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ABSTRACT

Volatile organic compounds (VOC) play an important role in protecting plants from insect and pathogen
attack. In this study, we investigated the leaf volatile profiles of 14 citrus varieties. The VOC in citrus leaves
were extracted with n-hexane and analyzed using gas chromatography-mass spectrometry (GC-MS).
Overall, 4six volatile compounds were identified in the n-hexane extract from citrus leaves. Most of the
detected compounds belonged to 3 main groups (monoterpenes, sesquiterpenes, and aliphatic
aldehydes). Principle component analysis was used to examine the relative distribution of the studied
varieties to each other. Interestingly, volatile profiles of varieties that are tolerant to Candidatus
Liberibacter asiaticus (CLas) were different from those of the susceptible ones. Tolerant and moderately-
tolerant cultivars contained relatively higher amounts of volatiles than susceptible varieties. In addition,
tolerant varieties were also higher in specific compounds which are known for their antimicrobial
activities. These compounds include Aldehydes (undecanal, neral, geranial, and citronellal) and some
monoterpenes such as linalool, d-limonene, myrcene, a- and B- phellandrene. In addition, some
sesquiterpene compounds including t-caryophellene, y-elemene, g-elemene, germacrene D, and geranyl
acetate were higher in tolerant and moderately tolerant cultivars. Severinia buxifolia which is known for its
tolerance to ClLas and many other pathogens contained higher levels of santalenes and coumarins. Our
results indicated that citrus leaf volatiles might play a role in citrus tolerance to CLas. The results of this
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study may help in understanding of the mechanism of citrus tolerance against CLas.

Introduction

Citrus is one of the world’s major fruit crops with an annual
global production of more than 100 million metric tons." Citrus
fruits are rich in carbohydrates and biological components that
are important to human health such as dietary fiber, vitamins,
minerals, carotenoids, and flavonoids." Unfortunately, nowa-
days Huanglongbing (HLB) is threatening the global citrus
industry. The HLB-associated bacterium, Candidatus Liberi-
bacter asiaticus (CLas) is an uncultivable gram-negative bacte-
rium, phloem-restricted, and it is transmitted by the Asian
citrus psyllid (ACP), Diaphorina citri.>

ACP transmits CLas while feeding on citrus phloem sap.
Citrus and citrus-relatives are the main host plants for the
ACP.’ Field observation indicated that sweet orange and Mur-
raya paniculata (L.) Jack (orange jasmine) were the most pre-
ferred host for ACP, whereas Poncirus trifoliata was an
occasional host.” Tsai & Liu tested the preference of ACP to 4
hosts: M. paniculata, Citrus aurantium L. (sour orange), Citrus
jambhiri Lushington (rough lemon), and Citrus x paradisi
Macfadyen (grapefruit).* Tsai & Liu showed that grapefruit was
the best host among the tested plants.* Richardson and Hall
also showed that accessions of Poncirus trifoliata and x Citron-
cirus spp. (hybrids of P. trifoliata and Citrus spp) were more
resistant to ACP than Citrus macrophylla Wester (Alemow).’
Richardson and Hall concluded that P. trifoliata may have anti-
xenosis and antibiosis resistance to ACP.” Similarly, the

presence of the antifeedant compounds (limonoids) in Severi-
nia buxifolia may also make it less attractive to insects.®

Field observation and green house controlled studies also
showed that some citrus varieties are more tolerant to CLas
pathogen than others.”® Based on intensity of symptoms and
plant growth, the tested citrus genotypes were divided into 3
groups (sensitive, moderately tolerant, and tolerant).” The sen-
sitive genotypes showed severe leaf chlorosis, reduced growth,
and death. The moderately tolerant plants showed mild symp-
toms and the tolerant varieties showed little or no symptoms.
Based on severity of symptoms caused by CLas, Sagaram and
Burns also classified inoculated plants into 3 different groups:
mild, moderate, and severe.”

