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Abstract: In its natural distribution, Araucaria araucana is a plant species usually exposed to extreme
environmental constraints such as wind, volcanism, fires, and low rainfall. This plant is subjected to
long periods of drought, accentuated by the current climate emergency, causing plant death, especially
in its early growth stages. Understanding the benefits that both arbuscular mycorrhizal fungi (AMF)
and endophytic fungi (EF) could provide plants under different water regimes would generate inputs
to address the above-mentioned issues. Here, the effect of AMF and EF inoculation (individually and
combined) on the morphophysiological variables of A. araucana seedlings subjected to different water
regimes was evaluated. Both the AMF and EF inocula were obtained from A. araucana roots growing
in natural conditions. The inoculated seedlings were kept for 5 months under standard greenhouse
conditions and subsequently subjected to three different irrigation levels for 2 months: 100, 75, and
25% of field capacity (FC). Morphophysiological variables were evaluated over time. Applying
AMF and EF + AMF yielded a noticeable survival rate in the most extreme drought conditions (25%
FC). Moreover, both the AMF and the EF + AMF treatments promoted an increase in height growth
between 6.1 and 16.1%, in the production of aerial biomass between 54.3 and 62.6%, and in root
biomass between 42.5 and 65.4%. These treatments also kept the maximum quantum efficiency of
PSII (Fv/Fm 0.71 for AMF and 0.64 for EF + AMF) stable, as well as high foliar water content (>60%)
and stable CO, assimilation under drought stress. In addition, the EF + AMF treatment at 25% FC
increased the total chlorophyll content. In conclusion, using indigenous strains of AMF, alone or
in combination with EF, is a beneficial strategy to produce A. araucana seedlings with an enhanced
ability to tolerate prolonged drought periods, which could be of great relevance for the survival of
these native species under the current climate change.

Keywords: monkey puzzle tree; arbuscular mycorrhizal fungi; endophytic fungi; water stress; plant
physiology; bioinoculants

1. Introduction

Araucaria araucana (Mol.) K. Koch (class Pinopsida, family Araucariaceae, monkey
puzzle tree) is a plant species of scientific, ancestral/cultural, and nutritional importance.
It is an endemic plant found in the temperate rainforest in northern Patagonia, including
southern Chile and southwestern Argentina. Due to its high endemism and longevity,
A. araucana is a unique genetic resource worldwide [1]. Unfortunately, Araucaria araucana
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has been exposed to both intense logging and extraction of its seeds, in addition to natural
events such as wind, volcanism, and fires [2,3].

Regarding the above, prolonged warmer seasons have brought disastrous conse-
quences for this plant species, with a greater recurrence of forest fires that have seriously
affected different native species in central-southern Chile [3,4]. The decrease in rainfall has
also become an important variable to consider in Chile since, in the last 10 years, drastic
climate change has been observed in the country. This phenomenon has evolved and is now
recognized as an extreme megadrought [5,6]. Based on the presence of markedly low soil
humidity, this conifer is affected in its root growth, especially by the lower accumulation of
biomass, which is concomitant with the increase in the mortality rate [7-9]. Some species
of the genus Araucaria (A. bidwili, A. heterophylla, and A. cunninghamii) are highly resistant
to drought, possessing mechanisms that involve the production of high levels of abscisic
acid (ABA), making them isohydric spent species with efficient stomatal closure [10,11].
However, A. araucana presents the typical traits of an ancient species, such as large stomata
and low stomatal density, which trigger low conductance and a slow stomatal response to
changing environmental conditions [12].

Symbiotic association with soil microorganisms could be a strategy to allow the plant to
tolerate even prolonged drought periods [13]. A. araucana generates mutualistic associations
with microorganisms present in the soil, as do most terrestrial plants, receiving multiple
benefits. These microorganisms are mainly represented by arbuscular mycorrhizal fungi
(AMF), which develop inside the roots of A. araucana as well as in longitudinal fine roots
(LFR) and globular short roots (GSR) [14], with abundant hyphae and coils in root cells.
This may be ecologically relevant in terms of the importance of this symbiosis in response
to soil nutrient deficiencies, mainly P. Additionally, AMF generates stability within plant
communities [15], allows better absorption of nutrients and water, and protects the plant
from attacks by pathogenic organisms. In exchange, these fungi receive photoassimilates
from the plants [11,13]. AMF can promote plant growth traits such as shoot and root
biomass and improve the plant’s CO, assimilation rates, which can result in greater plant
resistance to some types of stress, such as drought [16,17].

Endophytic fungi (EF) are also found inside the plant tissues of A. araucana [18]. As
observed for AME, EF can also improve nutrient absorption and plant development and
increase the production of different phytohormones. In this way, EF can promote increased
plant growth and resistance to various abiotic stresses [19-22]. However, recent studies
have shown that the benefits of these symbiotic fungi can vary depending on environmental
and nutritional conditions, changing from a mutualistic state to parasitism, where the EF
would be the most sensitive to those changes [23,24]. Although the application of fungal
inoculum from AMF or EF has been studied individually (single-species cultures), based
on their potential functional and physiological complementarity, fungal consortia currently
play a key role in plant development. Depending on the soil conditions where fungal
consortia are established, plants can achieve greater resistance and tolerance to adverse
biotic and abiotic factors [25,26].

Understanding the benefits that could be provided by both AMF and EF to plants
under different water regimes would generate inputs to address the above-mentioned
issues in the case of A. araucana. Therefore, to demonstrate the beneficial effect of bioinoc-
ulants on the drought tolerance of this plant species, the main aim of this work was to
evaluate the effect of AMF and EF inoculation (individually and in combination) on the
morphophysiological variables of A. araucana seedlings subjected to different water regimes.

2. Results
2.1. Fungal Root Colonization

The evaluation of A. araucana roots after 5 months of fungal inoculation revealed high
colonization percentages in the plants inoculated with EF and EF + AMF (Figure 1a). In the
case of the EF group, colonization reached 58%, whereas for, the EF + AMF combination, it
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was ca. 60%. These values were significantly higher than those of plants inoculated only
with the AMF consortium, which reached 41% root colonization (Figure 1a).
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Figure 1. (a) Fungal colonization percentages in roots of A. araucana plants, including structures of
AME, EF, or the EF + AMF combination. (b) Diagnosis of AMF and EF structures in fine roots of
A. araucana: (i) general view of an AMF colonizing A. araucana root; (ii) appressorium and entry point
(arrowhead) on the root surface; (iii) hyphal coil; (iv) cell-cell connection (arrowhead); (v) irregularly
shaped and ramified vesicles; (vi) globular vesicles; (vii) detail of microsclerotia of EF, (viii) dark
septate of EF, and (c) root architecture development. The x and y letters in each bar in subfigure
(a) indicate significant differences between treatments with p < 0.05 (ANOVA and Fisher’s LSD
multiple-range test). Vertical lines on the bars indicate the standard deviation.

The roots of A. araucana plants inoculated with AMF showed a low number of arbus-
cules but a high quantity of intraradical mycelia and vesicles in the cortex (Figure 1b(i-vi)).
On the other hand, the roots colonized by the EF showed a large number of structures,
such as microsclerotia and melanized hyphae (Figure 1b(vii-viii)). It should be noted
that the root architecture showed variations among the different treatments (Figure 1c),
with a larger number of fine roots in those plants treated with AMF and EF + AME. In
contrast, the control treatment presented heavy, lignified roots and poor secondary root
growth (Figure 1c).

In general, all the experimental variables were influenced by both the main sources of
variation (fungal inoculation and irrigation) as well as the interactions (Table 1). In detail,
variables such as Fv/Fm, RWC, proline, and total chlorophyll stand out as having a highly
significant p < 0.001 value for the factor interaction, while irrigation and fungal inoculation
strongly influenced significant changes in the growth traits (height, DHN, and shoot and
root biomass).

Table 1. F-values and probabilities of significance for the main effects and factor interaction for the
variables measured and analyzed by means of a two-way ANOVA in plants of Araucaria araucana
inoculated with different types of fungi and growing at decreasing irrigation levels.

Experimental Variables

S‘;)ufce.s of Height DHN Shoot Root RWC Proline T-Chl
ariation (cm) (mm) 8 8 SR Fv/Fm (%) (umol g FW-1)  (mg cm-2)

Inoculation 137 *** 370* 204%+  883*  14lns 5.69 * 454% 9.40 *** 23.4 %%
Irrigation 35.8 *#+ 25.1 *#* 234%%  144**  094ns 50.0 *** 35.9 63.4 % 478 %
I?gfgx 3.08* 0.60 ns 341* 431 494 11.6 % 5.86 5.67 #+* 10.3 ***

Abbreviations: DHN = diameter at the height of the neck; S/R = shoot biomass to root biomass ratio; Fv/Fm = max-
imum quantum yield of photosystem II; RWC = relative water content; T-Chlorophyll = total chlorophyll content.
Significance conventions: ns: not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.2. Morphological Traits and Mortality Rate

The seedlings inoculated with AMF and the EF + AMF combination at 100 and
75% irrigation presented a significantly greater height than the control group (without
application of inocula). In contrast, for 25% irrigation, the AMF presented the greatest
height increase, yielding significant differences from all the other treatments (Figure 2a).
In the case of the treatment with EF only, no significant differences from the control were
observed for any of the irrigation levels.
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Figure 2. Morphological traits of A. araucana plants inoculated with AMF, EF, or EF + AMF and
subjected to decreasing irrigation regimes. (a) Plant height; (b) diameter at the height of the neck;
(c) aerial biomass; (d) root biomass; and (e) shoot:root ratio. Different letters in the bars indicate
significant differences between treatments with p < 0.05 (ANOVA and Fisher’s LSD multiple-range
test). Vertical lines on the bars indicate the standard deviation.
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The largest diameters at the height of the neck of A. araucana seedlings were obtained
for plants at 100% irrigation, with the AMF and EF + AMF treatments stimulating the
greatest increase in diameter, presenting significant differences with the control and EF
treatments. No significant differences between the inoculated and control plants were
observed at the 25 and 75% irrigation levels (Figure 2b).

