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Abstract

Background: Asian citrus psyllid (ACP) is the primary vector responsible for the transmission of the phloem-limited
bacteria Candidatus Liberibacter spp., associated with huanglongbing (HLB), which causes great loss to the citrus
industry. Although the roles of leaf color and volatile compounds in the orientation of ACP have been proven, the
quantification of color and allelochemicals in the host plant are kept unclear, especially in wild citrus germplasms.

Results: Chongyi wild mandarin significantly attracted more ACP than wild Hong Kong kumquat, ‘Gannan zao’
navel orange and orange jasmine did in the four-choice and olfactometer assays. The color parameters of the
tender leaves from Chongyi wild mandarin and ‘Gannan zao' were similar. The yellow color in both of them was
less saturated than that of the other two plants species, but Chongyi wild mandarin had significant lower
carotenoid content (P < 0.05). Notably metabolic profiling differences were observed among the healthy tender
shoots from the four tested plants via UPLC-QQQ-MS and GC-MS analyses. Comparing with the other three plant
species, 66 and 50 metabolites with significantly different contents in Chongyi wild mandarin were selected as
UPLC-identified and GC-identified metabolites of interest (P < 0.05), respectively. Flavonoids accounted for a large
group of secondary metabolites of interest, which may function as stimulants or repellents of ACP. Higher content
of salicylic acid o-hexoside and lower content of (+)-jasmonic acid in Chongyi wild mandarin may lead to higher
amount of methyl salicylate (an ACP attractant) and lower amount of trans-ocimene (an attractant to herbivores’
natural enemies) as well as the suppression of JA-mediated wounding response. This kind of synergistic or
antagonistic effect among the metabolites differentially accumulated in Chongyi wild mandarin made it a more
attractive host plant to ACP.

Conclusions: Less saturated yellow color, high amount of attractants, low amount of repellents and insensitivity of
JA-mediated wounding response are the four possible reasons why Chongyi wild mandarin attracted more ACP.
This work may shed light on the olfactory and visual response of ACP to wild citrus germplasm hosts, and suggest
the feasibility of developing ACP attractants or repellents patterned on potential metabolites.
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Background

Huanglongbing (HLB), also called citrus greening, is one
of the most economically devastating diseases of citrus
worldwide, which is caused by the phloem-limited fas-
tidious bacteria “Candidatus Liberibacter asiaticus”
(CLas), “Ca. L. africanus” and “Ca. L. americanus” [1].
Among these three species, CLas is believed to be the
most dominant one and has caused huge economic
losses to citrus industry globally [2]. At the early stage,
infected trees show up blotchy-mottled or completely
yellow chlorotic leaves and deformed small fruits with
aborted seeds [3]. As the pathogen manipulates, the in-
fected trees will suffer from the dysfunction of
source-sink carbohydrate translocation, which leads to
significant fruit-dropping and yield reduction [4]. Now
there are no commercial citrus cultivars that are strongly
tolerant to CLas [2, 5]. Numerous measures have been
tested to address this dysfunction or control the ma-
nipulation of CLas, such as the application of enhanced
foliar nutrition and thermotherapy [3, 6]. However, cit-
rus growers mainly rely on three steps to reduce the in-
cidence of HLB, namely eradication of infected trees, the
use of healthy nursery stocks and control of the insect
vector via pesticides [2, 7].

Although CLas can be transmitted via graft inocula-
tion, Asian citrus psyllid (ACP), Diaphorina citri
Kuwayama (Hemiptera: Liviidae), is believed to be the
primary vector of the bacterial causative agent of HLB
[2, 8]. The plant hosts of D. citri include Murraya pani-
culata (L.) Jack, M. exotica L., M. koenigii L. and nearly
all the citrus species [9-11]. However, wild citrus species
were rarely reported as the host of ACP or used in HLB
study.

The overuse of pesticides application could bring ACP
under control, but it could also cause severe environ-
mental damage, insect resistance and food safety prob-
lem as well as adverse effect on ACP’ natural enemies
[12-14]. Many environmental friendly alternatives have
been suggested, such as essential oils, parasitic wasp, en-
tomopathogenic fungi and additional tactics that affect
the visual cues of ACP, such as reflective mulching and
kaolin [15-21]. Given the fact that ACP could accurately
detect, evaluate, and discriminate visual cues, such as
hue, saturation level and outline of the object, yellow
sticky cards have been proved to be an effective green
approach to monitor and trap ACP [22-24]. Although it
could also be conditioned to recognize a blue-colored
probing substrate [22], D. citri is innately attracted to
bright yellow and green colors in the human visible
spectrum that might resemble the flushing shoots
[25-27]. Moreover, the addition of ultra-violet light
could enhance the attraction of D. citri to green or
yellow colors [27, 28]. Even though the role of color
in the orientation of the ACP has been substantially
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studied, the quantification of color and related allelo-
chemicals in leaves are kept unclear.

Besides color stimuli, olfactory cues also are critical in
the initiation of host plant selection process by D. citri
[25]. Therefore, repellents or attractants patterned on
volatile compounds have also been suggested to be a po-
tential way in the protection of citrus plants against
HLB, which has been introduced in the push-pull strat-
egy for ACP management [29-31]. (E)-f3-caryophyllene
identified from guava [30], trisulfides (dimethyl trisul-
fide) from garlic chive leaves [32], terpenoids from the
non-host cashew all had repellent effect on ACP [33].
These repellent volatiles were mainly identified from
non-Rutaceae plants. As to attractant, analysis on curry
leaf preferred by female ACP revealed 10 monoterpenes
and four sesquiterpenes as well as two unknown com-
pounds that may function as attractants [34]. The identi-
fied metabolites were quite few. To have a better
implementation of the push-pull strategy, a large num-
ber of volatiles that can influence the behavior of ACP
should be identified.

In this study, first we intended to identify which host
plants was the most preferred one by ACP. And then
combined metabonomics techniques were applied to
study the metabolite differences among the tender
shoots of the four tested plants. Our goal was to identify
the potential volatile chemicals or metabolites respon-
sible for attracting or repelling ACP, which could be use-
ful in ACP detection and monitoring.

Results

Chongyi wild mandarin was the most preferred host of D.
citri among the four tested Rutaceae plants in both four-
choice and olfactometer tests

During the one-month observing period of the
four-choice test, wild Hong Kong kumquat (Fortune hin-
disii Swingle, Y) had significantly more tender shoots, 7
— 10 per plant, than that of Chongyi wild mandarin (C),
‘Gannan zao’ navel orange (Citrus sinensis, G) and or-
ange jasmine (Murraya exotica L., J), 2 — 3 per plant
(Fig. 1a, P < 0.05). There were no significant differences
in the mean numbers of tender shoots among G, ] and Y
at the 15 time points (Fig. 1a, P > 0.05). In addition, D.
citri exclusively fed on the flushing shoots and tender
leaves of G, J, and Y. But, besides the tender shoots of
Chongyi wild mandarin, few D. citri also fed on the ma-
ture leaves of the upper half of the plant. The results of
the four-choice test revealed that C always attracted
more D. citri than the other three tested plants in every
counting time point (Fig. 1b). Out of the 15 time points,
there were four times that C attracted significantly more
D.citri than G and Y did, but 10 times that significantly
more than J did (Fig. 1b, P < 0.05). Totally, the mean
number of D. citri attracted by C in one month was
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Fig. 1 The numbers of tender shoot and D. citri attracted by each plant species in the four-choice test. I: the numbers of tender shoot in each
plant species used in the four-choice test, which were counted at two days’ interval. Il: the numbers of D. citri attracted by each host plant
species in the four-choice test, which was repeated every two days and continued for one month; lll: the total average number of attracted D.
citri on each plant species in one month. Different letters marked above the bars indicated significant difference among the tested plants (P <
0.05). Except Chongyi wild mandarin, there was no significant difference among the tender shoot numbers from the other three plant species
and the lines overlapped, so only one letter “B" was marked

significantly higher than the other three plant species at
the significance level of P < 0.05 (Fig. 1c).

