
Citation: Cabrera-Ariza, A.M.;

Silva-Flores, P.; González-Ortega, M.;

Acevedo-Tapia, M.;

Cartes-Rodríguez, E.; Palfner, G.;

Ramos, P.; Santelices-Moya, R.E.

Early Effects of Mycorrhizal Fungal

Inoculum and Fertilizer on

Morphological and Physiological

Variables of Nursery-Grown

Nothofagus alessandrii Plants. Plants

2023, 12, 1521. https://doi.org/

10.3390/plants12071521

Academic Editor: Berca Mihai

Received: 10 January 2023

Revised: 23 March 2023

Accepted: 26 March 2023

Published: 31 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Early Effects of Mycorrhizal Fungal Inoculum and Fertilizer on
Morphological and Physiological Variables of Nursery-Grown
Nothofagus alessandrii Plants
Antonio M. Cabrera-Ariza 1,2,* , Patricia Silva-Flores 1,2 , Marta González-Ortega 3, Manuel Acevedo-Tapia 3 ,
Eduardo Cartes-Rodríguez 3 , Götz Palfner 4 , Patricio Ramos 1,2,5 and Rómulo E. Santelices-Moya 2

1 Centro de Investigación y Estudios Avanzados del Maule, Universidad Católica del Maule, Avenida San
Miguel 3605, Talca 3460000, Chile

2 Centro de Desarrollo del Secano Interior, Facultad de Ciencias Agrarias y Forestales, Universidad Católica del
Maule, Avenida San Miguel 3605, Talca 3460000, Chile

3 Centro Tecnológico de la Planta Forestal, Instituto Forestal Sede Biobío, Camino a Coronel Km 7.5,
San Pedro de la Paz 4130000, Chile

4 Laboratorio de Micología y Micorriza, Departamento de Botánica, Facultad de Ciencias Naturales y
Oceanográficas, Universidad de Concepción, Concepción 4070386, Chile

5 Instituto de Ciencias Biológicas, Universidad de Talca, Avenida Lircay s/n, Talca 3460000, Chile
* Correspondence: acabrera@ucm.cl

Abstract: Nothofagus alessandrii (ruil) is an endangered relict species, endemic to the Mediterranean
area of Chile, and one of the most threatened trees in the country. Its natural distribution area has
been greatly reduced by the effect of human activities; the remaining fragments are mostly intervened
and highly deteriorated as a habitat and refuge for the associated biodiversity. In order to produce
healthy and resistant nursery plants for recovery and restoration of N. alessandrii forests, this study
evaluates the early effects of mycorrhizal fungal inoculum (MFI) combined with fertilization on the
cultivation of seedlings. The experiment was established under a completely randomized design with
a factorial arrangement of the mycorrhizal factors (M0 = without mycorrhizal, M1 = Thelephora sp.
and M2 = Hebeloma sp.) and fertilization (F1 = standard fertilization and F2 = intensive fertilization),
with three replicates of each combination, for each type of plant (P1 = plants from one season and
P2 = plants from two seasons). Each experimental unit corresponded to a group of 20 plants, with
720 plants in the test. The results indicate that application of fertilizer and MFI significantly affects
some growth and photosynthesis parameters of ruil plants in one and two seasons. The morphological
parameters obtained in the study show shoot height values ranging between 67 and 91 cm for P1 and
between 96 and 111 cm for P2; while, for shoot diameter, values ranged between 7.91 and 8.24 mm
for P1 and between 10.91 and 11.49 mm for P2. Although formation of fully developed mycorrhizal
roots was not observed during the assay period, we conclude that inoculation of mycorrhizal fungi
combined with fertilization could be an efficient strategy to produce a quality plant, in addition to
maintaining a high photosynthetic capacity and, therefore, a higher percentage of survival in the
field.

Keywords: ruil; fungi; photosynthesis

1. Introduction

The highest biodiversity in Chile is found in the zone of seasonally humid Mediter-
ranean climate (clima mediterraneo pluviestacional, [1]), extending between approximately
33◦ and 39◦ SL. This region is also particularly rich in endemic species [2]. The deciduous
forests dominated by Nothofagaceae, characteristic for the area, are adapted to the long dry
season and play a key role in the retention of water, formation of organic soil and carbon
cycle, among others. These forests have a vast variety of ecological niches and habitats
for flora, fauna, and associated microbiota [3]. Nothofagus alessandrii Espinosa (ruil) is an
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endemic tree species, emblematic in these ecosystems, belonging to the Maulino Deciduous
Forest type [4]. Its natural distribution area has been strongly diminished by soil use change,
mainly through the agriculture and timber industries. The remaining fragments are mostly
disturbed and highly deteriorated as habitat and refuge for the associated biota [5–7].

