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ABSTRACT

Larvae of the Diaprepes root weevil, Diaprepes abbreviatus (L.), were reared from hatching
on an artificial diet containing four concentrations of two copper compounds, cupric sulfate
(CuSO0,) or cupric hydroxide [Cu(OH),]. Negative effects of copper on insect development
were observed only for early instars. Survival of larvae from hatching to 4 weeks of age was
significantly affected by the copper compounds compared with the artificial diet alone, and
greater mortality was associated with CuSO, compared with Cu(OH),. The two compounds
had equivalent effects on larval weight gain of early instars. Weight gain was negatively cor-
related with increasing copper concentration. No effect of copper was observed on late in-
stars maintained on these diets beyond the initial 4 weeks. Larval and pupal period, weight
gain, and survival of late instars were statistically similar. No effect on larval survival or
weight gain was observed when copper solutions were applied at nonphytotoxic levels to two
varieties of citrus rootstock. The potential for manipulating citrus tree copper content to con-
trol this pest is discussed.
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RESUMEN

Se criaron larvas del cucurlionido Diaprepes abbreviatus (L.), sobre una dieta artificial con
cuatro concentraciones de dos compuestos de cobre, sulfato de cobre (CuSO,) o hidroxido de
cobre [Cu(OH,)]. Los efectos negativos del cobre sobre el desarrollo del insecto fueron obser-
vados solamente en larvas de estadios tempranos. La supervivencia de larvas desde eclosion
del huevo hasta 4 semanas de edad fue afectada significativamente por los compuestos de co-
bre comparado con la dieta artificial sola, y mas mortalidad fue asociada con CuSO, com-
parado con Cu(OH,). Los dos compuestos tuvieron efectos equivalentes en el aumento de
peso de larvas de estadios tempranos. El aumento del peso fue correlacionado negativa-
mente con el aumento en la concentracién de cobre. No se observé ningun efecto del cobre en
las larvas de estadios mayores (>30 d). Para estas larvas, el periodo larval y pupal, el au-
mento de peso, y la supervivencia eran similares estadisticamente cuando fueron criadas en
todos los tratamientos de dieta incluyendo el control. No se observé ningin efecto sobre au-
mento larval de peso o la supervivencia cuando las soluciones de cobre fueron aplicadas en
los niveles nofitotéxicos a dos variedades de patrones de citricos. El potencial para manipu-
lar el contenido de cobre en arboles de citricos para controlar este plaga se discute.

Translation provided by author.

Predation of tree roots by larvae of the Dia-
prepes root weevil, Diaprepes abbreviatus (L.),
has become a major arthropod constraint to pro-
ductivity of citrus in Florida. Copper compounds
(fixed copper and Bordeaux mixture) have been
widely used as fungicides and bacteriocides in cit-
rus to control scab, melanose, blast (Pseudomonas
syringae), and other pathogens. Copper com-
pounds are inexpensive and broad-spectrum. Ap-
proximately one half of the United States citrus
crop is treated with copper-based fungicides rep-
resenting the largest single use of copper as a fun-

gicide (Gianessi & Puffer 1992). Copper ions
destroy proteins in plant tissues and the phyto-
toxicity of copper fungicides has led to replace-
ment with safer chemical fungicides when
available. However, copper fungicides are applied
to over half of Florida’s orange crop acreage, and
over 75% of the state’s grapefruit to control dis-
eases such as brown rot, melanose, scab, Alterna-
ria brown spot, and greasy spot (Florida
Cooperative Extension Service 2000). Copper ac-
cumulates in the soil and can become phytotoxic
to citrus rootstocks at high concentrations, espe-
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cially to young trees in acidic soils (Alva et al.
2000). In soils with pH 8.2, copper content up to
400 mg kg’ (ppm) was not phytotoxic to Swingle;
in soils with pH 5.7 and 6.2, significant growth re-
duction occurred when copper levels exceeded 200
mg kg (Alva et al. 2000).

Observations in this laboratory led us to hy-
pothesize that copper content in the root tissue of
citrus rootstocks might confer resistance to the
Diaprepes root weevil through inhibition of its di-
gestive enzymes such as polysaccharide hydrolyz-
ing enzymes known to degrade plant material
(Doostdar et al. 1997). The purpose of the re-
search reported here was to document the effect
of diet-incorporated copper on survival and
growth of D. abbreviatus larvae.

