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Scientific Significance Statement

Marine heterotrophic prokaryotes (HP) generate copious amounts of dissolved organic matter (DOM).
Some of this DOM is recalcitrant to biological degradation and can persist in the ocean for millennia.
This carbon sequestration mechanism is called the microbial carbon pump (MCP). The factors
controlling the strength of the MCP are still poorly understood. Phosphorus (P) limitation is a common
condition in the ocean that can influence HP growth and metabolism. We addressed here the question
of whether P-limitation affects the quantity and quality of DOM released by HP. We found no effect of
P-limitation on HP-derived DOM net quantity. However, using fluorescence spectroscopy, we
demonstrated that P-limitation altered DOM composition with an increase in humic-like compounds.
Our study provides experimental evidence that P availability plays an important role in shaping the
chemical composition of HP-derived DOM. Our results have implications for the fate of HP-derived
DOM in the ocean, suggesting that P-limitation is a key driver of the MCP.

Data availability statement

Data and metadata are available in the Dryad repository at https://doi.org/10.5061/dryad.xsj3tx9h4

The PARAFAC model is available in the OpenFluor Database at http://openfluor.org

Abstract

We determined phosphorus (P) limitation effect on the quantity and quality of dissolved organic matter
(DOM) released by heterotrophic prokaryotes (HP). We grew 2 single bacterial strains from different
lifestyles, the copiotrophic Photobacterium angustum and the oligotrophic Sphingopyxis alaskensis,
and natural HP communities collected in fall and spring from the Mediterranean Sea, on glucose under
2 treatments: P-replete vs. P-limiting. DOM release by HP comprised up to 30 % of the initial carbon
provided for growth. P availability influenced carbon allocation to different cellular processes
(respiration vs. growth), but did not significantly affect the net quantity of DOM released by HP.
However, using fluorescence spectroscopy, we demonstrated an effect of P-limitation on DOM quality,
with a predominance of humic-like compounds under P-limitation but protein-like compounds under
P-repletion. Our results suggest that P-limitation could determine the fate of HP-derived DOM in the
ocean, thus affecting the microbial carbon pump.

Keywords

Dissolved organic matter, phosphorus limitation, heterotrophic prokaryotes, fluorescent dissolved
organic matter.
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Introduction

Dissolved organic matter (DOM) is the dominant pool of reduced carbon in the ocean. DOM covers a
continuum of reactivity ranging from labile, with fast turnover, to recalcitrant DOM that persists for
millennia being thus a carbon sequestration mechanism (Hansell, 2013). Heterotrophic prokaryotes
(HP) are important drivers of DOM biogeochemical cycling in the ocean (Nagata, 2008). They process
about half of the carbon fixed by primary producers (Cole, et al., 1988), converting it into CO;
(respiration) and new biomass (production). The fraction of carbon converted into new biomass, defined
as the prokaryotic growth efficiency (PGE), is crucial for estimating carbon fluxes in the ocean (del
Giorgio & Cole, 1998). But HP also release a myriad of DOM compounds, part of which can be
recalcitrant and thus be stored in the ocean (Ogawa, 2001; Gruber et al., 2006; Lgnborg et al., 2009;
Lechtenfeld et al., 2015; Osterholz et al., 2015). This process, termed the microbial carbon pump (Jiao
et al., 2010), may be an important carbon sequestration mechanism.

In recent years, different fractions of this HP-derived DOM (HP-DOM) have been characterized, e.g.
amino acids concentration (Daoud & Tremblay, 2019), molecular signature (Lechtenfeld et al. 2015;
Koch et al. 2014) and fluorescence properties (Shimotori et al., 2009). This last technique has allowed
characterizing HP-DOM quality (Rochelle-Newall and Fisher 2002; Kramer and Herndl 2004;
Shimotori et al., 2009) and has revealed differences in fluorescent DOM (FDOM) related to the
taxonomy of the producing HP (Shimotori et al., 2012; Goto et al., 2020; Ortega-Retuerta et al., 2021).
Yet, the reason why FDOM is released and its relation to environmental factors has been scantly studied.
HP can release DOM as a direct by-product of their biosynthesis and growth (Kawasaki and Benner
2006) or by the imbalance between their anabolism and catabolism (Carlson et al.,2007). Viral lysis
and sloppy grazing by protozoans can also release DOM from HP (Middelboe & Jargensen, 2006;
Nagata, 2000) and alter its composition (Gruber et al., 2006; Heinrichs et al., 2022).

