
 
 

UNIVERSITÀ DEGLI STUDI DI TRIESTE 
 

XXXIII CICLO DEL DOTTORATO DI RICERCA IN 
AMBIENTE E VITA 

 

Istituto Nazionale di Oceanografia e di Geofisica Sperimentale - OGS 

 

MARINE MICROBES AND ORGANIC MATTER: THE 
INTERPLAY DRIVING THE OCEANS’ 

BIOGEOCHEMICAL ENGINE 

Settore scientifico-disciplinare: Bio/07 

 

 

DOTTORANDO  

DOTT. VINCENZO MANNA  

COORDINATORE   

PROF. GIORGIO ALBERTI  

SUPERVISORE DI TESI  

DOTT.SSA PAOLA DEL NEGRO 
 
CO-SUPERVISORE DI TESI 
DOTT. MAURO CELUSSI  

 

 

 

 

ANNO ACCADEMICO 2019/2020 



Marine Microbes and Organic Matter

The Interplay Driving The Oceans’
Biogeochemical Engine





We have become tinkerers of microbial evolution
and we don’t understand what we are doing.

Paul G. Falkowski





Abstract

All the heterotrophic life in the ocean, from bacteria to whales, is sustained by or-
ganic matter turnover. This ”currency of life” exists in countless physical and chemi-
cal arrangements, spanning from small dissolved molecules to big sinking macroag-
gregates. Organic matter consumption, remineralization and production processes
are essentially carried out by microbes. Photoautotrophic microbes are responsible
for half of the Earth’s carbon fixation, being the major organic matter source in the
ocean. Marine heterotrophic microbes (Bacteria and Archaea) mediate organic mat-
ter turnover, effectively regulating carbon and energy fluxes in the ocean. Although
developing over very small spatial and temporal scales, the interplay between ma-
rine microbes and organic matter is of pivotal importance for global biogeochemi-
cal dynamics. The overarching aim of this thesis was to investigate this interplay,
and its biogeochemical consequences, encompassing different environmental forc-
ing as well as spatial and temporal scales. The first Chapter was aimed to investigate
how long-term environmental changes affect microbe-mediated organic matter pro-
cessing. A monthly planktonic biogeochemical time series was analysed with a time-
oriented machine learning approach. A prolonged salinity anomaly resulted to cause
of profound biogeochemical changes in the study area, limiting microbe-mediated or-
ganic matter turnover for several years. In Chapter 2 the effect of a transient envi-
ronmental perturbation, an exceptional cold event, on the metabolism of planktonic
microbeswas investigated. A high-frequency sampling during and after the event was
coupled with experimental temperature manipulations; their outcomes demonstrated
that during these phenomena microbial metabolic rates are at their lower thermal
limit. Microbial growth was impaired even when the event ceased, highlighting how
ecosystemic consequences of extreme weather phenomena extend beyond their du-
ration. The third Chapter was focused on microscale interactions between Antarctic
heterotrophicmicrobes and particulate organicmatter. Microcosms experiment were
carried out incubating natural free-living communities with phytodetritus. Outcomes
from this research have highlighted that particulate matter composition substantially
shapes the associated microbial community and thus its metabolic capabilities. Fi-
nally, in Chapter 4 organic matter degradation modes were investigated with respect
to microbial lifestyle (i.e., free-living vs. particle-attached). Several Antarctic bacte-
rial isolates were screened for their degradative potential when growing exposed to
particles or in particle-free media. Production and activity of exoenzymes were finely
tuned according to growth conditions and that the presence of particles enhanced
the release of cell-free enzymes. The work done in this thesis furthers the current un-
derstanding of the biogeochemical implications of the marine microbes-organic mat-
ter interplay. By evaluating the consequences of regional perturbations, this thesis
provides sound ecological and methodological frameworks to assess the effects of
present and future changes on microbe-mediated organic matter turnover. Addition-
ally, specific microbial assemblages, and thus degradation modes, could be associ-
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ated with particulate matter composition, linking themicroscale interactions between
microbes and organic matter to global biogeochemical dynamics.

vi



Riassunto

Tutte le forme di vita eterotrofa negli oceani, dai batteri alle balene, dipendono dal-
la sostanza organica. Questa ”valuta” della vita è presente in una miriade di strutture
chimiche e fisiche, dalle piccolemolecole disciolte ai grandi aggregati che sedimenta-
no lungo la colonna d’acqua. I processi di consumo, produzione e remineralizzazione
della sostanza organica sono essenzialmente a carico degli organismi unicellulari. In-
sieme, eucarioti e procarioti fototrofi fissano circa la metà della CO2 su scala globale,
rappresentando la prinicipale fonte di sostanza organica negli oceani. Questa vasta ri-
serva di materia organica è processata, in maniera quasi esclusiva, dal batterioplanc-
ton (Bacteria e Archaea) eterotrofo. Sebbene la maggior parte delle interazioni tra
questi e la sostanza organica avvengano su scale spaziali e temporali estremamente
ridotte, questi processi regolano i flussi globali di carbonio ed energia, risultando di
fondamentale importanza per la biogeochimica degli oceani. In quest’ottica, lo scopo
principale di questo lavoro è di esaminare come questa interazione evolva a seguito
di perturbazioni ambientali e quali siano gli effetti, a diverse scale temporali e spaziali,
sulle dinamiche biogeochmiche. Il primo Capitolo si propone di analizzare gli effetti
che i cambiamenti ambientali a lungo termine possono avere sul processamento della
sostanza organica da parte del batterioplancton eterotrofo. A questo scopo, una serie
temporale di dati biogeochimici è stata analizzata con l’ausilio del machine learning
per evidenziare il ruolo dei fattori ambientali nel determinare i cambiamenti osservati
nei tassi di utilizzo della materia organica. Una prolungata siccità ha pesantemente
influenzato la biogeochmica dell’area di studio, limitando il processamentomicrobico
della sostanza organica per alcuni anni. Nel Capitolo 2 sono stati investigati gli effetti
di un eventometeorologico estremo sui tassi di degradazione e produzione di materia
organica a carico di procarioti eterotrofi. Grazie ad un campionamento effettuato du-
rante e dopo l’evento, combinato con esperimenti di manipolazione della temperatura,
questo capitolomostra come le temperature eccezionalmente basse raggiunte duran-
te l’evento abbiano rappresentato un limite termico per il metabolismo microbico. La
crescita microbica è risultata limitata anche dopo la fine dell’evento, dimostrando che
le conseguenze biogeochmice di eventi estremi perdurano oltre la durata degli stessi.
Il lavoro descritto nel terzo Capitolo era mirato ad analizzare le interazioni di micro-
scala tra le comunità microbiche e la materia organica particellata. A questo scopo,
esperimenti di incubazione in microcosmi sono stati effettuati con comunità microbi-
che naturali antartiche e fitodetrito. I risultati di questi esperimenti hanno dimostrato
che la composizione della materia organica particellata influenza la comunità micro-
bica associata, selezionando per specifici taxamicrobici e quindi specifiche modalità
di degradazione. Nel quarto Capitolo, una serie di esperimenti con isolati batterici
antartici e fitodetrito sono stati messi a punto con lo scopo di indagare la relazione
tra modalità di degradazione enzimatica e la presenza o assenza di sostanza organi-
ca particellata. La produzione e l’attività di esoenzimi è risultata finemente regolata
dalle condizioni di crescita, con una spiccata produzione di esoenzimi liberi in pre-
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Riassunto

senza di particolato detritale. Il lavoro presentato in questa testi avanza le attuali
conoscenze sulle implicazioni biogeochmiche delle interazioni tra i procarioti marini
e la materia organica. Esaminando le consequenze di perturbazioni ecosistemiche,
a breve e lungo termine, sul metabolismo microbico, questa tesi fornisce una solida
base ecologica e metodologica per migliorare l’analisi e l’interpretazione ecologica di
cambiamenti presenti e futuri. In questo lavoro inoltre, specifiche comunità micro-
biche, e di conseguenza specifici schemi di degradazione, sono stati associati alla
composizione del particellato organico, collegando le interazioni di microscala con le
dinamiche biogeochmiche globali.
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1. Introduction

1.1. Organic matter biogeochemistry
1.1.1. Organic matter in the marine environment

O rganic matter (OM) in the ocean exists as a size continuum, spanning from nano-
metres to metres in size (Verdugo et al., 2004). This range is operationally frac-

tionated into particulate and dissolved organic matter (POM and DOM, respectively).
The distribution of these size fractions is highly skewed towards the lower end (i.e.,
nanometres) of this range. POM, including living and non-living components of sink-
ing and suspended particles, contribute less than 2% to the global organic carbon (OC)
reservoir (Gardner et al., 2006). The submicron size range (i.e., 1µm – 1nm) is occu-
pied by small particles, gels, and colloids, which, despite their abundance in seawater,
are difficult to quantify and characterize (Verdugo et al., 2004). Below the microme-
tre threshold, further separation occurs. Macromolecules, microgels and other high
molecular weight (HMW) organic compounds are separated from the truly dissolved,
low molecular weight (LMW) molecules by ultrafiltration methods (Benner and Amon,
2015). These two fractions account for ~22 and ~77%, respectively, of the total OC
standing stock (Benner and Amon, 2015).

Even though all heterotrophic life in ocean is sustained by organic matter, most
of this “currency of life” is in a dissolved state and thus inaccessible to the vast ma-
jority of consumers. Although several eukaryotes can utilize DOM to partially meet
their metabolic requirements (First and Hollibaugh, 2009; Flynn et al., 2013; Michelou
et al., 2007), the magnitude of DOM removal by marine prokaryotes is far greater. In-
deed, marine bacterioplankton catalyses the OM transformation from the dissolved,
unavailable state to the particulate, exploitable one (Azam and Malfatti, 2007). Over
the cascade of biochemical events underlining OM processing, some of the interme-
diate products accumulate for various reasons (e.g., chemical or physical properties
slowing down degradation mechanisms; Dittmar, 2015). This results in the build-up
of OM pools, such as DOM, over time scales spanning from hours to thousands of
years (Hansell, 2013 and references therein). The pivotal importance of DOM for mi-
crobial life is in sharp contrast with its accumulation over such long time scales. This
contradiction is partially explained by DOM reactivity classes (Carlson and Hansell,
2015). On very short time scales (i.e., minutes to days), marine microbes produce
and utilize DOM defined as “labile”, the fraction of DOM serving as a bridge between
production and respiration. This fraction does not accumulate, and its occurrence
is constrained by system productivity (Dittmar and Arnosti, 2018). Over longer time
scales (i.e., seasonal to decadal), the excess microbial production coupled with ex-
ternal carbon inputs leads to net accumulation of “semi-labile” DOM (Carlson and
Hansell, 2015). “Refractory” DOM is the fraction that accumulates over longer time
scales (i.e., decades to millennia), making up most of the DOM pool (Hansell, 2013).
Its recalcitrance to degradation can be interpreted as the results of proteins, lipids and
polysaccharides transformation or selective degradation, whichmake refractory DOM
difficult to metabolize (Hertkorn et al., 2006).
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1.1. Organic matter biogeochemistry

1.1.2. Sources

A pproximately 50% of the global net photosynthesis is carried out by photoautotro-
phic microbes in the euphotic layer of the ocean (Field et al., 1998). This photo-

synthetically produced OC is then used to fuel phytoplankton biosynthetic pathways.
However, fluctuations in environmental (e.g., temperature, salinity, pH, irradiance, in-
organic nutrients availability etc.) as well as biological factors (community composi-
tion, physiological state of the cells, grazing pressure etc.) may lead to the uncoupling
between photosynthesis and cell growth, ultimately resulting in extracellular release
of the photosynthate (Myklestad, 2005). Except for phytoplankton blooms, the OC
fixed by phytoplankton rarely accumulates, being rather continuously turned over by
mortality processes (Strom, 2008) or contributing to the POM inventory.

In addition to photoautotrophic processes in the sunlit layer of the ocean, mem-
bers of Bacteria and Archaea domains are able to fix CO2 using the reduction poten-
tial derived from the oxidation of reduced inorganic compounds. These chemoau-
totrophic processes have been demonstrated to occur in all kind of environments,
from hydrothermal vents (Jannasch and Mottl, 1985) to hypoxic and anoxic ocean
waters (Walsh et al., 2009) as well as in oxygenated deep waters (Hansman et al.,
2009). Chemoautotrophic processes may represent a consistent fraction of the ex-
ported production in the dark ocean (15-53%, Reinthaler et al., 2010). Dissolved in-
organic carbon (DIC) fixation is not an inherently autotrophic (i.e., photo- or chemo-
) pathway, but heterotrophs can incorporate CO2 too trough carboxylation reactions.
These pathways are implicated in the synthesis of lipids, nucleotides, and amino acids,
as well as in anaplerosis (Alonso-Sáez et al., 2010). Anaplerotic reactions form inter-
mediates of metabolic pathways and are thus important in compensating metabolic
imbalance in oligotrophic conditions (Palovaara et al., 2014) or in fuelling highermeta-
bolic rates following pulses of labile OM (Baltar et al., 2016). A recent meta-analysis
of DIC fixation rates (Baltar and Herndl, 2019) highlighted the non-negligible contribu-
tion of these metabolic pathways to oceanic primary production rates. Considering
non-photosynthetic DIC fixation rates, primary production estimates may be between
5 and 22% higher, underlining how chemoautotrophy may be a substantial source of
autochthonous OM in certain systems.

Mesozooplankton grazing on phytoplankton remove 10 to 40% of the primary pro-
duction in marine systems (Calbet, 2001), passing energy and nutrients to higher
trophic levels according to the “classical” marine food web scheme (Cushing, 1989).
However, this transfer is not efficient, and leaks occur at its very first step, the prey
handling. Using tracers (14C) Lampert, 1978 demonstrated that during the feeding
process, a consistent fraction of the phytoplankton OC is released as DOC, as a con-
sequence of a process defined as “sloppy feeding”. The amount of DOC released
through this leak varies between 16 and 70% of the grazed carbon, according to the
prey size (Møller et al., 2003; Saba et al., 2011). Moreover, through the excretion of
undigestedmaterial as faecal pellets, mesozooplankton contributes to POMfluxes. In
open ocean, picophytoplankton (0.2-2 um in size) is themain photoautotrophic player,
yet, due to its reduced size, is not effectively grazed by mesozooplankton (Calbet and
Landry, 1999). This planktonic fraction is efficiently grazed by microzooplankton (i.e.,
<200 um) which remove an estimated 60-70% of the daily oceanic primary production
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(Calbet and Landry, 1999). Through sloppy feeding, micrograzers release up to 40%
of the prey OC in a dissolved form (Nagata, 2000).

Viruses are considered the most abundant predators in the marine environment
(Breitbart, 2012). They control the abundance and production rates of the microbial
plankton, effectively shaping micro- and macronutrients biogeochemistry in the sea
(Middelboe, 2010). Through lytic infection, viral progeny is produced following host
cell lysis, resulting in the release of cytoplasmic content as DOM. This process is
termed viral shunt (Wilhelm and Suttle, 1999). The resulting DOM is readily utilized
by prokaryotic cells, meeting between 10 and 40% of their carbon demand (Middel-
boe, 2010; Suttle, 2007). While the net effect of grazing is the transfer of OM to higher
trophic levels, the DOM produced through viral shunt is exclusively processed by mi-
crobes. This “priming effect” feeds a loop inwhich the activity of non-infected bacteria
is enhanced by the viral shunt-derived DOM, ultimately boosting OM remineralization
rates (Bonilla-Findji et al., 2009; Fuhrman, 1999; Suttle, 2007; Weinbauer et al., 2011).

Despite representing a minor fraction of the OC reservoir, sinking and suspended
particles represents significant hot spot of microbial metabolism in all aquatic envi-
ronments (Grossart and Simon, 1993). The abundance and activity of microbes asso-
ciated with particles, virtually hosted by all particles, may exceed that of the surround-
ing water by orders of magnitude (Smith et al., 1995; Arnosti, 2011). In this scenario
microbial extracellular enzymes are of fundamental importance in POM hydrolysis
(Arnosti, 2011), solubilizing it to DOM. Solubilization and uptake rates are often de-
coupled on particles (Smith et al., 1992), leading to the release of a DOM-rich plume,
the volume of which can be up to 100 fold the one of the original particle (Kiørboe
et al., 2001), representing a substantial DOM input for water column microbes.

1.1.3. Sinks

D espite the ocean-wide primary production range varies over two orders of mag-
nitude (Behrenfeld and Falkowski, 1997), DOM concentrations show a remark-

ably small variability throughout the ocean (Hansell et al., 2009). Considering that
photosynthesis-derived DOM brings a substantial contribution to the global OM in-
ventory, the offset between its concentration and primary production indicates the
existence of several removal processes.

As the major OM source is represented by either photo- or chemoautotrophy (see
section 1.1.2), the main OM sink is respiration. Through this process, an electro-
chemical potential is generated from the flow of electrons, from reduced compounds
through a membrane transport system, to an electron acceptor (Carlson et al., 2007).
This energy is then collected and stored in adenosine-5’-triphosphate (ATP) molecule.
The hydrolysis of the high-energy phosphate bonds of the ATPmolecules is then used
to fuel cell metabolism. On an ecosystem level, respiration represents one of the
largest components of the marine carbon budget. Although all microbes (except ob-
ligated fermenters) carry out respiration, prokaryotes represent the most abundant
organisms in the sea (Whitman et al., 1998). Much of the oceanic organic carbon
is thus respired by bacterioplankton and archaeaplankton, effectively controlling OM
biogeochemistry in the ocean (Carlson et al., 2007 and references therein).
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The ocean is a three-dimensional environment, highly structured by physical fac-
tors (i.e., temperature, salinity, density, light penetration, pressure); consequently, dif-
ferent biogeochemical dynamics develop in different physico-chemical compartments
of the ocean. The starting point of OM biogeochemical cycle is the sunlit ocean where
photosynthetic organisms reduce CO2 into organic molecules. Roughly half of the pri-
mary production is consumed by the phytoplankton themselves to meet their energy
requirements, reintroducing CO2 into the environment through the oxidation of organic
molecules (Falkowski et al., 1998). Primary producers are consumed by herbivores,
kicking off the OM trophic transfer along the marine food web (Cushing, 1989). How-
ever, as described in section 1.1.2, this transfer is not efficient, and a variable fraction
of this newly produced OM is enlisted into the DOM pool. Other mechanisms, like vi-
ral lysis or physiological DOM excretion, contribute to build up the DOM pool, which
in the end accounts for ~50% of the oceanic primary production (Field et al., 1998).
This enormous organic carbon reservoir serves as a substrate for the metabolism of
heterotrophic microbes (Dittmar and Stubbins, 2013). Indeed, within the microbial
loop, heterotrophic bacterioplankton shuffle OM from the dissolved to the particulate
pool, making these packages of food available to be transferred to higher trophic lev-
els (Azam et al., 1983; Cole and Pace, 1995; Pomeroy et al., 2007). Nonetheless, OM
degradation leads to the release of inorganic nutrients, such as phosphate and ammo-
nia, as well as CO2 to the water column, continuously feeding the surface OM cycling
(Goldman and Dennett, 2000).

Since someorganicmatter is not readily remineralized in the euphotic ocean, these
surface cycles are not “leak-proof”. In the sunlit ocean, one of the DOM removal
mechanisms is linked to photochemical transformation. Chromophores embedded
in HMW DOM can absorb the UV radiation, generating LMW compounds, enhancing
the DOM uptake and remineralization by heterotrophic prokaryotes (Anderson and
Williams, 1999). A by-product of these photochemical reactions is the release of la-
bile phosphorous- and nitrogen-containing compounds, further enhancing microbial
production (Moran, 2000). Although photochemical transformation may represent a
significant direct, as well as indirect, DOM sinks, the spatial extent of these processes
is constrained by the depth of the euphotic layer of the ocean.

In addition to the aforementioned processes, HMW DOM (i.e., macromolecules
andmicrogels) may spontaneously assemble into bigger structures. These are called
self-assembledmicrogels (Verdugo, 2012) and are complexmatrices formedby cross-
linked polymers. Following changes in chemical (i.e., pH, salinity) or physical (i.e., tem-
perature) conditions, these gels may further aggregate into dense particles and sink.
Although theoretically this process may represent a consistent DOM removal mecha-
nism, fluxes of DOM to self-assembled microgels are not yet quantified (Carlson and
Hansell, 2015). A fraction of this pool sinks towards the ocean bottom as POM, car-
rying nutrients and carbon from surface to ocean depths. This vertical flux of organic
carbon is the underlining principle of the biological carbon pump. Being a pump and
not a cycle means that the net effect of POM sinking is the removal, rather than the
recycling, of carbon, which can be sequestered from the oceanic and atmospheric
reservoirs potentially for thousands of years (Dittmar and Arnosti, 2018). However,
the efficiency of this process is rather low as a variable fraction between 1 and 6%
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reaches the ocean floor and an even less quantity, ~0.3%, escapes further degrada-
tion in marine sediments and is effectively sequestered (Dunne et al., 2007; Sundquist
and Visser, 2003). Particles resulting from the aggregation of HMW OM (i.e., marine
snow) sink more slowly or even stay suspended in the water column, whereas fae-
cal pellets or phytodetritus, generally heavier, sink directly through the water column
(Dittmar and Arnosti, 2018 and references therein). As not all heterotrophic microbes
possess the metabolic capability to face all the OM moieties, DOM degradation is a
selective process. This enzymatic fractionation of OM (Smith et al., 1992), is one of
the main reasons why refractory DOM accumulates over time in the ocean. The en-
semble of these processes has been conceptualized as the microbial carbon pump
(Jiao et al., 2011). Through this process, microbial activity “pumps” OM from the la-
bile pool to the refractory one, which may represent an effective carbon sink due to its
recalcitrance to degradation (Jiao et al., 2010).

All living organisms in the ocean contribute to OM shuffling from one pool to an-
other. Yet, themainmechanisms throughwhich this shuffling is achieved (i.e., produc-
tion and respiration) are carried out by unicellular organisms (Falkowski et al., 1998).
Albeit occurring at micrometre scale, these processes shape global OM fluxes, regu-
lating the Earth’s biogeochemical homeostasis (Carlson et al., 2007; Stocker, 2012).

1.1.4.Marine microbes shall not live by carbon alone

M icrobial production and consumption of marine DOM drive major fluxes of car-
bon in the surface and deep ocean; yet the biochemical reactions that drive these

fluxes are not dependent on carbon alone. Indeed, the metabolic pathways underlin-
ing OM production and consumption are heavily dependent on both macro- (i.e., ni-
trogen – N and phosphorous – P) and micronutrients (e.g., iron, cobalt, nickel, and
zinc; Moran et al., 2016), linking several biogeochemical cycles. On a global scale,
primary production is highly heterogenous, with large areas of low productivity and
small areas of high primary production. Vast expanses of the global ocean are olig-
otrophic, with low concentrations of inorganic essential nutrients (Fe, N and P ions,
Morel et al., 2007). Productivity hotspots occur in coastal and upwelling zones, were
the continuous nutrient inputs derived either from terrestrial runoff or from ingres-
sion of deep nutrient-rich waters, foster primary production (van Dongen-Vogels et
al., 2012). Within the DOM pool, molecules such as proteins, nucleic acids, vitamins,
and secondary metabolites contain N and P, as well as other micronutrients (Keil and
Kirchman, 1993; Björkman and Karl, 2003; Sañudo-Wilhelmy et al., 2012). Due to their
importance for global primary production, and their significant presence, two addi-
tional sub-pools are identified within the DOM one, accounting for dissolved organic
nitrogen (DON) and dissolved organic phosphorous (DOP).

A considerable fraction of the total nitrogen pool in natural waters is often associ-
ated with DON (Berman and Bronk, 2003). The LMW portion of the DON pool is made
up of urea and dissolved amino acids (~5-10%) whereas the HMW fraction (~30%)
is mostly composed by hydrolysable amino acids and humic substances (Sipler and
Bronk, 2015). DON can be produced by several organisms (i.e., phytoplankton, N2
fixers, bacteria, zooplankton) within the water column. Phytoplankton can be a signif-
icant source of DON in aquatic environments either by active release or exudation or

6



1.1. Organic matter biogeochemistry

as indirect consequence of viral lysis and/or zooplankton sloppy feeding (reviewed by
Bronk and Steinberg, 2008). N2 fixers can be a significant source of N in marine sys-
tems either directly, releasing amino acids, DON or ammonium, or indirectly, through
remineralization of DON by associated bacteria (Mulholland, 2007; Sheridan et al.,
2002). Bacteria contribute to DON release in several ways. The hydrolytic degrada-
tion of POM as well as of HMWOMmay release DON in the environment (Smith et al.,
1992; Grossart and Simon, 1998). Also, passive diffusion trough membranes, active
excretion of amino acids or other N-containing compoundsmay contribute to the DON
pool (Azam and Malfatti, 2007). Finally, viral lysis of prokaryotic and eukaryotic cells
substantially contributes to the DON pool (Brussaard, 2004; Suttle, 2005). While some
phytoplankton species can uptake and utilized DON sources such as urea, (Bronk et
al., 2007), prokaryotic degradation accounts for the major N flux from the DON pool
(Berman and Bronk, 2003). Using proteolytic enzymes, microbes break down HMW
DON to its LMW constituent molecules, making N-compounds more accessible to
other organisms. Bacterial degradation of DON followed by the uptake of the resulting
products fromphytoplankton has been extensively demonstrated (Berman et al., 1999;
Palenik and Henson, 1997). However, proteolytic enzymes occur on autotrophic cell
surfaces as well, accounting for an estimated 20% of DON turnover in open ocean and
coastal environments (Mulholland et al., 1998; Mulholland, 2003). Most of the rem-
ineralized DON ends up in the dissolved inorganic nitrogen pool as ammonia (NH +

4 ;
Sipler and Bronk, 2015), fuelling regenerated primary production.

P is increasingly considered to be the major limiting nutrient for both phytoplank-
ton and bacteria in the ocean (Dyhrman et al., 2007). While inorganic P is generally
considered the most bioavailable form of P, its concentration is rarely above 3 µM in
the surface ocean (Karl and Björkman, 2015). Thus, its importance for microbial life,
coupled with its global scarcity indicates the existence of highly specific and sensitive
P-handling mechanisms for most marine microbes. The uptake of inorganic P and its
consequent incorporation into one of the many P-containing intracellular compounds
starts DOP production. About 25% of the oceanic DOP pool is composed by HMW
molecules, such as nucleic acids, phospholipids, and other compounds abundant in
microbial cells (Kolowith et al., 2001). Since it is energetically expensive to degrade
these molecules to retrieve inorganic P, marine microbes have evolved the ability to
directly utilize DOP compounds asmetabolic precursors (e.g., Rittenberg and Hespell,
1975; Ruby et al., 1985; Wanner, 1993). The importance of P for microbial life is under-
lined by the fact that pathways for DOP degradation or assimilation are found in both
autotrophic and heterotrophic microbes (White et al., 2010). Controlled experiments
have demonstrated that labile DOP remineralization rates were in excess respect to
bacterial inorganic P demand, and thus prokaryotic-mediated DOP remineralization
may represent a significant source of inorganic P for primary producers (White et al.,
2012). These findings suggest that the major processes driving inorganic P turnover
may cycle mostly on a local, rather than oceanic, scale.
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1.2.Microbe-mediated organic matter processing
1.2.1.Mechanisms

G iven the wide array of its sources, OM reservoir is made up by thousands of com-
pounds, differing for chemical formulas, size and reactivity to biotic and abiotic

transformations (Hansell, 2013; Riedel and Dittmar, 2014). Measurement of OM char-
acteristics such as age, molecular size, ad microbial growth on selected organic sub-
strates have led to development of a “size-reactivity continuum” theory (Benner and
Amon, 2015 and references therein). According to this idea, HMW OM is generally
younger and more biologically reactive than the LMW fraction and is thus preferen-
tially used by heterotrophic microbes.

Direct uptake of molecules by heterotrophic prokaryotes is constrained by the size
of cell-wall porins, limiting the effective uptake size to 600 Da (Weiss et al., 1991).
Therefore, the selectivity towardsHMWmolecules comes at the price of a supplemen-
tal step, the external hydrolysis of target molecules, carried out by means of extracel-
lular enzymes. Extracellular enzymes can be either cell-associated or cell-free (Chróst,
1990; Baltar et al., 2010). Cell-associated ectoenzymes are bound to the outer cell-
wall or localized in the periplasmic space. The synthesis and utilization of cell-bound
enzymes represent a cost-effective strategy for microbes. The hydrolysis site is in-
deed localized in the immediate surroundings of (or even inside) the cell, reducing the
amount of hydrolysis product lost by diffusion. The drawback of this strategy is that
microbes must be physically near the target molecules as OM distribution in the sea
is patchy (Allison et al., 2012). Cell-free enzymes may originate from active secretion,
changes in cell physiology and grazing or viral lysis (see Baltar, 2018 for a review).
Given the coarse OM distribution in the ocean, releasing enzymes into the water col-
umnmay not seema very effective strategy. Indeed, the hydrolysis can happen further
away from the enzyme-producing cell, resulting in the loss of the hydrolysate which
can be eventually taken up by other cells. However, the strategy of releasing enzymes
into the environment become efficient when the OM source is in particulate form and
within a defined distance from the enzyme producing cells (Vetter et al., 1998; Vetter
andDeming, 1999). The analysis of the cost-benefit ratio of these two enzyme produc-
ing strategies have led to the development of the paradigm that free-living microbes
preferentially use cell-bound enzymes to cope with the patchy OM distribution in the
sea, whereas particle-associated cells, due to their proximity to OM sources mainly
rely on cell-free enzymes.

This paradigm has been recently challenged by the discovery of an alternative up-
take mechanisms of HMW OM. This consists in the hydrolysis of polysaccharides
bounded on the outer cell membrane and subsequent transport of large fragments
into the periplasmic space, with little or no release of hydrolysis products (Cuskin et al.,
2015; Reintjes et al., 2017). Firstly discovered in intestinal bacteria, this uptake mech-
anism revealed to be widespread across the surface ocean, changing previous con-
ceptions on the interactions among members of microbial communities during HMW
OM processing (Arnosti et al., 2018). The production of extracellular enzymes by at
least a fraction of the microbial community initiates degradation of HMWmolecules.
However, the hydrolysis carried out by ectoenzymes is intrinsically external, mean-
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ing that a fraction of the hydrolysis products will be inevitably lost, favouring cells
that do not invest in ectoenzymes production (Folse and Allison, 2012; Mislan et al.,
2014). This scenario delineates two macro categories of microbes: sharing (i.e., en-
zyme producers) and cheating (i.e., non-producers) (Allison, 2005; Kaiser et al., 2015).
The discovery of an alternative HMWOMuptakemechanism put out a third player, the
selfish microbe (Cuskin et al., 2015) so termed as bacteria using this mechanism do
not share hydrolysis product with other organisms. Consequently, when selfish up-
take is dominant, OM flux can be reduced towards both sharing and cheating bacteria,
driving microbial community dynamics in the ocean (Arnosti et al., 2018). Moreover,
selfish uptake in the ocean may be taxa-substrate specific (Reintjes et al., 2017), sug-
gesting that the selective uptake of HMW OMmay plays a key role in shaping the OM
size-reactivity continuum (Benner and Amon, 2015).

Enzymatic degradation of HMW OM supply heterotrophic microbes with organic
molecules, which are further used to fuel their metabolism and growth. The het-
erotrophic carbon production (HCP) is the ensemble of those biochemical reactions
catalysing the incorporation of DOM into bacterial biomass. HCP is one of the most
important microbial processes in the ocean as it represents the underlying principle
of the microbial loop (Ducklow, 2000). Through this process indeed, DOM is recov-
ered and transformed into particulate food, initiating bacterivory-based food webs.
Extracellular enzymes represent the initial step of microbial HMW OM remineraliza-
tion, regulating the functioning of the marine carbon cycle (Arnosti, 2011).

1.2.2. Drivers

S inceOMutilization processes by heterotrophic prokaryotes are affected by a plethora
of different environmental and biotic controls, it is extremely complex to investi-

gate and quantify the effect of each driver onmicrobial metabolic rates. Nonetheless,
factors such as temperature, substrate availability and chemical composition as well
as the structure of the microbial community have been considered as the main con-
trolling factors driving microbial metabolic patterns in the ocean.

Temperature affects the rates of all biochemical processes on Earth and is re-
garded as an ever present, interactive factor, ultimately modulating heterotrophic mi-
crobes resource requirements (Morán et al., 2017). Higher (or lower) thermal energy
will translate into a higher (or lower) kinetic energy of biomolecules, determining an in-
crease (or a decrease) in cellular processes rates and thus activity (Boscolo-Galazzo
et al., 2018). However, the stimulating or repressing effect of temperature does not
go on indefinitely. Both organisms and metabolic reactions have an optimal tempera-
ture threshold, beyond which the metabolic efficiency of the cell is impaired, resulting
in a decrease in growth efficiency (Hall and Cotner, 2007). Although this principle
could be confidently applied in most of the cases, the experimental work of Wiebe
and colleagues (Wiebe et al., 1993) demonstrated that there are some exceptions to
this mechanism. Indeed, by comparing the growth rates of marine bacterial isolates
from subtropical to polar environments, they found a consistent reduction of bacterial
growth rates when temperature approached the lower end of their growth optimum,
regardless of substrate concentration. Noteworthy, this effect was less evident in
bacteria isolated from polar environments, which were able to overcome the temper-
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ature effect when higher substrate concentration was supplied. Pomeroy and Wiebe,
2001 extensively reviewed the topic of co-limitation by the temperature-substrate in-
teraction, concluding that this effect is enhanced in temperate water bodies during
winter when water temperature is near the lower end of the optimal growth range.
However, this interactive effect is present as well when temperature approaches the
upper limit of the optimal growth range, although in this case substrate concentra-
tion and quality (i.e., macromolecular composition) plays a preponderant role in the
reduction of growth efficiency (Apple et al., 2006). Cumulative evidence also suggest
that temperature may exert a differential control on different OM-degradation modes.
Depending on OM state (i.e., dissolved or particulate), on the taxonomical identity of
microbial taxa and on environmental conditions, OM degradation can be carried out
using either cell-free or cell-bound extracellular enzymes (Baltar, 2018, see also Sec-
tion 1.1.3). Albeit there are few studies focusing on the control on activity and fate
of cell-free exoenzymes, observational, as well as experimental, studies have found a
consistent inverse relationship between temperature and the activity of cell-free ex-
oenzymes (Baltar et al., 2016; Baltar et al., 2017). All these evidences highlight tem-
perature as the main factor driving the activity and the relative importance of cell-free
exoenzymes, indicating that the warmer the temperature, the lower the proportion of
cell-free exoenzyme hydrolysis. Therefore, temperature is the main driving factor of
microbial metabolism, controlling both the rates and modes of OM processing in the
ocean.

The stability and size of OMpools in the ocean depend on the inflows and outflows
in and out these pools. Shifting elements between pools, microbes have a leading role
in controlling OM fluxes. Yet, OM quality, intended as the suitability to degradation of
organic molecules, is the upstream driving force of these fluxes. The number and
characteristics of all the different compoundsmaking up the DOM pool are largely un-
known. In the last years, novel analytical approaches reveal the presence of potentially
millions different structural low-molecular mass feature in the bulk DOM (Osterholz et
al., 2015; Zark et al., 2017). Although the full picture behind this enormous diversity
is far from being fully portrayed, recent experiments have shown that marine organ-
isms actively secrete molecular pools as diverse as DOM, even if grown on a single
OM source (Koch et al., 2014; Lechtenfeld et al., 2015). Carbohydrates, proteins and
lipidsmade up an estimated 20-40% of the bulk DOM (Pakulski and Benner, 1994), rep-
resenting a significant OM source for heterotrophic microbes. In the past decades,
numerous studies focused on dose-response experiments have shown how simple
sugars and dissolved amino acids may meet a substantial portion of the bacterial
carbon demand across a wide array of environments (see Church, 2008 for a review).
However, these labile compounds represent a rough 1% of the DOM pool. Albeit a
large fraction of bacterial metabolismmay be supported by the consumption of labile
substrates, other substrate pools must be necessary to fuel the remaining fraction of
metabolic demand. In this regard, polysaccharides have received significant attention
in the last few years, as two thirds of oceanic DOM are made up by these compounds
(Lin andGuo, 2015). Most of this carbohydrate inventory is primary producers-derived,
either as cell constituent or as excreted OM (Thornton, 2014; Becker et al., 2020). The
biological origin of polysaccharides translates into a high degree of complexity, as
both the amount and the diversity of algal-derived polysaccharides changes accord-
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ing to microalgae growth phase and environmental conditions (see Mühlenbruch et
al., 2018 for a review). Two important trade-offs underline polysaccharides utilization
by heterotrophic microbes. Since bacterial porins allow the passage of molecules
only below 600 Da (Weiss et al., 1991), the primary utilization of polysaccharides,
and of HMW-OM in general, implies an upstream enzymatic degradation of the tar-
get molecules; the first trade-off is thus the ability to produce extracellular enzymes
to access this OM pool. However, hydrolytic enzymes are selective with respect to the
structure of their target substrate, implying that, due to genetic constrains (i.e., pres-
ence/absence of genes encoding for a specific enzyme), a prokaryotic cell is able to
use only a define set of OM sources (Dittmar and Arnosti, 2018). To overcome these
constrains, enzyme production and activity may be coordinated within a microbial as-
semblage, becoming a community effort. One possible scenario was envisioned by
Reintjes et al., 2019), who, through incubation experiments, demonstrated that initial
OM degradation carried out by fast responsive taxa may produce hydrolysis products
which in the end fuel the growth of scavenger (i.e., non-enzyme producing) taxa. How-
ever, these dynamics were not conserved for all the investigated substrates and was
also different among different sampling locations, highlighting the role of different
microbial communities in shaping OM fluxes.

