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Streptomyces are best known for producing antimicrobial secondary metabolites, but they are also
recognized for their contributions to biomass utilization. Despite their importance to carbon cycling in
terrestrial ecosystems, our understanding of the cellulolytic ability of Streptomyces is currently limited to a
few soil-isolates. Here, we demonstrate the biomass-deconstructing capability of Streptomyces sp.
SirexAA-E (ActE), an aerobic bacterium associated with the invasive pine-boring woodwasp Sirex noctilio.
When grown on plant biomass, ActE secretes a suite of enzymes including endo- and exo-cellulases, CBM33
polysaccharide-monooxygenases, and hemicellulases. Genome-wide transcriptomic and proteomic
analyses, and biochemical assays have revealed the key enzymes used to deconstruct crystalline cellulose,
other pure polysaccharides, and biomass. The mixture of enzymes obtained from growth on biomass has
biomass-degrading activity comparable to a cellulolytic enzyme cocktail from the fungus Trichoderma
reesei, and thus provides a compelling example of high cellulolytic capacity in an aerobic bacterium.

lant cell walls represent the largest reservoir of organic polymers in terrestrial ecosystems and are the most
abundant source of renewable organic energy on Earth. Most of this energy is stored in the recalcitrant
polysaccharide cellulose, which is difficult to hydrolyze because of the highly crystalline structure, and in
hemicellulose, which presents challenges because of its structural diversity and complexity. In terrestrial ecosys-
tems, cellulolytic microbes help drive carbon cycling through the deconstruction of biomass into simple sugars.
The deconstruction is largely accomplished through the action of combinations of secreted glycoside hydrolases
(GHs), carbohydrate esterases (CEs), polysaccharide lyases (PLs), and carbohydrate binding modules (CBMs)' .

Actinobacteria in the genus Streptomyces are an ecologically important group, especially in soil environments,
where they are considered to be vital players in the decomposition of cellulose and other biomass polymers>*~.
Streptomyces are able to utilize a wide range of carbon sources, form spores when resources are depleted, and
produce antimicrobial secondary metabolites to reduce competition®®. Although a large number of Streptomyces
species can grow on plant biomass, only a small percentage (14%) have been shown to efficiently degrade
crystalline cellulose’. Furthermore, the secreted cellulolytic activities of only a few species have been biochemi-
cally characterized, and still fewer species have been examined to identify key biomass degrading enzymes'®"".
Streptomyces reticuli is one of the best-studied cellulose- and chitin-degrading soil-dwelling Streptomyces; func-
tional analyses of several important cellulases and other hydrolytic enzymes have been reported™>'.
Furthermore, polysaccharide monooxygenase (PMO) activity with cellulose was identified using the CBM33
protein from Streptomyces coelicolor®, which suggests Streptomyces may use both hydrolytic and oxidative
enzymes to deconstruct biomass. With the tremendous amount of sequence data collected in the past few years,
and despite the view that Streptomyces make important contributions to cellulose degradation in the soil, genome-
wide analyses of cellulolytic Streptomyces have not been reported.

In addition to their putative roles in carbon cycling in the soil, Streptomyces may also potentiate biomass
deconstruction in insects through symbiotic associations'>'*. Recent work has identified cellulose degrading
Streptomyces associated with the pine-boring woodwasp Sirex noctilio, including Streptomyces sp. SirexAA-E
(ActE)". S. noctilio is a highly destructive wood-feeding insect that is found throughout forests in Eurasia and
North Africa and is spreading invasively in North America and elsewhere®. While the wasp itself does not
produce cellulolytic enzymes, evidence supports the role of a symbiotic microbial community that secretes
biomass-degrading enzymes to facilitate nutrient acquisition for developing larvae in the pine tree®'. The white
rot fungus, Amylostereum areolatum, is the best-described member of this community, and the success of Sirex
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Figure 1 | Growth of ActE in minimal medium containing filter paper as
the sole carbon source. (A) Growth of ActE, Streptomyces coelicolor, and
Streptomyces griseus in minimal medium for 7 days at 30°C and pH 6.9.
The expanded image shows small colonies of S. coelicolor and S. griseus
forming on the surface of the paper. (B) Growth of ActE and Trichoderma
reesei Rut-C30 for 7 days at 30°C and pH 6.0.

infestations is thought to arise from the insect’s association with this
cellulolytic fungal mutualist. However, work with pure cultures has
suggested that ActE and other Sirex-associated Streptomyces are
more cellulolytic than A. areolatum®.

Here, we report a systems-level analysis of the capacity of ActE for
growth on pure polysaccharides and plant biomass, including geno-
mic, transcriptomic and proteomic studies. We also isolated the
secreted enzymes and characterized their reactions on a variety of

biomass-derived substrates, including a comparison with a commer-
cial enzyme cocktail from Trichoderma reesei, an industrial standard
for fungal biomass degradation®. This work provides insights into
how highly cellulolytic Streptomyces may contribute to insect-
associated symbiotic communities. Furthermore, the genome-wide
analysis provides a basis for evaluating the general cellulolytic cap-
abilities of other members of this important genus.

Results

Genomic characteristics of ActE. Table 1 compares the genomic
characteristics of ActE with well-known soil-isolated Streptomyces
that produce antibiotics and with two model cellulolytic bacteria,
Clostridium thermocellum and Cellvibrio japonicus>***. Putative
biomass-degrading protein-coding sequences from ActE were
identified by BLAST analysis of the finished genome to the
Carbohydrate Active enZyme (CAZy) database. Among the 6357
predicted protein-coding genes, 167 have one or more domains
assigned to CAZy families, including 119 GHs, 29 CEs, 6 PLs and
85 CBMs. ActE contains 45 different types of GH families, 4 PL
families, 7 CE families, and 21 CBM families. The number of total
CAZy domains and diversity of CAZy families are comparable to
other highly cellulolytic organisms.

