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Abstract
Traditionally, it is thought that arbuscular mycorrhizae establish a symbiosis with the roots of numerous angiosperm 

and some gymnosperm families. However, the mobilization and transfer of macro- and micronutrients to Pinaceae 
via arbuscular mycorrhizal fungi (AMF) has not been reported so far. The present work evaluated whether arbuscular 
mycorrhizae are able to establish, mobilize, and transfer nutrients in the neotropical species of Pinaceae, Pinus greggii. 
Seedlings were inoculated with 3 AMF consortia isolated from an agricultural site, a Cupressus lusitanica forest and 
a Pinus hartwegii forest. Evidence of mobilization and transfer of macro- and micronutrients in plants inoculated with 
the 3 consortia was evaluated. A greater Mg, Mn, and Zn mobilization and transfer was observed in plants inoculated 
with the pine forest AMF consortium after 7 months. In addition to these positive effects, AMF root colonization of 
10 to 15% and 21 to 36% was observed depending on the AMF consortia after 2 and 7 months. In the present work, 
we report for the first time that AMF mobilize and transfer N, P, K, Ca, Mg, Fe, Mn, Zn, Cu, and B to a member of 
Pinaceae, indicating that this mycorrhizal symbiosis is more complex than previously believed.

Keywords: Glomeromycota; Pinaceae; Neotropic; Nutrient mobilization and transfer; Arbuscular mycorrhiza
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Introduction

Under natural conditions, it has been estimated 
that around 85% of terrestrial plants form mycorrhizal 
symbioses (Smith & Read, 2008). Arbuscular mycorrhizal 
fungi (AMF) are native to all terrestrial ecosystems and 
can be found in almost all soils (Jansa et al., 2006). 
These fungi are members of the phylum Mucoromycota, 
subphylum Glomeromycotina (Spatafora et al., 2016) and 
are important components in the soil rhizosphere because 
they serve multiple functions in ecosystems, favor plant 
growth, and facilitate nutrients absorption, including P, N, 
and water (Sharif & Claassen, 2011; Siqueira et al., 2002). 
AMF have been reported in most vascular plants including 
mainly angiosperms, and also in early diverging lineages 
such as liverworts and hornworts (Bonfante & Genre, 
2008; Wang et al., 2010). In addition, some gymnosperms 
are known to establish arbuscular mycorrhiza, including 
cycads (Fisher & Vovides, 2004; Muthukumar & Udaiyan, 
2002) and some ancient conifers whose origin is dated to the 
late and middle Carboniferous, respectively, more than 300 
million years ago (Strullu-Derrien et al., 2018). The fossil 
record has shown that extinct voltzialean conifers from 
middle Triassic, around 220 million years ago, belonging 
to the genus Notophytum presented arbuscular mycorrhiza 
as well, showing that this symbiotic fungal association was 
likely important in early transitional conifers (Harper et al., 
2015). Some living gymnosperms, members of the family 
Araucariaceae, which were widespread globally during the 
Jurassic Period from 199 to 145 million years ago, also 
harbor AMF (Padamsee et al., 2016). There have also 
been reports of AMF colonization in other gymnosperms 
belonging to Pinaceae (Cázares & Trappe, 1993; Smith 
et al., 1998; Wagg et al., 2008), Cupressaceae (Aalipour 

et al., 2020; Bush, 2008), Taxaceae (López-García et al., 
2013), and Podocarpaceae (Russell et al., 2002). 

In the particular case of Pinaceae, the presence of AMF 
vesicles has been recorded in the seedlings root of species 
belonging to Abies (Cázares & Trappe, 1993; Smith et 
al., 1998), Pinus (Smith et al., 1998; Wagg et al., 2008, 
2011), Pseudotsuga (Cázares & Trappe, 1993; Dučić et 
al., 2009; Salgado et al., 2013; Wagg et al. 2011), and 
Tsuga (Cázares & Smith, 1995). Although the presence 
of AMF has been documented previously in Pinaceae, 
its functional importance in terms of a screening of both 
macro and micronutrient mobilization and transfer to their 
host is lacking in the family, which includes numerous 
species of forest importance worldwide. In the present 
work, we studied the effect of the inoculation with 3 AMF 
consortia on the growth, macronutrient (N, P, K, Ca, and 
Mg), and micronutrient (Fe, Mn, Zn, Cu, and B) content 
of the Neotropical pine species Pinus greggii. Mycorrhizal 
colonization was also evaluated 2 and 7 months after 
inoculation.