Biogeographical patterns in marine microbial communities have recently received
the attention of the scientific community thanks to sampling expeditions such as Tara
Oceans and Malaspina (Duarte, 2015; Sunagawa et al., 2015), finally coupling func-
tional information (i.e., metagenomic and metatranscriptomic) with taxonomy. From
these and many other studies, marine microbial biogeographical pattern emerged,
showing differences in community compositionwith depth, latitude and distance from
the coast (e.g., Wietz et al., 2010; Arnosti et al., 2011; Zinger et al., 2011). These dif-
ferences in microbial communities are paralleled by their modes of OM utilization. As
an example, the rates and patterns of exoenzymatic OM degradation show strong lat-
itudinal gradients. Higher latitude communities show a narrow spectrum of substrate
degradation potential when compared to lower latitude environments (Arnosti et al.,
2011). A similar narrowing enzymatic array has been shown to exist from surface to
the deep ocean (Steen et al., 2012; Balmonte et al., 2018), as well as with increas-
ing distance from the coast (D’Ambrosio et al., 2014). Further investigations of the
difference in functional pattern between surface and mesopelagic communities have
highlighted a greater functional potential in the latter ones (Shi et al., 2011; Letscher
et al., 2015; Sunagawa et al., 2015). These differences are thought to be related to OM
diversity already processed by surface communities and in transit towards the oceans’
interior, where different, and more specialized, strategies are required to exploit this
source of energy. The emergence of these biogeographical gradients demonstrates
that the rates at which OM is processed, as well as its fate, is a function of both OM
structure and microbial community capabilities. An even stronger link was estab-
lished by the work of Teeling et al., 2012 and Teeling et al., 2016, who demonstrated
a very sharp bacterioplankton succession in response to the onset, development and
decay of a phytoplankton bloom in the North Sea. In the same framework (i.e., a phy-
toplankton bloom in the North Sea), Reintjes et al., 2020 showed that not only differ-
ent assemblages exhibit different OM degradation patterns, but also that the modes
(i.e., selfish uptake or external hydrolysis, see Section 1.1.3) with which algal-derived

11



1. Introduction

polysaccharides are degraded change accordingly, linking the identity and function of
microbial assemblages with OM fate and fluxes in the ocean.

1.3.With small microbes come global dynamics
1.3.1.Microscale interactions

A lthough the ocean may appear as a homogeneous expanse of well mixed plank-
tonic organisms and solutes, the life of a planktonic microbe is defined by pro-

cesses and dynamics developing within a fraction of a drop of water. At microscopic
scale indeed, seawater presents an utterly complex architecture made up by micro-
niches developing around the OM continuum. Marine microbes interact with a wide
array of OM physical shapes, such as gels, colloids, living and dead cells, marine
snow etc. (Long and Azam, 2001). Copious colonization of these structures by het-
erotrophic microbes lead to a chemical and physical alteration of these microenvi-
ronments, creating additional patchiness in the microscale realm (Azam and Malfatti,
2007). For example, POM degradation trough extracellular enzymes leads to a DOM
leakage from the primary POMsource to the surroundingwater column (Kiørboe et al.,
2001), forming a DOM gradient around the particle (Stocker, 2012). The DOM plume
can then be exploited by non-particle associated microbes in the surrounding water
column, increasing bacterial production up to one order of magnitude (Stocker et al.,
2008).

Many of the processes regarded as OM sources (e.g., grazing, excretion, exuda-
tion, etc. see Section 1.1.2) contribute to create patchiness in the ocean; among
these, zooplankton is a considerable source of microscale patches. DOM diffusing
from either living or dead zooplankton has been predicted to fuel the microbial food
web (Tang et al., 2014). Also, trough the incomplete feeding upon preys (i.e., sloppy
feeding), zooplankton generate DOM patches providing valuable resources for nearby
heterotrophic microbes (Møller et al., 2003). Finally, faecal pellets excreted by zoo-
plankton are shown to support hotspots of microbial metabolism and abundance on
the pellets themselves and in the surrounding seawater (Thor et al., 2003; Köster and
Paffenhöfer, 2013). DOM-rich patches are also generated by the action of marine
viruses. When the viral infection results in the lysis of the host’s cell, the intracellu-
lar OM is released in seawater, generating OM hotspots for heterotrophic microbes.
Although the size of these patches is dependent on the size and identity of the lysed
organisms, these DOM micro patches can last for several minutes (Stocker, 2012).
Given the conspicuous amount of viral infections across the global ocean (1023 per
second; Suttle, 2007), viral derived OMpatchesmay represent a significant OM source
for marine bacteria.

The larger end of the OM continuum size spectrum is represented by suspended
and sinking organic particles, comprised of living and dead protist cells, individual
zooplankton as well as their faecal pellets and coagulated microbial exudates (Simon
et al., 2002; Tang et al., 2014; Jenkins et al., 2015). These particles are enriched in
organic and inorganic molecules, resulting in nutrients concentration several order of
magnitudes higher than the surrounding seawater (Prgzelin and Alldredge, 1983). Or-
ganic particles are thus a microbes’ equivalent of oases into a desert (Seymour and
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Stocker, 2018). These nutrients hotspots are readily colonized bymicrobes which use
cell-bound and cell-free exoenzymes to degrade and consume the particle-associated
organic material (Smith et al., 1992). Abundance of particle-associated microbes
exceed the background cell concentration by up to 10000-fold, enhancing coloniza-
tion and growth of other microbes and attracting bacterivorous organisms (Grossart
and Ploug, 2000). The particle-associated microbial communities are typically dis-
tinct from the free-living counterpart, often enriched in specific groups, tightly linked
to the quality of the particles (Salazar et al., 2015; Bižić-Ionescu et al., 2015). Ex-
perimental and observational studies with phenotypic and meta-omics approaches
have demonstrated that also the functional capabilities of particle-attachedmicrobes
are substantially different from that of free-living communities. Metabolic rates of
particle-associated microbes are higher than those measured in the surrounding sea-
water (Thor et al., 2003), with a marked difference in terms of OM degradation ex-
pressed by the two communities, both in terms of pattern (i.e., exoenzymes suite;
Martinez et al., 1996 ) and modes (i.e., cell-free and cell-bound exoenzymes; Karner
and Herndl, 1992). Furthermore, genes associate with a “social” behaviour, like quo-
rum sensing, motility, adhesion and antibiotic resistance are often highly represented
and upregulated in particle-associated microbes (Ganesh et al., 2014; Satinsky et al.,
2014; Jatt et al., 2015). These differences demonstrate, unequivocally, that, however
small, organic particles represent peculiarmicrohabitatswhere complex ecological in-
teractions develop and where the very engine of biogeochemical cycles resides (Long
and Azam, 2001; Azam and Malfatti, 2007).

1.3.2. Biogeochemical implications

C hemical physical and biological processes, occurring at spatial scales ofmicrome-
tres and time periods of fractions of seconds tominutes, shape the behaviour and

ecology of marine microbes (Seymour and Stocker, 2018). Despite these processes
are extremely localized if compared to the vast, turbulent ocean, their outcomes accu-
mulate over larger scales, influencing ocean productivity, biogeochemistry and ecol-
ogy (Azam, 1998; Stocker, 2012).

Primary producers regulate food web productivity and carbon cycle functioning
and efficiency; factors regulating their growth have therefore a significant footprint
on marine biogeochemical dynamics. Perhaps the most important factor controlling
phytoplankton productivity is the availability of inorganic nutrient inputs. While this
topic is generally addressed with a large-scale perspective (i.e., oceanic circulation,
freshwater inputs etc.) they are often finely tuned by microscale processes. Among
these processes, the interactions occurring between heterotrophic microbes and in-
dividual phytoplankton cells are the most notable example (Seymour et al., 2017).
The phycosphere is the planktonic equivalent of the rizosphere, localized around the
roots of land plants (Raaijmakers et al., 2009). The conspicuous release of DOM by
phytoplankton cells leads to the formation of a chemical gradient around the cells,
representing a nutrient-rich microenvironment readily exploited by heterotrophic mi-
crobes (Mitchell et al., 1985). Capitalization of nutrients in the phycosphere substan-
tially affects the growth of the surrounding microbes, especially the motile ones, as
they can quickly reach these OM hotspots (Bowen et al., 1993). However, the relation-
ship between heterotrophic bacteria in phytoplankton developing in the phycosphere
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is not a one way one. Phytoplankton can indeed benefit from the localized inorganic
nutrient remineralization carried out by bacteria in the phycosphere (Grossart et al.,
2005), from the delivery of vitamins (e.g., B12, Amin et al., 2012) and iron (Amin et al.,
2009), all provided by bacteria to phytoplankton cells. By contrast, some microscale
processes can also limit primary productivity. In certain conditions, bacteria may be
more efficient in inorganic nutrients scavenging and utilization, outcompeting phyto-
plankton (Currie and Kalff, 1984). Among the phycosphere inhabitants, Furusawa et
al., 2003 observed algicidal bacteria, capable to parasitize and even kill phytoplankton
cells. These kind of microscale interactions are thus of paramount importance for the
ecological interplay between marine bacteria and primary producers, shaping global
primary productivity patterns.

At a global scale, OM fluxes shape and are shaped bymicrobial activities. Dwelling
deeper, the interactions between microbes, and between them and the OM pool, fun-
damentally happen at microscale; yet they influence ocean basin-scale carbon fluxes
(Azam, 1998). As illustrated in the previous section, DOM is essentially patchy in the
pelagic environment. To use these DOMpatches, heterotrophicmicrobes employ spe-
cific responses, such as chemotaxis. Experimental observations as well as modelling
studies have shown that behavioural responsesmay increase bacterial DOM process-
ing rates (Stocker et al., 2008). Due to the finite nature of these OM patches, the
absolute amount of carbon “cycled” may remain the same despite an increase in its
utilization rates (Stocker, 2012). However, if these DOM pulses are particularly nu-
tritious or persisting for longer time periods, bacteria growing on these patches may
present an increased growth efficiency, leading to a higher proportion of DOM con-
verted into biomass and thus channelled to higher trophic levels (Stocker, 2012). The
consequences ofmicroscale interactions betweenmarinemicrobes andOMon global
biogeochemical dynamics are even more evident when considering POM-involving
processes. POM sinking from the sunlit to the deep ocean represents the underlying
principle of the biological carbon pump (see Section 1.1.4). The amount of carbon
that reaches the seafloor, where it will be eventually removed from the oceanic and
atmospheric reservoir is strongly governed by the rate at which this OM pool is turned
over by particle-attached microbes (Giering et al., 2014). Colonization and subse-
quent degradation of organic particles are inherently microscale processes, involving
specific metabolic and behavioural responses. Chemotactic, motile bacteria readily
colonize organic particles, rapidly degrading them with a suite of ectohydrolytic en-
zymes (Kiørboe, 2001). These processes result not only in the assimilation of the
particles’ carbon but also in the formation of smaller particles, which sinks slower
and may be consumed by microbes at that depth (Collins et al., 2015). Moreover, not
all constituents of the particle’s OM pool will be degraded at the same rate, due to the
different enzymatic repertoires expressed by their associated microbial community.
Consequently, particles’ OM is enzymatically fractionated (Smith et al., 1992), affect-
ing further colonization and degradation dynamics, ultimately impacting the amount
of carbon recycled or buried. Overall, the rich suite of interactions between microbes
and OM deeply regulate microscale carbon fluxes, ultimately affecting global biogeo-
chemical dynamics.

14



1.4. Study areas

1.4. Study areas
1.4.1. The northern Adriatic Sea

T he northern Adriatic Sea (Fig. 1.1) is a shallow (average depth of 35m), landlocked
temperate basin in the northernmost part of the Mediterranean Sea. On the west-

ern side of the basin, the Po river discharge can either originate a southward intense
coastal current, or flow to the eastern Adriatic coast, generally sustaining cyclonic
circulation; on the eastern side a weaker and warmer current flows along the coast
coming from the southern Adriatic Sea (Poulain et al., 2001). Within this basin, water
column stratification occurs from spring to mid-autumn, driven by freshwater inputs
and surface heating; during winter, cold north-easterly wind cause cooling and intense
water mixing, driving dense water formation (Gačić et al., 2001). All these features
greatly affect the spatial and temporal dynamics of planktonic microbes, showing
patterns very similar to typical temperate coastal environments, with exceptions de-
termined by anomalous physical-chemical conditions (Celussi and Del Negro, 2012).

Figure 1.1: Map of the study area in the northern Adriatic Sea. Stations sampled for the activities
describes in Chapter 2 (C1) and Chapter 3 (Grignano) are marked on the map.

The abundant freshwater inputs in the basin, and the consequent inflow of inorganic
nutrients, sustain a high primary production, ascribing this basin among themost pro-
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ductive areas of the Mediterranean Sea (Durrieu de Madron et al., 2011). Freshwater-
triggered diatoms blooms develop in late winter, whereas prokaryotic biomass pre-
vails over the other plankton during the nutrient-depleted summer, followed by a sec-
ond short-lasting fall bloom (Fonda Umani et al., 2012 and references therein). While
diatoms and nanoflagellates are the dominant components of phytoplankton through
most of the year, cyanobacteria (Synechococcus) are the prevailing phototrophs in late
summer (Fonda Umani et al., 2012). Both DOM and POM dynamics are peculiar in this
basin. DOC dynamics are tightly linked with primary production, increasing from early
spring to peak in late summer (De Vittor et al., 2008). This seasonal accumulation
has been ascribed to both oceanographic and biological features. During summer,
when the river outflow is at its minimum, the cyclonic circulation in the basin stalls,
favouring OM accumulation (Puddu et al., 2000). The increase in DOC concentration
may be also due to accumulation of refractory compounds or to an impaired microbe-
mediated processing due to P-limitation (Puddu et al., 2003). This basin is also rich
in POM and for this reason has received much attention since the 1980’s, becoming
a natural laboratory in which early studies on POM colonization and degradation have
been carried out (Herndl and Peduzzi, 1988; Kaltenbock and Herndl, 1992; Rath et al.,
1998). This high abundance of organic particles has been suggested to be due to the
peculiar water mass circulation patterns as well as marked changes in temperature
and nutrient concentration (Cozzi et al., 2004). For all the above mentioned reasons,
in this basin the interactions between microbes and OM develop in a wide and often
complex framework, making it an ideal setting to investigate the effect of environmen-
tal forcing on microbial-driven OM fluxes in the pelagic realm.

1.4.2. The Ross Sea

T he Southern Ocean covers ~10% of the world’s ocean (Rogers et al., 2020), yet
it is responsible for the ventilation of the global ocean as well as for an approxi-

mate 10% drawdown of anthropogenic CO2 emissions (Turner et al., 2009; Hauck et
al., 2015). The Southern Ocean is considered a high nutrient-low chlorophyll system
because of the limitation of primary producer growth by micronutrients such as iron
(Strzepek et al., 2011; Boyd et al., 2012). Nonetheless, its coastal, shallower areas rep-
resent hotspots of primary production (Smetacek andNicol, 2005). In these terms, the
Ross Sea (Fig. 1.2) represents one of the most biologically active areas in the South-
ern Ocean, accounting for 1/3 of its total productivity (Smith et al., 2014; Smith et al.,
2012). Primary producer biomass is dominated by either diatoms or Phaeocystis sp.,
depending on the stratification degree of the water column (Smith et al., 2014), and
is heavily grazed by zooplankton and fishes, channelling carbon to the higher trophic
levels (Deppeler and Davidson, 2017). Despite the heavy grazing pressure, up to 50%
of the carbon fixed into biomass by primary producers is exported as POM in the
mesopelagic system, accounting for up to 40% of the global POM export (Ducklow
et al., 2001; Catalano et al., 2010). In the Ross Sea area, a considerable fraction of the
surface-exported POM may be represented by intact and even healthy phytoplank-
ton cells (DiTullio et al., 2000; Zoccarato et al., 2016). Agusti et al., 2015 found that
phytodetrital POM is widespread at depth in the global ocean, unveiling a potentially
overlooked OM source in the dark ocean. POM vertical flux, and thus the biological
carbon pump efficiency, is largely dependent on the microscale processes exerted
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byheterotrophic microbes (see section 1.4.2). While microbial community dynamics
associated with marine snow have been object of many experimental and environ-
mental studies (e.g. Bižić-Ionescu et al., 2015, Bižić-Ionescu et al., 2018; Fontanez
et al., 2015; Datta et al., 2016; Pelve et al., 2017; Duret et al., 2019), there is a limited
amount of information on microbial communities associated with phytodetrital POM
(Bidle et al., 2002). The Ross Sea represent thus a natural laboratory where to study
microbial dynamics underlying phytodetritus colonization and degradation patterns
and its implications for OM biogeochemistry.

Figure 1.2: Map of the study area in the Southern Ocean. Stations marked by dots were sampled for
the activities described in Chapter 4 and Chapter 5; the station marked by a diamond was sampled for
the activities described in Chapter 5.

1.5. Thesis aims and structure

T hemajor aim of this thesis was to investigate how the interplay betweenmicrobes
and organic matter shapes, and in turn is shaped by, oceans’ biogeochemical dy-

namics. To tackle this question, this thesis covers the marine microbes-organic mat-
ter interplay from two perspectives. A “top-down” approach was used to assess the
effect of regional scale environmental perturbations on microbe-mediated organic
matter processing. All the processes underlying this hub for ecosystems function-
ing are controlled by a plethora of environmental factors (see section 1.2.2). However
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wide, background environmental fluctuations repeat themselves over different spatial
scales (i.e., seasonal, decadal etc.) and biological processes synchronize with them.
Yet, episodic environmental disturbances (i.e., storms, draught or flooding events etc.)
may represent sources of extreme variability which pose unknown environmental con-
strains to microbe-mediated organic matter processing. Then, through a “bottom-up”
approach, detailed investigations were aimed i) to resolve changes in microbial com-
munities’ structure and function when interacting with POM and ii) to link strategies
of OM degradation with microbes’ lifestyle. As detailed in section 1.3, the microscale
interactions between microbes and POM influence global biogeochemical dynamics.
Different microbial assemblages develop on POM as it sinks trough the water column,
a recruitment that is heavily dependent on the environmental “seed” communities as
well as on the POM features. The functional identity of POM-colonizing microbes will
also define OM fluxes in the particles’ surroundings. Indeed, the different foraging
strategies highlighted in section 1.2.1 (i.e., the production of cell-bound and cell-free
exoenzymes)may further shape POM-associatedmicrobial assemblages, resulting in
alterations in POM degradation efficiency and modes, ultimately affecting the rates at
which carbon its cycled inmarine systems. The conceptual scheme depicted in Figure
1.3 is aimed to aid an integrated understanding of the main processes investigated in
this thesis as well as of their interrelationships.

Figure 1.3: Conceptual scheme depicting themainmetabolic and functional processes addressed in
this thesis, with indication of the chapters in which specific processes are investigated. POM: particu-
late organic matter; DOM: dissolved organic matter; OM: organic matter. Redrawn from Reintjes et al.,
2019; Zhang et al., 2015). Some of the images are courtesy of http://gingercreative.net.au/.
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To illustrate the methods with which these aims were fulfilled as well as the main
results achieved, four case studies are presented in this thesis. Each of them rep-
resents a published manuscript in which I contributed both to analytical work (i.e.,
experimental and/or data analysis) as well as to manuscript writing and editing.

• The first study was specifically aimed to investigate how long-term environmen-
tal changes affectmicrobe-mediated organicmatter processing. For this work a
monthly planktonic time series gathered in the Gulf of Trieste (northern Adriatic
Sea) was analysed. Trough time-series analysis coupled with a machine learn-
ing approach, a prolonged salinity anomaly in the mid part of the series was
identified. This resulted to be the driver of profound biogeochemical changes in
the study area. Following this anomaly, microbial growth was limited by organic
matter availability for several years, inducing cascading effects on the whole
planktonic food web.
Manna, V., De Vittor, C., Giani, M., Del Negro, P., Celussi, M., 2021. Long-term pat-
terns and drivers of microbial organic matter utilization in the northernmost basin
of the Mediterranean Sea. Marine Environmental Research, 164, 105245.
https://doi.org/10.1016/j.marenvres.2020.105245

• The purpose of the second study case was to address the effect of an extreme
cold event on themetabolismof planktonicmicrobes in theGulf of Trieste (north-
ern Adriatic Sea). Although these kinds of events are common in the area, their
effect on microbe-organic matter interplay, and thus their biogeochemical con-
sequences, are poorly studied. Combining a high frequency sampling during and
after the event with temperature manipulation experiments, this chapter shows
how the temperature drop induced by the event represented a lower thermal limit
for resident heterotrophic microbes. This limitation lasted for a prolonged time
frame, altering the functioning of local trophic webs.
Manna, V., Fabbro, C., Cerino, F., Bazzaro, M., Del Negro, P., Celussi, M., 2019. Ef-
fect of an extreme cold event on the metabolism of planktonic microbes in the
northernmost basin of the Mediterranean Sea. Estuarine, Coastal and Shelf Sci-
ence, 225, 106252.
https://doi.org/10.1016/j.ecss.2019.106252

• The third chapter is focused on microscale interactions between Antarctic het-
erotrophic microbes and POM. Microcosms experiment were carried out incu-
bating natural free-living communitieswith phytodetrital POM, following changes
in community composition as well as in metabolic activities. Outcomes from
this work have highlighted that phytodetritus “taxonomy” (i.e., the composition
of the phytoplankton community from which the detritus was generated) sub-
stantially shapes the associated microbial community and thus its metabolic
capabilities. This chapter sheds light on the microscale dynamics regulating
POM fate as it sinks trough the water column and thus the efficiency of the bio-
logical carbon pump.
Manna, V., Malfatti, F., Banchi, E., Cerino, F., De Pascale, F., Franzo, A., Schiavon, R.,
Vezzi, A., Del Negro, P., Celussi, M., 2020. Prokaryotic response to phytodetritus-
derived organic material in epi- and mesopelagic Antarctic waters. Frontiers in
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Microbiology, 11:1242.
https://doi.org/10.3389/fmicb.2020.01242

• The fourth study case was developed to investigate organic matter degradation
modes with respect to microbial lifestyle (i.e., free-living vs. particle-attached).
To pursue this aim, several Antarctic bacterial isolates were screened for their
degradative potential when growing in particle-free media and when exposed
to phytodetrital POM. Results from these experiments showed that production
and activity of exoenzymeswere finely tuned according to growth conditions and
that the presence of particles enhanced the release of cell-free enzymes. While
confirming the current view on degradation modes of free-living vs. particle-
attached microbes, this study provides precious insights on microscale interac-
tion between microbes and POM at single strain level.
Manna, V., Del Negro, P., Celussi, M., 2019. Modulation of hydrolytic profiles of
cell-bound and cell-free exoenzymes in Antarctic marine bacterial isolates. Ad-
vances in Oceanography and Limnology, 10, 32–43.
https://doi.org/10.4081/aiol.2019.8240
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2. Long-term patterns and drivers of microbial organic matter utilization

2.1. Introduction

B y producing, utilizing, and processing one of the largest organicmatter (OM) pools
on the Earth (Hansell et al., 2009), marine heterotrophic prokaryotes represent the

gears spinning beneath the oceans’ biogeochemical engine. With half of the global
primary production occurring in the ocean (Field et al., 1998), photosynthetic microor-
ganisms represent one of the major OM sources in marine environments. While most
of the phytoplankton-derivedOMends up in dissolved form (DOM,Wagner et al., 2020),
particulate OM (POM) may derive either from DOM aggregation or from plankton it-
self (reviewed by Kharbush et al., 2020). Prokaryotesmay access both DOM and POM
either by direct uptake of small enough molecules (<600 Da, Weiss et al., 1991) or by
enzymatic breakdown of high molecular weight OM (Chróst, 1992). The uptake of
these low molecular weight organic molecules and their subsequent incorporation
into microbial biomass converts DOM into POM, which is then suitable for the con-
sumption by higher trophic levels (Cole and Pace, 1995). Therefore, measuring the
heterotrophic carbon production (HCP) under different conditions provides an esti-
mation of both prokaryotic growth and of the rates at which OM is moved from one
pool to another (Ducklow, 2000).

Organic matter in the marine environment exists in a wide array of physical (e.g.,
size fraction, Verdugo et al., 2004) and chemical (e.g., number of organic compounds,
Riedel and Dittmar, 2014) forms. This diversity is enhanced in coastal areas, where
the proximity to the land and the reduced water column depth determine soil- and
seabed-derived OM inputs. Moreover, a collateral, freshwater-mediated, flux of in-
organic nutrients may fuel OM production by phytoplankton, making coastal zones
hot spots of microbial-mediated OM processing (Celussi et al., 2019). Marine het-
erotrophic prokaryotes rely, therefore, on a plethora of different OM arrangements
to fuel their growth. Like many other features of marine plankton, metabolic rates
are controlled by environmental drivers such as temperature, pH, salinity, and organic
matter features (Arnosti, 2011; Morán et al., 2017; Pomeroy and Wiebe, 2001). These
factors are inherently spatially and temporally variable in coastal areas, posing there-
fore a challenge to the disentanglement of their role inmicrobial OM processing rates.

The intrinsic variability of coastal areas reflects the internal biological forcing as
well as the intense terrestrial, offshore, and atmospheric forcing affecting these bound-
ary zones. Therefore, inadequate temporal and spatial sampling strategies may over-
or underestimate the magnitude and the effects of extreme events and even miss
them (Ribera d’Alcalà et al., 2004). Multiyear fixed observations are the key tool for
carrying out a reliable estimation of plankton dynamics over time, as their analysis al-
lows to distinguish recurrent patterns from exceptional events (Fuhrman et al., 2015)
as time represents the ecosystem’s path towards its actual state. Therefore, analysing
the ecological processes from a temporal perspective allows to quantify, character-
ize, and compare the fluxes of energy, matter and information underlying the observed
changes (Ribera d’Alcalà, 2019).

Here we used a 21-year-long (1999-2019) biogeochemical time series from the
Gulf of Trieste (northern Adriatic Sea). We analysed monthly measurements of HCP,
Chlorophyll a, particulate and dissolved organic carbon, as well as the abundance of
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2.2. Materials and methods

heterotrophic prokaryotes and Synechococcus. Long-term trendswere extracted from
the time series and clustered with a time-constrained algorithm, to identify coherent
periods among the selected variables. The non-parametric, machine learning, random
forest approach, was used to investigate the relative importance and the partial effect
of environmental drivers and OM sources on the observed HCP rates over time. The
primary goal of the time series analysis was to identify and describe HCP long-term
dynamics, underlining microbial-mediated OM processing. Furthermore, we aimed to
assess the importance of OM sources, as well as key environmental drivers, in deter-
mining HCP rates across the temporal spanning of the series.

2.2.Materials and methods
2.2.1. Study area and data

T he The Gulf of Trieste is a land-locked, river-influenced, shallow (<25 m) embay-
ment occupying the northernmost part of the Adriatic Sea. The main freshwa-

ter runoff comes from the Isonzo river outflow, in the north-western part of the Gulf,
while freshwater sources along its eastern boundary are of torrential nature (Comici
and Bussani, 2007). The river runoff in the area is widely variable, driving broad sea-
sonal and interannual salinity fluctuations with values spanning between 28.5 (Kralj
et al., 2019) and >38.4 (Raicich et al., 2013). Seawater temperature shows a broad
seasonal variability, from winter minima below 4.3°C (Raicich et al., 2013) and sum-
mer maxima up to 28°C (Malačič et al., 2006). The area is under the influence of
a strong wind regime, characterized by the alternance of south- and north-easterly
winds (i.e., Scirocco and Bora, Stravisi, 1977). The strong short-term variability of
this system is dotted by extreme events like heat waves, salinity anomalies and cold
outbreaks which affect the functioning of the local pelagic ecosystem (Celussi and
Del Negro, 2012; Lipizer et al., 2012; Mihanović et al., 2013). Despite its limited ex-
tension, the Gulf of Trieste experiences heavy environmental fluctuations, which drive
the significant biological variability observed at different temporal resolutions. As the
main source of organic and inorganic nutrients in the area is represented by freshwa-
ter inputs (Cozzi et al., 2020), their broad temporal variability induces changes in OM
standing stocks and production/degradation rates. Previous studies on dissolved OM
have highlighted the extreme temporal variability of this pool, showing that the con-
centration and bioavailability of the DOC pool changes greatly even on a daily scale
(De Vittor et al., 2009; De Vittor et al., 2008). The extreme variability of the OM pool
drives, together with environmental factors, changes in bacterioplankton community
composition and metabolic rates over interannual, seasonal and even sub-daily time
scales (Paoli et al., 2006; Tinta et al., 2015).

The dataset analysed in the present study consists of monthly records of HCP
rates, heterotrophic prokaryotes (HP) and Synechococcus (SYN) abundance and bio-
geochemical variables including temperature, salinity, particulate and dissolved or-
ganic carbon (POC and DOC, respectively), particulate nitrogen (PN), and Chlorophyll
a (Chl a). Samples were collected monthly, from January 1999 to December 2019 at 4
depths (~0.5, 5, 10 and 15 m) at the station C1 (45°42′2″ N, 13°42′36″ E), in the north-
eastern part of the Gulf of Trieste, 200 m offshore. From 2002 to 2005, samples were
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2. Long-term patterns and drivers of microbial organic matter utilization

collected twice per month. Since 2006, C1 station is included in the Italian Long-Term
Ecological Research (LTER) network, as part of the northern Adriatic LTER site. Details
on sampling procedures are provided in Celussi and Del Negro, 2012.

2.2.2. Heterotrophic carbon production

H CP rateswith themethodof 3H-leucine (Leu) incorporation (Kirchmanet al., 1985).
Triplicate 1.7mL subsamples and one control killed with 5% trichloroacetic acid −

TCA − final concentration (f.c.) were amended with 20 nM radiotracer and incubated
at in situ temperature in the dark for 1 h. The extraction of 3H-labelled proteins was
carried out following themicrocentrifugationmethod (Smith, 1992). After the addition
of 1 mL of scintillation cocktail (Ultima Gold™ MV; Packard), activity was determined
by a TRI-CARB 2900 TR Liquid Scintillation Analyzer. Carbon biomass production was
then estimated using the conversion factor of 3.1 kg Cmol-1 Leu incorporated, assum-
ing a two-fold isotope dilution (Simon and Azam, 1989).

2.2.3. Heterotrophic prokaryiotes and Synechococcus abundance

H P and SYN abundance was estimated by epifluorescence microscopy following
the protocol of Porter and Feig, 1980. Triplicate samples aliquots (50 mL) were

fixed with dolomite-buffered formalin (prefiltered through 0.2 μm PES syringe filters,
2% f.c.) and filtered onto 0.2 μm black polycarbonate filters (Whatman) after being
stained with 4′6 diamidino-2-phenylindole (DAPI, Sigma-Aldrich) at 1 μg mL-1 (f. c.)
for 15 min in the dark. The filters were then mounted between layers of immersion
oil (Type A, Cargille) and stored at −20°C until analysis. Samples were counted at
1000× magnification (Olympus BX60F5) under a UV (BP 330–385 nm, BA 420 nm)
and a green (BP 480–550 nm, BA 590 nm) filter set for HP and SYN, respectively. A
minimum of 300 cells were counted for each filter in at least 20 randomly selected
fields.

2.2.4. Biogeochemical variables

T emperature and salinity were measured by means of multiparametric probes, ei-
ther Idronaut Ocean Seven (models 401 and 316) or SBE 19plus SEACAT, cali-

brated every 6–12 months.

Chl a concentration was determined spectrofluorometrically according to Loren-
zen and Jeffrey, 1980. Samples were filtered onto glass fibre filters (Whatman GF/F)
and stored at -20/-80°C. Chl a extraction was carried out from the homogenate filter at
4 °C overnight in the dark, with 90% acetone. Chl a fluorescence was measured with a
Perkin Elmer LS50B or Jasco FP-6500 spectrofluorometers at 450 nm excitation and
665 nm emission wavelengths. Calibration was made with pure Chl a from spinach
(Sigma Aldrich). The coefficient of variation (CV) among triplicates was lower than
5%. Data quality was controlled by participating in the QUASIMEME intercalibration
programme.

POC and PN were determined by high-temperature oxidation using an elemental
analyser CHNS 2400 Perkin Elmer Elemental or (CHNO)-S Costech mod. ECS 4010
applying the methods performed by Pella and Colombo, 1973 and Sharp, 1974. Wa-
ter samples (0.5 L) were filtered on 25-mmWhatman GF/F pre-combusted filters and

40



2.2. Materials and methods

stored at −20°C. Prior to analysis, the filter was treated with HCl 1N to remove the
carbonate, oven-dried at 60°C for 1 h and inserted in a tin capsule. Known amounts
of standard acetanilide (C8H9NO—Carlo Erba; assay ≥99.5%) were used to calibrate
the instrument. The relative standard deviations for three replicates of internal qual-
ity control sample replicates were lower than 10%. The accuracy of the method is
verified periodically against the certified marine sediment reference material PACS-2
(National Research Council Canada).

Samples for DOC analyses were filtered on board, through precombusted (4 h at
480°C) and acidified (HCl 1N) Whatman GF/F glass fibre filters and stored at -20°C
until analysis. Filtration was performed using a glass syringe and a filter holder in or-
der to prevent atmospheric contamination. DOC was determined via HTCO method
(Sugimura and Suzuki, 1988) using a Shimadzu TOC 5000A or a Shimadzu TOC VCSH
analyser with a quartz combustion column filled with 1.2% Pt on silica pillows. For
the analysis, 150 µL of acidified (pH <2) sample were injected into the instrument
port. Carbon concentration was calculated from a 5-point standardisation curve car-
ried out every day using potassium hydrogen phthalate as reference. Each concen-
tration value was determined from a minimum of three injections, with a CV lower
than 2%. Replicates of more samples have shown coefficients of variation comprised
between 1.5 and 4%. The accuracy of the results is checked by periodic analysis of
certified referencematerial (CRM-University of Miami) and is guaranteed by the excel-
lent results obtained in the biannual participation to the international intercalibration
exercises (Quasimeme Laboratory Performance Study).

2.2.5. Data analysis

P rior to analysis, data were quality checked, inspecting for the presence of outliers
and anomalous data points. As data were collected twice per month between

2002 and 2005, observations were monthly averaged to obtain a single datapoint.
Then, missing data (no more than 5 consecutive observations) were interpolated with
a weighted moving average. We used the function na_seadec of the R package im-
puteTs (Moritz and Bartz-Beielstein, 2017) to remove the seasonal component from
each univariate time series, through a 12-month smoothing window, prior to missing
data imputation. We used this workflow to avoid interpolation biases due to the sea-
sonal variability. After the imputation of missing observation, a dataset was created
using depth integrated (trapezoid rule) HCP rates, organic matter sources (i.e., Chl a,
POC and DOC) and HP and SYN abundances. From each time series, the long-term
trend and the seasonal components were extracted with the locally estimated scat-
terplot smoothing (LOESS, stl package), using 12 observations as target frequency for
seasonal extraction. LOESS smoothing fits simple models to localized subsets of the
data to build up a function that describes the deterministic part of the variation in the
data (Cleveland et al., 1990). Trends of surface salinity and temperature anomalies,
calculated as the deviation from the time series mean, were extracted using a LOESS
fit.