Nearly all publically available Streptomyces genomes encode a
relatively high percentage of genes for putative cellulolytic enzymes.
Interestingly, ActE and the antibiotic producing Streptomyces, S.
griseus and S. coelicolor, shown in Table 1 have similar numbers
and compositions of CAZy families, but substantially different gen-
ome sizes. However, these antibiotic-producing Streptomyces are not
highly cellulolytic (Fig. 1). Relative to S. griseus and S. coelicolor, the
ActE genome contains two unique CAZy families but does not pos-
sess 16 CAZy families present in these species. However, ActE con-
tains more representatives in 13 CAZy families. Enrichment of
certain CAZy families is observed in other highly cellulolytic organ-
isms. For example, C. thermocellum contains 16 genes in the GH9
family alone. It is interesting to consider whether the reduction in
total genome size and differences in CAZy composition between
ActE and other closely related soil-dwelling Streptomyces might have
arisen from evolutionary specialization of ActE, perhaps driven by
association with the Sirex-fungal symbiosis.

Secreted proteins from ActE during growth on pure polysaccha-
rides. ActE grew well in minimal medium containing cellulose as the
sole carbon source. The growth rate was similar to that of Tricho-
derma reesei Rut-C30, a model cellulolytic microbe (Fig. 1), and both
completely deconstructed filter paper strips in 5-7 days. By com-
parison, S. coelicolor and S. griseus grew only sparingly as small

Table 1 | Comparison of genomic composition

AciE S. coelicolor S. griseus C. thermocellum C. japonicus
Genome size (nt) 7414440 8667507 8545929 3843301 4576573
Proteome size 6357 8153 7136 3173 3750
Total CAZy Proteins 167 221 132 103 183
% CAZy Proteins® 2.6% 2.7% 1.8% 3.2% 4.9%
Total GH? 119 154 80 70 124
Total PL¢ 6 11 4 6 14
Total CE¢ 29 36 23 20 28
Total CBMe 85 98 68 121 134
antiSMASH clusters 22 24 37 3 4
Genes in clusters 620 718 1139 89 111
% antiSMASH 9.8% 8.8% 16.0% 2.8% 3.0%

“Proteins classified as Carbohydrate Active Enzymes (CAZy).
"GH, glycoside hydrolase.

<PL, pectate lyase.

dCE, carbohydrate esterase.

“CBM, carbohydrate binding module.

‘Putative antibiotic producing gene cluster.
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colonies on filter paper under the same conditions. This difference in
growth capabilities among closely related Streptomyces prompted us
to further examine ActE, which also grew with a filamentous mor-
phology on polysaccharides including plant biomass (Supplemen-
tary Fig. S1).

Reactions of the ActE secretomes. The enzymatic activities of ActE
secretomes were compared with a commercial secretome, Spezyme
CP. This enzyme cocktail is prepared from T. reesei Rut-C30, and
thus provides a useful, routinely available reference point for the
capabilities of other cellulolytic organisms. HPLC analysis showed
that the ActE cellulose secretome released cellobiose as the primary
product during reaction with cellulose (Fig. 2A, 95% of products),
which is distinct from the higher proportion of glucose produced by
the T. reesei secretome. Similarly, the primary products from xylan
and mannan were xylobiose and mannobiose, respectively. Upon
accounting for total glucose equivalents released, the ActE
secretome obtained from growth on pure cellulose had specific
activity that was about half of that provided by Spezyme CP
(Fig. 2A, inset). Interestingly, the ActE secretome obtained from
growth on pure cellulose had higher specific activity for
deconstruction of pure mannan than Spezyme CP (Fig. 2B).
Additionally, the ActE secretome obtained from growth on pure
xylan had higher specific activity for reaction with pure xylan than
Spezyme CP. Cellulose, xylan, and mannan are all abundant in
pinewood, thus accounting for the necessity of each of the major
catalytic activities detected.

Anion exchange chromatography was performed to fractionate
the ActE secretome obtained from cells grown on cellulose as the
sole carbon source. We identified fractions that hydrolyzed pure
polysaccharides by biochemical assays (Supplementary Fig. S2),
and confirmed the identity of the protein or proteins contained in
these fractions by mass spectrometry (Supplementary Table SI).
Where multiple polypeptides were present, the identity of each was
confirmed by mass spectrometry to correspond to the indicated gene
locus. In several cases, these most likely arise from proteolysis of a
single protein found in the secretome. Fractions containing the max-
imum cellulase activity were highly enriched in SACTE_0236 and
SACTE_0237, reducing and non-reducing end cellobiohydrolases
from the GH6 and GH48 families, respectively. SACTE_0265 and
SACTE_2347 were identified as the major proteins present in frac-
tions associated with xylan and mannan hydrolysis, respectively. A
CBM33 polysaccharide monooxygenase (SACTE_3159) was also
identified in the ion exchange profile. Moreover, beta-1,3 glucanase
activity was identified in fractions that were enriched in
SACTE_4755.

When ActE was grown on either ammonia fiber expansion-treated
switchgrass (AFEX-SG)** or ionic liquid-treated switchgrass (IL-SG),
the secretomes had ~2-fold increase in specific activity relative to the
cellulose secretome and were equivalent to Spezyme CP for reaction
with both the AFEX- and IL-treated biomass (Fig. 2C)**. The ActE
secretomes retained greater than 60% of maximal activity for the
hydrolysis of AFEX- and IL-SG from 30 to 55°C and 35 to 47°C,
respectively, which is comparable to recent reports on the temper-
ature profile of secretomes from thermophilic biomass-degrading
fungi*® (Supplementary Fig. S3A). The secretomes showed a pH
optimum of ~7 for reaction with AFEX-SG and a pH optimum of
~8 for reaction with IL-SG. Moreover, these secretomes retained
greater than 60% of maximal activity over the ranges of pH 4.5 to
8.0, and pH 7.0 to 8.0, respectively (Supplementary Fig. S3B). These
optimal pH values are considerably higher than observed for
Spezyme CP.

