Symbiosis between Candidatus Patescibacteria and Archaea discovered
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Materials and Methods
Enrichment culture experiments

Granular sludge samples were collected from a mesophilic (37°C) UASB reactor treating PET manufacturing
synthetic wastewater under 94% chemical oxygen demand (COD) removal efficiency (organic loading rate: 9.4
kgCOD-m-day!) (1) used as a microbial source for the enrichment cultures. The liquid volume of the UASB
reactor was 3 L. The basal media were prepared according to previous study (2). The enrichment culture
experiments were performed at 37°C using 50 mL of serum vials containing 20 mL medium under N»/CO; (80:20,
v/v) atmosphere. We prepared three culture media as (A) Im M acetate, 0.03% (w/v), 0.1 mM adenosine 5'-
monophosphate, uridine 5-monophosphate, guanosine 5-monophosphate, and cytidine 5’-monophosphate, 1%
(w/v) MEM Non-essential Amino Acids Solution (cat no. 139-15651, FUJIFILM Wako Pure Chemical Co. Ltd.,
Tokyo, Japan), 1% (w/v) MEM Essential Amino Acids Solution (cat no. 132-15641, FUJIFILM Wako Pure
Chemical Co. Ltd., Tokyo, Japan), Methanothrix soehngenii GP6 (DSM 3671, 0.2 mL/20mL-medium), and
Methanosarcina barkeri MS (DSM 800, 0.2 mL/20mL-medium), (B) A-medium without acetate, and (C) A-
medium without yeast extract. Methanothrix soehngenii GP6 (DSM 3671) was pre-cultivated at 37°C for 4 weeks
using the 60 mM acetate and 10 mM potassium bicarbonate as substrates. Methanosarcina barkeri MS (DSM
800) was pre-cultivated at 37°C for 1 week using 10 mM methanol, 0.03% yeast extract (w/v), and 10 mM acetate
as substrates. These pure cultures were transferred into the enrichment culture systems as expected host of
Candidatus Patescibacteria. For the enrichment cultures, we prepared 4th serial dilution (107, 103, 104, and 10)
for each culture system. Sixteen culture systems were routinely monitored by microscope equipped with phase-
contrast apparatus (BX-53, Olympus, Japan) and measurement of biogas production volumes. To further enrich
the targeting microorganisms, we transferred 2 mL of 1st dilution (defined as d1) of culture system B (defined as
B-d1) and 2nd dilution of culture systems A (A-d2) and 3 (C-d2) into fresh medium (defined as A-d2-d1, B-d1-
d1, and C-d2-d1) on days 33 under same substrates condition as shown in above. The biogas compositions (CHa,
CO,, N2, and Hy) were determined by gas chromatography (Shimadzu, GC-8A, Japan) with a thermal
conductivity detector fitted with a SHINCARBON-ST 50/80 stainless steel Column 4.0 m x 3.0 mm (ID)
according to previous study (3).

16S rRNA gene sequence analysis

One mL of cultivated microorganisms was collected from 1st-batch of each enrichment culture system on days
12 (1st and 2nd dilution of 1st batch culture systems A—D) and 33 (only A-d2) and collected microbial cells by
centrifugation at 17,750 g. DNA was extracted from microbial cells using FastDNA Spin Kit for Soil (MP
Biomedicals, Santa Ana, California, USA) according to the manufacturer’s protocol. The 16S rRNA genes were
amplified using Univ515F-Univ909R according to a previous study (4, 5). The PCR products were purified using
a QIAquick PCR purification kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. The
sequence analysis was performed by the MiSeq Reagent kit v3 and MiSeq system (Illumina, San Diego, CA,
USA). Raw 16S rRNA gene sequences were analyzed using the QIIME 2 ver. 2021.4 (6) according to previous
study [2]. The 16S rRNA gene sequences were clustered by > 97% similarity to operational taxonomic units
(OTUs) using vsearch software (7). Taxonomic classification was carried out using the classify-sklearn retained
on the SILVA database version 138 (8).

Shotgun metagenomic sequence analysis

The DNA extracted from A-d2 on cultivation days 33, and B-d1 and C-d1 on days 12 were prepared with the
ThruPLEX DNA-Seq Kit (Clontech, USA) (average length: 333-363 bp). The prepared libraries were sequenced
on a NovaSeq6000 (Illumina). The generated raw reads were trimmed using Trimmomatic 0.39



(SLIDINGWINDOW: 6:30 MINLEN: 100) (9). De novo assembly was performed using Megahit v1.2.9 (--k-
min 27 --k-max 141 --k-step 12) (10). Co-assembly of the sequences from A-d2, B-d1, and C-d1 was performed.
The assembled contigs of short length (< 2,500 bp) were removed before binning procedure. Binning was
performed using Metabat2 version 2.2.7 (11), MaxBin2 version 2.15 (-markerset 40 and 107) (12), MyCC
(MyCC 2017.ova) (13), and Vamb version 3.0.3 (14) with default parameters. To obtain the high-quality
metagenomic bins, obtained bins from the multiple binning results were refined using Das Tool version 1.1.2 (--
score_threshold 0.3 --duplicate penalty 0.3 --megabin penalty 0.3) (15). In the final step, the dereplication and
genomic quality were checked by dRep version 3.2.0 (-comp 50 -con 10) (16). The taxonomic classification of
the bins was estimated using GTDBtk v2.0.0 (GTDB release207; default parameters) (17).

