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Natronoglomus mannanivorans
gen. nov., sp. hov.,
beta-1,4-mannan utilizing
natronoarchaea from hypersaline
soda lakes

Dimitry Y. Sorokin'?*, Alexander G. Elcheninov?, Nicole J. Bale?,
Jaap S. Sinninghe Damsté* and Ilya V. Kublanov?

tWinogradsky Institute of Microbiology, Research Centre of Biotechnology, Russian Academy of
Sciences, Moscow, Russia, 2Department of Biotechnology, Delft University of Technology, Delft,
Netherlands, *NIOZ Royal Netherlands Institute for Sea Research, Texel, Netherlands

Beta-mannans are insoluble plant polysaccharides with beta-1,4-linked
mannose as the backbone. We used three forms of this polysaccharide, namely,
pure mannan, glucomannan, and galactomannan, to enrich haloarchaea, which
have the ability to utilize mannans for growth. Four mannan-utilizing strains
obtained in pure cultures were closely related to each other on the level of the
same species. Furthermore, another strain selected from the same habitats with
a soluble beta-1,4-glucan (xyloglucan) was also able to grow with mannan. The
phylogenomic analysis placed the isolates into a separate lineage of the new
genus level within the family Natrialbaceae of the class Halobacteria. The strains
are moderate alkaliphiles, extremely halophilic, and aerobic saccharolytics. In
addition to the three beta-mannan forms, they can also grow with cellulose,
xylan, and xyloglucan. Functional genome analysis of two representative strains
demonstrated the presence of several genes coding for extracellular endo-
beta-1,4-mannanase from the GH5_7 and 5_8 subfamilies and the GH26 family
of glycosyl hydrolases. Furthermore, a large spectrum of genes encoding other
glycoside hydrolases that were potentially involved in the hydrolysis of cellulose
and xylan were also identified in the genomes. A comparative genomics analysis
also showed the presence of similar endo-beta-1,4-mannanase homologs in
the cellulotrophic genera Natronobiforma and Halococcoides. Based on the
unique physiological properties and the results of phylogenomic analysis, the
novel mannan-utilizing halolarchaea are proposed to be classified into a new
genus and species Natronoglomus mannanivorans gen. nov., sp. nov. with the
type strain AArc-m2/3/4 (=JCM 34861=UQM 41565).

KEYWORDS

hypersaline lakes, haloarchaea, glucomannan, galactomannan, beta-1,4-mannan

Introduction

Recent extensive studies on the functional diversity of extremely halophilic archaea
belonging to the class Halobacteria resulted in a significant shift in a longstanding
perception of this unique group of extremophiles as copiotrophic dissipotrophs utilizing
either rich amino acid mixtures or simple soluble monomeric compounds, such as sugars
or organic acids. In particular, it is becoming evidently clear that many haloarchaeal species
possess extensive hydrolytic potential against various groups of recalcitrant insoluble
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polysaccharides, such as chitin, cellulose, and a range of other
neutral glucans (Sorokin et al, 2015, 2018, 2019a,b, 2022a,
2023). In our previous study, we used selective enrichments
with a range of soluble and insoluble glucans to obtain pure
cultures of haloarchaea utilizing various glucans with different
monomers and back-bond structures as growth substrates (Sorokin
et al., 2022a). One of the selected groups included five isolates
of alkaliphilic haloarchaea that have the ability to grow with
beta-mannans, including pure beta-1,4-mannan and its two
modifications, glucomannan (with glucose and mannose in the
backbone) and galactomannan (with galactose in the side chains).
To date, the beta-mannans with backbone have been proven to
serve as a growth substrate for three characterized species of
haloarchaea: Natronoarchaeum mannanilyticum (Shimane et al,
2010) and Haloarcula mannanilytica (Enomoto et al., 2020) use
galactomannan as a substrate and cellulotrophic Natronobiforma
cellulositropha uses pure beta-1,4-mannan as a substrate (Sorokin
etal., 2018). The latter and the heteropolymeric glucomannan have
never been tested before to enrich mannan-utilizing haloarchaea.
According to the CAZy database (http://www.cazy.org), the only
enzymatically characterized mannan-specific glycoside hydrolases
(several subfamilies of the GH family 5 and the GH family 26)
are known in bacteria and eukarya, mostly in fungi. This finding
certainly indicates a substantial gap in the knowledge on the
potential presence of functionally active archaeal beta-mannanases
and on the identity of archaea that are able to utilize such polymers
as growth substrates.

In this study, we provide taxonomic evaluation and functional
genome analysis focusing on glycosyl hydrolase families for several
strains of haloarchaea, which were previously enriched from
neutral and alkaline hypersaline lakes in southwestern Siberia
on insoluble beta-1,4-mannans. All mannan-utilizing isolates are
closely related, forming a separate lineage within the family
Natrialbaceae, and are proposed to be classified as Natronoglomus
Mannanivorans gen. nov., sp. Nov.

Materials and methods

Media and cultivation conditions

Mix surface sediments and brines collected from several
hypersaline salt and soda lakes in the Kulunda Steppe (Altai,
Russia) were used as inoculum for enrichment cultures. The brine
pH (measured with the field pH meter, WWR) in neutral lakes of
the chloride-sulfate type ranged from 7.5 to 8.2, and in soda lakes,
the pH values ranged from 9.8 to 11. The total salt concentration
(measured in the field with a refractometer and verified by the
gravimetry in the laboratory) was found to be ranging from 200
to 400g 171, Before cultivation, the sediment suspension (one
part of sediment:nine parts of brines, v:v) was preincubated for
3 days at 28°C on a rotary shaker with the addition of 200 mg
17! each of ampicillin and streptomycin to suppress the growth of
bacteria. The suspended solids were precipitated by centrifugation
and resuspended into two types of base mineral medium containing
either 4M total NaCl at pH 7 or a 3:1 (v:v) mix of 4M NaCl
and sodium-carbonate base with 4 M total Na™ (the final pH was
9.5). The cultures were supplemented with 1g 17! each of three
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types of beta-1,4-mannan (Megazyme, Ireland): pure mannan;
glucomannan (beta-1,4 heteropolymer of mannose and glucose
with a Gl:Man ratio of 4:1); and galactomannan (beta-1,4-mannan
with a side chain decoration of alpha-1,6-linked galactose). The
polymers were prepared as 10% suspensions in sterile distilled
water and sterilized at 110°C for 30 min, and the enrichments
were incubated on a rotary shaker in closed bottles at 37°C until
visible substrate degradation (accessed by light microscopy) and
the appearance of pink turbidity in the liquid phase occurs. Pure
culture isolation was achieved after the plating of final positive serial
dilution from single colonies forming the clearance zones on the
mannan plates (the mannan suspension was sonicated to reduce
the particle size) and showing stable growth in the liquid medium
with the beta-1,4-mannan as the sole carbon and energy source.

Phenotypic characterization

Phase contrast microscopy was performed using Zeiss
Axioplane Imaging 2 (Germany). The growth in liquid cultures
was monitored ODggo after 30 min of gravity sedimentation of
insoluble particles or directly in the case of soluble substrates.
Thin-section electron microscopy was performed for the cells
of type strain AArc-m2/3/4 grown either with beta-mannan or
xylan, using a JEOL100 instrument (Japan) as described previously
(Sorokin et al,, 2018). The ability for anaerobic growth was tested
in serum bottles sealed with butyl rubber stoppers after the removal
of dissolved oxygen and subjected first to “cold boiling” under a
vacuum followed by flashing three times with sterile argon gas.
Aerobic substrate utilization, pH-salt profiling, and other standard
phenotypic testing were performed as described by Sorokin et al.
(2022a). Membrane polar lipids and respiratory menaquinones
were extracted from freeze-dried biomass of strains AArc-m2/3/4
and AArc-xgl-1 that were grown with cellobiose at 37°C, 4 M total
Na™, and pH 9.5 until the late exponential growth phase and were
resolved by Ultra High Pressure Liquid Chromatography-High
Resolution Mass Spectrometry (UHPLCHRMS) using an Agilent
1290 Infinity I UHPLC (ThermoFisher Scientific), as described
previously (Bale et al., 2021; Sorokin et al., 2022b).

Growth tests were performed in a basal alkaline medium
containing 4 M total Na™ (1 M as sodium carbonates and 3 M as
NaCl) at pH 9.5. Substrates were added at a final concentration of
1g 17! after sterilization from 10% concentrated stocks. In total,
10 ml cultures in 30 ml bottles with screw-capped rubber septum
(to prevent evaporation) were incubated on a rotary shaker at 37°C.
The growth was monitored by measuring ODggo against a control
without substrate, directly in the case of soluble substrate, and after
vigorous homogenization and 10 min stasis to allow particles to
sediment in the case of insoluble polysaccharides.

Genome sequencing and phylogenomic
and functional genomic analyses

The genomes of AArc-m2/3/4 and AArc-xgl-1 were sequenced

using the MiSeq Illumina platform and assembled as described
previously (Sorokin et al., 2022a). Their draft assemblies were
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deposited in the GenBank under the numbers GCA_025517485 and
GCA_025517495, respectively.

For phylogenomic analysis, 122 conserved single copy archaeal
protein markers (Rinke et al., 2021) from the in silico translated
genomes of two mannan-utilizing natronoarchaea, the closest
related strains KZCA124 and TS33, and all described species of
the family Natrialbaceae, were identified and aligned using the
GTDB-tk v.1.7.0 with reference data v.202 (Chaumeil et al., 2019).
The resulting alignment was treated using trimAL v1.4.1 with -
gt 1 option for complete gap elimination (Capella-Gutiérrez et al.,
2009). The phylogenomic tree was constructed and drawn using
the RAXML v.8.2.12 (the PROTGAMMAILG model, 1,000 rapid
bootstrap replications) and iTOL v.6.5.2, respectively (Stamatakis,
2014; Letunic and Bork, 2019). The whole genome comparisons
(ANI, AAI, and POPC) were calculated as described earlier
(Sorokin et al., 2023).

Functional genome analysis of the glycoside hydrolases
(GH) with particular focus on the mannan-hydrolyzing families
including the GH5_7, GH5_8, and GH26 families in AArc-m2/3/4
and AArc-xgl-1 (as well as the genomes of related strains KZCA124
and TS33) was performed using the dbCAN v.4 (Zhang et al,
2018) with HMMER (Mistry et al., 2013) and Diamond tools
(Buchfink et al., 2015) to detect the target GH domains. Additional
domains were searched using the InterPro database (Paysan-
Lafosse et al., 2023). Gene clusters of AArc-m2/3/4, AArc-xgl-
1, and several other species containing genes encoding endo-
beta-mannanases were visualized using the gggenes package in R
(https://cran.r-project.org/web/packages/gggenes). The GH5 and
GH26 enzymes of strains AArc-m2/3/4 and AArc-xgl-1 and
related proteins found by the NCBI BLAST (the organism list was
limited to Archaea; the e-value threshold were le-10 and le-5
for GH5 and GH26, respectively) were used for the phylogenetic
reconstruction of the haloarchaeal beta-mannanases. Furthermore,
all proteins were analyzed using dbCAN v.4 with HMMER tool to
detect target domains; only proteins with target catalytic domains
(minimal coverage is 0.4) and some additional carbohydrate-
binding domains (minimal coverage is 0.5) were kept in the
final protein set. Both sets of sequences (the GH5 and GH26
families) were aligned using MAFFT v.7 with the E-INS-i method
(Katoh et al, 2017). The alignments obtained were trimmed
using trimAL v1.4.1 with -gt 0.75 (Capella-Gutiérrez et al., 2009).
The phylogenetic trees for GH5 and GH26 glycosidases were
constructed and decorated as described above for the “ar122”-
based phylogenomic tree with a decreased number of bootstrap
replications (500).

Results and discussion

Enrichment and isolation of pure cultures
of mannan-utilizing haloarchaea

Five enrichment cultures (one from neutral salt lakes and
four from soda lakes) showed stable growth with four different
polymers. The neutral and soda lake enrichments with beta-1,4-
mannan yielded strains HArc-m1 and AArc-m2/3/ 47, the soda lake
enrichments with galactomannan yielded strain AArc-glctm5 and
with glucomannan yielded strain AArc-gm3/4/5-2. An additional

Frontiersin Microbiology

10.3389/fmicb.2024.1364606

enrichment with xyloglucan provided an additional beta-1,4-
mannan-utilizing isolate AArc-xgl-1. It was confirmed that the
first four isolates selected with different mannan variations could
grow with beta-1,4-mannan. The xyloglucan-yielded isolate AArc-
xgl-1 was first identified as a potential mannan utilizer based
on its phylogenomic proximity to the mannan-enriched strains
and functional genome analysis, and it was later confirmed by a
growth test. An interesting fact to note is that the neutral salt
lake isolate, HArc-m1, turned out to be identical to its counterpart
mannan-selected soda lake natronarchaeon, AArc-m2/3/4, and was
confirmed to be able to grow optimally at moderately alkaline
conditions used for the enrichment of the soda lake isolates, which
is a rare example (at least in our experience). Evidently, two factors
might have played a role in such a coincidence: the first is the close
proximity of the chloride-sulfate and soda lakes in the southern
Kulunda steppe (a few kilometers range) and the second is the
unique substrate specialization overruling the significance of the
alkali-related adaptation.

Phenotypic properties

The cells of all mannan-utilizing strains were mostly true non-
motile cocci that were ~1 pum in diameter, becoming especially
refractive when grown with mannan and cellulose (Figure 1). Thin
sectioning electron microscopy revealed a major difference in the
cell ultrastructure between the mannan- and xylan-grown cells: the
former had a much thicker cell wall consisting of several layers and
an extended pseudoperiplasmic space (Figure 2), which resembled
the cellulose-growing cells of Natronobiforma (Sorokin et al., 2018).
It might be due to the necessity of these haloarchaea to interact
physically with the insoluble glucans.

Membrane phospholipid profiling of strains AArc-m2/3/4 and
AArc-xgl-1 indicated domination of C-Cyg archaeol and Cyy-Cys
extended archaeol as the core, with phosphatidylglycerolphosphate
methyl ester (PGP-Me) and phosphatidylglycerol (PG) as the polar
heads in equal proportion (Supplementary Table S1). The glyco-
and sulfo-lipids were not detected. The majority of respiratory
lipoquinones were represented by the saturated MK-8:8 (75 and
95% in AArc-m2/3/4 and AArc-xgl-1, respectively), and the rest
was monounsaturated MK-8:7.

The range of polysaccharides
of all
amorphous cellulose, xyloglucan, xylan, and arabinoxylan,

supporting the growth

isolates included beta-1,4 mannan, glucomannan,
while galactomannan supported only a weak growth with

incomplete degradation. Alpha-glucans from the starch
family, beta-glucans with the 1,3- and 1,6-backbone, and the
beta-fructans did not support the growth of isolates. Active
hydrolysis of the beta-mannan and amorphous cellulose can
be observed as the formation of clearance zones around the
colonies (Supplementary Figure S1). The range of utilized sugars
investigated in the strain AArc-m2/3/4" included galactose,
lactose, trehalose, raffinose, rhamnose, sucrose, cellobiose, maltose,
melezitose, and melibiose. Interestingly, mannose and glucose, the
monomers of two groups of growth-supporting beta-1,4-glucans,
were not among the utilized sugars. Most likely, only oligomers

were transported inside the cells.
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FIGURE 1
Cell morphology of the beta-1,4-mannan-utilizing haloarchaea growing at 4 M Na*, pH 9.5, and 37°C. (a, b) Strain AArc-m2/3/4 on mannan [(a)

aggregated cells in the solid phase with polymer, (b) free cells]; (c, d) strain AArc-xg1-1 [(c) on mannan, (d) on xyloglucan]; (e) strain HArc-m1 on
mannan; (f) strain AArc-glctm5 on mannan; (g, h) strain AArc-gm3/4/5-2 [(g) on mannan, (h) on glucomannan].
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FIGURE 2

Thin-section electron microscopy microphotographs showing an ultrastructural difference of the AArc-m2/3/4 cells grown with beta-1,4-mannan
(a) and xylan (b). The mannan-grown cells have an extra external cell layer and extended pseudoperiplasm in comparison to the cells grown on xylan.

Anaerobic growth with cellobiose as a substrate was not
observed both at fermentative conditions and in the presence of
various electron acceptors, including nitrate, nitrite, N, O, sulfur,
thiosulfate, DMSO, and fumarate. Ammonium and urea, but not
nitrate, served as the nitrogen source. The cellobiose-dependent
growth at pH 9.5 was not inhibited by streptomycin, ampicillin,
kanamycin, vancomycin, and tetracycline at concentrations of up
to 100 mg 1 1.

AArc-m2/3/4" grew optimally (with cellobiose at pH 9) at
3.5M total Na™ and with the range from 2.0 to 4.5M. The pH
profiling (with cellobiose at 4 M total Nat) was performed for the
soda lake isolate, AArc-m2/3/4", and for the salt lake isolate, HArc-
ml. The former showed a weak growth starting from pH 7.2 and
grew up to pH 9.7, while the latter had a lower growth pH limit
starting from a minimum of pH 6.8 and was able to grow up to pH
9.5. Both strains grew optimally around pH 9. Thus, they can be
qualified as facultatively alkaliphilic extreme halophiles.

Phylogenetic analysis

The genomes of AArc-m2/3/4 and AArc-xgl-1 contain
a single rrn operon with the 16S rRNA gene most closely
related to the species of the genera Halovivax and Saliphagus
(~95%
results of the phylogenomic analysis based on 122 archaeal

sequence identity). However, according to the

conserved  single-copy protein markers,

isolates formed a distinct clade within the Natrialbaceae family

mannan-utilizing

neighboring the cellulotrophic genus Natronobiforma (Figure 3,
Supplementary Figure S2). Furthermore, the whole-genome-based
comparative analyses indicated that the novel isolates form an
independent lineage of a new genus level within the Natrialbaceae
(Supplementary Table S2). Average nucleotide identities (ANI)
between the AArc-m2/3/4T and AArc-xgl-1 strains was 98.5%,
which means that they belong to the same species; ANI values
between novel isolates and the representatives of the closest genera,
Natronobiforma and Saliphagus, were 77.9 and 77.1%, respectively,
and the range for other type species of the Natrialbaceae varied
from 74.1 to 78.6%. Average amino acid identity (AAI) values
between the AArc-m2/3/4" and AArc-xgl-1 strains and the type
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species of the Natrialbaceae ranged from 58.9 to 70.3%, with the
highest value being N. cellulositropha. These values are significantly
below the threshold for the demarcation of genera within the
Natrialbaceae (76%; de la Haba et al., 2021). The percentage of
conserved proteins (POCP) between novel strains and the type
species of the Natrialbaceae varied from 49.4 to 66.2% with the
highest values being N. cellulositropha and Saliphagus infecundisoli.
The highest POCP values were slightly higher than the proposed
genus-level threshold of 50% (Qin et al., 2014). However, many
authors often indicated that a strict boundary of 50% is not suitable
for the demarcation of genera within some taxa (Aliyu et al., 20165
Orata et al,, 2018; Wirth and Whitman, 2018). Thus, it is likely
that, in the case of the Natrialbaceae, the POCP threshold needs to
be revised.

Functional genome analysis

Beta-mannan utilization potential

The main functional property of the new isolates is the
potential to utilize insoluble beta-1,4-mannans and beta-1,4-
glucans (cellulose) as a growth substrate. The two sequenced
genomes contained a very similar array of genes encoding the
key glycoside hydrolases that were potentially involved in the
unique substrate specificity of the novel natronoarchaea. A most
interesting group of such enzymes included beta-1,4-mannanases
belonging to the families GH26 (one enzyme), GH5_7 (four
enzymes, two of them with a carbohydrate binding domain, CBM),
and GH5_8 (one enzyme with a CBM) (Table 1). All six proteins
have TAT translocation signals (i.e., are extracellular) and are co-
located in two large genomic islands together with the genes coding
for multiple endo-beta-1,4-glucanases from the GH5 superfamily,
which is most likely responsible for cellulose degradation and/or
endo-beta-1,4-xylanases from the GH10 family.

