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Introduction: Microbial communities of methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB) annually prevent gigatons of methane from being released into the | | | | o
environment, and therefore are critical agents in climate regulation and geochemical cycling. The anaerobic oxidation of methane (AOM) in ANME is the “reverse MR Rrcre oy cenomewitn - (IR Aciate and DIstill Genomes with C:E s s ods onome Quality with Ched-
methanogenesis” pathway, which requires electron transfer via sulfates to SRB through direct interspecies electron transfer (DIET) mechanisms. Our ANME+SRB communities HRAST_SDIC2 UL wio_oRAM 012 R =¥ ieee e

are an obligate syntrophic species; however, ecological mechanisms of these communities remain opaque, partly because this community is unculturable in laboratory conditions. |

To model this metabolic system, we improved our ModelSEED reconstruction pipeline for all archaea and bacteria to construct genome-scale metabolic models in the improved ( ! b
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Project Goals:
1) Investigate metabolic syntropy between anaerobic methane oxidation (AOM) archaea with sulfate-reducing bacteria.
2) Design a coupled methane (archaea) + sulfate (SRB) ETC model.
3) Evaluate the interaction between diverse strains of AOM archaea and SRB.
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ModelSEED2 tool. The improvement process involved 1) annotating >40 genomes, 2) assembling pangenomes to compensate inconsistencies, and 3) developing new '/'S Combined P FastAN| P GTDB
biochemical templates, which captures more clade-specific metabolic pathways and reaction intermediates that are unigue to archaea and enable understanding this community. - S Annotation _
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Results: We concurrently developed a suite of community modeling tools to mechanistically simulate the syntrophic interactions under native conditions, which is essential to
contextualize the ecological roles of ANME and SRB. These community modeling tools further permit the parameterization of omics data that represent metabolic phenotypes and
thermodynamic and uptake constraints that reflect molecular characteristics of the system, which improves simulation accuracy. Further, we developed tools that leverage

pangenome information from phylogenetically close strains to improve model reconstruction for incomplete metagenome-assembled-genomes (MAGS), which is essential because S S
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the unculturable nature of ANME means that MAGs are their only available sequences and their limited biomass available makes their MAGs incomplete. We therefore applied a MMseqs?2
pangenome-based approach that enhances our ANME MAG models by including all core genes, which adds hundreds of conserved reactions to ANME MAGs while preserving EERESES ModelSEED S
the distinctive metabolic features that distinguish each ANME clade. —»@ ModelSEEDepy }
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We construct metabolic models from several ANME and SRB MAGs that were assembled and binned from metagenomic data in previous studies [1, 2], and implemented an
energy metabolism pathway that couples the anaerobic methane oxidation with the sulfate reduction pathway. We finally perform a detailed accounting for the flow of nutrients
and energy within our community model to mechanistically explain low yields and slow growth in these systems.

Genome-Scale

Conclusions: The improved annotation accuracy of these models empowers community simulations towards evaluating the “reverse methanogenesis” hypothesis and may explain
the natural stability and selectivity of these communities, which would clarify vulnerabilities of these communities to anthropogenic influences.

el COre Pangenomes

- J
i [ R =
e ® v Al . 'KBase @ ModelSEEDrvxsae — = |-
Pt 1 7 L PREDICTIVE BIOLOGY u
/ @ H+lel \ (it .
0] — =\ E
N M E PRI Na+/H+ Antiport [c0] = : ER S
‘ s Rnf [c0]
® MP [co]
ATPS [c0] 2 @H*[c0]
O OH+j’r:ﬂ_]'
2 Na+ [c0] . . oy
oS rorea S 3 @ suifatele] Model Reconstruction Process: The ModelSEED reconstruction framework utilizes RAST
@ . . . .
ADPIED]  posonare e vy ®..  Setel to identify gene functions, however many of the DIET genes are poorly characterized and
. X Hele] : :
e tca e ° several of the archaeal ETC complexes are often confused with the bacterial homologs
FI) (red) [c0] | SulP 1.00 . . . .
Fwd/Fmd [cO] 4 8 ) (e.g., Nuo and Fpo). For this project we combined RAST and DRAM annotation together to
FD (ox{ [c0] Methanofuran [c0] .. . .