Secretome analysis on pure polysaccharides and plant biomass. To
identify secreted proteins, supernatants from ActE cultures grown on
glucose, cellobiose, cellulose, xylan, chitin, switchgrass, AFEX-SG,
and IL-SG were analyzed by LC-MS/MS (Fig. 3, Supplementary
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Figure 2 | Reactions of ActE secretomes and Spezyme CP. (A) HPLC of
sugars released from cellulose (1, cellotriose; 2, cellobiose; 3, glucose) and
quantification of glucose equivalent (insert). (B) Reducing sugars released
from xylan and mannan by the secretomes of ActE grown on cellulose and
xylan. (C) Total reducing sugar released from ionic liquid-switchgrass (IL-
SG) or AFEX-switchgrass (AFEX-SG) in reactions of the ActE cellulose,
AFEX-SG, and IL-SG secretomes and Spezyme CP. Data represent the
mean * s.d. from three experiments; * indicates P<<0.01 compared with
Spezyme CP.
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Table S2). The proteins were sorted into a descending rank according
to spectral counts, and sets whose spectral counts summed to 95% of
the total protein in each secretome are shown. Fig. 3A summarizes
the percentages of CAZy families in the detected proteins. The
glucose secretome had a protein concentration of ~0.03 g/L of
culture medium, and among the 136 proteins identified only 3%
had a CAZy annotation. Indeed, the majority (>90%) likely origi-
nated from cell lysis. In contrast, the polysaccharide secretomes had a
protein concentration of ~0.3 g/L of culture medium, a ~10-fold
increase from the glucose secretome. Pectate lyase (SACTE_1310),
chondroitin/alginate lyase (SACTE_4638), an extracellular solute
binding protein (SACTE_4343), bacterioferritin (SACTE_1546),
and catalase (SACTE_4439) were observed in all polysaccharide
secretomes. The first two proteins, SACTE_1310 and SACTE_
4638, have signal peptides and are thus secreted as part of the
response needed for growth on polysaccharides.

Fig. 3 and Supplementary Table S2 demonstrate that 22 proteins
accounted for 95% of the total spectral counts during growth on cel-
lulose; two-thirds were from CAZy families. The five most abundant
proteins, in order and representing ~85% of the total spectral counts,
were reducing and non-reducing exoglucanases (SACTE_0236 and
SACTE_0237), a CBM33 polysaccharide monooxygenase (SACTE_
3159), an endoglucanase (SACTE_0482), and a [-mannosidase
(SACTE_2347). The first four proteins encode a non-redundant
set of enzymes that likely provide the essential activities required
for utilization of crystalline cellulose’’. Among the 22 most abundant
proteins, there were representatives from 9 different GH families,
two CE families, two PL families, and two additional CMB33 pro-
teins. Collectively, these secreted proteins represent ~20% of the
CAZy composition in the ActE genome.

There were substantial differences in the composition of the xylan
and chitin secretomes as compared to the cellulose secretome (Fig. 3,
Supplementary Table S2). In the xylan secretome, 92 proteins com-
prise 95% of the detected spectral counts. Twenty GHs from 18
different CAZy families were included, along with 1 CE4 and 2 PL
family proteins. Thus, growth on xylan elicits secretion of represen-
tatives from half of the total CAZy families found in the ActE gen-
ome. The broad distribution of hemicellulytic enzymes in the xylan
secretome contrasts with the considerably less diverse composition
of the chitin secretome, which consists of 7 representatives from
GH18 (e.g., chitinase, endo beta-N-acetylglucosaminidase), 2 from
GH19 (e.g., chitinase, lysozyme), and 1 chitinolytic CBM33
(Supplementary Table S2). While chitinolytic CAZy families account
for two-thirds of the proteins secreted during growth on chitin, they
represent only ~6% of the diversity of CAZy families found in the
genome. These results document the substantially different sub-
strate-specific responses of ActE during growth on different poly-
saccharides.

The secretomes isolated from cells grown on switchgrass, AFEX-
SG, and IL-SG contained the highly abundant secreted proteins iden-
tified in the purified cellulose and xylan experiments and some
additional proteins. These additional proteins likely reflect cellular
response to the more complex composition of polysaccharides pre-
sent in the biomass samples. The increased diversity of proteins pre-
sent in the biomass secretome also increased the efficiency of reaction
with plant biomass (Fig. 2C). In total, the biomass secretomes con-
tained 31 different CAZy families that contributed to the total spectral
counts (~70% of the CAZy families present in the ActE genome),
thus representing coordinated and extensive use of CAZyme families
present in the ActE genome for biomass utilization.

A cAzy Composition All . .
y P proteins Fraction of Secretome Identified
CAZ 2.6% 3.2%|27.3%|66.7% | 36.5% | 48.7% | 59.4% | 59.0%| 35.9%
Y J A A ATV
Non-CAZy W W" \—’\-/\o/\./\a/v
97.4% |96.8% | 72.7%| 33.3% | 63.5% | 51.3% | 40.6% | 41.0%| 64.1%
7]
[7]
B o | 8| 3 S| 9
15| €| | 5| x| ol ¢
Catalytic g = = 2 3 o D =
Locus Domain CBMs Annotated function £ ] o X n < = C]
0237 GH6 CBM2  1,4-beta cellobiohydrolase 0 462 8 0
0236 GH48 CBM2  1,4-beta cellobiohydrolase 0 44 1296 0 577 905 1045 0
2347 GH5,CE3 CBM2 Beta-mannosidase 2 28 624 0 185 240 205 0
3159 CBM33 CBM2  Cellulose-binding domain 0 4 564 29 493 646 847 8
0482 GH5 CBM2  Endo-1,4-beta-glucosidase 0 1" 156 0 92 113 153 0
0265 GH10 CBM2  Endo-1,4-beta-xylanase 0 13 90 778 118 220 101 8
0357 CE4 CBM36 Acetylxylan esterase 0 12 87 938 94 195 190 3
4439 Catalase 0 65 83 30 50 20 30 271
0562 GH74 CBM2  Secreted cellulase (endo) 0 0 83 0 29 48 30 0
0358 GH11 CBM60 Endo-1,4-beta-xylanase 0 0 67 649 165 324 119 7
4343 ABC transporter 67 298 53 60 55 43 30 19
1546 Bacterioferritin 0 117 32 42 32 22 24 35
1310 PL3 Pectate lyase 0 57 26 14 226 96 48 25
4638 Hypothetical protein 0 41 23 135 34 59 59 14
3717 GH9 CBM2  1,4-beta cellobiohydrolase 0 49 21 0 342 432 143 0
5668 Secreted peptidase 29 30 21 23 0 0 9 39
3590 Phospholipase C 2 5 21 6 0 4 7 6
5978 PL1 CBM35 Pectate lyase 0 5 20 525 287 245 10 0
2172 Citrate synthase 19 95 20 51 47 12 15 46
4571 GH18 CBM2  Chitinase 0 9 20 5 18 14 10 1758
6428 CBM33 Chitin-binding, domain 3 0 3 20 0 6 5 8 0
2313 CBM33 Chitin-binding, domain 3 0 1 19 4 12 8 11 308

