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Carbon chain length of biofuel and flavor
relevant volatile organic compounds produced
by lignocellulolytic fungal endophytes changes

with culture temperature

Heidi R. Schoen, Kristopher A. Hunt, Gary A. Strobel, Brent M. Peyton, &
Ross P. Carlson

Three fungal endophytes from the genus Nodulisporium were studied for
volatile organic compound (VOC) production. All three fungi grew on a
wide range of carbon substrates ranging from simple sugars to waste
biomass sources. The fungi synthesized a number of long and short-chain
VOCs, including eucalyptol; 1-butanol, 3-methyl; 1-octen-3-ol; and
benzaldehyde, all with potential applications as biofuel or flavor
compounds. As culture temperature decreased, average VOC carbon chain
length increased, especially for VOCs associated with fatty acid
metabolism. The results provide a template for controlling synthesis of

desired VOCs through selection of species and culturing conditions.
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Endophytes live within plant tissues without causing apparent symptoms and have been found
in all plant spe-cies examined to date (Rodriguez et al. 2009; Porras-Alfaro and Bayman
2011). Fungal endophytes produce a large range of compounds with antibacterial, antifungal
or anti-tumor activity like the anticancer agent Taxol as well as industrially relevant volatile
organic compounds (VOCs)(Strobel et al. 1996; Keller et al. 2005). VOC synthesis by fungal
endophytes has been known for years (Strobel et al. 1996; Stinson et al. 2003), but the
examination of biofuel and flavor compounds produced by endophytes is relatively new
(Ahamed and Ahring 2011; Mallette et al. 2012). Pro-duction of biofuels from waste
lignocellulosic biomass is a major global research goal due to finite petroleum reserves and
atmospheric greenhouse gas increases (Sanchez and Cardona 2008). Endophytes also produce
flavor molecules, which can be marketed as ‘all natural” making them as much as three orders
of magnitude more valuable than



compounds produced via synthetic chemistry (Krings and
Berger 1998).

Filamentous fungi utilize at least four major pathways to
produce VOCs. The fatty acid and mevalonate pathways,
referred to here collectively as fatty acid synthesis, can pro-
duce alkanes, fatty alcohols, terpenes and terpenoids (Strobel
et al. 2008; Grigoriev et al. 2011; Mallette et al. 2014). The
Ehrlich pathway is another VOC production pathway which is
used to catabolize amino acids as a source of nitrogen and can
be associated with either primary or secondary metabolism
(Hazelwood et al. 2008). Oxidation of linoleic acid by lip-
oxygenases is a third VOC producing pathway resulting in the
formation of Cg alcohols and ketones, such as 1-octen-3-ol and
3-octanone (Gianoulis et al. 2012). Finally, fermentative
metabolism can produce VOCs, such as glycerol and 2,3-
butanediol (Huang et al. 2007).

The current study analyzes three new endophytic Nod-
ulisporium isolates in detail. The Nodulisporium isolates are
from distinct, tropical locations (Ecuador, Thailand, Colombia)
and distinct plant hosts (Supplementary Material). The iso-
lates were selected to study similarities and differences in
growth properties and VOC production profiles across
geographical location and to expand the number of
physiologically-characterized fungal endophytes in the liter-
ature (Ahamed and Ahring 2011; Mallette et al. 2014).

Substrate utilization and optimal growth conditions

The three Nodulisporium fungi isolates (EC, CO, TI, deposited as
NRRL 50503, NRRL 50500 and NRRL 50502, respectively, in the
Agriculture Research Service Culture Collection of the U.S.
Department of Agriculture, Peoria, Illinois) grew on a range of
simple and complex carbon sources including xylose, glucose,
sucrose and cellobiose as well as the polymers cellulose and
xylan (see Supplementary Material for culturing details). The
three fungi also demonstrated robust growth on complex
agricultural wastes including sugar beet pulp and corn stover

Table 1 — Growth of three Nodulisporium fungal

endophyte isolates (EC, CO, TI) on different carbon
sources at room temperature.

