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Abstract. The efficiency of arbuscular mycorrhizal fungi (AMF) in photosynthesis will depend on the AMF
species used. AMF species from two different environments, inoculated as single species or in consortium,
and their influence on photosynthesis in tomato plants subjected to different irrigation regimes were
evaluated. The mycorrhizal inocula were: humid environment (Glomus sp. and the -C1- consortium) and
semi-arid environment (Claroideoglomus etunicatum and the -C2- consortium), and three irrigation doses
were applied (70%, 85% and 100%). A 15% reduction of the irrigation dose affected colonization with C.
etunicatum, and with the species of the humid environment it was lower with the 100% irrigation dose. The
mycorrhizal consortium C2 maintained stable colonization levels at all three irrigation doses. Glomus sp.
and Claroideoglomus etunicatum showed increases in net photosynthesis (Pn), stomatal conductance (gs),
transpiration (E), water use efficiency (WUE), non-photochemical quenching (gqn) and electron transport
rate (ETR) with decreasing irrigation dose. The C2 mycorrhizal consortium showed increases in Py, gs and
WUE by reducing irrigation by 30%, while the C1 mycorrhizal consortium was stable with 15% less
irrigation. Simple species maintain stable photosynthesis despite water scarcity and AMF from semi-arid
environments are more efficient in maintaining gas exchange under water reductions.
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Introduction

The rhizosphere is home to many microorganisms that compete for space and
nutrients. The interactions that occur between plants, microorganisms and the
environment have a direct impact on the growth and development of plant species
(Rodriguez et al., 2019; Qu et al., 2020). In this environment, pathogenic microorganisms
that cause serious plant diseases can be found (Bhatt et al., 2022). The following
pathogenic species have been identified as causes of crop disease: Phytophthora capsici,
Rhizoctonia solani, Fusarium solani, Fusarium oxysporum, Pythium spp., Aspergillus
flavus, Botrytis cinerea, and Aphanomyces cochlioides (Pal et al., 2006). There are also
beneficial microorganisms that can perform different functions such as nitrogen fixation,
phosphate solubilisation, plant growth promotion and biocontrol (Qu et al., 2020). There
are also some microorganisms such as arbuscular mycorrhizal fungi (AMF) that can
enhance the process of photosynthesis, as well as increase crop productivity (Mathur et
al., 2019). AMF stimulate physiological, genetic, and molecular mechanisms, mainly

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(1):343-357.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2301_343357
© 2025, ALOKI Kft., Budapest, Hungary


mailto:hugo.ramirez@uaslp.mx

Mena-Echevarria et al.: Arbuscular mycorrhizal fungi from dry environments as best options to preserve photosynthetic parameters
of Solanum lycopersicum L. plants under limited irrigation
- 344 -

when plants are under stress (Rouphael et al., 2015). In turn, mycorrhizal symbiosis favors
stomatal regulation and optimizes Water Use Efficiency (WUE) when there is water
deficit (Augé et al., 2015). AMF reduce peroxidative damage due to increased activity of
antioxidant enzymes (Chang et al., 2018; Duc et al., 2018) and induce morpho-
physiological changes in some organs and tissues of mycorrhizal plants, making them
tolerant to water stress (Begum et al., 2019). Other authors report that mycorrhizal
symbiosis could regulate a variety of physio-biochemical processes in plants such as,
increased proline accumulation (Yooyongwech et al., 2015); increased growth and
photosynthesis due to the regulation of the antioxidant system (Li et al., 2019) and
increased levels of glutathione, one of the main antioxidant metabolites used by plants to
tolerate various biotic and abiotic stresses (Rani, 2016).

