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Abstract—The only larval resource of the specialist species, Drosophila sechellia, is ripe fruits of Morinda citrifolia. The
chemical composition of this fruit, which is very toxic to most Drosophila species, was investigated and 51 compounds
were abundant enough to be identified by GC-MS. The ripe fruit is characterized by a large amount of carboxylic
acids, especially octanoic and hexanoic acids. The biological effects of the ripe fruit and its main acids were
investigated with behavioural studies. Octanoic acid is responsible for the general toxicity of the fruit to most
Drosophila species; D. sechellia is the only species which is resistant to this acid. Hexanoic acid has a unique effect,
causing reversible coma but no mortality. Decanoic acid is inactive. A mixture of these three acids in proportions
similar to those found in the fruit, mimics the effects of ripe fruits of M. citrifolia.

INTRODUCTION

Morinda citrifolia is a shrub which grows in sandy areas
along many tropical coasts. Native from the Indian
Ocean [1], this species is not present in continental
Africa where it is replaced by a related species, M. lucida.
The introduction of M. citrifolia into Australia [2],
Hawaii [3,4] and in the Caribbean seems to have be
done by man.

In Asian countries, M. citrifolia has been extensively
used in folk medicine and as a dye. Medical applications
have been reported for diabetes [5], antiseptic and anti-
biotic properties [6,7] and hypotensive and an-
ticoagulant activities [8-10]. Specific compounds have
been identified including asperulosid [11-14], ursolic
acid [15], hexanoic and octanoic acids [10] and a large
variety of anthraquinones from the fruits and roots
[7,16]. The main products for dyeing have been prepared
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from the roots. The colour obtained changes from orange
to deep red and the compounds involved are nor-
dmnacanthal, morindone, rubiadine and rubiadine 1-
methyl ether [17,18].

Morinda citrifolia is the natural host plant of Drosophila
sechellia [19, 20]. a member of the D. melanogaster sub-
group which is subdivided into two complexes [21], the
D. melanogaster complex (D. melanogaster, D. simulans,
D. mauritiana and D. sechellia) and the Drosophila yakuba
complex (D. yakuba, D. tessieri, D. orena and D. erecta).
Contact with ripe fruits of Morinda kills flies of any
Drosophila species in a few minutes except D. sechellia
[22,23]. Moreover, flies of the sensitive Drosophila
species are repelled by the ripe fruit while D. sechellia is
attracted to it [23]; green and rotten fruits are not toxic
[24]. The most toxic compound in the ripe fruit is oc-
tanoic acid [24], whereas hexanoic acid seems to play
a role for attraction and egg-laying preference [25, 26].

The main purpose of the present study was to identify
and quantify the main volatile compounds present in ripe
fruits of M. citrifolia and to test the biological effects of
some of the identified chemicals on several Drosophila
species.
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Table 1. Identified violatile compounds from ripe fruits of Morinda citrifolia

