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Molecular Classification of Exudates from the
Monocots, Magnoliids, and Basal Eudicots1
Joseph B. Lambert2, Connor L. Johnson2, Allison J. Levy2,
Jorge A. Santiago-Blay3, and Yuyang Wu4
Abstract: This study provides molecular classifications by nuclear magnetic resonance
spectroscopy for exudates from the monocots, the magnoliids, the basal eudicots, and
core eudicots other than rosids and asterids. The monocots and magnoliids diverged prior
to the eudicots from the angiosperm lineage. Our analyses include 78 samples from 10
orders and 14 families. The magnoliid exudates have diverse molecular origins. Within
the monocots, the genus Aloe of the Xanthorrhoeaceae provides a conserved phenolic
exudate that is different from the class called kinos and is proposed as a new class.
Within the commelinid clade of the monocots, exudates of the Arecales (palms) are
primarily gums, whereas those of the Poales (grasses) are diverse. A single sample from
the Ranuncales within the basal eudicots is phenolic. The core eudicots (other than rosids
and asterids) include the Saxifragles, from which the storax exudate of the genus
Liquidambar of the Altingaceae is a terpenoid resin, not a phenolic material as previously
reported.
Also from the core eudicots, exudates from the Cactaceae of the
Caryophyllales primarily are gums.
Key Words: aloes, eudicots, gums, gum resins, kinos, magnoliids, monocots, NMR,
phenolics, plant exudates, resins

Introduction
Plant exudates comprise a chemically diverse group of materials that are
released usually in response to trauma due to damage, disease, or drought. They
appear most obviously on the trunk and branches of trees and shrubs but also
may appear on leaves, stems, and roots, as well as well as with other types of
plants (Lambert et al. 2013a). Although sap and nectar formally are included,
we generally restrict our investigations to exudates that solidify to a robustly
stable material, usually in hours to days. Such stable solids may be stored safely
for years and may be studied in either the solid state or in solution. Solid plant
exudates have played an important role in human culture for millennia
(Rodríguez et al. 2013), including as incense, jewelry, medicinal products, food,
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cosmetics, adhesives, violin rosin, solder, wine additives, and many others
(Langenheim 2003, Nussinovitch 2010).
Molecular classification of plant exudates. We adhere to a strictly
molecular classification of plant exudates. Unfortunately, common usage has
led to many imprecise terms. Although we cannot avoid these terms in
nontechnical contexts, we confine their definitions for the purpose of this study
to ones that conform to molecular characteristics. Thus gums comprise a major
molecular class of exudates, but the word is applied widely in many different
contexts. The first dictionary definition of the third meaning of the word “gum,”
however, supports a molecular classification: “any of numerous colloidal
polysaccharide substances of plant origin that are gelatinous when moist but
harden on drying” (Merriam-Webster 2003). The key elements of this definition
are that the molecular identity of the material is polysaccharide (high molecular
weight carbohydrates or sugars) and that the materials solidify after initial
exudation. Further entries considerably broaden this definition in popular
senses, to include exudates specifically from eucalyptus trees and to exudates in
general, but we retain the quoted definition sensu stricto. Gums have been
reviewed thoroughly in the monograph by Nussinovitch (2010).
Possibly the largest class of exudates comprises the resins, which were
reviewed in great detail in the monograph by Langenheim (2003). MerriamWebster (2003) provides a very general, non-molecular definition: “any of
various solid or semisolid amorphous fusible flammable organic substances …
that are soluble in organic solvents (as ether) but not in water.” The primary
distinction from other types of exudates made here is the condition of solubility.
Whereas fresh gums generally are soluble in water and insoluble in organic
solvents, resins have the reverse properties. Unfortunately, numerous molecular
classes fulfill this simple criterion. We use the term “resin” exclusively to
describe exudates that are primarily hydrocarbon in composition, with almost
the entire structure based on the chemical class known as terpenes. Langenheim
(2003) employs the term “resin” loosely and includes exudates that are based on
polyphenolic structures. Phenols are compounds whose core structure is the
benzene molecule with a hydroxy (HO—) substituent, or its derivatives. They
are chemically very distant from the hydrocarbon structure of terpenes, although
they often are soluble in organic solvents. Polymers constructed from the
condensation of alternating units of phenol and an aldehyde such as
formaldehyde were named “phenolic resins” by chemists who had no interest in
or knowledge of plant exudates, so that the term “resins” is used widely for this
class of materials. In the context of exudates, however, we avoid such a term.
No known phenolic exudates are condensation polymers of phenol and
formaldehyde, so the term “phenolic resin” as originally coined is incorrect
under any circumstance. For such materials, we prefer the simple molecular
term “phenolic.”
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Many plants exude materials that contain both gums and resins and have
long been known as “gum resins.” Merriam-Webster (2003) appropriately
provides the following definition of this term: “a product consisting essentially
of a mixture of gum and resin.”
Eucalyptus trees exude a characteristic material, known as “gum” in
Australia, which is phenolic in structure, although not a phenolic resin in the
sense of polymer technology. The term “kino” has been used to describe such
materials in Africa, India, and Australia, so we have adopted this term for
eucalypt and related exudates (Lambert et al. 2007b), as a specific and well
characterized subclass of phenolics. The term is not present in the MerriamWebster dictionary, but the more comprehensive Oxford English Dictionary
(2009) provides the following definition: “a substance resembling catechu,
usually of a brittle consistence and dark reddish-brown colour, consisting of the
inspissated gum or juice of various trees and shrubs of tropical and sub-tropical
regions.” Although the definition has no molecular basis (lacking mention of
phenols) and uses the term gum in a nonmolecular sense, it clearly refers to the
appropriate exudates. Thus gums, resins, and phenolics (including kinos) are the
three major molecular classes of exudates (gum resins being a combination),
although we have found other small classes, including balsams, guaiacs, and
xanthics (Lambert, Santiago-Blay, and Anderson 2008; Santiago-Blay and
Lambert 2007, Lambert et al. 2013a and 2013b).
Plants that produce exudates. Exudates are produced only in vascular
plants, of which the spermatophytes (seed-producing plants) provide the
predominant example, although a few ferns also are producers. Modern
spermatophytes comprise gymnosperms (cycads, ginkgos, conifers, and
gnetophytes), and angiosperms (flowering plants). Exudates from ferns, cycads,
ginkgos, and gnetophytes have yet to be examined thoroughly by spectroscopic
methods. We have examined extensively the nuclear magnetic resonance
(NMR) spectrum of exudates from the conifer subclass of gymnosperms and
found that they are almost all resins (Lambert et al. 2007a; Lambert et al. 2007b).
Angiosperms consist of a number of classes, as listed in Figure 1 (based on
Angiosperm Phylogeny Group 2009). Of these, only the core eudicots have been
studied extensively, including the rosids (Lambert et al. 2007c, Lambert et al.
2009, Lambert et al. 2013a) and the asterids (Lambert et al. 2013b). Both rosids
and asterids exhibit a variety of molecular classes, including the three primary
ones and the smaller ones, as well as some examples that fall into none of the
classifications.
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Figure 1. Simplified phylogenetic tree of the angiosperms.

