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Overestimation of microbial
community respiration caused by
nitrification, and the
identification of keystone groups
associated with respiration
Lianbao Zhang1,3,4, Wei Zhou2, Yanwei Wang1, Yeping Liu1,3,
Junfeng Chen1,3, Bin Li2, Bei Su1 and Hui Song1,3*

1Institute of Marine Science and Technology, Shandong University, Qingdao, China, 2Center Tech
Tianjin Chemical Research and Design Institute Co., Ltd., Tianjin, China, 3Southern Marine Science
and Engineering Guangdong Laboratory, Zhuhai, China, 4Fujian Key Laboratory of Marine Carbon
Sequestration, Xiamen University, Xiamen, China
Instruction: Microbial community respiration (MCR) strongly controls the fate of

organic carbon in the ocean. The balance between MCR and primary production

strongly determines whether the ocean is a net sink or source of CO2 to the

atmosphere. Thus, it is necessary to estimate MCR to better understand the role

of oceans in the global carbon cycle. Methods based on apparent oxygen

utilization (AOU) are predominant while electron transport system (ETS) assay

gets increasing attention. Although methods get developed, few studies on MCR

have been performed on a seasonal cycle. Because MCR is strongly associated

with the temperature which changes along with the succession of seasons, it is

urgent to study the MCR on a seasonal cycle.

Methods: Thus, we measured MCR using in vivo tetrazolium salt 2-(p-

iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride (INT) reduction

rates (ETS) and oxygen-optode methods (AOU) simultaneously we measured

the MCR based on AOU and ETS methods simultaneously from November 2020

to November 2021 in Aoshan Bay, China.

Results: The highest AOU appeared in autumn, followed by summer, spring, and

winter, whereas the highest ETS activity appeared in summer, followed by spring,

autumn and winter. The seasonal trend of MCR estimated from AOU and ETS were

not consistent, and further analysis indicated that oxygen consumption induced by

nitrification caused the overestimation of MCR in autumn evaluated from AOU.

Discussion: Microbial groups that were strongly correlated with MCR estimated by

ETS had the ability to degrade various substrates and could get energy directly from

light. It should be careful to notice the deviation of assumed organic carbon demand

based on ETS caused by the alternation of day and night. Furthermore, the pattern of
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bacterial groups associated with year-round MCR was distinct from season-specific

MCR. This study raised a warning for caution when estimating MCR based on AOU

and it was better to fully take the photoheterotrophy into account when assuming

organic carbon remineralization based on ETS.
KEYWORDS

microbial community respiration, apparent oxygen utilization, electron transport
system assay, photoheterotrophy, coastal ocean
1 Introduction

The metabolic activity of oceans is dominated by microorganisms;

they play pivotal roles in mineralizing aquatic organic carbon, thus the

overall patterns of oceanic carbon flux are largely controlled by

microbes (Wang, 2018). One-half of the primary production of the

biosphere occurs in the ocean (Kulk et al., 2020; Crockford et al., 2023)

and a large fraction of it becomes dissolved (dissolved organic matter,

DOM) (Dittmar et al., 2021). This dissolved part of the oceanic primary

production is almost exclusively accessible to bacteria and archaea

(Dittmar et al., 2021; Love et al., 2021). The assimilated carbon is

respired or used to increase bacterial biomass, with the former

accounting for 60-99% (Reinthaler and Herndl, 2005; Alonso-Sáez

et al., 2007). The fate of carbon mediated by microbes strongly

determines whether the ocean is net heterotrophic or autotrophic

(Hansell et al., 2004; Reinthaler and Herndl, 2005). The trophic state of

the ocean decides whether the ocean is a net source or net sink of CO2

to the atmosphere, thus impacting the global climate (Holden et al.,

2018; Friedlingstein et al., 2022). The primary productivity of

phytoplankton and the mineralization of microorganisms affect the

carbonate system. (Carla et al., 2022). It is necessary to estimate the

organic carbon respiration by microbes to better understand the role of

the ocean in the global carbon cycle. The amount of organic carbon

respired to inorganic carbon can be quantified by microbial

community respiration (MCR), thus it is a fundamental parameter in

estimating the importance of bacteria in organic carbon

remineralization (Guo et al., 2022).

The coastal ocean connects different carbon pools (terrestrial,

atmosphere, open ocean, and sediment) and constitutes one of the

most biogeochemically active zones on Earth. The general view is

that the global coastal ocean is a net sink for atmospheric CO2

(Laruelle et al., 2014; Gruber, 2015), taking up -0.45 Pg C year−1

(Borges et al., 2005) to -0.21 Pg C year−1 (Laruelle et al., 2010) of

CO2 from the atmosphere. This is largely induced by high primary

production in these regions (Borges et al., 2005; Hernández-León

et al., 2020). Although the coastal ocean covers only 7% of the global

ocean, it contributes approximately 30% of the oceanic primary

production (Gattuso et al., 1998). The balance between primary

production and microbial respiration determines the roles of the

coastal ocean in the global carbon cycle. Although MCR is reported

as being strongly associated with temperature (Garcıá et al., 2023),
02
which changes along with seasons, large fractions of previous

studies on MCR have been performed within a certain time

frame, with few studies being performed on a seasonal cycle. In

this study, we measured MCR covering a full season cycle in Aoshan

Bay to determine the seasonal dynamics of MCR and other

environmental variables.

