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Abstract—Invertases (EC 3.2.1.26) are hydrolases that cleave sucrose into the
monosacccharides, glucose, and fructose. They play a central role in carbohy-
drate metabolism of plants and animals. Methods presented so far to quantify
invertase activity in ants or other animals have been hampered by the variabil-
ity in both substrates and products of the enzymatic reaction in animals whose
carbohydrate metabolism is highly active. Our method is based on a spectropho-
tometric quantification of the kinetics of glucose release. We first obtained an
equilibrium state summarizing reactions of any carbohydrates and enzymes that
are present in the extract. Sucrose was then added to quantify invertase activ-
ity as newly released glucose. Invertase activities differed significantly among
species of ants. Variances were lowest among individuals from the same colony
and highest among different species. When preparations were made from ants
of the same species, invertase activity was linearly related to the number of ants
used for extraction. Our method does not require ants to be kept on specific
substrates prior to the experiment, or expensive or large equipment. It, thus,
appears suitable for dealing with a broad range of physiological, ecological, and
evolutionary questions.

Key Words—f-Fructosidase, carbohydrate metabolism, saccharase, sucrose,
sugar.

INTRODUCTION

Invertases (S-fructofuranosidase, EC 3.2.1.26, also termed S-fructosidase, saccha-
rase, or sucrase) are glycoside hydrolases (EC 3.2.1.-) that catalyze the cleavage
of sucrose (@-D-Glucopyranosyl-8-D-fructofuranoside) into the two monosaccha-
rides, glucose, and fructose (Henrissat and Bairoch, 1993; Sturm and Tang, 1999;
Naumoff, 2001). Carbohydrates ingested by heterotrophic organisms undergo
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several metabolic steps, in the first of which polymeric carbohydrates are cleaved
into their monomers, which then can pass through membranes. Invertase, thus,
appears to be a particularly important enzyme for both plants and animals.

Feeding on animals as well as plant material, ants can metabolize many dif-
ferent food sources. Early investigations have indicated that differences among
species in the activity of digestive enzymes may reflect the feeding habits of the
ants (Ayre, 1967; Ricks and Vinson, 1972). Many ants feed on carbohydrate-
rich liquid food sources, such as honeydew of homopterans, plant sap, and ex-
trafloral nectar (i.e., nectar secreted on vegetative organs that is not functionally
involved in pollination, see Heil and McKey, 2003). As sucrose is common in
all these food sources, invertase activity is required to make use of such food
sources.

Given this general importance, surprisingly few studies have tried to quantify
invertase activity in ants (Ayre, 1967; Ricks and Vinson, 1972) or other animals
(Martinez del Rio, 1990; Zhang et al., 1993). This might be due to the particular
methodical problems arising from the quantification of invertase in animals whose
carbohydrate metabolism is highly active. Invertase usually is quantified via the
release of glucose from sucrose. Both substrate and product of the enzymatic
reaction can be present at varying concentrations in the extract used to quantify
enzyme activity. Earlier investigations (Ayre, 1963, 1967; Ricks and Vinson, 1972;
Zhang et al., 1993) have been based on endpoint determinations of glucose after
adding sucrose to extracts of insects (or parts of insects) and likely are hampered
by the presence of glucose and/or sucrose in the reaction preparation prior to the
enzymatic reaction. These problems might explain why even recent studies of
digestive enzymes in ants have chosen indirect methods, such as feeding selected
di- or oligosaccharides to living ants and quantifying monosaccharides as puta-
tive reaction products in the ants themselves (Boevé and Wickers, 2003). The
drawback of this method is that selected carbohydrates must be fed to cultivated
ants, which have no access to other food sources. Otherwise, direct uptake of
the monosaccharides, which are quantified as putative reaction products, would
alter the outcome of the experiment. Moreover, carbohydrate metabolism does
not stop at the level of monosaccharides, which are further metabolized in living
organisms. Quantifying intermediate products can at best reveal semi-quantitative
results concerning the velocity of the first step, since their quantities are dependent
on both the reactions that lead to their production and by later reactions for which
they serve as substrates.