In this study, we have characterized angiosperm exudates from the
magnoliids, the monocots, the basal eudicots, and the core eudicots other than
rosids and asterids. The magnoliids and the monocots diverged from the
angiosperm lineage prior to the eudicots, most likely in the Jurassic period, some
160 Mya (Zeng et al. 2014). The basal eudicots diverged earlier than the other
eudicots, as early as 125 Mya (Sun et al. 2011). Many of these groups produce
abundant and important examples of exudates, although exudate production
appears to be much rarer than in the rosids and the asterids. Nussinovitch
(2010) mentions only 11 species from these groups in his compilation of
hundreds of gums, the vast majority of which are from rosids or asterids.
Langenheim (2003) provides a full overview of the plant family in her Figure 25, but finds only three orders from these classes (Asparagales, Arecales, and
Saxifragales) to be exudate producers, and of these most examples are phenolic
and not true (terpenoid) resins. We have obtained and analyzed 78 exudates
from 10 orders and 14 families, whose characterization by NMR spectroscopy
we present herein. The angiosperms (Figure 1) comprise the magnoliids,
monocots, and eudicots, in addition to four unaffiliated orders (core
angiosperms), none of which have known exudate producers. Herein we
describe the molecular classes of the magnoliids, the monocots, and the
remaining classes of eudicots not previously investigated by NMR spectroscopy.
As in our previous studies of eudicots, we use four variants of NMR
spectroscopy: one-dimensional (1D) hydrogen (proton, 1H) spectra of solutions,
two-dimensional (2D) hydrogen spectra of solutions of the type known as
COrrelation SpectroscopY (COSY), fully decoupled carbon-13 (13C) spectra of
solids, and partially decoupled 13C spectra of the type known as dipolar
dephasing or interrupted decoupling (Lambert et al. 2011). Each method is used
essentially for pattern analysis for each sample, in addition to assignment of
broad classes of functionality. Description of instrumentation parameters and
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data processing may be found in our studies of eudicot exudates (e.g., Lambert
et al. 2013a). All 1H spectra are at 500 MHz, and all 13C spectra are at 100.544
MHz.
Magnoliids
The magnoliids are a major group of flowering plants, but much smaller
than the monocots and the eudicots. In the APG III system (Angiosperm
Phylogeny Group 2009), the magnoliids comprise four orders: the Canellales,
the Laurales, the Magnoliales, and the Piperales. Among the better known
plants in the magnoliids are avocado, cinnamon, magnolia, nutmeg, and (black)
pepper. The class is characterized by pollen with a single pore, through which
the pollen tube emerges, and by trimerous flowers, that is, flowers composed of
assemblages of three petals or sepals. Exudates are rarely found in these orders.
We have acquired and investigated six exudates from three of the four orders.
We have four samples from the order Canellales. The bark of Canella
winterana is a spice similar to cinnamon, so that the tree is commonly known as
wild or white cinnamon. The 13C spectrum of the sample (1339, Figure 2) from
C. winterana of the Canallaceae contains extensive peaks in the unsaturated
region (δ ca. 115-165) but also in the saturated (δ ca. 10-40) and electronwithdrawing group (δ ca. 40-110) regions, in other words across the entire
spectrum. This pattern is indicative of phenolic exudates (Lambert et al. 2007c).

