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The use of proper management strategies for citrus huanglongbing (HLB), caused by ‘Candidatus Liberibacter asiaticus’
(Las) and transmitted by Asian citrus psyllid (ACP) (Diaphorina citri), is a priority issue. HLB control is based on
healthy seedlings, tolerant rootstock cultivars and reduction of ACP populations. Here, dynamic populations of Las in
different citrus hosts and each instar of ACP were studied, together with the seasonal growth and distribution of Las in
different tissues, using conventional and TagMan real-time PCR. Different levels of susceptibility/tolerance to HLB
were seen, resulting in different degrees of symptom severity and growth effects on hosts or rootstocks. Troyer citrange,
Swingle citrumelo and wood apple were highly tolerant among 11 rootstock cultivars. Regarding distribution and sea-
sonal analysis of Las, mature and old leaves contained high concentrations in cool temperatures in autumn and spring.
Las was detected earlier through psyllid transmission than through graft inoculation, and the amounts of Las (AOL)
varied in different hosts. Thus, different AOL (10*-10" copy numbers IL™%) and Las-carrying percentages (LCP; 40—
53.3%) were observed in each citrus cultivar and on psyllids, respectively. Furthermore, both AOL and LCP were
lower in nymphs than in adult psyllids, whereas the LCP of psyllids were not affected by increasing the acquisition-
access time. The present study has significant implications for disease ecology. The combination of early detection, use
of suitable rootstocks and constraint of psyllid populations could achieve better management of HLB disease.

Keywords: ‘Candidatus Liberibacter asiaticus’, acquisition-access time, Asian citrus psyllid, dynamic population, huan-
glongbing, susceptibility/tolerance

The causal agent can infect all commercially important

Introduction . ) o . ) ) .
citrus cultivars, resulting in major reductions in fruit

Citrus huanglongbing (HLB), also known as greening,
is currently the most destructive disease in most citrus
planting areas worldwide. Currently, three noncultur-
able phloem-limited Gram-negative a-proteobacteria are
reported associated with HLB disease: ‘Candidatus
Liberibacter asiaticus’ (Las) from Asia, ‘Candidatus
Liberibacter africanus’ (Laf) from Africa and ‘Candida-
tus Liberibacter americanus’ (Lam) from South America
(Garnier et al., 2000; Bové, 2006). The Asian citrus
psyllid (ACP), Diaphorina citri (Hemiptera: Liviidae),
is the main insect vector of ‘Candidatus Liberibacter’
spp. in Asia and America, whereas the African psyllid,
Trioza erytreae (Triozidae), is the main vector in
Africa (Aubert, 1987; Halbert & Manjunath, 2004).
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quality and yield and the appearance of foliar symp-
toms, such as irregular mottling and severe chlorosis
with nutritional deficiency-like syndrome (McClean &
Schwarz, 1970), followed by incomplete colouring of
mature fruit (da Graga, 1991) and shortening of the
lifespan of infected trees (Miyakawa, 1980). HLB is
spread by vegetative propagation and insect vectors,
and thus far, there is no cure for this severe disease.
HLB has been the most important factor limiting citrus
production worldwide.

Because there are no cures for HLB disease, preven-
tion and vector control are critical for HLB integrated
management. It is proposed that two important strate-
gies for prevention are sensitive detection methods and
a healthy seedling system. In recent years, quantitative
detection methods have been developed and improved
for more sensitive and specific purposes (Li et al.,
2006, 2009; Morgan et al.,, 2012; Ananthakrishnan
et al., 2013; Hu et al.,, 2013; Bertolini et al., 2014;
Kogenaru et al., 2014; Feng et al., 2015). Quantitative
methods have been used to analyse the distribution of
Las, showing uneven patterns in different infected
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Figure 2 Leaf symptoms of 11 rootstock cultivars after ‘Candidatus
Liberibacter asiaticus’ inoculation. SK, Sunki mandarin; Cal,
calamondin; KT, bitter orange; RL, Rangpur lime; RgL, rough lemon;
Vol, Volkamer lemon; Ty, Troyer citrange; SW, Swingle citrumelo; Mac,
alemow; Sev, Chinese box orange and WA, wood apple. The three
leaves on the left of each set of four were all collected from the same
plant; the leaf on the right is the healthy control. Leaves were
photographed 1 year after infection. [Colour figure can be viewed at
wileyonlinelibrary.com]

