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Abstract Polyol esters of fatty acids (PEFA) are amphi-
philic glycolipids produced by yeast that could play a role
as natural, environmentally friendly biosurfactants. We
recently reported discovery of a new PEFA-secreting yeast
species, Rhodotorula babjevae, a basidiomycetous yeast to
display this behavior, in addition to a few other Rhodoto-
rula yeasts reported on the 1960s. Additional yeast species
within the taxonomic order Sporidiobolales were screened
for secreted glycolipid production. PEFA production equal
or above 1 g L' were detected in 19 out of 65 strains
of yeast screened, belonging to 6 out of 30 yeast species
tested. Four of these species were not previously known to
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secrete glycolipids. These results significantly increase the
number of yeast species known to secrete PEFA, holding
promise for expanding knowledge of PEFA synthesis and
secretion mechanisms, as well as setting the groundwork
towards commercialization.
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Introduction

Surfactants, or surface active agents, are amphiphilic organic
molecules used as detergents, emulsifiers, wetting agents, dis-
persants, foaming agents, antifoam agents, and humectants.
The annual global production of surfactants was 13 million
metric tons in 2008 [3]. Between 40 and 65% of surfactants
are derived from petroleum [8, 34]. The remaining feedstocks
are primarily plant oils such as palm or coconut oil. Due to
environmental and food security concerns, renewable and
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more environmentally friendly alternatives are being sought.
Naturally produced microbial biosurfactants are appealing
alternatives because they are produced renewably and sustain-
ably [22], have low ecotoxicity [30], are highly biodegradable
[27, 30], and are active under a broad range of conditions [17,
25]. Microbial biosurfactants display a unique combination of
market attractiveness and high demand growth, and market
prices range $10-$30 per kg, depending on the type, the mar-
ket and the application [1]. Microbial biosurfactants are used
in numerous applications including industrial and household
cleaning products, cosmetics, lubricants, adhesives, agro-
chemicals, mining, petroleum extraction and cleanup, and in
pulp and paper industries.

Yeast glycolipids (GL, see Fig. 1) are a group of micro-
bial biosurfactants comprising sophorolipids (SL), manno-
sylerythritol lipid (MEL), cellobiose lipids (CL) and polyol
lipids (PL) [25]. PL comprise two subgroups: (1) liamocins

(LM), which consist of a single partially acetylated polyol
head group with three or four 3,5-dihydroxydecanoic tails
polyesterified through the 5-hydroxy group and are currently
the best understood (Fig. le) [28, 29], and (2) polyol esters
of fatty acids (PEFA) produced by yeasts taxonomically
close to the Rhodotorula glutinis/graminis clade [7, 46].
PEFA are amphiphilic molecules composed of an acetylated
(R)-3-hydroxy fatty acid esterified through the carboxyl end
to a 5 or 6 carbon polyol, typically b-mannitol or p-arabitol,
with varying degrees of acetylations (Fig. 1d) [7]. They dif-
fer from LM in that the AS carbon is not hydroxylated and
thus, only have a single acetylated (R)-3-hydroxylated acyl
chain of varying numbers of carbons, usually C16:0 and
C18:0. LM polyol head group is also non acetylated, while
PEFA’s polyol head group can present different degrees of
acetylation. Commercial production of SL, MEL and CL
requires provision of both a hydrophobic carbon source
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such as vegetable oil, and a hydrophilic carbon source such
as glucose. In contrast, PL could be synthesized in com-
mercially relevant amounts without a hydrophobic carbon
source. A few ascomycete and basidiomycete yeast species
have been reported to produce PL (see Table 1). Interest-
ingly, all the basidiomycetes reported to produce PEFA are
taxonomically close to the Rhodotorula glutinis/graminis
clade [19]. Rhodotorula babjevae UCDFST 04-877 secreted
five times more PEFA than its phylogenetic neighbors [7],
raising the question on whether this feature could be present
in related species as well.

Recommended strategies for improving biosurfactant
production include identifying new hyper-producing
microorganisms, genetically modifying production
strains, optimizing media and growth conditions, using
wastes or other low-cost raw materials, improving down-
stream processing, and capturing multiple co-products
[9]. Addressing the first strategy to improve SL pro-
duction, Kurtzman [21] analyzed 26 strains from the
USDA-ARS Culture Collection (http://nrrl.ncaur.usda.
gov) belonging to 18 yeast species within the Starmerella
clade. This clade contains Starmerella species, several
related Candida species, and numerous species that cur-
rently lack valid species names. They confirmed that
clade member Candida apicola produces SL, which
had been previously known [13, 44, 47]. They found
three additional SL-secreting yeast species within the
Starmerella clade [20, 21]. Targeting this taxonomic
clade was therefore a successful strategy. It is important
to point out that SL production was strain-specific. For

example, of two strains of Candida apicola that were
analyzed, one produced very high levels of SL, and one
produced no detectable SL.

Emulating the successful strategy used by Kurtzman
et al., related yeasts in the order Sporidiobolales from
the Phaff Yeast Culture Collection at the University of
California Davis (http://phaffcollection.ucdavis.edu) were
screened for ability to synthesize and secrete PEFA when
cultivated on glucose as the carbon source, without a
hydrophobic substrate, under nitrogen limiting conditions.
This approach simultaneously addressed several of the
recommended strategies to improve production of biosur-
factants: (1) Discovery of new production species could
lead to development of superior industrial organisms. (2)
The cost of raw materials could be lowered because sugars
are roughly a third the price per kg compared to oils. (3)
Because no residual vegetable oil is present to mix with
product, one or more purification steps could be elimi-
nated, reducing downstream processing costs. (4) Yeasts
that are able to produce multiple co-products in addition
to GL could improve the economics of the process.

Materials and methods
Chemicals and yeast strains
All chemicals were of analytical grade, except glucose

(catalog number S25295B, Fisher Science Education PA,
USA) which was technical grade.

