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Impact of water quality on bacterioplankton assemblage
along Cértima River Basin (central western Portugal)
assessed by PCR-DGGE and multivariate analysis
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Abstract The information on bacterial commu-
nity composition (BCC) in Portuguese water bod-
ies is very scarce. Cértima River (central western
Portugal) is known to have high levels of pol-
lution, namely organic. In the present work, the
BCC from a set of 16 water samples collected from
Cértima River Basin and its main tributaries was
characterized using 16S rDNA-denaturing gra-
dient gel electrophoresis, a culture-independent
molecular approach. Molecular data were related
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to environmental parameters through multivari-
ate analysis to investigate potential impact of wa-
ter pollution along the river. Principal component
analysis using environmental data showed a water
quality gradient from more pristine waters (at the
mountain tributaries) to waters with increasingly
eutrophic potential (such as Fermentelos Lake).
This gradient was mainly defined by factors such
as organic and inorganic nutrient sources, electri-
cal conductivity, hydrogen carbonate concentra-
tion, and pH. Molecular results showed variations
in BCC along Cértima River Basin but in the main
river section, a Bacteroidetes phylotype (Flavobac-
terium sp.) proved to be dominant throughout
the river course. Multivariate analysis suggests
that spatial variation of BCC along the Cértima
River Basin depended mainly on parameters such
as Chl a, total suspended solid (TSS), total or-
ganic carbon, electrical conductivity, and HCO3
levels. Bacteroidetes phylotypes were all related
to higher electrical conductivity and HCO3
levels although some of these were also corre-
lated with high SOZ* and others with high solu-
ble reactive phosphorus, nitrate, TN, and Kjeld-N
levels. The Gammaproteobacteria occurrence was
correlated with high SO}~ levels. One of the Be-
taproteobacteria phylotypes showed to correlate
with low redox potential (Ey) and high temper-
ature, pH, TSS, and Chl a levels while another
one showed a negative correlation with Chl a
values.
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Introduction

The impact of natural (climatic change) and an-
thropogenic (industrial and domestic effluents)
stressors over freshwaters has led to the increase
of water pollution worldwide and the enhance-
ment of the eutrophication process (Ducharne
et al. 2007; Tong et al. 2007). This has ma-
jor impacts on the aquatic communities such as
the bacterioplankton (Paerl et al. 2003; Hall and
Cotner 2007; Zeng et al. 2009), which may endan-
ger the quality and safety of water used for human
purposes (de Figueiredo et al. 2004; Zaitlin and
Watson 2006).

Cértima River (central western Portugal) is an
excellent case study. In spite of the effort for im-
plementation of wastewater management plans,
Cértima River is still suffering from consider-
able pollution levels due to inputs from domestic
wastewater, runoffs from agriculture fertilizers,
and effluents from industry and animal farming
(Cerqueira et al. 2005; Ferreira 2007). The pres-
ence of high levels of contamination, not only
from organic and inorganic sources of nutrients
but also from pesticides used in agriculture and
heavy metals from industrial activity, has been
reported over the last two decades (Rino and Gil
1987; Calado 1990; Calado et al. 1991; Pereira
1999; Almeida 2001; Teles et al. 2007). Although
the Cértima River Basin has been a topic for
important investigation on phytoplankton occur-
rence over the past 20 years (Rino and Gil 1987,
Almeida 2001; Calado et al. 2005), studies on its
bacterioplankton diversity are very scarce and fo-
cused on Fermentelos Lake (located downstream
Cértima River; de Figueiredo et al. 2007, 2010).

The main purpose of the present study was
to assess the bacterioplankton diversity shifts
along the Cértima River Basin, using the culture-
independent molecular methodology 16S rDNA
PCR-denaturing gradient gel electrophoresis
(DGGE; Muyzer et al. 1993; Lyautey et al. 2005).
The impact of the water physical and chemical
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parameters on spatial BCC diversity was investi-
gated through multivariate analysis.

