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Significance and Impact of the Study: Citrus peel waste is one of the most underutilized and geographi-
cally diverse residues in the planet. In attempt to develop a citrus peel based biorefinery we report here
the isolation of a yeast which exhibited favourable technological characteristics for the production of
ethanol through utilization of the specific food waste. Pichia kudriavzevii KVMP10 was highly thermo-
tolerant and utilized both hexoses and pentoses for ethanol production, which was achieved at ele-
vated rates, highlighting its great potential for application in ethanol production processes from citrus
peel.

Keywords

D-limonene, ethanol, orange peel, Pichia

kudriavzevii, thermotolerant yeast.

Correspondence

Michalis Koutinas, Department of Environ-

mental Science & Technology, Cyprus Univer-

sity of Technology, 30 Archbishop Kyprianou

Str., 3036 Limassol, Cyprus.

E-mail: michail.koutinas@cut.ac.cy

2015/1138: received 7 June 2015, revised 20

September 2015 and accepted 22 October

2015

doi:10.1111/lam.12514

Abstract

This work explores the potential for the development of orange peel based

ethanol bioprocesses through isolation of the thermotolerant Pichia

kudriavzevii KVMP10. A model solution of hydrolysed Valencia orange peel

was employed to determine the ethanologenic potential of the yeast, which was

maximized at 42°C producing 54 g l�1 of ethanol. The effect of orange peel oil

on bioethanol formation was investigated at 30 and 42°C confirming that the

minimum inhibitory peel oil content was 0�01% (v/v). Pichia kudriavzevii

KVMP10 demonstrated significant technological advantages for the production

of sustainable bioenergy, such as utilization of both hexoses (glucose, sucrose,

fructose and galactose) and pentoses (xylose) at high temperatures,

exemplifying its great potential for application in orange peel based

biorefineries for ethanol production.

Introduction

The manufacture of citrus juice is a major industrial sec-

tor with 31�2 9 106 tonnes of fruits processed on an

annual basis worldwide (Lin et al. 2013). The juice extrac-

tion results in residual peel waste that corresponds to

50% of the fruit, while the high levels of sugars contained

usually result in mould growth necessitating its prompt

treatment due to the high risk for uncontrolled produc-

tion of greenhouse gases. Orange peel (OP) consists of

soluble sugars, fibre, protein, ashes and fat constituting a

rich feedstock for the production of added-value chemi-

cals and biofuels. Various protocols have been developed

for peel valorization into single components or through

development of integrated biorefineries aiming to gener-

ate a series of products. D-limonene, pectin, biogas,

bioethanol, single cell protein and succinic acid have been

targeted as individual products from OPs (Li et al. 2010;

Martin et al. 2010; Santi et al. 2014). However, micro-

wave treatment has been used to produce D-limonene,

pectin and mesoporous cellulose (Balu et al. 2012), while

D-limonene, pectin, biogas and bioethanol have been pro-

duced through an integrated biorefinery approach (Pour-

bafrani et al. 2010).

OP is an attractive raw material for the production of

bioethanol. However, membrane toxicity is usually

imposed from D-limonene on the cell, which should be

removed prior to fermentation (Grohmann et al. 1994).

The negative effect of OP oil has been demonstrated on

the ethanologenic potential of three major industrial
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strains (Saccharomyces cerevisiae, Kluyveromyces marxianus

and Zymomonas mobilis) (Wilkins et al. 2007a; Wilkins

2009). Thus, in order to eliminate peel oil inhibition pop-

ping treatment has been applied to reduce the D-limonene

levels of the feedstock preceding the ethanol production

step (Choi et al. 2013). This work aimed to isolate an

ethanologenic strain capable of resisting the inhibition

imposed by the peel oil content of the waste. Ethanol

production was explored at different levels of OP oil and

temperatures, while the strain was tested for its capacity

to generate the biofuel from various sugars.

Results and discussion

Screening and isolation of ethanol producing micro-

organisms

Following six sequential cultivations of samples from soil,

contaminated OP and activated sludge in liquid media,

substantial microbial growth occurred. About 0�1 ml of

grown cultures was inoculated into solid media supple-

mented with OPs resulting in the purification of 21 single

colonies. The purified strains were grown into the hydrol-

ysed Valencia OP waste model solution (derived from

Wilkins et al. 2007a) and six strains produced ethanol. A

single strain, derived from the environmental sample

collected from soil beneath an apple tree, was the

strongest producer and it could generate approx. 30 g l�1

of ethanol.

Based on the phylogenetic and physiological character-

istics, the strain was designated as Pichia kudriavzevii

KVMP10 and the internal transcribed spacer (ITS)

sequence was deposited in GenBank (accession number

KP690977). Thus, a phylogenetic tree based on ITS was

constructed (Fig. 1) with the use of the multiple align-

ment software CLUSTALW (MEGA 5.05) (Thompson et al..

