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Abstract: Crop production in arid regions requires continuous irrigation to fulfill water demand
throughout the growing season. Agronomic measures, such as roots-soil microorganisms, including
arbuscular mycorrhizal (AM) fungi, have emerged in recent years to overcome soil constraints
and improve water use efficiency (WUE). Eggplant plants were exposed to varying water stress
under inoculated (AM+) and non-inoculated (AM−) to evaluate yield performance along with plant
physiological status. Plants grown under full irrigation resulted in the highest fruit yield, and there
were significant reductions in total yield and yield components when applying less water. The decline
in fruit yield was due to the reduction in the number of fruits rather than the weight of the fruit
per plant. AM+ plants showed more favorable growth conditions, which translated into better crop
yield, total dry biomass, and number of fruits under all irrigation treatments. The fruit yield did
not differ between full irrigation and 80% evapotranspiration (ET) restoration with AM+, but a 20%
reduction in irrigation water was achieved. Water use efficiency (WUE) was negatively affected by
deficit irrigation, particularly at 40% ET, when the water deficit severely depressed fruit yield. Yield
response factor (Ky) showed a lower tolerance with a value higher than 1, with a persistent drop in
WUE suggesting a lower tolerance to water deficits. The (Ky) factor was relatively lower with AM+

than with AM− for the total fruit yield and dry biomass (Kss), indicating that AM may enhance the
drought tolerance of the crop. Plants with AM+ had a higher uptake of N and P in shoots and fruits,
higher stomatal conductance (gs), and higher photosynthetic rates (Pn), regardless of drought severity.
Soil with AM+ had higher extractable N, P, and organic carbon (OC), indicating an improvement of
the fertility status in coping with a limited water supply.

Keywords: drip irrigation; arbuscular mycorrhizal fungi; water relations; N and P status;
soil organic carbon

1. Introduction

The search for additional water resources and improving the effective use of available water
is an imperative strategy to overcome rising energy costs and water shortages in many parts of
the world. This approach is challenging, especially in arid and semi-arid regions, which highlights
an urgent solution for innovative irrigation strategies and optimized irrigation water management.
Food production in the future needs efforts to understand the mechanisms of plant adaptation and
tolerance of abiotic stress like water shortage, as these events are expected to intensify in the coming
years [1]. Plants cope with drought stress by drought avoidance or drought tolerance, which include
osmotic adjustment, the regulation of stomatal conductance and photosynthesis, and the regulation

Horticulturae 2020, 6, 45; doi:10.3390/horticulturae6030045 www.mdpi.com/journal/horticulturae

http://www.mdpi.com/journal/horticulturae
http://www.mdpi.com
https://orcid.org/0000-0002-6295-6986
https://orcid.org/0000-0002-1195-6556
https://orcid.org/0000-0002-2663-1594
http://dx.doi.org/10.3390/horticulturae6030045
http://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/2311-7524/6/3/45?type=check_update&version=2


Horticulturae 2020, 6, 45 2 of 17

of water uptake and flow in their tissues [2]. Water-saving irrigation strategies, such as deficit
irrigation (DI), may allow the optimization of water productivity, stabilizing the yield and improving
the quality [3]. However, water productivity can be improved by developing DI strategies based
on scientific principles while attempting to produce near-maximum yields even with a lesser water
volume than that required to produce maximum productivity [4].

Strategies to sustain vegetative development and ecological succession against drought stress can
be enhanced by associations between roots and soil microorganisms [5,6], water management [7,8],
and arbuscular mycorrhizal (AM) fungi [9,10]. This association may include a suite of interrelated
plant processes, primarily alleviating drought stress via direct water uptake and transport through
fungal hyphae to the host plants [11] and enhanced nutrient uptake [10,12]. AM fungi can also change
root hydraulic properties [13] that increase water supply to shoots and increase net photosynthetic
rates under water stress conditions [14,15]. AM plants often have higher stomatal conductance at
lower soil moisture [16] and sometimes regulate stomatal closure [17] in ways that may optimize the
response to soil moisture content.

Crop production right now depends mainly on providing essential plant nutrients in the form of
mineral fertilizers, which become significant components of modern agriculture. Research priorities for
agricultural science are currently based on developing alternative methods of sustaining plant nutrition
with lower inputs of mineral fertilizers [18]. One such possibility is to replace mineral fertilizers by
organic inputs and to supplement plants with specific root-associated microbes. AM can be integrated
into sustainable soil management, reducing environmental problems by decreasing the use of chemical
fertilizers [19,20]. Since P diffusion is severely limited in dry soil [21], AM contributions to plant P
may be especially acute under drought [22] or non-drought conditions [23,24]. Enhanced P nutrition
by AM fungi during times of water deficit has been proposed as an essential factor for upgrading
host plant drought tolerance [25,26]. These beneficial functions may have great importance relative to
climate change [27,28], particularly with water in areas of agricultural expansion, especially in arid
and semi-arid regions.

Eggplant is an economically important vegetable crop, with 51.288 million tons produced
worldwide. Egyptian production ranks third place worldwide, with 1.194 metric tons from 0.485 million
ha, and produces 2.3% of the world production [29]. Irrigation water availability has been identified
as one of the major limiting factors of eggplant productivity, especially during the hot and dry
summer periods in arid regions. Eggplant is relatively susceptible to drought stress, as especially
in the reproductive phase [30], the susceptible period to water stress is extended, and a water
shortage negatively and markedly affects all yield components. Lovelli et al. [31] demonstrated that
eggplant sensitivity to water stress was expressed in high marketable yield decrements and a drop in
water productivity.