The first cluster contains genes of three endo-beta-1,4-
mannosidases from the GH5_7 and GH5_8 subfamilies and
the GH26 family and a beta-mannosidase from the GH2
family (Figure 4A). Moreover, endo-alpha-1,5-L-arabinanase
from the GH43 family, a putative enzyme from the GH109
family (homologous to various sugar dehydrogenases), two
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0.1
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FIGURE 3

The maximum likelihood phylogenetic tree based on 122 conserved archaeal proteins demonstrating the position of two mannan-utilizing
natronoarchaea (in bold) within the family Natrialbaceae. The branch lengths correspond to the number of substitutions per site with corrections
associated with the models. The black circles at nodes indicate that the percentage of corresponding support values was above 50. The species of
some genera are collapsed, and the numbers of species are given in brackets. Archaeoglobus fulgidus VC-16", Methanocella paludicola SANAET, and
Methanothermobacter thermautotrophicus Delta HT were used as an outgroup (not shown).
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Salinadaptatus halalkaliphilus XQ-INN" (GCA 006543045.1)
Natrarchaeobaculum sulfurireducens AArc1 (GCA 003430825.1)
Natrarchaeobaculum aegyptiacum JW NM-HA 15 (GCA 002156705.1)
Natrarchaeobius halalkaliphilus AArcht-SI" (GCA 003841485.1)
Natrarchaeobius chitinivorans AArcht4” (GCA 003841505.1)

Natrialba swarupiae ESP3B" (GCA 008245225.1)

Halobiforma lacisalsi AJ5' (GCA 000226975.3)
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TABLE 1 Polysaccharide hydrolases potentially involved in the beta-mannan, cellulose, and xylan hydrolysis encoded in the genome of
mannan-utilizing strain AArc-m2/3/4.

Locus tag MCU4972+

Protein family

Putative function

Protein size (aa)

Localization (signal peptide)

0716 GH5 Endo-beta-1,4-glucanase 523 (E) TAT/SPI
2295 GHI11 Endo-beta-1,4-xylanase 428 (E) TAT/SPI
2297 GH10/2 x CBM85 Endo-beta-1,4-xylanase 1,035 (E) TAT/SPI-SPIL
2716 GH5/PKD Endo-beta-1,4-glucanase 637 (E) TAT/SPI
2717 GH5 Endo-beta-1,4-glucanase 610 (E) TAT/SPI
2718 GH5/CBM6 Endo-beta-1,4-glucanase 1,755 (E) TAT/SPI
2719 - S-layer glycoprotein 258 (M) 2 TMH
2720 GH5_7/CBM5 Endo-beta-1,4-mannanase 759 (E) TAT/SPI
2721 GHS5 Endo-beta-1,4-glucanase 646 (E) Sec/SPI
2722 GH10 Endo-beta-1,4-xylanase 589 (E) TAT/SPI
2723 GH10 Endo-beta-1,4-xylanase 741 (E) TAT/SPI
2724 GH10 Endo-beta-1,4-xylanase 577 (E) TAT/SPI
2725 GH5 Endo-beta-1,4-glucanase 600 (E) TAT/SPI
2726 - Dockerin/PKD family 815 (E) TAT/SPI
2727 CBM6 Cellulose-binding 592 (E) TAT/SPI
2728 GH5 Endo-beta-1,4-glucanase 598 (E) TAT/SPI
2729 GH5/CBM6 Endo-beta-1,4-glucanase 835 (E) TAT/SPI
2730 GH5 Endo-beta-1,4-glucanase 490 (E) TAT/SPI
2732 CBM3 Chitin/cellulose-binding 578 (E) TAT/SPI
2733 GH5_7 Endo-beta-1,4-mannanase 469 (E) Sec/SPI
2734 GH5_7 Endo-beta-1,4-mannanase 779 (E) TAT/SPI
2735 GH5/CBM6 Endo-beta-1,4-glucanase 827 (E) TAT/SPI
3710 GH9 cellulase 821 (E) TAT/SPI
4111 GH5/CBM9 Endo-beta-1,4-glucanase 653 (E) TAT/SPI
5514 GH5_7 Endo-beta-1,4-mannanase 417 (E) TAT/SPI
5518 GH26 Endo-beta-1,4-mannanase 466 (E) TAT/SPI
5520 GH5_8/CBM6 Endo-beta-1,4-mannanase 407 (E) TAT/SPI
5524 GH2 Beta-mannosidase 844 (C)

(E), extracellular; (C), cytoplasmic; CBM, carbohydrate-binding domain. Mannan-specific enzymes are in bold.

mannonate dehydratases, putative UDP-glucose 4-epimerase, and
a transcriptional regulator of the IcIR family were encoded in this
cluster. In the genome of AArc-xgl-1, there was an additional
CRISPR-associated endonuclease. Very similar clusters were found
in the genomes of undescribed strains KZCA124 and TS33, which
were closely related to our mannan isolates, but they possessed
an additional GH5_7 gene, while genes of GH43 glycosidase were
absent. Homologous cluster in N. cellulositropha AArcel5 lacked
genes of GH5_8 enzyme and one mannonate dehydratase gene,
while Halococcoides cellulosivorans HArcell had only a single
endo-beta-1,4-mannosidase from GH26.

The second cluster was much larger and encoded up to 21
proteins (Figure 4B). Identical clusters encoding 11 glycosides
from the GH5 family (both endo-beta-1,4-mannanases and
endoglucanases), three endo-beta-1,4-xylanases from the GHI0
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family, putative polysaccharide lyase (PL)14 with an unknown
function, and several proteins containing putative CBM domains
(galactose-binding-like domain, fibronectin type III, and type I
dockerin) were observed in the genomes of AArc-m2/3/4 and
AArc-xgl-1. Clusters in the genomes of KZCA124 and TS33 did
not encode proteins of the PL14 family and fibronectin type III
domain-containing proteins. Moreover, there were fewer genes
of endo-glucanases from GH5 and GHI10 enzymes. The largest
endo-glucanase encoding cluster was found in the genome of N.
cellulositropha AArcel5 with 10 x GH5 and GH9 endo-beta-1,4-
glucanases, GH81 endo-beta-1,3-1,4-glucanase but lack the GH10
xylanases. Other clusters of the second type consisted of four to nine
genes (mostly genes of glycosidases from GH5 and GH5_7). Both
H. cellulosivorans and Halomicrobium salinisoli had a single gene
encoding endo-beta-1,4-mannanases from the GH5_7 subfamily.
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FIGURE 4
Clusters containing endo-beta-mannanase genes of AArc-m2/3/4" and AArc-xg1-1 strains and similar gene clusters of other haloarchaeae encoding
GH26, GH5_7, and GH5_8 families (A) or enzymes of the GH5_7 family only (B): Cas, CRISPR-associated nuclease; GHx, glycoside hydrolase of "x"
family; hyp, hypothetical protein; IcIR, HTH-type transcriptional regulator of IcIR family; manD, mannonate dehydratase; UDPge, UDP-glucose
4-epimerase; RraA, putative oxaloacetate decarboxylase of RraA family; CBM, carbohydrate-binding module; FN3, fibronectin type IlI
domain-containing protein; Gal-db/Dock1, galactose-binding-like domain- and/or type | dockerin domain-containing protein; PL14, polysaccharide
lyase of PL14 family; and VbB, vanadium-dependent bromoperoxidase

To predict the functions of the GH26 and GH5_7/8 subfamilies
more reliably, a phylogenetic analysis of these families was
performed. This analysis demonstrated that the GH26 encoded
in the genomes of the AArc-m2/3/4" and AArc-xgl-1 strains
are indeed endo-beta-1,4-mannanases belonging to the clade
containing biochemically characterized beta-mannanases from
bacteria and fungi (Figure 5). In addition to the catalytic GH26
domain, these enzymes contain the dockerin type I domain
participating in the binding of substrate. Enzymes of KZCA124
and TS33, as well as N. cellulositropha and H. cellulosivorans,
also belong to this clade (II). It is remarkable that there were
more than 100 proteins of the GH26 family from halophilic
archaea (and other archaea) belonging to another clade (I),
which have a very low level of homology with the confirmed
beta-1,4-mannanases. It is likely that these proteins together
with the characterized beta-1,3-xylanases should be separated
into a different subfamily of the GH26 or even into a separate

Frontiersin Microbiology

family. Due to the complexity of the GH5 family, recently
including 57 subfamilies (Supplementary Figure S3), analysis of
these glycosidases was focused on clades containing endo-beta-
mannosidases (GH5_7 and GH5_8 subfamilies). Both AArc-
m2/3/4" and AArc-xgl-1 strains possess four enzymes from the
GH5_7 subfamily (Figure 6), of which two of them contained
additional domains (carbohydrate-binding module family 5/12,
fibronectin type III or PKD, and concanavalin A-like lectin
domains), which may enhance the hydrolytic activity against
insoluble polysaccharides. In addition to the abovementioned
enzymes, KZCA124 and TS33 had another protein of GH5_7
containing three fibronectin type III domains. Moreover, one
enzyme of the GH5_8 subfamily was encoded in each genome
(Figure 7). These proteins consisted of a catalytic domain and
the CBM5/12. Both GH5_7 and GH5_8 enzymes from the
studied haloarchaea were clustered together with biochemically
characterized endo-beta-1,4-mannonases from bacteria, fungi, and
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NOQ32985.1 h

W,,‘(:haracterized beta-1,3-xylanase (3) I
MCX6653618.1 glycosyl hydrolase Candidatus Bathyarchaeota archaeon
uncharacterized enzymes of GH26 family from other archaea (23)

uncharacterized enzymes of GH26 family from haloarchaea (103)
RCV62699.1 putative bet:

nanase A archaeon

archaeon

RZN43901.1 hypothetical protein Methanosarcinales archaeon

NOZ80532.1 hypothetical protein DPANN group archaeon "
MAH42556.1 hypothetical protein archaeon

MCD6340687.1 DUF5060 domain-containing protein Desulfurococcales archaeon

protein A

sp|P16699| endo-1,4-bet: C: DSM 16130
sp|005512| endo-1,4-beta-mannosidase Bacillus subtilis 168

tr|Q5PSP8| endo-1,4-beta-mannosidase Bacillus subtilis

sp|A1A278| endo-1,4-bet i it i is DSM 20083

tr|QIXCV5| endo-beta-1,4-mannanase Cellulomonas fimi
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Cellvibrio i

Ueda107
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I tr|A7LW88| endo-1,4-bet i
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Ueda107

trJAOAGIBWFT5| GH26A protein Muricauda sp. MAR_2010_75

1r|006842]

—WJ:WL MBS7656371.1 glycosidase GH26 family Candidatus Bathyarchaeota archaeon
MBS7614441.1 glycosidase GH26 family Candidatus Bathyarchaeota archaeon

PSP92880.1 protein F archaeon
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tr|A7LW89| beta-mannanase Bacteroides ovatus DSM 1896
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tr|D8DY19| endo-beta-1,4-glucanase with additional GH26 domain Prevotella bryantii B14
tr|P77847| endo-beta-1,4 Caldi iruptor Iyti
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—
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FIGURE 5

The phylogenetic analysis of the GH26 family endo-beta-1,4-mannanases (with domain architecture) of strains AArc-m2/3/4" and AArc-xg1-1 and
closely related strains KZCA124 and TS33. Biochemically characterized enzymes are highlighted in bold. Domain architectures for
endo-beta-1,4-mannosidases of AArc-m2/3/4, AArc-xg1-1 strains, and its closest relative are given. The numbers at nodes indicate the percentage

of corresponding support values (only values higher than 50% are shown).

plants indicating that haloarcheal proteins should also possess
endo-mannonolytic activity.

Other repertoire of polysaccharide hydrolases
encoded in the genomes

In addition to the mannanase-cellulase-xylanase GH families,
both sequenced genomes also encoded a large repertoire of
other polysaccharide-active enzymes including putative PL families
listed in Supplementary Tables S3 and S4. The major difference
between these groups of hydrolases is cell localization: the
former are generally all extracellular, while many proteins from
the latter group are cytoplasmic. The putative substrate for
such enzymes includes cellulose/xyloglucan (GH3, GHS5, and
GHY families), xylan/arabinoxylan (GH3, GH10, GH11, GH5I,
GH67, and GH115 families) arabinogalactan (GH2, GH30, GH42,
GH43, GH51, and GH154 families), starch (GH13 family), acidic
polysaccharides, such as polygalacturonan (PL1, PL22, and GH28),
rhamnogalacturonan (PL11, PL26, PL42, GH4, and GH105), and
alginate, and their oligomers. However, growth and hydrolytic
activity were only observed with arabinoxylan and xyloglucan.
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Central sugar metabolism

Taking into account that the GH2 family beta-mannosidases
are intracellular and the strains are unable to grow on
mannose, it is plausible to assume that mannan is hydrolyzed
to mannooligosaccharides outside the cells, and then, the
oligomers are imported into the cells. The phosphotransferase
system (PTS) transporter genes were not found in the genomes
of AArc-m2/3/4T and AArc-xgl-1 similar to cellulotrophic
haloarchaea (FElcheninov et al.,, 2023). On the other hand, there
were multiple genes of putative carbohydrate-specific ABC
transporters (e.g., MCU497+ 1351-1354; 1378-1381; 3422-3426;
4795.1-4797.1; 4083-4081; and 5056-5061) in AArc-m2/3/4",
some of which likely import mannooligosaccharides into the
cells, and furthermore, they are hydrolyzed by the GH2 beta-
mannosidases. It is likely that mannose is oxidized during the
side activity of glucose dehydrogenase or putative oxidoreductase
(MCU4975802)
aldohexose dehydrogenase from Thermoplasma acidophilum

distantly homologous to mannose-specific

(Nishiya et al., 2004). Under the action of mannonate dehydratases

ManD (the genes of two of them, 5517 and 5522, were co-located
in the gene cluster with mannanases), mannose is converted
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FIGURE 6

The phylogenetic analysis of enzymes of strains AArc-m2/3/4 and AArc-xg1-1 belonging to the GH5 family (the GH5_7 subfamily). Biochemically
characterized enzymes are highlighted in bold. Domain architectures for endo-beta-1,4-mannosidases of AArc-m2/3/4, AArc-xgl-1 strains, and its
closest relative (KZCA124 and TS33) are given. The numbers at nodes indicate the percentage of corresponding support values (only values higher

than 50% are shown).
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The phylogenetic analysis of enzymes of strains AArc-m2/3/4 and AArc-xgl-1 belonging to the GH5 family (the GH5_8 subfamily). Domain
architectures for endo-beta-1,4-mannosidases of AArc-m2/3/4, AArc-xgl-1 strains, and its closest relative (KZCA124 and TS33) are given. The
numbers at nodes indicate the percentage of corresponding support values (only values higher than 50% are shown).

0.5 |

to 2-dehydro-3-deoxy-D-gluconate. Finally, it enters into the
semi-phosphorylative Entner-Doudoroff (ED) pathway with the
generation of glyceraldehyde-3-phosphate and pyruvate (Figure 8).
Genes encoding enzymes of terminal steps in the ED pathway were
also present: 2-dehydro-3-deoxy-D-gluconate kinase (3928 and
5533) and 2-dehydro-deoxy-6-phosphogluconate aldolase (2034).

Other metabolically important traits

Other functionally important proteins from the genome of
AArc-m2/3/4" are listed in Supplementary Table S5, including the
ion-pH homeostasis, energy-related respiratory complexes, and
some others. In particular, an incomplete denitrification pathway is
encoded, including Cu-nitrite reductase NirK, archaeal type of NO-
reductase qNor, and N, O reductase, but lacks nitrate reductase Nar.
Despite this, the organisms did not grow anaerobically with either
nitrite or N, O as acceptors (with cellobiose as substrate).

Frontiersin Microbiology

Taxonomy conclusion

Comparative properties of the novel isolates in relation to the
type species of the most related genera are shown in Table 2. The
most similar in properties from the three related genera is obviously
N. cellulositropha, but it was unable to grow with glucomannan
and galactomannans, and its sugar utilization spectrum is much
more restricted. The other two species of the related genera
(Natronosalvus and Saliphagus) lack the beta-mannanase genes in
their genomes and, thus, most likely would be able to grow with this
polysaccharide type. In addition, S. infecundisoli is a neutraphilic
haloarchaeon unable to grow at high pH. Furthermore, the
mannan-utilizing natronoarchaea nearly lacked glycolipids, while
in Natronosalvus and Saliphagus, several glycolipids constituted a
large fraction of the membrane polar lipids, and the latter also has
sulfolipid PGS not usually present in the soda lake natronoarchaea
(Bale et al., 2021).
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FIGURE 8

Predicted mannose catabolism pathway in strains AArc-m2/3/4 and AArc-xg1-1. ABC, ATP-binding cassette; KDG,
2-dehydro-3-deoxy-D-gluconate; KDPG, 2-dehydro-deoxy-6-phosphogluconate.

In conclusion, taking into account the unique functional
specialization and distant phylogeny, the beta-mannan-utilizing
natronoarchaea from Siberian hypersaline soda lakes are proposed
to form a new genus and species Natronoglomus mannanivorans.

Description of Natronoglomus
mannanivorans gen. nov., Sp. Nov.

Natronoglomus gen. nov.

Na.tro.no.glo’'mus. Gr. neut. n. natron arbitrarily derived from
Arabic n. natrun or natron, soda; L. neut. n. glomus, a ball; N.L.
neut. n. Natronoglomus, a coccoid natronoarchaeon.

Natrononoarchaea from hypersaline lakes with mostly coccoid
cells. Aerobic organoheterotrophs with the ability to utilize
insoluble beta-mannans and cellulose as growth substrates.
Extremely halophilic and moderately alkaliphilic. The dominant
polar membrane lipids are phosphatidylglycerophosphate methyl
ether (PGP-Me) and phosphatidylglycerol (PG) with Cyp-Cyy and
C20-Cy5 archaeol cores. The genus belongs to the Natrialbaceae
family, class Halobacteria. A three-letter abbreviation is Ngm.

Natronoglomus mannanivorans sp. Nov.

man.na.ni.vorans. N.L. neut. n. mannanum, mannan; L.
pres. part. vorans, devouring; N.L. part. adj. mannanivorans,
mannan devouring.

The cells are mostly non-motile cocci of 0.8-1.2 pm producing
red pigments. The cells grown on mannan have a thick cell wall
and extended pseudoperiplasm. The cells lyze in distilled water.
The colony morphology varied depending on the substrate. On
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insoluble polysaccharides, the colonies were mostly pale-pink,
thin, spreading, and irregular, up to 4mm; on soluble sugars,
the colonies were pink, more regular, and convex, up to 3 mm.
The core membrane diether lipids are dominated by Cyy-Cy
DGE (archaeol) and Cyy-Cy5 DGE (extended archaeol). The polar
lipid head groups include phosphatidylglycerolphosphate methyl
ester (PGP-Me) and phosphatidylglycerol (PG). The dominant
respiratory menaquinone is MK-8:8, with the MK-8:7 second
in abundance. The species are obligatory aerobic saccharolytic
heterotrophs that are able to grow with insoluble beta-1,4-mannan,
glucomannan, and cellulose. Sugars supporting the growth include
galactose, rhamnose, raffinose, lactose, sucrose, cellobiose, maltose,
trehalose, melezitose, and melibiose. Weak growth was observed
on glycerol and pyruvate. Organic compounds tested (in the type
strain) but not utilized included fructose, arabinose, ribose, xylose,
sugar alcohols, acetate, ethanol, lactate, succinate, fumarate, malate,
glycine, aspartate, glutamate, arginine, yeast extract, and peptone
from casein. Ammonium and urea serve as the nitrogen source.
Oxidase and catalase are positive. Mesophilic, with a maximum
growth temperature of 48°C, is a low Mg-demanding, extreme
halophile, with a range of Na® for growth from 2.5 to 4.5M
(optimum at 3.5M), and a facultative alkaliphile, with a pH range
from 6.8 to 9.6 for growth (optimum at 9-9.2). The G + C content
of the DNA is 62% (two genomes), and the habitat is hypersaline
salt lakes. The type strain (AArc-m2/3/4T = JCM 34861 = UQM
41565) was isolated from sediments of hypersaline soda lakes in the
Kulunda Steppe (Altai, Russia). The species also includes other four
closely related isolates, one of which is deposited in JCM (AArc-
xgl-1 = JCM 34866). The draft genome assemblies’ accession
numbers of strains AArc-m2/3/4" and AArc-xgl-1 in the GenBank
are GCA_025517485 and GCA_025517495.
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TABLE 2 Comparative properties of the B-mannan utilizing isolates with the closest related genera from the family Natrialbaceae (Sorokin et al., 2018;
Yin et al., 2018; Tan et al., 2023).

