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Supplemental Results
Similarity to previously identified virally encoded CRISPR-Cas systems
We observed several instances where our predicted effector sequences were clustered with or
were most closely related to previously identified virally encoded CRISPR-Cas systems (i.e.,
Casl4j (7), Casl14k (9), Casl4i (2), Cas12j (1), and Cas12L (1), Figure 4), of which only Cas12j
and Cas12L have been experimentally validated for function (Pausch et al. 2020; Al-Shayeb et
al. 2022). Each of our relevant sequences was examined for RuvC motifs and assessed for
similarity to the virally encoded nuclease it clustered most closely with.

Seven sequences ranging from 373-441aa clustered with previously identified Cas14;

sequences (378-451aa; Figure 4, 10 o’clock). Our sequences showed high sequence similarity to
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Casl4j sequences and contained all three RuvC motifs (RuvCI-III). Six additional sequences
clustered proximal but distinct to the Cas14J cluster and are described in the next section. We
detected two sequences of lengths 402 and 509 aa that clustered with Cas141 (Figure 4, 11
o’clock). Both of these sequences as well as reference Cas14i proteins had detectable RuvCI and
RuvCIII motifs but very weak, if detectable, RuvCII motifs. We detected one sequence clustering
with Cas12j (Figure 4, 7 o’clock). This sequence lacked the RuvCIII motif, as did Cas12j6, one
of the 10 reference Cas12j nucleases (Al-Shayeb et al. 2020). Our putative Cas12j sequence was
also missing key residues in the RuvCII domain, which Cas12j6 lacked entirely, and key residues
in the RuvCI motif, all of which were present in Cas12j6. Only three orthologs of Cas12j(1-3)
have been experimentally confirmed for function (Pausch et al. 2020). The comparisons made to
Cas12j6 add confidence to the assignment of our query sequence as a Cas12j ortholog, despite its
lack of key catalytic residues. Our putative Cas12j is the shortest within the clade, at 346 aa
compared to 441 (Cas12j6 from a giant phage (Al-Shayeb et al. 2020)) and 708-813aa for the
remaining 9 Cas12j proteins. While our sequence branches within the Cas12j clade, its activity is
less confidently predicted based on the aberrant characteristics described above. Notably, our
putative Cas12j sequence is encoded by a predicted plasmid, the second time a Cas12j-like

protein was identified on a plasmid (Pinilla-Redondo et al. 2022).



Supplemental Tables and Figures

Table S1: Landfill sites and sampling details

Site Sample ID  Sample type Metagenome size BioSample Accession SRA Accession
(Gbp)

SO_2016 LW1 Leachate well 26.58 SAMNO07630781 SRX3574636
LW2 Leachate well 30.00 SAMNO07630782 SRX3574178
LW3 Leachate well 29.98 SAMNO07630780 SRX3574180
CLC1 T1 Composite leachate cistern 29.89 SAMNO07630778 SRX3574177
CLC1. T2 Composite leachate cistern 28.16 SAMNO07630777 SRX3575198
Gw1 Groundwater well 25.58 SAMNO7630779 SRX3574179

SO_2017 LW1 Leachate well 15.57 SAMNZ27259107 SRX14723681
Lw2 Leachate well 40.52 SAMN10350574 SRX5256784
LW3 Leachate well 47.58 SAMN27259106 SRX14723680
LW4 Leachate well 38.75 SAMN10863920 SRX5344198
CLC Composite leachate cistern 38.72 SAMN10350766 SRX5256785
SWC Storm water catchment 21.34 SAMN10350495 SRX5256798
Gw1 Groundwater well 51.22 SAMNZ27259105 SRX14723679
GW3 Groundwater well 18.76 SAMN10350765 SRX5256783