The objective of this study was to examine the interaction of varying water stress levels and
arbuscular mycorrhizal fungus on vegetative growth, reproductive behavior, fruit yield, water status,
nutrient uptake, and soil fertility of field-grown eggplant in an arid region. The main scientific
hypothesis of this study was that the inclusion of AM fungi in the soil/plant system would increase
crop yield under deficit irrigation, and thus result in higher water use efficiency.

2. Materials and Methods

2.1. Location and Growth Conditions

Field experiments were conducted at the Main Research Station, National Research Center located
in Nubaria province west of the Nile Delta of Egypt during the summer growing season (March-June)
of 2017 and 2018 using a drip irrigation system. The site is situated in an arid climate at an altitude of
24 m above mean sea level and is intersected by 30◦30 N latitude and 30◦20 E longitude. The area
has hot and dry summer months with little or no rain during the entire year. The mean monthly
evapotranspiration (ET) ranged from 3.7 to 6.7 mm in the respective cropping seasons. The climatic
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parameters were taken from the Nubaria meteorological station according to the official data from the
Egyptian Ministry of Agriculture. The detailed climatic parameters recorded in 2017 and 2018 from
March to June during the growing season are summarized in Table 1.

Table 1. Average monthly maximum (Tmax) and minimum (Tmin) temperature, relative humidity,
rainfall, evapotranspiration (ET0), and wind speed during growing seasons.

Month Tmax
(◦C)

Tmin
(◦C)

Relative
Humidity (%)

Rain Fall
(mm)

ET0
(mm d−1)

Wind Speed
(km h−1)

2017
March 23.6 10.2 46 7.4 3.8 11.67
April 28.3 12.5 37 3.9 4.7 11.30
May 32.2 15.9 38 4.5 5.9 10.56
June 34.5 18.7 42 0 6.7 10.56

2018
March 23.8 10.1 45 6.2 3.7 11.85
April 28.3 12.6 36 2.4 4.7 11.65
May 32.4 15.9 38 3.6 5.9 10.56
June 36.2 18.7 43 0 6.7 10.19

The soil of the experimental site is sandy in texture (Entisol-Typic Torripsamments), composed of
86.5% sand, 9.2% silt, and 4.3% clay, with an alkaline pH of 8.2, electrical conductivity of 0.85 dS/m,
1.5% CaCO3, and 0.42% organic matter in the upper 0–20 cm soil layer. The available N, P, and K were
12, 3, and 38 mg kg−1 soil, respectively, before the initiation of the experiment. The average soil water
content at field capacity from the surface soil layer down to a depth of 80 cm at 20-cm intervals was
9.8%, and the permanent wilting point for the corresponding depths was 4.6%.

2.2. Experimental Design and Treatments

The experiment was conducted in a factorial randomized block design and included four irrigation
treatments (100%, 80%, 60%, and 40% of crop ET, or ET1.0, ET0.8, ET0.6, and ET0.4) as the main factor and
two arbuscular mycorrhizal treatments defined as (AM–) and (AM+) as the sub-main factor with three
replications in 3.0 m wide × 10.0 m long plots of each treatment. Transplants of eggplant hybrid ‘Black
Moon’ were grown from sterilized seeds in the nursery greenhouse for eight weeks. Vermiculite-based
mycorrhizal inoculum carrying arbuscular mycorrhizal fungus (Glomus intraradices) was applied in
an eggplant nursery at a rate of 100 g m−2 just before sowing seeds. The inoculum was supplied by
the Microbiology Lab of the Soil, Water and Environment Research Institute, Agriculture Research
Center, Egypt. The AM was originally cultured in roots of maize, which carried the propagules (spores,
infected roots, soil) for three months before the beginning of the experiment. Non-mycorrhizal plant
nurseries were maintained separately. Eggplant roots were tested for mycorrhizal colonization at the
end of the last four weeks after inoculation (28 days after sowing). After the establishment of the
symbiosis, all plants were transferred to the main field and transplanted at a spacing of 40 cm between
plants and 100 cm between rows (25,000 plants per hectare) in early March 2017 and 2018. The plants
were arranged in north-south-oriented soil beds, which had previously received 20 t ha−1 of organic
manure for all treatments. Before cultivation of eggplants, drip tubing (twin-wall GR, 15 mm inner
diameter, 40 cm dripper spacing delivering 2.5 L h−1 at an operating pressure 100 kPa) were placed on
the soil surface beside each plant row at the center of the soil beds. All treatments received the same
amount of nitrogen 300 kg ha−1 (as ammonium nitrate), phosphorus at 120 kg ha−1 (as phosphoric
acid), and potassium at 250 kg ha−1 (as potassium sulphate) for the season. The total amount of NPK
at variable levels was injected directly into the mainline of the drip system in a water-soluble form
using a venturi-tube injector. Nitrogen and potassium fertilizers were applied at 6-day intervals in 15
equal doses of N starting two weeks after planting and stopped 30 days before the end of the cropping
period while P was injected weekly, from the first week after planting until the last week of April.
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2.3. Estimation of Crop Water Requirement

Reference evapotranspiration (ET0) was calculated daily using Penman–Monteith’s semi-empirical
formula [32]. The actual evapotranspiration was estimated by multiplying reference evapotranspiration
with crop coefficient (Kc) values (ETc = ET0 × Kc) for different months based on crop growth stages.
Eggplant is about a 130-day-duration crop, which may be divided into four stages, (initial, 30 days;
developmental, 40 days; middle, 40 days; and fruit maturity, 20 days.