Figure 3 | Composition of ActE secretomes identified by LC-MS/MS. (A) CAZy genes account for 2.6% of the 6357 predicted protein-coding sequences
in the ActE genome. (B) Identity of most abundant proteins in the cellulose secretome proteins is sorted according to decreasing spectral counts
(accounting for 95% of total spectral counts); corresponding spectral counts from other secretomes are also shown.
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Gene expression analysis during growth on purified polysaccha-
rides and plant biomass. Gene expression profiles were determined
for ActE grown on purified polysaccharides and plant biomass by
whole genome microarrays (Figs. 4 and 5, Supplementary Figs. S4 to
S9). Genome-wide gene expression was analyzed as a functional
annotation network composed of ActE genes (circles) connected to
predicted functional groups (triangles; KEGG or CAZy). In Fig. 4, the
network was annotated with genome-wide microarray expression
data to indicate genes that were differentially expressed when ActE
was grown on either AFEX-SG or glucose, and further annotated
to indicate normalized expression levels observed during growth
on AFEX-SG. While many aspects of metabolism are modestly
changed in response to these different carbon sources, the CAZy
and ABC transporter categories were substantially enriched in
differentially expressed genes (Fig. 4, green circles). Furthermore,

Nucleotide
metabolism

® N\ G
BC t[a\nspof';e?\

Fold Change
AFEX-SG/ glucose
[ IEEaa—— |
28 -4 2 2 4 28
Absolute Expression on
AFEX-SG (log2)
.00 ’

7.75 15.5

pentose sugar metabolism, sulfur metabolism, and some amino
acid biosynthesis pathways (e.g. aromatic amino acids) were also
highly induced during growth on AFEX-SG relative to other car-
bon sources (Supplementary Figs. $4 to S9). In contrast, ribosomal,
secondary metabolite, and DNA repair genes showed little change in
expression across the conditions examined. Within the CAZy func-
tional group, there was a large induction of genes that contained both
a GH domain and a CBM2 domain. Among the 11 genes in the ActE
genome that contain a CBM2 domain, 6 were induced greater than 4-
fold during growth on AFEX-SG. Furthermore, 9 of the 11 CBM2
containing proteins were identified in the secreted proteome (Fig. 3).

Given the large number of differentially expressed CAZy genes
identified in the network analysis, we analyzed the expression of this
group of genes in cultures grown on different carbon sources (Fig. 5).
As with other cellulolytic organisms, there was strong correlation

Figure 4 | Genome-wide changes in expression during growth of ActE on AFEX-treated switchgrass (AFEX-SG) versus glucose. Nodes are genes
(circles) or KEGG/CAZy functional categories (yellow triangles); edges indicate that the gene belongs to the indicated functional group as defined by either
KEGG or CAZy analysis. Gene node sizes reflect expression intensity determined by microarray from growth on AFEX-SG as a log, ratio, where the
genome-wide average transcriptional intensity was ~10.5 for both substrates. Node colors represent expression changes as the log, ratio of AFEX-SG/

