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ABSTRACT

Macrophomina phaseolina (M. phaseolina) is a soil-borne necrotrophic fungus that causes
charcoal rot disease. The pathogen has very wide host range (up to 500 plant species) and affects
seed quality, plant growth and yield. No effective management approach is developed that can
control the disease, and no resistant cultivars are available for most crop species. In our laboratory,
we have developed a pathosystem using the model plant Medicago truncatula (M. truncatula).
This helps in identifying the potential host genes to develop resistant cultivars by studying
molecular interactions between the pathogen and its plant hosts. To characterize the disease
symptoms and progression, a scoring system based on necrosis and chlorosis that appear on the
above-ground part of the plant, was developed. Although it is an easy and quick approach to
analyze disease progression in any plant, there exist many limitations in such technique. So, to
overcome those limitations we had developed a quantitative method to directly measure the
pathogen biomass during infection process using quantitative real-time PCR (qPCR), which has
become a frequently used method in disease analysis due to its specificity, accuracy and sensitivity.
This approach allowed us to measure the amount of fungal genomic DNA which correlates with
fungal biomass in infected plant tissue and soil samples. With qPCR data obtained, two approaches
were developed and analyzed using student t-test to find any statistical significance. Both
approaches were correlated with the disease symptoms seen during root harvest. By comparison,
the assay based on the ratios between fungal genomic DNA and host genomic DNA over the course
of infection provides a more consistent and sensitive assay than other approaches.
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CHAPTER 1

INTRODUCTION
1.

MACROPHOMINA PHASEOLINA
1.1 History
Macrophomina phaseolina (M. phaseolina), a soil borne necrotrophic
fungus, causes rot in the root, stem, leaves, fruits and seeds of important crop plants.
Examination of epidermal tissue derived from infected dead plants usually reveals
numerous small, charcoal black fruiting bodies called microsclerotia embedded in the
lower stem and tap root. These pathogenic aggregates of sclerotia cause rotted tissue to
darken. This rotting phenomenon due to M. phaseolina is called charcoal rot disease, which
is also known as summer wilt or dry-weather wilt.1 Out of three developmental stages
(germination stage, vegetative growth stage and reproduction stage) of fungus, Tassi found
reproduction stage which is also known as sporulating stage of Rhizoctonia bataticola
(Taub.) on common bean and he described it as M. phaseolina in 1901. Unaware of Tassi’s
work who already described the fungus, Maublanc later named the same fungus found in
the common bean as Macrophoma phaseoli in 19052,3. In 1916, Sydow and Butler reported
the same fungus to be M. cajani.2,4,5 Later Swada referred to it as M. corchori and M.
sesame when isolated from two different hosts, jute and sesame respectively.6,7
Again in 1923, Petrak confused the genus M. phaseolina with M. philippinensis
having stroma and posing hyaline, thin-walled, long narrow and aseptate spores.7 However,
Petrak findings were already described by Tashi as immature pycnidia and such fungus
was included in the genus Macrophoma, which was defined as a highly heterogenous group
1

by Petrak. Afterwards, another investigator Ashby compared all species, M. cajani, M.
corchori, M.sesame and M. philippinensis, and found them to be identical.8 Subsequently,
Ashby and Goidanich supported Petrak’s view and had already been described by Tassi2,3.
Twenty years after Ashby’s work, Goid compared M. phaseoli with all the species
found by subsequent workers, along with Tassi’s M. phaseolina and found all of them to
be identical. He confirmed the authenticity of M. phaseolina and proposed a new binomial
M. phaseolina, since phaseolina was the first species described by Tassi.2 Eventually, his
proposal to the name M. phaseolina as the pycnidial stage of R. bataticola was accepted as
a valid name by “International Code of Botanical Nomenclature” in 1947.
1.2

Morphology
Based on the information found on the National Center for Biotechnology

Information (NCBI) Taxonomy browser site, Ascomycota and Basidiomycota are two
phyla in the Dikarya subkingdom. M. phaseolina is one of 65,000 described species of
phylum Ascomycota within the kingdom Fungi.9,10 In 1947, Goid proposed the binomial,
M. phaseolina to the “International Code of Botanical Nomenclature” and it was accepted.
Depending upon the isolates, the fungus morphology varied during its different
developmental stages. Goid proposed a certain morphological structure of M. phaseolina
similar to that of Ashby’s description for R. bataticola.3 He described the fungus as –
Pycnidia, an asexual fruiting body that is scattered or gregarious, sometimes two or three
being merged, globous or depressed globous. Generally, the globous structure has a
diameter of 100 to 200 µm, which are found immersed or superficial in prosenchymatous
tissue of plant cells. Prosenchymatous tissue is a type of specialised parenchymal cell that
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helps in the transport of material to various parts of the plant body through xylem and
phloem, which makes prosenchymatous tissue rich in nutrients.2,3
Pycnidia give rise to hyphae on its own surface and are very rigid. On the hyphae,
conidiophore having a length of 9 to 15 µm gets develop. Conidiophore is very stable,
curved in shape and is tapered at the apex.11 A conidiophore produces conidia, which are
mostly 20 x 8 µm,2 single-celled, hyaline, irregularly long and cylindrical.12,13 Conidia are
a fungus’s primary reproductive forms, which can easily disperse through the wind or other
external vector.11,14
One or many of the hyphal strands assemble together in the stem and tap root of a
host plant. Formation of short mycelial tubes connects the hyphal strands, which later on
becomes multi-septate. Eventually, the aggregate masses of these hyphal cells give rise to
microsclerotia.11-14 Microsclerotia are smooth and black in color, spherical, sometimes
oblong or even irregularly shape, with sizes ranging from 50 to 100 µm in diameter.2
Shapes and sizes of the sclerotia depend upon the surface of the substrate they grow on.
Sclerotia look shiny when viewed under a dissecting microscope. All these features allow
M. phaseolina to survive longer during the stressful conditions for plant hosts.
1.3. Host and Habitat
M. phaseolina has a wide host range comprising over 500 plant species.15
Sunflower, potato, rice, corn to sorghum, cotton, alfalfa, soybean, peanuts, and many more
agriculturally important crops are considered as a safe havens for this fungus.16-19 It can
reside in the soil for more than a couple of years without any living host. It can even remain
viable in crop residue left in the field after the harvest.20 Leftover stalks, stems, seed pods
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and leaves on the field contribute to the longevity of this fungus.20,21 Moreover, the
deadliest form of this fungus can grow inside the bodies of humans with compromised
immune systems. A report published in 2008 described a renal transplant patient diagnosed
with cytomegalovirus colitis and admitted to the hospital. The examination of of discharge
from the patient yielded a light growth of filamentous fungus which was later identified as
M. phaseolina by aligning the DNA sequence with those available in the GenBank.22 Such
opportunistic invasive pathogen was also found to cause cutaneous infection in a child with
acute myeloid leukaemia.23
M. phaseolina favors dry and hot climate. However, optimum temperature for
growth of fungus has not been identified yet. Many authors have found different
temperature ranging from 25°C to 35°C that favors the growth of M. phaseolina. Effect of
temperature on growth also depends upon the current developmental stages at which a
fungus is growing. Optimal temperature for mycelial growth and microsclerotial
development was found to be 30°C in India.24,25 Some of the isolates were also found to
have resist extreme temparature.26 Even temperature at around 10°C and 40°C were not
lethal for older culture of fungus.17,27 However, some of the isolates from potato have found
to be inactivated at temperature above 50°C.17 Fungus being polyphagous in nature feeds
different foods so the growth of such fungus is also determined by the substrate they are
growing in. Also, nutrient condition in soil, moisture content and the pH of soil determines
the survivabitiliy of sclerotia.28 Presence of different concentration of trace elements like
Nitrogen (N), Carbon (C), Zinc (Zn), Manganese (Mn), Boron (B) and other elements in
the soil determine viability of fungus. As described by Dhingra and colleague, growth of
fungus were found to have increased in the soil having Zn, Mn and B at the concentration
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ranging from 5 to 100µg/ml.2 the Fungus were found to have reduced survivability in soil
having acidic condition (pH as low as 4.5).28 Less prevalence of M. phaseolina were seen
in an area with high moisture content So there is always a direct effect of high irrigation
and soil water stress on low densities of M. phaseolina in soil and roots of the plant.29,30
2.

