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Quantifying the contribution of marine microorganisms to carbon and nitrogen
cycles and their response to predicted ocean warming is one of the main challenges
of microbial oceanography. Here we present a single-cell NanoSIMS isotope
analysis to quantify C and N uptake by free-living and attached phytoplankton
and heterotrophic bacteria, and their response to short-term experimental
warming of 4°C. Elevated temperature increased total C fixation by over 50%, a
small but significant fraction of which was transferred to heterotrophs within 12
hours. Cell to cell attachment doubled secondary C uptake by heterotrophic
bacteria and increased secondary N incorporation by autotrophs by 68%.
Warming also increased the abundance of phytoplankton with attached
heterotrophs by 80%, and promoted C transfer from phytoplankton to bacteria by
17% and N transfer from bacteria to phytoplankton by 50%. Our results indicate
that phytoplankton-bacteria attachment provides an ecological advantage for
nutrient incorporation, suggesting a mutualistic relationship that appears to be

enhanced by temperature increases.

Introduction

The oceans cover 70% of our planet and play a key role in the global C cycle through
CO; exchanges with the atmosphere and organic C transformations within marine food
webs. In the upper ocean, single-celled cyanobacteria and eukaryotic algae, collectively
known as phytoplankton, fix inorganic C and partly release it as dissolved organic
carbon (DOC), feeding heterotrophic bacteria through the microbial food web. A critical
but often overlooked characteristic of these ecosystems is the interaction between these
two major components that dominate the biogeochemical cycles of C and N in the upper
oceans (Azam and Malfati, 2007). In surface waters, heterotrophic bacterial biomass
production (BP) depend on the availability of labile DOC, a large part of which is
ultimately phytoplankton derived (Sarmiento et al., 2010). At the same time, bacteria
sustain algal growth by providing substrates such as remineralized nutrients or vitamins
(Croft et al., 2005; Amin ef al., 2012). The transfer of C from phytoplankton to bacteria
may occur through two different strategies: as free-living cells that incorporate DOC
previously released by autotrophs to the surrounding water, and through physical
attachment (Grossart et al., 2007; Mevel et al., 2008), where bacteria are in contact with

their main sources of fresh DOC. Due to the physical, direct interaction between



bacteria and phytoplankton cells, the attachment strategy could provide both
components with an ecological advantage compared to their free-living counterparts
(Rooney-Varga et al., 2005; Grossart et al., 2007a; Grossart et al., 2007b). Indeed, it has
been recently observed that symbiotic relationships between cyanobacteria and
microalgae through attachment are key strategies for C and N exchange between them

(Thompson et al., 2012; Cornejo-Castillo et al., 2016).

According to climate models, a sea surface temperature increase as high as 6.4°C may
occur by the end of this century (Meehl et al., 2007), likely modifying oceanic C fluxes
(Sarmiento et al., 2004). Raised temperature impacts on microbial food webs may
include increases in bacterial abundances (Moran et al., 2015) and changes in DOC use
(Sarmento ef al., 2010; Duarte et al., 2013) ultimately resulting in increased bacterial
production and respiration (Vazquez-Dominguez et al., 2007; Lopez-Urrutia and Moran
2007). It has been suggested that warming may also induce a stronger coupling between
bacteria and phytoplankton (von Scheibner ef al., 2014). Important questions include
whether warming will promote higher bacterial incorporation of phytoplankton-derived
DOC, and whether physical interactions through attachment may impact the magnitude
of this coupling. As productivity of attached bacteria may be an order of magnitude
higher than free-living cells (Azam and Long, 2001), distinguishing between these two
ecological strategies is necessary to accurately quantify bacterial C fluxes. However,
traditional methodologies such as bulk productivity measurements are problematic for
resolving C incorporation by attached cells, and in general the study of attached bacteria
in aquatic ecosystems remains a challenge (Simon et al., 2002). The rise of single-cell
approaches (Wagner, 2009) now allows the study of microscale processes such as those
that occur in the phycosphere, 1.e. the surface of algal cells and the thin layer that
surrounds it (Bell and Mitchell, 1972), where compounds can be transported by
diffusion allowing direct exchange between cells (Lazier and Mann, 1989). While thus
far bacteria-phytoplankton interactions through attachment have been described mostly
between heterotrophic bacteria and microphytoplankton cells such as diatoms or
dinoflagellates (Amin ef al., 2012), the magnitude of bacterial attachment to smaller
nano- and picophytoplankton, the most abundant autotrophs in the ocean (Stockner,
1988; Magazzu and Decembrini, 1995; Marafion et al., 2001), remains unclear. Even
though picophytoplankton may be too small to be detectable by membrane