Ruil is considered a relict species and part of the most ancient lineage of
Nothofagus [8,9]. Its actual distribution is limited to a narrow and short strip in the Chilean
Coast Range of the Maule Region between approximately 35 and 36◦ SL [10], where it is in
a precarious state of conservation. It has been declared by the Chilean State as a species
in danger of extinction [11,12], and by the IUCN as critically endangered [13]. In the past,
forests were slashed and burned [14]; currently, the remaining populations are extremely
fragmented and typically surrounded by exotic timber plantations, mainly Monterrey pine
(Pinus radiata D. Don) [15,16], which is highly invasive in ruil forests [17]. The current area
where N. alessandrii is present does not exceed 314 ha in total [10].

Some initiatives and activities have been developed to conserve and restore
N. alessandrii forests [18–20].

The currently available background on the cultivation of N. alessandrii plants is limited
and shows variable results [18,21–24]. A method of increasing worldwide importance
in nursery plant production is mycorrhization, which has been shown to increase plant
growth and improve plant performance when transplanted to the field [25]. For example,
Hebeloma and Thelephora species are known as pioneer colonizers and are often abundant in
nurseries and new plantings [26]. Thelephora terrestris Ehrh. ex Fr. has been proven to be
important in the uptake of phosphate after one year of establishment of the mycorrhiza [27],
while the Hebeloma species has been shown to be important in the uptake of water, and the
protection of plants against soil-borne pathogens and seedling survival [28,29]. However,
the effect of mycorrhization on nursery seedlings and the interaction of mycorrhization with
fertilization has not yet been studied in Nothofagus [30]. In natural environments, the species
of the Nothofagaceae family form ectomycorrhiza (EM) [31,32], reaching more than 70% of
fine root colonization by EM fungi [33,34] and are considered obligate ectomycorrhizal [35].

Among the multiple benefits that ectomycorrhizal symbiosis provides for naturally
growing and cultivated plants, mitigation of water stress is especially relevant in the
Mediterranean climate zone where N. alessandrii grows [36]. As for most native species of
Chile, there is very little information on this subject for ruil.

The first description of ectomycorrhizal structures on ruil was performed by Gar-
rido [37], and a preliminary inventory of fungi associated with N. alessandrii forest was
recently published by Palfner et al. [38], yielding about 50 mycorrhiza-forming species,
most of them endemic in South American Nothofagus forest. However, no mycorrhization
experiments with N. alessandrii seedlings and their native mycobionts have been published
so far.

As for the treatment of nursery seedlings with mycorrhizal fungal inoculum (MFI), it
should be noted that due to the usually limited time available for the assay before treated
seedlings have to be transplanted to the field, the formation of ectomycorrhizal organs may
be still incomplete at the end of the treatment and not be backed by the visible presence
of their typical functional morphology. This, however, does not necessarily mean that no
physiological changes, induced by the applied MFI, occur in the fine root system, generating
positive effects in this early stage on seedling growth. In terms of growth parameters that
can be enhanced by mycorrhizal symbiosis, several authors point out that plant size is
an important feature of its quality, especially the diameter of the sapling; although, the
robustness or slenderness of the sapling is no less important [36,39–41]. In the establishment
of plantations in Mediterranean environments, which is the condition of the species under
study, plants considered robust should have a slenderness index of around six [36] and
a high ratio of root/shoot biomass. [40], especially under conditions of low moisture. In
order to produce larger but non-slender plants, it is favorable to use bigger containers and a
larger growing area. In general, the production of rowan plants has been carried out using
100 or 140 mL cavity containers [22], with variable results in terms of slenderness and size.
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Looking at fertilization and its effects, N. alessandrii plants of different quality have
been shown to be produced with slow delivery fertilizers at the doses suggested by their
manufacturer [22,23]. In another study, Acevedo et al. [21] found that fertilization with
N doses of 200 mg N L−1 was sufficient. On the other hand, higher concentrations of N
(400 and 600 mg N L−1) led to a luxury consumption that did not produce a higher survival
rate at the planting site. Fertilization directly affects plant growth, improving rooting
ability at transplanting, and increasing resistance to drought stress, low temperatures, and
diseases [21,42–45]. Different studies have shown positive correlations between fertilization,
plant size, and survival in the field, suggesting that the nutritional state might largely
explain the success of plantation establishment [46–48]. The rise of N and C increases root
and stem growth, promoting photosynthesis and ensuring plant establishment [49–51].
However, other studies [52,53] have found that higher N fertilization in the nursery could
produce a morphological imbalance where stem biomass exceeds root biomass. Under
hydric stress conditions, such an imbalance could increase transpiration rates, and reduce
stem hydric potential and root hydraulic conductivity [54]. In short, fertilization should be
an important factor to consider in plant production. Under the current scenario, there is
an urgent need to complement the research so far developed with ruil, which should be
oriented to knowledge generation and answers that propose new and effective measures to
achieve its recovery and conservation. Therefore, the objective of this study is to evaluate
the early effects of mycorrhizal inoculum and fertilizer on morphological and physiological
variables of Nothofagus alessandrii plants of two different seasons, grown in nurseries.