In the tomato-AMF interaction, increases in crop productivity have been reported due
to increased nutrient uptake, which has a positive impact on fruit quality and yield
(Chitarra et al., 2016; Bakr et al., 2017; Volpe et al., 2018). However, the effectiveness
of the symbiosis will depend on the AMF species, its host and host growth conditions
(Tedersoo et al., 2020). These aspects must be considered for effective establishment of
mycorrhizal symbiosis. Similarly, the efficacy of mycorrhizal inoculants may vary
depending on the type of inoculum (Griimberg et al., 2014). Some authors have reported
that AMF consortia isolated from desert soils can stimulate growth in plants under water
and salt stress (Herrera-Corrales et al., 2014), and humid environments have a higher
diversity of AMF species, which is associated with the great diversity of plants that
cohabit these environments (Alvarez-Sanchez et al., 2017). On the other hand, there is
great interest in the use of mixed native AMF inocula, since it has been reported that
inoculation with mixed AMF consortia would have a greater buffering capacity against
water stress than a single fungal inoculum (Armada Rodriguez, 2016). Considering that
information on the physiology of mycorrhizal tomato plants under water stress is scarce,
the aim of this research was to evaluate AMF species from two different environments,
inoculated as single species or in consortium, and their influence on photosynthesis in
tomato (Solanum lycopersicum L.) plants subjected to different irrigation regimes. The
above, under the hypothesis that AMF inoculation will maintain photosynthetic
parameters and water use efficiency in tomato plants when substrate moisture is restricted
and in dependence on the AMF species inoculated singly or in consortium.

Materials and Methods
Experimental conditions

The experiment was conducted at the Faculty of Agronomy and Veterinary of the
Autonomous University of San Luis Potosi, Mexico. Tomato plants var. Rio Grande were
used under a completely randomized experimental design with a 4x3 factorial
arrangement, being the factors to be studied the type of AMF inoculum and the irrigation
dose. The plants were grown in a greenhouse under semi-controlled conditions, irrigation
and fertilization were applied manually, and the frequency of irrigation was established
according to the physiological needs of the crop. Tezontle gravel with a grain size of 5 to
8 mm was used as substrate. Seedlings were transplanted in black polyethylene bags of
37 cm x 37 cm with a capacity of 11 L (Figure 1.).
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Figure 1. Experimental conditions in which tomato plants were established

The type of AMF inoculum depended on the composition of the species (Table 1.) and
on the places from species were collected. They were found at the following geographical
coordinates and nominated as next. Humid climate, 21° 23' N and 98° 59' W and at an
altitude of 600 to 900 m., municipality of Xilitla. Semi-dry climate: 22° 27' N and 100°
42" W and at an altitude of 1700. Villa Hidalgo. Both places are in the state of San Luis
Potosi, Mexico.

Table 1. Composition of the inocula according to AMF species and their origin

Origin and predominant vegetation
Inoculum — -
type Humid climate (humid forest vegetation) Semi-arid cllma_te (mesquite
vegetation)
Simple Glomus sp. Claroideoglomus etunicatum
Cl
Claroideoglomus etunicatum (W.N. Becker & C2
Consortium Gerd.) C. Walker & A. Schiissler Funneliformis | Acaulospora morrowiae Spain & N.C.
mosseae (T.H. Nicolson & Gerd.) C. Walker & A. | Schenck Claroideoglomus etunicatum
Schiissler Glomus sp. Glomus rubiforme (Gerd. & | Glomus macrocarpum Tul. &C. Tul.
Trappe) R.T. Almeida & N.C. Schenck

The AMF species present in the collected soils were propagated on sorghum and maize
plants (Mena Echevarria et al., 2021), using the trap culture method (Brundrett et al.,
1996). Four inocula were prepared with the AMF species that produced the highest
number of individuals after establishment of the trap cultures. AMF spores were isolated
by the "wet sieving and decanting” method proposed by Gerdemann and Nicolson (1963)
and the "Shannon-Weaver" method (Magurran, 2004) was used to determine the
abundance of AMF species. AMF spores were inoculated individually or in consortium,
for the elaboration of the different types of inocula, approximately 100 spores were
collected; in the specific case of the consortia, the same proportion of AMF species
selected in each environment was applied by the "Shannon-Weaver" method until
completing the quantity of 100 spores per inoculum. The types of AMF inocula are
mentioned in the paper as follows: Glomus sp., C. etunicatum, mycorrhizal consortium
C1 humid environment and mycorrhizal consortium C2 semi-arid environment. The dose
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of irrigation water applied to the plants was established as follows: [100% (830.2+53 ml
per day); 85% (706+45.1 ml per day) and 70% (581.84+37.2 ml per day)]. Water doses
were determined using the "container capacity" method proposed by Martinez and Roca
(2011).

Description of studied variables
Mycorrhizal parameters

The mycorrhizal variables analyzed were the percentage and intensity of colonization
at the conclusion of the experiment. The percentage of colonization quantifies the
presence of mycorrhizal structures inside the root, while the intensity evaluates the
number of mycorrhizal structures formed inside the root. The mycorrhizal parameters
were read on 10 fragments of fine roots, each approximately 1 cm in length. These were
stained with Parker Quink ink at 0.25% (Yon et al., 2015). The calculation was performed
using the method proposed by Trouvelot et al. (1986), with equations (1 and 2). Roots
exhibiting mycorrhizal structures (intraradical hyphae, arbuscules, and vesicles) were
classified as colonized roots.

