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Abstract. Dark CO, fixation by bacteria is believed to be
particularly important in oligotrophic ecosystems. However,
only a few studies have characterized the role of bacterial
dissolved inorganic carbon (DIC) fixation in global carbon
dynamics. Therefore, this study quantified the primary pro-
duction (PP), total bacteria dark CO; fixation (TBpjc fix-
ation), and heterotrophic bacterial production (HBP) in the
warm and oligotrophic Red Sea using stable-isotope labeling
and cavity ring-down spectroscopy (!3C—CRDS). Addition-
ally, we assessed the contribution of bacterial DIC fixation
(TBpic %) relative to the total DIC fixation (totalpc fixa-
tion). Our study demonstrated that TBpjc fixation increased
the totalpyc fixation from 2.03 to 60.45ug CL~!d~! within
the photic zone, contributing 13.18 % to 71.68 % with an av-
erage value of 33.95 £ 0.02 % of the photic layer totalpyc fix-
ation. The highest TBpjc fixation values were measured at
the surface and deep (400 m) water with an average value
of 5.234+0.45 and 4.954+1.33ugCL~1d™!, respectively.
These findings suggest that the non-photosynthetic processes
such as anaplerotic DIC reactions and chemoautotrophic
CO; fixation extended to the entire oxygenated water col-
umn. On the other hand, the percent of TBpjc contribu-
tion to totalpjc fixation increased as primary production de-
creased (R> =0.45, p < 0.0001), suggesting the relevance
of increased dark DIC fixation when photosynthetic produc-
tion was low or absent, as observed in other systems. There-
fore, when estimating the total carbon dioxide production in
the ocean, dark DIC fixation must also be accounted for as a
crucial component of the carbon dioxide flux in addition to
photosynthesis.

1 Introduction

Bacteria are the central nodes of the microbial loop and play
an essential role in the flux of organic carbon in marine
ecosystems through different metabolic pathways (Azam et
al., 1983). Most studies on the metabolism of marine bacte-
ria have focused on quantifying the uptake of organic com-
pounds by heterotrophic bacteria and how it relates to bacte-
rial growth and reproduction (Ducklow and Kirchman, 2000;
Kirchman, 2000). However, heterotrophic marine bacteria
can also metabolize CO; through anaplerotic carboxylation
reactions, which form the basis of several metabolic path-
ways (Dijkhuizen and Harder, 1984). Such reactions are es-
sential components of metabolic pathways in bacteria that
enable the synthesis of fatty acids, amino acids, vitamins,
and nucleotides (Dijkhuizen and Harder, 1984; Erb, 2011),
which also fuel microbial food webs.

Wood and Werkman (1936) first proposed that het-
erotrophic bacteria contribute to dark dissolved inorganic
carbon (DIC) fixation, a discovery that was widely embraced
by the scientific community. A decade later, when radioactive
isotope techniques emerged in the field, Steemann-Nielsen
(1952) first reported on the possible importance of dark
DIC fixation to the total carbon flux in the ocean, suggest-
ing that it could represent between 1% and 30 % of pho-
tosynthetic CO; fixation (Steemann-Nielsen, 1952; Nielsen,
1960). Subsequent quantifications in the northern to south-
ern Pacific and Atlantic oceans reported that dark DIC fixa-
tion accounted for approximately > 10 % of photosynthetic
CO;, fixation in temperate and equatorial areas and between
10 % and 50 % of the light fixation rate in subtropical gyres
(Prakash et al., 1991). Indeed, dark CO, assimilation con-
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tributes considerably to DIC fixation in marine surface wa-
ter, which has been directly associated with high bacterial
activity and production (Prakash et al., 1991; Li et al., 1993;
Markager, 1998; Li and Dickie, 1991; Alonso-Sdez et al.,
2010). A study that evaluated the role of Arctic bacterial dark
CO; incorporation suggested that the depletion and limita-
tion of labile organic carbon compounds could enhance the
utilization of bicarbonate by chemoautotroph or heterotroph
microorganisms to achieve metabolic balance (Alonso-Sédez
et al., 2010). In general, anaplerotic CO, fixed by some bac-
terial species has been reported to increase bacterial cell pro-
duction by 1 %-6.5% in incubated cultures (Roslev et al.,
2004) and contributes significantly to the carbon flux dynam-
ics of many marine ecosystems (Alonso-Sdez et al., 2010;
Yakimov et al., 2014; Zhou et al., 2017; Signori et al., 2018;
and Llir6s et al., 2011).

Dark CO; fixation by marine bacteria is thought to play an
essential role under oligotrophic conditions, contributing up
to 30 % of bacterial production (Gonzélez et al., 2008; Palo-
vaara et al., 2014). A discovery of light-driven CO; incor-
poration by proteorhodopsin-containing flavobacterium Po-
laribacter sp. highlighted the significant role of anaplerotic
metabolism in heterotroph life (Gonzélez et al., 2008). Addi-
tionally, a genetic study conducted in the Atlantic Ocean has
demonstrated that organic-matter-enriched samples showed
an increase in the abundance of associated anaplerotic en-
zyme transcripts coincident with a sudden increase in bac-
terial abundance (Baltar et al., 2016). Therefore, whereas
the total primary production of oceanic ecosystems is typ-
ically attributed to photosynthesis, dark chemoautotrophic
and anaplerotic metabolism can also contribute 5 %—22 % to
the total DIC fixation (Baltar and Herndl, 2019).

