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Abstract: Climate change is increasing drought events and decreasing water availability. Tomato
is commonly transplanted to an open field after seedling production in a nursery, requiring large
volumes of water. Arbuscular mycorrhizal (AM) fungi help plants cope with drought stress; however,
their effects depend on plant genotype and environmental conditions. In this study, we assessed the
interactions among different tomato seedling genotypes and two AM fungi, Funneliformis mosseae and
Rhizophagus intraradices, under two water regimes, full and reduced. Our results showed that F. mosseae
was more effective than R. intraradices in the mitigation of drought stress both in old and modern
genotypes. However, seedlings inoculated with R. intraradices recorded the highest values of leaf area.
‘Pearson’ and ‘Everton’ genotypes inoculated with F. mosseae recorded the highest values of root, leaf,
and total dry weights under reduced and full irrigation regimes, respectively. In addition, ‘Pearson’
and ‘H3402’ genotypes inoculated with F. mosseae under a reduced irrigation regime displayed high
values of water use efficiency. Our results highlight the importance of using AM fungi to mitigate
drought stress in nursery production of tomato seedlings. However, the development of ad hoc AM
fungal formulations, which consider genotype x AM fungi interactions, is fundamental for achieving
the best agronomic performances.

Keywords: processing tomato; arbuscular mycorrhizal fungi; irrigation regime; drought stress; abiotic
stress resilience; seedling stage

1. Introduction

Crop growth, yield, and fruit quality are influenced by many abiotic factors, such as water,
temperature, solar radiation, and salinity. When the potential transpiration rate exceeds water
absorption by the roots from the soil, crops experience water stress. Water limitation causes the closure
of plant stomata, leading to a decrease of carbon dioxide (CO2) uptake followed by a reduction in
photosynthetic activity [1,2]. Additionally, drought stress reduces nutrient uptake, leading to a decrease
in macro- and micro-element availability [3]. Finally, water deficits affect plant growth through the
repression of gene expression related to cell division and proliferation [4,5].
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Processing tomato is one of the most economically important and widespread horticultural crops
in the world [6,7], and in 2018, its production was ~34 million tons [8]. In addition, processing tomato
is extremely dependent on irrigation water, the average water requirement ranging from ~400 to
600 mm during the growing season based on the climatic conditions of the area [9]. Successful open
field transplanting of nursery-grown seedlings is one of the key factors in producing high-yielding
horticultural crops, such as processing tomato. Nonetheless, in many cases, the lack of closed and
cooling systems for the production of tomato seedlings leads to an excessive use of irrigation water.
In addition, climate change is increasing the frequency of heat waves, reducing water availability and
increasing irrigation demands [10]. Hence, the excessive use of water for irrigation [11], combined
with the effects of climate change [10,12], will limit the availability of fresh water for irrigation [10]
even at early crop growth stages. As processing tomato requires huge volumes of irrigation water for
their growth, a more scarce water availability during the growth cycle could lead to a decrease in fruit
yield and quality [13].

Usually, when plants are subjected to water limitation, several strategies are used to overcome drought
stress [14], and both morphological and physiological changes are observed as tolerance/resistance
mechanisms used to cope with stress conditions [15]. In particular, plants accelerate phenological
development, improve root growth and consequently water uptake, and control transpiration by
stomatal regulation in order to avoid cellular damage caused by stress [15]. However, during severe
and extended drought conditions, these mechanisms are not effective enough to preserve crop growth,
fruit yield, and quality.

AM fungi are ubiquitous in soil and establish symbiotic relationships with the roots of many
cultivated plants [6,16,17]. Plant–AM fungi interaction is mutualistic as the fungi can help plants
overcome abiotic and biotic stresses and improve mineral nutrient and water uptake while the host
plant provides photosynthates [16] and lipids [18]. During drought stress, AM fungi may influence
physiological and cellular processes of the host plants [19]. Dell’Amico et al. [6] reported that Glomus
clarum was able to stimulate ‘Amalia’ tomato growth under drought stress in a greenhouse, and the
effects were more evident on leaves and shoots than on roots. Likewise, Duc et al. [20] reported that
the use of AM fungus Septoglomus constrictum improved stomatal conductance, leaf water potential,
leaf relative water content, and the activity of photosystem II of a greenhouse genotype ‘Moneymaker’
under combined heat and drought stress when grown in a greenhouse. However, studies have also
revealed that microorganism effects depend on plant genotype [21,22].

Although there are many studies on the mitigation of crop drought stress by AM fungi conducted
in open fields or on adult plants grown in greenhouses [2], research with processing tomato seedlings
(at the four true expanded leaves stage, corresponding to 35 to 40 d after sowing) are scarce. Studies
on tomato seedlings are necessary as seedlings at this stage are transplanted to the open field.
Therefore, in the present study, we assessed the interactions among three genotypes of processing
tomato seedlings and two AM fungi (Funneliformis mosseae and Rhizophagus intraradices) under two
water regimes (full irrigation and reduced irrigation) in order to provide useful information to
nursery growers.

