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A B S T R A C T   

Seed dispersal by ants is common in arid lands. The seeds of myrmecochorous plants bears an elaiosome, an 
appendage that acts as a reward for ants. Once an ant identifies an elaiosome-bearing seed, it carries the diaspore 
to the nest, removes the elaiosome and discards the seed. During elaiosome removal, ants also scarify the seed, 
which may favor seed germination or facilitate pathogen attack. Some elaiosomes are hygroscopic and therefore, 
this could increase water intake and retention. We assessed the effect of elaiosome removal, seed scarification 
and fungal infection on germination in Cnidoscolus aconitifolius, a plant species common in the arid tropics of the 
Americas. The effects of elaiosome removal on ant attraction and seed removal were also assessed. According to 
the results, the elaiosome of C. aconitifolius increases the attractiveness of its seeds to ants, but did not affect seed 
removal or seed germination. Also, the elaiosome significantly increased the chance of pathogen attack on the 
seed. The benefits of elaiosome removal on seed germination were mediated by physical scarification, with 
greater germination in scarified seeds without elaiosomes. Seed scarification did not affect the likelihood of 
fungal attack.   

1. Introduction 

Seed dispersal by ants (i.e. Myrmecochory) plays a crucial role in the 
dynamics of plant communities in arid ecosystems (Sharafatmandrad 
and Khosravi Mashizi, 2021) and some of these areas have long been 
recognized as “hot spots” for myrmecochory (Dunn et al., 2007; Lengyel 
et al., 2010). True myrmecochory involves the dispersal of seeds bearing 
appendages called elaiosomes, which are often claimed to be an adap-
tation to dispersal by ants (Beattie 1985; Gorb and Gorb, 2003; Rico--
Gray and Oliveira, 2007). Elaiosome is a collective functional term that 
refers to a group of seminal appendages (e.g. arils, ariloids, caruncles) 
that, despite their anatomical and ontogenetic differences, often play a 
role in seed dispersal by ants (Sernander, 1906; Lisci et al., 1996; Tiano 
et al., 1998; Gorb and Gorb, 2003). Not surprisingly, some authors 
consider the elaiosome to represent an extreme case of convergent 
evolution, which implies that ants have been a strong selective force 
across contrasting environments (Dunn et al., 2007; Lengyel et al., 
2010). However, other authors have suggested that the elaiosome may 
have also evolved as an adaptation to high temperatures and water 

scarcity (Forest et al., 2007). 
Major morpho-functional differences have been found between the 

elaiosomes of seeds from mesic (soft and short-lived) and arid (firm and 
long-lived) environments (Escala and Xena de Enrech, 1991; Lisci et al., 
1996; Tiano et al., 1998; Ciccarelli et al., 2005). Firm, long-lived 
elaiosomes sometimes also have hygroscopic properties that play an 
important role in seed-water relations (i.e. water storage, hydration) 
which may be advantageous for seed germination in arid and seasonally 
dry ecosystems (Escala and Xena de Enrech, 1991; Bianchini and Pacini, 
1996; Lisci et al., 1996; Tiano et al., 1998). The elaiosomes of some plant 
species also play a role in seed dormancy owing to the presence of 
germination inhibitors which delay this event until the elaiosome is 
removed or the seed encounters environmental conditions suitable for 
germination (e.g. Sasidharan and Venkatesan, 2019). 

Certain ants are particularly attracted by the lipid components of the 
elaiosome (e.g. oleic acid; Skidmore and Heithaus, 1998; Turner and 
Frederickson, 2013) and then carry the diaspore (seed + elaiosome) to 
their nest using the elaiosome as a handle (e.g. Gómez et al., 2005). Once 
in the nest, ants remove the elaiosome without damaging the embryo to 
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feed their larvae and discard the seed in refuse piles (Beattie 1985; 
Rico-Gray and Oliveira, 2007). While the positive effect of the elaiosome 
on the attraction and posterior seed removal by ants is widely supported 
by the literature (Hughes and Westoby, 1992; Mark and Olesen, 1996; 
Wolf and Debussche, 1999; Leal et al., 2007; Aranda-Rickert, 2011), 
studies addressing the effect of elaiosome removal on seed germination 
have led to results ranging from positive (e.g. Ohkawara 2005; Leal et al., 
2007) to negative (e.g. Viegi et al., 2003; Imbert 2006), or no effect (e.g. 
Rockwood and Blois, 1986; Castro et al., 2010). Although some of this 
among-study variability may be explained by the abiotic environment, 
only a small portion of these studies have been conducted on the species 
of arid lands (Leal et al., 2007; Aranda-Rickert, 2011), precluding a test 
of the hypothesis that the elaiosome positively affects seed germination 
in these ecosystems. Furthermore, other factors—that often occur 
simultaneously with elaiosome removal—such as seed scarification and 
scarification-mediated pathogen attack, have not been controlled for in 
most previous studies and therefore, their effects are confounded (Fer-
nandes et al., 2018). 

