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Cellulosomes are large, multiprotein complexes that tether
plant biomass-degrading enzymes together for improved
hydrolysis'. These complexes were first described in anaerobic
bacteria, where species-specific dockerin domains mediate the
assembly of enzymes onto cohesin motifs interspersed within
protein scaffolds’. The versatile protein assembly mechanism
conferred by the bacterial cohesin-dockerin interaction is now
a standard design principle for synthetic biology?3. For
decades, analogous structures have been reported in anaerobic
fungi, which are known to assemble by sequence-divergent
non-catalytic dockerin domains (NCDDs)?. However, the
components, modular assembly mechanism and functional
role of fungal cellulosomes remain unknown®¢. Here, we
describe a comprehensive set of proteins critical to fungal
cellulosome assembly, including conserved scaffolding proteins
unique to the Neocallimastigomycota. High-quality genomes of
the anaerobic fungi Anaeromyces robustus, Neocallimastix
californiae and Piromyces finnis were assembled with long-
read, single-molecule technology. Genomic analysis coupled
with proteomic validation revealed an average of 312 NCDD-
containing proteins per fungal strain, which were over-
whelmingly carbohydrate active enzymes (CAZymes), with
95 large fungal scaffoldins identified across four genera that
bind to NCDDs. Fungal dockerin and scaffoldin domains have
no similarity to their bacterial counterparts, yet several
catalytic domains originated via horizontal gene transfer with
gut bacteria. However, the biocatalytic activity of anaerobic
fungal cellulosomes is expanded by the inclusion of GH3,
GH6 and GH45 enzymes. These findings suggest that the
fungal cellulosome is an evolutionarily chimaeric structure—
an independently evolved fungal complex that co-opted useful
activities from bacterial neighbours within the gut microbiome.

The release of fermentable sugars from lignocellulose is a major
bottleneck in the development of sustainable chemicals from plant
biomass and agricultural waste. It has recently been uncovered
that early branching anaerobic fungi, which are known degraders
of lignocellulose, encode the largest number of biomass-degrading

enzyme transcripts yet found in nature’. The vast majority of
these enzymes carry non-catalytic dockerin domains (NCDDs),
which mediate assembly into large multiprotein complexes, or
cellulosomes’. Cellulosomes were first described in anaerobic
bacteria, and the modular interaction scheme native to these
complexes has rapidly been exploited for biomass conversion and
enzyme tethering applications®-!%. However, since the first report
of cellulosome-like structures in anaerobic fungi more than
twenty years ago'l, the identification of dockerin-binding cohesins,
or scaffoldins that mediate assembly, has yet to be accomplished
due to a lack of genomic data, functional proteomics and
characterized strains.

Genomic analysis of five unique anaerobic fungi revealed the
presence of almost 1,600 total dockerin domain proteins (DDPs),
proteins that contain NCDDs, across genera (Supplementary
Table 1) with diverse functionality, primarily related to plant
carbohydrate binding and biomass degradation (Fig. lab and
Supplementary Table 2). These include 15 glycoside hydrolase
(GH) families, 5 distinct carbohydrate-binding domains and
other functions implicated in plant cell wall modification and
deconstruction including pectin-modifying enzymes and expansins
(Supplementary Table 2). Approximately 20% of DDPs belong to
spore coat protein CotH and are also present in bacterial
cellulosomes. Their role in cellulosomes remains uncertain, but
they have been speculated to be involved in plant cell wall
binding'?. Conversely, about 13% represent additional GH activities
that are not present in bacterial cellulosomes (GH3, GH6 and
GH45). The additional [-glucosidase conferred by GH3, in
particular, enables fungal cellulosomes to convert cellulose directly
to fermentable monosaccharides, whereas Clostridial cellulosomes
produce low-molecular-weight oligosaccharides'>.

To find structural proteins that mediate the assembly of DDPs,
we isolated the supernatant and cellulosome fractions from three
of these isolates growing on reed canary grass as a sole carbon
substrate. Size-exclusion chromatography (SEC) of the cellulosome
fraction showed complex formation well within the MDa range
(Supplementary Fig. 1), and SDS-PAGE analysis revealed the
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Figure 1| Overview of gut fungal cellulosome components. a, Protein functional domains associated with non-catalytic dockerin domains. b, Schematic of a
typical dockerin domain glycoside hydrolase (GH). SP, signal peptide. €, Schematic of large non-catalytic scaffoldin molecules in the cellulosomes of gut
fungi. The predicted functional domains were determined by InterProScan 5. The extracellular domains (shaded grey) are decorated with interspersed
repeating cohesin motifs (blue). The predicted N-terminal signal sequence and C-terminal membrane helix are in green and black, respectively. d, Cartoon
model of gut fungal cellulosome assembly. *The O. sp. C1A ScaA gene model sequence is incomplete due to fragmented genome assembly.