The crop coefficient during the crop season was 0.45, 0.75, 1.15, and 0.80 at the initial, developmental,
middle, and fruit maturity stages, respectively [32]. The total actual volumes of irrigation water
applied at full irrigation during the entire season were 480 mm and 494 for 2017 and 2018, respectively.
During the initial stage of growth, plants were irrigated daily to encourage establishment, but after that
irrigation frequency was every two days. The irrigation treatments started at 14 days after transplanting
(DAT) and ended at 120 DAT, respectively (15 days before the last harvest).

Seasonal values of the yield response factor (Ky) were calculated for each experimental year
as follows:

1−
( Ya

Ym

)
= Ky

(
1−

ETa
ETm

)
, (1)

where Ym (kg ha−1) and Ya (kg ha−1) are the maximum (that obtained from the fully irrigated treatment)
and actual yield, respectively. ETm (mm ha−1) and ETa (mm ha−1) are the maximum (that obtained
from the fully irrigated treatment) and actual ET, respectively, and Ky is the yield response factor,
defined as the decrease in yield per unit decrease in ET [33]. According to the Ky calculation, Kss was
calculated by Equation (1) replacing Ym with the maximum total dry biomass (SSm) and Ya with the
actual total dry biomass (SSa) as follows:

1−
( SSa

SSm

)
= Kss

(
1−

ETa
ETm

)
, (2)

where Kss indicates the biomass response factor, which is the correlation between the relative total dry
biomass loss and relative ET reduction.

2.4. Physiological Measurements and Sampling

Monitoring of the diurnal change of stomatal conductance (gs) and photosynthetic rate (Pn) were
measured on the youngest fully-expanded leaves from the top of the canopy in each replicate with a
portable photosynthesis system (ADC Bio-Scientific, UK). Measurements were taken on the central
section of the youngest fully expanded leaf between 12:00 and 14:00 h (when the temperature reached
the maximum at midday) about 4 h before the end of the irrigation cycle at the flowering stage on two
plants per replicate.

2.5. Measurements of Crop Parameters

The fruits were harvested five times when they had attained full size depending on the end
of the physiological maturity stage. Total fruit yield was recorded during the harvest on at least
25 plants in a row in each treatment in all the replications and data were presented as tons per hectare.
Fruit parameters, such as the weight of fresh fruits, the number of fruits, and the average weight of
the fruit per plant, were estimated until the final harvest in each picking period. Total dry biomass
was evaluated by harvesting three representative plants per replicate of each treatment at the final
harvest and shoot, and fruit tissues were weighed in the field (fresh weight), and then subsamples
were dried at 70 ◦C to a constant mass in a forced-air oven for subsequent nutrient analysis. Water use
efficiency (WUE) was calculated from the total fruit yield (kg ha−1) divided by the seasonal crop water
applied for each irrigation treatment during the growing season and expressed as kg ha−1 mm−1.
Seasonal N and P uptake were derived from the whole plant sample data (see below), and the amount
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of uptake was calculated as the product of crop dry weight and the N concentrations in the plant
tissues. Postharvest fertilizer recovery was calculated using the following equation:

F recovery =
(Ft− F0

F

)
× 100, (3)

where Ft equals the total nutrient uptake (shoots + fruits) under treatment, F0 equals the total nutrient
uptake of the unfertilized treatment, and F equals the total amount of nutrient applied during the
whole season. The average crop N and P uptake from the unfertilized field plots (F0) were 14 and
4 kg N and P ha−1, respectively, for the whole growing season.

2.6. Plant and Soil Analysis

Total N and P contents of the shoot and fruit tissues were determined for each year at the
Analytical Research Lab (National Research Center, Cairo, Egypt) using standard methods of analysis.
Tissue samples were ground to pass through a 0.5-mm screen and stored for dry weight analysis, with
a thoroughly mixed 5-g portion of each sample stored. Tissue material was digested using H2SO4

in the presence of H2O2 and analyzed for total Kjeldahl N [34] and P by colorimetric ascorbic acid
methodology [35]. In both years, soil samples were taken to determine the initial (0–40 cm) and the
residual amount of ammonium (NH4–N) and nitrate (NO−3-N) at five soil core samples (10 cm apart)
per plot, directly under drip lines. Ammonia and nitrate contents in each soil sample were extracted
with 2M KCl, according to Jones and Case [34]. Microbial biomass carbon and 0.5 M K2SO4 extractable
organic carbon (OC) were measured at all but the harvest sampling dates in surface soil (0–20 cm) by
chloroform fumigation extraction followed by UV persulphate oxidation [36].

2.7. Statistical Analysis

Analysis of variance (ANOVA) was performed using the CoStat program (Version 6.311, CoHort,
USA, 1998-2005) on the data of all yield and yield components, WUE, N and P uptake, and residual
soil fertility measured in the experiments. Comparison of treatment means was carried out using the
least significant difference (LSD) at P < 0.05. Linear regression analyses were made with Excel and
Sigma Plot 9.0 (Systat Software, Inc., Point Richmond, CA, USA).

3. Results

3.1. Crop Biomass

Total fruit yield and total dry biomass for each irrigation treatment were similar in the two
experimental years. Seasonal irrigation volume in the full irrigation treatment (ET1.0) resulted in the
maximum fruit yield and all yield traits under both AM treatments (Table 2). The reduction in irrigation
water by 20% (ET0.8) reduced the fruit yield by 22.9% and 21.5 % in 2017 and 2018 while the reduction
by 40% (ET0.6) and 60% (ET0.4) reduced fruit yield by 44.1% and 71.0% and by 43.7% and 70.1% in both
years, respectively, compared to the full irrigation treatment. Plants grown under mild water stress
(ET0.8) in AM+ had a fruit yield similar to plants receiving full irrigation in AM−, but a provision of
20% (ET0.8) water saving was achieved during the entire season. AM+ plants averaged 27.8% and
27.5% higher fruit yield across irrigation treatments than AM− plants in both years, respectively.



