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Abstract 

Phosphite (Phi)-based fungicides are used to control the oomycete Phytoph-
thora infestans which causes late blight disease, the most devastating disease 
in potatoes. In order to examine the effects of Phi-based fungicides on potato 
tubers through foliar or post-harvest application, a metabolite profiling ap-
proach based on gas chromatography coupled to mass spectrometry (GC-MS) 
has been established. A total of 132 metabolites were detected using the 
GC-MS approach. Among these, 34 metabolites were identified after norma-
lization and annotated with a compound name with standard mass spectral 
library. Metabolomic analysis of Phi-treated plants showed significant differ-
ences in the levels of many metabolites especially amino acids. Multivariate 
statistical approaches, such as principal component analysis (PCA) and partial 
least squares discriminant analysis (PLS-DA), were employed to explore the 
relationships between metabolites to detect group differences. A good dis-
crimination between the control and the Phi-treated plants was observed, 
which demonstrated that significant changes in the metabolite profile have 
been caused by the two different Phi applications (foliar or post-harvest). This 
finding suggests that the alteration of specific metabolite levels by accumula-
tion of Phi can lead to resistance against the pathogen. 
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1. Introduction 

Over the past decades, late blight caused by oomycete Phytophthora infestans, 
has been considered the most devastating disease triggering serious loss to pota-
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to production [1]. Widespread use of fungicides was a much preferred method 
to prevent the disease development and spread. Because of the harmful impact 
on the environment and human health, and high costs of fungicides, there is a 
need to develop alternative biocompatible methods to control late blight disease 
[1]. 

Several earlier molecular studies have shown that plants enhanced resistance 
when treated with defense inducing agents such as β-aminobutyric acid (BABA), 
thiadiazole-7-carbothioc acid S-methyl ester (BTH), and thiamine (vitamin B1) 
before pathogen attack [2]-[7]. Ton et al. [6] reported that BABA induces resis-
tance against a broad spectrum of biotic and abiotic stresses in which cyc-
lin-dependent kinase-like protein is responsible for BABA-activated defense in 
Arabidopsis. Similarly, BTH stimulates defense reactions in a number of crops 
against bacterial, fungal and viral pathogens [8]. Ahn et al. [2] showed that 
thiamine induces systemic acquired resistance (SAR) in horticultural crops, pre-
venting several diseases caused by semi-biotrophic and biotrophic pathogens. 
Recently, another resistance inducing agent, phosphite ( 2 3H PO− , Phi), was found 
to produce significant suppression to P. infestans, both by direct inhibitory effect 
on the mycelial growth and indirect activation of defense mechanisms [9] [10] 
[11]. The direct mode of action of Phi was also reported by other researchers 
[12]-[19]. They demonstrated that the concentration of Phi in treated plants is 
directly related to the concentration of fungicide applied where Phi suppresses 
pathogen development directly through a fungitoxic effect. King et al. [16] re-
ported that Phi inhibits the function of the cytoskeleton and cell wall synthesis in 
P. cinnamomi. On the other hand, indirect effects of Phi involve priming the 
plant immune system by inducing defense responses in plants that are suscepti-
ble to the oomycete pathogens [9] [18]-[24]. In agriculture, Phi-based fungicides 
are used to control a large number of oomycete pathogens, such as P. infestans 
[9] [25] [26], P. cinnamomi [27], P. plurivora [28], P. palmivora [29], and P. 
cactorum [30] in potato, lupin, European beech, papaya and peach, respectively. 
Because of its effectiveness [31] and easiness to be degraded by soil bacteria, it 
has been identified as low risk to human health and environment, and therefore, 
an alternative to conventional fungicides in many developed countries, such as 
USA, Canada, Australia, New Zealand and UK [32]. The currently registered Phi 
fungicide products include ConfineTM (Winfield Solutions, LLC, St. Paul, MN, 
USA), Phostrol® (Engage Agro, Guelph, ON, Canada) and Rampart (Loveland 
Products, Loveland, CO, USA).  

