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Research Article

Taxonomic Review of the Genus Asiophrida Medvedeyv,
1999 in Taiwan (Insecta: Coleoptera: Chrysomelidae:
Galerucinae: Alticini), with Notes on Biology

Chi-Feng Lee"’, Su-Fang Yu’, and Mei-Hua Tsou”

Abstract

Lee, C. F., S. F. Yu, and M. H. Tsou. 2024. Taxonomic review of the genus Asiophrida
Medvedev, 1999 in Taiwan (Insecta: Coleoptera: Chrysomelidae: Galerucinae: Alticini),
with notes on biology. J. Taiwan Agric. Res. 73(2):71-87.

Asiophrida Medvedev and Podontia Dalman belonging to the Blepharida-genus group could
be found in Taiwan. Asiophrida scaphoides (Baly) and A. spectabilis (Baly) are redescribed and the
illustrations of the penises, gonocoxae, spermathecae, abdominal ventrites VIII in females, and tar-
somres [-1II and the abdominal ventrites V of both sexes are provided. Detailed biological informa-
tion, including larval and adult feeding behaviors, host plants, and life cycles is provided. Lectotypes
are designated for Podontia scaphoides Baly, 1865, Ophrida binduta Maulik, 1926, and P. spectabilis

Baly, 1862.

Key words: Flea beetles, Taxonomy, Anacardiaceae, Rhus succedanea var. succedanea, Rhus chinen-

sis var. roxburghii.

INTRODUCTION

The genus Asiophrida Medvedev includes
large-sized species within the Blepharida-ge-
nus group. Members of the group are recog-
nized easily by the following combination of
characters: emarginate anterior margin of the
metatibial apex; elongate-oval eye shape, con-
verging dorsally (except Podontia); the convex,
chrysomeline appearance of the body; Bleph-
arida morpho-group form of the hind femoral
spring; and closed procoxal cavities in adults.
These genera are also well defined by their biol-
ogy, especially their shared host plant families,
Anacardiaceae and Burseraceae, and their larval
feeding habits (external leaf-feeding) (Furth &
Lee 2000). Genera of the Oriental region were
revised by Medvedev (1999), and 3 new genera

were described: Blepharella, Furthia, and Asio-
phrida. Asiophrida comprises 18 species, most
of which were originally grouped in Ophrida
Chapuis. Two of these, O. scaphoides (Baly,
1865) and O. spectabilis (Baly, 1862), were re-
corded from Taiwan. Medvedev’s definition of
Asiophrida in a Russian journal is insufficiently
detailed, and a number of subsequent papers
overlooked or did not follow his nomenclatural
acts, including Lee & An (2001), Park & Lee
(2001), Lee & Cho (2006), Lee & Cheng (2007),
Zhang & Yang (2008), and Aston (2009).

Both Asiophrida scaphoides and A. specta-
bilis were described from North China and were
recorded from Taiwan during the 1930s (see be-
low). They were briefly redescribed by Kimoto
& Takizawa (1997) and Lee & Cheng (2007). In
the current study, we provide additional infor-
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mation regarding generic delimits and species
identities of both species and describe their
feeding biology and life cycles in Taiwan.

MATERIALS AND METHODS

For rearing studies, larvae were placed
in small glass containers (diameter 142 mm x
height 50 mm) with cuttings from host plants.
When mature larvae began searching for pu-
pation sites, they were transferred to smaller
plastic containers (diameter 90 mm x height
57 mm) filled with moist soil to about 80% of
container volume.

We examined morphology of over 200
dry-mounted adult specimens. For delimiting
the variability of diagnostic characters, at least
one pair from each locality was examined.
Length was measured from the anterior margin
of the eye to the elytral apex, and width at the
greatest width of the elytra. Type specimens
available for study and voucher specimens
were deposited at The Natural History Muse-
um, London, UK (BMNH), the National Mu-
seum of Natural Science, Taichung, Taiwan
(NMNS), and the Applied Zoology Division,
Taiwan Agricultural Research Institute, Tai-
chung, Taiwan (TARI). Terminology of the
grooves on pronota follows Medvedev (1999).

Exact label data are cited for all type
specimens of described species; a double slash
(/1) divides the data on different labels and a
single slash (/) divides the data in different
rows. Other comments and remarks are in
square brackets: [p]- preceding data are print-
ed, [h]- preceding data are handwritten, [w]-
white label, and [b]- blue label.

RESULTS

Genus Asiophrida Medvedev

Asiophrida Medvedev, 1999:180 (type spe-
cies: Ophrida marmorea Wiedemann, 1819);
Lobl & Smetana 2011:51 (catalogue).

Diagnosis. Pronotum (Fig. 1A) with an-
terolateral area (AL) centrally depressed, de-
limited by longitudinal (LAL) and transverse

(TAL) punctures; LAL basally connecting with
longitudinal punctures (AAL); basal margin
with longitudinal lateral grooves (LG); central
longitudinal line (CL) reduced except basally;
additional groove (PG) near lateral margin be-
hind middle. Prosternal process widely round-
ed. Mesoventrite (Fig. 1B) with saddle-like
process for reception of metasternal process.
Hind femora with angular processes at pos-
terior margins near apices. Claws bifid. Tar-
someres | of front and middle legs more swol-
len in males than in females.

Remarks. Adults of Asiophrida differ
from those of Podontia (Lee & Yu 2021) by
their pronotal LAL, TAL, and AAL consisted
of punctures (lacking punctures in Podontia),
widely rounded prosternal process (bifurcate
prosternal process in Podontia), basal margin
of at least abdominal ventrite V in males ex-
panded posteriorly (basal margins of abdomi-
nal ventrites not modified in males of Podon-
tia), posterior margin of hind tibia smooth and
without angular process (posterior margin of
hind tibia with one angular process in Podon-
tia), spermatheca with spermathecal duct and
gland (lacking spermathecal duct and gland
in Podontia), receptacle apically connected
with spermathecal duct (receptacle subapically
connected with spermathecal duct), gonocoxae
well developed, lobe-like (gonocoxae less de-
veloped, usually consisted of one process with
dense setae in Podontia). Immature stages of
Asiophrida also display significant differences
from those of Podontia: egg mass covered by
faecal material (egg mass exposed in Podon-
tia), old instar larvae dark brown or purple (old
instar larvae yellow in Podontia).

Asiophrida scaphoides (Baly)

Podontia scaphoides Baly, 1865:430 (Chi-
na); Gemminger & Harold 1876:3522 (cata-
logue).

Ophrida scaphoides: Miwa 1931:192
(Taiwan); Chen 1933:216 (Vietnam; key);
Chen 1934:271 (redescription; China: Gansu,
Jiangsu, Zhejiang, Sichuan, Yunnan, Guizhou);
Chijoé 1935:465 (Taiwan); Gressitt & Kimoto
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1963:787 (China: Hubei, Guangdong); Kimoto
1970:214 (Taiwan); Kimoto 1987:191 (Tai-
wan); Kimoto 1989:262 (Taiwan); Kimoto
1991:19 (Taiwan); Takizawa ef al. 1995:14
(Taiwan); Kimoto & Takizawa 1997:519 (lar-
val morphology, host plant); Kimoto 2000:227
(Thailand); Lee & Cheng 2007:142 (host
plant); Aston 2009:4 (China: Hong Kong).

Ophrida binduta Maulik, 1926:233 (In-
dia); synonymized by Scherer (1969). Syn-
onym confirmed.

Asiophrida scaphoides: Medvedev 1999:
182; Lobl & Smetana 2011:51 (catalogue); Yang
et al. 2015:354 (China; catalogue).

Types. Podontia scaphoides (Figs. 2A-D).
Lectotype @ (BMNH), here designated to pre-
serve stability of nomenclature since synonyms
exist, labeled: “Type / H. T [p, w, circle label
with red border] // N. China [h, w] // Baly
Coll. [p, w] // SYN-/ TYPE [p, w, circle label
with blue border] // Podontia / scaphoides /
Baly / N. China [h, b] // Type [h, underside of
the previous card] // MNBH(E) / #1024879 [p,
w]”. Paralectotype: 14 (BMNH): “Baly Coll.
[p, w] // SYN-/ TYPE [p, w, circle label with
blue border]”.

Ophrida binduta (Figs. 2E-H). Lectotype
©Q (BMNH), here designated to preserve sta-
bility of nomenclature since synonyms exist,
labeled: “Type [p, w, circle label with red bor-
der] // Assam. / W. F. Badgley. / 1906—185. [p,
w] // Ophrida | binduta, M. [h] / Det. Maulik.
[p] / Type. 1925 [h, w]”. There should be 3
syntypes based on the original description, but
only one was found at the BMNH.

Specimens examined (n = 136). CHINA.
Fujian: 1& (BMNH), Foochow (= Fuzhou, &),
1923, leg. C. R. Kallogg; Guangxi: 19 (TARI),
Dayaoshan (K¥%(L]), 17.V1.2016, leg. I. T. Zhao;
1& (TARI), same but with “25.VI1.2016”; 19Q
(TARI), same but with “14.1X.2017”; 19
(TARI), Laoshan Forest Farm (GZLLI#f15), 9.1X.
2020, leg. 1. T. Zhao; Sichuan: 39 (BMNH),
Gongga Shan mts. ( H &[] ), 14-19.VI.1999,
leg. V. Siniaev & A. Plutenko; Yunnan: 29
(TARI), Luteshan (%£fE(11), 10.V.2019, leg. Y.
T. Wang; 14 (TARI), Wudian (& f]), 20.1X.2018,

leg. Y. T. Wang; LAOS. Hua Phan: 34, 49
(BMNH), Ban Saleui, Phou Pan (Mt.), 3-30.
1V.2014, leg. C. Holzschuh; TAIWAN. Chiayi:
13,29 (NMNS), Tapu (A H), 25.111.1998, leg.
W. T. Yang; Hsinchu: 24 (TARI), 1Q (BMNH),
Shinchiku (= Hsinchu, ¥777), 1-30.VIL.1918,
leg. J. Sonan & K. Miyake; 19 (TARI), Tahun-
shan (KJELL), 24.11.2009, leg. M. H. Tsou; 38
(TARI), same but with “1.111.2009”; 19
(TARI), Talu trail (KEEMIE), 21.V.2011, leg.
Y. L. Lin; 19 (TARI), same locality, 16.
11.2023, leg. Y. F. Hsu; Kaohsiung: 2¢
(TARI), Rokkiri (= Liukuei, &), 14.V.1941,
leg. Y. Yano; 14 (TARI), Tengchih (§% %), 6.
VIII.2013, leg. B. X. Guo; 19 (TARI),
Tienchih (KAf), 1.1V.2015, leg. C. F. Lee; 44,
2Q (TARI), Tou Noo (%47), 3.VI1.1989, leg. K.
Baba; 44, 3Q (TARI), same locality (= Tona),
7.VI1.2016, leg. B. X. Guo; 29 (TARI), same
locality, 24.VII.2016, leg. U. Ong; Miaoli:
134 (TARI), Hsuehchien (FR), 12.X.2021, leg.
C. F. Lee; Nantou: 12 (TARI), Aowanta ( BE&
K), 10.VI1.2010, leg. Y. T. Wang; 14 (NMNS),
Chunyang (&%), 23-24.1X.1997, leg. C. S. Lin
& W. T. Yang; 1J, 39 (TARI), same but with
“12.VIIL.-8.1X.1998”; 19 (NMNS), same but
with “11.VI.-9.VII.2002”; 19 (NMNS), same
but with “15.X.-12.X1.2002”; 19 (NMNS),
same but with “11.VI.-8.VII1.2003”; 19
(NMNS), same but with “5.VIII.-9.1X.2003”;
14, 29 (NMNS), same but with “9.1X.-7.
X.2023”; 14, 192 (NMNS), same but with
“4 XI1.-15.X11.2003”; 14 (NMNS), same but
with “10.VIII.-8.1X.2004”; 29 (NMNS), same
but with “8.VI.—14.VIL.2017”; 1Z, 29 (TARI),
same locality, 25.X.2009, leg. Y. T. Wang; 19
(TARI), same locality, 20.1V.2011, leg. W. T. Liu;
14 (NMNS), same locality but with “No: II Sam-
pling plots, 9.1.-6.11.2007”; 14, 19 (NMNS),
same but with “6.VI.-14.VI1.2007”; 1J, 19
(NMNS), same but with “14.VIL.-7.VII.2007”;
12 (NMNS), Huisun Forest (E#&M5), 17-19.
1.1996, leg. W. T. Yang; 14 (NMNS), same lo-
cality, 11.X1.1998, leg. M. L. Chan; 19 (NMNS),
same locality, 6.VI1.2011, leg. Liang, Tang,
Shen; 14 (NMNS), same locality, 1.X.2011,
leg. H. H. Liang; 13 (TARI), 17.X1.2008, same
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locality, leg. M. H. Tsou; 29 (NMNS), Jiantai
Forest District (R & K& ), 17.VIL.2019, leg. J.
F. Tsai; 14, 19 (BMNH), Lushan (ELLI), 8.VIIL
2008, leg. H. Mendel, U. Ong, M. V. L. Barclay
& R. Ewers; 19 (TARI), Musha (= Wushe, 511),
V.18.-VI.15.1918, leg. T. Okuni; 19 (NMNS),
Nanshanchi (fF (L&), 17.V1.1965, leg. B. S.
Chang; 14 (NMNS), same but with “21.
VI.1965”; 14 (NMNS), Sungkang (fA k), 10.
VII1.2000, leg. C. C. Lo; 138 (TARI), Tungpu (3£
1), 19-23.VII1.1982, leg. L. Y. Chou & T. Lin;
14 (NMNS), Yuanfeng (i), 2.VIIL.-8.1X.2005,
leg. C. S. Lin & W. T. Yang; New Taipei City:
1Q (TARI), Fushan (f&Ll1), 17.VL.2008, leg. W.
H. Hu; Pingtung: 23, 19 (TARI), Tahanshan
(KJELD), 24.V1.2007, leg. C. F. Lee; 19
(TARI), same locality, 22.1.2009, leg. M. H.
Tsou; 44, 69 (TARI), same but with “18-21.
IV.2009”; 14, 12 (TARI), same locality,
17.V11.2007, leg. S. F. Yu; 19 (TARI), same
but with “8.11.2008”; 14 (TARI), same but
with “22.1.2009”; 19 (TARI), same locality,
3.1V.2013, leg. Y. T. Chung; 19 (TARI), same
but with “10.V.2013”; 14 (TARI), same but
with “6.V1.2015”; 14 (TARI), same locality,
25.X.2014, leg. W. C. Liao; 14 (TARI), same
but with “22.111.2015”; Taichung: 13, 29Q
(NMNS), Bojinjiashan (}7/E L), 8.X.1987,
leg. I. C. Hsu; 19 (NMNS), Chungchemg
Campsite (71 IF 58 & &), 24.V.2010, leg. H. H.
Liang; 14, 19 (NMNS), Guguan (%), Shaolai
Trail ($42538), 25.1X.2021, leg. J. F. Tsai;
14 (NMNS), Tachien (), 2.1X.1987, leg. 1.
C. Hsu; 1&, 3Q (NMNS), Tangmatanshan (i
FiL), 4.X.1987, leg. 1. C. Hsu; Taitung: 17,
4Q (TARI), Wulu trail (F5REMIE), 26.1X.2007,
J. F. Tsai; Taoyuan: 2Q (NMNS), Junghua (2£%%),
2.V.1971, leg. B. S. Chang; 14 (NMNS), Pal-
ing (2 [%), 23.1V.1972, leg. B. S. Chang; 1J
(NMNS), Szuling (I9#), 17.1X.2011, leg. Y. T.
Wang.

