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Validation of symbiont detection using epicPCR.

To validate the robustness of symbiont detection using epicPCR, we constructed an artificial TM7—host symbiont
association. Escherichia coli transformed with a plasmid containing a TM7 16S rRNA gene sequence was used to
simulate a TM7-E. coli symbiotic association and mimic the close contact between the host and TM7 (Fig. S1).
Three representative mock samples were prepared, including a mock TM7-positive community sample that
combined transformed E. coli and nontransformed Staphylococcus aureus, a mock TM7-free community
composed of wild-type E. coli mixed with S. aureus, and a pure “TM7—host symbiont” containing only transformed
E. coli (Fig. S1). After epicPCR was conducted with the above three sample types, fusion PCR successfully
detected the artificial TM7-host symbiont in the positive community (84.9% of total reads), while the pure
TM7-host symbiont culture comprised 98.5% of the total epicPCR reads. In contrast, the TM7-free community
exhibited a lack of nested PCR products and fused amplicons, indicating the high level of specificity and
robustness of the epicPCR method (Fig. S1).
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Table S1. Transcription of fimbriae-related genes of Leucobacter aridicollis J1 from 48-h cultures.

Gene KO number Definition Gene copies RPKM of pure J1 RPKM of coculture
spaA ) SpaA-type p|l| spaA putative y 32 77

type 1 fimbrial protein
srtD K07284 Class C sortase 2 62 139

Notes: RPKM indicates reads per kilobase per million mapped reads. Transcriptomic data of both pure culture of
J1 and coculture of TM7i—J1 are shown. KO number indicates KEGG Orthology accession.

Table S2. Transcription of TM7i’s type IV pili genes from a 48-h coculture with Leucobacter aridicollis J1.

Gene KO number Definition Gene copies RPKM
- - possible prepilin-type protein 1 1 158

- - possible prepilin-type protein 2 1 29

- - possible prepilin-type protein 3 1 28
pilC K02653 membrane core protein 2 181
pilM K02662 membrane accessory protein 2 139
pilD K02654 prepilin peptidase 1 81

pil T K02669 type IV pilus retraction ATPase 1 56
pilB K02652 type IV pilus assembly ATPase 2 115

Notes: RPKM indicates reads per kilobase per million mapped reads. KO number indicates KEGG Orthology
accession.

Table S3. PCR Primers used for TM7 detection and epicPCR.

Primer Sequence (5' - 3') Description

Combination of the TM7-specific primer 910R (1) and a
CTGAGCCAKGATCAAACTCTG ; . ) .
R1-F2-27F-910R TCCCCGTCAATTCCTTTATG ;E\S/;r:%gcgnplement of universal primer 27F (2); used in

A TM7-specific primer (3) used in PCR testing for the

F1-TM7-580F AYTGGGCGT GAGTTGC existence of TM7 and fusion PCR
R2-519R GWATTACCGCGGCKGCTG A universal primer (4) used in fusion PCR and epicPCR
nest 806F ATTAGAWACCCBNGTAGTCC _Reverse complement pf universal primer 806R (5), used

— in nested PCR and epicPCR

Reverse complement of universal primer 341F (5), used

nest_341R CTGSTGCVYCCCRTAGG in nested PCR and epicPCR
910R GTCCCCGTCAATTCCTTTATG A TM7-specific primer (1) used in PCR to detect TM7.
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Fig. S1. The Validation of TM7-specific epicPCR system using mock samples. (A) Detection of bacteria
carrying a TM7-specific plasmid in mock community samples using epicPCR. We built the mock symbiotic host of
TM7 using E. coli by introducing a plasmid containing the TM7 16S rRNA gene sequence. EpicPCR detected
paired fusion of the 16S rRNA genes of TM7 and E. coli in samples containing the plasmid-transfected E. coli but
not in the negative control. Self-fusion indicates that the 16S rRNA sequence of TM7 fused with itself. False-fusion
indicates that the 16S rRNA gene sequence of TM7 fused with those of Staphylococcus aureus.
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Fig. S2. The epicPCR-directed isolation and confirmation of TM7i-J1 symbiont from Cicadae Periostracum
(CP). (A) 16 rRNA gene sequencing of the original microbial community from Cicada Larvae (CL) and CP.
Phylum-level profiles are shown. (B) Workflow of TM7 episymbiont isolation from the Cicadae Periostracum
enrichment. (C) The existence of the TM7-host symbiont was confirmed by continuous passages and PCR
detection of TM7. (D) The obtained TM7i—J1 symbiont was also validated by PCR detection of TM7 in multiple
passages. (E) Growth curve of pure J1 and infected J1 treated with different volumes of TM7i-containing filtrate
(mean * s.e.m., n =3 biologically independent experiments). (F) SEM-measured J1 cell sizes with or without TM7i

infection. (n=98, NS- P = 0.58).
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CANDIDATUS SACCHARIBACTERIA (TM7)
184]AY005446|G1|Human oral|Saccharimonas sp. HMT-347 BE109
G5
174|AF125204|G1|Human oral|Saccharibacteria bacterium HMT-346 Clone AH040
172|KM018321|G1|Human oral|Saccharibacteria bacterium HMT-869 Clone 4W02

