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Abstract
Effects of a fungal endophyte on drought tolerance in rice

Fungal endophytes form a diverse group of microorganisms living within
the roots and/or shoots of the plant. They have the potential to reduce host
susceptibility to biotic and abiotic stresses, including heat, salt, and drought
stress. In earlier experiments, a strain of the fungal endophyte Arthrinium
phaeospermum has been shown to correlate with performance under drought
in O.sativa.
In this project, we have investigated the interaction of several strains
of Arthrinium phaeospermum with three rice cultivars: IR36, IR8 (Indica) and
Shiokari (Japonica) rice. It was shown that the tested strains were incapable
of colonising rice. In order to elucidate the mechanism behind A. phaeospermum-mediated drought tolerance we analysed its exudates. We found that
these contain a range of gibberellins as well as IAA, and that they can influence root architecture in seedlings of Shiokari, but not IR8.
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Chapter 1

Introduction
1.1
1.1.1

Introduction
Economic importance of drought-tolerant rice

Rice (Oryza sativa) is by far the world’s most valuable crop with a production valued at $190 Billion/year (FAO, 2015). More than 50% of the world
population relies on it as a staple crop in their diet. Most rice is grown
on flooded paddy fields as this leads to higher yields compared to rainfed
upland rice. Besides reducing drought stress, water inundation can suppress weeds, make nutrients more accessible, and enable symbiosis with
the nitrogen fixating Azolla fern. However, it drastically increases the water
use. Rice production uses 30% of agricultural water worldwide, and water availability is declining fast. Besides, this cultivation practice causes the
emission of methane, an important greenhouse gas. In order to encourage
farmers to grow without inundation, the drought tolerance in rice varieties
should be improved. One way to improve drought tolerance in rice is the
use of symbiotic fungi.

1.1.2

Endophyte symbiosis can induce stress tolerance in plants

Almost all plant species worldwide can establish symbiosis with fungi.
These fungi confer benefits to the plant in exchange for carbohydrates, and
can be divided into several groups: ’obligate biotrophs’ that depend on
the plant for survival (e.g. arbuscular-mycorrhizal fungi), and ’facultative
biotrophs’ that can live separate from their hosts. This thesis concerns the
second group.
Fungal endophytes form a diverse group of microorganisms living within
the roots and/or shoots of the plant. These have the potential to reduce host
susceptibility to biotic and abiotic stresses, including heat, salt, and drought
stress (Rodriguez et al., 2008). When compared to Arbuscular-mycorrhyzal
fungi the impact on plant fitness is limited and more dependent on the environment. Fungal endophytes can be split into four distinct classes consisting of clavicipitaceous (class 1) and nonclavicipitaceous fungi (class 2, 3,
and 4) (Rodriguez et al., 2009). Class 1 fungi are distinct as a result of their
origins from insect pathogenic fungi and have a very narrow host range.
Class 2, 3, and 4 all have a broad host range but colonise different tissues.
Class 2 can colonize the whole plant, whereas class 3 and 4 are limited to
the shoot or root, respectively (Rodriguez et al., 2009). Endophytes show
extensive functional diversity ranging from pathogenesis to mutualism depending on the fungal strain, host genotype, and growth conditions (Eaton,
Cox, and Scott, 2011).
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Arthrinium phaeospermum
In earlier experiments, a strain of Arthrinium phaeospermum has been shown
to correlate with higher rice yield under drought (data not published). A.
phaeospermum has not been intensively studied so far. However, studies
have shown it can produce the anti-fungal compounds arthrinic acid (Bloor,
2008) and arthrichitin (Vijayakumar et al., 1996). A strain isolated from
Carex was proven capable of producing biologically active gibberellins (Khan
et al., 2009). It is still unknown whether and how A. phaeospermum can confer drought tolerance to rice under controlled conditions.
Piriformospora indica
P. indica is a mycorrhiza-like endophytic fungus with a wide host range
proven to provide beneficial effects in many species, including increased
root and shoot dry weight under salt stress in rice (Jogawat et al., 2013). It
can also confer drought tolerance to Arabidopsis (Sherameti et al., 2008).

