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Abstract Hyperaccumulated elements such as Ni may defend plants against some natural
enemies whereas other enemies may circumvent this defense. The Ni hyperaccumulator
Berkheya coddii Roessler (Asteraceae) is a host plant species for Chrysolina clathrata
(Clark), which suffers no apparent harm by consuming its leaf tissue. Beetle specimens
collected from B. coddii had a whole body Ni concentration of 260 ug/g dry weight, despite
consuming leaf material containing 15 100 ug Ni/g. Two experiments were conducted with
adults of this beetle species: a no-choice experiment and a choice experiment. In the no-
choice experiment we offered beetles foliage of one of four species of Berkheya: B. coddii,
B. rehmannii Thell. var. rogersiana Thell., B. echinacea (Harv.) O. Hoffm. ex Burtt Davey,
and B. insignis (Harv.) Thell. The two former species are Ni hyperaccumulators (defined as
having leaf Ni concentration > 1 000 ug/g) whereas the latter have low Ni levels (<200 ug/g)
in their leaves. Masses of beetles were monitored for 6 days. Choice experiments used
growing stem tips from the same Berkheya species, placed into Petri dishes with five
Chrysolina beetles in each, and the amount of feeding damage caused on each of the four
species was recorded. Beetles in the no-choice experiment gained mass when offered B.
coddii, maintained mass on leaves of the other Ni hyperaccumulator (B. rehmannii var.
rogersiana), and lost mass when offered non-hyperaccumulator leaves. In the choice test,
beetles strongly preferred B. coddii to other Berkheya species. We conclude that C. clathrata
may be host-specific on B. coddii.
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habitats that often differ markedly from habitats underlain
by more widespread soil types (Brooks, 1987). Floristic
comparisons between serpentine and non-serpentine soils
(e.g., Jaffré et al., 1998) have shown that serpentine soils
often harbor high species diversity, in part due to high
levels of endemism. Whereas the flora of serpentine habi-
tats has been studied in many parts of the world (Brooks,
1987), their fauna has received little attention (Kruckeberg,
1984). We know of only a few surveys that specifically

Introduction

Serpentine (ultramafic) rocks contain relatively high
amounts of magnesium, iron and other heavy metals and
relatively low amounts of calcium, sodium and potassium,
and the soils derived from them reflect this unusual chem-
istry (Alexander et al., 2007). Serpentine soils form unique
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target the insect fauna of serpentine soils (e.g., Smith,
1981; Canamero et al., 2004). Clearly, much needs to be
learned about the fauna of these unusual habitats.

One remarkable group of plants, many of which inhabit
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serpentine soils (Macnair, 2003), is metal hyperaccumulators.
Hyperaccumulator plants take up strikingly large amounts
of certain elements from the soil in which they grow. Most
hyperaccumulator plants hyperaccumulate metals (Reeves
& Baker, 2000), with particular metals having different
concentration thresholds in plant tissues in order for those
plants to be considered hyperaccumulators. For example,
Reeves & Baker (2000) describe hyperaccumulators of Co,
Cr, Cu, Ni and Pb as containing > 1 000 ug/g dry mass,
whereas hyperaccumulators of Mn and Zn contain > 10 000
ug/g. The unifying feature of hyperaccumulators is their
strikingly elevated concentration of an element that, in the
tissues of most plants, is far less abundant.

The high concentration of a hyperaccumulated element
in hyperaccumulator tissues may affect the suitability of
those tissues as food sources for herbivores. The defense
hypothesis of hyperaccumulation (Boyd & Martens, 1992)
posits that the high elemental concentration in
hyperaccumulator tissue provides a defensive benefit
against plant natural enemies. To date, there is evidence
that hyperaccumulated Cd, Ni, Se and Zn may provide
defensive benefits against at least some natural enemies
(Boyd, 2007). It is also clear that some plant enemies are
not negatively affected by hyperaccumulated elements and
these can attack hyperaccumulator plants. Surveys of Ni-
hyperaccumulator plants in California, USA (Wall & Boyd,
2002), Mpumalanga, South Africa (Mesjasz-Przybylowicz
& Przybylowicz, 2001; Boyd et al., 2006a) and New
Caledonia (Boyd et al., 2006b) have documented insect
species that feed on Ni-hyperaccumulators. However, for
some insect species we know nothing beyond that they
have been collected from hyperaccumulator plants, whereas
in other cases we know only that feeding on hyperaccumulator
tissue has been observed. For a few cases (e.g., Augustyniak
et al., 2002; Boyd et al., 2004a; Wall & Boyd, 2006),
choice and/or no-choice feeding trials have documented
the host plant preference and suitability of hyperaccumulator
tissues for some of these herbivores. For example,
Augustyniak et al. (2002) conducted such studies with
Chrysolina pardalina (Fabricius) (Coleoptera:
Chrysomelidae), a herbivore of the Ni-hyperaccumulator
Berkheya coddii Roessler (Asteraceae) in Mpumalanga,
South Africa. Similar experiments by Wall & Boyd (2006)
used Melanotrichus boydi Schwartz & Wall (Heteroptera:
Miridae), a herbivore of the Ni hyperaccumulator
Streptanthus polygaloides Gray (Brassicaceae) from
California, USA (Schwartz & Wall, 2001).

