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Abstract  Through  solid-state  fermentation,  the  endophytic  fungus  Diaporthe  sp.  biotrans-
formed the  compound  R-(+)-limonene,  a  great  quantity  of  which  is  present  in  orange  waste.
The fermented  orange  waste  was  evaluated  to  determine  its  antioxidant  potential.  Mass
spectrometry  identified  several  biotransformation  products,  which  were  quantified  by  gas
chromatography.  The  fermentation  process  yielded  compounds  such  as  limonene-1,2-diol,
�-terpineol,  (−)-carvone,  �-tocopherol,  dihydrocarveol  and  valencene,  most  of  which  have
already been  associated  with  antioxidant  activity.  The  highest  concentration  of  limonene-1,2-
diol produced  was  3.02  g/kg  of  dry  substrate  and  0.72  g/kg  of  �-terpineol.  The  DPPH,  ORAC
and CUPRAC  methods  were  employed  to  analyze  the  antioxidant  activity  comparing  the  orange
waste and  the  fermented  orange  waste.  According  to  the  results  obtained  using  the  DPPH
method, the  fermented  media  extract  represented  20.17%  of  antioxidant  activity,  compared
to 12.1%  of  the  orange  waste  extract,  while  from  the  ORAC  method  analysis  the  results  were
24,011.39  �molTE/g,  obtained  from  the  fermented  extract  in  comparison  to  5226.45  �molTE/g

from the  orange  waste.  The  results  from  the  CUPRAC  method  analysis  were  538.05  mg  TE/g
of dry  extract,  from  the  fermented  extract  in  comparison  to  168.27  TE/g  of  dry  extract,  from
the orange  waste.  These  results  prove  that  the  fermentation  process  increased  the  antioxidant

ste.
potential  of  the  orange  wa
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Table  1  Physicochemical  composition  of  the  orange  waste.

Parameters  Content  (%)

Moisture  14.2  ±  0.14
Reducing  sugar 10.13  ±  0.99
Total sugar 21.13  ±  1.57
Protein 5.69  ±  0.21
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Biotransformation  of  orange  waste  by  Diaporthe  sp.  

Introduction

The  2017/18  forecast  for  global  orange  production  esti-
mated  a  yield  of  49.3  million  tons,  while  the  global  forecast
for  orange  juice  production  in  the  same  year  was  approx-
imately  1.7  million  metric  tons.  In  Brazil,  the  orange
production  is  forecast  to  17.3  million  tons,  while  the
orange  juice  production  is  estimated  to  1.2  million  met-
ric  tons.  Brazil  accounts  for  three-quarters  of  global  orange
juice  exports  (USDA,  2018).  The  orange  residue  in  juice
processing,  composed  of  seed,  flesh  and  skin,  comprises
approximately  50%  of  the  fruit  (Crizel,  Jablonski,  Rios,  Rech,
&  Flôres,  2013).

Solid-state  fermentation  (SSF)  has  emerged  as  a  potential
technology  for  the  manufacture  of  microbial  products  such
as  animal  feed,  fuel,  food,  industrial  chemicals  and  phar-
maceutical  commodities.  Utilizing  agro-industrial  residues
as  substrates  in  SSF  processes  lends  unexpected  value  ---
a  second  life,  as  it  were  ---  to  these  conventionally  under
---  or  non-utilized  residues  (Pandey,  2003).  There  has  been
research  testing  microorganisms  in  submerged  fermenta-
tion  processes  that  use  orange  oil  (Badee,  Helmy,  &  Morsy,
2011;  Maróstica  Júnior  and  Pastore,  2007a).  However,  other
authors  have  used  an  alternative  approach  to  finding  var-
ious  microbial  products  that  rely  on  the  orange  peel  and
bagasse  (Mantzouridou,  Paraskevopoulou,  &  Lalou,  2015;
Pourbafrani,  Forgács,  Horváth,  Niklasson,  &  Taherzadeh,
2010;  Santi  et  al.,  2010;  Yang,  Ma,  &  Lee,  2013).

Yet  no  documented  research  exists  on  the  production  of
limonene  derivatives  through  solid-state  fermentation  and
research  on  the  biotransformation  of  limonene  via  natu-
ral  media  is  also  scarce.  Due  to  the  substantial  amount
of  orange  waste  available  and  the  advantages  of  relying
on  biotechnological  and  biotransformation  processes,  the
effective  utilization  of  this  residue  reflects  great  potential.
Citrus  fruits  have  high  concentrations  of  limonene  (Arce,
Pobudkowskal,  Rodríguez,  &  Soto,  2007)  which  this  makes
them  an  ideal  source  of  limonene  for  use  in  biotransforma-
tion  processes.

Bacteria  have  been  widely  used  in  bioengineering,  but
the  use  of  organisms  like  endophyte  fungi  has  not  been
fully  explored  in  the  literature  (Wang  &  Dai,  2011).  Endo-
phytic  fungi  are  highly  conducive  to  the  efficient  production
of  several  groups  of  compounds  with  a  variety  of  applica-
tions  (Qadri  et  al.,  2015).  However,  few  articles  have  been
published  on  rendering  significant  concentrations  of  aroma
compounds  and  no  articles  have  been  published  about  gener-
ating  significant  concentrations  of  limonene  derivatives  via
a  biotransformation  process.  The  biotransformation  of  ter-
penes  is  noteworthy  because  it  facilitates  the  production
of  enantiomerically  pure  flavor  compounds  and  fragrances,
even  under  mild  reaction  conditions  (Carvalho  &  Fonseca,
2006).

