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Citrus sudden death (CSD) is a disease that has affected millions of orange trees in Brazil, 
leading to economic losses in the order of billions of US dollars. This article examines the effects 
of CSD on the fatty acid composition of triacylglycerides (TAG) extracted from rootstock and 
scion bark. The fatty acid profile determined by gas chromatography showed a reduction in oleic 
and linolenic acids, and an increase in the saturated fatty acids and linoleic acid content, which 
was in line with the severity of CSD. The reduction in linolenic acid content was related to its role 
in the biosynthesis of jasmonic acid, which is involved in responses to abiotic and biotic stresses, 
as well as senescence. These alterations in the fatty acid profile were also used to classify plants 
both with and without CSD symptoms by using chemometric means. This method represents an 
alternative to support the diagnosis of CSD disease.
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Introduction

Citrus sudden death (CSD) is a citrus disease that is 
transmitted by graft process or by aerial vector; it has 
only been detected in Brazil.1,2 It has been observed in 
sweet orange (Citrus sinensis (L.) Osbeck), mandarin 
trees grafted on rangpur lime (C. limonia Osbeck), and 
in Citrus  volkameriana rootstock.3-5 CSD has not been 
observed in some combinations, e.g., sweet orange with 
Cleopatra and Sunki tangerine, Poncirus trifoliata and 
Citrumelo swingle, even in planting near affected orchards. 
The causal agent is unknown; however, several similarities 
to Tristeza (quick decline) strongly suggest that CSD is 
a virus similar to Citrus tristeza virus (CTV).6,7 Some 
researchers4,8 have suggested that CSD is caused by a virus 
similar to CTV or a Marafivirus genus virus (Tymoviridae 
family).9,10

The symptoms of CSD disease start as generalized 
discoloration and defoliation, symptoms that are also 

observed in other citrus diseases. The specific symptoms 
of CSD are observed in the bark, close to the bud union. 
The bark of CSD-affected plants is thicker than in plants 
without symptoms,11

 which is due to a profound anatomical 
change, and the presence of non-functional phloem. 
However, the most characteristic CSD symptom is the 
presence of yellow staining on the bark of the rootstock. 
CSD destroys the functional phloem, affecting the radicular 
system and, consequently, affecting the absorption of water 
and nutrients,3,4,12 productivity, and fruit quality.13,14 CSD 
has caused the eradication of approximately four million 
sweet orange trees in Brazil. 

We recently demonstrated11 that CSD can also cause 
metabolic disorder in citrus tree bark close to the bud 
union. Nuclear magnetic resonance (NMR) and extraction 
methods showed an increase in the content of sucrose and 
triacylglycerides in the bark of CSD-affected plants.11 

The increase in the sucrose content was statistically 
significant; from 12.3‑15.8% in the rootstock and from 
11-12% in the scion. The increase in oil content was very 
high in the bark, rising by 50 and 100% in the scion and 
rootstock, respectively, compared with healthy samples 
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(control,  CON). In CSD‑affected plants, the oil content 
increased from 2-3% in the rootstock and from 0.5-1% 
in the scion in comparison with the CON plants. These 
variations in oil content were large enough to be used as 
a complementary method (NMR) to diagnose plants with 
CSD.11

In the present study, we assessed the influence of 
CSD disease on the fatty acid profile of triacylglycerides 
(TAG)  extracted from rootstock and scion bark samples 
extracted close to the bud union of Valencia sweet orange 
trees grafted on rangpur lime. A reduction in linolenic 
acid content was observed, which may have been related 
to the biosynthesis of jasmonic acid, which plays a role 
in responses to abiotic and biotic stresses, as well as 
senescence. These alterations in the fatty acid profile were 
used to classify the plants as either being with or without 
CSD symptoms, by using the soft independent modelling 
of class analogy (SIMCA) and K-nearest neighbors 
(KNN) chemometric methods. Therefore, variations in 
fatty acid profiles can be used as an alternative method 
to support the diagnosis of CSD disease.

