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The ultimate goal of this research is to develop an efficient, reproducible and low
cost method for analysis of VOCs in complex mixtures such as those in exhaled breath
and in headspace of fungi cultures. In Chapter I; analytical methods for volatile
biomarkers identification is reviewed
In Chapter II, active SPME GCMS was employed to analyze VOCs in the breath
of a single healthy male and a single female. The goal was to determine the extent of
intra-individual variations in the VOC profiles.
In Chapter III, a preliminary study was carried out in a greenhouse to determine
the pathogenicity of different isolates of M. phaseolina on soybeans. This will allow, in
future studies, the matching of VOC profiles of different isolates of M. phaseolina with
their relative pathogenicity. This is a key step towards the development of an early
warning system for the detection of pathogenic M. phaseolina fungus contaminations.
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CHAPTER I
INTRODUCTION

1.1
1.1.1

Volatile Organic chemical biomarker identification
Introduction
The term biomarker can be defined as a set of volatile metabolites produced by an

organism that can be used for identification of the organism or identification of some biological
and pathogenic processes within that organism. The use of volatile biomarkers for health
diagnosis may one day become attractive because of its noninvasive, low cost per analysis, and
user-friendly nature compared to other biomarker screening methods that involve the collection
and analysis of blood, urine, and stool samples.
It has been established that human exhaled breath contains hundreds of volatile organic
compounds (VOCs) that could be used as a chemical signature of certain diseases.1 The major
limitations of breath analysis are lack of standard sample collection protocols and analysis
methods.2, 3 Many studies have been done in this field without good agreement because of
differences in sample collection and analysis methods.4 Subject health, diet, environmental
exposure, and endogenous and exogenous factors also cause differences in the VOC profiles. 5
In this chapter (Chapter I), VOCs analysis methods are described briefly and compared
on the basis of their figure of merits. The use of chemometrics as a tool for biomarker
identification is reviewed briefly with an emphasis on Principal Component Analysis (PCA).
In Chapter II, multiple exhaled breath samples were collected from a healthy or normal
male and female and analyzed using active SPME-GCMS. The goal of this work was to
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determine natural variability of VOCs in exhaled breath during the day and from day to day. The
VOCs profiles of healthy subject (s) could be used as baseline (control) in disease diagnosis in
future studies.

1.1.1.1

Why we are interested in biomarkers

1.1.1.2

Disease diagnosis
A change in volatile metabolite concentrations may be an indicator of some diseases,

and thus may one day be employed in widespread clinical diagnosis. Biomarkers, found in many
biological fluids such as urine, breath, blood, saliva, and semen have been studied widely for
disease diagnosis using modern methods of analysis and bioinformatics.6
Abnormal metabolic activities are expected to produce an altered set of metabolic
byproducts compared to healthy subjects. Many of these metabolites will be transported in the
blood and, if volatile, will be passed into the breath. Thus the state of health or metabolic
disorders of a diseased patient has the potential to be determined by VOC biomarkers in exhaled
breath.4 Despite the numerous discrepancies in this field, common potential exhaled breath
biomarkers have been detected and linked to diseases such as lung cancer,7 tuberculosis,8 and
type 2 diabetes mellitus.9 Abnormal levels of breath chemicals such as isoprene, acetone, pentane,
and nitrotyrosine have been associated with metabolic disorders and diseases such as elevated
blood cholesterol, lung cancer, liver diseases; and asthma respectively.10

1.1.1.3

Fungi Identification
Fungal contamination can cause disease in plants, animals and humans and often requires

rapid, accurate and early detection methods to enhance disease monitoring and management
strategies. 11 Common methods for fungi identification and characterization include fluorescence
in situ hybridization (FISH), DNA array hybridization, and multiplex polymerase chain reaction
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(PCR). 11, 12 These methods provide quick and accurate detection of fungus but because of their
high cost and complexity they have not been used as routine diagnostic tools.13
Fungi volatile biomarkers are produced through primary (DNA, amino and fatty acid
synthesis) and secondary (glucose oxidation) metabolisms pathways. It has been established that
fungal species and isolates of fungi produce unique VOCs that can be used as biomarkers for
fungi identification.14 Nilsson et. al 15 identified Penicillium spp using 1-octen-3-ol, 3-octanol,
and sesquiterpenes as volatile biomarkers.
The future goal of our work is to discriminate between different isolates of
Macrophomina phaseolina using volatile organic compound biomarkers. In Chapter III, the
pathogenicity of eight isolates of Macrophomina phaseolina on soybeans was studied under
greenhouse conditions.

1.1.1.4

Chemical ecology
Some VOCs present in the environment have adverse effect on humans, animals, and

plants and can be mutagenic, carcinogenic, and harmful to children and unborn fetuses.16 Some
VOCs can undergo additional chemical reactions in the environment to produce damaging
products. For example, chemical interactions of oxides of nitrogen and VOCs and sunlight
produces ground-level ozone which affects crops and vegetation, reduce visibility, and makes
respiration difficult. In plants, some of the VOCs produced have repellent or cytotoxic activities
which can help plants deter predators.
Fungi including Aspergillus, Penicillium, and Stachybotrys under favorable conditions
can grow on building materials and in research laboratories.17 VOCs produce by these fungi can
cause gastrointestinal tract problems, headaches, fatigue, asthma, and respiratory infection. 17 The
study of VOCs produced by fungus and human exhaled breath will serve as the basis for
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developing methods for biomarker identification of the presence of fungus and state of health
respectively.

1.1.2

Volatile biomarker analysis techniques

1.1.2.1

Chemical analysis
There are several methods for analysis of volatile organic compounds biomarkers. The

composition of the sample and the matrix must be considered when choosing the best analytical
method. Most methods discussed in this chapter are appropriate for analysis of VOCs in exhaled
breath, and fungi cultures.
Exhaled breath and fungi cultures consist of hundreds of VOCs which are present in
moderate (a few percent) to trace amounts (ppb or ppt). 18, 19 Volatile biomarkers have been
studied widely for disease diagnosis applications. However, despite significant advancements in
this field in the past decades, detection of volatile biomarkers in biological systems still remains a
challenge.
To identify and quantify accurately VOC biomarkers, analytical techniques with high
sensitivity, specificity, accuracy, low response time, low detection limit, and reasonable cost are
key.20 In Chapter II, analytical techniques such as selected ion flow tube mass spectrometry
(SIFT-MS), proton transfer reaction mass spectrometry (PTR-MS), ion mobility spectrometry
(IMS), and solid phase microextraction–mass spectrometry (SPME-GCMS) are discussed briefly.
The characteristics of the techniques described in this chapter are compared as shown in Table
1.1.21
The analytical techniques, SIFT-MS and PTR-MS have been developed for potential
clinical applications. These techniques can be used online for real-time analysis of VOCs in
complex mixtures and high humidity samples with high sensitivity over wide dynamic range.
Smith et. al22 used SIFT-MS to detect and monitor the changes in the concentration profiles of
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ammonia, acetone, isoprene, and ethanol in exhaled breath of five subjects over a period of 30
days. PTR-MS was used by Karl et. al 23 to measure the concentrations of isoprene, and to study
the correlations between isoprene in human breath and blood cholesterol level.
Ion mobility spectrometry is a portable, inexpensive and fast method for detecting VOC
biomarkers. This technique is well established for detecting chemical warfare agents, explosives,
and illegal drugs. 24 IMS coupled with multi-capillary column (MCC) is useful for the fast
analysis of complex and humid gas samples.24, 25 Boguslaw et. al 26 used IMS-MCC to detect
formaldehyde, benzene, toluene, furan, acetonitrile, acetone, and 2-propanol in exhaled air. IMSMCC has been used by Thorsten et. al 24 to detect volatile metabolites produced by Aspergillus
fumigatus and Canidida species.
Gas chromatography mass spectrometry is the most widely used technique for analysis of
VOC biomarkers. GCMS can be part of the method that satisfies the requirement of compound
selectivity and limit of quantification because often a preconcentration step is used in
conjunction. This technique is not real time and sample analysis requires about 20 to 40 minutes.
In clinical practice, GCMS has limited application for biomarkers identification because it
requires a trained operator and produces huge complex data sets. In SPME, preconcentration is
done by exposing fibers to the VOCs in the sample for about 5-15 minutes.27 After each analysis
the fiber needs intensive cleaning which is time consuming. SPME techniques operate either in
the passive or active mode. In the passive mode analytes diffuse onto fibers followed by thermal
desorption into a GC column for separation of collected compounds and detection in the mass
spectrometer (Figure 1.1). When used in the active mode analytes are passed by the fiber material
for efficient adsorption.
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Figure 1.1

SPME fiber used in a passive mode.

