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Abstract
Background

Oceans are crucial regulators of the global carbon cycle. Understanding the oceanic biological carbon
pump (BCP) and its contribution to carbon export has been the subject of extensive research. These
studies have provided quantitative evidence regarding the centrality of phytoplankton throughout the
water column. In the Southern Ocean, the biological carbon pump is driven primarily by phytoplankton
productivity and is an effective organic matter sink. There is evidence showing that sinking particulate
organic matter (POM) sustains microbial communities with different ecological strategies (i.e., r-/K-
strategists). These results suggest that the role of microbial communities on the effectiveness of the
biological carbon pump should not be underestimated. However, we lack mechanistic insights regarding
the importance of these microorganisms, their diversity and in�uence on the e�ciency of the BCP.

Results

Here, we provide the �rst insights regarding prokaryotic metabolic capacity linked to suspended and
sinking particles to improve our understanding of microbial contributions towards POM export in the
Southern Ocean. A Marine Snow Catcher (MSC) was deployed at several stations southwest of Tasmania
in the Subantarctic zone to obtain suspended and sinking particulate material for determining carbon and
nitrogen �ux. Metagenomic analysis and metagenomic-assembled genomes showed that both the
suspended and sinking particle-pools were dominated by bacteria with metabolic capacity for degrading
POM (e.g. Gammaproteobacteria MAGs). Archaeal genomes (Poseidoniia and Nitrososphaeria) appear to
drive nitrogen metabolism via nitrite and ammonia oxidation in these communities. Results suggest that
for bacteria r-strategists were more ubiquitous in the suspended pool while K-strategists were more
prevalent in the sinking particle-pool, with the opposite being true for archaea. In addition, metabolic
reconstructions suggest that prokaryotes harbour substantial genetic capacity for degrading complex
POM and chemoautotrophic synthesis of recalcitrant dissolved organic carbon (RDOC) from CO2.

Conclusion

The metagenome assembled genomes from sinking and suspended size fractions and carbon �ux
determinations revealed striking trends regarding prokaryotic contributions in the water column. The
results show that the predicted lifestyles for bacteria and archaea may differ substantially in sinking and
suspended fractions, suggesting niche speci�city. Together, our data suggest that prokaryotes in
suspended and sinking particles may enhance POM export via the production of RDOC in the Southern
Ocean. 

Background
The Southern Ocean plays a signi�cant role in carbon cycling, buffering the impacts of climate change by
accounting for 50% of the total oceanic uptake of CO2 [1, 2]. Phytoplankton primary production and
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carbon export to the deep ocean, i.e. the biological carbon pump (BCP) [3, 4] is considered a major
contributor to the sink of natural CO2 removing ~33% of the global organic carbon �ux [5]. However, only
a small fraction of the organic carbon �xed by phytoplankton in surface waters ultimately reaches the
ocean interior [6, 7] and it is uncertain what factors control the fraction of production that is exported or
how effectively this material is transferred to depth [8]. Factors that regulate phytoplankton growth,
particle formation, rates of sinking and remineralisation all modify the extent to which �xed particulate
organic carbon (POC) is transformed to dissolved organic carbon (DOC) and effectively exported and
hence the e�ciency of the BCP [9, 10].

Marine microbes in particular that associate with both sinking and suspended particles have been shown
to mediate key processes linked to the BCP [8, 11, 12]. Microbial diversity in�uences the composition of
DOC, which includes a diverse range of molecules that can be biologically labile (e.g. amino acids and
glucose) that are rapidly remineralised by microbes in the surface ocean to produce dissolved inorganic
carbon (DIC) thus reducing export e�ciencies (the microbial loop) [11, 13]. Alternatively, recalcitrant DOC
(RDOC) (e.g. lignin and lipids) is exported to the deep ocean, and therefore longer-term storage becomes
possible [14, 15]. A small percentage of microbial DOC production is refractory (rDOC) (e.g. ~5-7% derived
from glucose), which resists rapid remineralization and further degradation [16–18]. The rDOM produced
by microbial degradation of complex organic carbon accumulates in the ocean interior accounting for
>95% of the large DOC pool [19, 20] and this long-lived reservoir plays an important role in shaping global
climate by sequestering CO  from the atmosphere [21]. The RDOC and rDOC microbial production form
part of the microbial carbon pump (MCP) which enhances export e�ciencies by aiding the transfer of
DOC to the deep ocean [22–24]. Indeed, in instances where the microbial loop dominates (i.e. a system
with small-celled non-sinking particles and low POC �ux) the MCP is considered the prevailing
mechanism for carbon sequestration [25]. Despite the intricate role of prokaryote diversity and activity on
regulating both the BCP and MCP, we lack a mechanistic understanding regarding the phylogeny and
function of prokaryotes linked with suspended and sinking particle pools in the ocean.

