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Galls from Calliandra brevipes BENTH (Fabaceae :Mimosoidae):
evidence of apyrase activity contribution in a plant–insect
interaction
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Naiara Miranda RustA, Letícia Stephan TavaresA, Marcelo de Oliveira SantosA,
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FCorresponding author. Email: michelledetoni@yahoo.com.br

Abstract. By western blots, cross-immunoreactivity with polyclonal anti-potato apyrase antibodies identified the
Calliandra brevipes apyrase as a band of 75 kDa in the tissues of non-galled stem and leaves, and those of globose
galls. The non-galled tissues hydrolysed either ATP, ADP, UDP, GTP or GDP. In globose galls, ADP, UDP and GDP
hydrolysis were 1.7–5.1-fold higher than in non-galled tissues. ADP and UDP hydrolysis either from non-galled or globose
gall tissues were 10–38% stimulated by 5mMcalcium, and drastically reduced (66–99%) by the addition of 5mMEDTAor
EGTA, confirming the divalent cation dependence. Nucleotidase, phosphatase or ATPase activities contributed in lower
reaction rates. Apyrase activity was confirmed in C. brevipes tissues by nondenaturing polyacrylamide gel electrophoresis
and western blots. By histochemical techniques, the ADPase activity was found as a granular-dense lead phosphate deposit
homogeneously distributed at the external surface, and inside the nutritive cells of the globose gall. The sites of polyclonal
anti-potato apyrase antibodies corroborate these localisations. The globose galls of the C. brevipes stems increase their
capacity of hydrolysing nucleotides, which could be associated with carbohydrate biosynthesis, signalling and/or cell
proliferation, crucial for feeding and survival of the insect.

Received 25 April 2012, accepted 4 July 2012, published online 20 September 2012

Introduction

The most complex insect galls are those induced by wasps
(Hymenoptera) (Schönrogge et al. 2000) such as
Tanaostigmodes ringueleti (Hymenoptera, Tanaostigmatidae),
which induces a globose gall that protrudes from the stems of
Calliandra brevipes (Fabaceae :Mimosoidae) (Penteado-Dias
and Carvalho 2008; Detoni et al. 2010, 2011a). Formation of
thegall is characterisedbyanatomical andmetabolic alterations in
the host-plant tissue in response to chemical stimuli, providing
shelter and food for the gall-inducing insect and its offspring
(Price et al. 1987; Fernandes and Price 1988; Hartley 1998;
Schönrogge et al. 2000; Soares et al. 2000; Rehill and Schultz
2003; Moura et al. 2008; Detoni et al. 2010, 2011a, 2011b). In
hymenopteran galls, differentiation of nutritive tissue that is

responsible for the nutrition of the larva and general
accumulated lipids is common (Koncz et al. 2011).

Nucleotides participate in numerous physiological processes,
including signalling events, and several enzymes are involved in
the control of nucleotides levels. In host plant-galling insect
systems, the study of these enzymes may be a starting point
for understanding mechanisms involved in the interaction. The
control of nucleotide levels ismodulated primarily by enzymes of
ubiquitous distribution, such as apyrase, nucleotidase, and
nucleotide pyrophosphatase/phosphodiesterase, which control
the rate, amount and timing of nucleotide hydrolysis in several
physiological and pathological conditions (Zimmermann 1992;
Nanjo et al. 2006; Burnstock and Verkhratsky 2009; Knowles
2011). Significant quantitative and/or qualitative differences in
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protein expression in entomogenous galls have been
demonstrated (Schönrogge et al. 2000; Rehill and Schultz
2003; Detoni et al. 2010, 2011b).