In the 6-arm olfactometer with 2 arms blocked, the
arm connected to the tender shoot of Chongyi wild
mandarin always attracted significantly more female D.
citri adults than the other five arms did (Fig. 2, P <

0.01). Due to peer effect, the two arms on the right and
left sides of Chongyi wild mandarin always attracted
more insects than the rest three arms. Similar results
were obtained when orange jasmine, ‘Gannan zao, wild
Hong Kong kumquat was placed next to Chongyi wild
mandarin one by one. Therefore, only one representative
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Fig. 2 Percentage of female D. citri adults moved towards two blocked arms and four arms that were connected to the air source of Chongyi
wild mandarin, ‘Gannan zao’ navel orange, orange jasmine, wild Hong Kong kumquat respectively, in the 6-arm olfactometer. Different letters
marked above the bars indicated significant difference among the arms (P < 0.01)

figure was showed. Since it was the most preferred host
of D. citri among the four tested plant species, Chongyi
wild mandarin was used as control in the subsequent
experiments.

Chongyi wild mandarin and ‘Gannan zao’ shared similar
leaf color parameters

Color parameters of L’, a’, b", C' and H" from tender
leaves were analyzed in order to check the leaf color dif-
ferences among the four kinds of plants. The values of
a’ and b’ in tender leaves of the four plants were nega-
tive and positive, respectively, suggesting that these
leaves were green and yellow hue system (Fig. 3). In
addition, the values of H" of these leaves ranged between
60° (yellow) and 120° (green), around 105° (Fig. 3), fur-
ther proving that the leaves of all tested plants were the
combination of green and yellow color. There was no
significant difference among the values of a” (P > 0.05),
which meant that all the tested leaves were fairly green
(Fig. 3). The values of L", b, C" of tender leaves from C
and G were significantly lower than that of J and Y (P <
0.05), suggesting that the tender leaves from ] and Y
were brighter, more yellowish and saturated than that of
C and G (Fig. 3). The value of H" in tender leaves of C
was highest and significantly higher than that of ] and Y
(Fig. 3, P < 0.05).

The tender leaves of Chongyi wild mandarin had the
lowest carotenoid content

The contents of Chlorophyll (Chl) «, Chl b, Carotenoid
(Car) and total Chl in orange jasmine were significantly
higher than that in Chongyi wild mandarin, ‘Gannan zao’
and wild Hong Kong kumquat at the significance level
of P < 0.05, and Chongyi wild mandarin had the lowest
Car content (Fig. 4).

Untargeted metabolic profiling revealed allelochemicals
with different contents between Chongyi wild mandarin
and the other three plant species

The following results of ultra high performance liquid chro-
matography coupled to triple quadrupole tandem mass
spectrometry (UPLC-QQQ-MS) and solid-phase microex-
traction (SPME) combined with gas chromatography-mass
spectrometry (GC-MS) indicated that significant genotypic
differences were observed in the metabolic profiles among
the tender shoots of Chongyi wild mandarin (C), ‘Gannan
zao’ navel orange (G) and orange jasmine (J) and wild Hong
Kong kumquat (Y) under normal growth condition
(Additional file 1: Figure S1 and Figure S2).

UPLC-identified metabolic profiling
The non-biased UPLC-QQQ-MS detected totally 391
peaks, of which 126 were unknown metabolites and the
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remaining peaks were identified as known metabolites,
such as eriodictyol, betaine, punicic acid and L-valine.
Metabolites were highly reproducible among the three
analyzed biological replications. Based on the principal
component analysis (PCA) results, a separation of sam-
ples was observed and the first principal component
(PC1) contributed 65.8%, 76.6%, 57.4% of variation in
the data set of G/C, J/C, Y/C, respectively (Additional
file 1 :Figure S1).

To identify the important metabolites associated with
host preference of ACP, the first principal component of
variable importance in the projection (VIP) and Student's
t-test were carried out. There were totally 237, 259, 196
secondary metabolites with significantly different (VIP > 1
and P-value < 0.05) content in G, J and Y, respectively,
when C was used as the control (Table 1). As the Venn
diagram shown in Fig. 5i, 66 UPLC-identified metabolites
were differentially accumulated in G, J and Y when com-
pared with C. The difference of their accumulation among
the four plant samples was illustrated with heatmap, indi-
cating that the content of each metabolite in every sample
varied and the data had good repeatability among the rep-
lications (Fig. 6).

These 66 metabolites were listed in Table 2 as the
UPLC-identified metabolites of interest. Amino acids
were the largest differentially accumulated metabolite
category, two with higher contents and seven with lower
contents in C (Table 2), which explained that
aminoacyl-tRNA biosynthesis was the most important
pathway with significant enrichment (P < 0.05) in the
pathway analysis (Additional file 1: Figure S3). To our
limited knowledge, except L-tyrosine (an aromatic amino
acid), trans-cinnamaldehyde, apo-13-zeaxanthinone and
geranyl acetate, no other UPLC-identified metabolites of
interest were directly aroma-related. Therefore, we fo-
cused on finding the color-related metabolites, such as
chlorophyll, carotenoid, flavonoids.

The corresponding pathways were found in the KEGG
analysis: porphyrin and chlorophyll metabolism, flavonoid
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biosynthesis pathway, flavone and flavonol biosynthesis
pathway. In pathway analysis, the latter two pathways
were singled out in the bubble plot (Additional file 1:
Figure S3). Since KEGG analysis and pathway analysis
used two different calculating methods, porphyrin and
chlorophyll metabolism was not showed up in the bubble
plot, in which 5-aminolevulinate (5-ALA), a pivotal com-
pound in the biosynthesis of chlorophyll, had significantly
lower content in C.

As the second largest UPLC-identified metabolite cat-
egory with significant difference, eight flavones, six with
higher content and two with lower content in C, were all
yellow metabolites (Table 2). It was worth noting that
three flavones with higher content in C (apigenin-7-ruti-
noside, tricin o-rutinoside and chrysoeriol 7-o-rutinoside)
were all exclusive to Rutaceae. Eriodictyol and
chryso-obtusin-o-hexoside were two yellow differentially
accumulated flavonoids. Moreover, a yellow terpenoid
(apo-13-zeaxanthinone) and a yellow phenylpropanoid
(trans-cinnamaldehyde) were also identified. These differ-
entially accumulated yellow compounds plus 5-ALA iden-
tified via UPLC-QQQ-MS analysis may play important
roles in the attractiveness of C to ACPs.

GC-identified metabolic profiling
525 peaks were detected and 522 GC-identified metabo-
lites, namely volatile compounds (VOCs), could be left
through interquartile range de-noising method in
GC-MS analysis. The score scatter plot for PCA model
showed that the original data of all samples were distrib-
uted within the 95% confidence interval of Hotelling’s
T-squared ellipse (Additional file 1: Figure S2I). Chongyi
wild mandarin, ‘Gannan zao, orange jasmine and wild
Hong Kong kumquat were separated by PC1, represent-
ing 68.2%, 71.7% and 77.5% of the variation, respectively
(Additional file 1: Figure S2II, S2III and S2IV).
Comparing with C, there were totally 205, 309, 301 me-
tabolites with significantly different (VIP > 1 and P < 0.05)
content in G, J and Y, respectively (Table 1). G had 99

Table 1 Numbers of total detected metabolites and metabolites with significantly different contents (VIP > 1 and P-value < 0.05) in
‘Gannan zao' navel orange (G), orange jasmine (J) and wild Hong Kong kumquat (Y) when Chongyi wild mandarin (C) was the

control
Analysis Combinations' Numbers Numbers of differentially accumulated metabolites
gggéi d Up-accumulated Down-accumulated Total
metabolites
UPLC-QQQ-MS G/C 391 117 120 237
J/C 139 120 259
Y/C 94 102 196
HS-GC-MS G/C 522 99 210 309
J/C 224 77 301
Y/C 141 64 205

