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Abstract
The influence of the three-way interaction between the fungus (Curvularia protuberata), virus
(CThTV), and tomato (Solanum lycopersicum) in combating drought stress was evaluated in this
study. The plants in this greenhouse experiment were grown under conditions of 400 ± 150
µmol·m−2·s−1 photon flux density, 45% to 50% relative humidity (RH), and 30˚C ± 2˚C. Tomato
seeds were germinated and inoculated with the combination of the fungus and virus at the seedling stage. The plants were allowed to grow for two weeks and randomly selected individuals were
utilized. The selected plants were grown in one gallon pots containing organic potting soil. The
treatments included non-symbiotic (NS), virus-free (VF), and symbiotic (An) plants. Each treatment received twelve samples and each sample was allowed to grow for an additional two weeks
under drought stress. At that time, plants were exhibiting drought stress symptoms including visible wilting. Six samples from each treatment were utilized in determining selected physiological
responses of tomato at pre-anthesis stage. The remaining six samples from each treatment were
re-watered once and allowed to grow until they reached the anthesis stage. When they showed
visible signs of wilting, the same physiological responses measured during pre-anthesis were
conducted. The samples of each treatment were utilized at the end of each stage in determining
photosynthetic rate, stomata conductance, photosynthetic pigments, water potential, and soluble
sugar content. Plant growth, chlorophyll a, chlorophyll b, photosynthetic rate, stomata conductance, water potential, and soluble sugar content were similarly affected by the various treatments. However, carotenoids were significantly higher at pre-anthesis in the symbiotic plants in
comparison to other treatments. Additionally, photosynthesis appeared to be significantly higher
at anthesis compared to pre-anthesis for all treatments.
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1. Introduction
Fossil records show that fungal symbionts existed in plants over 400 million years ago [1] and may have been a
key component in the shift from aquatic to terrestrial plants [2]. The relationship between plants and soil microorganisms has recently received more attention due to the fact that many microorganisms out of the approximately 30,000 species existing in soil at any given time demonstrate the potential of benefiting plants. Many
scientific studies have examined the importance of plant-fungal symbiotic relationships in enhancing plant tolerance for various abiotic stresses such as drought, salinity, heat, cold, oxidative stress, and metal toxicity [3][7]. With the continuous dramatic climate changes such as global warming and widespread drought in many regions, serious problems in food production are predicted with increases in demand as a result of the increase in
human population [8]. It has been reported that 868 million people on Earth (12% of the population) were undernourished between 2010 and 2012 [9]. It has become imperative to improve food production to keep pace
with the increasing demand. The use of beneficial microorganisms to extend the growing range of crop plants is
a feasible technique to increase food production.
Endophytes and mycorrhizae are two major classes of fungal symbionts associated with internal plant tissues
[10]. Endophytes are found in all plant tissues including roots, stems, leaves, or flowers, whereas mycorrhizal
fungi are only found in roots and the extending rhizosphere. Endophytes are the largest group of fungal symbionts, spanning a large host range from both monocot and eudicot plants [6]. Endophytes are further classified
into four different classes based on host range, tissue colonization, biodiversity levels, transmission between host
generations, and acquired fitness benefits [11]. Class 1 endophytes are known as clavicipitaceousendophytes
(C-endophytes), and classes 2, 3, and 4 are nonclavicipitaceousendophytes (NC-endophytes). NC-endophytes
are a highly diverse group consisting of many undescribed species and largely unknown ecological roles.
The fungus Curvularia protuberata Nelson is classified within Class 2 of the NC-endophytes. This class is
distinguished from the other classes in that it can colonize shoots and roots and bestow adaptation advantages to
host plants growing under a wide range of abiotic and biotic stresses (Rodriguez et al., 2009). This particular
fungus has been mutually associated with panic grass (Dichanthelium lanuginosum (Elliot) Gould), but also with
other hosts such as tomato (Solanum lycopersicum L.) [12] reported that C. protuberata inoculated in panic
grass and tomato failed to induce heat tolerance without the presence of Curvularia thermal tolerance virus
(CThTV). They suggested that the induced tolerance resulting from the symbiotic interaction involved osmoprotection due to significant accumulation of trehalose, glycine, betaine, and taurine. Rodriguez et al. (2008)
reported that plants activated a number of physiological responses under water stress, and fungal endophytes
were known to aid in these responses by promoting drought stress tolerance. Osmotic adjustment and water use
efficiency were among the major responses associated with enhanced tolerance in this work [6]. Furthermore,
they reported that tomato plant water consumption was 30% - 50% less in symbiotic plants with a Class 2 endophyte in comparison to non-symbiotic plants. They concluded that water use efficiency may be considered
more significant than osmotic regulation in combating drought stress. A wide range of metabolic solutes serve as
protectants and deterrents of osmotic stress [4]. Some sugars and sugar alcohols are known to protect plant cells
from damage by either scavenging reactive oxygen species (ROS) or stabilizing protein structures [13]. One of
the major soluble sugars influencing drought stress is trehalose [3] [13]. Trehalose is a non-reducing disaccharide found in bacteria, fungi, and some desiccation-tolerant plants, where it can serve as an osmoprotectant and
storage carbohydrate during stress conditions such as drought and increased salinity [13]. The effectiveness of
trehalose is mostly the result of stabilizing the cell membrane by establishing hydrogen bonds with the polar
head, thereby altering the space of the polar head [14]. An improvement of water stress status in tomato due to
osmotic adjustment was also reported as a result of an arbuscular mycorrhizal fungal symbiotic interaction [15].
The three-way symbiotic relationship described with tomato, C. protuberata, and CThTV has been demonstrated as a beneficial relationship in combating stresses such as high temperature stress [5] [7]. However, the
impact of such relationship on drought, specifically on cash crops such as tomato, has yet to be established. The
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objective of this study was to determine the impact of this three-way symbiotic relationship on tomato plants
under drought stress. It was expected that soluble sugar concentration and drought stress tolerance would be
greatest in treatments where the three-way symbiotic relationship was established. Selected physiological responses including photosynthetic rate, stomata conductance, photosynthetic pigments, and leaf water potential
were evaluated to determine the impact of the three-way relationship. Additionally, the role of soluble sugars in
enhancing drought tolerance was evaluated. These physiological parameters were determined at the pre-anthesis
and anthesis stages in an attempt to examine the different possible responses as influenced by the stage of
growth and development.