The composition of the suspended and sinking particle pool (either labile, semi-labile, semi-recalcitrant
and recalcitrant) [26] may also determine the ecological growth strategies of prokaryotes (r- or K-
strategist) [27, 28]. Prokaryotes which grow rapidly or change in response to labile and semi-labile POM
are regarded as r-strategists [29] whereas prokaryotes which slowly degrade complex high molecular
weight organic compounds such as RDOC are regarded as K-strategists [30]. As such, a niche
differentiation is expected in prokaryotic distribution based on their ability to degrade particulate organic
matter (POM) [31] with r-strategists being prevalent in the sinking particle-pool where they degrade
transient POC, while K-strategists are more likely to exploit the suspended particle-pool [29].

Here, we present the �rst assessment of prokaryotic functional capacity in sinking and suspended marine
particle fractions collected with a marine snow catcher (MSC) at �ve stations from the Southern Ocean
Time Series (SOTS) site in the sub-Antarctic zone (SAZ) during austral autumn. In addition to determining
carbon and nitrogen �ux, we speci�cally elucidate carbon and nitrogen cycling metabolic pathways
linked to prokaryotes with different lifestyles (r- and K-strategists) in the suspended and sinking particle
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fractions. By using metagenome-assembled genomes (MAGs) to link bacterial and archaeal genomes to
POM sequestration we provide insights into the role of r-/K-strategists towards organic carbon export in
the Southern Ocean.

Results

Ancillary station data
Temperature and salinity (TS) plots for all 5 stations (Supplementary Figure S1) showed very similar
water mass characteristics in the surface 120 m, above the MSC sampling depth (Figure 1A). Stations 2
and 3 demonstrated slight deviations with increased salinity levels relative to temperature, but only at
depths greater than 120 m. As such, any observed variability between the 5 MSC samples was unlikely
the result of lateral advection but more likely a re�ection of temporal adjustments in the system over the
two-week sampling period. MLD’s for all stations were similar and ranged from 100 - 110 m
(Supplementary Table S1). Chlorophyll pro�les, at stations 1 to 3, exhibited a subsurface maximum at
~30 m indicative of surface nutrient limitation. Stations 4 and 5 were homogenous throughout the mixed
layer (Supplementary Figure S2a). MLD integrated chlorophyll was highest at stations 1 and 2 (106 and
104 mg m−3 respectively) and lowest at station 4 (86 mg m−3) (Supplementary Figure S2b).

Variations in POC and PON in the suspended and sinking
particle-pools
Despite relatively similar water mass and chlorophyll biomass characteristics between stations, the
differences in POC and PON �ux and distribution between stations were substantial. The large majority of
POC was observed in the suspended particle pool (84% ±11%) with only a small percentage found in the
sinking pool (16% ±11%) (Figure 1B). PON levels demonstrated the opposite trend with the highest values
observed in the sinking pool (68% ±14%) compared to the suspended pool (32% ±14%) (Figure 1C). The
distribution of PON between stations was also different, with the highest levels (in both the suspended
and sinking fractions) occurring at station 3 (87 and 29 µg l−1, respectively) compared to all other
stations (< 20 µg l−1) (Figure 1D), which drove the highest PON �ux at station 3 (31 mg m−2 d−1) (Figure
1E). For POC, the highest concentrations for sinking pools were found at station 2 (96 µg l−1), which
consequently had the highest POC �ux (34 mg m−2 d−1); an order of magnitude higher than the POC �ux
observed at station 4 (3 mg m−2 d−1). In contrast, suspended POC was highest at stations 2 and 3 (222
and 252 µg l−1, respectively). This variability drove large differences in suspended and sinking POC:PON
ratios, which were particularly high in the suspended fraction, at stations 1 and 2 (31 and 40 POC:PON,
respectively) compared to all other stations (<9) (Figure 2c). In the sinking fraction, the highest ratios
were similarly found at stations 1 and 2 (2 and 6 POC:PON, respectively) compared to all other stations
(<1).