Materials and methods
Sampling

The Cértima River is a relatively small river—
approximately 43 km long—and a tributary of
Agueda River. The river source is at the Bugaco
(or Bussaco) Mountain (central Portugal), and the
river mouth is an enlargement area (Fermentelos
Lake) of about 5 km?. The main tributaries in-
clude Serra and Levira Rivers and Ribeira do
Pano. The Cértima River Basin is markedly im-
pacted by agriculture but also industrial activ-
ity and domestic discharges (Rino and Gil 1987;
Cerqueira et al. 2005). Geomorphologically, this
basin shows heterogeneity between sandy low-
lands with altitudes ranging from 8 to 70 m and
highlands (on the eastern margin of the main
river course) where altitudes are always above
200 m and characterized by marked relief and
cliffs (Pinho et al. 1988). The sampling sites were
determined based on previous published studies
about the Cértima River Basin (Cerqueira et al.
2005). Their codes, location, and description are
presented in Fig. 1 and Table 1. In late May
2007, during three consecutive days, the samples
were taken sub-superficially at about 1 m from
the shore using sterile bottles and assuring that
sediment was not collected. Samples were placed
at 4°C in the dark until further treatment within
12 h after collection. Table 1 shows the results
for hydrogeochemical variables (Ferreira 2007)
which were determined according to standard pro-
cedures (APHA 1995).

DNA extraction and PCR amplification of
bacterial 16S tDNA fragments

Total DNA was extracted from water samples
after filtering 100 to 200 mL (depending on the
water transparency) through 0.22 um polycarbon-
ate sterile filters; cells and particles retained on
the filter were resuspended in 2 mL of TE buffer
(10 mM Tris HCI, 1 mM EDTA, pH 8.0) and
then centrifuged. After resuspension in 200 puL
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Fig. 1 Location of sampling sites along the Cértima River Basin (see sample codes in Table 1)

of TE, lysozyme was added and incubation was
performed at 37°C for 1 h. The subsequent DNA
extraction and purification steps were carried out
using the Genomic DNA Purification Kit (MBI
Fermentas, Vilnius, Lithuania). DNA was finally
suspended in TE buffer and stored at —20°C.
The 16S rRNA gene fragments for DGGE analy-
sis were amplified using the universal primers
for bacteria 338F-GC/518R (Muyzer et al. 1993).
Primers were synthesized by STABVida (Oeiras,
Portugal). PCRs were performed in a Bio-Rad
iCycler Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA, USA) with 50 uL reaction mixtures
each containing 3 mM MgCl,, 200 uM of each
nucleotide, 1x PCR buffer with (NH4),SOy4, 5%
dimethylsulfoxide, 15 pmol of each primer, 1 U
of Tag DNA polymerase, and 50-200 ng template

DNA. The PCR program had an initial denatura-
tion step at 94°C for 5 min, followed by 30 cycles
of 30 s at 92°C, 30 s at 55°C, and 30 s at 72°C
and a final extension step at 72°C for 30 min.
Negative control reactions without template DNA
were performed simultaneously. The quality of
the resulting PCR amplicons was confirmed by
electrophoresis in 1.5% agarose gels using a mole-
cular weight marker (GeneRuler™ 1 kb DNA
ladder), after staining with ethidium bromide and
visualization on a UV transilluminator.

Denaturing gradient gel electrophoresis
PCR products were analyzed through DGGE, us-

ing a 35-60% denaturing gradient (100% dena-
turing gradient is 7 M urea and 40% deionized

@ Springer



Environ Monit Assess (2012) 184:471-485

474

oye] (o110AY ‘ox1onboy

100> SO'T 80¢ 80T €00 08T T0 S6 ¥9 €6 €7y 79 T8 €6 0°0L T0€ €0S 9T7 TI'S  SOIUOWd]  ‘Oled °§) B[ UIAISIM 820
oye] (o1moay

100> €I'T 60¢ 8I'T SO0 16T 10> 66 0L T9C 089 79 ¥8 €6 0L ¥0E 961 v0C LS8  so[uowIo ‘oxtonboy) axe[ o[ppIA 920
e (epan3y ‘erroqry

100> ¢L'T ey ¥81  CI'0 sy'c 10> 111 €L 000 LEL €6 6€r  S9T 9'6C 8I¢ 60S  L'€T LL'S  SO[dIUdULID] ©p SIQ) oYe[ UId)seyq SO
(epondy

100> 90 9IS +¥6'0  6C0 wy 10> 8¢l 8 S8  SO°S 8Y ¥ 8¢ 8S  S6T s P81 PEL IOATY BUINID ‘[oyuidsy) sogiiad €20
(o1rreg] Op BIRAIO)

100> 090 O¥'L +¥6'0  +€0 9€9 10 488 9 8L 81'C 8y 99 69 Le  €9¢ 61¢ 0'LT TSL  1eAnj iAo opjodoy op eielowry wo
(eponsy

