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Dear Editor in Chief of Journal of Plankton Research,

here attached, please find electronic version of the manuscript entitled “RNA/DNA ratios as estimate of
metabolic and functional traits in diatom species from the Northwestern Adriatic Sea” by Silvia
Casabianca, Samuela Capellacci, Fabio Ricci, Giorgia Ravera, Geraldina Signa, Michele Scardi,
Antonella Penna.

This work has not been submitted to any other journal and there are no outstanding related publications
pending. All authors are aware of, and accept responsibility for, the manuscript.

The study regards the relationship between metabolic activity variation based on RNA/DNA ratio and
taxon-specific 18S rRNA/DNA ratio of target marine diatoms from the Adriatic Sea. We tested the
hypothesis if these molecular variables can describe the metabolic dynamics of phytoplankton species
during their growth phase. The aim of this study was to investigate if the RNA/DNA and taxon-specific
18S rRNA/rDNA ratios could be used to assess and be indicators of metabolic activity in marine
phytoplankton species, such as two Adriatic diatom species, Chaetoceros socialis and Skeletonema
marinoi and to verify if these ratios could reflect, and thus can be used to predict, biomass growth and
metabolic dynamics in marine phytoplankton species.

Rationale: Different phytoplankton biomass estimations can provide information on abundance
variation, while they are not able to describe the metabolic activity of species or groups within
assemblages. Conversely, molecular traits are key for the metabolic dynamics in pelagic ecosystems. To
investigate if the RNA/DNA and taxon-specific 18S rRNA/rDNA ratios could be used to assess and be
indicators of metabolic activity in marine phytoplankton species, two Adriatic diatom species,
Chaetoceros socialis and Skeletonema marinoi were studied. Significant correlations between
abundance, chlorophyll a, carbon content and proteins were found in individual and co-cultured growth
experiments (from »,=0.570 to r; =0.986, P<0.001). Biomass trend followed the logistic curve without
prove additional information regarding diatom metabolic activity. In both experiments, the RNA/DNA
and taxon-specific 18S rRNA/rDNA ratios of C. socialis and S. marinoi showed maximum values at the
beginning of the growth phase, i.e, as 23.2+1.5 and 15.3+0.8, and 16.2+1.6 and 30.1£5.4 after 2 and 6
days, respectively, in individual culture, with a subsequent significant decrease values for both species
in individual and co-culture experiments. Our results showed that these molecular RNA/rDNA ratios
expressed an activation of metabolism, before the abundance increases, also within the interspecific
interaction between C. socialis and S. marinoi.

Author contributions

All authors made a substantial contribution to the study in terms of conception, data acquisition, or
analysis; contributed substantially to drafting the manuscript; and approved the final submitted
manuscript.
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We would be glad if you can consider the manuscript for publication in Journal of Plankton Research.

We think that Journal of Plankton Research is the best outlet for our work since this paper deals with
metabolic dynamics of phytoplankton species during their growth phase analysed by experimental setup
of phytoplankton species from North-western Adriatic Sea using RNA/DNA and taxon-specific 18S
rRNA/DNA ratios approach.

Urbino, 27 June 2023,
Sincerely Yours,

Dr. Silvia Casabianca, Ph.D

e (anslauce)
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RNA/DNA ratios as estimate of metabolic and functional traits in diatom species from the

Northwestern Adriatic Sea
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Abstract

Different phytoplankton biomass estimations can provide information on abundance variation,
while they are not able to describe the metabolic activity of species or groups within assemblages.
Conversely, molecular traits are key for the metabolic dynamics in pelagic ecosystems. To
investigate if the RNA/DNA and taxon-specific 18S rRNA/rDNA ratios could be used to assess and
be indicators of metabolic activity in marine phytoplankton species, two Adriatic diatom species,
Chaetoceros socialis and Skeletonema marinoi were studied. Significant correlations between
abundance, chlorophyll a, carbon content and proteins were found in individual and co-cultured
growth experiments (from 7,=0.570 to r; =0.986, P<0.001). Biomass trend followed the logistic
curve without prove additional information regarding diatom metabolic activity. In both
experiments, the RNA/DNA and taxon-specific 18S rRNA/rDNA ratios of C. socialis and S.
marinoi showed maximum values at the beginning of the growth phase, i.e, as 23.2+1.5 and
15.3+0.8, and 16.2+1.6 and 30.1+£5.4 after 2 and 6 days, respectively, in individual culture, with a
subsequent significant decrease values for both species in individual and co-culture experiments.

Our results showed that these molecular rRNA/rDNA ratios expressed an activation of metabolism,
1
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before the abundance increases, also within the interspecific interaction between C. socialis and S.

marinoi.

KEY WORDS: Adriatic Sea, 18S rRNA/rDNA ratio; RNA/DNA ratio; Biatoms; Biomass;

Metabolic dynamics

INTRODUCTION

In the pelagic and coastal ecosystems, phytoplankton are the main primary producers that gather
sunlight through photosynthesis to produce chemical energy, which is thus, transferred throughout
the trophic web (Falkowski, 2002; Brett et al., 2009; Marra, 2009). Marine photosynthetic plankton
are responsible for the production of approximately 50 petagrams (10'%) of carbon per year, an
amount comparable to that found on land (Chavez et al., 2011).

