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The iconic cactus of the Caatinga dry 
forest, Cereus jamacaru (Cactaceae) 
has high sphingophily specialization 
and pollinator dependence

SINZINANDO ALBUQUERQUE-LIMA, ARTHUR DOMINGOS-MELO, PAULO MILET-
PINHEIRO, DANIELA MARIA DO AMARAL FERRAZ NAVARRO, NIGEL P. TAYLOR, 
DANIELA CRISTINA ZAPPI & ISABEL CRISTINA MACHADO

Abstract: Cereus jamacaru is a cactus distributed in Northeastern Brazil, with high 
symbolic value to this region. However, the interaction, behavior and the role of 
pollinators remains poorly understood. Here, we investigate the reproductive biology, 
addressing the ecological significance of floral attributes, including details about floral 
signaling. The study was carried at three areas of the Caatinga, in 2015, 2017 and 2021. 
We analyzed the floral morphometry, volume and concentration of the nectar, and 
characterized the colour and scent of flowers. Additionally, we described the pollinator 
behavior and performed controlled pollination experiments. The ‘Mandacaru’ is self-
incompatible, has nocturnal anthesis and the nectar is accumulated as droplets in a 
long hypanthial tube. The flowers have a reflective pattern with a dark outer surface 
and a white inner surface. (E)-nerolidol is the major component (87.4%) of its floral 
perfume. We registered the sphingid moth Cocytius antaeus visiting the flowers. The 
floral attributes, attractants and rewards drives to a sphingophily, and the pollination 
treatments showed the dependence to fruit set by C. antaeus, the pollinator registered. 
In this case, if the apparent lack of pollinator diversity encompasses its entire range, 
the loss of the hawkmoth could severely impact the reproductive success of the cactus.

Key words: Caatinga, floral scent, hawkmoth-pollination, “Mandacaru” cactus, self-
incompatibility, spectral reflection.

INTRODUCTION
The flowers of Cactaceae display a very conserved 
floral bauplan, since they are remarkably uniform 
in their structural organisation (Mandujano et al. 
2010). They are inserted (actually inverted) into 
a specialized stem, comprising the ‘pericarpel’ 
(enclosing the ovary and carpels) surmounted 
by a hypanthial tube, which is sometimes very 
elongated (Gibson & Nobel 1986). Nonetheless, 
while this bauplan holds true for the vast majority 
of species, the flowers of Cactaceae present 
a great variety in their form and appearance 

(Anderson 2001, Taylor & Zappi 2004, Hunt et 
al. 2006, 2013). This is because Cactaceae is a 
family that has undergone adaptive radiation 
processes, but despite this, is a group of plants 
that are strictly dependent on animals for 
pollination of their flowers (Vogel 1990). Thus, 
floral characteristics, such as flower position 
on the plant, perianth colours, shape and size, 
are extremely diverse and reflect the variety of 
pollination syndromes observed in this family 
(Rowley 1980, Pimienta-Barrios & del Castillo 
2002, Mandujano et al. 2010).
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In terms of morphology, the floral tube 
or hypanthium of Cactaceae varies greatly 
in length, ranging from short or almost non-
existent (e.g. in Opuntia, Rhipsalis, Tacinga) 
to very long (e.g. in some Cereus, Epiphyllum, 
Selenicereus). This character is one of the key 
traits determining the interaction of cacti with 
different pollinator guilds (Schlumpberger et 
al. 2009). Another character that can indicate 
the level of specialization towards different 
pollinator guilds is floral symmetry, i.e. 
whether flowers are actinomorphic (e.g. in 
Hatiora, Lepismium, Rhipsalis) or zygomorphic 
(e.g. in Cereus, Cleistocactus, Pilosocereus, 
Selenicereus, Schlumbergera) (Mandujano et al. 
2010). In addition to these morphological traits, 
another most obvious trait that may be related 
to pollinator systems in cacti is the timing of 
anthesis. In this case, taxa with diurnal anthesis 
are mainly pollinated by bees (Schlindwein 
& Wittmann 1997, Fachardo & Sigrist 2020, 
Arroyo-Pérez et al. 2021, Sousa et al. 2021) or 
hummingbirds (Locatelli & Machado 1999a, Leal 
et al. 2006, Gomes et al. 2014a, Gorostiague & 
Ortega-Baes 2016, Ferreira et al. 2020), whereas 
nocturnal taxa are more frequently pollinated 
by hawkmoths (Silva & Sazima 1995, Locatelli 
& Machado 1999b, Raguso et al. 2003a, Rojas-
Sandoval & Meléndez-Ackerman 2009, Ferreira et 
al. 2018) and bats (Locatelli et al. 1997, Tschapka 
et al. 1999, Ibarra-Cerdena et al. 2005, Rocha et 
al. 2019). 

The high diversity of cacti with nocturnal 
anthesis (e.g. Cereus, Cipocereus, Pilosocereus, 
Weberocereus, Xiquexique) may be related 
to physiological and environmental factors 
in habitat, which is called the ‘arid nocturnal 
flowering and pollination hypothesis’ (Borges et 
al. 2016). Plants that can undergo water stress, 
such as species from arid and semi-arid regions, 
preferentially flower at night as a strategy to 
reduce water loss (Borges et al. 2016). Among 

Seasonally Dry Tropical Forests, the Brazilian 
Caatinga biome is known as the region with a 
higher proportion of nocturnal flowers (Machado 
& Lopes 2004, Quirino & Machado 2014, Queiroz 
et al. 2021), with estimates indicating that ca. 
20% of the species of that region are pollinated 
by bats and sphingids (Machado & Lopes 2004).

