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Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) and amplicon sequencing
of the total (16S rRNA gene) and potentially active (16S rRNA transcripts), community are the major
state of the art approaches for assessing the composition of bacterial communities in marine pelagic and

Accepted 28 June 2019 other ecosystems. However, CARD-FISH and amplicon sequencing methods have not yet been directly
compared to assess the composition of bacterioplankton communities. Therefore, these approaches were
g?c' t"girjs" used to study the composition of bacterial communities in two North Sea seawater mesocosm experi-
CARD-FISH ments supplemented wiFh diatom-derived organic maFter (OM). All approa_ct_les revealed Proteobacteria
165 rRNA amplicon sequencing and Bacteroidetes as major components of the bacterioplankton communities. The Roseobacter group
North Sea and its RCA cluster, as well as Bacteroidetes and Gammaproteobacteria, responded most strongly to OM
Mesocosm addition, whereas the SAR11 clade responded in only one of the two mesocosms. A correlation analysis
showed that CARD-FISH and amplicon sequencing data of the SAR11 clade and the Roseobacter group,
together with its RCA cluster, were highly significantly correlated, whereas Bacteroidetes did not yield any
significant correlation and Gammaproteobacteria was only correlated with the potentially active fraction.
However, subgroups of these phylogenetic groups, the SAR92 clade, the genera Pseudoalteromonas and
Polaribacter, exhibited significant correlations in one of the two mesocosms. Correlations of CARD-FISH
with amplicon sequencing data from the total and potentially active fractions of these lineages exhibited
distinct differences. The study showed that CARD-FISH and amplicon sequencing data of distinct bacte-
rioplankton groups and especially the phylogenetic lineages at a higher taxonomic level were correlated

but reflected different aspects of their growth dynamics.
© 2019 Elsevier GmbH. All rights reserved.
Introduction munity composition and ecosystem functions. Fluorescence in situ

Heterotrophic bacterioplankton communities are essential
structural elements in aquatic systems and play critical roles in
biogeochemical cycling of matter and elements such as carbon,
nitrogen and sulfur[5,13,43]. These communities are highly diverse
due to their various functional roles in organic matter processing
and biogeochemical cycles, and the distinct responses of functional
groups to varying substrate supply or different environmental fac-
tors [40,43,66]. Therefore, the identification of relevant bacterial
phylogenetic lineages and their metabolic states is essential for
understanding the relationships between bacterioplankton com-
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hybridization (FISH) and high-throughput sequencing technolo-
gies of specific target regions of the 16S rRNA gene are the two
major approaches currently used to assess the composition of bac-
terioplankton communities [2,17,23,49,61,66]. Both approaches
have provided detailed insights into the composition and dynam-
ics of bacterioplankton communities in various marine systems
[6,24,41,58,72].

FISH and its state of the art improvement with a higher sen-
sitivity, catalyzed reporter deposition (CARD)-FISH [50], allow
the relative quantification of specific bacterial phylogenetic lin-
eages on a single cell basis but also the absolute quantification
when combined with cell number enumeration, for example, by
flow cytometry or epifluorescence microscopy. CARD-FISH probes
can target larger or narrower phylogenetic groups depending on
the specificities of the probes applied. Limitations are 16S rRNA
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sequence variabilities that cause mismatches in phylogenetically
distant bacterial groups (false-positives) or prevent probe bind-
ing in subgroups (false negatives) [2]. Other limitations are that
only rather abundant (i.e. >0.5% of total cells) and known lineages
can be targeted. In addition, the number of probes applied is lim-
ited due to time-consuming sample processing. Even though other
FISH-techniques are also applied, such as for NanoSIMS [FISHSIMS;
46] and gene or phage detection [geneFISH; 1,44, CARD-FISH is
still the most widely applied method to target and quantify single
prokaryotic cells in aquatic microbial ecology.

A higher phylogenetic resolution of bacterioplankton commu-
nity composition than by CARD-FISH is achieved by amplicon
sequencing of variable regions of the 16S rRNA gene [17,61]. This
approach provides detailed insights into the community compo-
sition and can identify simultaneously abundant and, depending
on the sequencing depth, rare taxa of the community. It includes
a PCR amplification step of the 16S rRNA gene fragment, which
can lead to omission, distortion and/or misrepresentation of mem-
bers of a bacterial community [29,36,52]. Furthermore, primer bias
may lead to overrepresentation of distinct phylogenetic lineages,
whereas others may be underrepresented [4,33,49,69]. However,
this approach allows only a relative quantification of the different
taxa and cannot provide absolute numbers due to variations of the
copy number of rRNA operons in genomes of different bacterial
phylogenetic groups [14]. Nevertheless, efforts to correct for this
bias have been made [3,31].

Avariation of this approach allows the composition of the active
fraction of the bacterial community to be assessed (i.e. sequencing
of 16S rRNA transcripts). The abundance of 16S rRNA transcripts
is a general indicator of protein synthesis and thus of metaboli-
cally active bacteria. There is evidence that even in pure bacterial
cultures cellular RNA concentrations are not directly proportional
to protein synthesis and the growth rate but represent a general
indicator of the physiological state, unless the amount of DNA
per cell is assessed as well [10]. However, this approach provides
additional insights into the dynamics of growth responses of the
active bacteria as a fraction of the total bacterial community to
biogeochemical and environmental factors over space and time
[14,15,30,51,71,73]. It has been argued that this approach is biased
because there is no clear-cut relationship of the cellular rRNA con-
tent to growth in several bacterial taxa, and degradation of rRNA in
bacteria varies considerably when they exit metabolically active
states [10]. These authors proposed to use the term potentially
active bacteria when the amplicon sequencing approach targets the
cDNA. Both approaches have been compared in several field stud-
ies [14,15,30,51,71,73] and with Candidatus Pelagibacter ubique of
the SAR11 clade [35]. These results showed distinct relationships
of the rRNA/rDNA ratio for different bacterial taxa.