Apyrase (EC 3.6.1.5), also named ATP diphosphohydrolase
(ATPDase) or nucleoside triphosphate diphosphohydrolase
(NTPDase), and belonging to the NTPDase family, hydrolyses
nucleoside di- and triphosphates to the corresponding nucleoside
monophosphates upon divalent metal ion activation. Apyrase is
generally insensitive to the classical P-, V- and F-ATPase
inhibitors (Faria-Pinto et al. 2004, 2008; Kettlun et al. 2005;
McAlvin and Stacey 2005; Buffon et al. 2007; Penido et al. 2007;
Riewe et al. 2008; Vasconcelos et al. 2009; Clark et al. 2010;
Knowles 2011; Maia et al. 2011; Okuhata et al. 2011; Tanaka
et al. 2011). Plant apyrase isoforms and apyrase like-proteins of
organisms from distinct phylogenetic lineages share epitopes.
Also, polyclonal anti-potato apyrase antibodieswere identified as
molecular tools for the identification of homologue proteins
(Faria-Pinto et al. 2004, 2008; Penido et al. 2007;
Vasconcelos et al. 2009; Maia et al. 2011). The present
research aimed to investigate the molecular weight,
phosphohydrolytic activity, and the localisation of apyrase in
non-galled and galled tissues of C. brevipes, using as strategies
the cross-immunoreactivity with potato apyrase and biochemical
procedures for enzyme activity measurements.

Materials and methods
Potato apyrase and polyclonal anti-potato apyrase
antibodies
Potato apyrase (50 kDa) was purified from a commercial strain of
Solanum tuberosum (Kettlun et al. 2005). The purified enzyme
presented an ATPase/ADPase activity ratio of ~1, it was free of
phosphatases and nucleotidase activities, and presented a single
protein band by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE), as previously shown (Faria-
Pinto et al. 2004; Penido et al. 2007). Polyclonal antiserum
against potato apyrase was developed in a New Zealand White
rabbit that was immunised with three injections of 100mg of the
purified potato apyrase, at 15-day intervals, with the first
emulsified in Freund’s complete adjuvant and the others in
Freund’s incomplete adjuvant (Faria-Pinto et al. 2004).

Tissue collection
Experimental shrubs ofC. brevipeswere divided into two groups
of 10 individuals, selected randomly at the Campus of
Universidade Federal de Juiz de Fora, Minas Gerais, Brazil. In
May 2008, samples of normal stem (NS), normal leaf (NL) and
globose gall (GG) were removed from the host plants, and all of
them were washed with deionised water. The samples of GG,
collected at the mature stage, were dissected for careful removal
of larva and/or adult insect. The samples were snap-frozen in
liquid nitrogen, ground and homogenised in a standard medium
composed of 5mM TRIS-HCl, pH 7.4, 8% sucrose and protease
inhibitors, with subsequent centrifugation at 2500g at 4�C for
10min, as previously described (Detoni et al. 2010). The
supernatant was stored at �20�C until further processing. The
protein concentration was measured according to Bradford
(1976). The two pools of each tissue samples (GG, NL and
NS) were used for enzyme activity measurements on two

separate occasions as described below. A voucher specimen of
C. brevipes (CESJ 31454) was deposited at Leopoldo Krieger
Herbarium of the Universidade Federal de Juiz de Fora, Minas
Gerais, Brazil.

Electrophoresis and western blotting
The proteins from tissue samples of two different preparations
were pooled and precipitated by 10% trichloroacetic acid and
washed by centrifugation with deionised water. The total protein
(100mg of protein) was solubilised in gel-loading buffer, and
submitted to SDS-PAGE on 10% polyacrylamide gels (Detoni
et al. 2010), by using Mini-Protean III Cell (Bio-Rad
Laboratórios, São Paulo, Brazil). Aliquots of homogenised
larva (50mg) and potato apyrase (1mg) were used as Controls.
The proteins were electroblotted onto nitrocellulose membrane,
which was blocked with 2% casein, incubated overnight with
rabbit polyclonal anti-potato apyrase antibodies (1 : 2000), and
washed in PBS plus 0.1% Tween-20, using standard procedures
(Faria-Pinto et al. 2004). The assayswere developedwith specific
secondary anti-rabbit IgG antibody coupled to horseradish
peroxidase and revealed by using 3,30-diaminobenzidine
(DAB) as substrate.

