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a b s t r a c t

Uniqueness and diversity of mango flavour across various cultivars are well known. Among various
flavour metabolites lactones form an important class of aroma volatiles in certain mango varieties due to
their ripening specific appearance and lower odour detection threshold. In spite of their biological and
biochemical importance, lactone biosynthetic pathway in plants remains elusive. Present study en-
compasses quantitative real-time analysis of 9-lipoxygenase (Mi9LOX), epoxide hydrolase 2 (MiEH2),
peroxygenase, hydroperoxide lyase and acyl-CoA-oxidase genes during various developmental and
ripening stages in fruit of Alphonso, Pairi and Kent cultivars with high, low and no lactone content and
explains their variable lactone content. Study also covers isolation, recombinant protein characterization
and transient over-expression of Mi9LOX and MiEH2 genes in mango fruits. Recombinant Mi9LOX utilized
linoleic and linolenic acids, while MiEH2 utilized aromatic and fatty acid epoxides as their respective
substrates depicting their role in fatty acid metabolism. Significant increase in concentration of d-
valerolactone and d-decalactone upon Mi9LOX over-expression and that of d-valerolactone, g-hex-
alactone and d-hexalactone upon MiEH2 over-expression further suggested probable involvement of
these genes in lactone biosynthesis in mango.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Acceptability and preference of food items is based on human
organoleptic perception, which is a combined impression of visual
appearance, texture, aroma and taste of a specific item. A collective
olfaction of aroma and taste through retronasal and orthonasal
receptors and taste buds decides flavour of the food. It is well
known that aroma compounds mainly contribute to the flavour of
the food. Most of the aroma related studies have been carried out
on various fruits, as they possess unique aromawith large diversity
in their respective flavour profile.
Aroma volatile analysis of Mangifera indica L. (Anacardiaceae)

has shown presence of various groups of volatile compounds viz.
alkanes, alkenes, aldehydes, alcohols, monoterpenes, sesquiter-
penes, oxygenated monoterpenes, oxygenated sesquiterpenes,
non-terpene hydrocarbons, furanones and lactones (Dar et al.,
2016; Idstein and Schreier, 1985; Pandit et al., 2009b). Alphonso,
one of the most favoured and exported Indian mango cultivars has
revealed qualitative abundance and blend of volatiles among the 22
Indian and 5 exotic mango cultivars analysed (Pandit et al., 2009a).
Among these groups of volatile compounds lactones and furanones
are notably important due to their ripening specific temporal and
spatial appearance in mango fruits (Pandit et al., 2009b).
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Interestingly 14 different lactones have been reported from
Alphonso, which is the highest number of lactones known from any
single fruit (Idstein and Schreier, 1985; Wilson et al., 1990). Struc-
turally these lactones are cyclic esters characterized by a closed ring
consisting of four or five carbon atoms and a single oxygen atom,
with a ketone group (C]O) in one of the carbons adjacent to ox-
ygen in the ring. These lactones, although present in very low
concentration in analysed tissues (7e26 mgg�1), pose high impact
on overall flavour of Alphonso mango due to their lower odour
detection threshold values (Kulkarni et al., 2012). They impart
sweet fruity flavour, a characteristic feature of fully ripened mango
fruit (Wilson et al., 1990). Thus, lactones can be considered as
marker metabolites of Alphonso ripening. Despite the structural
and functional characterization of these vital flavour metabolites,
the pathway of their biosynthesis remains elusive.

Earlier attempts to identify probable precursors of lactone
biosynthesis, even if in other organisms, can form a basis to reveal
lactone biosynthesis in mango. For example, studies in various
yeasts, moulds and bacteria suggest that fatty acids and keto acids
might be the precursors at initial steps of lactone biosynthesis.
The hydroxy fatty acids then synthesized (probably upon micro-
bial reduction) from various g and d keto acids (C8eC12) could be
converted into lactones by simple heating (Muys et al., 1962).
Deuterium labelling studies in yeast (Sporobolomyces odorus) have
revealed involvement of unsaturated fatty acids such as linolenic
acid as precursors for d-Jasmin lactone and (Z,Z)-Dodeca-6,9-
dieno-4-lactone synthesis (Haffner et al., 1996). Metabolism of
epoxy octadecanoic acid by epoxide hydrolase (EH) for production
of g-decalactone and g-dodecalactone has also been proposed
through deuterium labelling studies in Sporidiobolus salmonicolor
(Haffner and Tressl, 1998). Further, a study in nectarines has
illustrated that administration of 18O labelled epoxy acid-5 (9e10
epoxy heptadecanoic acid) produced undecano-4-lactone. This
important observation has suggested possible involvement of
epoxy fatty acids in lactone production by the activity of EH
(Schottler and Boland, 1996). Comparative EST analysis from
ripening Prunus persica L. Batsch has later supported EH as the key
gene responsible for lactone biosynthesis (Vecchietti et al., 2009).
These epoxy fatty acids in plants are synthesized by the activity of
peroxygenase (PGX) enzyme (Fuchs and Schwab, 2013;
Meesapyodsuk and Qiu, 2011). A report in Oat PGX (AsPGX1)
revealed that it catalyzes epoxidation of oleic acid with the
cumene hydroperoxide as an oxidant. Similarly, AsPGX1 utilizes
products of 9-lipoxygenase (9LOX) viz. 9-hydroperoxy-octadeca-
dienoic (9-HOPD) and 9-hydroperoxy-octadecatrienoic (9-HOPT)
acids as oxygen donor (Meesapyodsuk and Qiu, 2011) generating
their respective monohydroxy fatty acids. Also, involvement of
lipoxygenase (LOX) to form oxygenated chiral fatty acids leading
to production of g and d lactones upon beta oxidation has also
been reported (Cardillo et al., 1989). Also significance of hydroxy
fatty acid synthesized from products of 9LOX i.e. hydroperoxy
fatty acid in the formation of lactone is reported (Huang and
Schwab, 2011).

