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ABSTRACT: Estuaries are transitional zones between marine and freshwater environments and
are ideal systems to study the influence of environmental gradients on microbial biodiversity and
activity. In this study, we investigated the effect of a salinity gradient on the structure of prokary-
otic communities from intertidal sediments of the Douro estuary, and on the nitrification process.
Four locations were chosen with distinct salinities and characterized for a range of environmental
parameters including measurements of potential nitrification rates. The structure of prokaryotic
communities and ammonia-oxidizing bacteria and archaea were described and identified using
the 16S rRNA gene. Potential nitrification rates ranged from 1.3 to 7.4 umol cm™ h™!, with the
highest rate at mesohaline sites; however, the relative abundance of nitrifying taxa was higher at
locations with higher salinity. Ammonia-oxidizing bacteria could not be detected in oligohaline
sites, in contrast to ammonia-oxidizing archaea, which showed a ubiquitous distribution. Nitrite-
oxidizing bacteria were more abundant than ammonia-oxidizing groups across meso-oligohaline
sites, showing increased relative abundance at less saline sites. One operational taxonomic unit
closely related to Nitrospira moscoviensis showed a positive correlation with potential nitrification
rates, suggesting a possible association of N. moscoviensis with ammonia-oxidizing organisms in
a natural ecosystem. Such results point out the need to re-assess the relative roles of different nitri-
fying groups in the nitrification process.
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INTRODUCTION

Estuaries link freshwater and marine systems, cre-
ating a highly dynamic environment subjected to
extreme fluctuations of salinity, temperature, dis-
solved oxygen, pH and nutrients (Levin et al. 2001).
Such variations influence the structure and composi-
tion of microbial communities, which underpin bio-
geochemical processes in the ecosystem (Lozupone &
Knight 2007, Jeffries et al. 2012).

*Corresponding author: mariaroviscomonteiro@gmail.com

Nitrification has an important role in the equi-
librium of estuarine ecosystems (Howarth et al. 2011).
It influences primary production and facilitates the
removal of nitrogen (N), through denitrification and
by the side release of nitrous oxide (N,O) (Thamdrup
2011, Jung et al. 2014). In other words, nitrification is
the linking step between N input and loss back to the
atmosphere. Average rates of this process in estuarine
sediments can range between 50 and 70 pmol m=2 h?
(Henriksen & Kemp 1988); however, such values are
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likely to change throughout the year, being depend-
ent on local abiotic conditions. That is the case in the
Douro estuary (Portugal), where nitrification rates
can range seasonally between 2 and 78 nmol NH,*
g~ ! sediment h™! (Magalhaes et al. 2009).

Nitrification is usually split into 2 reactions, per-
formed by 2 different groups of microorganisms. The
first step—the oxidation of ammonia (NHj) to nitrite
(NO,7)—is performed by both ammonia-oxidizing
bacteria (AOB) (Koops et al. 2006) and ammonia-
oxidizing archaea (AOA) (Konneke et al. 2005). These
functional groups are generally diverse and ubiqui-
tous across different ecosystems; however, several
studies have reported the existence of niche special-
ization in both groups, closely related to different abi-
otic parameters (Erguder et al. 2009, Bernhard & Boll-
mann 2010, Stahl & de la Torre 2012, Hugoni et al.
2015). A prevalence of AOA over AOB has been ob-
served in waters with lower levels of oxygen (Molina et
al. 2010) and NH,* concentrations (Wuchter et al. 2006,
Martens-Habbena et al. 2009). A higher transcrip-
tional activity of AOA has also been observed in ter-
restrial ecosystems with low pH (Gubry-Rangin et al.
2010). Salinity has been pointed out as an important
regulator of AOA and AOB distribution and activity
(Santoro et al. 2008, Magalhaes et al. 2009, Bernhard
et al. 2010, Hugoni et al. 2015). This factor not only in-
duces physical transformations in the environment
(e.g. NH,* adsorption), altering the availability of N
forms (Rysgaard et al. 1999), but also requires physio-
logical adaptation for microorganisms to deal with os-
motic stress (Jeffries et al. 2012). The second step of
nitrification is performed by a different and poly-
phyletic group of bacteria known as the nitrite-oxidiz-
ing bacteria (NOB). Recently, possible associations
between members of the phylum Nitrospirae and am-
monia-oxidizing microorganisms (AOM) through a
‘reciprocal feeding’ mechanism were reported (Koch
et al. 2015). It was also discovered that some bacteria
belonging to Nitrospira genus — comammox bacteria
(van Kessel et al. 2015, Daims et al. 2015) —are able
to perform the full nitrification process, changing the
framework of nitrification and N cycling.

Previous research in the Douro River estuary
demonstrated seasonal variation and a positive influ-
ence of intermediate salinities on the nitrification
(Magalhaes et al. 2005a). Additional quantifications
of nitrifying communities at the mouth of the estuary
showed higher abundances of AOB over AOA, which
could indicate AOB as the main contributors for nitri-
fication. Taking advantage of the demarked environ-
mental gradient of Douro estuary, the present study
aimed to determine the effect of specific abiotic fac-

tors on estuarine prokaryotic communities, with a
particular focus on nitrifying communities.