Activity measurements
Activity measurements were performed at 37�C in a standard
reaction medium containing 50mM potassium succinate buffer,
pH 6.5, 5mM CaCl2 and 0.01mg of protein/mL. The hydrolytic
assaywas initiated by the addition of 3mMsubstrate, and stopped
after 30min by the addition of 0.1N HCl. Incubation times were
chosen to ensure the linearity of the reaction with substrate and
protein content. The amount of inorganic phosphate (Pi) liberated
was determined spectrophotometrically according to Taussky
and Shorr (1953). These experiments were repeated on two
separate occasions using two different preparations, i.e. a total
of 12 measured for each tissue sample, to confirm the results
obtained. Each assay was performed in triplicate, using tissue
samples obtained from each group of host plants. The mean of
each triplicate was calculated, and the values withmore than 15%
of variation between them were discarded.

For evaluation of divalent cation dependence, the endogenous
activitywasmeasured in fourdifferent experiments, induplicates,
using only a pool of the two preparations formerly cited. The
reaction medium was composed of 50mM potassium succinate
buffer, pH 6.5, in the absence of added divalent cation, or with
5mMCaCl2 orMgCl2. EGTA (5mM) or EDTA (5mM) used for
removal of ion contaminants in the samples.

For analysis of the effects of ATPase inhibitors on
phosphohydrolytic activity, 100mM sodium orthovanadate,
5mM bafilomycin A, 100mM dicyclohexylcarbodiimide or
1mM sodium azide (1mM) was added to standard reaction
medium. The Control was measured in the absence of the
compound, with or without 2.5% (by vol.) dimethyl
sulfoxide, which was the solvent used for preparing
dicyclohexylcarbodiimide or bafilomycin, and did not alter
significantly the phosphohydrolytic activity. The assays were
made in duplicates, in four different experiments, using only a
pool of the two preparations formerly cited.
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The data were analysed using Student’s t-test or ANOVA to
determine significant differences among tissue samples with
P < 0.05 as the lower limit of significance.

Nondenaturing polyacrylamide gel electrophoresis
Nondenaturing polyacrylamide gel electrophoresis was
performed as modified from Faria-Pinto et al. (2004), using a
6% polyacrylamide gel and 0.1% (v/v) Triton X-100 plus 0.1%
(w/v) sodium deoxycholate in the gel and running buffer.
Aliquots (40mg of protein) of NS, NL, and GG tissues were
homogenised in standard reaction medium without nucleotides,
supplemented with 0.2% Triton X-100 plus 0.2% sodium
deoxycholate. These samples were applied to gel and
subjected to electrophoresis using a Mini-Protean III Cell
(BioRad) apparatus for ~90min at 130V in the cold room.
The gel was washed for 40min in 50mM potassium succinate
buffer, pH6.5,without nucleotides. The gelwas then incubated at
37�C for ~2 h in fresh 50mMpotassium succinate buffer, pH 6.5,
supplemented with 100mM sodium orthovanadate, 100mM
ammonium molybdate (a nucleotidase inhibitor) and 1mM
levamisole (a phosphatase inhibitor), plus 10mM CaCl2
(higher calcium was used here to induce calcium phosphate
precipitation) and 5mM ADP. The white calcium phosphate
precipitates appeared, indicating a phosphohydrolytic activity
in situ, and were photographed against a dark background.
Regions of the gels corresponding to the reactive bands were
cut out from additional nondenaturing gel lanes run in parallel.
Eluted samples were directly dissolved in gel-loading buffer, and
submitted to electrophoresis in SDS-PAGE on 10%
polyacrylamide gels. In this experiment, the samples were not
precipitated with 10% trichloroacetic acid to avoid unspecific
protein deglycosylation. Prestained molecular weight markers
were also applied (High-range Rainbow Markers, Mr 12000 to
225000; GE Healthcare, São Paulo, Brazil). Proteins were
electroblotted onto nitrocellulose membrane, followed by
blocking and incubation with rabbit polyclonal anti-potato
apyrase antibodies (1 : 1000) overnight as already described.
Signals were revealed by chemiluminescence using anti-rabbit
IgG antibody coupled to horseradish peroxidase and Luminol as
substrate (ECL Western Blotting System; GE Healthcare)
and exposed to X-ray film following the manufacturer’s
instructions.

