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Abstract—Invertases are sucrose hydrolyzing enzymes often associated with
plant tissues acting as physiological sinks, and plant galls are physiological sinks.
We investigated several types of invertase and their potential benefits in galls
of the aphid Hormaphis hamamelidis. Invertase activities in galls differed from
those in leaves throughout the growing season. Vacuolar invertase activities (per
g FW) were always greater in galls than leaves. In contrast, cell wall invertase
activities per g FW started low in galls, but increased with time and were greater
than those in leaves after 1 month. Gall growth was most closely related to vacuo-
lar invertase activity, whereas leaf growth was correlated with both vacuolar and
cell wall invertase activities. In separate correlational studies of aphid fecundity
and invertase activities, cell wall invertase activity per gall accounted for 15–
21% of the variation in offspring per gall. Gall dry weight explained more of the
variation in offspring per gall (34.2%) than did gall volume (17.8%), a likely indi-
cation of the importance of sink strength over the life of the gall. Increased inver-
tase activity probably underlies the enhanced sink strength commonly observed
in galls. Hormaphis hamamelidis fundatrices appear to maximize reproductive
output by eliciting multiple beneficial responses from their hosts. Initial gall
growth correlated positively with high vacuolar invertase activity, while later in
the season aphid fecundity correlated positively with cell wall invertase activity.
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INTRODUCTION

Galls are sinks for photoassimilates and mineral nutrients (Jankiewicz et al., 1970;
Abrahamson and McCrea, 1986; Andersen and Mizell, 1987; Larson and Whitham,
1991; Bagatto and Shorthouse, 1994; Burstein et al., 1994; Bagatto et al., 1996).
By altering patterns of allocation, gall formers can cause major changes in the
architecture (Abrahamson and McCrea, 1986; Raman and Abrahamson, 1995;
Fay et al., 1996a) and ecology (Dennill, 1988; Erasmus et al., 1992; Fay et al.,
1996b) of their hosts. In extreme cases, galls can be such strong sinks that they
cause the death of other plant parts (Stiling et al., 1992; Burstein et al., 1994;
Price and Louw, 1996; De Souza et al., 1998) and may alter plant population
structure (Abrahamson and McCrea, 1986). The sink strength of gall tissue affects
the success of gallers, both among galls as well as between galls and host plant
sinks (Whitham, 1980; Inbar et al., 1995; Larson and Whitham, 1997; B. Rehill and
J. Schultz, unpublished data). The mechanisms that galling insects use to enhance
physiological sinks and thereby acquire resources from the host plant are unknown.

Sink strength in both vegetative and reproductive plant tissues depends on
the activity of sucrose hydrolyzing enzymes and sucrose transporters (Ho, 1988;
Truernit et al., 1996; Sturm, 1999; Sturm and Tang, 1999; Williams et al., 2000;
Winter and Huber, 2000). Invertases are sucrose-hydrolyzing enzymes with multi-
ple physiological functions that vary among tissues as well as with developmental
state. Different forms of invertases are localized to particular cellular compart-
ments. Vacuolar invertases, often termed soluble acid invertases, function in the
expansion growth of plant cells as well as carbon partitioning. Cell wall invertases
play a major role in carbon partitioning in many plant tissues, but also function
in phloem loading and unloading. Both vacuolar and cell wall invertases can be
induced by wounding and other stimuli (Sturm and Chrispeels, 1990; Ehness et al.,
1997; Ohyama et al., 1998; Kefi et al., 2000). Cytosolic (soluble neutral or alkaline)
invertases appear to play little or no role in carbon partitioning, but do function in
respiration and the biosynthesis of primary and secondary compounds (Sturm and
Tang, 1999). In general, cytosolic invertase activities are not useful as measures of
sink strength, in contrast to those of vacuolar and cell wall invertases (Sung et al.,
1989).

The Nutrition Hypothesis posits that galls provide enhanced nutrition for
their inhabitants (Price et al., 1987), and is supported by the specialized structure
of some galls that include highly nutritious tissue for consumption by cynipid
wasp, cecidomyiid fly, and nematine sawfly gallers (Larew, 1982; Meyer, 1987;
Nyman and Julkunen-Tiitto, 2000). Sucking insects such as aphids also enhance
nutrition (Kennedy, 1951; Forrest, 1971; Llewelyn, 1982) by stimulating phloem
proliferation (Lewis and Walton, 1958; Wool et al., 1999) and increasing the sink
strength of the gall (Larson and Whitham, 1991; Inbar et al., 1995).

