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Abstract Although boron is a ubiquitous element found in rocks, soil and water, little has been
 
determined about its physiological role in plants and animals. Comparing the effect of sublethal
 
boron exposure on 3 species yields a broader view of the toxicity of boron compounds in
 
termites. Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae) were collected from colo

nies maintained in at the University of Hawaii at Manoa campus in Honolulu, HI (United States);
 
C. acinaciformis (Froggart) from Darwin, North Territory (Australia); and Mastotermes darwin
iensis Froggart (lsoptera: Mastotermitidae) from Darwin, North Territory (Australia). Termites 
were exposed to untreated composite board or board containing zinc borate and anhydrous 
boric acid (ZB/B2 0 3 in a 60140 ratio, 0.75% BAE) in a no-choice test for 5 d, either in Honolulu 
(C. formosanus) or Australia (C. acinaciformis and M. darwiniensis); survival rates, wet weight, 
and boron content of the termites were determined. Inductively Coupled Plasma-Atomic Emis
sion Spectrometry (ICP-AES) was used to determine boron content in field-caught and experi
mental termites. There was a significant (P < 0.01) decrease in survival of the boron-treated 
Coptotermes in comparison with the untreated termites, although no mortality was observed in 
M. darwiniensis. All 3 species showed a significant (P < 0.01) increase in boron content in 
boron-treated individuals, and there were no significant differences observed between the field
caught and untreated termites. 
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In Hawaii, termites in the Rhinotermitidae and Kalotermitidae families cause sig
nificant structural damage, and the Formosan subterranean termite, Coptotermes 
formosanus Shiraki (Rhinotermitidae), is the most important urban pest in the state. 
In addition to causing approx. US$100 million annually in structural damage (Osbrink 
et al. 2001), termites also can damage crops and trees (Tamashiro et al. 1996). All the 
termites found in Hawaii are invasive, and C. formosanus can be found on the 6 major 
islands of Hawaii (HTAC 1999). Presently there are 8 species of termites representing 
3 families statewide (Grace et al. 2002). Australia, by comparison, has several native 
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families of termites. Mastotermes darwiniensis Froggatt (Mastotermitidae) and Cop
totermes acinaciformis (Froggatt) (Rhinotermitidae) are widely distributed, where they 
are recognized as both urban pests and important members of natural ecosystems 
(Gay and Calaby 1970). 

The objectives of this project were to determine the native boron levels in these 3 
termite species, and to determine whether they respond similarly to short-term ex
posure to boron compounds. To quantify their responses to boron ingestion, termites 
were exposed to wood composite boards containing anhydrous boric acid for a 5-d 
period. Termite weight change, survival rates, wood consumption, and boron content 
(assayed using Inductively Coupled Plasma-Atomic Emission Spectrometry, or ICP
AES) were measured and are reported. 

Materials and Methods 

Termites. All C. formosanus workers were collected in Douglas fir (Pseudotsuga 
menziesii Mirb. (Franco)) traps using a technique described by Tamashiro et al. 
(1973), from the same field colony at the Manoa campus of the University of Hawaii 
in Honolulu (Husseneder and Grace 2001 a, b). Within 24 h of collection, workers were 
aspirated from the collection container in groups of 200 and placed into plastic jars 
(8.5 cm wide x 10 cm deep). The jars contained 150 g silica sand (40-100 mesh; 
Fisher Scientific, Fairlawn, NJ), 30 mL distilled water, and a square piece of wood 
approx. 2.5 x 2.5 x 1 cm on an aluminum foil square centered on the sand as outlined 
in the AWPA Standard E1-97 (2005). During the experiment, the jars were placed in 
an unlighted incubator maintained at 28°C and 68% RH in a covered plastic box. The 
bottom of the box was lined with damp paper towels to maintain humidity. 

Coptotermes acinaciformis and M. darwiniensis workers were collected from field 
colonies identified by the Australian Commonwealth Scientific and Research Orga
nization (CSIRO). The workers were used within 2 wks of collection under experi
mental conditions recommended by L. Cookson and J. Creffield (CSIRO/ensis, Clay
ton, Victoria, Australia). Coptotermes acinaciformis was collected from a mound on a 
stringy bark tree, halfway between the Elizabeth River and Channel Island (approx. 
30 km from Darwin, Northern Territory, Australia). These termites were maintained in 
jars approx. 9 cm wide x 10 cm deep on moist carton material and kept in a dark 
incubator maintained at 28°C and 72% RH. Mastotermes darwiniensis was collected 
from a dead mango tree in Howard-Springs, approx. 30 km from Darwin (Northern 
Territory, Australia). These termites were maintained in plastic trays approx. 20 x 
20 x 6 cm, filled with grade 4 vermiculite, Eucalyptus raglans (Victorian ash) sawdust, 
and 138 mL distilled water in an unlighted incubator at 32°C and 76% RH. 