'C was used as control in the data analysis



Zhong et al. BMC Plant Biology (2019) 19:254 Page 7 of 21

a / Y/C \

y M1 \ \
/ 128 \ \
129 M7 16

w 20 py o Y15
39
by
v 136 / V8
JIC

M3

J159

G/C

Fig. 5 Venn diagram of the differentially accumulated metabolites from ‘Gannan zao’ navel orange (G), orange jasmine (J), wild Hong Kong kumquat
(Y) comparing with Chongyi wild mandarin (C) in UPLC-QQQ-MS (I) and GC-MS (Il) analysis. Red and blue arrows mean significantly higher and lower,
respectively (VIP > 1 and P < 0.05). The numbers on the right of the arrows indicated the numbers of metabolites with significantly different content

1AA-Val
2'-Deoxyadenosine monohydrate
Feruloyl quinic acid
Apigenin-7-rutinoside (Isorhoifolin)
Gallocatechin-catechin
. I Benzoyltyramine
unknown8
| ] Chrysoeriol 7-O-rutinoside
unknown10
9-Hydroxy-(10E,12Z,15Z)-octadecatrienoic acid
Adenine
Nicotinic acid-hexoside
unknown6
L-Alanine
Betaine 0
unknown?7
|IAA-Asp-N-Glc
Eriodictyol
Apo-13-zeaxanthinone
unknown11
7-Hydroxy-4-methylcoumarin
Tricin 1
Etamiphylline
Punicic acid
unknown13
Tricin O-rutinoside
14,15-Dehydrocrepenynic acid
Stearidonic Acid
trans-cinnamaldehyde 2
Chrysoeriol
gamma-Linolenic Acid methyl ester
Acacetin (4'-Methoxyapigenin)
Salicylic acid O-hexoside
unknown4
unknown5
Cytidine
Naringenin
DL-Methionine
| || Xanthosine

Caffeoyl tyramine
unknown1
Chryso-obtusin-O-hexoside
| | L-Tyrosine
| unknown2
L-Isoleucine
5-Aminolevulinate
L-Valine
e 2'-Deoxycytidine-5*-diphosphate
— HE . sn-Glycero-3-phosphocholine
| 3-Hydroxykynurenine
| unknown3
Nicotinic acid
Geranyl acetate

unknown9

L-Threonine

Tuberonic acid hexoside
unknown12

Luteolin 5-O-hexoside
| LysoPC 14:0 (2n isomer)

(+)-Jasmonic acid (JA)

(-)-Riboflavin

Vitamin B2

| 2,3-dihydroflavone
L-Serine
L-Aspartic acid
beta-Homothreonine

28 8 5 85855288

Fig. 6 Heatmap illustrating levels of UPLC-identified metabolites of interest that were differentially accumulated in ‘Gannan zao’ navel orange (G),
orange jasmine (J), wild Hong Kong kumaquat (Y) comparing with Chongyi wild mandarin (C). The heatmap was generated via ‘Pearson’ and
‘Ward' for distance measure and clustering algorithm, respectively. Columns represent biological replicates (n = 3 per group), and rows represent
individual metabolites. The relative metabolite level is depicted according to the color scale. Red indicates higher level and green indicates lower
level. The dendrograms indicate the overall similarity of metabolite expression profiles




Page 8 of 21

(2019) 19:254

Zhong et al. BMC Plant Biology

Y007-  0SYT-  6S0l- 6V €810 v0-39 S0-3z8’l  S0-3LLS  v03lTL  STTl 60Ul LTI S2UOWIOYOIAYJ [eAWYI  Of
pioe diouslied9pe100
€651- 179 0¥90-  TEE0 1800  7v90 €0-3601  €0-3899 €0-3096 LLTL SEl'L Tl -(Z51'Z71'301)-Ax0IpAH-6 67
1987- 8/l'S- 8¥90-  8ELO 0LL0  8€90 €0-307S  €0-36SY  €0-379 87Tl TELL  0SL'L piedPIUNg 87
2L0€ 8Ll €680- 6110 SS00 6550 80-3696  80-3EEY  90-3SEL 67Tl 95l 607 19159 |Ay1aw ppe dusjouA /g
€66~ V68T~ ¥60'l- €900 vEO0  89Y0  €0-3€97  €0-39ST  0-37Sy 6Tl 9ElL  86LL pide JIUOPLERIS 97
098'€- /9% 90l- 6900 6500  18Y0 €0-30vT  €0-3S€T  0-36€¥ 0Tl 9ElL 6Ll pioe Aej-spidr] pe dAusdanoIPAYSa-SLyL ST
€87~ S/ STL- Lplo [£00  1TVO  ¥0-39L€  €O-IES  €0-3LL E1TL €EUL g8l SOANBALIP S pUE SIOPU| JO-N-ASY-YYI T
8E€h-  SITL- 19ST- 6400 v0-3z 6910  90-3S6%  v0-3SSL  S0-398'S  STTL LEL'L 69Ul SIANRAUSP SN puB SULRWINOD ULBWNODKYIRW-p-AXOIPAH-L €2
YOl-  60Ll-  SY90- 80 v0-3S  Ob90  €0-361S  €0-3/L'€  €0-3LL9  SEL'L /EUL 6ELL pale|a) SuIuIel SPISOXaY-PPE JUNOIN 7T
86l'e-  8€0v-  8¥9l- 6010 1900  6l€0 ¥0-398'1  €0-30Sv $0-368S 807l SELL  06ll spiouadia). auouyiuexesz-gl-ody 17
l08Z- 9Tl's-  S690-  ¥PLO SIL0 8190  ¥0-3E0L  €0-3IEE €0-3997  vlTL  9SlL 9oLl suifydiwery  o¢
050'l-  8S6'l-  TLLO- 0650 /ST0 9850 €0-368S  ¥0-360 v  €0-3€0%  SOL'L Ol €SLL sploje|y aupeg 6l
LITl- ¥98'G-  ¥69L-  CEVO £100  S000 €0-97€'L v0-397L  v0-38KL  SEL'L OEL'L  LLZL  S9ANRALSP SI pue saujuwerdAil auweififozuag gl
VOL'S- L0 vhbE- 8100 zTr0 7e00  €0-3LLT €0-3159  €0-36T  vTTl 690 6071 uusbuteN /1
700 €l¥s 1S91- €210 ¥600  8L€0  v0-391/  v0-36ST  €0-38€L oWl 0Tl 06L'L spiouone 4 [0AdIpol3 9l
5508-  VI9l-  6€¥l-  ¥000 SZE0 6950 YO-I0CY  WO-IWT9  ¥0-I90L  LETL /LSO /8L (UIuabideAXOyIaN- ) unadedy Gl
SheE- €66 LIS0- 000 7/00  0/50 S0-3lTT  €0-37LL €0-3/08  STTl 9SlL /6l [ousosAID  pL
68,7 8TV LT6l-  SWLD SO0 970 $0-3981  ¥0-39I'L  vO-38TE  vzTl €Tl 20Tl upul €l
0V€0-  TLT6 L0~ 0640 7000 /€40 €030Vl v0-369%  €0-3961  68LL  LEL'L L9l 3pIsoUnNI-O-/£ [op0sAID 71
98l'9- 090l  €Z€1-  ¥100 v0-39  00V0  €0-30€°L  €0-39€L  €0-3SL'E 9Tl LELL 90Tl SPISOUANI-O UPM] L]
1S90~ 008 Tlbl- /€90 Y000  S0-39  €0-397S  €0-abTE  €0-3zTE 89l €€l LLTL auorely  (uljofoyios|) spisounni-/-uiusbidy 0l
0950-  LLE1-  68L0-  8/90 [8€0  6/SO C0lYT  €0-3691  S0-38S8 WOl SEL'L SOTL aleipAyouow aujsouspedxosd-z 6
88K'l-  SETO-  OVED-  /SE0 0580 060 0-39€L 703071  £0-3€8°€ 60Tl 8€OL  €SUL auisouuex g
v9S0-  LVTl-  SSLO- 9/90 €7¥0 8680 €0-3009  90-3z6'L  €0-361T  TTll  9Sll  Soll auuspy ¢/
8657-  CC0l-  L0ST- 5910 €6V0  9/10 ¥0-3SST  ¥0-IELT  90-3L€T  SSUL 60l 071 S31eALISP SII PUB 3pRO3PNN aupAd 9
[80'l-  [T6T- BEL'E- KD ZEV0 vLI0 ¥0-3TTh 90-3079  S0-3/01 S6lL STLL S8l SSARALSD UIYDS1eD uiyoRIe-UILPRIRD0[RD G
00l'S-  SE9%-  /¥60- /11D 0v00 6150 S0-1/16  SO-38L'S  +0-308%8 807l  STLL  68LL apAyspleweuup-suen
9trl-  TOVl- 0981- /€0 S0-3E09  9/C0  vO-AVL  €0-T1T v0-3987  vBLL /€Ll I8LL spiouedoud|Ausyd poedumnb [foniey €
LWb- 6880-  YOL0- /K00 0vS0 6850 /(0-ILLT  T0-390°€  90-39/€ 60Tl SO0l 9LTL auuolpaN-1a ¢
S09'l-  97E€T- WWOL-  67€0 6610  S8Y0 €0-379’L  v0-307T  v0-3WOL  €SIL LELL 9/LL spide oujuwy aujuely- |
/A DY/ BT\ /A oYs 2/ /A o/ DY NS/ SV SR Yo\
L,IONYHDAT104 7907 FIONVHD 0104 ANVA (dIA ssep spunodwod  "ON