100> €50 0I't 8L0 STO we 10> 48 86 TTI TC¢ Tre <L 08 L9 vee 19¢ 6'8T  8E'L IOATY BWNIDD ‘o1req) ogfodoy 61D
weons (epansy ‘oxreq

100> +S0 €9 €81 8TT 097y 10> 0€ ST €9 1459 ST €8 L8 Le  Lve 0ce L'LT ¥¥9 [eAepe)  Op epensy) esolpue| 81D
(erpeuy ‘soy[esues)

100> 1.0 S6¥ T€1 190 €9¢ 10> OLT 9L ¥CL  €LT Ly Tor ¥Il LTl sge 059 6'0C T9L ToArY BUIID BUUDZY Bp OBO[ OBS 91D
(epeuy

€50  8L0 6I'L L¥T 891 wy 10> S8l ¥6  9°¢ oy Ty T0r 601 L'TT 9c¢ 9 98T LS I0ATY BWNIY)  ‘SII0JOSON) EIsode[ey y10
(erpeuy

L00 790 8I'c 0€T 890 88T 10> 9 0c 17¢ 144 6C 811 9t TT 66T 90¢ L'81 ¥0'L IoATy e1Iog ‘S001Y) OedlfEwWE] 310]
(epeuy

9¢0 990 ¥OL 91T 0ST 88y 10> 681 SN 96°S 0S TL 8L TT 09¢ 809 6l 0S'L IoARY BWNIDD ‘soguawe ) eLn) 6D
(epeyedJy ‘olrreg

100> 790 8L9 690 LOO 609 10> €6 9 €F 160 L9 88 16 TT  p6E L1E 0LT 6€L TOATY 2yuod Op BSOIUDA) U0 80
(epeyreapy

€00 €70 T6°0 0€0  LOO 90 10> 14 ¥ 0T L9°0 9T 96 86 §9  19¢ €L LI9T 0TL TOATY oSN ‘0SI'Y) SBAZIEA 90
(epeyreoy

0T €61 89°€T 8€TL SPOT ¢TI 10> (134 oy 8%l 0TTL '8 6S 99 v'e  eve 069 0T 6€L TOARY BUINIDD ‘s91UY/) BD9G BOTE] O
weans (epeyres]n

100> 850 0¥ L9T 601 LT 10> 1Tt oy 0L 0S¢ 9¢ 98 V6 s vee vy 00T Tl opaue)  ‘esoyjidured) saIOpRIA €0
weans (epeyesJy ‘B3LIBORA )

100> ST0 80T 6T0 ¥0°0 6L0 10> 8v L4 A SL'O €C S8 16 0¢  Tse SLT 881 S¥'L BUDSLI) 1S OIIDINOT Op BOAO] w0

(;—18w) (%) Qo)
N- N- N- N- N- <0 yes ?\A 3n) ?\Eo grl)  dwoy Apoq 191eM uonedo| 9pod
aas 30 NI opeB N foN foN foom _fos ssi Saod ool ssia o ALO I ‘puoy rorepy HA [euIStO ous Surdweg  odweg

(P1oq ur Ie SoN[eA BWIUIW PUB BWIXBUW 9104M) /007 ABIA UI so[duues uIseq IOATY BWIIY)) 10J POPIOIAI BIEP [BJUSWUOIIAUD PUB UOIBZIIS)RIRY) | J[qEL

pringer

As



Environ Monit Assess (2012) 184:471-485

475

formamide) in 1 mm vertical polyacrylamide gels
(8% (wt/vol) acrylamide in 0.5x TAE buffer).
Electrophoresis was performed in a DCode™ uni-
versal mutation detection system (Bio-Rad Lab-
oratories, Hercules, CA, USA) using 0.5x TAE
buffer containing 20 mM Tris, 10 mM acetic acid,
and 0.5 mM EDTA (pH 8.0) during 16 hat 75 V,
with an initial step at 20 V for 15 min. The gel
was then stained for 5 min in an ethidium bromide
solution (5%) and then gently distained with ag-
itation in distilled water for 15 min before image
digitalization in a Molecular Imager FX™ system
(Bio-Rad Laboratories, Hercules, CA, USA). The
most intense bands from DGGE profiles were
aseptically excised from the gel into 1.5 mL Ep-
pendorf tubes and washed in 10 pL of sterile
milli-Q-purified water, from which 5 puL of the
eluted DNA was used for PCR amplification with
the original primer pair. The isolation and iden-
tity of each DNA band was confirmed through
DGGE, and if necessary, the extraction proce-
dure was repeated until the targeted band was
clearly isolated. Each band was then cloned us-
ing the TA cloning kit from Invitrogen. Prior to
cloning, an A tailing for PCR products was per-
formed according to manufacturers’ instructions.
The migration point of each cloned sequence was
checked through DGGE after PCR amplification
with 338F-GC/518R.

