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Abstract

The diversity of planktonic eukaryotic microbes was studied at a coastal station of the eastern

English Channel (EEC) from March 2011 to July 2015 (77 samples) using high throughput

sequencing (454-pyrosequencing and Illumina) of the V2-V3 hypervariable region of the 18S

SSU rDNA gene. Similar estimations of OTU relative abundance and taxonomic distribution for

the dominant higher taxonomic groups (contributing >1% of the total number of OTUs) were

observed with the two methods (Kolmogorov-Smirnov p-value = 0.22). Eight super-groups

were identified throughout all samples: Alveolata, Stramenopiles, Opisthokonta, Hacrobia,

Archeaplastida, Apusozoa, Rhizaria, and Amoebozoa (ordered by decreasing OTU richness).

To gain further insight into microbial activity in the EEC, ribosomal RNA was extracted for sam-

ples from 2013–2015 (30 samples). Analysis of 18S rDNA and rRNA sequences led to the

detection of 696 and 700 OTUs, respectively. Cluster analysis based on OTUs’ abundance

indicated three major seasonal groups that were associated to spring, winter/autumn, and sum-

mer conditions. The clusters inferred from rRNA data showed a clearer seasonal representa-

tion of the community succession than the one based on rDNA. The rRNA/rDNA ratio was

used as a proxy for relative cell activity. When all OTUs were considered, the average rRNA:

rDNA ratio showed a linear trend around the 1:1 line, suggesting a linear relation between OTU

abundance (rDNA) and activity (rRNA). However, this ratio was highly variable over time when

considering individual OTUs. Interestingly, the OTU affiliated with P. globosa displayed rRNA:

rDNA ratio that allowed to delimit high vs low abundance and high vs low activity periods. It

unveiled quite well the Phaeocystis bloom dynamic regarding cell proliferation and activity, and

could even be used as early indicator of an upcoming bloom.

Introduction

Planktonic eukaryote microbes are abundant, ubiquitous in aquatic environments and

extremely diverse in terms of taxonomy and metabolism [1]. They play a crucial role in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0196987 May 10, 2018 1 / 26

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Rachik S, Christaki U, Li LL, Genitsaris S,

Breton E, Monchy S (2018) Diversity and potential

activity patterns of planktonic eukaryotic microbes

in a mesoeutrophic coastal area (eastern English

Channel). PLoS ONE 13(5): e0196987. https://doi.

org/10.1371/journal.pone.0196987

Editor: Gabriel Moreno-Hagelsieb, Wilfrid Laurier

University, CANADA

Received: January 10, 2018

Accepted: April 24, 2018

Published: May 10, 2018

Copyright: © 2018 Rachik et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Molecular data are

available from the GenBank-SRA database (https://

www.ncbi.nlm.nih.gov/sra): accession number

SRX768577 for pyrosequencing data and

accession number SRP136006 for Illumina data.

Funding: This work was supported by a PhD grant

from region Nord Pas de Calais (France); FRB-

DEMO (FRB 2013) program from region “Nord Pas

de Calais” (France); SOMLIT network (http://somlit.

epoc.u-bordeaux1.fr/fr/).

https://doi.org/10.1371/journal.pone.0196987
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196987&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196987&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196987&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196987&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196987&domain=pdf&date_stamp=2018-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196987&domain=pdf&date_stamp=2018-05-10
https://doi.org/10.1371/journal.pone.0196987
https://doi.org/10.1371/journal.pone.0196987
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
http://somlit.epoc.u-bordeaux1.fr/fr/
http://somlit.epoc.u-bordeaux1.fr/fr/


functioning of marine ecosystems through primary production (photosynthetic phytoplank-

ton), predation (heterotrophs and mixotrophs) and/or symbiosis (mutualists and parasites)

[1,2]. Studying their diversity and metabolic activity is, therefore, fundamental for understand-

ing the functioning of marine ecosystems [3,4,5,6]. High-throughput sequencing targeting the

16S/18S rDNA genes coupled with analysis using efficient bioinformatics tools, made it possi-

ble to reveal the vast diversity of marine microbes. In marine ecosystems, this approach has

been used to explore spatial and temporal prokaryote and eukaryote diversity in different

regions worldwide [7,8,9,10,11,12] and revealed the diversity overlooked by conventional

methods (e.g microscopy) [11,13,14]. Sequencing of rDNA allows detecting a large number of

microorganisms despite their viability and activity. However, estimating microbial activity is

fundamental to understanding the functioning of ecosystems. Generally, the quantity of rRNA

is proportional to both the number of ribosomes and total RNA concentration [15,16], and

can therefore be used as an indicator of cell activity which cannot be assessed targeting only

rDNA. Several studies have applied this strategy to marine microbial communities of bacteria

[17,18,19,20], archaea [21], and eukaryotes [10,12,22,23,24,25,26]. The approach is based on

the calculation of rRNA:rDNA ratio in order to normalize the rRNA concentration according

to the number of cells (DNA concentration), as rDNA is more constant per cell [15,27,28].

However, due to variations depending on microbial life strategies, life histories and non-

growth activities, limitations exist for using this ratio to infer cells activity [29]. Rather, such

ratio may potentially infer species-specific life-cycle events [29]. While favorable environmen-

tal conditions are known triggers for increased cell activities, several studies showed that gene

regulatory networks governing microbial life strategy is more complex than initially thought.

Indeed, microorganisms experiencing repeated patterns of changing environmental condi-

tions develop “anticipatory life strategies” based on adaptive regulatory gene networks

[30,31,32]. Cells use past conditions as predictive signals to anticipate upcoming conditions.

For example, they accumulate rRNA during unfavorable conditions, in period of low activity,

shortly before favorable conditions return [33,34]. To our knowledge, such “anticipatory life

strategy” has not been reported for eukaryote microbes in marine environments.

The present study was carried out in the eastern English Channel (EEC) in the framework

of the SOMLIT network (French Network of Coastal Observatories). EEC is a meso-eutrophic

coastal ecosystem presenting great seasonal fluctuations both in its biotic and abiotic environ-

ment. This ecosystem is characterized by recurrent massive blooms of P. globosa that develop

under nitrogen-replete conditions and a silicate limitation at the end of winter [35,36,37], asso-

ciated with sufficient underwater light intensity in order to achieve high growth rates [35,38].

Phaeocystis spp. exhibits alternate life cycles between solitary cells and gelatinous colonies [39],

its bloom is preceded and followed by communities of colonial diatoms and dinoflagellate

grazers (e.g [40,41,42,43] and references therein). In the EEC, the structure and seasonal suc-

cession of microbial eukaryotes community was thoroughly investigated through DNA-based

high throughput sequencing [44,45,46]. However, information on the seasonal dynamic of rel-

ative cell activity is still lacking.

Our main objectives were to establish an overview of diversity in the mesoeutrophic coastal

area of EEC and to study relationships between diversity and potential activity in microbial

eukaryote communities by establishing rRNA:rDNA ratios. The study was conducted over 4

years at a coastal station of EEC from March 2011 to July 2015, using high-throughput

sequencing. Specifically, the main questions were as follows: (i) what are the composition and

succession of planktonic eukaryote communities in relation to environmental parameters in

the EEC? (ii) What are the main differences/similarities between the rDNA and rRNA data-

sets? (iii) What is the ecological relevance of the rDNA:rRNA ratio values?

