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Abstract The majority of recent quarantine schedules

have relied on methyl bromide fumigation. However, due

to the phase-out of this fumigant in January 2005 alterna-

tive treatments are needed. Four alternative chemical

fumigants were tested for their potential to replace methyl

bromide as a control agent for Bemisia tabaci, Liriomyza

huidobrensis and Frankliniella occidentalis. Phosphine at

2 g/m3 gave promising results at 15 �C with complete

mortality of all insects after 24 h exposure. Sulphuryl

fluoride, ethyl formate and acetaldehyde caused severe

damage to plant foliage after only 4 h exposure. However,

sulphuryl fluoride produced 100 % mortality of L. hu-

idobrensis pupae after only 2 h exposure. In a large scale

test using phosphine 2 g/m3 at 15 �C complete mortality of

L. huidobrensis eggs and pupae was recorded after a 24 h

exposure. However, only 98.5 and 86 % mortality of

B. tabaci eggs and F. occidentalis eggs, respectively, was

recorded after this treatment. Treatments with phosphine

produced no significant detrimental effects on subsequent

plant growth. The potential of these chemicals to act as

alternatives to methyl bromide as quarantine fumigants is

discussed.

Keywords Chemical control � Chrysanthemum �
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Introduction

The introduction of non-indigenous pests and diseases into

a country can impact on both forestry and horticultural

industries (Baker et al. 2000; McDonald et al. 1999), where

crop damage and even complete loss may occur. Envi-

ronmental damage has also been recorded following

establishment of non-indigenous organisms (Murchie et al.

2003). The European Union (EU) identifies a range of

organisms of plant health importance whose introduction

and movement around the EU are prohibited (Bartlett

1993; Cheek and Cannon 2002). Therefore, effective dis-

infestation treatments are vital if traded plants and plant

products are to meet these legislatory requirements. New

pests and diseases, many of which show high levels of

pesticide resistance, will further increase the prominence of

these issues and the need for further pesticide use (Cahill

et al. 1996; Ahmad et al. 2002; Cuthbertson and Brown

2009). This has resulted in the need for alternative means

of pest control to be devised (Williams and Walters 2000;

Kostyukovsky et al. 2002; Cuthbertson et al. 2003a, b,

2005a, b, 2008a, b, 2009a, b, 2012a; Giannakou and Kar-

pouzas 2003).

The majority of recent quarantine schedules have relied

on methyl bromide fumigation (Walters 2001). Methyl

bromide is a critical element in the pre-plant management

of soil-borne pests and pathogens in high value fruit,

nursery and ornamental crops, and in post-harvest man-

agement of pests on fresh produce and durable commodi-

ties (Schneider et al. 2003). Since the early 1990s, this

fumigant has been known to break down under the influ-

ence of strong UV rays, and thus release bromide atoms

which deplete the ozone layer (WMO 1995; Dabrowski

2002). Increased awareness of the effect of chemicals on

the environment and non-target organisms (Horowitz et al.
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2003; Cuthbertson and Murchie 2005, 2010, 2012) and the

phase-out of methyl bromide in industrialised countries in

January 2005 (Schneider et al. 2003) has lead to a greater

demand for alternatives to methyl bromide for invertebrate

pest control to be devised (Giannakou and Karpouzas 2003;

Lopez-Aranda et al. 2003; Slusarski and Pietr 2003). Under

current UK quarantine and pre-shipment rules methyl

bromide can be used in an emergency situation if no viable

alternative can be found.

A number of potential alternative treatments that may be

suitable for quarantine disinfestation have been identified.

These include; heat treatments, hot water treatments,

composting, extreme controlled atmospheres and alterna-

tive fumigants (Walters 2001; Cuthbertson et al. 2009a).

The aim of this study was to further investigate the use of

phosphine and several natural plant volatiles as alternatives

to methyl bromide for plant quarantine treatments against

three plant pests; L. huidobrensis, Bemisia tabaci and F.

occidentalis. For effective quarantine treatment 100 %

mortality of pest species was the objective of the study.

The study was undertaken at The Food and Environment

Research Agency (Fera), UK in 2005. The insects were

maintained, under license, in the Plant Health Quarantine

Entomology Laboratories at Fera.