chemosensory mechanism by heterotrophic bacteria (Jackson, 1987), some work has



shown that pico and nanophytoplankton are also susceptible to colonization by

heterotrophic bacteria (Salomon et al., 2003; Eiler ef al., 2006).

Here we investigated the effect of warming (4°C over ambient) in a temperate
ecosystem on the cell-specific activities of marine heterotrophic and autotrophic cells
and the corresponding transfer of C and N between them. Seawater samples were
incubated at in situ and increased temperatures in the presence of stable isotope labeled
substrates. Using nanoscale secondary ion mass spectrometry (NanoSIMS), we
quantified the C and N uptake by free-living cells as well as phytoplankton-bacteria
consortia, defined here as bacteria physically attached to phytoplankton.



Material and Methods

Sample collection and water incubations. Seawater samples were taken on April 2013
off the west coast of Gijon/Xixon, northern Spain (Southern Bay of Biscay; latitude 43°
40' 12" / 43.67°N longitude 5° 34' 48" / 5.58°W). Seawater was pre-filtered by 200 um
to remove mesozooplankton. Samples were collected at noon and transported to the
laboratory in 20 L polycarbonate bottles (Nalgene) within 6 hours. Six transparent 4 L
polycarbonate bottles (Nalgene) were filled with 2 L of the sampled water and placed in
a controlled temperature incubator, 3 at 12.5°C (ambient) and 3 at 16.5°C (+4°C). All
bottles were incubated under saturating irradiance (ca. 150 umol photons m™ s™")
(Moran and Scharek, 2015) with a 13:11 light:dark period. After the samples were
placed in the incubators, the water was acclimated for 12 hours until the next morning.
After the acclimation period, 200 mL of each bottle were transferred to Pyrex glass
bottles, where we added 0.1 mmol L' of *C-bicarbonate (99 atom% '*C, Cambridge
Isotopes, equivalent to 5% ">C after dilution by ambient CO,) and 50 nmol L™ "°N-
leucine (Cambridge Isotopes). The bottles were incubated under constant light
conditions at the same temperatures. After 12 h, 5 mL of each sample were fixed with
4% tormaldehyde for 3 hours at room temperature and filtered through polycarbonate
filters (type GTTP; pore size, 0.2 pum; diameter, 47 mm; Millipore, Eschborn,

Germany). The collected samples were stored at -80°C.

Samples for chlorophyll @ and nutrients were collected once per day during 3 days
(Supplementary Figure S1), even after the stable isotope incubation, in order to
characterize the state of the autotrophic community. Both parameters were analyzed

following Calvo-Diaz and Moran (2006).

Autotrophic cell abundance. The abundance of small autotrophic cells
(Prochlorococcus, Synechococcus and picoeucaryotes) was determined by flow
cytometry based on their orange (FL2, 585 nm) and red (FL3, 650 nm) fluorescence and
light scatter at 90° (SSC, side scatter) signals following standard procedures (Gasol and
Del Giorgio, 2008) with a BD FACSCalibur flow cytometer, equipped with an argon
488 nm laser. To estimate Synechococcus and eukaryotes abundance at the end of the 12
h incubation, a linear interpolation was made using the abundances at TO (0 h) and 24 h
later. For enumeration of large phytoplankton cells, 15 mL of water was fixed with 2%

lugol and cell abundance was determined by inverted microscopy.



Bulk bacterial and primary production. Bacterial production was estimated by the
*H-leucine incorporation method (Kirchman ez al., 1985) modified by Smith and Azam
(1992) using a final concentration of 50 nmol L. We used an empirical conversion
factor measured for the same month in a previous survey (0.87 kg C mol Leu™, Calvo-
Diaz et al., 2014). Total (particulate plus dissolved fractions) primary production was
estimated using the '*C method in 2 h incubations (Moran et al., 2006), in the same

experimental conditions used for the stable isotope substrate incubations.