Table 1 Yeast species previously reported to synthesize and secrete polyol lipids

Species Strain Year of publication Environmental source of the strain References
Basidiomycota (PEFA)
Rhodosporidiobolus azoricus (previ- CBS 4648 1964 Leaf surface of Cacao plants, Ghana [46]
ously called Rhodotorula glutinis)
Rhodotorula glutinis 16A8 1964 Flowers, Canada
Rhodotorula toruloides (previously IIP-30 = ATCC 204091 1994 Hydrocarbon contaminated soil, India [15]
called Rhodotorula glutinis)
Rhodotorula graminis 6CB 1961 Flowers, Canada [46]
Rhodotorula babjevae (previously UCDEFST 04-877 2016 Olive fly, California, USA [7]
called Rhodosporidium babjevae)
Ascomycota (Liamocins)
Aureobasidium sp. A-2 1994 Natural sources [18]
Aureobasidium sp. A-21M 1994 Natural sources
Aureobasidium pullulans (previously 272 1964 Phyllosphere of tropical foliage, Java [32]
called Pullularia pullulans)
Aureobasidium pullulans CU 39 = NRRL 58551 2009, 2011 Mimusops elengi L. (Spanish cherry), [23,24]
Thailand
Aureobasidium pullulans CU 43 = NRRL 50380 2011, 2013 Leaf of Cassia fistula L. (golden shower [24, 29]

tree), Udonthani, Thailand

CBS Centraalbureau voor Schimmelcultures, The Netherlands, ATCC American Type Culture Collection, VA, USA, NRRL USDA-ARS Culture

Collection, IL, USA
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Sixty-five yeast strains listed in Online Resource 1 were
revived from cryopreserved stocks in the Phaff Yeast Cul-
ture Collection, University of California Davis (http://phaf-
fcollection.ucdavis.edu) by streaking onto potato dextrose
agar and incubating at room temperature up to 7 days. It
must be noted that the species names of many yeast strains
used in this study, and recent publications [11, 37-41] have
been updated due to recent taxonomic revisions [53]. The
strain ID number is unchanged. For example, yeast strain
UCDEFST 04-877 was formerly called Rhodosporidium
babjevae [11, 37-41], and is now called Rhodotorula bab-
Jjevae. The former species name is listed as a synonym in
Online Resource 1.

Molecular identification

Strain identities were confirmed using ITS and partial
26S ribosomal sequencing by colony PCR using primers
ITS1, ITS4 [54], NL1 and NL4 as previously described
[12, 14]. Strains Rhodotorula babjevae UCDFST
67-478, UCDFST 06-542, UCDFST 04-830, UCDFST
67-102, Rhodotorula mucilaginosa UCDFST 10-221,
UCDEFST 67-64, and UCDFST 05-218 did not amplify
with the cell lysis method previously described. There-
fore, DNA was extracted and purified using the DNA
Wizard Kit® (Cat. No. Promega, NY, USA) from 5 mL
liquid PDB cultures inoculated with a loopful of fresh
cells (0.02 g) streaked from a potato dextrose agar
and incubated in 16 cm x 150 mm disposable borosili-
cate glass culture tubes (cat. number 14-961-31 Fisher
Scientific, CA, USA) for 20 h. DNA extracts were suc-
cessfully amplified and the corresponding PCR prod-
ucts were sequenced with the primers described above
at The College of Biological Sciences Y"'DNA Sequenc-
ing Facility (University of California, Davis, CA, USA).
The rest of the amplified sequences from the strains not
requiring DNA extraction with the kit were sequenced
with the primers described above at Beckman Coulter
Genomics (Danver, MA, USA). In both cases, single
pass Sanger sequencing techniques [16] were used, and
identification was performed with NCBI-BLAST [2] as
previously described [12, 14].

Yeast growth conditions

A loopful of fresh cells (0.2 g) from a freshly grown
plate was suspended in 5.0 mL of sterile deionized water.
To prepare a seed culture, 500 pL of this inoculum were
inoculated into 50 mL bioreaction tubes (part num-
ber 229475, Celltreat Scientific Products, Shirley, MA,
USA) containing 9.5 mL of Medium A, a medium with
high C:N ratio (68:1) known to induce lipid accumula-
tion in oleaginous yeasts [11, 45]. Modified Medium A
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contains 50 g L™! glucose, 0.1 g L™! calcium chloride,
0.5 g L~! ammonium chloride, 1.5 g L™! yeast extract,
7.0 g L~! KH,PO,, 5 ¢ L~! Na,HPO,-2H,0, 1.5 g L!
MgS0,-7H,0, 0.08 g L~! FeCl;-6H20, 10.0 mg L~! Zn
S0,-7H,0, 0.1 mg L~! MnSO,-H,0, 0.1 mg L~! CuSO,,
and 0.1 mg L~} Co(NOs),. The cultures were then grown
for 24 h at 24 °C and 200 rpm in a rotary shaker incuba-
tor (Series 25, New Brunswick Scientific Co., Edison, NJ,
USA). Five mL of this seed culture were then inoculated
into 500 mL baffled Erlenmeyer flasks containing 95 mL
Medium A containing 50 g L™! glucose, and stoppered
with foam stoppers (Cat.# L800-D, Identi-Plugs®, Jaece
Industrie, Inc., NY, USA). The cultures were incubated
for 7 days at 24 °C and 200 rpm.

Cell pellets were harvested by centrifugation at 3220x g
for 10 min and washed with sterile deionized water two
times by centrifugation. The cell pellets were stored over-
night at —80 °C and freeze-dried at —46 °C, 0.133 mbar
(Freez-one® 4.5 L Freeze Dry System Model 7750020,
Labconco®, Kansas City, MO, USA). The dry cells were
weighed to estimate cell mass production (CMP) in terms
of grams of recovered dry cells per liter of culture. PEFA
were recovered by one of the following methods:

When PEFA droplets were observed in the culture,
10 mL of culture were each transferred to three tared
15 mL conical tubes and centrifuged at 3220x g for 10 min
at room temperature. PEFA that sedimented to the bottom
of the bottles were aspirated using 9 inch Pasteur pipettes
and transferred to tared 15 mL conical tubes. Because some
PEFA mix with cells during pipetting, deionized sterile
water was added to the mixture, which was then vortexed
and centrifuged to further separate the PEFA layer from the
cells. The cells were carefully resuspended in water and
pipetted out from the PEFA. The PEFA were freeze dried
overnight to remove moisture and weighed to estimate
grams of recovered PEFA per liter culture.

If PEFA droplets were not observed in the culture,
then 10 mL of whole culture were extracted twice with
40 mL of ethyl acetate in duplicate and the solvent was
removed overnight using a vacuum speed concentrator
(miVac Duo®, Genevac Inc., Stone Ridge, NY, USA) pro-
grammed for non-freezing solvents (e.g. ethyl acetate) at
minimum working pressure (<6 mm Hg) and 25 °C. The
dry weight of the PEFA residue was recorded.