Carbon source EC Co TI
Glucose 4FHF A A
Xylose AFFF SFArE TFAEE
Glycerol +++ +++ e
Sucrose +++ +++ +++
Cellobiose Lt e 4t
Xylan +++ +++ +++
Cellulose 4FHF A A
Lignin - = —
Sugar beet pulp 4FHF s +++
Corn stover +++ +++ +++
Grass +++ +++ 4
Paper + e —
Woodchips + “+ 4

+++: Significant growth. More than 2 cm radius of fungal growth in
10 d.

+: Growth. Visible growth in 10 d.

—: No significant growth. No growth in 10 d.

(Table 1; Supplementary Fig. S1). The three fungi did not grow
under anoxic conditions on potato dextrose agar (Sigma-
—Aldrich, St. Louis, MO, USA).

Cultures grew as hyphal suspensions in shake flasks and
demonstrated exponential biomass accumulation rates fol-
lowed by a brief linear biomass accumulation phase
(Supplementary Fig. S2). Reported specific biomass accumu-
lation rates were taken from the initial growth phase, which
formed a straight line on a cell dry weight vs. time semi-log
plot. The effect of pH on specific biomass accumulation rate
and final biomass titer was measured over a range of initial pH
values (4, 5, 6, or 7) at 30 °C (Supplementary Fig. S3). The fastest
specific biomass accumulation rates were observed at pH 6
with specific biomass accumulation rates of 1.1-1.2 d% all
three fungi had their highest final biomass titer at pH 6. The
effect of temperature (room temperature, 27, 30, 33, 37 °C) on
fungal growth was tested using glucose medium with an
initial pH value of 6 (Supplementary Fig. S4). The optimal
temperature range, based on specific biomass accumulation
rate, was 30—33 °C. The liquid cultures did not show consis-
tent growth at room temperature (data not shown). Maximum
specific biomass accumulation rates and final biomass titers
ranged from 1.1-1.6 d~* and 12.9-19.0 g cell dry weight L7},
respectively, for the three isolates. Biomass yields on glucose
were calculated for each isolate after exponential biomass
accumulation phase (Supplementary Table S1). Typical
biomass yields on glucose ranged from 0.15 to 0.3 g cell dry
weight per g glucose consumed.

VOC production

VOC production was measured as a function of culture pH
and temperature because fungal secondary metabolites are
well known to vary with culturing conditions (Keller et al.
2005; Mallette et al. 2014). Thirty-six biofuel- and flavor-
relevant compounds were identified using SPME GC—MS.
Table 2 lists the identified VOCs with quality match, relative
concentration, as well as the associated fungal isolate and
culturing condition. It should be noted that SPME GC—MS-
based quantification of metabolite concentration can be
complicated by competitive adsorption of compounds
(Mallette et al. 2012). VOCs were classified as biofuel-relevant
if the carbon backbone fell within the range of molecules
used in gasoline (C4 — Cip) or diesel fuel (Cg — Cas) (U.S.
Department of Energy 2013). Classification of a chemical as
a flavor compound was based on the compound being
described in a published report as a flavor compound (Jager
et al. 1996; Rodriguez-Bustamante and Sanchez 2007; Berger
2009). All three fungal isolates produced flavor compounds
including benzaldehyde; 1-octen-3-ol; and 1-butanol, 3
methyl. Some additional VOCs of interest include 2,3-
butanediol secreted by isolate CO, eucalyptol, a cyclic ether
terpenoid, secreted by isolate TI (Nigg et al. 2014), and limo-
nene, also secreted by isolate TI. The total concentration of
secreted VOCs increased substantially with increasing pH for
all three isolates, while the highest total VOC concentration
measured for all strains was at 27 °C (Supplementary Fig. S5).
Isolate CO secreted the highest amount of total VOC, up to
277 mg L%, of the studied isolates with the majority of the
VOC being 1-octen-3-ol.



Table 2 — Biofuel- and flavor-relevant VOCs produced by fungal endophyte isolates (EC, CO, TI) growing on glucose
medium. Temperature and pH indicate growth conditions where the compound was detected. Compounds were sorted by

production associated with the following metabolic pathway types: Fatty acid synthesis, Ehrlich pathway, Linoleic acid
oxidation, Fermentative metabolism, or Undetermined.