%colonization = g x 100 (Eq.1)

intensity of colonization = 2—2 (Eq.2)
where:
2B: total number of roots with mycorrhizal structures,
>Z: total of 100 roots evaluated,
Y A: result of multiplying mycorrhizal roots by a constant established for an evaluation
level.
Level 0 1 2 3 4 5
Constant 0 1 25 155 355 475

Photosynthetic parameters

Photosynthetic efficiency was assessed by leaf gas exchange and chlorophyll
fluorescence. A portable photosynthesis measurement system (L1-6400; LI-COR Inc.,
Lincoln, NE, USA), equipped with a gas analyzer in the infrared spectrum connected to
a leaf chamber fluorometer (LCF) (6400-40B, 2 cm? leaf area, Licor Bioscience, Inc.
Lincoln, NE, USA) was used. Five tomato plants per treatment, randomly selected, were
analyzed. Readings were taken on the fully developed leaf. The measurements were taken
between 11:00 and 17:00 h. For the measurement of the gas exchange parameters: net
photosynthesis (Pn), stomatal conductance (gs) and transpiration rate (E), the reference
CO; and the circulating air flow rate within the system were set at 400 ppm and
300 pumol s72, respectively. They were measured at 38 days after planting (DAP). The
water-use efficiency (WUE) was calculated from (= Pn/E) (Poni et al., 2009). Chlorophy!ll
fluorescence parameters, maximal quantum yield of PSII photochemistry (Fv / Fm),
effective quantum yield of PSII photochemistry (®psi), nonphotochemical quenching
(gn), photochemical quenching (gr) and electron transport rate (ETR) was measured at 41
DAP. The PAR inside the measurement chamber was set at 850 [pumol(photon) m= s7']
after estimating this radiation level in the measurement area with the PAR sensor of the
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same equipment (Buchanan et al., 2015). The Fo” values used for the calculation were
obtained using a programmed sequence in the photosynthesis measurement system, in
which a dark period with far-red light preferentially excites PSI and forces electron
drainage from PSII causing all PSII centres to oxidise (

Figure 2.).

Figure 2. Reading of gas exchange variables and chlorophyll fluorescence efficiency in
mycorrhized tomato plants through a portable system for photosynthesis measurements LI-
6400XT (Li-Cor. Inc.)

Statistical analysis

Data were studied by analysis of variance, using Tukey's test (a. = 0.05) for multiple
comparison of means, the number of replicates per treatment was five. Data for variables
percentage and intensity of colonization, [Fv/ Fm = (Fm - Fo) / Fm], gn Were transformed
with the equation (3) to meet the criteria for normality. To determine the performance of
each AMF inoculum source with respect to irrigation doses, analysis of variance and
multiple comparison of means by independent inoculum type were performed. The
independent groups were Glomus sp. and irrigation dose (70%, 85% and 100%); C.
etunicatum and irrigation dose (70%, 85% and 100%) and mycorrhizal consortia (C1 and
C2) and irrigation dose (70%, 85% and 100%), respectively. All statistical analyses were
performed with Minitab 15 Windows software.

arcsin ( E) (Eq.3)

Results
Mycorrhizal parameters

The analysis of variance by independent factors showed statistical differences
(P <0.05) in the percentage of colonization for inoculum type but not for dose of
irrigation, the least percentage of colonization was observed when plants were only
inoculated with Glomus sp. On the other side, colonization intensity was not significant
affected neither for inoculum type nor for dose of irrigation (Table 2.). However,
inoculum type and dose of irrigation had a significant interaction over both variables,
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percentage, and intensity of colonization (Table 2.). Inoculation with Glomus sp.
promoted the lowest values of colonization percentage with the three irrigation doses,
while C. etunicatum with the 100% irrigation dose generated the highest values of
percentage (56%) and intensity of colonization (3.87%) with the 100% irrigation dose, in
addition to exceeding Glomus sp. in colonization percentage by 45%. However, C.
etunicatum with the 85% irrigation dose showed significantly low values in both
variables. On the other hand, the mycorrhizal consortium C1 showed similar values of
colonization percentage and intensity with 70% and 85% irrigation doses, but these
decreased by 27% and 48% with 100% irrigation doses, respectively. As for the
mycorrhizal consortium C2, it did not show statistical differences with the three irrigation

doses (Table 3.).