Product characterization

PEFA products were analyzed as previously described
[7]. Native PEFA molecules were analyzed using
reversed-phase  liquid chromatography-electrospray
ionization in positive mode with a quadrupole/time-of-
flight mass spectrometer (RPLC-ESI(4+)-QTOFMS) in
MS and MS/MS modes. Aliquots containing 10 pg mL ™!
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of crude PEFA in methanol were run through a sys-
tem consisting of an Agilent 1290 Infinity LC system
(Agilent Technologies) with a pump (G4220A), a col-
umn oven (G1316C), an autosampler (G4226A), and
an Agilent 6550 iFunnel QTOFMS. Diluted samples
were separated on an Acquity UPLC CSH C18 column
(100 x 2.1 mm; 1.7 pm) coupled to an Acquity UPLC
CSH C18 VanGuard pre-column (5 x 2.1 mm; 1.7 um)
(Waters). The column was maintained at 65 °C at a flow-
rate of 0.6 mL min~!. The mobile phases consisted of
(A) acetonitrile/water (60:40, v/v) with ammonium
formate (10 mM) and formic acid (0.1%) and (B) iso-
propanol/acetonitrile (90:10, v/v) with ammonium for-
mate (10 mM) and formic acid (0.1%). The separation
was conducted under the following gradient: 0 min 15%
(B); 0-2 min 30% (B); 2-2.5 min 48% (B); 2.5-11 min
82% (B); 11-11.5 min 99% (B); 11.5-12 min 99% (B);
12-12.1 min 15% (B), 12.1-15 min 15% (B). A sample
volume of 1 pL. was used for the injection. Sample tem-
perature was maintained at 4 °C. The QTOF instrument
was operated in ESI(+) with the following parameters:
MS! mass range: m/z 50-1700; MS/MS mass range: m/z
50-1700; collision energy: 20 eV; capillary voltage:
3 kV; nozzle voltage: 1 kV; gas temperature: 200 °C;
drying gas (nitrogen): 14 L min~'; nebulizer gas (nitro-
gen): 35 psi; sheath gas temperature: 350 °C; sheath
gas flow (nitrogen): 11 L min~!; acquisition rate MS':
10 spectra s~!; acquisition rate MS/MS: 13 spectra s~ !;
total cycle time: 0.508 s; number of precursor ions per
cycle: 4; mass range for selection of precursor ions: m/z
500-1200. The instrument was tuned using an Agilent
tune mix (mass resolving power ~20,000 FWHM). A ref-
erence solution (m/z 121.0509, m/z 922.0098) was used
to correct small mass drifts during the acquisition. Mass-
Hunter Qualitative (B.05.00) and Quantitative (B.05.01)
Analysis (Agilent) software programs were used for the
data processing. For the identification of the structural
fragments and structural assembly the software Mass
Frontier 7.0 (Thermo Scientific, Palo Alto, CA, USA)
was used.

Results
Screening of yeasts for PEFA synthesis and secretion

Sixty-five yeast strains were used in this study, includ-
ing PEFA-secreting basidiomycetes Rhodotorula bab-
jevae UCDFST 04-877 [7]. Table 2 lists the 19 strains
belonging to 6 species that produced more than 1 g
L~! net PEFA out of the 65 candidate yeasts. The
LC-MS data revealed that overlap of triacylglycerols
occurred in both strains whose PEFA was separated by

physical sedimentation and water washing as well as
those extracted with ethyl acetate. Therefore, a “purity
percentage” is also included in Table 2, to indicate what
percent of the crude extract is PEFA. Some strains carried
over a conspicuously large amount of triacylglycerols,
and little to no PEFA. Examples include 15 strains from
the species R. ruineniae, R. sphaerocarpa, R. aff. lusita-
niae, S. salmonicolor, R. dairenensis, R. glutinis, S. para-
roseus, S. johnsonii, C. minutum, and O. externus which
displayed purity coefficients of less than 80%, ranging
from less than 1-71.6%.

The PEFA were either detected visually when the
PEFA phase separated from the culture with simple grav-
ity separation such as centrifugation, or when extracted
with ethyl acetate. The PEFA that settled in the bottom
of the tubes had a density higher than water, approxi-
mately 1.08 g L™! (data not shown). A similar behavior
was observed previously for LM [24] and SL [52]. Fif-
teen strains produced at least 3 g L™! net PEFA. Rhodo-
torula aff. paludigena UCDFST 81-84 produced 12.4 g
L~! PEFA and Rhodotorula paludigena UCDFST 81-492
produced 11.7 g L™ when grown in 50 g L™! glucose,
ranking as the top two PEFA producers identified in the
present study. All nineteen PEFA producing strains iden-
tified in the present study except Rhodotorula kratoch-
vilovae UCDFST 05-632, and Rhodotorula diobovata
UCDFST 08-225, produced at least 1 g L~! net PEFA
that appeared as visible droplets in the culture. For the
latter two strains, PEFA was successfully extracted with
ethyl acetate.

Identification of PEFA products

Each PEFA-secreting yeast produced a mixture of nine to
thirteen structurally similar PEFA, differing in the type
of sugar alcohol attached (either p-mannitol or p-arabi-
tol), the degree of acetylation in the sugar alcohol, and
the chain length of the 3-hydroxy fatty acid. The hydroxy
group on position 3 of the fatty acid is the only one pre-
sent throughout the fatty acid chain and is acetylated in
all PEFA congeners. A total of 19 different PEFA molecu-
lar congeners with different molecular weights and reten-
tion times were detected (Table 3). An example of a chro-
matogram showing the PEFA profile for R. paludigena
UCDFST 81-492 and the MS/MS spectra of PEFA 12
(acetylated C16:0 3-hydroxy fatty acid esterified to p-ara-
bitol with 4 acetylations) with fragment annotations are
provided in (Fig. 2a, b). PEFA were detected and PEFA
profiles were determined for 20 strains that produced less
than 1 g L~! PEFA, with varying purity percentages. The
PEFA profiles of the yeast species fall into 3 clusters of
PEFA species (Fig. 3). Details of relative abundance of
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Table 2 Yeast strains that secreted >1 g L™! net PEFA

Strain species and  ID number in other Source habitat Cell mass (g L") Crude extract Estimated PEFA  Net PEFA produced