Despite the wide use of CARD-FISH and 16S rRNA amplicon
sequencing in microbial ecology, to the best of our knowledge,
neither approach has yet been directly compared to assess the com-
position of bacterioplankton communities, even when they were
applied in the same study [9,34,53,66]. The only direct comparison
has been performed with pitcher plants [65]. To interpret the data
of either approach better, it is important to know how the rela-
tive abundances of different bacterial taxa compare when they are
assessed by CARD-FISH and amplicon sequencing, targeting either
the 16S rRNA gene or transcript. Are the results of both approaches
correlated and are the correlations different for individual bacterial
taxa and larger phylogenetic groups?

To address this question, two mesocosm experiments were
set up during a cruise in the North Sea in early summer and
growth of the bacterioplankton communities was stimulated by
adding diatom-derived organic matter (OM). To examine how the
approaches mentioned above detected the response of the commu-
nity composition to the added diatom-derived OM, the study used

Table 1

Position, hydrographic conditions, chlorophyll a, bacterial abundance and biomass
production at a 3 m depth at the stations where the mesocosm experiments were
carried out.

Mesocosm 1 Mesocosm 2

Longitude/latitude 54°55.2" N, 6° 49.9 E 57° 00" N, 4° 00" E
Temperature (°C) 14.0 12.0
Salinity 34.085 35.071
Chlorophyll a (pgL-1) 0.62 0.13
Bacterial abundance (10° 0.93 1.31

cells mL~1)
Bacterial biomass production 121.3 144.6

(ngCL'h1)

CARD-FISH probes of different specificity to target distinct taxa, as
well as larger phylogenetic groups and amplicon sequencing of the
V3-V4 region of the 16S rRNA gene and transcripts.

Materials and methods
Experimental design, sample collection and processing

The mesocosm experiments (M1 and M2) were carried out dur-
ing a cruise with R/V Heincke in the North Sea between 24 May and
5 June 2014, M1 in the southern region (54° 55.2’ N, 6° 49.9’ E) and
M2 in the northern region (57° 00’ N, 4° 00" E; Table 1).

Seawater was collected at a depth of 3m using a
conductivity-temperature-depth (CTD) rosette profiler equipped
with 5-L Niskin bottles. The unfiltered samples were filled into 20-L
acid-rinsed Nalgene bottles. A total of 500 mL of a diatom-derived
OM solution, obtained by autoclaving axenically grown cultures
of the diatoms Thalassiosira rotula (CCMP1647) and Leptocylindrus
danicus (CCMP470), was added without any further treatment at
days 0 and 4 with three replicates. This volume was equivalent to
a final concentration of approximately 200 wM dissolved organic
carbon (DOC). Two bottles with no OM-addition served as a
control. Bottles were incubated on board the ship for 10days at
in situ temperature in the dark and subsampled every other day
for microbial cell numbers, CARD-FISH and amplicon sequencing
of the potentially active bacteria (16S rRNA) and total bacterial
community (16S rRNA gene). There was no pre-filtration of any
sample subjected to subsequent analyses. Samples of 1000 mL for
bacterioplankton community analyses were harvested on 0.2-pm
polycarbonate filters (47 mm diameter, Whatman Nuclepore,
GE Healthcare, Munich, Germany) and stored at —80°C until
further analysis. Chlorophyll a and bacterial biomass production
by incorporation of 1C-leucine were determined at the stations,
as described previously [6].

Bacterial abundance

Bacterial abundance was enumerated on board by counting cells
stained with SYBR Green I (Invitrogen, Unden, The Netherlands)
using a BD Accuri C6 cytometer (BD Biosciences, Franklin Lakes, NJ,
USA) and the internal fluidics calibration of the device, as described
previously [47]. Cells were distinguished based on green and red
fluorescence, as well as forward scatter populations of low (LNA)
and high nucleic acid content (HNA) [6].

Catalyzed reporter deposition (CARD-FISH)

Ten mL seawater subsamples were fixed with formaldehyde
(final concentration 1% v/v) for 1 hat room temperature and filtered
onto 0.2 wm polycarbonate membrane filters (47 mm diameter,
Whatman Nuclepore, GE Healthcare, Munich, Germany). Filters
were stored at —20°C until further analysis. The CARD-FISH pro-
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cedure was performed according to Pernthaler et al. [50] with
modifications, as described previously [6]. Hybridizations were
carried out with horseradish peroxidase-labelled oligonucleotide
probes (Biomers, Ulm, Germany) targeting Gammaproteobacteria
(GAM42a) [39], the SAR92 cluster (SAR92-627) [62], the SAR86
cluster (SAR86-1245) [74], Pseudoalteromonas (PSA184) [22], Bac-
teroidetes (CF319a) [40], Polaribacter (POL740) [38], the Roseobacter
group (ROS536) [12], the RCA cluster (RCA996) [6], and the
SAR11 clade (SAR11-441R) [55]. Formamide concentrations of
35% were used for all probes, except for SAR11-441R (45% for-
mamide). Hybridizations were carried out at 35 °C overnight (probe
SAR11-441R) or at 46°C for 2h (all other probes). Filters were
embedded in 4:1 Vectashield H-1000: Citifluor antifading reagent
(Vector Laboratories, Burlingame, CA/Citifluor, UK) containing
1 g mL~! DAPI and arranged on microscope slides. Hybridized
and DAPI-stained cells were visualized semi-automatically using
an Axiolmager.Z2m epifluorescence microscope including the
software package AxioVision 4.8.2.0 (Carl Zeiss, Germany) and
enumerated using ACMEtool3 (M. Zeder; www.technobiology.ch).
Absolute cell numbers were calculated from relative CARD-FISH
abundances and bacterial cell numbers were determined by flow
cytometry.