A survey of insects from B. coddii in the vicinity of
Badplaas (Lat. 25°57' S, Long. 30°33' E) in Mpumalanga
Province, South Africa (Boyd et al., 2006a), yielded beetle
specimens identified as Chrysolina clathrata (Clark) that
were apparently feeding without ill effect on leaves of B.

coddii. Berkheya coddii is unusual amongst Ni hyper-
accumulators because of its extremely high levels of Ni (up
to 37 000 ug/g: Anderson et al., 1997). As mentioned
above, Augustyniak et al. (2002) have conducted extensive
tests of host plant preference for C. pardalina and con-
cluded that C. pardalina feeds specifically on B. coddii at
all life-history stages. We decided to document the metal
concentrations of adult C. clathrata and test host plant
specificity by conducting no-choice and choice experi-
ments involving B. coddii, a second Ni hyperaccumulator
species, B. rehmannii Thell. var. rogersiana Thell. (hereafter
called B. rehmannii) that hyperaccumulates Ni to lower
levels (17 000 ug/g: Morrey et al., 1992), and two non-
hyperaccumulator species, B. echinacea (Harv.) O. Hoftm.
ex Burtt Davey and B. insignis (Harv.) Thell. These Berkheya
species all grow on serpentine soils located east of Badplaas.

Materials and methods

All beetles used in the experiments were adults collected
from B. coddii plants growing on serpentine sites east of
Badplaas. Voucher specimens of C. clathrata have been
deposited at the Australian Museum, New South Wales,
Sydney. Plants were identified by K. Balkwill (C.E. Moss
Herbarium, School of Animal and Plant Sciences, Univer-
sity of the Witwatersrand).

Whole-body metal concentrations of Chrysolina
clathrata

Beetles were killed immediately after collection and
then dried at 65°C for 72 h. Analyzing insects immediately
after collection means that metal in the gut contents will be
included in the measurements (Migula et al., 2007), yet
whole-body measurements that include gut contents are
relevant measures of the metal dose received by a predator
that consumes entire insect prey (Boyd, 2009). Four com-
posite samples of dried beetles were analyzed for their
whole-body metal concentrations (Wall & Boyd, 2002).
Beetles were not rinsed with water before analysis so that
metals would not be leached from their bodies. Samples
were digested in borosilicate-glass test tubes using 3—5 mL
of concentrated HNO; at 110°C for 6—8 h. The residue was
then dissolved in 3—5 mL of 1 mol/L HCl at 110°C for 2—-
4 h. Solutions were diluted with distilled water to a volume
of 25 mL and analyzed for Co, Cr, Cu, Mg, Mn, Pb and Zn
with an inductively coupled argon plasma spectrometer
(Jarrell-Ash, ICAP 9000, Franklin, MA, USA). Nickel
concentrations were determined using an atomic absorp-
tion spectrophotometer (Instrumentation Laboratory, IL
251, Wilmington, MA, USA).
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Insect and plant materials for no-choice and choice
experiments

After collection beetles were stored in containers with
leafy B. coddii stem tips as a food source prior to their use
in experiments. Stem tips of 5 cm in length, with their
associated young leaves, were harvested from plants of the
four Berkheya species growing in the field. Stem tips were
used because field observations of beetles on B. coddii
showed the greatest damage by beetles to these relatively
young leaves. The collected stem tips were placed in plastic
bags (a separate bag for each species) and transported to the
laboratory, on ice in cooler boxes, where they were refrig-
erated at 4°C until used for experiments. Stem tips were
examined for herbivore damage and only those free of
damage were used for feeding experiments.

