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Abstract Pine wood nematode (PWN), Bursaphelenchus xylophilus is an economically important plant-
parasitic nematode that causes wilting and eventual death of pine trees. Trunk injection of nematicides is
commonly preferred as the most ideal control method of PWN in live trees. For standardization of the PWN
trunk injection bioassay, the rate of needle discoloration and eventual tree mortality were investigated from 3
to 9 months after inoculation with PWN in pine species, Pinus densiflora and P. thunbergii. In addition, the
resin secretion rate and the density of PWNs in the tree were investigated 6 months after inoculation of
PWNs. When 10,000 PWNs were inoculated, the average needle discoloration rate was over 40% for both
pine species at 4 months after inoculation. In P. thunbergii, the average needle discoloration rate was over
80% after 5 months of PWN inoculation while over 70% was evident in P. densiflora at 9 months after
inoculation. The density of PWNs in the tree was higher in the branches than in the trunk. Also, the density
was significantly higher in P. densiflora than in P. thunbergii. The PWN detection and resin secretion rates in
P. thunbergii almost synchronized with the needle discoloration rate and nematode density, and therefore, it is
judged that it can be used for bioassay of tree injection agents. It is recommended to apply a needle
discoloration rate of 30 to 50% as the criterion for determining the damage rate in the bioassay of tree
injection agents. In addition, it is recommended to apply 50% of the minimum damage rate of no treatment.
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gAgololA Falj7t WA skl IA] ¢ith(Sutherland, 2008).
A EuElel AR F2 BIEI YE Pinussd
2P densiflora)} = (P. thunbergii)®] 735 -
el Bg A gl EER 100% A= 9
8|7} WAste] =71 02 HAestal O]E]r ns =AY
2(APHISYIME 6001%2] 4 E718AFS At Fo
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A7 ol B8l 2 100 A&7 4Fe s 17
slo] FeE)sk th(Kantor et al., 2022).

FEYEol A 1988 FAk S84 A Hx wlo] &
A o]F uwid FsR|eo] Sk flo] A2 WAIE
o] R BASEE S A st Ak o
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ZFole T AUFAIAZe] wiigdl osl AukE]r] A
] A3 ‘/}—roﬂ ;\L;\%%;q]g a]]l:ﬂ- 1/}51'__2,‘/\}3}1: HFH o] 9l
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o] YA 7| EH O Z ofofx] AR S Bl aFHE
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A of -z, Z“”%A siety 543 AE, 7Y A7,
SR B 3, Y W 71e Bl Qs &3t
TE ‘a;bu}(Cha et al 2020). th¥Fet 221 o3
AL @3] Zpol7t g - Aol Bslal, AEA
SEAF Y] AFAR- A= AGFR} oA A A7, R
ZAL R 7kEFs] 7]e o] SUTHRDA, 2017). ©lel ]3}
W kR RANE 12290 FHA0E AE FFY T,
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I FYA e R FEEY M EHAL ATHRDA, 2017
Lee et al., 2021a). 7Y 5 kg 712 9)ate] 2
ARFS A U AeEF shed AdAE LuEAA
9] 24 H*M o]FAR = A7IE FHOE A},
HE A F 7R BEA 8EkaL QIth(Takai et
al., 2003; Lee et al., 2009, 2021a, 2021b). AHAAFERol| 4] o}
MEol o3t AFANS Avk= wilS
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Time—dependent Changes in Pine Trees After Trunk Injection and Inoculation with Pine Wood Nematode 45

Table 1. Average diameter at breast height (DBH) of experi-
mental trees

Mean DBH (cm)
Treatment ¥
P, densiflora P, thunbergii
PWN 10000 14.4+£0.26 15.7+0.44
PWN 30000 14.7+£0.24 16.0+£0.43
EFCA+PWN 10000 14.1+£0.22 16.2+£0.43
EFCA+PWN 30000 143+£0.21 16.0+0.43
AbamectintPWN 30000 14.0 £ 0.26 13.1£0.49
Control (water) 14.5+0.23 15.6 £0.47