presence of many glycosylated proteins (Supplementary Fig. 2).
Each fraction was subjected to tandem mass spectrometry, and
peptide sequences were mapped to their respective genomic and
transcriptomic databases’. Many of the proteins associated with
these complexes were identified as GHs and other plant cell wall
degrading enzymes (Supplementary Table 3). Proteins found in
the cellulosome fraction were particularly enriched with NCDDs,
indicating modular complex formation. Unexpectedly, all fractions
also contained very large uncharacterized proteins (hereafter
named ScaA) with molecular weights (M,,) of ~700 kDa (Fig. 1c).
These ScaA proteins share 32% sequence identity over at least
92% sequence length (E-value = 0.0) between fungal genera. ScaA
orthologues were also detected in the only other sequenced gut
fungal genomes, Piromyces sp. E2 (hereafter P. sp. E2) and
Orpinomyces sp. ClA (hereafter O sp. ClA)Y, although the
orthologue detected in O sp. C1A was incomplete, probably due
to fragmented genome assembly (Fig. 1c).

Sequence analysis of ScaA proteins across all five sequenced
genomes showed a predicted N-terminal signal sequence, followed
by a large extracellular repeat-rich domain, and ending with a
C-terminal membrane anchor (Fig. 1c). Some ScaA proteins also

encode predicted choline binding repeats (CBRs), which are
known to bind glucan in prokaryotic glucosyltransferases'®. Thus,
one possibility is that CBRs help mediate fungal cellulosome assembly,
as many cellulosome proteins are glycosylated (Supplementary Fig. 2).
Closer examination of the sequences revealed the presence of a
repeating amino-acid sequence motif that is conserved among all
ScaA orthologues and that occurs many times throughout these
proteins (Fig. 2). This motif is 20-30 amino acids long, typically
includes a Gly residue immediately followed by two large hydro-
phobic residues (most often Tyr residues) and two non-consecutive
downstream Cys residues (Fig. 2).

Because ScaA proteins and orthologues are highly represented in
secretome and cellulosome fractions from these diverse species of
gut fungi, we postulated that they share a common role in these
systems, possibly in DDP assembly. We hypothesized that ScaA
proteins function as scaffolds, where the repeating motifs act as
dockerin-binding cohesins. To investigate this, we recombinantly
expressed fragments of the ScaA homologues in Escherichia coli
and performed enzyme-linked immunosorbent assay (ELISA)
using purified dockerin and anti-dockerin chemiluminescent
secondary antibody. These results showed a strong dockerin
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Figure 2 | Sequence analysis of repeating cohesin motifs. Multiple sequence
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alignment of the five ScaA orthologues reveals a repeating motif. A sequence

logo plot that scores the conserved residues is overlaid with the alignment. Amino acid residues delimiting the repeating motif are highlighted by blue
rectangles. Ar, A. robustus; Nc, N. californiae; Pf, P. finnis; Pe, P. sp. E2; Oc, O. sp. C1A.

binding signal in wells containing the scaffoldin fragment cells
compared to those containing the empty vector control (Fig. 3a—c).
As an additional control, a phenylalanine substitution to dockerin
residue W28, previously identified to be critical for binding'é,
showed significantly reduced binding activity (Fig. 3c). To determine
the binding affinity of the dockerin-ScaA interaction, we purified
Piromyces ScaA fragments and performed equilibrium analysis by
surface plasmon resonance (SPR) against purified fungal dockerin.
This analysis revealed that a single dockerin domain interacts with
the scaffoldin fragment with an approximate dissociation constant
(Ky) of 944 nM and a maximum response (R,,,.) of 91 RU (Fig. 3g;
RU, response units). Additionally, the W28F dockerin mutant
showed significantly reduced binding affinity (K;=3,466 nM,
R,,..=61 RU). These binding affinities are very similar to those
determined by an ELISA against purified native cellulosome
(Fig. 3h), where the single dockerin binds with an affinity of
1,230 nM. Taken together, these results suggest that fungal scaffoldin
proteins probably mediate the assembly of DDPs in fungal
cellulosomes, as depicted by the schematic in Fig. 1d.