NanoSIMS analysis. Filters pieces were mounted on aluminum stubs with conductive
adhesives tabs and sputter coated with ~20 nm of gold. Filters were analyzed with a
NanoSIMS 50 (Cameca, Gennevilliers, France), using a ~2 pA Cs’ primary beam
focused to a nominal spot size of ~ 150 nm and stepped over the sample in a 256 x 256
pixel raster to generate secondary ions. Dwell time was 1 ms/pixel, and raster size was
30 um®. The secondary mass spectrometer was tuned for ~6800 mass resolving power to
resolve isobaric interferences. Four secondary ions (]ZCz', 2B, 2CN and 12CISN')
were detected in simultaneous collection mode by pulse counting to generate 20 serial
quantitative secondary ion images (layers). Samples were sputtered to a depth of

100 nm before measurements to achieve sputtering equilibrium. The depth of analysis
during a measurement was between 50 and 200 nm. Ion images for large areas were
stitched with the LIMAGE software (L. Nittler, Carnegie Institution, Washington, DC)
and isotope ratio images ('°C *C7/*C,", >CN7/"C"N; note '°C *C/"*C, = 2-3¢/0C)
were produced to identify isotopically enriched cells. Regions of interests (ROIs) were
generated with LIMAGE using the automated particle finding algorithm for both ratio
images (ROI parameters: maximum ratio for a cell must exceed 0.008 for ’N/'*N and
0.035 for '*C"*C7/"*C,; minimum ratio of 0.007 for "N/'*N and 0.03 for '*C"*C7/"*C;
threshold set at 50% of maximum ratio). ROIs for heterotrophs attached to
photoautotrophs were redrawn manually to avoid the area between the two cells that
overlapped. For one replicate of the warm treatment, the attached cells were reanalyzed
with a smaller raster (5 um) to acquire more ion counts from the cells to more closely
examine the relationship between isotope enrichment of the autotrophs and their
attached heterotrophs. Isotope ratio data for ROIs ('*C"*C7/"2C,, ’N/'*N) were
normalized to the isotope abundances of the filter on which the cells were located and
used to calculate permil (& = [R¢/R; — 1]*1000%o) or atom percent excess (APE = [F¢—
Fi]*100%) values, where R; and Ry are the initial (0.00371 for '*C/**C and 0.0107 for



>N/"N) and final isotope ratios in the cells, respectively, and F; and Fy are the

corresponding fractions of the minor isotope (F = R/[R+1]).

Carbon and nitrogen assimilation rates (K) were calculated based on the Popa et al.

(2007) net fixation calculation divided by incubation time:

Y F,—Rp+F,

)/t

where F; and Fy, are the fraction of °C or '°N initially in the cells and in the bulk,

respectively, Ry is the final isotope ratio in the cells, and t is the incubation time.

To calculate the relative contribution of each compartment (heterotrophs/autotrophs and
free-living/attached) to primary and secondary production, we used mean cell sizes from
flow cytometry SSC and cell abundances from the NanoSIMS images to estimate
phytoplankton and heterotrophic bacterioplankton biomass, assuming spherical cells
and 50% C and 15% N cellular content (Bratbak and Dundas, 1984). These biomass
values were multiplied by their respective K values to obtain C and N assimilation rates
by each population for each treatment. Percent contribution of free-living and attached
autotrophs and heterotrophs in control and warm treatments were applied to bulk '*C-
and “H-derived primary and bacterial production rates to estimate net assimilation

values in carbon and nitrogen units (Table 1).



Results

Environmental properties

Chlorophyll a concentrations at the beginning of the stable isotope incubations were
2.44 and 2.54 pg L™ in the control and warm treatments, respectively (Supplementary
Figure S1). Within the 12 hours of stable isotope incubation, chlorophyll values
remained virtually unaltered in the control treatment, while they increased significantly
by 15% in the warm treatment. Nitrate concentrations decreased moderately in both
treatments, from 3.17 umol L't02.9and 2.8 umol L in control and warm treatments,

