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Abstract

The taxonomic compositions of marine prokaryotic communities are known to follow sea-
sonal cycles, but functional metagenomic insights into this seasonality is still limited. We
analyzed a total of 22 metagenomes collected at 11 time points over a 14-month period from
two sites in Sendai Bay, Japan to obtain seasonal snapshots of predicted functional profiles
of the non-cyanobacterial prokaryotic community. Along with taxonomic composition, func-
tional gene composition varied seasonally and was related to chlorophyll a concentration,
water temperature, and salinity. Spring phytoplankton bloom stimulated increased abun-
dances of putative genes that encode enzymes in amino acid metabolism pathways. Sev-
eral groups of functional genes, including those related to signal transduction and cellular
communication, increased in abundance during the mid- to post-bloom period, which
seemed to be associated with a particle-attached lifestyle. Alternatively, genes in carbon
metabolism pathways were generally more abundant in the low chlorophyll a period than the
bloom period. These results indicate that changes in trophic condition associated with sea-
sonal phytoplankton succession altered the community function of prokaryotes. Our findings
on seasonal changes of predicted function provide fundamental information for future
research on the mechanisms that shape marine microbial communities.
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Introduction

Prokaryotes play essential roles in oceanic biogeochemical cycles. Notably, heterotrophic pro-
karyotes process a large part of the organic matter produced by phytoplankton and are con-
sumed by predators, thereby sustaining nutrient recycling [1-3]. 16S rRNA gene sequencing
has been revealed spatial and temporal diversity of marine prokaryotic community structure
in relation to the environmental conditions [4,5]. Seasonal cycle of surface prokaryotic com-
munity compositions has been well studies in various ocean locations, and are often associated
with seasonal succession of the phytoplankton populations [5-10]. In temperate regions, the
spring phytoplankton bloom is an important event that provides organic matter to heterotro-
phic prokaryotes, which results in increased prokaryotic production and biomass, and pro-
nounced changes in community composition [11,12]. Some bacterial groups, such as
flavobacteria and roseobacters, typically become dominant in the prokaryotic community dur-
ing the phytoplankton bloom, whereas some other groups, such as pelagibacters (SAR11
clade), usually increase in abundance under low nutrient conditions during non-bloom peri-
ods [10,13]. Thus, one major factor of seasonal dynamics of prokaryotic community is consid-
ered to be variation in the suitable concentration and composition of nutrients among taxa
due to diversification and specialization of their ability to utilize organic matters.

However, 16S rRNA gene sequencing itself only reveals phylogenetic diversity and does not
provide insight into biological function. It is not easy to infer functional characteristics from
marker gene sequences by referring to genome databases because the available genomes are
limited and biological functions can be highly diverse, even among closely related taxa [14,15].
Therefore, shotgun metagenomics, which is random, non-targeted sequencing of all genomic
DNA in an environment, has been applied to explore biological functions of microbial com-
munities. Shotgun metagenomics assesses the “functional potential” of microbial communities
based on the functional annotation of genes and their abundances, which refers to the kind of
gene sequences present and their relative frequency in the metagenome [16]. For example,
metagenomics has been used to investigate the functional diversity of marine microbial com-
munities in different oceans [17], depths [18], and microhabitats [19,20]; moreover, metage-
nomics has been used to investigate the relationship between community structure and
function [21-23]. However, only a few studies have examined seasonal differences in func-
tional gene composition using metagenomes [23,24]. There are also few reports of functional
estimates from marker gene composition [15]. Therefore, the functional aspect of seasonal
cycles in prokaryotic communities still needs to be examined.

