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HIGHLIGHTS

e Maximum respiration rates and affinity
for oxygen in coastal seawater varied
seasonally.

o Coastal communities exhibit relatively
high affinities for oxygen.

e Respiration proceeded to oxygen con-
centrations <100 nmol L™,

e Temperature, nutrient content, and
productivity  influence  respiration
kinetics.

e Respiration kinetics varied with com-
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ABSTRACT

Oxygen (O) concentrations in coastal seawater have been declining for decades and models predict continued
deoxygenation into the future. As Oy declines, metabolic energy use is progressively channelled from higher
trophic levels into microbial community respiration, which in turn influences coastal ecology and biogeo-
chemistry. Despite its critical role in deoxygenation and ecosystem functioning, the kinetics of microbial
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Optodes

Coastal seawater
Anthropogenic influences

respiration at low Oy concentrations in coastal seawater remain uncertain and are mostly modeled based on
parameters derived from laboratory cultures and a limited number of environmental observations. To explore
microbial responses to declining O, we measured respiration kinetics in coastal microbial communities in Hong
Kong over the course of an entire year. We found the mean maximum respiration rate (Vpax) ranged between 560
+ 280 and 5930 + 800 nmol O, L! h’l, with apparent half-saturation constants (Ky,) for O, uptake of between
50 + 40 and 310 + 260 nmol O, L1, These kinetic parameters vary seasonally in association with shifts in
microbial community composition that were linked to nutrient availability, temperature, and biological pro-
ductivity. In general, coastal communities in Hong Kong exhibited low affinities for Oo, yet communities in the
dry season had higher affinities, which may play a key role in shaping the relationship between community size,
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biomass, and O, consumption rates through respiration. Overall, parameters derived from these experiments can
be employed in models to predict the expansion of deoxygenated waters and associated effects on coastal ecology

and biogeochemistry.

1. Introduction

Marine habitats are increasingly characterized by O concentrations
below 63 pmol L™}, the conventional threshold for hypoxia, with many
progressing towards anoxia (Breitburg et al., 2018; Diaz and Rosenberg,
2008). Such low O3 conditions develop where biological Oy consump-
tion via aerobic respiration persistently exceeds the rate of Oy supply
through physical transport and oxygenic photosynthesis (Calvert and
Price, 1971; Fuenzalida et al., 2009; Stramma et al., 2010; Wyrtki,
1962). Oxygen loss, or deoxygenation, in both the open ocean and in
coastal waters is accelerating due both to increased global temperatures
and anthropogenic nutrient inputs (Breitburg et al., 2018; Schmidtko
et al., 2017). Coastal ecosystems that receive municipal effluents are
also increasingly reporting eutrophication and an associated decline in
O, through time due to elevated microbial respiration (Breitburg et al.,
2018). Low Oy concentrations can strongly impact marine ecological
and biogeochemical processes (Robinson et al., 2002). For example,
decreasing O concentrations alter heterotrophic respiration, ultimately
leading to engagement of anaerobic pathways that, in turn, influence
ecosystem energetics and carbon flow (Wright et al., 2012). Oxygen
availability, furthermore, affects biomass remineralization and related
sinks and sources for many bioessential elements, including nitrogen,
phosphorus, and iron (Breitburg et al., 2018; Keeling et al., 2010; Wright
et al., 2012).

To effectively manage coastal ecosystems, reliable predictions of
deoxygenation and its impacts are critical. However, many existing
numerical models tend to underestimate the rate of O, decline (Stramma
et al., 2012). Poor constraints on relevant biological responses and
feedbacks underpin key uncertainties in existing model predictions
(Oschlies et al., 2018; Stramma et al., 2012). For example, progressive
deoxygenation increasingly channels respiration through microorgan-
isms (Robinson, 2019; Wright et al., 2012). Empirical information on
microbial respiration as a function of O, concentrations is thus required
to more accurately predict the effects of Oy availability on rates of
deoxygenation, and hence to improve model outputs. The predictive
rate equations used to describe rates of microbial respiration as a
function of substrate concentrations and often take the form of
Michaelis-Menten models (Canfield et al., 2005). Kinetic parameters in
these models - maximum respiration rates (Vpax) and apparent half-
saturation constants (Ky,) — can be used to describe aerobic respiration
rates as a function of O, concentrations and are the basis for many
biogeochemical models (Canfield et al., 2019).

Microbial respiration kinetics have mainly been explored in model
bacterial strains (Gong et al., 2016; Stolper et al., 2010; Trojan et al.,
2021), with some studies extending to marine microbial communities
(Garcia-Robledo et al., 2016; Gong et al., 2016; Revsbech and Glud,
2009; Tiano et al., 2014a). Advancement in optical Oy sensing tech-
nologies are providing new opportunities for precise rate measurements
across a range of Oy concentrations (Bittig et al., 2018; Medina-Sanchez
et al., 2017; Vikstrom et al., 2019). Application of optical O, sensors, or
optodes, allows direct, quantitative, and high-resolution analyses of
microbial respiration through incubation experiments (Garcia-Robledo
et al., 2016; Gong et al., 2016; Holtappels et al., 2014) enabling sys-
tematic exploration of microbial community respiration kinetics via
time-series experimentation.

The specific objective of this study is to determine rates of microbial
respiration as a function of Oz concentrations and to develop the cor-
responding predictive rate equations—we thus measured respiration
rates in coastal seawater microbial communities from Hong Kong. We
conducted a year-long time-series experiment, which allowed us to track

dynamics in respiration rates and ecophysiology across seasons.
Collectively, our experiments reveal considerable seasonal variability in
respiration kinetics that need to be considered in models of coastal ocean
deoxygenation and its corresponding ecological and biogeochemical
impacts.

