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Abstract

The aim of this study was to determine specific distribution of metals in the termite Tumulitermes tumuli (Froggatt) and
identify specific organs within the termite that host elevated metals and therefore play an important role in the regulation
and transfer of these back into the environment. Like other insects, termites bio-accumulate essential metals to reinforce
cuticular structures and utilize storage detoxification for other metals including Ca, P, Mg and K. Previously, Mn and Zn have
been found concentrated in mandible tips and are associated with increased hardness whereas Ca, P, Mg and K are
accumulated in Malpighian tubules. Using high resolution Particle Induced X-Ray Emission (PIXE) mapping of whole termites
and Scanning Electron Microscope (SEM) Energy Dispersive X-ray (EDX) spot analysis, localised accumulations of metals in
the termite T. tumuli were identified. Tumulitermes tumuli was found to have proportionally high Mn concentrations in
mandible tips. Malpighian tubules had significant enrichment of Zn (1.6%), Mg (4.9%), P (6.8%), Ca (2.7%) and K (2.4%).
Synchrotron scanning X-ray Fluorescence Microprobe (XFM) mapping demonstrated two different concretion types defined
by the mutually exclusive presence of Ca and Zn. In-situ SEM EDX realisation of these concretions is problematic due to the
excitation volume caused by operating conditions required to detect minor amounts of Zn in the presence of significant
amounts of Na. For this reason, previous researchers have not demonstrated this surprising finding.

Citation: Stewart AD, Anand RR, Laird JS, Verrall M, Ryan CG, et al. (2011) Distribution of Metals in the Termite Tumulitermes tumuli (Froggatt): Two Types of
Malpighian Tubule Concretion Host Zn and Ca Mutually Exclusively. PLoS ONE 6(11): e27578. doi:10.1371/journal.pone.0027578

Editor: Judith Korb, University of Osnabrueck, Germany

Received June 22, 2011; Accepted October 19, 2011; Published November 8, 2011

Copyright: � 2011 Stewart et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was funded by an CSIRO OCE Postdoctoral Fellowship (http://www.csiro.au/). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: Aaron.Stewart@csiro.au

Introduction

The aim of this research was to identify specific organs within the

termite Tumulitermes tumuli (Froggatt) that host metals and other

elements at elevated concentrations and therefore play an impor-

tant role in the regulation and transfer of these back into the

environment. Termites bio-accumulate metals within specific organs

and in particular Mn and Zn are concentrated in mandible tips and

associated with increased hardness [1]. Digestive tracts of termites

are also known to harbour proportionally higher concentrations of

metals than the rest of the body including Na, Mg, Al, P, Ca, Mn and

Zn [2]. Many metals are important biologically as essential elements

or as toxicants, consequently insects have the ability to regulate the

internal concentrations of these metals e.g. Poecilus cupreus L.

maintains homeostatic Zn concentrations but not Cd [3].

Termites are significant agents of ecosystem processes. They can

have more biomass than mammals on some African savannas and

can remove and digest the majority of plant-originated litter

[4,5,6]. Termites have the ability to burrow to the subsoil and

contribute to the development of soil profiles through bioturbation

[7,8,9]. Consequently, termite nest structures have long been used

as geochemical and mineralogical sample media for the discovery

of ore deposits buried beneath weathered cover and shallow

sediments [10,11,12,13,14]. Biologically-essential macronutrients

acquired through food sources, including Mg, Ca, Zn, P and K,

are found in termite nests at concentrations above those in

adjacent soils [7,15,16,17]. This occurs to the extent that mounds

may be used as mineral licks by animals [18]. The erosion of

termite mounds adds elements to nearby soil, creating termite-

induced heterogeneity, with the mounds acting as reservoirs [7].

Ingestion of environmental metals, particularly heavy metals,

may result in accumulation within individual termites. Storage

detoxification, which leads to elevated concentrations of metals in

organisms, does not appear to be as pronounced in insects as in

other terrestrial invertebrates such as molluscs [19]. However, ants

are capable of accumulating metals more effectively than many

insects [20], and consequently have been shown to be effective bio-

indicators of the concentration of metals in the environment

[21,22,23]. Metal accumulation in ants is effected by species

specific uptake patterns, caste, developmental stage and seasonal

variation [20,24,25]. The dynamics of metal absorption and

elimination vary with different metals, particularly between heavy

metals and essential elements. For example, Carabid beetles have

been shown to accumulate Cd until reaching a plateau in

concentration. Upon withdrawal from exposure Cd is then rapidly

eliminated [3,26]. Elimination may also happen at the time of
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metamorphosis [27]. However, Zn concentrations are maintained

consistently even with elevated exposure in diet [3].

