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A B S T R A C T   

Organic carbon produced by nitrifiers plays an important role in maintaining the microbial metabolism in the 
aphotic ocean layer with carbon and energy scarcity. However, the contribution of nitrifiers to organic carbon 
processing remains unclear. To explore how nitrification impacts the material cycle in the starved ecosystem, we 
set up an ultra-large volume, long-term incubation experiment. Seawater collected from the Halifax coastal ocean 
was pumped into the Aquatron Tower Tank located at Dalhousie University, Canada, and was incubated under 
dark conditions for 73 days. The results indicated that the relative abundance of nitrifiers increased and nitri-
fication was strengthened in the dark system where energy and organic carbon were scarce. The importance of 
nitrogenous compounds in particulate materials increased over the course of the incubation. Correlation analysis 
showed that the relative abundances of nitrifiers and particulate organic compounds containing nitrogen were 
significantly and positively correlated. Furthermore, network analysis suggested that metabolic processes related 
to nitrogenous and aromatic compounds are most important to particle associated bacteria. This study suggests 
that the nitrifiers could produce a series of organic compounds that result in the alteration of organic matter 
composition by promoting the degradation of recalcitrant aromatic compounds, which has important implica-
tions for organic matter processing in the starved dark ecosystem.   

1. Introduction 

The downward flux of dissolved and particulate organic carbon 
formed in the photic zone is the major source of carbon supporting 
heterotrophic respiration in the dark ocean (Arístegui et al., 2002; 
Arístegui et al., 2009), however this flux can be variable and intermit-
tent (Arístegui and Montero, 2005). Previous studies have indicated that 
organic carbon transported from surface to the deep ocean did not match 
microbial carbon demand in the dark ocean (Reinthaler et al., 2006; 
Baltar et al., 2009; Shen et al., 2020). Recent studies support the idea 
that organic carbon produced by chemoautotrophs is another important 
source of organic carbon for microorganisms in the energy and carbon 
source limiting environment (Reinthaler et al., 2010; Swan et al., 2011). 

Many microbial groups have the potential to fix carbon without 
sunlight, and are supported by various reduced inorganic compounds, 
including ammonia, sulfide, carbon monoxide, and methane. The pre-
dominant types of autotrophy are fueled by ammonia and nitrite 

oxidization performed by ammonia- and nitrite-oxidizing microorgan-
isms, respectively (Wuchter et al., 2006; Raven, 2009; Pachiadaki et al., 
2017; Zhang et al., 2020)). Ammonia-oxidizing archaea (AOA) comprise 
20–40% of prokaryotic marine plankton, constituting a significant 
fraction of microbial biomass (Karner et al., 2001). Previous research 
has shown that the continuous succession of active microorganisms is 
driven by nitrifying microorganisms in the starved environment and that 
the absence of active organic carbon stimulated an increase in the 
relative abundance of nitrifiers (Sebastián et al., 2018). The fresh 
organic carbon excreted by nitrifying microorganisms has a priming 
effect, promoting the degradation of previously unreactive organic 
matter (Kuzyakov et al., 2000), which then triggers a shift in microbial 
population composition. 

An increase in the relative abundance of pico-sized phytoplankton, 
caused by global climate change, would reduce the downward flux of 
organic matter from the surface euphotic layer (Buesseler et al., 2007; 
Smith et al., 2008). Thus, chemoautotrophic nitrifiers could play an 
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important role in maintaining the organic carbon-scarce ecosystem. To 
date, the relationship between nitrifiers and particulate organic matter 
in the starved ecosystem has been little studied, hindering our under-
standing of the contribution by nitrifiers to organic matter processing. 
However, complex natural environments, such as the ocean, make it 
difficult to explore these processes. Here, we set up an ultra-large vol-
ume, long-term incubation experiment to investigate how particulate 
organic matter impacts the shift of microbial population composition, 
and how nitrifiers impact the processing of organic matter. 