Figure 2. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1339 (Canella winterana). The peaks at δ 66, 78, 97, 105, 166, 178, 197, and 205
are spinning sidebands of the peaks at δ 116, 128, 147, and 155. These are artifacts of the
spinning process.
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Phenol itself has its resonance at δ 155 and anisole (methoxybenezene) at δ 160.
Common kinos are characterized by two sharp resonances at 144 and 154, but
Class D kinos (from the genus Corymbia rather than Eucalyptus) lack the peak
at δ 155. Specifically, the spectrum of C. winterana contains, mostly likely,
aromatic peaks at δ 116, 128, 147 (the largest peak in the spectrum), and 155,
very similar to kinos but with different intensity patterns. The material was
insoluble in chloroform, but a good 1H spectrum (Figure 3) was obtained in the
more polar solvent dimethyl sulfoxide (DMSO). There are strong aromatic and
saturated resonances.

Figure 3. The 500 MHz 1H spectrum of sample 1339 (Canella winterana) in DMSO-d6.

The sample from Myristica globosa (556), related to nutmeg (M. fragrans),
from the order Magnoliales and the family Myristicaceae, gives a typical kino
spectrum (Figure 4). With interrupted decoupling the spectrum practically
overlays that of other Class A and B kinos (Lambert et al. 2007c), and, most
importantly, exhibits the two classic, dominant peaks at δ 144 and 154. The
presence of peaks at δ 16-50 (the saturated region) for C. winterana contrasts
with most kinos, indicating more aliphatic contributions in this case.
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Figure 4. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 556 (Myristica globose). The peaks at δ 94, 104, 194, and 204 are spinning
sidebands of the peaks at δ 144 and 154. These are artifacts of the spinning process.

Sample 720 from Virola sp., also from the Myristicaceae, gives a 13C
spectrum that clearly is of a resin or wax (Figure 5). Almost all the resonances
are in the saturated region, although there also is a sharp peak at δ 174 in the
carbonyl region. There are no resonances in the unsaturated region. Virola is
well known for producing hallucinogenic alkaloids from what has been
described as a dark red resin from the bark (Schultes, Hofmann, and Rätsch
2001). Our exudate is salmon colored and lacks the aromatic resonances
expected of alkaloids. The 1H spectrum is very simple, with several dominating
singlets between δ 0.9 and 2.3, and a small, so-called AX quartet at δ 4.1 and
4.3.

Figure 5. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 720 (Virola sp.). The peaks at δ 123 and 223 are spinning sidebands of the peak
at δ 173.
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The exudate from Miliusa tomentosa of the Annonaceae (1139) exhibits the
classic 13C pattern of a gum, but with weak saturated resonances and a strong
carbonyl resonance at δ 174 (Figure 6). Consequently, we classify it as a gum
resin.

Figure 6. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1139 (Miliusa tomentosa).

The sample from Liriodendron tulipifera (the tulip tree, 366) exhibits a very
unusual 13C spectrum, containing only a series of singlets in the electronwithdrawing region between δ 58 and 102, unlike the patterns of any of our
known molecular classes of exudates. Finally, the 13C spectrum of Piper nigrum
(black pepper) of the Piperaceae (1447) also is extraordinarily unusual Figure 7).

Figure 7. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1447 (Liriodendron tulipifera).
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There are strong peaks throughout the unsaturated region (δ 100-163) and in the
saturated region (δ 26, 44, and 47). This pattern does not fall into any known
molecular class. The aromatic region in the 1H spectrum has a rich collection of
peaks between δ 6 and 7.4, with small peaks at δ 1.6, 1.7, 3.5 and 3.6 in
chloroform (Figure 8). The pattern is very similar in DMSO but with slightly
different resonance positions.

