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Abstract
Obligate mutualistic plant–ants are often constrained by their plant partner's capac-
ity to provide resources. However, despite this limitation, some ant partners actively 
reject potential prey items and instead drop them from the plant rather than consum-
ing them, leaving the ants entirely reliant on host plant-provided food, including that 
provided indirectly by the symbiotic scale insects that ants tend inside the plants. 
This dependency potentially increases the efficiency of these ants in defending their 
host. We hypothesize that if this ant behavior was beneficial to the symbiosis, prey 
rejection by ants would be observed across multiple plant host species. We also hy-
pothesize that plant-provided food items and symbiotic scale insects from other ant 
plants should be rejected. We address these hypotheses in the Crematogaster ant–
Macaranga plant system, in which plants provide living space and food, while ants 
protect plants from herbivory. We observed food acceptance and rejection behavior 
across five ant species and three plant host species. Ants were offered three types of 
food: termites as a surrogate herbivore, symbiotic scale insects, and nutritious food 
bodies (FB) produced by different host plant species. The unique ant species living in 
M. winkleri was the most likely to reject food items not provided by the plant species, 
followed by ants in M. glandibracteolata, while ants in M. pearsonii accepted most items 
offered to them. Using stable isotopes, chemical cues, and proteomic analyses, we 
demonstrate that this behavior was not related to differences between plant species 
in nutritional quality or composition of FB. Isotopic signatures revealed that certain 
species are primary consumers but other ant species can be secondary consumers 
even where surrogate herbivores are rejected, although these values varied depend-
ing on the ant developmental stage and plant species. Macaranga pearsonii and M. 
glandibracteolata, the two most closely related plant species, had most similar surface 
chemical cues of FB. However, M. glandibracteolata had strongest differences in food 
body nutritional content, isotopic signatures, and protein composition from either 
of the other two plant species studied. Taken together we believe our results point 
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1  |  INTRODUC TION

All organisms on earth are embedded in complex networks of in-
teractions. Mutualisms involve evolutionary adaptations, in which 
partners invest in costly traits that benefit their partners (Ferriere 
et al., 2002). These positive interactions underlie a wide range of 
ecosystem functions (Frederickson, 2017). Nutrition is often traded 
in the widespread and ecologically important symbiotic mutualistic 
interactions between ants and plants. These relationships can range 
from obligate to facultative interactions. Ant–plants provide ants 
with food in the form of food bodies (FB) and/or extrafloral nectaries 
(EFN) and with shelter, in form of domatia (Fiala & Maschwitz, 1992; 
Heil, Hilpert, et al., 2001; Itino et al., 2001; Sagers et al., 2000). Plant-
provided living space (domatia) consists mostly of hollow structures 
that are generated from the stem, leaves, or spines/thorns (Nelsen 
et al., 2018). In return, ants defend host plants from herbivores and 
in certain cases also clean plants of encroaching vines and fungal 
spores (Eck et al., 2001; Federle et al., 2002; Maschwitz et al., 1989). 
However, all mutualisms are vulnerable to cheating, in which one 
partner does not provide benefits, but continues to receive them 
(Ferriere et al., 2002).

This has two important evolutionary ecological implications. 
First, plants should direct food (FB, EFN) to the most beneficial 
ant partner (Giron et al.,  2018), hence avoiding ants that exploit 
resources without reciprocating (Heil et al.,  2009). This can be 
achieved through the growth of physical barriers that only more 
beneficial ant partners are able to pass (Federle et al., 1997), or even 
chemical barriers in the form of protease inhibitors rendering plant-
provided food digestible only for beneficial partners (Orona-Tamayo 
et al., 2013). Second, in addition to preventing the “wrong” partner 
from exploiting plant-provided food, it is necessary to ensure that 
the “right” partner continues to provide protection services. One 
strategy that plant hosts use to ensure that they receive protection 
benefits in return for their nutritional investment in their ant sym-
bionts is sanctions, for example, where plants reduce food provi-
sioning in response to increased herbivore damage (Orona-Tamayo 
& Heil, 2013). However, such mechanisms are only likely to evolve 
when the food provided by the plant is indispensable for the ants 
because otherwise the ant partners could gather food elsewhere. In 
certain cases, it has been shown that plants use coercion/manipula-
tion of the ant partner to prevent feeding on other food sources (Nepi 
et al., 2018). For example, in the Acacia–Pseudomyrmex interaction, 

ant workers cannot digest any source of sugar other than the one 
provided by the plant through EFN. This is because EFN sugar con-
tains specific inhibitors of digestive enzymes that are needed for 
digesting other food sources, effectively “addicting” the ant partner 
to that food source (Heil et al., 2014). Hence, despite abundant and 
accessible alternative food sources (e.g., EFN from another plant 
and honeydew from Homoptera), which are potentially more valu-
able in terms of nutrients, the ants do not use such food sources. 
Interestingly, in many other ant–plant systems, ants tend symbiotic 
scale insects (Homoptera: Coccidae) that feed on plant phloem sap 
while living inside the domatia. In this type of tripartite mutualism, 
coccids provide carbohydrate-rich honeydew (at the plant's expense) 
while ants protect coccids from predators. However, it is not clear 
whether the coccids that live symbiotically with the ants are them-
selves used as food. Interestingly, in the few studies on dietary pref-
erences of symbiotic ants tending coccids (Fiala & Maschwitz, 1990; 
Heckroth et al., 2001), ants did not consume them and only tended 
them for honeydew. In certain ant–plant systems (Cladomyrma ants: 
Maschwitz et al., 1989), honeydew and EFN may be the only source 
of food for the ants, presenting challenges for the development of 
the larvae on such protein-deprived diets (Ribeiro et al., 2019). Many 
arboreal ants have highly specialized digestive systems characteris-
tic of primary consumers due to the need to acquire sufficient nitro-
gen from carbohydrate-rich diets (Davidson et al., 2003; Feldhaar 
et al., 2007; Mayer et al., 2014). However, such high specialization 
could come at the cost of limiting diet breadth. This could explain 
why some obligate symbiotic ants drop herbivores off the plant, 
rather than consume them (Moog et al., 2005). Moreover, FB and 
EFN are presented on parts of the plant vulnerable to herbivory such 
as new stems and young leaves. Compelling ants to patrol the plants 
in these specific locations may considerably improve the services 
provided by the ant to the plants (Moog, 2009).