Diversity and activity of eukaryotic microbes in the eastern English Channel
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Materials and methods

Sampling area

The sampling was carried out at the SOMLIT station (French Network of Coastal Observatories;

http://somlit.epoc.u-bordeaux1.fr/fr/) in the EEC, one mile from the coast (50˚ 40’ 75” N, 1˚ 31’

17” E; 20–25 maximum depth, Fig 1). For diversity assessment, subsurface samples (2–3 m water

depth) were collected in 5 L polyethylene bottles, stored in the dark at in situ surface temperature,

and filtered within 2h. Before filtration, the seawater sampled was prefiltered using a 150 μm

mesh, in order to remove metazoa and large particles. Filtration, through 0.2 μm nucleopore filters

(47 mm diameter), was performed using a very low filtration pressure peristaltic pump (15 rpm)

in order to avoid filter clumping and minimize organism disruption. The filters were immediately

stored at -80˚C until DNA and RNA extraction. A total of 77 samples were collected between

March 2011 and July 2015 (12, 20, 25, 12 and 8 samples for each year, respectively).

Environmental variables

Sampling was performed using Niskin bottles coupled to a CTD Seabird (SBE 19) for measuring

Sea Surface Temperature (SST, ˚C), salinity (S), and the diffuse attenuation coefficient for

down-welling irradiance (Kd, m−1), using a biospherical PAR light sensor (QSP 2300, Biospheri-

cal Instruments) connected to the CTD. The average sub-surface daily light intensity (I, E m-2

d-1) reaching phytoplankton was estimated using the formula (1) based on [47], where, Z was

the depth at which samples were collected, and I0 was the daily incident light estimated from

global solar radiation (GSR, W m−2). I0 was measured continuously every 5 min with a solar

radiation sensor (Vantage Pro, Davis).

I ¼
I0ð1 � e� kdZÞ

kdZ
ð1Þ

Fig 1. Study area in the eastern English Channel. The dot (●) indicates the location of the sampling station.

https://doi.org/10.1371/journal.pone.0196987.g001
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Oxygen concentrations (ml L-1) were measured in triplicate by Winkler microtitration [48].

The pH was determined with a pH1970i (WTW) pH meter. Nutrient samples (Nitrate NO3
-,

Nitrite NO2
-, Phosphate PO4

3- and Silicate SiOH4, μM) were analyzed on Alliance Integral

Futura Autoanalyzer II according to Aminot and Kerouel (2004). Suspended Particulate Matter

(SPM, mg L-1) was determined by weighing before and after filtration through GF/F filters

(0.7μm) (for more details: http://somlit.epoc.u-bordeaux1.fr/fr/). Particulate Organic Carbon

and Nitrogen (POC and PON, μg L-1) were estimated using a NA2100 Frisons Analyzer. Chlo-

rophyll a (Chl. a, μg L-1) samples were extracted for 24h in 90% acetone following the fluorimet-

ric protocol of Aminot and Kerouel (2004). The concentrations were measured using a 10-AU

Turner Designs1 fluorometer and the Lorenzen equations (1967).

DNA and RNA extraction

Total DNA and RNA of planktonic microorganisms were extracted and purified simulta-

neously from the same filter with the Qiagen AllPrep DNA/RNA Mini kit (Qiagen, Hilden,

Germany) following the manufacturer’s protocol. To remove contaminating DNA from RNA

and inversely, all RNA samples were treated with DNase and all DNA samples were treated

with RNase. Each resulting extraction (100μL) had DNA concentration between 0.26 and 28

ng μL-1 and RNA concentration between 1.14 and 14.8 ng μL-1, as measured with the Qubit1

2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

PCR and tag Illumina sequencing

Extracted RNA was first denatured in presence of two primers, 18S-82F (5’-GAAACTGCGAA
TGGCTC-3’, [49]) and Euk-516r (5’-ACCAGACTTGCCCTCC-3’,[50]), that were designed

to amplify the variable V2-V3 eukaryotic 18S rRNA gene regions (around 470–480 bp), at 70˚C

for 5 min and 25˚C for 10 min. Then, it was reverse transcribed into cDNA using M-MLV reverse

transcriptase RNAse H Minus DNA Polymerase (Euromedex, Souffelweyersheim, France) at

45˚C for 60 min then held at 10˚C. Afterwards, cDNA samples were treated with RNAse A (Euro-

medex, Souffelweyersheim, France) at 37˚C for 10 min and were purified by using NucleoFast 96

PCR Clean-up Kit (Macherey Nagel, Düren, Germany). For amplicon library constructions,

DNA and cDNA samples were first PCR amplified with primers Euk-82F and Euk-516R, and

resulting products were subsequently attached to sequencing adapters-index through the second

PCR step (Pegase platform, GenesDiffusion, Lille, France). The Platinium Taq High-Fidelity

DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was used for PCR amplifica-

tions with program set as: 94˚C for 1 min, [15 s at 94˚C, 15s at 51˚C, 45 s at 68˚C](26 cycles for

1st PCR, 9 cycles for 2nd PCR), and 1 min at 68˚C. Products of second PCR were purified with

the Agencourt AMPure XP system (Beckman Coulter, Brea, CA, USA), quantified with the Pico-

Green Assay (Thermo Fisher Scientific, Waltham, MA, USA), and examined for quality with

Bioanalyzer High sensitivity DNA Analysis Kits (Agilent, Santa Clara, CA, USA). Amplicon

libraries were sequenced with the Illumina MiSeq platform 2x300bp paired-end run at the Plate-

forme de Génomique LIGAN-PM (Université de Lille 2, CNRS-UMR8199, Lille, France).

Sequences processing

The rDNA and rRNA sequences obtained from Illumina were all processed together using the

MOTHUR v1.34.0 software [51] following the standard operating procedure (http://www.

mothur.org/wiki/MiSeq_SOP) [52]. Sequences were extracted and separated according to

their index tag. The dataset was dereplicated to unique sequences and aligned against the

SILVA 108 database (http://www.arb-silva.de/). Suspected chimeras were removed by using

the UCHIME software [53]. After quality filtering, an average of 19,878 rDNA reads and
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10,091 rRNA reads per sample were clustered into operational taxonomical units (OTUs) at 97%

similarity threshold [5], using the average neighbor method in Mothur. Single singleton, referring

to OTU that has a single representative sequence in the whole data set, were removed as these are

most likely erroneous sequencing products [5,54]. After normalization of the entire dataset, all

remaining OTUs (933 OTUs) sequences were searched against the PR2 curated database [55] and

SILVA 114 database [56] by using BLASTN [57]. Careful examination and manual curation of

BLASTN results was done to assign putative taxonomic affiliations for each OTU. Those identi-

fied as metazoa were removed from analyses to only target microbial eukaryotes.

Data analyses

In order to establish an overview of microbial diversity over four years, we combined data

from February 2013 to July 2015 (this study, GenBank-SRA accession SRP136006) with data

previously obtained by our group from March 2011 to July 2013 (GenBank-SRA accession

SRX768577, [45]). To note, the same set of primers (i.e. Euk-82F and Euk-516R) were used in

both surveys for the amplification of 18S ribosomal gene. The two datasets were analyzed inde-

pendently, and obtained results were compared for OTUs richness and succession.

Alpha diversity estimators (the richness estimator Chao-1, Simpson and Equitability indices)

were calculated using the Past 3.05 software [58] for all samples. The Chao-1 estimator uses the

number of singletons and doubletons to estimate the theoretically number of expected OTUs based

on the singletons and doubletons in each sample. Simpson’s index (D) measures the probability that

two individuals belong to the same OTU, it ranges from 0 (all taxa are equally present) to 1 (one

taxon dominates in the community). The Shannon equitability index measuring the evenness of the

community was calculated by dividing the Shannon diversity index (H’) by the maximum diversity

(H’max). These diversity estimators were compared for each date with a ’bootstrapping randomiza-

tion procedure’ and the p-value was computed based on 1,000 random permutation pairs.