No-choice experiment

In the no-choice experiment, stem tips were placed into
10 cm diameter Petri dishes (1 plant species per dish) so
that there were 11 dishes of stem tips for each Berkheya
species. Five beetles were weighed as a group and placed
into each dish. The dishes were kept at room temperature
( 22°C) and under fluorescent light at a photoperiod
similar to that outdoors (  14: 10 L: D) for 6 days. Remain-
ing food was removed and fresh food provided at 2 and 4
days after the experiment began. The total mass of all living
beetles in each dish was recorded at 3 and 6 days after the
experiment began, along with counts of live beetles at each
time. In the middle of the experiment (day 3), the plant
material in each dish was examined for evidence of feeding.
We recorded if feeding evidence (damage to leaves) was
present or absent for the plant material in each Petri dish.

We calculated the mean mass per beetle in each Petri dish
at the start of the experiment as well as at 3 and 6 days.
Mean mass values were compared between days 0 and 6,
using paired #-tests, to determine if beetles gained, main-
tained or lost mass for each plant species offered. We used
contingency table analysis to determine if the frequency of
damage to plant samples on day 3 of the experiment varied
among plant species.

Choice experiment

One stem tip of each Berkheya species was placed into
ten 10 cm diameter Petri dishes. We placed five beetles into
each dish and stored them at room temperature. After 3
days, each Berkheya species in each dish was scored for
amount of herbivore damage by estimating the amount of
leaf material removed, approximated to the nearest 5%.
Damage of less than 2.5% was assigned a numerical value
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of 1% so that it could be distinguished from cases in which
0% damage was observed. Data were log-transformed to
meet statistical assumptions (Zar, 1996) of analysis of
variance (ANOVA) and analyzed by one-way ANOVA
using Fisher’s protected least significant difference (PLSD)
test for post-hoc mean separations (Abacus Concepts,
1998).

Plant analysis

Samples of plant material used for the above experi-
ments were analyzed for their elemental composition.
Three composite samples of stem tips from each Berkheya
species were dried at 60°C for 72 h, ground and analyzed
for nine elements. Plant samples were dry-ashed at 485°C,
further oxidized with boiling 1 mol/L HNO,, dissolved in
1 mol/L HCI, and analyzed for Ca, Cu, Fe, K, Mg, Mn, P
and Zn using an inductively-coupled argon plasma spec-
trometer (Jarrell-Ash ICAP 9000, Franklin, MA, USA).
Nickel was determined by analyzing the same extract with
an atomic absorption spectrophotometer (Instrumentation
Laboratory IL 251, Wilmington, MA, USA). Concentra-
tions of each element were compared between Berkheya
species by one-way ANOVA followed by Fisher’s PLSD
test for post-hoc mean separations (Abacus Concepts,
1998).

Results

Whole-body metal concentrations of Chrysolina
clathrata

Mean whole body metal concentrations (ug/g dry mass)
were (SE in parentheses, n = 4 for all values): Co, 2.6 (1.5);
Cr, <1; Cu, 96 (13); Fe, 88 (81); Mg, 1 400 (51); Mn, 64
(5.0); Ni, 260 (73); Pb, 3.4 (3.4) and Zn, 140 (13). Magne-
sium levels were greatest, with Ni as second greatest and
then Zn. Little Co or Pb was present in these insect samples
and Cr was below the detection limit.

No-choice experiment

Survival of beetles was high in all treatments, ranging
from 96% for those offered B. insignis to 100% for those
offered B. coddii. Beetles offered B. coddii gained mass
(6.3%) after 6 days (¢ = 3.6, df = 10, P =0.000 7, Fig. 1),
whereas those offered B. rehmannii did not show a signifi-
cant mass change by that time (= 0.27, df = 10, P = 0.86,
Fig. 1). Beetles offered leaves of the non-hyperaccumulators
lost mass (Fig. 1). Mass declined 7.3% for those offered B.
insignis (t = 4.0, df = 10, P =0.003 3) and 17% for those
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Fig. 1 Change in mean body mass (bars are + SE, n = 11) of
Chrysolina clathrata offered one of four species of Berkheya in
a no-choice feeding trial. Paired #-tests (see text) contrasting day
0 and day 6 means for each Berkheya host-plant species showed
that insects offered B. coddii gained mass, those offered B.
rehmannii maintained mass, and those offered B. insignis or B.
echinacea lost mass.