Sequencing, nucleotide sequence accession
numbers, and phylogenetic analysis

The nucleotide sequence of the cloned DGGE
bands was made taking advantage of the vec-
tor primers M13R/T7. The sequences determined
were deposited in the GenBank database under
the accession numbers GU908476 to GU908486.
A BLAST search (http://www.ncbi.nlm.nih.gov)
was used to explore similarity against sequences
deposited in the GenBank database. The se-
quences’ alignment was carried out using the
CLUSTAL X software version 1.8 (Thompson
et al. 1994). A phylogenetic tree of the 16S TDNA
gene fragments was built using the neighbor-
joining method (Saitou and Nei 1987). Bootstrap
analyses were based on 1,000 replicates. TreeView

version 1.6.6 (Page 1996) was used to display the
trees.

Multivariate analysis

The distribution of samples according to en-
vironmental parameters was assessed through
principal component analysis (PCA) after stan-
dardization of environmental data (by subtracting
the mean from each observation and dividing by
the corresponding standard deviation). A cluster
analysis of samples according to environmental
parameters was executed using the unweighted
pair group method with mathematical averages
(UPGMA). The dendrogram was created with
the similarities calculated using the Pearson cor-
relation coefficient (95% probability) and the
PRIMER 6 software (Clarke and Gorley 2006).
Pearson’s correlation coefficient was also used to
assess relationships between environmental para-
meters and phylotype occurrence and band in-
tensity. The DGGE profiles were analyzed using
the Diversity Database™ Fingerprinting software
(Bio-Rad Laboratories, Hercules, CA, USA), and
bands with a relative intensity of less than 0.5%
in each lane were not considered for statistical
analyses.

For DGGE data, the presence or absence of co-
migration points was converted to a binary matrix
(0/1), and cluster analysis was performed using
also UPGMA but based on the Bray—Curtis sim-
ilarity coefficient. Co-migration points of DGGE
profiles were also used to build a matrix based on
the relative band intensity in each lane after log
transformation. Canonical correspondence analy-
sis (CCA; ter Braak and Verdonschot 1995; ter
Braak 1995) was performed with CANOCO 4.5
software (Scientia Software) to extract relation-
ships between the distribution of the dominant
phylotypes and environmental variables. We used
an a priori forward selection of significant envi-
ronmental parameters (P < 0.05) using a Monte
Carlo permutation test (499 unrestricted permuta-
tions). Environmental data were standardized (as
above) to reduce the relative influence of scale.
The relation between bacterial phylotype data and
explanatory variables (reduced model) was tested
with a Monte Carlo unrestricted permutation test.
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Fig. 2 a Cluster dendrogram and b PCA ordination biplot of Cértima River Basin samples according to environmental
parameters recorded in May 2007 (see sample codes in Table 1)
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Results
Environmental parameters

The environmental parameters recorded for each
sample are summarized in Table 1. The cluster
analysis of samples according to these parameters
(Fig. 2a) resulted in two main clusters (negatively
correlated) which showed to be related to inor-
ganic nutrient sources and organic pollution along
with electrical conductivity and HCO;J levels as
shown in the PCA (Fig. 2b). This suggests trophic
and mineralization gradients, the latter related
to the geological features of the sampled loca-
tions. Cluster I included samples from the eastern
mountain tributaries (C2, C6, C13, and C18), with
the lowest HCO; concentration and the highest
water quality (lowest electrical conductivity, to-
tal organic carbon (TOC), total suspended solid
(TSS), SO?Z~, and low nitrate, org-N, and Chl a),
and clusters II included the upstream sample C3
plus Fermentelos Lake samples (C25, C26, and
C28), which, in spite of the high pH and Chl a lev-
els, have relatively low nitrate and HCO; concen-
trations. This cluster had intermediate electrical
conductivity levels between the high water quality
sampling sites (cluster I) and clusters III and IV.
Clusters III included samples from the Western
sandy lowland tributaries (C8 and C22) and the
middle river section samples C5 and C9, all char-
acterized by the highest nitrate concentrations
and high electrical conductivity levels; cluster IV
included samples from downstream sites before
reaching Fermentelos Lake (C14, C16, C19, and
C23), and they were mainly characterized by the
highest electrical conductivity and SO3~ levels
along with high HCO; and nitrate concentrations.

