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ABSTRACT

Despite the extensive studies on latex, some fundamental
questions on their chemical specialization and the factors in-
fluencing this specialization have yet to be investigated. To
address this issue, latexes and their bearing tissues from di-
verse species were profiled by "THNMR and GC-MS. Additional-
ly, the antiherbivory activity of these materials was tested
against thrips (Frankliniella occidentalis Pergande, 1895). The
multivariate data analysis showed a clear separation between
latexes and leaves from the same species. Conversely, the
chemical profiles of latexes from different species were highly
similar, that is, they displayed much less metabolic species-
specificity. These shared chemical profiles of latexes were re-
flected in their overall higher mortality index (80.4% +7.5)
against thrips compared with their bearing tissues (55.5%
+14.9). The metabolites correlated to the antiherbivory activ-
ity of latexes were triterpenoids and steroids. However, the
activity could not be attributed to any single terpenoid. This
discrepancy and the reduction of the latex activity after frac-
tionation suggested a complementary effect of the com-
pounds when in a mixture as represented by the latex. Addi-
tionally, aqueous fractions of several latexes were found to
possess simple spectra, even with only 1 metabolite. These
metabolites were determined to be organic acids that might
be involved in the modulation of the rate of latex coagulation,
potentially increasing the sealing and trapping effects of the
latex.

Introduction

Plant latexes are generally milky saps that are stored in specialized
cells called laticifers. They are common in some plant groups, oc-
curring in about 8-10% of all Angiosperms and terrestrial plants
[1-4]. They are exuded immediately as a response to mechanical
wounding or herbivory at the damaged points [1] and are seem-
ingly a selective adaptation of plant families that have been highly
exposed to herbivory [1,2]. Some plant families have evolved very

chemo-specific latex compositions such as Asclepiadaceae, Sapo-
taceae, Apocynaceae, and Euphorbiaceae [5].

The physical and chemical characteristics of latexes support
their potential role in plant defense mechanisms since they can
provide not only mechanical protection but also biochemical de-
fense such as coagulation, toxicity, or antifeeding effects [1,6].

# For inclusion in the special issue of Planta Medica dedicated to Arnold
Vlietinck on the occasion of his 80th birthday.
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These options are plausible because of the activity of 3 major
types of latex components (i.e., proteins, rubber, and a wide
range of small molecules). The chemical diversity of latex lies in
the latter, and they include terpenes, alkaloids, cardenolides, cou-
marins, and nonprotein amino acids 2,7, 8].

It is generally accepted that the metabolites in latexes are
mainly associated with anti-herbivory effects, and there are plenty
of studies on the specialized metabolites released upon infection
or infestation. For example, it has been determined that their local
concentration increases, even within minutes, specifically at
points of herbivory damage [9-14]. It has also been proposed that
latexes could be a reservoir of species-specific bioactive metabo-
lites such as phytoalexins [15].

Besides the species-specific defense involving small molecules,
latexes also constitute a basic or nonspecies-specific line of de-
fense, involving particles of rubber, a typical component that can
polymerize entrapping even whole insects [1,2]. This is supported
by the fact that all latexes, regardless of their bearing species, are
well known to be able to coagulate, a conserved mechanical de-
fense. Several other latex metabolites that are common to many
species could suggest that latexes conserve chemical features as-
sociated with basic functions during plant defense. This would im-
ply that the chemical profile of latexes is relatively independent of
environmental factors. The profile of induced metabolites of la-
texes, on the other hand, could be affected by environmental fac-
tors, for example, to those responding to plant-specialist herbi-
vore interactions in different geographical regions.

Whereas the studies of the roles of induced specialized metab-
olites in latexes are increasing [16-18], more general roles, possi-
bly involving constitutive metabolites, still remain unclear, and
not much is known beyond their sealing and trapping capabilities
mediated by rubber after coagulation. Therefore, a comparison of
multi-species chemical profiles of latexes could reveal possible
roles of common or constitutive latex metabolites. With this in
mind, an approach that could provide information on the overall
chemical variation of the latexes from diverse sources was
deemed more appropriate than a targeted analysis since it could
offer a holistic picture of the metabolic features, which could, in
turn, be reflected in a differentiated biological activity of latex in
comparison with that of the plants.

Among diverse chemical profiling technologies, NMR spectros-
copy and MS-based platforms are the most suitable for this kind of
approach, considering their performance in essential aspects such
as identification capability, reproducibility, and/or sensitivity [19-
23]. In this study, both analytical platforms-"HNMR for general
metabolome discrimination and GC-MS for target analysis of tri-
terpenes, fatty acids, and steroids-were used in an initial stage
to chemically characterize latexes and compare them with their
bearing tissues by multivariate data analysis (MVDA). To detect
the metabolites common to the distinctive latexes’ chemical pro-
files, 12 different plant species were collected to study their latex
and leaves. After chemical profiling, the biological activities of the
collected tissues were tested and compared to deduce the role of
latex metabolites. For this, a generalist herbivore, the western
flower thrips (Frankliniella occidentalis Pergande, 1895) was se-
lected due to its reliability as a model for testing antiherbivory
properties of plant metabolites [24, 25].

Thus, metabolomic analysis of diverse latexes and their bearing
tissues followed by their biological testing was carried out. The
roles of some metabolites in plant defense system were deduced
based on the correlation between metabolomics and biological
analysis.

Results and Discussion

Proton nuclear magnetic resonance ("HNMR) was used as a macro-
scale metabolic profiling tool to determine and compare the
chemical classes specifically accumulated in the latexes. Twelve
plant species were collected to obtain their latexes (9 rubbery la-
texes and 3 clear latexes) and leaves. The visual inspection of the
THNMR spectra of the MeOH extracts measured in CH3OH-dy indi-
cated that, in general, the level of terpenes was much higher in
latexes than in leaves. This was confirmed by comparing charac-
teristic terpenoidal methyl resonances in the 60.7-6 1.8 range.
In addition to these methyl signals, some latexes showed 2 more
distinct resonances at 60.35 (d, J=4.1Hz) and 60.55 (d,
J=4.1Hz), which were assigned to the H-19endo and H-19exo in
the cyclopropane ring of 24-methylenecycloartanol. Thus, based
on the visual inspection of the "THNMR spectra, latex metabolomes
were clearly distinguished by their high concentration of triter-
penes while fatty acids, phenolics, and sugars were found to be
more accumulated in leaves, showing a large variation in their
content among the tested species.

