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ABSTRACT Subterranean termites (Isoptera: Rhinotermitidae) are ubiquitous in both
wooded and desert regions of North America. They are important contributors to nutrient
cycling, energy flow, and ecosystem productivity. As the use of microbiological pesticides
or microbial pest control agents (MPCAs) increases in the United States, termites might
suffer unintended exposure to these pathogenic agents. The Federal Insecticide, Fungi-
cide, and Rodenticide Act requires that information on the susceptibility of nontarget
species be developed as-a condition of registration of MPCAs, and the United States
Environmental Protection Agency (EPA) is in the process of drafting protocols to assess
such effects. An interim protocol (drafted on behalf of EPA) to assess the lethal effects of
MPCAs on nontarget subterranean termite species is described in this paper.
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IN THE UNITED STATES, the Environmental Pro-
tection Agency (EPA) is the primary federal
agency responsible for registering and regulating
chemical and microbial insecticides (Code of
Federal Regulations [CFR], Title 40, Chapter 1).
As the name of the agency indicates, protection
of the environment (including nontarget organ-
isms and human health), rather than product ef-
ficacy against target species, is the principal con-
cern of EPA. As a practical matter, EPA develops
and disseminates standard data collection proto-
cols and reporting procedures to facilitate review
of the voluminous amounts of data submitted to
support requests for federal registration.

Exactly how such protocols and procedures are
developed may not be entirely clear to biologists
who are not employees of the federal govern-
ment or, more specifically, employees of EPA.
With limited personnel and resources, it would
be unrealistic for EPA to develop all of these
materials internally. Therefore, EPA researchers
establish contacts with specialists employed out-
side of the agency and may contract for their
assistance.

Recently, I was one of those contacted (and
contracted) to assist in the development of in-
terim protocols to test the lethal effects of micro-
bial pest control agents (MPCAs) on specific
groups of nontarget arthropods. In my case, ef-
fects of MPCAs on nontarget termite species was
the topic of concern. I chose to limit the scope of
the protocol to subterranean termites (Rhinoter-
mitidae), the family with which I have had re-
search experience (Zoberi & Grace 1990a, b;
Grace 1991, 1993; Grace & Zoberi 1992).

The EPA considers an interim protocol to be
an untested protocol based on the best available
information (B. Lighthart, personal communica-
tion). Simplicity in terms of the technical com-
petence required to do the tests and general
availability of the test materials are desirable in
such a protocol. EPA is currently interested in
receiving suggestions for other interim protocols
for testing the effects of MPCAs on other nontar-
get terrestrial arthropods, especially beneficial
arthropods. It is preferable that test species be
representative of a larger group; surrogates for
rare and endangered species are a high priority
(B. Lighthart, personal communication).

This paper contains the interim termite proto-
col, as accepted by the EPA. The protocol fol-
lowed a predetermined format, which had been
provided to me in the form of several anonymous
interim protocols for evaluating the effects of
MPCAs on other insects. Before the protocol was
accepted, the draft was reviewed by the contact
EPA researcher, by the quality assurance staff of
an environmental technology firm for compli-
ance with current federal guidelines and ac-
cepted laboratory practices, and by four peer ref-
erees.

I have two goals in publishing this interim
protocol in the Journal of Economic Entomol-
ogy. The first is to clarify the governmental pro-
cesses, which may be poorly understood by
those outside of government, and to share a par-
ticular approach to laboratory evaluation of
MPCAs. The second goal is to stimulate critical
consideration of this approach and of this specific
protocol by a larger audience of informed re-
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searchers. This publication should lead to com-
ments and suggestions (either to the author or
the regulatory agency) that will be useful in mov-
ing this and related documents from the stage of
interim protocols, drafted and reviewed by a few
individuals, to that of validated and generally
accepted protocols for MPCA evaluations. In
summary, open review by the entomological
~ community and subsequent group consensus can
and should be part of the process of developing
regulatory procedures.

Introduction to Protocol!