Property

The number of isolates

“Natronoglomus
mannanivorans”

5

Natronobiforma
cellulositropha

4

Natronosalvus
amylolyticus

1

Saliphagus
infecundisoli

2

Cell morphology Non-motile cocci Motile flat rods or Non-motile rods or Non-motile cocci
non-motile cocci angular coccoids
Pigmentation Red Pink Red Pink-yellowish
Anaerobic growth - - - -
Substrates for aerobic growth
Polysaccharides Beta-mannans, cellulose, Cellulose, xylan, and Starch Starch
xylan, xyloglucan, and beta-mannan
arabinoxylan
Sugars Galactose, lactose, rhamnose, Cellobiose and maltose Mannose, galactose, and Glucose, mannose,
raffinose, sucrose, cellobiose, sucrose raffinose, sucrose,
maltose, trehalose, melezitose, maltose, and atrehalose
and melibiose
Others - - Pyruvate, alanine, and Pyruvate, succinate,

ornithine

glutamate, aspartate,
lysine, and ornithine

Beta-mannanase genes + (6) +(4) — _

Amylase - - + +
Esterase/lipase - (tributyrin) - (tributyrin) - (Tween-80) + (Tween-20)
Protease — (casein) — (casein) + (casein) + (casein)
Catalase/oxidase +/+ +/+ nd +/+

Indole from tryptophane + - - -

Salinity range (optimum) M Na™ 2.0-4.5 (3.5) 2.5-4.8 (4.0) 0.9-4.8 (3.4) 2.0-6.0 (2.5-3.0)

pH range (optimum)

7.2-9.7 (9.0-9.2)

7.5-9.9 (8.5-9.0)

6.0-9.5 (8.0-8.5)

6.5-8.5 (7.0-7.5)

Temperature max (°C)

48 (at pH 8.5)

53 (at pH 8.5)

55%

50 (at optimum pH)

Core lipids (archaeols)

C0-C0, C0-Co5 DGE

C20-Ca05 C30-Co5 DGE

C20-Ca0, C20-Cas DGE

nd

Intact polar lipids

Phospholipids PG, PGP-Me PG, PGP-Me PG, PGP-Me, PA PG, PGP-Me, PGS
Glycolipids MG (trace amount) MG, DG DGD-1, S-DGD-1 S-DGD-1
S-TGD-1
Respiratory lipoquinones MK-8:8 (major) nd nd nd
MK-8:7 (minor)
MK-7:7 (trace amount)
DNA G + C (%, genomic) 62.0 (2 strains) 65.5 (1 strain) 63.7 64.0
Isolation source Inland hypersaline salt and Inland hypersaline soda Hypersaline alkaline lake Saline soil
soda lakes lakes

nd, not reported.

*The pH is not reported.

Lipids: PA, phosphatidic acid; PG, phosphatidylglycerol; PGP, phosphatidylglycerophosphate; PGP-Me, phosphatidyl-glycerophosphate methyl ester; PGS, phosphatidylglycerol sulfate; MG,
phosphatidyl monoglycosyl diether; DG, phosphatidyl diglycosyl diether; DGD-1, mannosyl glycosyl diether; S-DGD-1, sulfated mannosyl glycosyl diether; S-TGD-1, sulfated galactosyl
mannosyl glycosyl diether; and DGE, dialkyl glycerol ether.
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Table S1. Membrane polar lipids detected in strain AArc-m2/3/4.
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representatives.

Table S3. Enzymes potentially involved in hydrolysis of various poly- and oligo-saccharides encoded in
the genome of strain AArc-m2/3/4 (except for mannanases, cellulases and xylanases presented in the
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Table S4. Complete repertoir of the CAZy enzymes encoded in the genomes of 2 mannan-utilizing
natronoarchaea and closely related undescribed strains KZCA124 and TS33.

Table S5. A selection of functionally important proteins encoded in the genome of strain AArc-m2/3/4T,

Fig. S1. Colonial growth of beta-mannan utilizing natronoarchaea on insoluble beta-1,4-mannan (left
column) and amorphous cellulose (right column) showing hydrolysis clearance zones around the colonies.
a-b, strain AArc-m2/3/4; c-d, strain AArc-gm4; e-f, strain Aarc-glctm5; g-h, strain HArc-ml. The
medium contained 4 M total Na" at pH 9.5, incubation time — 10-14 d at 37°C.

Fig. S2. Maximum likelihood phylogenetic tree based on 122 conserved archaeal proteins demonstrating
position of two strains of mannan-utilizing natronoarchaea (in bold) within the family Natrialbaceae. The
branch lengths correspond to the number of substitutions per site with corrections associated with the
models. The numbers at nodes indicate that the percentage of corresponding support values.
Archaeoglobus  fulgidus VC-16", Methanocella paludicola SANAE' and Methanothermobacter
thermautotrophicus Delta H' were used as an outgroup (not shown).

Fig. S3. Phylogenetic analysis of enzymes of belonging to GHS family. The numbers at nodes indicate
that the percentage of corresponding support values (only values higher than 50% are shown). GH5_7 and
HS5_ 8 subfamilies are bounded with blue lines.



Table S1. Composition of intact polar lipids identified in strain AArc-m2/3/4"

Polar Core [M+H]* Assigned % from
head group elemental total
composition

PGP-Me EXT-AR 971.7449 | Cs2H109011P2 10.1
Uns(1)-EXT-AR 969.7286 | Cs2H107011P2 2.6
Uns(2)-EXT-AR 967.7138 | Cs2H105011P2 1.3
Uns(3)-EXT-AR 965.6976 | Cs2H103011P2 1.9
Lyso-EXT-AR 691.3527 | C32HgoO11P2 0.6

AR 901.6658 | C47H99O11P> 30.7
Lyso-AR 621.3527 | C27H59011P2 1.8

Total 49.0

PG EXT-AR 877.7623 | Cs1H1060sP 14.3
Uns(1)-EXT-AR 875.7461 | Cs1H10403P 2.5

AR 807.6837 | CasHosOsP 31.7
Lyso-AR 527.3704 | Co6Hs60gP 2.1

Total 50.6
PG-Gly Ext-AR 1039.815 | Cs7H116013P 04
Sum AR 27
Sum EXT-AR 32
Sum uns-EXT-AR 38
Sum lyso-AR 33

PGP-Me = phosphatidylglycerolphosphate methyl ester; PG = phosphatidylglycerol; PG-Gly=
phosphatidylglycerohexose; AR = archaeol; (C20-Cz0); EXT-AR = extended archaeol (Cao-Cas);
lyso = one alkyl chain is absent; uns = unsaturated.




Supplementary Table 2. ANI values between strains AArc-m2/3/4, AArc-xg1-1 and type species of the Natrialbaceae family

Species GCF_025629245 GCA_000025325 GCA_000217715 GCA_000230715 GCA_000230735 GCA_000328685 GCA_000337215 GCA_000337515 GCA_000337555 GCA_000517625 GCA_002177135 GCA_003430825 GCA_003841505 GCA_004799645 GCA_006543045 GCA_017357405 GCA_020177375 GCA_020567525 GCA_023008585 GCA_023566055 GCA_024138145 GCA_024296665 GCA_024362485 GCA_024362525 GCA_025517485 GCA_025517495 GCA_029338335 GCA_900103505 GCA_900112205
GCF_025629245.1_Natronobiforma_cellulositrpha_AArcel5 100 77.21 77.37 76.78 77.16 76.98 77.2 75.93 76.66 76.59 76.16 76.79 77.24 76.27 76.57 78.3 77.3 74.44 78.27 77.29 77.06 78.08 78.3 77.9 78.07 78.07 78.2 75.36 77.2
GCA_000025325.1_Haloterrigena_turkmenica_DSM_5511 77.07 100 80.7 78.51 80.67 79.14 80.69 76.37 78.89 77.86 78 78.47 78.6 79.22 78.64 78.16 77.11 74.53 78.54 79.97 77.38 78.84 77.88 78.1 77.79 77.8 78.16 75.71 79.52
GCA_000217715.1_Halopiger_xanaduensis_SH-6 77.21 80.7 100 79.08 80.29 79.45 80.07 76.63 79.04 77.79 78.7 78.54 78.93 78.55 78.84 78.26 77.56 74.93 78.9 79.95 77.63 79.12 78.49 78.58 77.99 78.03 78.22 76.12 80.37
GCA_000230715.3_Natronobacterium_gregoryi_SP2 76.67 78.72 79.01 100 78.69 78.49 78.83 75.71 77.95 76.99 77.89 78.15 78.74 77.89 78.13 77.37 76.51 74.19 78.2 78.9 76.79 77.7 77.72 77.5 77.3 77.32 77.24 74.96 80.58
GCA_000230735.3_Natrinema_pellirubrum_DSM_15624 76.92 80.79 80.11 78.66 100 78.99 79.47 76.43 78.67 77.77 77.81 78.08 78.57 78.62 79.01 78 77.55 74.46 79.27 79.81 77.35 78.8 77.95 78.07 77.45 77.52 77.7 75.7 79.79
GCA_000328685.1_Natronococcus_occultus_SP4 76.73 79.26 79.37 78.41 79.1 100 79.08 76.18 78.02 77.25 77.19 78.02 78.42 77.83 78.29 77.87 76.96 74.63 78.35 79.29 77.21 78.5 77.98 78.36 77.45 77.46 77.76 75.61 79.05
GCA_000337215.1_Natronolimnohabitans_innermongolicus_JCM_12255 77.43 80.81 79.94 78.79 79.74 79.14 100 76.44 78.71 77.89 78.37 79.01 78.8 79.33 79.27 78.08 76.95 74.56 78.84 79.64 77.49 78.81 78.35 78.44 77.79 77.82 78.11 75.82 79.35
GCA_000337515.1_Halovivax_asiaticus_JCM_14624 75.78 76.39 76.53 75.59 76.35 75.98 76.37 100 75.96 75.79 75.12 75.77 76.05 75.34 75.79 76.17 75.58 74.15 76.28 76.51 75.98 76.72 76.04 76.11 75.74 75.74 76.11 74.92 76.35
GCA_000337555.1_Natrialba_asiatica_DSM_12278 76.53 79.1 78.94 77.89 78.78 78.14 78.71 75.84 100 77.13 77.52 77.59 78.12 77.89 78.1 77.47 76.11 74.16 77.86 78.78 76.86 77.73 77.15 77.42 77.02 77.05 77.4 75.16 78.56
GCA_000517625.1_Halostagnicola_larsenii_XH-48 76.47 78.04 77.65 76.92 77.81 77.24 77.87 75.63 77.36 100 76.6 77.02 77.54 77.06 77.2 77.22 75.96 73.88 77.62 77.77 76.92 77.39 77.38 77.3 76.99 77.02 77.2 74.8 77.57
GCA_002177135.1_Natronolimnobius_baerhuensis_CGMCC_1.3597 75.88 78.05 78.64 77.74 78.07 77.29 78.39 75.24 77.66 76.7 100 77.2 77.64 77.61 77.9 76.65 75.6 73.78 77.14 77.83 76.15 76.72 76.74 76.59 76.52 76.52 76.63 74.56 77.95
GCA_003430825.1_Natrarchaeobaculum_sulfurireducens_AArcl 77.01 78.73 78.6 78.25 78.46 78.32 79.12 75.9 77.71 77.11 77.62 100 78.48 77.95 78.35 77.29 76.56 74.16 78.36 78.67 77.05 77.89 78.02 77.77 77.27 77.34 77.28 74.97 78.5
GCA_003841505.1_Natrarchaeobius_chitinivorans_AArcht4 76.89 78.56 78.76 78.55 78.53 78.41 78.76 76.16 78.27 77.37 77.56 78.33 100 78.11 78.28 77.44 76.65 74.22 78.47 78.98 76.89 78.16 77.95 77.77 77.16 77.27 77.22 74.95 78.81
GCA_004799645.1_Natronorubrum_bangense_JCM_10635 76.39 79.39 78.58 78.09 78.62 78.05 79.37 75.75 77.92 77.12 77.78 78.05 78.08 100 78.08 77.23 76 73.88 77.89 78.9 76.67 77.42 78.02 77.2 77.13 77.3 77.23 74.72 78.17
GCA_006543045.1_Salinadaptatus_halalkaliphilus_XQ-INN 76.37 78.62 78.75 77.98 78.78 78.2 79.17 75.7 78.14 77.14 77.89 78.24 78.48 77.96 100 77.1 76.47 73.61 77.77 78.48 76.48 77.41 77.1 77.22 76.97 76.93 76.99 74.5 78.55
GCA_017357405.1_KZCA124 78.03 77.99 78.06 77.47 78.07 77.64 78.2 76.11 77.21 77.09 76.51 77.19 77.44 77.22 77.27 100 77.43 74.32 78.87 77.97 77.33 78.53 78.09 78.19 85.59 85.72 96.87 75.33 77.91
GCA_020177375.1_Saliphagus_infecundisoli_YIM_93745 76.8 76.7 76.99 76.13 77.07 76.78 76.8 75.35 75.79 75.69 75.27 76.16 76.27 75.56 76.12 77.31 100 73.84 77.05 76.88 75.83 77.3 76.91 76.92 76.92 76.89 77.3 74.94 77.16
GCA_020567525.1_Halorubellus_salinus_GX3 74.29 74.73 74.85 73.88 74.53 74.55 74.77 74.11 74.2 73.97 73.87 74.04 74.11 73.72 73.8 74.39 74.07 100 74.7 74.55 74.29 74.99 74.48 74.57 74.36 74.4 74.38 76.5 74.64
GCA_023008585.1_Natribaculum_breve_TRM20010 77.99 78.66 78.82 78.11 79.05 78.28 78.76 76.33 77.88 77.56 77 77.97 78.19 77.55 78.03 78.63 77.39 74.7 100 79.32 77.77 79.98 80.5 79.04 78.41 78.52 78.68 75.67 78.74
GCA_023566055.1_Halosolutus_amylolyticus_WLHS5 77.01 79.94 79.97 78.8 79.87 79.29 79.68 76.37 78.79 77.75 77.7 78.47 78.93 78.8 78.41 77.98 77.02 74.66 79.12 100 77.48 79.19 78.43 78.21 77.68 77.74 77.95 75.5 79.56
GCA_024138145.1_Natronosalvus_halobius_AGai3-5 77.05 77.41 77.59 76.66 77.37 77.23 77.59 75.94 76.93 76.75 76.16 76.86 76.97 76.62 76.62 77.45 76.25 74.35 77.96 77.65 100 78.08 77.75 77.8 77.21 77.29 77.44 75.29 77.41
GCA_024296665.1_Salinilacihabitans_rarus_AD-4 78 79.02 79.16 77.88 78.82 78.67 78.96 76.74 77.9 77.45 76.83 77.84 78.15 77.2 77.68 78.66 77.59 75.12 80 79.39 78.15 100 79.38 79.42 78.25 78.31 78.69 76.42 79.21
GCA_024362485.1_Natronobeatus_ordinarius_WLHSJ27 77.94 77.94 78.24 77.46 77.76 77.85 78.12 75.98 77.1 77.08 76.61 77.8 77.71 77.74 77.12 78 77.03 74.54 80.31 78.38 77.61 79.13 100 78.65 77.85 77.9 77.94 75.45 77.94
GCA_024362525.1_Natrononativus_amylolyticus_CGA73 77.93 78.22 78.29 77.36 78.12 78.27 78.39 76.15 77.54 77.28 76.65 77.55 77.8 77.2 77.4 78.28 77.23 74.63 78.87 78.24 77.85 79.26 78.68 100 77.89 77.95 78.19 75.66 78.11
GCA_025517485.1_Natronoglomus_mannanivorans_AArc-m234 77.88 77.59 77.73 77.05 77.48 77.34 77.7 75.8 76.89 76.8 76.44 76.83 77.16 76.81 76.95 85.48 77.12 74.38 78.58 77.76 77.07 77.97 78 77.92 100 98.56 85.64 75.12 77.62
GCA_025517495.1_Natronoglomus_mannanivorans_AArc-xgl-1 77.9 77.64 77.69 77.01 77.52 77.33 77.75 75.82 76.84 76.96 76.38 76.94 77.18 77.14 76.99 85.61 77.03 74.13 78.49 77.62 77.03 78.05 78 77.83 98.53 100 85.7 75.18 77.56
GCA_029338335.1_TS33 77.76 77.91 77.8 77.09 77.82 77.43 77.88 75.88 77.19 76.98 76.49 77.08 77.09 76.91 77.1 96.4 77.36 74.33 78.72 77.76 77.09 78.41 77.94 78 85.4 85.49 100 75.45 77.78
GCA_900103505.1_Haloarchaeobius_iranensis_EB21 75.38 75.91 76.07 74.95 75.8 75.5 75.84 74.88 75.29 74.83 74.52 74.95 75.24 74.65 75 75.39 75.11 76.38 76.01 75.78 75.42 76.26 75.63 75.78 75.32 75.46 75.59 100 75.92
GCA_900112205.1_Halobiforma_haloterrestris_DSM_13078 76.95 79.46 80.19 80.37 79.53 79.21 79.46 76.23 78.45 77.27 77.92 78.28 78.56 78.07 78.55 77.82 77.2 74.64 78.7 79.64 77.41 78.89 77.98 78.11 77.53 77.4 77.69 75.68 100

Supplementary Table 2b. AAl values between strains AArc-m2/3/4, AArc-xg1-1 and type species of the Natrialbaceae family

Species GCF_025629245 GCA_025517485.1 GCA_025517495.1 GCF_000025325.1 GCF_000217715.1 GCF_000230715.2 GCF_000230735.2 GCF_000328685.1 GCF_000337215.1 GCF_000337515.1 GCF_000337555.1 GCF_000517625.1 GCF_002177135.1 GCF_003430825.1 GCF_003841505.1 GCF_004799645.1 GCF_006543045.1 GCF_017357405.1 GCF_020177375.1 GCF_020567525.1 GCF_023008585.1 GCF_023566055.1 GCF_024138145.1 GCF_024296665.1 GCF_024362485.1 GCF_024362525.1 GCF_029338335.1 GCF_900103505.1 GCF_900112205

