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How the microbial community response to carbon degradation is unclear, while it plays an essential role in predicting microbial community shift and determining carbon cycling. Surface sediments in two contrasting aquacultural tidal flat sites in Fujian Province, China, were collected in October, 2020. In addition to 16s rRNA gene high-throughput sequencing for determining bacteria and archaea biodiversity, an amino acids-based molecular degradation index DI was used to quantify the carbon degradation status. The results revealed that the microorganism response to DI at the family level was community competition. Specifically, the winning microbes that grew under carbon degradation (i.e., operational taxa unit numbers negatively related with the degradation index) accounted for only 18% of the total family number, but accounted for 54% of the total operational taxa unit numbers. Network analysis confirmed the oppressive relation between winners and the rest (losers + centrists), and further suggested the losers survival strategy as uniting the centrists. These findings shed new light on microorganism feedback to carbon degradation, and provide a scientific basis for the explanation of microbial community shift under progressive carbon degradation.
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Introduction

Microorganisms (bacteria and archaea) play an essential role in carbon cycling via organic carbon utilization, degradation, and remineralization. Without microorganisms, the degradation of synthesized carbon can barely occur at the current rate. While organic carbon (carbon, hereafter) degradation is the result of microbial activities, the feedback of microorganisms to carbon degradation is more complicated (Mou et al., 2008; Teeling et al., 2012). This is not just a microbiological question, it is also essential for a deeper understanding of the controlling factors of carbon degradation in the carbon cycle. When facing excess CO2 and global warming, understanding the driving force behind carbon degradation is important for addressing carbon sequestration.

Experimental metagenomic studies in coastal oceans have revealed a potentially large diversity of carbon-processing capabilities of heterotrophic microorganisms, indicating the ability of generalist bacteria to process heterogeneous carbon in composition and/or source (Mou et al., 2008). However, the significant responsive changes of the bacterial community during the process of water blooming and extinction suggest that the microbial community structure can undergo observable changes with changing carbon activity (Teeling et al., 2012). Additional evidence for the structuring of bacterial community composition by carbon comes from studies on lakes (e.g., Jones et al., 2009), estuaries (e.g., Figueroa et al., 2021), and soil (e.g., Ding et al., 2015). In sediments, bacterial assemblages have shown an association with total carbon and nitrogen content (Sienkiewicz et al., 2020), indicating a potential bacterial interaction with bulk carbon content. In addition, bacteria community changes were best explained by carbon remineralization rate based on soils samples from a wide range of ecosystems (Fierer et al., 2007). In incubation experiments based on either sedimentary carbon or sediment-derived dissolved carbon, the degraded carbon pool and bacterial community both underwent changes during incubation, indicating that an interaction between bacteria and carbon indeed exists and is likely dependent (Mahmoudi et al., 2017; Wu et al., 2018).

Previous work on microbial feedback to carbon degradation has focused on identifying changes in carbon composition and corresponding microbial community changes with time (Mahmoudi et al., 2017; Wu et al., 2018); however, the network and interactions among microbial groups alongside carbon degradation remains unclear. This interaction, together with previously studied carbon and microbial community compositions, help addressing the mechanism of the stepwise degradation of carbon driven by microorganisms, and reveal the driving force behind how certain fractions of carbon become a CO2 source, while the rest is stored in nature in a reduced form for a long period.

Amino acids (AAs) are a series of compounds that comprise the basis of proteins, found universally in life. Due to the different metabolic pathways and physiological functions among AAs, different AAs show different trends of change during microbial utilization and degradation of synthetic carbon, in which some are relatively lost while a few others are relatively accumulated (“relatively” here means the mole percentage in total AAs). Based on this feature, Dauwe and Middelburg proposed the amino acid-based degradation index (DI) to quantify the degree of organic matter degradation (Dauwe and Middelburg, 1998). DI is the result of a dimension reduction treatment after principal component analysis of AA results based on a range of samples. For fresh phytoplankton and bacteria, the DI is +1.5, and for oxic sediment it is -2.2 (Dauwe et al., 1999). This approach has been widely used in carbon cycling studies from low to high latitudes, especially in those focused on sedimentary and particulate carbon degradation quantifications (Dittmar and Kattner, 2003; Unger et al., 2013; Matiasek and Hernes, 2019; Wei et al., 2021).

Tidal flats are the area where terrestrial carbon meets marine carbon. Autochthonous carbon (detritus of wetland plants and fauna) forms an additional local source for tidal flats. Tidal flat sediment shows the highest sedimentary carbon accumulation (in g C/m2/yr) compared to other coastal wetland sediments (mangroves and seagrasses) or forested ecosystems (Ouyang and Lee, 2014), while the large fraction of sedimentary carbon in the top layer often acts as a carbon source to air CO2 due to the high aerobic microorganisms activity (Endo and Otani, 2019). In aquaculture settings, the presence of economically valuable species strongly alter the diversity and density of benthic fauna, constituting the primary aquaculture impact on sediment carbon. In addition, the daily management of aquaculture fields, as well as harvesting (digging or elutriation), enhances the disturbance of sediments and additional aerobic respiration. The farming of some species (e.g., Sinonovacula constricta) involves the use of the genus Miscanthus (a higher plant) in the tidal flats, hence introducing a significant terrestrial carbon source to the mudflat. As a result, microorganisms in shellfish cultivation flats are subjected to dynamic environmental factors and sources, and carbon degradation status and storage in such pools are facing corresponding uncertainty. With the exception of carbon composition (e.g., Freese et al., 2008) and bacteria studies (e.g., Wilms et al., 2006), combination or interaction studies between carbon degradation status and microorganisms in tidal flats remain scarce (Graue et al., 2012).