Beyond  the  attention  paid  to  the  sensorial  properties,
many  studies  identify  such  bioactive  properties  of  orange
peel  and  essential  oil  as  mechanisms  of  antifungal  activity
(Velázquez-Nuñez,  Avila-Sosa,  Palou,  &  López-Malo,  2013)

and  anti-inflammatory  effects  (Gosslau,  Chen,  Ho,  &  Li,
2014),  as  well  as  antioxidant  (Chen,  Chu,  Chyau,  Chu,  &  Duh,
2012;  Lu  et  al.,  2012),  antitumoral  (Kaur  &  Kaur,  2015)  and
pesticide  activity  (El-Akhal,  Lalami,  &  Guemmouh,  2015).

a
(
m
A

Ashes 3.20  ±  0.12
Lipid 2.89  ±  0.15

imonene  and  its  derivatives  have  many  additional  bioac-
ive  properties  related  to  antioxidant  and  antigenotoxic
ctivities  (Bacanli,  Basaran,  &  Basaran,  2015),  as  well  as
he  inhibition  of  angiogenesis,  metastasis  and  cell  death  in
uman  colon  cancer  cells  (Murthy,  Jayaprakasha,  &  Patil,
012).  Although  there  is  clearly  a  wealth  of  compelling
roperties,  this  article  focuses  on  the  increased  antioxi-
ant  capacity  of  the  fermented  product  with  respect  to  the
range  residue.

This  study  aims  to  offer  an  account  of  the  biotrans-
ormation  of  limonene  through  solid-state  fermentation  by
he  endophytic  fungus  Diaporthe  sp.  cultivated  on  a  natu-
al  medium  composed  of  orange  waste.  With  regard  to  the
forementioned  antioxidant  activity,  the  following  discus-
ion  furnishes  a  comparison  between  the  orange  extract  and
he  fermented  extract.

aterial and methods

icroorganism

iaporthe  sp.  was  initially  selected  for  its  ability  to  resist
nd  metabolize  limonene  (Bier,  Poletto,  Soccol,  Soccol,  &
edeiros,  2011).  The  strain  is  maintained  in  the  Culture
ollection  of  the  Laboratory  of  Biotechnological  Processes
t  the  Federal  University  of  Paraná  (LPBI-UFPR)  and  regis-
ered  at  the  World  Data  Center  for  Microorganisms  (WDCM).
he  fungus  Diaporthe  sp.  was  originally  isolated  from  the
ark  of  Pinus  taeda, after  which  its  rDNA  ITS  sequence  was
eposited  in  GenBank  under  the  accession  number  Diaporthe
p.  KY113119.

range  waste

he  orange  waste  (peel  and  bagasse)  used  for  the  fermen-
ation  process  was  obtained  in  a  canteen  located  at  the
ederal  University  of  Paraná  (Curitiba,  PR,  Brazil).  The  solid
ubstrate  was  cut  into  pieces  in  natura  and  dried  at  a
emperature  of  60 ◦C,  in  an  oven  with  air  circulation,  to
revent  storage-related  contamination  and  facilitate  subse-
uent  milling.  The  dried  material  was  milled  and  classified
ranulometrically  between  0.8  and  3  mm.  The  essential  oil
ontent  in  the  orange  residue  was  previously  determined
s  5.3%  (Bier  et  al.,  2016).  Its  main  terpene  composition
onsisted  of  95.32%  of  R-(+)-limonene,  0.4%  of  �-pinene

nd  0.24%  of  �-pinene.  The  physicochemical  composition
Table  1) of  the  orange  waste  (peel  and  bagasse)  was  deter-
ined  according  to  the  analytical  standards  of  Instituto
dolfo  Lutz  (IAL,  2008).



1

I

D
fl
i
p
m
s
o

o
e
1

t
a
c
w

S

E
d
p
a
c
r
w
o
b
f
w
m

O

V
f
S
s
s
t

r
i
i
p
m
e
(
a
m
3
t
t

E

T
p

2
o
v
7
w
I
m
p

V

T
l
(
g
c
T
a
t
5
w
3
w
o
(
a
(
m
s
A

f
d
u
T
w
f
w
a
u
I
y
r
i
l
(
(

D
D

T
o
l
o
s
a

70  

noculum  preparation

iaporthe  sp.  was  cultivated  in  250  mL-capacity  Erlenmeyer
asks  containing  50  mL  of  potato  dextrose  agar  (PDA)  and

ncubated  at  30 ◦C  for  168  h.  The  mycelial  suspension  was
repared  by  adding  25  mL  of  sterile  distilled  water  under
agnetic  stirring  for  10  min.  Diaporthe  sp.  showed  no

pores.  The  inoculum  volume  was  fixed  at  3  mL  for  40  mL
f  medium.

The  medium  was  prepared  by  adding  10  mL  of  water/g
f  dry  orange  waste  to  a  boiling  water  bath  for  20  min.  The
xtract  was  filtered  and  separated  into  Erlenmeyer  flasks  of
25  mL  containing  50  mL  in  each.