Plant species of the Euphorbiaceae family, and particularly the Cni-
doscolus genus, are conspicuous elements in the dry tropics of the New 
World (Maya-Lastra and Steinmann, 2018). Seed dispersal in Euphor-
biaceae is typically ballistic-ant diplochorous (Chen et al., 2019). In 
plants with this dispersal mode in arid lands, the seeds are first explo-
sively ejected at low densities beyond the influence of mother plants 
after rains (i.e. hydrochasy; Sobral-Griz and Machado, 2001). Ants then 
manipulate (e.g. scarify and/or clean; Fernandes et al., 2018) and carry 
the seeds to sites that are more suitable for recruitment (Schupp et al., 
2010). Elaiosomes in most Euphorbiaceae and all of the species of Cni-
doscolus studied so far are long-lived, firm and micropylar, also known as 
caruncles (Leal et al., 2007; Chen et al., 2019). However, only one study 
has documented secondary dispersal by ants in two sympatric Cnido-
scolus species in a dry Neotropical area of South America (Leal et al., 
2007). Contrary to the expectation that the presence of the elaiosome 
would improve seed germination in the plants of arid lands, in that study 
elaiosome removal had a positive effect on seed germination in both 
species, a phenomenon the authors attributed to the fact that this 
structure limited water imbibition. However, it is unclear if this resulted 
from elaiosome removal per se, from the scarification of the seed (Fer-
nandes et al., 2018), or the activity of the substances that ants release 
when they manipulate the seeds (Ohkawara and Akino, 2005). 

In this study, we assessed the effect of elaiosome removal on ant 
attraction, seed removal and seed germination in Cnidoscolus aconitifo-
lius in a tropical dry forest on the Yucatan Peninsula, Mexico. In this 
region, C. aconitifolius is known as chaya, with domesticated and wild 
plants co-occurring (Munguía-Rosas et al., 2019). Only wild chaya 
produces seeds and the cultivar is propagated clonally (Munguía-Rosas 
et al., 2019). Therefore, the in situ conservation of wild relatives is 
critical for future programs of genetic improvement. Although no pre-
vious study has addressed secondary seed dispersal in wild chaya, our 
preliminary observations in the field suggest that the main secondary 
dispersers are ants, which likely scarify the seed when they remove the 
elaiosome because it is firmly attached to the seed in the micropylar 
area. Our specific questions were (i) Does the elaiosome play a role in 
ant attraction, seed removal or germination? And, (ii) If seed germina-
tion is affected by elaiosome removal, is this effect mediated by scari-
fication and/or pathogen attack? We predicted a positive effect of the 
elaiosome on ant attraction, seed removal and seed germination. 
Regarding seed germination, a non-additive effect of elaiosome removal 
and seed scarification was expected because the latter improves water 
imbibition, and this may favor seed germination regardless of the 
presence of the elaiosomes. However, the benefits of elaiosome removal 
and scarification on seed germination may be offset if they also increase 
pathogen attack. 

2. Methods 

2.1. Study system 

The study was carried out from spring to autumn 2021. Plant ma-
terial was collected in disturbed tropical forests in rural and suburban 
areas of the municipality of Merida, in the state of Yucatan, Mexico (20◦

58′ 03′′ N, 89◦ 37′ 22′′ W, 10 m a.s.l. mean between-site distance = 22 
km, range = 10–50 km), where the study species (Cnidoscolus aconiti-
folius) occurs naturally (Munguía-Rosas et al., 2019). In this area, the 
weather is warm (mean annual temperature: 26 ◦C) and humid (≈70%, 
1000 mm of annual rainfall) with summer rains and a long dry season 
from October to June. Dominant species in this area are Piscidia piscipula 
(Fabaceae), Lysiloma latisiliquum (Fabaceae), Bursera simaruba (Burser-
aceae) and C. aconitifolius (Gutiérrez-Báez and Zamora-Crescencio, 
2012). The seed removal experiment (see below) was carried out in 
the conservation area of the germplasm bank of the Centro de Inves-
tigación Científica de Yucatán (The Yucatan Centre for Scientific 
Research, in English; 21◦ 07′ 20′′ N, 89◦ 43’ 41” W). This site is away 
from the sites where we collected the seeds but is in the same munici-
pality and has similar vegetation and environmental conditions. 