1994) aiming to correlate P. kudriavzevii KVMP10, with

other P. kudriavzevii, K. marxianus and Saccharomyces sp.

that shared ITS gene sequence similarities. Kluyveromyces

marxianus NBRC 1777 and Saccharomyces sp KCH were

used as outgroup. As shown on the phylogenetic tree the

isolated strain exhibited close similarity to P. kudriavzevii

d89a (accession number KP674621) and P. kudriavzevii

B-WHX-12-12 (accession number KC756946.1). Similar

to KVMP10 strain, P. kudriavzevii B-WHX-12-12 was iso-

lated from apple orchards in China and demonstrated

osmotolerant characteristics (unpublished work, NCBI).

Furthermore, P. kudriavzevii TY11 (KC905770.1), which

only slightly varied from the isolated KVMP10 (Fig 1),

has also demonstrated significant thermotolerance and

ethanol productivity (unpublished work, NCBI). Pichia

kudriavzevii was previously named as Issatchenkia orien-

talis and it has been characterized as robust and multi-

stress-tolerant yeast, resisting low pH values, elevated

temperatures and salt contents (Toivari et al. 2013). The

strain was cultivated under pH values of 4, 4�8, 6 and 7

to identify the optimal conditions for bioethanol produc-

tion, while citrate buffer consisting of citric acid and

sodium citrate were used to adjust the pH. The experi-

ment performed at pH value of 6 produced 20 g l�1 of

ethanol, while the culture conducted at pH 7 yielded

insignificant concentration of ethanol following 48 h of

cultivation. However, the tests performed at pH values of

4 and 4�8 demonstrated the highest ethanol concentration

(between 24 and 25 g l�1) and thus, the value of 4�8 was

used in the experiments.

The effect of D-limonene concentration on bioethanol

production

The inhibitory effect of D-limonene on P. kudriavzevii

KVMP10 was first tested in solid media of the hydrolysed

OP waste model solution supplemented with OP oil at

concentrations that ranged between 0 and 1% (v/v) under

aerobic conditions. Although increased concentrations of

D-limonene resulted in longer lag phases and substantial

reduction in biomass formation, the micro-organism was

capable of growing on all OP oil concentrations tested

and the colonies formed exhibited a cream colour

(Fig. S1). Furthermore, the colonies were spreading
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Pichia kudriavzevii strain d89a (KP674621)

Pichia kudriavzevii B-WHX-12-12 (KC756946.1)

Pichia kudriavzevii TY11 (KC905770.1)

Pichia kudriavzevii ZA020 (FJ697171.1)

Saccharomycete sp. KCH SL3 (EU315770.1)

Kluyveromyces marxianus NBRC 1777

Figure 1 Phylogenetic tree of Pichia kudriavzevii KVMP10 obtained by neighbor-joining analysis of internal transcribed spacer sequences, showing

the position among different P. kudriavzevii, Kluyveromyces marxianus and Saccharomycete sp. strains. Bootstrap values (expressed as percentages

of 1000 replications) are shown at the branch points.
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rapidly particularly at lower peel oil contents, while the

biomass formed aggregates that raised from the surface of

the plate for peel oil concentrations higher than 0�2%
demonstrating a potential inhibitory effect. The duration

of the lag phase varied between 0 and 48 h, while maxi-

mum biomass formation was observed following 72–
168 h of cultivation (Table S1).

OP oil was also added to cultures conducted at 30°C
(Fig. 2a). Increasing contents of the inhibitor resulted in

prolonged lag phases and slight reduction in ethanol for-

mation. Thus, although without the inhibitor the maxi-

mum product concentration occurred within 24 h of

cultivation, the addition of 0�01, 0�05 and 0�10% (v/v) of

OP oil resulted in maximum ethanol generation after 48,

54 and 73 h respectively. Moreover, OP oil slightly

reduced ethanol production from 25 g l�1 in OP oil free

media to 21–22 g l�1 with the use of the inhibitor. Vari-

ous studies have shown the inhibitory effect of D-limo-

nene highlighting the need for its removal prior to the

bioprocess (Table 1). The lag phases of K. marxianus and

S. cerevisiae gradually increased for rising contents of OP

oil between 0 and 0�2% (v/v), which also inhibited the

formation of ethanol (Wilkins et al. 2007a). Prolonged

lag phases were not observed in simultaneous saccharifi-

cation and fermentation of citrus peel supplemented with

0�08–0�043% (v/v) of D-limonene using S. cerevisiae

(Wilkins et al. 2007b), while Z. mobilis and Mucor indicus

have shown significant resistance to D-limonene (Wilkins

2009; Lennartsson et al. 2012).