respectively.
Phytoplankton and heterotrophic cell abundances

We identified both free-living and attached heterotrophic and autotrophic cells based on
the isotope enrichment patterns detected by NanoSIMS. Heterotrophs were defined as
cells isotopically enriched in '°N from leucine incorporation, and autotrophs as cells
isotopically enriched in "*C from bicarbonate incorporation (Figure 1). In total, we
analyzed more than 4800 single cells (4233 heterotrophs and 596 autotrophs). The high
spatial resolution of NanoSIMS analysis, combined with the independent isotopic
markers and the large number of cells analyzed, enabled us to identify cells in
phytoplankton-bacteria consortia (totaling 132 autotrophs and 146 heterotrophs). In the
incubations held at ambient temperature, we found a relatively low fraction of microbial
cells forming algal-bacterial consortia (we did not consider bacteria attached to one
another or phytoplankton attached to one another): 2.8% of heterotrophic bacteria and
16% of phytoplankton cells. Increasing temperature by 4°C led to a statistically
significant increase of the fraction of phytoplankton cells with at least one attached
bacterium, comprising 29% of all autotrophs (Wilcoxon test, p<0.01; Figure 2a). The
average fraction of bacteria attached to phytoplankton cells under warming conditions

also increased (4.4%), but the increase was not statistically significant.

Photosynthetic picoeukaryotes were the most abundant autotrophic cells in the
incubations (Figure 2b), both at ambient temperature (9.6 + 0.15 x 10* cells mL™") and in
the warm treatment, which showed a significantly higher abundance of 12.9 + 0.9 x 10*
cells mL™ (t-test, p = 0.02). Synechococcus cells were less abundant, and their

concentration was similar in the control (4.5 + 0.1 x 10’ cells mL™") and the warm



treatment (4.9 + 0.3 x 10° cells mL™). Prochlorococcus were absent, as typical of this
period of the year (Calvo-Diaz and Moran, 2006). Regarding microphytoplankton, we
only detected the presence of Thalassiosira sp. cells in low abundance (<10 cells mL™).
In agreement with these observations, most of the autotrophic cells analyzed by
NanoSIMS were also small (mean diameter 2.1 + 0.8 um), at the nominal limit

separating the pico- and nanoplankton size classes.
Primary production and bacterial production

Total primary production (PP) values measured during the incubations (Figure 3) were
4.45+0.4 pg C L' h ' for the ambient temperature treatment, while it increased
significantly to 6.95 + 0.8 ug C L™ h ™! in the warm treatment (z-test, p < 0.01). Bulk BP
values were 6.0 + 0.5 and 7.6 + 0.6 x 102 ug C L™ h ' in the ambient and warm

treatments, respectively, a modest but significantly different increase (#-test, p = 0.045).
Phytoplankton and heterotrophic cell-specific stable isotope incorporation

To investigate C and N incorporation at the cell-specific level, we report median values
and used non-parametric statistics (Wilcoxon test) as the isotope data exhibited non-
normal distributions. Comparing treatments, we detected significantly more '*N-leucine
incorporation by heterotrophs (>95% of them being free-living) in the warm compared
to the control treatment (p<0.01; Figure 4a). A small number of heterotrophic free-
living cells had significant incorporation of °C in the control treatment, but the median
was not significantly enriched in °C. In the warm treatment, the heterotrophs had
significantly higher "*C incorporation (p<0.01; Figure 4a). Heterotrophs attached to
phytoplankton in the warm treatment exhibited the highest '°C incorporation
(significantly greater than their free-living counterparts, Wilcoxon test, p<0.01; median
value = 22% more enriched). In the case of phytoplankton, the median *C incorporation
per cell was significantly lower in the warm treatment (p<0.05; Figure 4b). Overall,
phytoplankton exhibited low but significant '°N enrichment, with greater incorporation
in the warm treatment (Figure 4b; p<0.01). We also observed that the '°N incorporation
by phytoplankton was significantly higher in cells with attached heterotrophs,

particularly in the warm treatment (Wilcoxon test, p<0.01).