Phaff collection ID collections containing PEFA  purity (%) (gL™h
(gL™
Rhodotorula bab- Male olive fly, 13 8.5 99.9 8.5
jevae UCDFST Winters, CA,
04-830 USA
R. babjevae Olive fly, Davis, 14.9 8.7 99.1 8.6
UCDEFST 04-877 CA, USA
R. babjevae Olive tree, Davis, 13.6 43 99.8 4.3
UCDFST 05-613 CA, USA
R. babjevae Female olive fly, 12.5 5.5 99.9 5.5
UCDEFST 05-736 Davis, CA, USA
R. babjevae Dry sap of olive 14.1 6.5 98.4 6.4
UCDEFST 05-775 tree, Winters,
CA, USA
R. babjevae Olive-fly infested 13 5.1 99.9 5.1
UCDEFST 06-542 olive, Winters,
CA, USA
R. babjevae Sea water, Point 11.4 5.8 99.9 5.8
UCDEFST 67-102 Reyes, CA, USA
R. babjevae Exudate of Prero- 13.3 4 99.8 4
UCDEFST 67-436 carya rhoifolia,
Kaida, Kiso,
Japan
R. babjevae Exudate of Betula 13.4 2.7 92.5 2.5
UCDEFST 67-458 ermani, Mt. Fuji,
Japan
R. babjevae Exudate of Prunus 13.5 4.6 99.8 4.6
UCDEFST 67-478 sargentii, Jatani,
Yamagata, Japan
R. babjevae Exudate of Ulmus 12.8 5.1 99.8 5.1
UCDEFST 67-506 davidiana var.
Jjaponica. Hibara
(Fukushima),
Japan
R. babjevae Insect frass in 13.9 1.1 97.2 1.1
UCDFST Alnus sp. (alder)
68-916.1 tree, BC, Canada
R. diobovata Sea water, FL, 9.6 2.1 96.9 2
UCDFST USA
08-225
R. graminis Olive fly, Davis, 13.9 3.8 99.6 3.8
UCDFST 05-503 CA, USA
R. kratochvilo- Chysoperla careae 15.1 31 98.4 3.1
vae UCDFST (green lace-
05-632 wing), Winters,
CA, USA
R. aff. paludigena Opuntia sp., 119 12.7 97.4 124
UCDFST 81-84 Bahamas
R. paludigena Leaf of 13.7 2.2 96.8 2.1
UCDFST Desmodium
09-163 repens, Nether-
lands
R. paludigena Opuntia ficus- 11.1 11.8 99.8 11.7
UCDFST indica cactus,
81-492 AZ,USA
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Table 2 continued
Strain species and  ID number in other Source habitat Cell mass (g L") Crude extract Estimated PEFA  Net PEFA produced

Phaff collection ID collections containing PEFA  purity (%) (gL™h
eL™
R. paludigena Melocactus 14.9 31 98.5 31
UCDFST intortus, Prickly
82-646.2 Pear Island,
British Virgin
Islands

The yeast strains were sourced from the Phaff Yeast Culture Collection, University of California Davis. Abbreviation “cf.” (Latin “confer”): the
species is quite similar to the indicated known species. Abbreviation “aff.” (Latin “affinis”): the species is significantly different from the indi-
cated known species, and is probably a novel species based on ribosomal sequence analysis. Strains identified as “T” are the type strain of the
species, “NT” is the neotype strain. The first two digits of the ID number are the year the strain was deposited in the Phaff collection. New PEFA
secreters are in bold

N/A not applicable

Table 3 Description of the 19 PEFA detected in this study chemical formula, molecular weight, retention time (zz), description, and systematic

name of the 19 PEFA detected in this study

Acetylated C12:0 3-hydroxy fatty acid esterified to p-arabitol with 3 acetylations
Acetylated C14:0 3-hydroxy fatty acid esterified to b-mannitol with 4 acetylations
Acetylated C16:0 3-hydroxy fatty acid esterified to p-mannitol with 2 acetylations
Acetylated C16:0 3-hydroxy fatty acid esterified to p-arabitol with 2 acetylations
Acetylated C14:0 3-hydroxy fatty acid esterified to p-arabitol with 4 acetylations
Acetylated C14:0 3-hydroxy fatty acid esterified to b-mannitol with 5 acetylations
Acetylated C16:0 3-hydroxy fatty acid esterified to b-mannitol with 3 acetylations
Acetylated C16:0 3-hydroxy fatty acid esterified to p-arabitol with 3 acetylations
Acetylated C16:0 3-hydroxy fatty acid esterified to p-mannitol with 4 acetylations
Acetylated C18:0 3-hydroxy fatty acid esterified to b-mannitol with 2 acetylations
Acetylated C16:0 3-hydroxy fatty acid esterified to b-mannitol with 5 acetylations
Acetylated C16:0 3-hydroxy fatty acid esterified to p-arabitol with 4 acetylations
Acetylated C18:0 3-hydroxy fatty acid esterified to b-mannitol with 3 acetylations
Acetylated C18:0 3-hydroxy fatty acid esterified to b-mannitol with 4 acetylations
Acetylated C18:0 3-hydroxy fatty acid esterified to p-arabitol with 3 acetylations
Acetylated C18:0 3-hydroxy fatty acid esterified to b-mannitol with 5 acetylations
Acetylated C18:0 3-hydroxy fatty acid esterified to p-arabitol with 4 acetylations
Acetylated C20:0 3-hydroxy fatty acid esterified to p-mannitol with 3 acetylations

PEFA no. Chemical formula m/z [M + NH4]Jr tg (min) Description
PEFA 1 CyHy6014 564.3384 2.05
PEFA 2 C;30H5003 636.3590 2.10
PEFA 3 C,sH500p4 580.3697 2.29
PEFA 4 C,;H 5040 550.3591 2.45
PEFA 5 CyH50, 606.3490 2.49
PEFA 6 C3;,Hs,0p4 678.3695 2.52
PEFA 7 C;0Hs,05 622.3803 2.61
PEFA 8 CyHs500, 592.3697 2.86
PEFA 9 C3,Hs5,045 664.3903 2.87
PEFA 10  C;)H5,0,, 608.4004 2.99
PEFA 11  C3Hs0,4 706.4008 3.10
PEFA 12 C;Hs,0,, 634.3803 3.11
PEFA 13 C;,Hs40,, 650.4110 3.12
PEFA 14  C3Hs30,5 692.4216 3.31
PEFA 15 C;H;,0,, 620.4010 3.29
PEFA 16 C3Hg04 734.4321 3.49
PEFA 17  Cy3Hs60, 662.4116 3.47
PEFA 18  C3,HO, 678.4423 3.52
PEFA 19  C;3¢H,045 720.4529 3.69