Compound Carbon Isolate and conditions
number EC co TI
pH T(°C) Concentration pH T (°C) Concentration pH T (°C) Concentration
(mg L~/ (mg L~/ (mg L™ty
Quality match Quality match Quality match
Fatty acid synthesis
1-Propanol® 3 7 30 3.89/90 6 37 1.91/90
Pentane 5 6 30 20.8/91 6 30 7.77/78
Hexanal® 6 6 30 2.29/87
Hexanoic acid® 6 6 37 2.31/83
2-Heptanone® 7 7 30 1.15/80
Nonanoic acid 9 4 30 0.80/93
Nonanal® 9 6 27 1.76/91
Eucalyptol® 10 6 27 32.5/90
Limoene® 10 6 30 1.45/70
3-Cyclohexene-1- 10 7 30 6.83/87 6 27 23.3/91
methanol, a,a 4-
trimethyl-
Octane, 2,6-dimethyl- 10 6 27 3.39/72
Octadecanoic acid 18 6 27 41.6/99
Ehrlich pathway
1-Propanol, 2-methyl- 4 6 37 2.47/72
Butanal, 3-methyl 5 7 30 4.29/90
1-Butanol, 3-methyl-* 5 7 30 2.04/90 6 27 5.07/78 6 30 2.38/78
3-Buten-1-ol, 3-methyl- 5 6 27 2.96/90 6 27 3.57/90
6 30 1.44/94 6 30 1.48/70
Benzaldehyde® 7 6 30 1.24/97 6 30 1.31/97 6 27 21.6/97
7 30 1.79/97 7 30 0.49/97 7 30 7.93/97
6 37 5.65/97
Methylbenzaldehyde® 8 4 30 3.00/97 6 30 1.44/94 6 30 1.53/97
6 30 1.79/96
Phenylethyl alcohol® 8 7 30 6.16/94 6 27 17.1/97
6 37 2.29/93 30 7.29/95
37 19.6/94
Dimethylbenzaldehyde® 9 6 30 1.01/90 6 27 2.29/87
6 30 0.97/70
Linoleic acid oxidation
1-Octen-3-ol* 8 6 27 233/78 6 27 18.0/86 7 30 27.7/83
7 30 5.95/90 6 30 2.44/90
3-Octanone® 8 6 27 5.71/94
Fermentative metabolism
2-Butanone, 3-hydroxy- 4 7 30 3.29/78 6 37 14.4/78
6 37 18.1/83
2,3-Butanediol 4 6 37 3.83/90
Butyrolacetone® 4 6 37 1.00/72
2,4-Pentanedione 5 6 37 1.29/87
Undetermined
2-Furancarboxaldehyde, 6 6 37 1.16/94
5-methyl-*
2-Furancarboxaldehyde, 6 6 30 1.15/70
5-hydroxymethyl
Propanoic acid, 2- 12 6 27 11.7/80
methyl-, 3-hydroxy-
2,4,4-trimethylpentyl
ester
1,3-Propanedione, 1,3- 15 6 27 15.3/93
diphenyl-
1,2-Benzenedicarboxylic 16 6 27 30.4/87

acid, mono(2-
ethylhexyl) ester



Table 2 — (continued)

Compound Carbon Isolate and conditions
number EC co TI
pH T (°C) Concentration pH T (°C) Concentration pH T (°C) Concentration
(mg L)/ (mg L)/ (mg L)/
Quality match Quality match Quality match
Pentanoic acid, 2,2,4- 16 6 30 1.99/87
trimethyl-3-
carboxyisopropyl,

isobutyl ester

& VOCs that have documented roles as flavor compounds. Classification of a chemical as a flavor compound was based on the compound being
described in a published report as a flavor compound (Jager et al. 1996; Rodriguez-Bustamante and Sanchez 2007; Berger 2009).

