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Abstract

AuLricky R., STEJSKAL V., DLouHY M., Liskova J. (2015): Validation of hydrogen cyanide fumigation in
flourmills to control the confused flour beetle. Czech J. Food Sci., 33: 174-179.

In the milling industry, the Tribolium confusum is hard to exterminate pest. We measured the concentration time
product (Ct-P) achieved during the hydrogen cyanide (HCN) fumigation and examined whether the Ct-P levels in the
explored Czech pilot mill were sufficient to control the field strain of T. confusum. Using an originally constructed,
gastight fumigation chamber, it was estimated that the Ct-P required for the complete killing of the field strain of
T. confusum was 4x higher (4.35 g/h/m?) than the levels required to kill the laboratory strain (1.25 g/h/m?3). The Ct-P
levels (ranging from 79 g/h/m3 to 100 g/h/m3) reached during the mill fumigations with HCN were less than half of
the labelled HCN rate (240 g/h/m?). Nevertheless, the current HCN dosage is still sufficient since the Ct-P reached
during the mill fumigations was at least 99x higher than that required for the exterminating to the lab strain and 18x
higher than that required for the field strain extermination. These results were confirmed in mill validation testing,

where 100% mortality of T. confusum adults was achieved.
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There is increasing evidence that pests may be
frequent contaminators of flour and cereal prod-
ucts (STEJSKAL & HUBERT 2008; TREMATERRA et
al. 2011; STEJSKAL & AULICKY 2014, 2015; STEJ-
SKAL et al. 2014a). Food safety is one of the most
important political priorities in the EU. Flourmills
are sensitive to the risk caused by many species of
pests. Recently, Tribolium beetles (Figure 1) have
emerged as a serious pest problem on a worldwide
scale (CAMPBELL & ARBOGAST 2004). In the Czech
Republic, the confused flour beetle (1. confusum) is
a persistent pest that is hard to monitor (STEJSKAL
1995). As noted by CiEsLA and Ducowm (2010), the
pest control chemicals are becoming difficult to use
in mills because many insecticides (i.e., methyl bro-
mide) have been phased out as biocides in Europe.
Promising alternatives, such as modified atmospheres
and aerosols, are in minor use (ARTHUR 2012; KUCE-
ROVA et al. 2013, 2014). However, fumigants are

still key elements of the pest control in mills. The
alternatives to methyl bromide may be corrosive
and/or have a low ovicide efficacy at low dosages
(Ducowm 2012). Consequently, there is a renewed
interest in hydrogen cyanide (HCN) for packaging
(e.g., STEJSKAL et al. 2014b) and for mill fumigation.
Furthermore, there is insufficient data from modern
mills using HCN fumigation (ARMSTRONG & HILL
1960). RAMBEAU et al. (2001) state that “knowledge
on the efficacy of HCN as a fumigant is outdated, and
existing data cannot be correlated with the present
concept of the Ct product” Similarly, REICHMUTH
(1999) warns that there is a tremendous gap between
the theoretical dosages and concentration—time—
products (Ct-P) required for a given mortality and
the recommendation of fumigation schedules. This
disparity highlights the need for scientific studies to
validate the use of HCN in modern mill fumigation.
Validated Ct-Ps would enable re-evaluation of the
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(A)

Figure 1. The confused flour beetle (Tribolium confusum) (A) is a major mill pest and (B) contaminated flour with

physical fragments (i.e., faeces, carcasses) and excretions of carcinogenic chemicals (i.e., chinones)

current dosage and exposure times with respect to
the levels of absorption and the concentration losses
due to structural leakage. The use of HCN is further
complicated because it is not known whether the
field strains of pests differ in HCN sensitivity from
the laboratory strains.

Therefore, this study was designed to provide the
first estimates of the Ct-P generated during HCN
fumigations of current mill structures. In addition,
we compared the laboratory and the field strains of
T. confusum to determine whether the Ct-P reached
in commercial mills is sufficient to control the field
strains of pests that during their population history
developed a tolerance to HCN.