Boron ingestion. All wood samples were aspen composite particleboard pre
pared with methylene diphenyl diisocyanate (MDI) resin and were provided by Rio 
Tinto Minerals (US Borax). Zinc borate (ZB), zinc borate plus disodium octaborate 
tetrahydrate (ZB/DOT), or anhydrous boric acid (ZB/B2 0 3 ) was incorporated into the 
boards during manufacture at various ratios to equal a concentration of 0.75% BAE 
(boric acid equivalents). This is equivalent to a ZB concentration of 0.88%. 

In Hawaii, the results presented here were part of a larger test (Gentz and Grace 
2007) in which 3 replicates of each of the 4 wood samples were prepared in a 5-day 
no-choice test with 200 C. formosan us termites (90% workers, 10% soldiers) per 
replicate. The boron-treated samples were ZB (0.88%), ZB/DOT (60/40 ratio), and 
ZB/B2 0 3 (60/40 ratio), pius an untreated MDI control. Before and after exposure to 
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termites, the wood blocks were oven-dried at 90°C for 24 h, placed into a desiccator 
for 1 h, and weighed to determine wood consumption. At the completion of both 
experiments, experimental (untreated or boron-treated) termite samples were dried at 
50°C for 3 h and retained for ICP-AES analysis in 1.5 mL polypropylene microcen
trifuge tUbes. The samples were sent to Rio Tinto Minerals (US Borax) for boron 
content analysis using Inductively Coupled Plasma-Atomic Emission Spectrometry 
(ICP-AES). Additional samples of untreated (field-caught) termites were dried and 
prepared for ICP-AES analysis in the same manner. 

In Australia, 5 replicates of each treatment (zinc borate/anhydrous boric acid [ZB/ 
B2 0 3 ] in a 60/40 ratio or a control composite board) were assembled for C. acinaci
formis and M. darwiniensis. Only B2 0 3 was used because Gentz and Grace (2007) 
determined that this formulation yielded the highest boron content within the termite 
at the end of 5 d using C. formosanus. The 9 x 10 cm glass jars used in the experi
ments were filled with 150 g washed river sand, 30 mL deionized water, and 1 wood 
block (either untreated or boron-treated composite board) placed on a square of 
aluminium foil, which was centered on the sand. Because of the large difference in 
size and weight between M. darwiniensis and Coptotermes, 200 C. acinaciformis 
workers or 20 M. darwiniensis workers were used in each replicate. Before and after 
the experiment, the wood blocks were desiccated at 40°C and weighed. After the 
experiment, survival and termite wet weight were recorded; both experimental (un
treated or boron-treated) and unexposed (wild-caught) termite samples were dried at 
50°C for 3 h, separated into groups of 200 for Coptotermes and 20 for Mastotermes, 
and retained in 1.5 mL polypropylene microcentrifuge tubes. The samples were sent 
to Rio Tinto Minerals (US Borax) for boron content analysis using ICP-AES. 

Determination of boron content using ICP-AES. The dried termite samples 
were dissolved in 2.5 mL of concentrated nitric acid (HN03 ) in digestion tubes and 
heated in an autobloc at 98°C for 15 min. The tubes were allowed to cool, and 7.5 mL 
of sterile water was added to make a solution of 25% nitric acid; the solution was 
filtered, and 5 mL of sample was injected into a Thermo Fisher IRIS Intrepid II 
(Thermo Scientific, Waltham, MA) ICP-AES machine. The machine was calibrated 
using 0.0, 0.2, 0.5, and 1.0 ppm boron standards in a 25% nitric acid matrix. These 
analyses were performed at Rio Tinto Minerals (Mark Mankowski, pers. comm.). 

Boron content per termite. The boron content of each termite exposed to treated 
timber was obtained by a calculation based on the amount of boron assayed by 
ICP-AES. The results from the ICP-AES assay were given as ppm, converted to IJg/g, 
and divided by the number of termites in the assay (50 Coptotermes workers or 10 
Mastotermesworkers) to calculate the average amount of boron in individual termites. 

Statistical analyses. The mean wood consumption per termite, survival rate, and 
boron content were analyzed for significant effects. ANOVA with the Ryan-Einot
Gabriel-Welsch Multiple O-test (alpha == 0.05), which controls for Type 1 experiment 
error rate, was used to compare means (SAS Institute 2004). 