orange) showed a 40-50% decrease in growth rate in
response to Las infection. Highly tolerant types, such as
Troyer citrange and Swingle citrumelo, barely showed
symptoms, and their growth rates had decreased 40-45%
at 1 year after inoculation. Wood apple, as a resistant
type, showed no symptoms and only an 18.75% decrease
in the growth rate was observed under Las infection.

Tissue distribution and seasonal dynamics of Las

Comparisons of Las concentrations in different leaf and
tissue parts of three Las-infected citrus cultivars are listed
in Table 4. Similar results were obtained in each cultivar.
High average Las concentrations were detected in mature
and old leaves, whereas young leaves and new flush con-
tained low Las concentrations. According to the PCR
analysis, the Las concentrations, from high to low, were

Table 2 Evaluation of the ‘Candidatus Liberibacter asiaticus’ bacteria
concentration in 1-year-old inoculated mature leaves of commercial
citrus and citrus rootstock cultivars by TagMan real-time PCR

C; mean Absolute
amount (copies)

Citrus cultivar

Ponkan mandarin 20.96 8.31 x 10°
Tonkan mandarin 22.82 2.40 x 10°
Valencia sweet orange 25.16 5.01 x 10°
Wentan pomelo 26.38 2.23 x 10°
Eureka lemon 28.91 4.12 x 10*
Kumquat 30.01 1.98 x 10*
Ponkan mandarin healthy control nd? 0
Tonkan mandarin healthy control nd 0
Valencia sweet orange healthy nd 0
control
Wentan pomelo healthy control nd 0
Eureka lemon healthy control nd 0
Kumquat healthy control nd 0
Rootstock cultivar
Sunki mandarin 25.99 2.90 x 10°
Calamondin 26.58 1.95 x 10°
Bitter orange 26.61 1.91 x 10°
Volkamer lemon 27.97 7.71 x 10*
Rough lemon 28.86 4.26 x 10*
Rangpur lime 29.09 3.66 x 10*
Alemow 28.62 5.00 x 10*
Chinese box orange 28.92 4.07 x 10*
Troyer citrange 327 3.28 x 10°
Swingle citrumelo 29.03 3.80 x 10*
Wood apple nd 0
Sunki mandarin healthy control nd 0
Calamondin healthy control nd 0
Bitter orange healthy control nd 0
Volkamer lemon healthy control nd 0
Rough lemon healthy control nd 0
Rangpur lime healthy control nd 0
Alemow healthy control nd 0
Chinese box orange healthy control nd 0
Troyer citrange healthy control nd 0
Swingle citrumelo healthy control nd 0
Wood apple healthy control nd 0

2nd, not detected.

fruit, mature leaf, old leaf (completely yellowing), bark
of young twig, root, new flush and bark of trunk. For
the seasonal dynamics analysis, higher Las concentra-
tions were detected in the cooler temperatures of autumn
and spring, whilst lower concentrations of Las were
detected in the high and low temperatures of summer
and winter.