The flowers of Cactaceae with nocturnal 
anthesis can be recognized by a series of 
characteristics, such as large to medium-sized 
flowers with white perianth, often somewhat 
zygomorphic, emitting a typical odour and 
nectar with comparatively lower sugar content 
(Rowley 1980, Pimienta-Barrios & del Castillo 
2002). In the case of those pollinated by 
sphingids, the floral tube is especially long and 
narrow, the nectar accumulates at the base of 
this tube and is relatively abundant and diluted, 
while the pollen is moderately abundant and 
the floral scent is pleasant and sweet (Rowley 
1980, Pimienta-Barrios & del Castillo 2002). 

Floral signaling is an important component 
in the interaction between flowers and their 
pollinators (Varassin & Amaral-Neto 2014), and 
in the case of sphingophilous plants, studies 
have revealed a synergy between the visual 
appearance and scents of flowers leading to 
the success of floral visits (Raguso & Willis 
2002, 2005). White tubular flowers (Johnson & 
Raguso 2016) and sweet floral scents (Knudsen 
& Tollsten 1993, Kaiser & Tollsten 1995, Miyake 
et al. 1998) are visual and olfactory cues shared 
by many species pollinated by hawkmoths 
(Manning & Snijman 2002, Raguso et al. 2003a, 
b, Schlumpberger & Raguso 2008, Balao et al. 
2011, Johnson & Raguso 2016, Liu & Sun 2019, 
Albuquerque-Lima et al. 2020). Such patterns 
seem to be consistent in Cactaceae, although 
only a few studies have systematically described 
the patterns of both visual reflectance of flowers 
(colour) and floral scents (Kaiser & Tollsten 1995, 
Raguso et al. 2003a).
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One particular genus of cacti that display 
many of the attributes described above for 
sphingophilous plants is Cereus, in which 
pollination by sphingids has been reported 
(Silva & Sazima 1995 = ‘C. peruvianus’ [= C. 
hildmannianus], Locatelli & Machado 1999b = C. 
fernambucensis, C. aethiops = Eggli & Giorgetta 
2015).  Among the species of the genus, one of 
the most widely distributed in Northeastern 
Brazil is Cereus jamacaru DC., popularly known 
as ‘Mandacaru’, an emblematic cactus of the 
Brazilian arid and semiarid region (Caatinga). 
This plant has great ethnobotanical significance 
(Lima-Nascimento et al. 2019, Silva et al. 2019) 
and is one of the better-known species of the 
genus, immortalized as a folkloric and cultural 
symbol in Brazilian music (Gonzaga 1953), soap 
opera (Ratton 1997) and literature (Cunha 1902).

In spite of being a famous symbol of the 
Brazilian Northeastern region, studies dealing 
with its natural history are scarce. The few studies 
performed so far have focused on the floral and 
fruit phenology of C. jamacaru in different areas 
of its extensive range in the Caatinga vegetation 
(Gomes et al. 2014b, Quirino & Machado 2014, 
Costa et al. 2020, Silva et al. 2020). Information on 
the interaction with pollinators and on the role 
of floral traits (e.g. colour, scents and staminal 
arrangement) in influencing the behavior of the 
pollinators during their floral visits remain little 
known. Given the importance of ‘Mandacaru’ for 
both natural and anthropogenic ecosystems, as 
well as the relevance of natural history studies 
(Travis 2020, Niet 2021), we aim to describe the 
floral and reproductive biology of this species, 
addressing the following questions: (1) What is 
the floral biology of the species and what are its 
floral visitors? (2) What is the reflection pattern of 
its flowers and what is the chemical composition 
of its floral scent bouquet? and (3) How is its 
reproductive success under natural conditions? 
Furthermore, we discuss the floral properties 

of its flower colour visual reflectiveness and 
the chemical composition of its scent to gather 
evidence suggestive of its floral syndrome related 
to the attractiveness to hawkmoths.

MATERIALS AND METHODS
Species studied
The genus Cereus Mill. comprises scandent, 
shrubby or tree-like cacti with a long life-cycle, 
growing on the soil or on rocks. It is widely 
distributed from the Caribbean to Argentina, 
with a centre of diversity in Brazil (Hunt et 
al. 2006, 2013), in which 16 native species are 
distributed in all biomes and eight are endemic 
(Zappi & Taylor 2020). Cereus is one of the most 
representative genera of Eastern Brazil (Taylor & 
Zappi 2004). 

Among the columnar species of the genus, 
C. jamacaru can reach up to 12 m in height with 
a well-defined spiny trunk (Fig. 1a). The species 
is widely distributed, occurring throughout 
the Caatinga sensu lato, from the coast up to 
more than 1000 m a.s.l. (Taylor & Zappi 2004). It 
grows also in disturbed areas and is cultivated 
in gardens and farmyards for its use as a stock 
fence. Cereus jamacaru has nocturnal flowers 
with flowering and fruiting periods that are brief, 
stochastic and strongly seasonal. There seems 
to be a strong relationship between the end of 
the dry season and the start of the first rains, 
when mass flowering can be observed (Quirino 
& Machado 2014), though in wetter years it will 
flower repeatedly after the first rains. Fruits of 
‘Mandacaru’ are highly appreciated by several 
bird species and also by humans (Lucena et al. 
2013, Gomes et al. 2014b, Santos et al. 2019). A 
voucher has been deposited at the Herbarium 
of the Universidade de Brasília (UB), under 
the number Zappi 5100, with a duplicate at the 
Herbarium Geraldo Mariz of the Universidade 
Federal de Pernambuco (UFP).
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Study sites
The field work was carried out in natural 
populations at three areas of the Caatinga (Fig. 1), 
a biome typical of Northeastern Brazil, considered 
the largest continuous area of seasonally dry 
tropical forest of South America, also including 
irrigated pastures and plantations (Sampaio 
1995, Silva et al. 2017). The rainfall patterns are 
irregular and a short-wet season (between 3–5 
months) leads to a mean precipitation of around 
500–750 mm year and a remarkable variation 
in rainfall patterns across years. Annual mean 
temperature is around 23–27°C and the whole 
area suffers from a water deficit during most of 
the year (Sampaio 1995, Silva et al. 2017). 

