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Abstract: Recently, a growing number of studies have confirmed that biological nitrogen fixation
is also an important reactive nitrogen source in coastal regions. However, how benthic nitrogen
fixation and diazotrophic community in coastal regions respond to seasonal hypoxia remains largely
unknown. In this study, we investigated the spatiotemporal pattern of potential nitrogen fixation
rate and diazotrophic abundance and community in sediments of a eutrophic marine ranch experi-
encing summer hypoxia using >N tracing and high throughput sequencing techniques. The results
showed that potential nitrogen fixation rates ranged from 0.013 to 10.199 umol kg~! h~!, and were
significantly enhanced by summer hypoxia (ANOVA, p < 0.05). However, nifH gene abundance
peaked in June. The diazotrophic community was dominated by Geobacteraceae (>60%), followed
by Desulfobulbaceae (13.61%). Bottom water oxygen, pH, Chl-a concentration, and sediment NH4 "
significantly regulated benthic nitrogen fixation, while the variation of diazotrophic community was
explained by sediment TOC, TN, and Fe content (p < 0.05). This study highlighted that hypoxia
stimulated benthic nitrogen fixation, which counteracted the nitrogen removal by denitrification and
anammox, and could further aggregate eutrophication of the coastal marine ranch. Moreover, the
result emphasized the importance of nitrogen fixation in coastal regions for the global N budget.

Keywords: benthic nitrogen fixation; coastal marine ranch; seasonal hypoxia; diazotrophs;
iron-reducing

1. Introduction

N; fixation converts N; to bioavailable ammonium, an essential source of new nitrogen
into the marine [1]. It has been estimated that N, fixation contributes about 163 Tg N yr_1
to the global marine N budget [2]. Marine N; fixation has received increasing attention in
recent decades because of its significant contribution to regulating the primary productivity
and nitrogen balance of marine environments [1]. Traditionally, the oligotrophic open
oceans have been considered as hotspots for N, fixation [3,4], where large filamentous and
heterocystous cyanobacteria are principal diazotrophs. However, recent evidence suggests
that biological N, fixation is also a significant process within coastal waters and even
sediments [5-7], where unicellular cyanobacteria and heterotrophic bacteria contributed
significantly to Ny fixation. Therefore, an enhanced understanding of N, fixation rates and
diazotroph diversity patterns within coastal ecosystems is required to inform models of
marine N availability on global scales.

In coastal ecosystems, high organic matter loading promotes high rates of microbial
activity and high oxygen consumption, and when combined with restricted water circu-
lation, hypoxia (dissolved oxygen < 62.5 uM) can develop [8]. It is estimated that the
hypoxic area in world-wide coastal regions is over 24,500 km? [9]. Moreover, these hypoxic
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regions are expanding due to global warming and anthropogenic eutrophication [9]. Under
hypoxic conditions, the N loss process denitrification was generally enhanced [10,11], and
in some situations, anammox can also play an important role [12,13], but how the N
fixation process responds to hypoxia occurrence remains unclear. Fernandez et al. (2011)
observed that N fixation rates in the subsurface oxygen-deficient waters were five times
higher than those in the oxic euphotic waters in the eastern tropical South Pacific (ETSP)
oxygen-minimum zone [14]. Gier et al. (2016) reported that N fixation rates in OMZ
sediments were similar to rates measured in other organic-rich sediments [15]. However,
the highest sediment N, fixation rates were detected when hypoxia developed in deep
water in the Eckernférde Bay [16]. These conflicting results suggest that more extensive
studies about N fixation in hypoxic regions are needed to better understand the influence
of hypoxia on marine nitrogen balance. In particular, in the coastal region where nitrogen
input contributed significantly to the development of hypoxia, understanding the feedback
of the Nj fixation process on hypoxia will expand our knowledge on the ecological conse-
quences of hypoxia and give advice to managers on maintaining sustainable development
of coastal ecosystems.

