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The methane-oxidizing microbial communities of three maar lakes in tropical monsoon Asia
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Methane-oxidizing bacteria (MOB) is a group of planktonic microorganisms that use methane as their primary source of cellular energy. For tropical lakes in monsoon Asia, there is currently a knowledge gap on MOB community diversity and the factors influencing their abundance. Herewith, we present a preliminary assessment of the MOB communities in three maar lakes in tropical monsoon Asia using Catalyzed Reporter Deposition, Fluorescence In-Situ Hybridization (CARD-FISH), 16S rRNA amplicon sequencing, and pmoA gene sequencing. Correlation analysis between MOB abundances and lakes’ physicochemical parameters following seasonal monsoon events were performed to explain observed spatial and temporal patterns in MOB diversity. The CARD-FISH analyses detected the three MOB types (I, II, and NC10) which aligned with the results from 16S rRNA amplicons and pmoA gene sequencing. Among community members based on 16S rRNA genes, Proteobacterial Type I MOB (e.g., Methylococcaceae and Methylomonadaceae), Proteobacterial Type II (Methylocystaceae), Verrucomicrobial (Methylacidiphilaceae), Methylomirabilota/NC10 (Methylomirabilaceae), and archaeal ANME-1a were found to be the dominant methane-oxidizers in three maar lakes. Analysis of microbial diversity and distribution revealed that the community compositions in Lake Yambo vary with the seasons and are more distinct during the stratified period. Temperature, DO, and pH were significantly and inversely linked with type I MOB and Methylomirabilota during stratification. Only MOB type I was influenced by monsoon changes. This research sought to establish a baseline for the diversity and ecology of planktonic MOB in tropical monsoon Asia to better comprehend their contribution to the CH4 cycle in tropical freshwater ecosystems.
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Introduction

Methanotrophs or methane-oxidizing bacteria (MOB) are aerobic gram-negative bacteria that utilize methane (CH4) for carbon and energy. Due to its significant increase in production from both anthropogenic (i.e., fossil fuels, livestock, waste management, biomass combustion, rice agriculture, and biofuels) and natural sources, CH4 contributes to at least 15–20% of the Earth’s warming (Kirschke et al., 2013; Guerrero-Cruz et al., 2021). The majority of CH4 produced in lakes is by archaeal methanogens synthesized from organic matter in anoxic sediments, originating from the primary production catalyzed by both terrestrial and aquatic cyanobacteria. The total annual CH4 emissions from overall lakes amounts to at least 41.6 Tg, wherein high latitude lakes, temperate lakes, and subtropical/tropical lakes contribute to at least 9.4 Tg, 9.3 Tg, and 18.8 Tg of CH4 emissions annually, respectively (data exclusive of diffusion, ebullition, and turnover measurements) (Johnson et al., 2022). Current CH4 emission estimates in tropical lakes are still undervalued due to limited observational data, however, a pioneering study in the three maar lakes of the Philippines (Mendoza-Pascual et al., 2021) showed that profundal zones store high CH4 concentrations, which could potentially be emitted to the atmosphere due to lake mixing caused by typhoons and seasonal winds (Forster et al., 2007; Tsai et al., 2008). Researchers have recently concentrated on MOBs’ vital function in reducing CH4 emissions and studied their community compositions and influences in the past because they can oxidize CH4 in various conditions (Costello and Lidstrom, 1999; He et al., 2020).

MOB oxidizes CH4 when it diffuses into the water column during lake overturn, preventing CH4 emission from lakes (Bastviken et al., 2011; Esposito et al., 2023), which makes them essential mitigators of CH4 release from lakes’ deeper layers (Trotsenko and Murrell, 2008; Mayr et al., 2020; Ming et al., 2022). MOB communities also facilitate benthic-pelagic carbon intake and sequestration in aquatic food webs (Bastviken et al., 2003; Deines and Fink, 2011). Main MOB groups include those from the Proteobacteria phylum (Gammaproteobacteria: Type I, X and Alphaproteobacteria: Type II) that initiate CH4 oxidation through the particulate CH4 monooxygenase enzyme (pMMO) encoded by the conserved subunit pmoA (Dedysh et al., 2000; Dumont and Murrell, 2005; Theisen and Murrell, 2005; Vorobev et al., 2011; Kojima et al., 2014; Luke et al., 2014; Kalyuzhnaya et al., 2019). Aside from these, other MOBs from the Verrucomicrobial phylum (family Methylacidiphilaceae) are ubiquitous in acidophilic environments (Dedysh et al., 2021), while MOBs from the phylum NC10 (family Methylomirabilaceae) were mostly observed in anoxic and nitrite-reducing habitats due to their ability to catabolize CH4 through nitrite instead of oxygen (Kojima et al., 2014).

Despite several studies being conducted in different latitudinal zones, information regarding the environmental preferences of MOB and their abundance in tropical lakes is still lacking.

Temperature, pH, CH4, dissolved oxygen (DO), and nutrient load are the primary factors influencing MOB abundance as they are crucial for nutrient uptake (Tiwari et al., 2015; Zigah et al., 2015; Yang et al., 2019). Large reservoirs and deep lakes, like Lake Kivu, Lake Tanganyika, and Petit Saut Reservoir, are the only ones in the tropics where MOB studies have been undertaken (Dumestre et al., 2002; Durisch-Kaiser et al., 2011; Pasche et al., 2011; Zigah et al., 2015), and they await information from equally significant tropical countries, such as the Philippines. Most investigations from the said lakes used phospholipid fatty acid analysis (PLFA), flow cytometry, CARD-FISH, and 16S rRNA amplicon sequencing to pinpoint the aqueous column MOB communities, which showed type I and II MOB, and novel ANME being present in the nutrient and CH4-rich layer of Lake Kivu, while in Lake Tanganyika presence of type I and II MOB were also observed. As seasonal variation is also a potential factor in the distribution of MOB species, studies in the aforementioned reservoirs highlighted the significance of aerobic and anaerobic CH4 oxidation, with high aerobic oxidation during the dry season and AOM during the wet season. However, strong evidence or additional data to support these findings remain elusive. Due to a lack of information, it is vital to investigate the ecology and as the variety of the planktonic MOB community present in lakes in tropical monsoon Asia.

This study aims to present a preliminary assessment of the planktonic MOB communities in lakes within the tropical monsoon Asia region. We specifically aim to do this by using molecular techniques such as Catalyzed Reporter Deposition, Fluorescence In-Situ Hybridization (CARD- FISH), pmoA sequencing, and 16S rRNA amplicon sequencing. Here, the three maar lakes on Luzon Island in the Philippines (Lakes Yambo, Pandin, and Calibato) were selected as representative sites to demonstrate how the composition of tropical methanotrophic communities can vary seasonally (Southwest Monsoon - SW; Northeast Monsoon - NE). Different mixing regimes present in these crater lakes support distinct bacterial species that can produce or consume CH4 from the profundal zones and be emitted from the water column into the atmosphere. Using CARD-FISH, 16S rRNA gene and diversity analyses, pmoA gene sequencing for SW (stratification) and NE (mixing) episodes, this work attempts to build vertical depth profiles of the MOB community in the three maar lakes and therefore present a baseline data of these communities in Philippine lakes. Seasonal variation and several driving factors, such as temperature, pH, DO, chlorophyll a (Chl a), and CH4 concentrations, were taken into consideration in the research design to identify environmental parameters that drive the diversity and composition of MOB communities.