The  inoculum  was  grown  over  5  days  at  30 ◦C,  under  agi-
ation  at  120  rpm,  in  a  natural  orange  medium  to  which
mmonium  sulfate  (5  g/L)  was  added.  The  medium  was  auto-
laved  for  15  min  at  121 ◦C.  Five  mL  of  the  fungi  suspension
as  added  to  the  solid  state  fermentation  medium.

olid-state  fermentation

xperiments  were  carried  out  according  to  the  process
escribed  by  Soccol,  Medeiros,  and  Bier  (2014).  The  orange
eel  containing  residue  and  orange  bagasse  was  used  as

 substrate  for  solid-state  fermentation,  due  to  its  high
ontent  of  limonene  (5.08%).  Twenty  g  of  dried  orange
esidue  was  placed  into  Erlenmeyer  flasks  of  250  mL.  The
ater  content  was  adjusted  to  80%  moisture.  The  initial  pH
f  the  medium  was  adjusted  to  6.0.  The  particle-size  distri-
ution  of  the  medium  was  a  mixture  (1:1,  w/w)  of  particles
rom  0.8  to  2  mm  and  2  mm  to  3  mm.  The  culture  medium
as  sterilized  by  autoclaving  at  121 ◦C  for  15  min.  The  fer-
entation  occurred  over  7  days  at  30 ◦C.

ptimization

arious  experimental  designs  were  used  to  study  the  main
actors  that  influence  the  biotransformation  of  limonene  by
SF.  The  experimental  designs  were  developed  using  the
oftware,  Statistica

®
version  7.0.  Tests  were  carried  out  to

tudy  the  effects  of  pH,  inoculum  ratio  and  granulometry  of
he  substrate.

An  experimental  design  (23)  with  three  factors  and  three
eplicates  of  the  central  point  was  applied.  Due  to  its
mportance,  as  reported  in  the  literature,  the  following
ndependent  variables  were  studied:  pH,  inoculum  ratio  and
article  size.  Humidity  was  maintained  at  80%,  due  to  the
icroorganism’s  inefficient  growth  capacity  at  moisture  lev-

ls  below  80%.  The  pH  levels  studied  were:  4  (−1),  5  (0)  and  6
+1),  a  volume  inoculum  of  3  mL  (−1),  5  mL  (0)  and  7  mL  (+1)
nd  a  lower  granulometry  ranging  from  0.8  to  2  mm  (−1),  a
ixture  of  0.8  to  2.0  and  2.0  to  3.0  mm  (0)  and  from  2.0  to

.0  mm  (+1).  A  second  fractional  experimental  design,  with
hree  factors  and  three  levels  (33-1)  was  implemented  with
he  same  variables,  using  the  central-point  values  as  levels.
xtraction  procedure

he  extraction  of  terpenoids  from  the  orange  residue  was
erformed  in  portable  extractor  equipment  (Bier  et  al.,

h
I
r
a

M.C.  Bier  et  al.

016).  Liquefied  petroleum  gas  (LPG),  a  mixture  comprised
f  butane  and  propane,  was  used  as  the  extractor  sol-
ent.  The  composition  of  the  gas  was  25%  ±  5%  propane  and
5%  ±  5%  (w/w)  isobutane  +  n-butane.  The  sample  amount
as  22  g.  Each  extraction  cycle  used  15  g  of  LPG  (Volcano

squeiros  Ltda.,  SP,  Brazil).  The  exposure  time  of  the  sample
aterial  was  set  to  20  min  per  cycle  at  35 ◦C.  All  assays  were
erformed  in  triplicate.

olatile  compounds  analysis

he  volatile  compounds  present  in  the  extracts  were  ana-
yzed  by  gas  chromatography  (GC),  as  described  by  Bier  et  al.
2016). The  equipment  used  was  a  GC-17A  gas  chromato-
raph  from  Shimadzu,  with  a  flame  ionization  detector,  HP-5
olumn  (30  m  ×  0.32  mm)  and  nitrogen  as  the  carrier  gas.
he  injector  temperature  was  250 ◦C,  the  detector  temper-
ture  was  280 ◦C  and,  using  a  temperature  program  that  set
he  initial  oven  temperature  at  40 ◦C  for  2  min,  increasing
◦C/min  until  it  reached  150 ◦C.  From  150 ◦C  to  170 ◦C,  there
as  an  increase  of  10 ◦C/min  and  an  increase  thereafter  of
0 ◦C/min,  until  reaching  the  final  temperature  of  250 ◦C,
hich  temperature  was  maintained  for  2  min.  A  split  ratio
f  1:40  was  used.  The  extracts  were  diluted  in  n-hexane
>95%).  The  results  were  expressed  as  percentage  of  peak
rea  of  product  relative  to  the  peak  area  of  (R)-(+)-limonene
97%  Sigma).  The  analysis  of  the  extracts  of  solid-state  fer-
entation  was  determined  in  g/kg  substrate,  based  on  a

tandard  curve  of  (1S-2S-4R)-(+)-limonene-1,2-diol  (≥97%
ldrich).