In marine environment, phytoplankton morphological, biochemical and molecular traits, such as
cell size and shape, macromolecules composition in proteins, polysaccharides, lipids, nucleic acids,
can play an important role in determining, in terms of energy content, phytoplankton ecological
niches and phytoplankton species coexistence. These processes can be influenced by light and
nutrient assimilation, leading to biomass increase, and influencing sinking and grazing processes
(Chicharo and Chicharo, 2008; Litchman and Klausmeier, 2008; Follows and Dutkiewicz, 2011;
Naselli-Flores and Barone, 2011; Finkel et al., 2016; Garcia et al., 2016). In fact, different
functional traits can represent adaptive strategy to various environmental conditions (Kruk et al.,
2010; Roselli and Basset, 2015). Further, environmental conditions can affect the ecophysiology of
phytoplankton assemblages. Growth rate and protein, DNA and RNA content variability are linked
to nitrogen decreasing and, instead, carbohydrates and lipids increase under nitrogen starvation
(Flynn et al., 2010; Loladze and Elser, 2011). The increase in growth rate is related to the increase
of RNA content and relative protein concentration, as well as the ribosomal RNA (rRNA) content is
linked to requirements for protein synthesis and synthesis rate of ribosomes (Flynn et al., 2010;
Loladze and Elser, 2011; Daines et al., 2014). Thus, the rRNA content is indicative of the growth,
metabolism, or overall activity of a cell and may be used for the estimation of these parameters
(Blazewicz et al., 2013). According to the growth rate hypothesis, which takes into account the
relationship between cell size and biomass growth, smaller phytoplankton cells require more RNA
and protein content than larger phytoplankton cells (Marafion et al., 2012; Daines et al., 2014).

In field, nucleic acids, proteins, carbohydrates, lipids and secondary metabolites that are

biochemical components of photosynthetic production can be used to assess actively growing
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natural assemblages (Nejstgaard et al., 2003; Berdalet et al., 2005; Ikeda et al., 2007; Finkel et al.,
2016). It has previously been shown that the diatom and dinoflagellate 18S rRNA/rDNA ratios
measured within phytoplankton assemblages were significantly correlated to biomass, and because
this molecular parameter is linked to cellular RNA variability, it has the potential to express the
growth rate and metabolic dynamics of phytoplankton assemblages (Dortch et al., 1983; Nicklisch
and Steinberg, 2009; Casabianca et al., 2021).

In the present study, the metabolism in terms of molecular rRNA/rDNA ratio dynamics and
biomass trend during the various phases of phytoplankton growth have been thoroughly studied to
understand if the 18S rRNA/rDNA ratio could be used to assess species-specific metabolic activity
and, consequently, phytoplankton assemblage functioning in marine coastal ecosystem.
Phytoplankton species under investigation have been selected based on the composition of
phytoplankton assemblages in Northwestern Adriatic Sea. Seasonal diatom blooms, which are
frequently monospecific or mixed by co-occurring dominating diatom taxa, such as Chaetoceros
spp. and Skeletonema marinoi, are of importance in this Adriatic region (Cabrini et al., 2012; Totti
et al., 2019; Casabianca et al., 2021; Casabianca et al., 2022; Neri et al., 2023). The high-density
blooms are sustained by nutrient availability from turbulent waters and riverine inputs from both Po
and minor river discharges (Bernardi Aubry et al., 2004; Penna et al., 2004; Mangoni et al., 2008;
Socal et al., 2008; Mangoni et al., 2013; Penna et al., 2013; Ricci et al., 2022), as well as diatom
high nutrient uptake rates (Litchman et al., 2007).

In the present study, the hypothesis of the application of RNA/DNA ratio and taxon-specific 18S
rRNA/rDNA ratio on target diatom species for the metabolic activity evaluation in culture systems
was tested. The total RNA/DNA ratios based on nucleic acid quantification and 18S rRNA/rDNA
ratio based on molecular gPCR-based assay, respectively, were estimated along the growth phases
in both diatom individual and co-culture systems. Finally, the aim of this study was to verify if
these ratios can be indicator of metabolic status in marine phytoplankton species at the early phase

of the active reproduction.

MATERIALS AND METHODS

Microalgal cultures and abundance determination

Diatom Chaetoceros socialis CBA22 and Skeletonema marinoi CBA4 strains, isolated from
Adriatic Sea, were maintained in sterilized /2 medium (Guillard, 1975) and incubated at 18 £ 1 °C
with a light:dark cycle of 12:12 h and a light intensity of 100 pmol ms-!. Cultured experiments
were performed in 1 L glass flasks containing 400 mL of the ASPM (Artificial Seawater Provasoli-
McLachlan) base (Guillard, 1975) enriched with f/2 medium. Cells were kept in suspension by

manually mixing each flask almost twice a day. Medium nutrient concentrations were maintained
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106  constant (see below). C. socialis CBA22 and S. marinoi CBA4 were grown either individually or
107  together in co-culture systems for 24 and 30 days, respectively. Culture subsamples were fixed with
108  Lugol’s iodine solution and cell abundance (cell mL-!) was determined every two days using the
109  Sedgewick-Rafter methods (LeGresley and McDermott, 2010) under an inverted microscope (Zeiss
110  Axiovert 40 CFL, Germany) equipped with phase contrast. Further, diatom biomass expressed as
111  total carbon content per each species (mg C L™!), was also estimated through cellular volume as
112 reported in Menden-Deuer and Lessard (2000).