Histochemical and immunohistochemical analyses
For histochemical localisation of phosphohydrolytic activity,
cryostat sections (10mm thick) of GG tissues were frozen in
Tissue-Tek OCT Compound by immersion in liquid nitrogen, as
previously described (Faria-Pinto et al. 2004). The cryostat

MW PA

105

75

50

35

30

NS NL GG

Fig. 1. Identification of apyrase in non-galled stem (NS) or leaf (NL) and
globose gall (GG) by cross-immunoreactivity with potato apyrase. The
trichloroacetic acid-precipitated protein samples (100mg) from NS or NL
and GG from Calliandra brevipes were submitted to SDS-PAGE on 10%
polyacrylamide gels and electroblotted onto nitrocellulose. Western blots
were developed with rabbit polyclonal anti-potato apyrase antibodies
(1 : 2000) and revealed using secondary antibody coupled to horseradish
peroxidase and DAB as substrate. PA, potato apyrase (1mg).

Table 1. Phosphohydrolytic activity from non-galled stem, non-galled leaf and globose gall of Calliandra brevipes
The activities weremeasured in the standard reactionmedium in the presence of 5mMCaCl2. The values represent mean� standard

deviation of the enzyme activity (nmol Pi.mg–1.min–1), and the relative activity is shown in parentheses

Substrate (4mM) Phosphohydrolytic activity (relative activity)
Non-galled stem Non-galled leaf Globose gall

Adenosine triphosphate 919 ± 215 (1) 904 ± 220 (1) 934 ± 336 (1)
ADP 1075 ± 90 (1.17) 1223 ± 159 (1.35) 2088 ± 206 (2.24)
UDP 976 ± 287 (1.06) 1204 ± 138 (1.33) 2126 ± 595 (2.28)
GTP 143 ± 49 (0.16) 218 ± 20 (0.24) 199 ± 15 (0.21)
GDP 363 ± 181 (0.39) 911 ± 135 (1.01) 1858 ± 728 (1.99)
AMP 29 ± 20 (0.03) 42 ± 6 (0.04) 28 ± 12 (0.03)
PPiA 115 ± 34 (0.12) 96 ± 3 (0.11) 102 ± 47 (0.11)
p-NPPB 146 ± 8 (0.16) 114 ± 12 (0.13) 250 ± 82 (0.27)

APPi, inorganic pyrophosphate.
Bp-NPP, p-nitrophenylphosphate.
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sections of GG were incubated in the histochemical medium,
which contained 50mM potassium succinate buffer, pH 6.5,
5mM CaCl2, 100mM sodium orthovanadate, 100mM
dicyclohexylcarbodiimide, 1mM sodium azide (1mM),
100mM ammonium molybdate and 1mM levamisole, 3mM
Pb(NO3)2 and 5mM ADP, for 1 h at 37oC. The specificity of
the reaction was checked by running the Controls in parallel,
with the incubations performed in the above medium without
substrate. The sections were examined under an optical
microscope (Microscope Olympus BX-50; Olympus
Corporation, Tokyo, Japan) and the granular lead phosphate
precipitates were photographed.

