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A B S T R A C T   

As the major term in downward organic carbon flux attenuation, determining prokaryotic metabolism over depth 
in the mesopelagic ocean is crucial for constraining the efficiency of the gravitational biological carbon pump 
(BCP). We hypothesize that the enhancement of particulate organic carbon (POC) concentrations in the meso-
pelagic twilight zone during export events leads to a temporally dynamic prokaryotic metabolic response, which 
likely has consequences for the efficiency of the BCP. We tested this hypothesis by making repeated measure-
ments of leucine assimilation and leucine respiration at in situ concentrations over six depths throughout the 
upper 500 m of the water column during the collapse of a large-scale Southern Ocean spring diatom bloom. Rates 
of prokaryotic leucine assimilation were used to indicate levels of prokaryotic heterotrophic production, and 
leucine assimilation efficiency (LAE; the proportion of leucine used for growth versus respiration) was taken as 
an indicator of prokaryotic growth efficiency. Thus, relative shifts in LAE are indicative of shifts in rates of 
prokaryotic production relative to respiration. The flux of POC through the oceans’ interior led to a dynamic 
prokaryotic response, characterized by a temporary elevation in mesopelagic prokaryote leucine assimilation 
rates, LAE and prokaryotic abundance. By the final measurement these changes had already begun to revert, 
despite POC concentrations still being enriched. As hypothesized, our data revealed distinctions in the phases of 
the mesopelagic system, likely due to an evolution in bulk prokaryotic metabolic status and the amount and 
composition of organic matter available. This indicates that estimating ocean carbon sequestration during export 
events necessitates a time course of measurements throughout the period of POC downward flux. Our findings 
also revealed distinctions in the ecophysiological prokaryotic responses to substrate regimes between the surface 
mixed layer and the mesopelagic. Specifically, in the latter in situ leucine concentrations appeared more sig-
nificant in controlling prokaryote metabolism than POC concentration, and were more closely related to per cell 
leucine assimilation, than respiration. Whereas, in the mixed layer, the concentration of in situ leucine did not 
seem to drive rates of its assimilation, rather POC concentration was a strong negative driver of cell specific 
leucine respiration. These findings are suggestive of stronger levels of energy limitation in the deeper ocean. We 
surmised that ocean regions with sporadic substrate supply to the mesopelagic are likely to experience stronger 
energy limitation which favors prokaryotic respiration over production.   

1. introduction 

The flux of organic matter from the surface to the depths of the ocean 

forms a significant element of the gravitational biological C pump (BCP), 
which is a key term in determining Ocean C storage (Eppley and 
Peterson, 1979; Volk and Hoffert, 1985; Boyd et al., 2019). As 
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prokaryotic consumption is the dominant process by which the down-
ward flux of organic material is reduced or attenuated (Steinberg et al., 
2008; Giering et al., 2014), the levels of prokaryotic metabolic activity 
over depth will influence the efficiency of the BCP (Cho and Azam, 1988; 
Kwon et al., 2009). Despite their importance for the Ocean’s ability to 
store C (Cho and Azam, 1988), heterotrophic metabolic rates over the 
surface to mesopelagic, and particularly how these vary in response to 
dynamic substrate inputs, are still poorly constrained. 

Vertical gradients in the rates of marine prokaryotic heterotrophic 
production (PHP; (Reinthaler et al., 2010; Manganelli et al., 2009) and 
respiration (PR), as well as their relative strength (i.e., prokaryotic 
growth efficiency: PGE=PHP/(PHP + PR)), are thought to be driven 
largely by the availability of organic matter (Vallino et al., 1996; del 
Giorgio and Cole, 1998; Eiler et al., 2003). In turn, organic matter 
availability is likely a function of a number of factors, including its 
concentration, composition and complexity (Dittmar, et al., 2021), and 
the metabolic capacity of the prokaryotic community present to 
consume it (Wu et al., 2018; Ebrahimi et al., 2019; Nguyen et al., 2022). 
In general, transformation and consumption of organic matter by pro-
karyotes as matter sinks is thought to lead to an overall downward 
reduction in substrate concentration and bioavailability (Pomeroy et al., 
2007; Jiao et al., 2011). However, during scenarios of variable down-
ward particulate organic carbon (POC) flux the factors influencing 
prokaryotic metabolism over depth are unlikely to be in steady state, 
meaning vertical gradients of PHP and PR will be dynamic. 

The dynamic factors which determine substrate characteristics and 
prokaryotic metabolic capacity during scenarios of variable downward 
POC flux will mainly pertain to the ‘activities and interactions’ of the 
organic system. Factors such as particle sinking speed are believed to 
influence the composition of their associated microbial communities 
and the nature of organic substrates they supply via leaching to the 
dissolved phase (Alcolombri, 2021; Ebrahimi et al., 2019). Likewise 
herbivory leads to compositional changes to organic matter elicited by 
consumption and excretion (De Corte et al., 2022), including the po-
tential to generate fecal material enriched with microbes originating 
from the grazers’ gut (Maas et al., 2020), and are a function of primary 
producer accumulation (Tang et al., 2010). Mortality agents such as 
viruses and bacteriovores are often host/prey specific and density 
dependent (Wikner and Hagström, 1988; Middelboe, 2000). Thus, the 
succession of microbial community structure and the shifts to organic 
matter composition (Wu et al., 2018) that they drive is likely continually 
evolving under variable organic matter supply. Similarly, the action of 
fungi metabolizing OM over depth (Raghukumar, 2017) may be subject 
to thresholds or nonlinear metabolic responses. Furthermore, when 
considering prokaryotes in the mesopelagic, it is likely that their 
maintenance energy requirements, relative to growth, are impacted by 
the episodic nature of substrate supply (Sebastián et al., 2019; Smith Jr 
et al., 2018; Conte et al., 2001) with consequences for growth efficiency 
and thus the strength of anabolic versus catabolic metabolism. 