Figure 8. The 500 MHz 1H spectrum of sample 1447 (Liriodendron tulipifera) in CDCl3.

Thus the exudates of the magnoliids are extremely diverse. The six
exudates we have managed to collect belong to six different molecular
classifications.
Monocots
Monocots are characterized by exhibiting a single seed leaf or cotyledon on
sprouting.
According to molecular phylogenetics, the monocots are
monophyletic, that is, they all are descendants of a common ancestor and
constitute a clade. The monocots comprise seven basal orders and the
commelinid clade. The commelinids in turn comprise four orders and one
unplaced family. We have acquired and analyzed exudates from only one of the
basal orders, the Asparagales, and from three of the four commelinid orders.
Asparagales. This order dates only from 1977 (Huber), drawn mostly from
the Liliales. Although circumscribed genetically, the order is more difficult to
define morphologically. Most species are herbaceous, but some are climbers,
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succulents, or trees. The order probably diverged from the monocots early in
the Cretaceous period, 120-130 Mya. It includes food plants (onion, leek,
asparagus), plants that provide flavorings (vanilla), plants valued for their
flowers (iris, orchid, day lilies, hosta), and desert plants (agave, Joshua tree).
Because many of these plants are herbaceous, exudates tend to be rare, except in
the woody genera or those with densely packed stem tissue.
We have analyzed samples from 21 species from the Asparagales, all but
one of which are from the family Xanthorrhoeaceae. The single species is an
agave (Agave sp.), a desert plant well known for its uses for food, drink, and
clothing. Until recently, it was classified into its own family, the Agavaceae,
but, in the APG III system (2009), it falls within the subfamily Agavoideae of
the Asparagaceae. Our single sample (961) proved to be a gum according to its
13
C spectra (Figure 9). There are small resonances in the saturated region,
insufficient to classify the material as a gum resin. In Figure 6 the resin
resonances are as strong as the carbohydrate (anomeric) peak at ca. δ 104,
whereas in Figure 9 the resin resonance is much less intense.

Figure 9. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 961 (Agave sp.).

The Xanthorrhoeaceae comprise three subfamilies (Asphodeloideae,
Hemerocallidoideae, and Xanthorrhoeoideae), which formerly were classified as
families (Asphodelaceae, Hemerocallidaceae and Xanthorrhoeaceae). We have
found and analyzed exudates from all three subfamilies: ten from the
Asphodeloideae, one from the Hemerocallidoideae, and nine from the
Xanthorrhoeoideae.
All of our samples from the subfamily Asphodeloideae are members of the
genus Aloe, which constitutes the monophyletic tribe Aloeae. The remaining
genera within this family are nonmonophyletic, for which we have no exudates.
Our ten samples include two of A. ferox, four of A. succotrina, and four of A.

Life: The Excitement of Biology 3(2)

93

vera. All but one have basically the same, unique 13C spectrum, as illustrated in
Figure 10 for sample 1115 (A. vera). These spectra constitute a new molecular
class of exudates, whose NMR spectra provide a unique diagnostic. The general
Aloe spectra contain weak peaks in the saturated region at δ 20-50, strong peaks
in the electron-withdrawing region at δ 55-90, strong peaks in the unsaturated
region at δ 110-160, and weak peaks in the carbonyl region at δ 165-200. The
peak at δ 160 likely is phenolic (the resonance of the 1 carbon of anisole falls at
this same position). Although there have been many studies of the molecular
constituents of aloes (Gjerstad 1971, Hamman 2008, Saccù, Bogoni, and Procida
2001, Zhong et al. 2013), it is difficult to determine whether any of the studies
were focusing on the same plant part as we do, the solidified exudate.
Investigators have variously referred to the leaf, the leaf pulp, the gel extract, or
the exudate.
They have found carbohydrates (glucose, mannose),
anthraquinones and anthrones, enzymes, amino acids, lipids (steroids,
triglycerides, uric acid), vitamins, and carboxylic acids (salicylic acid).
Carbohydrate resonances are minimal in Figure 10. Our key observation is that
exudates from nine different plants from three different species all give
substantially the same 13C NMR spectrum. The exudates generally are insoluble
in common organic solvents such as chloroform, but they give good spectra in
highly polar solvents such as DMSO.