In addition, the cryostat sections of GG were adhered to glass
slides previously coated with poly-L-lysine and fixed in acetone
for 30min at –20oC (Faria-Pinto et al. 2004). After drying, the
sections were blocked by incubation in PBS containing 2% skim-
milk, 2.5% bovine serum albumin plus 8% fetal calf serum for
45min at room temperature and washed 3 times in PBS. The
sections were then incubated overnight at 4�C in PBS plus
polyclonal anti-potato apyrase antibodies, diluted 1 : 250. The
slideswerewashed twice, for 15min each,with gentle agitation in
PBS and incubated for 60min at 37�C with PBS plus TRITC
(Tetramethyl Rhodamine Isothiocyanate)-conjugated donkey
anti-rabbit IgG antibody (Jackson Immunoresearch Labs Inc.,
West Grove, PA, USA) diluted 1 : 800. The slides were again
washed as described above before addition of DABCO [1,4-
Diazobiciclo(2,2,2)octano]. As a Control, sections were
incubated just with secondary antibody. The sections were
examined under an Olympus BX-50 microscope (Olympus
Corporation).

Results

Apyrase identification

Rabbit polyclonal anti-potato apyrase antibodies (1 : 2000) were
used to develop western blots (Fig. 1). These apyrase antibodies
reacted with a diffuse band of ~75 kDa in samples extracted from
non-NS,NL, andGG tissues. InGG, the antibody against apyrase
recognised an additional band of lower molecular weight
(52 kDa). In addition, no reactive band was observed in the

sample of galling insect larva excluding any contamination
(data not shown).

Phosphohydrolytic activity in non-galled stem
and globose gall tissues from C. brevipes

The presence of phosphohydrolytic activity was assayed in
samples of NS or NL, and GG tissues using a classical
reaction medium for plant apyrase and different nucleotides as
substrates.Thephosphohydrolytic activitydetected inNSequally
hydrolysed ATP, ADP, and UDP, as well as, at a lower rate, the
GTP and GDP (Table 1). In NL, ATP, ADP, UDP and GDPwere
similarly hydrolysed, and the GTP at a lower rate
(Table 1). The GG also exhibited broad substrate specificity,
and ADP, UDP and GDP were the best substrates, significantly
higher than the ATP, followed by the GTP hydrolysis at a lower
rate (Table 1). Compared with the two non-galled tissues, the
ADP, UDP and GDP hydrolysis were 1.7–5.1-fold higher in the
samples of GG.

ADP and UDP hydrolysis from NS, NL, and GG tissues were
10–38% stimulated by 5mM calcium, whereas the addition of
5mM magnesium decreased 7–34% of these activities,
suggesting the presence of contaminant endogenous ions and
competition between divalent cations. The endogenous enzyme
activity from NS, NL or GG tissues, measured in the absence
of added divalent cations (Control), were drastically reduced
by the addition of 5mM EGTA (66–98%) or 5mM EDTA
(74–99%), thus confirming divalent cation dependence
(Table 2).

Other phosphohydrolytic activities were also analysed
(Table 1). AMP, pyrophosphate or p-nitrophenylphosphate
hydrolysis was significantly lower in NS, NL and GG when
compared with the other substrates (Table 1), suggesting little
contribution of 50-nucleotidases, pyrophosphatases or non-
specific phosphatases activity, respectively (Table 1).

Effects of classical ATPase inhibitors on phosphohydrolytic
activity

Classical well known inhibitors of ATPases from several
organisms were tested (Table 3). The addition of sodium

Table 2. Divalent cation dependence of the ADP and UDP hydrolyses
The phosphohydrolytic activity (nmol Pi.mg–1.min–1) was measured in the reaction medium using 3mM of ADP or UDP in the absence
(Control) or in the presence of 5mM CaCl2, MgCl2, EGTA or EDTA. The values represent mean� standard deviation for four different

experiments, in duplicate. The relative activity is shown in parentheses

Substrate Compound Phosphohydrolytic activity (relative activity)
Non-galled stem Non-galled leaf Globose gall

ADP Control 895 ± 39 (1) 879 ± 309 (1) 1452± 152 (1)
CaCl2 1065 ± 60 (1.19) 1208 ± 94 (1.38) 1865± 88 (1.28)
MgCl2 762 ± 61 (0.85) 577 ± 94 (0.66) 1205± 111 (0.83)
EGTA 11 ± 15 (0.01) 295 ± 39 (0.34) 78 ± 22 (0.05)
EDTA 104 ± 39 (0.12) 231 ± 35 (0.26) 46 ± 21 (0.03)