9 PWN 10,000 and PWN 30,000 represent positive control
treatments with only PWN inoculations with 10,000 and 30,000
nematodes/1 mL, respectively; EFCA+PWN 10,000 and EFCA+
PWN 30,000: Injection of eco-friendly control agent at 3 months
before PWN inoculations at 10,000 and 30,000 nematodes/1 mL,
respectively; AbamectintPWN 30,000: Injection of abamectin
1.8% EC at 3 months before PWN inoculations with 30,000
nematodes/1 mL; Control (water): Negative control (trees injected
with only water).
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Fig. 1. A standard sheet of needle color change rate (%) for evaluating needle color change of pine tree after treatments.
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Fig. 2. Resin exudation test by pasting a resin sticker on the wound after removing bark tissue of each test tree. (A) No color change
on the resin sticker by no resin exudation, indicating latent infection of the tested tree by pine wilt disease, (B) Color change into dark
blue due to resin exudation, indicating healthy, i.e., no infection of the tested tree by pine wood nematode.
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ARIRAET] SXEH7E 8 ok BA] o2 e S-S
Tkt

AUSTMS B4 dE I AUPME AE T EA}

OHAl APl Ee] AFAME HeRAke FElF & 24
o} gio] kg 7AA9 Fad & T SIUOITH(RDA,
2018). AUFAIAS He ZALE flete] AR ETS
AFHETA 7HY 91 1090l 74t iAol B3 A
EE AFTE FM e 2FAAE JA3HE SA
A AHEE ZFZF 15 em@}F 30 cmollA] 23R A 2R 12
BT 4o AR AFHE FE Ae=d GHAEAA

Fig. 3. Collection of wood chips from trunk and branch
samples from the tested pine trees. (A) Sampling positions of
wood chips on the trunk from 4 directions at 15 and 30 cm
above nematode inoculation point, (B) Collection of wood
chips in a plastic bag, (C) Sampling of wood chips in branch
by using extended pruning shear, (D) Wood chips for
nematode investigation in the cut branches.
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Fig. 4. Mean needle discoloration rate (%) according to the elapsed months of pine wood nematode (PWN) inoculation after tree
injection of nematicidal agents in Pinus thunbergii (A) and P. densiflora (B) trees.

PWN 10,000 and PWN 30,000 represent positive control treatments with only PWN inoculations at 10,000 and 30,000
concentrations, respectively; EFCA+PWN 10,000 and EFCA+PWN 30,000: Injection of eco-friendly control agent at 3 months
before PWN inoculations at 10,000 and 30,000 concentrations, respectively; AbamectintPWN 30,000: Injection of abamectin 1.8%
EC at 3 months before PWN inoculations at 30,000 concentrations; Control (water): Negative control (trees injected with only water).
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AF T A JASPPEAA A T AR
AE AE AgTlMe 1E 1Y 20 82FEH 20% ©]
Aol AFgWAES BTH(df=5, 174, P<0.0001, F=7.85)
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FolME aHrAdE JE A L7 A9HAE
2 6.0%=Z T]$- RATHAF=5, 174, P<0.0001, F=19.5).

3t
ERI A TH(Table 2, 3). F&olME opuleels)
2 A 93 g2 HEldMe 9go|Folle A
2 frolAdo] QISitH(Table 2)(8Y; df=5, 174, p<0.0001, F=
6.32, 99; df=5, 174, p<0.0001, F=19.65, 10¥; df=5, 174,
p<0.0001, F=49.34, 11€; df=5, 174, p<0.0001, F=55.99,
129; df=5, 174, p<0.0001, F=61.15, 19¥; df=5, 174, p<
0.0001, F=65.83, 2¢; df=5, 174, p<0.0001, F=59.17).
AFME AGHNEE UL A3 ot
HE] Ao A vt G TH the Aot FAK SR folaH
siokom 31835 AgelMe 2UHrAldS HE A
S} 2}o]2 KolA| ITH(Table 3) (8%; df=5, 174, p=0.0002,
F=5.08, 9¥; df=5, 174, p<0.0001, F=8.52, 10¥; df=5, 174,
p<0.0001, F=11.83, 119¥; df=5, 174, p<0.0001, F=15.73,

iAtH

Table 2. Mean needle discoloration degree according to the elapsed months of pine wood nematode (PWN) inoculation after tree