These initial efforts insinuate involvement of LOX and EH en-
zymes in lactone biosynthesis. The present study focuses on
isolation and transcript profiling of 9-lipoxygenase (Mi9LOX),
epoxide hydrolase 2 (MiEH2), peroxygenase (MiPGX1), hydroperoxide
lyase (MiHPL) and acyl-CoA-oxidase (MiACO) genes during various
developmental and ripening stages in fruit of Alphonso, Pairi and
Kent cultivars having differential levels of lactones. Further, mo-
lecular and biochemical characterization of Mi9LOX and MiEH2 in
mango fruit and probable role of these two enzymes in lactone
biosynthesis have been investigated based on their over-expression
by agroinfiltration approach followed by metabolite analysis.
2. Results

2.1. In silico analysis of isolated genes from Mangifera indica L.

EH frommango depicted ORF of 957 nucleotideswith 74 and 241
nucleotides long 50 and 30 UTR regions, respectively. While in case
of LOX, ORF of 2526 nucleotides with only 3’ UTR (167 nucleotides)
was evident. These mango genes showed similarity with linoleate
9-lipoxygenase and soluble EH2 reported from other plant species
with maximum similarity with Citrus sinensis (80%) and Prunus
persica (75%), respectively. Further phylogenetic analysis of enco-
ded protein sequences of LOX and EH genes in our study along with
the other plant 9LOX, 13LOX, EH1 and EH2 sequences reported in
the NCBI database showed four distinct clusters in cladogram each
representing 9LOX, 13LOX, EH1 and EH2, respectively (Fig. 1);
wherein mango LOX and EH grouped in clads of other plant 9LOX
and EH2, respectively. Hence these were named as Mi9LOX
(KX090178) and MiEH2 (KX090179), respectively.

The other three genes from mango, viz. MiPGX1 (KX090180),
MiHPL (KX090181) and MiACO (KX090182) upon in silico analysis
showed presence of complete ORF's of 708, 1485 and 1995 bp,
respectively. Sequence analysis of respective genes confirmed their
maximum similarities with reported sequences of peroxygenase
(80%), hydroperoxide lyase (76%) and acyl-CoA-oxidase (86%) from
Citrus sinensis.

2.2. Expression of Mi9LOX, MiHPL, MiPGX1, MiEH2 and MiACO in
fruits of three mango cultivars

Transcript abundance of five candidate genes, viz. Mi9LOX,
MiHPL, MiPGX1, MiEH2 and MiACO was studied in pulp and skin
tissues of fruit of Alphonso, Pairi and Kent cultivars at various stages
of fruit development and ripening. Transcript levels of the indi-
vidual genes from three cultivars at their maxima were not
significantly different; however their differential expression was
evinced at various ripening stages and in pulp and skin tissues of
the three cultivars. Transcript level of each gene at its maximum
expression was considered as 1 and its relative expression in pulp
and skin of various stages was represented across cultivars (Figs. 2
and 3). All the three cultivars showed ripening specific appearance
of Mi9LOX, MiPGX1 and MiACO transcripts (Figs. 2 and 3). Relative
quantification of MiPGX1 showed optimum transcripts at mid ripe
stage in the pulp as well as the skin tissues of Alphonso and Pairi
cultivars, which later reduced significantly till over ripe stage.
Whereas,MiPGX1 transcript level in the pulp and the skin tissues of
Kent cultivar increased continuously from table green stage to over
ripe stage. MiPGX1 transcript abundance from the skin tissue of
Kent was very low compared to that in the pulp tissue. However,
MiPGX1 expression level was almost similar in the case of pulp and
skin tissues of Pairi and 25% low in the case of Alphonso pulp than
the skin tissue.MiEH2 transcripts in Alphonso were found to be the
highest during mature raw and table green stages of the pulp and
skin tissues. These levels were almost 50% lower in the skin tissue
as compared to the pulp. In case of Pairi MiEH2 transcripts were
optimum at mature raw stage of the pulp tissue, which reduced by
60% at 60 DAP stage of the skin compared to the pulp. Interestingly,
the pulp and the skin tissues of Kent showed expression of MiEH2
throughout the developing and ripening stages. MiHPL transcripts
were abundant in the developing tissues of Alphonso and Pairi,
which further reduced to nearing zero at post table green stage. In
case of Kent MiHPL transcripts were present throughout the
developing and the ripening stages of the pulp and the skin tissues.
Relative transcript profiles of Mi9LOX and MiACO from Alphonso
pulp revealed their high abundance through mid ripe stage to over
ripe stage, whereas, slight reduction in their level was observed at



Fig. 1. Cladogram representing phylogenetic analysis by neighbor-joining of encoded proteins by Mi9LOX and MiEH2 (blue colour) genes with that of other plant 9LOX, 13LOX, EH1
and EH2 sequences. Node label represents name of the enzyme followed by two letters representing initials of botanical name of the plant. The numbers (red colour) at the branch
nodes signify the bootstrap scores acquired after 1000 trials. Details of sequence of plant species, enzyme and NCBI accession in parenthesis are as follows; Nicotiana bentha-
miana_EH1.2 (ACE82566), Nicotiana benthamiana_EH1.1 (ACE82565), Phaseolus vulgaris_EH (AKJ75509), Glycine max_EH (CAA55294), Medicago truncatula_EH (XP_003626202),
Glycine soja_EH (KHN43314), Vigna radiata_EH (AIJ27456), Brassica napus_EH (NP_001302895), Citrus sinensis_EH2 (XP_006489040), Prunus mume_EH2 (XP_016647751), Cicer
arietinum_EH2 (XP_004508197), Fragaria vesca_EH2 (XP_004290776), Cajanus cajan_EH2 (KYP58120), Cucumis sativus_EH2 (XP_004134492), Solanum lycopersicum_EH2
(XP_004252913), Solanum pennellii_EH2 (XP_015077274), Morus notabilis_EH2 (XP_010105136), Vitis vinifera_9LOX (XP_010659859), Malus domestica_9LOX (NP_001281030),
Prunus mume_9LOX (XP_008246456), Glycine max_9LOX (XP_003521704), Solanum tuberosum_9LOX (NP_001274916), Nicotiana tabacum_9LOX (XP_016433823), Dimocarpus
longan_9LOX (ANF89411), Corylus avellana_9LOX (CAD10740), Litchi chinensis_9LOX (AEQ30071), Populus euphratica_9LOX (XP_011023610), Eucalyptus grandis_9LOX
(XP_010025195), Jatropha curcas_9LOX (XP_012089053), Ricinus communis_9LOX (XP_002512386), Solanum lycopersicum_9LOX (XP_004244890), Sesamum indicum_9LOX
(XP_011087404), Nelumbo nucifera_9LOX (XP_010256003), Malus domestica_13LOX (NP_001280985), Prunus mume_13LOX (XP_008228181), Medicago truncatula_13LOX
(XP_003627308), Solanum tuberosum_13LOX (NP_001275115), Glycine soja_13LOX (KHN39622), Fragaria vesca_13LOX (XP_004303702), Morus notabilis_13LOX (XP_010086794),
Eucalyptus grandis_13LOX (XP_010033729), Populus euphratica_13LOX (XP_011035732), Nelumbo nucifera_13LOX (XP_010273845), Capsicum annuum_13LOX (NP_001311748),
Nicotiana tabacum_13LOX (XP_016495606), Citrus sinensis_13LOX (XP_006465905), Solanum lycopersicum_13LOX (AAB65767), Glycine max_13LOX (XP_014624448). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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post mid ripe stage in case of the skin tissue. Mi9LOX and MiACO
transcripts from Pairi pulp and skin tissues showed their maximum
level at table green stage except for optimum level for Mi9LOX at
mid ripe stage of Pairi pulp. Reduction in the Mi9LOX and MiACO
level was evinced in further ripening stages of Pairi tissues. In the
case of Kent pulp,Mi9LOX andMiACO transcript abundance was the
highest at ripe stage, whereas in case of Kent skin tissue transcript
level was higher at over ripe stage. Interestingly, co-expression of
MiPGX1and MiEH2 was observed for short duration in Alphonso
fruits from table green stage to ripe stage (10 days) and in Pairi
fruits frommature raw stage to ripe stage (8 days). While in case of
Kent fruits co-expression of MiPGX1 and MiEH2 was noted
throughout the ripening stages.
2.3. Heterologous expression and catalytic activities of proteins
encoded by Mi9LOX and MiEH2