MATERIAL AND METHODS

Tested strains of the flour-infesting pest. The
laboratory strain of the confused flour beetle (Tribo-
lium confusum Jacquelin du Val) originated from the
cultures kept at the Crop Research Institute (Prague,
Czech Republic). The field strains of T. confusum
were sampled from a commercial mill in Moravia in
2012, where HCN fumigations had been regularly
performed over the last 10 years.

Hydrogen cyanide formulations and estimated
GC concentration in the air. Two HCN formulations
were employed in this study. For the fumigation of
mills, the commercially available HCN formulation
URAGAN D2™ (LZ Draslovka Kolin, Czech Republic)
was used. In the laboratory (chamber experiments),
we used an experimental liquid HCN formulation
(cooled to —5° C; stabilised with 0.1% phosphoric

acid and 0.9-1.1% sulphur dioxide). The HCN vapour
concentration in the fumigation chamber headspace
or from sampling Tedlar bags from mills was esti-
mated using the GC technique (Shimadzu GC-17A,
RT-QPLOT, 30 m, ID 0.53 mm, GC Software Clarity
DataApex; Shimadzu Corp., Kyoto, Japan). The GC
method is based on comparing the detector response
from a sample with the response from an external
standard with a known concentration. The standard
we used was 0.5% vol. HCN in nitrogen.

Validation of HCN under real-world mill fumi-
gation conditions. HCN concentrations were meas-
ured in routine annual mill fumigation treatments
performed by a professional, licensed pest control
company. The dosage was 261 kg of HCN released into
a mill structure with a volume of 26147 m?(10.02 g/m?
of HCN). Biological checks (i.e. 10 Petri dishes per
floor, each containing 10 T. confusum adults) were
placed in central parts of the 1%, 3™, and 5% floors,
respectively. The pests were transferred to the labora-
tory and checked for mortality 26 h after the spaces
were ventilated. HCN concentrations inside the mill
were measured distantly via plastic tubing led to all
of the floors. Each site (i.e. 1%, 3", and 5™ floors) was
sampled for HCN concentration by using sampling
lines. Sampling bags made of Tedlar-polyvinyl fluo-
ride were located outside the mill for safety reasons.
The bags were filled with the HCN atmosphere from
the inside of the mill via plastic sampling lines and
a pumping device (KNF-N86Kt.16; KNF Neuberger
GmbH, Freiburg, Germany). Temperature and hu-
midity (Table 1) from the inside of the fumigated
mill were recorded using Gemini DATA LOGGERS
(Tinytag Plus).
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Table 1. Concentration time products (Ct-P) and estimated temperatures on three floors of a commercial mill during

24 h of fumigation with hydrogen cyanide HCN

Temperature (°C)

Floor Ct-P (g/h/m?3) Mortality (%) -
average min max
100.22 100? 24.7% 24.0 25.1
95.11 100? 26.5° 25.9 27.1
78.6 1002 27.7¢ 27.1 28.3

The efficacy of HCN was expressed as mortality of confused flour beetle adults (Tribolium confusum); * “means for the mor-

tality of adults within a column followed by different lowercase letters are not significantly different (P > 0.05), whereas for the

temperature means within a column followed by different lowercase letters are significantly different (P = 0.01)

Validation of HCN efficacy for two Tribolium
confusum strains in a hermetically sealed chamber.
All experiments were performed in a hermetically
sealed, steel fumigation chamber (volume 650 1) with
the forced air circulation and temperature regula-
tion. The chamber allows for the continuous, non-
invasive withdrawal of individual samples through an
air-lock antechamber at the required time intervals.
Using a syringe, liquid HCN was introduced into the
fumigation chamber via a rubber septum. Strains
of T. confusum having an evolutionary history from
commercial mills and from the growth in a laboratory,
respectively, were placed in Petri dishes (10/plate)
and exposed to an atmosphere of HCN eight times
(Figure 2A). For both strains, the exposure times
were 15, 30, 45, 60, 90, 120, 150, 180, 210, 240, 270,
300, 330, 360, 390, and 420 minutes.