Materials and methods

Test fumigants

The fumigants investigated were acetaldehyde, ethyl for-

mate, sulphuryl fluoride and two formulations of phosphine

(Frisin and Phostoxin tablets which produce phosphine in

contact with atmospheric moisture along with small

quantities of ammonia and carbon dioxide). These chemi-

cals were chosen as preliminary tests had shown some

potential for controlling the pests.

Concentrations of acetaldehyde were measured using

Kitagawa gas detector tubes (tube number 133A). Other

fumigant concentrations were measured using a Hewlett

Packard 5890 series II gas chromatograph (GC) fitted with

a flame photometric detector for phosphine and a thermal

conductivity detector for ethyl formate and sulphuryl

fluoride.

Fumigants were introduced into 1.7 m3 fumigation

chambers at a concentration higher than the desired level.

The concentration was measured and then reduced to the

target concentration by partial evacuation of the chamber

and the subsequent re-introduction of air.

The chambers were equipped with ports fitted with

plastic sleeves that allowed test material to be introduced

into the chambers and removed with minimal loss of

concentration.

Insect cultures

Stock cultures of Bemisia tabaci, L. huidobrensis and F.

occidentalis were maintained under quarantine conditions

following the methods of Williams and Walters (2000) and

McDonald et al. (1997), respectively, in perspex cages as

described by Cuthbertson et al. (2003a).

The susceptibility of L. huidobrensis to alternative

fumigants

Eggs

Batches of five 10–12 leaf chrysanthemum plants (Den-

dranthema morifolium c.v. White Fresco) were exposed

within a separate perspex culture cage to 50–100 mixed sex

L. huidobrensis adults, all of which were more than 24 h

post-eclosion. After a 24 h egg-laying period, the flies were

removed. The plants were then incubated with the various

fumigant treatments in a fumigation chamber at 20 �C,

70 % relative humidity (r.h.) with continuous lighting for

16, 24, 48 or 72 h. A control was incubated under normal

atmospheric conditions. Following exposure, plants were

incubated at 20 �C, 70 % r.h. and a 16:8 h light–dark

regime until the assessment of mortality was conducted.

Larvae

As for egg infestation, chrysanthemum plants were exposed

to 50–100 mixed sex L. huidobrensis adults, again within a

separate culture cage, all of which were more than 24 h

post-eclosion (Cuthbertson et al. 2009a). After a 24 h egg-

laying period, the flies were removed and the plants were

incubated for 3 days at 22 �C, 65 % r.h. prior to exposure to

the various fumigants in order for the second instar stage to

develop. The test plants were placed in the treatment

chamber as described for L. huidobrensis eggs. Controls

were incubated under normal atmospheric conditions. After

exposure plants were returned to normal atmospheric con-

ditions until the assessments of mortality were conducted.

Pupae

In initial tests with the fumigants, 20 pupae were placed

into five ventilated glass vials with one vial exposed to

each of the four treatments, and one control vial. In sub-

sequent tests fifteen pupae were placed into each of 15

ventilated glass vials. Twelve of these vials were then

exposed to the fumigant for 16, 24, 48 or 72 h at 20 �C,

70 % r.h. with continuous lighting. After exposure the vials

were returned to normal atmospheric conditions until the

assessments of mortality were conducted. A control group

(3 vials) was incubated as described before.
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The susceptibility of B. tabaci to alternative fumigants

Eggs

Five chrysanthemum plants were each infested with two

male and five female B. tabaci adults contained in clip

cages (MacGillivray and Anderson 1957; Cuthbertson et al.

2003a). The plants were incubated for 48 h at 25 �C, 70 %

r.h., 16:8 h L:D, after which the adult B. tabaci were

removed. Four plants were then used in the fumigation trial

with one as control. The control plant was kept at the same

conditions as the treated plants in each trial but without the

fumigant. This procedure was repeated for each fumigant

tested. Following completion of the final exposure all

plants were incubated for 7 days at 25 �C, 70 % r.h.,

16:8 h L:D. The number of eggs that hatched was recorded

as a measure of survival of each treatment.