Throughout several field campaigns, we 
found occasions of massive flowering of the 
species. We took these opportunities to collect 
miscellaneous floral and reproductive biology 
data (described below) concerning its natural 
history. Here these data are systematized and 
presented. The first population was visited 
in April 2015. It is located in a protected area 
known as the Reserva Particular do Patrimônio 
Natural (RPPN) Fazenda Almas (7°28’51”S, 
36°54’40”W), in the municipalities of São José 
dos Cordeiros and Sumé, Paraíba state (hereafter 
FA), comprising an area of arboreal or shrubby 
Caatinga. The second population was visited 
during April 2017, at the Fazenda Olho D’água 
(FO) in the municipality of Sertânia (8°00’54.7”S 

Figure 1. Map indicating the study sites. (a) Map of South America, highlighting the geopolitical division of Brazil 
(white) and the Caatinga region (green). (b) Northeast region of Brazil, highlighting Caatinga area (green) and the 
three study sites.
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37°21’15.2”W), Pernambuco state, with remnants 
of open Caatinga mixed with large expanses of 
pastureland. The third population is located 
within the small farming community of the 
district of Marcolino Moura (MM), municipality of 
Rio de Contas (13°36’58.7” S, 41°41’02.2” W), Bahia 
state. This area comprised cattle pasture and 
small plantations, where C. jamacaru was one 
of a handful of remaining native species, and 
its specimens were also planted or allowed to 
grow as living fences. We used flowers for colour 
and scent analyses of the two first populations, 
but we performed the majority of the field 
observations and protocols, such as flowering 
events and pollinator frequency, reproductive 
system, flower morphometrics, and extra 
floral scent extractions in this last population, 
between January and March 2021. 

Floral biology and morphological 
measurements
The number of open flowers per night was 
recorded during 12 non-consecutive nights in 15 
individuals (from 15/January to 05/February). The 
time of anthesis was monitored in 15 different 
individuals. The floral morphology was analyzed 
from fresh material and images taken in the 
field. We measured the total length of flowers, 
the diameter of the perianth limb, the length 
of the floral (hypanthial) tube, and the length 
of the style (Fig. 2b). Measurements were made 
using a digital pachymeter (Starrett model 799, 
Massachusetts, USA) in 10 flowers of different 
individuals (one flower per plant). We counted 
both stamens and stigma-lobes. Qualitative 
determination of stigmatic receptivity was 
performed using the hydrogen peroxide test on 
flowers from different individuals (n = 10 flowers 
/ 2 times in 5 individuals). Stigmas dipped in 
hydrogen peroxide (H202) were considered 
receptive when bubbles appeared on the 
stigmatic surface (Zeisler 1938). Measurements 

were taken at the start of anthesis (around 6:30 
pm) and after full anthesis (around 00:00 pm). 

The volume (µL) and concentration (%) of 
the nectar were measured in flowers bagged 
in the field at pre-anthesis stage, and from 
such data, sugar mass (mg) was estimated 
according to Galetto & Bernardello (2005). 
Measurements were taken four hours after full 
anthesis (around 00:00 pm) of flowers (n= 10) 
in different individuals. Nectar was extracted 
from flowers using a graduated microsyringe 
(250 microlitres, Hamilton, Reno, Nevada, USA) 
and the sugar concentration (percentage of 
saccharose, mass / mass) was measured with 
a pocket refractometer (Master Refractometer 
0-52%, Atago, Tokyo, Japan). We estimated the 
caloric content of nectar based on the equation 
of Scogin (1985) for Cactaceae species: Energy/
flower = concentration (% of solutes) × volume 
(ml) × 39, where 39 is the volume conversion unit 
that reflects calories per gram of sucrose.

Colour measurements
The spectral reflection properties of C. jamacaru 
flowers were obtained for wavelengths between 
300 and 700 nm using a spectrophotometer 
(JAZEL200, Ocean Optics, USA) (Peitsch et al. 1992). 
Measurements were done in situ on five flowers 
of two individuals. Given that the outermost 
and inner perianth-segments differ in colour, 
measurements were taken for both. External and 
internal perianth-segment colour measurements 
used one perianth-segment per flower and were 
taken on the inner face of the central part of the 
segment. During measurement, the probe was 
held at 45° to the target surfaces, to avoid glare. 
Polytetrafluoroethylene material WS’1 (Ocean 
Optics) was used as the white reference. The raw 
floral reflectance spectra were smoothed and 
visualized using the R package pavo (Maia et al. 
2013).
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Figure 2. Floral biology and pollination of Cereus jamacaru DC. (Cactaceae–Cereeae) in the Caatinga of NE Brazil. 
(a) C. jamacaru with open flowers. (b) Lateral view of a flower showing the measured flower traits. (c) Frontal view 
of flower of C. jamacaru showing the contrasting external (EPS) and internal (IPS) perianth-segments (the white 
arrow indicates evidence of the stigma lobes). Note also the stamen arrangement, the majority resting upon the 
lower side of the perianth. (d) Droplets of nectar (white arrow) within the floral tube of C. jamacaru. (e) Arrival of 
Cocytius antaeus (Drury, 1733) (Sphingidae) to flowers of C. jamacaru. The extended proboscis (white arrow) can be 
seen directed towards the floral tube. (f) Visit of C. antaeus to flower of C. jamacaru. The hawkmoth can be seen 
landing on the staminal platform (the white arrow indicates evidence of the stigma lobes). Note its ventral parts 
covered with pollen. White scale marker for B and C = 5 cm.
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Sampling and chemical characterization of 
floral volatile organic compounds
To obtain scent samples for thermal desorption 
(TD), floral volatile organic compounds (hereafter 
Floral VOCs) of C. jamacaru were collected 
through dynamic headspace methods (adapted 
from Dötterl et al. 2005), using flowers from 
populations FO (n = 2) and MM (n = 3). Individual 
flowers were bagged in a PET film oven bag 
(Bratschlauch, Melitta GmbH, Germany) for 15 
min, starting at around 9:00 pm, when flowers 
were fully open. Afterwards, scented air was 
drawn for 30 min through a silicone tube by a 
membrane pump (Rietschle Thomas, Puchheim, 
Germany) at a constant flow rate of 200 mL min-1. 
The air enriched with floral VOCs inside the bags 
was trapped in a TD filter (length: 30 mm; inner 
diameter: 2.5 mm) containing adsorbent polymer 
(3 mg), consisting of a 1:1 mixture of Tenax TA 
(80/100 mesh, Supelco, USA) and Carbopack X 
(20/40 mesh, Supelco, USA). We collected five 
floral scent samples (one flower per plant) 
and, to detect environmental contaminants, 
negative controls (empty bags; n = 2 / one for 
each population) were collected using the same 
aforementioned protocol. All TD samples were 
stored in 2 ml screw cap clear vials at −24°C until 
chemical analysis.