UDP Control 902 ± 181 (1) 1059 ± 222 (1) 1353± 29 (1)
CaCl2 996 ± 66 (1.10) 1251 ± 76 (1.18) 1719± 26 (1.27)
MgCl2 746 ± 90 (0.83) 986 ± 62 (0.93) 1221± 70 (0.90)
EGTA 58 ± 5 (0.06) 147 ± 19 (0.14) 26 ± 24 (0.02)
EDTA 25 ± 34 (0.03) 4 ± 9 (0.004) 26 ± 30 (0.02)
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orthovanadate (100mM), an inhibitor of P-type ATPases,
inhibited ~26 and 30% of ATPase activity from NS and GG
tissues, respectively, suggesting a direct effect on P-type
ATPases in these tissues and little contribution of these
enzymes to ATP hydrolysis (Table 3). Bafilomycin A (5mM),
a macrolide antibiotic inhibitor of vacuolar ATPase, was
tested and no significant inhibition was observed (Table 3).
Dicyclohexylcarbodiimide (100mM) and sodium azide
(1mM), both inhibitors of mitochondrial ATPase, inhibited

17–20% of the ATPase activity from the NL, and no
significant inhibition was observed in NS or GG tissues
(Table 3).

Identification of C. brevipes apyrase activity
by nondenaturing gel electrophoresis

Fig. 2 shows a nondenaturing polyacrylamide gel electrophoretic
pattern of detergent-homogenised NS, NL, and GG tissues with

NS

(a) (b)

NL GG MW

76 –

U

U

L

L

52 –

38 –

31 –

NS NL GG NS NL GG

Fig. 2. (a) Separation of apyrase by nondenaturing gel. Proteins from homogenised-detergent non-galled stem (NS) or leaf (NL) or globose gall (GG) tissue
samples (40mg) were separated by nondenaturing polyacrylamide gel electrophoresis. The gels were immersed in reaction medium supplemented by
phosphohydrolase inhibitors, plus 10mM CaCl2 and 5mM ADP. After 2 h of incubation at 37�C, white deposits of calcium phosphate appeared as a result
of nucleotide hydrolysis catalysed by the enzyme. The gel was photographed against a dark background. (b) Identification of proteins extracted from active bands
of nondenaturing gels. The active lower band (a, arrowL) and upper region visualised as active inGG (a, arrowU)were cut out from each sample of an additional
nondenaturing gel. The proteins fromNS, NL and GGwere eluted, separated by SDS-PAGE on 10% polyacrylamide gels and electroblotted onto nitrocellulose.
The western blots were developed with anti-potato apyrase (diluted 1 : 1000) and revealed by chemiluminescence. MW, molecular weight.

Table 3. Effects of classical ATPase inhibitors
The ATPase activity was measured in the standard reaction medium using 3mM ATP, in the absence or in the presence
(Controls) of 2.5% (by vol.) dimethyl sulfoxide, which is the solvent used for preparing dicyclohexylcarbodiimide
and bafilomycin A. Adenosine triphosphatase activity is expressed as a percentage of the Control. Values represent

mean� standard deviation for four different experiments, in duplicate

Compound (concentration) Relative activity (%)
Non-galled stem Non-galled leaf Globose gall

Orthovanadate (100mM) 74 ± 33 112 ± 31 70± 8
Bafilomycin A (5mM) 186 ± 9 105 ± 27 118 ± 64
Dicyclohexylcarbodiimide (100mM) 100 ± 20 83 ± 35 99± 42
Sodium azide (1mM) 96 ± 14 80 ± 36 89± 30
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preservation of phosphohydrolytic activity, as observed by
formation of white deposits of calcium phosphate at the active
band upon incubation of the gel with ADP in reaction medium
supplemented with phosphatase, nucleotidase and P-type
ATPase inhibitors. A single calcium phosphate precipitate
band displaying identical electrophoretic mobilities was
detected in both NS and NL (Fig. 2a, NS and NL, arrow L).
Excision of active bands (Fig. 2a, NS and NL, arrow L) from
additional nondenaturing gels followed by separation of
proteins by SDS-PAGE on 10% polyacrylamide and western
blots using polyclonal anti-potato apyrase antibodies revealed
that several distinct polypeptides ranging from 52 to 75 kDa
were present (Fig. 2b, l, NS and NL).