The  identification  of  the  volatile  compounds  was  per-
ormed  in  a  gas  chromatograph,  coupled  with  a  mass
etector  (GC---MS)  Shimadzu  TQ  8040  equipped  with  a  col-
mn  DB-5  (30  m  ×  0.32  mm)  and  triple  quadrupole  detector.
he  auto-sampler  was  an  AOC-5000  and  the  volume  injected
as  1  �L.  The  solvent  cut  was  set  at  3  min.  The  scan  ranged

rom  30  to  400  m/z.  The  injector  and  column  parameters
ere  the  same  as  those  used  for  the  gas  chromatographic
nalysis.  The  identification  of  extract  components  was  eval-
ated  by  a  comparison  with  the  MS  standards  of  the  National
nstitute  of  Standard  and  Technology  (NIST,  2014).  All  anal-
ses  were  performed  for  each  of  the  triplicate  assays.  The
esults  were  also  validated  by  verification  using  retention
ndices  in  gas  chromatography  of  the  standards  of  (R)-(+)-
imonene  (97%  Sigma),  D-carvone  (Sigma-Aldrich,  ≥96%),
1S-2S-4R)-(+)-limonene-1,2-diol  (Aldrich,  ≥97%),  terpineol
Aldrich,  99.5%)  and  (−)-carveol  (Sigma-Aldrich,  97%).

etermination  of  antioxidant  activity  using  the
PPH method

he  antioxidant  activity  of  the  fermented  samples  (100  �L),
range  waste  extract,  R-(+)-limonene  and  (1S-2S-4R)-(+)-
imonene-1,2-diol  were  determined  using  1.4  mL  of  0.1  mM
f  DPPH  (2,2-diphenyl-1-picrylhydrazyl,  Sigma-Aldrich)
olution.  The  DPPH  solution  was  prepared  in  methanol
nd  used  as  the  reagent  to  establish  the  BHA  (butylated

ydroxyanisole)  and  ascorbic  acid  standard  curves.  The
C50  of  the  extract  obtained  from  the  fermented  orange
esidue  was  determined.  The  other  samples  were  compared
t  the  concentration  of  4%.  The  analyses  were  performed
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Biotransformation  of  orange  waste  by  Diaporthe  sp.  

in  triplicate  in  a  spectrophotometer  at  517  nm.  A  sample
containing  only  methanol  was  used  as  the  blank.

Determination  of  the  antioxidant  activity  using  the
CUPRAC  method

The  CUPRAC  (cupric  ion  reducing  antioxidant  capacity)
method  was  adapted  from  the  test  described  by  Apak
et  al.  (2007).  The  absorbance  was  measured  at  450  nm  using
the  spectrophotometer.  The  antioxidant  potential  of  R-(+)-
limonene,  (1S-2S-4R)-(+)  limonene-1,2-diol,  orange  waste
extract  and  the  fermented  extracts  was  measured  with
Trolox  equivalents  (TEAC  values).  The  statistical  significance
was  verified  by  the  Tukey’s  method  for  multiple  comparison.

Determination  of  the  antioxidant  activity  using  the
ORAC method

The  Oxygen  Radical  Absorbance  Capacity  Assay  (ORAC)
was  performed  according  to  Zulueta,  Esteve,  and  Frígola
(2007).  The  analysis  was  performed  in  a  96-well  microplate
with  the  addition  of  50  �L  of  the  samples  (R-(+)-limonene,
limonene-1,2-diol,  orange  waste  extract  and  fermented
extract),  50  �L  of  fluorescein  sodium  salt  (Sigma)  at  78  nM
in  phosphate  buffer  75  mM,  pH  7.0  and  25  �L of  AAPH  (2,2′-
Azobis(2-amidinopropane)  dihydrochloride,  97%,  Aldrich)  ---
221  mM  in  phosphate  buffer,  daily  prepared.  The  microplate
reader  used  was  a  TECAN  infinete® 200MPRO.  The  sam-
ple  was  exposed  to  an  excitation  wavelength  of  485  nm
and  the  emission  wavelength  was  535  nm  for  30  min  (at
60-second  intervals).  The  reaction  occurred  at  37 ◦C  ±  0.5.
The  Trolox  standard  was  prepared  at  concentrations  ranging
from  3.25  �mol/L  to  100  �mol/L.  The  data  were  analyzed
using  the  Microsoft  Excel  application.  The  area  under  the
curve  (AUC)  was  calculated  as:

AUC  =  0.5  + f1
f0

+  ...
fi

f0
+  ...  + f29

f0
+  0.5

(
f30
f0

)

where  f0  is  the  initial  fluorescence  reading  at  0  min  and  fi  is
the  fluorescence  reading  at  time  i.  The  net  AUC  is  obtained
by  subtraction  of  the  AUC  of  the  blank  from  that  of  the  sam-
ple.  The  relative  Trolox  equivalent  ORAC  value  is  calculated
as:

Relative ORAC value = CTrolox
[

(AUCsample − AUCblank) · k

(AUCTrolox − AUCblank)

]

where  CTrolox  is  the  concentration  of  Trolox  and  k  is  the
sample  dilution  factor.