Materials and methods

Rhizospheric soil was collected from 3 sites located in 
the community of San Pablo Ixayoc, Texcoco, Estado de 
México, over an elevational gradient on the western slope 
of the Tláloc Mountains: at 2,650 m in an agricultural 
area where maize is cultivated; at 2,700 m in Cupressus 
lusitanica forest; and at 3,600 m in Pinus hartwegii forest. 
The rhizospheric soil from each site was used as inoculum 
to propagate the AMF from each ecosystem. Sterile river 
sand, 500 g of rhizospheric soil, and corn and common 
grass (Brachiaria decumbens) seeds were added to 2 kg-
capacity pots. These systems were set up to have a more 

Resumen
Tradicionalmente, se considera que las micorrizas arbusculares establecen simbiosis con las raíces de las plantas 

de numerosas familias de angiospermas y algunas gimnospermas. Sin embargo, la movilización y transferencia de 
macro y micronutrientes en Pinaceae a través de micorrizas arbusculares no se ha registrado hasta ahora. El presente 
trabajo evaluó si las micorrizas arbusculares son capaces de establecerse, movilizar y transferir nutrientes en la 
pinácea neotropical Pinus greggii. Las plántulas de este árbol se inocularon con 3 consorcios de hongos micorrícico 
arbusculares (HMA) aislados de un sitio agrícola, un bosque de Cupressus lusitanica y un bosque de Pinus hartwegii. 
Se registró la movilización y transferencia de macro y micronutrientes en plantas inoculadas con los 3 consorcios 
evaluados. La movilización y transferencia fue mayor para Mg, Mn y Zn en plantas inoculadas con el consorcio de 
hongos del bosque de pino después de 7 meses. Además de estos efectos positivos, se observó una colonización de 
micorriza arbuscular de 10 a 15% y de 21 a 36% dependiendo de los consorcios de HMA después de 2 y 7 meses, 
respectivamente. En el presente trabajo, se registra por primera vez que los HMA movilizan y transfieren N, P, K, 
Ca, Mg, Fe, Mn, Zn, Cu y B a un miembro de Pinaceae, lo que indica que esta simbiosis micorrícica es más compleja 
de lo que se creía anteriormente.

Palabras clave: Glomeromycota; Pinaceae; Neotrópico; Movilización y transferencia nutrimental; Micorriza arbuscular
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representative AMF diversity than originally present in 
each soil ecosystem, since frequently a number of AMF 
prevail in natural ecosystems as intraradical or extraradical 
mycelium rather than as spores. Five pots were set-up for 
each of the 3 rhizospheric soils over a 3 month period after 
which the AMF species present as spores were identified. 

The identification of the AMF morphospecies was 
conducted taking into account the characteristics of the 
spores such as color, size, number, and ornamentation of 
the wall layers and shape and coupling of the supporting 
hypha following the methods and data base INVAM 
(2020). Photographs were taken under a light microscope 
(Olympus, Model BX51). Each of the 3 inocula was 
labelled as the agricultural inoculum consortium (AIC), the 
cedar inoculum consortium (CIC), and the pine inoculum 
consortium (PIC). The reason to choose 3 contrasting AMF 
consortia was to evaluate if AMF communities coming 
from contrasting ecosystems would produce differential 
plant growth and macro and micronutrient effects.

We used Pinus greggii as a model pine species due to 
its rapid growth and therefore methodological feasibility; 
seeds were obtained from a plantation in central Mexico 
(Toluca, Estado de México). Prior to sowing, the seeds 
of P. greggii were soaked in distilled water for 24 h to 
eliminate germination inhibiting compounds. The water 
was changed every 7 h to allow for the oxygenation of 
the embryos. The seeds were sterilized with 30% H2O2 
for 20 min and rinsed with sterile distilled water under 
aseptic conditions. Once disinfected, the seeds were 
washed again for 15 min with sterile distilled water. Seeds 
were planted in a plastic container at 0.5 cm depth. Once 
germinated, before the emergence of true leaves, when 
they only had cotyledons, seedlings were transplanted into 
140 cm3 plastic tubes containing the substrate consisting of 
a mixture of river sand, crushed pine bark, and forest soil 
at a 2:2:1 ratio. This substrate was sterilized with steam 
for 9 h at 125 °C, then after 24 h the process was repeated. 
Before transplanting seedlings, the tubes were filled at their 
base with a layer of sterilized “tezontle” (porous volcanic 
rock) to allow the flow of water during the experiment, 
and the rest was filled with sterilized substrate. The AMF 
inoculum consisted of 5 g of soil and roots per plant, of 
each consortium propagated as described above, according 
to treatments. This inoculum was added at transplantation 
time in order to place it in contact with pine roots. To 
avoid contamination from other AMF or ectomycorrhizal 
propagules, and “cross contamination” among treatments, 
experimental devices previously described by Carrasco-
Hernández et al. (2011) were used. During the first 2 
months after germination, a Captan solution was applied 
at a dose of 2 gL-1 of water every third day, for 20 days, 