Major available approaches in MCR measurement can roughly be

divided into two categories: (I) based on the measurement of the

decline of a reactant (typically oxygen) or increase of a product

(typically CO2); and (II) based on the detection of the activity of

enzymatic indicators (electron transport system (ETS) assay). Methods

based on apparent oxygen utilization (AOU) are predominant, and

91% of the observation data of MCR are estimated with the Winkler

method (Del Giorgio andWilliams, 2005), which is the typical method

for monitoring dynamics of oxygen concentration (Carpenter, 1965).

Studies indicated that the bacterial respiration rate obtained by the

Winkler method is overestimated, largely caused by the deficiencies of

the method itself (Aranguren-Gassis et al., 2012; Martıńez-Garcıá et al.,

2013; Garcıá-Martıń et al., 2019). With the development of technology,

increasing methods to monitor the change of dissolved oxygen

concentration have been developed, for example, the optodes sensor

method (Warkentin et al., 2007). It is reported that the optodes method

is better than conventional procedures (Warkentin et al., 2007). The

deficiencies of the methodology are few, so does the MCR estimated

based on oxygen consumption reflect the real MCR in the ocean?

Thanks to accurate MCR being fundamental to estimating the carbon

flow in marine food webs and the role of oceans in the global carbon

cycle, we measured the MCR based on the in vivo INT method and

optodes method continuously from November 2020 to November

2021 in Aoshan Bay, China (120°72’E, 36°36’N).
2 Methods and materials

2.1 Environmental variables determination

The temperature and salinity were recorded with Multiparameter

Sonde (YSI EXO, YSI Inc.). The concentration of dissolved oxygen

(DO) was measured using the Winkler method (Carpenter, 1965). The

pH value of seawater was measured using a pH meter (StarA211,

Thermo Fisher Scientific). For nutrient (ammonium, nitrite, nitrate,
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silicate, and phosphate) analysis, seawater was prefiltered with a 0.45

µm pore-size filter (Millipore) and then stored in 15 mL tubes. Samples

were measured using a Skalar SAN++ (AutoAnalyzer3, Seal Analytical)

at Shandong University (precision: ± 0.1mmol/kg).

To measure the concentration of total organic carbon (TOC),

30 mL of seawater was transferred to 40 mL vials (CNW). All TOC

samples were acidified to a pH value of 2 to 3 with 85% phosphoric

acid to remove inorganic carbon and were then stored at -20 °C

until analyses. The concentration of TOC was detected using an

organic carbon analyzer (TOC-L CPH/CON, Shimadzu) following

the high-temperature combustion method (Hansell and Carlson,

2001). Seawater used for fluorescent dissolved organic matter

(FDOM) analysis was filtered through precombusted (450 °C,

6 h) 0.7 µm pore size GF/F membranes. The filtrate was stored in

40 mL precombusted (450 °C, 6 h) glass vials (CNW) at -20 °C in

the dark until analysis. Absorbance and excitation-emission matrix

(EEM) fluorescence spectra were recorded simultaneously using the

Yvon Horiba Aqualog system (Aqualog-UV-800-C, HORIBA

INSTRUMENTS INC). Excitation was scanned from 250 to 500

nm at 5 nm steps, and emission was recorded from 300 to 600 nm at

2 nm intervals. Fluorescence spectra were normalized to the area of

the water Raman peak when the excitation was at 350 nm (Lawaetz

and Stedmon, 2009). Three PARAFAC components (C1-C3) were

identified and were compared to the OpenFluor database (Murphy

et al., 2014). Two fluorescence-related parameters, biological index

(BIX) and humification index (HIX), were calculated (Hansen et al.,

2016). Detailed information on the calculation of HIX and BIX is

provided in the Supplementary Material.

To detect the concentration of total chlorophyll a (Chl a), 1 L of

seawater was filtered through 0.22 µm pore-size polycarbonate filters

(47 mm diameter, Whatman). Filtered samples were stored in 15 mL

tubes and subsequently transferred to -80 °C until analysis. The

concentration of Chl a was determined using the 90% acetone

method. First, tubes were filled with 4 mL 90% acetone and the

filter was immersed in the acetone for 12 h at 4 °C. Then, the tube was

centrifugated for 10 min at 4000 rpm at 18 °C. After that, the

absorbance of acetone containing Chl a was measured using a

spectrophotometer (UV-2700, Shimadzu) with selected wavelengths

from 500-750 nm. Finally, the concentration (ug·mL-1) of Chl a was

calculated using the following equation: Chl a=11.47×(A664-A750)-

0.40×(A630-A750), where A represents the value of absorbance at

special wavelength (Jeffrey and Humphrey, 1975; Wellburn, 1994).

To measure microbial cell abundance, 2 mL triplicate seawater

samples were collected and fixed by adding glutaraldehyde (final

concentration of 0.5%) for 20 min in the dark at room temperature.