Although field and lab studies showed that some citrus vari-
eties were more tolerant to CLas pathogen than others, so far
we do not know what plant characteristics makes some citrus
varieties more sensitive to CLas than others. Answering this
question is necessary for the understanding of the mechanisms
of pathogenicity of CLas and developing effective disease man-
agement strategies.” Some of CLas-tolerant cultivars like P. tri-
foliata are also known for their tolerance to citrus tristeza virus
(CTV).? However, the mechanism of their resistance to CTV is
still unknown.” Because many antibacterial compounds were
found in fruits and seeds of P. trifoliata, it is suggested that the
phloem of CLas-tolerant cultivars may contain similar antimi-
crobial compounds.'®'"'?
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Volatile compounds, otherwise known as essential oils, are
produced in oil glands in the peels, leaves, and other parts of
the citrus plant."” It has been shown that biotic and abiotic
stress can stimulate plant volatiles.'* Upon infection, plants
produce volatiles that possess an antimicrobial activity to
inhibit pathogens’ mobility within tissues.'>'> Volatile com-
pounds (citral, citronellal, and linalool) released from wounded
rough lemon leaves significantly inhibited hyphal and spore
germination growth of Alternaria alternata.'® In addition, ter-
pene down-regulation in orange fruits induced fruits’ tolerance
against Penicillium digitatum and Xanthomonas citri subsp.
citri.'” Fruits from the transgenic plants were also less attractive
to citrus pest medfly (Ceratitis capitata)."” Alteration of green
leaf volatile biosynthesis in Arabidopsis improved its resistance
against both herbivores and pathogens.'® The increase in the
expression of hydroperoxide lyase (HPL) in Arabidopsis was
attributed to the significant increase Z-3-hexenal."®

Our previous research showed that the levels undecanal, cit-
ronellal, B-phellandrene and d-limonene were induced in
CLas-infected Valencia plants.'® On the other hand, the levels
of §-3-carene, neral, geranial, o-phellandrene, and «-terpino-
lene slightly decreased. In addition, 17 VOCs were induced in
Valencia plants infested with ACP. Fourteen out of the 17
detected compounds were monoterpenes and the rest were ses-
quiterpenes. These finding indicated that citrus plant volatiles
might play an important role against insects and pathogens
attack.

In this study, we investigated the leaf volatile composition of
14 different citrus varieties in order to examine the relative dis-
tribution of these varieties to each other and to check whether
this distribution is related to their resistance to CLas.

Material and methods
Plants materials and plants growing conditions

The fourteen citrus varieties used in this study are listed in
Table 1. Some of these varieties were previously determined to
be tolerant or moderately-tolerant to CLas whereas others are
sensitive.” Plants (12 months old, 0.75 to 1 m height) were kept
in a greenhouse with the temperature controlled at 28-32°C.
Plants were watered twice a week and fertilized once a week
using 20-10-20 fertilizer (Allentown, PA).

Table 1. Citrus plants used in this study.

Citrus variety Symptoms severity”

Valencia sweet orange (C. sinensis (L.) Osbeck) Sensitive
Hamlin sweet orange (C. sinensis (L.) Osbeck) Sensitive
Madam Vinous sweet orange (C. sinensis (L.) Osbeck) Sensitive
Duncan grapefruit (C. paradisi MacFadyen) Sensitive
Ruby red grapefruit (C. paradisi MacFadyen) Sensitive

Sour orange (C. aurantium L.)

Volkamer lemon (C. limonia Osbeck ‘Volkameriana’)
Alemow (C. macrophylla Wester)

Palestine Sweet lime (C. aurantifolia (Christm.)
Mexican lime (C. aurantifolia (Christm.)

Moderately tolerant
Moderately tolerant
Moderately tolerant
Moderately tolerant
Moderately tolerant

Carrizo citrange (X Citroncirus webberi) Tolerant
Severinia buxifolia (Poiret) Ten. Tolerant
Poncirus trifoliata (L.) Raf. Tolerant
Citrus latipes Tolerant

*“Folimonova et al. (2009)

Sample collection and volatile organic compound
extraction from citrus leaves

Three leaves were collected from each tree from 3 different
locations (top, middle, and bottom) and at least 5 trees were
sampled from each variety. Collected leaves from each tree
were pooled together and ground to a fine powder with liquid
nitrogen. A100 mg of the powder was transferred to a 1.5 ml
micro-centrifuge tube. A 0.5-ml aliquot of n-hexane was added
and the sample was vortexed for 30 sec. Samples were left on
ice for 10 min and the vortexing step was repeated 2 more
times. At the end of the extraction, samples were removed from
the ice and centrifuged at 12,000 rpm for 1 min. A 0.2-ml ali-
quot of the organic layer was spiked with the internal standard
(trans, trans-2,4-nonadienal) at a final concentration of
200 ppm.*’