2. Materials and methods 

2.1. Experiment setup 

The Aquatron facility (https://www.dal.ca/dept/aquatron.html), 
located at Dalhousie University, Canada, which is 10.64 m in depth and 
3.66 m in diameter with an approximate volume of 117,000 L and has 
the ability of providing a large-volume, high-quality, temperature- 
controlled seawater and freshwater year round under professional 
management, was used to conduct the incubation experiment. 

The long-term indoor incubation was set up to explore the impacts of 
autotrophic microbes on the energy and carbon-scarce ecosystem and 
reveal the microbial-driven mechanism(s) of biogeochemical cycling. 
Seawater was collected from the Halifax coast and filtered with 300-μm- 
pore-size bolting cloth before being used to fill the Aquatron tank. The 
incubation was performed under dark conditions for 73 days. Biogeo-
chemical and molecular sampling were carried out at the tank surface 
(TS, depth ~ 1 m) and the tank bottom (TB, depth ~ 9 m). Detailed 
sampling schedules can be found in Table S1. 

2.2. Biogeochemical analysis 

Temperature and salinity were recorded by a Multiparameter Sonde 
(YSI EXO, YSI Incorporated, USA). Samples for nutrients were analyzed 
using a Skalar SAN++ autoanalyzer in Dalhousie University (Burt et al., 
2013; Shi and Wallace, 2018). The concentration of dissolved oxygen 
(DO) and biological oxygen demand (BOD) were determined using the 
Winkler method (Carpenter, 1965; Grigoryeva et al., 2020). The five-day 
biological oxygen demand (BOD5) was measured based on the differ-
ence of BODs before and after a 5-day dark incubation. The chemical 
oxygen demand (CODMn) was measured using the alkaline potassium 
permanganate method based on specification GB 17378.4–2007 (Liu 
et al., 2018; Yang et al., 2019). 

2.3. Particulate material analysis 

For particulate material analysis, 1L to 4L of seawater was filtered 
through pre-combusted (450 ◦C for 4 h) 0.7-μm-pore-size glass micro-
fiber filters (GF/F, 25 mm diameter, Whatman). Filters were then placed 
in sterile petri dishes (25 mm diameter, Whatman), which were previ-
ously washed by 1 mol L− 1 hydrochloric acid and rinsed with Milli-Q 
water, and immediately stored at − 20 ◦C until further analysis. 

The filters with particulate material were freeze dried for 24 h using 
freeze dryer (FREEZONE 6, Labconco, USA) and then fumed with 
concentrated HCL vapor for 48 h. The filters were next washed with 
Milli-Q water until the pH was neutral and then dried at 60 ◦C to a 
constant weight. Finally, they were stored in sealed petri dishes until 
further analysis. Particulate organic carbon (POC) and particulate ni-
trogen (PN) were analyzed using a continuous-flow elemental analyzer 
(Flash EA 1112 HT) coupled to an isotope ratio mass spectrometer 
(Thermo Finnigan Delta V Advantage) system. Helium was used as the 
carrier gas at a flow rate of 90 mL min− 1. The temperature of the re-
action column and chromatographic column were 960 ◦C and 50 ◦C, 
respectively. 

The chemical composition of the particulate organic matter was 
analyzed using pyrolysis–gas chromatography-mass spectrometry 

(Çoban-Yıldız et al., 2006). Approximately 6 mg of particulate matter 
was placed into a quartz tube and moistened with 100 μL of tetrame-
thylammonium hydroxide (25% in methanol) solution. The samples 
were pyrolyzed at 550 ◦C using a single point pyrolyzer (Frontier Lab-
oratories Ltd., Japan) connected to a gas chromatograph-mass spec-
trometer (QP2010, Shimadzu, Japan). Helium was used as carrier gas 
and the flow rate was 1.8 mL min− 1. The column temperature was 
initially set at 40 ◦C for 3 min, then heated to 300 ◦C at a rate of 10 ◦C 
min− 1 and maintained for 15 min. The mass spectrometer was operated 
at an ionization energy of 70 eV (EI). The mass detection range (m/z) 
was 25–500 and the cycle time was 1 s. Pyrolysis products were quan-
tified by peak height, and the National Institute of Standards and 
Technology Mass Spectral Library database, published spectra, and real 
standards were used to identify the obtained mass spectra. 