GCF_025629245.1_Natronobiforma_cellulositropha_AArcel5 100 70.33 70.34 66.26 66.71 66.7 66.61 66.76 66.72 63.57 65.49 66.77 66.51 67.29 67.26 67.25 65.99 69.74 67.05 59.06 68.39 66.84 66.7 68.67 68.83 68.61 70.01 60.91 66.35
GCA_025517485.1_Natronoglomus_mannanivorans_AArc-m234 70.33 100 98.32 67.53 68.25 67.59 67.75 67.62 67.5 64.09 66.92 67.99 67.4 68.07 67.9 68.16 66.78 85.05 68.03 59.09 69.97 68.26 67.35 69.48 69.08 69.49 84.72 60.86 67.45
GCA_025517495.1_Natronoglomus_mannanivorans_AArc-xg1-1 70.34 98.32 100 67.59 68.23 67.52 67.96 67.79 67.75 64.11 67.12 67.78 67.44 67.87 67.74 68.18 66.82 85.28 68.18 58.9 70.18 68.3 67.69 69.68 69.16 69.53 84.79 60.89 67.52
GCF_000025325.1_Haloterrigena_turkmenica_DSM_5511 66.26 67.53 67.59 100 74.1 71.44 75.09 71.5 75.59 64.75 71.55 70.21 70.77 71.4 70.38 74.58 71.04 67.88 65.73 59.73 69.99 73.11 67.24 69.7 68.37 68.35 67.86 61.61 71.92
GCF_000217715.1_Halopiger_xanaduensis_SH-6 66.71 68.25 68.23 74.1 100 72.25 73.38 71.53 72.02 64.87 71.75 69.93 74.01 71.92 71.83 72.15 71.17 68.58 66.56 59.69 70.16 72.68 67.04 69.96 68.84 68.48 68.41 61.4 73.67
GCF_000230715.2_Natronobacterium_gregoryi_SP2 66.7 67.59 67.52 71.44 72.25 100 70.95 71.71 71.74 64.21 70.7 68.4 71.71 72.48 72 72.29 71.67 67.32 65.92 59.96 69.46 71.69 66.89 69.25 69.01 68.96 67.17 61.49 76.69
GCF_000230735.2_Natrinema_pellirubrum_DSM_15624 66.61 67.75 67.96 75.09 73.38 70.95 100 71.04 72.62 64.94 71.55 70.04 70.72 71.58 70.73 72.95 71.19 68.42 66.68 60.24 70.46 73.41 67.61 70.16 68.36 68.78 68.2 62.23 72.23
GCF_000328685.1_Natronococcus_occultus_SP4 66.76 67.62 67.79 715 71.53 71.71 71.04 100 71.77 64.46 70.45 69.11 70.73 71.61 70.4 71.76 70.51 67.56 66.07 60.29 69.2 71.57 67.26 69.43 68.65 69.28 67.25 61.53 71.45
GCF_000337215.1_Natronolimnohabitans_innermongolicus_JCM_12255 66.72 67.5 67.75 75.59 72.02 71.74 72.62 71.77 100 63.76 70.27 69.05 71.78 72.36 71.09 74.95 72.2 67.03 65.6 59.12 69.14 71.86 66.52 68.93 68.56 68.46 66.86 60.97 71.14
GCF_000337515.1_Halovivax_asiaticus_JCM_14624 63.57 64.09 64.11 64.75 64.87 64.21 64.94 64.46 63.76 100 64.43 64.15 63.63 64.55 63.96 64.12 63.63 64.41 63.83 59.39 65.75 65.34 64.58 66 65.15 65.18 64.2 60.44 64.68
GCF_000337555.1_Natrialba_asiatica_DSM_12278 65.49 66.92 67.12 71.55 71.75 70.7 71.55 70.45 70.27 64.43 100 69.01 69.97 70.52 70.7 70.82 70.31 67.07 65.36 59.09 68.66 70.93 66.2 68.76 67.59 67.82 66.84 60.9 71.54
GCF_000517625.1_Halostagnicola_larsenii_XH-48 66.77 67.99 67.78 70.21 69.93 68.4 70.04 69.11 69.05 64.15 69.01 100 68.37 68.73 68.32 69.48 68.27 67.68 65.91 59.7 68.66 68.97 67.03 69.03 68.18 68.02 67.7 61.11 69.04
GCF_002177135.1_Natronolimnobius_baerhuensis_CGMCC_1.3597 66.51 67.4 67.44 70.77 74.01 71.71 70.72 70.73 71.78 63.63 69.97 68.37 100 71.48 71 71.6 71.23 67.28 65.6 58.9 68.17 70.35 66.18 67.99 67.94 67.86 67.07 60.34 71.48
GCF_003430825.1_Natrarchaeobaculum_sulfurireducens_AArc1 67.29 68.07 67.87 71.4 71.92 72.48 71.58 71.61 72.36 64.55 70.52 68.73 71.48 100 72.55 72.46 73.58 67.59 66.15 59.69 69.58 71.17 67.2 69.57 69.94 69.44 67.45 61.15 71.68
GCF_003841505.1_Natrarchaeobius_chitinivorans_AArcht4 67.26 67.9 67.74 70.38 71.83 72 70.73 70.4 71.09 63.96 70.7 68.32 71 72.55 100 71.68 71.55 67.07 65.7 58.9 68.97 71.16 66.78 69.21 68.68 68.81 67.1 60.98 71.32
GCF_004799645.1_Natronorubrum_bangense JCM_10635 67.25 68.16 68.18 74.58 72.15 72.29 72.95 71.76 74.95 64.12 70.82 69.48 71.6 72.46 71.68 100 71.69 67.94 65.54 59.45 69.5 72.97 67.37 69.55 69.68 69.26 67.89 61.32 71.74
GCF_006543045.1_Salinadaptatus_halalkaliphilus_XQ-INN 65.99 66.78 66.82 71.04 71.17 71.67 71.19 70.51 72.2 63.63 70.31 68.27 71.23 73.58 71.55 71.69 100 66.87 65.3 58.86 68.11 70.44 66.13 67.98 67.6 67.78 66.43 60.62 71.26
GCF_017357405.1_KZCA124_protein 69.74 85.05 85.28 67.88 68.58 67.32 68.42 67.56 67.03 64.41 67.07 67.68 67.28 67.59 67.07 67.94 66.87 100 68.68 59.6 70.18 68.01 67.93 69.98 68.57 69.48 96.44 61.43 67.59
GCF_020177375.1_Saliphagus_infecundisoli_YIM_93745 67.05 68.03 68.18 65.73 66.56 65.92 66.68 66.07 65.6 63.83 65.36 65.91 65.6 66.15 65.7 65.54 65.3 68.68 100 59.62 67.17 65.82 66.12 67.67 66.94 67.04 68.63 61.24 66.55
GCF_020567525.1_Halorubellus_salinus_GX3 59.06 59.09 58.9 59.73 59.69 59.96 60.24 60.29 59.12 59.39 59.09 59.7 58.9 59.69 58.9 59.45 58.86 59.6 59.62 100 61.28 60.24 59.65 61.57 60.06 60.44 59.18 64.45 60
GCF_023008585.1_Natribaculum_breve_ TRM20010 68.39 69.97 70.18 69.99 70.16 69.46 70.46 69.2 69.14 65.75 68.66 68.66 68.17 69.58 68.97 69.5 68.11 70.18 67.17 61.28 100 70.93 69.1 72.66 73.38 71.02 70.06 62.75 70.22
GCF_023566055.1_Halosolutus_amylolyticus_ WLHS5 66.84 68.26 68.3 73.11 72.68 71.69 73.41 71.57 71.86 65.34 70.93 68.97 70.35 71.17 71.16 72.97 70.44 68.01 65.82 60.24 70.93 100 67.96 71.19 69.17 68.95 67.96 61.73 72.11
GCF_024138145.1_Natronosalvus_halobius_AGai3-5 66.7 67.35 67.69 67.24 67.04 66.89 67.61 67.26 66.52 64.58 66.2 67.03 66.18 67.2 66.78 67.37 66.13 67.93 66.12 59.65 69.1 67.96 100 69.68 68.22 69.23 67.31 61.63 67.43
GCF_024296665.1_Salinilacihabitans_rarus_AD-4 68.67 69.48 69.68 69.7 69.96 69.25 70.16 69.43 68.93 66 68.76 69.03 67.99 69.57 69.21 69.55 67.98 69.98 67.67 61.57 72.66 71.19 69.68 100 71.3 71.71 69.81 63.09 70.59
GCF_024362485.1_Natronobeatus_ordinarius_ WLHSJ27 68.83 69.08 69.16 68.37 68.84 69.01 68.36 68.65 68.56 65.15 67.59 68.18 67.94 69.94 68.68 69.68 67.6 68.57 66.94 60.06 73.38 69.17 68.22 71.3 100 70.74 68.31 61.82 68.85
GCF_024362525.1_Natrononativus_amylolyticus_CGA73 68.61 69.49 69.53 68.35 68.48 68.96 68.78 69.28 68.46 65.18 67.82 68.02 67.86 69.44 68.81 69.26 67.78 69.48 67.04 60.44 71.02 68.95 69.23 71.71 70.74 100 69.28 62.1 68.86
GCF_029338335.1_TS33_protein 70.01 84.72 84.79 67.86 68.41 67.17 68.2 67.25 66.86 64.2 66.84 67.7 67.07 67.45 67.1 67.89 66.43 96.44 68.63 59.18 70.06 67.96 67.31 69.81 68.31 69.28 100 60.99 67.44
GCF_900103505.1_Haloarchaeobius_iranensis_EB21 60.91 60.86 60.89 61.61 61.4 61.49 62.23 61.53 60.97 60.44 60.9 61.11 60.34 61.15 60.98 61.32 60.62 61.43 61.24 64.45 62.75 61.73 61.63 63.09 61.82 62.1 60.99 100 61.36
GCF_900112205.1_Halobiforma_haloterrestris_ DSM_13078 66.35 67.45 67.52 71.92 73.67 76.69 72.23 71.45 71.14 64.68 71.54 69.04 71.48 71.68 71.32 71.74 71.26 67.59 66.55 60 70.22 72.11 67.43 70.59 68.85 68.86 67.44 61.36 100

Supplementary Table 2c. POCP values between strains AArc-m2/3/4, AArc-xgl-1 and type species of the Natrialbaceae family

Species GCF_000337555.1 GCF_025629245_MNGCA_025517485.1 GCA_025517495.1 GCF_000025325.1 GCF_000217715.1 GCF_000230715.2 GCF_000230735.2 GCF_000328685.1 GCF_000337215.1 GCF_000337515.1 GCF_000517625.1 GCF_002177135.1 GCF_003430825.1 GCF_003841505.1 GCF_004799645.1_Natronorubrum_bangense_JCM_10635

GCF_000337555.1_Natrialba_asiatica_DSM_12278 100.00 56.92 60.88 60.73 70.01 70.38 63.13 65.87 65.20 65.16 59.55 70.56 66.02 63.35 64.06 64.11 GCF_006543045.1 GCF_017357405.1 GCF_020177375.1 GCF_020567525.1 GCF_023008585.1 GCF_023566055.1 GCF_024138145.1 GCF_024296665.1 GCF_024362485.1 GCF_024362525.1 GCF_029338335.1 GCF_900103505.1 GCF_900112205
GCF_025629245.1_Natronobiforma_cellulositropha_AArcel5 100.00 66.33 66.03 58.57 60.09 58.72 59.98 60.11 60.50 56.06 58.95 64.14 59.40 62.53 61.37 63.32 61.87 59.15 50.26 63.12 67.25 64.32 63.32 62.07 63.59 61.38 53.37 67.81
GCA_025517485.1_Natronoglomus_mannanivorans_AArc-m234 100.00 92.47 63.53 65.04 56.41 61.37 61.81 62.17 54.87 61.68 66.65 58.10 63.78 60.95 61.68 63.89 58.60 48.95 60.41 60.18 61.36 60.82 61.77 62.54 63.11 51.49 58.86
GCA_025517495.1_Natronoglomus_mannanivorans_AArc-xgl1-1 100.00 63.37 64.63 56.59 61.87 61.25 62.05 54.67 60.84 66.22 58.09 64.10 60.89 60.52 80.35 63.47 49.67 60.26 63.73 63.59 61.71 61.85 65.20 80.49 51.49 61.75
GCF_000025325.1_Haloterrigena_turkmenica_DSM_5511 100.00 73.44 60.93 71.09 69.67 71.28 57.65 69.13 65.19 62.76 64.70 68.34 60.52 79.76 63.33 49.42 60.40 63.59 63.36 61.23 61.60 64.87 80.01 51.30 61.38
GCF_000217715.1_Halopiger_xanaduensis_SH-6 100.00 64.58 69.88 66.88 66.89 59.75 68.41 72.81 66.05 66.40 66.82 64.43 65.71 60.43 51.87 64.72 72.57 64.62 64.76 63.60 63.62 65.20 53.70 68.41
GCF_000230715.2_Natronobacterium_gregoryi_SP2 100.00 64.45 66.78 66.71 59.56 61.72 67.38 75.11 67.75 69.24 65.65 66.11 60.91 52.43 64.78 70.77 64.78 66.12 63.84 62.90 66.35 54.75 71.24
GCF_000230735.2_Natrinema_pellirubrum_DSM_15624 100.00 65.57 69.68 60.89 65.42 65.40 66.23 66.12 70.27 67.93 55.60 54.13 50.60 64.72 66.74 60.84 65.36 67.17 62.05 54.05 53.65 71.61
GCF_000328685.1_Natronococcus_occultus_SP4 100.00 71.14 57.92 64.68 67.24 67.39 66.77 70.45 67.73 60.93 59.24 53.29 68.84 70.90 64.36 65.64 66.50 62.63 60.45 57.81 69.14
GCF_000337215.1_Natronolimnohabitans_innermongolicus_JCM_12255 100.00 58.28 65.51 68.63 70.74 68.39 74.33 65.74 60.31 59.90 50.73 63.90 69.76 63.91 64.79 67.44 68.16 59.08 52.40 68.92
GCF_000337515.1_Halovivax_asiaticus_JCM_14624 100.00 59.19 58.51 58.72 58.24 57.93 70.69 59.68 55.87 50.06 64.92 70.69 63.22 63.31 67.08 64.50 59.14 52.55 68.17
GCF_000517625.1_Halostagnicola_larsenii_XH-48 100.00 66.25 63.05 63.59 64.07 58.28 55.30 53.31 52.10 60.32 61.90 62.07 61.25 60.40 59.77 54.08 55.20 61.53
GCF_002177135.1_Natronolimnobius_baerhuensis_CGMCC_1.3597 100.00 68.41 69.68 68.33 63.20 62.48 60.66 50.70 62.88 64.96 63.20 62.61 62.62 63.26 61.55 52.70 65.00
GCF_003430825.1_Natrarchaeobaculum_sulfurireducens_AArcl 100.00 69.07 73.22 67.92 64.27 59.60 49.60 61.34 66.17 63.89 62.07 64.48 64.07 63.59 51.62 67.54
GCF_003841505.1_Natrarchaeobius_chitinivorans_AArcht4 100.00 67.74 71.52 56.20 53.61 51.23 65.04 67.58 61.95 64.06 69.39 63.62 55.27 54.31 70.58
GCF_004799645.1_Natronorubrum_bangense_JCM_10635 100.00 69.76 60.20 57.70 50.27 63.41 67.94 64.00 62.97 68.19 65.20 60.77 53.49 68.95
GCF_006543045.1_Salinadaptatus_halalkaliphilus_XQ-INN 100.00 58.24 55.80 50.04 63.04 66.80 60.62 61.43 66.46 62.02 57.36 52.32 69.41
GCF_017357405.1_KZCA124_protein 100.00 64.81 50.64 60.17 63.40 64.72 62.42 59.65 64.84 88.23 52.77 61.62
GCF_020177375.1_Saliphagus_infecundisoli_YIM_93745 100.00 50.02 59.85 59.29 61.49 59.34 57.85 62.83 64.34 52.24 57.90
GCF_020567525.1_Halorubellus_salinus_GX3 100.00 55.49 56.28 55.33 56.74 52.95 53.43 49.29 65.71 54.54
GCF_023008585.1_Natribaculum_breve_TRM20010 100.00 69.85 64.84 68.83 71.40 64.60 60.05 58.87 67.07
GCF_023566055.1_Halosolutus_amylolyticus_ WLHS5 100.00 67.76 71.30 68.24 66.04 63.49 58.03 74.54
GCF_024138145.1_Natronosalvus_halobius_AGai3-5 99.97 67.88 65.08 70.38 63.69 57.15 65.39
GCF_024296665.1_Salinilacihabitans_rarus_AD-4 100.00 66.80 67.19 60.47 58.43 69.89
GCF_024362485.1_Natronobeatus_ordinarius_WLHSJ27 99.98 67.40 59.13 56.54 68.73
GCF_024362525.1_Natrononativus_amylolyticus_ CGA73 100.00 63.68 54.78 65.40
GCF_029338335.1_TS33_protein 100.00 51.36 60.97
GCF_900103505.1_Haloarchaeobius_iranensis_EB21 100.00 57.22

GCF_900112205.1_Halobiforma_haloterrestris_ DSM_13078 100.00



Table S3.

Locus tag Protein family Putative function Localization
MCU4972+ (signal peptide)
1417 GH3 beta-glycosidase C

1587 GH105 alpha-rhamnogalacturonyl hydrolase C

1683 GHI15 Glucoamylase C

1684 GH13 20 Maltogenic alpha-amylase C

2278 GHS5 Putative xyloglucan-specific glucanase E (TAT/SPI)
2279 GH31 4 alpha-xylosidase C

2298 GH67 alpha-glucuronidase C

2305 GH3 beta-glycosidase C

2307 GH4 alpha-glycosidase C

2308 GHI10 beta-1,4-xylanase C

2327 GH42 beta-galactosidase C

2328 PL42 rhamnose-alpha-1,4-glucuronate lyase C

2490 GH43 3/CBM13 | beta-galactofuranosidase E (TAT/SPI)
2564 GH3 beta-glycosidase C

3085 GHI15 glucoamylase C

3255 GH93 exo-alpha-arabinofuranosidase C

3417 GHS51 1 arabinan-exo-alpha-1,3- arabinofuranosidase | C

3418 GH2 alpha-arabinopyranosidase C

3421 GH43 3 beta-galactofuranosidase E (Sec-TAT/SPII)
3427 GH2 alpha- arabinopyranosidase C

3431 GH127 beta-arabinopyranosidase C

3461 GH28 alpha-galacturonase C

;j;g gﬁﬁ Pectate lyase E (TAT/SPI)
3506 CBM13 Xylan-binding domain E (TAT/SPI)
3507 GH2 beta-glycosidase E (TAT/SPI)
3508 GH2 C

3509 PL26 Rhamnogalacturonan exo-lyase C

3513 GH28 alpha-galacturonase C

gg;g EI;(ZI%LD Oligogalacturonate lyase C

3537 GH78/CBM67 Rhamnogalacturonan alpha-rhamnosidase C

3538 CBM13 Carbohydrate-binding domain E (TAT/SPI)
3540 GHS51 1 Arabinan-exo-alpha-1,3- arabinofuranosidase | C

3541 GH106 Rhamnogalacturonan alpha-rhamnohydrolase | C

3543 2 x PL22 Oligogalacturonate lyase C

3545 GH43 alpha-arabinanase C

3549 GHO95 alpha-galacto/fucosidase C

3550 GH43 18 alpha-arabinofuranosidase C

3552 PLI1 1 Rhamnogalacturonan lyase C

3555 GH78/CBM67 Rhamnogalacturonan alpha-rhamnosidase C

3556; 3558 GH?2 beta-galacturonidases C

3562 GH42 beta-galactosidase C

3563 2x CBM13 Carbohydrate-binding domain E (TAT/SPI)
3677 GH43 12/CBMO91 | beta-xylosidase C

3844 GH32 Levansucrase/inulinase C




3845 GH154 beta-1,6-glucuronidases C

3874 CBMS88 Xyloglucan/galactomannan-specific CBM E (TAT/SPI)
4048; 4050; 4057 | GH2 beta-galactosidases C

4079 GHS88 beta-glucuronyl hydrolase C

4103 GHO95 alpha-fucosidase/galactosidase C

4104 GH29 alpha-fucosidase/galactosidase

4109 GH2 beta-galactosidase C

4265 GH3 beta-glucosidase C

4344 GH43 12/CBM91 | beta-xylosidase C

4345 GH159 alpha-arabinofuranosidase

4390 GH4 alpha-gluco/galactosidase C

5260 GHS51 1 arabinan-exo-alpha-1,3- arabinofuranosidase | E (TAT/SPII)
5300 GH28 alpha-galacturonase C

5301 2 x PL22 Oligogalacturonate lyase C

5302 CBM9 Cellulose-binding domain C

5303 GHI115 alpha-1,6-glucuronidase C

5305 GH4 alpha-galacturonidase C

5308 GH78/CBM67 Rhamnogalacturonan alpha-rhamnosidase C

5309 CBM13 Carbohydrate-binding domain E (TAT/SPI)
5450 GHS88 Xyloglucan/galactomannan-specific CBM C

5456 GH29 alpha-fucosidase/galactosidase C

5457 GH137 beta-arabinofuranosidase C

232; é;nG H2 beta-galactosidases C

5469 GH29 alpha-fucosidase/galactosidase C

5470 GH2 beta-galactosidases C

5481 GH78/CBM67 Rhamnogalacturonan alpha-rhamnosidase C

5482 GH106 Rhamnogalacturonan alpha-rhamnohydrolase | C

5485; 5491 GH78/CBM67 Rhamnogalacturonan alpha-rhamnosidase C

5519 GH43 3/CBM13 | endo-alpha-arabininase E (TAT/SPI)
5556 GH3 beta-glycosidase C

5789 GHO95 alpha-fucosidase/galactosidase C
5961;5962; 5964 | GH29 alpha-fucosidase/galactosidase C

(E), extracellular; (C), cytoplasmic




Table S4.