Materials and methods


Study area and sampling collection

The Seven Maar Lakes (SMLs) of San Pablo, Laguna are a collection of lakes that are believed to have formed as a result of the phreatic eruption of Mt. Banahaw-San Cristobal (LLDA, 2014; Bannister et al., 2019; Aguilar et al., 2023), and they are located in the southern region of Luzon Island, Philippines (Figure 1). These are categorized as small lakes (surface area ≤2,000,000 m2) impacted by a tropical monsoon climate (Brillo, 2016a,b; Aguilar et al., 2023) and having variable trophic statuses based on Chlorophyll a (Mendoza et al., 2019) and phytoplankton data (Navarrete et al., 2019). A simultaneous study with Aguilar et al. (2023) categorized the mixing patterns of the SMLs with Lakes Palakpakin, Bunot, Mohicap, Sampaloc, and Yambo being warm monomictic while the two deepest lakes Pandin and Calibato were categorized as meromictic. Thermal stratification of the lakes was observed during the SW monsoon from August 2018 and April and May 2022 while the complete mixing of the whole water column of Lake Yambo and the epilimnion of both Lakes Pandin and Calibato happened during the NE monsoon from November to February, which causes CH4 concentrations to be released from the water column into the atmosphere (Forster et al., 2007; Schubert et al., 2010; Mendoza et al., 2019; Mendoza-Pascual et al., 2021; Briddon et al., 2022). Lake Yambo, the deepest of the SML monomictic lakes, was selected as the primary study site to represent warm monomictic-mesotrophic lakes, while Lakes Pandin and Calibato, which are mesotrophic-meromictic and eutrophic-meromictic, respectively, were chosen as study sites to initially assess the diversity of the MOB community during the period of stratification (SW; August 2018) and mixing (NE; February 2019) (Table 1). After the preliminary assessment in 2018 and 2019, only Lake Yambo was monitored for MOB diversity in the SW (April and May) and NE (November and December) of 2022 (Table 1). Due to its similar mixing regime (monomictic; Aguilar et al., 2023) to lakes from temperate (Lake Biwa, Japan; Yoshimizu et al., 2010; Kojima et al., 2012) and subtropical (Fei Tsui Reservoir, Taiwan; Kobayashi et al., 2016) regions, Lake Yambo was also chosen as a representative site for tropical-region freshwater systems.
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FIGURE 1
Map of the Seven Maar Lakes of San Pablo, Laguna, highlighting the three study sites. 1-Calibato, 2-Pandin, 3-Yambo, 4- Mohicap, 5-Palakpakin, 6-Sampaloc, and 7-Bunot.



TABLE 1 Limnological characteristics of the three study sites, sampling coordinates, and sampling depths for both SW and NE months.
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An automated depth sounder (Hondex, Japan) was used to determine the maximum water depth. Temperature, DO, pH, and Chl a were measured using a multi-parameter vertical profiler (EXO 1-YSI, USA), while Mendoza-Pascual et al. (2021) simultaneously collected data on CH4 concentrations using the same methodology as Itoh et al. (2015), which was then used as supporting data in this study. Due to gas cylinder issues and failure to maintain the necessary consumable inventory for the gas chromatography in measuring the CH4 concentrations, Lake Yambo’s CH4 concentrations for the year 2022 were estimated using the Chl a data. As CH4 emitted from aquatic habitats exponentially increases with Chl a content in which plant-mediated transport is about 75% of total CH4 emissions, while ebullition accounted for 95%. (DelSontro et al., 2018; Beaulieu et al., 2019; Yang et al., 2022), the CH4 concentrations for the year 2022 were correlated and compared to the production data (Chl a) (Bastviken et al., 2004; Bastviken and Cole, 2008; Juutinen et al., 2009; West et al., 2016). Water samples for CARD-FISH, samples were in August 2018, February 2019, and 2022 (April, May, November, and December). The samples were subsequently treated with 2% (w/v) paraformaldehyde and filtered using a 0.20 μm pore- sized white polycarbonate membrane filter (Merck Millipore, Germany). Using 0.20 μm pore- sized cellulose nitrate membrane filters, water samples were collected for pmoA gene sequencing in February 2019 and for 16S rRNA gene sequencing in February 2019 and 2022 (September, November, and December).



CARD-FISH for MOB abundance

Filtered samples for CARD-FISH analyses were processed following the method of Kobayashi et al. (2016), with some modifications from the work of Pernthaler et al. (2002). Filters were embedded in 0.01% low-melting point agarose (Amann and Fuchs, 2008) and permeabilized with lysozyme (Pavlekovic et al., 2009; Tischer et al., 2012; Kubota, 2013). Probes tagged with horseradish peroxidase, specific to detect the target MOB: type I (Mɣ705 and Mɣ84), type II (Mα450), and M. oxyfera-like organisms (DBACT-1027) were used (Eller et al., 2001; Heyer et al., 2002; Raghoebarsing et al., 2006; Kobayashi et al., 2016). Formamide concentrations for specific MOB probes include the following: Mɣ84 and Mɣ705 (20%), Mα450 (30%), and DBACT-1027 (55%). Signal amplification was initiated using Alexa Fluor 488 tyramide for 45 mins at 37°C. Filters were mounted on glass slides containing Vectashield (Vector Laboratories, USA) and 4′, 6-diamidino-2-phenylindole (DAPI). MOB counting for cell abundance was done for 10 fields of view for all depths and lakes under the Axioscope A1 epifluorescence microscope (Zeiss, Germany).



16S rRNA gene metabarcoding

Individually cut quarter-sized membranes were placed into tubes containing microbeads and lysis buffer for each depth collected. These mixtures were subjected to the bead-beating procedure for 2 min using a Tissue Lyzer (Natarajan et al., 2016; Manjarrés et al., 2022). While due to insufficient supply and equipment, the cells in 2022 were lysed using the modified bacterial lysis method of Martzy et al. (2019), which suspended the filtered cells in a TE buffer solution containing 1M Tris-HCl (pH 8.0), 0.1M EDTA, and 10% SDS (Wilson, 2001), and mixed using a vortex mixer at maximum speed for 10 min. Supernatants from each depth were placed into clean microtubes and processed using the DNeasy PowerLyzer PowerSoil Kit (Qiagen, USA) which has the same mechanism and principle as the method previously used. The QuantiFluor dsDNA System (Promega, USA) and NanoPhotometer, N60/N50 (Implen, Germany) were used for DNA quantification. The total cell concentrations at each depth were assessed to estimate the amount of DNA templates used in the polymerase chain reaction (PCR) amplification mix. The samples were amplified using primer pairs F515 (5′-GTGCCAGCMGCCGCGGTAA-3′) and R806 (5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011), which targets both archaeal and bacterial communities (Gulledge et al., 2001; Tu et al., 2017). DNA template (1–4 μl) was combined with 2 μl of forward and reverse primers, ex buffer, dNTP, Taq or 10 μl of Taq Master Mix, and 2 μl nuclease-free water for a total of 20–25 μl PCR reactions per depth. The PCR process was initiated for 2 min at 95°C followed by 30 cycles of 20 s at 95°C, 1 min at 55°C, and 1 min at 72°C to commence amplification. The final extension lasted for 10 min at 72°C. Successful PCR products (∼300 bp) were purified using a DNA Clean & Concentrator (Zymo Research, USA). A total of 60–70 μl of the purified sample was eluted. Sequencing of samples for 16S rRNA amplicons in 2019 and 2022 were carried out in Genomics Co., Ltd. (Taiwan) and Macrogen (Korea), respectively, using an Illumina sequencing platform.