We hypothesize that the enhancement of POC concentrations in the 
mesopelagic twilight zone during export events leads to a temporally 
dynamic prokaryotic metabolic response, which likely has consequences 
for the efficiency of the BCP, depending on the phase of this response. 
The sinking organic flux, and hence the resulting magnitude of shifts in 
prokaryotic metabolic rates and growth efficiencies over depth, is likely 
most pronounced at high latitudes, given its association with the intense, 
seasonal burst of primary production known as the spring bloom. 
Increasing insolation and stratification traps nutrients above the ther-
mocline, leading to a temporary decoupling between phytoplankton 
production and loss processes. The resulting accumulation of biomass is 
eventually terminated by nutrient limitation (Blain et al., 2004; 
Nielsdóttir et al., 2009), viral infection (Suttle et al., 1990), grazing 
(Banse, 1994), and sinking (Briggs et al., 2011) causing a temporary 
enhancement of downward POC flux (Lampitt et al., 2010; Behrenfeld 
and Boss, 2014; Llort et al., 2015). 

We tested our hypothesis by examining profiles of prokaryotic 

metabolism over six depths in the upper 500 m of the water column 
during the collapse of a large-scale Southern Ocean spring diatom 
bloom. Profiles were determined at six time points over the decline of 
the bloom, which encompassed the initial phase of high biomass in the 
surface waters and low biomass in the mesopelagic to a final time point, 
where bloom decline and POC sinking had reversed this biomass 
distribution. 

To constrain dynamics in prokaryotic metabolism we measured 
leucine assimilation and leucine assimilation efficiency (LAE; the pro-
portion of leucine used for growth versus respiration) as indicators of 
prokaryotic heterotrophic production (Ducklow and Kirchman, 2000) 
and prokaryotic growth efficiency respectively. An isotope dilution time 
series bioassay method was employed (Wright and Hobbie, 1966; Zub-
kov et al., 2007), which determines in-situ leucine assimilation rates and 
in-situ leucine concentrations (Zubkov et al., 2007). For measurements 
below the mixed layer, where ambient leucine concentrations are 
significantly lower, we devised an adaptation of the bioassay that uses 
much lower concentrations of leucine, to avoid saturating the pro-
karyotes and thereby perturbing leucine uptake rates (Giering and 
Evans, 2022). A14C leucine tracer method (Hill et al., 2013) was used to 
measure leucine respiration. According to the findings of (Schapira 
et al., 2012) such leucine uptake based methods yield rates based on the 
contribution of both free living and particle associated prokaryote 
metabolism. The rates of, and the ratio between, leucine used for 
anabolism versus catabolism, was examined alongside changes in POC 
and ambient leucine concentrations over depth, to determine how the 
nutritional and energetic status of the prokaryotic community changed 
over the export event. 

2. | methods 

We conducted our study during the first Controls Over Mesopelagic 
Interior Carbon Storage (COMICS) expedition to the Scotia Sea in 
November to December 2017 aboard the Royal Research Ship (RRS) 
Discovery (cruise DY086; Fig. 1). We made repeated measurements of 
prokaryotic abundance and metabolism, from six CTD casts approxi-
mately every six days. Seawater was collected in 20-L Niskin bottles 
attached to a stainless steel CTD rosette from six depths, specifically 
surface (6 m), deep-chlorophyll max (DCM), mixed layer +10 m, mixed 
layer +100 m, 250 m, and 500 m. Seawater was collected into 9-L acid- 
cleaned HDPE carboys using acid-cleaned silicon tubing, which were 
then stored at in situ seawater temperature in the dark until experi-
mental set up. 

2.1. | prokaryotic abundance 

Measurements of prokaryote abundance were carried out by flow 
cytometry. Seawater samples of 1.6 ml volume were fixed with para-
formaldehyde (1% final concentration) for 30 min at room temperature, 
before flash freezing in liquid nitrogen and storage at minus 80 ◦C. Prior 
to analysis samples were defrosted and stained with the SYBR Green I at 
1 x 10− 4 dilution of the commercial stock concentration (10 000x 
concentrate, Thermo Fisher Scientific). For samples where the stain 
concentration was insufficient, as indicated by ‘smearing’ of the com-
munity along the green fluorescence axis, the concentration of SYBR 
Green stain employed was increased to 5 x 10− 4 dilution of the com-
mercial stock concentration (Marie et al., 1997). An internal standard of 
fluorescent beads (Fluoresbrite microparticles, Polysciences; (Zubkov 
and Burkill, 2006) was added before enumeration on BD FACSort™ flow 
cytometer. 

2.2. | prokaryotic leucine assimilation 

Prokaryotic leucine assimilation was determined by time series 
dilution bioassay (Hill et al., 2013) using L-[4,5-3H] leucine (specific 
activity 89.3 Ci mmol− 1, Hartmann Analytic). For seawater collected 
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from the upper, mixed layer of the water column the protocol of Zubkov 
et al. (2007) was followed. Briefly, 3H-Leucine was preloaded into 2 mL 
polypropylene crystal-clear microcentrifuge tubes (Starlab, Milton 
Keynes) so that, when 1.6 ml of seawater was added to start the incu-
bation, a final concentration of 3H-leucine of either 0.2, 0.4, 0.6, 0.8 or 1 
nM was achieved. For each leucine concentration incubations were 
conducted for 10, 20, 30, and 40 min. Bioassays were terminated by 
adding 80 μL of 20% paraformaldehyde (PFA) to a final concentration of 
1%. Samples were fixed for 1 h at room temperature before filtering onto 
0.2-μm pore-size polycarbonate filters, which were washed twice with 3 
mL of deionised water. The filters were placed into scintillation vials to 
which 4 mL of scintillation cocktail (Meridian, Gold Star) was added and 
the radioactivity measured as counts per minute (CPM) by liquid scin-
tillation (Tri-Carb, 3110 TR, PerkinElmer, Beaconsfield, UK). 