AArc-M2/3/4

Gene ID

MCU4971356.1
MCU4971437.1
MCU4971528.1
MCU4971587.1
MCU4971683.1
MCU4971684.1
MCU4972278.1
MCU4972279.1
MCU4972295.1
MCU4972296.1
MCU4972297.1
MCU4972298.1
MCU4972305.1
MCU4972307.1
MCU4972308.1
MCU4972327.1
MCU4972328.1
MCU4972433.1
MCU4972490.1
MCU4972564.1
MCU4972716.1
MCU4972717.1
MCU4972718.1
MCU4972720.1
MCU4972721.1
MCU4972722.1
MCU4972723.1
MCU4972724.1
MCU4972725.1
MCU4972728.1
MCU4972729.1
MCU4972730.1
MCU4972733.1
MCU4972734.1
MCU4972735.1
MCU4972970.1
MCU4973085.1
MCU4973255.1
MCU4973417.1
MCU4973418.1
MCU4973421.1
MCU4973427.1
MCU4973431.1
MCU4973461.1
MCU4973474.1
MCU4973476.1
MCU4973506.1
MCU4973507.1
MCU4973508.1
MCU4973509.1
MCU4973513.1
MCU4973533.1
MCU4973534.1
MCU4973537.1
MCU4973540.1
MCU4973541.1
MCU4973543.1
MCU4973549.1
MCU4973550.1
MCU4973552.1
MCU4973555.1
MCU4973556.1
MCU4973558.1
MCU4973562.1
MCU4973563.1
MCU4973582.1
MCU4973583.1
MCU4973647.1
MCU4973677.1
MCU4973710.1
MCU4973798.1
MCU4973813.1
MCU4973845.1
MCU4973874.1
MCU4974048.1
MCU4974050.1
MCU4974053.1
MCU4974054.1
MCU4974067.1
MCU4974079.1
MCU4974103.1
MCU4974104.1
MCU4974109.1
MCU4974111.1
MCU4974196.1
MCU4974204.1
MCU4974265.1
MCU4974344.1

MCU4974345.1
MCU4974390.1

MCU4974704.1
MCU4974899.1
MCU4975062.1
MCU4975149.1
MCU4975260.1
MCU4975300.1
MCU4975301.1
MCU4975302.1
MCU4975303.1
MCU4975305.1
MCU4975308.1
MCU4975309.1
MCU4975450.1
MCU4975456.1
MCU4975457.1
MCU4975461.1
MCU4975462.1
MCU4975469.1
MCU4975470.1
MCU4975481.1
MCU4975482.1
MCU4975485.1
MCU4975491.1
MCU4975514.1
MCU4975518.1
MCU4975519.1
MCU4975520.1
MCU4975523.1
MCU4975525.1
MCU4975556.1
MCU4975693.1
MCU4975761.1
MCU4975789.1
MCU4975960.1
MCU4975961.1
MCU4975962.1
MCU4975964.1
MCU4976039.1
MCU4976040.1
MCU4976047.1

HMMER
GH109(6-273)

GH3(52-260)

GH109(5-276)

GH105(40-342)
GH15(283-639)
GH13_20(292-598)
GH5(67-371)

GH31(221-716)
GH11(76-245)+CBM13(291-380)+CBM13(358-426)
CBM6(2-87)
CBM85(106-238)+CBM85(329-460)+GH10(518-835)
GH67(8-688)

GH3(66-292)

GH4(29-206)

GH10(8-318)

GH42(6-387)

PL42(28-333)

GH109(3-151)

GH43_3(46-348)

GH3(90-314)

GH5(84-402)

GH5(64-464)

GH5(68-392)

GH5_7(108-396)

GH5(46-494)

GH10(117-443)
GH10(121-461)
GH10(118-438)

GH5(97-403)

GH5(87-390)

PL14_3(113-318)

GH5(66-371)

GH5_7(64-354)

GH5_7(92-386)
GH5(65-356)+CBM6(517-657)
GH109(3-365)

GH15(248-609)

GH93(28-377)

GH51(3-499)

GH2(8-471)

GH43_3(32-328)

GH2(9-667)

GH127(15-550)

GH28(33-390)
PL1_2(1108-1301)
PL1_2(529-716)
CBM13(565-705)

GH2(60-833)

GH2(5-482)

PL26(6-867)

GH28(63-446)
PL22_2(188-380)
PL22(44-149)+PL22_2(180-374)
CBM67(119-302)+GH78(322-852)
GH51(230-726)
GH106(13-765)
PL22(46-151)+PL22(192-394)
GH95(7-795)

GH43_18(45-275)

PL11(1-588)
CBM67(325-482)+GH78(544-1065)
GH2(6-568)

GH2(2-507)

GH42(25-404)
CBM13(418-510)+CBM13(487-557)
PL1_2(109-280)
PL1_2(110-300)

GH109(6-182)
GH43_12(5-284)+CBM91(322-526)
GH9(142-643)

CE14(4-113)

CE14(17-126)

GH154(11-359)
CBMS88(425-506)

GH2(41-943)

GH2(36-930)

PL42(28-311)
GH30_4(135-587)
GH2(54-645)

GH88(44-378)

GH95(8-739)

GH29(3-348)

GH2(5-579)
GH5(59-331)+CBM9(484-651)
GH2(36-945)

CE4(226-344)

GH3(43-254)
GH43_12(5-279)+CBM91(315-492)
GH159(23-239)

GH4(3-181)

CE4(219-337)

CE15(19-396)

GH4(3-181)

GH2(22-579)

GH51(290-806)

GH28(29-392)
PL22(40-152)+PL22_2(203-381)
CBM9(17-222)

GH115(21-728)

GH4(20-200)
CBM67(359-507)+GH78(567-1080)
CBM13(589-723)
GH88(40-374)

GH29(2-352)

GH137(47-345)
GH2(29-582)+GH2(808-1117)
GH2(30-696)

GH29(3-339)

GH2(31-818)
CBM67(114-298)+GH78(320-840)
GH106(12-746)
CBM67(339-504)+GH78(530-1037)
CBM67(141-307)+GH78(331-838)
GH5_7(89-381)

GH26(67-364)
GH43_3(44-331)+CBM13(361-502)
GH5_8(96-291)

GH2(3-691)

GH109(7-154)

GH3(86-315)

CBM85(71-205)

GH4(3-181)

GH95(7-734)

GH29(8-315)

GH29(4-348)

GH29(15-352)

GH29(4-360)

GH29(5-351)

GH29(3-174)

GH29(15-209)

dbCAN_sub
GH109_e7
GH3_el103
GH109_e2
GH105_e35
GH15_e46
GH13_e49
GH5_e197
GH31 el0
GH11_el15+CBM13_e122
CBM6_eb65

CBM85_e8+CBM85_e8+GH10_el6

GH67_el
GH3_e88
GH4_e30
GH10_el102
GH42 el
PL42 e0
GH109_e7

GH43_el112+CBM13_el196

GH3_el181
GH5_e92
GH5_e92
GH5_e92

GH5_e4
GH5_e197
GH10_el6
GH10_el6
GH10_el6
GH5_e92
GH5_e92
PL14_e23
GH5_e197
GH5_e4

GH5_e4
GH5_e197+CBM6_e4d7
GH109_e7
GH15_el4
GH93_el13
GH51_e19
GH2_e86
GH43_e245
GH2_e86
GH127_e0
GH28_el0
PL1_e72

PL1_e72
CBM13_e31
GH2_el01
GH2_e41

PL26_e0

GH28 _e139
PL22_e5+PL22_e6
PL22_e5+PL22_e6
CBM67_el1+GH78_e42
GH51_e48
GH106_e6
PL22_e5+PL22_e6
GH95_el
GH43_e83
PL11_eO
CBM67_e28+GH78 e58
GH2_el44
GH2_e145
GH42_el
CBM13_el196
PL1_e72

PL1 e72
GH109_e2

GH43 _e73+CBM91_e28
GH9 el
CE14_e47
CE14_e40
GH154_el4
CBM88_el
GH2_eb1
GH2_eb61

PL42 ell
GH30_e29
GH2_e82

GH88 el
GH95_el
GH29_e53
GH2_el127
GH5_e92+CBM9_e5
GH2_e92
CE4_e274
GH3_e103

GH43 _e73+CBM91_e27

GH159_e6
GH4_e21

CE4_e274

CE15_e20

GH4_e21

GH2_e67

GH51_e44

GH28 e40
PL22_e5+PL22_e6
CBM9_e3

GH115_e6

GH4_e30
CBM67_e28+GH78_e58
CBM13_el122

GH88 el

GH29_e53

GH137 el

GH2_el

GH2_el01

GH29 _e54

GH2_el01
CBM67_e3+GH78_e32
GH106_eb6
CBM67_e28+GH78_e58
CBM67_e28+GH78 e58
GH5_e239

GH26_el7

GH43_e110+CBM13_e196

GH5_e158+CBM5_e73
GH2_e94
GH109_e7
GH3_e181
CBMS5_e8
GH4_e21
GH95_el
GH29_e20
GH29_e0
GH29_e73
GH29_e0
GH29_e55
GH29_e53
GH29_e77

DIAMOND

GH3

GH105

GH15

GH13

GH5

GH31
CBM13+GH11
CBM85+GH10
GH67

GH3

GHA4

GH10

GH42

PL42

CBM13+GH43_3

GH3
GH5
GH5
GH5
CBM5+GH5_7
GH5
GH10
GH10
GH10
GH5
GH5
GH5
GH5_7
GH5_7
CBM6+GHS5
GH15
GH93
GH51
GH2
GH43_3
GH2
GH127
GH28
PL1
PL1
CBMO
GH2
GH2
PL26
GH28
PL22
PL22
GH78
GH51
GH106
PL22
GH95
GH43_18
PL11_1
GH78
GH2
GH2
GH42
CBM13
PL1

GH43_12
GH9

CE14
GH154
CBMSS
GH2

GH2

PL42
GH30_4
GH2

GH88
GH95
GH29

GH2
CBMO9+GHS5
GH2

GH3
GH43_12

GH159
GH4

CE15
GH4
GHO
GH51
GH28
PL22
GH115
GH4
GH78
CBM13
GHS8
GH29
GH137
GH2
GH2
GH2
CBM67+GH78
GH106
GH78
GH78
GH5_7
CBM88+GH26

CBM13+GH43_3

GH5
GH2

GH3

GH4

GH95
GH29
GH29
GH29
GH29

Function

N- acetylgalactosaminidase
beta-glucosidase

N- acetylgalactosaminidase
unsaturated rhamnogalacturonyl hydrolase
putative GH15

alpha-amylase

endoglucanase

alpha-xylosidase
endo-1,4-beta-xylanase
xylan-binding CBM
endo-1,4-beta-xylanase
alpha-1,2-glucuronosidase
beta-xylosidase/beta-glucosidase
alpha-galacturonidase
endo-1,4-beta-xylanase
beta-galactosidase

putative L-rhamnose-a-1,4-D-glucuronate lyase
N- acetylgalactosaminidase
endo-alpha-1,5-L-arabinanase
beta-glucosidase/beta-xylosidase
endoglucanase

endoglucanase

endoglucanase
endo-1,4-beta-mannosidase
endoglucanase
endo-1,4-beta-xylanase
endo-1,4-beta-xylanase
endo-1,4-beta-xylanase
endoglucanase

endoglucanase

alginate PL14

endoglucanase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
endoglucanase

N- acetylgalactosaminidase
trehalase
alpha-L-arabinofuranobiosidase
alpha-L-arabinofuranosidase
beta-glucuronidase
endo-alpha-1,5-L-arabinanase
beta-galactosidase/beta-glucuronidase
beta-L-arabinofuranosidase
polygalacturonase

pectate lyase

pectate lyase

mannose-binding CBM
beta-galactosidase
beta-glucuronidase/beta-galactosidase
rhamnogalacturonan lyase
polygalacturonase
oligogalacturonide lyase
oligogalacturonide lyase
alpha-L-rhamnosidase
alpha-L-arabinofuranosidase
alpha-L-rhamnosidase
oligogalacturonide lyase
alpha-L-fucosidase
alpha-L-arabinofuranosidase
rhamnogalacturonan lyase
alpha-L-rhamnosidase
beta-glucuronidase
beta-galactosidase
beta-galactosidase
mannose-binding CBM

pectate lyase

pectate lyase

N- acetylgalactosaminidase
alpha-L-arabinofuranosidase
endo-beta-1,4_glucanase
N-acetyl-alpha-D-glucosaminyl L-malate deacetylase
N-acetyl-alpha-D-glucosaminyl L-malate deacetylase
arabinogalactan-beta-1,6-glucuronidase
galactomannan-binding CBM
beta-galactosidase
beta-galactosidase

putative L-rhamnose-a-1,4-D-glucuronate lyase
endo-beta-1,6-galactanase
beta-glucuronidase

unsaturated glucuronyl hydrolase
alpha-L-fucosidase
alpha-L-fucosidase
beta-galactosidase/beta-glucuronidase
endoglucanase
beta-galactosidase

xylan deacetylase
beta-glucosidase
alpha-L-arabinofuranosidase
alpha-arabinofuranosidase/beta-galactofuranosidase
alpha-galactosidase

xylan deacetylase
4-0-methyl-glucuronoyl methylesterase
alpha-galactosidase
beta-mannosidase
alpha-L-arabinofuranosidase
polygalacturonase
oligogalacturonate lyase
xylan-binding CBM

xylan alpha-1,2-glucuronidase
alpha-galacturonidase
alpha-L-rhamnosidase
mannose-binding CBM
unsaturated glucuronyl hydrolase
alpha-L-fucosidase
beta-L-arabinofuranosidase
beta-galactosidase
beta-galactosidase
alpha-L-fucosidase
beta-galactosidase
alpha-L-rhamnosidase
alpha-L-rhamnosidase
alpha-L-rhamnosidase
alpha-L-rhamnosidase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
endo-alpha-1,5-L-arabinanase
endo-1,4-beta-mannosidase
beta-mannosidase

N- acetylgalactosaminidase
beta-glucosidase/beta-xylosidase
CBM

alpha-galactosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase



AArc-xgl-1

Gene ID HMMER

MCU4739872 GH15(248-609)
MCU4740185 GH13_20(292-595)
MCU4740186 GH15(283-639)
MCU4740280 GH105(40-342)
MCU4740338 GH109(5-276)

MCU4740429 GH3(52-260)

MCU4740508 GH109(6-273)

MCU4740618 GH5(65-356)+CBM6(517-657)
MCU4740619 GH5_7(92-386)
MCU4740620 GH5_7(96-387)
MCU4740623 GH5(66-371)

MCU4740624 PL14 3(113-318)
MCU4740625 GH5(87-390)

MCU4740628 GH5(97-403)

MCU4740629 GH10(118-438)
MCU4740630 GH10(121-457)
MCU4740631 GH10(117-443)
MCU4740632 GH5(46-494)

MCU4740633 GH5_7(108-396)
MCU4740635 GH5(68-392)

MCU4740636 GH5(64-464)

MCU4740637 GH5(84-402)

MCU4740789 GH3(90-314)

MCU4740863 GH43 3(46-348)
MCU4740967 GH9(142-643)

MCU4741000 GH43_12(5-284)+CBM91(324-528)
MCU4741030 GH109(6-182)

MCU4741094 PL1_2(110-300)
MCU4741095 PL1_2(109-280)
MCU4741125 GH109(3-151)

MCU4741257 PL42(28-333)

MCU4741258 GH42(6-387)

MCU4741283 GH11(19-153)+CBM13(199-287)
MCU4741297 CBM85(41-175)
MCU4741532 GH93(28-377)

MCU4742000 GH4(3-181)

MCU4742395 PL11(1-588)

MCU4742397 GHA3_18(45-275)
MCU4742398 GH95(7-795)

MCU4742404 PL22(44-149)+PL22(190-392)
MCU4742406 GH106(13-773)
MCU4742407 GH51(229-726)
MCU4742409 -

MCU4742410 CBM67(119-302)+GH78(322-852)
MCU4742411 -

MCU4742413 PL22(44-149)+PL22_2(180-374)
MCU4742414 PL22 2(188-380)
MCU4742434 GH28(63-446)

MCU4742438 PL26(6-867)

MCU4742439 GH2(5-701)

MCU4742440 GH2(60-833)

MCU4742441 CBM13(565-705)
MCU4742471 PL1_2(529-716)
MCU4742473 PL1_2(909-1102)
MCU4742486 GH28(33-390)

MCU4742515 GH127(15-550)
MCU4742519 GH2(9-665)

MCU4742525 GH43 3(32-328)
MCU4742528 GH2(8-471)

MCU4742529 GH51(3-499)

MCU4742569 GH28(29-392)

MCU4742570 PL22(40-152)+PL22_ 2(203-381)
MCU4742571 CBM9(17-222)

MCU4742572 GH115(20-717)
MCU4742574 GH4(20-200)

MCU4742577 CBM67(358-531)+GH78(560-1073)
MCU4742578 CBM13(589-723)
MCU4742628 GH2(5-579)

MCU4742630 GH5(59-331)+CBM9(484-651)
MCU4742717 GH2(36-945)

MCU4742725 CE4(226-344)

MCU4742966 CE4(219-337)

MCU4743005 CE14(4-113)

MCU4743008 GH109(3-142)

MCU4743020 CE14(17-126)

MCU4743051 GH32(24-329)

MCU4743052 GH154(11-359)
MCU4743081 CBM88(425-506)
MCU4743125 GH31(221-716)
MCU4743126 GH5(67-371)

MCU4743128 GH109(22-283)
MCU4743274 CE14(6-115)

MCU4743280 GH109(5-153)

MCU4743294 CE15(84-403)+CE15(442-766)
MCU4743296 PL40(597-926)

MCU4743313 CE14(9-118)

MCU4743419 GH109(3-365)

MCU4743465 PL25(2-133)

MCU4743591 CE15(19-396)

MCU4743764 GH3(43-254)

MCU4743843 GH43 12(5-279)+CBM91(315-492)
MCU4743844 GH159(23-239)
MCU4743889 GH4(3-181)

MCU4743970 GH2(41-943)

MCU4743971 GH2(36-930)

MCU4743974 PL42(28-311)

MCU4743975 GH30_4(135-587)
MCU4743988 GH2(54-645)

MCU4744001 GH88(44-379)

MCU4744025 GH95(8-739)

MCU4744026 GH29(3-348)

MCU4744042 GH3(86-315)

MCU4744073 GH109(7-154)