Periodic detection of graft inoculation and psyllid
transmission of Las

Four Las graft-inoculated citrus cultivars (Ponkan man-
darin, Valencia sweet orange, Wentan pomelo and Eur-
eka lemon) were subjected to periodic detection of Las
replication amounts on leaf midribs using real-time PCR.
Las was detected after 21 days in Ponkan, 35 days in
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Table 3 Effect of huanglongbing (HLB) on . - - -
L . Original Average height Growth rate in  Disease
the growth of commercial citrus and citrus a ) ) ) b
Tree® height (cm) in 1 year (cm) 1 year (cm) index

rootstock cultivars in Taiwan

Citrus cultivar

Ponkan mandarin

Tonkan mandarin

Valencia sweet orange

Wentan pomelo

Eureka lemon

Kumquat

Rootstock cultivar
Sunki mandarin

Calamondin

Bitter orange

Volkamer lemon

Rough lemon
Rangpur lime

Alemow

Chinese box orange
Troyer citrange

Swingle citrumelo

Wood apple

D 25 43.75 18.75 S
H 85 60 H
D 39.5 14.5 S
H 73 48 H
D 55.25 30.25 S
H 90 75 H
D a7 22 |

H 87 62 H
D 88.75 63.75 |

H 116 91 H
D 43.5 18.5 |

H 57 32 H
D 50 68 18 S
H 118 68 H
D 68.25 18.25 S
H 122 72 H
D 62.5 12,5 S
H 110 60 H
D 94 44 |

H 125 75 H
D 86 36 |

H 120 70 H
D 95.75 45.75 |

H 128 78 H
D 98.5 48.5 |

H 128 78 H
D 78 28 |

H 103 53 H
D 102.25 52.25 M
H 137 87 H
D 87.25 37.25 M
H 118 68 H
D 40 52.5 325 H
H 80 40 H

@H, healthy control; D, diseased.
PDisease index: S, severe; |, intermediate; M, mild; H, healthy.

Valencia sweet orange, 49 days in Eureka and 56 days
in Wentan (Fig. 4a). The replication rates of Las in each
cultivar showed similar trends. Las replicated more easily
and faster in Ponkan and Valencia sweet orange than in
Eureka and Wentan. In the first 2 months after graft
inoculation, the replication rate of Las was faster in
Valencia sweet orange than in Ponkan, but Las was
detected earlier in Ponkan. The amounts of Las were
nearly 10% copy numbers in Valencia sweet orange
(2.34 x 10% and Ponkan (9.48 x 10%) at 63 and
77 days after inoculation, respectively. The amounts of
Las reached the highest level (1.9 x 107) at 154 days
after inoculation. In contrast, the amounts of Las
remained low (~10%) in Eureka and Wentan during the
first 7 weeks and increased up to 4.86 x 10° copy
numbers at 5 months after graft inoculation. Symptoms
were observed in Ponkan and Valencia sweet orange at
4-5 months after inoculation. The upper leaves of Pon-
kan showed vein vyellowing, and small, hard and
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yellowing symptoms were observed on the young leaves
at 6 months after inoculation. Similar symptoms were
observed on the upper leaves of Valencia sweet orange
and obvious vein yellowing was easily observed on new
upper young leaves. In contrast, no obvious symptoms
were observed in Eureka and Wentan at 6 months after
inoculation (Fig. 5).

Las was detected earlier through psyllid transmission
compared to graft inoculation at 21 days after infection
(Fig. 4b). However, Las replicated slowly in Ponkan and
Valencia sweet orange through psyllid transmission. The
amounts of Las in Ponkan reached 1.33 x 10° copy
numbers at 8 weeks after infection, whereas hundreds to
thousands of copies of Las remained in Valencia sweet
orange. At 4 months after infection on Ponkan, only the
new young leaves on the ends of shoots showed small,
hard leaves with vein yellowing symptoms. No obvious
symptoms were observed on infected Valencia sweet
orange (Fig. 5).
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Figure 3 Growth effects of 11 rootstock
cultivars infected with ‘Candidatus
Liberibacter asiaticus’. SK, Sunki mandarin;
Cal, calamondin; KT, bitter orange; Vol,
Volkamer lemon; RgL, rough lemon; RL,
Rangpur lime; TC, Troyer citrange; SW,
Swingle citrumelo; Mac, alemow; Sev,
Chinese box orange; and WA, wood apple.
The left plant of each pair is the healthy
control. Photographs were taken 1 year after
infection. [Colour figure can be viewed at
wileyonlinelibrary.com]

