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Abstract

Sapindales comprise nine families with a mainly tropical distribution and include numerous species of high economic
importance. Members of this order are known for the production of chemical constituents with medicinal properties, such as
antioxidant, anti-inflammatory, and antimicrobial activity, as well as species with insecticidal properties. Such diversity of
chemical compounds is attributed to a variety of secretory structures, which may occur in both vegetative and reproductive
organs. During the past decades, tremendous progress has been made in anatomical and analytical chemistry studies, which
has led to the next level of knowledge regarding the secretory structures of Sapindales. This comprehensive review embraces
the most important data of the secretory structures of Sapindales: ducts, cavities, laticifers, floral and extrafloral nectaries,
osmophores, colleters, idioblasts, and trichomes. Our review comprises structural, functional, and evolutionary aspects of

these glands, which are fundamental for further studies of the diversification within Sapindales.
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1 Introduction

Sapindales, with approximately 6570 spp., are a diverse
order of Malvidae (Stevens 2001), currently comprising
nine monophyletic families: Biebersteiniaceae, Nitrariaceae,
Kirkiaceae, Burseraceae, Anacardiaceae, Sapindaceae,
Simaroubaceae, Meliaceae, and Rutaceae (Muellner-Riehl
et al. 2016). Species of this order vary from herbs to trees
and occasionally lianas and are found in a wide range of hab-
itats, mainly in tropical regions (Kubitzki 2011; Muellner-
Riehl et al. 2016). Many species of this order are used in
folk medicine and have been the subject of phytochemical
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and pharmacological studies due to secretions produced by
their secretory structures (Corthout et al. 1991, 1992, 1994;
Farsam et al. 2000; Burris et al. 2005; Aragdo et al. 2008;
Muthukumran et al. 2011; Alves et al. 2014; Lv et al. 2015;
Okoth et al. 2016; Zhang et al. 2017). According to these
studies, antioxidant, anti-inflammatory, antimicrobial, and
insecticidal properties are the pharmacological activities
most commonly described for Sapindales.

Sapindales stand out as an order for which several types
of secretory structures (or glands) have been reported (Kubi-
tzki 2011 and references therein). Secretory ducts are prob-
ably the best-known secretory structure in the order, pre-
dominantly occurring in Anacardiaceae and Burseraceae
(e.g., Tolke et al. 2021). They were found to be related to
the protection against herbivory by producing toxic phenols
and terpenes (Aguilar-Ortigoza et al. 2003; Aguilar-Ortigoza
and Sosa 2004; Tolke et al. 2021). In addition, other glands
have also been found in the order, such as cavities, laticifers,
floral and extrafloral nectaries, osmophores, colleters, idi-
oblasts, and trichomes, which are related to plant defense or
attraction of pollinators. The occurrence, position, and type
of secretory structure, as well the secretion composition,
have been used to support phylogenetic relationships among
different angiosperm lineages and to better understand some
evolutionary patterns (Aguilar-Ortigoza and Sosa 2004;
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Marazzi et al. 2006; De-Paula OC, Sajo 2011; Weber and
Keeler 2013; Vitarelli et al. 2015; Demarco 2017; Prado and
Demarco 2018). Likewise, secretory structures have been
also important to understand ecological interactions with
pollinators and herbivores (Aguilar-Ortigoza and Sosa 2004;
Kubitzki 2011; Alves et al. 2014; Lacchia et al. 2016a; Tolke
et al. 2018a).

The type, distribution, and function of secretory struc-
tures might be important characters to elucidate the evolu-
tionary history of Sapindales. The purpose of this paper is to
provide a comprehensive review of the general morphologi-
cal aspects of these secretory structures and the diversity of
compounds that they produce, and discuss their functional
and evolutionary aspects in Sapindales.

Kirkiaceae

Meliaceae

Rutaceae

1. Secretory ducts

I:l absent

. resin ducts
|:| gum natural ducts
I:l gum traumatic ducts

I:l absent
I:l present

6. Nectaries

. floral
I:l extrafloral

7. Osmophores
I:l absent/ not
recorded
present

Biebersteiniaceae |:|
Nitrariaceae
Anacardiaceae

Burseraceae

Sapindaceae

Simaroubaceae

2. Secretory cavities 3. Laticifers

2 Secretory structures of Sapindales

Secretory ducts — Secretory ducts are observed in five out
of nine families of Sapindales: Anacardiaceae, Burser-
aceae, Simaroubaceae, Meliaceae, and Rutaceae (Metcalfe
and Chalk 1950; Plowden et al. 2002; Diinisch and Bass
2006; Lacchia and Carmello-Guerreiro 2009; Kubitzki 2011;
Souza et al. 2016; Palermo et al. 2018; Prado and Demarco
2018; Pace et al. 2021; Tolke et al. 2021; Fig. 1). They
are ubiquitous in the clade formed by Anacardiaceae and
Burseraceae, occurring in all vegetative and reproductive
organs of these families (Metcalfe and Chalk 1950; Lacchia
and Carmello-Guerreiro 2009; Palermo et al. 2018; Pace
et al. 2021; Tolke et al. 2021). In this clade, ducts occur in
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Fig. 1 Occurrence of secretory structures in families of Sapindales. Phylogenetic hypothesis based on Stevens (2011). Data obtained from cited

references among the text
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the phloem (primary and secondary; Fig. 2a—c), and second-
ary ducts are also commonly found in the wood (Heimsch
1942; Metcalfe and Chalk 1950; Pace et al. 2021; Tolke
et al. 2021). In addition to the vascular ducts, some genera
of Anacardiaceae stand out for having primary ducts in the
pith (Metcalfe and Chalk 1950; Tolke et al. 2021). Accord-
ing to Solereder (1908), the ducts in the leaves of Anacar-
diaceae are found along the phloem either of the larger and
smaller veins, and occasionally also adaxially to the vascular
bundles, in which case they are connected to the pith ducts
of the stem. The arrangement of the ducts may be axial,
radial, tangential, or irregular, and more than one type may
occur within a plant. Axial and radial ducts are the main
types found in the secondary phloem of Anacardiaceae and
Burseraceae, and radial ducts are also often observed in the
secondary xylem of both families (Heimsch 1942; Venkaiah
and Shah 1984; Agarwal and Gupta 2008; Daly et al. 2011;
Pell et al. 2011; Pace et al. 2021). Remarkably, some species
have an integrated ramifying duct system in the trunk, con-
necting the radial ducts of xylem and phloem to axial ducts
of the bark (Venkaiah and Shah 1984). For instance, radial
ducts are a putative synapomorphy of this clade (Pace et al.
2021; this study).

In Simaroubaceae, secretory ducts have been reported
in the shoot system (Metcalfe and Chalk 1950; Babu et al.
1990; Shi et al. 2011; Alves 2015) and in the sepals and
petals (Fig. 2d—e) (Alves et al. 2017) but are less frequent
within each organ when compared to those of the two former
families (pers. obs.). Unlike Anacardiaceae and Burseraceae,
ducts of Simaroubaceae occur exclusively in the xylem (pri-
mary and secondary), besides primary ducts in the pith; only
axial ducts have been reported in the family (Metcalfe and
Chalk 1950; Babu et al. 1990; Shi et al. 2011; Alves 2015).
Although secretory ducts naturally occur in this family, trau-
matic ducts have also been reported for some representa-
tives of Simaroubaceae (e.g., Ailanthus Desf.) (Metcalfe and
Chalk 1950; Rajput and Kothari 2005; Pace et al. 2021).

Members of Meliaceae and Rutaceae do not have consti-
tutive ducts in their organs (e.g., Heimsch 1942); actually,
the ducts observed in these families do not develop naturally
and are instead formed exclusively in the secondary xylem
of some genera as a result of injury (Fig. 2f—g) (Spiekerkoet-
ter 1924; Record and Hess 1943; Metcalfe and Chalk 1950;
Gedalovich and Fahn 1985; Rajput et al. 2005; Diinisch
and Bass 2006; Pace et al. 2021). In this case, they are
called traumatic ducts and are originated only in response
to wounds, mechanical pressure, attack by microorganisms
or insects, and physiological disturbances such as water
stress or unfavorable environment (Fahn 1979). The injury
affects cambium activity which starts to produce axial ducts
into secondary xylem (Gedalovich and Fahn 1987; Rajput
et al. 2005; Diinisch and Bass 2006). Traumatic ducts have
also been reported in vascular bundles of leaves and fruits

infected by virus (Marques et al. 2010). Because traumatic
ducts are not constitutive, their formation after injury is
likely a synapomorphy of the clade Simaroubaceae—Meli-
aceae—Rutaceae (Pace et al. 2021).

The ducts may be single (isolated) or may fuse, that is,
anastomose axially and laterally forming long, branched
ducts (Fig. 2c). The ducts of Simaroubaceae and the trau-
matic ducts of Meliaceae and Rutaceae are single and short
(Fig. 2d—g), while those of Anacardiaceae and Burseraceae
anastomose profusely, originating a complex branched
system of ducts, which extends throughout the plant body
(Fig. 2a—c) (Lacchia and Carmello-Guerreiro 2009; Palermo
et al. 2018; Tolke et al. 2021) and is responsible for the high
amount of secretion that exudes when the system is ruptured.

The general structure of the ducts is very similar in all
Sapindales (Fig. 2a—g). It is composed of an epithelium (usu-
ally uniseriate) lining a lumen, which stores the exudate and
is surrounded by a sheath of idioblasts or parenchyma cells
(Rajput et al. 2005; Lacchia and Carmello-Guerreiro 2009;
Souza et al. 2016; Palermo et al. 2018; Tolke et al. 2021).
However, the origin of the lumen may vary among families
and within a family. One of the more complex challenges
regarding ducts is understanding how their lumen is formed.
There is a large number of studies on this topic and an equal
amount of divergence in the literature. Most studies of ducts
of Sapindales are restricted to Anacardiaceae, and there is
no consensus about lumen formation in this family. Some
authors have described their ducts as schizolysigenous, oth-
ers as schizogenous, and according to some studies, both
types may be present in the family, depending on the spe-
cies (Lacchia and Carmello-Guerreiro 2009 and references
therein). For the other families, the studies are much more
restricted. For Burseraceae, schizolysigenous ducts have
been described in Protium Burm. f. (Palermo et al. 2018),
and for Simaroubaceae, schizogenous constitutive ducts have
been reported for Ailanthus excelsa Roxb, while lysigenous
traumatic ducts have been described for the same species
(Babu et al. 1990). The traumatic ducts of Azadirachta A.
Juss. (Meliaceae) seem to have a schizolysigenous origin
(Rajput et al. 2005), while those of Citrus L. (Rutaceae) are
schizogenous (Gedalovich and Fahn 1987).