113 Diatoms growth rates y, defined as the instantaneous rate of increase, were calculated on the basis
114 of the longest possible period of exponential growth using the equation: p = In (Nt/NO)/At, where N
115  is the number of cells mL!, At is the time interval (Wood et al., 2005). Cultured subsamples of both
116  diatom species, each containing 1.0 x 10° total cells were harvested every two days by

117 centrifugation (4000 rpm for 10 min) during the growth phase. The obtained microalgal pellets were
118  stored at -80 °C until nucleic acid and protein extraction analyses. All the experiments were carried
119  outin triplicate.

120

121 Analysis of chlorophyll a of diatom cultured strain

122 Biomass determination was also assessed by chlorophyll a (chl a) content. Amounts of 10 mL of
123 each diatom strain of C. socialis CBA22 and S. marinoi CBA4 and co-cultured diatom strains were
124 centrifuged (4000 rpm for 10 min) and spectrofluorimetric analyses of chl a were performed

125  following Yentsch and Menzel (1963) and Holm-Hansen et al. (1965) methods using a Shimatzu
126  spectrofluorometer (Skimatzu RF-6000, Japan). The pigment quantification was carried out using a
127  standard chl a from spinach solution (Life Science, Merck, Germany).

128

129  Nutrient analyses

130  In order to maintain the constant nutrient values, chemical analyses of dissolved inorganic nutrients
131  (N-NO;, N-NO,, N-NH,4, P-PO, and Si-Si10,) were performed every two days during the growth
132 phase. Nutrients concentration was evaluated in culture medium sub-samples after a filtration step
133 on 0.45 um nitrocellulose filters (Millipore, Temecula, CA, USA) following the method of

134  Strickland and Parsons (1972) and using a Shimadzu spectrophotometer (mod. UV-1700, Japan).
135  Following the nutrient concentration of {/2 medium (Guillard, 1975), NaNOs, NaH,PO, and

136  Na,SiOs were kept in the media of cultured and co-cultured diatoms roughly at 8.82 x 104 M, 3.62
137  x 10 M and 1.06 x 104 M, respectively.

138

139  Nucleic acids and protein extraction, QPCR assay, taxon and genus-specific 18S rRNA/rDNA

140  ratio calculation and target amplicon sequencing

http://mc.manuscriptcentral.com/jplankt
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Total genomic DNA, RNA and proteins from individual and co-cultured cultured samples of C.
socialis CBA22 and S. marinoi CBA4 were extracted using the RNA/DNA/Protein Purification
Plus Kit (Norgen Biotek Corp., Thorold, Canada) according to the manufacturer’s instructions. The
nucleic acids and proteins quantification and the cDNA preparation protocols were reported in
Casabianca et al. (2021). The diatoms 18S rRNA/rDNA ratio was calculated using class-specific
primers targeting diatoms taxa (Casabianca et al. 2021), while Chaetoceros spp. and Skeletonema
spp. 18S rRNA/rDNA ratio were obtained using new primers targeting 18S rDNA gene of both
genera (this study). These new primers were designed on sequences available from GenBank using
Primer-BLAST (Ye et al., 2012). Multiple sequence alignments were carried out using
CLUSTALX2 v. 2.0 (Larkin et al., 2007). The specificity of the new primers was tested in silico
using BLAST (Basic Local Alignment Search Tool). The qPCR reactions were performed in a final
volume of 25 pL using the Hot-Rescue Real Time PCR Kit-SG (Diatheva, Fano, Italy) with 1 uL.
undiluted and 1:10 diluted DNA and cDNA templates. Taxon-specific primer sequences, primers
and MgCl, concentrations, amplicon melting temperatures and sizes are shown in Table S1. The
thermal cycling conditions consisted of 10 min at 95 °C, followed by 40 cycles at 95 °C for 15 s
and 60 °C for 1 min. All amplification reactions were carried out in a StepOne Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). All samples were run with three biological
replicates, each of which was run with two technical replicates. In all experiments, negative controls
containing MilliQ water were tested. At the end of each run, a melting curve analysis was
performed to exclude the presence of primer dimers or non-specific amplified products. Standard
curves for the two new primer sets were constructed using a 6-point tenfold dilution series of
purified rDNA PCR products (from 2 to 1.0 x 10° copies) generated from DNA and cDNA of the
target species as described in Perini et al. (2019). Acquisition of the qPCR data and subsequent
analyses were carried out using StepOne Software ver. 2.3. Standard curves were created
automatically and accepted when the slopes were between —3.58 and —3.32 (90-100% efficiency)
and the determination coefficient (72) was at least 0.99. Amplification efficiency was calculated as
(10C1stope) — 1) x 100. The 18S rRNA/rDNA ratio calculation for each target species was performed
as reported in Casabianca et al. (2021).