Bioethanol production at different temperatures

Temperature is considered as a major parameter of etha-

nol bioprocesses reducing the costs through more efficient

product recovery and cooling of the bioreactor, higher

growth and saccharification rates and reduction in micro-

bial contamination (Banat et al. 1998). Thus, batch cul-

tures of P. kudriavzevii KVMP10 were conducted at

different temperatures aiming to determine the optimal

conditions for ethanol production. Figure 2b presents the

concentration of ethanol in experiments where the tem-

perature ranged between 30 and 42°C. The bioethanol

concentration achieved was 54 g l�1 at 42°C and it

reached 39 and 40 g l�1 at 37 and 40°C respectively. An

experiment conducted at 45°C resulted in 60 h of lag

phase and substantial reduction in ethanol concentration

to a maximum of 10 g l�1 indicating an inhibitory effect

at higher temperatures.

A comparison of the data obtained here with past stud-

ies exemplifies that the isolated strain is a highly efficient

bioethanol producer (Table 2). Pichia kudriavzevii

KVMP10 could produce substantially higher ethanol con-

centrations to the 37, 41 and 43�5 g l�1 formed by the

industrial strains K. marxianus, S. cerevisiae and Z. mo-

bilis respectively, using the same model solution of OP

waste (Wilkins et al. 2007a; Wilkins 2009). Moreover, the

highest ethanol production was obtained at 42°C, which
is considerably higher to the 37°C used in the above stud-

ies. However, although P. kudriavzevii KVMP10 demon-

strated elevated ethanol productivity (2�25 g l�1 h�1),

S. cerevisiae could generate ethanol at a productivity of

3�85 g l�1 h�1 in fermentations of mandarin peel waste

(Choi et al. 2013). Although the capacity of K. marxianus
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Figure 2 Bioethanol concentration in Pichia kudriavzevii KVMP10 fer-

mentations conducted at different conditions. (a) Fermentations at

30°C for different orange peel (OP) oil contents. : 0�00% (v/v) OP

oil; : 0�01% (v/v) OP oil; : 0�05% (v/v) OP oil; : 0�10% (v/v)

OP oil. (b) Fermentations at different temperatures. Bioethanol pro-

duced at: : 30°C; : 37°C; : 40°C; : 42°C. (c) Fermenta-

tions at 42°C for different OP oil contents. : 0�00% (v/v) OP oil;

: 0�01% (v/v) OP oil; : 0�025% (v/v) OP oil; : 0�05% (v/v)

OP oil.

Letters in Applied Microbiology 62, 75--83 © 2015 The Society for Applied Microbiology 77

M. Koutinas et al. Bioethanol from Pichia kudriavzevii



T
a
b
le

1
Th

e
in
h
ib
it
o
ry

ef
fe
ct

o
f
D
-l
im

o
n
en

e
in

et
h
an

o
l
b
io
p
ro
ce
ss
es

R
aw

m
at
er
ia
l

M
ic
ro
-o
rg
an

is
m

Pr
o
ce
ss

co
n
d
it
io
n
s

R
an

g
e
o
f
in
it
ia
l

D
-l
im

o
n
en

e

co
n
c.

(v
/v
)

Ef
fe
ct

o
n
la
g
p
h
as
e

Ef
fe
ct

o
n
et
h
an

o
l
co
n
c.

Ef
fe
ct

o
n
p
ro
d
u
ct

yi
el
d

[g
e
th
a
n
o
l
g
su
g
a
rs
�
1
]

R
ef
er
en

ce

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

K
.
m
ar
xi
an

u
s

SF
,
A
er
,
3
7
°C

0
�00

–0
�20

%
G
ra
d
u
al

in
cr
ea
se

in
la
g

p
h
as
e
fr
o
m

0
to

7
2
h

G
ra
d
u
al

d
ec
re
as
e

fr
o
m

3
7
to

1
3
g
l�

1

V
ar
yi
n
g
yi
el
d
s
b
et
w
ee
n

0
�34

an
d
0
�58

W
ilk
in
s
et

al
.
(2
0
0
7
a)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

S.
ce
re
vi
si
ae

SF
,
A
er
,
3
7
°C

0
�00

–0
�20

%
G
ra
d
u
al

in
cr
ea
se

in
la
g

p
h
as
e
fr
o
m

0
to

7
2
h

G
ra
d
u
al

d
ec
re
as
e

fr
o
m

4
1
to

2
3
g
l�

1

N
o
ef
fe
ct

(0
�43

–0
�45

)
W
ilk
in
s
et

al
.
(2
0
0
7
a)

C
it
ru
s
p
ee
l
w
as
te

S.
ce
re
vi
si
ae

SS
F,

3
7
°C

0
�08

–0
�43

%
N
o
ef
fe
ct

(la
g
p
h
as
e

d
u
ra
ti
o
n
>
2
4
h
)