2. Results
2.1. Morphological Variables

Figures 1 and 2 show shoot growth data (height and diameter, respectively) of nurs-
ery plants classified by age class (P1 one season and P2 two seasons), under different
combinations of fertilization treatment (F1 and F2), and application of MFI (M0, M1, and
M2).
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Figure 2. Shoot diameter of Nothofagus alessandrii plants of one and two seasons (P1 and P2) under
different combinations of fertilization management (F1 and F2) and application of MFI (M0, M1, and
M2).

In all treatments, there was sustained growth over time in both shoot height and
diameter. A multifactorial ANOVA was performed on all data to verify the effects of the
different factors (type of plant, fertilization, and mycorrhization) on growth parameters
(Table S1).

For a cumulative increase in height, significant differences were found for plant type,
which was evident as they were one- and two-season plants, while, for a cumulative
increase in diameter, significant differences were found for plant type, application of MFI,
and plant type–MFI interaction (Figure 3). The cumulative increase in height and diameter
is greater for P2 plants, possibly due to a greater development of the root system, which
makes possible a greater absorption of nutrients and therefore greater growth.
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Table 1 shows the results obtained in terms of biomass.
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Table 1. Biomass and their standard deviations of Nothofagus alessandrii seedlings by components
(root, stem, and leaves) for one- and two-season plants (P1 and P2) with different fertilization (F1 and
F2) and MFI management (M0, M1, and M2).

Treatment Roots
Biomass (gr)

Stems
Biomass (gr)

Leaves
Biomass (gr)

Total Biomass
(gr)

P2F1M0 10.19 ± 3.74 19.65 ± 6.62 7.52 ± 3.28 37.37
P2F1M1 11.71 ± 2.85 21.94 ± 5.03 9.03 ± 2.37 42.68
P2F1M2 11.09 ± 3.98 19.97 ± 4.72 8.28 ± 2.69 39.34
P2F2M0 10.49 ± 2.20 21.86 ± 4.75 8.17 ± 2.87 40.52
P2F2M1 9.53 ± 3.74 18.41 ± 6.83 7.34 ± 3.99 35.28
P2F2M2 10.21 ± 3.73 19.97 ± 6.44 7.78 ± 3.18 37.96

P1F1M0 5.12 ± 2.23 9.50 ± 3.41 6.34 ± 2.17 20.96
P1F1M1 4.45 ± 2.38 8.51 ± 3.92 5.76 ± 2.42 18.72
P1F1M2 4.42 ± 2.44 8.00 ± 3.66 5.54 ± 2.25 17.96
P1F2M0 3.99 ± 2.03 8.26 ± 3.95 5.71 ± 2.54 17.97
P1F2M1 3.42 ± 1.79 7.13 ± 3.42 5.00 ± 2.09 15.55
P1F2M2 3.35 ± 1.85 7.12 ± 3.75 4.88 ± 2.23 15.35

In the case of biomass, after ANOVA analysis, the only significant difference, as
expected, was found in the increase in biomass for plants of one and two seasons, the
increase being higher in P2 plants. No significant differences were found between the
different treatments or the interactions between them (p = 0.05).

Regarding the slenderness and stem:root indices, the results are shown in Table 2.

Table 2. Slenderness index (SI) and Stem:Root index (SRI) and their standard deviations for plants of
one (P1) and two (P2) seasons of Nothofagus alessandrii under different treatments of fertilization (F1
and F2) and application of MFI (M0, M1, and M2).