The "HNMR dataset was submitted to MVDA. The principal
component analysis (PCA) of all methanol extracts showed 2 main
clusters along the PC1 (tissue) (> Fig. 1a). Interestingly, most of
the latexes were well clustered despite belonging to completely
different species. This was more evident for rubbery latexes (Alsto-
nia scholaris [L.] R. Br., Acokanthera oblonguifolia [Hochst.] Benth.
& Hook.f. ex B.D.Jacks, Allamanda spp., Dischidia bengalensis Co-
lebr., Plumeria rubra L., Euphorbia myrsinites L., Euphorbia tirucalli
L., Clusia rosea Jacq., and Ficus natalensis subsp. leprieurii [Miq.]
C.C.Berg) that clustered together. This means the metabolic var-
iation of latexes was much lower than that of leaves. This tight
clustering of rubbery latexes could result from the presence of
conserved constitutive metabolites of latexes such as triterpe-
noids. These metabolites were observed in the visual inspection
of the THNMR analysis and confirmed by the PCA loading plot.
The further analysis of the data set by orthogonal projection to
latent structures-discriminant analysis (OPLS-DA) corroborated
(Q?=0.86, p<0.01) that the discrimination between latexes and
leaves was due to terpenoid-like compounds (> Fig. 1b). For a
deeper insight into the structures of terpenoidal and other meta-
bolic groups of both leaves and latexes, the samples were succes-
sively extracted with dichloromethane, ethyl acetate, and water.
Each fraction was measured by '"HNMR, and the resulting data
were analyzed by OPLS-DA using latex and leaves as classes. Con-
sidering the lipophilicity of terpenoids, the dichloromethane frac-
tion was first analyzed. Its model was highly validated with a
Q?=0.85 in the permutation test, and p<0.01 in the CV-ANOVA
test (» Fig. 1c).

In the case of leaf samples, the S-plot of the OPLS-DA model
showed a range of chemical shifts corresponding to fatty acids
such as palmitic, stearic, linoleic, and oleic acids, the identity of
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» Fig. 1 Multivariate data analysis of the methanol extracts and dichloromethane fractions of latexes and leaves of 12 plant species. a Principal
component analysis (PCA) of the methanol extracts of latexes and leaves. b Orthogonal partial least square discriminant analysis (OPLS-DA) of
the methanol extracts of latexes and leaves. ¢ OPLS-DA model of the dichloromethane fractions of latexes and leaves.

which was confirmed by GC-MS analysis. The higher concentra-
tion of fatty acids in leaves might be associated with a specific de-
fense mechanism of this tissue and membrane composition. In
this sense, these acids could function not only as membrane com-
ponents but also as defensive molecules in response to plant dam-
age. Fatty acids can be converted into fatty acid hydroperoxides,
and these can further degrade to highly reactive epoxides, alde-
hydes, y-ketols, or even reactive oxygen species [26,27]. These
compounds cause protein agglutination and chemical modifica-
tions of essential amino acids, which result in their deficient as-
similation by herbivores [26]. Additionally, the end products of
peroxidized lipids produce antixenosis or antibiosis effects against
herbivores [28,29]. These characteristics could favor the location
and accumulation of fatty acids in leaves as the outer layer of
plant defense.

On the other hand, the loadings values associated with latexes
were 2 singlets in the range of 6 1.8-6 2.0 that were assigned to
acetyl protons from lupeol acetate, cycloartenol acetate, and -
amyrin acetate. Moreover, other methyl signals of terpenes in the
60.8-6 1.0 range were also associated with latexes. The identity
of these compounds was determined by GC-MS analysis. Differ-
ently from leaves, latexes could play a role in plant defense sys-
tems as one of the first protective barriers against pathogens and
herbivores but based on a generalist mechanism. Latexes could be
exuded producing a broad and general physical and chemical re-
tardation of the attack by natural enemies, giving the plant time
to set up the more sophisticated defense system based on in-
duced metabolites.

This hypothesis was in line with the proposal of triterpenoids as
a conserved metabolic class in latexes throughout diverse species.
It is important to note, though, that while some triterpenoids
were common to most latexes, some were species-specific. Char-
acteristic signals in the range of 6 0.6-6 1.6 in the dichlorometh-
ane fractions of the latex of A. oblonguifolia were assigned to
methyl protons of cycloartenol and S-amyrin and 2 triplets at
65.04 and 65.28 were assigned to the H-24 and H-12 of cyclo-
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artenol and B-amyrin respectively. Two typical double doublets at
63.06 (dd, /=11.4, 4.4Hz) and 63.15 (dd, /=11.4, 4.4 Hz) were
assigned to the H-3 also from these triterpenoids. In the dichloro-
methane fraction of A. scholaris and D. bengalensis, diagnostic sig-
nals for protons from the side chain at the C19 of lupeol acetate
were detected as 2 broad singlets at 64.66 and 64.59 corre-
sponding to H-29a and H-29b, respectively and a singlet at
61.62 assigned to H-30 on the same side chain, a signal at §3.15
(dd, J=11.4, 4.4 Hz) corresponding to H-3 next to an ester bond
with an acetyl group, observed as a singlet between § 1.95-6 1.97
confirmed the identification.

The THNMR spectrum of A. scholaris latex also showed typical
signals for cyclopropyl-containing triterpenoids or steroids in the
range of 60.1-60.6. One of the compounds was detected at
50.57 (H-19a, d, J=4.1Hz) and §0.41 (H-19b, d, /=4.1Hz), and
the other was at 60.35 (H-19a, d, /]=4.1Hz) and 60.17 (H-19b,
d,/=4.1Hz). Several acetyl protons (s) were detected in the range
of 6 1.95-6 1.97. In addition, an olefinic proton at 65.13 (H-12, t,
J=3.5Hz) was assigned to the C ring of B-amyrin acetate
(» Fig. 2).

The latexes of C. rosea, E. myrsinites, and E. tirucalli showed
characteristic methyl proton signals for a lanostan skeleton. Sin-
glets at 60.73 (H-28 and H-29), 60.84 (H-30), 60.91 (H-18),
60.92 (H-19), and 6 1.54 (H-27) and a small doublet with geminal
coupling (d, /=0.8 Hz) at  1.61 were assigned to H-26. The last 2
resonances are a typical pattern for a terminal isopropylidene
group on the side chain of euphol-like compounds. Further, a dou-
blet at 60.81(H-21, d, /=6.3 Hz) was assigned to a secondary
methyl group in C21 of the same side chain (> Fig. 2). The identi-
fication of triterpenoids by THNMR data was supported by addi-
tional GC-MS analysis. All the metabolites detected in latexes by
THNMR and GC-MS are listed in » Table 1.