glucose transcript intensities.
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= SACTE_4515 GH25 Twin-arginine translocation pathway Tat
8 SACTE_3159 CBM33,2 Cellulose-binding domain, family 11 Tat
|2 — S SACTE_6428 CBM33 Chitin-binding, domain 3 Tat
~ [ SACTE_6284 GH13 Glycosyl hydrolase, family 13 No
e _- SACTE_0237 GH6 1, 4-beta cellobiohydrolase Tat
A — — SACTE_2347 GH5/CE3 CBM ll/chitobiase, Tat
@ | pe— SACTE_2286 GH1 Glycoside hydrolase, family 1 No
£ = S SACTE_0265 GH10 Glycoside hydrolase, family 10 Tat
> [ — — || SACTE_0482 GH5 Cellulose-binding family ll/chitobiase Sec
E — 1 I SACTE_0236 GH48 Glycoside hydrolase, 48F Sec
o { SACTE_1440 GH35 Glycoside hydrolase, family 35 No
o SACTE_5978 PL1 Galactose-binding domain-like Tat
9 SACTE_1672 CBM13 Ricin B lectin Tat
3] _— SACTE_3717 GH9 Carbohydrate-binding, CenC-like Tat
5 = . SACTE 0358 GH11 Glycoside hydrolase, family 11, Tat
E — SACTE_4635 GH13 Protein of unknown function DUF3416 No
Q| SACTE_3571 GH23 Lytic transglycosylase-like Sec
<=t SACTE_0357 CE4 Glycoside hydrolase/deacetylase, B/a-barrel Tat
_ SACTE_3064 GH19 Glycoside hydrolase, family 19, Tat
I l SACTE_0081 GH19 Glycoside hydrolase, family 19 Sec
2 SACTE_4755 GH64 Twin-arginine translocation pathway Tat
SACTE_4514 CE4 Glycoside hydrolase/deacetylase, B/a-barrel Tat
- SACTE_5457 GH46 Glycoside hydrolase, family 46 Tat
SACTE_4624 GH16 Concanavalin A-like lectin/glucanase Tat
SACTE_4571 GH18 EF-Hand 1, calcium-binding site Tat
SACTE_2313 CBM33 Chitin-binding, domain 3 Tat
SACTE_6439 GH43 hypothetical protein Tat
SACTE_4858 GH18 Galactose-binding domain-like Tat
SACTE_1230 GH23 Lytic transglycosylase-like, catalytic No
SACTE_4029 CE4 Glycoside hydrolase/deacetylase, B/a-barrel Tat
SACTE_3779 GH31 Glycoside hydrolase, family 31 Tat
SACTE_4654 CE4 Twin-arginine translocation pathway, signal  Tat
SACTE_4632 GH13 Immunoglobulin-like fold No
3 SACTE_4471 GH3 Glycoside hydrolase, family 3, N-terminal No
- SACTE_4756 GH101 Glycosyl hydrolase family 98, Tat
SACTE_5743 CBM6 PKD/Chitinase domain Tat
SACTE_0464 GH16 Ricin B lectin Tat
SACTE_2877 GH64 Twin-arginine translocation pathway, signal  Tat
SACTE_5529 CE10 Six-bladed beta-propeller, TolB-like No
SACTE_1302 PL1 Twin-arginine translocation pathway, signal  Tat
SACTE_0816 GH31 Glycoside hydrolase, family 31 No
SACTE_0382 GH2 Galactose-binding domain-like Tat
SACTE_5810 GH95 Uncharacterised protein UCP007663 No
SACTE_5231 GH31 Glycoside hydrolase, family 31 No
SACTE_0364 GH87 Galactose-binding domain-like Tat
SACTE_5316 GH1 Glycoside hydrolase, family 1 No
- SACTE_5647 GH87 Galactose-binding domain-like Tat
Expression log(2) SACTE_1639 GH13 Bacterial pullanase-associated protein Tat
A— —A SACTE_0604 GH109 NAD(P)-binding domain Tat
+7.8 +15.4 SACTE_0385 PL11/CE12 Twin-arginine translocation pathway Tat
SACTE_4106 GH20 Glycoside hydrolase, family 20 Tat
SACTE_0324 GH55 Galactose-binding domain-like Tat
SACTE_0323 CBM32 Galactose-binding domain-like Tat
SACTE_5320 GH13 Immunoglobulin-like fold No
SACTE_1418 PLO Parallel beta-helix repeat Tat
SACTE_3142 CE4 Glycoside hydrolase/deacetylase, B/a-barrel Tat
| SACTE_0844 GH18 Glycoside hydrolase, subgroup Tat
SACTE_4363 GH55 hypothetical protein Tat
SACTE_6458 GH25 Glycoside hydrolase, family 25 No
SACTE_5166 GH43 Twin-arginine translocation pathway Tat
SACTE_4738 GH16 Galactose-binding domain-like Sec
SACTE_4737 GH1 Glycoside hydrolase, family 1 No
SACTE_4634 GH13 Glycoside hydrolase, family 13 No
SACTE_1640 GH13 Glycoside hydrolase, carbohydrate-binding  Tat
SACTE_2423 GH20 Glycoside hydrolase, family 20 Tat
SACTE_1290 GH53 Glycoside hydrolase, family 53 Tat
SACTE_0318 GH1 Glycoside hydrolase, family 1 Tat
'H " SACTE_1312 PL1 Pectate lyase/Amb allergen Tat

Figure 5 | Expression of ActE CAZy genes on various carbon sources. (A) Hierarchical clustering of expression for 167 CAZy genes from the ActE
genome during growth on the indicated substrates. (B) Identity of CAZy genes with distinct changes in expression observed in group 1 CAZy genes during
growth in different carbon sources. Information for additional groups is provided in the Supplementary Information.

between the content of the secreted proteomes and the most highly ~ when grown on different polymeric substrates, 14 genes (group 2, see
expressed genes. Of the 167 ActE genes containing CAZy domains,  Supplementary Fig. S10) did not show any appreciable level of
68 genes (Fig. 5, group 1) showed distinct increases in expression  expression, and 85 genes (group 3, see Supplementary Fig. S11)
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showed moderate changes in expression with the different substrates.
A significant fraction of these genes contained translocation signals
for either the Sec or twin-arginine translocation pathways, and genes
encoding structural polypeptides for these translocation pathways
were also highly expressed. Besides correlation with secreted pro-
teins, the transcriptomic studies also gave insight into co-regulated
gene clusters that potentially encode functional units for utilization
of different polysaccharides by ActE. In the following, the 130 genes
with normalized expression intensities in the top 2% of all genes are
described.

During growth on cellulose, four CAZy genes (SACTE_0236,
SACTE_0237, SACTE_3159, and SACTE_0482) showed >15-fold
increase in transcript abundance (Fig. 5), and the corresponding
proteins were highly enriched in the secreted proteome. None of
these four were obviously placed in a gene cluster, and the two most
highly expressed genes, SACTE_0236 and SACTE_0237, while adja-
cent on the chromosome, were transcribed in opposite directions.
Nevertheless, these four most highly expressed genes and three
others that showed >5-fold increase in transcript abundance
(SACTE_3717, SACTE_6428, SACTE_2347, Table 2) were assoc-
iated with a conserved 14 bp palindromic promoter sequence,
TGGGAGCGCTCCCA (the CebR binding element). CebR proteins
are Lacl/GalR-like transcriptional regulators shown to provide tran-
scriptional control of gene expression in response to the presence of
cellobiose or other small oligosaccharides in S. griseus, S. reticuli, and
Thermobifida fusca®>®. Likewise, the genes (SACTE_2285 to
SACTE_2289) encoding a CebR regulator (SACTE_2285), a GH1
protein (B-glucosidase), a two-protein cellobiose transporter system,
and an extracellular solute binding protein were associated with a
CebR binding element and were also among the most highly
expressed genes during growth on cellulose. These latter five genes
have 75% or greater sequence identity with the cellobiose utilization
operon identified in S. griseus and S. reticuli****. There were only
15 genes annotated as hypothetical or domain of unknown function
(12%) up-regulated during growth on cellulose, a considerably smal-
ler percentage of these than in the entire genome (27%).