All three isolates demonstrated a strong relationship be-
tween the number of carbon atoms in the secreted VOCs and
the culturing temperature (Table 2; Fig. 1). VOCs from cul-
tures grown at 27 °C had an average length of 9 carbon
atoms, while VOCs from cultures grown at 37 °C had an
average length of 5 carbon atoms. The data was further
analyzed as a function of four VOC synthesis pathways
(production associated with i. fatty acid synthesis, ii. Ehrlich
pathway, iii. oxidation of linoleic acid and iv. fermentative
metabolism) and fungal isolate (Table 2; Fig. 2). The fatty
acid synthesis-associated VOCs showed an increase in car-
bon length with decreasing culture temperature; the rela-
tionship was observed for all three isolates. Ehrlich
pathway-associated VOCs demonstrated a similar increase
in carbon chain length with decreasing temperature in TI
cultures, while CO and EC had an opposite trend. VOCs
associated with oxidation of linoleic acid (8 carbon atoms)
were detected more often at lower culturing temperatures.
Fermentative metabolism VOCs were shorter in carbon
chain length and detected more often at higher tempera-
tures. The VOC carbon chain length analysis was also per-
formed as a function of starting culture pH. Generally, a
smaller number of VOC compounds were detected at lower
pH values (Table 2).
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Fig. 1 — Carbon chain length for VOCs produced by three
fungal endophyte isolates (EC, CO, TI) as a function of
temperature at pH 6 during batch growth on glucose
media.

Additional metabolic byproducts

Culture supernatants were analyzed for soluble organic
byproducts using HPLC. All three Nodulisporium isolates pro-
duced substantial amounts of glycerol, up to 4 g L°!
(Supplementary Fig. S6). Glycerol production was highest near
optimal temperatures and did not demonstrate a statistically
significant trend with pH. Ethanol production was detected for
isolates CO and TI under a variety of conditions. Ethanol
concentrations increased as the specific biomass accumula-
tion rate decreased suggesting a correlation to culturing stress
like oxygen depletion (Supplementary Fig. S7).

Implications

Filamentous fungi produce a wide variety of bioactive and
industrially relevant metabolites, including numerous VOCs
(Strobel et al. 1996; Keller et al. 2005). Longer carbon chain
lengths are desirable for biofuels, since they are more energy
dense (Strobel et al. 2008). The presented data showed longer
chain VOCs were favored at lower culturing temperatures;
this is the first report of such behavior. This is opposite of the
trend observed in fungal membrane fatty acid carbon chain
length; typically membrane fatty acids decrease in length as
temperatures decrease to maintain membrane properties
(Suutari et al. 1997). The increase in secreted VOC chain
length may be due to temperature dependent kinetics of
fatty acid synthesis reactions (Kates and Baxter 1962) or
temperature dependent differences in cell membrane prop-
erties that increase excretion of longer carbon chain length
VOCs (Liu et al. 2011; Kawahara et al. 2016). Alternatively,
many of the VOCs detected are bioactive and their produc-
tion may have evolved to support endophyte ecological
functions. Plant transpiration, the transport and evaporation
of water, can maintain plant tissues at cooler than ambient
temperatures which could be a key ecological parameter for
these tropical isolates (Edwards and Hanson 1996; Stockfors
2000). Several large bioactive compounds, including ter-
penes, were detected at lower culturing temperatures and
may play a role protecting the living plant host against
pathogens and herbivores (Rodriguez et al. 2009; Porras-
Alfaro and Bayman 2011). Endophytes spend part of their
lifecycle within live plants but may switch to saprophytic
phenotypes upon host death or otherwise live outside the
host (Porras-Alfaro and Bayman 2011). Warmer culturing
temperatures may replicate conditions associated with
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Fig. 2 — Fungal endophyte isolate (EC, CO, TI) VOC carbon chain length as a function of temperature at pH 6 during batch
growth on glucose media and as a function of metabolism type (A: Fatty acid synthesis, B: Ehrlich, C: Oxidation of linoleic
acid, D: Fermentative metabolism). The height of the bars represents the average carbon chain length of the VOCs and the
dots the minimum and maximum carbon chain length identified at each condition.

fungal growth within a dead plant or in the tropical envi-
ronment, where a switch toward fermentative metabolism
would be ecologically competitive.

In summary, three Nodulisporium isolates produced biofuel-
and flavor-relevant VOCs. The carbon chain length of the
VOCs increased as culturing temperatures decreased. The
fungi grew on a wide variety of low cost feedstocks, including
sugar beet pulp, corn stover, and grass clippings. The Nod-
ulisporium isolates grew quickly with specific biomass accu-
mulation rates up to 1.6 d~' and produced relatively high
biomass titers with maximum concentrations ranging from 13
to 19 g cell dry weight L. The presented work also increases
the number of physiologically-characterized fungal endo-
phyte isolates from four to seven.