G
ra
d
u
al

d
ec
re
as
e

fr
o
m

3
9
to

7
g
l�

1

N
o
ef
fe
ct

(0
�43

)
W
ilk
in
s
et

al
.
(2
0
0
7
b
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

Z.
m
o
b
ili
s

SF
,
3
0
°C

0
�00

–0
�20

%
G
ra
d
u
al

in
cr
ea
se

in
la
g

p
h
as
e
fr
o
m

0
to

9
6
h

Su
b
st
an

ti
al

re
d
u
ct
io
n
fo
r

0
�20

%
(v
/v
)
fr
o
m

4
0
–4

3

to
1
5
g
l�

1

n
d

W
ilk
in
s
(2
0
0
9
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

Z.
m
o
b
ili
s

SF
,
3
7
°C

0
�00

–0
�20

%
G
ra
d
u
al

in
cr
ea
se

in
la
g

p
h
as
e
fr
o
m

0
to

7
2
h

R
ed

u
ct
io
n
fo
r
0
�20

%
(v
/v
)

fr
o
m

a
le
ve
l
o
f
4
1
–4

3
�5

to
3
6
�5

g
l�

1

n
d

W
ilk
in
s
(2
0
0
9
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

R
h
iz
o
p
u
s
sp
.

SF
,
A
er
,
3
2
°C

0
–2

%
n
d

n
d

V
ar
yi
n
g
yi
el
d
s
b
et
w
ee
n

0
�28

an
d
0
�37

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

M
.
in
d
ic
u
s

SF
,
A
er
,
3
2
°C

0
–2

%
N
o
ef
fe
ct

(2
6
h
la
g
p
h
as
e

d
u
ra
ti
o
n
)

n
d

N
o
ef
fe
ct

(0
�39

–0
�43

)
Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

R
h
iz
o
p
u
s
sp
.

SF
,
A
n
,
3
2
°C

0
–2

%
n
d

n
d

Su
b
st
an

ti
al

re
d
u
ct
io
n
fo
r

1
–2

%
(v
/v
)
fr
o
m

0
�31

–

0
�39

to
0
�20

–0
�25

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

M
.
in
d
ic
u
s

SF
,
A
n
,
3
2
°C

0
–2

%
N
o
ef
fe
ct

(3
4
h
la
g
p
h
as
e

d
u
ra
ti
o
n
)

n
d

V
ar
yi
n
g
yi
el
d
s
b
et
w
ee
n

0
�36

an
d
0
�43

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

M
.
in
d
ic
u
s

SF
,
A
er
,
3
2
°C

1
%

an
d
2
%

D
ec
re
as
e
fr
o
m

5
5
to

2
8
h

N
o
ef
fe
ct

(1
9
–2

0
g
l�

1
)

In
cr
ea
se

fr
o
m

0
�38

to

0
�53

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

P.
ku

d
ri
av
ze
vi
i

K
V
M
P1

0

SF
,
3
0
°C

0
�00

–0
�10

%
G
ra
d
u
al

in
cr
ea
se

in
la
g

p
h
as
e
fr
o
m

0
to

5
4
h

V
ar
yi
n
g
co
n
ce
n
tr
at
io
n
s

b
et
w
ee
n
2
5
an

d

2
1
g
l�

1

n
d

Th
is
st
u
d
y

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

P.
ku

d
ri
av
ze
vi
i

K
V
M
P1

0

SF
,
4
2
°C

0
�00

–0
�05

%
G
ra
d
u
al

in
cr
ea
se

in
la
g

p
h
as
e
fr
o
m

0
to

7
2
h

G
ra
d
u
al

d
ec
re
as
e

fr
o
m

5
4
to

2
1
g
l�

1

n
d

Th
is
st
u
d
y

SF
,
su
b
m
er
g
ed

fe
rm

en
ta
ti
o
n
;
SS
F,

si
m
u
lt
an

eo
u
s
sa
cc
h
ar
ifi
ca
ti
o
n
an

d
fe
rm

en
ta
ti
o
n
;
n
d
,
n
o
d
at
a;

A
er
,
ae
ro
b
ic

co
n
d
it
io
n
s;

A
n
,
an

ae
ro
b
ic

co
n
d
it
io
n
s.

Letters in Applied Microbiology 62, 75--83 © 2015 The Society for Applied Microbiology78

Bioethanol from Pichia kudriavzevii M. Koutinas et al.