Taxonomic pro�les and MAG reconstruction
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The core shared operational taxonomic units (OTUs) by suspended and sinking particle fractions with
80% frequency cut off in both bacterial and archaeal communities. Bacterial communities shared 81.8%
OTUs while ~1.1% (suspended) and ~1.9% (sinking) were unique (Figure 2A). Similarly, the archaeal
community shared 89.1% OTUs while ~4.2% (suspended) and ~1.2% (sinking) were unique.
Classi�cation at class level revealed that bacterial communities were dominated by Alphaproteobacteria,
Gammaproteobacteria and Bacteroidia in all stations for both the sinking and suspended fractions
(Figure 2C). Differences between stations were evident in the remaining, less dominant taxa, with
Magnetococcia and Verrucomicrobia occurring at Stations 1 and 2, while Oxyphotobacteria were present
at Stations 3 to 5 (Supplementary Figure S3a). Very little difference was observed in bacterial community
distribution when comparing the suspended and sinking particle-pools across all stations. Inter-station
differences were more apparent in the distribution of archaeal lineages (Supplementary Figure S3b). The
suspended particle-pool was dominated by Methanosarcinia, Thermoplasmata and Archaeoglobi while
the sinking particle-pool was dominated by Thermoplasmata, Thermoprotei and Methanomicrobia
(Figure 2). Stations 1 and 2 were dominated by Nitrosophaeria, Thermoplasmata and Methanomicrobia
(Figure 2D). Stations 4 and 5 were also dominated by members of Nitrosophaeria, Thermoplasmata and
Methanosarcinia. Similar to bacterial communities, very little difference was observed when comparing
archaea in the suspended and sinking particle-pools. Archaeal community composition at station 3 was
the most diverse and displayed the largest difference between suspended and sinking fractions.

In total, 24 medium quality MAGs were recovered (11 from the suspended and 13 from the sinking
particle-pool fractions) (Supplementary Table S2). Taxonomic classi�cation revealed that 5 MAGs were
a�liated with Gammaproteobacteria, with 4 recovered from the sinking particle pool (stations 3 - 5) and
only one from the suspended fraction (station 2). In total, 6 MAGs were a�liated with Cyanobacteriia, and
these were split evenly between the sinking and suspended particle pools from stations 3 to 5. The
remaining MAGs were classi�ed as Poseidoniia (9 in total occurring in both the suspended and sinking
fractions at all stations except station 3) and Nitrososphaeria (4 in total occurring in both the suspended
and sinking fractions at stations 1 and 2). The ANI scores of all bacterial and archaeal MAGs were below
90%, against 1254 bacterial (Cyanobacteriia and Gammaproteobacteria) (Figure 3A) and 4 957 archaeal
(Thermoplasmatota and Thaumarchaeota) (Figure 3B) RefSeq complete genomes, respectively.

Read recruitment and functional pro�ling of MAGs from the
suspended and sinking particle-pools
Raw reads were mapped against reconstructed MAGs using CoverM. For all the 24 MAGs, functional
pro�les linked to central, nitrogen and carbon metabolism were predicted based on the DRAM pipeline.
Read recruitment, against all bacterial MAGs, suggests that Gammaproteobacteria were relatively more
abundant in the suspended than the sinking fraction at station 1, 4 (suspended) and station 5 (sinking)
(Supplementary Figure S3A). Speci�cally, SK1_Gammaprotebacteria and SK5_Gammaprotebacteria_b
MAGs were relatively abundant at station 1 (suspended), 2 (sinking and suspended) and 5 (sinking).
Whereas SP2_Gammaprotebacteria and SK5_Gammaprotebacteria_a are relatively abundant in the
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sinking particle-pool fractions. Cyanobacterial MAGs were relatively abundant at station 3 and present at
station 1, 2, 4 and 5. Bacterial MAGs potential function revealed that they are methanotrophs and that
they harbour CAZymes involved in degradation of chitin with the exception of
SK5_Gammaproteobacteria_b (Figure 4A). All bacterial MAGs harboured the capacity to convert acetate
to methane with the exception of SK1_Gammaproteobacteria, which harboured a pathway for converting
trimethylamine to dimethylamine. Additionally, Gammaproteobacterial MAGs harboured a suite of
CAZymes involved in complex POM degradation, most notably linked to the sinking fraction of samples
recovered at station 2 and 5. Gammaproteobacterial MAGs also harboured genes linked to short chain
fatty acid (SCFA) and alcohol conversions for degradation of labile and complex POM. The
SK2_Gammaprotebacteria MAG in particular possessed most CAZymes and was the only MAG involved
in nitrogen metabolism, through the use of nitrite oxidoreductases which converts nitrite to nitrite oxide.
Bacterial MAGs harboured multiple central and energy metabolic pathways including glycolysis, Krebs
cycle, pentose phosphate pathway, glyoxylate cycle, Calvin cycle, Arnon-Buchanan cycle, dicarboxylate-
hydroxybutyrate cycle, Wood-Ljungdahl pathway and hydroxypropionate bi-cycle (Supplementary Figure
S4A). Only Cyanobacteriia and SK2_Gammaproteobacteria possessed genes related to the Entner-
Doudoroff pathways, which converts phosphorylated glucose molecules to use as carbon and energy
sources.

