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ABSTRACT

A retrospective evaluation of the biological control program for Bemisia tabaci biotype B in
the U.S.A. was conducted.  The use of climate matching to direct foreign exploration led to
discovery of B. tabaci parasitoids from diverse climates, which proved useful in selecting
species which would establish in the varied climates of the impacted agricultural areas of the
U.S.A.  The parasitoids which established on the B biotype in the U.S.A. came from several
Old World biotypes. Field and laboratory evaluation demonstrated significant differences in
their attack rates when searching for B. tabaci on cotton, broccoli, or melons.  These tritrophic
interactions could also have influenced their competitiveness and is also evidence of how
plant hosts influence host range of parasitoids. It is also suspected that hybridization of the
Eretmocerus spp. may have occurred, and molecular methods for testing this hypothesis are
discussed. This retrospective evaluation of the program in the U.S.A. was used to develop
predictive tools for selection of agents for biological control of B. tabaci in Australia and
China.

INTRODUCTION

Bemisia tabaci biotype ‘B’ Gennadius (Homoptera: Aleyrodidae) (= Bemisia argentifolia Bel-
lows and Perring) became a major pest of cotton, cucurbits, winter vegetables and ornamental
plants in the southern U.S.A. during the 1990’s. Foreign exploration for natural enemies of B.
tabaci was implemented, and as a result, over 56 populations of parasitoids were established
in quarantine culture from collections made between 1992 and 1998 (Kirk and Lacey 1995
Kirk et al. 1993; Kirk et al. 2000; Legaspi et al. 1996).  Imported natural enemies were evalu-
ated in laboratory and field cage tests and then released in AZ, CA, and TX (Goolsby et al.
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1996; Goolsby et al. 1998; Goolsby et al. 2000; Gould et al. 1998; Hoelmer et al. 1998; Simmons
et al. 1998; Pickett et al. 1999). Several species of parasitic Hymenoptera are now established
in Texas, Arizona and California (Goolsby et al. 2005).  A retrospective analysis of the pro-
gram was conducted, and a set of predictive tools was developed to assess the parasitoids of B.
tabaci being considered for importation by other countries (Goolsby et al. 2004). These tools
were put into practice to predict which parasitoid species would be the best candidate for
introduction into areas of Queensland, Australia, and more recently southern China, which
are currently affected by B. tabaci.

DISCUSSION

FOREIGN EXPLORATION

Due to the wide distribution of B. tabaci and the unknown origin of the B biotype popula-
tion, a worldwide search for natural enemies was conducted.  By the early 1990’s, B. tabaci
biotype B was distributed across the southern tier of North America, including Florida, Texas,
Arizona, and California.  The climates and agroecosystems of these areas were climatically
similar in that they supported a mix of year-round crops, including winter vegetables and
summer row crops.  However, their climates differed in terms of their seasonal minimum and
maximum temperatures, relative humidities, and rainfall patterns and amounts. Climate-match-
ing using CLIMEX (Sutherst et al. 1999) showed strong affinities between:  Southeast Asia
and south Florida;  Mediterranean Europe with the San Joaquin Valley of California; the
Arabian Peninsula with the Imperial Valley of California and South Asia and the Lower Rio
Grande Valley of Texas as shown in Fig. 1.