Studies made so far indicate that the secretory appara-
tus is very conservative in ducts of Sapindales. Epithelial
cells are rich in mitochondria with dilated cristae, rough
endoplasmic reticulum, multivesicular bodies, vesicles, dic-
tyosomes, lipid bodies, plastids, and osmiophilic droplets
(Babu et al. 1990; Nair and Subrahmanyam 1998; Lacchia
and Carmello-Guerreiro 2009; Palermo et al. 2018). Plas-
modesmata or their rudiments are not common (Joel and
Fahn 1980a; Nair et al. 1983; Nair and Subrahmanyam 1998;
Lacchia and Carmello-Guerreiro 2009). The secretion mode
is similar to those described for ducts of other angiosperms,
including eccrine and granulocrine mechanisms (Nair and
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«Fig.2 Secretory ducts in Sapindales. a, d, f, h-k Transverse section.
b—c, e, g Longitudinal sections. a Fruit of Lithraea molleoides (Vell.)
Engl. (Anacardiaceae). b—c Sepals of Schinus molle L. (Anacardi-
aceae). Note the anastomosis of ducts (c). d—e Petals of Homalolepis
cedron (Planch.) Devecchi & Pirani (Simaroubaceae). f—g Traumatic
ducts (arrows) in the wood of Zanthoxylum kellermanii P. Wilson
(Rutaceae). h—k Histochemical tests in the ovary of Spondias macro-
carpa Engl. (Anacardiaceae), showing positive reactions to phenolic
compounds, using ferric chloride (h), lipids, using Sudan black (i),
mucilage, using Ruthenium red (j), and polysaccharides, using Schiff
reagent (k). Photographs f and g provided by Dr. Marcelo Pace

Subrahmanyam 1998; Lacchia and Carmello-Guerreiro
2009; Palermo et al. 2018). Sometimes, in late stages, the
epithelial cells disintegrate, becoming part of the secretion,
which characterizes the holocrine secretion (Joel and Fahn
1980b; Babu et al. 1990; Palermo et al. 2018).

Most secretory ducts in Sapindales are vascular (originated
from procambium and/or cambium) but medullary ducts
(originated from ground meristem) also occur in Anacardi-
aceae and Simaroubaceae (Babu et al. 1990; Tolke et al. 2021)
and this distinct origin may influence the secretory activity of
some ducts. Recently, it has been demonstrated in Calophyl-
laceae (Malpighiales) that the meristematic origin of a duct
may affect some metabolic routes and change its chemical
composition (Costa et al. 2021). Likewise, the type of secre-
tion may vary depending on the duct origin in Anacardiaceae
(Tolke et al. 2021). In this family, phloem ducts produce resin
composed of terpenes, phenolic compounds, polysaccharides,
and other non-volatile lipids (Fig. 2 h-k), while the medullary
ducts of some species produce gum, with polysaccharides as
the major component (Tolke et al. 2021). It is possible that
this variation also occurs in species of Simaroubaceae, whose
ducts produce resin, composed of terpenes, polysaccharides
and other substances, with a few variations depending on the
organ studied (Babu et al. 1990; Shi et al. 2011; Tolke et al.
2021), but investigations of this topic are still lacking.

For Burseraceae, only resin ducts have been reported,
which produce a heterogenous secretion rich in terpenes
and other metabolites, such as phenolic compounds, poly-
saccharides, and proteins (Setia et al. 1977; Souza et al.
2016; Palermo et al. 2018). Notably, all traumatic ducts of
Sapindales produce gum instead of resin, including those
of Simaroubaceae which produce constitutive resin ducts
in regular conditions (Gedalovich and Fahn 1985; Rajput
and Kothari 2005; Rajput et al. 2005; Diinisch and Bass
2006). Although the chemistry of the duct secretion is
quite complex in Sapindales, we are able to classify them
as gum or resin. Although both types of exudate may have
heterogeneous composition, resin is mostly terpenic, while
gum is mostly polysaccharidic (Prado and Demarco 2018;
Tolke et al. 2021). In fact, Anacardiaceae and Burser-
aceae share the production of biflavonoids, lost in some
lineages of Anacardiaceae, while in the clade formed by

Simaroubaceae, Meliaceae, and Rutaceae, flavanones, fla-
vones, and flavonols are common (Aguilar-Otigoza et al.
2003; Aquilar-Ortigoza and Sosa 2004; Kubitzki 2011),
but production of mucilaginous substances has also been
reported (Marques et al. 2010).

The production of terpenoids and phenolic compounds,
main constituents of resins, is almost ubiquitous in Sapin-
dales. However, those compounds are secreted by distinct
secretory structures with defensive function depending
on the family. Secretion composed mostly of terpenoids
is produced by ducts in Anacardiaceae, Burseraceae, and
Simaroubaceae, while it is produced by oil idioblasts in
Meliaceae and by cavities in Rutaceae. The probable emer-
gence of the high molecular weight terpenoid pathway in
the ancestor of Sapindales probably enabled the evolve-
ment of different types of defensive glands according to
the evolutionary history of the order and diversification of
families (for more information, see Sect. 3).

Oil cavities — Rutaceae is the only family of Sapindales
that have secretory cavities (Fig. 1), which consist of an
epithelium of secretory cells lining an isodiametric intercel-
lular space (lumen), sometimes containing more than one
epithelial layer and surrounded by a sheath (Fig. 3a) (Liu
and Hu 1998; Kubitzki 2011; Turner and Lange 2015; Cruz
et al. 2017; Machado et al. 2017; Franco and Albiero 2018).
In contrast to secretory ducts, the cavities are rounded in
shape in both cross and longitudinal planes (Fahn 1979).
They are nearly universally present and correspond to the
most striking feature of the family, occurring in all parts of
the shoot system, and constitute the translucent dots (or pel-
lucid glands) of leaves, a diagnostic character of Rutaceae
(Liu and Hu 1998; Kubitzki 2011; Turner and Lange 2015;
Oggero et al. 2016; Cruz et al. 2017; Machado et al. 2017,
Franco and Albiero 2018; Andrade et al. 2020). In contrast
to the core Rutaceae, in three genera of subfamily Cneor-
oideae, Dictyoloma A. Juss., Spathelia L. and Sohnreyia K.
Krause, oils cavities are restricted to the margin of leaflets
(Appelhans et al. 2011; Kubitzki et al. 2011).

The seven types of leaf venation defined by Dede (1962),
based on observations of 80 genera of Rutaceae, are charac-
terized by a spatial correlation between the vascular system
and the secretory cavities, an association previously reported
by Stern and Brizicky (1960). Dede (1962) also pointed out
an allometric correlation of the number of cavities and their
relative size, that is, the larger the glands the smaller their
number on a leaf blade area. He considered that this ances-
tral condition would be found in taxa with a high number of
small oil cavities in the leaves.

Regarding the reproductive organs, oil cavities may be
found in sepals, petals, stamens, gynoecium (especially in
the ovary) and in mesocarp of fruits (Heinrich and Schultze
1985; Liu et al. 1998; Souza et al. 2004; Caris et al. 2006;
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Fig. 3 Oil cavities in Rutaceae. Leaves of Citrus sinensis (L.) Osbeck. a Structure of the oil cavity. b Lipids stained with Sudan black B. ¢ Ter-
penes identified by Nadi reagent. The violet staining revealed the presence of an oleoresin, i.e., a mixture of essential oils and resins. d Phenolic
compounds (blue) detected by autofluorescence under UV. E, epithelium; L, lumen; S, sheath

Liang et al. 2006; Pirani et al. 2010; Turner and Lange 2015;
El Ottra et al. 2019). In a study of flower anatomy of 29 gen-
era of subfamily Aurantioideae, Tillson and Bamford (1938)
reported a close association of these glands to the vascular
tissue in several organs.

The oil cavities of Rutaceae have been reported exclu-
sively in the parenchyma of primary organs, i.e., in the mes-
ophyll of leaves (Fig. 3a) and cortex of stem, as well as in
the corresponding portions of reproductive organs (Metcalfe
and Chalk 1950; Liu and Hu 1998; Muntoreanu et al. 2011;
Machado et al. 2017; Franco and Albiero 2018; Andrade
et al. 2020). Several reports have demonstrated the origin
of the cavities from the protoderm and ground meristem
(described as subprotodermal cells) or only from the ground
meristem, which explains their constant position close to the
epidermis (Bosabalidis and Tsekos 1982a; Bennici and Tani
2004; Rafiei and Rajaei 2007; Machado et al. 2017; Franco
and Albiero 2018). There is no report of vascular cavities
in the family. Despite rare reports of cavities in wood (Met-
calfe and Chalk 1950), only traumatic gum ducts have been
confirmed for the family (see “Secretory ducts”).

Many studies about the lumen formation of cavities
of Rutaceae have been performed, especially in Citrus L.
(Thomson et al. 1976; Bosabalidis and Tsekos 1982a, b;
Turner et al. 1998; Knight et al. 2001; Bennici and Tani
2004; Liang et al. 2006; Chen and Wu 2010; Liu et al. 2012;
Turner and Lange 2015), but the conclusions are controver-
sial and many conflicting reports of lysigeny and schizogeny
of cavities are easily found (Turner 1999).

The cavities of the family were first described as schiz-
ogenous by Solereder (1908), then lysigenous or schiz-
olysigenous by Engler (1931), schizogenous or lysigenous
by Metcalfe and Chalk (1950) and finally schizogenous by
Kubitzki (2011). Turner et al. (1998) investigated the cavi-
ties of Citrus L. and described them as schizogenous, but a
few years later Bennici and Tani (2004) clearly demonstrated

@ Springer

the schizolysigenous origin of cavities in Citrus sinensis (L.)
Osbeck and C. limon (L.) Osbeck. Similarly, the cavities
of Pilocarpus Vahl were considered schizogenous by Mar-
quete (1981) but as schizolysigenous by Muntoreanu et al.
(2011), as well reported by Franco and Albiero (2018) for
Esenbeckia Kunth. In general, the disagreements are due to
the fact that the studies did not use the same methodologies
and only further studies using more appropriate techniques
will reveal which is the main type of cavity formation in
Rutaceae, or if it varies depending on the species. In a more
recent work, Machado et al. (2017) concluded that the for-
mation of cavities in Metrodorea nigra A. St.-Hil. occurs
through a schizolysigenous process. Cavities of reproduc-
tive organs are usually larger, which may be related to the
coalescence of distinct cavities. It has been observed in the
ovary of some flowers that when two or more cavities are
adjacent and their epithelia touch each other, they can fuse/
coalesce, forming very large and often shapeless structures
(El Ottra et al. 2019).