TheMi9LOX gene from Alphonso mango encoded protein of 841
aa with calculated molecular weight of ~96.3 kDa and 78% simi-
larity with 9LOX of Litchi chinensis. Presence of conserved substrate
binding and oxygen binding domains (Santino et al., 2005) were
also revealed when the amino acid sequence alignment and



Fig. 2. Transcript profiles of Mi9LOX, MiHPL, MiPGX1, MiEH2 and MiACO from pulp tissue of various fruit development and ripening stages of Alphonso, Pairi and Kent mango
cultivars. Vertical bars at each data point represent standard error in the relative quantification among the biological replicates. X axis represents fruit development and ripening
stages and Y axis represents relative transcript abundance.
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secondary structure prediction ofMi9LOX was performed with that
of Glycin max (PDB- 2iuj), Vitis vinifera, Solanum lycopersicum and
Litchi chinensis using ESpript 3.0 software (Supplementary Fig. SF1).
MiEH2 from Alphonso mango encoded 318 aa long protein with
calculated molecular weight of ~35.9 kDa and 81% similarity with
predicted bifunctional epoxide hydrolase 2 from Citrus sinensis.
Further secondary structure prediction and alignment of MiEH2
with epoxide hydrolases from other plants, viz. Solanum tuberosum
(PDB-2cjp), Citrus sinensis and Nicotiana benthamiana showed
conserved catalytic residues (Supplementary Fig. SF2) (Bellevik
et al., 2002b).

The encoded protein sequences ofMi9LOX andMiEH2 were also
analysed on PROtein SOlubility evaluator (PROSO) to understand
solubility of the expressed recombinant proteins. Both,Mi9LOX and
MiEH2 belonged to the solubility class with probability of 0.696 and
0.506, respectively. SDS-PAGE analysis indicated recombinant
MiEH2 protein purity to be good (Fig. 4a) to carry out enzymatic
activity studies, whereas Mi9LOX eluted fractions had low molec-
ular weight nonspecific proteins, which were eliminated by further
purification step (Fig. 4b and c).

The enzymatic activity of purified recombinant Mi9LOX using
linoleic acid (LA) and linolenic acid (ALA) as substrates revealed
formation of 9HpODE and 9HpOTrE products, respectively
(Supplementary Fig. SF3). Biochemical characterization of Mi9LOX
revealed considerably high activity between pH 6 to 8 with optima
at pH 6.5 and over 40% reduction in the activity at pH 5 and 9
(Supplementary Fig. SF4). Activity profile of Mi9LOX at varied
temperatures showed stable activity of the enzyme between 37 and
45 �C, with temperature optima at 37.0 �C (Table 1) while 75 and
69% reduction in the activity at 35 and 50 �C, respectively. The
enzyme kinetics forMi9LOXwith LA and ALA revealedmore affinity
towards ALA than LA based on the calculated Km values (Table 1)
from in vitro studies. Similarly, Vmax/Km values of recombinant
Mi9LOX showed higher catalytic efficiency with ALA than LA
(Table 1).

Purified recombinant MiEH2 showed activity towards cis-Stil-
bene oxide (CSO), trans-Stilbene oxide (TSO) and 12(13) EpOME
[12(13) epoxide of octadecamonoenoic acid/12(13) epoxide of
linoleic acid] (Supplementary Fig. SF5) indicating its efficiency to
utilize and hydrolyse aromatic and fatty acid epoxides. Biochemical
characterization revealed stable activity of MiEH2 between pH 7 to
8 with optima at pH 8 and > 40% reduction in activity below pH 6
and above pH 9. Activity profile of MiEH2 at varied temperatures
showed optima at 45 �C; while >40 reduction in the activity



Fig. 3. Transcript profiles of Mi9LOX, MiHPL, MiPGX1, MiEH2 and MiACO from skin tissue of various fruit development and ripening stages of Alphonso, Pairi and Kent mango
cultivars. Vertical bars at each data point represent standard error in the relative quantification among the biological replicates. X axis represents fruit development and ripening
stages and Y axis represents relative transcript abundance.