The widespread application of molecular surveys targeting the nifH gene (encod-
ing a subunit of the nitrogenase enzyme complex) indicated high diversity of marine
diazotrophs [14,15,17]. Vahtera et al. (2007) suggested that enhanced internal loading
of phosphorus and the removal of dissolved inorganic nitrogen by hypoxia promoted
nitrogen-fixing cyanobacteria blooms in the Baltic Sea [18]. In the deep hypoxic waters
of the Southern California Bight, Alpha- and Gamma-proteobacteria and putative sulfate-
reducing bacteria were reported to be primary diazotrophs [19]. Bertics et al. (2013) found
that some sediment sulfate reducing bacteria conducted nitrogen fixation in the hypoxic
Eckernforde Bay [16]. Nonetheless, how benthic diazotroph community shifts in response
to the development of seasonal hypoxia in coastal ecosystems is poorly understood.

The northern coast of the Yellow Sea is one of the main mariculture areas in northern
China. Excessive organic matter and nitrogen inputs from farming activities have led to bot-
tom water hypoxia during summer with high temperature and rain since 2013. This series
of hypoxic events caused significant changes in benthic organisms [20], planktons [21], and
bacterial communities [22], but information on seasonal changes in benthic nitrogen fixation
activity and diazotroph community are limited. In this study, surface sediment samples
were collected from the ranching area from June to November 2017, and environmental
parameters, potential nitrogen fixation (NF) rates, as well as nifH gene abundance and
compositions were characterized. We aimed to describe the dynamics of benthic nitrogen
fixation responding to the development of seasonal hypoxia, and to explore the possible
driving mechanism of benthic nitrogen fixation in coastal ecosystems. The results will
facilitate a better understanding of the N-cycling process in coastal systems during hypoxia
events and provide a reference for ecological assessments of the impact of hypoxia on the
coastal ecological functions.

2. Materials and Methods
2.1. Sample Collection

The study area is located in Muping, Yantai, the offshore of North Yellow Sea (37°31'12”
N; 121°48'36" E) (Figure 1). The Muping Marine Ranch has a cultivation area of about
12.16 km? and a water depth of 12-16 m. The area is affected by the East Asian monsoon
climate with strong variations in seawater temperature, salinity, and water column strat-
ification during the year [20]. Seasonal hypoxia has occurred in this area every summer
since 2013, which occurred generally from July, persisting until the end of August, and
gradually evaporated after September. Sampling was performed at seven sites (16, 17,
18, 19, 20, S8, and S9) along a section extending from the coast to offshore through the
ranch during five cruises (June, July, August, September, and November) in 2017 (Figure 1).
Surface sediments (0-5 cm) were collected with a gravity box corer (Uwitech, Austria), and
triple subsamples were taken from each site and mixed immediately. Part of the sediments



Processes 2023, 11, 138

30f16

were stored in liquid nitrogen for subsequent molecular analysis and environmental factor
determination, and the remaining part was stored at 4 °C for incubation experiments within
24 h.
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Figure 1. Study area and sampling sites.

2.2. Environmental Parameters Analysis

The environmental parameters, including depth, temperature, salinity, dissolved
oxygen (DO), pH and chlorophyll-a (Chl-a) of bottom waters, grain size, the total or-
ganic carbon (TOC) and nitrogen (TN), the exchangeable NH;*, NO, ™, and NO3 ™, and
metal Fe in surface sediments, have been described by Zhang et al. (unpublished) (see
Supplementary Methods). Briefly, with the increase of temperature, an obvious deoxy-
genation was observed in August (mean 2.94 mg L), accompanied by a decrease of
pH. The phytoplankton bloomed from June to August and faded after September. NH,*
concentration in sediments peaked in August, while NO3~ was lowest in the hypoxic
season. Among the sampling sites, the highest DO, but lowest salinity, sediment TOC, TN,
and Fe content were detected at the nearshore site 16 with the coarsest grain size.