Experimental 

Plant material 

Bark from Valencia orange (Citrus sinensis Osbeck), grafted 
on a rootstock of Rangpur lime (Citrus limonia Osbeck), 
aged 11 years, was collected in October 2006 in the regions 
of Gavião Peixoto and Colombia, in orchards situated in the 
municipalities of Gavião Peixoto and Colombia, São Paulo, 
Brazil. Gavião Peixoto is located at latitude 21º50’20” south 
and longitude 48º29’41” west, at an altitude of 515 meters, 
while Colombia is located at latitude 20º10’33” south and 
longitude 48º41’20” west, at an altitude of 492 meters. The 
bark was cut 10.0 cm in length and 3.0 cm wide, close to 
the bud union. The rootstock and scion bark were collected 
from 20 plants without symptoms of CSD (control, CON), 
and 20 plants with symptoms of CSD, eight of which 
had mild symptoms (CSD1), and 12 of which had severe 
symptoms (CSD2). The CSD1 samples were obtained from 
plants with initial symptoms, characterized by light yellow 
rootstock bark and foliar discoloration. The CSD2 samples 
were obtained from plants with severe symptoms, with dark 
yellow rootstock bark. 

The samples taken from the orchard were placed in 
individual plastic bags and stored in Styrofoam boxes with 
ice. The samples were milled (Lab House, Wyllie Micro-
TE‐650, Belo Horizonte, MG, Brazil) at the laboratory 
and the powders were passed through a 16-mesh sieve. 
The samples were frozen in an ultracooler (Tectalmaq, 

Piracicaba, SP, Brazil) and dehydrated in a lyophilizer 
(Analitica, Epsilon 2-4 LSCplus, São Paulo, SP, Brazil). 

Approximately four grams of the samples were placed 
on Erlenmeyer flasks with 50 mL of hexane (Synth, São 
Paulo, Brazil), and then shaken in an orbital shaker (SPLabor, 
Modelo SP-222, Presidente Prudente, SP, Brazil) at 200 rpm 
for 72 h. The bark particles were removed by filtration and 
the oil was obtained after evaporating the solvent in a hood 
(SPLabor, Modelo SP-60 N, Presidente Prudente, SP, Brazil). 
All the procedures were performed in triplicate.

Gas chromatography (GC) analysis

The fatty acid methyl esters (FAME) of the oil were 
prepared by the transesterification reaction using the 
procedure described elsewhere.11,15 The FAME were 
analyzed by gas chromatography (GC) using Shimadzu 
GC-17A equipment combined with a QP 5050A mass 
spectrometry detector (Baueri, SP, Brazil). The column 
was an LM-100 (Carbowax 20M, polyethylene glycol fused 
silica capillary column with 30 m × 0.25 mm × 0.30 μm 
film thickness). The initial oven temperature was 60 °C, 
which was raised to 220 °C at 8 °C min-1, and held for 
50 min. Helium was used as the carrier gas with a flow 
rate of 36.5 cm s-1. The injector temperature was 250 °C, 
and the amount of injection was 1 μL at splitless mode 
(1:10) with a purge-off time of 1 min. The temperature 
of the gas chromatography-mass spectrometry (GC-MS) 
transfer line was 250 °C. The MS was operated at 250 °C 
with electron ionization (70 eV). The FAME were identified 
by comparing the elution time with FAME standards 
purchased from Sigma-Aldrich Chemical (FAME mix 
C4‑C24 unsaturates, Saint Louis, United States).

The relative concentrations of the FAME were 
obtained with Shimadzu GC-17A equipment using gas 
chromatography with flame-ionization detection (GC-FID, 
Baueri, SP, Brazil). The column was Carbowax 20M, with 
a 30.0 m × 0.25 mm fused silica capillary column and 
0.25 μm film thickness. The splitless injection mode was 
used for an elution volume of 1 μL. Hydrogen was used as 
carrier gas and its mean linear velocity was 31.00 cm s-1; 
nitrogen was applied as auxiliary gas at 2.06 mL min-1. 
The temperature at the injector and detector was 250 °C. 
The initial oven temperature was 60 °C for 8 min and the 
heating rate was 8 °C min-1 until 220 °C. This temperature 
was kept constant for 50 min.