Then the samples were fast-frozen in liquid nitrogen and stored at

-80 °C until analysis. Cell abundance was measured using a flow

cytometer (Accuri C6, Becton and Dickinson) following a

previously established protocol (Marie et al., 1997).
2.2 Molecular analysis

To measure bacterial community structure, 1 L of seawater was

prefiltered through a 20-µm-pore-size bolting cloth and then filtered

through 0.22-µm-pore-size polycarbonate membranes, and the
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membranes were stored in 2 mL RNAase-free tube at -80 °C until

DNA extraction. PowerSoil Kit (MoBio®) was used to extract DNA

according to themanufacturer’s protocol.ThebacterialV3–V4regions

of 16S rRNA genes were amplified using primers 338F: 5’-

A C T CC TACGGGAGGCAGCA - 3 ’ a n d 8 0 6 R : 5 ’ -

GGACTACNNGGGTATCTAAT-3’ (Guo et al., 2018). Amplicons

were purified using an AxyPrep DNA Gel Extraction Kit (Axygen

Biosciences) and then sequenced on an IlluminaHiSeq 2500 platform.

Bioinformatic analysis was conducted following previous protocols

(Zhang et al., 2021). Briefly, FLASH was used to merge paired-end

clean reads. Then, the QIIME2 pipeline was used to denoise merged

reads and remove chimera. Clean and non-chimeric sequences were

further clustered into amplicon sequence variants (ASVs). To assign

taxonomy, ASVs were checked against the SILVA database (v138).
2.3 Microbial community respiration
rate determination

Seawater samples were collected from the surface using CTD. To

elucidate how MCR varied over time at the surface of Aoshan Bay, we

measured MCR using in vivo tetrazolium salt 2-(p-iodophenyl)-3-(p-

nitrophenyl)-5-phenyltetrazolium chloride (INT) reduction rates

(Martıńez-Garcıá et al., 2009) and oxygen-optode methods (Jiao

et al., 2021) simultaneously. Rates of MCR were estimated from the

formation of INT-formazan (INT-F), the production of the reduction

of the INT by electron transport system (ETS) dehydrogenase enzymes,

following the protocol described by Martıńez‐Garcıá (Martıńez-Garcıá

et al., 2009) with some modifications. The optodes sensor can directly

record the change in oxygen concentration and reflect the apparent

oxygen consumption in the bottle. Briefly, three replicates were

immediately fixed by adding formaldehyde (2% v/v final

concentration) and used as dead controls.

Samples (three dead controls and three live controls, 200 mL of

each) were spiked with a solution of INT (with a final concentration of

0.2 mM), meanwhile, the optodes sensors (OXSPS TROXSP5,

Pyroscience, Germany) were stuck inside the incubation bottle. It

should be noted that the control should be put in the dark for 20

minutes before adding INT. Then, samples were incubated in the dark

for 1 h (Supplementary Figure 3) in temperature-controlled (± 0.1 °C of

the in situ temperature) incubation chambers. After incubation,

formaldehyde (2% v/v final concentration) was added to the live

samples, and the samples were kept in the dark for 20 minutes.

Finally, all samples were filtered through 0.22 mm pore size

polycarbonate membrane filters (47 mm diameter) at pressure < 0.02

MPa, and all filters were placed into cryovials. Then, 1.6 mL propanol

was added to all cryovials, and INT-F was extracted by initially

sonicating the cryovials for approximately 30 min at 50 °C using an

ultrasonic bath. Propanol containing the INT-F was then transferred

intomicrofuge vials and centrifuged. Finally, the concentration of INT-F

was determined by absorption spectrophotometry (UV-2700, Shimadzu

spectrophotometer, Japan) at 485 nm. The optode was calibrated before

every measurement and the signal was measured periodically, every 10

min. Oxygen consumption rates for each sample were obtained from

the slope of the linear regressions. Detailed information on respiration

rate estimation is provided in the Supplementary Material.
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2.4 Statistical analyses

NMDS analysis was conducted in R using the metaMDS

function in the vegan package. NMDS was performed on the

relative abundance of ASVs in order to focus on relative changes

in microbial community compositions.

To link MCR with physical-chemical variables and biogeochemical

processes, partial least squares path modeling (PLS-PM) was

performed. Latent variables, namely, nutrients and a-diversity,
included more than one manifest variable, with nutrients including

ammonium and nitrite, and a-diversity including Simpson, ACE, and

Pielous. The model was constructed using the plspm package in R.

Variables with loadings < 0.7 were removed and the remaining

variables were used to perform the final PLS-PM structure equation

(Gao et al., 2019). The prediction performance of models was assessed

by the goodness of fit (GOF) and R2 value.

The maximal information coefficient (MIC) can capture diverse

relationships between two pairs of variables (Reshef et al., 2011).

The dataset consisted of 22 microbial samples and 18

environmental variables. MIC analyses were run using B=0.6,

CV=0.5, and statistically significant relationships with MIC≥0.4

(Logares et al., 2020) were considered. A precomputed p-value was

used to assess MIC significance (Reshef et al., 2011).

The correlation among different species at the order level was

calculated in R. Only robust (correlation coefficient ≥ 0.6 or ≤ -0.6)

and statistically significant (p < 0.05) correlations were considered,

and networks were visualized using Cytoscape v3.9.1. The fast

greedy modularity optimization was used to find modules of

highly correlated taxa (Clauset et al., 2004). Groups of ASVs in a

module are highly connected among themselves, whereas they have

fewer connections with ASVs outside the module. Positive

correlations indicate the relative abundance of ASV changes along

the same trend, whereas negative correlations signify the relative

abundance of ASV changes in the opposite direction. We used the

mantel test to calculate the correlation between different modules

with in vivo INT reduction rate, and significant modules were

chosen to do further analysis. Spearman correlation between species

within the chosen module and the in vivo INT reduction rate were

assessed in R. This was helpful in finding microbial groups that

played pivotal roles in determining MCR.
3 Results

3.1 Environmental variables

The variation in season nearshore environment in Aoshan Bay

causes a number of changes, including changes in temperature, DO,

Chl a, nutrients, microbial community compositions, organic

matter, and MCR. Sampling took place from November 2020

through November 2021.