T
a
b
le

2
Pr
o
d
u
ct
io
n
o
f
et
h
an

o
l
fr
o
m

ci
tr
u
s
w
as
te

in
m
ic
ro
b
ia
l
fe
rm

en
ta
ti
o
n
s

R
aw

m
at
er
ia
l

Pr
et
re
at
m
en

t

m
et
h
o
d

Pr
o
ce
ss

co
n
d
it
io
n
s

M
ic
ro
-o
rg
an

is
m

To
ta
l
in
it
ia
l

su
g
ar

co
n
te
n
t

Et
h
an

o
l

co
n
ce
n
tr
at
io
n

Et
h
an

o
l

p
ro
d
u
ct
iv
it
y

[g
l�

1
h
�
1
]

Y
ie
ld

[g
e
th
a
n
o
l
g
su
g
a
rs
�
1
]

R
ef
er
en

ce

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

n
d

SF
S.

ce
re
vi
si
ae

n
d

4
0
–4

5
(g

l�
1
)

0
�82

–0
�90

n
d

G
ro
h
m
an

n
et

al
.
(1
9
9
4
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

n
d

SF
E.

co
li

1
1
1
(g

l�
1
)

3
5
–3

8
(g

l�
1
)

0
�42

–0
�80

n
d

G
ro
h
m
an

n
et

al
.
(1
9
9
6
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

n
d

SF
,
3
7
°C

K
.
m
ar
xi
an

u
s

9
0
�6

(g
l�

1
)

3
7
(g

l�
1
)

0
�51

0
�44

W
ilk
in
s
et

al
.
(2
0
0
7
a)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

n
d

SF
,
3
7
°C

S.
ce
re
vi
si
ae

9
0
�6

(g
l�

1
)

4
1
(g

l�
1
)

0
�56

0
�45

W
ilk
in
s
et

al
.
(2
0
0
7
a)

C
it
ru
s
p
ee
l
w
as
te

St
ea
m

ex
p
lo
si
o
n

SS
F,

3
7
°C

,

0
�08

%
e.
o
.

S.
ce
re
vi
si
ae

0
�31

(g
g
�
1
d
ry

ra
w

m
at
er
ia
l)

3
9
�03

(g
l�

1
)

1
�62

0
�43

W
ilk
in
s
et

al
.
(2
0
0
7
b
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

n
d

SF
,
3
7
°C

,

0
�05

%
e.
o
.

Z.
m
o
b
ili
s

9
0
�6

(g
l�

1
)

4
3
�5

(g
l�

1
)

0
�60

0
�48

W
ilk
in
s
(2
0
0
9
)

M
an

d
ar
in

w
as
te

an
d

b
an

an
a
p
ee
ls

St
ea
m

d
ep

re
ss
u
ri
za
ti
o
n

SS
F,

3
0
°C

S.
ce
re
vi
si
ae

an
d

P.
ta
n
n
o
p
h
ilu
s

0
�17

(g
g
�
1
d
ry

ra
w

m
at
er
ia
l)

2
6
�84

(g
l�

1
)

0
�55

0
�42

Sh
ar
m
a
et

al
.
(2
0
0
7
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

Tw
o
st
ag

e
ac
id

h
yd
ro
ly
si
s

SF
,
3
4
°C

S.
ce
re
vi
si
ae

2
7
�54

(g
l�

1
)

3
0
�33

(g
l�

1
)

3
�37

0
�46

O
b
er
o
i
et

al
.
(2
0
1
0
)

M
an

d
ar
in

w
as
te

H
yd
ro
th
er
m
al

st
er
ili
za
ti
o
n

SS
F,

3
7
°C

S.
ce
re
vi
si
ae

7
4
(g

l�
1
)

4
2
(g

l�
1
)

3
�50

0
�48

O
b
er
o
i
et

al
.
(2
0
1
1
)

C
it
ru
s
w
as
te

D
ilu
te
-a
ci
d
h
yd
ro
ly
si
s

an
d
p
ec
ti
n
re
co
ve
ry

SF
,
3
0
°C

S.
ce
re
vi
si
ae

3
2
�97

(g
l�

1
)

3
9
�64

(l
tn

w
et

ra
w

m
at
er
ia
l�

1
),

1
4
�17

(g
l�

1
)

n
d

0
�43

Po
u
rb
af
ra
n
i
et

al
.
(2
0
1
0
)

M
an

d
ar
in

w
as
te

En
zy
m
e
h
yd
ro
ly
si
s

SS
F,

4
0
°C

P.
ku

d
ri
av
ze
vi
i

6
4
(g

l�
1
)

3
3
�87

(g
l�

1
)

2
�82

0
�67

Sa
n
d
h
u
et

al
.
(2
0
1
2
)

M
an

d
ar
in

w
as
te

St
ea
m

ex
p
lo
si
o
n

SS
F,

3
7
°C

S.
ce
re
vi
si
ae

n
d

6
0
(l
tn

ra
w

m
at
er
ia
l�

1
)

n
d

n
d

B
o
lu
d
a-
A
g
u
ila
r
et

al
.
(2
0
1
0
)

Le
m
o
n
p
ee
l
w
as
te

St
ea
m

ex
p
lo
si
o
n

SS
F,

3
7
°C

S.
ce
re
vi
si
ae

n
d

6
7
�83

(l
tn

ra
w

m
at
er
ia
l�

1
)

n
d

n
d

B
o
lu
d
a-
A
g
u
ila
r
an

d

Lo
p
ez
-G

o
m
ez

(2
0
1
3
)

O
ra
n
g
e
p
ee
l
w
as
te

En
zy
m
e
h
yd
ro
ly
si
s

A
er
,
3
2
°C

M
.
in
d
ic
u
s

3
9
(g

l�
1
)

1
5
(g

l�
1
)

0
�62

0
�39

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
w
as
te

h
yd
ro
ly
sa
te

n
d

SF
,
A
er
,
3
2
°C

R
h
iz
o
p
u
s
sp
.