For seawater collected from below the mixed layer several adapta-
tions were made to the bioassay protocol to ensure that the relatively 
lower rates of in situ leucine assimilation expected there were accurately 
measured. To prevent stimulating luxury absorption of leucine (Hill 
et al., 2013) the concentration series of 3H-Leucine employed was 
adjusted downwards to: 0.005, 0.01, 0.025, 0.04, and 0.05 nM. To 
facilitate detection of the radiotracer at lower concentrations resulting 
from the smaller radionuclide ‘spike’ and expected lower assimilation 
rates, we increased the experimental volumes to 30 mL and extended the 
length of the incubations to 30, 60, 90, and 120 min. These larger vol-
ume incubations were terminated by pouring the sample into 50 mL 
centrifuge tubes preloaded with PFA to make a final concentration of 
1%. 

The ambient rate of bulk leucine assimilation was calculated as the 
slope of the linear regression of radioactivity against incubation time 
and used to calculate a leucine turnover time by dividing the amount of 
leucine added to a sample by the rate of its uptake per min (Fig. 2; 
Zubkov et al., 2007). The resulting turnover times were plotted against 
the corresponding concentration of added leucine and extrapolated 

using linear regressions, from which an estimate of bulk leucine assim-
ilation rate at ambient concentration was derived from the slope, and the 
ambient leucine concentration present in the seawater was determined 
from the x-axis intercept. Errors were calculated by finding the standard 
error of turnover time given the leucine concentration added for the 
linear regression. An example of the data produced from the classical 
and our adapted 3H-leucine time series dilution bioassay is provided in 
Fig. 2. 

2.3. | prokaryotic leucine respiration 

The rate of 14C-Leucine respiration was determined by adding L-[14C 
(U)] Leucine (specific activity 328 mCi mmol− 1, Hartmann Analytic) to 
a final concentration of 0.4 nM–70 mL of seawater as previously 
described by (Hill et al., 2013). Incubations were carried out in 160 mL 
glass crimp neck serum bottles that had been acid cleaned and rinsed 
three times with sample water before filling with sample. After the 
addition of 14C-Leucine spike, the serum bottles were sealed using 
Teflon-coated silicone septa and crimp caps (Fisher Scientific). Samples 
were incubated in the dark at 11 ◦C over a four-point time series ranging 
between 1 and 18 h. Incubations were terminated by injecting 1 mL of 
10% HCl through each septum using a hypodermic needle and syringe. 
Respiration bottles were bubbled with CO2-free air for 2 h, and the 
evolved 14CO2 was directed via a hypodermic needle through a perfo-
rated lid lined with a wetted GFF into a 20 mL scintillation vial. The 
14CO2 was trapped in 4 mL of Carbo-Sorb contained within the vial. 
After the bubbling period 16 mL of scintillation cocktail was added to 
the 14CO2 loaded carbo-sorb and vial capped with an unperforated lid. 
The radioactivity of samples was measured as counts per minute (CPM) 
by liquid scintillation counting. 14C-leucine respiration was calculated 
according to Hill et al. (2013) from the slope of the linear regression line 
over the incubation time for each addition. Errors were calculated by 
finding the standard deviation between rates derived between each time 

Fig. 1. Satellite derived image of Chlorophyll (green) concentration at the start of the study and the location of the study site (red dot). For more details see Carvalho 
et al. (this issue). 
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point. 

2.4. Leucine assimilation efficiency 

The proportion of leucine used for assimilation (LA) versus respira-
tion (LR) known as the Leucine Assimilation Efficiency (LAE = LA/(LA 
+ LR)) was calculated from the results of the time series dilution 
bioassay in the case of the former (section 2.2) and a fixed concentration 
incubation experiment in the case of the latter (section 2.3). Given that 
these methods differ in that assimilation derives an in situ rate from a 
dilution, time series, whereas the respiration method determines rates of 
respiration of an added labelled fixed concentration they will contain a 
bias. To assess the likely difference caused by estimating prokaryotic 
leucine metabolic rates from a single leucine concentration of 0.4 nM 
versus using a dilution series to calculate an in situ rate, we derived 
prokaryotic leucine assimilation from only the 0.4 nM incubation time 
series, and plotted this against the derived in situ rate (from the con-
centration series). 

2.5. POC concentrations 

POC concentrations were determined using measurements made by 
optical backscattering sensors (at 700 nm) mounted on three gliders 
which were then calibrated by samples collected from Niskin bottles 
fitted onto a stainless steel CTD rosette. The glider surveys were con-
ducted as part of the GOCART project (Gauging ocean Organic Carbon 
fluxes using Autonomous Robotic Technologies) and a full description of 
the glider mission, capabilities and data are published by Henson et al. 
(this issue). Concentrations of POC were measured from 12 CTD profiles 
and at 12 depths (approximately 5, 20, 40, 50, 75, 100, 150, 250, 250, 
500, 750 and 1000 m depth). 1000 or 2000 mL of seawater was filtered 
onto pre-combusted (400 ◦C, 12 h) GF/F filters (0.7-μm nominal pore 
size, 25 mm, Whatman), briefly rinsed with MilliQ water to remove 
salts, dried (50 ◦C, overnight). On shore, the filters were fumed with HCl 
(35%, 24 h), dried (50 ◦C, >24 h), and pelleted in tin disks (Elemental 
microanalysis). The samples were analysed for POC using a Organic 
Elemental Analyser. POC calibration was performed at the beginning of 
each batch using a series of caffeine standards of varying weights (1–5 

Fig. 2. Time series dilution bioassay estimation of in situ leucine assimilation rates according to (a and b) the standard protocol of Zubkov et al. (2007) and (c and d) 
the adapted protocol for application at depths below the surface mixed layer. (a and c) The 3H-activity in the prokaryotic biomass resulting from the leucine 
assimilated over the incubation time series is used to derive a leucine turnover time for each concentration. (b and d) Leucine turnover time are plotted against 
leucine concentration to derive an ambient leucine assimilation rate from the inverse of the linear regression, and the in situ leucine concentration and turnover time 
according the x-axis intercept and y-axis intercept respectively. Samples were taken from 6 m on the 30th of November (a and b) and from 500 m on the November 
30, 2017 (c and d). 
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mg) with known percentage content of carbon. Reference standards 
were included in each batch after every 10 samples to check the in-
strument precision (<1%, n = 72, 1 SD) and drift. If needed, a drift 
correction was applied. All samples were blank corrected. Horizontal 
POC anomalies were calculated as the difference from the mean POC 
concentration at each depth. 