pmoA gene cloning and sequencing

pmoA genes were amplified with forward primer A189f which was paired with two other reverse primers, A650r (Bourne et al., 2001) and A621r (Tuomivirta et al., 2009). A total of 25 ul PCR reactions were prepared. PCR amplification was initiated with 3 mins of denaturation at 94°C, followed by 30 cycles of 30 s at 94°C, 45 s at 56°C, and 1 min at 72°C. Final extensions were made for 7 mins at 72°C. Gel extraction was performed following the manufacturer’s protocol for QIAquick Gel Extraction Kit (Qiagen, USA) and subjected to final purification using DNA Clean & Concentrator (Zymo Research, USA). Amplicon concentrations were determined using Quantifluor dsDNA System (Promega, USA). Ligation and transformation of pmoA gene amplicons were performed following the manufacturer’s protocol for pGEM-T Easy Vector System I (Promega, USA). At least 1 to 3ul of DNA templates were added to the ligation mix depending on the initial cell concentrations after the purification process. Successful transformants were mixed with JM109 High-Efficiency Competent Cells and streaked in individual LB agar plates with 20 mg/ml X-Gal Stock Solution, 100 mM (100×) of IPTG, and 100 mg/ml of ampicillin. At least 30 to 50 viable white colonies per depth were picked and re- incubated at LB broth containing the same components as mentioned above for at least 24 hours. Only viable reactions after the re-incubation process were processed for another round of PCR amplification using the same primer sets mentioned previously. Samples with the correct size (∼450 to 500 bp) were sent to Genomics Co. Ltd., Taiwan for sequencing.



Data analyses

All 16S rRNA gene sequences were analyzed using Mothur v1.35 and Qiime2 following the protocol previously described by Estaki et al. (2020), Tu et al. (2017) and Schloss et al. (2009). Barcoded sequences were demultiplexed and low-quality reads (Phread score <25 and <33) were removed. The reads with more than two mismatches from the paired barcoded sequences were removed by noise reduction while maintaining the information from the representative reads and numbers of merged reads by pre-clustering and through the denoise_paired function in the Qiime2 (q2-dada2-plugin) (Huse et al., 2010; Callahan et al., 2016; Estaki et al., 2020). The unique reads were aligned with references to Silva NR132 SSU dataset and using QIIME 2 FeatureData[AlignedSequence] while the unaligned reads from the same region were removed and those sequenced regions beyond the primers were trimmed. Potential chimeric sequences were removed using the UCHIME program (Edgar et al., 2011). Sequencing sharing ≥97% identities were assembled into individual OTUs using the nearest neighbor joining algorithm (Schloss and Westcott, 2011; Yang et al., 2014). The sequencing (i.e., alpha rarefaction) depth was set to 30,000 based on the lowest number of sequences remaining in the sample after quality filtering and denoising (QIIME 2™) to estimate species richness. From the rarefied dataset, alpha diversity indices: number of observed OTUs, Chao-1, and Inverse Simpson indices (Chao, 1984; Faith, 1992) were computed. The Bray-Curtis dissimilarity matrix among samples was computed, and principal coordinate analysis (PCoA) diagrams were generated using Emperor in Qiime2 (Bray and Curtis, 1957). The association between categorical metadata columns and alpha diversity data was tested, and the Faith Phylogenetic Diversity was determined, a measure of community richness and evenness metrics. Sample composition was analyzed using Permutational multivariate analysis of variance (PERMANOVA) (Costello and Lidstrom, 1999; Anderson, 2001). Taxonomic classifications of each unique sequence were designated using the Silva NR132 SSU dataset, a pre-trained Naive Bayes classifier, and the q2-feature-classifier of the Qiime 2 plugin. The said classifier was trained on the Greengenes 13_8 99% OTUs, where the sequences were trimmed to include only 250 bases from the 16S region sequenced in this analysis (the V3 and V4 region, confined by the 515F/806R primer pair). Taxonomic designations with ≥80% bootstrap values were considered valid. Sequences sharing ≥97% identities were assembled into individual OTUs using the nearest neighbor algorithm (Schloss and Westcott, 2011; Yang et al., 2014). OTUs with families that are possible CH4-oxidizing organisms and methanogens were included in the generation of histograms using R script software and Sigma plot v11.

On the other hand, the pmoA sequences were trimmed for ambiguous ends, assembled, and categorized (OTUs at a 93% similarity cutoff), which corresponds to the 16S rRNA gene threshold of 97% similarity (Crevecoeur et al., 2017) using Sequencher 5.4.6 software. Without excluding the uncultured and cultured sample references from the database, the constructed OTUs were compared against the nucleotide BLAST database for sequence similarities. Both uncultured and cultured sequences with the highest similarities (>93% identity) from the three maar lakes samples were retrieved from the BLAST database and aligned using Muscle in MEGA v7 software. Maximum-likelihood trees were generated using 1000 bootstrap replicates using Hasegawa-Kishono-Yano (HKY) following the gamma-distribution model. All the sequences obtained from this study are available online at the NCBI database under BioProject PRJNA996764 with accession numbers SAMN36942344, SAMN36942413, SAMN36942414, SAMN36942426, SAMN36942427, SAMN36942471, SAMN36942474 for 16S rRNA gene and the pmoA gene sequences under BankIt 2770725 with GenBank accessions OR887221-OR887236.

MOB cell abundance was calculated using this formula:
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where,

counts = the number of total counts for the 10 fields of view

n = the amount of water sample (ml) passed through each filter (Kobayashi et al., 2016).

To determine the impact of the lakes’ physicochemical parameters on the MOB populations, Spearman rank correlation using R studio software was applied. While the comparison of the MOB communities within the three maar lakes was done using T-Test and Kruskal-Wallis analysis of variance using R studio.




Results


Lake physicochemical profiles

Lakes Yambo, Pandin, and Calibato exhibited average water temperatures (WT) of 26.28 ± 0.55°C, 25.44 ± 0.64°C, and 25.45 ± 0.34°C in SW August 2018 (Figure 2A and Supplementary Table 1). In NE February 2019, the three lakes experienced colder WTs than the SW (Figure 2B and Supplementary Table 1). The DO conditions were based on the standards of oxygenic levels used by Liu et al., 2019 and Aguilar et al., 2023, where the freshwater oxic is >4.0 mg/L, hypoxic is 2.0–4.0 mg/L, and anoxic is <2.0 mg/L. Lakes Yambo (0–20 m), Pandin (0–5 m), and Calibato (0–5 m) had oxic epilimnion layers with DO concentrations ranging from 3.19 to 8.52 mg/L during SW (Figure 2A and Supplementary Table 1). Their deeper layers were anoxic (0.00–1.83 mg/L). While DO concentrations from surface to deeper layers remained hypoxic to oxic throughout Lake Yambo (3.44–2.37 mg L–1), shallower epilimnion layers started to become anoxic in the metalimnion until near-bottom (0.40–0.07 mg L–1) in Lake Pandin and (0.49–0.05 mg L–1) Calibato in the NE (Figure 2B and Supplementary Table 1). However, near-bottom DO concentrations in Lake Calibato were anoxic and nearly undetectable (<0.05 mg L–1) (Figure 2B and Supplementary Table 1). The pH in all three lakes ranged from acidic to neutral (0.09–7.00) on SW (August 2018), while neutral to slightly alkaline (6.99 to 8.41) on NE (February 2019) (Figures 2A, B and Supplementary Table 1). CH4 concentrations were lowest (0.29–1.07 μmol L–1) in the surface depths (0 m) of all three lakes during stratification (SW) and increased with depth (Figure 2A). In contrast, CH4 concentrations were depleted (0.13–0.26 μmol L–1) in the 0–30 m of Lake Yambo during the NE, while the near-bottom depth (35 m) had a low concentration (28.17 μmol L–1) compared to the SW (378.44 μmol L–1). The deeper layers of Lakes Pandin and Calibato had higher CH4 concentrations in the NE than the SW. Despite being shallower (Pandin 62 m max, Calibato 131 m max; Table 1), Lake Pandin had greater CH4 concentrations (Figure 2B and Supplementary Table 1) than Calibato. During the NE, CH4 concentrations increased with depth in all three lakes, with the highest concentrations in near- bottom layers (Figure 2B and Supplementary Table 1).
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FIGURE 2
MOB abundances and vertical profiles of temperature, dissolved oxygen (DO), pH, and CH4 concentrations during the months of August 2018 (A) and February 2019 (B) of Lakes Yambo (Y), Pandin (P), and Calibato (C).