2.4. Molecular analyses 

Three to five liters of seawater for molecular analyses were succes-
sively filtered through 3, 0.8, and 0.2-μm-pore-size polycarbonate filters 
(47 mm diameter; Millipore) at a pressure of <0.03 MPa. Then the filters 
were stored in RNase-free tubes with 1.5 mL RNAlater RNA stabilization 
solution (Ambion) at − 20 ◦C until RNA extraction. Soil RNA Mini Kit 
(R6825, Omega Bio-Tek, Norcross, GA, USA) was used to extract total 
RNA, according to manufacturer’s protocols. Reverse transcription re-
actions were performed using the FastQuantity RT Kit (KR106) (Tiangen 
biochemical technology, Beijing, China) to generate cDNA. The bacterial 
V3–V4 regions of 16S rRNA genes were amplified using primers 341F 
(5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATC-
TAAT-3′) fused with a unique eight-base barcode for each sample 
(Zhang et al., 2016). PCR reactions were performed in triplicate 50 μL 
mixture containing 100 ng of template, 5 μL of 2.5 mM dNTPs, 5 μL of 
10 × KOD Buffer, 1.5 μL of each primer (5 μM) and 1 μL of KOD Poly-
merase, and 100 ng of template cDNA. Thermal cycle consisted of an 
initial denaturation at 95 ◦C for 2 min, 27 cycles at 98 ◦C for 10 s, 62 ◦C 
for 30 s, and 68 ◦C for 30 s and a final extension at 68 ◦C for 10 min. 
Amplicons were purified using the AxyPrep DNA Gel Extraction Kit 
(Axygen Biosciences, Union City, CA, U.S.) and pooled in equimolar 
concentrations for paired-end sequencing (2 × 250 bp) on an Illumina 
platform according to the standard protocols. 

Low quality raw reads, containing less than 60% bases (Q-value >
20), or those with greater than 10% ambiguous bases (N) were elimi-
nated. Then, FLASH (Magoc and Salzberg, 2011) software was used to 
merge paired-end clean reads with a minimum overlap of 10 bp and 
mismatch error rates of 2%. Next, QIIME v1.9.1 (Caporaso et al., 2010) 
was used to denoise merged reads under specific filtering conditions 
based on Bokulich et al. (2013). Clean sequences were aligned to the 
reference database (http://drive5.com/uchime/uchime_download. 
html), and chimera checking was performed by UCHIME algorithm 
(http://www.drive5.com/usearch/manual/uchime_algo.html). Clean, 
non-chimeric sequences were clustered into operational taxonomic units 
(OTUs) of >97% similarity using UPARSE pipeline (Edgar, 2013). To 
assign taxonomy, representative sequences with highest abundance in 
each OTU cluster was checked against the SILVA database (Pruesse 
et al., 2007) using RDP classifier (Wang et al., 2007) with confidence 
threshold values ranged from 0.8 to 1. FAPROTAX (Louca et al., 2016; Li 
et al., 2019) was used for predicting ecological functions. 