The aim of this study is to explore the functional aspect of the seasonal change of the pro-
karyotic community composition associated with the phytoplankton seasonal succession by
using metagenomes. We analized time-series metagenomic datasets from Sendai Bay, Japan,
where the seasonal succession of the phytoplankton community has been well described [25-
27]. During the phytoplankton monitoring from March 2012 to April 2014 in Sendai Bay, they
observed typical seasonal changes in a temperate ocean; chlorophyll a (Chl a) concentration,
which indicates phytoplankton biomass, peaked in the spring (April and May), decreased in
June and remained low during the summer, then gradually increased in the winter (around
January) and peaked again in the following spring; spring bloom consisted of large diatoms,
whereas cyanobacteria and picoeukaryote became dominant in the summer period [26]. The
bacterial community in Sendai Bay was also investigated using 16S rRNA gene sequencing,
and seasonal changes in the community composition was obserbed [28]. Marine microbial
community studies often separate the microbes according to particle size by filtering seawater,
and similary, the prokaryotic community from Sendai Bay was separated into mainly two frac-
tions, 0.2-0.8pum fraction (mostly small, free-living prokaryotes) and 0.8-5um fraction
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(relatively large prokaryotes and those attached to small particles, as well as picoeukaryotes).
In this study we used a 0.8-5-um fraction, since particle-attached microbes significantly con-
tribute to degradation of phytoplankton-derived organic matter [13]. Due to the concern that
the large increase of cyanobacterial and picoeukaryotes during summer period significantly
affect the metagenomic comparison, we extracted sequences of prokaryotes excluding cyano-
bacteria and analyzed the taxonomic composition and functional gene composition. We show
that the functional gene profile of the non-cyanobacterial prokaryotic community varied sea-
sonally along with the taxonomic composition, and report the seasonal patterns of functional
gene abundance that seemed to reflect changes in nutrient condition associated with the phy-
toplankton population.

Materials and methods
Sample collection

The sampling location, Sendai Bay, is a simple semicircle shape with a wide opening toward
the northwest Pacific Ocean. This bay covers an area of 2 000 km? of shallow (mostly < 50 m)
continental shelf, and some rivers flow into it. Our samplings were conducted under the per-
mission by the Miyagi Fishery Co-operative. Approximately 7 L of surface water samples
(approximately 1m below the sea surface) were collected at 11 time points between April 2012
and June 2013 from two sites off the Abukuma River, C5 (38.03°N, 141.08°E; bottom depth, 30
m) and C12 (37.98°N, 141.32°E; bottom depth, 60 m) (Fig 1). Large particles were removed
immediately after collection using a 100-um mesh plankton net. The seawater samples were
sequentially filtered through a 20-um mesh plankton net and nucleopore membrane filters
with 5- and 0.8-um pore sizes under positive pressure using a peristaltic pump. Each filter was
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Fig 1. Map of Sendai Bay showing the sampling sites. These maps were prepared using the Generic Mapping Tools
(https://www.generic-mapping-tools.org/).

https://doi.org/10.1371/journal.pone.0257862.g001
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Table 1. Sampling dates and environmental variables. The environmental variables were measured in surface water (< 1-m depth); only the values in square brackets
were measured in the sub-surface chlorophyll 2 maximum (10- to 50-m depth).

Year Date

2012 16 Apr
16 Apr
18 May
18 May
18 Jun
17 Jun
14 Jul
16 Jul
9 Aug
8 Aug
21 Sep
21 Sep
26 Nov
26 Nov

2013 17 Jan
17 Jan
14 Mar
14 Mar
23 Apr
23 Apr
27 Jun
28 Jun

https://doi.org/10.1371/journal.pone.0257862.t001

Site

C5
C12
C5
C12
C5
C12
C5
C12
C5
C12
C5
C12
C5
C12
C5
C12
C5
C12
C5
C12
C5
C12

Temperature Salinity Chla NO;’ PO,> Si
) (psuw) (ug/ml) (M) (M) (M)
7.3 33.1 2.5[8.6] 0.2 0.1 1.2
6.9 33.0 5.7 [8.7] 0.2 0.1 1.2
13.2 31.4 2.6 [8.6] 0.2 0.1 1.8
13.0 31.4 1.7 [7.2] 0.1 0.1 1.7
17.8 31.4 0.7 [0.9] 0.2 0.1 6.7
17.5 31.3 0.7 [1.5] 0.3 0.1 5.4
19.2 31.4 1.9 [1.4] 0.2 0.1 4.5
18.3 32.9 0.3 [0.9] 0.2 0.1 1.9
23.6 32.0 0.4 [0.4] 0.2 0.0 3.6
272 33.3 0.3 [0.8] 0.2 0.1 27
24.4 33.5 0.6 [1.4] 0.3 0.1 1.9
22.9 33.8 0.9 [0.9] 0.3 0.1 3.9
14.8 33.5 1.9 [1.8] 1.0 0.4 9.4
16.0 33.8 1.1 [1.0] 1.3 0.2 7.4
10.3 34.1 2.7 [4.0] 2.1 0.2 4.5
9.5 34.0 1.6 [1.7] 2.3 0.3 5.5
8.8 34.1 7.6 [7.8] 1.0 0.2 3.6
8.3 34.0 3.3 [3.4] 25 0.4 6.4
8.9 33.1 3.2 [4.0] 0.1 0.1 1.7
8.1 33.0 8.4 [8.8] 0.1 0.1 5.9
20.0 32.5 0.5 [0.5] 0.1 0.1 3.2
16.6 33.1 0.8 [2.0] 0.1 0.1 27