Along the coast south of the Aojiang Estuary in Fujian Province, China, shellfish cultivation occupies almost all of the available tidal flats. Sinonovacula constricta and Ruditapes philippinarum are the two local key cultivation species, with contrasting habitats and sedimentary impact. In this work, we are interested in the carbon degradation status (quantified as DI) - microorganisms interaction in the tidal flats, especially in the background of various aquaculture impact. Sampling occurred in October, about two months after bivalves harvesting. Two months after strong turbulence from either intensive benthic fauna or anthropogenic activities (harvesting), the response of microbial community to sedimentary carbon has time to stabilize (Mahmoudi et al., 2017), while the new round of culture (Laver) in the coming winter has not yet begun. Sediment carbon, key environmental factors, and microorganism (bacteria and archaea via 16s rRNA gene high-throughput sequencing) investigations were conducted in both shellfish cultivation flats. The environmental constraints on microorganisms were first determined, and then the interaction between DI and microorganisms via a network approach was investigated. Finally, the competition features of microorganism feedback to DI were proposed, and different carbon cycle feedbacks between S. constricta and R. philippinarum aquaculture were inferred from a microbial perspective.



Materials and Methods


Study Area and Cultivation

The Aojiang River (58 m3/s discharge) is located in Lianjiang County, Fujian, China. Tidal flats are in the south of the Aojiang Estuary (Figure 1A). The nearshore water is very turbid (yellowish), and the semi-diurnal tides show a range of 3.8 m (China Oceanic Information Network, http://www.nmdis.org.cn). During low tide, vast flats of up to a few kilometers long emerge from the water.




Figure 1 | The study area (A) and the location where bivalves (Sinonovacula constricta and Ruditapes philippinarum) are raised (B–D). The insert in plot b shows the detailed sampling sites. In the text, TT1 and TT2 are referred to as seaward and landward samples of Ruditapes philippinarum sites, respectively, and YC1 and YC2 are referred to as field and ridge samples of Sinonovacula constricta sites. Plot c shows the Sinonovacula constricta sites during low tide and the ridges (about 30 cm in width) between fields are manually constructed and regularly maintained with Miscanthus. Plot d shows the Ruditapes philippinarum sites at a time between low tide and high tide. At Ruditapes philippinarum sites there are no ridges. Photo by Z-Y Zhu.



Sinonovacula constricta and R. philippinarum are the two species that are cultivated in the flats south of the Aojiang River mouth (Figures 1B–D). Sinonovacula constricta prefers finer sediments, digging 30–40 cm into the sediment, whereas R. philippinarum prefers coarser sediments, digging shallower (~10 cm). The S. constricta cultivation area is 705 hectares, with an annual production of 20,667 tons, while the R. philippinarum cultivation area is 525 hectares, with an annual production of 19,200 tons (Committee, O.O.L.L.C.C., 2017). Due to the bivalves vertical migration and harvesting, top 0−10 cm sediment were repeatedly under strong mixing or disturbance. Each year, larvae of both species are sowed in spring, and harvest occurs in late summer. For S. constricta, the cultivation area is manually maintained like a paddy field but without paddy plants. Sinonovacula constricta are cultivated in a field surrounded by a ridge (Figure 1C). The ridges are maintained by inserting Miscanthus plants into the surface sediment. Miscanthus are manually carried to the fields via tricycles and regularly re-supplied during low tide to maintain the ridge shape.

The bivalves feed themselves via burrows, which enhanced the vertical mixing of sedimentary materials. Due to the bivalves vertical migration and harvesting, top sediment (e.g., 0-10 cm) were repeatedly under strong mixing or disturbance. In the field, we saw “black soils” randomly distributed from very surface to the deep (~40cm deep), without any lamination structure. We repeatedly found this profile distribution feature in cultivating and non-cultivating seasons.

The external carbon added to the 0-10 cm top sediment is composed of sedimentation from overlaying water and from benthic algae production in the very surface of sediment. For the two months after harvest, these added carbon is estimated to account for a very trace proportion (2.7%) of the total carbon pool. Further given that the added carbon (and microbe) took place in the very surface of the sediment, the top 0-10 cm sediment after harvesting can be regarded as a close system. The detailed calculation process can be found in Supplemental Materials.



Field Sampling and Laboratory Measurements

The S. constricta and the R. philippinarum are harvested in summer (late August early September) every year. Field sampling in this work was conducted in late October, 2020 (Figure 1B). For the S. constricta cultivation area (station YC), three subsamples were collected in the field where S. constricta was cultivated and another three subsamples were collected on the ridge (S. constricta-free). For the R. philippinarum area (station TT), two sites were chosen. One site was more seawards and the other more landwards. Again, three subsamples were collected for each site. Mixed surface sediment samples (0–10 cm deep) of the flats were collected using a clean spoon during low tide. Sediment samples were stored frozen until laboratory determination.