2.5. Statistical analyses 

Statistical analyses were carried out using the vegan package 
(Oksanen, 2011) in R unless otherwise stated. Alpha diversity estima-
tions (Chao1, Shannon, and Good’s coverage) based on OTUs assign-
ment were calculated in QIIME. To display and compare the 
compositions of pyrolysis-derived compounds of particulate organic 
matter (POM) among different samples, principal component analysis 
(PCA; Abdi and Williams, 2010) was performed using the Z-transformed 
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contents (area%) of particulate pyrolysis-derived compounds and visu-
alized by packages ggbiplot in R. Nonmetric multidimensional scaling 
(NMDS) analysis was conducted in R to determine the similarity of 
samples, using a distance matrix constructed from Bray-Curtis dissimi-
larity of bacterial community composition (phylum level) and predicted 
functional profiles based on FAPROTAX. The variations in bacterial 
communities under the constraint of environment parameters was 
analyzed by redundancy analysis (RDA), the relative abundance and 
environment parameters were Z-normalized and multicollinear envi-
ronment variables as indicated by variance inflation factors (VIF > 10) 
were eliminated from subsequent analyses. The statistical significance of 
the fractions of variance was tested using Monte Carlo permutation tests 
(999 permutations) and only significant explanatory parameters (p <
0.05) were displayed in the plot. The correlations between community 
compositions of nitrifiers (OTU level) from different size fractions and 
different explanatory parameters were examined by Mantel test, 
dissimilarity matrices of communities of nitrifiers were depended on 
Bray-Curtis distances between samples. Kendall and Spearman tests 
were run to determine the correlations between the contents (area%) of 
particulate nitrogenous compounds and the relative abundances of 
Nitrospinae for the samples from 0.8 - 3 μm and >3 μm size fractions. 

For network analyses, Spearman’s rank correlations between OTUs 
and the contents (area%) of different particulate pyrolysis-derived 
compounds were calculated in R for the samples from different size 
fractions, respectively. Only correlations with − 0.8 < r < 0.8 and p <
0.05 were retained as valid co-occurrence events, networks were visu-
alized using the interactive platform gephi (Bastian et al., 2009) with 
Fruchterman-Reingold force-directed layout algorithm. 

3. Results 

3.1. Changes in POM characteristics and other biogeochemical 
parameters 

The changes in physical–chemical parameters showed similar trends 

between TS and TB. The salinity was constant, indicating that the system 
was stable (Fig. S1A). In both TS and TB, the temperature increased and 
then decreased over the incubation period (Fig. S1B). While the tem-
perature was higher in TS than that in TB during the first 48 days, the 
temperature showed no obvious difference between TS and TB for the 
remainder of the incubation (Fig. S1B). The concentration of DO showed 
a decreasing trend, but the environment in the Aquatron was always 
oxic (Fig. 1A). The concentration of ammonium decreased from 3.31 and 
3.36 to 0 μM in TS and TB, respectively, over the course of the first 40 
days, and then increased from 0 to 0.2 μM by day 73 in TS and 0.36 μM 
on day 56 in TB (Fig. 1D). The concentration of nitrite was ≤ 0.8 μM 
throughout the incubation in both TS and TB. The concentration of ni-
trate increased in TS, peaking on day 40 (10.40 μM), followed by a slight 
decrease. In TB, the concentration of nitrate decreased before day 12, 
after which it increased again, reaching a peak on day 56 (10.56 μM) 
(Fig. 1D). Overall, during the 73 d incubation, ammonium was oxidized 
to nitrate and the total concentration of DIN increased slightly (Fig. 1D). 
The concentrations of silicate and phosphate increased slightly in TS, but 
dramatically decreased in TB from day 0 to day12 and then increased 
from day 12 to day 24, followed by a weak increasing trend for the 
remainder of the incubation (Fig. 1B and C). 

The POC concentration decreased from 27.6 to 16.9 μg L− 1 in TS and 
from 33.2 to 19.3 μg L− 1 in TB. The POC:PN ratio also displayed a 
decreasing trend from 6.8 to 4.0 in TS and from 6.6 to 3.6 in TB (Fig. 2A). 
Over the course of the incubation, there was a general, relative increase 
in the abundances of nitrogenous compounds and aromatic compounds 
within the particulate chemical compositions (Fig. 2B). Principal 
component analysis (PCA) of POM chemical composition showed that 
the first two dimensions explained 56% and 75.4% of the total variance 
in the POM composition in TS and TB, respectively (Fig. 2C and D). 
Samples were divided into two different clusters in the PCA biplot. The 
samples collected after day 24 in TS (Fig. 2C) and day 32 in TB (Fig. 2D) 
were characterized by compounds containing greater amounts of ni-
trogen, ring structures (benzene or non-benzene), and alkane. However, 
before day 24 in TS and day 32 in TB, the samples were characterized by 

Fig. 1. Changes in (A) dissolved oxygen (DO), (B) silicate, (C) phosphate, and (D) dissolved inorganic nitrogen (DIN). TS, tank surface; TB, tank bottom.  
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greater amounts of ester and olefin. Besides, the change of acid with time 
in the samples had an opposite trend between TS and TB. There was 
more acid before day 24 in TS and after day 32 in TB (Fig. 2C and D). 