Wild chaya (Cnidoscolus aconitifolius; Euphorbiaceae) is a shrub that 
grows to 4–5m tall, native to Mexico and Central America, and common 
in arid and semiarid lands (Maya-Lastra and Steinmann, 2018). This is a 
monoecious plant that from spring to early autumn produces small 
(corolla diameter <1 cm), white flowers arranged in inflorescences 
(Standley and Steyermark, 1949). Fruits are dry capsules that are 
ballistically dispersed after rains (Standley and Steyermark, 1949; Un-
published results). Ejected seeds are typically dispersed beyond the in-
fluence of the canopy of mother plants (Unpublished results). Seeds 
(7.42 ± 0.07 mm length, 5.13 ± 0.06 mm width, n = 30 seeds) are 
brown with black spots and bear a firm, white caruncle that covers the 
micropyle (See Appendix S1). The mass of the diaspore is 64.89 ± 2.34 
mg, of which the caruncle represents 2.5% (caruncle mass = 1.59 ±
0.05 mg, n = 30). The caruncle is a type of elaiosome characteristic of 
the seeds of plants of the Euphorbiaceae family ‒but not exclusive to it 
(Chen et al., 2019). Although caruncle is a suitable anatomical term to 
describe the elaiosome of the study species, hereafter we refer to it as the 
elaiosome as this is a functional term that implies dispersal by ants and is 
more widely used in the literature (Lisci et al., 1996; Gorb and Gorb, 
2003). Fruits are produced from spring to autumn and take 5–7 weeks to 
ripen. Two main dispersal peaks have been observed: one during 
mid-summer and the second in early autumn (Unpublished results). In 
contrast to the cultivar, wild chaya have several, highly urticant tri-
chomes on their vegetative and reproductive organs, which also contain 
a toxic latex (Solís-Montero et al., 2020). 

2.2. Seed removal and ant-seed interactions 

Ripe fruits from 76 different plants (>10 m apart) were collected, 
stored in paper bags, and taken to the laboratory. Once in the laboratory, 
the capsules were carefully opened using entomological forceps to 
obtain the seeds. From these fruits, 1300 seeds were obtained; however, 
only 1000 seeds were anatomically normal and did not exhibit any signs 
of external damage. Because seeds and elaiosomes did not exhibit any 
relevant among-site morphological variation, all the seeds were pooled 
and a random sample of 512 seeds was used in a seed removal experi-
ment. The selected seeds were randomly allocated to one of two treat-
ments: (i) elaiosome removal with two levels: elaiosome artificially 
removed vs. intact seeds with a complete elaiosome (control) and, (ii) a 
predator exclusion treatment, also with two levels: predator exclusion 
using rectangular wire mesh cages (25 × 12.5 × 9 cm and 0.8 cm 
opening) vs. no exclusion (open). The experimental design was split plot 
where the biggest plot was a spatial block in which four groups of 8 seeds 
per treatment were placed in petri dishes (diameter = 94 mm) (i.e. 32 
seeds in 4 dishes per block): (i) seeds with an elaiosome and not 
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protected, (ii) seeds with an elaiosome and protected, (iii) seeds without 
an elaiosome and not protected, (iv) seeds without elaiosome and pro-
tected. One dish with elaiosome-bearing seeds and another of seeds 
without elaiosomes were protected with the same mesh in each block 
(sub-plot). All blocks were more than 12 m apart and the dishes were 
placed on the forest floor beneath a perennial plant. No ant nests were 
seen around the blocks. The experiment began at 0900 h and the number 
of seeds in the dishes and the number of ants interacting with the seeds 
(ants on the seed, eating the elaiosome within the dish or carrying the 
seeds) were recorded 2 h, 8 h, 24 h and 48 h after the experiment began. 
Regardless of the distance, all of the seeds that were moved out of the 
dishes were recorded as removed. One to four specimens of each ant 
morphospecies observed interacting with the seeds were collected for 
later identification to the finest taxonomic level possible. 

2.3. Seed germination and fungal infection 

From the pool of seeds mentioned in the previous subsection (Seed 
removal and ant-seed interactions), 480 seeds were randomly selected to 
assess seed germination and fungal infection under three experimental 
treatments with two levels each: (i) elaiosome removal (elaiosome 
artificially removed vs. seeds with an intact elaiosome), (ii) mechanical 
scarification of seeds (scarified seeds vs. unscarified seeds), and (iii) 
chemical disinfection of seeds (disinfected seeds vs. seeds not dis-
infected). For this purpose, 12 groups of five randomly selected seeds 
were placed in 12 Petri dishes (diameter = 60 mm) with one filter paper 
disc (Whatman No. 1) per treatment combination (sample size = 60 
seeds per treatment combination, 480 seeds in total). To each dish, 5 mL 
of distilled water was added and the dishes were immediately sealed 
with Parafilm. Elaiosomes were removed with sterilized surgical for-
ceps, under a light microscope and using gloves to reduce the risk of 
contamination with fungal spores during manipulation. We took care to 
remove the elaiosome without scarifying the seed. Seeds were scarified 
with fine sandpaper (180–200 grit) previously sterilized under a UV 
light for 30 min. To standardize the process, seed scarification was 
performed only on the ventral and dorsal parts of the seed because the 
micropylar area was not accessible in the group of elaiosome-bearing 
seeds. Ants usually scratch the seed during in situ manipulation and 
transportation (Unpublished results), therefore seed scarification with 
sandpaper was the most suitable choice for emulating natural scarifi-
cation. Seeds were disinfected with a commercial microbicide that is 
particularly effective for fungi (quaternary of ammonium compounds 
and glutaraldehyde; ANIBAC Cítrico, Promotora Técnico Industrial, 
Jiutepec, Mexico). Seeds were kept in a growth chamber (Binder Inc., 
KBWF 720, Tuttlingen, Germany) at a temperature of 25 ◦C during the 
day and 20 ◦C at night. Photoperiod was 12 h light, 12 h dark. Light was 
provided by high-pressure sodium lamps (PAR = 56.59 μmol m2 s− 1). 

