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Abstract
Arbuscular mycorrhizal fungi (AMF) establish symbiotic interactions that improve productivity of agricultural crops. This 
study aims to evaluate the effect of different doses of the fungus Glomus intraradices on ex vitro development of sugarcane 
plantlets in the acclimatization stage. In vitro sugarcane (Saccharum spp. cv Mex 69–290) plantlets were inoculated with 
0, 50, 100, 200, and 400 spores per plant of G. intraradices. After 60 days of acclimatization in a greenhouse, survival rate, 
colonization percentage, plant growth, dry matter, total chlorophyll content, and macronutrient and micronutrient contents 
were evaluated. Mycorrhizae were characterized by bright field and multiphoton microscopy. Effects of mycorrhizae on 
the different variables evaluated were observed. The doses of 50 and 100 spores per plant, with 30 and 58% colonization, 
respectively, achieved a symbiotic interaction, while doses of 200 and 400 spores per plant, with the highest colonization 
percentages (80 and 86%), had negative effects on survival, development, chlorophyll content, and nutritional status. Micros-
copy demonstrates the symbiotic association between G. intraradices and Saccharum spp. Early application of adequate 
mycorrhizal doses in plantlets during acclimatization provides a conditioning advantage prior to transplanting for the estab-
lishment of basic sugarcane seedbeds.
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1  Introduction

Ecological interactions between different species can have 
a practical application in plant biotechnology (Sales et al. 
2021). Arbuscular mycorrhizal fungi (AMF) are obligate 
biotrophs that establish endosymbiotic associations with the 
roots of 85% of vascular plants (Choi et al. 2018; Di Martino 
et al. 2019). AMF enhance mineral nutrient uptake in the 

host plant (Di Martino et al. 2019; Ortas 2019; Juntahum 
et al. 2020), have positive effects on photosynthetic activity 
(Al-Karaki and Williams 2021), induce sclerification of leaf 
tissue, indirectly contribute to reducing herbivorous insect 
attack (Damin et al. 2020), decrease disease invasion (Wu 
et al. 2021a, 2021b), and confer tolerance to different types 
of abiotic stresses in plants such as drought, salinity, sud-
den temperature changes (Chandrasekaran et al. 2021), and 
heavy metals (Gupta et al. 2021). Positive effects of AMF 
have been demonstrated in agri-food crops such as tomato 
(Lycopersicon esculentum) (Di Martino et al. 2019), sugar-
cane (Saccharum spp.) (Da Silva Barros et al. 2019; Fors 
et al. 2020; Sales et al. 2021), rice (Oryza sativa) (Campo 
et al. 2020), melon (Cucumis melo) (Meddich et al. 2021), 
and the woody plant Cinnamomum migao (Xiao et al. 2022).

Sugarcane (Saccharum spp.), a member of the grass fam-
ily (Poaceae), is grown mainly in tropical and subtropical 
areas of the world (Bigott et al. 2019; Tripathi et al. 2022). It 
is one of the main agroindustrial and economically important 
crops from which various products and by-products used in 

 *	 Bello‑Bello Jericó Jabín 
	 jericobello@gmail.com

1	 Colegio de Postgraduados Campus Córdoba, Carretera 
Federal Córdoba‑Veracruz km. 348, Amatlán de los Reyes, 
94953 Veracruz, Mexico

2	 CINVESTAV, Departamento de Ingeniería Genética, Unidad 
Irapuato, Libramiento Norte Carretera, Irapuato‑León 
km. 9.6, 36824 Guanajuato, Mexico

3	 CONACYT-Colegio de Postgraduados Campus Córdoba, 
Carretera Federal Córdoba‑Veracruz km. 348, Amatlán de los 
Reyes, 94953 Veracruz, Mexico