To that purpose, we combined molecular finger-
printing techniques with amplicon sequencing to
describe the structure of prokaryotic communities
and to identify nitrifying members of the community
along the salinity gradient. These analyses were
complemented with isotope tracer measurements of
nitrification potential to link microbial communities
with their biogeochemical signatures.

MATERIALS AND METHODS
Site description and sample collection

The Douro River estuary covers an area of 7.5 km?
with a watercourse that extends for 21.6 km, flowing
into the Atlantic Ocean between the cities of Porto
and Gaia, Portugal. The average estuary depth is
about 8.2 m; tides are semi-diurnal with an average
tidal range of 2.8 m at the mouth and 2.6 m at the
head. It is classified as a mesotidal estuary (Vieira &
Bordalo 2000). Freshwater discharges average 488 m?
s7! and the water residence time is between 0.3 and
16.5 d, depending on the season. Under low river flow
conditions (summer), the estuary is salinity stratified
and considered a salt-wedge estuary (Vieira & Bor-
dalo 2000). The salinity gradient along the estuary can
range between 0 and 35 ppt and the temperature be-
tween 7°C (winter) and 22°C (summer) (Magalhaes et
al. 2002). Coastal waters provide an input of dissolved
inorganic carbon (DIC) to the estuary, which decreases
as salinity decreases. The dissolved organic carbon
(DOC) exhibits a non-conservative behaviour along
the estuary, mainly due to sewage sources located on
the middle and lower estuary (Magalhaes et al. 2008).
Most N exists as dissolved organic nitrogen (DON)
and is mainly supplemented by riverine discharges
(Magalhaes et al. 2008).

Four locations across the salinity gradient were
sampled during low tide in mid-July 2012 (location
A: Afurada; location B: Areinho; location C: Avintes;
location D: Crestuma). Within each location, inter-
tidal sediments were sampled at 3 sites with a 20 m
distance between them, in order to test for any intra-
sampling location variability. Intertidal sediments
were collected from the top and oxygenated layer
(2 cm) using sterilized shovels. The sediment layer
was sampled uniformly, stored in sterile plastic bags,
homogenized and then transported to the laboratory
inside dark, refrigerated ice chests. Three clear
acrylic core tubes were used to collect intact sedi-



Monteiro et al.: Salinity and nitrifying communities in estuaries 169

ment from one site of each sampling location. Sedi-
ments were cored to depths of approximately 10 cm,
sealed and transported back to the laboratory in dark
and cooled conditions. At the laboratory, each core
was filled with 250 ml of filtered water collected from
each station; however, due to physical and potential
chemical destabilization, they were left for 24 h to
stabilize under the new laboratory conditions. Adja-
cent to each sampling location, water samples were
taken from the surface of the river, stored in acid-
washed flasks and transported back to the laboratory
inside dark, refrigerated ice chests. In the laboratory,
water samples were filtered using 0.8 pm (GF/F) and
0.45 pm PVDF Whatman pore size filters and ana-
lyzed for inorganic forms of nitrogen (NH,*, NO,
NOj7) using standard colorimetric methods (Magal-
haes et al. 2002), and total dissolved carbon (TDC),
inorganic carbon (IC) and total dissolved nitrogen
(TDN). Salinity and temperature were measured in
situ at the water surface with a multi-parameter
probe (Hanna Instruments). Sampling time took be-
tween 3 and 4 h. In the laboratory, subsamples of the
homogenized sediment were immediately processed
for the analysis of inorganic N fluxes, total organic
matter (TOM), grain size, total nitrogen (TN) and car-
bon (TC). The remaining sediment was stored at
—20°C for 1 mo before DNA extraction.

Analytical procedures

To assess TOM present in the sediment, samples
were dried at 60°C until a constant weight was
achieved, incinerated at 500°C for 4 h and reweighed
(Magalhaes et al. 2002). Sediments were weighed
(2 mg) and analyzed using a Flash 2000 elemental
analyzer for TC and TN contents (Bahlmann et al.
2010). Grain size was measured by sieving 100 g of
previously dried sediment (60°C). Each fraction of
sediment was recovered according to its size (<0.063,
>0.063, >0.125, >0.25, >0.5, >1 and >2 mm) and
reweighed (Magalhaes et al. 2002). For water sam-
ples, the determination of TDC, IC and TDN was per-
formed using a Shimadzu Instruments TOC-VCSN
analyzer coupled to a total nitrogen measuring unit
(TNM-1, Shimadzu) according to previously de-
scribed methods (Magalhaes et al. 2008).