Given the importance of sink status in the ecology of galls, we investigated in-
vertase activities as a potential mechanism of increased sink strength and nutritional
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modification in galls. We attempted to identify the mechanistic basis of increased
sink strength in galls by testing the hypothesis that galls formed by the aphid
Hormaphis hamamelidis on witch hazel (Hamamelis virginiana) have enhanced
invertase activities in the gall and/or surrounding leaf. We predicted that vacuolar
invertase activities in galls would be greater than those in leaves and that cell wall
invertase activities would be enhanced relative to ungalled leaf tissue. The relative
growth rates of tissues were tracked to investigate which sink enzyme was most
related to growth. Next, we tested the potential adaptive value of invertase activi-
ties. Also, because gall size is related positively to fecundity in this system (Rehill
and Schultz, 2001), we clarified its role by comparing the relative importance of
gall volume versus that of gall dry weight. Our findings supported the hypotheses
that altered invertase activities are a mechanism of increased sink strength in galls,
and that fundatrices induce beneficial biochemical responses in the host plant.

METHODS AND MATERIALS

Research System. Witch hazel Hamamelis virginiana L. (Hamamelidaceae) is
a common understory tree or shrub in eastern deciduous forests of North America,
ranging from Nova Scotia to Florida (Grimm, 1983). The witch hazel cone gall
aphid, Hormaphis hamamelidis (Fitch) (Homoptera: Hormaphididae) forms con-
ical galls on the leaves of witch hazel.

Hormaphis hamamelidis has a monoecious life cycle of three generations,
beginning with the fundatrix that hatches in the spring from a winter egg and
initiates a gall just after bud break (Lewis and Walton, 1958; von Dohlen and
Gill, 1987). The fundatrix chooses a site on the abaxial side of the leaf and ini-
tiates gall formation with repeated brief insertions of her stylet into the leaf. The
gall grows from this area of intense probing, and eventually a red cone-shaped
gall 7–10 mm tall forms on the adaxial side of the leaf. The fundatrix bears the
second generation by parthenogenesis within the gall; all the aphids feed from
phloem in the interior walls of the gall. The alate second-generation adults leave
the gall and bear the third, sexual generation by parthenogenesis. After maturation,
sexuals mate and the female deposits 5–10 winter eggs on the bark of the host.
The number of second-generation aphids in the gall provides a measure of the
fecundity of each fundatrix, and is the response variable in all of the studies of
fecundity.

Study Site. All experiments were performed at a site within Rothrock State
Forest in Pennsylvania, USA (centered approximately at 40◦45′22′′ N latitude and
77◦44′10′′ W longitude) that contained large stands of witch hazel trees. The entire
canopy of most study trees was accessible using a 2-m ladder.

Invertase Time Course. Leaves and galls were collected on dates correspond-
ing to important phases in gall and fundatrix development: May 17, May 28, June
6, and July 8, 1997 (see Table 1). Six to twelve galled leaves and 6–12 ungalled
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TABLE 1. FUNDATRIX, GALL, AND LEAF STATUS ON THE DATES THAT LEAVES AND

GALLS WERE COLLECTED FOR THE INVERTASE TIME COURSE

Date Fundatrix status Gall status Leaf status

May 17, 1997 1st instar nymph Open depression Expansion started
May 28, 1997 2nd instar nymph Closed, 1–2 mm tall Still expanding
June 6, 1997 3rd instar nymph Cone 3–4 mm tall Fully expanded, light green
July 8, 1997 Adult: First offspring Cone 8–10 mm tall Fully expanded, dark green

appearing in gall

leaves were taken from each of six trees. Each gall was opened with a sterile scalpel
and the fundatrix removed. Leaves and galls were flash frozen in liquid nitrogen
and kept on dry ice until storage at −80◦C.