Redescription. Length 8.5-10.0 mm, width
4.2-5.3 mm. General color (Figs. 3A—C) yellow-
ish-brown to reddish-brown; antenna apically
and gradually darkened from antennomere V;
mesothoracic ventrite blackish-brown or black;

BI3E H2i

tibiae and base of hind femur black, tarsi yellow;
elytra with white dots between strial punctures
arranged regularly and characteristically. Anten-
nae filiform in males (Fig. 4A), but antennomere
I moderately bent, length ratios of male anten-
nomeres [-X1 1.0 : 0.4 : 0.5:0.5:0.6 : 0.6 :
0.6 : 0.6 : 0.6 : 0.5 : 0.7, length to width ratios
of antennomeres [-X1 4.1 : 1.8 : 2.4 :2.5:2.6:
24:27:28:2.8:2.3:2.9; shorter in females
(Fig. 4B), antennomeres I1I-X straight, length
ratios of female antennomeres [-XI 1.0 : 0.4 : 0.5
:0.5:05:05:05:0.5:0.5:0.5:0.7, length
to width ratios of antennomeres I-XI 3.5 : 1.8
124:26:29:26:22:23:23:2.1:2.8.
Pronotum transverse, 1.8—1.9x wider than long,
lateral margin moderately rounded from apex to
middle, then parallel-sided from middle to base;
apical margin medially and moderately concave,
basal margin medially and slightly convex. El-
ytra parallel-sided, 1.4—1.5x longer than wide.
Tarsomeres I of front and middle legs strongly
swollen in males (Fig. 4H); less swollen in fe-
males (Fig. 4I). Apical margin of abdominal ven-
trite V in males trilobed (Fig. 4J), notches shal-
low, basal margins of all abdominal ventrites not
modified; apical margin of abdominal ventrite
V broadly rounded in females, basal margin not
modified. Penis (Figs. 4C-D) elongate, 4.8x lon-
ger than wide; parallel-sided, apically narrowed
from apical 3/10, apex rounded; slightly bent at
middle at lateral view; ostium membranous with
one median elongate sclerite. Gonocoxae (Fig.
4G) well developed, combined with deep median
notch on apical margin, dense, long setae along
apical margin, basal membranous with median
basally pointed sclerotization. Ventrite VIII (Fig.
4E) membranous except apical margin and spic-
ulum, with one cluster of short setae at sides of
apical margin; spiculum extremely elongate. Re-
ceptacle of spermatheca (Fig. 4F) strongly swol-
len, apically connected with distal spermathecal
duct and basally connected with pump, insepara-
ble between distal spermathecal duct, receptacle,
and pump; pump strongly curved, apex with one
small process; distal spermathecal duct long and
apically connected with receptacle.
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Variation. Specimens from populations
in mainland China are larger and have entirely
black hind femora.

Diagnosis. Adults of Asiophrida scaphoides
are separated easily from those of 4. spectabilis
by their distinct color patterns. In addition, gen-
italic characters are also diagnostic for species
identities. The ventral surface of the penis is
flat (Fig. 4D) in A. scaphoides, but convex at
apical 1/3 (Fig. 6D) in A4. spectabilis. The apical
margin of the gonocoxae is widely rounded in 4.
scaphoides (Fig. 4G), but bilobed in 4. spectabi-
lis (Fig. 6G). Abdominal ventrite VIII in females
of A. scaphoides possesses an elongate spiculum,
with apical marginal setae restricted to the cen-
tral part (Fig. 4E). In females of A. spectabilis
abdominal ventrite VIII has the spiculum subapi-
cally widened, and the entire apical margin bears
setae (Fig. 6E).

Host plants. Anacardiaceae: Rhus vernici-
flua Stokes (Aston 2009); R. succedanea var.
succedanea L. (Kimoto & Takizawa 1997; Lee
& Cheng 2007).

Biology. Although the larval morpholo-
gy of Asiophrida scaphoides was studied by
Kimoto & Takizawa (1997), its life history
was previously unknown. Based on our obser-
vations, this species is univoltine in Taiwan.
Overwintered females started depositing egg
masses on February 20, 2009, as observed by
the senior author. Each egg mass contained ten
eggs and was covered with faeces (Fig. 5A).
Egg masses were deposited on twigs in the
field (Fig. 5B). Larvae hatched after 10 d. Ne-
onate larvae were pale yellow with black heads
(Fig. 5C). They cut leaf veins first to stop
fluid transport in the veins. Later instar larvae
turned purple and fed by scraping the abaxial
surface of the lamina (Fig. 5D), while older
larvae fed by cutting the leaf lamina. They ap-
peared sticky and coated with faeces (Fig. SE).
Larval durations varied from 14-16 d. Mature
larvae crawled into the soil and constructed
underground chambers for pupation. Pupal
stage (Fig. 5F) duration was approximately 30
d (Fig. 5G). Adults fed by cutting the leaf lam-

ina. They jumped promptly when disturbed.
Unlike larvae, adults preferred to remain on
the adaxial side of leaves (Fig. SH).
Distribution. China, India, Laos (new
record), Taiwan, Thailand, and Vietnam. This
species is widespread in lowlands of Taiwan.

Asiophrida spectabilis (Baly)

Podonita spectabilis Baly, 1862:452 (Chi-
na).

Ophrida spectabilis: Gemminger & Harold,
1876:3523 (catalogue); Chen 1933:216 (key);
Chen 1934:270 (redescription; China: Zheji-
ang, Jiangsu, Guizhou, Yunnan; Taiwan); Chen
1939:34 (China: Guangxi); Chjo 1935:465
(Taiwan); Chlijo 1963:400 (Taiwan); Gressitt
& Kimoto 1963:787 (China: Tibet, Sichuan,
Hubei); Kimoto 1965:489 (Taiwan); Kimoto
1970:214 (Taiwan); Wang ef al. 1998:26 (biolo-
gy and control); Lee & An 2001:146 (South Ko-
rea); Park & Lee 2001:257 (larval morphology,
biology); Lee & Cho 2006:57 (host plants); Lee
& Cheng 2007:140 (biology).

Podontia rufoflava Fairmaire, 1889:73 (Chi-
na); synonymized by Gressitt & Kimoto (1963).

Asiophrida spectabilis: Medvedev 1999:183;
Yang ef al. 2015:354 (China; catalogue); Cho &
An 2020:15 (Korea; catalogue); Lobl & Smetana
2011:51 (catalogue).

Types. Podolia spectabilis (Figs. 21-L).
Lectotype @ (BMNH), here designated to pre-
serve stability of nomenclature since synonyms
exist, labeled: “Type / H. T. [p, w, circle with
red border] // Baly Coll. [p, w] // SYN-/ TYPE
[p, w, circle label with blue border] // Podonita
/ spectabilis / Baly / N. China [h, b] // Type [h,
underside of the previous card] / BMNH(E) /
#1024845 [p, w]”. Paralectotype: 19 (BMNH):
“Baly Coll. [p, w] // SYN-/TYPE [p, w, circle
label with blue border]”.

Podontia rufoflava. Fairmaire’s collection
is at the Muséum national d’Histoire naturelle
(MNHN) in Paris. Nonetheless, a recent search
through both the MNHN general collection and
Fairmaire’s collection for types has been un-
successful (A. Mantilleri, in litt.).
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Specimens examined (n = 56). CHINA.
Fujian: 1?2 (BMNH), Foochow (= Fuzhou, 1§
M), 2.1X.2?, leg. M. S. Yang; Guanxi: 1J
(TARI), Cenwanglaoshan (& F (1), 27.VIL.
2020, leg. Y. Q. Lu; Zhejiang: 19 (BMNH),
Hangchow (= Hangzhou, 7)), 3.V1.1928, leg.
P. H. Tsai; 14 (TARI), same locality,
14.VII1.1928, leg. C. C. Tao; KOREA. 19
(TARI), Keizyo, Keikido, 3.VIII.1937, leg. T.
Kusanagi; 19 (TARI), Keizyo, Keikido, Mt.
Hokugaku-zan, 7.VII1.1937, leg. M. Yamada;
TAIWAN. Chiayi: 19 (TARI), Arisan (= Alishan,
FlE L), VI.1914, leg. M. Maki; 19 (TARI), 2—
23.X.1918, same locality, leg. J. Sonan & M.
Yoshino; 1&, 19 (TARI), Taihorin (= Talin, X
FK), VI.1908, leg. T. Shiraki; Hsinchu: 15
(TARI), Litungshan (Zff (1), 6.V1.2010, leg.
Y. L. Lin; Hualien: 29 (BMNH), Costal
Range (& F LK), SE of Fuli (&), 12-16.
X1.2008, leg. L. Dembicky; Hualien: 2J, 3Q
(NMNS), Hsipao (F§%%), 5.XIL.1991, leg. Y. C.
Shiau; Ilan: 19 (TARI), Piyahau (= Pihau,
##%), 16.X.1937, leg. Y. Miwa; 19 (TARI), Riy-
ohen (= Chinyuehtsun, $:{%#}) — Rato (= Lo-
tung, ZE5H), 5.1X.1929, leg. R. Takahashi; 19Q
(TARI), Taiheizan (= Taipingshan, 7 F L),
VII.1930, leg. Y. Minowa; Nantou: 19, Horisha
(= Puli, § H), 20.V.1919, leg. H. Kawamura;
14, 19 (TARI), same locality (= Hori), VIL.1937,
leg. K. Nakamura; 34, 19 (NMNS), Nanshan-
chi (FFLLIVE), 21.V.1965, leg. B. S. Chang; 19
(NMNS), same but with “1.VI.1965”; 2J
(NMNS), same but with “8.VI.1965”; 24
(NMNS), same but with “17.VI1.1965”; 1J
(TARI), Takeya (= Chienchityu, #7;%F), 8.VIIL.
1940, leg. M. Chujo; New Taipei City: 19
(NMNS), crossroads between Beiyi Highway
(dL'H 7 %) and Shuangfeng Road (% I %),
4.X.1992, leg. W. I. Chou; 24 (TARI), Shinten
(= Hsintien, #)E), 24.X.1929, leg. M. Chujo;
Taichung: 29 (TARI), Hakumo (= Paimao, [
F), 12.V1.1926, leg. R. Takahashi; Taipei: 13,
19 (TARI), Peitou (1E4%), 2.X.2006, leg. S. F.
Yu; 14, 39, Sozan (= Yangmingshan, [&AALL),
25.X.1936, leg. M. Chujo; 14, 49, same locali-
ty, 13.VI1.1943, collector unknown; 19 (TARI),
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Sishoushan (VUL (1), 19.VIIL.2014, leg. H. T.
Cheng; 19 (TARI), Taihoku (= Taipei, Z 1),
IX.1911, leg. I. Nitobe; Taitung: 1J (TARI),
Lichia (]3%), 9.V.2010, leg. M. L. Jeng; Taoyuan:
14, 12 (TARI), Kalaho ("&7%), 20.1X.2009,
leg. Y. T. Wang.

Redescription. Length 13.8-15.0 mm,
width 6.9-8.0 mm. General color (Figs. 3D—
F) yellowish-brown; antenna black, but four
basal antennomeres yellowish-brown; elytra
with white stripes arranged regularly and
characteristically. Antennae filiform in males
(Fig. 6A), but antennomere I moderately bent,
length ratios of male antennomeres I-XI 1.0 :
03:05:06:07:06:0.6:06:0.6:0.5:
0.6, length to width ratios of antennomeres I—
X134:1.7:29:28:28:2.7:28:2.6:3.0
1 2.4 :2.9; similar in females (Fig. 6B), anten-
nomeres [11-X straight, length ratios of female
antennomeres [-XI 1.0 : 0.3 : 0.5 : 0.6 : 0.6 :
0.5:0.6:0.5:0.5:0.5:0.6, length to width
ratios of antennomeres [-XI 3.6 : 1.6 : 2.7 :
29:30:26:25:2.6:2.6:2.2:3.0.Pro-
notum transverse, 1.7-1.8x wider than long,
lateral margin moderately rounded from apex
to middle, then parallel-sided from middle to
base; apical margin medially and moderately
concave, basal margin medially and slightly
convex. Elytra parallel-sided, 1.5-1.6x longer
than wide. Tarsomeres I of front and middle
legs strongly swollen in males (Fig. 6H); less
swollen in females (Fig. 6I). Apical margin of
abdominal ventrite V in males trilobed (Fig.
6J), notches shallow, basal margins of all
abdominal ventrites unmodified; apical mar-
gin of abdominal ventrite V broadly rounded
in females, basal margin unmodified. Penis
(Figs. 6C-D) elongate, 4.5x longer than wide;
parallel-sided, apically narrowed from apical
3/10, apex rounded; slightly bent at middle
at lateral view, ventral surface convex at api-
cal 1/3; ostium membranous with one median
elongate sclerite and one pair of lateral curved
sclerites. Gonocoxae (Fig. 6G) well developed,
lobe-like and combined, apical margin weakly
emarginate on either side of middle, several
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long setae along apical margin, and short setae
near apices, base membranous with median
basally pointed sclerotized area, and two pair
of elongate weakly margined sclerotized areas.
Ventrite VIII (Fig. 6E) membranous except
apical margin and speculum, with short setae
along apical margin, much denser at central
part; spiculum extremely elongate and subapi-
cally widened. Receptacle of spermatheca (Fig.
6F) strongly swollen, apically connected with
distal spermathecal duct and basally connected
with pump, inseparable between distal sper-
mathecal duct, receptacle, and pump; pump
strongly curved, apex with one small process;
distal spermathecal duct long and apically con-
nected with receptacle.

Diagnosis. Adults of Asiophrida spec-
tabilis are separated easily from those of 4.
scaphoides by their distinct color patterns. In
addition, genitalic characters are diagnostic for
species identities. The ventral surface of the
penis is convex at the apical 1/3 in 4. specta-
bilis (Fig. 6D) but flat in A. scaphoides (Fig.
4D). The apical margin of the gonocoxae is bi-
lobed in A. spectabilis (Fig. 6G) but is widely
rounded in 4. scaphoides (Fig. 4G). In females
of A. spectabilis abdominal ventrite VIII pos-
sesses a spiculum that is subapically widened,
and an entire apical margin bearing setae (Fig.
6E). In females of A. scaphoides the spiculum
is elongate, and setae of the apical margin are
restricted to central part (Fig. 4E).

Host plants. Anacardiaceae: Rhus ver-
niciflua Stokes (Park & Lee 2001); R. tricho-
carpa Miq. (Park & Lee 2001); R. chinensis
Mill. (Wang et al. 1998; Park & Lee 2001); R.
chinensis var. roxburghii (DC.) Rehder (Lee &
Cheng 2007; = R. javanica, recorded by Lee &
Cho 2006); R. punjabensis Stewart (Wang et
al. 1998).

Biology. The larval morphology of 4sio-
phrida spectabilis was studied by Park & Lee
(2001). Its observed life history was similar
in China (Hubei) (Wang et al. 1998), South
Korea (Park & Lee 2001), and Taiwan (Lee &
Cheng 2007). This species is univoltine and

larvae from overwintered eggs started to hatch
during mid-March in Taiwan but mid-April in
South Korea. Egg mass contain approximately
15 eggs and are covered with faeces (Fig. 7B).
Egg masses are deposited on twigs in the field
(Fig. 7C). In the laboratory, larvae hatched in 5
d after being splashed with water. Neonate lar-
vae are pale yellow with black heads (Fig. 7D).
Later instar larvae turned purple and fed by
scraping the adaxial surface of the lamina (Fig.
7E), while older larvae feed by cutting the leaf
lamina. They appeared sticky and were coated
with faeces (Fig. 7F). Larval durations varied
from 25-30 d. Mature larvae crawled into the
soil and constructed underground chambers for
pupation. Larvae turned yellow inside the un-
derground chambers. Pupal duration (Fig. 7G)
was approximately 35 d in Taiwan and 45-50
d in China. Adults feed by cutting the leaf
lamina. They jump promptly while disturbed.
Adults (Fig. 7H) appear during middle June to
early October in China and Taiwan but early
August to late October in South Korea. Fe-
males start depositing egg masses during early
September in China, middle September to mid-
dle October in South Korea, and late October
in Taiwan (Fig. 7A).