To identify the floral volatiles of C. 
jamacaru, TD samples were analyzed on a gas 
chromatograph coupled to a mass spectrometer 
(GC–MS; Agilent 7890A gas chromatograph, 
Agilent 5975C Series MSD mass spectrometer; 
Agilent Technologies, Palo Alto, CA, USA), 
equipped with a non-polar HP-5MS column 
(Agilent JandW; 30 m × 0.25 mm, i.d. 0.25 μm 
film thickness) and a thermal separation probe 
(TSP, Agilent Technologies). The TD samples were 
loaded into the TSP, which was then inserted into 
the modified GC injector. The injector worked at 
split mode (1:1) with a temperature of 250°C. GC 
oven temperature was set at 40°C for 2 min, then 

increased at a rate of 4°C min−1 until reaching 
final temperature of 230°C that was held steady 
for 5 minutes. Helium (He) carrier gas flow was 
maintained at a constant pressure of 7.0 psi. MS 
Source and quadruple temperatures were set at 
230 and 150°C, respectively. Mass spectra were 
taken at 70 eV (in electron Ionization mode) with 
a scanning speed of 1.0 scan−s from m/z 35–350. 

For identification, a n-alkanes mixture (C8-
C30) was injected and used to calculate the 
Retention Index (RI; Van den Dool & Kratz 1963) 
of each compound making up the floral scent 
bouquet. Compounds were then identified by 
comparing their mass spectra and retention 
indices with those of compounds available 
from mass spectral libraries (MassFinder 
4, NIST11, Adams, and Wiley Registry™ 9th 
Edition), integrated to the software Agilent MSD 
Productivity ChemStation (Agilent Technologies, 
Palo Alto, USA). Confirmation of the identity 
of some of the compounds was obtained by 
comparison of both mass spectrum and GC 
retention index with those of authentic standards 
available in our compound collection. The peak 
areas on the chromatograms were integrated to 
obtain the total ion current signal, which was 
used to determine the relative percentages of 
each compound in relation to the sum of all 
compounds.

Floral visitor observations
From late January to middle March 2021, 
pollinator observations were made during 10 
non-consecutive nights at intervals in the period 
between 20:00 pm and 01:00 am, according to 
the flowering period and flower availability 
(totalling 36 hours of observation). Floral visitors 
were photographed using a camera (Canon EOS 
Rebel T3, Tokyo, Japan) with a macro lens (Canon 
EF 100mm, Tokyo, Japan), and a field tripod. 
Observations were made on five individuals 
and were carried out in one, sometimes two, 
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plants, depending on their proximity. For each 
plant all flowers within the visual field were 
monitored by two observers. A small red light 
that does not influence visits was used to assist 
the observation (Mitchell et al. 2015). This small 
light point was placed as far away as possible 
from the target plant and was especially useful 
to observe flowers higher up on the branches, 
which was the majority of flowers available 
for observation. Visit time, number of flowers 
visited per approaching visitor and duration of 
visits were recorded.

Pollination and breeding system
The analysis of the reproductive system of 
C. jamacaru involved controlled pollination 
experiments (Radford et al. 1974). Thus, 40 
flower-buds of 16 individuals were used for 
the different treatments, and the following 
procedures took place after the start of anthesis: 
(1) spontaneous self-pollination: floral buds 
were bagged before anthesis (n = 10 flowers in 10 
individuals) and maintained bagged until flower 
senescence without any manipulation; (2) hand 
self-pollination: flower-buds were bagged (n = 
10 flowers in 8 individuals), and, after anthesis 
and anther dehiscence, were pollinated by 
hand with their own pollen, bagged again and 
maintained in the bags until the following day; 
(3) hand cross-pollination: flower-buds in pre-
anthesis were emasculated while their anthers 
were still closed and bagged (n = 10 flowers in 9 
individuals); afterwards, when the flowers were 
in full anthesis, they were pollinated with pollen 
from a different individual and bagged again; 
(4) natural pollination: flowers were marked 
and left exposed to flower visitors without any 
manipulation (n = 10 flowers in 10 individuals). 
The distance of pollen donors used for the hand 
cross-pollination was of at least 10 metres, and 
the hand pollination took place between 8:00 
pm and 10:00 pm. Fruiting was measured as the 

number of flowers that set fruit per treatment, 
and seeds were counted for each fruit.