Acetylated C20:0 3-hydroxy fatty acid esterified to p-mannitol with 4 acetylations

PEFA were detected as [M + NH4]Jr and [M + Na]* adducts using RPLC-ESI(+)-QTOFMS

each PEFA species for the 39 strains that secreted detect-
able amounts are presented in Online Resource 2. The
most abundant and prevalent PEFA species among all
the yeast PEFA profiles is PEFA 12 (C5,H;,0,,), present
in at least 5% relative abundance across all strains that
secreted trace or higher amounts of PEFA, and up to 12%
relative abundance in 34 out of the 39 strains. Four more
PEFA, namely PEFA 8 (C,,H5,0,,), PEFA 9 (C5,H5,0,5),
PEFA 14 (C5,H540,3), and PEFA 17 (C;;H;40,,) follow
PEFA 12 in terms of abundance and prevalence. They are
all present in at least 5% relative abundance in 30 strains

and 12% relative abundance in 14 strains. PEFA 8, 12
and 17 contain p-arabitol in the structure, and PEFA 9
and 14 have p-mannitol. PEFA 12 and 17 are fully acety-
lated, while PEFA 8, 9 and 14 have one available hydroxy
group. These characteristics are consistent with more
hydrophobic physical properties.

The 19 PEFA identified in this study can be grouped into
three categories in terms of their free hydroxy groups: (a) a
more polar group with at least two free hydroxy groups. Six
molecules belong to this group: PEFA 3 (C,3H5,0,,), PEFA
4 (C5;Hy50,0), PEFA 7 (C5,H5,0,,), PEFA 10 (C5,Hs,0,)),
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Fig.2 a Overlay of RPLC-ESI(+)-MS extracted ion chromato-
grams of extracellular lipids isolated from Rhodotorula paludigena
UCDFST 81-492. For masses and peak annotations see Table 3;
remaining unannotated lipids in this figure were either not detected

PEFA 13 (C;,H540,,) and PEFA 18 (C5,H,0O,,). The strain
producing the most abundant polar PEFA was Rhodotorula
babjevae UCDFST 68-916.1, with 26.6% relative abun-
dance; (b) a less polar group with only one free hydroxy
group. Seven out of the 19 molecules are grouped here,
namely PEFA 1 (C,;H,0,,), PEFA 2 (C;,H5,0,5), PEFA
8 (C,9H5,0,,), PEFA 9 (C;,H5,0,5), PEFA 14 (C;,H550,5),
PEFA 15 (C;,H;,0,,) and PEFA 19 (C34H(,0,3). The strain
producing the most abundant fraction of these molecules
was Occultifur externus UCDFST 68-934.2, with 66.9%
relative abundance; (c) a non-polar group with all the
hydroxy groups being acetylated. Six molecules classify
in this group: PEFA 5 (C,0H,30,,), PEFA 6 (C5,Hs,0,4),
PEFA 11 (CyHs60,4), PEFA 12 (C;Hs,0,,), PEFA 16
(C36HgpOy4) and PEFA 17 (C;3HscO;,). The strain dis-
playing the highest abundance is Rhodotorula dairenensis
UCDFST 68-257 with 88.4% relative abundance. Seven
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or at low signal intensity. b MS/MS spectrum acquired at a collision
energy of 20 eV and predicted fragment structures corresponding to ¢
acetylated 3-hydroxypalmitic acid condensed with completely acety-
lated p-arabitol (C;,Hs,0,,; peak 12 in Fig. 2a)

out of the 19 molecules contain p-arabitol, while the rest
contain p-mannitol. No other sugar alcohols were detected.
Fatty acid chain length ranged from 12 to 20 carbons, in
even number increments. The most abundant chain length
identified was hexadecanoate (C16:0), and the second most
abundant was octadecanoate (C18:0). The highest abun-
dance of medium chain length (C12:0 and C14:0) mol-
ecules was seen in Rhodotorula kratochvilovae UCDFST
05-632, while the highest abundance of C20:0 was
observed for Cystobasidium minutum UCDFST 68-280. In
average, seven molecular species accounted for 78.5% of
PEFA abundance across the whole panel, namely PEFA 12
(CyoHs500, ), PEFA 8 (C;,H5,0,5), PEFA 17 (C3,H540,,),
PEFA 9 (C;,Hs,0,,), PEFA 14 (C;,Hs30,;), PEFA 15
(C3,H540;)) and PEFA 11 (C;3Hs0;,) with decreasing
relative abundance percentages: 21.4, 12.6, 11.5, 10.5, 9.7,
7.7 and 5.1%, respectively. No unsaturated fatty acyl chains
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Cluster 2
2a |

Cluster 1

Row z-score

Cluster 1

Cluster 2

2b

PEFA species

PEFA17 C18:0 | C5-4(Ac)
PEFA9  C16:0 | C6-4(Ac)
PEFA 14 C18:0 | C6-4(Ac)
C16:0 | C5-3(Ac)
C16:0 | C5-4(Ac)
C14:0 | C5-4(Ac)
€20:0 | C6-3(Ac)
PEFA19 (C20:0 | C6-4(Ac)
PEFA6  C14:0 | C6-5(Ac) I 0

PEFA1  C12:0 | C5-3(Ac)
PEFA2  C14:0 | C6-4(Ac)
PEFA4  C16:0 | C5-2(Ac)
PEFA3  C16:0 | C6-2(Ac)
PEFA10 C18:0 | C6-2(Ac)
PEFA11 C16:0 | C6-5(Ac)
PEFA16 C18:0 | C6-5(Ac)
PEFA15 C18:0 | C5-3(Ac)
PEFA7  C16:0 | C6-3(Ac)
PEFA13 C18:0 | C6-3(Ac)

Fig. 3 Unsupervised hierarchical clustering and heat map of yeast
strains and PEFA species. The row z-score represents the deviation
from the mean by standard deviation unit; red color indicates high

were present in the 19 PEFA identified. This is a striking
difference from the intracellular oils reported for these
strains, where the bulk of the acyl chains in the intracellu-
lar triacylglycerols are unsaturated [11, 41], in some cases
with up to 3 double bonds in the acyl chains. The nineteen
structures are described in Table 3.