Nucleic acid extraction and sequencing

Total DNA and RNA were extracted from the filters using acidic
phenol and further purified as described previously [59]. Residual
DNA was removed by DNAse treatment and the absence was con-
firmed by PCR according to Schneider et al. [59] using the primer
S-D-Bact-0341-b-S-17 (5’—CCT ACG GGN GGC WGC AG-3) [33]
and reverse primer S-D-Bact-0785-a-A-21 (5'-GAC TAC HVG GGT
ATC TAA TCC-3’) [33]. DNA-free RNA was converted to cDNA by
SuperScript Il (Thermo Fisher Scientific, USA) reverse transcrip-
tion, as described by Wemheuer et al. [70], using the reverse primer
S-D-Bact-0785-a-A-21 (5-GAC TAC HVG GGT ATC TAA TCC-3)
[33]. To assess community structures, 16S rRNA amplicon libraries
were generated from DNA and cDNA by PCR using Phusion” Poly-
merase, as described by Wemheuer et al. [70], with the forward
primer S-D-Bact-0341-b-S-17 (see above) and the reverse primer
S-D-Bact-0785-a-A-21 (see above) using [llumina Nextera adapters
for sequencing. Each sample was subjected to three independent
amplifications and pooled in equal amounts. Amplification prod-
ucts were purified using NucleoMag NGS Clean-up and Size Select
(Macherey-Nagel, Dueren, Germany), quantified with a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
USA) and barcoded using the Nextera XT-Index kit (Illumina, San
Diego, USA) and the Kapa HiFi HotStart polymerase (Kapa Biosys-
tems, USA). Sequencing was performed in the G6ttingen Genomics
Laboratory on an Illumina MiSeq System (paired end 2 x 300 bp)
using the MiSeq Reagent Kit v3 (Illumina). Sequence data were
deposited in the sequence read archive (SRA) of the National Center
for Biotechnology Information (NCBI) under the accession number
SRP151847 (BioProject SRP151847).

Processing and analysis of sequence data

Obtained 16S rRNA data sets were processed as described by
Pohlner et al. [53]. In brief, the sequencing data were initially
quality-filtered with Trimmomatic version 0.36 [11]. Low qual-
ity reads were truncated if the quality dropped below 15 in a
sliding window of 4 bp. Subsequently, all reads shorter than
100bp and orphan reads were removed. Remaining sequences
were merged, quality-filtered and further processed with USE-
ARCH version 10.0.240 [20]. Filtering included the removal of
reads shorter than 400bp or longer than 500bp, as well as the
removal of low-quality reads (expected error >1) and reads with

more than one ambiguous base. Processed sequences of all sam-
ples were concatenated to one file and subsequently dereplicated
into unique sequences. These sequences were denoised with the
unoise3 algorithm implemented in USEARCH. The UCHIME de novo
algorithm was used to remove chimeric sequences during denois-
ing. Subsequently, remaining chimeric sequences were removed
using the UCHIME reference algorithm [21] in high_confidence
mode with the SILVA SSU Ref NR 99 132 database [54] as a ref-
erence data set. Filtered sequences were mapped on the final set of
denoised, unique sequences (zOTUs) to determine the occurrence
and abundance of each zOTU in every sample. To assign taxon-
omy, zOTU sequences were classified by BLASTn (version 2.6.0+)
against the SILVA database [54] with an e-value threshold of 1e-20.
All non-bacterial zOTUs were removed based on their taxonomic
classification in the respective database.

Comparison of probe and primer match

In order to examine how probes and primers targeted the dif-
ferent bacterial phylogenetic groups, the coverage of the major
target lineages was tested by the TestProbe (https://www.arb-silva.
de/search/testprobe/) and TestPrime software tools (https://www.
arb-silva.de/search/testprime/) using SILVA SSU RefNR 132. Group-
specific probes were used for the coverage analysis via TestProbe,
except for Flavobacteria, where the probe for Bacteroidetes (CF319a)
was used. Both the applied primers [33] and more recently intro-
duced ones [4,48] were included.

Statistical evaluation

Statistical analyses were performed using R software ver-
sion 3.4.3 [56]. Log-response ratios were calculated to assess
treatment effects on bacterial lineages. They represented the log-
transformed ratio of the absolute abundance of CARD-FISH positive
cells to diatom-derived OM additions relative to those of the
untreated controls. Slopes of linear regression models were calcu-
lated between CARD-FISH and amplicon sequence abundance data.
Analysis of variance (ANOVA) was used to identify treatment effects
on bacterial HNA content. Homogeneity of variances was evaluated
by a Fligner-Killeen test [19] prior to the analysis.

Results

Initial hydrographic conditions and microbial features at the sta-
tions of mesocosm experiments M1 and M2 were rather similar
(Table 1).