Figure 1. Worldwide locations with climatic similarity to the Lower Rio Grande Valley of Texas, U.S.A.  Blue
dots indicate a CLIMEX match of 75% or better.
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Foreign exploration focused entirely on natural enemies of the B. tabaci complex, which
included several known biotypes (Brown et al. 1995; Frohlich et al. 1999).  It was not known
at the time if the parasitoids from non-B biotypes would find the B biotype suitable, but now
in retrospect, we know that the Old World Eretmocerus parasitoids readily accepted it.  With
the introduction of the Q Biotype into North America it is likely that the established parasi-
toids will find this biotype equally suitable. This is the case in southeast Spain, where the Q
biotype is established and is readily accepted as a host by Eretmocerus mundus Mercet (Hy-
menoptera: Aphelinidae). The other important outcome of the foreign exploration involved
the a priori decision to collect natural enemies only from the B. tabaci complex.  This decision
was manifested in the host range and host specificity of the biological control agents.  A
biological risk assessment was conducted in 1994 prior to release, and it was determined that
only natural enemies reared from B. tabaci would be permitted for release, and further only
primary and autoparasitoids in the genera Eretmocerus and Encarsia (USDA 1995a,b).  The
requirement set forth in this assessment precluded the ‘new association’ strategy, but appears
to have resulted in natural enemies with narrow host specificity.  A decade later, this decision
seems appropriate, given the trend towards natural enemies with narrow host ranges and the
call for host-range testing of arthropod biological control agents in the U.S.A. (Van Driesche
and Reardon 2004).

QUARANTINE

Several Eretmocerus and Encarsia species were established in culture between 1993-1998
(Goolsby et al. 1998).  These candidate biological control agents came from varied climates
and from B. tabaci infesting a wide variety of host plants.  Early experiences with the indig-
enous North American natural enemies showed that parasitism by a key native species,
Eretmocerus eremicus Rose and Zolnerowich, was low on B. tabaci infesting fall/winter cole
crops.  This resulted in very low numbers of overwintering E. eremicus in the spring and
outbreaks of B. tabaci on melons (Hoelmer 1995).  The same drop in parasitism by the native
Encarsia was not noted on winter cole crops.  This was evidence of a tritrophic interaction
between E. eremicus, B. tabaci and its cole crop host.  To evaluate potential host plant effects
(tritrophic interactions) of the imported parasitoids their attack rate was evaluated on several
key crop plants, including cotton, broccoli, and cantaloupe melons.  Significant differences
were noted between plant types (Goolsby et al. 1998).  For example, Eretmocerus hayati
Zolnerowich and Rose, performed best on cotton, but was lower ranked on melons and broc-
coli. In general, the Old World Eretmocerus spp. performed the best and were prioritized in
the biological control program.

As the science of biological control moves toward more extensive host range testing for
arthropod agents, we should use this evidence of the tritrophic effects on the B. tabaci parasi-
toids when we predict the realized host range of agents. Realized host range is a term that is
gaining acceptance in the biological control of weeds community.  It is defined as the innate
host specificity of an organism, including its fundamental or physiological host range, relative
acceptability and suitability of hosts, ability to learn, and influence of time-dependent effects
in the post-release environment (van Klinken 2000).  In the case of the Old World Eretmocerus
spp., their realized host ranges were influenced by the host plants where they were released.
Preference for B. tabaci on selected host plant showed evidence of habitat specialization.  For
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these parasitoid species, plant cues, rather than the host insect, may be more important in
their host-finding mechanisms.  This is similar to the results of Kuhlmann et al. (2000) who
found distinctive habitat preferences and host plant associations for mirid plant bug parasi-
toids in Europe. If non-target whitefly species were at risk in future biological control pro-
grams involving Eretmocerus spp., then the influence of the plant host should be considered
in host-range testing.   Non-target attack may be ameliorated by the effect of the plant host on
their searching behavior.  It appears from the research on Eretmocerus spp. in the B. tabaci
program that even studies done in the confinements of quarantine laboratories can produce
meaningful results and add to predictions of the realized host range of a biological control
agent.

ESTABLISHMENT OF PARASITOIDS IN THE U.S.A.