Nitrification rates

Potential nitrification rates were measured at each
location using !°N isotopic additions to the acrylic

cores. At the laboratory, each core was filled with
250 ml of filtered water collected from each sampling
location; however, due to physical and possible
chemical destabilizations, they were left for 24 h to
stabilize to the new laboratory conditions. On the fol-
lowing day, the water was gently poured off and
cores were filled again with the same filtered water.
Labelled N-NH,* (20 % of the concentration meas-
ured in situ) was added to 2 cores while the third was
used as a control. The incubation lasted 4 h, and
10 ml of the overlying water was collected in the be-
ginning (time zero) and after 2 and 4 h. The analyses
of N in the NOy pool (\°N-NO,™ and *N-NO;") were
performed using the denitrifier method (Sigman et al.
2001). The potential rates were analyzed based on
changes in the ’N/*N content of the NO, pool and
calculated using Eq. (1) from Dugdale & Goering
(1967), but instead of using NO3;~ we used NH,*.

Potential nitrification rates were also measured in a
50 ml serum bottle, using the acetylene block tech-
nique (Magalhaes et al. 2005b), in order to test intra-
site variability as well as to compare to the stable iso-
tope tracer experiments. The slurries were set up
using 10 ml of sediment from each site, previously
mixed and weighed. A total of 20 ml of pre-filtered
estuarine water from each location was added to
each bottle and incubated for 4 h. At time zero and
after 4 h, the overlaying water was collected, cen-
trifuged and filtered.

Inorganic N fluxes

In the cores amended with ""N-NH,*, concentra-
tions of NH,*, NO;~ and NO,~ were measured at time
zero and after 2 and 4 h of incubation according to
previously described methods (Magalhaes et al.
2002). The water volume present in the core over the
time was taken into account during the calculations.
Fluxes of inorganic nutrients were calculated using
the slope of the linear relationship of nutrient con-
centrations in the overlaying water versus incubation
time. The slope was then divided by the superficial
core area (Magalhaes et al. 2002). Positive or nega-
tive values of nutrient fluxes corresponded to nutri-
ent effluxes or influxes, respectively.

DNA extraction

Total DNA was extracted from a total of 12 sedi-
ment samples (from 3 sites at each location), with
duplicates of each sample. A total of 0.5 to 1 g of wet
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homogenized sediment was used to extract total
DNA using the PowerSoil DNA isolation kit (MoBio
Laboratories) according to manufacturer's instruc-
tions. The quality of the DNA extracted was verified
by running 5 pl of the total DNA in 1.5 % agarose gel,
stained with SYBR® Safe.

PCR and DGGE analysis

A PCR amplification of the AOA and AOB amoA
gene (encoding the alpha sub-unit of ammonia mono-
oxigenase) was performed followed by fingerprinting
analysis.

For AOA, a single PCR run was performed using
the set of primers Cren amoA 23F/Cren amoA 616R
(10 pM) (Tourna et al. 2008), under the following
conditions: 4 min denaturation at 95°C, 30 thermal
cycles of 30 s at 95°C, 30 s at 58°C, and 30 s at 72°C
and a final extension step at 72°C for 5 min. For the
beta subclass of AOB, a nested PCR was performed
using the amoA1F/amoA2R' (10 pM) primer set
(Rotthauwe et al. 1997, Okano et al. 2004) in the first
amplification, and the same set of primers in the sec-
ond amplification with a GC clamp attached to the
5" end of the forward primer (Table 1). The running
conditions were: 5 min at 95°C, 35 thermal cycles of
30 s at 95°C, 30 s at 58°C, and 45 s at 72°C and a
final extension step at 72°C for 5 min. The second
amplification was done using 1 pl of the previous
PCR product and the running conditions only dif-
fered in the number of cycles (reduced to 25) and
the annealing temperature (increased to 60°C). All
PCR reactions were performed in a 25 pl solution
using DreamTaq PCR Master Mix (2X) (Life Tech-
nologies) and each run included a blank control
without template, to ensure there were no contami-

Table 1. Target group and primer sequences used in all PCR DNA ampli-
fications. AOA: ammonia-oxidizing archaea; AOB: ammonia-oxidizing bacteria;

NGS: Next Generation Sequence

nation issues. PCR products from all the 12 samples
were loaded directly into an 8 to 10% polyacryl-
amide gel with a formamide and urea denaturing
gradient of 25 to 45% for AOA and 20 to 58 % for
AOB, in order to assess the structure of AOA and
AOB communities.

DGGE was performed at 70 V for 16 h at 60°C in 1x
TAE buffer. Gels were stained using the silver nitrate
protocol (Heuer et al. 2001) and fingerprint images
were acquired using the Epson Perfection V700
Photo Scanner.

