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Abstract The northern Adriatic Sea is among the
most productive areas within the Mediterranean Sea,
mainly because of the important river discharges that
characterise the area. During an oceanographic cruise
in April 2011, 12 stations located in the western sector
of the basin were sampled in order to deepen the
current knowledge on polysaccharide utilisation with-
in phytoplankton blooms. The bloom detected in the
proximity of the Po river delta was mainly supported
by Skeletonema marinoi and several species of
Chaetoceros and determined the spatial distribution
of total carbohydrates in surface and subsurface
waters. The kinetics of four glycolytic exoenzymes
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were tested (alpha- and beta-glucosidase together with
alpha- and beta-galactosidase), and cellulose-degrad-
ing and cellobiose-utilising microbes were enumerat-
ed. The fastest enzymatic cleavage was performed by
a-galactosidase in low-chlorophyll areas. The highest
abundance of cellulose-degrading microorganisms
corresponded to the lowest degradation rates.
Relatively slow hydrolysis was compensated by a
pronounced affinity of the enzymes for their sub-
strates. This metabolic strategy would minimise
energy consumption, by producing few, high-perfor-
mance enzymes. No evident relationship between
phytoplankton assemblages and polysaccharide degra-
dation dynamics was found.

Keywords Glucosidase - Galactosidase - Adriatic
Sea - Phytoplankton - Enzyme kinetics

Introduction

The northern basin of the Adriatic Sea is among the
most productive areas within the Mediterranean Sea
(Sournia, 1973). The limited depth that characterises
the basin (on average 35 m) determines a marked
benthic—pelagic coupling and a fast nutrient regen-
eration (Giordani et al., 1992). This often occurs as a
consequence of the main winds [Bora (ENE) and
Scirocco (SE)] that can mix the water column and
resuspend sediments (Celussi & Del Negro, 2012).
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Another factor which determines its high productivity
is related to river inputs, mainly coming from the Po
river (Artegiani et al., 1997). This river discharges
47 km® of freshwater year™' into the basin, carrying
6 x 10°t year™' of suspended matter,
255,000 t C year ' as total organic C and
155,000 t N yeaf1 as total N (Pettine et al., 1998).
It has also been estimated that the Po river together
with the Rhone river is responsible for about one-third
of the freshwater inputs in the whole Mediterranean
(Ludwig et al., 2009). This material taken to the
northern Adriatic Sea considerably affects the plank-
tonic ecosystem on temporal scales spanning from the
diel (Celussi et al., 2008) to the interannual (e.g.
Pugnetti et al., 2008; Bernardi Aubry et al., 2012). The
inorganic nutrients’ load has direct effects on phyto-
plankton primary production, on its biomass (Bernardi
Aubry et al., 2012) and diversity (Mangoni et al.,
2008), and the variations these assemblages are
subjected to are reflected on their direct predators
(Fuks et al., 2012).

Likewise, river inflows affect prokaryotic ac-
tivities/processes and community structure. For ex-
ample, in the proximity of one of the Po mouths, it has
been observed that interactions between riverine
inputs and the tidal cycle influence microbial meta-
bolism on a diel scale (Celussi et al., 2008). The same
inputs have a marked role in determining the spatial
and temporal variability of microbial metabolism in
the whole western sector of the northern Adriatic (Del
Negro et al., 2008). In general, the relationship
between river inputs and prokaryotic activities is
mediated by organic matter and nutrient loads, in both
cases with direct and indirect effects. One direct effect
is the necessity to utilise given substances carried from
the land (both inorganic and organic nutrients) in order
to sustain metabolic needs, whereas, among indirect
effects, microalgae nutrient-enhanced organic C pro-
duction is of primary importance.

Organic carbon is mainly in a polymeric form and,
for this reason, it cannot be directly utilised by
organoheterotrophic prokaryotic cells. Since only
low-molecular weight molecules (<600 Da) such as
amino acids and monosaccharides can be adsorbed
into the cell through membrane permeases, prokary-
otes (exclusively bacteria, according to Baltar et al.,
2013) produce exoenzymes which hydrolyse polymers
and oligomers, playing a pivotal role in organic matter
transformation (Chrost, 1992).
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Carbohydrates are a significant part of the pool of
biogenic molecules in the ocean (e.g. Pakulski &
Benner, 1994), represent an essential energy source for
the biota, and form many cellular structures. Although
microbial degradation of polysaccharides is not well
characterised in the marine environment, several
related marine bacterial genera that can degrade
cellulose and other complex polysaccharides have
been discovered (Andrykovitch & Marx, 1988; Gon-
zales & Weiner, 2000; Distel et al., 2002 Ekborg et al.,
2005; Taylor et al., 2006 and references therein).