Principal Component Analysis (PCA) was performed on environmental variables with R (v

3.2.3) [59] using the ’ade4’ package [60]. Before PCA analysis, the BoxCox transformation [61]

was applied using the ’caret’ package [62] to approach normal distribution in the data. Sam-

pling dates were grouped using the hierarchical Ward’s method [63].

Microbial assemblages (based on OTUs) were grouped across sampling dates by hierarchi-

cal cluster analysis using the PRIMER version 6.0 [64]. The Bray-Curtis dissimilarity coeffi-

cients were calculated to build a matrix based on OTUs abundance. Similarity profile test

(SIMPROF) was performed to define significant seasonal clusters [64].

The relative read abundance of each OTU was calculated at each date by dividing its num-

ber of reads (rRNA or rDNA) by the total reads number (rRNA or rDNA) for that OTU. For

each OTU, the relative abundance of rRNA (y-axis) and rDNA (x-axis) reads per date were

plotted on logarithmic scales and linear regression was calculated. This regression, used to esti-

mate the relation between OTU abundance (rDNA) and relative activity (rRNA), was calcu-

lated using the Past 3.05 software [58], with RMA (Reduced Major Axis) to minimize both the

x and y errors. For each OTU and date, rRNA:rDNA ratio was calculated by dividing the rela-

tive abundance of rRNA reads for an OTU by the relative abundance of rDNA reads of the

same OTU. OTUs occurring only in the DNA or only in the RNA dataset were excluded for

calculation of rRNA:rDNA ratio and for the linear regression analysis.

Results

Environmental variables and biological seasonality

During the study period, seawater temperature (SST) and salinity (S) ranged from 5.4 to

18.5˚C and from 33.11 to 34.07, respectively (Table 1). Each year, the largest amounts of
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nutrients (26.7 μM for NO3
-+NO2

-, 1.2 μM for PO4
3-, and 13.6 μM for SiOH4) were observed

between November and March (Table 1). The N/P ratio dropped during P. globosa blooms (as

low as 0.19 mol:mol in April 2012, S1 Table). Highest O2 concentrations were recorded every

year during the phytoplankton spring bloom (up to 8.2 ml.L-1 in April of most years) and then

decreased from May to September (down to 4.9 ml.L-1 in September 2014) (S1 Table). Chl. a

amounts varied from 0.4 to 14.2 μg.L-1 with recurrent maximum values between March and

June. The highest values of SPM were recorded in winter every year, except for June 2015

where it reached its maximum (32.9 mg.L-1) (S1 Table).

Principal Component Analysis (PCA) applied to environmental variables showed that the

first two components (PCA1 and PCA2) represented 58% of the total variability in the data.

All environmental variables except for salinity, pH and SPM, contributed>10% to the forma-

tion of the two first axis of the PCA (Fig 2A and 2B). PCA1 strongly correlated to, by decreas-

ing order, PAR, NO3
-+NO2

-, SiOH4 and POC, while PCA2 significantly correlated to O2, Chl.

a, SST, and Kd. The environmental variables PON and PO4
3- (14% and 32% of total contribu-

tion, respectively) contributed mainly to the third PCA (not shown). The Hierarchical Cluster

Analysis (HCA) with Ward’s method, allowed to distinguish three seasonal periods (Fig 2).

The first period corresponded to P. globosa spring blooms (from March to June), and was asso-

ciated to high values of Kd, O2, Chl. a, and POC, that are characteristics of spring conditions.

The second period (from early May to early November) was associated to warm and nutrient-

limited waters. Finally, the third period (from mid-November to early March) was associated

to low SST and high nutrient levels, typical of winter conditions (Fig 2A and 2B).

Eukaryotic diversity (rDNA-based)

The DNA-based diversity was conducted during a four-year survey (from 2011 to 2015). Dur-

ing this period, the 454-pyrosequencing method (used during the first survey from 2011 to

2013) was gradually discontinued at the benefit of Illumina sequencing (used during the

Table 1. List of environmental variables, means (±SD) of all measurements, minimal and maximal value mea-

sured per variable at the SOMLIT station (mean±sd, min-max).

mean±sd min-max

Kd (m-1) 0.37±0.1 0.17–0.73

PAR (E m-2 d-1) 22.35±13.5 2.28–51.95

T (˚C) 12.07±3.9 5.44–18.5

S 34.11±0.3 33.11–34.7

O2 (ml.L-1) 6.42±0.9 4.9–8.2

pH 8.09±1.1 8.01–8.49

NO3
-+NO2

- (μM) 5.89±7.3 0.06–26.71

PO4
3- (μM) 0.3±0.2 0.01–1.2

SiOH4 (μM) 2.57±3.4 0.01–13.6

POC (μgC.L-1) 367.03±283.5 64.78–1242.8

PON (μgN.L-1) 55.11±29.68 5.33–180.53

SPM (mg.L-1) 5.18±6.1 0.1–32.93

Chl. a (μg.L-1) 4.03±3.3 0.4–14.19

N/P 29.9±57.8 0.12–373.5

Kd: diffuse attenuation coefficient, PAR: photosynthetically active radiation, T: temperature, S: salinity, O2: Oxygen,

pH: potential hydrogen, NO3
-: nitrate, NO2

-: nitrite, PO4
3-: phosphate, SiOH4: silicate, POC: particulate organic

carbon, PON: particulate organic nitrogen, SPM: suspended particular matter, Chl. a: chlorophyll a, and N/P: nitrate/

phosphate ratio.

https://doi.org/10.1371/journal.pone.0196987.t001
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second survey from 2013 to 2015) due to fast and continuous development of high throughput

sequencing technologies. The rDNA-based analysis identified 1388 OTUs with the pyrose-

quencing approach (47 samples, 2011–2013) and 696 OTUs with Illumina sequencing (30

samples, 2013–2015). Overall, the OTUs identified were affiliated to eight super-groups

(Alveolata, Amoebozoa Apusozoa, Archeaplastida, Hacrobia, Opisthokonta, Rhizaria and Stra-

menopiles) with Amoebozoa only identified during the 2011–2013 sampling period (13

OTUs) (Fig 3A, Table 2). The two datasets were analyzed separately. For both periods and

sequencing methods, no significant difference was observed on the OTU abundance and taxo-

nomic distribution of dominant higher taxonomic groups (representing at least 1% of the total

OTUs) based on the Kolmogorov-Smirnov test (p-value = 0.22). However, a significant differ-

ence (Kolmogorov-Smirnov p-value< 0.005) was observed between the two sequencing meth-

ods and sampling periods when including rare groups. For example, the Radiolaria were only

observed in the pyrosequencing dataset (Fig 3A and 3B, Table 2). Overall, among the 40

Fig 2. Principal Component Analysis (PCA) applied to the environmental variables recorded at SOMLIT station. Projection of the environmental variables

(arrows) and the sampling dates (colored points) on the first factorial plane explaining 58% of the total data inertia. The blue, red and purple ellipses (numbered 1, 2, 3,

respectively) correspond to the three groups of sampling dates revealed by the HCA with Ward’ method of the PCA dates coordinates on the factorial plane. Most

contributing environmental variables to the variability on the first two axes are marked in bold. (a) Sampling dates grouping on each cluster (b) Contributions of each

environmental variable on the first two axes of the PCA in percentage. In blue: strong contributions of environmental variables (>10%).

https://doi.org/10.1371/journal.pone.0196987.g002
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groups identified (Table 2), 24 were found in both surveys, 15 were found only in the pyrose-

quencing dataset, and one group (MOCH) was identified only in the Illumina dataset (in May,

September, November 2013 and in February 2014) (Fig 3B, Table 2). The highest number of

OTUs was consistently found in November-December (with 373 OTUs for 2011–2013 and

238 OTUs for 2013–2015), while the lowest diversity was repeatedly found in April (with 46

OTUs in April 2012 and 24 in April 2013, for the pyrosequence and Illumina datasets, respec-

tively) (Fig 4). Alveolata was always the most diverse group, comprising 570 OTUs (in 2011–

2013) and 341 OTUs (in 2013–2015). This group was mostly composed of Dinophyceae

(~20% of all the OTUs), followed by Syndiniales (~13%) and Ciliophora (~11%). Strameno-

piles (327 OTUs in 2011–2013 and 161 OTUs in 2013–2015) was also a highly diverse group

composed of Bacillariophyta (~6% of all the OTUs), MAST (~4%) and Oomycota (~6%).