2.3. Nitrogen Fixation Rates Determination

The potential nitrogen fixation activity (NF) in sediments was determined by sediment-
slurry incubation [7,23]. The slurry consisted of in situ fresh sediments and overlying water
in a 1:7 ratio and was purged with high-purity helium for 30 min [23]. The slurry was
then aliquoted into 12.5 mL vials using a syringe in a helium-filled environment. 30N,
tracer (>99%, Shanghai Engineering Research Center of Stable Isotope, Shanghai, China)
(0.6 mL) [7] was injected into the vials. A set of 6 vials was incubated per sediment sample,
of which 3 vials were immediately spiked with 0.2 mL saturated ZnCl, as the initial samples
and the remaining 3 vials were incubated in the dark under in situ temperature for 36 h
followed by 0.2 mL of saturated ZnCl, as the stopping samples. After incubation, the initial
and stopping samples were mixed again in a 100 mL centrifuge tube, respectively, degassed
with helium for more than 25 min to exclude Ny, and then repartitioned into initial and
stopping vials followed by 400 uL of 4 M sodium hypobromite solution [24] to oxidize
I>NH,* produced by the nitrogen fixation process to °Nj (*N or 3*'Np).

The standard curve was derived from the linear relationship between the known
I5NH4* (*°N, 99%, Shanghai Engineering Research Center of Stable Isotope, China) concen-
tration (0, 5, 10, 15, and 20 uM) and the measured signal intensity of the total 15N, with
R? > 0.99. Nitrogen fixation rate (F) was calculated by the following equation:

H; — H,
F=—_—

where H; and Hy (pmol kg~!) were the I°NH,* content in the slurry before and after the
reaction, respectively, and t (h) was the incubation time.
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2.4. DNA Extraction and nifH Gene Quantification

Genomic DNA was extracted using a FastDNA® Spin Kit (MP Biomedicals, Irvine, CA,
USA). The purity and concentration were detected using 1% agarose gel electrophoresis and
the NanoDrop® spectrophotometer at 260 nm (Nanodrop 2000, Thermo Fisher Scientific,
Waltham, MA, USA). The copy number of the nifH gene was determined through qPCR in
triplicate on an ABI7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) with an SYBR® GreenER™ qPCR SuperMix (Thermo Fisher Scientific, Waltham, MA,
USA), and about 342 bp fragments were amplified by the specific primer polF (5-TGC GAY
CCS AAR GCB GAC TC-3') and poIR (5'-ATS GCC ATC ATY TCR CCG GA-3') [25]. The
qPCR procedure is 95 °C 7 min, followed by 35 cycles of 95 °C 30's, 56 °C 30 s, and 72 °C
1 min, and a default melting curve program. A qPCR standard curve was generated with
serially diluted linearized plasmids containing the target nifH gene fragment. All gPCR
experiments were completed with no-template controls. The correlation coefficients were
above 0.99, and the amplification efficiencies were in the range of 90-110%. To confirm the
specificity of qPCR primers and qPCR product size, qPCR products were validated by a
melting curve and gel electrophoresis.

2.5. High Throughput Sequencing and Data Processing

The nifH gene community compositions were analyzed with Illumina sequencing
with the same primer as qPCR using the MiSeq platform. The raw data were merged by
Mothur v 1.30.1 [26] and filtered to obtain the clean data by the QIIME [27]. Usearch v
10 [28] was used to cluster tags to obtain OTU at a 97% similarity level, respectively, and
the OTU was taxonomic annotated using RDP classifier v 2.2 [29] based on the FunGene
database [30] with a minimum percentage identity cutoff of 80% for protein sequences and
an e-value cutoff of 1072Y, and all unclassified reads were removed from the subsequent
analyses. Alpha-diversity measurements, including Chaol and Shannon diversity index,
were calculated based on the rarefied OTU tables using the fewest sequences per sample.
Beta diversity was determined with an edgeR package [31].