Fig. 4. CBB stained SDS-PAGE gels representing purified recombinant proteins MiEH2 (a) and Mi9LOX (b) by Ni-NTA affinity purification and purified fraction of Mi9LOX after
passing through 50 kDa cut-off column (c).
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between 25 and 40 �C. Over 50% reduction in the activity was noted
at 50 �C with complete inactivation at 60 �C and above
(Supplementary Fig. Sf4). TheMiEH2 revealed higher Km and lower
Vmax/Km value for CSO than TSO suggesting higher affinity and
catalytic efficiency towards TSO (Table 1). Assay of MiEH2 with
12(13) EpOME as substrate produced 12(13) DiHOME (12, 13
dihydroxy octadecamonoenoic acid) as a product (Supplementary
Fig. SF5) confirming utilization of fatty acid epoxides as sub-
strates. Vmax/Km value for 12(13) EpOME suggested its interme-
diate catalytic efficiency towards fatty acid substrates with respect
to CSO and TSO (Table 1).



Table 1
Biochemical characterization and enzyme kinetics of recombinant Mi9LOX and MiEH2.

Enzymes Mi9LOX MiEH2

Substrates LA ALA CSO TSO 12(13) EpOME

Vmax (mM min�1 mg�1) 611.11 ± 55.55 279.84 ± 5.87 26.53 ± 4.81 1055.55 ± 55.55 26.70 ± 0.04
Km (mM) 0.35 ± 0.03 0.06 ± 8E�5 0.17 ± 0.04 0.11 ± 0.003 0.004 ± 4.49 E�5

Vmax/Km (min�1 mg�1) 1.73 4.56 0.16 9.34 6.19
Optimum temperature 37 �C 37 �C 45 �C 45 �C e

Optimum pH 6.5 6.5 8 8 e
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2.4. Transient over-expression of Mi9LOX and MiEH2 resulted in
elevated lactone levels in mango fruit

Agrobacterium inoculation for test and control constructs was
carried out in two halves of the same ethylene treated fruits as
described (Supplementary Fig. SF6a), while Supplementary
Fig. SF6b depicts a part of fruit checked by Gus staining to
confirm expression of GusA along with the Mi9LOX or MiEH2 after
two days of Agrobacterium infiltration. The remaining tissue was
used for the analysis of lactone content and gene expression to
avoid error due to indigenous variation in lactone content and gene
expression. Mi9LOX and MiEH2 transcripts from test tissues upon
Agrobacterium infiltration showed significant increase of 1.73 and
8.3-fold, respectively as compared to the control tissues (Fig. 5a).
Intermediatemetabolite analysis of these tissues by HRMS revealed
significant increase of 1.9 folds in the 9HpOTrE upon Mi9LOX over-
Fig. 5. Histogram representing changes in the Mi9LOX and MiEH2 transcripts level in the co
9HpOTre (9-Hydroperoxy Octadeca Trienoic Acid) and DHSA (DiHydroxy Stearic Acid) conte
respectively. Changes in the lactone content with respect to control upon transient over-expr
from used data set, significance is represented as *- p � 0.1; **- p � 0.05.
expression (Fig. 5b), whereas 9HpODE was not detected in the
present analysis from control as well as test tissues. MiEH2 over-
expression resulted in the significant increase (2.57 folds) in the
DHSA (DiHydroxy Stearic Acid) concentration (Fig. 5c). Another
peak at mass 335.2, probably equivalent to exact mass of DiHODE
(MþþNaþ) was also detected with significant increase (2.62 fold) in
the test tissue as compared to the control. Volatile metabolite
analysis by GC-MS of all these tissues indicated presence of eight
lactones viz. g-butyrolactone, d-valerolactone, g-hexalactone, d-
hexalactone, g-octalactone, d-octalactone, g-decalactone and d-
decalactone while quantitative analysis by GC-FID showed
increased levels of few lactones in both the sets (Fig. 5d and e).
Mi9LOX transient over-expression resulted in significant increase at
p-value � 0.1 in the d-valerolactone (0.075 mgg�1 to 0.082 mgg�1)
and d-decalactone (0.043 mgg�1 to 0.064 mgg�1) content (Fig. 5d).
While MiEH2 transient over-expression depicted significant
ntrol and test tissues after agroinfiltration (a). Histogram representing changes in the
nt with respect to control upon transient over-expression of Mi9LOX (b) and MiEH2 (c),
ession ofMi9LOX (d) andMiEH2 (e). Vertical bars represent standard error in the values
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increase at p-value � 0.1 in d-valerolactone (0.09 mgg�1 to
0.13 mgg�1) and g-hexalactone (0.37 mgg�1 to 0.72 mgg�1) and
highly significant increase at p-value � 0.05 in d-hexalactone
(0.53 mgg�1 to 1.04 mgg�1) compared to that in the control tissue
(Fig. 5e).

3. Discussion

3.1. Mi9LOX and MiEH2 reveal catalytic properties similar to those
of other plant 9LOX and EH2 enzymes

Lipoxygenase gene family, omnipresent to plant and animal
kingdom comprises 9LOX and 13LOX as the most abundant classes
(Feussner and Wasternack, 2002). The recombinant Mi9LOX pro-
tein characterized in the present study revealed optimum pH and
temperature as well as thermal inactivation properties similar to
that of other reported 9LOX enzymes (Baysal and Demird€oven,
2007; Huang and Schwab, 2011; Padilla et al., 2012; Santino et al.,
2005). However, more affinity of Mi9LOX towards ALA than LA
similar to that of olive 9LOX (Padilla et al., 2012) suggested probable
tuning of this enzyme to in vivo availability of the substrate, as
increased ALA content was observed during ripening of mango fruit
(Deshpande et al., 2016).

Epoxide hydrolase genes fall into two classes EH1 and EH2, which
catalyse hydrolysis of aromatic epoxides and epoxides of fatty acids
as well as aromatic compounds, respectively (Huang and Schwab,
2013; Wijekoon et al., 2008). The MiEH2 in our study exhibited
its promiscuous nature towards utilization of variety of substrates.
It showed activity on CSO, TSO and 12(13) EpOME, however, more
affinity towards TSO similar to EH2 reported from other plant
species was observed (Bellevik et al., 2002a, 2002b; Huang and
Schwab, 2013).