Finally, Fungi represented around 10% of all OTUs (Fig 3A and 3B). Although the number of

reads can be only considered in terms of relative and not absolute abundance, it can be noted

that Dinophyceae showed the highest reads number (36% and 49% of the total number of

reads, in the 2011–2013 and 2013–2015 surveys, respectively), followed by Syndiniales (10%

and 13%), Bacillariophyta (12% and 6%), Fungi (5% and 10%) and Ciliophora (5% and 5%)

(Fig 3C and 3D). Overall, significant differences were found in the distribution of taxonomic

Fig 3. Overview of microbial community structure in the EEC, relative to the studied periods and sequencing methods. Number of OTUs unveiled by

pyrosequencing (a) and Illumina (b) methods, and relative number of reads obtained by pyro-sequencing (c) and Illumina (d) methods, based on rDNA sequencing.

Number of OTUs (e) and relative number of reads (f) based on rRNA Illumina sequencing. To facilitate reading, the percentage of reads number assigned to a specific

group is given when� 1%. Taxonomic affiliation was based on BLASTN searches against the PR2 and Silva databases.

https://doi.org/10.1371/journal.pone.0196987.g003
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Table 2. Taxonomic groups unveiled in the EEC from 77 samples either by pyrosequencing (2011–2013, 47 samples) or by Illumina sequencing (2013–2015, 30

samples).

2011–2013 2013–2015

Groups Pyrosequencing Illumina

Alveolata ✓ ✓

Apicomplexa ✓ ✓

Dinophyceae ✓ ✓

Syndiniales (MALV) ✓ ✓

Ciliophora ✓ ✓

Perkinsea ✓ ✓

Amoebozoa ✓ ND

Apusozoa ✓ ✓

Archaeplastida ✓ ✓

Chlorophyta ✓ ✓

Streptophyta ✓ ✓

Hacrobia ✓ ✓

Centrohelioza ✓ ✓

Cryptophyta ✓ ND

Haptophyta ✓ ✓

Katablepharidophyta ✓ ND

Picobiliphyta ✓ ✓

Telonemia ✓ ✓

Opisthokonta ✓ ✓

Choanoflagellida ✓ ✓

Mesomycetozoa ✓ ✓

Fungi ✓ ✓

Rhizaria ✓ ✓

Cercozoa ✓ ✓

Radiolaria ✓ ND

Stramenopiles ✓ ✓

Bacillariophyta ✓ ✓

Bicoecea ✓ ✓

Bigyromonadea ✓ ND

Bolidophyceae-and-relatives ✓ ✓

Chrysomerophyceae ✓ ND

Chrysophyceae-Synurophyceae ✓ ✓

Dictyochophyceae ✓ ND

Eustigmatophyceae ✓ ND

Hyphochytriomyceta ✓ ND

Labyrinthulea ✓ ✓

MAST ✓ ✓

MOCH ND ✓

Oomyceta ✓ ND

Ochrophyta ✓ ✓

Oomycota ✓ ✓

Opalinata ✓ ND

Pelagophyceae ✓ ND

Phaeophyceae ✓ ND

Pirsonia ✓ ND

(Continued)
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groups read’s abundances (Kolmogorov-Smirnov p-value< 0.001) between the two surveys.

For example, pyrosequencing generated a higher proportion of reads for MAST (9%) and

Haptophyta (7%) compared to Illumina (Fig 3C and 3D).

Microbial community composition and seasonal succession revealed by

rDNA and rRNA sequencing

Between 2013 and 2015, a total of 696 OTUs and 700 OTUs were detected by rDNA- and

rRNA-based Illumina sequencing, respectively (Fig 3B and 3E). The rDNA- and rRNA-based

diversity followed a similar pattern of OTU abundance (Fig 4). The mean ratio of observed to

expected OTUs (Chao-1) was 69±8% for DNA samples and 78±7% for RNA samples. The

Chao-1, Simpson and Equitability indices reflected the same pattern, with relatively higher val-

ues from October to February, and lower values during P. globosa bloom (from mid-February

to May) (Fig 4). Over 60% of total OTUs were shared between the rDNA and rRNA datasets,

whereas 168 OTUs were only identified in the rDNA dataset and 172 OTUs were only identi-

fied in the rRNA dataset. A total of 868 OTUs corresponding to 26 higher taxonomic groups

were found when considering both rDNA and rRNA datasets (Fig 3B and 3E). The proportion

of OTUs affiliated to these major super groups was similar whether considering the rDNA or

rRNA dataset (~49% of Alveolata, ~23% of Stramenopiles, ~15% of Opistokonta, 4~5% of

Archaeplastida and Hacrobia, and 1~2% of Apusozoa) (Fig 3B and 3E). In the rRNA dataset,

the most diverse group was the Ciliophora (147 OTUs gathering together 29% of the total

reads), with the majority being affiliated to the Spirotrichea (60 OTUs) (Fig 3E and 3F). The

second most diverse group was the Dinophyceae (91 OTUs, 27% of all reads) followed by Syn-

diniales (86 OTUs, 6% of all reads), Fungi (69 OTUs, 3% of all reads) and Bacillariophyta (49

OTUs, 11% of all reads) (Fig 3E and 3F). No significant difference was observed between the

rDNA and rRNA datasets regarding OTU abundance and taxonomic distribution for higher

taxonomic groups (Kolmogorov-Smirnov p-value = 0.98).

The cluster analysis applied together on the total read abundance of OTUs from rDNA and

rRNA samples showed three main clusters at a similarity level of 25% (Fig 5B). The first cluster

(Cluster A) grouped mainly samples from March to July (including the bloom period of P. glo-
bosa). The second cluster (cluster B) grouped autumn and winter samples (September to

March). Finally, the third cluster (cluster C) included summer and early autumn samples (late

May to early September). Protist community structure based on rDNA and rRNA sequencing

exhibited minor differences. In total, 10 of the 30 DNA/RNA pairs (i.e. rDNA and rRNA from

the same date) appeared side by side in the dendrogram (red dots in Fig 5A), and 17 of the 30

pairs belonged to the same cluster at 40% similarity. The remaining pairs of samples showed

lower similarity, but they still belonged to the same seasonal cluster, except for two samples

(July 16th, 2014 and May 26th, 2014) (Fig 5A). The Venn diagram showed that only 23% of

OTUs were shared among the three clusters (Fig 5B). While fall-winter (cluster B) and summer

(cluster C) periods had relatively distinct diversity (~43% of shared OTUs), the blooming

Table 2. (Continued)

2011–2013 2013–2015

Groups Pyrosequencing Illumina

Other Stramenopiles ✓ ND

Groups identified only between 2011 and 2013 (pyro-samples) are underlined. The MOCH group (in italic) was only identified between 2013 and 2015 by Illumina

sequencing. ND: Not Detected.

https://doi.org/10.1371/journal.pone.0196987.t002
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period of P. globosa (cluster A) shared most of its diversity (>90% of OTUs) with the other

two clusters (Fig 5B). When the same cluster analysis was applied to total OTU read abun-

dance from rDNA (Fig 5C) and rRNA (Fig 5D) separately, the clusters inferred from rRNA

data showed a clearer seasonal representation of the community succession than the one based

on rDNA. In fact, 79% of the rRNA samples (compared to 72% for the rDNA samples)

Fig 4. Diversity indices, based on rDNA and rRNA Illumina sequencing, for samples taken in the EEC (2013–

2015). Curves represent the number of OTUs (solid lines), the richness estimator (Schao1, dash lines) and indices for

diversity heterogeneity (Simpson, Equitability). The rDNA-based dataset is depicted with dark grey lines and the

rRNA-based dataset with light grey lines.

https://doi.org/10.1371/journal.pone.0196987.g004
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belonged to a cluster in agreement with those that were identified in the PCA of environmental

variables (Figs 2 and 5C and 5D).