However, many molecules can also be released for specific needs including competition (antibiotics),
communication, nutrient acquisition (siderophores, ectoenzymes) (Kujawinski 2011; Carlson 2002).
Therefore, the quantity and chemical nature of HP-DOM could differ as a function of environmental
conditions such as nutrient availability. Phosphatase synthesis, for instance, is highly influenced by

phosphorus (P) limitation (Romano et al., 2015). Although P-limitation for HP is a dominant condition
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in the ocean (Wu et al., 2000; Obernosterer et al., 2003; Lazzari et al., 2016), its effect on HP-DOM
guantity and chemical composition is unclear (e.g. Thompson & Cotner, 2020). For example, Romano
et al. (2014), looking at solid-phase extracted DOM, showed changes in bacterial metabolomes induced
by P-limitation, with an increase in phenolic and polyphenolic compounds. Therefore, we hypothesize
that P availability would have an effect on DOM quantity and quality.

To test this hypothesis, we addressed two main questions: (i) Does P-limitation affect the quantity of

DOM released by HP? (ii) Do the fluorescence properties of HP-DOM depend on P availability?

Material and methods

Experimental design

To test the effect of P-limitation on HP-DOM, we performed 4 experiments using 2 model bacterial
strains and 2 natural HP communities.

The two bacterial strains were obtained from the “Laboratoire Arago culture collection”:
Photobacterium angustum S14, a copiotrophic Gammaproteobacterium isolated from coastal waters
(Botany Bay, Australia) (Lauro et al., 2009) ; and Sphingopyxis alaskensis RB2256, an oligotrophic
Alphaproteobacterium isolated from North Pacific waters (Eguchi et al., 2001). They were chosen
based on their capacity to grow on glucose, the availability of their genome sequenced, and the ample
experience culturing them at our laboratory (e.g. Koedooder et al., 2018; Matallana-Surget etal., 2012).
Initially preserved in glycerol (33% final concentration) at -80 °C, they were thawed and 2 consecutive
acclimation steps (strains inoculated in fresh media, dilution 1:1000) were performed prior to
experiments to minimize glycerol presence in the final incubations.

The natural HP communities were collected from surface waters of a coastal site located in the NW
Mediterranean Sea (SOLA, 42°29'300 N — 03°08°700 E) at 2 different seasons, fall (November 2020)
and spring (May 2021), referred to as SOLA-fall and SOLA-spring experiments respectively. Water
was prefiltered, immediately after sampling, by 0.8 um and then cells were concentrated from ~3000

mL to ~40 mL by filtering through 0.2 um filters to allow low inoculum volume, minimizing thus
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nutrient and DOM supply from seawater to the media. The natural communities were then directly
inoculated in the experimental media (dilution 1:1000).

Both strains and communities were grown separately on minimum media (Fegatella et al., 1998)
consisting of artificial sea water (composition in Table S1) with glucose as a sole carbon (C) source (~
200 umolC L1), nitrogen as NH4Cl (~ 40 umol L?), P as NaHPQ,, trace metals and vitamins. Two
experimental treatments were considered, termed “balanced” and “unbalanced”, by changing the initial
P concentration in the media. In the “balanced” treatment, P was added at an initial concentration of ~
4.4 umol L?, thus inorganic nutrients were at a C:N:P ratio of 45:9:1, mimicking the internal
stoichiometry of HP cells (Goldman et al. 1987). In the “unbalanced” treatment, P was added at an
initial concentration of ~ 0.53 pmol L, so C:N:P ratios were at ~ 374:75:1, similar to the mean C:P
ratio of bulk DOM in the surface ocean (Hopkinson & Vallino, 2005).

Culture media were inoculated at an initial cell abundance of 0.5 to 9 x10* cells mL™ for the strains and
of 0.4 to 2 x10* cells mL™ for the natural communities. Two contamination controls per treatment (i.e.
culture media with no cell inoculum) were also incubated in parallel. Incubations were set up in
combusted (5 hours at 450 °C) 500 mL glass bottles, in triplicate (except for S. alaskensis, 4 replicates)
at 25 °C in the dark and shaken at 100 rpm.

Cell growth was determined by flow cytometry (See Supporting Information) and experiments were
conducted until the stationary phase was reached.

To quantify and characterize the HP-DOM, samples were taken at the beginning of the experiment (To),
and in the stationary phase (Tf). At To, samples for HP-DOM were directly taken from the cultures
while at Ty samples were collected after filtering the cultures twice onto pre-rinsed 0.2 pm
polycarbonate filters using pre-combusted all-glass vacuum filtration unit (Millipore). Negligible DOM
leaching from the polycarbonate filters was previously tested (data not shown). The double filtration

procedure ensured minimal cell presence in the filtrates (< 2 % of the abundance before filtration).

Chemical analyses



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

Samples for dissolved organic carbon (DOC) were acidified and stored in the dark at room temperature
until analysis by temperature catalytic oxidation technique (Benner & Strom, 1993). Glucose was
quantified as umol L of carbon equivalent (C-glucose) based on an adapted colorimetric method
(Myklestad et al. 1997). Inorganic nutrients (NH4*, NOs", NO2, POs*) were also measured. Detailed

chemical analyses are provided in Supporting Information.