3.2. Role of Mi9LOX and MiEH2 in biosynthesis of lactones in
Alphonso mango

The hydroperoxy and hydroxy fatty acids produced by Mi9LOX
and MiEH2 upon catalytic conversion of D9 unsaturated fatty acids
(LA and ALA) and epoxy fatty acids, respectively are the potential
precursors for lactone biosynthesis (Cardillo et al., 1989; Haffner
and Tressl, 1998). We performed transient over-expression of
Mi9LOX and MiEH2 through Agrobacterium infiltration experiment
to get insights into role of these genes in de novo biosynthesis of
lactones in ripened mango fruits. Ethylene treated fruits were
found to be ideal for transient expression to avoid the risk of bac-
terial and fungal infection owing to fruit injury during infiltration.
Moreover, accelerated ripening and early appearance of lactones
with no quantitative variation in Alphonso mango fruits upon
exogenous ethylene treatment is known from our earlier studies
(Chidley et al., 2013). Transient expression has been established as
an efficient tool for functional characterization of genes (Orzaez
et al., 2006; Spolaore et al., 2001) and clearly depicts its efficiency
in the present study. Over-expression of Mi9LOX and MiEH2 resul-
ted in the significant increase in the content of their products
9HpOTrE and DHSA, respectively from the test tissue compared to
the control. This confirms increased Mi9LOX and MiEH2 enzyme
activity in the tissue of transient over-expression of the respective
genes; although the actual enzyme levels could not be assayed due
to insufficient tissue availability. Further significant increase in the
lactone content specifically d-valerolactone (1.46 fold), g-hex-
alactone (1.96 fold) and d-hexalactone (1.98 fold) after MiEH2 over-
expression and, d-valerolactone (1.08 fold) and d-decalactone (1.48
fold) content upon Mi9LOX over-expression, respectively was
evinced and confirms involvement of these genes in the lactone
biosynthesis from mango fruit. Relatively less increase in d-
valerolactone content upon Mi9LOX over-expression might be
because of less Mi9LOX transcripts post infiltration compared to
MiEH2 transcripts (Fig. 5a). Similarly, 9LOX is much upstream to the
final product lactone and conversion of its products i.e. hydro-
peroxy fatty acids to hydroxy fatty acids by peroxygenase could be
rate limiting.

3.3. Temporal expression of Mi9LOX, MiHPL, MiPGX1, MiEH2 and
MiACO genes correlates with variable lactone content in fruit of
mango cultivars

Lactone content varies amid the fruits of different mango cul-
tivars (Pandit et al., 2009a). To get real insights of lactone biosyn-
thesis in mango, three cultivars viz. Kent, Pairi and Alphonso with
no, low (pulp, 1.3 mgg�1; skin, 1.12 mgg�1) and high (pulp,
7.12 mgg�1; skin, 3.16 mgg�1) lactone content, respectively were
compared (Deshpande et al., 2016). In Alphonso pulp and skin
tissues the highest transcript abundance of Mi9LOX, MiPGX1 and
MiACO was observed at mid ripe stage (10 DAH stage), which cor-
relates with our earlier report of the first appearance of lactones at
10 DAH stage during Alphonso mango ripening (Kulkarni et al.,
2012; Pandit et al., 2009b). In case of Pairi high abundance of
Mi9LOX and MiPGX1 transcripts detected at mid ripe stage but
higher level of MiACO transcripts seen at table green stage (Figs. 2
and 3) indicates early onset of fatty acid degradation before the
high abundance of Mi9LOX and MiPGX1 transcripts. This probably
makes reduced fatty acid substrate availability for lipoxygenase and
peroxygenase resulting in low lactone content in Pairi fruits.
Further significant reduction ofMiHPL transcripts in these ripening
tissues of Alphonso and Pairi suggests supply of hydroperoxy fatty
acid pool to peroxygenase instead of HPL pathway. Previous studies
on Alphonso have affirmed this by abundance of products of HPL
pathway in the fruit developing stages than in the ripening stages
(Pandit et al., 2009b). Contrary to this in Kent higher expression of
Mi9LOX, MiPGX1 and MiACO during the late ripening stages (ripe
and over ripe stages) indicates delayed events for lactone biosyn-
thesis (Figs. 2 and 3). Moreover, presence of MiHPL transcripts
during fruit ripening signifies its co-expression with lipoxygenase
diverting pool of hydroperoxy fatty acid to HPL pathway instead of
peroxygenase pathway. This probably reasons the lactone less na-
ture of Kent fruit.

Thus, altogether higher expression of Mi9LOX, MiPGX1 and
MiACO at mid ripe stage with adjournment of HPL pathway may
result in high lactone content in Alphonso fruits. Early onset of fatty
acid degradation may lead to low lactone content in Pairi. While
delayed expression ofMi9LOX,MiPGX1 andMiACO and depletion of
hydroperoxy fatty acids by HPL pathway in combinationwith lower
fatty acid content (Deshpande et al., 2016) may be the reason for no
lactone content of Kent cultivar. In addition to this, variable in vivo
conditions in the fruit of three cultivars might be responsible for
differential catalytic efficiency of respective enzymes (though
similar transcript abundance at respective maxima) leading to
variation in lactone content. Further structural studies of these
enzymes and in vivo substrate-product analysis using tracer tech-
nology might give better clarity about lactone biosynthesis in
mango.

3.4. Proposed lactone biosynthesis pathway in mango

Based on our results and available information, we propose
probable pathway of lactone biosynthesis in mango fruit (Fig. 6).
MiEH2 andMi9LOX are part of monooxygenase (peroxygenase) and
dioxygenase (lipoxygenase) pathways, respectively (steps A1 and
B2; Fig. 6). Products of lipoxygenase are diverted to multiple
pathways including hydroperoxide lyase (HPL) pathway (step C;