Termites with centralised nest structures differ from many insects in

that their waste products are locally concentrated to their nest. This

gives rise to the possibility that termite mounds may harbour elevated

metal concentrations as a result of excretion, even if individual termites

do not absorb metals substantially or at all during feeding.

Investigations utilizing Particle Induced X-ray Emission (PIXE)

analysis have taken advantage of its capacity to make quantifiable

analysis on small samples, usually by homogenising samples of insect

parts e.g. termite [2], whole insect, e.g. mosquito [28] and beetle

[29]. PIXE has been used to map specific tissues within insects

including the mandibles of termites and ants [30,31], Malpighian

tubules of a beetle [32], grasshopper brain [33,34] and silk moth silk

glands [35]. The penetrative power of the PIXE analysis has allowed

the mapping of whole insect including ants [30], vinegar fly [36],

bugs [37] and housefly [38]. Combined, these characteristics lend

PIXE analysis to investigations of insects where identification of

tissues, important to metal storage and detoxification within the

insect, is required. The main advantages in using PIXE over

competing techniques like SEM Energy Dispersive X-ray (EDX)

include a higher sensitivity and its non-destructive probing of

complete insect structures. The ability to probe without sectioning

reduces possible contamination from cutting utensils and impor-

tantly, maintains structural integrity i.e. negligible displacement of

organs from original locations. The greater spatial resolution of

EDX means initial PIXE imaging to map trace element hot-spots

can be subsequently followed up by pin-point EDX imaging.

Synchrotron X-ray Florescence Microscopy (XFM) is a powerful

tool to investigate spatial resolution and to detect low concentrations.

There is no general pathway of metal accumulation apparent in

insects studied to date [39]. Evidence is lacking to correlate storage

patterns to habitat, diet or insect phylogeny. Organ storage of

mineral salts appears to be specific to insect species. For this reason

insect species need to be investigated separately. Malpighian tubule

mineral concretions with metal incorporation (Zn, Mn and Mg)

have previously been described in Malpighian tubules of various

insects including the Orthoptera, Coleoptera, Diptera, Lepidoptera,

Blattodea, Phasmatodea and Hymenoptera [32,38,39,40].

The exact location of accumulated metals within a termite is

investigated here using PIXE imaging, SEM-EDX analysis and

Synchrotron XFM.

Results

PIXE scans of multiple termite mandibles and SEM/EDX

analysis revealed consistent occurrence of Mn along the cutting

edge (Figure 1; Table 1). Manganese concentration in termite

mandibles as measured by SEM/EDX had a mean concentration

of 0.49% (n = 50, SE = 0.051, min = 0.19, max = 1.45 median =

0.34).

Whole body PIXE imaging revealed locally concentrated levels

of Fe, Zn and Mn. Manganese has a mean concentration in the

mandible tips of 0.5% (Figure 2). Iron is found throughout the

Figure 1. Ten termite mandibles displaying Mn concentrated along the cutting edge. More intense colour indicates higher concentration
(Maximum of 2–3% as measured by SEM EDX). Mandibles are orientated with the teeth projecting towards the left of image.
doi:10.1371/journal.pone.0027578.g001

Table 1. Elemental content of Tumulitermes tumuli
Malpighian tubule (SEM EDX), soil, nest material and food
source (ICP-MS/OES) in ppm (mean (SE)).

Element
Malpighian
Tubule Stored Food Soil Nest Material

Al 1797 (178)a 16730 (1412)c 76994 (2353)b 67500 (2077)b, c

Na 18629 (1010)a 390 (62)b 959 (51)b 1072 (142)b

Mg 49813 (3536)a 700 (42)b 1172 (67)b 1272 (89)b

P 68087 (3502)a 380 (17)b 359 (15)b 365 (11)b

S 1045 (174)a 824 (36)a 101 (6)b 333 (37)a,b

K 23790 (1379)a 2505 (130)b 8666 (115)c 6966 (127)b,c

Ca 27306 (3254)a 14920 (741)a,c 584 (46)b 2956 (227)b,c

Mn 1148 (124)a 262 (17)b 422 (35)b,c 592 (40)a,c

Fe 1116 (134)a 12715 (1183)b 58919 (600)b,c 71838 (2218)c

Zn 16035 (1071)a 51 (3)b 59 (3)b 59 (2)b

Different letters in the same row indicates significant difference (Dunn’s
pairwise multiple comparison P,0.05). All metals vary significantly across
sample media (ranked ANOVA p,0.001).
doi:10.1371/journal.pone.0027578.t001

Metals in the Termite Tumulitermes tumuli
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termite with localized spots of higher concentration occurring

predominantly in the antennae, head and lower abdominal region.

