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Humic-like fluorescent dissolved organic matter (FDOM) has been widely used as tracers for bio-refractory dissolved organic matter (RDOM) to understand its dynamics in the oceans. Vertical distributions of humic-like FDOM are controlled by microbial production in the ocean interiors and photobleaching in surface layers. Although humic-like FDOM is expected to be actively produced in surface layers with high bacterial activity, its production in surface seawater is not well understood. To examine the diurnal variations in humic-like FDOM due to microbial production and photobleaching in surface seawater, we conducted seven experiments from night to day using surface seawater in the subtropical Pacific and coastal regions. Parallel factor analysis (PARAFAC) determined that FDOM in the incubated seawater was composed of three components: two types of humic-like FDOM and a protein-like FDOM. The fluorescence intensity of humic-like FDOM increased to 104.0 ± 2.5% of the initial intensity during the night and decreased to 101.2 ± 2.5% under sunlight exposure during the day. Conversely, its intensity significantly increased to 114.0 ± 2.7% under dark conditions during the day. The turnover rates of humic-like FDOM by the increase and decrease in its intensity were estimated to be 0.14 and 0.11 day–1, respectively. These comparable turnover rates indicated that the production and photobleaching of humic-like FDOM were almost in equilibrium in the surface layer, with a low level of humic-like FDOM. Linear correlations between the intensity of humic-like FDOM and concentrations of dissolved oxygen (DO) in all experiments under dark conditions indicated that humic-like FDOM were produced as the by-products of microbial respiration processes in the surface seawater. Using global bacterial respiration rates, the net production rate of humic-like FDOM in the global photic layer was estimated as 4.2–5.5 × 1017 R.U. year–1, contributing to 75% of its production in the entire ocean.
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INTRODUCTION

Marine dissolved organic matter (DOM) constitutes one of the largest pools of reduced carbon on the Earth’s surface, containing 662 Pg C, similar to atmospheric CO2 (Hansell et al., 2009). The ultimate source of DOM in the ocean is the photosynthetic production of phytoplankton, and the major DOM sink is the respiration by marine bacterial planktons (Carlson and Hansell, 2015). The stability of DOM against microbial degradation is important for elucidating its dynamics in marine biogeochemical cycle. Labile fraction against microbial degradation is a minor component but plays an important role as a substrate for bacterial growth (Benner and Amon, 2015). Conversely, more than 90% of DOM is resistant to microbial degradation and has been estimated to remain in the ocean for many years, which is referred to as RDOM (Bauer et al., 1992; Hansell, 2013).

In the surface layer of the ocean, the behavior of DOM is highly complicated. Biological activities, including photosynthesis, produce a wide variety of DOM (Carlson and Hansell, 2015). The labile fraction of DOM is rapidly decomposed by bacteria, where semi-labile DOM and RDOM are produced as the by-products of bacterial metabolism (Benner and Herndl, 2011). Transformation from labile to RDOM by the bacteria has attracted attention as one of the key processes of accumulating DOM pool as microbial carbon pump (Jiao et al., 2010; Zhang et al., 2018). Concomitant with the microbial activity, DOM undergoes photochemical reaction under sunlight irradiation (Mopper et al., 2015). However, the quantitative and qualitative changes taking place in the DOM in the surface layer due to microbial activity and photochemical reaction are difficult to understand because DOM is a mixture of many unidentified organic compounds (Dittmar and Paeng, 2009).

The FDOM is widely used as a tracer to understand the origin and behavior of organic components (Stedmon and Nelson, 2015). The measurement of excitation emission matrices (EEMs) data and PARAFAC facilitated the identification of multiple components of FDOM (Stedmon et al., 2003; Stedmon and Bro, 2008). Marine FDOM is generally composed of protein- and humic-like components (Coble, 1996). The levels of protein-like components have been found to be high in the surface layer, decreasing with depth (e.g., Yamashita and Tanoue, 2008; Jørgensen et al., 2011; Catalá et al., 2015) and have been found to exponentially decrease within 24 h during microbial dark incubation in the Atlantic Ocean (Lønborg et al., 2015), which implies that the protein-like components are a biologically reactive fraction in the DOM. The levels of humic-like components have been found to be low in the surface layer and increase with depth in the pelagic ocean. The positive correlation between the fluorescence intensity of humic-like components and AOU in deep oceans indicates that these are produced in situ through the microbial oxidation of organic matter (Hayase and Shinozuka, 1995; Yamashita and Tanoue, 2008; Omori et al., 2010; Jørgensen et al., 2011; Catalá et al., 2015). The bacterial production of humic-like components has been demonstrated to be the by-products of bacterial culture experiments (Kramer and Herndl, 2004; Shimotori et al., 2009, 2012; Goto et al., 2017; Arai et al., 2018).

As humic-like components are sensitive to photoirradiation with continuing low levels in the surface layer, photodegradation of fluorophore (photobleaching) has been considered as one of the most important factors controlling their dynamics in the surface layer (Omori et al., 2010, 2015; Jørgensen et al., 2011; Timko et al., 2015). However, little information is available on the production of humic-like components in the surface layer. Incubation experiments under dark conditions using surface seawater demonstrated the short-term production of humic-like FDOM with positive relationships between its rate of increase and the respiration rate of bacteria (Nieto-Cid et al., 2006) and between its increase and bacterial uptake of dissolved organic nitrogen (Lønborg et al., 2015). They suggested that humic-like FDOM is produced through bacterial metabolic activity in the surface as well as deep layers. Considering that the microbial biomass and its activity in the ocean surface are highest throughout the water column (Nagata et al., 2000; Kirchman, 2008), the FDOM production via bacterial metabolites in the surface layer is accordingly expected to be active. It has been speculated that humic-like FDOM is constantly produced by microbial activity at the surface of the ocean, although its fluorescence intensity is always low due to its rapid disappearance by photobleaching during the day. Therefore, a diurnal variation in humic-like FDOM is expected due to an increase in FDOM during the night and a decrease due to photobleaching during the day, although this has never been clearly assessed.