The median/mean coverage of the metagenomic bins was calculated by Metabat2 pipelines
(Jgi_summarize bam_contig_depths, default parameters). Relative abundance of the metagenomic bins were
calculated using coverm 0.4.0 (https:/github.com/wwood/CoverM). All bins were annotated through a
combination of Prokka v1.14.6 (18), BlastKOALA (19), and DRAM software (--use_uniref option with default
setting) (20) and manual annotation. Genomic tree was constructed using concatenated phylogenetic marker
genes of obtained bin and order Ca. Paceibactelales genomes. Conserved marker genes were identified using
“gtdbtk identify”” with default parameters and aligned to reference genomes using “gtdbtk align” with taxonomic
filters (--taxa filter o Paceibacterales) (17). Phylogenetic tree was constructed using IQ-TREE version 2.1.4-
beta (-B 1000) with outomatically optimized substitution model (yeast+F+R9) (21). For the manual annotation,
metagenomic bins were assigned using blastp version 2.6.0 to reference genomes of family UBA5738 and GCA-
002779355. Signal peptides of the genomes were annotated using SignalP 6.0 (22). Full-length 16S rRNA gene
sequence was reconstructed through EMIRGE software (-1 151 -i 148 -s 50 --phred33) (23).

Fluorescence in situ hybridization and phylogenetic analysis based on 16S rRNA gene sequences

On cultivation days 23, approximately 1 mL of cultivated media from 2nd-batch of enrichment culture systems
A-d2-d1, B-d1-d1, and C-d2-d1 was sampled and fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 4 hours at 4°C and stored in 50% ethanol with PBS at -20°C. Fluorescence in sifu hybridization (FISH)
was performed as described previously (24). The hybridization and washing slides were 46°C for 68 hours and
48°C for 20 mins, respectively. An equimolar mixture (defined as EUB338mix) of EUB338 (5°-
GCTGCCTCCCGTAGGAGT-3") (25), EUB338I (5’- GCAGCCTCCCGTAGGAGT-3’), EUB338II (5’-
GCAGCCACCCGTAGGTGT-3"), and EUB338III (5’- GCTGCCACCCGTAGGTGT-3) (26) were used for
detection of all bacteria. Formamide concentrations used in this study were follows: EUB338mix, 10%; ARC915
(5’- GTGCTCCCCCGCCAATTCCT-3’) (27), 35%; MX825 (5’- TCGCACCGTGGCCGACACCTAGC-3’)
(27), 20%; and Pac 683 (5°- TCAACGGATTTCACCCCTACAC-3’) (28), 25%. The PAC 683 shows perfect
match for predominant order Ca. Yanofskybacteria OTU0011 (UBAS5738) and the full length of the 16S rRNA
gene sequence (100% similarity with OTUO0011), and no perfect match for other detected Ca. Patescibacteria in
all culture systems, which were confirmed by ARB software package version 7.0 with SILVA 138.1 database (29).
All probes were labeled with FITC or Cy3. The FISH samples were also stained with 4’,6-diamidino-2-
phenylindole dihydrochloride (DAPI). The microscopic images were observed by epifluorescence microscope
(BX-53, Olympus, Japan) with a color CCD camera (DP-74, Olympus, Japan). Phase-contrast, FISH, and DAPI
micrographic images were uniformly processed across the entire images using Adjust color of Preview
application on Mac OS 11.6.5, Photoshop CC (Adobe Creative Cloud), and ImageJ 1.53k (30). The clear
fluorescence proportions of Methanothrix filamentous cells were measured using imaging software (cellSens,
Olympus, Japan). Welch’s t test calculation was performed using R software version 4.1.0. The phylogenetic tree
of nearly full-length 16S rRNA gene sequences was constructed based on neighbor-joining methods in ARB



version 7.0 using SILVA138.1 database for small subunit rRNA gene sequences (29). The sequences between E.
coli position of 110 and 1460 were used for phylogenetic tree construction.

Transmission electron microscopy

On cultivation days 40, approximately 1 mL of cultivated media from culture system A-d2 was sampled and
sandwiched with the copper disks in liquid propane at -175°C. After frozen of the samples, the liquid was freeze
substituted with 2% glutaraldehyde, 1% tannic acid in ethanol, and 2% distilled water at -80°C for 2 days.
Dehydration was performed by anhydrous ethanol at 3 times for 30 mins each. Infiltration was carried out by
propylene oxide at 2 times for 30 mins each, and the sample was put into a ratio of 7:3 mixtures of propylene
oxide and resin for 1 hours. After volatilization of propylene oxide, the sample was transferred to a fresh 100%
resin, and polymerized at 60°C for 48 hours. Ultra-thin sections at 70 nm with a diamond knife using an
ultramicrotome (Ultracut UCT, Leica, Vienna, Austria). The sections were stained with 2% uranyl acetate at room
temperature for 15 mins and washed with distilled water followed by secondary-stained with Lead stain solutions
(Sigma-Aldrich Co., Tokyo, Japan) at room temperature for 3 mins. The grids were observation by a transmission
electron microscope (TEM) (JEM-1500Plus, JEOL Ltd., Tokyo, Japan) at 100 kV. Digital images were observed
with a CCD camera (EM-14830RUBY2, JEOL Ltd., Tokyo, Japan). The cell diameters were measured from 8
and 5 single-cells attached on Methanothrix- and Methanospirillum-like cells, respectively. The cell volumes were
calculated according to Van Wambeke and Bianchi (1985) (31).

Deposition of DNA sequence data

The raw sequence data and binned metagenome data were deposited into the DDBJ Sequence Read Archive
database (DRAO13834 and DRAO014327). The 16S rRNA gene sequences were deposited in the
DDBJ/EMBL/GenBank databases (LC715096-LC715128).
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