The broad homogenous Fe patch in the rear abdominal region

corresponds roughly with the terminal rectum. Higher Zn

concentrations appear as lines through the abdominal region

corresponding to Malpighian tubules. The presence of zinc in

elevated concentrations (< 2% as measured with SEM EDX) was

predominantly evident in abdominal structures (Malpighian tubules).

In addition to Fe, Zn and Mn, the elements Ca, Cu and Br are

at levels high enough in the abdomen for PIXE mapping (Figure 2).

Zinc, Cu, Mn and Br appear confined to specific anatomical

structures, predominantly the Malpighian tubules, however Ca

and Fe have a much more scattered distribution. Some Fe

recorded in the analyses may be a result of contamination from Fe-

rich soil which the termite was collected from. Concretions within

the Malpighian tubule were confirmed as the host of high

concentrations of Zn via SEM and EDX analysis. The concretions

are located within the cells of the Malpighian tubule and vary in

size from 1–5 mm. Figure 3 presents EDX spectra for the

Malpighian tubule SEM scan and the whole body PIXE scan

corresponding EDX spectrum.

EDX extracted elemental concentrations from the same tubule,

indicated accumulation of several metals including Zn (Table 1).

The accumulation of the higher concentration metals can be

clearly seen with EDX elemental mapping (Figure 4). The

underlying mid gut is lower in concentrations of Ca, K, Mg, P

and Zn compared with Malpighian tubules. SEM EDX is not

sensitive enough to image Mn effectively. Potassium is also found

in fat bodies adjacent to the Malpighian tubules. Aluminium, K,

and Fe all occur in soil at higher concentrations than in the food

source (, 4–5 fold).

Synchrotron XFM imaging of sectioned Malpighian tubule

concretions revealed detectable quantities of Mn, Zn, Ca, and P

within the spherical concretions. Phosphorous and Mn were

present in all imaged concretions at roughly the same relative

concentration. However concretions display a mutually exclusive

occurrence of Zn and Ca. There was no Zn detectable in

concretions with Ca and vice versa (Figure 5).

Discussion

The use of Synchrotron XRF (SXRF) provided resolution

capable of differentiation of concretion types and the relative

composition of individual concretions. SXRF imaging of termite

excretory system using a silicon-drift X-ray detector demonstrated 2

types of mineralised concretions adjacent to each other (,1 mm)

within the excretory system of the termite. In-situ SEM EDX

realisation of these concretions is problematic due to the excitation

volume caused by operating conditions required to detect minor

amounts of Zn in the presence of significant amounts of Na. For this

reason previous researchers have not demonstrated this surprising

finding. Like the study here, Tylko [38] found Ca and Zn to

accumulate in association within Malpighian tubules of the housefly

Musca domestica L. However, specific location within the tubules of

Zn and Ca may well be isolated to separate concretions as

discovered here. Generally, the composition of Ca-containing

granules in invertebrates is quite variable [41]. Here evidence of the

high concentration of P in SEM EDX lends support to the

occurrence of Ca as a phosphate, perhaps as apatite. Phosphorous

was present at equal concentration in Ca and Zn bearing

concretions. Brown’s [41] review suggests that there is a general

trend for occurrence of Zn in the same bodies as Ca. However,

techniques used need to ensure that individual concretions are being

targeted for analysis. As shown here concretions with markedly

different composition can occur in close proximity. Waterhouse [42]

noted at least 8 morphologically distinct concretion-like structures

Figure 2. Composite PIXE image of a worker termite (Tumulitermes tumuli) showing distribution of 5 metals. More intense colours
indicate higher concentrations of metals. Iron appears concentrated around the antennae and lower abdomen; Zn and Ca in the Malpighian tubules
with a weak accumulation over the entire body of Zn and Mn within Malpighian tubules and mandibles.
doi:10.1371/journal.pone.0027578.g002