Distribution. China, South Korea, Tai-
wan. This species is widespread in lowlands of
Taiwan.

CONCLUSION

Medvedev (1999) proposed diagnostic
characters of pronotum, pro- and mesosterna,
hind femora, and claws for generic delimita-
tion between Podontia and Asiophrida. More
diagnostic characters can be observed on geni-
talic structures and immature stages. However,
adults of Asiophrida are more similar to those
of Ophrida, differing from the latter only by
the well-developed Al area on the pronotum.
The genus Ophrida require detailed study,
especially of genitalic morphology and imma-
tures to determine if the two genera are dis-
tinct or synonyms.
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Fig. 1. Diagnostic characters of pronotum and thoracic ventrites, Asiophrida scaphoides. A. Pronotum, AAL: longi-
tudinal groove behind middle, AL: anterolateral area, CL: central line, LAL: longitudinal groove above middle, LG:
basal longitudinal groove, PG: posterior groove, TAL: transverse groove; B. Thorax, a: prosternum, b: mesoventrite, c:

metaventrite, d: anterior coxa, e: middle coxa.
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Fig. 2. Type specimens and labels of Podontia scaphoides, Ophrida binduta, and P. spectabilis. A-D: P.
scaphoides, A. lectotype, dorsal view; B. ditto, ventral view; C. ditto, lateral view; D. labels; E-H: O. binduta, E.
lectotype, dorsal view; F. ditto, ventral view; G. ditto, lateral view; H. labels; I-L: P. spectabilis, 1. lectotype, dorsal
view; J. ditto, ventral view; K. ditto, lateral view; L. labels.
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Fig. 3. Habitus of adult Asiophrida scaphoides and A. spectabilis. A. A. scaphoides, female, dorsal view; B. Ditto,
ventral view; C. Ditto, lateral view; D. 4. spectabilis, male, dorsal view; E. Ditto, ventral view; F. Ditto, lateral view.
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Fig. 4. Diagnostic characters of Asiophrida scaphoides. A. Antenna, male; B. Antenna, female; C. Penis, dorsal
view; D. Penis, lateral view; E. Ventrite VIII, female; F. Spermatheca; G. Gonocoxae; H. Tarsomeres I-I1I, male; 1.

0.5 mm

Tarsomeres I-111, female; J. Ventrite I-V, male.
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Fig. 5. Life stages of Asiophrida scaphoides. A. The egg mass deposited inside a glass container at the laboratory;
B. Egg masses deposited on the twigs in the field; C. First-instar larva; D. Second-instar larva; E. Third-instar larva; F.
Pupa; G. Adult within underground chamber; H. Alert adult.
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Fig. 6. Diagnostic characters of Asiophrida spectabilis. A. Antenna, male; B. Antenna, female; C. Penis, dorsal
view; D. Penis, lateral view; E. Ventrite VIII, female; F. Spermatheca; G. Gonocoxae; H. Tarsomeres I-III, male; 1.
Tarsomeres [-I1II, female; J. Ventrite [-V, male.
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Fig. 7. Life stages of Asiophrida spectabilis. A. Female depositing egg masses on twig; B. Eggs exposed in egg
mass; C. Egg masses deposited on twigs in the field; D. First-instar larva; E. Second-instar larva; F. Third-instar larva;
G. Pupa; H. Alert adult.
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Research Article

Using Multiplex RT-PCR Assay for Detection and
Differentiation of Three Pepper-Infecting Viruses

Cheng-Ping Kuan"", Chung-Jen Hsiao’, Ying-Huey Cheng’, and Shu Chen*

Abstract

Kuan, C. P, C. J. Hsiao, Y. H. Cheng, and S. Chen. 2024. Using multiplex RT-PCR assay
for detection and differentiation of three pepper-infecting viruses. J. Taiwan Agric. Res.

73(2):89-99.

A multiplex reverse transcription-polymerase chain reaction (multiplex RT-PCR) method was
developed to enable the simultaneous detection and differentiation of three tobamoviruses infecting
peppers, namely pepper mild mottle virus (PMMoV), tobacco mosaic virus (TMV), and tomato mosa-
ic virus (ToMV). The differentiation was achieved using 3 optimized specific oligonucleotide primer
pairs, including 1 universal primer for detecting all tobamoviruses and 3 virus-specific primers as
forward in the multiplex RT-PCR. The amplification of these three target viruses was finely tuned by
analyzing the PCR primer ratios. The multiplex RT-PCR products generated distinct fragments: 519
base pairs (bp) for PMMoV, 228 bp for TMV, and 177 bp for ToMV. Importantly, this method exhibits
a high level of specificity, as no products were amplified from non-target pepper virus RNAs as tem-
plates. Additionally, it has been demonstrated that multiplex RT-PCR is a virus-specific, sensitive, and
cost-effective method for the multiple detection of pepper-infecting tobamoviruses in the field.

Key words: Tobamoviruses, Pepper mild mottle virus, Tobacco mosaic virus, Tomato mosaic virus,

Detection.

INTRODUCTION

Pepper (Capsicum annuum L.), a member
of the Solanaceae family, is widely cultivated in
Taiwan. However, viral diseases can result in se-
vere symptoms and cause epidemics and signif-
icant economic losses (Jones 2021). Among the
various viruses affecting peppers, aside from in-
sect-transmitted ones, mechanical and seed-born
tobamoviruses, as highlighted by Moury & Ver-
din (2012), are particularly prevalent. Tobamovi-

ruses lack insect vectors but can easily be trans-
mitted through plant saps and mechanical tools.
Tobamoviruses are highly infectious through
mechanical means and can be found in seeds and
plant debris (Spence et al. 2001), and even in
wastewater (Rosario et al. 2009). Traditionally,
tobacco mosaic virus (TMV) and tomato mosaic
virus (ToMV) are the predominant tobamoviruses
in pepper fields, but their management has been
successful through resistance breeding utilizing
resistance genes. Tobamovirus genomes consist
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of single-stranded RNA (ssRNA) encapsulated
in stable, rod-shaped particles, approximately
300 nm long, known for their remarkable stabil-
ity (Knapp & Lewandowski 2001). Generally,
TMV-infected pepper plants exhibit chlorotic
mosaic leaves, and stunted growth with distor-
tion of younger leaves and fruits. In the case of
pepper mild mottle virus (PMMoV) infection of
pepper, leaf symptoms are typically mild, and
may remain asymptomatic, but the virus causes
striking symptoms on the fruit. These tobamo-
virus epidemics significantly reduce both the
yield and quality of pepper production. ToMV
has a broad host range, including members of the
Solanaceae family such as tomatoes and peppers
(Broadbent 1976).

Multiplex reverse transcription-polymerase
chain reaction (multiplex RT-PCR) is a widely
adopted technique known for its speed, reliabil-
ity, and cost-effectiveness in simultaneously de-
tecting multiple viruses (Vigané & Stevens 2007,
Deb & Anderson 2008; Wei et al. 2009). In this
study, we present a specific and sensitive multi-
plex RT-PCR method capable of simultaneously
detecting and differentiating three tobamovirus-
es, PMMoV, TMV, and ToMV in pepper crops.

MATERIALS AND METHODS

Virus sources and cDNA clones

Virus isolates of PMMoV, TMV, ToMV,
potato virus Y (PVY), pepper mottle virus (Pep-
MoV), potato virus X (PVX), and cucumber
mosaic virus (CMV) were kindly provided by
Dr. Ting-Ching Deng (former virus specialist in
Plant Pathology Division, Taiwan Agricultural
Research Institute), and were maintained in

tobacco (Nicotiana benthamiana) in the green-
house (Cheng et al. 2013). The experiments
were conducted at the Virus and Bacteria Lab-
oratory, Division of Plant Pathology, Taiwan
Agricultural Research Institute, Taiwan. The
viruses were introduced to tomato or bell pep-
per plants (Capsicum annuum) by grinding
with ten times the amount (w/v) of potassium
phosphate buffer (0.01 M KHPO,, pH 7.0). Dis-
ease symptoms were observed, and leaves were
collected 6 wk after virus inoculation and used
for confirmation via RT-PCR. RT-PCR products
that were amplified using primers designed
for the detection of PMMoV, ToMV, and TMV
(Table 1, referred to as tobamo3/tobamo2 or
tobamo2.1R) underwent purification. This puri-
fication step was carried out using a PCR DNA
Purification Kit (Promega, Madison, WI, USA),
following the manufacturer’s instructions. Sub-
sequently, these purified products were cloned
into the pGEM-T vector (Promega, Madison,
WI, USA). The generated plasmids were named
pEASY-PMMoV, pEASY-ToMV, and pEASY-
TMV. Each plasmid contained inserts of the
expected size corresponding to PCR products
PMMoV, TMV, and ToMV. These plasmids were
used in multiplex PCR experiments.

RNA extraction

One hundred milligrams of fresh tomato or
bell pepper leaves were ground in liquid nitro-
gen and used to extract total RNA according to
the operation manual (Trizol reagent, Invitro-
gen, Carlsbad, CA, USA). The extracted total
RNA was resuspended in 50 pL of diethyl py-
rocarbonate (DEPC)-treated water and stored at
-80°C and was used for subsequent experiments.

Table 1. Nucleotide sequences of primers use in this study”.

Primer/probe Sequence (5'-3") Product (bp) Tm (C) Reference
Tobamo3 (F) 5'-CAR ACN ATW GTB TAY CA-3’ 540 50 Gibbs et al. 2004
Tobamo2 (R) 5'-TTB GCYTCR AAR TTC CA-3' 540 50 Gibbs et al. 2004
Tobamo2.1R 5'-TTB GCY TCAAAATTC CA-3' 540 50 This study
PMMoV-Rp-0521-F GCTTTTTGGTCCTGTATTTTCAGAAT This study
ToMV-Rp-0521-F TACAACTTTTATCGGTAATACC This study
TMV-Rp-0521-F TACCGCAGGTATAAAAACTTGCATC This study

“ bp: base pairs; PMMoV: pepper mild mottle virus; TOMV: tomato mosaic virus; TMV: tobacco mosaic virus.
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Primer selection and optimization of
multiplex RT-PCR

To ensure the specificity and efficiency
of the multiplex RT-PCR method, previously
published tobamovirus primers, tobamo2, and
tobamo3 (Gibbs et al. 2004), were initially uti-
lized. However, for increasing specificity, new
species-specific primers, PMMoV-Rp-0521-F,

NC001367.1 (RefSeq)
EF392659.1 (Taiwan)

0Q204125.1 (China)
OR082758.1 (Germany)
ON156784.1 (Italy)
OL471714.1 (South Africa)
MN912489.1 (Brazil)
KY810785.1 (United Kingdom)
FR878069.1 (USRA)
AB369275.1 (South Korea)
NC001367.1 (RefSeq)
EF392659.1 (Taiwan)
0Q204125.1 (China)
OR082758.1 (Germany)
ON156784.1 (Italy)
OL471714.1 (South Africa)
MN912489.1 (Brazil)
KY810785.1 (United Kingdom)
FR878069.1 (USA)
AB369275.1 (South Korea)
NC001367.1 (RefSeq)
EF392659.1 (Taiwan)
0Q204125.1 (China)
OR082758.1 (Germany)
ON156784.1 (Italy)
OL471714.1 (South Africa)

MN912489.1 (Brazil)
KY810785.1 (United Kingdom)
FR878069.1 (USRA)

AB369275.1 (South Korea)

Fig. 1.

TMV-Rp-0521-F, and ToMV-Rp-0521-F, were
designed based on the alignment of the RNA-de-
pendent RNA polymerase (RdRp) gene sequenc-
es of PMMoV, TMV, and ToMV obtained from
the National Center for Biotechnology Informa-
tion (NCBI) GenBank (Fig. 1, Fig. 2, and Fig. 3).
These primers were combined with tobamo2.1,
modified from tobamo2, for multiplex RT-PCR

TMV-Rp-0521-F
4399
4379
1399
4400
4399
1390
4399
4400
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4499
4479
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4500
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4579
1599
4600
4599
1590
4599
4600
4599
4599

Sequences alignment of tobacco mosaic virus and the position of the designed primers (shown in black box).

Accession numbers for the virus isolates (top to bottom) are NC001367.1, EF392659.1, 0Q204125.1, OR082758.1,
ON156784.1, OL471714.1, MN912489.1, KY810785.1, FR878069.1, and AB369275.1. The design of the primers
was based on the conserved sequences within the RNA-dependent RNA polymerase (RdRp) gene.

NC002692.1 (RefSeq)
RJ207374.1 (Taiwan Penghu)
KR537870.1 (USA FL)
ON156781.1 (Italy)
OL652662.1 (China)
MWB48529.1 (Germany)
MW012409.1 (Viet Nam)
1C650928.1 (Japan)
KU321698.1 (Egypt)
[oMV-Rp-0521.F ————
NC002692.1 (RefSeq)
KJ207374.1 (Taiwan Penghu)
KR537870.1 (USA FL)
ON156781.1 (Italy)
OL652662.1 (China)
MWB48529.1 (Germany)
MW012409.1 (Viet Nam)
1C650928.1 (Japan)
KU321698.1 (Egypt)
NC002692.1 (RefSeq)
KJ207374.1 (Taiwan Penghu)
KR537870.1 (USA FL)
ON156781.1 (Italy)
OL652662.1 (China)
MWB48529.1 (Germany)
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Fig. 2. Sequences alignment of tomato mosaic virus and the position of the designed primers (shown in black box).
Accession numbers for the virus isolates (top to bottom) are NC002692.1, KJ207374.1, KR537870.1, ON156781.1,
0OL652662.1, MW848529.1, MW012409.1, LC650928.1, and KU321698.1. The design of the primers was based on
the conserved sequences within the RNA-dependent RNA polymerase (RdRp) gene.
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NC003630.1 (RefSeq)
ON557629.1 (South Korea)
MI733325.1 (China)
MW523006.1 (Turkey)
MW012414.1 (Viet Nam)
OM105004.1 (South Africa)
MH063882.1 (USA)
KX063611.1 (Spain)
AB550911.1 (Brazil)
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AB550911.1 (Brazil)
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KX063611.1 (Spain)
AB550911.1 (Brazil)
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KX063611.1 (Spain)
AB550911.1 (Brazil)
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Sequences alignment of pepper mild mottle virus and the position of the designed primers (shown in

black box). Accession numbers for the virus isolates (top to bottom) are NC003630.1, ON557629.1, MT733325.1,
MW523006.1, MW012414.1, OM105004.1, MH063882.1, KX063611.1, and AB550911.1. The design of the primers
was based on the conserved sequences within the RNA-dependent RNA polymerase (RdRp) gene.

