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Abstract As methyl bromide is being phased out, alternative fumigation and physical disinfestation techniques
have been developed to control quarantine pests. Our study evaluated the efficacy of combined ethyl formate
(EF) and phosphine (PHs) fumigation with subsequent cold treatment for controlling the citrus mealybug,
Planococcus citri (Risso), and assessed its phytotoxic effects on oranges (Citrus x sinensis) to develop methyl
bromide alternative treatment method. When assessing the susceptibility of P. citri eggs, nymphs, and adults
to fumigation with either EF or PH; or a combination of both at 5°C, we noted the eggs were the least susceptible
in all the treatments. Combined treatment of EF 20 g/m* + PH; 0.2 g/m’® for 4 hours in a 4 m® chamber at 5°C
led to a complete control of nymphs and adults. Similarly, eggs were completely controlled with combined
EF 35 g/m® + PH; 0.2 g/m® for 4 hours in a 4 m® chamber at 5°C. Gas desorption tests were performed to
estimate worker re-entry safety. The PHs levels dropped below safety limits within 19 hours, while EF
concentrations decreased rapidly within 1 hour after venting. Following fumigation with EF 10-40 g/m® +
PH; 0.1-0.4 g/m’ for 4 hours at 5°C, there were no significant differences in the phytotoxicity assessments
of color, firmness, total soluble solids, acid ratio, or weight loss. Our results demonstrate that combined EF
and PH; fumigation with cold treatment is an effective and safe alternative to methyl bromide for postharvest
disinfestation of imported oranges.

Key words: Cold treatment, Citrus mealybug Planococcus citri (Risso), Ethyl formate (EF), Phosphine (PH;),
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(Methyl bromide)S ©]&-3F 3} A=Hbglo] AME-E 3 9]
ATh(Park et al., 2021).
HedEZrlo|= 3A A AAHcR FHSEA AMH
HEA F5A 0, 0EF o) B2 EREEA 2015
o] A9 9 EHOZo| Algo] FHEOH, A FH9
A TS AR 7A5E| AL ITHUNEP, 2019). o] w2} =] 2]
oME o|dEm|o]E(Ethyl formate, EF)?} 32~ (phosphine,
PH;) 55 Al EZAZ /NE-E-838k3L AH(Ducom, 2012).
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CHMuthu et al,, 1984). Z22{v} S3tako] ©al 3 F2o] o}
3% WAIE Flal Eask FoFako] =2 UTHMuthu et
al. 1984). X292 H AAIH O R 45 9 Awihs F50
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55 L dIAIAOIEY] QRS 784 30%= AA|skL,
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g¥ro]EE 4 h Ak Al A, 2, 7, 1424x}0]] < F
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P PAL-1(ATAGO, Tokyo, Japan), AFE GMK-
835N(G-WON, Seoul, Korea), 532 K17(KAS, Gyeonggi-do,
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QAAE 500 L 5% F5(UNI-B&C, Gyeonggi-do,
Korea)oll +&1] 30%=Z A9-3L, 5 £ 1°C ZAlA] o€
Ho]E 20 g/m’e} £A¥ 02 gm'S 4 h ¥ st
S i %0, 0.5, 1, 2, 3, 4, 19, 21, 24, 43, 48 holl
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LR el of ChEt ZEH2| Scale-up WHET A
Scale-up Fo WA &I 1S 98] 500 L 4 &5

ol QHAE FEH 30%§ AL F7HEAAEY 4
% 2 45l 7—}74 1 breeding dishE At 2#%]
Hk2o] Ho & ofjg o 1E 25 gfm’e} 3 *Jd 02 gm’'E 4 h
el st 5 T8 F AIgHTS AW 4 =1
o7 &7 ¥ ANFES ZAKISATE Scale-up Al Al
02 FA2A 4SS Y8 4 m® 5] 58] 21%=
QARE AAetaL, AgsF o] B breeding dishE 3l
4, el A QA Bk ol wix|EsiTh. S5
D3t 3 D EH|E 25, 35 g/m’e} F2F 0.2 gm'S
4 h 5dAe FASES A}é}f’ﬂ CAE F R R
&, %, sk Al IR 2 AER s