Figure 10. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1115 (Aloe vera). These spectra were taken with a faster spinning rate of 8000
Hz in order to eliminate spinning sidebands. Other spectra were taken at 5000 Hz unless
otherwise noted.
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Figure 11 gives an example, from sample 1398. As in the 13C spectra, the
H spectra show resonances in all regions. Unlike 13C, the 1H spectra can
distinguish alkenic and aromatic resonances. Figure 11 shows strong alkenic
and aromatic resonances in the region δ 5.5-7.2. The peaks around δ 11.4
suggest carboxylic acids. It should be noted that the 13C spectra of one sample
(1109) of A. vera gave a distinct spectrum, classically indicative of a gum resin.
1

Figure 11. The 500 MHz 1H spectrum of sample 1398 (Aloe succotrina) in deuterated
dimethyl sulfoxide [CD3(SO)CD3].

The single sample from the subfamily Hemerocallidoideae is from the
species Phormium tenax. Known as New Zealand flax, this plant produces a
fiber that was important to the traditional Māori culture and today is popular
ornamentally. The 13C spectrum indicates that the exudate is a standard gum.
All nine samples from the subfamily Xanthorrhoeoideae are from the genus
Xanthorrhoea, with four species represented and one sample without species
identification. The name is derived from the Greek (xanthos) for yellow, but the
materials vary from cinnamon to yellowish red to dark brown. This common
Australian plant previously was called blackboy but now is widely known as the
grass tree or grass gum-tree (for its production of exudate). Australian
aborigines used the exudate as an adhesive in the production of spears, vessels,
and even didgeridoos (the indigenous wind instrument). Without exception, the
13
C spectra indicate a phenolic nature of the exudates, with a pattern distinct
from kinos. The spectra of sample 841 is given in Figure 12 for X. australis.
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Figure 12. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 841 (Xanthorrhoea australis). The peaks at δ 178, 205, and 214 are spinning
sidebands of the peaks at δ 128, 155, and 164, as are peaks in the region 78, 105, and 114,
which are obscured by other peaks. These are artifacts of the spinning process.

Many of the spectra of these nine samples have a peak-for-peak similarity.
The phenolic peak at δ 156 is dominant. The 1H spectra in chloroform similarly
have peaks in all regions, as in Figure 13, also for sample 841. Peaks in the
alkenic and aromatic regions δ 6-7.5 and in the electron-withdrawing δ 2-4 are
strong, and there is an aldehydic peak at δ 9.9. Off scale, there also is a small
carboxylic acid peak at δ 12.

Figure 13. The 500 MHz 1H spectrum of sample 841 (Xanthorrhoea australis) in CHCl3.
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Arecales. This monophyletic family is part of the clade commelinids. It
contains only one family, the Arecaceae, which comprise the palm trees and
have been known previously as the Palmae or the Palmaceae. We have acquired
and analyzed 22 samples from 4 subfamilies, 14 genera, and 16 species (Table
1). Six of the seven samples from the subfamily Arecoideae are simple gums,
including two samples from the genus Syagrus such as the queen palm (S.
romanzoffiana), three from the genus Roystonea (the royal palm), and one from
the genus Prestoea (the mountain cabbage palm). The single exception within
the Arecoideae is sample 1007, attributed to the species Cocos syagrus at the
time it was collected by the Field Museum from Brazil. We cannot say for
certain what this species is, but the syagrus palm comprises its own genus, many
species of which originally belonged to the genus Cocos, such as Syagrus
romanzoffiana (synonym C. romanzoffiana). The 13C spectrum (Figure 14) of
this sample contains only a single, sharp peak at δ 32, indicating that the
molecular structure contains many, similar saturated carbon atoms, as in the
long chains of waxes. There is a similarity with the spectra of resins, which,
however, usually cover a much larger range within the saturated region and have
multiple peaks. This pattern is seen in a few other samples in this study,
including in Figure 5 and other examples to be discussed in due course.

Figure 14. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1007 (Cocos syagrus).

The subfamily Calamoideae of the Arecaceae contains one genus of rattan
palms, Daemonorops draco, which has been famous since antiquity for its bright
red exudate called dragon’s blood. This term also has been applied to exudates
from other genera, including Croton, Dracaena, Pterocarpus, and Calamus. It
has been used as a pigment, a medicine, and a varnish (Langenheim 2003). Four
of our five exudates from this subfamily are from D. draco, and three of these
have characteristic phenolic patterns (Figure 15 for sample 1146) in the 13C
spectrum, including a strong peak at δ 155. This material is not a phenolic resin
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in the polymer sense, so it is incorrect to refer to the exudate as a resin. Arnone
et al. (1997) have identified many of the molecular components. Sample 609 of
this same species, however, yielded an exudate that proved to be a simple resin,
lacking almost all resonances in the unsaturated region. This species offers
another example of plants that exude different molecular materials. Indeed,
Piozzi, Passannanti, and Paternostro (1974) reported diterpenes from D. draco.
The fifth sample (1498) from this subfamily is from the sago palm (Metroxylon
sagu), and the exudate is a simple gum.