After the analysis of lipophilic metabolites in the dichloro-
methane fraction, the aqueous fractions were analyzed by
THNMR. In general, the water fractions of latexes were found to
be rich in primary metabolites such as sugars and organic acid de-
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» Table 1 Compounds detected by 'H NMR and GC-MS in the dichloromethane fraction of latexes from 12 plant species.

Compounds AS AO Al DB

dasycarpidan-1-methanol, - - - -
acetate (ester)

a-linoleic acid - - - -
(cis)-6-octadecenoic acid - - - -
cis-13-eicosenoic acid - - - -
oleic acid - - GC -
octadecanoid acid GC - GC -
hexanedioic acid
squalene - - - -
B-amyrin* 'H/GC  'H/GC - -
o-amyrin* GC GC - -
cycloeucalenyl acetate

HjGC - = TH/GC

cycloartenol 'TH/GC  H/GC -

lanosterol/euphol = H/GC - H/GC

9,19-cyclo-(9p)-lanost-24-en- - - -
3B-ol

(3B)-24-methylene- - - -
cycloartan-3-ol

lanosterone - - -
lupeol acetate TH/GC
lupenone* - - -

3-acetoxy-7,8-Epoxylanostan- - - -
11-ol

-amyrin acetate H/GC - - TH/GC
y

24-methylenecycloartanol* TH/GC TH/GC
stigmasterol* - - - GC
B-sitosterol* - - GC -
24-methylenelophenol - - GC GC
Friedelin - - - GC
betulin™® = = = =

(3B)-3-(acetyloxy)-urs-12-en- - - - -
28-al

cycloartenol acetate - = - _

PR ADO  CR FT ET EM IC ™
GC = = = = = = =
= = = = = = = GC
= = = = GC = = GC
GC - - - - - - =
= GC = = GC = GC =
= GC = = GC = GC GC
= = = H/GC - - - -
- - - - GC - - -
= = H/GC  H/GC  H/GC  H/GC - =
_ _ _ _ _ GC _ _
- - - GC - - - -
H/GC - = = = = = =
_ _ GC _ _ _ _
GC = = = = = = =
- - - GC - - - -
= = = GC GC = = =
GC = = = = = = =
- - - GC - - - -

AS: Alstonia scholaris; AO: Acokanthera oblonguifolia; Al: Allamanda spp.; DB: Dischidia bengalensis; PR: Plumeria rubra; ADO: Adenium obesum; CR: Clusia
rosea; FT: Ficus natalensis; ET: Euphorbia tirucalli; EM: Euphorbia myrsinites; |C: Jatropha curcas; M: Jatropha multifida; *Means that the retention time of the
chromatographic peak of the sample was compared to that of a standard compound.

rivatives. Similar to the dichloromethane fractions, the OPLS-DA
showed a separation of leaves and latexes in 2 clusters. However,
the model was not validated either by the Q? value (Q?<0.40) of
the permutation test or the p-value from the CV-ANOVA
(p>0.01). This nonseparation could be attributed to the presence
of species-specific latex-discriminating metabolites in these frac-
tions. That is, these metabolites could be slightly different ana-

Salomé-Abarca LF et al. Chemical Differentiation of ...
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logs, causing some inconsistency within the cluster that caused
the discrimination between the leaves and the latex in the model
to be less clear cut. However, interestingly, the spectra of some of
the latex water fractions (i.e., A. scholaris, E. myrsinites, and P. ru-
bra) were actually very simple, showing the presence of a few ma-
jor organic acids as shown in » Fig. 3.
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» Fig. 2 Diagnostic signals of specific terpenoids in latexes’ dichlo-
romethane fractions measured in CH30H-dy. 1: H-12 of B-amyrin, 2:
H-24 of cycloartenol, 3: H-29a of lupeol acetate, 4: H-29b of lupeol
acetate, 5: H-3 of B-amyrin, 6: acetyl protons of lupeol acetate, and
B-amyrin acetate, 7: H-26, 8: H-27, 9: H-19, 10: H-18, 11: H-30, 12:
H-28, and H-29 of a lanostan skeleton, 13-16: H-19 (cyclopropanol
moiety) of cycloartanols like compounds.

In the "THNMR spectrum of aqueous extracts of E. myrsinites, 3
distinguished H-3 of shikimic acid moiety (1-3) were detected in
the range of 6 6.5-6 6.7 and correlated with H-3 at 6 4.43, 6 4.55,
and 6 5.54, respectively. The correlations between the signals in
shikimic acid moiety was confirmed by 'H-'H-COSY spectrum
(Fig. 1S, Supporting Information). Three sets of meglutol (3-hy-
droxy-3-methylglutaric acid) moiety were confirmed by the char-
acteristic doublets of H-2' at §2.73, 6 2.71, and 6 2.68, together
with H-4'a and H-4'b in 6 2.52-6 2.58 (d, /= 15.3 Hz). The conju-
gation positions of 3 isomers between shikimic acid and meglutol
moieties were confirmed by HMBC correlation between H-3, H-4,
and H-5 and carbonyl group (C-1' at 171.8) (Fig. 2S, Supporting
Information). The important HMBC correlations of compound 1
were shown in » Fig. 4.

2-Methoxysuccinic acid (4) was confirmed in the aqueous ex-
tracts of A. scholaris latex by the presence of H-2 at 63.99 (dd,
10.5, 3.0Hz), H-3a at 62.60 (dd, /=15.4, 3.0Hz) and H-3b at
62.39 (dd, J=15.4, 10.5Hz). The methoxy signals at §3.32 (s)
were correlated to C-2 at 6 80.3 in HMBC spectrum (Fig. 3S, Sup-
porting Information).

The latex of P. rubra was found to have a higher concentration
of cerberic acid B (5), a dihydrophenylpropanoid in their aqueous
fraction. Four aromatic signals at 6 7.82 (t, /=1.8 Hz), § 7.44 (dt,
J=7.6, 1.5Hz), 67.38 (t, [=7.6Hz), and 67.77 (dt, J=7.6,
1.5 Hz) were assigned to H-2, H-4, H-5, and H-6. The 'H reso-
nances of propyl moiety of the compound were detected at
64.21 (H-7,dd, J=8.3, 3.9 Hz), 63.15 (H-83a, dd, ] = 14.0, 3.9 Hz),
and 62.88 (H-8a, dd, /=14.0, 8.3 Hz). The "H-'H-COSY correla-
tions were shown in Fig. 4S (Supporting Information).