Unsupervised hierarchical clustering and heat map of
strains and PEFA species revealed three types of patterns
(see Fig. 3). The first denotes an association between
Rhodotorula paludigenalRhodotorula aff. paludigena
species and a PEFA profile where PEFA 8 is highly pre-
dominant, followed by PEFA 12. These PEFA contain
p-arabitol. The second pattern involves Rhodotorula
babjevae strains and a PEFA profile dominated by PEFA
12, which is fully acetylated and contains p-arabitol as
well. The third pattern includes Rhodotorula kratoch-
vilovae and Rhodotorula diobovata, the other two newly
identified secreting yeasts, and a high percentage of
PEFA 11, 16 and 17. The first two PEFA contain b-man-
nitol. There are two exceptions to these tendencies,
namely R. babjevae UCDFST 68-916.1 and R. paludi-
gena UCDFST 09-163, which display different patterns
compared to the other strains from the same species.
These results show that PEFA secretion is primarily spe-
cies specific, but both qualitative and quantitative strain
differences exist as well. The applications for the differ-
ent PEFA compositions may differ: PEFA from R. bab-
jevae should be more hydrophobic than those coming
from R. paludigena due to fewer free hydroxy groups.

percentage of PEFA; blue color indicates low percentage of PEFA.
Yeast strain ID numbers are from the Phaff Yeast Culture Collection,
University of California, Davis (color figure online)

More research is needed to identify optimal applications
for each PEFA profile.

Discussion

Before this study, only seven species of yeasts were known
to naturally synthesize and secrete PL (see Table 1). This
study increased the number of known species by adding
species Rhodotorula diobovata, Rhodotorula kratoch-
vilovae, Rhodotorula paludigena, Rhodotorula aff. palu-
digena. The taxonomic term “aff.”” or affinis means it is
a new species; the closest valid species is R. paludigena.
The UCDFST (Phaff Yeast Culture Collection) strain used
in this study is the only known representative of this novel
species. These yeast species belong to a taxonomic clade
that was recently revised [53], which resulted in genus
name changes, as described above.

These four yeasts produce at least 1 g L~! with PEFA
purities above 80%. Additional yeasts producing trace
amounts of PEFA are also reported. The two high-
est PEFA producers in the present study, namely R. aff.
paludigena UCDFST 81-84 and R. paludigena UCDFST
81-492, achieved glucose conversions of 0.25 and 0.23 g
of PEFA per gram of glucose respectively. Cajka et al.
obtained values equivalent to a glucose conversion
of 0.086 g of PEFA per gram of glucose from R. bab-
jevae UCDFST 04-877 and Tulloch et al. in the 1960s
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documented values equivalent to a glucose conversion of
0.05 g of PEFA per gram of glucose from R. azoricum
(previously called R. glutinis or R. graminis) CBS 4648
[7, 46]. The R. paludigena and R. aff. paludigena strains
thus converted 2.9 times and 2.7 times more glucose into
PEFA compared to Cajka et al. and 5 times and 4.6 times
more compared to Tulloch et al. [7, 46]. All these new
PEFA-secreting yeasts present significant opportunity
to expand our knowledge of synthesis and secretion of
structurally complex products, which may be beneficial
for development of tools for synthesis and secretion of a
broad variety of oleochemicals beyond PEFA and other
GL.

The function of PEFA as well as other yeast GL in nat-
ural ecosystems has been the subject of speculation. For
example, the GL may aid in modifying leaf surface perme-
ability, possibly facilitating uptake of hydrophobic carbon
sources such as the long chain waxes present in the cuti-
cle on the surface of leaves [6, 35]. Other theories include
secretion of yeast GL as an external form of carbon storage
[51]. Others have suggested the use of GL as anti-microbial

R. babjevae UCDFST 04-877 (KUG09487) 8.6 g L-1

R. babjevae UCDFST 67-458 (KU609491) 2.5 g L-1

R. babjevae UCDFST 68-916.1 (KU609489) 1.1 g L-1

R. babjevae UCDFST 05-613 (KX771219) 4.3 g L-1

R. babjevae UCDFST 67-436 (KX771220) 4.0 g L-1

R. babjevae UCDFST 67-506 (KX771221) 5.1 g L-1

R. babjevae UCDFST 05-736 (KX771224) 5.5 g L-1

R. babjevae UCDFST 67-478 (KX771225) 4.6 g L-1

R. babjevae UCDFST 06-542 (KX771227) 5.1 g L-1

R. babjevae UCDFST 67-102 (KX771218) 5.8 g L-1

R. babjevae UCDFST 04-830 (KX771226) 5.8 g L-1

R. babjevae UCDFST 05-775 (KU609488) 6.4 g L-1

R. glutinis UCDFST 05-503 (KU609504) 3.8 g L-1

R_glutinis UCDFST 50-309(T) (KX771216) <1 g L-1

R. diobovata UCDFST 08-225 (KU609490) 2.0 g L-1

R kratochvilovae UCDFST 05-632 (KUE09493) 3.1 g L-1
R. araucariae UCDFST 69-61(T) (KU609499) <1 g L-1

R. aff. paludigena UCDFST 81-84 (KUG09496) 12.4 g L-1
.1 R. paludigena UCDFST 81-492 (KX771217) 11.7 g L1
R. paludigena UCDFST 82-646.2 (KU609495) 3.1 g L-1
R. paludigena UCDFST 09-163 (KU609494) 2.1 g L-1

R. toruloides UCDFST 67-52(NT) (KU609498) <1 g L-1

and anti-fungal compounds [36, 42]. Indeed, LM were
shown to display selective antibacterial activity against six
Streptococcus species [4], even with different polyol head
groups [28]. Many of the PEFA-secreting yeasts identified
in this study were isolated from plant surfaces and insects,
consistent with the first theory. PEFA production is more
apparent in the Rhodotorula glutinis/graminis clade, com-
prising R. glutinis, R. graminis, R. babjevae and R. diobo-
vata species, as well as in the R. paludigena clade, which
appear in the top branches in Fig. 4. PEFA production was
negligible or undetected in other phylogenetic branches,
suggesting an evolutionary pattern. Furthermore, the high-
est three producers (R. aff. paludigena UCDFST 81-84, R.
paludigena UCDFST 81-492 and R. babjevae UCDFST
04-877) in the present work were originally isolated from
plant surfaces (Table 2). Six more PEFA producing strains
(R. paludigena UCDFST 09-163, R. babjevaec UCDFST
67-458, R. graminis 05-503, R. paludigena 82-646.2,
R. babjevae UCDFST 68-916.1, R. graminis UCDFST
05-613, see Table 2) originated from plant surfaces/plant
surface interactions as well. All these strains agglomerate