Index P1F1M0 P1F1M1 P1F1M2 P1F2M0 P1F2M1 P1F2M2

SI 12.51 ± 3.32 11.07 ± 2.55 11.13 ± 2.73 11.05 ± 2.99 11.82 ± 2.20 8.50 ± 3.65
SRI 3.17 ± 0.68 2.78 ± 0.89 2.81 ± 0.85 3.39 ± 0.36 3.98 ± 0.95 3.91 ± 0.87

P2F1M0 P2F1M1 P2F1M2 P2F2M0 P2F2M1 P2F2M2

SI 9.86 ± 1.92 9.39 ± 1.65 9.49 ± 1.93 9.63 ± 1.62 9.87 ± 1.88 9.46 ± 1.70
SRI 2.52 ± 0.58 2.28 ± 0.39 2.99 ± 0.58 3.08 ± 0.68 3.19 ± 0.79 2.77 ± 0.46

The ANOVA performed (Table S2) indicates significant differences in the
MFI–fertilization interaction for the slenderness index in one-season plants and for fertil-
ization in the stem:root index. For two-season plants, there are significant differences in all
factors for both indices, except for MFI treatment in the stem:root index.

As for the nutritional analyses, all the data can be found in Table S3, while the ANOVA
results can be found in Table S4. As can be seen, MFI treatment had a significant effect
only on N. As expected, fertilization had significant differences in most of the nutrients
analyzed. In addition, plant type had significant differences in most of the nutrients.

Mycorrhizal Analysis

The root system was fully explored in each plant analyzed. None of the plants
presented all diagnostic morphological characteristics of ectomycorrhizae. However, the
roots looked healthy, active, and with a high presence of root hairs.

Figure 4 shows root apices of plants inoculated with Hebeloma crustuliniforme (Bull.)
Quél. (left) and with Thelephora terrestris (right), slender and with the abundant presence of
root hairs, but without fungal mantle or periferical mycelium.
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Figure 5 shows lateral fine roots of ruil inoculated with Thelephora terrestris, with
reduced longitudinal growth, typical for ectomycorrhiza; however, in these roots, the root
hairs still persisted, and there was no presence of mantle or Hartig net. This may represent
an early stage of mycorrhiza formation.
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2.2. Physiological Variables

Analyzing the ANOVA performed (Table S5), it is noteworthy that photosynthesis
varied as a function of fertilization and the interaction of plant type and MFI treatment;
conductance varied as a function of MFI treatment and the interaction between plant type
and fertilization; intracellular carbon varied as a function of fertilization and the interaction
between plant type and MFI treatment.

Regarding photosynthesis, Figure 6 shows photosynthesis depending on the type of
plant and MFI treatment. Without MFI, P2 plants perform greater photosynthesis; this
trend is reversed when the plants are inoculated with Hebeloma (M2), and there are no
differences in photosynthesis when the plants are inoculated with Thelephora (M1).
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Figure 7. Net photosynthesis for Nothofagus alessandrii plants as a function of fertilization type.
Different letters represent significant differences at p < 0.05.

As for stomatal conductance, Figure 8 shows the stomatal conductance as a function
of MFI treatment. In this case, there is a greater stomatal conductance in Thelephora-
inoculated plants vs. Hebeloma-inoculated plants. There are no significant differences in the
conductance between non-inoculated and inoculated plants.

Figure 9 shows the stomatal conductance as a function of fertilization and the type of
plant. The results indicate that the stomatal conductance in plants of one season is higher
when a lower fertilization amount is applied. When the amount of fertilizer applied is
higher, there are no differences in conductance between plants of one and two seasons.

Finally, for intracellular carbon, Figure 10 shows the results for the interaction between
MFI treatment and plant type, with significant differences. Intracellular carbon is higher in
plants from one season when they were not inoculated or when they were inoculated with
Thelephora (M1). However, when plants were inoculated with Hebeloma (M2), there were no
significant differences in intracellular carbon between plants of one vs. two seasons.
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3. Discussion
3.1. Morphological Variables

The morphological parameters obtained in the study show shoot height values ranging
between 67 and 91 cm for one-season plants and between 96 and 111 cm for two-season
plants; while, for shoot diameter, values ranged between 7.91 and 8.24 mm for P1 and be-
tween 10.91 and 11.49 mm for P2. The heights and diameters obtained are superior to those
obtained in other studies. For example, Acevedo et al. [21] examined the effect of different
doses of nitrogen fertilization and two container sizes on the cultivation of N. alessandrii
plants in a nursery. The aforementioned authors obtained heights ranging from 15.4 to
54.3 cm and diameters ranging from 3.84 to 5.51 mm. In another study, Santelices et al. [55]
analyzed the effect of cover and fertilization on the initial development of plants during
one season. The results show that there was a significant effect of shade on plant devel-
opment, with better attributes being observed in plants with 35–50% shade, compared
to those grown with 80%. However, the height values obtained varied between 25.2 and
31.8 cm, while the diameter value varied between 3.2 and 4 mm. In another work, Santelices
et al. [23] studied the response, in terms of germination and growth in a nursery, of viable
seeds of N. alessandrii to different pre-germination treatments, sowing times, and slow-
release fertilizers, obtaining heights that varied between 22 and 69 cm and diameters that
ranged between 3.1 and 5 mm. Finally, in a study by Santelices et al. [24], they evaluated
survival, morphological, and chlorophyll fluorescence differences in N. alessandrii seedlings
grown in a nursery under different shade levels (0%, 18%, 50%, and 80% shade), height
values varied between 13.2 and 21.7 cm, and diameters between 2.4 and 3 mm. Although
in this case, it must be taken into account that the experiment was developed in 32 weeks.