Both headspace absorption and injection port desorption of analytes are shown.28

In Chapter II, a low cost, non-invasive, efficient and reproducible method for breath
analysis was employed. Active SPME-GCMS is an improved method for analysis of volatile
biomarkers. In this method, sample preconcentration was done by condensation of the breath
VOCs components. Exhaled breath condensate (EBC) contains VOC biomarkers that may
provide information about a subject’s state of health.4 Active SPME- GCMS offers a reduced
analysis time due to the absence of a fiber conditioning step and enhanced reproducibility through
automated steps for precise and consistent analysis of breath sample volume. In active SPMEGCMS, each step is carefully controlled by a Deans switch. The Active SPME GC-MS consist of
an auto sampler, Deans switch, preconcentrator, vacuum and pressuring unit and GCMS (Figure
1.2). The instrumental parameters and experimental procedures for the analysis of exhaled breath
using active SPME GCMS is described in chapter II. A picture of active SPME-GCMS used for
this work is shown in figure 1.3.
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Figure 1.2

Figure 1.3

Table 1.1

Schematic diagram showing the auto sampler, preconcentrator, and GCMS

system.29

Auto sampler and preconcentrator coupled to the GCMS

Comparison of the characteristics of volatile biomarkers analysis techniques

Analytical Modes of operation Sensitivity
techniques
SIFT-MS
Direct/real time
High

Specificity

LOD

High

ppbv

PTR-MS

Direct/real time

High

Medium-High

pptv

IMS

Real time

Medium

Medium

ppbv

Very-High

Very High

pptv-ppbv

GCMS
Pre-concentration
LOD = limit of detection
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1.1.2.2

Chemometrics
Chemometrics are chemical disciplines that employ mathematics and statistics in
order to optimize and design experiments and to extract useful information from complex
chemical systems.30 Chemometrics can be applied in chemistry, biochemistry, and
chemical technology for modeling and analysis of complex chemical or biological data
tables. Chemometrics can be useful in biomarker determinations.
In determining volatile biomarkers, the VOC data is subjected to four main
steps: signal preprocessing, normalization and dimensionality reduction, statistical
analysis, and validation.31 The VOCs produced by fungi and in human exhaled breath are
complex and vary in composition and abundance. This combination makes the use of
chemometrics in determining potential biomarkers very necessary.
Dimensionality reduction of VOC data removes irrelevant information thus
easing interpretation. In VOC biomarker identification, the data is subjected to either
feature extraction or feature selection approaches. In the feature extraction approach, high
dimensionality data is reduced to low dimensionality data to extract useful biological
information. In the feature selection approach all possibilities within the sample space are
evaluated to facilitate data visualization and understanding, reduce measurement and
storage requirements, and improve prediction performance by reducing the curse of
dimensionality in the VOC data.32 One of the most widely used data analysis technique
for VOC biomarkers identification is Principal Component Analysis (PCA). In PCA, the
observed variables are reduced to components to account for variation among the
variables. In PCA, the data is linearly transformed to minimize redundancy (determined
via the covariance), and maximize information in data to account for the differences
among the observed variables (determined via the variance).33
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Other data analysis methods such as linear discriminant analysis (LDA), partial
least squares discriminant analysis (PLS-DA), univariate testing, and orthogonal
projection to latent structures discriminant analysis (OPLS-DA) are frequently used in
VOC biomarker identification and disease diagnosis.34
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CHAPTER II
VARIATION IN VOLATILE ORGANIC COMPOUND CONTENT IN THE BREATH
OF A HEALTHY MALE AND FEMALE

2.1

Abstract
Analysis of volatile metabolites in normal or healthy human breath was

successfully carried out using a novel method with an analytical technique that is
reproducible and highly sensitive. The goal of the study was to determine whether intraindividual variation exist in volatile organic compound profiles in male and female
exhaled breath. Active SPME GCMS was successfully used to achieve the goal of the
study.
The results obtained indicate that in breath analysis there is significant natural variation
in the breath VOCs profiles. Several compounds were detected in all samples; however, only a
few were consistently present. Small peak areas from the chromatograms indicate that many of
the VOCs in the breath are present in trace concentrations.
In the male breath, the number of VOCs detected was higher in the 8 a.m samples and
decreased throughout the day. With the female; the 2 p.m samples contained the greater number
of VOCs. The chemicals, dimethyl ether, D-limonene, and isopropyl alcohol were present in male
breath at high frequency in most samples with D-limonene and isopropyl alcohol present at low
concentrations. A high relative standard deviation in most chemicals indicates that those
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compounds concentrations changed significantly and vice versa. In future studies, exogenous
chemicals will be eliminated by applying an alveoli gradient approach.

2.2

Introduction
Breath analysis is a noninvasive, simple, inexpensive, agreeable to patients and fast

method for disease diagnosis and therapeutic monitoring.35 This method is convenient for both
critically ill patients and small children. Breath analysis has proven to be a useful diagnostic tool
for diseases such as diabetes,36 lung disorders,37 gastrointestinal and liver disease,38 and different
types of cancer.39
Exhaled breath contains a complex mixture of volatile compounds that are constituents of
blood volatile metabolites and have concentrations related to those in the blood.6 VOCs in human
breath originate from environmental exposure (exogenous) and metabolic activities in the body
(endogenous). Endogenous VOCs have the potential to be used as disease biomarkers to
determine the state of health or metabolic disorders of patients. In breath analysis, the
concentration of a VOC in inhaled air is usually subtracted from that in alveoli breath to help
eliminate exogenous chemicals from consideration. In the alveoli gradient approach, a positive
alveoli gradient indicate that the chemical is endogenous.40 In this study it is hypothesized that,
the concentration profiles and the number of VOC in male and female breath varies significantly
both from day to day and during the day.
The viability of using human breath for health analysis relies on the fact that there is a
physiological gas exchange between air and blood across the pulmonary alveolar membrane.
Volatile organic compounds diffuse easily from blood into the air due to the large surface area
and tiny size of the alveoli.39 Separating alveoli breath and those in the upper airways
(mouth/pharynx) is challenging in breath analysis. The air in the upper airways does not take part
in the gas exchange with blood and the VOCs present are considered exogenous chemicals.41 In
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this work an attempt was made to reduce the interferences of VOCs in upper airways with that in
the breath by rinsing the mouth three times with water and flushing the mouth and the nasal
pathways three times with normal inhaled and exhaled breath prior to breath collection.
There are two main possible approaches for selecting VOC biomarkers of diseases. The
first approach, which is said to be pathogen-specific, requires that single or multiple biomarkers
of certain diseases appear frequently in the breath of the patient suffering from the pathogen
related affliction. It is important also to emphasize that some unique biomarkers may change
concentration during internal metabolic processes and this change plays a significant role in
therapeutic disease monitoring. The second approach takes into account both pathogen-specific
biomarkers and those generated in vivo during host-pathogen interactions.42

2.3
2.3.1

Materials and Methods
Breath sampling
In sample collection, the mouth of the subject was rinsed three times with normal

drinking water to eliminate interferences of food traces and odor in the mouth. The mouth and the
nasal pathway were also flushed three times with the normal inhalation and exhalation. The
subject then inhaled and held their breath for 30 s before exhaling into a Teflon collection bag
(minimum 850 ml). Samples were collected prior to eating while at rest (no food consumption or
strenuous physical activity for at least 60 min prior to sample collection). Teflon bags were
selected over commercially available sample bags because of their chemical inertness and thermal
stability. In the male, breath samples were collected from 8 a.m to 8 p.m at 3 h interval for six
days whiles in female breath sample were collected from 8 a.m to 2 p.m at 3 h intervals.