Poseidoniia and Nitrososphaeria archaeal MAGs are relatively abundant across all samples with the
exception of station 3 (absent in both sinking and suspended) (Supplementary Figure S3B). These
archaeal MAGs are more relatively abundant in the suspended than the sinking particle-pools at stations
1 and 2 and evenly abundant at station 3. Nitrososphaeria MAGs were methanogens/methanotrophs,
which were reconstructed at station 1 (sinking and suspended) and station 2 (sinking). These
Nitrososphaeria MAGs are involved in nitrogen metabolism via nitrite oxidoreductase and ammonia
oxidation, and they are involved in the conversion of short chain fatty acids (SCFA) and alcohol (Figure
4B). Interestingly, a Nitrososphaeria MAG from the sinking fraction of station 2 possessed CAZy genes
involved in the degradation of polyphenolics and involved in the SCFA and alcohol conversion pathway.
Archaeal MAGs from Poseidoniia on the other hand are all implicated in the conversion of SCFA and
alcohol. Poseidoniia MAG on the suspended fraction at station 1 were classi�ed as a
methanogen/methanotrophs and contained the nitrite oxidoreductase (Figure 4B). Nitrososphaeria and
Poseidoniia MAGs harboured a similar central and energy metabolism as bacteria lacking the Entner-
Doudoroff pathway. Functional reconstruction suggests that Nitrososphaeria MAGs lack the Wood-
Ljungdahl pathway (Supplementary Figure 4B). Archaeal MAGs possess methanogenesis pathways, with
evidence that they may be able to convert CO2 to methane, as part of their central metabolism.

Discussion
POC and PON are considered the main resource supporting diverse microbial communities in both the
suspended and sinking particle-pools [27]. The range of activities associated with this diverse community
of microbes alters the nature of the particulate and dissolved pool and thus contributes to the quantity of
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carbon or nitrogen, which is effectively exported below the seasonal mixed layer. As such, an
understanding of the prokaryotic community composition and their functional capacity on both sinking
and suspended particles may facilitate a more mechanistic understanding of microbial contributions to
POC/PON degradation and/or synthesis. This study expands our understanding of the prokaryotic
community contributions to organic carbon and nitrogen export by providing the �rst metagenome
assembled genomes from suspended and sinking particle pool fractions in the Southern Ocean.

Differences in prokaryotes may explain the divergence in POC and PON concentration in both the sinking
and suspended particle pools