Determination  of  total  phenolics

Total  phenolic  content  was  measured  using  Folin---Ciocalteu
(Sigma-Aldrich,  2  mol/L)  spectrophotometric  method  (Song
et  al.,  2010)  using  gallic  acid  (Vetec  98%)  for  the  cali-

bration  curve.  All  tests  were  performed  in  triplicate,  and
the  results  were  presented  as  gallic  acid  equivalents  (mg/g
extract).  The  sample  was  diluted  to  1:250,  and  0.5  mL  was
reacted  with  0.2  mol/L  of  the  Folin---Ciocalteu  reagent  for

a
i
t
h

igure  1  Limonene-1,2-diol  concentration  during  168  h  of
olid state  fermentation  of  orange  waste  by  Phomopsis  sp.

 min.  Afterwards,  2  mL  of  sodium  carbonate  (7.5%,  w/v)
as  added  to  the  reaction  mixture.  The  absorbance  read-

ngs  were  performed  at  760  nm  after  incubation  at  37 ◦C  for
0  min.

esults and discussion

olid-state  fermentation  of  orange  waste

he  limonene  biotransformation  by  Diaporthe  sp.  was  per-
ormed  over  seven  days  in  order  to  determine  the  best  time
or  production  of  limonene  derivatives  (Fig.  1).  The  high-
st  concentration  of  limonene-1,2-diol  was  achieved  after
44  h  of  fermentation  (2.66  g/kg  substrate).  Limonene-1,2-
iol  or  limonene-glycol  is  a  colorless  to  very-slightly-yellow
il,  with  a  cool  minty  aroma  during  consumption,  with
he  odor  and/or  flavor  used  in  mint  (Burdock,  2010).
ther  compounds  produced  in  significant  amounts  were  �-
erpineol  (0.44  g/kg  of  substrate),  trans-carveol  (0.13  g/kg
f  substrate)  and  cis-carveol  (0.21  g/kg  of  substrate).  It  is
mportant  to  note  that  144  h  may  be  regarded  as  a  lengthy
ermentation  period  regarding  the  limonene  biotransforma-
ion  process.  Penicillium  digitatum  was  able  to  convert
imonene  into  (R)-(+)-�-terpineol  after  only  8  h  (Adams,
emyttenaere,  &  De  Kimpe,  2003).  However,  Demyttenaere,
elleghem,  and  De  Kimpe  (2001)  described  the  bioconver-
ion  to  limonene-1,2-diol  as  a  slow  process,  occurring  at  the
nd  of  a  five-day  experiment.  Both  studies  were  performed,
owever,  using  submerged  fermentation  at  low  concentra-
ions  of  limonene,  while  the  concentration  of  the  limonene
n  the  orange  waste  media  with  80%  of  humidity  is  higher
han  1%.  In  our  study,  significant  concentrations  of  limonene-
,2-diol  were  initially  achieved  after  48  h  (191.60  �g/g
ubstrate)  and  72  h  (732.96  �g/g  substrate)  of  fermenta-
ion.  Few  studies  concerning  biotransformation  experiments
sing  endophytes  have  been  reported,  rendering  some  of  its
ermentation  features  still  unknown.  The  behavior  cannot
e  fully  compared  once  the  above  mentioned  biotransfor-
ation  processes  occur  using  submerged  fermentation.
After  factorial-design  studies,  including  pH,  particle  size

nd  inoculum  volume,  the  concentration  of  �-terpineol

ncreased  from  0.44  g/kg  to  0.72  g/kg  when  the  granulome-
ry  was  at  2---3  mm,  pH  6.0  and  inoculum  size  of  3  mL.  The
ighest  production  of  limonene-1,2-diol  also  increased  and
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Table  2  Major  volatile  compounds  identified  by  gas  chromatography---mass  spectrometry  (GC---MS)  in  the  orange  waste  extract
and fermented  orange  waste  by  Phomopsis  sp.