Metals in the Termite Tumulitermes tumuli
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within the tubules, some of these morphological variations may

represent concretions at different stages of formation and or

excretion or unrelated structures. Several ‘‘types’’ of concretion

have been described by various authors, including Sohal [43] who

described 1 luminal and 3 intra cellular types of concretions (a, b

and c) from Malpighian tubules of the housefly Musca domestica using

TEM EDX and WDX. Interestingly, Sohal [43] found that across

the 4 types of concretions Zn concentration has an inverse

relationship with Ca. Wessing [44] described 2 types of concretion

in Drosophila Malpighian tubules. Type 1 being principally consisting

of Mg, P and Ca to a much lesser extent K, and type 2 consisting

of K and to a lesser extent Mg. Our results are consistent with

Wessing’s [44] occurrence of type 1 and 2 concretions within the

termite although XFM suggested similar levels of P across all

concretions. Due to the volume of Malpighian tubules relative to the

rest of the insect and the relative concentration of Ca in Malpighian

tubules, the majority of Ca within the Drosophila occurs within the

tubules [40]. This is likely the case for Ca and Zn in the termite

studied here. The implication of this is that concretions represent

the principal form in which these metals are retuned to the soil from

termites either as excretion or after termite mortality. Zinc

containing concretions shown here are likely to be present as zinc

phosphate, bound to metallothioneins, or other sulphur bearing

amino acids cysteine, cystine or methionine [16]. Calcium, Mg, K,

are more likely to be present as phosphates [14], although Maddrell

[20] provided evidence that Ca is deposited in an amorphous form

in Malpighian tubules of the blood feeding bug Rhodnius prolixus Stal.

The distribution of metals within T. tumuli suggests a process of

absorption through the gut into the haemolymph and subsequent

detoxification though Malpighian tubule concretions. These obser-

vations are similar to those of Yoshimura [2] who noted higher total

concentrations of metals from dissections of the gut region than other

parts of the termite Coptotermes formosanus Shiraki. This was

particularly true for Mg, Al, P, Ca, Zn. Manganese and Cu were

found in higher concentrations in the mandible in accord with

the findings of Cribb et al. [45] for C. formosanus, indicating a

mineralisation pattern similar to the termite examined here. Our

results demonstrate that it is the Malpighian tubules in close

association with the gut that harbor these metals. This is likely to be

the case for C. formosanus as it is for T. tumuli. As an example of how

metal accumulation can differ between insects, the ant Tapinoma

sessile (Say) stores Zn throughout its body and has enriched mandibles

[30], which is a common generalised storage pattern for ants where

accumulation pattern includes Malpighian tubules and midgut [22].

There is a general trend for the composition of insect diet to

influence Malpighian tubule concretion composition [39,42]. For

example, feeding salts of Mg and Ca increases size and number of

concretions in the blowfly Lucilia cuprina (Wiedemann) larvae [42].

Consequently, it may be important to consider the number and

size of concretions and not just specific concentration makeup

when making assessments of environment induced variation within

insects. With the termite Reticulitermes flavipes Kollar changes in

food composition had little effect on concentrations in workers for

most metals examined. However, worker termites fed an enriched

diet significantly increased Ca but decreased Zn. The reduction in

Zn concentration observed by Judd and Fasnacht [46] may be a

result of hyper compensation. Some interpretation difficulty

remains as it is not clear what period of time is required for

uptake or the role of periodic changes around ecdysis. There are

processes evident that serve to maintain the whole organism Zn

and other metal concentrations at relatively stable and food/

substrate independent concentrations. Kramarz [3] found the

concentration of Zn constant in whole animal analysis of the

Carabid beetle Poecilus cupreus L. despite changes in diet. However,

the mutually exclusive nature of Ca and Zn within different

concretions necessitates the consideration of separate excretory

processes. After absorption into the haemolymph, maintenance of

body concentrations of Zn requires precipitation within concre-

tions of the Malpighian tubules. It is unlikely that the

concentration within concretions or the number of concretions

within Malpighian tubules can adequately explain the mainte-

nance of whole body concentration over the lifetime of the insect

due to there relative volume. Therefore expulsion of concretions is

likely to increase in response to substrate/food concentration

increases. In this model, concretions in Malpighian tubules act as a

form of regulated storage as suggested by Schofield et al. [36].

Excretion of concretions from the Malpighian tubules would

explain the ability of termites to hyper-compensate environmental

levels of Zn.

PIXE maps revealed that some portions of Malpighian tubule

are rich in Zn and less so in Mn and vice versa. This is consistent

with Schofield et al. [36] who found non homogenous distribution

of Zn throughout the Malpighian tubules of Drosophila. The

specific location within the Malpighian tubules of Zn enrichment

may affect the ability to excrete into the alimentary canal with

proximal sections more easily voided. Future research needs to be

conducted to determine if substrate or food metal concentration

variations are reflected in concretions and the nature and

magnitude of the mineralisation within the excretory structures.

