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ABSTRACT: e present study aimed to select efficient arbuscular mycorrhizal
fungi (AMF) for sugarcane growth and P nutrition in four soils that spontaneously
contained dark septate endophytes (DSE). e effect of nine AMF isolates was evaluated
individually in sugarcane presprouted seedlings (SP81-3250) grown under greenhouse
conditions for a 120-day period. e isolates that stimulated plant growth in the
soils with low P availability were Acaulospora colombiana (ACOL), Claroideoglomus
etunicatum (CETU), Gigaspora margarita (GMAR), Rhizophagus clarus (RCLA) and
Scutellospora calospora (SCAL). Compared to the Yellow Argisol, which had the
highest P level, the Red-Yellow Argisol, with an intermediate P content, increased
plant height. Compared to the other treatments, inoculation with ACOL, RCLA,
and SCAL resulted in higher foliar P content in plants grown in soils with high to
intermediate P levels. Root colonization by AMF and DSE was verified in the plants,
with the coexistence of both fungal groups in the same plant and/or root fragment.
However, AMF colonization was low compared to DSE colonization. e cooccurrence
of DSE and AMF was higher in the plants inoculated with ACOL, RCLA, SCAL, and
Dentiscutata heterogama. ACOL, CETU, GMAR, RCLA, and SCAL are AMF isolates
that have the potential to establish a mycorrhizal inoculant for sugarcane that would be
effective in several soils.
Keywords: Saccharum sp., glomeromycota, inoculants, plant nutrition, presprouted
seedlings.

Introduction

e demand for alternatives that reduce dependence on agricultural
external inputs, such as fertilizers, has increased in recent years (Owen,
Williams, Griffith, & Withers, 2015; Sruthilaxmi & Babu, 2017).
Phosphorus (P) stands out as a macronutrient that is essential for
plant development and highly necessary for Brazilian soils. e national
reserves are igneous and low consisting of approximately 337 million tons
of P2O5, which represents approximately 0.72% of the global reserves
(Souza & Fonseca, 2009). Since Brazil is the fourth largest consumer of
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fertilizers in the world, dependence on foreign reserves of this nutrient
can become a risk factor for Brazilian agriculture (Cordell & White,
2011). Additionally, the indiscriminate use of this nutrient in the soils of
the country has been responsible for the eutrophication of water bodies,
resulting in a serious environmental problem (Klein & Agne, 2012).
erefore, reducing the dependence on phosphate fertilization is a matter
of sustainability and sovereignty for Brazilian agriculture.

e development of biotechnologies that contribute to the reduction
of P use in the primary crops represents a promising advance for
the agricultural economy (Owen et al., 2015). Arbuscular mycorrhizal
fungi (AMF) (Phylum Glomeromycota) can be considered a viable
alternative to improve the efficiency of P use and absorption by plants.
AMF establishes a mutualistic symbiosis with plants, including most
of the agricultural crops (Varma, 2008). In addition to other benefits,
this symbiosis increases the vegetal absorption of water and nutrients,
especially P (Cardoso, Cardoso, Nogueira, Baretta, & Paula, 2010).

e benefit of AMF for P absorption can result in great savings
in Brazil’s extensive crops, such as sugarcane, which is planted on
approximately nine million hectares. Brazil is the largest sugarcane
producer worldwide, with 674 million tons harvested in 2018 (IBGE,
2018). Due to this production, sugarcane consumes approximately 15%
of the fertilizers used in Brazilian agriculture (Rosetto, Dias, & Vitti,
2010). Any reduction of P use on this crop could save large amounts of
money for the country. Presprouted seedlings, a relatively new sugarcane
planting system (Landell et al., 2013), offer a favorable opportunity for
easy inoculation with AMF.

Few studies have been conducted on the efficiency of AMF inoculation
in sugarcane, and the results obtained remain controversial. Some
authors report a low dependence of this crop on mycorrhizal symbiosis
(Kelly, Edwards, ompson, & Magarey, 2005). However, under
other conditions, Surendran and Vani (2013) observed mycorrhizal
colonization of up to 97% in sugarcane plants inoculated with AMF.
ese authors reported increments of the Pure Obtainable Cane Sugar
(POCS) and brix%, and reduction of 25% of the P fertilizer for soils
with medium P levels, when sugarcane plants were inoculated with
mycorrhizae. Due to the diversity of soils and crop managements on
which the sugarcane crop grows in the Brazilian territory, the selection
of efficient AMF will have to be performed in the presence of associated
biota and different fertility conditions. is way, fungi selected to
promote the phosphate nutrition of sugarcane can be added as an
inoculant comprised of multiple species that can function in different
soils.