Although limited, previous studies have shown that fungal
cellulosomes are quite divergent from their bacterial counterparts.
For example, NCDDs occur as tandem repeats at the N and/or C
terminus, with the most common form being a double tandem
repeat (that is, double dockerin) at the C terminus (Supplementary
Fig. 4). Although the functional role of this motif repetition is not
known, it has been previously noted that double dockerins bind
to native cellulosomes more efficiently than single domains®.
Thus, we hypothesized that increasing the number of NCDDs
from one to two could enhance binding affinity to the scaffoldin
fragment. By ELISA, we found that the Piromyces finnis single
dockerin domain had higher binding affinity than the double
dockerin domain (Fig. 3c). However, by SPR, the double dockerin
had a comparable K;, but a higher R, of 120 RU (Fig. 3g),
suggesting that the double dockerin is indeed capable of binding
to more sites on the ScaA fragment than the single dockerin.
Thus, site specificity may be more subtly encoded in the different
dockerin domains and cohesin repeats. The minimum sequence
that defines a single cohesin remains to be determined, but it is
clear from our study that fragments of the scaffoldin encoding as
few as four repeats are sufficient for dockerin assembly.
Additionally, we cannot rule out that additional binding factors
(for example, glycosylation) found in native cellulosomes probably
further modulate the fungal dockerin-cohesin interaction, which
are lacking in this recombinant system.

It has previously been reported that dockerins are capable of
binding to cellulosome fractions from other species of gut fungi,
which is a marked departure from bacterial cellulosomes?. In
agreement with this observation, a Piromyces dockerin is capable
of binding to intact cellulosome fractions taken from Anaeromyces
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and Neocallimastix species (Supplementary Fig. 5). Thus, we
tested whether this cross-species binding activity is encoded
specifically within ScaA homologues. We purified single dockerin
domains from all three genera of gut fungi and tested their ability
to bind to all combinations of ScaA fragments. We observed
binding for all combinations tested, and the binding signal was
within standard error for almost all cases (Fig. 3d-f). Taken
together, these results demonstrate that the fungal scaffoldin
system is broadly conserved across the anaerobic fungal phylum,
allowing for high interspecies infidelity. Therefore, it is not
unreasonable to speculate that, in their native environments (for
example, the dense microbial community of the herbivore
rumen), fungal cellulosomes are a composite of enzymes from
several species of gut fungi. This is in stark contrast to bacterial
cellulosomes, which have high species specifity!”. This promiscuity
may confer a selective advantage of fungi over bacteria in
these environments.

In addition to the ScaA orthologues, several more uncharacterized
proteins that contain N-terminal secretion signals followed by
stretches of repeating amino-acid sequence motifs similar to those
found in ScaA were also detected via proteomic analysis
(Supplementary Table 3). We hypothesized that these proteins
also function as dockerin-binding scaffoldin proteins. We tested
three of these putative scaffoldins (MycoCosm protein IDs:
Anaeromyces robustus 296897, Neocallimastix californiae 673330
and P. finnis 124175) for dockerin binding activity and each
tested positive over the empty vector control (Supplementary
Fig. 6), suggesting that multiple scaffoldins probably exist in
fungal cellulosomes. To comprehensively search for scaffoldin-like
proteins throughout the genomes of these three organisms, we
developed a hidden Markov model (HMM) based on the repeating
motif from all six scaffoldins biochemically verified to interact with
dockerins. We found 95 unique loci in the genomes of A. robustus,
P. finnis and N. californiae that bear a signal peptide and at least
10 cohesin repeats (Supplementary Table 4 and Supplementary
Fig. 3). Fewer loci (14) were detected in P. sp. E2 and O. sp. C1A
due to fragmented genome assemblies (Supplementary Table 5).
Significantly, no loci were found in prokaryotes (~2,000 genomes)
and only one or two weak hits in other fungi (~400 genomes),
demonstrating this HMM is highly specific to fungal scaffoldins.
These results indicate that gut fungi probably produce multiple
scaffoldins for cellulosome assembly and these scaffoldins represent
a family of genes that is unique to the early branching
anaerobic fungi.

Although fungal scaffoldins and their NCDD ligands are specific
to gut fungi, many plant biomass-degrading enzymes that encode
NCDDs are of bacterial origin, which has been noted previously
for a limited subset of enzymes'*!8. Indeed, all five gut fungal
genomes sequenced to date have large numbers of genes that are
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Figure 3 | Dockerins self-assemble onto scaffoldin fragments. a-c, Binding activity of purified dockerins to their endogenous ScaA fragments, as indicated.
E. coli cells expressing ScaA fragments were lysed and coated on a 96-well ELISA plate and the binding activity of purified dockerin measured. Values were
normalized after subtracting empty vector controls. d-f, Cross-species binding activity of purified dockerin to exogenous ScaA fragments, as indicated. Empty
vector lysates were used as the control. g, Surface plasmon resonance of the dockerin-scaffoldin interaction. The binding activity of purified ScaA protein
fragment from P. finnis was evaluated with a P. finnis single dockerin (wild-type and W28F) and a double dockerin, the same proteins as shown in

c. Calculated Ky ., (nM) and R, (response units, RU): double dockerin, 1,230 54, 111+ 6.3; single dockerin, 944 £ 241, 91+ 9; single dockerin W28F,
3,466 3,649, 61+ 50, respectively. Raw data traces for SPR are shown in Supplementary Fig. 8. h, Binding activity of purified dockerins to intact cellulosome
measured by ELISA. The calculated K, ,,, (M) values for double and single dockerin are 991 and 1,211, respectively. The single dockerin W28F yielded no