/ Published online: 10 August 2022

Journal of Soil Science and Plant Nutrition (2022) 22:4847–4856

http://crossmark.crossref.org/dialog/?doi=10.1007/s42729-022-00964-z&domain=pdf


1 3

the food, energy, chemical, pharmaceutical, and other indus-
tries are obtained (Rivero et al. 2020; Sentíes-Herrera et al. 
2017; Shabbir et al. 2021). However, sugarcane cultivation 
faces great challenges in terms of productivity and competi-
tiveness, since the conventional method of propagation by 
buds does not guarantee the sanitation and rejuvenation of 
commercial plantations (Bello-Bello et al. 2018). Recently, 
plant biotechnology has offered alternatives to address these 
limitations, one of which is through micropropagation using 
plant tissue culture techniques, which guarantee obtaining 
rejuvenated plants with high genetic and phytosanitary qual-
ity. Acclimatization is the final stage of micropropagation 
that consists of transferring plantlets in vitro to external con-
ditions and initiating their ex vitro growth (Gómez-Kosky 
et al. 2020). In addition, acclimatization is a process that 
allows early inoculation of mycorrhizae prior to transplant-
ing in the field for the establishment of basic sugarcane 
seedbeds (Vergara et al. 2019). Several studies using AMF 
during acclimatization stage have been reported in differ-
ent species such as lily (Gloriosa superba L.) (Yadav et al. 
2013), giant reed (Arundo donax) (Tauler and Baraza 2015), 
banana (Dwarf Cavendish) (Ortas et al. 2017), and salvia 
(Salvia miltiorrhiza B.) (Wu et al. 2021a, 2021b). This study 
aims to evaluate the effect of different doses of AMF of the 
species Glomus intraradices on the ex vitro development of 
sugarcane plantlets in the acclimatization stage.

2 � Materials and Methods

2.1 � Plant Material and Micropropagation

For in vitro establishment of sugarcane (Saccharum spp.), 
25-cm apices of the Mex 69–290 variety were collected at 
eight months of age. The apices were washed with water and 
Axion® commercial soap (Mission Hills, S.A. de C.V., San 
José de Iturbide, Guanajuato, MX) wrapped in paper bags, 
and kept at 4 °C for 24 h. The apices were cut to a length of 
15 cm and subjected to hydrothermotherapy in a circulating 
thermostatic bath (Ecoshel, SC-15, McAllen, TX) at 50 °C 
for 20 min. Apices were reduced to 2 cm, rinsed for five min 
in a 10% (v/v) commercial sodium hydrochloride solution 
with three drops of Tween 20® (Sigma-Aldrich® Chemi-
cal Company, Saint Louis, MO) per 100 mL of water. The 
explants were individually placed in test tubes containing 
10 mL of MS (Murashige and Skoog 1962) medium sup-
plemented with 30 g L−1 sucrose, without growth regula-
tors. The medium pH was adjusted to 5.8 and 2.5 g L−1 
Phytagel™ (Sigma-Aldrich®) was added as a gelling agent. 
It was sterilized in an autoclave for 15 min at 120 °C and 
115 kPa. The explants were incubated at 24 ± 2 °C, under 
40 ± 5 μmol  m−2  s−1 irradiance and a 16-h photoperiod. 
After 1 week, the apices were transferred for multiplication 

to MS medium supplemented with 1 mg L−1 kinetin (KIN, 
Sigma-Aldrich®), 1 mg L−1 indoleacetic acid (IAA, Sigma-
Aldrich®), and 2  mg L−1 6-benzylaminopurine (BAP, 
Sigma-Aldrich®). After four subcultures (45 d each), the 
shoots were individualized and rooted in semi-solid MS 
medium supplemented with 2 mg L−1 activated charcoal.