Recent studies have shown a positive relationship between phytoplankton biomass and the magnitude of
POM export [32, 33]. These �ndings were corroborated by our data showing a positive relationship
between MLD integrated chlorophyll and POM �ux. However, this relationship was poor (r2 = 0.33 for POC
and r2 = 0.06 for PON) suggesting that phytoplankton biomass may only account for ~30% of carbon
�ux variability and as little as ~6% of nitrogen �ux variability. This is perhaps unsurprising considering
the many factors that in�uence the concentration of POM, which is effectively exported out of the surface
layer (e.g. sinking rates and prokaryotic activity etc.) [34, 35]. Previous studies have demonstrated that
POM content (labile, semi-labile, recalcitrant, or refractory), rather than POM concentration, is the main
driver of prokaryotic community structure [36, 37]. There is also evidence showing that as POM sinks
through the mesopelagic zone it is subjected to degradation by several free-living and particle-associated
prokaryotes [29]. As such, prokaryotes alter the chemical constituency of POM and may in turn also
contribute as secondary drivers of change, altering their community structure [22, 38]. Labile or semi-
labile [39], recalcitrant or refractory DOM production [40] from prokaryotic degradation of POM includes
the production of so called ‘sticky polysaccharides’, which form part of the aggregation of DOM into
suspended POM and sinking POM [41]. In this instance, both the suspended and sinking POM serve as
the main source of carbon and energy for prokaryotes in the mesopelagic [42, 43]. Since POC �ux to the
mesopelagic is insu�cient to support the carbon demand of prokaryotes, suspended particles are
considered a major sustaining source of organic carbon for microbes in the mesopelagic [29]. While the
concentration of POC in sinking particles decreases exponentially with depth, the concomitant POC
concentration in suspended particles remains largely constant and is typically ~1-2 orders of magnitude
higher than that of sinking particles [29]. This �nding is similar to our POC data, which was substantially
higher in the suspended vs sinking fraction. However, the same was not true for PON with more PON
concentration at stations 1-3 and similar PON concentration at stations 4 and 5 in the sinking material
when compared to suspended.

Several factors may account for the widespread variability in the POC:PON ratio observed on suspended
and sinking samples in this study. These include i) the preferential degradation of nitrogen rich POM [44]
(most notably in the suspended samples at stations 1 and 2 where POC:PON ratios were >30), ii) the
synthesis of refractory POC resistant to further degradation [45], which would also drive high POC:PON
ratios, iii) chemoautotrophic microbial activity on the POM, increasing the POC:PON ratio [46] and iv) the
oxidation of sinking POC by marine microbiota [47], which may drive a preferential reduction in POC
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relative to PON, thereby decreasing POC:PON ratios as evidenced in all sinking samples where POC:PON
ratios were less than the Red�eld ratio of 6.6. Despite the large differences in the distribution of POC:PON
ratios between suspended and sinking samples, and between stations, the bacterial community
composition was very similar. This suggests that variability in POC:PON ratios may be a product of
variability of microbial activity despite similarities in bacterial community structure. On the other hand,
differences were observed in archaeal communities such that the PON content might have been different
between stations. Alternatively, the composition of the source material may have been similar but may be
acted upon differently by the bacteria and archaea driving secondary changes in their community
structure [12, 22, 48]. Evidence for this argument can be seen in the relative abundance of bacterial MAGs,
which demonstrates variability in prokaryotic activity between suspended and sinking pools, and between
stations, despite similarities in community composition. As such, our results suggest that differences in
prokaryotic activity rather than diversity, particularly in the case of bacteria, impact the signature of POC
and PON in both sinking and suspended material. Nevertheless, examples of the impact of archaeal
diversity on POC:PON variability (although most likely secondary) are evident when observing
Nitrososphaeria, which were highest at stations 1 and 2 where the highest POC:PON ratios were
encountered, together with the highest POC �ux (most notably at station 2). This implies that
Nitrososphaeria may be actively involved in PON degradation, a notion that is corroborated by the
presence of nitrogen metabolism in Nitrososphaeria at stations 1 and 2. Conversely, station 3 had the
least amount of Nitrososphaeria and observed a particularly high PON �ux relative to all other stations.

Prokaryotic ecological strategists based on POC and PON
content
Prokaryotes may exhibit different ecological strategies in response to POC content [49, 50]. Previous
studies suggest that r-strategists may be more prevalent in sinking particle-pools where they degrade
transient POM [50, 51], whereas K-strategists appear to exploit complex compounds (e.g. RDOM) from the
suspended particle-pool [29, 50]. As such, a niche differentiation would be expected in prokaryotic
community and functional activity between sinking and suspended pools. However, prokaryotes are also
known to detach from sinking particles, potentially enhancing the suspended particle-pool with
microbiota that are similar to the sinking particle-pool [27]. Metabolic activities associated with K-
strategists include CO2 �xation via the Wood-Ljungdahl pathway, the Calvin cycle, Arnon-Buchanan cycle
and the Hydroxypropionate-hydroxybutyrate cycle by condensing two molecules of CO2 as electron
acceptor and hydrogen as electron donor into Acetyl-CoA as building blocks for biosynthesis. Prokaryotes
exhibiting these metabolic activities are typically chemoautotrophs, which synthesise complex organic
carbon such as RDOM or polysaccharides polymers from CO2 [52].