In this context, this study aimed to select efficient AMF isolates
for sugarcane growth and P nutrition in four different soils with the
spontaneous presence of dark septate endophytes.
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Material and methods

A greenhouse experiment was conducted at the Embrapa Agrobiology
in a factorial 11 x 4 (11 inoculation x 4 soil treatments)
randomized block design with five replicates. e nine AMF isolates
inoculated individually were: ACOL: Acaulospora colombiana A15;
AMOR: Acaulospora morrowiae A79; ASCR: Acaulospora scrobiculata
A38; CETU: Claroideoglomus etunicatum A44; DHET: Dentiscutata
heterogama A2; ECON: Entrophospora contigua A28; GMAR: Gigaspora
margarita A1; RCLA: Rhizophagus clarus A5 and SCAL: Scutellospora
calospora A80. e AMF isolates were obtained from the Collection of
Mycorrhizal Fungi of Embrapa Agrobiology (COFMEA) belonging to
the Biological Resource Center Dr. Johanna Döbereiner (CRB-JD) in
Seropédica, Rio de Janeiro State, Brazil. Inoculation treatments were
completed with two controls that were not inoculated.

e second factor of the experiment consisted of four soils collected
in the 0-20 cm depth layer (Table 1). e first two soils were collected
in Quatá, São Paulo and included a Red-Yellow Argisol (RYA) from a
new sugarcane cultivation area (22.138361° S 50.757750° W, 497 m)
and a Yellow Argisol (YA) from an 18-year-old sugarcane monoculture
(22.191500° S 50.682389° W, 436 m). e third soil corresponded to
a Red Argisol (RA) collected in a road cut ravine at Itumirim, Minas
Gerais (21.281416° S 44.860550° W, 944 m). e fourth soil was a Haplic
Planosol (HP) collected in the experimental field "Terraço" of Embrapa
Agrobiology at Seropédica, Rio de Janeiro (22.749274° S 43.666626° W,
26 m).

Plant and microbial propagules in the soils were reduced by the
application of 0.72% formaldehyde (50 mL per kg of soil), followed by
solarization for 72 consecutive hours in transparent polyethylene bags.
Subsequently, the soils were limed and fertilized based on the chemical
analyses (Table 1) and the recommended amount of fertilization for
sugarcane in the State of Rio de Janeiro, Brazil (Freire et al., 2013). All
the AMF inoculation treatments and the noninoculated control (CNI)
received ⅓ P and ½ K of the recommended dose of fertilizer applied in
the form of KH2PO4. e noninoculated control with total fertilization
(CNI + F) received the full P and K fertilization recommended for
sugarcane. Hoagland nutrient solution, modified by Jarstfer and Sylvia
(1995), was applied weekly (50 mL pot-1).

Table 1
Chemical characterization of the soils under greenhouse conditions used to

select AMF isolates efficient in promoting sugarcane growth and P nutrition.
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RYA: Red-Yellow Argisol; YA: Yellow Argisol; RA: Red Argisol; HP: Haplic
Planosol. Analyses conducted as described by Nogueira and Souza (2005).

Sugarcane seedlings, variety SP81-3250, were obtained from one-cm-
long single bud cuttings based on the presprouted seedlings system
(Landell et al., 2013). e cuttings were submitted to heat (52°C for
30 minutes) and an antifungal (Comet® BASF S.A., São Paulo, Brazil-
Pyraclostrobin 2.5 g L-1 for 3 minutes) treatments before being planted in
sterile sand: vermiculite (2:1 v/v). One presprouted seedling was planted
per pot containing 3 kg of soil, and approximately 100 AMF spores were
inoculated per plant in the form of soil inocula.