In the same nondenaturing gel, the phosphohydrolytic activity
from the GG tissue sample (GG, arrow L) was visualised as a
highly active band matching the sharpest active band from NS or
NL (Fig. 2a). In addition, the upper region had diffuse calcium
phosphate precipitates suggesting additional bands (Fig. 2a, GG,
arrowU). The active lower bandwas excised fromnondenaturing
gel (Fig. 2a, GG, arrow L) and identified by western blots as
polypeptides also ranging from 52 to 75 kDa (Fig. 2b, l, GG). By
cutting out the upper region from the GG, and also the
corresponding non-active NS or NL region (Fig. 2a, arrow U),
a polypeptide of ~52 kDa was recognised by polyclonal anti-
potato apyrase antibodies (Fig. 2b, u, NS, NL and GG),
confirming the C. brevipes apyrase identity in all tissue samples.

Localisation of phosphohydrolytic activity in globose
gall tissue

The localisation of phosphohydrolytic activity in GG was
determined by histochemical techniques (Fig. 3). Sections of
galled tissues were incubated in the histochemical reaction
medium containing ADP as substrate and P-type ATPases,
phosphatases and 50-nucleotidases inhibitors. The ADP
hydrolysis was identified as granular-dense lead phosphate
deposits homogeneously distributed in the cytoplasm of the
cells of the gall inner cortex. The nutritive cells (arrows) lining the
larval chamberwere also reactive forADPhydrolysis (Fig. 3b, b).
Granular-dense lead phosphate was also dispersed in the
central chamber (Fig. 3b, c, asterisks) possibly because intense
ADP hydrolysis and ruptured cell walls followed insect feeding.
No dense deposits were observed in the absence of nucleotides
(Fig. 3a).

By immunohistochemical technique, immunoreactive
granular material was observed at the nutritive cells lining the
larval chamber, with higher intensity close to the chamber
(Fig. 4c, arrows). Membrane and nucleus integrity (Fig. 4b;
arrow 2) away from the larval chamber (Fig. 4a) and the
typical autofluorescence of plant tissues (Fig. 4b, arrow 1)
could also be observed. No reactivity was observed with the
secondary antibody alone (data not shown).

Discussion

AC. brevipes apyrase isoform was identified as a diffuse band of
~75 kDa in both NS, NL and GG tissues by cross-
immunoreactivity with polyclonal anti-potato apyrase
antibodies. Taken together, and under the experimental
conditions employed, hydrolysis of di- and triphosphate

nucleosides activated by divalent ion, and general insensitivity
to the phosphatase, nucleotidase and ATPase inhibitors, strongly
suggested that an apyrase was responsible for most of the
phosphohydrolytic activity observed in tissue samples from
C. brevipes.

ADP, UDP and GDP hydrolysis were 1.7–5.1-fold higher in
the GG when compared with non-galled tissues, and were
significantly higher than ATP hydrolysis, suggesting that
specific catalytic properties of the gall apyrase carry out
regulatory functions in this tissue. An additional reactive band
of 52 kDa was detected in the GG (Fig. 1), and it could be either
another apyrase isoform or the same apyrase in its deglycosylated
form. By nondenaturing gel electrophoresis and using ADP as
substrate (Fig. 2), phosphohydrolytic activity gave rise to the

(a)

(b)

(c)