2.2 � Mycorrhizal Fungi Inoculation and Culture 
Conditions

Inoculation with mycorrhizal fungi was carried out ex vitro 
under greenhouse conditions using plantlets with a length 
of 5 cm and Glomus intraradices (Biofertilizante INIFAP®, 
Chiapas, MX). Plant-mycorrhizal inoculation was performed 
in 32-cavity polypropylene trays with a substrate made of 
compost, peat moss and agrolite (2:1:1 v/v) (Table S1). The 
substrate was autoclaved for 30 min at 120 °C and 115 kPa. 
Subsequently, G. intraradices was added to the substrate at 
0, 50, 100, 200, and 400 spores per plant. The sugarcane 
plantlets were covered with a translucent dome to control 
humidity conditions and in a greenhouse with 60% shade at 
30 ± 2 °C, relative humidity of 60 ± 10%, and natural light 
at an irradiance of 80 ± 10 μmol m−2 s−1 for 1 month. In a 
second phase, the dome was removed and plantlets were 
kept for 1 month under greenhouse conditions at 35 ± 2 °C, 
relative humidity of 30%, and natural light at an irradiance 
of 150 ± 10 μmol m−2 s−1. Throughout the experiment, irri-
gation with osmosis water was applied twice a week. After 
60 days, the survival rate, colonization percentage, number 
of shoots, plant length, number and length of roots, and dry 
matter were evaluated. Total chlorophyll content and macro-
nutrient and micronutrient contents (N, P, K, Ca, Mg, Fe, 
Cu, Zn, Mn, and B) were also recorded. To assess the effect 
of survival rate on different treatments during acclimatiza-
tion, 30 plantlets were evaluated in triplet for each dose of 
G. intraradices. Dry weight was determined after placing the 
shoots and roots in a drying oven (Felisa, FE292, JAL, MX) 
at 75 °C for 72 h. Dry matter content was calculated using 
dry weight/fresh weight × 100.

2.3 � Total Chlorophyll Content

Total chlorophyll content was determined according to the 
methodology proposed by Harborne (1973). For each sam-
ple, 1 g of fresh material was macerated with 80% acetone 
and allowed to stand at − 4 °C for 24 h in 80% acetone to a 
final volume of 10 mL. Subsequently, the mixture was sieved 
through filter paper, then adjusted to a volume of 25 mL with 
80% acetone. Two milliliters per sample were used and read 
at an absorbance of 663 and 645 nm for chlorophyll a and b, 
respectively. Readings were performed using a spectropho-
tometer (Genesys 10S, Thermo Scientific; MA).
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2.4 � Mycorrhizal Colonization and Characterization

2.4.1 � Mycorrhizal Colonization

From the microscopic observations, the percentages of 
mycorrhizal colonization were determined using the fol-
lowing formula: Percentage of root colonization (%) = No. 
of infected segments/No. of examined root segments × 100.

2.4.2 � Bright‑Field Microscopy

To visualize the effect of the different doses of arbuscular 
mycorrhizal fungi (AMF) on sugarcane roots, segments of 
the roots were obtained and fixed in 4% paraformaldehyde, 
and then incubated for 48 h at room temperature. Root seg-
ments were washed three times with distilled water and then 
incubated in 10% KOH for 15 min at 120 °C. The super-
natant was removed and washed three times with distilled 
water. An alkaline hydrogen peroxide solution was added 
and incubated for 20 min at room temperature, after which 
the samples were washed with tap water and incubated in 
10% HCl (Sigma-Aldrich®) for 5 min, after which they were 
decanted and 0.05% trypan blue (Sigma-Aldrich®) was 
added and incubated for 24 h at room temperature. Finally, 
the trypan blue was removed and an acetoglycerol solution 
was added. The samples were observed under a compound 
microscope (BX50, Olympus, Tokyo, JP) using 20X/0.50, 
UPlan-FL (α − 0.17) and 40 × /1.00 (U-Plan-Apochromat, 
Olympus, Tokyo, JP) objectives. Image acquisition was 
performed with an Infinity3 high-sensitivity fluorescence 
camera (Lumenera, Montreal, CA) synchronized through 
Image Pro Premier 9.1 software (Media Cybernetics, Rock-
ville, MD).