3.2. Bacterial community composition 

The bacterial community structure was analyzed at three cell-size 
fractions. The bacterial diversity and species richness of all three size 
fractions increased with incubation time (Fig. S2). The bacterial 

Fig. 2. (A) Concentration of particulate organic carbon (POC) and ratio of POC to particulate nitrogen (POC:PN). (B) Changes in relative abundance of aromatic and 
nitrogen-containing compounds. Principal component (PC1 × PC2) plots generated from particulate organic matter compositions in (C) the tank surface (TS) and (D) 
bottom (TB). Numbers represent sampling time (day). Axes percentages represent the proportion of variance explained by each principal component. Arrows 
represent variables and circles are correlation circles that the closer variables are to, the more important they are to interpret the principal components. 

Fig. 3. Bacterial community composition at the phylum level based on 16S rRNA gene libraries in the 0.2–0.8 μm, 0.8–3 μm, and > 3 μm size fractions. TS, tank 
surface; TB, tank bottom. 
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communities of the 0.8–3 μm cell-size fraction were more similar to 
those of the >3 μm fraction than the 0.2–0.8 μm fraction (Fig. S3A and 
B). Bacteroidetes, Cyanobacteria, Chloroflexi, Nitrospinae, Proteobacteria, 
and Planctomycetes were the dominant phyla in the Aquatron tower 
(Fig. 3). Among these phyla, OTUs assigned to Cyanobacteria, Nitro-
spinae, and Planctomycetes were more abundant in the 0.8–3 μm and >3 
μm cell-size fractions than that in the 0.2–0.8 μm fraction while the 
opposite pattern was observed for OTUs affiliated with Bacteroidetes, 
Chloroflexi, and Proteobacteria (Fig. 3). 

As incubation time increased, there was a striking shift of phyloge-
netic groups in all size fractions (Fig. 3). The relative abundance of 
Cyanobacteria, which dominated the > 0.8 μm communities at the 
beginning of the incubation, decreased over time and had almost dis-
appeared after day 24. In contrast, the relative abundance of Nitrospinae 
increased starting at day 12 and then decreased after day 40 (Fig. 3). In 
the 0.2–0.8 μm communities, the relative abundance of Bacteroidetes 
decreased with time, while Chloroflexi increased sharply after day 12 
and then remained constant (Fig. 3). In contrast to the above groups, the 
relative abundances of Planctomycetes and Proteobacteria remained 
relatively constant and were prominent phyla throughout the 
incubation. 

3.3. Potential microbial metabolism in the Aquatron system 

Functional profiles of the bacterial communities were predicted 
based on population composition using FAPROTAX. The results indi-
cated that metabolism within the system was dominated by aerobic 
chemoheterotrophy and nitrification (Fig. 4). Sequences assigned to 
chemoheterotrophy and aerobic chemoheterotrophy were consistently 
significantly higher than other groups during the incubation. Sequences 
related to light-dependent reactions (phototrophy, photoautotrophy, 
chloroplasts) were enriched in the 0.8–3 and >3 μm fractions, but their 
relative abundance decreased over the course of the incubation, while 
the contribution of sequences involved in nitrification increased and 

peaked on day 40 (Fig. 4). In addition, the relative abundances of se-
quences regulating the oxidation of sulfur compounds increased starting 
day 24 and peaked on day 56. Sequences associated with nitrogen fix-
ation also increased after day 24 and was consistent with the trend in 
nitrification (Fig. 4). 