2. Materials and methods
2.1. Study site and sampling

Seawater samples were collected from sheltered coastal waters in
Aberdeen Harbour (22°14.91'N, 114°9.36'E) in Hong Kong, where
anthropogenic activities cause high organic carbon loading (Leong and
Tanner, 1999). Surface waters were sampled over the course of a year in
both the wet (May to October) and dry seasons (November to April) of
2020 and 2021, in order to determine possible variation in respiration
kinetic properties associated with dynamics in water quality and mi-
crobial community compositions. For each sampling event, seawater
was pre-filtered through a 100 pm mesh screen, to remove large or-
ganisms and macro-debris, and collected into 10 L cubitainers. Samples
were transported back to the lab on ice within an hour of collection.
Once the samples arrived in the lab, a peristaltic pump was used to pre-
filter the seawater through a 2.7 pm GF/D pre-filter (Whatman) to select
for free-living microbial community members in the filtrate and to
remove larger grazing organisms and minimize their interference on Oz
uptake measurements. While we do not capture respiration from
particle-associated microbiota, our results should capture respiration by
the core free-living communities also targeted in many microbial com-
munity profiling studies using the same filtration strategy (Torres-
Beltran et al., 2019). To collect microbial biomass for community DNA
extraction, 2 L of pre-filtered water was further filtered onto 0.22 pm
Sterivex filters (Millipore). Microbial biomass for community composi-
tion analyses after the incubation experiment in April 2021 was
collected by filtering water directly from the serum bottles onto 0.22 pm
Durapore filters (Millipore). After each filtration, 1.8 mL of sucrose lysis
buffer (EDTA: 40 mM; Tris: 50 mM; Sucrose: 0.75 M) was added to the
filters. All filters were stored at —80 °C until DNA extraction and
purification.

2.2. Incubation experiments

A suite of incubations was conducted in glass-serum bottles to
measure O consumption as a function of time to determine microbial O,
uptake rates. A trace Oy sensor spot with detection limit of 60 nmol Oy
L! (TROXSP5, Pyroscience) was fixed to the inner wall of a 250 mL-
glass serum bottles (Kimble) with silicone glue. The silicone was allowed
to cure 1-day at room temperature before the experiment. Before each
incubation experiment, a two-point calibration was performed for each
sensor spot. The zero concentration calibration point was set in a 0.3 M
sodium dithionite solution, and the upper calibration point was set with
air-saturated water. Incubation bottles with calibrated sensor spots were
then sterilized by autoclave. To start the incubation, ~240 mL of GF/D
pre-filtered seawater sample was transferred to autoclaved incubation
bottles containing a sterilized glass-coated magnetic stir bar (Sigma).
Pre-filtered seawater in each bottle was then purged for around 15 min
with Ny gas to reduce dissolved Oz concentrations to approximately
5000-10,000 nmol O, L™! in an effort to minimize the duration of in-
cubation needed to draw oxygen down and the “bottle effects” associ-
ated with longer-term incubations (Tiano et al., 2014b). After purging,
bottles were then closed with sterile, 1.5 cm thick, blue butyl rubber
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stoppers to prevent introduction of O to the bottle from the atmosphere.

Experiments began immediately after the elimination of the head-
space, which was done by displacing the headspace gas with Ny-purged
pre-filtered seawater to a final volume of 250 mL. A 1 mL air-tight sy-
ringe with a 1.25-in. long 22G hypodermic needle was then inserted
through the stopper for pressure compensation. The bottles were then
placed in a thermostated water bath at 24 + 1 °C, which is the annual
average temperature in Aberdeen Harbour (Environmental Protection
Department, 2019), to minimize the influence of temperature variations
on respiration rates and the optode O, measurements. A stir plate (IKA
Labortechnick) was placed underneath each bottle to ensure the water
was well-mixed. A temperature sensor (TDIP15, Pyroscience) was
placed into the water bath, which allows automatic real-time tempera-
ture compensation. The fluorescent signals from the optodes were read
via optical fibres (SPFIB-BARE-CL2, Pyroscience) positioned outside the
bottles. Oxygen concentrations were measured every second and
recorded using the software Pyro Workbench V1.2.0.1359.

2.3. Microbial community DNA extraction

Microbial community genomic DNA was extracted from Sterivex
filters as previously described (Hawley et al., 2017; Zaikova et al.,
2010), with modification. Briefly, after thawing on ice, 100 pL lysozyme
(0.125 mg mL~}; Sigma) and 20 pL of RNAse A (1 pL mL~}; Thermo
Fisher) were added and incubated at 37 °C for 1 h in a hybridization
oven. After this incubation, 100 pL Proteinase K (Sigma) and 100 pL 20
% SDS were added to the filters, which were then incubated at 55 °C for
2 h. Lysate was transferred into a 15 mL centrifuge tube by a sterile
syringe and followed with an additional rinse of the filter with 1 mL of
lysis buffer. Microbial genomic DNA was extracted from the lysates
using the phenol:chloroform extraction method. Extracted genomic
DNA was purified by washing three times with TE buffer (pH 8.0) using a
10 KD 15 mL Amicon filter cartridge (Millipore) and concentrated to a
final volume of between 100 and 300 pL. Genomic DNA from Durapore
filters was extracted as follows: filter segments were transferred to a 15
mL centrifuge tube followed by addition of 1.8 mL lysis buffer and 100
pL 20 % SDS. Filters were shaken vigorously and then subjected to
phenol:chloroform extraction and processed as described above for
Sterivex filters. Total DNA concentrations were determined by the
PicoGreen assay (Life Technologies) and DNA quality assessed by visu-
alization on 0.8 % agarose gel (2 h at 80 V).