Compounds M, Identification* Yo ppm
Acids
Acetic 60 a,b,c 0.04 002
2-methyl propanoic 88 a,b 011 005
Butanoic 88 a,b,c 071 031
2-methylbutanoic 102 a, b 054 023
Hexanoic 116 a, b, c 19.24  8.26
3-methylthiopropanoic 120 a, b 041 0.18
Benzoic 122 a,b,c 0.19 008
Heptanoic 130 a,b,c 0.09 0.04
Octanoic 144 a, b,c 58 2498
Hexanedioic 146 a, b 0.08 003
Nonanoic 158 a,b 003 001
Decanoic 172 a,b,c 1.54  0.66
Undecanoic 186 a,b,c 003 002
Lauric 200 a,b,c 0.16 007
Myristic 228 ab,c 0.14 0.06
Palmitic 256 a,b,c 049 021
Linoleic 280 a,b,c 005 0.02
Elaidic 282 a,bc¢c 029 012
Oleic 282 a,b¢ 0.06 0.03
(Z,Z,.2)-8,11,14-eicosatrienoic 306 a, b 0.68 (.30
Total 8288 35.68
Alcohols
1-Butanol 72 a, b, ¢ 007 003
3-Methyl-3-buten-1-01 86 a, b 413 178
3-Methyl-2-buten-1-01 86 a, b 030 0.13
1-Hexanol 102 a, b c 0.11 0.05
Benzyl alcohol 108 a,bc 0.05 0.02
Eugenol 164 a,b 003 001
(Z,Z)-2,5-Undecadien-1-o01 168 a, b 041 018
Total S.1 2.20
Esters
Methyl hexanoate 130 a,b,c 037 0.16
Methyl 3-methylthio-propanoate 134 a,b 003 001
Ethyl hexanoate 144 a,b,c 012 0.05
Methyl octanoate 158 a, b,c 085 037
Ethyl octanoate 172 a,bc 0.45 0.19
Methyl decanoate 186 a, b, ¢ 0.57 0.25
Ethyl decanoate 200 a,b,c 0.19 0.08
Methyl palmitate 270 a,bc 0.04 0.02
Ethyl palmitate 284 a,bc 003 0.02
Methyl elaidate 296 a,b,c 005 0.02
Methyl oleate 296 a, b, ¢ 003 0.01
Total 276 1.18
Ketones
3-Hydroxy-2-butanone 88 a, b c 006 0.03
2-Heptanone 114 a,b,c 035 015
Total 041 0.18
Lactones
(E)-6-Dodeceno-y-lactone 196 a, b 0.09 0.04
(Z£)-6-Dodeceno-y-lactone 196 a, b 009 004
Total 0.18 0.8
Miscellaneous compounds
Hexanamide 115 a,b 003 001
Limonene 136 a,b,c 039 0.17
(Ethylthiomethyl) benzene 152 a,b 007 0.03
Unknown 1 166 b 148 0.64
Unknown 2 168 b 0.56 0.25
Unknown 3 184 b 0.57 025
Scopoletin 192 a,b 197 08S
Vomifoliol 206 a,b 095 040
Unknown 4 212 b 1.65 0.71
Total 7.67 331

* Chemical identifications were based on EI mass spectra (a); CI mass spectra (b); and/or
comparisons of their R,s with those of synthetic compounds (c).
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RESULTS

Chemical analyses

A typical GC trace from an extract of M. citrifolia ripe
fruit reveals the presence of ca 50 detectable volatile
compounds (Table 1). There are 20 acids which represent
83% of the volatiles, six alcohols (5%) and 11 esters (3%).
Ketones and lactones are present in smaller amounts
(less than 0.5%). For aldehydes, only traces of hexanal
were detected. Five identified compounds represent
ca85% of all volatile components, viz., octanoic acid
(58%), hexanoic acid (19%), 3-methyl-3-buten-1-01 (4%),
scopoletin (2%) and decanoic acid (2%).

Toxicity of ripe fruits

In previous work [23], it was shown that, in the bioas-
say used with 1.5 g of ripe fruit pulp, no D. sechellia flies
were killed in 40 min. The results presented here show
that flies of both sexes of D. mauritiana and D. simulans
are significantly more sensitive than those of
D. melanogaster (Canton S strain) (Table 2). For dura-
tions of 20 and 30 min, the mortality percentage of
D.simulans flies is intermediate between those of
D. melanogaster and D. mauritiana, with very significant
difference for females.

Toxicity of octanoic acid

With octanoic acid, it was previously shown that the
LDjs, values, measured at 40 min, were markedly differ-
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ent between D. melanogaster (males: 36 + 7 ug; females:
39 + 18 ug) and D. sechellia (males: 185 + 24 ug; females:
238 + 24 ug) [24]. When the toxicity levels of 50 ug of
octanoic acid were compared for the three sensitive fly
species, the differences observed with the fruit pulp were
no more significant, but some new differences appeared
(Table 3). While with the pulp 27.2% of the flies (taking
into account both sexes of the three species) had died in
10 min, using pure octanoic acid, the average mortality
percentage was only 2.2%. The differences between pulp
and pure compound decreased with time. These observa-
tions suggest a sigmoidicity at the beginning of the mor-
tality curve.

Another difference is a sexual dimorphism observed
with the pure acid whichever the species; this was not
observed with the pulp. With octanoic acid, all males
were significantly more sensitive than females from the
beginning of the experiment up to 40 min.