Subdivision M of the Federal Insecticide,
Fungicide, and Rodenticide Act (40 CFR, Part
158, section 158.170) requires that information
on the susceptibility of nontarget species be de-
veloped as a condition of registration of MPCAs.
Although subterranean termites are frequent tar-
gets of control measures around buildings and
other human constructions, they are also ubiqui-
tous in both wooded and desert regions of North
America and are likely to suffer unintended ex-
posure to MPCAs. Worldwide, subterranean ter-
mites contribute substantially to nutrient cy-
cling, energy flow, and ecosystem productivity
by (1) consumption of dead vegetation and con-
version of lignocellulosic materials to termite tis-
sue and fecal matter; (2) mixing and aeration of
the soil through their extensive tunneling activ-
ities; (3) seasonal availability of swarming alates
as prey for birds, lizards, and other insectivores;
and (4) creation of cavities in trees suitable for
use as nesting sites by birds and other verte-
brates (Lee & Wood 1971, Wood & Sands 1978,
McMahan 1986, Ewart 1991, Whitford 1991).

There are few reports of pathogens isolated
from termites and little information available on
the toxic effects of MPCAs. A brief, but thorough,
summary of this information from the point of
view of termite control is given by Logan et al.
(1990). A possible virus was isolated from ter-
mites by Gibbs et al. (1970), a strain of Bacillus
thuringiensis Berliner was identified by Khan et
al. (1977), a Beauveria bassianna (Bals.) Vuill.
strain was described by Zoberi & Grace (1990b),
and a microsporidian was described by Jafri et al.
(1976). Naturally occurring nematode infections,
particularly by Rhabditis spp., have been re-
ported somewhat more frequently (Poinar 1975).
Microbial control efforts with termites have
largely focused on the use of nematodes (e.g.,
Georgis et al. 1982, Epsky & Capinera 1988) or
fungi (e.g., Lai et al. 1982, Hanel & Watson 1983,
Grace 1991, Suzuki 1991).

1 This interim protocol was developed on the basis of current
knowledge of testing the toxicity of chemical pesticides. Mod-
ifications may be required as experience in testing microbial
pest control agents is acquired.
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Criteria for Selection of Test Species

Approximately 2,200 species of termites are
known; of these, most are found only in the
tropics (Wilson 1971, Wood & Johnson 1986).
Termites generally are classified as the order
Isoptera, although an alternative classification as
the suborder Termitodea of the order Dictuoptera
(including mantids, cockroaches and termites) is
found in some Canadian literature (e.g., Vickery
& Kevan 1985). According to Wood & Johnson
(1986), the distribution of described species in
the seven families (number of species) of the
order Isoptera is as follows: Mastotermitidae (1),
Kalotermitidae (350), Termopsidae (17), Hodot-
ermitidae (17), Rhinotermitidae (206), Serriter-
mitidae (1), and Termitidae (1639). The Masto-
termitidae are limited to northern Australia
(Mastotermes darwiniensis Froggatt) and the
Serritermitidae to central South America (Serri-
termes serrifer [Bates]).

The Rhinotermitidae are referred to as subter-
ranean termites, so-called because they usually
nest in the soil and feed on woody materials at
(or above) the soil surface. The holoarctic genus
Reticulitermes Holmgren is the predominant
and most broadly distributed Rhinotermitid ge-
nus in North America, with the exception of the
southwestern desert regions where it is dis-
placed in part by the ecologically similar Hetero-
termes Froggatt (Haverty & Nutting 1976,
Weesner 1965, 1969). The keys provided by
Weesner (1965) remain most useful in identify-
ing North American termites to genus. The keys
and descriptions of Banks & Snyder (1920) and
Banks (1946) are useful in identifying species of
Reticulitermes, although the taxonomy of this ge-
nus is difficult and controversial. As a result of
this difficulty in species identification and their
ecological equivalency, some authors and com-
mercial sources refer only to Reticulitermes spp.

Zootermopsis (Termopsidae) is commercially
available (Carolina Biological Supply, 2700 York
Road, Burlington, NC) and is a popular labora-
tory experimental animal because of its rela-
tively large size (20-30 mm). However, its lim-
ited distribution in damp and decayed wood
(e.g., stumps and logs) in the west and northwest,
its exceptionally large body size for North Amer-
ican termites, and its very small colony size in
comparison with more broadly distributed gen-
era mitigate against its use as a generalized test
organism for MPCAs. If Zootermopsis is consid-
ered the termite genus most likely to be exposed
to a particular MPCA application and if the gen-
eralized test species has already been deter-
mined as susceptible to the MPCA, then toxicity
testing of Zootermopsis should also be per-
formed. Results obtained with Zootermopsis
may also be more applicable to drywood termites
(Kalotermitidae), which have a similar caste

> structure and also nest in small colonies directly
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within above-ground wood, than test results with
subterranean termites.