Temporal variation of abundance and activity of most abundant OTUs

The rRNA:rDNA ratio was used as a proxy of relative cellular activity for the 100 most abun-

dant OTUs (>0.1% of the total reads abundance) which represented over 90% of all reads.

Despite of important variability, the relative abundance of each OTU (rDNA-based dataset)

generally increased with cellular relative activity (rRNA-based dataset) (Fig 6A).

Dinoflagellates (mostly heterotrophic micrograzers and mixotrophs). This group rep-

resented almost half (48%) of the 100 most abundant OTUs’ sequences. The large number of

Fig 5. Cluster-based microbial community structure in the EEC. (a) Cluster diagram based on Bray–Curtis dissimilarities calculated based on the non-transformed

number of reads for all OTUs found during the study. Red lines in the dendrogram indicate significant differences (p> 0.05) between bifurcations, based on the

SIMPROF significance test. ◌ DNA samples, Δ RNA samples. Red dots indicate grouping of samples from the same sampling date (b) Venn diagram of shared diversity

between three clusters. The total richness for all groups was 868 OTUs. The number of species shared between the three clusters was 199, corresponding to 23% of the

total richness. Similar Bray-Curtis cluster diagrams were constructed from rDNA-based (c) and rRNA-based (d) number of reads.

https://doi.org/10.1371/journal.pone.0196987.g005
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rDNA reads for this group is related to high rDNA gene copy number present in the genome

of Dinoflagellates [65,66]. The most abundant OTU during the entire survey was affiliated to

Gyrodinium spirale (OTU1: 35% of all sequences) and was found in all samples. Three OTUs

(OTU1, OTU2 and OTU10), having G. spirale as their closest relative, all reached recurrent

highest abundance in April-June (Table 3). G. fusiforme (OTU21) followed the same seasonal

succession as G. spirale. The second most abundant dinoflagellate was Torodinium robustum
(OTU61), mostly present from September to February (Table 3). The rRNA:rDNA ratio (as a

proxy of cells activity) for dinoflagellates was generally low, but showed some increase in spring

compared to the rest of the year (Fig 6B). In general, the number of rRNA reads appeared to be

lower than rDNA reads, suggesting that dinoflagellates were abundant in the EEC but with a rel-

atively low cell activity (Fig 6B). Warnowia sp. (OTU4) and Katodinium glaucum (OTU8) were

present all year long. Warnowia sp. displayed its highest abundance and higher rRNA:rDNA

ratio from September to February, while peak abundance of Katodinium glaucum was detected

Fig 6. Relation between abundance (rDNA reads) and relative cell activity (rRNA reads) for the 100 most abundant OTUs. (a) Each OTUs was plotted according to

their relative number of rDNA (x-axis) and rRNA (y-axis) reads. Each point represents paired percentages (in logarithmic scales) of each taxonomic group from each

sample. (b) Boxplot representing rRNA:rDNA ratios for the major taxonomic groups of the 100 most abundant OTUs. The boxplots represent the variation of the

rRNA:rDNA ratio around the median for each seasonal clusters (white: all years, green: cluster A representative of P. globosa bloom period, blue: cluster B

corresponding to winter conditions, yellow: cluster C corresponding to spring-summer conditions). Whiskers indicate the maximum and minimum values.

https://doi.org/10.1371/journal.pone.0196987.g006
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in June/July. Other unclassified Dinophyceae (8 OTUs) were detected throughout the year with

seasonal preferences depending on the OTU. The most abundant unclassified Dinophyceae sp.

(OTU3) was observed from March to July with a peak of activity in March or June. Another

Dinophyceae sp. (OTU7) was found all year with a peak of activity in September, and an

increased abundance in November. Several other Dinophyceae sp. (OTU24, 126, 131 and 245)

were also mostly detected between November and February (Table 3).

MALV, fungi and other potential parasites and decomposers. This group constituted

about a third of the 100 most abundant OTUs (~27% of the sequences). Diversity was highest in

winter and lowest during the spring bloom of P. globosa. No clear seasonal pattern was observed

for this group (Table 3). The most abundant OTU of the group was Syndiniale GroupI-Clade1
(9.9% of all sequences), which appeared mainly from September to February. More generally,

Syndiniales from groups 1, 2, and 3 displayed their highest activity in September/November, just

before their peak of abundance that occurred in November/December depending on the year

(Table 3). A similar pattern was observed for Thraustochytriaceae, with increased activity happen-

ing prior the highest abundance that occurred between May and September. Overall, throughout

the year it was possible to reconstitute the following succession pattern: Chytridiomycota thrived

in winter conditions; Olpidiopsis sp. (OTU184) appeared only in February; Pseudoperkinsus tape-
tis was observed from February or April until September depending on the year; Thraustochytria-
ceae sp. appeared from May to July; Haliphthorales sp. was almost exclusively found in July;

Olpidiopsis porphyrae was abundant from July to February; Cryptomycotina sp. was identified dur-

ing winter conditions from November to March depending on the year (Table 3). Engyodontium
album and Ichthyosporea sp. were found year round in almost every sample during the study

period. Overall, their rRNA and rDNA relative reads abundance plotted close to the 1:1 line (Fig

6A), but this linear relation decreased to 0.9:1 for fungi. Except during their winter peak, fungi

showed lower potential activity than the rest of this community (Fig 6A and 6B, Table 3).

Ciliates. This group represented around 4% of the 100 most abundant OTUs’ sequences.

The most abundant organism, observed all year long, was Strombidium basimorphum (OTU5).

Other Strombidinopsis (OTU44, OTU92 and OTU112), along with Choreotrichia sp.

(OTU78), Cyclotrichia sp. (OTU56), and Pelagostrobilidium sp. (OTU141) were also abundant

between November and March. In contrast, two OTUs, affiliated to Parastrombidinopsis shimi
and Pseudocohnilembus persalinus, were present during a narrower period, from December to

February with high abundance and activity (Table 3). All these ciliates are nano-grazers feed-

ing on small sized phytoplankton. Overall, the most abundant ciliate OTUs displayed high

rDNA and low rRNA reads number, possibly corresponding to species with high abundance

but relatively low cell activities (Fig 6A). Higher relative activities for ciliates were observed

during the spring and summer period (Fig 6B).

MAST and choanoflagellates. This group accounted for about 2% of the 100 most abun-

dant OTU sequences and was restricted to Marine Stramenopile (MAST) and Choanoflagel-

lida. The Choanoflagellida, including its most abundant OTU, Stephanoeca cauliculata
(OTU6), were mostly observed between September and February, with increasing rRNA reads

in the middle of this period (Table 3). The most abundant MAST-7C (OTU18) appeared in

nearly all samples, with the highest cell activity in September and the highest abundance in

December. MAST-1A (OTU52) peak of abundance occurred in February/March, MAST-2C

was mostly present from April to early July, while MAST-1B showed irregular abundance

peaks from May to June and from November to February (Table 3). Overall, higher MAST

cells activity was restricted to the summer period (Fig 6B).