Ky app due to negligible binding. All data points are presented as mean +s.e.m of three technical replicates, with a line of best fit included where applicable.

more similar to bacterial than to eukaryotic genes (9-13%,
Supplementary Fig. 7). We aligned 1,600 DDPs of the 5 anaerobic
fungal genomes with 394 fungi currently deposited in JGI
MycoCosm" (excluding Neocallimastigomycota), 1,774 bacteria
and archaea in JGI Integrated Microbial Genomes (IMG)¥,
15 plants and green algae in JGI Phytozome?!, and 10 animals
and 17 protists available on the JGI ‘Tree of Life’ (http://genome.
jgi.doe.gov/). Of these DDPs, 644 aligned better with prokaryotic
than eukaryotic proteins, and 117 aligned exclusively with
prokaryotes. Conversely, only 22 aligned exclusively with fungi
and 390 aligned better to fungi than to anything else. The remaining
417 DDPs did not align with anything. To determine whether this
bacterial resemblance is the result of inter-kingdom horizontal
gene transfer (HGT), we queried the domains that are fused to
NCDD:s to extract homologous sequences from the same bacterial
and fungal genomes. When possible, we built phylogenetic trees
of the domain sequences. Of 35 non-dockerin domains analysed,
10 (29%) passed our two criteria of (1) greater amino acid similarity
to bacterial than to fungal sequences and (2) branching with

bacterial rather than fungal sequences in the phylogenetic tree
with >70% bootstrap support (Fig. 4a). The list of domains with
an HGT signature includes nine CAZyme domains, as well as the
spore coat domain (Supplementary Table 6). However, this analysis
does not inform us as to the direction of any possible HGT events.
Subjecting NCDDs to the same analysis showed that there are no
similar sequences in IMG at all, suggesting that many DDPs may
be fusions between native fungal and horizontally transferred
bacterial components (Fig. 4b). Intriguingly, we found 12 fungal-
bacterial homologue pairs where the bacterial protein is also a bacterial
dockerin-domain protein. However, the sequence similarity between
each pair of homologues encompasses only the catalytic domain
and does not extend into the respective dockerin domains (Fig. 4c).

Opver the past several decades, characterization of cellulosomes in
fungi has been elusive, with multiple studies suggesting conflicting
scaffolding schemes®2%. Here, next-generation sequencing
combined with functional proteomics uncovered a family of genes
that probably serve as scaffoldins in the cellulosomes of anaerobic
fungi. The evidence for this is threefold. (1) Scaffoldins appear
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Figure 4 | CAZyme domains of fungal cellulosomes probably originated from bacteria by HGT. a, Example of a DDP non-NCDD Pfam domain with a HGT
signature. The maximum likelihood tree is built from fungal and bacterial glycoside hydrolase 10 (GH10) sequences. The Neocallimastigomycota domains are
from DDPs (red) and fall into two distinct clades 1 and 2. Clade 1 has the HGT signature but clade 2 does not. Nodes are labelled with bootstrap support
where >70%. b, Example of a clade 1 Neocallimastigomycota GH10 DDP, MycoCosm ID Neospl1|460692 from N. californiae, compared to its closest bacterial
homologue, IMG ID 2541008467 from Caldicoprobacter oshimai. Common elements are GH10 (yellow) and signal peptide (green). Only the fungal enzyme
has NCDDs (red). The stretch of sequence similarity is indicated by vertical lines. €, Example of fungal and bacterial cellulases with similar cellulase domains
but kingdom-specific cellulosome components. The fungal NCDD (red) has no sequence similarity to the bacterial NCDD (blue). The fungal protein is from
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among the most represented proteins in supernatant and cellulosome
fractions in three diverse isolates of gut fungi, and their amino-acid
sequences encode hallmarks of a membrane-anchored scaffoldin
molecule, including an N-terminal secretion motif, a C-terminal
membrane anchor and a repeating amino-acid motif in between.