91 188|CP072328|G1|Human oral[TM7 phylum sp. oral taxon 349 strain PM007

187|AY005448|G1|Human oral|Saccharimonas sp. HMT-349 BS003

299]955PM004|G8|Human oral|Saccharibacteria bacterium HMT-955 Strain PM004
201|APMI01000363|NA|Waste water sludge| HPminus265.1

163|CP005957|G1|Bi ] i is HMT-988 TM71
162|AUNW02000026|G1|Thale cress thizo endosphere|Saccharimonas sp. HMT-986 JGI 0001002-L.20

86

150|FPLS01030798|G1|Unknown|metagenome genome assembly contig 30798
126|DCDR01000003|G1|Bioreactor sludge|Parks 1050 DCDR01000003.1
117|CP006915|G1|Aquifer sediment| i i i ium HMT-989 RAAC3 TM7 1

121|DEBR01000001|G1|Bioreactor sludge|Parks 2952 DEBR01000001.1

94
87_{:29|FPLP01003886|G1|Unknown1metagenome genome assembly contig 3886
= 52|MNZN01000008|G1]; i i

1007 42ICPO11211|G1|Aquifer sediment]
328|LC002961|G1|Preserved food|L didate division TMB ium clone 4X109

CG2304152cg2 3.0 scaffold 21 ¢
GW2011 GWC2 44 17

298|JF229972|G7|Human oral|Saccharibacteria bacterium HMT-954 Clone ncd263e08c1

312|JQ185965|G1|Human stool|Uncultured bacterium clone BD07295 G1

313]JQ186005|G1|Human stool|Uncultured bacterium clone BD07134

5L 314|JQ186037|G1|Human stool|Uncultured bacterium clone BD07495

7|GU214151|G1|Papermaking slime|Saccharimonas sp. IAFpp7233
9|CERQO1119481|G1[Saline water|Marine metagenome assembly TARA 065 MES 0.22-3
10|MKS001000001|G1|Bioreactor|Candidatus Saccharibacteria bacterium 47-87

8|JN873198|G1|Activated sludge|Uncultured bacterium clone JXS1-69
12INA|GH|Insect{TMTi

338|LN564446|G1|Insect dump|Uncultured bacterium clone SIBS1512 N12D0
339|LN564447|G1|Insect dump|Uncultured bacterium clone SIBS1093 N12D0
340]LN564448|G1|Insect dump|Uncultured bacterium clone SIBS756 N12D0
363|CP045921|G1|Activated sludge|Candi ! yticus isolate JR1
o7 300]GQ422738)G1|Human oral[Saccharibacteria bacterium HMT-348 Clone BN036

103]ABBV01000356|G1|Human oral|Saccharimonas sp. TM7a

101|JN713414|G1|Canine oral|canine oral taxon 250 JN713414

88|AF385520|G1|Human oral|Uncultured candidate division TM7 bacterium HOT 352 Clone DR034

= 82|AF385500/G1|Human oral[TM7 sp HOT 353 Clone EW055 AF 385500

T7|AY349415|G1|Human oral|Uncultured candidate division TM7 bacterium HOT 488 Clone HD027

81|CP 007496 CP040011|G1|Human oral|Candidatus Nanosynbacter Iyticus HMT-952 TM7x
361|CP039997|G1|Human oral|C: i i oral taxon 488 strain CM010

100} 0 1362|CP040001|G1|Human oral|C: oral taxon 488 strain CM006

301|CP040004|G1|Human oral|Saccharibacteria bacterium HMT-957 Strain BB0O1

46

98

274|PRLLO0000000G3[Human oral|Candi r
271|AF385506|G3|Human oral|Saccharibacteria bacterium HMT-351 Clone CW040

268|JQ447991|G3|Human oral|Uncultured bacterium clone 069072 176
247|EU381500|G3|Heifer rumen|Uncultured rumen bacterium clone L7A B12

288|AB! |G3|Hamster stomach|L ium clone TTFN198
263|EU844341|G3|Steer rumen|PAC000677 g sp. 1103200828191