GC-MS analysis

Citrus leaf volatiles were analyzed using a Clarus 500 GC-
MS system (Perkin Elmer) fitted with an HP-5MS column
(crosslinked 5% Ph Me siloxane, 30 m X 0.25 mm X
0.025 um film thickness). The flow rate for the helium car-
rier gas was 0.7 ml/min. The following GC temperature
program was used: initial oven temperature was 50°C held
for 3 min, then increased to 200°C at a rate of 5°C/min,
increased further to 250°C at 10°C/min, and finally held at
250°C for 2 min. The injector and the detector tempera-
tures were 250°C and 180°C, respectively. A 1 ul of the
spiked sample extract was injected in splitless mode into
the GC-MS which was running in the full scan mode (40-
450 m/z). Al pl of the non-spiked sample extract was also
injected into the GC-MS to make sure no compounds elute
at the same retention time of the internal standard (LRI:
1243). Each sample was injected twice into the GC-MS and
the average of the 2 injections was used in the statistical
analysis.

Peak identification and quantification

GC-MS chromatograms were analyzed using TurboMass
software version 5.4.2 (Perkin Elmer). Peak identifications
were achieved using NIST (Natl. Inst. of Standards and
Technology) and Wiley 9th edition (John Wiley and Sons,
Inc..,) mass spectra database libraries and linear retention
index (LRI). The LRI values were calculated using a calibra-
tion curve generated by injecting a mixture of alkanes (Cg-
C,s) under the previously described conditions. The identity
of some compound was also confirmed by comparing their
LRI and mass spectra with those of authentic standards. To
fairly compare the relative amount (abundance) of each
compound in different varieties, the peak area of each com-
pound was normalized by dividing it by the peak area of
the internal standard and multiplying it by 100 to make a
larger number. The percentages were calculated by dividing
the peak area of each compound by the total area and mul-
tiplying it by 100.



Statistical analyses

Statistical analyses were performed using JMP version 9.0 (SAS
Institute Inc.,). Data were normally distributed. The statistical
analysis between the different varieties was performed using anal-
ysis of variance (ANOVA), followed by Post hoc pairwise com-
parisons using the Tukey honestly significant difference test
(HSD). Differences between varieties were considered significant
if P values were lower than 0.05. Principle component analysis
(PCA) and cluster analysis (CA) were performed using normal-
ized data (Abundance) of individual volatiles and main groups as
well as the percentages of individual volatiles and main groups.
Additionally, the biplot were generated using the singular value
decomposition (SVD). Hierarchical cluster analysis (HCA), based
on Ward’s method (with 95% confidence) between different vari-
eties, was also used to construct the similarity dendrograms.

Result
Volatiles content as chemotaxonomy for citrus varieties

Forty-six different compounds were detected and identified in
the n-hexane extract of citrus leaves. The abundances of these
compounds after normalizing to the internal standard are
shown in Table 2 and the percentages (proportions) are shown
in Table 3. Most of the detected compounds belonged to 3
main groups (monoterpenes, sesquiterpenes, and aliphatic
aldehydes). In addition, few coumarin compounds were
detected in S. buxifolia.

Data presented in Table 2 show that, d-limonene was the
most abundant in all varieties. Carrizo citrange had the highest
levels of d-limonene (820.4£452.6), followed by Madam vinous
sweet orange and Palestine sweet lime (461.6£168 and 392.0+
42.4, respectively). Interestingly, the volatile profiles of some
citrus varieties that are closely related were similar to each other
such as Valencia and Hamlin sweet oranges.

Several compounds were detected only in Severinia buxifolia
including «-santalene (458.6 =+ 333.1), B-santalene (69.3 +
50.5), epi-pB-santalene (45.9 + 35.2), coumarin 1 (2.7 £+ 0.9),
coumarin 2 (25.0 £+ 24.2), coumarin 3 (17.4 + 17.7), seselin
(69.4 £ 54.3), and sesquiterpenol 2 (195.1 £ 168.9). Further-
more, Citrus latipes was the highest in neral (447.1 &+ 63.4),
and undecanal (374.2 £ 88.0), B-phelandrene (210.9 £ 22.6),
5-elemene (152.1 &£ 60.5), linalool (149.6 £ 58.4), 5-terpinolene
(42.8 & 21.4) (Table 2).