MCU4744075 GH2(3-711)

MCU4744078 GH5_8(96-291)
MCU4744079 GH43 3(44-331)+CBM13(361-502)
MCU4744081 GH26(67-364)

MCU4744085 GH5_7(89-381)
MCU4744364 GH29(4-360)

MCU4744366 GH29(15-352)

MCU4744367 GH29(4-348)

MCU4744368 GH29(8-315)

MCU4744628 CBM67(325-482)+GH78(544-1065)
MCU4744629 GH2(6-568)

MCU4744631 GH2(2-507)

MCU4744635 GHA42(25-404)

MCU4744636 CBM13(418-510)
MCU4744644 GH29(3-373)

MCU4744645 GH29(5-351)

MCU4744664 GH10(8-318)

MCU4744665 GH4(29-206)

MCU4744667 GH3(66-292)

MCU4744674 GH67(8-688)

MCU4744675 CBM85(106-238)+CBM85(329-460)+GH10(518-835)

MCU4744676 CBM6(2-87)
MCU4744742 GH29(3-299)
MCU4744746 GH95(7-734)
MCU4744766 GH51(289-807)

dbCAN_sub
GH15_el4
GH13_e49
GH15_e46
GH105_e35
GH109_e2
GH3_e103
GH109_e7
GH5_e197+CBM6_e47
GH5 _e4

GH5_e4
GH5_e197

PL14 e23
GH5_e92
GH5_e92
GH10_el6
GH10_el6
GH10_el6
GH5_e197
GH5_e4

GH5_e92
GH5_e92
GH5_e92
GH3_e181
GH43_el112+CBM13_e196
GH9_el
GH43_e73+CBM91_e28
GH109_e2
PL1_e72

PL1 e72
GH109_e7
PLA2_e0
GH42_el
GH11_el1+CBM13_el22
CBM85_e8
GH93_el13
GH4_e21

PL11 eO
GH43_e83
GH95_el
PL22_e5+PL22_eb
GH106_e6
GH51_e48
CBM13_e31
CBM67_el1+GH78_e42
CBM13_el123
PL22_e5+PL22_e6
PL22 e5+PL22 eb
GH28_e139
PL26_e0
GH2_e41
GH2_el01
CBM13_e31

PL1 e72

PL1 e72

GH28 el0
GH127_e0
GH2_e86
GH43_e245
GH2_e86
GH51_e19
GH28_e40
PL22_e5+PL22 e6
CBM9_e3
GH115_e6
GH4_e30
CBM67_e28+GH78_e58
CBM13_el122
GH2_el27
GH5_e92+CBM9_e5
GH2_e92
CE4_e274
CE4_e274
CE14_e47
CE14_e40
GH32_e80
GH154_el4
CBM88 el
GH31_el0
GH5_e197

CE14_e40
CE15_el17+CE15_el7
PL40_el

CE14_e40
GH109_e7

PL25_e0

CE15_e20
GH3_el103
GH43_e73+CBM91_e27
GH159_e6

GH4_e21

GH2_eb61

GH2_eb61

PL42 ell

GH30_e29

GH2_e82

GH88_el

GH95_el

GH29_e0

GH3_e181
GH109_e7

GH2_e9%
GH5_e158+CBM5_e73
GH43_e110+CBM13_e196
GH26_e17
GH5_e239

GH29_e0

GH29_e73

GH29_e0

GH29_e20
CBM67_e28+GH78 e58
GH2_el44
GH2_el45

GH42_el
CBM13_e196
GH29_e0

GH29_e55
GH10_el02
GH4_e30

GH3_e88

GH67_el

CBM85_e8+CBMS85_e8+GH10_el6

CBM6_e65
GH29_e0
GH95_el
GH51_ed4

DIAMOND
GH15
GH13
GH15
GH105

GH3
CBM6+GHS
GH5_7
GH5_7
GH5

GH5

GH5

GH10
GH10
GH10

GH5

CBM5+GHS5_7

GH5
GH5
GH5
GH3

CBM13+GH43_3

GH9
GH43_12

PL1

PL42
GH42

GH93
GH4
PL11 1
GH43_18
GH95
PL22
GH106
GH51
CBMO
GH78
PL22
PL22
GH28
PL26
GH2
GH2
CBMO
PL1
PL1
GH28
GH127
GH2
GH43_3
GH2
GH51
GH28
PL22
GH115
GH4
GH78
CBM13
GH2
CBMO9+GH5
GH2

CE15
GH3
GH43_12
GH159
GH4
GH2
GH2
PL42
GH30_4
GH2
GHS8
GH95
GH29
GH3
GH2
GH5

CBM13+GH43_3
CBM88+GH26

GH5_7
GH29
GH29
GH29
GH29
GH78
GH2
GH2
GH42
CBM13
GH29
GH10
GH4
GH3
GH67

CBM85+GH10

GH29
GH95
GH51

Function

trehalase

alpha-amylase

putative GH15

unsaturated rhamnogalacturonyl hydrolase
putative GH109

beta-glucosidase

N- acetylgalactosaminidase
endo-beta-1,4-glucanase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
endoglucanase

putative PL14
endo-beta-1,4-glucanase
endo-beta-1,4-glucanase
endo-1,4-beta-xylanase
endo-1,4-beta-xylanase
endo-1,4-beta-xylanase
endo-beta-1,4-glucanase
endo-1,4-beta-mannosidase
endo-beta-1,4-glucanase
endo-beta-1,4-glucanase
endo-beta-1,4-glucanase
beta-glucosidase/beta-xylosidase
endo-alpha-1,5-L-arabinanase
endo-beta-1,4-glucanase
alpha-L-arabinofuranosidase

N- acetylgalactosaminidase

pectate lyase

pectate lyase

N- acetylgalactosaminidase
L-rhamnose-alpha-1,4-D-glucuronate lyase
beta-galactosidase
endo-1,4-beta-xylanase

putative glucomannan-binding CBM
alpha-L-arabinofuranobiosidase
alpha-galactosidase
rhamnogalacturonan lyase
alpha-L-arabinofuranobiosidase
alpha-L-fucosidase

oligogalacturonide lyase
alpha-L-rhamnosidase
alpha-L-arabinofuranosidase

putattive mannose-binding CBM
alpha-L-rhamnosidase

putattive mannose-binding CBM
oligogalacturonide lyase
oligogalacturonide lyase
polygalacturonase
rhamnogalacturonan lyase
beta-galactosidase/beta-glucuronidase
beta-galactosidase

putattive mannose-binding CBM
pectate lyase

pectate lyase

polygalacturonase
beta-L-arabinofuranosidase
beta-galactosidase/beta-glucuronidase
endo-alpha-1,5-L-arabinanase
beta-glucuronidase/beta-galactosidase
alpha-L-arabinofuranosidase
polygalacturonase

oligogalacturonate lyase

xylan-binding CBM

xylan a-1,2-(4-O-methyl)-glucuronidase
alpha-galacturonidase
alpha-L-rhamnosidase

putattive mannose-binding CBM
beta-galactosidase/beta-glucuronidase
endoglucanase

beta-galactosidase

xylan deacetylase

xylan deacetylase
N-acetyl-alpha-D-glucosaminyl L-malate deacetylase
putative GH109
N-acetyl-alpha-D-glucosaminyl L-malate deacetylase
sucrose-6-phosphate hydrolase
arabinogalactan beta-1,6-glucuronidase
galactomannan-binding CBM
alpha-xylosidase

endoglucanase

putative GH109
N-acetyl-alpha-D-glucosaminyl L-malate deacetylase
putative GH109
4-O-methyl-glucuronoyl methylesterase
putative PL40

diacetylchitobiose deacetylase

N- acetylgalactosaminidase

ulvan Lyase

4-0-methyl-glucuronoyl methylesterase
beta-glucosidase
alpha-L-arabinofuranosidase
alpha-arabinofuranosidase/beta-galactofuranosidase
alpha-galactosidase

beta-galactosidase

beta-galactosidase
L-rhamnose-alpha-1,4-D-glucuronate lyase
endo-beta-1,6-galactanase
beta-glucuronidase

unsaturated glucuronyl hydrolase
alpha-L-fucosidase

alpha-L-fucosidase
beta-glucosidase/beta-xylosidase

N- acetylgalactosaminidase
beta-mannosidase
endo-1,4-beta-mannosidase
endo-alpha-1,5-L-arabinanase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
alpha-L-fucosidase

alpha-L-fucosidase

alpha-L-fucosidase

alpha-L-fucosidase
alpha-L-rhamnosidase
beta-glucuronidase

beta-galactosidase

beta-galactosidase

mannose-binding CBM
alpha-L-fucosidase

alpha-L-fucosidase
endo-1,4-beta-xylanase
alpha-galacturonidase
beta-xylosidase/beta-glucosidase
alpha-1,2-glucuronosidase
endo-1,4-beta-xylanase
cellulose/xylan-binding CBM
alpha-L-fucosidase

alpha-L-fucosidase
alpha-1,5-L-arabinofuranosidase



KZCA124

Gene ID HMMER

WP_207586340 GH43_12(5-298)+CBM91(334-512)

WP_207586391 GH159(36-252)
WP_207586522 GH5(66-369)
WP_207586523 GH31(221-716)
WP_207586533 GH10(8-321)
WP_207586534 GH4(30-207)

WP_207586542 CBM85(106-240)+CBM85(329-461)+GH10(521-835)

WP_207586566 PL42(28-333)
WP_207586805 GH9(112-611)
WP_207586872 GH3(86-315)
WP_207586899 GH109(7-154)
WP_207586901 GH2(3-715)
WP_207586903 GH26(50-339)
WP_207586907 GH5_7(88-380)
WP_207586908 GH5_7(91-372)
WP_207587007 CE4(224-341)
WP_207587897 GH105(40-342)
WP_207588032 CE19(42-387)
WP_207588272 GH29(3-373)
WP_207588292 GH15(292-649)
WP_207588294 GH13(301-612)
WP_207588358 GH3(51-259)
WP_207589397 GH4(3-181)
WP_207589594 CE15(21-398)
WP_207589600 PL14(98-307)
WP_207589934 GH29(5-351)
WP_207589936 GH29(3-373)
WP_207589951 GH29(5-360)
WP_207589953 GH29(15-352)
WP_207589955 GH29(5-349)
WP_207589957 GH29(7-315)
WP_207589979 GH39(12-462)
WP_207590926 GH10(92-424)
WP_207591059 GH3(90-314)
WP_207591162 GH172(88-338)
WP_207591304 GH5(68-409)
WP_207591306 GH5_7(97-385)
WP_207591307 GH5(50-499)
WP_207591308 GH10(119-455)
WP_207591309 GH5(99-405)
WP_207591312 GH81(98-741)
WP_207591313 GH5(90-391)
WP_207591314 GH5(66-370)
WP_207591317 GH5_7(92-381)
WP_207591319 GH5_7(92-385)
WP_207591322 GH5(64-356)+CBM6(516-654)
WP_207591513 GH3(43-254)
WP_207591535 CE12(192-378)
WP_207591776 GH2(7-530)
WP_207591839 CE6(121-225)+CBM88(306-395)
WP_207591864 GH4(3-181)
WP_207592203 CBM13(424-566)
WP_207592224 GH51(5-492)
WP_207592240 GH154(11-359)
WP_207592241 GH32(24-318)
WP_207592273 PL33(411-552)
WP_207592299 CE14(17-126)
WP_207592322 GH51(3-500)
WP_207592323 GH2(8-471)
WP_207592325 GH51(256-717)
WP_207592326 GH43_3(3-293)
WP_207592331 GH2(7-693)
WP_207592335 GH127(15-550)
WP_207592356 PL1_2(432-615)
WP_207592357 GH28(33-389)
WP_207592371 PL1_2(77-261)+PL1_2(568-745)

WP_207592372 PL1_2(477-655)+PL1_2(969-1153)

WP_207592406 GH2(8-558)

WP_207592426 GH51(296-812)
WP_207592460 GH28(28-390)

WP_207592461 PL22(30-152)+PL22_2(195-373)
WP_207592462 CBM9(17-222)

WP_207592463 GH115(21-665)
WP_207592465 GH4(20-200)

WP_207592468 CBM67(367-519)+GH78(579-1087)

WP_207592469 CBM13(595-729)
WP_207592492 GH38(274-528)
WP_207592514 GH2(6-561)
WP_207592519 GH42(6-392)
WP_207592521 GH5(47-322)+CBM9(469-641)
WP_207592615 CE12(7-214)
WP_207592617 CBM13(394-509)
WP_207592618 GH42(6-385)
WP_207592619 GH43_3(47-336)
WP_207592621 GH2(2-505)
WP_207592624 PL26(279-786)
WP_207592625 GH2(6-579)

WP_207592626 CBM67(331-481)+GH78(545-1068)

WP_207592631 CBM13(552-683)
WP_207592634 PL22(45-144)
WP_207592635 GH43_18(43-277)
WP_207592636 GH95(7-790)
WP_207592640 PL22(40-146)+PL22(188-391)
WP_207592643 PL1_2(483-663)
WP_207592645 GH106(13-774)
WP_207592646 GH51(226-721)
WP_207592648 -

WP_207592649 CBM67(119-313)+GH78(333-863)

WP_207592650 CBM13(165-303)
WP_207592651 PL22(45-149)+PL22_2(180-375)
WP_207592652 PL22_2(189-381)
WP_207592672 GH28(69-445)
WP_207592674 CE19(36-331)
WP_207592703 GH88(43-378)
WP_207592754 GH3(76-303)
WP_207592758 GH20(150-475)
WP_207592761 CE14(6-115)
WP_207592779 CE15(83-403)+CE15(442-767)
WP_207592791 PL40(597-925)
WP_207592810 CE14(9-118)
WP_207592899 GH154(11-351)
WP_207592907 GH2(6-562)
WP_207592910 PL26(6-869)
WP_207592913 GH2(7-489)
WP_207592948 GH97(3-591)
WP_207592950 CE14(8-117)
WP_207593013 PL11(1-591)
WP_242695398 GH3(93-319)
WP_242695399 GH67(8-688)
WP_242695417 GH27(109-371)
WP_242695420 GH5_8(96-291)
WP_242695508 PL14(114-319)
WP_242695510 PL14(56-266)
WP_242695594 PL11(1-576)
WP_242695613 PL1_2(380-548)
WP_242695657 GH3(91-317)
WP_255542848 GH5(61-465)
WP_255543154 GH20(3-242)
WP_305037870 GH11(78-251)+CBM13(279-415)

dbCAN_sub
GH43_e73+CBM91_e27
GH159_e6

GH5_e197

GH31_el0

GH10_e102

GH4_e30

CBMS85_e8+CBMS85_e8+GH10_el6

PLA2_e0

GH9 el
GH3_e181
GH109_e7
GH2_e9%4
GH26_e17
GH5_e239
GH5_e4
CE4_e274
GH105_e35

CE19 e4
GH29_e0
GH15_e46
GH13_e49
GH3_e103
GH4_e21
CE15_e20
PL14_el6
GH29_e55
GH29_e0
GH29_e0
GH29_e73
GH29_e0
GH29_e20
GH39_e9
GH10_el6
GH3_e181
GH172_e0
GH5_e197
GH5_e4
GH5_e197
GH10_el6
GH5_e92
GH81_el2
GH5_e92
GH5_e197
GH5_e4

GH5_e4
GH5_e197+CBM6_e47
GH3_el103
CE12_e31
GH2_e59

CE6_e3

GH4_e21
CBM13_e196
GH51_e19

GH154 _el4
GH32_e85

PL33 _el4
CE14_e40
GH51_e19
GH2_e86
GH51_e48
GH43_e245
GH2_e86
GH127_e0

PL1 e72

GH28 el0

PL1 e72+PL1 e72
PL1 e72+PL1 _e72
GH2_e59
GH51_e44

GH28 e40

PL22 e5+PL22 eb6
GH115_e6
GH4_e30
CBM67_e28+GH78 e58
CBM13_el122
GH38_e18
GH2_el127
GH42_el
GH5_e92+CBM9_e5
CE12_el2
CBM13_e196
GH42_el
GH43_ell10
GH2_el145
PL26_e0
GH2_el44
CBM67_e28+GH78_e58
CBM13_e294
PL22 e5+PL22 eb6
GH43_e83
GH95_el

PL22 e5+PL22 e6
PL1_e72
GH106_e6
GH51_e48
CBM13_e294
CBM67_el11+GH78_e42
CBM13_e294
PL22_e5+PL22_eb6
PL22_eb6

GH28 e139

CE19 el
GH88_el
GH3_e204
GH20_e51
CE14_e40
CE15_el17+CE15 el7
PL40_el
CE14_e40
GH154_el14
GH2_el44
PL26_e0
GH2_e41
GH97_e29
CE14_e40
PL11_eO
GH3_e88
GH67_el
GH27_el4
GH5_e158+CBM5_e73
PL14_el6
PL14_el6
PL11_eO

PL1_e72
GH3_e88
GH5_e92
GH20_e78

GH11 el5+CBM13 el22

DIAMOND
GH43_12
GH159

GH5

GH31

GH10

GH4
CBM85+GH10
PL42

GH9

GH3

GH2
CBM88+GH26
GH5_7
GH5_7

GH105
GH29
GH15
GH13
GH3
GH4
CE15

GH29
GH29
GH29
GH29
GH29
GH39
GH10
GH3
GH172
GH5
CBM5+GH5_7
GH5
GH10
GH5
GH81
GH5
GH5
GH5_7
GH5_7
CBM6+GHS
GH3
CE12
GH2
CBM5+CE6
GH4
CBM13
GH51
GH154
GH32
PL33_2
GH51
GH2
GH51
GH43 3
GH2
GH127
PL1
GH28
PL1
PL1
GH2
GH51
GH28
PL22
GH115
GH4
GH78
CBM13
GH38
GH2
GH42
CBMO9+GH5
CE12
CBM13
GH42

CBM13+GH43_3

GH2
GH2
GH78
CBM13
PL22
GH43_18
GH95
PL22
PL1
GH106
GH51
CBMO
GH78
PL22
PL22
GH28
GH88
GH3
GH20
CEO
PLO
GH154
GH2
PL26
GH2
GH97
PL11_1
GH3
GH67
GH27
GH5

CBM13+PL11_1
PL1

GH3

GH5

GH20
CBM13+GH11

Function
alpha-L-arabinofuranosidase

alpha-arabinofuranosidase/ beta-D-galactofuranosidase

endo-1,4-beta-glucanase
alpha-xylosidase
endo-1,4-beta-xylanase
alpha-galacturonidase
endo-1,4-beta-xylanase
L-rhamnose-alpha-1,4-D-glucuronate lyase
endo-1,4-beta-glucanase
beta-glucosidase/beta-xylosidase