offered B. echinacea (t=9.1,df =10, P <0.000 1).
Damage frequency differed significantly among Berkheya
species (contingency table analysis: * =34, df =3, P <
0.000 1). Damage was observed to plant material of both Ni
hyperaccumulators (B. coddii and B. rehmannii) in all 11
Petri dishes, in 80% of dishes of B. insignis, and in none of
the dishes containing B. echinacea. Subdividing the contin-
gency table into pair-wise species comparisons revealed a
significant difference in the damage frequency to B. echinacea
compared to all other Berkheya species () > 13, df=1, P
< 0.001, in all comparisons). The difference in damage
frequency between each of the two hyperaccumulators (B.
coddii and B. rehmannii, with 100% damage) compared
with B. insignis (with 80% damage) was marginally sig-
nificant (> = 3.5, df = 1, P = 0.062 in both cases).

Choice experiment

Beetles displayed a significant preference for B. coddii
(F,,, =77, P <0.000 I). Almost 40% of the B. coddii
material had been consumed after 2 days, compared to less
than 2% of B. rehmannii and B. insignis (Fig. 2). We

observed no evidence of feeding damage to B. echinacea.
Plant analysis
Elemental composition of plant material varied signifi-

cantly among species for six of the nine elements we
quantified (Table 1). The greatest variation was for Ni,

i b b b L
0 I 1

coddii rehmannii

insignis  echinacea

Berkheya species
Fig. 2 Mean percent damage (estimated percentage of plant
material consumed + SE) after 2 days by Chrysolina clathrata
beetles offered a choice between stem tips from four species of
Berkheya. Differing letters indicate means that differ significantly
(Fisher’s protected least significant difference test, a < 0.05).

which varied more than 200-fold between B. echinacea
(with 72 ug/g) and B. coddii (with 15 100 ug/g). Significant
differences among species were also found for Cu, Fe, Mg,
P and Zn (Table 1). Of these elements, only P and Zn
showed a pattern of difference among species similar to
that of Ni, in which B. coddii differed from all other species
and all other species did not significantly differ among one-
another (Table 1). The results from multiple comparisons
showed the Ni value for B. rehmannii did not differ
significantly from Ni values for the non-hyperaccumulator
Berkheya species (B. echinata and B. insignis): this prob-
ably is a statistical artifact due to the relatively extreme
concentration of Ni in B. coddii, the small numbers of
samples of each species (n = 3) and the large standard errors
around the means (Table 1). When data from B. coddii were
excluded and the statistical analysis re-done, Fisher’s PLSD
tests showed B. rehmannii differed in Ni concentration
from each the two non-hyperaccumulator species at P <
0.000 1.

Discussion

Chrysomelid beetles are a very large and diverse group and
vary widely in feeding specificity (Jolivet & Hawkeswood,
1995), with some (including some species of Chrysolina)
being quite host-specific (Daccordi, 2001). Augustyniak et
al. (2002) showed that Chrysolina pardalina is a feeding
specialist on B. coddii at all life-history stages. Our experi-
ments showed that C. clathrata also may be host-specific
on B. coddii. Chrysolina clathrata preferred B. coddii over
the other three Berkheya species in the choice experiment,
although it must be kept in mind that our experimental
insects were originally collected from B. coddii and that
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Table 1 Elemental analysis results (means, SE in parentheses) of samples of leafy stem tips for the four Berkheya species tested for
possible host plant recognition by Chrysolina clathrata.

Element B. coddii B. rehmannii B. insignis B. echinacea
Ca 9200 (1990) 12800 (527) 10100 (2 670) 12900  (607)
Cu 11.4¢(0.753) 15.4* (=) 13.0 (1.06) 14.4% (0.572)
Fe 194> (143) 202° (7.37) 384*  (84.8) 145> (9.02)
K 16200 (2 850) 9950 (781) 10700 (3 370) 12700  (770)
Mg 5760* (275) 5010 (446) 2570 (694) 2800° (86.9)
Mn 48.8 (10.2) 25.2 (1.02) 32.6 (9.86) 33.9 (0.752)
Ni 15 100* (1 600) 2110° (169) 154> (18.4) 72.3° (18.6)
P 1400* (227) 7110 (42.7) 688" (213) 584> (42.0)
Zn 94.6* (4.34) 25.8"(1.32) 22.6* (6.28) 25.7° (1.52)

Means for an element with differing superscripts differ significantly (Fisher’s PLSD test, a < 0.05). Concentrations are expressed as

ug/g dry mass: n =3 for all data.

conditioning can influence host specificity tests. However,
the no-choice experiment showed that either hyperaccu-
mulator species appeared to be an acceptable host plant, as
beetles maintained mass on both B. coddii and B. rehmannii
(Fig. 1). Chrysolina clathrata did not feed on B. echinacea,
possibly due to the trichomes present on leaves of this
species. In the no-choice experiment, Berkheya insignis
was a significantly less suitable host plant than B. coddii,
in the short-term at least (judging by the loss of insect
biomass: Fig. 1), but it was not apparent why B. insignis
was a less suitable plant host.