FDOM measurement

FDOM samples were analyzed within few hours upon sampling. Excitation emission matrices (EEMSs)
were recorded using a JASCO FP-85000 Spectrofluorimeter in a 10 mm quartz cell at scan speed of
5000 nm min't. Excitation scans ranged between 240 to 450 nm at 5 nm intervals and emission scans
were recorded between 300 to 560 nm at 2 nm intervals. MilliQ EEM blanks were recorded in every
batch of analysis. Fluorescence intensities were reported in Raman units (RU) obtained by dividing the
fluorescence units by the MilliQ blank peak area (Raman scatter) excited at 350 nm. EEMs were
measured for all replicates except in SOLA-fall experiment where only one EEM per treatment was

recorded (See supporting information).

Data analyses

Growth rates were calculated as the slope of the In-transformed cell abundances over time. The
prokaryotic growth efficiency was determined as the increase of biomass from the lag phase to the
maximum growth reached, divided by the decrease of C-glucose between T, and Tt following this
equation:

PGE (%) = A biomass (umol L™1) < 100
A C-glucose (umol L™1)

where biomass was obtained using specific cell to biomass conversion factors for each experiment

(Table S2).
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HP-DOM release was quantified as the difference between the concentration of C-glucose remaining
at the end of the experiment and bulk DOC concentration (DOC excess) as follows. Our calculation
assumes that HP did not release carbon as glucose and other monosaccharides during the incubation.
HP-DOM (umol L-1) =DOC¢ (umol L-1) - C-glucose (umol L-1)

To better understand FDOM characteristics, EEMs were separated into distinct components using
parallel factor analysis (PARAFAC) under the drEEM toolbox in MATLAB (Murphy et al., 2013). A
6-component model (Table S3, Fig S2) was validated and associated to identified components in
previous studies published in the OpenFluor database (Detailed method in Supporting information).
Differences in biological and chemical parameters between the experimental treatments were tested by
one-way analysis of variance (ANOVA) and post-hoc Tukey tests.

We performed linear regression analysis between the FDOM components and the HP growth rates,
pooling data from all experiments. A correspondence analysis (CA) was applied to the identified
components and their maximum intensity for each experiment. Statistics were performed using R 3.6.1

(R Core Team, 2019) and the FactoMineR (v.2.3; Lé et al., 2008) package.

Results

Heterotrophic prokaryotic growth

Independent of nutrient regime, P. angustum and SOLA-fall grew fast, reaching the stationary phase
after 30 h of incubation (Fig. 1a, c), while SOLA-spring only plateaued after 60 h of incubations (Fig.
1d). S. alaskensis grew slower and reached the stationary phase after about 100 h (Fig. 1b). In the
contamination controls, cell numbers remained < 16 x10* cells mL™. The maximum cell abundance
reached was always higher in the balanced than in the unbalanced treatments (P. angustum, p-value
<0.05; S. alaskensis, SOLA-fall and SOLA-spring, p-value <0.001). P-limitation did not affect the
growth rates in any of the incubations (Table 1), but S. alaskensis grew significantly slower than P.

angustum and the natural HP communities (p-value <0.001). In the unbalanced (P-limited) treatments,
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PGE was always significantly lower than in the balanced treatments (Table 1, P. angustum, p-value

<0.05; S. alaskensis p-value <0.001; SOLA-fall p-value <0.001; SOLA-spring, p-value <0.01).

HP-DOM quantity

At the end of the incubations, 1.8 to 23.4 umol L* of initial C-glucose remained, while DOC
concentrations ranged between 18.2-64.6 umol L (Table S4). The single strains released between 50.5
to 60.2 pmol C L, corresponding to 20 - 30 % of initial C-glucose (Table 1). For the natural HP
communities, DOC release ranged between 5.3 and 43.2 umol L (3 - 18 % of initial C-glucose), which
is significantly lower than the release by the strains (p-values <0.05). P-limitation did not significantly

affect the net quantity of HP-DOM (Table 1).

HP-DOM fluorescence quality

FDOM signals were negligible at the onset of the experiments, but these were markedly noticeable at
Tt (Fig S1). Thus, we considered this fluorescence as derived from HP. The fluorescent signal at T+ was
decomposed into 6 fluorescence components with distinct properties (Fig S2; Table S3): Cas (eX
275/em 340, protein-like DOM); Caso (ex 270 (385)/em 460, fulvic-like DOM); Csss (ex 290/em 354,
protein- or phenolic-like DOM); Csgs (ex 315/em 398, microbial humic-like DOM); Caso (ex 340
(265)/em 440, humic-like DOM); and Ca24 (ex 250/em 424, humic-like DOM).

The DOM released by P. angustum and HP communities SOLA-fall and SOLA-spring was enriched in
protein-like Csa0 and humic-like Ca24 components, in contrast to S. alaskensis that rather released DOM
enriched in humic-like Css0 and Cszes cOmponents, as shown by the CA (Fig. 2).