1.1.3

Putative mechanisms for drought tolerance induction

Communication is crucial for starting and maintaining a symbiosis. This
occurs via defensive and hormonal signalling pathways. Plants have protective mechanisms against fungal and bacterial infections. These include
constitutive barriers such as the cuticle, and inducible defences such as the
production of phenolics and reactive oxygen species, pathogen triggered
immunity (PTI), and effector triggered immunity (ETI) (Singh et al., 2013).
Physical Plant Defences
Plants can respond to infection by strengthening cell walls via lignification, suberinization, callose deposition and hydroxyproline-rich glycoprotein deposition (Hématy, Cherk, and Somerville, 2009). These changes may
also affect the water physiology of the rice plant, as cells become less permeable to water and oxygen. There are differential responses to pathogenic
or mutualistic fungi, the former induces upregulation of the shikimate and
lignin biosynthesis pathways in rice, whereas the latter at first induces, but
then represses these pathways (Xu et al., 2015). This shows that initially the
fungus may be perceived as pathogen, and after some time it is recognised
as a symbiont.
Reactive oxygen species
Reactive oxygen species (ROS) are very reactive molecules that contain oxygen and are involved in signalling, oxidative stress, and limiting the extent
of endophytic colonisation. The effects of ROS depend on the localisation
and equilibrium between ROS and antioxidants (Gratão et al., 2005). At low
concentrations they play a regulatory role by influencing gene expression
related to growth, cell death, and stresses (Gill and Tuteja, 2010). For example, the plasma membrane NADPH oxidase OsRbohA, which produces
ROS, plays a crucial role in developmental regulation and drought-stress
response in rice (Wang et al., 2016). However, biotic and abiotic stresses
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may lead to overproduction of ROS, causing oxidative stress that can damage biomolecules. For example, the rice dsm-1 mutant is drought sensitive because of a deficiency in ROS scavenging (Ning et al., 2010). In order
to maintain symbiosis, endophytic growth has to be limited. It has been
shown that Reactive Oxygen Species (ROS) produced by the fungus play
an important role in this process, as mutant fungal strains deficient in ROS
production show unrestrained growth and a saprophytic lifestyle (Tanaka
et al., 2006). When host tissues senesce endophytic fungi can switch from
symptomless growth to a saprophytic lifestyle, hinting at active regulation
of fungal growth by the plant (Promputtha et al., 2007).
Strigolactones
Strigolactones are carotenoid-derived sesquiterpenoids involved in root and
shoot architecture. They also play an important role as signalling molecules
for initiating symbiosis with arbuscular-mycorrhizal (AM) fungi. Before
initiation of symbiosis a fungus has to find entry points into the plant.
In AM fungi, strigolactones play a big role in this process. These unstable molecules create a concentration gradient guiding symbiotic fungi (and
parasitic plants) towards passage cells. The plant produces more strigolactones when experiencing mild drought, nutrient, or salt stress in order
to attract symbionts (Aroca et al., 2013; López-Ráez, Pozo, and GarcíaGarrido, 2011). Fungal symbionts can alter strigolactone levels, which affects plant architecture: aboveground, strigolactones stimulate internode
growth, leaf senescence, secondary growth and are required for shoot apical dominance; belowground, strigolactones enhance growth of root hairs
and primary roots, but inhibit the formation of adventitious and lateral
roots (Al-Babili and Bouwmeester, 2015). These changes can affect plant
susceptibility to drought. Rice roots exude a set of strigolactones including
orobanchol, orobanchyl acetate, ent-2’-epi-5-deoxystrigol, 7-oxoorobanchyl
acetate, and methoxy-5-deoxystrigols (Xie et al., 2013). All strigolactones
are derived from all-trans-β-Carotene, whiche is converted to 9-cis-β-Carotene
by the isomerase enzyme D27. This isomer is then cleaved by HTD1/D17,
producing β-Ionone and 9-cis-β-apo-10’-Carotenal. The latter is converted
by D10 into carlactone, the direct precursor for production of strigolactones(Figure 1.1).
Abscisic acid
Abscisic acid (ABA) is widely known as a hormone related to abiotic stresses,
and its concentration increases under drought or salt stress. ABA is essential for symbiosis with AM fungi (Martín Rodriguez et al., 2010), and there
is a positive correlation between ABA and strigolactones levels (Aroca et
al., 2013; López-Ráez et al., 2010).
Gibberellins
Most high-producing modern rice varieties descend from IR8, a gibberellin
synthesis deficient mutant. This variety has a mutation in the sd1 gene coding for GA20 oxidase, GA20 ox-2, leading to a semi-dwarf phenotype. Gibberellin production in the leaf blade and stem is absent, but gibberellin production in reproductive tissues is present as a result of GA20 ox-1 which

4

Chapter 1. Introduction
F IGURE 1.1: Strigolactone synthesis pathway, from (AlBabili and Bouwmeester, 2015)

is another GA20 oxidase, allowing normal seed development (Lo et al.,
2008). Unfortunately there is no literature about gibberellin production in
IR8 roots. Gibberellins inhibit adventitious root growth and they promote
root elongation in dicots, but this has not been proven in monocots (Lee
and Zeevaart, 2005). There is a strain of A. phaeospermum known to produce
the bioactive gibberellins GA1 , GA3 , GA4 , and GA7 (Khan et al., 2009), and
two of these gibberellins are native to rice: GA1 and GA4 (figure 1.2). Culture filtrates of this A. phaeospermum strain affect rice shoot and total plant
length (Khan et al., 2009).
In this project, we have investigated the interaction of Arthrinium phaeospermum with three rice genotypes: IR36 and IR8 (Indica) and Shiokari
(Japonica), under control and mild drought stress conditions. This fungal
species has been found in the roots of several Indica rice genotypes during an earlier field experiment, where it has a positive correlation with rice
performance under drought. This effect is not apparent under controlled
conditions. In order to elucidate the mechanisms behind A. phaeospermummediated drought tolerance we analysed its exudates. We found that A.
phaeospermum exudates contain gibberellins and auxins, and that they can
influence root architecture.
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1.2:

Gibberellin synthesis pathway,
(Sakamoto et al., 2004)

from
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Chapter 2

Results
2.1

Selection of fungal strain

Eight different strains of Arthrinium were ordered from the CBS Fungal Biodiversity Centre in Utrecht (Table 2.1). After resuscitation, the strains had
major morphological differences. They differed in both growth speed and
sporulation. Most strains produced a white, cotton-like mycelium which
produces black spores as it matures. At first several strains showed a red
colour, but after replating only Strain 8 remained red. Strain 7 grew very
slowly and made a hard structure instead of soft mycelium.
A short experiment with IR36 was performed to select the most promising fungal strain. Seeds were pregerminated for five days, planted in sterile sand and inoculated with different strains of A. phaeospermum. Drought
treatment started 7 days after germination, and plants were harvested when
they were 15 days old. Root and shoot dry weight were determined.
The drought treatment has a dramatic effect on the rice growth pattern.
The average dry weight of shoots is 2.5 times as low under drought treatment compared to the control. However, the average dry weight of the
roots is doubled under drought treatment. Under control conditions most
fungal strains have a negative effect on shoot biomass (Figure 2.1). Under
drought conditions these negative effects are smaller. This interaction is
supported by examination of the data using two-way ANOVA analysis.
Plants inoculated with Strain 1 performed best under drought when
compared with other fungal strains. These plants have the highest fresh
and dry shoot biomass under drought compared to the other Arthrinium
strains, as well as the highest fresh and dry root biomass. Under control
conditions Strain 1 does not perform better than other strains.
TABLE 2.1: Fungal strains

