high demand for oxygen for enhanced respiration. Considering
that the abundance of phytoplankton and zooplankton rose

sharply in spring and summer (Figure 3), the negative effect
of phytoplankton and the positive effect of zooplankton on P.
crispus biomass were not surprising (Figures 5, 6). Interestingly,
in summer, the DO in enriched tanks in the enhanced-warming
scenario was lowest (Figure 3), and concomitant lower P. crispus
biomass and all biotic variables, but higher E. canadensis biomass
could be found (Figures2, 4). This phenomenon probably
provides speculation on how the two species and their ecosystems
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FIGURE 6 | Structural equation model (SEM) showing the direct and indirect pathways by which temperature and nutrients affected the biomass of P, crispus (A) and
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indicate significant (p < 0.05) or marginally significant (p < 0.1) effects, and dashed lines indicate non-significant effects. Numbers adjacent to the lines are
standardized path coefficients, analogous to relative regression weights and indicative of the effect sizes of the corresponding relationships. The thickness of the
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values and denote the proportions of submerged macrophyte biomass explained by these parameters. Overall goodness-of-fit tests (CFls) are shown at the bottom of
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TABLE 1 | Standardized total, direct, and indirect effects of environmental factors on the biomass of submerged macrophytes in the SEM diagram.

P. crispus E. canadensis
Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect

Temp. 0.027 0.112 0.139 0.626 —-0.072 0.554

™ - 0.045 0.045 0.126 —0.067 0.059

TP 0.134 —-0.377 —0.243 - —0.186 —0.186
DO - 0.014 0.014 - —0.064 —0.064
pH 0.128 - 0.128 —0.170 - —0.170
Zooplankton 0.341 - 0.341 —0.105 - —0.105
Phytoplankton —0.429 0.133 —0.295 —0.190 0.079 -0.112
Periphyton —0.258 0.112 —0.146 —0.145 —0.029 -0.174

Direct effects are equal to the standardized path coefficients presented in Figure 6. Indirect effects refer to the mathematical products of all possible paths. Total effects are the sums
of direct and indiirect effects. Temp., temperature; TN, total nitrogen in water; TR, total phosphorus in water; DO, dissolved oxygen.

would vary in a scenario where temperature rises dramatically
with consequent hypoxia and eutrophication.

However, the decline in microorganisms in cold seasons,
namely, autumn and winter, may diminish the influence of biotic
factors on submerged macrophytes, and the main contribution
may be replaced by those of abiotic factors such as temperature
or nutrients (Menge and Sutherland, 1987; Hao et al., 2020). In
our study, the decline in P. crispus in the enriched treatment
(Figure 2) in autumn was mainly induced by TP enrichment
(Figure 5). The N:P ratio has been successfully used to predict

the nature of community nutrient limitation in multiple aquatic
ecosystems (Koerselman and Meuleman, 1996). In this study,
an average N:P ratio below 6.1 indicated P overloading rather
than P limitation for the plants (Wang et al., 2013). The supply
of additional P at low P concentrations was conducive to the
photosynthesis of P. crispus, while a high P concentration might
negatively impact photosynthesis because of an imbalance in
nutrient supply (Majerowicz and Kerbauy, 2002; Wang et al.,
2013). Low P supply has been found to promote plant starch
synthesis, leading to the release of inorganic P into the cytoplasm
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from sugar-binding materials and maintenance of a constant
cytoplasmic inorganic P concentration (Franco-Zorrilla et al.,
2005). However, increasing water P levels might result in a
lower capacity for starch synthesis in P. crispus and, thus, reduce
inorganic P release into the cytoplasm (Wang et al, 2013).
Owing to reduced solar radiation and persistent ice cover, winter
is usually characterized by low temperature and limited light
availability, which creates an unfavorable habitat for aquatic
primary producers (Gustina and Hoffmann, 2000; Hao et al,
2020). Therefore, the lower ambient temperature (average 1.5°C
in February vs. 16.8°C in August) and continuous ice cover on
most of the experimental tanks in winter in our study would be
expected to result in a great decline in plankton and periphyton
(Figures 3, 4). This may help explain why the environmental
factors showed no significant effects accounting for the variance
in plant biomass during winter, despite the apparent influence of
temperature (Figure 5).

When variation from the four seasons was synthesized,
the overall biomass of E. canadensis was positively affected
primarily by temperature rather than nutrients, consistent with
the results at the seasonal scale (Figures5, 6, Table 1). This
result is unsurprising because the optimum temperature range
for photosynthesis of submerged macrophytes is between 25
and 35°C when reviewing data across a series of submerged
macrophyte species (Santamaria and van Vierssen, 1997). It
has been widely confirmed that rising temperatures could
enhance the growth of multiple aquatic plant species within their
favorable temperature ranges (Madsen and Brix, 1997; Kaldy,
2014; Velthuis et al., 2017; Zhang et al., 2019). Aquatic plants
can acclimate to thermal variation by phenotypic modifications
of physiology and morphology (Barko et al., 1982; Madsen and
Brix, 1997; Olesen and Madsen, 2000; Pilon and Santamaria,
2002; Zhang et al,, 2015). For example, Olesen and Madsen
(2000) and Riis et al. (2012) found that the relative growth rate
and photosynthetic capacity of E. canadensis were enhanced by
high temperatures. In addition, Pilon and Santamaria (2002)
and Zhang et al. (2015) observed that the competitive traits
of Potamogeton pectinatus and E. canadensis, such as leaf area,
stem length, and root:shoot ratio, increased with increasing
temperature, thereby promoting the growth and biomass of
whole plants.

According to the hypothesis of temperature-plant physiology
and enhanced nutrient-use efficiency (Reich and Oleksyn, 2004;
An et al,, 2005; De Senerpont Domis et al,, 2014), elevated
temperature would lead to an increased plant C:N ratio. As the
temperature increases, on the one hand, aquatic plants invest
fewer nutrients per mass of carbon to produce proteins to sustain
biochemical reactions (Zhang et al., 2016, 2019). On the other
hand, aquatic plants grow longer and accumulate additional
biomass to develop their competitive capacity in response to
rising temperatures, thereby diluting plant N and P contents
(Velthuis et al.,, 2017; Zhang et al., 2020). In this study, the
pH varied from 7 to 10 (Figure 3), which indicates that the
major C source for the submerged macrophytes was bicarbonate
(HCO3) (Maberly and Gontero, 2017; Zhang et al., 2020).
Previous experiments conducted in the same mesocosm system
have reported that the alkalinity in each tank was always above 1

meq L~! (Ventura et al., 2008; Zhang et al., 2015), signifying that
the growth of E. canadensis is probably not limited by inorganic
C availability (Vestergaard and Sand-Jensen, 2000; Zhang et al.,
2019). Furthermore, nutrient enrichment compensated for the
nutrient dilution effect, which was reflected by the interaction
effect of rising temperature and nutrient enrichment on the
growth of E. canadensis in spring (Figure 2).

For P. crispus, based on direct pathways, the overall variation
in plant biomass was primarily affected by biotic factors
rather than abiotic factors; meanwhile, based on the indirect
pathways, it was primarily affected by P enrichment rather
than temperature (Figure 6, Table 1). Numerous studies have
revealed tight linkages among plankton, periphyton, and plants
in aquatic ecosystems (Jones et al, 2002; Gyllstrom et al,
2005; Ventura et al., 2008; Ozkan et al., 2010; Trochine et al.,
2014; Hao et al, 2018, 2020; Matsuzaki et al., 2018; Yuan
and Pollard, 2018; Zhang et al., 2020). The significant negative
relationships between phytoplankton, periphyton, and plants
in our study (Figure 6) indicate an intense direct competition
among epiphytes, sestonic producers, and macrophytes, which
is prevalent across the findings of a variety of studies (Jones
et al., 2002; Ventura et al., 2008; Ozkan et al., 2010; Trochine
et al., 2014; Hao et al., 2020; Zhang et al., 2020). Phytoplankton,
periphyton, and submerged macrophytes differ in their uptake
of nutrients. Algae can take up nutrients from the water column
even more efficiently than aquatic plants (Zhang et al., 2020).
Similarly, free-floating algae can gain access to available nutrients
in the water column more easily than adherent algae, which are
constrained by the effects of the shape and boundary layer of
biofilm (Trochine et al., 2014). In addition, the layer formed by
epiphytes acts as a physical barrier to material exchange between
plants and the aquatic environment (Jones et al., 2002; Ventura
et al., 2008). Consequently, the flourishing of algae resulting
from N and P enrichment would aggravate the competition
for inorganic C acquisition among primary producers, thereby
leading to C starvation of submerged macrophytes (Jones et al.,
2002; Ventura et al, 2008; Diilger et al., 2017; Zhang et al.,
2020). In addition, the increasing concentration of HCO; due
to the elevated water pH reduced the availability of inorganic C
for submerged macrophytes, because the utilization of HCO3
incurred considerable physiological costs (Jones et al.,, 2002;
Diilger et al., 2017). In addition to the C source, the requirement
for light availability often shapes the intense competition among
primary producers (Jones et al., 2002; Hao et al., 2018; Matsuzaki
et al,, 2018; Zhang et al., 2020). It has been explained that the
increased abundance of epiphytes and sestonic and filamentous
algae due to nutrient enrichment can restrict light availability
through shading, thereby leading to the loss of submerged
macrophytes (Phillips et al., 1978; Hao et al., 2018; Matsuzaki
etal., 2018). Based on the annual scale, the probable fundamental
cause for the decrease in the biomass of P. crispus in our
study was external nutrient addition (through competition
with increasing algae) rather than rising temperature (Figure 6,
Table 1), which agrees with the results of multiple studies
(Ventura et al., 2008).

Not only primary producers but also trophic cascades,
including top-down and bottom-up control, could affect the
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growth of submerged macrophytes (Jones et al., 2002; Ventura
et al, 2008; Hao et al., 2018; Matsuzaki et al., 2018; Yuan
and Pollard, 2018). In fact, nutrient enrichment significantly
fueled the boom of algae initially, periphyton then significantly
stimulated the development of zooplankton, and zooplankton
significantly promoted the growth of P. crispus eventually.
These sequential linkages in our experiment (Figure 6) indicate
that cascading trophic effects had an impact on P. crispus
through bottom-up control rather than top-down control. Of the
zooplankton species in our mesocosm system, many copepods
are carnivores or omnivores, while cladocerans and rotifers
are grazers that feed on algae (Ventura et al., 2008; Matsuzaki
et al, 2018). Carpenter et al. (2001) suggested that bottom-
up control in primary production was stronger in lakes with
three trophic levels than in lakes with the presence of a fourth
trophic level. In addition, Costanza et al. (1993) and Frank et al.
(2007) suggested that a shallow depth and temperate climate
could promote the dominance of bottom-up control in lakes by
accelerating efficient nutrient cycling. Specifically, the edibility
of the phytoplankton, as measured by the proportions of edible
and inedible algae (usually represented by cyanobacteria) within
the phytoplankton assemblage, could determine the importance
of bottom-up linkages (Gyllstrom et al., 2005; Matsuzaki et al.,
2018; Yuan and Pollard, 2018). It has been demonstrated that
the lack of highly unsaturated fatty acids in cyanobacteria, large
size and accompanying gelatinous sheaths of cyanobacterial
colonies, and toxins produced by cyanobacteria can threaten
the growth of grazers (Wilson et al., 2006; Bednarska and
Dawidowicz, 2007; Persson et al., 2007; Yuan and Pollard, 2018).
Findings of previous studies have suggested that the dominance
of cyanobacteria can be enhanced either by nutrient enrichment
or rising temperature, which exerted stress on the bottom-up
linkage and ultimately reduced the growth of aquatic plants
(Gyllstrom et al., 2005; Kosten et al., 2012; Trochine et al., 2014;
Matsuzaki et al., 2018; Schaum et al., 2018; Yuan and Pollard,
2018). In this study, phytoplankton growth was limited by P
loading instead of N loading, and zooplankton was significantly
increased by periphyton rather than by phytoplankton, implying
that the assemblage of phytoplankton might be primarily
composed of N-fixing cyanobacteria; therefore, the edibility of
algae has shaped the herbivory strategy of grazers (Figure 6).
On the other hand, the decline in zooplankton abundance with
increasing temperature in the enriched mesocosms (Figure 4)
might be ascribed to the increasing proportion of inedible algae.
Thus, both nutrient enrichment and elevated temperature might
result in the decline of P. crispus biomass by weakening bottom-
up control, and this nonsignificant but visible interaction effect
of nutrient enrichment and warming on the growth of P. crispus
was present in autumn (Figure 2).

Although both E. canadensis and P. crispus are considered
tolerant species that are, to some extent, capable of enduring
alteration in nutrient loading and temperature (Riis et al,
2012; Zhang et al., 2015, 2016), their performance in response
to nutrient enrichment and the rising temperature was
conspicuously different in our study (Figure2). There are
three possible explanations for these discrepancies in their
behaviors in response to climate warming and eutrophication.

First, distinguishing aspects of specific lifecycles may result in
differences in tolerance to elevated temperature. E. canadensis
belongs to the Hydrocharitaceae family (de Winton et al., 2009;
Hussner, 2012; Riis et al., 2012), grows faster in summer,
and spreads in autumn, implying that elevated temperature
would prolong the growing season and thereafter promote the
productivity of E. Canadensis (Zhang et al., 2015; Hao et al,
2020). In contrast to E. canadensis, P. crispus usually germinates
in winter, is more tolerant to colder temperatures, and thrives
better at low temperatures (Bolduan et al., 1994; Pilon et al., 2003;
Wang et al., 2013; Zhang et al., 2015). Second, the morphological
complexity of submerged macrophytes can determine the
underwater availability of light. Hao et al. (2017) compared
the shading effects of several submerged macrophytes featuring
morphological complexity gradients and found increasing
underwater light attenuation with decreasing morphological
complexity. Stronger light attenuation could induce lower light
availability, thereby decreasing photosynthesis. P. crispus exhibits
a simpler morphological complexity than E. canadensis (Hao
etal., 2020). Thus, the middle and bottom leaves of P. crispus may
experience low light availability and be sensitive to the turbidity
induced by nutrient enrichment. Such a shading effect leading
to the decreased survival of P. crispus has been demonstrated in
a previous study (Hao et al., 2018). Third, the ability to utilize
HCO;5 efficiently may lead to superiority in competition for
inorganic C sources. It has been verified that the mechanism
by which Elodea and Potamogeton utilize HCO; relies on leaf
surface polarity. That is, HCO5is converted into CO; in the
cell walls and boundary layer by the activity of HT pumps
located at the plasmalemmas of the lower cells of Elodea and
Potamogeton, and released CO, subsequently diffuses into cells
(Prins et al., 1982; Madsen et al., 1998). Therefore, E. canadensis,
which possesses a higher leaf number and wider leaf surface area,
may be able to take up HCO3 more efficiently than P. crispus.
In addition, Sand-Jensen (1983) found that the photosynthetic
rate of P. crispus was reduced by increasing pH, which could be
attributed to the increasing capacity to buffer the efflux of H.

CONCLUSION

Taking into account the structuring role of submerged
macrophytes in shallow lake ecosystems, it is of great importance
to predict the response of submerged macrophytes to climate
warming coupled with eutrophication (Jeppesen et al., 2012).
In this study, we found that submerged macrophyte biomass
showed noticeable seasonality and species specificity in response
to climate warming and eutrophication. Additionally, the main
explanatory variables accounting for the biomass of submerged
macrophytes differed in each season. In addition, a significant
interaction effect of temperature and nutrients on the growth
of plants only occurred in rare cases. Based on the annual scale,
the overall results showed a direct positive effect of temperature
rather than nutrient concentrations on E. canadensis biomass,
which was consistent with the seasonal results. However, the
overall results showed that P enrichment negatively affected
P. crispus biomass indirectly by altering the biotic environmental
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factors, specifically by strengthening the competition among
primary producers. Interestingly, we found that the growth
of P. crispus was positively affected by a trophic cascade
through bottom-up control rather than top-down control.
In summary, it can be speculated that continuous climate
warming and eutrophication would cause a transition in aquatic
plant communities in shallow lakes through selection effects.
Species-specific responses of submerged macrophytes to climate
warming and eutrophication may be ascribed to their distinct
physiological and morphological traits. These conclusions are
drawn based on just four experimental replicates. We suggest
that further research on the response of submerged vegetation in
shallow lakes to climate warming and eutrophication should be
conducted from the perspective of the population.
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Seawater acidification and nutrient alteration are two dominant environmental factors in
coastal environments that influence the dynamics and succession of marine microalgae.
However, the impacts of their combination have seldom been recorded. A simulated
experimental system was set up to mimic the effects of elevated acidification on a bloom-
forming dinoflagellate, Karenia mikimotoi, exposed to different nutrient conditions, and the
possible mechanism was discussed. The results showed that acidification at different pH
levels of 7.6 or 7.4 significantly influenced microalgal growth (p <0.05) compared with the
control at pH 8.0. Mitochondria, the key sites of aerobic respiration and energy production,
were impaired in a pH-dependent manner, and a simultaneous alteration of reactive oxygen
species (ROS) production occurred. Cytochrome ¢ oxidase (COX) and citrate synthase (CS),
two mitochondrial metabolism-related enzymes, were actively induced with acidification
exposure, suggesting the involvement of the mitochondrial pathway in coping with acidification.
Moreover, different nutrient statuses indicated by various N:P ratios of 7:1 (N limitation) and
52:1 (P limitation) dramatically altered the impacts of acidification compared with those
exposed to an N:P ratio of 17:1 (control), microalgal growth at pH 7.4 was obviously
accelerated with the elevation of the nutrient ratio compared to that at pH 8.1 (p<0.05), and
nutrient limitations seemed beneficial for growth in acidifying conditions. The production of
alkaline phosphatase (AP) and acid phosphatase (AcP), an effective index indicating the
microalgal growth status, significantly increased at the same time (p<0.05), which further
supported this speculation. However, nitrate reductase (NR) was slightly inhibited. Hemolytic
toxin production showed an obvious increase as the N:P ratio increased when exposed to
acidification. Taken together, mitochondrial metabolism was suspected to be involved in the
process of coping with acidification, and nutrient alterations, especially P limitation, could
effectively alleviate the negative impacts induced by acidification. The obtained results might
be a possible explanation for the competitive fitness of K. mikimotoi during bloom development.

Keywords: seawater acidification, nutrient alteration, mitochondrial metabolism, hemolytic activity, Karenia
mikimotoi

Frontiers in Plant Science | www.frontiersin.org 46

October 2021 | Volume 12 | Article 739159


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.739159﻿&domain=pdf&date_stamp=2021-10-21
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.739159
https://creativecommons.org/licenses/by/4.0/
mailto:1071253114@qq.com
https://doi.org/10.3389/fpls.2021.739159
https://www.frontiersin.org/articles/10.3389/fpls.2021.739159/full
https://www.frontiersin.org/articles/10.3389/fpls.2021.739159/full
https://www.frontiersin.org/articles/10.3389/fpls.2021.739159/full
https://www.frontiersin.org/articles/10.3389/fpls.2021.739159/full

Liuetal.

Physiological and Toxic Changes in K. mikimotoi

INTRODUCTION

Phytoplankton are the dominant primary producers and bases
of marine ecosystems. However, the mass occurrence of
microalgal species, especially those with toxic secondary
metabolites (phycotoxins), harmful algal bloom (HAB) species,
impair socioeconomic interests and human health in coastal
regions worldwide and thus have aroused worldwide concern
(Hallegraeff, 2003). Both suddenly massive occurrence and algal
toxins production are mostly the result of complex interactions
between environmental changes community processes (Wohlrab
et al., 2020). It has been reported that the frequency and scale
of HABs have steadily increased in scenarios of global changes
(Nielsen et al., 2012; Wells et al., 2015; Gobler et al., 2017),
including stimulated by seawater acidification (Riebesell et al.,
2018; Wells et al, 2019) and related variations in nutrients
(Wells et al.,, 2015; Zheng et al., 2016).

Generally, seawater acidification is said to affect the physiology
of some HAB species by having consequences related to growth
and toxin production (Wells et al., 2015; Brandenburg et al.,
2019). Whether changes in physiological performance can lead
to the expansion of HAB species under seawater acidification
depends on how they affect the competitive fitness of HAB
species over that of other coexisting species (Riebesell et al.,
2018). Seawater acidification could directly affect the carbon
acquisition of HAB species, for example, the CCM of dinoflagellate
was downregulated under enhanced pCO, conditions, which
could in turn result in energy reallocation from C-acquisition
to other cellular processes (Bercel and Kranz, 2019; Van de
Waal et al., 2019). Bercel and Kranz (2019) found that rising
pCO, levels could result in increased toxicity of Karenia brevis
blooms. Similarly, acidification may benefit the HAB-forming
ichthyotoxic raphidophyte Heterosigma akashiwo (Nimer et al.,
1997), which was easier to obtain competitive advantage than
coexisting species. Therefore, increased in bloom occurrence
in a future ocean may specifically benefit from seawater
acidification (Van de Waal et al., 2013; Eberlein et al., 2014).

The concentrations of nitrogen (N) and phosphorus (P),
as the most essential and frequent limiting nutrients, will
influence the population dynamics and physiology of harmful
algae at the species level (Glibert et al,, 2006). Not only the
contents but also their ratios (N:P) play essential roles in this
process (Guan and Li, 2017), but how these changes influence
the competitive success of HABs will depend in large part
on their influence on nutrient uptake. In addition, it is commonly
accepted that nutrient imbalance is one of the main driving
forces involved in microalgal succession through toxin
production (Glibert et al., 2018), and its effect is species-
specific for different HAB groups (Fu et al., 2010; Radan and
Cochlan, 2018; Wang et al., 2019b). For instance, N and P
limitation of growth rate substantially increases brevetoxins
in K. brevis blooms (Hardison et al., 2014). In fact, as a
driver, nutrient availability was also proven to be helpful in
modulating the impacts induced by seawater acidification (Sett
et al., 2014; Taucher et al., 2015). Previous studies have shown
that with the simultaneous intensification of acidification and
nutrients, the cell growth of Prorocentrum donghaiense was

significantly accelerated, that is, dinoflagellate was more adaptive
than diatom (Zheng et al., 2016). In addition, some investigations
in temperate regions reported that the responses of plankton
communities to seawater acidification are most pronounced
under conditions of nutrient limitations (Bach et al., 2016;
Sala et al,, 2016). Very few studies, however, have focused
on the combined effects of seawater acidification and nutrient
limitations on the physiological responses and toxin production
of HAB species (Fu et al., 2010; Sun et al., 2011), despite its
obvious relevance to phytoplankton growth in the present day
and future coastal ocean. This inspires a question: what are
the possible mechanisms of the underlying reason for seawater
acidification altering the functional responses under different
nutrient conditions?

Karenia mikimotoi is a common and representative harmful
algal species in marine ecosystems, that often forms large algal
blooms in the south Atlantic and east coast of United States
and European coasts, especially in Asian areas (Brand et al,
2012; Li et al., 2019). Large-scale HABs occurred almost annually
in the East China Sea from 2002 until now (Sun et al., 2007;
Li et al,, 2017), and the dinoflagellate K. mikimotoi was found
to be one of the causative species (Chen et al., 2021). K. mikimotoi
is evidenced to release toxins which threaten local fisheries
and the health of the food web (Brand et al, 2012; Chen
et al, 2021). At present, numerous studies into the population
dynamics, nutritional characteristics, and toxicological
mechanisms of K. mikimotoi blooms have been carried out
(Sun et al., 2007; Zou et al., 2010; Guan and Li, 2017; Zhao
et al., 2017). However, the ecological processes related to the
formation of K. mikimotoi blooms remain largely unclear, and
it cannot fully explain the mechanism behind this phenomenon.
As global climate change adds new level of instability to complex
marine ecosystems, expansion and intensification trends of
HAB species need to be considered regionally and at the species
level (Hallegraeff et al., 2021).

Increasingly higher atmospheric CO, is predicted in the
near future in addition to the current imbalance of N:P ratios
in coastal areas (Wang et al., 2019a; Tan et al., 2020). How
does K. mikimotoi adapt to complex stress conditions and
become dominant? Will its species dominance continue in
the upcoming scenario? In addition to the series of physiological
changes currently concerned that affect the competitive
adaptability of HAB species, mitochondrial metabolism, as a
multistep pathway that involves matrix- and membrane-
associated enzymes and plays a key role in acclimation to
variable environmental conditions (Leo et al., 2020). However,
seawater acidification is seldom documented (Zheng et al,
2016). The above statements enabled us to perform the
present study based on our previous studies that the
ROS-initiated mitochondrial linked pathway was involved (Sun
et al., 2016, 2017), and the effects of different pH levels
when exposed to various nutrient statuses were analyzed
regarding the physiological responses of K. mikimotoi. The
present study sheds light on elucidating the adaptive strategy
of K. mikimotoi when facing the combination of seawater
acidification and nutrient limitations during the process of
HAB development.
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MATERIALS AND METHODS

Microalgal Cultivation

K. mikimotoi (MEL22) isolated from coastal Pingtan, Fujian
Province and kindly provided to us by Institute of Oceanography,
Chinese Academy of Sciences. Cells were cultured in 0.45-pm
filtered natural seawater, which had been autoclaved (30min,
121°C) and enriched with f/2 medium (Guillard, 1975). All
cultures were incubated at 20+£1°C and illuminated under a
12-h light-dark cycle with radiance of 80 pmol photon m™ s™
provided by cool white fluorescent tubes in a constant temperature
incubator. The pH and salinity were kept constant at 8.10+0.02
and 30+£1.0, respectively. Flasks were manually shaken twice
a day at a set time to avoid cell sedimentation. Cells in the
exponential phase were used in the assays.

Acidifying System Set-Up

The establishment of the acidifying system was based on the
methods of our previous study (Hu et al, 2017; Sun et al,
2017). Three pH levels were evaluated in the present study:
pH 8.1 (present ambient seawater pH, pCO,~390ppm), pH
7.6 (predicted pH in 2100, pCO,% 1,000 ppm), and pH 7.4
(predicted pH in 2300, pCO,~ 2000 ppm), obtained by gentle
bubbling with 0.22-pm filtered ambient air and air/CO, mixtures.
The air/CO, mixtures were generated by plant CO, chambers
(HP400G-D, Ruihua Instrument & Equipment Ltd., Wuhan,
China) with a variation of less than 5%. The pH values and
salinity of the seawater in the flasks were measured by a pH
meter (Seven Compact™ S210k, Mettler Toledo, Switzerland)
and a handheld salinometer (WY028Y, HUARUI, CHN).

Experimental Design

Effects of Seawater Acidification

A control (pH 8.1) and two treatment groups (pH 7.6 and pH
7.4) were used in this experiment. The experiments were conducted
in triplicate in 500-mL sterilized flasks containing 350 mL of medium.
The initial density of K. mikimotoi was 1x10%cells mL™". The
whole experiment lasted for 20 days and was performed in triplicate
for each treatment. Samples were collected 8, 12, and 15days
after exposure for further physiological and biochemical analyses.

Effects of Seawater Acidification With Different
Nutrient Conditions

Microalgae were exposed to a two-factor experimental design
(2x3) with 2 pH levels of 8.1 and 7.4 and 3 nutrient levels
with different N:P ratios, which were 17:1 (close to the Redfield
ratio, as a control), 7:1 (N:P <16:1, as N limitation) and 52:1
(N:P >16:1, as P limitation; Table 1), and NaNO, and
Na,HPO,7H,0O were used to adjust the concentrations of N
and P, respectively. All possible combinations were tested with
the results of 6 treatments. The other conditions were the
same as those in 2.3.1 unless otherwise stated.

Assay of the Microalgal Population
Dynamics

The growth of K. mikimotoi was determined according to the
method described by Deng et al. (2017). The cell density was

TABLE 1 | Seawater acidification and nutrient levels in different groups.

pH level Nutrient level NO,;™-N (umol/L) PO, -P (umol/L) N:P ratios
pH 8.1 Control 35.7 1.45 17:1

N limitation 14.3 1.45 7:1

P limitation 35.7 0.48 52:1
pH7.4 Control 35.7 1.45 17:1

N limitation 14.3 1.45 7:1

P limitation 35.7 0.48 52:1

determined and quantitatively simulated using a logistic equation.
The specific growth rate (1, d™') was calculated and analyzed
by using the following equation (OECD, 2011):

InX;—InX;
ﬂi_j(dfl):i d"
tj—1t

where p;_; represents the average specific growth rate from
time i to j, X; represents the cell density at time I, and X;
represents the cell density at time j.

We evaluated the growth performance of each strain and
regressed the population growth curves using the following
logistic growth model (Zhao et al., 2015):

N,=K/14" (1)

T :% )

where N, (cells ml™) is the algal density at time t, K (cells
mL™) is the carrying capacity, r (d') is the maximum specific
growth rate, and T, is the inflection point of population
growth curve.

Transmission Electron Microscopy
Observation

On the 8th and 15th days after exposure, 50 mL microalgal
medium was sampled from the control and acidification-treated
groups and centrifuged at 3000r/min. Then, the collected
microalgal cells were fixed on ice with 3.5% glutaraldehyde
in phosphate-buffered saline (PBS; 0.1molL™", pH 7.2). The
treated samples were kept at 4°C overnight in fixative liquid
and washed 3 times with the same solution. Then, the cells
were dehydrated sequentially in graded concentrations of ethanol
based on the methods of Zhu et al. (1983), preparing the
slides in triplicate. A Hitachi H-7000 (Japan) TEM was utilized
to observe the ultrastructure of the algal samples.

Determination of the ROS Levels

The ROS levels were detected by using 2'7'-dichlorofluorescein
diacetate (DCFH-DA, Sigma-Aldrich) as a fluorescent probe.
Briefly, 2mL culture medium in each treatment was sampled
and centrifuged at 3000 r/min. The supernatants were discarded,
and the microalgal cells were resuspended in PBS buffer (pH
7.2). DCFH-DA was added to this suspension to a final
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concentration of 10puM and mixed well. The mixture was
incubated at 20°C in the dark for 30min and washed twice
with PBS (Zhou et al, 2019). The fluorescence value was
detected by flow cytometry (Beckman Coulter Inc., CA,
United States) in the FL1 channel.

Evaluation of Key Enzyme Activities in
Mitochondrial Metabolism

The cytochrome c¢ oxidase (COX) and citrate synthase (CS)
activities were measured as described in Xiao et al. (2019)
with slight modifications. The collected microalgal cells were
homogenized in precooled lysis buffer (4°C) by ultrasonication,
the mitochondrial suspension was extracted by centrifugation
at 60001r/min, and the enzyme activities of COX and CS were
determined by using assay kits (Shanghai Jiemei Gene
Pharmaceutical Technology Co., Ltd.; Shanghai Harling
Biotechnology Co., Ltd.). The results were all expressed in mg
protein/min.

Determination of Nitrate Reductase and
Phosphatase Activities

The measurement methods of nitrate reductase (NR) and
phosphatase, including alkaline phosphatase (AP) and acid
phosphatase (AcP), were conducted as described in Mei et al.
(2013) with slight modifications. Microalgal cells were collected
onto 0.45pm pore size glass fiber filter membranes (GF/F,
Whatman) and homogenized in precooled lysis buffer (4°C)
by the ultrasonic crushing method. The suspension was
extracted by centrifugation at 6,000r/min, and the enzyme
activities of NR, AP, and ACP were determined using the
corresponding assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). The results were all expressed in
mg protein/min.