These scaffoldins are encoded in all sequenced Neocallimastigomycota
(representing four of the eight genera of gut fungi identified to
date) and absent in other fungi. (2) Expression of repeat-containing
scaffoldin fragments shows a robust interaction with purified
dockerins by ELISA. (3) This dockerin-scaffoldin interaction is
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biologically significant (K4~ 0.9 uM) as measured by SPR, whereas
a mutated dockerin derivative significantly reduced binding activity.
Taken together, the identification of a dockerin-binding protein
scaffold from fungi opens the way for exploitation of this modular
interaction for synthetic biology and substrate channelling.
Finally, the powerful degradation activity of fungal cellulosomes is
provided by the diverse functionality of their constituents, with
50 unique protein families of bacterial and fungal origin
(Supplementary Table 2), and the assembly of these constituents
onto scaffoldin molecules and into cellulosome-like complexes.
Perhaps the most intriguing observation from this study is that
fungal dockerins and their scaffoldin ligands have no sequence simi-
larity to their bacterial counterparts. Thus, it is likely that the cellu-
losome-based strategy for plant cell wall degradation evolved in
anaerobic gut fungi independently of bacteria. These observations
suggest that co-localizing plant cell wall degrading enzymes at the
cell surface is so important that nature has evolved cellulosomes
on more than one occasion.

Methods

Strains, plasmids and growth conditions. All plasmids and strains used in this
study are listed in Supplementary Table 7. E. coli Tuner (DE3) and E. coli BL21
(DE3) cells were used to express fungal proteins. DNA sequences encoding fungal
dockerins were PCR-amplified from fungal cDNA libraries and cloned into the
pET32a expression system (Addgene), which creates TrxA genetic fusions to
promote protein solubility. An N-terminal Strep-tag (WSHPQFEK) was included on
the forward primer during PCR amplification. DNA encoding ScaA fragments from
A. robustus and N. californiae were cloned into pET32a. DNA encoding ScaA
fragment from P. finnis was cloned into pET28a. Protein synthesis was induced
when the cells reached an absorbance at 600 nm (A,) of ~0.6 by adding 0.1 mM
isopropyl-p-p-thiogalactopyranoside (IPTG) to the medium. E. coli strains were
routinely grown aerobically at 37 °C in lysogeny broth (LB) medium, and antibiotics
were supplemented at the following concentrations: ampicillin (Amp, 100 pg ml™")
and kanamycin (Kan, 50 pg ml™"). Anaerobic fungal isolates were grown in
Medium C, essentially as described elsewhere®, using reed canary grass, corn stover
or switch grass as a sole carbon source.

Transcriptome sequencing. Stranded cDNA libraries were generated using the
Tllumina TruSeq Stranded RNA LT kit. mRNA was purified from 1 pg of total RNA
using magnetic beads containing poly-T oligos, fragmented and reverse-transcribed
using random hexamers and SSII (Invitrogen), followed by second strand synthesis.
The fragmented cDNA was treated with end-pair, A-tailing, adapter ligation and
eight cycles of PCR. The prepared libraries were quantified using KAPA Biosystem’s
next-generation sequencing library gPCR kit and run on a Roche LightCycler 480
real-time PCR instrument. The quantified libraries were then prepared for
sequencing on the Illumina HiSeq sequencing platform utilizing a TruSeq paired-
end cluster kit, v.3 or v.4, and an Illumina cBot instrument to generate a clustered
flowcell for sequencing. Sequencing of the flowcells was performed on the Illumina
HiSeq 2000 or 2500 using HiSeq TruSeq SBS sequencing Kkits, following a

2 x 150 indexed run recipe. RNAseq reads were assembled de novo using
Rnnotator v.3.4.0 (ref. 24) and used in genome annotation.

Genomic sequencing. Genomic DNA for A. robustus, P. finnis and N. californiae
was isolated as described previously?®. Genomes were sequenced using the PacBio
platform and assembled together with Falcon (Pacific Biosciences), improved with
FinisherSC?, except for N.californiae, and polished with Quiver?”. To prepare
PacBio libraries, gDNA was treated with DNA damage repair mix followed by end
repair and ligation of SMRT adapters using the PacBio SMRTbell Template Kit
(PacBio). DNA was sheared to 10 kb fragments using the g-TUBE (Covaris), or
templates were size-selected using the Sage Science BluePippin instrument with a
10 kb minimum cutoff. PacBio Sequencing primer was then annealed to the
SMRThbell template library and sequencing polymerase was bound to it. The
prepared SMRTbell template libraries were then sequenced on a Pacific Biosciences
RSII sequencer using 4 h sequencing movie run times.

The genome of P sp. E2 was sequenced using a hybrid approach. Using a
Newbler assembler?, Sanger paired-end reads from five 2.2-6.5 kb insert size
libraries were combined with Illumina data initially assembled with Velvet?* and
shredded into smaller fragments. The Newbler assembly was then further improved
using GapResolution®.

Genome annotation. All genomes were annotated using the JGI Annotation
Pipeline and are available via the JGI fungal portal MycoCosm' (http://genome.jgi.
doe.gov/neocallimastigomycota/). Genome assemblies and annotations were also
deposited at GenBank under the following accession numbers: A. robustus,
MCFG00000000; N. californiae, MCOG00000000; P. finnis, MCFH00000000.