Because of substantial roles of Phi-based fungicides in plant resistance against 
pathogens, Phi can indirectly or directly affect plant metabolic pathways and 
thus affect the levels of metabolites. A comprehensive study of metabolite 
changes in response to Phi will increase our knowledge of plant defense res-
ponses, interactions between metabolic networks and basic plant metabolism. 
Metabolic profiling has been applied to study plant metabolism over the past 
several years [33]. It allows detection of chemically varied bioactive molecules 
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and unknown compounds, as well as provides functional information on meta-
bolic phenotypes of plants [34] [35].  

Although the effect of Phi-based fungicides in controlling late blight disease 
on leaves and tubers has been studied using different potato cultivars [26] [31] 
[36] [37] [38] [39] [40], knowledge on the cause of the protective effect of Phi on 
plant metabolites is limited. To understand the complexity of Phi-induced resis-
tance, it is necessary to analyse the highly complex mixtures of compounds in 
potatoes. The purpose of the present study is to apply metabolite profiling using 
gas chromatography coupled to mass spectrometry (GC-MS) to understand the 
possible effect of Phi application on potato plant growth and metabolism. 
GC-MS is a widely spread, rapid and reliable approach for metabolite profiling 
of highly complex biological matrixes, such as plant extracts. For the first time, 
Roessner et al. [41] developed a GC-MS method for the simultaneous analysis of 
polar metabolites (including amino acids, organic acids, sugars, and sugar alco-
hols) in potato tubers. In this study, we investigated the foliar and post-harvest 
applications of Phi on potato tubers. Comparison of metabolite profiles among 
the different treatments could help us to understand the mechanisms of 
Phi-based fungicides on potato tubers.  

2. Materials and Methods 

2.1. Plant Material and Field Trial 

The potato (Solanum tuberosum L.) cultivar Russet Burbank (RB) seed tubers were 
planted in the research plot of Cavendish Farms (http://www.cavendishfarms.com) 
in 2015 (GPS location: 46.4285, −63.6820; New Annan, Prince Edward Island, 
Canada). Russet Burbank is an old potato variety, released in 1874 in North 
America for table and processing. The field was designed as a split plot, with one 
half of the potatoes without Phi treatment, another half treated with Phi-based 
fungicide Confine™ [45.8% mono- and di-potassium salts of phosphorous acid 
(KH2PO3 and K2HPO3)], each of them containing four replications. Confine™ 
was sprayed 3 times during the season at standard rate of 5.8 L/Ha. The first 
spray took place 4 weeks after the emergence; and the subsequent sprays took 
place at 2 weeks intervals. The control plots were not sprayed with Confine. Tu-
ber samples harvested from foliar Confine treated plot were named as PFT. After 
harvest, the tubers from the non-treated plot were treated with either water 
(named as PC) or Confine™ (diluted at a 1:4.3 ratio with water, as recommended 
by the manufacture (Winfield Solutions, LLC), named as PPT). Cortex tissues 
from each tuber were collected and immediately frozen in liquid nitrogen prior 
to storage at −80˚C until further processing. Each of these three groups of sam-
ples (PC, PFT and PPT) consisted of 10 replications, 2 tubers per replication, in 
total 30 replications and 60 tubers. 