2.6. Statistical Analysis

Before analysis, all data were tested for normality by the Shapiro-Wilk normality test.
Data that did not pass the normality test would be log-transformed. Statistical significance
of NF rates, nifH abundance, alpha diversities, and relative abundances of microbial families
and genera among different cruises and sampling sites was evaluated by one-way ANOVA
followed by least significant difference (LSD). Spearman’s or Pearson’s correlation was
used to assess relationships among environmental parameters, NF rates, and proportions
of dominant microbial taxa. All the above analyses were performed using IBM SPSS
(version 20.0). To evaluate the dissimilatory of diazotrophic community composition among
different cruises and sampling sites, the non-metric multidimensional scaling (NMDS)
analysis was used based on Bray-Curtis dissimilarities. Canonical correspondence analysis
(CCA) was further employed to explore the explaining factors for diazotrophic community.
CCA and NMDS were performed using PRIMER v.6 (PRIMER-E Ltd, Plymouth UK).

3. Results
3.1. Potential Nitrogen Fixation Rates

The NF rates across all sediment samples varied from 0.013 to 10.199 umol kg ! h~!
and showed a significant spatial-temporal difference (Figure 2a,b). Among cruises, the
highest rate of nitrogen fixation was observed in July (3.2 £ 3.41 pmol kg’1 h~1) and
August (2.27 £ 2.49 pmol kg_1 h™1) during hypoxia, which was 3~4 folds higher than
those in other months (ANOVA test, p < 0.05). When the section was concerned, site 18, S8,
and S9 hosted much higher NF rates than other sites (p < 0.05).
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Figure 2. The variation of nitrogen fixation rates (a,b) and nifH gene abundance (c,d) among cruises
and sampling sites in surface sediments from the Muping Marine Ranch. Different letters represent
significant differences at p < 0.05 by ANOVA and LSD test in different cruises and sites.

3.2. Abundance of nifH Gene

The real-time qPCR analysis (Figure 2c,d) revealed that the nifH gene abundance in
all sediment samples ranged from 2.90 x 10° to 61.03 x 10° copies g~ wet sediment. The
average nifH abundance peaked in June (on average 27.65 x 10° copies g~! wet sediment),
which was significantly higher than those in July, September, and November (p < 0.05), but
was comparable to that in August (21.21 x 10° copies g~ ! wet sediment). Among sampling
sites, nifH gene abundance was significantly lower in the coastal site 16 ((9.03 + 6.27) x 10°
copi 1 wet sedi t) than in other sites (around 20 x 10° i ~1 wet sediment)

pies g~ wet sedimen other sites (aro copies g et sedime
(p < 0.05).

3.3. Diversity, Composition, and Distribution of nifH Gene Community

A total of 1,719,592 high-quality reads were retained from all 35 sediment samples after
quality control, and all reads were grouped into a total of 8950 OTUs at a 97% similarity
threshold. There was no significant difference in Chaol and Shannon indexes of nifH gene
among different cruises (Figure 3a,c, p < 0.05). However, along the section (Figure 3b,d),
the a-diversities of the nifH gene varied largely among sites. Site 16 possessed the lowest
Chao 1 index (2454.87 &+ 673.19) and the highest Shannon index (4.88 & 0.26), while sites
17,18, and 19 had higher both Chaol and Shannon indexes (p < 0.05).

The compositions of nifH gene community at the family and genus levels are shown
in Figure 4. Across all samples, over 60% of the nifH gene reads were derived from
Geobacteraceae, followed by Desulfobulbaceae (13.61%), Bradyrhizobiaceae (9.29%), Desul-
furomonadaceae (4.00%), and Desulfovibrionaceae (2.84%) at the family level. The other
families were rare and accounted for less than 2.0%. At the genus level, more than 60%,
and even 70%, of the nifH sequence came from Geopsychrobacter; other dominant genera
(>5%) included Desulfocapsa and Bradyrhizobium. Overall, the main nifH taxa showed no
significant seasonal pattern (Table S1, p > 0.05), expect for Desulfuromonas, which had a
higher proportion in September (5.55%) and lower in June (2.3%) (p < 0.05). Conversely, the
most taxa presented significant site discrepancy (Table S1). For example, Geopsychrobacter
and Desulfocapsa were enriched in site 20 (82.2%) and scarce in site 16 (18.0%). Desulfocapsa
occurred frequently in site 17 (34.9%) and rarely in site 59 (2.4%) (p < 0.05).
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Figure 3. The variation of nitrogen fixation rates (a,b) and nifH gene abundance (c,d) among cruises