The results showed that this method could be used to differ-
entiate among citrus varieties. For example, the volatile profile
of Palestine sweet lime can be distinguished from that of sour
orange by d-limonene. The percentage of d-limonene in Pales-
tine lime was 47.0% while it was absent in sour orange (Table 3).
In the same manner, (Z)-citral can also differentiate between
Mexican lime (31.5%) and sour orange (0.0%) and Palestine
lime (0.0%). Although the volatile profile of the Valencia and
Hamlin sweet oranges were very close to each other, the per-
centage of citronellal in Valencia (9.1%) was higher than that
in Hamlin (0.5%) (Table 3). The volatile profile of Ruby red
and Duncan grapefruits were also similar. However, the per-
centages of some volatiles were different between these 2 culti-
vars. For example, (Z)-citral (12.1%) in Duncan grapefruit was
higher than that in Ruby red grapefruit (1.9%) (Table 3).
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Principle component and clustering analysis revealed the
differences between citrus varieties

The principle component analysis (PCA) using the abundance
(Table 2) of individual volatiles is shown in Fig. 1A and the
associated biplot is shown in Fig. 1B. Most of the cultivars clus-
tered in one side of the scatter plot except Citrus latipes, and S.
buxifolia (Fig. 1A). Palestine sweet lime and P. trifoliata were
also slightly separated (Fig. 1A). As shown in Fig. 1A, PC1 and
PC2 accounted for 69% of the variation. The biplot obtained
via PCA is presented in Fig. 1B. Across the 46 detected volatile
compounds, «-santalene, sesquiterepenol 2, seselin, f-caryo-
phellene, d-limonene, undecanal, neral, geranial, citronellal,
and linalool were the compounds with the highest absolute
scores values in both PC1 and PC2.

The PCA generated using the percentages (Table 3) of the
individual volatile compound is shown in Fig. 1C and the asso-
ciated biplot is shown in Fig. 1D. As shown in Fig. 1C, P. trifo-
liata, Carrizo citrange, Palestine sweet lime, sour orange, and S.
buxifolia were totally separated from the rest of the other culti-
vars. PC1 and PC2 explained 55.2% of the variation (Fig. 1C).
The compounds with the highest loading scores in both PCI
and PC2 were a-santalene, t-caryophellene, d-limonene, neral,
geranial, citronellal, sabinene, germacrene and linalool
(Fig. 1D)

The PCA was also used to examine the relative distribution
of the studied cultivars using the abundance and percentage of
volatile compounds categorized into their main groups. As
shown in Fig. 2A, Citrus latipes, S. buxifolia, P. trifoliata, and
Palestine sweet lime were clearly separated from the rest of the
other varieties. PC1 and PC2 accounted for about 91% of the
variation (Fig. 2A). The biplot in Fig. 2B presents data of 9
main volatile groups of citrus leaves. Across the 9 analyzed
groups, monoterpene hydrocarbon group was positively associ-
ated with C. latipes, sesquiterpene hydrocarbons were corre-
lated with S. buxifolia, the sesquiterpene alcohol group was
associated with P. trifoliata and monoterpene aldehydes were
positively correlated with Palestine sweet lime (Fig. 2B).

The PCA constructed using the percentages of volatile com-
pounds categorized into the main groups also showed that C.
latipes, S. buxifolia, P. trifoliata, and Palestine sweet lime were
different from the rest of the other varieties (Fig. 2C). As shown
in Fig. 2C, PCI and PC2 accounted for about 78% of the varia-
tion. The groups with the highest loading values in both PC1
and PC2 were sesquiterpene hydrocarbons, monoterpene alde-
hydes, monoterpene alcohols, and monoterpene hydrocarbons.

For further characterization of the citrus leaves volatile, the
2-way hierarchical cluster analysis (HCA), followed by the
heat-map using the abundance (Table 2) of individual volatiles
were performed. The total HCA dendogram showed that the
volatile profile of citrus leaf of S. buxifolia, C. latipes, and C. cit-
range were close to each other (Fig. 3A). In addition, the HCA
dendogram showed that the moderately tolerant varieties
(Mexican lime, Alemow, and Palestine sweet lime) were closer
to the previous varieties than the rest of other varieties
(Fig. 3A).

Likewise, the HCA analysis using the percentages (Table 3)
of the detected single volatiles also showed that S. buxifolia was
closely related to C. latipes and C. citrange was closely related
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Figure 1. Principal components analysis (PCA) and its associated biplot showing the distribution of different citrus varieties using the abundances (Table 2) and percen-
tages (Table 3) of volatiles in the hexane extract. (n = 5). (A) PCA-scatterplot using the abundances of all volatiles and its PCA-biplot (B), (C) PCA-scatterplot using the per-
centages of all volatiles and its PCA-biplot (D). Abbreviations: Valencia sweet orange (V), Hamlin sweet orange (H), Madam Vinous sweet orange (MV), Duncan grapefruit
(D), Ruby red grapefruit (R), Sour orange (SO), Volkamer lemon (VL), Alemow (M), Palestine sweet lime (PL), Mexican lime (ML), Carrizo citrange (C), Severinia buxifolia (S),
Poncirus trifoliata (PT), and Citrus latipes (CL). Some of the volatiles compounds names have been deleted from the biplots (B&D) for better presentation.

to P. trifoliata (Fig. 3B). Furthermore, the HCA dendogram
showed that Mexican lime, Alemow, Palestine sweet lime, and
Volkamer lemon (moderately tolerant varieties) were also close
to the previous varieties (tolerant varieties). On the other hand,
the sensitive varieties (Hamlin sweet orange, Valencia sweet
orange, Ruby red grapefruit, and Duncan grapefruit) clustered
in the top of dendogram (Fig. 3B).