Disclosure

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was supported by the National Science Foun-
dation (NSF) EFRI Program (Grant No. 0937613). Kristopher
Hunt was supported by NSF IGERT (DGE 0654336). Any opinion,
findings, and conclusions or recommendations expressed in
this material are those of the author(s) and do not necessarily
reflect the views of the NSF. Analytical work was supported by
National Institutes of Health award P20RR024237. The authors
would also like to thank Laura Bickle and Elle Pankratz for
performing initial experiments, Eunsung Kan for technical
assistance, and Natasha Mallette for technical advice.

Ahamed A, Ahring BK, 2011. Production of VOC compounds by
endophytic fungi Gliocladium species grown on cellulose.
Bioresource Technology 20: 9718—9722; http://dx.doi.org/10.1016/
j.biortech.2011.07.073.

Berger R, 2009. Biotechnology of flavours—the next generation.
Biotechnology Letters 11: 1651—1659; http://dx.doi.org/10.1007/
$10529-009-0083-5.

Edwards NT, Hanson PJ, 1996. Stem respiration in a closed-
canopy upland oak forest. Tree Physiology 4: 433—439; http://
dx.doi.org/10.1093/treephys/16.4.433.

Gianoulis TA, Griffin MA, Spakowicz DJ, Dunican BF, Sboner A,
Sismour AM, Kodira C, Egholm M, Church GM, Gerstein MB, 2012.
Genomic analysis of the VOC-producing, cellulolytic,
endophytic fungus Ascocoryne sarcoides. PLoS Genetics 8:e1002558;
http://dx.doi.org/10.1371/journal.pgen.1002558.

Grigoriev IV, Cullen D, Goodwin SB, Hibbett D, Jeffries TW,
Kubicek CP, Kuske C, Magnuson JK, Martin F, Spatafora JW,
2011. Fueling the future with fungal genomics. Mycology 3:
192—-209; http://dx.doi.org/10.1080/21501203.2011.584577.

Hazelwood LA, Daran J-M, van Maris AJ, Pronk JT, Dickinson JR,
2008. The Ehrlich pathway for fusel alcohol production: a
century of research on Saccharomyces cerevisiage metabolism.
Applied and Environmental Microbiology 8: 2259—2266; http://
dx.doi.org/10.1128/AEM.02625-07.

Huang W-Y, Cai Y-Z, Hyde KD, Corke H, Sun M, 2007. Endophytic
fungi from Nerium oleander L. (Apocynaceae): main
constituents and antioxidant activity. World Journal of



Microbiology and Biotechnology 9: 1253—1263; http://dx.doi.org/
10.1007/s11274-007-9357-z.

Jager W, Nasel B, Nasel C, Binder R, Stimpfl T, Vycudilik W,
Buchbauer G, 1996. Pharmacokinetic studies of the fragrance
compound 1,8-cineol in humans during inhalation. Chemical
Senses 4: 477—480; http://dx.doi.org/10.1093/chemse/21.4.477.

Kates M, Baxter RM, 1962. Lipid composition of mesophilic and
psychrophilic yeasts (Candida species) as influenced by
environmental temperature. Canadian Journal of Biochemical
Physiology 40: 1213—1227; http://dx.doi.org/10.1139/062-136.

Kawahara A, Sato Y, Saito Y, Kaneko Y, Takimura Y, Hagihara H,
Hihara Y, 2016. Free fatty acid production in the
cyanobacterium Synechocystis sp. PCC 6803 is enhanced by
deletion of the cyAbrB2 transcriptional regulator. Journal of
Biotechnology 220: 1-11; http://dx.doi.org/10.1016/
j.jbiotec.2015.12.035.

Keller NP, Turner G, Bennett JW, 2005. Fungal secondary
metabolism — from biochemistry to genomics. Nature Reviews
Microbiology 12: 937—947; http://dx.doi.org/10.1038/nrmicro1286.

Krings U, Berger RG, 1998. Biotechnological production of flavours
and fragrances. Applied Microbiology and Biotechnology 1: 1-8;
http://dx.doi.org/10.1007/s002530051129.

Liu X, Sheng J, Curtiss III R, 2011. Fatty acid production in
genetically modified cyanobacteria. Proceedings of the National
Academy of Sciences of the United States of America 17: 6899—6904;
http://dx.doi.org/10.1073/pnas.1103014108.