Determination of Hemolytic Activity

The microalgal culture medium in both the control and
acidification-treated groups was mixed with hemocytes of
the blue mussel Mpytilis edulis according to the method of
Li et al. (2018), and the hemolytic activity was evaluated
based on the hemolysis rate (Caffrey et al., 1986), which
was calculated as:

Hemolysis rate (%)=MX 100%

Co
where C, (cell/ml) denotes the hemocyte density at time ¢
(hour), C, is the initial density of the hemocytes, and t is 24 h.

Statistical Analysis

Data analysis was performed using SPSS v. 24, and the data
are expressed as the means + standard deviation (SD). The
data under every treatment conformed to a normal distribution
(Shapiro-Wilk, p>0.05), and the variances could be considered
equal (Levene’s test, p>0.05). The effect of pH was analyzed
by one-way ANOVA (LSD test). The effects of pH, nutrient
status, and their interactions were analyzed by two-way ANOVA.

Moreover, significant effects of the nutrient levels at each fixed
pH and significant effects of pH at each time point for each
nutrient level were analyzed by one-way ANOVA (LSD test).
A Dbivariate Pearson’s correlation analysis was performed to
analyze the relationship among parameters. For all analyses,
significance was assigned at the p<0.05 level. Figures were
generated using GraphPad Prism 8.0 software.

RESULTS

Influence of Seawater Acidification on

K. mikimotoi

Response of Population Dynamics to Seawater
Acidification

The population growth of K. mikimotoi under different pH
levels is shown in Figure 1A. The cell density increased
over time in all treatment groups and took 20days for the
population to reach the stationary phase. The results of the
specific growth rate (Figure 1B) showed that on the 8th
day after exposure, pH 7.4 conditions promoted the growth

20
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0o 2 4 6 § 10 12 14 16 18 20
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FIGURE 1 | The changes of population dynamics of K. mikimotoi when
exposed to different pH levels. (A) Cell density; (B) Specific growth rate. Data
are presented as means + SD. Different lowercase letters indicate significant
differences between the treatment and the control at each time point (p < 0.05).
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TABLE 2 | Regressions of the logistic model on K. mikimotoi population growth
when exposed to seawater acidification conditions.

Group K (x10* cells mL™") r(d) Tp (d7)
pH 8.1 15.883 0.49325 14.7
pH 7.6 16.983 0.50351 13.6
pH 7.4 15.125 0.46908 13.8

of microalgae (f=6.755; p=0.045), but with time, compared
with the pH 8.1, the pH 7.6 condition still significantly
promoted the growth of the microalgae, whereas the pH
7.4 condition significantly decreased the growth rate on the
15th day after exposure (f=12.237; p=0.025). Acidification
affected the growth of K. mikimotoi to a certain extent.
We calculated the regressed parameters with a logistic model
to quantify the growth dynamics in different treatments
(Table 2). Based on the calculated Logistic parameters, the
carrying capacity (K, reflecting the growth potential of algae)
as well as the maximum instantaneous growth rate (r) in
the pH 7.6 group was higher than those in the pH 8.1 and
pH 7.4 group. These results suggested that K. mikimotoi could
grow well under pH 7.6 condition.

Effects of Seawater Acidification on the

K. mikimotoi Cellular Ultrastructure

Transmission electron microscopy images (Figure 2) showed
that the mitochondria of K. mikimotoi cells in the pH 8.1 and
pH 7.6 groups on the 8th day after exposure maintained a
normal ultrastructure with intact bilayer membranes and
abundant cristae (Figures 2A,C). Compared with the pH 8.1
group, obvious damage to the mitochondria of K. mikimotoi
was observed in the pH 7.4 group, which was mainly manifested
as the loss of mitochondrial inclusions, damage to the bilayer
membrane, and blurring of the internal cristae (Figure 2E).
On the 15th day after exposure, the mitochondrial membrane
structure of the pH 8.1 and pH 7.6 groups remained intact
(Figures 2B,D). Under pH 7.4 exposure, the mitochondrial
membrane structures of K. mikimotoi were basically intact,
and a few ridges had developed, showing a certain degree of
recovery (Figure 2F).

Effects of Seawater Acidification on Mitochondrial
Metabolism-Related Enzyme Activities

We further explored the effect of pH on mitochondrial function
by measuring the activities of key mitochondrial metabolism-
related enzymes (Figure 3). On the timeline, an increasing
trend in COX and CS activities of all treatments was observed
from day 8 to day 15 (Figures 3A,B). Exposure to pH 7.6
caused increases in the activities of COX and CS, which
reached a maximum on day 15 and was significantly higher
than that in the pH 8.1 group (f=64.125; p=0.0013 in COX;
f=5.725; p=0.047). On the 8th and 12th days, exposure to
pH 7.4 inhibited the activities of the two key enzymes to
some extent; however, their activities were still higher than
that in the pH 8.1group on the 15th day (f=27.567; p=0.006 in
COX; f=12.237; p=0.025). During the entire exposure period,

the interactive effects of pH and N/P were recorded for COX
and CS activities (Table 2).

Effects of Seawater Acidification on ROS
Production

Overall, ROS levels in K. mikimotoi cells increased in a
pH-dependent manner, and the highest ROS content was always
found in the pH 7.4 group at any set time, especially on the
8th day after exposure, which was significantly higher than
that in either the pH 8.1 or the pH 7.6 group (f=29.133;
p=0.000). With the extension of time, the ROS level gradually
decreased and stabilized on the 12th and 15th days. The assay
results indicated that ROS levels in K. mikimotoi could
be increased by acidification.

Influence of Seawater Acidification on

K. mikimotoi When Exposed to Different
Nutrient Statuses

Response of Population Dynamics to Seawater
Acidification With Different Nutrient Statuses
Figure 4A showed variations of K. mikimotoi densities exposed
to the combination of different pH and nutrient status with
time. The population growth was significantly promoted by
pH 7.4 with the different nutrient status, and the P limitation
exhibited more increased population growth. The results of
the specific growth rate (Figure 1B) showed that on the
8th day after exposure, only pH 8.1 with P limitation promoted
the growth of microalgae (f=21.827; p=0.009). With the
extension of time, pH 7.4 with different nutrient levels
showed significant (f=530.72; p=0.000) positive effects on
the population growth of K. mikimotoi by stimulating cell
division, and the highest growth rate was found in the pH
7.4 group with P limitation on the 12th day after exposure,
which was significantly higher than that in either the control
or N limitation groups (f=6.644; p=0.041). Specific growth
rate were significantly affected by pH, nutrient status, and
their interactions during the whole experiment (Table 3).
We used a logistic model to calculate the regressed parameters
(Table 4). Of all the treatments, pH 7.4 with three nutrient
status (control, N limitation, and P limitation) showed high
K values, whereas microalgae grew most slowly under pH
8.1 with N limitation conditions. In addition, pH 7.4 both
with control and P limitation groups showed high r values
and long Tp, suggesting possible high total biomass
accumulation because of the long growth period. The results
indicated that the algal growth of K. mikimotoi was
promoted significantly by acidification under different
nutrient statuses.

Effects of Seawater Acidification With Different

Nutrient Statuses on Nutrient Absorption Capacity
The activities of AP in each treatment group increased with
time (Figure 5A) and reached a peak on the 15th day after
exposure, with the highest point at pH 7.4 with P limitation.
The activity of ACP (Figure 5B) showed a similar trend, but
the peak value occurred on the 12th day. The activities of AP
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FIGURE 2 | Ultrastructural changes in K. mikimotoi cells treated with different pH levels. (A,B) Control; (C,D) pH 7.6 treatment; (E,F) pH 7.4 treatment. CW, Chl,
M, MC, and N in each figure denote the cell wall, chloroplast, mitochondria, mitochondrial cristae and nucleus, respectively. The scale of 2pm is indicated at the
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and AcP in K. mikimotoi increased with decreasing phosphate
concentration (Figures 5A,B), and significance (f=18.753;
p=0.012 in ACP; f=2.221; p=0.021, in AP) was found at pH
7.4 compared to the control of pH 8.1. Specifically, the AP
and AcP activities in the P limitation group were much higher

than those in the control at the same pH of 7.4, followed by
the N limitation group. The results indicated that both low
phosphorus and low nitrogen status induced the massive increase
of AP and AcP activities under acidification conditions. AP
activities were significantly affected by nutrient status and their
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interactions at day 12 and dayl5, and ACP activities were
only significantly affected by their interactions at day 12.
On the 8th day after exposure, pH 8.1 with N and P
limitations showed a significant positive effect on NR activities
compared to pH 7.4. With the extension of time (Figure 5C),
the NR activities under N and P limitations were lower than
those in the control on the 12th and 15th days, and there
was no significant change between different pH levels under
the same nutrient status. These results indicated that the effect
of nutrient limitations on the activity of NR was more dramatic
than that of acidification. During the whole experiment, NR
activities showed no interactive significant effect. At day 8 and
day 15, NR activities were significantly affected by pH and
were only affected by nutrient status at day 12 and dayl5.

Effects of Seawater Acidification With Different
Nutrient Statuses on ROS Production

The relative DCF fluorescence demonstrated that the intracellular
ROS level was elevated on the 8th day of exposure in each
treatment group (Figure 6), and the ROS level in the pH 8.1
with N limitation group reached the highest point (f=70.54;

nutrient levels within each pH treatment at each time point (o < 0.05).
Asterisks indicate significant differences between two pH levels within each
nutrient treatment (o < 0.05).

p=0.001). With time, the ROS level decreased and then stabilized
on the 12th and 15th days. In addition, the ROS levels of all
nutrient treatment groups at pH 7.4 were higher than those
at pH 8.1 on the 15th day (f=31.62; p=0.001). It is worth
noting that the N and P limitation groups at pH 7.4 had no
significant difference (f=1.205; p=0.363) in the ROS levels of
K. mikimotoi compared with the control. The ROS levels showed
higher sensitivity to acidification conditions when exposed to
different nutrient statuses. ROS levels were significantly affected
by nutrient status during the whole experiment. Moreover,
interactive effects of pH and nutrient status were observed at
day 8 and day 15 (Table 3).

Toxicity Responses of K. mikimotoi to Seawater
Acidification With Different Nutrient Statuses

In general, the hemolysis rate increased with time (Figure 7)
and reached a peak on the 15th day after exposure, with the
highest point at pH 7.4 with P limitation. Specifically, the
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TABLE 3 | Two-way ANOVA summary on combined effects of seawater acidification (pH) and nutrient status (N/P) on ROS level, AcP activities, AP activities, growth
rate, NR activities, and Hemolysis rate of K. mikimotoi at pH 8.1, 7.6, and 7.4; N/P: 7:1, 17:1 and 52:1.

Parameter ROS AcP AP
df pH N/P pH*N/P N/P pH*N/P pH N/P pH*N/P
1 1 2 1 2 1 1 2
8d F 0.074 6.128 5.500 58.821 31.692 0.732 0.261 3.482 1.145
P 0.790 0.015 0.020 <0.001 <0.001 0.501 0.619 0.064 0.351
12d F 18.956 15.024 2.048 0.224 76.074 46.057 1.165 20.735 17.981
P 0.001 0.001 0.172 0.644 <0.001 <0.001 0.302 <0.001 <0.001
15d F 363.975 58.141 30.917 0.037 16.881 0.000 7.230 15.496 14.736
P <0.001 <0.001 <0.001 0.005 2.156 0.159 0.020 <0.001 0.001
Parameter Growth rate NR Hemolysis
df pH N/P pH*N/P N/P pH*N/P pH N/P pH*N/P
1 1 2 1 2 1 1 2
8d F 88.173 40.934 35.092 11.630 0.964 0.572 88.173 40.934 35.092
P <0.001 <0.001 <0.001 0.005 0.409 0.579 <0.001 <0.001 <0.001
12d F 5.165 23.363 44.941 0.973 10.154 1.590 0.041 4.518 14.266
P 0.042 <0.001 <0.001 0.343 0.003 0.244 0.843 0.034 0.001
156d F 0.365 7.968 156.887 5.976 25,777 2.371 2.7038 19.721 41.455
P 0.557 0.006 <0.001 0.031 <0.001 0.136 0.126 <0.001 <0.001

Significant effects (p < 0.05) are indicated in bold.

TABLE 4 | Regressions of the logistic model on K. mikimotoi population growth
under seawater acidification conditions when exposed to different nutrient
statuses.

Group K (x10* cells mL™") r(d" Tp (d-)
pH 8.1

Control 3.7721 0.4517 5.6

N limitation 2.2478 0.2438 4.7

P limitation 6.0252 0.5088 7.6
pH7.4

Control 15.4849 0.4868 12.3

N limitation 15.5869 0.3630 13.2

P limitation 18.2281 0.5794 12.9

hemolysis rate in the P limitation group was much higher
than that in the N limitation group at the same pH level,
suggesting that K. mikimotoi has more adaptability to low
phosphate conditions. Interestingly, N limitation conditions
inhibited growth but obviously induced hemolytic activity in
K. mikimotoi at pH 8.1. The results showed that compared to
N limitation, P limitation significantly (f=70.541; p=0.001)
enhanced the hemolysis rate in hemocytes of mussels under
acidification conditions. Hemolysis rates were significantly
affected by nutrient status and their interactions during the
whole experiment and were only significantly affected by pH
at day 8 (Table 3).

DISCUSSION

The present study elucidated the impact of acidification on
the population dynamics of K. mikimotoi, and a possible
explanation was proposed from a mitochondrial-metabolic
perspective. In addition, the effects of acidification interacting
with different nutrient statuses were discussed.

Mitochondrial Metabolism Was Speculated
to Alter During the Process of K. mikimotoi
Coping With Seawater Acidification

In the present study, acidification (pH 7.6) promoted a certain
increase in algal growth, but there was no significant stimulating
effect at pH 7.4, and even inhibited the growth of algal to
some extent (p<0.05). There are two possible explanations
for this: First, the cells reallocate intercellular energy for
other metabolic activities (Shi et al., 2015) and reduce it for
cellular division, and second, acidification impairs the cellular
structure (Shi et al., 2009), and this results in a disorder of
cell physiological functions (Rost et al., 2010). Mitochondria
are organelles responsible for energy production that is essential
for cell division and growth (Nunes-Nesi et al., 2014). Energy
synthesis in plant mitochondria originates from a sequential
set of metabolic processes and then undergoes a series of
enzymatic and nonenzymatic reactions to synthesize ATP
via the tricarboxylic acid cycle (TAC) and oxidative
phosphorylation (Jacoby et al., 2012). We measured the
activities of two respiratory enzymes, COX and CS, which
play key roles in TAC and oxidative phosphorylation and
found that pH 7.6 significantly increased their activities
(p<0.05). The activation of these enzymes facilitates ATP
synthesis and increases ATP production (Xiao et al., 2019).
However, pH 7.4 inhibited the activities of COX and CS on
the 8th day, indicating an insufficient supply of ATP, which
might disrupt cell function (Chivasa et al., 2005). The normal
process of cellular biochemical reactions is based on an intact
cellular structure, and interference with enzymatic activities
could be due to mitochondrial structural damage (Xiao et al.,
2019). TEM observations (Figure 2) showed that the
mitochondria in K. mikimotoi cells exhibited normal
morphological structures when exposed to pH 7.6 conditions
(Figure 2C); therefore, the activities of these enzymes were
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FIGURE 7 | Changes in hemolytic activity in K. mikimotoi under seawater

FIGURE 5 | Changes in nutrient absorption-related enzyme activities in

K. mikimotoi under seawater acidification conditions when exposed to
different nutrient levels. (A) AP activity; (B) AcP activity; (C) NR activity. Data
are presented as means +SD. Different lowercase letters indicate significant
differences between three nutrient levels within each pH treatment at each
time point (0 <0.05). Asterisks indicate significant differences between two pH

acidification conditions when exposed to different nutrient levels. Data are
presented as means + SD. Different lowercase letters indicate significant
differences among three nutrient levels within each pH treatment at each time
point (p<0.05). Asterisks indicate significant differences between two pH
levels within each nutrient treatment (o <0.05).

levels within each nutrient treatment (p <0.05).

not negatively affected. However, pH 7.4 destroyed
the mitochondrial ultrastructure, damaging the bilayer
membrane structure and blurring the cristae (Figure 2E).

Therefore, changes in the mitochondrial structure at pH 7.4
may affect key mitochondrial enzyme activities and
ATP synthesis.

Mitochondria are also responsible for ROS overproduction
when aerobic respiration is blocked under stress (Ali et al., 2016;
Zhang et al., 2018). It has been reported that acidification stress
leads to the accumulation of ROS and results in oxidative damage
(Li and Xing, 2011), and we observed similar results in the
present study: pH 7.6 induced a slight increase in ROS levels
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FIGURE 8 | Changes in ROS levels in K. mikimotoi under exposure to
different pH levels. Data are presented as means +SD. Different lowercase
letters indicate significant differences between the treatment and the control
at each time point (p <0.05).

and pH 7.4 stress caused ROS bursts (Figure 8), which is an
important response of K. mikimotoi to acidification exposure
on the 8th day, suggesting that pH 7.4 induces mitochondrial
oxidative stress. The elevated ROS level damaged the mitochondrial
ultrastructure and caused mitochondrial dysfunction in K
mikimotoi, which further aggravated the damage. ROS have also
been shown to have direct inhibitory effects on a variety of
mitochondrial enzymes, including components of the electron
transport chain (Chen et al., 2005; Navrot et al., 2007). In this
study, ROS were found to have a significantly negative correlation
with both COX and CS in all treated groups, and this reached
extreme significance (p<0.01) in the pH 7.4 group (Table 5).
Specifically, Guedouari et al. (2014) found that temporary oxidative
stress is associated with an increase in ROS production, which
may constitute a signal for adaptive strategies.

It was speculated that the enzymes COX and CS, which
are involved in mitochondrial metabolism, are closely related
to physiological adaptability at the individual level (Ren et al,
2010). CS activation drives the TCA cycle toward a more
energetic metabolism and is necessary to respond to the energetic
needs of the cell. Moreover, a significant increase in COX
activity may compensate for the inhibition of mitochondria
(Guedouari et al., 2014). In this study, the concomitant activation
of COX and CS in the pH 7.4 group reflected a shift of the
algal cells toward higher levels of energy production on the
15th day, possibly providing the mitochondrial respiratory chain
with a larger number of electrons. In addition, activating the
key enzymes in mitochondrial metabolism helped to increase
ATP production in the algal cells under acidification conditions
to run some energy consumption adaptation mechanisms,
including activating antioxidant systems to eliminate excessive
ROS (Ali et al, 2016; Zhang et al, 2018), thus alleviating
ROS damage to mitochondria. As stated above, we thus speculated
that mitochondrial metabolism takes part in the active response
of K. mikimotoi to acidification.

TABLE 5 | Pearson’s correlation coefficients between key enzyme activities and
ROS levels in K. mikimotoi treated with seawater acidification.

ROS COX

pH 8.1 COX —-0.983"
CS -0.971~ 0.912™

pH 7.6 COX —-0.524
CS -0.529° 0.992*

pH 7.4 COX —-0.756™
Cs -0.828" 0.993™

“Significant differences at the p<0.05 level.
“Significant differences at the p<0.01 level.

Nutrient Alterations Could Drive the Effects
of Seawater Acidification on K. mikimotoi
We found that a moderate decrease in pH could promote an
increase in algal cell density, but a further decrease in pH
would damage the cellular structure and function. N and P
are the most crucial factors in the growth rate, and algal
density increases with increasing N:P ratios in a certain range
(Li et al., 2014). It is suggested that high nitrogenous nutrient
availability is a prerequisite for K. mikimotoi blooms (Chang
and Carpenter, 1985). In our study, the condition of acidification
with different nutrient statuses significantly increased the
population density of K. mikimotoi. The growth rate of
K. mikimotoi was highly sensitive to acidification driven by
nutrient alteration, especially under P limitation on the 12th
and 15th days (Figure 4). Similar results found that the cell
density and growth rate of Conticribra weissflogii and
Prorocentrum donghaiense were increased when N/P increase
under acidification conditions (Zheng et al., 2016), which was
evidenced that the growth rate was controlled not only by
the pH but also by the ratio of N to P. Two enzymes closely
related to phosphate absorption, AP and AcP, were found to
be actively induced simultaneously, and a relatively clear negative
correlation was found between the enzymatic activity and the
P concentration (Figure 5). This result might be a possible
explanation for the population dynamics observation of the
abovementioned factors and was also consistent with the
following statement: acidification promotes the expression of
phytoplankton phosphorus deficiency signals, thereby facilitating
the absorption and utilization of phosphorus (Ivanci¢ et al.,
2010; Fitzsimons et al., 2020). However, the changes in the
activities of the two phosphatases differed when exposed to
N limitation conditions with acidification. The results showed
that N limitation induced a progressive increase in AP activity
in a time-dependent manner but only a slight increase in AcP
activity on the 12th day (p<0.05). Therefore, both N and P
limitations induced an increase in phosphatase activities in K.
mikimotoi cells under acidification.

Increasing the activity of AP and AcP is one of the
important adaptive strategies of plants to enhance P acquisition
and utilization (Wang et al., 2009). It is reported that K.
mikimotoi grows better as nitrate supplied as the only nitrogen
source (Lei and Lii, 2011). However, the NR characteristics
of different algae are different, which leads to differences in
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TABLE 6 | Pearson’s correlation coefficients among parameters under seawater
acidification conditions when exposed to different nutrient statuses.

ROS AP AcP NR

pH 8.1

ROS

AP -0.539

AcP -0.641" 0.521"

NR -0.278 0.282 0.530"

Hemolysis rate -0.708™" 0.727" 0.3 0.216
pH7.4

ROS

AP -0.745™

AcP -0.610° 0.589"

NR -0.562" 0.172 0.182

Hemolysis rate -0.586" 0.799™ 0.009 0.202

“Significant diifferences at the p<0.05 level.
“Significant differences at the p<0.01 level.

the nitrate utilization efficiency of algae (Berges and Hageman,
1997). In addition, the exact mechanism of nitrate on
K. mikimotoi algal cell metabolism is still unknown. Our
results showed that NR activities in K. mikimotoi induced
by N and P limitations decreased slightly when exposed to
acidification, but the difference between the two nutrient
limitations was not significant. We suspect that in the process
of external nitrate depletion or after exhaustion, K. mikimotoi
utilized intracellular reserves of nitrate to maintain a certain
NR activity under extremely low nitrate levels in the external
environment (Dortch et al., 1979).

Hemolytic toxicity is another effective index indicating
the growth status of K. mikimotoi (Li et al., 2019), which
varies according to the growth stage and nutrient condition
of K. mikimotoi (Lin et al., 2015). Under nutrient-sufficiency
conditions, toxin production is often low, while increased
production is associated with different types of nutrient
limitation stress. The hemocytes of the blue mussel M. edulis
were utilized in the present study to determine the hemolytic
toxicity, which was different from the routine method that
utilizes bovine or rabbit blood cells. We found that the
hemolytic activity was increased in a time- and N:P ratio-
dependent manner (Figure 7), and a significant elevation
was seen under P limitation. These results suggest P limitation
is an important factor regulating cellular toxicity and adverse
impacts. Acidification (pH) and nutrient alteration (N/P)
showed statistically (MANOVA) significant interactive effects
on hemolytic activity (Table 3). The algae cells under high
CO, and P limitation conditions were the most toxic (Figure 7).
Similar results showed that cytotoxicity of Alexandrium
catenella was observed to be significantly increased under
P limitation, while acidification conditions further exacerbated
this toxicity (Tatters et al., 2013). Significantly, the increase
in hemolytic activity is supported by N released within the
cell from protein turnover, which was affected by P limitation,
so that hemolytic cytotoxin synthesis was enhanced. Negative
significance was also observed between hemolytic toxicity
and ROS (p=-0.586* Table 6). Considering the
downregulation of ROS levels over time, we speculated that

more energy produced by mitochondrial metabolism was
allocated to the accumulation of toxic compounds (Jin et al.,
2015), which enhanced the hemolytic activity during exposure
to acidification with different nutrient statuses (Wang et al.,
2019a). These data further explain why K. mikimotoi becomes
the dominant species under red tide conditions by enhancing
its absorption rate of nutrients and its toxicity.

CONCLUSION

Taken together, seawater acidification plays a critical role in
influencing the growth of K. mikimotoi, and mitochondrial
metabolism is involved in the process of coping with acidification.
Nutrient limitations, especially P limitation, could effectively
alleviate the negative impacts induced by acidification, which
is one of the competitive strategies used by K. mikimotoi.
Exposure to acidification with different nutrient statuses would
lead to changes in the secretion of toxins in K. mikimotoi,
which is closely related to the formation of red tides under
natural conditions.
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Photorespiration in eelgrass
(Zostera marina L.): A
photoprotection mechanism for
survival in a CO,-limited world

Billur Celebi-Ergin @*', Richard C. Zimmerman
and Victoria J. Hill

Department of Ocean and Earth Sciences, Old Dominion University, Norfolk, VA, United States

Photorespiration, commonly viewed as a loss in photosynthetic productivity of
C3 plants, is expected to decline with increasing atmospheric CO,, even
though photorespiration plays an important role in the oxidative stress
responses. This study aimed to quantify the role of photorespiration and
alternative photoprotection mechanisms in Zostera marina L. (eelgrass), a
carbon-limited marine C3 plant, in response to ocean acidification. Plants
were grown in controlled outdoor aquaria at different [CO,l,q ranging from ~55
(ambient) to ~2121 uM for 13 months and compared for differences in leaf
photochemistry by simultaneous measurements of O, flux and variable
fluorescence. At ambient [CO,], photosynthesis was carbon limited and the
excess photon absorption was diverted both to photorespiration and non-
photochemical quenching (NPQ). The dynamic range of NPQ regulation in
ambient grown plants, in response to instantaneous changes in [CO;l,q,
suggested considerable tolerance for fluctuating environmental conditions.
However, 60 to 80% of maximum photosynthetic capacity of ambient plants
was diverted to photorespiration resulting in limited carbon fixation. The
photosynthesis to respiration ratio (Pg : Rp) of ambient grown plants
increased 6-fold when measured under high CO, because photorespiration
was virtually suppressed. Plants acclimated to high CO, maintained 4-fold
higher Pg : Rp than ambient grown plants as a result of a 60% reduction in
photorespiration. The O, production efficiency per unit chlorophyll was not
affected by the CO, environment in which the plants were grown. Yet, CO,
enrichment decreased the light level to initiate NPQ activity and
downregulated the biomass specific pigment content by 50% and area
specific pigment content by 30%. Thus, phenotypic acclimation to ocean
carbonation in eelgrass, indicating the coupling between the regulation of
photosynthetic structure and metabolic carbon demands, involved the
downregulation of light harvesting by the photosynthetic apparatus, a
reduction in the role of photorespiration and an increase in the role of NPQ
in photoprotection. The quasi-mechanistic model developed in this study
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permits integration of photosynthetic and morphological acclimation to ocean
carbonation into seagrass productivity models, by adjusting the limits of the
photosynthetic parameters based on substrate availability and
physiological capacity.

KEYWORDS

CO,, non-photochemical quenching, ocean acidification, photorespiration,
photosynthesis, quantum yield, seagrass

Introduction

Photosynthesis and photorespiration are competing
processes due to the bi-functionality of ribulose 1,5-
biphosphate carboxylase/oxygenase (Rubisco) (Spreitzer and
Salvucci, 2002). Since the oxygenation reaction of Rubisco
decreases photosynthetic carbon gain, it has been viewed as an
inefficient legacy of evolution that might be engineered out of
terrestrial plants in a quest for increased productivity (Andrews
and Lorimer, 1978; Somerville, 2001; Xin et al., 2015). Recent
work, however, suggests that Rubisco’s CO,/O, specificity in
different species may approach optimal acclimation to their
gaseous environment in which the plants are grown (Tcherkez
et al,, 2006; Bathellier et al., 2018). More importantly, especially
for carbon-limited seagrasses, photorespiration may serve as an
important metabolic “clutch” to protect the photochemical
pathway at high irradiance (Heber and Krause, 1980; Osmond,
1981; Osmond et al., 1997; Igamberdiev et al., 2001). When the
Calvin Benson cycle is limited by the availability of CO,,
continuation of light reactions over-reduces the thylakoid
electron transport chain and generates O, and reactive oxygen
species (ROS) that potentiates oxidative stress (Voss et al., 2013).
Photorespiration helps to balance the redox state and minimize
the accumulation of ROS by dissipating the excess reducing
equivalents (NADPH) as well as energy (ATP) (Foyer et al,
2009). By recycling the photorespired CO,, photorespiration
may also facilitate carbon assimilation in CO, limited
environments, thereby minimizing photosynthetic
inefficiencies resulting from C-limitation (Busch et al., 2013;
Xin et al.,, 2015).

Photorespiration is often considered to be of minor
importance in aquatic systems as a result of carbon
concentrating mechanisms (CCMs) that facilitate the transport
of HCO;™ and its dehydration by algal pyrenoids that effectively
deliver CO, to Rubisco (Frost-Christensen and Sand-Jensen,
1992; Madsen et al., 1993; Meyer et al., 2017). In today’s oceanic
water (pH ~8.2), 89% of the DIC is in form of HCO;™ and only
0.5% exists as dissolved CO, (Zeebe, 2012). However, not all
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aquatic C; plants have similar efficiencies to use both forms of
DIC for photosynthesis (Raven and Beardall, 2003; Raven et al,
2011; Raven and Beardall, 2014). Additionally, CO, acquisition
by simple diffusion through the leaf surface is more difficult for
submerged plants due to the 10,000-fold lower diffusion rates of
gases in a liquid environment relative to air (Borum et al., 2006).
Consequently, for aquatic C; plants such as seagrasses that do
not use CCMs effectively, carbon limitation likely increases the
photorespiratory function of Rubisco (Tolbert and Osmond,
1976; Touchette and Burkholder, 2000).

Seagrasses are flowering marine plants that evolved from
terrestrial monocots in the middle Cretaceous (Larkum et al.,
2006b) when higher atmospheric and oceanic CO,
concentrations likely supported photosynthesis and minimized
photorespiration (Kuypers et al., 1999; Zeebe, 2012). In
colonizing the aquatic habitat, seagrass evolved adaptations to
a submerged environment that produced important anatomical
differences from their terrestrial ancestors (Zimmerman et al.,
1997; Larkum et al., 2006a). Seagrass leaves have no stomatal
openings as gas exchange occurs across both leaf surfaces by
diffusion, which uncouples carbon uptake from water relations.
Seagrasses also have a lacunal system with aerenchyma
extending from the roots to the leaves that facilitates the
transport of O, to the roots buried in permanently flooded
anoxic sediments, and allows transport of CO, from the roots to
leaves, providing an alternative carbon source (Madsen and Sand-
Jensen, 1991). Like their terrestrial ancestors, however, seagrass
chloroplasts lack pyrenoids that serve as an important CCM in
most aquatic algae (Meyer et al,, 2017) and seagrasses are typically
less efficient in utilizing HCO5 ™ than macroalgae (Beer et al., 1991).
Although Rubisco activity in seagrasses is lower than the typical
activities in freshwater emergent angiosperms and marine red
algae, it is comparable to that observed in marine green and
brown macroalgae (Beer et al, 1991). Simulations of nearshore
seawater DIC distribution during the Cretaceous period have
predicted that photosynthetic rates of seagrasses would have been
similar to macroalgae (Beer and Koch, 1996). However, in today’s
oceans, seagrass photosynthesis is generally considered to be
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carbon limited (Durako, 1993; Beer and Koch, 1996; Zimmerman
et al., 1997; Invers et al., 2001).