In this study, we conducted 1-day incubation experiments using surface seawater collected from the subtropical Pacific, coastal, and bay areas. The 1-day incubations began at sunset and changes in FDOM and dissolved oxygen (DO) concentration during the night and day were evaluated to demonstrate the diurnal variations in FDOM and relationship between FDOM production and bacterial activity.



MATERIALS AND METHODS


Sampling

The 1-day experiments were conducted using surface seawaters collected from three sites: subtropical North Pacific at 32° 19′ N, 144° 32′ E aboard R/V Shinseimaru in July 2016, coastal area at 34° 40′ N, 138° 56′ E in Shimoda, Shizuoka, Japan in August 2016 and April 2018, and bay area at 35° 08′ N, 139° 37′ E in Misaki, Kanagawa, Japan in September 2017 (Table 1). For these experiments at each site, we collected surface seawater with a plastic bucket and transferred it to two acid-cleaned polycarbonate bottles (20 L). The 1-day experiment began on the sampling day using the seawater in one bottle, termed as “natural” seawater. Nutrients (NaNO3 and KH2PO4: 11.6 and 1.49 μM of final concentrations) were added to the seawater sample in another bottle, which was subsequently incubated for 3 days under natural sunlight in an aquarium with running seawater to maintain the ambient temperature for increasing microbial biomass, including bacteria. This incubated sample was termed as “nutrient-added” seawater in the experiments. Experiment at Shimoda in April 2018 was conducted using only natural seawater.


TABLE 1. Biological and chemical properties of surface seawater samples at the beginning of each experiment.
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1-Day Experiments

Seawater samples in the 20-L polycarbonate bottles were gently transferred into 12 Winkler bottles (approximately 100 mL) without air and 12 quartz bottles (200 mL). The 1-day experiments began at sunset and were completed at sunset after 24 h. Triplicate subsamples in Winkler and quartz bottles were collected at the beginning of the experiments (“beginning” samples: B). The remaining nine bottles were incubated overnight in an aquarium with running seawater. Afterward, the triplicate subsamples were collected at sunrise, termed as “morning” samples (M). Of the remaining six bottles, three were successively exposed to sunlight radiation and termed as “daytime light” samples (DL), while the other three bottles were wrapped in aluminum foils and cultured under dark condition, termed as “daytime dark” samples (DD). These six bottles were collected at sunset at the end of the experiments. During the daytime incubations, solar irradiances of PAR (400–700 nm) were monitored by PAR sensors (SQ-100, Apogee). After collecting the Winkler bottles, the samples were immediately fixed for the measurements of concentrations of DO. Samples in the quartz bottles were filtered through precombusted glass fiber filters (GF/F, Whatman), with the filtrate being stored at −20°C and used for measuring the fluorescent property and concentration of dissolved organic carbon (DOC). The sampled water was stored at −80°C to determine the phytoplankton cell number and was supplemented with glutaraldehyde with a final concentration of 2.5% (v/v). This was subsequently stored at 5°C to measure the bacterial cell number. At the beginning of the 1-day experiments, the sampled seawater in the 20-L bottles were filtered by 0.2 μm in pore sized membrane filters (Supor, PALL) and afterward stored at −80°C to determine the bacterial compositions using DNA analysis.



Fluorescent Property Measurement

EEMs were measured by a fluorescence spectrophotometer (F4500, Hitachi) in a quartz cell (10 × 10 mm) under following conditions, according to Arai et al. (2018): scan ranges of 250–500 and 300–550 nm for excitation (Ex) and emission (Em), respectively; scan speed of 2400 nm min–1; sampling intervals of 5.0 and 2.0 nm for Ex and Em, respectively; slit width of 10 nm; and photomultiplier tube voltage of 950 V. Fluorescence intensity was normalized to water Raman scatter peaks of Milli-Q water blank (Lawaetz and Stedmon, 2009). EEMs obtained in all experiments (n = 81) were analyzed by PARAFAC to separate DOM fluorescence into distinct components (Stedmon and Bro, 2008) using DOMFluor toolbox in MATLAB (R2016a). A split-half analysis proved the validity of PARAFAC model with the agreement between Ex and Em loadings of randomly divided datasets (Stedmon and Bro, 2008).



Analysis

The concentration of DO was measured through Winkler potentiometric end-point titration, as per the procedures of sampling, fixation of DO, and calculation of DO concentrations specified by Kumamoto et al. (2018). A digital burette (VITLAB® continuous E, VITLAB) was used for titrating sodium thiosulfate aqueous solution.

Bacteria cell numbers were counted using epifluorescence microscopy (BX60, OLYMPUS) following the DAPI method (Porter and Feig, 1980; Yokokawa, 2018). Water samples (0.5–2 mL) were stained with DAPI and filtered onto black-stained polycarbonate filters (0.2 μm, Millipore), with 20 grid fields per sample being enumerated.