The qPCR amplified products were sequenced to confirm the expected sequences. The 18S rDNA
fragments were amplified and sequenced using Chaet spp F, Chaet spp R and Skel spp F,

Skel spp R (Table S1). All amplified PCR products were purified using the MinElute Gel
Extraction Kit (Qiagen), and the products were directly sequenced with the ABI PRISM BigDye
Terminator Cycle Sequencing Kit v.1.1 on an ABI 310 Genetic Analyzer (Applied Biosystem,
Foster City, CA, USA). Standard thermal cycling conditions were used for both templates, setting

the annealing temperature according to the template (60°C for ITS- specific PCR primers). Difficult
5
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templates and repeated regions were solved by increasing initial denaturation time and modifying
thermal cycling conditions as follows: 40 cycles of denaturation at 96°C for 10 s and annealing/
extension at 50°C for 4 min. The Chaetoceros spp. and Skeletonema spp. 18S rDNA sequences

were aligned in silico using the BLAST database.

Statistical analyses

A logistic model was fitted to C. socialis and S. marinoi growth curves generated by considering
both abundance and chl a estimations. Data fitting with the model was evaluated by the root mean
square error (RMSE) and 72. To evaluate relationships between the considered variables,
Spearman’s rank correlation was computed. All statistical analyses were performed with PAST ver.

4.01 (Hammer et al., 2001).

RESULTS

Sequence analyses

The 18S rDNA amplicons of C. socialis CBA22 (GenBank accession no. OQ630515) and S.
marinoi CBA4 (GenBank accession no. OQ630516), obtained by qPCR amplification using new
developed primers, were sequenced and results confirmed (i) the correct alignment with target
sequences for DNA and cDNA in BLAST database (www. https://blast.ncbi.nlm.nih.gov) and (ii)
the expected amplicon size of 132 and 118 bp, respectively. The primers targeting Chaetoceros spp.

and Skeletonema spp. resulted genus specific.

Standard curve characterization

Standard curves for the different target diatom taxa were generated using either DNA or cDNA. For
the 18S rDNA diatom target, previous characterized standard curves were used (Casabianca et al.,
2021), while for Chaetoceros spp. and Skeletonema spp. primers different standard curves were
obtained. In particular, when DNA was amplified in qPCR, the mean standard curves for
Chaetoceros spp. and Skeletonema spp. primers, showed a PCR efficiency of 99 and 100% (mean
standard curves: y = - 3.35x + 23.25 and y = - 3.32x + 18.14 for Chaetoceros spp. and Skeletonema
spp., respectively) and a linear relationship over six orders of magnitude (2> = 0.99). When cDNA
was used as a template, the mean standard curves for Chaetoceros spp. and Skeletonema spp.
showed a PCR efficiency of 98 and 100%, respectively (mean standard curves: y = -3.37x+ 17.37
and y =-3.33x + 12.5 for Chaetoceros spp. and Skeletonema spp., respectively) and a linear
relationship over six orders of magnitude (> = 0.99). The slopes obtained by the standard curves
were used for calculation of diatom, Chaetoceros spp. and Skeletonema spp. 18S rRNA/rDNA

ratios as reported in Casabianca et al. (2021).
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Individual species C. socialis and S. marinoi growth experiments: biomass relationships and
variations, and changes in RNA/DNA ratios

Biomass expressed as cell abundance, chl a, cellular carbon content, and various molecular
variables, such as C. socialis and S. marinoi RNA/DNA ratios, taxon specific amplified
Chaetoceros spp. and Skeletonema spp. 18S rRNA/rDNA ratios, and total protein contents were
analyzed in cultured growing systems (Table I).

In order to test the degree of association between cell abundance, biomass estimation expressed as
chl a, cellular carbon and protein content and to assess whether these variables showed a direct
proportionality or a non linear monotonic correlation, Spearman’s rank correlations for C. socialis
(Fig. 1A) and S. marinoi (Fig. 1B) were applied. Significant positive correlations between the
analysed variables for both species were found.

The logistic model fitted growth curves obtained by cell abundance and chl a estimation for both
diatom species and the inflection points of the cell curves, representing the most rapid growth were
reached after 6 and 8 days with abundance of 4.7 x 103 cells mL! (corresponding to 136.0 ug mL-!
of chl @) and 4.0 x 103 cells mL! (corresponding to 210.8 ug mL"! of chl a) for C. socialis CBA22
and S. marinoi CBA4, respectively (Fig. 2 A and B). The C. socialis logistic growth rates were 0.53
and 0.29 day-!' obtained by cell abundance and chl @ content, respectively, within 4 - 8 day range.
Considering the same day range, the logistic growth rates for S. marinoi CBA4 were 0.39 and 0.42
day™! by cell abundance and chl a, respectively. The model stationary growth phase showed
maximum cell abundance of 6.5 x 10° and 7.1 x 10° cells mL-! for C. socialis CBA22 and S.
marinoi CBA4, respectively (Fig. 2). A similar trend for both taxa was obtained by chl a
estimations with model chl a values of 318.6 and 395.6 ug L-! for C. socialis CBA22 and S.
marinoi CBA4, respectively.