The detailed assignments of all the 'H resonances of the com-
pounds are shown in » Table 2. Thus, the major hydrophilic latex
metabolites were found to be 3 isomers of meglutoloyl shikimic
acid in E. myrsinites, compound 4 in A. scholaris, and compound 5
in P. rubra. The concentration of all the acids accounted for above
90% of the dry weight of the water fractions of latexes. Among
the detected compounds, compound 4 has been reported for
the first time in nature. The detailed assignments of the "H reso-
nances of these acids are listed in » Table 2 together with their
chemical structures (» Fig.5). Other metabolites found in latex
water fractions were chlorogenic acid, quinic acid, sucrose, and
formic acid. The ethyl acetate fractions resulted in a mixture of
compounds found in the dichloromethane and water fractions.
Their OPLS-DA model resulted in no separation in the score plot
with invalidated Q? and p-value, similarly to what occurred with
water fractions. These results reinforce the proposal of terpene-
like triterpenoids and sterols as distinctive metabolites of latexes.
At the same time, the extremely high concentration of specific
metabolites in latexes, terpenoids, and organic acids, suggested
a possible biological role very likely related to plant defense. To
prove this hypothesis, the methanol extracts of latexes and leaves
were tested against Frankliniella occidentalis (thrips).

Latex-based diets generally displayed a significantly higher
mortality index of thrips compared to those of leaf-based diets
(p<0.0001) (> Fig. 6a). The average mortality rate observed with
all the latex extracts was 80.42% + 1.74 while that of leaves was
55.53% +3.56, with no significant variation of the mortality
among latex of different species. This result indicates that the
conserved chemical features of latexes are well distinguished
from their bearing tissues and could be related to biological func-
tions such as antiherbivory. In fact, a partial least square (PLS)
model of the activity and the intensity of "THNMR resonances of
the MeOH extracts was well-validated (Q?=0.41, p<0.05)
(» Fig. 7). The PLS loading values associated with the antiherbi-
vore activity were signals in the 6 0.3-6 1.7 range corresponding
to methyl signals of triterpenoids.

Considering the correlation between the mortality index and
latex metabolites, some latexes were selected for further study
for a deeper insight into their composition. For this, the 6 species
with the highest difference in mortality index between latex and
their bearing tissues were selected. Thus, the latex of 3 species
from the Euphorbiacae (Jatropha muiltifida L., Jatropha curcas L.,
and E. myrsinites) and 3 from the Apocynacae (A. scholaris Adenium
obesdum [Forssk.] Roem. & Schult, and P. rubra) families were frac-
tionated with dichloromethane, ethyl acetate, and water, and
tested against the same herbivore. All 3 fractions showed some
degree of activity; but in all cases, their mortality index was
around 50% lower than that of methanol extracts. However,
among the 3 fractions, all dichloromethane fractions displayed
the highest activity against thrips (p <0.001). This result was con-
sistent with the result of the PLS analysis of methanol extracts that
showed a clear correlation of triterpenes to the antiherbivore ac-
tivity. Thus, due to their lipophilic character, triterpenes were
more concentrated in the dichloromethane fractions, justifying
their higher activity (> Fig. 6b). The decrease in activity after frac-
tionation strongly suggests a complementary effect between the
metabolites from all the fractions although the terpene mixture in
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> Fig. 3 "HNMR spectra of water fractions from the latexes of Euphorbia myrsinites (a), Alstonia scholaris (b), and Plumeria rubra (c). 1: H-2 of com-
pound 1, 2: H-2 of compound 2, 3: H-2 of compound 3, 4: H-3 of compound 3, 5: H-5 of compound 1, 6: H-4 of compound 2, 7: H-3 of compound
2, 8: H-3 of compound 1, 9: H-5 of compound 2, 10: H-5 of compound 3, 11: H-4 of compound 1, 12: H-4 of compound 3, 13: H-6a of compound 1,
2, 3, 14: H-2' of compound 3, 15: H-2' of compound 2, 16: H-2' of compound 1, 17: H-4' of compound 1, 2, 3 18: H-6b of compound 1, 2, 3, 19:
CHs of compound 2, 20: CH3 of compound 3, 21: CH3 of compound 1, 22: H-2 of compound 4, 23: OCHs3 of compound 4, 24: H-3a of compound 4,
25: H-3b of compound 4, 26: H-2 of compound 5, 27, H-6 of compound 5, 28: H-4 of compound 5, 29: H-5 of compound 5, 30: H-7 of compound 5,
31: H-8a of compound 5, 32: H-8b of compound 5. The detailed information on chemical shifts and coupling constants is listed in » Table 2.

latexes contributes most to their activity. However, there could be
another explanation. Some other minor compounds would pro- COOH
vide or complement the main antiherbivore effects such as phe-
nolics and alkaloids [14,30]. These metabolites possess biological

effects, such as nervous system and membrane transport disrup- 0 OH g )

tion, protein synthesis inhibition, and also affect miscellaneous 2 S !

enzyme activities [31]. Moreover, some of these metabolites can HO "\_ 0\\“\- ) -
OH

also be potentiated after oxidation [32]. On top of that, it is plau-
sible that active metabolites might be degraded or lost during pu-
rification or isolations.

Given the observed activity of the triterpenoid rich fractions,
several typical triterpenoids such as betulin, betulinic acid, lupeol,
ursolic acid, a-amyrin and fB-amyrin, and 24-methylenecyclo-
artanol were tested for antiherbivory at a concentration of
37.5ug-mL™", corresponding to the levels determined by the
quantitation results of THNMR of the dichloromethane fractions.
All tested individual triterpenoids showed some degree of activity
but in no case was close to that of the dichloromethane fractions

> Fig. 4 Important HMBC correlations in 5-meglutoloyl shikimic
acid (5).
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» Table 2 'H chemical shifts (in ppm) and coupling constants (in Hz) of 5-meglutoloyl shikimic acid (1), 4-meglutoloyl shikimic acid (2), 3- meglutoloy!
shikimic acid (3), 2-methoxysuccinic acid (4), and cerberic acid B (5).