Multivariate analysis 

Principal component analysis (PCA)16,17 is a mathematical 
method for data compression based on covariations between 
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samples that enhances their similarities and differences. It 
was performed using Infometrix Pirouette 4.0 software.18 
The relative concentration of each fatty acid (in percentage), 
obtained by GC-FID, of the 40 scion and 40 rootstock bark 
samples were analyzed by PCA as a single dataset per plant 
(rootstock plus scion data) and as two separate datasets 
(rootstock or scion). The samples were divided into two 
subgroups: 20 plants without symptoms (CON), and 
20 plants with symptoms (CSD). The samples were also 
divided into three subgroups: 20 plants without symptoms 
(CON); 12 plants with mild CSD symptoms (CSD1); and 
eight plants with severe CSD symptoms (CSD2). The data 
were mean-centered before the PCA. 

The same datasets were used for training and validation, 
using the methodologies of SIMCA19 and KNN.20 For the 
two subgroups, 16 and four CON or CSD samples were 
used for training and validation, respectively. For the three 
subgroups, the CSD dataset was divided into CSD1 and 
CSD2 subgroups. Ten CSD1 and six CSD2 samples were 
used for training, and two CSD1 and two CSD2 samples 
were used for validation.

Results and Discussion

Figure 1 shows the concentration of the FAME 
measured by GC and prepared from the TAG extracted from 
the samples of bark from scion and rootstock of the citrus 
tree as a function CSD symptoms level (CON, CSD1 and 
CSD2). Figure 1a shows the concentration of the minor 
FAME components of the TAG, which were capric  (C) 
C10:00, lauric (La) C12:00, myristic (M) C14:00, and 
stearic (S) C18:00 acids. C was the lowest concentration 
of acid found; less than 0.5% in all the analyzed samples. 
La and M were found at similar concentrations and varied 
from 1.1% in both the scion and rootstock of the CON 
plants, to 2.5% in the rootstock bark of the CSD plants. The 
concentrations of La and M increased in the bark samples 
from the rootstock of the CSD plants, and showed similar 
concentrations in the scion samples. The concentration 
of S varied from 2.7-3.5% and showed small increases in 
line with CSD symptoms in both the rootstock and scion 
samples. 

Figure 1b shows the concentrations of the major FAME 
components in the samples: palmitic (P) C16:00; oleic (O) 
C18:1n-9; linoleic (L) C18:2n-6; and linolenic (Ln) 
C18:3n-3 acids. The results demonstrate that L was the most 
abundant fatty acid in the bark samples. The concentration 
of this acid increased in line with CSD symptoms, with an 
average value varying from 32-38% of FAME. Ln was the 
second most abundant fatty acid in the rootstock samples, 
and third in the scion samples. The Ln concentration 

declined in line with the CSD symptoms in both the bark 
samples, varying from 26-21% in the rootstock samples and 
from 20-15% in the scion samples. O was the third most 
abundant fatty acid in the rootstock samples, and second 
in the scion samples. Similarly to Ln, the O concentration 
declined in line with the CSD symptoms in both the bark 

Figure 1. Percentage concentrations of fatty acids: (a) lower concentration: 
C, La, M and S; (b) higher concentration: P, O, L and Ln of the TAG 
of CON, CSD1 and CSD2 samples; (c) sum of the concentrations with 
increased trends (La + C + M + P + S + L) and decreased trends (O + Ln).
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samples, varying from 20-17% in the rootstock samples, 
and from 30-23% in the scion samples. The concentration 
of P was similar in both the rootstock and scion samples, 
and increased from 15-20%.

Therefore, the levels of O and Ln decreased in line with 
the severity of the CSD symptoms, and the concentrations 
of the other fatty acids increased. This is better seen in 
Figure 1c, which shows the variation of the concentration 
of O and Ln, which decreased, and the sum of the 
concentration of the other fatty acids, which increased in 
line with CSD symptoms.

The standard deviations of the FAME with less than 4% 
(Figure 1a) are larger because their relative concentration 
was strongly influenced by the large variation observed 
in the concentrations of the major fatty acids (Figure 1b). 