followed by 1 application per week until the lignification 
of the stem occurred to avoid “damping off”, a disease 
commonly caused by Phytophthora sp., Pythium sp., 
and Fusarium circinatum (García-Díaz et al., 2017). The 
plants remained under greenhouse conditions for 210 days 
before harvesting. The height, shoot and root dry weight, 
and mycorrhizal colonization were evaluated. A nutrient 
analysis of both roots and shoots was performed for N, P, 
K, Ca, Mg, Fe, Mn, Zn, and B.

Nutrient analyses were performed on the 10 plants 
used for the dry weight evaluation. The N was determined 
by the semimicro-Kjeldahl method (Bremner, 1975). Total 
P was determined according to Allen et al. (1997); K 
was extracted with ammonium acetate and measured by 
flame photometry. Ca, Mg, Fe, Cu, Mn, Zn, and B, were 
determined using atomic absorption spectrophotometry 
(Varian, Spectra-AA220). 

Two harvests were carried out, 2 and 7 months after 
sowing. At harvest, the height of the plants was measured 
from the neck of the roots to the upper region of the 
apical bud. Each plant was extracted from the containers, 
and the root system was cut from the stem to the neck of 
the root. Subsequently, they were washed under running 
water to extract the largest amount of the root system. 
Sieves (0.180 and 0.085 mm) were used to reduce the loss 
of short roots. Next, to determine their dry weight, both 
the stems and the root system were dried at 80 ºC for 48 
h to a constant weight. This process was performed in 10 
plants per treatment. 

Firstly, to avoid any influence of possible 
ectomycorrhizal colonization in the results, evaluation of 
possible ectomycorrhizal colonization was conducted with 
stereomicroscopy; when necessary, root cross-sections 
were made by hand to look for Hartig net, mantle and 
external mycelium under optical light field microscopy. 
Since no ectomycorrhizal colonization was detected in any 
of the treatments, in both harvest times, the evaluation of 
arbuscular mycorrhizal colonization was carried out. An 
adaptation of the clearing and staining method proposed 
by Phillips and Hayman (1970) was used. The roots 
of 5 P. greggii seedlings per treatment were placed in 
sterilizable plastic capsules in a beaker containing 10% 
KOH and incubated overnight. The following day, the 
samples were decanted and rinsed with running water. 
This process was repeated for 5 consecutive days. Next, 
H2O2 was applied for 1 h, decanted, and then rinsed with 
running water. Subsequently, 10% HCL was added for 
1 h and decanted, and then, 0.05% trypan blue dye was 
applied in lactoglycerol for 24 h. The roots were cut into 
1 cm fragments that were mounted on slides. Microscopic 
analysis was performed using light field optical microscopy 
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to quantify the following AMF structures: hyphae, vesicles, 
and arbuscules, using the magnified intersections method 
(McGonigle et al., 1990).

The experimental design used 4 completely randomized 
treatments, including an uninoculated control and 3 
treatments of plants inoculated with consortia of AMF 
isolated from agricultural soil, soil from a Cupressus 
lusitanica forest, and soil from a Pinus hartwegii forest, as 
described above. Fifteen replicates were planted for each 
treatment and harvest time; treatments were harvested 2 and 
7 months after sowing, respectively; thus, the experiment 
had 4 treatments × 2 harvest times × 15 replicates = 120 
experimental units, each consisting of a seedling. 

For the variables height, shoot and root dry weight, and 
nutritional content, variance analysis and comparison of 
means were performed using Tukey’s test (p ≤ 0.05) with 
the program Statistical Analysis System (SAS, 2002). The 
mycorrhizal colonization data were arcsine transformed 
to (x/100)1/2 to meet the criteria of normality, following 
Moreira-Souza et al. (2003).

Results

From the 3 AMF consortia used, 13 total species 
were identified. Acaulospora and Scutellospora were the 
predominant genera. In the AIC, CIC, and PIC we found 5, 
6, and 5 AMF species, respectively (Fig. 1). Funneliformis 
mosseae and Scutellospora cerradensis were found in 
both the agricultural area and in the Cupressus lusitanica 
forest. Archaespora sp. was found in both the Cupressus 
lusitanica and Pinus hartwegii forests (Table 1).