2.4. SSU rRNA gene amplification and sequencing

DNA for amplicon sequencing was prepared based on Apprill et al.
(2015) and Caporaso et al. (2011). To prepare the amplicon library,
primers 515F (5-GTG YCA GCM GCC GCG GTA A-3') (Parada et al.,
2016) and 806R (5-GGA CTA CNV GGG TWT CTA AT-3') (Apprill et al.,
2015) were used to amplify bacterial and archaeal SSU rRNA gene
fragments from the extracted genomic DNA. An Agilent Bioanalyzer was
used to determine approximate library fragment size and to verify li-
brary integrity, by the High Sensitivity DS DNA assay. KAPA Library
Quantification Kit for Illumina was used to determine the DNA con-
centration in library pools. Library pool was diluted to 4 nmol L' and
denatured into single strands using fresh 0.2 M NaOH. With an addi-
tional PhiX spike-in of 5-20 %, the library was loaded at 8 pM.
Sequencing was conducted on the Ilumina MiSeq platform.

2.5. 16S rRNA sequence data analysis

Sequences of the 16S rRNA gene were processed through Mothur
(Schloss et al., 2009). Briefly, sequences with ambiguous characters, had
homopolymers longer than 8 bp, and did not align to a reference
alignment of the correct sequencing region were removed. A pre-
clustering algorithm was used to denoise sequences within the sample
(Schloss et al., 2011). A SILVA alignment was used to identify and align
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unique  sequences (http://www.mothur.org/wiki/Silva_reference_
alignment). Chimeric sequences were removed by UCHIME (Edgar
et al., 2011). Sequences were then clustered into 97 % OTUs by Opti-
Clust (Westcott and Schloss, 2017). OTUs were classified with reference
to the SILVA taxonomy database (release 138, http://www.mothur.
org/wiki/Silva_reference files). OTUs with one 16S rRNA sequence
read were removed. All data was visualized in R and GraphPad Prism
version 9.2.0 (San Diego, CA). For alpha and beta diversity measures, all
samples were subsampled to the lowest coverage depth (n = 29,256) and
calculated in Mothur. Hierarchical clustering was performed using the
hclust and dist functions in RStudio, and a principal coordinates analysis
(PCoA) was used to compare bacterial and archaeal community struc-
tures across all samples, using the vegdist and pcoa functions in RStudio.

2.6. Nutrients and chlorophyll a measurement

Samples for nutrient concentration measurements were immediately
filtered, transferred to the lab on ice, and stored at —20 °C for later
analysis. Samples for nitrate (NO3) and nitrite (NO3 ), ammonium (NH)
and inorganic phosphate (POs) determinations were thawed immedi-
ately prior to analysis and measured with spectrophotometric methods:
the Griess assay, the indophenol blue method, and the modified Murphy
and Riley procedure, respectively (Grasshoff et al., 2009). Total NOy
(NO3 and NO3) was measured by reducing NO3 to NO3 with vanadium
(Garcia-Robledo et al., 2014), and subtracting NO3 from the total NOy to
obtain NO3 concentrations. The absorbances were all measured on a
MultiSkan Go Microplate Spectrophotometer (Thermo Fisher).

Seawater samples for chlorophyll a concentration measurements
were first transported to the lab in amber HDPE bottles on ice. Biomass
in the seawater samples was collected onto GF-75 filters, which were
extracted for 24 h with 90 % buffered acetone solution (90 parts acetone
and 10 parts saturated magnesium carbonate solution) at —20 °C, and
the extracted chlorophyll a measured on a NanoDrop One® Microvolume
UV-Vis Spectrophotometer (Thermo Fisher). The concentration of
chlorophyll a was calculated according to the Lorenzen method
(Lorenzen, 1967).

2.7. Calculation of rates and rate constants

Oxygen uptake rates were calculated from linear regression of Og
concentration data. Data collected in the first 10 min to 3 h of the ex-
periments (before linear O, depletion was observed) were discarded as
this period allowed microorganisms to acclimate to stable conditions
after sampling and handling (Johnson, 1967; Tiano et al., 2014b). Ki-
netic parameters were determined based on changes in O, concentration
as a function of time. The raw data were first fit and smoothed with a 6th
order polynomial spline. Oxygen concentrations recorded below 2000
nmol Oy L~! were used to determine O uptake rates, calculated as the
slopes of linear regressions over oxygen consumption intervals at
different O, concentrations: from 2000 to 1000 nmol O5 L7, slopes were
calculated for every 200 nmol O, L~%; from 1000 to 100 nmol O, L ™! for
every 100 nmol Oy L~L; and from 100 to 60 nmol Oy L™! for every 10
nmol O, L1, A non-linear regression was then used to fit a Michaelis-
Menten-type enzyme kinetic model (MM) to the resulting rate data as
a function of Oy concentrations using GraphPad Prism version 9.2.0 (San
Diego, CA):

(0]

R=Vpux X ———
K + [02]

m

Here R represents the Oy uptake rate, Vpqy is the maximum respi-
ration rate, which is at the highest O, concentration ([O2]), and K, is the
0O, concentration at half the maximum rate.

Biomass-specific Viy,x was determined by dividing the volume-
specific Vihax by total biomass. Total biomass was calculated according
to Khachikyan et al. (Khachikyan et al., 2019). Briefly, cell volumes were
calculated by assuming that cell width equals to cell height:
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V:ﬂf‘th+%ﬂr3 2

Here V is the cell volume in cubic micrometres, r is the radius of a
cell, and h = L — 2r, where L is the length of the cell. Based-on the
typical morphology and the high abundance of Proteobacteria HIMB11
and Cyromorphaceae spp. (Bowman, 2014; Durham et al., 2014) across
sampling events, cell volumes were calculated by assuming the size of
cells were generally 2um long and radius of 0.5um. The dry mass in
femtograms (mgr,) was then calculated as:

Mgy = 322 x V043 (3

Total biomass in each incubation was then calculated from total cell
number, which was assumed to be 16 x 10° cells mL™?, according to
previously reported average numbers from adjacent southern waters
that range from 7 to 100 x 10° cells mL™! (Yuan et al., 2010). Specific
affinities for Oy were calculated by dividing biomass specific Vi« by the
K, value (Button, 1998). Cell specific Vipax was determined by dividing
the volume-specific Vo5 by total cell number.
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The temperature dependence of microbial respiration was further
assessed through the Arrhenius relationship based on cell specific
respiration rates (Raven and Geider, 1988):

1
InR = a—b(k—T> “4)

where R is the cell specific Viax, k is Boltzmann’s constant of 8.62 107°
eV KL, T is the in situ water temperature in K, and b is the negative
slope in the Arrhenius plot that corresponds to the activation energy (E,,
eV). A temperature sensitivity coefficient (Qq0) was further derived as
Q10 = exp.(10E,/RT2), where R is the gas constant of 8.314 mol > K™?
and T is the mean water temperature in K. Value of E, was converted to J
mol ! by conversion factor of 96,486.9 J eV ! mol 1.
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Fig. 1. Oxygen depletion as a function of time in surface seawaters from Aberdeen Harbour, Hong Kong. Plots show O, concentrations as a function of time below
500 nmol O, L~ with 2-3 replicates for a given sampling. Oxygen concentrations were smoothed (red line) and used to determine O, uptake rates. Colours denote
replicates of incubations (n = 2-3). The inset delineates all data collected and blue frame delineates data below 500 nmol O, L2,
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3. Results and discussion
3.1. Microbial community respiration in Hong Kong coastal water

In all incubations, Oy concentrations declined monotonically as the
result of microbial respiration (Fig. 1). Oxygen uptake rates exhibited
pronounced reduction when O, concentrations in the incubation
reached ~100 nmol L™!—well above the sensor detection limit of 60
nmol Oy L™!. Community O, uptake rates were estimated by fitting
smoothed O5 depletion curves into Michaelis-Menten model as a func-
tion of O, concentrations, with coefficients of determination (R%)
ranging from 0.90 + 0.01 to 0.99 + 0.00 (Fig. 2). We found mean
apparent half-saturation constants (K,) for O, between 65 + 19 and 310
+ 260 nmol O, L™}, Based on the average total cell number in surface
waters adjacent to our study site (Yuan et al., 2010), we estimated
specific affinity for O, in the communities of between 12,100 +
1400-36,100 + 3900 L g~ cells h™!, with a mean value of 23,900 +
8100L g’l cellsh™! (Table 1). As total cell number could range from 7 to
100 x 10° cells mL ! in surface seawater seasonally (Yuan et al., 2010),
mean specific affinity could range from 3800 + 1300 to 54,700 +
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18,500 L g~ ! cells h™!. Our estimated mean value was lower than that
derived by global average cell number in surface seawater (6.9 x 10°
cells mL™Y; Gram et al., 2010) of 55,500 + 18,700 L g~ ! cells h™!, which
likely due to the higher cell number in sub-tropical Hong Kong waters.
More detailed investigations on specific affinity for Oy should be con-
ducted in the future. Furthermore, we found a linear relationship be-
tween K, and Vpax (p < 0.05, Fig. 3a) as expected based on typical
enzyme kinetic properties, where enzymes with high substrate affinity
(high K;,) bind substrates strongly and therefore tend to turn over sub-
strate more slowly (low Vpax), and vice versa (Seibert and Tracy, 2021;
Wallenstein et al., 2011; Wang et al., 1992). This, therefore, supports the
expected dependence of microbial respiration rates on affinities for O in
natural settings.

Respiration kinetics observed for microbial communities in Hong
Kong seawaters compare well with previously investigated temperate
coastal waters (Tiano et al., 2014b). The K, values derived from our
experiments are similar to the range reported for Danish coastal waters
0of 93 & 25 to 310 & 61 nmol O, L1 (Tiano et al., 2014b), regardless of
the higher seawater temperature in Hong Kong (18-28 °C) than in
Denmark (15-21 °C). Measurements from all incubations in Hong Kong
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Fig. 2. Oxygen uptake rates as a function of oxygen concentration in surface seawaters from Aberdeen Harbour, Hong Kong. Oxygen uptake rates plotted as a
function of oxygen concentrations. Rates were fit to a Michaelis-Menten type enzyme kinetic model (MM). The inset delineates data collected below 500 nmol O, L1,
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Table 1
Respiration kinetic parameters for Hong Kong coastal marine microbial communities and corresponding environmental metadata for context.
Date Vimax Km n R? Cell specific Specific Temp.  NHj NO3 NO; PO;~ Chlorophyll
Vinax affinity a
(nmol Lt (nmol (fmol O, L ! (L g’1 cells “Q) (pmol (pmol LY (pmol (pmol (ng LY
hh LM hh hh L LY LY

14-Jul- 2980 + 270 250 + 3 0.92 £ 0.02 1.9+0.2 28,000 + 28.2 1.0 £0.1 10.2 £ 0.1 1.4+0 0.2 + 24.4+0.8
2020 130 15,900 0.1

11-Aug- 5010 + 420 270 £+ 50 2 0.99 + 0.00 3.1+03 34,700 + 28.1 23+04 8.3+ 0.4 2.0+ 0.2 + 7.1+£0.2
2020 3100 0.0 0.1

17-Sep- 5930 + 800 310 £ 20 3 0.94 £ 0.03 3.7+ 0.5 36,100 + 27.3 7.0+ 0.1 7.8 +£0.3 1.8+ 1.2+ 3.9+0.5
2020 3900 0.0 0.3

29-Oct- 2670 + 930 160 + 10 3 0.91 £ 0.03 1.7 £ 0.6 31,100 + 28.3 1.2£0.1 2.6 £0.1 1.9+ 0.6 + 3.9+0.5
2020 9200 0.0 0.0