Dark CO; fixation by bacteria is, therefore, likely to be
highly relevant in the Red Sea, a predominantly oligotrophic,
landlocked system with no river inflow and with limited
connection to the Indian Ocean (Edwards, 1987; Grasshoff,
1969). These features result in a limited nutrient input and
an oligotrophication decreasing gradient from south to north
(Wafar et al.,, 2016). The Red Sea is also characterized
by high surface temperatures ranging from 20 to 33.1°C
(Chaidez et al., 2017; Shaltout, 2019) and warm deep-water
temperatures of up to ~21.5 °C at depths below 300 m (Yao
and Hoteit, 2018).

In our study, we hypothesized that there is a substantial
involvement of dark CO, fixation to the total DIC fixation
within the Red Sea, increasing toward the most oligotrophic
waters. Here we assess the contribution of dark CO; assim-
ilation to the Red Sea bacterioplankton production using a
13C stable isotope as a tracer. In this study, both the dark
bicarbonate synthesis by bacteria (TBpjc) and light bicar-
bonate synthesis by photosynthetic phytoplankton (PP) were
quantified using '3C as a tracer in the Red Sea water column.
Additionally, '3C stable-isotope fluxes were used to estimate
bacterial production (BP) in the dark. Our study also assessed
the variations in dark CO; fixation rates at different depths
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through the water column in both open and coastal water
bodies and the relationship with water temperature. More-
over, our study estimated the contribution of dark bicarbonate
synthesis (TBpjc %) to total CO, fixation (totalpjc fixation)
by accounting for dark and light CO; fixation rates.

2 Methods
2.1 Sample collection and processing

A total of 59 water samples were collected over the course
of four oceanographic cruises in the eastern Red Sea, includ-
ing the Center Competitive Found (CCF), Deep Cruise (DC),
Deep Coral Survey (DCS), and Red Sea Decade Expedition
(RSDE). Samples were also obtained from a time series fixed
station (pelagic) and two other coastal sites (a lagoon and
reef located in Abu Shushah) in the central Red Sea of Saudi
Arabia (Fig. 1). The cruises were conducted on board R/V
Thuwal (DC, DCS), R/V Al Azizi (CCF), and R/V OceanX-
plorer (RSDE) between August 2017 and June 2022. Water
samples during this study were collected from surface wa-
ter ranging from 3-5 m (CCF, DC, DCS, RSDE, time series
and coastal stations), adding four to five different photic layer
depths in the water column, ranging from 12-90 m during
the CCF cruise, and deep-water samples collected at 400 m
during the RSDE cruises. Water samples were collected in
the early morning using 12 L Niskin bottles with a rosette
system (Lopez-Sandoval et al., 2021) or 10L Niskin bot-
tles deployed manually for some surface water sampling.
For the deep water (400 m), the water samples were col-
lected using 1.5 L Niskin bottles attached to a remotely oper-
ated underwater vehicle (ROV) or in a submarine for RSDE
on board R/V OceanXplorer. Data of seawater temperature,
salinity, and underwater photosynthetic active radiation were
obtained from CTD (conductivity, temperature, and depth
electronic Sea-Bird SBE 911Plus) deployments for the stud-
ied coastal and open-water stations (Table 1) as described in
Lépez-Sandoval et al. (2021).

At each station, water samples for isotope labeling anal-
yses were collected in the morning using 12 L Niskin bot-
tles with a rosette system or 10L Niskin bottles deployed
manually (Lépez-Sandoval et al., 2021). For the deepest wa-
ter (400 m), the water samples were collected using 1.5L
Niskin bottles attached to a remotely operated underwater
vehicle (ROV) and a submarine on board R/V OceanXplorer.
Water samples were collected directly from the Niskin bot-
tles, prefiltered through 100 um mesh filters to remove larger
zooplankton, and transferred into 10L acid-washed carboy
containers. The water samples were distributed into three
transparent 2L or 500 mL (13C—PP; Lopez-Sandoval et al.,
2019) polycarbonate (PC) bottles for light primary produc-
tion measurements and another three dark 2L or 500 mL
PC bottles for measuring dark bacterial DIC uptake rate
(]3 C-TBpic). All water samples were enriched with sodium
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Figure 1. Stations sampled during the four oceanographic cruises
— DCS (black dots), DC (dark-gray dots), RSDE (light-gray dots),
CCEF, time series and coastal stations (white dots) — along the eastern
Red Sea conducted between 2017 and 2022.