The filtered samples were processed using PowerWater DNA Isolation Kit (MO BIO Laboratories) following the instructions of the manufacturer. Subsequently, V3–V4 region of bacterial 16S rRNA gene was amplified using 341f_MIX (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT–CCTACG GGNGGCWGCAG-3′) and 805r_MIX (5′-GTGACTGGAG TTCAGACGTGTGCTCTTCCGATCT–GACTACHVGGGTAT CTAATCC-3′) primers. For preparing libraries, the PCR products were subjected to an initial denaturation at 94°C for 2 min, followed by 12 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 5 min. The amplified products were purified using AMPure XP (Beckman Coulter), and afterward, DNA was quantified using Synergy H1 (Bio Tek) and QuantiFluor dsDNA System (Promega). Purified amplicons were pooled in equimolar concentrations and subsequently paired-end sequenced on an Illumina MiSeq instrument (Illumina). The obtained sequence data were then processed using USEARCH version 10.0.240 and analyzed with Quantitative Insights software package in Microbial Ecology (QIIME) version 1.9.1 (Caporaso et al., 2010). Sequences were clustered into OTUs using the Greengenes OTU database (97% similarity). Data are publicly available at the DDBJ Sequence Read Archive (DRASearch: http://trace.ddbj.nig.ac.jp/DRASearch; Accession number: DRA010892).

The concentrations of DOC in the filtrate were measured following a high-temperature catalytic oxidation method (TOC-V, Shimadzu) using potassium hydrogen phthalate as the standard. The system was checked by measuring Hansell Laboratory Deep Seawater Reference1. The DOC concentration of the reference (Batch-16) was 42.6 ± 0.9 μMC in this study.

Phytoplankton cell numbers were determined through a flow-cytometry (FACS Calibur; 4-color type; Becton–Dickinson) equipped with an argon ion laser (488 nm) and a red semi-conductor laser (635 nm). Emitted fluorescence was monitored at FL2 (585 ± 21 nm: orange), FL3 (670 nm: long-pass red), and at a forward-light scatter and a side-light scatter. Fluoresbrite microspheres (6 and 10 μm; Polysciences) were used to adjust the instrumental conditions. Samples were analyzed for 40–900 s at an average flow rate of 64.9 μL min–1.

The concentrations of nitrate, nitrite, and phosphate in the samples at the beginning of the experiments at Shimoda and Misaki were determined by colorimetric techniques using an autoanalyzer (AACSII, BRAN + LUEBBE).



Statistical Analysis

Effect of addition nutrition to DOC concentration at the beginning of the 1-day experiment was tested with two-way ANOVA using “location of seawater sampling” and “treatment of nutrients” as the factors. Furthermore, a pair-wise multiple comparison with post hoc Tukey’s test was performed. Changes in the fluorescence intensities under dark condition at the time points from the beginning to the end of the experiments were analyzed using a LMM (R package: lmerTest, function: lmer; Kuznetsova et al., 2017) with “time point” as a fixed factor. The seven kinds of “seawater samples” were treated as a random factor. Homogeneity of variance and normality were evaluated using Levene Test and QQ plot, displaying that the fluorescent intensities conformed to these assumptions. Moreover, a post hoc test was used with the function of lsmeans (R package: lsmeans, Lenth, 2016). To assess the effect of photobleaching, fluorescence intensities of the sample, with and without sunlight exposure, should be compared. Therefore, LMM was used to do this comparison using “seawater samples” as a random factor. The response of fluorescence intensity for DO consumption was estimated based on the slope of regression line in the LMM using “DO concentration” as a fixed factor and “seawater samples” as a random factor. In this study, all statistical analyses were performed using the R statistical software, version 3.5.1 (R Core Team, 2018).



RESULTS


Sample Conditions

Table 1 shows the cell numbers of bacteria and phytoplankton, DOC concentrations, nutrient concentrations of nitrite + nitrate and phosphorite, and PAR during the day in each experiment. The lowest phytoplankton numbers and DOC concentrations were noted in the subtropical Pacific, indicating less biological activity. The nutrient-added samples were incubated for 3 days and the nutrient enrichment was observed to simulate the organic matter production. The DOC concentrations in the nutrient-added samples were significantly higher than that in the natural samples collected from the subtropical Pacific and Shimoda (TukeyHSD, p < 0.05) (Supplementary Table S1).



FDOM Components Determined by PARAFAC

Three fluorescent components were identified from the EEMs for all experiments through PARAFAC analysis (Figure 1). Component 1 (C1) and 2 (C2) were characterized as humic-like FDOM (Coble, 1996). C1 showed two excitation maxima (255 and 370 nm) and an emission maximum at 484 nm, similar to humic-like A (Coble, 1996; Stedmon et al., 2003). Although humic-like A was traditionally categorized as terrestrial humic substance (Coble, 1996), it was reported to be observed in the pelagic ocean (Kowalczuk et al., 2013; Tanaka et al., 2014; Catalá et al., 2015; Yamashita et al., 2017). The incubations of coastal bacterial communities showed that humic-like A was produced as the by-product of bacterial metabolism during organic matter decomposition (Shimotori et al., 2009; Romera-Castillo et al., 2011; Arai et al., 2018). C2 was characterized as marine humic-like FDOM (Coble, 1996), which was blue-shifted from C1 and exhibited two Ex maxima (<250 and 325 nm) and an Em maximum (406 nm). C2 are known as the microbially produced FDOM in the ocean, corresponding to humic-like M (Coble, 1996). The maxima of Ex and Em for components 3 (C3) (280/316) were comparable to those of tyrosine-like peak, as previously reported (Yamashita and Tanoue, 2003; Stedmon and Markager, 2005; Murphy et al., 2008).