16-Nov- 3720 + 950 230 + 40 3 0.93 £+ 0.01 2.3+0.6 29,700 + 24.2 1.9+ 0.4 55+0.2 0.8 £ 0.8 £ 1.0+0.1
2020 3300 0.0 0.1

17-Dec- 820 + 50 60 + 20 2 0.94 £ 0.00 0.5+ 0.0 24,600 + 20.1 1.5+£0.1 7.8+ 0.4 0.9 + 0.7 + 0.7 £ 0.1
2020 6000 0.1 0.1

20-Jan- 1550 + 260 190 +£10 3 0.92 £+ 0.02 1.0+ 0.2 15,700 + 18.0 1.0+ 0.5 6.5+ 0.2 0.7 + 0.6 + 1.2+0.1
2021 2300 0.0 0.1

27-Jan- 1540 + 100 170 + 30 3 0.90 £+ 0.01 1.0+ 0.1 17,000 + 18.2 22+1.1 4.4+0.3 0.3+ 0.5+ 1.2+0.3
2021 3800 0.1 0.2

29-Mar- 560 + 280 50 + 40 3 0.91 £+ 0.08 0.3+0.1 15,300 + 21.9 1.7+0.1 1.1+0.2 n.d. 0.3 + 1.6 +£ 0.4
2021 11,400 0.1

13-Apr- 1170 + 110 180 + 20 3 0.96 + 0.02 0.7 £ 0.1 12,100 + 23.7 21+0.2 1.6 +£0.1 n.d. 0.2+ 0.8 £ 0.2
2021 1400 0.0

14-May- 1620 + 180 140 + 40 3 0.94 £ 0.04 1.0£0.1 23,800 + 27.0 0.8+ 0.1 15.1 £ 0.4 1.9+ n.d. 143+1.4
2021 8900 0.0

3-Jun- 2430 + 30 310 + 2 0.97 +0.01 1.3+ 0.4 19,400 + 27.4 3.3+0.1 13.2+0.3 4.5 + 0.7 + 22+0.1
2021 260 13,400 0.0 0.0

Mean + standard deviation of maximum respiration rates (Vp,ax), apparent half-saturation constant (K,,), number of replicates (n), cell specific V., specific affinity
for O, in situ water temperature (Temp.), concentration of chlorophyll a, and concentrations of water nutrients (umol L™'): ammonium (NHJ), nitrate (NO3), nitrite
(NO3), and phosphate (PO3"). Average R? values assesses the goodness of fit of the Michaelis-Menten model. In situ water temperature were obtained from the
monitoring station adjacent to Aberdeen Harbour, operated by the Hong Kong Environmental Protection Department (Environmental Protection Department, 2020,

2021). n.d. = not detected.
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Fig. 3. Plots of kinetic parameters as a function of other variables. (a) Correlation between maximum respiration rate (Vy,ay) and ammonium (NHZ) concentrations
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K, and relative abundance of HIMB 11 in the communities.

yielded mean Ky, values of 200 + 90 nmol Oy L’l, which is typical, 200
+ 2 nmol O, L7, of low-affinity aerobic terminal oxidases (Rice and
Hempfling, 1978). Metagenomic analyses of coastal microbial commu-
nities in well-oxygenated waters from the Gulf of Maine and a

Norwegian fjord indeed find a prevalence of low-affinity aerobic ter-
minal oxidases (Morris and Schmidt, 2013). Low-affinity terminal oxi-
dases (cytochrome c oxidases) also dominate the terminal oxidase pool
in the Eastern Pacific Ocean, where most were assigned to the
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Proteobacterial phylum (Kalvelage et al., 2015).

Proteobacteria dominated microbial community compositions in
Danish coastal surface waters (Traving et al., 2016). This observation is
similar to our observation that Proteobacteria make up to a mean value
64.0 + 7.1 % in Hong Kong coastal waters (Fig. 4a). Community Ky
values in Hong Kong coastal waters are similar to low-affinity terminal
oxidases. Previous studies reported the expression of similar K, values
for diverse marine and other Proteobacteria (30-200 nmol O, L™ (Chu
etal., 2022; Gong et al., 2016; Stolper et al., 2010). Microbial respiration
rates often vary across ecosystems in response to environmental condi-
tions such as temperature, while similar Ky, values measured in sub-
tropical and temperate coastal communities imply that affinity for Oy
may not respond strongly to temperature differences. Most of the taxa
present in both communities process low-affinity oxidases (Morris and
Schmidt, 2013). By extension affinity for O, in coastal microbial com-
munities may be comparable, possibly even over large geographic dis-
tances. Such similarity could be linked to the dominance of bacterial
species with low-affinity oxidases in marine waters in general. Never-
theless, measurements of respiration kinetics coupled with community
profiling in coastal waters are limited and thus further investigation is
needed to properly establish global extensibility.

Science of the Total Environment 954 (2024) 176119

Seawater microbial communities in Hong Kong exhibit relatively
low-affinity for Oy throughout the year, but higher-affinities can be
observed episodically. In general, higher affinities for O, were observed
in the dry season (p = 0.06, Supplementary Table 1). Respiration with
higher affinity for O, was pronounced in December and March, which
exhibited low community Ky, values of 60 + 20 and 50 + 40 nmol Oy
L1, respectively. The higher affinities for Oy could be linked to the
potential activity of microbial community members capable of aerobic
respiration through high-affinity oxidases. For example, Candidatus
Actinomarina of the Actinobacteria process high-affinity genes in their
genomes (Lopez-Pérez et al., 2020), and comprise up to 8.8 and 11.8 %
of the Hong Kong seawater community in December 2020 and March
2021, respectively (Fig. 4b). If such organisms indeed have higher af-
finities for O, we suggest that they may emerge as key contributors to
aerobic respiration in the low O, waters that develop in the dry season in
response to deoxygenation.