7t~ FEE Agilent 7890A 2 7890B GC AlZ=H(Agilent
Technologies, Santa Clara, CA, USA)2.2 HAI33t}. of
g ¥ o] E(ethyl formate)= Agilent 7890A%| Restek 5%
diphenyl-95% dimethylpolysiloxane capillary Z%(15.0 m
x 0.25 mm i.d. x 1.0 um film thicknessy2 Z&}SIaL, split
E=(split ratio 1:10)2 70 pLE FU3st] 413149} Oven
LEE 52 100°CE AA3IA AL, injector & detector ==&
7z} 250°C9} 300°C3t. A& 712 E FIDE At om,
FID 7} Z71€ air 300 mL/min, H, 30 mL/min, Ny(Hl©]
=9]) 25 mL/min®|tt. EATE Agilent 7890Bo| HP-
PLOT/Q Z%H(30.0 m x 0.53 mm id. x 40 um film thickness)&
ZA3}aL, split E=(split ratio 1:10)2 20 uLE UL
Oven &= 52 200°CE A3 1L, injector & detector +-
T 247 200°C9} 250°CATh. AE7| 2= FPDE ARS8t
gom, 7t~ ZAL air 100 mL/min, H, 75 mL/min,
N,(make up) 30 mL/min®| At}
gxtek =23 A FJEe 200 uLZ ZA3TE Ct
(concentration % time)#k- oFell 2ol w2} ALk tH(Ren
et al., 2011).

Ct=S(Ci+Cp NTyy T2

F5A B, 13BN, i 5 A

SH 24

BE Age WEoRE Fsidlon, A= W + EF
AR FABIT) 2S84 SPSS 25 (IBM, New York,
USA)E ©]&-33ith. %7H’41]H*HH AFEES Abbott
(1925)9] ®ell e} 24 F Probit #4915 53l LCty w2
ARSI, ks dlolEl= Kruskal-Wallis 44 a5}

om, FoE 0.0504 AF7HAE A8 A7t
Aol 7172 A%, pairwise Wilcoxon rank sum test 2
Bonferroni 24& 2]-8-3to] AR A4S a3t
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ZII24X | Heof chst E5H o5 L SEX2| Al A A3, QA 20% A Al 4 h & AEEHO|E FEES
21 ‘m E5% 10, 20, 30 g/ N 2z 69.80%, 67.83%,
Probit 41 A3}, 5 + 1°Col|A] o|EEH|E 4N 7+ = 6.94%% TEEYTE £& SAEL HYon, ¥

A2l Al &9 LCtsy B LCtyy 4 212 10.93 % 80.38 g-h/ %ﬁl 0.1, 0.2, 0.3 gim®lIX zHzt 12 077%, 108.51%,

m’P o, okt A2 LCty, 752 33.85 g-h/m® °©]&1E, 107.60%= e Eu|o]ES} npziriA|

oA 7HE =2 AAHS HATKTable 1). £ 417 FHAES BT 232 30% AR A
= im Al Lol LCtsy 2 LClyy 7 2121 0.00 2 1.12 gh/ B2 717} 52.81%, 53.34%, 5721%%, 29 7=58 7tz

m?, 262 0.07 2 1.09 gh/m?, S 0.10 2 0.75 gh/m’Z, 109.51%, 104.56%, 99.77%= &2l o}ME}(Flg. 1.

A, % 45 T2 =2 XS UERITH(Table 2).