SISAjeue e1ep U] [0J1UOD Se Pasn sem (D) ullepuew plim IABUoyD) usym (o) tenbuiny
Buoy buoH piIm pue () aulwsel abuelo (D) sbueIO [9ABU ,08Z UBUUED), Ul (SO0 > dN[eA-d PUB | < d|A) SIUSIUOD JUSIaIp AJUBDIUDIS YliM S311|0ge1aW Paliuspl-O1dN ¢ dlqeLl



Page 9 of 21

(2019) 19:254

Zhong et al. BMC Plant Biology

18T 990 60t 80/ 6/5'1 €S8 ¢03El’L  S0-IL9L £0-300C  vTTl 90Tl /€L SUOWLIOYOIAYJ (V) pPe duowser-(+) 19
voy 8T ws 86wt [S8Y  6C/€  TO-ALLT CO/EL €0-9998  tCCL 00CL  SELL pidijoydsoydoiadA|6-spidi (lowos! uz) Ol DosAT 09
8T 09¢  66Y  90L clcl 88lE  Co3ElL v0FcTe  S0-3/8T  LLLL T8lL sTll 9pIsOXaY pioe dluoIegn] 65
ovc /€€ /S€  €9TS 9¢0L  98LL  TOATY  TOAYSL  €0-IE  €0TL  HOTL  GEL'L  SANBALSP SI pue pide dluebi SlRUINASIOUILIY-S  8S
S0z 60 6CT  9lY /881 688% ¥0-1/58  v03STL L0AWly  ZlTL TelL pELL ZquweNn /S
v0'C l60  S€T vy 681 l60S  203LSL  v0-3e6'L  90-399G  Tlzl /8L ggll umneyoqiy-() 95
W v60  6¥L  ¥6CE Sl 0l8T  T0ALLL TO39TE  £0-38TE 9lTL /9L vELL pa1e|as dUIWEIA pPEOURoAN  S§
008 ¥TTl ove  C0+3€ €0+3S  CO+I/  T0-398€  T0AL9L  C0-38LE  8TTL  OLTL  SEL'L  SSARBALSP SM pue ssulweldAll aulwelA) foaged ¢S
YL 8pSL €lTL C0+IT  ¥0+3I8SY  €0+FS  C0-3EST  ¥0-3LLT  v0-3C9€ 8Tl LLTL LElL splouonel4 3PISOXAY-O-UISMIGO-0SAIYD €6
v8l el 9€T  0/5¢€ 9697  lzl's  ToALlL  ToASTL v0FclL 8El'L 960l €0l auonefjoIpAyip-€'c - ¢S
L0€ 180 OvVE  60v8 €1 SS0L ¥0-3SST €0-A/6'8 90-3bTC LTl OLLL TEll SUOAR|4 9PISOXAY-0-G WoANT 1§
YOSL €19l /91 vO+IE YO+IL SO+l T0-379t v0-369C  ¥0-3EK8 6Tl LITL  LELL S9IBALISP S1I pUE 9PHOIPNN sjeydsoydip-s-auipnhdAxoag-¢ - 0§
04T STl €Ul 86¥9 €€7  l6l'T 0388l ¥0-3E8Y  v0-3C9L  6lTL 8L ELLL sauljoyD auloypoydsoyd-¢-040AD-Us  6h
66 ST 6Lt 88sl €8S  6/€L  COAvsE €0-309%  £0-369C  6LTL L0TL 95l spiouedoidjfuatd alelade [Aues gy
88€l  TLEL SL0L PO+IT  pO+ISEL  €0+IT  €0-3EK6  €0-3688  C0-3LCT  LETL  LLTL 9elL SOAILRALISP PIDE oUW duluINUAYAXOIDAH-€ /¥
650 0Ll €60 00l vPlC 0061 C0-36LL SO3E0L SO-ICSL LbLL o SOTL OELlL SUISOIAL-T  9F
4 19 09%  9vll ccTL 8lvr €0-3S0S ¢0-3SSE £0-359F 8Tl €6lL 9gll suuoalyl-1 Sy
STe V9T [Tv  TES6 obC9  Se6l TOoAvLL SOFELE v0ALLY veTL L0TL 9gll URST Y
860 80T  /£T 6961 €€Ty  YSUS  ¥0-39Ty  /0-36S€  L0-WST  6LTL OLTL /€L sulleAl  gv
607  60F  W/v  €0/L vCS8  1£9C  C0-LLL £0-3SLS 80-306€ STl 90Tl SEll SUIUORIYIOWOH-BI3G ¥
v8€ ST WY LEbL [L9S /99T T0ASYL  €03eLL 90-329C €Tl 88l pELL ppe oedsy-1 1y
€6'L 687 €€ 66L€ 60v/  TOOL T0-39€€  €0-A/L'€  /£0-395/ 60L'L 18l STl spie oululy aUPNSIOSIT OF
906 ¥SOv-  LELL- €400 0900  SSKO  £0-38€S  £0-AL6T  SO-3ECL STl LEUL 90T gLumouyun  6€
8607 LLSS-  8/Fl-  ¥ECO 200 6S€0  90-38F€  ¥0-3L6T  90-3S9€ /LIl LELL 60TL LLumowtun  g¢
05~  /¥SE 6EV0-  TSEO 9800  8£/0 ¥0-3€€T  SOAL8L  €0IEL  SOTL  SELL vTll oLumowyun /¢
€890- 809l- 9550- €290 S0-3L 0890 €0-3SK'9  €0-I8E  C0-3SOL  8SLL ZELL 0TlL gumowjun  9¢
6vvyc-  v9ll-  ¥FT- €8L0 v0-3€  ¥8L'0  ¢0-300C  C0-30vL  €0-3ELE 9Tl 9El'L  Swll umowjun - Gg
6/90- LULl-  €80l-  SZ90  ¥0-3S¥  T/V0  €0-3/CT  €0-3SSL £0-3E8L OSLL /€Ul 65Ul gumowiun ¢
6v9C-  068'l- 9fl'l- 6510 020 SSVO  ¥0-3€6/  COoATYL €0y L1TL STl €41 sumowiun - g¢
07Sl-  TE61-  ¥S6T-  6¥E0 79C0  6CL0  SO-390/  ¥0-3STY  v0-3SOL 90Tl 80l ¢8ll umouun yumowjun - z¢
0SZl-  60LZ- T90l-  ¥0-3C TECO 6LF0  YOILT  90-3S6'S  SO-3LL6  LETL LELL 6Ll 3pISOXaY-0O pPe JNdIeS  Lg
/A DY/ YD) /A o/ /9 /A o/ 5Yi> N 7/ N /S Vo]
,AONVHIA1047 901 ¢IONVHD 0104 ANTVAd (dIA ssep spunoduwio)  ON