e phosphate nutrition status of the plants was evaluated periodically
by sampling 8 mm discs from the middle third of the newest totally
developed leaf (leaf+1). e P content and quantity in the discs
were analyzed (Aziz & Habte, 1987) at 60 and 120 days aer the
transplantation and inoculation of the plants. e plant height up to the
insertion of the leaf+1 was measured, and the plant leaf area was estimated
according to Hermann and Câmara (1999).

e plants were collected 120 days aer transplantation and
inoculation. e leaves were dried in a laboratory humidity drying oven
(60°C), ground in a Wiley mill and analyzed for P content in the total leaf
tissue (Silva, 2009). Approximately 0.5 g of fresh roots was sampled from
each plant. e root samples were clarified and stained as described in the
Manual of Basic Techniques for Arbuscular Mycorrhizae published by
Novais et al. (2017), and colonization by AMF and DSE was evaluated.
Colonization was analyzed in root segments of 1 cm placed on microscope
slides using glycerol (50%) as the mounting medium. e percentage
of root colonization was estimated using an optical microscope in 100
visual fields of 40x. e simultaneous colonization of AMF and DSE
in the same visual field and of each of these fungi alone was quantified.
e spores of AMF (glomerospores) were extracted from the soil by wet
sieving and decanting as described by Novais et al. (2017). e density
of glomerospores, expressed as the total number of spores extracted
from 50 cm3 of soil, was quantified under a stereoscopic microscope.
Statistical analysis of variance (ANOVA) and the means comparison by
Scott-Knott test (p < 0.05) were conducted using the SISVAR program
(Ferreira, 2011).

Results and discussion

e plants grown in the Argisol from the new sugarcane cultivation area
(RYA) had higher height and leaf area at 60 and 120 days aer their
transplantation and AMF inoculation. In the Planosol (HP) and the
Yellow Argisol (YA), the plants had intermediate height and leaf areas.
Use of the Red Argisol (RA) resulted in the lowest height and leaf area of
the sugarcane plants (Table 2).

P nutrition was analyzed using the P content and quantity in the
sampled discs and the P content in the total leaf tissue. e latter variables
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showed a clear and concordant soil effect. e highest values of the P
content in the leaves were verified in the plants grown in the YA (Table
2), followed by those of the RYA and the HP. However, the lowest foliar
P content and quantity corresponded with the plants of the RA.

Table 2
Height, leaf area, P content and quantity in foliar discs, and P content in

total leaf tissues of sugarcane grown in different soils 60 and 120 days aer
inoculation with arbuscular mycorrhizal fungi. Primary effects of the soil factor.

RYA: Red-Yellow Argisol; YA: Yellow Argisol; RA: Red Argisol; HP: Haplic
Planosol. Letters in columns compare means using the Scott-Knott test (p < 0.05).

e effect of the inoculation treatments on the growth of the plants
was significant up to 60 days aer the start of the experiment and
decreased near the end of the experiment at 120 days aer inoculation.
is finding indicates a quick response of the sugarcane plants to AMF
inoculation, probably due to the rapid growth and vigor of this crop.
A longer inoculation effect on the growth of the plants could exist.
However, the pots used in this experiment rapidly became limited due
to the development of the plants (Figure 1). Future studies involving the
sugarcane inoculation with AMF should consider the limitations of the
rapid growth of the sugarcane in pots.
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Figure 1
Root system of sugarcane plants completely filling the soil volume of
a pot at 120 days aer inoculation with arbuscular mycorrhizal fungi.

e height of the sugarcane plants was influenced by inoculation
treatments in the RA and HP only, which were the soils low in available
P. However, this effect was not observed in the RYA and YA, which had
higher P levels (Table 3). In the RA, the sugarcane plants inoculated with
ACOL, CETU, ECON, GMAR, and SCAL were taller than the CNI but
not different in height from CNI + F plants. In the HP, inoculation with
ACOL, ASCR, CETU, GMAR, RCLA, and SCAL resulted in higher
plants compared to those of the control treatments (CNI and CNI + F).
e effect of the inoculation effect on the height of the plants was not
observed in any of the soils 120 days aer the inoculation. Alternatively,
significant differences between the leaf areas in the treatments were only
detected in the RYA at 60 days aer the inoculation, while the plants
inoculated with RCLA and SCAL had higher leaf area values than those
of the two control treatments (Table 3).