99 265|EUB45572|G3|Steer rumen|Uncultured bacterium clone 1103200832076

TM7 KMM G3 1 HOT 351

ACTINOBACTERIA

39|LOHP01000073|Leucobacter sp. G161
13|AB012594|Leucobacter albus IAM 14851T
36JQ815618|Leucobacter sp. clone BER e8

35|JHBW01000088|Leucobacter musarum subsp. musarum CBX152T

21|AJ781047|Leucobacter aridicollis LOT 49
23|AM040493|Leucobacter iarius 40T
42|LWGL01000216|Cellulosimicrobium cellulans JZ5
14|AB056131|Promicromonospora sp. IFO 16225
33|CP021383|Cellulosimicrobium cellulans PSBB019
32|CP020857|Cellulosimicrobium sp. TH-20
28|CA0I101000359|Cellulosimicrobium cellulans LMG 16121T
11|CP072387|Cellulosimicrobium cellulans ORNL-0100
7|CP029604|Gordonia terrae NRRL B-16283
31|CP016594|Gordonia te rae 3612T

Order Mycobacteriales
100

37|LC072670|Gordonia hongkongensis HKUSOT
38|LC072673|Gordonia lacunae NRRL B-24551T
29/CP002907|Gordonia sp. KTR9

40]L.S488977|Arachnia massiliense Marseille-P6184T
4|CP002734|Archnia propionica HMT 739 F0230a

10]CP040007|Archnia propionica HMT 739 F0700
Order Propionibacteriales

18|AF285117|Arachnia propionica VA1535 00 1195
20]AJ315953Arachnia propionica DSM 43307T
3JAKFT00000000|Actinomyces massiliensis HVT 852 F0489

22|AKIO01000026]Actinomyces massiliensis 4401292T

26/AUBN01000027|Actinomyces gerencseriae DSM 6844T
6|CP027236]Actinomyces sp. HMT 897 F0631
15|AB545935]Actinomyces oris JCM 16131T

25|AP0178%4]Actinomyces naeslundii ATCC 27039 g

8/CP040005]Actinomyces sp. HMT 171 F0337 Jf | 51

99
43]MSK001000009|Actinomyces oris F28B1
9|CP040006|Schaalia odontolytica HMT 701 XH001

Order Actinomycetales
41|LT635457|Actinomyces pacaensis Marseille-P2985T, V!

27|CAGY01000009|Actinomyces sp. ph3
5|CP012072|Schaalia meyeri HMT 671 W712
2JAEPP00000000]Actinomyces sp. HMT 180 F031?;1
19|AF385505|Actinomyces sp. oral clone CT068

—
1|ACYT00000000|Schaalia odontolytica HMT 701 03097 0005

34|EU071474|Actinomyces sp. clone EHFS1 S032:
17|AB818950|Schaalia odontolytica JCM 14871T

Fig. S3. Phylogenetic analysis by maximum-likelihood of 16S rRNA gene sequences from the ARB/SILVA
release 138.1 database shows strain TM7i within the G1 group of Candidatus Saccharibacteria. Sequences
for TM7 bacteria included in this tree were detected in human oral and open environments, identified by sequence
accession numbers from GenBank/EMBL/DDBJ, along with six operational groupings (G1-6). Lines connecting
TM7 and actinobacterial species indicate TM7-host symbionts previously identified (green) and in this study (gray).
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Fig. S4. Phylogenetic relationships within the expanded phylum Candidatus Saccharibacteria using
maximum-likelihood inferences of 16S rRNA genes (A) and concatenated housekeeping proteins (B). The
concatenated protein tree was built by the UBCG marker proteins annotated from the new genome of strain TM7i
and 183 previously published genome assemblies containing 16S rRNA genes. The 16S rRNA gene tree was built
by sequences extracted from the same dataset of the 184 genome sequences. Comparisons between both
phylogenies of 16S rRNA genes and concatenated marker proteins supported the formerly established taxonomy
of classes Ca. Saccharimonia, Ca. Nanosyncoccalia, and Ca. Nanoperiomorbia. Class Ca. Saccharimonia, also
known as group G1, included orders of Ca. Saccharimonales (subgroup G1_3 and G1_4), Ca. Nanosynbacterales
(G1_1), and Ca. Leucosynbacterales ord. nov. (G1_2), which was proposed by this study based on the
evolutionary depth and paraphyletic topology observed within this class. Strain TM7i from this study represented
the first laboratory isolate of the new order, with the suggested nomenclature of Ca. Leucosynbacter cicadicola gen.
nov., sp. nov. Class Ca. Nanosyncoccalia included established orders of Ca. Nanosyncoccales (G3) and Ca.
Nanogingivales (G6). Class Ca. Nanoperiomorbia was composed of the single order Nanoperiomorbales (G5_1).
We also observed several lineages (G2, G1_5, G5 2, G7_1, G7_2, and G7_3) falling out of a previously published
classification system, which expanded the diversity of phylum Ca. Saccharibacteria to a great extent. The red filled
star marks the genome of strain TM7i. Graphic icons indicate source materials of the genome data.
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Fig. S5. Transmission electron microscopy showing T4P of the TM7i intermediate stage between free and
sessile. The intertwinement of T4P from TM7i and type 2 fimbriae of J1 can be seen. The black arrow indicates the