Reticulitermes flavipes (Kollar), the eastern
subterreanean termite, is recommended as a test
species in this protocol because of its very broad
distribution in the United States, Canada, and
parts of Europe. As a result of the taxonomic
difficulties mentioned above, this recommenda-
tion may be further generalized to Reticuliter-
mes spp., although the actual location (and date)
of collection should always be specified and type
specimens should always be maintained. As of
the date of this publication, Reticulitermes spp.
are commercially available from Carolina Biolog-
ical Supply. Whether or not the test insects are
obtained from a commercial source, the date and
place of location, as well as the length of time
that the termites have been maintained under
laboratory conditions should be determined and
recorded. Preserved (70% alcohol) specimens of
the soldier and, if possible, winged alate repro-
ductive castes from each termite collection
should either be retained by the testing labora-
tory or be deposited in an appropriate entomo-
logical collection at a university, museum, or
government facility.

Although not a subterranean termite, Zooter-
mopsis spp. should be considered as alternative,
secondary, test species. This termite is an impor-
tant degrader of logs and stumps in western
North America, it is simple to maintain and han-
dle in the laboratory, and specimens can be ob-
tained commercially. Its humid living environ-
ment certainly would favor the activity of many
MPCAs. Test results obtained with Zootermop-
sis spp. are likely to be qualitatively, but not
quantitatively, similar to those obtained with Re-
ticulitermes spp. _

For the purposes of this evaluation, test results
obtained with Reticulitermes spp. can reason-
ably be assumed to be generally applicable to
other subterranean Rhinotermitid (e.g., Hetero-
termes spp.) and Termitid species in North
America. However, if another termite species is
known to occur in the geographic region or eco-
logical community for which the MPCA is in-
tended or is considered to be particularly vulner-
able to MPCA exposure as a result of the method
of application or proximity to the intended target,
then efforts should be made to test the MPCA
against that particular species. Although other
termite species (e.g., Coptotermes formosanus
Shiraki) are not available commercially, testing
can frequently be performed through the coop-
eration of academic and government termite re-
searchers in the region of interest. In addition to
a search of the current literature or of presenta-
tions at insect pathology or other entomological
meetings, membership directories of two societ-
ies may be particularly useful in identifying
these researchers: the International Isoptera So-
ciety (c/o M.I. Haverty [Treasurer], USDA For-
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est Service, Pacific Southwest Experiment Sta-
tion, P.O. Box 245, Berkeley, CA 94701) and the
International Research Group on Wood Preser-
vation (IRG Secretariat, Box 5607, S-114 86
Stockholm, Sweden).

Test Procedures

Summary of Test Procedures. Chemical insec-
ticide toxicity evaluation with subterranean ter-
mites generally proceeds in three stages: (1) top-
ical toxicity, by micro-application of a drop of the
unformulated active ingredient in an appropriate
solvent to the insect’s abdomen; (2) oral toxicity,
by providing the insects with a food source in the
form of cellulose filter paper or wood slices im-
pregnated with the unformulated insecticide;
and (3) contact toxicity, by placing the insects on
insecticide-treated sand or soil in a petri dish for
a prescribed period of time. However, this se-
quence is not particularly suited to evaluation of
the hazards of nontarget exposure of termites to
MPCAs.

Termites are social insects that groom each
other and share food both orally and anally. Sub-
terranean termites not only contact soil with
their tarsi and body surfaces but also manipulate
and carry soil particles in their mouthparts as
they tunnel. Thus, infective MPCAs are afforded
opportunities for both direct penetration of the
cuticle and invasion via body openings. The fol-
lowing three tests are suggested to assess MPCA
toxicity/pathogenicity to subterranean termites:
(1) contact/oral toxicity to individual termite
workers; (2) contact/oral toxicity to groups of ter-
mite workers; and (3) contact/oral toxicity of the
formulated MPCA in soil application. MPCA
hazard to termites is actually a function of MPCA
toxicity/pathogenicity, field use pattern (includ-
ing application method), and termite field expo-
sure to the MPCA (including defensive behav-
ioral responses). Tests addressing these hazard
factors should be developed by manufacturers

‘and researchers to supplement the toxicity/

pathogenicity test protocol. However, such tests
must be developed to fit specific circumstances
and are difficult to express as a generic protocol.