In our results, these chemoautotrophic bacteria MAGs, typical of K-strategists, were more prevalent in the
sinking particle pool than the suspended pool, which is in contrast to previous studies [29]. However, it is
likely that any metabolic activity which uses POM to form polymers may consequently initiate
aggregation and subsequent sinks enhancing POM export �ux, thus accounting for their presence on
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sinking material. On the other hand, there was no discernible difference in the functional pro�les between
suspended and sinking material associated with r-strategists and K-strategist, respectively. For example,
bacterial MAGs from Gammaproteobacteria were present in both the sinking and suspended sample at
station 2 and possessed CAZymes involved in the degradation of labile POM such as diatom-derived
POM [53], grass POM [54], and virus-induced POC from picocyanobacterial and polysaccharides [55],
whose expected role would be to reduce carbon �ux via particle degradation while sinking into the
mesopelagic. Similarly, all bacterial MAGs were associated with the degradation of chitin, regardless of
their association with sinking or suspended material. Chitin is rich in both carbon and nitrogen and can
be reintegrated into biomass forming polysaccharide polymers or mineralized to enrich the water column
with inorganic carbon and nitrogen, reducing both the POC and PON export �ux [56]. As such, our results
suggest that a combination of microbial driven transition between suspended particles and the formation
of aggregates (e.g. via the synthesis of sticky polysaccharides) and the dissociation of microbes from the
sinking particle pool to the suspended particle pool [27] make it di�cult to discern any speci�c bacterial
preference of r-/K-strategists for one particle type over another. This is contrary to some studies which
suggest speci�c biogeochemical roles for prokaryotes in suspended and sinking particle-pools in the
marine carbon cycle [29].

On the other hand, our chemoautotrophic archaea MAGs mostly Nitrososphaeria were determined to be
more prevalent at station 1 and 2 (suspended only) and relatively less abundant at stations 3 to 5 (both
suspended and sinking fractions). As with bacteria, chemoautotrophic archaeal MAGs appear to be K-
strategists and are expected to dominate the suspended particle pool, which was indeed the case for our
samples at stations 1 and 2. This is more in-line with predicted archaeal MAGs distribution that is said to
be more dominant in r-strategists where they scavenge for PON in the suspended particle-pool [57]. The
ammonia oxidizing archaea (AOA) present on sinking samples at stations 1 and 2 (Nitrososphaeria) and
the suspended sample at station 1 (Poseidoniia) directly utilise simple and complex organic nitrogen as
their main source of ammonia and nitrite [58]. Based on the POC:PON ratio it appears that the suspended
particle-pool might be more in�uenced by AOA resulting in low concentrations of PON relative to POC in
the suspended fraction, driving ratios in the suspended material that far exceed Red�eld at all stations
reaching >30 at stations 1 and 2. Surprisingly, Cyanobacteriia had no genes linked to the nitrogen
metabolism pathway. However, the sinking sample at station 2 possessed genes for nitrogen metabolism
and also had the highest POC:PON ratio. Nitrogen metabolism was also more prevalent in archaeal
compared to bacterial MAGs. The presence of AOA (Nitrososphaeria and Poseidoniia), NOB
(Gammaproteobacteria) and NOA (Nitrososphaeria) MAGs at station 1 (suspended and sinking) and
station 2 (suspended) had the highest POC:PON ratio, the highest POC �ux and the lowest PON �ux.
These NOB/NOA and AOA are obligatory partners where the NOB/NOA catalyse the degradation of PON
to ammonia for the nitrite producing AOA partner [59]. This may explain the decrease in PON export �ux
observed at station 1 and 2. NOB/NOA, and AOA are also key players in the removal of nitrogen from
PON, increasing the POC:PON ratio at station 1 and 2, thereby increasing the POC export �ux relative to
PON export �ux. In addition to preferential degradation of PON, Archaeal MAGs may also be involved in
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the synthesis of RDOC, enriching the water column with organic carbon particles, increasing POC export
�ux relative to the PON �ux [60].