Construction of a cohesin HMM. We built a HMM for a putative fungal cohesin
domain based on multiple sequence alignments (MSAs) of six experimentally
verified scaffoldin proteins from three Neocallimastigomycota (‘Neo’) species
(Supplementary Fig. 4). Because scaffoldins are very large (1,000-6,000 amino acids)
low-complexity proteins, we deployed an iterative optimizing method based on
outputs of different MSA programs (MAFFT?!, MUSCLE?*? and CLUSTALW®). For
a large number of local sub-alignments, a corresponding HMM was built using
HMMER* and tested against a collection of 71 candidate scaffoldins previously
identified by BLAST®* and pattern searches. The HMM with the highest score was
tested against 394 fungal genomes in MycoCosm (excluding Neo fungi) and did not
yield any false positives. This HMM was then used to search all proteins translated
from all gene predictions on the five Neo genomes.

Identification of Pfams with HGT signature. We developed an automatic pipeline
for inferring potential HGT events and applied it to the non-NCDD domains of
the DDPs. First, we collected all Neocallimastigomycota proteins with best BLASTp
hits to bacteria (excluding top hits to other Neocallimastigomycota; minimum
E-value of 1e-5), then excised each non-NCDD Pfam domain present in the
Neocallimastigomycota (‘Neo’) DDP proteins and used that domain to extract

the corresponding sequences from the proteins of 1,774 IMG genomes (one
representative strain from each species) and 394 MycoCosm genomes (excluding
Neo fungi). If the number of found domains exceeded 1,000, only the highest scoring
1,000 sequences were selected. Second, we aligned the non-NCDD domains and
their selected homologues using MAFFT, with poorly aligned positions removed
using trimAI®®. For each Pfam, a phylogenetic tree was constructed using RAXML*”
with a PROTGAMMAAUTO model and 100 bootstrap replicates. Third, we
identified those Pfams where (1) the IMG sequences had higher average Blastp
scores with the Neo domains than did the MycoCosm sequences (excluding Neo
sequences) and (2) the associated tree had nodes with bootstrap value >70% that
displayed ‘nestiness’. A node had ‘nestiness’ if a Neo leaf or subtree branched with a
bacterial leaf or subtree and within an otherwise bacterial subtree, or vice versa
(bacterial branches amongst Neo branches). Such Pfams were considered to display a
‘HGT signature’, suggesting that their inter-kingdom distribution might be
explained by potential HGT events.

Protein purification and analysis. Cells expressing recombinant proteins were
recovered after 16 h induction at 30 °C. Whole-cell lysate was prepared by
centrifugation at 3,200g for 15 min in 50 ml conical tubes in a swinging bucket rotor
and then cells were resuspended in 0.5 ml of 20 mM sodium phosphate, 300 mM
sodium chloride, 10 mM imidazole (pH 7.4). Silica beads were added and the
suspension was vortexed rigorously. The soluble supernatant was recovered by
centrifugation and then target proteins encoding a 6xHis tag were purified by IMAC.
Following elution of target proteins, the buffer was exchanged to PBS (pH 7.4) using
Zeba desalting columns (Thermo Fisher Scientific). Protein concentration was
measured using the BCA protein assay kit (Thermo Fisher Scientific).

Isolation of supernatant and cellulosome fractions. Supernatant and cellulosome
fractions were collected between 72 and 96 h post inoculation. Cellulosomes were
isolated essentially as described elsewhere®. Briefly, the vegetative growth was
removed and 0.4% (wt/vol) SigmaCell type 50 (Sigma) was added to the supernatant
and incubated with gentle agitation at 4 °C for 2 h. The cellulose was spun down, and
washed once with 100 mM Tris-HCI (pH 7.5) containing 150 mM NaCl. The
proteins were eluted by resuspending the cellulose in PBS (pH 7.4) for 1 h at room
temperature. Secretome samples from N. californiae, A. robustus and P. finnis and
cellulosome samples from P. finnis have been reported previously’. Cellulosome
samples from A. robustus and N. californiae were new to this study.