Leaves and galls were pooled within trees and tissue type (gall, galled leaf,
or ungalled leaf) to provide adequate mass for extraction. Each pooled sample
(consisting of three to six galls or leaves) was homogenized in a mortar and pes-
tle with 6–10 volumes of ice-cold extraction buffer that contained: 50 mM MES
pH 6.5, 20 mM DTT, 5 mM EDTA, 5% (v/v) PVPP (insoluble), 2% (v/v) Tween
20, 2% (v/v) glycerol, 2.5 mM benzamidine, and 0.1 mM PMSF. (The extraction
buffer was optimized for witch hazel tissues prior to the experiment.) Samples were
centrifuged at 30,000 g RCF and 4◦C for 20 min, and the supernatant removed
for measurements of soluble invertase activities (vacuolar invertase, VI, and cy-
toplasmic invertase, CI). The pellet was twice suspended in 10 volumes of water,
centrifuged as above, and the supernatant discarded. The pellet was suspended
in five volumes of a modified extraction buffer (as above except without PVPP)
with 50 mM NaCl, centrifuged as above, and the supernatant discarded. The pellet
was then extracted overnight at 4◦C by suspension in 10 volumes of the modified
extraction buffer with 1 mM NaCl, centrifuged as above, and the supernatant re-
moved for measurements of ionically bound cell wall invertase activity (CWIi).
This method yields only wall-bound solutes free of any cytoplasmic contaminants
(Fahrendorf and Beck, 1990). The pellet was twice suspended in 10 volumes of wa-
ter, centrifuged as above, and the supernatant discarded. The remaining pellet was
used for measurements of covalently bound cell wall invertase activity (CWIc).

Extracts were assayed for invertase activities using a modification of the
method of Arnold (1965). Each reaction (soluble invertases or ionically bound
cell wall invertase) contained 5–20 µl sample extract, 60–75 µl reaction buffer
(see below), and 20 µl 1.0 M sucrose substrate in a total reaction volume of
100 µl. The reaction buffer provided constant ionic strength at each pH (Ellis
and Morrison, 1982) and contained 0.05 M acetic acid, 0.05 M MES, and 0.1 M
Tris HCL as buffering agents. Assays for soluble invertase activity were run at
pH 4.0, 4.5, 5.0, 5.5, 6.5, 7.0, and 7.5 to identify the pH optima of vacuolar and
cytoplasmic invertases, and run at pH 4.0, 4.5, 5.0, and 5.5 to identify the pH
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optimum of ionically bound invertase. Each assay was incubated for 20–40 min at
30◦C; enzyme kinetics were linear, and there was no substrate limitation. Reactions
were stopped by addition of 100 µl of a modified Sumner’s reagent that contained
1% DNSA, 0.5% phenol, 2.5% NaOH, and 0.05% Na2SO3. The reactions were
heated at 100◦C for 10 min, 33 µl of 40% Rochelle salt solution was added to each
reaction, and absorbance was read at 560 nm. Reducing sugar concentrations were
computed using a standard curve of glucose in 0.2 M sucrose. Blanks consisted of
complete reaction mixtures with the reaction stopped immediately.

Assays of covalently bound cell wall invertase were performed directly on
the prepared sample pellets. The pellet was suspended in eight volumes of pH 4.5
50 mM acetate buffer and the reaction was started by addition of two volumes of
1.0 M sucrose substrate solution. Samples were reacted for 20–40 min at 30◦C,
placed on ice for 15 min to halt enzyme activity, and then centrifuged at 30,000 g
RCF and 4◦C for 20 min. The supernatant was assayed for reducing sugars using
Sumner’s reagent and compared to a glucose standard containing 0.2 M sucrose
in pH 4.5 50 mM acetate buffer.

Enzyme activities are reported as units (U) per g fresh weight (FW). A unit
equals 1 µmol sucrose hydrolyzed per min. Invertase activities reported are: vac-
uolar (VI: soluble activity at pH 4.5), cytoplasmic (CI: soluble activity at pH 7.0),
ionically bound cell wall (CWIi: measured at pH 4.5), and covalently bound cell
wall (CWIc).

The relative growth rates of leaves and galls were calculated for the enzyme
assay samples; each pooled sample was a replicate. To standardize between sam-
pling dates the mean FW per organ (gall or leaf) was computed as: FW = total
fresh weight/# of galls or leaves. Relative growth rate was computed as: RGR =
(FW2 − FW1)/FW1/# days between sampling.