To identify patterns in the examined long-term trends, a time-constrained cluster-
ing (Legendre et al., 1985) was used. By chronologically constraining a clustering
algorithm is it possible to identify coherent periods and major breakpoints in a time
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series (Romagnan et al., 2015). The time constrained clustering was implemented
with the function chclust from the package rioja (Juggins, 2020). Long-term trends
were clustered using the CONISS clustering algorithm (Grimm, 1987), a variant of the
Ward’s minimum variance clustering. Microbial time series (i.e., HCP, HP and SYN)
were analysed using from Bray-Curtis distance metric, suitable to reveal functional
patterns over time. To investigate their role as structuring ecosystem drivers, OM time
series (Chl a, DOC and POC) were analysed using the Euclidean metric. Clusters of
coherent time periods were identified using the function cutreeDynamic (package dy-
namicTreeCut, Langfelder et al., 2007). This method allows to identify clusters based
on their shape rather than on a fixed cut height, aiding the detection of nested clusters
(Langfelder et al., 2007). Data were presented as annotated dendrograms and time
series plots, created and visualized with the package dendextend (Galili, 2015) and
ggplot2 (Wickham, 2016), respectively.

We used Random Forest (RF) to test for the relative importance of selected fea-
tures in determining HCP rates in our dataset. RF is a non-parametric, robust, ma-
chine learning tool, established on ensembles of regression (or classification) trees
(Breiman, 2001). In each regression tree composing the forest, a subset of the data
is randomly selected and is iteratively partitioned based on the strongest associated
predictor. At each node (i.e., branch split in the tree), a random subset draw form
the predictors pool is considered for partitioning. The bootstrapping of both data and
explanatory variables minimizes problems associated with the presence of data out-
liers or artefacts, and with variable collinearity, also avoiding data overfitting (Pomati
et al., 2020). This mechanism allows to extrapolate the importance of each feature,
assessed by permuting a predictor across all the generated trees, and quantifying the
changes in model’s error rate. Permutation of the most important variables leads to a
greater increase inmodel’s error rates. By randomly selecting a subset of data at each
iteration, the RF leaves an out-of-bag portion of the data on which the model perfor-
mances are internally evaluated. This removes the need for the canonical train/test
dataset split, increasing the number of observations available for model running. See
also Thomas et al., 2018 for amore extensive explanation of RF. For our RF analysiswe
used the package randomForest (Liaw and Wiener, 2002), which implements the RF
algorithm as formulated by Breiman, 2001. The forest was composed by 1000 trees
and the number of random predictor variables selected at each split was set equal
to 3. Model outputs were analysed using the package DALEX (Biecek, 2018). All the
aforementioned data analysis workflow has been carried out with the R software v.
3.6.1 (R Core Team, 2019).

2.3. Results
2.3.1. Time series features

D escriptive statistics of the analysed time series is reported in Appendix Table A.1.
Three coherent time periods were identified in the HCP time series by the time-

constrained clustering (Fig. 2.1 a). Their underlying long-term structure consisted of
twomajor cycles, spanning between 1999 and 2007 and between 2012 and 2019 (red
and green clusters in Fig. 2.1 a, respectively). The cycles peaks (2005 and 2007 for
the first cycle, 2014 for the second one, Fig. 2.1 a) were separated by a U-shaped
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trendline (2008-2011, Fig. 2.1 a), which made up the third coherent time slot (blue
cluster in Fig. 2.1 a). Given the observed pattern in HCP time series, we analysed
Chl a, DOC and POC long-term trends to link the observed HCP dynamics with the
onesunderlying major sources of OM at the study area. Remarkably, we identified

Figure 2.1: Time-constrained clustering of long-term trends extracted from the microbial and or-
ganic matter time series. The trends were extracted using the locally estimates scatterplot smoothing
(LOESS). a) HCP - heterotrophic carbon production; b) Chl a - Chlorophyll a concentration; c) POC -
Particulate organic carbon concentration; d) DOC - Dissolved organic carbon concentration; e) HP -
Heterotrophic prokaryotes abundance; f) SYN – Synechococcus abundance. Units of measure are in-
dicated on the corresponding panels. Note that Y-axes are differently scaled. Data were clustered in a
time-constrained fashion using the CONISS algorithm (see Section 2.2.5). Cluster identified as different
by the cutreeDynamic function (dynamicTreeCut package, see Section 2.2.5) are color-coded.

similar tripartite long-term structures (Fig. 2.1 b, c, and d). However, the break dates
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defining the three periods showed some differences among the analysed variables.

The observed Chl a trend showed a similar long-term structure, with two major cy-
cles connected by a period of trend minima (Fig. 2.1 b). The first cycle was shorter
when compared to the HCP one, spanning from 1999 to 2005 (red cluster in Fig. 2.1
b). In the Chl a time series, the transition period occurred earlier (2006-2009, blue
cluster in Fig. 2.1 b) although developing over the same time interval (~4 years). This
led to a prolonged second cycle, developing over ~10 years (2010-2019, green clus-
ter in Fig. 2.1 b). While sharing the same three-period clustering structure of HCP
and Chl a, the latent long-term dynamic of POC was different (Fig. 2.1 c). Indeed,
the long-term trend highlighted a less cyclical structure (Fig. 1 c), suggesting the
existence of two different regimes (1999-2006 and 2012-2019, red and green clusters
in Fig. 2.1 c, respectively). The first period was characterized by consistently higher
POC values compared to the second one (Fig. 2.1 c). The two regimes were charac-
terized by a sharp transition, spanning from 2007 to 2011 (blue cluster in Fig. 2.1 c).
Time-constrained clustering analysis of DOC long-term trend (Fig. 2.1 d) revealed the
absence of the cyclical structure observed for the other OM sources (Fig. 2.1 b, c).
Indeed, the latent long-term structure of DOC time series highlighted the succession
of three regimes, with an overall increasing trend over time. The length of the identi-
fied periods was notably uneven (Fig. 2.1 d). The first period was the shortest, with a
span of ~5 years, followed by the longest middle time slot among the analysed time
series, lasting about 10 years. The third period, identified between 2014 and 2019,
was characterized by a remarkable peak between 2014 and 2015. In Fig. 2.1 d, the
three periods are shown as red, blue, and green clusters, respectively.

The long-term dynamics of HCP, Chl a, and POC time series shared a similar, three
period- underlying structure (Fig. 2.1 a-d). To explore how the “living” microbial com-
partment is affected and affects these dynamics, HP and SYN time series underwent
the sameanalysis pipeline (Fig. 2.1 e-f). The long-term trend ofHP time series showed
a latent two cycles structure like that observed for the HCP series (Fig. 2.1 e and a,
respectively). As seen in HCP time series, the first cycle (red cluster in Fig. 2.1 e) in-
cluded a primary and a secondary peak, which in the HP time series occurred earlier in
the series (2001-2002 and 2006, respectively, Fig. 2.1 e). The two cyclical structures
were connected by a U-shaped transition period (blue cluster in Fig. 2.1 e), although
the decrease in the trend component was milder than those observed for the other
series (Fig. 2.1). Notably, the HP time series was the only one in which an additional
coherent period was found by the clustering algorithm. This effectively broke the sec-
ond cycle in two different parts: a peaking slot, between 2012 and 2015 (green cluster,
Fig. 2.1 e) and a decreasing slot (2016-2019, purple cluster in Fig. 2.1 e). In the SYN
time series, the first cluster identified a cyclic structure lasting from 1999 to 2006 (red
cluster in Fig. 2.1 f), matching the first period identified for HP, HCP and POC (Fig.
2.1 e, a and c, respectively). The latest part of the series (green cluster in Fig. 2.1 f)
did not show a cyclic pattern being instead characterized by a stable, almost linear,
long-term trend, decreasing between 2018 and 2019 (Fig. 2.1 f). The transition period
between the two long-term structures was the shortest among the investigated time
series (2007-2008, blue cluster in Fig. 2.1 f). Noteworthy, themiddle period in the SYN
series was the only one characterized by a strongly increasing trend, peaking in 2008
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(Fig. 2.1 f).

Noteworthy, the dynamic long-term structure characterising the analysed time se-
ries was reflected in their seasonal component. Indeed, except for DOC, all the time
series showed a changing seasonal figure over time (Fig. 2.2). Overall, seasonal fig-
ures were stable over prolonged time periods at the beginning and at the end of the
time series (Fig. 2.2), showing alternate states progressing toward the successive
shape in the middle years of the series (i.e., the years centred around 2010, Fig. 2.2).
This structurematched the one described for the long-term trends, identifying themid-
dle period (the blue clusters in Fig. 2.1) as a transition phase between two regimes.
HCP seasonal figure progressed from a marked July seasonal peak to a diffuse sum-
mer plateau, lasting from June to September (Fig. 2.2 a). Also, the winter peak pro-
gressively disappeared with time (Fig. 2.2 a). A similar result was highlighted by the
Chl a seasonal plot (Fig. 2.2 b), showing the development of a seasonal minimum
between February and March from 2007-2008 on. A forward shift in the seasonal
maximum, from April to May, was evident from 2010 on (Fig. 2.2 b). This shift was
coupled with an increased seasonal amplitude (i.e., the difference betweenmaximum
and minimum value). Moreover, while a progression preceded and followed the sea-
sonal peak in the earlier part of the series, theMaypeakwas reachedwith and followed
by a steeper slope (Fig. 2.2 b). POC seasonality showed a neat change over the time-
period considered. The seasonal peak localized between August and September in
the early years of the series gradually shifted to May from 2007-2008 on (Fig. 2.2 c).
As for Chl a, the seasonal amplitude increased during this shift and a similar winter
seasonality changes was observed (Fig. 2.2 c). Remarkably, DOC seasonal figure did
not show any changes over the length of the series, keeping the summer maxima-
winter minima dynamic unaltered (Fig. 2.2 d). In the early years of the time series, HP
and SYN were characterized by a unique and well-defined seasonal peak in Septem-
ber (Fig. 2.2 e-f). Over the years, both peaks shifted in time. The HP September peak
gradually lost its importance until 2010, in favour of a new autumnal peak between
October and November (Fig. 2.2 e). The Synechococcus peak was instead backward
shifted, becoming a summer plateau lasting between June and August (Fig. 2.2 f).
While the change in HP seasonal figure developed gradually year after year, SYN sea-
sonality changed abruptly, over the course of just 4 years (Fig. 2.2 e-f).

To explore the role of physical variables in determining the observed long-term fea-
tures in biological time series, we analysed surface temperature and salinity anoma-
lies. On a yearly basis, temperature showed a rather flat linear trend, with few devia-
tions from the time series mean (Fig. 2.3 a). The years between 1999 and 2006 were
characterized by frequent negative temperature anomalies in the first half of the year
(January to June, Fig. 2.3 c). Notably, these anomalies persisted throughout summer
in 2006 (Fig. 2.1 c). Overall, the frequency of positive anomalies increased over time,
although there was no discernible monthly pattern.

Surface salinity anomalies showed an increasing trend between 1999 and 2004
(Fig. 2.3 b). Salinity anomalies were well above the series mean until 2008 (Fig. 2.3
b). This high salinity anomaly was followed by an abrupt negative anomaly in 2009,
peaking with the anomaly minimum reached in 2015 (Fig. 2.3 b). Subsequently, the
anomaly trend steadily increased until the end of the series (Fig. 2.3 b). We used
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ht!

Figure 2.2: Seasonal figures obtained from the seasonal decomposition with locally estimated scat-
terplot smoothing (LOESS, see Section 2.2.5). Note that Y-axes are differentially scaled and unitless.
a) HCP - Heterotrophic carbon production; b) Chl a - Chlorophyll a concentration; c) POC - Particulate
organic carbon concentration; d) DOC - Dissolved organic carbon concentration; e) HP - Heterotrophic
prokaryotes abundance; f) SYN – Synechococcus abundance.
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the particulate C/N value as an indication of freshwater-derived organic matter, using
a value of 7.8 to discern between marine (<7.8) or freshwater-derived (>7.8) organic
matter (Giani et al., 2009). The lowest median C/N were found between 2005 and
2009 (Fig. 2.3 d) confirming the reduced freshwater input to the sampling station
suggested by the salinity anomalies.

Figure 2.3: Box plots of surface temperature (a) and salinity (b) anomalies grouped by year. Trend-
lines are extracted using the locally estimated scatterplot smoothing (LOESS, see Section 2.2.5). c)
Heatmap showing monthly surface temperature anomalies. d) Surface C/N ratios grouped by year.

2.3.2. Effect of environmental drivers on HCP rates

T he RF approach allowed to rank the selected explanatory variable according to
their contribution to predict HCP rates (see Section 2.2.5). Temperature and POC

were identified as the most important variables (Fig. 2.4). The remaining variables
(i.e., SYN, HP, Chl a, DOC, and salinity) had a similar contribution to the model, ac-
counting for ~10% of the predictive power (Fig. 2.4). The computation of local fea-
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tures importance from the RF model showed varying time-related patterns (Fig. 2.5).
On a yearly basis (Fig. 2.5 a), oscillations of features importance were linked to the
observed long-term patterns reported in Fig. 2.1.

Figure 2.4: Random Forest ranking of HCP rates predictors. The importance reflects the change in
the mean squared error of the model when the variable of interest is permuted. Error bars represent
the standard deviation calculated over 999 permutations. Temp-Temperature; POC-Particulate organic
carbon concentration; SYN-Synechococcus abundance; HP-Heterotrophic prokaryotes abundance; Chl
a-Chlorophyll a concentration; DOC-Dissolved organic carbon concentration; Sal-Salinity.

Temperature and POC importance showed an anticorrelated pattern, with peaks
of POC importance corresponding to drops in temperature ranking (Fig. 2.5 a). This
pattern was conserved until 2006, when the two features started following the same
trend. The transition between the twomodes of variability was localized in 2007-2009,
when temperature and POC showed a co-occurring peak. Remarkably, this switch
matched with the transition period identified from the HCP long-term trend (Fig. 2.1).
Subsequently, the ranking of both variables showed an increasing, albeit oscillating,
trend (Fig. 2.5 a). SYN importance maxima were observed in 2006-2007, followed by
an abrupt minimum in 2008 (Fig. 2.5 a), matching with the increasing long-term trend
emerging from the time-constrained clustering (Fig. 2.1). Subsequently, a second
period of higher relative importance developed between 2010 and 2012, althoughwith
a milder evolution (Fig. 2.5 a). Chl a was relatively less important in determining
HCP rates in the first years of the series (1999-2006, Fig. 2.5 a). Following a peak in
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2007, this feature importance was stable over time, with values slightly higher than
the previous previous period (Fig. 2.5 a). This finding agrees with the increased Chl
a concentration suggested by the long-term trend analysis (Fig. 2.1 b). Time-related
feature importance dynamics highlighted an increase in salinity relative importance
from 2002 to 2006 (Fig. 2.5 a), implicating a relevant effect of the positive anomalies
during those years (Fig. 2.3 b and d) on HCP rates.

Figure 2.5: Time series of local feature importance extracted from the RandomForestmodel. a) year-
aggregated features importance; b) monthly aggregated features importance. Each of the three panels
in b) represents the indicated time slots, identified based on the time-constrained clustering showed
in Fig. 2.1. See Section2.2.5 for details. Temp-Temperature; POC-Particulate organic carbon concen-
tration; SYN-Synechococcus abundance; HP-Heterotrophic prokaryotes abundance; Chl a-Chlorophyll
a concentration; DOC-Dissolved organic carbon concentration; Sal-Salinity.

2.4. Discussion

O ur overarching aimwas to disentangle the dynamics underlying themicrobe-mediated
processing of organic matter. To pursue this aim, we used a Random Forest ap-

proach, allowing us to model and thus explain the observed HCP rates as a function
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of selected environmental drivers. The primary reason behind the use of Random
Forest relies on its high performance and reliability in the estimation of variable im-
portance. This was especially important as our goal was not to predict HCP rates
in future scenarios but rather to investigate its drivers both at global and local (i.e.,
single observation) levels. With this algorithm, variable importance estimation is not
biased by highly correlated predictors, leading to reliable and ecologically meaning-
ful extraction of feature importance (Cutler et al., 2007). These features have been
successfully exploited by other works on microbial aquatic time series (e.g., Pomati
et al., 2020; Thomas et al., 2018), providing a sound benchmark on its performances
on these kinds of data. Finally, Random Forest modelling is relatively easy to imple-
ment and analyse in open source programming environments (such as R or Phyton)
when compared to other Machine Learning algorithms. We thus used this particular
method aiming for (i) reproducibility of our analysis and (ii) to possibly boost its usage
in the analysis of high dimensional datasets among aquatic microbial ecologist, as no
cutting-edge expertise is necessary to implement this method.

With this approach, we were able to link the observed long-term HCP patterns with
environmental drivers. We did this on an interannual scale (Fig. 2.5 a), to investigate
environmental drivers of the HCP long-term trend, as well as on a seasonal scale (Fig.
2.5 b), to tease apart the factors shaping the changes of the annual cycle over time.

2.4.1.Main metabolic drivers: the role of temperature and POC

T hemost important variables contributing to the model were temperature and POC
concentration, with relative importance substantially higher than that assigned to

the other variables (Fig. 2.4). The temperature-substrate interplay has been regarded
as a driver of microbial growth in both coastal and open-ocean ecosystems across
the globe (Fuhrman et al., 2015; Giovannoni and Vergin, 2012; Lønborg et al., 2016;
Šolić et al., 2019) and quantifying its influence is a central topic since the teenage of
microbial ecology (Ducklow, 2000). The breakdown of variable importance at a local
level (Fig. 2.5) showed that the relationship between POC and temperature changed
over time. At interannual scales, POC long-term maxima correspond to temperature
importance minima (e.g., 2002 and 2006, Fig. 2.1 c and Fig. 2.5 a), highlighting a re-
duced role of temperature influence at high substrate availability conditions, as shown
by their anticorrelated pattern. From Fig. 2.5 a, an upward trend of temperature impor-
tance was evident since 2015, coupled with an increase in POC importance in 2016.
Several studies report a temperature increase in the northern Adriatic Sea and in gen-
eral in the Mediterranean Sea (Cozzi et al., 2020; Giani et al., 2012; Kralj et al., 2019;
Pisano et al., 2020; Raicich and Colucci, 2019; Šolić et al., 2020; Šolić et al., 2019) ,
thus explaining the increase in temperature importance. Moreover, while we failed to
discern an obvious trend, the frequency of positive anomalies at both interannual and
seasonal scales increased since 2013-2014 (Fig. 2.3 a and c), in accordance with the
random forest results (Fig. 2.5 a). The years between 2015 and 2016 were character-
ized by POC minima, determining the increase in POC importance in explaining HCP
rates. This pattern would suggest that, under a reduced POC availability regime, the
temperature increasemay have enhanced the limiting effect of substrate onmicrobial
metabolic rates (Apple et al., 2006; Celussi et al., 2019), determining a decline in HCP
rates since 2015, as shown in Fig. 2.1 a.
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The temperature-substrate swing was better represented by the seasonal impor-
tance during the period 1999-2007 (Fig. 2.5 b). Temperature was the most HCP
contributing factor during winter (January-March, Fig. 2.1 b), while substrate avail-
ability, represented by Chl a and POC, increased, to the detriment of temperature, in
early spring and summer (Fig. 2.5 b). This scheme suggests that temperature may
have a greater effect on HCP rates in cold conditions, whereas during summer (i.e.,
July-August, Fig. 2.5 b) substrate availability exerts a greater influence due to the
limited freshwater runoff supporting primary productivity. In other words, extreme
cold events might have important consequences on the planktonic trophic webs of
temperate coastal areas, by reducing the channelling of OM through plankton and
diminishing the overall (secondary) productivity for periods much longer than the cli-
matic events duration (Manna et al., 2019). The functioning of this scheme has been
proposed for the northern Adriatic Sea (Celussi et al., 2019), and validated through
experimental studies in other coastal environments (Arandia-Gorostidi et al., 2017;
Huete-Stauffer et al., 2015), corroborating our findings. Seasonal variable importance
patterns showed signal of change in these mechanisms in the last part of the time
series (2012-2019, Fig. 2.5 b), pointing to an increased control exerted by substrate
availability over temperature in winter. This pattern is likely explained by the increas-
ing frequency of winter positive temperature anomalies over time (Fig. 2.3 c), which
relieve the temperature control on metabolic rates, coupled with POC annual minima
(Fig. 2.2 c) which determine a substrate shortage for heterotrophic microbes.

2.4.2. Time-related patterns of minor environmental drivers

T he long-term features analysis revealed a shared underlying structure, made up
of three periods of coherent observations with the years between 2006 and 2011

representing a transition period between two regimes (blue cluster in Fig. 2.1). The
onset of this transition period was different according to the considered variable, with
an overall one-year delay, displaying however a meaningful consequentiality. The be-
ginning of this periodwas indeed observed at first in Chl a time series in 2006, followed
by POC in 2007 and then by HCP in 2008 (Fig. 2.1 b, c, and a, respectively). Remark-
ably, the 2006-2011 time frame did not only represent a transition between long-term
structures, but it also displayed different seasonal figures (Fig. 2.2). This highlights a
scheme inwhich a prolonged draught period (see Section 2.4.2) limited phytoplankton
biomass, determining a consequent decrease of autochthonous POC concentration,
ultimately affecting microbial metabolic rates.

While the seasonal figures at the beginning and at the end of the time series were
remarkably different, changes happened slowly through time, determining, at least
partially, the observed delay in the transition period onset. Nonetheless, the observed
delay may be due to the relatively low sampling frequency (i.e., one month), which
prevented us to use a smoothing window shorter than 12 months (see Section 2.2.5)
to extract the long-term trends. Therefore, the minimum time frame for a meaningful
clustering was one year, contributing to the observed offset between variables.
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Salinity

Surface salinity time series revealed that the years between 2002 and 2008were char-
acterized by positive salinity anomalies (Fig. 2.3 b), implying a prolonged period of
reduced runoff at the study site. This was indeed the case for the entire northern
Adriatic Sea, which, consequently to the draught event, experienced a reduction in
river-brought inorganic nutrients up to half of those measured in years of typical dis-
charge regimes (Cozzi and Giani, 2011). While the overall feature importance ranked
salinity as the least contributing variable (Fig. 2.4), HCP rates were locally affected
by freshwater dynamics. Noteworthy, we found the signature of the draught event in
the interannual pattern of variable importance, linking the observed changes with the
reduced freshwater inputs (Fig. 2.5 a). In the study area, OM pulses are mainly driven
by freshwater inputs, either by direct advection of terrestrially derived organic matter
or by delivering inorganic nutrients, fostering autochthonous organic matter produc-
tion (Lipizer et al., 2012). However, river-advected OM is often enriched in complex,
recalcitrant substrates (i.e., aromatic compounds, lignin, soil OM; Galy et al., 2007).
Autochthonous OM, richer in labile molecules, is thus more suitable for degradation
than river-advected one. This scheme would explain the generally low contribution of
salinity to HCP rates despite the inverse association often found between these vari-
able and microbial metabolic rates in freshwater-influenced Mediterranean coastal
reas (Celussi and Del Negro, 2012; Celussi et al., 2019; Zaccone and Caruso, 2019).

Chlorophyll a

The occurrence of this low river discharge period was remarkably consistent with
the Chl a trend showed in Fig. 2.1 b. The transition period identified by the time-
constrained cluster analysis (blue cluster in Fig. 2.1 b) gathered the years affected by
the draught event, linking the river-borne inorganic nutrient flux and the resident pho-
tosynthetic biomass. Several time series analyses of both Chl a and phytoplankton
community (e.g. Bernardi Aubry et al., 2012; Cabrini et al., 2012; Mozetič et al., 2010)
have shown a general oligotrophication of the northern Adriatic Sea (until 2007-2009)
driven by the reduction of freshwater inputs. Our results show that this oligotrophi-
cation period was followed by an increasing Chl a trend peaking and then plateauing
from 2013 to 2016 (Fig. 2.1 b), as also evidenced by Cozzi et al., 2020 for the same
area. This second phase was characterized by a remarkable shift in Chl a seasonal
cycle, a feature explaining the changes in HCP seasonal variable importance pattern
over the three periods (Fig. 2.5 b). This was indeed characterized by a progressive
loss of the late-winter Chl a – Salinity-driven time frame, representing the signature of
the early-spring bloom, well matching with the seasonal shift depicted in Fig. 2.2 b.
The observed changes in Chl a long-term dynamics and in their effect on HCP rates
may be likely explained by a shift in phytoplankton community composition (and thus
the autochthonous OM features) of over time. A recent analysis of the Gulf of Tri-
este phytoplankton community time series (2010-2017, Cerino et al., 2019) pointed
out a shift in the resident phytoplankton community, coupled with the reduction in
size of the bloom-forming species. This shift was coupled with the appearance of a
phytoplankton maximum in May and the loss of the early-spring, diatom-dominated,
bloom previously characterizing the area (Cabrini et al., 2012), thus corroborating our
hypotheses.
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Particulate organic carbon

POC time series closely followed the seasonality shift observed for Chl a (Fig. 2.2 c)
suggesting that POC in the area is tightly linked to Chl a dynamics and thus predomi-
nantly phytoplankton derived. This agrees with the significant relationships between
Chl a and POC observed in the northern Adriatic Sea byGiani et al., 2005. The ap-
pearance of smaller phytoplankton taxa would thus explain the observed long-trend
POC regimes (Fig. 2.1 c). Higher POC values (1999-2006, Fig. 2.1 c) corresponded
to bigger phytoplankton species (e.g., Pseudo-nitzschia spp. and large Chaetoceros
spp., Cerino et al., 2019) whereas a shift towards smaller phytoplankton representa-
tives (e.g., small Chaeotoceros spp. and Cyclotella spp., Cerino et al., 2019) brought
to a reduced POC concentration (2012-2019, Fig. 2.1 c). The autochthonous origin of
POM was suggested also by its yearly median C/N, which, despite the wide variability
observed for some years (i.e., 1999, 2002, 2012 and 2018, Fig. 2.3 d), ranged between
5 and 10. These values are comparable with those reported for the northern Adriatic
Sea (5.4-8.2; Giani et al., 2005; Giani et al., 2003), suggesting a low contribution of
river-advected POM (Faganeli et al., 1988; Giani et al., 2009). Taken together, these
results imply that autochthonous POM and thus phytoplankton itself, represents the
major source of particulate OM in the study area, a conclusion supported by the low
overall contribution of salinity in determining the observed HCP rates (Fig. 2.4). It is
therefore plausible that land-derived particles settle in the ‘close’ proximity of the river
deltas and do not pronouncedly contribute to the POC pool at our study site. Further-
more, the outcome of POC as the secondmost contributing variable (Fig. 2.4) strongly
suggests that particle-attached microbes may play a major role in OM processing in
the Gulf of Trieste. This agrees with the strong positive association between POC and
OMdegradation rates previously reported by Celussi and Del Negro, 2012 for the study
area. In coastal environments indeed, particle attached microbes are generally more
metabolically active than their free-living counterpart (Crump et al., 1998; Smith et al.,
2013). On a global scale, more than 70% of the POM is consumed by prokaryotes,
highlighting their pivotal role in coastal, as well as oceanic, marine carbon cycling
(Giering et al., 2014).

Dissolved organic carbon

Even though heterotrophic life in the ocean is fuelled by organic matter, most of this
organic carbon reservoir is in a dissolved form (Hansell et al., 2009). The transforma-
tion from the dissolved pool to the particulate one ismostly mediated by themicrobial
loop (AzamandMalfatti, 2007). HCP is themetabolic process catalysing this transfor-
mation and thus, theoretically, heavily dependent on DOM. Yet, our results highlighted
that DOC contribution in determining the observed HCP rates was unexpectedly low
(Fig. 2.4). Moreover, while no seasonal shift was detected over the DOC time series
(Fig. 2.2 d), some local importance patterns were highlighted by the random forest
(Fig. 2.5). DOC contribution was higher between 2001 and 2003 covering the years
affected by mucilage events (Fonda Umani et al., 2007). Mucilage formation is a pro-
cess relying on the increasing gelling capacity of OM (Azam et al., 1999). Within the
mucus matrix, OM production, degradation and remineralization rates are greatly en-
hanced compared to the surroundingwater column, representing an additional source
of labile OM for planktonic microbes (Del Negro et al., 2005; Fonda Umani et al., 2007;
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Herndl, 1992). Thus, the observed increase in DOC importance concomitantly to these
events may be due to these processes.

The interannual peak observed between 2013 and 2015 was coupled with an in-
crease in DOC seasonal importance over summer months (2012-2019, Fig. 2.5 b).
The DOC pattern was coupled with a maximum in long-term HCP trend as well as with
its seasonal shift over time (Fig 2.1 a and 2.2 a). These results hint to a reliance of
heterotrophicmicrobial processes on the dissolved OM pool beside that on the partic-
ulate one, as also suggested by the declining long-term POC trend in those years (Fig.
2.1 c). This dynamic would also explain the prolonged HCP seasonal peak trough
spring and summer (Fig. 2.1 a) established in the last part of the series, which would
initiate with POC degradation to be then sustained by bioavailable DOC (BDOC), as
also highlighted by the seasonal variable importance pattern for the period 2012-2019
(Fig. 2.5 b).

A previous study on the DOC temporal dynamics in the study area failed to find
a significant association between DOC concentration and phytoplankton biomass or
salinity (De Vittor et al., 2008). Nevertheless, summer increase in DOC concentration
during the stratification period has been already reported in the Gulf of Trieste as well
as in other coastal and semi-enclosed marine areas, where it has been ascribed to (i)
decoupling between primary production and bacterial carbon demand and (ii) to the
accumulation of exudates above the seasonal pycnocline (Lipizer et al., 2012 and ref-
erences therein). The overall seasonal evolution may be abruptly altered by intense
episodic disturbances, such as strong dilutions due to floods andwind storms (Lipizer
et al., 2012), causing short-term fluctuations in DOC concentration, similar to or even
larger than seasonal variability (De Vittor et al., 2008). Our results suggest that the
dimension of the DOC pool is potentially untouched by long-term changes (Fig. 2.2
d) and that DOC dynamics evolve on separate scales of variability driven by microbial
activity, seasonal stratification and oceanographic constrains. Combined, these fac-
tors allow the progressive accumulation of DOC, decoupling the temporal variability
of particulate and dissolved OM. Previous experiments (De Vittor et al., 2009) showed
that BDOC is a highly variable, but minor, fraction of DOC therefore we suppose that
the amount of BDOC utilized by bacterial activity may be too small, in comparison with
the accumulating refractory DOC, to be detectable on the monthly time scale.

Synechococcus

Synechococcus abundance was ranked as the third contributing variable to the ob-
served HCP rates (Fig. 2.4). In the northern Adriatic Sea, where Prochlorococcus
cells are only occasionally present (Celussi et al., 2015 and references therein), Syne-
chococcusmay represent a consistent contributor to the total phytoplankton biomass
(Bernardi Aubry et al., 2006), accounting for 40 to 60% to the total primary production
(Magazzù et al., 1989; Vadrucci et al., 2005). The SYN-derived OM thus represents
a non-negligible source of substrate for the heterotrophic OM processing. The in-
creasing long-term trend of Synechococcus during the Chl a minimum (2007-2008,
Fig. 2.1 f) following the reduced freshwater inputs, may be due to its reduced size,
as smaller cells easily outcompete bigger ones in nutrient-limiting conditions (Moutin
et al., 2002).
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2.4. Discussion

The increased interannual SYN importance observed between 2006 and 2011 (Fig.
2.5 a) suggests that heterotrophic processes may have been fuelled by Synechococ-
cus-derived OM following the low river discharge period, which was likely the cause of
the observed delay between the Chl a and HCP long-term decrease (Fig. 2.1 a and b).
This hypothesis is supported by the findings of Beg Paklar et al., 2020 who observed
an enhanced contribution of the microbial food web to OM cycling under high salinity-
induced oligotrophy. The intimate physical association between Synechococcus and
heterotrophic bacteria have been observed in coastal, offshore, and even Antarctic
waters (Malfatti F and Azam F, 2009), suggesting that the tight metabolic coupling
between these organisms may be a fundamental biogeochemical driver on a global
scale. Over the three periods identified in the HCP series, the seasonal importance
pattern of SYN changed during the HCP transition period, replacing the Chl a peak
characterizing the first period (Fig. 2.5 b), further suggesting that SYN-derived OM
represented the main organic substrate for the heterotrophic picoplankton between
2008 and 2011. Nevertheless, we cannot rule out that the general relationship be-
tween SYN and HCP could be due to the active leucine uptake performed by Syne-
chococcus itself (Paoli et al., 2008) or that Synechococcus can better thrive under
these environmental forcing. However, the differentiation of the importance of SYN
on the HCP over the three periods strongly suggests a reliance of heterotrophic pro-
duction on picocyanobacterial-OM in oligotrophic conditions.

2.4.3. Draught implications for microbial growth

T he occurrence of a temperature-substrate co-limitationmay be assessed from the
deviation of the Arrhenius’ linear response of microbial growth to temperature (Ar-

rhenius, 1889; Pomeroy and Wiebe, 2001). By comparing the Arrhenius’ response for
each of the three periods identified in the HCP time series (Fig. 2.6), a non-linear re-
sponse of microbial growth to temperature during the transition period (identified in
blue in Fig. 2.6 and in Fig. 2.1) becomes evident. The non-linear response in the
upper-left part of the Arrhenius’ plot (Fig. 2.6) is due to the response of the microbial
community to limiting resources rather than to a thermal stress, as demonstrated by
Apple et al., 2006 in a river-influenced coastal area. The substrate-driven HCP limita-
tion has been highlighted on regional (Celussi et al., 2019; Šolić et al., 2017) as well as
on global scales (see López-Urrutia andMorán, 2007 for coastal ecosystems; Lønborg
et al., 2016 for open ocean) using either inorganic or organic nutrients. This result,
taken together with the above discussed findings, demonstrate that between 2008
and 2011 microbial-mediated OM processing was limited by substrate availability. Al-
beit transient limitation of microbial OM processing has been demonstrated to occur
following intense wind outbreaks in the Gulf of Trieste (Manna et al., 2019), to the
best of our knowledge this is the first time that an interannual limitation of microbial
growth is reported in the northernMediterranean Sea. The trophodynamic scheme de-
veloped by Fonda Umani et al., 2012 for the northern Adriatic Sea demonstrated that
this trophic network is heavily dependent on the energy deriving from heterotrophic
bacterioplankton. Thus, a prolonged period of limited microbial OM reworking may
have had cascading effects on the entire planktonic trophic network for several years,
impairing the productivity of the whole ecosystem.
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Figure 2.6: Arrhenius plot of the natural logarithm of the heterotrophic carbon production (ln HCP)
against the inverse absolute temperature (1/T). Fit lines for each of the three-period highlighted in
legend are extracted with locally estimated scatterplot smoothing (LOESS, see Section 2.2.5).
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2.5. Conclusions

T he analysis of a 21-year-long time series allowed us to investigate time-related
patterns underlying the evolution of the “inseparable liaison” between microbes

and organic matter (DDittmar and Arnosti, 2018). By means of canonical time series
analysis coupled with a machine learning approach, we were able to tease apart, in
a temporal fashion, long-term environmental drivers of microbial growth. Microbe-
mediated organic matter processing in the northernmost part of the Mediterranean
Sea is essentially driven by temperature and OM availability, with a heavier reliance on
the particulate pool. The tight coupling between POC and Chl a dynamics indicated
that primary producers-derived POC is the most important OM source for resident
heterotrophic microbes, establishing a strong connection with land-derived freshwa-
ter inputs and HCP rates. A multi-year draught event between 2002 and 2008 heavily
modified these biogeochemical links, determining a reduction of primary producers’
biomass impacting both quantitatively and qualitatively OM standing stocks. Teas-
ing apart HCP drivers in a temporal fashion, we demonstrated that Synechococcus-
derived OM fuelled heterotrophic metabolism during the low Chl a period and that
the high salinity anomaly induced substantial shifts in HCP drivers on both interan-
nual and seasonal scales, leading to a multi-year limitation of microbial growth. Here
we demonstrate that transient regional processes have significant consequences on
plankton dynamics, potentially affecting the entire ecosystem productivity. These
consequences extend beyond the duration of the processes themselves, leading to
long-term, eventually abrupt, biogeochemical shifts. With this study, we provide an
updated insight on the long-term biogeochemical dynamics of one of the most pro-
ductive areas of the Mediterranean Sea.

