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Abstract Ant–plant interactions often are mediated by
extrafloral nectar (EFN) composition that may influence plant
visitation by ants. Over a 300 km range in the Indian Western
Ghats, we investigated the correlation between the EFN com-
position of the myrmecophytic ant-plant Humboldtia brunonis
(Fabaceae) and the number and species of ants visiting EFN.
EFN composition varied among H. brunonis populations and
between plant organs (floral bud vs. young leaf EFN). In
general, EFN was rich in sugars with small quantities
of amino acids, especially essential amino acids, and had
moderate invertase activity. In experiments at the study sites
with sugar and amino acid solutions and with leaf or
floral bud EFN mimics, dominant EFN-feeding ants differen-
tiated between solutions as well as between mimics. The
castration parasite Crematogaster dohrni (northern study site)
was the least selective and did not exhibit any clear feeding
preferences, while the largely trophobiont-tending non-
protective Myrmicaria brunnea (middle study site) preferred

higher sucrose concentrations and certain essential/non-essential
amino acid mixtures. The mutualistic Technomyrmex
albipes (southern study site) preferred sucrose over glucose
or fructose solutions and consumed the leaf EFN mimic to a
greater extent than the floral bud EFN mimic. This young leaf
EFNmimic had low sugar concentrations, the lowest viscosity
and sugar:amino acid ratio, was rich in essential amino acids,
and appeared ideally suited to the digestive physiology of T.
albipes. This preference for young leaf EFN may explain the
greater protection afforded to young leaves than to floral buds
by T. albipes, and may also help to resolve ant–pollinator
conflicts. The differential response of dominant ants to sugar,
amino acids, or solution viscosity suggests that plants can
fine-tune their interactions with local ants via EFN composi-
tion. Thus, EFN can mediate local partner-choice mechanisms
in ant–plant interactions.
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Partner-choice mechanism

Introduction

Ant-plants provide food and/or housing to their ant partners
in exchange for protection from herbivores (Davidson and
McKey, 1993; Heil and McKey, 2003) and/or for provision
of limiting nutrients such as nitrogen (Wagner and Nicklen,
2010). Food resources offered to ants consist of carbohydrate-
rich extrafloral nectar (EFN) as well as protein- and/or lipid-
rich food bodies (Heil and McKey, 2003). While food bodies
occur mostly in specialized and stable interactions between
plants and obligate ants, EFN is offered in both obligate and
facultative interactions (Blüthgen et al., 2000; Heil et al., 2005;
Rudgers et al., 2010). Extrafloral nectar is usually
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carbohydrate-rich and nitrogen-poor (Baker et al., 1978;
Blüthgen and Fiedler, 2004).

Since arboreal ants differ in their biology, digestive physi-
ology and nutrient requirements (Davidson, 1997; Davidson et
al., 2004; Kay, 2004; Cook and Davidson, 2006), ant species
differ in their responses to EFN based on its qualitative and
quantitative composition (Heil et al., 2005, 2009; González-
Teuber and Heil, 2009a, b). Specifically, ant preferences for
EFN solutions of different compositions may be dictated by ant
responses to sugar and amino acid identity or concentration, or
to ratios of sugar and amino acids, or to non-additive interac-
tions between these components (Davidson and Cook, 2008).
For example, ants that do not possess the enzyme invertase,
which converts sucrose to glucose and fructose, may be averse
to sucrose-rich solutions (Heil et al., 2005). Ants that do not
have gut symbionts to synthesize essential amino acids (Cook
and Davidson, 2006) may be attracted to solutions rich in
essential amino acids. Ant species may develop preferences
for sugars or amino acids characteristic of familiar sources of
nutrition (González-Teuber and Heil, 2009b).

Variation within a plant in quality and quantity of floral
nectar (Lanza et al., 1995; Herrera et al., 2006) impacts plant
reproductive success through its effect on pollinators. The
effects of differences in EFN composition within a plant,
especially EFN produced on different plant structures, e.g.,
young leaves vs. floral buds, have rarely been examined
(Keeler, 1977). Extrafloral nectar secretion may interfere with
pollination by attracting pollinator-intimidating ants (Ness,
2006), thus increasing the ecological costs of EFN production
(Heil and McKey, 2003).

While intraspecific variation in floral nectar has been
described (Nicolson, 2007), less is known about variation
in EFN (Rudgers and Gardener, 2004; González-Teuber and
Heil, 2009b). Geographical variation in the quality and quantity
of EFN may influence the type and frequency of ants visiting
EFN-bearing plants (Blüthgen et al., 2000; Rudgers et al.,
2010), and thus mediate locality-specific interactions between
ants and plants (Rudgers and Gardener, 2004; Rudgers et al.,
2010). Variation in EFN quality and in ant responses could set
up a mosaic of interactions between plants and ants
(Chamberlain and Holland, 2008).