The temperature fluctuated along with the season and the

ranking of the four seasons was summer, spring, autumn, and

winter (Supplementary Figure 2A). The same trend was observed in

cell abundance (Supplementary Figure 2C). For DO, the situation
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was the opposite: DO was lower in summer than in other seasons

(Supplementary Figure 2D). The value of pH ranged from 7.9 to 8.3

(Supplementary Figure 2C). The concentration of Chl a was

increasing with time and peaked in summer, but decreased after

summer (Supplementary Figure 2F). The coastal ocean was strongly

impacted by freshwater input, thus the salinity drastically changed

(Supplementary Figure 2B). Salinity was lower in autumn than in

other seasons (Supplementary Figure 2B). The changes in DIN and

nitrifiers are shown together in the following section to better

explain the dynamics of the nitrogen cycle.
3.2 Microbial community respiration
and FDOM

The MCR was estimated using in vivo INT reduction rates and

oxygen consumption rates simultaneously. The INT reduction rate

ranged from 0.022 ( ± 0.004) to 0.441 ( ± 0.045) mmol INTF L-1 h-1 and

the oxygen consumption rate ranged from 0.057 ( ± 0.044) to 9.840 ( ±

0.857) mmol O2 L
-1 h-1 (Figure 1). MeanMCRwas 0.124 mmol INTF L-

1 h-1 and 1.544 mmol O2 L
-1 h-1, respectively. The INT reduction rate

was increasing from winter to summer and the same trend was true for

the oxygen consumption rate (Figure 1). When it shifted from summer

to autumn, the INT reduction rate decreased while the oxygen

consumption rate still increased (Figure 1). Thus, the MCR was the

highest in summer based on ETS but the highest in autumn based on

oxygen consumption rate (Figure 1). According to the season, four

different periods of respiration rates were defined: spring, summer,

autumn, and winter. The INT reduction rate was summer (0.251 mmol

INTF L-1 h-1) > spring (0.104 mmol INTF L-1 h-1) > autumn (0.077

mmol INTF L-1 h-1) > winter (0.050 mmol INTF L-1 h-1), whereas the

oxygen consumption rate was autumn (3.262 mmol O2 L
-1 h-1) > winter

(1.405 mmol O2 L
-1 h-1) > summer (1.150 mmol O2 L

-1 h-1) > spring

(0.724 mmol O2 L
-1 h-1). These results reflected the divergence of MCR

estimated with different methods.

The PARAFAC model decomposed three components (C1, C2,

and C3), which were statistically validated using the split-half

validation (Supplementary Figure 4). These components were

confirmed with the OpenFluor database (Murphy et al., 2014). C1

(Maxex/em=250(310)/398 nm) and C2 (Maxex/em=250(360)/480

nm) were characterized as humic-like components, and C3 (Maxex/

em=275/323 nm) exhibited protein-like component properties. C1

and C2 had similar variations in that fluorescence intensity

increased over time and peaked in autumn (Figure 1B). In

contrast, the fluctuation of C3 was more slight and a peak

appeared in winter (Figure 1B). Besides, HIX increased with time

and peaked in autumn. These results indicated that refractory

humic-like components accumulated in autumn. The differences

in BIX in winter, spring, and autumn were slight, and BIX in

summer was higher than in other seasons (Figure 1B).
3.3 Microbial community dynamics

At the phylum level, communities were dominated by

Proteobacteria (58.3%), Bacteroidota (20.1%), and Actinobacteriota
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(8.6%) (Figure 2A), while at the order level, communities were

dominated by Rhodobacterales (32.8%), Flavobacteriales (17.6%),

Actinomarinales (6.3%), Alteromonadales (4.0%), Burkholderiales

(3.4%), and Oceanospirillales (3.3%) (Figure 2B). The relative

abundance of Proteobacteria reached a peak in late January, lasted

until March, and then decreased (Figure 2A). Actinobacteriota was

higher in autumn than in other seasons (Figure 2A). It should be noted

that the relative abundance of Cyanobacteria peaked in August and

then decreasedwith time (Figure 2A).Differences among seasonswere

little for Bacteroidota (Figure 2A). Although no hypoxia occurred in

Aoshan Bay (Supplementary Figure 2D), the sulfate-reducing bacteria

Desulfobacterota was abundant in groups throughout the year

(Figure 2A), being highest in spring and lowest in winter (Figure 2A).

Rhodobacterales (33%), Flavobacteriales (18%), Actinomarinales

(6%), and Alteromonadales (4%) were predominant throughout the
Frontiers in Marine Science 05
year at the order level (Figure 2B). Oceanospirillales were significantly

higher in summer than in other seasons and the same was true for

Chitinophagales and Vibrionales (Figure 2B). Actinomarinales

accounted for a larger proportion in autumn than in other seasons

(Figure 2B). Alteromonadales were higher in winter and summer than

in spring and autumn (Figure 2B). As for Burkholderiales, the relative

abundance was higher in the first (winter and spring) half of the year

than in the second (summer and autumn) half (Figure 2B).