[image: image]

FIGURE 1. PARAFAC model results showing the fluorescence signature of the three components of C1 (A), C2 (B), and C3 (C). Left figures show the line plots of excitation (Ex: solid lines) and emission (Em: dash lines) spectra and right figures show the counter plots of EEMs.




Diurnal Changes in the Fluorescence Intensities of the Three Components

The fluorescence intensity of each component significantly varied among the seawater sample collection sites. The lowest values were found in the subtropical Pacific, with the fluorescence intensities of C1 being 0.36 ± 0.01 × 10–2 and 0.41 ± 0.004 × 10–2 R.U. (mean values of the three bottles ± SEs) for the natural and nutrient-added samples at the beginning of the 1-day experiments (sample B), respectively. In the coastal and bay seawaters at Shimoda (August and April) and Misaki, respectively, the fluorescence intensities of the natural samples were found to be 2.08 ± 0.05 × 10–2, 2.72 ± 0.03 × 10–2, and 4.57 ± 0.02 × 10–2 R.U., respectively, which were an order of magnitude higher than those observed in the subtropical seawater. The highest fluorescence intensity of the natural sample in Misaki reflected the inflow of terrestrial humic substances due to the precipitation of the previous day.

The fluorescence intensities of C1 at the beginning, morning, and day under dark condition, for samples B, M, and DD, respectively, consistently increased throughout the experiments (Figure 2). The intensities in samples M were 102.6–105.6% (mean value of seven experiments ± SE: 104.3 ± 1.3%) higher for all experiments compared to those of samples B. During the day, the intensity additionally increased under the dark condition and the values of samples DD ranged from 0.44 ± 0.02 × 10–2 to 4.75 ± 0.00 × 10–2 R.U., corresponding to 103.9–128.1% (mean value ± SE: 113.9 ± 3.1%) of the intensity in samples B. Regarding using “seawater samples” as a random factor, the fluorescence intensity of C1 significantly increased along the time point (LMM: F2,50 = 35.93, p < 0.001, least-squares means: p < 0.01; Table 2).


[image: image]

FIGURE 2. Changes in the fluorescence intensities of C1 at the beginning, morning, and end of the experiments in the natural and nutrient-added seawater collected from the subtropical Pacific (A,B), Shimoda in August (C,D) and April (E), Misaki (F,G). The blue and orange lines represent the changes under the dark and light conditions, respectively. The error bars represent the standard error (n = 3).



TABLE 2. LLM analysis for C1.

[image: Table 2]The fluorescence intensities of C2 in the subtropical Pacific were 0.30 ± 0.01 × 10–2 and 0.25 ± 0.01 × 10–2 R.U. for the natural and nutrient-added samples, respectively, at the beginning (samples B), which were the lowest values among all sites and C1 (Figure 3). The fluorescence intensities in Shimoda in August and April and Misaki were 2.04 ± 0.11 × 10–2, 1.86 ± 0.00 × 10–2, and 4.09 ± 0.01 × 10–2 R.U., respectively. The fluorescence intensities of C2 changed slightly between samples B and M, except for the nutrient-added samples from the subtropical Pacific, which increased during the night (Figure 3B). Afterward, the intensities of C2 in samples DD were observed to be higher than those of samples M. The fluorescence intensity of C2 significantly increased from the beginning to the end of the experiments (LMM with “seawater samples” used as a random factor: F2,50 = 3.89, p < 0.05, least-squares means: p < 0.01; Table 3).
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FIGURE 3. Changes in the fluorescence intensities of C2 at the beginning, morning, and end of the experiments in the natural and nutrient-added seawater collected from the subtropical Pacific (A,B), Shimoda in August (C,D) and April (E), Misaki (F,G). The blue and orange lines represent the changes under the dark and light conditions, respectively. The error bars represent the standard error (n = 3).



TABLE 3. LLM analysis for C2.

[image: Table 3]The fluorescence intensities of C3 in samples B in all incubation experiments ranged from 0.98 ± 0.02 × 10–2 to 3.44 ± 0.07 × 10–2 R.U. (Figure 4). LMM analysis showed no significant changes in the fluorescence intensities of C3 among samples B, M, and DD in all experiments (LMM: F2,50 = 2.53, p < 0.1).
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FIGURE 4. Changes in the fluorescence intensities of C3 at the beginning, morning, and end of the experiments in the natural and nutrient-added seawater collected from the subtropical Pacific (A,B), Shimoda in August (C,D) and April (E), Misaki (F,G). The blue and orange lines represent the changes under the dark and light conditions, respectively. The error bars represent the standard error (n = 3).


The exposure to sunlight evidently decreased the fluorescence intensities of all components. The fluorescence intensities of C1 in sample DL ranged between 0.36 ± 0.02 × 10–2 and 4.11 ± 0.04 × 10–2 R.U. (Figure 2), significantly lower than those in samples DD (LMM: F1,32 = 32.00, p < 0.001) and comparable to those of samples B. Additionally, the fluorescence intensities of C2 and C3 also significantly declined in sample DL due to exposure to sunlight (LMM for C2: F1,32 = 39.70, p < 0.001; LMM for C3: F1,32 = 7.84, p < 0.01) (Figures 4, 5).
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FIGURE 5. Relative abundance of heterotrophic bacterial orders at the beginning of each experiment, showing the taxonomic groups with abundances greater than 1%. “Natural” and “Nutrient” mean the natural seawater and the nutrient added seawater, respectively.