CHARCOAL ROT DISEASE
Knowledge regarding the pathogenicity of this disease, changes in plant growth
behavior due to charcoal rot, the prevalence of the disease in various crops and practice of
different disease management approaches are greatly needed to better understand the
disease and to establish more effective approaches to defend crops from it.
2.1

Disease symptoms
Plants during stressful conditions in dry or hot weather are highly susceptible to M.

phaseolina infection. The initial plant infection occurs during early spring and symptoms
begin to appear in the late summer.31 During the early stages of infection, plants possess
smaller than normal sized leaves that become chlorotic and turn brown, which confers a
greenish-yellow appearance to the whole plant. At early reproductive stages, light gray to
silver discoloration of sub-epidermal tissue develops in the taproot and lower parts of the
stem.27 At later stages of disease development, when plants reach maturity, the epidermal
tissue of the lower stem is shredded and develops an ashy-gray discoloration. Symptoms
range from chlorosis (yellowing of the plant) and necrosis (localized death of cells and
tissues such as seeds, flowers and fruit) to death of the plant.32 In this way, M. phaseolina
causes the host to suffer from root or stem rot, gradual wilting, decreased height, weight,
girth of stem and premature death, all of which can result in reduced crop yield.16,33 The

5

extent of decreased crop yield depends upon the severity of the disease and environmental
conditions.16
2.2

Economic impact of charcoal rot disease

In the US central Midwest region, including Kansas, Missouri and Nebraska,
charcoal rot disease has created a catastrophe.34 It has become increasingly prevalent
during the past 20 years. Reduction in production of economically important crops every
year due to this fatal disease has become a prominent issue. For instance, soybean, a legume
species and one of the major staple foods throughout the world, is being devastated by this
disease. Charcoal rot ranked as the second most common disease after Soybean Cyst
Nematode (SCN) infection of soybean in 2003 and 2012. In a report by Wrather, the US
lost 1.03 million of tons of soybeans in 1998, which was 10% of the total loss due to various
diseases35. Loss to this disease varied during the next 10 years with a maximum loss of 2.3
million tons was reported in 2003. In 2006, the US alone solely lost about 6.9 million tons
of soybean due to charcoal rot which was 1.15% of total world loss by the disease and
7.58% of the total loss due to top 4 soybean diseases in the US.36 In the context of the top
8 soybean producing countries, soybean loss has increased from 2.3 to 2.75 million tons
from 1998 to 2006.36,37 According to the article by Martha et. al., published on March,
2017, charcoal rot which was considered to be second most dangerous soybean disease in
2003 and 2012, caused estimated loss of about 1.9 million and 2 million metric tons of
soybean respectively.38 As charcoal rot is so prevalent in many crops throughout the world,
it has become an important issue to understand and deal with.
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2.3

Current disease management approaches
Currently, farmers practice several management approaches to cope with charcoal

rot disease. A few disease resistant cultivars against charcoal rot have been identified for
certain crops. However, for most species, including soybeans, charcoal rot-resistant
cultivars have not been found. Some disease tolerant cultivars do ward off M. phaseolina
invasion later in the growing season, but cannot resist fungus invasion during stressful
environmental conditions at earlier stages of plant development. Stressful conditions may
also arise due to nutrient imbalance in the soil, which appears to help M. phaseolina grow
in plants. Thus, farmers are trying to grow plants in soil with balanced nutrient conditions.
Many growers employ irrigation to get prevent charcoal rot disease caused by drought
stress. However, these irrigation facilities are not available to all farmers.
Other approaches, such as crop rotation, scouting, moisture management and
proper cultivar selection, are also used to manage charcoal rot disease. Nevertheless, these
approaches have limitations. For example, crop rotation is easy to adopt but it does not
fully manage the disease. Rotation reduces the incidence of charcoal rot in some crops, but
other crops in the rotation may be hosts for M. phaseolina.39 As M. phaseolina has a wide
range of host plants, it could even survive and multiply its microsclerotia in crop residues
which are left over during the course of rotation.40 This can actually increase the relative
abundance of fungus in the soil thereby increasing pathogenicity to the next crop in the
rotation.41 Moisture management is another method used to slow down the rate of fungus
colonization, however, it doesn’t fully control fungus survival.42 Charcoal rot can be
controlled to some level in soil with a no-tillage system which has enough soil coverage to
prevent moisture loss. However, new diseases like Phytophtohora root rot, Physoderma
7

brown spot may arise because of the high moisture content of this system, which would
require additional methods to reduce crop disease.40,43
2.4

Charcoal rot at the molecular level
To overcome all these problems, we should focus our efforts on developing disease

control systems and developing Macrophomina resistant cultivars. To accomplish this, we
need a better understanding of host’s response against disease at the molecular level.
Therefore, Medicago truncatula had been chosen as a host system to investigate the
molecular interactions between the plant host and this pathogen.44,45 Found in
Mediterranean region, M. truncatula has small diploid genome having 500Mbp sequence
based on genome database in NCBI site, possesses rapid generation time and produces
abundant of seeds in its short life span, which makes it suitable model plant for this
research. Having small genome size, it shares high conservation between genome of
common alfalfa and soybean. Choosing soybean as host system for research study is
difficult to manage in the laboratory because of its larger size, long life span and having
genome variation within the soybean cultivars. Therefore, among Medicago ecotypes, A17
was chosen for the study. Compared to another ecotype such as R108, A17 was selected
because whole genome for A17 was sequenced. A17 and R108 has different level of
responses to different enzymes. Having different level of response to iron deficiency is
seen among two ecotypes.46 A study conducted by Shuai and colleagues showed variation
in resistance level among ecotypes against Macrophomina when treated with different
hormones like jasmonic acid and ethylene.47 Therefore, to study the progression of charcoal
rot disease among different plant samples at varying time points, A17 is always the best
choice over another ecotype.
8

Characterizing disease symptoms and quantitating disease progression are
important aspects of understanding host-pathogen interactions at the molecular level.
Different techniques such as colony counting,48,49 and a quantitative scoring system based
on the percentage of chlorosis and necrosis visible on the aerial part of the plants have been
used in the past.50 Scale used to assess the disease symptoms that was seen on the aerial
part of the plant body at different time point,44 is described later in ‘Disease symptoms
assessment’ topic under materials and methods section. However, both approaches
measure disease symptoms rather than underlying mechanism by quantifying the fungal
and plant biomass at exact time of infection.
The colony counting method used to quantify fungus in tissue or soil samples is
less subjective. Furthermore, it is tedious, time-consuming and the results are highly
inconsistent due to colony shape and size. Contamination with other microbes may also
affect the accuracy of the method. Another approach to assess disease progression in plants
by visualizing disease symptoms seen in the aerial part of the plant is also not very reliable.
As symptoms are detectable only at later stages of infection, we cannot assess disease
initiation, when mitigation might rescue the crops. In most cases, the same pathogen may
show various levels of pathogenicity to different host strains. This system only works best
if there is a direct correlation between disease symptoms and pathogen growth in the plant.
3.

IMPORTANCE OF DEVELOPING QUANTITATIVE PCR-BASED ASSAY
As a couple of approaches were explained above to understand host-pathogen
interaction, none of them are fully quantitative and reliable. To overcome those limitations,
we aim to develop a quantitative method to directly measure the pathogen biomass in
infected plants using real-time quantitative polymerase chain reaction (qPCR)5
9

Quantitative PCR (qPCR) has been found to be highly accurate, sensitive and rapid for
quantifying disease progression. This method can accurately quantify fungal genomic
DNA, which directly correlates with the fungal biomass in infected plant tissues. By
directly comparing the amount of plant genomic DNA and fungal genomic DNA, we can
assess disease progression at different time intervals. Quantitative PCR has been used
before to quantify fungi that cause other diseases in several crops. For example, Hu et.al.
used qPCR to quantify two fungi, Guigardia citricarpa and G. mangferae in citrus crops.51
In the same way, a qPCR assay to quantify Botrytis cinerae in grapes was developed by
Diguta and et.al.52 Also, Gachon et.al. monitored fungal development in Arabidopsis
thaliana infected with Botrytis Cinerae and Alternaria brassicicola using qPCR.53 Babu
et. al. (2011) used a Taqman assay to detect M. phaseolina abundance in infected plant
tissues. Their research has demonstrated qPCR to be an appropriate tool to quantify M.
phaseolina in both soil and root samples. However, they did not correlate the amount of
fungal DNA with plant disease symptoms.54 In addition, the Taqman-based detection is
relatively expensive and not suitable for large-scale analysis involving many different
samples. Therefore, we aim to develop a method using a SYBR Green-based qPCR assay
to quantitate M. phaseolina and M. truncatula genomic DNA and use it to measure disease
progression in host plants. This type of assay will provide a valuable tool for several
scientific groups working on charcoal rot disease. The assay is not limited to measuring
the abundance of M. phaseolina in any infected soil or plant tissue samples, but will also
serve as an essential tool for screening germplasm collections to identify disease-resistant
cultivars.
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3.1