Figure 3. Excited X-ray spectra. A: Whole termite body PIXE scan. B:
SEM scan of the Malpighian tubule.
doi:10.1371/journal.pone.0027578.g003

Metals in the Termite Tumulitermes tumuli
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Materials and Methods

Termite collection
Tumulitermes tumuli termites were collected from 10 epigeal

(above ground nests to 60 cm in height) nests near the Bentley

Volcanic Massive Sulphide deposit 305 km north of Kalgoorlie

Western Australia in an area dominated by mulga (Acacia aneura

Muell. ex Benth). Termites were separated from nest material and

placed immediately into 95% ethanol. No specific permits were

required for the described field studies. No specific permissions

were required for collection of insects form this location. Field

studies did not involve endangered or protected species and were

conducted on mining leasehold land (Jabiru Metals). Access

permission was granted by Jabiru Metals.

SEM EDX analysis
Five termites from each of the 10 nests were dissected and

mounted on carbon stubs and carbon coated for examination in a

Philips (FEI) XL40 controlled pressure Scanning Electron

Microscope (SEM) fitted with EDX. The SEM was operated in

high vacuum mode and images were collected with a Robinson

backscattered electron detector (BSE). EDX analysis specifically

Figure 4. EDX maps of Malpighian tubules in association with the mid gut. More intense colour indicates higher concentrations. Calcium,
Mg, P and Zn are delineated within Malpighian tubules. Potassium is associated with fat bodies lying adjacent to the Malpighian tubules.
doi:10.1371/journal.pone.0027578.g004

Figure 5. Synchrotron XFM images of Malpighian tubule concretions. Scan size 8.068.0 mm2, 80680 pixels, 1 s dwell per pixel. A: Composite
image map of Zn and Ca (red and green). B: Zn map (red), C: Ca map (green). Image A demonstrates that high concentrations of Zn and Ca occur in
mutually exclusive concretions.
doi:10.1371/journal.pone.0027578.g005

Metals in the Termite Tumulitermes tumuli
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targeted the proximal 1/3 of the Malpighian tubules. One analysis

was performed on malpighian tubules for each of 50 termites. One

analysis of the apical tip of one mandible from each of 50 termites

was also taken. The SEM was set to 8 mm working distance with a

30 kV beam recording 30 seconds live time. No suitable standard

is available to match material being assessed, therefore standard-

less quantification was used with ZAF matrix correction. It should

be noted that the X-ray excitation volume was expected to exceed

the volume of individual concretions within the Malpighian tubule

due to the high carbon content of the organic material. Results

therefore represent an averaging of the local environment using

several concretions and Malpighian tubule epithelial tissues. An

EDX map of one dissected mid gut area was also performed.

PIXE analysis
PIXE imaging of one termite mandible from each nest was

conducted. PIXE analysis of mandibles and SEM EDX of

concretions found high concentrations of Mn within the mandible

and Zn within the Malpighian tubule consistently across individual

termites and across nests. For this reason one termite was selected

for full body PIXE analysis.

For PIXE imaging, a single termite (Figure 2) was pressed

between two glass slides to approximately 200 mm thickness, air

dried and mounted on a carbon stub. The CSIRO nuclear micro-

probe beamline provided a beam of 3.0 MeV protons focused to a

,2 mm spot [47]. Scanning in X-step mode (a combination of

electrostatic scanning in Y and stage scanning in X) made a series of

two scans covering the near entirety of a single termite

(2 mm66 mm). The deep penetration depth of the proton beam

eliminated the need for sectioning of the sample, providing good

elemental contrast of internal organs. Mapping and quantification

was conducted with the GeoPIXE software [48,49,50].

Food, nest material and soil analysis
Tumulitermes tumuli feeds on surface litter including mulga leaves

and grasses which is stored in the form of small 500 mm diameter

masticated spheres (Figure 6). Large quantities of this material are

typically found in the upper portion of the epigeal nest. From each

nest a sample of stored food was taken for analysis. Additionally,

inner nest material and a soil sample (2 m from the nest at 10–

20 cm depth) were also collected for comparative analysis. Soil,

nest carton (sieved to ,250 mm) and stored food was analysed via

aqua regia Inductively Coupled Plasma - Mass Spectrometry/

Optical Emission Spectrometry (ICP-MS/OES) at Ultratrace

Laboratories, Perth.

Synchrotron XFM imaging
For Synchrotron XFM imaging, whole Malpighian tubules were

dissected and set in Spurr’s resin and cured at 70uC for 12 hours

before sectioning to 300 nm with a Leica EM UC6 microtome at

the Centre for Microscopy, Characterisation and Analysis

(CMCA), University of Western Australia. No tissue fixation was

performed.