In this study, we used the myrmecophytic plantHumboldtia
brunonis Wallich (Fabaceae) to examine how geographical
variation in EFN chemistry and related physical properties such
as viscosity affected EFN consumption by locally available ant
species. This allowed us to evaluate whether EFN composition
influences the identity and abundance of ants that are
attracted to this ant-plant. Ant preferences for nutrients
usually have been tested with simple aqueous solutions, often
under laboratory conditions (Lanza, 1988; Tinti and Nofre,
2001; Blüthgen and Fiedler, 2004). Therefore, we also tested
ant feeding preferences at the study sites using such simple
solutions. We further examined ant response to complex

mixtures such as natural EFN by using EFN mimics under
natural situations because such interactions as well as the im-
pact of EFN viscosity have not been fully explored (Koptur and
Truong, 1998; Kost and Heil, 2005; González-Teuber and Heil,
2009b). Humboldtia brunonis is ideal for an investigation into
questions related to the impact of EFN composition on ant–
plant mutualisms because it is an unspecialized myrmecophyte
that is host to a diversity of ant species throughout its geograph-
ical range, which spans 300 km within the Indian Western
Ghats (Gaume et al., 2005a,b, 2006; Shenoy and Borges,
2010). Using experiments conducted in the natural setting, we
asked: 1. What is the sugar:amino acid ratio in H. brunonis
EFN, i.e., is EFN carbohydrate-rich and amino acid-poor? 2. Is
there geographical variation in EFN composition across the
range of this ant-plant? 3. Does the composition of young leaf
(YL) EFN differ from that of floral bud (FB) EFN? 4. Are traits
of nectar composition (sugar or amino acid concentration,
sugar:amino acid ratios, caloric value, viscosity or familiarity)
correlated with ant visitation to EFN?Do patterns vary between
ant species at the different sites?

Methods and Materials

Study System and Sites Humboldtia brunonis (Fabaceae:
Caesalpinioideae) is a dominant understorey ant-plant that
houses ants in swollen, hollow internodes called domatia. It is
distributed in low elevation, wet evergreen forests (11°10′N to
13°45′N) of the Indian Western Ghats (Ramesh and Pascal,
1997). EFN is produced on the sepals of floral buds, young
leaves, reniform stipules, and occasionally from the stalk of
the inflorescence, but mostly from young leaves and flower
buds. Flowering occurs in the dry season (December–April),
as does production of young leaves and maximum ant activity
(Basu, 1997). Extrafloral nectar chemistry and ant preferences
for it were examined at three sites matched for elevation: (i)
Agumbe Reserve Forest (13°31′N, 75°5′E; 633 m asl);
(ii) Sampaji Reserve Forest (12°29′N, 75°35′E; 665 m
asl); (iii) Solaikolli within Brahmagiri Wildlife Sanctuary
(12°4′N, 75°49′E; 651 m asl).

Geographical Variation in EFN Volume, Chemical Compo-
sition and Invertase Activity Extrafloral nectar from bagged
(using fine cloth mesh) and ant-excluded (for 24 h) floral
bud nectaries of a single inflorescence (FB) or all four leaf-
lets of each young leaf (YL) was pooled to determine
volume and composition (Agumbe: N010 FBs and 11
YLs; Sampaji: N07 and 9; Solaikolli: N011 and 8; each
FB or YL sample was from a different plant). Inflorescences
and young leaves were bagged in the morning between
0900–1200 h. Owing to its high viscosity, EFN was diluted
with known volumes of HPLC-grade distilled water for
collection and stored with 50 μl of HPLC-grade methanol
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at −10°C until further analysis. Sugars and amino acids in
EFN were derivatized to their trimethyl silylated forms
(Kost and Heil, 2005) prior to GC-MS analysis (Agilent-
HP GC model 6890N, MS model 5973N) using an HP-5
MS column with the following temperature program: 50°C
for 2 min isothermal, 10°C min−1 to 120°C, and 5°C min−1

to 250°C for 5 min isothermal. The GC was operated in the
split mode with a split-ratio of 10:1. A mixture containing
1 mg of each of commercial (Sigma-Aldrich, India) sugars
(sucrose, glucose, fructose, inositol, galactose, mannose,
arabinose, raffinose) and of each of the 20 naturally occur-
ring amino acids was derivatized using 1 ml of N-methyl-N-
(trimethyl silyl) trifluoro acetamide in 2 ml pyridine and
used as a reference standard for the GC-MS analysis. All
sugar and amino acid concentrations are reported in g/
100 ml, and all sugar:amino acid ratios are reported as mass
ratios. Invertase activity (μg glucose μl −1min−1) was mea-
sured in separately collected samples of FB and YL EFN
(Heil et al., 2005). These EFN samples were not diluted with
water, to minimize disruption of nectary cells and release of
invertase (Pate et al., 1985).

Differential Utilization of Solutions by Ants in Cafeteria
Assays We modified the experimental design of Blüthgen
and Fiedler (2004) to test responses of ants to simple stan-
dard sugar solutions, to sugars mixed with amino acids, or to
complex solutions mimicking EFN compositions (Table 1).