Hposi-  Compound 12 Compound 22 Compound 32 Compound 4° Compound 52
tion
1 - - - - -
2 6.63 (dt, 3.9, 1.8) 6.60 (dt, 3.9, 1.8) 6.53 (dt, 3.9, 1.8) 3.99 (dd, 10.5, 3.0) 7.82 (t, 1.8)
3 4.43 (brt, 4.2) 4.55 (brt, 4.2) 5.54 (brt, 4.2) 2.60 (H-3a,dd, 15.4,3.0), -
2.39 (H-3b, dd, 15.4, 10.5)

4 3.88 (dd, 8.5, 4.2) 4.89 (dd, 8.8, 4.2) 3.86 (dd, 8.5, 4.2) = 7.44 (dt, 7.6, 1.5)
5 12(ddd, 8.5,6.6,5.4)  4.16 (ddd, 8.8,7.1,5.4)  4.03 (ddd, 8.5,6.9,5.3) - 7.38 (t, 7.6)
6 2.81 (H-6a, m), 2.78 (H-6a, m), 2.78 (H-6a, m) - 7.77 (dt, 7.6, 1.5)

2.29 (H-6b, m) 2.25 (H-6b, m) 2.23 (H-6b, m)
7 = = = = 4.21 (dd, 8.3, 3.9)
8 - - - - 3.15 (H-8a, dd, 14.0, 3.9),

2.88 (H-8b, dd, 14.0, 8.3)

2 2.68 (brs) 2.71 (brs) 2.73 (brs) - -
4 2.57 (H-3'a, d, 15.3), 2.58 (H-3a, d, 15.3), 2.58 (H-3'a, d, 15.3), = =

2.52 (H-3'b, d, 15.3) 2.53 (H-3'b, d, 15.3) 2.53 (H-3'b, d, 15.3)
3-CH;  1.35(s) 1.37(s) 1.36 () - -
2-0CH; - - - 3.32 (s) -

2 Measured in CH30H-d, and the chemical shifts were calibrated to the residual signal of the solvents at § 3.30; > Measured in the mixture of CH30H-d4- KH,POy4

buffer (pH 6.0) (1:1, v/v) and the chemical shifts were calibrated to trimethylsilylpropionic acid sodium salt-d, (TMSP) at 6 0.0

and much less that of the methanol extracts (> Fig. 6 c). This once
more supported the idea of possible complementary effects
among components of latex, an idea that is reasonable consider-
ing that when a plant defense mechanism includes co-acting fea-
tures, a positive covariation between specific subgroups of defen-
sive traits would result in more efficient defense strategies [33].
This type of metabolic interaction has been observed in many
plant species [33-35].

In addition to the insecticidal properties of latexes’ triterpe-
noids, other potential functions could be inferred from multifunc-
tional characteristics that have been previously reported. Apart
from direct insecticidal activity, latex could also be a powerful de-
terrent. Some terpenoids and steroids confer a bitter taste to
plant tissues, making them unpalatable for insect herbivores
[36]. Furthermore, terpenoids could also cause growth retarda-
tion or even act as chemo-sterilizers of insects, affecting their re-
production and resulting in reduced production of new offspring.
Naturally, none of these effects would be reflected in their mortal-
ity index. This has been proven for S-amyrin derivatives [37] and
could also partially explain why some pure metabolites did not
show direct insecticidal effects. However, this type of supplemen-
tary and noninsecticidal mechanism could help avoid or delay her-
bivores’ resistance to plant defense systems. A similar result has
been reported for other exudates such as oleoresins. In these exu-
dates, though their single components possessed activity per se,
their effect when mixed was found to be potentiated [38]. Triter-
penoids are also known to improve membrane permeability. Many
sterols are reported to regulate the channels of cell membranes
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> Fig.5 Chemical structure of organic acids found in the water
fractions of plant latexes. a 5-meglutoloyl shikimic acid (compound
1), 4- meglutoloyl shikimic acid (compound 2), and 3- meglutoloyl
shikimic acid (compound 3) found in Euphorbia myrsinites water
fraction. b 2-methoxysuccinic acid (compound 4) found in Alstonia
scholaris water fraction. ¢ Cerberic acid B (compound 5) found in
Plumeria rubra water fraction.

Planta Med 2021; 87: 1032-1044 | © 2021. Thieme. All rights reserved.

Downloaded by: Universiteit Leiden / LUMC. Copyrighted material.



Latexes [ 1 Leaves

Mortality index (%)

*k
[ I 1
80 [ Dichloromethane Ll Ethyl acetate I Water |
S
§ 60
g
2
= 40
§
=
20 .- _,_‘
]
» CING AR L4 o f @ o 4 @ & @ 8
. VQJYQOQ@‘O‘E\‘S‘Q‘bqq-vspe?s’bﬁ}t&\@@G@"g&?f’@‘o@‘ﬁ
100 -
Dichloromethane &
I 1
80 - [ |
e Pure triterpenes
£
560
Z
2
= 40
§
=
20
0
c Di Be Beac Lu Urac a-a p-a 24me

> Fig. 6 Antiherbivore activity of methanol extracts and dichloromethane, ethyl acetate, and aqueous fractions of latexes and leaves of latex-bear-

ing species and some individual triterpenoids. a Methanol extracts of 12 plant species. NC, negative control, AB, abamectine, EC, empty wells,

JMLA, Jathropha multifida, PRLA, Plumeria rubra, AKOLA, Akokanthera oblonguifolia, ADO, Adenium obesum, FT, Ficus natalensis, AS, Alstonia scholaris,
AL, Allamanda spp., EM, Euphorbia myrsinites, )C, Jathropha curcas, ET, Euphorbia tirucalli, DB, Dischidia bengalensis, CR, Clusia rosea. Species code +
suffix “LA” correspond to latex samples and “LE” to leaves extracts. b Dichloromethane, ethyl acetate, and water fractions of latexes from 6 plant
species. Species code + suffix “d”: dichloromethane fractions; + suffix “et”: ethyl acetate fraction; + suffix “w”: water fraction. ¢ Individual triter-

penoids. Di: dichloromethane fraction; Be: botulin; Beac: betulinic acid; Lu: lupeol; Urac; ursolic acid; a-a: a-amyrin; $-a: f-amyrin; 24mc: 24-
methylenecycloartanol
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> Fig. 7 Partial least square analysis of antiherbivory activity
against Frankliniella occidentalis and the "THNMR data set of the
MeOH extracts of latex and leaves.

by lowering the mobility of fatty acid chains in the cell membrane
[39]. In this way, varying the type, ratio, and quantity of diverse
membrane sterols can even influence plant microorganisms’ in-
teractions [40,41].

The latex aqueous fractions showed very simple patterns com-
pared with the lipophilic fractions, exhibiting just a few character-
istic signals of organic acids in high concentrations in several sam-
ples. The role of the organic acids in latexes has been relatively
less studied than that of triterpenoids or sterols. However, the role
of organic acids in plant-herbivore interactions has been linked to
herbivore preference due to the acid-bitter taste they confer to
containing tissues [42]. Also, according to a recent report, malic
acid can favor beneficial bacteria as it is involved in their biofilm
formation for host-plant protection [43]. In the case of
A. scholaris, 1 new analog of succinic acid was found to be almost
a unique component in the water fraction. However, when com-
pound 4 was tested against thrips, the compound did not show
any significant activity, even when combined with terpenoids.
This could suggest indirect complementation of this type of
chemical component in the latex-related defense.