The HCA results generated using the abundance of the vola-
tile compounds categorized into the main groups also showed
that S. buxifolia, C. latipes, and C. citrange close to each others;
clustered close to each others at the bottom of dendrogram
(Fig. 4A). In addition, HCA obtained using the percentages of
the main groups showed that C. latipes, P. trifoliata and C. cit-
range were close to each other; clustered at the bottom half of
the dendrogram (Fig. 4B). Collectively, the PCA and HCA
results showed that the citrus leaf volatile profiles of CLas-sen-
sitive varieties were different from those of tolerant varieties.

Analysis of variance confirmed the multivariate analysis
results and the heat map visualized them

Because the PCA and CA showed that the volatile profiles of
some of the citrus varieties were different from the rest of the
other varieties, the volatile composition of these varieties was
examined in more detail using Tukey’s test (Table 2 and 3). In

addition, the abundance and the percentages of individual vola-
tiles as well as the abundance and the percentages of the main
volatile groups were visualized using hierarchically clustered
heat maps (Fig. 3 and 4). C. citrange was the highest variety in
total volatiles and sesquiterpenes (Fig. 4A and B; Fig. 5A and
B). In addition, it was the second highest variety in total mono-
terpenes (Fig. 5C). With respect to single compounds, C. cit-
range was the highest cultivar in d-limonene, t-caryophyllene,
y-elemene, B-elemene, and germacrene D (Table 2; Fig. 3A).
The percentage of these compounds in Carrizo citrange was
also high (Fig. 3B). The actual percentages of these compounds
are shown in (Table 3) and they were as follows: d-limonene:
40; t-caryophyllene: 20.6; y-elemene: 9.6: S-elemene: 9.0; and
germacrene D: 5.9%..

C. latipes was the highest variety in total monoterpenes
(Fig. 4A; Fig. 5C), aliphatic aldehydes (Fig. 4A; Fig. 5D), total
aldehydes (Fig. 4A; Fig. 5E), and monoterpene alcohols (Fig. 4A;
Fig. 5F). In addition, C. latipes was the second highest variety in
total volatiles (Fig. 5A) and the third in total sesquiterpenes
(Fig. 5B). With respect to single volatiles, C. latipes was the highest
cultivar in neral, undecanal, linalool, @- and B-phellandrene and
the fourth in d-limonene (Table 2). Neral composed about
(24.6%) of the total volatile of C. latipes followed by undecanal
(19.5%), B-phellandrene, (11.4%), d-limonene (10.5%), linalool
(7.6%) and §-elemene (5.7%) (Table 3). The heat maps also
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Figure 2. Principal components analysis (PCA) and its associated biplot showing the distribution of different citrus varieties using the abundances and percentages of the
main volatile groups in the hexane extract (n = 5). (A) PCA-scatterplot using the abundances of the main volatile groups and its PCA-biplot (B), (C) PCA-scatterplot using
the percentages of the main volatile groups and its PCA-biplot (D). Abbreviations: Valencia sweet orange (V), Hamlin sweet orange (H), Madam Vinous sweet orange
(MV), Duncan grapefruit (D), Ruby red grapefruit (R), Sour orange (SO), Volkamer lemon (VL), Alemow (M), Palestine sweet lime (PL), Mexican lime (ML), Carrizo citrange
(C), Severinia buxifolia (S), Poncirus trifoliata (PT), and Citrus latipes (CL). Some of the volatiles compounds names have been deleted from the biplots (B&D) for better

presentation.

showed that the abundances and the percentage of these com-
pounds were high in C. latipes (Fig. 3A and B).

S. buxifolia was the third in total volatiles (Fig. 5A) and the
second in total sesquiterpenes (Fig. 5B). In addition, S. buxifolia
was the only variety that contained high levels of santalene
compounds (about 42%), coumarins (10.6%) and sesquiterpene
alcohols (17.2%) (Table 3). This variety was the second highest
cultivar in t-caryophyllene (Table 2) and this compound
accounted for 17.3% of its total volatiles (Table 3). The previous
groups in S. buxifolia appeared in red color (Fig. 4A and B)
indicating that they were found at high levels.