SAR11_clade was clearly higher in later spring than in other periods

(Figure 2B). Similar to Cyanobacteria, the bloom of synechococcales

appeared in late summer and decreased with time (Figure 2B).

Dissolved inorganic nitrogen (DIN) concentration changed along

with the seasons (Figure 3A). Ammonium, nitrite, and nitrate were

highest in autumn as compared to the rest of the year (Figure 3A). The

concentration of ammonium changed little, being low before August
A B

FIGURE 2

Microbial community compositions at (A) phylum and (B) order level.
A B

FIGURE 1

Changes of (A) INT reduction rates (mmol INTF L-1 h-1) and oxygen consumption rates (mmol O2 L-1 h-1), and (B) components of Fluorescent
Dissolved Organic Matter (FDOM).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1331680
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2023.1331680
and then increasing, causing ammonium accumulation in autumn

(Figure 3A). Although the concentrationof nitritefluctuatedwith each

month, it was higher in autumn than in other seasons (Figure 3A).

Nitrate concentration increased in winter and early spring, but

then dropped, with the lowest value appearing in summer

(Figure 3A). The concentration of nitrate increased from July

onward, peaking in autumn (Figure 3A). Nitrifiers were widespread

in the coastal ocean and four species were found in Aoshan Bay

(Figure 3B). In winter and spring, ammonium-oxidizing bacteria

(AOB) belonging to Nitrosococcales were clearly dominant

(Figure 3B). Nitrosomonadaceae, another group affiliated to AOB,

dominated the nitrifying bacteria in summer (Figure 3B). Nitrite-

oxidizingbacteria (NOB),Nitrospinales andNitrospirales,werehigher

in autumn than in other seasons (Figure 3B). Bloom of Nitrospirales

was alsoobserved in the secondhalf of spring (Figure 3B). In summary,

AOB was the dominant nitrifier in Aoshan Bay except in autumn,

during which the relative abundance of AOB was not clearly higher

than that of NOB (Figure 3B).
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3.4 Links between physical-chemical
parameters and microbial activities

MCR was well explained by our block variables (R2 = 0.86) and

provided a good fit to our data (GOF of 0.62; Figure 4A).

Temperature showed the largest effect on MCR via direct (path

coefficient = 0.38) and indirect (path coefficient = 0.37) effects.

There were strong positive correlations between TOC and MCR,

and a similar trend was observed between cell abundance and MCR

(Figure 4A). It was meaningful to notice the negative effect of

nutrients on DO (Figure 4A).

To investigate how individual species responded to physical-

chemical parameters, MIC was used to determine the correlation of

single species with multiple abiotic environmental variables

(Figure 4B). Nitrite was the variable with the highest number of

associated species (3.7%), followed by HIX (3.6%), salinity (3.5%),

silicate (3.4%), C1 (3.4%) and C2 (3.0%) components of FDOM,

DO (2.7%), ETS (2.5%), and DIN (2.2%) (Figure 4B). The
A B

FIGURE 4

(A) Partial least squares path analysis for microbial community respiration (MCR), showing the relationships between selected physical-chemical
parameters, characteristics of microbes, and MCR. GOF, goodness of fit; DO, dissolved oxygen; TOC, total organic carbon; Chl a, chlorophyll (a) Red
and blue lines represent positive and negative correlations, respectively. For simplicity, only effects that were not less than 0.1 are shown in the plot.
Meanwhile, the effects of oxygen on other parameters are also not shown in the plot as a result of no hypoxia in the sampling field. (B) The
percentage of ASVs significantly correlated with various environmental parameters (based on maximal information coefficient). Information on the
taxonomy of ASVs is shown in different colors.
A B

FIGURE 3

Changes of (A) dissolved inorganic nitrogen and (B) relative abundance of major nitrifiers.
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remaining variables displayed associations with individual species

that were of less than 2% (Figure 4B). Proteobacteria featured a

greater proportion of individual species associations with almost all

physical-chemical parameters than other groups (Figure 4B).

Except for Proteobacteria, species affiliated with Bacteroidota

were associated dominantly with almost all environmental

variables (Figure 4B). Species significantly related to INT

belonged to Actinobacteriota (0.18%), Proteobacteria (1.20%),

Fusobacteriota (0.05%), Cyanobacteria (0.09%), Campilobacterota

(0.09%), Bacteroidota (0.74%), and Verrucomicrobiota

(0.09%) (Figure 4B).
3.5 Keystone microbial groups linking MCR

The NMDS plot calculated from the bacterial communities on

the basis of the Bray-Curtis index displayed that samples collected

during the same season preferred to cluster together and microbial

dynamics were significantly related to seasons (Supplementary

Figure 4). Furthermore, MIC displayed that 2.5% of ASVs

significantly associated with INT that represented the intensity of

MCR (Figure 4B). Because much information is lost at lower

taxonomic levels, network and mantel tests were conducted to

detect microorganisms strongly determining MCR at the order

level. Five major modules based on the co-occurrence of groups

(hereafter referred to as Modules 1-5) were identified (Figure 5A).