N -acetylgalactosaminidase
beta-mannosidase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
putative CE4

unsaturated rhamnogalacturonyl hydrolase
pectin methylesterase
alpha-L-fucosidase

putative GH15

alpha-amylase

beta-glucosidase
alpha-galactosidase
4-0-methyl-glucuronoyl methylesterase
alginate lyase

alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-fucosidase
alpha-L-iduronidase
endo-1,4-beta-xylanase
beta-glucosidase/beta-xylosidase
difructose dianhydride | synthase/hydrolase
endo-beta-1,4-glucanase
endo-1,4-beta-mannosidase
endoglucanase
endo-1,4-beta-xylanase
endo-beta-1,4-glucanase
endo-1,3-beta-glucanase
endo-beta-1,4-glucanase
endo-beta-1,4-glucanase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
endo-beta-1,4-glucanase
beta-glucosidase
rhamnogalacturonan acetylesterase
beta-glucuronidase

carbohydrate acetyl esterase/feruloyl esterase
alpha-galactosidase
mannose-binding CBM
alpha-L-arabinofuranosidase
beta-1,6-D-glucuronidase
sucrose-6-phosphate hydrolase
hyaluronate lyase

chitin deacetylase
alpha-L-arabinofuranosidase
beta-galactosidase/beta-glucuronidase
alpha-L-arabinofuranosidase
endo-alpha-1,5-L-arabinanase
beta-galactosidase/beta-glucuronidase
beta-L-arabinofuranosidase

pectate lyase

polygalacturonase

pectate lyase

pectate lyase

beta-glucuronidase
alpha-1,5-L-arabinofuranosidase
polygalacturonase
oligogalacturonide lyase
xylan-binding CBM

xylan alpha-1,2-glucuronidase
alpha-galacturonidase
alpha-L-rhamnosidase
mannose-binding CBM
alpha-mannosidase
beta-galactosidase/beta-glucuronidase
beta-galactosidase
endo-beta-1,4-glucanase
rhamnogalacturonan acetylesterase
mannose-binding CBM
beta-galactosidase
endo-alpha-1,5-L-arabinanase
beta-galactosidase
rhamnogalacturonan lyase
beta-glucuronidase
alpha-L-rhamnosidase
mannose-binding CBM
oligogalacturonate lyase
alpha-L-arabinofuranosidase
alpha-L-fucosidase
oligogalacturonide lyase

pectate lyase

alpha-L-rhamnosidase
alpha-L-arabinofuranosidase
mannose-binding CBM
alpha-L-rhamnosidase
mannose-binding CBM
oligogalacturonide lyase
oligogalacturonide lyase
polygalacturonase

pectin methylesterase

unsaturated glucuronyl hydrolase
beta-hexosaminidase
beta-hexosaminidase

pectin methylesterase
4-0-methyl-glucuronoyl methylesterase
putative PL40

diacetylchitobiose deacetylase
arabinogalactan beta-1,6-glucuronidase
beta-glucuronidase
rhamnogalacturonan lyase
beta-galactosidase/beta-glucuronidase
alpha-galactosidase
diacetylchitobiose deacetylase
rhamnogalacturonan lyase
beta-xylosidase/beta-glucosidase
alpha-1,2-glucuronosidase
alpha-galactosidase
endo-1,4-beta-mannosidase
alginate lyase

alginate lyase

rhamnogalacturonan lyase

pectate lyase
beta-xylosidase/beta-glucosidase
endo-1,4-beta-glucanase
beta-hexosaminidase
endo-1,4-beta-xylanase



TS33

Gene ID HMMER
WP_276252459.1 GH5(64-356)+CBM6(516-654)
WP_276252460.1 GH5_7(92-385)
WP_276252461.1 GH5_7(92-381)
WP_276252462.1-
WP_276252464.1 GH5(66-370)
WP_276252465.1 GH5(91-392)
WP_276252467.1 GH5(109-415)
WP_276252468.1 GH10(113-449)
WP_276252469.1 GH5(49-497)
WP_276252470.1 GH5_7(97-385)
WP_276252472.1 GH5(68-409)
WP_276252473.1 GH5(61-465)
WP_276252597.1 GH3(90-314)
WP_276252658.1 GH10(3-213)
WP_276252661.1CBM57(88-224)
WP_276252663.1GH10(50-367)
WP_276252664.1 GH43_3(46-348)+CBM13(374-513)
WP_276252754.1 GH2(22-582)
WP_276253105.1 GH95(6-734)
WP_276253111.1 GH29(3-369)
WP_276253115.1 GH95(11-738)
WP_276253116.1PL1_2(90-260)
WP_276253173.1PL12(345-479)
WP_276253290.1 CBM6(208-343)
WP_276253291.1 PL14(156-358)
WP_276253293.1PL14(25-229)
WP_276253309.1 CE15(19-396)
WP_276253409.1 GH4(3-181)
WP_276253872.1 GH3(55-263)
WP_276253901.1 GH13(301-614)
WP_276253902.1 GH15(292-649)
WP_276253913.1 GH29(3-373)
WP_276254039.1 CE19(42-387)
WP_276254127.1 GH105(40-342)
WP_276254560.1 CE4(224-341)
WP_276254647.1 GH5_7(91-372)
WP_276254648.1 GH5_7(88-380)
WP_276254652.1 GH26(50-339)
WP_276254653.1 GH5_8(96-291)
WP_276254656.1 GH2(3-706)
WP_276254678.1 GH27(96-358)
WP_276254680.1 GH3(86-315)
WP_276254736.1 GH9(112-611)
WP_276254969.1 PL42(28-333)
WP_276254993.1 GH11(62-235)+CBM13(262-398)

dbCAN_sub
GH5_e197+CBM6_e47
GH5_e4
GH5_e4
GH5_e197
GH5_e92
GH5_e92
GH10_el6
GH5_e197
GH5_e4
GH5_e197
GH5_e92
GH3_e181
GH10_el6
CBM57_e32
GH10_el6
GH43_el12+CBM13_e196
GH2_e67
GH95_el
GH29_e0
GH95_el
PL1_e72
PL12_el2
CBM6_e4
PL14_el6
PL14_el6
CE15_e20
GH4_e21
GH3_e103
GH13_e49
GH15_e46
GH29_e0
CE19_e4
GH105_e35
CE4_e274
GH5_e4
GH5_e239
GH26_el7
GH5_e158+CBM5_e73
GH2_e9%4
GH27_el4
GH3_e181
GH9_el
PL42_e0
GH11_el5+CBM13_el122

DIAMOND
CBMG6+GHS
GH5_7
GH5_7

CBMS5

GH5

GH5

GH5

GH10

GH5
CBMS5+GH5_7
GH5

GH5

GH3

GH10

Function
endo-1,4-beta-glucanase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
cellulose-binding CBM
endo-1,4-beta-glucanase
endo-1,4-beta-glucanase
endo-1,4-beta-glucanase
endo-1,4-beta-xylanase
endo-1,4-beta-glucanase
endo-1,4-beta-mannosidase
endoglucanase
endoglucanase
beta-glucosidase/beta-xylosidase
endo-1,4-beta-xylanase
broad-specificity CBM
endo-1,4-beta-xylanase

CBM13+GH43_3 endo-alpha-1,5-L-arabinanase

GHO
GH95
GH29
GH95
PL1
PLO

CE15
GH4
GH3
GH13
GH15
GH29

GH105
GH5_7
GH5_7
CBM88+GH26
GH5

GH2

GH27

GH3

GH9

PLA2
CBM13+GH11

WP_276254994.1 CBM85(106-240)+CBM85(329-461)+GH10(520-834) CBM85_e8+CBM85_e8+GH10_e16 CBM85+GH10

WP_276254995.1 GH67(8-688)

WP_276255002.1 GH3(93-319)

WP_276255004.1 GH4(30-207)

WP_276255006.1 GH10(8-321)

WP_276255016.1 GH31(221-716)
WP_276255017.1 GH5(66-369)

WP_276255134.1 GH159(36-252)

WP 276255183.1GH43_14(3-298)+CBM91(334-512)
WP_276255396.1 GH4(3-181)

WP_276255415.1 CE6(121-225)+CBMS8(306-395)
WP_276255588.1 CE12(192-378)
WP_276255624.1 GH3(43-254)
WP_276255695.1PL11(1-575)

WP_276255813.1 GH88(43-378)
WP_276255844.1 CE19(36-331)

GH67_el
GH3_es8

GH4 _e30

GH10_e102

GH31_e10

GH5_e197

GH159_e6
GH43_e73+CBM91_e27
GH4_e21

CE6_e3

CE12_e31

GH3_e103

PL11 0

GH88 el

CE19 el

GH67
GH3

GH4

GH10

GH31

GH5

GH159

GH43 12

GH4
CBMS5+CE6
CE12

GH3
CBM13+PL11_1
GH88

beta-galactosidase

alpha-L-fucosidase

alpha-L-fucosidase

alpha-L-fucosidase

pectate lyase

heparin-sulfate lyase

xylan-binding CBM

alginate lyase

alginate lyase
4-0O-methyl-glucuronoyl methylesterase
alpha-galactosidase

beta-glucosidase

alpha-amylase

alpha-amylase

alpha-L-fucosidase

pectin methylesterase

unsaturated rhamnogalacturonyl hydrolase
chtinin deacetylase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
endo-1,4-beta-mannosidase
beta-mannosidase
alpha-galactosidase
beta-glucosidase/beta-xylosidase
endo-1,4-beta-glucanase
rhamnose-alpha-1,4-gucuronate lyase
endo-1,4-beta-xylanase
endo-1,4-beta-xylanase
alpha-1,2-glucuronosidase
beta-xylosidase/beta-glucosidase
alpha-galacturonidase
endo-1,4-beta-xylanase
alpha-xylosidase
endo-1,4-beta-glucanase
alpha-arabinofuranosidase/beta-galactofuranosidase
alpha-L-arabinofuranosidase
alpha-galactosidase

carbohydrate acetyl esterase/feruloyl esterase
rhamnogalacturonan acetylesterase
beta-glucosidase
rhamnogalacturonan lyase
unsaturated glucuronyl hydrolase
pectin methylesterase



WP_276255845.1 GH28(69-445)
WP_276255863.1PL22_2(189-381)
WP_276255864.1 PL22(45-149)+PL22_2(180-374)
WP_276255866.1 CBM13(165-303)
WP_276255867.1CBM67(119-313)+GH78(333-863)
WP_276255870.1 GH51(226-720)
WP_276255871.1 GH106(13-774)
WP_276255873.1PL1_2(483-665)
WP_276255876.1 PL22(48-154)+PL22(196-399)
WP_276255880.1 GHI5(7-797)
WP_276255881.1GH43_18(43-277)
WP_276255882.1 PL22(45-144)

WP_276255884.1 CBM13(552-683)
WP_276255888.1 CBM67(332-481)+GH78(545-1068)
WP_276255889.1 GH2(6-579)

WP_276255890.1 PL26(279-786)

WP_276255893.1 GH2(2-740)
WP_276255895.1GH43_3(47-334)
WP_276255896.1 GH42(6-385)

WP_276255897.1 CBM13(398-509)+CBM13(487-557)
WP_276255899.1 CE12(7-214)

WP_276255906.1 GH2(8-558)

WP_276255944.1PL1_2(77-261)+PL1_2(563-741)+PL1_2(1055-1239)

WP_276255959.1 GH28(33-389)
WP_276255960.1PL1 2(432-615)
WP_276255991.1 GH127(15-550)
WP_276255992.1 GH2(4-691)
WP_276255998.1 GH51(3-504)
WP_276256021.1 CE14(17-126)
WP_276256033.1-
WP_276256048.1PL33(411-552)
WP_276256079.1 GH32(24-322)
WP_276256080.1 GH154(11-359)
WP_276256114.1 CBM13(424-566)
WP_276256221.1CE14(8-117)
WP_276256223.1GH13_31(33-394)
WP_276256226.1GH97(3-592)
WP_276256271.1CBM13(173-313)
WP_276256272.1GH2(61-833)
WP_276256273.1 GH2(7-482)
WP_276256275.1 GH2(6-565)
WP_276256284.1 GH154(11-351)
WP_276256370.1 CE15(84-403)+CE15(442-777)
WP_276256392.1CE14(6-115)
WP_276256395.1 GH20(147-472)
WP_276256399.1 GH3(77-303)
WP_276256401.1 GH20(152-477)
WP_276256402.1-
WP_276256420.1 GH20(129-442)
WP_276256459.1 CE14(9-118)
WP_276256465.1PL11(1-591)
WP_276256467.1PL1_2(386-554)
WP_276256582.1 GH97(3-580)
WP_276256591.1 GH97(28-680)
WP_276256607.1 GH42(8-398)+GH164(304-656)
WP_276256616.1 GH99(3-289)
WP_276256619.1 GH38(97-374)
WP_276256621.1 GH38(7-289)
WP_276256622.1-
WP_276256625.1 GH141(15-547)
WP_276256649.1 GH33(17-265)
WP_276256653.1 GH2(17-759)
WP_276256656.1 GH38(274-527

GH28_e139
PL22_eb
PL22_e5+PL22_e6
CBM13_e294
CBM67_el1+GH78_e42
GH51_e48
GH106_eb6
PL1_e72
PL22_e5+PL22_e6
GH95_el
GH43_e83
PL22_e5+PL22_e6
CBM13_e294
CBM67_e28+GH78_e58
GH2_el44
PL26_e0
GH2_e145
GH43_el10
GH42_el
CBM13_el96
CE12_el2
GH2_e59
PL1_e72+PL1_e72+PL1_e72
GH28_el0
PL1_e72
GH127_e0
GH2_e86
GH51_el19
CE14_e40
PL33_el4
GH32_e85
GH154_el4
CBM13_el96
CE14_e40
GH13_el22
GH97_e8
CBM13_el22
GH2_e101
GH2_e41
GH2_el44
GH154_el4
CE15_e17+CE15_el7
CE14_e40
GH20_e51
GH3_e204
GH20_e51
GH20_e75
CE14_e40
PL11_eO

PL1_e72
GH97_e29
GH97_e24
GH42_e24+GH164_e0
GH99_e4
GH38_el3
GH38_e33
GH141_e24
GH33_el36
GH2_e9%4
GH38_e38

GH28
PL22
PL22
GH78
GH51
GH106
PL1
PL22
GH95
GH43_18
PL22
CBM13
GH78
GH2

GH2

polygalacturonase
oligogalacturonide lyase
oligogalacturonide lyase
mannose-binding CBM
alpha-L-rhamnosidase
alpha-L-arabinofuranosidase
alpha-L-rhamnosidase
pectate lyase
oligogalacturonide lyase
alpha-L-fucosidase
alpha-L-arabinofuranosidase
oligogalacturonide lyase
mannose-binding CBM
alpha-L-rhamnosidase
beta-glucuronidase/beta-galactosidase
rhamnogalacturonan lyase
beta-galactosidase

CBM13+GH43_3 endo-alpha-1,5-L-arabinanase

GH42
CBM13
CE12
GH2
PLL
GH28
PL1
GH127
GH2
GH51
CEO
PL33 2
GH32
GH154
CBM13
GH13 31
GH97
GH2
GH2
GH2
GH154
CEO
GH20
GH3
GH20
PLO
GH20
PL11 1
PLL
GH97
GH97
GH42
GH38
GH38
GH38
GH141
GHO
GH2
GH38

beta-galactosidase
mannose-binding CBM
rhamnogalacturonan acetylesterase
beta-glucuronidase

pectate lyase
polygalacturonase

pectate lyase
beta-L-arabinofuranosidase
beta-galactosidase/beta-glucuronidase
alpha-L-arabinofuranosidase
diacetylchitobiose deacetylase
putative CE

putative PL33
sucrose-6-phosphate hydrolase
beta-1,6-D-glucuronidase
mannose-binding CBM
diacetylchitobiose deacetylase
oligo-1,6-glucosidase
alpha-galactosidase
mannose-binding CBM
beta-galactosidase
beta-glucuronidase/beta-galactosidase
beta-glucuronidase
beta-1,6-D-glucuronidase
4-O-methyl-glucuronoyl methylesterase
chitin deacetylase
beta-hexosaminidase
beta-hexosaminidase
beta-hexosaminidase

putative PL
beta-hexosaminidase

chitin deacetylase
rhamnogalacturonan lyase
putative PL1
alpha-galactosidase
alpha-glucosidase
beta-galactosidase
endo-alpha-1,2-mannosidase
alpha-mannosidase
alpha-mannosidase
alpha-mannosidase
alpha-L-fucosidase/xylanase
putative GH33
beta-mannosidase
alpha-mannosidase



WP_276256657.1-

WP_276256658.1 GH38(7-289)
WP_276256659.1 GH29(22-369)
WP_276256660.1 GH29(3-353)
WP_276256663.1 GH20(130-383)
WP_276256664.1 GH29(4-351)
WP_276256675.1 GH18(20-316)
WP_276256688.1 GH33(303-595)
WP_276256692.1 CBM9(16-212)
WP_276256702.1 GH171(23-388)
WP_276256708.1GH171(22-388)
WP_276256822.1 GH3(80-303)
WP_276256823.1 GH144(45-442)
WP_276256825.1 GH172(87-329)
WP_276256828.1 CBM67(6-174)+GH78(237-734)
WP_276256835.1-

WP_276256844.1 CBM67(363-516)+GH78(576-1084)
WP_276256847.1 GH4(20-200)
WP_276256849.1 GH115(21-970)
WP_276256850.1 CBM9(17-222)
WP_276256851.1PL22(30-153)+PL22_2(198-376)
WP_276256852.1 GH28(28-390)
WP_276256884.1 GH51(5-484)
WP_276257005.1 CE4(221-340)
WP_276257014.1 GH2(36-940)
WP_276257091.1 GH5(47-315)+CBM9(469-641)
WP_276257093.1GH42(6-392)
WP_276257099.1 GH2(6-580)

WP_276257120.1 GH38(274-528)
WP_276257139.1CBM13(231-366)

GH38 e33
GH29_e83+CBM32_el149
GH29_e0

GH20_e75

GH29_e54

GH18 _e66

GH33_e4

GH171_e0

GH171_e0

GH3_el

GH144_e3

GH172_e0
CBM67_el6+GH78_e57
CBM13_e294
CBM67_e28+GH78_e58
GH4_e30

GH115_e6

PL22_e5+PL22_e6
GH28_e40
GH51_e44
CE4_e274

GH2_eb1
GH5_e92+CBM9_e5
GH42_el
GH2_e127
GH38_e18
CBM13_e31

GH38

GH38
CBM32+GH29
GH29

GH20

GH29

GH18

GH33

GH171
GH171

GH3

GH144
GH172
CBM67+GH78
CBMO+PL11_1
GH78

GH4

GH115

PL22

GH28
GH51

GH2
CBMS+GHS5
GH42

GH2

GH38
CBM13

alpha-mannosidase
alpha-mannosidase
alpha-L-fucosidase
alpha-L-fucosidase
beta-hexosaminidase
alpha-L-fucosidase
endo-chitinase

putative GH33

xylan-binding CBM
beta-N-acetylmuramidase
beta-N-acetylmuramidase
beta-glucosidase/beta-xylosidase
endo-beta-1,2-glucanase
difructose dianhydride | synthase/hydrolase
alpha-L-rhamnosidase
rhamnogalactutonan lyase
alpha-L-rhamnosidase
alpha-galacturonidase

xylan alpha-1,2-glucuronidase
xylan-binding CBM
oligogalacturonate lyase
polygalacturonase
alpha-L-arabinofuranosidase
chitin deacetylase CE4
beta-galactosidase
endoglucanase
beta-galactosidase
beta-galactosidase/beta-glucuronidase
alpha-mannosidase
mannose-binding CBM



Table S5.