At each site we chose 10 H. brunonis trees separated by a
distance of at least 8 m to minimize pseudoreplication of
ants from the same colony. On these 10 trees, at 1.5 m above
the ground, we placed 5 replicate sets of 2 ml plastic vials
containing the test solutions. Each tube had a cotton wick
that delivered the solution to ants. Vials in each set were
randomly ordered to minimize location effect. After setting
up the experimental vials between 1100–1200 h, we counted
ant workers of the different species that visited the wicks of
each solution at five times during the next 24 h (1500 h,
1800 h, 2100 h, next morning 1100 h, and next afternoon
1300 h). We refilled vials at least 1 h before each count, if
required. Since EFN is a complex secretion containing
sugars (mainly sucrose, glucose, and fructose) and amino
acids (Baker et al., 1978), we used sugars and amino acids
in our experiments in ranges normally available to ants from
plant secretions or honeydew. Plain water solutions were not
offered in these experiments since the EFN of H. brunonis is
the only major source of extrafloral liquids for ants at these
sites in the dry season.

Cafeteria Assays Using Standard Solutions of Sugars and
Amino Acids We explored the preference of ants for three
sugars at different concentrations, and for different mixtures of
essential and non-essential amino acids. In Experiment 1, ants
selected between equal concentration solutions of sucrose,
glucose, or fructose. Solutions with sugar concentrations

Table 1 Summary of experiments performed to test utilization by ant species of nectar solutions at each site

Experiment Aim Brief Description Result

Experiment 1 To determine if ants prefer certain
sugars over others only at particular
concentrations

Choice between solutions of sucrose,
glucose, or fructose at 4 different
concentrations, one concentration
tested at a time

Sucrose was preferred sugar but at
different concentrations for two ant
species, Technomyrmex albipes and
Crematogaster dohrni

Experiment 2 To determine if ants prefer sugar
solutions offering high or low
caloric rewards irrespective of
sugar identity

Choice between equicaloric solutions
of sucrose, glucose, and fructose
at low or high concentrations, one
concentration tested at a time

Castration parasite C. dohrni unresponsive
to caloric value; Myrmicaria brunnea
preferred hexoses within same caloric
class; T. albipes most responsive to
sugar identity

Experiment 3 To determine whether ants prefer
only certain concentrations
of each sugar

Choice between 4 concentrations
of sucrose, glucose, or fructose,
one sugar tested at a time

Variable response

Experiment 4 To determine whether ants prefer
solutions containing only essential
amino acids over those containing
non-essential amino acids or various
combinations of essential and
non-essential amino acids

Choice between 6 solutions containing
essential and non-essential amino
acids in various combinations

Only T. albipes showed preference
for essential amino acids over
non-essential amino acids

Experiment 5 To determine whether ants prefer
familiar (from their own site) EFN
mimics over unfamiliar ones
(from other sites)

Choice between EFN mimics of all
sites (familiar and unfamiliar), with
either floral bud or young leaf EFN
mimics tested at a time

Familiarity did not influence choice of
EFN mimics, but sugar concentration,
sugar:amino acid ratios and viscosity
did, especially for T. albipes

Experiment 6 To determine whether ants prefer floral
bud EFN over leaf EFN at each site

Choice between mimics of floral
bud and young leaf EFN of a
familiar site only

C. dohrni exhibited no preference;
M. brunnea preferred FB over YL EFN;
T. albipes preferred YL over FB EFN
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ranging from 5% to 50% were tested. In Experiment 2, we
presented ants simultaneously with equicaloric solutions of
sucrose, glucose, or fructose. We compared mixtures supplying
0.197 kcal/ml (equivalent to 5%w/v sucrose or 10%w/v of the
monosaccharides glucose or fructose) to mixtures supplying
0.788 kcal/ml (equivalent to 20% sucrose or 40% w/v glucose
or fructose). In Experiment 3, ants selected between several
concentrations of a single sugar. Solutions with sugar concen-
trations ranging from 5% to 50% were tested. In Experiment 4,
ants selected between 15% sucrose solutions containing differ-
ent combinations of essential and non-essential amino acids
each at a concentration of 0.7 mg/ml, which is the average
single amino acid concentration in EFN. We assumed that the
essential amino acids for ants are the same as the essential
amino acids for mammals (Davidson et al., 2004). Three es-
sential amino acid solutions were used: E1 (arg, leu, met, thr,
and val), E2 (his, isoleu, lys, phe, and try), and E (all 10
essential amino acids). The non-essential amino acid solutions
were prepared as N1 (asn, glu, gly, pro, and tyr), N2 (ala, asp,
cys, gln, and ser), and N (all 10 non-essential amino acids).
Some of these solutions were used as mixtures (E1N1, E2N2,
E1N2, and E2N1) to provide functional group diversity.
All six solutions E, N, E1N1, E2N2, E1N2, and E2N1 were
simultaneously presented to ants at each site.