5
0
(g

l�
1
)

n
d

n
d

0
�37

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
w
as
te

h
yd
ro
ly
sa
te

n
d

SF
,
A
er
,
3
2
°C

M
.
in
d
ic
u
s

5
0
(g

l�
1
)

n
d

n
d

0
�41

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
w
as
te

h
yd
ro
ly
sa
te

n
d

SF
,
A
n
,
3
2
°C

R
h
iz
o
p
u
s
sp
.

5
0
(g

l�
1
)

n
d

n
d

0
�39

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

O
ra
n
g
e
p
ee
l
w
as
te

h
yd
ro
ly
sa
te

n
d

SF
,
A
n
,
3
2
°C

M
.
in
d
ic
u
s

5
0
(g

l�
1
)

n
d

n
d

0
�43

Le
n
n
ar
ts
so
n
et

al
.
(2
0
1
2
)

M
an

d
ar
in

p
ee
l
w
as
te

Po
p
p
in
g
an

d

en
zy
m
e
h
yd
ro
ly
si
s

SF
,
3
0
°C

S.
ce
re
vi
si
ae

0
�63

(g
g
�
1

ra
w

m
at
er
ia
l)

4
6
�2

(g
l�

1
)

3
�85

0
�91

C
h
o
i
et

al
.
(2
0
1
3
)

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

n
d

SF
,
3
0
°C

P.
ku

d
ri
av
ze
vi
i

K
V
M
P1

0

1
0
1
(g

l�
1
)

2
5
(g

l�
1
)

1
�08

n
d

Th
is
st
u
d
y

O
ra
n
g
e
p
ee
l
h
yd
ro
ly
sa
te

n
d

SF
,
4
2
°C

P.
ku

d
ri
av
ze
vi
i

K
V
M
P1

0

1
0
1
(g

l�
1
)

5
4
(g

l�
1
)

2
�25

n
d

Th
is
st
u
d
y

SF
,
su
b
m
er
g
ed

fe
rm

en
ta
ti
o
n
;
SS
F,

si
m
u
lt
an

eo
u
s
sa
cc
h
ar
ifi
ca
ti
o
n
an

d
fe
rm

en
ta
ti
o
n
;
n
d
,
n
o
d
at
a;

A
er
,
ae
ro
b
ic

co
n
d
it
io
n
s;

A
n
,
an

ae
ro
b
ic

co
n
d
it
io
n
s;
e.
o
.,
es
se
n
ti
al

o
ils
.

Letters in Applied Microbiology 62, 75--83 © 2015 The Society for Applied Microbiology 79

M. Koutinas et al. Bioethanol from Pichia kudriavzevii



to produce ethanol at elevated temperatures has received

substantial interest (Banat et al. 1998; Koutinas et al.

2014), several studies have recently tackled the ethanolo-

genic potential of the highly thermotolerant yeast P. ku-

driavzevii, presented here as Supporting Information.

The effect of D-limonene on P. kudriavzevii KVMP10

cultures in optimal conditions

In order to understand the capacity of P. kudriavzevii

KVMP10 for application in OP valorization approaches,

the inhibitory effect of D-limonene should be explored

under conditions that maximize the production of etha-

nol. Thus, increasing OP oil contents were added in

P. kudriavzevii KVMP10 cultures performed with a pH of

4�8 at 42°C (Fig. 2c). The use of 0�01% (v/v) peel oil

reduced the maximum ethanol concentration formed

from 54 g l�1 obtained in the absence of the inhibitor to

33 g l�1. Moreover, the application of higher OP oil con-

centrations resulted in further reduction in the product

concentration, which reached 23 and 21 g l�1 for OP oil

contents of 0�025 and 0�05% (v/v) respectively. The

bioethanol concentration obtained with the use of OP oil

at 42°C was similar to that obtained at 30°C (Fig. 2a),

demonstrating that the product yield was substantially

reduced due to the inhibitor. Saccharomyces cerevisiae is

inhibited by D-limonene concentrations higher than

0�12% (v/v), while other strains have demonstrated

microbial inhibition for D-limonene contents of 0�05–
0�25% (v/v) (Wilkins et al. 2007b; Lennartsson et al.

2012).