2. Materials and Methods

2.1. Plant Material and Experimental Design

The experiment was conducted in a growth chamber located at the University of Modena and
Reggio Emilia (Reggio Emilia, Italy) following a fully randomized experimental design with five
biological repetitions per treatment (genotype by AM species by irrigation regime). Three genotypes of
processing tomato (‘Pearson’, ‘H3402’, and ‘Everton’) were used in the experiment. ‘Pearson’ is an old
genotype released in the mid-1930s, with a semi-determinate growth habit, large fruits, and suitable for
canning. ‘H3402’ is a modern genotype released in 2002, with a determinate growth habit, high vigor,
and medium oval fruit, and it is suitable for medium and late transplanting and canning purposes.
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‘Everton’ is a modern genotype released in 2008, with a determinate growth habit, medium vigor,
and oval fruit suitable for medium transplanting and canning purposes [22,23].

Processing tomato seeds were provided by ISI Sementi S.p.A. (Fidenza, Italy) and Furia Seed
(Monticelli Terme, Italy). Seeds were germinated on moistened filter paper in Petri dishes at 25 ◦C,
and transferred after germination to pots (7 × 7 × 8 cm, 0.4 L) (one germinated seed per pot) containing
the same quantity of neutralized peat (23% organic carbon, 0.5% nitrogen, pH 6, electrical conductivity
0.25 dS m−1, and dry apparent density 214 kg m−3; Dueemme S.r.l., Reggio Emilia). Pure inocula of AM
fungi were obtained from MycAgro, LabTechnopôle Agro Environnement, Bretenière, France. F. mosseae
and R. intraradices (10 propagules per 1 g) were separately mixed with peat 10:100 (w/w) as suggested
by Rivero et al. [24]. Equal amounts of propagules/peat mix were added to pots before transferring
germinated seeds to pots. After seedling emergence, each pot was covered with a transparent plastic
sheet in order to reduce water evaporation.

Plants were cultivated at 25 ◦C day/19 ◦C night with a 16-h photoperiod under an irradiance of
180 µmol m−2 s−1 (white fluorescent tubes Fluora 18W/77, Osram, Munich, Germany). The seedlings
were fully watered until 21 d after sowing. Subsequently, the seedlings were subjected to one of
two different irrigation regimes for 15 d (fully-watered and reduced) based on relative soil water
content (RSWC) that was controlled gravimetrically by weighing the pots every day [25]. In particular,
every day the amount of water lost by transpiration was added to each pot in order to keep the
soil water content at the desired levels of volumetric soil moisture (100% and 55%, respectively).
Table 1 summarizes all the treatments of the experiment.

Table 1. Genotypes, microorganisms, and water irrigation regimes of experiment.

Genotype Microorganisms Fully-Watered
Irrigation Regime

Reduced Irrigation
Regime

‘Everton’ Control without AM fungi X X
‘Everton’ Funneliformis mosseae X X
‘Everton’ Rhizophagus intraradices X X
‘Pearson’ Control without AM fungi X X
‘Pearson’ Funneliformis mosseae X X
‘Pearson’ Rhizophagus intraradices X X
‘H3402’ Control without AM fungi X X
‘H3402’ Funneliformis mosseae X X
‘H3402’ Rhizophagus intraradices X X

2.2. Morphological and Physiological Parameters Assessed

Five seedlings per treatment were assessed at the end of drought stress. The impact of the different
treatments on processing tomato seedling growth was assessed by recording the number of leaves,
leaf area, seedling height, stem diameter, height/diameter ratio, and plant dry weight. Total and
partitioned (leaves, stems, and roots) dry weights were obtained by oven-drying the fresh biomass
at 65 ◦C until a constant weight. Leaf area was measured using an area meter LI-3000A (LI-COR,
Lincoln, Nebraska, USA). In addition, leaf mass per area (LMA), a key parameter in plant growth and
an important indicator of plant functioning, was calculated as the ratio between the leaf dry weight
and leaf area.

Leaf chlorophyll, flavonoid, and anthocyanin content and nitrogen balance index were considered
as physiological parameters. The leaf content of chlorophyll (Chl), flavonoids (Flav), and anthocyanins
(Anth) was estimated on the youngest fully expanded leaf using Dualex 4 Scientific (Dx4) (FORCE-A,
Orsay, France). The nitrogen balance index (NBI) was calculated as the ratio between Chl and Flav [26].