454 sequencing

The V4 hypervariable region of the 16S rRNA gene
was amplified in the 12 samples with barcoded fusion
primers containing the Roche-454 A and B Titanium
sequencing adapters, an 8-base barcode sequence
and the primer set 342F/806R (Mori et al. 2014), ac-
cording to sequencing facility protocols. Two repli-
cate PCR reactions were amplified from 1 pl of each
sample, in 20 pl reactions with Advantage Taq (Clon-
tech) using 0.2 pM of each primer, 0.2 mM dNTPs,
5 U of polymerase, 6 % DMSO and 2-3 pl of template
DNA. The PCR conditions were 95°C for 30 s, fol-
lowed by 25 cycles of 95°C for 30 s, 55°C for 30 s and
71°C for 15 s and a final elongation step at 72°C for
7 min. Amplicons were quantified by fluorometry
with PicoGreen (Invitrogen), pooled at equimolar
concentrations and sequenced in the A direction with
GS 454 FLX Titanium chemistry, according to manu-
facturer's instructions (Roche, 454 Life Sciences) at
the Biocant sequencing facility (Cantanhede, Portu-
gal). Raw sequencing files were submitted to Se-
quence Read Archive (SRA) under the accession
number SRR5500230.

The barcoded pyrosequencing lib-
raries were analyzed using the QIIME
1.8.0 (Quantitative Insights Into
Microbial Ecology) software package
(www.qiime.org) (Caporaso et al.

2010a). Fasta and qual files were used

Archaea NGS  806R

GGC GGG GGC ACG GGG GG-3)

Target group Primer Sequence (5'-3)

AOA Cren amoA 23F ATG GTC TGG CTW AGA CG
Cren amoA 616R  GCC ATC CAT CTG TAT GTC CA

AOB amoA1F? GGG GTT TCT ACT GGT GGT
amoA2R’ CCT CKG SAA AGC CTT CTIT C

Bacteria/ 342F CTA CGG GGG GCA GCA G

GGA CTA CCG GGG TAT CT

“In the second PCR reaction, the same primer was used, but with a GC
clamp attached (GC clamp: 5'-CGC CCG GGG CG CGC CCC GGG CGG

as input for the split_libraries.py script.
The reverse primer was truncated and
sequences with less than 218 nucleo-
tides were discarded, as well as those
with a quality score below 50. A
denoising step was performed to ac-
count for known 454 sequencing errors
and to remove singletons (Reeder &
Knight 2010). Chimeras were detected

and discarded using USEARCHG61,
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implemented in QIIME (Edgar 2010, Edgar et al.
2011). Operational taxonomic units (OTUs) were
defined at a 97 % sequence identity cut-off, using the
pick_otus.py script with USEARCHG61 as the OTU
picking method (Edgar 2010). Taxonomy was as-
signed to representative sequences of each OTU
using the default arguments in the assign_taxonomy.
py script and GreenGenes database version 13_5
(gg_13_5 OTUs). Finally, the make_otu_table.py
script was used to generate a matrix of OTUs. A rep-
resentative sequence for each OTU was aligned
against the reference database using the PyNAST
algorithm (Caporaso et al. 2010b) and a phylogenetic
tree was constructed from the filtered alignment using
the maximum likelihood algorithm implemented in
FastTree (Price et al. 2010) and used for further beta
diversity inferences.

Nitrifying communities were identified using taxo-
nomic assignments at family (for AOB) and genus
levels (for AOA and NOB), with a confidence level
higher than 80 %.

Statistical analysis

Differences among different locations regarding
inorganic N nutrient fluxes and nitrification rates
were tested for significance with 1-way ANOVA (Zar
1999) or the Kruskal-Wallis test (K-W) (Kruskal &
Wallis 1952), depending on whether assumptions of
normality and homogeneity of variances were met,
using Statistica version 11 software (Statsoft 2011).
Hierarchical clustering analysis (HCA) and a princi-
pal component analysis (PCA) using a scaled envi-
ronmental matrix were computed with Euclidean dis-
tance using the vegan package (Oksanen et al. 2013)
in R (R Core Team 2013). We tested for differences in
the sampling locations according to their salinity
using an analysis of similarity (ANOSIM) (Clarke &
Warwick 2001).

DGGE gels for amoA profiles were analyzed using
Bionumerics (version 6.6; Applied Maths) (Smalla et
al. 2007). The position and number of bands in the
gel were transformed into a binary matrix (presence/
absence). The matrix was converted into a dissimilar-
ity matrix using Bray—Curtis distance for HCA ana-
lysis in PRIMER 6 (Primer 6 software, PRIMER-E)
(Clarke & Warwick 2001). A proxy for richness was
calculated by counting the number of bands on the
gel for each sample.

Bar plots revealing the relative abundance of bac-
terial and archaeal phyla were made in Microsoft
Excel 2011 using the pyrosequencing 16S rRNA gene

dataset. The abundance of all OTUs described in this
study was normalized to the number of sequences in
each sample and presented as a percentage. Diver-
sity analyses were carried out in QIIME using a data-
set rarefied to 3610 sequences per sample. Beta
diversity was computed using a weighted UniFrac
distance matrix with Jackknife support (Caporaso et
al. 2010a) to construct a principal coordinates plot.
Heatmaps and Spearman correlation coefficients
were generated using Hmisc, corrplot and ggplot2 R
packages (Wickham 2009, Wei 2013 and Harrell
2017, respectively).