EEMs in the unbalanced treatment showed a more humic-like signature (except SOLA-spring, Fig 3a).
DOM released under balanced conditions was significantly enriched in the protein-like component Caao,
compared to unbalanced, in all experiments except for S. alaskensis (Fig. 3b). Conversely, we detected
higher microbial humic-like Csgg in the unbalanced treatment in both single strains and SOLA-fall, but

not in SOLA-spring (Fig. 3d). Humic-like components Cago and Caso Were equally released under both
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treatments (p-value > 0.05) in all experiments (Table S5). The humic-like C424 was not different among
treatments in P. angustum and SOLA-spring and not detected in the balanced treatments for both S.
alaskensis and SOLA-fall (Table S5).

The protein-like Css0 showed a significant (p-value <0.01) and positive relationship to the growth rates
under P-repletion (Fig. 4a) but this relationship was not evidenced under P-limitation (Fig. 4b).
Conversely, the humic-like components Cago and Csgg Were negatively related to the growth rates in
both treatments (p-value <0.01 and p-value <0.05 respectively). The other components were not

significantly related to growth rates (Table S6).

Discussion

In this study, using 2 marine bacterial strains with contrasting lifestyles and 2 natural HP communities
from different seasons, we showed that P-limitation influences the quality of HP-DOM, but not the net
guantity released to the media. In addition, under P-replete conditions, the quality of the released FDOM
was related to the growth rates.

Significant amounts of DOM were released in all experiments regardless of the nutrient condition, in
line with previous studies showing that HP can be an important DOM source (Gruber et al., 2006; Koch
et al., 2014; Ogawa, 2001; Ortega-Retuerta et al., 2021). Interestingly, DOM released by natural HP
communities was lower than DOM released by the 2 single strains. This could be due to trophic
cooperation in mixed communities (mainly SOLA-fall), i.e. DOM released by some taxa can be
consumed by others within the community (Fritts et al., 2021). Contrary to the single strains, natural
communities appeared to be less well adapted to efficiently uptake glucose (Table S4), also suggested
by (Lgnborg et al., 2019). We cannot exclude that in the mixed communities, viral lysis could contribute
to some extent releasing back some glucose and monosaccharides to the media.

P-limitation did not induce an increase in the net HP-DOM released during our experiments. However,
DOM release per biomass unit tended to be higher (although non-significant) in the unbalanced
treatments in single strain experiments (Fig S3). In line with this, a previous study by Thompson &

Cotner (2020) showed higher DOM release at high media C:P ratios (P-limitation) for bacteria with
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strong internal elemental homeostasis. In the case of the mixed natural communities, this trend was not
clear especially since the HP-DOM release was much lower.

In the present study, growth efficiencies were also lower under P-limitation while the amount of glucose
consumed was similar between treatments in all experiments (Table S4). Since no significantly higher
DOM was released (although visible in some experiments, Fig S3), this suggests that under P-limitation
a higher proportion of the initial C-glucose was respired instead of being incorporated into biomass.
This is in line with previous studies showing an enhanced growth efficiency when P is available
(Guillemette & del Giorgio, 2012; Smith & Prairie, 2004). Together, these results suggest that the effect
of P-limitation on HP-DOM release is complex and could vary among microbial taxa depending on
their metabolic strategies or on the presence of cooperation processes in the case of mixed communities.
Even though HP-DOM quantity was similar among treatments, the FDOM fingerprints hint towards
different HP-DOM chemical composition driven by P (Fig. 3). The microbial humic-like fluorescence
(Csgs), which increased in the P limited treatments of the strains and the natural community from fall,
has been used as a marker for microbially derived recalcitrant DOM in the ocean (Catald et al., 2015;
Yamashita & Tanoue, 2008). Our results thus suggest that P-limitation promotes the release of more
presumably recalcitrant FDOM by HP. A possible explanation for this is the adaptation strategies of the
cells to P depletion. To reduce their P requirements, heterotrophic bacteria can substitute P-containing
lipids by P-free lipids in the cellular membrane (Chan et al., 2012; Sebastian et al., 2016). It has also
been observed that nutrient limitation, namely P, in the presence of excess glucose, leads to the
excretion of “overflow-metabolites’’, i.e. intermediary metabolites resulting from alternative metabolic
pathways used to reduce the involvement of the limiting nutrient (Kramer, 1994; Neijssel & Tempest,
1975). We can speculate that the compounds released through these adaptive metabolic pathways have
a distinct fluorescence signature, likely similar to humic-like fluorescence.

Interestingly, the natural community from spring did not follow this trend. A different community
composition between seasons (Lambert et al., 2019) could explain this different response, since
different prokaryotic taxa have contrasting responses to P-limitation (Sebastian and Gasol 2013) .