The highest aerial biomass production (4.5 g) was obtained by applying AMF and
EF + AMF at 100 and 75% irrigation (Figure 2c), presenting significant differences from the
control and EF treatments. In contrast, the lowest aerial biomass production (1.23 g) was
observed for the control group with 25% irrigation, significantly lower than for the case
of the plants inoculated under the same irrigation conditions (Figure 2c). The control and
EF groups at 25% irrigation presented the lowest root biomass production (1.23 and 1.3 g,
respectively) (Figure 2d). The value of root biomass production observed was significantly
lower than plants inoculated with AMF and EF + AMF with the same irrigation level
(2.3 and 2.5 g, respectively) (Figure 2d).

The shoot:root ratio showed that EF presented the highest value (2.27) at 25% irrigation,
presenting significant differences from all the other treatments for the same irrigation level.
No significant differences were observed between the treatments for the 100 and 75%
irrigation levels (Figure 2e).

Regardless of the inoculum type applied, all plants, including the control plants,
survived in the 100% and 75% irrigation regimes. However, when irrigation decreased to
25% of field capacity, mortality was observed in almost all the inoculation treatments. Only
plants inoculated with the EF + AMF consortium presented the lowest mortality rate of
25%. In contrast, plants inoculated with EF reached the highest mortality rate of 87.5%,
followed by uninoculated plants and plants inoculated with AME, which presented 75 and
50% mortality rates, respectively (Table 2).

Table 2. Mortality rates (%) for A. araucana seedlings under different irrigation conditions and
fungal inocula.

Irrigation Levels Control EF AMF EF + AMF
100 0 0 0 0
75 0 0 0 0
25 75 87.5 50 25

2.3. Maximum Quantum Yield of Photosystem II (Fv/Fm)

After two months of plant growth, the control group of A. araucana seedlings and
the seedlings inoculated with EF and subjected to 25% irrigation presented the lowest
and similar photosynthetic performance, with Fv/Fm ratios of 0.39 and 0.44, respectively
(Figure 3a). However, the groups of seedlings inoculated with AMF and EF + AMF
presented Fv/Fm values of 0.71 and 0.64, respectively, at the same irrigation level. These
values are close to the optimal range of Fv/Fm (100% irrigation) and are significantly higher
than those of the control seedlings and those inoculated exclusively with EF (Figure 3a).
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Figure 3. Physiological traits of A. araucana plants inoculated with AMF, EF, or EF + AMF and
subjected to decreasing irrigation regimes. (a) Maximum quantum yield of photosystem II (Fv/Fm);
(b) RWC; (c) proline content (umol g FW~L); and (d) total chlorophyll (mg cm?). Different letters in
the bars indicate significant differences among treatments with p < 0.05 (ANOVA and Fisher’s LSD
multiple-range test), n = 3. Vertical lines on the bars indicate the standard deviation.

2.4. Relative Water Content (RWC)

Both the A. araucana seedlings inoculated with EF and the control plants at 25%
irrigation presented the greatest loss of foliar water content. In both cases, the RWC values
were statistically different from the other treatments (Figure 3b). The water loss for the EF
group was 25% compared to seedlings inoculated with EF and subjected to 100% irrigation.
For the control group, the water loss was 33% (Figure 3b). However, seedlings inoculated
with AMF and EF + AMF and subjected to 25% irrigation kept foliar RWCs of 61% and
66%, respectively, close to optimal values (75-80%).

2.5. Leaf Proline Determination

The control group and the plants with the EF and EF + AMF treatments at 25%
irrigation presented the highest proline concentrations, and the values were significantly
higher than the AMF treatments (Figure 3c). Overall, the treatments subjected to 100% and
75% irrigation showed low proline concentrations, with significant differences among the
applied treatments (Figure 3c).

2.6. Concentration of Photosynthetic Pigments

At 25% irrigation, the total chlorophyll concentration in each control assay and in
plants inoculated with EF and AMF showed no significant differences. Additionally, under
this irrigation regime, the total chlorophyll concentration in the group of plants inoculated
with EF + AMF was significantly higher (9.5 mg cm?) (Figure 3d). In contrast, the group
inoculated with EF at 100% irrigation presented the lowest chlorophyll concentration
compared to the other treatments under the same irrigation condition (Figure 3d). For 75%
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irrigation, it was noted that the treatments with AMF and EF + AMF obtained the highest
chlorophyll content (8.2 and 7.6 mg cm?), with the AMF group presenting significant
differences with all the other treatments.

2.7. CO, Assimilation

Under the 75% irrigation regime, every group of A. araucana seedlings showed the
best response in terms of CO, assimilation rates (Figure 4). In contrast, the control group
at 25% irrigation (32.7 ppm) and the A. araucana seedlings inoculated with EF (16.3 ppm)
were affected by drought stress, presenting photorespiration.
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Figure 4. CO, assimilation of A. araucana plants inoculated with AMF, EF, or EF + AMF and subjected
to decreasing irrigation regimes. CO, assimilation is shown in negative values and photorespiration
in positive values. The measurement conditions were 1000 umol m2s1a temperature of 22 °C,
and a CO, concentration of 400 uM. Different letters in the bars indicate significant differences among
treatments with p < 0.05 (ANOVA and Fisher’s LSD multiple-range test), nn = 3. Vertical lines on the
bars indicate the standard deviation.

The groups inoculated with AMF and EF + AMF at 100% and 25% irrigation showed
similar CO, assimilation rates (—28.0 and —28.6 ppm; —48.3 and —46.0 ppm, respectively).
With both treatments (AMF and EF + AMEF), the A. araucana seedlings subjected to 25%
irrigation showed stable CO, assimilation under drought stress compared to the control
and EF groups (Figure 4).

2.8. Multivariate Associations

The principal component analysis (PCA) reflected the formation of highly homoge-
neous groups of experimental variables (Figure 5a), where PC1 explains 45.1% and PC2
23.7% of the total experimental variance. According to the component matrix of PCA (not
shown), PC1 was highly and positively influenced by the root biomass, diameter at the
height of the neck (DHN), Fv/Fm ratio, RWC, and shoot biomass, whereas PC2 was highly
and positively influenced by the pigment contents [Chlorophyll a and b (Chl a and Chl b),
total chlorophyll (Chltotal), and carotenoids].
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Figure 5. (a) Principal component (PC) scores for the experimental variables determined in seedlings
of A. araucana plants inoculated with AMF, EF, or EF + AMF and subjected to decreasing irrigation
regimes; and (b) grouping of the experimental individuals according to the different inoculation and
irrigation treatments. The percentage values in parentheses indicate the variation explained by each
PC. Abbreviations—CO;: CO, assimilation; Chla: chlorophyll a; Chlb: chlorophyll b; Chltotal: total
chlorophyll; Root: root dry biomass; Shoot: shoot dry biomass; RWC: relative water content; FvFm:
maximum quantum yield of photosystem II; DHN: diameters at the height of the neck; chlrel: relative
chlorophyll (SPAD values). The circles represent individuals of similar behavior according to the
hierarchical cluster analysis using the farthest neighbor method.

A hierarchical cluster analysis established five homogeneous groups of individuals
according to the different treatments studied, highlighting: (i) A group associated with
high levels of proline and CO, respiration with plants uninoculated and inoculated with
EF at 25% irrigation. (ii) Another group comprised exclusively of AMF-colonized plants
at 100% irrigation associated with high values of morphometric and physiological traits
(height, shoot biomass, DHN, relative chlorophyll, and RWC). (iii) A third group, including
mainly the individuals with the dual inoculation at 100% irrigation, representing high
root and shoot values, biomass, RWC, DHN, and Fv/Fm. (iv) A group mainly included
individuals of dual-inoculated plants growing at 25% irrigation and highly associated with
high pigment contents. (v) A group made up of the AMF-inoculated treatments at 75 and
25% irrigation plus some individuals from other treatments, slightly related with variables
such as height, shoot biomass, DHN, relative chlorophyll, and RWC (Figure 5b).

