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Materials and Methods Supplementary Information 
Measurement of Ions and Organic Acids 

Water was collected and stored at -4ºC for ion (Ca2+, NH4+, Mg2+, Cl-, SO42-, NO2-, NO3-, 
HCO3-, and HPO4-) and organic acid (formate, acetate, propionate, pyruvate, and lactate) analyses 
using ion chromatography (Shodex Ion Chromatogram SI-90G, Japan) with an IC-C4 Shim-pack 
column (150 mm length, 4.6 mm ID, carboxylic polymethacrylate) connected to a guard column. 
Nucleosides and nucleobases were analyzed by LCMS in the ESI-positive mode and reversed 
phase UPLC (column: ACQUITY UPLC® BEH C18 1.7 µm). Elution conditions included: 0.3 
ml/min at a constant flow rate for 0–4 min, then 99% A (A: 0.1% TFA) and 1% B (B: acetonitrile), 
followed by a linear gradient for 7 min to 50% A and 50% B and then, 7.8–8.3 min of 10% A and 
90% B. Finally, a linear gradient was conducted for 8.5 min until reaching the initial conditions. 
Analysis of amino acids was conducted by a liquid chromatograph (ICA-2000; TOA DKK) 
equipped with a UV detector (UV-2075; Jasco) operated at a wavelength of 200 nm. For 
chromatography, a reverse-phase type column (Hydrosphere C18; YMC) (Ohara et al., 2007) was 
used at 37ºC. A 10 mM (C6H13SO3Na solution with pH 2.5 was used as an eluent (adjusted by 
H3PO4) (Bujdák and Rode, 1999), at a flow rate of 1.0 ml/min. Measurement errors for 
concentrations of Gly, GlyGly, and DKP were estimated to be less than 3.0%. 

 
FACS Parameters 

Several FACS parameters were modified to prevent sorting of particles not representative 
of the Hakuba Happo microbial community (FSC Threshold 750, Area Scaling 0.82, Blue Scaling 
0.96, SSC Threshold 200), and the microbial community was selected based on four parameters to 
prevent doublets: FSC vs SSC, FSC-H vs FSC-A, SSC-H vs SSC-A, and FITC-A vs FITC-H. 
Three different phase masks (PM) were used to sort the samples (16, 20, and 29) in the “single 
cell” mode and the number of cells sorted was confirmed by inverted fluorescence microscopy to 
ensure single sorted cells. Only one phase mask was used per 96-well plate.  
 
Single Cell Lysis and Whole Genome Amplification  

Each plate was thawed from -80ºC and kept on ice during cell lysis and WGA. Three 
different lysing conditions were tested for each plate: 1) 10 mM Tris (Tris), 2) 50 U/µL Ready-
Lyse™ Lysozyme Solution (Lys) (Epicentre, WI, U.S.) (Goudeau et al., 2014), 3) 50 U/µL 
Lysozyme with Mid-Alkaline Buffer (Lys+MidAlk), and 4) 10 mM Tris with Mid-Alkaline Buffer 
(Tris+MidAlk). Mid-Alkaline Buffer contained 18 mM KOH, 0.45 mM EDTA, and 4.5 mM DTT 
(from REPLI-g kit). The following solutions were UV-treated in a UV Crosslinker (254nm, 100V, 
8W; UVP, LLC) for 60 min: Mid-Alkaline Buffer (without DTT), Neutralization Buffer, STOP 
buffer, 10 mM Tris pH 8, and nuclease-free H2O. Initially, each well was incubated with 1 µL Tris 
(Tris and Tris+MidAlk) or 1 µL Lysozyme (Lys and Lys+MidAlk) for 15 min at 25ºC. Afterwards, 
each well was incubated with 0.75 µL of Buffer DB (Tris and Lys) or Mid-Alkaline Buffer 
(Lys+MidAlk) for 10 min at 25ºC. Cell lysis was stopped using 0.75 µL STOP buffer (Tris and 
Lys) or Neutralization Buffer (Lys+MidAlk and Tris+MidAlk). Neutralization Buffer stock 
contained 20 mM HCl and 30 mM Tris-HCl. WGA was performed using (per 10 µL reaction) 2.25 



µL H2O, 7.25 µL Reaction Buffer, and 0.5 µL Phi29 polymerase. Each plate was centrifuged for 
1000 g for 1 min at 4ºC, followed by incubation at 30ºC for 14 h, 65ºC for 10 min, and 4ºC infinite 
in a PCR instrument with cover heated to 70ºC. 