P. trifoliata was the fifth cultivar in total sesquiterpenes
(Fig. 5B). Specifically, P. trifoliata was the second cultivar in
germacrene D, y-elemene, and B-elemene (Table 2). In addi-
tion it was the third highest cultivar in t-caryophyllene and
myrcene (Table 2). The sesquiterpene (¢-caryophyllene) com-
posed about 50% of P. trifoliata total volatiles (Table 3).

y-elemene, germacrene D, myrcene, and B-elemene, were also
abundant and their percentages were (14.9%), (9.5%), (7.4%),
and (4.5%), respectively (Table 3). The previous compounds in
P. trifoliata appeared in black in the heat maps (Fig. 4A and B)
which means they were in moderate amounts.

Mexican lime was the fourth highest variety in total sesqui-
terpenes (Fig. 5B) and total aldehydes (Fig. 5E) and the sixth in
total monoterpenes (Fig. 5C). With respect to single volatiles,
Mexican lime was the highest variety in geranial, the second in
neral andgaranyl acetate, and the fourth in t-caryophllene
(Table 2). The monoterpene aldehydes (geranial and neral)
accounted for 31.5 and 16.6% of the total volatiles in Mexican
lime, respectively (Table 3).The heat maps also shows that
Mexican lime was high in these 2 aldehyde compounds
(Fig. 3A and B) as well as in total monoterpene aldehydes
(Fig. 4A and B) The most predominant volatiles after geranial
and neral were geranyl acetate (11.7%), d-limonene (10.8%),
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Figure 3. Hierarchical cluster analysis (HCA) and heat-map using the abundances (A) and percentages (B) of all volatiles of different citrus varieties in the hexane extract
(n = 5). Row represents variety and column compound abundance (A ) or percentage in (B). Cells are colored in based on abundances (A) or percentages (B). Red repre-

sents high abundances (A) or high percentages (B).

t-caryophyllene (8.6%), a-farnesene (5.5%), S-sinensal (2.5%),
2-hexenal (2.1%), and B-elemene (Table 3).

Palestine lime was the second highest in monoterpene alco-
hols (Fig. 5F), third in aliphatic and total aldehydes (Fig. 5D
and E), fourth in total monoterpenes (Fig. 5C), and the fifth in
total volatiles (Fig. 5A). With respect to single volatiles, Pales-
tine lime was the highest variety in citronellal, second in linal-
ool, and the third in d-limonene (Table 2). The d-limonene,
citronellal, and linalool were the main volatiles in Palestine
lime and they composed 47.0, 32.6, and 12.77 % of its total vol-
atiles, respectively (Table 3). The heat map also showed that cit-
ronellal (Fig. 3A and B) and total monoterpene aldehydes
(Fig. 4A and B) were also high in Palestine lime.

Sour orange was the third highest variety in monoterpene
alcohols (Fig. 5F). Regarding single volatiles, sour orange was
the third in linalool and S-myrcene (Table 2). Linalool com-
posed 68.3% of the total volatile followed by S-myrcene (8.5%),
and f-caryophyllene (5.4%) (Table 3).

Volkamer lemon was the second highest cultivar in aliphatic
aldehydes (Fig. 5D) and it contained moderate amounts of the
other volatile groups (Fig. 5A-F). With respect to single volatiles,

Volkamer lemon was the second highest variety in citronellal
(Table 2). Citronellal also appeared in red color in the heat maps
(Fig 3A and B) indicating that its level was high in Volkamer
lemon. As a percentage, d-limonene composed 52.5%, citronellal
19.8%, sabinene 5.7%, t-caryophyllene 4.5%, and ocimene 3.8%
from the total volatiles of Volkamer lemon (Table 3).

Alemow was the second highest variety in total aldehydes
(Fig. 5E), fifth highest cultivar in total monoterpenes (Fig. 5C),
and it also contained moderate amount of the other volatile
groups (Fig. 4A-F). Regarding single volatiles, Alemow was the
second highest cultivar in neral, geranial, and citronellal
(Table 2). The heat maps (Fig. 3A and B) also showed that Ale-
mow was high in these 2 aldehyde compounds. As percentages,
the d-limonene was the main volatile (31.37%), followed by
geranial (22.8%), neral (16.0%), citronellal (13.9%), and oci-
mene (3.4%) (Table 3).