The estimations of RNA/DNA ratios obtained by total nucleic acid concentrations and taxon
specific Chaetoceros and Skeletonema 18S rRNA/rDNA ratios, were obtained during the entire
growth phase of the target species. The RNA/DNA ratios showed maximum values at 2 and 6 days
before the two diatom respective exponential growth phases corresponding to 23.2 = 1.5 and 15.3 +
0.8 for C. socialis CBA22 and S. marinoi CBA4, respectively. Similar results were obtained for the
18S rRNA/rDNA ratio using primers targeting the Chaetoceros spp. and Skeletonema spp.
Maximum values were obtained at 2 and 6 days before exponential growth phases of both diatoms,
corresponding to 16.2 £ 1.6 and 30.1 £ 5.4 for C. socialis CBA22 and S. marinoi CBAA4,
respectively. The two diatom growth curves fitted the logistic curve model, while the RNA/DNA
and 18S rRNA/rDNA ratios for the target taxa considered reached the maximum values at the early

stage of the growth curve, right prior to its steepest section.
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246

247  Co-cultured C. socialis and S. marinoi growth experiments: biomass relationships and

248  variations, and changes in RNA/DNA ratios

249 A second experimental setup included the study of biomass and RNA/DNA ratio variations in a
250  mixture of the two species, C. socialis and S. marinoi, culture system. The same variables analysed
251  inindividual culture systems were examined (Table II).

252 In co-culture experiments, the degree of association and the existence of proportionality between
253  cell abundance, chl a, cellular carbon and protein content and to assess whether these variables

254  showed a direct proportionality or a non linear monotonic correlation, were also tested by

255  Spearman’s rank correlations (Fig. 3). Even within these systems, all the variables were highly

256  correlated.

257  The exponential phase of the co-culture species was reached later than individual species culture
258  experiments. The maximum total cell abundance of 4.6 x 10° & 2.7 x 103 cells mL-!' was achieved at
259  the end of growth curves (Fig. 4A) and corresponded to 2.1 x103 + 8.7 x 10! pug L' of the chl a

260  (Fig. 4B). The total RNA/DNA (Fig. 4C) and diatom 18S rRNA/rDNA (Fig. 4D) ratios showed
261  maximum values of 13.4 £ 0.4 and 9.4 £ 0.7, respectively, 4 days later than the initial inoculum at
262  the early stage of the growth curve as observed in experiments on individual species. Cell

263  abundance of C. socialis reached a maximum value of 4.3 x 10+ 5.2 x 103 cells mL-! (Fig. 5A) by
264  the end of the stationary phase while S. marinoi reached its maximum cell density of 6.6 x 10° £ 2.9
265  x103 cells mL!' on 18" day of growth curve (Fig. 5B). Also in the co-culture experiment, molecular
266  ratios for each target taxon were applied to estimate metabolic variations. In particular, Chaetoceros
267  and Skeletonema 18S rRNA/rDNA ratios were evaluated throughout the growth phase and

268  maximum values of 24.4 + 2.0 and 8.2 = 0.7, respectively, were observed 4 days after the initial
269  inoculum for both species.

270

271  DISCUSSION

272 In this study, the two diatom species Chaetoceros socialis and Skeletonema marinoi, which both
273  dominate seasonal recurrent winter—spring blooms in Northwestern Adriatic Sea, were used for

274  biomass growth and metabolic activity investigation either in individual and co-culture

275  experiments. Cell abundance and biomass estimation, expressed as chl a, cellular carbon and

276  protein contents showed significant positive correlations confirming that all variables were linearly
277  related. Further, a logistic model was used to describe the target diatoms' growth curve of both

278  diatom species generated by abundance and chl a concentration. These growth curves fitted well the
279  logistic curve model, which divided growth into a slow initial phase, followed by an increase in cell