bicarbonate-13C solution 99.8at. % 4 gL_1 of NaH13C03_ ;
Lopez-Sandoval et al., 2019) to a final carbon concentra-
tion of ~ 153 umol 3C L~! in each bottle. Additionally, dur-
ing the DC and DCS oceanographic cruises, three dark PC
bottles were enriched with D-glucose-'3Cg substrate at a fi-
nal concentration of 100 nM to measure bacterial production
('3C-BP) as described by Koshikawa et al. (1999). All PC
bottles were incubated in tanks placed on the vessel’s deck
with a circulating seawater system to maintain surface wa-
ter temperature and receive natural solar radiation. Moreover,
a separate tank was attached to a chiller to mimic the wa-
ter temperature at a 400 m depth. Additionally, coastal wa-
ter samples were incubated in a similar outdoor setup at the
Coastal & Marine Resources Core Lab (CMR) at King Ab-
dullah University of Science and Technology (KAUST).
The bottles for PP were covered with neutral-density nets
to reduce the light intensity according to the matching light
received at the assigned depth in concordance with CTD pro-
files. After 4-6h of incubation, dark and light bottles sam-
ples from CCF cruise were filtered through pre-combusted
Whatman GF/F filters (Lépez-Sandoval et al., 2021). Incu-
bated samples from other cruises were first filtered through
25 mm diameter 3 um silver membranes (Sterlitech) followed
by a filtration through 0.2 um pore size silver membrane fil-
ters (25 mm diameter, Sterlitech). The collected filters were
placed in small Petri dishes containing 150 pL (50 %) HCI
to remove carbonate from the filters, allowed to dry for 12 h,

https://doi.org/10.5194/bg-20-3613-2023

3615

and stored at —20 °C until required for downstream analyses.
Moreover, the natural isotopic composition of particulate or-
ganic carbon was measured in the surface and deep seawater
at each station in similar filters as indicated above (Whatman
GF/F filters in CCF cruise and 0.2 um pore size silver mem-
brane the rest of cruises).

2.1.1 Chlorophyll-a concentration and nutrients

Samples for chlorophyll a (Chl a) and nutrient analyses were
collected at each depth within the photic layer during the
CCF cruise and from surface water during the time series
(Lopez-Sandoval et al., 2021) and DC, DCS, RSDE, and the
coastal stations. Water samples (200-500 mL) were filtered
through 25 mm Whatman GF/F filters (0.7 um) and then ex-
tracted in 90 % acetone in the dark as described by Prabowo
and Agusti (2019) and Lépez-Sandoval et al. (2021). After
24 h, the extracted pigments were measured using a Trilogy
Fluorometer equipped with a CHL-NA module (Turner De-
signs; San Jose, USA) calibrated with pure Chl a (Prabowo
and Agusti, 2019). Water samples for inorganic nutrient con-
centration were collected and frozen until analyzed in the
laboratory. Nutrient concentrations were determined with a
Segmented Flow Analyzer (SEAL Autoanalyzer (AA) HR 3,
Analytical Inc.; WI, USA) following standard autoanalyzer
methods (Hansen and Koroleff, 1999).

2.1.2 Heterotrophic bacteria abundance

The abundance of heterotrophic bacteria was quantified in
each water sample. Briefly, 1.8 mL aliquots were obtained
from each sample, fixed with 25 % glutaraldehyde, flash-
frozen in liquid nitrogen, and stored at —80 °C for later anal-
ysis. The samples were stained with SYBR Green I interme-
diate solution (1 :100) for the determination of bacteria cell
abundance by flow cytometry (Gasol and Moran, 2016) us-
ing either a FACSCanto II (Becton Dickinson) or a CyFlow
Cube 8 (Sysmex).

2.1.3 Dissolved inorganic carbon (DIC)

The 8'3C of DIC in natural waters and after enrichment
with NaH13CO3_ was analyzed in seawater samples placed
in 15 mL small glass tubes and treated with 0.05 % mercuric
chloride (HgCl,, Sigma-Aldrich) to stop any biological ac-
tivity after sampling (Dickson et al., 2007). After fixation,
all samples were kept in a dark and cool place until analy-
sis in the laboratory. DIC measurements were conducted us-
ing an AutoMate Prep Device coupled with Picarro’s Liai-
son interface and IsoCO, wavelength scan cavity-ring down
spectroscopy (WS-CRDS) system (Santa Clara, California,
USA).
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2.1.4 Primary production (PP) and total dark bacteria
DIC fixation (TBpjc)

The carbon content and the §!3C values from PP and TBpjc
incubation filters were analyzed using a combustion mod-
ule (CM) attached to a cavity ring-down spectroscopy an-
alyzer (CM-CRDS-G2201-1, Picarro), and each filter was
analyzed for 600s. The combustion module converted the
sample into the required gas (CO;) by fast combustion, af-
ter which the gas was transferred to the isotopic analyzer to
measure the 13C/12C ratio (§'3C). Inside the cavity, spectrum
peaks were generated according to the measured wavelength
absorbed by the gas of interest (13C0O, and '2C0,), where
each peak corresponded to the '>C and '?>C concentrations
(Lépez-Sandoval et al., 2019).

Before analyzing the filters, a Picarro CRDS was cali-
brated using Vienna Pee Dee Belemnite (VPDB) standards
from the International Atomic Energy Agency (IAEA) in-
cluding TAEA-CH-6, C3, and 303B with 813C values of
—10.45 %o, —24.72 %o, and +450 %o, respectively. Addition-
ally, Reston Stable Isotopic Laboratory standards (United
States Geological Survey, UGS) were also used, including
USG62 (—14.79 %0), USG40 (—26 %o, 39 %c), and USG41a
(+36.55 %o, Lopez-Sandoval et al., 2019).