stored at —80°C until DNA extraction. The environmental parameters, which included water
temperature, salinity, and concentrations of Chl a and inorganic nutrients (nitrate, phosphate,
and silicate), were measured in the surface and subsurface chlorophyll maxima, and were pre-
viously described [26,27]. Table 1 shows the sampling date and environmental variables in the
surface layer.

DNA extraction and metagenomic sequencing

Genomic DNA was extracted from a 0.8-pm pore size filter (0.8- to 5-pm size fraction) using a
PowerWater DNA isolation kit (Mo Bio Laboratories, Solana Beach, CA), following the manu-
facturer’s instructions. DNA library preparation and sequencing were performed with kits
from Life Technologies (Carlsbad, CA) following the manufacturer’s instructions. Library
preparation and emulsion PCR were performed using the Ion Xpress Plus fragment library kit
and Ion PGM Template OT2 400 kit. Sequencing was performed using an Ion Torrent PGM
system (Life Technologies) with the Ion PGM Sequencing 400 kit and Ion 318 chip.

Sequence data analysis

Raw read sequences were quality-controlled using a FASTX-Toolkit [29] as follows: the first 15
bases at the 5’ ends and the bases after the 230" base at the 3 ends were trimmed out; then, 3’
ends with a low quality score (< 20) were further trimmed out, and reads that were too short
(< 90 bp) or too low in quality (less than 80% of the bases had quality scores > 20) were
removed. Reads with the same start position and nearly identical sequences were considered
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duplicates and also removed using cd-hit-454 [30] with the default settings (98% sequence
identity). Protein-coding sequences were predicted with MetaGeneMark [31], and the longest
peptide sequences predicted from each read that were longer than 30 amino acids were
retained. To obtain taxonomic annotations, the predicted peptide sequences were subjected to
blastp search against the NCBI-NR database (downloaded 15 April 2016) with an e-value
threshold of 1e-10. The resulting files were analyzed by the weighted lowest common ancestor
algorithm using MEGANG [32] (with the default parameters except ‘'min support percent:
off’), which assigned the query sequences to the nodes of the NCBI taxonomy tree. The domain
rank taxonomic composition (including viruses) of the predicted peptide sequences in each
sample was obtained as the proportion of each domain in the total sequences assigned to any
of the domain.

We extracted the predicted peptide sequences assigned to bacteria or archaea, except for
those assigned to cyanobacteria, and analyzed their taxonomic and functional gene composi-
tions. Statistical analyses and graphical representation were performed using R version 3 [33];
unless otherwise noted, the vegan package [34] was used.

Taxonomic composition of the prokaryotic sequences was generally based on phylum rank,
but the abundantly detected classes (max abundance > 0.2), Flavobacteriia, Alphaproteobac-
teria, and Gammaproteobacteria, were distinguished from their parent phyla. Furthermore,
given their abundance and different environmental preferences [10,13,35], Rhodobacterales,
including Roseobacter, and Pelagibacterales, including SAR11, were distinguished from the
parent class Alphaproteobacteria. The Bray-Curtis dissimilarities of the taxonomic composi-
tions were calculated using the vegdist function, and the compositional differences were visual-
ized by a non-metric multidimensional scaling (nMDS) plot using the metaMDS function.
Vectors of the environmental variables were fitted onto the nMDS ordination space based on
linear relationships, and the coordination significance was evaluated by permutation tests
(n =10 000) using the envfit function. To test for correlation between taxonomic composition
and sampling season, a Mantel test was performed between the Bray-Curtis dissimilarity
matrix of taxonomic composition and a matrix of seasonal distance of the sampling dates
using the mantel function (Spearman’s rank correlation, permutations = 10 000). Seasonal dis-
tance was defined as the number of days between sampling dates, or | 365.25 — (number days)
| if the number of days accounted for more than half a year (182 days).