In general, P. greggii plants inoculated with the 3 
AMF consortia showed increases in terms of growth 
and nutritional content compared with non-inoculated 
plants. We observed an increase in height in inoculated 
plants compared to non-mycorrhized plants, which 
was independent of the evaluation time and the type 
of mycorrhizal consortium (Fig. 2a). We observed an 
increase (F = 107520; p ˂ 0.0001) in the dry weight of 
the shoots, especially 7 months after sowing, in inoculated 
plants compared to non-inoculated plants, regardless of the 
consortium (Fig. 2b).

We observed an increase in the biomass of root dry 
weight 7 months after sowing in plants inoculated with 
AMF from the Cupressus lusitanica and Pinus hartwegii 
forests compared to those from the agricultural soil (Fig. 
2c). In the 3 cases, the root dry weight values were higher 
(F = 3932.01; p ˂ 0.0001) than those registered in non-
inoculated plants (Fig. 2c). A similar trend was observed 
(F = 6010.41; p ˂ 0.0001) for total dry weight (Fig. 2d).

Differences were observed in terms of mycorrhizal 
colonization 2 months (F = 45518.6; p ˂ 0.0001) and 

7 months (F = 17113.1; p ˂ 0.0001) after sowing. 
Colonization values were 2.2 to 3.2 times higher 7 months 
after sowing, depending on the AMF consortium. The 
inoculated plants had mycorrhizal colonization values 
ranging from 20.5% to 35.5%, depending on the consortium 
(Fig. 3). The presence of hyphae, vesicles, and arbuscules 
was observed, as well as the germination of AMF spores. 
In non-inoculated plants, no mycorrhizal colonization was 
observed (Fig. 4).

A higher content of the macronutrients N (F = 4321.32; 
p ˂ 0.0001), P (F = 1608.47; p ˂ 0.0001), K (F = 87999.4; 
p ˂ 0.0001), Ca (F = 1763.90; p ˂ 0.0001), and Mg (F = 
27362.0; p ˂ 0.0001) was observed in the shoots when 
comparing inoculated to non-inoculated plants, regardless 
of the source of inoculum. A similar trend was recorded for 
these nutrients in the roots: N (F = 3721.45; p ˂ 0.0001), 
P (F = 4095.15; p ˂ 0.0001), K (F = 21485.2; p ˂ 0.0001), 
Ca (F = 447629; p ˂ 0.0001), and Mg (F = 48417.6; p ˂ 
0.0001 (Table 2). The same tendency was observed for the 
shoot contents of the micronutrients Fe (F = 1898.65; p ˂ 
0.0001), Mn (F = 114297; p ˂ 0.0001), Zn (F = 230.18; 
p ˂ 0.0001), Cu (F = 2585.22; p ˂ 0.0001), and B (F = 
213141; p ˂ 0.0001) and for the root contents of the same 
micronutrients: Fe (F = 3587035; p ˂ 0.0001), Mn (F = 
4568.71; p ˂ 0.0001), Zn (F = 117666; p ˂ 0.0001), Cu (F 
= 30964.3; p ˂ 0.0001), and B (F = 3299607; p ˂ 0.0001). 
These trends were particularly evident for N, Fe, Zn, and 
Cu inoculated with AMF from the Pinus hartwegii forests 
(Table 3). Macro and micronutrients shoot:root ratios of 
inoculated plants versus non-inoculated plants allowed us 
to interpret the efficiency of nutrient transport resulting 
from the AMF. Based on these ratios, we observed the 
greatest transport for the micronutrients Zn and B in plants 
inoculated with AMF from Pinus hartwegii forests (Table 
4); for K, Ca, and Mg in plants inoculated with agricultural 
soil; and for Fe, Mn, Cu, and B in plants inoculated with 
AMF from Cupressus lusitanica forests.