2.4.3 � Multiphoton Microscopy

Cleared roots were washed three times with deionized 
water and suspended in a solution of 500 µL of deionized 
water with 200 µL of 0.002% propidium iodide (Sigma 
Aldrich®). Samples were incubated for 15 min in darkness 
at 4 °C. Then, 10 µL of solophenylflavine 7GFE (Sigma-
Aldrich®) at 0.1% were added in 500 µL of deionized water 
and were incubated in darkness for 10 min at 4 °C. The 
samples were mounted and covered with a high-perfor-
mance cover glass slide (D = 0.17 mm ± 0.005 mm refrac-
tive index = 1.5255 ± 0.0015, Abbe number = 56 ± 2) and 
observed in the multiphoton microscope system (LSM 880-
NLO, Zeiss, Walthman, MA) coupled to infrared laser Ti: 
Sapphire (Chameleon vision II, COHERENT, SCT). The 
operating conditions in all experiments were Chameleon 
laser at 750 nm with 1.0% of power and 514 nm laser with 
2.2% of power, for solophenylflavine 7GFE and propidium 
iodide, respectively. Observations were performed with a 

20 × /0.5 objective (NA ∞ − 0.17, Zeiss Plan NEOFLUAR). 
All images were acquired by separation of the emission 
into two channels, green region for solophenyl flavine stain 
(496–580 nm) and red region for propidium iodide stain 
(607–700 nm). All micrographs were captured in CZI format 
at 1024 × 1024 pixels and RGB.

2.5 � Macronutrient and Micronutrient Contents

To determine macronutrient and micronutrient contents, 
the samples were dried at 70 °C in a drying oven for 72 h 
and pulverized in a blender (Oster 6832, Milwaukee, WI). 
Samples were subjected to wet digestion in a mixture of 
perchloric and nitric acids at a 2:1 (v/v) ratio, according to 
the protocol described by Alcántar and Sandoval (1999). To 
determine the concentrations of macronutrients (P, K, Ca, 
and Mg) and micronutrients (Fe, Cu, Zn, Mn, and B), the 
extracts were analyzed using a coupled plasma induction 
optical emission spectrometer (ICP- OES, Varian 725-ES, 
Agilent; Mulgrave, VIC, AUS). The N concentration was 
determined by the semi-microkjeldahl method according to 
the protocol described by Bremner (1965).

2.6 � Experimental Design and Statistical Analysis

All experiments were performed using a completely ran-
domized design and replicated three times. An analysis of 
variance (ANOVA) and then Tukey’s test (p ≤ 0.05) were 
performed using SPSS statistical software (Windows ver-
sion 22). Percentage data were transformed with the formula 
Y = arcsine (√ (× /100)), where × is the percentage value.

3 � Results

3.1 � Mycorrhizal Effect on Ex Vitro Development

When evaluating the effect of different AMF concentrations 
on the development of sugarcane plantlets, significant differ-
ences were observed for the number of shoots, plant length, 
number of roots and length, percentage of dry matter, and 
chlorophyll content during acclimatization (Fig. 1). The 
highest number of shoots per plant was found in the treat-
ments with 50, 100, and 200 spores per plant, respectively, 
whereas the lowest number of shoots per plant was found in 
the control and 400 treatments, respectively (Fig. 1a). For 
the plant length variable, the tallest plantlets were observed 
in the treatment with 100 spores per plant, while in the 
rest of the treatments, the plant height was between 33 and 
36 cm per plantlet (Fig. 1b). Regarding the number of roots 
per plant, the highest number of roots was obtained in the 
treatments with 50 and 100 spores per plant, respectively, 
whereas the lowest number of roots was obtained in the 
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control and the 200 and 400 spores per plant treatments, 
respectively (Fig. 1c). For root length, the largest ones were 
observed in the treatments with 100 and 200 spores per 
plant, respectively, whereas the smallest roots were found 
in the control and 50 spores per plant, respectively (Fig. 1d). 
As for the percentage of dry matter (DM), roots, shoots, 
and complete plantlets treated with mycorrhizae showed the 
highest DM percentages, whereas the lowest amount of dry 
matter was observed in the control treatment (Fig. 1e). In 
relation to total chlorophyll, the highest chlorophyll content 
was observed in the treatments with 50, 100, 20, and 400 
spores per plant, whereas the lowest content was found in 
the control treatment (Fig. 1f).