Phytoplankton (diatoms, nano and picophototrophs). This group accounted for 9% of

the 100 most abundant OTUs. The most abundant OTU of this group was affiliated with the

diatom species Leptocylindrus aporus (OTU16: 3.4% of all reads) and was detected between
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April and September. The increase of L. aporus rDNA and rRNA reads displayed similar tem-

poral pattern, but with earlier increase of rRNA reads (Table 3). L. aporus (OTU16), Guinardia
flaccida (OTU132), and G. delicatula (OTU266) seemed to increase at the same period. The

species G. delicatula (OTU88) and the genus Eucampia sp. (OTU221) increased between Sep-

tember and December. It should be noted that different OTUs affiliated to the same species: G.

delicatula (OTU88 and OTU266) and G. flaccida (OTU132 and OTU581) displayed different

succession patterns. Several phytoplankton species, including the diatoms Ditylum brightwellii
(OTU47) and Thalassiosira hispida (OTU17), the Mamiellophyceae Bathycoccus prasinos
(OTU54) and Micromonas sp. (OTU66, OTU213), the Trebouxiophyceae Chlorellales sp.

(OTU41), the Pyramimonadophyceae Pycnococcus provasolii (OTU110) and Bolidophyceae sp.

(OTU168), increased between September and March. Generally, their RNA:DNA ratios were

higher just before their peak of abundance and decreased drastically when their abundance

became the highest (e.g. OTU16). Phytoplankton rRNA:rDNA ratio was highest in spring and

summer (Fig 6B), with Chlorophytes displaying a median rRNA:rDNA ratio ~8.8 and ~6.5 in

spring and summer, respectively, and Diatoms ~3.5 in spring (Fig 6B).

Phaeocystis globosa life-cycle revealed by rRNA:rDNA ratio

From February to early-March, P. globosa was rare (rDNA reads abundance < 0.01% of all

reads) and showed very low rRNA content (rRNA reads abundance < ~0.01% of all reads). In

late March, P. globosa activity increased according to rRNA data but its abundance remained

low according to rDNA data (rDNA < 0.01%, rRNA > 0.01%) (Fig 7A and 7B). Subsequently,

it became abundant during its April bloom (rDNA>0.1%, rRNA>0.1%). Abundance (rDNA)

began to decrease at the end of the bloom in mid-May, which was confirmed by decreasing

number of P. globosa cells observed under microscope (Fig 7C). No rRNA reads were detected

at the end of the senescence phase. From June to early February, P. globosa was again rare and

display low relative cell activity (DNA<0.1%, RNA<0.1%, Fig 7A and 7B).

In 2013, the P. globosa bloom was observed with lower magnitude under microscope as

compared to next two years, and was undetected with the Illumina approach (Fig 7C). Not-

withstanding in November 2013 and February 2015, P. globosa rDNA read-increase was

detected by Illumina sequencing suggesting a micro-bloom (Fig 7A and 7C). Interestingly,

before the micro-bloom in November 2013, a significant increase of rRNA read abundance

was observed in late September. This rRNA increase suggests higher relative cell activity in

response to increase in nutrients (i.e NO3
-+NO2

- 19.1 μM) and SST (14.7˚C).

Discussion

Association between environmental variables and community structure

During this four-year study, environmental variables suggested three distinct seasonal periods:

spring-early summer (bloom event of P. globosa), summer-early autumn, and late autumn-

winter. As demonstrated by cluster analysis, microbial community structure (OTU) was gen-

erally associated with these three environmental periods. At the end of winter, the abundance

of nitrate and high N:P and N:Si ratios triggered blooms of P. globosa, following by rises of

colonial diatoms and heterotrophic dinoflagellates [41,42,43]. Microbial eukaryote diversity

was at the lowest during P. globosa bloom period, but gradually increased to reach its highest

in fall-winter. Symbionts and degraders accounted for more than one third of the OTU diver-

sity in fall-winter [67]. Microbial eukaryote community structure and seasonal succession

were similar between surveys and years for the most abundant taxonomic groups, representing

the majority of reads (>90). Differences for rare groups (composed of less than ~10 OTUs)

might result from natural diversity fluctuations in an open ecosystem. However, other biases
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due to random sampling, sequencing methods, PCR and sequencing errors might have also

contributed to this disparity [68]. In addition, previous studies in the area have suggested that

inter-taxa relations, rather than environmental variables, were the main drivers of microbial

community structure and temporal succession [45,67]. These studies showed that environ-

mental variables could explain only around 30% of microbial eukaryote succession [45], and

few correlations were observed, through network analysis, between OTUs and environmental

variables while correlations between microbes dominated the network [67].

rDNA and rRNA-based microbial diversity survey

The diversity of planktonic eukaryotes was similar whether the target was rDNA or rRNA for

the most abundant higher taxonomic groups (Fig 3B and 3E). In the cluster analysis, when

considering the number of reads, one third of rDNA/rRNA pairs were grouped together, and

28 out of 30 pairs appeared in the same seasonal cluster. This result, although expected, sug-

gests similar abundance estimation for most OTUs whether rRNA or rDNA is sequenced.

However, weaker cluster definition and lower percentage of similarity is observed when con-

sidering the diversity of rare OTUs. This suggests that either reads of rare OTUs reached the

detection limit of the sequencing method and therefore were not statistically significant, or

that biases mentioned earlier hampered accurate detection for rare OTUs. In addition, we

observed that RNA-based Bray-Curtis dissimilarity analysis has more consistent sample clus-

tering according to environmental variables compared to DNA-based analysis (Fig 5C and

Fig 7. Relation between abundance (rDNA reads) and relative cell activity (rRNA reads) for Phaeocystis globosa. a) Relative rRNA and rDNA reads abundance

corresponding to P. globosa between 2013 and 2015. Relative reads abundance for each sample were plotted on logarithmic scale. Considering abundance (rDNA-based

data) and relative cell activity (rRNA-based data), four quadrants stand out: rare cells with low activity (DNA<0.01%, RNA<0.01%), rare-active cells (DNA<0.01%,

RNA>0.1%), abundant-active cells (DNA>0.1%, RNA>0.1) and abundant cells with low activity (DNA>0.1%, RNA<0.01), respectively. Colors represent rDNA reads

abundance (blue: rare, red: abundant), and shades represent rRNA reads abundance as proxy for relative cell activity (dark shade: active, light shade: low activity). b)

Schematic representation of P. globosa annual pattern of abundance and activity in the EEC. c) Microscopic counts of P. globosa (dash light grey line: total number of

Phaeocystis cells; dash dark grey line: number of Phaeocystis colony) and number of rDNA Illumina reads (black line).

https://doi.org/10.1371/journal.pone.0196987.g007

Diversity and activity of eukaryotic microbes in the eastern English Channel

PLOS ONE | https://doi.org/10.1371/journal.pone.0196987 May 10, 2018 19 / 26

https://doi.org/10.1371/journal.pone.0196987.g007
https://doi.org/10.1371/journal.pone.0196987


5D). This suggests that OTUs revealed by rRNA sequencing provides clearer seasonal repre-

sentation of species succession and level of activity than rDNA-based OTU detection

[3,26,69,70]. On the other hand, the DNA molecule is more stable than the RNA molecule and

therefore allows thorough investigation for all present microbial species [70]. However, such

stability could lead to several biases by including dead or dormant cells, and/or including

DNA from the dissolved extracellular pools [71]. The rRNA-based surveys better depict micro-

bial diversity, since they are less affected by ribosomal operon copy number between taxa [23]

and reflect more accurately environmental changes due to their shorter lifetime compared to

rDNA [25]. Overall, analyzing both rRNA and rDNA provide complementary information

and should be considered for comprehensive understanding of ecosystems functioning.