Discussion

Mycorrhizal fungi contribute to the growth and 
development of vascular plants. Multiple studies have 
shown that mycorrhizae also protect plants against soil 
pathogens. The increase in plant growth in terms of height 
and biomass after inoculation with AMF has been widely 
documented in a number of angiosperm families, but not 
in Pinaceae. In the present work, Pinus greggii plants 
inoculated with AMF had increased height and greater shoot 
and root biomass compared to the non-inoculated plants 
independently of the source of inoculum. Interestingly, the 
AMF consortia that originated from both forests produced 
a greater root and total dry weight compared with the 
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Figure 1. Species of arbuscular mycorrhizal fungi belonging to each of the 3 evaluated consortia: fungi associated with the rhizosphere 
of the vegetation of the agricultural area: A) Scutellospora cerradensis showing in (a) its helper cells; B) Scutellospora pellucida 
showing in (b) a broken spore; C) and D) Septoglomus constrictum; E) Gigaspora sp. Mycorrhizal fungi associated with the rhizosphere 
of Cupressus lusitanica forest: F) Claroideglomus etunicatum; G) Funneliformis mosseae; H) Acaulospora mellea; I) Archaeospora 
sp.; J) Acaulospora excavata. Mycorrhizal fungi associated with the rhizosphere of Pinus hartwegii forest: K) Archaeospora sp.; L) 
Acaulospora laevis; M) Glomus sp.; N) Paraglomus sp.; O) Acaulospora sp. Bar = 50 μm
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consortium that originated from agricultural land. This 
can be explained in terms of the differential inter- and 
intraspecific beneficial effect of AMF on their associated 
host plants, which has been widely documented (Smith & 
Read, 2008; Varma et al., 2017). 

AMF are characterized by intra- and intercellular 
growth in the root cortex and by the formation of hyphae 
and external hyphae. In the present work, 7-months after 
sowing arbuscular colonization ranged from 20.5% to 
35.5% in the Pinus greggii plants inoculated with the AMF 
consortia. Additionally we found presence of hyphae, 
vesicles, and arbuscules. In general, fossil evidence 
of mycorrhizal colonization is scarce; however, some 
records have provided valuable phylogenetic clues. In 
gymnosperms, multiple AMF developing in the rooting 
system of Notophytum krauselii, an extinct conifer, 
were found in Antarctica (Bomfleur et al., 2013). This 

evidence shows that the establishment of associations of 
AMF with gymnosperms dates back to at least to the 
early Mesozoic, the period during which most of the 
modern conifer families first appeared. Interestingly, the 
roots of the 3 extant gymnosperm families, Araucariaceae, 
Podocarpaceae, and Phyllocladaceae, possess similar small 
nodular roots containing Glomeromycota that enter from 
the soil through epidermal cells (Padamsee et al., 2016; 
Russell et al., 2002). Thus, arbuscular mycorrhizas have 
been documented in fossil Mesozoic cycads and conifers, 
showing that they were present in the diverse ancient 
gymnosperm trees and shrubs of the mid-northern latitude 
and high southern latitude polar forests that developed in 
the ‘greenhouse’ climates of the Mesozoic and Cenozoic 
eras (Strullu- Derrien et al., 2018). However, arbuscular 
mycorrhizas have not been extensively studied in modern 
gymnosperms. New data on arbuscular mycorrhiza 

Figure 2. Pinus greggii growth inoculated with 3 consortia of arbuscular mycorrhizal fungi. a) Shoot height; b) shoot dry weight; c) 
root dry weight; d) total dry weight. AIC = Agricultural inoculum consortium, CIC = Cupressus lusitanica forest inoculum consortium, 
PIC = Pinus hartwegii forest inoculum consortium. White bars = 2-month old plants; gray bars = 7-month old plants. Equal letters 
above bars of the same color indicate equal values (Tukey, p ≤ 0.05); n = 10 ± standard error of the mean.
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Table 1
Arbuscular mycorrhizal fungi (AMF) species identified in the 3 evaluated inoculum consortia. 

AMF species Agricultural area Cupressus lusitanica 
forest

Pinus hartwegii 
forest

Acaulospora excavata nf + nf
Acaulospora laevis nf nf +
Acaulospora mellea nf + nf
Acaulospora sp. nf nf +
Archaeospora sp. nf + +
Claroideoglomus etunicatum nf + nf
Glomus sp. nf nf +
Gigaspora sp. + nf nf
Funneliformis mosseae + + nf
Paraglomus sp. nf nf +
Scutellospora cerradensis + + nf
Scutellospora pellucida + nf nf
Septoglomus constrictum + nf nf

nf = not found; + = recorded

Table 2
Pinus greggii shoot and root macronutrient content in plants inoculated with 3 consortia of arbuscular mycorrhizal fungi, 210 days 
after sowing.