(panunuod) sisAjeue elep U [0JUOD Se Pasn Sem (D) utiepuew plim IABUoyD uaym (A) renbuuny
Buoy BuoH pim pue () aujwsel abueio (D) sbueIO [9ABU ,08Z UBUUED), Ul (SO0 > dN[eAd PUB | < d|A) SIUSIUOD JUSIIp A[JUBDIUDIS Ylim S331j0geIaW Paliuapl-O1dN Z dlqel



Page 10 of 21

(2019) 19:254

Zhong et al. BMC Plant Biology

Z aseq ay 03 abueyd pjo4 ays jo wiyiebol sy :IDNYHIAT104 DO,
dnoub siyy ur syuswiladxa Jo sdnoib omy ayy usamiaq diysuonelal Jaldinw ay3 :3DNYHD d104,
"dnoib 3y} 4o 1591 3 Ay} Ul IURISANS Y3 JO 3N[eA d Y} ANTYA,
‘dnoib 33 Jo [spow Ya-$1dO Y3 Ul dUeISgNS 3y} Jo uondafoid s|qerea ayy jo aduenodwl Y3 idIA,

160 Ll 16'L L56'1 Leee 092¢  $0-3958  ¥0-36S5°L 90316 SOCL  66lL  pEl'l cLumoudun 99
el 65’1 69¢C ST €00t Err9  C0-39¢v 03¢0l €03CEr 0071 Ocl'L €0lL eUMOUUN 59
67l 190 el €L8e €Sl 00S'¢  €0-3I8¥/ €0-3/68  ¥0-3% Y  S/L'L 860l CLL'L gumouun ¥9
190 il 0L LegL L19C 660C  CO3LLL G0-306°L  90-309°S  €el'l 0L €El’L gumouun €9
Leel i7A4} 69LL  €0+3S Y0t3/¢  €0t3E  CO-ISCL €0-Ircl  €0-38SL  OeCl LIl LEL'L umouyun Lumouun 9
/A p/ /9 /A /s /9 /A p/ /9 BN /s /9
+AONVHDJ104 ©0T1 AONVHD d104 ANWAd (dIA SSeD spunoduwio)  ON

(panunuod) sisAjeue elep U [0JUOD Se Pasn Sem (D) utiepuew plim IABUoyD uaym (A) renbuuny
Buoy BuoH pim pue () aujwsel abueio (D) sbueIO [9ABU ,08Z UBUUED), Ul (SO0 > dN[eAd PUB | < d|A) SIUSIUOD JUSIIp A[JUBDIUDIS Ylim S331j0geIaW Paliuapl-O1dN Z dlqel



Zhong et al. BMC Plant Biology (2019) 19:254

metabolites with significantly higher contents and 210 with
significantly lower contents (Table 1). Near 74% and 68%
metabolites’ contents in ] and Y were significantly higher
than that in C, respectively (Table 1).

Unlike the UPLC-identified metabolites, quite few
GC-identified metabolites were involved in the KEGG
analysis and pathway analysis. In the bubble plot of path-
way analysis, pyruvate metabolism, sulfur metabolism and
TAC cycle all showed up in the G/C, J/C and Y/C data set
(Additional file 1: Figure S4), but actually they only had
one or two hits. This result suggested that only one or two
differentially GC-identified metabolites directly partici-
pated in these differentially metabolic pathways.

As the Venn diagram showned in Fig. 5b, 50 VOCs were
differentially identified, 34 with higher contents and 16 with
lower contents in the tender shoot of Chongyi wild manda-
rin. The contents of these 50 VOCs in C, G, ] and Y became
evident in hierarchical clustering with heatmap (Fig. 7),
which were selected as the GC-identified metabolites of
interest and listed in Table 3. Intriguingly, except ethane and
12 unknown compounds, other 37 GC-identified metabolites
of interest were all known aromatic compounds (Table 3).
Monoterpenes accounted for the largest aromatic metabolite
group, such as pinene, camphor, linalool, camphene, carveol,
carvone and limonene, whose contents were significantly
higher in Chongyi wild mandarin (Table 3). The levels of
bicyclo [3.1.1] hept-2-ene, p-mentha-1,58-triene and
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cis-(-)-1,2-epoxy-p-menth-8-ene were also higher in Chongyi
wild mandarin, comparing with the other three plants
(Table 3). The odors released by those GC-identified
metabolites with significantly higher contents in the
VOCs of Chongyi wild mandarin may contribute to
its attractiveness to ACP.

Close correlation existed between UPLC-identified and
GC-identified metabolites of interest
Spearman correlation coefficients between UPLC- and
GC-identified metabolites of interest were calculated
and the results were illustrated with Heatmap (Fig. 8),
which revealed that there were evidently intimate corre-
lations between the two groups of metabolites identified
by UPLC-QQQ-MS and GC-MS. The relationship be-
tween the characteristics reached a significant level (P <
0.05) was indicated by *’ (Fig. 8). Pinene, 2,3-penatedione,
3-hexen-1-ol, 2-hexen-1-ol, 2-hexanamine, linalool, cam-
phene, unknown 2, 5, 7, 12 (GC-identified metabolites),
1,2-cydohexanediol were positively or negatively corre-
lated to over 50 UPLC-identified metabolites of interest
(Fig. 8). While xanthosine, sn-glycero-3-phosphocholine,
naringenin, cytidine, 3-hydroxykynurenine were correlated
to 37 of the selected GC-identified metabolites of interest
(Fig. 8).

Pairs with the correlation coefficient > 0.8 and the cor-
responding P-value < 0.05 were visualized via Cytoscape

—
L= |
AL_,_EEM

I 5 35 288 <=

Fig. 7 Heatmap illustrating levels of GC-identified metabolites of interest that were differentially accumulated in ‘Gannan zao' navel orange (G),
orange jasmine (J), wild Hong Kong kumaquat (Y) comparing with Chongyi wild mandarin (C). The heatmap was generated via ‘Pearson’ and
‘Ward' for distance measure and clustering algorithm, respectively. Columns represent biological replicates (n = 3 per group), and rows represent
individual metabolites. The relative metabolite level is depicted according to the color scale. Red indicates higher level and green indicates lower
level. The dendrograms indicate the overall similarity of metabolite expression profiles
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Fig. 8 Heatmap illustrating the spearman correlation coefficients between the UPLC-identified and GC-identified metabolites of interest. The
white color suggests the correlation coefficient (corr) = 0. The red and blue colors represent positive (0 < corr < 1) and negative (-1 < corr < 0)
correlation, respectively. * indicates the relationship between the characteristics reached a significant level (P < 0.05). Y-axis was the UPLC-
identified metabolites of interest generated from UPLC-QQQ-MS and X-axis were the GC-identified metabolites of interest generated from GC-MS

(v3.5.1). The correlation network contained 116
nodes and 534 edges (Fig. 9). Generally, UPLC-identified
metabolites and GC-identified metabolites were clus-
tered separately. GC-identified pinene, 2-hexen-1-ol,
2-hexanamine, 2,3-penatedione, linalool, unknown 2 and
7 were strongly correlated to 38, 38, 37, 37, 36, 35 and
35 UPLC-identified metabolites of interest, respectively,
which formed the biggest cycle in the lower part of Fig.
9. It was noteworthy that those seven GC-identified me-
tabolites with correlation to over 50 UPLC-identified
metabolites of interest. And those seven metabolites
were divided into two groups: group A (pinene, linalool

and unknown 2) and B (2-hexen-1-ol, 2-hexanamine,
2,3-penatedione and unknown 7), which had higher and
lower amount in the tender shoots of Chongyi wild
mandarin, respectively. The UPLC-identified metabolites
that were positively correlated to group A were nega-
tively correlated to group B and vice versa (Additional
file 2: Table S1).