To quantify how the increased temperature treatment influenced the flow of recently
fixed C and leucine-derived N, we used the bulk PP and BP rates, the median stable
isotope incorporation values, and the cell abundances to calculate the total incorporation
for each of the two labeled pools (Adam et al., 2016; Popa et al., 2007; Supplementary
Table S1, Table 1). In the control treatment, 84% of the autotropic cells were free-living
and contained 85% of the newly fixed C, while the attached autotrophs contained 13%
of the newly fixed C. Warming decreased the relative amount of recently fixed C in
free-living autotrophs to 77%, but in absolute terms the net C-assimilation was still
greater than the control treatment. As noted above, both the relative and absolute
abundances of attached autotrophs increased substantially in the warm treatment, and
their contribution to assimilation of newly fixed C rose to 21%, which was substantially
more total mass C per liter compared to the control. Free-living and attached
heterotrophic cell in the control experiment accounted for 1.5% and 0.05% of fixed C,
respectively, and 2.0% and 0.12%, respectively, in the warming experiment. We carried
out similar calculations for N derived from leucine incorporation. In the control
treatment, free-living and attached heterotrophs contained 79% and 2% of the net N-
incorporation, respectively, and free-living and attached autotrophs contained 16% and
3%, respectively. In the warm treatment, free-living and attached heterotrophs contained
74% and 3% of the net N-incorporation and free-living and attached autotrophs
contained 16% and 7%, respectively. Warming particularly increased both the relative
and absolute incorporation of leucine-derived N by attached autotrophs by greater than a

factor of 2.

To further investigate possible isotope exchange between attached heterotrophs and
phytoplankton, we identified 24 pairs of attached heterotrophs and phytoplankton from
one of the warm replicates and re-analyzed them by NanoSIMS for a longer period of
time (Figure 5), with a smaller raster to collect more precise isotope enrichment data
(examples are shown in Figure 5 insets). These additional analyses showed that the *C
enrichment of the heterotrophic bacteria was positively correlated to the '*C enrichment
of the phytoplankton cell to which they were attached (p < 0.05; Figure 5a). Moreover,
phytoplankton'°N enrichment was positively correlated to the '’N enrichment of the

heterotrophic cells attached to them (p < 0.05, Figure 5b).



Discussion

We found that attachment between autotrophs and heterotrophs increased secondary C
and N incorporation by the heterotrophs and autotrophs, respectively. Furthermore, a
short-term 4°C temperature increase led to higher secondary "*C incorporation by
heterotrophs, suggesting that recently fixed photosynthate was being released more
rapidly by phytoplankton and/or heterotrophs were incorporating it faster. Another
possibility is that warming promoted autotrophy or increased anaplerotic C
incorporation in these primarily heterotrophic cells. However, the highest °C
incorporation found in attached heterotrophs (Figure 4, Supplementary Table S1)
supports the view that this '°C incorporation originated mainly from DOC recently fixed
by phytoplankton, as attached heterotrophs would have had direct access to it before it
became diluted in the bulk water. Moreover, we observed a positive correlation between
13C enrichment of the heterotrophic bacteria and *C enrichment of the phytoplankton to
which they were attached (Figure 5a), consistent with direct transfer of C from
phytoplankton to attached bacteria. Thus, we infer that attachment promoted faster
heterotrophic incorporation of phytoplankton-derived DOC, and that it was further
enhanced with increased temperature. In order to determine the contribution of attached
heterotrophs to the total phytoplankton-derived DOC incorporation, we combined the
cell abundance and the cell-specific activity data (Table 1). These results showed that
warmer temperatures increased DOC incorporation by free-living heterotrophs by two-
fold, and this incorporation increased by almost four fold for attached heterotrophs,
demonstrating the importance of attachment for the transfer of recently fixed C to

secondary consumers.

Contrary to heterotrophs, phytoplankton "*C incorporation was not affected by
attachment and in fact exhibited lower cell-specific incorporation at higher
temperatures. However, as phytoplankton cell abundance increased under warming,
total °C incorporation (and therefore total C fixation) was significantly higher
(increasing from 3.8 pg C L' h™ t0 5.35 ug C L™ h™', t-test, p < 0.001; Table 1). The
lower cell-specific *C incorporation in the warm treatment could be explained by
warming increasing the release of recently fixed (and *C-labeled) C, as shown by
experimental studies conducted in other oceanic regions (Moréan et al., 2006; Engel et

al., 2010). This process would have provided heterotrophic bacteria with more organic



C and led to lower "°C enrichment in phytoplankton cells. Regardless of the mechanism,
the bulk BP and PP measurements also showed an increase of heterotrophic and

autotrophic activities with warming (Figure 3), similar to the stable isotope data.