Functional annotation of the extracted prokaryotic sequences was based on Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) Orthology (KO) [36] and was obtained using Ghost-
KOALA [37]. Then, we mapped the predicted KO (K numbers) to KEGG pathways according
to the 'Reference hierarchy (KO)’ on the KEGG website (September 2017). We use KEGG
pathways in the broad categories of Metabolism, Genetic Information Processing, Environ-
mental Information Processing and Cellular Processes. The abundance of KEGG pathway was
obtained by dividing the number of sequences mapped to the pathway by the total number of
non-cyanobacterial prokaryotic sequences assigned to any KO. The total abundance was
greater than 1.0 because some KOs were assigned to more than one KEGG pathway or cate-
gory. As with the taxonomic composition, the functional gene compositions were analyzed as
follows: the compositional difference was visualized by a nMDS plot based on Bray—Curtis dis-
similarity, coordination of the environmental variables to the nMDS ordination was evaluated
(permutations = 10 000), and seasonality of the compositional differences was assessed by a
Mantel test between the Bray—-Curtis dissimilarity and the seasonal distance of the sampling
dates (Spearman’s correlation, permutations = 10 000). In addition, correlation between the
functional gene and taxonomic compositions was assessed by a Mantel test between the
respective Bray—Curtis dissimilarity matrices (Spearman’s correlation, permutations = 10 000).
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The KEGG pathways with a relative abundance larger than 0.01 in at least one sample were
subjected to hierarchical clustering using the hclust function in the stats package [33]. The dis-
tance between the KEGG pathways was ’1 — (Spearman’s correlation coefficient)’, and the clus-
tering method was *ward.D2’. The clustering result was visualized in a heatmap generated
using the heatmap.2 function in the gplots package [38]. A heatmap was also generated with
the KEGG modules included in KEGG pathways in the category of amino acid metabolism.
We tested Spearman’s correlation between those KEGG pathways and the major taxonomic
groups and environmental variables using the cor.test function in the stats package.

We also analyzed KEGG category composition as described above for KEGG pathway com-
position. Furthermore, we randomly extracted 50 000 prokaryotic sequences assigned to any
KO from each sample and determined the Simpson diversity index of KO using the diversity
function.

Results
Sequencing and domain rank composition

Metagenomic sequencing yielded 35 592 379 raw reads, of which 23 780 826 reads with a
mean read length of 195 bp passed quality control. Gene prediction resulted in 13 625 130 pre-
dicted peptide sequences, of which 6 070 954 were assigned to either a domain (bacteria,
archaea, eukaryota) or viruses. The number of sequences per sample is shown in S1 Table.

Fig 2 shows the taxonomic composition of the predicted peptide sequences in the domain
rank, which includes viruses and distinguishes cyanobacteria and other bacteria. In most sam-
ples, the majority (79%-97%) of the taxonomically annotated sequences were attributed to
bacteria. In the three exceptions, C5 and C12 in November and C12 in January, a considerable
percentage of the sequences was attributed to eukaryota (30%-32%), but bacterial sequences
were still more abundant (59%-65%). Among the bacterial sequences, cyanobacterial
sequences were particularly abundant from June to November, accounting for 9%-48% of the
bacterial sequences during this period. Across all the samples, archaeal and viral sequences
were < 0.1%-5% and 1.5%-13%, respectively.
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w . .
5 . Bacteria (cyanobacteria)
© 3
E 0.25 Bacteria (others)
0.00 1
N N N NN N N N N N & 9N
NN eI AN AN —ET N —TdN AN —TdNAH LN LN
VLOLOLLLOLLLLLLLLLLVLLULLLOLOU
= > Cc 5 W o > c = = c
2 © 5 2 S5 ¢ 0 & 2 5
< s = < »n Z:m S < S
2012 : 2013

Fig 2. Domain rank composition of predicted peptide sequences. Cyanobacterial sequences are distinguished from
other bacterial sequences.

https://doi.org/10.1371/journal.pone.0257862.9002
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The total number of prokaryotic sequences, excluding cyanobacterial sequences, extracted
for further analysis was 4 370 609, and ranged from 97 420 to 397 849 per sample (S1 Table).