Bulk Carbon and Nitrogen

For carbon and its δ13C in the sediment samples, inorganic carbon was first removed by reaction with HCl vapor. The carbon content was then measured via an elemental analyzer (Vario EL III, Germany) using a high temperature catalytic oxidation method, while the δ13C of the carbon was measured using an isotope-ratio mass spectrometer (Deltaplus XP; Thermo Finnigan, USA) connected to a Flash EA 1112 analyzer (Zhu et al., 2016). For nitrogen, measurements were conducted following the same protocol as carbon, but without acidification.



Grain Size

For grain size measurements, the method described by Liu et al. (2019) was adopted. Briefly, organic matter and carbonates were first removed by adding 10 mL of H2O2 (10%) and 10 mL of HCl (10%) to the dried sediment (0.2 g). After 2 h the sample was filled with Milli-Q water and soaked overnight. The supernatant was then carefully removed and two drops of 5% sodium hexametaphosphate solution were added under ultrasonication for 10 min. Finally, the well-dispersed samples were measured using a laser particle size analyzer (LS13 320, Beckman Coulter, USA). The measurement error was < 3%.



Sedimentary Anion

To measure Cl-,  , and   concentrations in the dried sediments, the dried samples were passed through a 2-mm sieve to remove leaves, plant roots, and gravel. Approximately 6 g of dry sediment samples were mixed with 30 ml of distilled water (1:5 v:v). The mixture was stirred for 2 h. The supernatant was then filtrated using a 0.22-μm filter membrane after centrifuging at 2,000 × g for 10 min. The concentrations of Cl-,  , and   ions were determined using the Metrohm Advanced ion chromatography system (Metrohm AG, Switzerland).



Amino Acids Enantiomers

For measurements of total hydrolyzable AA enantiomers and non-chiral glycine in the sediment, the method of Fitznar et al. (1999) was followed with slight modifications (Zhu et al., 2016). Briefly, ultra-pure HCl was added to freeze-dried sediment, which was then hydrolyzed at 110°C for 24 h. After pre-column derivatization via reaction with o-phthaldialdehyde and N-isobutyryl-L/D cysteine, samples were subjected to high-performance liquid chromatography (Agilent 1200, USA). Racemization during hydrolyzation was calibrated according to Kaiser and Benner (2005). Sample chromatogram peaks were compared with authentic standards for their elution time and peak area. The AA standards (including L- and D- form, 33 in total) were purchased from Sigma-Aldrich. The AA list, as well as the abbreviations, are shown in Table 1.


Table 1 | The detected AAs list and key abbreviations used in this work.





Quantitative PCR

The bacterial and archaeal populations were quantified by real-time quantitative PCR on the 7500 Real-Time PCR System (Applied Biosystems, Foster, CA, USA) and quantitative PCR were performed using primers to the 16S rRNA gene. The primer pair bac341F (5′-CCTACGGGWGGCWGCA-3′) and the prokaryotic 519R (5′-TTACCGCGGCKGCTG-3′) were used for bacteria, and Uni519F (5′-GCMGCCGCGGTAA-3′) and Arc908R (5′-CCCGCCAATTCCTTTAAGTT-3′) were used for archaea (Jorgensen et al., 2012). According to the manufacturer’s instructions for PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Foster City, CA, USA), a 20 μL reaction mixture contained 6.4 μL of nuclease-free water, 10 μL of PowerUp™ SYBR™ Green Master Mix, 0.8 μL of each primer, and 2 μL of DNA. Each reaction was conducted in triplicate. The quantitative PCR program for bacteria was 50°C for 2 min, 95°C for 5 min, and 35 cycles of 95°C for 15 s, 58°C for 30 s and 72°C for 30 s. For archaea, the program was 50°C for 2 min, 95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 45 s. Standards were provided by plasmids containing the target gene sequence with a 10-fold serial dilution. The r2 value for the standard curve was >0.99, and the amplification efficiencies were between 95% and 105%.



16s rRNA Gene High-Throughput Sequencing

Total DNA was extracted from the 0.5 g sediment samples of each site by the FastDNA™ SPIN Kit for Soil (MP Biomedicals, USA) following the manufacturer’s instructions, and the extracted nucleic acids were subsequently stored and frozen at −20°C until the following experiments. The V4 region of bacterial 16S rRNA genes was amplified by polymerase chain reaction (PCR) with the primer pair 533F (5′-TGCCAGCAGCCGCGGTAA-3′) and Bac806R (5′-GGACTACCAGGGTATCTAATCCTGTT-3′), and the V4–V5 region of archaeal 16S rRNA genes was amplified with the primer pair Arc516F (5′-TGYCAGCCGCCGCGGTAAHACCVGC-3′) and Arc855R (5′-TCCCCCGCCAATTCCTTTAA-3′) (Klindworth et al., 2013). The 50 μL amplification mixture contained 1 μL of each forward and reverse primer, 1 μL of template DNA, 5 μL of 10 × Ex Taq buffer, 5 μL of 2.5 mM dNTP mix, 1 μL of Ex Taq polymerase (TAKARA, Tokyo, Japan) and 36 μL of ddH2O. The PCR conditions for archaeal 16S rRNA gene amplification were as follows: 94°C for 5 min, followed by 30 cycles at 94°C for 40 s, 60°C for 40 s, and 72°C for 40 s, and a final extension at 72°C for 10 min. For bacteria, the PCR conditions were 94°C for 5 min, 25 cycles of 40 s at 94°C, 40 s at 54°C, and 30 s at 72°C; and a final extension for 10 min at 72°C. The PCR products were purified with an E.Z.N.A. Gel Extraction Kit (Omega Bio-Tek, Norcross, GA, USA). The 16S rRNA gene amplicons containing the unique barcodes used for each sample were pooled at equal concentrations and sequenced on an Illumina MiSeq platform using 2 × 250-bp cycles at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). The raw sequence reads from all the samples were imported to QIIME2 (Bolyen et al., 2019) for quality control and taxonomic identification. First, the corresponding region sequences from the SILVA database (version 138) (Glöckner et al., 2017) were extracted according to the primers used, and the sequences were then used to train the classifier. Second, chimeric sequences obtained during the PCR process were removed using “qiime2-vsearch”. The taxonomy of the obtained cluster was determined by the classifier. We used command “taxa filter-table” of QIIME 2 to filter OTUs not belonging to archaea or bacteria when processing bacteria or archaea, respectively.