RESULTS

Environmental characterization
of the Douro estuary

Surface water and sediment samples were screened
for a variety of environmental parameters (Table 2).
Along the estuary, mixing between seawater and
freshwater creates several gradients, namely, salinity
gradients and chemical gradients such as the decreas-
ing concentration of NH,* and increasing concentra-
tion of NO;3;™ from the mouth to the head of the estu-
ary (Table 2).

A multivariate statistical analysis (Fig. 1), which in-
cluded environmental data from the water column
and sediments along the estuary, revealed a separa-
tion of the samples from marine to freshwater sites
along PC1 (explaining 47 % of the variance in the
data). Samples from location A (Afurada) grouped
together, being associated with polyhaline waters
(18-30 ppt) enriched in NH,* and depleted in NO;™.
Sediments from this location contained the highest
percentages of silts and clays (fine sediments) (Fig. 1,
Table 2). The samples displayed on the left side of
the PCA are representative of meso-oligohaline sites
(6—18 ppt). Those sites were less influenced by high
concentrations of NH,* in the water column but
showed increasing concentrations of NO3;~ towards
the head of the estuary. PC2 explained 27 % of the
variance and grouped the samples according to
sediment grain size, organic matter, pore water con-
centrations of NH,;* and water C/N ratios (Fig. 1,
Table 2).

Nitrification rates and inorganic N fluxes

Nitrification rates were measured in acclimatized
cores collected along the salinity gradient from oligo-,
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Site-related variation in microbial
community structure

From a raw sequence input of 113 552 reads, 60 703
16S rRNA gene sequences passed the initial quality-
filtering step. Additionally, reads were subjected to a
denoising step followed by chimera detection, which
resulted in a total of 60419 sequences ranging from
3931 to 6469 sequences per sample (n = 12). This re-
sulted in 4058 OTUs, including both Archaea (88
reads and 12 OTUs) and Bacteria (59 548 reads and
3684 OTUs).

Prokaryotic communities showed a significant spa-
tial heterogeneity along the estuary (ANOSIM, R =
0.96, p = 0.001, 999 permutations) (Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/a080
pl67_supp.pdi), shifting prominently between loca-
tions B and C. Nonetheless, richness and diversity
indices calculated from a rarefied dataset did not
show any significant variation, except for location B
(1-way ANOVA, F = 11.64, p = 0.0027 for richness;
1-way ANOVA, F = 36.45, p < 0.001 for Shannon
index).

Certain phyla appeared to be relatively more
abundant close to the mouth of the estuary (e.g. Pro-
teobacteria, Bacteroidetes, SR1 phyla) whereas other
phyla seemed to have a preference for less saline
sites (e.g. Acidobacteria, Nitrospirae, Chloroflexi and
Planctomycetes) (Fig. S2 in the Supplement). The
shifts in the structure of the microbial community are
also shown at the family level (using families whose
relative abundance was higher than 1 %), reinforcing
the spatial microbial heterogeneity along the estuary
(Fig. 3). The Flavobacteriaceae, Phormidiaceae, Ma-
rinicellaceae, Piscirickettsiaceae and Rhodobactera-
ceae families had higher relative abundances at higher
salinities and low NO;~ concentrations, contrasting
with Xanthomonadaceae, Hyphomicrobiaceae, Coma-
monadaceae and C111 families, which were better
represented at less saline sites (Fig. 3)

In regard to the Archaea, most of OTUs were affili-
ated with the phylum Thaumarchaeota. Their rela-
tive abundance was low (average of 0.1 % across the
estuary), possibly due to PCR primer coverage, but
they showed a ubiquitous distribution throughout the
estuary.


http://www.int-res.com/articles/suppl/a080p167_supp.pdf
http://www.int-res.com/articles/suppl/a080p167_supp.pdf

174 Aquat Microb Ecol 80: 167-180, 2017

i 0,
Relative abundance (%)
VOVOIO OV VOOV OLTVOTVOINDVORD VXV VDV VOO DT DODWO VD O DO
AR B A R R L Lt L E ey
oooo%‘ocoooo%‘oooNoosuooégs‘uoo*oo*'gooooggoéégososgg
SO S S ESCESOSOE CCoSS2SSIEE2OPR2IRZECCOGCZOITEEL ISR
5300820883 SCELCRERSGSSECSREGRESETCEEDFSEESETE
EXc8SEWUsooY 2t £ 88 RSN SER S8 eS8 E5R 00l S E2S8SES
Cggo_le 888 568 5696658 T8 FEET PFLETDT I8 & £
858833 288z 28 EEIEE:UUI ._Eloolggo_QE 128 2B 18 56
§2888F 588% £ 358555883 55352355 5538 SEE3SEL
°e==209 = S £ 2 c 2 Q S S ®Z @ O c = 2= 23T = o
o @ = D0 0592 <= £ §9¢ Do C nwESScCESe L aSh SB2258E =3
g 48,2 2€69% 0 6925 $wOo £EO8ZD8Ls 529 ZowroLD O
c L on Q:Z‘-Ew B >9 =8 » 0 G @ Oag « S o n_wwmﬂm 73
[in} © WEg® T ITos T @ @ L4 @ c £% 3 NI 7 B
c 5¢< s & ccam ® ] S © ccET ®©
H El c 55¢ c c & & 55 € ¢
E] El El El El 5 5 5