3.2 � Survival Percentage, Mycorrhizal Colonization, 
and Characterization

The results obtained in this study demonstrate an effect of 
the mycorrhizae on plantlet survival percentage and myc-
orrhizal colonization percentage (Fig. 2). Inoculation with 
AMF at doses between 0 and 100 spores per plant had no 
effect on survival i.e., more than 95% survival was obtained, 
whereas the 200 and 400 doses had the greatest effect on 
plantlet mortality, respectively (Fig. 2a). Regarding coloni-
zation, the higher the spore content per plant, the higher the 
colonization percentage observed (Fig. 2b).

According to the fungus-plant characterization carried out 
by microscopy, a symbiotic interaction between plant and 

Fig. 1   Effect of arbuscular mycorrhizal fungi (Glomus intraradices) 
on development, dry matter, and chlorophyll. a Number of shoots, b 
plant length, c number of roots, d root length, e % dry matter, and f 
total chlorophyll, evaluated at 60 days of ex vitro culture of sugarcane 

(Saccharum spp. cv Mex 69˗290). Results are shown as mean ± SE 
(standard error). Means with a different letter are significantly differ-
ent (Tukey, p ≤ 0.05)
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fungus was observed, with the presence of spores, hyphae, 
and chlamydospores (Fig. 3). The structures observed in the 
mycorrhizal treatments were spores and hyphae. Spores were 
most frequently located in the periphery of the root, between 
the epidermis and the covering mucilage, whereas hyphae 
were observed internalized between the central cylinder and 
the parenchyma. Arbuscular structures were observed inside 
the cells, forming extensions of the hyphae to the outside 
of the root.

3.3 � Macronutrient and Micronutrient Contents

When applying different doses of spores per plant, differ-
ences were observed in the contents of P, K, Ca, Mg, Fe, 
Cu, Zn, and Mn, whereas no significant differences were 
observed for the nutrients N and B (Table 1). For the macro-
nutrients P, K, and Mg, the highest contents (g kg−1 dry 
weight) were obtained at the doses of 0, 50, and 100 spores 
per plant, whereas the lowest contents of these nutrients 
were observed at the doses of 200 and 400 spores per plant. 
For the Ca macronutrient, the highest contents were obtained 
at the doses of 100 and 200 spores per plant, whereas the 
lowest contents of this element were obtained at the doses 
of 0, 50 and 400 spores per plant. Regarding micronutrients, 
the highest contents of Fe and Cu (mg kg−1 dry weight) were 
observed in the doses of 0, 50, and 100 spores per plant, 
whereas the lowest contents of these micronutrients were 
obtained at the doses of 200 and 400 spores per plant. For 
the weight of Zn and Mn, the highest contents were obtained 
at the doses of 0 and 50 spores per plant, whereas the lowest 
contents of these micronutrients were obtained at the doses 
of 100, 200 and 400 spores per plant.

4 � Discussion

The results demonstrate the effect of different mycorrhizal 
inoculant doses on the development variables evaluated, 
and the recommended dose per plant is between 50 and 
100 spores. The positive effect of these doses on develop-
ment could be due to the fact that 30 and 58% colonization 