In 2022, Lake Yambo continued to be monitored for its MOB community profiles. Lake Yambo’s WT average in the stratified months (April and May) were 26.33 ± 0.60°C and 26.85 ± 0.82°C, respectively (Figures 3A, B and Supplementary Table 1). In the NE mixed period (November and December), where stratification was weak, WT averaged 26.59 ± 0.39°C and 26.85 ± 0.82°C (Figures 3C, D and Supplementary Table 1). During the SW (April and May), Lake Yambo’s DO concentrations were still high (6.69–5.20 mg L–1) in the epilimnion (0–5 m) but became lower (0.60–1.63 mg L–1) from the metalimnion to the hypolimnion (15–32 m) (Figures 3A, B and Supplementary Table 1). Lake Yambo in the NE has oxic epilimnion and metalimnion (0–20 m; 6.56–2.28 mg L–1) and hypoxic hypolimnion (25–32 m; 1.28–0.91 mg L–1) (Figures 3C, D and Supplementary Table 1). The pH in SW (April and May) was basic (9.16–8.89) in the epilimnion (0–5 m) while neutral to slightly basic (7.68–7.13) in the metalimnion to hypolimnion (Figures 3A, B and Supplementary Table 1). In NE, neutral pH values were observed from 7.24 to 6.96 and 7.04 to 7.08 (Figures 3C, D and Supplementary Table 1). In the SW (April and May), the epilimnion (0–5 m) had 0.17–0.19 and 0.14–0.18 RFU, the middle layers (15–30 m) had −0.07 to −0.05 and −0.5 to −0.02 RFU, and the hypolimnion (32 m) had 0.42 RFU (Figures 3A, B and Supplementary Table 1). As the depth increased in the NE, Chl a concentrations increased from 0.30 to 0.32 RFU (November) and then decreased from 0.64 to 0.44 RFU in December (Figures 3C, D and Supplementary Table 1).
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FIGURE 3
MOB abundances and Vertical depth profiles of temperature, dissolved oxygen (DO), pH, and chlorophyll concentrations during the months of May (A), April (B), November (C), and December (D) 2022 in Lake Yambo.




CARD-FISH MOB abundance analysis

During the SW stratification (August 2018), CARD-FISH results in Lake Yambo showed the highest abundances of type I MOB in the epilimnion (15 m) with 45.46 × 105 cells ml–1, type II in the same 15 m depth with 6.14 x105 cells ml–1, and NC10 in the metalimnion (25 m) with 3.68 × 105 cells ml–1. The sum of all three MOBs were the highest in the metalimnion (15–20 m) depths of Lake Yambo with 52.41 × 105 cells ml–1 and 24.03 × 105 cells ml–1, respectively (Figure 2A and Supplementary Table 2). In Lake Pandin, type I MOB was observed with the highest abundances in the deeper depths (40 m) (10.80 × 105 cells ml–1), type II was present at all depths, with the highest concentrations at the surface (0 m) (21.93 × 105 cells ml–1), and NC10 had its highest abundance at the surface (0 m) (9.82 × 105 cells ml–1), and decreasing with depth. The sum of all three MOBs was at the maximum abundances at the surface (0 m) (40.55 × 105 cells ml–1) and high at 40–50 m depths (16.00 × 105 cells ml–1and 23.96 × 105 cells ml–1) of Lake Pandin (Figure 2A and Supplementary Table 2). In the entire water column of Lake Calibato, all three MOB types were also found, but type I had relatively low abundances of about 1.89 × 105 cells ml–1 to 4.31 × 105 cells ml–1 in the epilimnion (0 to 15 m) and increased in number as the depth increased, with its highest abundance recorded at 100–125 m (4.07 × 105 cells ml–1); type II had the highest abundance at 40 m (6.56 × 105 cells ml–1) while NC10 had its highest abundance at 100 m (6.17 × 105 cells ml–1) (Figure 2A and Supplementary Table 2). The sum of all three MOB types were high at 40 m (11.40 × 105 cells ml–1) and 100 m (16.73 × 105 cells ml–1) (Figure 2A and Supplementary Table 2). On the other hand, sampling depths for all three lakes were lessened during the NE mixing period (February 2019). Lake Yambo had all three MOBs during the NE, with highest abundance of type I at 35 m (4.10 × 105 cells ml–1), type II at 5 m (3.51 × 105 cells ml–1), and NC10 at 25 m (2.00 × 105 cells ml–1) (Figure 2B and Supplementary Table 2). Lake Pandin also had substantial concentrations of all three MOBs in the water column: type I at 15 m (2.60 × 105 cells ml–1), type II at 5 m (9.09 × 105 cells ml–1), and NC10 at 5 m (2.42 × 105 cells ml–1). Lake Calibato had high abundances at 40 m (8.49 × 105 cells ml–1) for type I, 5 m (5.93 × 105 cells ml–1) for type II and 5 and 80 m (2.28 × 105 cells ml–1) for NC10 (Figure 2B and Supplementary Table 2).

The presence of all three MOB types (Type I - Figure 4A, Type II - Figure 4C, and NC10 - Figure 4E) was observed in Lake Yambo for the 2022 monitoring, which was also supported by the total bacterial counts using DAPI (Figures 4B, D, E). During the SW (April and May) highest abundance of type I was observed at the metalimnion (20 m) with 3.16 × 105 cells ml–1 and (15 m) (6.17 × 105 cells ml–1) type II showed highest concentrations in the hypolimnion (30 m) with about 5.82 × 105 cells ml–1 and 6.17 × 105 cells ml–1; while NC10 had the highest abundance at the metalimnion depth (20 m) with 2.74 × 105 cells ml–1 and (25 m) (4.67 × 105 cells ml–1) (Figures 3A, B and Supplementary Table 2). Still, the highest abundances of MOB types are found in the metalimnion layer of Lake Yambo during the stratified period (April and May 2022) similar to the August 2018 data. During NE of November and December (2022) in Lake Yambo, the highest abundances of type I were observed at the hypolimnion layer (32 m) (2.35 × 105 cells ml–1 and 2.53 × 105 cells ml–1), type II at epilimnion (5 m) (4.63 × 105 cells ml–1 and 3.75 × 105 cells ml–1) and NC10 at the epilimnion (5 m) (9.40 × 105 cells ml–1 and 6.42 × 105 cells ml–1) (Figures 3C, D and Supplementary Table 2).
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FIGURE 4
CARD-FISH Fluorescence images of the MOBs detected in Lake Yambo 2022. (A) Type I using Mγ705 probes labeled with Alexa Fluor™ 488 NHS Ester observed under FITC filter (green); (B) Type I using Mγ705 probes labeled with Alexa Fluor™ 488 NHS Ester observed under DAPI filter (blue); (C) Type II using Mα450 probes labeled with Alexa Fluor™ 488 NHS Ester observed under FITC filter (green); (D) Type II using Mα450 probes labeled with Alexa Fluor™ 488 NHS Ester observed under DAPI filter (blue); (E) NC10 using DBACT-1027 probes labeled with Alexa Fluor™ 488 NHS Ester observed under FITC filter (green); (F) NC10 using DBACT-1027 probes labeled with Alexa Fluor™ 488 NHS Ester observed under DAPI filter (blue). Scale bars represent 3 μm. Note: FITC - Fluorescein isothiocyanate filter (green) and DAPI - - 4’,6-diamidino-2-phenylindole filter (blue).