RESULTS
Floral biology
The first individuals to produce flower buds, in 
MM population, did so at the start of January 
2021, with those flowers opening mid-January. 
This flowering period lasted until mid-March 
and the resulting fruits matured during April 
2021. Some individuals produced more than 
300 flowers during this period, each opening 
for a single night (Fig. 2a). The number of open 
flowers per individual on a given night ranged 
from three to 26. The flowers start opening 
synchronously at around 7:30 pm and were fully 
open by 8:30 pm and withered after sunrise at 
about 7:00 am of the following day.

The flowers of C. jamacaru (Fig. 2b) are large 
(Table I) with a mean total length of 24.37±2.21 
cm. Its flowers present a morphological plan 
composed of two principal parts: the broadly 
campanulate perianth limb with a mean 
diameter of 14.77±2.48 cm (Fig. 2c) including the 
very numerous stamens; and the long, narrow 
floral (hypanthial) tube (Fig. 2b) subtending the 
perianth, with a mean length of 14.73±0.93 cm. 
These flowers display a slightly zygomorphic 
form due to the staminal arrangement, where 
the stamens are concentrated in the lower 
part of the horizontally held perianth limb by 
gravity (Fig. 2b). The external segments of the 
perianth are greenish tinged with reddish brown 
and fewer than the completely white, broader 
internal perianth-segments (Fig. 2c). The 
androecium has very much stamens (563±27) of 
diverse lengths, disposed around the somewhat 
longer style, with a greater concentration 
beneath it, functioning as a landing platform for 
the pollinator (Fig. 2c). The gynoecium has a long 
style (mean 14.53±0.31 cm in length), terminated 
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by 12–17 stigma-lobes, which are receptive from 
the beginning of anthesis. The stigma-lobes are 
in contact with the numerous stamens and are 
receptive during the same period of dehiscence 
of the anthers. 

The nectar is produced as droplets in 
the lower part of the floral tube (Fig. 2d), and 
throughout anthesis this nectar accumulates in 
the chamber at the base of the tube (above the 
ovary). The nectar has a mean sugar concentration 
of 24.5 ± 4.1%, and its total production per flower 
was on average 198.6±92.4 µl, with energy/flower 
(calorie/flower) of 1.897.623 ± 147.747.

Colour measurements
As already stated, the internal perianth-segments 
of the flower are white, while the external are 
greenish (Fig. 2c). The internal elements exhibit 
low ultraviolet reflection between lengths 360 
and 400nm, but exhibit a reflection above 60% 
from 400nm to 700nm. The external elements 
present reflectance below 20%, with a peak 
between 500-600nm and a small peak near the 
red, close to 700nm (Fig. 3a).

Floral scent
A total of 23 volatile organic compounds was 
identified in the headspace samples of C. 
jamacaru flowers (Table II), of which 14 were 
sesquiterpenes and nine monoterpenes. The 
sesquiterpene (E)-nerolidol was the major 
component of the floral scent, accounting 
for about 87.4% of the total bouquet (Fig. 3b), 
followed by (E)-4,8-dimethylnona-1,3,7-triene 

(5.18%). With the exception of citronellol (2.58%) 
and (E,E)-farnesal (1.46%), the other floral VOCs 
were found in relative amounts lower than <1% 
(Table II).

Floral visitors and frequency
During our visual observations (36h), we recorded 
eight visits (0.22 visits/hour) to five different 
individuals of C. jamacaru made by hawkmoths 
(Sphingidae) (Fig. 2 e-f). Although its capture 
was not possible due to the height of the visited 
flowers, photographs allowed its identification as 
Cocytius antaeus (Drury, 1733), popularly known 
as the giant sphinx moth (Fig. 2 e-f). In the five 
individuals that received visits, the hawkmoths 
started approaching around 10:00 pm, and 
they visited consecutively several of the open 
flowers on each individual. During their visits, 
each hawkmoth approached and hovered in 
front of the flower before unrolling its proboscis 
and inserting it into the flower-tube (Fig. 2e) and 
then landed on the flower upon the mass of 
stamens (Fig. 2f). The hawkmoths landed in the 
perianth limb, composed of the inner perianth-
segments, stamens and stigmas, and in this 
way, they contacted the reproductive structures 
of the flower (Fig. 2f). Pollen grains adhered to 
different parts of the hawkmoth’s body, although 
the largest amount was deposited mainly on its 
ventral part; the ring formed by the numerous 
stamens also deposits pollen on the insect’s 
back, as well as on the wings. When approaching 
the flower, the hawkmoth immediately contacts 
the stigma with its frontal portion, although 
much contact also occurs with the ventral 
portion of the insect’s body (Fig. 2f). The visits 
generally lasted for about 30–50 seconds in 
each flower, and the hawkmoths spent about 3 
minutes visiting the flowers of a given individual 
of C. jamacaru before flying to the next one. 
In addition to the giant sphinx, we observed 
other insects visiting the flowers before and 

Table I. Measurements of the floral structures of 
Cereus jamacaru.

Traits Mean ± SD cm

Floral length 24.4 ± 2.2

Diameter of perianth 14.8 ± 2.5

Floral tube length 14.7 ± 0.9
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after anthesis, such as several Orthoptera, as 
well as stingless bees (Trigona spinipes). These 
insects did not contact reproductive parts and 
only damaged or consumed the floral tissues 
and pollen, without pollinating the flowers. 
Carpenter bees (Xylocopa grisescens Lepeletier, 
1841) were also observed making some visits in 
the early morning hours. These bees penetrated 
deep into the flowers, all the way to the apex 
of the floral tube, presumably trying to access 
some of the nectar. Eventually these bees come 
into contact with the stigmas of the flowers.

Breeding system
In the controlled pollination experiment, no 
fruit was set in the spontaneous and hand self-
pollination treatments, demonstrating that C. 
jamacaru is self-incompatible and xenogamous 
(sensu Cruden 1977). Only two fruits (20%) were 
formed by natural pollination, while four (40%) 
were formed through hand cross-pollination. 
The fruits of hand cross-pollinated flowers set 
the highest number of seeds (Table III). 