The effect of the disease on the fatty acid content is 
unknown. However, one hypothesis is that the decrease in 
the concentration of Ln in line with the severity of the CSD 
symptoms was due to its role in the biosynthesis of jasmonic 
acid (JA).21,22 JA is involved in plant regulatory mechanisms 
in response to abiotic and biotic stresses, as well as 
senescence. The first step in JA biosynthesis is the oxidation 
of linolenic acid to (9Z,11E,15Z,13S)‑13‑hydroperoxy-
9,11,15-octadecatrienoic acid, which is catalyzed by 
lipoxygenase (LOX). Therefore, the linolenic acid content 
decreased in the scion and rootstock bark samples because it 
was used in JA biosynthesis, in response to the infection and 
hydric stress. The presence of JA may also be involved in 
one of the first symptoms of CSD disease, generalized foliar 
discoloration and defoliation.23 Therefore, the decrease of O 
and increase of L may have been related to Ln biosynthesis. 
In plants, linolenic acid is synthesized from oleic acid, via 
linoleic acid, which is catalyzed by desaturase. 

Because CSD altered the fatty acid composition in the 
bark samples, chemometric methods were used to evaluate 
if these variations could be used to discriminate between 
the plants with CSD symptoms (CSD1 and CSD2), and 
those without symptoms (CON). 

Chemometric analysis

The concentration of each of the eight fatty acids obtained 
from the gas chromatograms of 40 scion and 40 rootstock 
bark samples were analyzed as a single dataset per plant 
(rootstock plus scion data), and also as two separate groups 
(rootstock or scion) by PCA. The samples were also divided 
into three subgroups; CON (20), CSD1 (12) and CSD2 (8). 
The PCA analysis of the rootstock plus scion samples, and 
the rootstock and scion data sets (mean-centered), explained 
more than 99% of the variance using the first three principal 
components (PC).

Figure 2 shows the score and loading plots for 
PC1 (52.28%) versus PC2 (27.78%) for the fatty acid 
composition data set of the rootstock plus scion samples. 
The score plot (Figure 2a) shows that the CON (filled circle) 
and CSD (open symbols) samples were discriminated 
on the PC2 axis. Most of the CON plants were on the 
positive side of the PC2 axis and the symptomatic ones 
were on the negative side. The score plot also shows some 
discrimination between the plants with mild symptoms 
(CSD1) and those with severe symptoms (CSD2). The 
CSD1 samples were at approximately zero to negative 
PC2 values, and the CSD2 samples showed more negative 
values. The score plot between PC1 and PC3 (data not 
shown) was similar to PC1/PC2, without separation on PC1 
and with a small separation on the PC3 axis. 

The loading plot (Figure 2b) shows that the Ln and O 
fatty acids, which decreased in line with the severity of CSD 
symptoms, were on the positive side of PC2. The other fatty 
acids, which increased in line with CSD symptoms, were 
on the negative side of PC2. 

Figure 2. Scores and loading plots of the principal components analysis 
of the data set of the concentration of fatty acids extracted from the 
bark of rootstock plus scion samples of orange plants without CSD 
symptoms (CON-), and with CSD symptoms (CSD1- and CSD2-). 
(a) PC1 versus PC2 score plot. (b) PC1 versus PC2 loading plot. 
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Figure 3 shows the score plots for the rootstock and 
scion samples. Figure 3a shows the PC1 (71.31%) versus 
PC2  (22.20%) for the fatty acid composition dataset of 
the rootstock samples, and Figure  3b shows the fatty 
acid composition dataset for the scion samples. The 
PCA results for the rootstock samples were similar to the 
results observed for the rootstock plus scion samples data 
set (Figure 2), with discrimination on PC2. Conversely, 
the discrimination for the scion samples data set was 
on PC1 (56.02%), and there was no discrimination on 
PC2 (35.39%). This exploratory PCA demonstrated that 
the fatty acid dataset of the rootstock samples (Figure 3a) 
contained more information to discriminate between the 
CON and CSD samples than the scion samples dataset. 
This may have been related to the higher amount of TAG 
in the rootstock bark than the scion bark,11 as well as the 
fact that rootstock bark can be more affected by CSD than 
scion bark. Normally, yellow staining on rootstock bark 
is the most important symptom to identify plants with 
CSD. Therefore, it was possible to use the PCA of the 

rootstock fatty acids (Figure 3a) to discriminate between 
plants with and without CSD disease, with almost the same 
discrimination power of the dataset of the rootstock plus 
scion samples (Figure 2a).