Five species of Aphelinidae became established in the U.S.A.:  E. mundus, E. hayati,
Eretmocerus emiratus Zolnerowich and Rose, Eretmocerus sp. (ex. Ethiopia), and Encarsia
sophia Viggiani.  A sixth species Eretmocerus melanoscutus Zolnerowich and Rose, may be
locally established in greenhouses in South Texas (T. X. Liu, pers. comm.). Climatic effects
and the influence of tritrophic interactions appears to have had a strong influence on their
establishment (Goolsby et al. 1998; Goolsby et al. 2005).  However, several questions remain
regarding establishment patterns.  Eretmocerus hayati only established in Texas despite what
appears to be ample heat tolerance for the irrigated desert agriculture of Yuma and the Impe-
rial Valley.  Did the crop mix of the Imperial Valley, i.e. large plantings of alfalfa, put it at a
competitive disadvantage versus E. emiratus and E. nr. emiratus (ex. Ethiopia)?  One of the
obvious differences in the crop mix between the two areas is the large plantings of alfalfa in
the Imperial Valley.  Although year-round densities of B. tabaci in alfalfa are low, it is an
important bridging host in the fall between cotton and winter vegetables.  Field cage evalua-
tions of the parasitoids conducted in the Imperial Valley showed that levels of parasitism on
alfalfa were much lower than with cantaloupe melons, cotton or broccoli (Hoelmer 1998;
Hoelmer and Roltsch in press).  These tests did not include E. nr. emiratus ( ex. Ethiopia),
which became available later in the program.  This parasitoid species may have been more
effective at searching for B. tabaci in alfalfa, a trait that would have favored its establishment.
In the Lower Rio Grande Valley the situation is reversed, where E. hayati has become estab-
lished, and to date, no recoveries of E. nr. emiratus (ex. Ethiopia) have been made.  Could the
lack of alfalfa have influenced the establishment patterns in this agroecoystem?  Field studies
are planned for Arizona, California and Texas to evaluate the impact of the introduced para-
sitoids on B. tabaci using the methods developed by Naranjo and Ellsworth (In press).  The
proposed studies will be conducted on series of crops which may also explain the tritrophic
interactions of the plant hosts with the introduced parasitoids.

In Yuma and the Imperial Valley, two species, E.  emiratus and E. nr. emiratus, have
become established.  The population of E. nr. emiratus in Yuma is morphologically identical
to the original voucher specimens (Mike Rose, pers. comm.).  However, in the Imperial Val-
ley the species appear to grade together, which suggests that the two populations are repro-
ductively compatible and may be hybridizing.  Could this be evidence that a more fit hybrid
form of the two species exists in the field?  Molecular tools may be able to validate this hy-
bridization event.  More importantly though, could molecular markers be used in the labora-
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tory to identify hybrids and follow their success or failure in the field?  If so, these techniques
may open the possibility for selective breeding in quarantine of reproductively compatible
species and/or populations followed by field studies to evaluate their efficacy.  Biological
control programs often seek populations of a natural enemy species from different climates
with the belief that they will be more suited to the area of introduction.  However, climati-
cally adapted species may lack important biological attributes found in other populations.
Multiple populations may have the opportunity to mate in the introduced range which leads
to selection of the most fit individuals. However, the opportunity for this to occur may be
lacking due to the stochastic effects of the environment and small initial release populations of
the biological control agents.  The opportunity for hybridization of species may be best done
in the laboratory after which molecular markers can be employed to track the failure or suc-
cess of these hybrids in the field.

The apparent intergradation of the two Eretmocerus species in the Imperial Valley could
provide an opportunity to test these hypotheses and propose new research that would inte-
grate the use of molecular techniques and crossing studies at the outset of biological control
program.  To test this hypothesis, material from the sources populations in Ethiopia and the
United Arab Emirates would need to be recollected and reared in quarantine for the genetic
studies.  Other keys species in the program, including E. hayati from Pakistan, E. mundus
from Spain, and E. melanoscutus from Thailand, should also be recollected and analyzed in
the study.  By comparing the genetics of the source populations with the established field
populations, we may discover that hybridization occurred between these closely related spe-
cies.  Understanding which parental populations contributed to the hybrid forms may help
us determine which biological traits (i.e., climatic tolerance, host range) were contributed
from each source population.  In the future, we may be able to determine which genes are
responsible for the desired traits and select for individuals with the highest potential for suc-
cess.

