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Abstract

This study explored the effects of inoculating tomato plants with the endophytic fungi
Serendipita indica and Colletotrichum tofieldiae on their morphophysiological traits under low
phosphorus conditions in a hydroponic system, using a completely randomized factorial design.
Treatments included fungal inoculation (non-inoculated, S. indica-inoculated, and C. fofieldiae-
inoculated) and phosphorus levels (1.25 mM and 10 uM monopotassium phosphate).
Inoculation with these fungi markedly increased shoot and root fresh and dry weights, total
chlorophyll, carotenoids, total sugar, protein, and nitrogen content, while reducing anthocyanin
levels under phosphorus deficiency. The interaction between fungal inoculation and low
phosphorus significantly boosted root nitrogen and phosphorus content. Phosphorus deficiency
alone reduced shoot fresh and dry weights, total chlorophyll, nitrogen, and phosphorus, but
increased root dry weight, anthocyanin, total sugar, and protein. Plants inoculated with S. indica
and C. tofieldiae showed improved growth and reduced phosphorus stress symptoms. These
findings underscore the critical role of these fungi in enhancing tomato performance under
severe phosphorus deficiency.
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Introduction

Phosphorus is one of the three major nutrients, along with nitrogen and potassium. It is critical in nucleic
acids, phospholipids, proteins, NADPH, and ATP. Although phosphorus is abundant in many natural soils,
the form that plants utilize, specifically, inorganic orthophosphate (Pi), is insoluble and diffuses slowly in the
soil. This leads to phosphorus deficiency, negatively affecting plant performance, root development,
metabolism, and overall yield. Numerous rhizosphere microorganisms form mutualistic relationships with
plants, significantly enhancing nutrient uptake from the soil. The ability of endophytes to enhance plant
growth and fitness highlights their potential as an eco-friendly strategy for improving drought stress
tolerance and mitigating the effects of phosphorus deficiency. Therefore, for the first time, we investigate
and compare the effects of two endophytic fungi, Serendipita indica, and Colletotrichum tofieldiae, on the
growth and various morphophysiological factors of tomato, a key horticultural plant, in an aeroponic system.

Materials and Methods

This experiment was conducted in a completely randomized factorial design to investigate the effect of
inoculation with the model endophytic fungi, S. indica and C. tofieldiae, on the morphophysiological traits of
tomato plants under low phosphorus conditions in a hydroponic system in the research greenhouse of
Malayer University. The treatments included fungal inoculation (non-inoculated, inoculated with S. indica,
and inoculated with C. fofieldiae) and different phosphorus levels (1.25 mM and 10 uM mono potassium
phosphate). Uniformly germinated seeds were selected and split into three groups for fungal inoculation.
Two groups were inoculated with a spore solution of endophytic fungi, and the control group was treated
with a water-tween solution. After a few days, the inoculated and non-inoculated seedlings were placed in
pots containing Hoagland's medium with 10 uM and 1.25 mM mono potassium phosphate. Four weeks after
applying the different phosphate concentrations, samples were taken from the aerial parts, and traits such as
dry weight of shoots and roots, photosynthetic pigments, soluble sugar, phosphorus, nitrogen, protein, and
anthocyanin were measured.

Results and Discussion

The results showed that inoculation with these endophytic fungi significantly increased traits such as fresh
and dry weight of shoot and root, total chlorophyll, carotenoids, total sugar, protein, and nitrogen. Fungi
seem to play an effective role in preserving and stabilizing photosynthesis by influencing the proteins
involved in the photosynthesis process and the Calvin cycle, thereby increasing their expression (Ghabooli &
Kaboosi, 2022). Additionally, inoculation with these fungi decreased the anthocyanin content under low
phosphorus conditions. The interaction effects of inoculation with S. indica and C. tofieldiae and phosphorus
deficiency on root nitrogen and phosphorus content were markedly, increasing these elements. Endophytic
fungi increase the amount of phosphate and the growth of Arabidopsis plants under low phosphate
conditions, indicating the fungi’s ability to dissolve insoluble phosphate forms (Hiruma et al., 2016). In the
present study, phosphorus deficiency significantly reduced the fresh and dry weight of shoots, total
chlorophyll, nitrogen, and phosphorus in shoots. At the same time, it increased root dry weight, anthocyanin,
total sugar, and protein content. An insufficient amount of phosphorus causes a decrease in the production of
RNA and, as a result, a decrease in the synthesis of proteins, including photosynthetic proteins. In addition,
phosphate deficiency can lead to changes in the partitioning of carbohydrates in the plant, resulting in higher
levels of sugars being transported and stored in the fruit (Hiruma et al., 2016).