Taxonomic profile of prokaryotic sequences

Taxonomic composition of the prokaryotic sequences used phylum-order rank assignments,

and the compositional variability was visualized by a nMDS plot (Fig 3A). The nMDS plot

showed a seasonal trend, with samples from the same or close months tending to have similar
compositions regardless of the sampling site and year, although the August samples greatly dif-
fered in composition between sampling sites. Seasonality of the taxonomic compositions was
confirmed by a Mantel test between Bray—Curtis dissimilarities and seasonal differences in
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Fig 3. Taxonomic profile of non-cyanobacterial prokaryotic sequences. (A) Nonmetric multidimensional scaling (nMDS) plot of
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https://doi.org/10.1371/journal.pone.0257862.g003
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sampling date (ry = 0.46, p < 0.001). Envfit analysis found that temperature and Chl a concen-
tration were significantly associated with taxonomic composition (p < 0.05).

The phylum-order rank taxonomic composition is shown in Fig 3B. In the spring samples
(April and May 2012 and March and April 2013), Flavobacteriia and Rhodobacterales were
dominant. In early summer (June and July 2012 and June 2013), Flavobacteriia decreased
while Verrucomicrobia and Pelagibacterales increased. The August samples greatly differed
between the sampling sites: the C12 sample had abundant Verrucomicrobia, whereas the C5
sample was rich in Flavobacteriia and Rhodobacterales, similar to the spring samples. During
the late summer and autumn (September and November 2012), Verrucomicrobia gradually
decreased while Planctomycetes and Actinobacteria increased. The number of unannotated
bacterial sequences (sequences not assigned to a phylum) also increased during this period. In
winter (January 2013), the composition again approached the spring composition, with an
increase in Flavobacteriia. Euryarchaeota was relatively abundant in June and November 2012
and January 2013.

Functional profile of prokaryotic sequences

Among the sequences of prokaryotes excluding cyanobacteria, 2 328 421 sequences were
assigned based on KO, of which 1 677 853 sequences, which ranged from 37 545 to 160 907
sequences per sample, were further assigned to a KEGG pathway (not all KOs were assigned to
a KEGG pathway). The number of those sequences in each sample is shown in S1 Table. Func-
tional gene composition was based on the relative abundance of KEGG pathways, and the
compositional variability was visualized by a nMDS plot (Fig 4). Similar to taxonomic
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Fig 4. Nonmetric multidimensional scaling (nMDS) plot of KEGG pathway composition of non-cyanobacterial
prokaryotic sequences. Environmental variables are fitted as vectors on the plot; arrow lengths are scaled based on the
squared correlation coefficients and the asterisks indicate significant correlations (p < 0.05) with the nMDS

ordination.

https://doi.org/10.1371/journal.pone.0257862.g004
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composition, the August samples greatly differed between the sampling sites, but the nMDS
plot showed a seasonal trend, and seasonality of the compositions was confirmed by a Mantel
test (r; = 0.50, p < 0.001). Envfit analysis found that temperature, salinity, and Chl a concentra-
tion were significantly associated with functional gene compositional (p < 0.05). In addition, a
Mantel test revealed a significant association between the taxonomic and functional gene com-
positions (ry = 0.77, p < 0.001).