An unusual type of cavity is observed in Dictamnus L.
(Rutaceae) and deserves special attention. This particular
type of cavity is formed within a non-glandular trichome
with short stalk, wide multicellular head and a beak-shaped
apex, called a trichome-like cavity by Zhou et al. (2012).
These authors observed this type of gland on stem, leaf blade
and in all floral organs of Dictamnus dasycarpus Turcz. In
the wide head, the cavity is originated by lysigeny, acquiring
the same spheroidal shape as the other cavities of the family,
composed of an oil-producing epithelium that releases the
secretion into the lumen.

As observed for ducts, the oil cavities of Rutaceae usu-
ally start the production of secretion concomitantly to the
formation of the lumen (Machado et al. 2017). The ultras-
tructure of the epithelium of these cavities is very similar to
that of the resin ducts since they produce similar substances.
Numerous plastids containing osmiophilic material are very
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common (Heinrich and Schultze 1985; Liu et al. 1998). The
cytoplasm is rich in vesicles of variable sizes, oil bodies,
endoplasmic reticulum, mitochondria with unusual morphol-
ogy and have a high density of ribosomes (Thomson et al.
1976; Heinrich and Schultze 1985; Liu et al. 1998, 2012;
Turner and Lange 2015; Machado et al. 2017). The cavities
of Rutaceae are specialized in the production and storage
of terpenes (Fig. 3b—c), and it was demonstrated that plas-
tids are the main sites of their production. These lipids are
observed as plastoglobules inside the plastids, which may
be transferred to the vacuoles and/or stored as lipid bodies
in the cytosol (Turner and Lange 2015; Franco and Albiero
2018). After the production and transitory storage of these
compounds within epithelial cells, the secretion is released
into the lumen via eccrine and/or granulocrine mechanisms
(Bosabadilis and Tsekos 1982b; Turner and Lange 2015;
Franco and Albiero 2018), or through the collapse of the
epithelial cells (holocrine mechanism) (Machado et al. 2017,
Franco and Albiero 2018).

In addition to terpenoids (Fig. 3c), the secretion pro-
duced by cavities in Rutaceae may be composed of phe-
nolic compounds (Fig. 3d) and other minority substances,
such as non-volatile oils, alkaloids, proteins, and polysac-
charides (Fig. 3a—d) (Castro and Demarco 2008; Machado
et al. 2017; Franco and Albiero 2018; Andrade et al. 2020).
Although the main composition of the oils of Rutaceae is
similar to that of the resins of ducts in other Sapindales, oils
are predominantly composed of volatile terpenes, such as
mono- and sesquiterpenes, while resins are mostly composed
of non-volatile terpenes, such as di-, tri-, and tetraterpenes
(Dell and McComb 1979; Langenheim 2005). The oils of
Rutaceae are attributed to the protection against herbivores
and microorganisms (Champagne et al. 1992). Since among
the Sapindales the cavities occur only in Rutaceae, we con-
clude that they evolved just once in the order, although the
biosynthetic route of some classes of compounds may be
shared with other secretory structures, such as ducts, latic-
ifers, trichomes, and idioblasts. Secretory cavities are thus
reported as a remarkable synapomorphy of Rutaceae, with
a further lost in a clade formed by four genera within the
small subfamily Cneoroideae (Stevens 2001; Appelhans
etal. 2011).

Laticifers — Laticifers occur exclusively in Sapindaceae
within Sapindales (Prado and Demarco 2018; Medina et al.
2021) (Fig. 1), and until recently the presence of latex is
usually considered an unusual characteristic for the order
(APG 2016). Taxonomic monographs refer to the pres-
ence of laticifers evidenced by milky or watery exudates
in a few genera such as Paullinia L., Serjania Mill. and
Urvillea Kunth (e.g., Radlkofer 1895; Acevedo-Rodriguez
1993; Acevedo-Rodriguez et al. 2011, 2017). Detailed
descriptions of laticifers had previously been provided

for a small number of representatives of this family (Ben-
edict 1961; Amini et al. 2008; Weckerle and Rutishauser
2005; Cunha-Neto et al. 2017), while most genera lack
reports of these structures (e.g., Agarwal and Gupta 2008;
Acevedo-Rodriguez et al. 2011). However, Medina et al.
(2021) recently studied a large number of genera and found
laticifers in 15 genera of three out of four subfamilies that
constitute the family (Sapindoideae, Dodonaeoideae, and
Hippocastanoideae).

Laticifers of Sapindaceae are articulated, non-anasto-
mosing, that is, they are formed by a row of cells whose
terminal walls do not dissolve. These laticifers occur in all
organs of the plant, and are originated from ground meris-
tem (primary laticifers) and/or vascular cambium (secondary
laticifers) and rarely branch. The primary laticifers occur in
the cortex and pith, while the secondary ones are found in
the secondary phloem (Medina et al. 2021; Fig. 4a—c).

The scarcity of reports of latex in the family is due to the
low frequency of laticifers in the organs and the fact that
the cells constituting the laticifers do not merge (Medina
et al. 2021), resulting in a small amount of latex which oozes
when the tissue is ruptured (Fig. 4c). In addition, the latex
of some species is colorless (Pickard 2008), making latex
identification even more difficult.

Latex is the most highly complex secretion of plants and
may contain all the main chemical classes of compounds, of
which terpenoids predominate (Ramos et al. 2019, 2020). In
Sapindaceae, the latex is usually white, composed mainly
of terpenes (Fig. 4d) and as well as proteins, phenolic
compounds, and carbohydrates. Alkaloids have also been
detected in the latex of Paullinia L. (Medina et al. 2021).
Phytochemical analysis of latescent members of the fam-
ily has shown that components of latex are a toxic deter-
rent against insects. Flavonoids, phenols, triterpenes, and
saponins detected in extracts of Paullinia L. and Dodonaea
Mill. seem to be the main components responsible for the
anti-insect effect, as well as for the medicinal properties of
those plants (Diaz and Rossini 2012, and references therein).

To date, there have been no subcellular studies of latic-
ifers of Sapindaceae. However, considering the fact that
laticifers of the family produce lattices with similar classes
of compounds to those of other families (Ramos et al. 2020),
we can predict that laticifers in Sapindaceae should have
a dense cytoplasm with many secretory vesicles formed
by endoplasmic reticulum and plastids, numerous mito-
chondria, and abundant lipid bodies distributed throughout
peripheral and central vacuole (Wilson and Mahlberg 1978,
1980; Inamdar et al. 1988; Roy and De 1992; Gama et al.
2017; Fang et al. 2019). The central vacuole is the most
prominent organelle of laticifers in which the metabolites are
stored (Medina et al. 2021). Latex remains within the cell
and is only released to the outside by tissue rupture.
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Fig.4 Laticifers in Sapindaceae. a—b Transverse sections. c—f Longitudinal sections. a Primary laticifers in cortex and pith of Serjania cara-
casana (Jacq.) Willd. b Secondary laticifers in the phloem of Dipteronia sinensis Oliv. ¢ Urvillea ulmacea Kunth. Note that the cells constitut-
ing the laticifer do not merge. d Terpenes detected in the latex of Urvillea ulmacea Kunth with neutral red observed under blue light. e Callose
deposition in laticifer cell wall of Paullinia seminuda Radlk. using aniline blue test under UV light. f Autofluorescence of suberin in laticifer cell
wall of Thouinia tomentosa DC. under UV light. C, cortex; Ca, callose; La, laticifers; P, pith; Ph, phloem; Su, suberin; Te, terpenes
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Laticifers had at least five independent origins in Sap-
indaceae (Medina et al. 2021), which may be related to
their different positions within the organs depending on
the lineage. In Sapindoideae, the subfamily with the larg-
est number of species, primary and secondary laticifers
have been observed in the cortex and/or pith and in the
secondary phloem in the subtribes Paullinieae, Thouinieae,
Athyaneae, Melicoccus group, Cupania group, and Litchi
group. In Dodonaeoideae, only primary laticifers are pre-
sent in the cortical region, and in Hippocastanoideae only
secondary laticifers have been found in the phloem (Medina
et al. 2021). In addition, some distinctive features have
been observed in the laticifer cell wall of some genera. In
Paullinia L. and Serjania Mill., the cell walls have callose
(Fig. 4e), considered an important innovation in the diver-
sification of these genera. On the other hand, suberin is pre-
sent in the laticifer walls of Diatenopterix Radlk., Thouinia
Poit. and Talisia Aubl. (Fig. 4f) (Medina et al. 2021).

The variable features and occurrence of laticifers may
have taxonomic or phylogenetic importance in some groups
(Rudall 1987; Simpson 2010), as recently observed for Sap-
indaceae. The comprehensive study of Medina et al. (2021)
indicates the secondary loss of latex in Cardiospermum L.
within tribe Paullinieae. This unexpected result may help us
to re-evaluate the circumscription of the genus since some
species of Cardiospermum L. analyzed actually have latic-
ifers. However, these latescent species of Cardiospermum
L. seem to be more closely related to Serjania Mill. and
Urvillea Kunth, according to the phylogenetic analysis of
Acevedo-Rodriguez et al. (2017).

Secretory idioblasts — In Sapindales, idioblasts have been
reported in all families of the order (Fig. 1) (Tolke et al.
2021). Like laticifers, the idioblasts keep their secretion
inside the cell (Fahn 1979). They are specialized cells easily
distinguished from others by their content and occur either
singly or as groups of cells (Metcalfe and Chalk 1950; Fahn
1979). These structures are dispersed throughout the plant
body, in all primary and secondary tissues of roots, stem,
leaves, flowers, and fruits (Metcalfe and Chalk 1950; Solis
and Ferrucci 2006; Bachelier and Endress 2008; Bachelier
etal. 2011; Alves et al. 2017; Cunha-Neto et al. 2017; Rosa-
lem et al. 2017; Tilney et al. 2018a, b; El Ottra et al. 2019;
Medina et al. 2021). Three types of idioblasts have been
recorded in the order: phenolic (Fig. Sa—c), mucilaginous,
and oleiferous (Fig. 5d—e).