and sampling sites in surface sediments from the Muping Marine Ranch. Different letters represent
significant differences at p < 0.05 by ANOVA and LSD test in different cruises and sites.
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The NMDS result further verified the site dissimilarity of nifH gene community struc-
ture (Figure 5). A clear separation in nifl{ gene community structure was revealed between
16 and other sites; in addition, samples from sites 17 and 18 were separated from those
from sites 20, S8, and S9 (Figure 5). ANOSIM analysis supported that samples could be
significantly separated among different sites (R = 0.505, p = 0.001) rather than different
cruises (R = —0.042, p = 0.846).

2D Stress: 0.3

mi6
17
£ Jun 18
W7 July Hi9
] September m 20
<> August WSy

O November HS9

Figure 5. NMDS ordination of nifH microbial community with Bray—Curtis similarities for cruises
and sites (stress value = 0.03).

3.4. Abundance of nifH Gene

Spearman’s or Pearson’s correlations showed that there was no significant relationship
between sediment potential NF rates and any environmental factor determined across all
samples (n = 35, p > 0.05). When the individual site or cruise was considered, we found
that potential NF rates significantly positively correlated with the Chl-a concentration of
overlying water in site 17 (n = 5, R? = 0.971, p = 0.002), and negatively correlated with
sediment NHy* level in site 18 (R? = 0.775, p = 0.049), and pH and DO of overlying water
in site S9 (R > 0.45, p < 0.05) (Figure 6).

Across all samples, the Chaol index of the nifH gene had a negative correlation with
sediment grain size (n = 35, p < 0.001, Figure 7a) and Fe content (p = 0.049), and a positive
correlation with sediment TN (p = 0.024). The abundance of the nifH gene increased
significantly with water depth (p = 0.006) and TOC and TN (p < 0.05), while it decreased
with sediment grain size (p = 0.001) (Figure 7a). The relative abundance of Geopsychrobacter
seemed to prefer finer sediments, higher sediment Fe, TN, TOC, NO3;~, and deeper water
(p < 0.05). Desulfobulbus, Desulfovibrio, Desulfuromonas, Alkaliflexus, Desulfonatronovibrio,
Halorhodospira, and Pseudomonas exhibited the opposite correlations with these factors
(Figure 7a, p < 0.05).
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As for the linking between NF rates and microbial traits, there was no statistical corre-
lation between NF rates and nifH gene abundance or diversities (n = 35, p > 0.05, Figure 7a).
On the other hand, the relative abundance of Ectothiorhodospira negatively related to nitro-
gen fixing activities (p = 0.023, Figure 7a). The canonical correlation analysis (CCA) revealed
that the community structure of the nifH gene were primarily explained by Fe concentration,
water depth, sediment TOC, TN, and grain size (p = 0.001) (Figures 7b and S2).

4. Discussion
4.1. Benthic Nitrogen Fixation Was Stimulated by Seasonal Hypoxia in Coastal Sediments

In this study, potential benthic NF rates ranged from 0.013 to 10.199 umol kg=! h~1,
i.e., 0.03-20.81 mmol N, m~2 d~! based on the average marine sediments density of
1.7 g cm 3 [32], with the average rate of 1.44 pmol kg~! h™!. The rates are comparable
to the values reported from other estuarine and coastal sediments, such as the Yangtze
Estuary (0.55-11.14 mmol N m~2 d~1) [7], the coast of East China Sea (0.09-7.87 mmol N
m~2d1) [33], the Wagquiot Bay (0-18.48 mmol N m~2 d 1) [34], and the Gulf of Mexico
hypoxic zone (0-3.53 mmol N m~2 d 1) [10]. However, the rates are nearly three orders of
magnitude higher than those (generally <0.01 umol kg~! h~!) observed in open-sea benthic
habitats (>100 m water depth) [35]. Greater organic carbon content in coastal habitats
compared with open sea should be the primary reason for the higher N, fixation [35], since
organic serve as suitable forms of carbon and electron donors for the diazotrophs [36].