Carbon limited photosynthesis also restricts seagrasses to
shallow, high light environments, where low daytime CO,:0,
ratios in the water column may increase seagrass vulnerability to
photorespiration (Buapet et al., 2013b). The photorespiratory
pathway was confirmed in marine plants and macrophytes by
showing that photosynthesis could be inhibited by increasing the
O, concentration, resulting in higher concentrations of glycolate
pathway intermediates (Hough, 1974; Black et al., 1976; Burris
et al., 1976; Downton et al., 1976; Hough and Wetzel, 1977;
Andrews and Abel, 1979). The decreasing O, evolution rates
relative to electron transfer rates measured by PAM fluorometry
at high irradiances in Zostera marina and Halophila stipulacea
also suggested a role for photorespiration in these seagrass
species (Beer et al., 1998). More recent studies demonstrated
the influence of oxygen concentrations and temperature on
photorespiration in seagrass that fluctuate in natural
environment because of eutrophication, high community
productivity and elevated ocean temperatures; and therefore,
will play a role in predicting the health status of these plants in
warmer climate scenarios (Buapet and Bjork, 2016; Rasmusson
et al,, 2020). The plastochron interval, which defines leaf life
span, leaf turnover and elongation rates, plays an important role
in photoacclimation strategies that differ among species at the
chloroplast, leaf and shoot levels (Schubert et al., 2018).
However, we still do not understand how long-term
acclimation to climate warming and ocean acidification/
carbonation will affect photorespiration and photoprotection
in seagrasses (IKKoch et al., 2013).

Several experiments simulating ocean acidification/
carbonation impacts on time scales of hours to >1 year have
quantified the positive impacts of CO, availability on carbon
balance, growth, survival and reproductive output in seagrasses
(Zimmerman, 2021). During the most recent of these studies, the
down-regulation of pigment content with increasing CO,
resembled the photoacclimation response to high light
environment that pointed to the importance of metabolic
acclimation regulating the redox state of the chloroplast in
eelgrass (Zimmerman et al., 2017; Celebi-Ergin et al., 2021).
Therefore, the objectives of this study were to estimate the
importance of photorespiration in the marine angiosperm
Zostera marina L. (eelgrass) under today’s oceanic carbon
concentrations and explore the potential acclimation response
to prolonged ocean acidification/carbonation by 1) quantifying
the photochemical rates under different light and CO,
availability by using eelgrass grown in a high light low CO,
environment, i.e., representing the baseline photosynthetic
capacity under today’s oceanic conditions; and 2) comparing
the relative contribution of different photochemical pathways in
eelgrass after 13 months of acclimation to different CO,
environments superimposed open daily and seasonal patterns
of solar radiation, temperature and salinity.
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Materials and methods

Table 1 provides a complete list of all abbreviations,
acronyms, and symbols along with their units used throughout
this paper.

The experimental facility and sampling
from pH treatments

Eelgrass shoots used in this study were grown in an outdoor
aquatic climate research facility at the Virginia Aquarium and
Marine Science Center, VA, USA. The experimental design and
control of manipulations for this-long term project were detailed in
Zimmerman et al. (2017). Briefly, eelgrass plants, harvested in May
2013 from a subtidal population growing in South Bay, a coastal
lagoon on the Virginia portion of the DelMarVa Peninsula, USA,
were transplanted into 20 fiberglass open top aquaria (3 m> each)
plumbed with running seawater from Owl’s Creek, VA and exposed
to natural sunlight. Temperature, pH, salinity, and irradiance were
monitored continuously in all aquaria. Beverage-grade CO, gas was
used to enrich the experimental aquaria from June 2013 to October
2014 usinga system of pH-controlled solenoid valves. pH treatment
levels ranged from pH 6 ([CO5(oq)] &2 2121 yM) to ambient (no CO,
addition, pH = 7.7, [CO,(q)] = 55 uM), with 0.5 pH intervals
between the treatments (4 aquaria at each pH). The experimental
CO, manipulation produced consistently different levels of [CO,
(ag)) and pH among the treatments day and night throughout the
duration of the 13-month experiment. Plant performance was
monitored monthly while environmental parameters, which
varied daily and seasonally, were recorded at 10-minute intervals.

During July 2014, after 13 months of cultivation in the
experimental aquaria, freshly collected 2™ youngest leaves from
pH 6.1 (2121 uM CO;(aq))> pH 6.9 (371 uM COy(,q)) and ambient
pH 7.7 (55 uM COj(,q)) treatments were harvested for laboratory
measurements of photochemistry under fully controlled
incubation conditions. Hereafter, the three treatments will be
referred to as G,6, Gpn7 and G,y8, for simplicity. During these
measurements, the daily seawater temperature in aquaria ranged
from 25 to 28°C; allowing all the incubation measurements
described here to be conducted at the optimal temperature of 25°
C without inducing heat stress. The daily total surface irradiance
ranged from 10 to 29 mol photons m™ d''; corresponding to more
than 6 h of photosynthetically saturating irradiance (>200 gmol
photons m™ s!) per day, under which conditions the leaves of all
plants should have been acclimated to a high light environment
(Cummings and Zimmerman, 2003).

Incubation measurements of leaf
photochemistry

Photosynthesis and respiration rates were measured using

polarographic O, electrodes in temperature controlled, water-
jacketed glass metabolic incubation chambers (Rank Bros.,
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TABLE 1 List of symbols, their definitions, and dimensions.

Symbol Definition

Chl-a Chlorophyll a

Chl-b Chlorophyll b

TChl Total Chlorophyll

TCar Total Carotenoid

Fw Fresh Weight

LA Leaf Area

AL(A) Leaf absorptance

D(A) Leaf absorbance

R(A) Leaf reflectance

ar*(A) Optical cross-section

A Wavelength

PAR Photosynthetically active radiation

PUR Photosynthetically usable radiation

E Incident irradiance

Ex Photosynthesis-saturating irradiance

Py Gross photosynthesis

Pt Net photosynthesis

Py light-saturated rate of gross photosynthesis

Pr True photosynthesis

Py Photorespiration

Rp Dark respiration

o Photosynthetic efficiency at light-limited region of PE curve
Do, Quantum yield of oxygen evolution

Fi Foy Maximum fluorescence from dark and light adapted leaf
Fy, Fy Minimum fluorescence from dark and light adapted leaf
F, Variable fluorescence

Dpgpy Effective Quantum yield of fluorescence ([Fpy - F]/Fyy)
ETR Electron transport rate

NPQ Nonphotochemical quenching ([Fy, - Foy]/Foy)

Parenthetic notation (A) denotes wavelength dependence of the variable.

Cambridge, UK). Variable fluorescence was measured
simultaneously on each leaf using a Pulse Amplitude
Modulated (PAM) fluorometer (Mini PAM, Walz, Germany).
Incubation seawater pH (a proxy for dissolved inorganic carbon
(DIC) concentration) was measured using an epoxy mini-
electrode and pH meter (Cole-Parmer) calibrated with NBS
buffers. The lid of the incubation chamber was modified to
hold the pH electrode in the incubation water and the miniature
fiberoptic probe of the PAM device in close proximity to the leaf
surface. The chamber was continuously mixed by a magnetic
stirrer which homogenized the incubation medium and
provided turbulent flow to reduce boundary layer limitation of
gas exchange across the leaf surface. Continuous analog signals
from the three sensors were recorded digitally using custom
software written with LabView (2009 edition, National
Instruments). Voltage data were post processed into metabolic
rates using MATLAB R2014 (The MathWorks Inc.). A Kodak
slide projector fitted with a halogen (ELH) bulb provided
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Dimensions

ug cm™ or mg g'1 Fw
ug cm™? or mg g FW
ug cm™ or mg g'1 Fw
ug cm™ or mg g FW
mg

cm?

Dimensionless
Dimensionless
Dimensionless

m® g Chl-a

nm

pmol photons s m?
pmol photons s m™
pmol photons s m?
pmol photons s m™

umol O, s'm?or umol O, hr! mg'l TChl

pmol O, hr'! ¢! FW or ymol O, hr' mg™' TChl

umol O, s'm?or umol O, hr! g'l FW or umol O, hr! rng'l TChl

umol O, hr! mg'l TChl
pmol O, hr! g FW
pmol O, umol ' photons
pmol O, umol™* photons
Dimensionless
Dimensionless
Dimensionless
Dimensionless

pmol electrons s m™

Dimensionless

photosynthetically active radiation (PAR). The intensity of
PAR was adjusted with neutral density filters and calibrated
daily with a QSL 2100 scalar radiometer (Biospherical
Instruments Inc.).

Concentrations of CO;(,q) in the aquaria and metabolic
incubation chambers were determined from measured values
of pH, alkalinity, salinity and temperature using CO2SYS (Ver.
2.1; Lewis and Wallace 1998). Leaves, harvested from plants
grown at pH/CO, treatments G,6 ([CO5(aq)] = 2121 uM), Gpr7
([COsaq)] = 371 uM) and G,u8 ([CO,(aq)] =55 uM), were used
to measure the photosynthetic response at pH/COy,q) levels of 6
(Mpp6), 7 (Mpn7) and 8 (M,y8). Seawater [DIC] and pH in the
incubation chambers were adjusted by bubbling with a gas
mixture of CO, O, and N, that maintained [O,] at air
saturation (~215 pM). Seawater temperature was maintained
at 25°C by a circulating water bath. Leaves were cleaned of
epiphytes by gently scraping with a razor blade and kept in the
dark for 20 minutes before the incubation measurements. A
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separate three cm long pieces of leaf tissue, cut approximately
one cm above the meristem, was used during each ten min dark
(i.e., dark respiration) and ten min light (i.e., net photosynthesis)
measurement. The pigment content and optical properties of the
leaf tissues (Table 1) were measured after each incubation as
described by Celebi-Ergin et al. (2021).

The seawater used during all incubations was collected in
April 2014 from Owl’s Creek, the tidal estuary used as source
water for the experimental facility (Zimmerman et al., 2017).
This seawater stock, with salinity of 24 (PSS-78, (Lewis, 1980)
was filtered through 0.2 ym Nucleopore membrane filters and
stored under refrigeration in dark bottles until used in these
experiments. After incubations, alkalinity was determined on
aliquots of seawater taken from the chamber using an automated
potentiometric titrator (Metroohm). Table 2 summarizes
measured parameters of seawater used in metabolic
incubation chamber.

Determination of photochemical rates

Oxygen evolution rates of each tissue were separately
normalized to fresh weight, leaf area and total pigment
concentration to explore the effects of phenotypic differences
resulting from acclimation to different growth conditions.
Parameters of photosynthesis (P) vs Irradiance (E) curves were
estimated by fitting the data to a cumulative one-hit Poisson

10.3389/fpls.2022.1025416

model pioneered for photosynthesis by Webb et al. (1974):

Prw = Pg_RD (1)

Poa = [Ps - (1= /5 )]=Rp @

where P, was the measured rate of net photosynthesis and Rp
was the measured rate of dark respiration, from which the gross
photosynthesis (P,) was calculated according to Equation (1). Py
was defined as a function of light, where Py, represented the light-
saturated rate of gross photosynthesis that varied with [CO,]
and [HCO;| (sensu McPherson et al. (2015)). Ex was the
irradiance threshold for photosynthetic saturation. E was
separately defined as photosynthetically available radiation
(PAR = SV0E[A]) and as photosynthetically utilized radiation
(PUR = Zgg[E(/'L) -A(A)]), where A(A) was the spectral leaf
absorptance that integrated the variability of light capture
efficiency due to changes in leaf optical properties and
pigment content/composition. The quantum yield of oxygen
evolution (Pp,) at different irradiances (in units of mol O, mol™
absorbed photon) was calculated by @, = P,/PUR. Maximum
quantum yield was calculated as @, = Pg/Ex (pur).

Although Equation (1) represents the typical method for
determining gross photosynthesis from measured values of P,
and Rp, the model does not separately account for O, consumed
by photorespiration in the chloroplast. It also assumes that the
Mehler Ascorbate Peroxidase pathway does not affect net O,

TABLE 2 Distribution of dissolved inorganic carbon and dissolved oxygen concentrations in seawater during the incubation measurements of net
photosynthesis at different light levels, including dark respiration measurements.

At the start of light measurements

At the start of dark measurements

Target pH Growth pH 6 Growth pH7 Growth pH8 Growth pH6 Growth pH7 Growth pH 8

Sample Size 6 7 7
7 6 6
8 5 5
Average pH 6 6.09 + 0.01 6.08 + 0.01
7 6.91 = 0.01 6.85 = 0.02
8 7.94 + 0.05 7.95 +0.01
Average [TCO,] (pumol/L) 6 3712 + 28 3131 + 18
7 2218 £ 9 1874 + 12
8 1857 + 15 1534 +3
Average [HCO';] (umol/L) 6 1963 + 0.1 1623 + 0.0
7 1943 + 0.7 1610 + 0.7
8 1742 + 21 1442 + 4
Average [CO,] (umol/L) 6 1748 + 28 1506 + 18
7 265+ 8 258 = 11
8 23+£3 18 £ 0.5
Average [O,] (umol/L) 6 209.5 + 3.1 215.0 + 3.5
7 214.6 + 3.0 2184 + 43
8 2064 + 2.4 2158 £+ 24

5 7 7 5
6 6 6 6
5 5 5 5
6.05 + 0.01 6.09 + 0.01 6.08 + 0.01 6.04 £ 0.01
6.87 + 0.02 6.91 + 0.01 6.84 + 0.02 6.86 + 0.02
7.94 + 0.02 8.00 + 0.04 7.98 £ 0.01 7.98 £ 0.02
3256 + 48 3727 £ 27 3153 £ 20 3277 £ 49
1861 + 10 2217 £ 10 1876 + 10 1866 + 11
1535+ 5 1837 + 14 1526 + 4 1526 + 5
1624 + 0.1 1963 + 0.1 1624 + 0.0 1624 + 0.1
1609 + 0.7 1943 + 0.7 1610 + 0.6 1609 + 0.7
1444 £ 7 1714 + 20 1431 £ 5 1432 + 7
1631 + 48 1762 + 27 1528 + 20 1652 + 48
246 + 10 264 + 10 260 + 10 250 = 11
19+09 19+2 17 £ 0.5 17 £ 0.8
2159 +2.0 212.6 +2.3 214.6 + 3.0 216.0 £2.0
2175+ 3.1 2157 + 3.4 2194 + 33 2163 + 1.7
2118 2.7 2122 +33 2187+ 1.6 2154 +28

All measurements were conducted at 25°C using seawater with salinity of 24 ppt.
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exchange even though it may facilitate ATP generation and
electron flow, which might be detected by fluorescence
measurements (Larkum et al., 2006a). Following the principle
explained by Raghavendra (2000) gross photosynthesis (P,) can
be detailed as the difference between true photosynthesis (Pr)
and photorespiration (Pg):

Py = Py - Py (3)

Under CO,-saturation (i.e., at low pH that increases CO,:0,
ratio in seawater, Table 2), Pr should approach a minimum (~
0), so that P, will be an approximate estimate of true
photosynthetic O, production (Pr). In this study, O,
production rates measured at pH 6 were assumed to
approximate the true photosynthesis (Pr) for each growth
condition. Therefore, photorespiration was calculated by
subtracting the carbon limited P, measured at pH > 6 from P,
measured at pH 6:

Py (pr-6)= Py (pris) Py [pi>e] 4)
Py jprse= [P - (1_ e_E/Ek>] [PH>6] (5)
Pyipg= [Pn - (1= ™ )Ipng ©)

Thus, Py approached Pg when saturated by light and flow,
and it approached the true physiological capacity (P,,) when
saturated by CO,, light and flow. In this formulation, the limit of
P, is set by availability of cellular components such as enzyme
and pigment concentrations that may change under different
growth conditions.

Pulsed Amplitude Modulation (PAM) fluorescence
measurements were analyzed following the calculations
outlined in Baker (2008). The maximum (F,,) and minimum
(Fp) fluorescence emissions were measured in the dark after at
least 10 min of acclimation while simultaneously measuring
respiration. The maximum variable fluorescence yield (F, = F,,, -
Fy) was used to quantify the maximum quantum yield of
fluorescence (F,/Fy,), which is a measure of maximum
efficiency at which absorbed light by photosystem II (PSII) can
be used for photochemistry. The maximum (F’,,) and minimum
fluorescence (F,) emissions induced by the short saturating pulse
of PAM were measured again in the light while simultaneously
measuring P,... Based on these emissions under the presence of
the actinic background light, the effective quantum yield of PSII
(®Ppsyr), also known as photochemical quenching, was
determined as:

Dy = (F ,m _Ft) /F,m

Dpgpp provides an estimate of the quantum yield of linear

™)

electron flow through PSII at a given irradiance. The other non-
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radiative energy loss that quenches fluorescence, called Non-
Photochemical Quenching (NPQ), results from the dissipation
of excess excitation energy as heat via the Xanthophyll cycle.
NPQ was estimated as:

NPQ = (F,—F',) /F', (8)

For comparisons among the treatments and incubations,
NPQ and ®pgyy at different light levels were fitted to a four-
parameter sigmoid curve, which is commonly used for dose
response analysis (Motulsky and Christopoulos, 2004), with the
following formula:

(NPQmax+ NPQmin)

NP = NP min+ —
Q Q 14+(PUR/EC50) ™

)

where the exponent H was Hill slope that controlled the
steepness of the dose-response curve. EC50 was the PUR level
required to provoke a response halfway between the baseline
and maximum responses. The threshold for NPQ,,,, was
constrained to 10 based on literature values (Kalaji
et al., 2014).

The electron transport rate (ETR) was estimated from ®pgyy
as:

ETR (umol electronsm™>s™') = PUR - Fyy - @pg;  (10)

where Fj; was the fraction of PUR captured by PSII and its
light harvesting complexes (LHC). The typical value of Fy; for
Chlorophyta and seagrasses is about 0.5 (Figueroa et al., 2003;
Larkum et al., 2006a). Photosynthetic parameters of ETR curves
(i.e., ETR pay Oprr and Ey _grr) were calculated by modifying the
model of O, based P vs E. curves (Equation 2):

ETR = ETR,,, - (1—e*E/Ek) (11)

Linear electron flow through PSII is directly related to
photosynthetic oxygen production, therefore the gross
photosynthesis based on fluorescence measurements (Pgprr)
were estimated from ETR as:

Py_grg (umol O, m % ') =ETR -1 (12)

where T was the ratio of oxygen evolved per electron generated
at PSIL Since four stable charge separations are necessary to
generate one mole of O, at PSII, 7 is equal to 0.25.

Statistical analysis

Effects of growth [CO,] on pigment content and optical
properties of leaves were analyzed by one-way Analysis of
Variance (ANOVA) followed by the Tukey multiple
comparison method when significant overall effects were
identified. Effects of growth [CO,] and measurement [CO,] on
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dark respiration rates, measured with the O, evolution method,
were analyzed by Analysis of Covariance (ANCOVA).

O, evolution and fluorescence models were implemented by
using the non-linear curve fitting tools in SigmaPlot (Systat
Software Inc., Version 13.0). This tool provided the mean
estimates of the model parameters with their error estimates
and significances using computational procedures described by
Draper and Smith (1981) and Zimmerman et al. (1987).
Additionally, analysis of variance for the regression models
were presented to account for the goodness of fit of the P vs E
curves for each experimental condition (Supplementary
Tables 1-3). Significant effects of measurement [CO,] and
growth [CO,] on model parameters obtained by non-linear
regression were analyzed by ANCOVA, with growth pH as the
primary (categorial) factor and measurement pH as the
continuous covariate.

Results
Photoacclimation to growth CO,

Pigment content and optical properties varied significantly
among the leaves grown in different [CO,] treatments (Table 3).
Both total chlorophyll and carotenoid content decreased with
increasing growth [CO,], while the molar ratio of Total Car :
Total Chl remained constant across CO, treatments at about
0.27. The decrease in total chlorophyll resulted in an increased
optical cross section (a;*(4)) with growth [CO,], thereby
reducing the package effect that results in Chlorophyll self-
shading. Growth [CO,] increased the thickness of the
unpigmented mesophyll, thereby increasing the leaf biomass
per unit of surface area. These phenotypic responses, consistent
with the long term acclimation responses described by Celebi-
Ergin et al. (2021), had important consequences for the

10.3389/fpls.2022.1025416

comparison of photosynthetic efficiencies when metabolic rates
were normalized to different leaf properties.

Light response curves of oxygen flux

Rates of dark respiration, whether normalized to biomass
(Rp (rw)) or leaf area (Rp (1a)), were not affected by growth
[CO,] or instantaneous variations of [CO,] within the metabolic
incubation chambers (Table 4). Therefore, the average rate of
dark respiration for all samples combined was 5.96 + 0.31 ymol
0, hr! g FW or 0.50 + 0.03 gmol O, m™ s™. Dark respiration
rates were also independent of pH within the range examined
here, indicating no negative impact of changing ionic
composition on respiration.

In contrast, net O, production rates increased with light and
incubation [CO,] for all plants, regardless of the CO,
environment in which they were grown (Figure 1). The
biomass specific rate of light-saturated photosynthesis (Pg
w)) averaged 14.1 ymol O, hr! g'1 FW at low incubation
[CO,] for all plants and increased as a function of incubation
[CO,] (Figure 1). However, Pg (rw) of the plants grown under
ambient conditions (G,;8) was twice as sensitive to increasing
incubation [CO;] as plants grown under the highest CO,
enrichment (G,u6) (Table 5, 86.8 vs 33.5 umol O, hr! g’1 FW
at My 6 respectively). This difference was associated with 2-fold
higher biomass specific pigment content of the plants grown
under ambient [CO,] (Table 3). Thus, low rates of oxygen
evolution by ambient plants in their natural low CO,
environment resulted mainly from photorespiration and not
the lack of photosynthetic capacity characterized by light
harvesting, electron transport and carbon fixation.

For all plants, increased incubation [CO,] also increased the
irradiance required to saturate photosynthetic oxygen
production (Ex (par) and Eyx (pur)); rather than changing the

TABLE 3 Pigment content and optical properties of leaves used in photosynthesis measurements.

Growth pH (Growth [CO,]) pH8 (55 uM)
Sample Size (n) 16

FW per LA (mg cm™) 258 +1.33°
Total Chl per LA (ug Chl cm™) 31.2+1.22°
Total Chl per FW (mg Chl g FW) 1.25 +0.07 *
Total Car per LA (ug Car cm™) 8.16 £ 0.28 *
Chl a:b 344 +£0.04°
TCar:TChl 0.26 + 0.00 *
Absorptance at 550nm 0.38 +0.01 *
Absorptance at 680nm 0.75 + 0.01 *°
a;*(680) (m”> g Chl) 5.90 + 033 *

pH7 (371 uM) pH6 (2121 uM)

18 18
27.1+092° 36.0 +1.52°
27.0+1.20° 20.8 + 0.86
1.01 +0.05° 0.59 + 0.03
7.25+025° 561 +0.17
373 +0.07° 3.61 +0.04 *°
0.27 +0.00 0.27 +0.00 °*
0.37 +0.01° 0.29 +0.01°
0.75 + 0.01 * 0.73 +0.01°
6.73+0.29° 810+ 024 °

Effects of growth pH on mean concentrations ( + 1 SE) were analyzed by one-way ANOVA. Different letters represent significant differences among the growth pH for each parameter
compared by Tukey method at p< 0.05. FW, Fresh Weight; LA, Leaf Area; Chl, Chlorophyll; Car, Carotenoid.
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TABLE 4 Dark respiration (Rp) rates measured with O, evolution method and estimated by non-linear model fit to P vs E curves.

Growth pH Measurement pH Measured Dark Respiration Averages

(pmol O, hr! g'1 FW)

6 6 4.61 +0.75

7 5.31 £ 0.62

8 5.84 +0.47
7 6 6.40 + 1.14

7 6.73 £ 1.20

8 5.03 +£0.91
8 6 6.52 +0.93

7 6.18 £ 0.75

8 7.29 +1.26
ANCOVA of Measured Rp df SS MS
Growth pH 2 11.551 5.776
Measurement pH 1 0.531 0.531
Growth pH x Measurement pH 2 10.206 5.103
Residual 46 226.435 4.922
Total 51 255.682 5.013

Modeled Dark Respiration

Modeled Dark Respira-
(pmol O, hr! g FW)

tion (umol O, s m?)

4.73 + 1.34 0.45 + 0.10
5.50 £ 1.15 0.51 = 0.08
5.90 + 0.63 0.69 + 0.07
6.90 * 3.06 0.51 £ 0.12
7.08 £ 3.02 0.53 + 0.22
5.04 = 1.88 0.37 £ 0.12
6.83 + 2.06 0.46 + 0.07
6.71 £ 2.19 0.46 + 0.14
7.29 £ 1.05 0.56 + 0.10
F »

1.173 0.318

0.108 0.744

1.037 0.363

Rates are normalized both to Fresh Weight (FW) and Leaf Area. Effects of measurement pH and growth pH on measured Rp, were analyzed by ANCOVA. Sample size for each condition is

given in Table 2.

photosynthetic efficiency () within the light limited region of P
versus E response curves (Table 5 and Supplementary Table 1).
Overall, photoacclimation of eelgrass leaves to ocean
carbonation increased Eyx (pur) values from 17 to 44 and 48
umol absorbed photon st m? for pH 8 (55 uM COyaq))> pH 7
(371 uM COyaq)) and pH 6 (2121 uM CO4(,q)) respectively.
Chlorophyll specific rates of light-saturated photosynthesis
(Pg (chy) were the same for all plants grown at different CO,
environments and produced an identical response to incubation
[CO,] (Figure 2). Consequently, the O, production efficiency per
unit chlorophyll was not affected by the CO, environment in

which the plants were grown (Table 5 and Supplementary
Table 2) and the stimulatory effect of [CO,] on O, evolution
was instantaneous (Figure 3A). The most likely explanation for
this instantaneous response would be a reversible and light
dependent O, consuming process involving the chloroplast,
such as photorespiration (Pg), that is competitively inhibited
by increasing [CO,]. Therefore, for all plants grown under all
treatments, P (cpy rates at high incubation [CO,] (i.e., at Mpp6)
were assumed to be the true physiological photosynthetic
capacity (P,,) under light, carbon and flow saturation. Based
on this assumption, photorespiration rates were quantified by
solving the Equation 4 with the chlorophyll specific gross
photosynthesis models (Figure 3B). Normalizing the models to
pigment, rather than biomass or area, eliminated the effect of
morphological differences among the plants on net
oxygen metabolism.

Like photosynthesis, photorespiration increased with light
under constant [CO,], but decreased with increasing incubation
[CO.], as carboxylation became increasingly favored over
oxygenation (Figure 3B). Predicted Py rates increased rapidly
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with light to a maximum of 60 to 80% of P,, at low [CO,] (i.e.,
M,p8) (Figure 3C). When aqueous [CO,] was equal to aqueous
[0,] (at Mp7, Table 2), maximum Py rates were only 20% of
P, which is equivalent to the inherent carboxylation:
oxygenation ratio of Rubisco.

All plants reached the lowest gross photosynthesis to dark
respiration ratio (Pg : Rp) of 2 at low incubation [CO,] when
light saturated (Figure 4A). This ratio increased instantaneously
when saturated with CO, in the incubation medium, maximally
up to 12 for ambient plants (G,;8). However, the Py, : Rp, ratio of
high CO, grown plants peaked at 8 when saturated with CO, in
the incubation medium, illustrating the consequence of pigment
acclimation on metabolic balance of plants grown in a high CO,
environment (Figure 4B, grey arrows). Having excess pigment
content in a CO,-limited environment (as observed in ambient
plants) did not improve the Py : Rp under normal growth
conditions even though it allowed the instantaneous 6-fold
increase of Py : Rp when incubation [CO,] increased. High
CO, acclimated plants, on the other hand, maintained a 4-fold
higher Pg : R above ambient plants at their respective growth
[CO,] even though pigment content of the high CO, plants
decreased by half.

Light response curves of variable
fluorescence

Maximum quantum yields of fluorescence by dark-adapted
leaves were above 0.7 regardless of incubation [CO,], indicating
leaves from all growth treatments were healthy during the

experiments (®Ppg;; at PUR 0 ymol absorbed photon st m?
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FIGURE 1

Net photosynthesis of eelgrass leaves (biomass normalized) as a
function of irradiance. O, production rates were measured at
different pH levels (red: pH6, black: pH7 and blue: pH8) using
leaves grown at pH6 (2121 uM COy(q) (A), pH7 (371 uM COsz(sq)
(B) and ambient pH8 (55 uM CO;(5q) (C). Curves were fit using
Equation (2).

Figure 5). For all plants, effective quantum yields of fluorescence
(®psy1) decreased faster with increasing light when the
incubation [CO,] was low (M,y8). The decreased
photochemical yield resulted from rapid induction of non-
photochemical quenching (NPQ) when [CO,] was limited
under light saturation (Figure 6). Increasing the growth [CO,],
however, caused the light-dependent onset of NPQ to increase,
as the NPQ pathway saturated more quickly due the decreased
carotenoid content of leaves grown under high [CO,] (Table 3).

Under saturating irradiance (350 gmol absorbed photon s
m?2, Figure 6), NPQ values of ambient plants increased 5-fold as
incubation [CO,] became increasingly limiting. In contrast, the
plants grown under high [CO,] (G,u6) yielded the same light-
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saturated NPQ of 2.5 regardless of incubation [CO,]. The
dynamic range of NPQ regulation in ambient grown plants in
response to instantaneous changes in [CO,] suggests
considerable tolerance for fluctuating environmental
conditions (Figure 6C).

The relation between quantum yield of fluorescence (Ppg;;)
and quantum vyield of oxygen evolution (®,) was nonlinear,
and their ratios were closest to the theoretical value of 8 only at
low light and high [CO,] conditions (Figure 7). For this ratio to
be higher than 8, either less than half of the photons are directed
to PSII (i.e., Fy;<0.5, Equation 10), and/or more than four
electrons are processed to evolve one mole of oxygen (ie.,
7<0.25, Equation 12). Both outcomes highlight deviation from
linear electron flow. For ambient plants, ®¢, decreased faster
than @pgyy with increasing light resulting in a drastic increase in
Dpg1:Poy,, especially at their growth CO, (G,u8), suggesting that
these plants were using an alternative pathway to maintain
electron flow without the production or consumption of O,.

Similar to net photosynthesis rates, electron transport rates
(ETR) of all plants increased with light and were lowest at low
incubation [CO,] (i.e., M,y8) (Figure 8 and Table 5). However,
the increase of ETR,,,x with incubation CO, was not consistent
among the plants due to the non-monotonic response of ®pgyy
with incubation [CO,] (Figure 5), in agreement with the findings
by Celebi (2016). Only ETRy,x of plants grown at G,u7
increased consistently with increasing incubation [CO,]. For
all incubation experiments, PUR levels required to saturate ETR
(Ex-grr) Were consistently higher than the Ey values required to
saturate O, production (Table 5 and Supplementary Table 3).
For all plants, estimated gross photosynthesis based on ETR
were also higher than the gross photosynthesis measured by the
O, evolution method (Figure 9). However, this overestimation
was not consistent among plants grown at different CO,
environments. The Py (1.4) to ETR,,x ratio was around 0.1 for
pH 6 and pH 8 plants when incubated at pH 6 and pH 8, instead
of the theoretical value (7) of 0.25 (Table 5).