Fig. 3. Histochemical localisation of phosphohydrolytic activity in
Calliandra brevipes globose gall. By histochemical technique, cryostat
sections (10mm thick) of globose gall were incubated in standard reaction
medium using ADP as substrate. (a) The Control showed no electron-dense
deposits in the absence of ADP. (b) General features of cryostat sections of
globose gall showinggranular-dense leadphosphate deposits homogeneously
distributed on the external surface (arrow 1) and in the cytoplasm of the
nutritive cells (arrow 2) that line the central chamber, and dispersed outside
(asterisks). (c) Enlargement of a region of nutritive cells (arrows 1 and 2), and
dense lead phosphate dispersed outside (asterisks). LC, larval chamber; NT,
nutritive tissue (200�).
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appearance of a single calcium phosphate precipitate band
displaying identical electrophoretic mobilities in NS, NL, and
GG tissues, being more active in the latter tissue, corroborating
the colourimetric assays. In this band of higher mobility, distinct
polypeptides ranging from 52 to 75 kDa were recognised by

polyclonal anti-potato apyrase antibodies, suggesting the
existence of active forms of the same protein with different net
charges, possibly as a result of distinct glycosylation levels. In
addition, an immunoreactive band of ~52 kDa, of lower mobility
in nondenaturing gel, was also identified and possibly it is the
C. brevipes apyrase in completely deglycosylated form. Lack of
calcium phosphate precipitate in this upper band of 52 kDa from
the non-galled tissues could be due to a lower amount of this form,
suggesting that apyrase is overexpressed in galled tissue. As
already demonstrated by Detoni et al. (2010), qualitative and
quantitative protein analyses performed by SDS-PAGE,
Coomassie blue-staining, and densitometric analysis provided
evidence of bands of ~75 and 52 kDa in GG, but not in NS or NL
from C. brevipes (Detoni et al. 2010), reinforcing that an
overexpression of apyrase in galled tissue is possible.
Recently, a new glycosylated ecto-apyrase isoform was
characterised in Mimosa pudica (Okuhata et al. 2011), and
glycosylation of mammalian NTPDase 1 has been correlated
with its enzymatic activation and surface localisation
(Zhong et al. 2001). These results stimulate new investigations
on the kinetic properties of the gall apyrase identified here.

By histochemical analysis, a significant phosphohydrolytic
activity was localised on the external surface and inside the
nutritive cells of GG, which was also corroborated by cross-
immunoreactivitywithpolyclonal anti-potato apyrase antibodies.
Gall-forming insects have the ability to alter the development of
plant tissues causing hyperplasic and hypertrophic alterations,
modifying host nutritional quality and plant metabolites for self
feeding and survival (Price et al. 1987; Fernandes and Price 1988;
Hartley 1998; Schönrogge et al. 2000; Soares et al. 2000; Rehill
and Schultz 2003; Moura et al. 2008; Detoni et al. 2010, 2011a,
2011b). The GG from C. brevipes protects the larva and
provides a rich source of proteins, sugars, and other nutrients
needed for its growth and development (Detoni et al. 2010,
2011a). Possible physiological roles of apyrase in gall tissues
could be related to growth regulation, synthesis of cell wall
proteins, energy transfer and starch synthesis, as previously
suggested for several apyrase isoforms (Kettlun et al. 2005;
Wu et al. 2007; Riewe et al. 2008; Clark et al. 2010; Okuhata
et al. 2011). Apyrase isoforms are also involved in rhizobial
root hair infection and enhanced nodulation, suggesting a
possible signalling role for these enzymes (McAlvin and
Stacey 2005; Tanaka et al. 2011). In mammals, among other
physiological functions, both NTPDase and 50-nucleotidase
activities are involved in cell proliferation (Buffon et al. 2007;
Buvinic et al. 2007). Thus, the increased apyrase activity in the
GG of C. brevipes could also be related to regulation of the
nucleotide/nucleoside ratio which takes part in signalling and/or
cell proliferation mechanisms. These functional hypotheses
should be explored, and the study of the apyrase from
C. brevipes at a molecular level is currently being studied in
our laboratories.
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