Mallette ND, Knighton WB, Strobel GA, Carlson RP, Peyton BM, 2012.
Resolution of volatile fuel compound profiles from Ascocoryne
sarcoides: a comparison by proton transfer reaction-mass
spectrometry and solid phase microextraction gas chromato-
graphy-mass spectrometry. Applied Microbiology and Biotechnology
Express 1: 23; http://dx.doi.org/10.1186/2191-0855-2-23.

Mallette ND, Pankratz E, Parker AA, Strobel GA, Busse SC,
Carlson RP, Peyton BM, 2014. Evaluation of cellulose as a
substrate for VOC fuel production by Ascocoryne sarcoides
(NRRL 50072). Journal of Sustainable Bioenergy Systems 4: 33—49;
http://dx.doi.org/10.4236/jsbs.2014.41004.

Nigg J, Strobel G, Knighton WB, Hilmer J, Geary B, Riyaz-Ul-
Hassan S, Harper JK, Valenti D, Wang Y, 2014. Functionalized
para-substituted benzenes as 1,8-cineole production
modulators in an endophytic Nodulisporium species.

Microbiology 160: 1772—1782; http://dx.doi.org/10.1099/
mic.0.079756-0.

Porras-Alfaro A, Bayman P, 2011. Hidden fungi, emergent
properties: endophytes and microbiomes. Annual Review of
Phytopathology 49: 291—-315; http://dx.doi.org/10.1146/annurev-
phyto-080508-081831.

Rodriguez R], White Jr JF, Arnold AE, Redman RS, 2009. Fungal
endophytes: diversity and functional roles. New Phytologist 2:
314—330; http://dx.doi.org/10.1111/j.1469-8137.2009.02773.x.

Rodriguez-Bustamante E, Sanchez S, 2007. Microbial production
of C13-norisoprenoids and other aroma compounds via
carotenoid cleavage. Critical Reviews in Microbiology 3: 211—230;
http://dx.doi.org/10.1080/10408410701473306.

Sanchez 0], Cardona CA, 2008. Trends in biotechnological
production of fuel ethanol from different feedstocks.
Bioresource Technology 99: 5270—5295; http://dx.doi.org/10.1016/
j.biortech.2007.11.013.

Stinson M, Ezra D, Hess WM, Sears ], Strobel G, 2003. An
endophytic Gliocladium sp. of Eucryphia cordifolia producing
selective volatile antimicrobial compounds. Plant Science 4:
913-922; http://dx.doi.org/10.1016/S0168-9452(03)00299-1.

Stockfors J, 2000. Temperature variation and distribution of living
cells within tree stems: implications for stem respiration
modeling and scale-up. Tree Physiology 15: 1057—1062; http://
dx.doi.org/10.1093/treephys/20.15.1057.

Strobel GA, Knighton B, Kluck K, Ren Y, Livinghouse T, Griffin M,
Spakowicz D, Sears ], 2008. The production of myco-diesel
VOCs and their derivatives by the endophytic fungus
Gliocladium roseum (NRRL 50072). Microbiology 11: 3319—3328;
http://dx.doi.org/10.1099/mic.0.2008/022186-0.

Strobel G, Yang X, Sears J, Kramer R, Sidhu RS, Hess WM, 1996.
Taxol from Pestalotiopsis microspora, an endophytic fungus of
Taxus wallachiana. Microbiology, 435—440; http://dx.doi.org/
10.1099/13500872-142-2-435.

Suutari M, Rintamaki A, Laakso S, 1997. Membrane phospholipids
in temperature adaptation of Candida utilis: alterations in fatty
acid chain length and unsaturation. Journal of Lipid Research 4:
790—794.

U.S. Department of Energy, 2013. Fuel properties comparison. http://
www.afdc.energy.gov/fuels/fuel_properties.php. Accessed 1
Oct 2014.



	IRScholarworksPDFCoverPage
	17-035_Carbon_chain_length_of_biofuel
	Carbon chain length of biofuel- and flavor-relevant volatile organic compounds produced by lignocellulolytic fungal endophy ...
	Outline placeholder
	Substrate utilization and optimal growth conditions
	VOC production
	Additional metabolic byproducts
	Implications

	Disclosure
	Acknowledgments
	Appendix A. Supplementary data
	References