Plant Pathology (2017) 66, 15551568

95LB01 T SUOLLLOD dAIIe1D) 3[cfedldde U Ag peusenob e e VO ‘85N JO Sa|nJ o} Akeuqi8UlJUO A8 ]I UO (SUONIPUOD-PUe-SWLBI LD A IM ARe.d 1[BU 1 UO//STIY) SUONIPUOD PUe SIS 1 8L 89S *[£202/0T/70] Uo Ariqiauljuo As(Im ‘(ouleAnge ) sanopesy Ad 26921 edd/TTTT 0T/10p/woo A8 |im Akeiq i puljuo's feuanolddsq//:sdny wouy pepeojumod ‘6 ‘LT0Z '6S0ES9ET
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Table 4 Distribution and seasonal population dynamics of ‘Candidatus
Liberibacter asiaticus’ (Las) bacteria in three citrus species, Hong-Jian
sweet orange, Murcott tangor and Peiyu pomelo

PCR index®
Season Position Hong-Jian ~ Murcott Peiyu
Spring New flush + + -
Young leaf + ++ +
Midrib of mature 4+ +++ +++
leaf
Mesophyll of ++ ++ ++
mature leaf
Midrib of old leaf +++ nt nt
Fruit +++ ++ (flower)  + (flower)
Bark of young twig ~ +++ +++ ++
Bark of trunk — — —
Root ++ + +
Summer  New flush — — —
Young leaf + + +
Midrib of mature ++ ++ ++
leaf
Mesophyll of ++ ++ ++
mature leaf
Midrib of old leaf ++ nt nt
Fruit + +++ +++
Bark of young twig ~ ++ ++ ++
Bark of trunk — - —
Root + + +
Autumn New flush +
Young leaf ++ ++ +
Midrib of mature +++ +++ +++
leaf
Mesophyll of ++ ++ ++
mature leaf
Midrib of old leaf +++ nt nt
Fruit +++ +++ e
Bark of young twig ~ +++ +++ -+
Bark of trunk — — —
Root + + ++
Winter New flush nt nt nt
Young leaf + + +
Midrib of mature +++ +++ ++
leaf
Mesophyll of ++ ++ ++
mature leaf
Midrib of old leaf -+ nt nt
Fruit +++ +++ +++
Bark of young twig ~ +++ + -+
Bark of trunk — — —
Root + ++ ++

nt, not tested.

APCR index: density count of the Las-specific band on agarose gel
measured by a densitometer. Pixel value —, <14; +, 15-49, +, 50-109;
++, 110-169; +++, 170-230. All values were determined as the average
of four individual plants.

Quantitative detection of Las in citrus cultivars and
Las-carrying percentages on psyllid populations in the
field

The highest amounts of Las were detected in Murcott
tangor (2.15 x 107), followed by Ponkan mandarin
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(2.42 x 10°), Valencia sweet orange (1.06 x 10°), cala-
mondin (9.33 x 10°), and Wentan pomelo (4.18 x 10%
Table 5). These data indicated that each citrus cultivar
had different responses to Las infection, resulting in
varying levels of symptoms and proliferation. The aver-
age percentages of Las-carrying psyllids from the three
infected fields ranged from 40% to 53.3% (Table 5).

Quantitative detection of Las and Las-carrying
percentages on different instars of nymphs of psyllid

No Las was detected in the instars of egg and 1st nymph
stages (Table 6). Tens and hundreds of copies of Las
were detected in individual nymphs from the 2nd to 5th
instars. The average percentage of Las-carrying instars of
nymphs was 33.9%. These results indicated that the
amounts of Las and Las-carrying individuals were both
lower in nymphs than in adult psyllids.

Test of acquisition-access of Las in psyllids

The results of Las acquisition tests are summarized in
Table 7. The amounts of Las (hundreds to thousands of
copy numbers) had no obvious fluctuations within psyl-
lids during the acquisition-access time. The percentages
of Las-carrying psyllids were 40-60%, indicating that
the increasing acquisition-access time did not affect the
percentages.