2.2. Metabolite Extraction, Derivatization and GC-MS Analysis 

Cortex tissues were analyzed from a total of 60 potatoes for both polar and 
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non-polar metabolites extractions. Ten milligram of frozen tissues per each tu-
ber were ground into a fine powder using a mortar and pestle in liquid nitrogen 
and transferred into a 4 mL glass vial with a Teflon-lined screw cap. The meta-
bolites were extracted based on a published method [42]. The sample powder 
was mixed with a solution containing methanol/water/chloroform (4:1:2, v/v/v) 
(2.1 mL) and 40 µL of triacontane (1 mg/mL) as a non-polar internal standard. 
The samples were vortexed thoroughly and incubated at 50˚C for 1 h. After 
cooling to room temperature, 0.9 mL of water and 20 µL of ribitol (2 mg/mL in 
water), as a polar internal standard, were added to the vial. Each sample was 
vortexed again and incubated for another 1 h at room temperature. The samples 
were centrifuged (2900 g) for 30 min at 4˚C, and the non-polar and polar layers 
were collected separately. The non-polar layer was dried under a stream of ni-
trogen while the polar (aqueous) layer was dried in a speed vacuum concentra-
tor. For derivatization, the dried polar and non-polar extracts were directly dis-
solved in 50 µL methoxyamine-HCl (20 mg/mL in pyridine) and 50 µL of pyri-
dine, respectively, and incubated at 50˚C until the extract was totally 
re-dissolved. Metabolites were then derivatized further with the addition of 50 µL 
of N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) + 1% trimethyl-
chlorosilane (TMCS) and incubated at 50˚C for 1 h. The derivatized samples 
were ready for GC-MS analysis. 

2.3. GC-MS Analysis and Metabolite Identification 

GC separations were done on Agilent 6890 system using a DB-1ms column from 
Agilent (pn122-0132). The column dimensions were as follows: length of 30 m, 
0.25 mm ID and 0.25 μm coating thickness. The inlet temperature was 250˚C. A 
1 μL injection was split 5:1. The column was operated at a flow rate of 1.0 
mL/min helium. The column oven was heated at 70˚C for 5 min and then in-
creased at 4˚C/min to 310˚C where it was held for 11 min. The column outlet 
was sent to a capillary flow technology (CFT) splitter whereby signal for MS 
(using Agilent 5973) and Flame Ionization Detector (FID) could be acquired 
simultaneously. Typical GC-MS (TIC) (a) and GC-FID (b) profiles for repre-
sentative samples are shown in Figure 1. The MS source was at 250˚C with 70 
eV. After a 5.5 min solvent delay, spectra were acquired for the mass range 50 - 
600 m/z at 2.69 scans/sec. The FID was operated at 280˚C with hydrogen at 40 
mL/min, air at 450 mL/min and nitrogen (the makeup gas) at 20 mL/min. 
GC-FID/MS data were processed using Agilent ChemStation (ver. E.02.00493). 
Metabolites were identified by comparing ionization patterns with standards in 
NIST library (National Institute of Standards and Technology mass spectral li-
brary, NIST 05a.L). The integrated signal of the total ion current for each peak 
was compared between samples after normalization. Metabolites were norma-
lized first using the internal standard and then the tissue weight. 

2.4. Data Reduction, Pattern Recognition and Statistical Analysis 

The GC-MS data were normalized to total spectral area and centered scaling was  
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Figure 1. Typical GC-MS (TIC) (a) and GC-FID (b) profiles for representative samples. 

 
applied before pattern recognition analyses. The resulted three-dimensional data 
involving the peak number, sample name, and normalized peak area were fed to 
SIMCA-P 11.5 software package (Umetrics, Umea, Sweden) for principal com-
ponent analysis (PCA). Since the data of PC3 sample from the control group 
seemed much different from the other nine replications in the same group, pos-
sibly due to a failed GC-MS analysis, therefore, it was discarded in all following 
analyses. Data were visualized by using the principal component (PC) score 
plots. To maximize separation between the control and both Phi-treated sam-
ples, partial least squares discriminant analysis (PLS-DA) was performed. 
PLS-DA is a multivariate classification method based on PLS, the regression ex-
tension of PCA. Further statistical analysis of variance (ANOVA) with Tukey 
test was performed using Minitab software to define those showing statistically 
significant differences between the treatments. Metabolites were selected as 
showing statistically significant differential expression among the groups. 
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3. Results and Discussion 