Cellulose is a polysaccharide consisting of a linear
chain of several hundreds to over ten thousand p(1-4)-
linked p-glucose units. Long chains are parallel
bundled forming amorphous and crystalline (hy-
drophobic) regions; because of its heterogeneous
nature, cellulose degradation requires a synergic
action of different enzymatic systems (Beguin &
Aubert, 1994; Tomme et al., 1995; Lynd et al., 2002).
Furthermore, the cellulose microfibrils are embedded
in a matrix of hemicelluloses (including xylans,
arabinans, and mannans), pectins (galacturonans and
galactans), and B-1,3 and B-1,4 glucans. Hemicellu-
lose polymers are often substituted with arabinose,
galactose, and/or xylose residues, yielding arabinoxy-
lans, galactomannans, and xyloglucans, among others
(Tomme et al., 1995; Warren, 1996; Lynd et al., 2002).

Alpha- and beta-glucosidases in the marine envi-
ronment are usually addressed to hydrolyse the
polysaccharides that constitute storage and structural
glucans, respectively. Galactosidases (a- and B-) are
used to hydrolyse poly- or oligosaccharides which
contain galactose and can easily cleave the oligosac-
charidic constituents of glycoproteins and glycolipids.

To date, many studies have investigated the
dynamics of these enzymes by utilising batch ex-
periments aimed at understanding the degradation of
carbohydrate-rich particles (e.g. Azda et al., 2003;
Pinhassi et al., 2004; Zoppini et al., 2005); a minor
effort has been made in following polysaccharide
degradation within natural phytoplankton blooms (e.g.
Fandino et al., 2003; Teeling et al., 2012). To the best
of our knowledge, no field study has evaluated the
interconnections occurring among physico-chemical
factors, phytoplankton assemblages dynamics, the
abundance of organisms able to utilise C-rich sub-
strates, and the kinetics of glycosyl hydrolases. For
this reason, an oceanographic cruise was conducted in
the northern Adriatic Sea; 12 stations were sampled
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during a spring phytoplankton bloom event, and the
kinetics of four polysaccharide-degrading exoen-
zymes were estimated. We tested glucosidases and
galactosidases aimed to cleave both alpha- and beta-
bonds. The objective of this study was to deepen the
current knowledge on the interactions between mi-
crobes and the polysaccharide pool within phyto-
plankton blooms, by (1) focussing on the potential to
degrade complex sugars, (2) quantifying microbes
able to utilise cellulose constituents, and (3) evaluat-
ing possible connections between glycolytic activities
and phytoplankton assemblages.

Materials and methods
Sampling

Sampling was performed during an oceanographic
cruise onboard the R/V Urania from 10th April to 12th
April 2011. Seawater samples and temperature,
salinity, and chlorophyll a fluorescence data were
obtained by means of a Rosette sampler (12-1 Niskin
bottles) equipped with a multiparametric probe SBE
911. The location of the 12 stations, organised into
three coast-offshore transects, is reported in Fig. 1.
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Fig. 1 Map of sampling stations in the northern Adriatic Sea.
Image drawn by means of ODV software (Schlitzer, 2014)

Samples were collected at all stations at surface
(0.5-1.5 m), and at stations N5, N4, and N3, seawater
was sampled also at the maximum fluorescence depth
(7, 10, and 7 m, respectively).

Carbohydrates

Seawater samples (50 ml) for total carbohydrate
concentrations (TCHO) were immediately frozen at
—20°C. The analyses have been carried out according
to the colorimetric method described by Myklestad
et al. (1997), using the 2,4,6-tripyridyl-s-triazine
reagent. The procedure has been applied to three
3-ml subsample aliquots.