2.6. | correlation analysis and representation of the rates 

To explore the relationships between prokaryotic numbers, pro-
karyotic metabolism and the substrate regime correlations were per-
formed between prokaryotic abundance, prokaryotic assimilation and 
respiration of leucine, as bulk and per cell values, and ambient leucine 
and POC concentrations. Correlation matrices were generated in R 
(v3.6.3) using the ggcorrplot package to determine the Pearson corre-
lation coefficients (r). Correlation were performed for data from the 
entire water column, and also separately for the mixed layer and 
mesopelagic. For 2D representation of the data, dates were converted 
into ‘days since November 15, 2017’ and depth was binned in 20 m bins 
in order to generate a grid of equal dimensions (27 ⨉ 26). The data was 
transformed into a spatial point pattern using the spatstat package, 
Dirichlet regions were calculated using the spatstat’s dirichlet function, 
and each region was assigned the measured metabolic rate. 

3. | results 

3.1. |Bloom progression 

The hydrology and biogeochemical conditions over the study period 
are reported in detail in the introductory paper for this special issue. The 
Scotia Sea contains high concentrations of macronutrients which never 
become depleted despite the seasonal occurrence of intense phyto-
plankton blooms driven by iron supplied from South Georgia. 
Throughout the study, we observed the decline of one such austral 
spring bloom. On the 17th of November, the beginning of the study, the 
bloom was at its peak with near surface Chl a concentration reaching 
6.75 mg m− 3. Our time series then captured the decline of the bloom as 
indicated by the gradual reduction of near surface Chl a concentration to 
1.58 mg m− 3 on the last day of sampling the 12th of December (Henson 
et al., this issue). 

3.2. | POC concentrations 

The time evolution of POC concentrations is fully described by 
Giering et al. (this issue). Briefly, POC concentrations beneath the mixed 
layer generally decreased with depth, with the most rapid decrease 
observed in the upper mesopelagic (here 95–195 m depth: Fig. 3). In the 
mixed layer (upper 95 m), POC concentration revealed the typical 
temporal decline as expected from a declining spring phytoplankton 
bloom, decreasing from 252 mg C m− 3 to 142 mg C m− 3 at 0–10 m. In 
the (upper) mesopelagic, we initially observed an increase in POC 
concentrations at a daily rate of up to ~3% d− 1 between 15 Nov and Dec 
5, 2017. Towards the end of the cruise (9–15 Dec 2017), POC concen-
trations decreased at rates of up to − 2.7% d− 1. POC concentrations at 
190–200 m depth ranged from 24 to 40 mg C m− 3. 

3.3. | ambient leucine concentrations 

Concentrations of ambient leucine in the seawater followed similar 
trends to POC concentration, whereby they also generally decreased 
with depth but were apparently enriched at some depths in the meso-
pelagic during the period of downward POC flux (Fig. 3). The decline 
was particularly sharp over the transition from the mixed layer to the 
mesopelagic: mixed layer concentrations ranged from 0.438 nM; 0.184 
± 0.012 to 0.958 ± 0.094 nM with a mean of 0.438 nM, whereas 
mesopelagic ambient leucine ranged from 0.006 ± 0.002 to 0.173 ±

Fig. 3. The spatial and temporal dynamics of potential substrates over the 
surface mixed layer and mesopelagic to 500m during the COMICS expedition. 
(a) Glider-derived high-resolution concentrations of Chlorophyll a (b) Depth- 
specific anomalies (i.e. normalized to the mean of each depth). of particulate 
organic carbon (POC) based on high-resolution glider observations. (c) Con-
centrations of in situ leucine (bottle data), and (d) the abundance of prokaryotic 
cells (bottle data). White dots in panels c and d show sampling location for 
bottle data. 
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0.023 nM with a mean of 0.091 nM. The highest measured ambient 
leucine concentration coincided with the peak in POC concentration in 
November at 6 m and reached 252 mg C m− 3 and 0.96 nM respectively. 
After this peak, we saw a decline in concentrations in the mixed layer 
during December with surface ambient leucine concentrations on the 
12th of December having decreased to 0.27 nM as the bloom continued 
to dissipate and POC concentrations fell. It was noteworthy that at 500 
m depth leucine was detected throughout the study, and prior to the 
downward flux of POC, with concentrations ranging from 0.007 to 
0.160 nM at this depth. 

3.4. prokaryotic abundance 

Throughout the occupation of the study site, we observed the typical 
gradient in prokaryotic abundance (PA) over depth with concentrations 
in the upper mixed layer of mean, 5.10 x 105 cells mL− 1; 2.89–7.12 cells 
mL− 1 compared to in the mesopelagic mean, 1.5 x 105 cells mL− 1; 6.79 x 
104 - 2.60 x 105 cells mL− 1 (Fig. 3). Rather than coinciding with peak 
POC and ambient leucine concentrations in early November, peaks in PA 
of 7.11 x 105 and 7.12 x 105 cells mL− 1 occurred later at 60 m on the 30 
Nov and the 10 Dec, respectively. PA decreased gradually with depth 
below 150 m at all stations, with the minima of 6.79 x 104 cells mL− 1 

observed at 500 m on the 21 Nov. In early December PA increased in the 
upper mesopelagic, although by the final cast cell numbers had reverted 
back to those observed at the start of the study. 

3.5. | prokaryotic assimilation, respiration, and assimilation efficiency of 
leucine 

Methodological differences in the way that rates of prokaryotic 
leucine respiration and leucine assimilation were measured were esti-
mated to have caused an approximately 10% overestimation in the case 
of the former. However, this was a universal feature of the data set and 
was found to be independent of the concentration of background in situ 
leucine, and the therefore the varying degree of leucine elevation over 
the base line (data not shown). Therefore, it should be considered that 
our study systemically over estimated leucine respiration by approx 
10%, and as a result LAE is systemically slightly underestimated. 
However, the general magnitudes of the respiration rates and LAE 
derived and their relative dynamics were robust. 