promotes an adequate symbiotic interaction which could 
favor some physiological processes for the plant such as 
photosynthetic efficiency and nutrient and water absorption, 
which allows adequate development of the plantlet for its 
subsequent transfer to the field. In crops such as apple (An 
et al. 1993), olives (Porras-Soriano et al. 2009), grapevine 
(Trouvelot et al. 2015), and red tangerine (Citrus tangerine 
Hort. ex Tanaka) (Wu et al. 2011), increases in shoot num-
ber were observed when inoculated with AMF. However, 
the effects of mycorrhizae on development depend on the 
type and dose of AMF in relation to the host plant species 
(Aslani et al. 2019; Ren et al. 2019). According to stud-
ies by Xiao et al. (2022) on Cinnamomum migao plants, 
greater plant and root length and increased shoot diameter 
were obtained when inoculating with 1400 spores per plant 
with the fungus Glomus etunicatum compared to Funneli-
formis mosseae and non-inoculated plants. Meddich et al. 
(2021) observed that when using a mycorrhizal consortium 
with Glomus sp. in melon (Cucumis melo) at a dose of 44 
spores per plant, shoot and root biomass increased signifi-
cantly. Wu et al. (2021a, 2021b) observed that colonization 
with mycorrhizae for vegetable at a dose of 300 spores per 
plant promoted greater biomass accumulation in watermelon 
(Citrullus lanatus L. cv. Qilin) seedlings. Sales et al. (2021) 
in sugarcane (Saccharum spp.) hybrids obtained an increase 
in yield when inoculating with native AMF at a dose of 260 
spores per plant. In this regard, Wu et al. (2022) note that 
AMF are well recognized for improving plant growth and 
biomass accumulation.

In this study, the negative effect on different develop-
ment variables of the highest mycorrhizal doses could be 
due to a disruption of the mycorrhizal symbiosis caused by 
excessive root colonization. Lopes et al. (2021) state that 
under favorable conditions, plants can obtain nutrients and 
water by their own means, the role of mycorrhiza being 
less important to the plant. Thus, plants have an autoregu-
lation mechanism to control excessive root colonization, 
which consists of suppressing the colonization once an 
efficient mycorrhization is reached (López-Ráez and Pozo 
2013). In addition, AMF are obligate biotrophs that inhabit 
the root system and obtain carbon provided by the plant. 

Fig. 2   Effect of arbuscular 
mycorrhizal fungi (Glomus 
intraradices) on a survival and 
b colonization evaluated at 
60 days of ex vitro culture of 
sugarcane (Saccharum spp. cv 
Mex 69˗290). Results are shown 
as mean ± SE (standard error). 
Means with a different letter are 
significantly different (Tukey, 
p ≤ 0.05)
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The AMF may receive between 10 and 30% of the plant 
photosynthates (Lopes et al. 2021). Thus, high coloniza-
tion rates could cause competition for photosynthates, 
which leads to lower plant development. In this study, the 
increase in dry matter by the AMF is probably because G. 
intraradices is an endomycorrhizal fungus. This type of 
fungus lives between the cells and tissues of the plant and 
could cause a relative increase in root dry matter compared 
to the control treatment, without the presence of colonies 
in the roots. In addition, G. intraradices hyphae could act 
as root hairs which form networks between plant roots 
and soil and are effective in improving plant nutritional 

requirements and availability of water (Kheyri et al. 2022; 
El-Sawah et al. 2021).

An increase in chlorophyll content was observed in all 
mycorrhizal treatments. The increase in total chlorophyll 
content at doses of 50 and 100 spores per plant could be 
related to increased photosynthetic activity as a consequence 
of efficient colonization. Studies by Chen et al. (2017) and 
Di Martino et al. (2019) found that mycorrhizal colonization 
increases the concentration of photosynthetic pigments. On 
the other hand, Campo et al. (2020) and Gupta et al. (2021) 
report that AMF colonization promotes photosynthesis 
by increasing Rubisco carboxylation and RuBP (ribulose-
1,5-bis-phosphate) regeneration. Meddich et al. (2021) found 

Fig. 3   Colonization of Glomus 
intraradices on ex vitro sugar-
cane (Saccharum spp. cv Mex 
69˗290) plantlets at 60 days 
after spore inoculation. Typi-
cal fungal structures, such as 
intracellular hyphae (ih), spores 
(sp), and chlamydospores (cl), 
were observed. Left: bright-
field microscopy and right: 
fluorescence by a multiphoton 
microscope a–b control treat-
ment, c-d presence of spores, 
e–f hyphae, and g-h chlamydo-
spores. Bar = 50 μm
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in melon (Cucumis melo) seedlings that administering doses 
of 44 spores increased chlorophyll content. Wu et al. (2021a, 
2021b) found an increase in the photosynthetic rate in water-
melon (Citrullus lanatus L. cv. Qilin) at a dose of 300 spores 
per plant. According to Aseel et al. (2019), adequate nutri-
tional status promotes an increase in chlorophyll content and 
photosynthetic efficiency.