Data Processing

The DI was calculated by the following equation (Dauwe et al., 1999):



where vari, AVG vari, STD vari, and fac.coef.i are the mol%, mean, standard deviation, and factor score coefficient of AAi, respectively. Factor score coefficients were calculated using principal component analysis.

For the Shannon index, 2 was the log base, and for the Simpson index, the equation is   where pi is the proportion of the community represented by OTUi. For the biological and environmental data, a redundancy analysis (db-RDA) was conducted via PRIMER 7. In the PRIMER settings, the distance method is Bray-Curtis similarity, selection criterion is adjusted R2 and selection procedure is step-wise.

The network analysis was conducted via molecular ecological network analysis pipeline (Deng et al., 2012). The network analysis followed the default settings and the RMT threshold was set as 0.95 (p = 0.001, r2 = 0.5). The visualization of the network analysis results was further performed by Cytoscape (Shannon et al., 2003).




Results


Environmental Factors and Carbon

Mean grain size in S. constricta sites (field + ridge) and R. philippinarum sites (landwards + seawards) was 46.5 ± 15 μm and 146 ± 37 μm, respectively. Within the S. constricta sites, field sediment was finer (YC1, 35 ± 1 μm) compared to that from the ridge (YC2, 58 ± 13 μm) (Table 2). Within the R. philippinarum sites, larger grain size sediment was found in landward samples (TT2, 174 ± 34 μm) relative to seaward samples (TT1, 119 ± 8 μm) (Table 2). This was consistent with the grain size preference of S. constricta (silt) and R. philippinarum (sand), respectively. For sedimentary Cl- and  , a seaward increase was recorded, namely elevated values were found in samples from seawards sites [TT1, (Cl-) = 208 ± 12 mmol/kg, ( ) = 11 ± 0.4 mmol/kg] compared to landwards sites (TT2, (Cl-) = 160 ± 11 mmol/kg, [ ] = 9 ± 0.7 mmol/kg); however, there were no such significant differences found between the S. constricta field and ridge (Table 2). For sedimentary  , the highest values were observed in the S. constricta field (YC1, 0.48 to 1.0 mmol/kg), with the rest of the samples (YC2, TT1, and TT2) ranging between 0.33 and 0.45 mmol/kg. Statistically, sedimentary Cl-,  , and   showed no clear difference between S. constricta and R. philippinarum sites, but there was a significant difference in grain size.


Table 2 | Environmental parameters and organic carbon results for the tidal flats organic matter in this study.



Regarding bulk carbon, S. constricta sites showed a higher carbon content relative to R. philippinarum sites (i.e., 0.46% ± 0.02% vs. 0.16% ± 0.02%). Within each site, there was no clear difference in carbon content between the field and ridge, or between landwards and seawards sites (Table 2). The lowest δ13C (-27.22‰) was recorded in the ridges (Table 2).

Sedimentary total AAs ranged from 1.8 mmol/g OC to 5.6 mmol/g OC (OC: organic carbon). Samples from R. philippinarum landward sites (TT2) showed the lowest AAs (1.9 ± 0.2 mmol/g OC) and samples from S. constricta field ridges (YC2) showed the highest values (3.4 ± 2 mmol/g OC) (Table 2). Glycine, the non-chiral and most simple AA compound, was the most abundant (mean 1.2 mmol/g OC), followed by L-glutamic acid (0.19 mmol/g OC) and L-aspartic acid (mean 0.18 mmol/g OC). Regarding D-AAs, which are usually related to microorganism activities, D-arginine and D-aspartic acid were the two most abundant, with mean concentration as high as 22 μmol/g OC and 20 μmol/g OC, respectively. Correspondingly, the D/L ratio of arginine (D/L arg; mean 0.33) and D/L ratio of aspartic acid (D/L asp; mean 0.12) was the highest among chiral AAs. D/L ratios of key AAs in samples from S. constricta sites were higher (arginine, serine, and aspartic acid) or similar (threonine and alanine) when compared to samples from R. philippinarum sites. Within S. constricta sites, the field samples showed higher D/L ratios compared to the ridge samples, and within the R. philippinarum sites, a seawards decrease of D/L ratio was observed (namely D/L landwards sites > D/L seawards sites). The D/L ratio patterns were similar to those of the quantitative PCR results for bacteria and archaea. Namely, bacteria and archaea showed the highest abundance in S. constricta field samples (1.8 × 109 copies/g wet weight [ww] and 1.0 × 108 copies/g ww, respectively), followed by S. constricta ridge samples and R. philippinarum landwards site; the R. philippinarum seawards sites had the lowest bacteria (9.5×108 copies/g ww) and archaea (4.6 × 107 copies/g ww) abundances.