Bulk ambient leucine assimilation rates were higher and more vari-
able in the mixed layer (mean, 61.7 pmol L− 1 h− 1; 7.67 ± 2.18–120.42 
± 0.94 pmol L− 1 h− 1) than in the mesopelagic (mean, 1.96 pmol L− 1 h− 1; 
0.28 ± 0.07–12.90 ± 0.73 pmol L− 1 h− 1 (Fig. 4). The highest value of 
ambient leucine assimilation (120.42 ± 0.94 pmol L− 1 h− 1) occurred at 
63 m towards the end of the study on the 4 Dec. Leucine assimilation 
rates decreased rapidly between ~100 m and 150 m depth. Below ~150 
m bulk leucine assimilation increased from the first occupation to a 
maximum of (12.90 ±

0.73 pmol L− 1 h− 1) at 250 m on the 10 Dec. Data from the final time 
point showed that levels of bulk assimilation had reverted back to those 
observed at the start of the study. 

Cell specific ambient leucine assimilation rates exhibited similar 
patterns to bulk ambient leucine assimilation rates with higher values in 
the mixed layer (mean, 1.14 X 10− 7 pmol cell− 1 h− 1; 2.40 x 10− 8 – 3.74 x 
10− 7 pmol cell− 1 h− 1) which decreased rapidly between 150 and 200 m. 
Cell specific ambient leucine assimilation rates in the mesopelagic var-
ied between mean, 1.28 x 10− 8; 2.94 x 10− 9 – 7.79 x 10− 8 pmol cell− 1 

h− 1 and exhibited a similar temporal evolution in magnitude to bulk 
assimilation rates, increased throughout the study to a maximum at the 
penultimate time point before reverting to initial levels. 

While bulk leucine respiration rates did not exhibit a pronounced 
variation over the study, cell-specific rates exhibited converse trends to 
the availability of potential substrates (as indicated by ambient leucine 
and POC concentrations) and leucine assimilation. Lowest rates were 
measured in the mixed layer and in the mesopelagic (250 m) per cell 

Fig. 4. The spatial and temporal dynamics of prokaryotic metabolism over the 
surface mixed layer and mesopelagic to 500m during the COMICS expedition in 
terms of (a) bulk in situ leucine assimilation rates, (b) cell-specific leucine 
assimilation rates, (c) bulk leucine respiration rates, and (d) cell-specific leucine 
respiration rates. White dots show sampling location for bottle data. 
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rates fell from 1.9 x 10− 6 pmol cell− 1 h− 1 to 1.0 x 10− 6 pmol cell− 1 h− 1 

after the initial measurement and remained at this level until the final 
time point where they were observed to increase again. 

LAE ranged from 0.58 to 0.99 over the water column (Fig. 5) with 
highest assimilation efficiency found in the surface mixed layer and 
lowest at depth. LAE in the mesopelagic was observed to generally in-
crease over the study period although by the final cast at all depths 
below the mixed layer it had declined again, and particularly at 500 m 
where the lowest LAE of the study was recorded. 

3.6. | correlations of biogeochemical and metabolic data 

Over all depths surveyed concentrations of POC and ambient leucine 
were positively correlated with each other and to prokaryotic abun-
dance, as well as to the bulk rates of leucine assimilation and respiration, 
cell specific rates of leucine assimilation and LAE (Fig. 6). However, 
rates of per cell leucine respired were negatively correlated to concen-
trations of both POC and ambient leucine, and they were also the 
strongest predictor of LAE. When examining the mixed layer in isolation, 
POC concentrations were a better predictor of prokaryotic abundance 
than ambient leucine concentrations, whereas in the mesopelagic this 
pattern was reversed. The primary predictor of leucine metabolism 
(anabolism v catabolism) between the two oceanic realms, was POC 
concentrations in the surface mixed layer, which were strongly nega-
tively related to per cell leucine respiration rates, whereas in the 
mesopelagic ambient leucine concentrations related most significantly 
to per cell leucine assimilation rates. The best predictor of LAE was, in 
the mixed layer, rates of cell specific leucine assimilation, which were 
strongly positive, and in the mesopelagic, rates of cell specific leucine 
respiration, which were negative. 

4. | discussion 

In line with our hypothesis, the flux of POC from the mixed layer into 
the ocean’s interior, driven by the Southern Ocean spring bloom 
collapse, was accompanied by a dynamic response in prokaryotic 
metabolic rates. As mesopelagic POC concentrations were enhanced, 
prokaryotic heterotrophic production (as indicated by leucine assimi-
lation) was upregulated, per cell rates of leucine respiration were sup-
pressed, and cell abundance increased. However, despite POC 
concentrations remaining elevated at depth, these shifts in the pro-
karyotic community were temporary and had already reverted, or begun 
to revert, within the study period. The observed dynamic prokaryote 
response could make balancing their consumption of C against the 
attenuation of POC flux challenging without temporal resolution. As 
prokaryotic consumption is the dominant process by which the 

downward flux of organic material is reduced or attenuated (Steinberg 
et al., 2008; Giering et al., 2014), these data build on the suggestion of 
(Herndl et al., 2022) that spatial measurement mismatches may account 
for the inability to balance the mesopelagic C budget (Burd et al., 2010; 
Steinberg et al., 2008). This highlights the importance of temporally 
resolved lagrangian studies to accurately constrain the efficiency of the 
BCP (Stange et al., 2017; Giering et al., 2017). 