Figure 15. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1146 (Daemonorops draco). The peaks at δ 177 and 205 and portions of those at
δ 77 and 105 are spinning sidebands of the peaks at δ 127 and 155. These are artifacts of
the spinning process.

We have analyzed a single sample (1004) from the subfamily
Ceroxyloideae, from the Ceroxylon sp., the Andean wax palm. Its 13C spectra
indicate that the exudate is a resin. Interestingly, the 13C spectrum is very
similar to the spectrum of 609 from D. draco, although the similarity is less
apparent in the 1H spectra.
We have nine samples from the subfamily Coryphoideae from seven
different genera and species. The molecular types are quite varied. Six samples
produce exudates that are gums: Caryota urens, Corypha utan (the cabbage
palm), Livistona chinensis (the Chinese fan palm), Pritchardia sp. (fan palms),
and Sabal palmetto (sabal or cabbage palm). The exudate from Phoenix
rupicola, a type of date palm, is a gum resin, whose 13C spectrum also contains a
strong carbonyl resonance. The 13C spectra of the two samples (1009 and 1135)
of Copernicia prunifera contain just a single peak at δ 32, very likely indicative
of a wax. Whereas the 13C spectra of sample 1009 are very similar to those of
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sample 1007 (Cocos syagrus) with a single sharp peak, those of sample 1135
(Figure 16) are broad like the spectra of sample 720 (Virola sp., Figure 5). Thus
this subfamily provides gum, gum resin, and wax exudates.

Figure 16. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1135 Virola sp.).

Poales. This order is economically important on a global basis and includes
bromeliads, sedges, and grasses (wheat, rice, maize, barley, and sugarcane),
most of which are not exudate producers. We have obtained six samples from
two families, four genera, and four species. Like the Coryphoideae, these
exudates are quite varied. Two are gums (Tillandsia utriculata of the
Bromeliaceae, a bromeliad called spreading airplant, and Zea mays, the common
grain called maize or corn). Stipa tenacissama (esparto grass) of the family
Poaceae and the subfamily Pooideae gives a single peak in the 13C spectrum,
suggesting a wax. Sample 948 of Saccharum officinarum (sugarcane) from the
family Poaceae and the subfamily Panicoideae has a somewhat broader version
of the same spectrum, but identical with dipolar dephasing, so this material
likely is a wax also. The material is insoluble in chloroform, despite its
hydrocarbon nature, suggesting a high, waxy polymer. Samples 1462 and 1463,
also of Saccharum officinarum, give 13C spectra that are very similar to the
spectrum of sucrose. For example, the peaks at δ 92 and 102 correspond to the
anomeric carbons, respectively, of the glucose and fructose rings, and the peak
at δ 82 corresponds to C5 of fructose. The remaining peaks fall into the region δ
60-75, in agreement with the positions for the other carbons of both rings.
Zingiberales. This small order contains a variety of mostly tropical plants,
including banana, canna lily, heliconia, ginger, and cardamom. We have
analyzed the exudates from two samples, both from the banana genus (Musa).
Whereas sample 379 is a gum, sample 1192 (Figure 17) has the single peak at δ
32 in common with several other samples we have characterized as waxes. The
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peak is not so sharp as those of samples 1004 and 1007, they are sharper than
those of 720 and 1135.

Figure 17. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1192 (Musa acuminata).

Basal Eudicots
As already noted and illustrated in Figure 1, in the APG III system (2009)
the eudicots comprise core plants plus some five orders of basal plants. Of the
basal eudicots, we have examined a single sample (1144) from the family
Ranunculaceae (order Ranuncales), Xanthorhiza simplicissima (yellowroot).
The 13C spectrum (Figure 18) is typical of phenolic materials, with the
characteristic peak at δ 150-155. Xanthorhiza simplicissima is known to contain
the alkaloid berberine, which contains several phenolic-like carbons. The peaks
from the known 13C and 1H spectra of berberine, however, form a very minor
component in the corresponding spectra of this exudate, which is composed of a
more complex mixture of aromatic and other compounds. The 1H spectrum in
chloroform (Figure 19) lacks resonances in the saturated region, but contains
numerous resonances in the electron-withdrawing, alkenic (δ ca. 5-6.5), and
aromatic regions (δ ca. 6.5-8), and has sharp peaks in the aldehydic (δ 9.5) and
carboxylic regions (δ 12).
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Figure 18. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1144 (Xanthorhiza simplicissima). The peaks at δ 180 and 208 and portions of
those at δ 80 and 108 are spinning sidebands of the peaks at δ 130 and 158. These are
artifacts of the spinning process.