 
Gas Vesicle HMM database 

Gas vesicle proteins were annotated using a manually curated hidden Markov model 
database. The database was created using a similar method as FeGenie (Garber et al., 2019). 
Briefly, gas vesicle protein sequences were obtained from the UniProt database (Bateman et al., 
2017) and used as queries against the NCBI RefSeq database (Release 93) in a BLASTp (v2.3.0) 
(Camacho et al., 2009) search. By using a minimum amino acid identity cutoff of 35% (Rost, 1999) 
over at least 70% of the query length, the additional sequences expanded the diversity of each 
collected gas vesicle protein. Subsequently, the sequences were de-replicated and overrepresented 
protein sequences were removed with MMSeqs2 (Steinegger and Söding, 2017). MAFFT v7.055b 
(Katoh et al., 2002) was used to align each set of sequences and trimAI v1.4.rev15 (Capella-
Gutierrez et al., 2009) was used to remove gaps. Manual curation was done before generating 
hidden Markov models using HMMER (Mistry et al., 2013). This database was then used to 
annotate gas vesicle proteins in the co-assembled genome and SAGs. Since no bitscore cutoff was 
used, the annotation was manually checked and corrected with a BLASTp search against the NCBI 
non-redundant (nr) database.  
 
Split Members of an Orthologous Group of Genes at the Domain Level  

Orthologous groups (OGs) were generated by the DomClust program (Uchiyama, 2006). 
Default parameters were used except for the following: -ai1.0 -ao1.0 -p0.0 -V0.2. Parameters of -
ai1.0 -ao1.0 were used to obtain a phylogenetic profile constructed for each OG using the number 
of domains for each gene (Kawai et al., 2011, 2014). Other parameters included were -P10 
(distance of PAM10 to select sequence pairs for the input to obtain only very similar sequences as 
a member of an OG), -p0.0 (to cut a tree into sub-trees whenever genes of the same organism are 
found in sub-trees and to avoid merging paralogous groups, which are complementary and may 
occur because of the incomplete nature of SAGs), -V0.2 (to split clusters into domains of shorter 
length when a complementary pair of members of short length are included in a single cluster and 
can interfere with the analysis of the number of paralogs). For SAGs, there are many short, 
truncated genes generated through multiple displacement amplification (MDA). Following 
DomClust, several post-processing steps were utilized to decrease potential false positives 
resulting from MDA. Only members with full-length genes, i.e. genes non-truncated at the ends 
of a contig, were considered among the members of each OG. The gene neighborhood was also 
examined as short contigs (a few kb) may result in short genes and the orientation and order of 
genes within the contig may be different from ortholog members in genomes. Such spurious genes 
of different order may have been generated by the mechanism of chimera formation during MDA 
(Lasken and Stockwell, 2007). To reduce such spurious cases, only members with at least 3 genes 



at both flanking regions (≤ 10kb at both sides) were considered. Gene neighborhoods were 
examined using RECOG system (Uchiyama, 2017).  
 
Results and Discussion Supplementary Information 
 
The Hakuba Co-assembly Encodes Assimilatory Sulfate Reduction  

The Hakuba co-assembly encodes genes for assimilatory sulfate reduction, converting 
sulfate to sulfide. Sulfate is likely transported into the cell by a putative sulfate ABC transporter 
and is subsequently activated by an ATP sulfurylase enzyme (Sat) to adenosine-5’-phosphosulfate 
(APS). The Hakuba co-assembly can then directly reduce APS to sulfite with APS reductase. A 
homolog to APS reductase was also identified in the Hakuba co-assembly: PAPS (3’-
phosphoadenosine 5’-phosphosulfate) reductase. Genomes with both APS and PAPS reductase 
have been observed previously, such as in methanotrophs (Yu et al., 2018). Although APS and 
PAPS reductase utilize the same catalytic mechanism (Carroll et al., 2005), the substrate of PAPS 
reductase in the Hakuba co-assembly is unknown, especially when considering that PAPS is likely 
not produced. Indeed, the PAPS reductase from the Hakuba co-assembly phylogenetically 
clustered with other PAPS reductases with unknown substrate (Figure S9). 