Fig. 6. Proposed pathway of lactone biosynthesis in mango fruit, words in bold represent metabolites; words underlined represent enzymes; A1, A2, B1, B2 and D steps are
favourable for lactone biosynthesis. Step C; red in colour suggests unfavoured step for lactone biosynthesis. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 6), which produces C6 aldehydes and ketones responsible for
fresh green leafy aroma volatiles (Huang and Schwab, 2011, 2012).
This may divert hydroperoxy fatty acid pool to HPL pathway which
is an unfavourable step for lactone biosynthesis. Products of lip-
oxygenase are also diverted to peroxygenase pathway. It is known
that peroxygenase catalyzes epoxidation of unsaturated fatty acids
using reactive oxygen (step B1; Fig. 6). Similarly it also utilizes
hydroperoxy fatty acids as co-substrates or oxygen donor to pro-
duce epoxy and monohydroxy fatty acids (step A2; Fig. 6) (Babot
et al., 2013; Fuchs and Schwab, 2013; Meesapyodsuk and Qiu,
2011). These epoxy fatty acids are further catalyzed by epoxide
hydrolase to produce dihydroxy fatty acids (step B2; Fig. 6). In fungi
the importance of fatty acid degradation in production of lactones
from monohydroxy and dihydroxy fatty acids are well reported
(Cardillo et al., 1989; Endrizzi et al., 1996; Haffner and Tressl, 1998;
Schottler and Boland, 1996). Also in peach fruit post harvest tem-
peratures influenced lactone content by regulation of acyl-CoA-
oxidase, an important gene from b oxidation pathway of fatty acid
degradation (step D; Fig. 6) (Xi et al., 2012). These findings insinuate
that along with the lipoxygenase (Mi9LOX) and epoxide hydrolase
(MiEH2), other genes viz. peroxygenase (MiPGX1), hydroperoxide
lyase (MiHPL) and acyl-CoA-oxidase (MiACO) also play important
role in lactone biosynthesis in mango (Fig. 6).

4. Conclusion

The genes encodingMi9LOX,MiEH2,MiHPL,MiPGX1 andMiACO
were isolated from mango fruit. Variable lactone content of
Alphonso, Pairi and Kent mango cultivars was elucidated by the
expression analysis of these five genes during various fruit
development and ripening stages of pulp and skin tissues of all the
three cultivars. Among these Mi9LOX and MiEH2 were character-
ized from Alphonso fruit, which divulged metabolism of unsatu-
rated fatty acids leading to production of hydroperoxy fatty acid
and hydroxy fatty acids, respectively. Increased lactone content
upon transient over-expression of Mi9LOX and MiEH2 ascertained
their probable role in lactone biosynthesis in mango fruit. Finally,
probable lactone biosynthetic pathway in mango was proposed.

5. Experimental

5.1. Plant material

Mangifera indica L. (Anacardiaceae) fruits of cv. Alphonso and cv.
Pairi were collected from mango orchards at the Mango Research
Sub Centre (16.528336 N, 73.344790 E), Deogad and of cv. Kent
from mango orchards at the Regional Fruit Research Station
(15.856849 N, 73.653387 E), Vengurle, both affiliated to Dr. Bala-
saheb Sawant Konkan Agricultural University, Dapoli, Maharashtra,
India. Developing stages of all the three mango cultivars were
collected at 15, 30 and 60 days after pollination (DAP) and atmature
raw stage (90 DAP for cvs. Alphonso and Pairi, 110 DAP for cv. Kent).
Fruits at these developing stages were harvested, pulp (mesocarp)
and skin (exocarp) separated immediately, snap frozen in liquid
nitrogen and stored at �80 �C until further use. A set of 12 fruits
each for all the three cultivars were additionally harvested at their
respectivemature raw stage and kept in the hay containing boxes at
ambient temperature for ripening. Three cultivars showed variation
in the ripening duration, hence four ripening stages as table green,
mid ripe, ripe and over ripe based on the skin colour, aroma and
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fruit softness (each stage is represented by days after harvest i.e.
DAH for cv. Alphonso as 5, 10, 15 and 20 days; for cv. Pairi as 4, 6, 8
and 10 days and for cv. Kent as 5, 8, 10 and 13 days, respectively)
were used for further analysis. At each ripening stage fruits for each
cultivar were removed from the box, pulp and skin were separated,
frozen in liquid nitrogen and stored at �80 �C till further use. For
transient expression studies ethylene treated fruits were collected
as described earlier (Chidley et al., 2013).

5.2. RNA isolation and cDNA synthesis

Total RNA was isolated for all the tissues sampled for current
study using RNeasy Plus mini kit (Quiagen, Venlo, The
Netherlands). Two microgram of total RNAwas reverse transcribed
for synthesis of cDNA using High Capacity cDNA reverse tran-
scription kit (Applied Biosystem, Carlsbad, CA, USA).

5.3. Isolation of open reading frames of Mi9LOX, MiHPL, MiPGX1,
MiEH2 and MiACO

Full length gene sequences of peroxygenase (PGX), hydroperoxide
lyase (HPL) and acyl-CoA-oxidase (ACO) were isolated from
Alphonso mango using degenerate primers (Supplementary table
ST1) approach. RACE reactions with gene specific primers
(Supplementary table ST1) were carried out to obtain ends of PGX,
HPL and ACO cDNAs. The terminal primers (Supplementary table
ST1) were designed for each gene and the full-length genes were
isolated and sequenced. These were blasted against the NCBI
database for respective genes.

For isolation of partial gene sequence of EH2 from Alphonso
mango, degenerate primers viz. EH DeF1 and EH DeR4
(Supplementary table ST1) were designed by homology based
approach aligning nucleotide sequences of EH2 from other plant
species available in NCBI database. Amplification was carried out
using ripe stage cDNA as template. Amplicon with expected size
was purified from agarose gel, cloned in pGEM-T easy vector
(Promega, Madison, WI, USA) and sequenced to confirm partial
cDNA sequence of EH2. Gene specific primers, EHRCF2 and EHRCR1
(Supplementary table ST1) were designed from the obtained
sequence and used for rapid amplification of cDNA ends (RACE) to
acquire the 50 and 3’ ends using the SMART™ RACE cDNA Ampli-
fication Kit (Clontech, CA, USA). Those amplicons were cloned and
sequenced to design terminal gene specific primers, EHtrF1and
EHtrR1 (Supplementary table ST1) for the isolation of complete
open reading frame (ORF) of EH2. For isolation of 9LOX, gene spe-
cific primers were designed from its available partial gene sequence
(EU513272.1) from our previous study (Pandit et al., 2010). The
same protocol as that of isolation of EH2 ORF was further followed
using LF1 and LR1 primers (Supplementary table ST1) to obtain
cDNA ends and terminal primers LOX_TF1 and LOX_TR1
(Supplementary table ST1) to amplify complete ORF of 9LOX. Ripe
mango cDNA as template and Advantage2 polymerase mix (Clon-
tech) were used to get complete ORFs of both the genes (MiEH2 and
Mi9LOX) from mango, cloned in pGEM-T easy vector and trans-
formed into E. coli (Top 10) cells. In both the cases presence of
complete ORF was confirmed by sequencing plasmid inserts from
number of positive colonies for each. Encoded proteins from these
genes and other plant 9LOX, 13LOX, EH1 and EH2 from NCBI
databasewere used for phylogenetic analysis. Neighbor joining tree
was constructed by bootstrap test (1000 replicates) using MEGA
5.05.