Introduction to quantitative PCR
Besides all the above-explained techniques, the molecular level of study is always

believed to be more objective and reliable to better understand M. phaseolina relation with
its host. The molecular level of examination will give us a broader view in understanding
the host-pathogen interaction. To examine processes involved in this interaction,
development of a molecular assay is very important. Such an assay will help us assess the
total change in plant-fungal biomass in real-time. The total amount of plant-fungal biomass
can be directly correlated with the total amount of DNA found in both species.55
Quantitative Real-time PCR (qPCR) is a valuable tool for quantifying the amount
of DNA in biological samples. The main principle of our assay was to decipher an exact
amount of DNA present in a sample at a specific time. The sole use of standard PCR was
insufficient to quantify a specific DNA amount from an infected sample at an exact time.
As the ability of this PCR is limited to producing endpoint results at the last cycle, which
would not know if the initial amount of specific DNA hat was already present in an infected
sample. On the other hand, qPCR detects the amplification of specific target in real time.
Therefore, the amplification results can be used to quantitate the amount of specific target
in any given sample. The qPCR procedure is based on the detection and quantification of
a fluorescent reporter, such as SYBR Green, when amplicons are generated in each PCR
cycle. In a qPCR reaction, PCR amplifies target DNA molecules, to which SYBR Green
binds. As a number of amplicon increases, more SYBR green binds DNA and the SYBR
Green/DNA fluorescence increases. The fluorescence signal detected after each cycle is
used to construct an amplification curve that will be used to determine threshold and Ct
(Cycle Threshold) values. The threshold is the point at which the fluorescence signal can
11

be detected above background noise. The Ct value represents the number of cycles that it
takes for a reaction to reach the threshold. The Ct value is inversely correlated with the
amount of target template in each reaction, i.e. high copy number of the template will result
in lower Ct values whereas, low number of the template will result in high Ct. To quantify
the absolute amount of DNA in an unknown sample, we will use the standard curve method
which is explained in later part in the result section
All the variations of this technique, ranging from conventional PCR to the latest
qPCR, are major tools that can be used to develop qPCR assay.

56

During assay

development, standard PCR helped us determine the specificity of different primers for
each chosen target from selected genomic sequences of plant and fungus.6,57,58 Later, this
information was used to choose primers suitable for qPCR. Ideal primers should be genespecific with PCR efficiencies between 90-100%. Afterwards, high efficient standard curve
was used to quantitate respective DNA amount in the infected sample and the assay was
developed.
4. MATERIALS AND METHODS
4.1

Preparation of plant material
To prepare Medicago plant for experiments, we harvested seeds from the Medicago

fruit. Then we sterilized the seeds using concentrated Sulfuric acid and 20% bleach solution
mixed with a drop of Tween 20. Seeds were washed with autoclaved water for 5 times at
every interval. After the final wash, 8-10 seeds were placed in a petri dish containing 1%
of ½ Murashige Skoog (MS) basal salt medium (Sigma Chemical Co., St. Louis, MO), pH
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5.7. Plates containing washed seeds in it were stored in a closed dark room for 3 to 4 days
to allow the seedlings to develop.

A

C
A

B

Figure 1: Different developmental phases of M. truncatula. Seed germination stage(A), development of seedling
(B) and plantlet development stage (C)

After three days, seedlings were transferred to medium in a magenta box containing
100ml of ½ MS medium, pH 5.7 in each box. Magenta boxes were kept inside the growth
chamber for 2 weeks until seedlings developed into plants.
4.2

Fungal inoculum preparation
Simultaneously, with the preparation of M. truncatula plant, we prepared M.

phaseolina culture in Potatoes Dextrose Broth (PDB) (Becton, Dickinson and Co., Sparks,
MD), extracted DNA from the fresh fungal sample, and cultured the rest in Potatoes
Dextrose Agar (PDB) medium to prepare infectious fungi for inoculating the plants. It took
3 to 4 weeks to grow hyphae and develop microsclerotia in PDB alone. Whereas, it only
took 8-10 days to develop into matured microsclerotia in PDA media. PDB-grown fungus
was harvested and dried. Several aliquots with different weights were stored in a 4°C
refrigerator until the time for DNA extraction. To prepare the inoculum, fungus grown on
PDA was transferred to a conical flask containing sterilized wheat seeds. The inoculated
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seeds were then kept in an incubator at 28°C temperature for 9-10 days. Occasional shaking
of the conical flask containing infected wheat seeds was performed to uniformly distribute
the fungus over the wheat seeds. Eventually, the inoculation medium was ready to inoculate
2-week-old plants.
4.3

Inoculation of M. truncatula plants with fungus
Each of plant in 33 magenta boxes was inoculated with an infected wheat seed. In

a sterile environment, each wheat seed was placed on a medium surface to the right of the
junction between the root and stem of the M. truncatula plant (Fig 2). A group of three
plants was labelled with a time-point starting from 0 to 120 hours. All the fungusinoculated plants were placed inside the growth chamber for continued development as
shown in Fig 2. At each 12-hour interval, three plants were removed and root samples
prepared. A clear picture of each infected plant was taken so that symptoms could be clearly
viewed at each time point. Afterwards, whole roots were excised, medium attached to the
surface was removed, total fresh weights of individual roots were measured and then stored
at -80°C for subsequent DNA extraction.

Figure 2: Replicates of infected M. truncatula plants at an indicated time point prior to root harvest.
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4.4

Disease symptoms assessment
Thirty-three fungus-inoculated plants were divided into 11 groups and harvested at

11 different time points. Accordingly, each time point was sampled in triplicate i.e. there
were 3 biological replicates. At every time point, symptoms for all three plants were
assessed based on phenotypic changes after the infection. The scoring matrix already
described by Gaige and colleagues in Shuai’s lab44 was used to assess disease progression.
The scale, which ranges from 0-6 is as follows:
0:

No detectable symptoms

1:

1-10% chlorotic or 1-5% necrotic

2:

10-20% chlorotic and 5-10% necrotic

3:

20-30% chlorotic and 10-20% necrotic

4:

40-60% chlorotic and 20-30% necrotic

5:

60-80% chlorotic and 40-60% necrotic

6:

> 80% chlorotic and plant dead.
Above mentioned symptoms were noted for every sample and were used to

correlate with the qPCR data later.
4.5

DNA isolation using Cetyl Trimethyl Ammonium Bromide (CTAB)
DNA was extracted from root tissue after taking recording disease symptoms.

