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ABSTRACT

Seedlings of cucumber cultivars differing in their degree of resistance to
Fusarium oxysporum. f. sp. cucumerinum J.H. Owen were inoculated with a fungal
spore suspension (1 x107/ml) or deionized water, thereafter the root exudates were
collected. Amino acids in the root exudates were analyzed with an Automatic Amino
Acid Analyzer and the other compounds in the exudates were detected by gas
chromatography-mass spectrometry (GC-MS). The number of amino acid types and the
overall proportion of amino acids in the resistant cultivars were higher than susceptible
cultivars. Phenylalanine, valine, methionine, glycine and cystine were found in the root
exudates of all cultivars in both treated and untreated seedlings. However, the total
percentage of these five amino acids in root exudates from uninoculated seedlings was
higher than inoculated seedlings. The total percentage of these amino acids in root
exudates from susceptible cultivars was higher than resistant cultivars. Besides the
soluble amino acids, 85 other compounds were detected by GC-MS in the root exudates.
Regarding the uninoculated seedlings, the number and abundance of all compounds
were higher in the root exudates of susceptible cultivars than in resistant cultivars.
Furthermore, the number and abundance compounds were higher in the root exudates
from inoculated seedlings than in uninoculated seedlings. A possible relationship
between the content of organic acids (acetic acid and benzoic acid) in the root exudates
and resistance to Fusarium wilt by the cucumber cultivar was indicated.

Keywords: Amino acids, cucumber cultivars, Fusarium oxysporum f.sp.
cucumerinum, gas chromatography-mass spectrometry, inoculation,
organic acids. root exudates

INTRODUCTION

Root exudates comprise of many substances released into the cultivation medium
(such as soil or nutrient medium) through the different parts of root system during plant
growth. Buxton showed that the differences in biochemical characteristics between resistant
and susceptible cultivars could affect the crop’s disease resistance, which may be reflected
in root exudates and also showed that different crop cultivars secreted root exudates of
different composition (1). Many subsequent studies have indicated that root exudates of
different crops contain distinctly different types and concentrations of amino acids and
organic acids (5,8,11,13,14,15).
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Cucumber (Cucumis sativus L.) is a vegetable crop grown worldwide. Its Fusarium
wilt (caused by Fusarium oxysporum f. sp. cucumerinum J.H. Owen) a soil disease
occurring worldwide drastically reduces its crop yields (4). There is great variation in
disease resistance in cucumber cultivars. Some recent studies have investigated the
histopathology of cucumber cultivars differing in their resistance to Fusarium wilt, the
genetic mechanism of resistance to Fusarium wilt and the relationship between resistance
and other agricultural characters (2). However, there is little information about the
pathogenic effects on the composition of root exudates from cucumber cultivars differing in
their resistance to Fusarium wilt.

In this study, through amino acid and gas chromatography-mass spectrometry
(GC-MS) analysis of the root exudates of inoculated and uninoculated cucumber seedlings,
we investigated the differences in the composition of root exudates of cucumber cultivars
differing in their degree of resistance to fusarium wilt and the pathogenic effects on the
composition of root exudates. The research aimed to ascertain the possible mechanism by
which some cucumber cultivars have increased resistance to Fusarium wilt and ultimately
will lay the foundation for development and implementation of preventive measures and a
curative treatment for the disease and enable biochemical screening of cucumber cultivars
for resistance to fusarium wilt.

MATERIALS AND METHODS

Study material and culture media

Cucumber cultivars: The test cuacumber cultivars were obtained from the Harbin Academy
of Agricultural Sciences, Harbin, China and their respective disease index values are listed
in Table 1.

Table 1. The cucumber cultivars used in the study and their degree of resistance to Fusarium
oxysporium f. sp. cucumerinum.

Cucumber cultivar Disease index Disease resistance
Jinyou 3# 20.34 R
Zhongnong 13 25.33 R
Qiupeng 68.25 S
Jinyan 4# 72.67 S

R: Resistant, S: Susceptible

Fusarium oxysporum f. sp. cucumerinum: Fusarium oxysporum f. sp. cucumerinum was
isolated from the cucumber plants infected with fusarium wilt grown in our Experimental
Station. It was identified as ‘race 4’ by Plant Protection Department of our University.