Bacterial abundance

In both experiments, the added diatom-derived OM resulted
in an increase in bacterial cell numbers, whereas they remained
almost constant in the controls (Fig. 1). The triplicates showed
very similar temporal patterns. In M1, initial cell numbers of
1 x 109 mL~1 increased by a factor of 3 and peaked at days 2 and 6,
two days after the addition of diatom-derived OM, with a contin-
uous decline thereafter to almost identical numbers compared to
the start. The decline in cell numbers at day 4 and after day 6 was
presumably due to intense protozoan grazing as many flagellates
with ingested bacteria were observed microscopically in the sam-
ples at these time points. In M2, initial cell numbers of 2 x 106 mL~!
doubled on day 2 and declined until day 8 to the initial numbers
but this was followed by another increase at day 10 (Fig. 1).

In experiment M1, HNA cells greatly dominated with an overall
mean of 80.9 + 8.0% and the highest proportion of 91 + 1.8% at day 2
(Supplementary Table S1). There were no significant differences in
the proportions of HNA and LNA cells in the treatment and control
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Fig. 1. Bacterial cell numbers and total numbers of CARD-FISH positive cells (gray areas) in the treatments and controls of mesocosm experiments 1 and 2.

groups. In experiment M2, HNA cells constituted on average only
53 +9.6% of total cells (Supplementary Table S1). However, in this
experiment, the proportion of HNA was significantly higher in the
treatment group than in the control group (ANOVA; p<0.001).

Bacterial community composition (CARD-FISH)

Bacteroidetes, Gammaproteobacteria and the Roseobacter group
dominated the initial community in M1, whereas SAR11 greatly
dominated in the M2 equivalent (Fig. 2). The bacterial community
composition changed over time in both mesocosm experiments
and specific target groups responded differently to diatom-derived
OM addition. The four target groups together accounted for 35-83%
of all DAPI-stained cells (Fig. 1). The proportion of CARD-FISH iden-
tifiable cells covaried with total bacterial cell numbers in both
experiments (Fig. 2A, B). Bacteroidetes and Gammaproteobacteria
increased very similarly in both experiments during the first two
days and decreased thereafter (Fig. 2). In M1, Bacteroidetes and
Gammaproteobacteria constituted 7-27% and 13-26%, respectively,
and in M2 the respective proportions of these groups were 8-14%
and 4-11%. The Roseobacter group was most responsive of all tar-
get groups to diatom-derived OM addition in both experiments and
accounted for 2-23% and 2-19% in M1 and M2, respectively. In M2,
the SAR11 clade dominated throughout the experiment with pro-
portions of 43% at day 0 but it continuously declined to 20% towards
the end. This clade, however, did not respond to diatom-derived OM
addition in the M1 experiment and fractions of this clade remained
below 20%. A refined analysis of subgroups of the Roseobacter group
and Bacteroidetes showed that the RCA (Roseobacter clade affiliated)
cluster accounted for 0.8-13% of the total bacterial cells in both
experiments, which represented 29-61% of all roseobacters, and

the genus Polaribacter was up to 8% of total bacterial cells and up to
58% of Bacteroidetes (Fig. 2C, D). The SAR92 cluster represented an
average of 20% of total Gammaproteobacteria in M1, corresponding
to 2-7% of total bacterial cells (Supplementary Fig. S1). Due to low
abundances of SAR92, this cluster was not analyzed in detail in M2.

Log response ratios underscored that in both mesocosm
experiments the Roseobacter group was most responsive to the
diatom-derived OM additions, exhibiting the highest ratios until
day 6 (Supplementary Fig. S2). In M1, Bacteroidetes ranked sec-
ond, whereas in M2 this group and Gammaproteobacteria exhibited
similar ratios. The SAR11 clade was least responsive in both exper-
iments.

Bacterial community composition (amplicon sequencing data)

The composition of the total and active bacterioplankton com-
munity in both mesocosm experiments was assessed by amplicon
sequencing. After quality control, removal of chimera and single-
tons, a total of 1,881,610 bacterial sequences were obtained (DNA:
904,730, RNA: 976,880).

Alpha- and Gammaproteobacteria and Bacteroidetes constituted
96% of the total (DNA) and 98% of the potentially active (RNA) bacte-
rial communities of both experiments (Fig. 3). Alphaproteobacteria
accounted for 45% of the total and 52% of the potentially active bac-
terioplankton community with relatively low proportions of SAR11
and lower ones in the active group than in the total community
(Supplementary Table S2). More than 80% of the SAR11 sequences
were affiliated to the surface I subclade and the rest to the sur-
face II and IV subclades (Supplementary Table S2). The SAR116
clade also constituted relatively low proportions but responded
to the diatom-derived OM additions until day 4 in M1 and day
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Fig. 3. Relative abundances of total (DNA) and active (RNA) major bacterial lineages in mesocosm experiments 1 and 2 determined by 16S rRNA gene and transcript
sequencing.

Relative abundance (%)

Relative abundance (%)

11

4

10

ol

4

DNA RNA
1.00
BRpREE RN T
0.75 I
B I I | I I I
||
0.25 | - ‘ | || u
= . = - —
000] == — [ HE = == i B BB OB N
DNA RNA
1~00' l . . l
0.75 I I . I I I I |
0.50- ‘
. \ -
0.25 .
. ] ]
2 6 8 2 8
y

Da

Day

Mesocosm 1

. Polaribacter
. Other Flavobacteria

Other Bacteroidetes

| ES%

. Other Alphaproteobacteria
. Planktomarina - RCA
: | Other Roseobacter
. Pseudoalteromonas
[ sARss clade
SAR92 clade
1 Other Gammaproteobacteria
Actinobacteria

. Others

Mesocosm 2



6 I. Bakenhus et al. / Systematic and Applied Microbiology 42 (2019) 126000
Roseobacter SAR11 Bacteroidetes Gammaproteobacteria
100 1 | | )
751 LI °
?
N ] A

Sequence abundance (%)

.
% © -

om
| e ®

0 10 20 30 40

CARD-FISH abundance (%)

Fig. 4. Regression analysis of the relative abundances of the Roseobacter group, SAR11 clade, Bacteroidetes and Gammaproteobacteria assessed by CARD-FISH versus their
relative abundance assessed by amplicon sequencing. The dashed line indicates the 1:1 reference relationship.