 
Split Genes Among the 10 Hakuba SAGs 
 The split status of genes among the 10 Hakuba SAGs were examined by generating OGs 
at the domain level. This revealed 179 OGs at the domain level that constitute 105 genes that are 
split into shorter, multiple genes in some of the 10 SAGs (Table S12). The non-split genes 
consisted of longer genes with two or more domains per gene compared to the split genes. To 
reduce the possibility that the split genes emerged from experimental errors, such as errors during 
MDA or sequencing, 12 cases among the 105 are marked in Table S12, in which both types of 
genes, split type and non-split type, were detected among more than 1 genome. For the 12 cases, 
the distribution pattern of split/non-split members among the 10 SAGs of 9 cases coincided with 
the separation of SAGs into two major intraspecies-level phylotypes observed by ANI (Table S6) 
and AAI (Table S7): one phylotype includes S03, S09, S34, S44, and S47 and another phylotype 
includes S25, S33, and S43 (S06 and S42 have weaker similarity). The gene neighborhood of the 
following genes, marked in the table, are illustrated in Figure S13 (A. narG, B. nox1/hcaD, C. 
acsE, D. cooS, E. gas vesicle protein gvpF).   



 
Figure S1. Bacterial community composition of Hakuba Happo well #3. The microbial 
community has low diversity and consists of six major phyla (>1% abundance). DNA was 
extracted from the 0.1 µm filter fraction of the “Total” (water filtered through 0.1 µm filter) and 
“Sequential” samples (water filtered through 0.22 µm sterivex, followed by 0.1 µm filter). The 
“Sequential” sample represents only the 0.1 µm bacterial community fraction. The Illumina MiSeq 
platform was used to obtain the V3–V4 region 16S rRNA gene amplicon sequences, and the reads 
were analyzed using DADA2 (Callahan et al., 2016). 



Figure S2A – Anvi’o profiles 

 
Figure S2B – ACDC Result 

 



Figure S2C – ACDC Result of Co-assembly 

 
 
Figure S2. Taxonomy, GC content, and clustering of contigs from the 10 SAGs. (A) Anvi’o v5.3 workflow (Eren et al., 2015) was 
used to cluster the contigs by sequence composition (k-mer frequency = 4) and Kaiju v1.5.0 (Menzel et al., 2016) was used for 
taxonomic classification. Taxonomic classification is color coded by phylum level, according to the Anvi’o automatic coloring when 
using anvi-interactive. Since the SAGs could not be viewed together using anvi-interactive, the color code scheme is different for the 
contig taxonomic classification of each SAG. However, the variation in color for each SAG demonstrates the inconsistency in the 
taxonomic classification of contigs. GC content is shown as the inner circle in green.  (B and C) ACDC (Lux et al., 2016) was used 
for contamination screening of SAGS (B) and Co-assembly (C) with default values and bootstrap (b) of either 10 or 20 and BH-SNE 
dimension reduction was plotted.  



 

 
Figure S3. Bayesian phylogenetic tree of clades UBA1414, RBG-13-55-18, and UBA9087. 
Members of Firmicutes and Proteobacteria were used as outgroups. The genome sequences used 
to create this tree are listed in Table S3 and the Hakuba co-assembly is denoted by a star. Each 
branch was evaluated with the Bayesian posterior probability.   
 



 
 
Figure S4. Multiple sequence alignment of fwdB from the Hakuba genome assemblies and 
Methanothermobacter wolfeii against the fhcB from Methylorubrum extorquens. The Fwd 
complex is the key enzyme involved in the first step of CO2 reduction in methanogenesis while 
the Fhc complex converts formyl-H4MPT (tetrahydromethanopterin) to formate (Pomper et al., 
2002; Adam et al., 2019; Hemmann et al., 2019). The subunits of the Fwd and Fhc complex 
share homology. However, FwdB contains the tungstopterin active site, which is not present in 
FhcB (Hemmann et al., 2019). FhcB is missing the N-terminal domain which contains the [4Fe-
4S] cluster (green highlight in Methanothermobacter wolfeii). The catalytic Cys118 is also 
replaced by a Ser62 in FhcB (highlighted green column), and the amino acid sequence of FhcB 
also contains loops that would prevent a tungstopterin (red highlights). 



 
 
Figure S5. Maximum likelihood phylogenetic tree of Group 3b and 3d [NiFe]-hydrogenases. The Hakuba co-assembly (red text) 
and other genomes within clade UBA1414, UBA9087, and RBG-13-55-18 (blue text) encode for group 3b and/or 3d [NiFe]-
hydrogenases. The IQtree maximum likelihood algorithm with the LG+G amino acid substitution model was used with 1000 bootstraps 
to evaluate node support. Sequences from the representatives of the respective [NiFe]-hydrogenase isoform groups and close 
representatives to the query sequences (NCBI database) were used.  