SXRF images were acquired using the zone-plate nanoprobe

instrument of the XFM beamline at the Australian Synchrotron

[51]. A 9.76 keV photon beam was focussed into a 100 nm beam-

spot, through which the sample was raster scanned in 100 nm

steps over an area of 8.068.0 mm. At each point in the raster

fluorescence spectra were acquired for 1 second using a single

element silicon-drift X-ray detector (SII Vortex) which was

oriented at 107 degrees to the beam axis.

Acknowledgments

Thanks are due to Jeffrey H. Spring and Charles Butt for helpful

suggestions. This research was undertaken on the XFM beamline at the

Australian Synchrotron, Victoria, Australia.

Author Contributions

Conceived and designed the experiments: ADS RRA JL MV CGR MDJ

DP DH. Performed the experiments: ADS RRA JL MV CGR MDJ DP

DH. Analyzed the data: ADS RRA JL MV CGR MDJ DP DH.

Contributed reagents/materials/analysis tools: ADS RRA JL MV CGR

MDJ DP DH. Wrote the paper: ADS RRA JL MV CGR MDJ DP DH.

References

1. Cribb BW, Stewart A, Huang H, Truss R, Noller B, et al. (2008) Insect

mandibles-comparative mechanical properties and links with metal incorpora-

tion. Naturwissenschaften 95: 17–23.

2. Yoshimura T, Kagemori N, Kawai S, Sera K, Futatsugawa S (2002) Trace

elements in termites by PIXE analysis. Nuclear Instruments & Methods in

Physics Research Section B-Beam Interactions with Materials and Atoms 189:

450–453.

3. Kramarz P (1999) Dynamics of accumulation and decontamination of cadmium

and zinc in carnivorous invertebrates. 1. The ground beetle, Poecilus cupreus L.

Bulletin of Environmental Contamination and Toxicology 63: 531–537.

4. Deshmukh I (1989) How important are termites in the production ecology of

African savannas. Sociobiology 15: 155–168.

5. Wood TG, Sands WA (1978) The role of termites in ecosystems. In: Brian MV,

ed. Production ecology of ants and termites. Cambridge: Cambridge University

Press. pp 245–292.

6. Bignell DE, Eggleton P (2000) Termites in ecosystems. In: Abe T, Bignell D,

Higashi M, eds. Termites: Evolution, Sociality, Symbioses, Ecology. Dordrecht:

Kluwer Academic Publishers. pp 363–387.

7. Debruyn LAL, Conacher AJ (1995) Soil modification by termites in the central

wheatbelt of Western Australia. Australian Journal of Soil Research 33:

179–193.

8. Watson JP (1970) Contribution of termites to development of zinc anomaly in

Kalahari sand. Transactions of the Institution of Mining and Metallurgy,

Section B 79: 53–59.

Figure 6. SEM image of a stored food sphere. Sphere consists of
masticated grass, mulga leaves and other surface material.
doi:10.1371/journal.pone.0027578.g006

Metals in the Termite Tumulitermes tumuli

PLoS ONE | www.plosone.org 6 November 2011 | Volume 6 | Issue 11 | e27578



9. Sako A, Mills AJ, Roychoudhury AN (2009) Rare earth and trace element

geochemistry of termite mounds in central and northeastern Namibia:
Mechanisms for micro-nutrient accumulation. Geoderma 153: 217–230.

10. Fassil K (2005) Use of termite mounds in geochemical exploration in North

Ethiopia. Journal of African Earth Sciences 40: 101–103.
11. Prasad EAV, Gupta MJ, Dunn CE (1987) Significance of termite mounds in

gold exploration. Current Science 56: 1219–1222.
12. Prasad EAV, Saradhi DV (1984) Termite mounds in geochemical prospecting.

Current Science 53: 649–651.

13. Arhin E, Nude PM (2010) Use of termitaria in surficial geochemical surveys:
evidence for .125-mu m size fractions as the appropriate media for gold

exploration in northern Ghana. Geochemistry-Exploration Environment
Analysis 10: 401–406.

14. Gleeson CF, Poulin R (1989) Gold exploration in niger using soils and
termitaria. Journal of Geochemical Exploration 31: 253–283.

15. Coventry RJ, Holt JA, Sinclair DF (1988) Nutrient cycling by mound-building

termites in low-fertility soils of semi-arid tropical Australia. Australian Journal of
Soil Research 26: 375–390.