280  abundance, and then stationary phase characterized by constant cell concentration. These variables
8
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can describe both biomass and growth dynamic, but they were not able to provide information on
metabolic activity of phytoplanktonic cells. Total RNA/DNA and taxon specific 18S rRNA/rDNA
ratios of C. socialis and S. marinoi were analysed. Individual C. socialis and S. marinoi 18S
rRNA/rDNA ratios were significantly correlated with their respective RNA/DNA ratios obtained by
nucleic acid concentrations (s = 0.420, P < 0.01 and », = 0.404, P < 0.01 for C. socialis and S.
marinoi, respectively), and both ratio values for the two species showed different maximum values
at the beginning of the growth curve. These high values were observed at 2 and 6 days in the lag
phase of growth for C. socialis and S. marinoi, respectively, probably depending on species-specific
metabolic pathways which depend on different conditions, such as resources or light availability
(Chicharo and Chicharo, 2008; Cross et al., 2015; Marandn et al., 2018). These values decreased
significantly in exponential phase of growth remaining at low levels throughout the stationary phase
and showing an opposite trend to the increasing diatom abundance and biomass. This opposite trend
between RNA/DNA molecular ratio variations and biomass dynamic was also demonstrated by
significant negative correlations between molecular ratios and growth variables of abundance, chl a,
carbon content and proteins (from r; =-0.678 to r;=-0.566, P < 0.001, for both species). For
decades, RNA/DNA ratios have been used as an indicator of growth in various marine organisms
also including phytoplankton on field (Dortch et al., 1983; Dortch et al., 1985; Clarke et al., 1988;
Mordy and Carlson, 1991; Casabianca et al., 2021). RNA is associated with protein synthesis, and
specifically rRNA (ribosomal RNA) is an important component of ribosomes, which are required
for protein synthesis (Blazewicz et al., 2013; Toseland et al., 2013; Finkel et al., 2016). The RNA
and rRNA variable cellular concentration are associated with transcriptional and translational
levels, and, assuming that DNA amount is stable, the RNA/DNA ratio increases with protein
synthesis demand and then with metabolic activity increments during active growth (Chicharo and
Chicharo, 2008; Blazewicz et al., 2013). Since the RNA abundance is correlated with protein
synthesis, high RNA/DNA ratio reflected an increased gene expression per cell being an
approximation for gene expression levels (Wemheuer et al., 2015). The use of these molecular
ratios could be useful to identify metabolism activation occurring in the first stages of growth. In
previous studies, relationships between higher RNA/DNA ratio, which may provide an estimate of
nutritional condition and protein synthesis, and higher metabolic activity in favor of growth has
been suggested (Garcia et al., 1998; Buckley et al., 1999; Humphrey et al., 2007; Delegrange et al.,
2015). The higher molecular RNA/DNA and 18S rRNA/rDNA ratios observed in this study for both
diatom species during the lag phase may be explained by higher active metabolism of cells
maintained in appropriate experimental conditions of temperature, light irradiance, and nutrient

supply, which can allow cells to grow according to the standard logistic growth model (Olson et al.,
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1986; Kemp et al., 1993; Poulsen et al., 1993; Flynn et al., 2010; Blazewicz et al., 2013; Daines et
al., 2014).

Also, in co-culture experiments of C. socialis and S. marinoi, all the variables of biomass variation
exhibited significant positive correlations. The maximum values of abundance, biomass and
molecular ratios occurred in different growth phases as it was clearly observed, and proved by
significant negative correlations between total RNA/DNA, diatom 18S rRNA/rDNA and diatom
abundance (s =-0.887, P <0.001; ;= -0.758, P <0.001, for total RNA/DNA and diatom 18S
rRNA/rDNA, respectively) and biomass as chl a (r,=-0.891, P <0.001; ,=-0.761, P <0.001, for
total RNA/DNA and diatom 18S rRNA/rDNA, respectively). The maximum molecular ratio values
were obtained in the lag phase (4™ day) of both diatom growth, whereas the highest abundance and
biomass values were reported in the late exponential growth phase. It was likely that rRNA (which
accounts for around 80% of total RNAs in a cell for translation, along with ribosomal proteins) was
required prior for the translation activity and subsequent biosynthetic activation for cellular growth
(Neidhardt, 1987; Campbell et al., 2011; Blazewicz et al. 2013; Toseland et al., 2013). Further,
more qualitative approaches used rRNA to detect currently active microbial populations. In general,
it is considered that RNA is not always significantly correlated with growth rate, but that the
heterogeneity of metabolic activity, life history, life strategy, nutrient availability and
environmental factors can modulate the rRNA activity in relation to the microbial population
growth rate (Mitchell et al., 2009; Sukenik et al., 2012).

In the current study, total culture biomass was dominated by C. socialis during the active growth
phase of both diatoms under constant nutrient supply, outcompeting S. marinoi, which was growing
at low cellular concentrations throughout the entire growth curve until the 18" day, followed by a
decrease with respect to C. socialis, which increased due to the apparently different nutrient
requirements (Tilman et al., 1981). It was also known that under nutrient availability, changes in
phytoplankton species composition might occur by shifting the species interactions from nutrients
to other resources competition (Tilman et al., 1985; Burson et al., 2018).

In co-culture experiments, as well as in individual culture system, the diatom growth was
determined by cell abundance, chl a, cellular carbon and protein content. Meanwhile, functional
metabolic responses were provided by taxon specific 18S rRNA/rDNA ratios of C. socialis and S.
marinoi. A significant decrease of the taxon specific molecular ratios, starting from the exponential
phase, was observed with an opposing trend respect to species-specific abundance as demonstrated
by significant negative correlations (7, =-0.760, P <0.001 and ;= -0.604, P < 0.001, for C.
socialis and S. marinoi, respectively). An increase of 1.5 fold and a reduction of 4 fold in 18S
rRNA/rDNA ratio were observed for C. socialis and S. marinoi, respectively, than when species

were grown individually. The C. socialis 18S rRNA/rDNA ratio showed decreased rapidly right
10
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after the maximum, while the S. marinoi 18S rRNA/rDNA ratio displayed a less pronounced
decline, most likely due to metabolic activity associated with lower abundance with respect to C.
socialis. In the current study, this outcome may reflect an interspecific interaction between C.
socialis and S. marinoi as also shown by their differing biomass patterns (Tilman et al., 1981; Elser
et al., 2010; Bestion et al., 2018). According to these findings, the taxon-specific molecular ratios
developed on target 18S rDNA subunits may express metabolic activity variation during diatom
growth phases and they can provide information about the metabolic state of individual
phytoplankton species or when they were also grown together. Specifically, molecular ratios may
be used for assessing degrees of metabolic/functional activation during the early stages of algal
species growth, but only after extensive field validation. Then, the taxon specific 18S rRNA/rDNA
ratios can be applied to target species within assemblages to determine whether one species has
higher levels of metabolic activation than others, and it is expected that it will grow at higher
biomass.