Compound  CAS  OWE1 FE2 MS  fragments

n-Butyl  acetate  123-86-4  97%---3 43,  56,  87,  115
�-Pinene 80-56-8  95%88%  39,  53,  93,  107,  136,  154
�-Phellandrene  555-10-2  90%  ---  41,  65,  93,  121,  136
Sabinene  3387-41-5  ---  94%  41,  77,  93,  121,  136
�-Myrcene 123-35-3  95%95%  41,  69,  93,  121,  136
�-Pinene 127-91-3  96%90% 41,  69,  93,  121,  136
3-Carene  13466-78-9  96% --- 41,  67,  93,  121,  136
Cis-�-ocimene 3338-55-4  --- 92% 41,  77,  93,  105,  136
Limonene  5989-27-5  95%95%  41,  68,  93,  121,  136
n-Octanol  111-87-5  ---  95%  41,  56,  84,  112,  129
2-Phenylethanol  60-12-8  ---  97%  39,  65,  91,  122
Linalool 78-70-6  94%92%  41,  71,  93,  121,  136,  154
Trans-p-mentha-2,8-dien-1-ol 7212-40-0  92% --- 43,  67,  79,  109,  134,  152
Cis-p-mentha-2,8-dien-1-ol  22771-44-4  92%91% 43,  67,  91,  109,  137,  152
trans-Isopulegone  29606-79-9  --- 91% 41,  67,  93,  109,  134,  152
(−)-Trans-isopiperitenol 74410-00-7  --- 94% 41,  69,  84,  108,  134,  152
�-Terpineol  98-55-5  94%91%  43,  59,  93,  95,  121,  139
(R)-(+)-Verbenone  18309-32-5  83%  ---  39,  55,  91,  107,  135,  150
Cyclohexyl  isothiocyanate  1122-82-3  86%  ---  41,  55,  83,  109,  141
Neo-dihydrocarveol  18675-34-8  ---  88%  41,  55,  93,  107,  136,  154
Dihydrocarveol  619-01-2  ---  87%  41,  68,  93,  107,  136,  154
Limonene  dioxide  96-08-2  ---  88%  43,  67,  79,  107,  123.  153,  168
D-(+)-Carvone  2244-16-8  92%  ---  39,  54,  82,  108,  135,  150
L-(−)-Carvone  6485-40-1  ---  89%  39,  54,  82,  109,  135,  150
Cis-linalool  oxide  5989-33-3  ---  86%  43,  59,  94,  111,  137,  155
Trans-ascaridol  glycol  21473-37-0  ---  86%  43,  55,  81,  109,  127,  152
Limonene-1,2-diol  1946-00-5  ---  96%  43,  71,  82,  108,  137,  152
�-Muurolene  30021-74-0  88%  ---  41,  67,  91,  119,  133,  161,  189,  204
(−)-�-Copaene 3856-25-5  97%  ---  41,  55,  91,  119,  133,  161,  189,  204
�-Copaene 18252-44-3  91%  ---  41,  55,  91,  105,  133,  161,  189,  204
�-Caryophyllene  87-44-5  96%  ---  41,  69,  93,  105,  133,  161,  189,  204
Alpha-Caryophyllene  Humulene  6753-98-6  92%  ---  41,  55,  93,  121,  147,  161,  189,  204
Germacrene  D  23986-74-5  94%  ---  41,  67,  91,  105,  133,  161,  189,  204
Valencene 4630-07-3  ---  92%  41,  67,  91,  105,  133,  161,  189,  204
Naphthalene  91-20-3  94%  ---  41,  67,  91,  105,  133,  161,  204
�-Muurolene  31983-22-9  94%  ---  41,  77,  93,  105,  133,  161,  189,  204
Azulene 275-51-4  91%  ---  41,  55,  93,  107,  135,  161,  189,  204
Butylated hydroxytoluene  128-37-0  86%  ---  41,  57,  91,  105,  145,  161,  177,  205
�-Cadinene 523-47-7  90%  ---  41,  55,  81,  119,  134,  161,  189,  204
Caryophyllene  oxide  1139-30-6  88%  ---  43,  69,  79,  109,  135,  149,  177,  220
Trimethylsilyl  ester  of  tetradecanoic  acid  18603-17-3  92%  43,  73,  83,  117,  129,  159,  185,  201,  241,  257,  285,  300
Methyl palmitate 112-39-0  95%  ---  43,  74,  87,  115,  143,  171,  185,  199,  227,  256,  270
Dioctyl isophthalate 117-84-0  ---  92%  41,  70,  83,  112,  149,  167,  261,  279
L(+)-Ascorbic  acid  50-81-7  89%89%  43,  57,  85,  115,  129,  157,  185,  213,  239,  256
Ethyl palmitate  628-97-7  92%91%  43,  55,  88,  115,  143,  157,  199,  239,  284
Linoleic acid  60-33-3  94%  ---  43,  61,  81,  109,  136,  150,  178,  220,  263,  279,  294
Methyl octodeca-9,12-dienoate  2462-85-3  ---  90%  41,  67,  81,  109,  136,  150,  178,  263,  294
Citric acid  77-92-9  93%  ---  43,  57,  87,  112,  129,  157,  185,  213,  231,  259,  273,  305,  329,  343
�-Tocopherol  10191-41-0  ---  88%  43,  57,  91,  121,  136,  165,  205,  430
Eicosane 112-95-8  94%  ---  43,  50,  85,  113,  127,  155,  183,  211,  225,  253,  282

1 Orange waste extract
2 ermented media extract
3 Compound not detected
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occurred  at  pH  6.0,  with  a  particle  size  of  0.8---2.0,  and
reached  3.02  g/kg  of  substrate  after  144  h  of  fermentation.

This  achievement  of  limonene-1,2-diol  (3.02  g/kg)  is
superior  to  most  reports  of  limonene-1,2-diol,  which  is  typ-
ically  the  minor  fermentation  product  (Demyttenaere  &
De  Kimpe,  2001;  Molina,  Pinheiro,  Pimentel,  Dos  Sanros,  &
Pastore,  2013),  but  also  superior  to  reports  of  it,  even  as  a
major  fermentation  product.  However,  no  production  of  �-
terpineol  or  limonene-1-2-diol  had  previously  been  reported
on  solid-state  fermentation.

Production  of  volatile  compounds

Several  volatile  compounds  were  detected  in  the  extract
of  the  orange  waste  fermented  by  Diaporthe  sp.  Among
them,  (R)-(−)-carvone,  �-terpineol,  1,6-dihydrocarveol,
(−)-trans-isopiperitenol,  limonene-1,2-diol  and  �-limonene
diepoxide  are  particularly  noticeable  among  the  compounds
identified  via  GC---MS  analysis  (Table  2).  These  compounds
are  the  most  important  because  they  are  limonene  deriva-
tives  (Maróstica  &  Pastore,  2007b).  There  are  major
differences  between  the  extracts  of  orange  waste  and
fermented  orange  waste.  For  example,  the  high  numbers
of  mono-,  di-  and  triterpenoids,  such  as  D-verbenone,  3-
carene,  �-cadinene,  azulene,  germacrene  and  naphthalene,
present  in  the  precursor  waste  reflects  a  stark  contrast  with
the  more  complex  derivatives,  such  as  limonene-1,2-diol,
cis-linalool  oxide,  limonene-diepoxide,  trans-isopulegone
and  the  main  fermentation  products  cited  above,  observed
in  the  fermented  orange  waste.  Also,  a  substantial  amount
of  esters  and  carboxylic  acids  (n-butyl  acetate,  propanoic
acid,  mirystic  acid)  can  be  observed  in  the  waste  extract
precursor,  while  the  fermented  waste  extract  contains  more
alcohols  (caprilic  alcohol,  dihydrocarveol  and  the  ones
already  cited),  as  well  as  some  interesting  compounds  with
significant  bioactive  properties,  like  valencene,  sabinene
and  �-tocopherol  (Liu,  Chen,  Liu,  Zhou,  &  Wang,  2012).