DISCUSSION 
Our study confirms hawkmoths as pollinators of 
Cereus jamacaru, a columnar cactus with floral 
characteristics, including the visual landing 
platform and scent, highly specialized for 
sphingid pollination. We discuss the role of the 
floral traits in the interaction with its specialized 
pollinator, and which factors are affecting the 
low reproductive success (in terms of fruit-
production) in this iconic Caatinga tree cactus.

Phenotypic specialization for hawkmoths in 
Cactaceae
Floral morphology and attributes, such as 
floral scent, as well as volume and nectar 
concentration of C. jamacaru, offer clear 
evidence of its specialization for hawkmoth 
pollination. Cereus and similarly Arthrocereus, 
Echinopsis, Epiphyllum, Harrisia, Selenicereus 
and Strophocactus are genera of Cactaceae with 
flowers highly specialized for pollination by 
sphingids (Rowley 1980, Pimienta-Barrios & del 
Castillo 2002). Vogel (1990) reports that c. 13% of 

Figure 3. Visual and olfactory floral cues of Cereus jamacaru DC. (Cactaceae–Cereeae) in the Caatinga of NE Brazil. 
(a) Spectral reflectance colors of the inner and outer perianth-segment surfaces of C. jamacaru. The grey line 
indicates the surface of the inner segments, the green line the surface of the outer segments. The shaded areas 
are represented by ± SD. (b) Chemical structure of the main components of the floral scent of C. jamacaru.
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cactus species are adapted to sphingophily, and 
other authors also report hawkmoth pollination 
in cacti (Haber & Frankie 1989, Barthlott et al. 
1997, Raguso et al. 2003a, Rojas-Sandoval & 
Meléndez-Ackerman 2009, Ortega-Baes et al. 
2011, Arzabe et al. 2018, Rocha et al. 2019). 

Stamen arrangement is an important 
characteristic in flowers of Cactaceae with 

hummingbird pollination syndrome (e.g. in 
species of Cleistocactus, Denmoza, Disocactus, 
Matucana ,  Nopalea ,  Oreocereus and 
Schlumbergera), since they are pressed against 
the upper side of the floral tube and perianth 
limb, ensuring pollen deposition on the top and 
back of the bird’s head (Gorostiague & Ortega-
Baes 2016, Ferreira et al. 2020). Similarly, it is 
possible to identify a level of specialization in the 
arrangement of the stamens in sphingophilous 
species, where their organization has a function 
in relation to the landing platform used by the 
insect (Netz & Renner 2017), which also can 
help pollinators against predation, since they 
can land and diminish conspicuous movement 
(Wasserthal 1993, 1997). In the case of Cactaceae, 
many sphingophilous genera display such 
a stamen arrangement (e.g. Arthrocereus, 
Echinopsis, Epiphyllum, Harrisia, Selenicereus 
and Strophocactus) and field observations on 
other species of Cereus confirm this pollinator 
behavior (Silva & Sazima 1995, Eggli & Giorgetta 
2015), which was likewise observed in the 
present study of C. jamacaru.

In sphingophilous plants the scents and 
visual signals are fundamental to the interaction 
and orientation of the hawkmoths and studies 
have confirmed that these two forms of attraction 
act together to guarantee the behavior of the 
insects and their precision in the search for 
flowers (Raguso & Willis 2002, 2005). The scent 
tracks are considered the primary long-distance 
attraction for the hawkmoths, aiding their 
orientation towards the flowers (Andersson et al. 
2002, Goodrich & Raguso 2009). The floral odour 
of C. jamacaru is dominated by (E)-nerolidol, (E)-
4,8-dimethylnona-1,3,7-triene, citronellol and 
(E,E)-farnesal, which account for more than 96% 
of the total composition of the floral scent. All 
these compounds are in accordance with that 
expected for flowers pollinated by hawkmoths 
(Knudsen & Tollsten 1993, Kaiser & Tollsten 1995, 

Table II. Floral volatile organic compounds (VOCs) 
emitted by flowers of Cereus jamacaru (n=5).

Compounds Substance class RI n Mean SD

α-Pinene* Monoterpene 932 2 0.21 0.31

Limonene* Monoterpene 1030 2 0.10 0.16

(E)-4,8-
Dimethylnona-1,3,7-

triene*
Monoterpene 1118 5 5.18 3.04

Citronellal* Monoterpene 1156 2 0.24 0.37

Citronellol* Monoterpene 1233 2 2.58 5.09

cf. Isogeraniol Monoterpene 1237 1 0.07 0.15

Neral* Monoterpene 1245 1 0.02 0.05

Geranial* Monoterpene 1274 1 0.61 1.37

Citronellyl acetate Monoterpene 1359 1 0.02 0.05

α-Copaene* Sesquiterpene 1371 1 0.03 0.06

Cyperene Sesquiterpene 1398 2 0.18 0.33

β-Caryophyllene* Sesquiterpene 1422 1 0.07 0.15

(E)-β-Farnesene* Sesquiterpene 1462 2 0.31 0.52

(Z,Z)-α-Farnesene Sesquiterpene 1502 3 0.06 0.07

(Z)-α-bisabolene* Sesquiterpene 1510 2 0.08 0.14

β-Bisabolene* Sesquiterpene 1516 3 0.72 0.99

δ-Cadinene Sesquiterpene 1531 2 0.14 0.22

(E)-γ-bisabolene Sesquiterpene 1540 2 0.07 0.10

(Z)-α-bisabolene* Sesquiterpene 1551 2 0.26 0.37

(E)-nerolidol* Sesquiterpene 1572 5 87.37 6.89

(2E,6Z)-farnesal Sesquiterpene 1725 1 0.21 0.46

(E,E)-farnesol* Sesquiterpene 1732 1 0.02 0.03

(E,E)-farnesal* Sesquiterpene 1752 1 1.46 3.26
Note: RI, retention index; n, number of samples in which 
compounds were recorded; Mean, relative percentage 
average; SD, standard deviation. *Identification based on 
authentic standards.