2.3.2

Sample analysis
Breath samples of volume (850 ± 0.5) ml were preconcentrated by an Entech 7150

concentrator. In active SPME, the preconcentration utilizes three cold traps: (1) Tenax (2, 6-
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diphenylene oxide) (lighter VOC trap), (2) solid phase micro extraction (SPME) (heavier VOC
trap) (PDMS), and (3) (water trap) (lighter VOC).
Before the VOC get to the GC column for separation, the five steps outlined in Table
2.2.3 and figure 2.1 were followed. After the preconcentration step, the VOCs were separated
utilizing an Agilent GC equipped with a DBI column. A temperature program was utilized: 35 ºC
for 5 min, 4 ºC/min to 110ºC then hold for 1 min, 15 ºC/min to 220 ºC for 5 min. Mass
spectrometric analysis was done using a 5975C triple axis mass detector at a scan speed of 4.3 Hz
from 45 to 206 m/z mass range. Four internal standards IS1 (bromochlorobenzene), IS2 (1, 4difluorobenzene), IS3 (chlorobenzene-d5), and IS4 (1-bromo-4-fluorobenezene) were injected
automatically into the Entech preconcentator.

2.3.3

Instrument parameter

Table 2.1

Instrument trap time and temperature conditions for preconcentration steps

Steps
Event
1
Trapping

Time(min)
15

T1(oC)
50

T2(oC)
-40

T3(oC)
-50

Flow rate (ml/min)
55

2

Recover

2

50

0

-50

10

3

Bake out

2

-52

70

-50

25

Refocus

2.8

-52

50

4
5

200

25

Injection
6
230
160
200
2
T1= SPME trap temperatures (heavier VOCs trap in T1), T2= water trap temperatures
(lighter VOCs trap in T2), T3= Tenax trap temperatures (lighter VOCs trap in T3)
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Figure 2.1

Five major steps used in preconcentration of exhaled breath
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2.3.4

Data analysis technique
Agilent chemstation software was employed to process the data. The compounds

present were identified using the NIST 2008 GCMS library. The retention time and peak
areas were standardized using the internal standards.
2.4
2.4.1

Results and discussions
GCMS chromatograms of male and female breath
Representative GCMS chromatograms from male and female breath samples are shown

in figure 2.1. Significant variations in the breath profiles from the same subjects were observed in
samples taken only 3 h apart.
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Figure 2.2

GCMS chromatograms of volatile metabolites in human breath:

(a) Male at 8 a.m, (b) Male at 11 a.m, (c) Female at 8 a.m, (d) Female at 11 a.m.

The chromatograms show that many VOCs were detected; and that most compounds
were present in low concentrations. More than a thousand different VOCs have been detected in
normal human breath. 43 Low concentrations of important breath VOCs suggest that breath
analysis requires highly sensitive analytical instrumentation for accurate detection and
quantification.20
The total number of compounds present in both male and female breath collected at
different times is shown in Figure 2.3.
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Figure 2.3

Total number of VOCs present in male and female breath samples

In male subject’s breath, the number of VOCs detected was higher in the 8 a.m
samples and decreased throughout the day. The differences in the number of compounds
detected could be due to several physiological reasons: Environmental factors could also
contribute to the increase in detected VOCs. In the 8 a.m samples, the participant had the
option to take the sample at home and this could have contributed to the difference in the
number of compounds. Some of the identified compounds could be from the ambient air.
The average numbers of compounds detected in both male and female samples are shown
in figure 2.4
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Figure 2.4

Total number of VOC present in male and female breath samples.

Error bars are standard deviation from 6 replicates in male and 4 replicates in female.

Another explanation might be that many of the compounds detected in the 8 a.m
samples are present throughout the day but decreased to a point below the limit of
detection of the analytical method. Differences in food consumption and physical activity
levels associated with a typical day could have also lead to the observed differences in
breath VOC.
In the female subject’s breath, the most compounds were detected in the 2 p.m samples.
Among the sample times, the 2 p.m samples showed the most variation in the VOC profiles. In
future work, VOCs in ambient air should be analyzed to help eliminate all possible interferences.
This could be done either by comparing the GCMS chromatograms of the breath samples and the
ambient air or by estimating the alveoli gradient. The alveoli gradient of a chemical is the
concentration difference of that chemical in the alveoli breath and the ambient air. In
determination of disease biomarkers by methods involving exhaled breath, it is very important to
identify all the possible exogenous chemicals.
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2.4.2

Ranking by frequency of VOCs in male and female breath
In both male and female breath, some VOCs occurred frequently. Identified VOCs are

ranked in terms of frequency of occurrence as shown in Table 2.2 to Table 2.6 for the male and
Table 2.7 to 2.9 for the female. In each table, the retention time, the average peak area percent
and the relative standard deviations are shown.

2.4.2.1

VOCs in male exhaled breath

Table 2.2

VOCs with high frequency greater than 50% in male exhaled breath
collected at 8 a.m for 6 d.
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

1 Cyclopropane, ethylidene

7.9

100

0.67

0.77

2 Alpha-pinene

24.0

100

0.55

0.58

3 Benzene

11.6

100

0.01

0.42

4 Camphene

24.5

100

0.13

1.43

5 D-Limonene

26.9

100

1.65

0.36

6 Hydrazine, methyl-

3.3

83

0.11

0.68

7 Nonane

21.4

83

0.06

0.88

8 1-(2-hydroxyl-5-methylphenyl)-

25.1

66

0.29

1.09

9 1,2-Dimethyl cyclopropene

9.5

66

0.82

1.87

10 1,3-Pentadiene

10.1

66

0.02

1.26

11 1-pentene- 2,4,4-trimethyl

13.9

66

0.03

0.39

12 1,3-Propanediol, 2-nitro-2-

0.8

66

0.02

0.43

8.6

66

3.07

1.97

1-butanone (E)-oxime

[(nitrooxy)methyl]-,dinitrate
(ester)
13 1, 3-Butadiene, 2-methyl
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Table 2.2 (Continued)
VOCs*

Average RT

Frequency Average peak

RSD

(min)

(%)

Area (%)

7.9

100

0.67

0.77

15 Bicyclo[4.2.0] octa- 1, 3, 5-triene

24.0

100

0.55

0.58

16 Diethylene glycol monododecyl

11.6

100

0.01

0.42

17 Dimethyl ether

24.5

100

12.7

0.17

18 Formic acid

26.9

100

1.65

0.36

19 Isopropyl alcohol

3.3

83

2.33

0.51

20 Oxirane, decyl-

21.4

83

0.06

0.88

21 Phenol, 4-(2-aminopropyl)

25.1

66

0.29

1.09

22 Toluene

9.5

66

0.82

1.87

14 Acetamide, 2-phenoxy-N(4-benzoylaminophenyl)-

ether

*Most frequent occurring VOCs in male breath collected at 8 a.m for 6 d. Frequency (%)
=Number of occurrence of VOCs in samples divided by 6 (total samples) expressed as
percentage
Table 2.3

VOCs with high frequency greater than 50% in male exhaled breath
collected at 11 a.m for 6 d
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