Table 2. Results of the analysis of variance of the percentage and intensity of root colonization
of tomato plants inoculated with different AMF and subjected to different irrigation doses

Source of variation

Colonization (%)

Percentage Intensity
Inoculum type
Glomus sp. 30.7b 1.93
C. etunicatum 42.9a 2.34
C1 44.7a 2.82
C2 48.0a 2.18
Dose of irrigation
70% 37.8 2.20
85% 43.2 2.12
100% 43.6 2.63
SE 1.60 0.15
Inoculum type 0.000*** 0.142 ns
Dose of irrigation 0.313 ns 0.099 ns
Interaction 0.000*** 0.000***

*P<0.05; ** P<0.01 and *** P<0.000. C1: mycorrhizal consortium from humid climate; C2: mycorrhizal
consortium from semi-dry climate. SE (+ standard error). Means with similar letters are not different

according with Tukey's test (cc=0.05)

Table 3. Average results of the combination of factors on the percentage and intensity of root
colonization of tomato plants inoculated with different AMF and subjected to different

irrigation doses

Colonization (%)

Interaction -
Percentage Intensity
Glomus sp. 70% 33.0d 1.88abc
Glomus sp. 85% 42 .5bcd 2.63abc
Glomus sp. 100% 16.5e 1.38bc
C. etunicatum 70% 43.5abcd 3.43ab
C. etunicatum 85% 34.5cd 1.19¢
C. etunicatum 100% 56.0a 3.87a
C170% 46.8abc 2.76abc
C1 85% 47 .5ab 2.77abc
C1 100% 34.5cd 1.50bc
C2 70% 51.3ab 2.57abc
C2 85% 48.5ab 1.91abc
C2 100% 44 .3abcd 2.07abc
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C1: mycorrhizal consortium from humid climate; C2: mycorrhizal consortium from semi-dry climate. SE
(+ standard error). Means with similar letters are not different according with Tukey's test (oc=0.05)

Photosynthetic parameters

Responses of the gas exchange variables (for Pn, gs, E and WUE) were different due
the significant interaction (P < 0.05) between the factors, inoculum type and irrigation
dose (Table 4). Then, as irrigation dose gone down values of gs and WUE did not change
when plants were inoculated with AMF single species and with the C2 (Figure 3.b and
Figure 4.b), even with Glomus sp. E increased (Figure 3.a) with medium and low
irrigation doses.

Table 4. Results of the analysis of variance of gas exchange parameters recorded at 38 DAP
in tomato plants inoculated with different AMF and subjected to different doses of irrigation

Source of PN Os E WUE
variation [umol m~? s7] | [mol(H20) m=? 5] | [mmol(H20) m~2 s7] | [mol(CO2) mol(H20)"]
Inoculum type
Glomus sp. 13.8¢c 0.4997b 6.81c 2.13a
C. etunicatum 16.35a 0.6957a 9.622 1.73b
C1 15.51ab 0.5989ab 8.52b 1.83ab
c2 16.68a 0.5873b 8.85ab 1.88ab
Dose of
irrigation
70% 15.59b 0.5967ab 8.68a 1.99
85% 16.54a 0.6549a 8.89%a 1.89
100% 14.63c 0.5346b 7.77b 1.80
SE 0.5 0.05 0.4 0.05
Results of ANAVA
Inoculum type 0.000*** 0.000*** 0.000*** 0.005**
irDr%S;i%fn 0.000%** 0.003** 0.001** 0.144 ns
Interaction 0.000*** 0.001** 0.000*** 0.001**

*P<0.05; ** P<0.01 and *** P<0.000. C1: mycorrhizal consortium from humid climate; C2: mycorrhizal
consortium from semi-dry climate. SE (£ standard error). Means with similar letters are not different
according with Tukey's test (oc=0.05)

The decrease on the irrigation doses did not alter Py when Glomus sp. was inoculated
but the inocula from semi-dry procedence, single or consortium, promoted low Py values
at 100% irrigation and high values 85% and 70%. In the case of plants inoculated with
C1, values of Py were similar at irrigation doses of 100% and 85% but they dropped at
70% dose (Figure 3.a). However, with C1 gs and WUE presented maximum values at
doses of 85% but minimum ones at doses of 70% and 100% (Figure 3.b and Figure 4.b).
The same happened with E when inoculum was C2. Transpiration responses were
opposite between inocula coming from wet environments, as irrigation rates decreased
from 100% to 70%, E went up with Glomus sp. but went down with C1 (Figure 4.a)