A notable foundation in this study was that benthic N fixation rates increased largely
during hypoxia occurring in bottom water (July and August) (Figure 2a). In particular, a
significant negative correlation between the nitrogen fixation rate and DO was observed
in site S9 (Figure 6d), suggesting that seasonal hypoxia could enhance nitrogen fixation
within the benthos of coastal ecosystems. Our results were supported by a recent study of
Spinette et al. (2019) [37] in surface Narragansett Bay sediments, where benthic nitrogenase
activity during summer hypoxia rose to 3-8 times of those under ambient conditions. In
addition, the laboratory experiment with sediment core incubations also confirmed the
boost of low oxygen to sediment N fixation [37]. Similarly, in the eastern tropical South
Pacific, nitrogen fixation activities were only detected in a small fraction of samples collected
in subtoxic waters [38]. Luo et al. (2014) summarized N fixation of 500 field measurements
in Pacific and Atlantic oceans and found that subsurface minimum dissolved oxygen was a
determining predictor explaining the spatial variance in the observed N fixation data [39].
As oxygen is depleted in bottom water, oxygen penetration into sediments is reduced, thus
promoting the activities of anaerobic sulfate reducers with nitrogen fixing potentials [40].
In addition, the nitrogenase is sensitive to oxygen, which was substantially inhibited by
only 7 uM dissolved oxygen in pure culture [41]. Another possible explanation is that
nitrogen fixation may also be triggered to supplement biologically active nitrogen removed
by denitrification and anammox in the hypoxic zones [42]. Additionally, phosphorus from
surface sediments is gradually released to pore water and overlying water under hypoxia
conditions [43], indirectly promoting nitrogen fixation activity in hypoxic water bodies [44].

The availability of organic matter is another controlling factor for benthic NF activities
in our study. Benthic NF rates at site 17 strongly positively correlated with Chl-a concen-
tration in bottom water (Figure 6a), meaning that the influxes of autochthonous organic
matter (algal residues) from the water column enhanced benthic nitrogen fixation. The
stimulation of benthic NF with the addition of algal substrates has previously been noted
by Spinette et al. (2019) [37], who demonstrated that benthic heterotrophic N fixation in
coastal systems was generally carbon limited. In addition, Fulweiler et al. (2013) found
that changes in the timing of algae blooms altered both the quantity and quality of organic
matter loading to the benthos, and ultimately changed benthic NF rates [45]. In addition
to being a carbon source and electron donor, the labile organic matter would increase the
diversity and richness of diazotrophs [46].

A confounding issue remains in that the deposition of organic matter to sediments
results in N remineralization processes, namely NH, " is released; this would presumably



Processes 2023, 11, 138

10 of 16

satisfy bacterial requirements for nitrogen and repress nitrogen fixation. In this study,
the ammonium concentration showed significant negative correlation with the NF rate
at site 18 (Figure 6b). This phenomenon is also observed within other oceanic sediments
such as in Cochin Estuary [35,47] and the Swedish west coast [48]. Conversely, other
studies have reported active N fixation in sediments containing considerable amounts
of NH,* [37,46,49], where it is conceivable that diazotrophs may exhibit fine-scale (mm)
zonal distribution in micro-niches with low NH4* concentrations [15,37].