3. Discussion

Our study was conducted with A. araucana seedlings inoculated with EF, AMEF, and an
EF + AMF combination. First, plants were grown for 5 months under standard greenhouse
conditions. Then, to understand the effect of drought stress on inoculated and uninoculated
(control) plants, the A. araucana seedlings were subjected to three different irrigation regimes
(100, 70, and 25% FC) for two months. The root colonization by the AMF (45%) after
5 months of inoculation was low compared to the EF (58%). This could be due to the
colonization capacity of the AMF being subject to multiple environmental, physiological,
and phenological factors of the plants [27]. One of these factors is the increase in humidity
and the decrease in oxygen in the soil, which inhibit the development of mycorrhizal fungi
in the roots [28,29]. This situation could explain the low colonization observed in the roots
of A. araucana because the seedlings were inoculated in autumn.

Overall, compared to the uninoculated control plants, the different types of fungal
inocula affected the height and DHN of plants subjected to different irrigation regimes.
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According to the results obtained in this work, the 7-month duration of the study (5 months
of colonization plus 2 months of water stress) allowed for substantially significant mor-
phophysiological changes in the groups of plants subjected to drought stress. Despite
the sluggish growth of A. araucana, with 3.10-3.55 cm height growth per year [30], the
inoculation with AMF and EF + AMF at 100 and 75% irrigation exhibited the greatest
height increases, while the treatment with AMF was the most effective under the greatest
water stress (25% irrigation). In this respect, studies by [31] observed a greater tolerance
to drought stress in Cupressus atlantica with AMF, which was cultivated in pots under
different water regimes, where the inoculation promoted growth and a greater RWC in
leaves, agreeing with what was found in this study. Evidence indicates that AMF im-
proves host plant performance against various abiotic stresses such as drought [32-34],
heat, salinity, metals, and extreme temperatures [35,36]. Li et al. [37] suggested that soil
microbes such as AMF often regulate the plant growth response to drought stress, alle-
viate drought damage by increasing photosynthesis and antioxidant enzyme activities,
and reduce malondialdehyde (MDA) levels. AMF colonization can also stimulate various
physiological responses to drought stress, including stomatal conductance sensitivity, CO,
assimilation, and a decrease in relative water content; furthermore, leaf water potential
is likely to be improved by AMF inoculation [38,39]. The water absorption rate of AMF
hyphae was 2-7 times higher under drought than that of well-watered hyphae, indicating
the importance of AMF hyphae to plants under drought conditions [40,41].

The production of shoot biomass showed a more significant increase in A. araucana
seedlings inoculated with AMF and EF + AMF and subjected to different irrigation regimes
compared to the control group. This is related to the beneficial effect of the association with
AME, which contributes to a greater capture of water and nutrients by plants, stimulating
their growth [42]. In contrast, for root biomass at 100 and 75% irrigation, no significant
differences from the control plants were noted; however, when water stress increased (25%
irrigation), the plants inoculated with AMF and EF + AMF exhibited greater root biomass.
In this respect, it was demonstrated that the roots of the control plants presented lignified
growth with no secondary root development. However, the roots of the plants inoculated
with AMF or EF + AMF presented changes in the morphology of the roots that were finer
and branched, which makes the absorption of water and nutrients more efficient [43,44].
In contrast, the effects of an EF consortium on the biomass of seedlings subjected to stress
(25% irrigation) were negative, mainly affecting root development (Figure 2d). However,
the effects of the EF were positive when inoculated together with the AME, resulting in
significant differences in biomass compared to the control group. These results suggest
that the EF did not promote higher root biomass or tolerance to extreme drought stress
for A. araucana. Previous studies have shown that some EF (e.g., Penicillium spp. and
Phialocephala spp.) are dominant in conifers at root level [45], and such microorganisms
are xerotolerant, supporting dry environments. However, it is unknown if this mechanism
can be granted to the plant via symbiosis. Studies in this regard have been carried out
only for grasses, where xerotolerance has been obtained via symbiosis using EF from the
Clavicipitaceous group, fungi that can only colonize grasses and not woody species [46,47].
On the other hand, the shoot:root ratio shows higher index values in EF related to lower root
production compared to aerial shoots. This may explain the higher stress level for the plant
since a high ratio of this indicator would have a low potential to avoid drought stress [48].

Seedlings inoculated with AMF and the EF + AMF treatment presented higher RWC
values under drought stress (25% irrigation) than the control and EF groups (Figure 3b).
Similar results have been obtained in a study on Olea europaea, where different irrigation
regimes were tested in plants inoculated with AMF. According to the authors, the plants
growing under abundant irrigation do not produce significant differences in RWC. How-
ever, of the plants subjected to a water deficit, only plants inoculated with AMF significantly
improved water absorption [49-51]. Furthermore, stable RWC values under drought stress
have been found for Cupressus atlantica, Casuarina equisetifolia, and Citrus tangerine [52-54].
This is because mycorrhizae can: (a) improve water absorption through the network of
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hyphae, which extends beyond the root itself; (b) generate morphological changes in plant
roots [55]; and (c) stimulate the synthesis of abscisic acid [56].

Studies in A. araucana [9] under water restriction showed a reduction in RWC, trig-
gering a high production of free proline in leaves. The results obtained in the present
study agree with these data from the literature: the lowest RWC values were obtained
even at 25% irrigation, related to a high proline content (Figure 3c). Here, RWC values of
61 and 66% were achieved for inoculated plants subjected to water stress of 25% during
irrigation. However, compared with other studies developed for the same plant species
without fungal inoculation [9], the RWC values are even more extreme (20-50%).

Regarding photosynthetic pigments, the total chlorophyll content did not show sig-
nificant differences among the control, EF, and AMF groups under drought stress (25%
irrigation). In this case, the effect of the inoculum had no impact on this variable (Figure 3d).
However, inoculation of A. araucana seedlings with the EF + AMF combination significantly
impacted total chlorophyll under drought stress (25% irrigation), obtaining the highest
pigment concentrations (Figure 3d). Similar results were found in a study using Verbascum
lychnitis plants inoculated with EF + AMF [26]. The authors reported that the increase
in photosynthetic pigments depended on the type of endophyte that interacted with the
AMEF [26]. The inoculation of Nicotiana tabacum with AMF and endophytic bacteria un-
der drought stress was also previously assessed [57]. Increases in total chlorophyll were
observed under drought stress, showing high tolerance of the plant after inoculation [57].

The capacity of CO, assimilation by plants is influenced by different environmental
factors, where high temperatures, drought, and salinity can reduce the rate of CO, as-
similation [58]. In the present study, the percentage of foliar water found in the control
and EF groups under drought stress is correlated with low photosynthetic efficiency and
reduced CO, assimilation (Figure 4). In fact, drought stress induces stomatal closure to
minimize water loss, also causing a decrease in CO; assimilation [59]. According to [60],
when exposed to high concentrations of NaCl, Robinia pseudoacacia plants inoculated with
Rizophagus irregularis remained stable in terms of CO, assimilation. In addition, it has
been observed that mycorrhization of Solanum lycopersicum plants grown under NaCl
stress improved the net rate of CO; assimilation by increasing stomatal conductance and
photoprotection of PSII processes [61]. Stress due to salt and drought can have the same
effect, resulting in less water entering the plant [62]. The results obtained for A. araucana
inoculated with AMF are consistent with the data in the literature.

In the present study, the A. araucana seedlings inoculated with EF, EF + AMF, and the
control presented the highest levels of proline accumulation in the leaf tissue under drought
conditions (25% irrigation) (Figures 3c and 5). The group of seedlings inoculated only with
EF also presented a high concentration of proline but with a mortality rate similar to or
higher than the control plants. This suggests that EF could promote a stress condition in the
seedlings that was impossible to monitor in the present study. In this regard, Kia et al. [63]
described Arabidopsis thaliana and Hordeum vulgare inoculated with an EF consortium and
subjected to different abiotic stress conditions as being affected by EF that competed for
nutrients and water. According to the authors, as a result, trophic dependence was seen to
affect the fitness of the plants.

Regarding osmoprotectants, the results from previous studies with plants inoculated
with AMF and subjected to drought stress have been contradictory. For instance, an in-
crease in proline levels has been described in inoculated plants compared to non-inoculated
plants [64,65]. However, other studies have shown a decrease in proline in plants inoculated
with AMF under stress from drought or salinity [66,67]. Here, A. araucana seedlings inocu-
lated with AMF showed the lowest proline levels, suggesting that these plants improved
tolerance to drought stress. In contrast, plants inoculated with EF + AMF presented a high
proline concentration at 25% irrigation. In addition, this group showed the lowest mortality
rate and stable physiological traits to confront drought stress.

The results presented in our study suggest that the combination of these microorgan-
isms (AMF and EF) was beneficial for Araucaria araucana seedlings since EF stimulates



Plants 2023, 12, 2116

110f18

proline synthesis [68] and AMF attenuates the possible adverse effects of endophytes under
abiotic stress [25,69,70]. Moreover, fungal inocula can promote high percentages of water
in the leaves, notably improving tolerance to drought stress [71]. These results suggest the
importance of the combination of symbiotic microorganisms in both the rhizosphere and
plant organs in improving tolerance to abiotic stress.