Although Cyanobacteriia are well known photosynthetic microbes involved in nitrogen �xation, the fact
that our MAGs showed no evidence for nitrogen �xation is surprising [61, 62]. A possible reason for this
may be the presence of non-cyanobacterial diazotrophs (NCD), such as dinitrogen (N2) �xing bacteria
and archaea [63]. Indeed, Gammaproteobacteria (on the sinking sample at station 2) were the only
bacterial MAG containing nitrogen metabolism, while Nitrososphaeria were also present at station 1 and
2. Poseidoniia MAG at station 1 (suspended) also had metabolic capacity for nitrogen metabolism.
Coincidentally, these were the two stations with the highest POC:PON ratio (and highest carbon �ux)
indicative of preferential nitrogen uptake by the prokaryotic community. Since phytoplankton biomass
can account for only ~6% of the nitrogen �ux, the high PON �ux observed in station 3 to 5 might be due
to prokaryotic activity on PON by assimilating the available inorganic nitrogen into its biomass [64]. The
dissimilation of inorganic nitrogen from PON [65] which favours PON export is thus more likely to be a
result of prokaryotic activity than phytoplankton biomass.

Conclusion
Our results suggest that differences in prokaryotic activity, rather than diversity particularly in the case of
bacteria, impact the signature of POC and PON in both the sinking and suspended material. However,
PON content may act as a secondary driver of change in archaeal community structure following the
alteration of the chemical constituency of POM. The variability in the archaeal communities and
functional traits may impact the POM �ux. This is particularly true for nitrogen metabolism from PON by
Nitrososphaeria, which regulates high POC �ux when present as opposed to high PON �ux in the absence
of nitrogen metabolism. Contrary to previous studies, our data suggest that prokaryotic activity on
suspended particles, their metabolic capacity to form aggregates (e.g. via the synthesis of sticky
polysaccharides) and their dissociation from sinking to suspended particle-pools may confound the
ecological niche of these microbes. On the other hand, our archaeal MAGs were consistent with the
predicted dominance of r-strategists scavenging PON in the suspended particle-pool. The connection
between AOA and NOB/NOA may contribute to the dissimilatory nitrogen metabolism from PON, thus,
reducing PON �ux relative to POC �ux in the Southern Ocean. The relationship between phytoplankton as
primary regulators of POM content and prokaryotes acting on POM as a secondary driver of change in
POM levels complicate efforts to disentangle the precise biogeochemical function in the suspended and
sinking particle-pools. However, mechanistic laboratory studies may provide insights regarding
phytoplankton and prokaryotes trophic interactions and their ultimate contribution to POM export �ux in
the ocean.

Material And Methods

Site description and cruise details
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The SOTS is Australia’s contribution to the international Ocean SITES global network of time series
observatories (http://www.oceansites.org/). The site is located at 47 S and 142 E, approximately 530 km
southwest of Tasmania in the Indian/Australian sector of the SAZ [66]. Samples were collected from �ve
MSC stations (Figure 1A) over the course of 2 weeks between March and April 2019 aboard the RV
Investigator. At each station, CTD deployments provided temperature, salinity, and �uorescence derived
chlorophyll pro�les. The mixed layer depth (MLD) was calculated from temperature pro�les with a
threshold criterion of 0.2ºC as detailed previously [67].

MSC Sample collection

The MSC was deployed at �ve stations (Supplementary Table 1) at 10 m below the MLD following the
method described by Riley, Sanders, Marsay, Le Moigne, Achterberg and Poulton [68] (see Supplementary
methods). A MSC acts as a settling chamber allowing the separation of suspended (top of the MSC) and
sinking (bottom of the MSC) samples after 2 hours of settling. After sampling, both the suspended and
sinking particle-pools were homogenised and divided using a Folsom splitter for POC, particulate organic
nitrogen (PON) and molecular analysis. Sub-samples for POC/PON analysis were �ltered onto pre-
combusted (450 C, 12 h) glass �bre �lters (47 mm diameter GF/F, Whatman) using a vacuum �ltration
pump at a pressure of -0.2 bar. The resultant �lters were placed in sterile petri-dishes and oven dried
overnight at 25 C. This was followed by acid fumigation with concentrated hydrochloric acid overnight to
remove inorganic carbon. Filters were then punched and folded into aluminium tin cup foils. The samples
were analysed in the Department of Archaeology at the University of Cape Town on a Flash 2000 organic
elemental analyser (Thermo Fisher Scienti�c, Waltham, MA, USA). The POC/PON concentrations for the
sinking fraction were adjusted based on the assumption that suspended POC/PON was homogenous
throughout the MSC before settling (ie. the concentration of the suspended fraction was subtracted from
the sinking fraction) [68]. The POC and PON �ux was calculated by dividing the sinking mass (mg) with
the MSC area (0.06 m−2). The resulting value was then divided by the settling time (days) and multiplied
by the ratio of the sampled sinking volume (0.87) modi�ed based on the MSC design [69].