Aside from environmental factors, nifH gene abundance has usually been coupled with
NF rates in previous studies [50,51]. On the contrary, no correlation between NF rates and
nifH gene abundance was observed in this study (Figure 7a). A similar situation occurred
in a study for nitrogen fixation in surface sediments of the East China Sea [33]. On one
hand, some nifH genes detected could be silent (not expressed), and thus the levels of nifH
gene transcript may be more representative [45,52]. Arashida et al. (2019) demonstrated
that nitrogen fixation in some bacteria with the nifH gene does not take place when they
are cultured under aerobic conditions [53]. On the other hand, the nitrogenase activity was
also regulated by environmental factors rather than directly reflecting the NF rates [54].
For example, considerably high nifH gene abundance was observed in June in our research
(Figure 2c), which had experienced an algae bloom in previous weeks. However, the NF
potential rates peaked in July and August when oxygen was depleted (Figure 2a).

4.2. Iron-Reducing Bacteria Contributed Primarily to Benthic Nitrogen Fixation in the
Coastal System

Based on high throughput sequencing of the niflf gene, Geobacteraceae are the most
dominant nitrogen-fixer across all surface sediment samples (>60%, Figure 4). The Geobac-
teraceae have largely been categorized as facultative anaerobes that are important agents
of oxidation of organics and certain metals coupled to the dissimilatory reduction of Fe
(II) due to their advanced capacity for syntrophic metabolism and extracellular electron
transfer [55]. They widely distribute in environments where active Fe (III) reduction takes
place, such as rice paddies [56,57], wetlands [58], and landfill leachate-polluted aquifer [59].
Nitrogen fixation by Geobacteraceae has been detected in coastal sediments [60,61]. How-
ever, Geobacteraceae was seldom reported to comprise >50% of the nifH sequences obtained
from coastal sediments over sulfate reducer, except in our study and Narragansett Bay
sediments frequently stressed by seasonal hypoxia [62]. We speculated that the sedimentary
environments with periodic changes in redox states should be key niches for Geobacter-
aceae, where reduced Fe (II) can be re-oxidized to Fe (III), supporting continuous electron
acceptors for Geobacteraceae. Furthermore, their flexibility in the use of electron acceptors,
namely utilizing alternative electron acceptors simultaneously, may help Geobacteraceae to
deal with varying redox conditions and rapidly scavenge electron acceptors [63]. On the
other hand, sediment pH was reduced by the release of large amounts of CO2 accompanied
by the occurrence of hypoxia, so Fe (III) was released more easily from the sediments [64].
These explanations were supported by our positive correlation between Geobacteraceae
and Fe content in sediments (Figure 7).

Another abundant benthic diazotrophs was sulfate-reducing bacteria, including Desul-
fovibrionaceae, Desulfobacteraceae, Desulfobulbaceae, and Desulfohalobiaceae across all
samples (Figure 4a,b). Sulfate-reducing bacteria have been reported as significant nitrogen-
fixing microorganisms in various marine sediments [16,47], especially in organic-rich
coastal sediments [46]. Degradation of organic matter by aerobic microbes consumes oxy-
gen in sediments, nitrification was inhibited, and so sulfate becomes an important electron
acceptor [65] for sulfate-reducing bacteria, which can further decompose organics under
anaerobic conditions. This can explain the negative correlation between proportions of
sulfate-reducing bacteria and sediment TN and TOC, and pore water NO3~ concentra-
tion (Figure 7a).

Interestingly, sulfate-reducing bacteria showed completely opposite environmental
responses to iron-reducing bacteria (Figure 7a). The result could be explained by a niche
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complementarity effect between sulfate-reducing bacteria and Fe-reducing bacteria [66].
They can make full use of environmental resources to promote ecological environmental
functions such as nitrogen fixation. There is a cooperative relationship on nitrogen fixation
between the two groups: Fe (II), the product of iron reduction, can sink sulfides produced
through sulfate reduction and promote nitrogen fixation by sulfate-reducing bacteria [67].
Therefore, we hypothesized that the joint action of iron- and sulfate-reducing bacteria con-
tributed significantly to the biologically active nitrogen inputs to the eutrophic sediments
in the seasonally hypoxic coastal zone.