4.1. | phasing of prokaryotic response to organic matter input 

The enhancement of mesopelagic prokaryotic growth rates and ef-
ficiency (as indicated by LAE; see section 4.2) in response to enrichment 
by sinking POC was already apparent from the first two time points of 
our study. When considering the implications of our findings it is 
pertinent to note that leucine uptake-based methods to determine pro-
karyotic metabolism, as we employed, likely yield rates which include 
contributions from both free-living and particle-associated prokaryotes 
(Schapira et al., 2012), although encountering particles is unusual given 
that they are rare. Thus, the response observed could be attributable to 
prokaryotes associated with the particles themselves, or those present in 
the water column, or a combination of both. Free-living microbes at 
depth are thought to maintain metabolic readiness so they may respond 
quickly to the influx of substrates (del Giorgio and Cole, 1998) which 
particles release to the dissolved phase. Sinking particles can also be 
rapidly colonized by prokaryotes according to factors such as motility, 
as this dramatically increases encounter rate, and allows otherwise rare 
microbes to be numerically dominant on particles (Lambert et al., 2019). 

Elevation of prokaryotic metabolism was highest in the upper 
mesopelagic during the midpoint of our study, whereas deeper in the 
water column the peak came later implying a lag associated with the 
time required for the material to sink. An interesting feature of the data 
we gathered was that despite POC concentrations still being enriched at 
the final time point, prokaryotic abundance had already begun to 
decline. This could be attributable to the activity of mortality agents 
such as grazers or viruses (Evans and Brussaard, 2012; Ducklow and 
Carlson, 1992b; Gasol et al., 2002), which are more effective at prey 
capture/host infection under conditions of higher density and thus had, 
by this point, reached a threshold where they were able to crop down the 
prokaryotes faster than their multiplication. However, mortality would 
not account for the parallel reduction in mesopelagic prokaryotic 
growth and apparent growth efficiency that we also observed by the 
final time point. 

It is possible that the reduction in mesopelagic prokaryotic metabolic 
rates observed at the last time point of the study could be accounted for 
by a reduction in substrate availability. Substrate lability may be driven 
by transformation and consumption of organic matter by prokaryotes 
(Pomeroy et al., 2007; Jiao et al., 2011; Dittmar et al., 2021) or, spe-
cifically with regards to particle associated communities, as a function of 
ecosystem capacity determined by prokaryotic composition and social 
behavior (Ebrahimi et al., 2019; Nguyen et al., 2022). Thus, potentially 
the prokaryotic community composition had shifted to one less favor-
able to consume the substrates available. Likely, another relevant factor 
is that particle sinking speeds are believed to dictate the composition of 
their associated microbial communities and the nature of organic sub-
strates they supply via leaching to the dissolved phase (Wu et al., 2018; 
Ebrahimi et al., 2019; Nguyen et al., 2022). Villa-Alfageme and col-
leagues (this issue) found that particle sinking speeds were at their 
minimum during the final phase of the study. Hence reduced prokary-
otic metabolic rates could be due to lower substrates concentrations in 
dissolved phase limiting free-living prokaryotic production. It is likely 
that the prokaryotic metabolic dynamics were the net result of multiple 
biotic and abiotic factors which lead to distinct phasing of the metabolic 
response over the export event. 

Fig. 5. The spatial and temporal dynamics leucine assimilation efficiency (LAE) 
over the surface mixed layer and mesopelagic to 500m during the COMICS 
expedition. White dots show sampling location for bottle data. 
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4.2. | prokaryotic ecophysiological shifts associated with the substrate 
regime 

Through our study we consistently detected respiration of leucine by 
prokaryotes, in line with previous findings (Hobbie and Crawford, 1969; 
Suttle et al., 1991; Alonso-Sáez et al., 2007; Del Giorgio et al., 2011; Hill 
et al., 2013). This demonstrates that oceanic prokaryotes routinely use 
leucine for catabolism (Massey et al., 1976), despite it being an essential 
amino acid. Generally, under conditions of growth, it is energetically 
more efficient to preferentially channel leucine to protein anabolism 
over other metabolic pathways (del Giorgio and Cole, 1998; Díaz-Pérez 
et al., 2016). The observation that leucine is respired, and that this is 
consistently the case in marine prokaryotic communities, indicates (a) 
that, under typical oceanic conditions, achieving prokaryotic mainte-
nance energy is dependent on the catabolism of a portion of leucine and, 

likely, other anabolically high-value substrates, and (b) that it is, 
therefore, likely a suitable molecule for use in indicating assimilation 
efficiency, and thus cellular metabolic status. 

The metabolic fate of such substrates reflects the overall nature and 
availability of organic substrates and nutrients, as well as the physio-
logical state and composition of the microbial community (Hollibaugh, 
1994). Leucine metabolism has been applied as an index for both sub-
strate processing and energy limitation, and, while not directly corre-
lated, leucine assimilation efficiency (LAE) generally follows trends of 
PGE (Del Giorgio et al., 2011; Alonso-Sáez et al., 2007). Thus, con-
straining rates of leucine metabolism and LAE, in the context of potential 
substrates (POC and in situ leucine concentrations), provided insights 
into the ecophysiological shifts associated with the changing substrate 
regime during the export event. 

When considering the water column as a whole, the positive 

Fig. 6. Correlation matrices of potential substrates (POC and in situ leucine concentrations) prokaryotic abundance, and metabolism of leucine (specifically, the bulk 
and per cell rates of leucine assimilation and respiration and the Leucine assimilation efficiency) for all data, mixed layer only (0–95 m) and mesopelagic (depths 
>95 m). Numbers indicate the Pearson correlation coefficients (r) and the intensity of red or blue coloring the strength of the positive or negative correlation, 
respectively. 
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correlations between all measured variables, with the exception of cell 
specific leucine respiration rates (which were universally negatively 
related to the other parameters), confirmed the expected microbial 
response to the demise of the spring phytoplankton bloom. Specifically, 
that, as substrates increased, prokaryotic growth was stimulated, 
abundance increased and growth efficiency increased. 

It follows then that the influx of substrates to the system relieved 
some form of resource-driven prokaryotic growth limitation, allowing 
cells to devote a greater proportion of leucine to growth relative to en-
ergy generation. Oceanic prokaryotes may be limited by nutrients 
(Rivkin and Anderson, 1997), the amount and the nature of the C supply 
(Carlson and Ducklow, 1996; Kähler et al., 1997; Cherrier and Bauer, 
2004) or by energy (Carlson et al., 2007; van Wambeke et al., 2007), 
although it has been highlighted that the distinction between the latter 
two factors may be indistinguishable (del Giorgio and Cole, 1998). 