Several characteristics distinguished expression during growth on
either xylan or chitin. First, unique sets of genes were induced, as
there was only 14% and 10% overlap, respectively, when compared to
cellulose. Second, ~33% of the top 2% of genes expressed during
growth on either xylan or chitin were annotated as hypothetical or

domain of unknown function, which greatly exceeds the unknown
fraction in the cellulose secretome. During growth on xylan, two
clusters of genes were up-regulated. One extended from SACTE_
0357 to SACTE_0370, encoding proteins from the GH11, GH13,
GH42, GH43, GH78, GH87, and CE4 families, a LacI-like transcrip-
tional regulator, a secreted peptidase, and two sets of inner mem-
brane transporters and associated solute binding proteins.
Alternatively, during growth on chitin, three CBM33 proteins were
up-regulated (SACTE_0080, SACTE_2313, SACTE_6493), and two
of these had an immediately adjacent gene encoding a GHI8
(SACTE_6494) or GH19 (SACTE_0081) that was up-regulated.

When ActE was grown on biomass samples, 14 additional CAZy
genes were uniquely up-regulated, and the corresponding proteins
were identified in the proteomic analysis of biomass secretomes
(Figs. 3 and 4). A gene cluster extending from SACTE_5858 to
SACTE_5864 was uniquely up regulated during growth on biomass.
Among these genes, SACTE_5860 and SACTE_5862 are annotated
as a twin-arginine translocation pathway protein and an ABC trans-
porter, respectively, while the rest are annotated either as hypothet-
ical protein or as domain of unknown function.

Discussion

Symbiotic cellulolytic fungi and bacteria help a diverse array of
eukaryotes access the energy stored in plant biomass and are fun-
damental to terrestrial energy flow and ecosystem function.
However, our understanding of symbiotic cellulose degradation is
limited to a few well-studied model organisms, most of which survive
only in special anoxic digestive organs of the host. For example,
ruminants carry communities of anaerobic microbes in their rumen
that deconstruct biomass, facilitating nutrient acquisition from plant
biomass for the host***. Insects also obtain nutrients from plant
biomass by forming symbiotic relationships with cellulolytic
microbes. Termites are a classic example, in which microbes decon-
struct the plant biomass in the insect’s hindgut®. Alternatively,
leaf-cutter ants and other fungus-farming insects cultivate stable
communities of externally associated aerobic microbes in specialized
gardens®?**. The insects provide plant biomass to these fungal and
bacterial communities, which in exchange help convert the plant
material into usable nutrients for their host. Recently, aerobic
Streptomyces were isolated from the microbial communities assoc-
iated with the herbivorous woodwasp Sirex noctilio and they were

Table 2 | Analysis of upstream DNA sequence elements in ActE genes upregulated during growth on cellulose

Locus Catalyticdomain ~~ CBM Annotated function Sequence® Rank?  Fold change?

SACTE_0236 GH48 CBM2 1,4-beta cellobiohydrolase TGGGAGCGCTCCCA 1 21.7

SACTE_0237 GHé CBM2  1,4-beta cellobiohydrolase TGGGAGCGCTCCCA 2 17.3

SACTE_3159 CBM33 CBM2  Cellulose-binding domain TGGGAGCGCTCCCA 3 16.2

SACTE_0482 GH5 CBM2  Endo-1,4-beta-glucosidase TGGGAGCGCTCCCA 4 154

SACTE_2288 Transport systems inner membrane TGGGAGCGCTCCCA 5 11.2
component

SACTE_3717 GH9 CBM2  1,4-beta cellobiohydrolase TGGGAGCGCTCCCA 6 9.7

SACTE_6428 CBM33 Chitin-binding, domain 3 GGGAGCGCTCCCA 9 7.9

SACTE_2347 GH5 CBM2  Beta-mannosidase TGGGAGCGCTCCCA 11 5.0

SACTE_2287 Transport systems inner membrane TGGGAGCGCTCCCA 15 4.3
component

SACTE_2289 Family 1 extracellular solute-binding  TGGGAGCGCTCCCA 19 3.9
protein

SACTE_0352 GCN5-related N-acetyltransferase TGGGAGCGCTCCCA 22 3.6

SACTE_2286 GH1 Glycoside hydrolase 1 GGGAGCGCTCCCA 27 3.4

SACTE_0483 CBM2  Cellulose-binding family protein GGGAGCGCTCCCA 503 1.6

SACTE_0562 GH74 CBM2  Secreted cellulase (endo) TGGGAGCGCTCCCA 5759 0.7

SACTE_2285 Lacl family transcriptional regulator ~ TGGGAGCGCTCCCA 6229 0.6
(CebR)

“Predicted binding sequence element found upstream from gene locus.

"Ranking and fold change in expression intensity detected by microarray for ActE genes when grown on cellulose relative to glucose.
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shown to be efficient at degrading cellulose and plant biomass".
While Streptomyces have long been considered important decompo-
sers in the soil and may also be common cellulolytic symbionts
associated with herbivorous insects, genome-wide studies character-
izing the cellulolytic capacities of these ubiquitous bacterial species
have been lacking. In this study, we have detailed the highly efficient
biomass-degrading ability of an insect-associated Streptomyces,
ActE, through a combination of biochemical, genomic, transcrip-
tomic and proteomic analyses.

Biochemical assays of the ActE secretome showed comparable
specific activity to a commercial enzyme cocktail prepared from
the secretome of T. reesei Rut-C30, the major progenitor organism
of biofuels enzymology. The secretomes of ActE grown on biomass
contain enzymes with endocellulase, exocellulase, 1,3-beta-gluca-
nase, mannanase, xylanase, esterase, pectate lyase, and other activ-
ities. The presence of endo- and exocellulases distinguishes ActE
from C. japonicus, whose genome lacks one exocellulase that is usu-
ally associated with growth on cellulose®”. The vigorous reactions of
the ActE secretome with xylan and mannan are consistent with the
abundance of arabinoxylan and glucomannan in pinewood. Further-
more, production of cellobiose, xylobiose, and mannobiose as the
primary polysacccharide deconstruction products may preferentially
channel energy to only select members of Sirex/Amylostereum com-
munity. Moreover, the high activity with 1,3-beta-glucan (callose)
suggests a capability to attack the protective polymers produced by
the pine tree during wound response and/or the cell wall of fungi
present in the larval galleries.