Discussion

Long-term growth under high [CO,] produced a remarkable
combination of morphological and metabolic changes in
eelgrass. Although pigment content decreased in plants grown
at high CO,, leaf biomass increased as a direct result of the CO,-
stimulated increase in photosynthetic carbon gain. The
equivalent responses of chlorophyll normalized O, production
rates to increased incubation [CO,], independent of the growth
CO,, allowed us to quantify the impact of [CO,] on
photorespiration in eelgrass because the instantaneous
difference in O, production rates in CO,-saturated vs. CO,-
limited incubation media corresponded to the amount of O,
consumed in the photorespiratory pathway. Thus,
photosynthesis and photorespiration as a function of light for
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each growth condition were precisely predictable using the P
versus E curves, although the responses to incubation CO,
differed between biomass and pigment normalization due to
changes in leaf morphology. Presently, models of eelgrass
performance do not consider these long-term morphological
and metabolic acclimation responses (Zimmerman, 2003;
Zimmerman, 2006; Zimmerman et al., 2015). Thus, the quasi-
mechanistic model developed in this study permits integration
of the photosynthetic and morphological acclimation due to
ocean carbonation into seagrass productivity models, by
adjusting the limits of the photosynthetic parameters based on
substrate availability and physiological capacity.

10.3389/fpls.2022.1025416

Morphological acclimation and regulation of pigment
content, Rubisco activity, light capture and carbon fixation as
a function of CO, availability have been previously observed in
freshwater angiosperms (Madsen et al., 1996). Increasing P, : Rp
due to the enhancing impact of [CO,] on Py was detected even in
short term (2-6 weeks) studies using temperate and tropical
seagrass species without any CO, effect on pigment content
(Zimmerman et al., 1997; Ow et al,, 2015). Long term studies,
moreover, reported significant increases in total shoot biomass,
carbon allocation to roots and rhizomes (blue carbon), shoot
survival and reproductive output by eelgrass in response to CO,
availability (Palacios and Zimmerman, 2007; Zimmerman et al.,

TABLE 5 Model estimates (mean + 1 SE) of photosynthesis parameters generated by non-linear regression fit to the experimental data using

Equation (2) (N.S. stands for non-significant parameter estimate).

Model Estimates

Growth pH

Py (umol O, hr'! mg™ Chl) 6
Gpu X Mpy: p=0.570 7
Gy p=0.583 s
M,y p=0.002

Pg (umol O, hr! g'l FW) 6
Gy X Mpp: p=0.240 7
Gpur: p=0.185 .
Mpi: p=0.014

Py, (umol O, s'm?) 6
Gpu X Mpp: p=0.233 7
Gpuy: p=0.199 .
My p=0.007

ETRpax (umol Electron s'm?) 6
Gpr X Mpp: p=0.573 7
Gyp: p=0.482 .
Mpp: p=0.119

ogrr (umol Electron 6

ymol" absorbed Photon) 7
Gpu X Mpp: p=0.696 s
Gpur: p=0.735
Mpu: p=0.257

D, (umol O, /Amol'1 absorbed Photon) 6
Gpr X Mpp: p=0.263 7
Gypu: p=0.314 .
Mpu: p=0.100

Ey (umol absorbed photon s m™) 6

from ‘PG per Chl vs PUR’ 7
Gpr X Mpp: p=0.391 s
Gpyy: p=0.348
M, p=0.006

E (umol photon stm?) 6

from ‘PG per FW vs PAR’ 7
Gpn X Mpp: p=0.523 s
Gpur: p=0.501
Mpi: p=0.046

Ey (umol absorbed photon s m?) 6

from ‘ETR vs PUR’ 7
Gpn X Mpp: p=0.560 s
Gpur: p=0.469
M,y p=0.117

Measurement pH

6.0 7.0 8.0
702 +4.3 552 +3.7 245+21
68.0 £ 3.2 493 + 3.1 125+ 3.1
62.6 £ 2.4 449+ 40 203 +24
335+28 40.0 2.5 129 £ 1.1
67.4+7.1 543 + 6.5 121 +£29
86.8 +4.7 62.1 +4.6 172+ 17

3.6 +0.2 35+02 1.5+ 0.1
58 +0.3 43+05 09+0.2
58 +0.2 43+03 1.5+0.2
353+ 0.4 410+ 33 224 +0.5
93.1+26 683 +42 324+1.1
584 + 5.8 822 +55 228 £ 0.7
0.45 £ 0.01 0.50 + 0.07 0.52 £ 0.03
0.42 +0.01 0.48 + 0.04 0.44 + 0.04
0.50 + 0.08 0.46 + 0.03 0.52 + 0.04
0.077 £ 0.01 0.084 + 0.01 0.107 £ 0.03
0.079 £ 0.01 0.079 + 0.02 0.14 £ 0.24
0.083 £ 0.01 0.074 £ 0.01 0.081 + 0.03
475+70 36.4 +6.0 145 £ 49
642+ 74 439 +69 4.7 £15.8
68.6 £ 7.2 57.1 +13.3 174 +7.1
65.0 £ 14.5 94.7 £ 14.8 28.4 + 8.6
94.0 £24.2 853 +25.1 11.6 £ 235
1249 + 18.6 83.9 +16.9 18.3 £8.7
78.5 + 2.0 822 £ 15.6 43.1 £29
220.1 £10.3 142.6 £ 19.0 728 £7.3
117.5 £ 27.8 180.1 £22.9 44.2 £ 3.8

Significant effects of measurement pH (M) and growth pH (Gpp) on mean estimates were analyzed by ANCOVA.
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FIGURE 2

Net photosynthesis of eelgrass leaves (Chlorophyll normalized)
as a function of absorbed irradiance. O, production rates were
measured at different pH levels (red: pH6, black: pH7 and blue:
pH8) using leaves grown at pH6 (2121 uM COy(,q) (A), pH7 (371
UM COs(aq) (B) and ambient pH8 (55 tiM COs(aq) (C). Curves
were fit using Equation (2).

2017). Despite the decreases in pigment content and leaf
absorptance observed here, plants grown at high CO, were
able to maintain higher P, : Rp, ratios than plants grown under
ambient CO,; indicating a strong coupling between the
regulation of photosynthetic structure and metabolic carbon
demands. This coupling between photosynthetic regulation and
growth might be poor for organisms that undergo photodamage
because photosynthesis might accommodate the biochemical
costs associated with protection and recovery rather than
fueling the energy towards growth (Barra et al., 2014). On the
other hand, the eelgrass used in these experiments show no sign
of photodamage, either in the growth aquaria or in laboratory
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FIGURE 3

Modeled gross photosynthesis (A) and photorespiration (B, C) of
eelgrass leaves as a function of absorbed irradiance. Colors
represent different pH/CO; levels at which the measurements
(Mpn) were performed; line styles represent the different pH/CO,
levels at which the plants were grown (Ggy). Photorespiration at
MpHe Were zero.

incubations even when photosynthesis was carbon limited but
light saturated.

When measured at low [CO,], plants grown under ambient
CO, had the same photosynthetic O, production as the plants
grown at high [CO,]. These same photosynthetic rates
highlighted the apparent lack of carbon concentrating
mechanisms inducible by low CO, availability in eelgrass, in
contrast with marine algae and cyanobacteria that are capable of
upregulating their carbon concentrating mechanisms via e.g.,
generation of pyrenoids, carboxysomes and periplasmic
carbonic anhydrases when CO, availability becomes limiting
(Bjork et al.,, 1993; Raghavendra, 2000; Falkowski and Raven,
2007; Meyer et al,, 2017). This was also consistent with the
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FIGURE 4

Modeled ratio of gross photosynthesis to dark respiration as a function of absorbed irradiance (A) and as a function of Chlorophyll content at
saturating irradiances (B). Colors represent different pH/CO, levels at which the measurements (M) were performed; line styles and symbols
(A, at pHE m at pH7, @ at ambient pH) represent the different pH/CO, levels at which the plants were grown (Ggy). (B) Ellipses highlight when
plants from different treatments were incubated at their corresponding growth pH/CO,. Gray arrows show the trajectory of Pg : Rp as a result of
phenotypic acclimation to the increasing CO, environment
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FIGURE 5

PAM fluorescence parameters of eelgrass leaves as a function of
absorbed irradiance. PAM fluorescence measurements were
performed at different pH/CO, levels (red: pH6, black: pH7, blue:
pHB8) using leaves grown at pH6 (2121 uM COy(,q) (A), pH7 (371
UM CO2(aq) (B) and ambient pH8 (55 M COs,q) (C). Curves
were fit using Equation (9).

limited sensitivity of eelgrass photosynthesis to the aqueous
presence of acetazolamide, an inhibitor of periplasmic
carbonic anhydrase (McPherson et al. (2015) and Celebi-Ergin
- unpublished data). Seagrasses living in shallow estuarine
environments, like the Chesapeake Bay eelgrass used in this
study, are subject to highly variable CO,/pH levels daily and
seasonally, which might explain the unresponsiveness of CCMs
for ambient plants (Buapet et al., 2013a; Duarte et al, 2013;
Ruesink et al.,, 2015; Zimmerman et al., 2017; Cyronak et al,,
2018). Similarly, all plants had the same Py (1) when measured
at saturating [CO,] due to minimized Py, indicating all plants
approached the same physiological oxygen production capacity
per available photosynthetic apparatus (i.e., Py (cny was
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FIGURE 6

PAM fluorescence parameters of eelgrass leaves as a function of
absorbed irradiance. PAM fluorescence measurements were
performed at different pH/CO,, levels (red: pH6, black: pH7, blue:
pH8) using leaves grown at pH6 (2121 uM COy(,q) (A), pH7 (371
UM COpaq) (B) and ambient pH8 (55 M COy(sq) (C). Curves
were fit using Equation (9).

constant across all treatments). Therefore, the difference in Pg
: Rp among growth [CO,] treatments when all were incubated at
high [CO,] resulted from the downregulation of light harvesting
components by plants grown in the high CO, environment.
Despite phenotypic acclimation across the CO, gradient, the
maximum photosynthetic efficiency (®,,,,) remained constant
for all plants (~0.08 mol O, mol ™! absorbed photon) but
photosynthesis-saturating light levels (Ej) increased, as was
predicted by the model of McPherson et al. (2015).
Photosynthetic efficiency within and among seagrass species
vary with efficiency of light absorption and the subsequent
conversion of that energy into carbon assimilation (Ralph
et al., 2007). Although the observed values of o in this study

frontiersin.org


https://doi.org/10.3389/fpls.2022.1025416
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Celebi-Ergin et al. 10.3389/fpls.2022.1025416

\

A
50] = 50 Growth pH6
[
I
I
S
)
2
S
501
S
s
2
)

150 75

UR ( &)
hOton m'zs.) Q

FIGURE 7

Ratio of the quantum yield of fluorescence (®ps)) to the quantum yield of oxygen (®o,) as a function of light and incubation pH/CO,. O,
production and fluorescence were measured simultaneously at different pH levels using eelgrass leaves grown at different CO, treatments.
Yields were calculated using PUR. Growth specific 3D relationships, at pH6 (2121 M COz(,q) (A) and ambient pH8 (55 UM COy(,q)) (B), were
generated by the combination of non-linear and linear regression fits. First, the ®pg,,/®o; ratio as a function of PUR were described by the
exponential rise to maximum models separately for each incubation pH/CO,. Parameter estimates of these non-linear regression models were
fitted as a function of incubation pH using linear regression.
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Electron transport rates of eelgrass leaves as a function of
absorbed irradiance. PAM measurements were performed at
different pH/CO, levels (red: pH6, black: pH7 and blue: pH8)
using leaves grown at pH6 (2121 uM COz(,q) (A), pH7 (371 uM
COzaq) (B) and ambient pH8 (55 uM COx,q) (C). Curves were fit
using Equation (11).

were in agreement with previous estimates for eelgrass (Frost-
Christensen and Sand-Jensen, 1992), constant o across different
CO, regimes represents an interesting contrast to that observed
in terrestrial C3 plants in which o increases with [CO,]
availability (Raghavendra, 2000). This difference between
responses of aquatic and terrestrial plants may result because
CO, responses are coupled to water stress in terrestrial plants
but not in aquatic plants. The increased Ej and Py values for high
CO, acclimated plants will decrease the estimates of Hy,, (i.e.,
average daily period of Pg) required to maintain positive carbon
balance for the whole plant. The Hg, requirement is a useful
modeling tool in predicting the depth distribution of eelgrass in
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Modeled gross photosynthesis of eelgrass leaves as a function of
absorbed irradiance for plants growing at pH6 (2121 uM CO,q)
(A), pH7 (371 uM CO5(5q)) (B) and ambient pH8 (55 uM CO5(,q)
(C). Solid lines are calculated from leaf area normalized O,
production rates (Equation 1) and dashed lines are estimated
from ETR measurements (Equation 12). Colors represent
incubation pH/CO; levels. Green dot-dashed lines represent the
theoretical O, production per absorbed photon under non-
limiting environmental conditions.

variable light environments (Dennison, 1987; Zimmerman et al.,
1991; Zimmerman et al., 1994; Zimmerman et al., 1995).

A strong correlation between diurnal NPQ cycle (ie.,
xanthophyll cycle) and high light exposure has been confirmed
for eelgrass to avoid photodamage under fluctuating light
environments (Ralph et al,, 2002). High light acclimated eelgrass
leaves have higher NPQ activity, and higher photosynthetic
capacity, than low light acclimated leaves (Ralph and
Gademann, 2005). Here, we demonstrated a similar effect of
[CO,] availability on NPQ activity. Under ambient CO,
concentrations, the onset of photosynthesis CO, limitation (Ej)
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occurred at lower irradiance, accelerating the diversion of excess
photon absorption to NPQ, likely using the xanthophyll cycle as a
photoprotective mechanism to prevent photoinhibition. The high
CO, incubations reduced this carbon limitation and increased the
Ey, consequently reducing NPQ. Due to increased E, the same
light environment became less damaging at high CO,, which may
explain the reduction in both photosynthetic and photoprotective
pigments observed in response to growth CO,. Thus, by reducing
CO, limitation of Rubisco, ocean carbonation should also reduce
the vulnerability of eelgrass to excess reactive oxygen species
(ROS) and therefore the need for photoprotection.

The simultaneous measurements of variable fluorescence, and
O, flux performed here yielded quantitative estimates of changes
in photoprotective pathways of eelgrass acclimated to different
CO, environments. The difference between the theoretical O,
evolution (i.e., the linear increase of O, with light) and the ETR
estimates of gross photosynthesis (Py_grr) was most pronounced
for plants grown at high CO,, accounting for the absorbed
photons that did not contribute to the electron transport
pathway (not exciting electrons at PSII), but explained by
quenching pathways, such as fluorescence and NPQ. This trend
was consistent with their lower area-specific O, production rates
at high CO, incubations when compared to pH7 and ambient pH
grown plants. These plants downregulated their pigment content
but increased the light-dependent NPQ at lower irradiances even
at high incubation [CO,]. This may indicate that phenotypic
acclimation to ocean carbonation by downregulating the
photosynthetic apparatus reduces the role of photorespiration
but increases the role of NPQ in photoprotection.

On the other hand, as observed in all treatments, the
difference between the ETR estimated gross photosynthesis
(Pg.grr) and the gross photosynthesis measured by oxygen
production (P,) may result from inaccurate assumptions of Fj;
and/or 7 (Equation 12). In theory, 8 photons absorbed
equivalently both by PSI and PSII (F;= 0.5) excites a total of 4
electrons producing 1 mole of O, (7 =0.25). This equilibrium of
linear electron flow is valid when there is no limitation of
resources such as CO, and/or accumulation of byproducts
such as reducing equivalents and ROS (Scheibe et al., 2005;
Dietz and Pfannschmidt, 2011; Pfannschmidt and Yang, 2012).
Under limiting conditions, this balance shifts towards pathways
that ensure the optimal redox state of the chloroplast resulting in
altered photon: electron: O, ratios (Foyer et al., 2012).

Following the linear assumption that 4 electrons produce 1 O,
(tr = 0.25) resulted in overestimation of the PGgrr in all
treatments. Since the molecular chemistry of water splitting at
PSII is well-known, 7 can only be reduced in an apparent sense.
This apparent ratio can result from the excitation of four electrons
(as detected with PAM) either without producing O,, indicating
cyclic electron flow around PSII, or consumption of O, in the
chloroplast that would remain undetected by the gas exchange
method (Foyer et al., 2009; Ananyev et al.,, 2017). Two possible
pathways to explain a reduction in 7 due to O, consumption are
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(i) the Mehler reaction and (ii) photorespiration. The Mehler
reaction increases the pH gradient that may induce NPQ
(Demmig-Adams and Adams, 1996; Kanazawa and Kramer,
2002). However, in this study NPQ induction did not happen
until @pgy; values fell below 0.6 while O, yield continuously
decreased. Therefore, the observed nonlinearity between
quantum yield of fluorescence and quantum yield of oxygen
most likely resulted from O, consumption via photorespiration,
which probably represents the primary pathway to remove excess
O, buildup and use the ATP energy from light reactions for this
purpose. NPQ was then triggered when photorespiration is
incapable of consuming enough ATP to lower the pH gradient
forming across lumen at very high irradiances.

Other pathways that keep the electron flow continuous
without contributing to CO, assimilation are the malate valve
and the cyclic electron flow around PSI, which triggers NPQ by
generating a pH gradient (Munekage et al., 2004; Johnson, 2005;
Miyake, 2010). If PSI cyclic electron flow plays an important
role, then the assumption of half of the absorbed photons going
to PSII (e.g., F;=0.5) would be inaccurate. Although PAM
measurements are easily made under field conditions
(including underwater) and provide non-intrusive information
about the photoprotection of eelgrass through NPQ, the
fluorescence measurements with PAM overestimate Py grr and
therefore are not equivalent to true carbon assimilation.
Fluorescence measurements may account for the number of
absorbed photons used in electron excitation but not necessarily
towards the rates of oxygen production/consumption or carbon
assimilation, especially when alternative electron sinks are
available (Beer et al., 1998). Still, by having quantified the ratio
of @pgyy to Dp, as a function of light and carbon availability in
response to acclimation to ocean carbonation, the alternative
electron pathways can be accounted for in the future estimation
of photosynthesis in eelgrass.

To conclude, photorespiration likely provides an important
metabolic clutch to protect the photochemical pathway in CO,-
limited eelgrass by maintaining electron flow to prevent the
inhibitory damage to photosystems due to light saturation when
carbon assimilation is limited by CO, supply. In addition to
providing a photoprotective role, photorespiration could serve
multiple purposes by connecting different metabolic pathways
that allow instantaneous energy and reductant modulation under
fluctuating environmental conditions. Further, photorespiration
may provide a carbon concentrating mechanism via recycling of
photorespired CO, and removing excess intracellular O,.
Therefore, even though carbon limitation causes eelgrass
photosynthesis to saturate at relatively low light levels in the
modern ocean, longer daily periods of saturating irradiances
might be required to keep the photosynthetic apparatus running
to produce ATP to support photorespiration. Consequently,
understanding photoprotection mechanisms employed by these
remarkable plants that are permanently rooted in highly variable
shallow-water environments, becomes important when high water
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column productivity causes [O,] to rise and [CO,] to fall just as
daily irradiances begin to peak. More importantly, this study
demonstrated that acclimation of photoprotective mechanisms in
response to CO, availability accounted for the previously reported
physiological acclimations of enhanced growth and survival of this
species under ocean acidification scenarios.
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Information provided by population genetic studies is often necessary to
effectively protect endangered species. In general, such data is scarce for
aquatic plants and this holds also for Luronium natans, an aquatic macrophyte
endemic to northwestern and western Europe. It is threatened across its whole
distribution range due to human influences, in particular due to eutrophication
and intensive fish farming. In spite of habitat protection populations continue to
decline and re-introductions are one possibility to prevent the species’
extinction. Therefore, insights in genetic diversity and relatedness of source
populations is warranted.

Thus, we performed Amplified Fragment-Length Polymorphism (AFLP) on two
large populations in Saxony, Germany (GroBenhainer Pflege and Niederspree),
complemented with numerous additional occurrences from Europe. In
addition, we conducted experiments on plant growth to assess optimal
conditions for ex-situ cultivation taking water temperature, water level and
substrate into account.

We revealed considerably high levels of genetic diversity within populations
(Shannon Indices ranged from 0.367 to 0.416) implying that populations are not
restricted to clonal growth only but reproduce also by open-pollinated flowers.
Remarkably, the two geographically close Saxon populations were genetically
distant to each other but subpopulations within a locality were completely
intermingled. Concerning optimal cultivation conditions, longest roots were
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obtained at temperatures >14°C and saturated, but not submerging

water levels.

Thus, our findings advocate for a re-introduction scheme from nearby source
populations and provide detailed information on successful ex-situ cultivation.

KEYWORDS

aquatic plant, Alismatales, Luronium natans, endangered species, population
genetics, conservation, growth form

1 Introduction

The loss of aquatic vegetation has been accelerating in the
last four decades (Zhang et al., 2017). Oligotrophic waterbodies
such as lakes and ponds are among the most threatened habitats
in Europe and they harbor many endangered plant and animal
species. However, changes in land use, nutrient inputs, and water
pollution represent the main causes of the reduction in species
diversity and abundance (Jamin et al., 2020). The dramatic
decline in the number of such wetlands and resulting
fragmentation is putting further pressure on their flora and
fauna, thus these habitats have been protected by European law
(Habitats Directive, 1992). In particular, mainly due to
eutrophication, aquatic macrophytes belong to the most
endangered groups (Preston and Croft, 2001). Anthropogenic
increases in nutrients allow plant species adapted to this
condition to grow faster and displace rare pioneer species
(Kozlowski et al., 2009). Indeed, wetlands are rarely managed
to protect threatened species, and it remains incompletely
understood which conservation measures are likely to stabilize
populations of endangered aquatic plants (Doust and
Doust, 1995).

Luronium natans (monotypic genus within Alismataceae) is
a typical example of such an aquatic pioneer plant (Greulich
et al.,, 2000; Szankowski and Klosowski, 2001) because it can
hardly compete with more nitrophilic aquatic and semi-
terrestrial plants (Szmeja, 2004). Throughout its distribution
area covering the Atlantic and sub-Atlantic climatic zones of
western and northwestern Europe, population trends are
‘declining’ (Preston and Hill, 1997; Greulich, 1999; TUCN,
2021). In Germany, L. natans is found mainly in northern
lowlands. Since many populations have been lost since 1950, it
has been classified as ‘critically endangered’ and became even
extinct in some parts of Germany (Metzing et al., 2018). In the
German Federal state Saxony, L. natans has suffered a significant
population decline during recent decades (Schulz, 2013). Today,
only a few populations remain in large, mostly extensively
managed ponds in eastern Saxony (Hanspach, 2007), and
botanical surveys report a continuous decline in populations
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(Figure 1). Although historical distribution is not fully
documented, it is very likely that isolated populations have
existed for the last 100 years. Population declines until 1990
are probably due to loss of suitable habitats, while more recent
declines from 1990 onwards are not fully understood and may be
caused by changes in water chemistry.

Luronium natans is a perennial herb hibernating by
submerged rosettes adapted to both aquatic and semi-
terrestrial environments with changing water levels (Szmeja,
2004). The species grows on muddy, usually peaty substrates
and is part of the endangered oligotrophic standing water plant
communities (Littorelletea uniflorae Br.-Bl. et R. Tx.; Greulich
et al.,, 2000; Reillmann and Dieter, 2015). Luronium natans is
morphologically highly variable because it develops distinct
phenotypes adapted to both aquatic and semi-terrestrial
environments (Kay et al., 1999; Szmeja, 2004). These
phenotypic adaptations are highly plastic, may occur several
times during an individual’s life time and these transformations
need usually a few weeks only (Gliick, 1905; Kay et al., 1999).
The aquatic form grows in waters up to about 3 m in depth and
is characterized by rosettes of linear submerged leaves and
bundled roots. Individuals growing in shallower waters of up
to 1.5 m depth may additionally develop floating leaves
consisting of long petioles and leathery elliptical to oval blades
(Szmeja, 2004). The semi-terrestrial form has well-developed,
thread-like, mostly unbranched fine roots and its leaves shape
resembles that of floating leaves, however, petioles are wider and
shorter (Gliick, 1905).

In addition to insect-pollinated flowers above the water level,
plants can develop submerged cleistogamous flowers and
reproduce vegetatively by stolons and fragmentation (Kay
et al., 1999; Szmeja, 2004). However, the relative importance of
these reproductive modes has been controversially discussed
(Kay et al., 1999; Nielsen et al., 2006; Cox et al., 2014). Nuts do
not have special adaptations, but both dispersal by water or birds
seems to be likely (Kay et al, 1999; Halvorsen and Grostad,
2002). The species forms a considerable seed bank with seeds
germinating after long periods of stasis at considerable rates
(Gliick, 1905; Nielsen et al., 2006) and the seedbank is
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FIGURE 1
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period of last observation

10.3389/fpls.2022.1069842

until 1950

e 2011-2011

Occurrences of Luronium natans in Saxony (Germany) based on records from herbaria in Dresden (DR), Gorlitz (GLM), Halle (HAL), Jena (JE) and
Leipzig (LZ). Main rivers and water reservoirs are marked in blue, cities in grey.

considered to play a key role for surviving periods of inadequate
conditions (Kaplan et al., 2014). Particularly in clonal
populations, seeds are the major carrier of long-distance
spread (Eckert et al., 2016).

Because sufficient genetic variation is the basis for the
adaptability to the ever-changing environment (Hoban et al,
2020) and thus for the survival of a species (Hughes et al., 1997;
Luck et al,, 2003), assessing the extent of genetic diversity in
endangered plant species has become a fundamental tool for
conservation efforts. Still, the role of genetic diversity for
conservation is often under-appreciated in plants and explicit
goals for genetic diversity are undeveloped or focus mostly on
species of agricultural relevance (Hoban et al, 2020). The
importance of intraspecific genetic diversity for the resilience
of ecosystems and survival of species is crucial and confirmed by
a large body scientific evidence (Laikre et al., 2020). However,
estimation of the effective population size (Ne) in natural plant
populations with a polymorphic reproductive strategy and a
considerable seed bank is not straight-forward at least using
easily available dominant marker systems, so most studies rely
on simple estimators of genetic diversity (Allendorf et al., 2013).
Moreover, dramatic habitat losses due to land use changes may
happen so rapidly that they are often not mirrored by lagging
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changes in genetic diversity (Reichel et al., 2016; Aavik
et al., 2019).

Ex-situ collections can be effective measures in conserving
plant species (Abeli et al., 2020) by preventing extinction and
restoring a species’ historic range by re-introductions (He
et al.,, 2016). Therefore, the knowledge of the genetic status
and relatedness of source populations can significantly
influence re-introduction efforts by maximizing genetic
variation in target populations (He et al, 2016; Robinson
et al.,, 2021).

As with many other endangered aquatic plants, neither
population genetics nor ecology of L. natans has been
intensively studied and data are rather anecdotal across its
distribution area. So far, population genetic studies have been
carried out in the Czech Republic, Germany, Wales and Ireland
using isozymes (Kay et al., 1999; Bartuska, 2009) as well as in
Belgium and Denmark using Amplified Fragment Length
Polymorphism (AFLP; Nielsen et al., 2006; Cox et al,, 2014).
Bartuska (2009) found little genetic diversity within populations
from the Czech Republic and Germany (Saxony: GrofSenhainer
Pflege and Niederspree). Furthermore, Belgian populations were
found to have a high degree of clonal reproduction (Cox
et al., 2014).
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However, effective reintroduction requires knowledge not
only of the genetic status of populations, but ecological
experiments on plant growth and survival, which is
particularly important for a species with diverse growth forms
such as Luronium.

To get fundamental genetic and ecological knowledge for
successful re-introduction efforts of Luronium natans, we
investigated population genetics of the remaining Saxon
populations using AFLPs. Although this method relies on
presence/absence data of anonymous fragments and may have
disadvantages compared to sequence-based population genomic
methods it still provides reliable and cost-effective data for
population genetics in species without prior knowledge on the
genome (Woodhead et al, 2005; Allendorf et al, 2013). These
markers yield a genome-wide overview about population genetic
patterns and robust data can be retrieved when a rigorous scoring
and replication scheme is applied (Ley and Hardy, 2013, see below).
In addition, previous studies on other European populations of
Luronium natans were also performed with AFLPs (Cox et al., 2014;
Nielsen et al., 2006), allowing for direct comparisons of population
genetic estimators.

In particular, we determined the genetic diversity within
populations to estimate the degree of clonality and thus the
influence of sexual versus vegetative reproduction. We also
studied the genetic distance of these populations in
comparison to samples covering the species’ distribution area
and with material from ex-situ cultures from various botanical
gardens. Since all previous publications indicated a low genetic
variability within populations in L. natans (Kay et al, 1999;
Nielsen et al., 2006; Bartuska, 2009; Cox et al., 2014) and such a
pattern seems to hold in general for aquatic plants (Santamaria,
2002) because clonal propagation appears to be common in
endangered and aquatic species populations (Silvertown, 2008),
we hypothesize low levels of genetic diversity within Saxonian
populations but a considerable genetic variance between them.

In addition, we conducted a greenhouse experiment to
investigate the influence of temperature, substrate, and water
level on plant growth in order to find optimum growing
conditions for ex-situ cultures potentially used for re-
introduction experiments.

2 Material and methods

2.1 Study sites

Our sampling of L. natans focused on Saxony (Germany),
where the species is found in two pond areas approximately 90
km distant from each other: Niederspree (DE_Ni) and
Groffenhainer Pflege (DE_Gr; Hanspach, 2007; Hanspach
et al, 2016). The occurrences in the Niederspree pond area
have been known at least since 1899 and in Groffenhainer
Pflege since 1840.
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Both pond areas contain a number of distinct populations in
the respective single ponds (Table 1). Within the pond areas
several thousand shoots have been detected, in which high
fluctuation rates up to 50% were observed (Hanspach et al,
2016, own observations). However, despite historical records
(personal communication L. Runge) no occurrences of
Luronium were found at Goldgrubenteiche. The material was
collected from the end of September to the beginning of October
2020. In accordance with the collection permit issued by the
relevant authorities leaves from 1-28 plants per pound
(depending on the size of the subpopulation; minimum
distance between samples — 0.8 m) were collected and dried in
silica gel. To ensure that the harvested material came from one
plant, only a single leaf per plant was harvested. In many cases
plants occurred in rather dense patches, from which we sampled
only one leaf to avoid collecting clonal plants.

Additionally, leaves from plants of two other localities in
Germany (Mecklenburg-Vorpommern: near Rostock; Bavaria:
Bad Alexandersbad), as well as several samples from the Czech
Republic, Poland, Great Britain, and Norway were investigated
(Table 1). Furthermore, leaves from plants cultivated in the
Botanical Garden of the TU Dresden were also studied (Table 1).

2.2 Population genetic analyses

DNA was isolated from silica gel dried leaf material using
innuPREP Plant DNA Kit (Analytic Jena, Germany) following
the manufacturer’s instructions except for the elution of DNA,
which was eluted in two steps: 1. with 70 ul HPLC grade water, 2.
with 30 pl HPLC grade water. The quality of isolates was checked
with agarose gel electrophoresis (1%) and DNA quantity was
estimated using Qubit Fluorometer (Thermo Fisher Scientific).
Extracted DNA was stored at -22°C until further processing.