Toxicity of hexanoic and decanoic acids

The toxicity of 50 ug of octanoic acid is comparable to
that of 1.5g of ripe fruit pulp. A comparable dose of
either hexanoic or decanoic acid caused very little mor-
tality whichever the species. In 40 min, only males
showed some mortality with this quantity of hexanoic
acid: D. mauritiana, 21% dead flies; D. simulans, 15%; D.
melanogaster, 12% and D. sechellia, 1% (Fig. 1). This
compound induced a reversible coma associated with
characteristic symptoms of altered equilibrium, strong
wing vibrations, followed by complete immobilization;

Table 2. Mortality kinetics in response to ripe Morinda citrifolia fruit pulp for Drosophila melanogaster (meCS), D. simulans
(sS) and D. mauritiana (ma). No mortality was observed for D. sechellia

(A)*
meCS sS ma
Time (min) Males Females Males Females Males Females
10 20+ 19 21419 30+ 21 28+ 1.3 34+16 30+1.6
20 51+ 21 41 + 19 62+ 19 57+ 21 72+ 1.3 72+ 2.1
30 64+ 19 62+ 1.3 954+ 08 75+ 16 96 + 0.8 85+ 1.1
40 84 + 1.1 78+ 1.3 97 + 0.5 88 + 1.3 97 4+ 0.5 91 + 1.3
50 92+ 038 87+ 16 100 95 + 1.1 100 95 + 0.8
60 100 96 + 0.5 — 100 — 100
70 — 100 — — —
(Bt
10 min 20 min 30 min 40 min

meCS ma sS meCS ma sS meCS ma sS meCS ma sS
meCS NS ork % % % T NS KRk ko NS *hok ook
ma = NS NS LTS NS LT e k% NS e *k NS
sS NS NS NS xx x NS o = k¥ *x NS NS

*(A) Mean percentages of mortality and standard errors: 1.
two-sided Student’s t-test for times 10-40 min (underlined:

5 g of ripe Morinda, 15 x 10 flies tested. + (B) Statistical analysis:
intraspecific comparisons between males and females, above

diagonal in ordinary type: interspecific comparisons between males; under diagonal in bold: interspecific comparisons

between females). NS: P > 0.05, *: 0.05 > P > 0.01, **: 0.01

> P > 0.001, ***: P < 0.001.
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Table 3. Mortality kinetics in response to pure octanoic acid
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(50 ug) for Drosophila melanogaster (meCS), D. simulans (sS) and

D. mauritiana (ma), (A) and statistical analysis (B)*

(A)

meCS

sS ma
Time {min) Males Females Males Females Males Females
10 3405 2403 3403 0 3403 21405
20 52 +21 38+13 52+ 16 41+ 19 52421 33+13
30 72+19 51+16 72 +26 55+ 2.1 76 + 1.9 S5+19
40 89 + 1.3 74+ 16 88 + 1.6 72+ 16 98 + 03 82 +19
50 98 + 0.5 89 + 1.1 98 + 0.5 88 + 0.8 100 95+ 1.1
60 100 94 + 0.8 98 + 0.5 92+13 — 97 +0.5
70 — 98 + 0.3 98 + 0.5 96 + 0.5 - 99+03
(B)
10 min 20 min 30 min 40 min

meCS ma sS meCS ma sS meCS ma sS meCS ma sS
meCS NS NS NS aLd NS NS ok NS NS ok *x NS
ma NS NS NS NS Xk NS NS L1l NS o e *
sS NS NS NS NS . o NS NS ok NS e ey

*No mortality was observed for D. sechellia for this dose.
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Fig. 1. Reversible coma kinetics observed in response to 50 ug

of hexanoic acid with males of M, D. Melanogaster; ®,

D. simulans; A, D.mauritiana, and @, D.sechellia. 150 flies
tested.

this happened within a few min for flies of every species
tested, including D. sechellia. But after 20-30 min most of
the flies recovered and then exhibited apparently normal
behaviour (Fig. 1). Decanoic acid induced neither toxicity
nor any apparent behavioural disorder, at least for
a 50 ug dose.