Horticulturae 2020, 6, 45 6 of 17

Table 2. Fruit yield, total dry biomass, fruit number, and fruit weight of eggplant subjected to varying
water stress and AM inoculation.

Year AM z
Irrigation Levels

ET1.0 ET0.8 ET0.6 ET0.4 Mean

2017 Fruit yield (t ha−1)
AM− 42.75 b,y 32.82 c 23.75 d 12.32 e 27.91 B

AM+ 54.25 a 41.97 b 30.52 c 15.94 e 35.67 A

Mean 48.50 A 37.40 B 27.14 C 14.13 D

Total dry biomass (t ha−1)
AM− 7.35 c 6.28 d 5.02 e 3.34 g 5.54 B

AM+ 9.33 a 8.03 b 6.68 d 4.32 f 7.09 A

Mean 8.34 A 7.16 B 5.94 C 3.83 D

Fruit number (g plant−1)
AM− 23.64 b 17. 69 c 14.10 d 7.33 e 15.69 B

AM+ 28.46 a 23.90 b 18.97 c 9.09 e 20.10 A

Mean 26.05 A 20.80 B 16.53 C 8.21 D

Fruit weight (g plant−1)
AM− 72.33 a,b 74.20 a,b 67.39 a,b 67.20 a,b 70.28 A

AM+ 76.26 a 70.23 a,b 64.35 b 70.18 a,b 70.25 A

Mean 74.29 A 72.22 A 65.87 B 68.69 B

2018 Fruit yield (t ha−1)
AM− 45.12 b 35.18 c 25.12 d 13.32 e 29.69 B

AM+ 57.32 a 44.27 b 32.54 c 17.38 e 37.88 A

Mean 51.22 A 40.23 B 28.83 C 15.35 D

Total dry biomass (t ha−1)
AM− 7.76 b,c 6.73 d 5.50 e 3.61 g 5.90 B

AM+ 9.86 a 8.47 b 7.12 c,d 4.71 f 7.54 A

Mean 8.81 A 7.60 B 6.31 C 4.16 D

Fruit number (g plant−1)
AM− 24.08 b 19.18 c 13.36 d 7.36 e 16.00 B

AM+ 29.23 a 25.51 b 18.52 c 9.39 e 20.66 A

Mean 26.66 A 22.53 B 15.94 C 8.38 D

Fruit weight (g plant−1)
AM− 74.94 a,b 73.37 a,b 75.22 a,b 72.35 a,b 73.97 A

AM+ 78.44 a 69.41 b 70.27 b 74.07 a,b 73.05 A

Mean 76.69 A 71.39 B 72.75 B 73.21 B

z Abbreviations: AM = arbuscular mycorrhizal treatment; ET = evapotranspiration. y Values are significantly
different based on the least significant difference (LSD) at P ≤ 0.05. Capital letters indicate significant differences
among main effect means, and small letters indicate significant differences within factorial treatments.

Moreover, the effect of AM fungi was more pronounced in the severe drought treatment than at
full irrigation (yield was 29.3% and 30.5% higher in AM+ than AM- at ET0.4 compared to 26.9% and
27.1% at ET1.0 during the two seasons, respectively). Total dry biomass was proportional to total fruit
yield production (R2 = 0.99; P = 0.05), demonstrating that the crop regulates its fruit biomass relative
to the total cumulative biomass. The total dry biomass showed more evident differences between full
irrigation and water deficits at ET0.6 (28.8%) and ET0.4 (54.1%) compared to the ET0.8 (14.2%) treatment.
AM+ plants averaged 28.0% and 27.8% higher dry biomass across irrigation treatments than with
AM− in both years, respectively.

The number of fruits per plant decreased with a decrease in the amount of water applied under
both AM treatments, and the trend was similar to the fruit yield. The fruit weight was more resistant
to a water deficit than the fruit number per plant, as the decrease in fruit yield in the water deficit
treatments was mainly due to the decrease in the fruit number. The correlation analysis between the
fruit yield and fruit number showed a very strong correlation (R2 = 0.987; P = 0.05), which indicates that
the increase in fruit yield was attributed mainly to the increase in fruit number (Figure 1a). On the other
hand, the correlation analysis between the fruit yield and average fruit weight was weak (R2 = 0.236;
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P = 0.05), indicating that fruit weight was not the main reason behind yield reduction (Figure 1b).
The relationship between fruit weight and the number of fruits per plant were not related (R2 = 0.165;
P = 0.05), where the decrease in the weight of fruits did not affect the number of fruits per plant.
The number of fruits increased with AM+ under all water deficit treatments, and the trend was similar
to the yield trend. The average fruit weight was not significantly affected by a water deficit up to ET0.8

in the first season while it was only significant at ET1.0 in the second season. Inoculation with AM did
not show a significant effect on fruit weight under any deficit irrigation treatment. The interaction
between irrigation and AM treatments for total yield and yield traits was significant, indicating a
combined action between both treatments, although this effect was not always significant.