FD (00) [c] ] uPH2 ] 5@; ® O oH* [c] maximize our odds to annotate our genomes since many of the MAGs involved are already
2"y . . .
9 @ o S R B aopfc) @ @ arpp in poor quality with a completeness score below 70%.
FpoF [c0] H20 [c0] Os.FomyuMMP”co} Phosphate fc H20 [c] . . .
® L, We compare RAST, DRAM with a curated set of annotation from Chadwick et al. [2] to
2 Fgo [c0] @ H* [c0] H+ [c] . . . . .
® O identify genes that might not be possible to be correctly annotated with the current tools
S He [c0]  F420 fc0) F420 [c0] F420H2 [c0] ormylrpethanofuran e . .
B Mch [<0] 4 from ModelSEED. On the left branch of the reductive TCA pathway, the TfrA is never
HAMPTHeo]
- - g o D | ® LD N s Sueeld detected in both RAST or DRAM while TfrB is only assigned by DRAM, in this case we use
* @ @ @ @ . . . .
O\ jo \ I Jﬂ.. e \( J/ o @ sroeren anopterin c0) 2D DRAM to detect the presence of this reaction only if TfrB is present. Most of the DIET genes
. o PFOR [c0] ®- e A Sam— e coaud | g e MY Bsart.00 are never annotated, however, for our models this is not a problem since we assume that
Phosphate [c] PPi [c] . . . . .
Pyruvate Transport [c0] @ _— CO2 to Pyruvate v o4 the matrix is always present in every of the ANME/SRB strains in this study.
H2C03 [c0] H2ZO[c0]  CoA [co] 7T 6 Mtd [cO]
® [ ] O td [c Ppa 1.00 APS TO m . . . .
; itigate the uncertainty of the MAGs we employ a pangenome approach to identify
ATP[cO] PC [c0] Citrate [c0)] ] O [e]
pmme::;%} T r® éwn OIMCOI Aomﬂm missing genes in our genomes. We use FastANI to search related genomes from the
Helotly acn [c0] ' T e . @ Menaquinol 8 [c] GTDBtk dataset which contains more than 300000 genomes, then we assemble
oacetate . H+
o P o~ cis-pconate ) HP il /O””””“"’ H Menaquinone & [c] e pangenomes to compute the core pangenome of our MAGs. We use the core pangenome to
o NADPHcO) ‘@ @ L@ e O ® e - § AprABQmoABC 1.00 o :
o i 2o Lco . Ver [c0] oral® e o ? propagate missing functions to our models.
e F430 [c0] +[e] . Tple2+ fe L@ Ht[c] ADP [c] ]
O [c0] . . L2 [e] . o @ Menaquinone 8 [c]
NADH [c0] acn jc ooo
MDH NAD [c0f MDH NADP [c0] o weicor © | Halr [co] \Oﬁmm Adk 100 AMPE © Hefe] Features Core _ New
. F42qH2 [c0] 4 Qrc 3.00 Sulfite [c] ANME-2b_HR1.MAG 1024 506 0
N @ NADP [c0] o @ 2 @ ennmerier H2{e}. TPie3* b oh*[c] 693 506 137
_ A _ copsscon @ oot Y @ Menaguinol  [c] ° ANME-2b_CONS3730D10UFb2.ASAG
Lwmatate fco] () Reductive TCA Nabrcor, B icd [c0] @ o keor NADH [c] ', 979 506 32
Y b @ DsrAB 1.00 s ANME-2b_CONS3730F09p3b1.ASAG
o :
. Witr [c0] 1 mae chorgec) 60 NAD [c] e ANME-2b_CONS3730E01UFb2.ASAG 963 506 29
@ a0 - > @ > ° DsrC-L-Cysteine [c] ANME-2a_HMMV-459B4.MAG 798 520 0
el e ] weok o ® © ? 1022 520 0
coageny | 709 107 O . . @ 1o o o NAD [c] _ ® . c.tisutides)e] ANME-2a_S7142MS1.MAG
@ G H+ [c] Menaquinol 8 [c] 787 520 186
W20 [0 WP comsscosiea AP0 aoey e Reverse HIP 0] ° ANME-2a_CONS7142H05b1.ASAG
- . @ CO2 [c0] 0] : ° .
cw.cm @ .H+.{c0} cm;a;i ol/o mm.. ,@ : [ Methanogenesis v HarDE [c0] ANME Matrix [c0] ¢ Tmc/FIxHdr NAD(H) -1.00 DsrJ 1.00 § ANME-2a_CONS7142G09b1.ASAG 055 520 114
u . , A . ANME-1_GoMg1.Co-SAG 809 474 52
Fummrgu TrAB [c0] SM%@; SuccD [c0] sm?mmo; KorABCD [£0] z-gogmmmem.i M&Mwm . Menaquinone 8 [c] " ofi+lel ANME-1_GB37.MAG 692 403 !