As to the UPLC-identified metabolites, cytidine, un-
known 1, chrysoeriol, eriodictyol and geranyl acetate were
strongly correlated to 27, 22, 16, 16 and 14 GC-identified
metabolites of interest, respectively (Fig. 9). Cytidine and
unknown 1 (UPLC-identified) had similar correlated
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metabolites, while chrysoeriol, eriodictyol and geranyl
acetate shared similar correlated metabolites.

Discussion
Now citrus growers rely heavily on the use of pesticide
to control ACP, which are costly and cause great envir-
onmental concerns. Therefore, visual cues plus repellent
or attractant for citrus psyllid control were powerful al-
ternatives in ACP monitoring and control [29]. But the
efficiency of this strategy largely depends on the volatile
or colored chemicals identified from ACP’ hosts, because
they generally rely on vision and olfaction for the selec-
tion of hosts [25]. Because flushing shoots can directly
influence the oviposition and development of ACP [35,
36], it is easy to infer that more flushing shoots will re-
sult in larger amount of ACP to feed on. However, the
results of the four-choice tests demonstrated that Hong
Kong kumquat had constantly more new shoots, but
Chongyi wild mandarin was constantly more attractive
to ACP. Therefore, visual and olfactory stimuli generated
by tender shoots of Chongyi wild mandarin may be piv-
otal in the stimulatory response of ACP.

ACP was more attractive to ‘Ca. L. asiaticus’-positive
plants that were less saturated in yellow color than

negative ones, probably due to the fact that infected
leaves possessed an altered plane of polarization
for yellow (591 nm) wavelengths [27, 37, 38]. These
reports were in consistent with our results that
the yellow color in the tender leaves of ACP-preferred
Chongyi wild mandarin was less saturated. The color of
yellowish green leaf is mainly dominated by chlorophyll
(Chl) and carotenoid (Car) [39]. The formation of
5-Aminolevulinate (5-ALA), derived from glutamate, is
the key step in the biosynthesis of chlorophyll and other
four tetrapyrroles [40, 41]. But the content of 5-ALA in
Chongyi wild mandarin was significantly lower than that
in the other three host plants, which did not result in
the lowest total Chl content. However, lower 5-ALA
content may lead to lower content of chlorophyllide 4,
an anti-herbivory compound in citrus [42], which may
cause Chongyi wild mandarin to attract more ACP. In
the case of Car, Chongyi wild mandarin had the lowest
Car content and highest apo-13-zeaxanthinone, which
was reasonable because apocarotenoids can be produced
by carotenoid cleavage dioxygenases (CCDs) [43]. Intri-
guingly, apocarotenoids are versatile aroma chemicals
[44] and the volatile apo-13-zeaxanthinone may be pre-
ferred by ACP.
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Other two pathways rich in yellow secondary metabo-
lites are flavonoid biosynthesis pathway, flavone and fla-
vonol biosynthesis pathway. Since ACP is attracted to
yellow in general [26], it is reasonable that six out of
eight identified yellow flavones plus one flavonoid had
higher contents in ACP-preferred Chongyi wild manda-
rin. Besides their yellow color characteristics, flavonoids/
flavones/flavonols have been suggested to act as feeding
deterrents or stimulants in pest control experiments
[45-47]. For instance, unsubstituted flavones/flavonoids
like eriodictyol and apigenin were the strongest feeding
deterrents in the choice assay of 3rd-instars of bertha ar-
myworm (Mamestra configurata Walker), while narin-
genine, 7,40-dihydroxyflavone and dihydroquercetin
functioned as stimulants [46]. However, in the results re-
vealed by UPLC-QQQ-MS, apigenin, eriodictyol and
naringenine had higher accumulation in Chongyi wild
mandarin, indicating that they may play the role as stim-
ulants to ACP. In addition, 2,3-dihydroxyflavone had
lower contents in Chongyi wild mandarin, suggesting it
may function as a deterrent. The discrepancy could be ex-
plained that a specific flavonoid/flavone/flavonol may have
a dual nature as deterrent or stimulant to different pests
[45]. The other possibility was that the behavioral re-
sponse of insects to a compound could vary depending on
the concentration and the stage of the insect tested [48].

Along with the color-related metabolites identified by
UPLC-QQQ-MS, two phytohormones may also contrib-
ute to the preference of ACP to Chongyi wild mandarin:
salicylic acid (SA) and jasmonic acid (JA). SA was re-
peatedly reported to take part in biotic and abiotic
stresses [49-51]. JA, the de-methylated product of me-
thyl jasmonate (MeJA), could suppress the conversion of
SA into methyl salicylate (MeSA) and MeJA itself could
suppress the emission of MeSA [50-52]. The higher
content of SA o-hexoside and lower content of JA may
all lead to higher amount of MeSA/SA in Chongyi wild
mandarin. MeSA turned out to be a key ACP attractant
[51, 53], and high level of SA can block the biosynthesis of
JA, which is required for wound-inducible systemic defense
responses [48, 54]. Moreover, the above-mentioned chloro-
phyllide a was suggested to induce the JA-mediated path-
way, which plays a positive role to defend herbivore in
citrus [41]. Therefore, the lower content of JA and higher
content of MeSA may make Chongyi wild mandarin a
more preferred host plant.

In the four-choice test, the host preference of ACP
was influenced mainly by visual and olfactory stimuli.
Chongyi wild mandarin and ‘Gannan zao’ shared similar
color parameters. Apart from visual stimuli, ACP host
preference is strongly influenced by volatiles emitting
from the host plants [28, 33, 55]. Therefore, olfactory
stimuli from Chongyi wild mandarin probably made it
more preferable to ACP than ‘Gannan zao. This
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hypothesis has been proved in the following olfactom-
eter assay, strongly indicating that some volatile com-
pounds from the tender shoot of Chongyi wild mandarin
could attract D. citri.

Monoterpene, together with monoterpene esters and
sequiterpenes, commonly exist in the leaves of Citrus
species [56, 57]. The contents of monoterpenes in Chon-
gyl wild mandarin, such as pinene, camphor, linalool,
camphene, carveol, carvone and limonene, were signifi-
cantly higher than the other three plants, suggesting that
they may play as stimulants in affecting the foraging be-
havior of D.citri. However, some of the monoterpenes,
like f3-pinene, linalool and camphor, were suggested to
have repellent role in insect behavior [58—60]. Few re-
ports have revealed that linalool, an acyclic monoterpene
alcohol, could be used as insect-repellent against corn
earworm (Helicoverpa armigera), spider mite (Tetrany-
chus urticae), mosquito (Aedes aegypti) and beetles (T.
castaneum and Dominica Rhyzopertha) [60-62]. But lin-
alool was suggested to function as an attractant at least
at the beginning of host plant searching for western
flower thrips (Frankliniella occidentalis) [63]. And a
combination of terpenoids such as linalool, myricene,
and pinene appeared to synergistically attract the west-
ern (Diabrotica virgifera virgifera) and northern corn
rootworm beetles (D. barberi) [64]. In addition, there
was a Chinese patent (NO. 104222078A) applied by
South China Agricultural University revealed that a
combination of y-terpinene, a-pinene plus linalool could
trap significantly more D. citri than control, indicating
that the proper concentration and combination of terpe-
noids or VOCs in Chongyi wild mandarin may be at-
tractive to ACP. Moreover, D. citri may prefer these
monoterpenes because they are prevalent in Rutaceae
and may represent the presence of flush, which is pivotal
for the mating, oviposition and development of D. citri
[36, 55].