Strain 1
Strain 2
Strain 3
Strain 4
Strain 5
Strain 6
Strain 7
Strain 8
P. indica

CBS number

Taxon name

Country

Crop

CBS 142.55
CBS 463.83
CBS 114314
CBS 114315
CBS 114317
CBS 114318
CBS 115473
CBS 134073
CBS 125645

Arthrinium phaeospermum
Arthrinium saccharicola
Arthrinium phaeospermum
Arthrinium phaeospermum
Arthrinium phaeospermum
Arthrinium phaeospermum
Arthrinium phaeospermum
Arthrinium phaeospermum
Piriformospora indica

Japan
Netherlands
Iran
Iran
Iran
Iran
Hong Kong
USA
India

soil
Phragmites australis
Hordeum vulgare
Hordeum vulgare
Hordeum vulgare
Hordeum vulgare
wood
Miscanthus giganteus
Prosopis juliflora
Zizyphus nummularia
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The data on Strain 8 has a very high variance. This is because several
plants in this group showed abnormal development that is likely caused by
defects in the seed or damage from the process of milling. Strain 5 causes
severely reduced biomass of both root and shoot under control conditions.
However, this negative effect is almost completely absent under drought
conditions.
Root samples were taken at harvest to quantify the DNA of A. phaeospermum using qPCR. The root samples tested positive for general presence
of fungi, but PCR with specific primers did not show presence of A. phaeospermum (data not shown). Quantification of the DNA concentration with
PicoGreen showed very low concentrations of DNA ( <1 ng/µl).
F IGURE 2.1: Dry root and shoot biomass of inoculated
plants. The seedlings were inoculated with different strains
of A. phaeospermum, P.indica, or a mock treatment and grown
under control and drought conditions. Inoculation with
A.phaeospermum has a negative effect on dry root and shoot
biomass of 15-day old IR36 seedlings under control and
drought conditions.
Shoot biomass
Dry biomass (gram)
0.2
0.4

Root biomass
control

8
in
St
ra

ai

n

7

6
St
r

ai
St
r

n
ai
St
r

n

5

4
n
ai
St
r

in
St
ra

n
ai
St
r

3

2

1
in
St
ra

ca
di
P.
in

m

oc

k

0.2

0.0

drought

Fungal Strains

2.2

Pot Experiments

The data from the strain selection experiment was used to select Strain 1
(CBS 142.55) as most promising. Another test was run using bigger pots,
which allows for more accurate mild drought treatment by weighing and
watering the pots separately. It also allows the plants to grow for longer
and extension of the drought treatment, which should magnify the effect of
drought tolerance.

2.2. Pot Experiments
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IR36 seeds were used to confirm the effect of Strain 1 observed in the
selection experiment. Wild type Shiokari as well as d10 and d27 mutants in
a Shiokari background were used to investigate the interaction between effects of A. phaeospermum and the strigolactone pathway in rice. Compared
to wild type, the d10 mutant is drought tolerant, whereas d27 is more sensitive to drought stress.

2.2.1

IR36

IR36 rice was were harvested after growing for one month in total after
inoculation, including two weeks of mild drought treatment (Figure 2.3 &
2.4). Root and shoot weight was determined both as fresh weight and after
drying overnight at 105 °C (Figure 2.2). There were significant differences
between drought and control treatments, but there were not between inoculation and mock treatments.
Two plants of the non-inoculated group (one control and one drought
treatment) were removed from the dataset because they showed abnormal
development before inoculation.
Parts from all roots and shoots were taken and stored at -80 °C after
harvest. DNA was extracted from these samples and used in a qPCR assay to determine the amount of fungal DNA present. Arthrinium specific
primers were used to amplify SSU DNA from the fungus. DNA extracted
from a pure strain of Arthrinium grown on corn meal agar plates was used
as positive control. The rice actin gene was used as a standard, to compare
different samples. No fungal DNA was found with this assay. DNA quantification with PicoGreen again showed very low concentrations of DNA
(2-3 ng/µl).

2.2.2

Shiokari and strigolactone mutants

Wild type Shiokari as well as d10 and d27 mutants with a Shiokari background were harvested one month after inoculation and two weeks of mild
drought treatment (Figure 2.5). Root and shoot weight was determined as
fresh weight and after drying overnight at 105 °C (Figure 2.6). Analysis
using three-way ANOVA proved there were significant differences in both
root and shoot weight between drought and control treatments (p<0.05)
and between the different genotypes (p<0.05), but not between inoculation
and mock treatments.
Root exudates of the plants that were exposed to drought stress were analysed for presence of several strigolactones using LC-MS/MS (Table 2.2).
Orobanchol, 5-deoxy-strigol and epi-5-deoxystrigol were quantified using
known standards. Two methoxy-5-deoxystrigols were also detected but not
quantified because standards were not available for these compounds.
The wild type Shiokari exudes significant amounts of all tested strigolactones except 5-deoxystrigol. There were no significant differences in strigolactone profile between inoculated and non-inoculated plants. In the d10
and d27 mutants all strigolactones were either present in very low concentrations or absent.
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F IGURE 2.2: Dry biomass from IR36 seedlings. Inoculation with A.phaeospermum has no effect on dry shoot and
root biomass of one month old IR36 plants under control
or drought conditions. The seedlings were inoculated with
Strain 1, or a mock treatment

7

IR36 biomass
Mock
6
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Shoot control
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Root control
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TABLE 2.2: Strigolactones in root exudates of wild type and
d-mutant- Shiokari plants under drought stress. Concentrations are given in pmol/ml or peak area. No differences
were found between inoculated and non-inoculated samples. Values shown here are means calculated from 8 biological replicates.