Treatment N P K Ca Mg

(mg per plant)
Shoot
Non-inoculated plants 5.09 ± 0.23c 0.19 ± 0.30b 1.41 ± 0.04c 1.22 ± 0.08c 1.35 ± 0.05c
Pi with AIC 21.38 ± 0.65b 0.79 ± 0.80a 2.39 ± 0.21b 5.98 ± 0.73b 4.63 ± 0.08b
Pi with PIC 32.55 ± 0.36a 0.89 ± 0.21a 2.87 ± 0.28b 6.10 ± 0.69a 4.20 ± 0.07a
Pi with CIC 22.13 ± 0.71b 0.99 ± 0.19a 3.15 ± 0.36a 5.75 ± 0.09b 4.81 ± 0.06b
Root
Non-inoculated plants 6.74 ± 0.21c 0.23 ± 0.02c 1.11 ± 0.03c 1.80 ± 0.06b 2.15 ± 0.04b
Pi with AIC 18.50 ± 0.58b 0.67 ± 0.09b 1.78 ± 0.08b 5.24 ± 0.72a 3.44 ± 0.05a
Pi with PIC 23.79 ± 0.61a 0.64 ± 0.05b 2.19 ± 0.19a 5.64 ± 0.21a 3.90 ± 0.03a
Pi with CIC 19.75 ± 0.51b 0.76 ± 0.08a 2.63 ± 0.24a 5.32 ± 0.82a 3.45 ± 0.02a
Total
Non-inoculated plants 11.83 ± 0.91c 0.42 ± 0.12b 2.52 ± 0.07c 3.02 ± 0.06b 3.5 ± 0.21b
Pi with AIC 39.88 ± 0.99b 1.46 ± 0.06a 4.17 ± 0.12b 11.22 ± 0.82a 8.07 ± 0.63a
Pi with PIC 56.34 ± 1.03a 1.53 ± 0.04a 5.06 ± 0.08a 11.74 ± 0.79a 8.1 ± 0.56a
Pi with CIC 41.88 ± 0.97b 1.75 ± 0.21a 5.78 ± 0.09a 11.07 ± 0.81a 8.26 ± 0.81a

Pi = Plants inoculated, AIC = agricultural inoculum consortium, PIC = Pinus hartwegii forest inoculum consortium, CIC = Cupressus 
lusitanica forest inoculum consortium. Values are averages ± standard error of the mean, n = 10. Data in the same column, for each 
plant compartment, with the same letter are not different according to Tukey test (p ≤ 0.0001).
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diversity in living species is therefore crucial in order 
to understand the phylogeny of arbuscular mycorrhiza. 
Currently, arbuscular mycorrhiza colonization has already 
been studied in gymnosperms from the structural and 

phylogenetic perspectives (e.g., Cázares & Trappe, 1993; 
Padamsee et al., 2016; Russell et al., 2002; Wagg et al., 
2008, 2011). However, studies related to the functional 
role of arbuscular mycorrhizal symbiosis in this important 

Table 4
Pinus greggii macro and micronutrients shoot:root ratios in plants 210 days after sowing inoculated with 3 consortia of mycorrhizal 
fungi.

Treatment N P K Ca Mg Fe Mn Zn Cu B

Pi with AIC
Pi with PIC 1.36 1.39 1.31 1.08 1.07 0.71 1.38 1.16 1.03 1.07
Pi with CIC 1.12 1.30 1.19 1.08 1.21 0.86 1.58 1.11 1.08 1.07
Nip 0.75 0.82 0.82 0.67 0.62 0.66 0.15 0.77 0.66 0.76
Pi with AIC: Nip 1.53 1.43 1.63 1.70 2.16 1.16 8.6 1.48 1.62 1.36
Pi with PIC: Nip 1.81 1.69 1.59 1.61 1.72 1.07 9.2 1.50 1.56 1.40
Pi with CIC: Nip 1.49 1.58 1.45 1.61 1.95 1.30 10.5 1.44 1.63 1.40

Pi = Plants inoculated, AIC = agricultural inoculum consortium, PIC = Pinus hartwegii forest inoculum consortium, CIC = Cupressus 
lusitanica forest inoculum consortium, Nip = non-inoculated plants. Values are average shoot:root ratios for each nutrient in the 
mentioned treatments, n = 10.

Table 3
Pinus greggii shoot and root micronutrient content in plants inoculated with 3 consortia of arbuscular mycorrhizal fungi, 210 days 
after sowing.