The sound results of the Random Forest model were ecologically meaningful and
contributed remarkably to validate our initial hypothesis. Therefore, we believe that,
with the increasing amount of data gathered bymultiannual observation, the approach
used in this study will provide a better understanding of long-term ecosystem dynam-
ics. As time is themain axis alongwhich the ecosystemsmove (Ribera d’Alcalà, 2019),
understanding the past may help to explain present and future changes.
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3. Effect of an Extreme Cold Event on Microbial Metabolism

3.1. Introduction

H eterotrophic bacteria and archaea are responsible for processing up to 50% of the
organic carbon fixed in the ocean by planktonic photoautotrophs, playing thus a

pivotal role in the global biogeochemical carbon cycle (Azam and Malfatti, 2007). In
the marine environment, most of the organic matter is in a polymeric form and can-
not be directly utilized since only small molecules (< 600 Da), such as amino acids
and mono-saccharides, can cross the prokaryotic cell membrane due to the activity
of permeases (Weiss et al., 1991). To exploit this huge reservoir, prokaryotes produce
extracellular enzymes to hydrolyse high molecular weight organic matter into assimi-
lable monomers (Chróst, 1992). Extracellular enzymes exist in two forms: cell-bound,
localized on the outer cell wall of microbes, and cell-free, freely dissolved in the water
or associated with particles of non-parental origin (Baltar, 2018; Martinez and Azam,
1993). Different sources of cell-free extracellular enzymes have been proposed so
far, including the active release in response to an appropriate substrate, starvation,
changes in cell permeability, viral lysis and grazing activity (see Baltar, 2018; Steen
and Arnosti, 2011 and references therein). Regardless of their sources or forms, the
ultimate goal of extracellular enzymes is to retrieve lowmolecular weight compounds
that can be incorporated into cells and fuel prokaryotic growth.

Since the hydrolysis and the uptake of organic matter are affected by a wide range
of different environmental factors (e.g., pH, UV radiation, organic matter quality and
quantity, temperature, salinity, community composition), it is extremely complex to
assess the effect of each variable on prokaryotic metabolism, especially in natural
conditions. Among these variables, the temperature-substrate availability interaction
has been recognized as amajor factor controllingmicrobialmetabolism (Ducklow and
Carlson, 1992). Temperature affects the rates of all biochemical processes and could
be regarded as an ever-present, interactive factor, ultimately modulating resources re-
quirements (Morán et al., 2017; Pomeroy and Wiebe, 2001). Wiebe et al., 1992; Wiebe
et al., 1993 exposed bacterial isolates from subtropical to polar environments to a
wide range of temperature (0 – 30 °C) and substrate concentration (0.15 - 1500 mg
L-1). Comparing the growth rates, the authors found a consistent limiting effect of sub-
strate concentration on isolates generation time when the temperature approached
the lower limit for their growth. The deviation from the Arrhenius’ linear response (Ar-
rhenius, 1889) of prokaryotic growth to temperature wasmore evident in isolates from
temperate water bodies, while psychrophilic bacteria, due to the shift of their optimal
growth temperature range towards lower values, were able to overcome this effect
when a higher substrate concentration was supplied. These results suggest that the
control exerted on microbial metabolism by the interaction of temperature with sub-
strate availability is enhanced in temperate water bodies during winter when water
temperature is near the lower end of the optimal growth range (Pomeroy and Wiebe,
2001).

The Gulf of Trieste is a landlocked basin located in the northernmost part of the
Adriatic Sea. Due to its limited depth (<26 m, Cozzi et al., 2012), the wind forcing
plays a key role in shaping the variability of the water column profile, especially during
winter, when severe heat loss and evaporation occur during outbreaks of local north-
easterly wind, the Bora. These processes densify the resident water mass producing
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the so-called Northern Adriatic DenseWater (NAdDW, Artegiani et al., 1989), including
the northern Adriatic Sea among the three generation sites of dense shelf water in the
Mediterranean Sea (Robinson et al., 2001). Occasionally, Bora outbreaks in the area
can be very intense (up to 160 km h-1) and last up to two weeks, enhancing dense
water generation processes by inducing exceptional surface temperature drops (< 4°C,
Mihanović et al., 2013). To date, the majority of the investigations on wintertime Bora
outbreaks has focused on their contribution to densewater generation processes (Lee
et al., 2005; Mihanović et al., 2013; Vilibić and Supić, 2005). The consequences on the
biological compartment have been addressed only in the context of downward dense
water flow (Luna et al., 2016), neglecting an assessment of the effect of these extreme
events on the local planktonic microbial community. Likewise, on a broader picture,
the science of extreme events has developed tools andmethods to rapidly, objectively
and quantitatively assess the changing nature of extreme weather risks at the local
level (Otto et al., 2018), yet the effects of such phenomena on the ecosystems are
rarely evaluated.

From 18th to 26th February 2018, the northern Adriatic Sea experienced an intense
outbreak of Bora (wind speed peaking at 120 Km h-1) which induced an exceptional
drop in surface temperature (down to 5.7°C) in the coastal zone of the Gulf of Tri-
este. This study was designed to fill the knowledge gap on the effect of these events
on the coastal microbial community, specifically investigating their potential negative
effects on microbial standing stocks and on microbe-mediated organic matter pro-
cessing (through the evaluation of the activities of the exoenzymes β-glucosidase,
β-galactosidase, chitinase, lipase, alkaline-phosphatase and leucine aminopeptidase
and organic matter uptake velocities). Additionally, we set up temperature manipula-
tion experiments, aiming to evaluate whether the sudden temperature drop induced
by the cold outbreak represented a lower thermal limit for microbial metabolic rates.

3.2.Materials and methods
3.2.1. Study area, sampling strategy and experimental design

T he Gulf of Trieste is the northernmost part of the Adriatic Sea, with a surface
area of ~600 Km2) and an average depth of 17m (Celio et al., 2002). The main

freshwater input in this shallow embayment comes from the Isonzo (Soča) river in
the north-western part of the basin, while the freshwater runoff in the eastern part
is of torrential nature (Comici and Bussani, 2007). Representing the main source of
organic and inorganic nutrients, the river runoff shows a wide interannual variability
(Comici and Bussani, 2007) and affects surface salinity, whose values range from 32
to 38 (Malačič et al., 2006). Surface temperature shows a clear seasonal pattern, from
winter minima as low as 8°C in February and summer maxima >26°C (Malačič et al.,
2006). Riverine outflows and significant heat fluxes induce awide variability of thewa-
ter column profile, further enhanced by the intense wind regime of the area (Stravisi,
1977), characterised by the alternance of cold and dry north-easterly winds (i.e., Bora)
with milder south-easterly winds (i.e., Scirocco). All these features greatly affect the
spatial and temporal dynamics of planktonic microbes, showing patterns very similar
to typical temperate coastal environments (Milller, 2004), with exceptions determined
by anomalous physical-chemical conditions (Celussi and Del Negro, 2012; Cibic et al.,
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2018; Lipizer et al., 2012). The system is generally identified as meso- or oligotrophic
(chlorophyll a concentration ranging from 0.1 to 3.8 µg L-1; Celussi and Del Negro,
2012), with freshwater-triggered diatoms blooms in late winter, a nutrient-depleted
summer when prokaryotic biomass prevails over the other plankton, and a second
short-lasting fall bloom (Fonda Umani et al., 2012 and references therein). From 5
to 45% of prokaryotes in surface waters have been lately identified as Archaea, with
Bacteria being the most abundant group (Vojvoda et al., 2014). While diatoms and
nanoflagellates are the dominant components of phytoplankton through most of the
year, cyanobacteria (Synechococcus) are the prevailing phototrophs in late summer
(Fonda Umani et al., 2012).

From 26th February to 16thMarch 2018 a quasi-daily sampling was carried out, for
a total of 13 data points (from 26th to 28th February, from 1st to 3rd, 5th, 8th and from
12th to 16th March), at a coastal station (45°42’25.1” N, 13°42’46.0” E) in the Gulf of
Trieste. Samples for chemical and biological analysiswere collected using a 5LNiskin
bottle at ~1mdepth, transported to the laboratory into cooler boxes (approximately 15
minutes) and processed within 1 h after collection. Water temperature wasmeasured
in situ using aHg thermometer. In order to evaluate the effect of a short-term tempera-
ture decrease on microbial metabolism, temperature manipulation experiments were
carried out at every sampling day from 28th February to 16th March. Once in the lab-
oratory, subsamples for exoenzymatic activity and heterotrophic carbon production
were incubated at three different conditions: in situ temperature, in situ temperature
lowered by 1°C (i.e., in situ-1°C) and in situ temperature lowered by 2°C (i.e., in situ-
2°C). Samples were incubated in the dark for three hours in a cooled incubator (ST 1+,
POL-EKO APARATURA).

3.2.2. Chemical analyses

S amples for salinity measurements were collected in 250 mL glass bottles and
stored at 4°C until analysis. Salinity was analysed with a Guildline Autosal 8400B

salinometer at the calibration facility of the OGS in Trieste (OGS-CTO) following inter-
national standard procedures. Particulate Organic Carbon (POC) and Particulate Ni-
trogen (PN) were measured using an elemental analyser CHNO-S Costech mod. ECS
4010 applying the methods performed by Pella and Colombo, 1973 and Sharp, 1974,
as detailed by Celussi et al., 2017 (seawater volume range=0.72 – 4.0L). Samples
for dissolved inorganic nitrogen (DIN=nitrites – N-NO2 + nitrates –N-NO3 + ammo-
nium – N-NH4), phosphate – P-PO4, and silicates – Si -Si(OH)4 were filtered onto pre-
combusted (450°C for 4h)WhatmanGF/F filters in acid-washed polyethylene vials and
kept frozen (-20°C) until laboratory analysis. Inorganic nutrient concentrations were
determined colourimetrically with a QuAAtro Seal Analytical autoanalyzer according
to Hansen and Koroleff, 1999. Chlorophyll a (Chl a) concentration was determined
spectrofluorimetrically according to Lorenzen and Jeffrey, 1980. Samples were fil-
tered (volume range=2.0 – 3.5L) onto glass fibre filters (Whatman GF/F) and stored at
-20°C. Extraction of Chl a was carried from the homogenate filter at 4 °C overnight in
the dark, with 90% acetone. Chl a fluorescence was measured with a Jasco FP-6500
spectrofluorometer at 450 nm excitation and 665 nm emission wavelengths. Calibra-
tion was made with pure Chl a from spinach (Sigma Aldrich).
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3.2.3. Flow cytometry

T he abundance of Synechococcus (SYN), of heterotrophic prokaryotes (HP), of het-
erotrophic nanoflagellates (HNF) and of virus-like particles (VLP) was estimated

by flow cytometry. A FACSCanto II (Becton Dickinson) instrument was used, equipped
with an air-cooled laser at 488 nm and standard filter setup. Samples (1.7 mL) were
fixed with 0.5% (final concentration, f.c.) glutaraldehyde solution (Grade I for EM anal-
yses, Sigma Aldrich). Fixed samples were kept at 4 °C for approximately 15 minutes
and then stored at -80°C until analysis (Brussaard, 2004). Prior to enumeration, sam-
ples were thawed at room temperature and diluted 1:10 (HP) and 1:50 (VLP) with
0.2 μm-filtered Tris-EDTA buffer 1× (Sigma Aldrich). Then samples were stained with
SYBR Green I nucleic acid dye (Life Technologies), according to Marie et al., 1999,
Christaki et al., 2011 and Brussaard, 2004 for HP, HNF and VLP, respectively. HP and
HNF were stained (1× f.c.) and incubated for 10 minutes in the dark at room temper-
ature. VLP were stained (0.5× f.c.) and incubated for 15 minutes in the dark at 80°C.
Total virus abundance was obtained by correcting the total count for noise, with 0.2
μm-filtered Tris-EDTA buffer 1× (Sigma Aldrich) as blank. Data were acquired and pro-
cessed with the FACSDiva software (Becton Dickinson). The flow rate was calibrated
daily, by running distilled water andweighing it before and after the run (at least 5 repli-
cates). The analysis carried out in duplicate on randomly selected samples (February
26th, March 5th andMarch 16th), showed a coefficient of variation between replicates
ranging between 0.4 and 7.8%. Abundances were then calculated using the acquired
cell counts and the respective flow rates. Subpopulations of relatively higher (HNA)
or lower (LNA) nucleic acid content were distinguished (Gasol et al., 1999). Cell num-
bers of HP, SYN and HNF were converted to carbon biomass using a factor of 20 fg
C Cell-1 (Lee and Fuhrman, 1987), 200 fg C Cell-1 (Caron et al., 1991) and 3.32 pg C
Cell-1 (Menden-Deuer and Lessard, 2000), respectively.

3.2.4. Phytoplankton

S amples for phytoplankton abundance and community compositionwere fixedwith
prefiltered and neutralized formaldehyde (1.6% f.c., Throndsen, 1978) and exam-

ined by an inverted microscope (LEICA DMi8) equipped with phase contrast. Depend-
ing on phytoplankton densities, a variable volume of seawater (25 - 50mL) was al-
lowed to settle for 2 – 5d and examined following the Utermöhl method (Utermöhl,
1958. Cell counts were performed along transects (1 - 2) at a magnification of 400x.
Half of the Utermöhl chamber was further examined at a magnification of 200x, to ob-
tain a more correct evaluation of less abundant microphytoplankton taxa. To achieve
a statistically acceptable estimation, ~200 cells of the most abundant species or at
least 600 cells per sample were counted (Karlson et al., 2010). Identified taxa were
reported per major groups such as diatoms, dinoflagellates, coccolithophores, cryp-
tophytes and flagellates, the latter including all species/taxa detectable in light mi-
croscopy (i.e., >2μm). For the autotrophic biomass calculation, cell dimensions were
used to calculate the biovolume choosing for each taxon the best fitting geometric
shape (Hillebrand et al., 1999; Olenina et al., 2006). The carbon content was calcu-
lated from mean cell biovolumes using the formula introduced by Menden-Deuer and
Lessard, 2000.
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3.2.5. Extracellular enzymatic activity

E xtracellular enzymatic activities (EEAs) were tested using fluorogenic substrate
analogues (Hoppe, 1993) derived from 7-amino-4-methylcoumarin (AMC) and 4-

methylumbelliferone (MUF). Leucine aminopeptidase activity (AMA) was assayed as
the hydrolysis rate of leucine-AMC.Alkaline phosphatase (AP), β-galactosidase (BGAL),
β-glucosidase (BGLU), chitinase (CHIT) and lipase (LIP) activities were assayed us-
ing MUF-phosphate, MUF-β-D-galactoside, MUF-N-acetyl-β-D-glucosaminide, MUF-β-
D-glucoside, and MUF-oleate (Sigma Aldrich), respectively. Hydrolysis was measured
by incubating 2mL subsamples with 200μM leucine-AMC, MUF-β-D-galactoside, MUF-
β-D-glucoside, MUF-N-acetyl-β-D-glucosaminide, 50μMMUF-phosphate, 100μMMUF-
oleate (saturating final concentrations, Celussi and Del Negro, 2012) for 3h in the dark
at in situ or lowered temperature, according to the experimental design (see Section
3.2.1). Fluorescence increase due to AMC and MUF hydrolysed from the model sub-
strates was measured using a Shimadzu RF-1501 spectrofluorometer (AMC=380nm
excitation and 440nm emission; MUF=365nm excitation and 455nm emission). Tripli-
cate calibration curves were performed daily, using 0.2μm-filtered seawater and 5µM
standard solutions of AMC and MUF (Sigma Aldrich).

3.2.6. Heterotrophic carbon production

H eterotrophic carbonproduction (HCP)wasmeasuredwith themethodof 3H-leucine
(Leu) incorporation (Kirchman et al., 1985). Triplicate 1.7mL subsamples and one

killed control (5% trichloroacetic acid - TCA - f.c.) were amendedwith 20nM radiotracer
(52.9 Ci mmol-1; Perkin Elmer) and incubated for 3h in the dark at in situ or lowered
temperature, according to the experimental design (see Section 3.2.1). The extrac-
tion of 3H-labelled proteins was carried out following the microcentrifugation method
(Smith, 1992). After the addition of 1mL of scintillation cocktail (Ultima Gold™ MV;
Packard), activity was determined by a TRI-CARB 2900 TR Liquid Scintillation Ana-
lyzer. Carbon biomass production was then estimated using the conversion factor of
3.1 kg C mol-1 Leu incorporated, assuming a two-fold isotope dilution (SSimon and
Azam, 1989).

3.2.7. Statistical analyses

T o highlight the patterns of microbial organic matter processing, a cluster analysis
was performed using EEAs and HCP as variables. These were used to create a

Bray-Curtis based dissimilarity matrix through the vegan R package (Oksanen et al.,
2019). Samples were clustered applying Ward’s minimum variance method (Murtagh
and Legendre, 2014) and aggregated, according to their optimal cutting level, to form
two clusters. Clusteringmethod choice and the optimal number of clusters were iden-
tified using the R package clValid (Brock et al., 2008). Results of the cluster analysis
were further used to generate a clustered heat map of the same variables, through the
R package pheatmap (Kolde, 2019). For the samples gathered in each cluster, Fried-
man’s ANOVA was used to test for differences between controls and experimental
temperature manipulations, using Wilcoxon’s matched pair test for post-hoc compar-
isons. A p-value of ≤0.05was considered significant. To underline interactions among
metabolic rates and between these and selected biogeochemical parameters, the
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Spearman’s correlation coefficient was computed after checking the non-normality
of the dataset.

Chemical and biological datawere compared to February, March and annual clima-
tologies (median and interquartile range), computed on surface data (~-0.5m) recorded
from 2000 to 2017 (when available) at the nearby Long-Term Ecological Research
(LTER) station C1 (45°42′2″ N, 13°42′36″ E, Gulf of Trieste). An Arrhenius’ plot (Arrhe-
nius, 1889) was used to compare HCP values registered during the sampling period
with climatological data.

The daily averaged air temperature, wind speed and Isonzo river flow rates for
February and March were provided by ARPA – FVG.

Cluster analysis was performed with R version 3.5.0 (R Core Team, 2019). Fried-
man’s ANOVA, Wilcoxon’s matched pair test and Spearman’s correlation were per-
formed using the software STATISTICA (StatSoft, Inc., 2014, www.statsoft.com, ver.
12).

3.3. Results
3.3.1. Atmospheric and hydrological settings

A verage Average wind speed (Fig. 3.1a) decreased steeply from 26th February to
2nd March (from 69 to 7Km h-1), remaining then constant (~8Km h-1) until the

end of sampling, except for a small peak (20 Km h-1) on 5th March. Air tempera-
ture (Fig. 3.1b) increased throughout the sampling period, from -4.7°C on 26th Febru-
ary to 10.3°C on 16th March, peaking on 12th March, when the maximum value was
registered (12.8°C). During the sampling period, the Isonzo river flow rate (Fig. 3.1c)
spanned over 3 order of magnitude, ranging between 0.73 and 781.65 m3 s-1. Lower
and constant values characterised the period between 26th February and 9th March
(3.25 ± 2.64 m3 s-1), while a steep increase was evident until 12th March, when the
maximum freshwater discharge was registered. Afterwards, river discharge sharply
declined until 15th March, increasing again on the last sampling day. Surface water
temperature (Fig. 3.1d) dropped from 6.8 to 5.7°C between 26th February and 1st
March, increasing then steadily until the end of the sampling period (10.3°C on 16th
March). Surface salinity (Fig. 3.1d) ranged from 35.4 to 38.3, with higher and constant
values until 8th March (38.2 ± 0.06; mean ± SD), decreasing then between 12th and
16th March, when the lowest salinity was measured.

3.3.2. Chemical analyses

R esults of chemical analyses are summarized in Table 3.1. POC and PN followed
the same general trend: after an initial drop between 26th and 28th February, a

mild decreasing trend continued until 8th March, followed by a steady increase from
12th to 16th March. Minima of POC and PN (3.18 and 0.33 µM, respectively) were
both measured on 5th March, while maxima were both found at the end of the sam-
pling period, i.e. on 15th and 16th March (POC=11.34 µM; PN=2.08 µM). Dissolved
inorganic nutrients time courses showed a clear temporal pattern, with lower or de-
creasing values between 26th February and 5th-8thMarchwhile higher and oscillating
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Figure 3.1: (Caption on the next page)74
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Figure 3.1: Time courses of a) wind speed, b) air temperature, c) Isonzo river discharge and d) water
temperature and salinity. a), b) and c) represent daily averaged values for February and March 2018; d)
depicts values measured during sampling. Horizontal lines on a) and b) indicate February (solid) and
March (dashed) monthly average. Shaded areas in a), b) and c) indicate the sampling time frame.

concentrations weremeasured from 8th-12th to 16thMarch. Chlorophyll a concentra-
tion pattern followed those of the inorganic nutrients, i.e. mildly decreasing until 5th
March (0.12 µg L-1), then increasing until 14thMarch (0.55 µg L-1) and finally declining
until the end of the sampling period.

Table 3.1: Results of chemical analyses. POC=particulate organic C, PN=particulate N,
DIN=dissolved inorganic N, PO4=phosphate, Si(OH)4=silicate, Chl a=chlorophyll a. Units are indicated
in parentheses.

26
Feb

27
Feb

28
Feb

1
Mar

2
Mar

3
Mar

5
Mar

8
Mar

12
Mar

13
Mar

14
Mar

15
Mar

16
Mar

POC (µM) 6.32 4.39 4.16 4.27 4.06 4.04 3.18 4.29 8.31 6.30 7.03 11.11 11.34

PN (µM) 1.04 0.54 0.46 0.43 0.46 0.50 0.33 0.38 1.24 1.20 1.12 2.08 2.06

DIN (µM) 1.27 1.49 1.51 1.69 1.70 1.67 1.47 1.91 3.64 3.09 3.66 5.61 4.50

PO4 (µM) 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.05 0.05 0.04 0.03 0.01

Si(OH)4 (µM) 3.18 3.31 3.45 4.04 3.37 3.58 3.26 3.20 4.34 3.59 5.10 6.00 5.17

Chl a (µg L-1) 0.30 0.23 0.20 0.16 0.24 0.18 0.12 0.14 0.36 0.33 0.55 0.44 0.49

3.3.3.Microbial community

S YN cell number (Fig. B.4) showed an overall negative trend during the sampling
period (3.11 and 2.13 × 107 cell L-1 on 26th February and 16thMarch, respectively),

characterised by a steep decline in the first days which, after a small peak on 3rd
March, continued until 12th March, when the lowest abundance was measured (1.00
× 107 cell L-1). Afterwards, a mildly increasing, but oscillating, trend continued until
the end of sampling.

Heterotrophic prokaryotes abundance (Fig. 3.2a) ranged between 3.26 and 6.15 ×
108 cell L-1, with the highest values at the beginning of the sampling period, i.e. be-
tween 26th and 28th February. HP cell number dropped on 1st March, mildly decreas-
ing until 5thMarch, when theminimumwasmeasured. Between 12th and 16thMarch,
HP abundance rose sharply and reached values comparable to thosemeasured at the
beginning of the sampling period. The initial (26th February - 8th March) prokaryotic
assemblage was composed by a roughly equal proportion of high- and low- nucleic
acid (HNA and LNA, respectively) cells, with an average HNA percent contribution
to total HP abundance of 50.5 ± 3.9% (Fig. 3.2a). The subsequent increase in total
prokaryotic abundance was instead dominated by HNA cells, which accounted for 68
± 3.3% of total HP cell count between 12th and 16th March.

HNF abundance (Fig. B.5) showed an overall positive trend, increasing from 0.44
× 106 cell L-1 on 26th February to 2.44 x 106 cell L-1 on 16th March, characterised by
lower and constant values in the first sampling days (26th February – 5th March, 0.39
± 0.08 × 106 cell L-1). Afterwards, HNF abundance steeply increased until 16th March,
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Figure 3.2: Time series of a) heterotrophic prokaryotes and relative contribution of HNA cells and b)
phytoplankton abundance during the sampling period. Note that the Y-axis in b) is not linear.
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when the maximum cell number was measured.

VLP abundance (Fig. B.6) ranged between 5.02 and 12.25 × 10 VLP L-1, decreasing
rapidly between 26th February and 28th February, when theminimum abundance was
measured. Then, a steep increase took place, reaching the highest abundance on 15th
March, slightly decreasing on the last sampling day.

Total phytoplankton abundance (Fig. 3.2b) ranged between 0.26 × 106 and 2.27 ×
106 cell L-1, with the highest and lowest values at the beginning and at the end of the
sampling period, respectively. Throughout the sampling period, phytoplankton com-
munity was dominated by undetermined flagellates and cryptophytes (52.9 ± 6.5% and
33.5 ± 8.2%, respectively) while diatoms (2.5 – 13.1%), dinoflagellates (0.4 – 4.5%) and
coccolithophorids (0.3 – 9.9%) contributed to a lesser extent.

3.3.4.Microbial metabolic activity

T ime courses of enzymatic activities (EEAs) are reported in Fig. 3.3a and b. Overall,
the EEAs tested showed low or decreasing hydrolysis rates between 26th Febru-

ary and 8th March. Afterwards, higher exoenzymatic activities were observed. β-
glucosidase (BGLU, Fig. 3.3a) hydrolysis rates ranged between 0.69 ± 0.03 and 2.69
± 0.12 nM h-1, with minimum and maximum values on 27th February and 16th March,
respectively. This activity was rather variable during the first part of the sampling
period, peaking to near maximum (2.37 ± 0.10 nM h-1) on 2nd March and then drop-
ping again (0.80 ± 0.09 nM h-1) on 5th March. β-galactosidase (BGAL, Fig. 3.3a) pre-
sented both the lowest and the highest hydrolysis rates (0.22 ± 0.01 and 4.02 ± 0.14
nM h-1, respectively) among the tested glycolytic enzymes. BGAL activity mildly de-
clined until 8th March, steadily increased until 15th March and finally dropped on the
last sampling day. Chitinase (CHIT, Fig. 3.3a) activity was characterised by a slight
decline from 26th February to 8th March (1.39 ± 0.02 and 1.06 ± 0.02 nM h-1, respec-
tively), followed by a ~3-fold increase on 12th March (3.07 ± 0.08 nM h-1). Leucine
aminopeptidase (AMA, Fig. 3.3b) rates were rather constant from 26th February to
8th March (5.94 ± 0.20 nM h-1, on average). Then, AMA activity increased steeply until
15th March (39.67 ± 1.91 nM h-1) and dropped on 16th March (28.37 ± 0.44 nM h-1).
With overall lower hydrolysis rates (0.58 ± 0.00 and 31.19 ± 1.37nM h-1), lipase (LIP,
Fig. 3.3b) followed the same pattern of AMA.

Minimum and maximum activities were respectively registered on 5th and 15th
March, with a decrease of ~50% on the last sampling day. Alkaline phosphatase ac-
tivity (AP, Fig. 3.3b) showed an overall increasing pattern (3.70 ± 0.35 - 14.94 ± 0.22
nM h-1), with the lowest hydrolysis rates between 27th February and 1st March. Het-
erotrophic carbon production (Fig. 3.3c) followed the general trend described for the
EEAs. Low and constant values (0.02 ± 0.00 μC L-1 h-1) were observed from 26th
February to 8th March and were, on average, 10-fold higher (0.20 ± 0.06 µgC L-1 h-1)
from 12th to 16th March, although quite variable.

3.3.5. Statistical analyses

T he cluster analysis applied to EEAs and HCP gathered the samples in two main
groups (Fig. 3.4). The first, formed by the samples collected from 26th February

to 8th March, was characterised by low hydrolysis and HCP rates. By contrast, the
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Figure 3.3: Time series of a) and b) exoenzymatic activities and c) heterotrophic car-
bon production Error bars represent the standard deviation of three analytical replicates.
BGLU=β-glucosidase, BGAL=β-galactosidase, AP=alkaline phosphatase, LIP=lipase, CHIT=chitinase,
AMA=leucine aminopeptidase, HCP=heterotrophic carbon production.
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second group gathered the samples with faster microbial-mediated processes, i.e.
those from 12th to 16th March (Fig. 3.4).

Figure 3.4: Clustered heatmap of exoenzymatic activities and heterotrophic carbon production. The
dendrogram was built from a Bray-Curtis distance matrix, using Ward’s minimum variance as aggre-
gation method. The heat map depicts relative hydrolysis (EEAs) and leucine uptake (HCP) rates.
For each variable, values were standardized, and the colour scale was balanced so that the blue
colour will represent lower values and the red colour higher values. BGLU=β-glucosidase, BGAL=β-
galactosidase, AP=alkaline phosphatase, LIP=lipase, CHIT=chitinase, AMA=leucine aminopeptidase,
HCP=heterotrophic carbon production.

The rates measured during the temperature manipulation experiments were com-
pared with those measured at in situ conditions (Fig 3.5). Overall, almost no signifi-
cant effect of the temperature lowering was observed among samples gathered in the
cold-affected cluster. Only BGLU hydrolysis rates were significantly different between
in situ (control) and lowered temperature treatments (Friedman ANOVA, N=6, p<0.05),
with lower velocities at in situ-2°C than in the control (Wilcoxon Matched Pairs Test,
Z=2.20, p<0.05). The higher EEAs rates that characterised the samples of the sec-
ond cluster (12th – 16th March, Fig. 3.5) decreased along with temperature. Fried-
man ANOVA highlighted significant differences between control and treatments for
BGLU (N=5, df=2, p<0.01), CHIT (N=5, df=2, p<0.05), AMA (N=5, df=2, p<0.01) and HCP
(N=5, df=2, p<0.05). BGLU and AMA activities were significantly different between all
treatments (Wilcoxon Matched Pairs Test, Z=2.02, p<0.05). CHIT activity measured
at in situ-2°C was significantly lower than the ones measured at in situ and in situ-
1°C (Wilcoxon Matched Pairs Test, Z=2.02, p<0.05). Leucine incorporation rates at in
situ-2°C were significantly lower than those at in situ temperature (Wilcoxon Matched
Pairs Test, Z=2.02, p<0.05).

The computed February, March and annual climatology is presented in Table 2,
alongside with values measured in the cold-affected and recovery periods (i.e., 26th
February – 8th March and 12th – 16th March, respectively).
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Figure 3.5: Box and whiskers plots of hydrolysis rates (EEAs, nM h-1) and heterotrophic carbon pro-
duction µgC L-1 h-1) during the experimental temperature manipulations. Samples included in cluster
1 (n=6) are coloured in blue, samples in cluster 2 (n=5) in red. Control=incubation at in situ temper-
ature; -1°C=incubation at in situ temperature lowered by 1°C; -2°C=incubation at in situ temperature
lowered by 2°C. Significant differences between treatments and control are indicated with an aster-
isks (*=p<0.05). BGLU=β-glucosidase, BGAL=β-galactosidase, AP=alkaline phosphatase, LIP=lipase,
CHIT=chitinase, AMA=leucine aminopeptidase, HCP=heterotrophic carbon production.
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Table 3.2: Median and interquartile ranges (in parentheses) of sampled parameters in cold-affected
and recovery period, compared with February, March and annual climatologies computed on surface
values (~-0.5m) measured at st. C1 from 2000 to 2017. PO4=phosphate; DIN=dissolved inorganic
nitrogen; POC=particulate organic carbon; Chl a=chlorophyll a; DOC=dissolved organic carbon;
SYN=Synechococcus abundance; HP=heterotrophic prokaryotes abundance; HNF=heterotrophic
nanoflagellates abundance; VLP=virus-like particles abundance. Units are given in parentheses.

Cold-affected
Period

Recovery
Period

February
Climatology

March
Climatology

Annual
Climatology

Temperature
(°C)

6.25
(5.92 - 6.97)

10.00
(9.40 - 10.10)

8.39
(7.12 - 9.34)

9.42
(8.69 - 10.12)

15.65
(10.78 - 20.83)

Salinity 38.20
(38.15 - 38.25

36.90
(35.81 - 37.30)

37.51
(37.21 - 37.97)

37.57
(36.86 - 37.84)

37.33
(36.79 - 37.70)

PO4
(µM)

0.02
(0.02 - 0.02)

0.03
(0.02 - 0.04)

0.04
(0.02 - 0.06)

0.03
(0.02 - 0.07)

0.04
(0.02 - 0.07)

DIN
(µM)

1.58
(1.48 - 1.69)

3.65
(3.63 - 4.49)

2.33
(1.89 - 4.96)

3.06
(1.26 - 4.53)

2.09
(1.19 - 3.45)

POC
(µM)

3.87
(3.73 - 4.00)

8.30
(7.02 - 10.70)

18.2
(13.04 - 20.93)

19.98
(19.06 - 21.29)

16.99
(12.19 - 22.06)

Chl a
(µg L-1)

0.18
(0.15 - 0.22)

0.44
(0.36 - 0.48)

0.86
(0.55 - 1.13)

0.58
(0.41 - 0.88)

0.76
(0.48 - 1.11)

DOC
(µM) NA NA 81

(75.76 - 83.73)
84.09

(77.42 - 84.50)
96.91

(84.29 - 112.24)
SYN*

(107 Cell L-1)
1.64

(1.34 - 1.95)
1.52

1.43 - 2.04)
0.64

(0.45 - 0.84)
1.2

(0.78 - 1.79)
2.84

(1.45 - 5.89)
HP*

(108 Cell L-1)
4.23

(3.85 - 5.64)
5.41

(5.09 - 5.64)
4.75

(3.82 - 5.67)
4.13

(4.01 - 4.24)
10.39

(6.84 - 13.72)
HNF*

(106 Cell L-1
0.45

(0.34 - 0.48)
1.60

(1.19 - 2.04)
1.16

(1.16 - 1.16)
1.51

(1.38 - 1.65)
1.77

(1.36 - 2.37)
VLP*

(109 VLP L-1)
6.48

(5.99 - 6.96)
10.42

(10.33 - 10.83)
14.32

(14.32 - 14.32)
17.31

(16.12 - 18.43)
24.32

(19.23 - 30.13)

NA=not available; *=climatology computed only for 2016 and 2017.
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3.4. Discussion

I n In the Gulf of Trieste, the annual variability of temperature and salinity is mainly
controlled by wind stress and freshwater inputs (Lipizer et al., 2012) therefore ex-

treme meteorological events greatly affect the hydrological properties of this land-
locked basin. Following the Bora event between 26th February and 8th March, both
surface water temperature and salinity (Fig. 3.1d) deviated from the basin climatol-
ogy (2000-2017, Table 3.2), falling closer to values previously measured in the area as
the effect of intense, long-lasting cold air outbreaks (e.g., February 2012, Mihanović
et al., 2013). The unusually higher values of surface salinity were due to a limited
freshwater runoff at the sampling station (Fig. 3.1c) and wind-enhanced evaporation.
Given the importance of riverine inputs in supplying the Gulf of Trieste with inorganic
nutrients and organic matter (Cozzi and Giani, 2011), the limited freshwater inputs
would explain the remarkably low dissolved inorganic nitrogen concentration (Table
3.2) between 26th February and 8th March, as up to 60% of inorganic N in the area is
supplied by riverine inputs (Cozzi et al., 2014). A highly significant negative correla-
tion was found between nutrients and salinity (Spearman’s rank correlation: salinity
vs. DIN, ρs=-0.92, p<0.001; salinity vs. POC, ρs=-0.80, p<0.001) suggesting that the
increased nutrients (inorganic and organic) availability between 12th and 16th March
(Table 3.1) was due to the re-established freshwater supply in the area (Fig. 3.1c).

As pointed out by several phytoplankton and Chl a time series data (Bernardi Aubry
et al., 2012; Cabrini et al., 2012; Mozetič et al., 2010), because of a reduced freshwater
discharge, the northern Adriatic Sea and the Gulf of Trieste are experiencing a progres-
sive oligotrophication, inducing a shift towards a small cells-dominated phytoplankton
community. Albeit on a much smaller spatial and temporal scale, this general frame-
work applies also in the present study. Indeed, the reduced freshwater inputs in the
sampling area following the cold-outbreak (Fig. 3.1c) may have concurred to induce a
transient oligotrophy between 26th February and 8th March, affecting the phytoplank-
ton abundance and composition at the sampling station. Remarkably, this condition
prevented (or postponed) the onset of the late-winter diatom bloom, usually occur-
ring in the area in late February – early March, a phenomenon often observed in the
Gulf of Trieste when the river runoff is reduced (Cabrini et al., 2012). The autotrophic
community was instead dominated by small cells (i.e., undetermined flagellates and
cryptophytes, Fig. 3.2b), with a consistent contribution of SYN in the first part of the
sampling period (Fig. B.4 and Table 3.2). Indeed, due to their high surface to volume
ratio, smaller cells are able to outcompete bigger cells in nutrient-limiting conditions,
because of their higher efficiency in nutrients utilization (Moutin et al., 2002). The
overall dominance of small phytoplankton taxa observed in the present study (Fig.
3.2b) determined an exceptionally low phytoplanktonic biomass (Chl a lower than
median climatological values, 2000 - 2017, Table 3.2), suggesting a limited system
(primary) productivity (Finkel et al., 2010).