Statistical methods and the calculation of the
concentration time products (Ct-P). The results
were analysed by a logistic regression mortality model
(x2-test) for LT_ and LT, (LT - Lethal Time) using
the statistics program XLSTAT (Addinsoft, Paris,
France). Non-parametric Mann-Whitney U tests were
used for the statistical comparison of the mortality
of both strains and Non-parametric Kruskall-Wallis
tests were used for the statistical comparison of the
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temperature of three floors (Statistica, v. 10; StatSoft
CR s.r.o, Prague, Czech Republic). The Z score is a
test of statistical significance that helps to decide
whether or not to reject the null hypothesis. The
P-value is the probability the null hypothesis has
been falsely rejected. The Ct-P was estimated based
on BonD (1984) and FAO methods (http://www.fao.
org/inpho_archive/content/documents/vlibrary/
new_fao/x5417e/x5417e0u.htm).

RESULTS

In mill fumigations with an initial dosage of 10 g/m?
HCN, the average Ct-P was 91.31 + 6.52 g/h/m?>.
Table 1 shows the differences in the field measure-
ments of Ct-P. The Ct-P, determined for each of
the three mill floors ranged from 79 to 100 g/h/m?3.
Table 1 also shows the biological efficacy of HCN
on T. confusum adults (enclosed in mills in open
dishes) for the respective floors. The Ct-P levels on
each of the floors resulted in 100% mortality of the
exposed T. confusum.

The mortality rates for two strains of adult T. con-
fusum, tested for multiple durations in a fumiga-
tion chamber, are shown in Figure 2B. The relevant
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Figure 2. (A) Fumigation chamber headspace hydrogen cyanide (HCN) concentrations during fumigation and (B)

mortality of two strains of adult Tribolium confusum during the course of HCN chamber fumigation. The concentration
time product (Ct-P) for the laboratory strain WGS 1.25 g/h/m? and for the field (mill) strain 4.35 g/h/m?
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concentrations of HCN in the headspace, estimated
chromatographically, are shown in Figure 2A. For the
dose used in experiments (1.12 + 0.12 g HCN/m?),
complete mortality occurred after 120 min in the labo-
ratory strain and after 300 min in the field strain. These
results are significantly different (Z = 3.14; P = 0.002).
The relevant values of the lethal times (LT, , LT ;) and
Ct-P were calculated for both strains. In the labora-
tory strain, LTso = 15.53 (10.03-19.56) min; LT99 =
76.81 (66.90-92.59) min; and Ct-P = 1.25 g/h/m?. In
the field (mill) strain, LT, = 14.80 (1.40-25.43) min;
LT, =243.37 (216.41-280.65) min; Ct-P = 4,35 g/h/m?).
These data show, for the first time, that the sensitivity
to HCN is decreased in the strain of T. confusum from
mills that have been repeatedly treated with HCN. The
Ct-P required for the complete kill of the field strain
of T. confusum was 4x higher than that required for
the laboratory strain. This decreased sensitivity can-
not be called resistance because the Ct product of the
field strain was still far below those of the actual Ct-P
achieved in the mill (Table 1).