Adults

Fifteen adults were placed into each of 15 ventilated glass

vials containing 10 % non-bacterial agar and a 5 cm

tomato leaf disc. Twelve of these vials were then exposed

to each fumigant for the desired exposure periods. After

exposure the vials were returned to the incubation chamber

set at 65 % r.h. and 20 �C and the assessments of mortality

were conducted 24 h later. A control group (3 vials) was

incubated under normal atmospheric conditions.

The susceptibility of F. occidentalis to alternative

fumigants

Eggs

Six fine green beans were placed into an established culture

of F. occidentalis for 24 h. After this period the beans were

removed from the culture, brushing any thrips back into the

jar with a slim line paintbrush. The beans were then sub-

mersed in cold water for 10 min to ensure they are com-

pletely free of adult thrips and dried off with tissue paper.

The beans were then split into two groups and placed

within ventilated containers. One group acted as control

and the other underwent treatment.

Effect of fumigants on plant material

Both rooted and unrooted chrysanthemum plants were

obtained from a commercial source. During each fumigant

trial an equal number (5) were treated with the fumigant

and an equal number stored at 3 �C, 16:8 L:D as control.

After the fumigation treatment both sets of cuttings were

planted and grown on for 4 weeks, after which they were

assessed quantitatively for wet and dry root and shoot

growth along with shoot height. For the large scale testing

of the most promising fumigant, five varieties of chrysan-

themum (White Reagon, Lineker, Laredo, Stallion, Fon-

tana) were chosen for testing. Again five plants were

exposed to each fumigant with an equal number acting as

control. After treatment, the cuttings were planted and

grown on for 4 weeks, following which wet and dry shoot

growth as well as shoot height was assessed.

Results and discussion

Fumigation is still one of the most effective methods for the

protection of stored food, feed stuffs and other agricultural

commodities from insect infestation (Kostyukovsky et al.

2002). The two main fumigants that are in use are methyl

bromide and phosphine. Methyl bromide has been identified

as a main contributor to ozone depletion (WMO 1995), and

has now been phased out in developed countries except for

quarantine and pre-shipment and for uses granted a critical

use exemption. As for phosphine, there are increasing

reports of chemical resistance of pests to this fumigant

(Nakakita and Winks 1981; Tyler et al. 1983). The

replacement of methyl bromide, classed as one of the most

efficient soil fumigants, for the last 50 years (Giannakou

and Karpouzas 2003) with alternative chemical treatments

poses a major problem for the treating of many insect pest

species and also quarantine insects in transit. The devel-

opment of non-methyl bromide quarantine treatments will

allow horticultural growers to eliminate the use of an

environmentally damaging chemical while still protecting

the industry from losses that could be caused by the intro-

duction of new pests and diseases (Cuthbertson et al. 2009a,

2012a, b).

Experiment 1: exposure to phosphine, 1 and 2 g/m3

(as Frisin and Phostoxin tablets) at 20 �C for 6, 16,

24 and 48 h

After all three phosphine treatments (Phostoxin tablets

2 g/m3; Frisin 2 g/m3; Frisin 1 g/m3), 100 % mortality was

recorded for all species and life stages following exposures

lasting 16 h or longer, with the exception of one L. hu-

idobrensis egg and two of sixty B. tabaci eggs following

treatment with Frisin at 2 g/m3 at 20 �C (Fig. 1). Bemisia

tabaci adults were less tolerant to phosphine and all were

killed by the 6 h exposures. The 6 h exposures did not

achieve complete mortality of the L. huidobrensis life

stages and different formulations resulted in similar levels

of mortality.

The treated leaves of unrooted cuttings displayed more

discolouration (yellowing) than untreated controls.
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Additionally the oldest leaves exhibited necrotic brown

patches that increased in size with the duration of the

exposure to phosphine at 2 gm/m3. The apical buds showed

no visible damage and the subsequent growth and general

appearance of the plants was normal following exposures

up to 24 h. Exposures greater than this killed the plants.

Plant height and dry weights of shoots and roots generally

decreased with an increase in exposure (Fig. 2).