In our tripartite Macaranga plant—Crematogaster ant–coccid study 
system—, the ants also tend specialized coccids. However, in contrast 
to Cladomyrma, where plants only provide EFN, and where prey rejec-
tion has been observed, Macaranga plants also provide protein- and 
lipid-rich FB to their ant partners (Ueda et al., 2010). A rejection of 
potential insect prey items has also been observed in the Macaranga–
Crematogaster system, as well as a rejection of plant-based FB col-
lected from other plant genera (Fiala & Maschwitz, 1990). Macaranga 
species show a range of interactions with ants from facultative to ob-
ligate. Among the latter, most symbiotic ants are of a closely related 
group of Crematogaster (Decacrema) ants (Feldhaar et al., 2016), each 

toward potential host coercion of symbiont ants by plants in the genus Macaranga 
Thouars (Euphorbiaceae).

K E Y W O R D S
behavior, coccids, food bodies, GC–MS, isotope, myrmecophyte, plant–herbivore interactions, 
proteomics
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    |  3 of 13HOUADRIA et al.

of which can colonize several different Macaranga species. These in-
teractions can also be exclusive, with an ant species only being found 
on one plant host species and vice versa. Previous research has already 
shown the importance of food quality in relation to obligate and fac-
ultative interactions, where plants involved in facultative mutualisms 
provide lower-quality food (Heil, Fiala, et al., 2001). We take this a step 
further and analyze obligate systems in relation to the degree of spe-
cialization (host specificity) and food limitation of the ants. The only 
previous work on the food limitations of symbiotic Macaranga ants 
was based on a single ant–plant system with a small number of colo-
nies maintained in captivity (Fiala & Maschwitz, 1990). This work was 
an exploration of what these ants could be fed to survive in captivity, 
rather than to investigate why these ants have such feeding behaviors. 
Hence, the drivers of food limitations for ants in this system remain un-
known. Here, we analyze how feeding behavior of Crematogaster ants 
differs across different combinations of ant and Macaranga species.

We hypothesize that plant ants limit the use of non-host food 
sources, either (i) because the ants prefer the high-quality food pro-
vided by the plant host regardless of their specialization level, or (ii) 
due to a high level of dietary specialization (that may be due to host 
coercion) limiting their capacity to consume sources of food other 
than honeydew and plant-provided food from the specific host they 
have colonized.

To test these hypotheses, first, we explore whether food quality 
drives feeding behavior in these obligate plant ants. To characterize 
the quality of FB provided by the plants, we measured nitrogen con-
tent and FB-specific protein composition (Heil et al., 1998; Orona-
Tamayo et al., 2013). We predict that herbivore rejection rate should 
be higher on plants with FB of higher quality as ants should be less 
limited in nitrogen on such plants. In addition, these ants would de-
rive a higher proportion of nitrogen directly from the plant instead 
of prey items and should thus have a relatively lower trophic enrich-
ment than ants accepting them. We, therefore, characterized stable 
isotope signatures (δ15N and δ13C) of FB, ants, and symbiotic scale 
insects as potential herbivores that may be consumed by the ants. 
Ants should show similar behaviors in terms of acceptance or rejec-
tion of experimentally provided FB when FB have similar FB protein 
composition.

Second, we analyzed whether feeding behavior is driven by the 
plant partner. If this was the case, we would expect ants to show a 
higher rejection rate of food sources not provided by the specific 
host, either due to coercion by the plant host or dietary specializa-
tion by the ants. Partner recognition (Grasso et al., 2015) should be 
most developed in the most exclusive interactions (one plant spe-
cies and one ant partner), and therefore, those ants should display 
the strongest rejection behavior toward any food not provided by 
their plant host. These patterns should be observed irrespective 
of the quality of the food. As rejection/acceptance mechanisms of 
plant-provided food may be mediated through chemical surface cues 
(Jürgens et al., 2006; Souto-Vilarós et al., 2018), or specific protein 
composition of FB, the reaction of symbiotic ants toward more sim-
ilar plant-derived food sources (in terms of chemical composition) 
should be more alike.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

Fieldwork was conducted from February to March 2018 along log-
ging roads in lowland rain forest in Sabah, Malaysian Borneo. The 
area had been selectively logged twice between 1980 and 2000, and 
then heavily logged in 2013–2015. This area is part of the Stability 
of Altered Forest Ecosystems project (SAFE project habitat “matrix”; 
Ewers et al., 2011). The climate in Sabah is relatively unseasonal, 
with mean annual precipitation of 2880 mm and 80%–90% relative 
humidity. Daily temperatures range from 19 to 34°C (annual mean: 
26.9°C). Rainfall tends to be highest from November to February.

2.2  |  Choice of macaranga species and species 
identification

We selected three different species of Macaranga frequently found 
in heavily logged forest. Macaranga pearsonii (MP) and Macaranga 
glandibracteolata (MG) are two phylogenetically closer species (sec-
tions Pruinosae and Pachystemon, respectively: Bänfer et al.,  2004; 
Davies,  2001), each colonized by multiple (two to four) closely re-
lated symbiotic ant species belonging to the Crematogaster subgenus 
Decacrema (Feldhaar et al., 2016). Since these two Macaranga species 
share ant symbiont species, C. linsenmairi (Table  1), we were able to 
compare behavior of the same ant species between different plant spe-
cies. This was the only ant species with enough replication to do this. 
Macaranga winkleri (MW) belongs to a more distantly related group (sec-
tion Winklerianae; van Welzen et al., 2014) and is colonized by a single 
completely specific ant species, Crematogaster sp. 8, that belongs to a dif-
ferent subgenus from the other symbiotic ant species (Fiala et al., 1999).