DISCUSSION

Historically, few authors (e.g. LINDGREN & VINCENT
1965; RAMBEAU et al. 2001; STEJSKAL et al. 2014b)
have experimentally demonstrated the significant
HCN efficacy against pests in stored products and
wooden packaging. Although HCN is not a new
fumigant, the Ct-P has not been established, even
though these values are cornerstones of modern
fumigation practice in the milling industry. The first
attempt to establish Ct products for HCN was the
work of RAMBEAU et al. (2001). Their laboratory
experiments concluded that a Ct-P of 10 g/h/m3
controlled the significant pests (T. confusum, T. cas-
taneum (Herbst), and Plodia interpunctella (Hiibner))
at all life stages, in mills and food factories. Under
the same conditions, methyl bromide (MB) fumiga-
tion requires a Ct-P of 25.7 g/h/m? to control adult
pests, while HCN needs a Ct-P of only 0.8 g/h/m?.
However, to ensure HCN penetration and to kill
insects up to 10 cm deep in flour piles, the Ct-P
should be approximately 60 g/h/m? (RAMBEAU et
al. 2001). For mill fumigation in Europe, the dose
of HCN has been historically labelled as 10 g/m?
at 24-h of exposure. Under ideal conditions, with
no leakage and/or absorption, the application of
the label dosage produces a Ct-P of 240 g/h/m?,
This is 4x higher than the Ct-P recommended by

RAMBEAU et al. (2001) in laboratory studies. Ideal
conditions in mills are not realistic. Because they
are not hermetically sealed, fumigants will be lost
by both leakage and absorption. Therefore, the la-
bel dosage is higher to compensate for these losses.
However, how high should the compensation be?
The compensation must be based on the data from
the field studies that determine the dynamics of
gas and the temporal decline of concentration in
multiple conditions. MACDONALD and REICHMUTH
(1996) demonstrated that 50-90% of the initial dose
of MB is lost when applied in a flourmill. Data such
as this is only available for sulfuryl fluoride and
MB in the USA (CHAYAPRASERT et al. 2012). With
the exception of an old study by ARMSTRONG and
Hirr (1960), there have been no adequate meas-
urements of HCN coming from modern mills. Our
measurements of HCN dynamics during routine mill
fumigation showed that the average Ct-P (91.31 *
6.52 g/h/m?) was less than half of the labelled HCN
rate (240 g/h/m?); Ct-P ranged from 79 to 100 g/h/m?
depending on the mill floor. The Ct-P obtained in
our mill measurements was above the 60 g/h/m?
recommended by RAMBEAU et al. (2001), based on
their laboratory experiments.

When establishing an effective dose of fumigant for
the use in the field, the “pest-strain-factor” must be
accounted for in addition to conditions such as the
mill structure, pest developmental stage, and pest age
(RAMBEAU et al. 2001). Laboratory data are typically
generated using pests coming from sensitive strains
or from strains of unknown origin and pesticide ex-
posure history. However, repeated exposure to HCN
may lead to strains that develop tolerance or even
resistance. Therefore, there may be a risk of HCN
resistance resulting from an evolutionary response
to exposure experienced by some phytophagous
insects. In support of this idea, there are reports
of HCN resistance in phytophagous, scaled-insects
that infest fruits in the USA (QUAYLE 1916, 1922;
LINDGREN & DICKSON 1945; GERHARD & LINDGREN
1951). LINDGREN and DicksoN (1945) demonstrated
that fruit infesting, scaled-insects might develop
HCN resistance after only 6 to 9 fumigations. A dif-
ferent situation was documented for pests infesting
mills and food. A report by GouGH (1939) showed
that the laboratory strains of mill pests have a low
potential (F7 — 1.7x) to develop HCN resistance. In
mill-collected strains of storage pests, the resistance
was almost negligible (up to 1.4x) in the USA (1.6x;
LINDGREN & VINCENT 1965) and Australia (1.4x;
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CHAMP 1979) a few decades ago. However, there have
been no recent publications on sensitivity or resist-
ance towards HCN. Our work represents the only
current study comparing the sensitivity of a laboratory
strain to that of a field strain, which was collected
from a mill that had been repeatedly fumigated with
HCN. The Ct-P required for a complete killing of
the field strain of T. confusum was estimated to be
4x higher (4.35 g/h/m?) than that required for the
laboratory strain (1.25 g/h/m?). However, the current
HCN dosage is sufficient to control both strains. The
Ct-P reached during the tested mill fumigation was
at least 99x higher than that required for complete
killing of the sensitive lab strain and 18x higher than
that necessary for the less sensitive field strain. These
data were validated by HCN testing in mills, where
100% mortality of T. confusum adults was achieved
when all the technological and hermetical sealing
procedures required by the HCN biocide label had
been implemented.