Previous studies of other insects with a high Ni content
have reported the bioaccumulation index (B) of Laskowski
(1991), which compares the level of Ni in the insect against
that in the tissue it consumes. We found that C. clathrata
contained 265 ug Ni/g and its host plant 15 100 ug/g. Thus,
the bioaccumulation index is very low (0.018). Given the
extremely elevated Ni concentration of B. coddii leaves
(15100 ug/g: Table 1), the whole-body Ni concentration of
C. clathrata (265 ug/g) suggests that tissue levels of Ni in
the insect body are low. Because insects were killed imme-
diately after they were collected, their guts probably con-
tained high-Ni food. It would take a relatively small amount
of food containing 15 100 ug Ni/g (only 1.8% of insect
whole-body dry mass) to elevate the whole body concen-
tration of a C. clathrata beetle from 0 to 265 ug/g. Such a
contribution of gut contents to whole-body dry mass is
certainly possible: Mesjasz-Przybylowicz ef al. (2004)
calculated that a single C. pardalina adult can consume up
to 18.8 mg (dry mass) of B. coddii leaves per day and we
measured the fresh mass of an adult C. clathrata at about
55 mg. Experiments with another herbivore of B. coddii,
the grasshopper Stenoscepa sp. (Pyrgomorphidae), have
documented the influence of gut contents on whole-body

© 2009 The Authors

Ni concentrations (Boyd et al., 2007). In that study, grass-
hoppers starved for 49 h had significantly lessened (73%
less) whole-body Ni concentrations (950 ug/g) compared
to those that had been fed continuously prior to being killed
and analyzed (3 500 ug/g). However, note that even starved
Stenoscepa sp. had relatively elevated whole-body Ni
concentrations, implying elevated tissue-Ni levels for that
Ni-tolerant insect. We conclude that tissue-Ni concentra-
tions of C. clathrata are likely relatively low, but confirma-
tion of this by tissue-level measurements, such as those
done by Przybylowicz et al. (2003) with C. pardalina, is
needed.

Our results are similar to studies of C. pardalina from
Mpumalanga Province (Mesjasz-Przybylowicz &
Przybylowicz, 2001; Augustyniak ef al., 2002; Mesjasz-
Przybylowicz et al., 2004). Our work with C. clathrata,
and that of Augustyniak et al. (2002) with C. pardalina,
showed that B. coddii was a preferred potential host plant
of these beetles and that these beetles are remarkably
tolerant of dietary Ni. However, Augustyniak et al. (2002)
found that C. pardalina did not feed on B. rehmannii
whereas we found that C. clathrata did accept that species
as a host plant in our no-choice experiment (Fig. 1). It is not
surprising that C. clathrata was able to use B. rehmannii as
a host plant, since leaves of that species are chemically
similar to leaves of B. coddii in that both contain
hyperaccumulator concentrations of Ni (Table 1). Leaves
of B. rehmannii and B. coddii may have other similar
chemical constituents besides Ni that allow C. clathrata to
accept them as possible host plants, but detailed chemical
comparisons have yet to be made.

Our results are also similar to those of Mesjasz-
Przybylowicz et al. (2004) in that both C. clathrata and C.
pardalina contain elevated whole-body Ni levels. Re-
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ported concentrations of Ni in C. pardalina range widely:
Mesjasz-Przybylowicz & Przybylowicz (2001) stated that
adults of C. pardalina contained 2650 ug Ni/g whereas
Mesjasz-Przybylowicz et al. (2002) reported adults con-
taining 301 ug Ni/g. Our samples of C. clathrata contained
a Ni concentration (265 ug Ni/g) that is similar to the latter
report. It is unclear what factors underlie the wide range of
Ni concentrations reported from Chrysolina beetles col-
lected from B. coddii in Mpumalanga Province. Certainly,
Ni concentrations in leaves of B. coddii vary greatly among
sites (Augustyniak ef al., 2002), among leaves of different
ages (Robinson et al., 2003; Boyd et al., 2004b), and
among tissues within leaves (Robinson et al., 2003). Thus,
the Ni concentration of food ingested by these beetles can
vary considerably. It is also possible that populations of
beetles vary in their ability to eliminate Ni. The mecha-
nisms that allow these beetles to feed on such high-Ni
tissues are only just beginning to be investigated (Mesjasz-
Przybylowicz et al., 2004) and population- or species-level
differences may exist.