2. Materials and Methods
2.1. Plant Material
To accomplish the objectives of this study, tomato plants (cultivar “Rutgers”) were established from seeds. The
seeds were acquired from Tomato Grower’s Supply (catalog number #4050) and germinated in small plastic
trays containing commercial potting soil. The seedlings were allowed to grow under greenhouse conditions to
approximately 10 cm. To inoculate the individual seedlings with C. protuberate and CThTV, the procedure outlined by Morsy et al. [7] was followed. The individual seedlings were removed from the soil and washed thoroughly with autoclaved water to remove debris. Seedlings were then placed in a 50 mL beaker filled with autoclaved 0.035% agarose solution containing fungal spores contaminated with CThTV. The seedlings were allowed to remain in the contaminated beakers for two days under light conditions. This procedure was repeated
with spores uncontaminated with the virus to ensure virus free fungus. Next, the seedlings were transplanted into
small plastic trays containing autoclaved potting soil and allowed to grow for an additional 10 days. The individual plants were then transplanted into one gallon pots containing autoclaved, organic potting soil. The soil pH
was 5.6 and concentrations of nitrogen, phosphorus, and potassium were 179, 21, and 200 ppm, respectively.
Plants without fungus and virus are referred to as non-symbiotic (NS) plants, plants inoculated with only the
fungus but not the virus are referred to as virus-free (VF) plants, and the symbiotic plants inoculated with both
the fungus and the virus are labeled as anastomosis (An) plants, which refers to the hyphal fusion of the fungus.
Twelve replicates (samples) were prepared for each treatment. The plants were allowed to grow for approximately two weeks under greenhouse conditions prior to drought treatment. To achieve the status of water stress,
plants no longer received water until visible wilting was observed. Six randomly selected plants from each treatment were utilized to determine the physiological responses of water stress during the pre-anthesis stage. The
remaining six samples from each treatment were re-watered once and allowed to grow until they reached the
anthesis stage. When they showed visible signs of wilting, the same physiological responses measured during
pre-anthesis were conducted.

2.2. Growth Determination
Six samples from each treatment were utilized to determine growth. Shoots and roots were separated and dried
at 70˚C for 48 h. Individual samples were weighed and recorded.

2.3. Gas Exchange Measurements
Simultaneous measurements of CO2 assimilation and stomata conductance were taken from each of the six samples of each treatment using a Li-Cor 6200 portable photosynthesis system (Lincoln, NE, USA). Measurements
were taken 6 h after the onset of the light period utilizing the second-most fully expanded leaf near the apical
meristem. The leaf was enclosed in a flow-through Plexiglas assimilation chamber (4.5 × 11.8 × 7.3 cm) as described by McDermitt [16]. The measurement conditions were 400 µmol∙m−2∙s−1 photon flux density, 45% to
50% relative humidity (RH), and 27˚C.