CTAB method of DNA extraction was found to be best suited for the carbohydrate-rich
materials, therefore it was chosen for this project. Raw tissue was frozen in liquid nitrogen
and ground into a fine powder using a mortar and pestle. The resulting fine powder was
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then homogenized using 800 µl CTAB buffer (100mM Tris, pH 8; 20mM EDTA pH 8;
2M NaCl) composed of 3% (W/V) CTAB and 1% (W/V) polyvinylpyrolidone (PVP, MW.
40,000). A 750 µl aliquot of homogenized tissue extract was transferred to a clean, 1.5-ml
microfuge tube and 5 µl of Proteinase K solution (10mg/ml) was added. The extract was
incubated at 37°C for 30 min followed by enzyme inactivation by incubation in a 65°C
water bath for 30 minutes. Samples were centrifuged at 16,000 x g for 10 mins to eliminate
large tissue debris. After centrifugation, a 700 µl sample of the supernatant was transferred
to a new microfuge tube and an equal volume (700 µl) of 25:24:1 Phenol: Chloroform:
Isoamyl alcohol (PCI) was added and vigorously mixed. The extract was centrifuged at
16,000 x g for 10 min. A 650 µl sample of the aqueous layer was recovered and an equal
volume 24:1 chloroform: IsoAmyl alcohol (CI) was added, mixed, and centrifuged at
12,000 x g for 10 min. A 600 µl sample of the aqueous phase was transferred to a new tube
and 1/10th vol of 3 M NaOAc, pH 5.3, and an equal volume of isopropanol were added.
The solution was evenly mixed, then incubated at room temperature for 30 min to
precipitate the DNA. Samples were centrifuged at 10,000 x g for 10 min to pellet the DNA.
The pellet was washed three times with 70% ethanol to eliminate salt contamination. A
200 µl of 10 mM Tris buffer, pH 8.0 and 300 µl of water were added to resuspend the
washed DNA pellet.
To remove RNA contamination, 1 µl of a 10mg/ml RNAse solution (Invitrogen,
Carlsbad, CA) was added and the sample was incubated at 37°C for 30 minutes. Afterward,
a round of PCI extraction followed by CI extraction, as described above, was performed.
A 1/10th vol of 3 M NaAOc and an equal volume of 100% ethanol were then added to
precipitate the RNA-free DNA. The resulting solution was centrifuged at 10,000 x g for 10

16

min to pellet the DNA. The DNA pellet was washed with 70% ethanol thrice and then 100
µl of 10 mM Tris-HCl, pH 8.0, elution buffer was added to suspend the DNA. The
concentration and purity of the DNA were evaluated based on UV absorbance using a
Nanodrop spectrophotometer (Thermo Scientific 2000C) to determine the concentration of
DNA and the presence or absence of protein and phenolic compound contamination. Gel
electrophoresis was used to confirm the presence of defragmented DNA and RNA
contamination.
4.6

Standard PCR
Standard PCR was carried out in a total of 20µl cocktail mixture, which consisted

of 9µl of sterile MilliQ (mQ) water, 2µl of 10x ThermoPol (New England Biolabs, Ipswich,
MA) buffer solution, 2µl containing 2U Taq DNA polymerase, 2µl containing 200µM of
each dNTPs (New England Biolabs), 2µl containing 0.1 µM of each forward primer and
2µl containing 0.1µM of each reverse primer and 1µl containing 20 ng of a specific
genomic DNA template. Eight different sets of primers (Appendix A) were used to target
specific sequences in the M. truncatula genome, while, 2 different sets of primers
(Appendix B) were used to amplify the specific targets in the M. phaseolina genome. The
cocktail mixture was aliquoted to thin-walled PCR tubes and mixed well by gently tapping.
After a brief centrifugation to concentrate all components in a single droplet, each reaction
tube was placed in a Bio-Rad (Mexico) C1000 Touch™ Thermal Cycler and the PCR
program initiated. The PCR setup program consisted of an initial denaturation at 94°C for
5 min. This was followed by 35 cycles of 30-sec denaturation at 94°C, annealing at 60°C
for 30 sec followed by extension at 72°C for 40 sec. The final extension time was extended
to 5 min for leftover amplicons in the mixture. After PCR was completed, 10 µl of each
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reaction was evaluated by electrophoresis on a 2% Agarose gel to confirm amplification of
the target gene.
4.7

qPCR
We generally performed qPCR on triplicate samples of DNA extracted from each

root sample. A 10 µl reaction contained 2 µl Milli-Q H2O, 5 µl 2X Applied Biosystem
SYBR Green Master Mix, 1 µl of each forward and reverse primer (100 nM final
concentration) and 1 µl genomic DNA template. Reactions for three technical replicates of
each DNA sample were set up as a single mix and then aliquoted into individual wells in a
reaction plate, which was then placed in the Applied Biosystems StepOne Plus Real-time
PCR instrument. The qPCR program consisted a holding step at 95°C for 10 mins, followed
by 40 cycles of denaturation at 95°C for 15 sec, annealing and extension at 60°C for 1 min.
After reaction was completed, results were gathered and analyzed with the Applied
Biosystems StepOne Plus software.
5.

RESULTS AND DISCUSSION
5.1

Preparation of fresh and infected M. truncatula sample
Thirty-three plants on nutrient medium were grown for 2 weeks inside the growth

chamber, then inocluated with freshly prepared M. phaseolina inoculum. Plants were
inoculated at the same time and photographed (Appendix C) at every time point before
excising whole roots. Root harvesting from infected plants was performed every 12 hours
starting at time 0 and continuing until 120 hr after inoculation. Root samples were stored
at -80°C until DNA extraction. Each time point has three biological replicates.
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A

B

C

Figure 3: Infected plant at 0hr (A), 60hrs (B) and 120hrs (C) with score of 0, 1 and 6 respectively. Depending upon
scoring matrix explained in section 4.4, 0-hr plant exhibit no symptoms, whereas, 60 hours plant shows 10% chlorotic or
1-5% necrotic on aerial part with a score of 1. Similarly, 120-hr infected plant appeared to be dead with score of 6.

5.2

Development of protocol to extract genomic DNA
To optimize DNA extraction, the isolation procedures were first tested on either M.

truncatula roots or M. phaseolina cultures that were grown separately. After consistency
in DNA extraction procedure was obtained with both M. truncatula root and M. phaseolina
samples, we applied the same proctocol to infected root material (see Tables 1, 2 and 3).
Unbiased collection procedures while obtaining infected root samples and consistent DNA
extraction protocols for different samples were the main principles for establishing this
protocol. Accurate quantification of high-quality DNA obtained from fungus and plant
samples were required to obtain two standard curves, which were used to calculate the
amount of fungal and plant DNA from the infected plant sample later.
The CTAB method of DNA extraction for both fungus and plant tissues was
developed in the lab. Cetyl trimethyl ammonium bromide is a strong cationic surfactant
that solubilizes thick cell wall and internal organelle lipid membranes that are found in
both plant and fungus tissue. CTAB is also used to isolate DNA from plant tissues that are
rich in complex polysaccharides and secondary metabolites such as polyphenols.59 These
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metabolites interfere by co-precipitating with DNA during isolation, resulting in lowquality DNA samples. Therefore, CTAB along with PVP are used to reduce the
contamination of DNA with these metabolites. PVP is a water-soluble polymer which bind
with the polyphenols and prevent them from reacting with DNA. PVP is mainly used for
sample having high metabolites and phenolic compounds. CTAB protects DNA from
hydrolysis during the isolation procedure and highly polymerized DNA molecule can be
obtained.59,60
In this method, after homogenization with CTAB buffer, two rounds of phenol:
chloroform: isoamyl alcohol (PCI) (25:24:1) treatment was done. DNA needed for qPCR
should be free from protein and RNA contamination, which was accomplished through
treatment with Proteinase-K and RNase. The first round of PCI treatment was performed
after proteinase-K treatment to get rid of protein contaminants, and the second round of
PCI was done after RNase treatment to obtain a DNA sample free of RNA contamination.
Genomic DNA was then precipitated with sodium acetate (NaOAc) and ethanol (EtOH).
The DNA pellet was resuspended in 10 mM Tris-HCl (pH 8), and the quality was checked
using a Nanodrop spectrophotometer. DNA concentration was determined based on
absorbance at 260 nm. A 260/280 ratio ≥ 1.8 was used as the cutoff for DNA free of protein
contamination and a 260/230 ratio ≥ 2 was used to identify DNA samples free of
carbohydrate and phenolic compound contamination.
To optimize the DNA extraction procedure, uninfected roots with variable weights
(50 mg, 80 mg, 90 mg, 100 mg and 110 mg) were harvested and DNA extraction was done
for each root sample. Root sample having same weight yielded a different amount of DNA
with different level of purity against protein and a phenolic compound or carbohydrate
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contamination. Five out of seven root samples having 100 mg of weights yielded around
30 µg of DNA however, below 20 µg of DNA was recovered from two of the samples
(Table 1). Likewise, Two out of three roots having 50 mg of weight yielded 10 and 15 µg
of DNA respectively. 90 and 110 mg of root sample yielded around 20 µg of DNA. Almost
all samples shown in Table 1 were found to have 260/280 ratio ≥ 1.8 and 260/230 ratio ≥
2, indicating that they are most likely free from protein and carbohydrate contaminations.
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Table 1: Concentration and quality of genomic DNA isolated from M. truncatula as assessed by UV
spectrometry

Sample wt.