AHU
H

5+ 1°CellA 223 0.1 g/m’9} o EH| o] E 447k 5o} uHx|of cist E5H E "—=.o* Yot
2] Al &9l LCty B LCtyw a 2H2F 8.52 ¥ 40.12 g-hvind’, 500 L T340l oe Zro|ES} IS 4 h B9 A
k52 095 % 5.88 ghvim’, 5L 0.79 2 1033 ghm’E, & S uj7)ste] A3 A7k mE 2 7kAE S48 o
> 3% > %% TO2 T2 APAE YERNTH(Table 3). g ZuolEQ] AIZWEHE =%7]2(TLV-TWA(Threshold

Limit Value-Time Weighted Average)> 100 ppmo-Z, ¥i7]| 2]

Table 1. Probit analysis of LCts, and LCty values for Planococcus citri treated with ethyl formate for 4 hours in a 55 L fumigation
chamber at 5°C, based on Ct values

Ethyl formate LCt (g h/m®)
Stage n Slope + SEY df x?
LCts (95% CL?) LCty (95% CL)
Adult 705 - <33.85 - 4 -
Nymph 607 ; <3385 - 4 ;
Egg 761 10.93 (8.76—12.86) 80.38 (63.00-114.30) 2.68 +0.54 4 3.18

3CL = confidence limit.
®SE = standard error.

Table 2. Probit analysis of LCts, and LCty values for Planococcus citri treated with phosphine for 4 h in a 55 L fumigation chamber
at 5°C, based on Ct values

Phosphine LCt (g h/m®)
Stage n Slope + SE” df X
LCts (95% CL?) LCly (95% CL)
Adult 720 0.10(0.03-0.15) 0.75(0.55-1.67) 2.67+1.29 4 006
Nymph 615 0.07(0.01-0.13) 1.09(0.72-3.27) 1.95+0.98 4 458
Egg 900 0.00(0.00-0.01) 1.12(0.48-69.47) 0.66 £ 0.56 4 7.12

9CL = confidence limit.
YSE = standard error.

Table 3. Probit analysis of LCts, and LCty values for Planococcus citri treated with a combination of ethyl formate and phosphine for
4hina55L fumigation chamber at 5+ 1°C, based on Ct values

Ethyl formate LCt (g h/m?)

Phosphine b
Stage n Slope + SE®  df x
conc. (g/m’) LCts (95% CL?) LClty (95% CL)
Adult 499 0.79(0.39-1.15) 10.33(7.03-21.57) 2.09+0.72 3 343
Nymph 636 0.1 0.95 (0.48-1.27) 5.88(4.26—-12.56) 294+1.27 5 0.67
Egg 725 8.52(0.86—-12.74) 40.12(27.29-349.26) 3.46+0.93 4 15.02

9CL = confidence limit.
YSE = standard error.
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olstg fAETE £23] TLV-TWAE 03 ppm®E, 4 h
AlAl 1.13 ppme YEFA = 19 h ©]F 0.15 ppm7HA]
At th(Fig. 2).

Scale-up Al g

A O] 5 ZHE AF] S8 500 L 573l
QA 30%(whiv) AA| 27102 AT A, A5 e
I3} P EHo|E Ct fte] 2} 067 2 12,59 ghim™d
100% AARES B9, &2 Ct 3t 097 2 24.67 g-h/m’o|A]

S
g 1.0 - 10g/m® 20%
g g-z‘ - 10 gm® 30%
= 0'7_ —A— 20 g/m® 20%
© 0.
-E 0.6 ¥ 20g/m® 30%
g 0.5+ —— 30 g/m® 20%
S 0.4+ -5- 30 g/m® 30%
h 0.3
© 0.2
2 0.1
®
o 0.0 T T T 1 1
['4 0 1 2 3 4 5
Exposure time
3 @A)
g 1.3 -@- 0.10 gm°20%
g 1.2 - 0.10 g/m’30%
E 1.1+ —A— 020 g/m®20%
E 1.0 S————© % 020 gm’30%
§ 0.9 - 0.30 gim?20%
© 0.84 -5 0.30 g/m*30%
T
o 0.7 4
'g 0.6
S
® 05 T T T T 1
& 0 1 2 3 4 5
Exposure time
B