Molecular analysis and sequencing
To explore the composition and function of microorganisms associated with the suspended and sinking
particle-pools, 2 litres of water from both fractions was �ltered using 0,2 µm pore-size polycarbonate
membrane �lters (47 mm diameter, Millipore (Burlington, Massachusetts, United States) as detailed
previously [70]. The �lters were stored at -80 C until further processing. DNA was extracted using the
Power Soil kit (QIAGEN, Hilden, Germany) as described by Hirai, Nishi, Tsuda, Sunamura, Takaki and
Nunoura [71]. The resultant DNA was assessed using Qubit 4 Fluorometer (Thermo Fisher Scienti�c,
Waltham, MA, USA). High quality DNA was sequenced by Admera Health Biopharma Services (South
Plain�eld, USA). Library preparation was performed using the Nextera XT DNA Library Preparation Kit
(Illumina, California, USA) as recommended by the manufacturer. The library was quanti�ed using the
KAPA SYBR® FAST qPCR with Quant Studio ® 5 System (Applied Biosystems). The libraries were pooled
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(equimolar concentrations) and sequenced using an Illumina® HiSeq (Illumina, California, USA) using the
2x150 paired end chemistry.

Taxonomic classi�cation and MAG reconstruction
The quality of raw metagenomic data was assessed using FastQC (https://github.com/s-
andrews/FastQC). The reads were processed to remove sequencing adapters and low-quality reads using
Trimmomatic v.0.36 [72]. These reads were used for taxonomic classi�cation, using the default
parameters in SingleM v0.13.2 (https://github.com/wwood/singlem). The ATLAS work�ow [73] was used
to assemble raw reads and for generating MAGs using the default parameter settings. CheckM v1.1.3
was used to assess the quality of MAGs as detailed previously [74]. Following genome reporting
standards, MAGs with genome completeness scores >50% and <10% contamination were selected for
downstream analysis [75]. The Genome Taxonomy Database toolkit (GTDB-Tk) v1.5.0 [76] was used to
assign taxonomy to all MAGs. Phylogenetic diversity of the reconstructed MAGs was inferred against
complete archaeal and bacterial genomes acquired from the NCBI RefSeq database using the FastANI
v1.32 tool [77]. To estimate the relative abundance of each taxa, MAGs from the suspended and sinking
particle-pools were mapped using default parameters in CoverM v0.6.1
(https://github.com/wwood/CoverM). Functional pro�les for all MAGs were obtained by using DRAM
v1.2.0 [78].
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Figure 1

Marine Snow Catcher (MSC) deployment at SOTS site during the IN2019_V02 using RV investigator
collecting POC and PON from suspended (SP) and sinking (SK) particle-pool. A) The sampling location at
the SOTS site, B) POC concentration for SP (green bar) and SK (blue bar), C) PON concentration for SP
and SK, D) POC:PON ratio for SP and SK and E) POC and PON export �ux at �ve stations.
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Figure 2

Taxonomic composition and distribution of the SOTS prokaryotic community determined by single copy
marker genes (ribosomal protein genes) using SingleM pipeline. A) Venn diagram showing the core OTU
shared by suspended and sinking bacterial taxonomic composition. B) Heatmap showing the percentage
read abundances (%) of the bacterial class composition in the suspended and sinking at each station,
taxa with low abundance are coloured blue, those in higher abundance are white, while the highest are in
red. C) Venn diagram showing the core OTU percentage read abundance shared by suspended and
sinking archaeal taxonomic composition. D) Heatmap showing the percentage read abundances (%) of
the archaeal class in the suspended and sinking at each station.



Page 22/24

Figure 3

Phylogenomic inference of our 24 MAGs. The phylogenomic tree was based on alignment of 40% of the
marker gene present in our MAGs. A) Bacterial MAGs (yellow) against Gammaproteobacteria (blue) and
Cyanobacteria (orange). B) Archaeal MAGs (green) against Euryarchaeota (red) and Thaumarchaeota
(purple).
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Figure 4

The presence of potential complex metabolism of 24 MAGs for carbohydrates metabolism, nitrogen
metabolism, etc. based on DRAM pipeline. A) Bacterial functional annotation and B) Archaeal functional
annotation.
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