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The monoterpene limonene in orange peels attracts pests

and microorganisms
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lant volatiles include terpenoids,

which are generally involved in
plant defense, repelling pests and patho-
gens and attracting insects for herbivore
control, pollination and seed dispersal.
Orange fruits accumulate the monoter-
pene limonene at high levels in the oil
glands of their fruit peels. When limo-
nene production was downregulated in
orange fruits by the transgenic expression
of a limonene synthase (CitMTSEl) in
the antisense configuration, these fruits
were resistant to the fungus Penicillium
digitatum (Pers.) Sacc. and the bacte-
rium Xanthomonas citri subsp citri and
were less attractive to the medfly pest
Ceratitis capitata. These responses were
reversed when the antisense transgenic
orange fruits were treated with limonene.
To gain more insight into the role of the
limonene concentration in fruit responses
to pests and pathogens, we attempted to
overexpress CitMTSEL1 in the sense con-
figuration in transgenic orange fruits.
Only slight increases in the amount of
limonene were found in sense transgenic
fruits, maybe due to the detrimental
effect that excessive limonene accumula-
tion would have on plant development.
Collectively, these results suggest that
when limonene reaches peak levels as the
fruit develops, it becomes a signal for pest
and pathogen attraction, which facilitate
access to the fruit for pulp consumers and
seed dispersers.
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In recent years, large efforts have been
made to understand the biosynthetic
pathways regulating the production of
terpene volatiles in_plants as well as the
metabolism and physiological effects of
these compounds.! Evaluating volatile
emission as a language for communica-
tion between plants and the environment
is gaining increasing interest.

Upon maturation, fleshy fruits modify
their color, taste, texture and aroma to
become more attractive to frugivore ani-
mals for seed dispersal. The volatile con-
tent and emission profiles undergo drastic
changes during fruit development and
maturation, but little is known about the
roles of specific volatiles in interactions
with herbivores and other seed-dispersing
agents. Regarding the impact of special-
ized insect pests and pathogens on fleshy
fruits, most studies have focused largely
on pests and pathogens as competitors of
seed dispersers.>* A broader exploration of
the pathogen-plant-vertebrate relationship
from the perspective of evolutionary ecol-
ogy is enticing.

The monoterpene limonene represents
up to 97% of the total volatiles in orange
fruit peel. Previously, we have shown that
overexpression of an antisense (AS) con-
struct of a limonene synthase gene from
mandarin  (CizMTSEI) in transgenic
oranges resulted in a downregulation of
their synthesis and reduced accumula-
tion of limonene as well as other related
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Figure 1. Molecular analyses and phenotypes of orange flavedo in sense (S) and control-treated
(EV) Pineapple sweet orange plants. (A, B) Map of the T-DNA region of the binary vector used to
transform S (A) and EV plants (B). LB, left T-DNA border region; RB, right T-DNA border region;
nptll, gene conferring kanamycin resistance under the control of the NOS promoter and termina-
tor regions; CitMTSE1, limonene synthase gene in sense orientation under control of the CaMV35S
promoter and the NOS terminator. (C) DNA gel blot analysis indicating the loci number of the
transgene. The 35S promoter was used as a probe. M: DNA molecular weight marker Il from
Roche Applied Science. (D) RNA gel blot analysis of total RNA extracted from flavedo of trans-

genic plants. RNA was separated by electrophoresis on a formaldehyde-containing agarose gel,
transferred to a nylon membrane, and hybridized with a whole limonene synthase gene-specific
RNA probe under stringent conditions (upper panel). Ethidium bromide staining of the same gel
showing that equivalent amounts of RNA were loaded in the different lanes (lower panel). (E) The
relative amounts of individual terpenes are presented as the percent (given as a fraction of unity)

areas of each terpene with respect to the total terpene peak area for monoterpene hydrocar-
bons in the EV line, which was assigned an arbitrary value of one. The data represent the mean
values + SEM and were derived from at least five fruits per plant.

monoterpenes, and increased amounts of
monoterpene alcohols such as nerol, gera-
niol and citronellol’ AS fruits showed
a marked resistance against the fungus
Penicillium digitatum (Pers.) Sacc. and the
bacterium Xanthomonas citri subsp citri,
two important citrus fruit pathogens,
which were unable to infect transgenic
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peel tissues. In addition, males of one
of the most polyphagous pests of citrus
fruits, Ceratitis capitata, were much less
attracted to the AS fruits than empty
vector (EV) control fruits’ Interestingly,
the resistant/less attractant phenotype
was fully reversed when AS fruits were
treated with exogenous limonene (and not
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with nerol or citronellol), indicating that
limonene accumulation in the orange peel
modulates fruit interactions with insects
and microorganisms.