The 3C and '?C isotopic mass from the '3C-enriched
sample at the end of incubation time (h) was determined to
calculate PP (ug C~!' h™!) using the '3 C—CRDS-PP method
(L6pez-Sandoval et al., 2019). Particularly, I3C_PP was cal-
culated as the isotopic shift of particulate organic carbon
(POC) from the samples incubated in the light (8'*Cpoc, )
relative to the dark isotopic composition of the samples
) 13CpocDmk). Additionally, the isotopic shift of the enriched
DIC (8"3Cpicy, ;) Telative to the natural DIC samples
(8 13CpICNyu) Was also calculated. The production was con-
verted to carbon uptake rates considering the particulate or-
ganic carbon measured at the end of incubation in the light-
enriched samples per volume (v) filtered in liters (POC-
ug CL™"), and the carbon fixation rate was calculated per
time unit (hours of incubation) following Eq. (1):

]3C_PP = ([(8]3CPOCLighI - 813CPOCDark)/
(813CDICEnriched - 813CDICNatural)] S POC/U/Z) (1)

The TBpjc fixation rate (ugC~'h~!) was measured using
a similar equation as for the '>C—PP method. However, the
uptake rate was calculated as the isotopic shift of particu-
late organic carbon from the samples incubated in the dark
(8'3Cpocp,, ) relative to the natural isotopic composition of
the samples (8'3Cpocy,,,)- Additionally, we also calculated
the isotopic shift of the enriched DIC (8'3Cpycy, ;.. ) Telative
to the natural DIC samples (8'3Cpjcy,,.)- The production
rate was also converted to carbon uptake rates considering
the particulate organic carbon measured at the end of incuba-
tion in the dark-enriched samples and the volume filtered in
liters (POC-ug C L~"). Additionally, the carbon fixation rate
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was calculated per time unit (hours of incubation) following
Eq. (2):

BC—TBDIC = ([(SISCPOCDMI( - 813CPOCNalural)/
(8]3CDICEnriched - 8]3CDICNutural)] X POC/U/Z) (2)

The totalpyc fixation was calculated as the sum of the '3C—PP
measured in the light and '3C—TBpjc measured in the dark
following Eq. (3):

totalpyc fixation = 13C—PPLight+l3C—TBDICDark. 3)

The contribution of the TBpyc to the total carbon produc-
tion was calculated relative to the totalpjc fixation following
Eq. (4):

TBpic% = (*C-TBpicy,,) / (totalpic fixation) x 100.  (4)

The data for PP and TBpjc were converted to carbon uptake
per day using a local photoperiod of 12 h of daytime for pho-
tosynthesis and 12 h of nighttime for dark DIC fixation.

2.1.5 Bacterial production (BP)

Bacterial production (BP) was measured based on glucose
uptake (expressed in ugCL~™'h™!) as described by Mid-
delburg et al. (2000). '3C incorporation was calculated as
glucose uptake and defined as the difference between the
fraction of '3C in the natural isotopic composition sample
(FNatural) relative to the '3C fraction in the enriched sample
(FEnriched) following Eq. (5):

Glucose uptake rate (BP-ug cL'h =
((FEnriched — FNatural) X POC)/(U/I), (5)

where F =13C/(13C+12C), which is also expressed as
R/(R+ 1), where R is the carbon isotope ratio obtained
from the measured 8 '3C values, and it is calculated following
Eq. (6) Middelburg et al., 2000):

R =(8"3C/1000+ 1)
x VPDB (Vienna Pee Dee Belemnite), 6)

where VPDB = 0.0112372. Additionally, the uptake rate was
calculated by considering the particulate organic carbon
measured in the samples at the end of incubation per time
unit (hours of incubation) and per volume filtered in liters.
The BP rates were reported on a per-day basis considering a
24 h cycle.

2.1.6 Statistical analyses

All statistical analyses were conducted using the JMP PRO
16 software (JMP®, Version (16.0.0) SAS Institute Inc.,
Cary, NC, 1989-2019). A p value <0.05 was considered
statistically significant. The relationship and correlation be-
tween variables were explored using Spearman’s nonpara-
metric correlations and linear regression, and means were
compared using one-way ANOVA and Student’s ¢ test.