4. Materials and Methods
4.1. Soil Samples and Plant Material

Soil samples for AMF isolation were collected from the rhizosphere of adult A. arau-
cana trees from the Nahuelbuta National Park in the Araucania Region (PNN: 37°47'00” S,
72°59'00” W). Soils presented pH 5.04, P Olsen 8.29 (mg P L~!), Na 227 (mg kg 1),
K 142 (mg kg 1), Ca 71 (mg kg~ '), and SOM (12.7%) [15]. Plant samples, such as leaves
and roots, were extracted from adult plants of A. araucana and transferred to the Fungal
Biotechnology Laboratory at the Universidad de Concepcion, Los Angeles Campus, to
perform the corresponding EF isolations.

4.2. AMF Spore Isolation and Identification

Arbuscular mycorrhizal fungus spores were isolated from soils using wet sieving and
sucrose density gradient centrifugation. Briefly, 25 g of soil were passed through sieves of
500, 125, 45, and 32 pm and thoroughly washed with distilled water. The last soil portion
collected in meshes of 45 and 32 um was distributed in plastic tubes.

Twenty-five mL of the spore suspensions were transferred into Falcon tubes of 50 mL,
and 25 mL of a 70% sucrose aqueous solution were inserted at the bottom of the tubes and
centrifuged at 600x g for 2 min. After centrifugation, samples were decanted, washed
with water, and transferred to Petri dishes. Sorting and quantification took place under the
dissection microscope at up to 400-fold magnification.

The number of AMF spores was expressed per 100 g of dry soil. For identification,
spores were mounted on microscope slides in polyvinyl alcohol-lactic acid glycerol (PVLG)
medium [72,73]. The spores were identified based on morphological characteristics such as
spore wall structures, subtending hyphae, and germination structures.

Identification reports [74,75] and institutional collections of original species descrip-
tions were used for all AMFs. These analyses were carried out by Myconativa (https:
/ /myconativa.com/, accessed on 2 September 2020). Acaulospora laevis, A. scrobiculata,
A. punctata, Scutellospora calospora, Claroideoglomus cloroideum, C. etunicatum, Funneliformis
mosseae, Paraglomus occultum, Glomus badium, G. intrarradices, and Gigaspora margarita were
identified and used to prepare the AMF inoculum in trap plants.

4.3. Cultivation of Trap Plants

To activate the AMF consortium, Tajetes patula [76] seedling plants were used as hosts
in trap pots, cultivated in a substrate composed of vermiculite and peat in a 2:1 ratio. After
6 months, root colonization was evaluated by cutting and mixing with the substrate, thus
obtaining the active inoculum to be applied to the A. araucana seedlings.

4.4. EF Isolation

For the isolation of EF, the leaves and roots of A. araucana previously collected were
used. First, fungal isolation was performed according to Vaz et al. [77]. Next, plant roots
were carefully washed to remove all traces of soil. Then, roots were washed with sterile
distilled water and subsequently superficially sterilized using 10% sodium hypochlorite
for 10 min and 70% ethanol for 1 min.

For the needles, 2% sodium hypochlorite was used for 3 min and 75% ethanol for 30 s.
Roots and needles surface-sterilized were washed with abundant sterile distilled water,
cut into pieces of 5 mm, and distributed in Petri dishes containing malt extract agar 1%.
Samples were incubated at 24 °C for 7 days. Fungal strains were then isolated and purified,
obtaining a total of 37 endophytic fungi, which were identified using molecular tools.
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The genomic DNA extraction procedure was performed according to [78]. For ampli-
fication of the internal transcribed spacer (ITS) region, the primer pairs ITS5/1TS4 were
used [79]. The amplification products were purified with the PureLink PCR Purification Kit
(Invitrogen, EEUU), following the manufacturer’s instructionsand the sequences were ob-
tained using the Multipurpose DNA Sequencing Platform of the Bioscience Center/UFPE
(Recife, Brazil).

Regarding EF identification, 19 out of 37 isolates were identified at the species level
and 10 out of 37 at the genus level. In addition, 8 out of 37 isolates were not identified.
From the 19 isolates identified at the species level, 4 of them were selected for subsequent
trials. Phialocephala fortinii, Penicillium melinii, Umbelopsis dimorpha, and Preussia cymatomera
were selected and used [80-83]. Fungal selection was based on the characteristics of species
that stimulate plant growth. These species were individually cultured in 250 mL of 1%
malt extract liquid medium at 24 °C and under static conditions for 20 days. The mycelium
obtained was filtered, mixed with sterile distilled water, and ground for 5 s in a blender.
This crushed mycelium was later used as EF inoculum (mix: P. fortinii, P. melinii, U. dimorpha,
and P. cymatomera).

4.5. Inoculation of A. araucana Seedlings and Different Water Regimes

Ninety-six seeds of A. araucana were superficially sterilized and germinated in
Peat/Perlite 1:1 in the greenhouse of the Universidad de Concepcién, Los Angeles Campus
(Los Angeles, Chile). Eight months after germination, the A. araucana seedlings were
transplanted into plastic bags containing a sterilized substrate composed of peat and perlite
in a 1:1 ratio. Seedlings were inoculated with the AMF and EF consortia described above.

For the inoculation of A. araucana, an aliquot of 25 g of the AMF inoculum consortium
(obtained from the trap plants) was directly applied to the seedling roots. For the EF
consortium, the A. araucana seedlings were inoculated with 10 mL of crushed mycelium
(1.6 g of fresh inoculum per plant). Then, the EF consortium was directly injected into the
root systems of the plants with a syringe at three different points. Seedlings of A. araucana
were left for 5 months for root colonization.

The trials included four inoculation treatments (control, EF, AMF, and EF + AMF)
with three irrigation levels each (100, 75, and 25%, respectively) and eight replicates per
treatment (1 = 8). The trials were kept under irrigation at field capacity from 1 to 2 times per
week for 5 months. Subsequently, the plants were subjected to different irrigation levels:
(i) at 100% (field capacity), (ii) at 75% (slight water deficit), and (iii) at 25% (high water
deficit), according to Zarik et al. [31].

For the above, a pot with dry soil was weighed, obtaining P1. This pot was then
watered until saturated, letting it drain for 24 h to obtain P2. The difference (P2 — P1)
corresponded to 100% field capacity. To obtain the volume of water for 75% and 25%
treatments, calculations were made as follows: 0.75 x (P2 — P1), and 0.25 x (P2 — P1),
respectively. The seedlings were grown, watered twice a week for 2 months, and finally
harvested. The total time of the trial was 7 months: 5 months post-inoculation and two
months of drought stress.

4.6. Fungal Root Colonization

Colonization levels by AMF and EF were determined in four plants after cleaning
the roots in a 2.5% KOH aqueous solution (w/v) and staining with 0.05% trypan blue [84].
According to Giovanetti and Mosse, the presence of AMF structures within the roots was
observed at 40-100x in a gridded Petri dish [85]. Root endophytes were quantified by the
magnified intersection method [86] using a Motic BA 310 microscope. Melanized sclerotia
and hyphae were observed for EF expressed in %.

4.7. Maximum Quantum Efficiency of Photosystem II (Fv/Fm)

At the end of the eighth week of water stress, the maximum quantum efficiency of pho-
tosystem II (Fv/Fm) of A. araucana leaves was measured. A Hansatech pocket model PEA
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chlorophyll fluorimeter was used, and 8 plants per treatment were measured. Measure-
ments were made on dark-adapted leaves using leaf clips for 20 min. The calculation was
made in the instrument using the chlorophyll fluorescence ratio (Fv/Fm), which reflects
the maximum quantum efficiency of the PSII [87].

4.8. Relative Water Content (RWC)

Leaf relative water content (RWC) [88] was measured using the first four leaves
of three plants per treatment (0.5 g). To obtain the fresh leaf mass, leaves were cut and
immediately weighed (Fresh Weight, FW). Leaves were then immersed in deionized
water in a Petri dish and incubated overnight in the dark, below 8 °C. To obtain turgid
weight (TW), leaves were re-weighed. To determine the dry weight (DW), leaves were
placed in an oven at 60 °C for 2 days and weighed again. Finally, RWC was calculated as
[(FW — DW) x (TW — DW) — 1] x 100 [89].

4.9. Concentration of Photosynthetic Pigments

The photosynthetic pigments were determined according to Aroca et al. [89]. Three
leaf discs of 5 mm each were extracted from the third leaf, and immersed in 1 mL of acetone
(80% v/v). The sample was subsequently heated at 80 °C for 10 min to extract the pigments.
The absorbances of the extracts were measured at 470, 646.8, and 663.2 nm using a TU-1810
split beam spectrophotometer. The extinction coefficients and the equations used to obtain
pigment concentrations were reported by Lichtenthaler [90]. Each measurement was taken
from three plants per treatment.

4.10. Proline Content

The free proline concentration was determined using 0.5 g of fresh leaf tissue and spec-
trophotometrically assayed at 530 nm, as described by Bates et al. [91]. Each measurement
was taken from three plants per treatment.