Among them, Module 1 significantly positively correlated with the

in vivo INT reduction rate (Mantel test, p<0.05). Within Module 1,

by correlating the Spearman correlation coefficient between module

membership with MCR assessed by the in vivo INT reduction rate

method, we identified orders that were significantly correlated with

MCR. Results showed that 14 orders were significantly correlated to

MCR throughout the year (Figure 5B). Three orders were strongly

associated with MCR in spring, while there were six in summer,

zero in autumn, and one in winter (Figure 5B).
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4 Discussion

4.1 The divergence of MCR estimated
based on in vivo INT reduction rate and
oxygen consumption rate

It is worth noting that the peak of MCR appeared in summer

based on the in vivo INT reduction rate, and in autumn based on

the optodes method, (Figure 1A). Studies prove that MCR is

strongly impacted by characteristics and concentration of organic

matter (Cleveland et al., 2007; Alonso-Sáez et al., 2008; Chin et al.,

2023). In Aoshan Bay, changes in FDOM indicated that the humic-

like components accumulated in autumn (Figure 1B). In general,

humic-like components are recalcitrant to microbial degradation

and accumulate in field and incubation experiments (Tanaka et al.,

2014; Zheng et al., 2019). The relationship between MCR and the

concentration of organic carbon is generally significantly positive

(Alonso-Sáez et al., 2008), and the results of PLS-PM supported this

(Figure 4A). It can be inferred that MCR should be lower in autumn

than in summer because the organic matter is more refractory,

meanwhile, the concentration of it is lower in autumn than in

summer. Furthermore, temperature is another important

environmental factor determining MCR, which has been

supported in our study (Figure 4A), and generally MCR is

positively correlated with temperature and peaks in summer

(Lucea et al., 2005; Apple et al., 2006; Smith et al., 2021). Changes

of organic carbon pool and temperature supported that MCR

should be highest in summer than in other seasons. The change

of the in vivo INT reduction rate was in accordance with this view,

however, this was not true to the oxygen consumption rate

(Figure 1A). This implied that MCR constituted less proportion

of total oxygen consumption in autumn and there were other

processes causing oxygen depletion.

Nitrifiers are universal in oceans (Karner et al., 2001; Wuchter

et al., 2006; Bayer et al., 2022) and nitrification is an important
A B

FIGURE 5

(A) Network interactions between microbial groups. Red and blue lines indicate positive and negative interactions between microbial groups,
respectively. (B) significant correlations between microbial groups involved in module 1 and the in vivo INT reduction rate.
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oxygen sink. There are many studies exploring the role of

nitrification in oxygen consumption. A study in the Changjiang

River plume indicated that oxygen demands of nitrification

accounted for 0.32 to 318% of the community respiration rate

(Hsiao et al., 2014). Studies based on other estuaries or fjords found

that nitrification can constitute 20-30% and even up to 64% of the

total oxygen consumption (Lipschultz et al., 1986; Berounsky and

Nixon, 1993; Pakulski et al., 1995; Dai et al., 2008; Grundle and

Juniper, 2011). A recent study supported that nitrification was

universal in the ocean and was largely determined by its

substrates (Tang et al., 2023). The negative effect of nutrients on

DO in Aoshan Bay was in accordance with previous studies

(Figure 4A). All these studies prove that nitrification plays a

crucial role in oxygen depletion in coastal oceans, and the

estimation of MCR based on AOU in the eutrophic coastal ocean

was uncertain.

The change of DIN showed that substrates of nitrification,

ammonium, and nitrite, were significantly higher in autumn than

in other seasons (Figure 3A). A previous study indicated that the

nitrification rate was positively correlated with ammonium

concentration (Hsiao et al., 2014). This suggested that the

nitrification rate would be higher in autumn than in other

seasons. Results of MIC displayed that the proportion of ASVs

associated with nitrite was the largest (Figure 4B), which further

supported that nitrification played a pivotal role in Aoshan Bay. The

relative abundance of nitrifiers, including Nitrospinales and

Nitrospirales, was clearly higher in autumn than in other seasons

(Figure 3B). There were little differences in Nitrosomonadaceae

levels in the different seasons (Figure 3B). However, Nitrosococcales

were higher in winter than in other seasons (Figure 3B).

Nitrosococcales and Nitrosomonadaceae are AOB (Prosser et al.,

2014; Ward et al., 2021), while Nitrospinales and Nitrospirales are

NOB (Jing et al., 2022). Considering that the concentration of

nitrite was higher than ammonium in winter (Figure 3B), although

the relative abundance of AOB was highest in winter (Figure 3A),

the nitrification rate was low. The same situation was true in spring.

Nitrification is not as important as MCR in oxygen depletion in

summer, since nitrifiers are less competitive than phytoplankton for

ammonium and nitrite in this season (Hampel et al., 2018; Zakem

et al., 2018). Nitrification was a more important oxygen sink in

autumn than in other seasons in Aoshan Bay. This explains the

difference between the in vivo INT reduction rate and oxygen

consumption rate estimated by the optodes method in autumn.

The oxygen consumption rate could not accurately reflect MCR

because nitrification constituted a large proportion of total oxygen

consumption in autumn.