0050

R. mucilaginosa UCDFST 10-221 (KX771229) <1 g L-1

R. mucilaginosa UCDFST 13-478 (KUB09508) <1 g L-1

R. mucilaginosa UCDFST 78-54 (KU609503) <1 g L-1

.4 R. mucilaginosa UCDFST 05-218 (KX771230) <1 g L-1

R. mucilaginosa UCDFST 68-854.2 (KX771222) <1 g L-1

R. mucilaginosa UCDFST 67-64 (KX771228) <1 g L1

R. mucilaginosa UCDFST 68-329(T) (KUB09507) <1 g L-1

R. dairenensis UCDFST 68-275(T) (KUB09506) <1 g L-1

R. dairenensis UCDFST 68-257 (KUB09502) <1 g L-1

R. sphaerocarpa UCDFST 68-43 (KU609497) <1 g L-1

R. ruineniae UCDFST 10-1109 (KUB09521) <1 g L-1
R. ruineniae UCDFST 10-1058 (KUB09520) <1 g L-1
R. ruineniae UCDFST 78-84 (KX771223) <1 g L-1

R. ruineniae UCDFST 12-776 (KU609518) <1 g L-1
R. ruineniae UCDFST 67-67(T) (KUB09519) <1 g L-1
R. odoratus UCDFST 04-870 (KU609532) <1 g L-1

R. odoratus UCDFST 09-1303 (KUB09531) <1 g L-1
R. cf. fluvialis UCDFST 81-485.4 (KUB09492) <1 g L-1
R. poonsookiae UCDFST 10-441 (KUB09533) <1 g L-1

R. aff. lusitaniae UCDFST 06-583 (KU609501) <1 g L-1
R. colostri UCDFST 05-609 (KU609500) <1 g L-1

S. johnsonii UCDFST 68-29 (KUB09510) <1 g L-1
S. johnsonii UCDFST 67-65 (KU609509) <1 g L-1
. salmonicolor UCDFST 72-182 (KU809525) <1 g L-1
I S. salmonicolor UCDFST 67-1029 (KU609522) <1 g L-1
S. salmonicolor UCDFST 44-3 (KU609523) <1 g L-1
S. salmonicolor UCDFST 10-159 (KUB09505) <1 g L-1

S. pararoseus UCDFST 67-552 (KUB09511) <1 g L-1
[—{ [ S: pararoseus UCDFST 44-17 (KUSO9512) <1 g L-1
s UCDFST 09-1305 (KUB09515) <1 g L-1

S. carnicolor UCDFST 03-573 (KU609529) <1 g L-1
S. carnicolor UCDFST 68-346 (KU609514) <1 g L-1
S. camicolor UCDFST 68-348 (KU609530) <1 g L-1
,7 S. metaroseus UCDFST 05-893 (KU609534) <1 g L-1
S. aff. beiji is UCDFST 11-1143 (KU609535) <1 g L-1

« S. bannaensis UCDFST 11-470 (KU609527) <1 g L-1
IS. bannaensis UCDFST 10-453 (KU609526) <1 g L-1
- is UCDFST 10-451 (KU609517) <1 g L-1

IS. bannaensis UCDFST 10-421 (KU609516) <1 g L-1

—

———— C. minutum UCDFST 68-280 (KU609540) <1 g L-1
L 0.externus UCDFST 68-934.2 (KU609539) <1 g L-1

Fig. 4 Phylogenetic tree describing the different yeast species
involved in the study. The tree was made using version 7.6 of the
CLC Sequence Viewer® (QIAGEN Aarhus, Denmark), using the fol-
lowing parameters: Gap open cost value equal to 10, a gap extension
cost equal to one, Neighbor Joining construction method, Jukes-Can-
tor nucleotide and bootstrap analysis based on 1000 replicates. The
yeast located at the fop branches of the tree, were active PEFA secret-
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. aff hylophilus UCDFST 79-1005 (KU09536) <1 g L-1

ers, while those strains on the bottom branches of the tree had little to
no PEFA secretion. The tree was built based on differences and simi-
larities in the yeast ITS rDNA. The number in brackets corresponds
to the Genbank accession number for the ITS rDNA sequence. Sam-
ples with less than 1% pure PEFA are expressed as <1 g L™!. T stands
for type strain. NT stands for neotype strain
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in the R. glutinis/graminis/babjevae and the R. paludigena
clades, which, as mentioned before, are located in the top
branches of the phylogenetic tree depicted in Fig. 4. Only
two PEFA secreters identified in this study had source habi-
tats unrelated to plant surfaces/plant surface interactions.

The production of PEFA by these yeasts differs signifi-
cantly from that of previously known GL secreting yeasts
such as SL-secreting Starmerella bombicola [51, 52] in that
significant levels of PEFA are produced when cultivated
on glucose as the carbon source, without a hydrophobic
co-substrate. Similar results were reported previously for
LM, where yields of up to 6.0 g L™! were obtained from
50 g L~! sucrose by Aureobasidium pullulans strain CU 39
(NRRL 58551) [24], and up to 35 g L™! from 120 g L!
glucose by Aureobasidium sp. strain A-21M (although the
latter value came from collecting 30 mL cultures to add
up a total volume of about 1 L) [18]. The consequences of
this property are quite significant for commercial produc-
tion of PEFA for two reasons. First, the cost of glucose and
other carbohydrates is significantly lower per kilogram than
fatty acids and other hydrophobic co-substrates. Second,
because residual lipids do not mingle with the GL product,
purifying the product would involve simpler, less costly
downstream processing. Commercial production of SL
requires an ethyl acetate extraction to separate the SL and
other hydrophobic materials from the spent media, then a
hexane extraction to remove residual input vegetable oils
or fatty acids from SL [3, 51, 52]. Elimination of one or
both of these steps would reduce both capital expenses for
constructing facilities appropriate to handle flammable sol-
vents, and operating expenses. Phase separation of PEFA
produced by the basidiomycete yeasts described in the
study suggests that a production technology with fewer or
no solvent extraction steps is feasible.