Compound

Wild type

d10

d27

units

orobanchol
5-deoxystrigol
epi-5-deoxystrigol
methoxy-5-deoxystrigol 2
methoxy-5-deoxystrigol 3

79.630
0.811
761.251
12782
77711

0
0.531
0.774
22
0

0
0.333
0.483
27
118

pmol/ml
pmol/ml
pmol/ml
peak area
peak area

2.2. Pot Experiments

F IGURE 2.3: One month-old IR36 plants grown under
drought conditions. They show no phenotypic differences
after being inoculated with A. phaeospermum Strain 1 (right)
or a mock treatment (left).

F IGURE 2.4: One month-old IR36 plants grown under control conditions. They show no phenotypic differences after
being inoculated with A. phaeospermum Strain 1 (right) or a
mock treatment (left).
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F IGURE 2.5: One month-old wt and d-mutants plants
grown under drought conditions. There are phenotypic differences between genotypes, but there are no visible differences between plants inoculated with A. phaeospermum
Strain 1 (inoc) or a mock treatment (mock)

2.2. Pot Experiments
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F IGURE 2.6: Dry biomass from wt Shiokari and d-mutant
seedlings. Inoculation with A.phaeospermum has no effect
on dry root or shoot biomass of wt Shiokari and d-mutant
grown under control or drought conditions. The seedlings
were inoculated with Strain 1, or a mock treatment
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0

1

dry mass (grammes)
3
4
5
2

Mock
CBS 142.55
Control
Drought

wt

wt

d10

d10

d27

d27

2.5

Shiokari root dry biomass

0.0

0.5

dry mass (grammes)
1.0
1.5
2.0

Mock
CBS 142.55
Control
Drought

wt

wt

d10

d10

d27

d27

14

Chapter 2. Results
F IGURE 2.7: Root length of Shiokari seedlings treated with
fungal exudates. Fungal exudates promote main and crown
root length of Shiokari seedlings. Seedlings were treated
with fungal exudates of fungus grown at 22°C (FE 1) or 28
°C (FE 2) and CM medium (mock).
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Effect of fungal exudates on root architecture

The drought tolerance conferred by A. phaeospermum could be caused by
chemical compounds produced by the fungus, physical interaction between
symbiont and host, or a combination of both. A bio-assay was performed
on rice seedlings in order to examine whether exudates of A. phaeospermum
affect plant root architecture.

2.3.1

Plate assay

A.phaeospermum Strain 1 was grown on liquid CM medium at 22°C (FE 1)
or 28 °C (FE 2). Sterile and concentrated fungal exudates were applied to
two day old Shiokari seedlings growing on water agar plates. Five days
after this treatment the plates were scanned and root length was analysed.
Results were compared with a mock treatment consisting of concentrated
CM medium.
Root architecture of the seedlings is affected by the fungal exudates.
The main root and crown roots are significantly longer when exudates are
present compared to the mock treatment (Figure 2.7). However, this effect could also be caused by growth-inhibiting compounds in the medium,
which are metabolised by the fungus. A negative control treatment consisting of sterile water was included in further experiments to rule out this
possibility.
Fungus grown at 22°C affects the crown root length more then when it is
grown at 28°C. However, filtration of the 22°C medium proved much more
difficult. A.phaeospermum grows at a slower pace at this temperature, which
decreases the catabolism of starch in the medium making it very difficult to
filter. Because of this, the temperature of 28°C was chosen to grow fungi in
further experiments.
The assay was repeated to confirm initial results. A negative control of
sterile water was included. However, many of the seedlings used showed

2.4. Fungal hormone production
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F IGURE 2.8: Root length of IR8 seedlings treated with fungal exudates. There are no significant differences between
main and crown root length of IR8 seedlings treated with
water (NC), maize meal medium (mock), or fungal exudates of Strain 1 (FE). The mock treatment appears to increase root length, but this is not significant.
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Crown roots

root length (cm)
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Main roots

NC

mock
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abnormal development or incomplete germination, so we could not confirm the results found during the first experiment.

2.3.2

Confirmation of fungal exudate effects

IR8 seedlings were tested in the plate assay (figure 2.8). The performance
of this cultivar showed a high degree of correlation with the presence of
A. phaeospermum under drought stress (unpublished results). It is therefore
expected to be sensitive to fungal exudates. The seedlings were treated
with water (negative control), medium (mock) or exudates of Strain 1. The
length of IR8 crown roots appears to increase under the effect of corn meal
medium (p>0.05), but remains unaffected by the fungal exudates.

2.3.3

Differential effect of fungal strains

The plate experiment was repeated again, testing the effect of different
available strains of fungal endophyte on IR8. During this experiment, several seedlings showed abnormal growth because their roots did not contact
the plate. These roots dried out, and as such cannot be included in the
data. Because of this treatments with strain 3, 5 and 6 did not have enough
replicates left to analyse, so they are excluded from the data shown (Figure
2.9). There is a significant difference between the water and medium treatment in average crown root length. In all cases fungal treatments score in
between the water and medium treatment. There are no significant differences in the effects of different fungal strains.