The functional gene composition is shown in S1 Fig. Based on the increase/decrease pattern
in relative abundance, the KEGG pathways clustered into three major groups (Fig 5, I-III).
Each group was further divided into two, for a total of six clusters (Fig 5, Ia-IIIb). Fig 6 shows
the correlations of these KEGG pathways with the taxonomic groups and environmental vari-
ables. The KEGG pathways in cluster I were generally increased in winter and early spring. In
particular, those in cluster Ib were positively correlated with Chl a concentration and nega-
tively correlated with temperature, and well linked to the spring phytoplankton bloom (Figs 5
and 6). Six out of the eight pathways in cluster Ib were amino acid metabolic pathways. The
KEGG pathways in cluster II, conversely, tended to decrease in abundance during the spring
bloom; many of the carbohydrate metabolism pathways were included in this cluster. The
pathways in cluster IITa tended to increase in abundant in mid- and post-bloom: from April to
July 2012, and March and April 2013 at C12, and June at C5 and C12. The pathways in cluster
IIIb increased after the collapse of the bloom in June and July 2012. Cluster IIIb included three
amino acid biosynthesis pathways. S2 Fig shows the increase/decrease patterns in abundance
of KEGG modules included KEGG pathways of amino acid metabolism. Note that only some
parts in the pathways are grouped into modules. These modules were clustered into two
groups, those generally increased in early summer (June and July) in 2012 ant those decreased
at that period. Many of the modules in the former group, however, were not increased in June
2013.

The KEGG category composition was analyzed in the same way as the KEGG pathways
(S3-S6 Figs). The nMDS plot was very similar to that of KEGG pathways, which also indicated
seasonality at the KEGG category level.

The Simpson diversity indices of KO were nearly saturated, with only small differences
among the samples (0.9986-0.9989), but tended to be slightly lower from summer to winter
(<0.9988) than from spring to early summer (>0.9988, S7 Fig). The samples with slightly
lower diversity were from September 2012 to March 2013 at C5 and from July 2012 to January
2013 at C12 (S7 Fig), which were generally located on the center to the right side of the nMDS
plot (Fig 4). The mean and median ratios of the KO assigned sequences to the total non-cyano-
bacterial prokaryotic sequences were not significantly different between the 9 samples with
slightly lower KO diversity and the other samples (S1 Table, p-values from Welch’s t test and
from Mann-Whitney U test were larger than 0.8).

Discussion

Seasonal changes in community structure were accompanied by changes in
overall functional profile

The functional gene composition of the non-cyanobacterial prokaryotic community seasonally
varied with taxonomic composition (Figs 3A and 4; Mantel tests). The functional composition
was associated with Chl a concentration, temperature, and salinity. These environmental fac-
tors have often been reported to be associated with seasonal variation in microbial community
structure [6,8,15], and were also associated with seasonal variation in 16S community compo-
sition in Sendai Bay [28]. The taxonomic composition of the metagenomes in this study did
not show a significant association with salinity, probably because of the low resolution of
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https://doi.org/10.1371/journal.pone.0257862.9g005

taxonomic assignment (phylum/order). As our data were only available for a little over a year,
we need more years of observation to see if the results are annual repeating patterns. However,
the taxonomic composition (Fig 3B) was consistent with the typical seasonal pattern in a tem-
perate ocean [10], and the phytoplankton community composition and environmental vari-
ables during the sampling period followed the usual seasonal pattern in this bay [26,27].
Therefore, the seasonal changes in functional gene composition observed in this study are also
expected to represent some general trends in temperate coastal regions.
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Fig 6. Significance of Spearman’s correlations between KEGG pathways and taxonomic groups or environmental variables. The
KEGG pathways are arranged in the same order as in Fig 5.

https://doi.org/10.1371/journal.pone.0257862.9006

In the previous studies that reported seasonal differences in metagenomic functional pro-
files, photosynthesis-related genes of cyanobacteria and picophytoplankton contributed
remarkably to the differences [15,24]. Our metagenomic data also showed large increases and
decreases in the sequences of those organisms (Fig 2). We excluded their sequences to focus
on the heterotrophs and still found seasonal variation in the functional profiles. This highlights
competition effects among functionally different taxa in shaping the seasonal cycle of the com-

munity structure of non-cyanobactterial prokaryotes.
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Seasonal patterns in functional profiles

During the spring phytoplankton bloom, predicted genes potentially related to several amino
acid metabolism pathways increased in abundance (cluster Ib in Fig 5), and their seasonal pat-
terns were linked to Chl a concentration (Fig 6). Free and combined amino acids (e.g., oligo-
peptides and proteins) are essential sources of carbon, nitrogen, and energy for marine
heterotrophic microbes [39]. Although various organisms release and utilize amino acids, the
main source of release is phytoplankton and the main utilizer is bacteria [39,40]. Actively
growing phytoplankton promote amino acid production [39,41], and bacteria quickly utilize
those that are biologically available [40,42,43]. Therefore, phytoplankton blooms may have
increased the supply of various amino acids, which led to an increase of prokaryotic taxa capa-
ble of extensively utilizing the amino acids.