Phytoplankton

Phytoplankton was sampled only at the most coastal
and offshore stations in each transect. Samples were
fixed with 1% final concentration hexamethylenete-
tramine-buffered formalin and examined with an
inverted microscope equipped with phase contrast
(Zeiss Axiovert 35), at 400x magnification. Aliquots
from 5 to 50 ml were allowed to settle for 24—48 h and
examined (Utermdhl, 1958). A variable transect
number was observed until at least 200 (but often
more than 500) cells were counted for each sample
(Zingone et al., 1990). Species composition was
defined according to Tomas (1997) and references
therein. Cell size was measured, the biovolume was
computed according to Strathman (1967), and the C
content was obtained applying the conversion factors
by Smetacek (1975).

The obtained quail-quantitative matrix was used to
perform a cluster analysis. All species or taxa that
constituted less than 3% of the whole community were
removed. The modified matrix was used to calculate
the Bray—Curtis similarity coefficient (Primer5 soft-
ware) for each pair of samples, and the dendrogram
was built using the group average linkage method
(Fig. S1, supplementary material).

Bacterioplankton

Bacterioplankton (total prokaryotes) abundances were
determined by preserving 10 ml of seawater with 2%
final concentration dolomite-buffered formalin (pre-
filtered through a 0.2-pm Acrodisc filter). Samples
were stained for 15 min with 4’6 diamidino-2-
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phenylindole (DAPI, Sigma) at 1 pg ml~" final con-
centration (Porter & Feig, 1980) and filtered in
triplicate onto 0.2-pm black polycarbonate filters
(Nuclepore). Filters were then mounted on microscope
slides, between layers of non-fluorescent immersion
oil (Type A, Cargille), and counted by epifluorescence
microscopy (LEICA DM2500) at 1,000x magnifica-
tion under a UV (BP 340-380 nm, BA 430 nm) and a
green (BP 515-560 nm, BA 590 nm) filter set for non-
pigmented cells and Synechococcus, respectively. A
minimum of 300 cells were counted for each filter in at
least 20 randomly selected fields. Synechococcus
abundances were converted into biomass data
(C content) according to the conversion factor
250 fg C cell ™' proposed by Tamigeaux et al. (1995).

Cellulose-degrading and cellobiose-utilising bacte-
ria were estimated by means of cultural essays and the
standard 5-tube most probable number (MPN)
method, referring to Mc Crady tables. Culture media
were prepared by amending artificial seawater (3%
NaCl w/v) with 0.28 mM Na,HPO,, 9.34 mM NH,CI
(Alderkamp et al.,, 2007), and D-(4) cellobiose
(SIGMA) (7 g 17]) or carboxymethylcellulose (CMC)
Sg 1) (Hankin & Anagnostakis, 1977). Cellulose-
degrading bacteria were estimated by adding 10, 1, and
0.1 ml of seawater to 10 ml of the medium, whereas for
cellobiose-utilising organisms 1, 0.1, and 0.01 ml
sample aliquots were used. All essays were prepared
immediately after the sampling procedures on board
and incubated at 20°C (Cibic et al., 2012). Positive
D-(+) cellobiose vials were determined when turbidity
was evident after 5 days. CMC-degraders estimations
were determined after the increase of turbidity and
change of colour to yellow-brown after 30 days and
confirmed streaking a loopful of each culture on
agarized medium previously described; positive results
were recorded after growth on plates and change of
colour to yellow-brown after 1 week (20°C).

Carbohydrate degradation

Hydrolytic exoenzyme activities were measured with
fluorogenic analogues of natural substrates (Hoppe,
1993) derived from 4-methyl umbelliferone (MUF). o-
glucosidase (AGLU), B-glucosidase (BGLU), a-galac-
tosidase (AGAL), and B-galactosidase (BGAL) were
assayed using MUF-a-p-glucoside, MUF-[-p-glu-
coside, MUF-a-p-galactoside, and MUF-f-p-galac-
toside (Sigma), respectively. The kinetic parameters
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Vimax (maximum hydrolysis velocity) and K, (Michae-
lis-Menten constant) were computed through the
Lineweaver—Burk linearization. The affinity of en-
zymes for the provided substrate was calculated as
1/K,,. To each sample (2.5 ml), fluorogenic substrates
were added at final concentrations of 50, 100, 200, 400,
and 500 uM. Samples were incubated in the dark at
in situ temperature for 1 h. The fluorescence released
by enzymatic cleavage of the artificial substrates was
measured fluorometrically, in triplicate, at 365 nm
excitation and 455 nm emission using a Shimadzu RF
1501 fluorometer. Triplicate calibration curves were
performed with standard MUF solutions (5 pM) added
to 0.2-um-filtered seawater.