https://doi.org/10.5194/bg-20-3613-2023



A. Alothman et al.: Bacterioplankton dark CO; fixation in oligotrophic waters 3617

3 Results

The seawater temperature during the study period ranged
from a minimum of 21.0°C in deep waters (400m depth)
to a maximum of 32.2°C in surface waters. As data were
collected during different seasons; therefore, surface temper-
ature did not show a clear latitudinal pattern. Salinity, on the
other hand, ranged from 38.21 to 40.80 (Table 1) and in-
creased significantly with latitude (p =0.71, p < 0.0001).
Our results indicated that silicate (SiO;) levels were gen-
erally low, ranging from 0.44 to 1.65uM, whereas phos-
phate (PO4) ranged from undetectable to 0.31 uM. Both SiO»
and PO4 decreased with increasing latitude (p = —0.42, p <
0.0007, and p = —0.51, p < 0.0001, respectively). Nitrate
(NO3) (Table 1), however, did not exhibit any significant spa-
tial variability throughout the study, with an average (£ SE)
low value of 0.57 £ 0.05 uM (mean =+ SE) from the surface to
a 30 m depth, and a higher mean value of 2.44 4+ 0.55 uM be-
low 30 m depth. Surface phytoplankton Chl-a concentration
averaged 0.2240.05 and 0.3440.09ugL~! in the south
and north stations, respectively. Coastal stations showed a
close average Chl-a value of 0.3840.05ugL~!, although
they exhibited the highest individual values (Table 1). How-
ever, during winter in the northern stations, Chl-a concentra-
tion peaked and reached up to 0.69 ug L™!, probably reflect-
ing nutrient entrainment due to convective mixing. In addi-
tion, Chl-a concentrations measured during the CCF cruise
through different photic zone layers showed an increase to-
ward the maximum chlorophyll-a depth, located at 60-90 m
depth, where it reached up to 0.48 - 0.036 ug L.

Heterotrophic bacteria cell abundance ranged from 1.90 x
10% cellsmL~! at 400 m depth to 7.84 x 10° cellsmL~! in
surface waters, averaging 3.78 +0.38 x 10° cellsmL~" in
the photic layer (Table 1). There was no significant differ-
ence in bacterial abundance between open and coastal wa-
ter (F ratio=0.19, degrees of freedom (df)=1, p =0.66).
The bacterial production measured as the glucose uptake rate
in the dark (HBP) varied from 0.04 ugCL~!d ™! recorded
in the northern stations to 0.69 and 0.92ugCL~"d~! (Ta-
ble 1) in the coastal reef and lagoon stations, respec-
tively. Additionally, HBP was significantly different be-
tween coastal and open waters (F ratio=11.07, df=1,
p < 0.005), with higher rates observed in the coastal sta-
tions (0.60 £0.21 uygCL~"d~!) compared to the open wa-
ters (0.17 £0.04 ug CL~" d~!). HBP increased with increas-
ing temperature (R =0.71, p < 0.0001).

Primary production rates across the study ranged from
0.84 to 47.76 ug CL~! d~! (Table 2) and were significantly
higher at the coastal stations (17.774+3.60ugCL~!'d™")
compared to open waters (7.24 +0.71ugCL™"d™1) (F ra-
tio=20.17, df =1, p <0.0001; Fig. 2a). PP also tended to
increase with increasing temperature (p =0.35, p <0.001),
but it was independent of Chl-a concentration (p =0.12,
p=0.52) and declined with increasing nitrate concen-
tration (p=—0.46, p <0.014; Fig. 4). Primary produc-
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tion throughout the photic zone (CCF open water; Ta-
ble 2) decreased from maximum 15.36pugCL~'d~! at
the surface to < 1ugCL~'h™! at the base of the photic
layer (1% PAR). Similarly, the concentration of par-
ticulate organic carbon across the photic layer changed
gradually, from 95.13+10.23ugCL™" at the surface to
18.2541.28 ug CL~! at the base of the photic zone.

The !3C dark TBpic fixation rate varied from
1.07ug CL~'d~! to a maximum of 12.69 ugCL~'d~! (Ta-
ble 2) with no latitudinal pattern. We found significant differ-
ences in TBpyc between coastal (6.92 4+ 0.81 ngL_1 d_l)
and open-water stations (3.3440.37pugCL~'d™") (F
ratio=19.89, df =1, p < 0.0001; Fig. 2b) but not (p =0.84)
between surface (5.24+0.54ugCL~'d™") and 400m
samples (4.954+1.20ugCL~'d™"), which showed the
highest values compared to other depths (Fig. 3). Ad-
ditionally, TBpjc exhibited a weak relationship with
HBP and bacterial abundance (Fig. 4), and, on average,
TBpic (4.0940.38ugCL~!d™") exceeded the HBP rate
(0.264+0.06ugCL~'d~") by over 1 order of magnitude.
We found no significant correlation between TBpic and
temperature or nutrient concentration (Fig. 4). However,
TBpic showed a high significant correlation with POC
(p=0.80, p <0.0001) and a weak tendency to increase
with increasing Chl a (p = 0.38, p < 0.01; Fig. 4).

The totalpjc fixation rate, which is the uptake rate of
both TBpyc and PP fixation rates measured independently,
ranged from 2.03 up to 60.45ugCL~"d~!. We found a
significant and positive correlation between TBpjc fixation
and PP (p =0.53, p <0.0001; Fig. 4). On average, the
contribution of TBpjc % to the totalpic daily fixation was
33.95 £0.02 %, ranging from 13 % to 72 % across samples
(Table 2). The TBpic % contribution was independent of the
absolute TBpjc fixation rate (R2 =0.05, p =0.09), and it
was negatively correlated with PP (R? =0.45, p < 0.0001;
Fig. 5a) and did not differ between open and coastal waters
(F ratio=0.008, df =1, p = 0.92). The high TBpc at 400 m
(1.37 t0 6.33ug CL~!1 d~!; Table 2) implied that the contri-
bution of TBpjc at 400 m was high (40 %) relative to surface
PP (Fig. 5b and Table 2).