Horticulturae 2020, 6, x FOR PEER REVIEW 7 of 17 

 

weight was weak (R2 = 0.236; P = 0.05), indicating that fruit weight was not the main reason behind 
yield reduction (Figure 1b). The relationship between fruit weight and the number of fruits per 
plant were not related (R2 = 0.165; P = 0.05), where the decrease in the weight of fruits did not affect 
the number of fruits per plant. The number of fruits increased with AM+ under all water deficit 
treatments, and the trend was similar to the yield trend. The average fruit weight was not 
significantly affected by a water deficit up to ET0.8 in the first season while it was only significant at 
ET1.0 in the second season. Inoculation with AM did not show a significant effect on fruit weight 
under any deficit irrigation treatment. The interaction between irrigation and AM treatments for 
total yield and yield traits was significant, indicating a combined action between both treatments, 
although this effect was not always significant. 

 
Figure 1. Relationship between the total fruit yield and fruit number per plant (a), and total fruit 
yield and average fruit weight per plant (b), of eggplant subjected to varying water stress and AM 
inoculation. 

3.2. WUE and Production Function 

The WUE was highest under full irrigation with a decreasing trend by deficit irrigation 
treatments (Table 3). However, the variation between WUE at the different irrigation treatments 
was not significant except for the ET0.4 treatment, in which water stress severely depressed fruit 
yield by about 70% compared to full irrigation. Across different irrigation treatments, WUE 
increased by 28.9% and 27.5% with AM+ over AM− in the first and second seasons, respectively. This 
result may be because mycorrhizal inoculation has positive implications for eggplant culture in arid 
regions when water is not reasonably sufficient for plant growth. 

Table 3. Water use efficiency (WUE - kg ha−1 mm−1) of eggplant subjected to varying water stress and 
AM inoculation. 

Year AMz 
Irrigation levels 

ET1.0 ET0.8 ET0.6 ET0.4 Mean 
2017 AM− 86by 82b 78b 59c 76B 

AM+ 109a 105a 100a 77b 98A 
Mean 98A 93A 89A 68B  

2018 AM− 89bb 86b 81b 63c 80B 

y = 1.9043x - 1.7074
R² = 0.9873

0

10

20

30

40

50

60

7 9 11 13 15 17 19 21 23 25 27 29

Fr
ui

t  
yi

el
d 

(t 
ha

−1
)  

Fruit number (plant−1)  

a

y = 2.1689x - 123.38
R² = 0.2363

0

10

20

30

40

50

60

66 68 70 72 74 76 78

F
ru

it 
 y

ie
ld

 (t
 h

a−
1 )

  

Fruit weight (plant−1)  

b

Figure 1. Relationship between the total fruit yield and fruit number per plant (a), and total fruit yield
and average fruit weight per plant (b), of eggplant subjected to varying water stress and AM inoculation.

3.2. WUE and Production Function

The WUE was highest under full irrigation with a decreasing trend by deficit irrigation treatments
(Table 3). However, the variation between WUE at the different irrigation treatments was not significant
except for the ET0.4 treatment, in which water stress severely depressed fruit yield by about 70%
compared to full irrigation. Across different irrigation treatments, WUE increased by 28.9% and
27.5% with AM+ over AM− in the first and second seasons, respectively. This result may be because
mycorrhizal inoculation has positive implications for eggplant culture in arid regions when water is
not reasonably sufficient for plant growth.
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Table 3. Water use efficiency (WUE - kg ha−1 mm−1) of eggplant subjected to varying water stress and
AM inoculation.

Year AM z Irrigation Levels

ET1.0 ET0.8 ET0.6 ET0.4 Mean

2017 AM− 86 b,y 82 b 78 b 59 c 76 B

AM+ 109 a 105 a 100 a 77 b 98 A

Mean 98 A 93 A 89 A 68 B

2018 AM− 89b b 86 b 81 b 63 c 80 B

AM+ 113 a 108 a 105 a 83 b 102 A

Mean 101 A 97 A 93 A 73 B

z Abbreviations: AM = arbuscular mycorrhizal treatment; ET = evapotranspiration. y Values followed by
different letters are significantly different based on the least significant difference (LSD) at P ≤ 0.05. Capital letters
indicate significant differences among main effect means, and small letters indicate significant differences within
factorial treatments.

The regression equation fit for seasonal water use (ET) versus fruit yields showed that the increase
in ET would induce a different response on yield (Figure 2). Fruit yields increased linearly with the
total amount of water applied between planting and harvest over the range 208–496 mm in 2016
and 210–507mm in 2017, where single lines represented an average of AM− or AM+ during the two
seasons. Over the range of water inputs, the yield in AM− increased by 107 kg ha−1 for each mm
of water applied while the corresponding value in AM+ increased by 130 kg ha−1 mm for the same
years. Both functions were significant and had a high coefficient of determination (R2 = 0.998 and
0.997; P = 0.05) for the same seasons, respectively. The intercept on the x-axis of this relationship can
be used as a measure of the amount of water lost by evaporation from the soil and canopy before
crop establishment. However, this remaining water was relatively little with AM+, indicating that
mycorrhiza can provide primarily support in the early stages of the plant of growth.
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Figure 2. Relationship of total fruit yield versus the amounts of applied water (pooled AM− (a) and
AM+ (b) of the two years), through regression analysis.

The yield response factor (Ky) indicates the level of tolerance of a crop to water deficits (the higher
the value, the lower the tolerance). The yield response factor (Ky) was calculated for both the total
yield (Ky) and total dry biomass (Kss) produced by the crop, considering the data of the two years
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(Figure 3). The slope of the fitted regressions, which represents Ky and Kss factors, was 1.196 and 0.863
for fruit yield and total dry biomass in AM−and 1.164 and 0.836 for the same parameters in AM+,
respectively, where in both cases, the reduction in crop productivity was proportionally higher than
the relative ET deficit. However, the lower Ky was calculated for both parameters, indicating that
eggplant with AM+ was relatively less affected by the soil water deficit than with AM−, which may
help plants to cope with low water under field conditions. The calculation of this coefficient with
respect to the plant total dry biomass rather than yield resulted in values < 1 (0.836 for AM−and 0.863
for AM+), which would seem to be contrary to fruit yield. The evidence supporting this result was
related to the effect of irrigated treatments on the assimilate partitioning distribution (harvest index),
which significantly changed among the irrigated treatments, ranging between 0.47 and 0.41.
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Figure 3. Relative yield decrease and total dry biomass relative decrease as a function of the relative ET
decrease, measured in eggplant subjected to varying water stress and AM inoculation (pooled AM− (a)
and AM+ (b) of the two years).