Relative activities of major microbial taxonomic and trophic groups

The comparison between rRNA- and rDNA-based surveys face several limitations including

variations in gene copy number [66,72,73], cell size [65,66], and differences in life histories

(e.g. dormant cells), and non-growth activities of certain species [29]. Nevertheless, this

approach is nowadays generally accepted amongst environmental microbiologists to distin-

guish and quantify active species among present species, through calculation of the rRNA:

rDNA ratio [12,22,23,74]. In our study, taxonomic groups in general displayed an average

rRNA:rDNA ratio around 1:1, suggesting a linear relation between cell abundance (rDNA)

and activities (rRNA). Two groups (i.e. Ciliophora and Choanoflagellida) appeared to

have> 1 mean rRNA:rDNA ratio (slope > 1.25, Fig 6A). Therefore, these groups might be

classified as RNA-prevalent, according to the definition of Massana et al., 2015. In addition,

for these two groups, the negative b-value (intersection of the x- and y-axis) (Fig 6A) suggests

that the relatively abundant OTUs were active, while the less abundant OTUs had lower than

average relative activity. On the opposite, Fungi displayed < 1 mean rRNA/rDNA ratio

(slope = 0.9 +/-0.07, Fig 6) and a positive b-value (b = +0.13 +/-0.004, Fig 6), that placed fungi

in the DNA-prevalent category. According to these results, rare Ciliophora and Choanoflagel-

lida probably have lower relative activity than the abundant ones, while rare Fungi display

higher relative activity as compared with abundant fungi. However, care should be taken not

to over-interpret the ecological relevance of prevalent (rDNA or rRNA) groups, and rRNA:

rDNA regression. In fact, difference in reads’ abundance between rDNA- and RNA-based sur-

veys might not necessarily result from variation in relative activities, but can also reflect differ-

ences in genome architecture between taxonomic groups, with RNA-prevalent groups having

lower rDNA copy number [12]. It is worthy to underline that, while the overall rRNA:rDNA

ratio was close to 1 for most taxonomic groups (ranging from 0.9 to 1.25), it was highly vari-

able when considering individual OTUs (Fig 6A). Consequently, we suggest that the rRNA:

rDNA ratio is more informative for individual OTUs, rather than whole taxonomic groups.

Therefore, for each particular OTUs, significant changes in the rDNA:rRNA ratio may indicate

ecological seasonal events, as for instance, it was observed for P. globosa (see the next section).

Following RNA:rDNA ratio for individual OTUs, we often observed an increase of relative

cells activity (rRNA reads) before increase of abundance (rDNA), suggesting the rRNA reads

might be used as an early indicator of short-term microbial community dynamics in natural

ecosystems. However, increased rRNA can be an indicator of any type of activities and not

only those related to cell proliferation, thus it should always be interpreted with caution for

"predicting" upcoming cell increase. Still, the rRNA:rDNA ratio provided insights into sea-

sonal changes in activities of eukaryotic microbial taxa. We found that most groups (i.e Dino-

flagellates, Ciliates, Chlorophytes, Haptophyta, Diatoms, and Fungi) had OTUs displaying

their highest activity in spring and summer (Fig 6B). A similar observation was made at a
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coastal station in the eastern North Pacific where the majority of protistan groups had signifi-

cant higher rRNA:rDNA ratios in April [26]. However, the relative activity across OTUs is

very different, as shown by long whiskers in the rRNA:rDNA boxplot diagram (Fig 6B). There-

fore, thorough investigation of each individual OTU’s variation in rRNA:rDNA ratio, and

their association with environmental parameters, is necessary to understand species succession

and seasonal response in ecosystems. Such analysis performed for P. globosa demonstrated its

relevance (next section). Finally, while rRNA:rDNA ratio may reveal cells activity, information

about which kind of activity is expressed remains unknown. In future studies, in situ metatran-

scriptomic analysis on time-series will help to better understand how species adapt their physi-

ology and metabolism in response to changing environmental conditions, how they interact

with other organisms, and what are their roles and functions in ecosystems.

Phases of Phaeocystis globosa life-cycle emerge from the rRNA:rDNA ratio

Phaeocystis has a complex life-cycle alternating between solitary cells and colonies, and is capa-

ble of forming massive, quasi-monospecific blooms in naturally or anthropogenetically

induced nitrogen rich areas [75]. The present data based on high throughput sequencing of

rDNA and rRNA detected the bloom of P. globosa but also showed that P. globosa is always

present in the ecosystem throughout the entire year. Yet, while rRNA:rDNA ratio used to eval-

uate cells activity was informative, it appeared that simply calculating this ratio only gave par-

tial results for activity as rRNA and rDNA sequences often increase proportionally (Fig 6). In

order to determine the general trend for rRNA and rDNA increase or decrease during time-

series, graphical relation between relative amount of rRNA and rDNA reads was constructed

(Fig 7A). To note that determining the level of relative reads abundance to differentiate rare /

abundant and active / inactive organisms is not straightforward, as it is affected by nucleic

acids extraction efficiency, primer specificities, and by variation of rDNA gene copy number

per cell. Our choice was to select levels of abundance and activity presented on Fig 7A consid-

ering that cells were rare when their relative rDNA reads abundance on total rDNA reads was

below 0.01% and abundant when the relative rDNA reads number was above 0.1% [10]. The

same thresholds were considered for rRNA in order to differentiate high versus low activity

cells. These levels are only indicative and can be refined in the future by additional data. This

approach allowed delimiting four regions corresponding to: (1) rare cells with low activity, (2)

rare and active cells, (3) abundant cells with low activity, and (4) abundant and active cells (Fig

7A). Samples that did not belong to any of the above categories could be considered in transi-

tion state between phases. Overall, the levels used here to delimit abundance and activity

unveiled quite well the bloom of Phaeocystis in early- / mid-April, but more interestingly, the

increase of cells activity before the bloom and activity decrease after the bloom. According to

these results, rRNA reads number could be an indicator of an upcoming bloom, provided that

the sampling is frequent enough. In 2013, the bloom of P. globosa was not detected in the illu-

mina dataset but was detected in the pyrosequencing dataset [45,46]. This could be due to the

degradation of ribosomal DNA prohibiting its detection, combined with the weaker bloom

observed that year under microscope. Finally, a fall-winter increase of P. globosa was shown by

molecular analysis (rDNA) at the end of 2013 and, to a lower extent, in early 2015. In end-Sep-

tember 2013, an increase of rRNA sequences, suggesting higher cell activities, preceded the

increase of abundance (rDNA sequences) three weeks later, in mid-November 2013. Data

point characteristics for the increase are positioned within transition phases (e.g November

18th and December 2nd 2013, Fig 7A). This is not surprising considering the lower magnitude

of this bloom, as compared with the main mid-April bloom. It also highlights the difficulty to

clearly define boundaries between rare/abundant and active/inactive cells.
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Concluding, this study showed consistent detection of microbial eukaryote diversity

whether targeting rDNA or rRNA, and the possibility to use rRNA:rDNA relative read abun-

dance as a "life-event" indicator. Generalizing this approach on individual OTUs would con-

tribute into improving our understanding of microbial community succession and of the

underlying factors structuring the community.
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4. Medinger R, Nolte V, Pandey RV, Jost S, OttenwÄLder B, Schlötterer C, et al. (2010) Diversity in a hid-

den world: potential and limitation of next-generation sequencing for surveys of molecular diversity of

eukaryotic microorganisms. Molecular Ecology 19: 32–40. https://doi.org/10.1111/j.1365-294X.2009.

04478.x PMID: 20331768

5. Behnke A, Engel M, Christen R, Nebel M, Klein RR, Stoeck T. (2011) Depicting more accurate pictures

of protistan community complexity using pyrosequencing of hypervariable SSU rRNA gene regions.