Responses of gn and ETR to the change on the irrigation doses were different
according to inoculum type since significant interaction between type of inoculum and
irrigation dose was observed. Likewise, Fv/Fm, ®psii and gp were not affected by the
experimental treatments (Table 5.).
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Figure 3. Effect of decreasing the irrigation dose on the Py (a) and gs (b) at 38 DAP in tomato
plants inoculated with mycorrhizal spores of: Glomus sp.; C. etunicatum; C1: mycorrhizal
consortium from humid climate; C2: mycorrhizal consortium from semi-dry climate. Irrigation
dose: 70%; 85% and 100%. SE: indicates standard error. Similar letters represent the absence
of statistical differences between the averages by independent groups according to the Tukey's

test P<0.05
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Figure 4. Effect of decreasing irrigation dose on E (a) and WUE (b) at 38 DAP in tomato plants
inoculated with mycorrhizal spores of: Glomus sp.; C. etunicatum; C1: mycorrhizal consortium
from humid climate; C2: mycorrhizal consortium from semi-dry climate. Irrigation dose: 70%;
85% and 100%. SE: indicates standard error. Similar letters represent the absence of statistical
differences between the averages by independent groups according to the Tukey's test P<0.05

Glomus sp. increased gn at the 85% and 100% irrigation rates and was 9.3% higher at
the 85% irrigation rate than at the 70% irrigation rate. The inocula C. etunicatum and the
mycorrhizal consortium C1 showed similar gy values. On the other hand, inoculum C2
did not reflect differences with the 70% and 100% irrigation doses in gn and was 8.5%
higher with the 100% irrigation dose with respect to the 85% irrigation dose (Figure 5.a).

For ETR, the Glomus sp. inocula, C. etunicatum and the mycorrhizal consortium C1
showed no differences according to the three irrigation doses; however, ETR decreased
by 33% with the C2 consortium when the 85% irrigation dose was used. In general, the
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different inocula showed the highest values of gN and ETR at the 85% irrigation dose,
except for the mycorrhizal consortium C2, which showed the lowest values at the medium
dose in both variables (Figure 5.b).

Table 5. Results of the analysis of variance of the chlorophyll fluorescence parameters at 41
DAP in tomato plants inoculated with different AMF and subjected to different doses of

irrigation

Source of variation Fu/Fm Dps)i (o[ an ETR
Inoculum type
Glomus sp. 0.824 0.295 0.76 0.931 111.12a
C. etunicatum 0.789 0.291 0.769 0.911 111.66a
C1 0.817 0.265 0.762 0.941 103.07ab
c2 0.784 0.281 0.764 0.917 94.91b
Dose of irrigation
70% 0.783 0.293 0.767 0.908 113.45a
85% 0.802 0.272 0.749 0.934 96.88b
100% 0.826 0.284 0.776 0.934 105.24ab
SE 0.025 0.022 0.036 0.026 5.55
Results of ANAVA
Inoculum type 0.144 0.377 0.992 0.484 0.002**
Dose of irrigation 0.063 0.408 0.559 0.293 0.001**
Interaction 0.575 0.436 0.460 0.026* 0.005**

*P<0.05; ** P<0.01 and *** P<0.000. C1: mycorrhizal consortium from humid climate; C2: mycorrhizal
consortium from semi-dry climate. SE (+ standard error). Means with similar letters are not different
according with Tukey's test (cc=0.05)
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Figure 5. Effect of decreasing irrigation dose on chlorophyll fluorescence parameters at 41
DAP gn (a) and ETR (b) in tomato plants inoculated with mycorrhizal spores of: Glomus sp.; C.
etunicatum; C1: mycorrhizal consortium from humid climate; C2: mycorrhizal consortium from

semi-dry climate. Irrigation dose: 70%; 85% and 100%. SE: indicates standard error. Similar
letters represent the absence of statistical differences between the averages by independent
groups according to the Tukey's test P<0.05
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Discussion
Mycorrhizal variables

The single species inoculation showed a contrasting behavior in terms of the number
of colonized roots and the presence of hyphae, arbuscules and vesicles, Glomus sp. was
very efficient with the medium irrigation dose (85%), while C etunicatum was more
efficient with the extreme irrigation doses (70% and 100%). The ecosystem from which
these AMF species originate may be the cause of this response, since there is a great
difference between the characteristics of a humid ecosystem and an arid ecosystem, in
terms of soil type and vegetation, so that the species that inhabit them must create
different mechanisms of adaptation to these environments. However, the efficiency of
AMF may not always depend on the environment they come from, but also on the
synergism that can occur when working with AMF consortia. In this case, efficiency may
be conditioned by the species that make up the consortium and the role played by each of
them in this association.