Trees selected were 2–4 m in height with no apparent signifi-
cant damage either from vertebrates (elephants, human-cut trails) 
or from invertebrate herbivores, and all displayed high levels of ant 
activity, which was defined as at least five ants per minute circu-
lating from the apex of the branch to a domatium (see Table 1 for 
plant/ant species associations and sample sizes, which vary between 
different analyses). The three plant species were identified follow-
ing Davies  (2001). For ant identification, up to three workers (and 
a queen when collected) of each morphotype from each tree were 
point mounted, photographed, relevant traits measured (Dino-Lite 
2.0), and were identified to species level using the latest system-
atic key on Macaranga-associated Crematogaster ants (Feldhaar 
et al.,  2016). The single easily recognizable ant species in MW 
(Crematogaster sp. 8) was identified in the field.

2.3  |  Food items

Surrogate herbivores, scale insects, and FB were offered as food 
items. We selected termites as surrogate herbivores rather than true 
Macaranga herbivores because of their low mobility and easy access 
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to colonies of the genus Dicuspiditermes enabling standardization. We 
used only mature workers (not nymphs) and did not use soldiers since 
these have defensive mechanisms that might affect ant behavior. 
Symbiotic scale insects from the genus Coccus and FB were extracted 
from the Macaranga species we specifically studied but on which no 
behavioral experiments were conducted since extraction involved 
partial destruction of plants. Ants may respond differently depend-
ing on the symbiotic coccid species (Heckroth et al.,  1998, 2001). 

Identification of coccids in the field was not possible, but to account 
for this we sampled and offered coccids from all three different plant 
species in each behavioral experiment. Scale insects were carefully 
removed from inside domatia using soft forceps in order to prevent 
damage, and were kept in 5-ml Eppendorf tubes. Only visibly intact 
scale insects that had reached the third or later instar were used as 
food items. FB were extracted from stipules of the different plant 
species with soft forceps and were kept in 5-ml Eppendorf tubes in a 
cool box at 10°C until experimental placement.

2.4  |  Behavioral responses to different food items

Food items were placed at ~10 cm intervals on the accessible branch 
where ant patrolling was most frequent. All three different food 
items were displayed simultaneously in random order. A single branch 
was used per tree. Live food items (termites and coccids) were simply 
deposited and because of their low mobility they rarely fell off. When 
the branch angle was too steep to rest food items on (n = 3 trees, 
each of a different species), we bent the tree using a rope (maximum 
of 45°) 24 h prior to the experiment, thus minimizing disturbance due 
to shaking of the branch. If an item was not encountered after 7 min, 
then it was moved to a new location on the same branch. After a food 
item was encountered (through antennation), ant behavior was noted 
(see below), then a new food item was placed a few centimeters from 
the previous one until three replicates of each food item were ob-
tained for each tree. Coccids from each plant species were placed 
four times to increase replication to account for potential variability 
in response to different species and instars. We considered an item to 
be accepted when the ants carried it inside the hollow stem (domatia) 
of the tree, or if it was consumed where it was found. An item was re-
corded as rejected when it was thrown off the tree. N/A was recorded 
if an ant simply carried the item but was not observed to throw it 
off, consume it, or bring it inside the tree. If the food item was en-
countered (through antennation) but not picked up, it was considered 
ignored. Experiments were conducted from 8:00 a.m. to 12:00 p.m. 
in the absence of wind or rain and when the plant's surface was dry.

2.5  |  Chemical analyses

For all chemical analyses, ant workers were sampled directly from 
the surface of plant branches and FB were collected from the stip-
ules closest to the plant's apex. To retrieve scale insects (tightly at-
tached with proboscis) as well as ant larvae within the hollow stem 
(domatia), we partially dissected trees after the behavioral experi-
ments were conducted.

2.5.1  |  C13 and N15 isotopes and C/N ratios

We measured stable isotopes δC13 and δN15 to characterize the 
trophic level of the different ant species' developmental stages 

TA B L E  1 Summary of sample sizes for all analyses, including 
the numbers of colonies of the different ant species found in the 
different tree species and different sample sizes depending on the 
species or food item type.

Sample type Behavior
GC–
MS Isotope Proteomics

Termites 28

32

29

C. linsemairi 5

8

C. borneensis 3

2

C. captiosa 1

C. maryatii 1

C. sp. 8 10

Workers 10 10

10 9

11 9

Larvae 10

9

7

Coccids MW 38 6

22

33

Coccids MP 41 10

22

36

Cocc. MG 8 6

19

20

FB. MP 31 10 10 12

26

32

FB. MG 28 10 9 12

27

28

FB. MW 32 10 9 12

29

29

Note: Blue, gray, and red colored squares represent, respectively, the 
different Macaranga species MP, MG, and MW.
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    |  5 of 13HOUADRIA et al.

(worker/larvae) in relation to host plant FB and coccids (primary 
consumers and potential ant prey). For each category (ants, larvae, 
coccids, and FB), a minimum of five items/individuals from each 
plant host were placed in Eppendorf tubes with cotton wool and 
silica gel in sufficient quantity to completely dehydrate the sample. 
Measurements of δC13 of ants that were raised entirely on a syn-
thetic diet with known isotope ratios (Feldhaar et al., 2010) predict 
that ants should be enriched by about 1% to 1.2% in comparison to 
their diet. The most likely source of C would be nectar from EFN or 
honeydew produced by the coccids. However, since we were un-
able to collect these two potential food sources we were unable to 
measure the contribution of these sources to the δ13C signature of 
the ants.