Statistical analyses

After determining the non-normal distribution of salinity,
fluorescence, TCHO, and kinetic parameters by means of
the Shapiro—Wilk test (data not shown), correlations
among datasets were verified using the non-parametric
Spearman (p) test, using the software STATISTICA 7.

In order to highlight the relationship between
kinetic and environmental (salinity, fluorescence,
TCHO, and cellulose-degrading and cellobiose-utilis-
ing bacteria) parameters, two different principal
component analyses (PCA) were performed with the
same software. In the first analysis, V,,.x values were
used and in the second affinity data were tested.

The similarity analysis ANOSIM (Primer5) was used
with the aim to determine if phytoplankton community
dissimilarities were linked to differences in the kinetic
patterns obtained for the 4 tested enzymes. ANOSIM
tests a priori defined groups (in this case determined by
similarities in phytoplankton assemblages) against
random groups in ordinate space. The Ranosmv Statistic
values are a relative measure of separation of the a priori
defined groups. A zero (0) indicates that there is no
difference among groups, while a one (1) indicates that
all samples within groups are more similar to one
another than any samples from different groups.

Results
Physical and chemical parameters

Temperature values ranged from 9.0 to 16.3°C (data
not shown): the warmest waters were found at surface



Hydrobiologia (2015) 757:209-222

213

in correspondence of the major influence from the Po
river inputs.

Most of the sampled stations showed freshwater
influence in their surface layer (Fig.2). Stations
mainly affected by riverine inputs belonged to transect
S; in fact, at station S1 the lowest salinity value (28.2)
was measured (Fig. 2). Low surface salinity values
(31.2-33.3) characterised also transect N where,
similarly to stations in transect S, the halocline was
present between 5 and 10 m depth. Even transect E
(the furthest from the Po river mouth) was influenced
by freshwater (average between E2 and E3 surface
value = 30.4) in its western stations and showed
increasing salinity while proceeding offshore until the
maximum surface value was reached at station ES
(36.5).

Chlorophyll a fluorescence data (Fig. 2), a proxy
for microalgae biomass, inversely mirrored the spatial
pattern found in salinity, having their maximum at
station S1 (4.3 f.u. = fluorescence units) and their
minimum at station ES (0.1 f.u.). Notwithstanding the
presence of low-salinity surface waters in transect E,
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fluorescence values in this area were very low
(0.1-0.3 f.u.). In samples collected at the maximum
chlorophyll depth in transect N, fluorescence values
were 1.4, 1.0, and 0.6 f.u. at stations N5, N4, and N3,
respectively.

Total carbohydrate concentrations paralleled fluores-
cence values (Spearman p = 0.58; P < 0.05; n = 15).
Along transect N, an average value of 273.3
(488.7) ugC 17" was measured, with the highest con-
centrations found at surface. Transect S had the highest
values in the dataset, following an increasing coast-
offshore gradient presenting 660.2 pgC 17" at S1 and
4544 pngC 17" at S4. Concentrations <300 pgC 17"
characterised transect E with the absolute minimum
found at station E5 (73.1 pugC 17").

Phytoplankton

The lowest phytoplankton (nano- and micro-) abun-
dances have been observed in the southernmost
transect (5.4 x 10° cell "' in E5;32.0 x 10° cell 1™
in E2), whereas the highest cell counts were found in
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Fig. 2 Salinity (A) and fluorescence (B, in arbitrary units) surface data at 12 stations in the northern Adriatic Sea
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transect S (30.3 and 141.3 x 10° cell 17" in S4 and S1,
respectively). Intermediate values characterised the
northernmost transect, on average 21.0 (£12.7) x
10° cell 17!, Three different assemblage types were
found in the three transects, as determined by the Bray—
Curtis similarity coefficient computation (cluster
analysis in Fig. S1). Stations located in transect E
were characterised by the highest abundance of
undetermined nanophytoplankton (44 and 70% of total
abundances at stations E2 and ES5, respectively) and
Cryptophyceae (11% in ES). In transects N and S,
colonial diatoms (Skeletonema marinoi and Chaeto-
ceros curvisetus) were very abundant, followed by
small (<2 pm in width) Pseudonitzschia sp. The
differentiation of ‘N’ and ‘S’ stations can be ascribable
to the presence of coccolithophores exclusively in
transect N (5-10%) and of Chaetoceros socialis
(6-16%) and Chaetoceros sp. (8—10%) in transect S.
C content computation of these components generally
paralleled abundances with the highest value at S1 =
548.1 ugC 17" and the lowest at E5 = 14.9 ugC 17"
Biomass values (comprising Synechococcus biomass)
and chlorophyll a fluorescence were positively corre-
lated (Spearman p = 0.63; P < 0.01; n = 18).