Seed germination (radicle emergence) was recorded for 30 days in 
total, every five days initially and every 7–10 days for the last two 
weeks. Additionally, the number of seeds infected by fungi after five and 
10 days was recorded. Fungal infection was not recorded after 10 days 
because seedlings older than 10 days sometimes lifted the top off the 
dishes, which may have increased the chance of fungal infection and 
biased the results. When seedlings did not have enough room to keep 
growing, they were removed, the remaining seeds were watered, and the 
dish sealed with Parafilm again. The disinfection treatment was used as 
a positive control for fungal infection and allowed us to assess whether 
the effects of elaiosome removal or scarification on germination are 
mediated by fungal infection or not (i.e. non-additive effect of seed 
disinfection and elaiosome/scarification on seed germination). We 
acknowledge that experimental treatments may had affected seed 
infection by other pathogens besides fungi. However, we were only able 
to reliably identify fungi based on morphology using light microscopy. 
Therefore, we will refer only to fungi in the Results section. 

2.4. Post-ant manipulation seed germination and fungal infection 

To assess the effect of seed manipulation by ants on seed germination 
and fungal infection, the seeds recovered from the seed removal 
experiment (see subsection Seed removal and ant-seed interactions) were 
categorized as follows: seeds with a complete elaiosome (25 seeds), 
seeds with the elaiosome partially eaten (85 seeds) and seeds whose 
elaiosome was artificially removed (60 seeds). Differences in sample size 
were due to the feeding behavior of ants and because of the difficulties 
finding experimental seeds on the forest floor. Seeds were randomly 
placed in groups of five seeds in Petri dishes with moist filter paper as 
described in subsection Seed germination and fungal infection. The seeds 
were placed in the growth chamber with the temperature and photo-
period described above. Seed germination was also assessed based on 
radicle emergence for 30 days, starting every five days and weekly over 
the last 14 days. The number of seeds infected by fungi was recorded on 
days five and 10 of the experiment for the reasons explained in the 
previous subsection. 

2.5. Statistical analyses 

The effects of elaiosome removal, predator exclusion and their 
interaction on the number of seeds removed and the number of ants 
interacting with seeds were assessed using two generalized linear mixed- 
effects models (GLMMs) with a Poisson error distribution. Spatial 
arrangement (predator exclusion nested in the main block) and the 
repeated measures were accounted for in the random part of the models. 
The effects of elaiosome removal, seed scarification and disinfection, 
along with all their second order interactions on seed germination 
(proportion of germinated seeds per dish) were assessed using a GLMM 
with a binomial error distribution. Repeated measures were accounted 
for in the random part of the model. The effects of the same variables 
(elaiosome removal, seed scarification, seed disinfection and their sec-
ond order interactions) on the proportion of seeds infected by fungi were 
assessed using generalized linear models (GLM) with a binomial error 
distribution. Two GLMs were fitted, one with data collected on day five 
and the other with data collected on day 10. For these cases, the value of 
the alpha was adjusted using sequential Bonferroni corrections. This was 
done because our main interest was the treatment effect within a given 
period of time. Finally, the effect of ant-manipulation on the proportion 
of germinated seeds was assessed using GLMM with a binomial error 
distribution and repeated measures as a random effect. Differences 
among treatment levels were assessed with a post hoc Tukey test. The 
effect of the same variable on the proportion of fungal infection on days 
five and 10 (two models) was assessed using GLMs with a binomial error 
distribution. Again, the alpha values of these two models were adjusted 
with sequential Bonferroni corrections. 

All the analyses were run in R 4.0.3. The GLMMs were fitted with the 
lme4 package, the GLMs with the Stats package and the post hoc tests 
with the Multcomp package (R Core Team, 2020). All data are available 
as online supplementary material (see Appendix S2). 