6 in M2 (Supplementary Table S2). Caulobacterales peaked in the
active community in M1 towards the end of the experiment, reach-
ing 34.5% of the active community (Supplementary Table S2). The
Roseobacter group, in contrast, constituted approximately 55% of
this proteobacterial class. Its RCA cluster was most responsive of
all groups to diatom-derived OM addition, increasing its propor-
tion from day 0 to 2 from 15% to 50% of the active community in
M1 and from 2% to 25% in M2 (Fig. 3). Other roseobacters also consti-
tuted high proportions during distinct phases of the experiments,
such as members of the genus Ascidiaceihabitans, close relatives
of Planktotalea frisia, isolated from and abundant in the North Sea
[27,28], which constituted 8% of the total and 12% of the potentially
active bacterial communities at days 0 and 2 in M1, as well as mem-
bers of the genus Amylibacter that constituted 24-26% of the total
and 18-35% of the potentially active bacterial community at days
2 and 4 in M2 (Supplementary Table S2). Bacteroidetes, including
its Polaribacter cluster, also responded to diatom-derived OM addi-
tion but their proportion in the total remained consistently higher
than in the potentially active community, with up to 40% of the
total and 26% of the potentially active bacterial community at day
6, respectively (Fig. 3, Supplementary Table S2). Towards the end
of M2, at days 8 and 10, the Gammaproteobacteria genus Pseudoal-
teromonas increased its fraction greatly and reached 28% and 68%
of the total and potentially active bacterioplankton, respectively
(Fig. 3, Supplementary Table S2).

The relative growth dynamics (i.e. increasing and decreasing
proportions) of the most important phylogenetic lineages of the
total and active bacterial communities are summarized and illus-
trated in Supplementary Fig. S3.

Comparison of CARD-FISH and sequencing data

In order to compare directly the CARD-FISH and amplicon
sequencing data of the total and potentially active bacterioplank-
ton community, those phylogenetic groups from the amplicon
sequencing data sets were selected that matched the groups tar-
geted by CARD-FISH, and a linear regression analysis was carried
out by pooling the data of the triplicates of the treatments. This
analysis yielded highly significant positive correlations for CARD-
FISH and the total as well as potentially active communities of
the pooled data from both experiments for the Roseobacter group,
its RCA cluster and the SAR11 clade (Fig. 4, Table 2, Supplemen-
tary Figs. S4 and S5). No significant correlation was found between
CARD-FISH and amplicon sequencing data of total Bacteroidetes
(Fig. S6, Table 2) but there was between CARD-FISH and amplicon
sequencing data from the total and potentially active Polaribacter
cluster (Table 2, Supplementary Fig. S6). For Gammaproteobacteria,
significant correlations existed only for the entire data set of the
potentially active fraction and CARD-FISH, and for experiment M1
(Table 2, Supplementary Fig. S1). For the SAR92 clade and the Pseu-

Table 2

Linear regression statistics (slope, r2) and significance levels for CARD-FISH-data
versus amplicon sequencing data of the 16S rRNA gene (DNA) and transcripts (rRNA)
of bacterial target groups obtained during two mesocosm experiments (M1, M2) in
the North Sea. For graphical illustration see Supplementary Figs. S1 and S4-S6. ns:

not significant.

Target group Slope  Slope r? r? p p
DNA rRNA DNA rRNA DNA rRNA
M1+M2
SAR11 0.68 0.23 0.26 0.12
Roseobacter 1.62 2.82 0.71 0.76
RCA 1.70 3.28 0.57 0.74
Bacteroidetes 0.25 0.06 0.00 -0.2 ns ns
Polaribacter 1.04 0.80 0.1 0.15 ns ns
Gammaproteobacteria  0.29 -0.69 0.03 0.09 ns :
M1
SAR11 0.89 0.03 0.24 -0.03 ns
Roseobacter 1.28 2.32 0.58 0.63 ’
RCA 1.76 3.36 0.66 0.76
Bacteroidetes —0.55 -0.54 0.03 0.08 ns ns
Polaribacter -1.07 271 -0.03 0.06 ns ns
Gammaproteobacteria ~ 1.80 0.86 0.63 0.17 o )
SAR92 1.98 1.11 0.81 0.72
M2
SAR11 0.11 0.19 -0.03  0.01 ns ns
Roseobacter 2.04 3.26 0.83 0.86 o .
RCA 1.31 3.27 0.26 0.62
Bacteroidetes 0.39 -0.19 -0.02 -0.03 ns ns
Polaribacter 2.10 0.67 0.38 0.16
Gammaproteobacteria  —-1.13  -1.19  0.04 -0.01 ns ns
Pseudoalteromonas 5.32 10.16  0.58 0.62 "
" p<0.05.
“ p<0.01.
" p<0.001.

doalteromonas genus, highly significant correlations were obtained
between the data sets of experiments M1 and M2, respectively
(Table 2, Supplementary Fig. S1).