To investigate genetic diversity within Saxon populations
and their relationships to other European populations, AFLP
(Vos et al, 1995) was used with minor modifications. One
hundred nanograms of isolated DNA were digested with the
restriction enzymes PstI and Msel. Restriction and ligation were
performed in a single reaction for 10 hours at 37°C. For selective
PCR, we followed Schuelke (2000). We first tested 15 primer
combinations based on previous AFLP studies on L. natans (Cox
et al., 2014; Nielsen et al., 2006) and selected four combinations
for further analyses: S7 (PstI-ACG/MseIl-CAC), S8 (PstI-ACG/
Msel-CCG), S11 (PstI-ACT/Msel-CTC), S12 (PstI-ACT/Msel-
GCT). Samples were randomly distributed on 96-well plates to
avoid position effects. Sixty-six of 253 samples were analyzed
twice for quality control. In addition, five identical samples were
repeated on each of the five 96-well plates, and negative controls
for restriction/ligation, pre-selective PCR, and selective PCR
were included. Automated detection of AFLP fragments was
performed by the Senckenberg Biodiversity and Climate
Research Center (SBik-F; Frankfurt am Main, Germany) with
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TABLE 1 Origin of sampled material.

country, state

locality, population

10.3389/fpls.2022.1069842

No of
samples

GPS coordinates
(WGS 84)

subpopulation

Germany, Saxony GrofSenhainer Pflege (DE_Gr),
Tiergartenteich

(DE_Gr_Tier)

large Tiergartenteich (TierL);
additional sample from Botanical Garden BG_2: 1
(accession number: 017947-28)

51.338 N 13.746 E

small Tiergartenteich (TierS);
additional sample from Botanical Garden BG_1: 1
(accession number: 017947-28)

51.339 N 13.746 E 8

Schwarzteich'; (Sch) 1
Groflenhainer Pflege (DE_Gr), Kleiner Teich near Raschiitzwald, eastern part 51.342 N 13.670 E 28
Raschiitzwaldteich (DE_Gr_Ras) (RasE)
Kleiner Teich near Raschiitzwald, western part 51342 N 13.668 E 13
(RasW)
Grofenhainer Pflege (DE_Gr), southern Sergkteich (SerS) 51.345 N 13.724 E 12
Sergkteich
(DE_Gr_Ser) northern Sergkteich (SerN) 51.348 N 13.726 E 2
Germany, Saxony pond area Niederspree (DE_Ni), Grofer eastern part (TiefE_1) 51.403 N 14.905 E 19
Tiefzug
(DE_Ni_Tief) eastern part, ditch (TiefE_2) 51.403 N 14.905 E 1
pond area Niederspree (DE_Ni), Froschteich (Fro); 51.404 N 14.908 E 3

Froschteich

additional sample from Botanical Garden BG_4 1

(DE_Ni_Fro) (accession number: 018092-20)
Germany, Bavaria Bad Alexandersbad (DE_By) 50.833 N 14.155 E 6
Germany, small patch near to Entensee and 50.832 N 14.202 E 12
Mecklenburg- Schwarzer See (DE_Ro)
Pomerania
Czech Republic, Rybnik u Kralova mlyna (CZ_1) 50.833 N 14.155 E 6
Ustecky Kraj
Hasic¢ska nadrz (CZ_2) 50.832 N 14.202 E 12
Pruhonice Park (Czech Academy of ex cult., unknown 3
Sciences) (BG_3)
Norway, Oslo Lake Breisjoen (NO_1) 50.833 N 14155 E 6
Lake Maridalsvannet (NO_2) 50.832 N 14.202 E 12
Poland, Pomeranian Jezioro Smotowskie (PL) 50.833 N 14.155 E 6
United Kingdom, Llyn Padarn (UK) 50.832 N 14.202 E 12

North Wales

"Population was newly established based on material from Tiergartenteich in 2019 (pers. comm. L. Runge, head of the regional association ‘Groflenhainer Pflege’ of non-governental

organization ‘Naturschutzbund Deutschland’).

an ABI 3730 sequencer (ABI Life Technologies, Darmstadt,
Germany) using the LIZ-600 size standard (ABI
Life Technologies).

Fragment scoring was processed as described in Ley and
Hardy (2013). First, scoring was automatically done using
PeakScanner 1.0 (Applied Biosystems, ThermoFisher Scientific,
Berlin, Germany) on a size range from 100-500 bp, the minimal
peak height of 30, and maximal peak width of 1. The program
TinyFLP v1.30 (Arthofer, 2010) was then used for a pre-choice
of markers. Finally, the software SPAGeDi (Hardy and
Vekemans, 2002) was used to estimate the reproducibility of
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bands by calculating fragment-wise Fst values across repeated
samples by combining all combinations within one matrix (see
details in Ley and Hardy, 2013). We retained a final data matrix
consisting of 151 samples from 22 (sub)populations with 48
fragments with a Fst >0.25.

To estimate the genetic diversity within populations (for
those with >5 samples) we calculated Expected Heterozygosity
(He); Shannon’s Index of Diversity (I), and the Percentage of
Polymorphic Loci (%P) with GenAIEx v. 6.5 (Peakall and
Smouse, 2012). Population structure was analyzed using
GenAIEx by performing Analysis of Molecular Variance
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(AMOVA) and Principal Coordinate Analysis (PCoA) based on
Jaccard distances with the R-Package vegan (Oksanen et al,
2020). In addition, we performed Mantel tests (Mantel, 1967)
with GenAIEx to check for a correlation between geographic and
genetic distances. Furthermore, Bayesian clustering was
conducted with the R-package ParallelStructure (Besnier and
Glover, 2013) with 10 iterations for every K from 1 to 10, with a
burn-in of 500,000 generations followed by 1,000,000
generations. The best-fitting model was chosen according to
the method described by Evanno et al. (2005) using the software
Structure Harvester v.0.6.94 (Earl and vonHoldt, 2012). Results
were visualized with the program DISTRUCT v.1.1
(Rosenberg, 2003).

2.3 Experiment on plant growth

The experiment started on October 27, 2020 and ended on
March 12, 2021. Plant material for the experiment originated
from the population Kleiner Tiergartenteich (DE_Gr_Tier;
Table 1) and had been cultivated since 2019 in the Botanical
Garden of the TU Dresden. The plants used for the
experiment were propagated by runners from mother plants
and were grown after separation from the mother plants for 7
-8 weeks in submerged pots in the outside area of the
botanical garden.

Conditions tested in this experiment were selected based on
observations from habitat and previous publications (Gliick,
1905; Barrat-Segretain and Bornette, 2000; Nielsen et al., 2006).
Plants were potted into four types of substrates: clay, sand, mixed,
i.e. clay/sand mixture (1:1), and layered, i.e. sand as the top layer
and clay as the bottom layer (1:1) to check whether lack of
nutrients (especially sand as top layer) will influence root length.
Pots were subsequently placed in three different water levels: (1)
semi-terrestrial condition (saturated): water up to about 3 cm
below the rim of the pot; (2) aquatic condition I: water about 0.5
- 1.0 cm above the rim of the pot; (3) aquatic condition II: water
about 7 cm above the rim of the pot. Since seasonal differences in
plant growth have been observed previously which are likely
related to water temperature (Barrat-Segretain and Bornette,
20005 Nielsen et al., 2006), plants were exposed to two different
water temperatures: cold: ~ 5 °C and warm: ~ 14 °C. Four plants
each, i.e. biological replications were used for each combination
of substrate, water level, and temperature (Supplementary
Figure 1), thus the experiment constituted a full-factorial
design. Water level (rainwater) was regularly checked and
replenished when necessary. The plants were illuminated with
assimilation lighting from 7 to 10 a.m. Since not all plants used
for the experiments were of the same size, their size classes were
recorded in the beginning of the experiment: small (s), medium
without floating leaves (m), and medium with floating leaves
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(wfl). After completion of the experiment roots of each plant
were rinsed with water to remove remaining substrate. Then, the
length of the longest root and of the longest leaf (floating leaves
were excluded) were measured. Typically, roots are cut and
weighted, but this procedure could not be performed since the
plants had to be kept alive for further ex situ conservation.

The effects of the substrate, water level, and temperature on
root and leaf length were analyzed using linear regressions.
Additionally, we analyzed the effect of the plant size at the
onset of the experiment by including the variable as a covariate.
For each response variable, we calculated 27 different models
(Supplementary Tables 1, 3) with the predictor variables in
plausible combinations. For model selection, we used Akaike’s
information criterion (AIC). The 27 models were ranked via
AIC and the model with the lowest AIC and a difference of at
least 2 to the next model was then considered as the best-fitting
model (Burnham and Anderson 2002). All analyses were
performed using the R environment (R Core Team, 2020).

3 Results

3.1 Genetic diversity of Luronium
populations

Genetic diversity of L. natans populations was reasonably
high Table 2; (grand means He = 0.25; Shannon-Index = 0.387)
and differed only little between populations, with highest values
found in the population Raschiitzteich (DE_Gr_Ras: He = 0.268)
and lowest diversity detected in the Norwegian population (NO:
He = 0.234).

3.2 Genetic structure of populations

The Principal Coordinate Analyses including all 151 samples
across Europe separated mainly samples from Eastern Europe
(Czech Republic = CZ and Poland =PL) and those from Eastern
Saxony (pond area Niederspree = DE_Ni) from the remaining
samples along the first axis (Figure 2). In the left part of the plot
samples from the Central Saxon area GrofSenhainer Pflege
(DE_Gr) were clustered, whereas samples from Northern and
Southern Germany (DE_Ro, DE_By), Great Britain (UK), and
Norway (NO) were found in a rather intermediate position.
Note that samples obtained from ex situ collections of Botanical
Gardens clustered according to their geographical origin
(Table 1). The PCoA presented in Figure 2 was based on
Saxon samples only. Accordingly, samples from Niederspree
(Eastern Saxony) were clearly separated along the first axis.
We observed no genetic structure among the populations within
both pond areas, respectively.
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TABLE 2 Overview about estimators of genetic diversity in populations >5 samples.

10.3389/fpls.2022.1069842

Country Population ID N Shannon-Index He %P
Czech Republic CZ 17 0.379 + 0.033 0.243 + 0.024 83.3%
Norway NO 9 0.367 + 0.033 0.234 + 0.024 83.3%
DE_Ni 21 0.370 + 0.036 0.240 + 0.026 81.3%
G DE_Gr_Ras 41 0.416 + 0.031 0.268 + 0.023 95.8%
ermany
(Saxony) DE_Gr_Ser 13 0.392 + 0.035 0.256 + 0.026 83.3%
DE_Gr_Tier 31 0.398 + 0.032 0.256 + 0.024 93.8%
Total 132 0.387 + 0.014 0.250 £ 0.010 86.8% + 2.6%
Abbreviations for populations are according to Table 1. He, Expected Heterozygosity, %P, Percentage of Polymorphic Loci.
Values in bold are sums or mean values (total) of the above values.
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FIGURE 2
Principal Coordinate Analysis based on 48 AFLP loci of 151 individuals from European L. natans populations (left), and 113 individuals from Saxon
populations only (right). Abbreviations for populations are according to Table 1.
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TABLE 3 Analysis of Molecular Variance based on 48 AFLP loci among and within two Saxon localities of Luronium natans (Niederspree: DE_Ni
and Grofenhain: DE_Gr).

Source of Variation Sum of Squares Mean of Squares Estimated Variance % Variance
Among localities 3 122.791 122.791 3.442 33%
Within localities 103 712,511 6.851 6.851 67%
Total 106 835.302 10.294 100%

df, degrees of freedom.

1.0 | II|

o

o
)

Posterior Probabilities [PP]
o
>

o

00 U S 1 e e N N 7 E
e fl'1 "I'| N|éé‘<f| Ne Y =2 o £z 9 = ¢ 582
=
N N 00T W wioo 7 3 35 g 8 s 2%
a b = z z @ v O oo w = E ww
| L - F Tl
S i co
= :(:—w . ql)- 5 ¥5c
="
= z ©2E 20 O c &b 2 3450
el 2 c O w © 5 w T @ m coOv
2 S 359 AT a<& o=€
(=% o O ap = 2 c & Q@
9] =z &ec c 9 9] 3 8
o < a8 7o [ o]
= - 3 ] s
(%} ) Z =4
5 £ | = o J
[=)
& S i
Germany

FIGURE 3
Bayesian clustering based on 48 loci AFLP for the model K = 2. Length of the colored bars indicates posterior probabilities (PP) for belonging to
one of the two clusters (pink and green). Abbreviations for populations are according to Table 1.

Analyses of Molecular Variance (Table 3) revealed a significant correlation between geographic and genetic distances
moderate differentiation (®PT = 0.334, P > 0.001) between (all populations: R* = 0.0271; p = 0.100, Saxon populations: R* =
both Saxon localities (DE_Gr and DE_Ni). Results from 0.9974 and p = 0.078).

Bayesian clustering (Figure 3) with two clusters (K = 2)
roughly corresponded to the PCoA analyses of all samples.
Accessions from the area Groflenhainer Pflege (DE_Gr) were 3.3 Plant gI’OWth
assigned to the green cluster, whereas populations from

Niederspree were found in the same cluster containing most of The best-fitting model for root length (adjusted r-squared 0.65,
the Czech (CZ), Polish (PL), and Norwegian (NO) samples. p < 0.001) included an interaction between temperature and water
Admixture between both clusters was detected for a few samples level (Supplementary Tables 1, 2). The size of the plants at the
from various ponds in Central Saxony and for plants originating beginning of the experiment did not have remarkable effects on
from Norway (NO) and Wales (UK). Mantel test did not detect a root length. Roots were longer in plants grown under high water
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The influence of significant factors on plant growth (A: root length and B: leaf length) of L. natans. Water level: "1 cm”: water about 0.5 -1 cm
above the rim of the pot; "7 cm”: water about 7 cm above the rim of the pot; saturated: semi-terrestrial form, water only up to about 3 cm

below the rim of the pot; temperature: cold ~ 5°C, warm ~ 14°C.

levels than under low water levels. The effect of temperature on the
root length was restricted to plants grown under saturated water
conditions: here, warm temperature led to roots three times longer
than those of plants grown under cold temperatures (Figure 4).
The best-fitting model for leaf length (adjusted r-squared
0.47, p < 0.001) included an interaction between plant size at the
onset of the experiment and water level. According to the best-
fitting model (Supplementary Tables 3, 4), leaf length increased
with the water level. Plants of medium size and with already
developed floating leaves had the longest leaves, and this effect
tended to increase with increasing water depths (Figure 4).
However, the selected model did not fit much better than the
model with plant size at onset and water level lacking
interaction, and the model including plant size at onset, water
level, and temperature (A AIC of the first three models was <2).

4 Discussion

4.1 Genetic diversity in L. natans
populations

In contrast to our initial hypothesis of low genetic variation
within populations, the values of the indices of genetic diversity
were quite high (I = 0.367-0.416; Table 2), and these results suggest
that Saxon populations are not genetically impoverished and that
clonal reproduction does not cover the effect of the sexual
reproduction. This finding was rather unexpected and contradicts
the results from BartuSek (2009), who reported a moderate to very
low (sometimes absent) genetic diversity in Czech and Saxon
populations but applied possibly less polymorphic isozyme
markers compared to AFLPs (Ipek et al, 2003; Mondini et al,
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2009). Similarly, Kay et al. (1999) suggested the dominance of clonal
propagation in the United Kingdom and Ireland based on isozyme
analyses, and also previous studies from Belgium reported
considerably low values (I = 0.0996) based on AFLPs (Cox et al,
2014). In addition, Szmeja (2004) assumed that L. natans
populations in Poland are mainly represented by
multigenerational clones reproducing primarily by fragmentation.
However, he observed plants in water reservoirs with deeper water
bodies, where cleistogamy occurs more often (Kay et al,, 1999).
Thus, the high genetic diversity observed in the Saxon populations
may be due to marked outcrossing from insect-pollinated
chasmogamic flowers above the water surface, which we observed
in all ponds studied. Moreover, L. natans produces a substantial
seed bank and is characterized by high rates of seed germination
(average 51-60%; Nielsen et al., 2006). Lansdown and Wade (2003)
assumed the seeds to have a capacity for extended dormancy over
many years. Germination might take place preferably in shallow
waters or on naked mud in empty ponds. The extreme fluctuations
of observed shoots (up to 50%) between years (Hanspach et al,
2016, own observations) can be caused by pronounced clonal
growth or by high proportion of regeneration from seeds. A
much denser sampling design in consecutive years may help to
investigate the different ways of population growth. Moreover,
estimators of genetic diversity respond often delayed compared to
rapid changes in habitats and thus in strong declines in population
size (Reichel et al.,, 2016; Aavik et al., 2019).

In contrast to our results, low values of genetic diversity
based on AFLPs (I = 0.025-0.140) were reported within three
species of the closely related genus Baldellia (Alismataceae) in
Europe (Arrigo et al, 2011). However, these authors found
varying values depending on the geographic origin of the
samples with higher values detected at Iberian Peninsula
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compared to France and Switzerland, which were explained by a
recent post-glacial re-colonization to the North. Thus,
considering a species’ biogeographic history might also be
crucial regarding conservation approaches.

4.2 Genetic structure of L. natans
populations

According to our hypothesis of a pronounced genetic structure
between Saxon populations, L. natans samples clustered mainly
according to their geographic origin, whereby we detected three
groups of samples: (1) Czech populations, (2) Saxon populations
from Niederspree and (3) Saxon populations from the pond area
Groflenhainer Pflege, with remaining samples from Germany and
Norway in between (Figure 2). This partially coincides with the
results reported by Bartuska (2009), who showed that the
populations from the Czech Republic, and the two Saxon
populations Groffenhainer Pflege and Niederspree constituted
three separate groups. Remarkably, sites from Saxony, which are
only separated by a distance of approximately 90 km appeared to
be rather distantly related because samples from the area
GrofSenhainer Pflege formed a separate cluster and those from
Niederspree were close to remaining samples from various sites
across Europe (Figure 3). Most accessions were assigned with high
posterior probabilities to one of the two clusters (Figure 3), thus
admixture between both Saxon areas played a minor role. Given
the rather low geographic distance between Saxon sites the ®PT
value of 0.334 suggests a moderate level of genetic differentiation
between populations (Table 3), which was comparable to the
values observed in Belgian populations ranging between 0.226
and 0.455 (Cox et al, 2014). Samples from neighboring ponds
within each of the respective Saxon areas appeared to be
completely intermingled, thus, no genetic structuring on very
short distances was observed (Figure 2). While the lack of
genetic structure between sub-populations per population
(Table 1) may be an effect of water-mediated dispersal (Kay
et al, 1999), it does not explain the situation between the three
populations in Groffenhainer Pflege (DE_Gr_Tier, DE_Gr_Ras,
and DE_Gr_Ser) as these areas are not connected by ditches but
rather suggests zoochoric dispersal, e.g. by birds. Although,
Mikkelsen (1943) argued that Luronium nuts lack adaptations to
bird dispersal, more recent studies reported likely dispersals of 50
to 100 km (Fritz, 1989; Halvorsen and Grostad, 2002; Lansdown
and Wade, 2003; Nielsen et al., 2006). Here, bird dispersal would
only explain the genetic similarity at the local scale (Table 1) but
not between areas, because both areas in Saxony (DE_Gr and
DE_Ni) were clearly separated (Figures 2, 3). However, we detected
no significant pattern of isolation by distance (Mantel tests for
European populations: R* = 0.0271; P = 0.100, for Saxony R* =
0.9974 and P = 0.078) but due to the restricted availability of plant
material our sampling was rather unbalanced.
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Remarkably the genetic similarity of Polish (PL) and Czech
(CZ) samples (Figure 2) is surprising, given the geographic distance
between the populations. We would have rather expected a close
relationship of the Polish samples with the German population
from Rostock (DE_Ro). In Poland, two big geographically separated
occurrences, i.e. Pomerania (current populations; closer to Rostock)
and Lower Silesia (historical populations; closer to the Czech
Republic) are present (Dajdok and Prockow, 2003; Szmeja, 2004).
Our findings are in line with the observation of Nischkowsky and
Schube (1908) and Suda et al. (2000), who referred to the Lower
Silesian occurrences as part of the Jizera Foothills meta-population,
which also include the oldest Czech populations. The Czech
populations examined in the present study are about 120 km
away from these historical occurrences (Nischkowsky and
Schube, 1908) but may represent together with scattered
populations from Wielkopolska, Poland (Szmeja, 2007; Szmeja,
2013) remnants of a former widespread distribution in Poland
and the Czech Republic. The closer relationship of samples from
Niederspree (DE_Ni) to Czech populations rather than to the more
western Saxon samples from Groflenhainer Pflege (DE_Gr) implies
a geographic separation of L. natans between Eastern and Western
Europe, whose border might cross Saxony.

4.3 Growing conditions of L. natans

Our experiment showed that Luronium plants developed
longer roots under semi-terrestrial (saturated) conditions at
higher temperature (Figure 4). This is in line with the
assumption of Gliick (1905) who argued that a more extensive
root system of semi-terrestrial forms may be caused by their
restricted access to water. The here observed longer roots at
higher temperatures fit also with Luronium’s Ellenberg Indicator
Value for temperature (T6; Ellenberg et al., 2001) indicating its
adaptation to moderate warm to warm temperatures. In
addition, we found longer leaves in plants growing at higher
water level, which can be explained by the fact that the aquatic
form of Luronium has longer leaves than the semi-terrestrial
form. In addition, plants which were larger at the onset also
produced longer leaves, however, plant size at onset was an
uncontrolled factor, and the plants were randomly selected
according to size. Thus, the best results for obtaining robust
plants for potential reintroduction are obtained under semi-
terrestrial conditions and at higher temperatures, as a strong
root system can facilitate active planting.

4.4 Implications for conservation
Our study revealed moderate levels of genetic diversities in

Saxon populations suggesting that the observed decline in
populations is not caused by lacking genetic diversity. We assume
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that populations in ponds rely strongly on regeneration by seeds
emerged from outcrossing rather than by clonal reproduction or
cleistogamous flowers. While we found a considerable genetic
differentiation among Saxon populations our results showed no
genetic differentiation within pond systems indicating sufficient
genetic exchange between neighboring ponds probably mediated by
birds or water. Thus, our results imply to use rather nearby
populations from the same area as source for reintroductions.
Our plant growth experiments demonstrated that possible
reintroductions of plants are facilitated by optimal growing
conditions in gardens since we obtained plants with longest roots
when grown under saturated water conditions and higher
temperatures, whereas the tested soil type seems to have less impact.
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The combined effects of filter-
feeding bivalves (Cristaria plicata)
and submerged macrophytes
(Hydrilla verticillate) on
phytoplankton assemblages in
nutrient-enriched freshwater
mesocosms
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Hui Liu*? and Tangbin Huo'*

*Key Laboratory of Aquatic Organism Protection and Ecological Restoration in Cold Waters,
Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences, Harbin, China,
2Heilongjiang River Basin Fisheries Ecology Observation and Research Station of Heilongjiang Province,
Harbin, China, 3Jilin Chagan Lake National Nature Reserve Administration, Songyuan, China

Freshwater ecosystems are threatened by eutrophication, which causes persistent
and harmful algal blooms. Filter-feeding bivalve mollusks and submerged
macrophytes (SMs) alleviate the eutrophication effects by inhibiting
phytoplankton biomass blooms. However, very little is known about whether
and how the combined manipulation of filter-feeding bivalves and SMs control
eutrophication and influence phytoplankton assemblages. Here, we performed a
nutrient-enriched freshwater mesocosm experiment to assess the combined
effects of the filter-feeding bivalve Cristaria plicata, a cockscomb pearl mussel,
and the macrophyte Hydrilla verticillate on the biomass and composition of
phytoplankton assemblages. We found that addition of C. plicata and H.
verticillate decreased the water nutrient concentrations and suppressed overall
phytoplankton biomass. Further, distinct differences in taxa between restoration
and control treatments were observed and noticeably competitive exclusion of
cyanobacteria in the restoration treatments occurred. An antagonistic interaction
between filter-feeding bivalves and SMs was only detected for total cyanobacteria
biomass demonstrating that a larger magnitude of SM restoration may override the
effect of filter-feeding bivalves. Our results suggest that manipulation, through the
addition of bivalves as grazers, associated with the restoration of SMs, is an efficient
approach for reducing cyanobacterial blooms and alleviating eutrophication.

KEYWORDS

biomanipulation, control of cyanobacteria, eutrophication, filer-feeding bivalves,
submerged macrophytes
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1 Introduction

Eutrophication of freshwater ecosystems, driven primarily by over
enrichment of nitrogen (N) and phosphorus (P) (Carpenter et al,
1998), is a serious threat to water quality, biodiversity and other key
ecosystem functions (Smith et al., 2006; Cook et al., 2018; Liu et al.,
2021). Nutrient enrichment promotes the appearance and persistence
of harmful algal blooms (Heisler et al., 2008; Conley et al., 2009) and
the decline of submerged macrophytes (SMs) (Zhang et al., 2017),
altering the food web structure (Fujibayashi et al., 2018; Briland et al.,
2020). Occurrences of eutrophication are expected to increase with
climate and land-use changes (Jeppesen et al., 2010; Bergstrom and
Karlsson, 2019; Le Moal et al., 2019), inducing regime switches from a
macrophyte-dominated clear state to phytoplankton-dominated
turbid state (Jeppesen et al., 2007a). Considering that human
activity is the primary cause of the eutrophication, it is crucial to
reduce anthropogenic contributions to aquatic ecosystems and to find
effective approaches to control cyanobacterial blooms that usually
dominate eutrophic waterbodies.

The restoration of SMs is considered a crucial measure for the
rehabilitation of shallow eutrophic lakes (Liu et al., 2020; Li et al., 2021a),
as SMs display certain functional traits, that they use to stabilize the clear-
water state (Puijalon et al, 2011; Su et al,, 2019; Rao et al,, 2020). For
example, SMs could suppress algal growth by competing for light and
nutrients (Liirling et al,, 2006), producing algae-inhibiting allelochemicals
to interfere the photosynthetic activities (Zhu et al., 2010) and change
other physiological and biochemical processes (Zhu et al., 2021; He et al,
2023), and providing grazing zooplankton with a daytime refuge against
fish predation (Burks et al., 2001). In addition, SMs can facilitate nutrient
uptake from the water column and sediment (Sand-Jensen and Borum,
1991) and reduce sediment resuspension (Horppila and Nurminen,
2003). Earlier studies involving small-scale experiments (Barrow et al.,
2019; Amorim and Moura, 2020) and natural aquatic ecosystems (Chao
etal, 2022; Peng et al,, 2022) have repeatedly reported that the restoration
of SMs decreases the phytoplankton abundance and increases water
clarity. Thus, usage of SMs is a prospective tool for the elimination of
algal blooms (Jeppesen et al, 2007b). The submerged macrophyte
restoration is, therefore, expected to prevent or mitigate the expansion
of cyanobacterial blooms.

Another restoration technique to improve water quality is the
biomanipulation of filter-feeding freshwater animals, such as mussels;
however, its effectiveness remains debatable. For example, grazing
studies involving filter-feeding mussels, such as zebra mussels and
triangle sail mussels, in Europe and China demonstrated that they can
efficiently consume pelagic algae and detritus (e.g. Maclsaac et al,
1992; Gao et al., 2017). Further, mussels, as grazers, can reduce or
even prevent algal blooms (Gulati et al., 2008). Furthermore, Wu and
Culver (1991) found abundant zebra mussels in Lake Erie, and
noticed that filter-feeding Daphnia were able to reduce edible algal
density and enhance water transparency. Interestingly, some mussels
display food selectivity and avoid consuming cyanobacteria resulting
in dominance of cyanobacteria over other forms (Hwang et al., 2004;
Colvin et al,, 2015). Contrary to Hwang et al. (2004) and Baker et al.
(1998); Colvin et al. (2015) reported that the invasion of zebra mussels
led to a decline in Microcystis biomass in the Hudson River.

Numerous combined technologies for controlling lake
eutrophication have been developed, demonstrating that the
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combined effect of the two technologies was better than the
technology alone. For example, the combination of large
herbivorous zooplankton and submerged macrophytes proved to be
more efficient at controlling the biomass of cyanobacteria (Amorim
and Moura, 2020). In addition, the successful restoration of
submersed macrophytes improved the water quality in a eutrophic
lake after the removal of common carp (Knopik and Newman, 2018).
Despite recent advances on biological restoration methods related to
eutrophication, little is known about whether and how the combined
manipulation of filter-feeding bivalves and SMs control
eutrophication and influence phytoplankton assemblages. Given the
complexities of climatically, thermally, ecologically, and
hydrologically induced change in natural lakes (Richardson et al.,
2019), mesocosm studies have been heralded as a useful means to
investigate the effects of multiple factors under manipulated or
controlled environmental conditions while supporting realistic
levels of biocomplexity (Stewart et al., 2013; Fordham, 2015).

In this study, we designed a 32-day nutrient-enriched freshwater
mesocosm experiment to explore the potential interactions between
the filter-feeding bivalves and SMs and their impact on the biomass
and composition of phytoplankton assemblages. We reasoned that
categorizing cyanobacteria based on the adaptations to avoid
predation (e.g. colonial and filamentous cyanobacteria) may lead to
greater insights into the combined effects of filter-feeding bivalves and
SMs on the restoration of eutrophic water bodies. We hypothesized
that: (i) biomanipulation via addition of filter-feeding bivalves and
restoration of submerged macrophyte, under nutrient enrichment,
will likely affect phytoplankton assemblages and control the growth of
cyanobacteria; (ii) the interactive effects are likely to be superior to
either alone for controlling eutrophication.

2 Material and methods
2.1 Study site and experimental design

The outdoor mesocosm experiment was conducted between 25
June and 27 July 2021 in 16 cylindrical polyethylene mesocosms on
land - at the Chagan Lake Observation and Research Station near
Chagan Lake (45.25°N, 124.28°E). The mesocosms had a diameter of
1 m and a constant water depth of 1.2 m; they contained 0.2 m
sediment and 780 L of unfiltered water collected from Chagan Lake
(Figure 1). Chagan Lake is a shallow eutrophic freshwater lake (mean
depth: 2.5 m) in a catchment area dominant by agricultural lands and
grasslands and has relatively high allochthonous inputs of nutrients
(especially nitrogen and phosphorus) through precipitation and
surface run-off (Liu et al, 2019; Du et al, 2022). Nitrogen and
phosphorus, as dissolved mixtures of sodium nitrate (NaNO;) and
potassium dihydrogen phosphate (KH,PO,), respectively, were added
daily to each mesocosm to equate to a nutrient load of 36 ig/L and 5
ug/L, which adhered to the Redfield ratio (Redfield, 1958). The walls
of the mesocosms were scrubbed daily to prevent periphyton growth.
During the experiment period, evaporation losses from the
mesocosms were replaced with unfiltered lake water when not
compensated for by rainfall.