Fig. 1. Sorption of ethyl formate (A) and phosphine (B) after 4 h
combined treatment at 5+ 1 °C in a 55 L chamber, with oranges
loaded at 20% and 30% (W/v).
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A}, AEI e 273 g ErolE WA Al Ct
7ol 217 036 2 8.94 g m* A 100% BRI =T e
293} odZHo|E WAz Al Ct ol 27 035 2
18.72 g-h/mr® @131l 100% A1 H-S 221813 tH(Table 5).
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Fig. 2. Results of ethyl formate (A) and phosphine (B) desorption
measurement after sealing oranges for 24 h in a 12 L fumigation
chamber following combined treatment with ethyl formate and
phosphine for 4 h in a 500 L fumigation chamber at 5+1°C,
according to venting time.

PH; Concentration (ppm)

Table 4. Mortality of Planococcus citri adults, nymphs and eggs treated with a combination of ethyl formate and phosphine ina 0.5 ?
fumigation chamber with a volume ratio of 30% after 4 h of exposure

CT (gh/m?)
Temp. (°C) Time Stage n Mortality (%)
Phosphine Ethyl formate
Control 1094 0.00
Adult
0.67 12.59 1633 100.00
Control N h 901 0.33
0.67 12.59 ymp 1829 100.00
5+1°C 4h
Control 593 7.08
0.67 12.59 655 90.69
Eggs
Control 563 6.93
0.97 24.67 578 100.00
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Table 5. Mortality of Planococcus citri adults, nymphs and eggs treated with a combination of ethyl formate and phosphine in a 4 m®
fumigation chamber with a volume ratio of 21% after 4 h of exposure

CT (gh/m®)
Temp. (°C) Time Stage n Mortality = SE¥
Phosphine Ethyl formate

Control 882 0.23 +0.14b?

0.36 8.94 378 100.00 £ 0.00a

Adult

0.39 9.73 438 100.00 £ 0.00a

0.40 9.75 403 100.00 £ 0.00a

Control 1092 3.11£0.63b

0.36 8.94 423 100.00 + 0.00a

Nymph

0.39 9.73 559 100.00 £ 0.00a

0.40 9.75 556 100.00 £ 0.00a

Control 383 1.31+0.78b

5+2°C 4h

0.38 8.48 352 94.60+1.79a

0.38 8.27 355 94.65 + 0.46a

0.38 8.43 387 93.02+0.69a

Control 331 2.11+£0.88b

Eggs

0.47 21.70 326 100.00 £ 0.00a

0.45 21.11 368 100.00 + 0.00a

Control 376 2.93 +£1.95b

0.35 18.72 363 100.00 £ 0.00a

0.34 20.24 344 100.00 £ 0.00a

9SE = standard error.
YMean values within each column followed by the same letter are not significantly different (p < 0.05).

@

Date Pre 2DAT 7DAT 14DAT (B) Date Pre 2DAT 7DAT 14DAT

Control Control

108/nf +
0.1g/mi

20g/mi +
0.2g/rd

40 g/ni +
0.4g/mi

Fig. 3. External (A) and internal (B) appearance of oranges stored at 5+ 1°C after 4 h combined treatment with ethyl formate and
phosphine in a 55 L fumigation chamber (DAT: days after treatment).