The slopes of the linear regressions of the Roseobacter group, its
RCA cluster, the SAR11 clade and Bacteroidetes differed strikingly
(Table 2). The slope of the linear regression between the CARD-
FISH and amplicon sequencing data of total Roseobacter and RCA
data was 1.6- and 1.7-fold, and that of the respective data with
the potentially active fraction 2.8- and 3.3-fold higher than the 1:1
reference line. On the other hand, the slope of the linear regres-
sion between CARD-FISH and amplicon sequencing data of the
total SAR11 clade was only 0.68, whereas for the potentially active
SAR11 clade it was only 0.23. For the Polaribacter genus, correla-
tions between CARD-FISH and the total as well as potentially active
fractions were rather similar and close to the 1:1 reference line.
Respective correlations of Bacteroidetes and Gammaproteobacteria
and their subgroups, or only for the data from one of the experi-
ments, did not yield such clear cut results (Supplementary Figs. S1
and S5).
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Fig. 5. Coverage of different phylogenetic lineages by primer sets targeting variable regions of the 16S rRNA gene versus coverage of different phylogenetic lineages by probes
for FISH analyses. Target regions were analyzed by TestPrime and TestProbe. A: primer set targeting the V3-V4 region [33]; B: primer set targeting the V4 region [4]; C:
modified primer set targeting the V4 region [4]; D: primer set targeting the V4-V5 region [49]. Target regions of FISH-probes are the same in all panels.

Discussion

Assessing the composition of bacterial communities in aquatic
systems by CARD-FISH and amplicon sequencing of the 16S rRNA
gene are state of the art approaches, although they have differ-
ent emphasis regarding absolute and relative quantification, the
resolution of the community analysis and relating the data to
cell abundances [2,17,49,61,66]. Targeting not only the 16S rRNA
gene but also its transcripts provides additional insights into the
metabolically or potentially active members of bacterial commu-
nities [10,15,51,71,73]. Despite the very wide use of the CARD-FISH
and amplicon sequencing approaches, a direct comparison has not
been carried out for aquatic systems but it is important to interpret
how these approaches reflect the significance of bacterial phyloge-
netic lineages in organic matter cycling in marine pelagic systems
and in a broader ecological context.

To compare these approaches, two mesocosm experiments sup-
plemented with diatom-derived OM were set up to assess the
bacterioplankton community composition. The aim of these experi-
ments was to induce changes in the community composition, which
implied differential growth responses of the different phylogenetic
taxa. As the comparison of these approaches was the main aim of
the experiments, the discussion is focused on this comparison and
any potential biases.

Potential biases for comparing CARD-FISH and 16S rRNA amplicon
sequencing approaches

A major issue for this comparison was the specificity and cov-
erage of the primers applied for amplifying the 16S rRNA gene
fragment and the probes of the various target groups. A search
with TestProbe revealed that the probes applied targeted 87% of
the SAR11 clade, 44% of Bacteroidetes but 90% of Flavobacteriaceae,
the predominant family in marine pelagic systems of this phylum
[66]. Furthermore, the probes targeted 78% of Gammaproteobacte-

ria and 65% of Rhodobacteraceae but 82% of the Roseobacter group,
the major group of this family (Fig. 5). Looking at a more refined
taxonomic level, the SAR11 probe targeted >90% of the sequences
of clades I and II but not those of clades Il and IV. The Polaribac-
ter probe targeted 60% of the sequences of this genus, the SAR86
and SAR92 probes 73% and 86% of the sequences of these clades,
respectively, and the RCA probe 90% of those in this cluster (Fig. 5).
Hence, the probes applied covered to a large extent the main phy-
logenetic bacterial groups to be expected in the North Sea and in
the experiments [66]. A similar search with TestPrime revealed that
the primer set applied, targeting the V3-V4 region of the 16S rRNA
gene [33], covered <2% of all SAR11 sequences and <1% of clades I-III
but 94% of clade IV and at least 90% of all other target groups except
the SARS86 clade that was covered by 81% (Fig. 5A). However, if one
mismatch is allowed, the coverage of this primer set increased to
97% of the SAR11 surface I clade [33]. A primer set targeting the
V4 region of the 16S rRNA gene introduced by Apprill et al. [4]
yielded rather similar proportions of the target groups (Fig. 5B).
However, these authors and another study introduced new primer
sets targeting the V4 and the V4-V5 regions of the 16S rRNA gene
to overcome this bias [4,49]. These new primer sets were generated
at critical positions and covered 96% of the SAR11 clade and >91%
of all other target groups (Fig. 5C, D). This search analysis showed
that the primer set applied strongly discriminated against the major
SAR11 subclades occurring in the North Sea [66], whereas all other
phylogenetic lineages were covered to a large extent. It is puzzling
though that the majority of the SAR11 sequences detected affiliated
with the surface I subclade. This finding can be explained by the fact
that, if one mismatch is allowed, the coverage of this primer set of
the SAR11 surface I clade greatly increased [33] and is in line with
other reports of high proportions of the SAR11 surface I clade in the
North Sea [33,66].