Abio-nutrient solution: The nutrient solution had the following composition: calcium
nitrate 472 mg/L, potassium nitrate 404 mg/L, potassium dihydrogenphosphate 100 mg/L,
magnesium sulphate 264mg/L, Na,Fe-EDTA 30 mg/L, boric acid 2.86 mg/L, manganese
sulphate 2.13 mg/L, zinc sulphate 2.22 mg/L, copper sulphate 0.08 mg/L and ammonium
molybdate 0.02 mg/L.
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Plant cultivation medium: Plants were grown in sterilized vermiculite (bulk density 0.23
g/lem®, pH 6.7, electrical conductivity 0.8 ms/cm.

Experimental procedures

Spore suspension preparation: Fusarium oxysporum f. sp. cucumerinum was grown in
potato, dextrose and agar (PDA) culture medium as per method of Ju Huiyan (11). All Petri
dishes (8.5 cm dia) were cleaned, dried and autoclaved for 30 min and then dried before use.
The PDA medium was autoclaved for 30 min, then 25 mL of medium was added to each
Petri dish. After incubation, mycelia of F. oxysporum were inoculated on the medium
surface in each Petri dish and incubated for 6 days at 25°C. The fungal colonies were
scratched and a spore suspension containing 1x10’ spores/mL was prepared (5).

Cucumber seedlings preparation: Seeds of cucumber cultivars were washed for several
minutes with sterilized water, after which they were first soaked in water at 55°C for 15 min
and then in water at 30°C for 12 h. After rinsing several times with sterilized water, the seeds
were germinated in the dark at 30°C for two days. When radicles were 0.5 cm long, the seeds
were sown in 50-hole agricultural seedling trays containing sterilized vermiculite. For each
cultivar 24 trays of seeds were sown. The seedlings were grown at 28°C day/15°C night in a
greenhouse.

Nutrients solution (either 1/4, 1/3, 1/2 or full strength) was applied once daily to the
vermiculite during the experimental period. Deionized water was added daily to replace the
water loss by evapotranspiration. Seedlings were inoculated by injecting 10 mL spore
suspension into the root rhizosphere, when the seedlings had produced three leaves (at 21
days after germination). Deionized water was injected into the rhizosphere of the control.

Collection of root exudates: The collection of root exudates was based on the method of
Wu et al. (15). When the fourth leaves of all seedlings had developed, 6 d after inoculation,
the seedlings were removed from vermiculite, washed sequentially with water four times,
with distilled water four times and finally once with deionized water. The 500 seedlings
were placed into cultivation channel (150 cm x 100 cm x 12 cm) and cultured in 80L water
for 2 days. Then about 22-24 L culture solution remained in each cultivation channel. The
culture solutions were collected, roughly filtered through a Buchner's filter twice and then
filtered through 0.45 um film. The filtrate was collected and stored below 10°C prior to use.

Root exudate analysis

Determination of dissociative amino acids: The concentrated root exudates were analyzed
with an Automatic Amino Acid Analyzer (L-8800, Hitachi, Japan).

GC-MS analysis: Root exudate solution (1250 mL) was concentrated to 0.8 mL/plant by
lyophilization, then filtered through 0.22 pm film and stored at 5°C before use. Two
microliters of the concentrated root-exudate solutions were extracted in 20 mL butanol,
shaked on an orbital shaker for 5 min and left for 10 min. The extraction solutions were dried
with anhydrous calcium chloride, filtered through 0.45 pm film and analyzed by GC-MS
(model GC6890-MS5973, Agilent Technologies, USA). Detected conditions followed the
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method of Han (6). Gas chromatography was performed with a HP-5MS capillary column
(cross-linked 5% phenyl-methyl-siloxane, 30 m x 0.25 mm i.d., 0.25 um film thickness).
The carrier gas was helium at a flux of 1 ml/min. The temperature gradient was 40°C,
retained for 2 min, raised to 250°C at 6°C/min, retained for 15 min. The injected sample
volume was 1 pl. The mass spectrum conditions were: electron bombardment ion source,
bombardment voltage 70 eV, electron source temperature 230°C, scan range 30—600 amu
and scan speed 0.2 s in the whole course.