DNA Conc (ng/µl) Total DNA (µg)

A260/280

A260/230

100mg

1651.4

16.51

2.16

2.36

100mg

4134.4

41.34

2.07

1.94

2813.7

28.13

2.12

2.30

50mg

1047.4

20.948

2.12

2.20

50mg

778.3

15.56

2.14

2.35

50mg

54.8

10.96

2.10

2.02

80mg

901.4

18.02

2.16

2.25

90mg

925.9

18.51

1.91

2.13

90mg

188.1

18.82

1.98

2.24

100mg

173.5

17.35

1.93

2.20

90mg

174.8

17.48

1.97

2.29

100mg

363.6

36.36

2.13

2.14

100mg

393.2

39.32

2.10

2.06

100mg

280

28.00

2.08

1.97

110mg

142.3

14.23

2.06

2.02

110mg

237.2

23.72

2.01

1.64

100mg

The same DNA isolation procedure was used to extract DNA from various amount
of the fungal tissue (Table 2). Two of 50 mg of fungal tissue yielded around 15 µg of
DNA. Whereas, most of the tissue with the weight of 90, 100 and 110 mg yielded a DNA
amount ranging from 17 to 23 µg.
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Table 2: Concentration and quality of genomic DNA isolated from M. phaseolina

Sample Wt.

Conc (ng/µl)

Amt (µg)

A260/280

A260/230

100mg

924.2

9.24

2.06

1.76

100mg

1124.4

11.24

1.91

1.68

100mg

1823.53

18.23

1.98

2.1

50mg

1377.3

27.546

1.92

1.68

50mg

580.7

11.61

1.87

2.09

50mg

894.4

17.08

1.82

1.99

90mg

325.3

32.53

1.94

1.83

100mg

356.8

35.68

1.99

2.29

100mg

1553.9

31.076

2.06

1.83

90mg

296.5

29.65

1.90

2.09

90mg

312.3

31.23

1.88

2.12

100mg

1225.1

24.50

1.90

1.86

100mg

1053.5

21.06

1.95

1.94

100mg

1329.7

13.29

1.97

2.10

110mg

728.1

72.81

2.03

1.90

110mg

1215.7

121.57

2.10

2.03

Only three of 100 mg of fungal tissue yielded DNA around 30 µg. Similar to DNA
isolated from M. truncatula root, 260/280 and 260/230 ratios for these samples
demonstrated that most of M. phaseolina genomic DNA were free from protein or phenolic
compound and carbohydrate contamination.
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Extraction of DNA from many of M. truncatula and M. phaseolina samples having
variable weights were done to maintain the high consistency in extraction procedure.
Table 3: Concentration and quality of genomic DNA isolated from infected plants sample at each time point

Time after sample
infection
(hr)
(plant ID)
0 (A)
0 (B)
0 (C)
12 (A)
12 (B)
12 (C)
24 (A)
24 (B)
24 (C)
36 (A)
36 (B)
36 (C)
48 (A)
48 (B)
48 (C)
60 (A)
60 (B)
60 (C)
72 (A)
72 (B)
72 (C)
84 (A)
84 (B)
84 (C)
96 (A)
96 (B)
96 (C)
108 (A)
108 (B)
108 (C)
120 (A)
120 (B)
120 (C)

Fresh weight (mg)

Concentration
(ng/µl)

Amount
(µg)

A260/280

A260/230

50
70
50
50
50
50
70
110
110
120
100
120
100
100
100
80
100
120
110
110
150
90
100
90
80
80
90
80
100
80
100
90
90

153.5
162.4
143.7
140.06
160.03
170.8
193.8
383.8
233.0
191.4
209.9
138.2
190.7
212.1
211.0
204.5
204.6
234.9
189.4
233.1
518.9
219.5
230.2
190.1
233.1
204.7
205.9
198.3
213.4
194.5
283.4
183.7
224.7

15.3
16.24
14.3
14.0
16.0
17.0
19.3
38.3
23.3
19.1
20.9
13.8
19.0
21.2
21.1
20.4
20.4
23.4
18.9
23.3
51.8
21.9
23.0
19.0
23.3
20.4
20.5
19.8
21.3
19.4
28.3
18.3
22.4

1.89
1.9
1.87
1.87
1.8
1.9
1.85
1.90
1.83
1.84
1.87
1.9
1.79
1.86
1.86
1.96
1.88
1.85
1.87
1.90
1.96
1.98
1.89
1.85
1.88
1.92
1.80
1.8
1.86
1.92
2
1.89
1.92

2.01
2.1
2.09
2.2
2.0
2.07
1.92
2.13
1.86
1.97
2.02
3.04
1.69
2.04
2.30
2.23
1.9
1.74
1.82
1.99
2.02
2
1.98
2.1
2
2.03
1.93
1.96
2.1
1.98
2
2.1
2

Consistency was important to bring unbiased condition while following same DNA
extraction procedure for an infected sample which contained both M. phaseolina and M.
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truncatula genomic DNA so that the ratio between M. phaseolina to M. truncatula genomic
DNA would be same.
Twelve of M. phaseolina (Fig. 4A) or M. truncatula (Fig. 4B) genomic DNA
samples were selected to test for unfragmented DNA and RNA contamination.
Unfragmented DNA was important while carrying qPCR analysis as SYBR green dye
could only bind to the intact double stranded DNA during the cycle thus resulting an exact
amount of DNA in the sample. Similarly, DNA sample free of RNA contamination was
necessary while performing spectrophotometry to quantitate the total amount of DNA in
the sample, since RNA tends to absorb a maximum of UV light at a 260nm wavelength
which is similar to DNA. To confirm the absence of RNA in the sample, 2% of gel
electrophoresis was performed. 1 kilobase pair (kb) marker was used alongside the DNA
samples. Result obtained after an hour of electrophoresis showed no RNA contamination
in any of the 12 samples for each M. phaseolina and M. truncatula.
Once the CTAB DNA extraction procedure was established to provide consistent
results for DNA isolation from either M. truncatula or M. phaseolina samples, the same
procedure was applied to infected plant samples. Plants were infected with the fungal
inoculum, and roots from three biological replicates were harvested at each time point, then
DNA was extracted. Table 3 shows the amount and quality of genomic DNA extracted
from infected plant samples. Again, various amounts of DNA were isolated from these
samples, and the quality of the DNA seems to be high based on 260/280 and 260/230 ratios.
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1kb 1 2 3 4 5 6 7 8 9 10 11 12

B

Figure 4: Results of gel electrophoresis of gDNA isolated from M. phaseolina sample (1-12) (A) and M. truncatula
sample (1-12) (B) respectively.

Similarly, genomic DNA samples extracted at each time point were also tested for
unfragmented DNA and RNA contamination. Figure 5 shows a DNA sample from each
time point (0-120 hr) ran in 2% gel. The figure shows no RNA contamination with intact
double stranded DNA.
1kb

0hr

12hr 24hr

36hr 48hr

1kb

60hr 72hr

A

84hr 96hr 108hr 120hr

B

1kb
1
2
3
4
5
6
1kb
1kb
1
2
3
4
5
6
7
Figure 5: Result of gel electrophoresis of genomic DNA from infected sample at different time point from 0- 120 hr.
Lane 2-6 of figure A represents an infected DNA sample from 0-48 hours respectively. Similarly, lane 2-7 of figure B
resembles an infected DNA sample from 60-120 hours respectively.