3.1. Metabolites Identified 

To investigate the effect of Phi application on potato tubers, GC-MS analysis was 
employed to perform global metabolite profiling to compare the control samples 
(PC) with the Phi-treated samples, either by field foliar treatment (PFT) or by 
post-harvest treatment (PPT). A total of 132 (75 in polar and 67 in non-polar) 
metabolites were detected using the GC-MS approach; however, only 34 meta-
bolites were identified after normalization and annotated with a compound 
name with standard mass spectral library (Supplementary Table S1) and some 
major metabolites identified were listed in the Table 1. These metabolites 
represented a complex mixture of chemicals that are separated as four main 
classes of compounds: amino acids, organic acids, sugars, and sugar alcohols. 
The number of metabolites identified and the level of coverage are relatively low 
in comparison to Abu-Nada et al. [43] who identified 95 polar metabolites in-
cluding amino acids, fatty acids, organic acids and sugars in potato leaves fol-
lowing pathogen P. infestans inoculation. Similarly, a total of 180 polar and 
non-polar metabolites were identified in potato tubers by Shepherd et al. [44]. 
This has been a common problem faced by many researchers when using global 
or untargeted GC-MS metabolomics studies. Due to limited duration of the 
project and funding, the study was based on a one-year field trial. To compen-
sate this shortcoming, 10 replications in each treatment was used in order to 
generate reliable data. 

3.2. Data Reduction and Pattern Recognition 

To provide comparative interpretations and visualization of metabolic changes 
under various treatments, PCA was firstly applied to the GC-MS spectral data-
sets. PCA showed the distribution of original data, and the discriminations be-
tween the control group (PC) and the Phi-treated groups (PFT and PPT) were 
demonstrated by the PCA score plots (Figure 2). A good discrimination between 
the PC and the PFT and PPT was observed from the PCA score plots, which 
demonstrated that significant changes in the metabolite profile have been caused 
by the two different Phi treatments. However, as the score plot indicated (Figure 
2(b)), the sample (PPT1) situated outside the confidence ellipse, and then it was  
 
Table 1. Metabolites in the four groups detected by GC-MS in this study. 

Compound classes Metabolites 

Amino acids 
alanine, asparagine, aspartic acid, glycine, glutamine,  
isoleucine, leucine, methionine, phenylalanine,  
proline, serine, threonine, tyrosine, valine 

Organic acids 
citric acid, cis-aconitic acid, benzoic acid, butanoic acid, 
palmitic acid, stearic acid citrulline 

Sugars D-fructose 

Sugar alcohol glycerol, inositol 
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Figure 2. Score plots of principal component analysis (PCA) model obtained from polar 
metabolites between treatment groups. (a) PCA plot (R2X = 0.88, Q2(cum) = 0.73) be-
tween PC (control group) and PFT (field foliar treatment); (b) PCA plot (R2X = 0.90, 
Q2(cum) = 0.64) between PC (control group) and PPT (post-harvest treatment). 
 
discarded for further analysis. In order to obtain a higher level of group separa-
tion and get a better understanding of variables responsible for classification, a 
supervised PLS-DA was applied, which showed a significant discrimination of 
the control group and both of the Phi-treated groups (Figure 3). This model 
worked better, and the PLS-DA model explained and predicted 97.2% and 87.6% 
for PFT group of the data according to the cross-validation, and explained and 
predicted 99.2% and 97.6% for PPT group, respectively, which were stable. 

3.3. Amino Acid Changes from Different Treatment Groups 

Analysis of variance (Tukey test, P < 0.05) within the different classes of com-
pounds was performed using Minitab software. A total of 24 metabolites includ-
ing amino acids (14), organic acids (7), sugars (1), and sugar alcohols (2) showed 
a significant difference (Tukey, P < 0.05) in abundance among treatments. The 
most prominent group of metabolites that showed differences across treatments 
was found to be amino acids. The amount of amino acids aspartic acid, leucine, 
methionine, serine, and threonine were significantly increased in both 
Phi-treated groups (PFT and PPT) compared to the control group (PC), whereas  
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Figure 3. Score plots of partial least squares discriminant analysis (PLS-DA) model ob-
tained from polar metabolites between treatment groups. (a) PLS-DA plot (R2X = 0.58, 
R2Y = 0.97, Q2(cum) = 0.88) between PC (control group) and PFT (field foliar treatment); 
(b) PLS-DA plot (R2X = 0.66, R2Y = 0.99, Q2(cum) = 0.98) between PC (control group) 
and PPT (post-harvest treatment). 
 