 
Figure S6. Maximum likelihood phylogenetic tree of Group 1 and 3c [NiFe]-hydrogenases. The Hakuba co-assembly did not encode for 
group 1 and 3c [NiFe]-hydrogenases, although several other genomes within clade UBA1414, UBA9087, and RBG-13-55-18 (blue text) harbored 
the respective genes. The Group 3c [NiFe]-hydrogenase clade shown represented an outgroup to prototypical methanogen 3c hydrogenases, which 
are not shown for brevity. The IQtree maximum likelihood algorithm with the LG+G amino acid substitution model was used with 1000 
bootstraps to evaluate node support. Sequences from the representatives of the respective [NiFe]-hydrogenase isoform groups and close 
representatives to the query sequences (NCBI database) were used. 



Figure S7A – CdhA/AcsB 

 
 



Figure S7B - CdhB 

 



Figure S7C – CdhC/AcsA 

 



Figure S7D – AcsC/CdhE 

  



Figure S7E – AcsD/CdhD 

 



Figure S7F - AcsE 

   



Figure S7. Unrooted phylogenetic tree of CODH/ACS subunits. Sequences for each subunit were obtained from UniProt database 
by searching the KEGG ID and gene name. Additional sequences (labeled with “blastp”) were obtained using NCBI blastp against the 
appropriate subunit found in the Hakuba co-assembly and SAGs, and the top 20 hits were retrieved. Duplicate sequences (except for 
the Hakuba co-assembly and SAGs) were removed using Dedupe in BBTools (Bushnell et al., 2017). The Hakuba co-assembly and 
SAGs are denoted by a yellow star, and the number indicates gene ID (two gene IDs indicates a split gene that have been combined 
together to produce the phylogenetic tree). Archaeal subunits are colored green and bacterial subunits are colored orange. Black circles 
at nodes indicate support value, as calculated by FastTree (Price et al., 2010), and the size range from 0.2–1 for all subunits except for 
cdhE/acsC which ranges from 0–1. The number within “[]” indicates the number of genomes found in the collapsed clade, which was 
collapsed based on the same identification at the genus level.



 
Figure S8. Multiple sequence alignment of the V-type ATPase subunit K transmembrane portion in the Hakuba co-assembly 
and select microorganisms. The transmembrane portion of V-type ATPase subunit K was aligned for microorganisms known to 
harbor Na+-binding (pink color) and H+-binding regions (blue color). The ion binding preference has been experimentally determined 
for Caloramator fervidus, Methanothermobacter thermoauto, Methanocaldococcus jannaschii, and Methanosarcina barkeri. The 
following microorganisms are closely related sequences to the Hakuba co-assembly V-type ATPase subunit K by NCBI BlastP: 
Synergistes jonesii and Coriobacteriaceae bacterium EMTCatB1]. The Na+-binding conserved residues are identified with orange 
circles, where the conserved residues are (1) Q/E, (2) V/L/M/I, (3) E/Q, (4) S/T, and (5) A/G/S, according to Mulkidjanian et al. 
(2008).   



 
 
Figure S9. Unrooted phylogenetic tree of assimilatory adenyl-sulfate (APS) reductases and phosphoadenylyl-sulfate (PAPS) 
reductases.  Sequences of APS (orange) and PAPS (purple) reductases were retrieved from Yu et al. (2018) and the Hakuba co-assembly 
(denoted by yellow star). Some genomes contain an APS or PAPS reductase with unknown substrate (labeled “Unknown”).



 
 
Figure S10. Alignment of N-terminal regions of NarG and NxrA and the conserved twin-arginine motif. The conserved twin-
arginine motif [S/T]RR is shown in the orange box. The Hakuba co-assembly and SAG S42 is denoted by a yellow star and the numbers 
1332, 1333, and 238 indicate the protein sequence ID. The color code for each clade follows Figure S11.  



 
 
Figure S11.  Maximum-likelihood phylogenetic tree of nitrate reductase alpha subunit NarG and NxrA. The phylogenetic tree 
was modified from Kameya et al. (2017) with additional sequences for nitrite oxidoreductase alpha subunit (NxrA) and reviewed 
sequences of NarG from the UniProt database. The Hakuba co-assembly and SAG S42 is denoted by a star. Sequences for ethylbenzene 
dehydrogenase and selenate reductase were used as the outgroups.  