It is interesting that two species of Chrysolina (C.
pardalina and C. clathrata) have been reported as apparent
specialists on B. coddii. A check of host records of speci-
mens (E. Grobbelaar, personal communication, 2007) from
the South African National Collection (SANC) revealed no
specimens of C. clathrata in the collection. Chrysolina
pardalina specimens were present, and were recorded
from several species of Berkheya (all were species other
than those included in our study) as well as sweet potato
(Ipomoea batatas (L.) Lam., Convolvulaceae).
Interestingly, there was one case in which three species of
Chrysolina, C. pardalina, C. tricolor Vogel, and C.
vigintimaculata Clark, were collected as adults and larvae
from a single unidentified species of Berkheya in KwaZulu
Natal (E. Grobbelaar, personal communication, 2007),
showing that use of a single host-plant species by multiple
Chrysolina species is not unprecedented. Additional speci-
men records revealed two other species of Chrysolina, C.
vulpina Fabricius and C. figurata Clark, collected from
species of Berkheya. In summary, a total of six Chrysolina
species had been collected from at least five species of
Berkheya (E. Grobbelaar, personal communication, 2007).

Additional host plant-herbivore studies involving
Chrysolina and Berkheya are clearly needed. Recently,
Bienkowski (2001) suggested the need for taxonomic
revision of Chrysolina as well as studies of host plant
associations, and Mesjasz-Przybylowicz & Przybylowicz
(2001) agreed that the taxonomy of Chrysolina beetles in
South Africa may need more careful study. Host-specific
races or cryptic species of Chrysolina may exist, as well as
undescribed species: new Chrysolina species from South
Africa have been found with plant host specificity great

enough to be useful to plant biological control efforts in
Australia (Adair & Scott, 1997). These species may be an
excellent target of studies using molecular systematic
tools. Additional investigations of the taxonomy and host-
plant relations of Chrysolina, especially those collected
from B. coddii, are certainly warranted.

Acknowledgments

We wish to thank Auburn University and the University of
the Witwatersrand for providing travel funds for this
research. We are grateful to Sappi Limited for access to
study sites and permission to sample insects and collect
plant samples, to Mauro Daccordi for identification of C.
clathrata, and to E. Grobbelaar of the Biosystematics
Division of the South African National Collection of
Insects (SANC) for data on collection records of Chrysolina.
Aid with elemental analyses of plant and insect samples
was provided by J. Odom of Auburn University. We thank
two anonymous reviewers for helpful comments on the
original manuscript.

References

Abacus Concepts (1998) StatView. SAS Institute Inc., Cary,
USA.

Adair, R.J. and Scott, J.K. (1997) Distribution, life history and
host specificity of Chrysolina picturata and Chrysolina sp. B
(Coleoptera: Chrysomelidae), two biological control agents
for Chrysanthemoides monilifera (Compositae). Bulletin of
Entomological Research, 87,331-341.

Alexander, E.B., Coleman, R.G., Keeler-Wolf, T. and Harrison,
S. (2007) Serpentine Geoecology of Western North America:
Geology, Soils and Vegetation. Oxford University Press, New
York, USA. 528 pp.

Anderson, T.R., Howes, A.W., Slatter, K. and Dutton, M.F.
(1997) Studies on the nickel hyperaccumulator, Berkheya
coddii. The Ecology of Ultramafic and Metalliferous Areas
(eds. T. Jaffré, R.D. Reeves & T. Becquer), pp. 261-266.
ORSTOM, Nouméa, New Caledonia.

Augustyniak, M., Mesjasz-Przybylowicz, J., Nakonieczny, M.,
Dybowska, M., Przybylowicz, W. and Migula, P. (2002)
Food relations between Chrysolina pardalina and Berkheya
coddii, a nickel hyperaccumulator from South African ultra-
mafic outcrops. Fresenius Environmental Bulletin, 11, 85—
90.