In order to understand the responses of seedlings to the different water regimes, the total water
used by plants (TWU) was calculated as the sum of all the water applied during the experiment while
the water use efficiency (WUE) was calculated as the ratio between the total dry weight of the seedlings
the total water used.
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2.3. SybrGreen PCR Analysis of AMF Presence

Root subsamples were randomly chosen from three plants per treatment. Roots were washed
with tap water, frozen in liquid nitrogen, and stored at −80 ◦C for analysis. The AM fungal root
presence was evaluated with a SybrGreen PCR approach. Frozen root samples were finely pulverized
in a sterile mortar using liquid nitrogen. As reported in Caradonia et al. [22], the powder (300 mg)
was mixed with 500 µL of extraction buffer (40 mM Tris-acetate, 20 mM sodium acetate, 1 mM EDTA,
1% w/v SDS (sodium dodecyl sulfate) pH 7.8), and 5 µL RNase (500 µg µL−1). After incubation at
37 ◦C for 600 s to digest the contaminating RNA, 150 µL of NaCl was added. The suspension was
centrifuged at 12,000× g for 1200 s at 4 ◦C and the supernatant mixed with 400 µL of chloroform and
400 µL of phenol, then centrifuged at 12,000× g for 1200 s at 4 ◦C. The upper phase containing DNA
was precipitated with 2 volumes of ethanol 95% (v/v). DNA was eluted with 50 µL of elution buffer
(10 mM Tris-HCl, 1 mM EDTA, pH 7.8). The DNA concentrations were determined using a NanoDrop
1000 spectrophotometer at 260 and 280 nm (Thermo Fisher Scientific, Wilmington, DE, USA).

For SybrGreen PCR, the following primer pairs were used for F. mosseae [27]: MOSF 5′-GA
AGTCAGTCATACCAACGGGAA-3′ and MOSR 5′-CTCGCGAATCCGAAGGC-3′while GI-mtLSU- 499F
5′-GAGGGAGTGGCAGTTTCTT-3′ and GI-mtLSU-632R 5′-GCATTCTTAGCCC AGCTATG-3′ were used
for R. intraradices [28].

In order to check the amplification of DNA, all the samples were also amplified using primer
pairs coding for Elongation factor 1-alpha X144449, a tomato housekeeping gene: EF1AFFxMF 5′

-CTCCGTCTTCCACTTCAGGAC-3′ and EF1AFFxMR 5′ -GTCACAACCATACCAGGCTTG [29].
The amplification was carried out in a 25-µL volume containing 12.5 µL of SYBR Green PCR,

2X GoTaq qPCR Master Mix (Promega), 0.25 µL of 100X Reference Dye (Promega), 0.3 µL of forward
and reverse primers (10 µm), 5 µL of template DNA (10 ng µL−1), and water to 25 µL.

Reactions were repeated twice with a 7300 real-time PCR Systems (Applied Biosystems, Foster
City, CA, USA) and with the following cycling protocol: 50 ◦C for 120 s, 95 ◦C for 600 s, 40 cycles of
95 ◦C for 15 s, and 60 ◦C for 60 s. A melting curve analysis (95 ◦C for 15 s, 60 ◦C for 30 s, 95 ◦C for
15 s) was always included in each run to control for false-positive results caused by primer-dimer
hybridization and non-specific amplifications.

2.4. Statistical Analysis

The data were subjected to a three-way analysis of variance (ANOVA) to examine the effects
of genotype, AM fungal inoculation, and irrigation regime by GenStat 17th edition. Means were
compared using Duncan’s multiple range test (DMRT) at P < 0.05. In order to evaluate the relationships
between the treatments and parameters analyzed, all data were analyzed by the principal component
analysis (PCA) model [30,31] using PLS Toolbox software (Eigenvector Research Inc, Wenatchee, WA,
USA). Difference between groups were assessed by multivariate analysis (MANOVA).

3. Results

3.1. Physiological and Morphological Results

The genotype and mycorrhizal treatment main effects on leaf chlorophyll content were not
statistically significant (Table 2). However, the interaction between genotype and mycorrhizal
inoculation was significant. In particular, the chlorophyll content was the highest in the genotype
‘Everton’ inoculated with R. intraradices under the reduced irrigation regime (Table S1).
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Table 2. Physiological parameters after treatment.

Treatment Chl z Flav NBI Anth

Genotype (n = 30)
‘Everton’ 29.1 ± 9.2 y ns x 0.732 ± 0.09 b 43.12 ± 9.5 a 0.210 ± 0.02 ns
‘H3402’ 28.1 ± 4.4 ns 0.823 ± 0.14 a 34.89 ± 6.8 b 0.213 ± 0.04 ns

‘Pearson’ 28 ± 5.2 ns 0.719 ± 0.18 b 40.46 ± 8.3 a 0.213 ± 0.02 ns

Mycorrhizae (n = 30)
M- 26.9 ± 7.6 ns 0.750 ± 0.16 ns 38.60 ± 7.4 ns 0.218 ± 0.02 a

MF+ 28.9 ± 7.1 ns 0.777 ± 0.16 ns 39.51 ± 8.4 ns 0.201 ± 0.04 b
MR+ 29.4 ± 6.6 ns 0.746 ± 0.12 ns 40.36 ± 10.8 ns 0.217 ± 0.02 a