Toxicity of an octanoic—hexanoic-decanoic mixture

A mixture of the three acids was prepared with propor-
tions similar to those observed in the ripe fruit. In the
presence of the mixture, the mortality kinetics were

See also Table 2.

rather similar to those observed with the pulp. The sensi-
tivity hierarchy of the various species towards the mix-
ture is also similar to that observed with the pulp;
D. simulans is intermediate between D. melanogaster (less
sensitive) and D. mauritiana (the most sensitive) (Table 4,
Fig. 2). As observed with octanoic acid, females were
more resistant than males.

DISCUSSION

The sensitivity of adult flies of the Drosophila
melanogaster subgroup to the pulp of Morinda ripe fruit
is dependent on the species. Drosophila mauritiana is the
inost sensitive species, D. melanogaster the most resistant;
D. simulans is intermediate between the two former spe-
cies and D. sechellia is resistant to the pulp. In D.
melanogaster, a more resistant strain than Canton S was
previously described, the African strain ‘Tai’, [23].

Carboxylic acids represent 83% of all the volatiles of
ripe fruits. Among these acids, except a few which were
either branched, unsaturated or bearing a thiol group, all
the others are linear alkanoic acids. Most of them have
an even number of carbons. The major one, octanoic
acid, represents 58% of all the volatiles. This compound
has been previously found to play an important role in
Morinda toxicity for Drosophila [24]. A few differences
are described here between the effects of pure octanoic
acid and the pulp of the ripe fruit: toxicity latency differ-
ences, sensitivity differences between species and sexes.
The effect of hexanoic acid on flies is unique. At 50 ug,
while octanoic acid kills flies, hexanoic acid causes little
mortality but induces a reversible coma. At the same
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Table 4. Mortality kinetics in response to mixture of acids (octanoic acid (50 ug), hexanoic acid (10 ug) and decanoic acid
(2.5 ug)) for Drosophila melanogaster (meCS), D. simulans (sS) and D. mauritiana (ma) (A) and statistical analysis (B)*

(A)
meCS sS ma
Time (min) Males Females Males Females Males Females
10 20+ 16 15405 27 + 1.1 17 +08 65 + 1.1 34+ 1.1
20 70+19 35+08 72+ 16 454+ 11 100 92 405
30 90 + 08 624+ 16 92+ 08 80+ 1.6 — 100
40 100 824+0.5 100 92+ 1.1 — —
50 — 97 + 05 — 100 — —
60 — 97 + 0.5 - — —
70 — 97 +0.5 — — — —
(B)
10 min 20 min 30 min 40 min

meCS ma sS meCS ma sS meCS ma sS meCS ma sS
meCS NS *kok NS *kk *ok NS Ak *k NS *xx NS NS
ma x% ok xk e *hk *ok Y NS *x ** NS NS
sS = I *% . L * T P Rk x - *k

*No mortality was observed for D. sechellia for this dose.

Mortality (%)

T T T T T 1

20 30 40 50 60 70
Time (min)

Fig. 2. Mortality kinetics of females of W, D. melanogaster; @,

D. simulans; and A, D. mauritiana; observed in response to either

50 ug of octanoic acid (black marks) or a mixture of 50 ug of

octanoic acid, 10 ug of hexanoic acid and 2.5 ug of decanoic acid
(grey marks). 150 flies tested.

dose, decanoic acid does not produce any observable
effect on flies of any species. The effect of the three acids
mixed in proportions comparable to that of the fruit pulp
strongly resembles the effects observed with the pulp.
Besides toxic acids, esters are also present in ripe fruits
of Morinda. Only methyl or ethyl esters of the most
abundant acids described above have been identified, but
the quantities of these products depend on the physiolo-
gical stage of the fruit [24]. In rotten fruits, not toxic to
Drosophilas, acids are partially transformed into esters

See also Table 2.

{(mainly ethyl) which decreases the overall toxicity of the
fruits.

3-Methyl-3-buten-1-01 is the only alcohol present in
significant amounts but its possible role on fly behaviour
has not been investigated. There is no structural relation
between the alcohols and the acids found in the fruit. This
fact plus the apparent absence of aldet ydic compounds
might suggest that acids are directly produced in the fruit
and are not derived from alcohols through oxidation.