Different from other offshore sampling sites, the most dominant diazotrophs at the
coastal site 16 was Bradyrhizobium and Rhodopseudomonas (Figure 4d). Bradyrhizobium are
widespread in terrestrial soils or freshwater sediments [68,69]. In some estuarine sediments,
Bradyrhizobium were occasionally detected [46,70]. Two possible reasons could contribute
the success of Bradyrhizobium at site 16: (i) Bradyrhizobium, an obligate aerobe, can utilize
a broad range of oxygen levels but fix N, under very low oxygen tensions, which could
explain the lower NF potential at site 16; (ii) river inputs could introduce Bradyrhizobium
to the coastal site 16, which gradually get used to the coastal environments. Members of
Rhodopseudomonas were well-known in treatment of aquaculture wastewaters [71], which
could be carried into the coastal zone with the discharge of aquaculture wastewaters. In
addition, many species of Bradyrhizobium have the ability to degrade the methoxychlor of
organic pollutants such as aroma compounds and antibiotics [72]. Thus, besides potential
Ny, fixation function, Bradyrhizobium and Rhodopseudomonas may contribute to pollutant
degradation in nearshore regions.

4.3. Ecological Implication

In the present study, the mean benthic nitrogen fixation rate during the hypoxic period
(July and August) was nearly five times that during the normoxic period. In other words,
approximately 45.01 t N will be added into the Muping Marine Ranch (12.16 km?) over
the two months due to the seasonal hypoxia. On the global ocean scale, hypoxic zones
are expanding, and the duration of hypoxia is increasing. In accordance with our study,
some previous studies have also showed that hypoxia events increased nitrogen fixation
in eutrophic coastal zones [7,16,19]. These studies highlighted the importance of nitrogen
fixation in coastal regions previously thought to be unfavorable for nitrogen fixation
especially during hypoxia, and suggested that nitrogen fixation may play an important role
in coastal hypoxic areas such as Pearl River estuary [73], Yangtze River Estuary [74], and
Chesapeake Bay [75], which may be able to provide some complement data for global-scale
nitrogen flux estimates about the imbalance between denitrification and nitrogen fixation.

However, the high nitrogen fixation during hypoxia counteracts the nitrogen removal
by denitrification and anammox, which could further promote eutrophication in the water
column and to some extent prolong the duration of algae blooms and worsen the hypoxic
condition, forming a self-driven vicious cycle and making a significant impact on the
economic efficiency of the marine ranching area (Figure 8). Therefore, a countermeasure is
urgently needed to address this environmental problem, such as reducing anthropogenic
organic inputs or accelerating consumption through economic algae farming to reduce the
nutrient pressure of nitrogen and phosphorus in the marine ranch area.
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Figure 8. The patterns of benthic nitrogen fixation under (A) normoxic and (B) seasonal hypoxic
conditions in Muping Marine Ranch. The thick arrows indicate higher fluxes and the symbol (L)
represents inhibition.

5. Conclusions

In this study, we found that seasonal hypoxia substantially enhanced nitrogen fixation
in benthos of a coastal marine ranch. Different from other coastal sediments, iron-reducing
bacteria, Geobacteraceae, were the dominant diazotrophs in the marine ranch over sulfate-
reducing bacteria. However, in the nearshore site, Bradyrhizobium and Rhodopseudomonas
dominated the diazotrophic community. Besides oxygen, bottom water Chl-a concentration
and pH, as well as sediment NH,* contributed to the variation of benthic nitrogen fixation.
However, sediment total organic carbon and nitrogen and Fe content significantly regulated
diazotrophic abundance and communities. When hypoxia was occurring, iron-reducing
bacteria could collaborate with sulfate-reducing bacteria to achieve the maximum nitrogen
fixation efficiency. This study revealed the microbial mechanism of the N, fixation process
responding to seasonal hypoxia, emphasized significant potential nitrogen fixation in the
eutrophic marine ranch especially during hypoxia, and proposed some tips to alleviate the
eutrophication of marine ranch and balance nitrogen cycling of the mariculture ecosystems.
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factors in explaining nifH gene community structure obtained from the CCA results. Refs. [76-78] are
cited in Supplementary Materials.
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