Acknowlegments. We thank two anonymous reviewers
for improvement of the previous version of our MS.

References

Armstrong M.T., Hill E.G. (1960): Flour mill fumigation
comparison between methyl bromide and hydrogen cya-
nide as fumigants in a flour warehouse. Milling, 135: 234.

Arthur F.H. (2012): Aerosols and contact insecticides as
alternatives to methyl bromide in flour mills, food pro-
duction facilities, and food warehouses. Journal of Pest
Science, 85: 323-329.

Aulicky R., Stejskal V. (2015): Efficacy and limitations of
phosphine “spot-fumigation” against five Coleoptera
species of stored product pests in wheat in a grain store
— short note. Plant Protectection Science, 51: 33—38.

Bond E.J. (1984): Manual of Fumigation for Insect Control.
FAO Plant Production and Protection Paper No. 54.
Roma, FAO.

Campbell J.F., Arbogast R.T. (2004): Stored-product insects
in a flour mill: population dynamics and response to
fumigation treatments. Entomologia Experimentalis et
Applicata, 112: 217-225.

Champ B.R. (1979): Pesticide resistance and its current
significance in control of pests of stored products. In:
Caswell G.H., Boshoff W.H., Daramola A.M., Dina S.O.,
Adesuyi S.A., Singh S.R., Ivbijaro M.F., Adeyemi S.A.O.,
Taylor T.A. (eds): Proceedings 2" International Working
Conference on Stored-Product Entomology, Sep 10-16,
1978, Ibadan, Nigeria. Georgia, Savannah: 159-181.

178

doi: 10.17221/303/2014-CJES

Chayaprasert W., Maier D.E., Subramanyam Bh., Hartzer
M. (2012): Gas leakage and distribution characteristics of
methyl bromide and sulfuryl fluoride during fumigations
in a pilot flour mill. Journal of Stored Product Research,
50: 1-7.

Ciesla Y., Ducom P. (2010): Efficacy against eggs of Tribo-
lium confusum and Tribolium castaneum after fumiga-
tions with sulfuryl fluoride in flour mills. Julius-Kithn-
Archiv, Berlin, Nr. 429: 48-51.

Ducom P. (2012): Methyl bromide alternatives. In: Pro-
ceedings 9'" International Controlled Atmosphere and
Fumigation (CAF) in Stored Products, ARBER Profes-
sional Congress Services, Oct 15-19, 2012, Antalya,
Turkey: 205-214.

Gerhard P.D., Lindgren D.L. (1951): Resistance to fumiga-
tion studies of outbreak in southern California reveal
resistance to hydrogen cyanide fumigation persists. Cali-
fornia Agriculture, 35: 7-11.

Gough H.C. (1939): Factors affecting the resistance of the
flour beetle Tribolium confusum Duv. to hydrogen cya-
nide. Annals of Applied Biology, 26: 533-571.

Kucerova Z., Kyhos K., Aulicky R., Stejskal V. (2013): Low-
pressure treatment to control food-infesting pests (7ri-
bolium castaneum, Sitophilus granarius) using a vacuum
packing machine. Czech Journal of Food Sciences, 31:
94-98.

Kucerova Z., Kyhos K., Aulicky R., Lukas J., Stejskal V.
(2014): Laboratory experiments of vacuum treatment in
combination with an O, absorber for the suppression of
Sitophilus granarius infestations in stored grain samples.
Crop Protection, 61: 79-83.

Lindgren D.L. Dickson R.C. (1945): Repeated fumigation
with HCN and the development of resistance in the Cali-
fornia red scale. Journal of Economic Entomology, 38:
296-299.