There might be another role of these highly concentrated or-
ganic acids. Latex coagulation has been reported to improve
under acidic conditions [44]. Gidrol and colleagues [44] found
that the binding efficacy of coagulation proteins was pH-depen-
dent and at its highest at low pH. Moreover, Oliveira-Reis and co-
workers [45] studied the effect of the rubber particle size and pH
on the kinetics of natural rubber gelation, finding that rubber frac-
tions at concentrations above 1072 particles per milliliter with a pH
close to 4 resulted in the full gelation of the rubber suspensions.
Therefore, a highly concentrated organic acid might serve as a
buffer or regulator medium modulating the latex coagulation
speed. However, the specificity of the organic acid is still doubtful.

25 1
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> Fig. 8 Effects of 2-methoxysuccinic acid (2MET) and other organ-
ic acids on latex coagulation. a Effect of mixtures of 2MET with la-
tex suspensions of Alstonia scholaris, Adenium obesum, [atropha cur-
cas, and Jatropha multifida. a: A. scholaris; b: A. scholaris latex con-
trol; c: A. obesum; d: A. obseum latex control; e: J. curcas; f: J. curcas
latex control; g: J. multifida; h: |. multifida latex control. b Effects of
organic acids on the latex of J. multifida; WAT: water control, CITRA:
citramalic acid, CITRIC: citric acid, FUM: fumaric acid, SHI: shikimic
acid, SUC: succinic acid, 2MET: 2-methoxysuccinic acid, MAL: malic
acid. The data represent average values (n=4) + standard error.
Bars with an * indicate significant differences as compared with the
water control in a Dunnett test (p < 0.05).

In summary, the effects of acids could enhance the mechanical
defense of latexes by speeding up the coagulation process, and
this could trap more insect herbivores, as well as provide the opti-
mum pH for gelation [45,46].

To test the specificity of organic acids, freeze-dried powders of
the latexes of A. scholaris, A. obesum, J. multifida, and J. curcas were
resuspended in pure water and supplemented with compound 4.
As expected in the case of the latex of A. scholaris (source of the
tested compound), the rate of coagulation increased (> Fig. 8a).
However, adding the same compound to the other latexes did not
always have the same effect. In A. obesum, the compound also in-
creased the coagulation speed, whereas there was no effect in
J. multifida. Moreover, in the case of J. curcas, the organic acid
showed the opposite effect, that is, the latex suspension was sta-
bilized and the coagulation process was delayed (> Fig. 8a). These
results demonstrated that compound 4 is an enhancer of the latex
coagulation in A. scholaris and potentially a species-specific co-
agulation enhancer.

The specificity of organic acids in the coagulation process was
further studied by spectrophotometry using J. curcas latex. Apart
from compound 4, the common organic acids succinic acid, malic
acid, citric acid, citramalic acid, fumaric acid, and shikimic acid
were tested at the same concentration as detected in latex
(pH 2.5) and spectrophotometrically compared. They showed dif-
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ferent effects: as previously observed, compound 4 showed a low-
er OD value when compared to that of the negative control
(water), indicating a lower coagulation rate; a similar effect was
observed with malic acid, but citramalic acid increased the coag-
ulation rate (> Fig. 8b). The rest of the compounds did not affect
the coagulation process. The results strongly indicate that the co-
agulation process is not only pH-dependent but also relies on
chemically specific interactions. Moreover, this could explain the
presence of organic acids in the water fractions. It could also indi-
cate that the variation of this type of metabolites among species
is the result of species-specific interactions with other nonpolar
metabolites correlated to the coagulation process [6].

Based on these results, it can be stated that latexes possess
distinctive metabolomes from their bearing tissues, which reflect
the biological specialization of their specific specialized metabo-
lites. The singular chemical profile of latexes consisted mainly of
a semi-conserved chemical constitution. This similarity, however,
occurs at a compound class level rather than at a specific metab-
olite level, confirming a specialized chemical selection for the
dedicated roles of these exudates. Triterpenoids were deduced
to be correlated to the antiherbivore activity against thrips by
THNMR-based metabolic analysis in which characteristic 'H reso-
nances of triterpenoids were detected. However, this type of ter-
penoid seems to be involved in a complementary system together
with other chemical components of latexes. The specific metabo-
lites of latexes are not limited to lipophilic components but also
consist of water-soluble organic acids. These acids did not show
any activity against thrips but were correlated to the regulation
of the coagulation process in a chemo-specific way. In other
words, the effect of these metabolites could improve latex-related
defense by speeding up the coagulation process, thus improving
the mechanical defense of latexes. Latexes are thus an example
offered by nature of a chemo-systematic substance efficiently op-
timized for plant defense. That is, even if the character of the
chemical constitution of latex is primary constitutive, thus prese-
lected and with a finite number of metabolites, their interactions
can increase the number of defensive tactics given by this sap to
thrive against natural enemies.

Materials and Methods

Chemicals and materials

All solvents and reagents used in extraction and fractionations
were of analytical grade. Hexane for GC-MS analysis was GC grade.
Reference compounds of betulin, S-sitosterol, stigmasterol, a-
amyrin, B-amyrin, and lupenone were purchased from Sigma-
Aldrich, and 24-methylenecycloartanol was previously isolated
from the latex of Euphorbia palustris [18].

Plant material and sampling

Diverse latexes and their bearing leaves were collected from 4 ma-
jor latex-producing plant families: Apocynaceae (Alstonia schol-
aris, Adenium obesum, Allamanda ssp., Plumeria rubra, Dischidia
bengalensis, and Acokanthera obloguifolia), Euphorbiaceae (Jatro-
pha multifida, Jatropha curcas, Euphorbia tirucalli, and Euphorbia
myrsinites), Moraceae (Ficus natalensis), and Clusiaseae (Clusia ro-