Fecundity and Invertase Study I. This study was performed to test the hy-
pothesis that the invertase activities of galls were positively related to the numbers
of offspring per gall. Eight leaves with a single gall and eight leaves with multiple
galls were collected from each of five trees along a transect on August 5, 1998. Gall
height (highest point above the top of the leaf to the lowest point on the underside
of the leaf) and gall diameter (widest point on top of the leaf) were measured to
the nearest 0.1 mm with digital calipers. Galled leaves were collected by cleanly
breaking the petiole off at the stem, flash freezing in liquid N2, and holding on dry
ice until storage at −80◦C. Galls were dissected at 4◦C, the inhabitants removed,
and leaves refrozen in liquid N2 and stored at −80◦C for later analysis of invertase
activities. Aphids were counted under 80× with a dissecting microscope. Only
galls with no sign of attack by natural enemies were used for invertase assays. In
all cases, given the conical shape, gall volume was calculated as the volume of a
cone (volume = {πr2h/3}, where r = radius and h = height).

Fecundity and Invertase Study II. Eighty galls were sampled haphazardly on
July 23, 1998, eight each from 10 trees on a transect. At this time, the mean number
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of offspring per gall was at or near its peak and the first alates were appearing within
galls, as determined by a weekly census of galls from other trees within the field
site (data not shown). Each gall was alone on the leaf, and samples were processed
as described above. Galls were classified as occupied (all aphid inhabitants alive
and no sign of attack by natural enemies), invaded (some of the inhabitants alive,
a natural enemy present), or unoccupied (none of the aphid inhabitants alive, and
obvious signs of attack by a natural enemy). Mortality was high among the collected
galls: of the 80 galls, 30 were occupied, 46 were unoccupied, and 4 were invaded.
Several natural enemies attacked gall inhabitants, including fungi and several types
of insect larvae. Only undamaged galls, with no caterpillar herbivory, were used
for invertase measurements, and only galls that showed no sign of attack from
natural enemies were used in analyses of fecundity.

Fecundity and Invertase Studies: Invertase Assays. The extraction scheme
used in the chemistry time course of 1997 was modified to measure total cell wall
invertase in a more expedient manner. This total cell wall invertase (CWI) equals
the sum of the two types of cell wall invertase (CWIi and CWIc) measured in the
time course. Each gall was weighed to the nearest 0.1 mg, ground under liquid N2

in a mortar and pestle, and the recovered portion reweighed. Galls were extracted
by 30 min of sonication in ice with 10 volumes of ice-cold extraction buffer (for-
mulated as in the chemistry time course study). After sonication, the homogenate
was centrifuged at 20,000 g RCF and 4◦C for 20 min and the supernatant was
removed for assay of vacuolar invertase activity. The residue was resuspended in
distilled water, centrifuged as above, and the supernatant discarded to remove any
residual vacuolar invertase activity. This cycle was performed a total of three times,
and the washed pellet was used for assay of cell wall invertase activity. Leaves
were processed analogously, except after homogenization only 20 mg of tissue
was used for extraction.

Extracts were assayed for vacuolar invertase activity and pellets for total cell
wall invertase activity as in the chemistry time course. For these studies, invertase
activities for galls are expressed in two ways: per g FW as in the time course and
per gall (activity per g FW times the FW of the gall).

Gall Size and Fecundity Study. This study defined the relationships among
gall size, gall weight, and fecundity. Previous studies indicated that gall size,
calculated as the volume of the gall from exterior measurements, was positively
correlated with fecundity. We did this study to ascertain if gall dry mass (one
indication of sink strength over the life of the gall) was a better predictor of fe-
cundity than gall volume. On July 25, 1999, 50 galls were collected from each
of four trees for a total of 200 galls. At this time, the mean number of offspring
per gall was at its peak, and the first alates were appearing within galls, as deter-
mined by a weekly census of galls from other trees within the field site (Rehill
and Schultz, 2001). Samples were processed as described above. Analyses of
gall size and fecundity included only galls that showed no sign of attack from
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natural enemies (N = 116). Galls were lyophilized before measurements of dry
weight.