Ethanol production by individual sugars

The capacity of P. kudriavzevii KVMP10 to produce etha-

nol from individual sugars was tested in cultures supple-

mented with 10 g l�1 of each carbon source, which were

maintained at 42°C with a pH value of 4�8 (Fig. 3). Glu-

cose, sucrose and fructose generated the highest ethanol

content that reached 4�5, 4�9 and 5�0 g l�1 respectively,

while when galactose was fed 3�5 g l�1 were formed.

Moreover, a culture fed with 10 g l�1 of D-xylose gener-

ated 1�9 g l�1 of the product. One of the most important

parameters for the development of cost effective bioetha-

nol processes is the use of yeasts converting both hexoses

and pentoses to the product at high rates, yields and final

concentrations. Although P. kudriavzevii was reported as

not capable of assimilating D-xylose (Oberoi et al. 2012;

Sandhu et al. 2012; Dandi et al. 2013), similar to this

study, P. kudriavzevii VVT-C-75010 was a xylose-ferment-

ing strain (Toivari et al. 2013), while the catabolic genes

of D-xylose have been identified in P. kudriavzevii M12

(Chan et al. 2012).

Critical aspects for the use of Pichia kudriavzevii

KVMP10 in ethanol bioprocesses

The energy demand of distillation could be up to 40% of

the energy required for bioethanol manufacture (Nagy

and Boldyryev 2013). Moreover, when the bioprocess is

conducted at high temperatures, evaporation of signifi-

cant quantities of ethanol is enabled, which could be fur-

ther liquefied using a heat exchanger. The cost effective

production of fuel-grade ethanol in alcohol distilleries

requires low energy demand emphasizing the importance

of employing thermotolerant yeasts, such as P. kudriavze-

vii KVMP10. The yeast can ferment sugars at higher tem-

peratures compared to other traditional strains

(Yuangsaard et al. 2013) and it consumes glucose,

sucrose, fructose, galactose and xylose suggesting its

potential for application in the development of bioethanol

processes based on sugar hydrolysates derived from

renewable biomass. Moreover, P. kudriavzevii KVMP10

achieved a high product yield, generating higher ethanol

concentrations compared to S. cerevisiae, K. marxianus

and Z. mobilis using the same model solution of OP

waste (Table 2).

Pichia kudriavzevii cultures performed with 150 g l�1

of glucose have resulted in ethanol contents higher than

9% (v/v) (Dandi et al. 2013) confirming that the yeast

may achieve substantially high alcohol concentrations.

Thus, although other common strains were more resistant

to D-limonene (Table 1), the capacity of P. kudriavzevii

KVMP10 to ferment a variety of carbohydrates (including

xylose) demonstrates that it holds great potential for the

development of OP based biorefinery concepts for the

production of fuel-grade or potable alcohol. The use of

the hydrolysed OP waste model solution in P. kudriavze-

vii KVMP10 fermentations produced 6�8% (v/v) of etha-
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nol, which is a typical alcoholic degree achieved industri-

ally, exemplifying its potential for application in potable

and fuel-grade alcohol production from OP. Therefore,

future studies should focus on bulk trials of KVMP10 in

order to confirm at larger scale the enhanced ethanol pro-

duction achieved herein for low volume shake flask exper-

iments. Furthermore, the data generated in the present

work could be employed as the basis for the development

of a design of experiments methodology aiming to opti-

mize the production of ethanol from KVMP10.

The valorization of food waste using biotechnological

approaches could serve as a sustainable practice for gener-

ation of various commodities valuable to society. It has

been shown that P. kudriavzevii KVMP10 was not highly

resistant to the presence of D-limonene. However, a range

of favourable characteristics, such as strong ethanologenic

capacity, high temperature fermentation and utilization of

both hexose and pentose sugars demonstrate that P. ku-

driavzevii KVMP10 is a versatile yeast holding great

potential for application in ethanol bioprocesses.

Materials and methods

Medium preparation for strain isolation

The samples required for the isolation of bioethanol pro-

ducers were collected from the top 10 cm of soil located

beneath apple trees (the GPS coordinates of the specific

location were N34°560, E32°570 and 1242 m of altitude in

Kyperounta, Cyprus), fungal contaminated OP and acti-

vated sludge. The medium used for strain isolation con-

sisted of (g l�1): CaCl2 1�0, MgSO4�7H2O 1�0, (NH4)2SO4

0�5, NaCl 0�5, KH2PO4 1�0 and 150 ll of trace elements

(composition in 0�01 mol l�1 H2SO4) (g l�1): ZnSO4�7H2O

10�0, CuSO4�5H2O 1�0, MnSO4�4H2O 1�0, CoSO4�7H2O

1�0, Cr2(SO4)3�15H2O 0�5, H3BO3 0�6; Na2MoO4�2H2O 0�5,
NiSO4�6H2O 1�0, Na2SeO4�10H2O 1�0, Na2WO42H2O 0�1
and NaVO3 0�1.