MATERIALS AND METHODS
Diet Incorporation

Diaprepes root weevils were obtained from a
laboratory colony maintained by the U.S. Horticul-
tural Research Laboratory, Ft. Pierce, FL. Larvae
were reared on artificial diet according to Lapointe
and Shapiro (1999). Neonate larvae (<24 h old)
were placed in cups (PC100 1-oz. cups and lids, Jet
Plastica, Harrisburg, PA) containing either a com-
mercially prepared insect diet (product no. F1675,
Bio-Serv, Inc., Frenchtown, NJ) or the same diet
with one of three concentrations of cupric sulfate
(CuSO,*5H,0, Sigma Chemical Co.) or cupric hy-
droxide [Cu(OH),, Sigma Chemical Co.]. The pH of
the prepared diets was tested and adjusted to 7.0
while the diets were still liquid. Treatments con-
sisted of control (diet only) and the equivalent of
250, 500, and 1,000 ppm Cu for each of the two
copper compounds. Ten neonates were placed in
each of thirty cups per treatment for a total of
2,100 larvae. Initial weight of larvae was approxi-
mately 0.1 mg (Lapointe 2000). Diet cups infested
with larvae were kept in sealed plastic bags in an
incubator at 27°C, 24:0 D:L. At 27 d after infesta-
tion of the diet cups, surviving larvae were recov-
ered from individual cups, counted, and weighed.
Survival of early instars from neonate to 27 d was
expressed as percent survival per cup and trans-
formed (arcsine) to normalize variance. Larval
survival and weights were analyzed by ANOVA
and means compared by Tukey’s Honestly Signifi-
cant Differences (HSD) test (SAS Institute 1999).
Nontransformed means of larval survival are pre-
sented. For larval weights, “diet cups” was used as
the error term because larvae were nested within
cups. Thirty larvae were randomly selected from
each treatment and placed individually in cups
containing fresh diet of the respective treatment.
These larvae were replaced in the incubator and
allowed to complete development. Survival, larval
period, pupal period, and adult weight upon emer-
gence were recorded and analyzed by ANOVA.
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Greenhouse Trial

The effect of soil copper concentration on sur-
vival and growth of D. abbreviatus larvae feeding
on the roots of two citrus varieties was evaluated
in greenhouse trails by using a factorial design.
The citrus plants used in the experiment were
one-year-old seedlings of Swingle citrumelo [Cit-
rus paradisi Macf. x Poncirus trifoliate (L.) Raf.]
and Sun Chu Sha mandarin (C. reticulata Blanco)
potted individually in 946-cm® containers with
180 g of potting soil (Metromix 500, Scotts,
Marysville, OH). A range of soil copper concentra-
tions (0, 50, 150, or 300 ppm) was established by
amending the soil (180 g) in each pot with 0, 9, 27,
or 54 mg copper applied as soluble copper chloride
in 100 ml water to each container. Treatments
were applied as two partial applications ten days
apart. Each treatment was replicated 15 times.
Total number of plants was 120 (15 replications x
2 citrus species x 4 copper concentrations). Each
container was infested 30 d after the final copper
application with 5 neonatal larvae (<24-h-old).
The experiment was maintained in a greenhouse
and plants were watered (100 ml per pot) twice
weekly. The number and mean fresh weight of
surviving larvae in each container, dry weights of
plant roots, and height of plant shoots were re-
corded after eight weeks. Data were analyzed by
the General Linear Models Procedure (SAS Insti-
tute 1999) to determine if soil treatments or cit-
rus varieties affected the outcome of the
experiment.

RESULTS

Diet Incorporation

The dose of copper had no effect on survival of
early instars (F = 0.57;df = 2,174; P = 0.57). How-
ever, there was an effect of Cu source (F = 9.71; df
=1,174;P <0.01). Both Cu sources reduced larval
survival of early instars compared with the con-
trol. Survival was reduced by 20% with Cu(OH),
and by 33% with CuSO, compared with the con-
trol (Table 1). There was a significant effect of Cu
on the weight gain of larvae that survived to 27 d
(F'=66.3;df =6,29; P < 0.01). There was no inter-
action between rate and Cu source (P = 0.30), so
data for the two sources were combined and the
rates were compared with the control. The mean
weight of larvae reared on diet containing the low
rate (250 ppm) of copper was not different from
that of larvae reared on the control diet (12 ppm);
the medium rate (500 ppm) of copper reduced lar-
val weight by 27% and the high rate (1,000 ppm)
by 82% compared with the control (Fig. 1) (o =
0.05, Tukey’s HSD).