The experiment had a factorial design (2 x 2) to evaluate of the
effects bivalves, macrophytes, and their interaction, on water nutrient
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FIGURE 1

Experimental mesocosms used in our study at the Chagan Lake Observation and Research Station.

concentrations and phytoplankton assemblages in mesocosms.
Cristaria plicata was chosen as the filter-feeding bivalve in our
mesocosms as it is an excellent cleaner of suspended particles (Yu
et al., 2020), and Hydrilla verticillate, was used as the macrophyte
owing to its allelopathic effects on phytoplankton (Gao et al.,, 2015)
and nutrient removal capability (Li et al., 2021b). Three treatments
(bivalve: C. plicata alone; macrophyte: H. verticillate alone; bivalve +
macrophyte: C. plicata and H. verticillate together) and a control
(both species absent), each one with four replicates, were randomly
assigned to the mesocosms and all received a common nutrient
loading over the entire experiment. The bivalve, macrophyte, and
bivalve + macrophyte treatments have been proposed as strategies for
mitigating eutrophication for many temperate shallow lakes, and
consequently, served as the restoration treatments (Sondergaard
et al., 2007; Zhang et al, 2014). We added two C. plicata with a
biomass of 413.8 + 13.6 standard error (S.E.) g/m2 to the bivalve
treatment mesocosms. C. plicata were hung with string bags, 30 cm
above the sediment surface. Individual H. verticillate samples were
purchased from a commercial nursery. At the beginning of the
experiment, the average stem length of H. verticillate was 34 + 0.8
S.E. cm and they were bundled together in groups of five to eight and
weighted down in the sediment to encourage root growth. The total
wet weight of macrophytes within each mesocosm was 650 + 10.3 S.E.
gLt

2.2 Sample collection and analysis

Samples of water nutrients and chlorophyll a concentrations were
collected at the beginning of the experiment (day 0) and on day 4, 8, 12,
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16, 20, 24, 28, and 32. The water samples were collected with a tube
sampler at two different depths (surface and 5 cm above the sediment),
from which subsamples were taken for water nutrients and
phytoplankton analysis. We determined concentrations of total
phosphorus (TP), phosphate (PO,4-P), total nitrogen (TN), ammonia
nitrogen (NH,4-N), nitrate nitrogen (NO;-N) and nitrite nitrogen
(NO,-N) using standard methods (American Public Health
Association, 1992). Chlorophyll a (as a proxy of total phytoplankton
biomass) concentrations determined spectrophotometrically from
matter retained on Whatman GF/C glass microfiber filters after cold
ethanol extraction in darkness (Jespersen and Christoffersen, 1987).
To characterize the phytoplankton assemblage composition, we
collected phytoplankton from all enclosures. Phytoplankton sampling
was done at the beginning (day 0) and at the end of the experiment
(day 32). A subsample of the mixed tube sample water was
immediately fixed with Lugol’s solution. All samples were analyzed
using a Sedgewick-Rafter counting chamber and an inverted
microscope (RVL-100-G, ECHO, San Diego, California, USA). At
least 500 natural units were enumerated and identified to the genus
level (Hu and Wei, 2006). Cell volumes of each phytoplankton taxa
were calculated after approximation to the nearest geometric standard
solid (Hillebrand et al., 1999). The biomass estimates were calculated,
assuming that the density of the organisms equals that of water (1
mm’L'=1 mg L) (Wetzel and Likens, 2000). As chlorophyll a (ug/
L) measured using the spectrophotometric method and total
phytoplankton biomass (mm?>/L) estimated from microscope counts
and measurements were positively correlated (R?=0.82, p < 0.001),
we used the latter measurement to estimate the biomass of
cyanobacteria genera. In the case of cyanobacteria, species were
classified into colonies and filaments based on their life form.
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2.3 Statistical analyses

Prior to analyses, water nutrient and chlorophyll a concentration
data were natural logarithm-transformed to meet the assumptions of
normality and homoscedasticity when necessary. Principal response
curve (PRC) method was used to evaluate the time-dependent
influence of the bivalve (C. plicata), submerged macrophyte (H.
verticillate) and their potential interactions on key water nutrient
concentrations in response to nutrient enrichment. The PRC method
is a special case of partial redundancy analysis (RDA) and requires
repeated observations from multiple time periods in order to
represent the deviation in the treatments from the controls over
time (Van den Brink and Braak, 1999; Oksanen et al., 2020). The
statistical significance of the PRC models was tested using the Monte
Carlo permutation test (Van den Brink and Braak, 1999). The PRC
analyses displayed an affinity for the different water nutrient
(response) variables with the trajectory by giving each variable a
quantitative score. In our study, higher scores of water nutrient
variables in a restoration treatment group, resulted in more
pronounced responses compared with the control treatment during
the experiment (Van den Brink and Braak, 1999). Statistical
differences among the control and restoration treatments at the
beginning and the end of the experiment were compared using
Kruskal-Wallis test. If a significant difference was found, post hoc
comparisons among treatments were performed using Wilcoxon test.

Subsequently, we investigated the effects of bivalve addition
(bivalve), macrophyte addition (macrophyte), and their interaction
(bivalve + macrophyte) on phytoplankton biomass (chlorophyll a
concentration). For chlorophyll a concentrations collected multiple
times (i.e., on day 0, 4, 8, 12, 16, 20, 24, 28, and 32), we performed
a two-way repeated measures ANOVA (RM-ANOVA) using a
restricted maximum likelihood (REML) method. If there was a
main effect of bivalve, macrophyte, or their interaction, we
performed post-hoc analyses on the data under each treatment. If
there was a significant (p < 0.05) interaction with time, we performed
post-hoc analyses on the data within each sampling time.

The shifts in phytoplankton assemblage composition over time
and across treatments were evaluated using a multivariate ordination
technique: principal coordinate analyses (PCoA). The PCoA was
performed using Hellinger-transformed species data (Legendre and
Gallagher, 2001) and a Bray-Curtis dissimilarity matrix. The PCoA
was paired with a permutational multivariate analysis of variance
(PERMANOVA; Anderson, 2001; Oksanen et al., 2020) to test for
statistically significant differences in phytoplankton assemblage
composition in different treatments with an F-type test (999
permutations) using the same dissimilarity matrix (Bray-Curtis)
and transformed species data.

The effect of the addition of filter-feeding bivalves and SMs on the
biomass of the cyanobacteria genera was tested using a generalised
linear mixed-effects model (GLMM; Bolker et al., 2009; Harrison
et al, 2018) with a normal distribution. In separate analyses,
dependent variable were (i) total biomass of cyanobacteria, (ii)
biomass of filamentous cyanobacteria, and (iii) biomass colonial
cyanobacteria. Models were fitted using bivalve, macrophyte and
their interaction as fixed effects. All models included mesocosm
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identity as a random effect. We reported the GLMM marginal R’
(R2 m) that describes the variance explained by the fixed effects alone,
and the conditional R? (R2 C) that describes the variance explained by
both fixed and random effects (Nakagawa and Schielzeth, 2013).

Statistical analyses were performed using R statistical (version
4.0.3) software (R Core Team, 2020). The PRC, PCoA and
PERMANOVA were performed using the vegan package version
2.5-7 (Oksanen et al, 2020). The RM-ANOVA was performed
using the ez package version 4.4-0 (Lawrence, 2016). We conducted
GLMM using the glmmTMB package version 1.1.3 (Brooks et al,
2017). The MuMIn package version 1.46.0 (Barton, 2022) was used to
generate the R” value of each model.

3 Results

3.1 Treatment effects on physicochemical
parameters

No significant differences were found for the physicochemical
parameters among the treatments at the beginning of the experiment
(Kruskal-Wallis test: P > 0.05; supplementary Table S1, Figure S1). At
the end of the experiment, the biomass of C. plicata and the total wet
weight of macrophyte increased to 450.2 + 12.8 standard error (S.E.)
g/m” and 3257.6 + 52.9 S.E. g L', respectively. During the experiment,
nutrient concentrations in the water shifted in parallel in the
restoration treatments (i.e., bivalve, macrophyte and bivalve +
macrophyte treatments) relative to the control treatment, with the
strongest treatment effects apparent in the bivalve + macrophyte
treatment (Figure 2A). The principal response curves (PRC) revealed
that 39.2% of the total variance present in water nutrient
concentrations is explained by treatment (Monte Carlo, P < 0.001).
Nitrogen and phosphorus loading led to increased nutrient
concentrations in the control treatment, but the decline in the
nitrogen to phosphorus ratio (N: P) of restoration treatments. Total
phosphorus, total nitrogen, phosphate and nitrate nitrogen had high
positive scores (Figure 2B), with the diagram indicating a decrease
with the restoration treatment mesocosms. N: P, ammonia nitrogen
and nitrite nitrogen had negative scores (Figure 2B), meaning
treatment-related increases. At the end of the experiment, addition
of filter-feeding bivalves and restoration of submerged macrophyte
significantly decreased the concentrations of total phosphorus and
total nitrogen (supplementary Table S1).

3.2 Treatment effects on total
phytoplankton

The two-way repeated measures ANOVA results revealed that
bivalves (F;, 5 = 118.6, p < 0.001), macrophytes (F; 3 = 39.7, p =
0.008), and their interactions (F;, 3 = 31.2, p = 0.011) had significant
effects on phytoplankton biomass. We found a significant decline in
chlorophyll a concentrations in the bivalve treatment after day 12 (p <
0.05), in addition, a significant decline in the bivalve + macrophyte
treatment after day 8 (p < 0.05). Chlorophyll a concentrations
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FIGURE 2

Principal response curves resulting from the analysis of water physicochemical variables. Panel (A) represents overall deviation from the control
treatment mesocosms (control), for the other restoration treatment mesocosms (bivalve, macrophyte, and bivalve + macrophyte). This is expressed as a
canonical coefficient of the first principal component axis (PC1), in comparison with the reference control mesocosms, represented by the zero line.
Panel (B) shows canonical coefficients for the water physicochemical variables interpreted.

markedly increased in the control treatment but decreased in the
bivalve, and bivalve + macrophyte treatments (Figure 3). Chlorophyll
a concentrations remained at a relatively stable level in macrophyte
treatment (p > 0.05). At the end of the experiment, restoration
mesocosms contained 63.7-91.8% less phytoplankton than those of the
control treatment. Our analysis indicated a time-by-bivalve interaction
(Fy, 5 = 12.8, p = 0.037). After day 16, chlorophyll a concentrations were
significantly lower in both bivalve and bivalve + macrophyte treatments
than those in macrophyte treatment (Figure S2).

We found a total of 68 phytoplankton genera throughout the
experiment, with representatives from the following classes:
Cyanophyceae (14), Bacillariophyceae (14), Chlorophyceae (34),
Cryptophyceae (2) and Euglenophyceae (4) (supplementary Table
S2). The principal coordinate analysis (PCoA) explained 44.36% of
the species composition distribution through the first two axes
(Figure 4). Initially (day 0), no treatments differed significantly in
phytoplankton composition (P > 0.05; Table 1), and chlorophytes
dominated the phytoplankton assemblage. By the end of the
experiment (day 32), the phytoplankton compositions of the
restoration treatments were significantly distinguishable from
the controls (Figure 4). Addition of bivalves and/or macrophytes
induced significant changes in phytoplankton assemblage structure
(Table 1). Specifically, filamentous cyanobacteria, such as
Anabaenopsis, Aphanizomenon, and Phormidium, and colonial
cyanobacteria, such as Aphanocapsa, became abundant and
dominant in the control treatment., while symmetrical desmids (e.g.
Cosmarium, Micrasterias) tended to increase over time in the
macrophyte treatment, and the large diatoms (e.g. Cymbella,
Fragilaria, Thalassiosira) became dominant in the treatments with
the addition of filter-feeding bivalves.
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3.3 Treatment effects on cyanobacteria

By the end of the experiment, the total biomass of cyanobacteria
was explained by a positive interaction between bivalve and
macrophyte addition. Bivalve and macrophyte addition, as single
restoration approaches, resulted in statistically significantly lower
cyanobacteria biomass than in the control mesocosms (Figure S3).
However, in combination, the effects of bivalves and macrophytes
partly counterbalanced each other, resulting in a weak antagonistic
interaction, where the total biomass of cyanobacteria was higher than
the linearly combined (additive) effects of bivalve and macrophyte
additions as single restoration techniques. Decreases in filamentous
cyanobacteria and colonial cyanobacteria in response to the addition
of bivalves and macrophytes as single restoration approaches were
similar (Table 2). Filamentous cyanobacteria were more sensitive to
macrophytes than colonial cyanobacteria, that is, filamentous
cyanobacteria biomass decreased more in response to the addition
of macrophytes, as single restoration techniques, than the addition of
bivalves, while colonial cyanobacteria were more sensitive to bivalves.

4 Discussion

The development of SMs is considered as an important
restoration strategy in eutrophic shallow lakes. Often restoration
experiments do not capture the intricacies related to increased
nutrient loading and the amount of filter-feeding animals, instead
they primarily focus on assessing the eftects of SMs (e.g. Baldker et al,
2013). The use of an experimental mesocosm approach is important
for investigating the complexity observed in the field and to gain a
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Mean values (+ standard error) of temporal variations of chlorophyll a concentrations throughout the experiment for the different treatments.

mechanistic understanding about the single and interactive effects of
multiple restoration measures (Amorim and Moura, 2020; Zhang
et al, 2021; Boucher-Carrier et al., 2022). During the loading
experiments we noticed that restoration of eutrophic waterbodies
by manipulation, i.e., addition of filter-feeding bivalves and SMs, had
a marked influence on water quality and algal biomass and
community composition.

Our results of TP and TN reduction in the restoration treatments
demonstrated that the addition of the filter-feeding bivalve C. plicata and
the recovery of submerged macrophyte can significantly alleviate
eutrophication. Although some species of rooted SMs are sensitive to
relatively high nutrients and consequently get suppressed under eutrophic
conditions (Sondergaard et al., 2010), in our study, the use of H. verticillata
reduced the nutrient levels. As a rooted submerged macrophyte, H.
verticillata can obtain nutrients from sediments via root uptake and from
the water column via foliar uptake (Barko, 1982), thus acting as a major
nutrient sink. Moreover, filter-feeding bivalves transfer nutrients (especially
P) from the water column to the bottom, through excretion as well as
biodeposition of faeces and pseudofaeces (Vaughn and Hoellein, 2018).

As expected, changes in nutrient concentrations and stoichiometry,
which were influenced by filter-feeding bivalves and SMs, may have altered
the phytoplankton assemblage composition during the mesocosm
experiment. In agreement, a previous study observed suppressed
Cyanobacterial taxa in lakes under P limitation (Havens et al,, 2003). At
the end of the experiment, the relatively high TN: TP ratios in the
macrophyte (average of 37: 1) and the bivalve + macrophyte (average of
42: 1) treatments likely led to the competitive exclusion of cyanobacteria.
These results concur with a previous study by Smith (1983) who noticed
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suppressed cyanobacterial blooms when the TN: TP ratio exceeded 29 to 1.
Algae that are incapable of nitrogen fixation are reported to dominate
under P-limited conditions (Schindler, 1977; Amano et al., 2010).

High aquatic N: P ratios in lakes are reported in agricultural regions
(Arbuckle and Downing, 2001), suggesting that P is the principal
production-limiting nutrient. In our study, relatively high TN: TP
ratios (=29) at the beginning indicated a phosphorus-limitation
situation. During the loading experiments addition of N and P close
to the Redfield ratio (N: P of 16: 1), relieves nutrient limitation, and
promotes a much higher phytoplankton biomass development.
Phytoplankton biomass showed a gradual increase under nutrient
enrichment (the control treatment). Previous studies have reported a
linear relationship between chlorophyll a concentration and TP for the
lower nutrient ranges (TP < 5-100pgL ™) and asymptotic behavior at
higher ranges (TP >100 pgL™") (Canfield et al., 1984; Phillips et al., 2008;
Borics et al, 2013). Noticeably, at the end of the experiment, TP
concentration exceeded 100 pgL™', we noticed an increase in
phytoplankton biomass with nutrient enrichment, suggesting
nutrients control phytoplankton biomass in nutrient-rich waters
(Richardson et al., 2019).

Even in a nutrient-enrichment scenario, as expected, responses to the
addition of filter-feeding bivalves (Cristaria plicata) alone contributed to
the decline in cyanobacterial and total phytoplankton biomass. The overall
decline in cyanobacterial and phytoplankton biomass in these mesocosm
can be explained by the direct grazing impacts of the filter-feeding bivalves
(Gulati et al, 2008). The direct effects of grazing by C. plicata led to
statistically significant decrease in filamentous or colonial taxa such as the
genera Dolichospermum (formerly Anabaena), Microcystis, and
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FIGURE 4
Two-dimensional ordination plots resulting from the principal coordinate analysis on the phytoplankton assemblage composition (A) comparing the
control and restoration treatments on day 0 (B) and day 32 (C).

TABLE 1 Pseudo F-statistics (above diagonal) and p values (below diagonal) for pairwise PERMANOVA tests between the control and restoration
treatments on two sampling days (day 0 and day 32). .

Day 0 Day 32
Control Bivalve  Macrophyte Bivalve + Control Bivalve  Macrophyte Bivalve +

macrophyte macrophyte
Day 0-control 1.073 1.614 0.787 5.284 3.793 3.141 3.015
Day 0-bivalve 0.365 1.547 2.297 4716 3.694 4.568 4.582
Day 0-macrophyte 0214 0.098 1.228 6.404 6.029 3.763 2.835
Day 0-bivalve + macrophyte 0.683 0.053 0317 5.463 3.677 2.98 2225
Day 32-control 0.029 0.037 0.033 0.034 2.952 8.021 6.204
Day 32-bivalve 0.024 0.041 0.027 0.023 0.026 6.926 6.471
Day 32-macrophyte 0.021 0.038 0.026 0.030 0.039 0.033 4.265
Day 32-bivalve + macrophyte 0.027 0.039 0.029 0.029 0.036 0.031 0.033
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TABLE 2 Summary (coefficients and SE) of a generalized linear mixed-effects model to explain variations in cyanobacteria taxa biomass as a function of
bivalve (presence and absence) and macrophyte (presence and absence).

Biomass (pg/L) Intercept Bivalve

In total cyanobacteria 2.20 -1.34
In filamentous cyanobacteria 2.18 -1.38
In colonial cyanobacteria 1.65 -1.42

Significant effects (p < 0.05) are highlighted in bold, and nonsignificant effects are left blank.

Planktothrix (Bastviken et al., 1998; Dionisio Pires et al., 2005) which
usually form harmful algal blooms. These results are in line with previous
studies indicating that cyanobacteria are directly grazed by filter-feeding
bivalves (Hwang et al,, 2004; Gao et al., 2017), and support the possibility
that addition of filter-feeding bivalves will alleviate algal blooms that are
associated with eutrophication. Further, several studies have also shown
that filter-feeding bivalves are selective feeders and the filtering rate can
vary depending on food particle size and bivalve species. Some functional
traits of cyanobacteria, including cell size, life form (e.g. single celled,
colonial, or filamentous), nutritional deficiency, and toxin production, can
prevent them from being grazed by mussels (White and Sarnelle, 2014;
Boegehold etal,, 2019). For example, Corbicula fluminea selectively filtered
particles in the range of 0.2-2 um (Rong et al., 2021), Dreissena Polymorpha
preferred food particles from 5 to 40 um (Sprung & Rose, 1988), and
Venerupis corrugatus filtered out particles of 5 to 13 um (Stenton-Dozey
and Brown, 1992). Although we did not consider selective grazing effects of
C. plicata on phytoplankton the composition of phytoplankton
assemblages significantly differed between the control and the bivalve
treatments at the end of the experiment. This result indicates that once
nutrient limitation is alleviated, selective grazing would likely be the main
factor affecting the structure of the phytoplankton assemblage.
Additionally, the phytoplankton assemblages in the filter-feeding bivalve
addition treatments appear to have adaptive responses to selective grazing
pressure by C. plicata, as larger diatoms (e.g. Cymbella, Fragilaria,
Thalassiosira) dominated the phytoplankton assemblages.

SMs can also suppress algal growth via allelopathic controls and
nutrient competition (van Donk and van de Bund, 2002; Mohamed,
2017; Zhu et al., 2021). However, in our experiments, at the end of the
experiment a slight, but not significant increase in overall
phytoplankton assemblage biomass (chlorophyll a) was noticed in
the Macrophyte treatment. The phytoplankton blooms occurred
when SMs were absent over the course of the nutrient loading
experiment (the control treatment). While phytoplankton biomass
initially decreased from day 0 to day 4, it then began to slightly
increase until day 32, suggesting that SMs did cause a reduction in
phytoplankton biomass. The submerged macrophyte H. verticillate,
has been reported to produce and release allelochemicals that has
inhibitory effects on Chlorella cell membrane (Zhang et al., 2012) and
cyanobacteria (Wang et al., 2006; Gao et al., 2011). Over 32 days, SMs
suppressed overall cyanobacteria biomass (Table 2), concurring with
findings from other experimental studies (Liirling et al., 2006; Barrow
et al., 2019; Amorim and Moura, 2020). Further, factors such as light
and nutrient competition likely interacted with allelopathic controls
in the mesocosms and led to the competitive exclusion
of cyanobacteria.
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Macrophyte

Bivalve xMacrophyte

-2.08 ‘ 1.04 ‘ 0.82 0.87
-1.92 ‘ ‘ 0.84 0.88
-1.09 ‘ ‘ 0.65 0.79

Although unexpected, we found that filter-feeding bivalves in
combination with SMs reduced the biomass of cyanobacteria, and
noticeably the effect size of this interaction was less than the sum of their
individual effects (i.e., an antagonistic interaction). This result is in line with
the widely observed antagonistic interactions in freshwater ecosystems
(Jacksonetal., 2016; Segurado et al., 2018; He et al,, 2021), such as nutrient-
pesticide effects on benthic invertebrate richness (Chara-Serna etal., 2019),
and fish-shrimp effects on zooplankton biomass (He et al., 2021). The
mechanism for the antagonistic interactions is largely unknown, however,
a possible explanation could be the asymmetry of mean effect size. In our
study, the larger magnitude of the submerged macrophyte restoration may
have overridden the effect of stock filter-feeding bivalves (Table 2), thereby
negating its contribution to their net impact on the overall biomass of
cyanobacteria (Sala et al, 2000; Barrow et al, 2019). An antagonism
between filter-feeding bivalves and SMs was only detected for total
cyanobacteria. For filamentous or colonial taxa, there was no significant
interactive effects; rather filamentous cyanobacteria were more sensitive to
macrophytes and colonial cyanobacteria to bivalves. The differential
sensitivity of cyanobacterial taxa to different biomanipulation
approaches has been noticed previously (Gazulha et al., 2012; Amorim
and Moura, 2020), the reason being that cyanobacteria are a diverse and
morphologically complex group of prokaryotes with different key
ecological traits thus eliciting disparate responses (Mantzouki et al.,
2016; Rangel et al., 2020).

5 Conclusions

Our first hypothesis that manipulation via addition of filter-
feeding bivalves and restoration of submerged macrophyte will
likely affect phytoplankton assemblages was confirmed, as this
manipulation efficiently decreased water nutrient concentrations
and the overall phytoplankton biomass. Since, phytoplankton were
dominated by symmetrical desmids (e.g., Cosmarium, Micrasterias)
and the large diatoms (e.g., Cymbella, Fragilaria, Thalassiosira) in the
restoration treatments, with the competitive exclusion of
cyanobacteria, our results also supported that manipulation could
control the growth of cyanobacteria. Contrary to the second
hypothesis, an antagonism between filter-feeding bivalves and SMs
was detected but only for total cyanobacteria, demonstrating that the
larger magnitude of the submerged macrophyte restoration may
override the effect of stock filter-feeding bivalves. However, we
should also noticed that the addition of bivalves combined with
SMs was more efficient at decreasing nutrient concentrations than
the isolated addition of bivalves, and at controlling total algal biomass
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than the isolated restoration of SMs. Overall, our results suggest that
manipulation, through introduction of the stock of bivalves as grazers,
associated with the restoration of SMs, is an efficient approach for
reducing cyanobacterial blooms and alleviating eutrophication.
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The leaves of the heteroblastic aquatic plant Ottelia ovalifolia faces submerged
and aerial environments during its life history. However, the acclimation of the
submerged leaves and floating leaves to these two environments in morphology,
physiology, and biochemistry remain unclear. In the present study, we
investigated the acclimation of the CO,-concentrating mechanisms in these
two types of leaves. We found that the submerged leaves were longer, narrower,
and thinner than the floating leaves, which increased the specific surface area of
the leaves and lead to better absorption of the inorganic carbon underwater.
Meanwhile, the floating leaves absorbed atmospheric CO, directly through the
stomata to acclimate to the aerial environment. Both the leaf types had the ability
to use HCOg3, but the capacity in submerged leaves was stronger than that in
floating leaves. The extracellular carbonic anhydrase and anion exchanger were
responsible for the HCO3 use in both types of leaves. The higher ratio of
chlorophyll a/b and content of anthocyanin in floating leaves than that in
submerged leaves indicated that the acclimation of aerial and submerged
photosynthesis depended on changes in the photosynthetic pigments. Based
on the stable carbon isotope ratio, key enzyme activities of the C4 pathway
indicated that submerged leaves might have the ability to perform C4
metabolism while floating leaves only performed C3 metabolism. In summary,
O. ovalifolia acclimates to submerged and aerial environments through changes
in morphology, physiology, and biochemistry during different growth stages.
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Introduction

The distribution of plants is driven by the ability of plants to
disperse, establish, and maintain in their specific environments
(Cavalli et al., 2012). Species that acclimate well to different
environments are better able to take up positions in habitats and
may displace other species or even alter the habitats (Cavalli et al.,
2012). Due to the high transport resistance, high water pH and the
external boundary layer (Raven, 1970; Maberly and Madsen, 1998),
CO, shortage is considered to be one of the limiting factors for
photosynthesis of submerged plants (Maberly and Madsen, 1998)
that play an important role in aquatic ecosystem, as they provide
food, habitat and shelter for invertebrates and fish (Chambers et al.,
2008). Although CO, is the preferred carbon source for submerged
photosynthesis, it only contributes to a very small proportion of
dissolved inorganic carbon (DIC) and HCOj3 is the main form of
DIC in most natural water body. It is generally believed that the
acquisition and utilization of limited resources by plants is highly
competitive, which have an important effect on plants distribution
(James et al., 1999). Adapting to the shortage of CO, under water,
submerged plants develop several CO, concentrating mechanisms
(CCMs) that enrich the available concentration of CO, at the active
site of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco)
in physiological and biochemical response including HCO3 use,
crassulacean acid metabolism (CAM)-like and C4 (or C4-like)
metabolism (Klavsen et al., 2011). Abundant HCOj in field
freshwater can serve as an additional carbon source for
photosynthesis in about 44% of tested aquatic plants and reduce
photorespiration under low CO, availability (Maberly and Gontero,
2017; Yin et al., 2017; Iversen et al., 2019; Jiang et al., 2021; Li et al.,
2021). Two mechanisms of HCOj3 use have been studied in detail in
microalgae, macroalgae, seagrasses and a small range of freshwater
aquatic plants (Giordano et al., 2005; Axelsson et al., 1995; Huang
et al,, 2020a; Jiang et al,, 2021): I) Extracellular carbonic anhydrase
(CAext) catalyzes the conversion of HCOj into CO, that enters the
cell and participates in photosynthesis. This mechanism of HCOj3
use was widespread in aquatic plants (Huang et al,, 2020a);
IT) HCO;3 is directly absorbed via an anion exchanger (AE)
protein located at the plasmalemma. These two mechanisms are
not mutually exclusive but complementary in some species, and
they will be responsible for the HCOj; uptake under different DIC
environments that could cope with the variation of DIC in the
natural waterbody (Axelsson et al., 1995; Huang et al., 2020a; Jiang
et al,, 2021). Both CAM and C4 perform the first step of carbon
fixation with phosphoenolpyruvate carboxylase (PEPC) whose
active is temporal separation for CAM plants or spatial separation
for C4 plants (Maberly and Gontero, 2017). CAM is a malleable
metabolism in aquatic plants compared to land plants (Bowes and
Salvucci, 1989) and 9% of aquatic plant perform CAM (Maberly
and Gontero, 2018). For instance, CAM could be induced under low
CO, conditions, but not under high CO, conditions in the
submerged macrophyte Ottelia alismoides (Shao et al., 2017). On
the other hand, C4 metabolism was found in about 4% of the tested
aquatic plants (Maberly and Gontero, 2018) and it typically involves
a PEPC catalyzing phosphoenolpyruvate (PEP) and HCOj3 to form
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a 4-carbon acid, which is then cleft by a decarboxylase to produce
CO, in the vicinity of Rubisco (Clement et al, 2016). C4
metabolism in terrestrial plants is often associated with Kranz-
type anatomy, but some submerged plants lacking Kranz-type
structures also possess C4 metabolism, such as Hydrilla
verticillata, Egeria densa, and O. alismoides (Bowes et al., 2002;
Lara et al, 2002; Zhang et al, 2014). Compared to CCMs in
terrestrial plants that are adapted to high temperature and
drought, aquatic plants develop CCMs most widely in low CO,,
high HCO3, high pH, and high light environments (Maberly and
Gontero, 2017) and perform changes in morphology and
physiological function.

The leaf is the main photosynthetic organ in higher plants and
its morphology and anatomy could also reflect the influences of
their growth environments (Vogelmann and Gorton, 2014). For
instance, the heteroblastic species, O. cordata, grew submerged
leaves at the juvenile stage and floating or aerial leaves at the
adult stage (Wang et al., 2022). Floating and aerial leaves are directly
exposed to the air, and they have similar anatomical structures to
terrestrial plants, with palisade tissue and spongy tissues
differentiated, and stomata in the upper and/or lower epidermis
(Han et al., 2021; Horiguchi et al,, 2021; Wang et al., 2022). The
morphology and anatomical structure of submerged leaves indicate
that they are adapted to water habitat: submerged leaves are thin,
with normally two to three layers of cells and their morphologies are
whorled, dissected whorled, dissected, linear, linear strap-like and
filiform, which could increase the specific surface area and better
exploit DIC in the water (Shao et al., 2017; Maberly and Gontero,
2018; Horiguchi et al., 2021; Wang et al., 2022).

Ottelia ovalifolia (R. Br.) Rich, a species from the
Hydrocharitaceae and native to Australia (Paice et al., 2017a), is a
heteroblastic plant with submerged leaves at the juvenile stage and
floating leaves at the adult stage (Arber, 1919; Paice et al., 2017b).
This species was the first invasive aquatic plant recorded in New
Zealand and had a large biomass in slow water, affecting the
drinking water of livestock (McCullough, 1997). Previous study
also found that the aquatic plant O. alismoides from the same genus
has invaded Europe (Hussner, 2012). In addition, the aquatic plants
in the Hydrocharitaceae, the same family of O. ovalifolia, such as E.
densa invaded East Asia and Europe (Hussner, 2012; Wang et al.,
2016), and H. verticillata invaded America (Sousa, 2011), they all
showed highly invasive capacity in East Asia, Europe, North
America and New Zealand (McCullough, 1997). It is interesting
to find that these aquatic plants were reported to possess at least one
of the CCMs, and previous studies showed that the ability of CCMs
has an impact on aquatic plant distribution and species composition
in the CO, shortage natural water (Maberly and Gontero, 2018;
Iversen et al, 2019; Jiang et al., 2021). Current studies on O.
ovalifolia mainly focus on the factors influencing plant
distribution and the potential of submerged plants to support
food webs (Paice et al., 2017a; Paice et al,, 2017b), but little is
known of its CCMs. Therefore, in the present study, we will
investigate the CCMs on O. ovalifolia and we hypothesized that
both submerged and floating leaves of O. ovalifolia had CCMs:
HCO3 use, C4 and CAM.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1142848
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liao et al.