Two-dimensional NMDS ordination was used to depict the similar-
ities among functional profiles of the bacterial communities. While the 
bacterial communities were clearly separated into three clusters ac-
cording to size fraction (p < 0.01; Fig. S3A and B), the functional profiles 
from the three size fractions displayed a large amount of overlap (p <
0.01) and the differences among the three clusters decreased with in-
cubation time (Fig. S3C and D). 

3.4. Relationships between microbial community and biogeochemical 
parameters 

Network analysis of the relationship between OTUs and particle 
components indicated that metabolism related to nitrogen played an 
essential role in the incubation system, especially in the 0.8–3 and >3 
μm bacterial communities (Fig. 5). Moreover, there were a greater 
number of positive correlations than negative correlations between 
OTUs and nitrogenous compounds in the 0.2–0.8 μm and >3 μm frac-
tions, while the opposite pattern was observed in the 0.8–3 μm fraction 
(Fig. 5D). Besides nitrogen-related metabolism, processes related to 
ester and benzene metabolisms were also dominant. Notably, ester 
metabolisms were especially dominant in the 0.2–0.8 μm fraction, and 
benzene metabolisms were dominant especially in the >3 μm fraction 
(Fig. 5). 

RDA analysis was further conducted to assess the relationships be-
tween bacterial communities and environmental variables (Fig. 6). Only 
the statistically significant biogeochemical parameters are shown in the 
RDA plot. The results indicated that ammonium was the only significant 
variable explaining the pattern of the bacterial community structures in 
TS (p < 0.05; Fig. 6A), while in TB the concentrations of ammonium and 

Fig. 4. Changes in functional metabolism (relative abundance ≥ 1%) predicted by FAPROTAX based on 16S rRNA gene libraries. TS, tank surface; TB, tank bottom.  
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nitrite were the significant explanatory variables for the shift of bacterial 
community structure (Fig. 6). 

Since ammonium and nitrite were the most important factors 
shaping the bacterial communities in this system, nitrification could be 
the essential process. Further correlations between nitrifiers such as 
Nitrospinae and Nitrospirae and biogeochemical parameters were 
analyzed using the Mantel test (Fig. 7). The results showed that the 
concentrations of ammonium and nitrate were positively associated 
with the community structure of nitrifiers in all size fractions of both TS 
and TB, with the exception of the 0.8–3 μm fraction in TB. POC:PN was 
positively associated with the community structure of nitrifiers in all size 
fractions of both TS and TB, except for the 0.2–0.8 μm and 0.8–3 μm 
fractions in TB. Temperature was also an important factor, positively 

correlating with the community structure of nitrifiers in all size fractions 
of both TS and TB, except for the >3 μm fraction in TS. In addition, the 
concentrations of nitrite and DO were positively associated with the 
community structure of nitrifiers in the >3 μm fraction (Fig. 7). Notably, 
DO had more positive correlations with other biogeochemical parame-
ters in TB than in TS, albeit it showed no strong correlation with nitri-
fiers (Fig. 7). 

The correlations between the relative abundances of nitrifiers and 
POM chemical compositions were also analyzed (Table S2). The results 
indicated that the relative abundance of Nitrospinae, within the 0.8–3 
and >3 μm size fractions was positively related to the relative abun-
dance of particulate compounds containing nitrogen. In TS, Nitrospinae 
from the 0.8–3 μm size fraction had a stronger positive correlation with 

Fig. 5. Network interactions between OTUs in the (A) 0.2–0.8 μm, (B) 0.8–3 μm, and (C) > 3 μm size communities and particulate pyrolysis-derived compounds. Red 
and blue lines indicate positive and negative interactions between OTUs and particle components, respectively. Dark nodes represent particulate compounds. Colorful 
nodes represent OTUs, and the different colors represent different modules, which were divided based on different particulate compounds. Nodes involved in the 
modules have the highest correlations with the corresponding compounds. (D) The bar graph shows the relative abundance of colored nodes involved in each module 
in total nodes. The dark dots in the bars indicate the proportions of nodes that had positive correlations with particulate compounds in total nodes. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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nitrogenous compounds than those from the >3 μm fraction, while a 
stronger correlation was observed in the >3 μm size fraction of TB 
(Table S2). 