In contrast, the protein-like fluorescence signal was generally higher under balanced growth and

decreased with P-limitation. In line with our result, Romano et al. (2014) showed that under P-surplus

10
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conditions, peptides were one of the main secreted compounds by Pseudovibrio sp. FO-BEGL.
However, this was not the case for S. alaskensis, showing overall a low protein-like signature that
increased under P-limitation. S. alaskensis, a model oligotroph (Cavicchioli et al., 2003), presents low
growth rates, while P. angustum and natural HP communities grew faster. As confirmed in our study,
the release of protein-like FDOM under P-repletion is related to growth rates. This emphasizes the role
of the different growth strategies between the considered HP, in agreement with (Weissman et al., 2021)
who demonstrated that gene families involved in rapid protein production were overrepresented in
genomes of fast-growing copiotrophs relative to slow-growing oligotrophs. In the other hand, growth
rates did not significantly vary between conditions while protein-like fluorescence changed, indicating
that growth rate is not the only predictor of protein-like release. Indeed, P-limitation also affects
secondary metabolism of marine bacteria (e.g. Martin, 2004; Romano et al., 2015). This latter study
(and references within) detected several proteins potentially involved in oxidative stress response and
antibiotic production. It is likely that bacteria invest more in stress coping metabolism than in growth
when P starved and this could explain the uncoupling of growth and protein-like FDOM release under

P-limitation.

Conclusion

We could demonstrate that P-limitation plays an important role in HP-DOM release, leading to a relative
increase in the likely recalcitrant (based on previous evidences) humic-like FDOM with a decrease in
the presumably labile protein-like. We hypothesize that P availability would thus play an important role
shaping the microbial carbon pump. Further work is needed to confirm the influence of P-limitation on

the bioavailability of HP-derived DOM.
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Tables

Table 1 Growth parameters and DOM quantification in all experiments: Prokaryotic growth efficiency
PGE (mean + standard deviation), growth rate (mean + standard deviation), heterotrophic prokaryotic
DOM (HP-DOM) net quantity (mean * standard deviation), percentage of initial C-glucose released
as HP-DOM. Letters indicate significant differences, n.d. = non-determined.

Figures

Fig. 1 Changes in cell abundance in P. angustum (a), S. alaskensis (b), SOLA-fall (c), and SOLA-spring
(d) experiments. Dots represent the experimental replicates and lines represent mean cell abundances.
Note the different scales for x and y axes.

Fig. 2 Biplot of the first 2 axes of correspondence analysis (CA) performed on the PARAFAC
components, each dot representing an experimental replicate (See material and methods and
Supporting information for details on replicates). Csao: protein-like; Caeo: fulvic like; Cssa: protein-
/phenolic-like; Csog: microbial humic-like; Caao: terrestrial humic-like; Caza: humic-like.

Fig. 3 FDOM characterisation at Tr. EEMs contour plots at Tt (only one out of the replicates is shown)
(). Red labels show modelled component location, only primary excitation peak is considered. Note
the difference in colormap scale. FDOM Maximum fluorescence intensities of Protein-like Caao
component (c¢) and microbial humic-like Csss component (d) at T in the different experimental
treatments. Dots represent replicates (See material and methods and Supporting information for details
on replicates).

Fig. 4 Linear regression between the protein-like component Css and growth rate in (a) balanced
treatment and (b) unbalanced treatment. Dots represent replicates (See material and methods and
Supporting information for details on replicates).
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Tables

Table 2 Growth parameters and DOM quantification in all experiments: Prokaryotic growth
efficiency PGE (mean + standard deviation), growth rate (mean * standard deviation), heterotrophic
prokaryotic DOM (HP-DOM) net quantity (mean + standard deviation), percentage of initial C-
glucose released as HP-DOM. Letters indicate significant differences, n.d. = non-determined.

% to initial
C-Glucose

HP-DOM

mol L1

Experiment- Growth rate
Treatment ht
P. angustum
Balanced 0.480 + 0.0392
Unbalanced 0.418 £ 0.0422
S. alaskensis
Balanced 0.093 + 0.0022
Unbalanced 0.085 £ 0.0032
SOLA-fall
Balanced 0.500 + 0.035?
Unbalanced 0.475+£0.0282
SOLA-spring
Balanced 0.221 +0.082
Unbalanced 0.179 £0.0972

21.94+0.27¢
16.15+0.31°

3482+1.64%
12.02+0.69 ©

23.06 + 3.532
9.19+0.18°

10.51+3.22¢
4.04+0.20"

50.5+18.32
60.2+44.9°

524 +8.12
52.1+13.82

18.2+4.8¢%
53 +55°

432 +155
n.d.

21+ 7%

30 +23%

28 £ 4%
23 6%

10 + 3%
3+3%

18 + 7%
n.d.
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Figures
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Fig. 5 Changes in cell abundance in P. angustum (a), S. alaskensis (b), SOLA-fall (c), and SOLA-
spring (d) experiments. Dots represent the experimental replicates and lines represent mean cell

abundances. Note the different scales for x and y axes.
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Fig. 6 Biplot of the first 2 axes of correspondence analysis (CA) performed on the PARAFAC
components, each dot representing an experimental replicate (See material and methods and

> e
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Supporting information for details on replicates). Csao: protein-like; Caeo: fulvic like; Cssa: protein-

/phenolic-like; Cags: microbial humic-like; Caso: terrestrial humic-like; Cazs: humic-like.