Antioxidant  activity  per  DPPH

The  antioxidant  capacity  of  the  fermented  extract  was
established  by  comparing  its  activity  to  butylated  hydrox-
yanisole  (BHA)  and  ascorbic  acid.  Fig.  2 shows  the
antioxidant  activity  of  the  fermented  extract  relative  to  the
blank.
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Figure  2  Antioxidant  activity  of  the  fermented  orange  waste
extract in  comparison  to  the  blank.
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Figure  3  Antioxidant  activity  of  the  standards  and  the
extracts  by  CUPRAC  (mg  TE/g  dry  extract).  Abbreviations:  FE,
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ermented  orange  waste  extract;  OWE,  orange  waste  extract;
, limonene;  LD,  limonene-1,2-diol.

At  a  concentration  of  5.79%,  the  orange  waste  extract
diluted  at  a  ratio  of  1:10)  has  the  antioxidant  capacity
quivalent  to  85.938  mmol  of  BHA  or  107.277  mmol  of  ascor-
ic  acid.  Furthermore,  the  IC50  is  5.79%  of  the  original
xtract.

The  fermented  orange  waste  extract  was  capable  of
educing  the  stable,  purple-colored  radical  DPPH,  given
he  80.68%  inhibition,  with  an  initial  concentration  of  10%
1:10).  At  4%,  the  fermented  orange  waste  extract  pre-
ented  20.2%  inhibition,  while  the  (unfermented)  orange
aste  extract  (peel  and  bagasse)  showed  12.1%  inhibition
t  the  same  concentration.  Sarrou,  Chatzopoulou,  Dimassi-
heriou,  and  Therios  (2013)  determined  the  scavenging
ctivity  of  flowers,  young  leaves  and  peel  oil  of  citrus  as
3.98%,  22.79%  and  19.29%,  respectively,  while  the  antiox-
dant  potential  of  the  essential  oil  of  two  Citrus  sinensis
pecimens  was  10.5%  and  30%,  respectively  (Malhotra,  Suri,

 Tuli,  2016).  At  last,  the  antioxidant  potential  of  the  orange
aste  extracts  fermented  by  Diaporthe  sp.  showed  signifi-
ant  results,  especially  in  comparison  to  the  results  observed
rom  the  orange  oil.  This  proves  that  the  compounds  pro-
uced  by  the  fungus  (via  solid-state  fermentation)  presented

 higher  antioxidant  activity  than  their  precursors.
The  DPPH  results  for  limonene  and  limonene-1,2-diol

howed  the  latter  compound  to  have  a  higher  antioxidant
apacity  (5.67%  ±  0.89)  than  limonene  (3.65%  ±  0.72),  at  a
oncentration  of  4%  (v/v).  This  result  demonstrates  that  pro-
ucing  imonene-1,2-diol  increases  the  antioxidant  capacity
f  the  extract  because  this  compound  has  a  higher  potential
han  its  more  basic  limonene  precursor.  However,  it  was  not
nly  the  fermentation  extract,  but  also  the  orange  waste,
hat  showed  higher  antioxidant  capacity  than  the  standards.
herefore,  the  antioxidant  activity  of  the  extracts  may  be
ttributed  to  other  mono-,  di-  and  sesquiterpenes  present  in
he  orange  waste  extract  and  the  related  derivatives  present
n  the  fermented  extract.

ntioxidant  capacity  per  CUPRAC

he  antioxidant  activity  rendered  by  the  CUPRAC  method
etermined  the  fermented  orange  waste  extract  to  have

he  highest  antioxidant  activity  (538.05  mg  TE/g  of  dry
xtract)  (Fig.  3).  Compared  to  the  orange  residue  extract
168.27  mg  TE/g  of  dry  extract),  the  fermented  orange
aste  extract  shows  more  antioxidant  activity  by  a  factor
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Table  3  Antioxidant  capacity  of  the  extracts  and  standards
by the  ORAC  method.

Compound/material  Antioxidant  capacity  (�molTE/g)

Orange  waste
extract

5226.45  ±  23.04

Fermented
orange  waste
extract

24,011.39  ±  640.16

Limonene  5262.87  ±  33.0
Limonene-1,2- 18,220.89  ±  1080.88
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f  3.2.  The  orange  residue  extract  results  square  with  the
esults  obtained  by  Assefa,  Ko,  Moon,  and  Keum  (2016), veri-
ying  that  the  activity  of  different  citrus  fruit  extracts  ranges
rom  16.8  to  208.7  mg  TE/g  of  dry  extract.  The  antioxidant
otential  shown  by  the  fermented  orange  extract  is  also
ighly  significant.