4.11. CO; Assimilation

To determine the assimilation of CO, by plants, the Targas-1 portable photosynthesis
and gas measurement system was used. Measurements were taken in the morning (from
9 a.m. to 12 p.m.), and three plants per treatment were used. For the CO, measurements of
the needles of A. araucana, one of the accessories of the device was adapted, the SRC-2 soil
respiration chamber (in CPY mode), to obtain assimilation of CO; (negative values) and
respiration (positive values). The measurement conditions were 1000 umol m~2s~ !, with
a temperature of 22 °C, and a CO, concentration of 400 umol.

4.12. Morphological Traits and Mortality Rate

The diameter at the height of the neck (DHN) was measured with a digital meter
foot and the height of the plant with a graduated ruler. The plant was dissected with a
scalpel, and the root was cut from its first projection on the stem. Stems between the apical
meristem and just before the first projection of the root were used. Seedlings were then
dissected, separating the shoot and root organs, which were dried in an oven at 72 °C for
48 h, obtaining the dry weight (g). Seedling mortality was calculated as the frequency of
seedlings that died at the end of the experiment (Figure 6).
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Figure 6. Araucaria araucana plants: (a) Considered a living plant with measurement of the diameter
at the height of the neck (DNH); its height is indicated; (b) Considered a dead plant.

4.13. Statistical Analysis

Data normality and variance homogeneity were assessed using the Shapiro-Wilk and
Levene tests, respectively. Statistical significance was determined using Fisher’s LSD test
(p < 0.05). A one-way ANOVA was performed to evaluate the effect of inoculation at the
different irrigation levels (100, 75, and 25%) on seedlings. The effect of the interaction
between inoculation and irrigation level was determined using factor analysis. For the
analysis, the percentage values were transformed through Arcosiny/(x/100). In addition,
the data sets were subjected to principal component analysis (PCA) and hierarchical
clustering. The farthest neighbor method was used to group the experimental individuals
according to their associations with the PCA obtained. Statistical analyses were performed
using the STATISTICA v.10 (Statsoft, Tulsa, OK, USA) and SPSS v.22.0 (IBM Corp. Armonk,
NY, USA, EE. UU.) software packages.

5. Conclusions

The results obtained in this study show that inoculation with AMF and EF + AMF
has positive effects on the survival rate of A. araucana under the most extreme drought
conditions (25% FC). These conditions significantly improved tolerance to the stress pro-
duced by a water deficit. In contrast, the EF tested alone (in the absence of AMF) and under
stressful abiotic conditions such as drought presented a null or neutral effect on A. araucana
seedlings, with no improvement in water stress tolerance.

Opverall, the results obtained here emphasize the importance of considering the micro-
biological component to develop A. araucana plants with the potential to adapt to adverse
environmental conditions so that ecological restoration programs with this native species
will be effective, mainly in the context of a water crisis as observed in the last 10 years in
central-southern Chile, where A. araucana grows naturally.

Author Contributions: Conceptualization, D.C. and G.R.; methodology, D.C. and G.R.; software,
G.R. and PC,; validation, D.C., G.R., AM., C.D., CS., R.A. and P.C.; formal analysis, D.C., G.R,, AM.,,
C.S., R.A. and P.C,; investigation, D.C. and G.R.; resources, D.C.; data curation, D.C., AM. and PC.;
writing—original draft preparation, D.C., G.R. and AM.; writing—review and editing, D.C., C.S.,
AM., R.A. and PC.; visualization, D.C. and P.C.; supervision, D.C.; project administration, D.C. and



Plants 2023, 12, 2116 150f18

P.C.; funding acquisition, D.C. and P.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by ANID/FONDECYT, grant numbers 3170089 and
11220305. C.S. and P.C. also acknowledge the support of ANID/FONDECYT /1210964 and
1221024, ANID/FONDAP /15130015, and the project from the Chilean Ministry of Education, InES19,
number FRO19101 (Univ. de La Frontera). A.M. and D.C. also acknowledge the support of VRID
2021000363MUL (Univ. de Concepcion).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank the National Park Administration (CONAF) for allowing work within
protected areas in the La Araucania Region (N° 02/2017 IX and N° 05/2022 IX).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Herrmann, T.M. Indigenous knowledge and management of Araucaria araucana forest in the Chilean Andes: Implications for
native forest conservation. Biodivers. Conserv. 2006, 15, 647-662. [CrossRef]

2. Aagesen, D.L. On the northern fringe of the South American temperate forest. The history and conservation of the monkeypuzzle
Tree. Environ. Hist. 2006, 3, 64-85. [CrossRef]

3. Valderrama, L.; Contreras-Reyes, J.; Carrasco, R. Ecological Impact of Forest Fires and Subsequent Restoration in Chile. Resources
2018, 7, 26. [CrossRef]

4. Corporacién Nacional Forestal (CONAF). Determinacién del Dafo Sanitario de Araucaria araucana y Medidas de Accion. Comision
de Agricultura del Senado. 2017. Available online: http:/ /www.lib.udec.cl/wp-content/uploads/2018/05/Vargasetal2017.pdf
(accessed on 15 May 2018).

5. IPCC. Summary for Policymakers. In Climate Change. The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change; Stocker, T.E, Qin, D., Plattner, G.-K,, Tignor, M., Allen, S.K.,
Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, PM., Eds.; Cambridge University Press: Cambridge, UK; New York, NY,
USA, 2013.

6. Boisier, ].P; Rondanelli, R.; Garreaud, R.D.; Mufioz, F. Anthropogenic and natural contributions to the Southeast Pacific
precipitation decline and recent mega drought in central Chile. Geophys. Res. Lett. 2016, 43, 413-421. [CrossRef]

7. Amoroso, M.; Daniels, L.D.; Larson, B.C. Temporal patterns of radial growth in declining Austrocedrus chilensis forests in Northern
Patagonia: The use of tree-rings as an indicator of forest decline. For. Ecol. Manag. 2012, 265, 62-70. [CrossRef]

8.  Rodriguez-Catdén, M,; Villalba, R.; Morales, M.; Srur, A. Influence of droughts on Nothofagus pumilio forest decline across northern
Patagonia, Argentina. Ecosphere 2016, 7, e01390. [CrossRef]

9. Papu, S.; Berli, F; Piccoli, P; Patén, D.; Rodriguez, D.O.; Roig, FA. Physiological, biochemical, and anatomical responses of
Araucaria araucana seedlings to controlled water restriction. Plant Physiol. 2021, 165, 47-56. [CrossRef]

10. Reininger, V.; Sieber, T.N. Mycorrhiza Reduces Adverse Effects of Dark Septate Endophytes (DSE) on Growth of Conifers. PLoS
ONE 2012, 7, e42865. [CrossRef]

11.  Wezowicz, K.; Rozpadek, P.; Turnau, K. Interactions of arbuscular mycorrhizal and endophytic fungi improve seedling survival
and growth in post-mining waste. Mycorrhiza 2017, 27, 499-511. [CrossRef]

12. Rivera, B.K,; Sdez, P.L.; Cavieres, L.A.; Capo-Bauga, S.; Ifiiguez, C.; Sanfuentes von Stowasser, E.; Fuentes, F.; Ramirez, C.F;
Vallejos, V.; Galmés, J. Anatomical and biochemical evolutionary ancient traits of Araucaria araucana (Molina) K. Koch and their
effects on carbon assimilation. Tree Physiol. 2022, 42, 1957-1974. [CrossRef]

13.  Wu, H;; Zou, Y.; Rahman, M. Mycorrhizas alter sucrose and proline metabolism in trifoliate orange exposed to drought stress. Sci.
Rep. 2017, 7, 42389. [CrossRef] [PubMed]

14. Diehl, P; Fontenla, S.B. Arbuscular mycorrhizal infection in two morphological root types of Araucaria araucana (Molina) K. Koch.
Rev. Argent Microbiol. 2010, 42, 133-137. [PubMed]

15. Chavez, D.; Machuca, A.; Fuentes-Ramirez, A.; Fernandez, N.; Cornejo, P. Shifts in soil traits and arbuscular mycorrhizal
symbiosis represent the conservation status of Araucaria araucana forests and the effects after fire events. For. Ecol. Manag. 2020,
458,117806. [CrossRef]

16. Brodribb, T.J.; McAdam, S.A.M.; Jordan, G.J.; Martins, S.C.V. Conifer species adapt to low-rainfall climates by following one of
two divergent pathways. Proc. Natl. Acad. Sci. USA 2014, 111, 14489-14493. [CrossRef]

17.  Zimmer, H.C.; Brodribb, T.J.; Delzon, S.; Baker, PJ. Drought avoidance and vulnerability in the Australian Araucariaceae. Tree

Physiol. 2016, 36, 218-228. [CrossRef]


https://doi.org/10.1007/s10531-005-2092-6
https://doi.org/10.2307/3985427
https://doi.org/10.3390/resources7020026
http://www.lib.udec.cl/wp-content/uploads/2018/05/Vargasetal2017.pdf
https://doi.org/10.1002/2015GL067265
https://doi.org/10.1016/j.foreco.2011.10.021
https://doi.org/10.1002/ecs2.1390
https://doi.org/10.1016/j.plaphy.2021.05.005
https://doi.org/10.1371/journal.pone.0042865
https://doi.org/10.1007/s00572-017-0768-x
https://doi.org/10.1093/treephys/tpac057
https://doi.org/10.1038/srep42389
https://www.ncbi.nlm.nih.gov/pubmed/28181575
https://www.ncbi.nlm.nih.gov/pubmed/20589337
https://doi.org/10.1016/j.foreco.2019.117806
https://doi.org/10.1073/pnas.1407930111
https://doi.org/10.1093/treephys/tpv111

Plants 2023, 12,2116 16 of 18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Alarcon, ].; Marquez, S.; Teunisse, G.; Mendoza, C.; Meneses, C.; Baldini, A.; Parra, P.; Zamora, P.; Boehmwald, F.; Castro-Nallar, E.
Sequences of Endophytic Fungal and Bacterial Communities from Araucaria araucana [(Molina) K. Koch, 1869] in the Coastal and
Andes Mountain Ranges, Chile. Microbiol. Resour. Announc. 2020, 9, e00544-20. [CrossRef]

Stewart, S.; Griffiths, H. Effect of two species of arbuscularmycorrhizal fungi on growth, assimilation and leaf water relations in
maize (Zea mays). Asp. Appl. Biol. 2001, 63, 73-76.