Phenolic (or tanniniferous) idioblasts are ubiquitous in
Sapindales (Fig. 1) (Metcalfe and Chalk 1950; Bachelier
et al. 2011; Kubitzki 2011; Muntoreanu et al. 2011; Alves
et al. 2017; Cunha-Neto et al. 2017; Rosalem et al. 2017;
Tilney et al. 2018a, b; Medina et al. 2021; Pace et al. 2021;
Tolke et al. 2021; this study). They are present as the only
secretory structure of the plant or as a redundant secretory

defensive system since many species have other protective
glands co-occurring in their organs (this study). Phenolic
idioblasts occur in all fundamental and vascular tissues
of roots, stem, leaves, in all floral organs (Fig. 5a-b, f)
and fruits, and have sometimes also been observed in the
epidermis of leaves and floral organs (Fig. 5f). In the sec-
ondary phloem and xylem, these secretory cells are often
described as phenolic-containing cells of axial and radial
parenchyma (Metcalfe and Chalk 1950; Bachelier et al.
2011; Muntoreanu et al. 2011; Alves et al. 2017; Cunha-
Neto et al. 2017; Rosalem et al. 2017; Tilney et al. 2018a,
b; Medina et al. 2021; Pace et al. 2021; T6lke et al. 2021;
this study).

Mucilage idioblasts have been reported for some species
of all families, except for Biebersteiniaceae, likely due to
the lack of anatomical studies (Fig. 1). These idioblasts have
been found in few genera, located in the epidermis (Fig. 5c;
sometimes making up the entire epidermis), hypodermis,
and/or mesophyll of leaves and floral organs. Two types
of mucilage idioblasts may be found in the order, with the
larger ones showing an odd, restricted distribution in the
organs (Metcalfe and Chalk 1950; Matthews and Endress
2006; Bachelier and Endress 2008; Bachelier et al. 2011;
Kubitzki 2011; El Ottra et al. 2019). They have been called
“special mucilage cells” by some authors and are located
exclusively in the adaxial epidermis of leaves (Fig. 5¢) and
mainly in the abaxial epidermis and hypodermis of sepals,
i.e., in the exposed surface of the organ, indicating a likely
protective function for the leaf tissues and floral bud, respec-
tively (Matthews and Endress 2006, and references therein).
In Citrus, leaf mucilage idioblasts also contain crystals
(Fig. 5¢). The association of crystals with mucilage is rare in
Sapindales and has previously been reported only in Nitraria
(Nitrariaceae; Gregory and Baas 1989). Apparently, the
water-holding capacity of mucilage is strongly influenced
by calcium (Gregory and Baas 1989).

Oil idioblasts occur exclusively in Meliaceae, distributed
throughout the family (Fig. 1) (Metcalfe and Chalk 1950).
This third type of idioblast is a synapomorphy of the family
and often stands out by its relative large size, several times
larger than the phenolic idioblasts (Fig. 5d—e). Due to its
usual spheroidal shape, these idioblasts have been misinter-
preted as secretory cavities by some authors. Oil idioblasts
occur only in the parenchyma (Fig. 5d—e), being found in
the mesophyll of leaves, cortex, and pith of stem and in all
floral organs (Dayanandan and Ponsamuel 2000; this study),
as well as in roots, bark, and cotyledons of Azadirachta A.
Juss. (Dayanandan and Ponsamuel 2000). Even though oil
idioblasts have been described in leaves of some genera of
Rutaceae (e.g., Spathelia L., Appelhans et al. 2011), this is
a misinterpretation of smaller oil cavities.

Ultrastructural studies of idioblasts are scarce in Sapin-
dales. However, their secretory apparatus varies according to
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Fig.5 Secretory idioblasts in Sapindales. a-b, f Phenolic idioblasts. ¢ Mucilage idioblasts. d—e Oil idioblasts. a Pedicel of Homalolepis cedron
(Planch.) Devecchi & Pirani (Simaroubaceae). b Pith of Schinus molle L. (Anacardiaceae). ¢ Leaf of Citrus sinensis (L.) Osbeck (Rutaceae).
Note the presence of a prismatic crystal within the mucilage idioblast. d Ovary of Guarea macrophylla Vahl (Meliaceae). e—f Histochemical
tests. e Lipids detected with Sudan black B in Trichilia claussenii C. DC. (Meliaceae). £ Phenolic compounds identified by ferric chloride in

Guarea macrophylla Vahl (Meliaceae). 1d, idioblasts

the secreted material. Phenolic idioblasts have a prominent
endoplasmic reticulum and many plastids of different sizes,
which are the main structures responsible for the production
of secretion, which is transferred into the central vacuole,
where it will be stored. Many mitochondria and ribosomes
are also seen but dictyosomes are scarce. In mature idi-
oblasts, the vacuole is filled with an electron-dense mate-
rial (Lacchia and Carmello-Guerreiro 2009). Similarly, oil
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idioblasts of Meliaceae have a dense cytoplasm, particularly
abundant in endoplasmic reticulum and ribosomes; plastids
with osmiophilic material; mitochondria; microbodies and
several vesicles with terpenoid. These terpenoid vesicles
appear to originate by enlargements of the endoplasmic
reticulum. The small vesicles fuse and produce larger vesi-
cles with lipid droplets, which is characteristic of the mature
idioblast (Dayanandan and Ponsamuel 2000). On the other
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hand, mucilage idioblasts usually do not store the secretion
within the protoplast in Sapindales. In general, except when
the mucilage occurs associated with crystals within the vacu-
ole, the mucilage is stored in the periplasmic space, i.e., in
the space between the cell wall and the plasma membrane
(Gregory and Baas 1989; Matthews and Endress 2006). The
main organelle involved in mucilage production is the dic-
tyosome producing numerous vesicles filled with polysac-
charides which are released into periplasmic space by exocy-
tosis. Upon prolonged mucilage deposition in this space, the
secretion fills almost the entire cell lumen, compressing the
protoplast against the cell wall, where only thin degenerating
cytoplasmic strands remain (Trachtenberg and Fahn 1981;
Bakker and Gerritsen 1992; Andreeva et al. 1998; Demarco
and Carmello-Guerreiro 2011).

Colleters — Colleters are secretory structures producing a
sticky substance, which cover the vegetative and reproduc-
tive buds, protecting the meristems against desiccation,
sometimes inhibiting microorganism proliferation and also
adhering small phytophagous insects (Fahn 1979; Thomas
1991; Ribeiro et al. 2017). In Sapindales they have been
reported in only a few members of Anacardiaceae, Sapin-
daceae, Simaroubaceae, Meliaceae, and Rutaceae (Fig. 1)
(Fisher and Rutishauser 1990; Thomas 1991; Souza 2010;
Lacchia et al. 2016b; Macédo et al. 2016; Tilney et al. 2018b;
Cortez et al. 2021). Two morphological types of colleters are
found in Sapindales: trichomes and emergences (Fig. 6a—c).

Trichomatous colleters are the most common type in
Sapindales. By the way, they are found in Anacardiaceae,
Sapindaceae, Simaroubaceae, Meliaceae, and Rutaceae
(Figs. 1 and 6a—c). They are observed on leaf primordia,
young leaves, and prophylls, releasing a mucilaginous sticky
secretion (Souza 2010; Lacchia et al. 2016b; Macédo et al.

2016; Cortez et al. 2021). Since the trichomes are the most
common type of colleter in Sapindales and glandular tri-
chomes are one of the most ordinary secretory structure in
Sapindales (Kubitzki 2011; Tolke et al. 2021), it is likely
that trichomatous colleters occur in many other species and
families of the order.

Trichomatous colleters of Sapindales are formed by a uni-
or biseriate non-glandular stalk and a multicellular secretory
head (Fig. 6a—c). The secretory head is multiseriate, elongate
in Anacardiaceae, Meliaceae, and Sapindaceae (Souza 2010;
Lacchia et al. 2016b; Fig. 6a—c), while short, wide secretory
heads are observed in colleters of Simaroubaceae and Ruta-
ceae (Macédo et al. 2016; Cortez et al. 2021; this study). The
development of these colleters is asynchronous, originat-
ing from protoderm during the first stages of leaf develop-
ment. The secretory phase occurs early, and the secretion is
released to the outside from the gland, crossing the cuticle
without rupturing it. After leaf expansion, colleters degener-
ate and fall off (Fig. 6¢) (Lacchia et al. 2016b; Macédo et al.
2016; Cortez et al. 2021; this study).

In Meliaceae emergences are also reported (Fig. 1), i.e.,
they originate from protoderm and subprotodermal tissues
(Fahn 1990). They are conical in shape, composed of a
short stalk and a head composed of a secretory epidermis
surrounding a central axis of non-secretory parenchyma
devoid of vascular tissues (Fig. 6d) (Tilney et al. 2018b).
Morphologically, these colleters are the standard type
described by Lersten (1974). In intermediate stages of leaf
development, they turn brown, dry up and fall off (Tilney
et al. 2018b). Although these colleters had been found in
Ekebergia Sparrm. (Tilney et al. 2018b), they may not be
the only type found in the family, since trichomes con-
taining a wide secretory head, morphologically similar

Fig.6 Diversity of colleters in Sapindales. a—c¢ Trichomatous colleters in the shoot apex of Trichilia claussenii C. DC. (Meliaceae). a—b Secre-
tory phase. ¢ Senescent phase. d Schematic draw of the standard colleter found in Meliaceae. Ep: epidermis
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«Fig. 7 Floral nectaries in Sapindales. a Nectary disk surrounding the
ovary of Trichilia claussenii C. DC. (Meliaceae). b Nectary disk of
Schinus engleri F.A. Barkley (Anacardiaceae). Note the stoma (inset).
¢, f-i, k Longitudinal sections. d—e Transverse sections. c—e Gyno-
phore of Homalolepis cedron (Planch.) Devecchi & Pirani (Simarou-
baceae), showing the peripheral nectariferous tissue (c—d). Note the
presence of a stoma (e). f—g Nectary disk of Trichilia claussenii C.
DC. (Meliaceae). h Nectary disk of Citrus sinensis (Rutaceae). i Nec-
tary disk of Astronium graveolens Jacq. (Anacardiaceae), detail of a
stoma in the square. j—k Trichomatous nectary on the petals of Anac-
ardium humile A. St.-Hil. Ep, epidermis; Ne, nectary; Np, nectarif-
erous parenchyma; Pe, petal; Sp, subnectariferous parenchyma; St,
stoma; Ov, ovary

to colleters of Simaroubaceae and Rutaceae, have been
observed in Melia L. (Tilney et al. 2018a).

The histochemical characterization of the secretions
produced by colleters in Anacardiaceae, indicates the
presence of a complex mixture containing mucilage, fatty
acids, and phenolic compounds; however, in Rutaceae
the secretion contains only mucilage and lipids, and only
mucilage has been detected in colleters of Sapindaceae
and Meliaceae (Souza 2010; Lacchia et al. 2016b; Macédo
et al. 2016; Tilney et al. 2018b). Mucilage is the main
component responsible for avoiding desiccation due to its
hygroscopic characteristic, but the presence of phenolic
compounds and/or lipids in the secretion is important to
prevent the proliferation of microorganisms, which can be
promoted by mucilage (Ribeiro et al. 2017).