The  results  obtained  from  testing  with  limonene  (519  mg
E/g)  are  slightly  higher  than  those  obtained  with  limonene-
,2-diol  (459  mg  TE/g),  but  this  difference  is  not  statistically
ignificant  (p  >  0.5).  The  results  obtained  with  the  standards
re  similar  to  those  obtained  with  the  fermentation  extract
FE)  (p  >  0.1).  The  similarity  may  indicate  that  the  increased
ntioxidant  potential  of  the  fermented  orange  waste  is  not
nly  due  to  the  bioconversion  of  limonene  to  limonene-1,2-
iol,  but  also  to  the  variety  of  compounds  in  the  fermented
range  waste  extract  that  show  analogous  antioxidant  activ-
ty.  The  antioxidant  activity  of  the  orange  waste  extract
s  unambiguously  low,  despite  its  high  limonene  content  of
his  extract.  As  such,  it  is  reasonable  to  conclude  that  its
ther  component  compounds  are  likely  to  have  contributed
inimally  to  the  antioxidant  capacity.

ntioxidant  capacity  per  ORAC

he  antioxidant  activity  revealed  through  testing  by
he  ORAC  method  (Table  3)  indicates  an  increase
n  the  antioxidant  activity  of  the  fermented  orange
aste  extract  (24,011.39  ±  640.16  �molTE/g)  rela-

ive  to  the  natural  potential  of  the  orange  waste
xtract  (5226.45  ±  23.04  �molTE/g).  The  values  reflect-
ng  the  orange  waste  extract  activity,  per  the  ORAC
ethod,  were  higher  than  the  values  described  by

ayaprakasha,  Girennavar,  and  Patil  (2008)  with  citrus  fruits
2220.72  ±  22  �molTE/g).  This  superior  result  is  attributable
o  the  efficiency  of  the  extraction  method  employed.

According  to  this  method,  strong  correlations  exist
etween  the  antioxidant  capacity  of  limonene  and  the
range  waste  extract,  the  fermented  orange  waste  extract
nd  limonene-1,2-diol  and  the  production  of  limonene-
,2-diol  from  limonene.  Limonene  showed  a  potential  of
262.87  �molTE/g,  while  limonene-1,2-diol  had  an  ORAC
alue  of  18,220.89  �molTE/g.

The  results  obtained  using  the  ORAC  method  square

ith  the  results  obtained  using  the  CUPRAC  method.  The

ncreased  antioxidant  activity  of  the  fermented  orange
aste  relative  to  the  orange  waste  extract  is  similar
ccording  to  both  testing  methods.  However,  the  CUPRAC

R

A

M.C.  Bier  et  al.

ethod  did  not  indicate  the  existence  of  a  direct  rela-
ionship  between  the  production  of  limonene-1,2-diol  and
he  antioxidant  capacity  of  the  fermented  orange  waste
xtract,  because  that  method  found  antioxidant  capacities
or  limonene  and  limonene-1,2-diol  that  were  meaningfully
imilar.

otal  polyphenol  content

he  results  obtained  using  the  Folin---Ciocalteu  reagent
how  an  increase  of  polyphenol  content  that  reflects  lev-
ls  more  than  8  times  greater  than  the  levels  identified  in
he  original  orange  extract  (36.39  ±  1.97  mg  gallic  acid/g
xtract)  relative  to  the  fermented  orange  waste  extract
271.33  ±  3.73  mg/g).  Furthermore,  the  polyphenol  content
hows  a  direct  correlation  with  the  antioxidant  activity
btained  using  the  CUPRAC,  ORAC  and  DPPH  methods,  all
f  which  showed  improved  antioxidant  capacity  of  the  fer-
ented  orange  waste  extract.

onclusion

his  study  presents  a  new  perspective  on  the  solid-state
ermentation  process  as  it  bears  on  the  use  of  endophytic
ungus  for  a  biotechnological  process  that  relies  on  a  natu-
al  waste  medium.  The  transformation  of  limonene  orange
aste  yielded  limonene-1-2-diol  and  �-terpineol,  indicat-

ng  that  using  solid-state  fermentation  as  process  for  the
iotransformation  of  limonene  and,  possibly,  other  ter-
enoids  is  a  subject  particularly  ripe  for  further  study.  It
lso  confirms  the  increasing  importance  of  endophyte  fungi
n  various  areas  of  the  field  of  biotechnology.

All  of  the  antioxidant  tests  conducted  on  the  fermented
range  waste  extract  yielded  very  positive  results;  all  four
ethods  showed  a substantial  increase  in  the  antioxidant

ctivity  of  the  orange  oil  after  the  fermentation  process.
he  scarcity  of  available  information  about  the  properties
f  limonene-1,2-diol  remains  problematic  for  the  production
nd  use  of  this  limonene  derivative  in  the  flavor  industry
on  a  broader  scale).  This  paper  thereby  validates  a  series
f  new  claims  regarding  the  biotechnological  biotransforma-
ion  of  limonene  and  offers  a  novel  perspective  regarding  the
rospect  inherent  in  the  demonstrated  increase  of  antiox-
dant  activity  produced  by  using  the  fermented  extract  of
iaporthe  sp.
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