As discussed above, nitrification contributes to biological

oxygen demand and causes discrepancies in estimating MCR

based on the apparent oxygen consumption rate in Aoshan Bay.

Besides, reduced substrates, such as HS-, Fe2+, and methane, also

contribute to oxygen demand (Friedrich et al., 2014; Fennel and

Testa, 2019). It had been reported that the difference of MCR

evaluated by AOU and in vivo INT could be used to estimate the

activities of aerobic chemoautotrophy, which played an important

role in maintaining the aphotic ocean system with carbon and

energy scarcity (Li X et al., 2023). One of the potential ways to solve
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this problem is to estimate MCR and the concentration of key

reduced elements (e.g., ammonium, nitrite, and sulfide)

simultaneously. The dynamics of nutrients might be used to

calibrate the MCR rate.

Whether the ocean is a net sink or a source of CO2 to the

atmosphere is essential for understanding the role of the ocean in

mitigating climate change. The balance between MCR and primary

production strongly determines the air-sea CO2 flux, thus

numerous researchers focus on MCR. The change of AOU was

widely used to estimate MCR in coastal oceans that receive excessive

nutrients from the land (Carol et al., 2023). Both aerobic respiration

and chemoautotrophy are sensitive to substrate concentration

(Kache et al., 2021). The results of this study support the idea

that MCR based on AOU was overestimated, especially in eutrophic

coastal oceans. These areas are predominant for primary

production and microbial respiration, accompanied by active

chemoautotrophic processes. It has been reported that intense

nitrification plays a vital role in oxygen consumption in estuarine

areas (Lu et al., 2020). In other regions with particularly high

nutrient concentrations, the rate of aerobic chemoautotrophic

processes even exceeds that of respiration (Hsiao et al., 2014).

Therefore, relying solely on AOU for estimating MCR may not be

accurate enough. It could be inferred that the amount of

atmospheric carbon absorbed by the ocean was underestimated in

previous studies. It is better to measure MCR based on AOU and in

vivo INT simultaneously to obtain more accurate values of MCR in

eutrophic ocean zones. It is necessary to update the database of

MCR, especially those measured based on AOU in coastal areas and

continental shelf sea.
4.2 Keystone groups significantly
associated with MCR

As discussed above, the MCR assessed by AOU was not always

accurate, thus values estimated by INT were chosen for performing

further analysis. Microbial community compositions changed with

the change in seasons (Gilbert et al., 2012; Hu et al., 2023) and the

results of NMDS were consistent with this view (Supplementary

Figure5). It can be inferred that the species significantly associated

withMCR were different according to the seasons. MIC showed that

large proportions of ASVs (Figure 4B) were significantly correlated

with INT and were used to estimate MCR. Considering the complex

interactions among different species, they were first separated into

modules. The result of the mantel test indicated that only module 1

had a significant correlation with the in vivo INT reduction rate.

The relative abundance of module 1 was less than 20% from January

to April, whereas it was more than 25% in other months. The

pattern of bacterial groups associated with year-round MCR is

distinct from season-specific MCR (Figure 5B). These keystone

groups could roughly be divided into four categories.

The first clade was associated with products of photoautotrophs.

Pedosphaerales have been reported to be the rhizosphere microbiota

of many plants (Walters et al., 2018; Yurgel et al., 2018), and their

relative abundance was higher from May to September than in any

other months. In the study field, green tide caused by the macroalgae
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Ulva prolifera has occurred yearly since 2007 and started inMay (Cao

et al., 2019). Pedosphaerales, tightly associated with eukaryotic hosts,

rapidly responded to the green tide and played an important role in

transforming the large amount of organic matter produced by the

green tide. Thus, it was a key group in determining MCR. It has been

reported that OM190 was tightly associated with macroalgae

(Bengtsson and Øvreås, 2010; Bondoso et al., 2017) and the relative

abundance of Thiomicrospirales strongly correlated with the diatom

abundance (Liu et al., 2019). A study in the estuary found that

Bacillales was a major b-glucosidase producer and this enzyme was

fundamental in mediating the degradation of carbohydrates (Eswaran

and Khandeparker, 2019). A further study indicated that Bacillales

accounted for the highest proportions of microbial communities in

the seagrass meadows (Jiang et al., 2015).

The advantage or characteristic of the second clade was that

they contained genes involved in degrading complex compounds

that were recalcitrant to other microorganisms. A study indicated

that species involved in Kiritimatiellales are enriched in sulfatases

and play an important role in degrading highly sulfate

polysaccharides (Van Vliet et al., 2019). It was reported that

groups involved in the bacterial order Sphingomonadales have

the ability to degrade various hydrocarbons, including a wide

range of aromatic compounds (Kertesz et al., 2019). In general,

aromatic compounds are not optimal substrates and accumulate in

the field (Medeiros et al., 2015) and incubation experiments (Zheng

et al., 2019). The capacity to utilize aromatic compounds provides

Sphingomonadales more chances to survive. Species in the order

Chitinophagales can degrade complex carbohydrates including

chitin (Hou et al., 2021). Although many bacteria accumulate

intracellular glycogen as an energy source, only a few bacteria are

able to utilize exogenous glycogen. It has been reported that

members involved in the order Balneolales encoded the genes for

pullulanase, which facilitated the depolymerization and exogenous

utilization of glycogen (Ataeian et al., 2022).