Mumo, M.D.; Mugendi, N.E.; Mang’erere, N.M.; Maingi, J]. Arbuscular mycorrhizal fungi and Bradyrhizobium co- inoculation
enhances nitrogen fixation and growth of green grams (Vigna radiata L.) under water stress. . Plant Nutr. 2020, 43, 1036-1047.
[CrossRef]

Khan, A.; Al-Harrasi, A.; Al-Rawahi, A.; Al-Farsi, Z.; Al-Mamari, A.; Wagas, M.; Asaf, S.; Elyassi, A.; Mabood, E; Shin, J.
Endophytic Fungi from Frankincense Tree Improves Host Growth and Produces Extracellular Enzymes and Indole Acetic Acid.
PLoS ONE 2016, 11, €0158207. [CrossRef]

Javid, M.G.; Sorooshzadeh, A.; Moradji, F.,; Modarres Sanavy, S.A.M.; Allahdadji, I. The Role of Phytohormones in Alleviating Salt
Stress in Crop Plants. Aust. J. Crop. Sci. 2011, 5, 726-734.

Ahlholm, ].U.; Helander, M.; Lehtimaiki, S.; Wali, P.; Saikkonen, K. Vertically transmitted fungal endophytes: Different responses
of host-parasite systems to environmental conditions. Oikos 2002, 99, 173-183. [CrossRef]

Hardoim, P.; Overbeek, L.; Berg, G.; Pirttild, A.; Compant, S. The Hidden World within Plants: Ecological and Evolutionary
Considerations for Defining Functioning of Microbial Endophytes. Microbiol. Mol. Biol. Rev. 2015, 79, 293-320. [CrossRef]
Carballar-Hernadez, S.; Hernandez-Cuevas, L.; Montafio, N.; Ferrera-Cerrato, R.; Alarcon, A. Species composition of native
arbuscular mycorrhizal fungal consortial influences growth and nutrition of Poblano pepper plant (Capsicum annum L.). Appl. Soil
Ecol. 2018, 130, 50-80. [CrossRef]

Soufiani, M.; Aissam, S.; Boutay, H.; Ferradous, A.; Douira, A.; Meddich, A.; El Modafor, C. Effectiveness of indigenous arbuscular
mycorrhizal consortium on the growth and mineral nutrition of Argaria spirosa (L.) skeel. Plant Biosyst. 2022, 156, 1365-1372.
[CrossRef]

Sharma, S.; Kashyap, S.; Vasudevan, R. In vitro rhizogenesis of Morus alba by mycorrhizal extracts under saline stress. Eur. J.
Hortic. Sci. 2005, 70, 79-84.

Adeleke, B.S.; Ayilara, M.S.; Akinola, S.A.; Babalola, O. Biocontrol mechanisms of endophytic fungi. Egypt. J. Biol. Pest Control
2022, 32, 46. [CrossRef]

Bueno de Mesquita, C.P.; Martinez del Rio, C.M.; Suding, K.N. Rapid temporal changes in root colonization by arbuscular
mycorrhizal fungi and fine root endophytes, not dark septate endophytes, track plant activity and environment in an alpine
ecosystem. Mycorrhiza 2018, 28, 717-726. [CrossRef] [PubMed]

Xue, H.Q. Water Ecophysiology Effects of Arbuscular Mycorrhizal Fungi on Citrus grandis L. Osbeck cv. Shatianyou in Changshou.
Master’s Thesis, Southwest Agriculture University, Changshou, China, 2004.

Zarik, L.; Meddich, A.; Hijri, M.; Hafidi, M.; Ouhammou, A.; Ouahmane, L.; Duponnois, R.; Boumezzough, A. Use of arbuscular
mycorrhizal fungi to improve the drought tolerance of Cupressus atlantica G. Comptes Rendus Biol. 2016, 339, 185-196. [CrossRef]
[PubMed]

Ahanger, M.A; Tyagi, S.R.; Wani, M.R.; Ahmad, P. Drought tolerance: Role of organic osmolytes, growth regulators, and mineral
nutrients. In Physiological Mechanisms and Adaptation Strategies in Plants under Changing Environment; Ahmad, P., Wani, M.R., Eds.;
Springer: New York, NY, USA, 2014; Volume 1, pp. 25-55.

Salam, E.A ; Alatar, A.; El-Sheikh, M.A. Inoculation with arbuscular mycorrhizal fungi alleviates harmful effects of drought stress
on damask rose. Saudi J. Biol. Sci. 2017, 25, 1772-1780. [CrossRef]

Madouh, T.A.; Quoreshi, A.M. The Function of Arbuscular Mycorrhizal Fungi Associated with Drought Stress Resistance in
Native Plants of Arid Desert Ecosystems: A Review. Diversity 2023, 15, 391. [CrossRef]

Rodriguez, R.J.; Henson, ]J.; Van Volkenburgh, E.; Hoy, M.; Wright, L.; Beckwith, F; Kim, Y.O.; Redman, R.S. Stress tolerance in
plants via habitat-adapted symbiosis. ISME ]. 2008, 2, 404-416. [CrossRef] [PubMed]

Begum, N.; Ahanger, M.A.; Su, Y.; Lei, Y.; Mustafa, N.S.; Ahmad, P.; Zhang, L. Improved drought tolerance by AMF inoculation
in maize (Zea mays) involves physiological and biochemical implications. Plants 2019, 8, 579. [CrossRef] [PubMed]

Li, J.; Meng, B.; Chai, H.; Yang, X.; Song, W.; Li, S.; Lu, A.; Zhang, T.; Sun, W. Arbuscular mycorrhizal fungi alleviate drought
stress in C3 (Leymus chinensis) and C4 (Hemarthria altissima) grasses via altering antioxidant enzyme activities and photosynthesis.
Front. Plant Sci. 2019, 10, 499. [CrossRef] [PubMed]

He, F.; Sheng, M.; Tang, M. Effects of Rhizophagus irregularis on photosynthesis and antioxidative enzymatic system in Robinia
pseudoacacia L. under drought Stress. Front. Plant Sci. 2017, 8, 183. [CrossRef] [PubMed]

Chandrasekaran, M.; Chanratana, M.; Kim, K.; Seshadri, S.; Sa, T. Impact of arbuscular mycorrhizal fungi on photosynthesis,
water status, and gas exchange of plants under salt stress—A meta-analysis. Front. Plant Sci. 2019, 10, 457. [CrossRef]

Zhang, F.; Zou, Y.N.; Wu, Q.S. Quantitative estimation of water uptake by mycorrhizal extraradical hyphae in citrus under
drought stress. Sci. Hortic. 2018, 229, 132-136. [CrossRef]

Li, Q.-S,; Xie, Y.-C.; Rahman, M.M.; Hashem, A.; Abd_Allah, E.E; Wu, Q.-S. Arbuscular Mycorrhizal Fungi and Endophytic Fungi
Activate Leaf Antioxidant Defense System of Lane Late Navel Orange. . Fungi 2022, 8, 282. [CrossRef] [PubMed]