Statistical Analyses. All statistical analyses were performed with SAS Ver-
sion 8 (SAS Institute, Cary, NC). The invertase time course data were analyzed
with repeated measures ANOVA of date by tissue with trees as subjects. Pairwise
comparisons were made among least squares means for all date by tissue combi-
nations, allowing comparisons between and among all dates and tissues. On all
graphs, each bar represents the least squares mean plus one standard error of the
mean, and bars with different letters indicate least squares means significantly
different at α = 0.05, unless otherwise specified. For the 1998 and 1999 studies,
analysis of variance and linear regression were performed using PROC GLM, and
all correlation coefficients are Pearson product moments.

RESULTS

Vacuolar Invertase (VI). VI activities per FW decreased over time although
not equally among the different tissues (effect of date: F3,6 = 139.15, P < 0.001;
tissue: F2,4 = 101.57, P < 0.001; and tissue by date; F6,11 = 9.96, P < 0.001).
The VI activity per FW in galls was always significantly higher than that in
both galled and ungalled leaves on any date, and galled leaves also had signif-
icantly greater activity than ungalled leaves on May 17, 1997 (Figure 1A). The pH
optimum for all samples was 4.5, thus, vacuolar invertase measurements in subse-
quent work were made at pH 4.5 only.

Cytosolic Invertase (CI). CI activities per FW in leaves remained constant,
except for the decrease in activity in both types of leaves on June 6, 1997. Only the
effect of date was significant (date: F3,6 = 4.95, P = 0.046; tissue: F2,4 = 1.81,
P = 0.276; tissue by date: F5,10 = 1.73, P = 0.215), although activities in galls
increased over time (Figure 1B). The pH optimum for CI activity was 7.0 in all
tissues.

Ionically Bound Cell Wall Invertase (CWIi). CWIi activities per FW in leaves
decreased over time, whereas they increased in galls (Figure 1C). Thus, there were
significant effects of date (F3,6 = 23.64, P = 0.001) and tissue by date (F5,10 =
6.16, P = 0.007), but not of tissue (F2,4 = 3.86, P = 0.116). The pH optimum
ranged between 4.0 and 4.5.

Covalently Bound Cell Wall Invertase (CWIc). As with the CWIi, activities
per FW of the CWIc decreased over time in leaves but increased in galls (Figure 1D;
effect of date: F3,6 = 14.71, P = 0.004; tissue: F2,4 = 36.36, P = 0.003; and
tissue by date: F5,10 = 24.19, P < 0.001).

Relative Growth Rate. Relative growth rate (RGR) of all tissues decreased
over time (Figure 2). For all tissues analyzed together, RGR correlated significantly
with VI activity, but not with any other invertase activity (Table 2). However,
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FIG. 1. Time course of invertase activities in witch hazel tissues on four dates in 1997.
N = 6 for all bars except where noted. (A) Vacuolar (soluble acid) invertase. N = 3 for
galls on May 17. (B) Cytosolic (soluble neutral) invertase. (C) Ionically bound cell wall
invertase. (D) Covalently bound cell wall invertase. For B, C, and D, activity in galls was not
measured on May 17 samples because of lack of tissue for extraction. Within each graph,
bars with different letters indicate least squares means significantly different at α = 0.05
using a Tukey adjustment.

tissues differed in the relationships between RGR and invertase activities. Gall
RGR correlated strongly and positively with VI activity (Figure 3), but correlated
negatively with all other invertase activities. In contrast, the RGR of leaves, both
galled and ungalled, correlated positively with both VI and CWIi activities.

Fecundity and Invertase Study I. Invertase activities varied widely among
individual galls, but activities per FW were not related to gall size (Table 3).
Enzyme activities per FW had no relationships with either gall volume or FW;
however, activities per gall related positively to gall size as expected. Also, VI and
CWI activities per FW were not related (rp = 0.314; P = 0.086).

However, invertase activities had a positive relationship with fecundity. In
linear regressions (both: P < 0.05), CWI activity per gall accounted for 20.5%
of the variation in offspring per gall (Figure 4A), whereas VI activity per gall
accounted for 14.7% of the variation (Figure 4B). Together in a multiple regression,
they accounted for 22.5% of the variation.