Since heterotrophic prokaryotes consume up to 50% of the carbon fixed by phy-
toplankton in the marine environment (Fuhrman and Azam, 1982), a reduced primary
productivity would greatly affect prokaryotic dynamics. Indeed, except for the period
between 26th and 28th February, the trend of prokaryotic abundance (Fig. 3.2a) mir-
rored the variability pattern of Chl a (Table 3.1), implying a tight dependence of prokary-
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otic growth on phytoplankton-derived organic matter. Over the sampling period, fluc-
tuations of HP abundance (Fig. 3.2a) over time were mostly due to the variability of
the HNA fraction. The two main NA fractions (i.e., HNA and LNA) could be dissim-
ilar due to distinct cell or genome size, physiological state (Bouvier et al., 2007) or
even to taxonomic community composition (Vila-Costa et al., 2012), thus implying a
different response of the two fractions to environmental changes. Since the cytomet-
ric signature of a prokaryotic assemblage retains all these information, phylogenetic
or metabolic changes can be inferred through cytometric fingerprinting (Props et al.,
2016; Quiroga et al., 2017; Wanderley et al., 2019).

Over the sampling period, cytograms clustered according to their relative contri-
bution of the HNA fraction to the bulk of HP, identifying three distinct groups (Fig.
B.3). The first cluster (1st – 5th March) grouped samples characterised by the low-
est values of Chl a, DIN, POC and HP, with a higher contribution of LNA cells (Fig.
3.2a), highlighting the development of a peculiar prokaryotic assemblage following
the Bora outbreak, which persisted several days after the event ceased. Initial (26th
– 28th February) and final (12th, 14th – 16th March) assemblages, were gathered
together (Fig. B.3) displaying similar optical features, despite a rather different meta-
bolic pattern (Fig. 3.4). The different cytometric properties of the prokaryotic assem-
blage analysed in the present study may thus be mainly due to shifts in the physi-
ological/metabolic state of the cells, rather to changes in the microbial community
phylogenetic structure. These results agree with the findings of several in situ, mod-
elling and experimental studies (Bouvier et al., 2007; Gasol et al., 1999; Morán et al.,
2007; Zubkov et al., 2004), suggesting a relationship between the trophic status of
the system and the contribution of NA fractions to the bulk of heterotrophic prokary-
otes. High nucleic acid cells can be viewed as “opportuni-trophs”, i.e. they are able
to capitalize their genomic flexibility by exploiting the heterogeneous organic matter
produced by actively growing phytoplankton. Conversely, LNA cells, also because of
their smaller genomes, are able to thrive under oligotrophic conditions focusing on a
narrower range of substrates (Polz et al., 2006).

Consistently with this view, the HNA abundance positively correlated with Chl a
(Spearman’s rank correlation: ρs=0.84, p<0.001), suggesting that the variability pat-
tern of the HNA fraction was significantly controlled by phytoplankton-derived organic
matter availability. This is in agreement with the results of Morán et al., 2010, who re-
ported a higher degree of bottom-up control on the HNA fraction in cooler waters.
Since predation by HNF and viral lysis are considered the main top-down controlling
factors on HP abundance (Hunter and Price, 1992), the lack of any significant rela-
tionship between HP and HNF or VLP abundance (Spearman’s rank correlation: HP
vs HNF, ρs=0.26, p>0.05; HP vs VLP, ρs=0.45, p>0.05) would indicate a limited top-
down control on the HP community, at least during the cold-affected period, when the
HNF abundance was at its minimum (Fig. B.5).

The functional cluster analysis (Fig. 3.4) highlighted a sharp temporal pattern dur-
ing the sampling period. Themodification of the biogeochemical features of the sam-
pling area following the wind outbreak (i.e., 26th February to 8th March, Table 3.2) ex-
erted an inhibitory effect on the microbial metabolic rates. A subsequent functional
recovery (i.e., increased exoenzymatic activities, carbon production and planktonic
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respiration rates, Fig. 3.3 and Fig. B.2) was evident from 12th to 16th March, when
biogeochemical variables showed ranges comparable to the long-term climatology of
the sampling area (Table 3.2). Higher metabolic rates were coupled with higher tem-
perature, with AMA, LIP and HCP showing the tightest correlations (Spearman’s rank
correlation: Temperature vs. AMA, ρs=0.93, p<0.001; Temperature vs. LIP, ρs=0.91,
p<0.001; Temperature vs. HCP, ρs=0.85, p<0.001). Leucine aminopeptidase activ-
ity is implicated in the recovery of amino acids and labile polypeptides (Sala et al.,
2001), while lipase is involved in the hydrolysis of a wide range of phosphorous- and
carbon-containing organic compounds (Gupta et al., 2004). AMA and LIP reached the
fastest hydrolysis rates (39.67 and 31.19 nM h-1, respectively, Fig. 3.3b), highlighting
the importance of these generalists, broad-spectrum enzymes in supplying readily uti-
lizable substrates to microbial metabolism (Baltar et al., 2017). While enhancing the
total exoenzymatic activity, higher temperature induced a decrease in the proportion
of cell-free relative to total EEA (Appendix B.1.1, Fig. B.1; Spearman’s rank correla-
tion: Temperature vs % cell-free BGAL, ρs=-0.80, p<0.01; Temperature vs % cell-free
AP, ρs=-0.67, p<0.05; Temperature vs % cell-free AMA, ρs=-0.74, p<0.05). Despite the
narrow temperature range considered in the present study, these results agree with
the findings of several investigations (Baltar, 2018 and references therein), highlight-
ing that temperature is one of the main controlling factors affecting the activity and
the contribution of cell-free relative to total EEA.

Four of the assayed exoenzymatic activities showed a strong inverse correlation
with salinity (Spearman’s rank correlation: salinity vs. BGLU, ρs=-0.80, p<0.001; salin-
ity vs. BGAL, ρs=-0.78, p<0.01; salinity vs. AP, ρs=-0.78, p<0.01; salinity vs. CHIT, ρs=-
0.82, p<0.001; salinity vs. LIP, ρs=-0.82, p<0.001), suggesting that a significant frac-
tion of the organic matter fuelling themicrobial metabolismwas related to freshwater
inputs. Indeed, organic matter loads in the Gulf of Trieste are mainly driven by river
runoff (Lipizer et al., 2012) either by direct advection of land-born organic matter or by
delivering inorganic nutrients, which in turn stimulate autochthonous organic matter
production. In the present study, no measure of dissolved organic carbon (DOC) con-
centration was carried out. Literature values in the study area (De Vittor et al., 2008)
report an annual DOC concentration range between 72.51 and 138.50 μM (Table 3.2),
withwinterminima and late summermaxima. Values of DOC concentrationmeasured
during previous cold events (i.e., February 2012 and January 2017) were within the
ranges of the climatological variability in the area (76.33 and 73.34 μM for February
2012 and January 2017, respectively, Table 3.2, C. De Vittor, unpublished data), sug-
gesting that the magnitude of the DOC pool is not substantially altered during intense
cold-outbreaks in the Gulf of Trieste. Therefore, in terms of substrate availability, the
variability in the measured metabolic rates is more likely related to POC dynamics
rather than to those of the dissolved organic matter pool.

In the present study, glycolytic activities (BGLU and BGAL, Fig. 3.3a) had the low-
est hydrolysis rates among the tested EEAs. These results agree with previous sur-
veys conducted in the Northern Adriatic Sea (Celussi et al., 2011; Celussi and Del
Negro, 2012; Celussi et al., 2015) generally reporting slower BGLU and BGAL hydrol-
ysis rates in comparison to other EEAs. Since Chl a concentration measured over
the sampling period was exceptionally low (Table 3.2), the slow glycolytic rates can
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be viewed as a consequence of the lack of suitable substrate, as polysaccharide hy-
drolysis is reported to be substrate-inducible (Sinsabaugh and Follstad Shah, 2012).
However, Celussi et al., 2015 reported pronounced affinities of BGLU and BGAL for
their substrates, suggesting that the low activity can, in turn, be compensated by the
higher hydrolytic performance of the enzymes. Furthermore, BGLU was the only EEA
which did not show a significant relationship with temperature, a condition already
reported for the study area (Celussi and Del Negro, 2012), although over a much
broader temperature range. Considering that polysaccharides are estimated to sup-
port 20% of prokaryotic production in marine ecosystems (Kirchman, 2003; Piontek
et al., 2011), it is possible that heterotrophic prokaryotes adopt a metabolic strategy
aimed at producing highly-performing, thermostable (over a well-defined temperature
range) glycolytic enzymes in order to cope with the broad biogeochemical variabil-
ity of coastal systems. The results of temperature manipulation experiments (Fig.
3.5) would confirm this hypothesis, as BGLU was the only extracellular enzyme that
showed temperature-dependent hydrolysis rates in the cold-affected period. All the
other tested hydrolysis rates were not affected by the experimental temperature low-
ering (Fig. 3.5), suggesting that the exceptionally low water temperature, coupled
with the limited substrate availability during the cold-affected period, represented a
lower thermal limit for the microbial processing of organic matter. The results of
temperature manipulation experiments in samples belonging to the recovery cluster
(12th – 16th March) are more ambiguous, as only BGLU, CHIT and AMA showed de-
creased hydrolysis rates with temperature (Fig. 3.5). This result might be explained
by a different degree of temperature-substrate control on each EEA. Enzymes show-
ing a temperature-dependence in the second cluster (i.e., with potentially non-limiting
substrate concentrations and warmer water) could be more controlled by the kinetic
effect of temperature, while hydrolytic activities not suppressed by the lowered tem-
perature, are more prone to be affected by a substrate-induced feedback mechanism.

HCP ratesmeasured during the cold-affected periodwere not significantly affected
by the experimental temperature lowering (Fig. 3.5), suggesting that the temperature
drop that followed the Bora event pushed carbon production rates at their lower ther-
mal limit. Since between 26th February and 8thMarch both HNF and VLP abundances
were lower than climatological values (Table 3.2), it is likely that microbial growth dur-
ing the cold-affected period was mainly bottom-up controlled. The lack of the Arrhe-
nius’ linear response of HCP to temperature (Fig. 3.6) of samples gathered in the first
cluster, corroborate the hypothesis that microbial growth during the cold-affected pe-
riod was mainly controlled by bottom-up factors, such as temperature and substrate
availability (Pomeroy and Wiebe, 2001). A similar response of HCP to temperature in
the middle and central Adriatic Sea was reported by Šolić et al., 2017, who found a
major effect of P-limitation in controlling prokaryotic growth rates at a lower temper-
ature (i.e., <16°C). In the present study, the AP to AMA ratio, often used as a proxy of
P-limitation of microbial communities (Sala et al., 2001; Williams and Jochem, 2006),
was always low (<2) indicating that the prokaryotic community was not limited by the
inorganic phosphorous availability, in agreement with previous findings reported for
the study area (Celussi and Del Negro, 2012). Thus, as suggested by the low Chl a
concentration between 26th February and 8th March (Table 3.1), the non-linearity of
the HCP - temperature relation during the cold affected period was likely to be due
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Figure 3.6: Arrhenius plot of the natural logarithm of the heterotrophic carbon production (ln HCP)
against the inverse absolute temperature (1000/T) of values measured during sampling (marked in
blue and red for samples in cluster 1 and 2, respectively) and at LTER-C1 from 2000 to 2017 in the
surface layer (in black). The grey line represents the linear regression trendline. Upward and downward
triangles mark HCP rates measured in February 2012 and January 2017, respectively.

to the reduced availability of organic substrates, which, coupled with the anomalous
temperature drop, exceptionally constrained prokaryotic growth following the intense
Bora outbreak. The low rates of planktonic respiration during the cold affected pe-
riod (Appendix B.1.2, Fig. B.2) would support this hypothesis, further implying that
the basal prokaryotic metabolism was extremely limited, even several days after the
event ceased (1st – 5th March). Noteworthy, HCP rates measured in February 2012
and January 2017 at the LTER – C1 sampling station fell in the same range of rates
measured in the present study (Fig. 3.6), suggesting a systematic limitation of the
prokaryotic carbon production following intense cold outbreaks in the northernmost
basin of the Mediterranean Sea.

Comparing our data with the trophodynamics scheme developed by Fonda Umani
et al., 2012, conceptualizing the pelagic winter carbon fluxes in the Gulf of Trieste, we
found a 98% reduction of the phytoplankton carbon stock following the Bora outbreak.
This result highlighted an exceptionally reduced carbon transfer to higher trophic lev-
els via the classical grazing foodweb (i.e., microphytoplankton->zooplankton->fishes).
Conversely, we found a 61% increase of SYN carbon reservoir, confirming the shift
towards a smaller photoautotrophic community during the cold-affected period. In
addition, this comparison underlined a 21% decrease in HP biomass, which was cou-
pled with a similar reduction of HNF carbon stock (22%), indicating that also the car-
bon flux mediated by the microbial food web was compromised following the intense
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Bora event. Indeed, we found an average HCP of 0.64 ± 0.14 μg C L-1 d-1 during the
cold-affected period, which, compared to the winter value reported by Fonda Umani et
al. (2012) (7.00 μg C L-1 d-1) pinpoints an extremely reduced microbe-mediated car-
bon channelling to higher trophic levels. Although these computations are referred
to the study area, similar scenarios can be envisioned in other coastal systems char-
acterised by strong Bora outbreaks, such as the Croatian coast of the Adriatic Sea
(Vilibić and Supić, 2005) or the northern Black Sea coast (Onea and Rusu, 2014), as
well as in temperate areas affected by other katabatic winds, such as, for example,
the Mistral in the Gulf of Lion (Wrathall, n.d.) or the Oroshi in the central-east Japan
(Kurose et al., 2002).

3.5. Conclusions

T he intense and long-lasting Bora outbreak registered in the Gulf of Trieste in late
February 2018 remarkably modified the biogeochemistry of its coastal system,

inducing a transient oligotrophy which determined an exceptionally low organic mat-
ter availability throughout the cold-affected period. The sudden drop in temperature
induced by the cold outbreak constrained the microbial processing of organic mat-
ter, inducing a “cold-footprint” (i.e., the time window comprised between 2nd and 8th
March characterised by lower metabolic rates despite being not directly affected by
the temperature drop), which further inhibited the functional metabolic recovery once
the event ceased. Furthermore, our results demonstrate that following intense and
long-lasting Bora outbreaks, the prokaryotic growth is exceptionally constrained by
the interactive effect of temperature and substrate availability. By limiting the micro-
bial processing of organic matter, extreme meteorological events of this kind have
the potential to affect the structure of local trophic webs, altering the functioning of
the entire planktonic compartment for several days during and after the onset of the
phenomenon.
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4. Prokaryotic Response to Antarctic Phytodetritus

4.1. Introduction

W hether organic particles derive from phytoplankton, zooplankton or dissolved or-
ganic matter (DOM) aggregation, they represent a hotspot of microbial activity

in aquatic ecosystems (Grossart and Simon, 1993; Kiørboe, 2001). To process and
consume the particulate organic matter (POM), particle-associated microbes need
a complex suite of enzymes that hydrolyze high molecular weight (HMW) substrates,
but not all microorganisms possess the enzymatic capabilities to hydrolyze all organic
matter moieties (Arnosti, 2011; Kiørboe et al., 2002). On one hand, thismeans that the
POM quality selects for a subset of microbes, capable to degrade that specific pool of
organic matter (Kiørboe et al., 2004). On the other hand, selective degradation of par-
ticles’ constituents leads to shifts in quality and quantity of carbon, driving changes in
the particle-associated community over time (Datta et al., 2016). Therefore, changes
in POM composition will affect the dynamics of the associated communities (Eiler
and Bertilsson, 2004; Grossart, 1999; Grossart et al., 2005; LeCleir et al., 2014).

The export of POM represents the underlying principle of the biological carbon
pump which annually removes about one third of anthropogenic atmospheric CO2 via
the export of organic carbon produced by phytoplankton in the euphotic ocean to-
ward the deep ocean (Boyd et al., 2019; Sabine et al., 2004). The POM settling rate is
a central factor in determining the efficiency of carbon sequestration: the deeper the
particles sink, the longer the carbon of which they are made will be removed from the
atmospheric and upper-oceanic reservoirs (Kwon et al., 2009; Passow and Carlson,
2012). However, only a small fraction, between 5 and 25% of the POM produced in
the upper ocean, reaches the mesopelagic realm (Buesseler and Boyd, 2009; Rocha
and Passow, 2007). Organic particles are indeed subjected to remineralization as they
sink to the ocean interior, leading to the release of CO2 and DOM and causing a reduc-
tion in the biological carbon pump efficiency (Rocha and Passow, 2007). Reminer-
alization processes are mainly carried out by particle-associated prokaryotes, which
can respire more than 70% of the sinking POM (Giering et al., 2014).

TheSouthernOcean (SO)makes up approximately 10%of theworld’s ocean (Rogers
et al., 2020), yet it is responsible for the ventilation of the global ocean as well as for
a conspicuous drawdown (ca. 10%) of the anthropogenic CO2 emissions (THauck et
al., 2015; Turner et al., 2009). The SO is a high nutrient-low chlorophyll system be-
cause of the limitation of the primary producer growth by micronutrients such as iron
(Boyd et al., 2012; Strzepek et al., 2011). Nevertheless, its coastal, shallower zones
represent hotspots of primary production (Smetacek and Nicol, 2005). Among them,
the Ross Sea is widely recognized as one of the most productive sectors of the SO,
supporting 1/3 of its total annual productivity and accounting for more than 25% of its
total CO2 uptake (Arrigo et al., 2008; Smith et al., 2014). About half of the carbon fixed
into biomass by primary producers in the Ross Sea surface layer is exported as POM
in the mesopelagic system, a flux that may represent up to 40% of the global POM ex-
port (Catalano et al., 2010; Ducklow et al., 2001). Cumulative evidence demonstrates
that a significant fraction of this POM is represented by healthy or at least intact phy-
toplankton cells (DiTullio et al., 2000; Rembauville et al., 2015; Zoccarato et al., 2016).
Furthermore, Agusti et al., 2015 demonstrated that the presence at depth of phyto-
plankton is widespread at a global scale, unravelling a previously overlooked source
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of organic matter in the dark ocean.

While marine snow associated community dynamics are well characterized by
both experimental and environmental studies (e.g., Bižić-Ionescu et al., 2018; Bižić-
Ionescu et al., 2015; Datta et al., 2016; Duret et al., 2019; Fontanez et al., 2015; Pelve
et al., 2017), limited information exist on the degradation mechanisms of phytodetri-
tal particles and on their associated prokaryotic communities (Becquevort and Smith,
2001; Bidle et al., 2002). To fill this gap, during austral summer 2017, we performed 8
microcosm incubation experiments by providing freshly produced algal detritus, gen-
erated from on-site collected microplankton net tows, to free-living prokaryotic com-
munities (<1 µm) from the surface and from the mesopelagic zone (548 to 1051 m)
of a coast-offshore transect in the Ross Sea. We measured the functional (i.e., ex-
tracellular enzymatic activities, heterotrophic carbon production and dark dissolved
inorganic carbon uptake) as well as the taxonomic community response (16S rRNA
Illumina amplicon sequencing) under the hypothesis that different detrital pools yield
distinct metabolic and community shifts.

4.2.Materials and methods
4.2.1. Sampling

T he sampling stations (Table 4.1 and Fig. C.1) were placed along a transect head-
ing N-E from Terra Nova Bay based on previous studies (e.g., Celussi et al., 2009;

Zoccarato et al., 2016). The sampling was performed during the XXXII Italian Antarc-
tic Expedition in 2017. Water samples were collected by means of 12-L Niskin bottles
mounted on a Rosette carousel equipped with a SBE 9/11 Plus CTD profiler. Samples
were collected at surface (ca. 2 m) and at the bottom layer (ranging from 548 to 1051
m) at each of the four stations. Right after the CTD casts, 7 plankton tows were per-
formed at each station bymeans of a 20-µmmesh-sized net in order to achieve collect
a final plankton sample volume equal to 1.5 L. The depth of the net deployment was
chosen according to the CTD chlorophyll a fluorescence profiles and ranged between
60 and 120 m (Fig. C.2).

Table 4.1: Details of the sampling stations (coordinates, bottom depth and sampling depth) in the
Ross Sea.

Station Date Longitude (°E) Latitude (°N) Bottom depth Sampling depth

B 17 Jan 2017 175.089 -74 578 m ~2;565 m

C1 01 Feb 2017 170.9092 -74.1877 563 m ~2;548 m

C2 23 Jan 2017 166.8105 -74.75716 905 m ~2;899 m

D 08 Jan 2017 164.5333 -75.12672 1057 m ~2;1051 m
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4.2.2. Experimental design and setup

M icrocosm (Hcl-washed2-LNalgenePCbottles) experimentswere set-up onboard
the R/V Italica. Seawater was filtered through 1 µm PC filters (Whatman) in or-

der to keep free-living prokaryotes only. The pore-size was chosen considering the
cell-size frequency distribution study by La Ferla et al., 2015 in the same geographical
area. For each experiment, 1 µm-filtered seawater from surface and bottom layers of
the four stations was amended with phytodetritus in order to achieve final concentra-
tions of 1 µg and 10 µg of Chlorophyll a equivalent per liter (hereinafter 1 µg L-1 and
10 µg L-1, respectively). Unamended 1 µm-filtered seawater was used as control. A
conceptual scheme of the experimental setup is depicted in Fig. C.3. All treatments
and controls were run in experimental duplicates and were incubated in the dark, at
in situ temperature for four days. Sampling within the microcosms were performed
at day (d) 0, right after the amendments, and after 1, 2 and 4 days. The phytodetritus
was generated by plankton net samples through 7 cycles of freezing (-80°C)/thawing
(80°C) (Bidle and Azam, 2001). Unwashed aliquots of the detritus were then added
to the 2-L microcosms containing 1µm-filtered seawater at 1 and 10 µg L-1 of Chloro-
phyll a equivalent (See Section 4.2.3). These pigment concentrations were selected
in order to mimic mild and dense bloom conditions (e.g. Schine et al., 2016) in the
Ross Sea. At every time point, samples were collected for the determination of free-
living heterotrophic prokaryote abundance, viral abundance, heterotrophic carbon pro-
duction rates and the activity of the exoenzymes β-glucosidase, lipase, and leucine
aminopeptidase. Additional aliquots were collected at d0, and after 1 and 4 days for
the estimation of the abundance of particle-attached prokaryotes. Dark Dissolved In-
organic Carbon (DDIC) fixation rates were measured only at d0 since the incubation
time for the analysis was 96 h (see Section 4.2.6). At the end of the experiments, the
remaining seawater volume in the PC bottles was >1.75 L. At d0 and at the end of the
experiments, DNA was collected as described in Section 4.2.7.

4.2.3. Chemical analyses

C lorophyll a concentration in the net samples was determined by the fluorometric
method by Lorenzen and Jeffrey, 1980. Briefly, triplicate 3 mL aliquots were fil-

tered onto glass fiber filters (Whatman GF/F) and the extraction was performed with
90% v/v acetone at 4°C in the dark for 4 h (Holm-Hansen et al., 1965). Holm-Hansen et
al., 2000 proposed to use at least 2 h extraction incubation prior fluorometric reading
for Antarctic seawater samples. This quick procedurewas chosen in order to expedite
the experimental setup since we needed to titrate the phytodetritus prior amendment.
Fluorometric reads were performed before and after acidification with two drops of
HCl 1N bymeans of a Shimadzu RF-1501 spectrofluorometer at 450 nmexcitation and
665 nm emission wavelength. Calibration curves were made with pure Chlorophyll a
standard from spinach (Sigma-Aldrich). The analysis of particulate and dissolved or-
ganic C concentration within the generated phytodetritus was carried out by standard
protocols, as detailed in Section C.1.
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4.2.4. Phytodetritus composition

T he analysis of microplankton net tows was carried out by an inverted microscope
(LEICADMi8) equippedwith phase contrast after fixationwith neutralized formalde-

hyde (1.6% final concentration, f.c., Throndsen, 1978). To obtain the relative abun-
dance of microplankton taxa, the samples were allowed to settle in a Utermöhl cham-
ber and examined following the Utermöhl method (Utermöhl, 1958). Cell counts were
performed along transects or fields at a magnification of 400× counting a minimum
of 200 cells.

4.2.5. Heterotrophic prokaryotes and viruses

T he abundance of free-living heterotrophic prokaryotes (FL-HP) and of virus-like
particles (VLP) was estimated by flow cytometry. A FACSCanto II (Becton Dick-

inson) instrument was used, equipped with an air-cooled laser at 488 nm and stan-
dard filter setup. Samples (1.7 mL) were fixed with 0.5% (f.c.) glutaraldehyde solution
(Grade I for EM analyses, Sigma Aldrich). Fixed samples were kept at 4°C for approx-
imately 15 minutes and then stored at -80°C until analysis (Brussaard, 2004). Prior
to enumeration, samples were thawed at room temperature and diluted 1:10 (FL-HP)
and 1:50 (VLP) with 0.2 μm-filtered Tris-EDTA buffer 1× (Sigma Aldrich). Then sam-
ples were stained with SYBR Green I nucleic acid dye (Life Technologies), according
to Marie et al., 1999 and Brussaard, 2004 for FL-HP and VLP, respectively. FL-HP
were stained (1×, f.c.) and incubated for 10 minutes in the dark at room temperature.
Virus-like particles were stained (0.5×, f.c.) and incubated for 15 minutes in the dark
at 80°C. Total virus abundance was obtained by correcting the total count for noise,
with 0.2 μm-filtered Tris-EDTA buffer 1× (Sigma Aldrich) as blank. Data were acquired
and processed with the FACSDiva software (Becton Dickinson). The flow rate was
calibrated daily, by running distilled water and weighing it before and after the run (at
least 5 replicates). Abundances were then calculated using the acquired cell counts
and the respective flow rates.

From the same glutaraldehyde-fixed samples, particle-attached (PA) prokaryotes
were counted at the home laboratory by epifluorescence microscopy after staining
the cells with 4,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich) following the proto-
col of Porter and Feig, 1980 with slight modifications, as reported in Celussi, Malfatti,
Annalisa, et al., 2017. Briefly, 1.5 mL aliquots were filtered in duplicates onto 0.2 µm
black polycarbonatemembranes (Whatman) that were subsequently placed on a drop
(50 µL) of DAPI (30 µg mL-1 in an autoclaved 3.7% NaCl solution) for 15 min in the
dark. The back of the filters were gently dried onto a kimwipe tissue, mounted be-
tween layers of immersion oil (Type A, Cargille) and stored at -20°C. Particle-attached
prokaryotes (PA) were counted at 1000× magnification (Olympus BX 60 FS) under a
UV filter set (BP 330-385 nm, BA 420 nm). A minimum of 300 cells was counted for
each membrane in at least 20 randomly selected fields.

4.2.6.Microbial metabolic activities

E xtracellular enzymatic activities (EEAs) were tested using fluorogenic substrate
analogues derived from7-amino-4-methylcoumarin (AMC) and4-methylumbelliferone

(MUF) (Hoppe, 1993). Leucine-aminopeptidase activity (AMA) was assayed as the
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hydrolysis rate of leucine-AMC. Lipase (LIP) and β-glucosidase (BGLU) activities were
assayed using MUF-oleate and MUF-β-D-glucoside (Sigma Aldrich), respectively. Hy-
drolysis was measured by incubating 2.5 mL subsamples with 200 μM leucine-AMC,
MUF-β-D-glucoside, 100 μMMUF-oleate (saturating final concentrations, Celussi et al.,
2009) for 3–7 h in the dark at in situ temperature. Fluorescence increase due to AMC
and MUF hydrolyzed from the model substrates was measured using a Shimadzu RF-
1501 spectrofluorometer (AMC= 380 nm excitation and 440 nm emission; MUF= 365
nm excitation and 455 nm emission). Triplicate calibration curves were performed
daily, using 0.2 μm-filtered seawater and 5 µM standard solutions of AMC and MUF
(Sigma Aldrich). EEAs were measured also on diluted (1:1000) aliquots of detritus,
and hydrolysis rates were not measurable or negligible (< 0.01 nM h-1).

Heterotrophic carbon production (HCP) was measured with the method of 3H-
leucine (Leu) incorporation (Kirchman et al., 1985). Triplicate 1.7 mL subsamples
and one killed control (5% trichloroacetic acid - TCA - f.c.) were amended with 20
nM radiotracer (50.2 Ci mmol-1; Perkin Elmer) and incubated for 3–7 h in the dark at in
situ temperature. The extraction of 3H-labelled proteins was carried out following the
microcentrifugation method (Smith et al., 1992). After the addition of 1 mL of scintil-
lation cocktail (Ultima Gold™MV; Packard), the activity was determined by a TRI-CARB
2900 TR Liquid Scintillation Analyzer.

Rates of Dark Dissolved Inorganic Carbon fixation (DDIC) were determined by the
incorporation of NaH14CO3 (Herndl et al., 2005; Yakimov et al., 2011), as described
previously (Celussi, Malfatti, Ziveri, et al., 2017). Samples were collected from the
microcosms at d0 in 2 replicates (40mL each) plus one killed control (treated with 2%
formalin, f.c.). Each tube was spiked with 100 µL of a NaH14CO3 solution (42.1 mCi
mmol-1; DHI) to yield a final activity of 0.25 µCi mL-1. Samples were incubated in the
dark for 96 h at in situ temperature and then fixed with 2% dolomite-buffered formalin.
The whole volume in each tube was filtered through 0.2 µm-pore-size polycarbonate
membranes (Whatman). Filters were washed twice with 10mL of an autoclaved NaCl
(3.8% w/v) solution, acidified with HCl fumes in scintillation vials for 12–16 h and
frozen at -20°C. Once in the laboratory, the scintillation vials were filled with 5 mL
scintillation cocktail (Filter-CountTM, Perkin Elmer) and the activity was determined
by a TRICARB 2900 TR Liquid Scintillation Analyzer. The filtration and the acidification
steps were performed within 24 h from fixation with formalin. DDIC was determined
according to the following equation (Nielsen, 1952):

𝐷𝐷𝐼𝐶 =
𝐷𝐼𝐶 × 𝐷𝑃𝑀(𝑠𝑎𝑚𝑝𝑙𝑒−𝑐𝑜𝑛𝑡𝑟𝑜𝑙) × 1.05 × 12

𝐷𝑃𝑀𝑎𝑑𝑑𝑒𝑑 × 𝑇

where DIC is the concentration of dissolved inorganic carbon in samples (2.16 and
2.24 mmol L-1, for surface and bottom experiments respectively, G. Ingrosso, unpub-
lished data from previous surveys in the Ross Sea), 1.05 is the correction factor for
slower assimilation of 14C than 12C, 12 is themolecular weight of C,𝐷𝑃𝑀𝑠𝑎𝑚𝑝𝑙𝑒−𝑐𝑜𝑛𝑡𝑟𝑜𝑙
are theDPMmeasured in every replicate corrected for the ones in the control,𝐷𝑃𝑀𝑎𝑑𝑑𝑒𝑑
is the activity (certified by the provider) of the NaH14CO3 solution spiked in each tube
and 𝑇 is the incubation time.
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4.2.7. DNA extraction, amplicon library preparation and sequencing

A t the beginning of the experiments the native free-living prokaryotic community (1
µm-filtered) was collected on 0.2 µm polyether-sulfone membrane filters (SUPOR

200, Pall) and stored at -80°C for DNA analyses. The filtered volumes were 2 to 4
L for surface experiments and 8 L for deep water experiments. The same protocol
was used at the end of the experiments (d4), by filtering the remaining volume in each
bottle, approximately 1.75 L. DNA was extracted using the DNeasy PowerWater kit
(Qiagen) following the manufacturer’s instructions. The quantity of DNA extracts was
measured by Qubit Fluorometer (ThermoFisher Scientific). Extracted DNAwas stored
at -20°C until further analysis.

To generate prokaryotic barcodes, the primer pair 515F-Y (5′-GTGYCAGCMGCCGC
GGTAA-3′) and 926R (5′-CGYCAATTYMTTTRAGTTT-3′), encompassing the V4 and V5
hypervariable loops of 16S rRNA genes (Parada et al., 2016) were used. PCR mix-
tures (25 µL final volume) were as follows: 5 ng of template DNA, 0.5 U of Phusion
High-Fidelity DNA polymerase (ThermoFisher Scientific), 1× Phusion HF buffer, 200
µM of each dNTP, and 0.5 µM of each primer. PCR amplifications (98°C for 4 min; 25
cycles of 98°C for 20 s, 57°C for 30s, 72°C for 30s; 72°C for 5 min) were carried out
in duplicate in order to smooth possible intra-sample variance. PCR products were
visualized on 1.5% agarose gels, then amplicon duplicates were pooled and purified
using 0.8× volumes of AMPure XP beads (Beckman Coulter). All the purified products
were finally quantified with a Qubit Fluorometer (ThermoFisher Scientific).

PCR indexing and normalizationwere basedon the “16SMetagenomic Sequencing
Library Preparation” protocol provided by Illumina, with the following major modifica-
tions: 1) PCR mixtures were in 25 µL final volume, using 2.5 µL of template DNA, 0.5
U of Phusion High-Fidelity DNA polymerase (ThermoFisher Scientific), 1× Phusion HF
buffer, 200 µM of each dNTP, and 5 µL of each index primer. 2) PCR amplicons were
normalized using a SequalPrepNormalization Plate (ThermoFisher Scientific). Finally,
amplicon libraries were equally pooled and sequenced using the Illumina MiSeq sys-
tem (2 × 300 base pairs). The 16S amplicon sequences generated for this study can
be found in the Sequence Reads Archive (SRA) at NCBI under the accession number
PRJNA609227. All the activities described in this subsection have been carried out at
University of Padova laboratories.

4.2.8. Bioinformatic pipeline

S equenced reads from 16S amplicon libraries were analyzed with QIIME2 version
2019.7 (Bolyen et al., 2019). Denoising and amplicon sequence variants (ASVs)

were identified using DADA2 (Callahan et al., 2016) QIIME2 plugin, trimming for low
quality bases (q2-cutadapt DADA2 plugin; forward reads at 290 bp length and reverse
reads at 220 or 240 bp according to quality; indicated lenghts refer to reads with
primers included). Resulting ASVs were aligned with mafft aligner (Katoh et al., 2002)
via q2‐alignment plugin. The resulting multi-alignment was used to reconstruct phy-
logeny with fasttree2 (Price et al., 2010) via q2‐phylogeny. Rarefaction curves were
constructed using q2-diversity. Taxonomy was assigned to ASVs using the q2‐feature
classifier plugin (Bokulich et al., 2018) that embeds a naïve Bayesian taxonomy clas-
sifier against SILVA database v 132 clustered at 99% identity (Quast et al., 2013).
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4.2.9. Statistical analyses

D ifferences in the final (d4) community structure among sampling sites, sampling
depths and treatments were tested with analysis of similarity (ANOSIM) and visu-

alizedwith non-metricmultidimensional scaling plots (NMDS). To estimate the amount
of variance associated with individual factors (station, depth and treatment), permu-
tational multivariate analysis of variance (PERMANOVA, function adonis in package
vegan, Oksanen et al., 2019) with pairwise analysis was used. All permutations tests
were considered significant at p<0.05 with 9999 permutations. For the analyses re-
lated to beta diversity hypothesis testing, Bray-Curtis dissimilarity matrices were con-
structed using normalized read abundances (function vegdist in package vegan, Ok-
sanen et al., 2019). Visualization of the microbial diversity data was done using nor-
malized genera abundance, with the package ggplot2 (Wickham, 2016).

The quality of 16S rRNA sequencing replicates was checked computing Spear-
man’s rank correlation coefficients between raw ASVs counts of experimental dupli-
cates.

The compositional change in the prokaryotic community was investigated by cal-
culating the average (across experimental duplicates) relative abundance (RA) change
of each genus (deepest taxonomic resolution). ASVs that were not present at 1% RA
as a minimum, in at least one sample, were pooled as ‘Others’. Changes in control
samples were compared against the starting community (d0), whereas the effect of
detrital particles amendments was compared against the controls. This comparison
allowed to highlight both positive and negative responses of each genus to (i) the
enclosure itself and (ii) to the enrichments with phytodetritus.

To test if the composition of detrital particles (i.e., taxa composition within plank-
ton samples) drove differential response in the number of attached prokaryotes, we
fitted Generalized Linear Models (GLMs) using attached prokaryotes abundance as
response variable and phytodetrital composition as independent variables. Models
were fitted separately for each time point (i.e., d0, d1 and d4) using the function glm.nb
embedded in the MASS package (Venables and Ripley, 2013). The Shapiro-Wilk test
was used to check if residuals met the assumption of normal distribution.

TheMann-Whitney test was also used to detect statistically significant differences
between control and amended microcosms at day 4 and to test for significant dif-
ferences in variables among two or more factors. The Spearman’s rank correlation
coefficient was calculated among selected variables. All the above tests were con-
sidered significant at p<0.05 after correction for false discovery rate (fdr, Benjamini
andHochberg, 1995). All the statistical analyseswere conducted in the R environment
(v. 3.6.1, R Core Team, 2019).