Left Right woien © | ® @ :® NaDHTe] e
@ Hor @ o @ orreilc e Tplesv el @ @20 coz [c] ANME-1_ex4572-4.MAG 545 403 g
MPH2 [c0] ETC matrix {uncharged) fed. .
i ' ® o et - ANME-1_GoMg2.Co-SAG 729 474 80
@ i T
ANME-1_CONS3730H04p2b1.ASAG 818 416 49
Methane T rt [c0]
\_ crane Transpprte W : l ANME-1_CONS3730MDAHO3UFb1.ASAG 958 416 15
/ AQDS [co]'\ i [ ANME-1_Agg-C03.ASAG 608 416 95
@ @O acpsien mgﬂem @ verrane e - / ANME-1_CONS3730F07p2b1.ASAG 902 416 0
H20 Diffuston [¢0] €02 Diffusion [e01 | ) ANME-1_CONS3730B06UFb1.ASAG 961 474 0
O O O ANME-1_GoMg3.2.Co-SAG 814 358 53
Pathway Design and Evaluation: We introduced custom biochemistry from the literature to H2Se] H20fe] cozfe] ANME-1_Meyerdierks MAG 880 358 0
i i ] ; H2S Transport 1.00 H20 Diffusion -4.00  CO2 Diffusion (nd) -
represent the direct interspecies electron transfer between the two microbes. Our latest ANME ANME-1_AG-394-G21.ASAG 722 358 0
AOM pathway contains 43 EFMs which 17 are ATP generating modes. The reverse Methane + AQDS ANME-1 AG-394-GO6.ASAG 618 358 59
methanogenesis branch is essential for every calculated EFM including non ATP modes thus
guaranteeing that Methane is essential for energy. The AQDS which is replaced by the DIET Reverse Methanogenesis
matrix forces our models to form an obligate syntrophic relationship to cycle co? Community Modelling: Experimental fluxomic data from laboratory microcosm studies indicates that only a small fraction of the methane utilized
methanophenazine. The SRB metabolism was adapted from several literature of previous Is converted into ANME biomass.
: . . . - CO2 to Pyruvate i i I I i i i i
studies of Desulfovibrio vulgaris Hildenborough [3]. We knocked out the possibility of the y g - To _S|mulate this behavu_)r, we Increase the malnt_enance A_TP of ANME to push more methane into the _ANME metabolism. _At this stage of the
. . Pyruvate - < _ project further research is required in order to validate the interactions between the two-member community, common metabolites are attempted to
system to receive electrons from carbon uptake (previously Lactate, Formate, Ethanol). \ _ o S © _ :
Reductive TCA ° o S exchange are Acetate, Formate, Pyruvate. We have not yet conducted an auxotrophy analysis of the strains.
E S
£ <
i o U - .
