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Abstract Recently, several endophytic fungi have been dem-
onstrated to produce volatile organic compounds (VOCs) with
properties similar to fossil fuels, called Bmycodiesel,^ while
growing on lignocellulosic plant and agricultural residues.
The fact that endophytes are plant symbionts suggests that
some may be able to produce lignocellulolytic enzymes, mak-
ing them capable of both deconstructing lignocellulose and
converting it into mycodiesel, two properties that indicate that
these strains may be useful consolidated bioprocessing (CBP)
hosts for the biofuel production. In this study, four endophytes
Hypoxylon sp. CI4A, Hypoxylon sp. EC38, Hypoxylon sp.
CO27, and Daldinia eschscholzii EC12 were selected and
evaluated for their CBP potential. Analysis of their genomes
indicates that these endophytes have a rich reservoir of
biomass-deconstructing carbohydrate-active enzymes
(CAZys), which includes enzymes active on both polysaccha-
rides and lignin, as well as terpene synthases (TPSs), enzymes

that may produce fuel-like molecules, suggesting that they do
indeed have CBP potential. GC-MS analyses of their VOCs
when grown on four representative lignocellulosic feedstocks
revealed that these endophytes produce a wide spectrum of
hydrocarbons, the majority of which are monoterpenes and
sesquiterpenes, including some known biofuel candidates.
Analysis of their cellulase activity when grown under the
same conditions revealed that these endophytes actively pro-
duce endoglucanases, exoglucanases, and β-glucosidases.
The richness of CAZymes as well as terpene synthases iden-
tified in these four endophytic fungi suggests that they are
great candidates to pursue for development into platform
CBP organisms.
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Introduction

Rising demand for transportation fuels and concerns over fos-
sil fuel-derived environmental pollution and greenhouse gas
emissions have created a compelling need for the development
of new sustainable alternative energy sources (Lynd et al.
2005). Biofuels have been considered a promising alternative
to fossil fuels as they can overcome some of these issues.
Many of the current state-of-the-art biofuel production plat-
forms in deployment or under development are based on the
bioconversion of lignocellulosic biomass into various liquid
fuels, such as ethanol (Schuster and Chinn 2013; Wu 2013;
Wu et al. 2013a), isobutanol (Higashide et al. 2012; Lan and
Liao 2013; Wu et al. 2016a), biodiesel (Scott et al. 2010), and
others. These platforms utilize various configurations of
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multiple unit operations, such as biomass collection and stor-
age, thermochemical, physical or biological pretreatment, sac-
charification, fermentation, and product recovery (Balat 2011;
Haghighi Mood et al. 2013). Recent technoeconomic analysis
suggests that pretreatment and saccharification dominate op-
erational costs and thereby play a large part in determining the
economic feasibility of these technologies (Lei et al. 2013).

An alternative strategy, consolidated bioprocessing (CBP),
attempts to address cost associated with these multiunit opera-
tions by combining lignocellulolytic enzyme production, sub-
strate hydrolysis, and fermentation into a single unit operation
(Parisutham et al. 2014; Schuster and Chinn 2013). Significant
efforts have been made to develop CBP organisms and consor-
tia that can convert lignocellulosic biomass into biofuels and
other valuable commodity chemicals (Akinosho et al. 2014;
Fan et al. 2012; Favaro et al. 2015; Wei et al. 2014; Wu et al.
2013a, b, 2016b; Wu and Davis 2016), and to date, CBP or-
ganism development strategies fall into two major categories:
(1) engineering a highly cellulolytic organism to produce eth-
anol and other bioproducts or (2) engineering non-cellulolytic
biofuel-producing organisms to produce cellulolytic enzymes
to hydrolyze pretreated lignocellulose and consume both hex-
ose and pentose sugars (Lynd et al. 2005). Although significant
progress has been made in engineering CBP strains of bacteria
(Akinosho et al. 2014; Yamada et al. 2013), yeast (Favaro et al.
2015; Hasunuma and Kondo 2012; Wei et al. 2014), and fila-
mentous fungi (Anasontzis and Christakopoulos 2014; Fan
et al. 2012; Wu et al. 2013b), those efforts have not reached
the level of maturity needed for commercial deployment.

Endophytes are relatively unstudied microbes that live
endosymbiotically within plants without causing any overt
harm to their hosts. Many endophytic fungi are known to pro-
duceavarietyofbiologicallyactive secondarymetaboliteswith
the potential applications in anticancer (Tanasova and Sturla
2012), antimicrobial (Kovac et al. 2015), anti-inflammation
(Guo et al. 2014), and other pharmaceutical applications (Pant
et al. 2014). Recently, several endophytic fungi were shown to
produce a wide spectrum of volatile organic compounds
(VOCs) with potential fuel applications, called Bmycodiesel.^
The major components of these VOCs are monoterpenes and
sesquiterpenes, such as pinene, limonene, caryophyllene,
chamigrene, andothers (Strobel 2014, 2015).Compared tocur-
rentlyreportedbiofuelmolecules,whichhaveveryhighoxygen
content (up toC/Oof2:1 for ethanol) and incompatibilitieswith
the existing petroleum-based fuel infrastructure (http://www1.
eere.energy.gov/bioenergy/pdfs/algal_biofuels_roadmap.
pdf),many terpenes containnear-zerooxygencontent andhave
highenergydensities,making themparticularly promisingcan-
didates for Bdrop-in^ fossil fuel replacements, especially for
aviation fuels. In addition to these endophytes’ ability to pro-
ducemycodiesel, their commensal relationshipswith terrestrial
plants suggest that they may also exhibit lignocellulolytic ac-
tivity, another trait needed for CBP organisms.