Results 

Feeding tests. A significant decrease in survival was observed for the boron
treated Coptotermes species (no mortality in M. darwiniensis after 5 d), as well as a 
significant decrease in wood consumption and individual weight for treated M. dar
winiensis (Table 1). -
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Table 1.	 Mean (± SO) weight, wood consumption, and survival rate of worker 
termites after 5 days of continuous exposure to treated and untreated 
wood' 

Replicate/ Mean Mean wood Mean 
Number of weight consumption Survival 

Species Treatment" individuals [mg/termite] [mg/termite] [%] 

C. formosanus'*' Untreated 3/200 0.379a (0.02) 0.311 a (0.48) 99a (3) 

C. formosanus'** ZB/B2 0 3 2/200 0.167a (0.03) 0.134a (0.06) 92b (9) 

C. acinaciformis Untreated 5/200 0.216a (0.26) 0.201 a (0.03) 99a (1) 

C. acinaciformis ZB/B2 0 3 5/200 0.368a (0.11) 0.124a (0.02) 89b (7) 

M. darwiniensis Untreated 5/20 3.2a,b (4.2) 3.94c (0.65) 100a(0) 

M. darwiniensis ZB/B2 0 3 5/20 6.4b (3.3) 1.59b (0.337) 100a (0) 

* Treatment means followed by the same lower-case letter within each column were not significantly different 

(P< 0.01). 
** Composite wood samples were prepared with MOl resin, and either no preservative or ZB/B2 0 3 (60/40 

ratio, 0.75% BAE). 
'** Data from Gentz and Grace (2007). 

Species-level comparison of boron exposure. In C. formosan us workers ex
posed to boron-treated boards, the boron concentration was an order of magnitude 
greater than in untreated worker termites, and the general toxicity trend based on 
weight loss and survival placed ZB/OOT approx. intermediate to ZB alone and ZB/ 
B2 0 3 (Table 1). ZB and ZB/OOT had the lowest variability in mean weight loss per 
termite of the treated wood blocks, but the variability in termite boron content was 
lowest with ZB/OOT exposure. Although the variability of the boron content, weight, 
and survival within species and caste was small, the weight difference between 
Coptotermes and Mastotermes was over an order of magnitude (Table 2). 

Table 2.	 Mean (± SO) weight of field-collected termites' 

Number of replicates/ Mean weight 
Species, caste Number of individuals [mg/termite] 

C. formosa nus, worker 5/50 3.90 (0.13) 

C. formosanus, soldier 3/50 3.97 (0.12) 

C. acinaciformis, worker 5/50 3.61 (0.098) 

C. acinaciformis, soldier 1/50 3.73 

M. darwiniensis, worker 5/10 46.7 (2.0) 

M. darwiniensis, soldier 1/10 56.7 

* Coptotermes formosanus was collected in Honolulu, HI, and both C. acinaciformis and M. darwiniensis were 
collected near Darwin, Northern Territory, Australia. For C. acinaciformis and M. darwiniensis, n = 1 due to 
low soldier ratios in collected termites. Standard deviations, where available, are in parentheses. 
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There was a significant increase (P < 0.01) in boron content of about an order of 
magnitude in termites exposed to borate-treated wood (Table 3). Additionally, treated 
workers of each species displayed significant differences (P < 0.01) in boron content, 
increasing in this order: M. darwiniensis < C. acinaciformis < C. formosanus. Although 
all 3 species showed a significant increase in boron content after exposure to treated 
wood, there were no significant differences observed between the unexposed field
caught termites and termites exposed to untreated boards within each species. With 
each termite species, the boron-treated lumber was fed on less than the untreated 
composite board, but the only significant mass decrease was seen in M. darwiniensis 
exposed to boron-treated rather than untreated composite boards. 

Discussion 

We identified several effects of short-term boron exposure on termites that appear 
to remain constant across species, including a decrease in weight and an increase in 
boron content immediately after feeding, amounting to approx. an order of magnitude 
in comparison with those termites exposed to untreated boards. Coptotermes formo
sanus and C. acinaciformis displayed a similar pattern of response to boron, but the 
lack of mortality or significant individual weight loss in M. darwiniensis raises ques-

Table 3.	 Mean (± SO) boron content of unexposed termites and of termites 
exposed for five days to either untreated or boron-treated MOl com
posite boards' 

Replicate/ 
Number of Mean boron 

Exposure Species, caste individuals content [~g/g] 