sea). Among these, the latex of J. curcas, |. multifida, and A. obesum
was non-rubbery while the other species produced rubbery la-
texes. Samples were collected in February 2017 at the Botanical
garden of Leiden University (Hortus Botanicus, Leiden, The
Netherlands). The plants used in the study were identified by
Rogier van Vugt: Acokanthera obloguifolia (NPLRS-LB-AO-
20160318-1), Adenium obesum (NPLRS-LB-A02015910-0-1), Alla-
manda ssp. (NPLRS-LB-AX-20160710-X), Clusia rosea (NPLRS-
LB-CR-20180230-1),  Dischidia  bengalensis ~ (NPLR-LB-DB-
20160710-0), Euphorbia myrsinites (NPLRS-LB-EM-20140513-0),
Euphorbia tirucalli (NPLRS-LB-ET-20140513-1), Ficus triangularis
(nataliensis) (NPLRS-LB-FT-20140513-2), Jatropha curcas (NPLRS-
LB-JC-20140513-3), Jatropha multifida (NPLRS-LB-JM-20140513-
4), and Plumeria rubra (NPLRS-LB-PR-20140513-5). Latex samples
were obtained by cutting the tree trunk or plant stems with a ster-
ile razor blade and collecting the flowing latex in 2-mL micro-
tubes within 3 minutes. The samples were flash-frozen in liquid ni-
trogen and stored at — 80 °C until they were freeze-dried. The leaf
samples were manually collected from the plant. The leaves were
left to drain as much latex as possible and placed into plastic air-
tight bags and frozen in liquid nitrogen. The frozen leaf samples
were ground to a fine powder and placed in 50-mL conical tubes.
These samples were also stored at — 80 °C until they were freeze-
dried.

Sample extraction and fractionation

Methanol extracts were prepared by ultra-sonicating 100 mg of
dry latex or leaf material with 20 mL of methanol for 20 min. The
methanol extracts were filtered and concentrated with a rotary
evaporator (Biichi). The concentrated extracts were transferred
to 1.5 mL glass vials and taken to total dryness with a vacuum con-
centrator (Labconco). To obtain 3 fractions from latexes, freeze-
dried latex samples were re-suspended in 20 mL of deionized
water, ultra-sonicated for 20 min, and then sequentially extracted
with 3 x20 mL of dichloromethane and ethyl acetate, yielding a
dichloromethane and ethyl acetate fractions, respectively. The re-
maining water after liquid-liquid extraction was taken as the left-
over water fraction. When latex particles were not completely dis-
solved in water, the tube was washed with the first extraction sol-
vent. In the case of layers of stable emulsions, the emulsion was
left in the aqueous phase. The organic fractions were dried with
anhydrous sodium sulfate, filtered, and concentrated with a ro-
tary evaporator. The fractions were then taken to total dryness in
1.5 mL glass vials with a vacuum concentrator. The dried metha-
nol leaf extracts were re-suspended into 20 mL of deionized water
and fractionated as indicated for latexes.

NMR

For THNMR profiling, the dried methanol extracts and dichloro-
methane and ethyl acetate fractions from latexes and leaves were
re-dissolved in 500 pL of CH30H-d4 containing 0.418 mM hexa-
methyldisiloxane (HMDSO). Water fractions were dissolved in a
mixture of CH30H-d4-KH,PO,4 buffer in DO (1:1, v/v, pH6.0)
containing 0.005% (w/w) of trimethylsilylpropionic acid sodium
salt-d4 (TMSP). The extracts were ultra-sonicated for 20 min, cen-
trifuged at 13000 rpm for 10 min, and transferred to 3 mm-NMR
tubes. The THNMR, 2D-J-resolved, 'H-"H correlated spectroscopy,
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'H-"H homonuclear COSY, and HMBC were performed using a
600-MHz Bruker spectrometer (Bruker), operating at a proton
NMR frequency of 600.13 MHz. For internal locking, CH3OH-dy
was used. All THNMR analyses consisted of 128 scans, requiring
an acquisition time of 10 min and 26 sec. Acquisition parameters
were: 0.16 Hz/point, pulse width (PW)=30° (11.3 ps), and the re-
laxation time was 1.5 sec. A pre-saturation sequence was used to
suppress the residual H,0 signal using low power selective irradi-
ation at H,0 frequency during the recycle delay. The FIDs were
Fourier transformed with exponential line broadening of 0.3 Hz.
The resulting spectra were manually phased and baseline cor-
rected, and calibrated to TMSP and HMDSO at 0.00 and
0.06 ppm respectively for latexes and leaves samples using TOP-
SPIN V. 3.0 (Bruker BioSpin). The same previously reported pa-
rameters were used for |-resolved, COSY, and HMBC [47].

For total organic acid quantitation, the ratio between repre-
sentatives resonances in water fractions H-3 (64.43, brt,
J=4.2Hz), H-3 (6 4.55, brt, ] = 4.2 Hz), H-3 (6 5.54, brt, | = 4.2 Hz)
signals in E. myrsinites, H-2 (63.99, dd, /=10.5, 3.0Hz) in
A. scholaris, and H-2 (6 7.82, t, /= 1.8 Hz) in P. rubra, and the inter-
nal standard (TMSP) signal (6 0.00) was used in the formula: TISTr
x HIST x [IST]/HTS, where TISTr = ratio between target signal and
internal standard signal, HIST = number of protons in the internal
standard signal, [IST] = concentration of the internal standard in
the sample, and HTS = number of protons in the target signal.
For total triterpene content, lanosterol/euphol was selected as a
representative major triterpene component. Thus, the ratio be-
tween the H-26 (6 1.61, d) of the lanostan skeleton and the inter-
nal standard (HMDSO) signal (6 0.06) was used in the same for-
mula as for organic acids’ quantitation.

Gas chromatography coupled to mass
spectrometry (GC-MS)

Latex dichloromethane fractions were analyzed by GC-MS to iden-
tify fatty acids and terpenoids detected by 'THNMR. For sample de-
rivatization, 100 pL of dichloromethane fractions solution (2 mg/
mL) were mixed with 200 pL of pyridine and 100 pL of BSTFA with
1% of TMCS (SUPELCO). The solutions were heated at 80°C for
50 min, cooled to room temperature, and analyzed on an Agilent
technologies 7890A gas chromatograph equipped with an auto-
sampler (7693) and coupled to an Agilent technologies 5975C
mass detector (Agilent). Samples (1puL) were injected in split
mode (10:1) into a DB5/50 m x 0.20 mm and 0.33 ym thickness
column (J&W Science). Helium (99.9% purity) was used as a car-
rier gas at a flow rate of 1 mL/min. For the analysis of A. obesum
latex and leaf dichloromethane fractions, the initial temperature
was 200°C increasing at 4°C/min to 280°C and then at 0.5°C/
min to 290 °C followed by a 3-minute hold. For E. myrsinites, E. tir-
ucalli, A. oblonguifolia, P. rubra, D. bengalensis, A. scholaris, and C.
rosea latex and leaf dichloromethane fractions and the F. natalensis
dichloromethane latex fraction, the initial temperature was 200°
C, increasing at 10°C/min to 280°C and then 0.5 °C/min to 290°C
followed by a 3-min hold. Finally, for F. natalensis leaves, Allaman-
da sp., J. curcas, and J. multifida latex and leaf dichloromethane
fractions, the initial temperature was 150°C increasing at 5°C/
min to 280°C, then 0.5°C/min to 290°C and held for 3 min. The
injector temperature and interface for the MS were set at 280°C.