1 Dimethyl ether

1.97

100

25.6

0.67

2 D-Limonene

26.9

100

1.06

0.49

3 Caryophyllene

33.8

83

0.20

0.35

4 Isopropyl alcohol

7.3

83

1.45

0.39

*Most frequent occurring VOCs in male breath collected at 11 a.m for 6 d. Frequency
(%) =Number of occurrence of VOCs in samples divided by 6 (total samples) expressed
as percentage
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Table 2.4

VOCs with high frequency greater than 50% in male exhaled breath
collected at 2 p.m for 6 d.
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

1 Dimethyl ether

1.98

100

20.8

0.72

2 D-Limonene

26.6

100

0.69

0.52

3 Caryophyllene

33.5

83

0.16

0.18

4 Isopropyl alcohol

7.22

66

1.45

0.36

5 Pent-2-ynal, 4,4-dimethyl

7.42

66

63.8

0.13

*Most frequent occurring VOCs in male breath collected at 2 p.m for 6 d. Frequency (%)
=Number of occurrence of VOCs in samples divided by 6 (total samples) expressed as
percentage
Table 2.5

VOCs with high frequency greater than 50% in male exhaled breath
collected at 5 p.m for 6 d.
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

1 Dimethyl ether

1.91

100

13.9

0.67

2 D-Limonene

26.9

100

0.46

0.39

3 Isopropyl alcohol

7.09

100

1.45

0.40

4 Cyclopentane, methyl-

10.7

66

11.9

1.97

5 2-Fluoropropene

8.32

66

0.58

0.48

*Most frequent occurring VOCs in male breath collected at 5 p.m for 6 d. Frequency (%)
=Number of occurrence of VOCs in samples divided by 6 (total samples) expressed as
percentage

21

Table 2.6

VOCs with high frequency greater than 50% in male exhaled breath
collected at 8 p.m for 6 d.
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

1 Dimethyl ether

1.95

100

20.20

0.37

2 D-Limonene

26.9

100

0.39

0.37

3 Cyclohexane

11.9

83

0.16

0.27

4 Isopropyl alcohol

7.01

66

1.61

0.51

5 Pent-2-ynal, 4,4-dimethyl-

7.24

66

58.8

0.14

*Most frequent occurring VOCs in male breath collected at 8 p.m for 6 d. Frequency (%)
=Number of occurrence of VOCs in samples divided by 6 (total samples) expressed as
percentage
2.4.2.2

Concentration profiles of common VOCs in male breath
In the male breath samples, dimethyl-ether, D-limonene and isopropyl alcohol

were commonly detected (found in greater than 50% of all samples). As shown in figure
2.5, in male breath, dimethyl ether showed larger variation in concentration in the 11 a.m
and 2 p.m samples compared to other times. D-limonene concentrations were found to
decrease during the day with greater variations in the 8 a.m and 11 a.m samples (figure
2.6). Isopropyl alcohol concentrations remained fairly consistent (within error) for all the
sample collected times. The variation (standard deviation) in isopropyl alcohol
concentrations was higher in the 8a.m and 8p.m samples. In previous work by Phillips
et.al, 44 D-limonene was determined to have a positive alveoli gradient, indicating that
this chemical is exhaled from the alveoli breath.
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Figure 2.5

Average concentration profiles of dimethyl ether in male breath. Error bars are the
standard deviation of 6 replicates.

Figure 2.6

Average concentration profiles of D-limonene in male breath. Error bars are the
standard deviation of 6 replicates.

Figure 2.7

Average concentration profiles of isopropyl alcohol in male breath. Error bars are
the standard deviation of 6 replicates.
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2.4.2.3

VOCs in female exhaled breath

Table 2.7

VOCs with high frequency greater than 50% in female exhaled breath
collected at 8 a.m for 4 d.
VOCs*

Average RT

Frequency

Average peak

(min)

(%)

Area (%)

27.6

100

0.09

0.42

2 3-Carene

29.1

100

0.18

0.89

3 Bicyclo[3.1.1]heptane,6, 6-dimethyl-

25.6

100

0.32

0.39

31.4

100

0.39

0.54

29.3

100

0.07

0.64

6 Decane, 3,7-dimethyl-

32.0

100

2.07

0.06

7 Dimethyl ether

2.04

100

8.34

0.21

8 D-Limonene

27.1

100

6.52

0.65

9 Ethyl Acetate

9.78

100

2.33

1.22

10 Toluene

15.9

100

0.35

0.43

11 Alpha-pinene

24.1

75

0.75

0.36

12 Beta-Pinene

25.8

75

0.29

0.28

13 Acetic acid, butyl ester

17.8

75

0.07

0.92

14 Benzene,1-methyl-2-(1-

26.7

75

0.22

0.55

25.4

75

0.10

0.57

28.2

75

0.11

0.54

1 1,4-Cyclohexadiene, 1-methyl-4-(1-

RSD

methylethyl)-

2-methylene-, (1S)4 Cyclohexanol, 2(1, 1 dimethylethyl)5 Cyclohexanone,

5-methyl-

2-(1-

methylethyl)-

15 methylethyl)Bicyclo[3.1.0]hexane,4-methylene16 1-(1-methylethyl)Decane, 3-methyl-
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Figure 2.7 (Continued)
17 Heptane, 2,2-dimethyl-

27.8

75

0.37

0.47

18 Isopropyl Alcohol

7.07

75

0.69

0.49

19 Octanal, 7-methoxy-3,7-dimethyl-

30.4

75

0.35

0.69

20 Oxalic acid, isobutyl nonyl ester

27.9

75

0.14

0.63

21 Pent-2-ynal, 4,4-dimethyl-

7.42

75

12.4

0.47

*Most frequent occurring VOCs in female breath collected at 8 a.m for 4 d. Frequency
(%) =Number of occurrence of VOCs in samples divided by 6 (total samples) expressed
as percentage
Table 2.8

VOCs with high frequency greater than 50% in female exhaled breath
collected at 11 a.m for 4 d
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

1 Alpha-pinene

24.1

100

1.02

0.70

2 1,4-Cyclohexadiene, 1-methyl-4-

27.6

100

0.85

1.04

26.7

100

0.37

0.86

4 Caryophyllene

33.3

100

0.07

0.58

5 Dimethyl ether

2.06

100

6.02

0.69

6 Pent-2-ynal, 4,4-dimethyl-

7.47

100

15.9

0.29

7 Toluene

15.9

100

0.15

0.94

8 Cyclohexene, 1-methyl -4-(1-

27.9

75

0.24

0.51

9 Beta-Pinene

25.6

75

0.65

0.33

10 3-Carene

26.2

75

0.09

0.59

11 Bicyclo [4.1.0] heptane 3, 7, 7-

30.7

75

1.07

1.24

11.9

75

0.01

0.59

(1-methylethyl) 3 Benzene,1-methyl-4-(1methylethyl)-

methylethenyl)-, (S)-

trimethyl12 Cyclohexane

*Most frequent occurring VOCs in female breath collected at 11 a.m for 4 d. Frequency
(%) =Number of occurrence of VOCs in samples divided by 6 (total samples) expressed
as percentage
25

Table 2.9

VOCs with high frequency greater than 50% in female exhaled breath
collected at 2 p.m for 4 d.
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

1 1,3-Pentadiene

9.84

100

0.005

0.89

2 1,4-Cyclohexadiene, 1-methyl-4-

25.5

100

0.56

1.48

3 1-Pentene, 5-methoxy-

9.69

100

0.005

0.92

4 1-Propene, 1-(methylthio)-

13.9

100

0.009

0.65

5 1-Propene, 2-methyl-

5.75

100

0.03

0.33

6 3-Carene

27.1

100

0.09

0.60

7 Benzene

11.5

100

0.04

0.29

8 Bicyclo[3.1.1]heptanes,6,6-

25.7

100

1.95

1..07

9 Cyclohexane

11.9

100

0.12

0.58

10 Cyclohexanone, 5-methyl- 2-(1methylethyl)11
Cyclopropane, ethylidene12
Dimethyl ether
13
Formic acid
14
Heptane
15
Hexane, 3-methyl16
Hydrazine, (2-phenylethyl)17
Hydrazine, methyl18
Isopropoxycarbamicacid,ethyl