Furthermore, within phytoplankton assemblages, RNA/DNA or 18S rRNA/rDNA molecular ratios
were significantly correlated with RNA variability, potentially reflecting changes in metabolic
phytoplanktonic cellular activity and linking to biomass growth and protein synthesis (Pommier et
al., 2010; Casabianca et al., 2021; Lin et al., 2018). As a result, after field confirmation, the taxon-
specific 18S rRNA/rDNA ratio should be employed as a specific and relative indicator of the
functional biomass dynamic of species or groups within phytoplankton assemblages. In particular,
the study of these molecular ratios in high frequency of sampling should be performed in semi-
enclosed areas, to avoid phytoplankton assemblages’ replacement and variation due to currents in
coastal waters, as occurs in Northwestern Adriatic Sea under Western Adriatic Current (WAC) and
seasonal phytoplankton succession (Totti et al., 2019; Grilli et al., 2020; Casabianca et al., 2021;
Neri et al., 2023). In this study, the use of Skeletonema spp. primers for the potentially estimation of
18S rRNA/rDNA ratio in the NW Adriatic Sea resulted specific also for diatoms Detonula spp. and
Thalassiosira spp. as high homology sequence and partially unresolved phylogenetic positions of
these taxa (Kaczmarska et al., 2005; Hoppenrath et al., 2007). In any case, the first taxon was
infrequently identified in Adriatic seawater samples, whilst the latter was discovered to be present
in low abundance percentages ranging from 0.04 to 10% in comparison to Skeletonema spp. (Totti
et al., 2019; Casabianca et al., 2021) (data not shown). Therefore, the use of Skeletonema primers

can be justified in this preliminary study on the application of taxon specific 18S rRNA/rDNA ratio.

CONCLUSIONS
In this study, RNA/DNA and taxon-specific 18S rRNA/rDNA ratios were examined throughout the

growth phases of two diatom species' individual and co-culture systems. The molecular variable
11
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dynamic indicated that the variations were linked to changes in metabolic activity, whereas biomass
measured by cell abundance, chl a, or carbon content was able to describe growth trends of C.
socialis and S. marinoi. In this preliminary study, taxon-specific 18S rRNA/rDNA ratio may
indicate the cellular metabolism activation prior to target algal species high rate of replication, and
then, expects high biomass proliferation potentially representing a predictive tool of phytoplankton

assemblage dynamics in coastal waters in the future.
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Table and Figure legends

Table I: Biomass expressed as abundance (cells mL), chl a (ug L"), carbon content (mg C L),
and molecular variables as RNA/DNA ratio, taxon specific 18S rRNA/rDNA ratio for C. socialis
and S. marinoi, and total proteins (mg L") obtained during the entire growth phase of C. socialis

CBA22 and S. marinoi CBA4 in this study.

Table II: Biomass expressed as chl a (ug L), carbon content (mg C L™!), cell abundance (cells mL-
1) and molecular variables as total diatom RNA/DNA ratio, diatom and taxon specific Chaetoceros
and Skeletonema 18S rRNA/rDNA ratios and total proteins (mg L™!) obtained during the entire

growth curve of both C. socialis CBA22 and S. marinoi CBA4 in co-culture experiments.

Figure 1. Matrix plot showing bivariate relationships among abundance, chl a, carbon content and

total proteins as scatterplots for Chaetoceros socialis CBA22 (A) and Skeletonema marinoi CBA4

(B).

Figure 2. Growth curve of Chaetoceros socialis CBA22 (A) and Skeletonema marinoi CBA4 (B)
expressed as biomass using abundance (cells mL-") and as chl a (ug L!), and RNA/DNA and taxon
specific 18S rRNA/rDNA molecular ratios. Full and dotted red: biomass; blue: RNA/DNA ratio
obtained by extracted nucleic acid concentrations; green: Chaetoceros and Skeletonema 18S
rRNA/rDNA ratio. Red dotted line: logistic curve fitted to biomass data. Root mean square error
(RMSE) and coefficient of determination (+?) for abundance and chl a were shown, respectively.
For each variable, colored areas are delimited by minimum and maximum values. All experiments

were conducted in triplicate.

Figure 3. Matrix plot showing bivariate relationships among abundance, chl a, carbon content and
total proteins as scatterplots for Chaetoceros socialis CBA22 and Skeletonema marinoi CBA4 in

co-culture experiments.