5.3

Identify M. truncatula and M. phaseolina primers
Since we already had several sets of primers for both M. truncatula and M.

phaseolina available in the lab, we tested some of those primer sets to choose the best
candidates by examining their efficiency and specificity.
We needed to have specific M. truncatula primer sets to optimize qPCR condition
and quantify the DNA amount in the infected samples. Specificity was determined based
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on the intensity of the DNA band after 35 cycles of standard PCR. Primers were evaluated
for successful amplification of M. truncatula genomic DNA, with no amplification of M.
phaseolina gDNA under the same condition. All of 8 different primer sets were tested
against 3 different M. truncatula template and a M. phaseolina template as a control. As a
result, except for TAR primer set, seven other M. truncatula primer sets (ARF30, CYP,
DEF1, DEF2, PAI, TUB and CHIN4) had shown consistent
A

1

B

2

3 4

1

2 3 4

1 2

3 4

1

2 3 4

1

1

2 3 4

1 2

CHIN4

2 3 4 100bp

3 4

1

2

3

4

100bp

Figure 6: Picture represents gel electrophoresis of PCR reactions for M. truncatula primers (ARF30, CYP, DEF1, DEF2,
PAI, TAR, TUB) (A) and CHIN4 (B). Four reactions were run for each primers pair. M. truncatula gDNA was used as
template for the first three (1st, 2nd and 3rd lane) reactions, whereas M. phaseolina gDNA was used as a template in the
fourth (4th lane) reaction. The fourth reaction was used to confirm the species-specificity of the primers.

amplification of M. truncatula genomic DNA only (Figure 6). This result suggested that
all seven primer sets were specific to the M. truncatula species only so they can be used
for further qPCR optimization.
Using the same criteria, two sets of M. phaseolina primer, MP1 and MP2 were
tested. As shown in Figure 7, amplification was seen in first of the 3 reactions in which
MP1 or MP2 was used against 3 different M. phaseolina DNA samples, and no
amplification was noticed in fourth reactions in which M. truncatula template was used
against MP1 or MP1 primer set. This result suggested that these primer sets were specific
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to M. phaseolina species only (Fig. 7). Therefore, we have chosen MP1 and MP2 as M.
phaseolina primer sets and seven M. truncatula primer sets for qPCR optimization.
A

B

1
2
3
4
100bp
1
2
3
4
100bp
Figure 7: Picture represents gel electrophoresis of PCR reactions for M. phaseolina primer (MP1) (A) and MP2 (B). Four
reactions were run for each primer pair. M. phaseolina genomic DNA was used as template for the first three reactions,
whereas M. truncatula was used as a template in the fourth reaction. The fourth reaction was used to confirm the speciesspecificity of the primer.

5.4

Check reliability of qPCR using respective primers
To quantify the absolute amount of DNA in an unknown sample, we used the

standard curve method. Reliability of the standard curve requires the PCR efficiency of 90110%. To determine qPCR efficiency, we tested all the positive primer sets identified by
standard PCR. Fresh DNA samples were diluted to a specific concentration to test for
appropriate amplification during qPCR. Reliability of signal was determined by comparing
the Ct values between serially diluted samples. Samples were diluted to 100ng, 50ng, 10ng
and 2ng per reaction and tested. Initially, nine of M. phaseolina DNA samples at these
concentrations were tested. However, none of these concentrations showed any
amplification during our first round of test. Since these primers have previously been used
in the laborotory, we reasoned that the failure of these reactions was most likely due to the
presence of PCR inhibitors in the DNA samples. Therefore, some of the samples were
concentrated by using ethanol precipitation method. One sample having a concentration of
1215.7 ng/µl was diluted by 25 folds to test for qPCR efficiency. For this specific sample,
concentration of ≤ 50 ng/µl showed a consistent amplification in qPCR reactions.
Therefore, this sample has been used to establish standard curve for M. phaseolina DNA
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to test PCR efficincy and quantify unknowns. For each standard curve, this DNA sample
was diluted first to 50 ng/ul, which then was used to make 10-fold series diluted samples.
Two M. phaseolina primer pairs were tested for qPCR and both of them were found to be
consistently reliable at DNA concentrations equal to or lower than 50 ng for M. phaseolina
DNA quatification (Fig. 8).
A

B

Figure 8: qPCR of M. phaseolina DNA using MP1 (A) and MP2 (B) primer to check in primer reliability. Figure A
represents triplicate of reactions containing 50 ng of M. phaseolina genomic DNA against MP1 primer set whereas, figure
B represents triplicate of reactions containing 50 ng of M. phaseolina genomic DNA against MP2 primer set.

Similar tests were done to check the reliability of qPCR with M. truncatula DNA
samples with their individual primer sets. M. truncatula primers were found to be highly
specific during standard PCR as shown in Fig. 6 . However, 7 out of 8 species-specific
primers failed to produce any signal in qPCR. Many different concentrations of genomic
DNA ranging from 100 ng to 2 ng were tested, and none of these sample resulted in reliable
amplification in qPCR (Fig. 9). Even at concentrations less than or equal to 2 ng, these
primer sets did not show any amplificaiton signal. Several strategies were applied to reduce
inhibitor problem. First, we reprecipitated the DNA using ethanol/NaOAc (following the
same steps of ethanol preciptation used in the DNA extraction method) to make the solution
highly concentrated so that we could dilute the sample over 600-folds like M. phaseolina
to minimize inhibitors. Then, different amount (100 ng, 50 ng, 10 ng and 2 ng) of DNA
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was used to check on amplification however, no signal was detected. Second, we practiced
eliminating inihibitors presented in the DNA samples by repurifying the DNA using a
qPCR inhibitor removal kit (Zymoresearch, Irvine, CA). We reprecipitated 5 different
highly concentrated DNA samples and used inhibitor removal kits following
manufacturer’s instructions. Thereafter, we tested those M. truncatula samples. Yet no
signal was seen at any concentration of sample even after DNA reprecipitation was
performed.

Figure 9: qPCR of M. truncatula samples using seven primer sets to test on its reliabilty. A, B, C and D of the legend in
the figure above represents each row in a 96-wells reaction plates. All seven wells in a row contained a reaction mixture
of one of 100 ng, 50 ng, 10 ng or 2 ng of M. truncatula genomic DNA with each of seven primer sets.

Different polyphenols presented in the plant tissue were potential PCR inhibitors61
which might have inhibited amplification during qPCR. We had even expected most of the
inhibitors were carried over while extracting DNA. Proteinase-K enzyme used to eliminate
protein from the DNA extracts, ethanol and salt used to precipitate DNA, PVP and
phenol/choloform used to separate phenol and protein from DNA were some major
inhibitors which could have carried over during extraction procedure62. Such inhibitors
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were found to be removed by using more stable SYBR green master mix like ‘POWER
SYBR Green’ as sugested by Thermo Fisher. However, we were still uncertain if those
inhibitors were a real issue in our reaction because in case of M. phaseolina, the sample
had worked well after reprecipitation and dilution to lower concentrations.
Another prediction behind non-amplification of M. truncatula DNA while
performing qPCR could be the genomic organisation of target sequences and the template
copy number that we had used. As genome size among M. phaseolina and M. truncatula
species are different, a PCR condition that we had applied for both template might be
unsuited. M. truncatula has genome size of nearly ~ 407 Mb which is about 10 times
greater than that of M. phaseolina genomic size i.e. ~ 47 Mb. An online tool provided by
Univeristy of Rhode Island, Kingston, RI, to calculate the number of copy of template in a
sample was used. Approximately, 4.55 x 109 copies of M. truncatula and 3.94 x1010 copies
of M. phaseolina DNA templates in 2ng of a sample was found. Therefore, for any given
amount the DNA, M. phaseolina samples will have roughly ten-times more template than
that of M. truncatula samples. Therefore, even though diluting M. phaseolina DNA by
600 folds from its initial concentration has elimiated PCR inhibitors and positive results
were consistently obtained, the same dilution may have resulted in too few Medicago
templates for efficient qPCR amplication. A highly diluted sample and an increased
genome size would bring high stochastic effect which results in premature termination of
cycle due to polymersase, which affect efficiency of PCR cycle and yield of product.
Therefore, we predicted to have any of the above mentioned factors involved in nonamplification of M. truncatula templates. Many robust polymerases could be used which
might overcome the issues, however, our effort was to develop an economic assay.