There is no ultrastructural study of the colleters of Sap-
indales. However, the differences in secretion composi-
tion observed so far may be related to distinct secretory
apparatus and secretion release to the colleter surface, as
observed in many families of angiosperms. The produc-
tion of mucilage is performed in the dictyosomes and a
close association between this organelle and the rough
endoplasmic reticulum is commonly found in mucilagi-
nous colleters. On the other hand, colleters which pro-
duce secretion containing lipids and phenolic compounds
usually have abundant plastids containing plastoglobules.
Additionally, recent studies have also reported the par-
ticipation of the vacuole in the secretion mechanism of
both types of colleters (Ribeiro et al. 2021 and references
therein). New studies are required to ascertain whether the
secretory pattern observed in colleters of other orders is
also present in Sapindales.

Nectaries — Nectaries are widespread in Sapindales, occur-
ring in all families in vegetative and reproductive organs.
According to the origin/ position, three types of nectaries are
recognized: floral nectaries, extrafloral nectaries (in shoots),
and post-floral nectaries (in fruits).

Floral nectaries. All families of Sapindales have floral
nectaries, which are morphologically diverse (Fig. 1). They

can occur, as disks, single glands (emergences) around the
ovary, trichomes, and the gynophore/androgynophore sur-
face may also be nectariferous (Fig. 7a—k). The nectariferous
disk is the most common type of nectary, which is usually
located surrounding the gynoecium in intrastaminal posi-
tion (Fig. 7a-b) (Bachelier and Endress 2008, 2009; Kubi-
tzki 2011; Solis et al. 2017; Tolke et al. 2018b; El Ottra
et al. 2019; Alves et al. 2021; Gama et al. 2021a; Pirani
et al. 2021). However, this is not the type found in the early
divergent families of the order. Instead of a disk, Bieber-
steiniaceae have extrastaminal single glands, i.e., they are
not fused to each other, and Nitrariaceae have sunken nec-
tariferous glands in intrastaminal position, not forming a
disk either (Bachelier et al. 2011; Muellner 2011). In all
other families of the order, an extra- or intrastaminal disk
is observed (Kubitzki 2011 and references therein). The
extrastaminal nectariferous disk has been interpreted as a
derived condition and a synapomorphy of Sapindaceae but
also occurs in a few members of Anacardiaceae (Ronse De
Craene and Haston 2006; Acevedo-Rodriguez et al. 2011;
Pell et al. 2011; Muellner-Riehl et al. 2016; Solis et al. 2017;
Tolke et al. 2018b). Despite the widespread occurrence of
nectaries, they are completely absent in some genera of the
order (e.g., Tetradiclis Steven ex M. Bieb. in Nitrariaceae,
Pistacia L. in Anacardiaceae, Dodonaea Mill. in Sapin-
daceae, Toona (Endl.) M. Roem. in Meliaceae, Leitneria
Chapm. in Simaroubaceae, Lunasia Blanco in Rutaceae)
(Bachelier and Endress 2009; Bachelier et al. 201 1; Kubitzki
2011; El Ottra et al. 2019).

The nectariferous disk has a diverse morphology, even
within the family, ranging from inconspicuous to a large
cup- and/or cushion-shaped structure, or even tubular
disks longer than the ovary, sometimes united with the
gynoecium, like in some species of Burseraceae, Meli-
aceae, Simaroubaceae, and Rutaceae (Nooteboom 1962;
Bachelier and Endress 2009; Kubitzki 2011; El Ottra et al.
2019; Gama et al. 2021a, b; Lima et al. 2021; Alves et al.
2021).

Particularly in Rutaceae, structural analyses were used
to support hypotheses on the origin of the disk, since the
first half of the twentieth century. They may be originated
from sterilized whorls, either carpels (Moore 1936; Saunders
1934) or vestigial stamens (Tillson and Bamford 1938), from
both the receptacle and gynoecium base (Gut 1966) or as
a proliferation from the floral axis (Tilak and Nene 1976;
Ramp 1988). Additionally, the nectar-secreting floral base in
Zanthoxylum L. has recently been described as “transitional
between gynophore and disk” (Kubitzki et al. 2011, p. 281).
In the subtribe Galipeinae, developmental analyses indicate
that the nectary disk is not a modified floral organ, since it
appears as an axillary protrusion that eventually may share a
common base with inner or outer floral organs (El Ottra et al.
2019). Additional studies in Sapindales are still on demand.
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Despite the variation in morphology of the disks or the
occurrence of nectaries as single glands, they are all anatom-
ically very similar, composed of an uniseriate non-secretory
epidermis, a nectariferous and a subnectariferous paren-
chyma which may be supplied by xylem and phloem, only
phloem or no own vascular tissues (Fig. 7c—i) (Ning-Xi and
Wu 2005; Bachelier and Endress 2008, 2009; Solis and Fer-
rucci 2009; Kubitzki 2011; Tolke et al. 2015, 2018b; Avalos
etal. 2017; Solis et al. 2017; El Ottra et al. 2019; Gama et al.
2021b). The surface of the nectary may be papillose, and
the nectar is released through stomata, which can vary in
density depending on the species (Fig. 7b, e, 1) (Bachelier
and Endress 2008, 2009; Tolke et al. 2015, 2018b; Avalos
et al. 2017; Solis et al. 2017; El Ottra et al. 2019; this study).

In many species in which the disk and single nectaries are
not observed, the function of nectar secretion is transferred
to other structures, i.e., other types of nectary evolved in
some lineages. In some genera of Anacardiaceae, trichoma-
tous nectaries are found on the base of the adaxial side of
petals (e.g., Anacardium L.) (Fig. 7j-k). These trichomes
are structurally similar to the common type of glandular tri-
chome of Anacardiaceae, composed of a non-glandular uni-
seriate stalk and a multicellular secretory head (T6lke et al.
2018b; see “Colleters”, “EFNs”, “Osmophores”, “Glandular
trichomes” sections). The main difference in relation to the
other glandular trichomes of the family is its function. The
secretion of nectar characterizes this type of trichome as a
nectary.

In some genera lacking nectariferous disks but containing
gynophore or androgynophore, the surface of these stalk-like
elongations became nectariferous (Fig. 7c—d). Gynophores
and androgynophores evolved independently in Simarou-
baceae, Meliaceae, and Rutaceae (Alves et al. 2021), and
it is likely that nectariferous tissues occur in many of them.
Nectaries have been reported at the periphery of gynophores
in Homalolepis Turcz., Quassia L., Simaba Aubl., Sima-
rouba Aubl. and likely also in Picrolemma Hook. f. in Sima-
roubaceae (Alves et al. 2017, 2021; Pirani et al. 2021), in
Adiscanthus Ducke in Rutaceae (El Ottra et al. 2019) and
Guarea F. Allam. ex L. in Meliaceae (ongoing study). The
analysis of this nectary in Homalolepis Turcz. revealed that
the nectary is composed of a non-secretory epidermis and
many layers of nectariferous parenchyma vascularized by
phloematic bundles (Fig. 7c—d). Nectar is released through
stomata, as observed in the nectariferous disks and single
nectaries (Fig. 7e).

The secretory apparatus of the nectariferous cells is vari-
able in Sapindales and is linked to the substances produced,
as demonstrated in Anacardiaceae (Tolke et al. 2018b). In
Anacardiaceae and other Sapindales, the nectary produces
not only sugars but also phenolic compounds, lipids, and
polysaccharides; thus, the ultrastructure of the secretory
cells is diverse among the species (Giuliani et al. 2012;
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Avalos et al. 2017; Tolke et al. 2015, 2018b). In those spe-
cies in which nectar contains oils, the cells have many free
oil droplets in the cytosol, prominent smooth endoplasmic
reticulum, and many plastids containing plastoglobules
(Giuliani et al. 2012; Paiva 2012; Avalos et al. 2017; Tolke
et al. 2015, 2018b). On the other hand, nectaries lacking oils
have cytoplasm containing rough endoplasmic reticulum and
many mitochondria, dictyosomes, and amyloplasts (Giuliani
et al. 2012; Avalos et al. 2017; Tolke et al. 2015, 2018b).
In both cases many secretory vesicles containing various
contents are widespread in the secretory cells, indicating
the granulocrine secretion from cell-to-cell, transferring
the nectar across the layers of cells of the nectary until it
reaches the epidermis, releasing the nectar to the outside
via stomata (Giuliani et al. 2012; Paiva 2012; Avalos et al.
2017; Tolke et al. 2015, 2018b). Eccrine secretion and a
combination of granulocrine and eccrine mechanisms have
also been reported (Paiva 2012; Tolke et al. 2015, 2018b). In
trichomes, the nectar is released through the outer periclinal
cell wall and the cuticle (T6lke et al. 2018b).

Little is known about the evolution of floral nectaries in
Sapindales, but their occurrence seems to be ancestral in
the order, with its loss in some lineages. The nectariferous
disk was indicated as a putative synapomorphy of the order
(Gadek et al. 1996). The intrastaminal position of the disk is
also considered ancestral, with a transition to extrastaminal
position in Sapindaceae and a small clade of Anacardiaceae
(Ronse De Craene and Haston 2006; Muellner-Riehl et al.
2016; Solis et al. 2017; Alves et al. 2021). Regarding the
nectaries located at the surface of a gynophore, this struc-
ture was retrieved as a putative synapomorphy for the clade
including Quassia L. and 10 other genera, a lineage which
is more or less equivalent to Engler’s (1931) tribe Simarou-
beae, but with further losses in some genera (Devecchi et al.
2018a; Alves et al. 2021). According to Alves et al. (2021)
gynophores likely evolved independently in Simaroubaceae,
Meliaceae, and Rutaceae. In a few taxa of these three fami-
lies, an androgynophore evolved, such as Cedrela P. Browne
and Toona (Endl.) M. Roem. (Meliaceae, Gouvéa et al. 2008;
Gama et al. 2021a), Cneorum (Rutaceae, Caris et al. 2006),
and Ailanthus glandulosus Desf. (Simaroubaceae, Ramp
1988). Nectar production by androgynophores remains a
matter of further investigation.