NEUS A Leachate well 53.99 SAMN31696084 SRX18288880
B Leachate well 47.93 SAMN31696085 SRX18288881
C Leachate well 56.03 SAMN31696086 SRX18288882
D1 Leachate well 52.88 SAMN31696087 SRX18288883
D2 Leachate well 48.60 SAMN31696088 SRX18288884
E Leachate well 37.64 SAMN31696089 SRX18288885
F1 Leachate well 57.67 SAMN31696090 SRX18288886
F2 Leachate well 50.17 SAMN31696091 SRX18288887
CSWMC Composite leachate cistern 54.34 SAMN31696092 SRX18288888

CA_2019 LW1 Leachate well 31.10 SAMN39634476 SRX23416964
CLC Composite leachate cistern 64.38 SAMN39634477 SRX23416965
TP_BF Treatment plant biofilter - planktonic ~ 61.73 SAMN39634478 SRX23416966
TP_BS Treatment plant biofilter - solids 58.01 SAMN39634479 SRX23416967



https://www.ncbi.nlm.nih.gov/sra/SRX3574636%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX3574178%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX3574180%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX3574177%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX3575198%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX3574179%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX14723681%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX5256784%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX14723680%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX5344198%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX5256785%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX5256798%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX14723679%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX5256783%5baccn%5d
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696084
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696085
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696086
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696087
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696088
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696089
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696090
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696091
https://www.ncbi.nlm.nih.gov/biosample/SAMN31696092
https://www.ncbi.nlm.nih.gov/biosample/SAMN39634476
https://www.ncbi.nlm.nih.gov/biosample/SAMN39634477
https://www.ncbi.nlm.nih.gov/biosample/SAMN39634478
https://www.ncbi.nlm.nih.gov/biosample/SAMN39634479

Table S2: Putative cross-phylum host-virus interactions.

Host MAG Host completion, # host spacer to
Sample set Putative hosts  phylum contamination viral protospacer Predicted viral element
(GTDB-tk) (%) matches
TPIn_75 Desulfobacterota 99.41, 0.00 1
CA_2019 TPBF_198 Proteobacteria 90.75, 0.63 7 VMAG_518
NEUS _ STF2_ 137 Bacteroidota 95.56, 3.26 1
2019 STCSWMC_88  Firmicutes A 80.02, 4.08 p UhlEL LAY
STCSWMC 93 Bacteroidota 94.35, 0.27 15
STF1 64 Bacteroidota 95.43,0.27 16
NEUS_ STF2_19 Bacteroidota 95.43, 0.00 1
2019 STD2_245 Bacteroidota 88.71, 2.42 5 VMAG_3146
STCSWMC 50 Cloacimonadota 98.90, 2.20 1
STCSWMC_25 Firmicutes_B 90.15, 4.60 3
NEUS _ STF2 137 Bacteroidota 95.56, 3.26 1
2019 STCSWMC_88 Firmicutes A 80.02, 4.08 2 UAAIELR
STF2 144 Cloacimonadota 100.00, 1.10 1
NEUS _ STCSWMC_50 Cloacimonadota 98.90, 2.20 2 NODE_3233 length_30680_cov_384
2019 STF2_148 Cloacimonadota 95.54, 1.10 2 .260596_Sandtown_F2|[full
STCSWMC_25 Firmicutes B 90.15, 4.60 2
LW2 137 Muirbacteria 93.26, 4.56 2
e LW2 139 Patescibacteria 70.53, 3.61 4 IhAAE ZERT
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Tables S3 and S4 are included as a single .xlIsx file “Supplementary File 1.xIsx”

Table S3: Predicted AMGs encoded across all datasets.
Table S4: AMGs encoded by megaphage genomes.

g. e0p G- ?‘ «;,oooc -a‘gc@@mﬁ_g

o O;c ’"Sm . T -1!»1?’ n,i* #‘I‘..U ,_,Qatbt&

%__‘%_i%&‘ U dat B 8.0 (88 1 aTER B S
$%-3°0 L8NS, BLE L 8. t;i@ O g, B0
s% -ﬁ—#ti. A 3&‘ e T Rt