The PCA biplot puts in evidence this gradient
(Fig. 2b): Samples C2, C6, and C13 (with the
highest water quality) appear on the negative side
of the first axis, and sample C5 (characterized
by a strong organic charge) appears on the posi-
tive side. This axis showed to be mainly defined
by organic pollutants, electrical conductivity, and
HCO;j levels, but also inorganic nitrogen sources
(Fig. 2b). The second axis was mostly related to
pH, Chl a, water temperature, TSS, and oxygen
levels; this led to a clear separation between ex-
treme samples C25 (on the positive side) and C5

(on the negative side). The first two axes of the
PCA accounted for 67% of the total variance of
samples distribution.

DGGE band patterns and CCA analyses

A total of 299 bands could be detected in the
DGGE profiles obtained for Cértima River Basin
samples (Fig. 3) corresponding to 56 different
band migration points. The number of bands per
sample showed an average of 19 + 4 (n = 16).
DGGE band patterns showed variability between
the bacterial assemblages along the Cértima River
Basin, although strong common bands could be
detected among samples belonging to the main
river section (see Fig. 3). Band 28 was ubiquitous
in all samples while unique phylotypes were de-
tected at C3 (bands 4 and 39), C6 (bands 1 and 2),
C8 (band 7), C13 (band 3), C14 (bands 6 and 19),
C18 (band 52), C22 (band 40), C25 (band 16), and
C28 (band 20). Interestingly, in spite of the spatial

B TLLERLLLE ]

Fig. 3 DGGE 16S rDNA band profiles for samples ob-
tained along Cértima River Basin in May 2007. The code
above each lane refers to each sample (see Table 1), and the
bands numbering corresponds to the different migration
positions considered for the analyses
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Cértima River DGGE band patterns according to the envi-
ronmental parameters recorded during May 2007. DGGE
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Flavobacterium sp. WB3.4-76 (AM934664)
Flavobacterium sp. BF120 (AM934682)
Flavobacterium sp. MH45 (EU182873)
Flavobacterium sp. Man01 (AY788963)
Flavobacterium sp. SOC A4(12) (DQ628951)
Flavobacterium sp. INBF006 (AB426577)
Flavobacterium sp. GOBB3-209 (AF321038)
Flavobacterium sp. A5 (EU860083)
Flavobacterium sp. AKB-2008-JO104 (AM988920)
Flavobacterium sp. AKB-2008-TE19 (AM988929)
66| C28 cl38; C28 ex3; C28 ex9
Flavobacterium sp. WB 2.1-78 (AM167559)
4> Flavobacterium sp. PDD-14b-7 (DQ512791)
Flavobacterium sp. Q3 (FJ424497)
Flavobacterium sp. BAC226 (EU180563)
Uncultured Bacteroidetes bacterium MA00163H11 (FJ533054)
Flavobacterium saliperosum AS 1.3801 (DQ021903)
Flavobacterium sp. YC6274 (EU423319)
Flavobacterium cucumis R2A45-3 (EF126993)
100 - €22 cl50
Uncultured bacterium M0111_73 (EU104070)
Uncultured Bacteroidetes bacterium FSW11-14 (DQ501319)
Uncultured Bacteroidetes bacterium FFP48 (AY830003)
Uncultured Flavobacteria bacterium LiUU-23-26 (EF061054)
100 C18 cI53
Uncultured bacterium BAx5 (AF087086)
Sphingobacterium sp. PF-11 (FJ378900)
71 _LDD_{' Sphingobacterium sp. TM5_7 (DQ279371)
Uncultured Burkholderiales bacterium clone LW18m-2-21 (EU642387)

62| Uncultured Comamonadaceae bacterium LW18m-1-47 (EU642305)

Uncultured Burkholderiales bacterium Gap-1-75 (EU642053)

Beta proteobacterium MWH-BRAZ-DAM2D (FM178226)

3Beta proteobacterium MWH-C5 (AJ938026)

79 C14 cl51
62 | o8 53 ! Uncultured bacterium 3C002569 (EU801309)
Beta proteobacterium [I-D5 (FM165535)
Ci5cl24

94 C32 cl56
Uncultured Kaistella sp. CL4.E325 (FM176140)
Uncultured bacterium clone D5-43 (DQ113698)
77 Uncultured Bacteroides sp. KS-459 (EU809713)
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Fig. 5 Evolutionary tree showing the phylogenetic strain sk0808-1 (FJ155844) was used as outgroup. Scale bar
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affiliations of the partial bacterial 765 rRNA gene indicates 0.1 substitutions per site. Bootstrap values (1,000
sequences obtained from DNA fragments excised from replicates) that were >50 are placed at the nodes of the
the DGGE gel of Cértima River Basin samples (Fig. 3). branches

The archaeal sequence of Methanobacterium formicicum
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gradient for environmental parameters inside the
lake, there were only very slight variations in the
bacterial assemblage structure among the sampled
spots.