Of the other compounds identified, an interesting one
is scopoletin. As for other coumarins, the production of
this phytoalexin has been associated with stresses, espe-
cially those linked to fungi [27-29]. Different environ-
mental chemicals, acids or aldehydes, saturated or not,
have been implicated in the induction of scopoletin pro-
duction [30, 31]. The high quantity of scopoletin found in
Morinda might be related to the large amount of alkanoic
acids also present. Consequently, the fruit might possess
several interdependent components of a defence mecha-
nism against fungi infection and phytophagous attacks.
Morinda is protected against attack by most
phytophagous insects; D. sechellia is a rare species with
sufficient tolerance to alkanoic acids which, thus, is able
to use the ripe fruit as a food source.

EXPERIMENTAL

Flies. Strains of D. melanogaster Canton ‘S’ (meCS), D.
simulans Seychelles (sS) and D. mauritiana (ma) were
grown on a standard medium at 25 + 0.5° under
a 12:12 hr light-dark cycle. For D. sechellia (se), a small
amount of axenic medium with alcohol was added to the
standard medium to increase viability.
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Toxicity bioassay. According to a previously de-
scribed method [23], flies were tested in groups of 10 and
each test was repeated at least 15 times. Flies were intro-
duced into Petri dishes (vol. 8 ml) containing a known
amount of either fruit pulp or synthetic product. Mortal-
ity was considered when fly wings were vertical. Values of
LDso (doses at which 50% of flies were dead after 40 min)
were calculated and submitted to statistical analysis (Stu-
dent’s t-test, SPSS/PC™ software). Tests were performed
with 1.5 g of ripe fruit pulp or 50 ug of each tested acid or
a mixture of 50 ug of octanoic, 10 ug of hexanoic acid and
2.5 ug of decanoic acid. In the CH,Cl, extraction re-
ported here (see below) the proportions of the three main
acids were ca 74% for octanoic acid, 24% for hexanoic
acid and 2% for decanoic acid. Using Me,CO for extrac-
tion, their respective proportions were 80%, 15% and
4% [24].

Chemical analyses. Frozen ripe fruits (400 g) collected
in Moorea (French Polynesia) were crushed in 500 ml of
deionized H,O and 500 g of (NH,),SO,. The slurry was
extracted x3 during 15min using 150 ml of dist.
CH,Cl,. The pooled extracts were dried (Na,SO,),
concd to 500 ul by the Kuderna-Danish method [32]
and kept at — 20° until used. The expt was replicated
x 3. CH,Cl; extracts were analysed by FID-GC and
GC-MS. A CPWax 58 CB (30 m x 0.25 mm id, 0.22 um
film thickness) fused silica capillary column was used.
Samples (1 ul) were injected via a split-splitless inj. sys-
tem, operating with a split flow of 25 ml/min~! and
a septum purge of 3 mlmin ', Split and purge ports were
closed during injn and opened 30 sec after injn. The
column was held isothermally at 40° for 2 min, heated to
60° in 1 min, and then to 240° at 2°Cmin~'. Hydrogen
was the carrier gas (50 cmsec ™! at room temp.). Inj. and
detector temps were 250 and 270°, respectively.

For GC-MS, a quadrupole mass spectrometer was
used. The GC column was a CP Wax 58 CB
(60 m % 0.25 mm id, 0.22 um film thickness) and operated
using conditions similar to those described above. The
column was connected directly to the ion source of the
spectrometer through a heated transfer line maintained
at 260°. EI-MS was performed at 70 eV with a source
temp. of 150° (instrument scanning from 25 to 300 mu in
0.8 sec). CI-MS was performed at 90 eV with a source
temp. of 90° and NH, (source pres. 0.3 Torr, instrument
scanning from 60 to 300 mu in 0.7 sec). Compounds were
identified by comparing their MS to those in the library
of the Laboratoire de Recherches sur les Ardmes (INRA,
Dijon, France). Whenever possible, the GC-MS of syn-
thetic compounds were analysed under the same condi-
tions. An ext. standard was used for quantification; 0.5,
1.5 and 10 ug of synthetic octanoic acid were used with
three replications. Integrated areas of peaks correspond-
ing to either the ext. standard or each of the identified
compounds were compared. Only compounds which rep-
resented more than 0.03% of the mixt. were considered.
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