Cafeteria Assays Using Solutions Mimicking Young Leaf
and Floral Bud EFN We compared the preferences of ants
for solutions that mimicked YL and FB EFN fromH. brunonis
at the three study sites (Table 1). We prepared EFN-mimicking
solutions that represented the inter- and intra-site variability in
composition and concentration (high or low concentrations of
sugars and amino acids) of FB and YL EFN (Supplemental
Table 1, Supplemental Fig. 1). In Experiment 5, we simulta-
neously offered ants at each site FB EFNmimics corresponding
to that site (familiar EFN) and that of other sites (non-familiar
EFN) followed by a separate test with familiar and non-familiar
YL EFNmimics. In Experiment 6, we offered ants at each site a
choice between mimics of FB and YL EFN from that site
(familiar EFN only).

We measured the viscosity of all FB and YL EFN mimics
at 20, 30, and 40°C with a rotational (stress/strain) rheometer
(TA Instruments AR1000N) to determine if viscosity of a
solution with a particular chemical composition is a correlate
of ant preference for EFN.

Statistical Analyses The sugar and amino acid compositions
of FB and YL EFN types were compared using permutational
(non-parametric) multivariate analyses of variance (MANOVA)
since the data were not normally distributed. This was done via
the Adonis function of the Vegan package in the software R
(Anderson, 2001; Oksanen et al., 2011). The Euclidean distance
measure and a total of 999 permutations were employed for
each comparison. By using this procedure, we examined

effects of site and EFN type (FB vs. YL EFN) as well as
interaction effects of these variables on EFN composition.
Pairwise post-hoc comparisons of these data were performed
using the Mann-Whitney U test. EFN volumes and invertase
levels were compared between FB and YL EFN types using a
non-parametric Kruskal-Wallis ANOVA. All data on ant
visitation to simultaneously presented solutions were analyzed
for normality using the Shapiro-Wilks test. None of the dis-
tributions were normal and could not be rendered normal by
any procedure. Therefore, non-parametric Kruskal-Wallis
tests followed by Mann-Whitney U tests with appropriate
Bonferroni corrections or Wilcoxon matched pairs tests were
employed. All univariate non-parametric tests were performed
using the software package STATISTICA ’99 Edition, Kernel
Release 5.5 A. These tests were performed to statistically
identify solutions that were utilized to a greater extent by ants
over others presented in the various cafeteria assays. In this
paper, although data are not normally distributed, we have
elected to depict means and standard errors in the figures for
ease of graphical representation.

Results

Geographical Variation in EFN Volume, Chemical Composi-
tion and Invertase Activity There was within- and between-
site variation in EFN composition. In all cases, EFN contained
more sugar than amino acids, with total sugar:total amino acid
mass ratios varying from 37.0 for FB to 86.0 for YL EFN
(samples pooled across sites) (Table 2). Across sites, floral buds
and young leaves produced the same volume of EFN (5 μl)
within 24 h (H5, 56 03.524, P00.611; Table 2). Twelve sugars
were found in EFN (Table 2, Supplemental Table 2). Sucrose,
glucose, and fructose were dominant in both types of EFN
(Table 2). In general, the concentrations of sucrose and glucose
were significantly higher in FB EFN than in YL EFN, pooled
across all sites and also within sites (Table 2). In EFN samples
collected from all sites, glucose and fructose concentrations
were not significantly different from each other (Wilcoxon
matched pairs test: Z01.17, N028 pairs, P00.24). Invertase
was present in EFN and its activity in FB and YL EFN did not
differ across sites (H5, 29 06.71, P00.243; Table 2).

Essential (E) and non-essential (NE) amino acids were
found in EFN (Table 2). In general, the total concentrations
of E and NE amino acids in FB and YL EFN were not
significantly different from each other across and within
sites (Table 2). However, Agumbe FB EFN had the highest
concentration of amino acids of all types of EFN examined;
this EFN thus had the lowest sugar:amino acid ratio. FB
EFN from Sampaji had the highest ratio owing to its low
amino acid concentration (Table 2). Among YL EFNs, that
from Sampaji also had the highest sugar:amino acid ratio,
while that from Solaikolli had the lowest (Table 2). The
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concentrations of individual amino acids were the same in
FB and YL EFN across sites with the exception of alanine
which was higher in YL EFN (Supplemental Table 2). Within
sites, most essential amino acid concentrations were higher in
FB EFN at Agumbe, while those of phenylalanine (E) and
alanine (NE) were higher in YL EFN at Solaikolli (Table 2,
Supplemental Table 2). Of the 20 normally occurring amino
acids, the essential amino acids arginine, lysine and histidine
and the non-essential asparagine, cysteine and glutamic acid
were not detected (Supplemental Table 2). FB EFN from
Agumbe and YL EFN from Solaikolli had amino acid com-
positions, 7 E+4 NE and 5 E+5 NE, respectively, that were
more diverse, especially with regard to essential amino acids,
than other FB and YL EFNs (Supplemental Table 2).