The mean DI of all 12 sediment samples was -0.91. The DIs of samples from R. philippinarum sites were commonly lower compared to those of S. constricta sites, and the lowest DI was found in R. philippinarum landwards sites (-1.06, TT2a). The highest DI (-0.47) was recorded on the ridge (YC2b), but overall DI within the S. constricta field and ridges was comparable (Table 2).

Statistically, carbon parameters (DI, δ13C) were significantly different between R. philippinarum sites and S. constricta sites, but AA composition did not significantly differ.



Microorganisms

The microbial (bacteria and archaea) abundance obtained by quantitative PCR (copies/g ww) was significantly different between R. philippinarum sites and S. constricta sites (p = 0.002) (Figure S1). The bacterial and archaeal biodiversity quantified by 16s rRNA gene high-throughput sequencing also had significant difference between R. philippinarum sites and S. constricta sites, respectively (Figure S2).

Taxonomic assignment suggested that family Thermoanaerobaculaceae was the major bacterial group in S. constricta sites, followed by Desulfobulbaceae and Desulfobacteraceae; Similarly, the bacterial community of R. philippinarum sites, was also dominated by Thermoanaerobaculaceae, followed by NB1-j, Wosesiaceae and Microtrichaceae (Figure 2A). There was a clear difference between R. philippinarum sites and S. constricta sites as revealed by hierarchical clustering analysis (Figure 3A).




Figure 2 | The bacteria (A) and archaea (B) assemblage composition on family level, threshold for showing the family names is top 10% in OTUs. Photo by Z-Y Zhu.






Figure 3 | Hierarchical clustering analysis of (A) bacteria and (B) archaea on family level in this study. Photo by Z-Y Zhu.



For archaeal fraction, family Nitrososphaeria was the most abundant archaeal group in R. philippinarum sites, followed by Bathyarchaeia and Woesearchaeia. The top two most abundant communities belonged to Bathyarchaeia and Nitrososphaeria, followed by Woesearchaeia, Methanosarcinaceae and Lokiarchaeia (Figure 3B). Bathyarchaeia were very abundant in samples from S. constricta sites, but showed a much lower abundance in R. philippinarum sites (Figure 2B). Similarly, a clear assemblage difference was observed between the R. philippinarum and S. constricta sites based on hierarchical clustering analysis (Figure 3B).



Statistical Check and the Network Analysis

The db-RDA was applied to archaea and bacteria, and yielded a good r2 (both r2 > 0.8 for archaea and bacteria; Figure 4). For bacteria, DI and   explained 38% and 15% of the variation, respectively (Figure 4A). For archaea, DI explained 42%, and   22% of the variation (Figure 4B). Both archaea and bacteria are primarily constrained by DI and  . Instead, the carbon source as quantified via δ13C was not the key influencing factor (Figure 4).




Figure 4 | The db-RDA analysis of bacteria (A) and archaea (B) in this study. Photo by Z-Y Zhu.



At family level, the relation between OTUs and DI is shown in Figure 5. For bacteria, 22 out of 350 families showed a negative relationship with DI (i.e., the OTU was negatively related to DI), with a subtotal OTU reading of 270,636 in comparison to a total bacterial OTU reading of 541,048. That is, 22% of bacteria families occupied 50% of the total OTU readings (Figure 5A). The remaining 78% families contributed to the rest 50% of OTUs (Figure 5A), and their OTUs were either positively related to DI or showed no relationship with DI (Figure 5A). With respect to archaea, the unbalanced composition was even more pronounced (Figure 5B). Namely, only two out of 85 families showed a logical OTU relationship with DI, which accounted for 57% of OTUs (Figure 5B). The top two families of archaea were Nitrosopumilaceae (OTU = 329001) and an unidentified family of Desulfurococcales (OTU = 644).




Figure 5 | Percentage of family and corresponding OTUs of (A) bacteria and (B) archaea viewed with relation with DI. Color indicates the relation between OTUs and DI: Red-negative, yellow-positive, blue-no relation. Note that OTU<100 is not considered here to avoid fake relations due to too less data. Photo by Z-Y Zhu.



Network analysis result is shown as Figure 6. Edges in the network (lines that connect nodes) indicate the statistical relationship between two given nodes. They can be negative (np; brown in color) or positive (pp; cyan in color) (Figure 6). A first look at the network is complicated (Figure 6A). Given that carbon degradation is the result of microorganism utilization, and by this utilization microorganisms grow and reproduce, an increase in microorganism biomass should be logically accompanied with advanced carbon degradation. Therefore, microorganism that showed negative relation with DI is termed as winner in the network analysis. On the opposite, microorganism that showed positive relation with DI is termed as loser, and microorganism that showed no relation with DI is termed as centrist. Accordingly, the nodes in the network analysis were further grouped into red (winner), yellow (loser), and blue (centrist) according to their relation with DI (Table 3, Figure 6B). The negative edges (brown lines) were the dominant connections for winner external relations in the network (Figure 6B). But the highest positive versus negative edge ratio was observed for loser external relations (513 pp vs. 356 np; pp-positive edge, np-negative edge; Table 3). That is, the ratio (513/356) is higher when compared to that of centrist and winner (457/425 and 247/717, respectively; Table 3).