Despite similarities in affinities for O, maximum respiration rates
(Vmax) in surface seawater microbial communities varied seasonally
(Fig. 5a). Mean Vp,x values of 3440 4+ 1660 and 1560 + 1130 nmol O,
L7! h™! were measured in the wet and dry seasons, respectively, and
these differences are statistically significant (p < 0.05) among seasons
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Fig. 4. Microbial community compositions and taxonomy in seawater from Aberdeen Harbour, Hong Kong. (a) Relative abundance of OTUs classified at phylum
level in the samples. The relative abundance of reads for each OTU was calculated as a percentage of the total reads for each sample. (b) Mean abundance of the top
10 most abundant OTUs classified at genus level in the samples from each season. Blue and yellow bars indicate mean abundance of the genus in wet and dry season,
respectively. Error bars indicate standard errors. (c) Relative abundance of Roseobacter sp. HIMB 11 in seawater.
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(Supplementary Table 1). Similar seasonal patterns were observed in
previous studies on community respiration in Hong Kong’s surface
water, with a higher mean community respiration rate in July (729 +
155 nmol Oy Lt h’l) and lower rates in November (316 + 131 nmol Oy
L™ h™1) (Yuan et al., 2010). The lowest rate of 560 + 280 nmol O, L™}
h~! (March 2021) was found in spring at water temperature of 22 °C,
which was lower, yet comparable, to coastal Danish waters of 761 + 76
nmol O, L' h~! in the summer at 21 °C (Tiano et al., 2014b). Higher
Vmax can be explained by the significantly higher water temperature in
summer that is up to 28 °C (p < 0.01, Supplementary Table 1), given that
water temperature and Vp.x for coastal water in Hong Kong were
significantly correlated (p < 0.001, Fig. 3b). pH and salinity, which can
also affect rates of microbial respiration (Dupont et al., 2014; James
etal., 2017), were relatively uniform throughout the year (7.8 + 0.1 and
30.8 £ 0.8, respectively) (Environmental Protection Department, 2019).
No significant correlation between these parameters and respiration
kinetics was observed. This implies that, likely because of their limited
variability, these variables are not strong controls on respiration rates in
the Hong Kong waters studied. Instead, water temperature appears to be
a stronger predictor of seasonal variation in coastal respiration rates in
Hong Kong.

Variation in coastal microbial respiration has a strong dependence on
water temperature, and this can generally be described by the Arrhenius
relationship (Robinson, 2019). We derived a temperature sensitivity
coefficient (Q10) of 3.15 and an activation energy (E,) of 0.87 eV. This
Q10 value for coastal microbial communities in Hong Kong is higher than
that determined for mesopelagic respiration in seawater with tempera-
ture that ranged between 9 and 15 °C, implying that community respi-
ration in Hong Kong coastal surface water is more sensitive to
temperature dynamics. This is consistent with the observation that the
rates we measured are generally higher than those from other published
locations given that the majority of reported measurements are from
temperate regions (Robinson and Williams, 2005), where water tem-
perature is generally lower (Lgnborg et al., 2021). Overall, our results
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imply that rates of community respiration can vary across ecosystems,
which is likely a combined function of temperature, productivity, and
organic carbon loading differences between systems (Wikner et al.,
2023).

Perhaps counterintuitively, respiration was characterized by rela-
tively low affinity during the wet season—a time in which hypoxic
conditions (<63 pmol O, L™1) commonly develop in Hong Kong waters
(Chen et al., 2022; Qian et al., 2018). This contrasts with expectations
for higher affinity for Oy at low Oy concentrations (Bueno et al., 2011;
Morris and Schmidt, 2013). Such observations may reflect a prevalence
of low-affinity oxidases at this time of year in Hong Kong waters, which
would be consistent with a dominance of low-affinity oxidases previ-
ously observed even at nanomolar O concentrations, (Trojan et al.,
2021). Microbial communities may display low affinity respiration as
their preferred energy conservation strategy under high nutrient con-
ditions in the summer, even under hypoxic conditions of 12.5-50.0 pmol
(o2} L lin Hong Kong waters (Chen et al., 2022; Qian et al., 2018). Note
that even these depressed Oy concentrations are much higher than the
K value of both high- and low-affinity oxidase (3-8 and 200 nmol O,
L’l, respectively) (Morris and Schmidt, 2013), the latter of which are
presumably best-suited to support respiration under hypoxic conditions.
On the other hand, the higher affinities observed in the dry season may
reflect low nutrient availability, aligning with studies reporting lower
Ky, values for marine bacterial respiration under nutrient limitation
(Gong et al., 2016). It may thus be that nutrient availability is a strong
lever on community respiration, even in light of Oy concentrations as
low as 12.5 pmol L™ in Hong Kong during the wet season. This should
be explored in more detail in the future.

3.2. Nutrient loading and productivity control coastal community
respiration

Variation in the rates of community respiration are often the result of
changes to nutrient loading and corresponding dynamics in primary
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Fig. 5. Respiration kinetics and environmental parameters over the year in Aberdeen, Hong Kong. (a) Values of maximum respiration rates (Vy,x), apparent half-
saturation constants (Ky,), and surface water temperature. (b) concentrations of ammonium (NHJ), nitrate (NO3), and nitrite (NO3) (c) concentration of phosphate
(PO3") (d) concentrations of chlorophyll a. Error bars indicated standard deviations. Note that mean values in January were derived from measurements in 20th and
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productivity (del Giorgio and Duarte, 2002). In our analyses of Hong
Kong coastal waters, higher nitrogen loading was observed in wet sea-
sons which also had higher respiration rates. Significant differences
were found in NO3 and NO; (p < 0.05, Supplementary Table 1), and
higher concentrations of both species were observed in the wet season
(Fig. 5b). This observation was consistent with enhanced nutrient in-
puts, including NO3, in wet seasons as the result of elevated atmospheric
deposition, run-off from rainfall and rivers, and groundwater discharge
(Archana et al., 2018; Yau et al., 2020).