Cluster analysis based on band patterns showed
a clear grouping of samples according to water
quality and trophic status (Fig. 4a). Two main
clusters were obtained: one including the lotic
samples and the other included the Fermente-
los Lake samples (cluster IV). This appears to
be related to the hydrodynamic features of the
river and lake (lotic and lentic, respectively) and
associated trophic differences (related to para-
meters such as TSS and Chl a levels), as shown
by the CCA triplot graph (Fig. 4b). Within the
Cértima River main cluster, cluster I included the
most unpolluted water samples from the eastern
tributaries, while cluster II incorporated the re-
maining tributaries and cluster III included the
main River section samples (where high inorganic
nutrient and HCOJ levels were recorded—see
Fig. 4b). The variance explained by CCA analysis
was 59% (from which 47% could be explained by
the first two axes), and the relationship between
phylotypes and the environmental data matrix was
significant (P < 0.05, Monte Carlo permutation
test). The first axis was defined by bands 6, 19,
and 51 on the negative area while the positive
side was defined by band 16, with Chl a (0.82)
and TSS (0.69) as the main factors behind this
distribution. The second axis was mainly related
to electrical conductivity (—0.76) and HCOJ con-
centration (—0.59), and bands 40 (on the negative
side) and 1 and 2 (on the positive side) were well
segregated along the axis.

Sequencing and phylogenetic affiliation
of dominant phylotypes in DGGE profiles

A total of 25 DGGE bands were excised from
the gel—but only ten bands gave clear results
in the sequencing reactions; those are shown in
Table 2. The phylogenetic affiliation of the se-
quenced bands (see Figs. 3 and 5) corresponded
to the Bacteroidetes (bands 18, 22, 28, 32 and
28), Betaproteobacteria (bands 14, 15 and 31) and
Gammaproteobacteria (band 9) groups. The most
dominant phylotype present along the main river
course (band 28, as shown by sequencing more

than one band corresponding to this same migra-
tion point) showed total match with partial 16S
rDNA sequences from Flavobacterium sp. strains
(Fig. 5).