2.4

Fungal hormone production

Fungal exudates were tested for the presence of plant hormones to identify the compounds responsible for the effects on root length. a solid phase
extraction (SPE) column followed by LC-MS/MS was used to detect gibberellins, auxins and strigolactones (Figure 2.3).
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F IGURE 2.9: Main and crown root lengths of Shiokari
seedlings. No significant differences could be shown in
main and crown root length between Shiokari seedlings
treated with water (NC), maize meal medium (mock), or
fungal exudates of strain 1, 2, 4, 7, and 8.
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2.5. Fungal effect on rooting depth
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TABLE 2.3: Phytohormones in fungal exudates. Indole
acetic acid (IAA) and gibberellins were detected in exudates
of A. phaeospermum. IAA and GA20 were also detected in
uncultured medium.

Compound

fungal exudates

medium

units

IAA
GA1
GA19
GA20
GA44

14283
590
412
2249
181

1856
1550
-

peak area
peak area
peak area
peak area
peak area

Indole acetic acid (IAA) was present in both uncultured medium and
fungal exudates. However, the concentration of IAA was more then seven
times higher in the fungal exudates, indicating the production of IAA by A.
phaeospermum.
Samples were tested for presence of several gibberellins: GA1, GA3,
GA4, GA5, GA7, GA19, GA20 and GA44. Of these GA1, GA19 and GA44
were present only in the fungal exudates. Similar amounts of GA20 were
present in both uncultured medium and fungal exudates.
No strigolactones were found in the fungal exudates.

2.5

Fungal effect on rooting depth

The plate experiments show that A. phaeospermum produces exudates which
can affect root architecture. It is suspected that A. phaeospermum confers
drought tolerance by increasing the rooting depth, even when no drought
is present. These effects were not found in the pot experiments because
these were not sensitive to rooting depth. It was also suspected that the endophyte used in previous experiments had lost the ability to colonise plants
because it was replated often over a period of several months. Therefore,
mycelium was taken from the motherstock, which was grown directly from
the material supplied by the CBS and had not been replated.
In order to test the effect of colonisation on rooting depth the root system should be able to grow deeper. This was made possible by growing the
rice plants in rainpipes. These tubes were 1 meter tall with a diameter of
twelve centimetres, closed at the bottom and filled with sand (Figure 2.11).
No drought stress was applied to the plants because the effects on root
architecture were expected to be visible also under well-watered conditions,
and because this growing system does not lend itself well to application of
drought stress.
No significant differences regarding root length or biomass were observed between different treatments. The rooting depth was rather constant, on average the root systems were 23.6 centimetres long with a standard deviation of 3.17(figure 2.10). The root biomass was much more variable, with larger differences between and within groups. The colonisation
of roots was checked using qPCR with specific primers for A. phaeospermum.
No fungal DNA was found.
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F IGURE 2.10: The effects of inoculation on root length and
biomass of four week old IR8 plants grown in tubes. Plants
were inoculated with A. phaeospermum strain 1, strain 5, or
empty agar (mock)
Root biomass

0.0

dry mass (g)
0.4
0.8

length (cm)
0 5
15 25 35

Root length

Strain 1 Strain 5 Mock

Strain 1 Strain 5 Mock

F IGURE 2.11: Root system of an IR8 rice plant grown in
a tube (left). Set-up of the tube experiment (right). This
growing system allows for the examination of differences
in rooting depth.
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Discussion
The experiments involving plants inoculated as seedlings showed no effect
of A. phaeospermum on plant growth or drought tolerance. Absence of DNA
belonging to these isolates in roots and shoots of inoculated plants was
proven using qPCR. However, fungal exudates were proven to affect root
length when applied to seedlings, and presence of both Gibberelic acids
and IAA in these exudates was established using LC-MS/MS.

3.1

Colonisation of O. sativa by A. phaeospermum

Results indicate that the A. phaeospermum strains used are not able to colonise
O. sativa plants. There was no DNA of A. phaeospermum in the roots of inoculated plants, and there was no measurable effect of inoculation on the
biomass of one month old IR36, IR8, or Shiokari plants.
Younger plants did seem to be affected. Inoculation with A. phaeospermum had a negative effect on the biomass of 15-day old IR36 plants (Figure 2.1). This experiment was performed several months before the experiments with older plants. During this time the endophyte was replated
frequently. Therefore, it was hypothesised that the strain used in later experiments had lost its colonisation ability during replating. However, when
mycelium was grown from a mother stock that had not been replated it still
did not affect older plants (Figure 2.10). This indicates that the affected
plants were also not actually colonised. The negative effect on biomass in
these young plants is most likely caused by defence responses triggered by
presence of the fungal inoculate (Singh et al., 2013). We do not see this effect
in older plants as they have had time to recover.
In earlier experiments, a strain of Arthrinium phaeospermum has been
shown to correlate with rice yield under drought (data not published). The
original strain of A. phaeospermum from these experiments was not available, so A. phaeospermum strains were ordered from the CBS. These strains
were collected from various different host species in diverse geographic locations (Table 2.1). There was no information available about their compatibility with rice. Incompatibility is caused by unbalance in the interaction
between host and endophyte, causing either premature death of hyphae or
death of host tissue (Christensen, 1997). Endophyte strains of the same
species can have different host compatibilities (Christensen et al., 1997).
Therefore, it is plausible that the strains used are incapable of colonising
O. sativa tissues.
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Production of plant hormones by A. phaeospermum