Our findings indicated that the nature of prokaryotic resource limi-
tation was likely distinct in the surface mixed layer compared with the 
underlying mesopelagic. As indicated by correlations, in the mixed 
layer, the concentration of in situ leucine did not seem to drive rates of 
its assimilation, rather POC concentration was a strong negative driver 
of cell specific leucine respiration (Fig. 6). This could indicate that POC 
supplied substrates relieved prokaryotic C-limitation. Thus, more 
leucine could be devoted to growth, coupling leucine assimilation to 
LAE, and thus also likely to PGE. Conversely, in the mesopelagic, in situ 
leucine concentrations appeared more significant in controlling pro-
karyote metabolism than POC concentration, and were more closely 
related to per cell leucine assimilation, than respiration. Our results also 
indicated that, in the mesopelagic, respiration was a stronger determi-
nant of LAE then growth. 

Amino acids have relatively high energy and C contents and they 
may release prokaryotes from limitation by both C and energy (del 
Giorgio and Cole, 1998). However, the stronger influence of leucine 
availability over bulk C, could be taken to imply stronger levels of en-
ergy limitation in the deeper ocean compared to the surface. Alterna-
tively, the lower influence of POC concentration on prokaryotic 
metabolism in the mesopelagic then in the surface mixed layer could be 
due to changes in the composition of organic matter which made it less 
bioavailable (Pomeroy et al., 2007; Jiao et al., 2011). As this matter may 
have been already processed by prokaryotes after its production in the 
euphotic layer, its chemical nature may have been changed, conse-
quently altering the energy yields, nutrients, and C precursors for 
biosynthesis for a given rate of bulk C consumption (Linton and Ste-
phenson, 1978; del Giorgio and Cole, 1998). 

Previous work has concluded that Southern Ocean prokaryotes are 
limited by both C and iron (Obernosterer et al., 2015), although the 
latter was shown not to be a factor during the COMICS study (Ainsworth 
et al., this issue). It is logical that energy could also limit Southern Ocean 
prokaryotes, and that this would be more pronounced in the mesope-
lagic, than in the surface ocean. This is likely given the strong season-
ality at high latitudes meaning that prokaryotic communities would 
have to cope with variable organic matter inputs to the system. This 
could be exacerbated at depth where penetration of substrates might be 
far more episodic than in the surface ocean. 

Thus, as with prokaryotes in oligotrophic waters (Ishida et al., 1986; 
del Giorgio and Cole, 1998) Southern Ocean prokaryotic populations 
may need a high energy flux in the cell in order transport solutes against 
large concentration gradients during periods of low organic matter in-
puts. During such periods, populations may also exist in a state of star-
vation survival with only minimum metabolism. Furthermore, under 
conditions of highly variable substrate supply, it has been postulated 
that cells maintain membrane energization, active transport systems and 
catabolic enzymes, so that they are able to respond rapidly when envi-
ronmental conditions change (del Giorgio and Cole, 1998). Such factors 
have been previously cited to explain patterns of increasing energy 
limitation of prokaryotes from inshore to offshore, and from surface to 
deep in the Pacific (Del Giorgio et al., 2011). 

4.3. | labile substrate supply to the mesopelagic 

The detection of dissolved free amino acids at 500 m, the deepest 
depth we surveyed, during the initial measurements of our observation 
period could suggest that labile prokaryotic substrates are supplied to 
the mesopelagic via pathways other than downward POC flux. This is 
since these initial observations were prior to the arrival of the surface 
derived POC pulse that occurred during our study period. Although it 
should be noted that Henson et al. (this issue) reported that POC export 
events had already occurred at the site ahead of our study commencing. 
However, as the longest in situ leucine turnover time that we calculated 
for the mesopelagic was 9 days, and typically turnover was around 4 
days, and the previous export events had happened two weeks prior to 
our study, this explanation is less probable. 

Alternatively, deep convection may be responsible for enriching 
labile molecules in the mesopelagic (Backhaus et al., 2003) or autoch-
thonous substrates may be supplied by the mortality of indigenous 
prokaryotes, and other organisms, via processes such as lysis by viruses 
(Wilhelm and Suttle, 1999) or predation by grazers (Johannes and 
Webb, 1965). If substrates are generated by the death of prokaryotes, 
which were formed by heterotrophic production, as opposed to 
chemoautotrophy (Middelburg, 2011), this cycle represents a closed 
trophic loop. Cycling of C within the mesopelagic is supported by the 
consistent detection of prokaryotic metabolism in the deep (Arístegui 
et al., 2005; Baltar et al., 2010; Gasol et al., 2009). 

4.4. | prokaryotic metabolism in different ocean regions and 
consequences for carbon cycling 

Underlying long-term ‘base’ energy supply and substrate quality and 
quantity likely accounted for the degree of prokaryotic energy and C 
limitation indicated by our measurements (see section 4.2). The more 
distal a prokaryote community is from the source of labile organic 
matter in the surface ocean or the coast, both spatially and temporally, 
the less substrate is typically available for metabolic processes and the 
quality of this substrate is likely lower. Specifically the drop in substrate 
quality, i.e. bioavailability, likely results from the more labile com-
pounds having already been consumed (Hansell, 2013). Hence, ‘distal’ 
prokaryotic communities are likely to be pushed towards, not only C 
limitation, but also energy limitation (e.g. lack of vital micronutrients 
and organic compounds). Under energy limitation leucine, and other 
anabolically high value substrates, will be channeled towards catabolic 
processes in order to maintain basic cell functioning (rather than growth 
or reproduction), resulting in low assimilation efficiencies (see review 
by Giering and Evans, 2022) as was indicated by the low LAE we 
observed in the mesopelagic. Besides the quantity and quality, the 
consistency of substrate supply will have an influence on cell metabolic 
status and thus the degree of energy limitation. Under stable conditions, 
even when the amount of substrate may be low, cells are more likely to 
be adapted and not speculatively maintaining their membrane energi-
zation, or active transport systems and catabolic enzymes as has been 
postulated for starved communities (del Giorgio and Cole, 1998). Thus, 
the patterns of increasing energy limitation from inshore to offshore, 
and from surface to deep (del Giorgio et al., 2011; our study) can likely 
be further extrapolated to predict variations according to factors such as 
latitude and season (Fig. 7). 