Wu, Q.S,; Srivastava, A.K.; Zou, Y.N. AMF-induced tolerance to drought stress in citrus: A review. Sci. Hort. 2013, 164, 77-87.
[CrossRef]


https://doi.org/10.1128/MRA.00544-20
https://doi.org/10.1080/01904167.2020.1711940
https://doi.org/10.1371/journal.pone.0158207
https://doi.org/10.1034/j.1600-0706.2002.990118.x
https://doi.org/10.1128/MMBR.00050-14
https://doi.org/10.1016/j.apsoil.2018.05.022
https://doi.org/10.1080/11263504.2022.2048280
https://doi.org/10.1186/s41938-022-00547-1
https://doi.org/10.1007/s00572-018-0863-7
https://www.ncbi.nlm.nih.gov/pubmed/30141076
https://doi.org/10.1016/j.crvi.2016.04.009
https://www.ncbi.nlm.nih.gov/pubmed/27180108
https://doi.org/10.1016/j.sjbs.2017.10.015
https://doi.org/10.3390/d15030391
https://doi.org/10.1038/ismej.2007.106
https://www.ncbi.nlm.nih.gov/pubmed/18256707
https://doi.org/10.3390/plants8120579
https://www.ncbi.nlm.nih.gov/pubmed/31817760
https://doi.org/10.3389/fpls.2019.00499
https://www.ncbi.nlm.nih.gov/pubmed/31114594
https://doi.org/10.3389/fpls.2017.00183
https://www.ncbi.nlm.nih.gov/pubmed/28261240
https://doi.org/10.3389/fpls.2019.00457
https://doi.org/10.1016/j.scienta.2017.10.038
https://doi.org/10.3390/jof8030282
https://www.ncbi.nlm.nih.gov/pubmed/35330284
https://doi.org/10.1016/j.scienta.2013.09.010

Plants 2023, 12, 2116 17 of 18

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

Quiroga, G.; Erice, G.; Aroca, R.; Chaumont, F; Ruiz-Lozano, ].M. Contribution of the arbuscular mycorrhizal symbiosis to the
regulation of radial root water transport in maize plants under water deficit. Environ. Exp. Bot. 2019, 167, 103821. [CrossRef]
Quiroga, G.; Erice, G.; Ding, L.; Chaumont, E; Aroca, R.; Ruiz-Lozano, ].M. The arbuscular mycorrhizal symbiosis regulates
aquaporins activity and improves root cell water permeability in maize plants subjected to water stress. Plant Cell Environ. 2019,
42,2274-2290. [CrossRef]

Ridout, M.; Houbraken, J.; Newcombe, G. Xerotolerance of Penicillium and Phialocephala fungi, dominant taxa of fine lateral roots
of woody plants in the intermountain Pacific Northwest, USA. Rhizosphere 2017, 4, 94-103. [CrossRef]

Toju, H.; Sato, H. Root-associated fungi shared between arbuscular mycorrhizal and ectomycorrhizal conifers in a temperate
forest. Front. Microbiol. 2018, 9, 433. [CrossRef] [PubMed]

Drake, EM.; Juan, R.; Herrera, M.A. An ecophysiographic approach for Araucaria araucana regeneration management. Cienc. e
Investig. Agrar. 2012, 39, 159-176. [CrossRef]

Bernier, P.; Lamhamedi, M.; Simpsom, D. Shoot: Root is of limited use in evaluating the quality of container conifer stock. Tree
Plant. Notes 1995, 46, 102-106.

Aganchich, B.; Wahbi, S.; Yaakoubi, A.; El-Aououad, H.; Bota, J. Effect of arbuscular mycorrhizal fungi inoculation on growth and
physiology performance of olive trees under regulated deficit irrigation and partial rootzone drying. S. Afr. J. Bot. 2022, 148, 1-10.
[CrossRef]

Valdebenito, A.; Nahuelcura, J.; Santander, C.; Cornejo, P.; Contreras, B.; Gémez-Alonso, S.; Ruiz, A. Physiological and Metabolic
Effects of the Inoculation of Arbuscular Mycorrhizal Fungi in Solanum tuberosum Crops under Water Stress. Plants 2022, 11, 2539.
[CrossRef]

Redman, R.S.; Kim, Y.O.; Woodward, C.J.D.A.; Greer, C.; Espino, L.; Doty, S.L.; Rodriguez, R.J. Increased fitness of rice plants
to abiotic stress via habitat adapted symbiosis: A strategy for mitigating impacts of climate change. PLoS ONE 2011, 6, 14823.
[CrossRef] [PubMed]

Wu, Q.S.; Xia, R.X. Arbuscular mycorrhizal fungi influence growth, osmotic adjustment and photosynthesis of citrus under
well-watered and water stress conditions. J. Plant Physiol. 2006, 163, 417-425. [CrossRef]

Ouahmane, L.; Hafidi, M.; Thioulouse, J.; Ducousso, M.; Kisa, M.; Prin, Y.; Galiana, A.; Boumezzough, A.; Duponnois, R.
Improvement of Cupressus atlantica Gaussen growth by inoculation with native arbuscular mycorrhizal fungi. J. Appl. Microbiol.
2007, 103, 683-690. [CrossRef]

Zhang, Y.; Zhong, C.L.; Chen, Y.; Chen, Z,; Jiang, Q.B.; Wu, C.; Pinyopusarerk, K. Improving drought tolerance of Casuarina
equisetifolia seedlings by arbuscular mycorrhizas under glasshouse conditions. New For. 2010, 40, 261-271. [CrossRef]

Liu, C.Y,; Srivastava, A.K.; Wu, Q.S. Mycorrhizal fungi regulate root responses and leaf physiological activities in trifoliate orange.
Not. Bot. Horti Agrobot. 2017, 45, 17-21. [CrossRef]

Calvo-Polanco, M.; Sanchez-Romera, B.; Aroca, R. Arbuscular Mycorrhizal Fungi and the Tolerance of Plants to Drought
and Salinity. In Symbiotic Endophytes. Soil Biology Volume 37; Aroca, R., Ed.; Springer: Berlin/Heidelberg, Germany, 2013;
Volume 1, pp. 271-288. [CrossRef]

Begum, N.; Wang, L.; Ahmad, H.; Akhtar, K.; Roy, R.; Khan, M.I; Zhao, T. Co-inoculation of arbuscular mycorrhizal fungi and the
plant growth-promoting rhizobacteria improve growth and photosynthesis in tobacco under drought stress by up-regulating
antioxidant and mineral nutrition metabolism. Microb. Ecol. 2022, 83, 971-988. [CrossRef] [PubMed]

Qaderi, M.M.; Martel, A.B.; Dixon, S.L. Environmental factors influence plant vascular system and water regulation. Plants 2019,
8, 65. [CrossRef] [PubMed]

Hamim, H. Underlying drought stress effect on plant: Inhibition of photosynthesis. Hayati 2004, 11, 164-169.

Chen, J.; Zhang, H.; Zhang, X.; Tang, M. Arbuscular Mycorrhizal Symbiosis Alleviates Salt Stress in Black Locust through
Improved Photosynthesis, Water Status, and KC/NaC Homeostasis. Front. Plant Sci. 2017, 8, 1739. [CrossRef] [PubMed]
Hajiboland, R.; Aliasgharzadeh, N.; Laiegh, S.F.; Poschenrieder, C. Colonization with arbuscular mycorrhizal fungi improves
salinity tolerance of tomato (Solanum lycopersicum L.) plants. Plant Soil 2010, 331, 313-327. [CrossRef]

Sanchez-Blanco, M.].; Alvarez, S.; Ortufio, M.E; Ruiz-Sénchez, M.C. Root system response to drought and salinity: Root
distribution and water transport. In A. Morte & A. Root Engineering; Soil Biology; Springer: Berlin/Heidelberg, Germany, 2014;
Volume 40, pp. 325-352.

Kia, S.H.; Jurkechova, M.; Glynou, K.; Piepenbring, M.; Macia-Vicente, ].G. The effects of fungal root endophytes on plant growth
are stable along gradients of abiotic habitat conditions. FEMS Microbiol. Ecol. 2018, 94, fix162. [CrossRef] [PubMed]

Zhang, Z.F.; Zhang, ].C.; Huang, Y.Q. Effects of arbuscular mycorrhizal fungi on the drought tolerance of Cyclobalanopsis glauca
seedlings under greenhouse conditions. New For. 2014, 45, 545-556. [CrossRef]

Hazzoumi, Z.; Moustakime, Y.; Elharchli, E.H.; Joutei, K.A. Effect of arbuscular mycorrhizal fungi (AMF) and water stress on
growth, phenolic compounds, glandular hairs, and yield of essential oil in basil (Ocimum gratissimum. L.). Chem. Biol. Technol.
Agric. 2015, 2, 10. [CrossRef]

Fan, Q.J.; Liu, J.H. Colonization with arbuscular mycorrhizal fungus affects growth, drought tolerance and expression of
stress-responsive genes in Poncirus trifoliata. Acta Physiol. Plant 2011, 33, 1533-1542. [CrossRef]