We evaluated overall differences between nectar types at
the various sites by considering sucrose, glucose, and fructose,
as well as essential and non-essential amino acids (Table 3).
We found a significant effect of site and nectar type as well as a
significant interaction effect between site and nectar type
(Table 3). A separate multivariate analysis using the three main
sugars but not the amino acids gave the same results including
the same amount of explained variation (Table 3). There was a
significant site, nectar type, and interaction effect with essential
amino acids but not with non-essential amino acids (Table 3),
indicating that essential amino acids play a significant role in
EFN composition at some sites (Table 2). These results taken
together indicate that while FB and YL EFNs can be different,
the extent and nature of the variation is site-specific. Therefore,
locally-specific interactions with ants is possible.
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Table 3 Permutational (non-parametric) multivariate analyses of var-
iance to compare nectar composition of floral bud (FB) and young leaf
(YL) extrafloral nectar (EFN) types at the different sites

df F R2 P

All major sugars (sucrose, glucose and fructose)+essential and
non-essential amino acids

Site 2, 55 6.818 0.1426 <0.001

EFN type 1, 55 18.65 0.1950 <0.001

Site*EFN type 2, 55 6.676 0.1396 <0.001

Only major sugars (sucrose, glucose and fructose)

Site 2, 55 6.919 0.1436 <0.001

EFN type 1, 55 18.98 0.1970 <0.001

Site*EFN type 2, 55 6.768 0.1405 <0.001

Only essential amino acids

Site 2, 55 14.02 0.2393 <0.001

EFN type 1, 55 9.648 0.0824 0.002

Site*EFN type 2, 55 14.73 0.2515 <0.001

Only non-essential amino acids

Site 2, 55 1.455 0.0496 0.249

EFN type 1, 55 2.603 0.0443 0.123

Site*EFN type 2, 55 1.590 0.0542 0.242
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Differential Utilization of Solutions by Ants in Cafeteria
Assays A total of 36 ant species fed on the different aqueous
solutions at the three sites, and these ants differed in their
presence and relative abundance across sites (Shenoy and
Borges, 2010). Since the most abundant and agressive ant
species feeding on these solutions were also the most abundant
consumers of EFN ofH. brunonis (Shenoy and Borges, 2010),
we present the results of differential consumption of various
solutions for only these ant species. Additionally, these domi-
nant species were recorded in large enough numbers to provide
adequate sample sizes for statistical purposes. These dominant
ants were the myrmicines Crematogaster dohrni Mayr
(Agumbe) and Myrmicaria brunnea Saunders (Sampaji), and
the dolichoderine Technomyrmex albipes Smith (Solaikolli).
The results we present for each ant species could be site-
specific, and this must be taken into consideration when inter-
preting them. Throughout this paper, results for C. dohrni are
presented only for Agumbe, for M. brunnea only for Sampaji,
and for T. albipes only for Solaikolli.

Cafeteria Assays Using Standard Solutions of Sugars and
Amino Acids Overall, the cafeteria choice assays demon-
strated that the preferences of ant species for nutrients may
depend on the available choices in the experimental system.
However, some results were consistent for assays with simple

sugar and amino acid solutions and those with EFN mimics;
those results are highlighted.

When presented simultaneously with low (5% or 20%)
concentrations of sucrose, glucose, or fructose, C. dohrni
and T. albipes preferred sucrose compared to glucose or
fructose (Experiments 1a–1 d, Table 1; Fig. 1a and c).
Myrmicaria brunnea did not discriminate between sugars
at any concentrations (Experiments 1a–1 d; Fig. 1b).

The ant species at the three sites differed in their responses
to equicaloric solutions of sucrose, glucose, and fructose.
Crematogaster dohrni consumed all solutions equally (Experi-
ments 2a–2b; Fig. 1d).Myrmicaria brunnea preferred glucose
and fructose solutions over those of sucrose at both caloric
levels (Experiments 2a–2b; Fig. 1e). Technomyrmex albipes
preferred solutions of glucose over those of sucrose or fructose
at low caloric values (Experiment 2a; Fig. 1f). However,
T. albipes preferred sugars in the order sucrose>glucose>
fructose at high caloric values (Experiment 2b; Fig. 1f). There-
fore, C. dohrni appeared equally attracted to all sugars pro-
viding the same caloric value (low or high), while M.
brunnea when faced with a choice of a disaccharide (sucrose)
or a monosaccharide (glucose or fructose) chose the monosac-
charide, indicating a general preference for monosaccharides
rather than a preference for a particular sugar. Technomyrmex
albipes appeared to bemore responsive to sugar identity thanC.