Bacterioplankton

In all transect, bacterioplankton abundances were
decreasing along coast-offshore gradients (Fig. 3) In
the northernmost transect (N), this decrease was low
with abundances ranging from 1.0 (N2) to 1.2
(N5) x 10° cell "', In these stations, at the max-
imum fluorescence depths, cell abundance was lower
than at surface, being on average 0.9 (£0.1) x
10 cell 17", In the transect with major freshwater
influence, prokaryotic cell numbers ranged between
0.6 and 1.2 x 107 cell 1" (S4 and S1, respectively),
whereas in the southernmost stations the range was
0.4-0.7 x 10° cell 17! (E5 and E2).

Cyanobacteria belonging to the genus Synechococ-
cus showed a low variability in abundance in the two
northernmost transects (Fig. 3), showing average
values of 5.0 & 1.2 x 10° cell 17" in transect N and
2.7 £ 0.3 x 10° cell ™! in transect S. On the con-
trary, at the offshore stations of transect E markedly
higher cell abundance was found, with a maximum
equal to 19.6 & 1.1 x 10° cell 17" at station E4.
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Along the surface layer of the northernmost tran-
sect, abundances of cellobiose-utilising bacteria
ranged between 7.5 X 10° (N4) and 1.1 x 10* (N3 e
N2) MPN 17! (Fig. 4), while, at the maximum
fluorescence depths, abundances varied between
3.5 x 10*> (N4) and 1.1 x 10* (N3 e N2) MPN I !;
the highest values characterised the station more
distant from the coast at both depths.

In transect S, cellobiose-utilising bacteria ranged
between 2.0 x 10% and 4.6 x 10> MPN 17!, showing
decreasing abundances along coast-offshore gradients
(Fig. 4). The surface layer along the southernmost
transect was characterised by highest and homogeneous
values (1.1 x 10* MPN 171 except in the station
positioned closest to the coast (E2), where the lowest
abundances were detected (2.0 x 10> MPN 17])(Fig. 5).

Abundances of cellulose-degrading bacteria along
transect N were lower at surfaces, varying between
3.3 x 10> (N5) and 2.4 x 10° (N3) MPN 17!, than at
the maximum fluorescence depths where they ranged
between 5.4 and 9.3 x 10> MPN 17!; besides, along
the surface layer, the lowest value was observed at the
station positioned closest to the coast (N5) (Fig. 4).

Contrarily, along the transect more influenced by
freshwater inputs, cellulose-degrading bacteria, rang-
ing between 2.0 x 10% (S4) and 1.6 x 10* (S2) MPN
17!, resulted less abundant at the station more distant
from the coast. Similar mean values were estimated
along S and E transects (7.2 x 10* and 5.0 x 10°
MPN 17!, respectively), but lowest CMC-degraders’
abundances characterised the stations closest to the
coast along the southernmost transect (3.5 x 10* and
1.3 x 10* MPN 17! at E2 and E3, respectively), while
the maximum (1.6 x 10* MPN 17!) was found at the
offshore station (ES) (Fig. 4).