QX0 cHst ksl LIt Kruskal-Wallis 77 2 Bonferroni 24 0] 2-8% pairwise
X2 0.1-04 g’ E ADEHO|E 1040 gm’E ATt Wilcoxon rank sum test A3}, & A7 )29} 1]
ZZ00A QA E 1447 st okl s Ak A wate] folgh xpo]7h FERA] ekStth(p > 0.05). EF 10 +
YA CgEe E23 +oe Ero|E} Z42E 0.1 + 10 g/mollA] PH; 0.1 g/m® A2 FoA = 393} 7 AzoA folz17t
0.52 + 2563 gh/m’, 02 + 20 g/m*ollA 1.00 + 4391 g-him’, HFEQ o, iz A Holrt A UEhd AR F
0.4 + 40 g/m*ollA 225 + 76.64 gh/m*e] T2 B}, Aol dgo] gl Aoz AAE A h(Fig. 3, Table 6).
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Table 6. Phytotoxicity of oranges evaluated after combined treatment with ethyl formate and phosphine for 4 h in a 55 L fumigation

chamber at 5 + 1°C and subsequent storage at 5 + 1°C.

EF+PH; Pre DAT 3 DAT 7 DAT 14
Control 0.00 + 0.00a® 8.78 + 1.14b 398+0.61a 4.55+0.65a
External color difference 10 g/m* + 0.1 g/m’ 0.00 + 0.00a 4.19 £ 0.69a 3.50+0.51a 4.53+031a
(AE) 20 g/m* + 0.2 g/m’ 0.00 + 0.00a 6.43+0.66ab  2.69+0.34a 4.03 +0.452a
40 g/m’® + 0.4 g/m’ 0.00 + 0.00a 6.40+0.46ab  2.64+0.60a 3.88+0.37a
Control 0.00 + 0.00a 5.04+0.72a 526+0.61a 3.85+0.62a
Internal color difference 10 g/m’ + 0.1 g/m’ 0.00 + 0.00a 4.84+0.62a 6.39 + 0.84a 570+ 0.54a
(AE) 20 g/m® + 0.2 g/m’ 0.00 + 0.00a 530+ 0.8% 724+ 1.04a 6.60+ 1.47a
40 g/m* + 0.4 g/m’ 0.00 + 0.00a 437+0.64a 7.79+1.25a 599+1.31a
Control 11.63 +0.15a 12.17 £ 0.24a 11.98 £ 0.27a 12.02+0.22a
Total soluble solids 10 g/m® + 0.1 g/m’ 11.67+026a  11.17+0.18a  12.62+03la  11.38£0.29a
(% Brix) 20 g/m* + 0.2 g/m? 12.02+034a  11.85+0.15a  11.78+0.18a  11.60+0.09a
40 g/m’* + 0.4 g/m’ 11.92+034a  1225+047a  11.75+031a  11.50+0.14a
Control 1.38 £0.04a 1.39+0.07a 1.20+0.08a 1.35+0.07a
Acidity 10 g/m* + 0.1 g/m’ 1.26 + 0.04a 1.38+0.18a 1.11+0.07a 1.12+0.05a
(%) 20 g/m* + 0.2 g/m’ 120+0.11a 1.46 +0.10a 1.23 +£0.08a 1.21£0.11a
40 g/m® + 0.4 g/m’ 1.29+0.12a 1.33+0.08a 1.29+0.09a 1.20+£0.10a
Control 0.00 + 0.00a 0.56 + 0.08a 0.86+0.11a 1.48+0.23a
Weight loss 10 g/m® + 0.1 g/m’ 0.00 + 0.00a 0.51 +0.07a 0.97+0.11a 1.81+0.13a
(%) 20 g/m’ + 0.2 g/m’ 0.00 + 0.00a 0.31+0.06a 1.00 + 0.09a 1.63 +0.10a
40 g/m* + 0.4 g/m’ 0.00 + 0.00a 0.39+0.01a 0.96+0.11a 2.01£0.12a
Control 0.00% 0.00% 0.00% 0.00%
Decay 10 g/m* + 0.1 g/m?’ 0.00% 0.00% 0.00% 0.00%
(n>30) 20 g/m’ + 0.2 g/m’ 0.00% 0.00% 0.00% 0.00%
40 g/m* + 0.4 g/m’ 0.00% 0.00% 0.00% 0.00%

“Mean values within each column followed by the same letter are not significantly different (p < 0.05).
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