There was no effect of gender (F' = 0.53; df = 1,
121; P = 0.47) or of treatment (¥ = 0.66; df = 6,
121; P = 0.68) on larval period (124.8 + 2.9d,n =
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TABLE 1. MEAN (= SEM) SURVIVAL (n = 30) AND WEIGHT OF EARLY INSTARS OF THE DIAPREPES ROOT WEEVIL AFTER
FEEDING FOR 27 D ON ARTIFICIAL DIET CONTAINING BACKGROUND (12 PPM), CUPRIC SULFATE OR CUPRIC HY-

DROXIDE INCORPORATED AT THREE RATES.

Copper source Rate (ppm) Survival (%) Weight (mg) n

CuSO, 250 482+32a 44.2 £ 2.5 ab 137
CuSO, 500 58.0+4.6a 36.6 = 2.2 be 159
CuSO, 1000 49.1+35a 7.8+05d 139
Cu(OH), 250 61.5 + 3.4 ab 414 +£2.1ab 170
Cu(OH), 500 60.4 + 3.7 ab 32.8+20c¢ 172
Cu(OH), 1000 64.6 = 5.5 ab 9.5+0.7d 167
Diet only 12 77.2+5.0Db 477+25a 201
CuSO, all 51.8+22a 435
Cu(OH), all 62.1+25b 509
Diet only 12 772+50c¢ 201

Means within columns and sections followed by the same letter are not significantly different (o. = 0.05, Tukey’s HSD after a sig-

nificant ANOVA).

135). The experimental design did not allow for
statistical comparison of larval survival of late in-
stars. However, survival ranged from 53 to 73%
and was not associated with the copper com-
pounds or concentration (Table 2). There was no
effect of treatment on pupal period (F = 1.6;df =6,
121; P = 0.15). Mean (+x SEM) pupal period was
189 + 0.4 d (n = 128). Upon emergence, female
adults were heavier than males (F = 43.1; df = 1,
120; P < 0.01), but there was no effect of incorpo-
ration of copper compounds on adult weight (F' =
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Fig. 1. Effect of rate of incorporation of copper in ar-
tificial diet on live weight of early instars of Diaprepes
root weevil after 27 d at 26°C. Background copper con-
centration in artificial diet was 12 ppm. Bars are SEM
(n > 200). Means with the same letter do not differ sig-
nificantly at o = 0.05 by Tukey’s HSD after a significant
ANOVA.

0.9; df = 6, 120; P = 0.50). Mean (x SEM) male
weight was 280.5 + 5.1 mg (n = 62); mean female
weight was 349.6 + 8.4 mg (n = 66).

Greenhouse Trial

Soil amendments with copper, applied as cop-
per chloride, did not affect survival (¥ = 0.15; df =
3, 112; P = 0.93) or weight gain (F = 0.11; df = 3,
105; P = 0.96) of D. abbreviatus larvae over the
range of concentrations evaluated in this experi-
ment. After eight weeks, the mean (+ SEM) num-
ber of larvae surviving per container was 2.0 = 0.1
(n = 120 containers). The grand mean (+ SEM) of
weight of surviving larvae after eight weeks
across all treatments was 196.4 + 6.6 mg (n = 113
containers with surviving larvae). There was no
effect of copper treatments on the dry weights of
citrus roots (F = 0.01; df = 3, 112; P = 0.99) or
height of the plant shoots (F = 1.03; df = 3, 112; P
= 0.38). The overall means for dry weight of roots
and height of shoots were 4.4 + 0.3 g (n = 120) and
50.4 = 1.4 cm (n = 120), respectively.

The numbers (F =1.15;df =1,114;P = 0.29) and
weights (F = 0.10;df = 1, 114; P = 0.76) of surviving
larvae were similar whether the insects fed on the
roots of Swingle citrumelo or Sun Chu Sha manda-
rin. However, the dry weight of roots (¥ = 50.66; df
=1, 114; P £ 0.01) and height of plant shoots (F' =
95.35; df = 1, 114; P < 0.01) differed by citrus vari-
ety. Both the mean root weight and shoot height for
Swingle citrumelo (5.9 = 0.4 g and 60.0 = 1.5 cm, n
= 60) were greater than those for Sun Chu Sha
mandarin (2.8 = 0.3 g and 40.7 + 1.4 cm, n = 60) al-
though the plants were similar in age and size
when the experiment was initiated. The differ-
ences in the values for plant measurements were
due to inherent differences between the two citrus
varieties. No interactions between copper treat-
ment and citrus variety were detected for any of
the measured variables in the experiment.
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TABLE 2. SURVIVAL OF LATE INSTARS, LARVAL AND PUPAL PERIODS, AND MEAN WEIGHT OF ADULTS AT EMERGENCE OF
DIAPREPES ROOT WEEVIL REARED ON ARTIFICIAL DIET CONTAINING BACKGROUND COPPER (12 PPM) OR COP-
PER SULFATE OR COPPER HYDROXIDE INCORPORATED AT THREE RATES.