The growth rate achieved by the plants during cultivation can be considered high.
Although there is no official standard for this species, when compared with that of N.
nervosa (Phil.) Dim. et Mil. [56], it is possible to affirm that the plants produced would not
only meet the minimum growth demands but would greatly exceed them. For example,
the standard contemplates a minimum value of 3 mm for root collar diameter, and this is
one of the most important attributes for predicting subsequent plant development in the
field [57], particularly under water stress conditions [58]. The high values obtained could
be due to the effectiveness of the fertilizer treatment and the interaction with mycorrhizal
inoculum. Several studies indicate, for some species, higher growth when a combination of
fertilizers and mycorrhization is applied in the nursery [59,60]. In general, the presence
of mycorrhizal fungi tends to significantly affect plant growth. However, the direction
and magnitude of this effect depend on the particular combination of plant and fungal
species and their origin (native or exotic) [61]. In addition, another important factor to
take into account in the development of the plants is that they were all produced in bags
with a volume of one-liter capacity; the greater root development may have influenced the
greater growth in height and diameter of the plants. As for the slenderness index, where
low values (i.e., 4–7 for Mediterranean species in Navarro-Cerrillo et al. [39]) tend to reflect
a better biomass distribution and better seedling condition [62], it is in an inappropriate
range for all levels, implying a higher transpiration rate and water consumption.

In the case of SRI, Navarro-Cerrillo et al. [39] recommended a ratio close to unity
to ensure good survival in the early establishment of Quercus ilex. According to Villar-
Salvador [36], a shoot:root ratio close to one implies a higher probability of seedling survival
in drought-prone sites. Plants shift their allocation to shoots if the carbon gain of the shoot
is affected by a low level of aboveground resources, such as light and CO2. Similarly,
plants shift allocation to roots when there is a low level of belowground resources, such
as nutrients or water. In this study, seedlings would not be balanced, as they show values
above the unit.

Application of MFI

Plants that were inoculated with ectomycorrhizal fungi showed some roots with
reduced longitudinal growth, in contrast to non-inoculated plants. This modification
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of plant root architecture in the presence of ectomycorrhizal fungi has been previously
described [63–65], and is thought to be related to auxin accumulation in the root
apex [66–68], constituting the first visible step of the mycorrhization process. However,
neither Hartig net nor fungal mantle, key diagnostic attributes of a functional ectomyc-
orrhiza, were observed in the examined roots, which may indicate that the duration of
the experiment was too short for full formation of the typical EM morphology. The lack
of mycorrhization could also be explained as an effect of nitrogen fertilization, indicated
by the positive chlorophyll values found in the plants. Several authors argue that high
concentrations of nitrogen in the substrate produce a basification of the substrate, which in-
hibits the formation of mycorrhizae until the substrate becomes acidic [69–72]. In addition,
nitrogen strongly inhibits the growth of extramatrical mycelium [70]. However, Thelephora
terrestris as well as Hebeloma crustuliniforme has been reported to perform well in mycor-
rhization assays with simultaneous fertilizer application [29,73]. Another explanation could
be the irrigation applied to the plants to ensure proper survival and good development for
subsequent establishment in the field. In this sense, the substrate being constantly under ir-
rigation can cause the development of “water roots”, which are thicker and less susceptible
to mycorrhization [74]. Carrillo [70] found a lower rate of mycorrhization in plants that
were growing on a daily-irrigated substrate. In contrast, plants grown with a less intense
irrigation regime developed more mycorrhizae due to the greater number of macropores in
the substrate. This allows greater aeration and better development of ectomycorrhizae [75].
In this sense, several authors argue that the formation of mycorrhizae is favored by the
desiccation of the plants and that these have a better chance of surviving in field conditions
after planting [25,70,76,77]. However, as already mentioned, the lack of plant material to
propagate plants of the species (i.e., low seed production in the previous season), made it
necessary to maintain an irrigation and fertilization regime that ensured the survival of
the test. Finally, both EM fungal species used in the assay are sub-cosmopolitan and not
specifically associated with Nothofagus alessandrii. Although, at least, T. terrestris has been
reported from other Nothofagus species in South America [78], N. alessandrii is known to
associate with mostly endemic EM fungi [38] and, thus, may have restricted compatibility
with T. terrestris and H. crustuliniforme.