Turnover Rate of C1 by Production and Photobleaching

We estimated the turnover rates of C1 because the fluorescence intensity of C1 showed a clear diurnal variation and its intensities at the beginning and end of the 1-day experiments (samples B and DL) were almost same (Figure 2). The daily increase rate in the fluorescence intensity of C1 in each experiment was calculated using the difference between the intensities of samples B and DD (Table 4). The increase rates of C1 ranged from 7.9 to 61 × 10–4 R.U. day–1; the lowest observed in the subtropical seawater and the highest in Shimoda in April. The turnover rate of C1 was estimated as the ratio of the increasing rate and fluorescence intensity of sample B obtained in each experiment. The turnover rates of C1 calculated by the increase (TRi) in all experiments ranged from 0.04 to 0.27 day–1, with an average of 0.14 ± 0.031 day–1 (Table 4). The lowest turnover rate was estimated in the natural seawater in Misaki because of the highest intensity at the beginning of the experiment probably due to an inflow of the terrestrial FDOM (Figure 2).


TABLE 4. Rates of change of the fluorescence intensities of C1 and its turnover rates by the increase and decrease.

[image: Table 4]Fluorescent DOM was photobleached during the day due to sunlight exposure concomitant with the production. As the decrease in the fluorescence intensity of C1 in sample DL was considered as a net decrease, the gross decrease was estimated as the sum of its decrease under sunlight exposure and its increase under dark condition during the day. The gross daily decrease rates of C1 by photobleaching ranged from 5.9 to 89 × 10–4 R.U. day–1 in all experiments (Table 4). The highest gross decrease rate was observed in the natural samples in Misaki, because the inflowed terrestrial humic substances are high photosensitive (Obernosterer and Benner, 2004). On the other hand, the gross decrease rate of the nutrient-added samples in Misaki was lower than that of the natural samples (Table 4). The reason might be that the photo-sensitive fraction including the terrestrial humic substances had been photo-bleached during the incubation under sunlight exposure prior to the 1-day experiment. The mean value of its turnover rate by gross decrease (TRd) was 0.12 ± 0.021 day–1, ranging from 0.05 to 0.20 day–1, similar to the range of Tri.



Diurnal Variations in DO Concentrations

The initial values of DO concentrations ranged from 201.5 to 227.8 μM. During the night, the DO concentrations decreased in all coastal seawater except remaining unchanged in the subtropical seawater (Supplementary Figure S1). All of them showed consistent decreases during the day under dark conditions, representing oxygen consumption by bacterial respiration. Regarding using “seawater samples” as a random factor, the DO concentrations significantly decreased in the samples collected from B, M, and DD, along the time points under dark conditions (LMM: F2,52 = 63.40, p < 0.001, least-squares means: p < 0.001; Supplementary Table S2). The DO concentrations in all DL samples were significantly higher than those in all DD samples due to photosynthesis (LMM: F1,33 = 10.97, p = 0.002). The changes in DO concentration under sunlight exposure would reflect both production and consumption of oxygen. Quantitative evaluations were limited to use the changes in DO under dark conditions reflecting microbial respiration.

The fluorescence intensity of C1 was closely related to the DO concentration (LMM, random factor: “seawater sample”, p < 0.01) (Supplementary Figure S2). The slope value was −1.08 (±0.22) × 10–4 (fluorescent intensity/DO concentration; R.U./μM). Other two components, C2 and C3, were not found to be closely related to DO concentration in this study (p = 0.23 and 0.30, respectively).



Bacterial Composition

The composition of bacteria taxa varied among the seawater sample. Heterotrophic bacteria were predominant in four seawater samples, while cyanobacteria were predominant in two samples (Supplementary Figure S3). The order Chrolophyta, family Mamiellaceae accounted for 45 and 52% of the total bacterial abundance in the natural sample in Shimoda in August and the nutrients-added sample in Misaki bay, respectively. In addition, the order Synechococcales, family Synechococcaceae was one of the major bacteria groups in the subtropical Pacific.

Heterotrophic bacteria groups in the subtropical surface seawater differed from those of the coastal areas (Figure 5). Rickettsiales accounted for 45% of the total heterotrophic bacterial abundance in the subtropical Pacific. Among the order Rickettsiales, family Pelagibacteraceae was found as a major group (85–94% of the Rickettsiales), which is known as “SAR11 bacterial clade,” being the most abundant heterotrophic bacteria in the oceans worldwide (Morris et al., 2002). In Shimoda, Rhodobacterales, which belongs to Alphaproteobacteria class of Proteobacteria phylum, accounted for the highest proportion of 26–49%. Flavobacteria that belong to Flavobacteriia class in Bacteroidetes phylum accounted for 27 and 23% of bacterial taxa in the surface seawater in Shimoda in April and Misaki, respectively. Both bacterial groups of Rhodobacterales and Flavobacteria have been found to be the dominant groups associated phytoplankton bloom (Buchan et al., 2014).



DISCUSSION


Production of Humic-Like FDOM in Surface Seawater

Photobleaching due to sunlight exposure has been considered as one of the most essential processes in humic-like FDOM dynamics taking place in the surface layer because the fluorescence intensity of humic-like FDOM is always low (Omori et al., 2010; Jørgensen et al., 2011; Timko et al., 2015). However, for the intensity of humic-like FDOM to be steady in the surface layer, its photobleaching rate should equilibrate with its production rate. The fluorescence intensity of humic-like FDOM in the surface water from the North to South Pacific Ocean revealed higher intensity in the area with higher chlorophyll a concentration (Yamashita et al., 2017). This implied that humic-like FDOM production by biological activity originating from phytoplankton is one of the factors that impact its geographical distribution. Although its production in the surface layer is necessary to clarify the dynamics of FDOM, little research has been done on this (Nieto-Cid et al., 2006; Lønborg et al., 2015).