To overcome these problems, we developed a method for quantifying inver-
tase in extracts of ants, which is based on repeated and specific quantification of
glucose by a spectrophotometrical method. This allows kinetics to be measured,
instead of relying on an endpoint determination. Consequently, an equilibrium is
obtained prior to the enzymatic reaction, which reflects reactions of any carbohy-
drates and enzymes that may be present in the extract. Sucrose is added after the
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equilibrium has been reached to then quantify invertase activity as newly released
glucose.

METHODS AND MATERIALS

Insects and Preparation. The experiment was carried out with ants freshly
caught in their natural habitats in the vicinity of Puerto Escondido, Oaxaca,
Mexico. Because these ants have different feedings strategies, they were likely
to exhibit quantitative differences in invertase activity. Various glands that are
located in the head or in the gaster may contribute differently to an ant’s overall
invertase activity (Ayre, 1967). Ants were, therefore, dissected in “Insect Ringer”
solution (10.4 g NaCl, 0.32 g KCl, 0.48 g CaCl,, and 0.32 g NaHCOs3 in 11
water) in order to remove the largest parts of the content of head and gaster.
Care was taken to include maxillary and postpharyngeal glands and the midgut,
while poison glands and acid glands were discarded or, at least, emptied. Tho-
raxes and all chitin components were discarded. The parts putatively containing
invertase were weighed and transferred to a 50 mm sodium phosphate buffer
(pH 6.0). Preliminary experiments with different species of Atta, Camponotus,
and Crematogaster revealed that this pH was close to the optimum for all ant
species investigated. However, different pH conditions should be examined for
other ant species in order to conduct the assays at an optimal pH. The contents
of 1-10 individuals (equivalent to 8—28 mg fresh material) were combined and
put into 300 w1 buffer to which 50 wl solution of proteinase inhibitor (1 Com-
plete Mini Tablet, Roche Diagnostics, Mannheim, Germany in 1.5 ml water) had
been added. The material then was homogenized with sand and cleared by mi-
cromembrane filtration (“Rotilabo Spritzenfilter,” 13 mm, 0.2 um Nylon, Carl
Roth, Karlsruhe, Germany). After clearing, the extracts were stored for ca. 1 hr
at 4°C.

Quantification of Invertase. The quantification of enzyme activity is based
on quantifying glucose released from sucrose with the Glucose (HK) Assay Kit
(Sigma-Aldrich, Steinheim, Germany. The kit combines hexokinase and glucose-
6-phosphate dehydrogenase). Ten microliters of extract and 100 ul HK reaction
solution (prepared according to manufacturer’s protocol) were introduced into cu-
vettes (70 ul micro disposable cuvettes, Plastibrand®, Brand, Wertheim, Germany)
and placed immediately into a photometer (Genesys 20 Spectrophotometer, Ther-
moSpectronic, Cambridge, UK). A mixture of 10 1 buffer and 100 1 HK reaction
solution served as a blank. Absorption was quantified at 340 nm every 5 min until a
steady state was reached, usually by 30—45 min. In cases of very high initial absorp-
tions (>0.3) and/or high increases in absorption, samples could be further diluted
with HK reaction solution, since high initial values resulted from high amounts of
glucose (absolute values) and/or sucrose and invertase (high increases) and, thus,
were generally correlated with high invertase activities. After the steady state had
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been reached, 20 ul sucrose solution (250 mg sucrose in 1 ml water) were added,
and absorption was further quantified at regular intervals for 1.5-2 hr. Invertase
activity was calculated from the slope of the linear increase in absorption after
adding sucrose. For each ant species, 5—7 quantifications were conducted with
different ants (usually representing different colonies). For each sample (i.e., ant
colony), two extractions were conducted with different numbers of ants, and two
replicates per extract were used for analysis; means were calculated from these
four measurements.