29.3

100

6.34

0.84

8.87

100

0.02

0.47

2.08

100

0.43

5.66

3.37

100

0.01

1.04

13.5

100

0.01

0.74

12.5

100

0.02

0.42

13.2

100

0.01

1.82

3.46

100

0.05

0.68

19.4

100

0.001

0.29

13.5

100

0.02

0.62

15.9

100

0.01

0.68

(1-methylethyl)-

dimethyl-2-methylene-,

19
20

ester
Propane, 1-(methylthio)Toluene
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Table 2.10 (Continued)
VOCs*

Average RT

Frequency

Average peak

RSD

(min)

(%)

Area (%)

21 Caryophyllene

33.3

75

0.26

0.18

22 1-(2-Hydroxyethoxy)-2 -

15.1

75

0.001

0.74

23 Phenol, 4-(2-aminopropyl)-

15.4

75

0.0008

0.06

24 1,3-Butadiene, 2-methyl-

8.62

75

0.03

0.85

25 1-Pentene, 2,4,4-trimethyl-

13.9

75

0.009

0.18

26 3-Methoxypropionic acid

14.5

75

0.01

0.73

27 6-Oxa-bicyclo[3.1.0]hexan-3-ol

13.0

75

0.02

0.32

28 7-Oxabicyclo[4.1.0] heptane, 1-

31.1

75

0.07

0.46

21.7

75

0.0008

1.01

15.8

75

0.001

0.99

31 Camphene

24.7

75

0.11

0.93

32 Cyclopentane, methyl-

10.7

75

0.17

0.10

33 Dimethylphosphinic azide

18.8

75

0.03

1.05

34 Ethanimidamide, N'-hydroxy

25.1

75

0.002

0.92

35 Isopropyl Alcohol

7.02

75

0.20

0.47

36 Methoxymethyl ethyl sulfone

15.0

75

0.001

0.15

37 Nitroglycerin

0.77

75

0.0002

0.15

38 Pentane, 3-methyl-

9.21

75

0.15

0.37

39 Propanamide, 2-hydroxy-

13.0

75

0.001

0.66

(vinylthio) ethane

methyl-4-(2-methyloxiranyl)29 Acetamide, 2-phenoxy-N
- (4-benzoylaminophenyl)30 Acetic acid, 2-(5-mercapto-4 phenyl-4H-1, 2, 4-triazol-3yl)
methoxy-

-2-(phenylsulfonyl)-

*Most frequent occurring VOCs in female breath collected at 11 a.m for 4 d. Frequency
(%) =Number of occurrence of VOCs in samples divided by 6 (total samples) expressed
as percentage
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The relative standard deviation in the peak area is an indication of the variability
of specific VOCs concentrations from samples collected at the same time on different
days. A large RSD indicates that the compound is changing significantly. The frequency
of occurrence and RSD is a measure of the variability in the VOCs profiles. The fact that
there are only a few compounds common in all breath samples collected during the day is
an indication of the extreme variability in breath VOC profiles.
2.5

Conclusions
Active SPME-GCMS was successfully employed to detect VOCs in the breath of a

healthy male and female. In both male and female breath samples, a significant natural variation
in the VOCs profiles exists. This makes health diagnosis from breath VOC profiles extremely
challenging. In breath samples, most chemicals are present at low concentrations and thus a
preconcentration step, such as active SPME, can aid in sample analysis. Ambient air can also
contribute to breath chemicals and all exogenous chemicals need to be identified in order to make
biomarker identification more reliable.
Principal component analysis will also be used in future studies to enhance the
determination and selection of biomarkers of diseases.

28

CHAPTER III
PATHOGENIC VARIABILITY AMONG MACROPHOMINA PHASEOLINA
ISOLATES ASSOCIATED WITH SOYBEANS

3.1

Abstract
Eight isolates of Macrophomina phaseolina, MP120, MP30, MP218, MP210, MP29,

MP32, MP24, and MP23 obtained from soybeans grown in Mississippi were compared based on
their pathogenicity potential. MP120, MP30, MP218, and MP210 form a thick mycelium or
cotton culture morphology while MP29, MP32, MP24, and MP23 form very thin appressed
mycelial types when cultured on Potato Dextrose Agar medium (PDA) at 35oC for 7 days.
A greenhouse study was conducted at Mississippi State University North farm from
November 13 to December 12, 2013. Soybeans (Viking 2265 (OG)) were planted in pots infested
with one of the eight isolates of M. phaseolina and uninfested control pots. The soil temperature
was randomly recorded daily using multiple replicates. The temperatures across the six replicates
ranged from 10.4 to 26.9 oC. Analysis of variance (ANOVA) shows no significant difference
(P≥0.05) in mean temperatures among the six replicate. Pathogenicity was determined using
seedling survival and growth at 9, 14, 22, and 28 days after planting, and plant height, roothypocotyls, and root and top wet/dry weights at 28 days. The results showed that there were no
significant difference (P≥0.05) in stand densities between the thick and thin isolates but the two
isolate types showed significantly different (P≤0.05) in the plant height compared to the control.

Hypocotyls discoloration ratings were significantly higher for the thin isolates but the
fresh and dry weight of the root and top were similar (P≥0.05) between the two isolates type.
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Among the eight isolates, MP24 caused a significant reduction in plant stand and dry weight of
stem and leaves compared to all other isolates and control. Hypocotyls disease ratings were
significantly higher for MP23, MP29, and MP218 covering both isolate types. Plant height was
significantly reduced in pots infested with MP23, and MP210 compared to all other isolates and
control. All eight isolates were reisolated from diseased tissues of soybeans and confirmed using
Koch’s Postulate. The results from this trial show that the isolate cultural types of M. phaseolina
did not vary in pathogenicity overall but some differences in individual isolates were evident.
Additional trials are necessary to confirm this initial study including the same isolates and others
of the two morphological types for later chemical signature data studies.

3.2

Introduction
Macrophomina phaseolina (Tassi) Goid is an anamorphic ascomycete that belongs to

the family Botryosphaeriaceae. 45 The fungi is a causal agent of charcoal rot (dry-weather wilt)
disease of about 500 plant species worldwide, including row and horticultural crops such as
soybeans (Glycine max L.), 46 and strawberry (Fragaria ananassa D.). 47 Soybean charcoal rot
disease is considered a problem in the southern United States and contributes to significant crop
loss. 48
Macrophomina phaseolina is the major cause of significant economic losses to soybean
producers in dry seasons. 49 Wrather et. al 50, 51 estimated that in the United States, the average
annual yield soybean losses caused by charcoal rot in 2003-2009 range between 0.25- 1.98
million metric tons. M. phaseolina causes seed rot of many plant species including mungbean
(Vigna radiate L.), 52 and have the potential to survive on seeds for market. Therefore methods
(e.g. Identification of chemical signatures) to determine the presence of M. phaseolina in seeds
and other crops such as sweet potato (Ipomoea batatas L.) become important in the agriculture
industry.
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It has been established that fungi isolates can produce a unique set of VOCs that could be
used to distinguish between pathogenic and nonpathogenic isolate. Different cultural
morphologies of the different fungi isolates are also known to produce unique VOC patterns. Sun
et. al 53 has discriminated between toxic and nontoxic strains of Aspergillus flavus using VOC
profiles. Identification and discrimination of isolates of M. phaseolina using VOC profiles has not
been studied. VOCs data from the different isolates of M. phaseolina will be analyzed in a
follow-up study to discriminate the different isolates of this fungus in order to provide a method
for identification. Fungi VOC profiles depends largely on the duration of incubation, type of
nutrient (growth media), temperature of incubation, and other environmental parameters.54
Macrophomina phaseolina is a soil and seed borne polyphagous pathogen that produces
pycnidial asexual structures and microsclerotia which can survive for several years in soil, and
plant debris. 55, 56 The charcoal rot disease severity is directly related to the viable sclerotia
produced in the soil.57 The sclerotia serve as the primary means of M. phaseolina survival.58 The
prevalence of the charcoal rot disease is linked to cultural practices and climatic conditions such
as heat, and humidity. 48, 58
Symptoms of the charcoal rot disease include seedling blight, root and stem rot, pre-to
post damping off, wilting and death, and failure of seed germination.46, 58 Plants infected by M.
phaseolina often develop gray or brown discoloration on root and hypocotyls after flowering.
Hypocotyls and root injury or damage is a good indicator for pathogenicity in greenhouse studies.
59