During growth on biomass, ~75% of the CAZy families present in
the ActE genome are expressed, and in many cases, these genes are
part of gene clusters that may be suitable for adaption to biotechno-
logical processes. Interestingly, the dominant architecture for these
enzymes is the fusion of a catalytic domain with a CBM2 domain.
This is similar to the architecture used by T. reesei, whose enzymes
also primarily consist of a single catalytic domain fused to a CBM1
domain.

GH61 and CBM33 proteins are now identified as copper-
dependent polysaccharide monooxygenases®* that function with
extracellular oxidoreductases®. There are six CBM33 genes in the
ActE genome, and this study provides insight into their function.
Three (SACTE_3159, SACTE_6428, SACTE_2313) were highly
expressed and secreted during growth on cellulose, while three were
observed only during growth on chitin (SACTE_0080, SACTE_2313,
SACTE_6493). SACTE_3159 is unique among the six ActE CBM33
proteins, as it is fused to a CBM2 domain. It is also the most highly
expressed CBM33 protein during growth on cellulose. Since genes
encoding cellobiose oxidase and cellobiose dehydrogenase are not
present in ActE, it is possible that an extracellular oxidoreductase is
provided by other members of the Sirex community, in analogy to the
combination of a Thermoascus aurantiacus GH61 and a Humicola
insolens cellobiose dehydrogenase®. A. areolatum, a white rot basi-
diomycete from the Sirex community, is one reasonable source for
these enzymes. The detection of a high level of catalase in the secreted
proteome further suggests the overall environment in the insect-
microbe community is oxidizing, with additional implications for
how cellulose and lignin may be attacked.

The ActE genome contains 1738 genes (~30%) annotated as
hypothetical or domain of unknown function. It is interesting that
up to one-third of genes expressed during growth on xylan and chitin
were in these classes. This result implies a relative lack of understand-
ing regarding proteins involved in utilization of these abundant poly-
saccharides by Streptomyces. Furthermore, several genes with
unknown function were uniquely expressed during growth on bio-
mass and provide a basis for future studies to improve understanding
of natural biomass utilization.

Cellulolytic microorganisms have developed different enzymatic
approaches to overcome the complexity of plant cell walls.

Cellulolytic anaerobic bacteria such as C. thermocellum use a multi-
protein complex called the cellulosome for biomass deconstruc-
tion**, while other anaerobes use non-cellulosomic free enzymes®
or cell-surface bound enzymes®'. Aerobic cellulolytic fungi such as
Phanaerochaete and Postia use a rich repertoire of both oxidative and
hydrolytic enzymes to deconstruct biomass, and genome-enabled
studies of their cellulolytic capacities are available***”*'. This
research has identified that an insect-associated Streptomyces iso-
lated from an ecological niche defined by invasive attack on plant
biomass has vigorous capabilities for attack of plant polysaccharides.
Gene clusters that encode solute binding proteins, transporters, and
extracellular enzymes were present and highly expressed during
growth on the respective pure polysaccharide substrates, providing
insights into the building blocks needed to install enhanced cellulo-
Iytic capacity into less reactive industrial strains of Streptomyces.
Interestingly, the genes involved in extracellular aspects of cellulose
utilization were not organized into extensive gene clusters but
instead appear to be controlled by a CebR-like regulatory system
distributed throughout the genome. In contrast xylan utilization
appears to have a more organized structure also under control of a
CebR-like regulatory system. Thus, genetic manipulation of CebR-
like regulation in ActE may increase expression of hydrolytic and
oxidative enzymes for biomass deconstruction.

Bacteria from the genus Streptomyces are best known for industrial
production of antibiotics, and two well-known examples, S. coelicolor
and S. griseus, have been intensively studied to better understand
their capacity for producing antibiotics. Similar to these, ActE con-
tains 22 clusters of genes potentially involved in secondary metabo-
lite production (Table 1). However, none of the secondary metabolite
genes found in ActE were expressed under the growth conditions
investigated here (Fig. 4, Supplementary Figs. $4 to S9). While many
Streptomyces, including S. coelicolor, S. griseus and others grow on
plant polysaccharides®, they have considerable phenotypic differ-
ences observed during growth on pure crystalline cellulose compared
to ActE (Fig. 1).

In conclusion, we have shown that an aerobic Streptomyces bac-
terium associated with Sirex woodwasps secretes a mixture of
enzymes with high specific activity for biomass deconstruction.
Thus, ActE potentially makes profound contributions to nutrient
acquisition in the Sirex-Amyelosterum mutualism. Given the asso-
ciations of Streptomyces with other wood feeding insects™, the pre-
sent results suggest the contributions of externally-associated
Streptomyces to insect-mediated biomass deconstruction are a wide-
spread, important, and a heretofore underappreciated factor shaping
carbon flow in terrestrial ecosystems. In contrast, to symbiotic cellu-
lolytic bacteria that reside in the guts of animals (including insects
such as termites), ActE is an externally propagating, aerobic bac-
terium that can secrete a potential mixture of hydrolytic and oxid-
ative enzymes enzymes into the pinewood galleries created by its
host. ActE thus provides a new example for how aerobic bacteria
contribute to the deconstruction of plant biomass in Nature.