In this study, four endophytic fungi Hypoxylon sp. CI4A,
Hypoxylon sp. EC38, Hypoxylon sp. CO27, and Daldinia
eschscholzii EC12 (hereafter called CI4A, EC38, CO27, and
EC12) were investigated to assess their potential as CBP or-
ganisms. The genomes of the four endophytes were sequenced
and annotated, and their lignocellulolytic and biofuel potential
was evaluated by mining the genomes for CAZy/ligninolytic
enzymes and terpene biosynthetic pathway genes. A function-
al characterization was also conducted by analyzing both
VOC production and cellulolytic activity. The VOC profile
of the four endophytes was obtained after growth on four
different feedstocks: Avicel (crystalline cellulose), corn stover
(CS), switchgrass (SG), and eucalyptus mill powder (eucalyp-
tus). The endoglucanase, exoglucanase, and β-glucosidase
cellulolytic activities were characterized using model sub-
strates in liquid assays and by zymography. This study is the
first assessment of the CBP potential of endophytic fungi and
indicates that they may be suitable CBP production hosts for
next-generation biofuels.

Material and methods

Strains, culture medium, and conditions

The endophytes Hypoxylon sp. CI4A, EC38, CO27, and
D. eschscholzii EC12 grown on barley seeds were transferred
onto potato dextrose agar plates to develop mycelia for 5 days
at room temperature. The mycelia were collected and re-
suspended into 2 mL of potato dextrose medium (Sigma, St.
Louis, MO, USA). One milliliter of potato dextrose with
mycelia were transferred into 200 mL of fresh potato dextrose
medium and cultured at room temperature for 5 days. The
mycelia were then collected by filtering through 30-μm nylon
membrane (Thermo, Santa Clara, CA, USA) and rinsed with
1× M9 salt solution three times to remove oligosaccharide
residues. The collected mycelia were transferred to 200 mL
of 1×M9medium containing 20 g/L Avicel, switchgrass, corn
stover, or eucalyptus mill powder as sole carbon source, re-
spectively, for the induction of cellulase. The samples were
taken out every 24 h, and cultural supernatants were prepared
for following cellulase activity assay.

Neurospora crassa strain (FGSC #2489) was investigated
as well for the comparison with the endophytes. Strain culti-
vation and cellulose induction was conducted as in previous
studies (Fan et al. 2012; Wu et al. 2013b, c). Briefly, 10-day
spores of N. crassa were collected, and the mycelia were re-
moved by filtering through four layers of cheese cloth. The
spores were inoculated into 1× Vogel’s medium containing
20 g/L glucose as sole carbon at 106 spore/mL medium and
cultured at 25 °C for 16 h. The mycelia were collected by
filtration through 100-μm nylon membrane and rinsed with
1× Vogel’s salts three times to remove glucose residue. The
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mycelia were then transferred into 200 mL of 1× Vogel’s me-
dium containing 20 g/L Avicel, switchgrass, corn stover, or
eucalyptus mill powder as the sole carbon source. All the
chemicals were bought from Sigma, St. Louis, MO, USA,
unless they were mentioned specifically in this study.

VOC profiling

Five-day-old mycelia of the endophytes Hypoxylon sp. CI4A,
EC38, CO27, and D. eschscholzii EC12 cultivated on potato
dextrose agar plates were collected and transferred into 20 mL
of 1× M9 media containing 20 g/L Avicel, mill powder of
switchgrass (SG), corn stover (CS), and eucalyptus mill pow-
der as the sole carbon source, individually. The cultures were
shaken at 25 °C, 180 rpm, for 2 days. The caps of the flasks
were then sealed for the accumulation of VOCs for another
3 days. VOCs in the headspace of the flasks were extracted
using solid-phase microextraction (SPME) and analyzed by
GC-MS. The SPME sy r inge cons i s t s o f 50 /30
divinylbenzene/carboxen on polydimethylsiloxane on a stable
flex fiber (Sigma, St. Louis, MO, USA). The SPME fiber was
explored into the headspace of each culture flask for 2 h to
absorb the VOCs. The detailed GC-MSmethods were adapted
from a previous study (Gladden et al. 2013). Spectral compo-
nents were searched against the NIST 2015 mass spectral
library (http://chemdata.nist.gov), and only components with
mass spectra match factors >85% were reported as tentatively
identified compounds. Furthermore, compounds with peak
areas >1% of the total peak area in the chromatogram were
reported.

Cellulase activity assay

Endoglucanase act ivi ty was measured using the
dinitrosalicyclic (DNS) colorimetric method as described pre-
viously with minor modifications (Wu et al. 2013b, c). Briefly,
a mixture of 1.5 mL of culture supernatant and 0.5 mL of
carboxymethylcellulose (CM-cellulose) in 50 mM citrate
buffer (pH 4.8) was incubated at 50 °C for 1 h. The reactions
were quenched by adding 100 μl of reaction mixture into
600 μL of DNS reagent, and the resulted mixtures were incu-
bated at 100 °C for 10min. One unit of endoglucanase activity
is defined as the amount of enzyme that produced 1 μmol of
glucose in 1 min under the assay conditions described above.

Exoglucanase activities were measured using p-
nitrophenyl-β-D-lactoside (pNPL) as the substrate described
(Wu et al. 2013b, c) as below. The enzyme reaction solution
contains 1.5 mL of culture supernatant and 0.5 mL of 1 mg/
mL pNPL in 50 mM citrate buffer (pH 4.8). The reaction
mixtures were incubated at 50 °C for 30 min and quenched
by adding 0.9 mL of 50 mM NaOH into 0.6 mL reaction
mixture immediately.