Preparing samples for mass spectrometry. Secretome and cellulosome samples
were buffer-exchanged to 50 mM ammonium bicarbonate using 3 kDa molecular
weight cut off (MWCO) centrifugal filters (Millipore) according to the
manufacturer’s specifications. The secretome samples were treated with 8 M urea at
37 °C for 60 min and then washed four times with 8 M urea, 100 mM ammonium
biocarbonate and then were buffer-exchanged to 100 mM ammonium bicarbonate
in 500 pl 30 K MWCO centrifugal filter (Millipore). Cell pellet samples were
transferred into four 2.0 ml BioPur tubes (Eppendorf) Approximately four 3 mm
tungsten carbide TissueLyzer (Qiagen) beads were added and placed in pre-cooled
TissueLyzer 24-position block and lysed on the TissueLyzer for 2 min at

30 oscillations per second. The samples were then centrifuged at 14,000g, 4 °C for
10 min, then the supernatant was transferred to a 5.0 ml cryovial for storage at
—80 °C, and a final concentration of 7 M urea and 10 mM dithiothreitol (DTT) was
added to each sample. The pellet was resuspended in 500 pl of 8 M urea, 5 mM DTT
in 100 mM NH,HCO; and transferred into a 15 ml conical centrifuge tube, leaving
the beads behind. All of the samples were incubated at 60 °C for 30 min, then diluted
eightfold with 100 mM buffer. A final concentration of 1 mM CaCl, was added.
The protein concentrations for all samples were measured using the BCA protein
assay kit (Thermo Fisher Scientific). Proteins in each fraction were digested with
trypsin (1 unit trypsin per 50 units protein) and incubated at 37 °C for 3 h with
shaking at 800 r.p.m. Samples were centrifuged at 5,525g, 4 °C for 15 min. The
supernatant of each sample was cleaned for mass spectrometry (MS) analysis using a
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100 mg ml™! C18 solid phase extraction (SPE) column (Sigma Aldrich). Columns
were conditioned with 3 ml of methanol and 2 ml of 0.1% trifluoroacetic acid (TFA).
Samples were passaged through the columns and then the columns were washed
with 4 ml of 95:5 H,O:acetonitrile, 0.1% TFA. Collection tubes were placed under
the dried columns and the peptides were eluted with 1 ml of 80:20 acetonitrile:H,0,
0.1% TFA. The samples were concentrated in a speed-vac (ThermoFisher Scientific)
to a volume of 50 ul. A BCA protein assay was performed on the samples, and the
samples were diluted to 0.1 ug pl™' and analysed via liquid chromatography-tandem
mass spectrometry (LC-MS/MS).

Mass spectrometry. All data were collected on hybrid Velos linear ion trap coupled
Orbitrap mass spectrometers (Thermo Electron) coupled to Waters NanoAcquity or
Next-Gen 3 high-performance liquid chromatography systems (Waters
Corporation) through 75 um x 70 cm columns packed with Phenomenex Jupiter
C-18 derivatized 3 pum silica beads (Phenomenex). Samples were loaded onto
columns with 0.05% formic acid in water and eluted with 0.05% formic acid in
acetonitrile over 100 min. Ten data-dependent MS/MS scans were recorded for each
survey MS scan using a normalized collision energy of 35, an isolation width of
2.00 and a rolling exclusion window of +1.55/-0.55 Th lasting 60 s before previously
fragmented signals were eligible for re-analysis. The MS/MS spectra from all
LC-MS/MS data sets were converted to ASCII text (.dta format) using DeconMSn
(http://www.ncbi.nlm.nih.gov/pubmed/18304935), which more precisely assigns the
charge and parent mass values to an MS/MS spectrum. The data files were then
interrogated using a target-decoy approach (http://www.ncbi.nlm.nih.gov/pubmed/
20013364) using MSGFPlus (http://www.ncbi.nlm.nih.gov/pubmed/25358478),
with a 20 ppm parent mass tolerance, no specific digestion enzyme settings and a
variable post-translational modification of oxidized methionine. All MS/MS search
results for each data set were collated into tab-separated ASCII text files listing the
best scoring identification for each spectrum. Collated search results were further
combined into a single result file. These results were imported into a Microsoft SQL
Server database. Results were filtered to 1% false discovery rate using an MSGF+
supplied Q-value that assesses reversed sequence decoy identifications for a given
MSGEF score across each data set. Using the protein references as a grouping term,
unique peptides belonging to each protein were counted, as were all peptide-
spectrum match (PSMs) belonging to all peptides for that protein (that is, a protein
level observation count value). PSM observation counts were reported for each
sample that was analysed. Cross-tabulation tables were created to enumerate
protein-level PSM observations for each sample, allowing low-precision quantitative
comparisons to be made. Protein sequences for each reported entry were subjected
to BLAST analysis (version 2.2.28, ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast
+/2.2.28/) using a combined collection of 2,784,909 fungal proteins reported in the
Uniprot knowledgebase (ftp://ftp.uniprot.org/pub/databases/uniprot/
previous_releases/release-2014_09/knowledgebase/) and NCBI (ftp://ftp.ncbi.nih.
gov/refseq/release/fungi/, combining all .faa files) as of September 2014. Results were
imported into SQL Server and the highest-similarity identification (lowest E-value,
highest percent similarity) extracted. As many of these matches resulted in an
uncharacterized or hypothetical protein reference, the highest-similarity non-
hypothetical entry (does NOT contain ‘uncharacterized’, ‘predicted protein’,
‘hypothetical” or ‘unplaced’) was also extracted for each query, allowing for more
useful biological inferences to be made. All BLAST results were imported into the
Excel file and related to the cross-tabulated results to allow further investigation.