Phosphorus nutrition, evaluated by the P content and quantity in leaf
discs, was positively influenced by some of the inoculation treatments in
the RYA and YA but not in the RA and HP (Table 3). e foliar discs
clearly reflected the P availability in each of the four soils and were very
sensitive to the effect of the treatments on the P nutrition of the plants
up to 120 days aer the inoculation. e AMF species that stimulated
P nutrition by the plants included ACOL, CETU, DHET, RCLA, and
SCAL. In the RYA, the plants inoculated with these AMF had a greater
content and quantity of P in their leaves than did CNI plants, and the
levels of P were as high as those in CNI + F plants. For plants grown in the
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YA, the P nutrition of the plants grown in the YA was better only when
they were inoculated with ACOL and CETU.

e total P content of the leaves, evaluated at the end of the
experiment, was consistent with the results obtained from measuring the
P concentration and quantity in foliar discs (Table 3). e diagnosis
of the sugarcane nutritional state has several limitations (Rosetto et al.,
2010), but leaf+1 is recommended for field analyses from samples of 100
plants. erefore, our results strongly recommend utilizing P disc analysis
for sugarcane nutritional assessments in experiments, particularly those
involving AMF inoculation.

In the RYA, plants inoculated with ACOL, AMOR, DHET, GMAR,
RCLA, and SCAL had a higher P content than did the CNI. ese AMF
species and soil combinations resulted in P contents as high as those of the
plants that received total fertilization (CNI + F). In the plants grown in
the YA, only those inoculated with ACOL, RCLA, and SCAL had higher
values of P content than did the CNI. In the HP, compared with the
CNI, only SCAL stimulated higher levels of P absorption. Inoculation
with AMF had no effect on the total foliar P content of the plants grown
in the RA.

e results involving the P nutrition suggest that improvements in
the uptake of P are the primary benefit of the mycorrhizal association
for plants (Cardoso et al., 2010; Basu, Rabara, & Negi, 2018). At the
same time, they suggest that some of the AMF species inoculated favor P
absorption, at least in the soils collected from the sugarcane plantations
located in Quatá, São Paulo State. For the RA, which had very low
available P, there was no effect on the P content in the total leaf tissues
of the plants from the effects of inoculation or complete fertilization,
indicating that this soil demonstrates a high capacity to fix phosphate.
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Table 3
Height, leaf area, P content and quantity in foliar discs and the P content in total leaf tissues
of sugarcane plants at 60 and 120 days aer inoculation with arbuscular mycorrhizal fungi.

ACOL: A. colombiana; AMOR: A. morrowiae; ASCR: A. scrobiculata; CETU: C. etunicatum; DHET: D. heterogama; ECON:
E. contigua; GMAR: Gi. margarita; RCLA: R. clarus; SCAL: S. calospora; CNI: control noninoculated; CNI + F: control

noninoculated with total fertilization. Letters in columns compare means by the Scott-Knott test (p < 0.05) within each soil.

P is an essential nutrient for plants and, at the same time, it is the
most limiting factor for Brazilian agriculture, in addition to serving
as a regulator of the mycorrhizal response of plants (Simpson et al.,
2011; Nouri, Breuillin-Sessoms, Feller, & Reinhardt, 2014). Studies
have reported that the arbuscular mycorrhizal symbiosis is negatively
influenced by extreme (very low and high) values of available P in the
soil (Kiriachek, Azevedo, Peres, & Lambais, 2009; Nouri et al., 2014).
erefore, the YA and the RA may have contained very high and low
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concentrations of P, respectively, hindering any mycorrhizal benefit as
was described by Kelly et al. (2005). However, a recent study shows
that the soil nutrient availability, and P availability in particular, does
not necessarily represent the best predictor of AMF inoculation success
(Köhl, Lukasiewicz, & Heijden, 2016). e authors suggest that other
factors, such as the inoculum potential and the native AMF community
composition, may have a greater influence on the response of the plants
to the AMF inoculation. In this study, the native AMF community could
have influenced the effect of the inoculated species, since the soils used
for the experiment were not exempt from native AMF. e application
of formaldehyde, followed by solarization, did not guarantee that the soil
was sterile; therefore, the native AMF communities could have simply
been weakened.