16. Laker MC, Hewitt PH, Nel A, Hunt RP (1982) Effects of the termite
Trinervitermes trinervoides Sjostedt on the pH, electrical conductivities, cation

exchange capacities and extractable base contents of soils. Fort Hare Papers 7:

275–286.
17. Sileshi GW, Arshad MA, Konate S, Nkunika POY (2010) Termite-induced

heterogeneity in African savanna vegetation: mechanisms and patterns. Journal
of Vegetation Science 21: 923–937.

18. Ruggiero RG, Fay JM (1994) Utilization of termitarium soils by elephants and its
ecological implications. African Journal of Ecology 32: 222–232.

19. Dallinger R, Rainbow PS, eds (1991) Strategies of metal detoxification in

terrestrial invertebrates. In: Ecotoxicology of metals in invertebrate. Sheffield,
England: Lewis Publishers, Inc. pp 245–289.

20. Grzes IM (2010) Ants and heavy metal pollution - A review. European Journal of
Soil Biology 46: 350–355.

21. de Souza Silva AF, Meireles B, da Silva Rosa J, de Oliveira MW, de Castro

Morini MS, et al. (2006) Evaluation of the level of metals in Camponotus rufipes
(Hymenoptera: Formicidae) collected in different environments. Sociobiology

47: 293–304.
22. Rabitsch WB (1997) Tissue-specific accumulation patterns of Pb, Cd, Cu, Zn,

Fe, and Mn in workers of three ant species (Formicidae, Hymenoptera) from a
metal-polluted site. Archives of Environmental Contamination and Toxicology

32: 172–177.

23. Rabitsch WB (1995) Metal accumulation in arthropods near a lead/zinc smelter
in arnoldstein, austria .1. Environmental Pollution 90: 221–237.

24. Levy R, Cromroy HL, Vanrinsvelt HA (1979) Relative comparisons in major
and trace-elements between adult and immature stages of 2 species of fire ants.

Florida Entomologist 62: 260–266.

25. Rabitsch WB (1997) Seasonal metal accumulation patterns in the red wood ant
Formica pratensis (Hymenoptera) at contaminated and reference sites. Journal of

Applied Ecology 34: 1455–1461.
26. Janssen MPM, Bruins A, Devries TH, Vanstraalen NM (1991) Comparison of

cadmium kinetics in 4 soil arthropod species. Archives of Environmental
Contamination and Toxicology 20: 305–312.

27. Scheifler R, Gomot-de Vaufleury A, Toussaint ML, Badot PM (2002) Transfer

and effects of cadmium in an experimental food chain involving the snail Helix
aspersa and the predatory carabid beetle Chrysocarabus splendens. Chemo-

sphere 48: 571–579.
28. Levy R, Vanrinsvelt HA, Miller TW (1979) Major-element and trace-element

analyses of a mermithid parasite and its mosquito host by proton-induced x-ray-

emission. Journal of Nematology 11: 100–103.
29. Mesjasz-Przbylowicz J, Przybylowicz W, Ostachowicz B, Augustyniak M,

Nakonieczny M, et al. (2002) Trace elements in the chrysomelid beetle
(Chrysolina pardalina) and its Ni-hyperaccumulating host-plant (Berkheya

coddii). Fresenius Environmental Bulletin 11: 78–84.

30. Schofield RMS, Nesson MH, Richardson KA, Wyeth P (2003) Zinc is
incorporated into cuticular ‘‘tools’’ after ecdysis: The time course of the zinc

distribution in ‘‘tools’’ and whole bodies of an ant and a scorpion. Journal of
Insect Physiology 49: 31–44.

31. Ohmura W, Matsunaga H, Yoshimura T, Suzuki Y, Imaseki H (2007) Zinc
distribution on the mandible cutting edges of two drywood termites, Incisitermes

minor and Cryptotermes domesticus (Isoptera: Kalotermitidae). Sociobiology

50: 1035–1040.

32. Przybylowicz WJ, Mesjasz-Przybylowicz J, Migula P, Glowacka E,
Nakonieczny M, et al. (2003) Functional analysis of metals distribution in

organs of the beetle Chrysolina pardalina exposed to excess of nickel by Micro-

PIXE. Nuclear Instruments & Methods in Physics Research Section B-Beam
Interactions with Materials and Atoms 210: 343–348.

33. Augustyniak M, Juchimiuk J, Przybylowicz WJ, Mesjasz-Przybylowicz J,

Babczynska A, et al. (2006) Zinc-induced DNA damage and the distribution
of metals in the brain of grasshoppers by the comet assay and micro-PIXE.

Comparative Biochemistry and Physiology C-Toxicology & Pharmacology 144:

242–251.