Discussion

HLB, the main devastating and systemic disease on citrus
worldwide, is caused by Las in most citrus planting
areas. Thus far, strategies for the control of HLB rely on
prevention methods, such as using tolerant rootstock cul-
tivars, implementing a healthy seedling system, eliminat-
ing infected plants and intermediate hosts in the field
and preventing insect vectors. However, the lack of
knowledge regarding disease ecology and pathogen trans-
mission might leave blind spots when establishing control
methods. In the present study, the susceptibility/tolerance
to HLB of commercially important citrus and rootstock
cultivars was determined and the dynamic population of
Las in citrus hosts or psyllids was demonstrated using
conventional PCR (Hung et al., 1999) and TagMan real-
time PCR (Feng et al., 2015). The TagMan real-time
PCR developed here showed high specificity and sensitiv-
ity to the amounts of Las in citrus plants or even in one
or a few psyllids. The present study provided more
information on HLB based on the application of a quan-
titative detection method for tracking the dynamic prolif-
eration of Las in citrus and psyllids.
Susceptibility/tolerance testing was carried out on the
main commercial citrus and common rootstock cultivars
in Taiwan. The determinations were based on the repli-
cation rates of Las, symptom severity and the growth
rate on infected plants. Measures were taken to ensure
that all experimental plants avoided any viral interfer-
ence. Similar results between Las-infected plants in the
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Figure 4 Quantitative detection using real-time PCR of the dynamic replication of ‘Candidatus Liberibacter asiaticus’ (Las) in (a) four Las-inoculated
citrus cultivars (Ponkan mandarin, Valencia sweet orange, Wentan pomelo and Eureka lemon) after graft inoculation, and (b) two citrus cultivars
(Ponkan mandarin and Valencia sweet orange) after psyllid transmission. [Colour figure can be viewed at wileyonlinelibrary.com]

laboratory or field showed that Ponkan and Tankan
mandarins are susceptible to Las and are unable to grow
after infection. Valencia sweet orange is less susceptible,
whereas Wentan pomelo and Eureka lemon are tolerant
to Las and are able to grow slowly. Kumquat is more
tolerant but is still infected through inoculation. The pre-
sent study confirmed that Las strain Il, isolated from the
field in a previous study, showed high virulence and mul-
tiplied quickly in all commercially important citrus culti-
vars in Taiwan (Tsai et al., 2008). The present study
also illustrated a positive relationship between HLB
symptom severity on citrus leaves and the proliferation
rate of Las using PCR detection (Coletta-Filho et al.,
2010). In addition, more susceptible cultivars had much
higher concentrations of Las. Based on the present
pathological study, more molecular evidence is needed to
elucidate the factors involved in different levels of sus-
ceptibility/tolerance of various cultivars while facing Las
infection. It is assumed that different citrus cultivars
might show differing gene expressions or responses
against Las infection. Previous studies have also shown
that many metabolites were detected at higher concentra-
tions in the tolerant cultivars and might play roles in
conferring tolerance to HLB (Albrecht et al., 2016).

The analysis of the amounts of Las in different tissues
and the seasonal population dynamics in host plants
showed that Las was unevenly distributed in different tis-
sues (Tatineni et al., 2008; Li et al., 2009). The effect of
live or dead populations of Las was not considered in
this study. According to Hu et al. (2014), the population
trends between live and dead Las were similar (although
with different titres) and so it was assumed that it would
show little effect on the results. The highest amounts of
Las were detected in the transportation tissues of fruit in
every citrus cultivar. These results might explain the typi-
cal symptoms of Las-infected fruits, such as greening and
thick skin, resulting in poor quality fruits. In contrast, no
Las was detected in the bark of the stem base of citrus,
suggesting that Las might not accumulate in the main
transportation region of the stem base. It is assumed that
new flush retained good growth potential and that Las
moved too slowly to invade newly growing leaves. The
uneven distribution of Las in different tissues might be
because nutrition-rich propagated or metabolic tissues
such as fruit, young and mature leaves are beneficial to
Las proliferation and accumulation. In addition, previous
studies analysing the dynamic population of Las revealed
that the Las population decreased in the spring (Wang