Fig. 1 Effect of sugar
concentration. a-c, Ant visits to
vials of different sugars at the
same concentration a: Crema-
togaster dohrni in Agumbe; b:
Myrmicaria brunnea in
Sampaji; c: Technomyrmex
albipes in Solaikolli. d-f, Ant
visits to vials of equicaloric low
or high sugar concentrations d:
Crematogaster dohrni in
Agumbe; e: Myrmicaria
brunnea in Sampaji; f: Techno-
myrmex albipes in Solaikolli.
Ant visitation was quantified as
mean number of ants per sugar
solution at each sampling point.
Means+SE followed by the
same letter within the same
experiment are not significantly
different (Kruskal-Wallis tests
followed by Mann-Whitney U
tests after appropriate Bonferroni
correction)
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dohrni and M. brunnea by preferring glucose at low caloric
values and sucrose at high caloric values.

Ant species differed in their response when simultaneously
presented with solutions containing the same sugar at different
concentrations (Experiment 3, Table 1). Crematogaster dohrni
preferred solutions with higher concentrations of sugars
(Experiments 3a–3c; Fig. 2a). Myrmicaria brunnea preferred
the highest available concentration of sucrose (Fig. 2b). Tech-
nomyrmex albipes consumed only higher concentration solu-
tions of glucose to a significantly greater extent over lower
concentrations (Fig. 2c).

In experiments with solutions containing mixtures of
sugars and amino acids, C. dohrni consumed all solutions
equally (Experiment 4; Fig. 3a), while M. brunnea preferred
solutions with amino acid groups E1N1, E1N2, and E2N1
(Fig. 3b). Only T. albipes significantly utilized the solution
containing all essential amino acids (solution E) to a greater
extent over other solutions (Fig. 3c). Technomyrmex albipes
thus exhibited greater responsiveness to essential amino acid

contents (which could be their specific dietary targets) com-
pared to C. dohrni and M. brunnea.

Cafeteria Assays Using Solutions Mimicking Familiar and
Non-Familiar Floral Bud EFN Familiarity did not influence
consumption of FB EFN mimics. When presented simulta-
neously with FB EFN mimics from familiar and non-
familiar sites, C. dohrni did not differentiate between
mimics of the familiar location (Agumbe) and unfamiliar
locations (Sampaji, Solaikolli) (Fig. 4a). Similarly, M.
brunnea did not differentiate between mimics of familiar
(Sampaji) and unfamiliar (Agumbe, Solaikolli) locations
(Fig. 4b) (Experiment 5a). Technomyrmex albipes preferred
the non-familiar mimics of low concentration FB EFN from
Agumbe or Sampaji over the familiar mimics of FB EFN
from Solaikolli (Fig. 4c). The mimics of low concentration
FB EFN that were preferred by T. albipes had neither the
highest amino acid concentration of the FB EFN mimics nor
the lowest sugar:amino acid ratio (Supplemental Table 1)
but had the lowest viscosity (Fig. 5a). Furthermore, the
mimic of Sampaji FB EFN preferred by T. albipes did not

Fig. 2 Ant visits to vials of different concentrations of the same sugar
presented simultaneously a: Crematogaster dohrni in Agumbe; b: Myr-
micaria brunnea in Sampaji; c: Technomyrmex albipes in Solaikolli. Ant
visitation was quantified by mean number of ants per sugar solution at
each sampling point. Means+SE followed by the same letter within the
same experiment are not significantly different (Kruskal-Wallis tests
followed by Mann-Whitney U tests after appropriate Bonferroni
correction)

Fig. 3 Ant visits to vials containing solutions of different combinations
of amino acids a: Crematogaster dohrni in Agumbe; b: Myrmicaria
brunnea in Sampaji; c: Technomyrmex albipes in Solaikolli. Means+SE
followed by the same letter are not significantly different (Kruskal-Wallis
tests followed by Mann-Whitney U tests after appropriate Bonferroni
correction)
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contain any amino acids, but had a low sugar content similar
to that of the low concentration Agumbe FB EFN (Supple-
mental Table 1, Fig. 4c). These results are consistent with

those from Experiments 1 and 2 (Fig. 1c, f) in which sugar
concentrations up to 20% were preferred by this ant.

Cafeteria Assays Using Solutions Mimicking Familiar and
Non-Familiar Young Leaf EFN Familiarity did not influence
consumption of YL EFN mimics. When presented simulta-
neously with mimics of YL EFN from familiar and non-
familiar sites, all three ant species preferred the mimic of high
concentration YL EFN from Solaikolli over all others
(Experiment 5b; Fig. 4d, e, f). Technomyrmex albipes clearly
did not prefer the non-familiar mimic of high concentration YL
EFN from Sampaji (Fig. 4f). This EFN mimic had the highest
sugar concentration and viscosity among YL EFN mimics
(Figs. 4f, 5b). The mimic of high concentration YL EFN from
Solaikolli that was preferred by all three ant species had the
lowest ratio of sugars to amino acids of all YL EFN mimics
(Supplemental Table 1) and also the lowest viscosity (Fig. 5b).