In addition to the transfer of recently fixed DOC from phytoplankton to heterotrophic
bacteria, the experimental design allowed us to consider the reverse process, i.e. the
transfer of compounds from heterotrophs to phytoplankton. The higher °N
incorporation by phytoplankton found in the warm treatment may indicate increased
bacterial N transfer to autotrophic cells. Although some of this incorporation may have
originated from the direct uptake of labeled leucine by phytoplankton, several lines of
evidence indicate that this was not a major portion. First, most of the phytoplankton
cells originally present in the samples were picoplanktonic eukaryotes. A number of
studies have documented the ability of cyanobacteria to incorporate amino acids
(Michelou et al., 2007; Zubkov et al., 2003), whereas uptake by eukaryotes has been
observed less frequently (Kamjunke and Tittel, 2008; Znachor and Nedoma, 2009). In
particular, mixotrophic activity by photosynthetic eukaryotes has been linked to low
light conditions (Ruiz Gonzalez et al., 2012; Bouarab et al., 2004). Therefore, at the
relatively high irradiance used in our incubations, leucine incorporation by
phytoplankton was less likely to occur. Also, we observed that the "N incorporation by
phytoplankton was significantly higher in cells with attached heterotrophs, particularly
in the warm treatment, and the positive correlation between the enrichment of
autotrophs and bacteria attached to them (Figure 5b) suggests that a direct transfer of N
from the "*N-leucine-labeled bacteria to the phytoplankton cells was taking place.
Furthermore, the higher increase in total '°N assimilation by attached autotrophs
compared to the free-living fraction (Table 1), highly supports this secondary uptake.
The N transferred may have originated through leucine respiration by the bacterial cells
and the subsequent production of ammonium (Kirchman et al., 1985). Although this
process occurs in oligotrophic conditions (Alonso-Saez et al., 2007; Del Giorgio et al.,
2011), at saturating leucine concentrations, as used in this work, leucine respiration may
increase up to three fold (Hills et al., 2013). Furthermore, the preference of
picophytoplankton to incorporate ammonium rather than other nitrogen compounds
such as nitrate (Boutellier, 1986; Harrison et al., 1996; Rees et al., 1999), and the
described inhibition of nitrate uptake by ammonium (L Helguen et al., 2008), suggest



that autotrophs may, more likely, have incorporated this newly remineralized

ammonium as a N source.

Regardless of the exact mechanism of exchange, our results indicate a mutualistic
relationship between autotrophs and heterotrophs through exchange of metabolites or
nutrients mediated by attachment. Similar mutualistic partnerships have been previously
observed between cyanobacteria and microalgae (Thompson et al., 2012; Adam et al.,
2016), resulting in an obligate symbiosis (Cabello et al., 2015), or between
heterotrophic bacteria and autotrophic organisms in co-cultures (Amin et al., 2015).
Here, we reveal the occurrence of the latter in natural ecosystems. Our work further
suggests that this mutualistic relationship in phytoplankton-bacteria consortia may
increase its importance under warming, at least under the conditions tested (i.e. short-
term increased temperature of 4°C). It should be noted that during the experiments,
nutrient availability was not limiting, as suggested by the increase of Chl a
concentration and the active uptake of nutrients (Supplementary Figure S1). The
nutrient availability was key to observe the effect of temperature on microbial cell-
specific activities, as resource limitation may mask the temperature dependency of

heterotrophic and autotrophic metabolism (Lopez-Urrutia & Moran, 2007).