Irrigation (n = 45)
Fully-watered 24.7 ± 5.5 b 0.784 ± 0.15 a 34.28 ± 5.8 b 0.223 ± 0.03 a

Reduced 32.1 ± 5.5 a 0.731 ± 0.13 b 44.70 ± 8.4 a 0.201 ± 0.02 b

Main effects and
interactions ANOVA P value

G 0.051 0.002 <0.001 0.889
M 0.086 0.553 0.491 0.032
I <0.001 0.037 <0.001 <0.001

G*M 0.049 <0.001 0.067 0.194
G*I 0.019 0.027 0.107 0.127
M*I 0.058 0.253 0.002 0.263

G*M*I 0.101 0.263 0.043 0.359
z Abbreviations: Chl = index of the leaf chlorophyll content; Flav = index of the leaf epidermal flavonoid content;
NBI = nitrogen balance index; Anth = index of the leaf anthocyanin content; M− = control without mycorrhizae, MF+
= seedlings inoculated with Funneliformis mosseae, MR+ = seedlings inoculated with Rhizophagus intraradices, G =
genotype, M = mycorrhizal treatment, I = irrigation regime. y Data are presented as mean ± standard deviation (SD)
(genotype and mycorrhizae, n= 30; irrigation n = 45). x Identical letters indicate differences among treatments or
genotypes that are not statistically different by three-way ANOVA followed by DMRT at P < 0.05, ns = not significant.

Leaf flavonoid content was affected by genotype, irrigation regime, and by the interactions
genotype x AM fungal inoculation and genotype x irrigation (Table 2). The highest values were shown
by ‘Everton’ inoculated with R. intraradices under the fully-watered irrigation regime, ‘H3402’ without
mycorrhizal inoculation under the reduced irrigation regime, and ‘Pearson’ inoculated with F. mosseae
under the fully-watered irrigation regime.

NBI was affected by the interaction among AM fungal inoculation, irrigation regime, and genotype.
NBI values were the highest in ‘Everton’ inoculated with R. intraradices under the reduced irrigation
regime. On the other hand, ‘H3402’ inoculated with F. mosseae showed the highest NBI values under
the reduced irrigation regime (Table S1). Finally, ‘Pearson’ showed the highest values inoculated with
AM fungus (independent of AM fungal species) under the reduced irrigation regime.

Interestingly, AMF inoculation and irrigation regimes influenced Anth values. The seedlings
inoculated with F. mosseae showed the lowest Anth values in comparison with the seedlings without
inoculation or inoculated with R. intraradices (Table 2).

Plant height is one of the most important parameters in processing tomato seedlings when grown
in a nursery. In this study, plant height was influenced by the interaction among genotype x AM fungal
inoculation x irrigation regime (Table 3). The highest value was displayed by ‘Pearson’ inoculated
with R. intraradices under the fully-watered irrigation regime (Table S2). On the other hand, the lowest
value was recorded by ‘Pearson’ inoculated with R. intraradices under the reduced irrigation regime.

A significative interaction between AM fungal inoculation and irrigation regime was found for
stem diameter. The highest values were achieved by ‘Pearson’, ‘H3402’, and ‘Everton’ inoculated with
F. mosseae under the fully-watered regime. However, ‘H3402’ inoculated with F. mosseae under the
reduced irrigation regime showed the lowest value in comparison with ‘Everton’ and ‘Pearson’.

For the ratio between the plant height and stem diameter, we noticed significant interactions
among AM fungal inoculation, genotype, and the irrigation regime. The highest values of the plant
height and stem diameter ratio were achieved by ‘H3402’ and ‘Pearson’ inoculated with R. intraradices
and ‘Everton’ without AM fungal inoculations under the fully-watered irrigation regime.
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Table 3. Morphological parameters measured after treatment.

Treatment Hz (mm) D (mm) H D−1 LN LA LMA
(no. plant−1) (m2 plant−1) (g m−2)

Genotype
(n = 30)

‘Everton’ 277.0 ± 36 z a x 4.6 ± 0.4 ns 59.86 ± 5.9 ns 7.2 ± 0.6 a 0.047 ± 0.013 b 10.1 ± 2.9 ab
‘H3402’ 264.4 ± 51 b 4.6 ± 0.4 ns 58.13 ± 11.0 ns 6.4 ± 0.4 c 0.059 ± 0.016 a 11.2 ± 4.5 a

‘Pearson’ 282.8 ± 42 a 4.8 ± 0.7 ns 59.49 ± 6.3 ns 6.8 ± 0.7 b 0.045 ± 0.014 b 8.8 ± 3.7 b

Mycorrhizae
(n = 30)