Lindgren D.L., Vincent L.E. (1965): The susceptibility of
laboratory-reared and field-collected cultures of Tribo-
lium confusum and T. castaneum to ethylene dibromide,
hydrocyanic acid and methyl bromide. Journal of Eco-
nomic Entomology, 58: 551-555.

MacDonald O.C., Reichmuth C. (1996): Effects on target
organisms. In: Bell C.H., Price H., Chakrabarti B. (eds): The
Methyl Bromide Issue. Series on Agrochemicals and Plant
Protection. Vol. 1. Singapore, John Wiley & Sons: 149—-189.

Rambeau M., Benitez D., Dupuis S., Ducom P. (2001): Hy-
drogen cyanide as an immediate alternative to methyl
bromide for structural fumigations. In: Donahaye J.E.,
Navarro S., Leesch J.G. (eds): Proceedings International
Conference on Controlled Atmosphere and Fumigation
in Stored Products, Fresno, USA, Oct 29—-Nov 3, 2000.

Clovis, Executive Printing Services: 101-111.



Czech J. Food Sci., 33, 2015 (2): 174—179

Food Technology and Economy, Engineering and Physical Properties

doi: 10.17221/303/2014-CJES

Reichmuth C. (1999): Fumigation for pest control in stored
product protection — outlook. In: Jin Z., Liang Q., Liang
Y., Tan X., Guan L. (eds): Proceedings 7% International
Working Conference on Stored-Product Protection, Oct
14-19, 1998, Beijing, China. Chengdu, Sichuan Publish-
ing House of Science and Technology, Vol. 1: 311-318.

Quayle H.J. (1916): Are scale insects becoming resistant
to hydrocyanic acid fumigation? California Agriculture,
3:333-358.

Quayle H.J. (1922): Resistance of certain scale insects in
certain localities to hydrocyanic fumigation. Journal of
Economical Entomology, 15: 400—404.

Stejskal V. (1995): The influence of food and shelter on the
efficacy of a commercial sticky trap in Tribolium cas-
taneum (Coleoptera: Tenebrionidae). Journal of Stored
Products Research, 31: 229-233.

Stejskal V., Aulicky R. (2014): Field evidence of roof rat (Rat-
tus rattus) faecal contamination of barley grain stored
in silos in the Czech Republic. Journal of Pest Science,
87:117-124.

Stejskal V., Hubert J. (2008): Risk of occupational allergy to
stored grain arthropods and false pest-risk perception in
Czech grain stores. Annals of Agricultural and Environ-
mental Medicine, 15: 29-35.

Stejskal V., Kucerova Z., Aulicky R. (2014a): A review of pest
control strategies and damage potential of seed-infesting
pests in the Czech stores. Plant Protection Science, 50:
165-173

Stejskal V., Douda O., Zouhar M., Manasova M., Dlouhy
M., Simbera J., Aulicky R. (2014b): Wood penetration
ability of hydrogen cyanide and its efficacy for fumigation
of Anoplophora glabripennis, Hylotrupes bajulus (Co-
leoptera), and Bursaphelenchus xylophilus (Nematoda).
International Biodeterioration and Biodegradation, 86:
189-195.

Trematerra P., Stejskal V., Hubert J. (2011): The monitoring
of semolina contamination by insect fragments using the
light filth method in an Italian mill. Food Control, 22:
1021—1026.

Received: 2014—06-08
Accepted after corrections: 2014—10-10

Corresponding author:

Ing. VACLAV STEJSKAL, Ph.D., Vyzkumny ustav rostlinné vyroby, v.v.i., Odbor ochrany plodin a zdravi rostlin, Oddéleni

ochrany zasob a bezpecnosti potravin, Drnovské 507, 161 06 Praha 6-Ruzyné, Ceskd republika; E-mail: stejskal@vurv.cz

179