Figure 4. Growth curve of Chaetoceros socialis CBA22 and Skeletonema marinoi CBA4 in co-
culture condition analyzed as total biomass using abundance (cells mL™!) (A) and chl a (ug L")
(B), molecular total RNA/DNA (C) and diatom 18S rRNA/rDNA (D) ratios. Circles represented

minimum and maximum values for each variable. All experiments were conducted in triplicate.
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Figure 5. Growth curve in mixed cultured conditions analyzed based on abundance (cells mL!) and
molecular ratios of Chaetoceros socialis CBA22 (A) and Skeletonema marinoi CBA4 (B). Red line
represented mean values of abundance (cells mL-"); green line represented mean values of
Chaetoceros (A) and Skeletonema (B) 18S rRNA/rDNA ratio. Triangles and circles represent
minimum and maximum values of cell abundance and 18S RNA/DNA ratios, respectively. All

experiments were conducted in triplicate.
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Table I: Biomass expressed as abundance (cells mL!), chl a (ug L"), carbon content (mg C L™'), and molecular
variables as RNA/DNA ratio, taxon specific 18S rRNA/rDNA ratio for C. socialis and S. marinoi, and total proteins

(mg L") obtained during the entire growth phase of C. socialis CBA22 and S. marinoi CBA4 in this study.

. Abundance Chla Carbon content . 18S rRNA/fDNA  Total proteins
Species (cells mL-") (ng LY (mg CL) RNA/DNA ratio ratio (mg L)
C. socialis CBA22 4.0x105+2.6x 10* 186.8+11.9 6.6+04 10.6 0.6 92+03 15.6+0.9
S. marinoi CBA4  4.6x10°+£2.1x10* 257.6+12.8 6.7+0.3 6.4+0.3 87+0.4 302+1.5

Mean =+ standard error is reported.
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Table II: Biomass expressed as chl a (ug L), carbon content (mg C L), cell abundance (cells mL-

1) and molecular variables as total diatom RNA/DNA ratio, diatom and taxon specific Chaetoceros

and Skeletonema 18S rRNA/rDNA ratios and total proteins (mg L™') obtained during the entire

growth curve of both C. socialis CBA22 and S. marinoi CBA4 in co-culture experiments.

Mean Minimum Maximum
Chla (ug L) 7717+ 69.7 0.1+0.02 2.1x 103+ 8.7 x 10!
Carbon content (mg C L) 39.0+3.9 9.0x 103 +2.8x 10+ 130 £ 19

C. socialis CBA22 abundance (cells mL")
S. marinoi CBA4 abundance (cells mL1)
RNA/DNA ratio

Diatom 18S rRNA/rDNA ratio
Chaetoceros 18S rRNA/rDNA ratio
Skeletonema 18S rRNA/rDNA ratio

Total proteins (mg L)

1.7 x 10%+ 1.6x 103
32x105£2.1x104
6.8+£0.3
5.1+0.2
13.5+0.6
55+0.1

113.1+£10.2

250.0+0.2

250.0+ 0.4

24+0.1

1.9 +£0.03

7.6+0.2

37+£0.6

0.3+£0.01

43x100+52x 103

6.6x10°+£3.3x10°
15.0£0.5
11.8+0.7
31.3+£2.0
10.7+0.7

332.1+17.0

Mean =+ standard error is reported.
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Figure 1. Matrix plot showing bivariate relationships among abundance, chl a, carbon content and total
proteins as scatterplots for Chaetoceros socialis CBA22 (A) and Skeletonema marinoi CBA4 (B).
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minimum and maximum values. All experiments were conducted in triplicate.
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Figure 3. Matrix plot showing bivariate relationships among abundance, chl a, carbon content and total
proteins as scatterplots for Chaetoceros socialis CBA22 and Skeletonema marinoi CBA4 in co-culture
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Figure 5. Growth curve in mixed cultured conditions analyzed based on abundance (cells mL™1) and
molecular ratios of Chaetoceros socialis CBA22 (A) and Skeletonema marinoi CBA4 (B). Red line represented

mean values of abundance (cells mL™1); green line represented mean values of Chaetoceros (A) and
Skeletonema (B) 18S rRNA/rDNA ratio. Triangles and circles represent minimum and maximum values of
cell abundance and 18S RNA/DNA ratios, respectively. All experiments were conducted in triplicate.
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Table S1. List of genus-specific primer sequences of target diatom taxa targeting 18S rDNA regions, qPCR reagent concentrations, amplicon

melting temperature (Tm) and size.

Primer

Taxon Primer name Forward p rimer sequence (5, _3,) concentration MgCL — Amp licon Amphcon Reference
Reverse primer sequence (5-3") [nM] [mM] Tm (°C) size (bp)

Chaet spp F  5-ACTGAAGGGCAAGTCTGGTG-3'

Chaetoceros spp. 300 1.5 84.52 132 This study
Chaet spp R 5-GAACCCACCAAAAGGTCGGA-3'
Skel spp F 5'-ATTGGAGGGCAAGTCTGGTG-3'

Skeletonema spp. 300 1.5 83.76 118 This study
Skel spp R 5'-TTGTGGTCAGTCACTCCTGC-3'
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