(Fig. 4). To optimize the multiplex PCR reac-
tion, different combinations of primer ratios and
concentrations were tested. The concentration
ranges for each primer were as follows: 0.1-0.15
uM of PMMoV-Rp-0521-F, 0.2-0.4 uM of TM V-
Rp-0521-F, 0.1-0.4 uM of ToMV-Rp-0521-F,
and 0.4 uM of tobamo2.1R. In a 25 puL RT re-
action, 2 pg of total RNA extracted from bell
pepper or tomato leaves and 1 puL of random
hexamer primers (50 uM) were mixed thorough-
ly and incubated at 70°C for 5 min, then placed
on ice. Subsequently, 5 uL of 5x first-strand
buffer (Promega, Madison, WI, USA), 5 uL of
10 mM dNTPs, 1 pL of Moloney murine leu-

kemia virus (MMLV) reverse transcriptase
(200 U) (Promega), and 1 uL of recombinant
ribonuclease (RNasin) ribonuclease inhibitor
(25 U) (Promega) were added. Make up the
volume to 25 pL with sterile water, and allow
the reaction to proceed for 60 min at 42°C. In
the PCR reaction, 2.5 uL of 10x PCR buffer
(Protech, Taipei, Taiwan), 0.5 uL of 10 mM
dNTPs, 0.5 uL each of the primers: PMMoV-
Rp-0521-F (0.1-0.15 pM), TMV-Rp-0521-F
(0.2-0.4 uM), ToMV-Rp-0521-F (0.1-0.4 uM),
and tobamo2.1R (0.4 uM), and 2 pL of the
cDNA template were mixed, and adjust the vol-
ume to 25 pL with ddH,0. The PCR reaction
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TMV ~ AATATTTGGCCCGTIGTTTAGTGAGC  [TACCGCAGGTAT

__CACAGCCGGAATARARACGTGTTTG _ CACCACAMWACG i

PMMOV Rp-0521-F TMV-Rp-0521-F

ToMV-Rp-0521-F " Tobamo2.1-R

\M\/

ORF1
s ORF2
Y
[Mr___126K Hel |
[ ™ 183K Hel RARP__]

Fig. 4. A schema showing the genome organization of the four predicted open reading frames (ORFs) of a tobamo-
virus and the positions of the designed primers. RT: reverse transcription.

conditions are set as initial denaturation at
95°C for 5 min, followed by 30 cycles of dena-
turation at 95°C for 30 s, annealing at 55°C for
30 s, and extension at 72°C for 30 s. Finally, the
reaction was extended at 72°C for 5 min and held
at 16C to complete the reaction. To analyze the
PCR products, 5 pL of the reaction mixture
was subjected to 1.5% agarose gel electropho-
resis. A gel imaging system (Bio-Rad, Hercu-
les, CA, USA) was used to visualize and docu-
ment the electrophoresis results.

Specificity assay of multiplex RT-PCR

To assess the specificity of multiplex RT-
PCR for PMMoV, ToMV, and TMV, samples
collected from bell pepper or tomato plants
infected with PMMoV, ToMV, TMV, PVY,
PepMoV, PVX, or CMV, along with samples
from healthy bell pepper or tomato plants were
tested. Total RNA extracted from these sam-
ples was subjected to RT-PCR using mixed
primers under the same reaction conditions as
described above.

Sensitivity assay of multiplex PCR

To evaluate the sensitivity of multiplex RT-
PCR in detecting PMMoV, TMV, and ToMYV,
this study employed a methodology involving
cloned plasmid DNA containing fragments of
these viral genes. The plasmids were mixed in
equal proportions, and sensitivity was assessed
using a series of 10x dilutions ranging from 1

x 10° to 1 x 10" copies. These dilutions were
created by combining the viral gene-selected
plasmids with pEASY-PMMoV, pEASY-ToMYV,
and pEASY-TMV at individual concentrations
of 50 ng pL™'. Subsequently, 5 uL of the PCR
product was extracted for analysis through 1.5%
agarose gel electrophoresis. The electrophoresis
results were visualized using a gel imaging sys-
tem (Bio-Rad, Hercules, CA, USA).

Evaluation of mixed viruses in pepper
samples using multiplex RT-PCR

Bell peppers infected with PMMoV and
TMYV, and tomatoes infected with ToMV were
utilized in this study. Approximately 0.1 g
of leaf tissue from each infected sample was
collected and subjected to RNA extraction fol-
lowing the total RNA purification described
above. These extracted total RNAs were di-
vided into 3 sets: one for each virus (PMMoV,
TMV, and ToMV), another set combining 2
viruses (PMMoV + TMV, TMV + ToMV, and
ToMV + PMMoV), and the third set containing
all 3 viruses (PMMoV + TMV + ToMV). These
RNA sets were subjected to RT-PCR reactions
as described above.

RESULTS
Optimization of the RT-PCR assay

To assess the suitability of the newly de-
signed species-specific primers (PMMoV-Rp-
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0521-F, TMV-Rp-0521-F, and ToMV-Rp-0521-F)
in combination with the universal Tobamovirus
primer (tobamo2.1), a series of experiments
were conducted. Initially, it was confirmed that
PMMoV, TMV, and ToMV could be all ampli-
fied by PCR using the universal Tobamovirus
primer pair tobamo2/tobamo3 (data not shown)
(Gibbs et al. 2004). Subsequently, the newly
designed species-specific primers were tested in
combination with tobamo2.1 for multiplex RT-
PCR. Several primer ratios at different mixing
concentrations were explored to optimize the
PCR reaction conditions (Fig. 5). The optimal
primer concentration combination for multiplex
RT-PCR was determined to be PMMoV : ToMV
: TMV : tobamo2.1 =0.15: 0.2 : 0.3 : 0.4. Using

600 bp
500 bp
400 bp

300 bp
200 bp

100 bp

PMMoV 0.1

T™MV 0.4 0.4 0.4

ToMV 0.1 0.2 0.3

Tobamo

21 0.4

0.4 0.4

B3 H2

0.4

0.4

0.4

this combination, the PCR products for PMMoV,
ToMV, and TMV were specifically amplified,
resulting in amplicon sizes of 519 base pairs (bp)
for PMMoV, 228 bp for TMV, and 177 bp for
ToMV (Fig. 5).

Specificity of the RT-PCR for tobamovirus
detection

The findings indicated that the merged
primers could generate a 519-bp product when
subjected to PCR with PMMoV. Additionally, a
228-bp product was yielded when employed in
PCR with TMV, and a 177-bp product was ob-
tained when utilized in PCR with ToMV. Each
multiplex RT-PCR did not react with PVY,
PepMoV, PVX, or CMV as well as healthy bell

PMMoV-519 bp

TMV-228 bp
ToMV-177 bp

0.1 0.1 0.1 0.15 0.15 0.15 0.15

0.2 0.2 0.2 0.2
0.1 0.2 0.3 0.4
0.4 0.4 0.4 0.4

Fig. 5. Optimization of multiplex reverse transcription-polymerase chain reaction (multiplex RT-PCR) with differ-
ent concentration ratios of primer set. Total RNA of mix-infected sweet pepper plants was used for multiplex RT-PCR
amplification. The primer concentration ratio of each treatment is shown at the lower panel of the figure. The number
indicates the concentration (uM) of each primer pair in a PCR reaction. The RT-PCR products of tobamoviruses iden-
tified by 1.5% agarose gel electrophoresis are indicated by arrows. Lane M: 100 base pairs (bp) DNA ladder (Invitro-
gen, Carlsbad, CA, USA); Lane NC: no template control.
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peppers and tomatoes. Furthermore, no primer
dimers were formed in the nucleic acid ampli-
fication products (Fig. 6).

with a no template control (NC), was used to
assess the sensitivity of the multiplex PCR.
Sensitivity was tested using the PCR method,

. . and the results showed that the sensitivit
Sensitivity of the multiplex PCR could reach as low as 10* copies (Fig. 7). ’
To determine the detection limit of mul-
tiplex PCR, the products of PMMoV, TMYV,
and ToMV amplified by PCR were cloned into
plasmid DNA. A plasmid mix containing these
clones was prepared, and a 10x serial dilution,

ranging from 10’ to 10° copies in 10 sets, along

Detection of the three tobamoviruses in
plant samples

To evaluate the performance of the estab-
lished multiplex RT-PCR, artificially mixed
viral RNAs extracted from infected plants

PMMoV-519 bp

TMV-228 b
ToMV-177 bp

Fig. 6. Specificity of multiplex reverse transcription-polymerase chain reaction (multiplex RT-PCR) for detection
of pepper mild mottle virus (PMMoV), tomato mosaic virus (ToMV) and tobacco mosaic virus (TMV). Lane M: 100
base pairs (bp) DNA ladder; Lane 1: PMMoV; Lane 2: ToMV; Lane 3: TMV; Lane 4: potato virus Y (PVY); Lane
5: pepper mottle virus (PepMoV); Lane 6: potato virus X (PVX); Lane 7: cucumber mosaic virus (CMV); Lane 8:
healthy bell pepper; Lane 9: healthy tomato.

M 1 2 3 4 5 6 7 8 9 10 NC

PMMoV-519 bp

TMV-228 b
ToMV-177 bp

Fig. 7. Estimation of the detection limit of multiplex PCR for pepper mild mottle virus (PMMoV), tobacco mosaic
virus (TMV), and tomato mosaic virus (ToMV) using 10x serial dilutions of viral clones. Lane M: 100 base pairs (bp)
DNA ladder; Lane NC: no template control; Lane 1-10: 10°~10° copies of viral RNA-dependent RNA polymerase
(RdRp) genes.
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were tested. The results demonstrated that the
multiplex RT-PCR could detect various combi-
nations of mixed virus RNA extracts. Specifi-
cally, it successfully detected the presence of
PMMoV RNA, TMV RNA, ToMV RNA, PM-
MoV + TMV RNAs, TMV + ToMV RNAs, and
ToMV + PMMoV RNAs, as well as the com-
bination of PMMoV + TMV + ToMV RNAs.
These detections resulted in the generation of
target fragments of 519 bp (PMMoV), 228 bp
(TMV), and 177 bp (ToMV). Importantly, no
false-positive reactions were observed when
healthy bell pepper plants were tested (Fig. 8).

DISCUSSION

The PCR-based method has become a
general and routine virus diagnostic method,
capable of confirming specific viral infections.
If combined with multiplex RT-PCR, it can
be used to detect multiple viruses at the same
time, offering advantages of speed, reliability,
cost reduction, and shorter processing time
(Vigano & Stevens 2007; Deb & Anderson
2008; Wei et al. 2009). Our study marks the
first instance of using the RdRp gene to iden-
tify three different tobamoviruses. In general,
detecting multiple viruses simultancously
requires 6 primers (3 primer pairs), but our as-
say only requires 4 primers while maintaining

00 pp—
400 bp —
300 bp—

200 bp—
100 bp—

BI3E H2i

specificity for distinguishing and identifying
these three viruses.

Gibbs ef al. (1998) developed an RT-PCR
detection method using a pair of RdRp re-
gion-specific primers based on the conservative
RNA sequence of tobacco mosaic virus. How-
ever, their evaluation was limited to the use of
a hybridization-based method. Vinayarani et al.
(2011) previously established a multiplex RT-
PCR detection method for distinguishing TMV
and ToMV in chili varieties. Nemes & Salanki
(2020) simultaneously detected five viruses
(CMV, TMV, PMMoV, PVY, and tomato spot
wilt virus (TSWV)) in sweet peppers, but they
did not simultancously detect PMMoV, TMYV,
and ToMV. Moreover, their results could only
detect 2 tobamovirus-related viruses. Currently,
differentiating these three viruses by conven-
tional methods remains challenging, except
through nucleic acid sequencing.

Another approach employs a universal
RT-PCR assay using 2 degenerate primers
(Letschert er al. 2002), but it can only detect
members of tobamoviruses (i.e., TMV, ToMYV,
PMMoV, Odontoglossum ringspot virus, and
tobacco mild green mosaic virus). Dovas et al.
(2004) described a point-nested reverse tran-
scriptase-polymerase chain reaction-restriction
fragment length polymorphism (RTPCR-RFLP)
method for TMV detection. However, this

PMMoV-519 bp

TMV-228 b
ToMV-177 bp

Fig. 8. Multiplex RT-PCR detection of pepper-infecting viruses, pepper mild mottle virus (PMMoV), tobacco mo-
saic virus (TMV), or tomato mosaic virus (ToMV) from pepper leaves in artificial combinations of infections using
mixed RNAs. Lane M: DL2000 DNA Marker; Lane 1: PMMoV RNA; Lane 2: TMV RNA; Lane 3: ToMV RNA;
Lane 4: PMMoV + TMV RNAs; Lane 5: TMV + ToMV RNAs; Lane 6: ToMV + PMMoV RNAs; Lane 7: PMMoV +
TMV + ToMV RNAs; Lane 8: healthy bell pepper RNA; Lane 9: no template control (NC).
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method is time-consuming, labor-intensive,
and costly due to the repeated PCR amplifica-
tion and restriction enzyme digestion. There-
fore, new primer designs were tested for multi-
plex RT-PCR. Primer ratios are crucial factors
affecting PCR specificity and amplification
efficiency (Ma & Michailides, 2007; Wei et al.
2009). Hence, primer ratios were optimized,
and our results indicated that well-designed
primers can avoid the generation of primer
dimers. From the above results, it can be con-
cluded that the minimum detectable virus con-
centration using RT-PCR is 10* copies in a 25
uL reaction.

In our study, the newly developed mul-
tiplex RT-PCR can simultaneously detect and
differentiate PMMoV, TMV, and ToMV us-
ing three specific forward primers PMMoV-
Rp-0521-F, TMV-Rp-0521-F, and ToMV-Rp-
0521-F, combining a universal reverse primer
tobamo2.1R. This multiplex RT-PCR method
could be used for virus detection in single
virus infection as well as in mixed infection.
This indicates that the multiplex RT-PCR is ca-
pable of accurately identifying various mixed
virus infection scenarios. In addition, the use
of artificially infected bell peppers with three
viruses also showed that this combination of
primer pairs can simultaneously detect the
three viruses. The method we developed offers
a simple and convenient approach to develop-
ing multiplex assays based on previously pub-
lished primers and can be supplemented with
newly designed primers when necessary. This
specific and sensitive method for detecting
multiple tobamoviruses in the Solanaceae fam-
ily is suitable for large-scale sampling efforts
to study the distribution of tobamoviruses in
Taiwan and other regions worldwide. This de-
tection technique can facilitate research in to-
bamovirus epidemiology, outbreak monitoring,
and the study of interactions between viruses,
hosts, and vectors.
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Mango fruits dipping in
Ethephon solution

Test result: disease control good

Test result: disease control poor
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Fig. 1.
anthracnose spots.