Environmental Microbiology 13: 340–349. https://doi.org/10.1111/j.1462-2920.2010.02332.x PMID:

21281421

6. Caron DA (2013) Towards a Molecular Taxonomy for Protists: Benefits, Risks, and Applications in

Plankton Ecology. Journal of Eukaryotic Microbiology 60: 407–413. https://doi.org/10.1111/jeu.12044

PMID: 23672341

7. Amaral-Zettler LA, McCliment EA, Ducklow HW, Huse SM (2009) A Method for Studying Protistan

Diversity Using Massively Parallel Sequencing of V9 Hypervariable Regions of Small-Subunit Ribo-

somal RNA Genes. PLoS ONE 4: e6372. https://doi.org/10.1371/journal.pone.0006372 PMID:

19633714

8. Cheung MK, Au CH, Chu KH, Kwan HS, Wong CK (2010) Composition and genetic diversity of picoeu-

karyotes in subtropical coastal waters as revealed by 454 pyrosequencing. The ISME Journal 4: 1053–

1059. https://doi.org/10.1038/ismej.2010.26 PMID: 20336159

9. Edgcomb V, Orsi W, Bunge J, Jeon S, Christen R, Leslin C, et al. (2011) Protistan microbial observatory

in the Cariaco Basin, Caribbean. I. Pyrosequencing vs Sanger insights into species richness. The ISME

Journal 5: 1344–1356. https://doi.org/10.1038/ismej.2011.6 PMID: 21390079

10. Logares R, Audic S, Bass D, Bittner L, Boutte C, Christen R, et al. (2014) Patterns of Rare and Abun-

dant Marine Microbial Eukaryotes. Current Biology 24: 813–821. https://doi.org/10.1016/j.cub.2014.02.

050 PMID: 24704080

11. Massana R, Pedros-Alio C (2008) Unveiling new microbial eukaryotes in the surface ocean. Curr Opin

Microbiol 11: 213–218. https://doi.org/10.1016/j.mib.2008.04.004 PMID: 18556239

12. Massana R, Gobet A, Audic S, Bass D, Bittner L, Boutte C, et al. (2015) Marine protist diversity in Euro-

pean coastal waters and sediments as revealed by high-throughput sequencing. Environmental Micro-

biology 17: 4035–4049. https://doi.org/10.1111/1462-2920.12955 PMID: 26119494

13. Guillou L, Viprey M, Chambouvet A, Welsh RM, Kirkham AR, Massana R, et al. (2008) Widespread

occurrence and genetic diversity of marine parasitoids belonging to Syndiniales (Alveolata). Environ-

mental Microbiology 10: 3349–3365. https://doi.org/10.1111/j.1462-2920.2008.01731.x PMID:

18771501

14. Bråte J, Krabberød AK, Dolven JK, Ose RF, Kristensen T, Bjørklund KR, et al. (2012) Radiolaria Associ-

ated with Large Diversity of Marine Alveolates. Protist 163: 767–777. https://doi.org/10.1016/j.protis.

2012.04.004 PMID: 22658831

15. Kerkhof L, Ward BB (1993) Comparison of Nucleic Acid Hybridization and Fluorometry for Measure-

ment of the Relationship between RNA/DNA Ratio and Growth Rate in a Marine Bacterium. Applied

and Environmental Microbiology 59: 1303–1309. PMID: 16348926

16. Bremer H, Dennis PP (1996) Modulation of Chemical Composition and Other Parameters of the Cell at

Different Exponential Growth Rates. In: Neidhardt ea, editor. Escherichia coli and Salmonella typhimur-

ium: Cellular and Molecular Biology, 2nd ed. 2nd ed. Washington, DC 20036–2904. USA: ASM Press.

17. Mills HJ, Martinez RJ, Story S, Sobecky PA (2005) Characterization of Microbial Community Structure

in Gulf of Mexico Gas Hydrates: Comparative Analysis of DNA- and RNA-Derived Clone Libraries.

Applied and Environmental Microbiology 71: 3235–3247. https://doi.org/10.1128/AEM.71.6.3235-

3247.2005 PMID: 15933026

18. Moeseneder MM, Arrieta JM, Herndl GJ (2005) A comparison of DNA- and RNA-based clone libraries

from the same marine bacterioplankton community. FEMS Microbiology Ecology 51: 341–352. https://

doi.org/10.1016/j.femsec.2004.09.012 PMID: 16329882

19. Gentile G, Giuliano L, D’Auria G, Smedile F, Azzaro M, De Domenico M, et al. (2006) Study of bacterial

communities in Antarctic coastal waters by a combination of 16S rRNA and 16S rDNA sequencing.

Environmental Microbiology 8: 2150–2161. https://doi.org/10.1111/j.1462-2920.2006.01097.x PMID:

17107556

20. Campbell BJ, Yu L, Heidelberg JF, Kirchman DL (2011) Activity of abundant and rare bacteria in a

coastal ocean. Proceedings of the National Academy of Sciences 108: 12776–12781.

21. Hugoni M, Taib N, Debroas D, Domaizon I, Jouan Dufournel I, Bronner G, et al. (2013) Structure of the

rare archaeal biosphere and seasonal dynamics of active ecotypes in surface coastal waters. Proceed-

ings of the National Academy of Sciences 110: 6004–6009.

Diversity and activity of eukaryotic microbes in the eastern English Channel

PLOS ONE | https://doi.org/10.1371/journal.pone.0196987 May 10, 2018 23 / 26

https://doi.org/10.1111/j.1365-294X.2009.04478.x
https://doi.org/10.1111/j.1365-294X.2009.04478.x
http://www.ncbi.nlm.nih.gov/pubmed/20331768
https://doi.org/10.1111/j.1462-2920.2010.02332.x
http://www.ncbi.nlm.nih.gov/pubmed/21281421
https://doi.org/10.1111/jeu.12044
http://www.ncbi.nlm.nih.gov/pubmed/23672341
https://doi.org/10.1371/journal.pone.0006372
http://www.ncbi.nlm.nih.gov/pubmed/19633714
https://doi.org/10.1038/ismej.2010.26
http://www.ncbi.nlm.nih.gov/pubmed/20336159
https://doi.org/10.1038/ismej.2011.6
http://www.ncbi.nlm.nih.gov/pubmed/21390079
https://doi.org/10.1016/j.cub.2014.02.050
https://doi.org/10.1016/j.cub.2014.02.050
http://www.ncbi.nlm.nih.gov/pubmed/24704080
https://doi.org/10.1016/j.mib.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18556239
https://doi.org/10.1111/1462-2920.12955
http://www.ncbi.nlm.nih.gov/pubmed/26119494
https://doi.org/10.1111/j.1462-2920.2008.01731.x
http://www.ncbi.nlm.nih.gov/pubmed/18771501
https://doi.org/10.1016/j.protis.2012.04.004
https://doi.org/10.1016/j.protis.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22658831
http://www.ncbi.nlm.nih.gov/pubmed/16348926
https://doi.org/10.1128/AEM.71.6.3235-3247.2005
https://doi.org/10.1128/AEM.71.6.3235-3247.2005
http://www.ncbi.nlm.nih.gov/pubmed/15933026
https://doi.org/10.1016/j.femsec.2004.09.012
https://doi.org/10.1016/j.femsec.2004.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16329882
https://doi.org/10.1111/j.1462-2920.2006.01097.x
http://www.ncbi.nlm.nih.gov/pubmed/17107556
https://doi.org/10.1371/journal.pone.0196987


22. Stoeck T, Zuendorf A, Breiner HW, Behnke A (2007) A molecular approach to identify active microbes

in environmental eukaryote clone libraries. Microb Ecol 53: 328–339. https://doi.org/10.1007/s00248-

006-9166-1 PMID: 17264997
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