Because M. phaseolina affects the host plant at all stages of development the pathogen causes

major damage to susceptible crops throughout the growing seasons. At the seedling stage, the
invasion is very fast and it takes approximately two days for the fungi to be established in the host
while at the cotyledon stage the seedlings get infected within 3-7 d.51 The earlier the infection of
M. phaseolina the larger the impact on plant survival and overall growth and yield.
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The effect of cultural morphology of isolates of soil borne Fusarium spp (Fusarium
oxysporum Schlecht. emend. Snyder & Hansen), Fusarium solani ((Mark) sacc). 60, 61 and
Alternaria spp (Alternaria brassicae (Berk) sacc) 62 on pathogenicity have been studied. The
results of these studies have shown that cultural morphology of some fungi has an impact on
pathogenicity. Cultural morphology variations such as thick and thin forming mycelia isolate
types of M. phaseolina on pathogenicity have not been studied. The main focus of this study is to
determine whether the thick, thin or appressed isolates of M. phaseolina will show differences in
pathogenicity on soybeans. The hypothesis is that the thin isolates are more virulent on soybeans
than the thick isolates because it produces more sclerotia on culture plates.

3.3

Materials and Methods

3.3.1

Preparation of cornmeal-sand-inoculums
Eight isolates of M. phaseolina stored in the Mycological Culture Repository of Richard

Baird, Mississippi State University were subcultured on Potato Dextrose Agar (Difco, Fisher Sci,
Pittsburgh, PA) (PDA) medium in Petri dishes (10×100 mm) and incubated in the dark at 35 oC
for 7 d.
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Table 3.1

Characterization of Macrophomina phaseolina isolate morphological types
evaluated during a greenhouse study over a 28 d period.

Isolates
MP120

Host
Soybeans

Geographical Origin
Tupelo, MS

Date of isolation
1999

Cultural type*
Thick

MP30

Soybeans

North Greenwood, MS

2013

Thick

MP218

Soybeans

Leflore County, MS

2013

Thick

MP210

Soybeans

Leflore County, MS

1999

Thick

MP29

Soybeans

North Greenwood, MS

1999

Thin

MP32

Soybeans

North Greenwood, MS

1999

Thin

MP24

Soybeans

North Greenwood, MS

1999

Thin

MP23

Soybeans

North Greenwood, MS

1999

Thin

* Thick: Feathery or cottony tomentose when cultured on potato dextrose agar (PDA),
Thin: Dense or appressed mycelium when cultured on potato dextrose agar (PDA).

Table 3.1 contains data on plant hosts, geographical origins, cultural types and date of
isolations of the 8 isolates evaluated in this study. Figure 3.1 below shows cultural morphology of
the thick and thin isolates of M. phaseolina.
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Figure 3.1

Cultural morphology of Macrophomina phaseolina:

(A) = Thick, (B) = Thin

Cornmeal-sand-inoculums were prepared according to the procedure described by
Baird et. al 63 with some modifications. In a 250 ml Erlenmeyer flask, 6 g of cornmeal,
200 g of sand, and 26 ml of water were mixed. The cornmeal-sand was autoclaved for 1 h
at 1kg/cm2 (15 psi) for 24 hours, and then autoclaved again using the same conditions to
remove any surviving bacteria. The cornmeal-sand was inoculated with 10 agar plug
pieces of M. phaseolina isolates sectioned from the advancing edge of the mycelium of 7
d old cultures and incubated at 35oC for 14 d. The flasks were shaken daily to ensure
uniform distribution of the inoculums.
Twelve inch plastic pots were soaked in 10-15% hypochlorite bleach for 1 h to kill any
bacterial and fungus present. The pots were filled with 5000 ml of Pro-Mix ® (Premium Tech
Horticulture, Quakertown, PA) (Canadian sphagnum peat moss (75-85%) containing: perlitehorticulture grade, vermiculite-horticulture grade, dolomitic and calcite limestone (pH adjuster),
wetting agent and starter nutrient) followed by the addition of 15 ml of the cornmeal-sand-
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inoculum on the surface of the pot soil. Five soybeans (Viking 2265 (OG)) seeds were sown
about 6 to10 cm apart in pots containing infested soil and noninfested (control) soil. Water was
supplied to pots daily until saturated to ensure proper germination and growth. The trial
containing all eight isolate treatments and control pots were placed in a randomized block design
using six replicates per treatment. Soil temperatures within the pots were recorded daily using an
electronic thermometer.

3.3.2

Pathogenicity Test
Pathogenicity of M. phaseolina was studied in the greenhouse located at Mississippi

State University North Farm. The study was conducted from November 13 to December 12,
2013.
Pathogenicity of M. phaseolina on soybeans was evaluated based on plant stand
germination and survival, dry and fresh weight of the root, stem and leaves, hypocotyls
discoloration, and plant height. The plant stands were recorded at 9, 14, 22 and 28 d after
planting. Root and hypocotyls discoloration was determined at 28 d using a scale of 1-4 (1 ≤ 5%,
2 = 2 to 10%, 3 = 11 to 50%, and 4 ≥ 50%), where 1, 2, 3, and 4 indicates normal (N), slight (Sl),
moderate (Mod), and severe (Sev) symptoms of the hypocotyls discoloration respectively. The
plant height was determined 28 d after planting. At the end of the 28 d growth period, the plants
were carefully removed from each pot, and then the roots and hypocotyls were washed with
running tap water for five minutes. The roots and plant tops from each pot were placed into
separate paper bags weighed and then dried in a drying oven at 50oC for 24 h to obtain the dry
weight.
To confirm pathogenicity for each of the isolates, symptomatic plant tissue (pieces of
plant tissues from lesions and wilted parts of the soybean plants) were surface disinfected with
70% ETOH and then plated onto PDA medium in petri dishes and incubated at 35 oC for 3 d. The

35

M. phaseolina isolates were subcultured and allowed to grow at 35 oC for 7 d. Visual inspections,
the reisolated M. phaseolina was used to confirm fungus presence.

3.3.3

Statistical Analysis
Pathogenicity test data were subjected to analysis of variance using the general linear

models (GLM) procedure of SAS. Means were separated using Fisher’s least significant
difference (P≤0.05). Temperatures in all the six replicates were compared by analysis of variance
(ANOVA) using R software (www.r-project.org).