Bienkowski, A.O. (2001) A study on the genus Chrysolina
Motschulsky, 1860, with a checklist for all the described
subgenera, species, subspecies, and synonyms (Coleoptera:
Chrysomelidae: Chrysomelinae). Genus, 12, 105-235.

© 2009 The Authors

Journal compilation © Institute of Zoology, Chinese Academy of Sciences, /nsect Science, 16, 81 -88



Boyd, R.S. (2009) High-nickel insects and nickel
hyperaccumulator plants: A review. Insect Science, 16, 19—
31.

Boyd, R.S. (2007) The defense hypothesis of elemental
hyperaccumulation: status, challenges and new directions.
Plant and Soil, 293, 153-176.

Boyd, R.S. and Martens, S.N. (1992) The raison d'étre for metal
hyperaccumulation by plants. The Vegetation of Ultramafic
(Serpentine) Soils (eds. A.J.M. Baker, J. Proctor & R.D.
Reeves), pp. 270-289. Intercept, Andover, UK.

Boyd, R.S., Wall, M.A. and Davis, M.A. (2004a) The ant-
mimetic plant bug, Coquilletia insignis (Heteroptera: Miridae)
feeds on the Ni hyperaccumulator plant, Streptanthus
polygaloides (Brassicaceae). Ultramafic Rocks: Their Soils,
Vegetation and Fauna (eds. R.S. Boyd, A.J.M Baker & J.
Proctor), pp. 227-231. Science Reviews 2000 Ltd, St Albans,
UK.

Boyd, R.S., Davis, M.A. and Balkwill, K. (2004b) Nickel accu-
mulation patterns in two South African Ni hyperaccumulator
species. Ultramafic Rocks: Their Soils, Vegetation and Fauna
(eds. R.S. Boyd, A.J.M Baker & J. Proctor), pp. 275-278.
Science Reviews 2000 Ltd, St Albans, UK.

Boyd, R.S., Davis, M.A., Wall, M.A. and Balkwill, K. (2006)
Metal concentrations of insects associated with the South
African Ni hyperaccumulator Berkheya coddii (Asteraceae).
Insect Science, 13, 85-102.

Boyd, R.S., Wall, M.A. and Jaffré, T. (2006b) Nickel levels in
arthropods associated with Ni hyperaccumulator plants from
an ultramafic site in New Caledonia. Insect Science, 13,271 —
2717.

Boyd, R.S., Davis, M.A., Wall, M.A. and Balkwill, K. (2007)
Host-herbivore studies of Stenoscepa sp. (Orthoptera:
Pyrgomorphidae), a high-Ni herbivore of the South African Ni
hyperaccumulator Berkheya coddii (Asteraceae). Insect
Science, 14, 133-143.

Brooks, R.R. (1987) Serpentine and its Vegetation: A Multi-
disciplinary Approach. Dioscorides Press, Portland, USA. 454
pp- )

Cafiamero, A.B., Aguila, R.N. and Fernandez, K.R. (2004) The
Lepidoptera of plant formations on Cuban ultramafics: a
preliminary analysis. Ultramafic Rocks: Their Soils, Vegeta-
tion and Fauna (eds. R.S. Boyd, A.J.M Baker & J. Proctor), pp.
223-226. Science Reviews 2000 Ltd, St Albans, UK.

Daccordi, M. (2001) Nuove specie di Crisomeline della Regione
Afrotropicale (Coleoptera Chrysomelidae, Chrysomelinae). //
Bolletino del Museo Regionale di Scienze Naturali di Torino,
18, 137-150.

Jaffré, T., Bouchet, P. and Veillon, J.-M. (1998) Threatened
plants of New Caledonia: Is the system of protected areas
adequate? Biodiversity and Conservation, 7, 109-135.

Jolivet, P. and Hawkeswood, T.J. (1995) Host Plants of the
Chrysomelidae of the World. An Essay about Relationships

© 2009 The Authors

Host-herbivore studies of Chrysolina clathrata 87

Between the Leaf-beetles and their Food-plants. Backhuys
Publishers, Leiden, The Netherlands. 281 pp.

Kruckeberg, A.R. (1984) California Serpentines: Flora,
Vegetation, Geology, Soils, and Management Problems. Uni-
versity of California Press, Berkeley, USA. 180 pp.

Laskowski, R. (1991) Are the top carnivores endangered by
heavy metal biomagnification? Oikos, 60, 387-390.