Figure 6 | Network analysis of bacteria together with archaea on the family level in the form of (A) circled layout and (B) grouped layout (B). Every node represents a family of either bacteria (diamond) or archaea (round rectangle). The node size is proportional to its OTU readings. Nodes are marked as red, yellow and blue, which means the winner, loser and centrist in this work. Brown edges (lines between nodes) means the connected two nodes are negatively related to each other and cyan edges means the two nodes are positively related. Photo by Z-Y Zhu.




Table 3 | The classification of microorganisms in the network analysis as grouped by relation with DI on family level.






Discussion


Quantification of Carbon Degradation Status

AAs belong to the labile pool in bulk carbon, and their individual synthetic and metabolic pathways differ. Physiologically, some AAs (e.g., the simple-structured glycine) are at the base level (being the substrate) in many synthesis pathways while other AAs (e.g., the complex-structured phenylalanine) are the target product of several synthesis steps. In addition, individual AAs have varying associations with the cell wall or cytoplasm, or play different roles in embedding into structural matrices (Cowie and Hedges, 1996). As a result, during microorganism utilization and carbon degradation, certain AAs tend to accumulate (increase in mol%), whereas others tend to be lost (decrease in mol%) (Cowie and Hedges, 1992). Based on such varying accumulation/removal patterns, the AA-based molecular indicator, DI, is a statistical term that quantifies the carbon degradation degree based on individual AA mol% changes (Dauwe and Middelburg, 1998). It is much more specific to carbon degradation status relative to OC%, and has been widely applied in carbon degradation studies (Amon et al., 2001; Arnarson and Keil, 2001; Dittmar and Kattner, 2003; Amelung et al., 2008; Davis et al., 2009; Peter et al., 2012). AAs show a similar mol% distribution pattern among various organisms ranging from bacteria/fungi to plankton and vascular plant tissues (Cowie and Hedges, 1992). Fresh live matter, including bacteria, shows a DI value close to +1.5, while that of heavily degraded sedimentary carbon can be as low as -2.2 (Dauwe and Middelburg, 1998). Such feature means that DI is a good biomarker for quantifying carbon degradation status in marine organic biogeochemistry studies.

Bacteria biomass interference to bulk carbon is assessed via D-alanine concentration, assuming that all D-alanine is dominantly contributed by bacteria due to its key role in peptidoglycan construction. Using a conversion factor of 108 nmol/mg bacterial carbon (Kaiser and Benner, 2008), the fraction of bacterial carbon to bulk carbon in the tidal flats ranged from 7% to 15%, with a mean value of 10%. Therefore, bacterial carbon is one order of magnitude lower relative to bulk carbon. Given the additional D-AA sources in higher plants (Strauch et al., 2015), and algae (Yokoyama et al., 2003), the above estimated bacterial carbon fraction in bulk carbon would be even smaller. Furthermore, D-AAs have been detected in some archaea (Nagata, 1999), but their interference with bacteria carbon estimations, as well as the determination of archaea carbon contribution to bulk carbon, has not been assessed due to lack of a conversion factor.



Environmental Constraints on Microorganisms

The db-RDA analysis suggests that carbon degradation and related nitrogen cycling (e.g., ammonia-oxidation) are the dominant two processes that microorganisms were responding (Figure 4). It is not surprise to see the bacteria (Figure 2A) are related to carbon cycling as many of the bacteria are heterotrophic or related to carbon degradation. For example, thermoanaerobaculaceae prefer sugar, organic acids, and protein-like materials (Dedysh et al., 2021). Woeseiaceae are widely involved in the cycling of detrital proteins in marine benthic environments (Hoffmann et al., 2020). Sandaracinaceae may be related to utilization of ethanol and fatty acids (Probandt et al., 2017) and actinomarinales are usually characterized by their utilization of AAs as a carbon source (López-Pérez et al., 2020).

As nitrogen cycling process, the most abundant archaea, Nitrosopumilaceae, is related to nitrogen cycling (Figure 2B). Candidatus Nitrosopumilus were the most abundant archaea at the species level; these archaea are chemolithoautotrophic and grow by aerobic ammonia oxidation (Qin et al., 2016). The strong negative relation between Nitrosopumilaceae OTUs and DI (Table 3) indicates that the ammonia oxidizing archaea benefits from the carbon degradation. The source of ammonia in the sediment remains unknown in the present study, but the degradation of organic matter is a credible source, in which organic nitrogen is decomposed as the corresponding inorganic form ammonia.

The second most abundant archaea, Bathyarchaeia, are directly related to the carbon cycle. They are capable of utilizing a variety of organic carbon from labile to refractory sources (Zhou et al., 2018a), and some Bathyarchaeia are well-known for their growth being stimulated by lignin, a series of refractory and aromatic polymer compounds in higher plants, and such stimulation for growth is even higher compared to protein source stimulation (Yu et al., 2018). This is consistent with the extensive use of higher plant Miscanthus in S. constricta sites (Figure 1C).