For our study, we believe that δ15N is more interesting since we 
need this value to interpret the patterns observed in rejection of 
food items that should be collected to enhance intake of protein. 
Earlier studies have shown that ants on Macaranga are limited more 
by N than by C as fertilizing Macaranga plants results in increased 
food body production (with high N-content) and subsequently en-
hanced ant colony growth (Heil, Fiala, et al., 2001). We, therefore, 
consider the C/N ratio a good measurement of plant investment in 
food body quality.

Before stable isotope analysis, all samples were oven-dried over-
night at 105°C. Relative C and N isotope natural abundances were 
measured in dual-element analysis mode with an elemental analyzer 
(1108; Carlo Erba Instruments) coupled to a continuous-flow isotope 
ratio mass spectrometer (delta S, Finnigan MAT) via ConFlo III open-
split interface (Thermo Fisher Scientific) as described in Bidartondo 
et al. (2004). For further details, please refer to Appendix S1 Proteomics.

We hypothesized that variability in ant food preference is based 
on the protein composition of the FB, with FB with more similar 
composition being treated by the ants in a similar way. FB may con-
tain enzymes that strongly influence their digestibility in the ants. 
Either a protease inhibitor would block ant digestive enzymes mak-
ing it unable to digest other protein sources (Heil et al., 2014) or the 
FB has inhibitors preventing digestion by non-mutualistic species 
(Orona-Tamayo et al., 2013). In both cases, this inhibitor would have 
to be fast acting and readily available during the first stages of the 
digestion process. For this reason, we digested the FB stepwise, 
and we expected the inhibitor to be present in the 30 min digest, 
and depleted or missing in the 12-, 24-, and 36-h digestions. We ex-
tracted a minimum of 15 FB from 12 trees for each plant species. 
After collection from the plant, FB were directly placed in PTFE vials 
and installed in a dry shipper at −50°C (CHART Biomedical MVE SC 
4/2) until brought back to the laboratory. The LC/MS analysis was 
performed on a NanoAcquity UPLC coupled online to the ESI Q-Tof 
Premier mass spectrometer (both Waters). Protein composition was 
based on retention time of peptide migration through column based 
on peptide hydrophobicity. A minimum of two peptides matched 
to a protein was considered a positive result; four digestion times 
(30 min, 12, 24, and 36 h) were performed with fresh trypsin, and 
each sample was measured six times. For further details on protocol 
and protein identification, see Appendix S3 and Tables S1 and S2.

2.5.2  |  Chemical cues

To compare acceptance of FB by ants in relation to differences 
in FB chemical profiles, external food body chemicals were ex-
tracted and chemical profiles were compared across host plant 
species. Chemical cues from ants were also extracted to describe 
any potential contamination of the chemicals present on the FB. 
We extracted a minimum of 10 FB and five ants per sample from 
10 trees for each plant species. Samples for chemical cues were 
placed in 1.5-ml glass vials with 1.5 ml of hexane for 10 min. The 
hexane was then transferred to another 1.5-ml glass vial. Extracts 
were shipped to the University of Würzburg and were analyzed 
with an Agilent 6890 gas chromatograph coupled with an Agilent 
5975 Mass Selective Detector (Agilent). For further details, see 
Appendix S2.

2.6  |  Data analysis

All R analyses were conducted on R version 1.2.5033.

2.6.1  |  Behavioral responses to different food items

As detailed at the end of the introduction, we first explored the 
rejection of food items by ants depending on the plant host by 
using regression models with ordered categorical response vari-
ables. Behavioral responses were ordered by level of attraction 
to the food item. The order was as follows: R < I < A, where “R” 
denotes rejection of the food item which meant it was thrown off 
the tree, “I” denotes ignored, and “A” accepted. As reactions of 
ants toward different food types showed high levels of differences 
regardless of the plant, we performed separate analyses for each 
type of food. For the response to surrogate herbivores (termites), 
explanatory variables were the plant host species and tree identity 
as a random factor. Each tree is usually colonized by a single ant 
colony and we, therefore, account for colony-specific behavior by 
including this random effect. For both FB and coccids, the explan-
atory variables were the same as those for the surrogate herbi-
vore analyses, but with the addition of interactions between both 
the plant species of origin of FB/coccids (which plant species they 
were collected from) and the plant host species (where the ants 
were living). Replication was at the level of 10 trees per plant spe-
cies and at least three identical food items per tree, and trees as a 
random factor was included to account for the non-independence 
of trials within a tree. We could not include ant species identity in 
these models since MW has no symbiotic ant species in common 
with the other two plant species. However, we did rerun all models 
separately for the ant species C. linsenmairi, which was common to 
both MP and MG (five and eight plants, respectively, Table 1). We 
used R package “tidyverse” (Wickham et al., 2019) for data man-
agement and plotting (ggplot() and ddply()). For modeling, we then 
used clmm() from the “ordinal” package (Christensen, 2015) and 
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6 of 13  |     HOUADRIA et al.

ggpredict() from the “ggeffects” package (Lüdecke, 2018) for data 
visualization.