3.2. Physiological Variables

Few studies have measured photosynthesis in N. alessandrii. Torres-Díaz et al. [79]
evaluated the effect of inoculation with a fungal consortium of root endophytes isolated
from the Antarctic host plant Colobanthus quitensis on ecophysiological performance (photo-
synthesis, water use efficiency, and growth) in N. alessandrii and Nothofagus glauca (Phil.)
Krasser. These authors found that inoculation with endophytic roots produced significant
increases in photosynthetic rates of N. alessandrii and N. glauca, water use efficiency, and
cumulative growth. In another study, in which photosynthesis and stomatal conductance
were analyzed in two species of the genus Nothofagus, Zúñiga et al. [80], also obtained
higher values in photosynthesis, but very similar values in stomatal conductance. Although
photosynthesis values for N. alessandrii were higher than those obtained in this study, this
may be due to the different conditions in the nursery. In the case of this research, the
shade provided by the raschel mesh may have decreased the values. In another study,
Sebastiana et al. [81] studied whether cork oak yield under drought could be improved by
colonization with the ectomycorrhizal fungus Pisolithus tinctorius (Pers.) Coker and Couch.
In this case, inoculation had no effect on photosynthesis, suggesting that the symbiosis
with P. tinctorius was not effective in inducing stomata opening to sustain photosynthesis
under conditions of low water availability, as has been suggested in other studies [82,83].

Although morphological changes in the root system, which can be an efficient strategy
to increase water uptake under drought conditions, were not evaluated, statistical analyses
indicated the influence of the applied mycorrhizal inoculum on relative growth and pho-
tosynthesis. It has been suggested that endophyte-induced variations in the rhizosphere,
such as in the production of sugars, proteins, and/or enzymes that prevent cell damage to
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membranes, allow some plants to cope with the stressful environmental conditions that can
be found in Mediterranean ecosystems [84]. Therefore, inoculation of mycorrhizal fungi in
roots could be an efficient strategy to maintain a high photosynthetic capacity and, hence, a
higher percentage of survival in the field.

4. Materials and Methods
4.1. Plant Production

N. alessandrii seedlings were produced at the Forest Plant Production Center of the
National Forestry Institute INFOR at San Pedro de La Paz, Chile. These were grown in
13 cm × 25 cm polyethylene bags with a volume of approximately 1000 ccs and pine bark
compost substrate of G10 granulometry (<10 mm), characterized by a pH of 5.5; organic
matter = 56.5%; total nitrogen = 0.6%; carbon–nitrogen ratio = 27; N–NO3

− = 140 mg
kg−1; N–NH4

+ = 67.8 mg kg−1; 27% of water retention; and 25% of aeration porosity. This
substrate was sterilized in three autoclave cycles at 121 ◦C for 30 min for each cycle.

Two age classes of plants were used, viz.: seedlings of the season (P1) and second-year
seedlings (P2); P1 seedlings were sown on 25 September 2019, in previously sterilized
sand, with systematic irrigation during the germination period. After having their first
pair of true leaves, these plants were transferred to polyethylene bags. P2 seedlings were
sown on 18 October 2018. In order to avoid the use of plants with previous, spontaneous
mycorrhization in the assays, we monitored selected plants for the visible presence of
mycelium in the substrate and on fine roots under a dissecting microscope at the Mycology
Laboratory of the Department of Botany, Universidad de Concepción. After this evaluation,
the plants were also transferred to bags.

Prior to the experimental treatments, both plant groups (P1 and P2) were systematically
irrigated for 1 month in order to allow the formation of new roots inside the containers. For
the assays, we used a 50% raschel mesh as protection from direct light, and planting tables
and surrounding areas were disinfected using a 1% solution of Captan 80 WP applied with
a back pump. In P2 plants, apical pruning was performed at the time of establishing the
test, eliminating the new foliage formed under greenhouse conditions. From the start of the
assay setup, and by using previously calibrated soil moisture sensors, an irrigation regime
was carried out considering 70%, 60%, and 50% of substrate retention capacity, respectively,
according to the methodology proposed by Cartes et al. [85].