Cafeteria Assays Using Solutions Mimicking Familiar Floral
Bud and Young Leaf EFN In a choice between solutions
mimicking FB or YL EFN from their native site, C. dohrni
utilized all solutions equally (Experiment 6; Fig. 6a). Myrmi-
caria brunnea preferred FB mimics over high concentration
YL EFNs (Fig. 6b). These FB mimics had sugar concentra-
tions in the 40% range and no amino acids (Supplemental

Fig. 4 Ant visits to vials
containing solutions that mimic
EFN and caloric content and
amino acid content for each
tested solution. a-c, floral bud
EFN mimics a: Crematogaster
dohrni; b: Myrmicaria
brunnea; c: Technomyrmex
albipes. d-f, young leaf EFN
mimics d: Crematogaster
dohrni; e:Myrmicaria brunnea;
f: Technomyrmex albipes.
Means+SE showing the
number of ants per vial
followed by the same letter are
not significantly different
(Kruskal-Wallis tests followed
by Mann-Whitney U tests after
appropriate Bonferroni
correction)

Fig. 5 Viscosity of solutions that mimic a: floral bud EFN and b:
young leaf EFN produced by Humboldtia brunonis at the three sites.
Mean+SE (N010 trials per solution)
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Table 1). These results are consistent with those of Experiment
3 in which M. brunnea preferred 35% and 50% sucrose and
glucose solutions (Fig. 2b). Technomyrmex albipes preferred
mimics of either high or low concentration YL EFN over FB
EFN mimics (Fig. 6c). These YL EFNs had lower sugar levels
than those of FB EFNs (Supplemental Table 1). These results
are also consistent with those from Experiments 1 and 2
(Fig. 1c, f) in which sugar concentrations up to 20%were most
utilized by this ant. Among the four solutions presented in this
test, only the high concentration YL EFN from Solaikolli had
amino acids (Supplemental Table 1).

Differences in Viscosity of the EFN Mimics The viscosity of
the solution mimicking high concentration FB EFN from
Agumbe (1065 mPa s) was 400- to 600-fold higher than that
of the other FB EFN mimics (Fig. 5a). The viscosity of the
solution mimicking high concentration YL EFN from Sampaji
(270 mPa s) was 50- to 200-fold higher than that of other YL
EFN mimics (Fig. 5b). The high viscosities are a result of high
sugar concentrations (Table 2, Supplemental Table 1) resulting

in crystalline EFN in some cases. For comparison, note
that glycerin has a viscosity of about 1500 mPa s while the
viscosity of motor oils varies between 100–500 mPa s.

Discussion

EFN Chemistry in H. brunonis Relative to Other Plants Over-
all, the sugar composition of H. brunonis EFN was similar
to that of other plants (Baker et al., 1978; Koptur, 1992).
However, the total amino acid concentration in some sites
(Table 2) was at the higher end of the EFN range reported in
the literature (3×10−5 to 2.67 g/100 ml) with most other
plant species having EFN amino acid concentrations in the
range of 3×10−2 g/100 ml (Koptur, 1979; Inouye and
Inouye, 1980; Caldwell and Gerhardt, 1986; Heil et al., 2000;
Blüthgen et al., 2004). Consequently, the sugar:amino acid
ratios in H. brunonis EFN were lower than in EFNs of most
plants (Davidson and Cook, 2008; Ness et al., 2009). This
could be because H. brunonis is a legume and is not nitrogen
limited (McKey, 1994), or because it is a myrmecophyte that
does not produce food bodies but provides amino acids to its
resident ants via EFN thus improving their nutritional balance
and ensuring their fidelity. The invertase activity of H. bruno-
nis EFN (Table 2) is similar to that of the EFN produced by
generalist (0.01–0.09 μg glucose μl −1min−1) as compared to
specialized (0.73–1.52 μg glucose μl −1min−1) ant-Acacia
plant species (Heil et al., 2005), suggesting a generalist inter-
action between H. brunonis and its EFN-consuming ants.

There was between- and within-site variation in EFN
composition and significant interaction effects between site
and EFN type. The causes for such variation may include
microhabitat heterogeneity in soil, humidity, and exposure
to microbes that produce invertase and other enzymes that
alter EFN composition (Inouye and Inouye, 1980; Koptur,
1994; Heil et al., 2005). The highly viscous EFN at
Agumbe, for example, may result from the low canopy
cover and resulting evaporation.