5.4. Quantitative real-time PCR

Quantitative real-time PCR was performed using Fast Start
Universal SYBR Green master mix (Roche Inc. Indianapolis, Indiana,
USA) and elongation factor 1a (EF1a) as an endogenous control
employing the primers reported earlier (Pandit et al., 2010). Tran-
scripts ofMi9LOX,MiEH2,MiPGX1,MiHPL andMiACOwere amplified
using gene specific primers (Supplementary table ST1) and quan-
tification was done by ViiA™ 7 Real-Time PCR System (Applied
Biosystems) having thermal cycle program of initial denaturation at
95 �C for 10 min with subsequent 40 cycles of 95 �C for 3sec and
60 �C for 30 s followed by a dissociation curve analysis of tran-
scripts. The analysis was carried out for pulp and skin tissues from
all the developing and ripening stages of Alphonso, Pairi and Kent
mango fruits.

Transcripts ofMi9LOX andMiEH2were also analysed in a similar
way from the test and the control tissues obtained from transient
over-expression experiments to understand changes in the tran-
script profiles upon Agrobacterium infiltration.

5.5. Cloning and recombinant expression of Mi9LOX and MiEH2 in
E. coli

The full-length sequences of Mi9LOX and MiEH2 amplified
from the ripe Alphonso fruit cDNA using the Q5 High fidelity DNA
polymerase (New England Biolabs Inc., Ipswich, MA, USA) and
Advantage2 polymerase mix, respectively and the relevant ter-
minal primers LOXpET101D F1/LOXpET101D R1 and EHTOPO_F1/
EHTOPO_R1 (Supplementary table ST1) were cloned in the
pET101D and pEXP5-CT/TOPO expression vectors (Invitrogen),
respectively. After confirming the correct orientation of the insert
and the presence of an uninterrupted reading frame by
sequencing, the recombinant plasmids of Mi9LOX and MiEH2
were transformed in the BL21(DE3) pLysS Rosetta cells (Novagen,
Madison, WI, USA), for recombinant expression. Starter culture
was initiated in 20 ml terrific broth (TB) with 100 mgml�1 ampi-
cillin and grown at 37 �C with 180 rpm for 24 h. Expression
culture was started with 1L TB medium inoculated with 1% final
concentration of starter culture with 100 mgml�1 ampicillin at
37 �C with 180 rpm shaking speed. Expression of recombinant
protein was induced by 0.2 mM IPTG at 0.6 OD600. After induction
expression culture was kept at 16 �C, 120 rpm for 12e14 h and
cells were harvested by centrifugation, resuspended in100 mM
phosphate buffer, pH 7 with 20 mM imidazole. The cells were
lysed by sonication and the 6x-His tagged recombinant proteins
were purified on Ni-NTA matrix (Invitrogen) wherein non-
specifically bound proteins were removed by low molarity imid-
azole containing phosphate buffer washes. Recombinant proteins
were eluted in 100 mM phosphate buffer with 250 mM imidazole
(pH 7). In case of eluted Mi9LOX, low molecular weight contam-
inant proteins were removed by passing eluted fractions through
Amicon Ultra centrifugal filters with NMWL 50 kDa membrane
(Merck Millipore, Darmstadt, Germany). Purified recombinant
proteins were checked by SDS-PAGE for their purity.

5.6. Enzyme assays of recombinant Mi9LOX and MiEH2

Mi9LOX activity assay was initially performed in 250 ml final
volume of 100 mM phosphate citrate buffer, pH 7.0 containing
200 mM substrate i.e. linoleic acid (LA) or a-linolenic acid (ALA) and
0.005% Tween20 at 30 �C. The activity was measured by formation
of the conjugated diene at 234 nm, applying an extinction coeffi-
cient 25,000 M�1cm�1 for both the substrates. A234 at 0th min for
each reactionwas considered as blank and subtracted from A234 for
given time (t). Similar activity assay was carried out for both the
substrates with protein expressed from an empty vector. Optimum
pH and temperature of the recombinant protein were determined
by calculating Mi9LOX activity either at varied range of pH in
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phosphate citrate buffer at 30 �C or in phosphate citrate buffer, pH
7 at various temperatures, respectively. After spectrophotometric
measurement of catalytic activity of Mi9LOX, products were
extracted in chloroform: methanol (2:1); completely dried in vac-
uum evaporator and reconstituted in methanol. These assay ex-
tracts were then used for UPLC coupled Q Exactive orbitrap HRMS
(Thermo Scientific, Waltham, MA, USA) analysis for the product
confirmation. Extracted compounds from the assay reactions were
separated by water (A): methanol (B) solvent gradient, at 0 min
with 70% (A)/30% (B); 0e2 min 50% (A)/50% (B); 2e12 min 0% (A)/
100% (B), held for 2 min and again back to 70% (A)/30% (B) in 3 min
with 2 min hold at flow rate 500 ml min�1.

Recombinant MiEH2 activity assay was carried out in 500 ml
assay reaction in similar way as that of Mi9LOX using substrates
cis-stilbene oxide (CSO), trans-stilbene oxide (TSO) and 12(13)
epoxide of linoleic acid [12(13) EpOME]. Temperature and pH
optimization was also carried out in a similar way. Products
formed in the assay were extracted in chloroform: methanol
(2:1); evaporated till dryness, reconstituted in 200 ml methanol
and HRMS analysis was carried out by accurate mass (molecular
ion) identification. Identified products from assay reaction were
confirmed with the mass and retention time indices of authentic
standards R,R hydrobenzoin and meso hydro benzoin. Extracted
compounds from CSO and TSO assay reactions were separated by
water (A): methanol (B) solvent gradient, 0e1 min with 80% (A)/
20% (B); 1e2 min 60% (A)/40% (B); 2e4 min 40% (A)/60% (B);
4e11 min 20% (A)/80% (B); 11e16 min 0% (A)/100% (B), held for
2 min and again back to 80% (A)/20% (B) in 3 min with 2 min hold
at flow rate 500 ml min�1. Compounds from assay reactions of
12(13) EpOME were separated by using similar gradient program
as that for Mi9LOX assay reaction. Graphs plotted with standard
compounds were used for quantitative analysis of CSO and TSO
products generated by recombinant MiEH2. Full scans for both the
programs were acquired on positive ion mode with AGC target
value of 1E6, resolution of 70,000 at scan range 100e500 m/z,
and maximum ion injection time (IT) of 250 ms.