Correlation analysis revealed that close relationship
existed between UPLC-identified and GC-identified me-
tabolites of interest. The positively and negatively corre-
lated metabolites may have synergistic and antagonistic
effect on each other, which may work together to affect
the host preference of D. citri. For example, -ocimene
synthase in the terpenoid pathway is under the control
of the JA pathway [65], which agreed with our result that
trans-ocimene was positively correlated to JA but nega-
tively correlated to SA o-hexoside because negative
cross-talk exists between the JA and SA pathways in cit-
rus plants [66]. Moreover, exogenous application of
MeJA and SA enhanced and suppressed the amount of
E-f-ocimene, namely trans-ocimene, respectively, which
was suggested to be a volatile attractive to many herbi-
vores’ natural enemies [51, 67]. It is acceptable that host
plants with lower amount of volatiles attractive to its
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natural enemy will be more attractive to D. citri, such as
Chongyi wild mandarin.

Conclusions

Taken together, Chongyi wild mandarin was more at-
tractive to ACP than the other three host plants, indicat-
ing a great potential of wild citrus germplasm in
HLB-related study. Metabolic profiling of the tender
shoots from the four Rutaceae plants suggested four
possible reasons. The first reason may be the less satu-
rated yellow color of the tender shoot. The second rea-
son may be that Chongyi wild mandarin contained more
ACP-preferred metabolites, such as MeSA, apocarote-
noids as well as some monoterpenes. The third reason
may be lower amount of repellents, such as the com-
pounds favored by ACP’s natural enemies (trans-oci-
mene) and the metabolites playing anti-herbivory role
(chlorophyllide a). The fourth reason may be due to the
insensitivity of JA-mediated wouding response from the
host plant, which will generate negative influence on
ACP’s development or oviposition. Even though ACP
host plant preference is based on complex profile combi-
nations, our results may, with further investigations,
contribute to the elucidation of the underlying
mechanism.

Methods

Plant materials

Four host plants of Asian citrus psyllid (ACP, Diaphor-
ina citri) were analyzed in our experiments: Chongyi
wild mandarin (C), orange jasmine (], Murraya exotica
L.), ‘Gannan zao’ navel orange (G, Citrus sinensis) and
wild Hong Kong kumquat (Y, Fortune hindisii Swingle).
They are all Rutaceae host of “Candidatus Liberibacter
asiaticus” (CLas). Seeds of orange jasmine were pur-
chased from a certified seed company in Jiangsu, China.
Seeds of Chongyi wild mandarin and wild Hong Kong
kumgquat were collected from the mountains of Chongyi
county and Anyuan county of Ganzhou, China, respect-
ively. ‘Gannan zao’ is a new early-ripening cultivar re-
leased by National Navel Orange Engineering Research
Center (NORC), China, which is grafted onto Poncirus
triafoliata rootstock for propagation and the other three
tested plants are seedlings. The potted plants were cul-
tured in the nursery of NORC for one and a half years.
The CLas-negative plants were moved to the negative
pressure laboratory at 25+3°C with 14 h:10 h (light:dark)
photoperiod cycle (60+5% relative humidity, RH) and
cultured for half a year before use. Two-year-old plants
were used for host preference of ACP and the following
experiments. Tender shoots of uninfested plants were
sampled, immediately frozen in liquid nitrogen and
stored at -80 °C till use.
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Asian Citrus Psyllids

Diaphorina citri adults were obtained from a laborator-
y-reared colony at NORC. The colony was established
using psyllid eggs laid by adults collected from a mature
navel orange block in 2012. Regular PCR (every two
month) proved that the offspring is CLas-negative. And
the culture was maintained on a mixture of caged sweet
orange (C. sinensis (L.) Osbeck.) and orange jasmine in
the negative pressure laboratory mentioned above.

Four-choice test

Half a month before host preference analysis,
heading-back cut was applied to promote more shooting.
Each plant of orange jasmine, Chongyi wild mandarin,
wild Hong Kong kumquat and ‘Gannan zao’ were placed
in the four corners of the same cage made from polyvi-
nyl chloride tubes (2 cm in diameter) with the size of
75*75*90 (length*width*height). The cage was wrapped
up with 0.25 mm diameter nylon net to prevent the
spread of psyllids. Another two cages of plants were pre-
pared as replications. A vial of psyllids (about 100) with-
out regard to gender or age was collected from the
laboratory-reared colony. After being starved for 1 h, the
vial of psyllids was placed on the floor at the center of
the cage and let them fly to feed freely. The number of
psyllids on each plant was counted without disturbing
two days after the release. And then, the psyllids were
removed from the plants and another 100 psyllids were
released again. The releasing, counting and removing
process continued a month to analyze the dynamic host
preference situation of psyllids on the four kinds of
plants. Because the life cycle of ACP is closely related to
the growth pattern of its host plants [36], the numbers
of the tender shoots of each tested plants were counted
during the same period of four-choice test.

However, host selection is not a static process as the
needs of the insect at various developing stages may vary
and the suitability of the plant to the insect may vary
with time [48]. Therefore, in the one-month-long
four-choice test, the plants were unchanged and ACPs
were randomly collected regardless of gender and age to
consider them as a population.

D. citri olfactometer assay

The preference of D. citri toward the four plant species
was tested with a 6-arm olfactometer (BL6-300M,
Shanghai BILON instrument corporation, China). There
were two opposite entries blocked manually because
only four samples were investigated and there was no
4-arm olfactometer available in NORC. Because it was
the most preferred host of D. citri in the four-choice
test, the location of the tender shoot from Chongyi wild
mandarin was unchanged, while the other three tender
shoots were placed next to it one by one to eliminate its
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peer effect. Individual constant charcoal-filtered air flows
at the rate of 0.4 L min™ was connected to each tender
shoot. And the air flows contained the odour from
each plant were converged to the activity room (35
cm*35 c¢cm*3 c¢m) with a polytetrafluoroethylene tubes.
The tubes were cleaned with the charcoal-filtered air
flows when the places of the tender shoots were
changed. Two olfactormeter bioassays were con-
ducted. In the first experiment, 80 adult D. citri re-
gardless of gender and age, being starved for 1 h
before use, were released in the center of the activity
room through a lid (6 cm in diameter), whose edge
was covered with Vaseline. Ten minutes later, the
numbers of insects in different arms were counted.
Three replications were done for the first olfactor-
meter bioassay. In the other experiment, a single
adult female, being starved for 1 h before use, was re-
leased in the center of the activity room. Ten minutes
later, the place of the female D. citri was recorded. If
the insect stayed in the arm connected to Chongyi
wild mandarin, then it scored 1, and so on. Ten repli-
cations were performed each day and the dataset
from 8 independent days were used in the data ana-
lysis. All the experiments were carried out at room
temperature, 60+5% RH and constant light (2300 lux).

Measurement of leaf color parameters, chlorophyll and
carotenoid concentration

Color parameters of tender leaves from the four
tested plants were measured with a NR200 Precision
Colorimeter (Shenzhen 3nh Technology Co., Ltd.,
China) and quantified using the CIELAB color space
system. The values of L°, a4’, and b" explain a
3-dimensional color space. The value of L* is the ver-
tical axis and defines lightness. The values of 4" and
b" are perpendicular horizontal axes and define
red-to-green and blue-to-yellow, respectively. Positive
value of 4" indicates red color, whereas negative one
indicates green. Positive value of b indicates yellow
color and negative one indicates blue. The values of
L’, a" and b" were obtained directly from the Color-
imeter. Chroma (C°, color saturation) and Hue (H",
color shading) were calculated as follows: C" = (a? + bHY?
and H = 180 + tan! (b'/a’), (if a* < 0 and b > 0).
The greater the value of C, more saturated the color
will be. H" defines colors expressed on 360° grid: 0°=
red; 60°= yellow; 120°= green; 180°= cyan; 240°= blue;
300°= magenta [68, 69].