16S rRNA gene metabarcoding and bacterial diversity analysis

In NE mixing of 2019, a total of 5,313 OTUs were obtained from the ≥6,000 reads per depth of the 16S rRNA gene dataset. Generally, the water column of the three lakes was mainly dominated by the following phyla: Actinobacteriota, Bacteroidota, Patescibacteria, Verrucomicrobiota, Chloroflexi, Desulfobacteriota, and several groups of Proteobacteria (Alpha- and Pesudomonadales) (Figure 5). Groups such as Cyanobacteria and Planctomycetes dominated the epilimnion (5 m) depths of the three lakes, while those from the phylum Halobacterota dominated the deeper depths of lakes Pandin (40 and 60 m) and Calibato (125 m) (Figure 5). In 2022, the 16S rRNA gene analyses in Lake Yambo for the seven (7) depths resulted in around 597,000 total paired reads. A similar trend from 2019 was observed in the epilimnion (5 m) depth of this lake for 2022 wherein Cyanobacteria, Planctomycetes, Actinobacteria, and Bacteroidota were the dominant groups (Figure 6). At the metalimnion layer (20–25 m), Cyanobacteria, Chloroflexi, Plactomycetes, and Chlorobiota were common. Whereas in the deepest depths (30–32 m), Firmicutes, Chloroflexi, Planctomycetes, and Cyanobacteria were the most common groups. Verrucomicrobia were also detected in these depths albeit with a lower frequency.
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FIGURE 5
Taxonomic classification of the microbial communities in the Philippine maar lakes integrated from 16S rRNA Illumina analysis (2019). The y-axis represents the initial of each lake (C- Calibato, P- Pandin, and Y- Yambo) with the corresponding depths sampled.
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FIGURE 6
Phylum-level classification of the microbial communities in Lake Yambo during the SW stratification (September) and NE mixing (November and December) 2022 integrated from 16S rRNA analysis. The y-axis represents the sampling depths and months with the corresponding fractions of the identified species (x-axis).


Generally, different groups of Proteobacteria (Alpha-, Beta-, Gamma-, and Delta-) were also present in all the months sampled for all depths (Figure 6). The relative frequency of the Alpha- and Beta- Proteobacteria was higher in the upper depths (5–20 m), while Gammaproteobacteria showed higher frequencies in the 20–32 m depths, especially during NE mixing (November and December) (Figure 6).

The 16S rRNA gene dataset was further analyzed to enumerate which CH4-oxidizing (MO) organisms were present in the three lakes during NE mixing of 2019. Generally, the MOBs seen in almost all depths of the three lakes include the type I MOB families (and genera enclosed in parentheses) such as Methylococcaceae (Methyloparacoccus, Methylogaea, Methylocaldum, and uncharacterized genera) and Methylomonadaceae (Methyloglobulus, Methylomonas, and Methylovulum) (Figure 7). Other MOB families, such as Methylomirabilaceae from Methylomirabilota phylum (previously NC10 phylum; Bowman, 2014; Zhu et al., 2022; Figure 7 and Supplementary Table 5), with uncultured genera (Sh765B-TzT-35 to Sh765B-TzT-38) were also seen even in the oxic depth (25 m) of lake Yambo, and deeper depths of lakes Pandin (15, 40, and 60 m) and Calibato (80 and 125 m). Uncharacterized MOBs from the Methylacidiphilaceae family of the Verrucomicrobiota phylum were mostly dominant in the epilimnion depths (5 m) of the three lakes, albeit generally present in other depths of the three lakes as well (Supplementary Table 5). Archaeal ANME-1a from the Halobacterota phylum was also seen in the deeper layers of lakes Pandin (15 and 40 m) and Calibato (40, 80, and 125 m) (Figure 7 and Supplementary Table 5). MOB in Lake Yambo year 2022, composed of Proteobacterial type I families Methylococcaceae (Methylomonas and Methylocaldum) which is the same genera identified in 2019, and type II Methylocystaceae (Methylosinus), which was not observed in the dataset from 2019. This MOB was mainly found in the bottom depths (20 and 30 m) of Lake Yambo during the SW stratification (September) but was noted to be lesser in number during the NE transition (November) and mixing (December) (Figure 8). Presence of Proteobacterial methylotroph families or those capable of utilizing methyl-compounds like Methylobacteriaceae (Methylobacterium and an uncharacterized genus) and Methylophilaceae (uncharacterized genera) (Figure 8 and Supplementary Table 8) was also observed. Other MOB families like Methylomirabilaceae, Methylacidiphilaceae, and ANME-1a were not seen in any of the months sampled in 2022 for Lake Yambo. Families and genera such as Methanobacteriaceae (Methanobacterium), Methanoregulaceae (Methanoregula and Methanolinea), Methanocellales, Methanomassiliicoccaceae, Methanosaetaceae (Methanosaeta), and Methanospirillaceae (Methanospirillum) were detected in the three lakes during NE 2019 (Figure 7). Almost all of the species of these methanogens were uncharacterized in nature with respect to the polyphasic approach, and their presence was still noted even in the oxic depths (25 and 35 m) of Lake Yambo, while their highest fractions were seen in the deepest depths of lakes Pandin and Calibato (Figure 7 and Supplementary Table 5). In 2022 SW stratification (September), the presence of Methanobacterium, Methanosaeta, and ambiguous taxa of Methanomassiliicoccaceae was apparent in the 30 m depth of Lake Yambo, while their presence was also observed in the NE mixing (November and December) albeit in small abundances even in the oxic depths (5 m) as well as the other depths sampled for this lake (Figure 8 and Supplementary Table 8).
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FIGURE 7
Family-level classification of MOB (colorful) and methanogens (grayscale) in Philippine maar lakes in the year 2019 integrated from 16S rRNA analysis. The y-axis represents the sampling sites (C-Calibato, P-Pandin, and Y-Yambo) with the corresponding depths sampled.
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FIGURE 8
Family-level classification of the MOB (colorful) and methanogenic (grayscale) communities in Lake Yambo during the SW stratification (September) and NE mixing (November and December) 2022 integrated from 16S rRNA. The x-axis represents the corresponding number of sequencing reads and the y-axis represents the sampling months and depths.


On the other hand, the microbial diversity in Lake Yambo was also assessed as the monitoring continued in 2022. As depicted in Supplementary Figure 1A, the Shannon index showed that the stratified month of September (∼7.5) has higher bacterial diversity richness than the mixing months of November (∼ 6.8) and December (∼ 6.5). Pielou’s evenness (Supplementary Figure 1B) in stratified conditions (September) (a median value of about 0.92) is higher than in mixed conditions (December) of about 0.81 Pielou index value (median). However, the November samples could not show the variation in species diversity and richness because it only has one sampling depth. The Pielou’s evenness by depth showed that 5 m samples (∼0.87 median Pielou index) have a relatively high proportion of bacterial species present compared to 20 and 30 m (∼0.84 - 0.85 median Pielou index). Although bacterial communities in 30 m have lower counts of species than in 5 m, the median is in the exact center of the 30 m-box plot, indicating that species are evenly distributed at this particular depth in Lake Yambo based on the 16S rRNA analysis.