Vacuolar invertase activity had a weaker relationship than cell wall invertase
with the number of offspring per gall. Twenty-eight of 31 galls had a VI activity less
than 0.05 U per gall, and the three galls with the highest activities appeared some-
what anomalous relative to the other galls (Figure 4B). In the linear regression,
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FIG. 2. Relative growth rates of galls, galled leaves, and ungalled leaves during the intervals
between the four sampling dates in 1997. There was a significant effect of interval (repeated
measures ANOVA of date × tissue of log +1 transformed data − interval: F2,4 = 59.88;
P = 0.001; tissue: F2,4 = 2.54; P = 0.194; intervals × tissue: F4,7 = 1.18; P = 0.397).
Also, galls had a higher relative growth rate than leaves during the first interval. Letters
indicate pairwise comparisons of least squares means that are significant at α = 0.05.

these three points had leverages (0.480, 0.176, 0.132) far higher than others (me-
dian leverage = 0.039). Removing the point with the highest leverage made the
relationship insignificant (P = 0.083). In contrast, the relationship between CWI
activity per gall and offspring per gall was more robust (Figure 4A). Only one
point in the regression had relatively high leverage (0.221 versus a median of
0.048), but removing this point from the regression did not make the relation-
ship insignificant (P = 0.027). Therefore, subsequent work focused on cell wall
invertase.

TABLE 2. PEARSON CORRELATION COEFFICIENTS BETWEEN RELATIVE GROWTH RATE

AND ENZYME ACTIVITIES IN THE INVERTASE TIME COURSE

Vacuolar Cytosolic Ionically bound cell Covalently bound cell
Tissue invertase invertase wall invertase wall invertase

All 0.55∗∗∗ −0.08‡ 0.14‡ −0.21†

Galls 0.86∗∗∗ −0.57∗ −0.60∗ −0.62∗
Galled leaves 0.66∗∗ 0.14‡ 0.59∗∗ 0.32†

Ungalled leaves 0.47∗ −0.02‡ 0.61∗∗ 0.47∗

Note. Replicate numbers: all samples (N = 51), galls alone (N = 15), galled leaves (N = 18), and
ungalled leaves (N = 18).
∗ P < 0.05 ; ∗∗ P < 0.01; ∗∗∗ P < 0.001; †P > 0.1; ‡P > 0.2.
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FIG. 3. Relative growth rate of galls regressed against their vacuolar invertase activities.
There was a strong, significant relationship (linear regression using untransformed growth
rates: r 2 = 0.74; P < 0.001).

Fecundity and Invertase Study II. Cell wall invertase activity per FW was
greater in occupied than in unoccupied galls (P < 0.05; mean ± SEM in U/g FW:
4.18 ± 0.47 versus 2.57 ± 0.37, respectively). Activities of galled and ungalled
leaves were the same (Student’s t test: t = 0.42; df = 6; P = 0.689), and the
mean CWI activity per FW of all leaves did not differ from those of unoccupied
or invaded galls (mean ± SEM in U/g FW: 2.46 ± 0.57 versus 2.57 ± 0.37 and
2.69 ± 0.83, respectively).

Cell wall invertase activity related positively to fecundity. CWI activity per
gall accounted for 14.5% of the variation in the number of offspring per gall
(linear regression: F1,27 = 4.58; P = 0.042). A multiple regression model that
used gall volume (P = 0.123), CWI activity per FW (P = 0.126), and their in-
teraction (P = 0.044) as predictor variables explained 66.7% of the variation in

TABLE 3. SUMMARY DATA AND RELATIONSHIPS OF INVERTASE ACTIVITIES PER GALL

AND PER GRAM FRESH WEIGHT WITH GALL VOLUME AND FRESH WEIGHT IN THE FIRST

FECUNDITY AND INVERTASE STUDY

Mean ± SEM Maximum Minimum Correlation Correlation
Invertase activity (U) (U) (U) with Volume with FW

Vacuolar per gall 0.027 ± 0.005 0.120 0.000 0.511∗∗∗ 0.660∗∗∗
Cell Wall per gall 0.076 ± 0.007 0.165 0.027 0.671∗∗∗ 0.837∗∗∗
Vacuolar per FW 0.676 ± 0.089 1.778 0.000 0.303† 0.316†

Cell Wall per FW 2.025 ± 0.097 1.107 2.929 0.182‡ 0.088‡

∗∗∗ P < 0.001; †P > 0.05; ‡P > 0.20.
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FIG. 4. The number of offspring in each gall regressed against (A) cell wall invertase
activity of the gall and (B) vacuolar invertase activity of the gall in the first fecundity versus
invertase study.

offspring per gall (F3,25 = 16.69; P < 0.001), and demonstrated that the inter-
action between gall size and CWI activity affected the number of offspring per
gall. The interaction was a reinforcement, i.e., larger galls benefited more from a
given increase in CWI activity per FW, as modeled by a conditional effects plot
(Figure 5).