3. Results 

3.1. Seed removal and ant-seed interactions 

Regardless of the presence of elaiosomes (with elaiosome = 4.31 ±
0.63 seeds; without elaiosome = 3.94 ± 0.65 seeds; Table 1), seed 
removal after 48 h was approximately half (52 ± 8% = 4.16 ± 0.66 
seeds) of the available seeds (Fig. 1). Similarly, seed removal was not 
significantly affected by the exclusion of predators (Open = 4.16 ± 0.66 
seeds, protected = 4.09 ± 0.62) or by the predator exclusion x elaiosome 
removal interaction (Table 1, Fig. 1). 

Elaiosome removal significantly affected the number of ants inter-
acting with seeds (Table 1), which was 17 times greater in seeds with the 
elaiosome (7.22 ± 2.88 ants) than in seeds without the elaiosome (0.43 
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± 0.13 ants; Table 1). However, this variable was not significantly 
affected by predator exclusion (Open = 5.06 ± 2.77 ants, protected =
2.59 ± 1.13 ants; Table 1) or by the predator exclusion x elaiosome 
removal interaction (Table 1). 

The most common ants seen interacting with the seeds in the dish 
were small, native ants of the genera Pheidole and Solenopsis. Although 
these ants did not move the seeds, they spent a few minutes partially 
eating the elaiosome. Far less frequently seen were larger native 
Ponerinae ants of the genera Pachycondyla and Odontomachus, which 
were able to carry the seeds away from the dishes; however, we were 
unable to identify their final destination because they were usually 
hidden beneath the litter. 

3.2. Seed germination and fungal infection 

While no effect of elaiosome removal on seed germination was 
detected (Table 1; Fig. 2A), seed scarification significantly increased 
seed germination (Table 1; Fig. 2B). Scarified seeds also germinated 

earlier (Fig. 2B). After only five days, seed germination in scarified seeds 
(26.25 ± 2.89%) was seven times greater than in unscarified seeds (3.75 
± 1.40%). Even though this difference decreased over time, scarified 
seeds consistently had greater germination throughout the experiment 
(Fig. 2B). By the end of the experiment, seed germination in scarified 
seeds (68.83 ± 2.94%) was 1.13 times greater than that of unscarified 
seeds (60.92 ± 3.55%; Fig. 2B). Unexpectedly, the disinfection treat-
ment significantly reduced seed germination (Table 1), though its effect 
was low (8%). In fact, at the end of the experiment, seed germination in 
seeds that were not disinfected (67.83 ± 2.97) was only 1.08 times 
greater than that of disinfected seeds (61.92 ± 3.58%) (Fig. 2C). 

The elaiosome removal and the scarification treatments revealed a 
non-additive effect on seed germination (Table 1). That is, elaiosome 
removal significantly increased seed germination (relative to the con-
trol) only when the seeds had been scarified (Fig. 3). The effects of 
elaiosome removal x seed disinfection and seed disinfection x seed 
scarification interactions on seed germination were not statistically 
significant (Table 1). 

Table 1 
Results of the statistical analyses (generalized linear mixed models with a 
Poisson error distribution) run to assess the effect of elaiosome removal, pred-
ator exclusion and their interaction on seed removal and on the number of ants 
(Ants) interacting with the seeds of wild chaya (Cnidoscolus aconitifolius) in a 
tropical dry forest of Yucatan, Mexico. The results of the statistical analysis 
(generalized linear mixed models with a binomial error distribution) run to 
assess the effect of elaiosome detachment, seed scarification (Scarification) and 
chemical disinfection (Disinfection), as well their second order interactions on 
seed germination in wild chaya.  

Response Source of variation Statistic 

Seed removal Elaiosome removal χ2
1 = 0.82 n.s. 

Predator exclusion χ2
1 = 0.84 n.s. 

Elaiosome removal x Predator exclusion χ2
1 = 0.16 n.s. 

Ants Elaiosome removal χ2
1 = 25.03** 

Predator exclusion χ2
1 = 0.02 n.s. 

Elaiosome removal x Predator exclusion χ2
1 = 0.07 n.s. 

Seed germination Elaiosome removal χ2
1 = 0.04 n.s. 

Scarification χ2
1 = 8.08 ** 

Disinfection χ2
1 = 6.98 ** 

Elaiosome removal x Scarification χ2
1 = 5.63* 

Elaiosome removal x Disinfection χ2
1 = 3.53 n.s. 

Scarification x Disinfection χ2
1 = 1.07 n.s. 

n.s. = No significant difference. 
**P < 0.01. 

Fig. 1. Mean number of seeds of wild chaya (Cnidoscolus aconitifolius) removed 
within a 48-h period from the ground of a seasonally dry tropical forest in the 
Yucatan, Mexico. Data for seeds with and without an elaiosome are shown. One 
subgroup of seeds (with and without elaiosome) was protected from seed 
predators (Excluded) and another subgroup was not protected (Open). Lines 
show the four treatment combinations. The initial number of seeds per sam-
pling unit was eight. Error bars are the standard error of the mean. Differences 
among treatments were not statistically significant. 