Experiment 2: exposure to phosphine (as Frisen)

2 g/m3 at 15 �C

Complete mortality of B. tabaci eggs occurred after 24 h

exposure. Liriomyza huidobrensis larvae and pupae were

also killed after 16 and 24 h, respectively (Fig. 3). Similar

plant effects were recorded in this treatment as were

obtained by the same treatment at 20 �C. Damage symp-

toms included yellow and pale green leaf patches, the size

of which increased with the duration of exposure to the

modified atmosphere. Shoot height generally decreased

with exposure time (Fig. 4).

Experiment 3: exposure to phosphine 4 g/m3 at 15 �C

Complete mortality of L. huidobrensis pupae and eggs was

recorded after a 24 h exposure to this high dose (Fig. 5).

Almost complete mortality of B. tabaci eggs was achieved.

An observational test of three dwarf bean pods infested

with F. occidentalis eggs did not prove successful; a small

number of eggs survived the treatment and successfully

developed to larval stage. No plant measurements were

taken in this trial.

Experiment 4: result of exposure to phosphine

2 g/m3 at 10 �C

All B. tabaci eggs were killed after a 24 h exposure period.

Complete mortality of L. huidobrensis pupae and eggs was

recorded after a 16 h exposure (Fig. 6). Following a 16 h

exposure approximately 50 % of leaves on the plants were

dead. Four weeks after treatment mean shoot height was

not significantly different compared to the untreated con-

trol after 16 h exposure. However, the longer exposures of

24 and 48 h did effect shoot growth. Dry shoot and root

weights were reduced by the treatment with significant

decreases in root and shoot dry weights of plants exposed

to phosphine for 24 h (Fig. 7).

The general levels of pest control recorded in this study

following phosphine at 20 �C were promising. The phos-

phine treatments did not appear to be damaging to the host

plants and the treatment following 6 h exposure had no

detrimental effect on the subsequent root and shoot growth

of treated unrooted cuttings (Cuthbertson A.G.S., pers.

obs.). In addition, it may be feasible to use this treatment

with other plant species that are more tolerant to the

fumigant. Subsequent treatments with phosphine at the

lower temperature of 15 �C resulted in complete mortality

of all insect stages tested after 24 h, and as a result this

24 h treatment was selected for large scale testing. This
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Fig. 1 The effect of exposure to three phosphine treatments at 20 �C on (a) L. huidobrensis eggs, (b) L. huidobrensis larvae, (c) L. huidobrensis

pupae, and (d) Bemisia tabaci adults
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treatment killed all the L. huidobrensis eggs and pupae,

however, some B. tabaci and F. occidentalis eggs survived

to hatch into larvae. In the small-scale tests some F. oc-

cidentalis eggs survived exposure to twice the dose of

phosphine for a 24 h period. The results indicate just how

difficult it is to treat against these cryptic pests using these

exposure periods.

Experiment 5: result of exposure to sulphuryl fluoride

(as Vikane) 20 g/m3 at 15 �C, 70 % r.h. (exposure

times 2, 4, 6, 8, 16, 24, 48, and 72 h)

All plants were killed after exposure to sulphuryl fluoride

for 4 h or longer. Fifty percent of the leaves on treated

plants were killed after only 2 h exposure. As a result the
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Fig. 2 a–c Dry shoot weight, root weight and shoot height of

chrysanthemum plants (N = 5) after phosphine treatment at 2 g/m3 at

20 �C
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Fig. 3 Effect of 2 g/m3 of phosphine at 15 8C, 70 % r.h and under constant light conditions on Bemisia tabaci eggs and Liriomyza huidobrensis
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Fig. 4 a–c Dry shoot weight, root weight and shoot height of

chrysanthemum plants (N = 5) after phosphine treatment at 2 g/m3 at

15 8C

Int. J. Environ. Sci. Technol. (2013) 10:1057–1066 1061

123



B. tabaci or L. huidobrensis eggs attached to or within the

plant material were also non-viable. Total mortality of

L. huidobrensis pupae was obtained after a 2 h exposure to

the fumigant. No shoot or root weights were recorded due

to severe plant damage.