β-Glucosidase (BGL) activity was measured using p-
nitrophenyl-β-D-glucopyranoside (pNPG) as the substrate.
Similar to the exoglucanase activity assay, the enzyme reac-
tion mixture containing 1 mL of culture supernatant, 0.5 mL
of 50 mM citrate butter (pH 4.8), and 0.5 mL of 5 mM pNPG
in 50 mM citrate buffer (pH 4.8) was incubated at 50 °C for
10 min and quenched by adding 0.9 mL of 50 mMNaOH into
0.6 mL of reaction mixture as well. One unit of exoglucanase
and β-glucosidase activities is defined as the amount of en-
zyme that produced 1 μmol of nitrophenol in 1 min under the
assay conditions described above. All the activities of three
enzymes were normalized to the initial mycelial cell mass
inoculated U/g mycelia (Wu et al. 2013b, c). All the activity
assays were performed in triplicate. The values presented are
the mean value of triplicate, and errors bars represent one
standard deviation.

Zymography assay of secretome of four endophytes
on Avicel

Zymography assays were conducted as described previously
with modifications (Gladden et al. 2011). The culture broth of
each endophyte on Avicel was centrifuged at 10000 rpm at
4 °C for 30 min. The supernatants (200 mL) of the cultures
grown for 3 days were concentrated by filtering through
Varian spin columns (Varian, Palo Alto, CA, USA) with
MWCO of 3 kDa. The concentrated culture broth (20 μL from
2 mL of concentrate) was loaded onto 4–12% Novex poly-
acrylamide gel for SDS-PAGE. Once PAGE finished, the gel
was washed twice with distilled (DI) water for 5 min and
washed again four times for 15 min each in 25% (v/v)
isopropanol. Then, the gel was immersed into 50 mM citrate
buffer (pH 4.8) four times for 10 min each, followed by incu-
bating into 50 mM citrate buffer (pH 4.8) containing 0.2%
CM-cellulose at room temperature for 16 h and another 2 h
at 50 °C. Then, the gel was washed with fresh DI water twice.
The gel was stained with 0.1% Congo red in 50 mM citrate
buffer, pH 7.0, for 10 min and fixed in the 1.0 M NaCl buffer.

DNA purification for sequencing

The mycelia from cultures grown for 5 days was collected as
described above and immediately frozen in liquid nitrogen.
The biomass was then grinded in liquid nitrogen using mortar
and pestle until the mycelia became a fine powder. The pow-
der was transferred into pre-cool 2-mL vials (0.5 g/vial) and
suspended in plant DNAzol reagent (ThermoFisher, CA,
USA), and genomic DNAwas extracted following the manu-
facturer’s protocol. DNA pellets were solubilized in TE buffer.
The concentration of the genomic DNA was measured by
Nanodrop (ThermoFisher, CA, USA). The integrity of the
genomic DNAwas determined using an agarose gel.

Appl Microbiol Biotechnol

http://chemdata.nist.gov


Genome sequencing and annotation

The Illumina platform was used for sequencing both
transcriptomes and genomes of all four species (see Table 1
for statistics). The genomes were sequenced using a combina-
tion of Illumina fragment 300 bp insert size and 4 kbp long
mate pair (LMP) libraries. The fragment libraries were pro-
duced from genomic DNA sheared to 270 bp using the covaris
E210 (Covaris, Woburn, MA, USA) and size selected using
SPRI beads (Beckman Coulter, Brea, CA, USA). The frag-
ments were treated with end repair, A-tailing, and ligation of
Illumina adapters (Eurofins MWG Operon, Louisville, KY,
USA) using NEB Genome Sample Prep Kit (NEB, Lpswich,
MA, USA). For the LMP libraries, genomic DNAwas sheared
using HydroShear (Genomic Solutions, AnnArbor, MI, USA)
and gel size selected for 4 kb. The size selected DNA was
ligated to adaptors containing Loxp and the Illumina platform
specific primer sequence, circularized via recombination by a
Cre (NEB, Lpswich, MA, USA) excision reaction, and then
digested with a cocktail of four-base cutter restriction en-
zymes, NlaIII, MseI, and HypCH4IV (NEB, Lpswich, MA,
USA), followed by self-ligation. The paired end library was
then amplified via inverted PCR using Illumina specific prim-
er set. The size of the amplified paired end library was selected
by running it on a 1.8% agarose gel followed by gel purifica-
tion of the desired fragment (300–600 bp).

All prepared libraries were quantified using KAPA
Biosystem’s next-generation sequencing library qPCR kit
(KAPA Biosystems, Wilmington, MA, USA) and run on a
Roche LightCycler 480 real-time PCR instrument (Roche,
Pleasanton, CA, USA). The quantified libraries were then pre-
pared for sequencing on the Illumina HiSeq sequencing plat-
form utilizing a TruSeq paired-end cluster kit, v3 or v4, and
Illumina’s cBot instrument to generate a clustered flowcell for
sequencing. Sequencing of the flow cells was performed on
the Illumina GAIIx or HiSeq2000 sequencers using a TruSeq
SBS sequencing kit, v3 or v4, following a 2 × 100 or
2 × 150 bp indexed run recipes. For each genome, all genomic
reads were quality control (QC) filtered for artifact/process
contamination and subsequently assembled with AllPathsLG
(Gnerre et al. 2011). In addition, the genome of EC38 strain
was further improved by closing gaps with Pacific
Biosciences reads using PBJelly (English et al. 2012).

The genomes were annotated using the JGI Annotation
Pipeline and made available via the JGI fungal portal
MycoCosm (Grigoriev et al. 2014). The genomic data are
available at GenBank with the accessions MDGY00000000
(CI4A), MDCK00000000 (EC38), MDCL00000000 (CO27),
and MDGZ00000000 (EC12), respectively. The strains
Hypoxylon sp. CI4A, EC38, CO27, and D. eschscholzii
EC12 were deposited in the USDA ARS culture collection
(NRRL) with the accessions NRRL50501, NRRL50503,
NRRL50500, and NRRL66509, respectively.