injection of nematicidal agents in Pinus densiflora

Mean needle discoloration degree ® + SE

Treatment ®

3 4 6 7 8 9
PWN 10000 0.83+0.19a® 1.7+£03la 24+034a 253+032a 2.7+032a 277+03la 297+03a
PWN 30000 0.7+0.2ab 1.03+0.28ab 1.6+0.35 1.73+0.35a 1.8+0.34a 1.83+034a 2.07+0.35a
EFCA+PWN 10000 0.77+02ab 1.63+£0.29a 1.97+0.33a 233+03a 2.53+£033a 2.53+0.33a 2.8+0.32a
EFCA+PWN 30000 0.73+02ab 143+0.32a 2.07+033a 2.5+032a 2.73+032a 2.87+03la 3.03+0.29a
AbamectintPWN 30000 0.0+ 0.0c 00+00b 0.1+£0.06b 0.1+0.06b 0.13+0.08 02+0.11b 0.27+0.15b
Control (water) 0.1£0.06bc 023+0.12bc 027+0.17b  04+0.17b 03+0.17b 0.33+0.17b 0.73 £0.23b

“Refer to Table 1 caption. ” Needle discoloration degree; 0=Less than 10% of needle discoloration, 1=Less than 11-30% of needle discolora-
tion, 2=Less than 31-50% of needle discoloration, 3=Less than 51-80% of needle discoloration, 4=More than 81% of needle discoloration. ¢
Means followed by the same lowercase letters in each column are not significantly different (Tukey’s HSD test, P<0.05).

Table 3. Mean needle discoloration degree according to the elapsed months of pine wood nematode (PWN) inoculation after tree

injection of nematicidal agents in Pinus thunbergii

Mean needle discoloration degree ” + SE

Treatment ¥
3 4 6 7 8 9
PWN 10000 1240262 26+032a 33+026a 3.6+022a 3.6+022a 3.6+022a 3.6+0.22a
PWN 30000 1.0+023a 2.8+029a 34+024a 3.6+02la 3.8+0.16a 3.8+0.16a 3.8+0.15a
EFCA+PWN 10000 0.7+0.23abc 22+0.31la 33+0.28a 34+026a 33+028a 33+028a 3.3+0.28a
EFCA+PWN 30000 0.8+024ab 2.1+033a 34+022a 36+0.18a 3.7+0.15a 3.7+0.15a 3.7+0.15a
AbamectintPWN 30000 0.0+0.03bc  0.0+£0.03b 0.1+£0.07b 02+0.15b 02+0.16b 0.1+0.13b 03+0.19b
Control (water) 0.0+ 0.0c 04+0.199 05+024b 06+025b 0.6+026b 0.6+0.26b 0.6+0.26b

d Refer to Table 1 caption. Needle discoloration degree; 0=Less than 10% of needle discoloration, 1=Less than 11-30% of needle
discoloration, 2=Less than 31-50% of needle discoloration, 3=Less than 51-80% of needle discoloration, 4=More than 81% of needle
discoloration. © Means followed by the same lowercase letters in each column are not significantly different (Tukey’s HSD test, P<0.05).
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Table 4. Mean nematode density in trees by treatment 6 months after nematode inoculation

Mean density of pine wood nematodes/10g wood + SE

Treatment ¥ P, densiflora P, thunbergii
Branch Trunk Mean Branch Trunk Mean
PWN 10000 3318.4+0.14a” 267.0+0.14a 1731.2+0.08a 978.9+0.17a  4203+034a  699.6 + 0.22a
PWN 30000 3282.1+£0.24b 203.8+0.26ab 1742.9+0.29a 1575.8+0.07a 139.0+0.17a  857.4+0.12a
EFCA+PWN 10000 7618.9+0.04ab 2483 +0.19a 3933.6+0.12a 37353+0.18a 156.8+0.26ab 1946.1 +0.1a
EFCA+PWN 30000 7413.0+031a 316.8+0.28a 3864.9+0.34a 2007.3+£0.06a 185.1+£0.18ab 1096.2+0.1a
AbamectintPWN 30000 0.0 +0.0c 0.6£0.07b 0.3£0.05b 1.8 +0.06b 0.0+ 0.0b 0.9+ 0.05b
Control (water) 52.8+0.18¢c 25.8+0.1b 393+0.17b 2355+0.17b  171+0.17ab  203.3+0.18b

Y Refer to Table 1 caption. ” Means followed by the same lowercase letters in each column are not significantly different (Tukey’s HSD test,

P<0.05).