SINZINANDO  ALBUQUERQUE-LIMA et al.	 FLORAL AND REPRODUCTIVE BIOLOGY OF Cereus jamacaru

An Acad Bras Cienc (2023) 95(Suppl. 1)  e20220460  12 | 19 

Miyake et al. 1998, Manning & Snijman 2002, 
Raguso et al. 2003a, b, Schlumpberger & Raguso 
2008, Balao et al. 2011, Johnson & Raguso 2016, 
Albuquerque-Lima et al. 2020). 

(E)-nerolidol is the major compound of the 
floral scent bouquet of C. jamacaru. It is one 
of the most common (and usually the major) 
compound of floral scents of sphingophilous 
plants (Knudsen & Tollsten 1993, Kaiser & 
Tollsten 1995, Manning & Snijman 2002, Raguso 
et al. 2003b, Balao et al. 2011, Albuquerque-
Lima et al. 2020), including different species of 
nocturnal cacti (Schlumpberger & Raguso 2008, 
Lemaitre et al. 2014). Although experimental 
proof of its behavioral meaning is still missing, 
studies have showed that this compound 
trigger strong antennal responses in different 
hawkmoth species, such as Hyles livornica 
(Balao et al. 2011), Manduca sexta (Fraser et 
al. 2003), Sphinx perelegans (Raguso & Light 
1998). This strongly suggests that (E)-nerolidol 
is involved in the signaling of sphingophilous 
flowers to their pollinators. Future experimental 
studies testing this compound are needed and 
might confirm its key role in attracting several 
hawkmoths species.

Whilst scent is the means to attract the 
insects at long distances from the flower, the 
visual clues are important for the positioning 
of the hawkmoths upon arrival at the flower 
and to induce the proboscis extending behavior 

(Balkenius & Dacke 2010). In the case of C. 
jamacaru the reflective pattern of its flowers, 
with a white interior and dark external perianth-
segments, matches that of other flowers of 
sphingophilous species (Raguso et al. 2003a, 
Johnson & Raguso 2016, Liu & Sun 2019). The 
sphingids display excellent visual abilities 
(Raguso & Willis 2002, 2005, Balkenius et al. 
2006) and the white perianth gives a strong 
contrast with the dark background. Indeed, 
there is evidence that these hawkmoths respond 
positively to white objects and lighter markings 
(Kugler 1971, Ippolito et al. 2004, Johnson & 
Raguso 2016). In the case of C. jamacaru the white 
internal perianth-segments contrast strongly 
with the dark background of the plant’s stems, 
which match the outer segments in colour. Upon 
arrival, the hawkmoths are already extending 
their proboscis towards their target, the white 
flower interior triggering this behavior.

Besides the above-mentioned combination 
of scent and visual attractants, the nectar 
produced by C. jamacaru matches that expected 
for sphingophilous flowers (Scogin 1985) and 
encountered in other species of Cereus (Locatelli 
& Machado 1999b). In many Cactaceae, nectar 
secretion occurs along the inner face of the 
floral tube (Nassar et al. 1997). The flowers of 
the genus Cereus have a long floral tube and 
the production of nectar in drops in C. jamacaru 
may be a result of this tube stretching, which 
makes it difficult for the drops to accumulate 
at the end of the floral tube. Nectar droplets 
have also been reported for ‘C. peruvianus’ [= C. 
hildmannianus] (Silva & Sazima 1995).

Compared with other Cereus species, the 
volume of nectar produced per night by C. 
jamacaru is amongst the largest (Silva & Sazima 
1995, Locatelli & Machado 1999b), though its 
concentration resembles that of other species 
(Scogin 1985, Locatelli & Machado 1999b). The 
mean energy resource (calories/flower) offered 

Table III. Number of fruit and seeds of Cereus jamacaru 
formed in the pollination experiments.

Treatments Fruits Seeds

Cross-pollination 
(n=10)

1° 1269

2° 1614

3° 5120

4° 3527

Control (Natural 
pollination) (n=10)

1° 1010

2° 1422
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by the nectar of C. jamacaru is higher than the 
values established for most sphingophilous 
species (93±107 cal) by Scogin (1985). However, 
included in his study were other species of 
Cereus, such as C. forbesii [=/~ C. hankeanus] 
and C. vargasianus, and also Selenicereus 
spinulosus, which likewise displayed high energy 
values, corresponding with the findings of our 
study. Whilst the sphingids use the flowers 
of C. jamacaru as a landing platform, thereby 
conserving their energy, they need to travel long 
distances and hover before being able to access 
the nectar. This requires great expenditure of 
energy and thus it is possible that the nectar of 
C. jamacaru is offering compensation compatible 
with the needs of its visitors.

Pollinator dependence and low reproductive 
success in sphingophilous Cactaceae
The giant sphinx moth, Cocytius antaeus was 
the floral visitor that proved to be an effective 
pollinator. This species, with its long proboscis, 
is involved in the pollination of other Cereus 
species (Locatelli & Machado 1999b), as well 
as other Cactaceae (Rocha et al. 2019). Besides 
these, this hawkmoth is known as a pollinator of 
other plants with long floral tubes, compatible 
with its long tongue (Haber & Frankie 1989, 
Oliveira et al. 2004, Houlihan et al. 2019, Queiroz 
et al. 2021). Queiroz et al. (2021), while studying 
an interaction network in a diverse group of 
nocturnal-flowered Caatinga plants, observed 
that some species apparently displaying the 
sphingophilous syndrome (e.g. Pilosocereus 
gounellei [= Xiquexique gounellei]) are in fact 
generalists, being visited by hawkmoths and 
bats. In the case of C. jamacaru, these authors 
considered it as a sphingid specialist since 
they only observed visitation by hawkmoths 
(Agrius cinculata, Eumorpha analis, Isognathus 
allamandae, Manduca rustica and M. sexta). 
Likewise, in a seasonal semideciduous Atlantic 

Forest fragment in São Lourenço da Mata, 
Pernambuco, northeastern Brazil, L.M. Primo 
(unpublished data) studying a community of 
nocturnal species showed that C. jamacaru was 
only visited by the long-tongued hawkmoth M. 
sexta. 