Inferences about the production of diverse substances by
the nectary are still hampered by the scarcity of studies.
However, Tolke et al. (2018b) hypothesize that the produc-
tion of lipids by the floral nectary may be widespread in
Sapindales. They also demonstrated that the composition
of the nectar sugars is of limited value to the systematics of
Anacardiaceae, and probably to other Sapindales as well,
since the composition of the nectar may largely vary among
species of the same subfamily and/or genus.
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Extrafloral nectaries. Extrafloral nectaries are morpho-
logically diverse glands that vary greatly in their location,
size and form (Elias 1983; Weber and Keeler 2013). Many
parts of the plant may contain extrafloral nectaries, such as
leaves (lamina, petiole, and stipules), stems, bracts, bracte-
oles, inflorescence axis, fruits, and even cotyledons (Elias
1983; Schmid 1988; Marazzi et al. 2013; Weber and Keeler
2013; Gama et al. 2019).

Extrafloral nectaries have been reported in most families
of Sapindales, including Anacardiaceae, Burseraceae, Sap-
indaceae, Simaroubaceae, Meliaceae, and Rutaceae (Fig. 1;
Table 1) (Paiva et al. 2007; Souza 2010; Devecchi and Pirani
2015; Lacchia et al. 2016a; Tilney et al. 2018a, b; Andrade
et al. 2020; this study). Several studies have extensively
documented EFN mainly on the leaves of species belonged
to Sapindales, but they may also occur on bracts and pedun-
cle (i.e., Anacardium L. in Anacardiaceae) (Wunnachit et al.
1992; Rickson and Rickson 1998; Souza 2010; Devecchi and
Pirani 2015; Lacchia et al. 2016a).

The morphology of extrafloral nectaries in Sapindales is
diverse, ranging from trichomatous to stalked grands, cir-
cular or slightly elliptical structures (ocelli), and sometimes
the entire organ (or part of it) is modified into a nectary
(Fig. 8a—g) (Bory and Clair-Maczulajtys 1990; Paiva et al.
2007; Souza 2010; Alves 2015; Devecchi and Pirani 2015;
Lacchia et al. 2016a; Tilney et al. 2018a, b; Andrade et al.
2020; this study).

Nectariferous trichomes are found in Anacardiaceae
(Fig. 8a-b). These nectaries are morphologically differenti-
ated in pit-like structures on leaves and bracts, where many
trichomes are observed (Rickson and Rickson 1998; Lacchia
et al. 2016a). The depressions, which harbor the trichomes,
are commonly misinterpreted as domatia due to their mor-
phological appearance. However, Lacchia et al. (2016a)
demonstrated the production and secretion of glucose by
those trichomes in Anacardium humile A. St.-Hil., confirm-
ing their nectariferous nature. However, a species does not
necessarily have a single type of nectary. Secretion of nec-
tar has been detected on the inflorescence axis of the same
species, A. humile A. St.-Hil.; and although the authors did
not observe the tissue responsible for the nectar secretion
(nonstructured nectary), they hypothesized that it is released
through stomata (Rickson and Rickson 1998).

Extrafloral nectaries have also been reported in Burser-
aceae, Sapindaceae, and Simaroubaceae, but only a few
studies have explored the anatomy and morphology of these
glands. They generally occur on leaves (petiole, lamina, stip-
ule) and cataphylls (Fig. 8c—g) (Bory and Clair-Maczulajtys
1990; Morellato and Oliveira 1991; Acevedo-Rodriguez
1993a, b; Fiala and Linsenmair 1995; Silva 2009; Koptur
et al. 2010; Boudouris and Queenborough 2013; Devecchi
and Pirani 2015). Morphologically, the foliar nectaries of
Sapindaceae and Simaroubaceae are very similar. Elongate

vascularized stalked glands are found in Paullinia L. (Sapin-
daceae) (Fig. 8c—f) and Ailanthus Desf. (Simaroubaceae), for
example. They are located on the leaf margins in Paullinia
L. (Souza 2010) but vary in Ailanthus Desf. In the latter,
nectaries are found at the base of petiole, abaxial side of
the lamina and also on the margins of cataphylls (Bory and
Clair-Maczulajtys 1990, and references therein). The diver-
sity of nectary positions in Ailanthus Desf. reveals a diver-
sity of origins of the EFNs in Simaroubaceae. The petiolar
nectaries of Ailanthus Desf. are interpreted as modified stip-
ules (Bory and Clair-Maczulajtys 1990), while Homalolepis
Turcz. and Simaba Aubl. stands out by the presence of a
nectary at the leaflet apex (Pirani et al. 2021; this study),
as well as at the apex of reduced prophylls in Homalolepis
Turcz. (Cortez et al. 2021). Despite the morphological and
ontogenetic differences, all these nectaries of Sapindaceae
and Simaroubaceae are composed of a nectariferous paren-
chyma, vascularized by xylem and phloem, and covered by
a non-secretory epidermis, releasing the nectar through sto-
mata (Bory and Clair-Maczulajtys 1990; Souza 2010; Alves
2015; Cortez et al. 2021; this study). There are also records
of EFNs in Pometia J.R. Forst. & G. Forst., Serjania Mill.,
Xerospermum Blume (in Sapindaceae), Simarouba Aubl.
and Quassia L. (in Simaroubaceae), and Protium (in Burser-
aceae); however, no information about their structure is pro-
vided, which hampers comparative studies in these families
(Morellato and Oliveira 1991; Acevedo-Rodriguez 1993a, b;
Fiala and Linsenmair 1995; Silva 2009; Koptur et al. 2010;
Boudouris and Queenborough 2013; Devecchi and Pirani
2015; Pirani et al. 2021).

The EFNs in Meliaceae and Rutaceae are morphologi-
cally distinct from those described for the rest of the order.
They are widespread on leaflets in Rutaceae and Meliaceae
but also occur on petiole, rachis, and even on bracts in Meli-
aceae (Morellato and Oliveira 1994; Paiva et al. 2007; Ken-
fak et al. 2014; Tilney et al. 2018a, b; Andrade et al. 2020).
The EFNs in both families are circular or slightly ellipti-
cal in shape, being flattened or depressed in relation to the
epidermis in Rutaceae and Meliaceae or elevated in some
Meliaceae (Morellato and Oliveira 1994; Paiva et al. 2007,
Kenfak et al. 2014; Tilney et al. 2018a, b). All of them are
similar in origin and composed of a uniseriate nectarifer-
ous epidermis and a nectariferous parenchyma (Paiva et al.
2007; Tilney et al. 2018a, b; Andrade et al. 2020). Stomata,
trichomes, and vascular tissue are absent, and the nectar is
released via epidermis through cuticular rupture (Morellato
and Oliveira 1994; Paiva et al. 2007; Tilney et al. 2018a,
b; Andrade et al. 2020). Although Homalolepis Turcz. and
Simaba Aubl. (Simaroubaceae) also have ocelli scattered on
the leaf blade (Fig. 8g), they are structurally similar to the
apical nectaries (in the same genera) and differ from those
of Rutaceae and Meliaceae by releasing the nectar through
stomata (Alves 2015). In Rutaceae, in addition to the ocelli
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Table 1 Extrafloral nectaries (EFNs) in genera and families of Sapindales

Genus Distribution Structure Reference
Anacardiaceae
Anacardium L Leaves, inflorescence axes, bracts, Trichomatous Waunnachit et al. (1992), Rickson
fruits and Rickson (1998), Lacchia et al.
(2016a)
Holigarna Buch.-Ham. ex Roxb Petiole, stipules, bracts - Weber et al. (2015)
Burseraceae
Protium Burm. f Leaves - Morellato and Oliveira (1991)
Sapindaceae
Chimborazoa H.T. Beck - - Weber et al. (2015)
Paullinia L Leaves, stipules Stalked glands Souza (2010)
Pometia J.R. Forst. & G. Forst ~ Leaves, stipules Fiala and Linsenmair (1995)
Serjania Mill Leaves - Silva (2009)
Xerospermum Blume Leaves - Fiala and Linsenmair (1995)
Simaroubaceae
Ailanthus Desf Leaves Stalked glands Bory and Clair-Maczulajtys (1990)

Brucea J.F. Mill
Eurycoma Jack
Hannoa Planch
Homalolepis Turcz

Mannia Opiz
Odyendea Pierre ex Engl
Picrasma Blume
Pierreodendron Engl
Quassia L
Samadera Gaertn
Simaba Aubl

Simarouba Aubl

Meliaceae
Carapa Aubl
Cedrela P. Browne
Cipadessa Blume
Dysoxylum Blume
Ekebergia Sparrm
Entandophragma C. DC
Guarea F. Allam. ex L
Heynea Roxb
Khaya A. Juss

Melia L

Nymania Lindb
Pseudocedrela Harms
Swietenia Jacq
Trichilia P. Browne
Turraea L

Walsura Roxb

Leaflet apex, apex of reduced pro-

phylls
Leaves
Leaves
Leaves, bracts, fruits

Leaves

Leaves, petiole, rachis, bracts
Leaves, petiole, rachis
Leaves, rachis

Leaves

Leaves

Leaves, petiole, fruit

Leaves

Leaves

Petiole

Leaves

Leaves

Leaves, petiole, rachis
Leaves, petiole

Leaves

Ocelli flattened or depressed

Ocelli flattened or depressed

Ocelli depressed or elevated
Ocelli flattened or elevated
Ocelli elevated

Ocelli flattened

Ocelli elevated

Ocelli depressed or elevated

Ocelli flattened or elevated

Weber et al. (2015)
Weber et al. (2015)
Weber et al. (2015)
Pirani et al. (2021), Cortez et al. (2021)

Weber et al. (2015)
Weber et al. (2015)
Weber et al. (2015)
Weber et al. (2015)
Weber et al. (2015)
Weber et al. (2015)

Boudouris and Queenborough (2013),
Alves (2015); Devecchi and Pirani
(2015); Cortez et al. (2021)

Morellato and Oliveira (1991), Koptur
et al. (2010), Boudouris and Queen-
borough (2013)

Elias (1983), Kenfak et al. (2014)
Paiva et al. (2007)

Lersten and Pohl (1985)

Weber et al. (2015)

Tilney et al. (2018b)

Tilney et al. (2018a)

Morellato and Oliveira (1994)
Clark (1990)

Weber et al. (2015), Tilney et al.
(2018a)

Yamawo (2015), Tilney et al. (2018a)
Dahlgren and van Wyk (1988)
Weber et al. (2015)

Lersten and Rugenstein (1982)
Schupp and Feener (1991)

Tilney et al. (2018a)

Clark (1990)
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Table 1 (continued)

Genus Distribution Structure Reference

Rutaceae
Angostura Roem. & Schult Leaves Trichomatous Weber et al. (2015)
Euodia J.R. Forst. & G. Forst Leaves Weber et al. (2015)
Harrisonia R. Br. ex A. Juss - - Weber et al. (2015)
Melicope J.R. Forst. & G. Forst Steam - Weber et al. (2015)
Zanthoxylum L Leaves Ocelli flattened or Andrade et al. (2020)

depressed; trichomatous

Fig.8 Diversity of extrafloral nectaries in Sapindales. a—b Trichomatous nectaries. c—f Stalked nectaries. g Ocellus. a-b Leaf of Anacardium
occidetale L. (Anacardiaceae). c—d Leaflet of Paullinia carpopoda Cambess. (Sapindaceae). e—f Leaflet of Paullinia seminuda Radlk. (Sapin-
daceae). g Leaflet of Homalolepis cuneata (A. St.-Hil. & Tul.) Devecchi & Pirani (Simaroubaceae). Ne, nectary
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nectaries, trichomatous nectaries have also been found on
leaves of Zanthoxylum (Andrade et al. 2020).