3.3. Plant Physiological Response

Plant physiological status showed remarkable differences between full irrigation and water deficit
treatments during the flowering stage (Figure 4a,b). Considering all measurements taken when the
temperature rose at midday, gs and Pn in ET1.0 plants averaged higher values than in water deficit
treatments under both AM treatments. In contrast, the values in the mild water deficit ET0.8 with AM+

were a little bit lower than other treatments. The values of gs showed an appreciable decline by 29%
and 40% in water deficit treatments at ET0.6 and ET0.4 with AM− vs. only 17% and 26% with the same
treatments in AM+, respectively. Similarly, Pn values in ET0.8 were unaffected at ET0.8 by either AM
treatment. At the same time, AM− contributed to a 25% and 31% decline at ET0.6 and ET0.4 with AM−
vs. 16% and 22% only with AM+, respectively, than those obtained at full irrigation.
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Figure 4. Changes of stomatal conductance (a), and CO2 assimilation rate (b) at the flowering stage in
eggplant subjected to varying water stress and AM inoculation. Data points are two years of pooled
data of three replications.

3.4. Plant N and P Uptake

Substantial significant differences were found in total N and P uptake between various irrigation and
AM treatments and such a trend of response was similar to the yield trend (Table 4). Total aboveground N
uptake (shoots + fruits) was relatively higher in AM+ than in AM− plants under all irrigation treatments,
resulting from higher dry biomass and N contents in the shoots and fruits (data not shown). Similarly, total
aboveground P uptake was higher in AM+ plants, which corresponded to both a relatively higher plant
P concentration and higher dry biomass. As a proportion of the N and P uptake, AM+ gave the most
satisfactory recovery of both nutrients despite the sandy nature of the soil. This corresponded to a lower
N:P ratio in AM+ plants mainly in the full irrigation treatment, corresponding to a relatively higher P
uptake than N uptake, indicating a specific effect of AM+ on the absorption of phosphorus.

Table 4. Total N and P uptake in fruits and shoots of eggplant subjected to varying water stress and
AM inoculation.

Year Treatment z N Uptake (kg ha−1) N Recovery
%

P Uptake (kg ha−1) P Recovery
%

N:P
RatioFruit Shoot Total Fruit Shoot Total

2017 ET1.0 AM− 75 b,y 69 c 144 c 44 12.0 c 9.8 c 21.8 c 16 6.6
AM+ 95 a 87 a 183 a 57 17.4 a 15.0 a 32.3 a 24 5.7

ET0.8 AM− 63 c 60 d 123 d 37 10.0 d 7.9 d 17.9 d 12 6.9
AM+ 80 b 77 b 157 b 48 14.6 b 12.3 b 26.9 b 20 5.8

ET0.6 AM− 47 d 48 e 95 e 28 7.0 e 6.3 e 13.3 e 9 7.1
AM+ 60 c 66 c,d 126 d 38 9.8 d 8.9 c 18.7 c,d 13 6.7

ET0.4 AM− 30 f 31 f 61 g 16 4.2 f 4.1 f 8.3 f 4 7.4
AM+ 38 e 43 e 82 f 23 6.3 e 5.8 e 12.1 e 8 6.7
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Table 4. Cont.

Year Treatment z N Uptake (kg ha−1) N Recovery
%

P Uptake (kg ha−1) P Recovery
%

N:P
RatioFruit Shoot Total Fruit Shoot Total

2018 ET1.0 AM− 78 b 73 c 150 c 46 12.6 c 10.4 d 23.0 c 17 6.5
AM+ 99 a 92 a 191 a 60 18.3 a 15.8 a 34.2 a 26 5.6

ET0.8 AM− 67 c 64 c 132 d 40 10.7 d 9.2 c 19.9 d 14 6.6
AM+ 85 b 81 b 166 b 51 15.4 b 13.9 b 29.3 b 22 5.7

ET0.6 AM− 50 d 51 d 101 e 30 7.4 e 6.4 d 13.8 e 9 7.3
AM+ 64 c 70 c 135 d 41 10.5 d 10.3 c 21.7 c,d 15 6.5

ET0.4 AM− 32 f 34 e 66 f 18 4.5 f 4.2 e 8.7 f 5 7.6
AM+ 42 e 47 d 89 e 26 6.8 e 6.9 d 13.7 e 9 6.5

z Abbreviations: AM = arbuscular mycorrhizal treatment; ET = evapotranspiration. y Values within the column
followed by different letters are significantly different based on the least significant difference (LSD) at P ≤ 0.05.

3.5. Soil Fertility

The analysis of variance within each year revealed no significant effect for irrigation treatments
alone, or when combined with AM+ on soil fertility; therefore, only the latter factor is only discussed.
Before plant cultivation, initial OC in the soil was 0.25% while at harvest of the first and second
season, there was a trend toward higher OC in soil with AM+ plants, reaching 26% and 31% over
AM− in the first and the second seasons, respectively (Table 5). AM+ within irrigation treatments led
to varying amounts of available NPK in the soil after harvest. The available N and K content with
AM+ increased by 20 - 25% and 15 - 17% over AM− in the same season, respectively, while P content
increased markedly by 30-50% regardless of drought stress.