In this study, the fluorescence intensities of two components of humic-like FDOM, C1 and C2, indicated significant increase in samples B to DD (Figures 2, 3 and Tables 2, 3). Especially for C1, the fluorescence intensities in samples B, M, and DD were correlated with those of DO concentrations (Supplementary Figure S2). This experimental analysis strongly suggested that humic-like FDOM are produced as the by-products of microbial respiration processes in the surface seawater (Nieto-Cid et al., 2006; Lønborg et al., 2015) as well as in mid-deep ocean (Hayase and Shinozuka, 1995; Yamashita and Tanoue, 2008; Omori et al., 2010; Jørgensen et al., 2011; Catalá et al., 2015).

The microbial community in our experiments includes bacteria, archaea, and phytoplankton excluding large zooplankton. Among them, marine bacteria are considered to be one of the major producers of FDOM. Bacterial respiration in coastal surface seawater has been shown to account for over 60% of community respiration (Kirchman et al., 2009; González-Benítez et al., 2019), suggesting that the increase in C1 associated with oxygen consumption is mainly due to bacteria. Some experimental studies have evidenced that humic-like FDOM are produced from marine bacteria in the surface seawater under dark condition (Yamashita and Tanoue, 2003), artificial seawater added with natural bacteria community (Kramer and Herndl, 2004; Shimotori et al., 2009; Arai et al., 2018), and cultured experiments (Shimotori et al., 2012; Goto et al., 2017). Cyanobacteria were present as the dominant groups in the two samples of our experiments (Supplementary Figure S3). Since cyanobacteria directly produce humic-like FDOM (Zhao et al., 2017), it is considered that not only heterotrophic bacteria, but also photosynthetic bacteria contribute to FDOM production in the surface seawater. Phytoplankton can be considered as another FDOM producer. Although there is little knowledge on the FDOM production by phytoplankton, experimental study using 11 algal cultures showed that phytoplankton did not contribute to the FDOM pool (Rochelle-Newall and Fisher, 2002). Meanwhile, other studies showed the exudation of marine humic-like FDOM from four species of phytoplankton including diatom, dinoflagellate, and prasinophyte (Romera-Castillo et al., 2010, 2011). In our experiments, part of the increase in C2 (marine humic-like FDOM) that was not correlated with the oxygen consumption may be due to exudation from phytoplankton.

The ratio of the fluorescence intensities of C1 to C2 consistently increased from samples B to DD, except for the nutrient-added seawater of the subtropical Pacific (Supplementary Figure S4). The increase in C1/C2 indicated that the net production of C1 from microbial activity was higher than that of C2. The distribution of humic-like FDOM in the dark ocean also suggested the higher production per oxygen consumption of humic-like A (C1 in this study) than humic-like M (C2) (Catalá et al., 2015). According to Shimotori et al. (2012), the fluorescent property of humic-like FDOM derived from coastal bacteria varied depending on the bacteria taxonomic groups. They demonstrated that bacteria species belonging to Alteromonadales and Oceanospirillales, each accounting for approximately 10% in our experiments (Figure 5), produced humic-like A and M. Rhodobacterales, which was one of the main bacteria groups found in the samples collected from Shimoda and Misaki (Figure 5), only produced humic-like M. Although humic components produced by major bacteria groups detected in this study, including Flavobacteriales and Rickettsiales, have not been reported (Shimotori et al., 2012), an increase in C1/C2 implied that some bacteria groups that produced more humic-like A than M dominated during these experiments. Conversely, ratio C1/C2 in the nutrient-added seawater of the subtropical Pacific decreased from samples B to DD due to higher increase in the intensity of C2 than that of C1 (Figures 2, 3 and Supplementary Figure S4). Although bacterial composition was not determined in the nutrient-added subtropical seawater, it was considered that the composition might change to the species which actively produce humic-like M.

Difference in the bacterial degradability C1 and C2 is considered as another factor for the lower increase in the intensity of C2 than that of C1. Romera-Castillo et al. (2011) evaluated the FDOM behaviors in bacterial incubation experiments using marine phytoplankton exudates as the substrates. They demonstrated that humic-like M was consumed by bacteria and red-shifted humic-like FDOM (humic-like A) was stable to bacterial degradation. The lower increase in the intensity of C2 in our experiments could be due to its bacterial degradation just after production.



Diurnal Variations of Humic-Like FDOM and Their Photobleaching

In this study, it was experimentally demonstrated that humic-like FDOM varied diurnally in surface seawater from the bay to the pelagic ocean (Figures 2, 3). The fluorescence intensity of C1 significantly increased due to microbial production during the night and decreased due to photobleaching by sunlight exposure during the day (Figure 2). C2 also slightly increased during the night and significantly decreased during the day (Figure 3). In addition, both humic-like components were continuously produced via microbial metabolism during the day, as shown for samples DD (Tables 2, 3). These diurnal variations suggested that the production of humic-like FDOM and its photobleaching were happening simultaneously during the day. The mean TRd and TRi of C1 were estimated to be 0.14 and 0.11 day–1, respectively (Table 4). These similar turnover rates also supported the near equilibrium in the production and photobleaching of humic-like FDOM, with its level being low in the surface water.