T4P of TMY7i. Scale bar=100 nm.
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Fig. S6. Supplementary data for the influence of quercetin on the growth of the TM7i—-J1 symbiont. (A)
Calibration curve for quantitative PCR measurement of TM7i density. (B) Addition of quercetin does not
significantly inhibit the growth of L. aridicollis J1 at a concentration of 200 uM.
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Fig. S7. SEM imaging of the TM7i-J1 symbiont. (A) An SEM image showing a tube-like connection between J1
and epibiotic TM7i. (B) An SEM image showing TM7i proliferation. The daughter TM7i is usually smaller than its
parent. Scale bar=200 nm. (C) An SEM image showing the TM7i cell prefers to be located on the polar sides of the
host cell; scale bar=1 um. (D) Polar and near-polar locations of TM7i cells on its host J1 cells. The 0.0 value on the
x-axis indicates that TM7i is located at the polar end of the host cell, while 0.5 indicates that TM7i is located in the
middle of the host cell.

Xie et al. PNAS | 10 of 12
Type IV Pili Trigger Episymbiotic Association of Saccharibacteria with Its Bacterial Host



S| References

1. Soro, V. et al. Axenic culture of a candidate division TM7 bacterium from the human oral cavity and biofilm
interactions with other oral bacteria. Appl. Environ. Microbiol. 80, 6480-6489 (2014).

2.  Frank, J. A. et al. Critical evaluation of two primers commonly used for amplification of bacterial 16S rRNA
genes. Appl. Environ. Microbiol. 74, 2461-2470 (2008).

3.  Hugenholtz, P., Tyson, G. W., Webb, R. I., Wagner, A. M. & Blackall, L. L. Investigation of candidate division
TM7, a recently recognized major lineage of the domain Bacteria with no known pure-culture representatives.
Appl. Environ. Microbiol. 67, 411-419 (2001).

4.  Turner, S., Pryer, K. M., Miao, V. P. & Palmer, J. D. Investigating deep phylogenetic relationships among
cyanobacteria and plastids by small subunit rRNA sequence analysis. J. Eukaryot. Microbiol. 46, 327-338
(1999).

5. Takahashi, S., Tomita, J., Nishioka, K., Hisada, T. & Nishijima, M. Development of a prokaryotic universal
primer for simultaneous analysis of Bacteria and Archaea using next-generation sequencing. PLoS One 9,
€105592 (2014).

Xie et al. PNAS | 11 of 12
Type IV Pili Trigger Episymbiotic Association of Saccharibacteria with Its Bacterial Host



Movie S1. Inhibition of TM7i T4P affects cell motility. The bacterial suspension containing pure J1 or J1 mixed
with TM7i was sandwiched within a thin layer between a gel pad and a cover glass. TM7i cells were spotted and
tracked to show motility. TM7i cells exhibited motility in the presence of J1 cells. The T4P inhibitor reversibly
inhibited the motility of TM7i.

Movie S2. T4P trigger TM7i motility and interaction with its host. TM7i and J1 cells were separately labeled
with red and green fluorescent NHS ester probes and sandwiched within a thin layer between a gel pad and a
cover glass for dynamic structured illumination microscopy (SIM) imaging. 1) A TM7i cell dynamically extruded and
retracted its pili, which is typical for T4P; 2) T4P triggered the continuous translocation of the TM7i cell on the
surface; 3) A TM7i cell moved toward a J1 cell with T4P-mediated motility and became sessile on the J1 cell.

Movie S3. Inhibition of TM7i T4P affects host infection. A 3-h long-term microscopic imaging of the TM7i—J1
symbiont was carried out. The bacterial suspension containing pure J1 or mixed with TM7i was sandwiched within
a thin layer between a gel pad and a cover glass. TM7i cells exhibited active motility after division. The T4P
inhibitor immobilized free-floating and progeny TM7i cells, preventing them from adhering to potential host cells.
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