In general, the secretory activity of the EFNs begins early
in leaf development and finishes before leaf maturity, rein-
forcing the protective function of the EFNs (Lersten and
Rugenstein 1982; Lersten and Pohl 1985; Tilney et al. 2018a,
b). Extrafloral nectaries of Sapindales are usually associated
with the attraction of ants and other small arthropods, which
protect developing leaves, shoots, and flowers from herbi-
vores (Wunnachit et al. 1992; Rickson and Rickson 1998;
Paiva et al. 2007; Marazzi et al. 2013; Alves 2015).

Studies focusing on the ultrastructure of the extrafloral
nectaries in species of Sapindales are absent. The occur-
rence of EFNs in Sapindales as a whole appears to be
underestimated, and as we have pointed out, very few stud-
ies provide information about the anatomy and substances
produced by these structures. This gap of knowledge about
the EFNs in the order makes it difficult to analyze the evo-
lutionary patterns, regarding their occurrence and anatomi-
cal structure. However, there is a trend in Meliaceae and
Rutaceae toward nonvascularized nectaries with rounded or
elongate ocelli, while vascularized stalked glands are com-
mon in Sapindaceae and Simaroubaceae. On the other hand,
EFNs seem to always be protodermal derived structures in
Anacardiaceae.

Post-floral nectaries. A particular type of nectary that is
not located in the flower (i.e., extrafloral) is found in Sapin-
dales and deserves to be highlighted: post-floral nectaries.
Despite the little information we have about the post-floral
nectar secretion (sensu Schmid 1988) in the order, functional
nectaries have been reported on fruits (pericarpial nectaries)
or associated with fruits. They may be formed in the flower,

continuing the secretion of nectar during fruit development,
or only after pollination, i.e., in the fruit (Schmid 1988).

Persistent floral nectaries are often observed during fruit
development but they usually remain as non-functional
glands, i.e., in the post-secretory phase, as observed in Astro-
nium Jacq. (Anacardiaceae; Lima et al. 2021) and Simaba
Aubl. (Simaroubaceae; Devecchi and Pirani 2015). How-
ever, floral nectariferous disks have been observed producing
secretions in fruits of Tapirira Aubl. (Anacardiaceae), acting
as true pericarpial glands (Tolke et al. 2015; Table 1). In
other cases, nectaries are newly developed after pollination
in growing fruits. In Guarea macrophylla Vahl (Meliaceae),
numerous pericarpial nectaries are formed on fruits. Despite
the distinct origin, these nectaries have the same structure of
the leaf nectaries found in the family (Morellato and Oliveira
1994). These nectaries are usually associated with the pro-
motion of seed dispersal (Faegri and van der Pijl 1979), but
in Anacardium occidentale L. (Anacardiaceae) nectaries
formed on the fruit secrete nectar only during fruit develop-
ment and are associated with the attraction of ants, which
protect the plant against frugivory (Wunnachit et al. 1992;
Rickson and Rickson 1998).

Osmophores Osmophores are floral glands specialized in the
production of volatile oils, which are mainly related to the
long-distance attraction of pollinators (Vogel 1990; Tolke et al.
2019). In Sapindales, their occurrence has been documented
in only a few members of Anacardiaceae, Rutaceae, and Sap-
indaceae (Fig. 1) (Bussel et al. 1995; Marques et al. 2015;
Lima et al. 2016; Tolke et al. 2018a). In Anacardiaceae and
Rutaceae (Fig. 9a—d), osmophores are located on the adaxial
surface of petals and consist of a secretory epidermis (Fig. 9b).

Fig.9 Osmophores in Citrus sinensis (L.) Osbeck (Rutaceae). a Osmophore located at the tip of petal. b Osmophore constituted by a papillate
epidermis. ¢ Lipids detected using neutral red. d Phenolic compounds detected using ferric chloride. Os: Osmophores; Pe: petal
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In Anacardium L. and Mangifera L. (Anacardiaceae), osmo-
phores are located in the lower half of the petal, and the secre-
tory cells are cubic to elongate (Tolke et al. 2018a). In Citrus
L. (Rutaceae), they are located at the petal tip and are com-
posed of papillose cells and trichomes (Fig. 9a—b) (Marques
et al. 2015). No information about the structure of osmophores
is available for Sapindaceae, but they have been described as
being located on sepals and stamens (Lima et al. 2016).

The composition of the floral bouquet has also been ana-
lyzed. The scent consists of terpenoids, mainly sesquiterpe-
nes and monoterpenes, in Anacardium humile A. St.-Hil. and
Mangifera indica L. (Anacardiaceae; Tolke et al. 2018a) and
terpenoids and phenolic compounds in Citrus sinensis (L.)
Osbeck (Fig. 9c—d) (Rutaceae; Marques et al. 2015). These
volatile oils are produced by cells, whose cytoplasm is rich in
smooth and rough endoplasmic reticulum, leucoplasts, pol-
yribosomes, and dictyosomes; the storage of starch grains
is also very common. Plastids with plastoglobuli and many
droplets of oil in the cytosol have been observed prior to the
anthesis (To6lke et al. 2018a). In Anacardiaceae, the secretion
is granulocrine, and the release of oils to the outside occurs
without cuticle rupture (Tolke et al. 2018a). From an evolu-
tive perspective, little is known about how these secretory
structures emerged and evolved in Sapindales. Since most of
flowers belonging to the order are scented, osmophores might
be widespread in members of Sapindales.

Glandular trichomes — The glandular trichomes are reported
in all families of Sapindales, except for Biebersteiniaceae,
for which detailed anatomical studies are lacking (Fig. 1)
(van der Walt and van der Schijff 1969; Li et al. 1999; Caris
et al. 2006; Bachelier and Endress 2008, 2009; Bachelier
et al. 2011; Kubitzki 2011; Muntoreanu et al. 2011; Alves
et al. 2017; Cunha-Neto et al. 2017; Tolke et al. 2017, 2021;
Andrade et al. 2020; Cortez et al. 2021). The trichomes are
morphologically diverse and distributed mainly on leaves,
as well as on stems, inflorescences, flowers, and fruits. The
most common type of trichome is the capitate, which is
usually composed of a stalk and a dilated uni- or multicel-
lular secretory head (Figs. 10a—f and 11a—d), but peltate tri-
chomes with a large secretory head are also found in some
species, as observed in Helietta Tul. (Rutaceae; Fig. 10f)
and Melia L. (Meliaceae; although described as capitate
by Tilney et al. 2018a). Although the capitate trichome is
widespread in the order, they may vary in cell arrangement
of the secretory head. Some trichomes have regular series of
cell in the head as observed in Anacardiaceae and Rutaceae
(Fig. 11a, b), while others have an irregular cell arrangement
as found in Sapindaceae (Fig. 11c, d), Meliaceae (Fig. 6¢)
and Simaroubaceae (Cortez et al. 2021).

Trichomes with similar morphology may have different
functions depending on their location (Bachelier and Endress

2009; Muntoreanu et al. 2011; Lacchia et al. 2016a, b; Tolke
et al. 2017; Franco and Albiero 2018). The trichomes of the
order may produce a variety of substances, such as phenolic
compounds (including tannins), proteins, polysaccharides,
and essential oils (Lacchia et al. 2016a, b; Cunha-Neto et al.
2017; Tolke et al. 2017; Andrade et al. 2020). The variation
in the secretion composition may reflect distinct defensive
functions in leaf trichomes (Fahn 1979; Santos-Silva et al.
2013), while inflorescence and/or flower trichomes are
mainly related to pollinator attraction (Chauveau et al. 2011;
Marinho et al. 2016). Therefore, some of those trichomes
are classified as nectaries because they secrete nectar, others
produce a mostly mucilaginous secretion next to the meris-
tems and are identified as colleters, while other trichomes
produce a scent that attract pollinators and are classified as
osmophores. Remarkably, all these types of trichomes may
occur in the same species (e.g., Anacardium humile A. St.-
Hil.) (Lacchia et al. 2016a, b a, b; Tolke et al. 2018b; sec-
tions 2.5 to 2.8). Secretory trichomes could be regarded as a
putative synapomorphy for Sapindales, although the evalu-
ation of a larger number of species would be necessary to
confirm this hypothesis.

Secretory endocarp — Most recently a new secretory struc-
ture has been described in Anacardiaceae, a secretory endo-
carp which produces mucilage and lipids in young fruits
(Tolke et al. 2017). The secretory tissue is composed of the
innermost cell layer of the endocarp and was detected only
in drupes of Tapirira guianensis Aubl. (Fig. 12a—e). This
secretion covers the seed and may facilitate seed imbibition,
mediate germination, avoid the proliferation of microorgan-
isms, and promote seed dispersal by attachment to animals
(Tolke et al. 2017, and references therein). This is the only
report of secretory endocarp for Sapindales (Fig. 1).