Treatment Fe Mn Zn Cu B

(mg per plant)
Shoot
Non-inoculated plants 0.12 ± 0.01d 0.36 ± 0.21b 0.28 ± 0.03c 0.30 ± 0.02c 0.42 ± 0.02b
Pi with AIC 0.28 ± 0.02c 0.71 ± 0.38a 0.54 ± 0.02b 0.69 ± 0.50b 0.72 ± 0.51a
Pi with PIC 0.49 ± 0.02a 0.94 ± 0.45a 0.85 ± 0.03a 0.84 ± 0.71a 0.90 ± 0.82a
Pi with CIC 0.37 ± 0.02b 0.87 ± 0.39a 0.53 ± 0.03b 0.79 ± 0.52b 0.83 ± 0.52a
Root
Non-inoculated plants 0.18 ± 0.02c 0.24 ± 0.02b 0.36 ± 0.02c 0.45 ± 0.03c 0.55 ± 0.03b
Pi with AIC 0.36 ± 0.03b 0.55 ± 0.03a 0.47 ± 0.02b 0.64 ± 0.22b 0.75 ± 0.22a
Pi with PIC 0.69 ± 0.3a 0.68 ± 0.023a 0.73 ± 0.03a 0.81 ± 0.71a 0.84 ± 0.31a
Pi with CIC 0.43 ± 0.02b 0.55 ± 0.020a 0.59 ± 0.05b 0.73 ± 0.59b 0.77 ± 0.26a
Total
Non-inoculated plants 0.30 ± 0.01c 0.6 ± 0.02c 0.64 ± 0.05c 0.75 ± 0.03c 0.97 ± 0.71b
Pi with AIC 0.64 ± 0.3b 1.26 ± 0.81b 1.01 ± 0.32b 1.33 ± 0.82b 1.47 ± 0.82a
Pi with PIC 1.18 ± 0.9a 1.62 ± 0.92a 1.58 ± 0.71a 1.65 ± 0.91a 1.74 ± 0.77a
Pi with CIC 0.80 ± 0.05b 1.42 ± 0.80a 1.12 ± 0.36b 1.52 .± 0.69a 1.60 ± 0.58a

Pi = Plants inoculated, AIC = agricultural inoculum consortium, PIC = Pinus hartwegii forest inoculum consortium, CIC = Cupressus 
lusitanica forest inoculum consortium. Values are averages ± standard error of the mean, n=10. Data in the same column, for each 
plant compartment, with the same letter are not different according to Tukey test (p ≤ 0.0001).
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plant group, for example in terms of nutrient transfer, is 
still in its infancy.

In the present work, the mobilization and transfer of 
a wide range of macro- and micronutrients via AMF in 
Pinaceae is reported for the first time. Inoculation with all 
3 AMF consortia in the Neotropical pine P. greggii showed 
a beneficial effect in terms of growth, colonization, and 
content of macro- and micronutrients in comparison with 
non-inoculated plants. Although nutrient mobilization and 
transfer by AMF has been extensively demonstrated in 
angiosperms, as far as we know, reports exploring the 
transfer in a wide range of nutrient in gymnosperms is 
lacking. This work reports the mobilization and transfer of 
an extensive variety of macronutrients and micronutrients 
within the shoots and roots in a member of Pinaceae for 
the first time, including N, K, Ca, Mg, Fe, Mn, Zn, Cu, 
and B. Previously, only Dučić et al. (2009) have suggested 
a positive influence of arbuscular mycorrhiza on P 
uptake in Pseudotsuga menziesii; and Smith et al. (1998) 
demonstrated that the P content in the needles of colonized 
P. menziesii seedlings grown with a VAM host was about 
twice as high as in non-colonized seedlings grown along 
with the same VAM host. In contrast, these authors found 
that tissue N did not differ between the same treatments.

In the present work, Mg, Mn, and Zn were mobilized in 
the shoots of plants inoculated with AMF. Mn contributes 
to the functioning of various biological processes, 
including photosynthesis, via the synthesis of chlorophyll, 
respiration, and the assimilation of nitrogen. Mn also 

participates in the formation of chloroplasts, activates 
the growth of plants, promotes cellular lengthening in the 
roots, and confers resistance to pathogens (Alejandro et 
al., 2020; Lambers et al., 2015). 

The transfer of Mn in angiosperms inoculated with 
mycorrhizal fungi has been reported. For example, 
Bethlenfalvay and Franson (1989) recorded high 
concentrations of Mn in the shoots of barley plants 
(Hordeum vulgare). The same authors reported increases 
in Mn and increased growth in wheat plants (Triticum 
durum) inoculated with the AMF Glomus monosporum. 
On the other hand, Arines et al. (1989) found that in 
red clover (Trifolium pratense), the total Mn transfer 
increased in plants inoculated with the mycorrhizal fungi 
Gigaspora aurigloba and Glomus tenue compared with 
non-inoculated plants. In the present work, the difference 
in the Mn content between inoculated and non-inoculated 
trees was greater in the roots than in the shoots, possibly 
because the mycorrhizae altered the spatial distribution of 
this nutrient. 