Carbohydrate degradation

Kinetic parameters V,.x and affinity (1/K,) for the
four tested enzymes are reported in Fig. 5. B-Glucosi-
dase activity was very homogeneous in all samples,
with hydrolysis rates equal to 6.65 4 2.37 nM h™"
(average of all determinations £ SD). Similarly, the
enzyme affinity for the substrate was rather constant,
especially in surface samples (0.011 £ 0.04 uM™").
At the maximum fluorescence depths at stations N4
and N3, the highest affinity values for this enzyme
were found (0.023 pM ™).
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Fig. 3 Bacterioplankton and Synechococcus abundances at 12 stations in the northern Adriatic Sea. Samples for which the depth is not
indicated were collected at surface. Each value represents the mean of three replicates £SD

o-Glucosidase hydrolysis rates showed three (1.70 + 1.19 nM h™"). The lack of a Lineweaver—
different patterns in the different transects. Transect Burk kind of kinetic at N3 at surface did not allow the
N was characterised by the lowest values computation of V. and K,, in this sample. The
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Fig. 4 Abundances of cellobiose-utilising (A) and cellulose-degrading (B) microorganisms at 12 stations in the northern Adriatic Sea.

Values are reported in MPN 1~

enzyme activity was particularly fast in the highly
freshwater-influenced station S1 with V., =
25.6 nM h™!. In the other ‘S’ stations, degradation
rates were on average 2.85 + 0.46 nM h™'. The
southernmost transect showed the highest mean rates
(6.76 &+ 2.53 nM h™"). Affinity measurements along
transect N were very variable, with the maximum
found at station N5, 7 m (0.095 uM_l), and the
minimum computed at N4, 10 m (0.003 uM_l). In
transect S, a coast-offshore gradient was observed
with the maximum affinity at S1 (0.161 pM ") and the
lowest at S4 (0.004 uM™'). At stations ‘E’, the
average affinity was 0.005 (£0.003) pM ™"

B-Galactosidase activity (V. in surface waters of
transect N was decreasing from coast to offshore,
showing its maximum rate at N5 (8.77 nM h™') and its
minimum at N2 (2.84 nM h™!). In sub-surficial sam-
ples, Vinax Was generally lower (1.95 4+ 1.05 nM h_l).
Very similar hydrolysis rates were measured along S
and E transects (3.00 £+ 0.93 nM hfl). B-Galactosi-
dase affinity was very low in surface samples of transect
N (<0.017 uM ™). In the remaining stations, homoge-
neous values were calculated (0.015 + 0.006 pM ™)
with the exception of S2 where high-affinity enzymes
were detected (0.048 pM ™).
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a-Galactosidase was the fastest degrading and least
affine enzyme among the tested ones. Latitudinal
different patterns were observed: in the high-fluores-
cence transect (S), the slowest hydrolysis was mea-
sured (Vipax = 5.76-8.25 nM h™1). On the contrary,
at stations with lowest algal biomass (E) we measured
the fastest rates, ranging from 10.18 (ES) to 79.36 (E3)
nM h™'. The northernmost transect was characterised
by intermediate and heterogeneous values, on average
11.41 (£7.03) nM h™'. Such variability was found
also in affinity measurements that ranged between
0.001 (N3 DCM) and 0.041 (N2) uM ..

PCA results are reported in Fig. 6. The analysis
aimed at visualising the relationship between V/,,x and
environmental parameters explained a total variance
of 57.8%, whereas the PCA with affinity values
explained 55.8% of variance. In both cases, the
parameters mainly associated to the first principal
component (Factor 1) were salinity, fluorescence, and
total carbohydrates. As far as the second principal
components are concerned, in the first PCA they were
mainly linked to BGLU, BGAL, AGLU, and cellu-
lose-degrading bacteria, whereas in the second one
they were associated to BGAL and BGLU affinities.
The main gradients highlighted by the plot of sampling
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Fig. 5 Maximum rate of hydrolysis (V. leff) and enzyme
affinity (=1/K,,; right) measured at 12 stations in the northern
Adriatic Sea. Samples for which the depth is not indicated were

cases were identified according to variations in salinity
(and consequently fluorescence and TCHO).

The ANOSIM outcome computed a Ranosim
value = 0.175, P = 0.78, evidencing a missing link
between phytoplankton assemblages and degradation
patterns.