Adult weight (mg)

Copper Rate Survival Larval Pupal

source (ppm) (%) period (d) period (d) Males n Females n
CuSO, 250 70 1215+ 6.5 18.1+0.8 279.2+126 10 377.0 £37.1 11
CuSO, 500 57 130.1+9.7 194+11 2705+124 5 350.5 + 16.4 12
CuSO, 1000 73 128.4 + 5.7 17.7+1.2  259.7+9.8 13 335.0 £ 16.2 9
Cu(OH), 250 57 1204 + 7.5 20.3+0.9 289.9+23.8 8 369.0 + 12.9 9
Cu(OH), 500 57 121.8 +9.7 184+0.6 2949+73 10 334.9 +12.6 7
Cu(OH), 1000 53 133.6 + 8.9 21.1+12 281.7+12.2 6 354.0 £ 21.8 10
Diet only 12 60 117.8 5.7 185+0.7 291.3+13.1 10 312.8 +14.1 8

Means within columns are not significantly different (0. = 0.05, ANOVA).

DiscussioN

Heavy metals are known to have adverse bio-
logical effects on insect development (Rayms-
Keller et al. 1998; Bischof 1995). For example, 33
ppm copper resulted in 50% mortality of larval
Aedes aegypti (Rayms-Keller et al. 1998), and re-
tarded development was observed in copper-con-
taminated larvae of Lymantria dispar (Bischof
1995). The toxicity of heavy metals to insects can
be synergized by several factors including hypoxia
(van der Geest et al. 2002) and the presence of
other heavy metal ions (Fargasova 2001). How-
ever, the strategic use of a heavy metal ion for con-
trolling an insect pest is restricted by issues of
phytotoxicity and long-term contamination of soil.
To circumvent these problems, citrus seedlings
might be treated in nurseries to raise the concen-
tration of copper in roots before transplanting,
thereby conferring a degree of protection to soil in-
sects such as D. abbreviatus. However, in this
study, treatment of seedlings with nonphytotoxic
levels (<300 ppm) of copper in solution did not con-
fer resistance to larval D. abbreviatus.

The toxicity of copper to plant tissue and bio-
availability of copper in the environment are
known to increase with increasing soil acidity
(Alva et al. 2000). The pH of ingested plant tissue
by a root weevil would be approximately neutral,
the same as that of the artificial diet used in our
tests. According to Alva et al. (2000), critical Cu
concentration for phytotoxicity in the roots of
Swingle citrumelo seedlings ranged from 62 mg
kg’ in Myakka fine sand (pH 5.7) to 270 mg kg’ in
Candler fine sand (pH = 6.5).

Diet-incorporation assays have been success-
fully employed to identify compounds with nega-
tive effects on the developmental biology of
D. abbreviatus (Shapiro et al. 1997, 2000; Weath-
ersbee & Tang 2002). In our tests, significant mor-
tality compared with the control diet was
associated with CuSO, but not Cu(OH),, although
the magnitude of the effect was not large and,

curiously, did not vary with the concentration of
copper. Mean weight gain of larvae reared on ei-
ther source of copper cation at a concentration of
250 ppm was equivalent to that of larvae reared
on the control. Significant inhibition of growth of
early instars only occurred at higher concentra-
tions (500 and 1,000 ppm). There was no discern-
ible effect of copper amendments on survival,
larval and pupal development, or weight gain on
larvae >30 d old. Similarly, larvae of L. dispar ex-
posed from the 4th instar were less susceptible to
heavy metals than larvae exposed from hatching
(Gintenreiter et al. 1993). From these data, we
conclude that the concentration of copper re-
quired in root tissue to significantly inhibit devel-
opment and survival of D. abbreviatus is too high
to avoid phytotoxic effects.
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