Identification of CAZy and terpene synthases genes
in the endophyte genomes

CAZy gene annotations were assigned in each of the genomes
of Hypoxylon sp. CI4A, EC38, CO27, and D. eschscholzii
EC12 as described under Buser annotations^ in the JGI
Mycocosom database with the methods used for the updates
of the carbohydrate-active enzyme database (www.cazy.org;
Lombard et al. 2014). Mevalonate (MEV) pathway enzymes
and putative terpene synthases were identified in the endo-
phyte genomes by searching annotated genes for Pfam func-
tional domains found in these enzymes. As summary of the
CAZy, annotations are summarized in the Supplementary
Tables S1–S6.

Results

Endophyte genome statistics

The genomes of the four endophytic fungi Hypoxylon sp.
CI4A, CO27, EC38, and D. eschscholzii EC12 were se-
quenced, assembled, and annotated at the Joint Genome
Institute (JGI, Walnut Creek, CA, USA). The genome sizes
of the four endophytes range between 37.5 and 47.3 Mb; they
contain approximately 11,000–12,000 genes, and their aver-
age gene size ranges between 1700 and 1900 bp. The gene
density of each genome is between 250 and 320 genes/Mbp
(Table 1). This density is fairly high relative to more well-
known fungi, such as N. crassa, which has a similar-sized
genome (41.04 Mb) but approximately 15% fewer genes than
these endophytes (Borkovich et al. 2004; Galagan et al. 2003).
An examination of functionally related genes revealed that
that the two most abundant gene categories in these fungi
are associated with carbohydrate and lipid metabolism
(Fig. 1). Also, compared to N. crassa, all four genomes had
a relatively large number of genes involved in glycan biosyn-
thesis and metabolism, polyketide biosynthesis, secondary
metabolite biosynthesis, and xenobiotic biodegradation, indi-
cating that that may be a harbor reservoir of biosynthetic path-
ways with applications relevant to biorefineries.

Genome analysis of endophytic CAZy and terpene
biosynthetic genes

A deeper analysis of the endophyte genomes revealed that
they are rich in carbohydrate-active enzymes (CAZys), which
include degradation enzymes for carbohydrate and lignin (gly-
coside hydrolases (GH), polysaccharide lyases (PL), carbohy-
drate esterases (CE), auxiliary activities (AA)), carbohydrate-
binding proteins and modules (CBM), as well as glycosyl-
t ransferases (GT), which assemble glycans and
glycoconjugates. In agreement with earlier observations, the
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number of GT genes is well conserved (average 92, max 94,
min 88) among the five fungi we have examined
(Supplementary Table S1). On the other hand, the number of
degradation enzymes (GH, PL, CE, and AA categories) re-
flects lifestyle and preferred nutrient source and varies more
extensively, ranging from 271 for N. crassa to 407 for EC38,
shown in Fig. 2a. Indeed, the four endophytes are closer to
each other (average 391; max 407, min 376) and have 38 to
50% more degradation genes than N. crassa (Supplementary
Table S1). Only for the CBM category is N. crassa richer than
the four endophytes, the latter having fewer cellulose-binding
modules of family CBM1 and α-glucan-binding modules of
family CBM24 (Supplementary Table S1).

The five most abundant GH family enzyme categories of
the endophytes are GH43, GH3, GH16, GH18, and GH5, as
shown in Fig. 2e. The GH43 family enzymes are primarily
responsible for the hydrolysis of xylan/arabinoxylan and

include β-xylosidase, α-L-arabinosidase, α-galactosidase,
and α-arabinofuranosidase among others (Newis et al.
2016). The GH16 enzymes cleave a large variety of β-
linked polysaccharides but not cellulose, including β-
galactanase, (1,4)-β-galactanase/κ-carrageenase, Bnon-
specific^ (1,3/1,4)-β-D-glucan endohydrolase, and (1,3/
1,4)-β-D-glucan endohydrolase, which primarily cleave the
galactans or β-D-glucans containing 1,3 or 1,4-linkage
(Kawai et al. 2006). The GH5 family enzymes comprises 21
different enzyme activities, including endo-β-1,4-glucanase
and exo-β-1,4-glucanase, endo-β-1,4-xylanase, β-
mannanase and mannosidase, etc. that act on β-linked oligo-
saccharides and polysaccharides (Couturier et al. 2013; Zheng
and Ding 2013; Aspeborg et al. 2012). The GH3 family en-
compasses 11 different enzyme activities but are primarily
represented by β-glucosidase and β-xylosidase enzymes
(Dodd et al. 2010; Lima et al. 2013), which are responsible
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Fig. 1 KEGG metabolic
pathways of four endophyte and
N. crassa genomes

Table 1 Summary of genome
statistics Daldinia EC12 Hypoxylon CI4A Hypoxylon CO27 Hypoxylon EC38