Fig. 3. Heatmap of the relative abundance (%) of prokaryotic communities at family level arranged by hierarchical clustering

(average linking) and based on community similarity along the salinity gradient. The dataset represents a subset of the fami-

lies found with a total relative abundance greater than 1 % using a non-rarefied matrix. The scale represents the relative abun-

dance (%) of each family at each sampling site. Upper dendrogram depicts clustering of family by co-occurrence (average

linkage clustering). Left dendrogram represents a hierarchical clustering (average linkage clustering) using Bray—Curtis dis-

similarity distance on the full family dataset. Codes Al, A2 and A3 refer to location A (Afurada); B1, B2, B3 to location B
(Areinho); C1, C2, C3 to location C (Avintes); and D1, D2, D3 to location D (Crestuma)

Nitrifying community structure along sopumilus, 6 OTUs) and AOB (only represented by

the estuarine gradient OTUs affiliated with the family Nitrosomonadaceae,

5 OTUs) showed higher relative abundances at the

The relative abundance of nitrifying organisms highest saline sites (0.20 and 0.25%, respectively).
comprised 0.5 and 2.4 % of all sequences along the However, while AOB relative abundance declined

estuary. With respect to AOM, both AOA (mostly along the salinity gradient (not detected in the upper
represented by OTUs affiliated with the genus Nitro- part of the estuary), AOA relative abundance ranged
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Fig. 4. Relative abundance (%) of nitrifying organisms along

the 4 estuarine sampling locations. AOB: ammonia-oxidizing

bacteria; AOA: ammonia-oxidizing archaea; NOB: nitrite-
oxidizing bacteria
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between 0.04 and 0.16 % along the rest of the estuary
(Fig. 4). With respect to NOB, the Nitrospira genus
was present in all sampling locations (from 0.06 to
2.5%) and especially in the upper part of the estuary,
where its relative abundance was 32 times higher
than that of AOM (Fig. 4).

AmoA gene profile along the estuarine gradient

Community structure of AOM was additionally as-
sessed by DGGE based on amoA gene gel profiles.
The number of bands on AOA gels increased as salin-
ity increased (rho = -0.96, p < 0.05) (Fig. 5A), and
amoA profiles clustered according to salinity
(ANOSIM, R = 0.684, p < 0.01). Pairwise comparisons
showed R-values equal to 1 for comparison between
locations A (polyhaline site) and D (oligohaline site),

and non-significant R-values were ob-
tained for comparisons between locations B

20+
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and C (R = 0.37, p = 0.1), revealing that
AOA communities from mesohaline sites
displayed a very similar structure (Fig. 5A).

In contrast, the number of bands on AOB
gels did not decline with decreasing salin-
ity, but the amoA gene could not be de-
tected in the less saline site, consistent with
the 16S rRNA gene results. The genotypic
profiles of amoA differed significantly
among locations (R =1, p < 0.05), and even
between the 2 mesohaline sites (Fig. 5B).

A3

17 21 21 16 10 11 11 11 10 6
Number of bands AOA

B I [

Eifect of the estuarine abiotic gradient on
nitrifying community composition

20T

'S
o
N

Similarity
3

80 1

100 -

o - - o o~
< < o [11] o O

™
O

The correlation heatmaps performed for
OTUs affiliated with nitrifying taxa high-
lighted the presence of different groups
with specific abiotic factors. Specific nitri-
fying communities were positively and sig-
nificantly (p < 0.05) related to salinity and
higher NH,*, TN and TC water column
concentrations (Fig. 6B, Table 2). This

Samples

24 22 20 25 26 28 22
Number of bands AOB

22

o included AOB OTU_2 and OTU_5 (0.02
22 and 0.21%, respectively), affiliated with
the family Nitrosomonadaceae, and AOA
OTU_5, affiliated with the genus Nitrosop-

Fig. 5. Hierarchical cluster analysis (group average linking using Bray—

Curtis similarity) of (A) archaeal and (B) bacterial amoA genes from

DGGE profiles across the estuarine salinity gradient. I: polyhaline sites;

II: mesohaline sites; III: oligohaline sites. A presence/absence matrix

was used as an input file. For AOB, the absence of location D was due to

the unsuccessful amplification of the gene for that location. The signifi-
cance of the cluster was tested with ANOSIM (p < 0.05)