129; df=5, 174, p<0.0001, F=18.65, 1¥; df=5, 174, p<
0.0001, F=19.28, 2¢; df=5, 174, p<0.0001, F=18.27).

ALRTHE YU
B Y 505} 7] 2R 259 24RA
Mgl WEg 2R A3, BEANE aUEAEE 9

nkz] M= 699.6vH, 39knlE] XE]elMe 857.4n1]
o] FAFE Helou ofubEEl HelolA= 0.991e]7F A&
AL, Dt t2A 9] 739 203.37H] 9] Al S
o] AEFUTH(Table 4). I3AEAA H2te Ae @5
A} FAA zfelE HolA] eFkrh(df=5, 12, P<0.0001,
F=56.4) (Table 4).

AUFOME AURAAS FE dr wE S2E
AUFAASe] dme] 2ol glslem X137
Al Al T2 AF e 2AEE JF AT F
AlA Zpo]Z Holx| eFATHdE=5, 12, P<0.0001, F=26.26)
(Table 4). ¥hH opupale] Hqa] e} W= A2l = 0.39F
2|9} 39.3u1g]9] BAHORE Folgt e FAFE Y
WSAtK(Table 4). B+ A9 749 AUFAAS AA
AHOZ Qg T3l Eprt Aof FjFoE dWErt B
e

&I A 25 7k vjs|A] 7ER oA AuREAl A
o] derh Eghont ohuteEl X te 7k 7] BE
ANA Al Fo] AEE A= AUTH(Table 4).

ARAAF] AEE T g2 HES AFAIA
9] Yo} gglo] F&3 AR BF 2jo]5 Ho|
2 AL, A Y AHYE A HE A
S} 2ol & HolA| Grh(Table 5). obuk=lE AeelA= &
&9 A AUFANT AE FE0] 33%A M (dES5, 12,
P<0.0001, F=46.79) ZUFoM = 6.7%Z SAX S F]
A W AUFANE HEFTES BATHAES, 12, P<
0.0001, F=17.69) (Table 5).

Table 5. Mean pine wood nematode-infected tree detection rate

Pine wood nematode-infected tree

Treatment® detection rate (%) + SE

P, densiflora P, thunbergii
PWN 10000 86.7+8.8a" 90.0 +0.0a
PWN 30000 56.7+8.8a 86.7+8.8a
EFCA+PWN 10000 80.0 £ 0.0a 86.7+3.3a
EFCA+PWN 30000 80.0+11.5a 96.7+3.3a
Abamectin+PWN 30000 6.7 + 6.6b 33+33c
Control (water) 16.7 + 8.8b 33.3+8.8b

9 Refer to Table 1 caption. ® Means followed by the same
lowercase letters in each column are not significantly different
(Tukey’s HSD test, P<0.05).

Table 6. Mean resin secretion rate in Pinus thunbergii

Treatment Resin secretion tree ratio (%) + SE
PWN 10000 10.0 £ 0.0b®
PWN 30000 33+3.33b
EFCA-+PWN 10000 10.0 £ 0.0b
EFCA+PWN 30000 3.3+3.33b
Abamectin+PWN 30000 83.3+£8.82a
Control (water) 83.3+3.33a

Resin secretion was investigated 3 months after pine wood nematode
(PWN) inoculation using a resin sticker. ¥ Refer to Table 1 caption.
® Means followed by the same lowercase letters in each column are
not significantly different (Tukey’s HSD test, P<0.05).
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™ HE

HEH F8

ZEIAE o] &3 #E FAIFY $XIEH] /5
A3, HEER 2olE BATH(Table 6). $X1%H] T8
UM E 19k HE AT 10%, 39k A
THE M= 3.4%S YERd W, Eee) ofupeEl X
o= ZH7t 83.3%E YER A TH(Table 6). X13H3-521A)
AglM e 2UFAAZT FES 2o} Aolg HolA|
eFITH(dE=5, 12, P<0.0001, F=85.12).
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Table 7. Composition of tree ratio by needle discoloration rate according to the months after inoculation with 10,000 pine wood

nematodes (PWN)/mL
Month after Percentage of trees corresponding to the rate of needle discoloration (%) + SE
PWN Over 30% Over 50% Over 70% 100%

inoculation ~p densiflora P thunbergii P densiflora P. thunbergii P densiflora P thunbergii P densiflora P thunbergii