Genome size (Mb) 37.5 37.7 46.5 47.3

Contigs 641 1044 505 1168

Number of genes 11,173 11,712 12,256 12,261

Gene length (avg. nt) 1811 1761 1800 1757

Transcript length (avg. nt) 1638 1600 1590 1576

Protein length (avg. aa) 467 459 459 465

Exon length (avg. nt) 568 564 548 552

Intron length (avg. nt) 94 89 112 100

Exon frequency (no./gene) 2.89 2.84 2.9 2.86

Gene density (no./Mbp) 298 311 263 259
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for the cleavage of oligosaccharides into sugar monomers.
Family GH18 groups together enzymes that cleave β-linked
N - a c e t y l g l u c o s a m i n e r e s i d u e s i n c h i t i n ,
chitooligosaccharides, peptidoglycan, and N-glycans (www.
cazy.org/GH18.html). Compared to these five GH families,
which pe r fo rm cleavage of po lysaccha r ides or
oligosaccharides to release monomer sugars, the enzymes of
the AA9 family are described as copper-dependent lytic poly-
saccharide monooxygenases that cleave cellulose by an oxi-
dative mechanism and enhance cellulase activity in the degra-
dation of cellulosic biomass (Harris et al. 2010; Frandsen et al.
2016). Each endophytic genome contains more than 26 AA9
genes, indicating that they have significant potential to de-
grade lignocellulosic biomass. In addition, each endophyte
genome contains four to five copies of GH7 cellulases and
two copies of GH6 cellulases, which are responsible for the
cleavage of cel lulose chains ei ther in a random
(endoglucanase) or a processive (cellobiohydrolase) mode
from either the reducing or the non-reducing ends, releasing
primarily cellobiose (Sandgren et al. 2013; Mba Medie et al.
2012).

In addition to GH CAZys, the four endophytes are also rich
in ligninolytic enzymes, as shown in Fig. 2c, which indicates
the potential to degrade lignin in addition to the plant cell wall
polysaccharides. Each endophyte contains 9–10 copies of
genes encoding laccase (AA1), cellobiose dehydrogenase
(AA3_1), chloro, manganese, and lignin peroxidase (AA2).
Besides these major ligninolytic enzymes, the four endo-
phytes also harbor more than 40 copies of genes encoding
redox auxiliary enzymes for lignin degradation, which is
much higher than N. crassa (Fig. 2c).

Another interesting characteristic of these endophytes is
that they produce a wide range of VOCs as secondary metab-
olites (Gladden et al. 2013). One of major components of
these VOCs are terpenes, which have been considered poten-
tial biofuels due to their high energy density, near-zero oxygen
content, and 2:1 H/C ratio (Strobel 2014). As expected, ge-
nome analysis revealed that the four endophytes harbor a com-
plete mevalonate (MEV) terpene biosynthetic pathway,
shown in Fig. 2d. More than two copies of genes encoding
acetyl-CoA acetyltransferase (AAS), HMG-CoA reductase
(HMGR), farnesyl pyrophosphate synthase (FPPS), and
geranylgeranyl pyrophosphate synthase (GGPPS) were

identified in the genomes. The endophytes also have an abun-
dance of terpene synthase (TPS) genes. In the four genomes, a
total 26 putative TPS genes were identified, which helps ex-
plain their production of a wide spectrum of VOCs (Strobel
2014). Interestingly, although three copies of putative GGPPS
genes were identified in each endophytic genome, no diter-
penes were detected under the cultivation conditions de-
scribed in this study.

The richness of both GH and ligninolytic CAZys (shown in
Supplementary Tables S1–S6) is consistent with the species’
habit and potential role as a lignocellulose degrader. In addi-
tion, the abundance of terpene synthases and other potential
VOC biosynthetic pathways indicate that these organisms
have the potential to directly convert lignocellulosic biomass
into a myriad of products with industrial applications, such as
fragrances, food additives, pharmaceuticals, and biofuels. To
better understand this potential, we examined both the
lignocellulolytic enzymes and VOCs produced by these or-
ganisms when grown on a variety of lignocellulosic feed-
stocks, as described in the following sections.

Endophyte VOC production when grown
on lignocellulosic feedstocks

In previous studies, Booth et al. (2011) reported that the en-
dophyte Hypoxylon sp. CI4A produced a wide spectrum of
volatile organic compounds on potato dextrose medium,
mostly monoterpenes and sesquiterpenes. In this study, we
further investigated the VOC profile of Hypoxylon sp. CI4A
and the three other endophytes on four different lignocellulos-
ic feedstocks (Avicel, corn stover, switchgrass, and eucalyptus
mill powder). The mycelia of the endophytes were grown in
minimal medium containing each feedstock as the sole carbon
source. The VOCs were extracted by SPME and analyzed by
GC-MS. Results confirm that terpenes, including monoter-
penes and sesquiterpenes, were one of the most abundant
components of VOCs, but the percentage varied between
strains and feedstocks (Fig. 3a–d). All four strains produced
a higher abundance of terpenes on Avicel (cellulose) than
other three feedstocks, particularly Hypoxylon sp. CI4A,
which produced a VOC profile with 63% terpenes (Fig. 3a).
The percentage of terpenes in the VOC profiles decreased
when the endophytes were grown on other three feedstocks,
except for strain EC12, which produced a slightly increased
abundance of terpenes in its VOC profile when grown on SG,
CS, and eucalyptus mill powder compared to Avicel.

Other than terpenes, the endophytes produced cyclic alco-
hols (terpene derivatives), phenolic alcohols, ketones, alkanes/
alkenes, and aromatic compounds when grown on the four
feedstocks (Fig. 3). The alkane/alkenes were detected in the
cultures of all four strains on all four cellulosic feedstocks,
ranging from 1% (EC12 on SG) to 13% (EC12 on Avicel).
Relative to alkanes and alkenes, the strains produced more