umilus (0.17 %) (Fig. 6A). The presence of
these organisms was restricted to location
A (Fig. 6A). With respect to NOB, no OTUs
significantly related to high salinity loca-
tions were found (Fig. 6B).
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Fig. 6. (A) Heatmap showing significant Spearman correlations (circles) between OTUs affiliated with nitrifying organisms
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tions in red. Color intensity and the size of each circle are proportional to the correlation coefficient. C.Ns: C:N ratios in the
sediment; TCw: total carbon in the water column; IC: inorganic carbon present in the water column; Sal: salinity (ppt); NO3F:
nitrate fluxes; NO2s: pore water nitrite concentration; Cs: total carbon present in the sediment; Ns: total nitrogen present in the
sediment; NH4w: water column ammonia concentration (uM); OM: percentage of organic matter in the sediment; TNw: total
nitrogen present in the water column; fineS: percentage of fines in the sediment; NO2F: nitrite fluxes; NH4s: pore water am-
monia concentration (uM); NH4F: ammonia fluxes; GravS: percentage of gravel in the sediment; PNitrif: potential nitrification
rates; NO3w: water column nitrate concentration (uM); NO3s: pore water nitrate concentration (uM); NO2w: water column ni-
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gram depicts clustering of OTUs by co-occurrence (average linking). Right-hand panel shows the environmental variables
salinity and NH,* and NO;™ concentrations in the sediment
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In meso-oligohaline sites characterized by NOj~
enriched waters, the majority of the ammonia-oxidiz-
ing OTUs were affiliated with the genus Nitrosopu-
milus (OTU_1 and OTU_3; 0.08 and 0.01 %, respec-
tively) (Fig. 6B). The archaeal OTU_1 was particularly
abundant at location C (0.11%) and was positively
correlated with nitrification rates (tho = 0.71, p =
0.009; Fig. 6B).

Regarding NOB, the relative abundance of the
genus Nitrospira increased 0.8 % from location A to B
and kept increasing up to the oligohaline site, where
members of this genus represented 2.5% of the
prokaryotic community (Fig. 5). Significant correla-
tions were observed between phylotypes of this
genus and specific abiotic parameters from meso-
oligohaline sites (Fig. 6B). The most abundant OTU
was Nitrospira OTU_3 (average of 0.87%), which
was predominant at all locations across the estuary
except at the most saline site (Fig. 6A). Due to its high
abundance, we blasted this sequence against the
NCBI database and the closest cultivable representa-
tive was Nitrospira moscoviensis (E value = 0; iden-
tity 99 %; accession number AF155153.1). Other NOB
groups such as Nitrospira OTU_2 and OTU_5 were
also abundant at locations with mesohaline condi-
tions (average of 0.1 % at locations B and C), contrast-
ing with groups formed by Nitrospira OTU_1 and
OTU_4, which only occurred in the upper part of the
estuary (locations C and D) (Fig. 6A). Those had a
significant negative relationship with NO3;™ and NO,~
concentrations in the water (Fig. 6B).

DISCUSSION

Bacteria and Archaea from intertidal sediments
play important roles in the dynamics of estuaries;
however, physical and chemical gradients can exert
a great influence on the structure and function of
these communities (Herlemann et al. 2011, Fortunato
et al. 2012, Zheng et al. 2014).

In this study, we demonstrated that prokaryotic
communities from the Douro estuary are not constant
and change throughout the estuary. Differences in
the chemical and physical properties of the water
and sediment, possibly related to the location of the
sampling sites, could be the reason for the structural
shifts in microbial communities (Fortunato et al.
2012). Salinity has been reported to be a factor with a
strong influence in the estuarine microbiome (Lozu-
pone & Knight 2007). Our analyses showed that dif-
ferent families were positively influenced by salinity,
such as Flavobacteriaceae (Bacteroidetes phylum),

Phormidiaceae (Cyanobacteria phylum), Marini-
cellaceae, Piscirickettsiaceae and Rhodobacteraceae
(Proteobacteria phyla), while families such as Xan-
thomonadaceae, Hyphomicrobiaceae, Comamona-
daceae and C111 had lower relative abundances in
saline sites. Alterations in community structure entail
changes in biogeochemical processes, as most of
these processes are controlled by microbial activity.
For example, a previous study showed that taxonomic
shifts reflected an increased abundance of genes en-
coding for halotolerance and photosynthesis, which
likely influence nutrient cycles of the entire ecosystem
(Jeffries et al. 2012).

Nitrification has a global impact on the availability
of nitrogen forms in the ecosystem. However, the
rates of this process are seasonal and dependent on
environmental conditions (Magalhaes et al. 2009).
Along the Douro estuary, the highest potential rates
were recorded at mesohaline sites, confirming previ-
ous results from controlled experiments (Magalhaes
et al. 2005a) and estuarine isolates (Jones & Hood
1980, Macfarlane & Herbert 1984). Nonetheless, the
values reported here are higher than the ones re-
corded previously (Magalhaes et al. 2009). A possible
explanation could be the application of 2 different
methods —the acetylene block method and the use
of stable N isotopes—which prevent an absolute
comparison between the values obtained. Despite
the lack of significant correlations with salinity, the
rates measured were significantly influenced by the
percentage of gravel in the sediments and NH,*
concentrations, which has been suggested to stimu-
late the activity of estuarine nitrifying communities
(Bernhard et al. 2007).