Fig. 2. Effect of elaiosome removal (A), seed scarification (B) and chemical 
disinfection (C) on germination (%) of wild chaya (Cnidoscolus aconitifolius) 
seeds under controlled environmental conditions. Seed germination was 
assessed every five or 10 days, for a month. In all cases the effect of the 
treatment was compared to that of a suitable control group (gray line in A and 
black lines in B & C). The asterisks indicate statistically significant differences 
in germination curves between treatments and their controls (**P < 0.01, n.s. 
= no significant difference). Data are mean values ± 1SE. 
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Of all the effects tested, only elaiosome removal and seed disinfec-
tion significantly affected fungal infection after five and 10 days 
(Table 2). At day five, no seed without an elaiosome was infected by 
fungi, while 3.75 ± 1.29% of seeds with an elaiosome were infected 
(Fig. 4A). On day 10, only 0.42 ± 0.42% of seeds without an elaiosome 
were infected by fungi, in contrast to 11.25 ± 2.29% of the seeds with an 
elaiosome (Fig. 4A). As expected, seed disinfection dramatically reduced 
fungal infection: in disinfected seeds, fungal infection was absent on day 
five and was only 1.25 ± 1.01% on day 10 (Fig. 4B); conversely, in seeds 
not disinfected, it was 3.75 ± 1.28% on day five and 10.42 ± 2.23 on 
day 10 (Fig. 4B). 

3.3. Post-ant manipulation seed germination and fungal infection 

After exposure to ants, there were no statistically significant differ-
ences in percent germination between the seeds without elaiosomes and 
seeds with partially or completely removed elaiosomes (χ2

2 = 3.27, P =
0.19; Fig. 5A). However, a difference was found in terms of fungal 
infection on day five of the experiment (χ2

2 = 8.11, corrected P = 0.03). 
According to the post hoc test, fungal infection of seeds was greatest in 
those with complete elaiosomes and the differences between this and the 

other two treatments (elaiosome removal [Z = 0.09, P = 0.92] and 
elaiosome partially eaten [Z = 1.66, P = 0.09]) were significant 
(Fig. 4B). However, there was no difference among treatments on day 10 
(χ2

2 = 2.17, corrected P = 0.66) (Fig. 5B). 

4. Discussion 

Our study has clearly shown that elaiosome removal differentially 
affects the stages of seed dispersal under study. As expected, elaiosome 
removal decreased seed attractiveness to ants but, contrary to our 
expectation, elaiosome removal alone seemed to be of little relevance to 
seed removal and germination. The effect of elaiosome removal on seed 
germination was instead mediated by seed scarification. Although our 
study does not support the idea that the presence of elaiosomes on seeds 
in arid lands improves seed germination, we have shown that elaiosome 
removal interacts with other concurrent manipulations by ants and 
together may lead to greater germination success. Our study is the first 
to assess the single and interaction effects of elaiosome removal, seed 
scarification and fungal infection on seed germination of a myrme-
cochorous plant species. 

As mentioned above, seeds bearing elaiosomes attracted more ants 
than seeds without elaiosomes, but both had similar removal rates. This 
was possibly because most of the ants observed interacting with seeds 
were small and unable to move the seeds, while bigger ants, capable of 
carrying them away from the dishes, removed the seeds regardless of the 
presence of the elaiosome. Although this is far from a generality, similar 
removal rates of seeds with and without an elaiosome have been re-
ported (e.g. Centaurea corymbosa; Imbert, 2006). While we recognize 
that more research is needed to demonstrate that the ants that removed 

Fig. 3. Interaction plot showing the non-additive effect of seed scarification 
(unscarified vs. scarified seeds) and elaiosome removal (Elaiosome vs. No 
elaiosome) on percent germination for the seeds of wild chaya (Cnidoscolus 
aconitifolius) under controlled environmental conditions. Data are mean values 
± 1SE. 

Table 2 
Results of the statistical analysis (generalized linear model with a binomial error 
distribution) run to assess the effect of elaiosome removal, seed scarification and 
chemical disinfection on the proportion of Cnidoscolus aconitifolius seeds with 
fungal infection. All second order interactions were included in the model. The 
effect of the same sources of variation were tested at five and 10 days after the 
experiment began. The P value was corrected using the Bonferroni method.  