USING THE PREDICTIVE TOOLS TO SELECT AGENTS FOR AUSTRALIA AND CHINA

Predictive tools for prioritizing agents were used throughout the biological control program
to prioritize agents for mass rearing and release (Goolsby et al. 1996; Goolsby et al. 1999;
Hoelmer and Goolsby 2003).  A retrospective study of the establishment of parasitoids in the
U.S.A. showed the predictive value of the climate matching and quarantine attack rate studies
(Goolsby et al. 2005).  Based on this retrospective evaluation, a set of guidelines or tools were
developed to help select the first agent for evaluation and release in Australia.  Regulations in
Australia require host range testing of arthropods, which is a considerable commitment in
terms of time and resources.  Therefore, selecting the best first candidate for testing was im-
perative.  Eretmocerus spp. were prioritized because they had generally done well in quaran-
tine attack rate studies.  Climate matching showed that McAllen, TX in the Lower Rio Grande
Valley was the most similar part of N. America to Queensland, Australia where silverleaf
whitefly has become a pest (Fig. 2).  In addition, the crop mix in this region of Australia is
similar to the Lower Rio Grande Valley.  Since E. hayati has established in Texas and is the
dominant parasitoid in field collections, this species was shipped to Australia for host range
testing and evaluation as a biological control agent.  In the quarantine studies, E. hayati was
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shown to only attack B. tabaci and one other closely related whitefly.  Australian regulatory
authorities granted a release permit for E. hayati and it was released in late 2004.  Early indi-
cations from the program in Australia are that E. hayati is successfully reproducing in the
field and dispersing.  While it is too early to tell if this species will become permanently
established, it appears that the predictive tools worked well in selecting a candidate.  It is
possible that other parasitoid species might have shown similar results, but given the regula-
tory framework in Australia, this hypothesis cannot be fully tested unless E. hayati is shown
to be ineffective and release of a second species is warranted.

Bemisia tabaci biotype B has also recently become a pest in China (Luo et al. 2002).
Like Australia, other biotypes of B. tabaci are endemic to China along with a suite of indig-
enous parasitoids (Huang and Polaszek 1998).  It is not known if the introduced species will
provide additional biological control in the midst of the endemic parasitoids, but the experi-
ence in Australia has been that the endemic parasitoids were ineffective (DeBarro 2000).  Us-
ing our experience in Australia, the predictive tools were used again to select candidates for
release in China.  The areas of China that are impacted by B. tabaci include the subtropical
areas of southern China north to the warm temperate areas of Shanghai.  In the Shanghai area,
B. tabaci overwinters in greenhouses and infests field plantings each spring.  Climate-match-
ing using Guangzhou, Guandong as the home location showed that the best matches for N.
America occurred from Florida westward to Texas (Fig. 3).  Both E. hayati and E. melanoscutus
have been recommended for release in China.  This provides an opportunity to test the release
of two species simultaneously and evaluate their tritrophic interactions in the agroecosystem.
In China, banker plant, first developed for augmentation of Eretmocerus spp. in melon crops
in TX and CA, may be a useful method for passive dispersal of the parasitoids from the
greenhouses to field crops (Goolsby and Ciomperlik 1999; Pickett et al. 2004).

Figure 2. North American locations with climatic similarity to Emerald, Australia.
Blue dots indicate a CLIMEX match of 75% or better.
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The biological control program for B. tabaci provided novel opportunities to use pre-
dictive tools to direct foreign exploration and evaluate a suite of natural enemies in quarantine
prior to release.  These experiences have been used to develop a set of predictive tools for
biological control of B. tabaci, which have used in the selection of agents for release in Aus-
tralia and now China.  The influences of climate and tritrophic effects appear to have been
important factors in the establishment of the Eretmocerus spp. for B. tabaci.  Further studies
on the introduced parasitoids, including their impact on B. tabaci, the influence of the host
plants in the agroecosystem, and their genetics, are warranted, and may provide useful in-
sights and new scientific directions for biological control of arthropod pests.
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