Principal Coordinate Analysis (PCoA) based on Bray Curtis dissimilarity metrics (Figure 9) revealed that the metalimnion to hypolimnion layers (20–32 m) of September and December, as well as the epilimnion layer (5 m) of both months, exhibited close distances or similarities in their community composition. It is noted that the November metalimnion (20 m) has a different bacterial community composition because it was the transition month of Lake Yambo showing a weakly stratified vertical column (Figures 3C, 9).
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FIGURE 9
Principal component analysis (PCA) diagram using Bray-Curtis reflecting distances on the microbial OTU abundance between selected months and depths in Lake Yambo (2022).




Phylogenetic analyses of pmoA gene clones

A total of 598 sequences of the pmoA genes from the different depths of the three lakes constructed using primer combinations A189f/621r and A189f/650r were obtained. These sequences were grouped into 16 distinct OTUs, eight of which belonged to the type I MOB clade while the remaining eight belonged to the type II MOB lineage. Without the exclusion of uncultured MOBs using the mega blast search, OTUs from the Philippine maar lakes were highly identical (≥93%) to uncultured MOBs obtained from other terrestrial and aquatic environments (Supplementary Table 7). Phylogenetic analyses of the maximum-likelihood trees support their close relativity (≥65 bootstrap percent) with these uncultured MOBs. The largest total sequences and OTUs in the three lakes appear to be closely related to sequences from the type Ib genera Methyloparacoccus, Methylococcus, Methylogaea, and Methylococcaceae bacterium, while only OTU 6 belonged to the type Ia Methylomonas-like genera (Figure 10, Supplementary Figures 2–4, and Supplementary Table 7). On the other hand, the type II OTUs from the maar lakes appear to be closely related to the Methylocystis-like genera (Figure 11, Supplementary Figures 2–4, and Supplementary Table 7). Some of the OTUs for type I MOB (OTU 6 and OTU 11) and type II (OTU 9 and OTU 14) have no immediate close relation with the other uncultured and cultured MOBs (Figures 10, 11), probably representing novel groups of MOBs within the type I Methylomonas, Methylococcaceae bacterium, and type II Methylocystis lineage (Figures 10, 11, Supplementary Figures 2–4, and Supplementary Table 7).
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FIGURE 10
Maximum-likelihood tree of type I pmoA sequences constructed using 1000 bootstrap replicates. OTUs represent the sequences obtained from the three maar lakes of the Philippines. Numbers written in between the node branches represent bootstrap values (≥50). Numbers inside the parenthesis indicate the total sequences obtained in each primer set (blue – primers A189f/621r; red- primers A189f/650r).
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FIGURE 11
Maximum-likelihood tree of type II pmoA sequences constructed using 1000 bootstrap replicates. OTUs represent the sequences obtained from the three maar lakes of the Philippines. Numbers written in between the node branches represent bootstrap values (≥50). Numbers inside the parenthesis indicate the total sequences obtained in each primer set (blue – primers A189f/621r; red- primers A189f/650r).




Correlation analysis of physicochemical parameters and MOB communities

Spearman’s rank correlation showed that temperature and pH were substantially associated with type I MOB abundance from CARD-FISH data in Lake Calibato during SW stratification (August 2018) with coefficients (p-values) of −0.87 (0.0048) and −0.85 (0.0075), respectively (Supplementary Table 3). Physicochemical parameters and the three types of MOBs were not correlated in the NE (February 2019). In the SW (May 2022), temperature, DO, and pH were substantially associated with NC10 abundances from CARD-FISH data in Lake Yambo with coefficients (p-values) of −0.85 (0.0162), −0.83 (0.0212), and −0.85 (Supplementary Table 3). Likewise, all physicochemical variables and the three MOB types did not correlate in NE (November and December 2022) (Supplementary Table 3).

Moreover, the t-test showed that type I MOB populations were significantly different within the three maar lakes with respect to the month (August 2018 and February 2019), p-value = 0.04198 (Supplementary Table 4). The Kruskal-Wallis Test for Lake Yambo demonstrated that type I MOB differs also by month in 2018–2019 and 2022, p-value = 0.04285 (Supplementary Table 4). Nonetheless, type II MOB and NC10 populations have no significant difference in both the depths and months among the three maar lakes studied, thereby connoting that the population medians for the said MOB group are equal.




Discussion


MOB communities and comparison with other regions in the world

Temperate lakes worldwide were studied for their MOB (Methanotrophic Bacteria) community organization. In Lake Mizugaki, Japan, type I MOBs, particularly Methylobacter, dominated the stratified water column, while in oligotrophic Lake Constance, Germany, they outnumbered type II (Kojima et al., 2009; Oswald et al., 2015). Similarly, three maar lakes investigated showed prevalent type I and II MOBs throughout the water column. Specifically, Gammaproteobacterial type I MOB of the Methylococcaceae family (Methyloparacoccus, Methylogaea, Methylocaldum, and uncultured Methylococcaceae bacterium) and Methylomonadaceae family (Methyloglobulus, Methylomonas, and Methylovulum) were dominant in all three maar lakes (Figures 7, 8 and Supplementary Tables 5, 7, 8).

Anoxic environments favored type I Methylobacter clones (Blees et al., 2014). In the eutrophic sub-alpine monomictic Lake Rotsee, type I Methylomonas were the most active MOBs oxidizing CH4. Type I MOB oxidized CH4 in oxygen-depleted Lake Cadagno (Dumestre et al., 2002; Milucka et al., 2015). These studies show that type I MOB Methylobacter oxidizes CH4 in both oxic and anoxic temperate lakes, with NC10 as the major oxidizer. Subtropical MOB community assemblage study focused on reservoirs. 16S rRNA gene cloning and CARD-FISH found many genera of type I MOB, type II (Methylocystis), and NC10 Ca. Methylomirabilis oxyfera in Fei Tsui Reservoir (Taiwan) (Kojima et al., 2014). The novel type Ia MOBs from maar lakes were closely linked to uncultured Methylomonas from Fei-Tsui Reservoir in Taiwan (Figure 10, Supplementary Figures 2–4, and Supplementary Table 7), along with NC10 Ca. Methylomirabilis oxyfera in its anoxic stratum. Kobayashi et al. (2016) found type II MOB in all depths and type I and NC10 in oxygen-depleted waters in the reservoir’s vertical distribution and seasonal profile. Type II Methylocystis-like MOBs from freshwater reservoirs in India, organic-rich sediment in Congo lobe Africa, eutrophic lakes in China, and Malaysian disused tin-mining ponds were similar to those in the sampled lakes (Figure 11, Supplementary Figures 2–4, and Supplementary Tables 7, 8; Roland et al., 2018).

In 2022, 16S rRNA gene metabarcoding using the same primer revealed type II MOB from the Methylocystaceae family (especially Methylosinus) in Lake Yambo (Figure 8 and Supplementary Table 8), verified by CARD-FISH (Figures 3, 4 and Supplementary Table 2). Alphaproteobacteria were discovered at varied depths, but their sequencing provided uncultured or methylotrophic species (i.e., those utilizing single-carbon compounds such as Methylobacterium, Methylophilaceae) (Figures 6, 8 and Supplementary Table 8). Methylobacterium was reported to use CH4 by Van Aken et al. (2004), but recent experiments by Iguchi et al. (2014) and Green and Ardley (2018) showed that the whole genus does not use CH4 and does not contain the enzyme for CH4 oxidation (pMMO), suggesting that it is not a MOB. The absence of the Methylocystaceae type II family from the 2019 Illumina 16S rRNA gene study may be due to the low detection of this taxon using the 16S primers and without incorporating other conserved variable regions that distinguish higher-ranking taxa. Tu et al. (2017) and Lin et al. (2018) detected Alphaproteobacteria but not Methylocystaceae using the same 16S rRNA primer set.