Figure 19. The 500 MHz 1H spectrum of sample 1144 (Xanthorhiza simplicissima) in
CDCl3.
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Core Eudicots Other Than Rosids and Asterids
Saxifragales. We have obtained four exudates from the single family, the
Altingaceae, in this order. This family contains only three genera, of which
Semiliquidambar may be a hybrid of the other two, Altingia and Liquidambar
(Ickert-Bond and Wen 2006). Our three exudates from the species Liquidambar
styraciflua (sweet gum) and the single sample from the closely related Altingia
excelsa give similar solid state 13C and solution 1H spectra, with important
variations.
The name storax has been given to the exudates of the Altingaceae
(Langenheim 2003). Langenheim reports that exudate from the trunk of
Liquidambar is primarily phenolic in nature, whereas leaf exudates are primarily
terpenoid (resins). She also reports that these exudates closely resemble those of
the genus Styrax of the Styracaceae in the clade asterids. None of the four
samples we analyzed was phenolic or aromatic, in contrast to balsam exudates
from the asterids (Lambert et al. 2013b). All four were characteristically resins
according to the 13C spectra (Figure 20). The pattern in the saturated region is
the same in all four samples, indicating a very similar molecular composition,
primarily presumably of terpenes, for all the samples. All samples have strong
unsaturated resonances in the region δ 110-140 with large spinning sidebands.

Figure 20. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 327 (Liquidambar styraciflua). The peaks at δ 65-115 and 155-185 are spinning
sidebands of the peaks at δ 110-140. These are artifacts of the spinning process.

In the spectrum of sample 1607 (Figure 21) the same patterns are present, but
the unsaturated resonances are decidedly sharper. The peaks at δ 117 and 130
do not correspond to the peaks of styrene, polystyrene, or cinnamyl alcohol, but
hey do resemble the alkenic resonances of cinnamic acid.
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Figure 21. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 1607 (Liquidambar styraciflua). The peaks at δ 65-115 and 155-185 are spinning
sidebands of the peaks at δ 110-140. These are artifacts of the spinning process.

The 1H spectra of the exudates from samples 327 and 968 are almost
identical (Figure 22), although they came from different sources. There are
strong aromatic resonances, strong saturated resonances, and weak electronwithdrawing resonances, which do not correspond to resonances from styrene or
cinnamyl alcohol, but there are peaks at δ 6.4, 7.4, and 7.8 that could come from
cinnamic acid. None of the samples has strong carbon peaks at δ 150-160
indicative of phenolic functionalities. The exudate is best termed a resin
possibly admixed with cinnamic acid. As these materials are primarily resinous
in nature, they do not confirm the previous characterization of storax exudates as
phenolic (Langenheim 2003). There is no evidence for phenols in the spectra.
There are at least two explanations for these observations. (1) Langenheim
characterized leaf exudates as resinous. Our sources did not provide information
about the tree part from which the material was harvested. Possibly our resinous
exudates were from the leaves and her phenolic exudates from another plant
part. (2) Our observations are based on 13C spectra of the bulk exudate, whereas
previous conclusions were drawn from experiments carried out on extracts that
do not represent the bulk. The previous observations may have been
unrepresentative of the bulk.
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Figure 22. The 500 MHz 1H spectrum of sample 327 (Liquidambar styraciflua) in
CHCl3.

Caryophyllales. The Cactaceae of this order are strong exudate producers.
Although there are 33 families in this order, we have found exudates only from
the Cactaceae, representing three different subfamilies. Gums by far are the
representative molecular type in this family. Our two samples from the
Pereskioideae are gums. The genus Pereskia, an unusual genus of cacti with
leaves, may be basal within the Cactaceae rather than a subfamily (Edwards,
Nyffeler, and Donoghue 2005). For the Cactoideae, the single sample (842)
from Carnegiea gigantea is a gum, but the two samples from the genus
Mammillaria are gum resins. The two samples are from different species, but
both give nearly the same spectra, with strong resinous peaks and much weaker
gum peaks. Of the 12 samples from the subfamily Opuntioideae, 11 give typical
gum spectra. Figure 23 provides an example (sample 617, Opuntia sp.), in
which there is more fine structure than normal within the resonance for the C—
O carbons of gums. Most of these are from the genus Opuntia (the prickly
pear), but two are from Cylindropuntia (the cholla cactus). The single
exceptional sample (1204) may not be a true exudate. It was the color of
sandstone and extremely hard. The 13C spectrum had only a single peak at δ
168, in the carbonyl region. The material does not appear to be organic.
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Figure 23. The 13C spectrum with normal (lower) and interrupted (upper) decoupling of
sample 617 (Opuntia sp.).