Chlorophyll and carotenoid concentrations were mea-
sured as described by Liu et al. (2008) with some modifi-
cations [70]. Fresh tender leaves from four uninfested
plant materials were randomly collected, respectively.
About 0.2 g fine powder of leaf tissue was homogenized in
2 mL of 80% acetone and kept for 15 min at room
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temperature in dark. The crude extraction was centrifuged
at 10, 000 r min* under room temperature for 20 min,
and the supernatant was used for assessing absorbance at
663, 645 and 480 nm with a spectrophotometer
(Shimadzu UV-2600, Japan). The concentration (mg/
L) of Chlorophyll a (C,), Chlorophyll & (C,), total
chlorophyll (C,) and carotenoid (C,.) were calculated
as follows: C, = 12.21A465 — 2.81A440, Cp, = 20.13A440
— 5.03A465 C¢ = Cy + Cp, Cyc = (1000A479 — 3.27C,
— 104Cy,)/229.

UPLC-QQQ-MS analysis

The freeze-dried tender shoots of four plant varieties
were crushed using a mixer mill (MM 400, Retsch) with
a zirconia bead for 1.5 min at 30 Hz, respectively. Then
100 mg powder was extracted overnight at 4 °C with 1.0
mL 70% methanol containing 0.1 mg L™ lidocaine as in-
ternal standard. The mixture was vortexed for three
times at intervals. After being centrifuged at 10000 g for
10 min, the supernatant was filtrated with organic phase
needle filter 0.22-um pore size (SCAA-104, ANPEL,
Shanghai, China) before LC/MS analysis.

The extracts were analyzed using an LC-ESI-MS/MS
system (HPLC, Shim-pack UFLC SHIMADZU CBM20A
system, Japan; MS, Applied Biosystems 4000 QTRAP,
USA). The separation was achieved using a VP-ODS
C18 column (particle size 5.0 pm, 2 mm x 150 mm;
Shim-pack, Japan). The mobile phase consisted of 0.04%
acetic acid in water and 0.04% acetic acid in acetonitrile.
The gradient elution program was set as follows: water:
acetonitrile, 95:5 V/V at 0 min, 5:95 V/V at 11.0 min,
5:95 V/V at 12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at
15.0 min. The flow rate, temperature and injection vol-
ume were 0.4 mL min™, 40 °C, 5 pL, respectively.

Linear ion trap and triple quadrupole scans were ac-
quired on a 4500 Q TRAP® LC/MS/MS System (API,
USA) equipped with an ESI-Turbo Ion-Spray interface.
The ESI source operation parameters were set as fol-
lows: source temperature, 550 °C; ion spray voltage,
5500 V; curtain gas, 25.0 psi; the collision gas, high.

GC-MS analysis

Solid-phase microextraction (SPME) combined with gas
chromatography-mass spectrometry (GC-MS)-based vol-
atiles profiling was well-known for its high efficiency in
the identification of volatile aroma compounds [71]. The
freeze-dried tender shoot was taken into the 20 mL
headspace vial. In the solid phase microextraction cycle
of CTC rail system (CTC Analytics, Switzerland), the ex-
traction temperature was kept at 50 °C and the vials
were shaken for 15 min at the rate of 250 r/m. The fiber
assembly was 50/30 um DVB/CAR on PDMS and the
extraction time was 30 min. After desorption for 4 min,
the volatiles were used for GC-MS analysis directly,
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which was performed on an Agilent 7890 gas chromato-
graph system coupled with a Agilent 5975C mass spec-
trometer. The system utilized a DB-Wax capillary
column with 30 mx250 pm inner diameter and 0.25 pm
film thickness (J&W Scientific, Folsom, CA, USA). The
analyte was injected in a splitless mode. Helium was
used as the carrier gas with the front inlet purge flow 3
mL min'. And the gas flow rate through the column
was 1 mL min. The initial temperature was kept at 40
°C for 5 min, then raised to 250 °C at a rate of 5 °C
min~, and then kept at 250 °C for 5 min. The injection,
transfer line, ion source and quad temperatures were
260 °C, 260 °C, 230 °C, and 150 °C respectively. The en-
ergy was — 70 eV in electron impact mode. The mass
spectrometry data were acquired in full-scan mode with
the m/z range of 33-459 after a solvent delay of O s.

Data analysis

The data were analyzed via SAS software package (ver-
sion 9.4, SAS Institution, USA). Statistical difference was
compared based on Duncan’s multiple range-tests at the
significance level of P < 0.05 or 0.01.

UPLC-QQQ-MS data analysis was identified through
matching accurate mass and tandem MS/MS spectra with
in-house metabolite tandem MS/MS databases MWDB
(metware database). Features of isotopes, adducts and
mass fragments were removed in the identification of
some metabolites. Metabolites annotation was applied
with MassBank (http://www.massbank.jp/), KNAPSAcK
(http://kanaya.naist.jp/ KNApSAcK/), HMDB (http://www.
hmdb.ca/), MoTo DB (http://www.ab.wur.nl/moto/), and
METLIN (http://metlin.scripps.edu/index.php). The quan-
tification of metabolites were based on multiple reaction
monitoring method [72] and Analyst 1.6.1° software
(SCIEX, USA). For the identification of metabolites
from GC-MS analysis, Chroma TOF 4.3X software of
LECO Corporation and NIST database were used for
raw peaks exacting, the data baselines filtering and
calibration of the baseline, peak alignment, deconvo-
lution analysis, peak identification and integration of
the peak area.

All the resulted three-dimensional data involving the
peak number, sample name, and normalized peak area
were fed to SIMCA14.1 software package (MKS Data
Analytics Solutions, Umea, Sweden) for principal com-
ponent analysis (PCA) and orthogonal projections to la-
tent structures-discriminate analysis (OPLS-DA). To
refine the analysis, the first principal component of vari-
able importance in the projection (VIP) was obtained.
The VIP values exceeding 1.0 were first selected as chan-
ged metabolites. In addition, the remaining variables
were assessed by Student's t-test (P-value > 0.05) and
variables were discarded between two comparison
groups. Namely, the condition of selecting the
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differential metabolites was VIP > 1 and P-value < 0.05.
Moreover, commercial databases including KEGG
(http://www.genome.jp/kegg/) and  MetaboAnalyst
(http://www.metaboanalyst.ca/) as utilized to search for
the pathways of metabolites.

Spearman correlation coefficient was used to evaluate
the correlation between the GC-identified and
UPLC-identified metabolites of interest. Those metabol-
ite pairs with the correlation coefficient > 0.8 and the
corresponding P-value < 0.05 were processed via Cytos-
cape (v3.5.1) to make the correlation network.
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Additional file 2: Table S1. The correlation coefficient of seven GC-
identified metabolites with some UPLC-identified metabolites.. (DOCX 18 kb)

Abbreviations

—a": greenness; ACP: Asian citrus psyllid; +b: yellowness; C: Chongyi wild
mandarin; C: Color saturation; C,: Content of chlorophyll a; Car: Carotenoid;
Chl: Chlorophyll; Cy,: Content of chlorophyll b; C;: Content of total chlorophyll;
C,: Content of carotenoid; ClLas: Candidatus Liberibacter asiaticus;

Corr: Correlation coefficient; D. citri: Diaphorina citri; 5-ALA: 5-aminolevulinate;
G: 'Gannan zao' navel orange; H*: color shading; HLB: huanglongbing; GC-
MS: gas chromatography-mass spectrometry; J: Orange jasmine; JA: Jasmonic
acid; KEGG: Kyoto encyclopedia of genes and genomes; L : Lightness of the
color; MeJA: Methyl jasmonate; MeSA: Methy! salicylate; NORC: National
Navel Orange Engineering Research Center; OPLS-DA: Orthogonal
projections to latent structures-discriminate analysis; PCA: Principal
component analysis; PCR: Polymerase chain reaction; RH: Relative humidity;
SA: Salicylic acid; SAS: Statistical analysis system; SPME: Solid-phase
microextraction; UPLC-QQQ-MS: Ultra high performance liquid
chromatography coupled to triple quadrupole tandem mass spectrometry;
VIP: First principal component of variable importance in the projection;
VOCs: Volatile compounds; Y: Wild Hong Kong kumquat
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