Materials and methods
Plant materials

O. ovalifolia was collected from the resource nursery of Wuhan
Botanical Garden, Chinese Academy of Sciences. Three growth
stages were found in resource nursery: juvenile growth stage (with
only submerged leaves), transition growth stage (with submerged
and floating leaves), and adult growth stage (with only floating
leaves). In this study, submerged leaves were selected from healthy
plants at the juvenile growth stage to avoid the effects from floating
leaves and floating leaves were selected from healthy plants at the
adult growth stage to exclude the effect from submerged leaves. The
experiments were conducted from June to September 2021. The pH
of the in-situ water was measured by a hand-held pH meter with an
accuracy of + 0.05 (az8886, AZ Instrument, China) at 9:30, and the
alkalinity of the water was determined by the Gran titration with
0.1 M HCI (Zhang et al,, 2014). The chemical characteristics of
inorganic carbon in-situ water were shown in Table 1.

Morphology, anatomy, ultrastructure and
photosynthetic pigments

Leaf morphology was described as fresh weight, area, length,
width, leaf mass per area (LMA) and aspect ratio. Fresh leaves were
photographed with a digital camera (Huawei Mate30pro, China),
and the length, width and area of five independent individual leaves
were measured using Image J software 1.50 (NIH, USA). The
stomatal density of the leaf epidermis of five independent
individual leaves was observed under light microscopy (PH100-
341L-PL, Purkinje General, China). After cleaning, the leaf
fragments (2 cm x 1 cm, length x width) were fixed in 2 mL FAA
fixative solution (FAA, 50% ethanol: glacial acetic acid: 40%
formaldehyde = 90:5:5, v/v). Subsequently, the paraffin sections
were obtained from the fixed slides (Khan et al., 2022) and then the
cells length, width and area were measured by Image ] software.
Fragments of floating and submerged leaves (3 mm x 3 mm, length
x width) were fixed overnight in 2.5% glutaraldehyde solution
prepared with 0.1M phosphate buffer (pH7.4) at 4 °C and then
post-fixed in 1% OsO, solution for 2.5h at 4 °C (Farnese et al.,
2017). Ultrathin sections (72 nm) were obtained on a Leica EM UC7
ultramicrotome, and the operation procedure was referred to Han
et al. (2020). Chlorophyll content was measured by a
spectrophotometer (TU-1810PC, Purkinje General, China) at the
absorbance of 470, 665 and 649 nm after 0.1 g fresh weight leaves
were extracted in 5 mL 95% ethanol at 4 °C for 24 hours (Shao et al.,
2017), each type of leaf had 15 replicates. The anthocyanin content

TABLE 1 Inorganic carbon chemistry in the growth culture in the field.

Alkalinity (€0}
(mequiv L) (mMm)
7.59 1.11 0.055 1.102
(7.41-7.7) (1.09-1.13) (0.041-0.078) (1.086-1.121)
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of 0.1 g fresh weight leaves was performed as described by
(Solfanelli et al,, 2006). Anthocyanin content was expressed by
A535/g (FW), each type of leaf had 5 replicates.

pH-drift experiments

The ability of HCOj use of floating and submerged leaves was
assessed by pH-drift experiments as described in a previous study
(Zhang et al., 2014). In addition, previous studies have shown that
some Ottelia plants are able to utilize HCO3 through CAext and AE
(Huang et al., 2020a; Jiang et al., 2021; Wang et al., 2022). The
CAext inhibitor acetazolamide (AZA) and AE inhibitor 4,4’-
diisothio-cyanatostilbene-2,2’-disulfonate (DIDS) (Beer et al.,
2002) were added to the pH-drift system to verify the HCOj;
utilization pathway in O. ovalifolia. One treatment without
inhibitors was named control, one treatment containing 0.2 mM
AZA was named AZA, and the other treatment containing 0.3 mM
DIDS was named DIDS. After 24 h illumination determined the
endpoint pH in each treatment with eight replicates for the control
and five replicates for AZA and four replicates for DIDS treatments.

Measurement of stable *C isotope

Four submerged leaves and five floating leaves were oven dried
and then the stable >C isotope was determined as described in
previous studies (Jiang et al., 2021; Wang et al., 2022) by using a
Delta Plus Advantage isotope ratio mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany). For the 83C DIC analysis of
in-situ water, the method of Li et al. (2008) was used, with a
precision of 0.1 %o. Isotope data was shown in the conventional
delta notion (%o) versus Vienna Pee Dee Belemnite (V-PDB).

Measurement of photosynthesis enzymes
activities

The key enzymes (Rubisco, PEPC and pyruvate phosphate dikinase
(PPDK)) activities of carboxylation and decarboxylation in C3 and C4
metabolism of five individuals in submerged and floating leaves were
measured by using the method described in Zhang et al. (2014).

Measurement of acidity
Diurnal variation of titratable acidity was calculated as the difference
between the minimum (samples collected at dusk: 18:00) and maximum

(samples collected at dawn: 4:30) titratable acidity per unit of fresh mass
(Zhang et al., 2014). Each treatment had five replicates.

Statistical analysis

Data were shown as mean and standard deviation (SD). The
statistical analyses were performed in software R version 4.0.5. In
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the absence of special instructions, we generally used t-test for
difference analysis between submerged and floating leaves. Analysis
of pH drift experiments without (control) or with inhibitors (AZA,
DIDS) were determined by a one-way ANOVA with a Tukey’s HSD
test when p<0.05.

Results

Morphological, anatomic and
photosynthetic features

The morphology of O. ovalifolia leaves was dramatically
different between the floating and submerged leaves. The floating
leaves were oval or broadly cordate shape while the submerged
leaves were linear (Figures 1A, B). Significant differences in leaf
length, leaf width, leaf length/width, leaf area and LMA were found
between floating and submerged leaves (Table 2). The floating
leaves were wider, heavier and had a larger area and LMA
(Table 2). The submerged leaves, however, were longer and had a
larger leaf length/width (Table 2).

The anatomical structure of floating and submerged leaves was
shown in Figures 1C, D. The observation of the transverse section
showed that the upper and lower epidermal cells of both floating
and submerged leaves were composed of single-layered rectangular
cells, neatly and closely arranged (Figures 1C, D). The mesophyll
cells of floating leaves were differentiated into palisade tissue and
spongy tissue (Figure 1C), while the submerged leaves were not
(Figure 1D). The length of mesophyll cells and the upper epidermis
of floating leaves was significantly larger than that of submerged
leaves (Table 2). Only the length of upper, the length of lower
mesophyll cells and the width of lower mesophyll cells in floating

FIGURE 1

10.3389/fpls.2023.1142848

leaves were significantly higher than in submerged leaves (Table 2).
There were air spaces between the mesophyll cells of floating and
submerged leaves, however, no significant difference was found in
the air space transection area of floating and submerged leaves
(Table 2). In the floating leaves, chloroplasts were only found in
lower epidermal cells and mesophyll cells, but did not occur in the
upper epidermal cells (Figures 1E-G). However, chloroplasts were
found in both upper and lower epidermal cells, and mesophyll cells
of submerged leaves (Figures 1 H-J). Stomata appeared on the upper
surface, and the stomata density was 65 individuals per mm?, but
there were no stomata on the upper and lower surfaces of the
transverse sections of the submerged leaf (Table 2; Figure S1).

No significant difference in Chl-a content was found between
floating and submerged leaves (Table 2). However, the Chl-b
content in submerged leaves was significantly higher than that in
floating leaves (Table 2) and the Chl-a/b in floating leaves weas
significantly higher than that in submerged leaves (Table 2). In
contrast to Chl-b, the content of anthocyanin in floating leaves was
significantly higher than that in submerged leaves (Table 2). The
content of anthocyanin in floating leaves was significantly lower
than that in submerged leaves (Table 2).

51°C isotope values

The 8"°C isotope of DIC in water was —10.92 %o, and the §"°C
isotope in floating leaves (-30.07%o) was significantly lower than
that in submerged leaves (-25.33%o) (Table 2). On the basis of the
isotope fractionation between HCOj3; and CO, (Mook et al., 1974),
when the §"°C isotope of DIC was —10.92 %o, the value of §"*C for
HCO3 calculated to be -10.5%o, while the value of 813C for
dissolved free CO, was —18.4%eo.

Leaf morphology and anatomical structure in transverse sections of O. ovalifolia. (A) Morphology of floating leaf; (B) Morphology of submerged leaf;
(C) Transection structure of floating leaf; (D) Transection structure of submerged leaf; (E) TEM image showing the ultrastructure of upper epidermal
cell in floating leaf; (F) TEM image showing the ultrastructure of mesophyll cell in floating leaf; (G) TEM image showing the ultrastructure of lower
epidermal cell in floating leaf; (H) TEM image showing the ultrastructure of upper epidermal cell in submerged leaf; () TEM image showing the
ultrastructure of mesophyll cell in submerged leaf; (J) TEM image showing the ultrastructure of lower epidermal cell in submerged leaf. as, air space;
le, lower epidermis; sc, stomatic chamber; ue, upper epidermis; asterisk indicates stoma; black arrows indicate chloroplasts.
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TABLE 2 Morphological, anatomic, photosynthetic and carbon isotope characters in floating and submerged leave of O. ovalifolia.

Parameters Floating leaf Submerged leaf

Leaf length (cm) 149+ 14D 212 +351a

Leaf width (cm) 5.86 + 0.63 a 0.54 + 0.08 b

Leaf length/width 257 £027b 3979 £ 484 a

Leaf area (cm?) 70.0 £ 134 a 102+23b

Leaf FW (g) 249 £0.38 a 0.12 £ 0.03 b

LMA g m™ 358.1+199a 1112+ 142 b

Upper epidermis cell length (1m) 29.6 +5.1a 380+23a
Upper epidermis cell width (m) 178 +49a 128 +3.7a
Lower epidermis cell length (im) 4245+ 6.0a 364+75a
Lower epidermis cell width (um) 230+49a 120+ 3.0 a
Upper epidermis cell area (mm?) 767 + 143 a 483 + 100 a
Lower epidermis cell area (tm?) 1156 + 233 a 434+ 153 a

Upper mesophyll cell length (um) 651+85a 388+ 11.8b
Upper mesophyll cell width (um) 172+62a 151+07a
Upper mesophyll cell area (um?) 1381 £ 275 a 514+ 98 a

Lower mesophyll cell length (1m) 62.8 + 11.1a 38.8+11.8b
Lower mesophyll cell width (m) 272+71a 151+0.7b
Lower mesophyll cell area (m?) 2023 + 9883 a 5143 £ 983 a

Air space area (Um?)

Stomatic chamber area (1tm?)

14361 + 38081 a 9850 + 5559 a

13561 + 4711

Stomatal density surface (individual mm?) 65.4 + 14.5

Chl-a (mg g'l) 0.60 +0.11 a 0.60 + 0.06 a
Chl-b (mg g") 0.21 +0.04 b 0.25 +0.04 a
Chl-a/b 2.80 +0.16 a 2.39+0.14 b
Car (mg g) 0.05+ 0.02a 0.05 + 0.02 a
anthocyanin content (A535 g'l) 10.10 £ 1.84 a 1.07 £ 029 b
Leaf 8 *C (%) -30.07 + 0.54 a -2533+0.51 b

DIC & *C (%o) -10.92 + 2.14 -10.92 + 2.14

Data were expressed as mean + standard deviation. Different letters indicated significant difference between floating and submerged leaves by t-test (p<0.05).

FW, fresh weigh; LMA, leaf mass per area; Chl-a, b, chlorophyll a and chlorophyll b.
pH-drift experiments

The average final pH in submerged leaves was 10.2 and was
significantly higher than that in floating leaves (9.7) (Figure 2A).
The remained concentration of CT, HCO3, CO, and CT/Alk in
the pH-drift system of floating leaves was significantly higher than
that of submerged leaves (Figures 2B-D, F). The concentration of
CO3™ was not significantly different between floating and
submerged leaves (Figure 2E). The inhibitors adding pH-drift
experiments showed that 0.2mM AZA and 0.3mM DIDS
significantly decreased the final pH both in floating and
submerged leaves (Figure 3).
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Photosynthesis enzymes activities

Rubisco activity, a key enzyme of the Calvin cycle, was
significantly higher in floating leaves than that in submerged
leaves (Figure 4A). However, the activity of another carboxylase,
PEPC, was not significantly different between floating leaves and
submerged leaves (Figure 4B). As a consequence, the ratio of PEPC/
Rubisco activities in submerged leaves (2.24) was significantly
higher than that in floating leaves (0.988) (Figure 4C). Similarly,
the activity of PPDK performed the same pattern as PEPC based on
the fact that the activity of PPDK in floating leaves was significantly
higher than that in submerged leaves (Figure 4D).
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Frontiers in Plant Science

Titrated acidity

The titratable acidity at dusk and dawn was 14.34 and 14.54
uequiv g ' FW in floating leaves, and there was no significant
difference between dusk and dawn (Figure 5). Additionally, the
titratable acidity of submerged leaves at dusk and dawn was 8.95
and 9.42 pequiv g ' FW respectively, and there was no significant
difference between them (Figure 5).

Discussion

In the present study, floating leaves were shorter, wider and
thicker than submerged leaves in acclimating to the aerial
environment. However, the morphology of submerged leaves was
longer, narrower and thinner than floating leaves, which increases
specific leaf area, enhanced the absorption capacity of DIC in water
and decrease water flow resistance in flowing water (Maberly and
Gontero, 2018; Li et al.,, 2019). The anatomical structure results
were in line with the previous studies showing that the growth

107 frontiersin.org


https://doi.org/10.3389/fpls.2023.1142848
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liao et al. 10.3389/fpls.2023.1142848
A2 g 10
A n.s.
—~ 101
o
E = 84
n &3
o0 .
8 o
= T
)
3 01 g
~ 3
o B ~
S
2 S 44
'g 4 ° £
~ =]
—
2 T T 2 T T
c 4 p 20.0
3 17.5 4 A
_ A —
3 z B
E T 15:0 1 —_
2 2+ T
& B <
8 E 12.5 A
= g
Ay N =
- 1
= 10.0 1
o
0 - : - .
floating submerged floating submerged
FIGURE 4

Comparison the crude extracts of C3 and C4 metabolic enzyme activities from O. ovalifolia in floating and submerged leaves. (A) Rubisco, ribulose 1,5-
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environment affected the morphology and anatomical structure of
submerged and floating leaves (Li et al., 2019; Han et al, 2021;
Horiguchi et al., 2021; Wang et al., 2022). Besides, the stomata are
important for gas exchange and water loss in the atmosphere. The
biggest difference between submerged leaves and floating leaves was
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FIGURE 5

Diel changes of titrated acidity in the floating and submerged leaves
of O. ovalifolia. n.s.: not significant. n = 5.
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that floating leaves had stomata on the adaxial leaf surfaces, while
submerged leaves had no stomata, indicating that floating leaves
have the ability to directly use atmospheric CO, for photosynthesis.
The floating leaves can efficiently obtain a stable carbon source
through stomata which is one of the development exploitation
strategies of aquatic plants to overcome carbon limitation (Maberly
and Gontero, 2018; Huang et al., 2020b). This genetic capacity to
produce stomata on the upper epidermis of floating leaves is
inherited from their terrestrial ancestors and expressed under
suitable conditions (Harris et al., 2020) to acclimate to the
aerial environment.

Photosynthetic pigments are responsible for light absorption
and transformation during photosynthesis (Rosevear et al., 2001).
The higher content of Chl-b in submerged leaves is in line with the
previous studies showing that the chlorophyll content was higher in
submerged leaves than that in aerial leaves in hydrophytes (Johnson
et al., 1993; Nekrasova et al.,, 1998). The ratio of Chl-a/b decreases
under light limitation (Dale and Causton, 1992; Ronzhina et al,
2004), which can increase the efficiency of light harvesting at very
low irradiation (Rosevear et al., 2001). In the present study, the ratio
of Chl-a/b in submerged leaves was lower than that in floating
leaves, indicating that submerged leaves better adapted to the
underwater shading environment (Baig et al., 2005). Meanwhile,
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in comparison to the terrestrial plants, the ratio of Chl-a/b was 2.89
in floating leaves that was close to 3 for sunny plants and 2.38 in
submerged leaves that was close to 2.3 for shady plants
(Lichtenthaler et al., 2007). Both upper and lower epidermal cells
containing chloroplasts were presumably beneficial to the
submerged leaves absorbing light under a low-irradiance
submerged environment. Additionally, transcriptomics studies
have found that submerged leaves increase the number of
photosynthesis-antenna proteins by increasing the expression of
light-harvesting proteins to improve their light-harvesting capacity
and better to adapt to the underwater low-light environment (Han
et al, 2021). However, in the floating leaves, the absence of
chloroplast in the upper epidermal cells could protect against
photo-damage under high irradiance. Further, the higher content
of anthocyanins also suggested that the floating leaves of O.
ovalifolia adapted to the strong optical radiation in aerial
environments and could quench the free radicals formed by light
(Nielsen and Nielsen, 2006). Our present result was in accordance
with the results showing that the higher expression of anthocyanins
synthetic genes in floating leaves of the heterophyllous plant
Potamogeton wrightii and which could be responsible for the
higher saturated irradiance of floating leaves than that of
submerged leaves (Han et al., 2021).

Previous studies reported that HCOj; utilization by aquatic
plants provided an additional carbon source for photosynthesis
and effectively reduced photorespiration increasing plant primary
productivity and growth (Iversen et al., 2019; Li et al., 2021). It was
found that HCOj3 could be utilized in both floating and submerged
leaves of O. cordata (Cao et al., 2019; Huang et al., 2020b; Wang
et al, 2022), a heteroblastic plant from the same genus. In the
present study, the final pH of submerged and floating leaves pH-
drift experiment of O. ovalifolia was higher than 9.5 indicating that
both types of leaves had the ability to use HCO3 (Fernandez et al.,
2014; Jiang et al, 2021). The value of CT/Alk after the pH-drift
experiment could be used to indicate the HCOj3 utilization capacity
of plants, and the smaller the value, the stronger the utilization
capacity (Maberly and Spence, 1983; Madsen and Sand-Jensen,
1991). The lower values of CT/Alk and higher final pH in
submerged leaves were similar to previous studies, which
suggested that submerged leaves had a stronger ability to use
HCO;3 than floating leaves. Our present results are in accordance
with previous studies on Potamogeton wrightii and O. cordata (Han
et al, 2021; Wang et al., 2022).

In this study, the decrease of the final pH of submerged and
floating leaves in AZA treatment indicated that the HCO3
utilization in O. ovalifolia depended on the catalytic activity of
CAext. This result was consistent with the catalytic utilization of
bicarbonate by CAext in submerged plants of the same genus, O.
alismoides and O. cordata (Huang et al., 2020a; Wang et al., 2022).
DIDS, an anion exchanger inhibitor, also inhibited the final pH in
the pH-drift experiment, indicating that there was a direct
absorption of HCOj; by O. ovalifolia under our current
experimental conditions, which was the same as the result of O.
alismoides and O. guanyangensis (Huang et al., 2020a; Jiang et al.,
2021). However, the present result of the DIDS treatment was
different from O. cordata under DIDS treatment showing that DIDS

Frontiers in Plant Science

10.3389/fpls.2023.1142848

had no inhibitory effect on the HCOj use in O. cordata (Wang et al.,
2022). A previous study reported that submerged plants tended to
use HCO3 through the AE pathway only under very low CO,
conditions (Axelsson et al., 1995). While the concentration of CO,
in-situ water was ~55 UM that was much lower than that in O.
cordata growth conditions (510 uM). In addition, studies on O.
guanyangensis at different locations in a karst river supplied by
underground water found that the plant did not induce AE pathway
to use HCOj at the upstream with a higher concentration of CO,,
while the AE pathway was induced at the downstream with lower
concentrations of CO, (Jiang et al, 2021). Thus, the low
concentration of CO, in the growth conditions could be
responsible for the direct use of HCO3 via AE in the present study.

Besides HCOj3 use, C4 and CAM pathways are also important
amelioration strategies in submerged plants, which can improve the
concentration of CO, at Rubisco active site and adapt to CO,
deficiency under water (Madsen and Sand-Jensen, 1991; Klavsen
et al,, 2011; Maberly and Gontero, 2018; Wang et al., 2022). The
slight changes in diel titratable acid of O. ovalifolia suggested that
both submerged and floating leaves did not perform CAM pathway.
It was found that CAM metabolism was induced in O. alismoides
under high light and low CO, conditions (11 pM), while it then
disappeared under high light and high CO, conditions (286 pM)
(Shao et al,, 2017). Similar results were found in the floating leaves
of O. cordata research which the CAM appear in low carbon
conditions (15 uM) (Huang et al., 2020b). Nevertheless, when the
CO, concentration was extremely high in the plants growing
environment (510 uM), the CAM was absent in O. cordata
(Wang et al,, 2022). In the present study, the CO, concentration
of plant growth water was 55 puM, 3.67-fold higher than that in
water at air equilibrium conditions (15 uM), which might be the
reason why there was no CAM in O. ovalifolia. Meanwhile, floating
leaves exposed to air use CO, more easily in the air for
photosynthesis and without water deficiency, so the lack of CAM
pathway in O. ovalifolia was reasonable.

The 8"°C of atmospheric CO, was usually maintained at about
-8%o. When plants used atmospheric CO, as the sole carbon source
for photosynthesis, the §"°C of C3 plants in the range of ~20%o to
-37.5%0 and C4 plants in the range of —-10%o to —17%o had been
reported (Farquhar et al., 1989; von Caemmerer et al., 2014). In our
present research, 8"°C of the floating leaf was ~30.07%o, indicating
that the floating leaf may perform C3 metabolism and utilize
atmospheric CO, as the main carbon source. Different from
floating leaves, submerged leaves are completely immersed in
water and cannot contact the atmosphere which results in free
CO, and HCOj underwater being their potential carbon sources. In
the present study, if free CO, was the only inorganic carbon source,
the 8'°C of C3 and C4 were —37.65%0 and —23.96%o, respectively; if
HCO; was the only inorganic carbon source, the §'°C of C3 and C4
were —29.9%o and -16.11%o, respectively. However, the free CO,
concentration in the study water was 55 UM, which was much less
than the inorganic carbon of half-saturated photosynthesis (100-
200 uM) in submerged plants that force the plant to use heavier >C
isotope and affects the isotope fractionation effect (Farquhar et al.,
1989), therefore, it cannot be directly concluded that submerged
leaves have a C4 pathway through the 8'°C value. However, based
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on the enzyme activity analysis, the submerged leaves of O.
ovalifolia exhibited carboxylase, PEP regeneration enzyme and
decarboxylase activities, which are key enzymes in the C4 process.
In addition, the PEPC/Rubisco ratio was 2.24 in submerged leaves
and 0.988 in floating leaves. The PEPC/Rubisco ratio in typical
terrestrial C3 plants and aquatic plants lacking biochemical
concentrating mechanisms was generally less than 1 (Zhang et al.,
2014). However, previous studies reported that PEPC and PPDK
not only contribute to the C4 pathway, but also could participate in
other metabolisms in both C4 and C3 plants (Sheen, 1991;
Kawamura et al., 1992; Dong et al.,, 1998; Rao et al., 2008). The
different isoforms of PEPC and PPDK genes expressed patterns and
posttranslational regulation (Sheen, 1991; Kawamura et al.,, 1992;
Dong et al., 1998; Rao et al., 2008). In the present study, we did not
analyze the sequences of PEPC and PPDK or the gene expression of
the different isoforms. Thus, the activities of enzymes seemed to
imply that submerged leaves might have the ability to perform C4
metabolic pathway, but it needs more evidence to support it in
future works. Further, the PEPC/Rubisco ratio, and the 8"C
isotopic abundance both proved that floating leaves do not have a
C4 pathway.

The present study found that O. ovalifolia possessed the
capacity to use HCOj; and the juvenile leaves of O. ovalifolia also
could perform the C4 pathway to acclimate to low CO, underwater
and at the adult stage, the floating leave of O. ovalifolia could
directly use CO, from the air, which increases the adaptation range
of CO, conditions. It is widely accepted that the ability of plants to
access and utilize limiting resources, eventually affecting their
competitive advantages, is important for their distribution (James
et al,, 1999; Cavalli et al, 2012). As for the invasive ability of O.
ovalifolia, it is still necessary to compare its utilization efficiency of
inorganic carbon with that of native species and to understand its
reproductive strategy and the mechanism of population formation.

Conclusions

In the present study, we investigated how an invasive
heteroblastic aquatic plant, O. ovalifolia, adapts to aquatic and
aerial environments. In morphology and anatomical features,
submerged leaves are thinner, narrower and longer to increase
inorganic carbon absorption in water by increasing specific surface
area, while floating leaves directly absorb CO, from the atmosphere
through stomata. The difference in chlorophyll and anthocyanin
content between submerged and floating leaves is an adaptation to
aquatic and aerial environments. There are also differences in
CCMs between submerged and floating leaves. Both floating and
submerged leaves had the ability to use HCO; by the external
carbonic anhydrase catalysis and the AE pathway. Furthermore, the
enzyme results implied that submerged leaves might perform C4
metabolism while floating leaves perform the C3 pathway for
photosynthesis. In general, HCOj; utilization, C4 metabolism and
CO, absorption are the inorganic carbon utilization strategies for O.
ovalifolia to cope with the inorganic carbon between aquatic and
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terrestrial environments, which is conducive to better adaptation to
aquatic and terrestrial habitats.
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Two-phase microalgae
cultivation for RAS water
remediation and high-value
biomass production

Valeria Villanova®®*, Jonathan Armand Charles Roques™*,
Bita Forghani®, Kashif Mohd Shaikh*, Ingrid Undeland*
and Cornelia Spetea®

!Department of Biological and Environmental Sciences, University of Gothenburg,

Gothenburg, Sweden, ?Department of Biological, Chemical and Pharmaceutical Sciences and
Technologies (STEBICEF), University of Palermo, Palermo, Italy, *SSWEMARC, The Swedish Mariculture
Research Center, University of Gothenburg, Gothenburg, Sweden, “Department of Life Sciences-
Food and Nutrition Science, Chalmers University of Technology, Gothenburg, Sweden

The overall goal of this study was to provide solutions to innovative microalgae-
based technology for wastewater remediation in a cold-water recirculating
marine aquaculture system (RAS). This is based on the novel concept of
integrated aquaculture systems in which fish nutrient-rich rearing water will be
used for microalgae cultivation. The produced biomass can be used as fish feed,
while the cleaned water can be reused, to create a highly eco-sustainable
circular economy. Here, we tested three microalgae species Nannochloropis
granulata (Ng), Phaeodactylum tricornutum (Pt), and Chlorella sp (Csp) for their
ability to remove nitrogen and phosphate from the RAS wastewater and
simultaneously produce high-value biomass, i.e., containing amino acids (AA),
carotenoids, and polyunsaturated fatty acids (PUFAs). A high yield and value of
biomass were achieved for all species in a two-phase cultivation strategy: i) a first
phase using a medium optimized for best growth (f/2 14x, control); ii) a second
“stress” phase using the RAS wastewater to enhance the production of high-
value metabolites. Ng and Pt performed best in terms of biomass yield (i.e., 5-6 g
of dry weight, DW.L™Y) and efficient cleaning of the RAS wastewater from nitrite,
nitrate, and phosphate (i.e., 100% removal). Csp produced about 3 g Lt of DW
and reduced efficiently only nitrate, and phosphate (i.e., about 76% and 100%
removal, respectively). The biomass of all strains was rich in protein (30-40 % of
DW) containing all the essential AA except Methionine. The biomass of all three
species was also rich in PUFAs. Finally, all tested species are excellent sources of
antioxidant carotenoids, including fucoxanthin (Pt), lutein (Ng and Csp) and S-
carotene (Csp). All tested species in our novel two-phase cultivation strategy thus
showed great potential to treat marine RAS wastewater and provide sustainable
alternatives to animal and plant proteins with extra added values.

KEYWORDS

Carotenoids, Chlorella, Nannochloropsis, Phaedactylum tricornum, proteins, PUFA, RAS
wastewater, two-phase cultivation
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1 Introduction

Over the last 40 years, aquaculture has become one of the
fastest-developing food-production activities worldwide (FAO,
2022). To satisfy the growing demands for fish with high
nutritional values (i.e., high content of proteins and long chain
omega-3 (n-3) polyunsaturated fatty acids, LC n-3 PUFAs), the
aquaculture sector needs sustainable development. Two of the main
current bottlenecks encountered by this industry are the treatment
of the wastes produced by the fish, and the need for fish sustainably
produced feed (Lenzi, 2013).

The intensification of the aquaculture industry mostly using
open-water systems has led to some environmental concerns, such
as the eutrophication caused by the leakage of nitrogen-rich
nutrients into the environment, (Pahri et al., 2015). Land-based
closed containment systems such as recirculating aquaculture
systems (RAS) are better alternatives as they allow for a high
degree of water reuse as well as ensure better control of the
farming practices (Van Rijn, 2013; Ahmad et al., 2021; Ahmed
and Turchini, 2021; @vrebo et al., 2022).

At present, in RAS, nitrifying bacteria convert the ammonium
(NH,") produced by the fish into nitrate (NO3'), via nitrite (NO;),
in the presence of oxygen (O,). As a result, NO; can slowly
accumulate over time and reach concentrations that could affect
the fish’s health and welfare (Camargo et al., 2005; Roques, 2013;
Van Rijn, 2013; Roques et al, 2021). High NOj3 can later be
managed through the biological conversion of NO; to nitrogen
gas (N,) in anaerobic biofilters with denitrifying bacteria, anammox
bacteria, or by regular water exchanges (Chen, 2002; Preena et al.,
2021; Micolucci et al,, 2023). The use of microalgae as a filter could
be a promising alternative or complement to the current water
remediation techniques, and in addition the biomass obtained
could, later, be valorised into animal feed or feed supplements
(Tejido-Nuilez et al., 2019; Tossavainen et al., 2019; Villar-Navarro
et al., 2022).

In the last decades, the demand for fish meal and oils, mainly
produced from the catch of small pelagic fish species, as aquaculture
feedstock has increased tremendously (World Bank, 2013; FAO,
2020). However, the massive use of fish at the base of the marine
food chain has led to increased prices and a shortage of natural fish
stocks. Rapidly, plant-derived protein and oils have therefore been
introduced as fish feed ingredients. However, their utilization is
limited by the presence of a wide variety of anti-nutritional
substances (Francis et al., 2001). In addition, the production of
plant-derived protein and oils for fish feed requires arable lands and
freshwater, which are both limited and could be instead directly
used for human consumption (Hardy, 2010; Flachowsky et al., 2017;
FAO, 2020). Therefore, alternative technologies such as microalgae
cultivation has great potential as an eco-sustainable source of fish
feed (Camacho-Rodriguez et al., 2018).

Microalgae are currently used in the aquaculture sector as live
feed for different marine organisms, such as zooplankton, molluscs,
crustaceans, and some species of fish (Koyande et al., 2019). The
interest for use of microalgae in the food sector is because some
species are as rich in proteins as food sources of animal (e.g., meat,
fish, eggs, and milk) and vegetable origin (e.g., soy, Bleakley and
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Hayes, 2017). Microalgae are also a source of LC n-3 PUFAs (e.g.,
eicosapentaenoic acid, EPA, and docosahexaenoic acid, DHA),
important for both fish and human health. However, the
cultivation and harvesting of large volumes of microalgae, as well
as the extraction of the molecules of interest, are energy-consuming
and expensive processes. For this reason, despite their abundant
presence in nature, to date, only a few marine species are marketed
and used in the food industry as biomass (e.g. including species
from the genus Nannochloropsis, Phaeodactylum, and Chlorella) or
as extracts (e.g., B- carotene, fucoxanthin, EPA, DHA, proteins)
(Sathasivam et al., 2019). Microalgae are also a sustainable
alternative to heterotrophic bacteria and chemicals in wastewater
treatment. Indeed, some microalgae species can convert both
inorganic and organic pollutants from wastewater into high-value
molecules (Samer, 2015).