In tropical locations where productivity is high and subject to little 
variation during the most and least productive seasons, surface water 
prokaryotes could be assumed to have high growth efficiency, and not 
tend towards energy, or even C limitation, even during the lowest point 
in productivity during the year (Fig. 7a). Mesopelagic prokaryotes at 
such a tropical location (assuming a continuous downward flux of a 
fraction of surface derived POC) would have lower growth efficiency 
when compared with those in the surface waters owing to overall lower 
supply of substrate quality and quantity, given that they are spatially 
distal to the surface community. However, while tropical mesopelagic 
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prokaryotes might tend more towards C limitation then their surface 
counterparts, given that their substrate supply would be continuous 
owing to the less pronounced seasonal differences in productivity at the 
tropics, they would, in line with the surface community, be disinclined 
towards energy limitation. Conversely, in high latitude environments 
(assuming no micronutrient limitation, as with our study) where pro-
ductivity varies substantially (from extremely high levels at the 
maximum to extremely low at the minimum levels through the year), 
surface communities in the productive season would likely have a high 
growth efficiency and low tendency to C and energy limitation but 
during the unproductive period, due to being temporally distal to 
organic matter supply they would be driven towards low growth effi-
ciency and likely both C and energy limitation (Fig. 7c). For high lati-
tude mesopelagic prokaryotes in the low productivity season, low 
growth efficiency, and C and energy limitation would be particularly 
acute given both their temporal and spatial distance from organic matter 
inputs. At mid latitude, temperate sites, given the intermediate levels of 
productivity and seasonality, ‘baseline’ supply would be expected to be 
lower and more consistent than at high latitudes and potentially higher 
but more seasonal than at the tropics (Fig. 7b). At such locations, pat-
terns of prokaryotic growth efficiency, and C and energy limitation 
would be akin to high latitudes, but with less pronounced extremes. 

Differences in prokaryotic communities’ metabolic status 
throughout distinct ocean regions, resulting from distinctions in the 
quality, quantity and consistency of substrate supply, will have conse-
quences for C cycling at those locations. The intensity of prokaryotic 
energy limitation influences the magnitude and efficiency of C assimi-
lation, and thus, the amount of organic matter converted back to cellular 
biomass via secondary production (rather than back to dissolved inor-
ganic C via respiration). Hence, the degree to which oceanic conditions 
promote prokaryotic energy limitation at a given ocean region will have 
consequences for the subsequent magnitude of the C flux through the 
microbial C loop (Pomeroy et al., 2007). As conditions of energy limi-
tation favor respiration over assimilation of substrates (Harder, 1997; 
Russell and Cook, 1995; Stouthamer and Corry, 1973), it could be sur-
mised that energetically limited prokaryotic communities in the meso-
pelagic would favor a weaker microbial loop (i.e. higher proportion of 
respiration to secondary production). Thus, over the course of our study 
the relative strength of the microbial loop is likely to have increased in 
the mesopelagic. 

4.5. | conclusions 

We demonstrated that the mesopelagic prokaryotic metabolic 

response to large scale export events is dynamic and responds quickly to 
increases in organic matter supply. Thus, the apparent efficiency of the 
BCP, as determined by prokaryotic activity, will vary according to the 
point at which it is measured. This infers that a time course of mea-
surements throughout episodic export events is favorable to accurately 
constrain the efficiency of organic matter transfer to the deep, and 
thereby ocean carbon sequestration. A combination of abiotic and biotic 
factors is likely at play in controlling temporal shifts in prokaryotic 
metabolic rates with particle sinking speed likely a key factor. 
Furthermore, our findings indicated that energetically limited prokary-
otic communities will respire a greater proportion of substrates 
compared with using them for production with implications for the 
strength of the microbial loop and thus carbon cycling. 
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Díaz-Pérez, A.L., Díaz-Pérez, C., Campos-García, J., 2016. Bacterial l-leucine catabolism 
as a source of secondary metabolites. Rev. Environ. Sci. Biotechnol. 15, 1–29. 

Dittmar, T., Lennartz, S.T., Buck-Wiese, H., Hansell, D.A., Santinelli, C., Vanni, C., 
Blasius, B., Hehemann, J.-H., 2021. Enigmatic persistence of dissolved organic 
matter in the ocean. Nat. Rev. Earth Environ. 2, 570–583. 

Ducklow, H.W., Carlson, C.A., 1992. Oceanic bacterial production. In: Marshall, K.C. 
(Ed.), Advances in Microbial Ecology. Springer Us, Boston, Ma.  

Ducklow, H., Kirchman, D., 2000. Microbial Ecology of the Oceans. Bacteria production 
and Biomass in the Oceans. Wiley-Liss Inc., New York, p. 85. 

Ebrahimi, A., Schwartzman, J., Cordero, O.X., 2019. Cooperation and spatial self- 
organization determine rate and efficiency of particulate organic matter degradation 
in marine bacteria. Proc. Natl. Acad. Sci. USA 116, 23309–23316. 

Eiler, A., Langenheder, S., Bertilsson, S., Tranvik, L.J., 2003. Heterotrophic bacterial 
growth efficiency and community structure at different natural organic carbon 
concentrations. Appl. Environ. Microbiol. 69, 3701–3709. 

Eppley, R.W., Peterson, B.J., 1979. Particulate organic matter flux and planktonic new 
production in the deep ocean. Nature 282, 677–680. 

Evans, C., Brussaard, C.P.D., 2012. Regional Variation in Lytic and Lysogenic Viral 
Infection in the Southern Ocean and its Contribution to Biogeochemical Cycling. 
Applied and Environmental Microbiology. Aem.01388-12.  
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