�Fig. 2 Classification of endophyte CAZys and TPSs. AA auxiliary
activity, GH glycosyl hydrolases, PL polysaccharide lyases, CE
carbohydrate esterase, CBM carbohydrate-binding module, EXPN
expansin-like protein, AAS acetyl-CoA acetyltransferase, HMGS HMG-
CoA synthase, HMGR HMG-CoA reductase, MK mevalonate kinase,
PMK phosphomevalonate kinase, PMD mevalonate diphosphate
decarboxylase, IDI isoprenyl diphosphate isomerase, GPPS geranyl
pyrophosphate synthase, FPPS farnesyl pyrophosphate synthase,
GGPPS geranylgeranyl pyrophosphate synthase, TPSs terpene synthases,
MEV mevalonate
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ketones and aromatic compounds on these substrates. Strain
CO27 yielded the highest abundance of ketones (38% of the
VOCs) on SG as well as the highest abundance of aromatic
compounds (31% of VOCs) on eucalyptus mill powder.
Various cyclic or phenolic alcohols were detected in the cul-
tures of the endophytes as well. The GC-MS results showed
that the SG induced production of higher levels of alcohols in
the VOCs than on the other three feedstocks. Specifically, the
strain EC38 and CO27 yielded about 30 and 20% of cyclic or
phenolic alcohols in the VOCs when grown on SG. Also,
strain EC12 produced more than 20% alcohols in the VOC
fraction. In addition to these classes of compounds, there was
still a large number peaks that could not be identified by MS
spectrum, indicating an even greater diversity of VOC that
discussed above.

Endophyte endoglucanase, cellobiohydrolase,
andβ-glucosidase activities when grown on lignocellulosic
feedstocks

To induce production of CAZy enzymes, the four endophytes
were cultured in minimal salts medium containing Avicel, CS,
SG, and eucalyptus mill powder, respectively, as the sole

carbon source. As a reference, N. crassa was also cultured
on the same carbon sources. Endoglucanase, exoglucanase,
andβ-glucosidase activities weremeasured individually using
the model substrates CM-cellulose, pNPL, and pNPG (Soares
et al. 2013; Xiao et al. 2005). Results reveal that all of the
endophytes produced significant endoglucanase activities on
four different feedstocks, as shown in Fig. 4a–d. However,
each strain had different endoglucanase expression patterns
on the four feedstocks. All strains produced higher
endoglucanase activities on Avicel than the other three feed-
stocks except the strain EC38, which produced similar levels
of endoglucanase activity on all four feedstocks, ranging from
20 U/g mycelia (SG) to 46 U/g mycelia (CS). Among four
strains, the EC12 produced the highest endoglucanase activity
onAvicel, up to 450 U/gmycelia, followed by CO27 (129U/g
mycelia), CI4A (47 U/gmycelia), and EC38 (32 U/gmycelia).
The model substrate endoglucanase activities for each strain
grown on Avicel are also consistent with enzymatic activities
detected by zymography, shown in Fig. 5. Eucalyptus mill
powder was good at inducing cellulolytic enzyme activities;
strains EC38 and CI4A produced similar levels of
endoglucanase activity, more than CO27 and CI4A. The max-
imum endoglucanase activities of CI4A and EC38 grown on
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Fig. 3 VOC profiles of four endophytes cultivated on Avicel, corn stover (CS), switchgrass (SG), and eucalyptus mill powder (eucalyptus)
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eucalyptus mill powder were around 36 U/g mycelia, while
CO27 and EC12 produced 67 (CO27) and 60 U/g mycelia,
respectively. All strains produced less than 20 U/g mycelia
endoglucanase activity when grown on corn stover and
switchgrass, except EC38, which produced the maximum of
46 U/g mycelia endoglucanase activity on corn stover,

indicating that they are the two least inductive feedstocks for
the endophytes.

For comparison, the endoglucanase activity levels pro-
duced by N. crassa when grown on the four feedstocks are
shown in Fig. 4e. The strain produced the highest
endoglucanase activity on Avicel, up to 1075 U/g mycelia,
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Fig. 4 a–e Endoglucanase activities of endophytes and N. crassa when cultivated on different feedstocks
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followed by eucalyptus mill powder (793 U/g mycelia). The
strain yielded lower levels of endoglucanase activities on corn
stover and switchgrass, which were both around 530 U/g
mycelia. This level of activity was much higher on all four
feedstocks relative to the four endophytes.

When the four endophytes were grown on CS, SG, and
eucalyptus mill powder, only Hypoxylon sp. CI4A and

CO27 produced detectable CBH activities but the maximal
activities were below 1.1 U/g mycelia. However, all four en-
dophytes produced detectable cellobiohydrolase (CBH) activ-
ities on Avicel. For each of the endophytes, the CBH activities
continually increased during the cultivation, except for strain
EC38, which achieved a maximum CBH activity (0.96 U/g
mycelia) on day 2. For the other three endophytes, the highest
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Fig. 5 a–e Exoglucanase activities of endophytes and N. crassa when cultivated on different feedstocks
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CBH activity achieved after 5 days was 94.62 U/g mycelia for
EC12, followed by CO27 (14.01 U/g mycelia), and CI4A
(6.82 U/g mycelia). Compared to the endophytes, N. crassa
produced detectable CBH activities on all four substrates. On
Avicel and eucalyptus mill powder, the maximal CBH activ-
ities were achieved after 5 days, 100.59 and 13.14 U/g
mycelia, respectively. When grown on CS and SG, the highest
values of CBH activity were reached after 2 days.

All four endophytes produced detectable β-glucosidase ac-
tivities on four of the different feedstocks as shown in Fig. 3a–
d. All the endophytes produced higher BGL activity on Avicel
than on the other three feedstocks, except EC38, which pro-
duced its lowest BGL activity on Avicel compared to the other
three feedstocks. EC12 produced the highest BGL activity on
Avicel among the four endophytes, up to 753 U/g mycelia.
The highest BGL activities on Avicel were achieved after
5 days for endophytes CI4A, CO27, and EC12. For this class
of enzymes, the cultivation time to achieve the maximum
BGL activity was different for each strain on each different
biomass. For instance, the CI4A and EC38 achieved the
highest BGL activities after 2 or 3 days on all three biomass
feedstocks; however, CO27 yielded the highest BGL activity
on corn stover within 1 day but achieved the highest BGL
activity on eucalyptus mill powder after 5 days. CI4A and
EC12 produced 5–20 times higher BGL activities on Avicel
than that on other three biomass feedstocks, while strain EC38
produced the highest BGL activity on corn stover, up to 33 U/
g mycelia. CO27 yielded similar amount of BGL activity on
four substrates, as shown in Fig. 6c.