3.4

Experimental Results
The soil temperatures measured across the six replicates contain the eight treatments or

isolates and control pots were not significantly different (P≥0.05) (Table 3.2). The temperatures
across all replicates ranged from 10.4 oC to 26.9 oC.
The thin isolates showed a greater reduction in plant stand than the thick isolates after 9,
14, 22, and 28 d of planting the soybeans (Viking 2265 (OG)) (Table 3.3). Among the eight
isolates, MP24 showed the most significant reduction in the plant densities compared to all other
isolates and control (Table 3.4). After 28 d of planting, a total of six plants were found dead in
pots infested with thin isolates.
The root-hypocotyls disease severity and index were significantly higher in pots infested
with thin isolates. Both the thick and thin isolates showed significant reduction in the plant height
with the thick showing the greatest compared to the control (Table 3.5). The root-hypocotyls
disease severity and index was significantly higher for isolates, MP23, MP29, and MP218 with
MP23 showing the highest compared to all other isolates and control (Table 3.6) (Figure 3.2). The
hypocotyls disease ratings are explained in the footnote of Table 3.5 and Table 3.6. No symptoms
of the disease were observed on the root compared to the hypocotyls. The disease index was rated
based on hypocotyls injuries. Plant height was significantly reduced in pots infested with MP23,

36

and MP210 (Table 3.6). Figure 3.3 shows the plant height comparison in pots infected with
MP120 and the control.
The root and top fresh and dry weight was not significantly different between the thick
and thin isolates (Table 3.7) but some differences were observed among the 8 isolates (Table 3.8).
The isolates, MP120, MP32 showed significant difference in the dry weight compared to all other
isolates and the control. The top (leaves and stem) fresh and dry weight was significantly
different with MP24 showing the greatest reduction compared to all other isolates and control
(Table 3.8).

3.4.1

Temperature Monitoring

Table 3.2

Soil temperatures across six replicate treatments of Macrophomina
phaseolina in a greenhouse study

Replicate
I

Maximum (oC)
25.8

Minimum (oC)
11.7

Average(oC)
17.5 ± 3.92

II

25.6

10.4

17.3 ± 4.01

III

25.4

12.4

17.4 ± 3.97

IV

25.8

10.6

17.7 ± 3.76

V

26.9

12.6

19.4 ± 4.39

VI

26.3

12.1

18.1 ± 4.16

ANOVA(P=0.05)

0.87

* Maximum, minimum, and average soil temperatures across six replicate treatments.
Soil temperatures recorded randomly in each replicate for 28 d.
** Mean temperatures across the six replicate are not significantly different (P≥0.05)
according to analysis of variance (ANOVA).
All isolates were shown to infect the soybean plants during the study with variations in
pathogenicity discussed below. To confirm pathogenicity, isolates were collected from the source
of the visible necrosis or tissue damage and pieces of necrotic or discolored tissues from the
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wilted plants were cultured on PDA. Among the isolates, MP24 showed the highest reisolation
percentage.

3.4.2

Soybeans plant stand counts

Table 3.3

Effect of thick and thin type Macrophomina phaseolina stand count (5 seeds
sown).

Mycelium
Thick

Nov 22
(Day 9)
3.50 a***

Thin

2.87 a

3.83 a

3.88 a

3.71 a

6

Control

3.50 a

4.17a

4.17 a

4.17 a

0

0.68

0.77

0.74

ANOVA(P=0.05)

0.89

Nov 27
(Day 14)
3.83 a

Dec 5
(Day 22)
4.00 a

Dec 11 Dead plants***
(Day 28)
4.00 a
0

*Thick: MP120, MP30, MP218, and MP210, Thin: MP29, MP32, MP24, and MP23.
**Plant stands counts (5 sown seeds) taken in November 22 (9 d after planting, DAP),
November 27 (14 DAP), December 5 (22 DAP), December 11 (28 DAP).
***Total number of dead plants from 13 November (day of planting) to December 11
(last day of stand count).
***Comparisons of plant stand means between thick and thin M. phaseolina and control.
Numbers not followed by the same letter are significantly different (P≤ 0.05) according to
Fisher least difference (LSD) procedure. The plant stand indicates the average total
number of plants that emerged in pots infected with each isolate. Six replicate per
treatments
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Table 3.4

Effect of Macrophomina phaseolina isolates on soybean stand count (5
seeds sown)

MP isolates
MP120

Nov 22
(Day 9)
4.17a****

Nov 27
(Day 14)
4.17a

Dec 5
(Day 22)
4.50 a

Dec 11
(Day 28)
4.50 a

Dead plants***

MP30

3.17 ab

3.67 ab

3.83 a

3.83 a

0

MP218

3.33 ab

3.83ab

3.83 a

3.83 a

0

MP210

3.33 ab

3.67 ab

3.83 a

3.83 a

0

MP29

3.33 ab

4.17 a

4.33 a

4.17 a

1

MP32

2.67 b

4.00 ab

4.00 a

3.67 a

2

MP24

2.33 b

3.17 b

2.83 b

2.66 b

3

MP23

3.17 ab

4.00 ab

4.33 a

4.33 a

0

Control

3.50 ab

4.17 a

4.17 a

4.17 a

0

ANOVA(P=0.05)

1.25

0.96

0.99

0.93

0

* MP isolates: Thick: MP120, MP30, MP218, and MP210, Thin: MP29, MP32, MP24,
and MP23.
**Plant stand taken in November 22 (9 d after planting, DAP), November 27 (14 DAP),
December 5 (22 DAP), December 11 (28 DAP).
*** Total number of dead plants from 13 November (day of planting) to December 11
(last day of stand count).
**** Comparisons of mean plant stand between thick and thin M. phaseolina and control.
Numbers not followed by the same letter (s) are significantly different (P≤ 0.05)
according to Fisher least difference (LSD) procedure. The plant stand indicates the
average number of plants that emerged in pots. Six replicate per treatments.
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3.4.3

Root-hypocotyls discoloration ratings and plant height

Table 3.5

Effect of thick and thin isolate types of Macrophomina phaseolina on
soybean plants hypocotyls discoloration.

Mycelium*

N

Sl

Mod

Sev

Index

Thick

2.29 b**

1.42 a

0.71 b

0.13 a

Plant height
(cm)***
1.23 ab
9.04 b

Thin

1.29 c

1.17 a

0.92 a

0.50 a

1.68 a

9.21 b

Control

3.83 a

0.33 b

0.00 b

0.00 a

0.90 b

9.78 a

ANOVA(P=0.05)

0.92

0.71

0.71

0.64

0.58

0.43

*Thick: MP120, MP30, MP218, and MP210, Thin: MP29, MP32, MP24, and MP23.
** Root-hypocotyls discoloration rated on a scale of 1-4, where, 1 ≤ 5%, Sl = 2 to 10%, 3
= 11 to 50%, and 4 ≥ 50% on the 28th of planting. Index = ((N∙1) + (Sl∙2) + (Mod∙3) +
(Sev∙4))/5. N = normal, Sl = slight, Mod = moderate, and Sev= severe. Numbers under
each hypocotyls discoloration rating scale indicates the average number of plants with
that symptom. Disease index consider all symptoms together. Comparisons of mean
hypocotyls discoloration rating. Numbers not followed by the same letter (s) are
significantly different (P≤0.05) according Fisher least difference (LSD).
*** Plant height measured on the 28th d of planting using ruler.
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Table 3.6

Effect of different isolates of Macrophomina phaseolina on soybean plants
hypocotyls**

Mycelium*

N

Sl

Mod

Sev

Index

MP120

4.00 a****

0.50 bc

0.00 b

0.00 b

Plant height
(cm)***
1.00 cd
9.47 ab

MP30

2.00 b

1.67 a

0.00 b

0.00 b

1.07 cd

9.30 ab

MP218

1.67 bc

1.83 a

0.00 b

0.50 b

1.47 bc

9.17 abc

MP210

1.50 bcd

1.67 a

0.67 ab

0.00 b

1.37 bcd

8.67 bc

MP29

1.83 bc

0.67 bc

1.33 a

0.33 b

1.70 b

9.49 ab

MP32

1.67 bc

1.33 ab

0.67 ab

0.00 b

1.27 bcd

9.77 a

MP24

0.67 d

1.33 ab

0.33 b

0.00 b

0.87 d

9.31 ab

MP23

1.00 cd

1.33 ab

1.33 a

1.67 a

2.87 a

8.40 c

Control

3.83 a

0.33 c

0.00 b

0.00 b

0.90 d

9.78 a

ANOVA(P=0.05)

0.92

0.71

0.71

0.64

0.58

0.43

*MP isolates: Thick: MP120, MP30, MP218, and MP210, Thin: MP29, MP32, MP24,
and MP 23.
** Hypocotyls discoloration rated on a scale of 1-4, where 1 ≤ 5%, 2 = 2 to 10%, 3 = 11
to 50%, and 4 ≥ 50% on the 28th d of planting. Index = ((N∙1) + (Sl∙2) + (Mod∙3) +
(Sev∙4))/5. Numbers under each hypocotyls discoloration rating scale indicates the
average number of plants with that symptom. Disease index consider all symptoms
together.
***Plant height measured on the 28th d of planting using ruler
****Comparisons of mean hypocotyls discoloration rating. Numbers not followed by the
same letter (s) are significantly different (P≤0.05) according Fisher least difference
(LSD).
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Figure 3.2

Hypocotyls discoloration (shown by arrows) caused by Macrophomina
phaseolina inoculums of soybeans plants in greenhouse study:

(A) = Pots infested with MP23, plants rated normal, moderate, and severe from left to
right, (B) = Non-infested pots (control), all plants showed normal symptoms.