Gall Size and Aphid Fecundity. Gall dry weight predicted the number of
offspring per gall better than gall volume. The correlation between gall volume
and offspring per gall, and that between gall dry weight and offspring per gall,
were both positive and significant (Figure 6). However, in a stepwise regression
of offspring per gall on gall volume and dry weight, dry weight alone explained
34.2% of the variation, but gall volume failed to explain a significant amount of
variation beyond that accounted for by dry weight (P = 0.601). Dry weight and
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FIG. 5. Conditional effects plot of cell wall invertase activity per fresh weight and gall
volume on the number of offspring per gall, with gall volume held constant at 20, 30, and
40 mm3. The equation plotted is offspring = 15.15 + 0.747 (gall volume) − 3.00 (cell wall
invertase activity) + 0.20 (gall volume × cell wall invertase activity) for the three fixed gall
volumes indicated.

volume were moderately and significantly correlated (rp = 0.687; P < 0.001),
thus, the explanatory power of gall volume in this and other studies likely stems
from its correlation with gall dry weight.

FIG. 6. Relationships among gall size and fecundity: offspring per gall regressed against
(A) gall volume and (B) gall dry weight.
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DISCUSSION

The patterns observed in the invertase time course were consistent with in-
duced plant responses to the galling aphid. These patterns differed among all the
types of invertase or tissues assayed, and so cannot be attributed to differential
extraction efficiencies.

Galls always had greater vacuolar invertase activity than leaves, but all activi-
ties decreased over time, consistent with the enzyme’s role in growth and develop-
ment (Sturm and Tang, 1999). Gall growth correlated strongly with the activity of
vacuolar invertase, consistent with this enzyme’s role in growth and expansion of
many plant tissues, whereas both vacuolar and ionically bound cell wall invertase
correlated with leaf growth. Fundatrices could have chosen particular locations on
leaves with higher invertase activity as sites for gall formation, but galls exhib-
ited elevated activities throughout the course of gall growth, suggesting that the
plant cells responded to the insect. This pattern is consistent with the fact that the
fundatrix’ presence is required to sustain gall growth (Rehill and Schultz, 2001).
Also, we subdivided single leaves into small (ca. 6 mm) diameter portions and
found considerably less variation (<20%) in vacuolar invertase activities within
individual leaves than the differences between galls and leaves (data not shown).

Cytosolic invertase activities showed no early enhancement, but the activities
in galls subsequently varied independently of activity in leaves. Activities in galls
indicated a later induction, steadily increasing over the last three sampling dates.
The different patterns of VI versus CI activities in galls indicate that the CI activity
was due to cytosolic invertase, not simply an artifact of vacuolar invertase activity
at pH 7.0.

The patterns in cell wall invertase activity per FW provided the strongest
evidence of enhanced enzyme activities in the gall. Activities of both the ionically
and covalently bound cell wall invertases decreased over time in leaves, consistent
with normal sink to source transition during leaf development (Schaffer et al., 1987;
Ruffner et al., 1990), whereas the activities in galls increased over time. Active,
nonphotosynthetic sinks such as corn kernels (Bulant et al., 2000) and potatoes
(Kefi et al., 2000) often have high cell wall invertase activities, especially later in
development as they accumulate mass after attaining nearly full size. Hence, the
pattern observed in galls is consistent with the gall maintaining and/or increasing
its status as a strong sink for photoassimilates, similar to other plant tissues. Also,
these increases in cell wall invertases occurred before any offspring were found in
galls, thus, it is highly likely that they constitute plant responses to the fundatrix
only.