Compounds detected in the root exudates were identified by searching in the
NIST98 mass spectral database (National Institute of Standards and Technology, USA).
Data analysis: Data were analyzed using Microsoft Office Excel 2001 and SAS 6.0.

RESULTS

Analysis of amino acids in root exudates

The amino acids detected in the different root exudates are listed in Table 2. Eleven
amino acids were identified. Arginine was not detected in any exudate, whereas
phenylalanine, valine, methionine, cystine and glycine were detected in all exudates.
Differences between the treatments in the amino acid spectrum were evident. Many amino
acid types were detected in the root exudates from the susceptible cultivars than from
resistant cultivars. The number of amino acids detected were less in the inoculated
seedlings.

Table 2. Amino acids detected in root exudates of inoculated and uninoculated seedlings of cucumber
cultivars susceptible or resistant to Fusarium oxysporium f. sp. cucumerinum. v indicates
that the particular amino acid was detected. See Table 2 for explanation of the treatment

codes
Amino acids Susceptible cultivars Resistant cultivars
Uninoculated Inoculated Uninoculated Inoculated
Qiupeng Jinyan Qiupeng Jinyan Zhongnong Jinyou Zhongnong Jinyou

44 44 13 3# 13 3#

Cystine \ \ N \ N \ \ \/

Asparine Y \

Threonine Y \/ Y V

Serine V \ \/ \/

Glycine \ \ S \ S \ \ V

Alanine Y Y \/ Y \/ Y V

Valine v v v v v V v v

Methionine \ \ S \/ \ \ \ \/

Phenylalanine \ \ \/ \ \/ \ \ V

Lysine Y

Histidine Y Y \ V

The proportion of the total amino acids for each of the five amino acids
(phenylalanine, valine, methionine, cystine and glycine) detected in all treatments are listed
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in Table 3. In uninoculated seedlings, the total proportion of these five amino acids in
susceptible cultivars (24.6%) was higher than resistant cultivars (22.1%) (Table 3). The total
proportion of these five amino acids in inoculated seedlings (21.05%) was lower than
uninoculated seedlings (23.36%). Except for Jinyou 3#, the proportions of each of these five
amino acids in the other three cultivars showed a reduction after inoculation (i.e. Zhongnong
3#, Qiupeng, Jlinyan 4#). Except for glycine, which showed a reduction in proportion, all
other four amino acids increased in their proportion of the total amino acids in Jinyou 3#.

Table 3. Percentage of the total amino acids per treatment for the five amino acids detected in the root
exudates of all treatments.

Cucumber Proportion of the total amino acids detected (%)
culture Cystine Glycine Valine  Phenylalanine Methionine >

Uninoculated

Qiupeng 4.61 0.52 14.19 0.32 1.62 21.26
Jinyan 4# 5.66 1.83 17.77 0.39 2.29 27.94
Zhongnong 13# 5.54 0.48 16.32 0.56 2.15 25.05
Jinyou 3# 3.93 1.47 12.02 0.30 1.47 19.19
Inoculated

Qiupeng 3.01 0.50 9.38 0.26 1.06 14.21
Jinyan 4# 4.59 0.16 14.79 0.33 1.78 21.56
Zhongnong 13# 3.71 0.32 11.89 0.45 1.37 17.74
Jinyou 3# 6.61 0.85 20.32 0.44 2.50 30.72

GC-MS analysis of other compounds in cucumber root exudates

Types and abundance of other compounds in cucumber root exudates

The results of two detection conditions were essentially consistent (Table 4). The
number of compounds and abundance of compounds detected from root the exudates of
uninoculated seedlings were greater than inoculated seedlings. Their reduced abundance in
root exudates from inoculated seedlings was more pronounced in the susceptible cucumber
cultivars than in resistant cultivars. Moreover in uninoculated seedlings, the number and
abundance of compounds in root exudates from susceptible cucumber cultivars were higher
than resistant cultivars.