Response Day Source of variation Statistic Corrected 
P 

Fungal 
infection 

5 Elaiosome removal χ2
1 =

12.83 
0.01 

Scarification χ2
1 = 0.12 0.99 

Disinfection χ2
1 =

12.83 
0.01 

Elaiosome removal x 
Scarification 

χ2
1 = 001 0.99 

Elaiosome removal x 
Disinfection 

χ2
1 = 0.01 0.99 

Scarification x Disinfection χ2
1 = 0.01 0.99 

10 Elaiosome removal χ2
1 =

35.87 
<0.01 

Scarification χ2
1 = 0.16 0.99 

Disinfection χ2
1 =

24.64 
<0.01 

Elaiosome removal x 
Scarification 

χ2
1 = 1.54 0.42 

Elaiosome removal x 
Disinfection 

χ2
1 = 0.37 0.99 

Scarification x Disinfection χ2
1 = 4.38 0.72  

Fig. 4. (A) Effect of elaiosome removal (Elaiosome vs. No elaiosome) and 
chemical disinfection (B) on percent fungal infection of the seeds of wild chaya 
(Cnidoscolus aconitifolius) under controlled environmental conditions. Fungal 
infection was recorded after five and 10 days. Data are mean values ± 1 SE. The 
asterisks indicate statistically significant differences between pairs of means 
(**P < 0.01). 
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the seeds of chaya are true dispersers, previous studies conducted in 
another Mexican tropical forest have shown that Ponerinae ants of the 
same genera (Pachycondyla and Odontomachus) are able to remove 
elaiosomes without damaging the seeds of the herb Calathea micro-
cephala (seed length = 5 mm) and take them to safe microsites (Horvitz, 
1981). Although other studies have reported that small ants of the genus 
Pheidole and Solenopsis are able to disperse small seeds in groups, they 
are unable to remove relatively larger seeds (Horvitz, 1981). For 
example, Solenopsis ants have been observed interacting with the seeds 
of Cnidoscolus quercifolius (seed length = 13.5 mm) and C. urens (seed 
length = 7.2 mm) in South America on the spot without moving the 
seeds (Leal et al., 2007). However, like us, these authors also observed 
that larger Ponerine ants of the genus Adontomachus actively removed 
the seeds of these Cnidoscolus species (Leal et al., 2007). 

Although our findings regarding the positive effect of the elaiosome 
on ant attraction strongly agree with those of previous studies (Hughes 
and Westoby, 1992; Mark and Olesen, 1996), our results regarding the 
effects on seed removal contradict those of most previous studies, which 
usually report greater seed removal for elaiosome-bearing seeds 
(Hughes and Westoby, 1992; Wolf and Debussche, 1999; Leal et al., 
2007). A possible explanation for this discrepancy is that large ants—the 
only ones able to remove the seeds—also remove seeds regardless of the 
presence of an elaiosome (Gómez et al., 2005). The edge of the seed 
where the elaiosome is attached is triangle-shaped, flat and thin in the 
study species (Appendix S1). Therefore, medium-sized to large ants are 
still able to grasp the seed by this edge once the elaiosome has been 

detached. 
Comparative and morpho-functional studies have suggested that the 

elaiosome of myrmecochorous plants in arid environments play a posi-
tive role in seed germination owing to its hygroscopic nature (Bianchini 
and Pacini, 1996; Lisci et al., 1996; Forest et al., 2007), however 
empirical evidence on the topic is scarce and controversial (e.g. Leal 
et al., 2007). Contrary to this expectation, for wild chaya we found that 
the effect of elaiosome removal per se on seed germination was not 
significant, but mechanical scarification of the seeds did increase 
germination success. Interestingly, elaiosome removal and seed scarifi-
cation exhibited a non-additive effect: elaiosome removal increased seed 
germination success only when the seeds were also scarified. Scarifica-
tion likely improves water imbibition and elaiosome removal, as well as 
reducing the resistance to radicle protrusion (Steinbrecher and 
Leubner-Metzger, 2017). Although these results do not support the 
notion that the elaiosome improves seed germination in arid lands, they 
clearly support the idea that seed manipulation by ants improves 
germination success in myrmecochorous plants in general (e.g. Beattie, 
1985; Rico-Gray and Oliveira, 2007). Because ants often remove the 
elaiosome and scarify the seeds simultaneously (e.g. Horvitz, 1981; 
Aranda-Rickert, 2011; Imbert, 2006, Fernandes et al., 2018), there is the 
possibility that some previous reports regarding the effect of elaiosome 
removal on seed germination could actually be reporting the effects of 
seed scarification or a combination of the two. Our results contrast with 
the only available study that separately assessed the effects of elaiosome 
removal and scarification in a tree of the Atlantic Forest of Brazil (Mabea 
fistulifera: Euphorbiaceae), where both variables reduced seed germi-
nation (Fernandes et al., 2018). At present, the lack of more studies 
precludes the possibility of identifying the reason behind any differences 
between studies. 