Increased invertase activities in H. hamamelidis galls are consistent with
invertases acting as a mechanism of increased sink strength in galls, but we have not
yet identified any mechanisms of induction. Both vacuolar and cell wall invertases
are wound-inducible (Sturm and Chrispeels, 1990; Ehness et al., 1997; Ohyama
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et al., 1998), thus, the repeated wounding of the leaf by the fundatrix at the time
of gall elicitation could explain the early increase in vacuolar invertase activity
found in galls and galled leaves. However, the later increases of cytosolic and
cell wall invertase activities occur at a time when the females remain in a single
feeding site and only move after molting (Lewis and Walton, 1958). Substances
transmitted via the aphid’s saliva during probing and feeding could have caused the
observed reactions; however, no aphid investigated contains any invertase among
its complement of salivary enzymes (Miles, 1999). Increased invertase activities
likely play a role in increasing sink strength in other insect galls, but may be
induced by a variety of stimuli.

Observations of individual galls revealed a wide range of cell wall invertase
activity per FW and per gall. The positive relationship between cell wall invertase
activity per gall and the number of offspring per gall was consistent with the hy-
pothesis that increased sink enzyme activity benefits the fundatrix. A conditional
effects plot (Figure 5) shows that fundatrices that create larger galls benefit more
from later increases in cell wall invertase activity per FW. Expansion growth in
plants is driven in part by vacuolar invertase (Sturm and Tang, 1999), and this ap-
pears to be the case for galls of H. hamamelidis. These galls have greater vacuolar
invertase activities than leaves perhaps caused (at least initially) by the stereotyp-
ical wounding behavior performed by fundatrices during gall initiation, and gall
size is related to vacuolar invertase activity. Thus, it appears that fundatrices that
create larger galls by inducing greater initial vacuolar invertase activities are better
positioned to benefit from later increases in cell wall invertase activities.

Unlike vacuolar invertase, cell wall invertase was not linked with gall size;
larger galls did not have greater cell wall invertase activities per FW. Indeed, in
one study, the smallest gall had the greatest cell wall invertase activity per FW,
yet had the lowest number of offspring per gall. In contrast, the largest gall had
the most offspring and average cell wall invertase activity per FW. This suggests
that multiple gall traits arising at different times influence fecundity, including
early vacuolar invertase activity and later the induction of greater cell wall inver-
tase activity. A more detailed study of temporal variation in such traits would be
needed to sort out these effects. For example, fundatrix ovaries and the first H.
hamamelidis embryos are formed before maturation (Lewis and Walton, 1958).
Thus, enhanced nutrition before and during this time would likely improve repro-
ductive performance, and impacts of increased invertase activities could propagate
through time. Sampling for invertase activities and offspring are both destructive,
so these hypotheses cannot be tested directly in this system.

That gall dry matter accumulation predicts aphid fecundity better than gall
volume further illustrates the impact of sink strength on aphid performance. For
most of its life, the gall has little or no apparent chlorophyll and so little or no
ability to photosynthesize. Thus, gall dry weight indicates the average sink strength
of the gall over its lifetime, since it results from sink activity over time (Bulant
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et al., 2000; Kefi et al., 2000; Keutgen et al., 2002). Fundatrices appear to control
gall size (Rehill and Schultz, 2001) and induce vascular proliferation in their galls
(Lewis and Walton, 1958), as is the case for other galling aphids (Wool et al.,
1999). Space and feeding sites for the second generation aphids in Hormaphis
galls both appear to be adequate, and our results suggest that sink strength and gall
mass are at least as important.

We suggest that H. hamamelidis is one of possibly many sessile insects that en-
hance resources by manipulating the host plant (Danks, 2002; Karban and Agrawal,
2002). For example, some nongalling aphids induce beneficial changes in suscepti-
ble hosts (Dorschner et al., 1987; Formusoh et al., 1992; Miller et al., 1994), but not
resistant hosts (Telang et al., 1999). The widespread relationship between gall size
(under insect control to some extent) and fecundity is another example of host plant
improvement (Weis and Abrahamson, 1986; Abrahamson et al., 1989; Stiling and
Rossi, 1997; McKinnon et al., 1999; Bjorkman, 2000; Rehill and Schultz, 2001).
It seems likely that success of many herbivores such as H. hamamelidis is related
to their ability to manipulate plant responses for their own benefit.
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