e roots of the sugarcane plants showed typical structures of the
arbuscular mycorrhizal symbiosis and of DSE (Figure 2). e rates of
root colonization by the treatment within each of the soils are shown in
Figure 3. Regardless of the inoculation treatment, the plants grown in the
YA were characterized as being totally colonized by the DSE that always
exceeded 85%. In the RA, the average colonization of the roots by this
fungal group was 100%. In the RYA and HP, some AMF inoculation
treatments caused decreases in the DSE root colonization of the plants.
Among these two soils, in the RYA, the rate of occurrence of DSE in
the plants inoculated with ASCR, GMAR, and RCLA ranged from 60
to 70%. In the HP, the lower values of the total DSE colonization in
the plants were related to the inoculation with ACOL, ASCR, CETU,
and SCAL in addition to the CNI. e total DSE in these treated plants
ranged from 10 to 50%, while for the rest of the treatments, the rate of
colonization by DSE always exceeded 75%.

e role of DSE in promoting plant growth has been previously
studied (Mandyam & Jumpponen, 2015; Spagnoletti, Tobar, Prado,
Chiocchio, & Lavado, 2017; Vergara et al., 2017). However, the research
is recent, and a more thorough understanding of the functionality of
this fungal group is still needed. eir coexistence with AMF has been
reported in several plant groups (Nagaraj, Priyadharsini, & Muthukumar,
2015; Gucwa-Przepióra, Chmura, & Sokołowska, 2016; angavelu &
Raji, 2016). Among the few studies on DSE in sugarcane, Nasim, Ali,
Munawar, and Bajwa (2008) reported that 80% of the root samples were
colonized by the DSE, suggesting that DSE have a role in the biocontrol
of sugarcane diseases. Xie et al. (2013) evaluated the inoculation effect of
six strains of DSE fungi that originated in Japan on sugarcane growth and
verified increases in height (69%) and plant mass (57%) compared to the
noninoculated control, especially with the strain LtVB3 (Meliniomyces
variabilis).

In general, colonization by DSE and AMF was higher in the plants
inoculated with ACOL, DHET and SCAL. However, in the HP, the
cooccurrence of these two fungal groups was not influenced by any of the
inoculation treatments. e total AMF colonization was higher in the
plants inoculated with DHET, ACOL, AMOR, and RCLA than in the
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RYA. e inoculation with ACOL, DHET, RCLA, and SCAL in the YA
favored higher values of the total AMF colonization in the plants. In the
RA, this variable was higher when the ACOL, DHET, and SCAL were
inoculated, while in the HP, only the SCAL induced higher colonization
levels.

e presence of abundant DSE root colonization in this study might
be due to potential infection. e first possible source is the soils
themselves, since they were not sterilized and were exposed to diluted
formaldehyde and solarization only. Another possibility might have been
the introduction of DSE with the soil inoculum used to inoculate AMF.
However, DSE were also abundant in the noninoculated controls, which
strongly suggests that this was not the case. A third alternative is the
introduction of DSE with the irrigation water. Finally, the sugarcane
stalks, which were cut to presprout the seedlings, are another potential
source of DSE. Posterior cuts made in the sugarcane stalks near the
buds showed fungal structures similar to those of DSE. is observation
strongly suggests that sugarcane stalks may be the primary source of
inoculum for DSE colonization. e occurrence of fungal endophytes
in various plant organs is common (Jin et al., 2013; Hardoim et al.,
2015). However, DSE have been reported only in plant roots. us, their
occurrence in sugarcane stalks could be confirmed by future studies.
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Figure 2
Fungal structures in the sugarcane roots 120 days aer inoculation with arbuscular

mycorrhizal fungi (AMF) (A-H). A: Glomoid spores of AMF; B: AMF auxiliary cells;
C: AMF spore (white arrow) and chlamydospores of the dark septate endophytes

(DSE) (black arrow); D: DSE microsclerotia; E: AMF spore (white arrow) and DSE
chlamydospores (black arrow); F: coiled hyphae of DSE; G and H: DSE microsclerotia.
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Figure 3
Dark septate endophytes (DSE) and arbuscular mycorrhizal fungi (AMF) root colonization

in sugarcane 120 days aer inoculation with the AMF. DSE + AMF: DSE and AMF conjunct
colonization in the same root segment (CV%: 83.64). Total DSE: Total colonization of