Although many of the amino acid metabolic pathways increased during the phytoplankton
bloom, several amino acid pathways showed different patterns (Fig 5). These included the
pathways of the dominant amino acids in seawater: Gly, Asp, Glu, Ala, and Ser [44]. That is,
the KEGG pathways that increased during the phytoplankton bloom were those of amino
acids that are normally found at relatively low concentrations. The difference in pattern may
be related to changes in the composition of amino acids available in the environment. Released
amino acids vary in composition and proportions among phytoplankton species, which leads
to different community structures of heterotrophic prokaryotes [45]. Supplies from other
sources, such as bacterial cell lysis, would also affect the available amino acid composition,
especially during periods of low phytoplankton population [46]. Some amino acids metabolic
pathways specifically classified as its biosynthesis were increased in early summer in 2012
(cluster IIIb in Fig 5), and KEGG modules of biosynthesis generally increased at that period,
too (S2 Fig). Since there seems to be many unidentified steps in bacterial amino acids biosyn-
thesis pathways [47], the KOs considered here may be only a small part of the biosynthesis-
related genes. This KEGG-based results, however, provide the possibility that the importance
of some amino acids biosynthesis was relatively high in the early summer.

In contrast to many amino acid metabolic pathways, carbon metabolism pathways generally
increased in abundances of related genes in the non-bloom phase (cluster II in Fig 5). At the
KEGG category level, similarly, “carbon metabolism” increased in abundance in the non-
bloom phase (S5 Fig). The fundamental pathways related to respiration indicate corbon usage
for energy souce. When considered together with Ribosome and RNA polymerase in cluster
ITa, it seems that more basic functional genes became high in the ratio during that period. The
other carbon metabolism pathways suggest that the relative importance of carbohydrate in bio-
synthesis was also increased. This result seems to be consistent with the observation in the
Southern Ocean that glucose incorporation and significance of dissolved carbohydrates as sub-
strates for heterotrophic picoplankton growth were enhanced during the low Chl a period,
when protein supply was reduced [48]. During seasons of low phytoplankton production,
there were probably fewer available amino acids, which may have increased the reliance of the
prokaryotic community on carbon metabolism.

The KEGG pathways in cluster IIIa of Fig 5 increased in abundances of related genes during
and after the phytoplankton bloom, and those patterns lagged behind Chl a concentration.
During the growing phase of a bloom, living phytoplankton release soluble, labile, low molecu-
lar weight organic matters by exudate; alternatively, during the waning phase, dying phyto-
plankton release macromolecules and particulate materials primarily as a result of cell lysis
[13]. Considering the timing of the increase/decrease in abundance, the pathways in cluster Ib
may be associated with the former phase and the pathways in cluster IITa with the latter. Con-
sistent with this, cluster IIIa includes KEGG pathways that may be associated with a
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copiotrophic, particle-attached lifestyle. Biogenic particles and aggregates are generally rich in
organic matter, and colonizing those surfaces is a typical lifestyle for copiotrophic taxa
[49]. Sensing and responses to environmental changes, including inter/intra-species com-
munication, are important for surface-associated lifestyles, and they are facilitated by two-
component signal transduction systems and quorum sensing [50]. The overall abundances
of genes mapped to the KEGG categories “signal transduction” and “cellular community”
were also relatively high during and after the phytoplankton bloom (S5 Fig). Metagenomic
studies have found that particle-associated communities are usually enriched in genes for
functions such as signaling and cell-cell interactions [50]. Given the fraction size of the
present study (0.8-5.0 um), the main particulate materials may be fine organic detritus and
aggregates. For example, transparent exopolymer particles (TEPs) that form from phyto-
plankton-derived precursors and become abundant during phytoplankton blooms can be
rapidly colonized and utilized by bacteria and may alter the bacterial community structure
[51,52].