2.6.2  |  Isotopic analyses

We hypothesized that acceptance of plant-produced FB may be 
driven by their quality. We, therefore, first characterized food body 
quality based on the amount of nitrogen in comparison to carbon 
content (C/N ratio). As ants are limited in nitrogen, FB with lower 
C/N ratio should be preferred and, in turn, ants should reject most 
other food items presented to them which would result in a higher 
rejection rate of surrogate herbivores as a potential source of ni-
trogen. We expect that ants reject surrogate herbivores to have a 
relatively lower trophic enrichment (δ15N) than those which accept 
them, i.e. they feed on FB directly provided by the plant to a larger 
extent. This effect should be most pronounced in the larvae, which 
need higher protein intake. We, therefore, conducted additional 
analyses to explore whether trophic enrichment of the different 
ant species varied between tree hosts and across ant development 
stages (larvae and worker) accounting for variance in potential food 
resources (coccids and FB from each plant host were considered 
as baselines); we collected a minimum of nine and six replicates for 
coccids and FB, respectively (Table 1). For each analysis, we had at 
least nine replicates (different colonies in different trees) except 
for the larvae of MW where we had only seven replicates of lar-
vae (Table 2). The proportion of different food sources consumed 
by the ants or larvae was calculated by solving the likelihood equa-
tions for mixtures of distributions for stable isotopic data within a 
Bayesian framework, using the “simmr” R package (simmr_load(), 
simmr_mcmc(), and compare_sources()). For more information on 
the Bayesian mixing model, please refer to Parnell et al. (2013). The 
two potential ant food sources (FB and coccids) were considered to 
reflect primary producers (since FB are produced by the plant) and 

primary consumers respectively (coccids as herbivores). These anal-
yses focused mainly on differences in N isotopes reflecting different 
sources of amino acids or protein (a more limiting factor than car-
bohydrates; Heil, Fiala, et al., 2001). We, therefore, did not consider 
honeydew as a source because of its very low nitrogen concentra-
tions (Ribeiro et al., 2019) and sampling limitations. We conducted in 
R pairwise t-test comparisons of isotopic ratios within a species and 
t-test comparisons between species (Table 2).

2.6.3  |  Proteomics analyses

In order to explore if plants with similar FB protein composition 
show similar ant behaviors, a two-way crossed PERMANOVA anal-
ysis was performed with Macaranga species and digestion time in 
the proteomic analysis as fixed effects and composition of peptides 
(lengths and quantity) obtained by enzymatic digestions of the FB as 
the response variable. One-way PERMANOVA analyses were also 
conducted within each digestion time. We had six replicates per 
digestion time and plant species. We visualized these results using 
NDMS plots. PERMANOVA and NMDS analyses were performed 
using Primer V.6 (Clarke & Gorley, 2006).

2.6.4  |  External chemical cues of FB

To analyze if symbiotic ants on closely related Macaranga species 
respond more similarly to food items with more similar surface 
chemical cues, we compared the profiles of FB using a one-way 
PERMANOVA design (Primer V.6) where we used the chemical cue 
results as response variable and Macaranga species as a fixed factor 
and tree individual as a random factor. We visualized these results 
using NDMS plots (Primer V.6). We extracted FB from a minimum of 
10 plants from each species.

TA B L E  2 Comparison of δ15N among FB, ants, ant larvae, and coccids within a plant host species (pink) using pairwise t-tests, and for the 
same item type across plant host species (gray) using t-tests (n.sp > .05; *p < .05; **p < .01; ***p < .001).

δ15N

MP MG MW

FB Ants Larvae Coccids FB Ants Larvae Coccids FB Ants Larvae

MP Ants n.s

Larvae * *

Coccids n.s * ***

MG FB *

Ants * n.s

Larvae * ** **

Coccids n.s n.s ** ***

MW FB *** **

Ants ** *** *

Larvae * ** * n.s

Coccids n.s n.s * n.s n.s
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    |  7 of 13HOUADRIA et al.

3  |  RESULTS

3.1  |  Behavioral response to different food items

3.1.1  |  Termites as surrogate herbivores

Ants living in M. glandibracteolata (MG) and M. winkleri (MW) hosts 
rarely accepted the insect herbivore (<10% of occasions), whereas 
ants in M. pearsonii (MP) trees accepted them significantly more 
often (>50% of occasions; Figure 1; Table 3). There were no signifi-
cant differences in the proportion of surrogate herbivores ignored 
on different Macaranga species.

3.1.2  |  Food bodies

Ants living in MG and MW tended to accept homospecific FB (over 
40% and 50%, respectively) and rejected or ignored heterospecific 
FB (up to 90%). However, ants on MP accepted roughly similar pro-
portions (~45%) of FB from MP and MG (Figure 1; Table 4).

3.1.3  |  Coccids

Coccids from MG plants were the only ones for which ant responses 
differed between plant hosts (Table 4). MP ants, in general, accepted 
coccids (~75%) more than ants on the other plants, and rejection 
rates were very similar for MG and MW ants (Figure 1; Table 3) re-
gardless of coccid origin (from 50% up to 65% for coccids originating 
from MG). When comparing the same species (C. linsenmairi) found in 
both MP and MG, there was a reverse effect (Figure 1; Table 3) with 
MP ants accepting more coccids originating from MG plants, but MG 
ants accepting more coccids from both MP and MW (50% and 60%).

3.2  |  C/N ratio and isotopic signatures

3.2.1  |  C/N ratio

In general, workers had a lower C/N ratio (higher N concentration) 
than larvae. Ant larvae across the different plant species had similar 
ratios, but workers from MP had higher C/N ratios than ants from the 
two other plant species (Figure 2a). The C/N ratio of FB was much 
higher than that of workers and larvae. FB from MG had the highest 
C/N ratio, with those from MP and MW being similar and lower.

3.2.2  |  N and C content

MG FB contained the lowest percentages of N (Figure 2b). Larvae and 
coccids did not differ in N or C percentage depending on the plant host. 
However, MP worker ants had lower N percentages than worker ants 
from the other two plant species and MG had lower C percentages 

than ant workers from the other two species. FB from MW had the 
lowest C percentages compared to the other two plant species.