5.7. Transient over-expression of Mi9LOX and MiEH2 in Alphonso
mango fruits

The sequences of Mi9LOX and MiEH2 were cloned separately at
BamHI restriction site in the pBI121 plant expression vector be-
tween CaMV 35S promoter and GusA gene using terminal primers
(Supplementary table ST1). The resulted correctly oriented
construct (A) pBI121 þ Mi9LOX, construct (B) pBI121 þ MiEH2 and
(C) pBI121 empty vector were transformed in Agrobacterium
tumefacience GV3101 strain for transient expression studies. Sepa-
rate A. tumefacience cultures (5 mL) were initiated for each
construct from individual colonies in YEB medium (0.5% beef
extract, 0.1% yeast extract, 0.5% peptone, 0.5% sucrose, 2 mM
MgSO4) with 100 mgmle1 rifampicin and kanamycin antibiotics and
incubated overnight at 28 �C. This culture was transferred to 50 mL
induction medium, (YEB with 20 mM acetosyringone and 10 mM
MES, pH 5.6) with 100 mgmle1 rifampicin and kanamycin antibi-
otics, and again grown overnight. Cultures were then recovered by
centrifugation and re-suspended in infiltration medium (10 mM
MgCl2, 10 mM MES, 200 mM acetosyringone, pH 5.6) till optical
density reached to 1.0. This suspension was again incubated at
28 �C with gentle agitation for 2 h. Over-expression studies for
Mi9LOX and MiEH2 were carried out by Agrobacterium mediated
infiltration in ethylene treated mango fruits at 3DAH stage by using
hypodermic syringe. Equal volumes of (A) or (B) and (C) were used
for infiltration in the two halves of the same mango fruit separated
by fruit stone. During initial trials it was confirmed that, Agro-
bacterium mediated infiltration did not spread beyond fruit stone.
Thus, control (C) and test (A/B) over-expressions were carried out in
the same fruit. Five distinct mango fruits, each were used for the
over-expression study of Mi9LOX and MiEH2. Infiltrated fruits were
kept at 25 �C for 2 days in 12 h dark and light conditions each. After
2 days; a part from each of the fruit halves was checked by Gus
staining (Kapila et al., 1997; Spolaore et al., 2001) to confirm
expression of Mi9LOX and MiEH2 each under 35S promoter along
with GusA and remaining part of the fruit pulp was stored in�80 �C
until used for the lactone analysis by gas chromatography.
5.8. Qualitative and quantitative analysis of metabolites

Aroma volatile extractionwas carried out from 5 g of each tissue
obtained from the transient over-expression experiment by solvent
extraction method as mentioned earlier (Kulkarni et al., 2012;
Pandit et al., 2009a). GC-MSD and GC-FID analysis for lactones
was carried out on 7890B GC system Agilent Technologies coupled
with Agilent 5977A MSD (Agilent technologies, Santa Clara, CA,
USA). Aroma volatiles were separated on GsBP-5MS (General Sep-
aration Technologies, Newark, DE) capillary column
(30 m � 0.32 mm i.d. � 0.25 mm film thickness). Other chromato-
graphic conditions were maintained as reported earlier (Kulkarni
et al., 2012). To understand the effect of transient over-expression
of Mi9LOX and MiEH2 on lactone biosynthesis, qualitative and
quantitative analysis of lactones alone was carried out in the pre-
sent study. Lactones were identified by matching generated spectra
with NIST 2011 and Wiley 10th edition mass spectral libraries.
Identified compounds were confirmed by matching retention time
and spectra of authentic standards procured from Sigma Aldrich
(St. Louis, MO, USA). Absolute quantification was done using nonyl
acetate as internal standard and by normalizing concentration of all
the individual lactones with that of known concentration of inter-
nal standard.

Qualitative and quantitative analysis of Mi9LOX and MiEH2
products from tissues obtained after transient over-expression was
carried out on UPLC coupled Q-Exactive orbitrap HRMS (Thermo
Scientific, Waltham, MA, USA) in a similar way done for theMi9LOX
and MiEH2 assay products. Extraction of these intermediate com-
pounds was carried out from 0.5 g tissue obtained from the tran-
sient over-expression experiment.Tissue was grinded in liquid
nitrogen and added to 2 ml of 80% methanol, vortexed and soni-
cated for 5 min and fatty acid intermediates were extracted in 1 ml
of hexane. Hexane layer was removed and evaporated to complete
dryness and metabolites were reconstituted in 100 ml of 100%
methanol and further used for HRMS analysis.
5.9. Statistical analysis

Experiments for each developing and ripening stages were
performed from fruits of 3 independent trees for cv. Alphonso and 2
independent trees each for cv. Pairi and cv. Kent. These were
considered as biological replicates. Extraction of volatiles in tran-
sient over-expression studies was carried out twice for each tissue
as technical replicates followed by duplicate GC-FID runs of each
extract as analytical replicates. Quantitative real time PCR analysis
was carried out in triplicate for each biological replicate from
Alphonso, Pairi and Kent cultivars. Fisher's LSD test was performed
at p � 0.05 and p � 0.1 by ANOVA for comparative analysis of
lactone content in control and test tissues in transient expression
analysis using Stat View software, version 5.0 (SAS Institute Inc.,
Cary, NC, USA). Similarly ANOVA was carried out for comparison of
Mi9LOX, MiEH2, MiPGX1, MiHPL and MiACO transcripts at various
fruit development and ripening stages from pulp and skin tissues of
Alphonso, Pairi and Kent cultivars.
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