34. Augustyniak M, Przybylowicz W, Mesjasz-Przybylowicz J, Tarnawska M,

Migula P, et al. (2008) Nuclear microprobe studies of grasshopper feeding on

nickel hyperaccumulating plants. X-Ray Spectrometry 37: 142–145.

35. Zhou L, Chen X, Shao ZZ, Huang YF, Knight DP (2005) Effect of metallic ions

on silk formation the mulberry silkworm, Bombyx mori. Journal of Physical
Chemistry B 109: 16937–16945.

36. Schofield RMS, Postlethwait JH, Lefevre HW (1997) MeV-ion microprobe

analyses of whole Drosophila suggest that zinc and copper accumulation is
regulated storage not deposit excretion. Journal of Experimental Biology 200:

3235–3243.

37. Migula P, Przybylowicz WJ, Mesjasz-Przybylowicz J, Augustyniak M,
Nakonieczny M, et al. (2007) Micro-PIXE studies of elemental distribution in

sap-feeding insects associated with Ni hyperaccumulator, Berkheya coddii. Plant

and Soil 293: 197–207.

38. Tylko G, Borowska J, Banach Z, Pyza E, Przybylowicz WJ, et al. (2006) Co-

localization of copper, zinc and lead with calcium in their accumulation sites in

the housefly’s abdomen by micro-PIXE. Microchimica Acta 155: 301–304.

39. Ballan-Dufrancais CN (2002) Localization of metals in cells of pterygote insects.

Microscopy Research and Technique 56: 403–420.

40. Wessing A, Zierold K (1992) Metal-salt feeding causes alterations in concretions

in drosophila larval malpighian tubules as revealed by x-ray-microanalysis.

Journal of Insect Physiology 38: 623–632.

41. Brown BE (1982) The form and function of metal-containing granules in

invertebrate tissues. Biological Reviews of the Cambridge Philosophical Society

57: 621–667.

42. Waterhouse DF (1950) Studies of the physiology and toxicology of blowflies.

XIV. The composition, formation, and fate of the granules in the Malpighan

tubules of Lucilia cuprina larvae. Aust J sci Res, Melbourne (B) 3: 76–112.

43. Sohal RS, Peters PD, Hall TA (1976) Fine-structure and x-ray microanalysis of

mineralized concretions in malpighian tubules of housefly, Musca-domestica.

Tissue & Cell 8: 447–458.

44. Wessing A, Zierold K, Hevert F (1992) 2 types of concretions in drosophila

malpighian tubules as revealed by x-ray-microanalysis - a study on urine
formation. Journal of Insect Physiology 38: 543–554.

45. Cribb BW, Stewart A, Huang H, Truss R, Noller B, et al. (2008) Unique zinc

mass in mandibles separates drywood termites from other groups of termites.
Naturwissenschaften 95: 433–441.

46. Judd TM, Fasnacht MP (2007) Distribution of micronutrients in social insects: A

test in the termite Reticulitermes flavipes (Isoptera: Rhinotermitidae) and the ant
Myrmica punctiventris (Hymenoptera: Formicidae). Annals of the Entomolog-

ical Society of America 100: 893–899.

47. Ryan CG, Jamieson DN, Griffin WL, Cripps G, Szymanski R (2001) The new
CSIRO-GEMOC nuclear microprobe: First results, performance and recent

applications. Nuclear Instruments & Methods in Physics Research Section B-

Beam Interactions with Materials and Atoms 181: 12–19.

48. Ryan CG, van Achterbergh E, Yeats CJ, Win TT, Cripps G (2002) Quantitative

PIXE trace element imaging of minerals using the new CSIRO-GEMOC
Nuclear Microprobe. Nuclear Instruments & Methods in Physics Research

Section B-Beam Interactions with Materials and Atoms 189: 400–407.

49. Ryan CG, Jamieson DN, Churms CL, Pilcher JV (1995) A new method for
online true-elemental imaging using pixe and the proton microprobe. Nuclear

Instruments & Methods in Physics Research Section B-Beam Interactions with

Materials and Atoms 104: 157–165.

50. Ryan CG (2000) Quantitative trace element imaging using PIXE and the

nuclear microprobe. International Journal of Imaging Systems and Technology

11: 219–230.

51. Paterson D, de Jonge MD, Howard DL, Lewis W, McKinlay J, et al. (2011) The

x-ray fluorescence microscopy beamline at the Australian Synchrotron. AIP

Conference Proceedings 1365: 219.

Metals in the Termite Tumulitermes tumuli

PLoS ONE | www.plosone.org 7 November 2011 | Volume 6 | Issue 11 | e27578