Partner-Choice Mechanisms: Role of EFN Composition in
Maintaining Ant–Plant Associations Humboldtia brunonis
produces EFN only during the dry season when ant activity
is high (Basu, 1997). Such a brief period of EFN availability
may preclude long-term specialization by ants (Schemske,
1982) on H. brunonis EFN. In this system, therefore, the
short-term partners are likely to be those ant species that
discriminate between plants or plant parts through the quality
of the seasonal EFN they provide. Our results indicate that in
these species, familiarity with the composition of seasonally
available EFNs did not influence their utilisation by local ants,
unlike some other ant species that are specialized on nectar
sources such as honeydew (Völkl et al., 1999; Tinti and Nofre,
2001) or EFN (González-Teuber and Heil, 2009b). We found

Fig. 6 Ant visits to vials containing solutions that mimic floral bud
and young leaf EFN from each site a: Crematogaster dohrni in
Agumbe; b: Myrmicaria brunnea in Sampaji; c: Technomyrmex
albipes in Solaikolli. Means+SE showing the number of ants per vial
followed by the same letter are not significantly different (Kruskal-Wallis
tests followed by Mann-Whitney U tests after appropriate Bonferroni
correction)
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a single dominant ant species at each site feeding on EFN or
on experimental solutions. Of these, C. dohrni at Agumbe is a
castration parasite of H. brunonis (Gaume et al., 2005a), M.
brunnea at Sampaji is largely a tender of homopterans and a
non-predatory scavenger (Gaume et al., 2005a), while the
dolichoderine T. albipes at Solaikolli is a mutualist and
provides protection toH. brunonis from herbivores (Gaume et
al., 2005a; 2005b; Shenoy and Borges, 2010).

The biology of the ants was consistent with their particular
nectar preferences. The castration parasite C. dohrni appeared
least selective in all tests and did not appear to have specific
dietary targets or constraints under the experimental condi-
tions. Whether castration parasitism is coupled with nutrient
opportunism in ant–plant interactions is unknown. The largely
trophobiont-tending non-protective M. brunnea was attracted
to solutions with high sucrose concentrations. It is possible
that since trophobiont-tending provides access to sufficient
quantities of very dilute sugars in honeydew (Woodring et
al., 2004; Detrain et al., 2010), M. brunnea values only high
sugar concentration EFN sources. The mutualistic doli-
choderine T. albipes demonstrated definite feeding preferen-
ces as well as constraints. Dolichoderines such as T. albipes,
unlike myrmicines, are constrained by their proventricular
anatomy to consume more liquids than solids (Davidson,
1997; Davidson et al., 2004). Technomyrmex albipes had a
clear preference for dilute solutions with low viscosity, and
also those with the lowest sugar:amino acid ratios. Whether
the viscosity constraint results from its proventricular anatomy
is unknown. Furthermore, T. albipes preferred solutions with
essential amino acids. It is possible that T. albipes does not
harbor endoysmbionts that synthesize essential amino acids,
as occurs in specialized plant-ants such as Dolichoderus
(Schroder et al., 1996; Cook and Davidson, 2006). These
constraints could explain why T. albipes preferred those
EFN mimics that had sugars in the lower concentration range,
lower viscosities, and that contained essential amino acids.
The YL EFN mimic from Solaikolli that was most strongly
preferred by T. albipes was also the one that had the largest
number of amino acids of which most were essential
amino acids (Supplemental Information Table 1). We sug-
gest that these essential amino acids could be the specific
dietary targets (sensu Simpson and Raubenheimer, 1996) that
T. albipes seeks in plant-based exudates. The preferential for-
aging by T. albipes on individual plants with suitable EFN
could also result in greater patrolling or nesting on these plants,
andmay explain the increased fitness of certain individual trees
occupied by T. albipes (Gaume et al., 2005b).

Our study also suggests that the chemical composition of
EFN can reduce ant–pollinator conflict, at least in the mutu-
alist T. albipes via its decreased utilization of floral bud EFN.
Spatial, temporal, and chemical resolution of ant–pollinator
conflicts via floral attributes is known (Raine et al., 2002;
Nicklen and Wagner, 2006), but the role of the chemical

composition of EFN in ant–pollinator conflict is unexplored.
Technomyrmex albipes preferred leaf over floral bud EFN
mimics suggesting that EFN composition can play a pivotal
role in minimizing possible antagonistic interactions between
ants and pollinators. Technomyrmex albipes protects young
leaves to a greater extent than floral buds resulting in 24.5%
reduction of herbivory on patrolled leaves vs. 16% reduction
on patrolled floral buds (Shenoy and Borges, 2010). This
difference in protection of plant parts may be due to differen-
tial utilization of floral and leaf EFN resulting from their
chemical differences. Differential protection of foliar com-
pared to reproductive structures was found in one other ant-
plant system (Palmer and Brody, 2007) and was attributed to
the fact that only leaves afforded the ants with nutrition and/or
housing in the form of domatia.

Our study has shown that local variation in dominant ant
species coupled with local variation in plant reward attributes
may lead to a local and seasonal protection mutualism between
ants and plants. We demonstrated: (i) the ability of mutualistic
ant species to choose between food sources that differ in
quality; (ii) how this ability to choose could lead to selection
of trees or of particular plant tissues producing suitable EFN;
and (iii) how ant preference for specific EFN compositions
could be based on anatomical/physiological constraints,
sugar:amino acid ratios or specific dietary targets but not on
familiarity of nutrients. These findings improve our under-
standing of the extent to which EFN composition can influence
the identity and abundance of ants that are attracted to EFN and
thereby alter the nature of ant–plant interactions.
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