4 Discussion

Although the contribution of heterotrophic bacteria to dark
CO,, fixation was discovered more than 80 years ago (Wood
and Werkman, 1936), the number of studies quantifying dark
heterotrophic bacteria CO; fixation are scarce (Braun et al.,
2021), particularly relative to primary production rates. Our
study successfully used the light and dark '3C bicarbonate
additions coupled with a Picarro CRDS to accurately quan-
tify DIC incorporation by phytoplankton, heterotrophic bac-
teria, and chemoautotrophs during daytime and nighttime,
respectively. Decades after Steemann Nielsen (1952) intro-
duced the '*C method to measure phytoplankton primary

Biogeosciences, 20, 3613-3624, 2023
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Table 1. Value ranges (minimum-maximum) of the environmental and biological parameters obtained during the study along the Red Sea
at different depths. The data in the table are chlorophyll-a concentration (Chl a), seawater temperature (Temp), salinity (Sal), nutrient
concentrations (SiO,, POy, and NO3), heterotrophic bacteria abundance (BACT), and bacterial production (BP). NA: data not available.

Cruise Date Lat Long Depth Temp Sal Chla SiO; POy NO3 BACT BP
CN) B m O wel™h M) M) @M (eellsmLh (ugCLT T

CCF 16-21 Mar 2018 17.35- 38.38— 5-90 24.20- 38.21- 0.08- 0.57- 0.04- 0.01- NA NA
(open water) 22.23 40.42 27.69 38.90 0.69 1.65 0.28 5.31
Deep Cruise 4-9 Apr 2019 18.67- 37.01- 5 24.00-  3830- 0.14- 0.59- 006~ 0.14- 325x10°— 0.12-0.46
(open water) 2446 40.22 27.00 4000  0.19 103 020 060  7.84x10°
Deep Coral 18-23 Jan 2020 2230~ 3634- 5 23.11-  39.62-  0.37- 0.83—  001- 027- 4.38x10°-— 0.04-0.08
Survey 25.75 38.86 24.90 40.23 0.62 1.03 0.11 1.04 6.57 x 10°
(open water)
Time series 21 Aug 2017- 22.31 38.96 3 24.40- 39.30- 0.18- 0.44- 001- 044- 200x10°- NA
(coastal) 5 Feb 2018 32.10 39.57 0.81 1.02 0.31 1.12 413 x 10°
Reef (coastal) 12 Nov 2019 22.32 39.02 3 29.90 39.78 0.40 NA NA NA NA 0.69
Lagoon 22 Oct 2019 22.39 39.14 3 32.20 40.80 0.70 NA NA NA NA 0.92
(coastal)
RSDE 7 Feb— 19.44— 36.59— 5 25.13— 38.45- 0.07- NA NA NA 587x10°%- NA
(open water) 5 Jun 2022 24.15 39.44 28.87 40.16 0.49 1.86 x 10°

400 21.00-  3929- NA NA NA NA 1.90x 10°~  NA

2172 40.54 3.48 x 10*

Table 2. Range (minimum-maximum) of dark DIC uptake rates by bacteria (TBpjc), primary production (PP), the percentage contribution
of TBpic (TBpic %) relative to the total DIC fixation (totalpyc fixation), and PP obtained at different water depths in different cruises.

Cruise Lat Long  Depth TBpic PP PP % TBpic
CN) B (m) (mgCL™'d™h gcL td™h %
CCF 17.35- 38.38- 5-90 1.07-2.69 0.84-15.36 28.22 %—  13.18 %—
(open water) 22.23 40.42 86.82 % 71.78 %
Deep Cruise 18.67- 37.01- 5 2.05-12.45 2.69-16.71 4548 %—  29.13 %—
(open water) 24.46  40.22 70.87 % 54.52 %
Deep Coral 22.30- 3634- 5 2.69-10.61 3.16-14.68 3449 %—  17.32 %—
Survey 2575  38.86 82.68 % 65.51 %
(open water)
Time series 2231 3896 3 3.44-12.69 3.46-47.76 3449 %—  15.63 %—
(coastal) 84.37 % 65.51 %
Reef (coastal) 2232 3902 3 344 4.31 55.61 % 44.39 %
Lagoon 2239 39.14 3 10.11 15.88 61.10 % 38.90 %
(coastal)
RSDE 19.44- 36.59- 5 1.89-5.65 2.15-6.21 48.13 %—  24.45 %—
(open water) 2415 39.44 75.55 % 55.43 %
RSDE 19.44— 36.59- 400 1.37-6.33 NA NA NA
(open water) 24.15 39.44
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Figure 2. (a) Primary production (PP) and (b) total dark bacteria DIC fixation (TBpjc) measured in coastal and open waters. Box plots
indicate the 95 % confidence intervals with &= 1 SD. The central line in the box represents the median for each group of samples.
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where different letters indicate statistically significant differences
(“A” is significantly higher than “B”). Each box plot indicates the
95 % confidence intervals with £ 1 SD. The central line in the box
represents the median for each group of samples.