4. Discussion 

It was observed that phototrophic groups decreased while chemo-
autotrophic nitrifiers increased over the course of time in the Aquatron 
incubation system. Ammonium, as a substrate of nitrification, was found 
to be significantly correlated with nitrifiers, and thus is an important 
parameter explaining the shift in total bacterial community composi-
tions in the Aquatron system. The degradation of organic matter could 
release ammonium into the surrounding environment and then influ-
ence the nitrifiers’ activities (Bartl et al., 2019; Wu et al., 2001). When 
labile organic matter derived from photoautotrophs was depleted, 
degradation of organic compounds produced from chemoautotrophic 
nitrifiers and the promoted degradation of recalcitrant compounds could 
release new ammonium into the environment, as indicated by the slight 

accumulation of ammonium after over 40 days of incubation (Fig. 1D). 
The accumulation of nitrate, accompanied by the increase of the relative 
abundance of the nitrifiers, indicated that the nitrification was occurring 
in the Aquatron tower, driving the biogeochemical and energy cycles. 
Function prediction also supported that chemoautotrophy, especially 
nitrification, was an essential process. Notably, while there were distinct 
differences in the bacterial community compositions among the three 
size fractions, their functional profiles were relatively consistent at the 
late stage of the experiment, primarily consisting of chemoheterotrophy, 
nitrification, and other metabolisms related to nitrogen. 

Previous research suggested that temperature was an important 
parameter controlling organic matter degradation (Cheng et al., 2017), 
and thus temperature could also show a correlation with nitrifiers 
(Fig. 7). As indicated by the RDA analysis, ammonium was a more 
important parameter determining microbial communities in this system 
after colinear variables (e.g. temperature, etc.) were removed (Fig. 6). 
Previous research also suggested that temperature had minor effects on 
nitrifier communities when other environmental parameters changed 

Fig. 6. Redundancy analysis of the 0.2–0.8 μm, 0.8–3 μm, and > 3 μm size bacterial communities under biogeochemical constraints in (A) the tank surface and (B) 
bottom. Each square, point, or triangle represents an individual community. Vectors represent biogeochemical variables (Monte Carlo permutation test: p < 0.05). 
NO2

- , nitrite; NH4
+, ammonium. 

Fig. 7. Correlations between nitrifier community compositions (based on OTUs) and biogeochemical parameters as well as correlations between biogeochemical 
parameters in (A) the tank surface and (B) bottom. The width of grey lines indicates the r-value of the Mantel test; the color of lines indicates the p-value. Asterisks 
indicate Spearman’s p < 0.05 and the color bar is based on Spearman’s correlation coefficients. DO, dissolved oxygen; BOD5, biological oxygen demand; CODMn, 
chemical oxygen demand; Temp, temperature; Sal, salinity; POC, particulate organic carbon (concentration); PN, particulate nitrogen. 
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dramatically (Barnard et al., 2005; Séneca et al., 2020). This hinted to us 
that many parameters including temperature could impact nitrifiers, yet 
substrates were the most important ones. In addition, previous research 
suggested that while organic compounds are resistant to microbial 
degradation at the surface, they can be served as substrates at greater 
depths with higher pressure (Boutrif et al., 2011). Thus, although the 
impact of pressure on the microbial community could be slight in the 
Aquatron tank with a depth of 10 m, hydrostatic pressure could influ-
ence the microbial metabolism of organic and inorganic substrates in the 
real deep ocean (Tamburini et al., 2013). 