Other biases regarding CARD-FISH may concern false positive
target sequences but this did not appear to be a major issue in the
context of the current study as it concerns lineages of Bacteroidetes,
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excluding Flavobacteriales and Flexibacteriales [2]. Differential DNA
and RNA extraction efficiencies of various phylogenetic groups may
have affected the sequencing results of the 16S rRNA gene and rRNA
but systematic studies on the groups in the study are not available.
Another potential bias regarding the 16S rRNA gene may be that the
genomes of different phylogenetic groups vary in the copy num-
ber of the rRNA operon. Efforts to correct for this bias have been
proposed [3,31] but it is difficult to correct for lineages for which
reference genomes are not available. The genomes of the major
groups of Alphaproteobacteria relevant for the study, the SAR11
clade and the pelagic members of the Roseobacter group, encompass
1-2 rRNA operons [7,8,26,68]. Genomes of Flavobacteriaceae, the
major family of Bacteroidetes in marine waters, and the Gammapro-
teobacteria genera Alteromonas and Pseudoalteromonas, encompass
up to four and five rRNA operons, respectively [15,18,23,37]. This
suggests that amplicon sequencing of the 16S rRNA gene should
provide rather similar proportions for the SAR clade and pelagic
roseobacters as cell-based approaches but may differ in cell-
based abundances of Bacteroidetes and Gammaproteobacteria, when
enhanced numbers of the rRNA operon dominate these bacterial
groups.

Growth of bacterial target groups in the mesocosms and
comparison of both approaches

The four bacterial target groups responded to diatom-derived
OM addition but the growth dynamics differed among the groups
and between both mesocosm experiments. Based on the absolute
numbers obtained by CARD-FISH abundances combined with bac-
terial cell numbers, the Roseobacter group was most responsive,
followed by Bacteroidetes and Gammaproteobacteria, whereas the
SAR11 clade showed only weak responses. These results comply
with the generally important role of these groups in organic mat-
ter processing during phytoplankton blooms [13,66]. The relative
abundances of the major sublineages of Alphaproteobacteria, SAR11
and the Roseobacter group, assessed by both approaches, were
highly significantly linearly correlated, albeit in different ways. For
the SAR11 clade, amplicon sequencing data of the 16S rRNA gene
yielded lower proportions than CARD-FISH data, and even the tran-
scripts were only 23% of the CARD-FISH data. As the SAR11 clade
has only one rRNA operon [26], a ratio of 1.0 would be expected
between amplicon sequencing and CARD-FISH datain the ideal case
when other lineages also had only one rRNA operon. The lower
value may be due to the discrimination against the SAR11 sub-
clade surface I of the primer set applied (see above). The even
lower ratio of the potentially active fraction of the SAR11 clade
over the CARD-FISH data may also be partially affected by this
primer bias, although it also indicates that cells of the SAR11 clade
contained low amounts of rRNA and thus rather inactive cells. Pre-
vious studies have already shown that the SAR11 clade usually
exhibits rRNA/rDNA ratios <1 [15,16,30,72] and lower proportions
of cell-proliferating cells than that of the total bacterioplankton
community [7,63,64], as well as in metatranscriptomic relative to
metagenomic reads [25,68]. In a study with Candidatus Pelagibacter
ubique of the SAR11 clade, Lankiewicz et al. [35] found an inverse
correlation between the rRNA/rDNA ratio and a growth rate below
0.5 per day, complying with the findings of the current study. Hence
the results of the correlation analysis of the CARD-FISH with the
amplicon sequencing data of the total SAR11 clade, as well as with
the potentially active fraction of this clade, were consistent with
previous findings and underlined that CARD-FISH data were more
in line with amplicon sequencing data of the total SAR11 clade than
with that of its potentially active fraction.

In contrast to the SAR11 clade, for the Roseobacter group and
its major component in temperate seas, the RCA cluster [60,68],
amplicon sequencing data of the total and potentially active group

were much higher than CARD-FISH data, implying that the latter
approach greatly underestimated the biogeochemical significance
of this bacterial group. Applying CARD-FISH data, the Roseobacter
group typically yields 5-10% of the total bacterioplankton commu-
nity [6,45,63,64|. Considering the correlation, it was established
that these numbers translated into proportions of 15-30% of the
potentially active bacterioplankton community, emphasizing the
important role this bacterial group plays in organic matter cycling
in marine pelagic systems. In a pure culture study with Ruegeria
pomeroyi of the Roseobacter group, a positive correlation between
the rRNA/rDNA ratio and a growth rate of up to 2.6 per day was
established [35], in agreement with our findings at a commu-
nity level. These findings indicated that for the Roseobacter group
and its major pelagic component, the RCA cluster, CARD-FISH and
16S rRNA amplicon sequence data were correlated but the latter
approach yielded higher proportions, in particular considering the
potentially active fraction.

It may appear puzzling that the rDNA/CARD-FISH ratio of the
Roseobacter group and its RCA cluster was >1, despite the fact that
the genome of Planktomarina temperata RCA, the type strain of this
cluster, encompasses only one rRNA operon [67]. As the genomes
of other pelagic roseobacters encompass either one or two rRNA
operons [7,8,47], this ratio of the entire Roseobacter community
may reflect this fact, except in the case of the RCA cluster. For the
latter cluster, a ratio >1 may indicate that its members continu-
ously encompass more than 1 rRNA operon per cell because of
continuous DNA replication. Oligotrophic, slowly growing bacte-
ria, such as mycobacteria, and not only fast-growing bacteria such
as Escherichia coli, continuously amplify their DNA by multi-fork
replication [67]. This observation makes it plausible that even a
bacterium with only one rRNA operon, such as P. temperata, may
contain more rRNA operons, leading to a ratio of rDNA/CARD-FISH
data>1.The fact that the rRNA/rDNA ratio and also the rRNA/CARD-
FISH ratio exceeded 1 reflects the very high metabolic activity of the
RCA cluster, as already reported in a previous study [6].