Samples were detected in SCAN mode, ion source temperature
was 230°C, quadrupole was 150°C, and ionization energy was
70eV. Peak identification was done by comparison of the ion
spectra of sample peaks with ion spectra in the NIST library (V.
2008) or of their retention time with standard compounds.

Anti-herbivory activity

Thrips (Frankliniella occidentalis) were reared in a climate chamber
on chrysanthemum plants, from which they were able to feed.
The insects were obtained from an established colony of the Plant
Ecology Laboratory of the Institute of Biology Leiden, Leiden Uni-
versity [25]. The thrips were contained inside plastic cages in stan-
dard thrips rearing conditions (L:D, 12:12, 25°C). For the bioac-
tivity assays, adult thrips were taken from these cages and placed
inside jars containing string beans as food. To obtain thrips larvae,
the jars were kept in the same breeding conditions for 7 days. Sec-
ond instar larvae were used for the bioassays. The larvae were
placed into cap strips (1 larva/cap), and subsequently, the caps
were sealed with parafilm. For the assay, 96 well-plates were filled
with 55 pL of control and treatment diet solutions, and the cap
strip bands containing the larvae were placed on top of the 96
well plates upside down, allowing the thrips to feed through the
parafilm. After 5 days, the larvae survival index was recorded us-
ing a stereomicroscope. Three independent replicates were done
for all the experiments (n=32).

Controls and treatments

For the first experimental stage, treatment solutions were pre-
pared with latex and leaf methanol extracts dissolved in 40 mM
phosphate buffer (pH7) containing 10% fructose. All solutions
had a final concentration of 150 ug/mL and 3% methanol in the
well. For the second experimental stage, the treatment solutions
were prepared with dichloromethane, ethyl acetate, and water
fractions of 6 latexes from Euphorbiacae (). multifida, J. curcas,
and E. myrsinites), and Apocynacae (A. scholaris A. obesum, and P.
rubra) families. The dried fractions were re-dissolved in DMSO and
diluted in 40 mM phosphate buffer (pH7) with 10% fructose.
Again, the final concentration of the solutions was 150 pug/mL
and 1% DMSO in the well. For the third experimental stage, the
treatment solutions were prepared with betulin, betulinic acid,
a-amyrin, B-amyrin, ursolic acid, lupeol, and 24-methylenecyclo-
artanol at a final concentration of 37.5ug/mL dissolved in the
same buffer used for the fractions treatments.

Negative controls for all bioactivity assays consisted of solu-
tions of 40 mM phosphate buffer (pH 7) containing 10% fructose,
and 3% methanol for methanol extracts and 1% of DMSO for frac-
tions and pure compounds. A 150 pg/mL solution of abamectin in
the previous mixtures was used as a positive control. Empty wells
were used as another positive control to prove that thrips larvae
could not survive without feeding.

Coagulation experiments

A 6.7 mM aqueous solution of 2-methoxy succinic acid was pre-
pared to test its effect on the coagulation process of the latexes
of A. scholaris and other species. In the case of A. scholaris, 5 mg
of freeze-dried latex was re-suspended in 100 pL of the 2-methoxy
succinic acid solution in 500 pL plastic micro-tubes. For A. obesum,
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J. mutifida, and J. curcas, 3 mg of freeze-dried latex was re-sus-
pended in 150 pL of the acid solution. The negative controls con-
sisted of the same latexes re-suspended in milliQ water. The ef-
fects of the treatment were evaluated by visual inspection after
20 min exposure to open-air conditions. The amount of solution
was adjusted to obtain a similar consistency to that of the natural
flowing latexes.

Spectrophotometric assays

Three milligrams of freeze-dried latex of |. curcas were individually
placed in a 96 flat bottom well plate, and 150 pL of aqueous solu-
tions of 2-methoxy succinic acid, succinic acid, malic acid, citric
acid, citramalic acid, fumaric acid, and shikimic acid (6.7 mM)
were added to each well. The latexes were dissolved, and to avoid
the interference of bubbles and foam in the optical density read-
ing, 100 uL of these solutions were subsequently gently trans-
ferred to the next row of wells. The coagulation control consisted
of latex redissolved in deionized water. The blank solutions were
6.7 mM aqueous solutions of each organic acid mixed with water
for the coagulation control. The spectrophotometric measure-
ments were carried out in a 680 XR multi-well plate reader
(BIO-RAD) at 600 nm after 20 min at room temperature (22°C)
and exposed to air (without a lid). The results were expressed in
OD values * standard deviation (n =4).

Data processing and statistical analysis

Spectral data was bucketed using the AMIX program (V. 3.9.12,
Bruker BioSpin); bucket size was 0.04 ppm and the areas were nor-
malized to total intensity. Intervals corresponding to methanol
and water signals were deleted from the bucket data. MVDA was
performed using SIMCA P (V. 15.1, Umetrics). PCA and orthogo-
nal projections to latent structures discriminant analysis
(OPLS-DA) were performed for NMR data. Data for PCA and
OPLS-DA data was scaled using Pareto scaling.

To calculate mortality indexes, the mortality ratio of the meth-
anol and DMSO extracts for both latex and leaves were corrected
for the survival of its corresponding negative control. To evaluate
differences in bioactivity between latex and leaves across all spe-
cies, a generalized linear mixed model for binomial data was con-
structed. In this model, the survival rate of the corresponding
negative control was again used to correct for the survival of the
negative control for each species. Therefore, an offset was con-
structed with the negative control of each species. The data for
each species was also compared to determine whether there was
a difference in bioactivity between latex and leaf extracts from
different species. The effect of species was set as a random effect
in the offset of the model. The same model was used to compare
the treatments of fractions. To compare the antiherbivore effects
of individual compounds with the latex mean value, a 2-tailed
t-test for samples with the same variance was performed for each
comparison. For coagulation experiments, the OD average of each
treatment (n = 4) was compared with that of the coagulation con-
trol by a Dunnett test (a=0.05). All tests were performed using
R software (V 1.1.456).

Supporting Information

Information about compound spectra (2D NMR spectrum) is avail-
able as Supporting Information.
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