n I_;eft; n R;lg?t C g2 Community Modelling
A\ 4 e e
XX = O
Flux Mode product Pyruvate Oxoglutarate 8 co2 Pyruvate Oxoglutarate % 8 Q/Q Q/Q Q,Q Q Q’Q,Q >
: < L X O L X K P GO Y ¥ N A P Y ¥ N P Y ¥
Meth ane ATP Y|e|d . 0.250(0.750| 0.083| 0.600| 0.250| 0.583| 0.250| 0.625| 0.400| 0.250| 0.125| 0.200| 0.100| 0.400 O . 0.250{0.750| 0.083 0.600| 0.250| 0.583| 0.250| 0.625| 0.400| 0.250( 0.125| 0.200| 0.100| 0.400| Q\é’ (337 (_gib ‘_gib \2\0" coqib cgib 4‘37 \2\0 (_337 c)Qg) (_)Q~ \2\0 ‘_§Q~ %Q~ (_§{~ \2\0 (_<}~ (_§Q~ (_)Q~
ANME-2¢c AMVERA4-31.MAG [USEF Genome 145423/39/1] 0.50 0.08546 0.117592 0.13747 0.205311 60.88825 96.07288 92.02827 63.57201 14.31% 19.69% 23.01% 34.37% 2.86% 2.60% -2.90% -3.44% ﬂ SE 7l] 7lj 10
1 ANME-2c sp. Agg-C10.ASAG [User Genome 145423/79/1] 1.25 0.154451 0.194372 0.240373 0.242238 45,9131 58.34655 43.56617 46.35706 25.86% 32.54% 40.24%  40.55% 2.04%  -2.40% -2.94% -2.38% .] 12.]13.]13
1 Ga0401864 MSngf genome [User Genome 145423,10911] 1.50 0.145891 0.210569 0.249573 0.228934 63.68243 59.0041 50.46541 44.09355 24.42% 35.25% 41.78%  38.33% 1.63% 2.35% -2.79% -2.56% .:115 .:115 .:115 .:LS
0.97 ANME-2¢ sp. HMMV-459B1.MAG [User Genome 145423/38,1] 1.50 0.14528 0.20733 0.249088 0.228029 63.62267 59.39853 50.35469 44.07737 24.32% 34.71% 41.70% 38.17% 1.62% -2.31% -2.78%  -2.54% .:115 .:115 .:Ls .js
0.456 ANME-2c Sp' E20.MAG [USEI' Genome 145423/17”'] 1.50 0.14582 0.207632 0.249767 0.228705 63.56016 59.32437 50.14688 43.87332 24.41% 34.76% 41.81%  38.29% 1.63% 2.32%  -2.79% -2.55% .:115 .:115 .:115 .:LS
1 . ANME-2c¢ Sp' AMVER4-21.MAG [User Genome 14542?’[14/1] 1.50 0.184573 0.231274 0.253603 0.235105 55.76249 56.74562 47.9232 51.07279 30.90% 38.72% 42.46% 39.36% 2.06% 2.58% -2.83% -2.62% .:115 .:115 .:115 .:Lj
1 ANME-3 Sp' HMMV2.MAG [User Genome 145423/13/1] 1.50 @ 0.130219 0.205608 0.215507 0.213382 66.50962 60.88173 57.31269 55.17023 21.80% 34.42% 36.08% 35.72% 1.45% 2.29% -2.41% -2.38% .:115 .:115 .:115 ES
ANME-3 sp. HMMV'M{AG [User Genome 145423/1511] 1.50 g 0.130455 0.205623 0.217027 0.21489 66.44125 60.79143 56.89535 54.75936 21.91% 34.54% 36.45% 36.09% 1.46% -2.30% -2.43% -2.41% .:115 .:115 .:115 .:LS
1 MEthanosarcmales arChaeon EX4484-138MAG [User Genome 145423/102/1] . 0.75 -I-:-' 0.181781 0.181781 0.181781 0.181781 178.1382 75.00231 78.82303 86.61494 30.43% 30.43% 30.43% 30.43% I] 7'] 7l:| 7I:| 7
0 84.8 {ANME-zd Ca' MEIhanOperEdenS nltrorEducens'MAG [User Genome 145423112/1] . 1.25 % 0.105581 0.188598 0.21543 0.214254 70.89162 45.19131 43.02171 43.27815 17.68% 31.57% 36.07% 35.87% 1.36% 2.37% -2.69% -2.46% 3 .] 12.]13.]13 .:‘14
’ ANME-2d Ca. Methanoperedens sp. BLZ1.MAG [User Genome 145423/33/1] . 125 < 0105867 0.180305 0.217304 0.217002 70.77294 53.22264 43.10457 43.52511 17.72% 30.19% 36.38%  36.33% & 137% -2.26% -2.71%  -2.49% E .] 12.]13.]13 .:|14