M- 276.0 ± 37 ns 4.6 ± 0.6 ns 59.92 ± 5.6 ns 6.7 ± 0.7 ns 0.047 ± 0.014 b 10.3 ± 3.0 a
MF+ 275.5 ± 49 ns 4.8 ± 0.6 ns 57.63 ± 6.3 ns 6.9 ± 0.8 ns 0.050 ± 0.018 ab 11.2 ± 5.0 a
MR+ 272.7 ± 46 ns 4.6 ± 0.5 ns 59.93 ± 11.0 ns 6.8 ± 0.6 ns 0.054 ± 0.013 a 8.6 ± 2.7 b

Irrigation
(n = 45)

fully-watered 313.1 ± 18 a 5 ± 0.5 a 63.28 ± 7.5 a 7.0 ± 0.6 a 0.057 ± 0.015 a 8.7 ± 2.5 b
reduced 236.3 ± 25 b 4.3 ± 0.4 b 55.04 ± 6.2 b 6.6 ± 0.6 b 0.043 ± 0.013 b 11.3 ± 4.5 a

Main effects and
interactions ANOVA P value

G <0.001 0.071 0.401 <0.001 <0.001 0.004
M 0.736 0.132 0.148 0.506 0.025 0.002
I <0.001 <0.001 <0.001 0.001 <0.001 <0.001

G*M 0.056 0.170 0.214 0.004 0.654 0.086
G*I 0.016 0.004 <0.001 0.283 0.092 <0.001
M*I 0.253 <0.001 <0.001 0.560 0.018 <0.001

G*M*I <0.001 0.217 <0.001 0.019 0.004 <0.001
z Abbreviations: H = height of seedlings, D = stem diameter of seedlings, H/D = height to diameter ratio, LN (no.)
= number of leaves per seedling, LA = leaf area, LMA = leaf mass per area, M− = control without mycorrhizae, MF+
= seedlings inoculated with Funneliformis mosseae, MR+ = seedlings inoculated with Rhizophagus intraradices, G =
genotype, M = mycorrhizae treatment, I = irrigation regime. y Data are presented as mean ± standard deviation (SD)
(genotype and mycorrhizae n = 30; irrigation n = 45). x Identical letters indicate differences among treatments or
genotypes that are not statistically different by three-way ANOVA followed by DMRT at P < 0.05, ns = not significant.

Leaf traits (number of leaves, leaf area, leaf mass per area, and leaf dry weight) were influenced by
interactions among all the treatments (Table 3; Table 4). ‘Everton’ and ‘H3402’ without mycorrhizal
inoculation under the full irrigation regime displayed the highest number of leaves (Table S2). On the
other hand, ‘Pearson’ showed the highest number of leaves when inoculated with F. mosseae under
the reduced irrigation regime and inoculated with R. intraradices under the fully-watered irrigation
regime (Table S2). ‘H3402’ and ‘Pearson’ inoculated with F. mosseae under the fully-watered irrigation
regime achieved the highest leaf area values (Table S2). On the other hand, ‘Everton’ displayed the
highest leaf area values when inoculated with F. mosseae under the fully-watered irrigation regime and
inoculated with R. intraradices under the reduced irrigation regime. In the reduced irrigation regime,
the decrease in the leaf area of the seedlings was accompanied by an increase in the leaf mass per
area. These compensating changes led to little change in the leaf dry mass per seedling (decreased in
‘Everton’ inoculated with F. mosseae and increased in ‘H3402’ non-inoculated or inoculated with F. mosseae).
‘H3402’ showed the highest leaf dry weight values without inoculations under the reduced irrigation
regime, ‘Pearson’ displayed the highest value inoculated with F. mosseae under the reduced irrigation
regime, while ‘Everton’ was inoculated with F. mosseae under the full-water irrigation regime (Table S3).

Stem dry weight, total dry weight, and water use efficiency were influenced by interactions among
genotype, AM fungal inoculation, and irrigation regime (Tables 4 and 5). Stem dry weights and the
total dry weights were highest in seedlings inoculated with F. mosseae. On the other hand, the highest
water use efficiency values were reached by genotypes ‘H3402’ and ‘Pearson’. Finally, ‘Pearson’ and
‘H3402’ inoculated with F. mosseae under the reduced irrigation regime achieved the highest value of
water use efficiency and a similar result was displayed by non-inoculated ‘Pearson’ plants (Table S4).

Root dry weight and root and shoot ratio were influenced by mycorrhizal treatments that interacted
with genotype (Table 4). Root dry weight decreased in ‘Everton’ inoculated with F. mosseae under the
reduced irrigation regime.
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Table 4. Biomass parameters measured destructively after treatment.