To determine whether the constitutive
increase in the production of limonene
could lead to a higher level of attraction of
C. capitata and greater susceptibility to the
tested pathogens, transgenic orange plants
overexpressing the same limonene syn-
thase gene from mandarin (CitMTSEI)®
in the sense orientation were generated
(Fig. 1A-D). Limonene synthase tran-
script accumulation was higher in sense
(S) than in EV lines (Fig. 1D). However,
total terpenes profiling in fruit peels from
the sense lines showed very slight increases
in limonene accumulation compared with
fruits from the EV control line (Fig. 1E).
Although we found increases of more than
4-fold in the levels of some monoterpenes,
such as a-terpinolene and 8-3-carene, in
leaf tissues in S lines compared with EV
controls, none of the S lines showed an
increase in limonene in fruit peels of more
than 1.4 times, and the levels of related
mono- and sesquiterpenoid compounds
remained basically unaltered (Table S1).
Further, fruits of the S lines were chal-
lenged -with' P. digitatum and X. citri
subsp citri. When mature S and EV
orange fruits cv Pineapple were inoculated
with P. digitatum and the percentage of
infected wounds and wounds with spores
in EV fruits 10 d postinoculation were
90.66 and 86.66%, respectively, as com-
pared with 82.05 and 71.79%, respec-
tively, in S fruits (Fig. 2A-D). S fruits
also showed a response similar to that of
EV fruits when challenged with X. cizri
subsp citri; the percentage of infected
wounds at 4 weeks postinoculation in
green fruits inoculated with the bacterium
was 80.83% in EV fruits and 88.09% in
S fruits (Fig. 2E, F) and no significant
differences were found, with p < 0.05.
Similar results were obtained for the S and
EV lines from another transformation
experiment with the Navelina orange cul-
tivar (data not shown). Attempts to over-
express terpenoids in transgenic plants
have resulted in enhanced accumulation
of the expected compound in several
cases,”” but the growth and/or develop-
ment of these plants were usually affected,
with the strength of the phenotype being
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Figure 2. Transgenic expression of CitMTSE1 in the sense orientation in orange plants did not modify susceptibility to fungal and bacterial infections.
(A- D) Evolution of the disease caused by the fungus Penicillium digitatum in mature orange fruits inoculated with 1x104 spores mL": percentage of
infected (A) and sporulated (B) wounds in orange fruits of the EV and S lines. The results are the average + SEM (n > 20). dpi, days postinoculation.

(C, D) S and EV fruits 10 d after inoculation. (E, F) Evolution of the disease caused by the bacterium Xanthomonas citri subsp citri in green mature orange
fruits using 106 CFU mL". (E) Number of wounds with symptoms in EV and S fruits. The results are the average + SEM (n > 10). (F) S and EV fruits at

4 weeks postinoculation. We repeated all experiments several times during two consecutive seasons and obtained similar results. No significant differ-
ences were found at p < 0.05 using Student’s t-test.

correlated with the accumulation level of
the transgenically produced terpenoid.'*!?
S orange lines did not show noticeable
changes in plant and fruit morphology
compared with controls. It may be pos-
sible that S lines did not overproduce
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limonene because such high levels of pro-
duction could be detrimental to orange
development. Following this rationale, S
lines would accumulate limonene to those
maximum levels that would not compro-
mise cell and plant viability. It may be also
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hypothesized that under normal growing
conditions, oil glands synthesize and accu-
mulate near-saturating concentrations of
limonene (and/or its geranyl diphosphate
precursor) and overexpression of limonene
synthase is not able to increase further the
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large amount of limonene occurring in
the oil glands.

Our results together with the fact that
in nature limonene reaches peak levels in
fruit peels at the end of the growth phase,
when fruits are still green but the seeds are
fully developed, suggest that such high
limonene doses exert an important signal
effect to attract insect pests and microbial
pathogens that break the peel barrier to
facilitate eating of the fruit pulp by verte-
brate consumers and seed dispersers.

Volatiles are important determinants of
the overall aroma properties and taste of
fruits."” The compounds that are produced
during the first period of fruit growth make
eating by vertebrates an unpleasant expe-
rience. It is generally accepted that a pri-
mary function of secondary metabolites in
immature fruits is defense from pathogens
and pre-dispersal seed predators.® The
consumption of immature fruits would
always be detrimental or repulsive because
the seeds‘are notyet viable.” By the end of
the first period of growth, when seeds are
developed, the goal is to make the fruit as
appealing as possible so that seed dispersal
can occur. In that phase, volatiles become
an important part of the attractiveness to
animals and a signal of readiness for seed
dispersal." The identification of the limo-
nene as a key compound in citrus fruits
involved in pathogen interactions as well
as insect attraction and its likely effect on
seed dispersal could greatly increase our
knowledge about fresh fruit trophic inter-
actions. Just as in the pollination of flowers
by insects, these interactions are complex
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and fine-tuned among the different organ-
isms involved. We showed here that ter-
pene engineering may be important for
studying the basic ecological interactions
between fruits, herbivores and pathogens.
Determining how vertebrate dispersers fit
into this tritrophic framework will provide
new perspectives on these interactions.
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