Elevated microbial community respiration rates have been attributed
to anthropogenic impacts in coastal waters around Hong Kong (Yuan
et al., 2010). Nitrogen loading promotes eutrophication, which is asso-
ciated with enhanced heterotrophic respiration, and this can eventually
lead to deoxygenation (Breitburg et al., 2018; Rabalais et al., 2002;
Robinson, 2019). Nitrification driven by anthropogenic NHY is coupled
to autotrophic Oy uptake, which can also account for a substantial
fraction of total Oy uptake (Hsiao et al., 2014; Ward, 2008). Further-
more, we observed a positive correlation between Vyax and NHJ (p <
0.001, Fig. 3c). Elevated NH{ concentrations presumably promotes
nitrification, which in turn enhances NOj3 availabilities for phyto-
plankton (Han et al., 2017), and presumably subsequent primary
productivity.

We also observe that wet-season waters exhibit a statistically higher
concentrations of chlorophyll a (p < 0.05, Fig. 5d). The concentration of
chlorophyll a reflects the abundance of photosynthetic organisms and
hence also primary productivity (Gong et al., 2000), or the net balance
between primary production and respiration, which generally correlates
positively to gross rates of microbial respiration in coastal waters (Iriarte
et al., 1997; Jensen et al., 1990; Robinson, 2019). Our observations of
both elevated nitrogen and chlorophyll a that co-occur with high
respiration rates support the idea that nutrient driven enhancements to
productivity lead to elevated rates of Oy respiration in Hong Kong
coastal waters.

3.3. Variability in respiration kinetics with community composition
Respiration kinetics may reflect microbial community composition

and structure as kinetic descriptions of aerobic respiration are intrinsi-
cally linked to the affinities for O in members of microbial

Science of the Total Environment 954 (2024) 176119

communities. Microbial communities in Hong Kong coastal water clus-
ter primarily according to season (Fig. 6a). Results of PCoA illustrate
greater similarity between waters of the same season, with members of
the Bdellovibrionota and Actinobacteriota driving significant differ-
ences in community composition between the wet and dry seasons
(Fig. 6b). Similarity in respiration kinetics may arise due to similar
microbial community compositions with correspondingly similar
metabolic potential and O, demand. There are, however, very few prior
measurements of respiration in coastal microbial communities with
parallel information on microbial community composition and structure
with which to compare. Nonetheless, prior studies in Hong Kong coastal
waters reveal community compositions similar to those determined
here, with Proteobacteria and Bacteroidetes dominating (Zhang et al.,
2007). The similarly in community composition across studies, is
consistent with previous measurements of community respiration,
which were also similar to our observations (Yuan et al., 2010). More
nuanced variability in respiration kinetics observed between seasons
may, nevertheless, reflect the more granular differences in microbial
compositions observed at lower taxonomic ranks.

Respiration kinetics may also relate to species richness in microbial
communities. Microbial communities in the wet season exhibited
significantly higher species richness than in the dry season with corre-
spondingly higher respiration rates. The estimated species richness
(Chaol) was variable across the year, and these results are summarized
in Supplementary Table 2, with values that ranged from 501 to 1600
OTUs. The average species richness in wet season was 1100 + 300
OTUs, while in dry season was 700 + 100 OTUs. Significant differences
were found between seasons with p < 0.05 (Supplementary Table 1).
This observation is consistent with previous observations from fresh-
water systems, which suggested microbial diversity positively correlated
with microbial respiration (Delgado-Baquerizo et al., 2016). Likewise,
previous studies from oxygen minimum zones (OMZs) implied that
microbial diversity facilitates adaptation to low O conditions, with
possible links to the presence of high-affinity and low-affinity terminal
oxidases (Bertagnolli and Stewart, 2018; Murillo et al., 2014). High
microbial diversity was also reported as a key factor in sediment mi-
crobial community resilience in the face of deoxygenation (Sinkko et al.,
2019). Our results suggest that microbial community diversity is linked
to elevated aerobic respiration and possibly to overall rates of microbial
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Fig. 6. Seasonal variations of microbial community composition in seawater from Aberdeen between July 2020 to April 2021. (a) Dendrogram clustering represents
the Euclidean dissimilarity of community profiles. The scale bar of the dendrogram represents the dissimilarity level (%) between communities. Communities in wet
and dry season were coloured in blue and yellow, respectively (b) Comparison of community composition between seasons by principal coordinate analysis (PCoA)
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community activity, with seasonal effects on both.

3.4. Roseobacter dominated coastal community respiration

Dominance of Roseobacter species across sampling events is in line
with the idea that Roseobacter populations play an outsized role in
respiration and carbon cycling in coastal waters. In all samples investi-
gated, the top 10 most abundant genera comprised mainly members
from Proteobacteria, with a Roseobacter sp. HIMB11 as the most
abundant genus (Fig. 4b), representing between 6.2 and 18.9 % of the
seawater community throughout the time period of our observations
(Fig. 4c). In addition, relative abundance of the Roseobacter sp. HIMB11
in the communities was positively correlated with both Vo« and Ky,
values (Fig. 3d).