As described here, these test procedures are
generally suitable for. evalutation of MPCAs
based upon pathogenic fungi and other patho-
gens with which mortality may reasonably be
expected to occur within a 15-d period. If a
longer pattern of mortality is anticipated (e.g.,
caused by the use of protozoa or slow-release
formulation), then the test period may need to be
extended.

Test 1. Contact/Oral Toxicity of MPCAs to In-
dividual Subterranean Termite Workers. Work-
ers of Reticulitermes flavipes or other termite
workers (pseudergates, or externally undifferen-
tiated individuals) are placed individually on
cellulose filter paper disks (i.e., No. 1 or No. 2,
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Whatman Paper, Maidstone, England) or pads
(Gelman Instrument, Ann Harbor, MI) in the
wells of a disposable flat-bottomed well tissue
culture or enzyme-linked immunosorbent assay
(ELISA) plate. I recommend that a 96-well plate
be used. A droplet of unformulated MPCA in
distilled water at either 10X, 1x, 0.1X, or 0%
(water controls) field application rate is applied
by pipet to the top of each well. Spreading agents
such as polyethylene glycol p-tert-octylphenyl
ether (Triton X-100, Rohm & Haas, Philadelphia,
PA) or polysorbate 80 (Tween 80, ICI Americas,
Wilmington, DE) should be used sparingly to
suspend the MPCA in solution for application
because these adjuvants may interfere with the
adhesion of MPCAs such as fungi to the insect
cuticle. A hemacytometer may be useful in de-
termining solution concentration (e.g., prop-
agules per unit volume).
Dose should be expressed in terms of both
MPCA units per volume of solution (solution
" concentration, equivalent to field rate) and
MPCA units per termite (actual dose). The aver-
age (wet) mass of the termite workers tested

should be reported as determined by weighing a -

subsample of termite workers from the same col-
lection from which the test insects were. se-
lected.

Each test should contain at least 20 termite
workers per treatment (each individual in a sep-
arate well), and the test should be replicated at
least three times. The well plates should be in-
cubated under constant conditions, and termite
mortality should be recorded daily for 15 d. In-
cubation at 25-27°C and ~80-95% RH is recom-
mended for Reticulitermes spp., with slightly
higher temperatures for Coptotermes or Hetero-

termes spp. (Lenz et al. 1987). Incubation in the.

dark, with use of light as needed to monitor the
tests, is recommended. Vibration or other physi-
cal disturbance of the test units should be
avoided.

Initally, analysis of variance (ANOVA) of trans-
formed (arcsine of the square root) percentage
mortalities may be used to determine whether
treatments differ from the water controls (SAS
Institute 1987). This can also be tested by linear
regression (Robertson & Preisler 1992). If treat-
ment effects exist, a suitable range of concentra-
tions should then be tested to estimate the LCs,,.
These mortality data should be analyzed by an
appropriate model (e.g., probit, logit, or comple-
mentary log—log [CLL] [Robertson & Preisler
1992]), after correcting for control mortality by
Abbott’s (1925) formula, to estimate the L.Cs, for
specific time intervals and time to reach 50%
(LT50) mortality.

Test 2. Contact/Oral Toxicity of the MPCA to
Groups of Termite Workers. Differing results,
attributed to termite social interactions, have
been reported from MPCA efficacy tests with
individual termites and with groups (e.g., Tru-
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deau 1989). In this test, a filter-paper disk or
paper pad is placed in a petri dish and saturated
with the unformulated MPCA in distilled water
at 10x, 1x, 0.1X, or 0x (water controls) field
application rate. Dose should be expressed in
terms of both MPCA units per volume of solution
and MPCA units per unit of filter-paper surface
area. A group, of 30-100 termite workers (pseud-
ergates) is placed on the moist paper in the dish.
At least three replicates of each treatment should
be included in the test. The dishes are incubated
as previously described, and termite mortality
should be recorded 7, 14, and 28 d after the test
begins. Mortality data are analyzed and reported
as described above.