31

To overcome this problem, we decided to use an alternative approach to quantify
M. truncatula DNA in infected samples. To determine the quantity of M. truncatula DNA
in the infected samples, we relied on the total amount of DNA in an infected sample that
was obtained based on spectrophotometer reading, then we subtracted the amount of M.
phaseolina DNA that was determined based on qPCR to calculate the amount of M.
truncatula DNA.
5.5

Generate high efficient standard curve for M. phaseolina DNA quantification
We ran two sets of M. phaseolina primers (MP1 and MP2) using a standard curve

method to compare their efficiency. Standard curve analysis helped us determine the PCR
efficiency which was supposed to be 95–105%. Also, it gave us an information about the
dynamic range of the primers, which allowed us to estimate the amount of sample required
for testing.
A 6-point standard curve was generated to determine the efficiency of each M.
phaseolina primer sets (Fig.10 and 11). Known concentrations of M. phaseolina DNA was
plotted against the Ct value obtained from qPCR to construct the standard curve. M.
phaseolina genomic DNA was used to make a 10-fold dilution series of 6 different
concentrations, starting at 50 ng/µl. Three replicates were used for each of 6 points while
constructing standard curve using MP1 and MP2 primers. For MP1, the Ct values obtained
from the triplicate reactions for each point were used to calculate the mean and standard
deviation. Standard deviation was found to be ≤ 0.5 among the replicates, which can be
considered as highly reproducible. Similar analysis was perform for MP2. Maximum of
the standard deviation in Ct values among replicates was found to be 0.93 with the initial
DNA amount of 0.01 ng (Fig 11).
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Amplification efficiency of qPCR was then calculated based on the slope of
standard curve, given by the equation, E = -1+10(-1/slope). In theory, we expect a slope
value of -3.32, which represents 100% PCR efficiency due to doubling of amplicons in
every cycle. In practice, many factors, including primers, reagents, reactions conditions
and presence of PCR inhibitors, can affect the E value. It is usually acceptable to have an
E value between 90-110% for DNA quantification using the standard curve method. For
MP1 primer, we had a slope of -3.24 with an efficiency of 103% (Fig. 10). Whereas, MP2
resulted 113% of amplification efficiency with a slope of -3.06 (Fig. 11). Since solutions
were serially diluted and Ct value has changed in an order, we expected all the points in a
graph lie within a linear equation revealing a regression coefficient i.e. R2 value near to 1.
Both MP1 and MP2 primers resulted R2 value of 0.98 (Fig. 10 and 11).

A

Ct vs M.p. DNA

Ct Vaue

Efficiency = 103%
R2 = 0.98
Slope = -3.24

DNA (ng)
Figure 10: Standard curve for qPCR analysis of a 10-fold serial dilution of M. phaseolina DNA using MP1 primer.
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Ct vs M.p. DNA

Ct Value

Efficiency = 112%
R2 = 0.98
Slope = -3.06

DNA (ng)
Figure 11: Standard curve for qPCR analysis of a 10-fold serial dilution of M. phaseolina DNA using MP2 primer.

Since the amplification using MP1 primers showed better efficiency, this primer pair was
chosen over to quantify M. phaseolina DNA in all infected samples.
5.6

Presence of M. phaseolina gDNA in infected sample
Different sets of primer which were specific to the M. truncatula and M. phaseolina

genomic DNAs were characterized. Out of two M. phaseolina primer sets that had been
identified, MP1 was chosen over MP2 to test the presence of M. phaseolina DNA in the
infected root at different time points. As expected, no amplification was detected for MP1
in 0 hr samples (Fig 12) since these represented uninfected plants. However, fungus DNA
were found to be amplified in infected roots starting from 12 hr after infection. As shown
in Fig. 12, DNA band intensity increases along with the time post infection, indicating the
presence and proliferation of M. phaseolina in infected roots.
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Figure 12: Gel electrophoresis of the infected samples after standard PCR using MP1 primer to reveal the presence of
M.p. genomic DNA in the infected root sample at a different time-points, as indicated. 1 in both picture (A and B) as
M.p. (positive control) control using purified genomic DNA from M. phaseolina.

5.7

Quantify M. phaseolina DNA in infected samples using standard curve method
With the use of MP1 primer set, highly reproducible standard curve was generated

and infected samples were used to quantify the amount of M. phaseolina DNA in the same
reaction plate. As the standard curve for M. truncatula DNA could not be created for
various reason as explained already, we had to rely on quantification of M. phaseolina
DNA and spectrophotometry reading for total amount of infected DNA to quantify the
amount of M. truncatula genomic DNA. Three serially diluted solutions (2 ng/µl, 1 ng/µl
and 0.5 ng/µl) of genomic DNA from each infected sample were prepared. The same
dilution was performed with all DNA samples including 3 biological replicates at each time
point after infection. The rationale to dilute infected samples was to reduce or eliminate
interference of PCR inhibitors that could skew the quantification results. We expected to
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see a Ct value difference of 1 between two DNA samples that were diluted two-fold if there
was no PCR inhibition.
qPCR reactions involving DNA samples isolated from infected plant tissues
resulted in variable Ct values depending upon the initial amount of fungal DNA present.
Thus, these Ct values were used in conjunction with the standard curve to determine the
amount of DNA in the sample. Since we had tested DNA samples from infected plants at
consecutive time points, we observed a successive increase in M. phaseolina DNA at each
time point, which means Ct value was decreasing in the same order (Appendix D). In this
way, the actual amount of M. phaseolina DNA was calculated to develop an assay. Since,
all the test samples were prepared below 2 ng, results obtained from each of tested sample
lied within 2 ng to less than 0.001 ng in the respective standard curve.
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Figure 13: Quantification of M. truncatula DNA in infected sample from 0 hour to 120 hour using six-point
standard curve. Data are the mean and standard error of three independent experiment.

After the quantification of specific amount of M. phaseolina DNA from three
biological replicates from each time point, statistical analysis was done to calculate the
average and the standard error among 3 replicates at each time-point (Fig. 13). All samples
from 0 hr to 48 hours have deviation below 0.8 among replicates. Samples from 72 hours
have high deviation of 12.8 as one of the replicates have more M. phaseolina DNA
presented, which means the plant root got highly infected by fungus so the average between
the replicates got too high. All other samples showed standard deviation of > 1. While
performing qPCR, all the samples from these time-points were found to be presented with
M. phaseolina DNA only. Almost all the root part from each sample were fully infected by
the fungus after 84 hours. With the quantification of fungal genomic DNA and
determination of quantity of plant genomic DNA we develop couple of assays to evaluate
the disease severity in plant.
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5.8

Evaluation of disease progression
We combined symptoms assessment, weight of infected plant roots at each time

point, and the amount of M. phaseolina DNA recovered from each of those infected roots
to assess disease progression. Two different approaches were developed and compared to
measure the disease progression and severity. Comparing the relationship between the ratio
of M. phaseolina DNA to fresh wet weight of infected roots at different time points after
infection was one of the approaches used to analyze disease progression. Plants at the 0hour time point had shown no detectable fungal contamination in root DNA samples,
therefore, the ratio between M. phaseolina DNA and fresh weight was zero. At every
subsequent time point after 0 hr, increased DNA/fresh weight ratios were observed due to
fungal growth in the root (Fig. 14). We observed increased fungal biomass as early as 12hour post-inoculation (hpi). From 12 to 60 hpi, fungal infection has increased significantly
as shown in Figure 14. However, after 72 hpi, fungal infection was observed to increase to
the point in which no Medicago genomic DNA was measurable in those samples. Even
images obtained before root harvest showed dramatic increase in fungal growth at 60 hpi.
After 72 hr, all stem parts had developed necrosis (Fig. 3). Therefore, the increase in M.
phaseolina biomass was only relevant in 12 hr to 72 hr samples in this assay.
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Statistical analysis was done to check on significance of the disease progression. Ttest analysis was performed to test the significant differences in ratios between 2
subsequent time points. Since we always expect to have positive increase in fungal growth
at every time point, a one-tailed t-test was determined to the best choice for such statistical
analysis analysis. GraphPad Prism (version 5.0, GraphPad Software, Inc., La Jolla, CA)
was used to perform statistical analysis. As explained earlier, fungus had started developing
as early as 12 hours though phenotypic changes on aerial part were not noticed until 60
hours in which root had developed 10-20% of chlorosis and 5-10% of necrosis (Fig. 15E).
Significant difference between ratios was seen only in between 36 vs 48 hours, and 60 vs
72 hours using this approach.
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Figure 14: Relationship between the ratio of M. phaseolina DNA to plant root wet weight of infected plant vs time. Bar,
standard error. * indicates statistical significance between two-time points based on t-test (P<0.05).
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Another approach to evaluate disease progression in M. truncatula was by
establishing the relationship between the ratio of M. phaseolina to M. truncatula DNA at
different time points. Ratio of fungal DNA amount to plant DNA amount were calculated
and correlation between them at every two successive time points were analyzed using
same statistical approach as earlier.
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Figure 15: Figure showing relationship of the ratio between M. phaseolina DNA to M. truncatula DNA vs time points.
Figure shows significant growth in fungus among many successive time points (24/36hrs, 36/48hrs and even 48/60hrs).
However, growth of fungus increased rapidly after 72 hours showing an insignificant relationship with prior time-point.
Bar indicates standard error. * indicates statistical significance between two time points based on t-test (P<0.05)