Treatment
LDW z SDW RDW TDW

Root Shoot−1
(g plant−1) (g plant−1) (g plant−1) (g plant−1)

Genotype (n = 30)
‘Everton’ 0.452 ± 0.13 x B x 0.233 ± 0.08 ns 0.333 ± 0.09 b 1.02 ± 0.23 b 0.508 ± 0.19 b
‘H3402’ 0.611 ± 0.15 a 0.237 ± 0.07 ns 0.495 ± 0.17 a 1.34 ± 0.35 a 0.578 ± 0.12 a

‘Pearson’ 0.364 ± 0.09 c 0.228 ± 0.10 ns 0.243 ± 0.10 c 0.83 ± 0.27 c 0.406 ± 0.10 c

Mycorrhizae
(n = 30)

M- 0.471 ± 0.18 ns 0.206 ± 0.09 b 0.372 ± 0.23 ns 1.05 ± 0.46 ab 0.518 ± 0.18 ns
MF+ 0.497 ± 0.14 ns 0.284 ± 0.08 a 0.376 ± 0.10 ns 1.16 ± 0.26 a 0.482 ± 0.08 ns
MR+ 0.459 ± 0.17 ns 0.208 ± 0.06 b 0.323 ± 0.12 ns 0.99 ± 0.29 b 0.493 ± 0.19 ns

Irrigation (n = 45)
Fully-watered 0.482 ± 0.14 ns 0.256 ± 0.06 a 0.330 ± 0.12 b 1.07 ± 0.27 ns 0.440 ± 0.12 b

Reduced 0.469 ± 0.18 ns 0.209 ± 0.10 b 0.383 ± 0.19 a 1.06 ± 0.43 ns 0.555 ± 0.17 a

Main effects and
interactions ANOVA P value

G <0.001 0.835 <0.001 <0.001 <0.001
M 0.402 <0.001 0.085 0.018 0.546
I 0.580 <0.001 0.015 0.885 <0.001

G*M 0.055 <0.001 <0.001 <0.001 0.025
G*I <0.001 0.006 0.001 <0.001 0.909
M*I 0.114 0.186 0.406 0.472 0.273

G*M*I 0.043 <0.001 0.067 0.019 0.709
z LDW = leaf dry weight, SDW = stem dry weight, RDW = root dry weight, TDW = total dry weight, Root Shoot−1

= root to shoot ratio, M− = control without mycorrhizae, MF+ = seedlings inoculated with Funneliformis mosseae,
MR+ = seedlings inoculated with Rhizophagus intraradices, F = genotype, M = mycorrhizae treatment, I = irrigation
regime. y Data are presented as mean ± standard deviation (SD) (genotype and mycorrhizae, n = 30; irrigation n
= 45). x Identical letters indicate differences among treatments or genotypes that are not statistically different by
three-way ANOVA followed by DMRT at P < 0.05, ns = not significant.

Table 5. Water use parameters after treatment.

Treatments
TWU z WUE

(g H2O plant−1) (g H2O g dry weight−1)

Genotype (n = 30)
‘Everton’ 304.2 ± 149 y a x 0.0039 ± 0.001 b
‘H3402’ 287.1 ± 108 a 0.0050 ± 0.002 a

‘Pearson’ 227.1 ± 126 b 0.0053 ± 0.003 a

Mycorrhizae (n = 30)
M- 266.6 ± 139 ns 0.0051 ± 0.003 a

MF+ 283.4 ± 133 ns 0.0050 ± 0.003 a
MR+ 268.4 ± 119 ns 0.0042 ± 0.002 b

Irrigation (n = 45)
Fully-watered 378.7 ± 85 a 0.0030 ± 0.001 b

Reduced 166.9 ± 61 b 0.0070 ± 0.001 a

Main effects and
interactions ANOVA P values

G <0.001 <0.001
M 0.530 <0.001
I <0.001 <0.001

G*M 0.049 0.073
G*I 0.036 <0.001
M*I 0.103 <0.001

G*M*I 0.655 0.005
z TWU = Total water used, WUE = water use efficiency, M− = control without mycorrhizae, MF+ = seedlings
inoculated with Funneliformis mosseae, MR+ = seedlings inoculated with Rhizophagus intraradices, F = genotype,
M = mycorrhizae treatment, I = irrigation regime. y Data are presented as mean ± standard deviation (SD) (genotype
and mycorrhizae, n = 30; irrigation n = 45). x Identical letters indicate differences among treatments or genotypes
that are not statistically different by three-way ANOVA followed by DMRT at P < 0.05, ns = not significant.
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3.2. Relationships among Investigated Treatments and Parameters