The elaiosomes of wild chaya significantly increased the chance of 
fungal infection, particularly during the first five days after water 
imbibition. Although this difference disappeared after 10 days, delayed 
infection may be highly beneficial for seed and seedling survival (Aug-
spurger, 1990). Previous research has suggested that the removal of 
elaiosomes by ants reduces pathogen attack via their antimicrobial se-
cretions (Ohkawara and Akino, 2005). However, this does not seem to 
be the case for wild chaya since the seeds manipulated by ants had levels 
of fungal infection similar to those of artificially manipulated seeds. 
Therefore, the reduction in fungal infection observed in wild chaya is 
likely due to the mechanical detachment of the elaiosome, which may 
serve as substrate for fungi. This result is important because ants 
detaching the elaiosome in situ are often considered cheaters or 
low-quality dispersers (Leal et al., 2014). However, in this study we have 
shown that even the partial consumption of the elaiosome in situ leads to 
a significant reduction in fungal seed infection. Thus, in situ consump-
tion of the elaiosome should not be equated with elaiosome robbery. 
Even though one may think that the in situ consumption of the elaiosome 
may reduce seed attractiveness to ants that are more effective at seed 
removal (Palfi et al., 2020), this does not seem to be the case for wild 
chaya because, as we have shown, large ants are able to remove seeds 
with and without elaiosomes. 

Fernandes et al. (2018) hypothesized that the negative effects of 
elaiosome removal and seed scarification on seed germination could be 
mediated by fungal infection in M. fistulifera. However, our findings in 
wild chaya do not support this idea. Seed scarification did not increase 
fungal infection and the effects of elaiosome removal on this variable 
was not mediated by scarification. Wild chaya seeds with an elaiosome 
are highly prone to fungal infection when humidity is high, and this has 
also been observed in other species of Euphorbiaceae (Aranda-Rickert, 
2011). Fungal attack is in fact a major cause of death at the seed and 
seedling stages in the tropics (Augspurger, 1990). Therefore, the benefits 
of elaiosome removal may also impact other demographic processes 
beyond seed germination (Garrido et al., 2009). 

Interestingly, our results also suggest that post-dispersal seed pre-
dation in wild chaya is not strong in the study area, i.e. predator- 

Fig. 5. Seed germination (A) and fungal infection (B) for seeds of wild chaya 
(Cnidoscolus aconitifolius) after being exposed to ants in the field for 48 h. Seeds 
were grouped into three categories: seeds with complete elaiosomes (Elaio-
some), seeds with their elaiosome partially eaten (Elaiosome eaten) and seeds 
with elaiosome completely, artificially removed (No elaiosome). Seed germi-
nation was recorded every 5–7 days for 30 days, while fungal infection was 
recorded only after five and 10 days. Data are mean values ± 1 SE. Different 
letters in B indicate statistically significant differences between pairs of means. 
n.s. = not statistically different. 
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excluded and unprotected seeds had similar removal rates. As relatively 
abundant granivorous birds and rodents have been observed by the 
authors in the study area, we believe that the low rates of seed predation 
by these animals could result from the presence of toxins in the seeds of 
wild chaya. Although this issue has not been specifically addressed in 
the study species, it is known that wild chaya produces toxins in several 
organs as an anti-herbivore defense and its seeds may produce these 
protective toxins as well (Solís-Montero et al., 2020). The fact that the 
seeds (but not the elaiosomes) of several species of Euphorbiaceae are 
highly toxic to granivorous animals (including ants) reinforces this 
notion (Alonso and Santos, 2013). 

Although we obtained interesting results that shed some light on the 
seed ecology of wild chaya, we were unable to identify a pattern 
regarding the effect of elaiosome removal on seed germination owing to 
the large variation among studies. This effect not only varies among 
species (e.g. Imbert, 2006; Leal et al., 2007), but also within species (e.g. 
Bianchini and Pacini, 1996; Martins et al., 2009) and within populations 
(Salazar-Rojas et al., 2012). This high degree of variability does not 
necessarily mean that the effect of elaiosome removal on seed germi-
nation is idiosyncratic. A confounding effect between elaiosome 
detachment and seed scarification should be ruled out first to arrive at 
any conclusions. Thus, it is probably too early to accept or reject the 
hypothesis that elaiosomes play a more important role in seed germi-
nation for plants growing in arid lands because studies are still scarce 
and different experimental approaches have been used. The case of 
diplochorous Euphorbiaceae from seasonally dry ecosystems may not be 
the best model to test this hypothesis (e.g. Leal et al., 2007; Aranda-R-
ickert, 2011; this study); water availability probably plays a less critical 
role in these plants since they release their seeds after rains, which 
guarantees that water will be available to imbibe. A clearer pattern 
would likely emerge in other species in which the first phase of seed 
dispersal is not synchronized with rains or for plants that inhabit 
chronically dry environments. 

5. Conclusions 

We conclude that the elaiosomes of C. aconitifolius play a role in ant 
attraction and that their removal reduces fungal attack. However, the 
effect of elaiosome removal on germination is mediated by scarification, 
with significantly greater germination when the seed has been scarified 
and the elaiosome removed. Seed scarification increases germination 
without facilitating fungal attack. 
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