Discussion

Citrus leaf volatiles from different citrus varieties were
extracted with n-hexane and directly analyzed using GC-MS."’
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Figure 4. Two-way hierarchical cluster analysis (HCA) and heat-map using the abundances (A) and percentages (B) of the main volatile groups of different citrus varieties
in the hexane extract (n = 5). Row represents variety and column compound abundance (A) or percentage (B). Cells are colored in based on abundances (A) or percen-

tages (B). Red represents high abundances (A) or high percentages (B).

This method was found to be fast and reliable and requires only
a small amount of plant tissue.’ In addition, because the
extraction is performed at low temperature, this decreases the
decomposition of the volatile compounds which may occur
during distillation."” Using this method, we were able to study
the effect of CLas and ACP attack on the volatile profile of cit-
rus.'” Analysis of citrus leaf volatiles by GC-MS is widely used
in citrus genetics and breeding studies. In the current study,
this method was used to investigate the volatile constituents of
leaves from different citrus varieties. Our results showed that
this method could be used for chemotaxonomy. It distin-
guished between closely related cultivars using quantitative and
qualitative differences for specific volatiles.

Our findings showed that the total leaf volatile profile varies
from one variety to another. In agreement with our results, pre-
vious research also showed that total leaf volatile profile varies
among citrus species. For example, the total leaf volatiles in
Mexican lime was higher than that of lemon (apireno Canti-
nella), citron (Corsican), sweet orange (Shamouti), and star
grapefruit.”>*' In this study, we found that the total amount of
volatiles in Mexican lime was higher than 7 of the studied varie-
ties. C. citrange, C. latipes, and S. buxifolia were the highest in
total volatiles. Interestingly, these 3 cultivars are known for
their tolerance to CLas-infection.” Our previous results showed
that the total abundance of volatile compounds was doubled
upon CLas infection.'” the current and previous findings
together indicated that the level of volatiles in citrus may play
an important role in citrus resistance against plant pathogens.

In addition to the differences in total volatile between culti-
vars, our results also showed that there were differences in the
abundance of the main volatile group among the different vari-
eties. Total monoterpene aldehydes in Mexican lime were
higher than those of other cultivars (Corsican, Shamouti, apir-
eno Cantinella, and star grapefruit).”! In agreement with the
previous result, the current results showed that Mexican lime
was rich in aldehydes. *!

Interestingly, the PCA results showed that volatile profiles of
CLas tolerant varieties were different from those of CLas-sus-
ceptible varieties which indicated that these volatiles could be
implicated in citrus resistance to CLas. Upon infection with
plant pathogens, plants can induce production of volatiles
organic compounds possessing powerful antimicrobial activity
to inhibit the movement of the pathogens within plant tis-
sues."™"” Our previous research showed that the levels of d-lim-
onene, B-phellandrene, citronellal, and wundecanal were
induced in CLas-infected Valencia plants.'® On the other hand,
the levels of §-3-carene, neral, geranial, o-phellandrene, and
a-terpinolene slightly decreased. The change in the level of
these compounds indicated that these compounds may play a
role in citrus response to CLas infection. Our current study
showed that all of the compounds that were induced in CLas-
infected plants were high in one or more of the CLas-tolerant
cultivars."” Surprisingly, neral and geranial which were reduced
in CLas-infected plant were also high in some of the tolerant
cultivars.'” These compounds could be either depleted as a
result of CLas infection or they were reduced because their pre-
cursors were consumed by other synthesis pathways, especially
those that were upregulated.

Our results showed that most CLas-tolerant varieties were
high in aldehyde compounds such as undecanal, neral, geranial,
and citronellal. These aldehydes may inhibit the movement of
CLas inside the citrus phloem tissues. Aldehydes such as form-
aldehyde glutaraldehydes, pelargon aldehyde, decanal, and
benzaldehyde are known for their antimicrobial activity.'>*?
The conjugation of the double bond with the aldehyde group in
neral, geranial, and citronellal increases their electronegativ-
ity.”> As a result of their high electronegativity, these com-
pounds may interfere with biological processes involving
electron transport, and may react with nucleic acids.'® Geranial
and neral showed moderate antibacterial activity against several
pathogens while citronellal was the only active against some
microorganisms. > However, these aldehydes were shown to
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Figure 5. Abundance (1 abundance unit is equal to 10 1g g~ fresh weight) of total volatiles (A), total sesquiterpenes (B), total monoterpenes (C), total aliphatic alde-
hydes (D), total aldehydes (E), and total monoterpene alcohols (F), in different citrus varieties in the hexane extract (n = 5). Different letters indicate statistically signifi-
cantly differences among the studied varieties, while “ns” or the same letter means no differences between varieties. Abbreviations: Valencia sweet orange (V), Hamlin
sweet orange (H), Madam Vinous sweet orange (MV), Duncan grapefruit (D), Ruby red grapefruit (R), Sour orange (SO), Volkamer lemon (VL), Alemow (M), Palestine sweet
lime (PL), Mexican lime (ML), Carrizo citrange (C), Severinia buxifolia (S), Poncirus trifoliata (PT), and Citrus latipes (CL).