4.3. Results
4.3.1.Methodological considerations

T he results of chemical analyses on the four detrital pools are summarized in Ta-
ble C.1. To estimate the magnitude of organic C enrichments following the phy-

todetritus addition, we calculated the enrichment factors (EF) of DOC and POC in the
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amended bottles according to Hardy et al., 1997 with the formula:

𝐸𝐹 =
[𝑋𝑂𝐶](𝑎𝑑𝑑𝑒𝑑+𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙)

[𝑋𝑂𝐶]𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙

where [𝑋𝑂𝐶](𝑎𝑑𝑑𝑒𝑑+𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙) is the concentration of either DOC or POC in the
amended bottles and [𝑋𝑂𝐶]𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 is the POC or DOC environmental concen-
tration (i.e., before the amendments). Since the seawater was filtered onto 1 µm pore
size prior to the detritus enrichments, we assumed that prokaryotic cells represented
the only source of POC in the pre-amended microcosms. Thus, POC concentration
was calculated converting prokaryotic abundance into carbon using the conversion
factor of 13 fgC Cell-1 derived from Carlson et al., 1999 for prokaryotic cells in the
Ross Sea. Environmental DOC concentrations in surface and bottom samples were
provided by F. Relitti (unpublished data).

Enrichment factors (Table C.2) for DOC ranged between 1.0 and 1.1 and from 1.2
and 2.3 for the 1 and 10 µg L-1 treatments, respectively. Amendments with detritus
resulted in consistently higher POC enrichment factors, ranging between 6.5 and 67.7
in 1 µg L-1 and between 56 and 906.3 in 10 µg L-1. These calculations highlight that
POC enrichment factors following phytodetritus amendments were up to 2 orders of
magnitude greater than DOC ones.

We are aware that some uncertainties in the metabolic rates and community com-
position might arise from the ambient pressure characterizing our incubations. Meta-
bolic rates of bathypelagic prokaryotes have been shown to be overestimated at am-
bient pressure (Tamburini et al., 2013) while, from a community perspective, some
evidence suggest that the effect might be group specific (La Cono et al., 2015). How-
ever, there still is a lack of general consensus about the effect of decompression on
the metabolism of deep-sea microorganisms (Tamburini et al., 2013 and references
therein). Our inferences consider both metabolic and community changes in rela-
tive terms, i.e., enhanced or suppressed by the detrital addition and/or composition.
Hence, even if the absolute measured rates may be biased, our findings are likely not
impaired by the depressurized incubation.

4.3.2. Phytodetritus composition

T he plankton net samples used to generate the phytodetritus showedmarked com-
positional differences among stations (Fig. 4.1). Plankton assemblages of sta-

tions B and D were dominated by Phaeocystis antarctica, accounting for 77 and 52%
of the total pool, respectively. Diatom taxa were underrepresented in station B (4%),
and accounted for 25% of microplankton cells at station D. The microplankton net
sample of station C2 was instead dominated by diatom taxa, which accounted for
90% of the sampled community. Members of the Pseudo-nitzschia genus were the
most abundant (52%), followed by the genusChaetoceros (20%). A similar patternwas
observed for C1 net samples, in which diatom taxa made up 50% of total pool. Repre-
sentatives of the Pseudo-nitzschia genus were the most abundant (25%), followed by
Chaetoceros spp. (10%). Choanoflagellates (23%) and Phaeocystis antarctica (18%)
considerably contributed to the microplanktonic community retrieved at station C1.
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4.3.3. Viruses, free-living and particle-attached prokaryotes

E xperiments B and C1 showed a low variability of VLPs abundance, which was re-
markably constant over time and among treatments, with similar values in surface

and bottommicrocosms (Fig. C.4). Bottles amendedwith detritus generated from the
stations C2 and D showed a more variable temporal pattern, although rather similar
among treatments (Fig. C.4). In C2 surface bottles, both treatments resulted in a de-
creasing trend over time, even though abundance values were very similar to those
in control bottles. Lower VLPs abundances were measured in bottom microcosms,
which showed a rather similar decreasing trend over time, regardless of the treatment.
An increase of VLPs over time wasmeasured only in bottles amended with D detritus.
A steep increase, deviating from the general pattern was evident on d4 in 10 µg L-1, ,
resulting in the highest values measured in both surface and bottom enclosures (8.19
± 3.48 and 5.24 ± 3.19 × 109 VLPs L-1, respectively, Fig. C.4).

Abundance of FL-HP (Fig. C.4) showed a general increasing trend over time, more
evident in 10 µg L-1 microcosms. Station B enclosures were a remarkable exception
to this pattern, with FL-HP abundance extremely constant across time, treatment and
depth (on average, 0.10 ± 0.01 × 109 cells L-1, Fig. C.4). In C1 and C2 bottles, the effect
of the detritus addition became evident only on d4, whereas between d0 and d2, FL-
HP abundances were very similar to those in control samples. The addition of detritus
at 10 µg L-1 resulted in a steep increase of FL-HP abundance in surface C1 samples
(approximately 5 times higher than control, Fig. C.4), whereas in bottom samples
FL-HP abundance was not clearly affected by the particles enrichment. Station C2
enclosures showed an inverse pattern, with a stronger response of bottom samples
to particles addition (~6 times higher than control on d4). The highest cell numbers
were measured in D samples in both surface (5.49 ± 0.35 × 109 Cells L-1) and bottom
samples (1.92 ± 0.83 × 109 Cells L-1). Addition of 1 µg Chl a L-1 equivalent in surface
samples had mild effect on FL-HP abundance, whereas the strongest amendment
yielded a steep increase of FL-HP cells in both surface and bottom samples (Fig. C.4).

The abundance of PA ranged between 0.49 ± 0.09 and 71.71 ± 7.67 × 106 Cells L-1
(Fig. 4.2). The lowest number of attached cells was measured on d0 in B surface bot-
tles amended with 1 µg Chl a L-1, while the highest number of PA cells was found on
d4 in C2 bottom samples with 10 µg L-1. Over time, PA abundance was constant or de-
creasing between d0 and d1, followed by an increase on d4 (Fig. 4.2). B experiments
showed the lowest abundance of particle-attached prokaryotes, in both surface and
bottom microcosms, whereas station C2 presented the highest PA abundance. PA
abundance on d0 was higher in surface enclosures, except for B bottles, where the
initial PA cells number was higher in bottom samples (Fig. 4.2). On d4, bottommicro-
cosms presented a higher PA abundance than surface ones, except for C2 samples
(Fig. 4.2)

4.3.4.Microbial metabolic activities

M inima of the three EEAs were all measured in bottom C1 bottles (BGLU: 0.01 ±
0.00 nM h-1; AMA: 0.79 ± 0.08 nM h-1; LIP: 0.86 ± 0.07 nM h-1; Fig. 4.3). Maxima

of BGLU and AMA were measured in surface bottles amended with station D phy-
todetritus (7.19 ± 0.00 and 1622.24 ± 113.55 nM h-1, respectively, Fig. 4.3), while the
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Figure 4.1: Compositional pie charts of plankton net samples used to generate phytodetritus.

Figure 4.2: Bar plots showing the abundance of attached prokaryotes on d0, d1 and d4 in each of the
microcosms. Error bars represent the standard deviation of two experimental replicates.
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fastest lipid degradation was found in bottommicrocosms supplemented with C1 de-
trital particles (78.61 ± 32.65 nM h-1, Fig. 4.3).

Protease activity showed a general increasing trend in all the experiments, with
steeper slopes between days 2 and 4 (Fig. 4.3). Slower rates were observed in B bot-
tles, while maxima were measured in bottles amended with particles from station D
(Fig. 4.3). Treatments at 10 µg L-1 yielded the strongest increase in peptidase activ-
ity in bottom bottles enriched with detritus from stations C1, C2 and D compared to
controls on d4 (approximately 35, 30 and 10 times, respectively, Fig. 4.3). The amend-
ment of B bottommicrocosms with 1 µg L-1 sustained a ~3 times higher AMA activity
compared to control and 10 µg L-1 treatment (Fig. 4.3).

Figure 4.3: Time courses of β-glucosidase (BGLU), lipase (LIP), leucine-aminopeptidase activities
(AMA) and heterotrophic carbon production (HCP). 0: controls; 1: 1 µg L-1 Chl a; 10: 10 µg LL-1 Chl
a. To ease comparison, metabolic rates are plotted on Log Y-axes, which are differentially scaled.
Error bars represent the standard deviation of two experimental replicates; where not visible, they are
embedded in the symbol.

Lipid degradation was slower in experiments B and D in both surface and bottom
bottles. Experiments C1 and C2 showed the highest values of lipase activity in bottom
microcosms, where the maximum value was measured (experiment C1, Fig. 4.3). A
mild effect of the detritus enrichments was visible in surface B and D bottles, while
bottom experiments were not clearly affected by particle amendments (Fig. 4.3). The
enrichment with 10 µg L-1 in surface C1 bottles resulted in a ~4 times lower rates
compared to control and 1 µg L-1 at day 4 (Fig. 4.3). In bottom C1 bottles, the highest
Chl a amendment yielded an increase in LIP activity of approximately 40 and 15 times
compared to control and 1 µg L-1, respectively (Fig. 4.3). A similar trend was observed
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for C2 experiments, althoughwith amilder increase (Fig. 4.3). SurfaceC2bottleswere
characterized by higher LIP rates in the 10 µg L-1 throughout the experiment, compared
to control and 1 µg L-1 (Fig. 4.3).

Carbohydrate hydrolysis showed a peculiar response in each of the experiments
(i.e., B, C1, C2 and D), highly conserved in both surface and bottom bottles. The lowest
BGLU activity was measured in station B microcosms. In station C1 experiments,
enrichments at 10 µg L-1 induced slightly higher BGLU rates compared to control and
1 µg L-1. The general pattern, showing a steep increase in the first 24 h and then
a drop to initial values on d4, was common to all the experimental conditions (Fig.
4.3). Amendments with C2 detritus (Fig. 4.3) yielded the strongest response in the
10 µg L-1 treatment, with rates ~8 and 17 times higher than 1 µg L-1 treatment and
control, respectively. An increasing trend over time wasmeasured in both surface and
bottom D bottles. While the addition of detrital particles at 1 µg L-1 did not produce
a clear effect on glycolytic rates (Fig. 4.3), enrichments at 10 µg L-1 resulted in a
steeper increase of BGLU activity on day 4, which was approximately 3 times higher
than control and 1 µg L-1 in both surface and bottom bottles (Fig. 4.3).

Heterotrophic carbon production (Fig. 4.3) showed an overall strong response to
detritus enrichment, especially on d4. Rates of prokaryotic production spanned over
4 orders of magnitude, ranging between 0.01 ± 0 and 682.83 ± 57.66 pmol Leu L-1 h-1.
Range extremaweremeasured at the highest Chl a concentration (10 µg L-1) in bottom
B bottles and surface D bottles, respectively (Fig. 4.3). As observed for the EEAs, over-
all slower prokaryotic production rates were observed in B experiments, with higher
values in surface bottles. Amendments with detritus yielded the strongest response
at 10 µg L-1, with HCP rates approximately 9 and 16 times higher than control in sur-
face and bottom bottles, respectively (Fig. 4.3). Enrichment at 1 µg L-1 in experiment
C1 resulted in a steep increase of prokaryotic production on d4, with rates ~4 and 3
times higher than control and 10 µg L-1, respectively (Fig. 4.3). In bottom C1 bottles,
HCP rates strongly increased in response to 10 µg L-1amendments, peaking at 489.00
± 6.29 pmol Leu L-1 h-1, the maximum value measured in bottom samples (Fig. 4.3).
Experiment C2 showed a similar response in both surface and bottom bottles (Fig.
4.3). Experiment D microcosms showed a steady increasing trend of Leucine incor-
poration rates over time. The detritus enrichment induced the strongest response at
the highest concentration (10 µg L-1), resulting in HCP rates approximately 3 and 4
times higher than control in surface and bottom bottles, respectively (Fig. 4.3).

DDIC is an often neglected channeling of environmental C into prokaryotes and
can be associated both to heterotrophic and autotrophic metabolism (see Section
4.4.2) The enrichments with detritus at the lowest concentration stimulated dark DIC
uptake in C1 and C2 enclosures, with a stronger effect on the latter (~2 times higher
than control, Table 4.2), while negatively affecting D and B enclosures (Table 4.2). The
enrichments at 10 µg L-1 strongly enhancedDDIC rates in station D, C1 andC2 (approx-
imately 10, 5 and 6 times higher than control, respectively), while had a slight negative
effect on Bmicrocosms (Table 4.2). BottomDDIC uptake rates were unaffected by the
particle amendments at 1 µg L-1, while the strongest enrichments yielded a remark-
able enhancement of dark DIC uptake in B and C2 bottles (~2 and 6 times relative to
controls, respectively).

107



4. Prokaryotic Response to Antarctic Phytodetritus

Table 4.2: Dark dissolved inorganic carbon (DDIC, ngC L-1 d-1) uptake rates in control and amended
microcosms measured on d0 (See Section 4.2.6). Results are presented as mean ± SD of two experi-
mental replicates.

Depth Treatment B C1 C2 D

Surface Control 2.60±0.19 0.40±0.00 14.39±4.95 13.26±2.90

1 µg L-1 Chl a 1.91±0.77 1.40±1.42 31.88±8.43 3.69±1.64

10 µg L-1 Chl a 1.64±0.19 2.00±0.57 94.23±47.84 166.41±1.74

Bottom Control 2.41±1.80 3.94±2.05 6.71±3.42 8.49±0.00

1 µg L-1 Chl a 1.42±0.40 3.74±0.59 10.20±4.55 10.19±3.20

10 µg L-1 Chl a 4.67±0.20 3.11±0.88 41.73±20.30 2.97±1.40

4.3.5. Prokaryotic diversity and community composition

F ollowing the bioinformatic pipeline, the 16S rRNA dataset comprised 1950252
reads from the 56 analyzed samples, with, on average, 34825.92 reads per sam-

ple, totaling 420 prokaryotic ASVs. The lowest number of reads was found in the ini-
tial (d0) C2 surface sample (n= 12110), while sample replicate 2 of bottom D sample
amended with 10 µg L-1 scored the highest value (n= 81610). The whole prokaryotic
diversity was captured by the chosen sequencing effort, as shown by the rarefaction
curves (Fig. C.5). ASVs richness (i.e., number of unique ASVs retrieved) ranged be-
tween 43 and 219. Both values weremeasured in C2 bottom enclosures, in replicate 2
of the 10 µg L-1 amendment on d4 and d0, respectively. A general decreasing trend in
richness (Fig. C.6) was observed with increasing Chl a concentration (i.e., 0, 1 and 10
μg L-1), particularly evident in bottom samples, whose initial communities were char-
acterized by a significantly higher richness compared to surface ones (Mann–Whitney,
p< 0.05). Segregation by depth did not reveal significant differences in richness be-
tween stations (Mann–Whitney, p> 0.05). The sequencing duplicates were highly con-
sistent, being significantly correlated at p<0.001, with Spearman’s rho values ranging
between 0.60 and 0.90 (Fig. C.7).

In terms of initial community composition, the relative abundance of major taxa
(RA >1%, Fig. 4.4 and Fig. C.8) significantly varied with depth (ANOSIM R= 0.83, p<
0.05). Surface samples of station B and D were respectively dominated by ASVsmap-
ping to the SAR11 clade (61.85%) and to the Polaribacter genus (75.99%). The latter
represented the most abundant taxon in stations C1 and C2 too (22.68 and 24.87%,
respectively), sided by SAR11 ASVs at station C1 (13.50%) and by members of the
Gammaproteobacterial family Nitrincolaceae at station C2 (13.45%). Initial bottom
communities (Fig. 4.4 and Fig. C.8) were dominated by members of the phyla Pro-
teobacteria (30.15 ± 6.32%) and Bacteroidetes (24.54 ± 9.5%). The former character-
ized the communities of stations B and D (39.47 and 28.77%, respectively), whereas
stations C1 and C2 were dominated by the latter (34.97 and 29.66%, respectively).
Classes Alpha- and Gamma-proteobacteria accounted for most of the Proteobac-
terial sequences (11.53 ± 1.84 and 14.74 ± 3.78%, respectively) in these stations,
while most of the Bacteroidetes abundance was made up by Flavobacteriales (22.82
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Figure 4.4: (Caption on the next page.)
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Figure 4.4: Relative abundance plots of major taxa (>1% in at least one sample). FL_Env: initial
free-living (1 µm-filtered) community, Ctrl: control samples; Trt1: amendments at 1 µg L-1 Chl a; Trt10:
amendments at 10 µg L-1 Chl a; R1 and R2 identify the two experimental replicates. A detailed version
of the figure with all subgroups showed is available in Appendix C.3.1.

± 9.16%).Among the Alpha-proteobacteria, members of the SAR11 clade represented
approximately half of the retrieved sequences (5.03 ± 1.55%), with the highest rela-
tive abundance observed in station B samples (7.30%). Gamma-proteobacteria were
mostly represented by sequences assigned to the family Thiomicrospirales, especially
abundant at station B (10.69%, Fig. C.8), andOceanospirillales (on average, 4.69 ± 4.02
and 4.27 ± 0.73%, respectively, Fig. C.8). Archaeal ASVs, belonging to Marine Group
II and Nitrosopumilaceae, represented, on average, 8.08 ± 2.71% of the bottom initial
community (Fig. 4.4 and Fig. C.8).

NMDS plot of the final prokaryotic communities showed that samples separated
well according to sampling station and depth (Fig. 4.5). The highest amount of vari-
ance was explained by the sampling site (40%, Table 4.3), highlighting both the effect
of the “seed” community and of the addition of different kinds of detrital particles on
the observed differences.

Figure 4.5: NMDS plot (stress= 0.11) showing Bray-Curtis dissimilarity in community composition.
Samples are color, shape and size coded according to sampling site, sampling depth and treatment, re-
spectively (see legend). Env: initial community d0, 1 µm-filtered); s: surface; b: bottom. Both replicates
for each sample are plotted.

The enclosure of the initial prokaryotic communities led to an overall increase in
the relative abundance of members of the Flavobacteriaceae family, mostly due to
ASVsmapping to the Polaribacter genus (Fig. 4.6 and Fig. C.9). Station B represented
an exception to this pattern, with changes in relative abundancemostly due to the gen-
era Idiomarina (Alteromonadales) in surface samples and Polaribacter (Flavobacteri-
ales) in bottomones (Fig. 4.6). Community changes in samples amendedwith detrital
particles were mainly driven by the increase of the relative abundance of members of
the order Alteromonadales to the detriment of Flavobacteriales representatives (Fig.
4.6). Distinct Alteromonadales genera characterized the observed changes across
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Table 4.3: Results of permutational multivariant analysis of variance (PERMANOVA) of final prokary-
otic communities based on Bray-Curtis dissimilarities of read relative abundance. The factor ‘Sampling
Site’ represents both the effect of the “seed” community and of the amendment with the site-specific
detrital pool.

Factor d.f. SS Pseudo F R2

Sampling Site 3 4.4 14.65 0.40*

Sampling Depth 1 1.87 18.72 0.17*

Treatment 2 0.63 3.15 0.05

Residuals 48 4.11 0.37

Total 55 11.03 1
d.f.: degrees of freedom; SS: sum of squares.

*denotes significance at p< 0.001, calculated after 9999 permutations

sampling sites and depths. The genus Idiomarina increased in surface B and C2 en-
riched samples, particularly in the 10 μg L-1 Chl a treatment, while the genus Colwellia
was largely responsible for the changes observed in amended C2 bottom samples
(Fig. 4.6). The genus Fig. 4.6 was positively affected by the detritus addition in both
surface and bottom samples of station C1 and in bottom B bottles (Fig. 4.6). Surface
D enclosures showed very few changes in relative abundance in response to both
the enclosure and to the amendment with phytodetritus (Fig. 4.6). The enclosure of
bottom D samples strongly selected for Polaribacter ASVs, with relative abundance
increasing ~40 times compared to environmental samples (Fig. 4.6). At station D the
amendments with detrital particles induced only minor community changes in both
surface and bottom samples.

4.4. Discussion
4.4.1. Detritus-induced changes in prokaryotic abundance and commu-

nity structure

O ur analyses identified sampling site and depth as themain driving factors explain-
ing the observed differences in final (d4) communities (see Section 4.3.4 and Fig.

4.5). The addition of ‘small’ amount of detritus (1 μg L-1 Chl a equivalent) was enough
to select for the growth of specific prokaryotic taxa within the in situ free-living com-
munities In fact, we did not find a significant effect of phytodetritus concentration
(i.e., 1 vs 10 μg L-1, Table 4.3) on the final prokaryotic communities, suggesting that
the major drivers of the observed changes were the features of the phytodetrital parti-
cles rather than their concentration. These results suggest that the interaction of the
initial free-living assemblage with the particulate detrital pool resulted in site-specific
changes, differentially affecting surface and bottom assemblages.
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Figure 4.6: (Caption on the next page.)
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Figure 4.6: Treatment-related shifts in prokaryotic community. Shifts in controls are compared to
the initial (d0, 1 µm-filtered) community, whereas taxa shifts in treatments (i.e., 1 and 10 µg L-1) are
compared against the controls (both on d4). Ctrl: control samples; Trt1: amendments at 1 µg L-1 Chl
a; Trt10: amendments at 10 µg L-1 Chl a. A detailed version of the figure with all subgroups showed is
available in Appendix C.3.1.

Enrichmentswith Phaeocystis-derived detrital particles yielded significantly higher
FL-HP abundance in surface samples amended with 10 μg L-1 and in bottom bottles
amended with 1 μg L-1 (stations B and D, Fig. 4.7). This pattern suggests that, in sur-
face samples, mild detritus enrichments induced a community-level response (i.e.,
shifts in community structure with constant cell abundance, Reintjes et al., 2019) to
the POM features, while stronger enrichments select for specific fast-responsive taxa
(i.e., Alteromonadales in B and Flavobacteriales in D, Fig. 4.6). It is noteworthy that
bottom samples showed an exact inverse pattern (Fig. 4.7), highlighting that small
pulses of organic matter are rapidly exploited by conditionally rare copiotrophs, while
more consistent loads of POM re-shuffle the whole community. At stations C1 and
C2, enrichments with diatom-derived detritus yielded significantly higher FL-HP abun-
dance than control samples. The increase in FL-HP in those samples was coupled
with themarked increase in the relative abundance ofPseudoalteromonas and Idioma-
rina genera, respectively (Fig. 4.6), suggesting that the changes in community compo-
sition were the result of the emergence of these genera rather than a community-level
response to the detritus addition.

Figure 4.7: Significant differences between control and amendedmicrocosmat day 4 (Mann-Whitney
test, p<0.05). : enhanced by phytodetritus; : inhibited by phytodetritus; : no significant variation de-
tected. BGLU: β-glucosidase activity; LIP: lipase activity; AMA: leucine-aminopeptidase activity; HCP:
heterotrophic carbon production; DDIC: dark dissolved inorganic C uptake rates; FL-HP: free-living het-
erotrophic prokaryotes abundance.

Starting communities (Fig. 4.4 and Fig. C.8) comprised typical free-living lineages
as SAR11, SAR86 and AEGEAN-169 (Dupont et al., 2012; Giovannoni et al., 2014) sided
by clades often observed associated with phytoplankton blooms or reported as feed-
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ers on algal-derived compounds (e.g., NS3 and NS5 marine groups and Rhodobacter-
aceae; Amin et al., 2015; Halsey et al., 2012; Teeling et al., 2016 ). The latter were
more represented in bottom initial communities, suggesting that, albeit free-living,
those communities harbored the potential to find, colonize and degrade phytodetrital
particles. Starting bottom assemblages were compositionally similar, as expected,
since they were collected within the same deep-water mass (High Salinity Shelf Wa-
ter). Indeed, in the same area, in previous studies we had observed a segregation of
deep prokaryotic (Celussi et al., 2010) and protist (Zoccarato et al., 2016) communi-
ties according to the water mass they were sampled in. On the other hand, due to
the strong physical and biological spatial gradients of the upper water column (Rivaro
et al., 2019), surface initial communities widely varied across sampling site (Fig. 4.5).
Flavobacteria and SAR11 clades drove the observed differences, accounting for the
75.99 and 61.55% of the sequences retrieved in D and B, respectively (Fig. 4.4).

Flavobacteria are well-known degraders of complex organic molecules, such as
proteins and polysaccharides, being less effective in the uptake of smaller and simpler
organic substrates (Fourquez et al., 2016; Wietz et al., 2015). These experimentally-
observed traits are supported by comparative genomic studies showing a conspicu-
ous repertoire of genes involved in high molecular weight (HMW) compounds trans-
port and degradation, sided by a lower number of genes devoted to handle simpler or-
ganic substrates (Fernández-Gómez et al., 2013; Gómez-Pereira et al., 2012; González
et al., 2008; Williams et al., 2013). It is, therefore, not surprising that Flavobacteria,
mainly represented by the Polaribacter genus, constituted a significant fraction of the
microcosms community (except for B surface enclosures, Fig. 4.4 and Fig. C.8). At
the time of sampling, a diatom bloom was in place in the station D surface layer (Sec-
tion C.2.1), thus explaining the dominance of Flavobacterial ASVs in this sample. In-
deed, most of those ASVs mapped to the genus Polaribacter, a taxon reported as as-
sociatedwith diatom-derived organicmatter in both environmental surveys (Teeling et
al., 2012; Teeling et al., 2016) and experimental enclosures (Landa et al., 2018; Wietz
et al., 2015). Noteworthy, amendmentswith detrital particles at both concentrations in
station D samples showed very little community changes (Fig. 4.6 and Fig. C.9). While
this was expected in surface samples, as the initial community (i.e., 1 µm-filtered)
was already dominated by Polaribacter ASVs (Fig. 4.4), the fact that bottom samples
showed the same dynamics, in the face of a highly diverse initial community (Fig. 4.6
and Fig. C.9), was rather puzzling. Although we cannot rule out the influence of the
bottle effect, one possible explanation relies on the phytodetrital composition which,
besides the high number of diatoms, wasmainly composed by Phaeocystis antarctica
(>50%, Fig. 4.1). Colonial forms of P. antarctica allocate ~50% of carbon production
to the extracellular mucus that makes up the scaffold of the colonial matrix (DiTul-
lio et al., 2000), making the Phaeocystis-derived detritus a source of HMW polysac-
charides. Previous enrichment experiments with Phaeocystis-derived material have
shown how the degradation of this organic pool is mostly carried out by Flavobacteria
(Brussaard et al., 2005), further explaining their dominance in D samples. Flavobac-
terial ASVs, mostly represented by the Polaribacter genus, contributed to a consistent
part of the final prokaryotic community in all bottom unamended microcosms (Fig.
4.4 and Fig. C.8). Recent in vivo and in vitro studies (Reintjes et al., 2019; Reintjes
et al., 2017) have demonstrated that Flavobacteria representatives are able to assim-
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ilate large polysaccharides in their periplasmic space, where subsequent hydrolysis
and uptake processes take place. This mechanism, defined as “selfish” uptake, is
highly competitive as it implies a reduced diffusive loss of hydrolysis products. The
dominance of Flavobacterial representatives in control samples is therefore explained
by their capability to efficiently utilize HMWDOM, outcompeting othermembers of the
community. Previous experiments with organic matter enrichments showed similar
results (Landa et al., 2018; Luria et al., 2017; Wietz et al., 2015), confirming the ability
of this group to efficiently utilize HMW organic matter.

SAR11 is a diverse group, widespread in oligotrophicwater across the global ocean
(Giovannoni, 2017). Genomic analysis on both environmental and cultivated mem-
bers of this clade have pointed out peculiar adaptations to thrive in nutrient-poor en-
vironments (Sowell et al., 2009; Thompson et al., 2013). This lineage is not able to
degrade HMW organic matter, supplying this lack with a high abundance of LMW or-
ganic matter transporters (i.e., amino-acids and sugars, Tripp, 2013). Although the
relative abundance of SAR11 clade members decreased with the addition of detrital
particles, it represented a consistent fraction in all samples (>1%, Fig. 4.4), showing
a higher occurrence in samples where Flavobacterial ASVs were poorly represented
(e.g., station B experiments, Fig. 4.4). Within their conceptual model, Arnosti et al.,
2018 put out a third player, the “scavenging” bacteria, not able to degrade HMW or-
ganic matter on their own but rather “scavenging” hydrolysis products produced by
external degraders. The SAR11 clade remarkably fits this role, and its “scavenging”
behavior has been confirmed in their in vivo experiments. Our results confirm these
findings, linking the presence of SAR11 to the prevalence of external hydrolysis of or-
ganic matter (as suggested by the high RA of Alteromonadales, Fig. 4.4) and further
suggest that, under the appropriate conditions, “scavenging” behavior may be more
effective than “selfish” hydrolysis.

ASVs belonging to the Gammaproteobacterial family Alteromonadales were ini-
tially rare, yet they became prevalent in all the enriched bottles of station B, C1 and
C2 (Fig. 4.6). A similar pattern has been previously observed in HMW organic mat-
ter amendment experiments (Balmonte et al., 2019; Luria et al., 2017) and all these
findings point out a major role of these conditionally rare, copiotroph taxa in exploit-
ing organic matter pulses. The increase in Alteromonadales ASVs was always at the
detriment of Flavobacterial representatives (Fig. 4.6), in agreement with what has
been observed in DOM enrichment experiments in the Southern Ocean (Landa et al.,
2018; Luria et al., 2017). Alteromonadales can rapidly take advantages of transient
sources of organic matter through their flexible metabolism, which allow them to uti-
lize a wide array of phytoplankton-derived organic molecules (Liu et al., 2017; Sperling
et al., 2017). These characteristics make this family the archetype of the r-strategist
(Pedler et al., 2014), explaining its dominance in the amended samples. It is interest-
ing to note that within the Alteromonadales order, three different genera dominated in
different groups of experiments: Pseudoalteromonas and Idiomarina co-occurred in B
and C1 samples and in C2 surface samples, whereas the genus Colwellia was domi-
nant in C2 bottom enclosures (Fig. 4.4 and Fig. 4.6). These three genera have been
shown to be able to degrade dimethylsulfoniopropionate (DMSP), a sulfur-containing
molecule produced by phytoplankton (Zeng, 2019). As DMSP is mainly produced by
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diatoms and Phaeocystis spp., the ability to degrade this compound may have been a
prominent factor driving the observed Alteromonadales prevalence in amended sam-
ples. Among the three genera, Pseudoalteromonas is the only one able to grow using
DMSP as a sole source of carbon (Zeng, 2019), a characteristic thatmay explain its ex-
clusive dominance in samples amended with C1 detritus, the particles pool of which
was almost exclusively composed by diatoms (Fig. 4.1). In agreement with our re-
sults, specific taxa within this bacterial family have been observed to success during
different stages of phytoplankton blooms, indicating (i) that these taxa possess the
hydrolytic machinery necessary to rapidly process HMW organic matter and (ii) that
different organic matter source drives specific community changes (Buchan et al.,
2014; Teeling et al., 2012; Teeling et al., 2016).

A conspicuous amount of Archaeal ASVs was retrieved in bottom samples at all
stations (~10%, Fig. 4.4). Albeit by the end of the experiment most of the Archaeal
community was wiped out by bacterial ASVs, their presence throughout the incuba-
tion was noteworthy (~1% on d4, Fig. 4.4). Most of the Archaeal ASVs retrieved in
our samples belonged to members of Marine Group II (MG II, Euryarchaeota), a group
identified as a consistent member of prokaryotic community in both temperate and
polar oceans (Quero et al., 2020; Zhang et al., 2015). Metagenomic-inferred physi-
ology suggest that members of MG II possess abundant genes deputed to the han-
dling and utilization of HMW organic matter (Deschamps et al., 2014). Consistent
with these findings, Orsi et al., 2015 found an enrichment of MGII sequences in the
particle-attached fraction, indicating physical associationwith particles and therefore,
the presence of detrital particles in our experiments may have provided MG II with ex-
ploitable substrates, granting their persistence throughout the incubation period.

The particle type, taken as a proxy of the organic matter quality, has been sug-
gested to play a key role in the processes governing the activity and composition of
the particle attached bacterial community (Grossart et al., 2005; Teeling et al., 2012).
Indeed, we found significant differences in the number of PA prokaryotes according
to the detrital pool supplied, with diatom-based detritus yielding the highest number
of associated bacteria on d4 (Fig. 4.2). Albeit compositionally different, the final com-
munities were rather similar in terms of potential interaction with particles, harboring
two of the major players in particles colonization and degradation (i.e., Flavobacteri-
ales and Alteromonadales). The results of the GLMs showed that Pseudo-nitzschia
genus abundance was the only significant factor driving the number of attached bac-
teria on d0 (p< 0.05), whereas on d4 the response of PA bacteria was significantly
related to all the other microplankton taxa (p< 0.001 for Pseudo-nitzschia and Phaeo-
cystis spp., p< 0.05 for Chaetoceros spp., Table C.3). Given these results, we hypothe-
size that the observed increase of attached prokaryotes over time may be due to the
intrinsic properties of the detrital pool supplied. Diatom-derived detritus indeed, may
have represented amore suitable colonization substrate than Phaeocystis-dominated
one, providingmore particulatematerial per unit Chl a (Table C.1). The utterly complex
shape of diatom-derived aggregates may enhance prokaryotic colonization by mak-
ing available a wide variety of microniches as well as by enhancing coagulation with
other particles (Zetsche et al., 2020). These properties likely explain the higher num-
ber of attached cells that we found on diatom-containing detrital pools. Furthermore,
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we found significant positive correlation between viruses and diatom abundance in
net samples (Spearman’s rho: Pseudo-nitzschia spp.= 0.31; Chaetoceros spp.= 0.19;
other diatoms= 0.19, p (fdr)< 0.01, n= 128), suggesting that especially diatom-derived
phytodetritus represented hot-spots of viral activity during the incubations. This in-
tense activity could thus have caused lysis-derived DOM to diffuse from the aggre-
gates, increasing particles detectability by chemotactic prokaryotes and thus the PA
abundance (Kiørboe and Jackson, 2001; Riemann and Grossart, 2008). In addition,
this DOM may have represented an additional source of organic matter for FL-HP,
contributing to their significant increase in amended samples relative to control ones
(Fig. 4.7). It must be noted, however, that the abundance of virus-like-particles was
remarkably constant in our microcosms, except for bottles amended with detritus D
(Fig. C.4). This suggests a dynamic balance between production and loss processes,
possibly represented by detritus-enhanced prokaryotic activity (and thus viral produc-
tion) vs. detritus-enhanced viral adsorption by particles (Fuhrman, 1999).

Despite the similar detrital composition, Stations D and B showed a remarkable
difference in colonization yield (Fig. 4.2). Shifts in microbial community composition
as the particle ages or sink are correlated with changes in community functioning
(Fontanez et al., 2015), leading in turn to modifications of the nutritional properties
of the particles (Martinez et al., 1996; Smith et al., 1992). Moreover, the process of
particle colonization is highly dynamic (Kiørboe et al., 2004), thus if the particle-OM la-
bile pool is exhausted or selective degradation reduces its palatability for the resident
prokaryotes, themost cost-effective strategy consists in finding another particle to ex-
ploit, thus increasing the probability to find free-living cells. Furthermore, albeit both
detrital pools were Phaeocystis-dominated, a consistent fraction of station D detritus
was composed by diatoms (Fig. 4.1), which contain more particles (active surfaces)
per Chl a unit than Phaeocystis (DiTullio and Smith Jr., 1996; Table C.1), thus providing
prokaryotes with a physical scaffold for colonization.

4.4.2. Detritus-induced functional changes

I n terms of functional response to phytodetritus addition (Fig. 4.7), diatom-derived
organic matter mostly exerted a positive effect on metabolic rates, whereas when

enriched with Phaeocystis-derived detritus, microbial communities showed shifts in
organic matter degradation patterns.