Discussion

Relationship between enzyme kinetics,
polysaccharide-utilising microbes,
and environmental parameters

During the oceanographic cruise, the Po river plume
was heading southward, as typically observed during
spring (Artegiani et al., 1997). Nevertheless, an
important amount of freshwater could flow at surface
towards the middle of the northern Adriatic along

EBGLU OAGLU OBGAL @AGAL

collected at surface. BGLU beta-glucosidase, AGLU alpha-
glucosidase, BGAL beta-galactosidase, AGAL alpha-
galactosidase

transect N, as highlighted by salinity data. Salinity
values identified discontinuous hydrological struc-
tures (probably a higher density gyre at stations N3
and N4), as previously reported by Mangoni et al.
(2008). The higher salinity measured in the central
portion of the transect was reflected in reduced
fluorescence, attributable to lower nutrient concentra-
tions of more saline waters. Marine waters affected by
freshwater inputs have also been found at the coastal
stations of transect E, even though in this area low
algal biomass was observed (presumably as a conse-
quence of nutrient consumption along the southward
flowing of the river plume; Mangoni et al., 2008). The
direct correlation between fluorescence and TCHO
values (Spearman p = 0.58; P < 0.05; n = 15) might
indicate the recent synthesis of sugars by phytoplank-
ton, as already mentioned by Terzi¢ et al. (1998),
although further data are needed to support this
hypothesis.
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plots represent the projection of variables (A) and sampling
cases (B) of the PCA applied to enzyme V., data. The lower
plots represent the projection of variables (C) and sampling
cases (D) of the PCA applied to enzyme affinity data. Percent
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In our study, glycolytic enzyme kinetics did not
show any robust relationship with salinity or fluores-
cence values, except for the maximum velocity of
hydrolysis of a-glucosidase (Spearman p between
fluorescence and V.« = 0.77; P <0.01; n = 15).
Surprisingly, the fastest enzymatic cleavage was
performed by o-galactosidase. In aquatic systems,
the most frequently tested enzyme is B-glucosidase,
followed by a-glucosidase (for a review, see Sins-
abaugh & Follstad Shah, 2012). In the present dataset,
o- and P-glucosidase showed hydrolysis rates

@ Springer

beta-galactosidase, AGAL alpha-galactosidase, aff affinity, SAL
salinity, FLUO fluorescence, TCHO total carbohydrates, Cel-
lobiose abundance of cellobiose-utilising organisms, and
Cellulose abundance of cellulose-degrading organisms. Sam-
ples for which the depth is not indicated were collected at
surface

previously observed in the area (Celussi et al., 2011;
Celussi & Del Negro, 2012), <10 nM h~!. Nonethe-
less, in areas with lower surface chlorophyll a concen-
tration, o-galactosidase reached V.., even equal to
79.4 nM h™'. The environmental parameters analysed
here do not allow a strong interpretation of such fast
rates. However, the highest o-galactosidase Vi,ax
found in the least freshwater-influenced area was
inversely related to phytoplankton biomass and total
carbohydrates. Such a result is in contrast with the
substrate induction generally reported for glycolytic
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exoenzymes, even though previous investigations
focussed on glucosidases only (Sinsabaugh & Follstad
Shah, 2012). It is known that phytoplankton cells in
P-limitation conditions compensate this status by
synthesising membrane lipids without P, in order to
utilise phosphate for other metabolic requirements
(Van Mooy et al., 2009). These membrane lipids are in
many cases galactolipids, and in particular mono and
di-galactosyldiaglicerols. It has been previously noted
that in the northern Adriatic Sea this phenomenon is
rather frequent, with the concentration of glycolipids
being always higher than phospholipids in the par-
ticulate fraction of surface waters (IvanCi¢ et al.,
2012). It is therefore plausible that this enzyme acts
preferentially on the oligosaccharides components of
glycolipids and glycoproteins in areas which are more
subjected to P-limitation. Furthermore, it has been
demonstrated that the galactose content of marine
polysaccharides tends to increase as a result of
selective degradation patterns. With respect to the
freshly produced marine organic matter, this ageing
process leads to more refractory carbohydrate com-
pounds having a higher percentage of galactose
residues (Giani et al., 2005) and leading to faster
polysaccharide degradation rates (Zoppini et al.,
2005).