Ta i mgmressnes R BRSNS 0y = I
sec.x i1 wg. ﬁ:&ti & EFSE IS sz ESF SR EyEE Landfill viruses ([}
£0° SR BT REFEEHS_L a-@tigt;t&bx_&@l R m A g m R
S .
A bE R AR AT R IR SRR SESSS ] RESSREALEEEORE Wastewater viruses ([l
~
EESBEE A FEE S TIE TR, Fe e :A.f"-:ﬁ FEE ISP Groundwater viruses -

&% FEESEERFEUELEN, LB SRR LSRG E N BT , FESEESTE
BLEEEyEELEERTEFREEEEE R EEEFEE P B0 g *z’-“* R vConTACT2 reference viruses |
R R L L Ry SRR R R b S AR R R R B PR, B R -m.x_,-m:

£ L SRR -mg«s.gm- EEAY-REE Y, REREE G- mmmr.«s:z-._ W11 11 T L
«ﬂ':&:ﬁ-'&:&E:’&E"&ﬂﬂﬂﬂEgﬂﬂwﬁﬂ*ﬂﬂﬂﬁﬂﬂﬂﬂﬂs*&ﬂﬂﬂﬁﬂﬁﬂﬂﬂ-‘ I REE] BRE

(3 AL e T T

e T

- Bl et
-M-lu- o Tm e T

e I I
=

FEE A R S BN Ry SR Y Y e £ E S T -4 e T Tn Do Do T D Tt T T
B e . I St e
BRI D T S e e e D D e e T T T T T T B T T 1 T T T B e e

Figure S1: Gene-sharing network of landfill viruses with related groups from IMG/VR.
Nodes represent viral elements and are coloured by sample site as summarized in the legend.
Nodes connected by edges represent viral elements that share protein clusters. The network was
generated using vConTACT2. The vConTACT2 reference database used was Prokaryotic Viral
Refseq version 85 with ICTV-only taxonomy.
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Figure S2: Gene-sharing network of landfill viruses. Viral nodes are coloured by the landfill
they were identified in. Nodes connected by edges represent viral elements that share protein
clusters. The network was generated using vConTACT2. The vConTACT2 reference database

used was Prokaryotic Viral Refseq version 85 with ICTV-only taxonomy.
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Heyndrickxia acidicola (AEW07376, alpha amylase)
_[I Geobacillus thermoleovorans (AFC87833, alpha amylase)

Bacillus licheniformis (ABL75259, alpha amylase)

8: Thermococcus onnurineus NA1 (ABA26948, alpha amylase)
_100|{; Thermococcus hydrothermalis (AAC97877, alpha amylase)

Pyrococcus woesei (AAD54338, alpha amylase)

Staphylothermus marinus (WP_011838911, glycoside hydrolase family 13 protein)
_EPymcoccus (WP_014835154, alpha amylase family glycosyl hydrolase)
Thermotoga maritima (AKE27535, alpha amlyase)

100

99

_Ij Pseudoalteromonas sp. 2-3 (AHM24948, psychrophilic alpha amylase)
Exiguobacterium sp. Sh3 (AIW80140, alpha amylase)
9 _|1_& Halomonas meridiana (CAB92963, alpha amylase)

Streptomyces lividans TK24 (AlJ11852, alpha amylase)

Gaoshigia sediminis (WP_282591954,

2.0

Figure S3: A maximum likelihood phylogeny of the alpha amylase AMG (blue), including

representative best hits from a blastp search and reference sequences (Mehta and Satyanarayana

Aquipluma nitroreducens (WP _

—— Thermobifida fusca (ABF13430, alpha amylase)

85 [ Bacillus amyloliquefaciens (ADH93703, amylase)
&H Bacillus subtilis (ADH93706, amylase)

Bacillus sp. KR 8104 (ACD93218, alpha amylase)

Thermoplasma volcanium GSS1 (BAB59573, alpha amylase)
Bacteroidota bacterium (MCX6267168, glycoside hydrolase family 57 protein)
99 | 971 NEUS_CLC_NODE_10_25 (alpha amylase)

86 | Prolixibacteraceae bacterium (MDD2304508, hypothetical protein)

318349094, hypothetical protein)

Prolixibacteraceae bacterium (HEY3371253, alpha amylase)
100 prolixibacteraceae bacterium (HAH25789, alpha amylase)

glycoside hydrolase family 57 protein)

— Maribellus sediminis (WP_167604853, glycoside hydrolase family 57 protein)
— Draconibacterium sp. (NOR75016, alpha amylase)

2016). The final alignment contained 28 taxa and 805 unambiguously aligned columns.