Plant Pathology (2017) 66, 15551568
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Figure 5 Symptom development on Ponkan mandarin (PM) and Valencia sweet orange (SO) infected with ‘Candidatus Liberibacter asiaticus’ (Las)
after graft inoculation and psyllid transmission. (a) PM before graft inoculation; (b) PM 3 months after graft inoculation; (c) PM 6 months after graft
inoculation; (d) SO before graft inoculation; (e) SO 3 months after graft inoculation; (f) SO 6 months after graft inoculation; (g), PM 2 months after
psyllid transmission; (h) PM 4 months after psyllid transmission; (i) SO 2 months after psyllid transmission; and (j) SO 4 months after psyllid

transmission. [Colour figure can be viewed at wileyonlinelibrary.com]

Table 5 Quantitative detection of ‘Candidatus Liberibacter asiaticus’ (Las) in different Las-infected citrus cultivars and determination of Las-carrying
percentage on psyllid populations in fields by real-time PCR

Citrus cultivar Source

Average of Las quantities
in citrus (copies)

Average of Las quantities
in psyllid (copies)®

Las-infected
psyllids (%)

Ponkan mandarin Chuchi village
Murcott tangor Chiayi city

Valencia sweet orange Chuchi village
Wentan pomelo Chuchi village
Calamondin Taipei city

2.42
2.15
1.06
4.18
9.33

X X X X X

108
107
108
10*
10°

3.41 x 10°
4.25 x 107
1.98 x 10*

42.9
40.0
53.3

a7, 5 and 38 psyllids were collected from Ponkan, Murcott and Valencia cultivars, respectively. No psyllids were found on Wentan or calamondin in
the field survey. Mean copy numbers were obtained with triplicate assays for each sample extract by real-time PCR.

Plant Pathology (2017) 66, 1555-1568
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Table 6 Quantitative determination of ‘Candidatus Liberibacter
asiaticus’ (Las) and Las-carrying percentage on different instars of
psyllid nymphs collected from Las-infected sweet oranges in fields by
real-time PCR

Average of
Numbers of Las quantities Las-infected
Instar psyllid tested in psyllid (copies) psyllid (%)
Egg 10 0 0.0
1st 15 0 0.0
2nd 10 6.5 10.0
3rd 9 42.8 22.2
4th 6 331.1 66.7
5th 19 33.3 36.8

et al., 2006) or winter (Hu et al., 2014), which differed
from the data obtained in the present study. This finding
suggests that different sampling methods and environ-
ments might affect investigations of the Las population.
Generally, Las was easily detected in new flush in the
spring and autumn rather than in the summer. This
result agrees with Hung (2006), who illustrated the wide
spread of HLB disease during the spring was because the
highest populations of psyllid were observed in the
sprouting period of Murcott tangor in the spring. Psyllids
migrated and transferred Las much more frequently dur-
ing this period time.

Previous studies have indicated that different citrus
cultivars have different susceptibility or tolerance levels
to HLB disease (Garnier et al., 1984; Bové & Garnier,
2002). Similar results showed that Ponkan and Valencia
sweet orange were more susceptible to HLB and Las
using PCR at 3 and 5 weeks after grafting, respectively.
In contrast, Las was detected at 7 and 8 weeks after
grafting in Eureka and Wentan, respectively. Real-time
PCR showed greater sensitivity for detecting Las earlier
in these citrus hosts than conventional PCR, and Las was
also amplified at different rates in each host. Although
the uneven distribution of Las in different tissues while
sampling (Huang, 1987) might lead to unreliable detec-
tion, the long-term detection still showed an obvious
trend in Las amplification. Compared with the Las-graft-
ing method, psyllid transmission resulted in faster Las
amplification in citrus hosts during early infection, but
the amounts of Las were lower after 3 months. The dif-
ference between grafting and psyllid inoculations might
reflect different pathways of Las infection. Las could
directly enter sieve tube cells and subsequently replicate
via the stylet of the psyllid, whereas graft-inoculated Las
could be slower to move in to the host after the graft
heals. The amounts of Las in infected scions were 100
times greater than those in psyllids, indicating the differ-
ent replication rates between these two vectors.