The close relationship between Cereus 
jamacaru and hawkmoths may be related to the 
interaction between their floral morphology and 
the tongue length of their pollinator. Previous 
studies have established that sphingophilous 
plants can be divided into the two systems 
corresponding with short-tubed flowers 
pollinated by short-tongued hawkmoths and 
those with long floral tubes pollinated by long-
tongued species (Anderson et al. 2010, Johnson 
& Raguso 2016, Sazatornil et al. 2016, Johnson 
et al. 2017). Cereus jamacaru clearly belongs to 
the second system, its elongated flower being 
strongly adapted to pollination by long-tongued 
hawkmoths. 

Although there seems to be a close 
relationship between C. jamacaru and long-
tongued sphingids species, some studies have 
shown the interaction of bats with C. jamacaru 
flowers in both Caatinga and urban areas 
(personal observations, L. M. Primo, unpublished 
data, Cordero-Schmidt et al. 2021). Among the 
species interacting with ‘Mandacaru’, the bat 
Glossophaga soricina shows opportunistic 
behavior (Lemke 1985) and performs hovering 
visits to consume pollen of C. jamacaru flowers. 
However, the effect of visits by these bats in 
these areas has not been measured, and further 
observations are needed to measure the role of 
bats in the reproductive success of C. jamacaru. 
In the case of carpenter bees observed visiting 
the flowers in the early hours of the morning, 
at the end of anthesis, although they landed in 
different ways on the stamens and stigmas of the 
flowers before accessing the floral tube, in the 
days following anthesis no fruit was developed, 
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indicating that they do not be effective pollen 
vectors for this species.

We have not recorded herkogamy or 
dichogamy, i.e. spatial and temporal separations, 
between male and female functions in the flower, 
which could generate pollen self-deposition 
(Roldán & Ashworth 2018). However, the self-
incompatibility of C. jamacaru demonstrated by 
our study shows that this cactus depends on 
sphingids as pollen vectors for the production of 
fruits and seeds. Eggli & Giorgetta (2015) likewise 
report self-incompatibility in cultivated plants 
of C. jamacaru and C. validus. In the investigated 
populations (MM) we observed that fruit set of 
C. jamacaru was low and even lower in naturally 
than in manually pollinated flowers, though the 
fruits of both contained large numbers of seeds. 
Low fruit set has been reported in other Cactaceae 
pollinated by sphingids (Walter 2010). Hawkmoth 
pollination has been studied for various genera 
of Cactaceae (Silva & Sazima 1995, Barthlott et 
al. 1997, Locatelli & Machado 1999b, Raguso et 
al. 2003a, Rocha et al. 2007, Rojas-Sandoval & 
Meléndez-Ackerman 2009, Ferreira et al. 2018, 
Rocha et al. 2019) and although these studies 
have demonstrated that hawkmoths are pollen 
vectors for these taxa, a question that arose 
in some cases is the apparently low frequency 
of their visits (Schlumpberger & Raguso 2008, 
Ferreira et al. 2018), which can suggest a 
shortage of pollinators and/or transported 
pollen (Suzán et al. 1994). Small quantities of 
pollen and/or pollinators are believed to be 
a factor responsible for low pollen flow and 
consequently low reproductive success in some 
species of Angiosperms that require hawkmoths 
with long proboscis for effective pollination 
(Amorim et al. 2014).

Diverse factors could explain the low 
reproductive success in plants, such as questions 
connected with climate and weather, limited 
availability of pollen and/or pollinators, high 

competition for the latter, anthropogenic effects 
and predation of flowers and fruits (McIntosh 
2002). In C. jamacaru, different intrinsic factors 
could be influencing the formation of fruits. 
Their low reproductive success could be due to 
few pollinators, in this case hawkmoths, which 
during our field observations were rare with 
only a single species visiting its flowers, and to 
the loss of pollen as the insect visits flowers 
on the same individual cactus. The sphingids 
showed a behavior of visiting all the open 
flowers on a single individual, perhaps losing 
pollen meanwhile and failing to successfully 
pollinate it due to the species’ demonstrable 
self-incompatibility. However, the large number 
of seeds per fruit in C. jamacaru (c. 1000–
>3000), and its efficient system of dispersal 
by birds (Personal observations; Gomes et al. 
2014b, Santos et al. 2019) may in part explain 
its extensive range and abundance in many 
Caatinga sites.

It is worth noting that part of the study 
was carried out in an area marked by severe 
anthropogenic effects, a reality found for many 
of the distribution sites of C. jamacaru, as 
well as for other species of the family (Zappi 
& Taylor 2011). Cactaceae is among the three 
most threatened plant groups (Goettsch et 
al. 2015) and particularly in the case of Brazil, 
which has a large number of endemic species, 
few are inserted in protected areas (Amaral et 
al. 2022, Carvalho et al. 2022). Furthermore, a 
concern highlighted by the present study is the 
low diversity and frequency of pollinators for 
C. jamacaru at the studied populations. If this 
proves to be the case throughout its range, the 
loss of the pollinating hawkmoth species could 
severely impact the reproductive success of this 
cactus.
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