Figure 3.3

Comparison of soybeans plant height in greenhouse study:

(A) = Pots infested with Macrophomina phaseolina isolate MP210, (B) = Non-infested
pots (control).
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3.4.4

Fresh and dry weight of soybeans root, stem and leaves

Table 3.7

Effect of two isolate types of Macrophomina phaseolina on fresh and dry
weight of root, stem and leaves of soybeans plants**

Mycelium*

Root fresh
weight/g

Root dry
weight/g

Top fresh
Weight/g

Top dry
weight/g

Thick

0.22 a***

0.04 a

2.38 a

0.32 a

Thin

0.30 a

0.04 a

2.29 a

0.29 a

Control

0.19 a

0.00 a

2.96 a

0.40 a

ANOVA(P=0.05)

0.23

0.01

0.78

0.58

*Thick: MP120, MP30, MP218, and MP210, Thin: MP29, MP32, MP24, and MP23.
**The roots and tops were dried 50oC for 24 hours after hypocotyls disease rating (after
28 days of planting).
*** Comparisons of mean fresh and dry weight of root and top of soybeans plant to the
control (uninfected pots). Numbers not followed by the same letter (s) are significantly
different according (P≤0.05) Fisher least difference (LSD).
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Table 3.8

Effect of Macrophomina phaseolina isolates on fresh and dry weight of
soybeans**.

Mycelium*

Root fresh
weight/g

Root dry
weight/g

Top fresh
Weight/g

Top dry
weight/g

MP 120

0.32 a***

0.05 a

2.39 ab

0.26 ab

MP 30

0.13 b

0.04 a

2.62 a

0.39 a

MP 218

0.24 ab

0.04 a

2.29 ab

0.33 a

MP 210

0.18 b

0.04 a

2.23 ab

0.32 ab

MP 29

0.26 ab

0.03 a

2.69 a

0.35 ab

MP 32

0.55 a

0.05 a

2.37 ab

0.27 ab

MP 24

0.15 b

0.03 a

1.41 b

0.19 b

MP 23

0.25 ab

0.04 a

2.68 a

0.36 ab

Control

0.19 b

0.03 a

2.96 a

0.40 a

ANOVA(P=0.05)

0.32

0.02

1.07

0.17

* MP isolates: Thick: MP120, MP30, MP218, and MP210, Thin: MP 29, MP 32, MP 24,
and MP 23.
** The roots and tops were dried in oven for 24 h after hypocotyls disease rating (after 28
d of planting)
*** Comparisons of mean fresh and dry weight of root and top of soybeans plant.
Numbers not followed by the same letter (s) are significantly different (P≤0.05)
according Fisher least difference (LSD).
3.5

Discussions
One important parameter that was monitored in the greenhouse is the temperature.

The pathogenicity of M. phaseolina is temperature dependent.64 The disease severity is
greatest at higher temperatures. The soil temperature across the six replicates ranged from
10.4 to 26.9 oC. The average temperatures among the six replicates were not significantly
different (P≥0.05). Charcoal rot disease can be severe when temperatures range from 28
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to 35 oC. 48, 59 One of the factors associated with the lower infection levels than expected
especially on the roots in this study is the low temperatures measured in pots. Isolates
storage at -80 oC in the Mycological Culture Repository could have also caused the
isolates to lose their pathogenicity.
During this investigation almost all isolates were found to be pathogenic on the soybeans
with obvious symptoms of hypocotyls discoloration. All isolates of M. phaseolina were reisolated
at least once to confirm Koch’s postulate with MP24 having the greatest recovery percentage.
The high recovery of MP24 suggests the reason for severe symptoms of the charcoal rot in pots

infested with this isolate.
Plant stands during four sampling dates for thick and thin morphological types of M.
phaseolina were not significantly different (P≥0.05) compared to the control (Table 3.3). Among
the eight isolates, MP24 showed the greatest reduction in plant stand after 9, 14, 22, and 28 days
of planting (Table 3.4) and was almost always significantly greater than the control and the
isolate MP120. This shows that MP24 is the most virulent isolates to soybean compared to other
isolates used for this study.
At the end of 28 days of planting, the roots and hypocotyls of the soybean plants for all
other isolates were examined for necrotic or blacken tissue symptoms of M. phaseolina
infections. However, the roots were never found to have symptoms of M. phaseolina. Distribution
of the inoculums on the surface of the soil could be the reason for hypocotyls discoloration
rather than the root. Mixing the soil with the inoculums could lead root discoloration. A brownish
discoloration was observed on the hypocotyls of most plants.
The hypocotyls injury caused by the thick and thin isolates was significantly greater than
the control which suggests the reason for the greater reduction in the plant height by these isolate
types (Table 3.5). Among the eight isolates, MP23, and MP29 showed the highest disease index
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compared to all other isolates. The high disease index of MP23 reflected on the greater reduction
(P≤0.05) of the plant height compared to all other isolates and control 65. MP210 also showed a
greater reduction in plant heights compared to the control and all other isolates except MP24.
Since many plant died with MP24, the hypocotyls percent injury may not be a good indicator of
height reduction.
The thick and thin isolates were not significantly different from each other in fresh and
dry weight of the root and top (Table 3.7). The thick and thin isolates did not vary in
pathogenicity overall as hypothesized. A significant difference in the fresh weight of the root, and
fresh and dry weight of the top was observed when the eight isolates and control were compared.
For example, MP32, and MP120 showed the greatest weight of the fresh root. The greater fresh
weight of the roots in pots infected with MP120 is an indication of less infection or damage by
the fungus and greater plant stands (Table 3.4). When comparing the dry weights of the roots
there was no significant difference compared to the control for any of the isolates (P≥0.05). As
stated above the fresh and dry weight of the tops of the plant were significantly lower in pots
infested with MP24 (Table 3.8) which is consistent with the greater reduction in plant densities.
The greatest reduction in the fresh and dry weight of the top could be associated to the high
isolation frequency of MP24 on most plants and lower plant stand.

3.6

Conclusions
The pathogenicity of eight isolates of M. phaseolina was successfully studied by

evaluating the plant stands, hypocotyls discoloration rating, plant height, dry and fresh weight of
the roots, stem and leaves of soybean plants under greenhouse conditions. Among the eight
isolates, MP24 was highly virulent or pathogenic on soybeans plants. The isolate, MP24 showed
the highest isolation frequency and greatest reduction in the plant stand, and fresh and dry weight
of the top. The high disease index of MP23, MP29, and MP218 suggest that these isolates are also
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pathogenic on soybeans. Other isolates, MP30, MP210, MP32, and MP120 showed minor
symptoms of the charcoal rot disease. The thick and thin isolates did not vary in pathogenicity
overall but individual isolates showed differences in pathogenicity. Low temperatures measured
in pots (10.4 to 26.9 oC) compared to normal (28-35 oC) could have impacted the disease levels of
the isolates.
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