E ' 1.50 0.222994 0.238778 0.263848 0.243962 63.94241 60.54394 48.43626 43.87992 37.33% 39.97% 44.17%  40.84% 1.49% 1.45%  -1.50% -1.49% (@] 19 19 19 19
' ~ |ANME 2b HR1.MAG [User Genome 145423/16/1] B B = 5 O o W e
01 961 O.Q.ég,lfNME'Zb CONS3730D10UFb2.ASAG [User Genome 145423/77/1] .-.-.-... 0.50 3 0.105024 0.129614 0.168265 0.15328 47.04139 69.57717 60.06214 57.42595 (A 17.58% 21.70% 28.17%  25.66% 8 176% -1.74% -1.96% -2.05% & lj 10.] 12 .jm.] 12
: E ' 1.50 0.162217 0.210152 0.252123 0.23 60.73736 58.24872 49.68608 43.61015 27.16% 35.18% 42.21% 38.50% (4] 1.81% 2.35%  -2.81% -2.57% +- 5 5 5 5
ANME-2b CONS3730F09p3b1.ASAG [User Genome 145423/78/1] ] ] 0 E z z gy N g
ANME'Zb CON83730E01UFb2ASAG [USET Genome 145423/?2}1] . . 1.50 :g 0.223501 0.239307 0.264452 0.244514 g)o 63.90588 60.50087 48.36397 43.79822 ,Q 37.42% 40.06% 44.27%  40.93% 8 1.50% 1.46%  -1.51% -1.49% g . 19‘. 19‘. 19‘. 19
i ANME-2a HMMV-459A3.MAG [User Genome 145423/36/ 1] . . 1.25 :?1 0.123644 0.186141 0.231364 0.227681 % 47.09589 55.93264 43.91392 44.54774 3 20.70% 31.16% 38.73% 38.12% '% 1.61%  -2.46% -3.09% -3.04% f .] 12.] 12.] 12.] 12
1 ANME-2a HMMV-459B4.MAG [User Genome 145423/35/1] . . . 125 ~. 0.102319 0.16955 0.196544 0.197406 % 71.42282 50.89376 42.52138 42.31545 & 17.13% 28.38% 32.90% 33.05% = 1.33% -2.13%  -2.46% -2.27% g .] 12.]13.]13 .:|14
ANME-2a S7142MS1.MAG [User Genome 145423/37/1] . . . . . 1.50 E 0.132463 0.206409 0.240991 0.225295 Lﬁ 66.07867 60.33589 52.39097 45.39473 % 22.25% 34.67% 40.48% 37.84% : L48%  231%  270% 252% o .:lls .:lls .:115 .15
ga0401164 MS1.gff genome [User Genome 145423/108/1] . . . . . 150 2  0.132463 0.206409 0.240991 0.225295 g 66.07867 60.33589 52.39007 45.39473 O 22.25% 34.67% 40.48% 37.84% 8_ 1.48% -231% -2.70% -2.52% €N .:115 .:115 .:115 .:LS
= (=]
: ANME-2a CONS7142H05b1.ASAG [User Genome 145423/57/1] .-.-.-.....-.-.- 0.50 : 0.104594 0.129025 0.167342 0.152514 E 46.96226 69.47774 59.98111 57.40856 g 17.51% 21.60% 28.01% 2553% 43 175% -173% -1.95% -2.04% °\,_|" l] 10.] 12 .jlalj 12
ANME-2a CONS7142G09b1.ASAG [User Genome 145423/60/1] . . . . . 1.50 :?1 0.131631 0.206242 0.235096 0.222716 %  66.25480 60.58044 53.89239 46.42695 E 22.04% 34.53% 39.36% 37.29% 3 147% -230% -2.62% -249% 5 .:115 .:lls .:115 .15
- = (TN
ANME-1 GDMglCO SAG [USET Genome 145423’9011] . . . 1.25 = 0.210365 149.8804 214.2785 119.7309 61.61481 "q',; 35.22% g 2.82% 2.74%  -2.73%  -2.75% g .] 12. 1&. 1&. 1E
1 : ANME-1 GB37.MAG [User Genome 145423/10/1] T N 0z S Eo - s | . A I
ANME-1 ex4572-4.MAG [User Genome 145423/34{1] . 0.75 (l-DO- 0.185811 0.185811 0.185811 0.185811 110.2268 46.23266 42.74001 40.01188 .o\ 31.11% 31.11% 31.11% 31.11% ‘63 & [ 7'] 7l] 7l] 7