2.4. Photosynthetic Pigment Determination
Chlorophyll a, chlorophyll b, and carotenoids were measured from the same leaf that was earlier used for gas
exchange measurements. Four leaf diskettes with a total area of 0.785 cm2 were taken from each of the six samples of each treatment. Leaf diskettes were placed in vials and incubated in 5 ml of N,N-Dimethylformamide
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(DMF) solution. Individual vials were wrapped with aluminum foil and placed in the refrigerator at 4˚C for 48 h.
Chlorophylls a and b were determined spectrophotometrically at wavelengths of 647 and 664.5 nm as described
by Inskeep and Bloom (1985). The DMF extracts were further utilized to spectrophotometrically determine the
carotenoid concentration at a wavelength of 470 nm, and the concentration was calculated following the formula
reported by Doong [17].

2.5. Water Potential Measurement
Leaf water potential was determined from each of the samples of each treatment following the procedure outlined by Al-Hamdani [18]. Randomly selected leaves from individual plants were homogenized using a mortar
and pestle. A 100 µL aliquot of cell sap was loaded on a paper disc and placed in a vapor pressure osmometer
(model 5520, Wescor, Logan, UT).

2.6. Soluble Sugar Analysis
Root total soluble sugar content was analyzed following a modified procedure of Chatterton [19]. Freeze-dried
root samples were ground through a 1 mm screen and 300 mg in the first run and 150 mg in the second run were
weighed from each of the six samples of each treatment. Each aliquot was placed in a test tube with 5 ml of 95%
(v/v) ethanol and wrapped with aluminum foil. Test tubes were placed in a dry bath incubator at 80˚C for 20 min.
The solution was allowed to settle and the supernatant was placed in a separately labeled test tube. An additional
5 ml of 95% (v/v) ethanol was added to the precipitate and a glass stirring rod was used to re-suspend the contents. The test tubes were placed in the dry bath incubator for an additional 20 min. Again, the supernatant was
extracted and combined with the first supernatant extraction to be used for the total sugars assay.
The colorimetric method for sugar determination reported by Dubois [20] was followed. Standards of 0, 130,
150, 200, 250, 300, and 350 mg/ml were prepared. A 0.15 ml aliquot from each of the combined ethanol extraction samples was mixed with 0.5 ml of 5% phenol in a 10 ml test tube. The sample was vortexed for approximately 10 seconds before the addition of 2.5 ml of H2SO4. The sample was vortexed an additional 10 seconds
and left to cool to room temperature before being read on a spectrophotometer at 490 nm. Using the standard
curve, total soluble sugar content was calculated for each sample.

2.7. Statistical Analysis
This experiment was carried out as a completely randomized design (CRD). The experiment was repeated twice
and the combined data from both experiments were analyzed using ANOVA as a complete randomized block
design (CRBD). This was done to reduce experimental error resulting from the different times of carrying the
experiment. Mean separations for the values that showed significant F values (P = 0.05) of the ANOVA analyses
were based on the least significant difference (LSD) test.

3. Results and Discussion
The symbiotic interaction between the tomato plants, CThTV, and the fungus (Curvularia protuberata) had no
significant impact on the growth of the shoots and roots during pre-anthesis and anthesis (Figure 1). Generally,
the plants showed significantly higher shoot growth than the roots at both stages. The influence of the symbiotic
interaction between the tomato plant and fungus is highly dependent on the fungus species. Subramanian [15]
reported that the arbuscularmycorrhizal fungus Glomus intraradices N.C. Schenck & G. S. Sm. induced a significant increase in shoot growth, number of flowers, and fruit production of tomato plants growing under
drought stress. Curvularia protuberata was reported by Rodriguez et al. (2008) to have a wide range of host
monocot and eudicot plants. They reported that the fungus conferred drought tolerance in dunegrass (Leymusmollis (Trin.) Pilg., panic grass, rice (Oryza sativa L.), and tomato plants. The stress tolerance was attributed to a
decrease in water consumption or enhanced tolerance to free radical damage, but not to osmoregulation. However, osmoregulation appears to be an important factor in enhancing other abiotic stresses such as heat through
the significant production of a soluble sugar, trehalose [21] [22]. The total soluble sugar content, which includes
trehalose, was found to be the same in all three treatments at both pre-anthesis and anthesis stages (Figure 2).
Therefore, the osmotic adjustment of the tomato plants was the same at all three treatments. This was supported
by the leaf water potential values at both pre- and anthesis stages, which showed no significant difference
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Figure 1. Effect of drought on shoot and root growth in tomato plants with selected fungus
and virus interaction. There was no significant difference between the treatments based on
the LSD test (P = 0.05). *NS = non-symbiotic; VF = virus-free; An = anastomosis.
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Figure 2. Effect of drought on soluble sugar content in tomato plants with selected fungus
and virus interaction. There was no significant difference between the treatments based on
the LSD test (P = 0.05). *NS = non-symbiotic; VF = virus-free; An = anastomosis.