For Bacteroidetes, no significant correlation existed between
CARD-FISH and amplicon sequencing data, neither for the total
nor for the active community, and the data varied greatly. In addi-
tion, for Gammaproteobacteria there was no significant correlation
for the entire data set and experiment M2 but there was for M1.
The main reason presumably is that both groups encompassed
different phylogenetic subgroups, which responded differently to
the diatom-derived OM additions. Consistent with this assump-
tion was the fact that for narrower subgroups of both phylogenetic
groups significant linear correlations existed, such as for the genus
Polaribacter in experiment M2, the SAR92 clade in M1 and the
genus Pseudoalteromonas in M2. In these mesocosms, these sub-
groups constituted substantial proportions of Bacteroidetes and
Gammaproteobacteria. The fact that for the SAR92 clade in exper-
iment M1 the slope of the data set with the total population (16S
rDNA) was higher than that with the potentially active fraction, and
respective correlations of the Pseudoalteromonas genus in experi-
ment M2 exhibited opposite features, further illustrated that for
total Gammaproteobacteria no correlation existed for the entire
data set. This analysis thus explains why more correlations were
found between CARD-FISH and 16S amplicon sequence data for
phylogenetic lineages on a higher taxonomic level than for large
phylogenetic groups. The varying numbers of rRNA operons in
the genomes of different phylogenetic lineages may also affect
these correlations. Depending on the activity status of the cells
and the number of rRNA operons CARD-FISH may reflect more
the total or the active fraction of a given phylogenetic lineage,
although CARD-FISH data alone did not allow any conclusion to
be made for the activity status. In addition to (sub)group-specific
genomic variances in 16S rRNA operons, the compositional nature
of amplicon data per se may alter the overall relative abundance
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of certain groups if the relative proportions of others increase or
decrease.

rRNA content of potentially active bacteria and growth status of
marine bacteria

A critical review on the significance of rRNA-based amplicon
sequencing data presents evidence that no clear-cut information
exists that a high cellular amount of rRNA reflects high rates of
metabolic activities [ 10]. Therefore, it was proposed to call bacteria
with a high cellular rRNA content not active but potentially active.
Furthermore, the review presented evidence from compiled studies
that the cellular rRNA content does not directly correlate with bac-
terial growth rates. Dormant cells (e.g. in soil) have also been found
to contain enhanced amounts of rRNA because it is not degraded.
Most of the studies that serve as a basis for the arguments of this
critical review [10] are based on pure cultures and soil. In our exper-
iments and marine bacterioplankton communities in general, it is
highly improbable that dormant cells contain enhanced amounts
of rRNA. Protozoan grazing, which is size-dependent, would elim-
inate large bacteria rapidly in suspension but not when bacteria
could escape in a structured soil and root habitat [57]. Hence, dor-
mant or less active bacteria in marine pelagic systems are smaller
than active bacteria and are often considered to be LNA bacteria
[42]. However, this does not rule out that the LNA bacterial fraction
would also contain even fairly active bacteria [35,42].

Information on a positive correlation between the cellular rRNA
content and bacterial growth rate is ambiguous. Lankiewicz et al.
[35], however, showed that the growth rate of various copiotrophic
marine bacteria was positively correlated to the rRNA/rDNA ratio,
although oligotrophic bacteria, such as SAR11 and SAR92, exhibited
much lower ratios and growth rates. There is some evidence that
the two alphaproteobacterial groups that in our study showed con-
trasting correlations between CARD-FISH and amplicon sequencing
data, SAR11 and the Roseobacter group, also exhibited strikingly dif-
ferent growth rates. In a recent study, Bakenhus et al. [6] estimated
that in situ growth rates of the SAR11 clade were more than 20-fold
lower than those of the Roseobacter group. Despite the high growth
rate the latter group exhibited low abundances (<10% of total bac-
teria) presumably because of high grazing pressure by protozoans.

One of the conclusions from these studies, and in agreement
with a recent review on bacterial growth rates in the ocean [32], is
that in marine pelagic systems, where grazing removes large bacte-
ria, slow growing and dormant bacteria are small and, as such, the
arguments of Blazewicz et al. [ 10] presumably do not hold true. This
implies that rRNA/rDNA ratios or marine bacteria do reflect their
activity status unless the respective bacteria have a high number
of rRNA operons.

Conclusion

The mesocosm experiments showed that CARD-FISH and ampli-
con sequencing data of the major alphaproteobacterial marine
bacterioplankton groups, the Roseobacter group and SAR11, were
highly significantly correlated, but differently correlated regarding
the total and active communities. Other major bacterioplankton
groups, such as Bacteroidetes and Gammaproteobacteria, did not
exhibit such correlations. In contrast, the respective data of sub-
groups at the genus level did show correlation, although only in
data subsets. These results are the first that have directly com-
pared both state of the art approaches to assess the composition of
bacterioplankton communities. They shed new light on how CARD-
FISH and amplicon sequencing data of the total and potentially
active fraction of the major bacterioplankton groups and subgroups
are related. The results indicated that CARD-FISH and amplicon

sequencing data reflected different aspects of how the different
groups contribute to the communities regarding their quantity and
activity, as well as their relevance in organic matter degradation,
in particular regarding the different roles of the Roseobacter group
and the SAR11 clade in marine pelagic systems. In order to obtain
a better insight into the roles of other members of bacterial com-
munities, future work needs to apply this comparative approach to
other bacterial lineages in marine and other ecosystems.
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