DSE, including DSE and DSE + AMF (CV%: 18.49); Total AMF: Total colonization of
AMF, including AMF and DSE + AMF (CV%: 81.4%); ACOL: A. colombiana; AMOR:

A. morrowiae; ASCR: A. scrobiculata; CETU: C. etunicatum; DHET: D. heterogama;
ECON: E. contigua; GMAR: Gi. margarita; RCLA: R. clarus; SCAL: S. calospora; CNI:

control noninoculated; CNI + F: control noninoculated with complete fertilization.
Letters on same pattern bars compare means using the Scott-Knott test (p < 0.05).

Several researchers have reported the simultaneous colonization of
AMF and DSE in different plant species (Gucwa-Przepióra et al., 2016;
angavelu & Raji, 2016). However, the functioning and importance
of the triple interaction “DSE: AMF: plants” is not commonly studied;
therefore, it is not fully understood (Debnath et al., 2015; Della Monica,
Saparrat, Godeas, & Scervino, 2015). As mentioned above, some studies
report niche sharing by both symbionts. However, few studies have
evaluated the possible links between AMF and DSE. One pioneering
study in this area is that of Scerevino et al. (2009) who verified the effect
of different concentrations of the exudates of Dreschlera sp. (DSE) on the
development of Gigaspora rosea (AMF). e exudates of Dreschlera sp.
were modulators of AMF hyphae development, stimulating or inhibiting
their growth, depending on their concentration.

e effect of the soil on the sporulation of AMF fungi is shown in
Table 4. In general, the highest number of glomerospores (AMF spores)
was unaffected by the inoculation status and was recovered from the
YA, followed by the RYA, the HP and the RA. However, the number
of glomerospores of the inoculated AMF species was higher in the YA
and the HP compared to the other two soils. At the species level, Oehlia
diaphana, a noninoculated and probable native species had abundant
sporulation in the RYA. Alternatively, the glomerospores of Glomus sp, a
noninoculated/native species, AMOR and GMAR were more numerous



Acta Scientiarum, 2020, vol. 42, ISSN: 1807-8621

PDF generated from XML JATS4R by Redalyc
Project academic non-profit, developed under the open access initiative

in the YA compared to the other three soils. In the RA and HP, the species
that sporulated the most was ACOL. e density of the glomerospores of
the other inoculated species did not differ between the four soils (Table
4).

Table 4
Density of the spores of arbuscular mycorrhizal fungi (AMF) (glomerospores) in 50 cm3 of four
soils cultivated with sugarcane 120 days aer inoculation with AMF. Primary effect of the soils.

RYA: Red-Yellow Argisol; YA: Yellow Argisol; RA: Red Argisol; HP: Haplic Planosol. Letters in columns compare means
using the Scott-Knott test (p < 0.05). Total: all extracted glomerospores; Inoculated: Glomerospores of inoculated fungi;

Glomerospores of ODIA: Oehlia diaphana; ACOL: Acaulospora colombiana; AMOR: Acaulospora morrowiae; GSP: Glomus
sp; GMAR: Gigaspora margarita; SCAL: Scutellospora calospora; AMEL: Acaulospora mellea; ECON: Entrophospora
contigua; ASCR: Acaulospora scrobiculata; DHET: Dentiscutata heterogama; CETU: Claroideoglomus etunicatum.

Conclusion

Soil P availability influences the response of sugarcane to AMF
inoculation. ACOL, CETU, GMAR, RCLA, and SCAL increase the
height of the plants in low P soils (RA and HP). ACOL, RCLA, and
SCAL improve P foliar content of the plants in soils with intermediate
and high P levels (YA and RYA). Simultaneous root colonization by
AMF and DSE is stimulated by ACOL, RCLA, SCA, and DHET, fungi
that enhance the growth and P nutrition of the plants. ACOL, CETU,
GMAR, RCLA, and SCAL are AMF with the potential to compose a
mycorrhizal inoculant for sugarcane, effective in several soils.
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