24



P. angustum

§ 700 & 4.00
T © x 3.00
< 2 500 4 250 ¢
é 399250 300 350 400 450250 300 350 400 450 £ . a |200{ g
E 006 o
oo £©
£ 08 220 & 6.00
g, 002 S 1.80 5.00
; g PP 4.00
300 W _ 0 : 4 1300 g
250300350400450250300350400450 o
1.00 2.00
8 {
0.06 am Sis
U nS!
2 500 P.ang"s & Has¥®
& 0.04
J 4
8 00 0.02
300 0

250 300 350 400 450 250 300 350 400 450
Excitation (nm)

eBAU

7.000 © 7.00
500 0
4.00 5.00
3.00 4.00
2.00 -4 __13.00

a 1.10
1.25 0.90
1.00 0.70
0.75 0.50¢

(<]
SOLP"fa“

A
\}_spf\ng

Caao

Cags

)

Fig. 7 FDOM characterisation at Tr. EEMSs contour plots at T (only one out of the replicates is
shown) (a). Red labels show modelled component location, only primary excitation peak is
considered. Note the difference in colormap scale. FDOM Maximum fluorescence intensities of
Protein-like Cas component (c) and microbial humic-like Csgss component (d) at Tt in the different
experimental treatments. Dots represent replicates (See material and methods and Supporting

information for details on replicates).
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Fig. 8 Linear regression between the protein-like component C340 and growth rate in (a) balanced
treatment and (b) unbalanced treatment. Dots represent replicates (See material and methods and
Supporting information for details on replicates).



Supporting Information

Supplementary material and methods

Heterotrophic prokaryotes abundance

HP growth was followed by flow cytometry using a Beckman CytoFLEX bench instrument. 500 pL
samples were fixed with glutaraldehyde (0.5 % final concentration) and preserved at -80 °C prior to
analysis. Just before analysis samples were thawed and stained with SYBR Green (0.025% (v/v) final
concentration) and fluorescent beads (1um) were added as an internal standard. Samples were run at
medium speed (30 pL.min) for 60 seconds. Prokaryotes were identified in plots of side scatter (SSC)

vs. green florescence (FITC).

Chemical analyses

Samples for dissolved organic carbon (DOC) concentration were taken into 10 mL pre-combusted glass
ampoules, acidified with 85 % H3PO4 to pH=2. The ampoules were flame-sealed and stored in the dark
at room temperature until analysis. DOC was analyzed using the high temperature catalytic oxidation
technique with a Shimadzu TOC-L analyzer (Benner and Strom 1993). Calibration curves were made
using an acetanilide solution (CsHsNO) and deep seawater standards (4445 umol C L™?), provided by
the Consensus Reference Material Hansell program (Univ. of Miami), were used to assess the accuracy
of the measurements.

Samples (200 pL) for dissolved glucose were stored in pre-combusted glass vials at -20 °C until
analysis. Glucose quantification was done based on an adapted colorimetric protocol from Myklestad
et al. (1997). The reagents were calibrated daily using a standard curve made of D-Glucose. MilliQ
water and artificial sea water blanks were ran in triplicate before and after each batch of samples.
Glucose concentrations were expressed as pmol L of carbon equivalent (C-glucose). This approach
detects not only glucose but also other dissolved monosaccharides.

Samples for inorganic nutrients (11 ml, NOs, NO2, and PO,*) were stored at -20 °C until analysis.

Quantification was done using segmented flow analyzer (Bran+Luebbe) with colorimetric detection

27



using methods described in Aminot and Kérouel (2007). The accuracy of the method was assessed
using reference material (Certipur, Merck). The precisions were in the range of 1-4%, and the detection
limits were 0.02 pmol L for NOs~, 0.01 umol L* for NO, and PO.*. NH4* (7 mL) samples were

collected into pre-rinsed tubes and analyzed freshly by fluorometry using a DeNovix QFX Fluorometer.

FDOM measurements

In addition to the EEMSs, 5 discrete excitation emission pairs were measured as described in (Coble,
2007), in all of the experimental replicates. These excitation emission pairs are: 280 nm/350 nm (peak
T) and 275 nm/310 nm (peak B) for tryptophan and tyrosine—like substances respectively; 250 nm/435
nm (peak A) for humic substances of different origins; 340 nm/440 nm (peak C) for terrestrial humic-
like; 320 nm/410 nm (peak M) for marine humic-like substances. In SOLA-fall experiment, we
recorded an EEM in only one randomly chosen replicate per treatment due to time constraints. In this
experiment, fluorescence measurements of the 5 discrete excitation and emission pairs showed

differences between triplicates from 0.1 to 16 %.