A. Amino acid sequence of narG

 
B. Nucleotide sequence of narG 

 
Figure S12. NarG alignment from the Hakuba SAGs and co-assembly. NarG amino acid and nucleotide sequences from the 
Hakuba SAGs and co-assembly were aligned. (A) The first 256 amino acid bases of the N-terminal region are depicted. In addition to 
the co-assembled genome, the SAGs S03, S09, and S34 have a split narG gene due to a nonsense mutation. The SAGs S06, S33, and 
S42 have the full-length narG sequence. The orange corresponds to the missing residues of the split narG gene from the Hakuba co-
assembly and S03, S09, and S34. (B) The nucleotide alignment, highlighting the nonsense mutation (blue box). Depicted sequences 
correspond to 24 bp upstream and downstream of the sequence that corresponds to the missing residues of the amino-acid sequence 
(highlighted in orange).   
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Figure S13B 
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Figure S13C 
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Figure S13D  

 
 
  

2020/03/16 19)09Genome Region Map [1584329574_16694, 3107]

Page 1 of 1file:///Volumes/work/work/1912/191201_hcluster2pdf/200315_d10_S/…1TA47,q1TA25,q1TA33,q1TA43,q1TA13,q1TA42&is_show_checkbox=0.html

S03 S03 
HKBW3S03_000000000006

(5180 - 21192)

S34 S34 
HKBW3S34_000000000009

(4806 - 24806)

S47 S47 
HKBW3S47_000000000031

(1 - 15051)

S33 S33 
HKBW3S33_000000000010

(3170 - 23170)

S42 S42 
HKBW3S42_000000000010

(13219 - 1) 
[Reverse]

 
Redraw

Change Scale x1/2 Display ORF Name Yes Exec

Link type Genome Region Map Exec

Order Taxonomy Exec

Microbial Genome Database for Comparative Analysis 
Questions and comments to: kawai.mikihiko.8c@kyoto-u.ac.jp

cooS



Figure S13E 
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Figure S13. Multi-genome gene neighborhood of split genes and its corresponding members of the same orthologous group.  
Each figure depicts the gene neighborhood of every member (domains of genes) of an orthologous group (OG). The OG is depicted in 
red. Part of genes indicated in the same color or color-pattern except for light skyblue are members of one orthologous group. Flanking 
10-kb regions at both sides of the member of the OG in red are depicted. OGs were generated by DomClust, a clustering program that 
identifies OGs, not only at the ORF level, but also at the domain level. This means one ORF can be split into multiple domains. (A) 
narG (S03, S09, S34 were a split type). (B) nox1/hcaD (S03, S34, and S47 were a split type and labeled as nox1 whereas S33, S42, and 
S44 were a non-split type and labeled as hcaD). (C) acsE (S03, S09, S34, S44, and S47 were a split type). (D) cooS (S42 was a split 
type. Among the members of the non-split type, only S33 had another domain depicted in yellow green which corresponded to another 
gene of a split type in S42. The OG in yellow green was absent in S03, S34, and S47. (E) gas vesicle protein gvpF (S03, S33, and S43 
were a split type). The OGs of each figure and genes that are members of the OGs are listed in Table S12. The information at the left 
side of each row of each figure is as follows: the SAG name, in bold and italicized, followed by the name of the contig of the genome, 
numbers in parentheses for the depicted range on the contig, the orientation depicted compared to the deposited orientation of the 
sequence of the contig, when reverse strand is depicted. 



 
 
Figure S14. CRISPR/Cas gene cluster in the Hakuba co-assembly. CRISPR/Cas genes (green) 
were identified in contig 000000000051, as determined by CRISPRCasFinder (Couvin et al., 2018). 
The cas genes are composed of a cas type-IIIB gene cluster and one putative cas gene. A possible 
CRISPR sequence (CRISPRCasFinder evidence level = 1) was also detected and is a 99 nucleotide 
bp segment with two repeat sequences (CTTAGGTATCGGTCTCCTTTCTCA) and one spacer 
(TGGTTTGACCCATATAGCTATTAGGCATGGTTAGCCTCCGTTTCAATCCCT) that does 
not resemble any viral sequences in the CRISPRCasFinder database or the NCBI nr database. Gene 
neighborhood was designed using Gene Graphics (Harrison et al., 2017).   



 
 

Figure S15. Maximum-likelihood phylogenetic tree of all RubisCO forms. A ML phylogenetic tree was created by utilizing 
sequences from Kacar et al. (2017) and including the Hakuba co-assembly RubisCO-like protein sequence (denoted with turquoise star).  
RAxML (Gamma model) on the CIPRES Science Gateway was used to obtain the bootstrap values. 
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