Metabolic rates measured in microcosms amended with B detritus were consis-
tently the lowest among the four groups of samples (Fig. 4.3). This may be ex-
plained by two hypotheses, regarding (i) the composition of the supplied detritus and
(ii) the native prokaryotic community composition. The detritus supplied to B bottles
was mainly composed by Phaeocystis antarctica, which allocates a significant frac-
tion of its carbon content to carbohydrates (Mathot et al., 2000) that are stored in
the forms of glucan or polysaccharides as the growth progress towards senescence
(Alderkamp et al., 2007). Our measurement of carbohydrate degradation is limited to
the activity of β-glucosidase and thus is it possible that, while this enzyme showed a
reduced activity following the addition of detrital particles, a whole, untested, set of
polysaccharide degrading enzymes may have been produced to cope with the com-
plexity of the organic matter in this detrital pool. Recent experiments have demon-
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strated how following the addition of HMW organic matter, many different glycolytic
enzymes, are produced (Balmonte et al., 2019), corroborating our hypothesis. Culture
andmesocosm-based experiments have shown that Flavobacteriawas themajor bac-
terial group involved in Phaeocystis-derived organic matter processing (Alderkamp
et al., 2006; Brussaard et al., 2005) and thus their low proportion in B enclosures
may explain the low exoenzymatic activities. Consistent with this hypothesis, we ob-
served a shift from carbohydrate to lipid degradation in surface samples (Fig. 4.7).
This observation was coupled with the increase in RA of Idiomarina in amended sam-
ples. It has been reported that the genome of Idiomarina representatives shows a
higher proportion of lipid metabolism-related genes compared to substantial loss of
sugar metabolism genes (Hou et al., 2004). The enhancement of BGLU rates in D
experiments, despite the similar detrital composition, further corroborate our hypoth-
esis, linking Phaeocystis-derived organic matter degradation with a Flavobacteria-
dominated community (Figs. 4.4 and 4.7).

DDIC fixation rateswere differentially affected by the distinct pools of phytodetrital
particles supplied (Table 4.2 and Fig. 4.7). Diatom-derived detritus significantly en-
hanced DDIC uptake, congruently with the other measured metabolic rates, whereas
samples amended with Phaeocystis-dominated phytodetritus showed a more puz-
zling pattern. The highest inorganic carbon fixation rates were found in surface mi-
crocosms C2 and D and were correlated to exoenzymatic activities (Spearman’s Rho:
BGLU=0.50, LIP=0.32, AMA=0.52; p (fdr)<0.05; n=32). Similar findings are reported
in Baltar et al., 2016, where DDIC fixation rates and associated transcripts were en-
hanced following a sudden intensification of bacterial heterotrophic metabolism. In-
deed, DDIC is not a prerogative pathway of autotrophs (photo- or chemo-) but het-
erotrophs can take up and effectively use CO2 throughmetabolic pathways implicated
in the synthesis of fatty acids, nucleotides, and amino acids, as well as in anaplerotic
reactions (Alonso-Sáez et al., 2010), making the heterotrophic CO2 assimilation a rel-
evant process for the global carbon cycle (Erb, 2011). Therefore, we hypothesize that
the observed steep increase in DDIC fixation rates inmicrocosmsC2 andDwasmainly
due to an intensified anaplerotic activity, deputed to fuel the intense heterotrophic ac-
tivity. Moreover, representatives of Polaribacter, Colwellia and Pseudoalteromonas
genera have been shown to significantly contribute to DIC uptake (DeLorenzo et al.,
2012). These taxa were preponderant members of the community in the enclosures
with higher rates of darkDIC fixation, further corroborating our hypothesis of the preva-
lence of anaplerotic DDIC fixation. It is also worth mentioning that the putatively
chemosynthetic taxa Nitrosopumilus (Thaumarchaeota), Nitrospina and LS-NOB (Ni-
trospinaceae) decreased in relative abundance along with time and detritus concen-
tration, thus suggesting a tuning of DIC uptake from (at least partially) autotrophic to
heterotrophic pathways in our 4-day incubations.

Remarkably, we found significant positive correlations between all the metabolic
activities tested and attached prokaryotes (Spearman’s rho: BGLU= 0.42; LIP= 0.41;
AMA= 0.55; HCP=0.29; DDIC= 0.51; p (fdr)<0.01; n=96 for BGLU, LIP, AMA and HCP;
n=32 for DDIC) suggesting that detrital particles represented a significant hotspot of
prokaryotic activity during our incubations.
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4.4.3. Conclusions

W e hypothesized that in response to phytodetrital features and concentration, dis-
tinct microbial communities would show a different structural and functional

response. The artificially generated phytodetritus well captured the peculiar duality
of the phytoplankton in the Ross Sea, which is either dominated by Haptophytes (e.g.,
Phaeocystis spp.) or diatoms (Smith et al., 2014). Amendments with diatom-derived
POM induced marked shifts in both surface and bottom communities, led by a con-
sistent increase of Alteromonadales. Enrichments with Phaeocystis-derived material
produced different effects on surface and bottom communities. Mild enrichments
induced a community-level response while stronger enrichments induced the growth
of specific, fast-responsive, taxa (i.e. Alteromonadales and Flavobacteriales). Bot-
tom samples showed an exact inverse pattern highlighting that small pulses of POM
are rapidly exploited while more consistent loads of OM re-shuffle the whole commu-
nity. Our results show that several rare or undetected taxa in the initial community
became dominant in the time course of the incubation (4 days). Furthermore, diverse
organic matter sources induced site-specific changes in microbial communities, se-
lecting for specific genera which differ in their capabilities to degrade organic mat-
ter. These experiments, in combination with the present knowledge of the metabolic
strategies of those taxa, suggest that free-living communities represent functional
seedbanks for the degradation of particulate organic matter of detrital origin. The
emergence of bacterial groups that were also abundant in environmental and experi-
mental phytoplankton-derived organicmatter enrichments in the Southern Ocean (i.e.,
Landa et al., 2016; Landa et al., 2018) emphasize the relevance of our study in shed-
ding light on the microbial community response of this ecosystem to organic matter
pulses. Finally, our study provides novel insights on the mechanisms underlying the
prokaryotic utilization of detrital particles in the mesopelagic realm, that harbor an
overlooked, but significant, pool of organic matter in the dark ocean.
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5.1. Introduction

M icroorganisms play a pivotal role in the marine carbon cycle (Azam and Mal-
fatti, 2007), by producing, processing and utilizing one of the largest pool of

active C-containing molecules on Earth (Hansell et al., 2009). In order to obtain the
energy and carbon source required for growth, microbes utilize preferentially high-
molecular weight substrates, as they are more bioavailable, according to the size-
reactivity model (Benner and Amon, 2015). However, only small molecules can be
taken upby the cells and therefore extracellular hydrolysis is a vital process for prokary-
otic heterotrophs (reviewed by Arnosti, 2011). In fact, measurable organic matter
degradation rates have been found in all marine environments where life is possible,
from deep subsurface sediments (Hoarfrost et al., 2017) through the water column
(e.g. Celussi et al., 2018; Hoppe and Ullrich, 1999), to sea spray aerosol particles
ejected to the atmosphere (Malfatti et al., 2019), form the equator to the poles (Celussi
et al., 2009; Misic et al., 2006). Due to the wide array of environmental conditions
(e.g. temperature, salinity, pH, pressure) where microorganisms thrive and produce
active hydrolytic enzymes, such proteins harbor the potential for extensive utilization
in biotechnological and industrial applications (Nigam, 2013).

Specialized prokaryotes invest their energy efforts into the degradation of specific
complex substrates (e.g. hydrocarbons, plastics; Hassanshahian et al., 2014; Yoshida
et al., 2016) whereas generalists harbor the potential for hydrolyzing a wide array of
macromolecules (Martinez et al., 1996). Another strategy is dependent on the loca-
tion of exoenzymes with respect to the producing cell. In fact, exoenzymes can be
cell-associated (i.e. attached to the cell wall or in the periplasmic space) or released
(i.e. cell-free) in the surrounding waters (Hoppe et al., 2002), thus identifying selfish
vs. ‘social’ foragers (Traving et al., 2015. In the former case, after the uptake of large
oligomers, further degradation occurs in the protected periplasmic space, avoiding dif-
fusive loss of target monomers and enzymes (Reintjes et al., 2017). In the latter case
the release of enzymes is thought to be beneficial for microorganisms living attached
to particles or colloids, where different cells can take advantage of specific degra-
dation products made available by other consortium members in diffusionally con-
strained microenvironments (Vetter et al., 1998). Within this scheme Reintjes et al.,
2019 recently included the category of ‘scavengers’, defined as microbes that do not
produce specific exoenzymes and take advantage of the ‘public goods’made available
by other cells. Much attention has lately been addressed to cell-free enzymes, since
they may not be strictly dependent on the metabolism of microbes, but their presence
could also be a consequence of the history and dynamics of the water masses, due
to their potential long-term persistence in the environment (Baltar, 2018). Within this
framework we aimed at characterizing the degradative potential of several bacterial
isolates and, by utilizing one of these model organisms, providing a proof of concept
on the differential production of cell-free enzymes by particle-attached microbes, if
compared to their free-living counterparts.

We chose a set of bacteria isolated from several locations and depth in the Ross
Sea (Antarctica) for two main reasons. The first, of ecological nature, is related to the
high summer productivity of the Ross Sea. Indeed, in this system the export of par-
ticulate organic carbon (POC) to the mesopelagic is approximately 40-50% of the sur-
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face primary production (Catalano et al., 2010), compared to a global estimate ranging
from1 to 40% (Ducklow et al., 2001). Since the fate of sinking POC is highly dependent
on its mineralization by prokaryotes (>70% of the total loss during export – Giering et
al., 2014) we envisioned to obtain model organisms (bacterial isolates) and model
particles (Antarctic phytodetritus) to deepen the current knowledge on POC degrada-
tion and POC-bacteria interactions. The second reason is to be related to the biotech-
nological potential of bacteria isolated in extreme environments. Due to the limited
accessibility of these systems, the current knowledge on the bioactive molecules and
secondary metabolites produced by extremophiles is extremely limited (e.g. Lo Giu-
dice and Fani, 2015), opening inestimable chances for novel discoveries.

5.2.Materials and methods
5.2.1. Bacteria isolation

T he bacterial strains used for the experimental activities were isolated from water
samples collected in austral summer 2006 and 2017. Seawater was sampled at

several locations and depths in the Ross Sea (Table 5.1) by means of 12-L Niskin
bottles mounted on an SBE 32 carousel sampler. Seawater aliquots were collected
in sterile 50-mL tubes, plated onto ZoBell 2216 agar plates and kept at 4°C. Bacterial
colonies with different morphologies were selected and purified by serial streaking on
the same medium for a minimum of four times. A total of 22 isolates (4 from 2006
and 18 from 2017 cruises) were maintained both in solid ZoBell 2216 agar plates and
liquid ZoBell Marine Broth in the dark at 4 and 10°C, respectively. All the experimental
activities described in this study were carried out between October and November
2018.

5.2.2. Bacteria identification

F rom each isolate DNA was extracted by means of the DNeasy Tissue Kit (Qiagen)
according to the supplier’s instruction. The amplification of the 16S rRNA gene

was performed utilizing the universal primer 27F and the Eubacterial primer 1492R as
detailed in Celussi et al., 2008. PCR products were purified using the QIAquick PCR
purification kit (Qiagen) according to the supplier ‘s instruction and amplicons were
sequenced using ABI Prism Big Dye-terminator chemistry at the ‘BMR Genomics’ fa-
cility at the University of Padova (www.bmr-genomics.it). Sequences were aligned
to known sequences in the GenBank database using BLAST (Altschul et al., 1990).
Multiple sequence alignment was performed using the SINA aligner (http://www.arb-
silva.de/aligner/) and compared to the SILVA reference database release 111 (Quast
et al., 2013). Phylogenetic tree was built using the Phylogeny.fr (Dereeper et al., 2008;
https://www.phylogeny.fr/) tool, visualized and annotated with Interactive Tree Of Life
(iTOL, v3, Letunic and Bork, 2016). The identical nucleotide sequence of several bac-
terial isolates led us to select 7 of them, out of the original 22, for the subsequent
activities. The nucleotide sequences obtained in this study are deposited in GenBank
under the accession numbers MK780011-MK780031.
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Table 5.1: Details of sampling stations (coordinates, depth and location) in the Ross Sea and
identifier of the strain isolated from each sample. Isolates used for experimental activities are
highlighted in bold.

Isolate ID Latitude (°S) Longitude (°E) Depth (m) Date Location

AF 74.9400 -176.2432 400 23/01/2006 Glomar Challenge Basin
core of Circumpolar Deep Water

AG 74.9400 -176.2432 400 23/01/2006 Glomar Challenge Basin
core of Circumpolar Deep Water

AK 74.9400 -176.2432 400 23/01/2006 Glomar Challenge Basin
core of Circumpolar Deep Water

9 74.752 166.8105 910 23/01/2017 Drygalki Basin
Bottom layer

9_1 74.752 166.8105 910 23/01/2017 Drygalki Basin
Bottom layer

9_2 74.752 166.8105 910 23/01/2017 Drygalki Basin
Bottom layer

14_1 74.752 166.8105 30 23/01/2017 Drygalki Basin
Deep Chlorophyll Maximum

14_2 74.752 166.8105 30 23/01/2017 Drygalki Basin
Deep Chlorophyll Maximum

14_3 74.752 166.8105 30 23/01/2017 Drygalki Basin
Deep Chlorophyll Maximum

15 74.752 166.8105 5 23/01/2017 Drygalki Basin
Surface Layer

16_1 74.0000 175.089 572 17/01/2017 Joides Basin
Bottom Layer

16_1_1 74.0000 175.089 572 17/01/2017 Joides Basin
Bottom Layer

16_1_2 74.0000 175.089 572 17/01/2017 Joides Basin
Bottom Layer

16_1_3 74.0000 175.089 572 17/01/2017 Joides Basin
Bottom Layer

16_1_4 74.0000 175.089 572 17/01/2017 Joides Basin
Bottom Layer

16_1_5 74.0000 175.089 572 17/01/2017 Joides Basin
Bottom Layer

16_2 74.0000 175.089 572 17/01/2017 Joides Basin
Bottom Layer

20_1 74.0000 175.089 40 17/01/2017 Joides Basin
Deep Chlorophyll Maximum

20_2 74.0000 175.089 40 17/01/2017 Joides Basin
Deep Chlorophyll Maximum

20_3 74.0000 175.089 40 17/01/2017 Joides Basin
Deep Chlorophyll Maximum

21 74.0000 175.089 5 17/01/2017 Joides Basin
Surface Layer
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5.2.3. Exoenzymatic fingerprinting

T he The selected isolates were transferred in a ZoBell Marine Broth diluted 5 times
(ZB/5) in 0.2 µm-filtered and autoclaved (121°C for 15 min) seawater (FASW) col-

lected in the northern Adriatic Sea, and incubated at 0°C. After 2 days of acclimation
at the experimental temperature, the isolates were inoculated in duplicate 100 mL
aliquots of ZB/5 at a starting abundance of 108 Cells L-1 (d0). Cell numbers were de-
termined by flow cytometry according to the method described by Marie et al., 1999.
A FACSCanto II (Becton Dickinson) instrument was used, equipped with an air-cooled
laser at 488 nm and standard filter setup. Samples (0.5 mL) were ultrasonicated
(10 cycles of 30 sec on-off) and fixed with 0.5% (final concentration) glutaraldehyde
(Grade I for EM analyses, Sigma Aldrich). Fixed samples were kept at 4°C for 15 min-
utes and diluted 1:10 with 0.2 μm-filtered Tris-EDTA buffer 1× (Sigma Aldrich). Sam-
ples were then stained with SYBR Green I nucleic acid dye (Life Technologies) at 1×
10-4 dilution of the commercial stock and incubated for 10minutes in the dark at room
temperature. Data were acquired using green fluorescence as trigger and processed
with the FACSDiva software (Becton Dickinson). The flow rate was calibrated daily, by
running distilled water and weighing it before and after the run (at least 5 replicates).
Abundances were then calculated using the acquired cell counts and the respective
flow rates. Bacterial abundance was estimated every 2 days by means of flow cytom-
etry, as described above. When the growth curves evidenced the exponential growth
phase, 50 mL of the cultures were washed twice in FASW by centrifuging at 3,200 × g
for 10 min at 0°C. This procedure was aimed at transferring the isolates in a ‘poorer’
medium (1.48 mg L-1 of dissolved organic carbon, F. Relitti pers. comm.) and allowed
the removal of hydrolytic enzymes in the dissolved phase.

Immediately after the washing with FASW, exoenzymatic activities (EEAs) were
measured (dexp). The activities of beta-glucosidase (BGLU), alkaline phosphatase
(AP), lipase (LIP), chitinase (CHIT) and leucine aminopeptidase (AMA)were estimated
by the artificial fluorogenic substrate analogue method (Hoppe, 1993). Artificial sub-
strates were added to 2 mL of the isolates in FASW in triplicate, at saturating con-
centrations. BGLU, AP, LIP, CHIT and AMA were determined after the addition of 4-
methylumbelliferone-β-D-glucoside (200 µM), 4-methylumbelliferone-phosphate (50
µM), 4-methylumbelliferone-oleate (100 µM), 4-methylumbelliferone N-acetyl-β-D glu-
cosaminide (200 µM) and leucine-7-amino-methyl-coumarine (200 µM), respectively.
All samples were incubated in the dark at 0°C for 3 h. Enzyme activities were derived
from the increase in fluorescence due to the cleavage of the artificial substrate, mea-
sured with a Shimadzu RF1501 fluorometer at 365 nm excitation / 455 emission for
BGLU, AP, LIP and CHIT and 380 nm excitation / 440 emission for AMA. Calibration
curves were performed at each working session utilizing FASW and standard fluo-
rochrome solutions (5 µM). The substrates and the standards were purchased from
Sigma-Aldrich. The same procedure was performed on 0.2-µm-filtered subsamples to
measure the activity of dissolved exoenzymes, that, as expected, was not detectable
at this stage. The remaining volume of the cultures in FASW was incubated at 0°C for
a number of days equal to the one necessary for bacteria to grow exponentially, as
observed earlier during the experiment (i.e. from d0 to dexp, between 4 and 8 days,
depending on the isolate). At the end of this incubation (dfin) EEA measurements and
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cell counts were performed a second time.

The hydrolysis rates (normalised per cell numbers)measured in the two timepoints
(dexp and dfin) were then analysed with an nMDS. The simultaneous analysis of sev-
eral metabolic features (e.g. the degradation and/or utilization of specific substrates)
provides useful information on the functional changes that microbes undergo in dif-
ferent culturing conditions and allows to visualize changes in the enzymatic profiles
(Celussi et al., 2008; Del Negro et al., 2018). The nMDS was performed using a Bray-
Curtis dissimilarity matrix, built with log-transformed (𝑙𝑛(𝑥 + 1)) Isolates’ hydrolysis
rates. Analysis of similarity (ANOSIM, Clarke andWarwick, 1994) was used to test the
significance of samples grouping on the nMDS plot. nMDS and ANOSIM were carried
out using the R package vegan (Oksanen et al., 2019), under R version 3.5.1 (R Core
Team, 2019).

5.2.4. Exoenzymatic activities on phytodetrital particles

I n order to test whether bacteria growing on particles are more prone to produce
cell-free (dissolved) exoenzymes, a second experiment was set up. The phytode-

tritus (particles) was generated from a microplankton net sample (20 µm mesh-size)
collected in the Ross Sea (74.7572°S; 166.8105°E) on January 23rd, 2017 in the up-
per 100m of the water column. Chlorophyll a concentration in the net sample was
measured by the standard fluorometric procedure (Lorenzen and Jeffrey, 1980). The
identification of microplanktonic organisms in the sample was carried out on a fixed
aliquot (formaldehyde solution, 4% f.c.) at the invertedmicroscope (Labovert FS Leitz)
equipped with phase contrast at a magnification of 400× and 630×, according to the
Utermöhl method (Utermöhl, 1958). The net sample was subjected to 7 cycles of
freeze-thawing (-80°C / +80°C, Bidle and Azam, 1999) after which cells were pelleted
(20,000 × g, 10min, room temperature) and the supernatant (organic carbon in the dis-
solved phase) removed. Cells were then resuspended in an equal volume of FASW.

Four 50-mL tubes containing FASWwith 108 Cells L-1 of the fast-growing isolate AG
were amended with a volume of detritus to yield a concentration of 10 µg of Chloro-
phyll a L-1, so as to simulate the particulate organic matter content during a phyto-
plankton bloom. The tubes were kept in a temperature-controlled circulating-water-
bath at 10°C for 24 h to promote the colonization of particles by bacteria. After this
step, the tubeswere kept standing at the same temperature for additional 24 h to allow
the settlement of particles at the bottom (Martinez et al., 1996). Afterwards, the upper
47 mL within the tubes, potentially bearing only free-living bacteria and dissolved ex-
oenzymes, were carefully transferred to a new sterile 50-mL tube and the remaining 3
mL (potentially bearing only particles and particle-attached bacteria) were added with
FASW to a final volume of 50mL. So, at the end of this process, 4 tubes contained par-
ticles + attached bacteria (PART) and 4 tubes contained free-living bacteria and the
dissolved fraction of exoenzymes that have been produced in the previous 48h (SUR).
Half of the tubes were used for testing β-glucosidase activity and the other half for
testing leucine aminopeptidase activity, in experimental duplicates. EEAs were mea-
sured after 3 and 6 h (t3 and t6) from the splitting of particles and free-living bacteria,
in order to allow the production of cell-free enzymes by particle-attached bacteria.
EEAs were analysed as described above on the total and < 0.2 µm fractions. At t3
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and t6, samples for the enumeration of bacterial cells were collected and fixed with
0.2-µm filtered dolomite-buffered formalin (2% f.c.). In this experiment bacteria were
counted at the epifluorescence microscope after DAPI staining (as detailed in Celussi
et al., 2008) in order to discriminate between free-living and particle-attached cells. In
this latter case, the number of cells were multiplied by a factor of 2 to compensate for
the non-visible cells attached in the lower side of particles.

5.3. Results
5.3.1. Identification

P hylogenetic analysis of 16S rRNA sequences identified the 22 bacterial isolates
as members of the classes Flavobacteriia and γ-Proteobacteria (Fig. 5.1). The

identical nucleotide sequence of several bacterial isolates led us to select 7 of them
(AG, 20_1, 16_1_1, 21, 9_2, AK and AF), out of the original 22, for the subsequent ex-
perimental activities.

5.3.2. Exoenzymatic fingerprinting of bacterial isolates

A ll the 7 selected isolateswere able to produce the assayed exoenzymes (i.e., BGLU,
AP, LIP, CHIT and AMA) both at dexp and dfin, with the cell-specific activities of

each enzyme varying up to 1 order of magnitude among different isolates in (Fig.
5.2). The enzymatic fingerprints of different isolates were quite variable, both in terms
of degradative profiles and of relative contribution of cell-free and cell-bound exoen-
zymes to the total cell-specific activity.

On the nMDS plot (Fig. 5.3), bacterial isolates were separated into three groups
(ANOSIM R=0.95, p=0.001), according to their prevalent exoenzymatic activity. Iso-
lates 21 and 16_1_1 were identified as mostly glycolytic strains (Fig. 5.3), both at dexp
and dfin (see Section 5.2.3). At dfin these isolates showed the highest glycolytic ac-
tivity among the selected bacterial strains, coupled with an increased contribution of
the dissolved exoenzymatic fraction to the total specific activity (up to 100%, Fig. 5.2).
Four out of the seven tested strains were identified as harbouring a high proteolytic
potential (20_1, AF, AK, AG, Fig. 5.3), showing the highest AMA specific hydrolysis
rates, between 237.34 ± 1.5 and 427.29 ± 16.29 amol cell-1 h-1 (Fig. 5.2). The contri-
bution of the dissolved exoenzymatic fraction to the total specific AMA activity was
low for all the four ‘proteolytic’ strains (between 0 and 6%, Fig. 5.2). While at dfin
these strains were all identified as highly proteolytic, AK and AG were characterized
by high production of lipases and alkaline phosphatases at the beginning of the ex-
periment (dexp, Fig. 5.3). This pattern was partly retained also in the at dfin as AK and
AG were the only strains, among the proteolytic ones, to show a relatively higher spe-
cific alkaline-phosphatase and lipase activities (Fig. 5.2). All the strongly proteolytic
isolates showed extremely low values of BGLU and CHIT specific activities (<2 and <1
amol cell-1 h-1, respectively, Fig. 5.2).
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Figure 5.1: Neighbour-joining tree based on 16S rRNA gene phylogeny of the 22 bacterial isolates,
withMethanocaldococcus fervens as outgroup. GenBank accession numbers are given in parenthesis.
Isolates further used for experimental activities are highlighted in bold. The numbers above nodes
denote bootstrap values; the scale bar indicates 0.01 changes per nucleotide.
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Figure 5.2: Cell-specific enzyme activities at dfin of 5 exoenzyme obtained from 7 marine bacteria
isolates. On the top row, AMA values are plotted on the right Y-axis. Error bars represent the standard
deviation of three analytical replicates. BGLU= β-glucosidase, AP= alkaline phosphatase, LIP= lipase,
CHIT= chitinase, AMA= leucine amino-peptidase.

Figure 5.3: Non-metric multidimensional scaling (nMDS – 2 dimensional) plot of the selected iso-
lates enzymatic profiles at dexp and dfin. Arrows highlight the path of the samples between the two
experimental conditions. The stress value and the ANOSIM statistics are presented in the lower left
and upper right corners, respectively. BGLU= β-glucosidase, AP= alkaline phosphatase, LIP= lipase,
CHIT= chitinase, AMA= leucine amino-peptidase.
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5.3.3. Exoenzymatic activities on phytodetrital particles

I n SUR tubes used to test BGLU activity (see Section 5.2.4), free-living bacterial abun-
dance was 1.40 × 109 ± 3.21 × 108 cells L-1 at t3, remaining quite constant after 3h

(t6, 1.24 × 109 ± 2.09 × 108 cells L-1, Fig. 5.4 a). Particle-attached cells abundancewas
2 order of magnitude lower, showing rather constant values at both sampling points
(5.58 × 107 ± 4.60 × 107 and 6.07 × 107 ± 2.42 × 107 cells L-1 at t3 and t6, respectively,
Fig. 5.4 a). Tubes bearing particles + attached bacteria (PART) were characterized
by a higher abundance of particle-attached cells at both sampling points, showing a
decreasing trend over time (3.70 × 108 ± 1.82 × 107 and 2.41 × 108 ± 7.23 × 107 cells
L-1). Contrariwise, free-living bacteria increased over time in the PART treatment, from
6.37 × 108 ± 5.92 × 107 to 9.85 × 108 ± 1.26 × 107 cells L-1 (Fig. 5.4 a). A similar pat-
tern was noticeable in the tubes used for AMA activity assays (Fig. 5.4). Free-living
bacteria in SUR tubes showed constant abundance between t3 and t6 (1.17 × 109 ±
1.65 × 108 and 1.26 × 109 ± 6.23 × 107 cells L-1, respectively, Fig. 5.4 b) as well as
particle-associated cells (6.80 × 1077 ± 1.83 × 107 and 5.12 × 107 ± 8.9 × 106 cells
L-1, respectively, Fig. 5.4 b). In PART tubes, free-living bacteria increased from 6.08
x 108 ± 2.49 x 107 on t3 to 9.14 × 108 ± 2.18 × 107 cells L-1 on t6 (Fig. 5.4 b), while
particle-attached bacteria abundance declined between sampling times (4.15 × 108 ±
1.31 × 108 and 2.31 × 108 ± 4.14 × 107 cells L-1, respectively, Fig. 5.4 b).

Figure 5.4: Bar plots reporting bacterial abundance in the two experimental conditions (SUR and
PART) over time, for tubes used to test a) BGLU and b) AMA activities. Error bars represent the standard
deviation from the mean of two experimental replicates. For abbreviations meaning, see Section 5.2.4

Results of BGLU and AMA cell-specific hydrolysis rates are reported in Table 5.2.
Overall, the cell-free contribution to the total exoenzymatic activity was higher in tubes
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bearing aggregates and associated bacteria (PART) at both sampling times and for
both the exoenzymes tested (Table 5.2). In SUR tubes, specific cell-bound glycolytic
activity increased by four-fold between t3 and t6 (0.30 ± 0.05 and 1.30 ± 0.47 amol
cell-1 h-1, respectively, Table 2), while the activity of the dissolved fraction mildly in-
creased over time (Table 5.2). This pattern resulted in diminished relative contribu-
tion of the cell-free to the total exoenzymatic activity, which decreased from 60.83 ±
1.77 to 35.32 ± 3.81% between t3 and t6 (Table 5.2). Tubes bearing aggregates and
associated bacteria (PART) were characterized by a higher activity of the dissolved ex-
oenzymatic fraction, which remained quite constant over time (1.11 ± 0.20 and 1.01
± 0.13 amol cell-1 h-1 at t3 and t6, respectively, Table 5.2). Cell-bound specific activity
increased from 0.46 ± 0.08 to 0.85 ± 0.03 amol cell-1 h-1 during the 3 hours incuba-
tion, reducing the cell-free proportion of glycolytic activity from 77.59 ± 27.50% at t3
to 54.71 ± 2.42% at t6 (Table 5.2). Protease specific hydrolysis rates were two order
of magnitude greater than BGLU activity both in SUR and PART tubes. In samples po-
tentially bearing only free-living microbes, both cell-bound and cell-free exoenzymatic
activity decreased over time (Table 5.2), with a rather constant proportion of dissolved
to total AMA between t3 and t6 (16.73 ± 0.77% and 14.43 ± 0.35%, respectively, Table
5.2). Over the 3-hours incubation, cell-specific protease activity showed little varia-
tion both for cell-bound (101.32 ± 3.18 and 106.67 ± 5.95 amol cell-1 h-1 at t3 and t6,
respectively) and cell-free enzymes (30.54 ± 1.30 and 31.20 ± 1.26 amol cell-1 h-1 at
t3 and t6, respectively), resulting in a constant contribution of the dissolved fraction
over time (Table 5.2).

Table 5.2: Cell-specific hydrolysis rates of β-glucosidase (BGLU) and leucine amino-peptidase
(AMA) in amol cell-1 h-1 assayed during the experiment with phytodetrital particles. Results are given
as the mean and standard deviation of two experimental replicates. For abbreviations meaning see
Section 5.2.4

t3 t6

Cell-bound Cell-free % Cell-bound Cell-free %

BGLU

SUR 0.30 ± 0.05 0.46 ± 0.02 60.83 ± 1.77 1.30 ± 0.47 0.70 ± 0.09 35.32 ± 3.81

PART 0.46 ± 0.08 1.11 ± 0.20 77.59 ± 7.50 0.85 ± 0.03 1.01 ± 0.13 54.71 ±2.42

AMA

SUR 206.04 ± 48.83 41.18 ± 6.26 16.73 ± 0.77 192.03 ± 28.12 32.33 ± 3.26 14.43 ± 0.35

PART 101.32 ± 3.18 30.54 ± 1.30 23.18 ± 1.55 106.67 ± 5.95 31.20 ± 1.26 22.67 ± 1.89

Cell-bound = cell-specific hydrolysis rates of cell-attached exoenzymes (total minus cell-free activity);
Cell-free: cell specific hydrolysis rates of dissolved exoenzymes (i.e., passing through a 0.2 μm filter);
%= relative contribution of cell-free specific hydrolysis rates over the total exoenzymatic activity.
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5.4. Discussion

I n the ocean, bacteria experience heterogeneous concentrations of organic matter,
including hot spot of particulate organic matter (i.e., living and dead phytoplank-

ton cells and marine snow) as well as zones depleted in organic substrates (Stocker,
2012). Therefore, given this extreme variability, the ectohydrolytic profile of a bac-
terium must reflect a set of strategies to optimize the retrieval of organic substrates
from the patchy spatial and temporal distribution of the organic matter in the ocean
(Martinez et al., 1996). The enzymatic profile of a single bacterium can thus be viewed
as the expression of a peculiar degradative strategy and of its genetic identity, in na-
ture as well as in culture.

The bacterial isolates used in this study were grown in the same culturemedia, yet,
notwithstanding the identical growth condition, they expressed a diverse degradative
fingerprint. It is worth to point out that during the first experiment, bacteria were trans-
ferred from a rich (ZB/5) to a poor medium (FASW), and since the enzymatic profiles
were tested immediately after the washing of the cultures (dexp), it is very likely that
the cells expressed enzymatic fingerprints adapted to high organic carbon concen-
trations. Protease activity varied over 1 order of magnitude (between 42.65 ± 3.79
and 427. 29 ± 16.29 amol cell-1 h-1, Fig. 5.2), although specific activity of bacteria
that used to grow in a rich medium (dexp) was lower than the one tested after sev-
eral days of growth in a poor one (dfin) (122.00 ± 132.33 and 219.11 ± 168.95 amol
cell-1 h-1, respectively). Since protease activity is inhibited or unaffected by the pres-
ence of low molecular weight substrate (Donachie et al., 2001), is likely that the high
concentration of readily accessible peptides in the rich medium (ZB/5) suppressed
the cell-specific protease expression. On the other hand, the complexity of organic
matter in the ‘poor’ medium (i.e., natural DOC), enhanced the proteolytic activity. The
shift of the degradative fingerprint of 3 out of the 7 tested isolates between the two
time points (Fig. 5.3), partly confirm this hypothesis. Indeed, the nMDS plot high-
lighted a consistent change in the degradation pattern of isolates AG and AK, which
were identified as strongly proteolytic in the ‘poor’ medium (Fig. 5.2 and 5.3) whereas
in the rich medium their specific proteolytic activity was ten-fold lower (44.78 ± 1.49
and 23.40 ± 1.71 amol cell-1 h-1, respectively, Appendix Fig. D.1). The same pattern
was evident for isolate 9_2 (Fig. 5.3), which almost doubled its cell-specific AMA
activity in the ‘poor’ medium (27.61 ± 0.40 and 58.42 ± 0.42 amol cell-1 h-1 for rich
and ‘poor’ media, respectively, Appendix Fig. D.1 and Fig. 5.2). These results agree
with those reported by Baltar et al., 2017, which found a tight coupling between AMA
activity and the complexity of organic matter supplied to the microbial community.
While highlighting a certain degree of phenotypic plasticity for a subset of the tested
isolates, the pattern showed by the nMDS plot (Fig. 5.3) also suggests that some
of the bacterial isolates (i.e., 20_1, AF, 16_1_1 and 21) are genetically ‘constrained’
to express a specific set of exoenzymes. It has been hypothesized that members of
peculiar environments, like the high-latitude pelagic microbial community, may have
streamlined their hydrolytic machinery, specializing in the degradation of those sub-
strate that they are more likely to encounter (Arnosti, 2014). This could be the case
of isolates 16_1_1 and 21, which expressed the same hydrolytic pattern growing in
both culture media (Fig. 5.3). Noteworthy, these two isolates expressed the highest
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cell-specific glycolytic activity, 1 order of magnitude higher than the other bacterial
isolates (Fig. 5.2). Looking at the two growth conditions, glycolytic activity was, on
average, faster in the rich medium relative to the ‘poor’ one (22.43 ± 20.74 and 10.24 ±
15.30 amol cell-1 h-1, respectively) as a consequence of the different concentration of
substrates in the two media. In fact, polysaccharide hydrolysis is generally reported
as substrate-inducible (Sinsabaugh and Follstad Shah, 2012) and the ZoBell medium
is richer in organic carbon (an in this case in polysaccharides, derived by the yeast
extract -Sommer, 1998) than natural seawater.

These two strains showed the highest contribution of dissolved extracellular en-
zymes to the total specific hydrolytic activity, among the tested isolates (up to 100%,
Fig. 5.2). The active release of cell-free extracellular enzymes has been linked, among
several other factors, to the response of marine bacteria to starvation (Albertson et
al., 1990). However, bacteria growing in the ‘poor’ medium experienced natural DOC
concentration (1.48 mg L-1), thus cell starvation was unlikely to occur. More likely,
the enhanced contribution of the dissolved exoenzymatic fraction to the total cell-
specific activity might be linked to the lifestyle of the tested bacterial isolates. Indeed,
the phylogenetic analysis identified the selected bacteria as members of the classes
Flavobacteriia and γ-Proteobacteria (Fig. 5.1), which are often found associated with
particles (Crespo et al., 2013; DeLong et al., 1993; Teeling et al., 2012). Modelling,
experimental and field studies suggest that the production of dissolved exoenzymes
could be advantageous to particle-attached bacteria (Vetter and Deming, 1999; Vetter
et al., 1998; Ziervogel andArnosti, 2008). All our isolates expressed cell-free hydrolytic
activity at dfin (Fig. 5.2), although the contribution to total cell-specific activity varied
greatly (0-100%, Fig. 5.2). This pattern may derive from the appropriate substrate
stimulation exerted by the natural DOC supplied with the ‘poor’ medium (Alderkamp
et al., 2007). Another possible explanation is that the isolates expressing the highest
cell-free enzymatic activity (i.e., AG, 16_1_1 and 21, Fig. 5.2), have the genetic po-
tential to produce dissolved extracellular enzymes even when not attached to detrital
particles. There are indications that the fate of an extracellular enzyme (i.e., to be
cell-bound or cell-free) could be genetically predetermined (Nguyen et al., 2019); thus,
isolates expressing high cell-free exoenzymatic activity without the presence of parti-
cles could be viewed as ‘climax’ colonizers, extremely streamlined to take advantage
of organic matter hot spots.