This research conferred on details regarding the diversity and ecological behavior of poorly studied MOBs in Philippine maar lakes, emphasizing their importance in reducing greenhouse gas emissions and regulating carbon cycling in aquatic environments. Moreover, methanogens in the deeper water column of the three maar lakes suggest CH4 generation is not limited to silt with high CH4 concentrations. Furthermore, studies found various microbial consortia in aquatic environments (Vuillemin et al., 2017), but none explored the tropical maar lake MOB community structure.



Driving factors of diversity for CH4-oxidizing organisms in tropical monsoon Asia

Currently, the primary drivers for MOB community proliferation are not yet clearly established, but since the process of methanogenesis is dependent on factors such as temperature, available vegetation, nutrients, and organic material present (Marinho et al., 2009; Chang et al., 2010), these could also be the factors affecting MOB growth in these habitats as they directly increase CH4 production (Borjesson et al., 2004; Singh, 2013; Yvon-Duroucher et al., 2014; Zigah et al., 2015; Rybak et al., 2018). Temperature and pH have a significant and negative relationship with type I MOB during the SW stratification (August 2018) in Lake Calibato (Supplementary Table 3). In the SW stratification (May 2022), NC10 was observed to have a significant and negative correlation with temperature, DO, and pH. In previous studies, methanotrophic activity associated with types I and II metabolisms was found to be connected with temperature ranges (Trotsenko and Murrell, 2008; Roldán et al., 2022) where type I MOB is prevalent at psychrophilic temperatures (0–10 °C), while type II MOB are most prevalent at mesophilic temperatures (20–45°C) (Urmann et al., 2009; Graef et al., 2011; Roldán et al., 2022).

Correlation analyses conducted in 2022 for Lake Yambo showed that none of the parameters had a significant relationship with both Proteobacterial MOBs during the SW and NE monsoons.

Thermal stratification can cause anoxia to form in the bottom waters, allowing significant quantities of CH4 to accumulate (Schubert et al., 2012). During this phase, the highest MOB activity is found at the base of the oxycline, where the CH4 and DO counter gradients meet (Bastviken et al., 2002; Sundh et al., 2005; Bastviken and Cole, 2008; Borrel et al., 2011). As stratification progresses, these CH4-oxidation zones migrate within the water column (Carini et al., 2005; Guggenheim et al., 2020; Saarela et al., 2020). Similar to the 2018–2019 findings, MOB abundance is low during the mixing period because of the overturn and lower CH4 concentrations available in the water column as it is advected into the atmosphere (Costello et al., 2002; Lambrecht et al., 2019). Additionally, weak stratification and breaking of the thermocline (De Leon et al., 2024) during NE (November and December) 2022 could possibly have contributed to the insignificant correlation of all three MOB types.

Thus, MOB community composition and dominance vary during the mixing and transition seasons due to fluctuating nutrient availability and metabolic budgets (Kaupper et al., 2021; Merino-Ibarra et al., 2021). In the three maar lakes sampled, type I MOB was found to be abundant in the oxic-anoxic regions which could be due to high-affinity cytochromes (e.g., cytochrome-bd-ubiquinol- oxidoreductase) that assist CH4 oxidation under low DO concentrations (nM range) (Smith and Wrighton, 2019). Type II MOB, on the other hand, was mostly found in the oxic epilimnion (Supplementary Table 2) during lake overturn.

The 16S rRNA results for 2019 coincided with Naqvi et al. (2018) study, wherein Verrucomicrobial Methylacidiphilales (referred to as type III in their study) were dominant in the oxic upper depths of Indian dam reservoirs. Given the average temperature (25.42°C) and pH (6.73) in the three Philippine lakes sampled, which are not within the range of their optimal growth from studies (35–44°C and ph < 2.5) (Bodrossy et al., 1997; Dunfield et al., 2007; Pol et al., 2007; Van Teeseling et al., 2014), the Methylacidiphilaceae were still seen in all the depths of the lakes (Figure 7 and Supplementary Table 5). Methylacidiphilaceae also has a high affinity for hydrogen gas (H2), which allows them to thrive in hostile volcanic environments (Mohammadi et al., 2019). Culture experiments by Gagliano et al. (2014) from volcanic geothermal soils in Italy showed uncharacterized Verrucomicrobial MOB having the same pH and temperature as the three maar lakes. Since the lakes in this study formed from the phreatic eruption of a nearby volcano, the MOB communities present could be more similar to those MOBs found in geothermal environments, albeit novel due to their non-classification into certain genera of the Methylacidiphilaceae family. Interestingly, three distinct groups of the archaeal ANME-1a were also present in the hypoxic-and anoxic depths of lakes Pandin and Calibato (Figure 7 and Supplementary Table 5), supporting the notion that not only Proteobacterial MOBs are the active MO organisms in lake ecosystems (Eller et al., 2005). These groups are frequently found in a syntrophic relationship with sulfate-reducing bacteria (Boetius et al., 2000; Orphan et al., 2001; Michaelis et al., 2002). Despite being sensitive to DO fluxes (Knittel et al., 2005) and having low affinity for CH4 concentrations (Blumenberg et al., 2004), ANME-1a was still seen in the two-deep lakes in this study. Lastly, MOB from the phylum Methylomirabilota (NC10) were both detected in the three lakes using CARD-FISH and 16S rRNA gene metabarcoding. This phylum is known to associate denitrification with anaerobic methanotrophy (Deutzmann and Schink, 2011; He et al., 2016; Graf et al., 2018). Its unique ability to oxidize CH4 directly from nitrite reduction allowed its proliferation in anoxic conditions in freshwater sediments (Raghoebarsing et al., 2006; Ettwig et al., 2009; Shen et al., 2012). Even though Methylomirabilis sp. shares metabolic characteristics with proteobacterial MOBs, it belongs to the novel phylum NC10 which mediates the anaerobic oxidation of CH4 (AOM) (Holmes et al., 2001; Rappé and Giovannoni, 2003; Van Grinsven et al., 2021). CARD- FISH conducted in this study confirmed the presence of NC10 in all the layers but with the highest quantities in the deeper depths, especially during SW stratification (Figures 2A, 3A, B). In previous studies, Methylomirabilota or NC10 in some studies were noted to be sensitive to DO fluxes, in which an increase of at least 2–8% in oxygen reduced the rate of conversion by Methylomirabilota for CH4 and nitrite (Luesken et al., 2012), while its exposure to increased DO levels showed oxidative stress despite its oxygenic capacity (Luesken et al., 2012). Correlation analysis in this study showed that the Methylomirabilota MOB were significantly and inversely influenced by temperature, DO, and pH during the SW stratification of 2022 (Supplementary Table 3), which supports the established ranges from studies showing that Methylomirabilota proliferates in environments with pH 5-9 (Zhu et al., 2015; Welte et al., 2016). Since the anaerobic oxidation processes happen in most acidic environments, Methylomirabilota phylum also favors low pH conditions, as seen in the study, avoiding the increasing pH in the upper depths of the lakes (Figures 2, 3 and Supplementary Table 1).