Table 5. Residual soil fertility after the harvest of eggplant subjected to varying water stress and
AM inoculation.

Year Treatments z Organic C
(%)

Available Nutrients (mg kg−1 soil)

N P K

2017 AM− 0.27 a,y 15 a 10 a 40 a

AM+ 0.34 b 18 b 13 b 46 b

2018 AM− 0.29 a 19 a 10 a 42 a

AM+ 0.38 b 24 b 15 b 49 b

z Abbreviations: AM = arbuscular mycorrhizal treatment. y Values within the column followed by different letters
are significantly different based on the least significant difference (LSD) at P ≤ 0.05.

4. Discussion

4.1. Yield Response and Plant Water Relations

The maximum yield traits under ET1.0 were mainly due to the sufficient available water in the
soil, which led to an increase in water and nutrient absorption and consequently in the metabolic
mechanisms in the plants, increasing the fruit yield and total dry biomass. However, there were
significant reductions in the total yield when less water was applied, and the negative response to
the irrigation deficit was more evident when the water supply was less than 20% of the full irrigation
demand. The shortage in the yield of many crops under lower available water may be due to a reduced
soil water content, which has been shown to delay rooting [37], along with a reduction in leaf area,
root system, and shoot biomass, and a low photosynthetic rate [38]. Fruit yield and total dry biomass
with AM+ was higher during both the seasons across different irrigation regimes, with the total yield
28% higher than AM− plants.

The ability of AM fungi to protect the host plant against progressive drought appears to be related
to the intrinsic capacity of mycorrhizal fungi to resist drought stress. Thus, the main effect of AM on
plant growth was in fruit rather than shoots, which increased the total dry biomass. The association
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with AM fungi increased the eggplant yield and fruit numbers in both full and deficit irrigation
treatments; a higher fruit set likely occurred in AM+ plants but without other substantial changes in
fruit weight. The higher fruit biomass in AM+ plants and few differences in shoot biomass pointed to
a specific effect on fruit rather than a general effect on plant growth. Eggplant showed a remarkable
decrease in the harvest index (HI), which changed significantly among irrigation treatments (data not
shown), indicating that water deficits had a substantial consequence on saleable production. However,
AM fungi has been shown to affect plant reproductive growth [39,40], including increasing the total
number of flowers as well as the proportion of flowers setting as fruit [41].

The correlation analysis between fruit yield and average fruit weight showed a weak correlation,
indicating that the change in yield was not affected by fruit weight [42,43]. However, eggplant tends to
abort some flowers when sensing water stress to limit the number of fruit reaching the maturity stage
to as few as possible. Aujla et al. [24] and Colak et al. [43] reported similar results with a decrease in
the fruit yield of eggplant at a reduced water level and the formation of fewer fruits. The fruit size was
not affected.

The response to mycorrhizal colonization was relatively greater for drought-stressed than full
irrigation conditions, which may be explained by a higher absorption root surface area or a significant
proliferation of root or hydraulic differences between root systems [44,45]. Drought stress may impede
the translocation of nutrients and metabolites from the leaf to the reproductive organs. The improved
nutritional status and relative water content caused by mycorrhizal colonization would have alleviated
drought effects and promoted fruit production with changing water stress. The experimental data
agree with the findings of others that mycorrhizal aided host plant drought tolerance and the associated
yield increase under water deficit conditions [9,25].

Higher rates of root sap exudation in AM+ plants may reflect the reason behind higher root
osmotic hydraulic conductance, a pathway for water uptake that may play an essential role under
dry conditions [26,46]. Irrespective of irrigation treatments, AM+ improved the plant water status,
suggesting that AM+ roots could extract more water from deeper soil profiles or that AM+ plants
regulated daily leaf gas exchange. These findings suggest that AM affected a suite of interrelated
plant drought responses that together enabled plants to produce higher yields. Previous work from
Cavagnaro et al. [47] showed similar microbial communities (AM) in the soil around roots, suggesting
that these changes may be relatively minor. However, there is still a possibility that there are micro-scale
fungal–bacterial interactions that affect nutrient availability and uptake by the plant.

Water use efficiency (WUE) is defined as the ratio between the actual yield achieved and the total
water use, including rainfall, and is expressed in physical terms (kg ha mm−1). WUE did not cause
significant variation due to different deficit irrigation treatments except for ET0.4 when the yield was
severely depressed by water deficit (Table 3). Although, in a limited way, WUE showed a decreasing
trend when the water supply was lower than 100% ET of the crop, indicating sensitivity to water
stress [31]. However, AM fungi contributed consistently to higher WUE under all deficit irrigation
treatments in both years, leading to a higher fruit yield. The regression equations’ fit for crop ET versus
fruit yields showed that the same increase in ET would induce a different improvement on eggplant
yields for different irrigation treatments (Figure 2a,b). Significant linear relationships were established
between the total applied water and fresh fruit yield as indicated by the slopes of the lines shown in
Figure 2. The slope of the line for AM+ was steeper than for AM–, where the fruit yield increased by
130 t ha−1 for AM+ versus 107 t ha−1 for AM–, respectively.