The results obtained in this study demonstrate the effect 
of different doses of mycorrhizae on the survival and colo-
nization percentages of sugarcane plantlets. In general, the 
survival percentage tends to decrease as the mycorrhizal col-
onization percentage increases. Lotfi et al. (2019) in in vitro 
pear (Pyrus communis) shoots inoculated with Rhizophagus 
irregularis at a dose of 50 spores per plant obtained 95% sur-
vival compared to the control with 70% survival. Similarly, 
de Souza-Ferrari et al. (2020) inoculated turmeric (Curcuma 
longa L.) with a dose of 150 spores per plant and obtained 
a survival rate of 100% compared to the control, with 90% 
survival. The negative effect on survival at high mycorrhi-
zal doses has been reported in other studies. Gomes et al. 
(2021) in strawberry tree (Arbutus unedo L.) obtained 65.9% 
survival when inoculated at a dose of 3,200 spores per plant 
of arbutoid mycorrhizae. These results agree with those 
reported by Wu et al. (2021a, 2021b), who determined that 
high doses of mycorrhizal inoculant are not appropriate for 
the establishment of a symbiotic interaction between AMF 
and plant roots due to a toxic effect of the fungus on the 
plant that could affect plant survival and development. On 
the other hand, according to Lerat et al. (2003), mycorrhizae 
have the ability to store nutrients in their tissues while con-
suming the photosynthetic products of plants, which could 
lead to nutritional competition. In addition, excessive AMF 
colonization can cause changes in plant metabolism (Hodge 
et al. 2010; Shtark et al. 2021).

The characterization of the mycorrhizal-sugarcane inter-
action showed a symbiotic association between the two 
species at doses of 50 and 100 spores per plant. This fact 
gives an advantage to the symbiotic interaction; however, an 
excess of hyphae as a result of increased colonization could 
cause competition for the elements that showed deficien-
cies. The extension of AMF hyphae allows them to obtain 
more soil volume compared to non-mycorrhizal plants. The 
deficiency of some elements in plants can be explained by 
a competition in the symbiotic interaction because it is an 
obligate association for the fungus, but not for the plant, 
which could cause an antagonistic interaction.

The AMF inoculation had an effect on the content of 
some macronutrients and micronutrients in sugarcane plant-
lets grown ex vitro. However, although AMF hyphae have 
the ability to absorb and transfer N from the soil to the roots, 
there were no significant differences in N accumulation. The 
low content of the macronutrients P, K, and Mg at doses 
of 200 and 400 spores per plant may have occurred due to 
competition for these nutrients as a result of excess AMF 
colonization. The high magnesium content at doses of 50 
and 100 spores per plant may also be related to the high 
chlorophyll content in this treatment. Magnesium plays an 
important role in the chlorophyll molecule because it par-
ticipates in light absorption and CO2 assimilation reactions 
in the chloroplast (Chaudhry et al. 2021). Regarding Ca, the 
higher content of this element at doses of 50 and 100 spores 
could be due to an efficient colonization without affecting 
the symbiotic interaction, whereas the decrease in Ca at 
doses of 400 spores per plant could also be due to an excess 
in colonization, causing competition for this element. The 
micronutrients Fe and Cu were also affected at doses of 200 
and 400 spores per plant, whereas Zn and Mn were only 
affected at doses higher than 100 spores per plant. Bouskout 

Table 1   Effect of arbuscular 
mycorrhizal fungi (AMF) on 
macronutrient and micronutrient 
contents of ex vitro sugarcane 
(Saccharum spp. cv Mex 
69–290) plantlets in the 
acclimatization stage at 60 days 
of culture