The results of the Las acquisition test in psyllids,
which were similar to a previous study (Hung, 2006),
indicated that continuing to acquire Las day after day
did not obviously enhance the amounts or the Las-carry-
ing percentages in psyllids. Even if healthy psyllids were
forced to acquire Las on infected plants for an extended

Table 7 Quantitative detection of ‘Candidatus Liberibacter asiaticus’ (Las) in psyllids individually with different acquisition-access time by real-time PCR

Acquisition time (days)

28

26

24

22

20

18

16

14

12

10

Amount of Las [log(copy numbers)]

Psyllid

2.00 1.65 3.14

2.09
1.83

2.27 2.84 2.21
2.16

1.87

2.32
2.58

2.13

2.40

2.58

217

2.33

1.90

2.58

2.46
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2.36
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2.82
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40
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period, only a portion of the population would success-
fully acquire Las (Manjunath et al., 2008). In contrast,
the amounts of Las inside psyllids collected from infected
fields were hundreds and thousands of times greater than
in the psyllids from the acquisition test. However, the
Las-carrying percentage of psyllids from the field also
remained near 40-53.3%, showing results similar to
those of psyllids from the acquisition test. According to
real-time PCR detection, only 5.71% of these Las-carry-
ing psyllids had Las copy numbers in the thousands. This
phenomenon might be related to the feeding habits of
psyllids. Similar evidence was also reported by Pelz-Ste-
linski et al. (2010). Ammar et al. (2017) demonstrated
that the salivary glands and midgut of psyllids may act
as transmission barriers that can impede translocation of
Las within the vector, and this evidence could explain
the low Las infection rate in vector psyllid. In addition,
the results of detecting psyllid nymphs on infected citrus
plants in the field using PCR revealed that nymphs (2nd
to 5th instars) could carry Las, consistent with a previ-
ous study (Hung et al., 2004). Furthermore, it was
observed that the amounts of Las were lower in nymphs
than in adult psyllids, indicating that Las could continu-
ally replicate during psyllid growth. These results were
similar to those of a previous study showing high replica-
tion rates of Las in the nymph stages of psyllids (Ammar
et al., 2016b). It is concluded that most psyllids carried
Las at the instar nymph stage and that Las replicates to
high concentrations in adult instars, showing the capacity
to transmit Las in the fields.

The present study evaluated the levels of susceptibility
of different citrus and rootstock cultivars to HLB, which
might help the establishment of healthy seedling systems
to select proper tolerant cultivars as rootstocks. Hung
(2006) showed that only one Las-carrying psyllid could
transmit Las to infect citrus plants. However, only
12.9% of psyllids could successfully infect plants, and
the amounts of Las in each psyllid were significantly dif-
ferent, consistent with the results of a previous study
(Ukuda-Hosokawa et al., 2015). The data also showed
that a low proportion of nymph or adult psyllids in the
population carried high amounts of Las, suggesting that
the successful Las transmission rate was associated with
the amounts of Las in each psyllid and the numbers of
psyllid populations. Monitoring and decreasing the psyl-
lid population numbers could effectively reduce the
chance of Las-carrying individuals infecting citrus plants.
This study, based on quantitative methods, is relevant
not only to research on Las pathogenicity in citrus hosts
or in psyllid vectors but also to efforts to enhance the
current understanding of HLB disease ecology.
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