Here, we investigated the ability of three industrially relevant
microalgae species; Nannochloropsis granulata (Ng), Phaeodactylum
tricornutum (Pt) and Chlorella sp (Csp) to grow in wastewater from a
RAS producing high-value metabolites and at the same time cleaning
the water. Ng and Pt are marine microalgae able to produce biomass
enriched in EPA-rich lipids if grown under specific conditions (Abida
et al,, 2015; Villanova et al., 2017; Cheregi et al., 2021; Villanova et al.,
2022). Csp can grow and significantly reduce both inorganic nitrogen
and phosphorus in various types of wastewater (Asadi et al., 2019;
Lima et al., 2020). For this reason, a strain of the genus previously
isolated from a Sicilian coastline Csp was also included in this study
(Arena et al,, 2021). Moreover, the three selected species are rich in
high-value carotenoids such as fucoxanthin and B-carotene, whose
concentrations vary with the growth conditions (Arena et al., 2021;
Villanova et al., 2021b; Villanova et al,, 2022). A two-phase
cultivation strategy was applied to obtain high-yield and high-
quality biomass. At the end of the 19-22 days cultivation, the
biochemical composition of the biomass and the nutrient removal
efficiency were determined and compared among the strains.

2 Materials and methods

2.1 Microalgal species and
preculture cultivation

The microalgae species used in this study were Ng, Pt, and Csp,
obtained from the Gothenburg University Marine Algal Culture
Collection (GUMACC https://www.gu.se/en/marina-vetenskaper/
about-us/algal-bankgumacc, accessed on 1 March 2023). The
cultures were not axenic, but 100 pg L™ of ampicillin was added
at the beginning of the cultivation to control the bacterial growth.

Precultures were maintained in 100 mL flasks at 16°C, with a
light intensity of about 20 umol photons m s ™" and a 12/12 h light/
dark cycle. The medium used was natural seawater collected from a
depth of 30 m at the Tjirn6 Research Station (University of
Gothenburg, Stromstad, Sweden) supplemented with 14-fold
concentrated nutrients (f/2 14x) to obtain a high concentration of
biomass (Villanova et al., 2022). The seawater was filtered using two
0.4 um GF/F glass fibre filters, the salinity was adjusted with
deionized water to 26 practical salinity units (PSU), and it was
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sterilized by autoclaving at 121°C for 20 min. Finally, the nutrient
stock solution from the standard f/2 marine cultivation medium
(NaNOs;, NaH,PO,, microelements, vitamins, Guillard and Ryther,
1962) was sterilized with cellulose filter paper (with a pore size of
0.22 um) and 14 mL of each stock solution was added to 1 L of
autoclaved seawater.

2.2 RAS wastewater

RAS wastewater (10 L, Table 1) was collected from the aquarium
facilities of the University of Gothenburg (Gothenburg, Sweden),
hosting a pilot scale research and development facility for the
development of land-based seawater RAS at low temperatures (ca.
10°C). The fish species in the marine RAS were rainbow trout
(Oncorhynchus mykiss) and Atlantic wolftish (Anarhichas lupus). In
June 2020, the RAS wastewater was first filtered and then stored in 5 L
plastic containers at 4°C until use. A subsample of filtered water was
used for physiochemical characterization. The pH and salinity were
measured using a Multimeter (pHenomenal MU 6100 H, VWR
International, Radnor, PA, USA). The subsample was subsequently
frozen (-80°C) and sent for determination of NH, -N, NO, -N, NO;
-N, and POf"—P to an accredited laboratory (Eurofins, Linképing,
Sweden). Table 1 shows the physiochemical characterization of both
RAS wastewater and f/2 14x before algae cultivation. Nitrogen is one
of the most important nutrients for microalgae growth (Abida et al,
2015) for this reason the same concentration of NaNOjs in f/2 14x was
added to RAS wastewater in one-phase cultivation.

2.3 One-phase cultivation

Ng and Pt were grown in f/2 14x or RAS wastewater added with
14-fold concentrated NaNOj (14N) using a Multicultivator MC
1000 OD (Photon System Instruments, Drasov, Check Republic) in
flasks containing 80 mL of liquid culture at 22°C with a constant

% 57! and with air bubbling.

light intensity of 100 pmol photons m™
The cultures were grown in triplicates until the stationary phase was

reached (ie., 18 days).

2.4 Two-phase cultivation

Ng, Pt, and Csp were grown in the Multicultivator system
described above. A two-phase-cultivation mode was used, which
includes a first phase (phase I) using a medium and conditions for
optimized growth to reach high biomass, and a second phase (phase

10.3389/fpls.2023.1186537

II) using the RAS wastewater and stress conditions to stimulate the
production of secondary metabolites. The experimental design of
the two-phase cultivation is summarized in Figure 1. In phase I, the
cultures were grown in f/2 14x at 22°C and the intensity of the light
(cool white light) was increased over 19-22 days gradually from 100
to 800 umol photons m™ s™, according to the specific algal growth
performance. Phase I ended when the stationary phase was reached
(19-22 days). In phase II, 40 mL cultures from phase I were
inoculated in new flasks containing 40 mL of RAS wastewater. It
contains inorganic nitrogen only in low concentrations and is
relatively high in salinity, factors that can be stressful for
microalgae growth but can produce high concentrations of certain
molecules of interest, e.g., lipids and carotenoids. By contrast the
phosphate concentration was the same in both 14x and RAS
wastewater. These new cultures were grown at the same
temperature as the RAS was maintained (10°C) and at a constant

% 57!, The experiment ended

light intensity of 40 umol photons m™
when the stationary phase was reached (9-12 days). Four replicates
of Ng and Pt, and two replicates of Csp were grown in parallel.

Algal growth was monitored every two days by measuring
chlorophyll a fluorescence expressed in relative fluorescence units
(RFU), using a Varioscan Flash Multimode Reader (Thermo Fisher
Scientific, Vantaa, Finland), in a 96-well microplate. A total of 250
uL of each sample was added into separate wells of the microplate
(in triplicate) and incubated for 10 min in darkness. Dilutions were
performed when required (i.e., RFU > 30). Chlorophyll fluorescence
was detected using a wavelength of 425 nm for excitation and 680
nm for emission (Cheregi et al., 2021; Villanova et al, 2022). In
addition, the growth of both bacteria and algae was monitored as
absorbance at 750 nm using a Thermo Scientific Evolution 60S UV-
Visible Spectrophotometer (Thermo Fisher Scientific,
Vantaa, Finland).

After the stationary phase was reached in both cultivation
phases, the biomass yield was determined and expressed as g of
dry weight (DW) L', A total of 5 mL of final cultures was filtered
through pre-weighted dried GF/F (47 mm) Whatman filters
(Cytiva, Marlborough, MA, USA), and then washed with 10 mL
of 0.5 M ammonium carbonate to remove the excess salt. Finally,
the filters containing the culture were incubated at 100°C for 24 h
and weighed for DW determination according to the following
formula:

weight (filter + biomass, in g)) — (weight of filter, in g)

(
Dw =
© 0.005 L (volume of filtered culture)

Moreover, at the end of the two-phase cultivation, cells were
collected by centrifugation and the pellets were immediately freeze-
dried for further analysis.

TABLE 1 Physicochemical characteristics of the RAS wastewater and f/2 14x prior algae cultivation.

Parameter Salinity pH

(PSV)

Method Multimeter Multimeter ISO 15923-1:2013 Annex B
RAS wastewater 34 5.45 0.87
/2 14x medium 26 8 0
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Overview of two-phase microalgae cultivation for cleaning of RAS wastewater and production of high-value biomass. Ng, Nannochloropsis

granulata, Pt, Phaeodactylum tricornutum, and Csp, Chlorella sp.

2.5 RAS wastewater analysis before and
after cultivation

On the first and last day of growth in phase II cultivation, cells
were centrifuged for 5 min at 4000 g and the supernatant was
collected and filtered. The supernatants were analysed immediately
or preserved at -20°C until analysis.

The total nitrogen (TN) was calculated based on the
concentrations of NH,, NO;, and NOj. Salinity and pH
were measured using a multimeter (pHenomenal MU 6100 H,
VWR International, PA, Radnor, USA). The NH, and NO;
concentrations were determined using the powder pillow methods
(salicylate method, 8155, and diazotization method, 8507,
respectively, Hach-Lange, Dusseldorf, Germany) and the DR-2800
(Hach-Lange, Dusseldorf, Germany). The concentrations of (NOj3
were determined using ion-exchange chromatography (HPLC 20A;
Shimadzu, Kyoto, Japan) with a Shodex Asahipak NH2P-50 4D
anion column (Showa Denko, Tokyo, Japan) and UV-VIS detector
(SPD-20AV, Shimadzu) after filtration of samples through 0.2-um
pore-size PTFE membranes (Advantec, Tokyo, Japan) (Mojiri et al,
2020). The detection limits were 0.01, 0.002, and 0.5 mg-N L™" for
NH,', NO; and NOj, respectively. Finally, PO;~ analysis was done
using a commercial kit (114842 Spectroquant, Merck, Darmstadt,

Germany) according to the manufacturer’s recommendations
(detection limit: 0.5 mg-P P L™"). The data are presented as means
+ standard deviation of four replicates of the supernatant from Ng
and Pt, and two replicates of Csp and expressed as removal efficiency
relative to the initial nutrient concentration (Table 2).

2.6 Biochemical analysis of the biomass

2.6.1 Protein content and amino
acid composition

Freeze-dried biomass was bead-beaten for 2 min at 30 Hz
(QIAGEN Tissuelyser II, Qiagen, Hilden, Germany) before the
determination of total protein content. The total protein content
of microalgal extracts was then determined by colorimetric analysis
at 750 nm using the DC protein kit (Bio-Rad Laboratories,
Hercules, CA, USA) following a sequential hot trichloroacetic
acid (TCA) and alkaline extraction of the biomass (Slocombe
et al, 2013). For the quantification, a standard curve of bovine
serum albumin in the range of 0.225-1.35 mg L™ was used.

For the determination of amino acid (AA) content, a known
amount of freeze-dried biomass was resuspended in 4 mL of 6 N
HClI in glass tubes followed by flushing with nitrogen gas for 30 s.

TABLE 2 Removal efficiency of total nitrogen (TN), NH,;*, NO,~, NOs~ ad PO,> at the end of phase II.

Species TN removal (%) NH,* removal (%)
Nannochloropsis granulata 854 + 114 41.2 +18.0
Phaeodactylum tricornutum 86.7 + 3.5 ‘ 27.5 £ 14.8
Chlorella sp 50.0 + 2.8 ‘ X

NO,~ removal (%) NO5~ removal (%) PO,
removal (%)

100.0 £ 0.0 100.0 £ 0.0 100.0 £ 0.0

100.0 + 0.0 100.0 + 0.0 100.0 + 0.0

* 757+ 14 100.0 + 0.0

Data are presented as means + standard deviation of two to four biological replicates. *Increase of in the nutrient concentration as compared to the initial condition.
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The samples were then hydrolysed at 110°C for 24 h, after which
they were filtered (syringe filter, PES, 0.2 um) (VWR, Radnor, PA,
USA) and diluted before AA determination using LC/APCI-MS as
described previously (Forghani et al, 2022). All analyses were
performed in duplicate.

2.6.2 Fatty acid content and composition

Freeze-dried biomass was powdered and put into pre-weighed
furnaced glass tubes. Fatty acids (FAs) were then extracted and
methylated as previously described (Forghani et al., 2022). A known
amount of powdered biomass was suspended in 400 pL of
chloroform, and 200 pL of internal standard (i.e., heptadecanoic
acid 100 uL mL™") was added to the tubes. Samples were sonicated
on ice for 1 h and transesterification was performed by adding 0.75
mL of HCI/MeOH (5% v/v) and incubating at 90°C for 90 min.
After cooling, FA methyl esters (FAMEs) were extracted by adding
2 mL of hexane and mixing vigorously for 30 s followed by shaking
at 300g for 20 min. The samples were then centrifugated at 2000g
for 5 min and the upper phase was transferred into a clean tube. The
extraction was repeated one more time for increasing the recovery
of FAMEs. After the evaporation of hexane, measurement of
FAMEs was carried out by using an Agilent Technologies 7890 A
GC system connected to Agilent Technologies 5975 inert MSD
(Kista, Sweden). Acquisition, identification, and quantification of
FAME peaks were performed by their comparison with the 37-
component FAME standard mix (Supelco, Bellefonte, PA, USA,
Cavonius et al., 2014) by using Masshunter Quantitative Analysis
software (version B.09.00, Agilent Technologies, Santa Clara, CA,
USA). FA analyses were done in duplicate.

2.6.3 Pigment composition

A known amount of freeze-dried biomass was mixed with 5 mL
of 90% (v/v) acetone in falcon tubes covered with aluminium foil to
prevent light penetration. The samples were ground in a glass
homogenizer and incubated at 4°C for 4 h. After this period, the
samples were centrifuged at 3000 g for 5 min. The supernatant was
filtered using a filter with a pore size of 0.2 um and used for pigment
analysis. The pigment composition was obtained by using HPLC
coupled with a PDA detector (Villanova et al., 2022). 100 uL of
samples were analysed in a Shimadzu UFLC system (Shimadzu
corporation, Kyoto, Japan) equipped with an Alltima C18 (RP18,
ODS, Octadecyl) 150 x 4.6 mm column. The pigments were eluted
through a low-pressure gradient system constituted by solvent A
with methanol and 0.5 M ammonium acetate buffer (85:15, v/v),
solvent B with acetonitrile and milliQ water (90:10, v/v), and solvent
C with 100% ethyl acetate. The following program was used: 100%
B:0% C: (8 min), 90% B:10% C: (8.6 min), 65% B:35% C (13.1 min),
31% B:69% C (21 min), and 100% B:0% C (27 min). The
identification of pigments was done by comparison of their
retention time and spectra with standards (DHI, Hersholm,
Denmark) run under the same conditions. The quantification of
the pigment concentration was then obtained by comparing the
area of the corresponding standard. The pigment concentration was
then normalized for freeze-dried biomass and expressed as pg mg'
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of DW. Four replicates were processed for Ng and Pt, and duplicates
for Csp were used.

2.6.4 Statistical analysis

The biochemical composition of the biomass was compared
among the different species using a two-way analysis of variance
(ANOVA) test (GraphPad 9.5.1 Software, San Diego, CA, USA). p-
values were used to quantify the variability among the three
different species. Differences were considered significant for p-
values< 0.05.

3 Results

3.1 Microalgal growth in f/2 and
RAS wastewater

The physicochemical characteristics of the RAS wastewater and
f/2 14x before the start of the algae cultivation were different
(Table 1). For this reason, the RAS wastewater composition was
slightly adjusted for optimal algae cultivation and the modified
substrate named RAS wastewater 14N. As nitrogen compounds, the
RAS wastewater contained NH,", NO; , and NOj , but the latter was
much less abundant than in f/2 14x. Moreover, RAS wastewater
was characterized by lower pH and slightly higher salinity than {/2
14x (Table 1). Therefore, the RAS water was supplemented
with NOj and pH was adjusted to reach the same levels as in {/2
14x. In a one-stage cultivation, Pt and Ng were able to grow in
undiluted RAS wastewater 14N similarly to f/2 14x, which can
be explained by their similar nutrient composition (Table 1) after
a lag phase during the first eight cultivation days (Supplementary
File 1A, B). The biomass yields were similar, but Pt showed a higher
yield than Ng in the tested conditions (i.e., 3 and 2 g DW L™,
respectively) (Supplementary File 1C).

To reduce the lag phase and produce a high yield and value of
biomass, the three microalgal strains were grown using a two-phase
cultivation strategy. The growth conditions used for the different
species in two-phase cultivation are shown in Figure 2A-C.
Figure 2D-F shows the growth monitored as chlorophyll
fluorescence (RFU) along the cultivation time in the two-phase
cultivation. Ng and Pt grew better than Csp in phase I. Moreover,
after the 1:1 dilution in RAS wastewater in phase II, Ng and Pt
reached a similar RFU as at the end of phase I. In contrast, Csp in
phase II was not able to recover the maximum RFU obtained in
phase I. The dry weight (DW) of the biomass was determined at the
end of phase I and phase II (Figure 2G). Ng and Pt reached
significantly higher DW than Csp (5-6 and 3 g L™, respectively)
in phase I. Moreover, both Pt and Ng yielded similar DW at the end
of phase II. In contrast, Csp produced only about 2 g DW L™ after
phase II, confirming previous observations on growth profiles. This
can be explained by the fact that Chlorella species are mostly
freshwater microalgae, hence not adapted to the high salinity of f/
2 and RAS wastewater (i.e., 26 and 34 PSU, respectively) (Darienko
et al,, 2019).
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3.2 Biochemical composition of
the biomass

To determine the industrial potential of the tested microalgae
species as fish feed, a biochemical analysis of the biomass collected
at the end of phase II was performed. In particular, to test the
microalgae as an eco-sustainable alternative to terrestrial animal
and plant proteins, the protein content and AA profile were
determined. The biomass of Ng and Csp contained about 40%
protein of DW as compared to 30% in Pt (Figure 3A). The proteins
from the all three species contained all essential AA (i.e., Arginine,
Arg; Histidine, Hys; Isoleucine, Ile; Leucine, Leu; Lysine, Lys;
Phenylalanine, Phe; Threonine, Thr; and Valine, Val) except for
Methionine (Met) and Tryptophane (Trp), the latter, which is not
captured by the applied method. Only slight differences in the
content of essential AA were detected between the three species.
Both Ng and Pt contained Glutamic acid (Glu) and Aspartic acid
(Asp) as main AA, with about 13-14% and 10-11% of the total,
respectively. Csp contained Proline (Pro) and Glu as the main
amino acids, with about 16% and 11 % of the total,
respectively (Figure 3B).

FA content and profile were also analyzed due to their
importance in both fish and human nutrition. The highest FA
content was obtained in Ng followed by Pt and Csp with about 13, 9,
and 8 % of DW, respectively (Figure 4A). FAs can be classified as

Frontiers in Plant Science

saturated (SFAs), monounsaturated (MUFAs), and PUFAs to
indicate the presence of only carbon single bonds, one double
bond, and two or more double bonds respectively. SFAs were
more abundant in Pt and Csp (i.e., about 50% of total FA) as
compared to Ng (i.e., about 30% of total FA). Pt and Ng showed
higher MUFAs (i.e., about 27-28% of the total) than Csp (i.e., about
16% of the total). Finally, Ng showed the highest content of PUFAs
followed by Csp and Pt with 39, 32, and 27% of the total,
respectively (Figure 4B). The FA profile was similar for Ng and Pt
and dominated by C13:0 (i.e., about 13 and 23% of TFA,
respectively), C16:0 (i.e., about 12 and 10 %, respectively), C16:1
(i.e., about 24 and 26%, respectively), and EPA (i.e., 25-30%). The
main FAs in Csp were C16:0 (i.e., about 10% of TFA), C17:1 (ie.,
about 13%), and alpha-linolenic acid (C18:3 n-3, i.e., about 42%).
Moreover, Pt also contained a low concentration of DHA (about
1%) (Figure 4C). The relative content of n-3 PUFAs was about 30,
26, and 29%, respectively in Ng, Pt, and Csp. The corresponding
percentages of LC n-3 PUFAs (i.e., EPA+DHA) were about 29 and
26%, in Ng and Pt, respectively. LC n-3 PUFAs were not detected
in Csp.

Finally, the pigment content was analyzed as an important
source of antioxidants for stabilization of the microalgae biomass or
products derived thereof. Also, some studies have revealed
importance of antioxidants in animal and human nutrition
(Miyashita et al., 2011; Tan and Hou, 2014; Petrushkina et al,
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2017; Dawood et al., 2018). Pt had as main pigments chlorophyll 4,
fucoxanthin, and f3-carotene with about 6, 10, and 0.4 g per mg of
DW, respectively. Ng was characterized by about 1.5 ug of
chlorophyll a, 0.01 pg of lutein/zeaxanthin, and 0.07 pg of f-
carotene per mg of DW. Ng also showed traces of astaxanthin and
canthaxanthin. Finally, Csp contained chlorophyll a, lutein/
zeaxanthin, and f-carotene as main pigments with about 6, 1,
and 0.3 pug per mg of DW, respectively (Figure 5). Csp also produced
a small amount of astaxanthin. Raw data for all biochemical
analyses are available in Supplementary File 2.

3.3 Nutrient removal from RAS wastewater

To determine the potential of the different microalgae species to
clean the RAS wastewater, the removal efficiency of each nitrogen
compound was calculated at the end of phase II. Ng and Pt
performed best in terms of cleaning the RAS wastewater from
NO,, NOj (i.e., 100% removal) as compared to Csp which reduced
about 76% of NO; and none of the NO;. NH," was reduced by 41.2
and 27.5% in Ng and Pt, respectively. The concentration of NH;
was instead increased in Csp at the end of phase II, indicating some
different nitrogen degradation pathways in Chlorella species. The
sum of nitrogen compounds (NH;, NO5, NO3') was not equal to
the total nitrogen (TN) in all the tested samples, indicating that
many organic nitrogen compounds (e.g., protein and AA origin) are
released in the medium by the microalgae. Finally, all tested species
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efficiently and completely removed all PO, contained in the RAS
wastewater (Table 2).

4 Discussion

In this study, we demonstrate the ability of three microalgal
species (i.e., Ng, Pt, and Csp) to grow in RAS wastewater. Our results
are in line with previous studies for Nannochloropsis,
Phaeodactylum tricornutum, and Chlorella species, along with
other species (Sirakov and Velichkova, 2014; Tejido-Nunez et al.,
2019; Villar-Navarro et al., 2021). However, Pt, Ng, and Csp showed
about 10, 22, and 2.5-fold, respectively, higher biomass productivity
than related species grown in RAS wastewater to date (Table 3).
These results demonstrate the importance of two-phase cultivation
to increase algal production capabilities in terms of high-quality and
quantity of biomass. This novel strategy is based on the concept that
each microalgae species grows best in certain (optimal) conditions,
which however do not necessarily correspond to the conditions for
the highest production of molecules of interest (e.g., PUFAs and
carotenoids). Here, we grew Ng, Pt, and Csp in the following
conditions: i) Phase I: each species was cultivated at 22°C with a
gradual increase along growth to avoid photoinhibition phenomena
(Aleman-Nava et al., 2017; Ali et al., 2021; Karpagam et al., 2022)
and in enriched medium (i.e., f/2 14x); ii) phase II: the cells were
transferred to a medium containing RAS wastewater in stress
conditions (e.g., low nutrients, low temperature, high salinity) to
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Multicultivator. Data showed are the means + standard deviation of biological replicates for Ng and Pt, and two biological replicates for Csp.
Different letters indicate significant differences among the species (p< 0.05).
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Pigment profile of Nannochloropsis granulata (Ng, dark green bar),
Phaeodactylum tricornutum (Pt, brown bar), and Chlorella sp (Csp,
light green bar) grown in a two-phase system in Multicultivator. Data
shown are the means + standard deviation of four biological replicates
for Ng and Pt, and two biological replicates for Csp. Different letters
indicate significant differences among the species (p<0.05).

increase the production of molecules of interest. Similar strategies
were previously used for Nannochloropsis oculata, Pt, and Chlorella
vulgaris resulting in increased lipid and carotenoid productivity
(Sirakov and Velichkova, 2014; Villar-Navarro et al., 2021). To our
knowledge, this is the first time that a two-phase cultivation strategy
was applied for growing microalgae in RAS wastewater. Moreover,
we show that by using this strategy the algal biomass yield can
increase in Ng and Pt by a factor of about 3 and 2, respectively, as
compared to one-phase cultivation (Supplementary File
1G; Figure 2G).

Microalgae are good candidates to partially replace fishmeal and
fish oil in fish feed. For instance, inclusions levels of 7.5-30% of
Nanochloropsis oceanica extracts gave promising results in cold-
water species such as Atlantic salmon (Salmo salar) and spotted
wolffish (Anarhichas minor) (Sorensen et al., 2017; Gong et al,
2018; Knutsen et al., 2019). However, only a few studies focused on
the biomass composition of microalgae grown in RAS wastewater to
date (Sirakov and Velichkova, 2014; Villar-Navarro et al., 2021).
Here, we determined the content of proteins, AA, FA, and
carotenoids in the biomass derived from phase II cultivation of
Ng, Pt, and Csp to evaluate their potential as alternative sustainable

10.3389/fpls.2023.1186537

fish feed. We found a higher protein content in all tested microalgae
(30-40% of DW) than previous results obtained in other species or
strains grown in similar conditions (i.e., 14-37% of DW) Cho and
Kim, 2011). However, all these values are significantly lower than
the average protein content found in fish feed (i.e., 60-72%, Cho and
Kim, 2011), calling for downstream up-concentration of the
proteins. This can be done for example with the pH-shift process
commonly applied to e.g. soybeans and peas (Dumoulin et al,
2021), but also to algae (Cavonius et al., 2015; Trigo et al., 2023). Tt
is well known that under nitrogen deplete conditions (i.e.,
conditions found in phase II of this work), protein concentration
can be reduced in several microalgae species, explaining our results
(Jia et al., 2015; Canelli et al., 2020; Latsos et al., 2020). Moreover,
the proteins of Pt, Ng and Csp were constituted by almost all
essential AA, confirming previous results for closely related species
(Villar-Navarro et al., 2021; Forghani et al., 2022).

Ng, Pt, and Csp showed higher PUFAs content as compared to
related species when grown in RAS wastewater (Villar-Navarro
et al,, 2021; Forghani et al., 2022). The increase in PUFAs can be
explained by the use of low temperatures (i.e., 10°C) during phase IT
cultivation, as concentration of PUFAs generally decreases at
increasing temperatures in microalgae, including in Pt (Qiao
et al.,, 20165 Santin et al., 2021). The biomasses were also rich in
n-3 PUFAg, i.e., 25-30% of FAs were constituted by EPA in Pt and
Ng and by C18:3 n-3 in Csp. These amounts were higher than the
reference values for fish oil, confirming the potential of these
microalgal strains as a substitute for fish feed (Villar-Navarro
et al,, 2021).

Finally, the pigment content of the microalgae biomass was
evaluated based on their beneficial effect on animals and humans for
blocking macrophage-mediated inflammation and inflammation-
induced obesity in both in-vivo and in-vitro assays (Tan and Hou,
2014; Petrushkina et al., 2017). Fucoxanthin is the most abundant
pigment carotenoid in diatoms and can make up to 1-2.5 % of DW
(Yietal, 2015; Guo et al., 2016). A similar fucoxanthin content was
found in Pt in our study and was 3-fold higher than in previous
results for the same species (Villanova et al., 2021b). This finding
can be explained by the use of low light intensity in phase II, often
correlated to an increase in the fucoxanthin content in Pt (Khaw
et al,, 2022). Other valuable carotenoids detected in Pt, Csp, and Ng
were B-carotene and lutein/zeaxanthin, confirming previous results
(Serra et al, 20215 Villanova et al, 2022). It is known that B-
carotene concentration content can increase in microalgae

TABLE 3 Comparison of microalgal biomass productivity from this study with previous studies in RAS wastewater.

Species

Biomass productivity

Cultivation condition

Reference

(mgDW L"d™)

Nannochloropsis granulata 270 13 Two-phase cultivation This study
Phaeodactylum tricornutum 225+ 49 Two-phase cultivation This study
Chlorella sp 105+ 7 Two-phase cultivation This study
Nannochloropsis gaditana 23+1 Batch cultivation (Villar-Navarro et al., 2021)
Phaeodactylum tricornutum 32+1 Batch cultivation (Villar-Navarro et al., 2021)
Chlorella vulgaris 42.6 Continuous cultivation (Gao et al., 2016)
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cultivated under salt stress (Villanova et al., 2021a). The salinity in
the tested RAS wastewater was only slightly higher than in the
microalgae cultivation medium (Table 1). This can explain why we
did not detect a significant increase in the concentration content of
this carotenoid.

The last part of this work was focused on the determination of
the capability of Ng, Pt, and Csp to remove the nutrients present in
RAS wastewater. In RAS, NH, is oxidized into NO; via NO, by
nitrifying bacteria in a biofilm reactor. All these compounds can
accumulate over time in RAS and if not appropriately managed
through regular water changes or denitrification, may negatively
affect the fish. High NH," is neurotoxic for fish (Wilkie, 2002). NO5
converts hemoglobin into methemoglobin, which is not capable to
bind O, (Russo and Thurston, 1977; Williams and Eddy, 1986).
NOj  toxicity is thought to be similar to that of NO;, but to a lower
extent (Stormer et al., 1996; Camargo et al., 2005). As most of the
RAS nowadays are partial RAS (i.e., without denitrification), (NO;
can slowly accumulate over time and reach concentrations which
could affect fish health and welfare (Russo and Thurston, 1977;
Wilkie, 2002). High NO; can be managed through the biological
conversion of NOj3 to nitrogen gas (N;) in anaerobic denitrifying
biofilters, or by regular water exchanges (Williams and Eddy, 1986;
Camargo et al., 2005). The concentration of NH,", NO, and NOj
measured in our RAS wastewater are quite typical for a
conventional RAS with only nitrification, with NH," values below
1 mg-N L™, NO; below 0.5 mg-N L™" and accumulation of NO;
up to 100-1000 mg-N L! (Brazil et al., 1996; Krumins et al., 2001;
Van Rijn and Ebeling, 2007; Roques, 2013; Ciji and Akhtar, 2020;
Sikora et al.,, 2022). Our results showed that all three microalgae
species were able to remove efficiently NO; from their
environment. In particular, Pt and Ng were able to completely
remove NO; and NO, and are therefore the two most promising
candidates to treat RAS wastewater. Despite a decent removal
efficiency of NO3 (75.7%), Csp did not remove any other
nitrogenous waste compounds, and even increased the
concentration of NH, and NO; . This relatively low performance
could again be linked to the fact that Csp is a mostly freshwater
microalgae species and its performance in this study was probably
affected by the exposure to the relatively high salinity of both {/2 and
RAS wastewater (Darienko et al,, 2019). The NH, removal
efficiencies of Pt and Ng were also quite limited (27.5 and 41.2%,
respectively), which was quite expected as NO; seems to be the
preferred substrate of these microalgae. NH; seems to inhibit the
uptake of NO; in Pt (Cresswell and Syrett, 1979). Yongmanitchai
and Ward (1991) used NH,", NO; and urea as nitrogen sources for
Pt, showing that the growth was inhibited in the culture
supplemented with NH," alone or in combination with NO; or
urea Nannochloropis species can use either NH,", NO; or NO; as
the sole nitrogen source, but NO; and NO, seem to be the
preferred substrates for these species, as introduced NH, acidify
the pH conditions of the medium (Sauer et al,, 2001; Liu et al,
2017). As a result, Pt and Ng are great candidates to remove NO;
from marine RAS wastewater, but they should be used in
combination with other treatment solutions to also remove excess
NH; (e.g., nitrifying bacteria).
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To conclude, all species tested in this study showed great
potential as a sustainable alternative to fish oil and meal and as a
source of antioxidants for fish feed. These species also showed great
potential as a multifunctional vegan protein ingredient for various
food products in which also n-3 PUFAs and antioxidants are
wanted. Moreover, the two-phase cultivation can be used as a
strategy to i) increase the productivity and content of high-value
molecules in the biomass of the tested strains, and ii) recycle the
RAS wastewater. Different growth conditions and microbial species
should be tested to further optimize this process.
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