In our results, the mycorrhizal consortium C1, which comes from a humid ecosystem,
showed a greater number of colonized roots and presence of hyphae, arbuscules and
vesicles with the lowest irrigation dose (70%). It appears that certain AMF may be
favored in certain specific situations, and they demonstrate this by provoking
transformations inside and outside the root system. The increased presence of intra- and
extraradical mycorrhizal structures in the host is related to the abundance of mycorrhizal
species found in the soil, although there are also strategies used by individual species for
effective colonisation (Barcel6 et al., 2020). Lidoy et al. (2023), report that AMF species
have different colonization strategies in the face of host stress, and this is reflected in
symbiosis. These authors found in tomato subjected to salt stress, that it affected
differently when inoculated with F. mosseae and R. irregularis species, promoting
colonization with the former and restricting it with the latter. On the other hand, Orine et
al. (2022), in water-stressed tomato inoculated with the individual species F. mosseae,
R. irregularis and the union of both species; found that colonization depended on AMF
species and their interaction with drought. However, under a normal irrigation regime,
R. irregularis showed higher root colonization, while inoculation with both species was
lower. Which shows that functional differences in symbiosis will depend on the
functional diversity between different combinations of plant-fungal genotypes (Hart et
al., 2018; Kokkoris et al., 2019).

Photosynthetic parameters

Results show that reduction of irrigation does not cause reduction on gas exchange
variables (Pn, gs, E and WUE) when plants were inoculated with single AMF species,
and the C2 consortium. However, plants inoculated with the C1 consortium decreased
their gas exchange when irrigation was reduced by up to 30%. This suggests that the
differences in response of the consortia are due to the origin of the AMF species that make
up the consortium, with those from an arid environment performing better (Figure 3. and
Figure 4.). On the other hand, comparing mycorrhizal colonization of roots and gas
exchange in plants inoculated with the consortia, this increased colonization when the
irrigation dose was reduced by 30%, while the gas exchange in plants was more stable
when the irrigation dose was reduced by 15%. The increase in Pn, gs, E and WUE in
plants inoculated with the different AMF inoculums under water deficit may be related
to the abundance of extraradical AMF mycelia, which penetrate deeply into the substrate

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(1):343-357.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2301_343357
© 2025, ALOKI Kft., Budapest, Hungary



Mena-Echevarria et al.: Arbuscular mycorrhizal fungi from dry environments as best options to preserve photosynthetic parameters
of Solanum lycopersicum L. plants under limited irrigation
- 353 -

and provide the plant with the necessary moisture to maintain efficient gas exchange
under limited water supply. As for the plants inoculated with Glomus sp. and
C. etunicatum, in addition to the abundant presence of AMF hyphae in the substrate, these
species were better adapted to the trap culture in which they were propagated, suggesting
that Glomus sp. and C etunicatum have different adaptation mechanisms that may provide
greater protection to the plant they colonize. Our results confirm the hypothesis that AMF
inoculation can maintain photosynthesis in tomato plants when substrate moisture is
restricted, and that this response depend on the behavior of the AMF species involved and
on the way the species interact, in consortium or individually. However, it was also
showed that growth and yield are more sensitive to decreases in water availability than to
the inoculum type (Mena-Echevarria et al., 2024) then is necessary to deep into the
mechanisms that link the benefits of inoculation with the efficiency of photosynthesis and
the assignation of assimilates.