The correlations among treatments and parameters were studied using PCA (Figure 1).Horticulturae 2019, 5, x FOR PEER REVIEW 9 of 16 
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Figure 1. Biplot of principal component analysis. Abbreviations: CHL = index of leaf chlorophyll
content; FLAV = index of leaf flavonoid content; NBI = nitrogen balance index; ANTH = index of
leaf anthocyanin content; H = height of seedling; D = diameter of seedling; H/D = height to diameter
ratio of seedling; NL = number of fully expanded leaves per seedling; LA = leaf area of the seedling;
LMA = leaf mass per area of the seedling; LDW = leaf dry weight; SDW = stem dry weight; RDW = root
dry weight; SH = shoot weight (LDW + SDW); TDW = total dry weight of the seedling; ROOT/SHOOT
= root and shoot ratio; TWU = total water used by seedling; WUE = water use efficiency; PC = ‘Pearson’
without mycorrhizal inoculation; PF = ‘Pearson’ inoculated with F. mosseae; PR = ‘Pearson’ inoculated
with R. intraradices; HC = ‘H3402’ without mycorrhizal inoculation; HF = ‘H3402’ inoculated with F.
mosseae; HR = ‘H3402’ inoculated with R. intraradices; EC = ‘Everton’ without mycorrhizal inoculation;
EF = ‘Everton’ inoculated with F. mosseae; ER = ‘Everton’ inoculated with R. intraradices. Symbols:
squares = reduced irrigation regime; diamonds = fully-watered irrigation regime; green = ‘Everton’;
blue = ‘H3402’; red = ‘Pearson’: red ellipse groups all the genotypes under reduced irrigation regime;
blue ellipse groups all the genotypes under fully-watered irrigation regime.

The contributions of the two first principal components were 53.1% (PC1) and 16.5% (PC2) and
their sum explained 69.6% of the total variation. The irrigation regime clustered in two groups. In fact,
all the combinations of genotype x mycorrhizae treatment under the reduced irrigation regime were
on the negative side of the PC1 while all the combinations of genotype x mycorrhizae treatment
under the full irrigation regime were on the positive side of PC1. Therefore, PC1 was clearly related
with the irrigation regime. In addition, MANOVA analysis confirmed that the two clusters were
statistically different at P < 0.05. In addition, ‘H3402’ without mycorrhizal inoculation (HC) and
‘Pearson’ inoculated with R. intraradices (PR) were in the positive square while ‘H3402’ inoculated
with R. intraradices (HR) and ‘Everton’ without mycorrhizal inoculation (EC) were in the negative
one. In addition, WUE was positive correlated with CHL and the root/shoot ratio (Figure S1). Finally,
focusing the attention on the genotype, the old genotype ‘Pearson’ that was not inoculated (PC)
performed as well as PF under drought stress in terms of WUE while the same trend was not observed
in the modern genotypes.
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3.3. AM Fungal Root Presence

A melting curve profile was used to track the presence of inoculated mycorrhizal species.
As reported in Figure 2, all the samples of three processing tomato genotypes (1A-C) were amplified
by primer pairs of the tomato housekeeping gene, confirming the amplifiability of root DNA. Based on
SybrGreen PCR analysis, the presence of F. mosseae and R. intraradices DNA was confirmed in the roots
of all three processing tomato genotypes inoculated with F. mosseae and R. intraradices, respectively
(Figure 2). In contrast, all non-inoculated roots (controls) were negative for F. mosseae and R. intraradices
DNA presence (Figure 2).
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4. Discussion

Climate change can affect water availability in many agricultural areas [11,13]. Water management
is a crucial factor for processing tomato, and limited availability of water resources in terms of both
irrigation volumes and quality could reduce fruit yield and quality [13,32]. Hence, farmers and
researchers are facing this problem in every operation of the production system. Possible solutions
include reduction of irrigation volumes required for seedling production in the nursery as well as the
volume of water used in the field by the processing tomato, and the inoculation of the crop with AM
fungi to help the crop cope with this stress. While several attempts have been undertaken in an open
field [33] or with adult plants in a greenhouse [2,33], to our knowledge, little information has been
reported on the reduction of irrigation water and inoculation with AM fungi for seedlings at the stage
of four true, expanded leaves.

In the present study we showed how different genotypes of processing tomato seedlings at the
stage of 35 to 40 d after germination responded to different mycorrhizal symbioses under different
irrigation regimes. Physiological parameters were assessed at the end of a drought stress period
including leaf chlorophyll, flavonoid, and anthocyanin content. Chlorophyll is a key pigment involved
in photosynthesis while the accumulation of anthocyanins and flavonoids in plants is often linked to
the plant response to stress conditions [22,28]. In our experiment, beneficial AM fungal effects were
observed on leaf chlorophyll content for all genotypes. However, the beneficial effects varied with the
genotype, AM fungal species, and water availability (Table S1). These results agree with the findings
by Londoño et al. [34], who noticed that inoculation with Rhizophagus clarus led to an increase in total
chlorophyll concentration which varied between maize genotypes.

The content of leaf secondary metabolites, expressed as leaf anthocyanins and flavonoids, was
influenced by the genotype and AM fungal inoculation (Table 2 and Table S1). In fact, AM fungi are
known to affect not only plant development and nutrient uptake but also plant secondary metabolism,
especially in root and shoot tissues [35].