All four endophytes produced lower overall BGL activities
than that of N. crassa. The maximum BGL activities of
N. crassa achieved was 2486 U/g mycelia, which was 3
(N. crassa/EC12) to 1000 times (N. crassa/EC38) higher than
that of the endophytes. However, N. crassa only produced
approximately 10 times more BGL activity than endophytes
when grown on non-Avicel feedstocks. CI4A produced sig-
nificantly higher BGL activity on switchgrass and eucalyptus
mill powder than on corn stover. CO27, EC12, and N. crassa
produced similar amounts of BGLs on all three feedstocks.
Interestingly, unlike the other fungi, EC38 yielded the highest
BGL activities on corn stover rather than Avicel, which indi-
cates that it may have a different inducer for its cellulolytic
enzymes.

Zymography of the endophyte endoglucanases

To investigate the complement of endoglucanase enzymes
produced by each endophyte, a zymography assay was per-
formed using CMC as the substrate. Only the secretomes of
endophytes grown on Avicel were investigated due to the fact
that the other three cultures caused a high level of background
on the zymogram. The assay showed that the major active
endoglucanases secreted by the four endophytes have

molecular weights that range between 38 and 49 kDa, as
shown in Fig. 7, except for strain EC12, which produces ad-
ditional enzymes between 62 and 98 kDa. The band intensity
on the zymogram, which translates to enzyme activity (more
intense bands have more activity), was consistent with the
endoglucanase activity assays described above. In order to
determine which GH genes in the genome of each endophyte
encode the endoglucanases observed by zymography, an at-
tempt was made to compare predicted and measured protein
molecular weights, as listed in the Table 2 and Supplementary
Table S7.

Discussion

Lignocellulosic biomass is an attractive renewable carbon
source for bioenergy applications because of its large-scale
availability, low cost, and environmentally benign production.
The primary barrier for bioconversion of lignocellulosic bio-
mass to liquid fuels is the absence of the low-cost technologies
to overcome the structural recalcitrance of these feedstocks to
enzymatic degradation. Consolidated bioprocessing, a process
that consolidates lignocellulolytic enzyme production, ligno-
cellulosic biomass deconstruction, and sugar fermentation in-
to a single step, is a promising approach to overcome this
barrier as it has the potential to significantly reduce costs in
a biorefinery (Olson et al. 2012).

Although much of the work on CBP has been centered on
bacteria, several fungi have been reported to possess CBP
characteristics, by converting cellulose to ethanol.
Unfortunately, these fungi also produced a significant amount
of by-products, indicating that further development and explo-
ration needs to be done to identify and develop fungal CBP
systems (Anasontzis and Christakopoulos 2014; Abedinifar
et al. 2009). The endophytes investigated in this study have
been reported to produce various VOCs with potential use as
mycodiesel, based on high energy density and other chemical
properties important for use as a fuel. In this study, four endo-
phytes were investigated for CBP properties, including
possessing biosynthetic pathways to produce fuel molecules
and enzymes involved in lignocellulose degradation, with an
emphasis on the latter. Genome analysis indicated that these
endophytes are rich in terpene biosynthesis pathway genes, a
class of compounds that represent many potential fuel mole-
cules. We demonstrated that these endophytes could utilize
lignocellulosic feedstocks to produce a wide spectrum of vol-
atile organic compounds (mycodiesel), primarily terpenes,
thus supporting their potential as CBP organisms. However,
it must be noted that the VOCs examined in this study were
extracted using SPME, a sensitive and rapid technique for the
detection of compounds from gaseous, liquid, and solid sam-
ples. Although SPME has higher extraction efficiency, selec-
tivity, and stability, when compared to other techniques, it is
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difficult to quantitate VOC concentrations and correlate those
numbers to titers within the culture. Therefore, the titers of
terpene in this study were not determined. Most likely, the
total terpene concentration would be in the mg/L range, ac-
cording to other studies (Booth et al. 2011). These titers would
need to undergo significant improvement for these organisms
to reach their full potential as CBP organisms. Despite that
limitation, these endophytes do produce a variety of

interesting terpenes with potential biofuel applications. Our
analysis showed that the terpene fraction of the VOC
consisted primarily of monoterpenes and sesquiterpenes, such
as α/β-pine, limonene, cineole, caryophyllene, humulen (Vl),
and others. In fact, many of the terpene synthases identified in
these endophyte genomes have recently been characterized
and were found to produce a similar spectrum of monoter-
penes and sesquiterpenes (Gladden et al. 2013; Wu et al.
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Fig. 6 a–e β-Glucosidase activities of endophytes on different feedstocks
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2016b). Other studies have reported that hydrogenated mono-
terpenes and sesquiterpenes, such as pinane and
carophyllanes, have a moderate cetane number and only mod-
erately high viscosity, suggesting that the hydrocarbons de-
rived from terpenes are functionally similar to the compounds
in petroleum distillate fuels and often share similar combus-
tion properties (Harvey et al. 2010; Edwards et al. 2010).
Blending of terpanes with synthetic branched paraffins to raise
cetane and reduce viscosity could produce biosynthetic fuels
that meet applicable jet and diesel specifications (Harvey et al.
2015). The mixture of terpenes the endophytes produced is
similar/identical to the compounds in those reports, indicating
that they could also be used in these types of applications.