Size-exclusion chromatography. Intact cellulosomes were concentrated using
five MWCO Amicon centrifugal filters (Milipore) and 100 ul was loaded onto a
BioLogic DuoFlow System (Bio-Rad) with a HiPrep 16/60 Sephacryl S-500 High
Resolution column (GE Healthcare). Fractions (6 ml) were collected and
concentrated for enzyme activity assay and SDS-PAGE analysis.

Carboxymethyl cellulose assay for endoglucanase activity. The endoglucanase
activity of cellulosome fractions was determined essentially as described elsewhere®.
Briefly, 30 pl of cellulosome was added to 30 ul of 2% carboxymethyl cellulose in 0.1 M
sodium acetate (pH 5.5). Reactions were performed at 39 °C for 24 h. A 60 pl volume of
dinitrosalicylic acid (DNS) was added and the solution boiled at 95 °C for 5 min.
Absorbance was measured at 540 nm. All reactions were performed in triplicate.

ELISA. E. coli lysates expressing scaffoldin fragments were diluted 1:2,000 in 0.05 M
Na,CO; buffer (pH 9.6) and 100 pl was coated on a 96-well microtitre ELISA plate at
4 °C overnight. Wells were then washed three times with 200 ul PBS (pH 7.4) and
100 ul of PBS containing 2% (wt/vol) BSA and 0.05% Tween-20 (vol/vol) was added
and the plate incubated at 4 °C for 1 h. Purified dockerins were serially diluted in the
same solvent (0-100 pg ml™") and were added to the plate and incubated at 4 °C for
1 h with gentle agitation. Wells were washed three times with PBS and then
StepTactin (Bio-Rad), an horseradish peroxidase-conjugated secondary antibody
against the Strep-tag, was diluted 1:5,000 in the same solvent and added to the plate
and incubated at 4 °C for 1 h with gentle agitation. The wells were washed four times
with PBS and signals were measured using TMB chromogen solution (Thermo
Fisher Scientific) according to the manufacturer’s instructions. All reactions were
performed in triplicate and ELISA signals were normalized by total protein
concentration of the lysate.

SPR. SPR analysis was performed using a BIACORE 3000 (GE Healthcare) equipped
with a research-grade CM5 sensor chip. Pure scaffoldin fragment was immobilized
using amine-coupling chemistry. The surfaces of flow cells 1 and 2 were activated
for 7 min with a 1:1 mixture of 0.1 M NHS (N-hydroxysuccinimide) and 0.1 M EDC
(3-(N,N-dimethylamino)propyl-N-ethylcarbodiimide) at a flow rate of 10 ul min™".
Scaffoldin at a concentration of 10 pg ml™ in 10 mM sodium acetate, pH 4.5, was
immobilized at a density of 400 RU on flow cell 2, with flow cell 1 left blank as a
reference surface. Both surfaces were blocked with a 7 min injection of 1 M
ethanolamine, pH 8.5. To collect equilibrium binding data, pure single dockerin,
single dockerin W28F and double dockerin suspended in 10 mM HEPES, 150 mM
NaCl, 3 mM EDTA, 0.005% Tween-20, pH 7.4, were injected over the two flow cells
for 10 min at a flow rate of 10 ul min™". The complex was allowed to associate for
600 s. The surfaces were regenerated with a 30 s injection of 10 mM glycine, pH 2.0
at a flow rate of 50 ul min™". Data were collected at a rate of 1 Hz. Nonlinear
regression of the equilibrium response versus analyte concentration was performed
using a custom MATLAB script. Analysis for each protein was performed in
triplicate, with at least seven concentrations tested (one in technical duplicate).
The purity of each protein was verified by SDS-PAGE prior to SPR analysis
(Supplementary Fig. 9).

Data availability. Raw transcriptomic sequence data and transcriptomic profiles
reported in this study have been deposited under BioProject accession no. PRINA
291757 (www.ncbi.nlm.nih.gov/bioproject/291757). Genomes are available via the
JGI fungal portal MycoCosm" (http://genome.jgi.doe.gov/neocallimastigomycota/).
Genome assemblies and annotations have been deposited at GenBank under the
following accession numbers: A. robustus, MCFG00000000; N. californiae,
MCOG00000000; P. finnis, MCFH00000000. Mass spectrometry proteomics data
have been deposited at the ProteomeXchange Consortium via the PRIDE* partner
repository with data set identifier PXD006325. All other data supporting the
findings of this study are available from the corresponding author upon request.
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