production, the '3C—PP method has recently garnered in-
creasing attention as an alternative to the use of radioactive
isotopes. Here, we extend the use of '>C bicarbonate addi-
tions to also resolve dark DIC uptake by bacteria, provid-
ing, to the best of our knowledge, the first application of this
method coupled with a Picarro CRDS. Indeed, most previ-
ous studies measured dark DIC fixation using the '*C bicar-
bonate method (Baltar et al., 2010; Reinthaler et al., 2010;
Alonso-Saez et al., 2010; Llir6s et al., 2011; Yakimov et al.,
2014; Zhou et al., 2017; Signori et al., 2018) or genome and
16S ribosomal analysis (Gonzélez et al., 2008; Yakimov et

https://doi.org/10.5194/bg-20-3613-2023

al., 2014), whereas very few studies have used '>C bicarbon-
ate to measure dark DIC fixation (Roslev et al., 2004). One of
the main advantages of using the stable isotope instead of ra-
dioactive isotopes addition is that it greatly reduces the health
and safety issues associated with using radioactive products.
Additionally, this method can be easily applied to charac-
terize field samples (Middelburg et al., 2000; Boschker and
Middelburg, 2002). Recent studies have demonstrated that
the phytoplankton photosynthesis quantification results ob-
tained with the '3C—PP method coupled with a Picarro CRDS
were similar to those achieved with the '*C method (Lépez-
Sandoval et al., 2018, 2019). Cavity ring-down spectroscopy
(CRDS), particularly with the Picarro analyzer, offers several
advantages for stable-isotope analyses applications. CRDS
can detect trace amounts of isotopes in samples with very
high sensitivity. This makes it particularly useful for ana-
lyzing low-concentration samples like oligotrophic waters.
The high sensitivity of CRDS also allows for high precision
and accuracy in isotopic measurements (Berden et al., 2000;
Loépez-Sandoval et al., 2019).

Previous studies have confirmed that bacterial dark
CO» uptake contributes significantly to the carbon flux dy-
namics of oligotrophic waters, shallow waters, coastal wa-
ters, and deep seas (Alonso-Séez et al., 2010; Yakimov et
al., 2014; Zhou et al., 2017; Signori et al., 2018; Llirds et
al., 2011). Here, we independently calculated dark DIC up-
take and PP, and we confirmed the relevance of the dark
CO», fixation processes in the oligotrophic Red Sea. Our es-
timates were within the range of reported dark DIC fixa-
tion rate, which ranges from 0.001 uygCL~!d~! in surface
waters of the subtropical North Atlantic and tropical estu-
arine systems (Reinthaler et al., 2010; Signori et al., 2018)
to 206ugCL~!d™! in an eutrophic Mediterranean lagoon
(Llirds et al., 2011). In contrast, the highest values recorded
in our study were found in coastal waters and were similar

Biogeosciences, 20, 3613-3624, 2023
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to those reported from oligotrophic ocean waters (Alonso-
Séez et al., 2010; Llirés et al., 2011; Zhou et al., 2017). The
deepest dark CO; fixation rate measurement reported so far
was carried out in the Mediterranean Sea at 4900 m, esti-
mated at 0.096+0.02ug CL~!d~! (Yakimov et al., 2014).
We recorded a relatively high TBpjc uptake rate in Red Sea
surface waters, toward the base of the photic zone but reach-
ing high values at 400 m. Increases in dark DIC fixation rates
have been observed in the tropical South China Sea at depths
between 200 and 1500 m, with rates even exceeding those at
the surface (Zhou et al., 2017). The high TBpic values re-
ported in the surface and deep water in our study suggest
that dark DIC fixation contributes significantly not only to
the carbon fixation dynamics of surface water, where bacte-
rial abundance is high, but also throughout the entire (oxy-
genated) water column (Reinthaler et al., 2010; Yakimov et
al.,2014; Zhou et al., 2017). Therefore, given the high TBpjc
values measured in the oligotrophic Red Sea ecosystem, our
findings highlight the importance of accounting for dark DIC
fixation in total carbon production estimations.

The Red Sea is characterized by a warm temperature
throughout the water column (Shaltout, 2019), with an aver-
age temperature of 21.46 4+ 0.23 °C at 400 m depth recorded
in our study. Here, temperature was found to have a positive
correlation with PP but no correlation with the TBpjc uptake
rate, whereas Chl a had no correlation with PP as PP de-
creased gradually down the photic zone, while Chl a showed
the maximum values at the bottom of the photic zone. How-
ever, Chl a showed a positive correlation with TBpjc. Ni-
trate showed a negative correlation with PP, suggesting ni-
trate depletion by the more productive phytoplankton com-
munities, whereas TBpjc was positively correlated with PP.
Studies conducted in the North Atlantic Ocean and tropi-
cal estuarine systems have reported a weak relationship be-
tween dark CO, fixation and temperature, nutrients, and Chl
a (Reinthaler et al., 2010; Signori et al., 2018). In contrast,
a study conducted in the South China Sea reported that dark
CO;, fixation rates increased in with temperature and nutrient
concentration (Zhou et al., 2017).