In addition toproductionofmycodiesel, genomeanalysis and
cellulase activity assays show that these four endophytes can
expressCAZylignocellulose-degradingenzymes,supportingdi-
rect hydrolysis and conversion of lignocellulosic feedstocks into
highenergydensity terpenecompounds.Compared toN.crassa,
a model fungus that has twice as many cellulase genes (365) as
the industrial cellulase producer Trichoderma reesei, the four
endophytes have 14–20% more CAZy genes (417–437 vs 265

genes) and27–60%more ligninolytic genes (19–24vs15genes)
(Tian et al. 2009; Galagan et al. 2003). The higher number of
CAZy and ligninolytic genes in the endophyte genomes suggest
that the endophytes have a greater potential for lignocellulosic
biomass breakdown thanN. crassa. However, cellulase activity
assays indicated that all of the endophytes have lower endo-
glucanase, exo-glucanase, and β-glucosidase activity than
N. crassa when grown on four cellulolytic biomass substrates,
indicating thatmoreoptimization is requiredtofully leverage that
potential. Zymographyassays of the four endophytic secretomes
showed that the endophytes Hypoxylon sp. CO27 and
D.eschscholziiEC12havehigher relativecellulaseactivity com-
pared to the other two endophytes. The genome of each endo-
phyte has more than 61 copies of genes encoding cellulases, as
shown in the supplementary tables. GH families 5, 6, 7, 8, 9, 12,
and 45 are known to include endoglucanases (Martinez et al.
2008; Miao et al. 2015). In each endophytic genome, we found
15–18 copies of GH5, 2–3 copies of GH6, 4–5 copies of GH7,
and 1–2 copies ofGH45.Additionally, strainCI4Acontains two
copiesofGH12.TheGHfamilies8and9areunrepresentedinthe
genomes.Oncellulose zymograms, all the endophytes produced
two intense bands between 38 and 49 kDa, which represent mo-
lecular weights and activities from GH 5, 6, and 7 family en-
zymes. Based on protein molecular weight estimates from the
annotated genes, the bands between 62 and 98 kDa may be
GH3 family cellulases, while the bands below 28 kDa may be
cellulases from GH12, GH30, and GH45 enzyme families. In
addition to endoglucanases, these endophytes harbor many β-
glucosidases (EC 3.3.1.21). The β-glucosidases are distributed
in CAZyGH families 1, 2, 3, 5, 9, 30, and 116. Each endophyte
genomecontains1–2copiesofGH1,8–10copiesofGH2,18–22
copiesofGH3,and3–4copiesofGH30.GH9andGH116arenot
presented in the genomes. Overall, these organisms have a large
complement of enzymes for breaking down lignocellulosic

Table 2 Comparison of measured and predicted endoglucanase protein molecular weights from zymography and annotated genes in the four
endophyte genomes

Zymo MWa Predicted CI4A
endoglucanases
(copy number)b

Predicted EC38
endoglucanases
(copy number)b

Predicted EC12
endoglucanases
(copy number)b

Predicted CO27
endoglucanases
(copy number)b

<28 kDa GH10 (1), GH12 (2),
GH45 (1), GH51 (1)

GH5 (1), GH45 (1) GH45 (1) GH45 (1)

28 < MW < 38 kDa GH5 (1), GH7 (1),
GH10 (1)

GH5 (1), GH6 (1),
GH7 (1), GH10 (1)

GH5 (1), GH10 (1) GH5 (1), GH7 (1),
GH10 (1)

38 < MW < 49 kDa GH5 (9), GH6 (2),
GH7 (3)

GH5 (9), GH6 (1),
GH7 (3), GH10 (1)

GH5 (9), GH6 (2),
GH7 (4), GH10 (3)

GH5 (9), GH6 (1),
GH7 (3), GH10 (1)

49 < MW < 62 kDa GH5 (3), GH51 (1) GH5 (5), GH7 (1) GH5 (3), GH6 (1),
GH7 (1), GH51 (1)

GH5 (6), GH6 (1),
GH7 (1), GH51 (1)

62 < MW < 98 kDa GH5 (3), GH51 (1),
GH74 (1)

GH5 (2) GH5 (2), GH51 (1),
GH74 (1)

GH5 (1), GH51 (1), GH74 (1)

>98 kDa None None None None

aMolecular weights calculated by comparison to the protein standard
b For each annotated GH gene, protein molecular weights were predicted based on amino acid sequence

98 KDa

62 KDa

49 KDa

38 KDa

28 KDa

CI4A EC38 EC12 CO27

Fig. 7 a Zymography of endoglucanase activity in endophyte
secretomes. Substrate: CM-cellulose
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feedstocks, and there is much potential to leverage this native
capacity to develop a robust CBP platform.

In summary, four endophytes were selected to investigate
their CBP potential for converting lignocellulosic biomass to
biofuels, namely mycodiesel or aviation fuel. Genomic anal-
ysis showed that all four endophytes are rich in carbohydrate-
active enzymes, fungal oxidative lignin enzymes, and terpene
synthases. Cellulase activity assays confirmed that the endo-
phytes secrete many cellulases, providing the ability to direct-
ly break down the lignocellulosic feedstocks. GC-MS analysis
identified a wide spectrum of mycodiesel VOCs, primarily
monoterpenes or sesquiterpenes, which contain high energy
density and near-zero oxygen content, and are therefore good
potential drop-in fuel compounds. The ability to both decon-
struct plant cell walls and to produce mycodiesel show that
Hypoxylon and Daldinia are promising new genera to explore
to realize consolidated bioprocessing.
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