Nine days after Ethephon (3,000%) treatment, green mature fruits of ‘Irwin’ mango turned red and appeared
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Fig. 2. Nine days after Ethephon treatment, the expending-stage ‘Irwin’ mango fruits kept green or turned red in-

completely.
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# 1. 1992 FEEERT R BB NETERAUR BRI BRI B BRESRE NI R 3,000
e R EL - RE RN ERIEERRIEL (%) -
Table 1. The prediction data of disease incidences of anthracnose and stem end rot of green mature ‘Irwin’ mango

fruits treated with Ethephon solution (3,000 dilution) for 12 d. (The mango fruits were harvested from candidate or-
chards at Yujing, Tainan in July 1992)"

Farmer Anthracnose (%)” Stem end rot (%)” Healthy fruit at
No. 6" 9 12 15 18 No. 6" 9 12 15 18 No. the 12" day (%)
1 0.0 0.0 0.0 0.0 9.8 1 0.0 0.0 0.0 5.0 15.0 1 100.0
2 1.5 1.5 1.5 1.5 4.8 2 0.0 0.0 0.0 45 227 1 98.5
3 0.0 1.7 33 133 246 4 0.0 0.0 0.0 0.0 5.0 1 96.7
4 0.0 0.0 33 83 148 4 0.0 0.0 0.0 0.0 10.0 1 96.7
5 0.0 1.5 1.5 32 5.0 2 0.0 0.0 4.5 9.1 18.2 11 94.0
6 33 5.0 6.7 8.3 27.7 7 0.0 0.0 0.0 0.0 10.0 1 93.3
7 33 6.7 53 167 244 6 0.0 0.0 5.0 5.0 20.0 13 89.7
8 32 4.8 9.5 133 214 9 0.0 0.0 48 333 762 12 85.7
9 6.7 6.7 167 283 313 17 0.0 0.0 0.0 250 35.0 1 83.3
10 0.0 1.7 7.4 74 26.1 8 0.0 0.0 10.0 10.0 30.0 17 82.6
11 5.0 6.7 133 233 370 15 0.0 0.0 5.0 10.0 35.0 13 81.7
12 6.6 150 193 246 603 19 0.0 0.0 0.0 0.0 10.0 1 80.7
13 0.0 3.5 148 313 633 16 0.0 0.0 5.0 10.0 40.0 13 80.2
14 83 150 228 229 288 22 0.0 0.0 0.0 5.0 20.0 1 77.2
15 6.3 7.3 9.9 10.0 10 0.9 32 142 317 24 75.9
16 11.1 150 250 283 42.1 24 0.0 0.0 0.0 0.0 5.0 1 75.0
17 47 250 263 313 410 25 0.0 0.0 0.0 15.0 30.0 1 73.7
18 6.7 6.7 11.7 11.8 238 12 0.0 0.0 150 300 50.0 25 73.3
19 1.7 6.7 193 193 48.0 19 0.0 5.0 10.0 150 25.0 17 70.7
20 4.8 48 206 298 357 21 0.0 0.0 9.5 333 619 16 69.9
21 7.6 9.1 175 21.1  31.0 18 0.0 45 136 364 722 23 68.9
22 133 150 229 306 72.7 23 0.0 0.0 10.0 30.0 55.0 17 67.1
23 6.6 133 11.1 444 46.7 11 0.0 0.0 250 250 500 31 63.9
24 33 8.8 31.5 563 788 28 0.0 5.0 10.0 15.0 35.0 17 58.5
25 33 44 119 273 733 13 0.0 25.0 30.0 450 70.0 32 58.1
26 33 6.7 122 19.0 28.6 14 0.0 20.0 30.0 400 70.0 32 57.8
27 6.7 317 368 529 786 31 0.0 5.0 10.0 20.0 25.0 17 53.2
28 183 233 298 47.1 625 26 0.0 10.0 200 70.0 85.0 26 50.2
29 145 303 412 452 933 33 0.0 5.0 10.0 250 45.0 17 48.8
30 16.7 21.7 333 463 66.7 29 0.0 5.0 20.0 60.0 85.0 26 46.7
31 183 351 389 444 80.0 32 0.0 10.0  20.0 40.0 60.0 26 41.1
32 100 20.0 333 373 455 29 0.0 5.0 30.0 60.0 75.0 32 36.7
33 123 175 29.8 444 60.0 26 0.0 0.0 421 842 895 36 28.1
34 83 431 61.1 750 91.6 34 0.0 150 200 250 450 26 18.9
35 83 583 719 882 976 35 0.0 10.0  30.0 50.0 60.0 32 0.0
36 11.7 633 867 91.7 933 36 0.0 10.0  20.0 20.0 30.0 26 0.0
Check™ 6.7 283 588 90.6 977 0.0 2.2 13.3 244  31.1 72.1

“ Twenty fruits were taken from each candidate orchard in July 1992 which was about 25-40 d before ripening. Test fruits were
dipped in 39.5% Ethephon solution (3,000x) for 5 min.

* % of diseased fruit (disease incidences).

* Days after treatment with Ethephon.

“Mango fruit without bagging.
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#2. 1993 FEERT R BB NETERAURER BRI "B BRESRE N R 3,000
e R EL - RE RN ERIEERRIEL (%) -
Table 2. The prediction data of disease incidences of anthracnose and stem end rot of green mature ‘Irwin’ mango

fruits treated with Ethephon solution (3,000 dilution) for 12 d. (The mango fruits were harvested from candidate or-
chards at Yujing, Tainan from May to June 1993)”

Farmer Anthracnose (%)’ Stem end rot (%)’ Healthy fruit at the
No. 3" 6 9 12 15 9 12 15 12" day (%)
1 0 0 0 0 - 0 0 - 100
2 0 0 0 0 - 0 0 - 100
3-1 0 0 0 0 0 0 0 4 100
4-1 0 0 0 4 28 0 0 0 96
5 0 0 0 0 - 0 5 - 95
6 0 0 0 0 - 0 5 - 95
7 0 0 0 5 - 0 0 - 95
8 0 0 0 5 - 5 5 - 90
9 0 0 0 0 - 0 10 - 90
10-1 0 8 8 12 16 0 0 0 88
11 0 0 5 15 - 0 0 - 85
12 0 0 10 10 - 0 5 - 85
3-2 0 5 5 10 - 5 10 - 80
10-2 0 5 15 20 - 0 0 - 80
13 0 0 5 15 - 0 5 - 80
14-1 4 8 8 12 12 0 8 12 80
14-2 0 0 20 25 - 0 0 - 75
15 0 0 15 20 - 0 5 - 75
16 12 16 24 24 24 0 4 4 72
17 0 10 10 25 - 0 5 - 70
18 0 0 10 25 - 0 5 - 70
4-2 0 10 30 35 - 0 0 - 65
19 0 0 5 10 - 10 30 - 60
20 0 5 20 30 - 5 10 - 60
21 0 10 20 25 - 10 20 - 55
22 0 10 20 45 - 5 - 50
23 0 5 35 50 - 5 - 45
24 0 5 30 50 - 10 15 - 35
25 0 0 45 60 - 0 10 - 30
26 5 40 75 80 - 0 5 - 15
27 0 40 65 85 - 0 10 - 15

“ Twenty fruits were taken from each candidate orchard from May to June 1993 which was about 25-40 d before ripening. Test fruits
were dipped in 39.5% Ethephon solution (3,000x) for 5 min.

¥ % of diseased fruit (disease incidences).

* Days after treatment with Ethephon.

“No data.
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3. 1994 FERI T EH R B BERSME WAL R B BRI IERZ ] "B R E SR A LR R 2 3,000
EMRERTE TR R - BRI R ARG ER T (%) -

Table 3. The prediction data of disease incidences of anthracnose and stem end rot of green mature ‘Irwin” mango
fruits treated with Ethephon solution (3,000x dilution) for 12 d. (The mango fruits were harvested from candidate or-

chards at Yujing, Tainan in June 1994)"

Anthracnose (%)’

Stem end rot (%)’

Farmer Healthy fruit at the
No. 6" 9 12 6" 9 12 12" day (%)
1 0 0 5 0 0 0 95
2 0 5 5 0 0 0 95
3 0 0 10 0 0 0 90
4 0 10 10 0 0 0 90
5 0 0 15 0 0 10 80
6 0 0 20 0 5 10 75
7 0 15 25 0 0 5 75
8 0 15 15 5 10 10 75
9 0 10 15 0 5 15 70
10 0 25 25 0 5 10 70
11 0 10 25 0 5 5 70
12 5 10 20 0 10 10 70
13 0 0 20 0 10 25 65
14 0 30 30 0 5 5 65
15 0 15 30 0 10 10 60
16 0 10 35 0 5 5 60
17 10 15 20 0 20 25 55
18 0 45 55 0 5 5 40
19 5 45 50 0 15 15 40
20 0 45 50 0 10 25 30
21 0 45 55 0 10 20 30

“ Twenty fruits were taken from each candidate orchard in June 1994 which was about 25-40 d before ripening. Test fruits were

dipped in 39.5% Ethephon solution (3,000x) for 5 min.
¥ % of diseased fruit (disease incidences).
* Days after treatment with Ethephon.

HEREZRS - 2% 57 %53 (Cerkauskas
et al. 1983; Hartman et al. 1986) ¥ % #% &
IR E HEE Y BRBAIRFZ R 8% - THE
B E - DL BlalBaErT - 280 » A2
— IR R R A R - R AR A4 AR
EIET > BN RE R E TR - i B H
Az BB B - 2 1% > ZIG7 R
EA (R R E A R 25 (El-Kazzaz
et al. 1983) » 39.5% W ERZE B LG 2 e
V) EEEBERANEMN - BE - BE 2 EEH
fi R G EHB AL 2 (Fei & Wang 2007) -
RIEATH T DL U AE R 25 3,000 £ 74 8 s 2

FEERMZ "B BRREE  #WREER
ARBWEZY (LR ERELGREE > SER
WAl 1-1.5 mo) LAf% » AZEE T (B R4 30C)
{35 d > REFEGHGBES > I HZ 8
BB (B 1) - 2800 » SRE 2 FE MR R FE
HIRE T2 A EEE > AT RE N
B — AR E REINR BT > i E%
R R BRI R o M ERR
Z R HR o SN [E SR E R T IR SRR B 2
B ERBA > FREHEI-12d% 0 #HEEE
AL 0% GERHER) E80% LI ER%E (#1) -
T RN R R R R (Liao 1975) » 349
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4. 1995 FERTHEHME B BRSO CRBE R IERZE "B BRERER TR R 2 3,000
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Table 4. The prediction data of disease incidences of anthracnose and stem end rot of green mature ‘Irwin’ mango
fruits treated with Ethephon solution (3,000x dilution) for 12 d. (The mango fruits were harvested from candidate or-

chards at Yujing, Tainan in June 1995)"

Anthracnose (%)’

Stem end rot (%)’

Farmer Healthy fruit at the
No. 6 9 12 6 9 12 12" day (%)
1 0 0 0 0 5 5 95
2 0 5 10 0 0 0 90
3 0 7 14 0 0 0 86
4 0 0 0 0 5 15 85
5 0 0 15 0 0 0 85
6 0 0 5 0 5 10 85
7 0 10 15 0 0 0 85
8 0 0 15 0 0 5 80
9 10 15 15 0 5 5 80
10 0 5 15 0 0 10 75
11 0 0 10 0 5 15 75
12 0 7 25 0 0 0 75
13 0 5 15 5 5 10 75
14 10 10 10 0 5 15 75
15 0 20 20 0 0 5 75
16 15 30 0 0 0 70
17 15 15 25 0 5 5 70
18 5 5 20 0 5 20 65
19 0 20 35 0 0 0 65
20 0 30 50 0 0 0 50
21 0 25 30 5 15 20 50
22 5 20 45 0 5 10 45
23 0 25 50 0 5 45
24 15 35 55 0 5 40
25 5 30 45 0 5 15 40
26 15 20 45 0 20 25 30
27 30 50 45 0 10 25 30
28 15 45 45 15 0 30 25

“ Twenty fruits were taken from each candidate orchard in June 1995 which was about 25-40 d before ripening. Test fruits were

dipped in 39.5% Ethephon solution (3,000x) for 5 min.
¥ % of diseased fruit (disease incidences).
* Days after treatment with Ethephon.

N A aR U A R R p B B - H
RAEBER PR > R - BE A
HREME - Wit - ASBAEERE Eo &
RREFEEHRWERR AR 9-12 d 1% -
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#5.
SRR 2 B ) (%) -

1992 ~ 1993 ~ 1994 k¢ 1995 225 i T hlsNA (B R BB T IRFA L (NG R Z bhi CRE

Table 5. Comparison of the prediction data of disease incidences (%) of anthracnose and stem end rot of green ma-
ture ‘Irwin’ mango fruits treated with Ethephon solution (3,000x dilution) for 12 d from 1992 to 1995. (The mango
fruits were harvested from candidate orchards at Yujing, Tainan)”

Anthracnose (%)” Stem end rot (%)” Healthy fruit (%)
Year 6" 9 12 6" 9 12 6 9 12
1992 17.6 26.9 34.8 3.2 15.3 37.6 80 65 32.1
1993 5.6 16.9 24.8 0.0 1.7 6.5 94 82 71.9
1994 0.9 16.8 25.2 0.2 7.3 10.9 99 81 65.0
1995 4.8 13.3 26.1 0.0 3.8 9.5 95 85 69.7

“ Twenty fruits were taken from each candidate orchard from 1992 to 1995 which was about 25-40 d before ripening. Test fruits

were dipped in 39.5% Ethephon solution (3,000x) for 5 min.
¥ % of diseased fruits (disease incidences).
* Days after treatment with Ethephon solution.
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= EE S 2R R AP (Ann et al. 1998) -
A BRIEFS "B BREMMUER A
PraREmeasE DB/ B [ HiE
k@R ~ FRREHRA - RERE AR
G R IRER RS E SRR IHEE -
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EEZEREBIESR  RERARIVATT 2R
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1988, 1996) » [& Hi 5 S fl ~ =48 (Ann ef al.
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%) (Conway et al. 1991) FE#)[74 (Ch-
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Development of a Technique for Forecasting
(or Pre-Detection) Anthracnose Disease Incidences of
Green Mature Bagging Mango Fruits

Tsai-Young Chuang', Lii-Sin Leu’, Chin-Wen Kao’, Hong-Ren Yang®, Jyh-Nong Tsai™",
Hsiu-Chu Yang’, and Pao-Jen Ann*’

Abstract

Chuang, T. Y., L. S. Leu, C. W. Kao, H. R. Yang, J. N. Tsai, H. C. Yang, and P. J. Ann.
2024. Development of a technique for forecasting (or pre-detection) anthracnose disease
incidences of green mature bagging mango fruits. J. Taiwan Agric. Res. 73(2):101-111.

Symptoms of anthracnose disease gradually appeared on fruits, when green mature ‘Irwin’
mango was sprayed with 39.5% 2-chloro-ethylphosphonic acid (Ethephon) solution (3,000x), or
dipped in the same solution for 5 min, covered with paper, and kept at 30°C for 3—5 d. By the mean
of Ethephon treatment, the average disease incidences of ripened mango fruits in the same orchards
could be predicted. The method was also useful for the prediction of the incidence of stem end rot of
mangoes. However, the peel of young mango fruits harvested during expanding stages was not able
to turn red after treatment with Ethephon solution. Meanwhile, none of the postharvest disease spots
appeared on treated green mango fruits. Stimulation of Ethephon for changing the color of fruits only
if mango fruits were about 30-45 d before fully mature. A procedure for the prediction of postharvest
mango diseases was developed as follows. Twenty to twenty-five green mature fruits were taken from
each candidate orchard, and numbers of diseased and healthy fruits were read on the 9" and 12" day
after ripening with Ethephon solution treatment, respectively. Fruits from candidate orchards, with
predicted disease incidences of anthracnose < 20% as well as stem end rot < 10%, were acceptable for
export.