the amount of the amino acids alanine, asparagine, glutamine and valine were 
found to be decreased (Figure 4(a)) in Phi-treated plants. It has been well re-
ported that alterations in the quantity of amino acids derived from the aspartate 
pathway have been identified to be important for resistance against oomycete 
pathogen like H. Arabidopsis and bacterial pathogen like Pseudomonas syringae 
[45] [46] [47]. Similarly, Berkowitz et al. [48] found that the accumulation of Phi 
affects the metabolism in Arabidopsis, leading to specifically changes in the le-
vels of aspartate and the related amino acids asparagine and glutamate, and 
summarized that these changes in the amino acids are important for phos-
phite-induced resistance against oomycte pathogens. Although there were such 
complicated changes among different treatments in amino acid quantity, when a 
closer attention is paid to both Phi-treated groups, differences within the PFT and 
PPT groups were also noticed. In this case, the amino acids leucine, methionine, 
serine and threonine were significantly higher in post-harvest treatment (PPT) 
than in foliar treatment (PFT) according to Tukey test (Figure 4(a)); while the 
level of amino acids glycine and valine were significantly decreased in PPT as  
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Figure 4. Changes of various metabolites in quantity (relative peak area) responding to 
Phi treatments in three different groups, Control (PC), field foliar treatment (PFT), and 
post-harvest treatment (PPT) in potato tubers. Letters ((a), (b), (c)) show significant dif-
ferences among the groups and samples sharing the same letter are not significantly dif-
ferent according to Tukey test using Minitab software. The unit for Y axis is metabolite 
peak area/IS peak area (normalized for tissue weight). 
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compared to the PFT treatment. Furthermore, the amount of amino acids iso-
leucine, phenylalanine, proline, and tyrosine did not change in the PFT treated 
samples compared to the control, but significantly decreased in the PPT treated 
samples. Amino acid glycine showed a marked increase in the PFT treated sam-
ples, but significantly decreased in the PPT treated samples as compared to the 
control. The reason for this increase of glycine in PFT may be due to that glycine 
is also formed by glyoxylate during photorespiration. In leaves, photorespiration 
provides metabolites for other metabolic processes, e.g. glycine for the synthesis 
of glutathione, which is also involved in stress protections [49] [50] [51]. The 
amino acids isoleucine, leucine and valine are important in the production of 
plant defense secondary metabolites such as cyanogenic glycosides, and glucosi-
nolates [52]. Lim et al. [9] examined the direct effect of Phi application on potato 
leaves using comparative proteomics and identified significant changes in quan-
tity of proteins after Phi treatment in potato leaves. They reported that 
down-regulated proteins were involved in metabolism and energy functions, 
such as amino acid metabolism, starch metabolism, photosynthesis, glycolysis 
and tricarboxylic acid (TCA) cycle; whereas majority up-regulated proteins were 
defense-related and associated with the salicylic acid (SA) dependent pathway, 
antimicrobial activity, the ROS pathway, the Ca2+ dependent pathway and the 
hypersensitivity reaction (HR). We found in this study that Phi induced changes 
in levels of alanine and the abundance of valine, glutamine and asparagine were 
reduced in the Phi-treated plants. This result is consistent with the report by Lim 
et al. [9]. Many studies have also demonstrated a role of amino acids in the es-
tablishment of resistance against plant pathogens [46] [48] [53], and that the al-
teration of specific metabolite levels by feeding or genetic manipulation of plant 
metabolic pathways can lead to resistance against pathogens. Grenville-Briggs et 
al. [54] identified that the biosynthesis of many amino acids was up-regulated in 
plants by fungi and oomycetes during biotrophic growth and also reported that 
genes involved in the biosynthesis of methionine, tryptophan, threonine, and 
branched-chain amino acids were up-regulated in plants after infection. 