Methods

Genome analysis. The complete genome sequence of Streptomyces sp. SirexAA-E
(ActE, taxonomy ID 862751) was determined by the Joint Genome Institute, project
ID 4086644. Gene annotation models were predicted using Prodigal®, examined
using Artemis®, and are available at NCBI with the following accession numbers,
GenBank: CP002993.1; RefSeq: NC_015953.1. Carbohydrate-active enzymes were
annotated by comparison of all translated open-reading frames to the CAZy
database®. We collected CAZy annotated genes from the CAZy database
(www.cazy.org). We then used BLASTP to compare all ActE protein-coding
sequences to the CAZy database and to the pfam database (ftp://ftp.ncbi.nih.gov/pub/
mmdb/cdd/little_endian/Pfam_LE.tar.gz). These two annotations were then
crosschecked, and proteins annotated by both databases were identified as our final
CAZy annotation. Secreted proteins were identified by SignalP, TatP, and
SecretomeP analyses. BLAST was used to identify sequence orthologs in other
organisms. Secondary metabolite gene clusters were identified by AntiSmash
analysis*. CebR boxes were identified by using BLAST comparison of the S. griseus
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CebR box sequence to the ActE genome®. Networks of expression and functional
categories were visualized using Cytoscape®.

Biomass substrates. Switchgrass and ammonia fiber expansion (AFEX)-treated
switchgrass were obtained from the Great Lakes Bioenergy Research Center.
Extensively washed ionic liquid (IL)-treated switchgrass was the generous gift of Dr.
Masood Hadi (Joint BioEnergy Institute).

Growth of organisms. ActE, Streptomyces coelicolor, Streptomyces griseus and
Trichoderma reesei RUT-C30 were grown at pH 6.9 (pH 6.0 for T. reesei), where 1 L
contains: 10.72 g K,HPO,; 5.24 g KH,PO,; 2 g (NH,),S0,; 0.5 mL of an iron
solution (1 mg of FeSO, dissolved in 1 mL in 0.01 M HCI); 1 mL of 1 M MgSO,
solution; 1 mL of thiamine solution (1 mg/mL); and 5 mL of trace elements solution
(SPV-4). The sole carbon source (0.5% w/v) in the medium was glucose, cellulose
(either Whatman #1 filter paper or Sigmacell-20, Sigma/Aldrich, St. Louis, MO as
indicated), xylan, chitin, switchgrass, AFEX-treated switchgrass or IL-treated
switchgrass. Cultures were incubated for 7 d at 30°C with shaking.

Preparation of secretomes. Supernatants obtained from different culture media were
prepared by centrifugation of the culture medium for 10 min at 3000 X g, which
removed the remaining insoluble polysaccharide and adhered cells. The supernatant
fraction was then passed through a 0.20 pm nylon membrane filter (Whatman) in
order to remove any remaining cells. For enzymatic assays, the supernatants were
concentrated using a 3 kDa cut off ultrafiltration membrane. The concentration of
secretome protein was determined by Bradford assay.

Enzyme activity measurements. Reduced sugar assays were carried out by mixing
secretome preparations with polysaccharide-containing substrates including
cellulose (either Whatman #1 filter paper or Sigmacell-20 as indicated), xylan, chitin,
mannan, switchgrass, AFEX pretreated switchgrass, or ionic-liquid pretreated
switchgrass®. After incubation in 0.1 M sodium phosphate, pH 6 at 40°C for 20 h, the
reducing sugar content was detected by dinitrosalicylic acid assay*® and calibrated by
using glucose, Xylose, or mannose as standards. Purified polysaccharide preparations
had negligible background response in the absence of added enzymes. Cellobionic
and gluconic acids were assayed by a coupled enzyme assay (K-GATE system,
Megazyme, Bray Ireland). Spezyme CP was obtained from Genencor with batch
number #4901522860. The distributions of soluble sugar oligomers obtained from
secretome reactions were determined using a Shimadzu Liquid Chromatograph
HPLC system (Shimadzu Scientific Instruments, Columbia, MD) equipped with a
refractive index detector (RID-10A) and a Phenomenex Rezex RPM-monosaccharide
column. The temperature was maintained at 85°C and Milli-Q water was used as the
mobile phase at 0.6 mL min~"' flow rate. Glucose, cellobiose, cellotriose, cellotetraose,
cellopentaose, and cellohexaose (Sigma) were used as standards. The integrated areas
of peaks were analyzed by EZ start 7.2 SP1 software (Shimadzu).

Extracellular protein profiles. Extracellular proteins from culture supernatants were
precipitated with trichloroacetic acid (TCA), resuspended in denaturing sample
buffer (SDS and 2-mercaptoethanol), and separated by SDS-PAGE in 4-20% gels.
Protein bands of interest were excised from the gel, digested with trypsin, desalted
with C18 pipette tips (Millipore, Billerica, MA) and identified by MALDI-TOF (MDS
SCIEX 4800 MALDI TOF/TOF, Applied Biosystems, Foster City, CA). LC-MS/MS
was performed at the University of Wisconsin Biotechnology Center. Samples were
prepared by TCA precipitation of 100 ng of total secreted protein from 7-day old
culture supernatants. Protein samples were digested with trypsin (sequencing grade
trypsin, Promega, Madison, WI) and were desalted using C18 pipette tips (Millipore,
Billerica, MA). High-energy collision dissociation (HCD) MS analyses employing a
capillary LC-MS/MS were performed on an electrospray ionization FT/ion-trap mass
spectrometer (LTQ Orbitrap XL, Thermo Fisher Scientific, San Jose, CA). The MS
and MS/MS spectra were searched against the spectra obtained from the ActE
proteome using Scaffold (Scaffold_3_00_06, Proteome Software, Portland, OR).
Comparisons of secretome composition were carried out using Mathematica v.8.0.4.0
(Wolfram Research).

RNA microarrays. ActE was grown in minimal medium plus the indicated substrate
for 7 days. The cell pellet was separated from the culture medium by centrifugation
for 10 min at 3000 X g. Microarray experiments were carried out as reported
previously®. The total RNA was extracted from the cell pellet and purified. The
University of Wisconsin Gene Expression Center carried out the syntheses of cDNA
and array hybridizations. Four-plex arrays were constructed by Nimblegen and
hybridized with 10 pg of labeled cDNA. ArrayStar (v4.02, DNASTAR, Madison, WT)
was used to quantify and visualize data. All analyses were based on three or more
biological replicates per carbon source. Quantile normalization and robust multi-
array averaging (RMA) were applied to the entire data set. Unless otherwise specified,
expression levels are based on log2 values and statistical analysis of the datasets were
performed using the moderated ¢-test.
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