Experiment 6: result of exposure to acetaldehyde

10 g/m3 at 15 �C

Due to severe plant damage, no live L. huidobrensis eggs

were recorded in the treated plants. Complete control of

B. tabaci eggs was obtained after 4 h exposure. Impor-

tantly this treatment had little effect on L. huidobrensis

pupae with a maximum of only 25 % mortality resulting

from any of the treatments (Fig. 8). This was not signifi-

cantly different (P [ 0.005) to the level of natural mor-

tality observed in the control group. Plants were badly

damaged after 4 h exposure to acetaldehyde with over half

of the leaves recorded as dead. Dry shoot and root weights

decreased with exposure time whereas shoot height

appeared to be unaffected by exposures of 24 h or less

(Fig. 9).

Experiment 7: result of exposure to ethyl formate

85 g/m3 at 15 �C

All plants exposed to this treatment were also severely

damaged and therefore it was not possible to assess the

effect on survival of B. tabaci or L. huidobrensis eggs.

However, as L. huidobrensis pupae are not dependent on

survival of the plant material it was possible to determine

the effect of the treatment. After a 3.5 h exposure to ethyl

formate 95 % mortality of L. huidobrensis pupae was

recorded. Due to the severe burning of leaves no dry

weights or shoot heights were recorded.

Tests with the other fumigants (sulphuryl fluoride,

acetaldehyde, ethyl formate) showed less potential for

development as quarantine treatments primarily due to the

severe damage caused to the plant material. Sulphuryl

fluoride caused 50 % mortality of plants after 2 h exposure

and severe damage to all plants treated for 4 h or longer, as

a result it was not possible to assess the effect of the

fumigant on the insect egg stages attached or within the

leaf material. However, the fumigant was very effective at

killing leaf-miner pupae with 100 % mortality occurring
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following a 2 h exposure. Similarly, ethyl formate also

caused severe damage to the plant material, again render-

ing assessments of egg survival impossible. However, the

effect on leaf-miner pupae was high with 95 % mortality

obtained after a 3.5 h exposure.

Experiment 8: result of large scale testing

(test fumigant phosphine 2 g/m3 at 15 �C)

A total of 3,189 insects were exposed to the fumigant.

Complete mortality of both L. huidobrensis pupae and eggs

was recorded after the 24 h exposure. However, only 98.5

and 86 % mortality of B. tabaci and F. occidentalis,

respectively, was achieved (Fig. 10). Immediately after a

24 h exposure, all plant material appeared healthy with no

signs of damage. No significant decrease in dry weights of

shoots or roots was noted in any of the varieties. Mean

plant height also remained similar to the untreated control

after the 4-week growth period (Fig. 11).

The exposure of chrysanthemum rooted plants and un-

rooted cuttings to the various formulations and doses of

fumigants resulted in varying degrees of plant damage. The

fumigants sulphuryl fluoride, ethyl formate and acetalde-

hyde appear to be of little value as the plants were killed
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Fig. 11 a–c Dry shoot weight,
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five varieties of chrysanthemum

plants after treatment to 2 g/m3

of phosphine at 15 8C, 70 % r.h.

and under constant light

conditions

1064 Int. J. Environ. Sci. Technol. (2013) 10:1057–1066

123



even after short exposure times. In treatments using phos-

phine, any detrimental effects on the plants’ subsequent

growth and appearance were not as pronounced as some of

the other treatments. Exposure to an atmosphere of 2 g/m3

of phosphine for as long as 16 h (at 15 or 20 �C) appeared

to have little effect on subsequent plant growth. Treatments

for commercial use must achieve good insect pest control

without causing unacceptable damage to the associated

plant material.

Conclusion

Phosphine would appear to have the most potential for

development of a quarantine fumigant out of the possible

chemicals investigated. The treatment temperature and

duration both need to be kept to a minimum to limit plant

damage whilst high levels of pest mortality are obtained.

The combination of chemical fumigants with other possi-

bilities such as essential oil extracts from aromatic plants

(Kostyukovsky et al. 2002) may provide the answer in the

search for alternatives to methyl bromide for the fumiga-

tion of quarantine pests in transit.
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