Along the Douro estuary, AOA and AOB 16S TRNA
gene relative abundance ranged between 0.04-
0.19% and 0-0.25%, respectively, which, although
similar to the values described in other studies (Hol-
libaugh et al. 2011, Li et al. 2015), may still be af-
fected by incomplete coverage of the PCR primers
used in this study. It is also possible that unknown
nitrifying taxa were present in the samples; however,
since they are not classified in genetic databases,
their detection is not possible through 16S rRNA
amplicon sequencing. The capability of ammonia
oxidation has been recently found in new microor-
ganisms, whose amoA genes would not be amplified
with the standard primers used to identify nitrifying
organisms (Bernhard et al. 2010, Daims et al. 2015).

The relative abundance of AOM was higher at the
highest salinity site, with a dominance of AOB over
AOA. This is in agreement with previous quantifica-
tions of the bacterial amoA performed at the same
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site (Magalhaes et al. 2009) and in other estuaries
(Mosier & Francis 2008, Santoro et al. 2008); how-
ever, it contrasts with results from another study
(Hugoni et al. 2015). Surprisingly, a marked reduc-
tion of AOB occurred as salinity decreased, culminat-
ing with a non-detection of AOB at the least saline
site, which was also reinforced by the non-detection
of bacterial amoA in those same samples by PCR.
These results suggest the absence or a negligible
occurrence of AOB in the upper part of the estuary
during the sampling season, which is interesting
because AOB are frequently found in freshwater
systems (Koops et al. 2006, Hugoni et al. 2015, Li et
al. 2015). In contrast, AOA communities showed a
more even distribution, outnumbering AOB in meso-
and oligohaline locations, suggesting greater adapt-
ability and a broader distribution over the estuarine
gradient.

Results from 16S rRNA gene and amoA DGGE
profiles showed the existence of different ammonia-
oxidizing populations across the estuary, which re-
inforces the impact of abiotic conditions, in particu-
lar salinity, in shaping the distribution and structure
of these populations (Bernhard et al. 2007, Hugoni
et al. 2015, Zhao et al. 2015). Two OTUs appeared to
be highy related to higher salinities, namely, OTU_5,
assigned to the family Nitrosomonadaceae, and
OTU_5, assigned to the genus Nitrosopumilus. This
was consistent with AOA and AOB amoA DGGE
profiles, which showed significant dissimilarities be-
tween samples from the mouth of the estuary and
those from the rest of this ecosystem, highlighting a
possible presence of autochthonous marine phylo-
types (Smith et al. 2014) more adapted to salinity
fluctuations (Bernhard et al. 2007). In mesohaline
locations, a marked shift occurred in ammonia-oxi-
dizing community composition. Not only was Nitro-
sopumilus OTU_1 predominant across less saline
locations, but amoA profiles were also very similar
at these locations. Concerning AOB populations,
despite the existence of different ecotypes, their rel-
ative abundance was very low. Nevertheless, the
results from both methodologies show that the
structure of the community changed along the estu-
arine salinity gradient.

NOB complete the process of nitrification through
the oxidation of NO,™ to NO;3;~ (Abeliovich 2006). The
members of this group observed in our study were
affiliated with the genus Nitrospira and their relative
abundance increased from 0.06 to 2.45 % throughout
the estuary, being mainly predominant at meso- and
oligohaline sites, and 32 times more abundant than
AOM at the less saline site. This is an interesting

observation due to the recent discovery of candidate
species of Nitrospira capable of performing the full
nitrification pathway (comammox) (Daims et al. 2015,
van Kessel et al. 2015). Similar to AOM, NOB seemed
to be strongly influenced by salinity, as shown by the
sudden increase in their abundance as salinity
dropped and by the presence of distinctive phylo-
types along the salinity gradient. While Nitrospira
OTU_4 was restricted to the oligohaline site, Nitro-
spira OTU_3 was abundant across both meso- and
oligohaline sites. Moreover, this OTU (affiliated with
N. moscoviensis according to our BLAST results) was
positively correlated with potential nitrification rates,
which could indicate a possible association with
AOA (Koch et al. 2015). Therefore, it was suggested
that the metabolic flexibility of N. moscoviensis could
allow it to be more abundant and successful in the
colonization of different niches, compared with AOM
(Koch et al. 2015). We believe the higher relative
abundance of these species and the positive correla-
tions with the potential nitrification rates could
reflect this prediction, showing the ecological advan-
tage of Nitrospira species in the environment and
their role in the nitrification process.

CONCLUSIONS

In this study, we observed differences in the struc-
ture of the prokaryotic community along the Douro
estuary. These differences could be driven by the
salinity gradient of the estuary, which also influ-
enced nitrifying functional groups. An interesting
discovery was the contrast between AOM (higher
relative abundance at more saline sites) and NOB
(higher relative abundance at less saline sites,
where AOB were not detected). Our results and the
recent discoveries relating to NOB, in particular the
predominance of OTUs affiliated with the genus
Nitrospira and its positive correlation with potential
nitrification rates, highlight the need to re-assess
the relative role of each group of nitrifying organ-
isms in the environment.
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