3.4. Organic Acid Changes from Different Treatment Groups 

The second group of metabolites showing significant changes responding to the 
Phi treatments was organic acids. Citric acid was significantly up-regulated in 
the PPT group, whereas cis-aconitic acid and benzoic acid were up-regulated in 
both Phi-treated (PFT and PPT) tubers as compared to the control (PC) (Figure 
4(b)). In general, citric acid has frequently been found to be increased under 
phosphorus deficiency, which might act as a strategy to improve phosphorus 
uptake from the soil [55]. Interestingly, differences between the two Phi-treated 
groups (PFT and PPT) were also noticed among these organic acids. For in-
stance, the quantity of palmitic acid, butanoic acid, and citrulline were decreased 
in the PPT as compared to the PFT group (Figure 4(b)). Decreased palmitic acid 
was also reported to be associated with Phi treatment. Citric acid has an impor-
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tant role in TCA cycle which is considered to be a primordial pathway for pro-
duction of starting organic molecules for biosynthesis of sugars, amino acids, 
pyrimidines and lipids. Benzoic acid, derived from phenylalanine, is a precursor 
to several important benzenoid compounds, including floral scent constituents, 
such as phenylethyl benzoate, benzyl benzoate, methyl benzoate [56] [57], the 
defense signalling compounds SA and its derivatives [58] [59], and a number of 
pharmacologically active compounds, such as taxol [60]. It has been well re-
ported that Phi-based fungicides enhanced the expression of defense genes 
whose products are involved in SA and jasmonic acid (JA) pathways in Arabi-
dopsis [22]. Several studies have reported an increased level of benzoic acids in 
Phi-treated plants [9] [20] [21] [22] [23] [24]. Correspondingly, we were able 
to observe changes for the organic acids among the treatments.  

3.5. Sugar and Sugar Alcohol Changes from Different Treatment  
Groups 

Differences in D-fructose were found to be non-significant in all the three 
treatments according to ANOVA (Figure 4(c)). However, sugar alcohols, such 
as glycerol and inositol, were all significantly up-regulated in response to Phi 
treatments (both in PFT and PPT) as compared to the control (PC). It has been 
well documented that glycerol plays an important role in the biosynthesis of 
glycerol-3-phosphate (G3P) through glycerokinase, and that G3P is an impor-
tant metabolite that contributes to the growth and disease-related physiology of 
plants. Chanda et al. [61] reported that G3P serves as the inducer of an impor-
tant form of broad-spectrum immunity in plants, termed systemic acquired re-
sistance (SAR). SAR is induced upon primary infection and protects distal tis-
sues from secondary infections. Inositol is an intermediate in the biosynthesis 
and degradation of the phosphate-storage compound phytate [62], so the in-
crease of inositol might indicate the mobilization of phosphate from, or a re-
duced flux into, storage pools [48].  

Lovatt and Mikkelsen [63] also reported that Phi may influence sugar meta-
bolism, cause internal hormonal and chemical changes, and induce the SA 
pathway, resulting in increased floral intensity, and fruit yield and quality in 
various crops including onions, potatoes and tomatoes. Burra et al. [24] investi-
gated transcriptome analysis of potatoes after Phi treatment and found that 
transcripts associated with defense, wounding, and oxidative stress constituted 
the core of the Phi response. They also observed changes in primary metabolism 
and cell wall related processes. Although several studies have reported the nega-
tive effects of Phi on the growth of plants [64]-[69], its mode of action at the 
molecular level is not fully understood [23] [70]. Even though the proteomic 
analysis [9], transcriptomic profiling [24] and high-performance ion chromato-
graphy (HPIC) method [10] have been used for assessing the accumulation of 
Phi in potato tubers, a detailed study of metabolite changes in response to Phi 
can increase our understanding of plant defense responses, interactions between 
metabolic networks and basic plant metabolism. Metabolomics is a powerful 
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approach to gain a comprehensive perspective of how metabolic networks are 
regulated and has increasingly been applied by many researchers in recent years. 
It can be used to elucidate the functions of genes and complements transcript 
profiling and proteomic in functional genomics and systems biology [71] [72].  