In terms of C cycling, we found that short-term elevation of temperature induced higher
rates of C fixation and cycling through heterotrophic bacteria as assessed at the single-
cell level, in support to previous results analyzing bulk rates (Moran ef al., 2006). Our
results clearly show that attachment represents a key strategy promoting C and N
exchange between the cells, while increased temperature stimulated this interaction
(Figure 4). Even if during our experiments bacterial attachment was relatively low, this
route of C transfer between phytoplankton and bacteria may intensify under conditions
of phytoplankton blooms, where the contribution of particle-attached bacteria to total
bacterial biomass can increase considerably (Becquevort et al., 1998; Mével et al.,
2008), although their contribution to bulk production remains unclear (Riemann et al.,
2000; Grossart et al., 2007a). Researchers have previously suggested the importance of
examining the microscale habitats of marine bacteria (e.g., Azam, 1998), and our results
show that interactions occurring between photoautotrophs and heterotrophs in the
phycosphere are important contributors to bulk element fluxes through the microbial

food web. Interestingly, while most previous studies have focused exclusively on



bacteria attached to large phototrophic cells such as diatoms (Gardes ef al., 2011), our
results show that this strategy is also significant for the smaller pico- and
nanoeukaryotes. These phytoplanktonic groups are widely distributed in the ocean,
contributing more than 40% of total primary production at low latitudes such as the
tropical Atlantic (Jardillier et al., 2010), and their role is expected to increase in a

warmer ocean (Agawin et al., 2000; Chen et al., 2014).

The observed increased metabolite transfer between attached cells with warming
supports the view that the ecological strategy of attachment may be relevant in
biogeochemical cycles, and that it should be taken into account when assessing nutrient
fluxes among the planktonic components in warmer oceans. Other environmental
conditions not specifically addressed in our experiments, and potentially affecting this
interaction will have to be assessed in future work, including nutrient concentrations,
the combined effects of temperature and inorganic C availability (as affected by ocean
acidification), and the effect of climate change on microbial community structure. Our
results exemplify the concept that quantitative, functional analyses carried out on a
single cell level can uncover cryptic interactions of potential importance at the
ecosystem level, and NanoSIMS and other single-cell enabled microbial activity tools

(Samo et al., 2014) are essential to collect such data.
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Figure legends

Figure 1. Comparison between *C and "N isotopic enrichment for all analyzed
microbial cells incubated with '*C bicarbonate and '°N leucine (dashed lines indicate
isotope natural abundances). An example isotope image (inset) shows identified

heterotrophs (left) and one autotroph (right, identified by the arrow).

Figure 2. (a) Fraction of autotrophs attached to heterotrophs (left columns) and vice-
versa (right columns) in control versus warm incubations (mean =SE). (b) Abundance
of Synechococcus and photosynthetic eukaryotes in control and warm treatments (mean
+SE) (ANOVA “*” p-value<0.05 and “**” p-value<0.01). Note that the scale of the Y
axis of photosynthetic eukaryotes abundance is one order of magnitude higher than for

Synechococcus.

Figure 3: Bulk bacterial production and total primary production rates in each
temperature treatment. Bars indicate SE. Asterisks denote significant differences

between treatments (ANOVA “*” p<0.05 and “**” p<0.01).

Figure 4. Cell-specific isotope incorporation from "*C bicarbonate and °N leucine by
attached (circle) and free-living (triangle) heterotrophs (a) and autotrophs (b) in
response to a temperature increase of 4°C over the control incubation. Data points are

medians of all cells from three replicate incubations with + 95% confidence intervals.

Figure 5. (a) Positive correlation between the °C incorporation rates of phytoplankton
cells and those of their attached bacterial cells, analyzed with a smaller raster for one of
the replicates of the warm incubations. (b) Similar positive correlation between the '°N
incorporation rates of bacteria and those of the phytoplankton cells to which they were
attached. Insets show an example of two heterotrophic bacteria attached to a
picophytoplankton cell. Regions of interests (white outlines) for data extraction were
drawn to ensure that overlapping areas were not used to measure isotope incorporation

by the individual cells.

Table 1. Total °C and "°N assimilation by free-living and attached autotrophs and

heterotrophs for both temperature treatments. Results are shown as the percentage of



contribution to total biomass assimilation (average = SE) and as estimation of C and N

net assimilation (in parenthesis) based in PP and BP bulk values.

Supplementary Figure S1. Evolution of chlorophyll concentration (solid lines) and
Nitrate concentration (dashed lines) for control (blue) and warm (red) treatments, during
3 days incubation period. The shaded part corresponds to the stable isotope incubation

period. Error bars indicate standard deviation.

Supplementary Table S1: C and N assimilation rates, calculated based on Popa et al.
(2007), for free-living and attached autotrophs and heterotrophs for both temperature

treatments.
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