Response of Microorganisms to Carbon Degradation

Both uneven distribution between family numbers and OTUs (Figure 5) and contrasting external connections between winner, loser and centrist (Figure 6B) suggest severe competition among microbes during carbon utilization. On one hand, it is not surprising to see negative edges between winner and loser groups (Figure 6B) since these two groups had an opposite relationship with DI, but the edges between winner and centrist were also negative, with very few exceptions (Figure 6B). This means that the winner microorganisms that contributed to and reproduced under carbon degradation were overall suppressing both the losers (yellow nodes) and the centrists (blue nodes). On the other hand, the highest pp/np ratio for losers (Table 3) is achieved by establishing positive connections with centrists, which suggests the loser’s survival strategy: uniting centrists.

Regarding how microorganisms respond to changing organic matter, there are two hypotheses. The first one is the taxon-level accessibility model. This suggests that different microorganism populations specialize in the metabolism of certain carbon pools, and hence changes in carbon degradation status would be accompanied with observable changes in microorganism community structure (e.g., Teeling et al., 2012). The second is the cellular-level accessibility model. This suggests that cellular level processes are more important in dealing with variable carbon and hence microorganisms can process multiple carbon pools as needed, thereby observable microbial community changes can hardly be found with changing carbon degradation status on a short time scale (e.g., Mou et al., 2008). Although the microbial composition remained unchanged in the beginning of sedimentary carbon incubations, at a later stage (incubation 4–8 days), as the pool of available organic matter became more recalcitrant, an increasing abundance of bacterial taxa that were able to produce the enzymatic machinery for processing complex biopolymers was observed, supporting the taxon-level accessibility model (Mahmoudi et al., 2017). In sediment-derived dissolved carbon incubations, the microbial community in the early stages of incubation was influenced by relatively labile tannin- and protein-like compounds; while in later stages the community composition evolved to be most correlated with less labile lipid- and lignin-like compounds (Wu et al., 2018).

These previous findings (Mahmoudi et al., 2017; Wu et al., 2018) support the notion of competition being the feedback to carbon degradation status (Figures 5, 6). Two months after harvesting, the microorganism and labile carbon degradation coupling was expected to be closer to the steady state, rather than still at a unsteady or initial stage. In our work, the microorganisms showing a negative relationship with DI (red nodes; Figure 6) are the key implementors and hence beneficiaries of carbon degradation (winner). The winner gained the most energy and substrates from the degradation of carbon, which thereby placed them at an advantage in the competition of the entire microbial community. In contrast, the negative or poor performers in carbon degradation process (yellow and blue nodes) failed to gain maximum resources from carbon degradation and hence were at a competitive disadvantage in the community (Figure 6; Table 3). Within the winners (red nodes), it is expected that the most abundant archaea, Nitrosopumilaceae, occupy a unique niche, namely oxidization of carbon degradation products, which enables them to benefit from the carbon degradation process (Figure 2).

Most bacteria in the flats were also identified in previous incubation studies, so a comparison with previous work is at work. Variovorax, Methylotenera, Sphingomonas, and Rhodopseudomonas (specie level) were all identified in tidal flats (present study) and previous sediment-derived carbon incubations (Wu et al., 2018). However, these bacteria showed an increased abundance with advanced carbon degradation in previous incubations (Wu et al., 2018), whereas in tidal flats they either showed no relationship or a decrease abundance with advanced carbon degradation. In other words, these bacteria were winner in previous studies but became centrist or loser in current work. A similar discrepancy also occurred regarding Bacillales and Paenibacillaceae when comparing the findings of tidal flats results (present study) and previous sedimentary carbon degradation incubations (Mahmoudi et al., 2017). One possible explanation is that the chemical and biological habitats differed and hence so did the given bacteria performance. However, the varying performance of the same family or specie during carbon degradation process in different environments also implies that the microbial community structure under a certain carbon degradation situation is the specific outcome of that given competition, and there is no specific family or genus that can always beat others in the competition. If this assumption is correct, it is expected that the opportunity for a structure and network shift lies in changing external conditions (e.g., addition of new carbon sources), which creates another round of competition, while it is interesting to check the performance of microorganisms that occupy a unique niche in the competition, like Nitrosopumilaceae in this work.



Carbon Cycle Implication

Tidal flats of S. constricta sites stored carbon in a higher efficiency than R. philippinarum sites due to the higher carbon content (Table 2). However, from a carbon degradation perspective, S. constricta sites showed higher carbon degradation potential (higher DI values), whereas carbon in R. philippinarum sites were likely to lose less due to a more advanced degradation status (smaller DI values) (Table 2).