3 333+12.0b” 40.0+58c 133+88b 30.0+58c 10.0+58b 20.0+5.8c 33+33c 0.0+ 0.0¢c

4 533+33ab 66.7+6.7b 46.7+33ab 633+88b 36.7+6.7ab 633+8.8b 10.0+5.8bc 53.3+13.3b
5 63.3+6.7ab 86.7+33a 60.0+£10.0a 80.0+0.0ab 53.3+8.8a 80.0+0.0ab 43.3+12.0abc 76.7+3.3ab
6 70.0+10.0ab 90.0+0.0a 633+6.7a 90.0+0.0a 56.7+88a 86.7+33a 50.0+58ab 833+33a
7 733+ 12.0ab 90.0+0.0a 70.0+10.0a 90.0+0.0a 633+6.7a 90.0+0.0a 60.0+10.0a 86.7+3.3a
8 76.7+88a 90.0+£0.0a 70.0+10.0a 90.0+0.0a 633+6.7a 90.0+0.0a 60.0+10.0a 90.0+0.0a
9 80.0+58a 90.0+0.0a 733+6.7a 90.0+0.0a 70.0+10.0a 90.0+0.0a 60.0+10.0a 90.0+0.0a

3 Means followed by the same lowercase letters in each column are not significantly different (Tukey’s HSD test, P<0.05).

Table 8. Composition of tree ratio by needle discoloration rate according to the months after inoculation with 30,000 pine wood

nematodes (PWN)/mL
Month after Percentage of trees corresponding to the rate of needle discoloration (%) + SE
PWN Over 30% Over 50% Over 70% 100%

inoculation ~p densiflora P thunbergii P densiflora P thunbergii P densiflora P thunbergii P densiflora P thunbergii

3 26.7+6.7b” 40.0+5.8b 133+33¢c 16.7+33b  6.7+£3.3c 6.7+3.3b 0.0 +0.0b 33+3.3b

4 36.7+6.7ab 76.7+14.5a 26.7+6.7bc 733+12.0a 20.0+58bc 66.7+133a 16.7£6.7b  30.0+5.8b
5 433+33ab 90.0+58a 40.0+58ab 86.7+88a 36.7+33ab 86.7+88a 333+33a 76.7+33a
6 46.7+6.7ab 933+33a 40.0+58ab 86.7+88a 40.0+58ab 86.7+88a 40.0+58a 86.7+8.8a
7 46.7+33ab 933+6.7a 40.0+58ab 933+6.7a 40.0+58ab 933+6.7a 40.0+5.8a 90.0+10.0a
8 533+33a 96.7+33a 433+6.7ab 933+6.7a 40.0+5.8ab 933+6.7a 400+58a 93.3+6.7a
9 533+33a 96.7+33a 533+33a 96.7+33a 533+33a 933+6.7a 400+58a 933+6.7a

3 Means followed by the same lowercase letters in each column are not significantly different (Tukey’s HSD test, P<0.05).

DAFE
o] WAlgo] 30, 50, 70, 100% Z3H YF-o +=
AUFAAS HE INETSTE 2AE A= Table 7, 8
ZTh 100% AFHAE Hols o yAlE YFE
F&o| 2T ETE =4 YERSTH(Table 7, 8).
SRS 1R JE A FEM e JE Y
e 100% HGHAe] dojt Y7t gl ot 47)1dA| ol
= 100% ¥ Wao]  JAMEo] 533% WAL, HE
/1 Foll= 83.3%2 AelEEC] 100% G| HAe] 7
Y= ATHTable 7). ©1F INLEATAE F7Ho] BA=A
L F7F JAREo] A ER] QEQITH(Table 7). AUNFAME
AE Y Foll 3.3%2] Al@EelA 100% A HAo]
ERtaL, /Aol = 10%5te] 100% HHA o] =t
(Table 7). 2UFAAZE HE 1L olLAlol 22t 43.3%
& 50%°] Al@=o] 100% G WAl HAout sE7]2d
A% TNLAAM Y Atelells 714 Fsli&o] WAEIA]
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A= 60% PI9He] AGHAES Kol o] Lufio| 1)
3t TY T AUFAIME JE Al Aol A
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