The main limitation of the GC-MS profiling is that it can only measure vola-
tile compounds or compounds that can be volatilized following chemical deriva-
tization. The other approaches such as liquid chromatography-mass spectrome-
try (LC-MS) and capillary electrophoresis-mass spectrometry (CE-MS) provide 
better alternatives for non-volatile compound analysis [73] [74] [75]. The cur-
rent study is the first to investigate plant metabolites in the two, foliar or 
post-harvest Phi treatments (PFT and PPT), including amino acids, organic ac-
ids and sugar alcohols in potatoes. Analysis of a number of metabolites showed 
differences in their quantity. Since a large number of peaks could not be identi-
fied by using the NIST library alone, we were restricted regarding the number of 
metabolites that could be analysed in the samples. Our earlier proteomic profil-
ing study using Phi [9] confirmed that proteins related to metabolisms of amino 
acids, organic acids and carbohydrates in potatoes have been regulated. Our 
on-going work on gene expression profiling by RNA sequencing may further 
provide detailed data in enriching this study.  

Although the number of metabolites detected was small in this study, the re-
sults showed the capability of metabolite profiling, clustering and statistical ana-
lyses to identify potential metabolite differences in the Phi-treated groups com-
pared to the control group. This study provided us with a more comprehensive 
view of the metabolites and increased our understanding of Phi-induced resis-
tance of plants to oomycete pathogens. 

4. Conclusion 

The GC-MS based metabolomic approach was used to examine the effects of Phi 
applications on potato tubers through foliar or post-harvest application. Signifi-
cant differences were identified in the levels of many metabolites including 
amino acids, organic acids, and sugars. These results demonstrated the potential 
role of Phi-based fungicides in altering the abundance of specific metabolites in 
potato tubers, which provided a novel insight in our understanding of the me-
chanism of Phi induced resistance of potato tubers to pathogens, especially P. 
infestans. 
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Supplementary 

Table S1. Tentative identification of major metabolites. 

Peak RT 
(min) 

Metabolite Derivative product identified by NIST MS library search 

Polar 

9.08 Methanediimine Silanamine, N,N’-methanetetraylbis[1,1,1-trimethyl] 

10.65 Borate Tris(trimethylsilyl)borate 

13.19 L-Valine L-Valine, trimethylsilyl ester 

15.87 Buane 3-Methyl-1,3-bis(trimethylsilyloxy)butane 

18.40 L-Valine L-Valine, N-(trimethylsilyl)-, trimethylsilyl ester 

20.12 Phosphate Silanol, trimethyl, phosphate (3:1) 

20.92 Proline L-Proline, 1-(trimethylsllyl)-, trimethylsllyl ester 

21.09 Isoleucine L-isoleucine, N-(trimethylsilyl)-, trimethylsllyl ester 

22.49 Benzonic acid Benzoic acid, 2-methyl-, trimethylsilyl ester 

23.40 Serine Serine tritms 

24.36 L-threonine N,O,O-Tris(trimethylsilyl)-L-threonine 

24.65 Asparagine Asparagine 

25.37 B-alanine B-alanine 

27.29 Malic acid Malic acid, O-(trimethylsilyl)-, bis(trimethysilyl)ester 

 
Butanedioic acid Butanedioic acid, [(trimethylsilyl)oxy], bis(trimethylsilyl) ester 

27.51 L-Proline L-Proline, 5-oxo-1-(trimethylsilyl)-, trimethylsilyl ester 

27.78 L-methionine L-Methionine, N-(trimethylsilyl)-, trimethysilyl ester 

28.20 L-Aspartic acid L-Aspartic acid, N-(trimethylsilyl)-, bis(trimethylsilyl) ester 

28.47 Butanoic acid Butanoic acid, 4-[bis(trimethylsilyl)amino]-, trimethylsilyl ester 

30.84 L-Phenylalanine N,O-Bis(trimethylsilyl)-L-phenylalanine 

30.98 Glutamine Glutamine, tris(trimethylsilyl)- 

32.23 L-Asparagine L-Asparagine, N,N-bis(trimethylsilyl)-, trimethylsilyl ester 

36.31 Citrulline Citrulline 

36.68 1,2,3-Propanetricarboxylic acid 1,2,3-Propanetricarboxylic acid, 2-[)trimethylsilyl)oxy]-, tris(trimethylsilyl) ester 