As for the efficiency of non-photochemical quenching (qn) in plants inoculated with
Glomus sp. and the C2 consortium, it decreased when irrigation was reduced by 30% and
15%, respectively. It is known that when gn decreases in plants subjected to water stress,
the photoprotective capacity is impaired and the adaptive capacity of the plant is reduced.
Similarly, a marked decrease in ETR was observed in plants inoculated with the C2
consortium when irrigation was reduced by 15%, indicating that fluorescence efficiency
may have been affected, since qn and ETR are related to protective mechanisms in the
plant, an increase in which reduces the formation of reactive oxygen species (ROS).
However, it is important to note that when the irrigation dose was reduced by 30%, plants
inoculated with the C2 consortium showed adequate values in these two variables. What
happened to the efficiency in the energy centers of PSII and PSI in plants inoculated with
the C2 consortium when the irrigation dose was reduced by only 15%, if the plants
maintained a stable gas exchange and reflected a high level of colonization in the roots?
This is a question we cannot answer with this assay, as a more extensive study is needed
to learn more about the behavior of this consortium. We know that water deficit affects
the efficiency of ®psi by reducing the transport of electrons from PSII to PSI, thereby
reducing the photosynthetic capacity of the plant. Our studies were limited to a short
period of time and to a situation of mild water stress, so we cannot be sure if there was
really damage to the photosynthetic apparatus in plants inoculated with the C2
consortium, since the rest of the photosynthetic variables showed adequate functioning.

It is well known that plant growth and photosynthesis are increased when plants are
mycorrhized because AMF-plant symbiosis improves water status; with a positive effect
on relative water content (Chen et al., 2018). In our results, AMF native to semi-arid
environments provides greater drought resistance by incorporating water and nutrients
more efficiently into dry soils. Huang et al. (2020) suggest that native AMF should be
considered as a biological tool to improve drought tolerance. A better adaptation of AMF
from dryer ecosystems could explain best performance into less water substrate.
However, photosynthesis responses when AMF come from drier environments must be
investigated in order to be best explained. A possible reason for the differences found in
plant gas exchange between the C1 and C2 mycorrhizal consortia may be related to the
synergism present in each of the consortia and the origin of the species. It is thought that
in a mycorrhizal consortium, each species involved has a specific function and may
influence plant response to water deficit stress differently, although this is an issue under
study. Similarly, variations in the hormonal balance (ABA, strigolactones and jasmonic
acid) is another fundamental mechanism in the development and functionality of the
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extensive network of explorative hyphae that are the structures in charge of transporting
nutrients and water into the plant, these hormonal changes may depend on the AMF
species and the plant host (Bernardo et al., 2019).

Different irrigation doses affected the functionality between species for the parameters
gn and ETR. In summary, we can suggest that the mycorrhizal consortium C1 and
C. etunicatum can maintain chlorophyll fluorescence efficiency when managed at
different irrigation regimes. Moustakas et al. (2020) reported increases in ®ps;i due to a
higher efficiency of the open PSII centres in utilising the absorbed light in Salvia fruticosa
mycorrhized plants with Rhizophagus irregularis. According to these authors, an increase
in ETR contributes to increased photosynthesis and plant growth. On the other hand,
Mathur et al. (2019) in Triticum aestivum plants mycorrhized with a native consortium
(Rhizophagus intraradices; Funneliformis mosseae; F. geosporum) under different
irrigation regimes found that water stress-induced damage to PSII and PSI structure and
function was alleviated by mycorrhizal colonization. Volpe et al. (2018) have reported
finding differences in tolerance to water deficit in mycorrhizal plants, depending on the
source of AMF, inoculum composition and host plant species. Mycorrhization is justified
by the balance between costs and benefits, where the higher carbohydrate cost for plants
in AMF symbiosis is balanced by the increase in their photosynthetic capacity (Romero-
Munar et al., 2017). Our results suggest that AMF species do not respond equally when
different irrigation regimes are applied; and confirm that inoculation with AMF can
induce positive or negative responses in the efficiency of the plant photosynthetic
apparatus, even more so if there is a water deficit.

Conclusion

Single species inoculation of AMF keeps up stable photosynthesis when plants are
subjected to water reductions and AMF from drier environments maintain the most.
Inoculation of AMF as consortia also help to sustain photosynthetic activity when water
shortage but not as with single species inoculation. In the consortia, mycorrhizal
colonization increased when the irrigation dose was reduced by 30%, while gas exchange
in the plants was more stable when the irrigation dose was reduced by 15%. The C1
consortium from the wet environment decreased gas exchange when irrigation was
reduced by 30%, whereas the C2 consortium from the dry environment decreased non-
photochemical quenching and electron transport rate when irrigation was reduced by
15%. This suggests that the differences in the response of the consortia are due to the
origin of the AMF species in the consortium.
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