Fungal exudates of A. phaeospermum Strain 1 were tested for presence of
several gibberellins: GA1, GA3, GA4, GA5, GA7, GA19, GA20, and GA44.
Presence of GA1, GA19, and GA44 was shown. GA20 was also detected,
however this was also present in the uncultured medium.
Because GA20 was present in the uncultured medium it is not certain
whether the endophyte is capable of de novo synthesis of gibberellins, or
just modification of existing GA20. However, other research shows a strain
of A. phaeospermum isolated from Carex kobomugi is capable of producing a
range of gibberellins when grown on synthetic medium (Khan et al., 2009).
In this strain GA1, GA3, GA4, GA5, GA7, GA9, GA9, GA12, GA15, GA19
and GA24 were present, which shows that there can be large differences in
gibberellin profiles between strains.
Fungal exudates of A. phaeospermum strain CBS 142.55 were shown to
contain higher amounts of indole acetic acid (IAA) compared to uncultured
medium. This indicates the production of IAA by the endophyte, something which has not previously been described in literature. To confirm
this, the endophyte should be cultured in synthetic medium in which no
IAA is present.

3.3

A. phaeospermum may affect rooting depth

By increasing root length, plants can acces moisture stored deep in the soil
profile (Subbarao et al., 1995). It is suggested that root length is more important for drought tolerance than root biomass (Farooq et al., 2009). This
may be especially true for lowland rice cultivars such as IR8 and IR36,
whose root systems are adapted to inundated conditions. They have many
fine, shallow roots, whereas upland rice cultivars (such as Shiokari) develop thicker, deeper roots and a higher root to shoot ratio (Yoshida and
Hasegawa, 1982).
Promotion of root length by A. phaeospermum could be a mechanism for
conferring drought tolerance. Experiments on Shiokari seedlings show an
increase in main and crown root length when fungal exudates are applied
(Figure 2.7). This effect is most likely caused by the presence of plant hormones in the exudates (Lee and Zeevaart, 2005).
Important to note is that these experiments are limited to very young
seedlings. These grow by mobilising energy reserves stored in the seed. It
is known that GA3 and IAA can induce the degradation of starch in rice
seed (Kim et al., 2006).
IR8 is expected to be sensitive to fungal exudates because of its response to presence of A. phaeospermum under drought stress (unpublished
results). However, fungal exudates do not measurably affect root length
in IR8 seedlings (Figure 2.8). This could be caused by a difference in gibberellin processing between IR8 and Shiokari. IR8 has a mutation in the sd1
gene coding for GA20 oxidase GA20 ox-2, causing the signature gibberellindeficient semi-dwarf phenotype of modern lowland rice cultivars associated with high yield (Sasaki et al., 2002). GA20 ox-2 is a key enzyme in gibberellin synthesis which catalyses the conversion: GA53 -> GA44 -> GA19
-> GA20 (Sasaki et al., 2002). The fungal exudates contain physiologically
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inactive GA44 and GA19 , which can be converted to GA20 in Shiokari rice
but not in the GA20 ox-2 lacking IR8 rice.
This can partly explain the lack of effects on IR8 seedlings. However, exudates of A. phaeospermum also contain the physiologically active GA1 and
Indole acetic acid (IAA), which should both be able to affect root architecture.
The lack of fungal exudate effects on root length of IR8 conflicts with
previous results which show a correlation between the presence of A. phaeospermum and drought tolerance in IR8. A possible reason could be that these
fungal exudates are collected from fungus grown in vitro instead of in planta.
It is very likely that the hormone profile of A. phaeospermum is different between its biotrophic and free-living form, shifting towards physiologically
active gibberellins.
Another explanation is that Strain 1, which produces the tested exudates, is not the original strain of A. phaeospermum identified as increasing
yield under drought in rice. There are differences in the gibberellins produced between different strains of A. phaeospermum. It is possible that the
strain found in rice would have adapted its hormone profile to include gibberellins that affect IR8. This would allow it to have a large effect on root
development in the otherwise gibberellin-deficient IR8 cultivar.

3.3.1

Effects of medium on root length

Fungal exudates were produced by growing A. phaeospermum on maize
meal medium. A disadvantage of this method is the presence of maize
compounds such as starch, sugars, cell wall components and secondary
metabolites in the fungal exudates. A mock treatment using uncultured
medium was used to correct for the effects of these compounds. However,
A. phaeospermum metabolises some of these compounds, reducing their concentration. Because of this it is uncertain whether the difference in root
length between the fungal exudate and mock treatments in Shiokari is caused
by a growth-promoting effect of the former or a growth-inhibiting effect of
the latter.
A negative control treatment consisting of water was included in later
experiments to test for growth-inhibiting effects of the mock treatment. It
was found that the mock treatment actually increases main and crown root
length of IR8 rice compared to the negative control, albeit not significantly
(Figure 2.8). This implies the effects found in Shiokari are being caused
by growth promoting fungal exudates. It is unfortunate this could not be
confirmed in Shiokari as the effects of the mock treatment might be different
between IR8 and Shiokari.
For future experiments it may be beneficial to grow the fungus on a synthetic medium (e.g. Czapek’s liquid medium). This will eliminate possible
effects of unknown biological compounds present in the medium during
the bio-assay.