With the degradation of organic matter and the relative increase in 
abundance of particle-associated nitrifier Nitrospinae, the chemical 
composition of the particles changed, resulting in the relative abun-
dances of particulate nitrogenous compounds increasing over the course 
of the incubation. The decrease of the POC:PN ratio also supports the 
finding that the proportion of nitrogenous compounds increased with 
incubation time. Furthermore, positive correlations were observed be-
tween the particle-associated Nitrospinae and particulate nitrogenous 
compounds, suggesting that nitrifiers contributed the increase of rela-
tive abundance of nitrogenous compounds. We speculated that the ni-
trifiers could produce a suite of organic compounds that resulted in the 
altered organic matter composition. Recent research has suggested that 
the organic compounds excreted by AOA are dominated by nitrogenous 
compounds (Bayer et al., 2019). 

Nitrifier recruitment from the incubation system and the increased 
proportion of compounds containing nitrogen could drive shifts within 
the active microorganism community structure and function in the 
starved dark ecosystem (Sebastián et al., 2018). Fresh organic carbon 
excreted by these nitrifying microorganisms could further trigger a 
‘priming effect’ that promotes the degradation of relatively unreactive 
organic matter (Kuzyakov et al., 2000). 

In our incubation system, particulate organic matter composition 
showed that compounds containing ring structures (mainly benzene 
ring) were important components in POM especially in the later stage of 
the incubation. It is well known that aromatic compounds are recalci-
trant to bacterial degradation in general (Hansen et al., 2016; O’Donnell 
et al., 2016) and accumulate not only in many incubation experiments 
(Jiao et al., 2018; Zheng et al., 2019) but also in the deep ocean 
(Medeiros et al., 2015). Our microbial analysis found that in the Aqua-
tron system, Chloroflexi became an abundant group after day 12. 
Genomic evidence supports that Chloroflexi play important roles in the 
degradation of aromatic compounds (Wasmund et al., 2014; Landry 
et al., 2017; Colatriano et al., 2018). Some groups affiliated with the 
Planctomycetes and Proteobacteria are also able to degraded aromatic 
compounds (Hilyard et al., 2008; Zhang et al., 2019). Moreover, 
network analysis showed that metabolisms related to aromatic com-
pound (e.g. benzene) degradation were important in this study system. A 
previous study also indicated that a microbial community evolves to be 
more correlated with less labile compounds, such as aromatic com-
pounds, during the later stage of incubation (Wu et al., et al., 2018). Our 
results also reflected this evolution. At the early stage of incubation, 
POM chemical compositions were characterized by greater amounts of 
ester, as indicated by the PCA analysis (Fig. 2C and D). Esters were 
served as important energy storage components (Ishige et al., 2003; 
Wältermann and Steinbüchel, 2005), and therefore tight correlations 
between bacterial OTUs and esters were observed by the network 
analysis in this dark system (Fig. 5). With the degradation of esters, POM 
was characterized by compounds containing greater amounts of nitro-
gen and ring structures (benzene or non-benzene), and these compounds 
metabolisms were the dominant process in the network interactions. It 
has been reported that degradation of labile or semi-labile organic 
matter can help microorganisms overcoming the resonance energy that 
stabilizes the aromatic ring, which is the crucial step in the degradation 
of aromatic compounds (Fuchs et al., 2011). Coupling the enrichment of 
nitrifiers, enhancement of nitrification with degradation of nitrogenous 
compounds and aromatic compounds in the incubation, we speculate 

that fresh organic carbon produced by the nitrifiers could promote the 
degradation of recalcitrant aromatic compounds. 

Through an ultra-large volume, long-term incubation this study 
investigated the relationships between particulate organic matter and 
microbial population composition and how nitrifiers impact organic 
matter processing. The results indicated that nitrifiers were enriched 
and nitrification are strengthened in the starved aphotic ecosystem. 
Organic matter degradation could provide an ammonium source for the 
enhancement of nitrification. The nitrogenous compounds of particulate 
materials became more important, with the ratio of carbon to nitrogen 
decreasing over the course of the incubation. This could be attributed to 
the organic compounds produced by the nitrifiers. Furthermore, the 
microbial metabolisms related to nitrogenous and aromatic compounds 
were enhanced. This study highlights potential contribution of nitrifiers 
to organic matter processing in the starved dark ecosystem. 
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