3.2.3  |  δΝ15

Only on MW did worker ants have higher δΝ15 than their FB, but 
all larvae showed higher δΝ15 than their FB regardless of the host 
(Table 2). δΝ15 levels of larvae and ants were higher than those of 
their coccids for both MG and MP but not in MW (Table 2).

3.2.4  |  δC13

This did not differ depending on the plant host for larvae or ant 
workers (Figure 3a).

F I G U R E  1 Behavioral responses of symbiotic ants to 
different food items experimentally placed on Macaranga trees 
(A = Accepted; I = Ignored; R = Rejected) across food types 
(termites, FB, and coccids) and plant species of origin for the food. 
Results are presented for all ant species combined, and separately 
for C. linsenmairi, the only ant species found in sufficiently many 
trees for comparisons to be made between species (tree species 
MG and MP). See Tables 2 and 3 for statistical tests.
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R: rejected
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8 of 13  |     HOUADRIA et al.

3.2.5  |  Diet contribution

Based on stable isotope signatures (δ13C and δ15N), MW larvae 
and ants have a diet primarily based on the FB provided by their 
host plant (Figure 3b), whereas for ants and larvae in MG, coccids 
make a greater contribution as a source of food (more pronounced 
in ant larvae). Similar δ15N enrichment as in MG larvae was ob-
served in MP larvae, although the worker ants in MP had stable 
isotope signatures pointing toward equal contribution of the two 
food sources.

3.3  |  Protein composition

The two-way crossed PERMANOVA analysis showed protein com-
position differences between FB of different species, digestion 
time, and the interaction between these two factors. The 30 min 
digestion showed most pronounced differences (PERMANOVA; 
Table S1; Figure S2A). Within this digestion time, all species had 
different protein profiles (Figure  S2B, PERMANOVA: df  =  2; 
pseudo-F = 19.68; p < .001), suggesting differences in the diges-
tion of different FB. Interestingly, protein composition of FB from 
MW and MP was more similar, despite MP and MG being taxo-
nomically closer (Table S1).

3.4  |  Chemical cues

The chemical profiles of the FB from different plant species were 
all significantly different (PERMANOVA: df = 2; pseudo-F = 15.39; 
p < .001), although MP and MG showed a much higher level of simi-
larity (Figure S1A,B). Likewise, three of the five ant species identified 
through morphological taxonomy (with sufficient replicates) showed 
different chemical cue profiles (Figure S1C, PERMANOVA: df = 2; 
pseudo-F = 4.88; p < .001).

3.5  |  Comparison between C. linsenmairi ants 
found in two different plant hosts species

The behavior of C. linsemairi differed depending on the tree host. 
C. linsenmairi ants accepted termites more on MP than on MG 
(Figure 1; Table 3). In MP, C. linsemairi accepted more MP FB than in 
MG. Surprisingly for ants in MG, heterospecific origin coccids were 
accepted more often than homospecific origin coccids, whereas 
for MP ants, coccids that originated from other MP and MW trees 

Host plant 
comparison z value p

Comparison of 
origin z value p

Coccids MP-MW 4.5 *** MP-MW 0.21 n.s

MG-MW 0.3 n.s MG-MW 4.91 *

MP-MG 4.54 *** MP-MG 2.28 *

L: MP-MG 2.8 ** L: MP-MG 1.13 n.s

L: MP-MW 2.77 n.s

L: MG-MW 0.71 n.s

Termites MP-MW 3.7 ***

MP-MG 3.6 ***

MG-MW 0.15 n.s

L: MP-MG 3.47 ***

Note: Plant individual was included as a random variable. Significance values are denoted as 
follows: n.sp > .05; *p < .05; **p < .01; ***p < .001. L and italic font indicate comparisons conducted 
only on C. linsenmairi. See Figure 1 for visualization of results.

TA B L E  3 Comparison of behavior 
(ordered categorical response variable) 
of ant symbionts when presented with 
termites (surrogate herbivores) and 
coccids in relation to plant host species 
and for coccids, the host plant of origin.

TA B L E  4 Comparison of behavior (ordered categorical response 
variable) of ant symbionts when presented with FB as predicted by 
plant host species, plant species of FB origin, and their interaction 
(fixed effects).

Host plant 
comparison FB comparison origin z-value p

MP-MG MP-MG 2.13 *

MP-MW 1.253 n.s

MW-MG 3.12 **

L: MG-MW 0.38 n.s

L: MP-MW 1.65 n.s

L: MP-MG 2.27 *

MG-MW MP-MW 5.64 ***

MP-MG 3.38 ***

MW-MG 7.38 ***

MP-MW MP-MW 5.03 ***

MP-MG 1.63 n.s

MW-MG 5.74 ***

Note: Plant individual is included as a random effect. Significance values 
are denoted as follows: n.sp > .05; *p < .05; **p < .01; ***p < .001. L and 
italic font indicate comparisons conducted only on C. linsenmairi. See 
Figure 1 for visualization of results.
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    |  9 of 13HOUADRIA et al.

were accepted less often than those originating from MG (Figure 1; 
Table 4). Larvae had a higher C/N ratio in MG plants in comparison 
to MP, but for workers, this pattern was reversed, with a higher C/N 
ratio for workers in MP (Figure S3A). Ants in MP had lower δ13C 
(corrected for FB) in both larvae and workers. Stable isotope analy-
ses suggest that the proportion of food sources used by the ants (FB 
and insect prey) differed depending on the plant host (Figure S3C). 
N percentages were higher for C. linsemairi larvae and workers in 
MG. However, workers had a lower C percentage in MG compared 
to MP (Figure S3D).