38.56 D-Fructose D-Fructose, 1,3,4,5,6-pentakis-O-(trimethylsilyl)-, O-methyloxime 

 
D-Ribose D-Ribose, 2,3,4,5-tetrakis-O-(trimethylsilyl)-, O-methyloxime 

38.78 D-Fructose D-Fructose, 1,3,4,5,6-pentakis-O-(trimethylsilyl)-, O-methyloxime 

 
D-Ribose D-Ribose, 2,3,4,5-tetrakis-O-(trimethylsilyl)-, O-methyloxime 

39.17 D-Galactose D-Galactose, 2,3,4,5,6-pentakis-O-(trimethylsilyl)-, O-methyloxyme, (1E)- 

 
D-Glucose D-Glucose, 2,3,4,5,6-pentakis-O-(trimethylsilyl)-, O-methyloxyme, (1E)- 

41.26 Hexadecanoic acid Hexadecanoic acid, trimethylsilyl ester 

43.71 Inositol Inositol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)-, scyllo- 

 
Myo-inositol Myo-inositol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)- 

45.55 Octadecanoid acid Octadecanoic acid, trimethylsilyl ester 

54.96 Sucrose 
Alpha-D-glucopyranoside, 1,3,4,6-tetrakis-O-(trimethylsilyl)-,  
beta-D-fructofuranosyl-2,3,4,6-tetrakis-O-(trimethylsiyl)- 

https://doi.org/10.4236/ajps.2018.94065


X. X. Gao et al. 
 

 

DOI: 10.4236/ajps.2018.94065 864 American Journal of Plant Sciences 

 

Continued 

60.92 Lactose 
D-Glucopyranose, 4-O-[2,3,4,6-tetrakis-O-(trimethylsilyl)-,  
beta-D-galactopyranosyl]-1,2,3,6-tetrakis-O-(trimethylsilyl)- 

 
Melibiose Melibiose, octakis(trimethylsilyl)- 

70.95 Cellobiose 
D-glucose, 
4-O-[2,3,4,6-tetrakis-O-(trimethylsilyl)-beta-D-glucopyranosyl]-2,3,5,6-tetrakis-O-(trimethylsilyl)- 

 
Maltose Maltose, octakis(trimethylsilyl) 

Non-polar 

10.68 Borate Tris(trimethylsilyl)borate 

19.04 
Benzene, 
2,3-bis-(1,1-dimethylethyl)  

 
Benzene, 
1,4-bis-(1,1-dimethylethyl)  

25.30 1H-indole-3-acetonitrile 1H-indole-3-acetonitrile, 1-(trimethylsilyl)- 

 
N-(trifluoroacetyl)-glycine Glycine, N-(trifluoroacetyl)-, trimethylsilyl ester 

28.50 2,6-Di-tert-butylphenol Trimethyl(2,6-ditert-butylphenoxy)silane 

34.31 2-Methyl-1-hexadecanol 
 

 
2-Octadecayloxy-ethanol 

 
35.06 2-Methyl-1-hexadecanol 

 
36.59 Myristic acid or C 14:0 Tetradecanoic acid, trimethylsilyl ester 

38.90 Pentadecanoic acid or C 15:0 n-Pentadecanoic acid, trimethylsilyl ester 

41.29 Palmitic acid or C 16:0 Hexadecanoic acid, trimethylsilyl ester 

43.45 Heptadecanoic acid or C 17:0 Heptadecanoic acid, trimethylsilyl ester 

44.74 Linoleic acid or C 18:2 9,12-Octadecandienoic acid (Z,Z)-, trimethylsilyl ester 

45.56 Stearic acid or C 18:0 Octadecanoic acid, trimethylsilyl ester 
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