Observing morphological parameters (Table 3 and Table S2), an increase in chlorophyll content in
seedlings under moderate drought stress was not reflected in an increase of the net assimilation rate
corresponding to a higher plant growth. In fact, the seedlings under the reduced irrigation regime were
smaller in plant height, stem diameter, and number of leaves. These data highlight the importance
of irrigation water in processing tomato development during seedling production. Nonetheless,
AM fungi positively influenced leaf area, and the seedlings inoculated with R. intraradices achieved
the highest values. This observation, together with the increased primary metabolism, might be an
interesting aspect to take into account for seedling production in nursery conditions.

One of the most important parameters, both in agronomic and physiological studies, is the plant
total dry weight. We observed a different partitioning of dry weight biomass to roots and stem;
seedlings under drought stress had the highest allocation to the roots while the stem showed the
highest value under normal irrigation. As previously reported, this pattern of biomass accumulation
confirmed the ability of tomato plants to cope with drought stress, inducing morphological changes.
However, when genotype and the AM fungal inoculation effects were considered, there was a different
behavior between old and modern genotypes. ‘Pearson’ recorded the highest values of the root,
stem, leaf, and total dry weights when inoculated with F. mosseae under partial irrigation, while
‘H3402’ showed the highest dry weight values for the different tissues when not inoculated and grown
under partial irrigation. The ability of tomato to produce high biomass under reduced irrigation was
previously reported by Patanè et al. [36] in an experiment performed with the processing tomato
genotype ‘Brigade’ in the open field. Finally, ‘Everton’ performed better under full irrigation and
when inoculated with F. mosseae. Our results also confirmed that AM fungal effects on plant biomass
depend on interactions with genotypes and cropping systems as previously shown by Londoño et
al. and Steinkellner et al. [34,37]. In contrast, a negative effect of R. intraradices on plant biomass was
observed. These results could be explained by the parasitic behavior of AM fungi due to environmental
conditions that limit plant growth and are not symbiotic [38–40].
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Water use efficiency is the most important parameter which assesses the ability of plants to
maximize the use of the available water in the production of biomass. In our results, plants inoculated
with F. mosseae showed higher values of WUE compared to those inoculated with R. intraradices.
In fact, ‘H3402’ inoculated with F. mosseae displayed the highest values of WUE during drought stress.
In contrast to these findings, Chitarra et al. [2] and Volpe et al. [41] observed that tomato plants
inoculated with R. intraradices achieved the highest WUE. These differences could be due to the different
growth conditions as Chitarra et al. [2] worked under severe drought stress conditions and with adult
plants and a different genotype (‘San Marzano nano’), confirming the importance of assessing the
interactions among the available AM fungi and genotypes in different plant phenological stages and
cropping systems.

The AM fungal root presence was displayed for all the genotype x irrigation regimes, confirming
the data reported by Steinkellner et al. [38], who investigated old and modern genotypes of tomatoes
bred for greenhouse and fresh market purposes.

Our findings highlighted that the breeding program for processing tomato (the introgression of
favorable traits to the harvesting machinery associated with reduced plant height, average fruit weight,
and increased marketable yields) [42] did not select against AM fungal symbiosis in processing tomato.
These results corroborated those previously reported by De Vita et al. [43] for durum wheat.

5. Conclusions

The present study provides useful information to nursery growers on the application of AM
fungi for the production of processing tomato seedlings during drought stress. Our results showed
how AM fungi could improve drought tolerance and enhance tomato seedling growth. The present
study suggests that the two AMF studied activated different physiological strategies in processing
tomato seedlings to cope with drought stress. However, F. mosseae seemed more effective than
R. intraradices on influencing several morphological and physiological traits. In fact, ‘Pearson’ and
‘Everton’ inoculated with F. mosseae recorded the highest values of root, leaf, and total dry weights
under reduced and fully-watered irrigation regimes, respectively. In addition, seedlings of ‘Pearson’
and ‘H3402’ inoculated with F. mosseae under reduced irrigation displayed the highest values of leaf
chlorophyll content, nitrogen balance index, and water use efficiency. On the other hand, seedlings
inoculated with R. intraradices recorded the highest values of leaf area. Our results confirmed the
importance of developing ad hoc formulates based on AM fungal consortia that take into account the
environmental conditions, plant genotype, and AM fungi interactions in order to achieve the best
outcomes in terms of plant resilience/tolerance to adverse conditions. These aspects are particularly
important in the current scenario of climate change characterized by a reduction of water availability
for agricultural purposes. Hence, a multidisciplinary approach to investigate the interactions between
the most cultivated genotypes and AM fungi is urgently needed and is fundamental to obtaining useful
agronomic strategies that can promptly improve the sustainability of processing tomato production.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/5/4/79/s1,
Table S1; Physiological parameters measured at the end of the experiment; Table S2: Morphological non-destructive
parameters measured at the end of the experiment; Table S3: Morphological destructive parameters measured at
the end of the experiment; Table S4: Parameters measured at the end of the experiment in order to understand the
responses of seedlings to the different water regime; Figure S1: Correlation plot.
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