In order to obtain a general picture to describe the
enzyme Kkinetics, a multivariate analysis (PCA) was
performed with the aim to obtain information on their
relationship with environmental and biological (func-
tional microbial groups) variables. When considering
the maximum hydrolysis rates, the most noteworthy
result was the inverse relationship between beta-
glucosidase + beta-galactosidase and the abundance
of cellulose-degrading bacteria. In this study, cellulose
degraders were quantified through cultural methods
based on the cellulose (CMC) utilisation as the sole
carbon source; thus, it is intended to evaluate the
distribution of microbial species and consortia which
can degrade complex polysaccharides. Cellulose-de-
grading abundances suggested that enzymatic systems
degrading complex polysaccharides are metabolic
traits that characterised microbial communities in the
whole area, although more representative of the
offshore stations of the southernmost transect
(Fig. 5). These microbes need to cleave B-glycosidic
bonds in order to utilise cellulose constituents and
should act at fast rates in order to sustain growth. On
the contrary, in this dataset the highest abundance of

cellulose-degrading microorganisms corresponded to
the lowest degradation rates. Such slow hydrolysis
was indeed compensated by a pronounced affinity of
the enzymes for their substrates. This metabolic
strategy, performed in areas of low freshwater influ-
ence, would minimise energy consumption by pro-
ducing few, high-performance enzymes. This would
also be confirmed by the direct relationship between
BGAL and BGLU affinity and the abundance of
cellobiose-utilising bacteria. Also in this case no
correspondence was found between V... and cell
abundance. The similar target molecules of these
exoenzymes would explain the analogous kinetics we
calculated (Spearman p between V,,,., = 0.55; P <0.05;
n =15, p between affinities = 0.66 P < 0.01;
n = 15).

Beta-galactosidase activity has been historically
related to the presence of faecal contamination
(George et al., 2000). The lack of a strong inverse
relationship between the hydrolysis rate of this
enzyme and salinity (low-salinity waters allow the
growth of coliforms—Rozen & Belkin, 2001) could be
related to the presence of high loads of particulate
matter, typically associated with river outflows, which
might contribute to protect these organisms from death
(Rozen & Belkin, 2001).

The general low variability of B-glucosidase activity
in our dataset could be ascribable to the enzyme’s low
specificity (Chrdst, 1991). Even though hydrolysis rates
of BGLU were in the range usually found in marine
coastal environments (Caruso, 2010; Celussi & Del
Negro, 2012 and references therein), they were par-
ticularly restrained if compared to other bloom condi-
tions studied in the area (e.g. Celussi et al., 2008),
confirming the high variability (differences in V.« up
to 200nM h™' on an hourly scale) of microbial
metabolism in high-algal biomass conditions.

Phytoplankton assemblages and exoenzymatic
activities

The taxonomical determination of phytoplankton was
performed in order to test if polysaccharide degradation
patterns differed in areas characterised by different
phytoplankton assemblages. Different phytoplankton
communities are usually associated with different
prokaryotic assemblages (Pinhassi et al., 2004), and
the latter express peculiar organic matter degradation
patterns (Celussi et al., 2011; Teeling et al., 2012).
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Besides this, phytoplankton produces polysaccharides
with variable complexity according to their physio-
logical state (Myklestad, 2000) and community com-
position (Arnosti et al., 2011) and enzyme kinetics can
evidence such diversity (Sinsabaugh & Follstad Shah,
2012).

The differences in phytoplankton community com-
position emerged by the cluster analysis highlight how
the two northernmost transects were inhabited by
microphytoplankton species which are typically re-
sponsible for spring blooms, such as S. marinoi and
several species of Chaetoceros (Bernardi Aubry et al.,
2012; Cabrini et al., 2012). On the contrary, in the
most oligotrophic transect, smaller organisms belong-
ing to nano- and pico-phytoplankton (Syrnechococcus)
substantially contributed to the bulk of algal biomass
(approximately 50%). These data agree with the
classical scheme according to which a higher trophic
state leads to higher microalgal sizes, whereas smaller
cells predominate in oligotrophic areas due to their
higher efficiency in nutrient utilisation (Moutin et al.,
2002).

The statistical analysis utilised to verify the link
between phytoplankton and carbohydrate degradation
confuted our original hypothesis. This missing link
could indicate that (1) the factors that determine
degradation dynamics are not primarily connected to
phytoplankton-derived polysaccharide synthesis, (2)
the environmental gradients observed in this study are
not strong enough to clearly influence their kinetics,
particularly referring to the northern transect, and (3)
land borne organic matter can have a pronounced role
in these coastal areas, thus setting phytoplankton
production in a secondary position as far as the
controlling factors on polysaccharide degradation is
concerned.
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