Identification of compounds in cucumber root exudates

In total, 85 compounds were detected in the cucumber root exudates, including
alcohols, alkyls, esters, acids, oximes, benzenes, ketones, furans, alkenes and pyrrole. Of
these, 17 compounds were detected in all treatments (Table4). Nine compounds or those
containing similar functional groups were identified in the eight treatments: p-xylene,
o-xylene, benzene, 1,3-dimethyl, ethylbenzen, 4-heptanone, 3-methyl, 4-heptanol, 3-methyl,
butanoic acid, butyl ester, 1,3-cyclopentadiene, 5-(1-methyl ethylidene), 1-hexanol, 2-ethyl.
Further inspection showed that 26 compounds were only present in root exudates of resistant
cultivars and inoculated seedlings. These compounds comprised of ketones, alkyls, acids,
oximes, furans, alkenes, amines, esters and pyrrole. Of these, 7-organic acids (Malic acid,
benzoic acid, acetic acid, maleic acid, butyric acid, acetic acid and quinoline carboxylic
acid), accounted for the largest proportion (Table 4).
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In uninoculated seedlings, 11 organic acids were present in the root exudates of resistant
cultivars, whereas only 5-compounds were present in susceptible cultivars (Table 4).
Following inoculation, organic acids (acetic acid, benzoic acid and maleic acid) were
increased in the root exudates of resistant cultivars, whereas ketones, alcohols and alkyls
were reduced. After inoculation of susceptible cultivars, organic acids (acetic acid, benzoic
acid, butyric acid and phosphate acid) increased in the root exudates and new ketone,
alcohol, alkyl compounds were detected (Table 4).

DISCUSSION

The main ecological effect of amino acids in root exudates is their nutritional effect
in the rhizosphere and root exudates from disease-susceptible cultivars tend to contains
more number of amino acids and in higher concentrations. Liu et al. (9) analyzed amino
acids present in the root exudates of cotton cultivars differing in their resistance to wilt and
found that root exudates of susceptible cultivars contained more amino acids than resistant
cultivars. The results of Yuan (17) and our present study are consistent with the findings of
Liu et al. (9). Pan and Wu (10) suggested that arginine only occurred in root exudates of
cucumber cultivars with intermediate resistance to fusarium wilt and found that five amino
acids (cystine, glycine, valine, phenylalanine, methionine) and disease resistance were
negatively correlated (10). In this study we found that after inoculation of Jinyou 3#, the
changes in the 4 amino acids (cystine, valine, phenylalanine and methionine) were different
than in other cultivars (Zhongnong 3#, Qiupeng and Jlinyan 4#), which indicats that there
may be different resistance mechanisms in various cucumber cultivars. This hypothesis
should be studied further.

These results showed that there were differences in the types and abundance of
compounds in root exudates of cucumber cultivars, which is consistent with the findings of
previous studies (1,13,17). The change in composition of cucumber root exudates following
inoculation is similar to the results of Han (7). Elroy and Truelove (3) considered that after
infection of plant by pathogen, carbohydrates, amino acids, proteins, lipids and nucleic acid
metabolism changed and the root exudation accelerated. However, in the present study, the
abundance of compounds detected in root exudates from uninfected seedlings was higher
than inoculated seedlings. The reason for this might be the short time period after
inoculation over which the root exudates were collected. The seedlings were probably still at
an early stage of disease development. A longer experimental period might result in different
conclusions.

We found a possible relationship between the organic acids (especially acetic acid
and benzoic acid) in root exudates and resistance to Fusarium wilt. These results are similar
to previous studies. Some plants excrete citric acid, guavas acid, malic acid, benzoic acid
and cinnamic acids. Of these compounds, benzoic acid, cinnamic acid and some
hydroxybenzene compounds could have allelopathic effects in the rhizosphere (12,19).
However, in the present study, cinnamic acid and p-hydroxybenzoic acid, which are reported
to be allelochemicals, were not detected in cucumber root exudates. This finding might be a
result of the use of different cultivars and treatment methods. The reason for the absence of
these compounds should be studied further. In addition, we found that there was a consistent
change in the contents of ketones, alcohols, alkyls in the root exudates. The biological
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characteristics of these organic substances and their relationship with disease resistance
should also be further investigated.
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