Test 3. Contact/Oral Toxicity of the Formu-
lated MPCA in Soil Application. Acetone-
washed and autoclaved silica sand is saturated
by mixing it into an excess of the formulated
MPCA at 10x, 1x, 0.1X, and 0X (water controls)
the recommended concentration for field appli-
cation. Sawdust should be substituted for sand in
tests with Zootermopsis spp. Excess solution is
decanted and =1 cm of the damp sand is placed
on top of, and completely covering, a filter paper
disk in a petri dish. A group of 30-100 termite
workers is placed on the sand surface, and the
dishes are incubated as previously described. At
least three replicates of each treatment for each
separate sampling period (independent samples)
should be included in the test. Termite mortality
is recorded 7, 14, and 28 d after initiation. Data
are analyzed and reported as described above.

Supplemental Tests. As mentioned above,
simulation of field use of the MPCA or of the
anticipated pattern of field exposure of termites
to the MPCA may be desirable to evaluate haz-
ard more accurately and may mitigate direct tox-
icity/pathogenicity of the MPCA. Choice tests in
which termites are provided with a refuge from
contact with MPCA-contaminated sand, sawdust,
or cellulosic food material, generally by provi-
sion of several nest containers connected by
plastic or glass tubing are recommended. How-
ever, such tests must be developed to fit specific
circumstances and are difficult to generalize.

Conclusions. I suggest that test procedures
and results be reported as outlined in the Appen-
dix. This reporting method provides sufficient
detail to permit accurate replication and, if nec-
essary, later re-interpretation of the experimental
results to reflect any new advances in termite or
MPCA biology or systematics.

As written, this interim protocol meets the re-
quirements of the Federal Insecticide, Fungi-
cide, and Rodenticide Act to develop informa-
tion on the susceptibility of nontarget species as
a condition of registration of MPCAs. The tests
described above should permit an accurate as-
sessment of the lethal effects of MPCAs on non:
target termite species. I recognize that these le-
thal effects may be mitigated by application




April 1994

methods or environmental factors that would
limit termite exposure. Hopefully, as we become
more experienced with MPCAs, the protocols
currently being developed by the EPA will be
modified as necessary to reflect this experience.

Appendix. Reporting Method

Test data should be.recorded as described
above, with the report including:

1. name of the test, sponsor, test laboratory,
study director, principal investigator, person-
nel performing each activity, and dates of test-
ng;

2. a detailed description of the test MPCA, in-
cluding (a) the formulation and concentration,
(b} lot or batch number, and (c) the type of
dilutions carried out;

3. detailed information about the test insects,
including the species (and source of the spe-
cies identification) or genus, location where
specimens (in alcohol) are deposited, source
of the insects, collection locale and original
date of collection, average (wet) mass of the
termite workers$, laboratory maintenance con-
ditions, and length of time the insects were
maintained in laboratory culture before the
test; test and incubation conditions (tempera-
ture, duration, relative humidity) and the
exact method of exposure to the MPCA should
be included;

4. description of the test substrates, dimensions,
number of termites per replicate in each test,
and number of replicates per dilution of
MPCA (for test 1, dose should be given both
in terms of MPCA units per volume of solu-
tion and in terms of MPCA units per termite;
for test 2, dose should be given both as MPCA
units per volume of solution and as MPCA
units per unit of filtér paper surface area);

5. percentage mortality of the testinsects at each
dose after each observation period should be
reported; control mortality should be re-
ported, even if Abbott’s [1925] formula is
used to correct the treatment mortality for sta-
tistical analyses;

6. for tests 2 and 3, proportions (if any) of the test
insects showing external evidence of devel-
opmental changes, such as wing pad develop-
ment or molting into presoldiers, should be
noted because such changes could indicate
sublethal effects of the MPCA;

7. any supplemental. test procedures (such as
choice tests) should be fully described, in-
cluding size, shape, and configuration of test
containers or arena, termite numbers, sub-
strate volume and moisture content, pathogen
concentration, and duration of test;

8. the type of statistical test, and name of any
computerized statistical procedures, should
be reported, with confidence intervals, slope,

GRACE: TERMITE PROTOCOL FOR MICROBIAL TESTS

273

and intercept reported along with any LCg,
and LT, values; mean percentage mortalities
reported should include the standard devia-
tion or standard error of the mean;

9. any deviation from the test protocol should be
reported, as well as any unusual events such
as temperature fluctuation, disease occur-
rence, high control mortality or great variation
in mortality among replicates.
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