The ratio of the fluorescence intensities of C1 to C2 of samples DL was significantly higher than those of samples DD (Supplementary Figure S5; LMM for C1/C2: F1,32 = 7.97, p < 0.01). The higher ratio of C1/C2 of samples DL indicated that the decrease in the intensity of C2 by photobleaching was higher than that of C1. C2 (humic-like M) was indicated to be more sensitive to photobleaching than C1 (humic-like A), which was consistent with the results obtained from the experiments that used humic-like FDOM derived from bacteria. Arai et al. (2018) compared the photodegradability of humic-like FDOM produced by bacteria in exposure experiments using a solar simulator. The ratio of intensity after 24-h exposure to the initial intensity was 10 and 48% for humic-like M and A, respectively. In contrast, results obtained from the experiments with humic-like FDOM from the natural seawater showed higher photosensitivity of humic-like A than M. Helms et al. (2013) conducted a photo exposure experiment with seawater collected from a depth of 674 m in the North Pacific Ocean and demonstrated that the fluorescence intensity of humic-like A decreased to 18% of the initial intensity, which was 25% for humic-like M. Light exposure experiments with deep seawater in the Sargasso Sea also indicated that the intensity of humic-like A significantly decreased during 24-h exposure, whereas change in the intensity of humic-like M indicated less photosensitivity (Timko et al., 2015). Thus, the photosensitivities of humic-like A and M in the deep ocean were inconsistent with those in the surface seawater and bacterial culture. Humic-like A and M in the deep ocean were considered to persist for long-term, estimated to be 400–600 years (Catalá et al., 2015), while those in the surface seawater and bacterial culture should be fresher than those in the deep ocean. Differences in the freshness of humic-like FDOM might affect the photosensitivities of humic-like A and M, even with same fluorescent properties in the deep and surface seawater.



Diurnal Variation of Tyrosine-like FDOM

The behavior of C3 reflects that of polypeptide and protein, including tyrosine, which was comparable as a labile DOM (Yamashita and Tanoue, 2003; Nieto-Cid et al., 2006; Lønborg et al., 2010, 2015). Changes in the fluorescence intensities of C3 from the beginning to the end of the experiments under dark conditions were found to be vary among the seven experiments (Figure 4). A slight change in C3 indicated the active occurrence of both microbial production and decomposition. Conversely, significant decreases in the intensity of C3 were found under sunlight exposure during the day (Figure 4). Although C3 production through phytoplankton photosynthesis has been expected to increase the fluorescence intensity of C3 during the day (Nieto-Cid et al., 2006), the rate of photobleaching due to sunlight exposure was probably higher than that of production. Culture experiments revealed that tyrosine-like FDOM was reduced by photoirradiation without bacterial activity (Mostofa et al., 2013; Arai et al., 2018). Therefore, the distribution of tyrosine-like FDOM in the surface layer was likely to vary by biological activity as well as photobleaching due to sunlight exposure.



Importance of Photobleached Humic-Like FDOM in Biogeochemical Cycle

Humic-like FDOM has been attracting attention as an indicator of the behavior of biological RDOM due to its dynamics. The global distribution of humic-like FDOM shows that humic-like A and M are suitable markers of RDOM with turnover time range of 400–600 years, indicating that the in situ microbial production of humic-like FDOM in dark ocean is a sink of reduced carbon in the timescale of hundreds of years (Catalá et al., 2015). Conversely, our experimental analysis estimated the turnover time of C1 in the surface seawater to be approximately 10 days, which was in the same range as that of biological labile DOM, such as carbohydrate and protein, with turnover times of 5–10 days (Benner and Amon, 2015). In this study, it was clearly shown that humic-like FDOM behaved as a highly dynamic fraction of marine DOM due to microbial production and photobleaching in the surface layer. However, the short turnover of humic-like FDOM implied a short life of its fluorophore, without reflecting the behaviors of organic carbon. Photobleached FDOM has been reported to undergo different processes after sunlight exposure: mineralization (Mopper et al., 1991), formation of low-molecular DOM, including oxygenated volatile organic compounds (Kieber et al., 1990; Mopper et al., 1991; Zhou and Mopper, 1997), transformation to biological labile DOM to be consumed by bacteria (Moran et al., 2000; Yang et al., 2020), and remaining as RDOM without the fluorescent property (Kramer and Herndl, 2004). Although no method exists for measuring FDOM lost fluorophore, it has been considered that it may remain as organic substances as post-FDOM (Omori et al., 2015).

The linear relationships between the fluorescence intensities of C1 and DO concentrations observed in the 1-day experiments (Supplementary Figure S2) facilitated the estimation of the net production of C1 in the photic layer. The slope of the intensities of C1 to DO concentrations was 1.08 ± 0.22 × 10–4 R.U. μM–1, comparable to 8.9 ± 1.8 × 10–3 μg QS sq. μM–1 when converted to an equivalent unit of quinine sulfate (Yamashita and Tanoue, 2008), which reflects the ratio of C1 production to oxygen depletion by microbial respiration. The slope obtained in this study was lower than that determined by the incubation experiments using surface seawater in a coastal upwelling region (2.7 ± 0.3 × 10–2 μg QS sq. μM –1; Nieto-Cid et al., 2006). Conversely, the slope found in this study was higher than that of the intensity and AOU observed in intermediate and deep waters in the Pacific Ocean (4.3–4.9 × 10–3 μg QS sq. μM –1; Yamashita and Tanoue, 2008; 2.9–3.9 × 10–5 R.U. μM –1; Tanaka et al., 2014, respectively). The production of humic-like FDOM per oxygen in the surface water was likely to be higher than that in the deep ocean.