PARAFAC analysis method details

The data set used for PARAFAC modeling consisted of 113 EEMs, including 42 samples from the HP-
DOM release experiments, of which 21 were measured during the exponential growth phase (data not
shown), and 71 samples from HP-DOM degradation experiments conducted using the same HP-DOM
(data not shown). T, samples were not included (very low fluorescent signal, Fig S1).

Raman and Rayleigh scattering bands were excised from all the dataset and replaced with missing
values. Several models of 2-8 components were then fitted with a non-negative constraint using
‘outliertest’ function (drEEM Toolbox) in order to detect outlier samples and/or wavelengths. At this
step, noisy measurements at excitation 240 nm were removed from all EEMs, and one replicate from
SOLA-spring experiment (unbalanced treatment) was detected as an outlier and excluded. Based on
these preliminary models’ spectral properties, residuals and errors, the 6-component model was

determined to be the best fit for this dataset and explained 99.3% of the variance. A final 6-component

28



model was computed out of 50 random initializations with a convergence criterion of 10%. The model
was then split-half validated by dividing the dataset into 2 randomly selected halves as described by
(Murphy et al. 2013). All model’s components matched in all the splits with a Tucker Congruence
Coefficient (TCC) > 0.95 in the excitation and emission loadings. The final model was compared to
previously developed fluorescence DOM models on the OpenFluor database (Murphy et al. 2014). The
number of matches was restricted to a threshold of TCC > 0.96 for excitation and TCC > 0.97 for

emissions. All the components yielded several matching models allowing to describe their properties

(Table S3).
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Supplementary tables

Table S3 Minimum media composition

Salt Final concentration (g L)

NaCl
Na>SO4
KCI
KBr
H3BOs
NaF
MgCl2.H.0
CaCl;

SrCl;
NaHCO;
Metal
CuCl;.H.0
NiCl2.H,O
NaMOO,.2H,0
ZnS04.7H,0
MnCl,.4H,0
CoCl,.6H,0
FeEDTA
Vitamins
P-aminobenzoic acid
D-biotin
Folic Acid
D-pantothenic acid
Pyridoxal
Pyridoxamine
Pyridoxine
Riboflavin
Thiamine
D L-6,8-thioctic acid
Vitamin B12

Nicotinamide

24
4
0.68
0.1
0.025
0.002
10.8
15
0.024
0.2
Final concentration (ug L™?)
15x 10
25x 10
25x 103
70x 103
100 x 10
120 x 10°
0.068 uM C
Final concentration (nmol C L?)
2.6
0.8
1
2.5
0.9
4.8
5.2
2.4
0.9
1
2.8
3.2
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Table S4 Biomass conversion factors used for prokaryotes growth efficiencies calculation.
Conversion factors were chosen to account for the differences in cell size and life styles. For S.
alaskensis the fgC Cell™* was obtained by converting fgC um= to fgC Cell™ considering a cell volume
of 0.05 um? (Eguchi et al. 2001) and a volume to C content conversion factor of 380 fgC um=(Lee
and Fuhrman 1987). We chose a higher conversion factor for the copiotrophic P. angustum based on a
Vibrio C content estimate (Fagerbakke et al. 1996). Since our natural communities come from coastal
water, we used the conversion factor for coastal bacteria reported in literature (Fukuda et. al. 1998).

P. angustum 62 fgC Cell? (Fagerbakke et al. 1996)
Sg?_;ﬁgfi'r']g 30.2 fgC Cell? (Fukuda et al. 1998)

. 4 (Lee and Fuhrman 1987; Eguchi et
S. alaskensis 19 fgC Cell al. 2001)
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Table S3 Characteristics of the six components identified by PARAFAC analysis, ex = excitation and em = emission, examples of matching models for external
validation and components classification into known florescence types.

Examples of matching PARAFC models build in marine or

Fluorescence type Classification

Component Ex freshwater systems (OpenFluor) classification reference

Component ex/em Source and Reference

Coastal (Brym et al. 2014); g (Coble 2007;
Caao 275 340 gé g;gggi Boreal lakes (Lapierre and del Giorgio (Trprc:)elﬂalr:'_(ﬁke) Stedmon and
2014) yptop Markager 2005)
C2 270(380)/476 Estuary (Bittar et al. 2016); Fulvic-like and humic-
Caco Zivite) AL C5 260(385)/460 River (Gongalves-Araujo et al. 2015) like (G 2007,
Protein- or phenolic-like
C6 240/350 Streams (Osburn et al. 2018); ,
Csss 290 354 . related to processed (Catalan et al. 2021)
C4 248/355 Lake (Catal4 et al. 2016) humic-like material
. Marine/Microbial (‘YYamashita et al.
Cas 315 398 C3 240(310)/403 Estuary (Wang et al. 2020); humic-like 2008: Coble 2007)
Caso 340(265) 440 C3 350/428 Waste water” (Murphy et al. 2011) Te”es”'a('ch)“m'c"'ke (Coble 2007)
Boreal lakes (Lapierre and del Giorgio o .
C1 275/424 Humic-like from diverse
Ciza 250 424 C1 250 (295)/412 2014) origins (A) (Coble 2007)

Lake (Du et al. 2016)

“ Only one matching model
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deviation), percentage of C-glucose consumed and final DOC concentrations (mean * standard

1
2
3 Table S4 Initial and final C-glucose and inorganic nutrient concentrations (mean * standard
4
5  deviation) in the different treatments (B = Balanced, U= Unbalanced), n.d.=not determined.