As one of the most populous bacterial lineages (up to 20 %) in ocean
surface waters, Roseobacters are considered key players in coastal ma-
rine biogeochemical cycles (Luo and Moran, 2014). Notably, Roeso-
bacters are known to play an outsized role in aerobic respiration, and
they can contribute up to 37 % of the total Oy uptake in coastal waters
even when they only represent 1.2-2.5 % of the total microbial com-
munity (Munson-McGee et al., 2022). It is also worth noting the simi-
larity of the respiration kinetics determined for pure Roseobacter
cultures and the Roseobacters dominated Hong Kong seawater com-
munities, with mean Ky, values of 300 + 250 and 200 + 90 nmol O, L1,
respectively (Chu et al., 2022). This implies that kinetics obtained from
pure cultures of dominant species can reflect those derived from natural
communities. High relative abundances of Roseobacters in the Hong
Kong seawater communities and their positive correlations with

Science of the Total Environment 954 (2024) 176119

respiration kinetics, further suggests that the kinetic properties of
coastal communities and their responses to deoxygenation may be
disproportionately influenced by Roseobacter respiration. Also, respi-
ration kinetics determined for Hong Kong microbial communities may
be more broadly extensible to similar marine systems around the globe,
to the extent that Roseobacters and other key community members
exhibit similar physiology across systems.

The abundance of the Proteobacterial SAR11 cluster, which is one of
the most abundant groups of microorganisms in the oceans, was
exceptionally low in Hong Kong coastal waters. SAR11 populations
dominate surface microbial communities in most the oligotrophic
oceans (Brown et al., 2012; Carlson et al., 2009; Jing et al., 2013; Tse-
mentzi et al., 2016), while low abundances have also been reported from
other coastal regions (Cottrell and Kirchman, 2000). The low abundance
of SAR11 population across all seasons sampled implies a limited role for
SAR11 respiration in Hong Kong waters and other coastal areas, where
meso- to copiotrophic organisms, such as Roseobacters, are likely more
important.

3.5. Microbial composition changes after deoxygenation

After the incubation experiment conducted in April 2021, the com-
munity composition from the bottles was analysed and compared with
the in situ composition. Changes in community composition were
observed after incubation at low Oy concentrations (Fig. 7). The most
apparent change is the enrichment of Glaciecola sp., which increased
from around 6.0 % to an average of 46.0 + 6.0 %, after up to 9 h of
incubation. Arcobacteraceae sp. increased from 0.5 % to an average of
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11.0 + 2.0 %. In contrast, some species diminished in abundance after
the incubation. For example, SAR86 sp. dropped from 11.3 % down to
1.6 + 0.2 %. Additionally, the abundance of the NS5 marine group and
Candidatus Actinomarina also decreased from 4.6 % to 0.9 £ 0.1 and 5.0
to 0.9 + 0.4 %, respectively. These observations imply that low Oy
conditions may lead to potential loss of some bacterial species, and
therefore proportionally increase those tolerant of low O levels.

Changes in community composition after incubation suggest that the
experimentally induced low Oy concentrations reshape microbial com-
munity compositions. Some microorganisms, for example Glaciecola sp.
and Arcobacteraceae sp., were enriched after the incubation (Fig. 7).
The strictly aerobic chemoheterotroph Glaciecola sp. (Baik et al., 2006;
Bowman et al., 1998) was conspicuously enriched under reduced O,
concentrations in our incubations. Although there is little existing
physiological information, Glaciecola sp. was identified in the OMZ off
the coast Chile (Stevens and Ulloa, 2008), which suggests that Glaciecola
sp. may be adapted to low O, conditions. Also, Arcobacteraceae sp. are
conspicuous members of low Oz marine environments, including model
systems like Saanich Inlet (Michiels et al., 2019), as well as open ocean
OMZs, more broadly (Wright et al., 2012). Many Arcobacteraceae sp. are
facultative aerobes with capacity to grow anaerobically using substrates
like sulphide and iron (Martinez-Malaxetxebarria et al., 2012; Miller
et al., 2007; Roalkvam et al., 2015; van der Stel and Wosten, 2019).
While unintentional, the observed shifts in microbial community
composition provide insight into changes expected during deoxygen-
ation, which might thus be tracked by monitoring the distribution of
organisms like the Arcobacteraceae sp.

On the other hand, there was a reduction in the relative abundance of
other species following incubation, indicating a lack of tolerance for low
O, by some community members. For example, the apparent reduction
in Proteobacteria SAR86. SAR86 appears to be an obligate aerobic
heterotroph (Dupont et al., 2012), which seems to have struggled under
the low-O; conditions in our incubations. Additionally, the abundances
of the NS5 marine group and Candidatus Actinomarina also decreased,
despite evidence suggesting these organisms process high-affinity ter-
minal oxidases (Lopez-Pérez et al., 2020; Ngugi and Stingl, 2018). Our
results thus imply strong potential shifts in microbial community
composition in response to deoxygenation.

4. Conclusions

We determined microbial community respiration kinetics as a func-
tion of Oy concentrations using incubation experiments with optode
sensors and natural coastal microbial communities across seasons in
Aberdeen, Hong Kong. In general, microbial communities in Hong Kong
coastal waters exhibited low affinity for O yet exhibit potential to adapt
to lower concentrations with higher-affinity Oy uptake. Seasonal vari-
ability in microbial respiration rates can be linked to nutrient supply and
productivity and clear clustering in microbial community compositions
between wet and dry seasons corelate with changes in respiration ki-
netics. Roseobacter sp. HIMB 11, was identified as the dominant bac-
terial species across all seasons, and this highlights the key role of
Roseobacters in coastal respiration. Overall, our study revealed seasonal
variation in coastal microbial respiration linked to dynamics in tem-
perature, nutrient availability and primary productivity, as well as mi-
crobial community composition. Kinetic parameters derived from this
study can be employed in models of biogeochemical cycling and deox-
ygenation in Hong Kong coastal waters and may be further extensible to
global coastal areas, more generally. Our results underscore the
importance of considering seasonal variability not only in respiration
rates, but also in the underlying kinetic parameters, in models
attempting to forecast seawater O» concentrations in coastal marine
environments.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.1761109.
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