between the treatments (Table 1). Symbiotic association with mycorrhizae colonized by Glomus intraradices
enhanced tomato growth and leaf water content primarily due to modified osmotic adjustment as a result of
higher uptake of N and P [15]. This again demonstrated the differences among the fungi and their influence on
the host plant growth and development.
Photosynthetic pigments including chlorophyll a, chlorophyll b, and carotenoids were similar in all three
treatments during the pre- and anthesis stages (Table 2). The exception was carotenoid concentration, which
was significantly higher in the An plants compared to the NS plants during pre-anthesis. In addition, VF plants
had a significantly higher carotenoid concentration compared to both NS and An plants during anthesis. These
photosynthetic pigments play essential roles in capturing light energy during the light reactions of photosynthesis [23]. The concentration of these pigments can influence the photosynthetic rate through energy supply to the
dark reactions [24]. Additionally, photosynthetic rate is highly influenced by CO2 supply through the stomata to
the dark reaction [25]. In this study, both stomata conductance and photosynthetic pigments were similar at all
treatments during the pre- and anthesis stages (Table 2, Table 3). This could be utilized to explain the similarity
in CO2 assimilation among all the treatments at both stages (Table 3). However, there was a significant difference in CO2 assimilation between the two stages of growth (Table 3). In all treatments, CO2 assimilation was
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Table 1. Effect of drought on leaf water potential in tomato plants with selected fungus and virus interaction.
Stage of growth
Pre-anthesis

Interaction

Anthesis
Leaf water potential (−MPa)

NS*

1.62**

1.64

VF

1.84

1.60

An

1.79

1.64

*

NS = non-symbiotic; VF = virus-free; An = anastomosis; **There is no significant difference between the treatments based on the least significant
difference (LSD) test (P = 0.05).

Table 2. Effect of drought on photosynthetic pigment content in tomato plants with selected fungus and virus interaction.
Stage of growth
Interaction

Pre-anthesis

Anthesis

Pre-anthesis

Chla (mg/g FW)
*

Aa**

6.248

Anthesis

Pre-anthesis

Chlb (mg/g FW)
Aa

4.470

Aa

Anthesis

Caro (µg/g)

3.986

Aa

0.004

Aa

0.005Aa

NS

5.094

VF

6.134Aa

6.224Aa

4.022Aa

3.941Aa

0.042ABa

0.046Ba

An

7.228Aa

6.610Aa

4.656Aa

4.204Aa

0.062Ba

0.005Aa

*

NS = non-symbiotic; VF = virus-free; An = anastomosis; **Means within columns followed by the same uppercase letter are not significantly different based on the least significant difference (LSD) test (P = 0.05). Means within rows followed by the same lowercase letter of the same corresponding measurements are not significantly different based on the LSD test (P = 0.05).

Table 3. Effect of drought on CO2 assimilation and stomata conductance in tomato plants with selected fungus and virus
interaction.
Stage of growth
Interaction

Pre-anthesis

Anthesis
−2

−1

CO2 assimilation (µmol∙m ∙s )

Pre-anthesis

Anthesis

Stomata conductance (mol∙m−2∙s−1)

NS*

1.177Aa**

2.318Ab

0.708Aa

1.741Aa

VF

1.033Aa

2.013Ab

0.322Aa

2.722Aa

An

1.053Aa

2.044Ab

0.219Aa

2.291Aa

*

NS = non-symbiotic; VF = virus-free; An = anastomosis; **Means within columns followed by the same uppercase letter are not significantly different based on the least significant difference (LSD) test (P = 0.05). Means within rows followed by the same lowercase letter of the same corresponding measurements are not significantly different based on the LSD test (P = 0.05).

significantly higher during anthesis compared to pre-anthesis. Similar results were reported in various crops including sunflower (Helianthus annuus L.), sorghum (Sorghum bicolor (L.) Moench), wheat (Triticum aestivum
(L.)), and chickpea (Cicer arietinum (L.)) [26]. The increase in photosynthetic rate in these four crops during
anthesis was accompanied by an increase in respiration rate. This can be interpreted that the supply and demand
of CO2 assimilation was the highest during anthesis.

4. Conclusion
Under the experimental conditions, tomato plant growth, photosynthetic pigments, water status, and photosynthetic rates were not significantly affected by the symbiotic interaction. Curvularia protuberata could have other
functions than the ones examined in this research. However, drought stress was not significantly affected by the
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presence of the fungus in the system. The results under our experimental conditions did not support the findings
of Rodriguez [11], which showed that C. protuberata induced drought tolerance in tomato.
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