Given the expression of a conspicuous amount of cell-free extracellular enzymes in
these isolates, we tested the hypothesis that the dissolved exoenzymatic activity may
be enhanced by the presence of phytodetrital particles. For this test, one fast-growing
bacterium, AG, identified as Halomonas meridiana (Fig. 5.1), was chosen. Halomonas
meridiana is a halotolerant, mesophilic, Gram-negative bacterium, first isolated from
Antarctic hypersaline lakes (James et al., 1990). This species shows some adaptation
to exploit particles as organic matter hotspots, such as flagellar motility, and the abil-
ity to produce metalloproteases, required for the functioning of adhesion or detach-
ment mechanisms (Anithajothi et al., 2014). Our results show that the contribution of
the dissolved fraction to the total specific activity was always higher in tubes bearing
particles and attached bacteria (PART, Table 5.2), confirming our initial hypothesis.
The difference between SUR and PART tubes was already evident after 3h from the
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tubes splitting for both BGLU and AMA (Table 5.2), albeit reducing over time. The re-
duced contribution of cell-free exoenzymes to total activity at t6 may be the result of
the degradation of already present cell-free enzymes (i.e., produced during the colo-
nization ad settling phases, see Section 5.2.4), as these are themselves subjected to
proteolytic hydrolysis (Ziervogel and Arnosti, 2008). The phytodetritus used for the
experimental amendment was mainly composed of diatoms species ( 80% of total
microplankton on the net sample, F. Cerino, personal communication), an important
source of polysaccharides in the marine environment (Alldredge et al., 1993; Ziervo-
gel and Arnosti, 2008). Nevertheless, glycolytic activity was extremely low (<2 amol
cell-1 h-1, Table 5.2) during our experiment, with values very similar to those measured
during the first experiment (Fig. 5.2).

Recent studies highlight the existence of an alternative uptakemechanismof polysac-
charides inmarine bacteria (Reintjes et al., 2019; Reintjes et al., 2017), suggesting that
the use of simple model substrates (such as the one utilized in fluorometric assays)
to assess glycolytic rates may be partially ineffective, especially when dealing with
algal-derived, complex polysaccharides. The tested isolate, AG, also showed similar
pattern of AMAactivity in SUR tubes andwhen cultured in the ‘poor’ media, remarkably
modulating proteolytic activity when exposed to phytodetrital particles. Indeed, cell-
specific hydrolysis rates in PART tubes were 50% lower than the rates measured both
in SUR tubes and expressed in its enzymatic profiles, with an enhanced contribution
of cell-free AMA activity in particle-enriched treatments (up to 23%), suggesting a fine
regulation of the degradative machinery according to the environmental conditions.

5.5. Conclusions

T he results here presented showed that even closely-related bacterial isolates ex-
press different exoenzymatic profiles, and that the enzymatic fingerprint of an iso-

late may vary consistently according to the quality and quantity of the organic matter
supplied as substrate for growth. Moreover, we added a piece of evidence on the
mechanisms regulating cell-free exoenzymatic activity, demonstrating that bacteria
growing associated with phytodetrital particles are more prone to actively release dis-
solved extracellular enzymes. By investigating the ‘mise en place’ of the microbial
hydrolyticmachinery under different environmental stimuli, this work deepens the cur-
rent knowledge of the factors driving the organic matter hydrolysis in the ocean, the
rate-limiting step of the marine carbon cycle. The continuation of these experimental
activities, testing the response of different bacterial isolates to different substrates,
will help to determine the conditions under which different hydrolysis patterns de-
velop, deepening the current knowledge on the organic matter cycling in the ocean.
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T he research effort developed in this thesis was aimed at linking microscale inter-
actions betweenmicrobes and organicmatter with local, as well as global, biogeo-

chemical dynamics. To pursue this aim, this work has considered time scales from
days to decades, investigating the microbe-organic matter interplay both in field and
in experimentally controlled conditions.

In Chapters 2 and 3 it has been demonstrated how regional environmental pertur-
bations can impair microbe-mediated OM processing over time scales from days to
years. This is a striking result asmicrobes represent the engine of biogeochemical cy-
cles and a prolonged repression of their metabolic ratesmay have significant impacts
on the planktonic trophic network, possibly impairing the whole ecosystem productiv-
ity. Following the events considered in Chapters 2 and 3, both primary (i.e., phyto-
plankton) and secondary (i.e., bacterial) production were exceptionally constrained.
Although not investigated, a likely consequence of this impairment would be a reduc-
tion of carbon and energy fluxes channelled to higher trophic levels (i.e., zooplankton
and fishes) through grazing or bacterivorous activity. Therefore, the ultimate effect
of these regional environmental perturbations may also affect pivotal ecosystem ser-
vices of economic interest, like fisheries and mussel farms. For example, the north-
ern Adriatic Sea is one of the most relevant fishing grounds of the Mediterranean Sea
(Fortibuoni et al., 2010; Lotze et al., 2011). By impairing the microbial processes un-
derlining OM fluxes, these events may contribute to accelerate the already ongoing
decline of northern Adriatic fisheries (Giani et al., 2012 and references therein).

The frequency and intensity of environmental perturbations, like prolonged high
salinity anomalies as well as extreme meteorological events, is predicted to increase
as a consequence of the ongoing climate change (Denamiel et al., 2020; Döll and
Schmied, 2012). Therefore, investigating the effects of these phenomena is crucial
for the assessment of ongoing changes, as well as a useful tool to predict conse-
quences of future changes on marine ecosystems. In this regard, long-term ecologi-
cal research (LTER) programs are a crucial tool to interpret current observation in an
organic context, allowing to distinguish between transient disturbances and the back-
ground ecosystem functioning. In the next few years, a conspicuous effort should be
put in integrating “-omics” approaches into ongoing LTER programs. As demonstrated
in Chapter 2, the extent of regional environmental perturbations is often underesti-
mated or even ignored until all the biogeochemical data are integrated and analysed
together. On the other hand, changes in microbial community composition and/or
functionality may show earlier and more evident signals of change in response to
episodic disturbances, making easier the early detection of significant biogeochemi-
cal perturbations. Finally, an effort should bemade towards the developing of an inte-
grated approach to analyse the data collected in LTER programs. While fundamental
research will certainly benefit from the development of an integrated knowledge on
the temporal evolution of planktonic trophic networks, this holistic approach may aid
stakeholders in decision-making processes.

The research presented in Chapter 4 aimed to investigate microbial community
dynamics following colonization of detrital particles. Most of the current research on
particle-associated communities is focused on natural or artificial aggregates resem-
blingmarine snow. These amorphous OMparticles are probably themost widespread
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sinking aggregates in the ocean, contributing to the organic carbon export from the
surface to the deep ocean (Boyd et al., 2019). However, cumulative evidence showed
that the POM pool in the ocean interior may be substantially made up by healthy or at
least intact phytoplankton cells (Agusti et al., 2015; DiTullio et al., 2000; Zoccarato et
al., 2016). The results presented in this Chapter demonstrated that the composition of
the detrital pool (i.e., the taxonomic identity of microplankton assemblages) selected
specific microbial assemblages from the bulk community. These results point out
that POM composition inherently determines its export modes and efficiency through
the selection of peculiar microbial assemblages. In a context where current global
climate change will result in an increased retention time of particles in the surface
layers of water bodies (Legendre et al., 2015), these results suggest changes in the ef-
ficiency of the biological carbon pump in the Ross Sea. Following diatom blooms, the
amount of carbon exported from surface at depth may be greatly reduced as diatom-
rich POM is rapidly colonized and processed by both surface and mesopelagic com-
munities. On the other hand, Phaeocystis sp. POM may become a more important
channel of carbon export to the seabed, unless specific prokaryotic assemblages (i.e.,
Flavobacteria-dominated) are encountered on the particles’ path towards the ocean
interior.

With the advent of global ocean sampling expeditions and the increasing acces-
sibility of “-omics” data, the worldwide microbial community identity and functional
patterns become everyday more detailed. At the same time, impressive methodolog-
ical advancements are improving our understanding of the organic matter chemical
landscape in the ocean (Riedel and Dittmar, 2014). Controlled experimental manipu-
lations like the microcosms experiment carried out in Chapter 4 allow to link specific
organic matter features with changes in structure and functions of natural microbial
communities. Linking all these data, the efficiency and modes with which POM is pro-
cessed as it sinks trough the water column can be estimated on global scales. While
a significant effort has been put in the last decade in increasing metagenomic and
metatranscriptomic surveys of the ocean, “classical” incubation experiments are los-
ing their appeal. This research shows instead that an effort should be made in the
next years to couple canonical experimental approaches with high-throughput meth-
ods, like barcoding, transcriptomic and proteomic. Such data are pivotal to the under-
standing of the fine-scale dynamics that regulate organic matter cycling in the ocean
andwill be of paramount importance for the development of accurate biogeochemical
models.

Most of the reactive OM pool in the ocean is composed by HMWmolecules (Ben-
ner and Amon, 2015). To access this reservoir, marine microbes need a suite of ec-
tohydrolytic enzymes in order to chop down these molecules to a manageable size to
be taken up into the cells and further processed. The spatial displacement of these
exoenzymes defines the wide-accepted paradigm that cell-bound enzymes aremostly
used by free-livingmicrobes, whereas particle-associated onesmostly rely on cell-free
exoenzymes (Vetter et al., 1998). Within this framework, the research presented in 5
was aimed to provide a proof of concept on the differential production of cell-free
exoenzymes by particle-associated microbes.

153



6. Concluding Remarks and Future Outlooks

The results presented in Chapter 5 demonstrated that some bacterial isolatesmay
produce copious amounts of cell-free exoenzymes even when grown in particle-free
media, suggesting that some bacterioplankton members may be extremely stream-
lined for POM degradation. Notwithstanding this, when exposed to particles, one of
the tested bacterial isolates showed an enhanced production of cell-free exoenzymes
when compared to particle-free growing conditions. Although further experimental
work is needed in this direction, the preliminary proof of concept provided by this work
brings forward our knowledge on the rate-limiting step of the marine carbon cycle
(Arnosti, 2011). These data on degradation rates of cell-bound vs. cell-free exoen-
zymes have the potential to be used to setup numerical organic matter degradation
model with a dramatic level of detail. Further research in this direction requires test-
ing of different isolates, widening the spectre of assayed exoenzymes and of the sub-
strate supplied for growth. Moreover, a significant effort should be made in charac-
terizing the biochemical pathways as well as the genes responsible for production of
cell-bound and cell-free exoenzymes. Given the impressive amount of metagenomic
and metatranscriptomic data available from all around the world, with detailed infor-
mation about the molecular mechanisms involved in exoenzymes production global
patterns of organic matter degradation can be extracted. Continuing this research
effort would not only improve our fundamental knowledge on the organic matter bio-
geochemistry but also has a great applied biotechnological potential. The engineering
of bacterial enzymes indeed is one of themain focuses ofmarine biotechnologies and
the search for enzyme production mechanisms may lead, with good chances, to the
discovery of enzymes and other compounds useful for industrial and biotechnological
applications.
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A
Supplementary Material to Chapter 2

Text, tables and figures in this Appendix are adapted from the supplementary material to: Long-term
patterns and drivers of microbial organic matter utilization in the northernmost basin of the Mediter-
ranean Sea.Manna, V., De Vittor, C., Giani, M., Del Negro, P., Celussi, M., 2021. Marine Environmental
Research, 164, 105245. https://doi.org/10.1016/j.marenvres.2020.105245
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A. Supplementary Material to Chapter 2

A.1. Supplementary Table

Table A.1: Descriptive statistics of biological and chemical variables used for time series analysis.

Chl a POC DOC HP SYN HCP

µg L-1 µM µM 108Cells L-1 106Cells L-1 µgC L-1h-1

Minimum 0.15 4.62 49.77 1.52 0.09 0.04

1st Quartile 0.54 13.01 88.18 6.68 11.51 0.16

Median 0.74 17.52 96.69 9.38 31.09 0.28

Mean 0.88 18.05 100.45 10.21 48.92 0.36

SD 0.52 6.76 19.54 4.93 56.13 0.28

3rd Quartile 1.11 22.61 111.31 13.13 69.12 0.47

Maximum 3.76 43.08 162.3 26.02 422.97 1.66

Chl a – Chlorophyll a concentration; POC – Particulate Organic Carbon concentration; DOC –
Dissolved Organic Carbon concentration; HP – Heterotrophic Prokaryotes abundance; SYN –
Synechococcus abundance; HCP – Heterotrophic Carbon Production.

A.2. Data sources
Analytical procedures utilized to generate the data used in 2 have been carried out by
the following laboratories or people: CTD: R. Auriemma (OGS), P. Berger (OGS), M. Ce-
lio (LBM-ARPAFVG), E. Cociancic (OGS), C. Comici (OGS); Particulate organic matter:
C. Comici (OGS), F. Relitti (OGS), F. Tamberlich (LBM); Dissolved organic carbon: C.
De Vittor (OGS), M. Kralj (OGS), F. Relitti (OGS); Chlorophyll a: M. Bazzaro (OGS), F. De
Prà (LBM), C. De Vittor, M. Lipizer (OGS), F. Relitti (OGS); Epifluorescence microscopy:
M. Celussi (OGS), M. Borin Dolfin (OGS-UNITS), P. Del Negro (OGS), A.A. Gallina (OGS-
UNITS), A. Karuza (OGS), A. Paoli (OGS); Flow cytometry: M. Celussi (OGS), V. Manna
(OGS-UNITS); Heterotrophic production: M. Celussi (OGS), E. Crevatin (OGS), P. Del
Negro (OGS), C. Larato (OGS), V. Manna (OGS-UNITS), P. Ramani (LBM).
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B
Supplementary Material to Chapter 3

Text, tables and figures in this Appendix are adapted from the supplementary material to: Effect of
an extreme cold event on the metabolism of planktonic microbes in the northernmost basin of the
Mediterranean Sea. Manna, V., Fabbro, C., Cerino, F., Bazzaro, M., Del Negro, P., Celussi, M., 2019.
Estuarine, Coastal and Shelf Science, 225, 106252. https://doi.org/10.1016/j.ecss.2019.106252
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B. Supplementary Material to Chapter 3

B.1.Methods
B.1.1. Cell-free extracellular enzymatic activity
Cell-free extracellular enzymatic activities (EEAs) were tested using fluorogenic sub-
strate analogues (Hoppe, 1993) derived from 7-amino-4-methylcoumarin (AMC) and
4-methylumbelliferone (MUF), filtering samples through a 0.2 µm low protein-binding
PESmembranes (Baltar et al., 2010). Leucine-aminopeptidase activity (AMA) was as-
sayed as the hydrolysis rate of leucine-AMC.Alkaline phosphatase (AP), β-galactosidase
(BGAL), β-glucosidase (BGLU), chitinase (CHIT) and lipase (LIP) activities were as-
sayed usingMUF-phosphate,MUF-β-D-galactoside,MUF-β-D-glucoside,MUF-N-acetyl-
β-D-glucosaminide andMUF-oleate (SigmaAldrich), respectively. Hydrolysiswasmea-
sured by incubating 2 mL subsamples with 200 μM leucine-AMC, MUF-β-D-glucoside
,MUF-β-D-galactoside, MUF-N-acetyl-β-D-glucosaminide, 50 μM MUF-phosphate, 100
μM MUF-oleate (saturating final concentrations, Celussi and Del Negro, 2012) for 3 h
in the dark at in situ temperature. Fluorescence increase due to AMC andMUF hydrol-
ysed from themodel substrates wasmeasured using a Shimadzu RF-1501 spectroflu-
orometer (AMC= 380 nm excitation and 440 nm emission; MUF= 365 nm excitation
and 455 nm emission). Triplicate calibration curves were performed daily, using 0.2
μm-filtered seawater and 5 µM standard solutions of AMC and MUF (Sigma Aldrich).
Relative contribution of the dissolved fraction to the total exoenzymatic activity was
then calculated.

B.1.2. Planktonic respiration
Planktonic respiration was measured as oxygen consumption, using a non-invasive
oxygen optode sensor spots and fibre-optic system (FireStingO2, PyroScience, Ger-
many). The optodes (5 mm tip diameter, with optical isolation and a 90% response
time of <15 s) were glued at the inner side of 40 mL clear glass vials. The optodes
were connected to a 4-channel O2 data logger (FireStingO2, Fiber-Optic Oxygen Me-
ter SPFIB-CL2, PyroScience) provided with submersible temperature sensor (TSUB21,
PyroScience) and controlled by the manufacturer’s software (FireStingO2 Logger V
3.213, PyroScience). A Two-point calibration (0 and 100% oxygen saturation) of the
optodes was performed using temperature-equilibrated samples (10°C) with exper-
imental salinity = 37. According to the manufacturer’s instructions, the solution for
the 0% oxygen saturation points was prepared by adding sodium sulphite (Na2SO3) to
distilled water to a final concentration of 30 g L−1; for 100% oxygen saturation, auto-
claved and subsequently 0.22 µm-filtered seawater, was bubbled with 0.22 µm-filtered
air (SterivexTM filter unit, Millipore) for 15 min. Each vial, provided with a HCl-washed
stirring magnet, was carefully closed with gas-tight lid, and incubated in the darkness
in a thermo-regulated bath (RE 415, Lauda, Germany) at the in situ temperature (±
0.1°C). Oxygen concentration was measured every 5 minutes for 6 hours. Every ex-
periment was run in triplicate. Oxygen decreasing rates were calculated as the slope
of linear regression of oxygen concentration (after a thermal equilibration period of 20
min) vs time. Measurements on sterilized seawater in at least 3 vials served as con-
trols (system drift) and were performed before the analyses. Planktonic respiration
rates were then calculated by subtracting the average system drift.
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B.1.3. Cytometric fingerprinting
Raw cytometric data retrieved from FACSDiva software (Becton Dickinson) were anal-
ysed with the R package flowDiv (Wanderley et al., 2019), following the protocol de-
scribed by Quiroga et al., 2017. Gated prokaryotic cells were classified according to
their relative size (side scatter, SSC) and to nucleic acids content (green fluorescence,
FL1). Detection channels were clustered into 16 bins each, resulting in 256 (16 × 16)
cytometric categories. For each sample, a fingerprint of the cytometric assemblage
was obtained based on the number of cells in each cytometric category. Then sam-
ples were pairwise compared applying Bray–Curtis index, to build a dissimilarity ma-
trix based on their cytometric fingerprint. Samples were clustered applying theWard’s
minimum variance method (Murtagh and Legendre, 2014) and aggregated, according
to their optimal cutting level, to form three clusters. Clustering method choice and
optimal number of clusters were identified using the R package clValid (Brock et al.,
2008). Cytometric fingerprinting and cluster analysis were performed with R version
3.5.0 (R Core Team, 2019).

B.2. Results
B.2.1. Cell-free extracellular enzymatic activity
The time courses of the proportion of cell-free over total hydrolysis rates reported in
Fig. B.1 showed a general decreasing trend throughout the sampling period. Cell-
free β-glucosidase contribution (BGLU, Fig. B.1 a) ranged between 38.57 ± 1.90 and
100.00 ± 0.00%of the total EEA, withminimumandmaximumvalues found on 2nd and
15th March, respectively. The trend was rather variable during the sampling period,
increasing steadily from 28th February to 8th March to near-maximum value (96.91
± 5.34%). After dropping on 13th March (37.43 ± 2.58%), cell-free BGLU contribution
peaked on 15th March to its maximum and decreased on the last sampling day. Cell-
free β-galactosidase (BGAL, Fig. B.1 a) proportion to total EEAs presented the low-
est variability among the tested hydrolysis rates, ranging between 70.33 ± 6.83 and
100.00 ± 0.00%. Higher and constant values were found between 28th February and
12th March (99.06 ± 1.43%, on average), mildly dropping on 13th March to the mini-
mum value, staying then constant until the end of the sampling period. The proportion
of cell-free to total chitinase activity (CHIT, Fig. B.1 a) showed a highly variable trend,
with the highest value measured on 28th February (100.00 ± 0.00%), dropping to its
minimum on 3rd March (43.72 ± 3.09%). The proportion of dissolved to total CHIT ac-
tivity peaked near maximum values between 5th and 13th March (91.06 ± 7.46%, on
average), dropped on 14thMarch (50.34 ±4.29%) and steeply increased up to 100.00 ±
0.00%, finally declining to 57.10 ± 6.95% o the last sampling day. Cell-free contribution
to the activity of Leucine-aminopeptidase (AMA, Fig. B.1 b) showed the highest vari-
ability among the tested activities, ranging from 12.78 ± 0.94 to 100.00 ± 0.00%, with
maximum andminimum values found on 28th February and 12th March, respectively.
A steep decline was evident on 2nd March (19.49 ± 2.91%), then the trend remained
constant, with minor oscillations, throughout the sampling period. Cell-free propor-
tion to total lipase activity (LIP, Fig. B.1 b) ranged between 100.00 ± 0.00 and 36.32
± 3.04%. The highest and lowest values were measured on 28th February and 13th
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March, respectively. Over time, the trend showed wide oscillations, with values drop-
ping to near minimum values between 2nd and 3rd March (38.37 ± 4.01 and 39.41
± 9.35%, respectively), peaking on 5th March (92.43 ± 13.10%), then decreasing until
15th March, with a small peak on the last sampling day. The proportion of dissolved
to total AP (Fig. B.1 b) steeply declined between 28th February and 3rdMarch (100.00
± 0.00 and 48.59 ± 3.77%, respectively). Then, higher and constant values were mea-
sured between 5th and 12th March (72.55 ± 1.51%), mildly declining until the end of
the sampling window, when the lowest value was found (30.17 ± 1.99%).

Figure B.1: Time series of cell-free exoenzymatic activities (expressed in nM h−1); a) β-glucosidase
(BGLU), β-galactosidase (BGAL) and chitinase (CHIT); b) leucine-aminopeptidase (AMA), alkaline-
phosphatase (AP) and lipase (LIP). Note that X axes are not linear. Error bars represent the standard
deviation of three analytical replicates.

B.2.2. Planktonic respiration
Planktonic respiration (Fig. B.2) ranged between 5.73 ± 18.82 and 109.98 ± 7.67 nmol
O2 L−1 h−1, steadily decreasing from 1st to 5th March, when values fell below the
detection limit. A steep increase took place between 8th and 13th March, when the
maximum rate was measured, dropping to 33.66 ± 4.39 nmol O2 L−1 h−1 at the end of
the sampling period.

B.2.3. Cytometric fingerprinting
The cytometric fingerprinting analysis gathered prokaryotic assemblages in three dis-
tinct groups (Fig. B.3): 26th – 28th February; 1st – 5th March and 8th – 12th March.
The first cluster included cytometric assemblages characterized by an equal contri-
bution of the two NA fraction (i.e., HNA and LNA) and by the highest cell abundance,
while the second cluster gathered together samples showing a slightly increased con-
tribution of LNA cells, coupled with the lowest heterotrophic prokaryote abundance
measured during the sampling period. Finally, the third cluster included assemblages
with the highest HNA cell abundance.
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Figure B.2: Time series of planktonic respiration expressed as consumed nmol O2 L−1 h−1. Note that
X axis is not linear. Error bars represent the standard deviation of three analytical replicates.

Figure B.3: Cluster analysis dendrogram of cytometric assemblages built using Bray-Curtis dissimi-
larity matrix calculated between cytometric assemblages. Ward’s minimum variance was used a clus-
tering method.

B.3. Supplementary figures
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Figure B.4: Time series of Synechococcus abundance during the sampling period. Note that X axis
is not linear.

Figure B.5: Time series of heterotrophic nanoflagellates abundance during the sampling period. Note
that X axis is not linear.
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Figure B.6: Time series of virus-like particles (VLP) abundance during the sampling period. Note that
X axis is not linear.

B.4. Data sources
Analytical procedures utilized to generate the data used in 3 have been carried out
by the following laboratories or people: Exoenzymatic essays, heterotrophic produc-
tion, flow cytometry: V. Manna (OGS-UNITS); Salinity: OGS-CTO, service; Particulate
organic matter: F. Relitti (OGS); Inorganic nutrients: L. Urbini (OGS); Chlorophyll a: M.
Bazzaro (OGS); Respiration rates: C. Fabbro (OGS); Phytoplankton: F. Cerino (OGS).
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Text, tables and figures in this Appendix are adapted from the supplementary material to: Prokaryotic
Response to Phytodetritus-Derived Organic Material in Epi- and Mesopelagic Antarctic Waters. Manna
V., Malfatti F., Banchi E., Cerino F., De Pascale .F, Franzo A., Schiavon R., Vezzi A., Del Negro, P. and
Celussi, M., 2020. Frontiers in Microbiology, 11:1242. https://doi.org/10.3389/fmicb.2020.01242
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C.1.Methods
Particulate Organic Carbon (POC) concentrations in plankton samplesweremeasured
using an elemental analyzer CHNO-S Costechmod. ECS 4010 applying themethod by
Pella and Colombo, 1973. Three replicates of 3 mL were used for the analysis in each
of the four plankton samples. POC was collected onto precombusted GF/F filters and
stored frozen at -20°C. Before the analyses, the filters were treated with the addition
of 200 µL 1 N HCl to remove the carbonates (Lorrain et al., 2003) and then dried in
oven at 60°C for about 1 h. Subsequently, sample and blank filters were folded and
put on a 9×10 mm tin capsule. Known amounts of standard Acetanilide (C8H9NO –
Carlo Erba; Assay ≥99.5 %) were used to calibrate the instrument.

Samples for dissolved organic carbon (DOC) concentrations in plankton samples
were obtained by filtering 3 mL aliquots (in 3 replicates) through GF/F membranes
and by collecting the filtrate in 20 mL glass vials, subsequently stored at -20°C. The
membranes, the vials and the glassware used for the filtration had been precombusted
at 480°C for 4h. Before the analyses, samples were diluted 20 times with MilliQ water,
automatically acidified to pH < 2 using 6 N HCl solution (1% v/v) and sparged (150mL
min-1) with high-purity oxygen for 8 min.

DOC analyses were performed by the high temperature catalytic oxidation method
using a Shimadzu TOC-V CSH (Cauwet, 1994), injecting 100 µL of sample. Carbon
concentration was determined by automatic comparison with four-point calibration
curves. Standardization was carried out using potassium hydrogen phthalate. Each
value was determined from a minimum of three injections, with a coefficient of varia-
tion < 2%.

For phytoplankton in situ analysis, samples were collected by Niskin bottles at dis-
crete depths (surface and bottom) and fixedwith pre-filtered and neutralized formalde-
hyde (1.6% f.c., Throndsen, 1978). Depending on phytoplankton densities, a variable
volume of seawater (10–100 mL) was allowed to settle in an Utermöhl chamber and
examined following the Utermöhl method (Utermöhl, 1958). Cell counts were per-
formed using an inverted light microscope (LEICA DMi8) equipped with phase con-
trast along transects (1–4) at a magnification of 400× counting a minimum of 200
cells. Half or the whole Utermöhl chamber was further examined at a magnification
of 200×, to obtain a more correct evaluation of less abundant microphytoplankton
(>20 µm) taxa.

C.2. Results
C.2.1.Microplankton in situ distribution
The surface layer was characterized by high phytoplankton abundances (from 8.4 ×
105 Cells L-1, at station C1, to 8.1 × 106 Cells L-1, at station D). At the bottom, abun-
danceswere not higher than 2.0 × 103 Cells L-1. In the surface layer of the station D, the
phytoplankton community was dominated by diatoms (up to 92.0% of the total abun-
dance), while dinoflagellates and flagellates accounted for 1.2 and 7.0% of the total,
respectively. Among diatoms, species belonging to the genera Pseudo-nitzschia and
Fragilariopsis were the most abundant (4.9 and 2.0 × 106 Cells L-1, respectively). Sta-
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tions C2 and C1 were characterized by similar percentages of diatoms and flagellated
forms. At the station B, a different phytoplankton community was present, being dom-
inated by flagellated forms (92.3% of the total), among which the haptophyte Phaeo-
cystis antarcticawas themost abundant taxon (4.1 × 106 Cells L-1). Heterotrophic flag-
ellates belonging to the choanoflagellate group were present in relatively high abun-
dances, up to 4.1 × 105 Cells L-1. Diatoms and dinoflagellates accounted for 5.8 and
2.0% of the total, respectively. In the deep layers, dinoflagellates represented a high
percentage (on average, 58.3% of the total abundance and up to 84.8% at the station
C1), compared to the surface layer (on average, 2.7%).

C.3. Supplementary figures and tables
C.3.1. Supplementary figures

Figure C.1: Map of the sampling stations in the Ross Sea (Southern Ocean). Themapwas created by
means of the ODV (Schlitzer, 2020) and the Google Earth software. Station bottom depths are reported
in the Table 4.1

Figure C.2: Chlorophyll a fluorescence profiles (CTD) at the four stations. The black bars mark the
section of the water column where the plankton net was deployed.
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Figure C.3: Conceptual scheme depicting the experimental design of microcosms experiments at
each station. Treatment and control microcosms were incubated in the dark, at in situ temperature for
four days. The detailed experimental design is described in Section 4.2
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Figure C.4: Bar plots showing the abundance of virus-like particles (VLPs, upper panel) and of free-
living heterotrophic prokaryotes (FL-HP, lower panel) over time in control and amended microcosms
(0, 1 and 10 µg L-1 Chl a). Note that Y-axes are differentially scaled. Error bars represent the standard
deviation of two experimental replicates.
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Figure C.5:
Rarefaction curves of observed ASVs calculated on the non-normalized ASV table.
The blue line marks the minimum number of reads (12110), retrieved in C2 surface

sample on d0 (C2Senv). Surface samples are marked by black lines, bottom
samples by red ones.
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Figure C.6: Observed richness (i.e., number of unique ASVs) in the investigated samples. The x axis
maps to different treatments: env= initial community, 0= control bottles, 1= bottles amended with 1 μg
L-1, 10= bottles amended with 10 μg L-1. Different colors map to the different experimental replicates
[0= initial (t0) community].
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Figure C.7: Scatterplots of Spearman’s rank correlations of sequencing duplicates (raw ASVs table).
Spearman’s rho and p-value are shown in each plot. Samples are identified according to the following
code: station_depth_time_treatment_replicate. For example, replicate 1 of surface sample of station
B enclosures amended with 1 µg L-1 Chl a equivalent of detritus would be identified as bst41r1.
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Figure C.8: (Caption on the next page)
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Figure C.8: Relative abundance plots of major taxa (>1% in at least one sample). FL_Env: initial free-
living (1 µm-filtered) community, CTRL: control samples; TRT_1: amendments at 1 µg L-1 Chl a; TRT_10:
amendments at 10 µg L-1 Chl a; R1 and R2 identify the two experimental replicates.
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Figure C.9: (Caption on the next page)

181



C. Supplementary Material to Chapter 4

Figure C.9: Treatment-related shifts in prokaryotic community. Shifts in controls are compared to
the initial (d0, 1 µm-filtered) community, whereas taxa shifts in treatments (i.e., 1 and 10 µg L-1) are
compared against the controls (both on d4). CTRL: control samples; TRT_1: amendments at 1 µg L-1
Chl a; TRT_10: amendments at 10 µg L-1 Chl a; R1 and R2 identify the two experimental replicates.
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C.3.2. Supplementary tables

Table C.1: Results of chemical analysis on phytodetritus samples. The units of measure are reported
in parenthesis. DOC and POC are presented as mean ± SD.

Phytodetritus Chl a (mg L -1) DOC (mgC L-1) POC (mgC L-1) POC:Chl a

B 2.38 27.41±0.68 52.29±1.63 21.97

C1 0.58 24.43±0.48 49.81±5.84 85.88

C2 0.20 36.52±2.51 41.81±5.89 209.05

D 0.78 27.78±0.61 34.47±0.81 44.192
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Table C.2: Concentration of DOC and POC in environmental samples and added with phytodetritus
amendments and calculated DOC and POC enrichment factors in the microcosms.

Bottle Depth
Environmental

DOC*
(mgC L-1)

Added
DOC

(mgC L-1)

Calculated
POC**

(mgC L-1)

Added
POC

(mgC L-1)
EF DOC EF POC

Treatment 1 10 1 10 1 10 1 10

B Surface
Bottom

0.76
0.75

0.01
0.01

0.12
0.12

0.002
0.001

0.02
0.02

0.22
0.22

1.00
1.00

1.20
1.20

14.91
18.52

139.74
176.11

C1 Surface
Bottom

1.19
1.42

0.04
0.04

0.43
0.43

0.002
0.001

0.08
0.08

0.82
0.82

1.00
1.00

1.40
1.30

40.50
67.72

396.22
667.71

C2 Surface
Bottom

0.83
0.69

0.09
0.09

0.91
0.91

0.003
0.001

0.11
0.11

1.13
1.13

1.10
1.10

2.10
2.30

40.71
91.52

398.22
906.31

D Surface
Bottom

0.87
1.16

0.04
0.04

0.36
0.36

0.008
0.003

0.04
0.04

0.45
0.45

1.10
1.10

1.30
1.40

6.51
15.73

56.01
148.22

DOC: dissolved organic carbon; POC: particulate organic carbon; EF: enrichment factor, calculated as
(Hardy et al., 1997). *F. Relitti, unpublished data. **POC concentration calculated converting
prokaryotic abundance in 1µm-filtered samples assuming 13 fgC Cell-1 (Carlson et al., 1999). See
main text for details.
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Table C.3: Analysis of variance output of the GLM (negative binomial) models indicating the
significance of phytodetrital features on the number of attached prokaryotes. As the residuals of the
GLM on d1 data showed a non-normal distribution, those data were not further discussed. Significant
(<0.05) P-values are highlighted in bold.

Variable df Deviance Residual df Residual Dev. P-value
Shapiro test
for residuals
(P-value)

d0

NULL NA NA 31 41.8 NA

Pseudo-nitzschia 1 5.59 30 36.21 0.02

Phaeocystis 1 0.62 29 35.6 0.43 0.07

Chaetoceros 1 1.95 28 33.64 0.16

Choanoflagellates 0 0 28 33.64 NA

d1

NULL NA NA 31 64.75 NA

Pseudo-nitzschia 1 29.83 30 34.92 <0.001

Phaeocystis 1 0.64 29 34.28 0.424 0.03

Chaetoceros 1 2.23 28 32.06 0.136

Choanoflagellates 0 0 28 32.06 NA

d4

NULL NA NA 31 61.85 NA

Pseudo-nitzschia 1 17.57 30 44.28 <0.001

Phaeocystis 1 6.91 29 37.38 0.0085 0.38

Chaetoceros 1 2.91 28 34.47 0.0088

Choanoflagellates 0 0 28 34.47 NA

C.4. Data sources
Analytical procedures utilized to generate the data used in 4 have been carried out
by the following laboratories or people: Exoenzymatic essays: A. Franzo (OGS); Het-
erotrophic production and DIC fixation: M. Celussi (OGS); Flow cytometry: A. Bariče-
vić (IRB), M. Celussi (OGS), M. Smodlaka Tanković (IRB); Epifluorescencemicroscopy:
S. Maggiore (UNITS), V. Manna (OGS-UNITS); Microplankton collection, phytodetritus
generation and characterization: F. Cerino (OGS); Chlorophyll a: M. Celussi (OGS); Dis-
solved and Particulate organic carbon: F. Relitti (OGS); Molecular and bioinformatic
analyses: E. Banchi (OGS), F. De Pascale (UNIPD), V. Manna (OGS-UNITS), R. Schiavon
(UNIPD), A. Vezzi (UNIPD).
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D
Supplementary Material to Chapter 5

Text, tables and figures in this Appendix are adapted from the supplementary material to: Modulation
of hydrolytic profiles of cell-bound and cell-free exoenzymes in Antarctic marine bacterial isolates.
Manna, V., Del Negro, P., Celussi, M., 2019. Advances in Oceanography and Limnology, 10, 32–43.
https://doi.org/10.4081/aiol.2019.8240
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D. Supplementary Material to Chapter 5

D.1. Supplementary figure

Figure D.1: Cell-specific enzyme activities at dexp of 5 exoenzyme obtained from 7 marine bac-
teria isolates. Error bars represent the standard deviation of three analytical replicates. BGLU= β-
glucosidase, AP= alkaline phosphatase, LIP= lipase, CHIT= chitinase, AMA= leucine amino-peptidase.

D.2. Data sources
Analytical procedures utilized to generate the data used in 5 have been carried out by
the following laboratories or people: Bacterial isolation: M. Celussi (OGS), P. Del Ne-
gro (OGS), V. Manna (OGS-UNITS). Microplankton collection and phytodetritus gener-
ation: F. Cerino (OGS). Molecular analyses: M. Celussi (OGS), V. Manna (OGS-UNITS).
Exoenzymatic essays, epifluorescence microscopy, flow cytometry: V. Manna (OGS-
UNITS).
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