: C-glucose
: C-glucose PO4? :

Experiment- umol L umol L consumption
Treatment
P. angustum
B 2426  2.8+3.2 353 19.8+0.7 451 2.16+0.03 99.1 218.7 52.6 £14.1
U 1979  4.3+1.3 334 23604 0.91 0.31+0.40 97.8 221.9 64.6 £45.0
S. alaskensis
B 185.1  1.8+1.7 30.1 8.8+0.6 4.49 2.84+0.11 99.0 247.5 53.2+5.2
U 2239  9.4+49.2 328 12.0+05 0.68 0.18+0.21 95.8 2715 57.7+6.7
SOLA-fall
B 1746 125+183 352 21.1+10 451 1.87+0.17 92.8 164.9 18.2+1.0
U 2004 234+30 36.0 24.8+0.8 0.59 0.06+0.03 88.3 162 28.6+1.3
SOLA-spring
B 2459 18.2+54 316 16.6+09  4.27 2.20+0.16 92.6 214.8 61.4 £19.0
U 2475 225453 327 214404  0.63 0.06+0.03 90.9 2245 n.d.”

6 " Two out of 3 replicates showed unexpected values (> 200 pmol L) and suspected to be DOC

7  contaminated and thus SOLA-spring U DOC values were not considered.

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23
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24  Table S5 Maximum fluorescence intensities of all components at Tf in the different treatments (B =
25  Balanced, U= Unbalanced). Values are expressed in (x10 RU)

Eé?)?:;: :?i?)?’lt- Cauo Caeo Cass Caos Cuaao Cuaa
P. angustum
B 6.76 £ 0.57*  0.86%+0.33 1.27 £0.142 0.88°+0.14 0.75+0.36% 1.15+0.472
U 474 +0.35°  0.89%+0.40 0.00 + 0.00? 1.60°+0.48 0.96 £ 0.65% 0.76 £ 0.872
S. alaskensis
B 217 +0.27*  4.50*+0.16 0.11 +0.08? 256°+0.67 1.02+0.11° 0.00 £ 0.00?
U 3.86+0.33" 4.24°+038 10.63+17.49* 565°+0.20 0.84 +0.10° 0.18 £ 0.15?
SOLA-fall
B 7.08 xn.d 0.45°+n.d 0.20 £ n.d 0.56 £ n.d 0.29 £ n.d 0.00+nd
U 214 +nd 0.53*+n.d 0.01£nd 143 +nd 0.37 £n.d 0.31+nd
SOLA-spring
B 6.29+1.072 0.532+0.58 0.19+0.16° 0.72°+0.36  0.55+0.28? 0.89 + 0.342
U 3.28+0.22° 0.592+0.10 0.28 + 0.022 0.48*+0.19 0.37x0.072 0.15+0.03?
26

27  Table S6 Results of linear regression analysis between maximum fluorescence of the different FDOM
28  components and growth rate in the different experimental treatments (B = Balanced, U= Unbalanced).

Component  Treatment Equation

Cuso B y=0.4-6.7 x
U y=04-76X

Casa B y=02+26.6X
U y=03-0.6x

Caos B y=04-12.0x
U y=04-54x

Caso B y=0.4-235x
U y=02+16x

Caza B y=0.2+16.9x
U y=02+17.2x

p-value
0.009

0.005

0.003

0.3

0.02

0.02

0.2

0.9

0.06

0.1

r2

0.55

0.65

0.65 35
36

0.16 37
38

0.46

0.53

0.19 -
a4

0.0013 45

0.33

0.25

49
50

51
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Fig S1 EEMs contour plots at To and T (only one out of the replicates is shown): (a) P. angustum, (b)
S. alaskensis, (c) SOLA-fall, (d) SOLA-spring. Red labels show modelled component location, only
primary excitation peak is considered. Note the difference in colormap scale.
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Fig S2 PARAFAC model results showing fluorescence fingerprint of six components (upper panel)
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Fig S3 Dissolved organic matter release at the end of the experiment expressed as DOC

concentration per unit of integrated biomass (To to Tr) in all experiments. Hinges correspond to
median, first and third quartiles. Whiskers extended from hinges to the smallest and largest values (no

further than 1.5 * IQR from the hinge, where IQR is the inter-quartile range. No significant
difference between balanced an unbalanced over all experiments (ANOVA, p-value >0.1).
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