3 Diversity of substances produced
by the secretory structures in Sapindales

Among the chemicals produced by the secretory structures
of Sapindales, phenolics and terpenoids are the predominant
compounds. However, other components such as alkaloids,
saponins, and organic acids may occur (Fig. 13). Terpe-
noids, steroids, and saponins share the mevalonate path-
way, whereas alkaloids belong to the shikimic acid pathway
(Fig. 14). On the other hand, phenolics, known as aromatic
polyhydroxylated compounds, are bioproducts from both
pathways (e.g., tannins and flavonoids), and lignoids and
coumarins are exclusively produced by the shikimic acid
pathway (Fig. 14). In addition, the polyketide pathway pro-
duces mostly organic acids (Fig. 14) (Damasceno et al. 2018,
and references therein). Therefore, all families of Sapindales
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Fig. 10 Diversity of glandular trichomes in Sapindales. a—c¢ Shoot apex. d—e Flower pedicel. f Fruit. a—b, f Bright-field microscopy. ¢ Confocal
microscopy. d—e SEM. a—e Capitate trichomes. f peltate trichome. a Pedunculate trichomes with secretory head organized in a variable number
of series. Serjania caracasana (Jacq.) Willd. (Sapindaceae). b—c¢ Shorter trichomes with an irregular pattern of distribution of cells in the secre-
tory head. Urvillea ulmacea Kunth (Sapindaceae). d Trichome with a secretory head formed by two series of cells. Anacardium occidentale
L. (Anacardiaceae). e Long-pedunculate trichome in Schinus terebinthifolius Raddi (Anacardiaceae). f Peltate trichomes in Helietta glaziovii

(Engl.) Pirani (Rutaceae)

share the mevalonate and shikimate pathways, likely evolv-
ing from a common ancestor of the order (Fig. 13).
Regarding the mevalonate pathway, its metabolites are
initiated by the condensation of isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAP), clearly rec-
ognizable as isoprene units, which may be polymerized by
further addition of IPP units (Fig. 14). Monoterpenoids, for
instance, are formed by the condensation of two isoprene
units, whereas sesquiterpenoids are formed by three isoprene
units, also known as farnesyl pyrophosphate. Regarding
triterpenoids and steroids, they are formed by two farnesyl
pyrophosphate units, which are linked together in a head-to-
head mode of condensation in a two-step reaction, catalyzed
by squalene synthase. These isoprene units, after the corre-
sponding condensation, cyclization, and isomerization reac-
tions, produce several types of steroids, as well as mono-,
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sesqui-, and triterpenoid skeletons. As for the biosynthesis
of saponins, they may occur after glycosylation reactions
forming triterpenoids or steroids, leading to triterpenoid and
steroidal saponins, respectively. The mono- and bidesmo-
sidic saponins with triterpene sapogenins are characteristic
of Sapindaceae, mostly known for its ichtiotoxic and deter-
gent properties (Hegnauer 1990).

More complex chemical structures, such as protolimo-
noids, limonoids, and quassinoids, have appeared only
in the most recent families of the order (Simaroubaceae,
Meliaceae, and Rutaceae; Fig. 13). Thus, limonoids are an
important chemotaxonomic marker correlated with these
three families (Clayton 2011). Limonoids are classified as
tetranortriterpenes, originated through structural modifi-
cation of tetracyclic triterpene skeletons, such as tirucal-
lane and euphane. The structural modification is initiated
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Fig. 11 Morphological diversity of glandular trichomes in Sapindales. a Anacardiaceae. b Rutaceae, c—d Sapindaceae. Note that the secretory
head is composed of regular series of cells in Anacardiaceae (a) and Rutaceae (b) but has an irregular cell arrangement in Sapindaceae (c—d)

Fig. 12 Secretory endocarp in Tapirira guianensis Aubl. (Anacardiaceae). a SEM. b, d—e Bright-field microscopy. ¢ TEM. a Endocarp with
small droplets of secretion. b Endocarp with a parenchymatous aspect in young fruit. ¢ Oil droplets produced by endocarp cells. d—e Histochem-
ical tests showing a positive reaction for lipids using Nile Blue (d) and polysaccharides using PAS reaction (e). En: endocarp; Od: oil droplets.

Photographs a, d and e provided by Dr. Ana Paula S. Lacchia

by oxidation and cyclisation reactions toward the C-17 side
chain, leading to protolimonoids, which are subjected to ring
fission and recyclization of the ring-A and ring-D, resulting
in a limonoid structure. In relation to quassinoids, they are
produced after further steps down the oxidative pathway of
limonoids (Dreyer 1983). Besides their chemotaxonomic
importance, limonoids may be considered an important
natural source of pesticides. For instance, azadirachtin, a
limonoid found in Azadirachta indica A. Juss. (Meliaceae),

commonly known as neem tree, is one of the most efficient
plant-based pesticides, due to its broad spectrum and low
mammalian toxicity (Rattan 2010). It is important to note
that limonoids in Rutaceae are produced by oil cavities, but
in Meliaceae, they are produced by oil idioblasts, which
reinforces the fact that different secretory structures may
produce similar chemical components.

In Burseraceae, the most characteristic trait is the
strong diversification of its terpenoid chemistry, mostly
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Biebersteiniaceae
Tannins, flavonoids, alkaloids, polysaccharides, oligosaccharides,
fatty acids, and sesquiterpenoids
Nitrariaceae
Flavonoids and alkaloids
) Phenolics (phenols, catechols,resorcinols, tannins), .
Phenoll.cs, terpenoids, esters and Anacardiaceae
terpenoids, organic acids
alkaloids Biflavonoids I

Burseraceae

Phenolics (flavonoids and tannins), steroids,

terpenoids (monoterpenoids, sesquiterpenoids,
diterpenoids and triterpenoids)

Kirkiaceae
Phenolics (flavonoids - flavonones,

tannins, coumarins), cafeic acid, lignoids,

and terpenoids(nor-carotenoids)

Saponins

Sapindaceae

Phenolics (flavonoids, tannins, coumarins,
monocyclic polyols,), methylxanthines (caffeine,
theobromine, theophylline), terpenoids (diterpenoids, triterpenoids),
triterpenoid saponins, amino acids, cyanogenic glycosides,

and cyanolipids

Simaroubaceae

Terpenoids (quassinoids, triterpenoids),
phenolics (flavonoids and tannins),
glycosides, and alkaloids

Biflavonoids

-

Meliaceae

Terpenoids (protolimonoids,

Limonoids,
protolimonoids,
quassinoids,
coumarins

monoterpenoids,sesquiterpenoids),
coumarins, saponins, sulphur-cointaining volatiles

Rutaceae

Alkaloids, phenolics (flavonoids,
coumarins, acetophenones, chromones),
terpenoids (limonoids, monoterpenoids,
sesquiterpenoids, and triterpenoids)

Fig. 13 Evolutionary hypothesis of the main compounds produced by the secretory structures in Sapindales. Phylogenetic hypothesis based on

Stevens (2011). Data obtained from cited references among the text

accumulated as a resin, consisting of volatile and non-
volatile components (Boer and Ella 2000). However, ter-
penoids are also components of the resin of their sister
family Anacardiaceae (Aguilar-Ortigosa and Sosa 2004;
Tolke et al. 2021, and references therein). The volatile part,
composed mostly of mono- and sesquiterpenes, plays an
important ecological function, serving as communication
mechanism to attract pollinators and as a defense mecha-
nism to deter herbivores. Moreover, it may function as an
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antibiotic, competitive phytotoxin, herbivore repellent, and
toxin (Becerra 2003; Aguilar-Ortigosa and Sosa 2004; Fine
et al. 2005; Langenheim 2005; Marques et al. 2015). The
non-volatile part is represented by di- and triterpenes, and
macrocyclic cembranoid diterpenes (Waterman and Grun-
don 1983), whereas the most commonly reported triterpenes
are related to the ursane and oleanane series (Lima et al.
2004).
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Fig. 14 General overview of the major metabolic pathways in plants

Phenolic compounds are the second most important
chemicals in Sapindales, occurring in all families of the
order (Mitchell 1990; Becerra 2003; Mulholland et al. 2003;
Chen et al. 2005; Aguilar-Ortigosa and Sosa 2004; Fine et al.
2005; Langenheim 2005; Prado and Demarco 2018; Kubi-
tzki 2011; Tolke et al. 2021). Most of the toxic components
investigated within members of Anacardiaceae are phenolic
compounds, known especially for their defensive functions,
including antimicrobials, antifungal, and insect/herbivore
repelling compounds (Cojocaru et al. 1986; Saxena et al.
1994; Chen et al. 2005). The toxic components are distrib-
uted in approximately 32 genera of Anacardiaceae (Mitchell
1990; Aguilar-Ortigoza et al. 2003; Aguilar-Ortigoza and
Sosa 2004). They are stored mainly in the resin ducts and
are represented by phenols, primarily catechols and resor-
cinols, including anacardic acid (Anacardium occidentale
L.), moreakol (Gluta usinata), lacol, and urushiol (Toxico-
dendron Mill.), among others (Behl and Captain 1979). The
main mode of action concerning these toxic compounds is
through the generation of an immune system reaction upon
binding with skin proteins (Drewes et al. 1998; Mitchell
1990). Among the flavonoids, biflavonoids may be consid-
ered as biomarker of Anacardiaceae and Burseraceae, since
they share the production of these compounds. However, the
biflavonoids evolved at least one more time in the order, in
the ancestor of Simaroubaceae and Meliaceae (Mulholland
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et al. 2003; Aguilar-Ortigosa and Sosa 2004; Clayton 2011;
Tolke et al. 2021 and references therein; Fig. 13). The phe-
nolic compounds (usually described as tannins) are mainly
produced by idioblasts, a ubiquitous secretory structure of
the order. However, as discussed in the previous sections,
secretory ducts, trichomes, and even nectaries may contrib-
ute to the phenolic production in the families of Sapindales.

Alkaloids have a more restricted pattern of distribution
in the order, occurring only in five out of nine families: Bie-
bersteiniaceae, Nitrariaceae, Sapindaceae, Simaroubaceae,
and Rutaceae (Fig. 13). However, Rutaceae is noteworthy
when it comes to biosynthesis of alkaloids as a great vari-
ety of subclasses derived from tryptamine, tyrosine, and
phenylalanine have been reported. Moreover, quinolones
and acridones derived from anthranilic acid stand out for
being highly diversified and extremely restricted to Rutaceae
(Waterman 1993).

4 Final remarks

Sapindales are an order extremely rich in types of glands that
occur in vegetative and reproductive organs, such as ducts,
cavities, laticifers, secretory idioblasts, colleters, nectaries,
osmophores, secretory trichomes, and even secretory endo-
carp. These secretory structures have a great diversity of
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forms and produce a wide variety of compounds that play
a protective role against pathogens, herbivory or frugivory,
or an attractive role for pollinators and seed dispersers. The
occurrence of the same compounds in different lineages
(e.g., terpenoids), sharing the same metabolic pathways,
may have allowed the diversification of glands in Sapindales
and represent synapomorphies of some clades, such as resin
ducts in Anacardiaceae, Burseraceae, and Simaroubaceae;
laticifers in Sapindaceae; oil cavities in Rutaceae; and oil
idioblasts in Meliaceae. Further studies combining morpho-
logical, phylogenetic, and phytochemical studies are needed
for more thorough analysis of Sapindales evolution.
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