The third clade included groups that were able to get energy, all

or part of it, from light. Synechococcales are an important primary

producer (Singh and Bhadury, 2018). The common characteristic of

Rhodospirillales is that they contain photosynthetic pigments and

fill a phototrophic niche (King et al., 2010; Pfennig and Trüper,

2019). Recent studies found that groups affiliated with

Ectothiorhodospirales are purple sulfur bacteria (Oren, 2014) that

are capable of photosynthesis. The high activity and in situ cell

numbers of Actinomarinales in coastal sands suggested it was a

keystone heterotroph for carbon mineralization (Miksch et al.,

2021). Another study further suggested that Actinomarinales

might be photoheterotrophs with rhodopsin and heliorhodopsin

(López-Pérez et al., 2020). A previous study indicated that the

SAR324 clade displayed plasticity energy-related metabolic

pathways and was presumed to be photoheterotrophy (Boeuf

et al., 2021). Proteorhodopsin-based phototrophy might

constitute an important source of energy and cause deviation of

measured MCR following assumed organic carbon remineralization

between day and night (Munson-McGee et al., 2022). Microbial

community composition should be fully taken into account and this

might be an effective way to assess variations caused by variables

among lineages.
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Groups affiliated to the fourth clade were dominated by

predators and organisms at higher trophic levels. The order

Micavibrionales, assigned to the Bdellovibrio and like organisms

(BALOs), is obligate predatory bacteria (Davidov et al., 2006). A

recent study demonstrated that the abundance of Micavibrionales

was likely linked to phytoplankton dynamics (Ezzedine et al., 2020).

Similarly, Bdellovibrionales is also an important predatory bacteria

(Beck et al., 2005), and a study about BALOs indicated that the rates

of assimilating carbon of predatory bacteria were 211% higher than

that of non-predatory bacteria (Hungate et al., 2021). Little is

known about the bacterial order Haliangiales. It is involved in

Myxococcota that feed on the other microbes they encounter

(Whitworth et al., 2021).

All species discussed above were positively associated with

MCR, while there were three species, namely, Nitrosococcales,

Burkholderiales, and Lactobacillales, that demonstrated a negative

correlation with MCR throughout the year (Figure 5B), partly

because they were strongly negatively associated with MCR in

special seasons. Nitrosococcales are an important ammonia-

oxidizing bacteria (Ward et al., 2021) and were positively

associated with MCR in autumn (Figure 5B). This further

supports that nitrifiers play a vital role in the cycle of elements in

autumn. However, this group showed a negative correlation with

MCR especially in summer, when photoautotrophs dominated the

ecosystem. Burkholderiales and Lactobacillales showing the highest

negative correlations to MCR in winter might be caused by the low

temperature (De Vrieze et al., 2015; Levy-Booth et al., 2021). It had

been reported that blooms of Marine_group_II coincided with

decreases in Chl a in the Santa Barbara Channel (Murray et al.,

1999). This partly explained the significant negative correlation

between Marine_group_II and MCR in summer. Thiomicrospirales

are important sulfur-oxidizing bacteria (Lecoeuvre et al., 2021) and

significantly negatively correlated to MCR in summer when

photoautotrophic microorganisms dominated the food web.

Although some keystone groups were rare, previous studies

documented that rare microorganisms played a pivotal role in many

biogeochemical processes (Banerjee et al., 2018). Overall, the

common characteristic of these crucial groups that strongly

impacted MCR is the capacity to effectively get energy and utilize

various substrates. The total amount of energy is conserved

according to the first law of thermodynamics. Under this

situation, the stronger capability of getting more energy is

beneficial to their survival.
5 Conclusion

Although it is a common view that MCR plays a fundamental

role in shaping the oceanic carbon cycle, few studies have been

performed on a seasonal cycle. Activities of microorganisms are

strongly associated with the season, however, a single study on

MCR cannot reflect the impacts of environmental parameters along

with seasons on MCR. To better understand the roles of the ocean

in the global carbon cycle, we measured MCR throughout the whole

year based on AOU and ETS in Aoshan Bay. The seasonal trends of

MCR based on AOU and ETS were not consistent (Figure 6). The
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MCR peaked in summer based on ETS, while it peaked in autumn

based on AOU. Further analysis proved that nitrification caused the

overestimation of MCR based on AOU. Although previous studies

supported that nitrification was an important oxygen sink, they did

not explicitly illustrate the effects of nitrification on MCR

estimation based on AOU. This study proved that the

overestimation of MCR was caused by nitrification based on

AOU, which might affect the estimation of the flow of carbon

through marine plankton food webs. To calibrate MCR, it is better

to monitor the dynamics of reduced nutrients when using AOU.

Based on the results of the in vivo INT reduction rate, groups

strongly associated with MCR were identified. These keystone

groups were capable of utilizing various substrates or getting

energy directly from light. Caution is necessary when assuming

organic carbon remineralization based on MCR inferred from ETS,

and, in future research, attention should be paid to the deviation

caused by photoheterotrophy.
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Martıńez-Garcıá, S., Fernández, E., Aranguren-Gassis, M., and Teira, E. (2009). In
vivo electron transport system activity: a method to estimate respiration in natural
marine microbial planktonic communities. Limnology Oceanography Methods 7 (6),
459–469. doi: 10.4319/lom.2009.7.459
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