T-test were performed in between every two-consecutive time-points and
significant difference between mean of ratios between those groups were obtained (Fig.
15). Fungal growth was observed as early as 12 hpi and further, however no phenotypic
change was seen until 60 hours (10-20% choloris and 5-10% of necrosis) (Fig. 16). T-test
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analysis showed significant differences between, 24 hpi vs 36 hpi, 36 hpi vs 48 hpi, 48 hpi
vs 60 hpi (Fig. 15). However, value for significant differences was not shown in between
60 and 72 hours as one of the ratios at given time point is too high as fungus has totally
invaded the root part for that individual plant. After 60 hpi, there was insignificant
differences in ratios among different time points because of rapid increase in fungal
biomass. No analysis was performed after 72 hr, as root parts were fully necrotic after 72
hours and all infected samples after 72 hr were found to have M. phaseolina DNA only.
To compare the sensitivity of the qPCR assay with the existing approaches, we
compare the time of detection in these different methods. Using the scoring system based
on symptoms observed on aerial parts of the plants, the score for plants at 12 hr to 48 hr
was 0 since there was no visible sign of chlorosis and necrosis (Fig. 16B-D). The earliest
point to assign a score larger than 0 was 60 hr, when stem part started showing chlorotic
symptoms by 10-20 % (Fig. 16E). Although phenotypic changes were noticed only after
60 hr, qPCR result had shown growth of M. phaseolina as early as 12 hpi. Therefore, the
qPCR assay is more sensitive in detecting the initial stage of infection comparing to the
traditional approach based on visual inspection.
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Figure 16: Picture showing M. truncatula infection due to M. phaseolina at different time points revealing different level
of symptoms. A, B, C and D represents infected sample at 12 and 24 hpi respectively showing no detectable symptoms;
E shows plant at 60 hpi (10-20% chlorotic and 5-10% necrotic); and F resembles infected sample at 72 hpi (20-30%
chlorotic and 10-20% necrotic)
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With all these analyses, we have found first approach to diagnose disease severity
in plant depending upon the change in ratios between fungal DNA and fresh weight of the
root to be less efficient. The reason is most likely to due to the technical variations during
DNA extraction. Even with the same amount of root tissue among the replicates at same
time point, isolated DNA could differ among these samples due to variations existed in the
extraction procedure. Hence, inconsistency in recovery rate of total DNA from different
replicates at same point would introduce bias in the ratio, which could mask the significant
difference that is present in the actual samples. As in Figure 14, plants at every time point
had shown a specific change in a ratio however, this ratio can be expected to be very
inconsistent and insignificant every time for a single time point. Therefore, the first
approach can be considered as less efficient in diagnosing disease severity.
By comparison, the second assay to diagnose disease severity based on changes in
ratios between fungal DNA and plant DNA at different time point is more sensitive and
efficient. Amount of fungus DNA that has been quantified can be directly correlated with
the fungal biomass presented in the infected plant tissue at that specific time. That is why,
during infection at different time points, fungal biomass gets accumulated on the plant root
which would bring changes in the ratio between the amount of fungus and plant DNA.
From these infected samples, extraction of DNA using same protocol among replicates
would always recover same ratio of DNA from the fungus and the plant root. Percentage
of recovery of total DNA among the replicates could be different every time we extract the
DNA, however, the ratio between the fungal DNA to plant DNA would be consistent most
of the time.
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Therefore, the disease progression in plant due to fungus infection at different time
point can be best analyzed by evaluating the change in ratio between fungal DNA and plant
DNA during the course of infection.
6.

SUMMARY AND CONCLUSION
Optimizing a suitable DNA extraction method for both fungus and plant DNA was
the pre-requirement in developing the assay. Testing several different primers to target
specific sequences in the plant and fungus genomes was another essential step in building
the assay. Similarly, different steps involving generation of the standard curve through
qPCR, quantitating M. phaseolina DNA, determining M. truncatula DNA by relying on
spectrophotometry and fungal DNA amount from infected sample were other important
steps in accomplishing assay development which helps us in assessing disease progression.
Two approaches were developed to assess the progression of disease in plants at
different time points. Analyzing disease progression by comparing the ratio of M.
phaseolina DNA to M. truncatula DNA at different time point showed more consistent
results than the approach using the ratio of M. phaseolina DNA to fresh weight.
In conclusion, with proper method to extract genomic DNA and right choice of
specific primers to quantitate exact DNA amount in the infected sample, qPCR assay is a
sensitive and reliable method to evaluate disease progression in M. truncatula due to M.
phaseolina infection. This approach can be suggested to the people who want to adapt
charcoal rot disease diagnostic tool for other plant species. It can also be applied in the
field to study the abundance of M. phaseolina in soil or in any M. phaseolina infected plant
body. This assay can also serve as a useful tool for scientific community to screen
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germplasm collection of different important crop to develop partial or fully resistant
cultivar against M. phaseolina fungus.
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APPENDIX A

PRIMER SETS USED IN QPCR TO QUANTIFY M. PHASEOLINA DNA IN INFECTED
SAMPLES.
F = forward; R = reverse
Primer sequence (5′ to 3′)

Primer name
MP1- F (MpRT-F1)

AAGGGTTTGCTGGGAGTGC

MP1- R (MpRT-R1)

GAAGACGGTTGTGGTGTTGC

MP2- F (MpRT-F2)

CGGTTTCTCCGACAGTATGG

MP2- R (MpRT-R2)

GGAAGTGATGCCGTAAAGAGC
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APPENDIX B

PRIMER SETS USED IN QPCR TO QUANTIFY M. TRUNCATULA DNA IN INFECTED
SAMPLES.
F = forward; R = reverse
Primer sequence (5′ to 3′)

Primer name
MtCHIN4-F

GGTGATGCATATTGTGGCACAGGG

MtCHIN4-R

GCAGCAGCAACCTCACGTTTGGAG

MtCYP79B2-F

AATGGGGACTTGCTGAATTG

MtCYP79B2-R

AATTGGGTGACGACGAAAAG

MtDEF1-F

GGACCATGCTTTAGTGGTTGTG

MtDEF1-R

CCTGCCGCTAACTGCATTCT

MtDEF2-F

CATGCTTCACGGAAGGTAGCT

MtDEF2-R

CGTGCCACTAATTAAGTGTGCTTT

MtPAI-F

AGCTTCATGGATCTGGTTCG

MtPAI-R

AATCAAATGCTTCCCCACTG

MtTAR-F

CAAGTTCAGCCACAAGGTCA

MtTAR-R

TCCCTCACACTTCAACCACA

MtTUB-F

CCTGTTGCCGGTTCATAATC

MtTUB-R

CCCAAACATAGATTGCTGCTT
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APPENDIX C
M. PHASEOLINA INFECTED M. PHASEOLINA AT DIFFERENT INDICATED TIME
POINTS.
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APPENDIX C (continued)
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APPENDIX D

CHANGE IN CT VALUE WITH INCREASE IN M. PHASEOLINA DNA AT DIFFERENT
INFECTION TIME-POINT.
Time points

Ct value / (DNA amount, 1 ng)

Ct value / (DNA amount, 0.5 ng)

Ct value

Ng

Ct value

Ng

0 hr

Undetermined

0

Undetermined

0

12 hr

27.7

0.04

28.56

0.02

24 hr

27.51

0.05

28.67

0.02

36 hr

25.51

0.17

26.18

0.08

48 hr

24.21

0.32

25.17

0.18

Below reactions were performed in a separate reaction plate.

60 hr

25.9

0.40

26.99

0.20

72 hr

24.41

1.0

25.69

0.4

84 hr

24.41

1.0

25.89

0.5

96 hr

24.39

1.0

25.84

0.5

108 hr

24.43

1.0

25.85

0.5

120 hr

24.61

1.0

25.76

0.5
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