Strain isolation and identification

The above medium was supplemented with 75 g l�1 of

OPs as the sole carbon source and was pretreated with

two different approaches. In the first pretreatment peels

were grinded into particles with diameter of 2 mm using

a commercial blender (Dolcevita CG1, IMETEC, Greece)

and dried at 60°C for 120 h. The second pretreatment

aimed at the removal of D-limonene through the addition

of water to ground peel at a ratio of 6 : 1 and boiling for

1 h, while prior to their application in fermentation the

peels were dried at 60°C for 120 h. Prior to samples’

addition, the pH was adjusted to 5 and samples were cul-

tivated at 30°C for 4 weeks in submerged cultures of iso-

lation medium supplemented with OP pretreated with

both approaches. In order to isolate the desired strain

0�1 ml of grown cultures were inoculated into solid media

containing 15 g l�1 of agar and 4 g l�1 of OPs treated

with the second approach (at 30°C). Subsequently, a sin-

gle colony of the isolates was transferred into liquid

media model of hydrolysed Valencia OP waste, which was

prepared in 50 mmol l�1 citrate buffer at pH 4�8 and

consisted of (g l�1): yeast extract 20�0, peptone 10�0,
galactose 8�6, fructose 33�2, glucose 57�4 and sucrose 1�4
(Wilkins et al. 2007a). The carbohydrate content of the

medium was equal to that obtained through hydrolysis of

Valencia OP with cellulase, pectinase and b-glucosidase,
which was fermentable by S. cerevisiae and K. marxianus

(Wilkins et al. 2005).

DNA extraction was performed as described in Harju

et al. (2004) and the DNA product was used in the PCR

reaction. About 1 ll of template DNA was added in 30 ll
of PCR reaction solution, containing 3 ll of Buffer D

(59), 1�8 ll MgCl2 25 mmol l�1, 0�6 ll dNTPs

10 mmol l�1, 1 ll Primer mix 25 lmol l�1, 0�12 ll
KAPA Taq 5 U ll�1 and 25�28 ll H2O. The universal

ITS1/ITS4 primers (ITS1 primer targeting the end of 18S

rDNA: 50TCC GTA GGT GAA CCT GCG G30; ITS4 pri-

mer targeting the onset of 28S rDNA: 50TCC TCC GCT

TAT TGA TAT GC30) were used to amplify the ITS

region. The PCR reaction was performed in 34 cycles at

95°C for 30 s, 58°C for 30 s, and 72°C for 60 s. The PCR

products were sequenced by Macrogen (the Netherlands).

Fermentation conditions in ethanol production tests

Pichia kudriavzevii KVMP10 was pregrown in the hydrol-

ysed Valencia OP waste model solution at 30°C, while

5% (v/v) of inoculum was used in each culture. The

batch experiments were conducted in 250 ml sterile flasks

with a working volume of 60 ml in an incubator operated

at a temperature according to the specifications of each

experiment and reciprocal shaking of 100 rev min�1. All

chemicals were obtained from Sigma-Aldrich Company

Ltd (Dorset, UK) and were of ANALAR grade. OP oil

was procured from a local orange juice factory (Kean Soft

Drinks Ltd., Limassol, Cyprus).

Analyses

Gas Chromatography was employed for the determina-

tion of ethanol concentration. A Shimadzu GC-2014

(Shimadzu, Milton Keynes, UK) using a flame ioniza-

tion detector and a 30 m long Zebron ZB-5 capillary

column (Phenomenex, Macclesfield, UK) with 0�25 mm

internal diameter was employed. The mobile phase

applied was nitrogen, while the stationary phase of the
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column was 5%-phenyl and 95% dimethylpolysiloxane.

Samples were centrifuged for 5 min at 11337 g and the

supernatant was filtered through 0�2 lm filters. Ethanol

was extracted into decane by vortexing 1 ml of the fil-

tered sample with 2 ml of the solvent for 1 min. About

1 ll of the extract was injected and the temperature of

the column was kept constant at 70°C for 2�5 min fol-

lowed by an increase of 30°C min�1 up to 160°C, while
it was maintained at 160°C for an additional 0�5 min.

Ethanol concentration was calculated interpolating from

a previously established calibration curve and the coeffi-

cient of variation for three samples was 4�3% at a con-

centration level of 1 g l�1.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Duration of lag phase and time required for

maximum biomass formation of Pichia kudriavzevii

KVMP10 grown in solid media supplemented with

increasing concentrations of orange peel oil.

Figure S1 Cultivation of Pichia kudriavzevii KVMP10

in solid media supplemented with various orange peel oil

concentrations. Shown are pictures taken at the time

points specified for cultures containing a peel oil content

(v/v) of: (a) 0�0%; (b) 0�1%; (c) 0�2%; (d) 0�3%; (e)

0�4%; (f) 0�5%; (g) 0�6%; (h) 0�7%; (i) 0�8%; (j) 0�9%;

(k) 1�0%.
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