Abbaspoura, H.; Saeidi-Sarb, S.; Afsharia, H.; Abdel-Wahhabc, M.A. Tolerance of Mycorrhiza infected Pistachio (Pistacia vera L.)
seedling to drought stress under glasshouse conditions. J. Plant Physiol. 2012, 169, 704-709. [CrossRef]


https://doi.org/10.1016/j.envexpbot.2019.103821
https://doi.org/10.1111/pce.13551
https://doi.org/10.1016/j.rhisph.2017.09.004
https://doi.org/10.3389/fmicb.2018.00433
https://www.ncbi.nlm.nih.gov/pubmed/29593682
https://doi.org/10.4067/S0718-16202012000100013
https://doi.org/10.1016/j.sajb.2022.03.051
https://doi.org/10.3390/plants11192539
https://doi.org/10.1371/journal.pone.0014823
https://www.ncbi.nlm.nih.gov/pubmed/21750695
https://doi.org/10.1016/j.jplph.2005.04.024
https://doi.org/10.1111/j.1365-2672.2007.03296.x
https://doi.org/10.1007/s11056-010-9198-8
https://doi.org/10.15835/nbha45110658
https://doi.org/10.1007/978-3-642-39317-4_14
https://doi.org/10.1007/s00248-021-01815-7
https://www.ncbi.nlm.nih.gov/pubmed/34309697
https://doi.org/10.3390/plants8030065
https://www.ncbi.nlm.nih.gov/pubmed/30875945
https://doi.org/10.3389/fpls.2017.01739
https://www.ncbi.nlm.nih.gov/pubmed/29067036
https://doi.org/10.1007/s11104-009-0255-z
https://doi.org/10.1093/femsec/fix162
https://www.ncbi.nlm.nih.gov/pubmed/29186430
https://doi.org/10.1007/s11056-014-9417-9
https://doi.org/10.1186/s40538-015-0035-3
https://doi.org/10.1007/s11738-011-0789-6
https://doi.org/10.1016/j.jplph.2012.01.014

Plants 2023, 12, 2116 18 of 18

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

Saddique, M.A.B.; Ali, Z.; Khan, A.S. Inoculation with the endophyte Piriformospora indica significantly affects mechanisms
involved in osmotic stress in rice. Rice 2018, 11, 34. [CrossRef] [PubMed]

Mrnka, L.; Tokarova, H.; Vosatka, M.; Matejka, P. Interaction of soil filamentous fungi affects needle composition and nutrition of
Norway spruce seedlings. Trees 2009, 23, 887-897. [CrossRef]

Larimer, A.L.; Bever, ].D.; Clay, K. The interactive effects of plant microbial symbionts: A review and meta-analysis. Symbiosis
2010, 51, 139-148. [CrossRef]

Begum, N.; Qin, C.; Ahanger, M.A; Raza, S.; Khan, M.L; Ashraf, M.; Ahmed, N.; Zhang, L. Role of Arbuscular Mycorrhizal Fungi
in Plant Growth Regulation: Implications in Abiotic Stress Tolerance. Front. Plant Sci. 2019, 10, 1068. [CrossRef] [PubMed]
Oehl, F; Sieverding, E.; Ineichen, K.; Mader, P.; Boiler, T.; Wiemken, A. Impact of land use intensity on the species diversity of
arbuscular mycorrhizal fungi in agroecosystems of Central Europe. Appl. Environ. Microbiol. 2003, 69, 2816-2824. [CrossRef]
Sieverding, E. Vesicular-Arbuscular Mycorrhiza Management in Tropical Agrosystems; GTZ: Eschborn, Germany, 1991; 371p.
Blaszkowski, J.; Glomeromycota, W. Szafer Institute of Botany; Polish Academy of Sciences: Krakéw, Poland, 2012; 304p.

Oehl, F; Silva, G.A.; Goto, B.T.; Sieverding, E. Glomeromycetes: Three new genera and glomoid species reorganized. Mycotaxon
2011, 116, 75-120. [CrossRef]

Liderman, R.; Davis, E. Varied response of manigold (Tagetes spp.) genotypes to inoculation with different arbuscular mycorrhizal
fungi. Sci. Hortic. 2004, 99, 67-88. [CrossRef]

Vaz, A.B.M.; Fontenla, S.; Rocha, ES.; Brandao, L.R.; Vieira, M.L.; De Garcia, V.; Gées-Neto, A.; Rosa, C.A. Fungal endophyte
B-diversity associated with Myrtaceae species in an Andean Patagonian forest (Argentina) and an Atlantic forest (Brazil). Fungal
Ecol. 2014, 8, 28-36. [CrossRef]

Goes-Neto, A.; Loguercio-leite, C.; Guerrero, R. DNA extraction from frozen feeld-collecten and dehydrated herbarium fungal
basidiomata. Performance of SDS and CTAB-based methods. Biotemas 2005, 18, 19-32.

White, T.J.; Bruns, T.D.; Lee, S.; Taylor, ].W. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics.
In PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H., Sninsky, J.S., White, T.J., Eds.; Academic Press:
New York, NY, USA, 1990; pp. 315-322. [CrossRef]

Narisawa, K. The dark septate endophytic fungus Phialicephala fortinii is a potenvial decomposer of soil organic compounds and a
promoter af Asparagus officianalis growth. Fungal Ecol. 2017, 28, 1-10.

Tarroum, M.; Ben Romdhane, W.; Ali, A.A.M.; Al-Qurainy, E; Al-Doss, A.; Fki, L.; Hassairi, A. Harnessing the Rhizosphere of
the Halophyte Grass Aeluropus littoralis for Halophilic Plant-Growth-Promoting Fungi and Evaluation of Their Biostimulant
Activities. Plants 2021, 10, 784. [CrossRef]

Quin, D.; Wang, L.; Han, M.; Wang, J.; Song, H.; Yan, X.; Duan, X.; Dong, ]. Effect of an endophytic fungus Umbelopsis dimorpha on
the secondary metabolites of host-plant Kadsura agustifolia. Front. Microbiol. 2018, 9, 2845. [CrossRef] [PubMed]
Gonzalez-Menendez, V.; Martin, J.; Siles, ].A.; Reyes Gonzalez-Tejero, M.; Reyes, F,; Platas, G.; Tormo, J.R.; Genilloud, O.
Biodiversity and chemotaxonomy of Preussia isolates from the Iberian Peninsula. Mycol. Prog. 2017, 16, 713-728. [CrossRef]
Phillips, ].M.; Hayman, D.S. Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal
fungi for rapid assessment of infection. Trans. Br. Mycol. Soc. 1970, 55, 158-160. [CrossRef]

Giovannetti, M.; Mosse, B. An evaluation of techniques for measuring vesicular arbuscular mycorrhizal infection in roots. New
Phytol. 1980, 84, 489-500. [CrossRef]

McGoingle, T.P; Miller, M.H.; Evans, D.G.; Fairchild, G.L.; Swan, J.A. A new method which give an objetive measure of
colonization of roots by vesicular-arbuscular mycorrhizal fungi. New Phytol. 1990, 115, 495-501. [CrossRef]

Galeano, E.; Vasconcelos, T.S.; Novais de Oliveira, P.; Carrer, H. Physiological and molecular responses to drought stress in teak
(Tectona grandis L.f.). PLoS ONE 2019, 14, e0221571. [CrossRef]

Turner, N.C. Techniques and experimental approaches for the measurement of plant water status. Plant Soil 1981, 58, 339-366.
[CrossRef]

Aroca, R;; Irigoyen, ].; Sanchez-dia, M. Photosynthetic characteristics and protective mechanisms against oxidative stress during
chilling and subsequent recovery in two maize varieties differing in chilling sensitivity. Plant Sci. 2001, 161, 719-726. [CrossRef]
Lichtenthaler, K. ChlorolShylls and Carotenoids: Pigments of Photosynthetic Blomembranes. Methods Enzymol. 1987, 148, 350-382.
Bates, L.S.; Waldren, R.P; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205-207.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12284-018-0226-1
https://www.ncbi.nlm.nih.gov/pubmed/29799607
https://doi.org/10.1007/s00468-009-0330-3
https://doi.org/10.1007/s13199-010-0083-1
https://doi.org/10.3389/fpls.2019.01068
https://www.ncbi.nlm.nih.gov/pubmed/31608075
https://doi.org/10.1128/AEM.69.5.2816-2824.2003
https://doi.org/10.5248/116.75
https://doi.org/10.1016/S0304-4238(03)00081-5
https://doi.org/10.1016/j.funeco.2013.12.008
https://doi.org/10.1016/b978-0-12-372180-8.50042-1
https://doi.org/10.3390/plants10040784
https://doi.org/10.3389/fmicb.2018.02845
https://www.ncbi.nlm.nih.gov/pubmed/30524412
https://doi.org/10.1007/s11557-017-1305-1
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1371/journal.pone.0221571
https://doi.org/10.1007/BF02180062
https://doi.org/10.1016/S0168-9452(01)00460-5
https://doi.org/10.1007/BF00018060

	Introduction 
	Results 
	Fungal Root Colonization 
	Morphological Traits and Mortality Rate 
	Maximum Quantum Yield of Photosystem II (Fv/Fm) 
	Relative Water Content (RWC) 
	Leaf Proline Determination 
	Concentration of Photosynthetic Pigments 
	CO2 Assimilation 
	Multivariate Associations 

	Discussion 
	Materials and Methods 
	Soil Samples and Plant Material 
	AMF Spore Isolation and Identification 
	Cultivation of Trap Plants 
	EF Isolation 
	Inoculation of A. araucana Seedlings and Different Water Regimes 
	Fungal Root Colonization 
	Maximum Quantum Efficiency of Photosystem II (Fv/Fm) 
	Relative Water Content (RWC) 
	Concentration of Photosynthetic Pigments 
	Proline Content 
	CO2 Assimilation 
	Morphological Traits and Mortality Rate 
	Statistical Analysis 

	Conclusions 
	References