The sensitivity of eggplant to water stress due to deficit irrigation, as expressed by (Ky and Kss),
indicates the level of tolerance of a crop to water stress (the value is over than 1 when the yield declines
proportionally to the ET deficit). Fruit yield and total dry biomass decreases by decreasing the water
deficit are higher than proportional to the relative ET decrease. In this regard, eggplant seems to
be more sensitive to a water deficit than other vegetable crops, e.g., tomato, where Ky was lower
than one calculated in a Mediterranean region [48]. The calculation of Ky gave a value > 1 according
to FAO, which means a particular sensitivity to a water deficit; in other words, a crop production
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decrease due to water deficit treatments, which is more than proportional to the ET decrease. However,
higher values were obtained in AM+ for fruit yield and total dry biomass than in AM−, showing the
importance of mycorrhizal inoculation in supporting water stress tolerance to stress-sensitive crops.
The relatively lower Ky factor under AM+ could account for a guarantee of the higher water uptake
capacity by the roots’ association with stimulated soil OC, which in turn improves soil conditions
for plant growth [26,49]. Thus, the water deficit imposed a substantial consequence on fresh fruit
production that ranged between 22% and 70% due to water stress. In comparison, the measured total
dry biomass decrements at the same water levels only ranged between 12% and 51%. Thus, in eggplant,
the fresh fruit yield decrease was more proportional to the ET drop, and this explains the differences in
terms of Ky and Kss in this crop.

4.2. Photosynthesis, Nutrient Status, and Soil OC

A trend toward higher gs and Pn in AM+ plants under water stress was indicated by the
assimilation of higher C for vegetative and fruit growth. In contrast, relative inhibition in the AM−
plant was observed to avoid rapid loss of water through transpiration. However, the differences in gs
in AM+ vs. AM− plants have been attributed to plant size and C dynamics over the whole growing
season as a driver in water relations. AM fungi also regulate diurnal patterns of leaf gas exchange,
for instance, by maximizing C gain through increased stomatal conductance early in the day when the
vapor pressure is lower followed by a reduction in gs in the afternoon [50]. This could explain how
AM+ plants could control higher gs when the daily air temperature peaks despite a larger canopy size.

Enhanced Pn in AM+ plants may result from higher gs, increased N and P nutrition, and/or higher
C sink stimulation. Moreover, higher gs would increase CO2 diffusion to sites of carboxylation and
support higher Pn [26,51]. That M+ plants appeared to optimize responses to the soil moisture content
in ways that would maximize growth agrees with studies in controlled environments that show AM+

plants respond more quickly than AM− plants to changes in soil moisture [17,26,52]. These results
suggest that AM affects a range of biological processes associated with the plant drought response that
produces a higher crop yield.

Water deficit plants had the lowest N and P uptake since the absorption of elements mainly
depends on the available water in the soil. Total uptake of N was higher in AM+ plants than the
corresponding values in AM− plants when considering the water treatments together, due to the
higher fruit biomass in AM+ plants. As the greater demand for N and drought impedes the mobility
of nitrate, mycorrhizal colonization is essential for the host plant N nutrition under water deficit
conditions. The external mycelium of AM can transport 40% of the added N under moderate drought
conditions, which modifies the N acquisition and assimilation by host plant roots [53]. An enhanced
nutritional and water status of mycorrhizal plants assists in the production of a higher number of
flowers and fruits and a greater degree of conversion of flowers into fruits, where abortion of flowers
is a significant constraint that leads to lower productivity in many plants [25,43]. Total P uptake
was also higher in AM+ plants due to the relatively higher plant P uptake than N uptake in these
plants. The remarkable increases in plant N and P uptake observed in AM+ plants may have affected
growth, especially fruit production [54] and the physiological status (photosynthetic rate and stomatal
conductance [26,55]. The enhanced capacity for P uptake by AM+ fungi was expected to be more
effective under drought conditions as AM could transfer extra P to the root system by passing direct
uptake [56,57]. This contribution resulted in a better N:P ratio in fruit and total dry biomass but mainly
in the full irrigation treatment. Higher uptake of N and P in AM+ plants can contribute to a significant
increase in fruit biomass, where a large proportion of nutrients will be stored in fruits that will be
reflected in plant production.

The organic C and available N and P content increased relatively with AM+ plants at the harvest
of both seasons as a result of organic substances and microbial activity in the soil (Table 5). The increase
in available P could be attributed to the mineralization of organic P, solubilization action of certain
organic acids, and displacement of phosphate with organic anions. The equivalent quantity of these
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nutrients from such an organic source will be available in a fair manner and could be an additive
source for plant nutrition for sustaining soil fertility buildup.

5. Conclusions

The inoculation of mycorrhizal colonization increased the yield and regulated the physiological
status of eggplant associated with a higher nutrient uptake and soil fertility at different water stress, and
potentially managed water drought tolerance. The mycorrhizal response showed a better performance
under severe water stress than full irrigation conditions. This proved that mycorrhizal fungi play an
essential role in plant responses under adverse plant and soil conditions, particularly in sandy soil.
Strategies that boost water-saving management in agriculture systems may be suggested to include
services provided by mycorrhizal associations from detrimental effects of drought stress in arid and
semi-arid regions.
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Abbreviations

AM arbuscular mycorrhizal;
AMF arbuscular mycorrhizal fungi;
AM+ inoculated;
AM− non-inoculated;
WUE water use efficiency;
ET evopotranspiration;
ET0 evapotranspiration;
Tmax average monthly maximum temperature;
Tmin and average monthly minimum temperature;
Ym reference maximum yield;
Ya 1 actual yield;
Kss biomass response factor;
Ky yield response factor;
SS total dry biomass;
gs stomatal conductance;
Pn photosynthetic rate;
Ft total nutrient uptake;
F0 total nutrient uptake under unfertilized treatment;
F total amount of nutrient applied during the whole season;
DAT days after transplantation;
HI harvest index;
OC organic carbon.
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