Discussion

Trophic status and pollution along the Cértima
River Basin

In this study, the water quality of the river pre-
sented signs of degradation from the upstream
tributaries to the downstream part of the main
river body. This was related to the increase of bio-
chemical oxygen demand (BOD), electrical con-
ductivity, nutrient levels, and Chl a (suggesting a
gradient based on pollutants and trophy). Never-
theless, an increase of pH and HCOj (as conse-
quence of water-rock interaction from carbonate
rock dissolution Appelo and Postma 2005) down-
stream was also recorded. According to nutrients
and Chl a levels, the upstream tributaries (C2, C6,
and C13) were within the range of the oligotrophic
to mesotrophic status, while all other samples in
general fell into the descriptions for eutrophic
and hypereutrophic state (Niirnberg 1996). The
upstream eastern mountain tributaries are located
in drainage areas with low population pressure
and no relevant sources of pollutants (Cerqueira
et al. 2005), and this was reflected in the observed
low levels of electrical conductivity, TOC, TSS,
SOi_, and low nitrate, org-N, and Chl a, as usu-
ally observed for pristine waters (Cortecci et al.
2002; Saksena et al. 2008). The similarity found
between C3 (Canedo stream) and Fermentelos
Lake samples may be related to the water reten-
tion (by a small weir) in this river section (creat-
ing common hydrological features with the lake)
and the organic pollution attributed to sewage
discharge (Rino and Gil 1987; Cerqueira et al.
2005). At C5 (Lagoa Seca), TOC and BOD lev-
els further increased related to urban untreated
wastewater and animal farming effluents (Rino
and Gil 1987; Calado 1990; Cerqueira et al. 2005);
the high ammonium levels also suggest a weak
oxidation potential of the water as corroborated
by the low oxygen levels. Electrical conductiv-
ity, nitrate, soluble reactive phosphorus (SRP),
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and ammonium levels were much higher than
previous records (Rino and Gil 1987). However,
at C9 (Curia), these values tended to decrease
after the contribution of Luso and Ponte Rivers;
this highlights the importance of the tributaries
on the water quality maintenance of Cértima
River. Interestingly, samples from the western
sandy lowland tributaries (C8 and C22) shared
high electrical conductivity levels and the highest
nitrate concentrations with samples C5 and C9.
Levira River (C22) suffers the pressure from a
dense population along their margins and receives
effluents from ceramics industry, distilleries, and
animal farms (Rino and Gil 1987). However, at
C8 (Ponte River), no previously pollution sources
have been reported that justify the high nitrate
concentrations recorded; agriculture runoffs con-
stitute a potential candidate. The downstream
Cértima River samples were mainly character-
ized by the highest values of electrical conduc-
tivity and SO;~ (indicative of industrial pollution
or, eventually, from agricultural activities as de-
scribed by Cortecci et al. 2002) although HCO5
and nitrate concentrations tended to decrease. At
C14 (Malaposta), the discharge of effluents from
wine industry has been previously related to high
BOD levels and oxygen depletion (Rino and Gil
1987; Calado 1990). However, at C16 (Sdo Jodo
da Azenha), BOD decreased and oxygen levels
increased, lowering the ammonium and pollution
levels due to water auto depuration and/or the
contribution of small clean tributary streams that
increase the river’s width and depth (Rino and
Gil 1987). Nevertheless, SO;~ levels achieved the
maximum of 116 mg L~! as recorded in polluted
waters (Cortecci et al. 2002). Therefore, tribu-
taries may have a dual impact over the main
river, by simultaneously helping depuration of
some pollutants and adding new ones. At C19
(Repoldo), the water becomes shallower and its
flow is reduced by floodgates; this enhances the
impact of domestic and industrial effluents usually
discharged just upstream this spot (Rino and Gil
1987). At C23 (Perraes), the water depth rises
again but nitrate, BOD, and TSS levels increased
after the affluence of the polluted Levira River.
Fermentelos Lake samples (C25, C26, and C28),
in spite of the high pH, electrical conductivity, and
Chl a levels, have relatively low nitrate and HCO5
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concentrations, when comparing to samples from
the main river section. Inside the lake, a spatial
gradient could be observed for some parameters
such as oxygen levels, TSS, TOC, Chl a, BOD, and
ammonium. Fermentelos Lake is known to be eu-
trophic since decades ago (Gil 1988; Calado et al.
1991) due to its high nutrient levels which have as
main sources the runoffs from surrounding fields
and Cértima River (Cerqueira et al. 2005). In
retrospective, a general trend for the increase of
pH, electrical conductivity, and nitrate levels has
also been recently recorded (de Figueiredo et al.
2007, 2010).

Bacterial assemblage and trophic gradient
of the Basin

The phylogenetic affiliation of the most in-
tense bands corresponded to phylogenetic groups
commonly found in freshwater bodies such as
Betaproteobacteria, Gammaproteobacteria, and
Bacteroidetes (Cottrell et al. 2005; Lindstrom et al.
2005; Van Der Gucht et al. 2005; Allgaier and
Grossart 2006). The clustering analysis based on
the DGGE band patterns suggest the hydrody-
namic features (lotic or lentic) and trophic status
of the sampling sites as the main BCC modulators.
Multivariate analysis showed Chl a, TSS, TOC,
electrical conductivity, and HCOJ levels were the
most important parameters to determine the BCC
variation. Temperature, pH, and redox potential
(En) as well as total phosphorus, nitrogen sources,
and organic matter have proven to be important
factors for BCC variation (Lindstrom et al. 2005;
Rooney-Varga et al. 2005; Haukka et al. 2006;
Hall and Cotner 2007; Berggren et al. 2009), along
with the water flow and retention time (Crump
and Hobbie 2005; Lindstrom et al. 2005), Chl a
(Muylaert et al. 2002; Allgaier and Grossart 2006;
Simek et al. 2008) and sulfate levels (Awadallah
et al. 1998; Bacelar-Nicolau et al. 2003). However,
the impact of HCOJ concentration is not usually
reported although here it showed to be an impor-
tant BCC modulator.