These newly identified PEFA-secreting yeast species all
are classified in phylum Basidiomycota. Basidiomycetes
are significantly different from ascomycetes morphologi-
cally, genetically, and physiologically. The phylum names
derive from differences in spore formation. Basidiomy-
cetes have much higher GC content, often over 60%, which
can lead to difficulties with PCR and DNA sequencing.
Basidiomycetes have a very different cell wall structure
[33], which affects methods used to harvest intracellular
products as well as genetic transformation techniques. As
a result, fewer genome sequences and genetic tools are
available for basidiomycetous yeasts [26]. However, some
genomes have been sequenced, and genetic tools are being
developed for some species with biotechnology value such
as oleaginous yeast Rhodotorula toruloides [55], which,
like the PEFA-secreting yeasts reported here, is in the taxo-
nomic order Sporidiobolales.

Basidiomycetes do have some advantages. In gen-
eral, basidiomycetes, including those in the order

Sporidiobolales, are able to assimilate a broader range of
carbon sources, particularly pentoses that are utilized by
few of the GL-secreting ascomycete species [37]. Some
basidiomycetous yeasts can also grow without supple-
mented vitamins, reducing culture medium costs.

The basidiomycetous yeasts identified in this study
simultaneously synthesize high levels of intracellular tria-
cylglycerols, accumulating 40-65% oil by dry weight [11,
41], indicating efficient citrate flux from mitochondria to
generate a rich pool of acetyl CoA, that will maintain the
cytosolic fatty acid synthase actively producing fatty acids.
This might explain why the yeast uses fatty acids as build-
ing blocks for PEFA synthesis [10]. In addition there are
three main questions that remain unsolved and required
further work towards elucidating the biosynthetic pathway
of PEFA. First, further research is needed to understand
how the hydroxylation on position A3 of the fatty acyl
moiety occurs. In other yeast GL systems, like SL produc-
tion by species Starmerella bombicola, hydroxylation on
the w or w—1 position occurs through a cytochrome P-450
enzyme that presumably is bound to the outer leaflet of the
endoplasmic reticulum [48, 49]. Second, there might be a
reductive step in the biosynthetic pathway to convert glu-
cose to pD-mannitol. Stodola et al. reported the existence
of an NADP dependent mannitol dehydrogenase display-
ing high activity in cell free extracts from extracellular
PEFA producing strains of Rhodotorula glutinis [44]. More
research is needed to identify the particular location of the
enzyme, and how glucose is reduced to mannitol as part of
the biosynthetic pathway [44]. In the case of LM, it was
shown that Aureobasidium pullulans strain NRRL 50380
was able to directly incorporate (p-arabitol, p-xylitol,
D-ribitol and L-threitol) into the LM structures, whereas
dosing of sugars like sucrose, p-fructose, p-mannose and
p-arabinose resulted in LM having mannitol head groups
[28]. Therefore A. pullulans is able to convert the sugars
to mannitol, and incorporate certain polyols into the LM
backbone. It is not yet known whether the basidiomycet-
ous yeasts involved in the present study are capable of such
behavior, though structural similarities between LM and
PEFA suggest this may be possible. Finally, the genomes
of those yeasts secreting either SL, MEL or CL have been
sequenced, and genes responsible for synthesis of GL have
been identified [31], as has the transporter responsible for
secretion in the case of SL [43]. The SL transporter protein
has been described as an ABC transmembrane transporter
[50]. Further analysis is required to determine whether
these newly identified PEFA-secreting yeasts possess simi-
lar synthesis and/or secretion gene clusters.

This study validates the strategy of screening taxo-
nomic relatives to identify additional yeast species with
targeted properties. For example, Kurtzman measured SL
production by 26 strains belonging to 18 yeast species in
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the taxonomic clade that includes Starmerella bombicola
[21]. SL production was not detected in most strains tested.
Because Candida is a polyphyletic genus, with hundreds of
species spread across numerous taxonomic clades within
Ascomycota, a strong knowledge of yeast taxonomy ena-
bled selection of appropriate species within the targeted
clade. Access to a large and diverse culture collection (the
USDA-ARS Culture Collection, http://nrrl.naur.usda.gov/
cgi-bin/usda/) also enabled that study.

There were many parallels in the current study. A large
and diverse culture collection was tapped to acquire a
diversity of native yeast strains. Roughly half of the known
yeast species in the targeted clade within the order Sporidi-
obolales [19] were available from the Phaff Yeast Culture
Collection (http://phaffcollection.udcavis.edu). Taxonomic
expertise enabled selection of appropriate yeast species for
this study, as the genus Rhodotorula is polyphyletic. Novel
species currently lacking valid species names were discov-
ered to produce PEFA in the current study. To indicate new
species, the taxonomic term “affinis” (abbreviated ‘“aff.”)
is placed between the genus and the species names of the
closest valid species. A novel species found to synthesize
and secrete PEFA in this study is Rhodotorula aff. paludi-
gena. The Phaff collection strain is the only known strain
of this species. Further work is needed to fully describe
these species and assign a valid species name.

Variation of properties among strains of a given yeast
species is often observed, such as enzymatic activity [12],
inhibitor tolerance [40] and lipid content [11, 41]. When
Kurtzman measured SL production by two strains of
Candida apicola, one produced the highest levels seen in
their study, and the other did not produce detectable lev-
els. Similarly, we found different PEFA secretion levels
when comparing multiple strains of Rhodotorula babje-
vae. Strain UCDFST 04-877 secreted 8.7 g L™!, strain
UCDEFST 05-775 secreted 6.3 g L™ and strain UCDFST
68-916.1 secreted 1.1 g L' crude PEFA extract, all with
purity above 97% suggesting different phenotypes within
the same species.

The first two digits of the Phaff collection ID number
indicate the year the strain was deposited in the collec-
tion. Yeasts listed in Table 2 were acquired over the last
five decades. These observations dramatically demonstrate
the importance of preserving a broad variety of microbes
in professionally managed collections to enable future dis-
coveries [5], of clearly designating the yeast collection and
strain ID number in publications, and of utilizing the same
strain in subsequent studies to ensure consistent results.

Discovery of these PEFA-secreting yeasts may aid in
improving production of renewable, sustainable, envi-
ronmentally friendly surfactants for use in household
and industrial cleaning products, as well as many other
applications. Further studies including optimization of
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production, technoeconomic analysis and examination
of surfactant activities will help determine whether these
yeasts have the potential to alter global surfactant produc-
tion and use.
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