Fertilization Treatments

The application of two contrasting fertilization schedules (F1 and F2) in the applica-
tion of macro and micronutrients was considered, with F1 being lower than F2 (Table 3).
Fertilizer was prepared by using soluble salts (Urea, Sodium nitrate, Ammonium nitrate,
Monopotassium phosphate, Calcium nitrate, Magnesium sulfate heptahydrate, Ferrous
sulfate pentahydrate, manganese sulfate tetrahydrate, copper sulfate heptahydrate, zinc
sulfate heptahydrate, Sodium molybdate Dihydrate, Sodium borate decahydrate), follow-
ing the methodology proposed by Landis [86]. To apply the fertilizers, fertigation was used
throughout the growth period of the plants.

Table 3. Fertilization schemes applied.

Fertilization
Scheme

Total N
(mg L−1)

N–NO3−

(mg L−1)
N–NH4

+

(mg L−1)
P

(mg L−1)
K

(mg L−1)
Ca

(mg L−1)
Mg

(mg L−1)

F1 50 25 25 25 32.4 15 12.5
F2 200 100 100 100 127 60 50

Fertilization
Scheme

S
(mg L−1)

Fe
(mg L−1)

Mn
(mg L−1)

Cu
(mg L−1)

Zn
(mg L−1)

Mo
(mg L−1)

B
(mg L−1)

F1 17.2 2.5 2.5 0.5 2.5 0.5 0.5
F2 79.7 10 10 2 10 2 2
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4.2. Mycelium Production and Inoculation

Mycelial biomass production of Hebeloma crustuliniforme (strain IF: 732005) and Thele-
phora terrestris (strain IF: 711004) for inoculation of Nothofagus alessandrii plants was pro-
duced in a 5 L (LiFlux Gx) stirred tank bioreactor culture, belonging to the Fungal Biotech-
nology Laboratory, Universidad de Concepción, Campus Los Ángeles. Both EM species
were selected being known as early-stage colonizers with a broad tree host range, having
been successfully used under greenhouse conditions with fertilization regimes [29,73],
and also having been reported from natural environments in Chile [78]. The initial inocu-
lum was grown for 15 days before transferring the mycelium to the bioreactor. Modified
Melin–Norkrans medium (MMN, with glucose reduced to 1/4 of the original) was used.
The following parameters were monitored: temperature 24 ◦C, pH 5.5 (adding NaOH
0.5 N in case of acidification of the medium during fungal growth), constant agitation at
100 rpm, airflow 0.5 L min−1, and dissolved oxygen (% OD) in excess of 60% [82,87]. The
final culture volume was 2.5 L and the initial inoculum consisted of 10% of pre-cultured
(v/v) mycelium (2.25 L plus 250 mL of initial inoculum). Finally, the total mycelial biomass
produced was harvested and used for plant inoculation.

Inoculation with Thelephora (M1) and Hebeloma (M2) was performed in two instances:
the first was carried out together with the experimental setup (on 17 December 2019),
applying 6 mL inoculum per plant taken from a 10% suspension of the harvested mycelium
of each strain; the second inoculation was carried out on 4 February 2020 following the
same procedure. For each of the inoculation instances, distilled water was used to suspend
the mycelium. In the case of the experiments without inoculation (M0), the same volume of
distilled water was applied.

4.3. Evaluation of Morphological Variables

The collar diameter (DOC) and stem length (SL) of all plants were measured. These
evaluations were repeated monthly until the end of the experiment. Likewise, biomass by
components (root, stem, and foliage) was evaluated at the end of the test, with a random
sampling of three plants per experimental unit. In the case of root and stem biomass, drying
was carried out in a forced ventilation oven at 105 ◦C until constant weight. For foliage
biomass, drying was carried out in a forced ventilation oven at 65 ◦C until constant weight.
Dry weights were recorded to the nearest 0.01 g.

In addition, the slenderness index (SI) and the stem:root index (SRI) [88] were calcu-
lated, according to the following Formulas (1) and (2):

SI = SL (cm)/DOC (mm) (1)

SRI =AB (g)/RB (g) (2)

where AB is the aerial biomass and RB is the root biomass.
On the other hand, leaf samples were taken in May 2020 for a complete nutritional

analysis. The analyses were carried out at the Soil and Crop Technology Center of the
University of Talca, following the established protocols (http://www.ctsyc.cl/ accessed on
17 July 2020). The objective was to verify if mycorrhization has a nutritional effect on the
plant.