Values represent the mean ± SE (standard error). Means with different letters are significantly different 
(Tukey, p ≤ 0.05)

AMF 
(spores/
plant)

Macronutrients (g kg−1 dry weight)

N P K Ca Mg

0 20.83 ± 0.24a 5.39 ± 0.11a 33.33 ± 1.06a 4.25 ± 0.02ab 3.86 ± 0.10ab
50 20.60 ± 0.40a 5.18 ± 0.12a 32.80 ± 0.87a 4.07 ± 0.13ab 4.22 ± 0.08a
100 20.06 ± 0.60a 5.33 ± 0.06a 32.70 ± 0.85a 4.58 ± 0.09a 4.34 ± 0.07a
200 20.13 ± 0.41a 4.50 ± 0.12b 28.13 ± 1.02b 4.37 ± 0.20a 3.64 ± 0.09b
400 20.60 ± 0.49a 4.16 ± 0.03b 28.03 ± 0.96b 3.76 ± 0.04b 3.49 ± 0.19b

Micronutrients (mg kg−1 dry weight)
Fe Cu Zn Mn B

0 112.96 ± 0.28a 14.72 ± 0.47a 68.24 ± 4.70a 140.34 ± 2.01a 15.67 ± 0.61a
50 111.03 ± 8.85a 15.45 ± 0.34a 61.48 ± 3.98ab 130.66 ± 1.05ab 15.43 ± 0.35a
100 108.96 ± 2.70a 14.68 ± 0.34a 49.98 ± 1.53b 122.91 ± 4.80b 15.47 ± 0.65a
200 94.28 ± 4.15ab 12.69 ± 0.48b 49.08 ± 2.38b 127.37 ± 0.99b 15.67 ± 0.36a
400 83.70 ± 1.30b 11.50 ± 0.15b 48.68 ± 1.72b 122.60 ± 1.52b 13.93 ± 0.43a
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et al. (2022), when inoculating caper (Capparis spinosa) 
with 30 spores per plant of a consortium of native AMF, 
observed that plantlet growth improved considerably due to 
a higher accumulation of P, K, Mg, Fe, and Zn. Al-Karaki 
and Williams (2021) reported that there was a higher con-
centration of macro- (N, P, and K) and micronutrients (Fe 
and Cu) in leaves of plants inoculated with the mycorrhizal 
consortium (Rhizophagus clarus, Rhizophagus intraradices, 
Septoglomus desertícola and Funneliformis mosseae) at a 
dose of 750 spores per plant compared to the control. AMF 
have been shown to positively influence the accumulation of 
some mineral nutrients, especially those with low mobility 
such as P and Zn (Lotfi et al. 2019; Ortas 2019).

The results obtained in this study have a practical implica-
tion for the acclimatization phase during micropropagation 
due to the importance of early inoculation with mycorrhizae 
in plantlets obtained in vitro. The application of mycorrhizae 
is expected to result in vigorous plantlets with an adequate 
root system, a better use of fertilization in the field and better 
survival in the field.

5 � Conclusions

Inoculation of Glomus intraradices at different doses has 
effects on the survival and colonization percentages and 
physiology of ex vitro plantlets of Saccharum spp. cv Mex 
69–290 during the acclimatization stage. Arbuscular mycor-
rhizal fungi, at doses of 50 and 100 spores per plant, with 
30 and 58% colonization, respectively, improved plantlet 
development and promoted an increase in chlorophyll con-
tent without affecting survival during acclimatization. Dif-
ferent doses of arbuscular mycorrhizal fungi spores per plant 
were shown to have an effect on the uptake of some nutri-
ents. Doses of 200 and 400 spores per plant, which represent 
the highest colonization percentage, had negative effects on 
survival, development, chlorophyll content, and nutritional 
status of some elements. The early application of mycor-
rhizae to sugarcane plantlets during acclimatization could 
represent a preconditioning advantage before transplanting 
for the establishment of basic seedbeds.
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