Standard Curves. Standardization was conducted by quantifying defined
amounts of glucose (D-Glucose, Sigma-Aldrich; three replicates per glucose con-
centration) under the same experimental conditions, and by subjecting purified
invertase to the same experimental procedure. Of a 0.01 units mI~' solution of
invertase in TRIS—HCI buffer, pH 4.5 (invertase from baker’s yeast, ca. 300 units
mg~! solid, Sigma-Aldrich, pH according to supplier’s suggestion), different vol-
umes (0, 2.5, 5, 10, and 15 ul) were diluted with TRIS-HCI buffer to a volume of
20 pl and mixed with 200 1 HK reaction solution. Sucrose (20 pl of 2 0.25 g ml~!
solution) was added after 15 min, and absorption was quantified every 10 min for
at least the next 30 min (three replicates per concentration of invertase). Ant in-
vertase activity, thus, can be expressed as ng glucose released per min and per mg
ant fresh material, or as units (with purified invertase as standard).

RESULTS AND DISCUSSION

The use of purified invertase under the experimental conditions as described
above resulted in a linear increase of absorption over time after addition of the
enzyme’s substrate, sucrose (Figure 1A). Increases in absorption were then linear
for at least 1.5 hr (personal observations), and the slopes of these curves were
highly correlated with invertase activity. The resulting calibration curve is linear
from O to ca. 400 n units pl~! and then tends to reach saturation (insert in
Figure 1A).

Different ant species were used to quantify invertase activity in tissue of
freshly caught animals. In contrast to the curves observed for purified invertase, ant
extracts first showed an increase in absorption, which resulted from the presence
of the substrate (sucrose) as well as the product (glucose) of the enzymatic reaction
in the extract (Figure 1B). Depending on the species and the number of ants used,
15-45 min were required to reach the equilibrium, after which sucrose could be
added. Addition of sucrose solution first resulted in a slightly reduced absorption
due to dilution effects by the added volume of sucrose solution (Figure 1B).
After 10-15 min, the resulting curves showed almost linear slopes, and invertase
activity calculated from these slopes differed significantly among the species tested
(Table 1). Variability among ant species was much higher than within a species, and
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FIG. 1. Quantification of invertase and validation of the method. Time courses in ab-
sorption are given separately for purified invertase (A) and extractions of two ant species
(B). Note the time at which sucrose was added. Use of the slopes of the curves rep-
resenting different amounts of purified invertase for quantification of activity revealed
an almost linear calibration curve (insert in panel A). Use of different numbers of ants
(C) revealed linear dose—activity relations. Atta mex., Atta mexicana; Camp., Camponotus;
Crem., Crematogaster; P. gracilis, Pseudomyrmex gracilis.
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TABLE 1. MEAN INVERTASE ACTIVITIES IN DIFFERENT ANT SPECIES

Attamex.  Camp.1 P gracilis  Camp.2  Crem. spec.

Activity (mean) 46.2 24.4 28.6 14.6 17.3
SE 54 3.9 6.3 0.9 2.3
N 6 4 5 6 5

Note. Invertase activity is given in ng glucose released per mg ant tissue per min; means
marked with different letters are significantly different (P < 0.05 according to LSD post
hoc analysis). Atta mex., Atta mexicana; Camp., Camponotus,; Crem., Crematogaster;
P. gracilis, Pseudomyrmex gracilis.

in general the values obtained from ants belonging to the same colony (genetically
similar and usually having fed on the same food sources) were more similar than
those obtained from ants from different colonies. When varying numbers of ants
were extracted, an almost linear ant number—invertase activity relationship was
found (Figure 1C).

The method described here allows the easy quantification of invertase activ-
ity in extracts of the digestive tracts of ants, and it should be applicable to other
arthropods. The method is easy, does not require expensive or elaborate equip-
ment, and can be applied under field conditions. Because the method measures
enzyme activity, it is not suitable for identifying the presence of isoenzymes or for
determining whether the enzyme is synthesized by the animal itself or, rather, is
the product of endosymbiotic microorganisms. However, the method reliably mea-
sures the activity of a digestive enzyme and provides an analysis of the digestive
capacity of the insect—or insect organ—used for extraction.
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