Alignments were generated with Muscle version 3.8.425 and (Edgar 2004) trimmed to remove

columns with more than 90%

VT+I+G model of evolution (Stamatakis 2014) and visualized in Geneious (Kearse et al. 2012).

gaps. The tree was generated using RAXML version 8 under the
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100} SO_2017_LW2_scaffold_343_56
70 SO_2017_CLC_scaffold_73_69
8 uncultured bacterium (MBR6722669)
Candidatus Gastranaerophilales bacterium (MBQ7286212)
100 Mailhella sp. (MBQ4615106)

F Clostridia bacterium (MBR2443959)

59

Ruminococcus sp. CAG 403 (CDE29914.1)
Alphaproteobacteria bacterium (MBQ6855097)
Escherichia coli (AOAOA8J746)

52 Cryobacterium roopkundense (AOA7W9E5V3)
100 Oceanicella actignis (A OATM7TES51)
85 Sphingomonas sp. OK281 (A0OA1I5AY30)
Duganella sacchari (AOA1M7R0L9)
Ruegeria halocynthiae (AOA1H3B4A8)
SO_2017_LW1_NODE_2940_17
Methanosarcina barkeri (P80490)
Uncultured archaeon (AOA2POQLA2)
Methanococcus voltae (Q00391)
Methanocaldococcus jannaschii (Q60341)
Methanobrevibacter arboriphilus JCM 13429 (AOA1V6N544)
Methanothermobacter thermautotrophicus (P19499)
Methanobrevibacter thaueri (AOA8T3V7J0)
Methanobrevibacter olleyae (AOA126R1T2)
Planctomycetaceae bacterium (AOASN5VEG7)
Candidatus Syntrophoarchaeum butanivorans (AOA1F2P3P0)
Candidatus Bathyarchaeota archaeon (AOA497L9H8)
— Loktanella atrilutea (AOATM4SMA4)
— Roseivivax halotolerans (AOA115Z1K8)

100

85

3.0
Figure S4: A maximum likelihood phylogeny of the coenzyme P450 hydrolase subunit beta
AMGs (blue), including representative best hits from a blastp search and reference sequences
from UniProtKB. The final alignment contained 29 taxa and 845 unambiguously aligned
columns. Alignments were generated with Muscle version 3.8.425 and (Edgar 2004) trimmed to
remove columns with more than 90% gaps. The tree was generated using RAXxML version 8
under the LG+I+G model of evolution (Stamatakis 2014) and visualized in Geneious (Kearse et

al. 2012).
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Morus rubra (Q32625)

Glycine max (P27066)

Avena sativa (P48684)
Picea abies (P48711)

Anemia mexicana (Q31674)

Antrophyum reticulatum (P43224)
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Microcystis aeruginosa (BOJVL8)
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99

53

100

100

Candidatus Bathyarchaeota archaeon (MBS7643976)

Thermococcus kodakarensis (093627)

0.9

Figure S5: A maximum likelihood phylogeny of the RuBisCO large subunit AMG (blue),
including representative best hits from a blastp search and reference sequences from UniProtKB.
One previously reported RbcL from a viral fragment was also included (green, Bhattarai et al.
2021). The final alignment contained 24 taxa and 481 unambiguously aligned columns.
Alignments were generated with Muscle version 3.8.425 and (Edgar 2004) trimmed to remove
columns with more than 90% gaps. The tree was generated using RAXML version § under the

LG+I+G model of evolution (Stamatakis 2014) and visualized in Geneious (Kearse et al. 2012).
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