4  |  DISCUSSION

Our behavioral and chemical study confirms that the ant species 
obligately associated with Macaranga myrmecophytes are highly 
specialized with respect to their nutritional preferences. FB from 
different host species are selected by ants based on their chemi-
cal profiles rather than their composition or nutritional value. 
Furthermore, the behavior toward surrogate herbivores and coccids 
is not dependent on the ant species or the quality of the alternative 
plant-provided FB. Taken together, these results demonstrate that 

F I G U R E  2 Differences in C and N composition of ant workers, ant larvae, coccids, and FB across the three Macaranga species studied. 
(a) Differences in C/N ratio, calculated as carbon content divided by Nitrogen content across plant species. High C/N ratios indicate low 
nitrogen content. (b) Differences in N and C content across plant species. Letters at the top of each panel represent comparisons (t-tests) of 
the same item in different plants, with significantly different results being denoted by differing letters.
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F I G U R E  3 (a) Trophic levels inferred 
from δ15N and δ13C ratios for ant 
workers, ant larvae, symbiotic coccids, 
and plant-provided FB across the three 
different plant species. Significantly 
different isotope ratios (as assessed by 
pairwise t-tests) are denoted by differing 
letters. For comparisons of δ15N between 
different items within and between 
plant species, see Table 2. (b) Results of 
stable isotope mixing models considering 
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10 of 13  |     HOUADRIA et al.

symbiotic ant dietary behavior may depend on the plant host. We 
suggest that some mechanisms may be operating to ensure partner 
fidelity, e.g. coercion by the host plant that ensures only certain food 
resources can be used by the ants.

4.1  |  Rejection/acceptance of FB

FB differed in quality between plant species, with MG FB having a 
significantly higher C/N ratio (lower N content), in comparison to 
those of MP and MW. FB with higher N-content have been shown 
to be more attractive for ants (Heil et al.,  1998). In Crematogaster 
sp. 8, which is exclusively found on MW, we found the highest re-
jection rates of heterospecific FB originating from MG and MP, in 
spite of FB from MP having similar nutritional quality and composi-
tion (C/N ratio of FB and proteomic analyses) to those of MW. MG 
and MP ants more frequently accepted FB from both MG and MP 
hosts, thus being less specialized with regards to FB. However, MG 
ants accepted FB of MG more frequently in comparison to MP ants. 
This lower acceptance by MP ants may be related to the lower food 
quality (in MG FB), as MG ants showed less behavioral differences 
for MP FB which had higher nitrogen content. But acceptance of FB 
by ants may not solely be based on nutritional quality but potentially 
also on composition and chemical cues found on the FB.

The two most phylogenetically related Macaranga species (MP 
and MG) were not the most similar in protein composition of FB (MP 
was closer to MW). The distinctness in MG FB protein composition 
and digestion times could potentially relate to the symbiotic ants' 
behavioral differences, as proteins may influence either quality or 
digestibility of FB. However, since a protein sequence database is 
not available for the genus Macaranga we cannot discuss this fur-
ther. But familiarity with olfactory cues of the Macaranga host they 
reside on may also result in a higher acceptance of FB from the host-
ing species. This matches the chemical cue analysis where the most 
distinct chemical profiles were for the most exclusive interaction 
(ants on MW) for which rejection (of other FB) and acceptance (of 
their own plant) were the most pronounced. We also found in pre-
liminary trials (not reported here) that altering the smell of the FB 
originating from the host plant by hexane dilution leads to the rejec-
tion of the FB (only tested once on each tree species as a control).

The overall differences in ant behavior and FB chemical profile 
similarity between the plant species are in concordance with their 
phylogenetic relatedness (Bänfer et al.,  2004), perhaps indicating 
recent diversification of the chemical signatures of the FB and the 
ant preference for these profiles. This is concordant with our predic-
tions that the most exclusive systems (Crematogaster sp. 8 on MW) 
have the most restricted partner choice mechanisms. Olfactory cues 
have already been demonstrated to be important for the colonizing 
Crematogaster queen to recognize the right Macaranga plant host 
species (Inui et al., 2001). We suggest that even worker ants may 
reject plant food material with the wrong smell, implying that chem-
ical cues play an important role not only in partner choice during 
colonization (Jürgens et al., 2006) but also in nutrient recognition. 

However, the only previous study to have tested this found no dif-
ference in acceptance rates of heterospecific and homospecific FB; 
only when offered FB from a different genus did ants reject them 
(Fiala & Maschwitz,  1990). These conflicting results could result 
from the ants being starved in a laboratory in contrast to our study 
that was conducted in the field.

4.2  |  Rejection/Acceptance of surrogate 
herbivores and coccids

The only previous study presenting different “foreign” food items 
observed much lower rates of acceptance (Fiala & Maschwitz, 1990) 
for C. borneensis on M. triloba (7% acceptance rate). This ant spe-
cies was also found in some of our trees (N  =  5) and accepted 
higher rates of termites as a food source (30% acceptance rate). 
Behavioral differences in the results could be due to the variety of 
food items used in that study (butter and fish) which were offered 
with no standard replication, but rather were used to explore the 
full ant dietary spectrum and not the ants' capacity to assimilate a 
standardized prey.

Ants on both MW and MG showed similar behavior in having 
high levels of rejection of the surrogate herbivore (termites) as a 
food source and to a lesser degree toward coccids. In contrast, MP 
ants showed much higher rates of acceptance. As acceptance rate of 
coccids from other plants was also generally higher in ants on MP, it 
seems that, in general, ants on MP have lower rates of rejection for 
food items not provided directly by the host plant. However, this 
trend differs for C. linsenmairi where ants in the MG host accept 
more MP and MW coccids than in the MP host (in MP, C. linsenmairi 
only accept more coccids from MG host). This could be related to 
MG coccids differing (different species and/or due to coccids chem-
ical cues deriving from the host plant) and also to the way coccids 
may contribute differently to the diet and needs of the ants (carbo-
hydrates vs. protein consumption).