3.4

Strengths and weaknesses of symbiosis bioassays

Several different experiments were performed within this project, each fixated on a different aspect of the interaction between A. phaeospermum and
O. sativa.
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Pot experiments

The experiments involving inoculation of plants growing in pots are aimed
at examining the beneficial effects of the endophyte under drought stress.
It is possible to accurately apply mild drought in this growing system in
order to assess drought tolerance. However, this assay may not be sensitive
to drought tolerance sprouting from differences in root length as this is limited by the available space in the pot for roots to grow. The root length of
IR8 rice grown under control conditions without this limited space is 23.6
cm (Figure 2.10), which is almost twice as tall as the pots. This limitation
can be removed by using tubes instead of pots. In these tubes the rice roots
are able to grow deeper, making the assay sensitive to effects on root length.
However, applying accurate drought treatment is complicated. Pots can be
weighed accurately without much effort. However, the tubes used in this
experiment have a considerable mass when filled with sand (±15 kg) which
makes accurately weighing them impractical. These tubes can also not be
watered from the bottom, as capillary forces alone cannot raise water for 1
meter. This also means there is a gradient of water availability along the
vertical axis. It may be possible to improve this experiment by developing a method of accurately applying drought stress. One way would be to
measure moisture content at different depths. Another option would be to
simulate the presence of a groundwater level by drilling a hole in the side
of the tube and allowing water to leak out.
Of course, the biggest limitation of the performed experiments is the
unavailability of the original strain of A. phaeospermum which was correlated with drought tolerance in rice. The available strains were incapable of
colonising rice plants. Further research into this symbiosis should be performed using a strain of A. phaeospermum isolated from rice. Another option
would be to examine how the available strains affect their respective hosts.
This may lead to more general insights into endophyte-plant interactions
with regard to drought stress.

3.4.2

Plate experiments

Plate experiments are sensitive to effects of fungal exudates on root length,
and can give insight into the mechanisms behind this. These assays proved
difficult to reproduce because of several small issues that are trivial to resolve. Seeds often germinated poorly. This can be negated by germinating
more seeds and selecting only those that germinate properly. Also, roots
did not always contact the agar, which resulted in abnormal development.
This can be solved by pressing the root system onto the agar when fungal
exudates are applied.
A more fundamental disadvantage of these experiments is that they are
not very realistic. First, they can only be performed on small seedlings,
which respond differently to the application of hormones. Second, the
fungal exudates are a sort of one-way communication, whereas in a real
symbiosis signals flow both ways. Third, localisation matters. Applying
hormones exogeneously may not have the same effect as producing them
within the plant. Because of this, it is very difficult to extrapolate results
from plate assays to real situations. However, they can be very useful in
determining the mechanism behind an interaction.
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Methods
4.1

Preparation of fungal inoculate

All seven available A. phaeospermum and one A. saccharicola strain were obtained from the CBS collection (table 2.1). Upon arrival the freeze-dried
material was revived according to the protocol provided by the CBS and
plated on corn meal agar (CMA) (CBS, 2014). This was replated every four
weeks to ensure activity. For backup storage, fungal strains are plated on
CMA agar in a 2 ml screw-cap tube. Inoculation material was prepared
by taking a small square of agar containing mycelium, placing it on a fresh
CMA plate and incubating between seven and twelve days at room temperature. Material was taken from the outer ring of mycelium on these plates
using a hole punch, ensuring activity and uniformity of the inoculate. Inoculation with fungal material was done by placing the inoculate at the base
of the shoot and covering it with sand. The negative control was inoculated
with agar from an empty CMA plate.

4.2

Selection of fungal strain

Oryza sativa cultivar IR36 seeds were obtained from the International Rice
Research Institute (IRRI, Phillipines). The seeds were manually dehusked
to ensure germination and improve the sterilisation process. Seeds were
sterilised by washing with 70% ethanol and incubation in 2% bleach for 30
minutes. Seeds were pre-germinated for five days at 28 °C in the dark before planting.They were planted in small pots containing 150 gram of autoclaved sand watered to 100% of capacity with modified hoagland medium
(table 4.1). Inoculation with fungal material was done three days after
planting.
After one week of co-cultivation with the fungus, drought treatment
was started for half of the plants. During the drought treatment the water
level was kept at 30-40% of field capacity. After eight days the plants were
harvested, root and shoot weights were determined and root material was
collected for DNA analysis to confirm the presence or absence of fungi in
the root. Dry weight of the roots and shoots was determined after drying
the material in an oven at 105 °C for 24 hours. Shoot and root weight was
statistically analysed using two-way ANOVA to determine the interaction
between drought treatment and fungal inoculation. Colonisation of roots
was quantified using qPCR.
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TABLE 4.1: modified 0.5 Hoagland solution

Component

Concentration (mM)

NH4 NO3
K2 HPO4
MgSO4 *7H2 O
K2 SO4
FeSO4 *7H2 O
Na2 EDTA
CaCl2 *2H2 O
KNO3
H3 BO3
MnCl2 *4H2 O
CuSO4 *5H2 O
ZnCl2
Na2 MoO4 *2H2 O

5.6
0.4
0.8
0.8
0.18
0.18
1.6
0.8
0.023
0.0045
0.0003
0.0015
0.0001

TABLE 4.2: Primers for qPCR targeting 18S rRNA of A.
phaeospermum and P. indica, and the actin gene of O. sativa
Species

Pair

Forward

Reverse

Fragment size

A. phaeospermum
P.indica
Oryza
sativa

116

CTTAAAGACAGTGGCGGAGC

AATTGGGGGTTTTATGGCGG

97

120
Actin

CACAATGGACAATCCGCAGC
CCTCCGATCCAGACGCTGTA

CAAACCCTTTCGAGTCGGGA
ATGGCAACATTGTGCTCAGTG

130
148

4.3

Quantification of colonisation by qPCR

DNA was extracted from root and shoot tissues using the QIAgen DNEasy
plant mini kit. qPCR quantification of A. phaeospermum and P. indica has
been performed using species-specific primers targeting 18S rRNA genes
(Table 4.2). These results were normalised for amount of sample, DNA
extraction efficiency and PCR inhibition by comparing them to rice actin
DNA.