In addition to composition, the diversity of functional genes has been used to study micro-
bial communities [17,53]. The diversity indices of KO were very large, with only small differ-
ences among the samples, but the diversity tended to be particularly high during and after the
phytoplankton bloom when the abundances of genes for KEGG pathways in cluster IIIa were
increased (Figs 5 and S7). The differences in KO diversity did not show an association with the
proportion of sequences mapped to KOs (see Results section), suggesting that it likely reflects
a difference in the overall functional diversity rather than annotation bias. The high KO diver-
sity indicated diverse species and metabolic capabilities to use phytoplankton-derived nutri-
ents that are a mixture of various compounds. The relatively high abundance of ABC
transporters in this period also indicates uptake of a diverse range of substrates (Fig 5). Seem-
ingly, this result is not consistent with that of a previous study, which found a negative correla-
tion between functional gene diversity and primary production in surface seawater [17]. The
most likely reason for this discrepancy is that, in this study, we excluded cyanobacterial
sequences that would contribute to genetic diversity during a low Chl a period. Another prob-
able explanation is the difference in fraction sizes. We examined a larger fraction that included
prokaryotes colonizing small particles, and they may have contributed to the genetic diversity
during the high Chl a period.

Differences between sampling sites

Differences in the taxonomic and functional gene compositions between the sampling sites at
the same time point were generally small compared to the seasonal differences, but there were
substantial differences in August 2012 (Figs 3A and 4). The cyanobacterial sequence abun-
dance also greatly differed at that time, and was much less at C5 than C12 (Fig 2). This is con-
sistent with the previous report, which found that there was a short-term drop in
cyanobacterial cell abundance in C5 [26]. This large difference in composition indicates that
there were large environmental differences within Sendai Bay at that time. In particular, the
functional composition at C5, which was similar to those in the high Chl a period (Fig 4), indi-
cates that C5 was a more nutrient-rich environment than C12. One possible cause of this is
river water discharge. Low salinity and high silicate concentrations were observed in surface
waters around early summer, especially at the coastal C5 site, and were thought to be due to
river water discharge (Table 1) [26,27]. The presumed silicate supply seems to have resulted in
sporadic increases of some diatom species from summer to fall [27]. Thus, in August at C5,
river water discharge may have led to a nutrient-rich environment and an increase of copio-
trophic prokaryotes.
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Regarding the locational differences in Sendai Bay, Kakehi et al. reported that the mecha-
nism of phytoplankton bloom initiation would vary with bottom depth [54]. They observed
that the increase in Chl a concentration occurred earlier in the shallow area than in the deeper
area and occurred during the winter convective season. This was thought to have occurred
because in the shallow areas, vertical mixing reached the bottom and phytoplankton cells
remained in the region of high light intensity, even before stratification was established [54].
In 2013, the increase of Chl a concentration was approximately a month earlier at the shal-
lower C5 site than at C12, and the bloom onset was thought to be in late January at C5 and
mid-March at C12 (Table 1) [26,27]. In January and March 2013, there were relatively large
differences between the functional compositions of C5 and C12, and the composition at C12
greatly changed from January to March (Fig 4). This may have reflected the difference in the
process of spring bloom initiation.

Conclusions

This study provided a functional metagenomics perspective on seasonal change in coastal
non-cyanobacterial prokaryotic communities. The functional profiles seasonally varied, and
the variation seemed to reflect changes in available nutrient concentration and composition
associated with the seasonal succession of the phytoplankton population. Our results support
that the seasonal cycle of prokaryotic community structure is driven mainly by changes in tro-
phic condition and accompanied with changes in overall community function. Metagenomics
analyses provide prediction for the types of functional genes that are important in the environ-
ment based on the gene content; however, these analyses need to be complemented by meta-
transcriptomic, metaproteomic, and other experimental approaches that provide information
on microbial activity to better elucidate community dynamics. Nevertheless, our findings from
seasonal, time-series metagenomes provide fundamental information for future studies on
marine microbial community dynamics.
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KEGG pathways with max abundance > 0.02 are shown. As some genes are assigned to more
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of non-cyanobacterial prokaryotic sequences. Environmental variables are fitted as vectors
on the plot; arrow lengths are scaled based on the squared correlation coefficients, and the
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