del Giorgio and Duarte (2002) had estimated the respiration rate in the global photic layer as 3.9–5.1 Pmol O2 year–1, with this value mostly occurring due to bacterial respiration as the respiration rates of protozoa, zooplankton, and vertebrates generally account for less than 10% of the total respiration in the surface layer (del Giorgio and Duarte, 2002; Robinson and Williams, 2005). When we adopted these respiration rates, the net production rate of C1 in the global photic layer was calculated as 4.2–5.5 × 1017 R.U. year–1, comparable to 34–45 × 1018 μg QS sq. year–1. Globally, humic-like FDOM production rates in the mesopelagic (200–1000 m) and abyssal layers (1000 m–bottom) in the oceans were estimated as 12–16 and 0.74–0.91 × 1018 μg QS sq. year–1, respectively (Yamashita and Tanoue, 2008). The net production of humic-like FDOM obtained in this study was possibly thrice in the photic layer than in the dark ocean. This estimation implied that the potential production rate of humic-like FDOM in the photic zone was significantly high and approximately 75% of production in the ocean occurred in the photic layer. Thus, the low fluorescence intensity of humic-like FDOM in the photic layer did not indicate its low production rate but implied a state of equilibrium in its active production and photobleaching.

The active turnover of humic-like FDOM indicated the active formation of various FDOM derivatives after photobleaching. One of the FDOM derivatives is post-FDOM (Omori et al., 2015). Recent studies have suggested that organic matter of bacterial FDOM is mostly stable against light irradiation; however, fluorophore is highly sensitive (Arai et al., 2018). When post-FDOM was persistent to bacterial degradation (Kramer and Herndl, 2004), it could remain and contribute to DOM pool accumulated in the surface layer (Hansell et al., 2012; Hansell, 2013). Humic-like FDOM produced and photobleached in the surface layer possibly plays important roles in the biogeochemical cycle.



CONCLUSION

In this study, the diurnal variations in the fluorescence intensities of humic-like and tyrosine-like FDOM were demonstrated in incubation experiments using surface seawater. Humic-like A and M were observed to increase due to bacterial production during the night and both humic-like and tyrosine-like components decreased due to photobleaching under sunlight exposure during the day. In addition, both humic-like components significantly increased during the day under dark conditions, indicating that they were continuously produced during the day. Especially for humic-like A, same range obtained for TRi and TRd suggested that microbial production and photobleaching were almost in equilibrium, with the intensity of humic-like FDOM in the surface water always being low. Further, using the TRi of humic-like A and global respiration rates, the net production of humic-like FDOM in the global photic layer was estimated to be approximately 75% of the production in the entire ocean. This estimation indicated a state of equilibrium between the active production and photobleaching of humic-like FDOM. Future studies should examine the relationships between the changes in the fluorescence intensities of humic-like components and DO concentrations in different oceanic areas and seasons to accurately estimate the production of humic-like FDOM in the global surface layer.
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Site Incubation Nutrient? Bacteria cell Phytoplankton DOC NO, + NO3 PO, PAR Water

number [x108 cell number [wM] [wM] [wM] [mol m—2 temperature
cells mL~1] [x10% cells mL~] day~1] [°C]
Subtropical 2016 Jul  Noadd 0.90 (0.03) 0.38(0.06) 72.6 (0.9) n.d. n.d. 64.5 27.5
Pacific Ocean Add 1.2 (0.04) 0.89(0.12) 81.8(0.7) n.d. n.d. 45.8 26.0
Shimoda 2016 Aug  No add 0.57 (0.05) 17 (1.6) 86.5 (1.3) n.d. n.d. 22.0 27.0
Add 6(0.02) 5.2(0.10) 108.8 (0.7) n.d. n.d. 24.2 27.0
2018 Apr  Noadd 5(0.02) 1.5 (0.04) 85.4(1.2) 1.2(0.00)  0.20(0.00) 21.4 25.0
Misaki 2017Sep  Noadd 6(0.10) 2.6 (0.03) 104.8(3.1) 4.8(0.01)  0.65(0.01) 19.4 27.5
Add 1(0.06) 20(0.17) 106.4 (0.7) 5.4 (0.01)  0.30(0.00) 215 27.5

a“No add” and "Add” of nutrient mean the natural seawater and the nutrient added seawater, respectively.
SEs are shown in parentheses.
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Nutrient? Increase rate Turnover rate Cross decrease rate Turnover rate

[x10~% R.U. day~"] (TRi) [day~"] [x10~% R.U. day~"] (TRd®) [day~"]
Subtropical Pacific Ocean 2016 Jul No add 7.9 0.22 7.2 0.20
Add 11 0.27 5.9 0.14
Shimoda 2016 Aug No add 16 0.074 13 0.063
Add 18 0.088 14 0.069
2018 Apr No add 61 0.22 31 0.11
Misaki 2017 Sep No add 20 0.043 89 0.19
Add 36 0.091 20 0.051

a“No add” and “Add” of nutrient mean the natural seawater and the nutrient added seawater, respectively.
DRI (turnover rate calculated by the increase rate) was estimated as the ratio of the increase rate and the fluorescence intensity of sample B.
®TRd (turnover rate calculated by the gross decrease rate) was estimated as the ratio of the gross decrease rate and the fluorescence intensity of sample B.