None C. formosan us, worker 5/50 7.1 a (0.6) 

None C. formosanus, soldier 5/50 7.3a (2.65) 

None C. acinaciformis, worker 5/50 2.6a(1.1) 

None C. acinaciformis, soldier 5/50 4.0a (1.1) 

None M. darwiniensis, worker 5/10 0.6a(0.1) 

None M. darwiniensis, soldier 1/10 1.1a(0.3) 

Untreated MOl C. formosanus, worker** 5/50 30.2a (6.2) 

ZB/B2 0 3 C. formosanus, worker** 5/50 306.3d (90.3) 

Untreated MOl C. acinaciformis, worker 5/50 20.5a (4.4) 

ZB/B2 0 3 C. acinaciformis, worker 5/50 122.1b (17.8) 

Untreated MOl M. darwiniensis, worker 5/10 32.7a (14.2) 

ZB/B2 0 3 M. darwiniensis, worker 5/10 181.1c (43.6) 

* Treated boards contained ZB/B2 0 3 in a 60/40 ratio (0.75% BAE). Means with the same letter after the 
numeric value are not significantly different within columns (P < 0.01); standard deviations of mean boron 
content are in parentheses. 

*' Data from Gentz and Grace (2007). -
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tions about the toxicity of boron among different termite species. This difference might 
be attributable to the larger size of M. darwiniensis. 

The termites used in ICP-AES analysis were not washed or degutted. However, 
the boron was incorporated into the composite boards, so external contamination of 
the termites was unlikely. Although boron compounds are not repellent to termites, it 
has been shown that they will cease feeding on borate-treated woods after several 
days (Grace and Campora 2005), minimizing the amount of residual wood that may 
have remained in the gut. 

Along with morphological and behavioral differences among termite species, there 
are relevant physiological distinctions as well. Termites have a range of reported gut 
pH values (Brune et al. 1995, Brune and Kuhl 1996), which may complicate our 
understanding of the mechanism of an oral toxicant. This is further complicated by the 
presence of different symbiotic protist and bacterial communities, although these 
populations are often highly reproducible within field and laboratory colonies 
(Yoshimura et al. 1993). It has been established that death of the gut protists assisting 
in cellulose digestion is not the primary mode of action for boron compounds in that 
mortality occurs more rapidly than can be accounted for by starvation alone (Grace et 
al. 1992, Yoshimura et al. 1994a). Seasonal fluctuations in protist populations also 
have been noted (Yoshimura et al. 1994b), perhaps in response to changes in feeding 
during the year, identifying another variable that may playa role in defining how boron 
compounds are metabolized by termites. 

The much greater mass of M. darwiniensis suggests that this species may require 
larger boron concentrations andlor longer feeding periods for mortality than Copto
termes species. Coptotermes formosanus workers and soldiers had the highest na
tive boron levels of the 3 species, which could be due in part to boron content of the 
volcanic soil in which they reside (Hue et al. 1988). In a no-choice laboratory test with 
boron-treated wood, Ahmed (2000) found that Australian termites from areas with 
soils with high boron content evidenced a slightly longer time to mortality than those 
from soil with low boron content. This dose-dependent response may be further 
complicated by species differences and gross differences in mass or physiology. 

Nation (2002) reviewed the existing literature on the ability of insects to self-select 
nutritional elements from both natural foods and prepared diets. The possibility that 
termites may selectively feed on sections of the composite board, thereby modulating 
boron intake, cannot be overlooked. Mastotermes darwiniensis is known to have an 
undiscriminating appetite, able to feed on live plants including eucalyptus, sugarcane, 
and mango-not to mention leather, ivory, lead-sheathed cables-and even able to 
corrode glass and some metal surfaces (Gay and Calaby 1970). The 2 Coptotermes 
species may also attack live wood, although not with the same voracity as M. dar
winiensis. 

Differences in gut pH, as well as in bacterial symbionts, could mediate the effect 
of boron on these 3 species. More derived termites in the Family Termitidae have gut 
pH's that are as alkaline as any found in biological systems (Brune and Kuhl 1996). 
Changes in gut pH could alter the toxicity of boron in vivo, as pH changes would affect 
the charge and conformation of a boronic acid (Hall 2005). Kim et al. (2004) showed 
that at pH 7.4 only the borate-NAD+ complex was observed in vitro; even if other 
species are present at that pH in vivo, it is likely that the borate-NAD+ complex will be 
the most biologically relevant. Further work with a variety of termite species, including 
those in the Family Termitidae, could help to determine the relevant parameters for 
understanding boron toxicity in insects. 
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