In microbial ecology, the bacteria competition strategy has been previously addressed following macroecology theory (Andrews et al., 1986; Klappenbach et al., 2000), namely that microorganisms can be regarded as r-strategists (copiotrophs) and K-strategists (oligotrophs). Oligotrophs have low growth rates and high resource use efficiency, and hence are characterized by an ability to grow under low substrate concentrations, whereas copiotrophs are the opposite, with higher growth rates and lower resource use efficiency. For young/disturbed ecosystems, the K/r ratio tends to be lower compared to mature/undisturbed ecosystems (Odum, 1969; Odum, 1985). It is indicated that Acidobacteria and Actinobacteria behave as K-strategists, whereas Proteobacteria and Bacteoidetes are r-strategists, based on their contrasting relationship between carbon mineralization rate and bacteria biomass (Fierer et al., 2007). Previous research has shown that the tracking of microorganisms at finer phylogenetic and taxonomic resolutions (e.g., family level or lower) is needed (Ho et al., 2017), but such classification remains lacking at present. Regarding phylum level, the K/r ratio for S. constricta sites and R. philippinarum sites was 0.27 ± 0.04 and 0.48 ± 0.03, respectively. Such a K/r ratio pattern indicates that microbial ecosystem of the S. constricta sites was younger and more disturbed, whereas that of R. philippinarum sites was more mature and less disturbed. In a forest ecosystem, the microbial system changes from a K-dominated to a r-dominated community stimulates carbon degradation (Zhou et al., 2018b), and if this is extrapolated to the tidal flat system, this would mean that S. constricta sites experience higher carbon degradation rates (and hence result in greater CO2 release to the atmosphere) compared to R. philippinarum sites. This is in agreement with the carbon degradation potential derived from DI (Table 2). It should be noted that the overall net CO2 release assessment in the respective aquacultural tidal flat sites requires additional direct CO2 gas measurements and sediment-water interface dissolved carbon flux observations.




Conclusion and Perspective

Tidal flat aquaculture is an important form of natural tidal flat land utilization, and constitutes the most direct anthropogenic impact to this habitat. Studies on carbon-microorganism interactions in aquacultural tidal flats not only provide a scientific basis for the evaluation of the environmental impacts of aquaculture activities, but also provide an opportunity to explore the response and feedback of microorganisms to carbon.

Aquaculture activities have a significant impact on tidal flat carbon. For example, a much lower δ13C and a higher C/N ratio was observed in S. constricta site ridges compared to the other tidal flat sampling sites, indicating a significant terrestrial carbon source. This coincides with the utilization of Miscanthus. In this study, an amino-acid-based molecular indicator, DI, was used to quantify carbon degradation and an RDA analysis suggested that, while microorganisms were clustered into two groups based on S. constricta and R. philippinarum sites, DI and   explained 80% of variations for both bacteria and archaea.

Our results suggest that the response of microorganisms to carbon degradation is community competition. Specifically, the microbes that grow under advanced carbon degradation (i.e., OTU numbers negatively related with DI) accounted for only 18% of the total family number but accounted for 54% of the total OTU numbers. Network analysis further revealed their suppressing (negative) relationship with other bacteria and archaea. Regarding the bacteria and archaea at a competitive disadvantage (losers), interestingly, the highest positive to negative edge ratio was observed, most of which was established between losers and centrist, suggesting the losers survival strategy of uniting centrist. Comparison with previous research further indicates that there seems no ever-victorious player at least on family level, and the observed bacterial community structure should be the outcome of that specific carbon-degradation-caused competition.

From both biogeochemical and microbial perspective, carbon in S. constricta sites had a higher degradation potential and hence may release more CO2, relative to R. philippinarum sites. More direct gas or liquid phase carbon-related parameters and observations in other seasons are needed to yield a more comprehensive CO2 release rate conclusion in order to assess the impact of aquaculture on the tidal flat carbon cycle.
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station Mean grain size cr s02- NO3; oc 8"%c total AA DI AA C yield
um mmol/kg soil % %o mmol/g OC %
TT1 119+8 208 + 12 11+04 0.39 + 0.04 014 +0.01 -25.6 + 0.25 27+03 -0.99 + 0.01 18+4
TT2 174 + 34 160+ 11 9+07 0.37 £0.03 0.18 £ 0.02 -26.1+0.33 19+0.2 -1.04 £ 0.02 8x1
YC1 35+ 1 211+ 91 18+4 0.68 0.3 0.45 + 0.003 -25.0+0.10 26+04 -0.89 £ 0.08 1M1+2
YC2 58 + 13 181+ 58 11x4 0.40 £ 0.05 046 + 0.02 -26.4 + 0.69 34+2 -0.72 £0.22 15+9

TT1- Ruditapes philippinarum sites landwards (n=3), TT2-Ruditapes philippinarum sites seawards (n=3), YC1-Sinonovacula constricta sites field area (n=3), YC2-Sinonovacula constricta

sites ridges area (n=3). AA C vield is total AA carbon divided by OC.
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Node color Archaea family Bacteria family Total family number Total OTUs ppinp* Relation with DI Term in this work
Yellow 16 50 66 252509 513:356 positive loser

Blue 13 51 64 81959 457:425 no relation centrist

Red ™ 54 55 525748 247.717 negative winner

*pp-positive edge, np-negative edge, in the network analysis.
“*Nitrosopumilaceae.
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Name

Abbreviations

Organic carbon
Degradation index
Redundancy analysis
Operational taxonomic units
Amino acid

Alanine

Arginine
Asparagine
Aspartic acid
Glutamine

Glutamic acid
Glycine

Isoleucine

Leucine

Lysine

Methionine
Phenylalanine
Serine

Threonine
Tryptophan
Tyrosine

Valine
y-aminobutyric acid

Carbon
DI

RDA
oTu
AA

Asx

Glx

Except non-chiral glycine, all other AAs are measured for both its L- and D- form. Note that
during hydrolyzation, asparagine is transformed into aspartic acid through deamination
and hence the detected result (Asx) stands for both asparagine and aspartic acid. Similar
transformation occurs for glutamine during hydrolyzation and hence Glx stands for both

glutamine and glutamic acid.