Key words: Mango anthracnose, Latent infection, Forecasting (pre-detecting) inoculation, Non-pesti-
cide disease control.
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MERE

HEPIRMBRE M RIRA R AR i (RT-LAMP)
Z E ST B fE A

MEFE Y DS M
e

MEE ~ RS ~ MREAD - 2024 o HFEE PR DE KU 5 SO IR BRI e g A IR Al (RT-
LAMP) T HET - BRSNS 73(2):113-122 -

N S ARG s A E R T - A EERE Y WEB (Potyvirus) T2 HEEPHRBERR T (sweet
potato feathery mottle virus; SPFMV) 5HEZIRE » Kk HHENBEE ZHE R HERE - B EEEE
A E LR S i E B R (R B T SER s eIl » TR AR e R SV E SR - AH5E
T EE R S i A R ERR ST (reverse transcription loop-mediated isothermal amplification; RT-LAMP) fgHI$;
flir > FELUgH] SPEMV - A HIFHEL 3% - #& hydroxy naphthol blue {E B f57RA4Al » DI AHRMEAIS B Z 455 -
DAL B P A SR H ST )48 8 RNA » BRfER ERRE Ry 63°C ~ 45-60 min 5 FIAZHIRY (K RNA JRE Ky
237.9 x 10° ng pL'l > FHEG R i B & liE 25 3H$H S JE (reverse transcription polymerase chain reaction; RT-PCR)
F g HIA i RNA GRS B 237.9 x 10° ng pL” > BEyr RT-LAMP 2 i R fE % RT-PCR 5 100 % - [L4)
# RT-LAMP £l /RC N IERT FHETH 352 SPEMV A0l » BUR RT-LAMP fifIRg i 2 A Hus - BH— HER

Z SPEMV #5774 » RACAEAL H s i te e R fr LR e H s H A -
RAE - HEEPHRBEEYNE - KSR RURE Rl ~ 53 -

BIE

HEE (BB Ipomoea batatas > J5% * Sweet
potato) A iE{LF} (Convolvulaceae) » H £ &
(Ipomoea) {EW) > [RER A N ETGE - BE
BEE AR ONEIEN - BRI AR ERA KR
FMEIEY) 2 — (Food and Agriculture Organi-
zation of the United Nations 2022) - Z&IH1T
HEAETERMEES  ToHRRE LM
TELT SR - RIBREETS 2022 - 2 4RiET4F
¥ (https://agrstat.moa.gov.tw/sdweb/public/
official/Officiallnformation.aspx) B @ 2 /&
HE BT HE R 9,154 ha > 47 60% 7 & £
AR EMGELE L% - 7l F5 4,137 ha Bl 1,467

ha » FtEmiE DL "B R 5T 98 Bl TR R 66 5F
B Ry L o

FHERE R TEEE TENREET - #H
PRHEN AR SR TR EE - — B
R ERE R - BEEAES S EmESE
B FEELE - HAlo e B HENRE
FHREEC M 30 fE (Clark et al. 2012) > E&
NG Ez R aE A EEERE
(sweet potato leaf curl virus; SPLCV) (Chung
et al. 1985) ~ H & PR BE KW 55 (sweet po-
tato feathery mottle virus; SPFMV) (Liao et
al. 1979) ~ HEE(RJE & (sweet potato latent
virus; SPLV) (Liao ef al. 1979) ~ H 5 & 2
(sweet potato virus 2; SPV2) » NfEHERH Y
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(sweet potato virus Y; SPVY) (Wang et al.
2014) ~ H # G5 5 (sweet potato virus G;
SPVG) (Wang ef al. 2013) « HEEst B (LS
(sweet potato chlorotic stunt virus; SPCSV)
(Cheng et al. 2020) K HEE4EPFEF T (sweet
potato chlorotic fleck virus; SPCFV) (Chiu
2020) - H 5348 F B Potyvirus & 2 SPFMV
EztE AR o HEEE - HERAVHE
5 (Ateka et al. 2004) - HiK BRI H &8
P B o LB M vk 2 ZER 23R =
{LEGREE R B SR SUR L 280 7S H
S ELE A F A SPCSV B SPLCV 8 & j L
tEbR - RIS ERCEE | B ~ NS M R s (R R AT
FOBALHYRRE > BHHEERENRHBEGE > &
% 2 B m=A8 e ] 2 44-95% (Domola et al. 2008;
Adikini et al. 2016; Wanjala et al. 2020) -
HE&m s H A A SR - RIE DU
FRTE o (F Ry R o » i H 4 By R
BAAE EANFEERFESER S G
HESRME  REEMPEEY  ANREHE
FESBBOE TR ERMN - MEHRER > 4
REHE AR EBIEAIEEL - I - mE ol E i
R REREEEEENE MR - S H R
T T R 2 he R K i f HA 2 B
ZoHsE P ES L (enzyme-linked immunosorbent
assay; ELISA) B 53 i HI 0% o Y 55 - I 228 6
K JE (polymerase chain reaction; PCR) J [z ##
$E I T 2 A [ FE (reverse transcription PCR;
RT-PCR) % (Opiyo et al. 2010; Li et al. 2012;
Boonham et al. 2014) - 2R » [f15 2 5 0] 35
FHE-MZiumE - SFEREE - JAE
HRi—SEEHEREDRZ50m% > 0
SPLCV % (Wanjala et al. 2021) ; 4} » HEE
HEhEEHYE - TR mEERRN L IE
et - BmEE B A R 3 JIE (titer)
Ztkm o M EREERRNZHRENER > 15
& 9% 35 (Kreuze & Fuentes 2008) - I A
PCR B RT-PCR %5 77 T g M4 » & HH H—
PEEIEE M - AR R ENE R E R H R
BENER AN BT RN - RHIFTHIE(LERT
TR DURDR R IR B85 % (loop-mediated

rere

]

7348 2

isothermal amplification; LAMP) (Notomi et
al. 2000) Ry b - S Al fERDE N IE - #(F
i 5 B PR 2 BE 2D B S i IR BRI B 1Y (re-
verse transcription loop-mediated isothermal
amplification; RT-LAMP) f& ] SPEMV » LJHA
REMERNH B R A - HEWHZE &
e TAE -

MRS
HERSRIR
2018-2019 F B % - EM R P2 H
511 R S5 (L B 3 2 L B » 46 RT-PCR
B Mo 3 RT-PCR 78 ) 1% B 52 FF B 38 72
SPFMV i {% » il 7477 2 S IR
{F B BACR -

HERE RNA ZZH

440 %% %] F Monarch® Total RNA Mini-
prep 4i{EE4H (NEW ENGLAND BioLabs Inc.,
Ipswich, MA, USA) ZZH{ 4% & RNA » (K540
{LEHFTH 2 #RE2 BT - HL 0.1 g fEY)4H
&% > TR T AR RE S S G B
Wik o '8 Z Y4 8 AR B 800 pL RNA
protection reagent i~ 1.5 mL il & & /(& 115
ERE » BEL 2 min (1,600x g) » WAL EIE R
ZHHMEROET > HiIIAFEREZ RNA
lysis buffer 5 E &% » W HL 800 nL )R &R
£ #8JE & (column tube) » B Lr 30 s (1,600x
g WEEREMNMERELE - KIERIMA
FEREIS% HKE - REa% > WEURE R
FHLETEE » B0 30 s (1,600x g) - BERIE
W& 1A 500 uL RNA priming buffer & 4fi(L
HIEE > B 30 s (1,600x g) R IBERIER - I
A 500 pL RNA wash buffer % 4i b 3 J& & -
L 30 s (1,600% @) BB ERIER - I EA LT
B2 12X o f71%0A 100 pL TE buffer - &/ 30
s e 4 b RNA « &fi{b 2 RNA 7R -20C
T > 2B ER -

515525
H GenBank &if}EE H 17 5 SPEMV 2285
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TR B @ 3R Z B H (coat protein;
CP) P4l - &LE¥ 3712 - B8 CP YIS
Or B & 1T 51 7 5% 5t o #& H1 PrimerExplorer
V5 ##& (http://primerexplorer.jp/e) 5% 5t5]F
(&) ZEES|FAIZEREEYPHYAE (2
BRI BT S -

REEFRI RIS A

] A Loopamp RNA amplification kit (Eiken
Chemical Co., Ltd., Tokyo, Japan) {E F [ =,
Bl - SPESERGRE Ry 25 uL» &H 2 uL RNA f#
#Z > 12.5 uL 2x reaction mix » 1 pL [EZR &R
(Bst DNA polymerase il AMV reverse transcrip-
tase) » 40 pmol 5] F-SPFMV-FIP EiSPFMV-
BIP » 5 pmol 5[+ SPFMV-F3 Ei SPFMV-B3 »
7 TEAG& 4 B 63°C » 30—60 min > 85°C > 5 min °
[ FE &S S L AR 28 2 45 7 A B E R )G i
A 1 pL Z%¥%] hydroxy naphthol blue (HNB) (3
mM) (Sigma, St. Louis, MO, USA) £ £
(0 DVEERSHEY 10 uL RT-LAMP E#ILL 1.5%
AR AEB BRI 4E R -
REEFR R AR EIHRE

DIk 2 488 RNA JF B 1798
it 2 5y 5] T (SPFMV-F3/SPFMV-B3) i
17 B 20 B RT-PCR (one-step RT-PCR) (Senso-
Quest LabCycler 011-101, SensoQuest, Got-
tingen, Germany) » Fl|f{Super 2 RT-PCR Kit
(Protech, Taipei, Taiwan) {E [ JEEH » K FE
HaRGRE 20 pL > &H 2 uL RNA 57 - 0.5 uL
10 mM 5] F B 10 pL 2x reaction mix » JZ JE
& H By 42°CKZ JFE 30 min > 95CKZJEE 2 min » B
# 35 {E1E¥E : 93°C 1 min ~ 55C 1 min & 72C

F1. AWETERZST -
Table 1. The primers used in this study.

2 min > FRE R IER 72°CFHE 5 min © B 10 pL
RT-PCR LA 1.5% HHS SRR Bk 7 ir4s 5 -
BT E

B oy M A 72 5% 51 2 RT-LAMP 5[ 740 {5
HI SPEMV 7 H—1: » 43y Fil A i 5E H sEE AR L
[ SPLV ~ SPCSV K SPFMV 7 f& i H
Bk DA RHT AR EUE A S RNA > {F Ry s
PR © L 2 pL RNA #{T RT-LAMP > [ [E4S
HPUMAZE (3 mM HNB) (Sigma, St. Louis,
MO, USA) B 2@ &L > WLl 1.5% B 55
BBE Ik TR 4G R

[L#R RT-PCR £2 RT-LAMP {£:8] SPFMV
557 BT RT-LAMP fg I 5 ffif 82 RT-PCR £
flrz BEEEZR - BERUERHEENRZEE
RNA B HELIAL 10 5 258 %R - 73Rl
it 7574 #1T RT-LAMP B B 25 B RT-PCR 3
& - RT-LAMP 7 [ JEGE SR LN A4 (3 mM
HNB) (Sigma, St. Louis, MO, USA) #2522
LG LA 1.5% BARSEIB E ok TSR 4 2R
RT-PCR VLA 1.5% BHS 5B Bk 7 irés 5 -

ARk < RE

HHMREEFRBHERE FELHE
A E) 2 HEER » R LMITERL 0.1 g
HER A4 A H 42 RNA - B 4i{E 2 RNA 57
A I A _E 4t RT-LAMP 81 RT-PCR J5 )% # 17
SPFMV 7 fg B 73 47 -

Primer name

Sequence 5'to 3’

Target region

Coat protein

TCTTTWGCRCGTGYAGGGCGCGATATGCATTTGAT

SPFMV-F3 CAACGTAATTTGACTGATATG
SPFMV-B3 GTCGTGTGCCTCTCCGTATC
SPFMV-FIP

SPFMV-BIP

GCACTTAAGAATGCGTCTTGCGTGGAGACGTTTCC
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RT-LAMP {&] SPFMV & 2 FES{4 3 5

Fy 1118 7€ B1H & 2 RT-LAMP 7 JE {%
> RUFFEAIH B IR EEZR I Z RNA fE 5
SRR > ST e (S TR P B P 2 5l - B
RS s ER T o S RBURATERGET Z SPFMV
S1F4H 7 60-65CIi i 2 FE 1% &8 & ik 7y i # AE
BIRFIEY AR > BhERE  Hd Pl 63T
IF FT SIS 2 EE VIR B P B (1B 1A) « (R »
BEFEY 63°CHY > FIA RT-LAMP 43 #4730 ~
45 % 60 min 275 % ERE el B > BEIK A3 AT
G IR 23R R eI ) By 45 B 60 min B BE SIS Y
EY) > HREEE K 30 min 1F - ARETZF]
FEVIER (& 1B) - &% LATil > SPEMV g EK
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FIH] o ABFSEFI A HNB {E B35 R 4L/ » s

1,500 bp
1,000 bp

500 bp

fi 1.

rere

]

30 min 45 min 60 min

3% HFH2 M

ARALEG - BN R ERE » BN ER 2
BB SRR R (B 1C) -
5 |%§_'l‘$5ﬁn '/’_/B\

A5t {4 ¥ SPEMV 857%E 0 5 2 & i
st 5l 40 > RS 4H% SPFMV 2
B R 63CHR(F T #ETT RT-LAMP [ZJE 60
min > 45 IR BOR 8 SPFMV Z F& 5 1E #& RNA
E Ry fE A B L BRL IE S JE - mT R 2 245 R AL
2B & M FE i fE PRk RNA 41 SPLV
SPCSV ~ RIEFFE K RNA Je S A% I 1L AR 6 B2
HERBEE - RIDAfE AR - 286
(1 2) -

RT-PCR £ RT-LAMP Z EHE LLER

Fyligtfi# RT-LAMP {5l SPEMV Z S -
[ B2 RT-PCR £ ffir LR Iy B 22 52
DUZEHURE SR HE PR RNA 1 Ryl B AR - RNA
DA43 o e FE 510 G HL R Py 237.9 ng L
1 RNA ZHEARTRE AL Z51 10 EFRFE1L 77 Hl i

5
&

(C)

M F

+ -

F

LLURT-LAMP {5l SPFMV 7 8 (F (5 © (A) 2 60 ~ 61 ~ 62 ~ 63 ~ 64 Jz 65 CHIGIS EZ SR

(B) 1% 30 ~ 45 2 60 min G S fERFHE] - F @ gt SPEMV HEESE RNA © H ¢ [ HEETEHAE RNA T M
100 bp DNA ladder - (C) FIFIEL A4 RI-LAMP &) - F @ RIDAFERATNZ SOEEER © T JIAfERE

Fill (HNB) 2 [ZEASSR » + 2 IENE 5 -+ BJE -
Fig. 1.

Optimization assays of reverse transcription loop-mediated isothermal amplification (RT-LAMP) for detect-

ing sweet potato feathery mottle virus (SPEMV). (A) The optimal temperature tests at 60, 61, 62, 63, 64 and 65C. (B)
The optimal reaction times for amplification at 30, 45 and 60 min. F: RNA from SPFMV infected sweet potato leaves;
H: RNA from healthy sweet potato leaves; M: 100 base pairs (bp) DNA ladder. (C) The colorimetric RT-LAMP assay.
Up: the naked-eye visual RT-LAMP assay without indicator dye; down: the naked-eye visual RT-LAMP assay with
indicator dye (hydroxy naphthol blue; HNB). +: positive reaction; -: negative reaction.
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2. FIH RT-LAMP (&Ml SPEMV 7 S —58Eg < (A) DL 1.5% BHSEB IR 04SR5 (B) IIAFE RG]
(HNB) 7 2455 - 1 ¢ FZ% sweet potato latent virus (SPLV) 27 fEEk RNA ; 2 ¢ i sweet potato chlorotic stunt
virus (SPCSV) #iitk RNA 5 3-4 Jgif% SPEMV Jifk RNA 5 5 @ {@EF HEEME R RNA © 6 © izl B Igal » M :

100 bp DNA ladder ©
Fig. 2.

Specificity of the reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay for de-

tecting the RNA of sweet potato feathery mottle virus (SPFMV). The amplified products were detected by (A) 1.5%
agarose-gel electrophoresis and (B) indicator dye (hydroxy naphthol blue; HNB). No.1: RNA from sweet potato latent
virus (SPLV) infected plants; No. 2: RNA from sweet potato chlorotic stunt virus (SPCSV) infected plants; No. 3—4:
RNA from SPFMV infected plants; No. 5: RNA from healthy sweet potato plants; No. 6: non-templet control; and M:

100 base pairs (bp) DNA ladder.

T RT-LAMP Ei RT-PCR - [ZJE{% 7 Bk 7314
BT » RT-LAMP Y (RORE £y 237.9 x
10° ng L™ (& 3A) » DAHG/RALHI#EST 2 (FF
TN 22 S LR R B (i 2 A (RORE Ry 237.9
x 10° ng pL™" (& 3B) - RT-PCR [ i - TE A {5
AR /INFy 194 bp (base pair) » 888 Jk 73 M1 45
SRBEUR ] AR (B S Fy 237.9 % 107 ng pL”!
(I&l 3C) -

FHEMENR < R 1Al
F Fil RT-LAMP £ RT-PCR 2 i Jil £ ] 5

Wl a3 B A 2 B stk dn - ShEREE 14 PREHMH
HEEH > FHLEE RNA BETHRN - SEE

7~ > RT-LAMP HI1G 9 ¥R E s SPFMV » Ho g
% Fy 64.3% 5 {# ] RT-PCR RIS 7 #RE A SP-
FMV » f# % B 50% (3 2) > 881 RT-LAMP
B {8 45 RT-PCR 74 & o] J& A 72 A 0 HH R =2
SPFMV [ 7 H M P - HE DL RT-LAMP
WAL -

CEEVN

Sk
WEAHEEEREFEZEESMELEN
HEWE 2 — » BREFEREK T E 44-95%
(Domola et al. 2008; Adikini ef al. 2016; Wan-
jala et al. 2020) - HEIP/EEH AT EMEH
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(A)M12345678 (C)M12345678
1,000 bp 1,000 bp ==
500 bp S0 P

(B)12345678

19 1 w"i"’ hr" -
ARTRRA

3. RT-LAMP Ei RT-PCR f#H] SPFMV B2 G - Z5H! SPFMV %2 RNA » LA H 237.9 ng
uL™" BL 10 £5 2 5UFRRE T MR 237.9 x 107 ng uL™ (1-7) 23 IR (A) 1.5% HBAS SR EE K HTAEL (B) fEr
4] (HNB) 24, RT-LAMP 81 (C) RT-PCR ] (5|27 £ (K% - M : 100 bp DNA ladder : 8 : fEf%f51E
HRESHRAH -

Fig. 3. Sensitivity of reverse transcription loop-mediated isothermal amplification (RT-LAMP) and reverse tran-
scription polymerase chain reaction (RT-PCR) assays. Serial 10-fold dilutions of the RNA of sweet potato feathery
mottle virus (SPEMV)-infected plants ranging from 237.9 to 237.9 x 10° ng uL" (No. 1-7) were used to determine

the minimum concentration that the (A and B) RT-LAMP and (C) RT-PCR was able to identify. (A) RT-LAMP iden-
tified by 1.5% agarose-gel electrophoresis and (B) RT-LAMP identified with indicator dye. M: 100 base pairs (bp)

DNA ladder; and No. 8: non-template control.