TBpic % contribution was calculated from the TBpjc up-
take rate relative to the sum of the independent PP measured
in the light and the independent TBpjc measured in the dark.
The significantly negative relationship between the TBpic %
contribution and PP confirmed the relevance of the dark CO»
fixation to the most oligotrophic waters. The bacterial dark
COs, fixation rate (TBpjc) contributed significantly to the to-
tal DIC uptake within the photic zone, where it reached up
to 72 % of the photosynthetic primary production and up to
52 % of the surface PP in the deep water at 400 m. In the
eastern North Atlantic Ocean, the dark CO, fixation was re-
ported to support 72 % of the prokaryotic carbon demand
in the mesopelagic layers below 200 m (Baltar et al., 2010).
Baltar and Herndl (2019) analyzed data collected over the
course of 30 years and found that the dark CO, uptake rate
contributed up to 22 % of the total PP in the euphotic layer

https://doi.org/10.5194/bg-20-3613-2023

(0-150 m). Additionally, increasing evidence has suggested
that dark CO; uptake by heterotrophic bacteria contributes
significantly to surface CO; fixation, contributing up to 30 %
of the DIC uptake in some oligotrophic waters (Gonzilez et
al., 2008; Palovaara et al., 2014). Similarly, in our study we
recorded an average contribution of TBpjc to total DIC up-
take of 33.95 % within the photic zone and the deep 400 m
water. The increase in the contribution of TBpjc to the car-
bon flux with decreasing PP in the Red Sea highlights the
importance of dark DIC fixation as a key mechanism driv-
ing plankton communities, particularly in highly oligotrophic
environments with low (surface) or absent (deep water) pri-
mary production. Additionally, the relevance of dark CO» in-
corporation is likely significant in oligotrophic and nutrient-
depleted environments where the availability of labile or-
ganic carbon is limited (Gonzélez et al., 2008; Alonso-Séez
et al., 2010). Overall, our results confirm the relevance of
dark CO; fixation to the oligotrophic Red Sea.

Our findings indicate that TBpjc exceeded HBP, as re-
ported in previous studies (Zhou et al., 2017), confirming the
important role of TBpjc in fueling bacterial metabolism in
oligotrophic waters, with low levels of labile organic matter
for bacterial growth such as surface and deep oligotrophic
waters. Although in our study we refer to bacterial produc-
tion, archaea can contribute to BP and in a higher propor-
tion to the dark DIC uptake than bacteria. A study con-
ducted in the northern Red Sea (Gulf of Aqaba) indicated
that 10 %—15 % of leucine incorporation could be attributed
to archaeal activity or to bacteria unaffected by the added
antibiotics (Ionescu et al., 2009). However, they found that
the impact of adding antibiotics to the incubations largely in-
hibited dark CO, incorporation, although it was minor below
the photic layer, suggesting that a large proportion of the dark
DIC uptake was due to archaea in the deep waters (Ionescu
et al., 2009). In addition, they found that the impact of an-
tibiotics largely inhibited dark CO; incorporation, indicating
that most of the dark DIC uptake was due to bacteria (Ionescu
et al., 2009).

The high TBpjc contribution to total DIC uptake observed
in our study can support the growth of the bacterial com-
munity, providing a path to support bacterial metabolism,
respiration, and carbon flux in the microbial loop (Zhou
et al.,, 2017). The importance of dark CO, fixation pro-
cesses seemed to increase with depth in the Red Sea, as the
dark / light ratio of CO; fixation rate increased in deeper wa-
ters, reaching up to 1.13 £ 0.65 toward the base of the photic
zone. These findings were consistent with those of Baltar
and Herndl (2019), who reported that the dark /light ratio
reached 1 at 120-160 m depths from data collected along the
ALOHA and BATS datasets, the longest oceanic time series
of the Atlantic and Pacific oceans, highlighting the urgent
need to account for dark DIC fixation in future studies on
total primary production. Considering the total net primary
production in the ocean to be approximately 50 Pg Cyr~! as
reported by Field et al. (1998) and based on the potential
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TBpic % contribution of 13.18 % to 71.78 % to the totalpic
fixation reported in our study, we estimated that approxi-
mately 6.5 to as much as 35.5PgCyr~! could be added to
the global primary production estimation. This would be a
considerable amount of carbon productivity by heterotrophic
microbes that is not being accounted for in current carbon
flux and production estimations, which could represent a sig-
nificant source of carbon in surface and deep waters (Baltar
and Handle, 2019).

5 Conclusions

Using a stable-isotope method, our study demonstrated the
substantial contribution of dark CO; assimilation by het-
erotrophic bacteria in the oligotrophic Red Sea. The results
presented herein represent a first attempt to estimate and con-
firm the role of dark heterotrophic bacteria CO; assimilation
to the carbon flux dynamics along the Red Sea at different
depths and in different water bodies. Even though temper-
ature, a uniquely influential feature of the warm Red Sea,
appeared to have a weak correlation with TBpyc, our study
confirmed that the importance of anaplerotic CO; incorpo-
ration and chemoautotrophic process would be significant in
environments with low or absent primary productivity. More-
over, due to the large fraction of totalpjc fixation generated
from the contribution of TBpjc in the surface and the deep
water, as reported in our study and other studies, it is essen-
tial to account for the contribution of heterotrophic dark CO»
fixation to the total DIC fixation as a source of prokaryotic
carbon demand.
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