The identified MOB species of the stratified month (September 2022) were observed to be more distinct and have higher sequence reads than the mixed month (December 2022) (Figure 8 and Supplementary Table 8). The frequency of methanogenic communities in Lake Yambo is also declining with the shift to the NE monsoon (Figure 8). Another probable reason for the decline in MOBs in Lake Yambo during the NE monsoon is that there is higher CH4 emitted to the atmosphere due to the lake’s complete mixing, thereby limiting the supply of carbon for MOBs’ growth and proliferation in the vertical water column (Mendoza et al., 2019; Mendoza-Pascual et al., 2021). Moreover, the three maar lakes assessed in this study for MOB community composition showed that type I MOB is significantly affected by seasons (Supplementary Table 4). The comparison of 2018–2019 and 2022 MOB in Lake Yambo also showed that type I MOB abundance responds to changing periods. Based on the analysis, Type I abundance changed over time (Kruskal-Wallis, p = 0.04285) and this may be due to the changes induced by different monsoons in the Philippines (Supplementary Table 4). Type II methanotrophs are adapted to oligotrophic and fluctuating environments, but their growth rates are low in these conditions, making them K-selected organisms (Shiau et al., 2020). While Type I MOBs are frequently regarded as r-selected species due to their high proliferation rates but poor ability to survive in adverse environments (Ho et al., 2012; Shiau et al., 2020).



Microbial assemblages in the three maar lakes

The seasonal variability of tropical freshwater environments also influences the diversity of bacterial communities. Results of the PCoA analysis by Bray-Curtis dissimilarity metrics in Lake Yambo showed that bacterial community compositions were different during the transition of the prevailing wind to the NE monsoon (November) than those in September and December. In terms of bacterial species distribution and richness, however, SW stratification (September) showed higher phylogenetic variations than December mixed month (Supplementary Figures 1B, C). Microbial communities are homogeneous under mixing conditions due to the physicochemical characteristics of the water body; however, stratification reveals distinct community patterns between the nutrient-poor, warmer epilimnion, and the nutrient-rich, predominantly anoxic hypolimnion (Lee et al., 2015; Ozbayram et al., 2022).

The Illumina 16S rRNA gene metabarcoding revealed the presence of bacterial and archaeal phyla in the water column. Common freshwater bacterial phyla are also found in the studied maar lakes, where most bacteria in the epilimnion are Actinobacteria, Cyanobacteria, Bacteroidetes, three classes of Proteobacteria, and Verrucomicrobia) while Firmicutes, Bacteroidetes, and Proteobacteria predominate in the hypolimnion (Figures 5, 6) (Newton et al., 2011). The continued monitoring of Lake Yambo in 2022 has shown that the diversity of bacterial communities varies depending on the depth and month (Figure 9). In fact, Shannon diversity indices (H’) measured in 2022 ranged from 6 to 7.5 which means there is a high bacterial diversity in Lake Yambo that is rarely achieved (Ortiz-Burgos, 2016; Bobbitt, 2022). Epilimnion (5 m) depths in both September and December (2022) also have similar diverse bacterial taxa identified (PCoA, Pielou’s evenness) (Figure 9 and Supplementary Figure 1B). The lake’s upper depths were characterized by relatively warm water, where the majority of photosynthesis occurs. The phylum Cyanobacteria was more abundant in the epilimnion depths (5 m) of the three lakes and in most tropical lakes, as their physiological processes require sunlight and oxic DO levels (Madigan et al., 2008). Actinobacteria are also common in any lake of varying trophic status with their abundance inversely correlated to DO concentrations and directly correlated to nutrient availability (Allgaier et al., 2007; Wu et al., 2007; Humbert et al., 2009). The same case in the maar lakes applies wherein Actinobacteria were most abundant in the epilimnion (Figures 5, 6), as these were the depths wherein DO concentrations were adamant and CH4 concentrations were relatively lower compared to the deeper layers of the lake (Supplementary Table 1). This is shown by the beta diversity analysis (Supplementary Figure 1D) wherein the bacterial communities in the hypolimnion layer (30–32 m) of Lake Yambo are highly dissimilar to that of the epilimnion (5 m). It is also because the epilimnion is often referred to as the trophogenic zone of lentic systems, where mixing and photosynthesis exceed respiration, whereas the hypolimnion is known as the tropholytic zone, where organic materials are synthesized and mineralized by specific bacterial species (Brusseau et al., 2019). Moreover, the occurrence of the phylum Bacteroidota was seen in nearly all the depths of the lakes, with a more dispersed and higher distribution in Lake Pandin (Figure 5). This bacterial phylum was usually found in sites from other studies wherein dissolved organic carbon and algal-derived carbon input are high (Eiler and Bertilsson, 2004, Kolmonen et al., 2004). Several members of this phylum were found to be active degraders of chitinous and plant-based materials (Tu et al., 2017). Thus, CH4 may potentially be higher in the lake’s deepest layer during the SW (April and May) due to sediment productivity. The phylum Proteobacteria, on the other hand, were common members of bacterial communities in oceans and freshwater habitats, mainly because the bacteria in this phylum have different nutrient preferences (i.e., nitrogen and phosphorous) (Newton et al., 2011). The predominance of Alphaproteobacteria (type II) in oligotrophic and acidic humic-rich environments has been reported (Heyer et al., 2002; Hutalle-Schmelzer et al., 2010).

The abundance of the phylum Verrucomicrobia was also seen to be relatively abundant in north- temperate lakes and two shallow lakes with tropical origins (Avila et al., 2017; Chiang et al., 2018). These were also generally found in various depths of the lakes as these bacteria have various metabolic strategies and some members of this phylum are mostly seen in environments with high nutrient content (Haukka et al., 2006; Liesack et al., 2007De Wever et al., 2008). Like proteobacterial MOB groups, Verrucomicrobial MOBs are believed to play a crucial role in CH4-oxidation in extreme environments where they were first discovered (i.e., geothermal and volcanic environments) (Islam et al., 2008; Schmitz et al., 2021).




Conclusion and future directions

This study showed the presence of three MOB types (I, II, and NC10), and other CH4-oxidizing microorganisms from the verrucomicrobia phylum (Methylacidiphilaceae), and archaeal ANME- 1 phylum using several molecular methods in the water column of the three maar lakes.

Community compositions in Lake Yambo were found to be varied with seasonal changes and more distinct during SW stratification through analyses of microbial diversity and distribution. Physicochemical factors such as temperature and pH were significantly correlated with type I MOB, while temperature, DO, and pH were significantly correlated with NC10 during the stratification months of August 2018 and May 2022, respectively. Investigation of the entire microbial diversity of MOBs will require the combination of molecular methodologies such as enrichment cultures, nitrate mineral salts (NMS), CARD-FISH, gene sequencing (16S analysis and pmoA gene analysis), PLFA biomarkers, stable isotope probing, and mRNA-based analyses, as supplemented by various studies from other latitudinal regions. In future studies, CH4-oxidation rates (using the 3H-CH4 tracer technique) by these MOBs and other CH4-oxidizers should also be considered to fully understand their roles in mitigating CH4 emissions from tropical deep-waters with CH4-rich and anoxic water columns. Consequently, CH4 production by methanogens and their diversity in tropical lakes should be further investigated using a variety of primer combinations in order to completely understand how CH4 dynamics result from the interaction of these species and possibly with other coexisting species. Other physicochemical (i.e., nitrogen and ammonium) and weather parameters should also be considered as drivers of MOB proliferation to gain a more concrete understanding of their roles in CH4-oxidation. The very existence of MOBs and the variation in their abundances in the selected Philippine maar lakes show the potential ability of natural ecosystems to minimize the CH4 atmospheric emissions, hence aiding in the mitigation of global warming.
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