4.3  |  The relation between behavior and 
trophic enrichment

MW workers, larvae, and coccids showed approximately a 2.5 in-
crease in trophic enrichment (compared to the δ15N FB) which is 
coherent with FB being the main source of nitrogen for the ants. 
This result is supported by ant rejection of herbivores and the major 
contribution of FB for both larvae and workers indicated by δ15N 
(compared to coccids). Moreover, the higher C% in MW ant workers 
compared to MG ant workers, despite MW FB having lower C%, 
suggests that these ants mostly tend coccids for their honeydew.

MG ant and larva trophic enrichment indicates that coccids 
rather than FB are the food source (~2.4 increase in δ15N compared 
to coccids). Because MG FB have the poorest nitrogen content, it 
would make sense that the ants compensate by the consumption of 
coccids. This is concordant with model results of the contributions of 
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    |  11 of 13HOUADRIA et al.

the two different potential food sources and the behavioral experi-
ment showing a higher rate of acceptance of coccids than termites. 
However, our finding contrasts with the conclusion that coccids are 
not preyed upon (Heckroth et al., 2001). This previous study was 
a pioneering attempt to disentangle the tripartite system and the 
role of the coccids; the authors concluded that coccids were not 
consumed when brought inside. We believe that the behavior of the 
symbiotic ants could be very different if the plant has been damaged 
previously (field extraction and domatia exposed) and if only a few 
workers are introduced with no queen or brood—the method used 
by Heckroth et al. (2001).

MP larvae had a higher trophic enrichment in comparison to FB 
and coccids and MP workers had higher trophic enrichment com-
pared to coccids only. In both cases, the increase was found to be 
low (<1.5), particularly in comparison to their FB, which could there-
fore not be the main source of food. Despite MP FB having higher 
N content than MG FB, MP workers are the ants that have a much 
lower N content than the other two species. Taken together our re-
sults suggest that MP FB are not contributing as much in provid-
ing nutrition to MP ant colonies, particularly the workers (although 
FB were abundant on the selected plants). This could explain the 
broader diet breadth found in our behavioral experiment for MP 
ants, which accept more herbivores, coccids, and foreign FB, thus 
indicating potential consumption of alternative food sources with 
a lower δ15N ratio than the FB. For instance, specific nematodes 
(Maschwitz et al., 2016) and a fungus (Voglmayr et al., 2011) are 
found living in most Macaranga domatia and may also contribute to 
the trophic enrichment of ants in MP, although it is currently un-
known whether the ants feed on them.

4.4  |  Potential plant host coercion

We demonstrate here that acceptance of food items varies between 
plant host species, which adds further complexity in understanding 
the mechanisms maintaining these mutualisms. Above we discuss the 
possibility that the ants may not necessarily consume only FB but 
also coccids, herbivores, or alternative undocumented food sources. 
However, ants of the same species (C. linsenmairi) were found to ac-
cept more insect herbivores on MP where FB are of higher quality and 
not when in association with MG where FB are of lower quality (C/N 
ratio, N percentage). Moreover, C. linsenmairi ants did not respond to 
coccids in the same way depending on the plant host. Although we 
do not have direct evidence for host plant coercion as observed in 
other ant–plant symbioses (Heil et al., 2014), the fact that C. linsemairi 
ants display different behavior across plant host species with re-
spect to acceptance or rejection of food resources is intriguing. Such 
context-dependent variation in ant dietary patterns across plant spe-
cies has been documented elsewhere (Orona-Tamayo et al., 2013). 
One possible mechanism for host plants to prevent energy intake 
from prey or foreign FB would be to increase the dependency of the 
ants on food provided by the host plant. If the plant is able to pre-
vent the ants from consuming any alternative food source, then the 
plant will have much greater control over ant activity on the plant. 

The fact that the herbivores on the plant are rejected is potentially 
a by-product of this mechanism. However, ants do accept to varying 
degrees symbiotic coccids from other plant species, indicating that 
any such coercion by plant hosts is not absolute. Considering that 
trophobiosis could be an evolutionary driver of myrmecophytism in 
many tree species around the world (Nelsen et al., 2018), it could be 
that specific chemical cues present on the scale insects (just like the 
FB) and absent from other herbivores are key to being accepted into 
domatia—to be raised for honeydew or consumption.

5  |  CONCLUSION

This study confirms that symbiotic Crematogaster ants often refuse 
to consume prey that they have spent energy attacking and that they 
may also reject symbiotic coccids. The rejection of FB is not linked 
to their quality or composition, but rather to their surface chemi-
cal cues, with acceptance being greater on plant hosts with broader 
ant partner diversity. We also demonstrated for the first time that, 
depending on the ant species and plant host species, these ants vary 
between being primary and secondary consumers, and that it is un-
likely that any of these ant species has a highly specialized primary 
consumer digestive system. In addition to the ecological and evolu-
tionary relevance of our findings, the differing behavior of C. linse-
mairi across different tree host species, combined with the isotope 
and proteomic results, shows some important differences in the M. 
glandibracteolata–Crematogaster system indicating potential host 
coercion. However, exploring this further would require proteomic 
analyses based on the genotype of these plant species, which was 
beyond the scope of this study. We envisage that in the future, a 
full protein database would allow analyses of differences between 
plant species in specific FB proteins, potentially revealing the pro-
tease inhibitors responsibly for host coercion. In addition, further 
ecological studies should conduct DNA screening of gut content of 
these symbiotic ants to further explore potential coccid consump-
tion and chemical profile comparison of specialized symbiotic cocc-
ids and generalist ones. We also suggest to explore the consumption 
of yet other symbionts likes nematodes or even black yeast, about 
which little is known despite their confirmed presence within many 
multipartite obligate myrmecophytic systems in tropical rainforests 
on different continents (Blatrix et al., 2009; Maschwitz et al., 2016; 
Mayer et al., 2014; Voglmayr et al., 2011).
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