4.4

Pot experiments

Rice seeds were dehusked, sterilised, pregerminated for four days, and
planted in pots containing 700 gram of autoclaved sand watered to 100% of
capacity with modified hoagland medium (table 4.1). Inoculation with fungal material was performed three days after planting. After twelve days of
co-cultivation mild drought treatment was applied to the plants. The water
level of the pots was kept at 30% of field capacity by weighing them daily
and applying modified hoagland medium from the bottom of the pot. After 15 days of drought treatment the plants were harvested. Root exudates
were collected by flushing the soil with one litre of water. The fresh and dry
weight of roots and shoots was determined, and fresh material was stored
at -80°C for DNA extraction as well as hormone analysis. Colonisation of
the root and shoot was analysed using qPCR.

4.5. Rooting depth experiment

4.5
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Rooting depth experiment

IR8 rice seeds were dehusked, sterilised, and planted in tubes with a diameter of 12 cm and length of 100 cm containing autoclaved sand saturated
with half strength Hoagland medium. The seedlings were inoculated with
mycelium of Arthrinium three days after planting. They were grown under
well-watered conditions for 24 more days before harvesting. Root length
was determined, as well as length of the shoot at the highest node. Fresh
and dry weight of both root and shoot were also determined.

4.6

Analysis of fungal exudates

Corn meal medium (CMM) was made using store-bought corn meal. 50
gram of meal was mixed with 800 ml of distilled water and kept at 4 °C
overnight. It was then heated at 60 °C for one hour and filtered through a
cloth. After that the volume was brought to 1 litre using distilled water and
the medium was autoclaved.
100 ml of liquid CMM in a 300 ml Erlenmeyer flask was inoculated with
fungal material. After growing at 28 °C while shaking for a week, the culture was spun down. The supernatant was filtered using a .22 micrometre
sterilisation filter to remove leftover mycelium and other solid particles.
The filtrate was concentrated using lyophilisation.

4.6.1

Extraction of strigolactones

Strigolactones were collected using a C18 column (500mg, 3 ml) from the
supernatant of medium in which A.phaeospermum was grown. This column had been pre-conditioned using 3 ml of acetone and 3 ml of demi water. The supernatant was passed through the column, which was pumped
dry using a vacuum pump and then eluted using 4 ml of acetone. Samples
were dried using speedvac. The residue was dissolved in 50 microliter of
ethyl acetate, and 4 ml of hexane was added. This solution was loaded onto
a Silica column (200 mg, 3 ml) that was pre-conditioned with 2 ml of ethyl
acetate and hexane. After this the column was washed using 2 ml of hexane
and the strigolactones were eluted in two fractions: ethyl-acetate:hexane,
90:10 and ethyl-acetate:methanol, 90:10. These were dried using speedvac
and the first fraction was used for LC-MS/MS analysis. Channels were
checked for presence of sorgolactone, strigol, sorgomol, and 5-deoxystrigol.
This data was analysed using MassLynx software.

4.6.2

Extraction of gibberellins

Gibberellins were collected from fungal exudates using column extraction
and LC-MS/MS. A. phaeospermum was grown on liquid CMM. 30 ml of supernatant was filtered through a sterilization filter, freeze-dried, and the
dry material was dissolved in 1800 microlitre of methanol by vortexing followed by sonication. 16.2 ml of 5% NH4OH was added and the sample was
loaded on a 5 ml Oasis MAX column that had been preconditioned subsequently with methanol, MQ water, and 5% NH4OH. After loading the sample, 6 ml of NH4OH was added to the empty sample tube. This was mixed
and loaded onto the column. The column was then washed with MQ water
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followed by acetonitrile. Elution was done using 0.2 M formic acid in acetonitrile. The samples were dried using speedvac and stored at -20°C until
LC-MS/MS analysis. Channels were checked for presence of GA1, GA3,
GA4, GA5, GA7, GA19, GA20, and GA44. This data was analysed using
MassLynx software.

4.6.3

Extraction of IAA

Indole acetic acid was collected from fungal exudates using column extraction and LC-MS/MS. A. phaeospermum was grown on liquid CMM. 30 ml
of supernatant was filtered through a sterilization filter, freeze-dried, and
the dry material was dissolved in 10 ml of 10% acetonitrile by vortexing
followed by sonication. The sample was loaded on a 5 ml Oasis HLB column that had been preconditioned subsequently with acetonitrile and MQ
water. After loading the sample, 6 ml of ACN was added to the empty
sample tube. This was mixed and loaded onto the column. The column
was then washed with 4 ml of MQ water. Elution was done using an 80:20
acetone/water mixture. The samples were dried using speedvac and stored
at -20°C until LC-MS/MS analysis. Channels were checked for presence of
IAA. The data was analysed using MassLynx software.

4.7

Plate experiments

Seeds were planted in square plates containing 0.8% water agar. They were
grown for two days with the plates upright at a slight angle. Fungal exudates were prepared as previously described and then dissolved in 1 ml
of sterile MQ water, 10 microliter of this was applied to each seedling. After growing for five more days the plates were scanned and the images
were analysed with ImageJ using the SmartRoot plugin (Lobet, Pagès, and
Draye, 2011).
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