significantly inhibit the spore germination and hyphal growth
of Alternaria alternata.'® The alcohol form of citronellal (Citro-
nellol) also had an antibacterial activity against Staphylococcus
aureus.”> An increase in the production of B-citronellol and
nerol in peel of citrus fruits improved fruit peel resistance
against pathogens and insect attack.'” In addition, an increase
in green leaf volatiles (Z-3-hexenal) production in transgenic
Arabidopsis plant improved its resistance to white butterfly lar-
vae attack and gray mold infection.'®

Some monoterpenes such as d-limonene, linalool, myr-
cene, and «- and B-phellandrene were high in some of the
tolerant varieties. This also indicates that these compounds
may possess an antimicrobial activity to CLas. The antimi-
crobial effect of monoterpenes was attributed to the disrup-
tion of the lipid layer of the cell membrane.** This
disruption increases cell permeability and can result in leak-
age of intracellular components.**Linalool was found to
have a wide spectrum of activity against many pathogens.*
Linalool has a strong antibacterial effect against periodonto-
pathic and cariogenic bacteria.””> In addition, it has been
found that linalool has a fungicidal effect against Alternaria
alternata.'® The antimicrobial activity of d-limonene and
a-phellandrene have been also reported.'>*

Our results also showed that some sesquiterpenes such as t-
caryophyellene, y-elemene, B-elemene, germacrene D, geranyl
acetate were also high in some of the CLas-tolerant cultivars.

This result indicated that these compounds may have an anti-
microbial effects against CLas. It has also been reported that ¢-
caryophyllene and geranyl acetate were active against many
microorganisms.” Geranyl acetate showed a higher antibacte-
rial activity compared to geraniol.”” The essential oil of Stachys
cretica subsp smyrnaea (t-8-caryophyllene: 51.0%; germacrene-
D: 32.8%; o-humulene: 3.1%; §-cadinene: 2.1%; §-elemene:
2.1%) and pure t-B-caryophyllene exhibited antimicrobial
activity against Pseudomonas aeruginosa and Bacillus subtilis.*®
Germacrene-D is also known to have strong antibacterial and
antifungal activities.”” In addition, B-elemene has shown prom-
ising anti-cancer effects against a broad spectrum of tumors.*®
It is noteworthy to mention that the volatile profile of the
CLas-tolerant cultivar Severinia buxifolia was very different
from the rest of the tested cultivars; it contained unique type of
chemicals (coumarins, santalenes, and sesquiterpenols) and it
was also high in t-caryophyllene. Besides its tolerance to CLas,
S. buxifolia is also known for its resistance to nematodes.”’
Many coumarins and limonoids including were reported in S.
buxifolia essential 0il.° The a-santalene and t-B-santalol were
also reported in its essential 0il.> These compounds may con-
tribute to S. buxifolia’s resistance to insects and pathogens.
Limonoids may act as an insecticide, insect antifeedant, and
insect growth regulators.”” Limonoids are known for their anti-
bacterial, antifungal, antimalarial, and antiviral properties.* o-
and B-santalols, their mixtures, and their derivatives



demonstrated antiviral and antibacterial activity against many
viral and bacterial diseases.*

Although the PCA and CA showed that the leaf volatile pro-
files of CLas-tolernat varieties were different from those of
CLas-sensitive varieties, the separation was not clear in few
cases. The lack of total separation was expected because the
multivariate analysis was only based on the volatile metabolites
and not on the total metabolomic profile. Consequently, future
studies should focus on the non-volatile metabolites and their
possible roles in citrus resistance against CLas. In conclusion,
our results showed that the leaf volatile profiles of CLas-tolerant
varieties were different from those of sensitive varieties. This
finding may indicate a possible role of these volatiles in citrus
resistance against CLas. The results of this study may lead to
production of transgenic plants with modified volatile profiles
that are more tolerant to citrus greening disease.
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