The BCC showed variations along Cértima
River Basin but among most samples common
bands could be detected such as band 28, affiliated
with Flavobacterium spp. from freshwater lakes
(Berg et al. 2008), whose representation was
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stronger in samples with higher HCOy, elec-
trical conductivity, and SO?[ levels (according
to Pearson correlation). In fact, the Cytophaga—
Flavobacterium group is well represented in
organic-rich rivers (Brimmer et al. 2000). Band
32, affiliated with Bacteroidetes, was correlated
with higher electrical conductivity and HCO; lev-
els and was similar to bacterial sequences from
animal gastrointestinal tract suggesting a relation
with untreated effluents from domestic wastewa-
ter and/or animal farming, which are known to
exist near C5 (Cerqueira et al. 2005). Bands 22
and 18 showed the highest similarity with partial
sequences from uncultured bacteria isolated from
activated sludge samples; they showed to be re-
lated with high ammonium levels although band
22 was also related with high electrical conductiv-
ity, HCO;3, SRP, nitrate, TN, and Kjeld-N levels.
In fact, the Bacteroidetes group, in general, is
known to appear abundantly at mesotrophic and
eutrophic water bodies (Riemann and Winding
2001; Van Der Gucht et al. 2005; de Figueiredo
et al. 2007), and it usually correlates with high nu-
trient levels (Brimmer et al. 2000; de Figueiredo
et al. 2007, 2010; Xi et al. 2007). At C14, band
19 matched partial 16S rDNA sequences from
uncultured bacteria also found in wastewater and
activated sludge (Kong et al. 2007). Actually,
at Cl4, a strong pollution from wine industry
effluents has been reported and related to high
organic charge and oxygen depletion (Rino and
Gil 1987; Calado 1990). The Gammaproteobacte-
ria phylotype (band 9) showed to be correlated
with higher SOi_ levels suggesting a preference
for polluted waters. The highest sequence similari-
ties were found with freshwater bacteria; however,
this subdivision is not very abundant in fresh-
waters although it has been reported in several
lakes and rivers (Zwart et al. 2002; Allgaier and
Grossart 2006) as well as in wastewater treatment
plants (Kong et al. 2007). Betaproteobacteria are
very abundant in freshwaters (Zwart et al. 2002;
Cottrell et al. 2005; Van Der Gucht et al. 2005;
Allgaier and Grossart 2006). Bands 14 and 15
were affiliated with the family Comamonadaceae
(Burkholderiales; Betaproteobacteria) from lakes
and rivers (Crump and Hobbie 2005; Mueller-
Spitz et al. 2009). In fact, members of this fam-
ily have been recorded at Fermentelos Lake (de

Figueiredo et al. 2010) and are abundant in rivers
with organic pollution levels such as Cértima
River (Briimmer et al. 2003). Band 14 correlated
with low Ejy and high temperature, pH, TSS, and
Chl a levels. Band 31 was affiliated with members
of the family Methylophilaceae (Methylophilales;
Betaproteobacteria) isolated from a freshwater
lake (Mueller-Spitz et al. 2009), and its occurrence
showed a negative correlation with chlorophyll a
levels.

Conclusions

The results obtained in this study showed that
the water quality of Cértima River Basin suffered
degradation from the upstream tributaries and
along the river main body. Parameters such as
BOD, electrical conductivity, pH, Chl a, HCOZ,
and nutrient levels were the main modulators
of this water quality gradient suggesting the
influence of eutrophication, pollution but also
of hydrogeological features (mineralization gradi-
ent). Samples from Lagoa Seca (Mealhada) and
Curia (Anadia) but also from the tributary Levira
River showed to have the highest pollution levels;
this was associated with discharge of wastewaters
and effluents from animal farming and industrial
activity. Nevertheless, in general, Cértima River
tributaries showed to play an important role for
the river pollution depuration.

The variation of the bacterial assemblage along
the Cértima River Basin showed to depend mainly
on parameters such as Chl a, TSS, TOC, electrical
conductivity, and HCOJ levels. Bacteroidetes phy-
lotypes were all related to higher electrical con-
ductivity and HCOj5 levels. Some of these were
also correlated with high SO~ and others with
high SRP, nitrate, TN, and Kjeld-N levels. The
occurrence of a Gammaproteobacteria phylotype
was correlated with high SO}~ levels. One of the
Betaproteobacteria phylotypes showed to corre-
late with low Ej; and high temperature, pH, TSS,
and Chl a levels while another showed a negative
correlation with Chl a values. Overall, the bacteri-
oplankton assemblage was a good indicator of wa-
ter quality, namely of anthropogenic inputs, and
the dominant phylotypes along the Cértima Basin
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were typically associated with organic-enriched
waters.
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