Conclusion

The results indicated that plants inoculated with S. indica and C. tofieldiae exhibited better growth and
performance under phosphorus deficiency conditions, with reduced symptoms of phosphorus stress. Overall,
the results highlighted the influential role of these fungi in improving tomato growth under severe
phosphorus deficiency conditions.
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Figure 1- The growth of endophytic fungi: (A) S. indica on
complex culture medium and (B) C. fofieldea on Mathur
culture medium.
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Figure 2- Effect of inoculation treatments with endophytic fungi (S. indica and C. tofieldiae) on (A) shoot fresh weight and (B) shoot
dry weight of tomato. Values of mean of three replicates and means marked with at least one common letter do not have a significant
difference from each other at the 5% probability level.
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Table 2- Variance analysis of the effect of different concentrations of phosphate and inoculation with endophytic fungi (S. indica and
C. tofieldiae) on the photosynthetic pigments of tomato plants.

Source of variation DF Chlorophyll a Chlorophyll b Total Chlorophyll Carotenoid
Fungus S. indica (F) 2 0.255™ 0.0435™ 0.0496° 0.28"
Phosphorous (P) 1 0.282" 0.034™ 0.516 0.134™
FxP 2 0.0805" 0.0029" 0.0903™ 0.024™
Error 12 0.0309 0.02 0.088 0.0305

Coefficient of variation - 14.01 25.44 21.80 11.54
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ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Figure 3- Effect of inoculation treatments with endophytic fungi (S. indica and C. tofieldiae) on (A) chlorophyll a, (B) total
chlorophyll and (C) carotenoids of tomato. Values of mean of three replicates and means marked with at least one common letter do
not have a significant difference from each other at the 5% probability level.
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Figure 4- Interaction effect of different concentrations of
phosphate and inoculation with endophytic fungi (S. indica
and C. tofieldiae) on anthocyanin content of tomato
(Treatments: LP: low phosphate; NP: normal phosphate).
Values of mean of three replicates and means marked with at
least one common letter do not have a significant difference

from each other at the 5% probability level.
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Figure 5- Effect of inoculation treatments with endophytic fungi (S. indica and C. tofieldiae) on (A) total soluble sugars and (B) total
protein of tomato. Values of mean of three replicates and means marked with at least one common letter do not have a significant
difference from each other at the 5% probability level.
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Table 3- Variance analysis of the effect of different concentrations of phosphate and inoculation with endophytic fungi (S. indica and
C. tofieldiae) on the content of anthocyanin, soluble sugars, protein, shoot nitrogen, root nitrogen and root phosphorous of tomato
plants.

Source of variation DF Anthocyanin Soluble Protein .ShOOt Shoot Root
sugars nitrogen Phosphorous Phosphorous
Fungus S. indica (F) 2 0.101™ 0.178" 0.111" 0.534" 0.007™ 0.032™
Phosphorous (P) 1 0.480™ 0.282" 1.23" 0.530" 0.024" 0.202™
FxP 2 0.110™ 0.018™ 0.012™ 1.408™ 0.002™ 0.412™
Error 12 0.078 0.014 0.024 0.091 0.004 0.046
Coefficient of variation - 18.20 7.20 11.26 11.43 12.52 18.64
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ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Figure 6- Interaction effect of different concentrations of phosphate and inoculation with endophytic fungi (S. indica and C.
tofieldiae) on (A) shoot nitrogen and (B) root phosphorous of tomato (Treatments: LP: low phosphate; NP: normal phosphate).
Values of mean of three replicates and means marked with at least one common letter do not have a significant difference from each

other at the 5% probability level.
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