The fatty acid composition of the rootstock plus scion 
samples, and the rootstock samples and the scion samples, 
were also used to classify the samples by utilizing the 
SIMCA and KNN methods. The classification models 
were performed using cross-validation, with one leave-out 
sample procedure.

Table 1 shows the percentage of correctly predicted 
samples in the training and validation process divided into 
two categories (CON and CSD) using the fatty acid dataset 
of the rootstock plus scion samples. This table shows that 
SIMCA classified 100% of the CON or CSD samples in the 
correct category in both the training and validation datasets. 
The KNN prediction was 100% for CON for both the training 
and validation datasets, and 88 and 75% for CSD in relation 
to the training and validation datasets, respectively. 

When the samples were divided into three categories 
(CON, CSD1 and CSD2) the predictions for the CON 
samples were 100% using SIMCA or KNN. The predictions 
for the CSD1 and CSD2 samples were better than 83.3% 
for SIMCA, and only better than 33.3% for KNN. These 
results indicate that the SIMCA model was only most 
efficient to classify the CSD symptoms at two levels than 
KNN. It also confirms that the fatty acid disorders in the 
bark of the citrus plant (rootstock and scion) were strongly 
linked to CSD symptoms.

The same study was performed using the rootstock or 
scion sample datasets. Table 2 shows the percentage of 
correctly predicted samples, which were divided into two 
categories (CON and CSD) using the scion or rootstock 
sample datasets. The correct predictions were higher than 
75% for the training and validation datasets using SIMCA, 
and higher than 69% for KNN. This result demonstrates 
that SIMCA was a better method to classify plants both 
with and without CSD symptoms.

Figure 3. Score plot of the principal component analysis of the data set 
of the concentration of the fatty acids extracted from the bark of rootstock 
(a) and scion (b) samples from orange plants without CSD symptoms 
(CON-) and with CSD symptoms (CSD1- and CSD2-).

Table 1. Percentages of modeling classification for rootstocks plus scions 
samples, with 95% confidence

Class
SIMCA prediction / % KNN prediction / %

Training set Validation set Training set Validation set

CON 100.0 100.0 100.0 100.0

CSD 100.0 100.0 88.0 75.0

CSD1 83.3 100.0 33.3 50.0

CSD2 90.0 100.0 80.0 50.0

CSD: citrus sudden death; CON: without symptoms of CSD; CSD1: mild 
symptoms of CSD; CSD2: severe symptoms of CSD; SIMCA: soft 
independent modelling of class analogy; KNN: k-nearest neighbors.
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Table 3 shows the classification into the three groups 
using rootstock or scion samples. The correct predictions 
were 100 and 81.25% for CON for the rootstock samples, 
using SIMCA and KNN, respectively. However, both 
the SIMCA and KNN predictions showed a very high 
dispersion in the correct predictions for the CSD1 or CSD2 
samples in relation to both rootstock and scion samples. 
This problem may have been related to the small number 
of CSD1 and CSD2 samples in the dataset.

Conclusions

Given these results, we can conclude that CSD disease 
significantly altered the fatty acid profile in the bark 
samples from the rootstocks and scions. This disorder may 
be related to the synthesis of jasmonic acid, from linolenic 
acid, which is related to plant defense mechanisms, and 
to several symptoms of plants with CSD, such as foliar 
discoloration and defoliation.1 Therefore, alterations in fatty 
acid profiles can be used to classify plants both with and 
without CSD symptoms by using chemometric methods 
such as SIMCA and KNN. This classification represents an 
alternative method to support the diagnosis of CSD disease.

Supplementary Information

Supplementary information is available free of charge 
at http://jbcs.sbq.org.br as PDF file.
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