Macnair, M.R. (2003) The hyperaccumulation of metals by
plants. Advances in Botanical Research, 40, 63-105.

Mesjasz-Przybylowicz, J., Migula, P., Nakonieczny, M.,
Przybylowicz, W., Augustyniak, M., Tarnawska, M. and
Glowacka, E. (2004) Ecophysiology of Chrysolina pardalina
Fabricius (Chrysomelidae), a herbivore of the South African
Ni hyperaccumulator Berkheya coddii (Asteraceae). Ultrama-
fic Rocks: Their Soils, Vegetation and Fauna (eds. R.S. Boyd,
A.J.M Baker & J. Proctor), pp. 233-241. Science Reviews
2000 Ltd, St Albans, UK.

Mesjasz-Przybylowicz, J. and Przybylowicz, W.J. (2001) Phy-
tophagous insects associated with the Ni-hyperaccumulating
plant Berkheya coddii (Asteraceae) in Mpumalanga, South
Africa. South African Journal of Science, 97, 596-598.

Mesjasz-Przybylowicz, J., Przybylowicz, W., Ostachowicz, B.,
Augustyniak, M., Nakonieczny, M. and Migula, P. (2002)
Trace elements in the chrysomelid beetle (Chrysolina
pardalina) and its Ni-hyperaccumulating host-plant (Berkheya
coddii). Fresenius Environmental Bulletin, 11, 78—84.

Migula, P., Przybylowicz, W.J., Mesjasz-Przybylowicz, J.,
Augustyniak, M., Nakonieczny, M., Glowacka, E., and Tarnawska,
M. (2007) Micro-PIXE studies of elemental distribution in
sap-feeding insects associated with Ni hyperaccumulator,
Berkheya coddii. Plant and Soil, 293, 197-207.

Morrey, D.R., Balkwill, K., Balkwill, M.-J. and Williamson, S.
(1992) A review of some studies of the serpentine flora of
southern Africa. The Vegetation of Ultramafic (Serpentine)
Soils (eds. A.J.M. Baker, J. Proctor & R.D. Reeves), pp. 147—
157. Intercept, Andover, UK.

Przybylowicz, W.J., Mesjasz-Przybylowicz, J., Migula, P.,
Glowacka, E., Nakonieczny, M. and Augustyniak, M. (2003)
Functional analysis of metals distribution in organs of the
beetle Chrysolina pardalina exposed to excess of nickel by
Micro-PIXE. Nuclear Instruments and Methods in Physics
Research B, 210, 343 -348.

Reeves, R.D. and Baker, A.J.M. (2000) Metal-accumulating
plants. Phytoremediation of Toxic Metals: Using Plants to
Clean Up the Environment (eds. L. Raskin & B.D. Ensley), pp.
193-228. John Wiley & Sons, New York, USA.

Robinson, B.H., Lombi, E., Zhao, F.J. and McGrath, S.P. (2003)
Uptake and distribution of nickel and other metals in the
hyperaccumulator Berkheya coddii. New Phytologist, 158,
279-285.

Schwartz, M.D. and Wall, M.A. (2001) Melanotrichus boydi, a
new species of plant bug (Heteroptera: Miridae: Orthotylini)

Journal compilation © Institute of Zoology, Chinese Academy of Sciences, /nsect Science, 16, 81 -88



88 R.S. Boyd et al.

restricted to the nickel hyperaccumulator Streptanthus
polygaloides (Brassicaceae). Pan-Pacific Entomologist, 77,
39-44.

Smith, R.H., Jr. (1981) The butterflies of Soldiers Delight,
Baltimore County, Maryland. Maryland Entomologist, 2, 16—
18.

Wall, M.A. and Boyd, R.S. (2002) Nickel accumulation in

serpentine arthropods from the Red Hills, California. Pan-
Pacific Entomologist, 78, 168—-176.

Wall, M.A. and Boyd, R.S. (2006) Melanotrichus boydi
(Heteroptera: Miridae) is a specialist on the nickel

hyperaccumulator Streptanthus polygaloides (Brassicaceae).
Southwestern Naturalist, 51, 481—-489.

Zar, J.H. (1996) Biostatistical Analysis. Prentice-Hall, Englewood
Cliffs, USA. 918 pp.

Accepted August 11, 2008

© 2009 The Authors

Journal compilation © Institute of Zoology, Chinese Academy of Sciences, /nsect Science, 16, 81 -88