Protein subunits Protein name/function Locus tag (MCU497+)
Ion/pH homeastasis
TrkAH locus Trk system: K*/H" symporter 4800-4809

TrkA C-terminal

TrkA N-terminal

Potassium import : single subunits

2522-2523; 3340,5908

2524;2622; 3163

KdpAB/ High-affinity K -uptake ATPase/ 5901-5902/
TrkAH Potassium symporter 5903-5904
CPA2 K*/H" antiporter 1449; 1718
KefB K*/H" antiporter (efflux) 1717

Kch 1397

PchB Potassium channels 3702
Two-pore channel 1167
NatAB1B2 Na'-efflux ABC transporter 1569-1561
Ca/Mg uptake

CaCA Ca'/Na" antiporter 2699; 3161; 5166
MtgE Magnesium transporter 1398-1399; 3648-3649
Na*/H" antiporters

NhaP Single subunit Na(K) */H" antiporter 1720; 4800
MrpB1B2CD1D2D3EFG multisubuinit Na™/H" antiporter 4115-4123
Oxidative stress response components

KatG Catalase/peroxidase HPI 1889

KatE Catalase 5270
AhpD Alkylperoxidase 1633

Bep PeroxiredoxinQ 1964

Sod [Mn] superoxide dismutase 1592; 5621
Respiratory cytochrome complexes

heme-copper cytochrome ¢ oxidase aas

CoxD/B/AC | Catalytic subunit IV/II/I-I1T | 3230/3253/3302
cytochrome c¢/quinol oxidase bas

CbaA1B/CbdA/TIpA/CSO Subunit I-II/cytochrome c biogenesis 5683-5687
CbaEDA2C Catalytic subunits III-V 5809-5812
CtaB/Cox10 Heme o synthase 3407; 5690
CtaA/Cox15 Heme a synthase 1395
NADH-MK oxido-reductase

PetABDE | Haloarchaeal complex III 4564-4568
Aerobic type of CO-dehydrogenase

CoxSML/I | Mo-Cu CO dehydrogenase | 1179-1182
Denitrification

HpcE/ NirK Plastocyanin/Cu-nitrite reductase 5688-5689
NorZ (qNorB) Archaeal NO-reductase 5222
NosL1Y1F1DL2/Z N>O-reductase operonl 3623-3628
NosF2Y2L3 N»O-reductase operon2 5815-5817

Periplasmic halocyanin/plastocyanin Cu-proteins (replacements for cytochrome c¢)

Hcy Halocyanin family 1867; 2083; 3906
HcpE Plastocyanin/azurin family 1806; 2124-2126;
3339; 4564; 4612
GIbN Cyanoglobin (truncated hemoglobin) 2335
UrtABCD Urea ABC transporter 3492-3495
UreABC Urease catalytic subunits 3496-3498
UreDEFG Urease accessory proteins 3498-34502
PhaCEP Archaeal PHA synthase type 111 5584-5586



dsorokin
Cross-Out





GCA 020567525.1 Halorubellus salinus GX3

GCA 900103505.1 Haloarchaeobius iranensis EB21
o GCA 024495425.1 Haloarchaeobius litoreus GX1

GCA 024464185.1 Haloarchaeobius salinus YC82

GCA 024300625.1 Halovivax gelatinilyticus CGA30

GCA 023093535.1 Halovivax limisalsi IBRC-M 10022

GCA 024498195.1 Halovivax cerinus IBRC-M 10256

GCA 000337515.1 Halovivax asiaticus JCM 14624

GCA 000328525.1 Halovivax ruber XH-70

GCA 024296665.1 Salinilacihabitans rarus AD-4

GCA 024362485.1 Natronobeatus ordinarius WLHSJ27

GCA 023008545.1 Natribaculum Halovarius luteus IBRC-M 10912

™
o
T
T
GCA 023008565.1 Natribaculum longum TRM20345
GCA 020177375.1 Saliphagus infecundisoli YIM 93745
% — 2868148463 Natronobiforma cellulositrpha AArcel5
g . GCA 029338335.1 TS33
o

GCA 023008585.1 Natribaculum breve TRM20010
GCA 017357405.1 KZCA124
GCA 025517485.1 AArc-m234

GCA 025517495.1 AArc-xg1-1

GCA 024362525.1 Natrononativus amylolyticus CGA73

o GCA 023973145.1 Natronosalvus vescus CGA3

GCA 024298845.1 Natronosalvus amylolyticus WLHSJ1

GCA 024204665.1 Natronosalvus rutilus WLHS1

GCA 024138145.1 Natronosalvus halobius AGai3-5

GCA 017357105.2 Natronosalvus caseinilyticus KZCA101
GCA 000517625.1 Halostagnicola larsenii XH-48

GCA 900116205.1 Halostagnicola kamekurae DSM 22427
GCA 008122205.1 Natronococcu pandeyae LS1 42

GCA 000337675.1 Natronococcus amylolyticus DSM 10524
GCA 000328685.1 Natronococcus occultus SP4

GCA 000337695.1 Natronococcus jeotgali DSM 18795

GCA 023028105.1 Halosolutus gelatinilyticus SQT-29-1

GCA 023566055.1 Halosolutus amylolyticus WLHS5

GCA 022869805.1 Halosolutus halophilus LT55

GCA 000455365.1 Halopiger djelfimassiliensis 11H2

GCA 000455345.1 Halopiger goleimassiliensis I1IH3

GCA 002177135.1 Natronolimnobius baerhuensis CGMCC 1.3597
GCA 003610195.1 Halopiger aswanensis DSM 13151

GCA 000217715.1 Halopiger xanaduensis SH-6

GCA 900104065.1 Natronobacterium texcoconense DSM 24767
GCA 000337895.1 Halobiforma nitratireducens JCM 10879
GCA 000230715.3 Natronobacterium gregoryi SP2

GCA 900112205.1 Halobiforma haloterrestris DSM 13078
GCA 000226975.3 Halobiforma lacisalsi AJ5

GCA 000337555.1 Natrialba asiatica DSM 12278

GCA 000337595.1 Natrialba taiwanensis DSM 12281

GCA 000337535.1 Natrialba aegyptia DSM 13077

GCA 000337135.1 Natrialba chahannaoensis JCM 10990
GCA 000025625.1 Natrialba magadii ATCC 43099

GCA 000337575.1 Natrialba hulunbeirensis JCM 10989

GCA 006543045.1 Salinadaptatus halalkaliphilus XQ-INN
GCA 003430825.1 Natrarchaeobaculum sulfurireducens AArc1
GCA 002156705.1 Natrarchaeobaculum aegyptiacum JW NM-HA 15
GCA 003841485.1 Natrarchaeobius halalkaliphilus AArcht-S|
GCA 003841505.1 Natrarchaeobius chitinivorans AArcht4
GCA 008245225.1 Natrialba swarupiae ESP3B

GCA 000337215.1 Natronolimnohabitans innermongolicus JCM 12255
GCA 017352155.2 Haloterrigena alkaliphila KZCA68

GCA 000025325.1 Haloterrigena turkmenica DSM 5511

GCA 013342145.1 Haloterrigena gelatinilytica SYSU A558-1
GCA 003977755.1 Haloterrigena salifodinae ZY19

GCA 000337495.1 Haloterrigena salina JCM 13891

GCA 003670115.1 Natronorubrum halophilum SHR37

GCA 001971705.1 Natronorubrum dagingense JX313

GCA 900108095.1 Natronorubrum sediminis CGMCC 1.8981
GCA 900100335.1 Natronorubrum texcoconense B4

GCA 000383975.1 Natronorubrum tibetense GA33

GCA 009834785.1 Natronorubrum halalkaliphilum JWXQ-INN-674
GCA 009392895.1 Natronorubrum aibiense 7-3

GCA 000337735.1 Natronorubrum sulfidifaciens JCM 14089
GCA 900156475.1 Natronorubrum thiooxidans HArc-T

GCA 004799645.1 Natronorubrum bangense JCM 10635
GCA 000784335.1 Natrinema salifodinae KCY07-B2

GCA 024296685.1 Natrinema marinum DT87

GCA 013402815.2 Natrinema halophilum YPL8

GCA 024266705.1 Natrinema gelatinilyticum BND6

GCA 024227435.1 Natrinema caseinilyticum ZJ2

GCA 004217335.1 Natrinema hispanicum DSM 18328

GCA 000337475.1 Natrinema limicola JCM 13563

GCA 000690595.2 Natrinema mahii H13

GCA 001953745.1 Natrinema saccharevitans AB14

GCA 000230735.3 Natrinema pellirubrum DSM 15624

GCA 000337115.1 Natrinema thermotolerans DSM 11552
GCA 900110865.1 Natrinema salaciae DSM 25055

GCA 000337195.1 Natrinema versiforme JCM 10478

GCA 013456555.2 Natrinema zhouii YPL30

GCA 020515625.1 Natrinema amylolyticum LT61

GCA 000337175.1 Natrinema gari JCM 14663

GCA 000731985.1 Natrinema altunense AJ2

GCA 000337615.1 Natrinema pallidum DSM 3751

GCA 020405205.1 Natrinema salinisoli SLN56

GCA 029502005.1 Natrinema salsiterrestre S1CR25-10 .
GCA 002494345.1 Natrinema ejinorense JCM 13890 Flgure 82
GCA 017352095.1 Natrinema longum ABH32

L

Tree scale: 0.1 ————



N MCL4552609.1 cellulase family glycosylhydrolase Candidatus Marsarchaeota archaeon
KON33975.1 MAG hypothetical protein AC477 00910 miscellaneous Crenarchaeota group-1 archaeon SG8-32-1
MBY9007142.1 cellulase family glycosylhydrolase Candidatus Lokiarchaeota archaeon

characterized endoglucanases (29)

utative endoglucanases from haloarchaea (263)
- putative endoglucanases from other archaea (15)

— . characterized endoglucanases (14)

haracterized endoglucanases (18)

ﬁharacterized glucan 1,3-beta-glucosidases (13)

characterized endo-beta-1,4-mannosidases (9)
RYH29806.1 MAG glycoside hydrolase archaeon
PSQ06609.1 MAG hypothetical protein BRC92 00095 Halobacteriales archaeon QS 4 69 31
‘WP 179259841.1 cellulase family glycosylhydrolase Natrinema halophilum
PSP95451.1 MAG hypothetical protein BRC91 02040 Halobacteriales archaeon QS 4 62 28
‘WP 239640887.1 CBM35 domain-containing protein Natrialba taiwanensis
WP 241433895.1 CBM35 domain-containing protein Natrialba aegyptia
‘WP 229380277.1 CBM35 domain-containing protein Haloterrigena salifodinae
WP 226377557.1 CBM35 domain-containing protein Haloterrigena turkmenica
‘WP 126664568.1 CBM35 domain-containing protein Haloterrigena salifodinae
‘WP 162414498.1 CBM35 domain-containing protein Haloarcula salina
WP 137685368.1 CBM35 domain-containing protein Haloarcula mannanilytica
‘WP 230458851.1 CBM35 domain-containing protein Haloarcula sp. K1
‘WP 146418238.1 CBM35 domain-containing protein Haloarcula hispanica
PSP95355.1 MAG glycoside hydrolase family 5 Halobacteriales archaeon QS 4 62 28
PSP95359.1 MAG glycoside hydrolase family 5 Halobacteriales archaeon QS 4 62 28
WP 211194989.1 CBM35 domain-containing protein Halorhabdus amylolytica
‘WP 220599013.1 carbohydrate-binding protein Halomicroarcula salinisoli
WP 220586997.1 carbohydrate-binding protein Halomicroarcula salinisoli

MCUA4744078.1 cellulase family glycosylhydrolase Halobacteria archaeon AArc-xg1-1
MCU4975520.1 cellulase family h: 2/3/4
WP 242695420.1 cellulase family glycosylhydrolase Halovivax sp. KZCA124

WP 276254653.1 cellulase family glycosylhydrolase Halovivax sp. TS33

WP 309242228.1 cellulase family glycosylhydrolase Halocatena marina
WP 2645550771 cellulase family glycosylhydrolase Halocatena marina

‘WP 247995070.1 PKD domain-containing protein Halocatena salina

WP 124954218.1 cellulase family glycosylhydrolase Halocatena pleomorpha

‘WP 179261028.1 PKD domain-containing protein Natrinema halophilum

WP 179261029.1 PKD domain-containing protein Natrinema halophilum

‘WP 254531724.1 PKD domain-containing protein Natrinema gelatinilyticum

WP 254525232.1 PKD domain-containing protein Natrinema caseinilyticum

WP 254525231.1 PKD domain-containing protein Natrinema caseinilyticum

SFR85302.1 PKD domain-containing protein Halomicrobium zhouii

MCU4801873.1 cellulase family glycosylhydrolase Halobacteria archaeon HArc-gm2

‘WP 015790125.1 PKD domain-containing protein Halorhabdus utahensis

WP 275737220.1 PKD domain-containing protein Halorhabdus sp. SVX81

WP 275882135.1 PKD domain-containing protein Halorhabdus sp. BNX81

WP 225335199.1 fibronectin type Iil domain-containing protein Halomicrobium urmianum
WP 2260110811 cellulase family glycosylhydrolase Halomicrobium salinisoli

WP 2260: 1 cellulase family salinisoli

WP 179921798.1 cellulase family glycosylhydrolase Halosimplex pelagicum

WP 198063024.1 cellulase family glycosylhydrolase Halosimplex litoreum

WP 135364596.1 cellulase fami
ELZ30218.1 PKD domain contai

characterized endoglucanases (6)

glycosylhydrolase Halosimplex halophilum
protein Halosimpl 294

pl |GUN3 FIBSS

characterized endoglucana;ces (33)

==, cndoglycoceramidases (11)

1r|WO0J1H8|W0J1H8 9BACT Endo-beta-mannanase OS=Opitutaceae bacterium TAV5 OX=794903 GN=OPIT5 10225 PE=1 SV=1

characterized endo-beta-1,4-mannosidases (4)

]Q6Q 9GAMM mannan endo-14-by 0S=Cellvibrio mixtus OX=39650 GN=man5A PE=1 SV=1
UCG01312.1 MAG hypothetical protein JSW11 17055 Candidatus Heimdallarchaeota archaeon

MDP3742163.1 cellulase family glycosylhydrolase Candidatus Micrarchaeota archaeon

MDO8657035.1 cellulase family glycosylhydrolase Nanoarchaeota archaeon

HDK41822.1 hypothetical protein Candidatus Pacearchaeota archaeon

characterized endo-beta-1,4-mannosidases (3)

MCX8194611.1 Ig-like domain-containing protein Candidatus Micrarchaeota archaeon

.1 PEGA d i i protein Candidatus Woesearchaeota archaeon
characterized endo-beta-1,4-mannosidases (13)
MBU1004660.1 right-handed parallel beta-helix repeat-containing protein Nanoarchaeota archaeon
T MBU0628021.1 S8 family serine peptidase Nanoarchaeota archaeon
MDD5148338.1 NosD domain-containing protein Candidatus ainarchaeum sp.
= MBR9705095.1 hypothetical protein Candidatus Pacearchaeota archaeon
- MBU0535439.1 right-handed parallel beta-helix repeat-containing protein Nanoarchaeota archaeon

1.1 cellulase family Candidatus archaeon

WP 152039929.1 cellulase family glycosylhydrolase Salinigranum salinum
‘WP 276235706.1 cellulase family glycosylhydrolase Halosegnis sp. DT85

WP 227260310.1 cellulase family glycosylhydrolase Salarchaeum japonicum

WP 168216262.1 cellulase family glycosylhydrolase Halorussus halobius

WP 135822383.1 cellulase family glycosylhydrolase Halostella litorea

WP 302080540.1 cellulase family glycosylhydrolase Salinibaculum sp. KK48

WP 135820374.1 cellulase family glycosylhydrolase Halostella litorea

WP 162991516.1 cellulase family glycosylhydrolase Halostella salina

‘WP 313684572.1 hypothetical protein Halobellus sp. DFY28

WP 135820901.1 hypothetical protein Halostella litorea

WP 162991380.1 hypothetical protein Halostella salina

WP 2551524591 cellulase family glycosylhydrolase Halorarius halobius

WP 235218070.1 cellulase family glycosylhydrolase Natrinema halophilum

WP 159525845.1 cellulase family glycosylhydrolase Halobacterium bonnevillei

WP 020445919.1 cellulase family glycosylhydrolase Salinarchaeum sp. Harcht-Bsk1

WP 161973176.1 cellulase family glycosylhydrolase Halostella litorea

PSP56824.1 MAG hypothetical protein BRC72 10385 Halobacteriales archaeon QH 7 66 36
WP 135830123.1 cellulase family glycosylhydrolase Halorussus halobius

‘WP 115863584.1 CARDB domain-containing protein Halorussus litoreus

PSPY5331.1 MAG hypothetical protein BRC91 02500 Halobacteriales archaeon QS 4 62 28
PSQ03796.1 MAG hypothetical protein BRC92 05985 Halobacteriales archaeon QS 4 69 31
PSQ06611.1 MAG hypothetical protein BRC92 00105 Halobacteriales archaeon QS 4 69 31
WP 164471766.1 cellulase family glycosylhydrolase Halosimplex salinum

WP 006885865.1 cellulase family glycosylhydrolase Halosimplex carisbadense

WP 309243448.1 cellulase family glycosylhydrolase Halorubrum ezzemoulense

strain ATCC 19169 / $85 OX=59374 GN=cel-3 PE=1 V=2

WP 2762546471 fibronectin type lll domain-containing protein Halovivax sp. TS33
WP 2075869081 fibronectin type lll domain-containing protein Halovivax sp. KZCA124 PSQ01462.1
MAG hypothetical protein BRC92 10775 partial Halobacteriales archaeon QS 4 69 31 PSP80112.1 MAG
hypothetical protein BRC81 02665 Halobacteriales archaeon QS 168 20

WP 232686905.1 cellulase family glycosylhydrolase Halobacterium zhouii

‘WP 108381034.1 cellulase family
WP 108381819.1 PKD domai protein

WP 275737217.1 fibronectin type lll domain-containing protein Halorhabdus sp. SVX81
‘WP 015790128.1 fibronectin type Il domain-containing protein Halorhabdus utahensis
WP 275882132.1 fibronectin type lll domain-containing protein Halorhabdus sp. BNX81
‘WP 263004950.1 PKD dc 1t protein

WP 207591319.1 PKD domain-containing protein Halovivax sp. KZCA124

‘WP 276252460.1 PKD domain-containing protein Halovivax sp. TS33

MCUA4740619.1 PKD domain-containing protein Halobacteria archaeon AArc-xg1-1
MCU4972734.1 PKD domai ining protein ia archaeon 1304
WP 263004944.1 cellulase family
WP 108381142.1 cellulase family
‘WP 226022365.1 hypothetical protein Halomicrobium salinisoli

WP 226011575.1 hypothetical protein Halomicrobium salinisoli

WP 207591306.1 hypothetical protein Halovivax sp. KZCA124

WP 276252470.1 cellulase family glycosylhydrolase Halovivax sp. TS33
MCUA4740633.1 cellulase family glycosylhydrolase Halobacteria archacon AArc-xg1-1

MCU4972720.1 cellulase family archaeon Z
MCUA4744085.1 cellulase family glycosylhydrolase Halobacteria archaeon AATGxq1-1
MCU4975514.1 cellulase family archaeon /314

WP 207586907.1 cellulase family glycosylhydrolase Halovivax sp. KZCA124
WP 276254648.1 cellulase family glycosylhydrolase Halovivax sp. TS33
WP 263017798.1 cellulase family wp
207591317.1 cellulase family glycosylhydrolase Halovivax sp. KZCA124
WP 276252461.1 cellulase family glycosylhydrolase Halovivax sp. TS33
MCUA4740620.1 cellulase family glycosylhydrolase Halobacteria archagon AATG:xg1-1
- MCU4972733.1 cellulase family archaeon /314
WP 165161120.1 cellulase family glycosylhydrolase Natronolimnobius sp. AArcel1 WP
176393252.1 cellulase family wp
g 139210854.1 cellulase family glycosylhydrolase Natrinema salaciae
WP 049928121.1 cellulase family glycosylhydrolase Halopiger goleimassiliensis
WP 277523162.1 cellulase family glycosylhydrolase Natrinema salsiterrestre
WP 226004730.1 cellulase family glycosylhydrolase Natrinema salinisoli
0 5 WP 222915760.1 cellulase family glycosylhydrolase Natrinema sp. SYSU A 869
WP 226482093.1 cellulase family glycosylhydrolase Natrinema amylolyticum
— WP 097380796.1 cellulase family glycosylhydrolase Natrinema ejinorense

WP 246308382.1 cellulase family glycosylhydrolase Halosimplex rubrum
WP 2743252581 cellulase family glycosylhydrolase Halosimplex sp. XZYJT29
—

WP 313690802.1 cellulase family glycosylhydrolase Halobaculum sp. XH14
MDY6777121.1 cellulase family Candidatus archaeon
WP 012945700.1 cellulase family glycosylhydrolase Haloterrigena turkmenica
WP 126664567.1 cellulase family glycosylhydrolase Haloterrigena salifodinae
—

Figure S3
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