Summary and Conclusions
Plants bearing seeds appeared during the Late Devonian Period, some 370
Mya (Labandeira 2007). Gymnosperms appeared during the Carboniferous
Period (ca. 300-360 Mya) and flourished during the Jurassic Period (ca. 145-200
Mya) (Reece et al. 2013), when flowering plants (angiosperms) first appeared
(Zeng et al. 2014). In this investigation, we have classified exudates of the
earliest of the flowering plants according to their molecular constituents as
determined by NMR spectroscopy, a primary method for the elucidation of
molecular structure (Lambert et al. 2011). According to Zeng et al. (2014), the
monocots and the magnoliids appeared during the Jurassic Period. The eudicots
followed in the Cretaceous Period (66-145 Mya). This monophyletic clade is
divided into the basal and the core eudicots (Worberg et al. 2007). The basal
eudicots may have appeared as early as 125 Mya (Sun et al. 2013). The core
eudicots comprise the rosids and the asterids, as well as other important genera.
The current investigation focused on the exudates from these early flowering
plants, including the monocots, the magnoliids, the basal eudicots, and the core
eudicots other than the already studied rosids and asterids.
The six magnoliid exudates proved to represent six distinct molecular
classes. In addition to a resin, a gum resin, a kino, and a non-kino phenolic, the
exudates of two species (Piper nigrum and Liriodendron tulipifera) exhibited
spectra not seen before, indicating new molecular types.
Our monocot samples numbered 51. Of these, 21 came from the
Asparagales, all from the Xanthorrhoeaceae. Ten of these were from the genus
Aloe, of which nine gave a unique spectral type, characteristic for this genus
(Figures 7 and 8). The 13C and 1H spectra were dominated by peaks in the
electron-withdrawing region. There were few peaks in the saturated region, but
there were significant aromatic and carboxylic resonances. In addition, nine
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Asparagales samples were from the genus Xanthorrhoea, all of which gave a
unique and diagnostic 13C spectral type (Figure 12) indicating a phenolic
material distinct from kinos, confirmed by the 1H spectra (Figure 13). From the
commelinids, we analyzed 22 members of the Arecales, all from the Arecaceae
(palm trees). Over half of these produced gums, but there also were three waxes
and one gum resin. Also, the genus Daemonorops draco (dragon’s blood palm)
produced a characteristic phenolic pattern (Figure 15) in three of our four
samples (the fourth was a resin). The remaining commelinids, including the
Poales and the Zingiberales, produced gums, waxes, and (in the case of
Saccharum officinarum) probably sucrose.
Our single example of an exudate from the basal eudicot order Ranuncales
was a phenolic.
There are two important groups of exudates from the core eudicots other
than rosids and asterids. Cacti from the Cactaceae (order Caryophyllales) are
strong exudate producers. Of our 18 samples, 14 were gums, three were gum
resins, and one was unclassified. The second important group, called storax,
came from the order Saxifragales, family Altingaceae, and genera Altingia and
Liquidambar. Although Langenheim (2003) described these materials as
phenolics, we find that they are terpenoid resins, possibly with cinnamic acid,
but without phenols. The name storax thus poses a problem. It derives from the
genus Styrax of the Styracaceae, order Ericales, and clade asterales. The plants
thus are not closely related, nor are their respective exudates molecularly
similar. We have called the exudates from Styrax balsams (Lambert et al.
2013b), but their common (and molecularly inappropriate) names include
benzoin resin, gum benjamin, and styrax balsam. It is clear that exudates from
the Altingaceae (“storax”) and from genus Styrax of the Styracaceae (balsam)
are not structurally analogous (Figures 20 and 21), although both probably
contain cinnamic acid. Storax is a resin, whereas balsam contains largely
nonphenolic aromatic constituents. The materials are quite distinct and should
not be conflated. We retain the term balsam for the exudates of Styrax. In Table
1 we have called the exudates of the Altingaceae “resin (other)” because of the
strong aromatic component seen in the 13C spectra and confirmed by the 1H
spectra, which is not present in most spectra of resins. Possibly “aromatic resin”
would be an appropriate class name, as distinguished from terpenoid resins,
which primarily are “aliphatic resins.”
Of the 78 exudates in this study, 32 proved to be gums, which therefore is
the dominant exudate type in these clades. There also are five gum resins. In
second place are phenolics (14), not counting one kino. We have nine materials
classified as aloes, whose spectra contain strong resonances in the electronwithdrawing region, plus unsaturated resonances that may include phenols. As
phenolic resonances are minor, the aloe exudates should not be classified as
phenolics. They appear to be sui generis, justifying the new class simply called
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aloes. There are 6 waxes and only 3 resins, plus the four aromatic resins of the
Altingaceae. Four materials had unique, unclassified spectra.
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