The lower absorption of Mn in the roots than in the 
shoots observed in mycorrhized plants can be explained 
by the existence of a fungal mechanism that controls the 
absorption of Mn or by the effect of the fungi on the 
rhizosphere and surrounding soil. Previously, a decrease in 
Mn toxicity in the presence of AMF in soybeans has been 
documented (Garcia et al., 2020; Nogueira & Cardoso, 
2003). Angiosperms colonized by AMF are often more 
resistant to excess Mn than plants not colonized by this 
fungus. Mg is an essential nutrient for plants and is 
critical for a wide range of functions. Mg is involved in 
photosynthesis and is a basic component of chlorophyll. 
Xiao et al. (2014) observed greater biomass in the roots 
and shoots in orange plants (Poncirus trifoliata) and 
concluded that inoculation with the mycorrhizal fungus 
Funneliformis mosseae had positive effects on the growth 
and physiology under Mg-deficient conditions. Hassan et 
al. (2017) observed that plants inoculated with mycorrhizae 
had significantly higher content of dry and fresh root weight 
and chlorophyll content than plants without mycorrhizae. 

Mycorrhizal colonization increased Mg uptake but 
decreased K uptake. Xiao et al. (2014) suggested that 
the mycorrhizal fungus Glomus versiforme can improve 
the growth and distribution of Mg in orange seedlings 
grown in soil low in Mg. These authors reported that 
the concentrations of Mg in the shoots and roots, 
biomass yield, and chlorophyll content increased with the 
inoculation of 3 species of mycorrhizal fungi, especially 
Glomus versiforme. 

In the present work, significant nutritional transport of 
10 macro- and micronutrients was observed, primarily Mg 
and Mn in the shoots of plants inoculated with the AMF 

Figure 3. Pinus greggii colonization inoculated with 3 consortia 
of arbuscular mycorrhizal fungi. AIC = agricultural inoculum 
consortium, CIC = Cupressus lusitanica forest inoculum 
consortium, PIC = Pinus hartwegii forest inoculum consortium. 
White bars = two-month old plants; gray bars = seven-month 
old plants. Equal letters above bars of the same color are equal 
(Tukey, p ≤ 0.05); n = 5 ± standard error of the mean.
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Figure 4. Colonization by arbuscular mycorrhizal fungi in Pinus greggii (Pg) 7 months after inoculation, showing vesicles, external 
mycelium, and arbuscules. A) Root of Pg showing radical hairs (double arrow); B) close-up of a spore of Glomus sp. germinating 
(arrow); C) root of Pg showing abundant formation of vesicles (double arrow) and non-ectomycorrhizal short roots (arrow) typical 
of pine root system; D) close-up of vesicles; E) abundant extraradical hyphae of AMF; F) close-up to a vesicle (arrow) within the 
cortical cells of Pg root inoculated with the consortium from the Cupressus forest; G) and H) arbuscules within the cortical cells of 
the Pg root inoculated with the consortium from the Pinus hartwegii forest. Bar = 30 μm.
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consortium from the Pinus hartwegii forest. This work 
demonstrates for the first time the functional importance 
of AMF in terms of growth and nutrient mobilization and 
transfer in a member of Pinaceae. AMF allowed for the 
mobilization and transfer of 10 nutrients, primarily Mg, 
Mn, and Zn, to the roots and shoots of the gymnosperm 
Pinus greggii. Plants of P. greggii inoculated with AMF 
produced more biomass than non-inoculated plants. The 
total colonization of P. greggii varied depending on the 
source of inoculum 7 months after inoculation. Greater 
colonization was observed in Pinus plants inoculated 
with the mycorrhizal consortia from Cupressus forests. 
Additionally, this is the first study to present pictures of 
the arbuscules formed by arbuscular mycorrhizal fungi in 
Pinaceae.

The presence of arbuscules, which we have documented 
photographically, shows that P. greggii establishes a 
functional mutualist symbiosis with the AMF, as the 
exchange of nutrients occurs in this structure. These 
results indicate that Pinus greggii improves its nutritional 
status in the early stages of its development by associating 
with AMF; thus, inoculation with these fungi should be 
considered if reforestation activities of pine forests are 
desired.
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