4.4. Evaluation of Physiological Variables

For the analysis of gas exchange during December, a sample of three plants per
experimental unit was taken, and the parameters net photosynthesis (An, umol CO2 m−2

s−1), stomatal conductance (gs, mol H2O m−2 s−1), and intracellular CO2 (µmol CO2
mol−1) were measured for each plant. Measurements were taken between 11:00 and
14:00 (local time) with a portable photosynthesis system (LICOR model Li-6400XT), under
illumination of 1000 mmol m2 s1, which was obtained with red/blue light source (LICOR
model 6400-02B).

http://www.ctsyc.cl/
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During the measurements, the relative humidity inside the measuring chamber varied
between 25 and 26% (vapor pressure deficit of 1.7 to 2.2 kPa). CO2 concentration in the
chamber was adjusted up to 400 ppm. The block temperature was set at 25 ◦C, resulting
in leaf temperatures between 22 and 24 ◦C, and the airflow through the chamber was
500 mL min−1. Readings were taken once the equilibrium state was reached, usually less
than 3 min per plant.

4.5. Evaluation of Mycorrhization

For mycorrhization analysis, the entire root system of three plants per experimental
unit was harvested, washed with tap water, and stored in 50 mL bottles with 70% ethanol
for later analysis. The root systems were subsequently removed from the alcohol, and
placed in trays with tap water, in order to stretch the roots and remove the remaining soil.
They were then scanned under a Leica EZ4HD stereo microscope for diagnostic attributes
of successful mycorrhization, such as reduced longitudinal growth, absence of root hairs,
and presence of fungal mantle and/or peripheral mycelium, with characteristic coloration
and texture.

4.6. Data Analysis

The test was set up under a completely randomized design with a factorial arrange-
ment of the factor mycorrhizal inoculum (M0, M1, and M2) and fertilization (F1 and F2),
with three replicates of each combination, for each type of plant (P1 and P2). Each experi-
mental unit corresponded to a group of 20 plants, with a total amount of 720 plants in the
test.

The data analysis for the variables of growth and biomass (collar diameter, stem length,
and total biomass, foliage, stem, and roots), were carried out based on the cumulative
increment at the end of the evaluations and relative to the initial size of the plants (relative
cumulative increment). For all the variables (including physiological), the analyses were
performed by means of generalized linear models, using PROC GLIMMIX (SAS Institute,
Cary, NC, USA), with distribution selection based on the Akaike information criterion.
The model structure considered factor Plant type (P1 and P2; two levels), Fertilization
(F1 and F2; two levels), Inoculation (M0, M1, M2; three levels), and interactions, with
three replicated in each treatment. The identification of outliers was performed from
the interquartile range, considering the adjustment of the degrees of freedom using the
Satterthwaite approximation. The multiple comparisons of means for significant effects
were performed by Tukey’s adjustment with a significance level of 0.05.

5. Conclusions

The results indicate that both fertilization and application of MFI have an effect on the
growth and photosynthesis of N. alessandrii plants in one and two seasons. Although no
completely formed mycorrhizal organs could be observed to be formed in the seedlings
during the assay, measured effects may be early responses to the combined treatment.
Therefore, the inoculation of seedlings with mycorrhizal fungi, combined with a specific
fertilization regime, according to our observations, is an efficient strategy in order to
produce a quality plant with a high photosynthetic capacity and, therefore, a higher
potential of survival in the field.

Nevertheless, it is necessary to continue investigating the mycorrhization of this
species and, above all, to analyze the long-term performance in the areas of the natural
distribution of the species.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12071521/s1, Table S1: Significance level for the main effects
(TP = Plant type, F = Fertilization, M = mycorrhization) and their interactions in the morphological
attributes height and diameter of Nothofagus alessandrii.; Table S2: Significance level for the main
effects (TP = Type of plant, F = Fertilization, M = mycorrhization) and their interactions in the
morphological attributes Stem:Root Index (SRI) and Slenderness Index (SI) of Nothofagus alessandrii
seedlings; Table S3: Macro and micro nutrients concentration in leaves of Nothofagus alessandrii in one
and two-season plants (P1 and P2) (TP = Type of plant, F = Fertilization, M = mycorrhization); Table S4.
The significance level for the main effects (TP = Type of plant, F = Fertilization, M = mycorrhization)
and their interactions on the concentration of nutrients in the leaves of Nothofagus alessandrii in one-
and two-season plants (P1 and P2); Table S5. Level of significance for main effects (TP = Plant type,
F = Fertilization, M = mycorrhization) and their interactions on photosynthesis, stomatal conductance,
and intracellular CO2 of Nothofagus alessandrii plants.
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