R e 3 < PR W I L aR K
BHA > R HESIE - #7° SPFMV 5
E2EBHHMERFHEEEGREZHEHE R
HEw®E > sEAVREEBETELE - RWHEE
BRSO - HOBE M R H S R R i
K5 H B2l & € (Untiveros et al. 2008) o
Nt B RIS NS 284 ViR EER
TigeHEREESEERSZ > BIIWHERAE
Bt R flr & Ry B - AWF5EEr ¥ SPFMV B3¢
Z RT-LAMP fig JI 47 - B A 8 8UE = 1 RT-
PCR - il BE #& FH AT HR B2 1 145 SR AV R BE > 7T
FRALEE Ry B I BLRE (H AV AR ORI 5 0% - (E BB E
HEfRFELAEE - HEWRE2E EESE T
ZFlIEg

IE 2205 Ry 2w st oI Re il - 280 H
SEEoRDER LY ENGYE - A EER

(17
Hn}

HIKS T 78 2 21 22 28 (Kreuze & Fuentes 2008;
Wanjala et al. 2021) » IS EFZEE Y T-5
i #1793 3 fe M B 7€ - H AT SPFMV Aol FL
flrbx 7 #IH RT-PCR Z4b » #TH#f LAMP £ ffir 7R
W2 FH A Bh Bk oH] (Jiang et al. 2018; Wan-
jala ef al. 2021) - Jiang ef al. (2018) FH &
RT-LAMP £ » #4$% SPFMV 2 CP AN » #%&

2 5] 40 o E— MR E M SPEMV > [E7A
[ FERS R ZE 70 min » BB R 10° 75
BEfE % > HEJUE # RT-PCR gl 75745 10
fiz o AW stE M SPFMV 2 2 5] F4H >

DEEmaitk s eyl BT ollny LR E
B Ry CP RN > HARSLEIL 2 RT-LAMP J5
% 0 BR A IEHEM AT By 2 SPEMV » 7 JERF
] 4 6 Fy 45-60 min » A HE B PRERAVE R
JERFRE - UM T - Bk & RER
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2. FIHREsRIDRESIREENE % (RT-LAMP) BifZ
PRI O 20 E (RT-PCR) 77 [ R S8 (URN
sweet potato feathery mottle virus (SPFMV) 2 HEEH
PRIRHISE R

Table 2. Detection of sweet potato feathery mottle
virus (SPFMV) by reverse transcription loop-mediated
isothermal amplification (RT-LAMP) and reverse tran-

scription polymerase chain reaction (RT-PCR) for field
sweet potato plants.

Field sample” RT-LAMP? RT-PCR™
Al

A2 + +
A3 +

Gl + +
G2

G3 + +
G4 + +
L1 + +
L2 +

L3 +

L4

L5

L6

L7 + +
SPFMV + +
H

“SPFMV: SPFMYV infected sweet potato as positive control; H:
healthy sweet potato as negative control.

Y RT-LAMP results: + indicates a color change in the samples
from purple to blue suggesting SPFMYV infections; - indicates
no color change in the samples suggesting negative reactions.

* RT-PCR results: + indicates a clear visible band in 1.5% aga-
rose-gel electrophoresis; - indicates a negative reaction.

AKHH5E 2 RT-LAMP A7 # FE 4% 5 88 [ ] 22
10° R %% > MH# RT-PCR AT &5 8 HUE
100 % - RIFFEF S 2 T ABBUS RS » #HEH
AT RE B 2 B A BG4 AR [E] - H 8%
AR EFR VNS MEYE » BV K ES
HIFHEIEH - AR EHE - Lo » LAMP
ERZ EYIRI R A ZE T AR EK 2 E
Jk oA~ Eh % (colorimetric) (LLES Y44 R B
BHEEIE REIIN A ) DAR & R e i A
ERBERKAVERERL$% (magnesium pyrophos-
phate) [ B0 ) i RS FERBTE (turbidity)
EF55 o #ESR Wanjala et al. (2021) BE35HY R
I %% E & LAMP J£ » #4% SPFMV 2 CP A

REst 3 E51F40 - aTAH EEdH AR 2R A
Hfg Hl SPEMV - (K 5 B /Y SR E - HK
JE IS [ 4 5-30 min » (B 7§ B AH B & Y e
B R AIFIALEL % - #& HNB {E R f5
RAETEIHERIGE R - BLAR R IR R B BT Bl
KANTEME - BURDL HNB &6 R FESS R
AR PR B AR 0% - RS
S FESS S - ml EERARAI A

H Y E AR SR R B R
SRS > DL RT-LAMP fg Il SPEMV - H i
H& R 64.3% » 1] RT-PCR 7 i H R By 50% »
BN AW 98 B i 12 2 RT-LAMP 0] & %4 fE H
Rl A2 SPEMV Bl 2 H SEfE % - H Ed
RT-PCR AH® - A F il B A B 6 = 82 Bk -
BEAN - TRE G b A0 S B 2008 T ] T R
HH R EapEeE - BALEEAED
SPFMV J i i % 2% HH [l H 5 =2 7 5 (Ateka
et al. 2004; Kwak et al. 2014; Mbewe et al.
2021) - A RRRIfERR T - B B A B A SR
FRFYRE - B R R SPEMV - 5] g8 Ryt
PRAZ B B A H 2w 55 R » 40 SPCSV JRA[ 5
IR =L - A - YA B PRt el RE S |
FEBLHE = (LREE L EAR - AH ek eyl
R 8 TR B EEAR R B AL - SRER L S EER
{EECENRELAYEL S » Hofth i 38K 7y 48 % Bl
i 8 T A A FT RE Ry AR B s (LB RV R A
— (O’Sullivan et al. 1997) » 305 35 U #E —
WA REREE o

AW 52§t % SPFMV 2 17 2 RT-LAMP %
At FEPRE - E—Me REHEER
RT-PCR E (B85 » 3 #5 Fo 7T 4% A HR B 132 A 1) 45
RZAGER T - AFREEAE N EE RS
PRI AT HRE » A HE (A A BE A 5 5y 4 I B f 50
9 SPEMV fg i 5 7% < BRAN » Ry (o fe T A v A
JELAFE S - (R EET T4 SR
5 BIBF faHl (on-site detection) F{iif 2 25 3K A
Ff Tt R - A9 2 RT-LAMP fgo IRzl -
RARUNEC & 18 V)% B ZE AU il #E T AL EGRT
s A R AH BT IR 1 Rt ofl] 2 B RERRLAR HY
{7 IR BA % RT-LAMP &7 =i it i &
HBIFR AR ES - (IEEREAN ST
e A BRI & Hike €45 - KiE4a kT
BniS i iE )T A Z SR ERGH > R AR AEA
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Establishment and Application of Reverse Transcription
Loop-Mediated Isothermal Amplification Assay
(RT-LAMP) for the Detection of Sweet Potato Feathery
Mottle Virus in Sweet Potato

Ching-Yi Lin"", Hui-Fang Ni’, and Hui-Ju Lin’®

Abstract

Lin, C. Y., H. F. Ni., and H. J. Lin. 2024. Establishment and application of reverse
transcription loop-mediated isothermal amplification assay (RT-LAMP) for the detection of
sweet potato feathery mottle virus in sweet potato. J. Taiwan Agric. Res. 73(2):113—122.

Viral diseases are a major constraint to sweet potato production. Sweet potato feathery mottle
virus (SPFMV), a member of the genus Potyvirus, is the most widespread virus infecting sweet potato
plants worldwide. The production of healthy sweet potato seedlings and the diagnosis of plant virus-
es at early stage rely on rapid and reliable viral detection technology, which is critical for effective
viral prevention and control. In this study, a one-step reverse transcription loop-mediated isothermal
amplification (RT-LAMP) assay was developed for detecting SPFMV. The RT-LAMP assay has been
optimized to use hydroxy naphthol blue (HNB) for visual colorimetric distinction of positive and neg-
ative samples. Using total plant RNA of sweet potato as the template, the optimal reaction conditions
were at 63°C for 45-60 min. The detection limit of the RT-LAMP assay for SPEMV was 237.9 x 10’
ng uL", while that of reverse transcription polymerase chain reaction (RT-PCR) was 237.9 x 10° ng uL",
indicating that the RT-LAMP assay developed was 100 times more sensitive than RT-PCR. The RT-
LAMP assay was also successfully applied to the detection of SPFMV in field samples. In conclusion,
the RT-LAMP assay developed in this study was a rapid, specific and sensitive method for the detec-
tion of SPFMYV in field samples of sweet potato.

Key words: Sweet potato feathery mottle virus, Reverse-transcription loop-mediated isothermal am-
plification, Sweet potato.
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Fig. 1. Oncidium plant: (A) plant with lateral bud

(abnormal flowering) and (B) plant with pedicel (normal
flowering).
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Fig. 2. Oncidium plant growth: (A) abnormal flower-
ing and (B) normal flowering.
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Fig. 3. (A) Leaf (L3 growing bud) and (B) Leaf (L4
growing bud).
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Fig. 4. (A) On May 23, 2020, serious abnormal flow-
ering in Dalin, Chiayi; (B) on April 15, 2020, about
50% flowering in Dalin, Chiayi; (C) on April 15, 2020,
the old leaves of abnormal flowering plants in Dalin,
Chiayi turned yellow; and (D) on November 11, 2020,
the old leaves of abnormal flowering plants in Dacun,
Changhua turned yellow.
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1. ORERESOOE AR 95% BATEZMEMITRE T -

Table 1. Elemental analysis of 95% flowering Oncidesa Gower Ramsey ‘Honey Angel’ cultivated in greenhouse.
Item N(%) P(%) K (%) Ca(%) Mg(%) C (%) C/N  Fe(mgL"') Mn(mgL")
Leaf of growing pedicel 2.16a° 0.11a 3.05a 0.67b 026b 46.06a 21.78c 248.8 a 31420
Pseudobulb of growing pedicel 1.08b 0.09b 1.96b 029c¢ 022b 4431b 42.19a 72.3b 87.7¢
Leaf of growing bud 236a 0.13a 3.12a 09la 03la 4590a 19.88¢c 245.1a 4140 a
Pseudobulb of growing bud 1.38b 0.08b 1.92b 040c 024b 44.89ab 32.70b 82.4b 1184 ¢

“Mean separation within each column by Fisher’s protected least significant difference test at P <0.05, n = 5.

2., HEERESOOE SR, 75% BATCZHEMITE T -

Table 2. Elemental analysis of 75% flowering Oncidesa Gower Ramsey ‘Honey Angel’ cultivated in net house.
Item N(®%) P(%) K(%) Ca(%) Mg(%) C(%) C/N Fe(mgL') Mn(mgL")
Leaf of growing pedicel 1.87b"° 022b 2.59b 0.83ab 0.19c¢ 47.59a 2555c¢ 211.40b 2153 a
Pseudobulb of growing pedicel 0.59¢ 0.1l1c 1.16¢c 095a 0.25a 43.48b 7439a 53.72 ¢ 128.8b
Leaf of growing bud 2.15a 030a 3.16a 0.72b 0.19¢ 4740a 2222c¢c 26140a 210.5a
Pseudobulb of growing bud 0.77¢ 0.13¢ 128c¢c 0.71b  0.23b 43.63b 59.34b 58.10 ¢ 121.6 b

“ Mean separation within each column by Fisher’s protected least significant difference test at P < 0.05, n=15.

3. BEAMOOLM R BHEZEMTTR T -
Table 3. Elemental analysis of abnormal flowering Oncidesa Gower Ramsey ‘Honey Angel’ in Dalin, Chiayi.

Item N (%) P((%) K (%) Ca(%) Mg((%) C (%) C/N  Fe(mgL') Mn(mgL")
Leaf of growing pedicel 1.60a" 0.22a 197b 1.11a 028b 47.09a 29.90c 2529b 531.0c¢c
Pseudobulb of growing pedicel 1.10b 0.18a 1.56c¢c 1.25a 035a 4422b 41.64b 79.6 ¢ 655.0b
Leaf of growing bud 1.64a 022a 231la 1.11a 029ab 4729a 2940c 2953 a 589.5 be
Pseudobulb of growing bud 092b 02la 1.59¢ 121a 034ab 4483b 4935a 109.2 ¢ 825.5a

“ Mean separation within each column by Fisher’s protected least significant difference test at P < 0.05, n=15.
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Table 4. Elemental analysis of abnormal flowering Oncidesa Gower Ramsey ‘Honey Angel” in Dacun, Changhua.

Item N (%) P((%) K (%) Ca(%) Mg((%) C (%) C/N Fe (mgL") Mn(mgL™")
Leaf of L3 growing bud 1.65a” 0.27a 232a 2.07b 030a 43.79a 26.57b 478.5a 66.5 a
Pseudobulb of L3 growing bud 092b 0.17b 1.67c¢ 252a 032a 43.07a 468la 107.5b 42.7b
Leaf of L4 growing bud 1.79a 0.25a 2.18a 1.86c 028a 4442a 2483b 482.5a 66.5a
Pseudobulb of L4 growing bud 1.03b 020b 196b 248a 033a 4429a 43.17a 101.5b 41.1b

“Mean separation within each column by Fisher’s protected least significant difference test at P <0.05, n = 5.
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Fig. 5. Elemental analysis of N, P, K, Ca, Mg in leaf of growing bud of Oncidesa Gower Ramsey ‘Honey Angel’ in

different regions.
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Fig. 6. Elemental analysis of C and C/N in pseudobulb of growing bud of Oncidesa Gower Ramsey ‘Honey Angel’

in different regions.
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Fig. 7. Elemental analysis of Fe and Mn in leaf of growing bud of Oncidesa Gower Ramsey ‘Honey Angel” in dif-

ferent regions.

5| FA SLRK

Buchanan-Wollaston, V. 1997. The molecular biolo-
gy of leaf senescence. J. Exp. Bot. 48:181-199.
doi:10.1093/jxb/48.2.181

Cabrera, R. I., R. Y. Evans, and J. L. Paul. 1995. Nitro-
gen partitioning in rose plants over a flowering
cycle. Sci. Hortic. 63:67-76. doi:10.1016/0304-
4238(95)00790-Z

Corbesier, L., G. Bernier, and C. Périlleux. 2002. C : N
ratio increases in the phloem sap during floral tran-
sition of the long-day plants Sinapis alba and Ara-
bidopsis thaliana. Plant Cell Physiol. 43:684—688.
doi:10.1093/pcp/pcf071

Dickson, R. E. 1989. Carbon and nitrogen allocation in
trees. Ann. Sci. For. 46:631s—647s. doi:10.1051/
forest:198905ART0142

Epstein, E. and A. J. Bloom. 2005. Mineral Nutrition of
Plants: Principles and Perspectives. 2" ed. Sinauer
Associates. Sunderland, MA. 380 pp.