| ANME-1 GoMg2.Co-SAG [User Genome 145423/89/1] . 0.75 . 0.176472 0.185641 0.185641 0.185641 126.1681 75.59853 43.96139 43.96139 29.64% 31.18% 31.18% 31.18% 3 i [ 7 7l] 7'] 7
i ’ 1.25 = 0.201341 0.273961 143.7884 180.9371 102.8704 33.71%  45.86% ° -2.70%  -2.63% -2.74% -2.75% o 12 1&. IE. 1E
: ANME-1 CONS3730H04p2b1.ASAG [User Genome 145423/59/1] / ] = s ;T
i ’ 1.25 0.207903 0.236071 0.236071 0.236071 159.1279 126.664 58.27429 51.37196 34.81% 39.52% 39.52%  39.52% -2.78% -3.16% -3.16% -3.16% 12 12 12 12
7 ANME-1 CONS3730MDAHO03UFb1.ASAG [User Genome 145423/56/1] ] g N ™ N
ol 69-9.9. 1 ANME-1 Agg‘C03ASAG [User Genome 145423/58/1] . 1.25 E 0.155171 0.195447 0.242312 0.243741 45.94737 58.61928 43.66024 46.64473 25.98% 32.72% 40.57% 40.81% -2.05% -2.41% -2.97% -2.39% .] 12.]13.]13 r
0.999 1 r—ANME-l CONS3730F07p2b1.ASAG [User Genome 145423/71/1] [ o _ ) : : A M W 3
1.25 J 0.144672 0.185435 0.229932 0.227198 48.84057 55.57511 43.61956 44.17098 24.22% 31.04% 38.49%  38.04% 1.91% 2.45% 3.08% 3.04% 12 12 12 12
ANME-1 GB60.MAG [User Genome 145423]11]1] . 1.25 149.9185 115.3723 66.25679 60.1877 -3.80E-17 -1.75E-17 1.75E-17 -5.55E-17 . 19‘. 19‘. 19‘. 19‘
AAMEL SOMEECENG [User SEIome 145423,96/1] .NO gaps . . 1.50 71.42727 65.19049 49.35282 44.87306 3.80E-17 1.05E-12 -2.05E-17 2.05E-17 . 19‘. 19‘. 19‘. 19‘
ANME-1 CON5373OBOGUFblASAG [User Genome 145423[73[1] 1Ga . 1.25 0.155543 0.195907 0.24302 0.244457 45.,92425 58.,75728 43.78774 46.78176 26.04% 32.80% 40.68% 40.92% -2.05% -2.41% -2.97% -2.40% .] 12.]13 13 r
ANME-1 GoMg3.2.Co-SAG [User G 145423/91/1 P
-1 GO Qd-‘ -ko' [User Genome poe ] 2 Gaps . 1.25 0.155757 0.195927 0.243049 0.244657 45.9324 58.72149 43.74155 46.70552 26.08% 32.80% 40.69%  40.96% 2.05% -2.41% -2.97% -2.40% .] 12.]13 13
ANME-1 Meyer lerks. MAG [USEf Genome 145423/39 1] . . 1.25 0.117098 0.179871 0.213082 0.219984 83.42987 53.94751 42.62869 42.09828 19.60% 30.11% 35.67% 36.83% -1.53% -2.22%  -2.61% -2.16% .] 12.]13.]13
|0_17 I 1 A;INMMEE-11Afc;3§:¢;Gc;2;éA:£fG[Uljer GGenome 1:::;;5:;1 3 Gaps . 1.25 0.21073_ 150.6609 215.361 120.5174 61.61481 35.28%_ -2.82%  -2.74%  -2.73%  -2.75% .] 12. 1&. 1&. 1E
i ) i ' [User Genome | 4 or more Gaps . 1.25 0.148064 0.199873 0.237191 0.226023 49.49339 60.09443 45.17543 44.93174 24.87% 33.57% 39.84% 37.96% -1.95%  -2.66% -3.19% -3.03% .] 12.] 12.] 12

Base Models Gap filled Models

References:

Data Visualization: We provide metabolic network visualization with our Escher tool
https://modelseed.org/annotation/projects/anme/. The ETC map allows to display and view all : e
individual EFM of the ANME ETC network. While the Genome-Scale map shows the L EETURE
metabolism that was capture by all ANME, individual clades or strains. The maps are also e Xf‘ i kf .
available in KBase. “u“%”x Ck){
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