Gregersen, P. L., A. Culetic, L. Boschian, and K. Krupins-
ka. 2013. Plant senescence and crop productivity.
Plant Mol. Biol. 82:603-622. doi:10.1007/s11103-
013-0013-8

Guiboileau, A., R. Sormani, C. Meyer, and C. Mas-
claux-Daubresse. 2010. Senescence and death of
plant organs: Nutrient recycling and developmental
regulation. C. R. Biol. 333:382-391. doi:10.1016/
j.crvi.2010.01.016

Hew, C. S. and C. K. Y. Ng. 1996. Changes in mineral
and carbohydrate content in pseudobulbs of the C3
epephytic orchid hybrid Oncidium Goldiana at dif-
ferent growth stages. Lindleyana 11:125-134.

Hew, C. S. and J. W. H. Yong. 1994. Growth and pho-
tosynthesis of Oncidium ‘Goldiana’. J. Hort. Sci.
69:809-819. doi:10.1080/14620316.1994.11516517

Howarth, J. R., S. Parmar, J. Jones, C. E. Shepherd,
D. I. Corol, A. M. Galster, ... M. J. Hawkesford.
2008. Co-ordinated expression of amino acid me-
tabolism in response to N and S deficiency during
wheat grain filling. J. Exp. Bot. 59:3675-3689.
doi:10.1093/jxb/ern218

Hu, C., B. K. Ham, H. M. El-Shabraw, D. Alexander, D.
Zhang, J. Ryals, and W. J. Lucas. 2016. Proteomics
and metabolomics analyses reveal the cucurbit sieve
tube system as a complex metabolic space. Plant J.
87:442-454. doi:10.1111/tpj.13209

Inokuchi, R., K. I. Kuma, T. Miyata, and M. Okada.
2002. Nitrogen-assimilating enzymes in land plants
and algae: Phylogenic and physiological perspec-
tives. Physiol. Plant. 116:1-11. doi:10.1034/j.1399-
3054.2002.1160101.x

Lea, P. J. and R. A. Azevedo. 2006. Nitrogen use effi-
ciency. 1. Uptake of nitrogen from the soil. Ann.
Appl. Biol. 149:243-247. doi:10.1111/j.1744-
7348.2006.00101.x

Li, Y. T. and Y. C. A. Chang. 2023. Relationship between
the growth of current shoot and the development of
inflorescence and vegetative buds in Oncidesa Gow-



L HEF R R LR 133

er Ramsey ‘Honey Angel’ leaf axils. HortScience
58:268-273. doi:10.21273/HORTSCI16960-22

Lim, P. O., H. R. Woo, and H. G. Nam. 2003. Molec-
ular genetics of leaf senescence in Arabidopsis.
Trends Plant Sci. 8:272-278. doi:10.1016/S1360-
1385(03)00103-1

Masclaux-Daubresse, C., M. Reisdorf-Cren, K. Pageau,
M. Lelandais, O. Grandjean, J. Kronenberger, ... A.
Suzuki. 2006. Glutamine synthetase-glutamate syn-
thase pathway and glutamate dehydrogenase play
distinct roles in the sink-source nitrogen cycle in
tobacco. Plant Physiol. 140:444-456. doi:10.1104/
pp-105.071910

Meier, H. and J. S. G. Reid. 1982. Reserve polysamlha-
rides other than starch in higher plants. p.418—471.
in: Plant Carbohydrates 1. (Loewus, F. A. and W.
Tanner, eds.) Encyclopedia of Plant Physiology.
Vol 13/A. Springer. Berlin, Germany. 918 pp.
doi:10.1007/978-3-642-68275-9_11

Ng, C. K. Y. and C. S. Hew. 2000. Orchid pseudobulbs-
‘false” bulbs with a genuine importance in orchid
growth and survival! Sci. Hort. 83:165-172.
doi:10.1016/S0304-4238(99)00084-9

Peng, Y. C. 2008. The uptake, partitioning, and uses of
nitrogen in Phalaenopsis Sogo Yukidian ‘V3’.

Master Thesis. Department of Horticulture, Na-
tional Taiwan University. Taipei, Taiwan. 131 pp.
(in Chinese with English abstract) doi:10.6342/
NTU.2008.02618

Peoples, M. B. and M. J. Dalling. 1988. The interplay
between proteolysis and amino acid metabolism
during senescence and nitrogen reallocation. p.181—
217. in: Senescence and Aging in Plants (Noodén,
L. D. and A. C. Leopold, eds.) Academic Press. San
Diego, CA. 525 pp. doi:10.1016/b978-0-12-520920-
5.50012-2

Peoples, T. R. and D. W. Koch. 1979. Role of potassium
in carbon dioxide assimilation in Medicago sativa L.
Plant Physiol. 63:878-881. doi:10.1104/pp.63.5.878

Shyu, H. E. 1997. Effect of light, nitrogen form ratio and
flower stalks pruning on flowering of Oncidium.
Master Thesis. Department of Horticulture, National
Chung Hsing University. Taichung, Taiwan. 131 pp.
(in Chinese with English abstract)

Yong, J. W. H. and C. S. Hew. 1995. The importance
of photoassimilate contribution from the current
shoot and connected back shoots to the inflores-
cence size in the thin-leaved sympodial orchid
Oncidium Goldiana. Intl. J. Plant Sci. 156:450—459.
doi:10.1086/297267



134 BEEEENTE B3 B2

Study on the Correlation between Plant Elements and
Abnormal Flower Bud Development in Oncidesa Gower
Ramsey ‘Honey Angel’

Tung-Ming Tsai"’, Hung-Ju Chi’, Chen-Hsuan Wu’, Ting-Wei Chiu®,
Keng-Chang Chuang’, and Ting-En Dai®

Abstract

Tsai, T. M., H. J. Chi, C. H. Wu, T. W. Chiu, K. C. Chuang, and T. E. Dai. 2024. Study on
the correlation between plant elements and abnormal flower bud development in Oncidesa
Gower Ramsey ‘Honey Angel’. J. Taiwan Agric. Res. 73(2):123-134.

In this study, 2-year-old Oncidesa Gower Ramsey ‘Honey Angel’ was used as the plant material
to analyze the plant elements of its leaves and pseudobulbs to explore the ratio of nitrogen, phospho-
rus, potassium, calcium, magnesium, carbon, carbon to nitrogen ratio (C/N ratio), iron, manganese
and other elements with the effects on abnormal flowering O. Gower Ramsey ‘Honey Angel’. The ni-
trogen content in the leaves of the abnormal flowering plants collected from Dalin, Chiayi, and Dacun,
Changhua Counties was only 1.64% and 1.65%, which was much lower than 2.15% and 2.36% in the
leaves of plants with normal flowering, and the nitrogen content in the plant was high and fluctuat-
ed greatly. It was inferred that nitrogen might also be related to abnormal flowering. The content of
phosphorus in the plant was around 0.13% and fluctuated stably. It showed that phosphorus had a low
correlation with abnormal flowering and had no effect on promoting flowering. The potassium content
of 2.18% in the leaves of abnormal flowering plants was much lower than the potassium content of
3.12% in the leaves of the normal flowering plants. Moreover, the potassium content in the plants was
high and fluctuated greatly. It showed that potassium might be related to the O. Gower Ramsey ‘Honey
Angel’ abnormal flowering. The content of carbon was stable both in normal and abnormal flowering
O. Gower Ramsey ‘Honey Angel’, so it might not be related to the abnormal flowering, and the C/N
ratio could not fully explain the flowering. Calcium content fluctuated greatly in normal flowering and
abnormal flowering plants. It might be related to the plant nitrogen deficiency instead of the abnormal
flowering. Magnesium content fluctuated less and was relatively stable in the plants, not relating to
the abnormal flowering. Regardless of high or low content of iron and manganese trace elements in
plants, all test plants had abnormal flowering, and it showed that iron and manganese were not related
to abnormal flowering. Based on the elemental analysis, observation of plant growth, and physio-
logical performance, it was concluded that severe abnormal flowering in these two production areas,
Dalin, Chiayi, and Dacun, Changhua might be related to the nitrogen deficiency in plants.

Key word: Nitrogen, Potassium, C/N ratio, Oncidium, Abnormal flowering.
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#y Cubist Model (Quinlan 1992) Bl EEHE
72 Random Forest (Breiman 2001) &2 @5 {#
MR B E L 5 (2) M ARETRofly - RISt 3
BCAIZE [ U7 0% o BN S R T IR I A ARG
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Fig. 1. (A) The distribution map of digital elevation model (DEM); (B) mean annual temperature during 2011—
2020; (C) total annual precipitation during 2011-2020; (D) land cover; (E) sampling sites of topsoil; and (F) sampling
sites of subsoil in Zhuoshui River basin.
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Table 1. List of the environmental covariates in this study.

Type of data

Environmental covariates

Soil forming factor” Type®

Remote sensing
Digital elevation model Elevation
Slope

Aspect

Terrain ruggedness index (TRI)
Topographic wetness index (TWI)

Terrain position index (TPI)

Multiresolution index of valley bottom flatness (MrVBF) T
Multiresolution ridge top flatness (MrRTF) T

Stream power index (SPI)
Curvature
Flow accumulation

Climate

Total annual precipitation (TAP)

Land cover Land cover

Soil Soil order

Mean annual temperature (MAT)

Normalized difference vegetation index (NDVI) o;t Q

o lNolvelvelVeolVeolololohioholclolyolye]

“ 0: organism; t: time; 1: relief; c: climate; s: soil.
¥ Q: quantitative; C: categorical.

7K & (total annual precipitation; TAP) {E & {t
FRFEIVIREILEE -

AT Y T HEE AEREER
Frigir 2 LES B A ANES A H (cat-
egory) FHYR =KL H 4, o HEERBE
AATER o THEEMREG SN E(EER
B BB RIFHEEN > EA AR ARG
B ZTEM - fFEAHIEES - LS5 E 1 (incepti-
sols) ~ #rik 1+ (entisols) ~ )&+ (alfisols) Kz
& £ (ultisols) A ¥ » ZFHMEMBEINLE L5
[ 90% DL I » S5A /DE 5y &Ik & Mg 1 (spo-
dosols) °

BrUA_ERF4h > 78 E BT A
@A B IR F £ (Edmondson et al.
2014) « (At > EFH 2015 FH LB ZSFHEE
BHE R AR IRELEH Y — - BEFAEL
WEE TEARREEER > AR
R A E T ROKH ~ B (BafiE - %
fit ~ BB DA BT AR ~ SRE - ARbk (NS R
SRR LR S LIS AR ) S At (et B R
H) 5 SR 2= AAAE 1D - KH - £

E~ RE ~ bk A S BRI 7 2
T8 EE 23 B By 2.8% ~ 3.1% ~ 0.94% ~ 77% F%
16%

TEHIEEY

W = A BA W 92 38 8 B - SR A IR R il
L FH B A 4 M T 3 A B B R
(Minasny & McBratney 2016) » £ ASH} %2 JE
—_JH (Cubist model i RF model) &7 #% {5 H
AR I HE 1 A 2 5 > R R & B 0 A e A
Bk 0 OB ES G I3 B R B A R T Y A
RK with Cubist model 1 RK with RF model >
17 EE 5 DU 5 5 75 B i (5 B 9 22 ) 93 A UM B
bt 30

Cubist model £ #7 Al 73 W E H L H
Quinlan (1992) P2t - B> MS faf A 5 24 fp
FEIL > FRIE “if-then” AYRESS » R EUIE I 45 B
TFHEE > TESEFES TR BEE SR
IRILEE ARG RS RS (EH R 4.0.5 &
iy Cubist EFAETTREAIE T » H i Cubist fH1Y
FENZEE (1) rules - fRIZHANEE B &
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177781 5 (2) extrapolations » JLE R HidE
HYSMERRRE » LU (3) committees » 1] DAFRIEE
&R E committees 58S - F] DL AME EAT
—{E B E R - W AE A (R ¥ AT A committees
AT 45 B 5 ARBF4E 4 8% 1€ rules B extrapola-
tions » F Cubist 7HZ% » |fif committees FI| caret
EffEtRE > SER 20 -

RF model A Breiman (2001) £ H| > 273
TR TTE - AR SR 5 I FH 8 P B A Hl AR Y
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Fig. 3.

Scatter plots of soil organic carbon (SOC) stock for topsoil (0-30 cm) of (A) Cubist, (B) Regression kriging

(RK) with Cubist, (C) Random forest and (D) Regression kriging with Random forest models based on validation
dataset. The x-axis is observed value and the y-axis is predicted value, the solid line is fitted line.
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ing (RK) with Cubist, (C) Random forest and (D) Regression kriging with Random forest models based on validation
dataset. The x-axis is observed value and the y-axis is predicted value, the solid line is fitted line.
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Importance of the environmental covariates predictors in Cubist model for (A) topsoil and (B) subsoil. TRI:

terrain ruggedness index; MAT: mean annual temperature; NDVI: normalized difference vegetation index; TWI:
topographic wetness index; TAP: total annual precipitation; SPI: stream power index; MrVBF: multiresolution index
of valley bottom flatness; MrRTF: multiresolution ridge top flatness.
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Fig. 6. (A) Topsoil (0-30 cm) and (B) subsoil (30-50 cm) soil organic carbon (SOC) stock predicted maps in Zhu-

oshui River basin.
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Using Digital Soil Mapping to Predict Soil Organic
Carbon Stocks in Zhuoshui River Basin

Bo-Jiun Yang', Hsin-Ju Yang', Tsang-Sen Liu’, Yi-Ting Zhang’, and Chien-Hui Syu >

Abstract

Yang, B. J., H. J. Yang, T. S. Liu, Y. T. Zhang, and C. H. Syu. 2024. Using digital soil
mapping to predict soil organic carbon stocks in Zhuoshui River basin. J. Taiwan Agric.
Res. 73(2):135-151.

Soil carbon sink is the second-largest natural carbon sink globally, surpassed only by the ocean.
Soil carbon sequestration is recognized as playing a crucial role in climate change adaptation and mit-
igation. Simultaneously, soil organic carbon (SOC) has positive effects on the physical, chemical, and
biological properties of soil. Therefore, the development of accurate mapping techniques is essential
for estimating SOC stocks and quantifying soil functions at a regional scale. The objective of this
study is to apply digital soil mapping to estimate the SOC stocks in the surface soil (0-30 cm) and
subsoil (30-50 cm) of the Zhuoshui River basin. This involves creating spatial distribution prediction
maps and conducting uncertainty analysis. Additionally, the study also aims to compare the differenc-
es in soil carbon stocks under different topography and land cover. The results show that Regression
Kriging (combined with Cubist) has the best predictive performance (surface soil: R* = 0.46; sub-
surface soil: R® = 0.48), with soil order, elevation, and mean annual temperature (MAT) identified as
crucial environmental parameters for predicting SOC stocks in both layers. Uncertainty analysis indi-
cates a higher prediction range in forested areas due to fewer soil survey points. In terms of different
land cover types (forest, paddy, upland, orchard, other), the study reveals that the surface soil organic
carbon stock is highest in mountainous forested areas (11.2 kg m™), while no significant differences
are observed in subsoil among land cover types. According to the prediction results, the estimated or-
ganic carbon stocks in the surface and subsurface soils of the Zhuoshui River basin are approximately
28.22 and 15.14 million tons (Tg), respectively. The findings of this study can serve as a reference for
soil carbon sink estimation, ecosystem services value assessment, and carbon-farming planning in the
Zhuoshui River basin.

Key words: Soil organic carbon stocks, Digital soil mapping, Zhuoshui River basin, Machine learn-
ing.
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